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New regional swath and near-bottom bathymetric data provide constraints on shallow structures at the Hess
Deep Rift, an oceanic rift that exposes the crust and upper mantle of fast-spreading oceanic lithosphere
created at the East Pacific Rise. These data reveal the presence of a lobate structure with a length of ~4 km
and a width of ~6 km south of an Intrarift Ridge, north of Hess Deep. The lobe consists of a series of concentric
benches that are widest in the center of the lobe and narrower at the edges, with a dominant bench separat-
ing two distinct morphologic regions in the lobe. There are two end-member possible interpretations of this
feature: 1) the lobate structure represents a mass failure with little translation that contains coherent blocks
that preserve rift-related lineaments; or 2) it represents degraded tectonic structures, and the lobate form is
accounted for by, for example, two intersecting faults. We favor the slump interpretation because it more
readily accounts for the lobate form of the feature and the curved benches and based on the presence of
other similar lobes in this region. In the slump model, secondary structures within the benches may indicate
radial spreading during or after failure. The large lobate structure we identify south of the Intrarift Ridge in
Hess Deep is one of the first features of its kind identified in an oceanic rift, and illustrates that mass failure
may be a significant process in these settings, consistent with the recognition of their importance in
mid-ocean ridges, oceanic islands, and continental rifts. Understanding the structure of the Hess Deep Rift
is also important for reconstructing the section of fast-spreading oceanic crust exposed here.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Morphologic evidence of submarine mass failure events is common
along mid-ocean ridges, continental margins and near volcanic islands
(e.g., Moore et al., 1989; Tucholke, 1992; McAdoo et al., 2000; Masson
et al., 2002; Morgan et al., 2003), but to our knowledge, none have
been documented in oceanic rifts. Many of the best-studied submarine
landslides have been identified in sediment-dominated environments
(e.g., McAdoo et al., 2000; Twichell et al., 2009), but evidence of subma-
rine landslides has also been found in areas dominated by harder
substrate (e.g., Moore et al., 1989; Tucholke et al., 1997). Mass failures
in hard-rock environments exhibit a range of styles, but can be broadly
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classified either as deeply rooted slumps or debris avalanches (e.g.,
Varnes, 1978; Moore et al., 1989; Masson et al., 2002). The former often
contain bencheswith tilted blocks indicating the rotation of cohesive sub-
strate along a curved slip surface (e.g., Moore et al., 1989). They are not
associated with significant translation and may happen gradually by
creep. Conversely, debris avalanches are characterized by fields of blocks
distributed over a large area and imply emplacement by a catastrophic
eventwith large displacements (Masson et al., 2002;Morgan et al., 2003).

Understanding the processes associated with submarine mass
failure and the resulting morphology is important for a number of rea-
sons, including their possible causal association with tsunamigenesis
(e.g., Tappin, 2010) and seismic activity (Eissler and Kanamori, 1987).
Furthermore, submarine mass failures modify the architectures of the
tectonic environments in which they form; thus to unravel the broader
tectonic evolution of these systems, an understanding of the contribu-
tion of mass failure is also important.

A range of parameters is thought to control the propensity of an
area to experience mass failure and the style of collapse that occurs.
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All of the hard-rock environments in which slumps are found are
associated with the formation of steep topographic gradients due to
faulting or volcanic construction, and mass wasting is commonly
observed to degrade these structures (Tucholke et al., 1997). The oc-
currence and character of slumping will be further influenced by
pre-existing tectonic and compositional structures. For example,
some such slumps may be rooted in weak lithological layers (e.g.,
serpentinized peridotite), exploit tectonic faults, or be channeled by
rugged fault-generated topography at the seafloor (Portner et al.,
2011). Finally, slumping may be further triggered in tectonically
active areas by earthquakes (Urgeles et al., 2006).

