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200 Word Synopsis of the Article

As part of the global pattern of mantle convection and lithospheric motion, mid-ocean
ridges mark the boundaries where oceanic plates separate from one another. As the
mantle rises beneath the ridges to replace material that moves laterally away, the melting-
point temperature decreases and the mantle undergoes pressure-release partial melting.
The newly formed melt, being less viscous and less dense than the surrounding solid,
segregates from the residual mantle matrix and buoyantly rises toward the surface, where
it forms new, basaltic, oceanic crust. The generation and transport of melt beneath
oceanic spreading centers is one of the most important geological process shaping the
Earth; it produces over two thirds of the global crust and is a primary means of
geochemical differentiation within the Earth. Around the global mid-ocean ridge system,
different sections of ridge generate oceanic crust at rates that differ by more than a factor
of ten. Corresponding differences in heat flux modulate the nature of ridge crest
magmatic, tectonic and hydrothermal processes. Due to the interplay of these factors, the
spatial and temporal variability in magmatism and crustal structure increases as the
spreading rate decreases.
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Introduction

Plate tectonics describes the motion of the outer lithospheric shell of the Earth. It is
the surface expression of mantle convection, which is fueled by Earth’s radiogenic and
primordial heat. Mid-ocean ridges mark the boundaries where oceanic plates separate
from one another and thus lie above the upwelling limbs of mantle circulation (Figure 1).
The upwelling mantle undergoes pressure-release partial melting because the temperature
of the mantle solidus decreases with decreasing pressure. Newly formed melt, being less
viscous and less dense than the surrounding solid, segregates from the residual mantle
matrix and buoyantly rises toward the surface, where it forms new, basaltic, oceanic
crust. The crust and mantle cool at the surface by thermal conduction and hydrothermal
circulation. This cooling generates a thermal boundary layer, which is rigid to convection
and is the newly created edge of the tectonic plate. As the lithosphere moves away from
the ridge, it thickens via additional cooling, becomes denser, and sinks deeper into the
underlying ductile asthenosphere. This aging process of the plates causes the oceans to
double in depth toward continental margins and subduction zones (Figure 2), where the
oldest parts of plates are eventually thrust downward and returned to the hot underlying
mantle from which they came.

Mid-ocean ridges represent one of the most important geological processes shaping
the Earth; they produce over two thirds of the global crust, they are the primary means of
geochemical differentiation in the Earth, and they feed vast hydrothermal systems that
influence ocean water chemistry and support enormous ecosystems. Around the global
ridge system, new lithosphere is formed at rates that differ by more than a factor of ten.
Such variability causes large differences in the nature of the magmatic, tectonic and
hydrothermal processes. For example, slowly spreading ridges, such as the Mid-Atlantic
Ridge (MAR) and Southwest Indian Ridge (SWIR), exhibit heavily faulted axial valleys
and large variations in volcanic output with time and space; whereas faster spreading
ridges, such as the East Pacific Rise (EPR), exhibit smooth topographic rises with more
uniform magmatism. Such observations and many others can be largely understood in
context of two basic processes: asthenospheric dynamics, which modulates deep
temperatures and melt production rates; and the balance between heat delivered, largely
by magma migration, to the lithosphere versus that lost to the surface by conduction and
hydrothermal circulation. Unraveling the nature of these inter-related processes requires
the integrated use of geologic mapping, geochemical and petrologic analyses,
geophysical sensing, and geodynamic modeling.

Mantle Flow Beneath Mid-Ocean Ridges

While the mantle beneath mid-ocean ridges is mostly solid rock, it does deform in a
ductile sense, very slowly on human time scales but rapidly over geologic time. “Flow”
of the solid mantle is therefore often described using fluid mechanics. The equation of
motion for mantle convection comes from momentum equilibrium of a fluid with shear
viscosity 77 and zero Reynolds number (i.e., zero acceleration),

n( V+ VT) - P+ ({-2/37) v +Dpg=0.

The first term describes the net forces associated with matrix shear, where V is the

<Fig. 1 here>

<Fig. 2 here>
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velocity vector, V is the velocity gradient tensor, and V' is its transpose; the second
term Pis pressure gradient; the third term describes matrix divergence «V (with
effective bulk viscosity {) associated with melt transport; and the last term is the body
force, with Ap being density contrast and g being the acceleration of gravity vector. To
first order, the divergence term is negligible, in which case Eq. (1) describes a balance
between viscous shear stresses, pressure gradients, and buoyancy. Locally beneath mid-
ocean ridges, the spreading lithospheric plates act as a kinematic boundary condition to
Eq. (1) such that seafloor spreading itself drives “passive” mantle upwelling, which
causes decompression melting and ultimately the formation of crust (Figure 3).
Independent of plate motion, lateral density variations can drive “active” or “buoyant”
mantle upwelling and further contribute to decompression melting as we discuss below.

