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Insights into dike nucleation and eruption dynamics
from high-resolution seismic imaging of magmatic
system at the East Pacific Rise
Milena Marjanović1*, Suzanne M. Carbotte2, Alexandre Stopin3†, Satish C. Singh1,
René-Édouard Plessix3, Miloš Marjanović4, Mladen R. Nedimović2,5, Juan Pablo Canales6,
Hélène D. Carton1,2, John C. Mutter2, Javier Escartín7

Models of magmatic systems suggest that the architecture of crustal magma bodies plays an important role in
where volcanic eruptions occur, but detailed field observations are needed to evaluate them. We present ultra-
high-resolution reflection images ofmagma bodies beneath a region ofmultiple eruptions along the East Pacific
Rise derived from three-dimensional seismic surveying. The observations reveal magma bodies with elongate
ridges and troughs vertically aligned with seafloor eruptive fissures that we interpret as remnant dike root zones
where repeat dikes nucleate. We document a triangular feeder zone to the axially centered magma body from
the off-axis source for a newly forming seamount of the Lamont chain and infer bottom-up eruption triggering
due to recharge from this deeper source. The findings indicate that magma bodies are sculpted by both pro-
cesses of magma recharge from below and magma extraction to the surface, leaving a morphological imprint
that contributes to localization of dike nucleation and eruption sites at the East Pacific Rise.
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INTRODUCTION
The architecture of magma plumbing systems and how magmas
move through them play a fundamental role in volcano construc-
tion and evolution (1–4). The plumbing system includes conduits
via which magma is transported through the crust and magma
bodies where magma is stored (1, 4–7). Magma ascent is governed
by the range of stresses acting within and upon the system, includ-
ing magma pressure and regional tectonic and gravitational stresses,
and strong feedbacks between the architecture of the plumbing
network and volcano stress field are expected [e.g., (1, 4)].
Growing observations from diverse volcanoes formed in different
tectonic settings show evidence for local magma accumulations
concentrated at multiple levels in the crust with magma transport
between them taking place via intrusion and/or processes of
buoyant porous flow [e.g., (2–3, 8)]. Magma propagation to the
surface leading to volcanic eruptions is primarily governed by pro-
cesses within the shallow part of the system with conduits, including
dikes, nucleating from and tapping the shallow-level magma bodies
(4, 9, 10). Where and how dikes nucleate from shallow magma ac-
cumulations to breach the layer above and erupt and how magma
bodies drain during eruptions are subjects of ongoing debate and
are of central importance for volcano hazard assessment. One of
the commonly assumed conceptual models of conduit formation
invokes “bottom-up” processes whereby magmatic overpressures

developing in upper crust magma accumulations exceed the
tensile strength of the host rock leading to dike nucleation and
rupture to the surface [e.g., (11–13)]. An alternative model suggests
“top-down” processes by which tectonic extension, cracking,
volcano unloading by, for example, lava-dome collapse, and degas-
sing above the magma reservoir lead to conduit opening and
magma ascent [e.g., (14–20)]. Obtaining a detailed architecture of
the shallow magma accumulations is important for evaluating end-
member models and for understanding what controls the location,
style, frequency, and duration of volcanic eruptions. However,
because of the general inaccessibility of active volcanic systems to
high-resolution imaging, the detailed morphology of the shallowest
melt accumulations from which volcanic eruptions are staged is
largely unknown, and relationships to dike nucleation and eruption
dynamics are poorly understood.

Mid-ocean ridges (MORs), which are the most extensive mag-
matic systems on Earth (21), can be readily scanned by con-
trolled-source marine seismic techniques to resolve the structure
and characteristics of the magma plumbing system, with the shal-
lowest regions accessible to much higher-resolution imaging than is
possible in subaerial settings. At fast-spreading ridges, elongate
quasi-linear axial magma lenses (AMLs) are found ubiquitously
(11, 22–27), representing upper crustal magma accumulations at
the top of a broader transcrustal zone of mush and melt (Fig. 1)
(28, 29). The AML forms at the interface between the brittle
upper crustal lid and the magmatic ductile regime of viscous flow
below, where elastic stresses rapidly dissipate. Dike root zones
(DRZs) develop within this boundary region, nucleating at and con-
necting to magma source accumulations (13).

One of the best-studied portions of the MOR system is the East
Pacific Rise (EPR) centered at latitude 9°500N (Fig. 2A). It is re-
nowned for prolific hydrothermal venting [e.g., (30, 31)] and recur-
rent volcanic eruptions. The first documented eruption occurred in
1991/1992, and the second possibly initiated in early 2005, with the
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primary eruption episode in January 2006 (14, 32, 33). The seafloor
geology of the site of the most recent eruption, which extends from
~9°480 to 9°560N, is now known on meter scales and in three dimen-
sions. The resulting mapping includes the detailed distribution and
morphology of the erupted lavas (34–37), their geochemical varia-
tions (38), and the geometry of the axial eruptive fissure zone em-
bedded in a broader (on average, 60 to 70 m wide) axial summit
trough (AST; Fig. 2A) (34–36). On the basis of these high-resolution
observations, the AST is believed to be the long-term locus of
eruptions.

In Summer 2008, a three-dimensional (3D), multistreamer and
multichannel seismic survey was conducted focusing on the EPR 9°
500N eruption site (39–42) (Materials and Methods; fig. S1). The
collected data has brought a wealth of information regarding the
magmatic system. The along-axis swath images of the 8- to 120-
m-thick (43) magma lenses, displaying variable melt content (44),
showed fine-scale partitioning of the magmatic system (5 to 15 km)
and its genetic relationship with seafloor tectonic segmentation (23,
40). The same dataset allowed for high-resolution imaging of deeper
portions of the axial magma chamber for the first time and led to the
discovery of magma accumulations at multiple levels (22) immersed
in a mushy mid-crust (Fig. 1) with vertically stacked lenses poten-
tially contributing to single volcanic eruption episodes (11, 22). The
seismic volume collected during the same expedition (fig. S1) also
revealed networks of lower-crustal magma accumulations outside
the axial accretion zone (41, 42, 45), providing magma reservoirs
for off-axis eruptions where magmas from distinct upper mantle
sources may mix (41).