On submarine riftedmarginsmass failure has been documented dur-
ing and/or immediately after continental rifting (e.g., Turner et al., 2008;
Autin et al., 2010). In cases where the mass failure consists of a series of
coherent blocks of crustal material or indurated pre-rift sediments and/
or carbonates (e.g., a slump rather than a debris avalanche), there may
be a continuum between extensional deformation and landsliding in
terms of time-scales of motion and the architecture of the resulting rift.
Likewise, mass failure by slumping or debris avalanches appears to be a
regular process along volcanic islands and in mid-ocean ridges, modify-
ing their morphology during and after magmatic and tectonic events
(Bonatti et al., 1973; Tucholke et al., 1997; Morgan et al., 2003).

Oceanic rifts have received much less study, but mass failures may
be equally important in modifying rift structure during and after tec-
tonic extension and magmatism. Unraveling the contribution of mass
failures in oceanic rifts is essential for a more comprehensive under-
standing of their tectonic and magmatic evolution. Here we present
new data that reveal the surface morphologic characteristics of a lo-
bate structure at the base of the Hess Deep Rift, which we interpret
as evidence of a mass failure.
Fig 1. Regional bathymetry and tectonic setting of Hess Deep Rift (created with GeoMapApp
this figure legend, the reader is referred to the web version of this article.).
2. Hess Deep

TheHess Deep Rift lies at the tip of a rift propagatingwestward ahead
of the intermediate-spreading (2.1 cm/yr half rate) Cocos-Nazca Ridge
(Lonsdale, 1988; Floyd et al., 2001), and is presently ~30 km short of in-
tersection with the East Pacific Rise (EPR) (Fig. 1). Several models have
been proposed for the tectonic evolution of this region, including a single
rotating microplate (Lonsdale, 1988), two counter-rotating microplates
separated by Hess Deep (Klein et al., 2005) or a series of short lived
rifts without significant rotation, which are controlled by stress associat-
ed with the Cocos-Nazca Rift and its distance from the EPR (Schouten et
al., 2008). Although many extensional structures and much of the
Cocos-Nazca Ridge strike roughly east–west, another set of features
that strike ~055° is also present in Hess Deep (Lonsdale, 1988; Karson
et al., 1992), and the westernmost tip of the Cocos-Nazca Ridge curves
to the south (Fig. 1). Families of features with different orientations
both within and around Hess Deep are likely related to the complex
stress regime arising from the interaction of the EPR and Cocos-Nazca
Ridge (Klein et al., 2005; Schouten et al., 2008; Smith et al., 2011).

The Hess Deep Rift is asymmetric; Hess Deep (5400 m depth) is
flanked by a series of faulted blocks to the north, including the prominent
Intrarift Ridge at 3000 m depth, and a comparatively simple scarp to the
south (Fig. 2). Previous sampling with drilling, dredging and submers-
ibles indicates that rocks from mid- to lower oceanic crust formed at
the EPR are exposed immediately north of Hess Deep (e.g., Francheteau
et al., 1990; Gillis et al., 1993; MacLeod et al., 1996), whereas the wall
to the south of the deep is composed of outcrops of lavas and dikes,
and rubble (Francheteau et al., 1990; Karson et al., 2002). ODP drilling
at Hess Deep during Leg 147 sampled gabbros just below the
dike-gabbro transition (Site 894, Fig. 2a) and cumulate gabbros and
). Red box identifies area shown in Fig 2. (For interpretation of the references to color in



Fig 2. (a.)Gridded compilation of regional shipboard bathymetry data from theHess DeepRift including pre-existing data (Ryan et al., 2009) andnewdata from JC21 gridded at 50–100 m
resolutionwith 200 m contours. Red box indicates the area of close-up shown in b. (b.) Close-up of regional shipboard bathymetrywith 200 m contours. Area of near-bottom bathymetry
survey (Fig. 3b) is indicated by red box. (c.) Seafloor aspect (directionality) of regional bathymetry, black box indicates close-up area in d. (d.) Close-up of seafloor aspect (directionality)
focused on lobate feature, highlighting that the lobe itself interrupts the continuity of NE–SW trending features evident in this area. The N–S fabric associatedwith oceanic crust created at
the EPR, and E–W and NE–SW structures associated with the Hess Deep Rift are evident in both bathymetry and seafloor aspect. Two additional lobate features are evident east of our
near-bottom bathymetry survey area. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).
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mantle rocks around the crust–mantle boundary (Site 895) (Gillis et al.,
1993).

