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Abstract
We present a melt percolation model incorporating finite solid diffusion to provide a quantitative constraint on how
melt migrates through the oceanic lower crust at fast-spreading ridge axes. The lower crustal, layered gabbro in the
Oman ophiolite, which was formed at a fast-spreading ridge, shows correlated variations in primary mineral compositions
with a vertical wavelength less than 100–200 m. Possible effects of porous melt flow on these compositional variations
are considered. The results of our numerical modeling indicate that melt transport by porous flow must be less than a
few percent of the total incoming melt flux from the sub-ridge mantle, in order to preserve the observed correlations
between different mineral compositions. It is also shown that rapid damping of compositional variations due to finite solid
diffusion is likely, further reducing the potential role of porous flow melt transport. The dominant mode of melt migration
through the oceanic lower crust must be more focused than pervasive porous flow, such as ascent in melt-filled fractures.
 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction
While studies of mid-ocean ridges during the
past decade have dramatically improved our understanding of the genesis of the oceanic crust, the
mechanism of formation of the oceanic lower crust
is still elusive. Though mid-crustal, axial magma
chambers are common at fast-spreading ridges (e.g.
[1]), magma transport from the mantle to the magma
chamber is not fully understood. Though this is unŁ Corresponding
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certain, a significant part of the lower crustal gabbro
is believed to be modally layered on the basis of
ophiolite studies. In this paper, we show that mineral
chemistry of layered gabbro in the Oman ophiolite
provides a strong constraint on the mode of melt
migration through the lower crust.
The layered gabbro in the Oman ophiolite is
thought to have formed at a fast-spreading ridge
[2,3]. The origin of the layering has been controversial. The layered gabbro was once considered to represent basal crystallization at a huge magma chamber
occupying almost the whole axial lower crust, with a
lateral extent of >10 km [4–6]. This model was later
rejected based on seismic evidence for a small-scale
magma chamber beneath mid-ocean ridges (<100 m
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thick and <2 km wide) (e.g. [7–9]), and a new class
of model for crustal genesis has been advocated in
which the lower crust is filled by downward ductile
flow of gabbro crystallized in the mid-crustal magma
chamber [10–12]. Although the ductile flow models
attribute some of the layering in the lower gabbro
to strong shear strain resulting from flow deflection
near the base of crust, most or all of the observed
layering is modal, not mechanical. In the context of
the ductile flow model, therefore, the modal layering
should originate in some crystallization processes
within the magma chamber.
One difficulty of the ductile flow model is that it
predicts extreme shear strain near the base of crust
though such strong strain is not observed in the
layered gabbros. Lubrication by interconnected melt
along grain boundaries may enable strong shear deformation without substantial intragrain deformation
[13]; at the same time, melt migration within the
lower crust must take place as diffuse porous flow.
The oceanic lower crust at fast spreading ridges is
characterized by a relatively low seismic velocity
[14,15] and high seismic attenuation [16], both of
which probably indicate the existence of partial melt.
Thus, diffuse porous flow may be realistic if partial
melt is interconnected.
The Oman lower crustal gabbro shows not only
modal layering but also compositional variations
within olivine, clinopyroxene, and plagioclase [6].
The observed variations are correlated within and between mineral phases (Fig. 1). The compositional
variations in the lower crustal gabbros must have
been a primary signature imprinted upon crystallization, not a result of secondary reactions involving
trapped liquid, because no significant crystal zoning
is observed within all minerals, including plagioclase
whose diffusion rates are extremely slow [17,18].
Therefore, the formation of the compositional variations must have been coeval with crystallization of the
primary minerals and formation of the modal layering. Any crustal genesis model must be able to explain
the preservation of the compositional variations as
well as the formation of the modal layering. A corollary of the ductile flow model would be that modally
layered gabbro with compositional variations crystallizes from the magma chamber, and that it flows
downward interacting with a melt phase pervasively
migrating along grain boundaries. If melt percolated

through the layered gabbro, however, the observed
correlations between mineral compositions might be
destroyed by the chromatographic effect of porous
flow. Assuming instantaneous local equilibrium between the melt and the solid matrix, the advection
velocity for the concentration of a certain element
may be expressed as [19]:
we D Fw
where w is the melt advection velocity, and

