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ABSTRACT

Recent geochemical studies of MORB genesis suggest that at least some degree of chemical disequilibrium occurs during
the transport of magma to the surface. If disequilibrium transport does occur in the mantle, it would seem to preclude melt
being distributed in a porous network on grain boundaries that could rapidly re-equilibrate with the solid. The questions
remain however, as to how big a melt “channel” is required to produce disequilibrium and whether flow in such channels
would violate assumptions inherent in the equations of magma migration. Using a series of simple physical scaling -
arguments, we quantify the requirements for chemical disequilibrium and lay out the conditions for which the melt
migration equations are valid. These arguments show that a vein network with veins ~ 10 cm apart is sufficient to cause
significant disequilibrium. More precisely, these arguments show that to maintain equilibrium, the solid-state diffusion
coefficient would need to increase by 2—4 orders of magnitude for every order of magnitude increase in channel spacing.
Nevertheless, because the equations of magma migration are a macroscopic description of melt flow, they can readily
describe even large scale networks of melt channels. By demonstrating the fundamental scalings governing the chemistry and
motion of partial melts, these simple arguments show that, while the chemistry may be extremely sensitive to the microscopic

distribution of melt, our physical understanding of magma migration is robust.

1. Introduction

The chemical consequences of the separation
of magma from its solid residue is one of the least
understood processes in the generation and ex-
traction of partial melts. In particular, one of the
more surprising results of recent models of
MORB genesis [1,2] is that these models work
quite well without actually including the physics
of melt transport. Even with the unrealistic as-
sumption that the melt and matrix do not sepa-
rate as melting proceeds, these parameterizations
still can reproduce the volume and chemistry of
MORB to within measurement error by simply
mixing melts produced at all depths. Neverthe-
less, it seems reasonable that melts must separate
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rather efficiently to produce the oceanic crust.
These conflicting results suggest that either the
changes in composition and temperature due to
melt migration do not affect the thermodynamics
of melting—or that the melt separates in a man-
ner such that it does not interact with the solid
mantle it must pass through. This second sugges-
tion, that melt migration occurs in a state of at
least partial chemical disequilibrium, is also sup-
ported by trace element studies [3-5].

If disequilibrium transport does occur in the
mantle, it would seem to preclude melt being
distributed in a porous network on grain bound-
aries that could rapidly re-equilibrate with the
solid. The questions remain, however, as to how
big a melt “channel” is required to produce dis-
equilibrium and whether flow in such channels
would violate assumptions inherent in the equa-
tions for flow in deformable “porous media” used
by many workers [6—11] to study magma migra-
tion.
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The purpose of this paper is to develop a
better understanding of the fundamental scaling
relations that control the chemistry and flow of
partial melts. Through a series of simple scaling
arguments, we show that the presence of chemi-
cal equilibrium is extremely sensitive to the mi-
croscopic distribution of melt (a network of 1 mm
wide veins spaced only ~ 10 ¢cm apart is sufficient
to produce strong disequilibrium transport over
10-100 km). However, because the equations of
magma migration are a macroscopic description
of melt flow, they can readily describe even large
scale networks of melt channels and remain valid
over a wide range of parameters.

2. A simple scaling argument

Rather than solve the full set of non-linear
equations for coupled flow and diffusion (for this
see Kenyon [12]), it is often equally instructive to
develop a simple approximate solution that
demonstrates the fundamental scalings in the
problem. In the problem of transport and equili-
bration, the two competing processes are the
transport of chemistry by the melt and the diffu-
sion of chemical species in the solid. To maintain
equilibrium, the time it takes for a species to
diffuse through the solid between melt channels
must be short compared with the time required
for it to be carried out of the system by the melt.
Figure 1 shows a layer of depth L of an idealized
permeable medium of tubular melt channels each
separated by a distance d. As with all diffusion
problems, the characteristic time for a species to
diffuse between channels is of the order:

d2
Laige = _D_s (1)
where D, is the solid state diffusion coefficient.
Similarly, the time it takes to advect across the
entire layer is approximately:

L

Lagv = ;V— (2)
0

with w, being the melt velocity. The ratio of
these two times is the Peclet number:

2
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Fig. 1. Schematic diagram of a layer of depth L of an ideal
permeable medium consisting of a uniform network of tubes
spaced d apart. The basic requirement for chemical equilib-
rium is that the time it takes to diffuse through the solid
between the melt channels is small compared with the time it
takes to advect across the layer at melt velocity w,.

the dimensionless number that describes the rela-
tive contributions of diffusion and advection.

