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activity criterion is hence the basis for a thermodynamically con-
sistent new parameterization for J that improves and facilitates the
simulation of homogeneous nucleation of ice clouds. Important
applications range from issues like denitrification and future ozone
depletion in the Arctic polar stratosphere to the aerosol indirect
effect owing to homogeneously formed ice clouds in climate
studies. The simplicity of the formulation makes it suitable not
only for process studies but also for global-scale three-dimensional
models. U
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Evidence from three-dimensional
seismic reflectivity images for
enhanced melt supply

heneath mid-ocean

-ridge discontinuities
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Quantifying the melt distribution and crustal structure across
ridge-axis discontinuities is essential for understanding the rela-
tionship between magmatic, tectonic and petrologic segmenta-
tion of mid-ocean-ridge spreading centres. The geometry and
continuity of magma bodies beneath features such as overlapping
spreading centres can strongly influence the composition of
erupted lavas' and may give insight into the underlying pattern
of mantle flow. Here we present three-dimensional images of
seismic reflectivity beneath a mid-ocean ridge to investigate the
nature of melt distribution across a ridge-axis discontinuity.
Reflectivity slices through the 9°03’ N overlapping spreading
centre on East Pacific Rise suggest that it has a robust magma
supply, with melt bodies underlying both limbs and ponding of
melt beneath large areas of the overlap basin. The geometry of
melt distribution beneath this offset is inconsistent with large-
scale, crustal redistribution of melt away from centres of
upwelling”®. The complex distribution of melt seems instead to
be caused by a combination of vertical melt transport from the
underlying mantle and subsequent focusing of melt beneath a
magma freezing boundary in the mid-crust.

High-resolution swath mapping systems have provided dramatic
images of mid-ocean plate boundaries, revealing a complex system
that is segmented at a variety of scales®. For fast spreading rates,
large-scale segmentation is defined by widely spaced transform
faults, whose offsets are large enough to accommodate rigid slip.
Ridge segments between transforms are further divided by a smaller
(< 10km) series of non-rigid plate boundaries, which can give the
spreading centre a sinuous appearance. The largest non-transform
offsets are recognized by their inward-curving limbs, which encircle
an elongated depression’, and are usually sited at deeper portions
of the ridge crest. Some investigators have attributed the morpho-
logical character of these “overlapping spreading centres” to a low
magma supply”’. These models of magmatic segmentation propose
enhanced upwelling beneath the shallowest portions of the ridge
crest, and, by inference, place large non-transform offsets along
magmatically starved sections of the ridge, although there are
models where along-axis flow is so efficient that magma supply is
enhanced near ridge-axis discontinuities’. Petrologic sampling
along mid-ocean ridges reveals a similar pattern of geochemical
segmentation, suggesting an intimate connection between tectonic
and magmatic segmentation of the ridge crest’. Other indicators of
magmatic budget such as axial volume® and mantle Bouguer
anomaly’ tend to support the notion that the shallower, more
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inflated portions of the ridges are sites of enhanced magma injection
from the mantle, which serve as the locus for redistribution of melt
towards the distal ends of the segments. In contrast, seismic
observations'™"? across smaller discontinuities reveal a crustal
magma chamber that is segmented at a scale of 10—15 km, providing
evidence for only small-scale mixing of magma along the axis.
Furthermore, the handful of reflection profiles'>™'* that cross over-
lapping spreading centres do not show a muted magma supply, but
instead appear to show an abundance of melt near these features,
suggesting a complex relationship between ridge-axis discontinuities
and the underlying pattern of magmatic segmentation.

To differentiate between competing models of magmatic
segmentation™®, we conducted a three-dimensional seismic reflec-
tion survey across the 9°03’ N overlapping spreading centre, East
Pacific Rise (Fig. 1). The ARAD (anatomy of a ridge-axis disconti-
nuity) seismic experiment took place on board the RV Maurice
Ewing in 1997. Thirty on-bottom hydrophones were also deployed
to define the crustal velocity structure. Coincident three-dimen-
sional images of seismic reflectivity and velocity represent the best
approach for understanding the detailed structure across this ridge-
axis discontinuity. The spatially dense layout of reflection profiles
and on-bottom receivers was a necessity given the three-dimen-
sional nature of the target. In this setting, widely spaced two-
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Figure 1 Sea-floor bathymetry and nomenclature for the ARAD seismic experiment. Sea-
floor depths were obtained from redundant (~30-fold) multibeam soundings obtained
during the acquisition of the three-dimensional seismic volume. Bathymetry is contoured
at 50-m intervals, with shallow regions of the discontinuity coloured red/orange to
highlight the overlapping nature of the offset. Thin white lines show the location of seismic
profiles presented in Figs 2 and 3. The areal extent of crustal magma chambers are shown
as black in-fill overlying sea-floor bathymetry. Seismic volume coordinates are also
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dimensional seismic profiles would provide insufficient sampling
of out-of-plane wave propagation, resulting in significant imaging
errors. In addition, a complex, highly reflective sea floor can scatter
out-of-plane energy onto a two-dimensional profile, producing
coherent artefacts within the section, which can be especially
acute in the mid-ocean-ridge environment. To overcome these
difficulties, a series of 201 reflection profiles separated by 100 m
were collected during the ARAD experiment to allow a full three-
dimensional processing of the data. This scheme ensures that
virtually all of the seismic wavefield will be accurately stacked and
migrated, generating detailed images of crustal structure across this
ridge-axis discontinuity.

