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OCEANIC SPREADING CENTER PROCESSES |

Geodynamic Models of
Melt Generation and Extraction
at Mid-Ocean Ridges

BY PATRICIA M. GREGG, LAURA B. HEBERT,
LAURENT G.J. MONTESI, AND RICHARD F. KATZ
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ABSTRACT. It is widely accepted that plate divergence at mid-ocean ridges drives
mantle flow, mantle melting, and the formation of new oceanic crust. However,

many of the details of this process remain obscure because of the inaccessibility of

the mantle to direct observation. Thus, geodynamic models are needed to provide
insight into the processes that control the formation of new crust and hydrothermal
circulation at mid-ocean ridges. These models allow us to test governing parameters
and investigate physical hypotheses and conceptual models derived from geological,
geophysical, and geochemical observations. During the span of the Ridge 2000
Program, a new generation of models was developed to calculate the width of the melt
region and the extent of melting beneath mid-ocean ridges, track the pathways along
which melts may migrate, and predict melt and residual mantle compositions as the
system evolves. Findings from these studies illustrate the importance of melt focusing
for the efficient delivery of melt to the ridge axis, the complexities of migrating melt in

the vicinity of ridge offsets, and the effect of mantle rheology in model calculations.

MANTLE MELTING AT
MID-OCEAN RIDGES

Most of Earth’s mantle is solid due

to high ambient pressures. However,
melting of the mantle can occur beneath
mid-ocean ridges as the solid mantle
rises and decompresses in response

to plate divergence. The depth of the
onset of melting, melt-region width,
and the maximum extent of melting

are all functions of mantle temperature,
its water content, and the rate at which
the plates above are diverging (Asimow
and Langmuir, 2003; Langmuir and
Forsyth, 2007). In the fastest spreading
environments, such as the southern East
Pacific Rise, the melt region beneath

the ridge axis is potentially hundreds

of kilometers wide and approximately
100 km deep (MELT Seismic Team,
1998). At very slow spreading ridges, the
melt region may be 20 times narrower
(Montési and Behn, 2007) with lower
extent of melting. In either case, at the
surface, new oceanic crust is generated
over a narrow zone no more than a few
kilometers wide (Macdonald et al., 1982;
Standish and Sims, 2010).

The melting region likely controls
crustal thickness variations, spreading
center morphology, and major and trace
element abundances in seafloor basalts.
For example, cold, slow-spreading
ridge environments have relatively thin
crust, an axial valley, and major element

compositions indicating deeper and

Figure 1 (opposite page). Three-dimensional illustration of the melt region beneath the Siqueiros

Transform Fault located at 8.5°N on the East Pacific Rise (mantle not to scale). The mantle region that

is melting extends up to 100 km on either side of the East Pacific Rise axis, creating a large region from
which melt is focused to the ridge. Gray arrows indicate plate motion, blue arrows mantle upwelling, and
yellow arrows melt focusing. (B) At depth beneath the ridge, melt collects along grain boundaries (three-
dimensional distribution of melt in a aggregate of olivine and 5% basalt imaged using high-resolution
synchrotron microtomography; from Zhu et al., 2011). (C) Summary of the three steps of melt extraction:
(1) rapid, subvertical migration from the melting region, possibly in channels (red lines), (2) accumulation
and focusing along a permeability barrier along the base of the lithospheric plate, and (3) extraction to the
surface in a melt extraction zone (MEZ, blue arrow) associated with faulting and the magma plumbing
system of the ridge axis and the transform domain. (D) and (E) represent schematically the structures
potentially present underneath the ridge (D) and the transform (E) with black lines representing faults
(Hebert and Montési, 2011). Siqueiros illustration by Jack Cook, © Woods Hole Oceanographic Institution

lower extents of melting than hot, fast-
spreading environments (Langmuir and
Forsyth, 2007).