While much has been learned from these prior studies, the shal-
lowest part of the magmatic system beneath the ridge axis region
(AML) has not been previously explored in three dimensions. To
close the large resolution gap and allow for direct comparisons of
the structural characteristics of the AML with the eruptive products
of the last eruption, we processed the seismic volume collected in
2008 using advanced seismic techniques (Materials and
Methods). State-of-the-art elastic full-waveform inversion (FWI; in-
verting for both P- and S-waves) (46) was used to derive the best
constrained 3D velocity (Vp) model of the upper crust in the
study region (39), which was then used to carry out 3D prestack
depth migration scheme on a high-resolution grid 25 m by 25 m
by 5 m (Materials and Methods; fig. S1). The results provide
unique 3D images of the shallow magma lenses beneath the site
of recurrent eruptions at an unprecedented resolution (Figs. 2
and 3 and fig. S2). The only other study in which FWI-derived
Vp models have been used to image the shallow magma system
made use a limited suite of 2D seismic profiles (Axial Volcano,
Juan de Fuca Ridge) (11, 47). However, because of the inherent lim-
itation of 2D imaging and techniques applied (both FWI and migra-
tion) and the limited dataset available, only large-scale structural
variations were interpretable.

RESULTS
The 3D images of the EPR magmatic system reveal a complex
network of crustal magma bodies from ~9°470 to 9°560N with
notable morphological and structural variations that can be best ap-
preciated in the mapped seismic horizons (Fig. 2B and fig. S2). Al-
though the seismic horizon depicting the main AML appears as a
continuous feature, three morphologically distinct magmatic units

can be defined on the basis of their depth, orientation, and geom-
etry. The latitudinal extents of these units correspond to the fine-
scale tectonomagmatic segments previously identified as physically
separated lenses that erupt distinct lava compositions (23, 38),
which we identify as the southern (9°470 to 9°48.80N), central (9°
48.8 to 9°51.40N), and northern (9°51.40 -9°56.50N) magmatic seg-
ments (Figs. 2B and 3 and fig. S2). In the following, we describe the
architecture of each magmatic segment and linkages with seafloor
eruption characteristics. Map-view images and representative
seismic profiles are shown for each segment in Figs. 4 to 6, and
summary schematic profiles illustrating our interpretations of the
main features of the magmatic system in each segment are shown
in Fig. 7.

Southern magmatic segment
The southern segment erupted the smallest-volume lava flow
during the last documented eruption, which overtopped the
~100-m-wide AST and flowed up to 1.2 km down the ridge flanks
north of 9°470N (Fig. 4A) (34, 35). In the underlying subsurface, the
3D seismic images reveal a complex magma body up to 1.7 km wide
with different characteristics coincident with the seafloor transition
at 9°470N, demarked by an offset (<100 m) in the AST (fig. S3, A and
B). Beneath the ridge axis, the top of the magma accumulation is
characterized by a narrow (<200 m wide) and ~100-m high ridge-
like structure. This AML ridge extends for most of the length of this
segment and is vertically aligned with the narrower AST above (Fig.
4A and figs. S3, A and B, and S4A). In the morphology of the AML
south of 9°470N, another ridge-like feature, parallel and shifted ~400
m to the west from the axis-centered one, is present. Most of the
hydrothermal vents associated with the southern magmatic
segment are found along this southernmost portion, which did
not erupt in 2005–2006. North of 9°470N, the cross-axis depth of
the AML is highly asymmetric, with the western wing down-
dropped for >150 m with respect to the axis-centered feature (Fig.
4). Around 9°480N and further to the north, the complexity in the
AML reflector [average depth, 1440 m below seafloor (bsf)] suggests
two overlapping magma bodies extending parallel to each other
(Fig. 4). Within the region of cross-axis AML asymmetry, a separate
shallower lens lies beneath the eastern flank at ~1250 m from the
axis (Fig. 4A and fig. S4, A and B). This unusual upper-crustal
off-axis magma lens (uOAML) is ~3.5 km long and <1 km wide
and spans depths from ~3100 to 3700 m below sea surface (530
and 1100 m bsf, respectively), which locates it within the dike
section (Figs. 4A and 7A and fig. S4D). The presence of localized
steeply dipping reflectors (43°) from the western edge toward the
AML (Materials and Methods) indicates that this uOAML is fed
via channels from the axis (Figs. 4B and 7A). Spatial correlation
between this shallow magma lens (uOAML) and magma lenses pre-
viously identified in the lower crust (OAMLs) (42) and a melt
anomaly identified from seafloor compliance studies (48) suggest
that this magma body is also supplied from the deeper crust
below. On the basis of the energy attribute, used as proxy for relative
variation of melt versus crystal content from the recorded ampli-
tudes in seismic signal (Materials and Methods), the latter view is
further supported by the presence of higher seismic amplitudes (i.e.,
potentially higher melt content) that characterizes the uOAML
within the same region (fig. S4B). The eastern edge of the
uOAML underlies and follows the strike of an obliquely trending
off-axis fault (37) and volcanic ridge at the seafloor (Fig. 2A and
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fig. S3B), indicating a long-term history of volcanic eruptions from
this body.

Central magmatic segment
The central segment (Fig. 5) is considered the initiation site of the
last documented eruption and the long-term persistent locus of
eruptions based on the locally shallower seafloor topography (14,
32, 35). It is also the location of the highest–effusion rate and
largest-volume lava flows, highest-temperature magmas based on
high MgO (wt %) compositions, and many high-temperature vent
sites (fig. S5) (30, 31). The AML underlying this region is narrower
(average width, ~1 km) and deeper than in the adjoining segments
to the south and north (1515 m versus 1440 m and 1390 m bsf, re-
spectively; Figs. 2B and 3). The deepest patch of this AML segment
is its northernmost part where a triangular sheet or channel (width
varying from 225 to 1625 m) is imaged, plunging from the main
magma body at an 8.5° dip (deepening by ~450 to 500 m on
average) to the west (Fig. 5A). The farthest and narrowest part of
this triangular sheet reaches 2.5 km from the ridge axis, ending at

the subsurface projection of a prominent axis-facing fault, with an
offset of ~200 m at the seafloor (Fig. 8).