Reflectivity slices through the three-dimensional volume reveal
continuous melt sill events beneath both limbs of the overlapping
spreading centre, with some melt-based reflections found under-
lying the northern overlap basin. The geometry of the melt sill
underlying the western limb is relatively simple, showing a modest
narrowing in width, but little or no depth variation along the ridge
crest before dying out (Figs 2 and 3). In contrast, the melt sill
beneath the propagating'® eastern limb deepens significantly over its
southernmost 6 km, plunging some 500 m in depth relative to the
sea floor (Fig. 3). Unlike the melt sill beneath the western limb,
which shows little morphological change with latitude, the melt sill
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indicated. The in-line direction corresponds to the sailing direction during data
acquisition, while the cross-line direction is perpendicular to the sail-line azimuth.
Individual in- and cross-line slices are separated by 25 m. In-line slices range from 1 to
801, while cross-line slices range from 101 to 901. Time-slices are oriented orthogonal to
the plane defined by in- and cross-line directions, and are separated by 4-ms increments.
Forward-play directions of Supplementary Information movie frames are also indicated.
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geometry beneath the eastern limb is very complex. To the north,
the melt horizon is displaced westward of the ridge-axis toward the
overlap basin, and is some 4 km in width (Fig. 2, slice 794). The melt
sill in this region also appears to be offset by a constant travel-time
delay from the layer 2A reflection; if the layer 2A reflection
represents the extrusive-dyke contact'’*, then this geometry sug-
gests that the melt sill may follow a permeable pathway just below
the base of the sheeted-dyke complex. Ultimately, a ridge-centred
melt lens®' becomes dominant along the southern reaches of the
propagating ridge tip, but is occasionally supplied by discrete
conduits of melt, which originate beneath the central overlap
basin. This observation suggests that melt ascending beneath the
overlap basin is an important source for lavas erupted along the
propagating limb. It should also be noted that although the plunging
melt sill beneath the propagating tip is continuous, its width remains
remarkably narrow, typically less than 500 m over its last 3—4 km of
existence.

Three-dimensional images of seismic reflectivity across this large
non-transform offset do not show a continuous melt sill underlying
the entire basin, which presumably rules out mixing of melt
between the western and eastern limbs, although these ridge-crest
magma reservoirs may have a common source beneath the overlap
basin. The reflection images are further supported by on-bottom-
recorded, wide-angle refracted arrivals, which clearly show a sig-

North Western limb

South

3.2 km

nificant low-velocity zone underlying the entire basin®’. The near-
axis permeability structure of the mid- to upper-crust is probably
controlled by the base of the sheeted-dyke complex, plus any small
amounts of isotropic gabbros which have solidified”. Thus, melt
ascending vertically beneath the basin floor will probably be focused
along this permeability front, which may explain both the extended
melt horizons found dipping upwards toward the neovolcanic zone
along the eastern limb, and why these features, to first-order, are
found at a constant travel-time beneath the presumed extrusive-
dyke contact”®. Moreover, regardless of magma budget, the like-
lihood of maintaining a continuous melt sill beneath the basin is
low, as melt would have to coalesce beneath a permeability front,
which is synclinal in form. Instead, it is more likely that the buoyant
melt would migrate up-dip towards the neovolcanic zones beneath
each limb, where there is closure within the permeability structure;
this capture mechanism is analogous to the migration of buoyant
gas and oil towards anticlinal structures where these fluids are then
trapped against an impermeable barrier. Ultimately, the thermal
state of the ridge crest™ is controlled by the permeability structure,
which sets the sheeted-dyke thickness, and the growth rate of
isotropic gabbros, which together form a seal that focuses melt
towards delivery along the neovolcanic zone.