½ 1
1  ²s
FD
K C1
:
 ²f

(1)

(2)

, ² s , ² f , and K are the porosity, the densities of the
solid and the melt, and the solid=melt partition coefficient, respectively. The concentrations of chemical
species with different partition coefficients migrate
at different velocities.
The incoming melt flux at the Moho .w/ can be
estimated from the crustal production rate as [20]:
w D

HC V
;
WV 

(3)

with the duration time of melt migration of
WV =.2V /, where HC , V , WV , and  are crustal
thickness, full spreading rate, width of the neovolcanic zone, and the volume proportion of melt
transport conduits within mantle peridotite, respectively. Assuming that melt migration is distributed
within a 2-km-wide neovolcanic zone (i.e.  D 1
and WV D 2 ð 103 m), the melt flux is on the order of 10 8 m=s during 2 ð 104 years, for a half
spreading rate of 1:6 ð 10 9 m=s (or 50 mm=yr) and
6-km-thick crust. Incompatible elements (e.g. Mn in
olivine) would migrate more rapidly than compatible elements (e.g. Ni in olivine), and the difference
between the migrated distances would become more
pronounced as time proceeds. Assuming instantaneous local equilibrium, a differential distance of
migration for an incompatible element (K D 0:5)
and a compatible element (K D 5) is calculated as a
function of time (Fig. 2a). Since the observed compositional variations have a characteristic wavelength
less than or equal to 100–200 m, correlated chemical variations would be obscured if the differential
distance exceeds ¾100 m (Fig. 2b). For a plausible
duration of melt migration (¾104 yr), therefore, the
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Fig. 1. (a) Compositional variations in Oman layered gabbro are plotted as a function of stratigraphic height. Data are taken from [6,31].
(b) NiO in olivine, MnO in olivine, molar Ca=(Ca C Na) in plagioclase (‘An’), and molar Cr=(Cr C Al) in clinopyroxene are plotted as a
function of molar Mg=(Mg C Fe) in olivine (‘Fo’). Also, MnO in olivine and clinopyroxene are plotted as a function of NiO in olivine.
All fits are exponential curves except for An vs. Fo and MnO in olivine vs. Fo, which are linear.
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The above argument, however, may depend on
the validity of the assumption of instantaneous local
equilibrium between the melt and the solid. For example, the solid diffusion time scale for an olivine
grain with a radius of 2 mm is approximately 100
years at 1200ºC (e.g. [21]), which may not be treated
as ‘instantaneous’ for a certain range of melt advection time scales. To investigate this, it is necessary to solve a more complete set of diffusion–
advection equations that include the effect of solid
diffusion within porous media. Although similar sets
of equations have been studied by other authors (e.g.
[22–29]), our primary interest is to illuminate the
effect of melt percolation on pre-existing chemical
variations in solid concentrations, with finite solid
diffusion rates.

2. Model formulation
For one-dimensional melt percolation through
porous media with cylindrical symmetry (Fig. 4),
mass conservation of an element in the melt may be
expressed as (e.g. [22,27]):
þ
@Cf
2.1 /²s
@Cr þþ
@Cf
Cw
D
Ds
(4)
@t
@z
R²f
@r þrDR
D
Fig. 2. (a) Differential distance of migration .∆d/ between compatible .K D 5/ and incompatible .K D 0:5/ elements is plotted
as a function of time. Melt flux w of 10 8 m=s corresponds
to the estimated incoming melt flux from the mantle beneath a
fast-spreading ridge axis. From Fig. 1, it is necessary that correlated chemical variations on the scale of 100 m be preserved
over times of at least 104 years. (b) Effect of differential distance on the correlation between the NiO and MnO contents of
olivine. To simulate this effect, NiO and MnO contents are first
interpolated at 20-m intervals (shown as open triangles) from the
original data (shown as solid circles). Then the interpolated NiO
and MnO profiles are shifted by 20, 100, and 200 m, assuming
periodic boundaries at the top and bottom. The correlation between NiO and MnO drastically deteriorates as the differential
distance increases.

melt flux by porous flow must be less than 10 10
m=s (<1% of incoming melt flux) to preserve the
observed correlations (Figs. 2 and 3).

