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[1] Melt focusing at mid‐ocean ridges is necessary to explain the narrowness of the zone of crustal accre-
tion and the formation of large but localized on‐axis seamounts at slow and ultraslow spreading centers. It
has been proposed that melt focusing is facilitated by the presence of a barrier to upward melt migration at
the base of the thermal boundary layer (TBL). We assess the development of a melt impermeable boundary
by modeling the geochemical evolution and crystallization history of melts as they rise into the TBL of
mid‐ocean ridges with different spreading rates. A permeability barrier, associated with a crystallization
front controlled by the conductive thermal regime, exists for melt trajectories at slow to fast spreading
ridges (≥10 mm/yr half rate). The effective lateral scope of the barrier, where the slope of the barrier exceeds
a critical value that allows buoyant melt transport to the axis, generally increases with spreading rate. At all
distances from the axis at ultraslow ridges and off‐axis at slow spreading ridges, the weak crystallization
front may prohibit formation of an efficient barrier and lead to the possibility that some fraction of melt
may be incorporated into the lithospheric mantle, allowing refertilization. The protracted crystallization his-
tory and potential absence of an effective permeability barrier may explain the dearth of volcanism at ultra-
slow ridges and calls for a revision of lateral melt focusing scenarios at ultraslow spreading rates.
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1. Introduction

[2] The focusing of melt beneath mid‐ocean ridges
(MORs) from a broad (potentially several hundred
kilometers wide) partially molten zone at depth
[The MELT Seismic Team, 1998] into a narrow (1–
2 km wide) neovolcanic zone at the axis [e.g.,
Macdonald, 1982; Sinton andDetrick, 1992] remains
a challenging observation for geodynamics to
explain. Variations in crustal thickness may reflect
focusing systematics controlled by geometrical effects

and/or the thermal structure of the mantle near the
axis. For example, along‐axis melt focusing is likely
the source of crustal thickness heterogeneities
related to ridge segmentation [Hooft et al., 2000;
Cannat et al., 1995; Dunn et al., 2005; Gregg et al.,
2009; Planert et al., 2009]. Spreading rate, which
largely controls the thermal structure beneath
MORs, generally correlates positively with crustal
thickness, whether inferred from axial depth, geo-
chemical modeling, or seismic observations [Klein
and Langmuir, 1987; White et al., 2001; Niu and
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O’Hara, 2008]. However, there is a wider variation
in crustal thickness measurements for slower
spreading ridges as compared with faster spreading
ridges [Chen, 1992], perhaps suggesting a chang-
ing means of melt delivery toward the axis as a
function of spreading rate. Ultraslow spreading
ridges (less than ∼10 mm/yr half rate) are charac-
terized by discontinuous magmatism at localized
volcanic centers separated by amagmatic segments
[Michael et al., 2003; Dick et al., 2003] indicating
a more complex focusing mechanism through a
thick thermal boundary.

[3] Proposed mechanisms for focused ridge mag-
matism include (1) large pressure gradients that
focus the flow of melt [Phipps Morgan, 1987;
Spiegelman and McKenzie, 1987; Ribe, 1988],
(2) buoyancy‐driven convection due to lateral var-
iations in melt content [Rabinowicz et al., 1984; Buck
and Su, 1989; Scott and Stevenson, 1989], (3) hydro-
fracturing [Sleep, 1988; Nicolas, 1990], (4) develop-
ment of a stress‐induced anisotropic permeability
[PhippsMorgan, 1987;Katz et al., 2006], (5) reaction‐
infiltration instability [Aharonov et al., 1995;Kelemen
and Dick, 1995; Kelemen et al., 1995a, 1995b], lead-
ing to (6) a fractal melt extraction tree [Hart, 1993]
and (7) development of a high‐porosity channel
along the base of the sloping lithosphere, allowing
melt to flow toward the ridge axis (Figure 1) [Sparks
and Parmentier, 1991; Spiegelman, 1993a, 1993b;
Ghods and Arkani‐Hamed, 2000; Katz, 2008].
Mechanisms 1 and 2 are unlikely to play an
important role as they require higher viscosities or
lower porosities than currently estimated beneath
MOR spreading centers and mechanisms 3–6

remain to be fully tested. Here, we focus on eval-
uating the potential role of mechanism 7 in melt
focusing at MORs.

[4] Mechanism 7 is based on the interaction of a
melt propagating as a pore fluid within a solid
viscous matrix and through the thermal boundary
layer (TBL) present at the base of lithospheric
plates. Crystallization‐driven decompaction of the
porous matrix beneath the barrier forms a high‐
porosity channel [Ribe, 1985; Spiegelman, 1993c],
the thickness of which is determined by the balance
between melt buoyancy and viscous stresses
[Sparks and Parmentier, 1991]. The channel fol-
lows the base of the TBL, which is shallower
underneath the ridge axis. Therefore, buoyant
magma may follow the channel and can be focused
toward the axis. Channel formation occurs near
where vertically propagating melt begins crystal-
lizing within the TBL [Sparks and Parmentier,
1991]. Spiegelman [1993c] and Rabinowicz and
Ceuleneer [2005] demonstrated that solitary
waves generated at the freezing boundary facilitate
the formation of high‐porosity channels. The
greater the freezing rate or, equivalently, the nar-
rower the freezing region, the more likely a melt
channel will form [Spiegelman, 1993c]. In other
words, the efficiency of focusing depends on the
ratio of the length scale of the crystallization region
to the local compaction length, and an effectively
open channel will develop if the crystallizing
region is restricted compared to the compaction
length [Spiegelman, 1993c]. The melt impermeable
freezing boundary, or permeability barrier, thus has
an integral connection to the crystallization behavior

Figure 1. Cartoon illustrating the melt focusing scenario studied in this contribution. Melts are produced in the
active melting zone (yellow shading) and rise buoyantly (red arrows) to the thermal boundary layer (TBL) at the base
of the lithosphere where they crystallize and may form a permeability barrier (thick dashed line). Melts will then
migrate along this boundary, following the sloping basal topography until they reach the neovolcanic zone (black
box) and erupt. Solid flow streamlines are denoted by gray dotted arrows, and the thick solid line indicates the depth
where the equilibrium fraction is maximum (Fmax). The pink shading represents melt porosity in the melt extraction
zone, where active melting is no longer occurring. Melt accumulates in a decompaction channel immediately below
the permeability barrier.
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of upwelling melts both immediately beneath and at
increasing distances away from the axis of the
spreading center. In this contribution, we utilize
petrological modeling to describe crystallization
patterns and predict the location and efficiency of a
2‐D melt permeability barrier at MORs of diverse
spreading rate.