A clear understanding of the three-dimensional structure beneath
a large ridge-axis discontinuity provides new insights into the
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Figure 2 In-line seismic reflectivity slices through the western and eastern limbs of the
9°03’ N overlapping spreading centre. Axial magma chambers and seismic layer 2A
reflectors are highlighted with red and green arrows, respectively. The three-dimensional
melt sill structure beneath the western limb is relatively simple, showing a gradual
decrease in melt sill width from 1,100 m (slice 048) beneath an inflated axial ridge, to less
than 375 m (slice 212) some 4 km northwards, just before the melt sill event disappears
(see Fig. A1 in Supplementary Information). In contrast to the western limb, the melt sill
structure beneath the eastern limb is very complex. To the north, the eastern limb is
dominated by a westward-displaced melt sill (slice 794), which underlies the overlap
basin. This feature shows little change for 4 km along-strike, then its width quickly tapers
down to <1,500 m (slice 616). Southwards, a second melt sill event is seen dipping
toward the east, producing a ‘tent-shaped’ magma chamber morphology (slice 564).
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Next, a ridge-centred sill is observed (slice 518), with an intermittent, secondary melt sill
extending from the central overlap basin, upwards toward the primary sill (slice 460).
These secondary events demonstrate that the ridge-centred melt sill beneath the eastern
limb is fed, in part, from magma upwelling beneath the overlap basin. The ridge-centred
melt sill continues to deepen (slice 380) towards the propagating ridge tip; despite its
narrow width (< 500 m), this event is nearly continuous along the axis, until it finally dies
out near the propagating tip. Time-slice seismic reflectivity maps through the western and
eastern limbs are available; see Fig. A1 in Supplementary Information. Slice-by-slice
cross-dip views of the melt sill beneath both limbs are available as Supplementary
Information movies “In-line Western Limb” and “In-line Eastern Limb”’. AMC, axial
magma chambers.
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process and coupling of magmatic, tectonic and petrologic segmen-
tation of the ridge crest. The three-dimensional nature of melt
distribution across this offset (Fig. 4a) appears to be inconsistent
with large-scale, crustal redistribution of melt away from centres of
upwelling some 50—100 km distant®’; there are two reasons why this
is the case. First, the melt sill along the propagating limb has a
tortuous morphology with contributions from magma sources
beneath the overlap basin. This geometry is hard to explain by
simple along-axis flow away from a distant centre of upwelling, as
such flow would require moving buoyant material to deeper levels
within the crust, with a significant off-axis component of deflection
toward the overlap basin. Second, it is interesting to note that the
deepening of the axial magma chamber away from the inferred
centre of upwelling is approximately 250 m over the first 90 km
(refs 15, 25), but then plunges twice that amount over the last 6 km.
The increased gradient over the last 6 km is most probably related to
variations in the rheology and thermal structure of the overlying
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Figure 3 Cross-line seismic reflectivity slices through the western and eastern limbs of
the 9°03” N overlapping spreading centre. Axial magma chambers and seismic layer 2A
reflectors are highlighted with red and green arrows, respectively. Three cross-line slices
illustrate the simpler axial geometry of the melt lens beneath the western limb, although
changes in layer 2A thickness might control (assuming constant-thickness layer 2B) the
exact location of the melt sill (slice 360) beneath the ridge crest. Four in-line slices through
the eastern limb (and overlap basin) show an abrupt decrease in magma chamber depth
(slices 716 and 728) moving southwards along the propagating ridge tip, where melt sill
morphology changes from a westward-displaced event into a ridge-centred system.
Further along the propagating tip (southwards), the melt horizon shows a significant
increase in depth relative to either sea-floor or layer 2A events (roughly 500 m depth over
6 km of ridge length), indicative of rapid changes in thermal, rheology and permeability
structure beneath the propagating tip of this limb. Supplementary Information movies
"‘Cross-line Western Limb” and ““Cross-line Eastern Limb” allow a slice-by-slice along-
strike view of the melt sill beneath both limbs.
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upper crust at the propagating southern tip of the eastern limb,
although this depth increase may be related to the injection of melt
into the propagator®, and the associated hydraulic head loss within
the reservoir. The latter scheme is more plausible if a sustaining low-
velocity zone is either muted or non-existent beneath the southern
tip. Interestingly, the magma reservoir makes several small (200 m)