As long as the diffusion time is small com-
pared with the advection time, equilibrium can
be maintained. More complete analysis of advec-
tive—diffusive problems (e.g. [12,13]) shows that if
Pe <« 10, diffusion dominates and the melt can
rapidly equilibrate. If Pe > 10, disequilibrium re-
sults. If the Peclet number of the system of inter-
est can be estimated, it becomes straightforward
to determine whether equilibrium is likely. This
sort of scaling argument is not particularly new;
however, combining this result with the basic
understanding of melt migration yields additional
interesting results.

The principal unknown quantity in eq. 3 is the
appropriate value for the melt velocity. If the
medium is permeable and the flow of melt can be
described by Darcy’s law, then a reasonable ap-
proximation for the melt velocity is the percola-
tion velocity:

k, A
wo = ~2P8 (4)
ou

where k, is the permeability, Ap = p, — p; is the
density difference between solid and liquid, g is
the acceleration due to gravity, ¢ is the volume
fraction of melt present or porosity, and u is the
melt viscosity. Moreover, for a permeable system
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of interconnected melt channels, the permeability
takes the general form:
d2¢n
5
; )

This equation shows that the permeability de-
pends on the spacing of the channels, the volume
fraction of melt to some power n and a constant
b. Both n and b are affected by changing the
geometry of the permeable network. It should be
noted that eq. 5 does not assume a priori that the
channel spacing is equivalent to the grain diame-
ter (i.e. that d =a). Section 5 shows that the
equations for “porous flow” are quite general
and make no assumptions about the microscopic
geometry of melt distribution.

Substituting egs. 4 and 5 into eq. 3 gives the
Peclet number appropriate for flow in a perme-
able medium:

d)n—l Apgd“
"~ bulD,

ky=

Pe (6)
For a more intuitive understanding of this expres-
sion, we can assume marginal equilibrium (Pe =
10) and rearrange eq. 6 to show that the solid
state diffusivity must scale as:

D& > Ad* (7)

for the melt to remain in equilibrium with the
matrix. Here:

_ 9" Apg
10bu L

Inspection of eq. 7 shows immediately the ex-
treme sensitivity of chemical equilibrium to the
channel spacing. This equation states that to
maintain marginal equilibrium, the solid state
diffusivity must increase by four orders of magni-
tude for every order of magnitude increase in the
channel spacing. Assuming a layer depth of L =
50 km (i.e. roughly the depth of the partially
molten region at ridges) and using the parameters
given in Table 1, eq. 7 suggests that even a melt
network with 1 mm wide veins spaced 10 cm
apart requires D> 10712 m? s™! to maintain
equilibrium. This value should be compared to
estimates for the diffusion coefficient D, ~ 1074
— 107" m? s™! for cations such as Sr, Sm, and
Ca in olivine and clinopyroxene [14-16]. Of
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TABLE 1

Parameters used to calculate D$9 as a function of vein spac-
ing d

Variable Meaning Value Dimension
used

b constant in permeability 1000 none

g acceleration due to gravity 9.81 ms~?

L layer depth 5%10* m

n exponent in permeability 2 none

n melt shear viscosity 10 Pas

Pr density of melt 2800 kgm~3

Ps density of solid 3300 kgm™?

Ap =p,—p¢ 500 kgm™3

¢ porosity 0.01 none

course, the actual value of DS® will change with
different assumed parameters. Nevertheless, be-
cause of the strongly non-linear scaling of D (or
Pe) with d, even order of magnitude changes in
the value of A require only small changes in the
channel spacing to compensate.