3. Data acquisition and processing methods

In January–February 2008, a NERC/UK-IODP-funded cruise on the
RRS James Cook (JC21) acquired shipboard and near-bottom bathymetric
data in Hess Deep. Regional multibeam bathymetry data and subbottom
profiler data were acquired using a hull-mounted Kongsberg Simrad
EM120/SBP120 system (12 kHz) and processed with MB System
(Caress and Chayes, 1995). They were gridded at resolutions varying
from 50 to 150 m depending on the density of data coverage, with the
smallest grid spacing in the area of focused study (red box, Fig. 2b).
These data were combined with existing regional 100-m resolution
bathymetry data available from the Marine Geoscience Data System
using GeoMapApp (www.geomapapp.org; Ryan et al., 2009; Fig. 2).
Subbottom profiler data was limited and mostly of very poor quality,
so it was not used for this study except to provide a first-order estimate
of sediment thickness on the dominant bench.

Near-bottom multibeam data were acquired along north–south
survey lines at a nominal altitude of ~100 m, line spacing of ~200 m,
and speed of 0.3 kts with a Simrad SM2000 (200 kHz) multibeam
sonar system mounted on the ROV Isis. Swath widths during the Isis
surveywere ~200–350 mdepending on noise and seabed characteristics
(dip and reflectivity). Isis was navigated through the use of a high-
precision Doppler Velocity Log (DVL) dead-reckoning navigational
system that was geospatially constrained with Ultra-Short Base Line
(USBL) navigation, and supplemented with a fiberoptic gyrocompass.
Software tools developed through the U.S. National Deep Submergence
Facility for processing precision navigation and sonar data (Roman and
Singh, 2007; Ferrini et al., 2008) were used to create a high-quality
self-consistent bathymetric grid. Bathymetry data were gridded at a res-
olution of 5 m using weighted mean gridding algorithm that employs a
Gaussian basis function (Fig. 3b).

Geophysical data sets are supplementedwith on-bottomROV-based
observations of the seafloor and are the focus of ongoing studies. Addi-
tionally, rock samples were collected from outcrops at the western end
of the Intrarift Ridge and along its southern slope using Isis. Ongoing
petrological and geochemical studies (e.g., MacLeod et al., 2008; Rioux
et al., 2012; Lissenberg et al., 2013) provide constraints on the overall
distribution of rock types needed to interpret the bathymetric features
discussed in this paper. Overall, lithologies from increasingly deep sec-
tions of the crust are exposed towards the southeastern edge of the
lobe. Evolved gabbros are found in the north and northwest section of

http://www.geomapapp.org


Fig 3. (Left panels) Regional swath bathymetry around interpreted slump illuminated from NW. The continuity of NE–SW trending linear structures (thick dashed lines) that roughly
parallel the Intrarift Ridge, is interrupted by a clearly defined lobate structure. The lobe itself is characterized by a series of concentric rings (thin dashed lines) that are narrower near
the edges, and wider near the center of the lobe. (Right panels) Additional structural details of the bathymetric steps are evident in the co-registered near-bottom bathymetry data
(also illuminated from NW), and include benches and sub-benches (Ferrini et al., 2013). Superimposed on the dominant (widest) bench within the lobe are two sets of parallel linear
structures. The E–Wextent of these structures is spatially consistent with narrow concentric-downslope steps both upslope and downslope of the dominant bench. Note that multibeam
survey artifacts are evident in the near-bottom bathymetry data as N–S seams between survey lines. Images made with GeoMapApp (www.geomapapp.org).
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the survey and gabbros and peridotites are found towards the south-
east. Dolerite samples were found throughout the lobe.

4. Observations

Shipboard bathymetry data reveal several faults and basement ridges
within the Hess Deep Rift that are oriented roughly E–W, parallel to the
overall trend of the rift valley (Figs. 2, 3a, b), consistent with earlier stud-
ies (Lonsdale, 1988). A secondary set of regional NE–SW-trending struc-
tures is also evident throughout the region with vertical relief of up to
0.5 km over horizontal scales of ~3 km. TheN–S trending abyssal hill to-
pography that parallels the East Pacific Rise is evident to the north and
south of the rift valley (Fig. 2a, b). Shipboard bathymetry data also reveal
three large lobate structures along the southern slope of the Intrarift
Ridge (widths ~3–7.5 km, Fig. 2). Our near-bottom bathymetry survey
was conducted over the largest of these lobes in an effort to image the
structure and to guide bottom sampling between the Intrarift Ridge
and Hess Deep.