[5] The permeability barrier model of melt focus-
ing at mid‐ocean ridges has been used to explain
along strike variations in crustal thickness as well
as erupted basaltic compositions for spreading
centers of varying divergence rates. Melt transport
along a permeability barrier has been proposed to
explain lava chemistry at the ultraslow Southwest
Indian Ridge (SWIR) between 9°E and 25°E
[Standish et al., 2008]. Deeply originating, low‐
degree melts seem to be redistributed from beneath
the thick lithosphere along amagmatic segments
toward neighboring magmatic segments with thinner
lithosphere, explaining the unusual enrichment in
K2O and the high K/Ti of basalts recovered from
the area [Standish et al., 2008]. Based on analysis
of transform and ridge segment length along the
Mid‐Atlantic Ridge at 33°N–35°N, a permeability
barrier has been found to be more efficient than
diapiric instabilities for focusing magma at slow
spreading rates (15 mm/yr half rate) [Magde and
Sparks, 1997; Magde et al., 1997]. Gregg et al.
[2009] proposed that focusing along the base of the
lithosphere might explain the magmatic activity of
Intra‐Transform Spreading Centers at the Siqueiros
transform of the ultrafast East Pacific Rise. Lateral
melt transport within a channel beneath a melt
impermeable boundary may be rapid, explaining
observed excesses of 226Ra and 230Th [Sims et al.,
2002; Jull et al., 2002] in lavas at ultraslow spread-
ing centers [Standish and Sims, 2010].

[6] The impermeable freezing boundary has been
described in structural and petrological terms on
the basis of observations from the Oman ophiolite
[Ceuleneer and Rabinowicz, 1992; Korenaga and
Kelemen, 1997; Kelemen and Aharonov, 1998]. A
transition from continuous porous flow to punctu-
ated formation of melt‐filled fractures is inferred at
the position of layered gabbroic sills [Kelemen and
Aharonov, 1998]. Repeated injection of sills is
consistent with melt accumulating in a decompac-
tion layer at the base of a permeability barrier.
Seismic reflection studies beneath the southern
Juan de Fuca ridge (56 mm/yr half rate [e.g.,
Wilson, 1993]) have imaged molten sills within the
lower crust [Canales et al., 2009] and within a thick
subcrustal zone up to 30 km off axis [Nedimović
et al., 2005]. Compliance measurements used to

estimate melt distribution beneath the fast spreading
East Pacific Rise showed several off‐axis (∼10–
14 km) melt zones present at lower crustal depths
[Crawford and Webb, 2002]. These studies pro-
vide evidence for the possible existence of chan-
nelized melt transport beneath permeability barriers
within intermediate to fast spreading ridge systems.

[7] The position of a permeability barrier is likely
controlled by the crystallization sequence of melts
as they percolate vertically and encounter the TBL
beneath the ridge, where conductive cooling becomes
significant. Crystallization of multiply saturated
basaltic liquids within a porous medium will result
in a strong reduction in porosity and permeability
[Kelemen and Aharonov, 1998]. Thus, in terms of
crystallizing species, a permeability barrier would
most likely be associated with the saturation of
plagioclase ± clinopyroxene as a consequence of
the rapid drop in liquid mass with continued cooling
associated with the onset of crystallization of these
minerals [Korenaga and Kelemen, 1997; Kelemen
and Aharonov, 1998]. The Moho transition zone
(MTZ) characterized by the presence of layered
gabbroic sills [Ceuleneer and Rabinowicz, 1992;
Rabinowicz and Ceuleneer, 2005] is associated by
Kelemen and Aharonov [1998] with the transition
from vertically upwelling porous flow at the level of
plagioclase (±clinopyroxene) saturation in ascend-
ing magmas. Kelemen and Aharonov [1998] mod-
eled crystallization by decreasing temperature at
constant pressure representing the base of the crust,
as may be appropriate immediately underneath the
axis of fast spreading centers. Here, we will con-
sider the progressive depressurization of magma
coincident with cooling, which captures more real-
istically the evolution of a rising melt entering the
TBL off axis at faster spreading centers and at
slower spreading rates.

[8] The thickness of the TBL, and therefore the
location of the permeability barrier, should vary as
a function of spreading rate. With decreasing
spreading rate, the increasing influence of con-
ductive cooling results in a thicker TBL and, by
restricting the top of the melting region, reduced
melt volume [Reid and Jackson, 1981; Bown and
White, 1994; Shen and Forsyth, 1995; Niu and
Hékinian, 1997; Dick et al., 2003]. The position
of the MTZ is also expected to vary with spreading
rate: it may be present over a wide depth interval at
slow ridges [e.g., Cannat, 1996], whereas at fast to
medium spreading ridges, the MTZ may be present
only at a narrow depth interval immediately below
the crust [Kelemen and Aharonov, 1998]. Positions
of potential permeability barriers are typically
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associated with the top of the melting column
[Sparks and Parmentier, 1991; Magde et al., 1997]
or to a crystallization function directly related to the
melting relation [Ghods and Arkani‐Hamed, 2000;
Katz, 2008]. Montési and Behn [2007] developed a
simple prediction of the depth of a permeability
barrier:

Tbarrier ¼ 1240�Cþ 1:9z; ð1Þ

where Tbarrier is temperature of the permeability
barrier in °C, and z is depth in kilometers. This
relation is based on the correlation of a perme-
ability barrier with the temperature of the plagio-
clase multiple saturation point [Kelemen and
Aharonov, 1998], proposed to increase with depth
at a rate of 58°C/GPa [Yang et al., 1996]. In this
work, we will further refine the predicted depth of
permeability barrier using a full thermodynamical
formulation.

[9] Many studies of melting at MOR have used 1‐D
“column” modeling [Ribe, 1985; Asimow and
Stolper, 1999; Hewitt and Fowler, 2008]. The
present work considers melting and crystallization
columns at various distances from the axis of ridges
with various spreading rates. We model the evolu-
tion of magma batches as they rise through the TBL
of MORs and determine at what depth crystalliza-
tion rate is maximum as a proxy to a potential per-
meability barrier. We also evaluate the strength of
the proposed barrier. This model implies that
focusing along a permeability barrier is efficient at

most spreading rates but that different focusing
mechanisms, or a different origin of the permeability
barrier, may be necessary for ultraslow spreading
centers.