3. A more refined calculation: constant flux

The strong d* scaling of the previous problem
has been noted before [17] and arises from the d?
dependence of the diffusion time (as noted by
[12]) and the d? dependence in the melt velocity.
This calculation, however, assumes implicitly that
the porosity remains constant as the channel
spacing changes. If this is the case, inspection of
€gs. 4 and 5 shows that the melt flux ¢w, will
also increase at constant porosity. Appendix A,
however, shows that for steady state melt extrac-
tion from the mantle, a more reasonable condi-
tion is that the local melt flux should remain
constant as the spacing changes. In steady state,
the melt flux at any point must equal the total
amount of melt produced up to that point, re-
gardless of the permeability structure. Figure 2
illustrates the difference between a simple per-
meable network that conserves porosity and one
that conserves flux.

If the flux g = ¢w, is held constant, egs. 4 and
5 can be rearranged to show that the porosity
must change with d as:

q[.Lb 1/n

Apgd?

(8)
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Fig. 2. Schematic diagram showing the difference between a

porous network that conserves porosity and one that con-

serves melt flux. (a) Initial porous network with channel

spacing d. (b) Network with spacing 24 and the same porosity

(volume fraction of melt) as (a). (c) Network with spacing 2d

and the same flux as (a). For a series of parallel tubes, the
melt flux is proportional to ¢2.

Substituting into eq. 6 yields the new equilibrium
requirement:

2An+1)
Df>Bd " (9)
with
g/ [ Apg 1"
p=1 ___|2°r8
10L bu

For the constant flux problem, the scaling rela-
tions of D¢ with channel spacing now depend on
the form of the permeability, in particular with n,
the degree of non-linearity between porosity and
permeability.

Estimates of n range from ~ 1-5 with more
usual estimates between n = 2-3[18,19]. For n =
1 [20], the problem reduces to the previous case
as the melt velocity becomes independent of
porosity. However, a value of n =1 also means
that the velocity of a trace element is independent
of how much melt is present. For this, and other,
reasons # =1 is a somewhat controversial value.
For a simple system of tubes, n =2 [21] and
Df%ad®. A series of planar channels or veins
gives n =3 (D% ad?’) and as n — », D% — d?.
While changing the value of the exponent #
changes the scaling relations, the effect of chang-
ing the channel spacing is still strongly non-lin-
ear. For n ~ 2-3, one order of magnitude change
in spacing still requires approximately 3 orders of
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magnitude change in diffusivity to maintain equi-
librium.

To evaluate eq. 9 for the mantle requires a
reasonable estimate of the melt flux g. Appendix
A gives a simple scaling argument for g based on
1-D steady state adiabatic melting and extraction
at ridges. This argument shows that a useful
estimate of the maximum steady state melt flux
beneath a ridge is:

psF WO

max

Imax o (10)
where W, is the upwelling rate of the mantle
beneath a ridge, and F,,, is the maximum degree
of partial melting on the ridge axis. F,,, should
not be confused with the maximum melt fraction
Pmax- These are the same only if the melt does
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Fig. 3. Constant flux calculation of diffusion coefficient re-
quired for marginal equilibrium (Pe =10) as a function of
channel spacing and permeability exponent n. For this plot,
Wy=35 cm/yr, F_,, =0.25. Other parameters are given in
Table 1. For a given exponent and actual diffusion coefficient,
D, the system will be in equilibrium if D> D$9. If D, plots
below the curve, disequilibrium is likely. The shaded area
shows the estimated range of diffusion coefficients for various
cations (Sr, Sm, Ca, Al) in olivine and clinopyroxene at
temperatures near 1300° C.
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not separate from the solid (i.e. batch melting).
Figure 3 shows the boundary between equilib-
rium and disequilibrium transport (D$%) for a
system upwelling at 5 cm /yr with F,_,, ~ 0.25 and
n=1-5. For n=2 and D,=10"" m? s}
marginal equilibrium is attained for a spacing of
only ~3 cm, i.e. even a porous system with 1 cm
between veins (or a 1 cm grain size) may show
some signs of disequilibrium.