The regional NE–SW trending linear structures that extend across
the Hess Deep area are evident to the NE and SW of the large lobe,
but their surface expression is interrupted by the lobe itself (Figs. 2c
and 3a). A muted concave downslope feature within the southern
flank of the Intrarift Ridge is located upslope of the lobe. It is defined
by steeper gradients than the adjacent upslope regions (see 4400-m
contour in Fig. 2b) with a relatively wide flat region immediately up-
slope of the lobe.

Within the lobe itself, concentric bathymetric benches (~200–
500 m wide) that parallel bathymetric contours are visible in both the
regional and near-bottom bathymetry (Fig. 3a, b). These benches are
wider toward the middle of the lobe (~500 m), and narrower toward

http://www.geomapapp.org
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the edges (~200 m). The lobe terminates abruptly at Hess Deep, and its
downslope edge is bathymetrically distinct.

The near-bottom bathymetry data reveal additional details of the
lobe including the presence of small benches and sub-benches toward
the center of the lobe where the bathymetric steps are widest
(Fig. 3b). The spacing between benches varies from ~50 to 400 m,
and vertical offsets between them are as much as 200 m.

The near-bottom bathymetry data also reveal that the dominant
bench at ~2° 15.167′N separates two distinct morphologic regions
within the lobe, indicating structural differences (Fig. 3b). The benches
in the upslope portion of the lobe are separated by relatively steep
slopes (~30–40°), and are fairly continuous around the lobe. Downslope
bathymetric profiles in this region, including the dominant bench, indi-
cate that the benches have relatively flat tops, portions of which dip
gently upslope (Figs. 4b, 5c, d). By contrast, downslope of the dominant
slope, benches are less regular. Bathymetric profiles of this region indi-
cate that benches are more rounded and less discrete (Fig. 5d). The
observed differences in seafloor character relative to the dominant
bench are consistent with ground-truth observations from ROV dives
(MacLeod et al., 2008). Distinct outcrops interspersed with sedimented
areas were observed above the bench, whereas the area below the
bench was dominantly sedimented and contained fewer outcrops.

As described above, bathymetric benches exhibit variable structure
across the lobe. They narrow toward the edges and exhibit internal
structures toward the center of the lobe. The deepest region of the
dominant bench is located near the lobe center, at depths of
4800–4850 m and appears to be covered by 10–20 m of sediment
based on limited subbottom profiler data. Superimposed on this bench
are two sets of N–S trending parallel ridges that are spaced ~20 m apart
Fig 4. (a.) Close-up of near bathymetry on the dominant bench focused on parallel linear str
the parallel linear features consist of a graben and fault blocks with slopes of up to ~29°. (c
(Figs. 3c, 4a) and are associated with slopes up to ~29°. Small
(~300-m-wide) concentric concave-downslope bathymetric steps with
gently upslope-dipping bench tops are evident both upslope and
downslope of the bench (Fig. 3b, d), and their extent is spatially consis-
tent with the E–W extent of the parallel structures on the dominant
bench.

Although the large regional NE–SW trending structures noted in re-
gional bathymetry (Figs. 2c, 3a, c) are not directly identifiable within
the lobate structure, the near-bottom bathymetry data reveal some
smaller-scale localized linear features that appear to exhibit a similar
trend (Fig. 3b, d); the apparent trends of features can be influenced by
their intersection with the complex topography in this area. These
features have b150 m relief over horizontal scales of up to 300 m
(MacLeod et al., 2008), and are most clearly defined upslope of the
dominant bench (Fig. 3b, d). Downslope of the dominant bench, how-
ever, these features are poorly defined at best, possibly because of the
morphologic complexity of the benches near the toe of the lobe. The ori-
entation of the apparent structural features on the dominant bench is
slightly oblique (NNE–SSW) to these more regional trends (Fig. 3b, d).