South of 9°510N, the morphology of this AML segment is dom-
inated by a trough-like structure (~40 to 60 m deep), extending for
~3.7 km along the ridge axis (Fig. 5A and fig. S6, A and B). For most
of its length, the trough is ~200 m wide, runs parallel to the AST,
and is bounded by shallower, ridge-like features. At ~9°50.60N, these
ridges disappear, and the trough changes orientation in a 20° coun-
terclockwise rotation, trending obliquely to the AST and toward the
westwardly dipping triangular channel for another 650 m; it also
widens and deepens to ~350 and 85 m, respectively. Along most
of its extent, the trough is characterized by low values of the
energy attribute (fig. S7; Materials and Methods), suggesting the
presence of highly crystallized magma. Furthermore, the obliquely
trending trough underlies the deepest portion of the AST (35, 49)

Fig. 1. Schematic illustration of the magmatic system at the EPR 9°500N. The
axial magma chamber is represented by the topmost AML and mid-crustal sub-
AMLs (SAMLs) embedded in a broader zone of mush (22, 23, 28, 29). The potential
presence of deeper, thinner SAMLs in the lower crust is indicated with question
marks, as their presence is inferred primarily from ophiolite exposures. The mid-
crustal SAMLs are encompassed by a mushy region, marked with the gray-
shaded zone representing mush with a higher percentage of melt (11, 29). At
the base of the crust, a broader ~10-km-wide zone of accumulating melt in the
uppermost mantle is inferred from low P-wave velocities in seismic tomography
studies (dark yellow) (55). Away from the ridge axis, lower crustal off-axis magma
lenses (OAMLs) are present (41, 42, 45). They are encompassed by an inferred
higher-temperature mushy region and underlain by a potential upper mantle res-
ervoir. Moho indicates the Mohorovičić discontinuity. The illustration is not drawn
to scale; we provide approximative vertical and horizontal scales for the upper and
lower crust as guidance. The presented magma bodies are highly vertically
exaggerated.

Fig. 2. Regional seafloor tectonics and 3Dmorphology of the magma body at
the EPR 9°500N. (A) Seafloor bathymetry, combining grids sampled at 3 m (70), 30
m (71), and 50 m (collected during the 2008 survey), shows the location of mor-
photectonic elements of the ridge crest zone: hydrothermal vents in black trian-
gles (31), 2005–2006 lava flow in blue, faults in black, fissures in white, and AST in
green lines (35–37). The black arrow points to the obliquely trending volcanic ridge
~9°480N. The black-white dashed box outlines the region shown in (B). The inset
globe indicates the location of the EPR study area. (B) Plan view of the AML with
the extent of the southern, central, and northern AML segments marked and also
shown in Figs. 4A, 5A, and 6A. The same panel without interpretation is shown in
fig. S2A.
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demarked by small structural offsets (~50 m) in its lineation,
evident in high-resolution bathymetry (Fig. 5C).

To the south of the obliquely trending AML depression, we map
a small, axis-centered, upper-crustal magma body (uAML) ~875 m
wide at ~85 to 150 m above the main AML and extending for 2.2 km
along the ridge axis (Fig. 5, A and F). The mapped horizon dips
toward the south with high reflectivity focused in its northernmost,
shallowest part (fig. S7). A narrow linear gap (<200 m), which is
vertically aligned with the ridge-like feature in the main AML
below and AST above, is also evident in its central part.

Northern magmatic segment
The northern segment is characterized by the absence of a well-de-
veloped AST. Instead, two sets of en échelon fissures are present:
one dominating the southern half of the segment and located
along the crest of the axial high and the other nested on top of a
volcanic ridge parallel to and 600 m east of the ridge axis (Fig.
2A) (26). Detailed seafloor mapping shows that the eruption of
lava in this region took place predominantly along these off-axis fis-
sures (34, 35), but the mechanism leading to this off-axis lava em-
placement remains unclear. Our 3D images show that the AML has
a dominant concave-upward shape in cross section in this region,
with a shallower eastern rim that rises ~75 m above the average

depth of the AML beneath the ridge axis (Fig. 6 and fig. S2),
which is vertically aligned with the off-axis fissures. Beneath por-
tions of this shallowing AML edge, we observe the presence of
narrow reflection patches resembling the signal from the main
AML, which we attribute to sub-AML (Figs. 3C and 6A).

About 70 m east of the off-axis fissures, a prominent ridge-par-
allel fault scarp is present, which served as a dam for the recent
eruptions and near which a newly discovered high-temperature
vent field has been found (Fig. 6A) (31). From the surface expres-
sion of the fault and vent fluid chemistry, it was speculated that the
fault plane potentially provided the pathway for hydrothermal
fluids to penetrate the crust and mine heat from near the AML
edge, reaching as deep as ~160 m above the AML edge, to fuel
the off-axis high-temperature vent (31). Given the proximity of
the fault and possible projection at depth to near the AML, it is
noteworthy that this structure was not exploited as a magma
pathway for the eruption. There is evidence from field exposures
of relict volcanic systems that faults can serve as magma pathways
[e.g., (7, 50)]. However, the orientation of normal faults relative to
the regional stress field is optimized for shear motion and, hence,
not ideal for opening pathways for dike propagation (12).