While the Peclet number is clearly most sensi-
tive to the channel spacing, this solution can also
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Fig. 4. Calculation of diffusion coefficient required for
marginal equilibrium (Pe =10) as a function of n and the
height above the base of the melting region, conserved flux
solution. For this problem Wy=1 cm/yr, d=2 cm, F_, =
0.25 and n = 2-4. This problem uses the result of Appendix A
that the melt flux, g(z) increases linearly with height. For a
fixed value of n, larger values of the diffusion coefficient are
required to maintain chemical equilibrium as the flux in-
creases. Note also, that if melting is initially confined to
tubular channels on grain boundaries, but evolves to larger
spaced vein networks, then the actual profile of Df%(z) would
evolve from n =2, d ~1 mm-1 cm, to perhaps n=3,d ~1-10
cm. Thus, the increase in channel spacing would be offset by
the change in channel geometry. To understand this quantita-
tively, however, requires a proper physical mechanism to
explain the growth of channels.
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be used to assess the effect of changing other
important parameters. For example, Fig. 4 dem-
onstrates how to estimate the potential degree of
equilibrium existing in various regions in the
melting column. This figure uses the result of
Appendix A that the melt flux increases roughly
linearly with height above the base of the melting
zone and shows the value of D{%(z) required to
maintain equilibrium for a system with upwelling
velocity W, = 1cm/yr, d =2 cm, and F,,, = 0.25.
This figure shows that, depending on the parame-
ters, some regions of the mantle may record
equilibrium while others would show disequilib-
rium. This result is consistent with results from
uranium series disequilibrium [22]. It is also inter-
esting to note that, for a given channel spacing, a
permeable system of tubes (n =2) is more likely
to be in disequilibrium than a system of veins
(n =3). This may have interesting consequences
for chemical signals if the form of the permeabil-
ity changes with height. Most importantly this
figure shows how simplistic scaling arguments can
be used to estimate the behaviour of geologically
reasonable problems over a wide range of param-
eters.

4. Evaluating the scaling arguments: disequilib-
rium transport of trace elements

These simple scaling arguments suggest that
small changes in the distribution of melt can have
profound effects on the ability of the melt to
remain in equilibrium with the solid. These argu-
ments are, of course, no substitute for more com-
plete solutions of the equations governing dis-
equilibrium transport. Fortunately, such a solu-
tion has been recently derived for the special case
of a series of planar melt channels [12]. To
demonstrate that the basic physics underlying the
scaling arguments is sound, this section rewrites
the results of Kenyon [12] into a more compact
form for direct comparison with the scaling argu-
ments. This comparison also illustrates how sim-
plistic arguments can be useful for interpreting
the results of more complicated problems.

The disequilibrium transport problem posed in
Kenyon [12], is similar to Fig. 1 but with a planar
set of melt channels of width & separated by solid
walls of width d (in Kenyon [12], 4 is used in
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place of d). Because of the planar geometry, this
solution describes a system with permeability ex-
ponent n=3. A time periodic supply of trace
element is input at the base of the layer and trace
element concentration is calculated analytically
as a function of position and time in both the
fluid and the solid. As with the simple scaling
argument, the only two processes affecting trace
element evolution are horizontal diffusion in the
solid and vertical transport by the fluid with the
condition that the melt and solid are in local
equilibrium (c® = Kcf) at the boundary between
the two phases. The limited interaction with the
solid in this solution produces two important ef-
fects. First there is a “chromatographic” effect
where the velocity of the tracer slows with respect
to the melt velocity. Second, there is a damping
effect where non-equilibrium interaction with the
solid causes the amplitude of the trace element
signal to decay.

As shown in Kenyon [12], the principal mea-
sures of these two effects are the effective veloc-
ity:

dpsw

Veit = | Sprw + 24.D.p. K

Wy (11)
which is the velocity of the signal with respect to
the melt velocity w, and the damping length
scale (or e-folding distance):

dwop;

2T 24D p. K

(12)

which is the length scale over which the ampli-
tude of the signal is reduced by a factor of 1/e
(~037). Here o is the temporal frequency
(radians s~!) of the trace element signal. A; and
A, are functions of w, D, and d (see Kenyon
[12]) with dimensions m~!. These functions re-
flect the degree of solid/fluid interaction. K is
the bulk distribution coefficient.