2.1 /²s @
R 2 ²f @t

Z

R

Cr r dr

(5)

0

and mass conservation of an element within the
stationary solid matrix (0  r  R) may be written
as:

 2
@ Cr
@Cr
1 @Cr
(6)
C
D Ds
@t
@r 2
r @r
where Cf and Cr are the concentrations by weight of
an element in the melt and the solid, respectively, R
is the grain radius, and Ds is the solid diffusion rate.
Chemical diffusion in the z-direction is neglected for
both the melt and the solid phases because diffusion
in the z-direction through the melt and the solid is
insignificant for the time scale and wavelengths of
interest (e.g. [20]). Eq. 5 instead of Eq. 4 is used
for our calculation because the numerical evaluation
of the integral is more accurate than the evaluation
of @Cr =@r at r D R [22]. Chemical equilibrium is
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assumed to be attained at the melt=solid interface:
Cr .t; z; R/ D K Cf .t; z/:

(7)

We employ a Gaussian-type initial concentration
profile in the melt, i.e.
"
Ð2 #
z 23 ½
(8)
Cf .0; z/ D exp
Ð2
1
½
3
to represent a variation with a wavelength of ½. The
Fig. 4. A one-dimensional melt percolation model.  D porosity;
² s D density of solid; ² f D densities of melt; C r D concentration
of an element in solid; C f D concentration of an element in melt;
w D melt advection velocity; R D the representative size of solid
grains in the r-direction.

solid matrix is at local equilibrium with the melt at
t D 0, i.e.
Cr .0; z; r / D K Cf .0; z/:

(9)

Other boundary conditions include
þ
@Cr .t; z; r / þþ
D0
þ
@r
rD0
due to cylindrical symmetry, and

(10)

Cr .t; 0; r / D K exp. 4/

(11)

to match the initial condition (Eq. 8) at the base of
the model.

Fig. 3. A more quantitative demonstration of the chromatographic effect on correlated compositional variations. (a) Melt
migration distance as a function of time for different total incoming melt fluxes. For full melt flux (10 8 m=s), total melt
migration distance can be as large as 106 m. (b) Correlation
matrix for Mn, Ni, and molar Mg=(Mg C Fe) in olivine (denoted
as Fo), Mn in cpx (Mn0 ), and molar Ca=(Ca C Na) in plagioclase (An), calculated at different melt migration distances. Bulk
partition coefficients for different chemical species are estimated
using the average volume or weight proportion of the primary
minerals reported by Browning [31] and partition coefficients
appropriate for 1200ºC and 2 kbar [34–36]. Using 2% porosity,
F in Eq. 2 is then calculated as FMn D 0:039, FNi D 0:005,
FFe D 0:060, and FMg D 0:017. We do not migrate plagioclase
composition at all, considering its extremely slow solid diffusion
[17,18]. As in Fig. 2b, periodic boundaries are used at the top
and bottom, and concentration profiles are resampled every 20 m
to calculate correlation coefficients. Spearman’s non-parametric
correlation coefficients are calculated instead of linear correlation
coefficients, because the former provide a more robust estimate
of correlation for noisy data (e.g. [37]).
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The above equations are normalized with
t
z
r
I z0 D I r 0 D I
t0 D
H =w
H
R
(12)
Cr
Cf
Cr0 D
I Cf0 D
Cs0
Cf0
where H is a vertical dimension of the percolation
system (set as H D 3½), and Cs0 and Cf0 are the
initial concentrations in the solid and the melt, which
are at equilibrium as Cs0 D K Cf0 . After dropping
primes, the non-dimensionalized equations are
Z 1
@Cf
@Cf
@
C
D 2K e
Cr r dr
(13)
@t
@z
@t 0
 2