Several lines of evidence indicate that the upwelling is restricted to the upper mantle.
The pressures at which key mineralogical transitions occur in the deep upper mantle (i.e.,
at depths 410 and 660 km) are sensitive to mantle temperature, but global and detailed
local seismic studies do not show correlations with mid-ocean ridges. This finding
indicates that any thermal anomaly and buoyant flow beneath the ridge is confined to the
upper mantle above the discontinuity at the depth of 410 km. Regional body-wave and
surface wave studies indicate that it could even be restricted to the upper ~200 km of the
mantle. Although some global tomographic images, based on body wave travel times,
sometimes show structure beneath mid-ocean ridges extending down to depths of 300 to
400 km, these studies tend to artificially smear the effects of shallow anomalies below
their actual depth extent. Further evidence comes from the directional dependence of
seismic wave propagation speeds. This seismic anisotropy is thought to be caused by
lattice-preferred orientation of olivine crystals due to mantle flow. Global studies show
that at depths of 200-300 km beneath mid-ocean ridges, surface waves involving only
horizontal motion (Love waves) tend to propagate slower than surface waves involving
vertical motion (Rayleigh waves). This suggests a preferred orientation of olivine
consistent with vertical mantle flow at these depths but not much deeper.-

Mantle Melting Beneath Mid-Ocean Ridges

Within the upwelling zone beneath a ridge, the mantle cools adiabatically due to the
release of pressure. However, since the temperature at which the mantle begins to melt
drops faster with decreasing pressure then the actual temperature, the mantle undergoes
pressure-release partial melting (Figure 3). In a dry (no dissolved H,O) mantle, melting
is expected to begin at approximately 60 km depth. On the other hand, a small amount of
water in the mantle (~10° parts per million) will strongly reduce the mantle solidus such
that melting may occur at depths of perhaps 150 km. Detailed seismic studies observe
low-velocity zones extending up to ~200 km depth, which agrees with the wet-melting
scenario.

The thickness of oceanic crust times the rate of seafloor spreading is a good measure
of the volume flux (per unit length of ridge axis) of melt delivered from the mantle.
Marine seismic studies of the Mohorovi¢i¢ seismic boundary (or Moho), which is
equated with the transition between the gabbroic lower oceanic crust and the peridotitic
upper mantle, find that the depth of the Moho is more-or-less uniform beneath seafloor
formed at spreading rates of ~20 mm/yr and faster (Figure 4). This observation indicates

<Fig. 3 here>

<Fig. 4 here>
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that the flux of melt generated in the mantle is, on average, proportional to spreading rate.
What then, causes such a behavior? Melt flux is proportional to the height of the melting
zone as well as the average rate of upwelling within the melting zone. If the upwelling
and melt production rate are proportional to spreading rate, then, all else being equal, this
situation explains the invariance of crustal thickness with spreading rate. On the other
hand, all else is not likely to be equal: slower spreading tends to lead to a thicker
lithospheric boundary layer, a smaller melting zone, and a further reduction in melt
production. The cause for the lack of decrease in crustal thickness with decreasing
spreading rate for rates > ~20 mm/yr must involve other processes.

A possible solution could have to do with the likelihood that the relative strengths of
the plate-driven (i.e., kinematic), versus buoyancy-driven mantle upwelling change with
spreading rate. Lets examine two end-member scenarios for mantle flow and melting.
Case 1 considers a situation in which mantle flow is driven entirely kinematically by the
separation of the lithospheric plates (Figure 3 and 5a). This passive flow scenario is
predicted if the plate-driven component of flow overwhelms the buoyancy-driven part
(i.e., the last term in Eq. 1). The other end-member possibility, Case 2, consider a
situation in which buoyant flow dominates over the plate-driven part. Lateral density
variations, Ap in the melting zone probably occur due to the presence of small amounts of
melt, which has a lower density than the solid. A positive feedback can occur between
melting and buoyant flow, such that melting increases buoyancy and upwelling, which
leads to further melting (Figure 5b). Returning to the weak dependence on spreading
rate for rates > 20 mm/yr; at least at fast spreading rates, the plate-driven component of
flow can be as strong or stronger than any buoyancy component. Thus, numerical models
of fast-spreading ridges that do or do not include buoyancy predict similar crustal
thicknesses and an insensitivity of crustal thickness to spreading rate (Figure 4).
However, as spreading rate drops, buoyancy forces can become relatively important, so
that below slow-intermediate spreading lithosphere they generate “fast” mantle
upwelling. This fast upwelling is predicted to enhance melt production and compensate
for the effects of surface cooling to shrink the melting zone; crustal thickness is therefore
maintained as spreading rates decreases towards ~20 mm/yr.