Melt generation and extraction is
inherently a three-dimensional process
that involves the migration of melt
through large regions of the mantle,
across ridge offsets, to the ridge axis
(Figure 1). At depth in the mantle, melt
accumulates around grain boundaries,
forming interconnected pathways that
allow the buoyant melt to rise through
the permeable mantle (Figure 1B; Zhu
etal, 2011). As the extent of melting
increases, melt may channelize and
migrate very efficiently through the
mantle at velocities of ~ 100 m yr™'
(Figure 1C; Kelemen et al., 1995; Hewitt
and Fowler, 2009). Melt must also collect
from a melt production region tens to
hundreds of kilometers wide to an accre-
tion region only 1-2 km wide along the
ridge axis where it forms new crust. To
explain this focusing, it is possible that
permeability boundaries at the base of
the lithosphere guide the melt later-
ally toward the ridge axis (Sparks and
Parmentier, 1991).

Given the many complexities of
melting the mantle and focusing the
generated melt to the ridge axis, it is
remarkable that observations of crustal
thickness along the global ridge system
are a relatively uniform 5 to 7 km away
from the influence of hotspots (White
et al,, 2001). Only ultraslow spreading
centers (Snow and Edmonds, 2007)
seem to have anomalously thin crust of
less than 4 km (Jokat et al., 2003). In the
extreme, essentially no crust is present
at the seafloor at the slowest ridges
(Dick et al., 2003).

Variations in crustal thickness related
to spreading-center segmentation are

most pronounced at slow-spreading
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ridges; there, the crust is thickest at
segment centers (Kuo and Forsyth,

1988; Lin and Phipps Morgan, 1992).
Along-axis geochemical variations are
also observed, with deeper and lower
extents of melting inferred from lavas
extruded near ridge segment offsets
(Bender et al., 1978; Reynolds and
Langmuir, 1997). The geophysical and
geochemical variations observed at slow-
spreading ridges suggest mantle melt
focusing toward segment centers and
crustal redistribution of melt through
diking along segments (Fialko and
Rubin, 1998). By contrast, fast-spreading
ridges exhibit relatively uniform crustal
thickness and, in some cases, thicker
crust near segment offsets such as trans-
form faults (Van Avendonk et al., 2001;
Canales et al., 2003; Gregg et al., 2007).
Geochemical variations at fast-spreading
ridges are subtle, with a reduced effect
of ridge offsets on lava composition
compared to slow-spreading ridges
(Langmuir et al., 1986).

Geophysical and geochemical
observations from mid-ocean ridges,
field investigations of ophiolites, and
experimental studies have inspired the
development of integrative concep-
tual models of how melt initiates and
moves through the mantle (Figure 1).
Numerical geodynamic models have
been developed to test these hypoth-
eses. These models typically employ
plate-driven passive or buoyant mantle
upwelling centered beneath the ridge

axis with constant or variable rheology

(Phipps Morgan, 1987; Spiegelman and
McKenzie, 1987; Phipps Morgan and
Forsyth, 1988; Shen and Forsyth, 1992;
Forsyth, 1993). Typically, melting is
assumed to start at a depth where the
mantle reaches a pressure-dependent
solidus temperature, and the extent of
melting is assumed to increase linearly
with temperature above the solidus
(Reid and Jackson, 1981), although
more advanced melting relationships
have been devised and implemented
(Ghiorso and Sack, 1995; Katz et al.,
2003; Katz, 2008; Gregg et al., 2009).
Models of melt migration propose that
melt percolating upward through the
hot, permeable mantle will pool along

a low-permeability boundary (e.g., the
top of the melting region, the base of the
lithosphere, or the locus of plagioclase
crystallization) and then migrate later-
ally, “uphill,” along this boundary to

the ridge axis (Sparks and Parmentier,
1991; Sparks et al., 1993; Aharonov et al.,
1995; Magde and Sparks, 1997; Kelemen
and Aharonov, 1998).

Key modeling advances produced
over the duration of the Ridge 2000
Program have targeted the problem
of melt generation and extraction at
mid-ocean ridges. These new geody-
namic models include time-dependent
processes such as ridge migration (Katz
et al., 2004; Weatherley and Katz, 2010),
couple petrologic modeling with geody-
namic models to track melt composi-
tion (Gregg et al., 2009), and calculate

detailed melt migration pathways
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through the mantle (Katz, 2008; Montési
et al., 2011). These models strive to test
our understanding of how melt is gener-
ated, where that melt migrates, and how
the mechanics of melt focusing affect the
formation of new oceanic crust.