2. Methods

[10] Our model of formation of a permeability
barrier is computed in three steps. First, we model
the thermal structure underneath a spreading center
for a given spreading rate. Then, we use a melting
model to compute the composition of melt formed
by decompression melting in each on‐ or off‐axis
1‐D column. Finally, we simulate crystallization of
the aggregate melt in the TBL and determine at
what depth a permeability barrier is most likely to
form. The model is repeated for different off‐axis
distances and for different spreading rates.

2.1. Mid‐ocean Ridge Thermal and Flow
Solution

[11] The temperature structure underneath the ridge
(Figure 2) is modeled using the Finite Element
software package COMSOL Multiphysics® 3.4.
We impose velocity given by the analytical 2‐D
corner flow solution for the flow potential �
underneath a passive spreading center [e.g.,
Batchelor, 1967; McKenzie, 1969]:

� ¼ 2

�
U0r� cos � ð2Þ

ux ¼ �@�=@z

uz ¼ @�=@x

8<
: ; ð3Þ

The solution is expressed in cylindrical coordinates
aligned with the ridge axis where r is the radial
distance from the ridge, � is the angle from the
vertical, and horizontal half‐rate U0 ranges from
ultraslow to fast spreading velocities (U0 = <10 to
100 mm/yr). This solution assumes that the flow is
solely driven by the divergence of rigid plates at the
surface and it ignores the contribution of buoyancy.
While this assumption is more appropriate for fast
spreading centers, Magde et al. [1997] demon-
strated that buoyant upwellings exert a lesser con-
trol on crustal thickness variations than focusing
along a permeability barrier. Even at ultraslow
spreading centers, it is possible to reproduce crustal
thickness variations while ignoring the contribution
of buoyancy to mantle upwelling (L. G. J. Montési
et al., Crustal variations at the Southwest Indian

Figure 2. Example of the mantle flow and thermal
structure model used in this study. The colors indicate
temperature, from 0°C (blue) to 1375°C (red). Stream-
lines representing the analytical solution for the flow
field are shown as thin, white lines. A schematic triangu-
lar melting region is shown within the thin, black lines.
The base of the melting region is shown as the position
of the solidus. The top of the triangular melting region is
denoted by the location of Fmax, where the maximum
degree of melting of upwelling mantle material is
reached. Calculation columns are defined at increasing
distance from the axis.
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Ridge 10°E–16°E oblique supersegment: The plate‐
driven view, manuscript in preparation, 2010).

[12] We solve the following formulation for ther-
mal convection and conduction:

r � ��rTð Þ ¼ � u � rTð Þ; ð4Þ

where u is mantle velocity defined above, T is
temperature, and � = 10−6 m2/s is the thermal dif-
fusivity. A mantle potential temperature (TP =
1375°C) sets the bottom of the model space and the
top surface of the model space is set to TS = 0°C.
The side boundaries are open to convective flux,
implying that there is no diffusive heat transfer
across these boundaries. The Finite Element grid
spacing, using triangular elements, decreases
toward the surface and toward the ridge axis in
order to resolve the thermal structure for spreading
rates considered in this study. An adiabatic tem-
perature gradient (0.7°C/km) is imposed on the
model result after steady state has been achieved.

2.2. Melt Migration and Crystallization

[13] We use the thermodynamics software MELTS
[Ghiorso and Sack, 1995; Asimow and Ghiorso,
1998] in conjunction with the Adiabat_1ph user
interface [Smith and Asimow, 2005] to solve for
melt compositions and for fractional crystallization.
We selected an anhydrous starting composition
(DMM [Workman and Hart, 2005]). Our calcula-
tions follow a two‐step chemical evolution using
the pressure and temperature conditions in a series
of one‐dimensional, vertical columns extracted
from the flow model and temperature solution
(Figure 2). We assume that melt travels vertically
under a buoyancy‐dominated regime. We consider
a series of columns at different distances away
from the spreading axis, in order to capture the
potentially different crystallization behaviors and
compositions of melts generated from different
regions of the quasi‐triangular melting region.

[14] We first perform an equilibrium melting cal-
culation within each column, beginning at a pres-
sure of 2 GPa (∼62 km depth) and continuing
vertically until the maximum melt fraction (Fmax) is
encountered. This encompasses the active partial
melting regime beneath the spreading center,
defined by an initial pressure of melting P0 and
different values for final pressure of melting PF,
depending on the distance from the axis. At the
depth of Fmax (PF for each column), roughly
coincident with the location of solid streamline
turnover in corner flow (Figures 1 and 2), we assume
that the melt continues to travel vertically. Even

though solid flow lines are subhorizontal, melt
continues to migrate vertically because permeability
is high enough for melt velocities to exceed solid
mantle velocities [McKenzie, 1985; Spiegelman and
Elliott, 1993; Lundstrom et al., 1995; Sims et al.,
2002] and buoyancy contrast dominates over flow
in inducing pressure gradients for reasonable mantle
viscosities [Spiegelman and McKenzie, 1987;
Phipps Morgan, 1987]. Dissolution instabilities
further facilitate vertical melt extraction [Kelemen
and Dick, 1995], but we do not consider the
chemical effects of forming a channelized melt
extraction network.

[15] The melts produced deeper than Fmax are
aggregated to produce the starting melt composi-
tion for the second step of our thermodynamics
model. We perform a batch crystallization calcu-
lation to find the change in mass and composition
of this aggregate melt under decreasing temperature
and pressure conditions as the melt rises into the
TBL. In addition to tracking the rate of crystalli-
zation, we monitor the partial crystallization pro-
cess in terms of the identity and sequence of
mineral‐in reactions. The thermal model is sampled
every 25 m, resulting in pressure steps to MELTS
of approximately 8 bars. The fine sampling interval
is necessary to capture the first appearance of
phases in order to accurately assess the crystalli-
zation behavior, especially within the very thin
TBL associated with the faster spreading cases.