Observational evidence for the relative importance of plate-driven versus buoyant
flow is provided by studies of body and surface wave data along the East Pacific Rise.
Tomographic images produced from these data reveal a broad region of low seismic
wave speeds in the upper mantle (Figure 6), interpreted to be the region of melt
production. To date, there is little indication of a very narrow zone of low wave speeds,
such as that predicted for buoyant upwelling zone as depicted by Case 2 (Figure 5b).
These findings support the predictions in Figure 4 that plate-driven flow is strong at fast-
spreading ridges, such as the East-Pacific Rise.

At spreading rates less than 20 mm/yr, however, the melting process appears to
change dramatically. Here, melt flux is not proportional to spreading rate (Figure 4). At
these ultra-slow rates, crustal thickness drops rapidly with decreasing spreading rate
suggesting a non-linear decrease in magma flux. A leading hypothesis suggests that the
melt reducing effects of the top-down cooling and corresponding shrinkage of the melting
zone overwhelm the melt enhancing effects of any buoyancy-driven upwelling.
Whatever the exact cause is, the large variability in crustal thickness seen at these

<Fig. 5 here>

<Fig. 6 here>
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spreading rates is one example of the large sensitivity of ridge-axis processes to surface
cooling at slow or ultra-slow spreading rates.

Melt Transport to Ridges Axes

How melt is transported upwards from the mantle source to the ridge is another long-
standing problem. Seismic studies of oceanic crust indicate that the crust is fully formed
within a few of kilometers of the axis of a ridge, requiring either a very narrow melting
zone beneath the ridge or some mechanism that focuses melts from a broader melting
zone to a narrow region at the ridge axis.

Laboratory experiments and theory show that melt can percolate through the pore
space of the matrix (with volume fraction ¢) in response to matrix pressure gradients
P . The Darcy percolation flux is described by

p(v-V)=—-(k/p) P

where (v-V) is the differential velocity of melt v relative to the matrix V, f/ is melt
viscosity and Kk is the permeability of the porous matrix. Eq. (1) shows that P is
influenced by both melt buoyancy and matrix shear: melt buoyancy drives vertical
percolation while matrix shear can push melt sideways. In mantle flow Case 1, in which
plate-driven flow dominates, the zone of melting is predicted to be very wide; requiring
large lateral pressure gradients to divert melt 50-100 km sideways toward the ridge
(Figure 5). For matrix shear to produce such large lateral gradients requires very high
asthenospheric viscosities (10*°-10*'Pa s). When buoyant flow dominates (Case 2), the
melting zone is much narrower and the low viscosities (10'*-10""Pa s) generate small
lateral pressure gradients such that the melt rises mostly vertically to feed the ridge axis.
Both of these cases, however, still predict zones of magmatism at the ridge axis that are
wider than those typically observed.

An additional factor that can help further focus melts toward the ridge is the bottom
of the cold lithosphere, which shoals toward the ridge axis. Theoretical studies predict
that as melt rises to the base of the lithosphere, it freezes and cannot penetrate the
lithosphere (Figure 7). But the steady percolation of melt from below causes melt to
collect in a high porosity channel just below the freezing boundary. The net pressure
gradient that drives melt percolation is the vector sum of the component that is
perpendicular to the freezing front, caused by matrix dilation as melt fills the channel,
and the vertical component caused by melt buoyancy. Consequently, melt flows along
the freezing front, upward toward the ridge axis.