5. Interpretation and discussion

5.1. Regional morphology of lobe

As described above,multi-resolutional bathymetry data characterize
themorphology of a lobate feature in Hess Deep. In the upper portion of
the lobe, benches are generally flat-topped and are separated by slopes
of 30–40°, implying the presence of coherent blocks divided by normal
separation faults (Figs. 3, 5d). By contrast, benches in the downslope
uctures in the approximate center of the lobe. (b.) The across-bench profile reveals that
.) Downslope bathymetry profile showing that the dominant bench is flat-topped.



Fig 5. Bathymetric profiles of lobate feature in the Hess Deep Rift. (a.) Regional bathymetry
compilation (50–100 mresolution) showing the location of profiles. (b.) Across-lobe profile
of regional bathymetry fromwest to east focused on dominant bench. Arrow shows cross-
ing point with profile in c. (c.) Downslope profile of regional bathymetry from north to
south revealing both the muted headwall upslope of the lobe, and the dominant bench.
Arrow shows crossing point with profile in b. (d.) Downslope profile of near-bottom
bathymetry (5 m resolution) highlighting flat-topped benches.
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portion of the lobe, particularly downslope of the dominant bench, are
less continuous, have a more hummocky character, and terminate
abruptly at the base of the lobe (Figs. 3, 5d). Any model for the forma-
tion of this feature must account for these characteristics.
5.2. Possible models for lobe formation: mass failure versus tectonics

We consider two end-member explanations for the morphologic
characteristics of the lobate feature identified along the southern
slope of the Intrarift Ridge: 1) the entire lobate structure may be a
coherent slump, or 2) the feature be explained by a combination of
tectonic structures and surficial mass failure structures. Although
bathymetric data alone cannot definitively exclude either of these inter-
pretations, we propose that the morphological characteristics favor the
first interpretation, as described in greater detail below.

The overall lobate morphology and the consistent presence of
superimposed concentric-upslope benches throughout the lobe sup-
port the interpretation of the entire lobe as a slump without significant
translation. We observed different morphologies above and below a
dominant bench in the center of the lobe; this change could result
from extension in the upper portion that is balanced by compression
in the lower portion. The fact that the lobe interrupts many regional
structural trends (Figs. 2, 3) also implies that processes associated
with the formation of this feature either post-date or were concurrent
with the main rifting events, as described in more detail in
Section 5.5. The flat-topped benches are a key indicator of the presence
of hard underlying substrate as unconsolidated substrate would more
likely have a hummocky character due to a lack of internal structural
integrity.

The coherent blocks observed within the lobe suggest that the style
of failure led to the preservation of some tectonic and compositional
patterns. Observed patterns in lithology, while more complicated than
those from previous sampling programs (Francheteau et al., 1990), re-
veal regional coherency (MacLeod et al., 2008; Rioux et al., 2012;
Lissenberg et al., 2013), providing evidence that the overall stratigraphy
of oceanic crust produced at the EPR is largely preserved by the style of
slumping. In general, more evolved gabbros are observed towards the
top (north-western part) of the lobe, while lithologies associated with
deeper parts of the crust and upper mantle (layered gabbros and
peridotites) are observed towards the base (south-eastern part) of the
lobe. The small NE–SW features evident within the lobe that appear to
parallel regional trends may have been formed after slumping and
thus cross-cut the lobe, or may indicate that the style of slumping was
such that some rift-related lineaments have been preserved; we favor
the latter interpretation.

Morphologic characteristics of the lobe resemble submarine slumps
in other submarine hard rock environments, such as mid-ocean ridges,
the edges of volcanic islands and continental rifts. For example, land-
slides off Hawaii and the Canary Islands that are interpreted as slumps
(rather than debris avalanches) appear to be cut by a series of evenly
spaced faults, indicating that the slump comprises a few coherent
blocks (Moore et al., 1989; Masson et al., 2002). They exhibit similar
patterns of internal deformation, with series of normal separation faults
in their upper portions and compressional toes at their bases. They are
confined in their lateral extent, indicating that little translation has oc-
curred. Similar structures are also observed on some mid-ocean ridges
(Tucholke et al., 1997). Notably, the lobe in Hess Deep does not resem-
ble hard-rock regions affected by debris avalanches, as observed at
some volcanic islands (Moore et al., 1989) and mid-ocean ridges
(Tucholke, 1992; Tucholke et al., 1997). Debris avalanches, by contrast,
are characterized by chaotic deposits that span a large area.