[16] We do not address the effects of a changing
starting composition on our results in this study.
This may be significant especially with regard to
water (H2O) and sodium (Na2O). Increasing H2O
and Na2O in the mantle source composition both
allow for an increased pressure of initial melting
[Klein and Langmuir, 1987; Asimow and Langmuir,
2003]. Addition of H2O to the MOR basalt source
may suppress plagioclase crystallization relative to
olivine and clinopyroxene [Yoder, 1965; Gaetani
et al., 1993; Sisson and Grove, 1993]. We also
neglect wall rock reaction. While MELTS provides
a self‐consistent thermodynamic approach, and the
Adiabat_1ph interface allows for rapid calculations
necessary to sample the large model space, limita-
tions of the program must be acknowledged.
Experimental comparison demonstrates thatMELTS
overestimates the incompatibility of sodium in the
spinel peridotite field [Hirschmann et al., 1998].
Additionally, there are systematic offsets in tem-
perature and in the concentrations of oxides such as
SiO2 and MgO when compared to experiments
[Baker et al., 1995]. However, even with these
shortcomings, MELTS is a widely used and
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sophisticated tool that allows an integrated and self‐
consistent treatment of peridotite partial melting.

2.3. Time Scales of Deformation
and Crystallization

[17] McKenzie [1984] demonstrated that fluids
migrating in a viscous porous matrix can develop
pressure gradients over length scales limited by the
compaction length:

�c ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k� � þ 4

3
�

� �

	

vuuut
; ð5Þ

where k� is permeability, x and h are bulk and shear
viscosities of the matrix, respectively, and m is fluid
viscosity. Porosity decreases due to crystallization
as themelt enters the TBL, allowing fluid pressure to
increase and potentially decompacting the matrix.
The time scale over which decompaction occurs is
expressed as:


� ¼ �c
w
; ð6Þ

where tn is the matrix deformation time scale, dc is
the compaction length, and w is the porous flow rate
[McKenzie, 1984]. By contrast, crystallization oc-
curs over a time scale of:


c ¼ w
dT

dz

df

dT

� ��1

; ð7Þ

where tc is the crystallization time scale, T is tem-
perature, z is depth, and f is the equilibrium melt
fraction [Korenaga and Kelemen, 1997]. The melt
fraction is different from the porosity, which is
influenced by decompaction and appears limited to
2% although f may approach 20% [Grove et al.,
1992; Langmuir et al., 1992; Spiegelman, 1993c;
The MELT Seismic Team, 1998].

[18] If tn ≥ tc, the matrix cannot deform fast
enough to keep the pore space open and a melt
impermeable barrier may form [Korenaga and
Kelemen, 1997]. Thus, a permeability barrier may
develop if the decompaction time scale exceeds the
crystallization time scale. Equivalently, by com-
bining equations (6) and (7), it is clear that per-
meability barriers will develop if the actual
compaction length is larger than a critical com-
paction length dc*.

�c � �*c ; with �*c ¼ dT

dz

df

dT

� ��1

; ð8Þ

Note that dc* does not depend on the melt velocity
and that, as we consider that z increases downward,
dc* is a positive number, as is physically reasonable.

[19] In our analysis, we monitor the mass M that
remains from a batch of melt formed at PF, as a
function of pressure in the form of the change in
crystallinity measured in weight percent over the
change in pressure measured in bars (dM/dP). A
higher value for dM/dP reflects a higher crystalli-
zation rate over a sharper depth interval, and the
maximum value in each column, (dM/dP)max,
serves as a proxy for the strength of the crystalli-
zation front. Therefore, a high (dM/dP)max is a
necessary prerequisite for development of a per-
meability barrier and consequently lateral melt
migration along the base of that barrier, in agree-
ment with results by Spiegelman [1993c]. We
consider that a permeability barrier forms at a
crystallization rate that satisfies:

dM

dP

� �column

max

� dM

dP

� �*
/ 1

�*c
; ð9Þ

As the driving force of lateral melt migration
toward to the axis is the melt buoyancy resolved
along the permeability barrier, we take into con-
sideration the slope of the proposed barrier as a
potential limitation for melt focusing.

[20] In section 3, we report values of (dM/dP)max

and discuss the crystallization sequence as a func-
tion of distance from the axis for various spreading
rates.

3. Results

3.1. Defining the Crystallization Front

[21] Vertical melt pathways at different distances
off axis produce different crystallization behaviors.
This is due to both the change in composition of the
melts with distance from the axis (due to the
shortening melting column) as well as the increas-
ing TBL thickness. As ascending melts enter the
TBL, partial melting gives way to partial crystalli-
zation, assuming complete thermal equilibration of
the transiting melts with the ambient temperature
structure. Typically, crystallization is slow at depth,
but increases sharply when multiple saturation is
achieved (Figure 3a).

[22] This standard behavior dominates the crystal-
lization sequence at the fastest spreading ridge case
(U0 = 100 mm/yr) (Figure 3b), especially close to
the axis. We observe the highest values of dM/dP
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along vertical melt columns closest to the axis
where plagioclase and clinopyroxene become sta-
ble around the same depth, combining to generate a
large burst of crystallization over a short pressure
interval. Further from the axis, the pressures at
which plagioclase‐in and clinopyroxene‐in occur
diverge as the TBL thickens. This contributes to
decreasing values of (dM/dP)max with increasing
distance away from the axis.

[23] As spreading rate decreases, the maximum
crystallization rate, (dM/dP)max, decreases through-
out the ridge system, but the highest values are still
associated with near‐axis vertical trajectories. This is
a consequence of the thickness of the TBL, which
increases significantly both with distance from the
axis, and with decreasing spreading rate. Phase
identity associated with (dM/dP)max for a slow to
intermediate spreading rate case (U0 = 40 mm/yr,
Figure 3c) are plagioclase + clinopyroxene for ver-
tical trajectories up to 22 km off axis and plagio-
clase alone for trajectories >22 km, where
clinopyroxene‐in appears as a secondary peak in
dM/dP. With increasing distance from the axis,
values of (dM/dP)max continue to decrease, and the

strong single peak associated with plagioclase‐in
changes to a more bimodal distribution as the pat-
tern of crystallization (a function of the geothermal
gradient) changes with the addition of a broad
spinel‐in peak comparable in amplitude with the
plagioclase‐in peaks.

[24] For slow to ultraslow spreading cases (U0 ≤
20 mm/yr, Figure 3d), values of (dM/dP)max occur
at relatively greater depths and values for (dM/dP)max

are significantly less than those calculated at similar
off‐axis distances at higher spreading rates. In all
model cases, the depth of the maximum crystalli-
zation rate increases and its value decreases away
from the axis.