Regional and Local Variability of the Global Mid-Ocean Ridge System

Major differences in the regional and local structure of mid-ocean ridges are linked to
the previously noted processes that influence asthenospheric flow and the heat balance in
the lithosphere. One example that highlights a mid-ocean ridge's sensitivity to
lithospheric heat balance is the overall shape or morphology of ridges at different
spreading rates. At fast-spreading rates, the magmatic (heat) flux is high and this forms a
hot crust with thin lithosphere that can sustain only small faults during extension. The
mechanical consequences of both a thin lithosphere and relatively frequent magmatic
intrusions to accommodate extension generate a relatively smooth, axial topographic

(2)

<Fig. 7 here>
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ridge standing hundreds of meters above the adjacent seafloor (Figures 1 and 4). Slow-
spreading ridges, however, have proportionally smaller magma fluxes, cooler crust, and
thicker lithosphere that can sustain large faults when extended. Such mechanical effects
of a thick lithosphere combined with less frequent eruptions to accommodate extension
cause the axes of slow spreading ridges to be heavily faulted valleys, as deep as 2 km
below the adjacent seafloor. Ridges spreading at intermediate rates show both
morphologies, and appear to be sensitive to subtle fluctuations in magma supply.
Seismic imaging of the crust reveals that melt supply and crustal structure vary with
spreading rate (Figure 4), geodynamic setting, as well as time.

Another major characteristic is the variability in topography, gravity, and crustal
thickness as a function of distance along different mid-ocean ridges. Along individual
segments of fast-spreading ridges, topography, gravity, as well as crustal thickness are
remarkably uniform, varying by less then ~20% (Figure 8, 9). Such relative uniformity
probably indicates a steady magma supply from below as evident from seismic imaging
of magma being stored over large distances along fast-spreading ridges (Figure 9).
Quasi-steady-state crustal magmatic systems have been seismically shown to extend
downwards into the mantle.

That said, the variability that is present between and along fast-spreading ridge
segments reveals some important processes. Like all mid-ocean ridges, fast-spreading
ridge segments are separated by large-offset fracture zones at the largest scale, but also
by overlapping spreading centers (OSCs) at an intermediate scale. OSCs are
characterized by the overlap of two en echelon ridge segments that offset the ridge by
several kilometers. In one view, OSCs occur at the boundary between two widely
separated, and misaligned, regions of buoyant mantle upwelling. An opposing model
states that OSCs are mainly tectonic features created by plate boundary reorganization,
below which, mantle upwelling is primarily passively driven. A consensus on which
hypothesis best explains the observations has not yet been reached.

At still finer scale, segmentation is apparent as minor morphologic deviations from
axial linearity (or “DEVALS”) at intervals of 5 to 25 km. Individual DEVAL-bounded
segments of the East-Pacific Rise are associated with higher proportions of melt in the
crustal and upper mantle magmatic system. This suggests that the melt flux from the
mantle is locally greater between DEVALS than at the boundaries. The cause is
controversial and may even have more than one origin. One possible origin is small-
scale mantle diapirism that locally enhances melt production. Such a hypothesis is
deduced from deformation fabrics seen in ophiolites, which are sections of oceanic
lithosphere that are tectonically thrust on to continents. Alternatively, melt production
can be locally enhanced by mantle compositional heterogeneity. Still, other possibilities
involve shallower processes such as variability in melt transport.

In stark contrast to fast-spreading ridges, slow-spreading ridges show huge variability
in topography, gravity, and crustal thickness along individual spreading segments that are
offset by both transform and non-transform boundaries (Figure 8, 10, and 11). The crust
is usually thickest near the centers of ridge segments and can decrease by 50% or more
toward segment boundaries (Figure 10). These and several other observations probably
indicate strong along-axis variability in mantle flow and melt production. For example, a
recent seismic study reveals a large zone in the middle to lower crust at the center of a

<Fig. 8 here>

<Fig. 9 here>

<Fig. 10 here>

<Fig. 11here>
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slow-spreading ridge segment with very low seismic wave speeds. This finding is
consistent with locally elevated temperatures and melt content that extend downwards
into the uppermost mantle. Although the observations can be explained by several
different mantle flow and melt transport scenarios, a predominant view supports the
hypothesis that sub-ridge mantle flow beneath slow-spreading ridges is largely influenced
by lateral density variations.

Causes for the major differences in along-axis variability between fast and slow
spreading ridges have been explored with 3D numerical models of mantle convection and
melting. Models of only plate-driven flow predict that the disruption of the ridge near a
segment offset both locally reduces upwelling and enhances lithosphere cooling beneath
it, both of which tend to somewhat reduce melt production near the offset. For a given
length of segment offset, the size of the along-axis variability is smallest at the fastest
spreading rates and increases with decreasing spreading rate. This prediction is broadly
consistent with the observations; however, such models still under-predict the dramatic
variability observed along many segments of slow spreading ridges.