This paper puts the numerical
modeling advancements during
Ridge 2000 into the broader context
of ridge research. It describes recent
progress made in addressing three
fundamental issues: (1) how melt is
focused toward the spreading center,
(2) how ridge segmentation affects
melt generation and transport, and
(3) how ridge migration affects melt
focusing. These issues provide the
context for our discussion of model
results, data-model comparisons, and

remaining uncertainties.

HOW IS MELT FOCUSED
TOWARD THE

SPREADING CENTER?
Consideration of melt focusing in the
mantle is essential for determining

the process of melt extraction and the
composition of the lava erupted on

the seafloor. Several mechanisms have
been proposed to explain lateral trans-
port of magma to the ridge axis over
distances up to a hundred kilometers.
Two well-studied mechanisms, large
pressure gradients that serve to focus
the flow of melt (Phipps Morgan, 1987;
Spiegelman and McKenzie, 1987; Ribe,
1988) and buoyancy-driven convection
(Rabinowicz et al., 1984; Buck and Su,
1989; Scott and Stevenson, 1989), rely on
higher viscosities or higher porosities,
respectively, than currently estimated
beneath spreading centers. Finally, the
mechanism most commonly invoked in
recent models uses the development of a

high-porosity channel along the base of


mailto:greggp@geo.oregonstate.edu

the sloping thermal lithosphere (Sparks
and Parmentier, 1991; Spiegelman
1993a,b; Ghods and Arkani-Hamed,
2000; Katz, 2008). Other mechanisms,
such as hydrofracturing (Sleep, 1988;
Nicolas, 1990) and the development of a
stress-induced anisotropic permeability
(Phipps Morgan, 1987; Katz et al., 2006),
should be studied in greater detail.

Two recent approaches have been
developed to approximate melt focusing
numerically. The first parameterizes the
putative high-porosity channel at the
base of the lithosphere and explores its
effect on three-dimensional melt migra-
tion and focusing (Figure 1C; Magde
and Sparks, 1997; Hebert and Montési,
2011; Montési et al., 2011). The second
explicitly models both the mantle and
magmatic phases, tracks melting and
crystallization throughout the mantle,
and predicts the focusing efficiency of
channelized buoyant magma for given
physical properties of the mantle, such
as resistance to compaction (Katz, 2008).
Up to now, such models have been
restricted to two-dimensional geometry.

In permeability barrier models
(Sparks and Parmentier, 1991; Hebert
and Montési, 2010), a channel is
assumed to form where vertically travel-
ling melts crystallize within the thermal
boundary layer (TBL), inducing decom-
paction of the porous matrix beneath a
melt-impermeable freezing boundary, or
permeability barrier. The permeability
barrier slopes upward toward the ridge
axis, allowing melts to buoyantly migrate
within the high-porosity channel and
focus from a wide area into the narrow
neovolcanic zone at the ridge where new
crust is accreted. Channel development
depends on the ratio of the length scale
of the crystallization interval to the local

compaction length. An open channel

develops if the crystallization region is
narrow (Spiegelman, 1993c), as occurs
within the closely spaced isotherms near
the ridge axis.

Assuming primarily vertical melt
transport under a buoyancy-dominated
regime, Hebert and Montési (2010)
predict distinctive crystallization behav-
iors at different distances off axis for
various spreading rates. These differing
behaviors result from variations in melt
column length and TBL thickness, which
influence melt composition. They infer
the presence of a permeability barrier at
the position of maximum crystallization
rate (above a critical threshold value)
within each vertical column, corre-
sponding to the appearance of plagio-
clase * clinopyroxene in the crystallizing
assemblage. This permeability barrier
can be interpreted as a crystallization
front, which slopes downward from the
spreading center and, depending on the
magnitude of the slope, may accom-
modate melt focusing toward the axis.
Melt can travel along the permeability
barrier if its slope exceeds a critical
value, inferred to be between 0.05 and
0.10 so that the crust is 6 or 7 km thick at
most spreading rates. At spreading rates

1. characterized

slower than ~ 40 mm yr~
by a weaker crystallization front, melt
transport to the axis may require an
alternative mechanism.