[25] At all spreading rates, the locus of (dM/dP)max is
shallowest underneath the ridge axis, but it deepens
progressively with decreasing spreading rate, from
within the crust for U0 ≥ 20 mm/yr to mantle depths
for slow to ultraslow models (Figure 4).

3.2. Geometry of the Permeability Barrier

[26] We infer the presence of a crystallization front
at the position of (dM/dP)max gleaned from thermal

Figure 3. Crystallization rate dM/dP versus depth for vertical melt trajectories at different distances off axis: (a) a
single melt trajectory at 10 km off axis for a fast spreading case (U0 = 100 mm/yr). In this example, dM/dP is max-
imum at 4 km depth. (b) dM/dP for different distances off axis for a fast spreading case (U0 = 100 mm/yr). (c) dM/dP
at different distances off axis for an intermediate spreading case (U0 = 40 mm/yr). (d) dM/dP at different distances off
axis for a slow spreading case (U0 = 20 mm/yr). Note the different scales.
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and chemical modeling and associated primarily
with the appearance of plagioclase in the crystal-
lizing assemblage. The crystallization front slopes
downward from the spreading center, which is a
necessary prerequisite for buoyancy‐driven melt
migration toward the ridge. However, melt focus-
ing depends also on the slope of the barrier that
may form at the crystallization front.

[27] In order to determine reasonable limits on the
extent of the permeability barrier with regard to
geochemical and seismic data sets, we perform
crustal thickness calculations with limits imposed
on melt focusing associated with the slope of the
crystallization front and compare with actual data

collected as a function of spreading rate (Figure 5).
Crustal thickness (HC) is crudely approximated by:

HC ¼ 1

V

Zxe
0

ZzF
zs

vz
@F

@z
dz dx; ð10Þ

where V is the effective spreading rate, vz is the
vertical component of velocity, ∂F/∂z is the melt
productivity, zs and zF are the depths of the solidus
and Fmax, which bound the active melting region
(Figure 1), and xe is the lateral extent of the
extraction zone, measured to correspond to a par-
ticular limit on the slope of the crystallization front
defined by (dM/dP)max.

[28] We limit the extraction zone such to collect
melt only if the slope of the permeability barrier (if it
exists) is larger than a critical value. Melt migrates
toward the axis under the influence of buoyancy. If
the slope of the permeability barrier is too small, the
magnitude of the buoyancy force resolved along the
barrier is too small to induce significant melt
migration toward the axis. Adopting a critical slope
of −0.05 to −0.10 leads to crustal thicknesses com-
parable to observations for spreading rates ≥ 40mm/yr
half rate (Figure 5, black and blue lines). For all
model cases, as distance from the axis increases,
the slope of the crystallization front decreases.
However, for a value of the slope greater than −0.05
and for U0 ≥ 40 mm/yr, the width of the extraction
zone decreases as spreading rate increases. This

Figure 4. Depth of the maximum crystallization rate
(dM/dP)max versus half‐spreading rate, measured under-
neath the ridge axis. The dotted gray line depicts the
average depth of oceanic crust.

Figure 5. Crustal thickness from seismic observations and rare earth element inversions compiled by White et al.
[2001] (blue and red open circles, respectively) and from our model for various spreading rates (connected dia-
monds, equation (10)). Each curve corresponds to a minimum slope of the permeability barrier needed to allow melt
extraction: −0.15 (purple), −0.10 (blue), or −0.05 (black). The crustal thickness compilation does not include results
from fracture zones, marginal basins, or locations associated with plumes [White et al., 2001].
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effect can be stronger than the overall increase in
melt production due to a generally thinner TBL at
fastest spreading rates, and could explain why the
thickest crusts are not observed at the fastest ridges
(Figure 4) [White et al., 2001]. For spreading rates
≤ 20 mm/yr, our model underpredicts crustal
thickness compared with observations. Addition-
ally, the lowest values for (dM/dP)max are seen at the
lowest spreading rates, indicating a weaker crystal-
lization front. In these cases, melt focusing to the
axis may occur due to an alternative mechanism.

[29] Given our crustal thickness analysis, it is
appropriate to set a value for the critical slope to be
approximately −0.05 in order to define an effec-
tive permeability barrier, such that the slope of
(dM/dP)max with distance off axis must exceed the
critical value in order for melt to migrate. In
addition, the crystallization rate associated with this
critical slope must exceed the threshold value to
form a permeability barrier, (dM/dP)*, which is
related to the compaction length (equation (8)). For
the model case where U0 = 10 mm/yr, the value for
(dM/dP)max at xe corresponding to the slope =
−0.05 is 0.03 wt. %/bar. For all faster spreading
model cases, (dM/dP)max at xe exceeds 0.03. Thus,
we choose 0.03 wt. %/bar as an upper estimate of
(dM/dP)*. The critical compaction length, dc*,
corresponding to (dM/dP)* is ∼10 km. Even though
the strength of the crystallization front, measured

by (dM/dP)max, may be greater than (dM/dP)*
beyond xe for the faster spreading cases, the limi-
tation on the slope prevents focusing along the
permeability barrier. Beyond xe, melts would stall in
melt ponds along the barrier and would be advected
further off axis, where they cool and crystallize.

[30] The permeability barrier is now defined by
the sloping crystallization front within the TBL,
and is limited in its lateral extent by a value for
the critical slope of that crystallization front, as
well as the relative strength of the crystallization
front (Figure 6). As spreading rates decrease, the
TBL is thicker, and the permeability barrier is
correspondingly deeper. Due to the restriction on
the slope, the permeability barrier is no longer
effective when the maximum crystallization rate
(dM/dP)max is encountered deeper than ∼24 km
regardless of the spreading rate. The sudden change
in slope of the crystallization front at ∼24 km depth
of every spreading rate is related to the crystalli-
zation sequence.