@ Cr
1 @Cr
@Cr
D Da
(14)
C
@t
@r 2
r @r
with the following boundary and initial conditions:

The above formulation is only an approximation
for melt percolation through porous media composed of several different minerals. To precisely
model melt percolation through a mineral aggregate, such as gabbro, mass conservation in the melt
must describe mass transfer between melt and multiple solid phases. In addition, mass conservation
within the solid matrix needs to be described by a
set of multiple solid diffusion equations. Since all
grain boundaries are assumed to be lubricated with
the melt phase, however, the fastest solid diffusion
among different minerals dominates the mass transfer between the melt and the solid. Diffusion rates in
olivine are, in general, more than an order of magnitude larger than diffusion rates in clinopyroxene
and plagioclase (e.g. [21]). For the case of Ni or Mn
diffusion, for example, Eq. 13 is approximately valid
if K e is properly scaled to reflect olivine mass proportion (i.e. 12% for the Oman layered gabbro [31]),
and the diffusion process in solid can be described
by Eq. 14 using diffusion rates in olivine.

Cr .t; z; R/ D Cf .t; z/
þ
@Cr .t; z; r / þþ
D0
þ
@r
rD0

(15)

Cr .t; 0; r / D exp. 4/

(17)

3. Results

(18)

Since we are interested in possible migration of a
compositional variation with a wavelength of ¾100
m, the vertical dimension of the system is set as 300
m, sufficiently long to observe the chemical advection and diffusion of an initial 100-m-wide Gaussiantype concentration profile. The grain radius is set at 2
mm, a characteristic grain size reported by Browning
[6]. Possible ranges of the controlling parameters,
K e and Da, are then estimated for diffusion in olivine
and plagioclase, and K e is varied from 10 1 to 103
and Da from 10 5 to 103 (Fig. 5).
Three distinct behaviors of the system are identified for different combinations of K e and Da. To
illustrate them, examples of the results of numerical
calculations are shown in Fig. 6 for the cases of Da
D 10 2 , 1, and 102 , all with K e D 1. For rapid solid
diffusion (Da D 102 ; Fig. 6a), instantaneous local
equilibrium is almost achieved; the solid concentration profile simply follows the analytical solution of
Eq. 1. For slow solid diffusion (Da D 10 2 ; Fig. 6b),
the solid concentration only follows the advecting
melt composition at the crystal=liquid interface, and
zoning in the grains gradually develops as time pro-

Cf .0; z/ D exp

ð

.9z

Cr .0; z; r / D Cf .0; z/

(16)

2/2

Ł

(19)

where
Ke D

1

 ²s
K
 ²f

(20)

−ma
H =w
D 2
:
(21)
−sd
R =Ds
K e is the effective partition coefficient, Da is the
diffusion-controlled Damkohler number, and −ma and
−sd are the melt advection time scale and the solid
diffusion time scale, respectively. The Damkohler
number generally measures the relative importance
of solid–liquid reaction to fluid advection. In this
problem, the reaction rate is controlled by solid
diffusion. We further applied a Boussinesq-type approximation and omitted the ²s =²f term in Eq. 20.
The above set of equations are solved numerically
using the Crank–Nicolson algorithm (e.g. [30]). The
grid sizes are 0.01 for the z-direction and 0.02 for
the r -direction.