Montési and Behn (2007) proposed
that a permeability barrier develops
at temperatures of 1,240°C + 1.9z,
where z is the depth below the surface
expressed in kilometers. The ther-
modynamic modeling of Hebert and
Montési (2010) confirmed that relation
when the crystallization front is shal-
lower than ~ 23 km and associated
with the plagioclase multiple saturation

point. Underneath the ridge axis, the

permeability barrier is at a depth of
~ 5 k/V, where k is the thermal diffu-
sivity of the mantle and V the effective
spreading rate (Montési and Behn, 2007).
Therefore, the permeability barrier is
below the crust at spreading rates less
than ~ 25 mm yr™". Crustal thickness
decreases dramatically and crustal accre-
tion becomes ineflicient at ultraslow
spreading centers when the effective full-
spreading rate is less than 6.5 mm yr™'
and the permeability barrier deeper than
~ 25 km. The transition from slow to
ultraslow spreading morphology may be
related to the excessive thickness of the
lithosphere that melts must traverse from
the permeability barrier to the surface,
or to the wholesale disappearance of
the permeability barrier.

Models that include a parameter-
ized high-porosity channel as described
above typically assume that the thermal
structure of the mantle is independent of
magmatic flow. While there is no doubt
that magma responds to the thermal
structure established by plate spreading
and heat diffusion, it is also clear that
magma transports both sensible and
latent heat. Hence, magmatic flow can
actively change the thermal structure of
the mantle (Hewitt and Fowler, 2008).
To investigate this interaction, Katz
(2008) developed computational models
of mid-ocean ridges based on a classical
formulation for the dynamics of magma/
mantle flow (McKenzie, 1984), coupled
with a consistent theory for energy
conservation in a two-phase system with
melting and freezing (Figure 2A is an
example). These models reinforce the
idea that melt focusing, as proposed by
Sparks and Parmentier (1991), depends
critically on viscous resistance to mantle
decompaction. This resistance controls

the ability of magma to destabilize the
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flat interface of the permeability barrier
due to a self-reinforcing feedback in
which magma pools and deposits latent
heat, creating a local temperature pertur-
bation that promotes further magma

pooling. Constraints from geochemistry

Depth (km)

0 20 40 60
Distance from ridge axis (km)

and crustal thickness suggest that
focusing is efficient and, hence, that the
resistance to decompaction is large. The
existence of off-axis volcanism (Sohn
and Sims, 2006), however, is a testament

to the fact that not all magma is focused
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Figure 2. (A) Results of a model simulation after Katz (2010) with half-spreading rate of
4 cm yr™' and a mantle potential temperature of 1,361°C (shown in B). Solid lines are

mantle streamlines. Dashed lines are magma streamlines (black are focused to ridge,
white are not). (B) Crustal thickness as a function of spreading rate. Data (triangles)
are from White et al. (2001). Models (squares + lines) after Katz (2010) compute active

mantle flow, melting, and melt migration for a homogeneous mantle. The three curves
correspond to three mantle potential temperatures. The large sensitivity of crustal thick-
ness to potential temperature arises because melt focusing pools the difference in melt

production over a large area. Crustal thickness has a maximum at ~ 2 cm yr™' because

the relative contribution of buoyancy-driven, active upwelling (compared to plate-
driven, passive upwelling) is largest here (see Katz, 2010, for details). The fit to data was
achieved by increasing the Clapeyron slope of the solidus, dP/dT, to give a depth of initial
melting of ~ 65 km, and reducing the potential temperature (7,= 1,633 K) to achieve the
observed scale of crustal thickness. The height of the melting column sets the length-

scale of convection, and is a highly leveraged control on the strength of active upwelling.
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to the ridge axis.