The concave upslope shape of the upslope benches in Hess Deep dif-
fers from conceptual models for slumping, which have concave down-
slope features in their upper portions (Varnes, 1978). However,
concave upslope features have been observed elsewhere (Moore et al.,
1989). The overall concave upslope form of the benches on the lobe,
the narrowing of benches from the center of the lobe towards its
edges, and the structureswithin the dominant benchmay all be partial-
ly explained by radial spreading of the slump during or subsequent to
slumping. Small linear structures observed on the dominant bench are
as steep as 29° and are unlikely to be sedimentary in origin since they



19V.L. Ferrini et al. / Marine Geology 339 (2013) 13–21
greatly exceed the angle of repose for sediments. Instead, they appear to
be an isolated well-defined graben and an isolated set of fault blocks
(Fig. 4b). These features are located within a bathymetric low near the
center of the lobe, implying shallow localized internal structural failure
within the consolidated substrate, which may be related to radial
spreading of the failed material.

Alternatively, the lobate structure observed in Hess Deep could
represent degraded tectonic structures overlain locally by thin mass
wasting deposits. In this case, the benches with normal separation
would represent normal faults formed by tectonics. A key challenge of
this model is to account for the lobate form of this feature and the con-
cavity of the benches. North and updip of the lobe, two basement fea-
tures appear to that have NW–SE and NE–SW orientations (Fig. 2).
One possible explanation is that the lobe represents a degraded version
of these or other tectonic trends farther south into Hess Deep. Mass
wasting in other settings, such as mid-ocean ridges, has been shown
to modify and thus distort the apparent geometry of fault systems
(Tucholke et al., 1997). Further, several mass wasting deposits in
mid-ocean ridges have been documented at ridge-transform intersec-
tions or other areas of fault interaction (Daczko et al., 2005); these set-
tings may be particularly susceptible to mass wasting.

In this model, the localized features within the bench could be the
manifestation of shallowly west-dipping, north-striking features
intersecting with the complicated topography in this region (rather
than features formed during radial spreading of the lobe). We do not
favor this interpretation due to the apparent lack of correlation between
some of the features on the bench and corresponding NE–SW trending
structures on the slope immediately above the bench.

We cannot differentiate between these two end-member explana-
tions for the lobate structure in Hess Deep with the existing data. How-
ever, we favor the interpretation of the lobate feature as a slump
because thismodelmore readily accounts for the curved benches and lo-
bate structure of this feature. Furthermore, there are other lobate struc-
tures in this rift observed in the regional bathymetry data (Fig. 2),
suggesting that the topography created by the rift (and the exposed
lithologies) may promote mass failure.

There is a continuum of hybrid models of these two end-member
models for the formation of the lobe thatmay also be possible. Additional
data including better imaging of subseafloor structures and an analysis of
the distribution of lithologies are needed to differentiate between these
two interpretations since a key difference is the manifestation of faults
at depth. Faults formed by slumping will sole out onto a common failure
surface, which reaches the surface at the top and base of the slump,
whereas tectonic faults continue into the subsurface. However, based
on the existing data, we favor the explanation of this feature as a
coherent slump as described above.

