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Abstract

We have developed a numerical model to investigate the importance of diffusive chemical fractionation during
production and transport of melt in Earth’s upper mantle. The model incorporates new experimental data on the
diffusion rates of rare earth elements (REE) in high-Ca pyroxene [Van Orman et al., Contrib. Mineral. Petrol. 141
(2001) 687-703] and pyrope garnet [Van Orman et al., Contrib. Mineral. Petrol., in press], including the dependence
of diffusivity on temperature, pressure and ionic radius. We find that diffusion exerts an important control on REE
fractionation under conditions typical of melting beneath slow spreading centers, provided that grain radii are ~0.5
mm or greater. When partitioning is diffusion-limited, REE are fractionated less efficiently than under equilibrium
conditions, and this effect becomes more pronounced as the melting rate, grain size, and efficiency of melt segregation
increase. Data for the light REE in abyssal peridotite clinopyroxene (cpx) grains from the slow spreading America—
Antarctic and Southwest Indian ridge systems are better explained by melting models that allow for diffusive
exchange than by models that assume complete solid-—melt equilibration. The data are best fit by models in which the
initial cpx grain radii are ~2-3 mm and melt extraction is very efficient (near fractional). Diffusion is likely to play a
strong role in REE fractionation during intergranular melt transport in the upper mantle. Complete equilibrium
between solid and melt requires very sluggish melt transport, with ascent rates on the order of a few centimeters per
year. Complete disequilibrium, on the other hand, requires rapid transport (>30 m yr—') through a permeable
network with channel spacing considerably larger than the grain size. Diffusive fractionation during percolation
through depleted spinel peridotite can lead to a wide variety of REE patterns in the melt, depending on the porosity
and channel spacing of the melt network. These include ultra-depleted patterns when the porosity is very small
(< 0.005 for an intergranular network with 2 mm grain radii) and patterns of relative LREE enrichment at moderate
porosity (0.02-0.03). © 2002 Elsevier Science B.V. All rights reserved.
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traction. To interpret this information it is neces-
sary to understand how elements are redistributed
as melt is produced and transported to the sur-
face. A common assumption in chemical fraction-
ation models is that melting takes place under
conditions of local chemical equilibrium. How-
ever, it is well known that melt can move rapidly
to the surface shortly after it is produced (e.g.
[3,4]). In this situation it is important to consider
whether there is sufficient time for equilibrium
between solid and melt to be achieved, and to
evaluate possible kinetic controls on chemical
fractionation.

Several models have been developed recently to
account for the effects of chemical disequilibrium
during partial melting and melt transport [5-13].
Applying these models to melting in Earth’s man-
tle has been an uncertain exercise, due primarily
to the lack of experimental data on the kinetics of
chemical exchange between solid and melt. The
chemical exchange process is controlled by diffu-
sion in the solid, and data on diffusion rates in
upper mantle minerals are not abundant, espe-
cially for trace elements. Recently we have pre-
sented experimental studies of rare earth element
(REE) diffusion rates in high-Ca pyroxene [1] and
pyrope garnet [2], the two primary hosts of REE
in the upper mantle. The availability of these new
data sets makes it appropriate to revisit the ques-
tion of whether chemical equilibrium is main-
tained during melting and during intergranular
melt transport.

In this paper we present a numerical model
for trace element fractionation that incorporates
the new experimental data for REE diffusion
[1,2]. In contrast to previous treatments of dis-
equilibrium melting, which have simplified the
problem by treating the solid as a single phase,
we consider diffusive exchange between a melt
and multiple solid phases, each with different dif-
fusion and partitioning properties. We also con-
sider how elements are redistributed when upwell-
ing mantle crosses the garnet-spinel facies
transition, and examine the influence of variations
in melt productivity during adiabatic decompres-
sion [14].