Da D
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Fig. 5. (a) Effective partition coefficient K e (Eq. 20) for two
porosities ( D 0.01 and 0.1) is plotted as a function of partition coefficient. (b) Diffusion-controlled Damkohler number (Da;
Eq. 21) is plotted as a function of melt flux, w. Grain radius
R and system dimension H are fixed as 2 mm and 300 m,
respectively, and matrix porosity is fixed as 0.01 (solid line)
or 0.1 (dashed line). A solid diffusion rate of 10 15 m2 =s corresponds to Ni diffusion or Fe–Mg interdiffusion in olivine at
1200ºC [21], and solid diffusion rate of 10 19 m2 =s corresponds
to NaSi–CaAl interdiffusion in plagioclase under H2 O saturated
conditions [18]. Solid diffusion in plagioclase would be much
slower (e.g. 10 21 m2 =s) under dry conditions [17].

ceeds. When the melt advection time scale is equal
to the solid diffusion time scale (Da D 1; Fig. 6c),
although solid concentration can migrate as fast as
the analytical solution predicts, rapid damping of the
initial variation in concentration in the z-direction
is observed. This is because the diffusion response
of the solid phase to the melt advection is not fast
enough to avoid the development of a concentration
gradient within a grain.
The results of numerical calculations are summarized in Fig. 7. The grain-average migration rate
of solid concentration is compared to the analytical
solution from Eq. 1, and the percentage difference
of these two migration rates is plotted as a function
of Da (Fig. 7a). For Da ½ 1, solid concentration
can migrate as fast as the analytical solution pre-

Fig. 6. Examples of numerical calculations are shown for K e D
1. Thick curve at r D 1 denotes the analytical solution by Eq. 1.
(a) A case of rapid solid diffusion; Da D 102 . (b) A case of
slow solid diffusion; Da D 10 2 . (c) A case of intermediate solid
diffusion; Da D 1.

dicts. The percentage delay is less than 50% for a
range of Da applicable to diffusion in olivine. On the
other hand, the plagioclase composition can hardly
migrate because of slow diffusion rates (Da < 10 2 ).

8

J. Korenaga, P.B. Kelemen / Earth and Planetary Science Letters 156 (1998) 1–11

Fig. 7. (a) Grain-average percentage delay with respect to the
analytical solution (Eq. 1) is plotted as a function of Da. (b)
e-folding time scale, of chemical variation normalized to solid
diffusion time scale .−sd /, is plotted as a function of effective Da
(see text).

A damping time scale, or e-folding time scale (over
which the amplitude of compositional variation decreases by 1=e), is plotted as a function of effective
Da (defined as Da=F or Da.K e C 1//, which is the
chemical advection time scale (−ma =F; as predicted
by Eq. 1) scaled by the solid diffusion time scale
(Fig. 7b). When the chemical advection time scale is
of the same order of the solid diffusion time scale,
the e-folding time scale is close to the solid diffusion time scale and the amplitude of compositional
variation decreases most rapidly.
It is interesting to note a close relationship between our modeling results and the analytic solution
of a similar advection–diffusion problem [24,26].
Kenyon [24] and Spiegelman and Kenyon [26] considered the effect of solid diffusion on time-varying
chemical concentration of melt influx. The principal
difference from our model is the initial and boundary
conditions employed; whereas we are interested in
the fate of pre-existing variations in solid concentration, they considered the fate of input variations in
melt concentration. The model equations are essentially the same; the system is defined by the same
two non-dimensional numbers, K e and Da, which

Fig. 8. (a) Effective Da plotted as a function of melt flux, w, with a range of porosity from 0.01 to 0.1, and with K D 0:1 (scaled to
reflect about 10% weight proportion of olivine) and Ds D 10 16 m2 =s corresponding to Mn diffusion in olivine. (b) Effect of damping
due to solid diffusion on the MnO content of olivine when effective Da is larger than 10 1 and lower than 10. The damping time scale is
¾1300 years for Mn. The average value of compositional variation is used as the equilibrium concentration (shown as dashed line), and
the initial deviation from the equilibrium concentration decreases as exp. t=−e / where −e is the damping time scale. The blocky nature
of the concentration profile even after damping reflects our point-wise damping calculation; because of the limited number of data points,
we do not consider possible vertical blurring of variation. After 2000 years of melt migration, vertical variation of the MnO content in
olivine would be hardly detectable.
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Fig. 9. Schematic drawings for recently proposed crustal models. (a) Ductile flow model in its simplest form (e.g. [10–12,38]). Ductile
flow down and outward from a mid-crustal axial magma chamber constructs the lower crust. (b) Ductile flow model incorporating a basal
sill (e.g. [39]). (c) Hybrid ductile flow model with on- and off-axis sill intrusions (e.g. [40]). (d) ‘Sheeted sill’ model with melt transport
by hydrofracture and in situ emplacement of the lower crust by on-axis sill intrusions (e.g. [32,33,41]).