DISCUSSION
Connectivity between the AML and Lamont seamount
mantle melt anomaly
A long-standing question is why eruptions and hydrothermal
venting are focused at the 9°500N site relative to elsewhere along
the well-studied stretch of the EPR from 9° to 10°N given the
near-uniform spreading rates and, hence, expectation of similar
eruption frequencies. The 9°500N region is the site of the shallowest
ridge axis bathymetry and a broader axial high, which has been at-
tributed to enhanced mantle melt supply (51). However, there is no
evidence for thicker crust or larger melt volumes in the shallow
mantle below (52–55), as would be expected if this was a long-
term locus of higher melt supply. Therefore, it is unclear why this
region has been the focus site of multiple eruptions, whereas adja-
cent regions have not erupted.

Our observations, in conjunction with prior geochemical (56)
and seafloor morphological studies (57), indicate that this localized
magmatic robustness results from the interaction of the central
magmatic segment with the heterogeneous shallow mantle melt
source that has fed the 50-km-long Lamont seamount chain as
the spreading-center approaches it, in relation with the northwest
drift of the Pacific Plate over the asthenosphere. The youngest of
the five well-developed volcanic cones, Sasha seamount, is only 8
km from the ridge axis and located on 0.1–million year–old crust
(56). Although isotopically and chemically diverse, basalts
sampled from these Lamont volcanic cones show dominantly prim-
itive compositions (56, 57), which, along with the absence of evi-
dence for hydrothermal venting, was used to argue that the
Lamont seamount magmas have short crustal residence times
without formation of magma accumulations (56). However,
between Sasha seamount and the EPR at about 3 to 7 km from
the axis, prior analysis of the 3D seismic dataset revealed two off-
axis magma bodies (OAMLs) in the lower crust at a depth of ~3.2 to
4.8 km bsf (42). In the high-resolution seafloor horizon mapped in
our seismic volume above these OAMLs, we identify a prominent
feature with a circular high (~10 m deep and <800 m wide). We

Fig. 3. Perspective view of the magma bodies mapped in the seismic volume
from ~9°46.50 to 9°56.50N. (A) 3D view of AML within a grid to emphasize the
morphology of the AML. The southern, central, and northern segments are out-
lined in black boxes and shown in Figs. 4A, 5A, and 6A, respectively. The black
dashed boxes along longer sides of the white grid delimit regions presented as
the side views of the shallowmagmatic system tilted for ~5° in (B and C). Important
morphological features are indicated: uAML, upper AML. The color scale in (B and
C) is the same as in (A). The structural variations in the magma body are enhanced
by using OpendTect’s Z-scaling (i.e., vertical exaggeration) set to 7.
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interpret it as a nascent caldera that hosts an inflating and construc-
tive dome indicating the birth of a new seamount of the Lamont
chain (Fig. 8), the center of that is ~5 km from the ridge axis. On
the basis of the spatial alignment of this feature with the Lamont
seamounts, we attribute the formation of the nascent caldera to sub-
surface magma movements associated with the OAMLs. These
OAMLs are fed from the shallow mantle source for the Lamont sea-
mount chain (Fig. 7B), inferred from geochemical data to originate
at pressures of ~9 to 10 kbar (~30 km) (56). The proximity of the
OAMLs and nascent caldera with the westwardly dipping magma
body imaged beneath the central segment in our data (Figs. 5A,
7B, and 8) strongly suggests that these off-axis crustal accumulations
are contributing melt to the on-axis shallow magma body. The
oblique trend of the northern half of the central AML segment rel-
ative to the ridge axis trend, rotated westward toward the west flank
triangular sheet (Fig. 5A), further supports this hypothesis and in-
dicates a rotated stress regime near the depth of the AML in this
region. The 8.5° dip of the western sheet and the depth and location
of the OAMLs relative to the western edge of the melt channel
implies nonvertical pathways for melt delivery. We thus infer that
melt migration is taking place along low-angle pathways in the
mid-lower crust, governed by the axial thermal structure (Fig. 7B).

The contribution of magma from the OAMLs located beneath
the nascent caldera could help explain the variation in the geochem-
ical signature of basaltic glasses collected along the ridge axis (38).

The average MgO percent composition (8.2/8.5 wt % for the 2005–
2006/1991–1992 eruption events, respectively) of lavas from the
central segment is consistently higher and close to the average
MgO% = 8.2 reported for the Lamont seamounts (56). A sample
with the highest MgO (wt %) is recovered from the top of a cone
on the western edge of the shallower OAML (Fig. 8B). Collectively,
the observed geochemical signatures point toward a more primitive
and higher temperature magma source than that feeding the adja-
cent segments where lower MgO% (<8) lavas are sampled (fig. S8).
The relatively small but statistically significant (38) differences in
MgO% across the magmatic segments could be explained by
already diluted magma that has undergone fractionation in the
OAMLs before being delivered to the central AML segment. Alter-
natively, smaller volumes of primitive melt may be delivered from
the off-axis system directly to the central AML segment, which
would still be sufficient to perturb the stresses and lead to an erup-
tion. On the basis of the available data, we cannot distinguish
between the two scenarios, as we cannot assess the volume of
magma delivered from the off-axis system to the central
AML segment.

Several seafloor morphological characteristics also support a
genetic connection between the central segment and the Lamont
seamount chain. First, the northern edge of the locally shallower
and broader ridge axis (~60 m shallower and 3 to 4 km wider) co-
incides with where the extrapolated trend of the youngest Lamont
seamounts intersects the ridge axis and is just north of the northern
edge of the westwardly dipping triangular channel (fig. S9). Second,
the decrease in size of seamounts along the Lamont chain toward
the ridge axis (57) is consistent with increased partitioning of
magma between the seamounts and the ridge axis with time. On
the basis of these combined observations, we infer that the central
segment has been consistently oversupplied with magma reaching
the shallow-level magmatic system, through localized off-axis
feeding to the AML, relative to adjacent ridge segments. Enhanced
magma feeding, primarily to the shallow part of the axial magmatic
system and not to the deeper part, could account for more frequent
eruptions without the creation of thicker crust in this location,
thereby addressing a long-standing contradiction.