For direct comparison to the scaling argu-
ments we can rewrite eqs. 11 and 12 as:

Wett 1 13
wo 1+K'A)(Pe’) (13)
z 1

- (14)

L KwAl(Pe)
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if we define

K- o(1-¢)K
pid

, oL

o = —
Wg

Pe' = Pew’
and
A(Pe')

_ [T [ sinh(yPe’/2) +sin(yPe'/2 )

V2P _sinhz(\/Pe’/S)+cosz(\/Pe’/8)
A.(Pe")

T [ sinh(yPe'/2) —sin(yPe'/2) |
2pPe’ | sinhz(\/Pe’/S ) + cos*(y/Pe’/8 ) ]

K' is the effective distribution coefficient which,
for low porosities, is principally the ratio of the
bulk distribution coefficient to the porosity ¢. w’
is the signal frequency normalized by the time it
takes the melt to cross the layer (i.e. ¢,4,, €q. 2).
For o’ < 1, temporal variations occur more slowly
than the advection time. ' >> 1 implies very rapid
trace element fluctuations. The basic scaling ar-
guments really consider only variations with o’ ~
1. Pe’ is the effective Peclet number for a trace
element variation with frequency o’.

Rewriting eqgs. 11 and 12 in this manner, makes
the parameters that control disequilibrium trans-
port more clear. For example, the effective trans-
port velocity, eq. 13, depends only on K’ and
Pe'. Figure 5 illustrates this relationship and
shows that the transition between equilibrium
and disequilibrium transport occurs at Pe’ = 10,
for all K’, as presumed in the scaling arguments.
For Pe’ < 10, the tracer velocity approaches the
equilibrium transport velocity 1/(1+ K’) in ac-
cordance with previous results [6,17]. Note the
velocity actually depends on K’, not just the
distribution coefficient. As disequilibrium be-
comes more important, the effective velocity ap-
proaches the melt velocity w,. However, unless
Pe’ is very large, some chromatographic effect is
expected.

The basic results of the scaling arguments are
readily seen in Fig. 5. In general, Pe’ is most
sensitive to the channel spacing d. This solution,
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Fig. 5. Effective velocity of a trace element as a function of
the effective Peclet number and effective partition coefficient
K’ (rescaled from the solution of Kenyon [12]). This figure
shows that for Pe’ < 10, variations in trace element concentra-
tion travel near the equilibrium effective velocity 1/(1+ K")
relative to the melt velocity. For Pe’ > 10, the effective veloc-
ity approaches the melt velocity. For the simple constant
porosity solution with fixed @’ =1, Pe’ a d* and therefore an
order of magnitude increase in channel spacing produces a 4
order of magnitude increase in Pe’.

however, also suggests that the frequency of trace
element variation will affect the ability to main-
tain equilibrium. For the simplest constant poros-
ity scaling argument we implicitly assumed that
variations were comparable to the advection time
(i.e. o ~1). For constant porosity and constant
w’, K’ remains constant with channel spacing
and Pe’ ad*. This result should be contrasted
with the solution presented in Kenyon {12] which
assumes constant angular frequency w, rather
than constant o'. In this case Pe’ a d?. For the
constant flux argument, K’ will generally in-
crease with increasing channel spacing (as ¢ de-
creases), and overall changes in the transport
velocity will be less pronounced. Nevertheless, if
for any circumstance K’ and Pe’' can be deter-
mined, the velocity and degree of equilibration
are readily estimated.

The behaviour of trace element damping is
somewhat more complicated than that of the
effective velocity. Equation 14 shows that the
damping length scale depends on three parame-
ters K', w’ and Pe’. Figure 6 shows contours of
K’'z,/L as a function of frequency and Peclet
number. In general, for a constant K’, strong
damping occurs when the damping length scale is

617

comparable or smaller than the layer depth (i.e.
z,/L <1). For z,/L > 1 damping is negligible.
Thus for K’'= 100, the contour labeled 100 in
Fig. 6 marks the boundary where damping be-
comes severe. The effect of changing w’ and Pe
on the damping length scale is also apparent but
is different in two separate regimes. In the equi-
librium transport regime (Pe’ < 10) an increase
in either frequency or Pe causes increased damp-
ing as the non-equilibrium interaction between
solid and liquid becomes more pronounced. For
Pe’ > 10, however, further increases in Pe cause
a decrease in damping as the tracer in the liquid
has a decreasing amount of interaction with the
solid. Thus it is possible that very rapid variations
in quite incompatible elements can be preserved
throughout the transport process, while more
compatible element variations can be damped