are denoted by [26] as K 0 and 1=Pe, respectively.
Therefore, our results share the key behaviors of
the system with their solution; for example, the
transition from the equilibrium (i.e. zero percent
delay) to the disequilibrium behavior of the system
occurs around Da of 0.1–1 (compare our Fig. 7a with
fig. 5 of [26]).

4. Discussion and conclusion
Since diffusion in olivine at 1200ºC is well characterized by Da > 10 1 for a reasonable range
of melt advection time scales (Fig. 5b), the differential distances of migration between compatible
and incompatible elements are likely to be similar to the analytical prediction in Fig. 2. Therefore,
the previous argument based on instantaneous local
equilibrium is still valid; melt transport through the
oceanic lower crust by pervasive porous flow cannot

be greater than a few percent of the total incoming melt flux to preserve the observed correlations
between compositional variations in olivine.
The effective Da is plotted as a function of melt
flux for Mn diffusion in olivine (Fig. 8). For a melt
flux larger than 1% of the total melt flux through
the oceanic lower crust, it is likely that the effective
Da has a value close to 1. Therefore, damping of
the amplitude of chemical variation takes place, on
the time scale of solid diffusion. We note that, for a
long-wavelength compositional variation such as is
observed in the Oman layered gabbros, damping due
to solid diffusion can take place much faster than
the damping due to diffusion through the porous
melt phase. To avoid the rapid damping of observed
compositional variations, the contribution of porous
flow to the melt transport has to be lower than 1%
of the incoming flux, as required by preservation of
correlated compositional variations.
Since we have assumed that all grain boundaries
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are lubricated by melt phase, the observed grain size
of ¾2 mm controls the solid diffusion time scale,
and thus the Damkohler number. The Damkohler
number depends on grain size as R 2 (Eq. 21), and
larger grain size or wider channel spacing is another
way to preserve correlated compositional variations.
The modeling result suggests that approximately 100
times larger channel spacing (¾20 cm) would not
destroy the correlation even with fast solid diffusion (10 15 m2 =s) at the full melt flux of 10 8 m=s
(Fig. 7a). For a mineral aggregate separated by such
melt channels, the solid diffusion rate would be dominated by the slowest diffusion rate among different
minerals, and therefore the destruction of correlation
between different mineral compositions due to melt
migration would be unlikely.
In summary, the results of this numerical experiment substantiate the results of our initial, analytical
calculation with instantaneous local equilibrium; not
only the correlated compositional variations, but also
the existence of the variations themselves are strong
evidence against diffuse porous flow of all melt from
the mantle through the oceanic lower crust. The ductile flow models for oceanic lower crust formation
(Fig. 9a–c) seem to require intercrystalline lubrication by an interconnected melt phase, and thus
pervasive reaction with lower crust would be unavoidable for incoming melt. One may argue that the
observed compositional variations could result from
later, off-axis sill intrusion (Fig. 9c). This model
is, however, inconsistent with seismic observations
that support focus crustal accretion within a narrow
(2–3 km) neovolcanic zone [1]. In addition, such
off-axis, lower-crustal intrusions, located outside the
high seismic attenuation zone [16], would probably
have been observed by seismic reflection experiments. The formation mechanism of the lower crust,
therefore, must incorporate more focused melt transport, such as the hydrofracture model proposed by
Kelemen and his co-workers (Fig. 9d) [32,33].
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