Illuminating DRZs and constraints on eruption dynamics
Numerous theoretical modeling studies have examined how the
shape of magma bodies and stress state and properties of the host
rock interact to determinewhere dikes nucleate and eruptions occur
[e.g., (1, 4, 5, 7)]. These models typically assume smooth bodies of
spherical or ellipsoidal geometry embedded in a purely elastic
matrix. Our high-resolution images of the magma source body of
an active portion of the MOR volcanic system challenge these
models by showing that magma bodies do not have simple
smooth geometrical shapes but display prominent elongate fine-
scale topography that is vertically aligned with eruptive fissure
zones at the seafloor. On the basis of these spatial relationships
and the expectation of vertically oriented dikes aligned parallel to
the ridge axis in the extensional MOR environment, we interpret
this topography as the signatures of DRZs of the last eruption that
have been preserved over the 2-year post-eruption period to when
our data were acquired.

At both the southern and central segments, the DRZ is located
along the approximate center of the AML, while along the northern
segment, it is located along the eastern edge of the AML (Figs. 2B,

Fig. 4. Magma bodies beneath the southern segment. (A) Plan view of the
magma body horizons mapped beneath the southern segment, which extends
from ~9°470 to 48.80N (Fig. 3). The dashed red line marks the western part of the
AML that appears as a separate lens. The black box outlines the region around the
upper-crust off-axis magma body (uOAML) shown in the subpanel on the right
with different color scale to emphasize its topography. The black bar indicates
the along-axis extent of the potential magma pathways connecting this magma
body with the AML. Dashed white lines show the outline of lower crustal OAMLs
(42). The thick white line shows the location of the seismic section extracted from
the volume shown in (B). The red arrow in (B) marks the down-dropped part of the
axis-centered AML discussed in text, and the thin white arrows indicate the reflec-
tion signal that we interpret as the magma pathway. The remaining elements are
as in Fig. 2. (A) without interpretations is in fig. S2B.
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4A, 5B, and 6A). Furthermore, at the southern and northern seg-
ments, a ridge-like/rim feature is present at the DRZ, while along
the central segment, a prominent trough bounded by narrow
ridges along its eastern and western edges, as well as at its northern
limit, is observed. We interpret this trough as an eruption-related
excavation of a formerly broad ridge (locally reaching ~500 m in
width). Prior studies of melt content in the AML have been con-
ducted using the 2008 along-axis seismic dataset crossing all three
segments and include 1D waveform modeling of data from the
central segment at 9°49.10N, as well as partial offset stacking and
amplitude variation versus angle of incidence analysis along the

2D profiles (43, 44). Within the extent of the central segment,
these seismic lines sample the AML roughly along the trough that
we identify in 3D (fig. S7) and indicate the presence of a moderate-
to-low melt content. This observation in along-axis lines is consis-
tent with our interpretation of the AML trough representing the
zone of melt extraction. The volume of lava erupted in the 2005–
2006 episode, which is well constrained from seafloor mapping,
has been compared in prior studies to the speculated volume of
the magma reservoir to estimate eruption recurrence intervals for
this region with predictions that an eruption is imminent in the
coming few years (35, 43). These calculations make use of an

Fig. 5. High-resolution 3D morphology of the magma body beneath the main eruption region. (A) Plan view of the AML beneath the central segment extending
from 9°48.80 to 9°51.40N (Fig. 3). The black box outlines the region around the uAML, shown in the inset in different color scale to emphasize its morphology. The same
panel without interpretation superimposed is shown in fig. S2C. Thick white lines indicate locations of seismic sections shown in (D to F). (B) Plan view of the AMLwithout
the uAML (no scaling is applied). Black dashed line outlines the depression or trough identified in the AML; black arrows delimit the latitudinal extent of the obliquely
trending portion of this trough. (C) Composite bathymetry data combining resolutions of 30 m (71) and 3 m (70) is shown. A thin black line outlines the AST (35). (D to F)
Seismic sections extracted from the seismic volume to show the variations in the reflection signal originating from the AML, with the most prominent morphological
features indicated. The red arrows in (F) mark the reflection from the shallower magma accumulation. The locations of the seismic sections are marked in (A). The panels
are at the same horizontal and vertical scale. (G andH) Perspective 3D view of the AML horizon and intersection with seismic volume to emphasize themorphology of the
AML: ridge and trough features and the westward-dipping channel (vertical exaggeration as in Fig. 3).
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average AML width (600 m) based on sparse legacy 2D axis-crossing
seismic profiles, estimated magma lens thickness (10 to 30 m), and
melt content (>70% melt) derived from 1D waveform modeling for
the AML outside the eruption zone (at 9°42.80N) and the assump-
tion that these values are representative of the physical properties of
the pre-eruption magma lens across its full width. The obtained
seismic images allow for much improved estimates of magma lens
volume and indicate the total volume of the three magmatic seg-
ments that sourced the recent eruptions was underestimated in
these prior studies (table S1).

Furthermore, the observations of a prominent trough beneath
the eruptive fissure zone of the central segment indicate that the
AML was not uniformly drained during the eruption and provide
the best constraints available on the minimum melt volume extract-
ed from this segment during the eruption. On the basis of the
trough dimensions and assuming 100% melt content before erup-
tion, we estimate an extracted volume of 42 × 106 m3, which is about
twice the volume of the lava flow erupted from the central segment
and plausible dike volume (table S2). The remaining extracted
volume is comparable to the estimated volume of the shallow sill
found <150 m above the AML along the southern half of the
central segment, raising the possibility that this sill was intruded
as part of the eruption episode (Fig. 9). The depth of this sill is com-
parable to estimates of the thickness of the thermal conductive
boundary layer (CBL) that separates the AML from the convectively
cooling crustal lid (58). We speculate that horizontal sill intrusion in
this region is due to the presence of a large rheological contrast
arising from the sharp thermal gradient zone that defines the top

of the CBL (Fig. 9). Future analysis of the microseismicity observa-
tions acquired in the region over the 2 years before and spanning the
eruption episode (14, 33) could shed light on whether emplacement
of this shallow lens occurred in the run-up to or during the
eruptions.