1000
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Pe
Fig. 6. Contours of the damping length scale (actually
K'z,/L) as a function of the Peclet number and scaled
frequency '. Severe damping occurs for z,/L <1. Thus the
dark shaded region is the region of significant damping for
trace elements with effective distribution coefficient K’ =1.
For K’=100, the field expands to include the lighter grey
region. The line marked Pe’ =10 marks the boundary be-
tween equilibrium and disequilibrium transport (see Fig. 5).
For Pe’ <10 an increase in Pe or frequency produces more
pronounced damping. For Pe’>> 10, however, the damping
length is constant for increasing Pe’ (more precisely for
constant Pe /w’), as the more rapid transport reduces the
interaction between solid and liquid.
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out. This damping behaviour is not apparent from
the simple scaling arguments but may be a signifi-
cant effect in the mantle.

While the more general behaviour of trace
elements is more complicated than suggested by
the simplest scaling arguments, the basic physics
of the scaling arguments is still valid. The two
principal processes governing chemical transport
are advection by the melt and diffusional ex-
change with the solid. The Peclet number is still
the most important parameter for determining
whether chemical equilibrium is achieved and the
Peclet number is extremely sensitive to small
changes in the distribution of melt.

5. The requirements for Darcy flow

The preceding arguments suggest that the abil-
ity to maintain chemical equilibrium depends
strongly on the spacing of the melt channels. The
question remains however, whether the presence
or absence of chemical equilibrium places any
strong constraints on the physics of melt trans-
port. This section clarifies the requirements for
which the equations governing flow in deformable
permeable media are valid, and shows that the
assumption that Darcy’s law is valid is justified
for a large range of geologically reasonable pa-
rameters.

The key to understanding the relationship be-
tween Darcy flow and chemical equilibrium is to
understand that Darcy’s law, and in fact the en-
tire system of equations governing flow in de-
formable permeable media, are macroscopic,
continuum equations that describe the flow of
melt averaged over many melt channels. Detailed
analysis of the governing equations [23,24] shows
that the principal assumptions inherent in these
equations are that the two-phase medium is vis-
cously deformable and permeable at some scale.
Clearly, these two conditions are required for
these equations to be consistent with mantle con-
vection and to allow the melt to separate from
the solid. These equations, however, make no
a-priori assumptions about the microscopic distri-
bution of melt channels and it is this feature that
allows Darcy’s law to be applicable to systems
ranging from flow in granular materials to flow in
large scale fracture networks.
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Considerable work has considered the condi-
tions under which Darcy’s law remains valid (e.g.
[21,25]). For flow in porous media with an inter-
connected series of melt channels, the principal
requirements are that melt flow within the chan-
nels is “laminar” and that variations in melt
content occur on a scale much larger than the
channel spacing. i.e. that there are a sufficient
number of channels in the region of interest so
that the averaging process is meaningful.

Laminar flow in porous media requires that
the flow of melt within the channels is sufficiently
slow to be dominated by viscous forces. The
Reynolds number appropriate for porous media:

_ piqd
n

e

(15)

is a measure of the ratio of inertial forces to
viscous forces. Bear [21] states that “In practically
all cases, Darcy’s law is valid as long as the
Reynolds number based on average grain diameter
does not exceed some value between 1 and 10.” For
Re < 10, the flux increases linearly with pressure
gradients. For larger Re there is a transition from
Darcy flow to a non-linear regime where inertial
forces become more important. Finally, for Re >
100-1000 the flow in the channels actually be-
comes turbulent.

Using eq. 10 for an estimate of the maximum
melt flux beneath ridges with F,, = 0.3, W,= 10
cm yr~' and the values of the other parameters
from Table 1 gives Re =3 X 10~ ’d where d is in
metres. Thus even with order of magnitude varia-
tions in the channel spacing or melting rate, the
melting rates beneath ridges are simply too slow
to produce a melt flux large enough for inertial
effects to become important. As laminar flow is
expected, the only additional way for Darcy’s law
to break down is for the channel spacing to be
comparable to the size of the region of melt
extraction. However, from the previous sections,
disequilibrium requires only a vein network with
channel spacings on the order of 10 cm to 1 m to
completely remove the melt from contact with the
solid residue. Consequently, even strong chemical
disequilibrium does not imply a violation of the
requirements for Darcy flow. Put another way,
the potential existence of chemical disequilibrium
may rule out a grain scale permeability for at
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least some regions of the mantie; however, the
overall description of how melt moves in a per-
meable medium remains the same.