2. Disequilibrium partial melting model

Partial melting is considered here to take place
over a range of depths, in response to adiabatic
decompression during mantle upwelling. The
terms ‘equilibrium’ and ‘disequilibrium’ refer to
the progress of chemical exchange reactions be-
tween melt and solid that are in intimate contact
with each other, and the terms ‘batch’ and ‘frac-
tional’ designate two end-member melt segrega-
tion processes. ‘Equilibrium fractional’ melting,
for example, refers to the case in which melt is
produced in equilibrium with the solid matrix and
is removed instantly from further contact with the
solid. ‘Batch’ melting designates a process in
which melt always remains in contact with the
solid. ‘Critical’ melting refers to a situation in
which a certain fraction of melt remains within
the solid matrix, with the rest being removed after
a critical melt fraction is exceeded. The melt and
solid are in ‘disequilibrium’ if they do not com-
pletely equilibrate chemically while the melt re-
mains in the solid matrix. In the context of the
models presented here the core of a mineral grain
will be out of equilibrium with the enclosing melt
until sufficient time passes to allow diffusion to
reequilibrate the mineral from rim to core. ‘Com-
plete disequilibrium’ melting refers to the case in
which there is no chemical exchange between the
melt and its enclosing solid matrix, other than
that due to dissolution and/or precipitation of
solid phases.

2.1. Model formulation

The numerical model presented below simulates
diffusion-controlled redistribution of trace ele-
ments during partial melting in the upper mantle.
The system under consideration is a representative
volume of a mantle rock comprising several solid
phases. Solid grains are approximated as spheres,
and each solid phase is considered to have a uni-
form grain size. The model simulates the chemical
evolution of this idealized system as it ascends
and undergoes progressive partial melting due to
adiabatic decompression. Partial melting begins
when the system encounters the solidus at a pres-
sure Py and temperature 7, and ceases at Py and
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Tt. The first increment of melt is assumed to be a
complete disequilibrium (modal) melt whose com-
position simply reflects the weighted average of
the compositions of solid phases that have dis-

solved to make the melt. This disequilibrium
melt is assumed to equilibrate instantaneously
with the contact surfaces of the solid grains, in-
ducing chemical gradients within the grains that

Table 1

Notation

Variable = Description Dimension
b Constant in permeability None

C Concentration of element i within solid phase j kg m™3

"o Concentration of element i within solid phase j before melting begins kg m~?
Chn Concentration of element / within the residual melt kg m?
Cim Concentration of element i within the pooled extracted melt kg m~3
D]’: Diffusion coefficient of element i within solid phase j m? 57!
D;J Pre-exponential factor for diffusion of element 7 within solid phase j m? 57!

; Zero-pressure activation enthalpy for diffusion of element / within solid phase j J mol™!

Fraction of melting None
F Total fraction of melting at the top of the melting column None
g Gravitational acceleration m s
H Height of melting column m
k Permeability = R ¢/'/4b m?
K;' Mineral/melt equilibrium partition coefficient for element i None
n Exponent in permeability None
N; Number of grains of solid phase j Pa
P Pressure Pa
Py Pressure when melting begins Pa
Py Pressure when melting stops Pa
Pgi_sp Pressure of the garnet to spinel facies transition Pa
1 Radial coordinate within solid phase j m
R Gas constant J mol™! K
R; Radius of a grain of solid phase j m
Rjo Initial radius of a grain of solid phase j (before melting begins) m
t Time s
T Temperature K
To Temperature when melting begins K
T¢ Temperature when melting stops K
Toi—sp Temperature at the garnet to spinel facies transition K
Vo Volume of solid before melting begins m?
Vi Volume of solid phase j m’
Vin Volume of residual melt m?
Vm Volume of pooled extracted melt m?

f Activation volume for diffusion of element i within solid phase j m? mol~!
W Melt velocity ms~!
w Solid matrix velocity ms™!
X; Volume fraction of solid phase j None
Xio Volume fraction of solid phase j before melting begins None
z Vertical coordinate m
o Stoichiometric coefficient of solid phase j in melting reaction None
[} Porosity None
Perit Critical porosity None
u Melt shear viscosity Pas
Ap Density difference between matrix and melt kg m—3
Ve Melt extraction rate m’ s7!
Um Melting rate m? 57!
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are relaxed with time by solid-state diffusion. The
extent to which the solid grains and melt are able
to equilibrate as partial melting proceeds depends
on the ratio of the diffusive relaxation time to the
time required for production and extraction of
melt from the solid matrix.