5.3. Influence of pre-existing lithological and structural heterogeneity on
the slump

Regardless of the exact mechanism of formation, it is clear that this
feature is strongly influencedby the pre-existing tectonic and lithological
template in this area. The Hess Deep Rift occurs in oceanic crust accreted
at the East Pacific Rise. The dominate fabric created by this spreading
center would be N–S and thus not favorably oriented to be reactivated
by rifting or slumping since it is orthogonal to the rift and the interpreted
slump. However, there may be other pre-existing structures that could
have influenced later rifting and mass failure. For example, Lonsdale
(1988) proposes that the formation of Hess Deep may have exploited a
fracture zone created at the EPR. This or other pre-existing structures
would clearly influence later extension and slumping. Structures created
by rifting also likely controlled the style and location of slumping.
Existing models propose that the architecture of the Hess Deep area
(including the intrarift ridge) is formed by a combination of high-angle
normal faulting and low-angle detachment faulting and/or by diapirism
associated with serpentinization (Francheteau et al., 1990; MacLeod et
al., 1996). Structures formed during rifting would also exert control on
any later mass failures.

As described earlier, there appears to be an intersection of two large
structures (one NE–SW trending, one NW–SE trending) upslope of the
lobe (Fig. 2). The interaction of these two faults and degradation of
their intersection might either explain the lobate shape of the feature
in Hess Deep or have further promoted downslope instability. Mass
failure features are observed in other places where faults intersect (e.g.,
ridge-transform intersections, Daczko et al., 2005); these regions may
be particularly prone to mass failure.

Compositional heterogeneity may also have influenced the mor-
phology of the lobe. Shipboard categorization of lithologies recovered
during bottom sampling shows that progressively more primitive
rocks are exposed towards the southeastern part of the lobe, with
periodites found on the southeastern edge (see lithologies in Fig. 1 of
Rioux et al., 2012). It is possible that the change in morphology of the
lobe updip and downdip of the dominant bench may partially be
explained by a broad change in lithology downslope. For example,
serpentinite may be more abundant in the deeper, more mafic sections
of the crust exposed towards the southeast, where there ismore olivine.
Serpentinite is weak (e.g., Escartin et al., 1997) and could partially ac-
count for the more hummocky, less coherent structures here.

However, there is not a correlation between lithological changes and
the locations of benches. In other words, multiple lithologieswere sam-
pled along individual benches, and as a result, it does not appear that
slumping exploited boundaries between lithological layers.

5.4. Causes for mass failure in Hess Deep

The faults as well as the gradients and orientations of slopes created
by rifting during the formation of Hess Deep likely created conditions
that could have promotedmass failure and strongly influenced its char-
acteristics.Mass failure could have been additionally triggered by one or
more discrete episodes of seismicity and/or diking, comparable to those
observed in continental rifts (Wright et al., 2006), mid-ocean ridges
(Tolstoy et al., 2006), and oceanic islands (Eissler and Kanamori,
1987). The large mass failure that we identify is located north of Hess
Deep, to the west of the propagating tip of the Cocos-Nazca Ridge
(Fig. 2), and is in an area that continues to experience active extensional
deformation, as evidenced by ongoing seismicity concentrated in this
region (Floyd et al., 2002). The base of the collapse is also unknown
but may have exploited pre-existing zones of weakness within the
EPR crust and/or faults formed during rifting, as described above. The
presence of other lobate structures within Hess Deep (Fig. 2) implies
that the steep gradients and pre-existing structures might promote
mass failure over much of Hess Deep.

5.5. The timing and rate of mass failure

The temporal and spatial evolution of the proposed slump south of
the Intrarift Ridge within the Hess Deep Rift is very poorly constrained.
Since the continuity of regional features with NE–SW trends within the
rift area is interrupted by the lobate structure, it is likely that slumping
was either concurrentwith or post-dated the processes that created the
Intrarift Ridge and other large NE–SW regional structures. Slumps in
mid-ocean ridges and continental rifts have been observed to occur
both during active tectonism or afterwards (e.g., Tucholke et al., 1997;
Autin et al., 2010). As described above, we interpret the presence of
smaller structures paralleling these regional trends within the lobe is
evidence that the style of slumping allowed some preservation of
these features. An alternative explanation is that these structures
cross cut the lobe and thus occurred after the formation of the lobe.
This would support the idea that slumping occurred concurrently
with rifting. On-bottom observations and limited sub-bottom profiler
data indicate that a large portion of the lobe is covered in sediment
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(~15 m in some areas), implying that slumping likely occurred some
time ago.