Katz (2010) extended this energeti-
cally consistent, two-phase approach
to show that active, buoyancy-driven
upwellings beneath a mid-ocean ridge
(e.g., Rabinowicz et al., 1984) could have
observable effects. Figure 2B illustrates
the predicted relationship between
spreading rate and crustal thickness,
overlain on a global compilation of
seismically observed crustal thickness
(White et al., 2001). Models of passive,
plate-driven upwelling yield curves
that are monotonically increasing with
spreading, but with diminishing slope at
moderate to high rates. The contribution
of buoyancy forces is to cause crustal
thickness to peak at moderate spreading
rates and actually decline at large
spreading rates. A corresponding trend
may be observed in the data, although
given the uncertainties in the measure-
ments, there is a legitimate question of

its significance.

Connections Between

Melt Focusing and

Mantle Geochemistry

A critical issue with geodynamic
modeling is that there is a trade-off
between the values of model parameters
relevant to prediction of a particular
output (e.g., crustal thickness). In
other words, there is no unique set of
parameters representing a best fit for a
given solution. For example, changes
in mantle potential temperature, melt
migration pathways, and variations

in mantle source composition all
affect the predicted model outputs.
Compositional petrologic modeling
provides an additional constraint that
significantly limits the range of model
parameters that can reproduce all

physical observations (Cordery and



Phipps Morgan, 1992, 1993; Shen and
Forsyth, 1995; Gregg et al., 2009). For
example, higher mantle temperatures
cause a deeper onset of melting and
higher overall extents of melting, both
of which are reflected in basalt composi-
tion as well as crustal thickness (Klein
and Langmuir, 1987). However, mantle
temperature and focusing efficiency
trade off to achieve a single crustal
thickness value. Specifically, a mantle
temperature of 1,350°C with moderately
efficient melt focusing may produce the
same crustal thickness value as a mantle
temperature of 1,325°C and highly effi-
cient melt focusing (Gregg et al., 2009).
Melt composition provides additional
constraints on geodynamic models. The
observed variations in FeO, MgO, and
Na,O, as well as crustal thickness varia-
tions, limit the possible range of mantle
temperatures and melt focusing distance.
Gregg et al. (2009) combined
geodynamic models of the thermal
and flow structure of the mantle and
the parameterized fractional melting
models of Kinzler and Grove (1992a,b,
1993). By calculating melting extent,
melt composition, and residual mantle
composition at each point in the model
space, they directly tested the shape
of the melt region and melt migration
pathways. For example, the melt region
flanks are marked by lower-degree melts
originating at greater depth than melts
found in the melt region’s center directly
beneath the ridge axis, with an associ-
ated compositional signature. In the
first step of this modeling methodology,
the temperature structure beneath the
spreading ridge is calculated using
coupled mantle flow and thermal models
(Figure 3A; Shaw et al,, 2010). The
thermal structure is used to calculate

the melt region and melting extent at

each point in the mantle. The latent heat
of melting is taken into consideration
as it feeds back into the mantle thermal
structure. Conductive cooling shuts off
melting when the temperature drops
below the solidus. The melt is pooled
at the top of the melt region where the
cumulative melt composition is calcu-
lated. Once the melt is pooled, the cool
subsolidus temperatures initiate crystal-
lization. Finally, the model-predicted
fractional crystallization pathways are
plotted for major elements and compared
with major element data (Figure 3B-E).
Comparison of model predictions

with major element data constrains

=50 0

model inputs such as mantle tempera-
ture and source composition. Figure 3
shows the results of a model run to test
our understanding of melting processes
at the ultraslow spreading Gakkel
Ridge in the Arctic. Assuming a mantle
potential temperature of 1,350°C and
efficient melt focusing from the entire
melting region results in extruded lava
compositions that match very well with
the major element glass data collected
from the ridge (Shaw et al., 2010).
Similarly, the predicted pooled melt
composition matches well with the melt
inclusion data from the same samples
(Shaw et al., 2010).
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Figure 3. Combining geodynamic models with petrologic models to test the melt region and
melt focusing for the ultraslow spreading Gakkel Ridge (Shaw et al,, 2010). (A) Passive flow
thermal structure for an ultraslow spreading ridge (full spreading rate 10 mm yr™') with a
temperature-dependent visco-plastic rheology. White lines denote melt region calculated
from the resultant thermal model using Kinzler and Grove (1992a,b, 1993) with percentages
indicating extent of melting. The black star shows the depth of the pooled melt calculation.
(B) SiO,, (C) FeO, (D) Na,O, and (E) CaO versus MgO for Gakkel glasses (blue circles) and
melt inclusions (red and green triangles). Black lines show crystallization paths calculated
from Yang et al. (1996) at pressures corresponding to the seafloor (~ 0.4 kbar; dotted), the
maximum saturation pressure recorded in the melt inclusions (3 kbar; dashed), and the mean

pressure of melting (10 kbar; solid).
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HOW DOES RIDGE
SEGMENTATION AFFECT

MELT GENERATION

AND TRANSPORT?