W perched melt sill
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Figure 4 Three-dimensional visualization of magma chamber structure. a, Three-
dimensional rendering of seismic reflectivity beneath the eastern limb of the 9°03’ N
overlapping spreading centre, East Pacific Rise. A corner-cut (orange frame) has been
made to allow viewing of the magma chamber reservoir (orange and blue-green hues),
through the sea-floor and layer 2A reflections (red and blue hues). This oblique
perspective of the magma chamber structure highlights the abundance of melt beneath
both the northern overlap basin and the propagating limb of this large ridge-axis
discontinuity. The complex melt sill morphology underlying the eastern limb is
inconsistent with large-scale, along-axis crustal flow or migration of magma from a distant
centre of upwelling. b, A close-up view of fine-scale magma chamber structure beneath
the propagating eastern limb. Note the en-echelon behaviour of the plunging melt sill,
which suggests melt migration within mid-crustal fractures or cracks. Relevant movies are
available as Supplementary Information; ‘ARAD_Infill” and ‘ARAD-Spin’ for a, ‘ARAD_Tilt’
for b.
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right-lateral steps (Fig. 4b) within the zone of deepening, which is
suggestive of melt injection through en-echelon, mid-crustal cracks
or fractures. This mode of rift-tip injection might also explain the
asymmetry of melt between the two limbs.

Lavas erupted near the propagating tip of this offset”” were found
to have high concentrations of titanium and iron oxides, which led
investigators to suggest that these Fe-Ti basalts were derived from
isolated magma bodies within the rift-tip'. The largest magnetic
anomaly in this region”, delimiting the inferred zone of Fe-Ti
basalts, coincides with the downward-plunging section of the
magma chamber. The current melt sill morphology rules out an
isolated melt body, although the en-echelon structure of the plung-
ing melt sill would probably reduce any along-axis mixing of
magma. Thus, the resultant geochemistry may better reflect the
thermal environment within the propagating limb, or possibly a
short-wavelength, along-axis fractionation trend”.

Estimates of crustal® and extrusive'’ thickness surrounding the
overlap region are significantly greater than observed near 9° 50’ N,
which is the inferred focus of magma supply for this segment™’. If
the current mode of melt emplacement along this ridge segment has
remained more or less constant on a timescale of 10-100 kyr, or
remained stationary with respect to the propagating offset, then it is
unlikely that any large-scale crustal redistribution of melt is respon-
sible for thickened crust throughout this region, although sub-
crustal migration and focusing of melt cannot be ruled out. An
alternative, simpler explanation requires only small-scale (a few tens
of kilometres) redistribution of melt along the ridge crest'~'%, which
could be further modified through focusing along permeable path-
ways within the middle to upper crust. t

Methods
Navigation and binning

The hydrophone array used during the ARAD experiment was a 3,100-m-long, 124-
channel Digicon DMS-2000 streamer. Shipboard navigation was achieved by an
Inmarsat-based differential GPS system with an accuracy of a few metres. Streamer
positioning was reconstructed using bearing measurements (with an accuracy of a few
tenths of a degree) from 12 Digicourse compass birds placed at 250 m intervals along
the streamer. Streamer positioning was checked against GPS fixes from the streamer
tailbuoy, which confirmed our solution with along- and cross-track errors no greater
than 15 and 30 m, respectively. Individual shot records from a 10-gun (50-litre) source
array were spaced 38 m apart, and were binned according to common-midpoint
location between source and receiver. To achieve even offset coverage, a flexible binning
strategy was adopted whereby individual bins (25 m x 100 m) were overlapped by 50%
in the cross-line direction. Bin extension lessens the effect of uneven coverage at a given
source—receiver range, which is rooted in the variability of streamer shape throughout
the experiment. Eight additional profiles were collected to fill in the most serious gaps
in data coverage.

Stacking and migration

Three-dimensional images of seismic reflectivity were obtained through the analysis of
some 120,000 shot records. The > 13 million binned traces were spike-edited, filtered,
corrected for spherical divergence and normal moveout, and stacked. The resultant

20 km x 20 km stacked volume was first in-line migrated at the water velocity to collapse
steeply dipping diffractions originating at the sea floor, followed by cross-line interpola-
tion onto 25 m X 25 m cells. The interpolated data volume was then cross-line migrated at
the water velocity to collapse any remaining sea-floor-diffracted energy. Lastly, the entire
data volume was finite-difference time-migrated (two-pass) using residual velocities™ to
produce a geometrically correct version of the sea floor and underlying features such as
melt sills, extrusive layer-dyke contacts and Moho. The interpretations presented here are
based on the migrated three-dimensional time-image, with conversions to depth, where
given, based on a composite velocity function' that accounts for lateral variations in layer
2A thickness. The mapping of events into depth based on this scheme assumes that
deepening of the 2A interface in travel time can be, to first order, accounted for through an
increase in thickness and velocity of the surficial layer, along with a systematic relaxation of
the velocity gradient at the base of layer 2A".
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