In contrast to the central segment, along the southern and north-
ern magmatic segments, a localized melt evacuation zone is not
imaged. This observation is consistent with the limited volume of
erupted lavas and, hence, low amount of magma mobilized from
the southern segment (<4% of the total volume of the magma
lens; table S1). At the northern segment, where larger melt
volumes erupted, the DRZ zone developed along the eastern edge
of the AML with perhaps more continuous magma recharge from
deeper magma bodies that are imaged beneath this shallowing edge
(Figs. 3C and 7C). Assuming only the magma from the shallow
portion of the eastern AML edge was mobilized during the eruption
(band centered on shallow ridge ~200 m wide), the obtained volume
for a 20-m-thick lens with 71% melt would roughly correspond to
the volume of the emplaced lava above the northern segment and
intruded 1-m-wide dike.

The lineated AML troughs and shoals that we image along the
DRZs for the recent eruptions indicate that magma does not accu-
mulate uniformly within magma lenses nor that it is uniformly ex-
tracted; the base level melt content across the volume of a magma
body does not simply rise or fall with replenishment and withdraw-
al. Instead, highly localized and lineated zones of shallower and
deeper topography are found. The lineated AML ridges, we
image, may evolve from DRZs of previous eruptions that are then
maintained as local shoals during inter-eruption periods through
both thermal erosion of the host rock (stopping) and magma buoy-
ancy. Through magma buoyancy, the edges of lineated troughs left
by evacuation of melt from the magma lens may evolve through
time into new AML ridges. Analytical and numerical solutions as-
suming an elastic rheology predict that failure in the crustal lid
leading to dike intrusion will occur preferentially at structural
edges and angularities of a pressurized magma body (59). Once de-
veloped, local relief in the AML will maintain stress concentrations,
which, in turn, may lead to more frequent triggering of eruptions at
the same location. This view of stress perturbations associated with
magma body topography offers a plausible explanation for the ob-
served intense intrusive episodes that occur along the same fissures
(e.g., in Iceland) (60). Furthermore, remarkable spatial stability of
the dike nucleation zone is required to explain the common obser-
vation of narrow 1-m-wide dikes with one-sided chilled margins
(i.e., dike-in-dike intrusions) in outcrops of oceanic crust (61).

Triggering of volcanic eruptions
For volcanic eruptions to occur, magma pressures must be sufficient
for magma to reach the surface and erupt, and a magma conduit
must develop to connect the magma source to the surface.
However, whether conduit nucleation initiates from the bottom,
when magma pressures exceed a critical level, propagating
upward (i.e., bottom-up), or from the top because of, for
example, tectonic stresses exceeding a critical level leading to
opening downward (i.e., top-down), is a key question [e.g., (9, 15,
62)]. In prior studies of MOR eruptions, findings of spatially seg-
mented compositional variations in erupted lavas from an
assumed continuous fissure system suggest the top-down opening
of the upper crust initiating vertical dike propagation from the

Fig. 6. Magma body beneath the northern segment. (A) Plan view of the north-
ern segment AML horizon extending from ~9°51.40 to 56.50N (Fig. 3). The triangle
marks the location of the newly discovered hydrothermal vent field YBW-Sentry at
9°54.340N, 104°17.670W (31). The white horizontal line shows the location of the
seismic section, extracted from the volume, displayed in (B). The remaining ele-
ments are as in Fig. 2. (A) without interpretations is shown in fig. S2D.
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Fig. 7. Schematic profiles illustratingmain features of magma plumbing system at each segment of the eruption zone. (A) Southern segment: AML with ridge-like
feature (vertically exaggerated) underlies the ridge axis. The AML’s thermal gradient zone (~700° to 1000°C) is marked in gray area. Away from the ridge axis, an uOAML is
present; it is fed by a magma channel from the AML (dashed purple line) and potentially from the lower crust OAMLs (42), as indicated by arrows. The eastern edge of the
uOAML is inferred to extend to a fault plane (dashed black line). (B) Central segment: Lamont mantle melt anomaly feeding the lower crustal OAMLs beneath the nascent
caldera, which, in turn, channels magma to the AML, following crustal isotherms (an inferred 1000°C isotherm is shown in dashed line) as indicated by arrows. The gray
area shows the AML thermal gradient region. (C) Northern segment: Dikes nucleate from the shallow eastern edge of the AML (faded red arrows), and lavas erupt from a
mapped system of fissures vertically above, marked in white. The nearby fault (solid black line on the seafloor) and its inferred plane in depth (dashed line) is suggested to
be a down flow zone for hydrothermal fluids marked in colored arrows ranging from blue to red to indicate temperature variation from cold to hot (31), respectively. The
bottom of a convecting hydrothermal fluid cell (~400°C) is marked in gray area. The region with an orange pattern marks the dike-gabbro transition zone. The remaining
elements are as in Fig. 1. The illustrations are not drawn to scale. The representations of the magma bodies and seafloor are highly vertically exaggerated; approximative
vertical and horizontal scales for the upper and lower crust are provided in all panels and for the AML thermal gradient zone in (C).

Fig. 8. Lamont seamount chain interactionwith the EPR. (A) Bathymetrymap fromGeoMapApp of the Lamont seamount chain with seamountsmarked by names and
the location of the nascent caldera outlined in thin black line. The dashed box indicates the location of the panel shown in (B). (B) High-resolution seafloor horizon
mapped in 3D seismic data, revealing a constructional, dome feature (marked in white arrows) in the nascent seamount caldera, outlined in black line. The red circle
represents the location of the samplewithMgO (wt%) = 9.44 recovered from top of the cone near the nascent caldera at 9°52.30N/104°21.50W (57). Previouslymapped off-
axis magma body OAMLs (42) are outlined in white dashed lines: The shallower one is at 3.2 km, and the deeper one is at 4.8 km bsf. A shaded silhouette of the AML
horizon is superimposed at the ridge axis with the westward dipping channel marked.
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underlying heterogeneous magma body [e.g., (16–20)]. However,
ovepressurization of magma bodies by injection of hotter and
more primitive magma is typically evoked in convergent and intra-
plate settings [e.g., (38, 63)].