While the classic conceptualization of
the melt-generation region beneath a
mid-ocean ridge is a two-dimensional
triangle, along-strike variations in ridge
structure require a three-dimensional
approach. Ridge segmentation is

likely to affect the shape and size of

the melting region and the migra-

tion pathways that melts take to the
spreading center. Sophisticated models
that combine our knowledge of the
geochemical and thermodynamic
processes of melt generation with the
physics of mantle flow and thermal
evolution are needed to address the
complexity of melt migration in specific
geological examples. Figure 1 illustrates
the large region of melt predicted

in the mantle beneath the 150 km

long Siqueiros Transform Fault that
offsets the East Pacific Rise at 8.5°N.
The predicted melt region mimics the
overlying geometry of the ridge system
and jogs beneath the transform fault
offset. The cutaway at the northwestern
ridge-transform intersection illustrates
how the end of the ridge segment not
only taps the melt region adjacent to the
ridge axis, but also deeper melts gener-
ated across the transform fault.

As discussed above, the position of the
permeability barrier depends strongly
on the predicted thermal structure,
which is a function of spreading rate as
well as ridge segmentation. A thickened
thermal lithosphere beneath transform
faults may drive melt toward ridge
centers and result in thin crust within
the transform fault domain, as observed
at slow-spreading centers (Magde et al.,

1997). However, observations of local

84 Oceanography | Vol.25,No.1

crustal thickening within the trans-
form domain at intermediate to fast
spreading centers (Gregg et al., 2007)
and intra-transform spreading centers
(ITSCs; Fornari et al., 1989) indicate
three-dimensional melt migration and
focusing toward the transform fault and
extraction within the transform or at
ITSCs. Constraining the thermal struc-
ture and melt migration pathways in the
vicinity of ridge offsets is necessary to
better understand the formation of new
crust within transform faults.

Hebert and Montési (2011) explored
three-dimensional melt migration
beneath ridge-transform systems along
a parameterized permeability barrier,
described above. They infer that melt
migration beneath a spreading environ-
ment occurs in three stages (Figure 1C):
(1) vertical upwelling driven by buoy-
ancy forces within the asthenosphere,
(2) buoyancy-driven migration through
a high-porosity channel beneath a
sloping permeability barrier within
the thermal lithosphere, and (3) rapid
extraction in shallow melt extraction
zones (MEZs) around active plate
boundaries where melt extraction is
facilitated by structural damage such
as faults or dikes intersecting the high-
porosity channel. Melt can be extracted
to the surface and form new crust if the
permeability barrier is shallower than
an extraction depth where its slope is
less than a critical value, or if melt enters
the MEZ, defined in both the vertical

and horizontal directions around a plate

boundary segment (Montési et al., 2011).

Gregg et al. (2009) and Hebert and
Montési (2011) applied the concepts of
focusing along a permeability barrier
and extraction at an MEZ to the 8-9°N
section of the fast-spreading East Pacific
Rise (EPR) at the Siqueiros Transform

Fault (Figure 4). Without extraction
within an MEZ, a highly heterogeneous
crustal structure is predicted along the
ridge segments. Regions of anomalously
thick crust are predicted 20 to 30 km
away from the ridge-transform intersec-
tion, consistent with many other models
of segmented ridges. These anomalies,
which are not observed in actual ridges,
may be smoothed out by crustal-level
along-axis redistribution (Weatherley
and Katz, 2010) or by an MEZ (Hebert
and Montési, 2011). An MEZ has

the additional effect of allowing melt
extraction in the transform domain,
producing an anomalously thickened
crust consistent with gravity analyses

of intermediate to fast spreading ridges
(Gregg et al., 2007). In support of this
model, the Siqueiros Transform Fault
features well-documented recent volca-
nism, four ITSCs, and several transform-
parallel ridges of likely volcanic origin
(Fornari et al., 1989). Preferred model
parameters include a critical slope less
than 0.1, a viscoplastic approximation
for brittle weakening, an MEZ extending
~ 10 km from the plate boundary, and
an extraction depth of at least 10 km.