Our observations allow for two possible end-member models for
the temporal development of the slump at Hess Deep. In the first
model, slumping occurred gradually, as inferred for slumps off Hawaii
(Moore et al., 1989), with slow slumping accompanied by radial
spreading that formed secondary structures within the benches. In
the second model, the slump may have occurred relatively quickly,
with a catastrophic failure followed by radial spreading of the depos-
ited material. Although the interpreted slump in Hess Deep is not as-
sociated with a clear headwall, a muted amphitheater-shaped feature
is located upslope of the lobe (Fig. 2). This may be evidence of a
muted headwall of a slump that is not recent, but our data does not
provide conclusive evidence of this. Alternatively, the slump in Hess
Deep may lack a well-defined headwall if it occurred gradually in-
stead of as a catastrophic event. Many slumps observed off volcanic
islands are not associated with clear headwalls, perhaps owing to
their slow, gradual formation (Moore et al., 1989).

5.6. The significance of mass failure in oceanic rifts

An important difference between our observations and similar
features at other volcanic edifices is that this slump occurred in an
oceanic rift. Several recent studies have highlighted the importance
of mass failure at continental rifts and rifted margins. Some landslides
clearly happen long after rifting and involve unlithified postrift sedi-
ments (McAdoo et al., 2000), but others may be an integral part of
the rifting process. Synrift landslides can comprise coherent blocks
of crustal material or indurated pre-rift sediments and/or carbonates
that may have moved slowly, such that there is a continuum between
extensional deformation and landsliding in terms of time-scales of
motion and the architecture of the resulting rift. In some cases,
mass failure may generate structures with unexpected orientations
for a given stress field (e.g., perpendicular to opening direction
offshore Iberia, Clark et al., 2007). However, because rifting common-
ly generates maximum slope gradients in the opening direction,
material from the rift flanks often collapses into the rift depression
(e.g., Turner et al., 2008; Autin et al., 2010). The base of the slump
in continental rifts is thought to localize along a weak horizon within
the pre-rift sediments or crust (Autin et al., 2010) or at the base of the
crust (e.g., along serpentinized upper mantle (Clark et al., 2007)).

Likewise, previous studies also indicate thatmass failuremodifies the
structure of mid-ocean ridges, both at the ridge axis and off-axis until
fault scarps and other structures are buried by sediment (Tucholke et
al., 1997). Slumping is strongly controlled by faults in this environment.
The generation of steep topography is both a cause of mass failure and
can channel the resulting slides and/or flows (Portner et al., 2011).

Our results indicate that mass failure may be an important process in
oceanic rifts as well, and that they may be influenced by similar param-
eters. Oceanic rifts are the focus of significant study since they provide
unique tectonic windows into the deep structure of intact oceanic
crust. Hess Deep is a type location for studying fast spreading oceanic
crust, and has been the focus of two drilling legs (Gillis et al., 1993,
2012), on-bottom sampling programs (Francheteau et al., 1990;
MacLeod et al., 2008; Rioux et al., 2012; Lissenberg et al., 2013), and
several geophysical experiments aimed at studying the structure of
oceanic crust (e.g., Wiggins et al., 1996; Ballu et al., 1999; Christeson et
al., 2007). Our results indicate that mass failure needs to be taken into
account when reconstructing oceanic crustal structure in oceanic rift
settings.

6. Conclusions

Near-bottom bathymetric data nested within shipboard swath
bathymetry data reveal the presence of a 4 × 6 km lobate feature
along the southern slope of the Intrarift Ridge at the Hess Deep Rift.
The overall lobate form, concentric benches and interruption of re-
gional tectonic trends by this feature support the interpretation of
this feature as a slump. Although a number of recent studies have elu-
cidated the importance of slumping in continental rifts, this is one of
the first collapse features identified within an oceanic rift, demon-
strating that mass failure is also an important process in these set-
tings. Morphologic characteristics of this feature indicate that it is
primarily composed of coherent blocks, such that rift-related struc-
tures and igneous stratigraphy of the EPR oceanic crust has been
largely preserved. The concave upslope shape of benches and graben
and fault blocks identified within the bathymetric low on the domi-
nant bench further suggest radial spreading of the slumped material
during or after failure.
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