6. Discussion

The purpose of the simple scaling arguments
given here is to clarify the fundamental scalings
inherent in the processes governing the chemistry
and motion of melts. These arguments show that
the presence or absence of chemical equilibrium
is extremely sensitive to the microscopic distribu-
tion of melt and solid. If disequilibrium transport
is responsible for the gross chemical signature of
mantle melts, it does not require unusually large
melt “channels” or dikes or extremely short ex-
traction times (i.e. weeks to years). Rather, these
arguments suggest that even a coarse vein net-
work with melts percolating at metres per year
can produce severe disequilibrium. Given the ex-
treme slowness of solid state diffusion, these re-
sults should not be that surprising. The second
point to stress is that these arguments are self-
consistent with the physics of flow in deformable
permeable media. Because the governing equa-
tions are macroscopic, continuum equations, they
are equally valid for vein networks as for a grain
scale permeability. If melt flow is dominated by
some form of vein network, then the constitutive
relationships between permeability and porosity
will change as may the matrix rheology. Neverthe-
less, as long as these constitutive relationships
can be formulated, they are readily accommo-
dated by the general form of the governing equa-
tions which only require that the two-phase sys-
tem is permeable and deformabile.

Of course, if melt flow is controlled by veins
rather than grains, then some mechanism is still
required to develop and maintain such channels
in the face of the homogenizing processes of
mantle convection and textural equilibration.
There must also be some mechanism for melt
migration from the four phase boundaries where
melt is produced to the channels. To date, there
has been only one mechanism proposed for de-
veloping a channeling instability. Using the equa-
tions for flow in deformable porous media,
Stevenson [26] suggests that if the mantle is de-
forming and the crystalline matrix is porosity soft-
ening, then high porosity channels can develop
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oriented parallel to the principal stress axis. How-
ever, this rather intriguing solution has only been
demonstrated for initial infinitesimal perturba-
tions within a fairly restricted geometry and it
still needs to be shown for the fully deforming,
non-linear case.

Finally, while disequilibrium transport is rea-
sonable for the earth, we still have little under-
standing of the simplest equilibrium transport in
physically consistent mantle flows. While most
geochemical models assume some degree of equi-
libration these models do not yet include the
physics of melt transport. It is possible, therefore,
that at least some of the observed geochemical
variations that have been attributed to disequilib-
rium may actually be explained using proper mass
conservative transport solutions. Fortunately,
given our better physical understanding of magma
migration, including the behaviour of trace ele-
ments in equilibrium or complete disequilibrium
is straightforward. While there is much work to
be done, the tools are now available. Using a
robust macroscopic description of the physics of
magma migration, coupled with a theory govern-
ing both equilibrium and disequilibrium chem-
istry, we now have the opportunity to develop a
more quantitative and testable theory of chemical
transport in the mantle.
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Appendix A: Estimating steady flux beneath ridges

Steady state conservation of mass for the melt
flux is governed by:

Vepepv="r (16)

where I' is the melting rate and q = ¢v is the
volume flux of melt. If melting at ridges is ap-
proximately adiabatic then the melting rate is
roughly proportional to the upwelling rate of the
solid mantle. Thus a good approximation to the
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melting rate is:

psF WO

max

3 (17)

where W, is the upwelling rate, F,_,, is the maxi-
mum degree of melting on axis and L is the
depth of the melting zone. Substituting eq. 17
into eq. 16, assuming a roughly 1-D regime di-
rectly beneath the ridge axis and integrating
yields:

psFmaxu/()Z

a(z) = piL

(18)

i.e. the melt flux increases linearly with height
and is independent of the permeability k.
Clearly, the maximum flux is q,,,, = q(L).

References

1 EM. Klein and C.H. Langmuir, Global correlations of
ocean ridge basalt chemistry with axial depth and crustal
thickness, J. Geophys. Res. 92, 8089-8115, 1987.