At slower slipping rates along the trans-
form, the depth of the MEZ required to
produce melt redistribution becomes
unrealistic, which may explain why
crustal thickening is not observed within
the transform domains of slow or ultra-
slow spreading ridges (Lin et al., 1990;
Gregg et al., 2007).

Models incorporating a viscoplastic
rheology, which combine a viscous
mantle rheology with a brittle rheology
for the lithosphere, indicate that the
thermal structure of oceanic trans-
form faults offsets may not result in
a cold, thick lithosphere (Behn et al.,
2007). Behn et al. (2007) find that the



incorporation of a brittle rheology
results in elevated temperatures beneath
the transform fault offset, which may
promote the formation of ITSCs, enhance
melting, and encourage the migration of
oft-axis melt toward the transform fault
domain. Furthermore, Gregg et al. (2009)
show that using a viscoplastic rheology
is necessary to predict the crustal thick-
ness variations observed at segmented
transform faults, implying that the pres-
ence of ITSCs is not enough to generate
the crustal thickness excesses that are
observed within intermediate- and fast-
slipping transform faults.

Montési et al. (2011) discuss possible
melt migration controls and show
that a similar three-step scenario can
explain variations in crustal thickness
at the ultraslow-spreading Southwest
Indian Ridge 10-15°E area. There, melt
is focused along axis toward two widely
spaced seamounts. Montési et al. (2011)
show that one of these seamounts corre-
sponds to a region where the perme-
ability barrier has an inverted bowl
shape that collects all the melt generated
in that region. However, the second
seamount requires the presence of an
MEZ, as it is located over a region where
melt would otherwise migrate eastward.
Very little crust, if any, is accreted in
the region between the two seamounts,
potentially indicating that the perme-
ability barrier is so deep that it does not
intersect the MEZ, which is constrained
to be 25-30 km deep. This portion of
the ridge is cold enough that significant
serpentinization is possible, which could
mask the gravity signature of the very
thin crust. A geophysical investiga-
tion of this crucial locality is needed
to ascertain whether the lithosphere
structure implied by this work is indeed

present. This type of study should also

be extended to other segments of the
slow-spreading Southwest Indian Ridge,
where crustal thickness also records
differences in mantle potential tempera-
ture (Cannat et al., 2008).

These recent modeling efforts show
that at both ultrafast and ultraslow end-
members of mid-ocean ridge systems,
melt migration can be described as
a three-step process of rapid vertical
migration, subhorizontal focusing
along a permeability barrier, and finally
extraction at an MEZ. Undoubtedly,
additional processes of ridge migration

and composition or temperature-driven

diapirism complicate this simple model
(Toomey and Hooft, 2008) and need to

be explored in detail in future work.

HOW DOES RIDGE MIGRATION
AFFECT MELTING AND

MELT FOCUSING?

A feature of classical two-dimensional
models of mantle flow beneath ridges is
that they are symmetric with respect to
the ridge axis. Although this symmetry
is a useful conceptual tool, in practice,
the mid-ocean ridge system has an
abundance of asymmetrical features that