[31] Montési and Behn [2007] proposed a simple
relation between the temperature and depth of a
permeability barrier (equation (1)). This relation
proposed is based on the association of a melt
permeability barrier with the plagioclase multiple
saturation point, determined at 1240°C at the base
of the crust by Kelemen and Aharonov [1998], with
a pressure correction following the experimental

Figure 6. Depth of the crystallization front defined by (dM/dP)max versus off‐axis distance for various spreading
rates. The two dotted gray lines limit the region where equation (1) describes the temperature of the permeability
barrier within 10°C. The slope of the barrier is more than 0.15 where the lines are solid, between 0.1 and 0.15 where
the lines are dashed, and between 0.05 and 0.1 where the lines are dotted.
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work of Yang et al. [1996]. The temperatures given
by this relation can be assessed relative to the
temperature at (dM/dP)max (associated mostly with
plagioclase‐in) calculated for the different melting
columns with distance away from the axis for the
model cases. In general, equation (1) provides a
valid approximation (within ±10°C) to the location
of (dM/dP)max where there is an effective perme-
ability barrier within the subcrustal range of 8–
23 km. This interval describes where plagioclase
begins to crystallize at depths > 8 km to the lateral
extent of the barrier where (dM/dP)max < (dM/dP)*,
defined by the critical slope. Equation 1 is less
appropriate at ultraslow spreading rates (U0 <
10 mm/yr), where the TBL is thick and the crystal-
lization front is weak. In summation, equation 1 is a
valid representation for the position of the perme-
ability barrier at subcrustal depths forU0 ≥ 10mm/yr
(Figure 6), where the crystallization front is shal-
lower than approximately 23 km.

4. Discussion

[32] We solved for the thermal field and flow
structure of MOR spreading centers with spreading
rates ranging from fast to ultraslow. We used a
petrological algorithm, MELTS, to solve for melt-
ing and crystallization behavior based on vertical
melt migration beneath the TBL at different dis-
tances from the spreading axis. We evaluated the
presence or absence of an effective melt perme-
ability barrier, which may allow for lateral melt
migration toward the neovolcanic zone, based on
the strength of a crystallization front, defined by the
quantity (dM/dP)max and a critical slope necessary
for realistic crustal production. Now we discuss
observations that can be used to evaluate the success
of this permeability barrier model.

4.1. Crystallization Within a TBL

[33] As spreading rate decreases, the presence of
the thick, conductively cooled TBL has a profound
impact on the crystallization behavior of melts
transiting the layer. We argued that an effective
permeability barrier, requiring fairly rapid crystal-
lization over a short depth interval, is associated
with (dM/dP)max exceeding 0.03 wt. %/bar. This
crystallization rate corresponds to a critical com-
paction length, dc*, on the order of 10 km. The
actual compaction length dc must be larger than dc*
for a permeability barrier to form. Rabinowicz and
Ceuleneer [2005] infer an interval of 150–1500 m
for the compaction length, given a melt viscosity of

1 to 100 Pa s [Kushiro, 1986] and a grain size of
∼3 mm, but the compaction length might reach
10 km in conduits of focused flow within rocks with
an average grain size larger than 4 mm [Kelemen
et al., 1997]. Katz [2008] argues that compaction
lengths may be a factor of 10 higher than standard
estimates as the bulk viscosity is inversely propor-
tional to porosity [see also Schmeling, 2000; Simpson
et al., 2010]. These estimates are compatible with
the critical value suggested by our analysis.

[34] Herzberg [2004] calculated pressures of partial
crystallization for a global MOR basalt glass data-
base using various parameterizations of experi-
mental data sets. He concluded that MORB from
fast spreading ridges underwent partial crystalliza-
tion only within the crust while MOR basalt from
slow spreading centers started to crystallize at
mantle depths. These conclusions are in agreement
with the results ofMichael and Cornell [1998], who
also explored correlations between pressure of
crystallization and spreading rate, and with other
studies that emphasized the importance of higher‐
pressure crystallization to MOR basalt petrogenesis
at slower spreading ridges [Grove et al., 1992; Yang
et al., 1996;Danyshevsky et al., 1996; Villiger et al.,
2007]. Estimates for the top of the partial melting
regionwere deeper than about 25–30 km below slow
spreading centers [Herzberg, 2004]. Shaw et al.
[2010] report evidence for melt pooling and crys-
tallization at 9–20 km depth based on analyses of
melt inclusions collected at the ultraslow spreading
Gakkel ridge.

[35] Our model implies that crystallization will start
slightly below the permeability barrier. Figures 4
and 6 imply partial crystallization at mantle depths
possibly greater than 20 km at slow and ultraslow
spreading centers, in agreement with the studies
mentioned above. In our model, as in these
observations, the maximum crystallization rate is
found at crustal depths at spreading rates larger than
25 mm/yr half rate (Figure 4), which agrees with the
conclusions of Herzberg [2004] and Michael and
Cornell [1998]. However, Lissenberg and Dick
[2008] proposed an alternative explanation for the
greater crystallization pressures associated with
slower spreading ridges whereby melt‐rock reaction
by an assimilation/fractional crystallization (AFC)
process in the crust may contribute to the spread of
MOR basalt compositions and shifts in melt com-
position toward lower CaO and SiO2 and higher
Al2O3 and MgO previously attributed to partial
crystallization at mantle depths. It remains that the
depth of conductive cooling increases as a function
of spreading rate and influences strongly the initia-
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tion of crystallization. Thus, crystallization at mantle
depths cannot be avoided at slow and ultraslow
ridges, whether or not it is the correct explanation of
the MORB glass systematics described by Michael
and Cornell [1998], Herzberg [2004], and others.

4.2. Predicted Crustal Thickness

[36] A test of our model is provided by the varia-
tion in crustal thickness versus spreading rate
(Figure 5). Oceanic crust is generally 6 to 8 km
thick, with little dependence on spreading rate.
Only for spreading rates less than 10 mm/yr (half
rate) is there a decrease in crustal thickness [e.g.,
White et al., 2001]. However, this decrease is so
rapid that crust‐free areas appear at spreading rate
less than 6 mm/yr [Dick et al., 2003; Michael et al.,
2003]. Interestingly, the thickest crust in the com-
pilation by White et al. [2001] is found at an
intermediate spreading rate of 32.8 mm/yr, half
rate, roughly coincident with the increased crustal
thickness seen for U0 = 40 mm/yr relative to faster
spreading model cases (Figure 5).