2 D. McKenzie and M.J. Bickle, The volume and composi-
tion of melt generated by extension of the lithosphere, J.
Petrol. 29, 625-679, 1988.

3 B. Salters and S. Hart, The hafnium paradox and the role
of garnet in the source of mid-ocean ridge basalts, Nature
342, 420-422, 1989.

4 K. Johnson, H. Dick and N. Shimizu, Melting in the
oceanic upper mantle: An ion microprobe study of diop-
sides in abyssal peridotites, J. Geophys. Res. 95, 2661-
2678, 1990.

5 D. McKenzie and R.K. O’Nions, Partial melt distributions
from -inversion of rare earth element concentrations, J.
Petrol. 32, 1021-1091, 1991.

6 D. McKenzie, The generation and compaction of partially
molten rock, J. Petrol. 25, 713-765, 1984.

7 N. Ribe, The deformation and compaction of partially
molten zones, Geophys. J. R. Astron. Soc. 83, 137-152,
1985.

8 F.M. Richter and D. McKenzie, Dynamical models for
melt segregation from a deformable matrix, J. Geol. 92,
729-740, 1984.

M. SPIEGELMAN AND P. KENYON

9 D. Scott and D. Stevenson, Magma solitons, Geophys.
Res. Lett. 11, 1161-1164, 1984.

10 D. Scott and D. Stevenson, Magma ascent by porous flow,
J. Geophys. Res. 91, 9283-9296, 1986.

11 M. Spiegelman and D. McKenzie, Simple 2-D models for
melt extraction at mid-ocean ridges and island arcs, Earth
Planet. Sci. Lett. 83, 137-152, 1987.

12 P. Kenyon, Trace element and isotopic effects arising from
magma migration beneath mid-ocean ridges, Earth Planet.
Sci. Lett. 101, 367-378, 1990.

13 M. Bickle and D. McKenzie, The transport of heat and
matter by fluids during metamorphism, Contrib. Mineral.
Petrol. 95, 384-392, 1987.

14 R. Freer, Diffusion in silicate minerals and glasses: a data
digest and guide to the literature, Contrib. Mineral. Petrol.
76, 440-454, 1981.

15 A.J. Jurewicz and E.B. Watson, Cations in olivine, Part 2:
Diffusion in olivine xenocrysts, with applications to petrol-
ogy and mineral physics, Contrib. Mineral. Petrol. 99,
186-201, 1988.

16 M. Sneeringer, S. Hart and N. Shimizu, Strontium and
samarium diffusion in diopside, Geochim. Cosmochim.
Acta 48, 1589-1608, 1984.

17 O. Navon and E. Stolper, Geochemical consequences of
melt percolation: the upper mantle as a chromatographic
column, J. Geol. 95, 285-307, 1987.

18 M. Cheadle, Properties of texturally equilibrated two-phase
aggregates, Ph.D. Thesis, Univ. Cambridge, 1989.

19 N. Von Bargen and H. Waff, Wetting of enstatite by
basaltic melt at 1350° C and 1-25 GPa pressure, J. Geo-
phys. Res. 93, 1153-1158, 1988.

20 G.N. Riley and D.L. Kohlstedt, Kinetics of melt migration
in upper mantle-types rocks, Earth Planet. Sci. Lett. 105,
500-521, 1991.

21 J. Bear, Dynamics of Fluids in Porous Media, Dover, New
York, 1988.

22 D. McKenzie, 29Th-28U disequilibrium and the melting
process beneath ridge axes, Earth Planet. Sci. Lett. 74,
81-91, 1985.

23 M. Spiegelman, Flow in deformable porous media I: sim-
ple analysis, J. Fluid Mech. submitted, 1991.

24 M. Spiegelman, Flow in deformable porous media II:
Numerical analysis—the relationship between shock waves
and solitary waves, J. Fluid Mech. submitted, 1991.

25 A.E. Scheidegger, The Physics of Flow Through Porous
Media, Univ. Toronto Press, Toronto, 1974.

26 D. Stevenson, Spontaneous small-scale melt segregation in
partial melts undergoing deformation, Geophys. Res. Lett.
9, 1067-1070, 1989.