While these processes are not mutually exclusive, our observa-
tions combined with other eruption characteristics indicate that
magmatic overpressure and stress conditions near the AML likely
play the primary role in dike nucleation and eruption triggering
at the EPR 9°500N site, which could be considered as an end-
member case for the EPR eruptions. From petrologic studies of
erupted lavas, it was inferred that the central segment was replen-
ished with primitive melt only 6 weeks or less before the eruption
and that this magma replenishment event likely contributed to trig-
gering the eruption (64). Our observations suggest the melt replen-
ishment event was associated with melt delivery from the Lamont
seamount source along the west flank triangular sheet. Microseis-
micity monitoring studies found that the earliest seismicity of the
primary eruption event on 26 January 2006, was focused within
this same region of the oblique trending AML, indicating dike ini-
tiation in this region (14; fig. S10). Across the three AML segments
that erupted, driving magma pressures inferred from estimates of
lava effusion rates are highest for the central segment where lavas
also travelled the farthest (65). Magma ascent rates estimated
from the seismicity observations are also highest for the central
segment (14), which is consistent with higher magma pressures at
this segment. That DRZ troughs in the AML surface are only
present at the central segment is also consistent with higher
magma pressures that allowed for greater evacuation of melt from
the AML in this region.

On the basis of local earthquake observations of near concurrent
eruption from all three magmatic segments under different magma
pressures conditions, as well as the spatiotemporal sequence of

seismic events preceding the January 2006 eruption, it was previ-
ously proposed that this eruption was triggered primarily from
the top-down because of tectonic stresses in the crustal lid exceed-
ing a critical level (14). In contrast, our observations support dike
initiation at the central segment, likely via magma replenishment
event from the west flank Lamont seamount source that led to
magma overpressures in the AML. Stress perturbations associated
with dike initiation at this segment then triggered dike nucleation
along the adjoining segments focused along the shallow ridge-like
DRZs in the AML topography formed during prior eruptions where
both locally higher magma pressures and volcano edifice stress con-
centrations are expected. How top-down opening would coinciden-
tally localize to the eastern edge of the northern segment AML, 0.6
km away from the morphologic ridge axis, but at the AML center
along the southern and central segments is difficult to envision.
AML topography likely played the key role in focusing dike nucle-
ation and conduit opening to the seafloor above. Bottom-up trigger-
ing of eruptions at the central 9°500N segment may represent an
end-member case for EPR eruptions given the role of magma deliv-
ery to this segment from an off-axis magma source. However, the
findings of lineated topographic highs along the AML segments of
the eruption zone, which likely develop over the inter-eruption
period into sites of higher magma pressure via buoyancy-driven
melt migration, suggest that a component of bottom-up triggering
via magma overpressures could contribute to EPR eruptions more
generally.

In these interpretations, we assume that our 2-year post eruption
seismic images retain a signature of the pre-eruption morphology of
the shallow magma bodies. To confirm these inferences, new repeat
seismic studies to support 4D time-lapse imaging will be required.
Important questions regarding how the geometry and extent of the
AML segments and their DRZ structures evolve over a volcanic
cycle (e.g., over what time scales does DRZ topography evolve, do
DRZ troughs disappear, do DRZ ridges grow, and how ephemeral
are shallow upper crustal sills) are unknown. Our results, which in-
dicate that detailed magma body morphology plays a key role in
dike nucleation and eruption triggering in the EPR 9°N region
also bear on volcanic hazard studies in subaerial settings, which
are of high societal interest for global populations. Considering
the geometry of shallow magma accumulations sculpted by volca-
nism in next-generation numerical models would allow for a more
realistic depiction of volcano dynamics and eruption localization
and improved volcanic hazard assessment and mitigation.

MATERIALS AND METHODS
Data acquisition
Data were collected in Summer 2008 aboard R/V Marcus G. Lang-
seth during the MGL0812 3D seismic survey. To acquire the data,
four 6-km-long solid streamers, each with 468 hydrophones spaced
at 12.5 m, were deployed at 7.5 m below sea surface. To optimize the
time for data collection, race track acquisition geometry was
adopted, with three race track loops (fig. S1). The final box was com-
pleted with reshot and infill lines. For all lines, the distance between
the cables was set to 150 m, which resulted in a 262.5-m-wide swath,
with eight common-midpoint lines, at each pass of the ship. Well-
tuned, two-array seismic sources with 3300-in3 total volume firing
in alternating mode were used to produce acoustic energy at 37.5-m

Fig. 9. Schematic view of the two cross sections illustrating the diking
episode during the last documented eruption within the central segment
The cartoon on the left depicts the region of the northern, obliquely trending
part of the trough where the main diking event was recorded by microseismicity
(fig. S10) (14). The magma conduit develops from a DRZ and connects vertically
with the surface at deep AST (fig. S6C). The cartoon on the right portrays the mo-
bilization of magma from the remaining part of the trough and horizontal em-
placement of the uAML. The magma conduit develops at the western rim of the
DRZ to connect with the surface at the AST. One part of thus mobilized magma is
emplaced as the uAML within the upper crust at the top of the CBL. The light red
areas underlined by black dashed lines represent the surface of the regions exca-
vated by the eruption, as seen in our snapshot from 2008 (Fig. 5A). The illustrations
are not to scale; approximate vertical and horizontal scales are provided as
guidance.
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space interval. The maximum recorded time was ~10 s, and the
sampling rate was 2 ms.