cannot be captured by such a model.
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Figure 4. (A) Profile of crustal thickness expected along the East Pacific Rise and the Siqueiros
Transform Fault (yellow domains, with intra-transform spreading centers [ITSCs] in blue) for
three cases: isoviscous with a 10 km wide melt extraction zone (MEZ; red), isoviscous without
an MEZ (gray), and temperature-dependent viscosity with a viscoplastic approximation with
a 10 km wide MEZ (black). (B) Three-dimensional rendering of the permeability barrier (color
coded, with depth contours every 5 km), the MEZ (translucent blue box), and the profile of
instantaneously accreted crustal thickness (green crest). From Hebert and Montési (2011)
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We might expect that this asymmetry
over the global mid-ocean ridge system
would average to zero, allowing it to be
considered “noise” on top of the model
of flow. However, measurements of axial
depth at opposing ends of ridge offsets
(e.g., transform faults) provide evidence
of systematic asymmetry that is corre-
lated with the direction and magnitude
of ridge motion in the hotspot reference
frame (Carbotte et al., 2004). In partic-
ular, Carbotte et al. (2004) found that of
the two ridge segments terminating at
an offset in the mid-ocean ridge, the one
leading in the direction of ridge migra-
tion is consistently shallower, suggesting
that there may be a causal relationship
between migration and asymmetry.
Several studies have linked asymmetry
in mantle upwelling and melting to ridge
migration. Davis and Karsten (1986)
introduced the idea that the slope of the
near-ridge lithosphere-asthenosphere

boundary drives a component of asthe-

nospheric flow beneath a migrating ridge:

ahead of the migrating ridge, mantle is
forced upward, while behind it, mantle

is pushed downward. This concept
represents a small perturbation to corner
flow. The dynamics of this combination
were explored in subsequent studies that
investigated the effect of ridge migra-
tion, pressure gradients, and thermal
anomalies on the shape of the melt
region (Conder et al., 2002; Toomey

et al., 2002; Conder, 2007; Katz, 2010).
Carbotte et al. (2004) hypothesized that
three-dimensional magmatic focusing,
acting on this melting asymmetry, would
give rise to the observed pattern of depth
asymmetry across ridge offsets. In their
scenario, the focusing region associ-

ated with the leading segment taps the
“upwind” region of enhanced melting,

while the focusing region of the trailing

86 Oceanography | Vol.25,No.1

segment taps the “downwind” region of
diminished melting. The associated paths
of melt migration are inherently three
dimensional, and call for models that
resolve the three-dimensional thermal
and flow structure around ridge offsets.
Weatherley and Katz (2010) presented
their numerical simulations with these
characteristics; their results confirmed
earlier predictions and were shown to be
consistent with the observations, despite
significant scatter in the data. The consis-
tency provides support for the model of
magmatic focusing proposed by Sparks
and Parmentier (1991).

SUMMARY
Considerable progress has been made in
the development and use of geodynamic
models to better understand mantle
processes at mid-ocean ridges during
the Ridge 2000 Program. Advancements
such as tracking melt migration through
the mantle, calculating melt focusing,
and using petrologic modeling have
provided a variety of new model
constraints. The current diversity of
geodynamic modeling approaches
and the ability of these models to
cross boundaries and integrate both
geophysical (Gregg et al., 2007) and
geochemical/petrological observations
(Shaw et al., 2010) provide the opportu-
nity to examine fundamental questions
in mantle dynamics and the formation of
new oceanic crust at mid-ocean ridges.
A common feature of recent geody-
namical models is the presence of a
high-porosity channel at the base of the
lithosphere along which melt collects
and focuses (Sparks and Parmentier,
1991). The channel may be generated
self-consistently (e.g., Katz, 2008) or may
follow an approximate parameterization
(Hebert and Montési, 2010). Variations

in crustal thickness and lava chemistry
are now used to test the importance

of segmentation (Gregg et al., 2009;
Weatherley and Katz, 2010; Hebert and
Montési, 2011; Montési et al., 2011),
buoyancy (Katz, 2010), and ridge migra-
tion (Toomey et al., 2002; Conder et al.,
2002; Katz et al., 2004). New under-
standing was made possible thanks

to the integration of geophysical and
geochemical constraints and the detailed
modeling of specific key areas to comple-
ment global studies.

Many additional features of mid-
ocean ridge systems, such as the
presence of mantle heterogeneities,
including water content and recycled
fertile components, variations in mantle
temperature, and the possibility of plume
influence, suggest important avenues for
future work. Key areas for study include
slow-spreading ridges such as at the
Southwest Indian Ridge, which features
clear signals from variations in mantle
temperature and hotspot influence, and
the East Pacific Rise, where ridge asym-

metry is perhaps the most pronounced.
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