Again, a consideration of both plate- and buoyancy-driven flow provides a plausible
solution. In the direction parallel to the ridge axis, variations in density can be caused by
changes in temperature, retained melt, as well as solid composition due to melt extraction
(melting dissolves high-density minerals and extracts high-density elements like iron
from the residual solid). All three sources of buoyancy are coupled by the energetics and
chemistry of melting and melt transport. As discussed above, models of fast-spreading
systems predict plate-driven flow to be most important such that buoyancy causes only
subtle along-axis variations in melting (Figure 12). As spreading rate decreases, the
relative strength of buoyant flow increases as does the predicted variability of melt
production. Models that include buoyancy more successfully predict typical amplitudes
of variations along slow-spreading ridges.

Even more dramatic melt supply variations are observed at a few locations along
ridges, which include the Mid-Atlantic Ridge at Iceland and near the Azores Islands, the
Galapagos Spreading Center near the Galapagos Archipelago, and the East-Pacific Rise
near Easter Island (Figure 1). These regions occur where “hotspots” in the mantle
produce so much magmatism that islands are formed. Iceland, in fact is a location where
a mid-ocean ridge is actually exposed above sea level! These “hotspot-influenced”
sections of mid-ocean ridges show elevated topography and enhanced crustal thickness
over distances of many hundreds of kilometers. The most likely cause for these features
are anomalously hot, convective upwellings that rise from depths at least as deep as the
base of the upper mantle. Fluid dynamical studies show that plumes of rising mantle can
arise from hot thermal boundary layers such as the core mantle boundary. When these
hot upwellings eventually rise to the lithosphere, they expand beneath it and can enhance
volcanism over large distances (Figure 13).

So far, we have discussed characteristics of the mid-ocean ridge system that are likely
to be heavily influenced by differences in heat transport and mantle flow. At the frontier
of our understanding of mantle processes is the importance of composition. Studies of
seafloor spreading centers in back of the arcs of subduction zones are revealing how

<Fig. 12 here>

<Fig. 13 here>
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important mantle composition can be to seafloor creation. For example, the Eastern Lau
Spreading Center is characterized by rapid along-strike trends in many observations that
are contrary to or unseen along normal mid-ocean ridges. Contrary to the behavior of
mid-ocean ridges, as spreading rate increases along the Eastern Lau back arc spreading
system from a slow rate of ~40 mm/yr in the south to an intermediate rate of ~95 mm/yr
in the north, the ridge axis changes from an inflated axial high to a faulted axial valley
and the evidence for magma storage in the crust disappears. Coincident with this south-
to-north variation, the crustal composition changes from andesitic to tholeiitic and
isotopic characteristics change from that of the Pacific domain to more like that in the
Indian Ocean.

It is hypothesized that many of the along-strike changes along the Eastern Lau
Spreading Center are produced by variable geochemical and petrological inputs
influenced by subduction (Figure 14). From south to north, the distance of the ridge
from the Tonga arc increases from 30 km to 100 km and the depth to the underlying slab
increases from 150 km to 250 km. To the south, melt production is most likely enhanced
by the proximity of the ridge to the arc which causes the ridge to tap arc volcanic melts
(slab-hydrated); whereas to the north, melt flux is probably reduced by the absence of arc
melts in the ridge melting zone, but in addition, the mantle flow associated with
subduction could actually deliver previously melt-depleted residue back to the ridge
melting zone. Yet farther to the north, the ridge is sufficiently far away from the slab,
such that it taps "normal" mantle and shows typical characteristics of mid-ocean
spreading centers. Similar hypotheses have been formed for other back-arc systems.

Summary

The global mid-ocean ridge system is composed of the divergent plate boundaries of
plate tectonics and is where new ocean seafloor is continually created. Of major
importance are the effects of plate motion versus buoyancy to drive asthenospheric
upwelling, the balance between heat advected to the lithosphere versus that lost to the
seafloor, as well as mantle compositional heterogeneity. Such interacting effects induce
variations in the thickness of crust as well as local structural variability of mid-ocean
ridge crests that are relatively small at fast spreading ridges but become more dramatic as
spreading decreases. Through examining this variability geoscientists are gaining an
understanding of mantle convection and chemical evolution as well as key interactions
with the Earth’s surface.

<Fig. 14 here>
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