Seismic data processing
We apply a standard processing flow to the 2008 EPR 9°500N data
volume before migration. It included the definition of 3D geometry,
noise removal, spherical divergence correction, surface-consistent
amplitude correction, resampling to 4 ms, data filtering (≤100
Hz), and application of spectral boost of the data to flatten the spec-
trum and enhance low frequencies (2 to 5 Hz) (46). To migrate the
3D seismic volume, we use a standard 3D Kirchhoff prestack depth
migration scheme (66). Initial migration tests using water velocity
(67) were focused on the seafloor, encompassing the entire area
sampled by the seismic data (30 km by 40 km). For instance, this
test volume was used to map the seafloor horizon in the vicinity
of the Lamont seamounts and reveal the nascent caldera (Fig. 8B).

For the final prestack depth migration, which includes seafloor
and AML reflectors, we use the published 3D P-wave velocity model
(39) obtained from the advanced 3D elastic FWI approach (46). We
must mention that the 3D elastic FWI code used for defining the
migration velocity model does not include anisotropy and attenua-
tion. In addition, the FWI work was focused on exploiting primarily
the signal at source-receiver offsets >2 km and waveforms originat-
ing from the upper crust (first 800 m) (39), where velocity variations
are the highest. As the FWI window was extending from 0 to 5 s,
some of the events at mid to far source-receiver offset were
modeled and helped update the initial velocities for the remaining
part of the upper crust. To date, this velocity model represents the
best-available velocity model for the upper crust in the EPR erup-
tion site, and we use it as such. To reduce the computational cost of
3D prestack depth migration, we defined a subvolume. In the along-
axis direction, it includes racetracks 1 and 2 and the northernmost
part of racetrack 3 (fig. S1). In the cross-axis direction, it is ridge axis
centered with a total width of 7 km to ensure adequate migration
aperture for the AML. In two-way travel time, we limit the
volume to 5 s. In addition, we limit the migration to near-offsets
(<1.5 km) to avoid artifacts from the triplication originating from
the high vertical velocity gradient present in the upper crust.
After performing 3D prestack depth migration (bin size, 25 m by
25 m) using the best-available velocity model, we stack the data to
produce a seismic data cube. Last, we run several rounds of interac-
tive residual velocity corrections applied directly to the volume and
visually inspected to improve the imaging and reduce as much as
possible some of the locally present migration smiles. The ensemble
of seismic data processing, including the residual velocity correc-
tions, was done using the algorithms proprietary to Shell Interna-
tional Global Solution.

Horizon extraction
Seismic horizons were picked using OpendTect, an open-source
tool. Both the seafloor and AML horizons were picked in autotrack
mode using the seed trace method. In both cases, we picked the neg-
ative polarity event as the most prominent and continuous phase of
the mapped reflection events. The optimal size of the search
window used is ±10 m for the seafloor and ±25 m for the AML.
The size of the search window for each horizon were defined after
visually inspecting results of tests varying the window size from ±5
to ±50 m conducted using a built-in tool. In addition, we used the
built-in correlation option, with windows ranging between −50 and

50 m and 85% of correlation threshold to better constrain the
picking parameters. The picks were filtered applying a built-in
median filter using one inline/crossline filter step and gridded
with preservation of holes ≥50 m. In this study, we show the data
from 9°460 to 9°56.50N (fig. S1). We need to emphasize that, here, we
focus only on mapping strong reflection events of high confidence.
For lower confidence events where we could not readily discrimi-
nate whether the event was real or artifact (diffractions or contam-
ination from far offsets), we omit the pick and leave it for further
detailed examination (fig. S11). We interpret the ridge-ward
dipping events at 9°480 to 48.50N as potential magma pathways
because, in depth slice, we observe a consistent linear feature that
cannot be mistaken for diffraction hyperbola (fig. S12). In our in-
terpretations, we focus primarily on relative variation in depth of
the AML reflectors, as the superposition of depth uncertainties as-
sociated with picking (5 to 20 m), filtering (~20 m), and the velocity
model (challenging to evaluate because of the ill-posed and nonlin-
ear nature of the elastic FWI code used) affect the absolute depth
values that are difficult to quantify.

Energy attribute
In OpendTect, the energy attribute is computed “as the squared sum
of the sample values in the specified time-gate divided by the
number of samples in the gate” (68). Here, we use a depth gate of
±35 m centered on the AML horizon. The energy attribute, with
values always >0, provides a measure of the reflectivity of the
AML horizon. In the interpretation, we use the energy attribute
as a proxy for relative variation in melt content, such that the
zones with high values in energy attribute indicate AML regions
with potentially higher melt content. The assumption is that the
variation in amplitude originates entirely from the variation of
melt versus crystal content and is not affected by thin-bed
tuning effects.

Volume estimates
Pre-eruption magma volume
Polygon tool, a built-in function in OpendTect software, was used to
obtain the surface area of the AML segments. These values, rounded
to the first decimal point, were used to estimate the volume of each
AML segment for an assumed thickness range of 10 to 30 m (43).
The same approach was used to define the volume of the westward
dipping channel and the uOAML. For the central segment, to the
pre-eruption volume estimate, we also include the volume of the
remanent AML ridge-like feature, assuming that the thickness of
this ridge above the main AML surface corresponds to its average
height (57 m). For comparison with estimates from the previous
study using 1D waveform modeling (43), we also calculate melt
volumes assuming 71% melt content in the AML. The results are
presented in table S1. The table includes the volumes of the lava em-
placed on the seafloor from a recent study (35).
Eruption evacuated magma volume
The Polygon tool was also used to define the surface area of the
AML trough found along the central segment, which we interpret
as the result of magma evacuation from this magma lens during the
eruption. Trough melt volume is obtained using an average depth of
47 m, assuming 100% melt content. The volume of the uAML is
estimated from its surface area for a lens thickness range of 10 to
30 m. Last, the volume of the intruded dikes was obtained assuming
1-m-wide dikes (69), latitudinal extent of the AML trough (3700 m),
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and average depth of the central AML segment (1515 m). The
results are presented in table S2.

Supplementary Materials
This PDF file includes:
Figs. S1 to S12
Tables S1 and S2
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