[37] The permeability barrier geometry, limited by
a critical slope, suggests a way to focus the
majority of melt produced beneath the ridge toward
the spreading axis, consistent with observations of
crustal thickness, for spreading rates ≥ 40 mm/yr.
Part of the melt may be lost because it rises at a
location where the barrier is weak or its slope is too
small to allow focusing. There, melt is absorbed by
the lithosphere instead of being extracted to form
the oceanic crust. Gregg et al. [2009] followed a
similar concept with an extraction zone of 75 km
but with a cooler mantle temperature (1325°C) to
model crustal thickness. Their melting model is
also similar to that used here. However, they did
not consider whether a permeability barrier is
strong enough to form a decompaction channel, as
we do here, and they did not provide a physical
justification for a constant width of the melt
extraction zone. Here, we link the extraction zone
with the slope of the permeability barrier and
document systematic variations in the width of the
extraction zone that a compatible with the observed
crustal thickness systematics.

[38] It is notable that our model significantly
underpredicts the crustal thickness at slow and
ultraslow ridges. As we discuss in more detail in
section 4.4, there must be an additional mechanism
for efficiently extracting melts at slow spreading
centers, whether associated with a permeability
barrier or not.

4.3. Lateral Extent of the Permeability
Barrier for U0 ≥ 10 mm/yr

[39] A strong crystallization front can produce amelt
impermeable layer by rapidly reducing porosity and
permeability. A condition relating the time scales of
crystallization and deformation has been proposed
to indicate the criterion for “clogging” the pore
space to a degree necessary for the development
of a permeability barrier (tn ≥ tc) [Korenaga and
Kelemen, 1997], resulting in a definition of a crit-
ical compaction length scale (dc*) related to the
degree of crystal fractionation over a change in
depth (equation (8)). If the condition tn ≥ tc defines
the existence of a permeability barrier, we can then
determine the lateral extent of the barrier for the
different model cases based on the strength and
the slope of the crystallization front, measured by
(dM/dP)max.

[40] As shown in Figure 6, a permeability barrier
exists for U0 ≥ 10 mm/yr, and becomes generally
more laterally extensive with an increasing spread-
ing rate, sloping outward and down from the ridge
axis as a function of the changing thermal profile. It
is significant that the barrier is not at a constant depth
for each spreading ratemodel case. The overall slope
of the impermeable surface also shallows with
increasing distance from the axis, most notably for
the fastest spreading rates where the barrier is more
extensive. This may mean that lateral melt transport
to the axis along a melt impermeable surface will
exist, but the less steep lithospheric wedge angle
may inhibit strong focusing from greater distances
off axis. As was discussed in section 4.2, limiting
melt transport by a critical slope of roughly −0.05
results in reasonable crustal thickness at spreading
rates greater than or equal to 40 mm/yr half rate.

[41] Sohn and Sims [2005] hypothesized that
bending stresses could trigger off‐axis volcanism at
the East Pacific Rise, a fast spreading ridge, by
opening downward propagating cracks and tapping
melt bodies in the lower crust potentially emplaced
along a permeability barrier. The presence of a
permeability barrier to considerable lateral extents
below fast spreading ridges indicates that there may
be significant fractions of melt either stalled at the
melt impermeable boundary or traveling toward the
axis along the base of the boundary. The relatively
low slope of the barrier for the fast spreading case
implies that the former is more likely.

[42] Direct geophysical evidence for off‐axis melt
accumulation at fast and intermediate spreading
centers is available. Garmany [1989] reported
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strong P to S conversion at the Moho 22 km off
axis from the EPR at several locations between
12°N and 12°50′N. This observation is consistent
with our prediction of the off‐axis distance for
which the permeability barrier is at the base of the
crust (Figure 6). Partial melt was also observed in
the lower crust and localized sills at the Moho for
the EPR at 9°48′N, based on seafloor compliance
measurements [Crawford et al., 1999; Crawford
and Webb, 2002]. Melt accumulation zones were
detected to a least 10 km off axis, where their top
was approximately 4 km beneath the seafloor, again
in rough agreement with our predicted geometry
of the permeability barrier at fast spreading rates
(Figure 6).

[43] At the Juan de Fuca Ridge, where the
spreading rate is intermediate, seismic reflection
surveys revealed possible melt accumulation zone
in the lower crust off axis as well. Clear melt sills
are detected at 5–6 km beneath the seafloor (850–
900 m above the Moho) from 1.4 to 3.2 km off axis
[Canales et al., 2009]. Anomalously thick mantle
transition zones are imaged 20 km off axis. They
feature gabbroic sills slightly below the Moho
[Nedimović et al., 2005], in the vicinity of the
crossover between our permeability barriers and the
Moho (Figure 6). Thus, the geometry of the per-
meability barrier inferred from our model is con-
sistent not only with geochemical evidence of
crystallization depth (see section 4.1) but geo-
physical evidence for off‐axis melt sills.

4.4. Melt Focusing Beneath Ultraslow
Ridges: A Different Mechanism?

[44] Montési and Behn [2007] presented an ana-
lytical solution for mantle flow beneath an oblique
ridge, demonstrating that the thermal structure
and crustal thickness are controlled by the effec-
tive spreading rate. Using a simple relationship
(equation (1)) that estimates the lithospheric thick-
ness by calculating the depth‐corrected temperature
of plagioclase saturation, Montési and Behn [2007]
provide a correlation between the effective spread-
ing rate and the estimated lithospheric thickness,
predicting a permeability barrier that reaches depths
of ∼30 km at the slow/ultraslow transition. They
conclude that the transition from slow to ultraslow
spreading is related to a change in the efficiency of
vertical melt extraction due to reduced melt volume
and thicker lithosphere.

[45] At ultraslow spreading rates, however, the
high TBL thickness results in very low values of
(dM/dP)max independent of distance from axis,

indicating a weak crystallization front and preclud-
ing the development of a permeability barrier,
according to our model. The protracted crystalli-
zation history of migrating melts through the thick
TBL associated with slow to ultraslow spreading
rates may allow melt to be preferentially incor-
porated into the lithospheric mantle, explaining the
dearth of volcanism at ultraslow ridges [Chen,
1992; Cannat, 1996; Dick et al., 2003; Montési
and Behn, 2007]. The process of melt incorpora-
tion would refertilize the lithospheric peridotite,
which may lead to lithological heterogeneity, such
as observed in eclogite and pyroxenite veins
within alpine peridotite massifs and discussed by
Herzberg [2004]. Lizarralde et al. [2004] present
results from a seismic refraction survey describing
significant changes in mantle velocity gradient,
basement topography, and crustal thickness that
correspond closely with a change from slow to
ultraslow rates and are explained by variations in
melt extraction at the ridge. Due to the increased
effect of conductive cooling at the slower spreading
rates, more melt is retained within the mantle as a
gabbroic phase [Lizarralde et al., 2004]. Drouin
et al. [2010] present compositional and micro-
structural analysis of olivine‐rich troctolites from
the slow spreading Mid‐Atlantic Ridge (30°N) and
conclude that while there is a lack of volcanism
associated with the section, magmatic activity was
high, and that most of the melt may have been
trapped in the lithosphere. Additionally, the lack of
a permeability barrier may result in an increased
tendency for off‐axis volcanism to play a nontrivial
role in crustal accretion at ultraslow ridges. Standish
and Sims [2010] report effectively zero‐age lava
up to 10 km off axis at the ultraslow 9°E–25°E
section of the SWIR, implying widely dispersed
volcanism.

[46] Our model predicts that a transition from
focused to distributed volcanism accompanied by
lithospheric refertilization occurs for spreading
rates below U0 = 10 mm/yr. The transition was
defined at 10 mm/yr based on crustal thickness data
[Dick et al., 2003; Cannat et al., 2006] while
Montési and Behn [2007] selected 6.5 ± 0.3 mm/yr
based on the lack of continuous volcanism at
ultraslow spreading. In addition, stronger melt
focusing than predicted by our model must be in
effect to explain crustal thickness of slow ridges
(Figure 5). Melt focusing has been invoked to
explain geochemical systematics and crustal var-
iations at the SWIR 9°E–16°E area [Standish et al.,
2008]. To form a permeability barrier according to
our model requires a critical compaction length of
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at least 10 km, at the high end of published esti-
mates [Kelemen et al., 1997; Katz, 2008]. Thus, we
suspect that an alternative mode of melt focusing is
acting at slow and possibly ultraslow spreading
centers.

[47] While this study does not address any of these
mechanisms in details, we can propose several
possible hypotheses for the lateral focusing of melt
toward and along the axes of ultraslow spreading
ridges (Figure 7). We place particular emphasis on
the SWIR geometry, where geochemical enrich-

ments perhaps indicate a contribution from deeply
originating, low‐F melts from beneath amagmatic
segments to adjacent magmatic segments [Standish
et al., 2008].

[48] In the presence of a complex flow field, or if
the geometry of the ridge axis changes rapidly
[Cannat et al., 2006], melts trapped in the thick
TBL of ultraslow ridges at amagmatic segments
may become entrained with the solid flow field
spreading away from the axis and may become
subsequently eroded and incorporated into the

Figure 7. Cartoons showing potential alternative mechanisms for lateral melt transport beneath ultraslow spreading
ridges. Melt accumulation is represented by stronger shades of pink, and melt‐rock reactions are represented by strong
shades of yellow in Figure 7d (overlapping with the pink). (a) Melts from the ultraslow oblique segment freeze in the
lower lithosphere and advect away as heterogeneities (green arrow) until they may be incorporated in the melting
region of adjacent magmatic segment, where a faster effective spreading rate allows for a more extensive melting
region. (b) Melts from the edge of the melting region of an ultraslow oblique segment may become entrained in the
drainage network associated with an adjacent magmatic segment. (c) Melts freezing in the lithosphere release latent
heat, which erodes the TBL. (d) Melts react with surrounding solid rocks, increasing melt flux and retarding crystal-
lization. (e) Buoyancy‐driven flow at the spreading center brings hot material and erodes the TBL. The mechanisms in
Figures 7c–7e use local processes to retard crystallization to shallower depth where a melt impermeable boundary may
form, whereas the mechanisms in Figures 7a and 7b rely on mass transfer from one segment to another.
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melting region of the neighboring magmatic seg-
ment (Figure 7a), serving as mantle heterogeneities
and manifesting themselves at the ridge axis as
chemical enrichments [Cannat et al., 2008]. This
model can be tested in regions where short‐lived
changes in spreading geometry are associated with
crustal thickness differences, such as the eastern tip
of the SWIR [Cannat et al., 2006], as these chan-
ges in crustal thickness are most likely to remelt a
pocket of refertilized lithosphere. An alternative
possibility is that melts from the edges of the
amagmatic segments will become entrained in the
drainage network associated with the adjacent
magmatic segment (Figure 7b), resulting in periph-
eral enrichments. Melts that rise from the melting
region beneath the ultraslow spreading ridge may
freeze into the lower part of the lithosphere, releas-
ing latent heat and perturbing the thermal structure
and resulting in erosion of the TBL and a narrowing
of the depth interval over which crystallization
occurs (Figure 7c). The crystallization sequence
may be perturbed by assimilation of wall rock
(Figure 7d), which could increase crystallization
[Kelemen and Aharonov, 1998]. Melt‐rock reaction
has been documented at the slow to ultraslow
spreading SWIR [Seyler et al., 2007; Warren et al.,
2009; Warren and Shimizu, 2010] and at ophiolites
of inferred slow to ultraslow ridges [Müntener et al.,
2010]. Finally, diapiric instabilities (Figure 7e) are
expected to be more dominant at slower spreading
rate [Lin and Phipps Morgan, 1992], and may take
over as origin of focusing at ultraslow spreading
[Cannat et al., 2008], although they appear less
efficient than permeability barriers at focusing melt
at the slow spreading Mid‐Atlantic Ridge [Magde
and Sparks, 1997]. Diapiric instabilities, effects of
latent heat of crystallization, and melt‐rock reaction
would all delay crystallization, thin the TBL, and
increase the likelihood of development of a perme-
ability barrier.

5. Conclusions

[49] Spreading rate impacts the thermal structure
beneath the ridge, resulting in the possibility of
different crystallization behavior of vertically
migrating melts as a function of distance from the
axis. Permeability barriers may exist beneath slow
to fast spreading ridges (U0 ≥ 10 mm/yr), with the
lateral extent of the barrier from the axis generally
decreasing as spreading rate decreases. Despite the
wider extent, the shallower lithospheric slope seen
in faster spreading ridges may impede lateral
focusing of melt along the permeability barrier

compared to slower spreading ridges. Forming
permeability barriers at ultraslow spreading ridges
(U0 < 10 mm/yr) is more difficult, due to the thick
conductive lid and lack of a strong crystallization
front, leading to the suspicion that other mechan-
isms and feedback processes are required for lateral
melt focusing.
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