The system is composed of several distinct res-
ervoirs — each solid phase that hosts the trace
elements of interest, the residual melt that remains
within the solid matrix, and the aggregated melt
formed by continuous extraction of melt from the
matrix. Melt is assumed to remain with the solid
matrix until a critical melt fraction is reached,
after which melt is extracted so that the porosity
remains constant. Once melt is extracted it is as-
sumed to undergo no further chemical interaction
with the solid phases.

The concentration of a chemical species i within
a spherical grain of solid phase j is given by Fick’s
second law (in spherical coordinates):

aCi [d*Ct 2 aC!
—1=1D; L 4+=——L (1)
at (9rj 1 dr;
where C’ C’(r,,t) is the concentration at a dis-

tance r; from the center of the grain. A complete
list of model parameters and their dimensions is
provided in Table 1. The diffusion coefficient D’ is
considered to have an Arrhenian dependence on
temperature and pressure:

R —(&+PV)
Dj = Dy jexp (#

Boundary conditions for Eq. 1 are based on the
following assumptions: (1) before melting begins,
there is no compositional zoning within the solid
grains and (2) chemical species are distributed
among the solid phases in equilibrium propor-
tions; (3) during melting, chemical equilibrium
between the residual melt and the surfaces of solid
grains is maintained at all times. These boundary
conditions are expressed by the following equa-
tions:

Cilizo = Cj (3)

2)

C}ﬁ,o _ Chy _ C

0 _ 20 md (4)
K Kp K
C]l:‘rj:Rj = K;C;n (5)
9l 0
‘9".1‘ ;=0
where K is the equ111br1um mineral/melt partition

/
coefficient and ¢y, is the concentration of chem-

ical species i in the residual melt.
The mass balance equation for a chemical spe-
cies in the residual melt is:

V Ch) aC;
Z Nj4n(R 2D’

J 8rj +

1rj=R;

vaajCj"r/:R/_veC;, (7)
J

= dt{ZN/ 4n(r) C’dr,}—v Cct (8)

where Vy, is the volume of residual melt, R; is the
time-dependent radius of solid grain of phase j, N;
is the number of grains of phase j in the system,
Um and v, are the volumetric melting and melt
extraction rates, respectively, and ¢; is the stoi-
chiometric coefficient of phase j in the melting
reaction. By using volume to keep track of melt
production we have not rigorously kept track of
the mass redistribution unless the melt and solid
have equal densities. In the case of mantle miner-
als and melts this simplification will not lead to
significant differences at low melt fractions (1-2%)
and at the highest melt fractions considered in this
paper (20%) absolute abundances will be in error
by only 2-4%. The terms on the right-hand side of
Eq. 7 represent, in order: the total diffusive cur-
rent of a chemical species across the interface be-
tween the melt and each solid phase; mass trans-
fer from solid to melt due to phase change
(dissolution/precipitation); and removal of a
chemical species from the residual melt by melt
extraction. In Eq. 8§ the diffusion and dissolution
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terms are combined within the integral. This
equation is used instead of Eq. 7 because the in-
tegrated concentration of an element in a solid
grain can be calculated far more accurately than
the concentration gradient at the rim of the grain
[5,12].

Mass balance in the pooled extracted melt is
given by the equation:

1
% = vecin (9)
where C'y is the concentration of element 7 in the
extracted melt and V) is the volume of extracted
melt. Both the residual and pooled extracted melts
are assumed to be compositionally homogeneous
at all times. This assumption is justified for the
residual melt because chemical diffusion rates in
silicate melts are much faster than in silicate min-
erals and because the length scale over which dif-
fusion must take place is relatively small (a centi-
meter or less for melt distributed along three-
grain junctions in peridotite). For example, diffu-
sion of Nd at 1300°C (D=10"!' m?/s [15]) is
rapid enough to homogenize a basaltic melt on
a centimeter length scale in about 1 year, which
is very short compared to the ~ My time scale of
melting beneath mid-ocean ridges. Homogeniza-
tion of the aggregated melt is not assured, as it
will depend on the geometry and size of the melt
reservoir and on the vigor of convective mixing
within it. However, the chemical distribution
within the aggregated melt has no bearing on
the chemical evolution of other parts of the sys-
tem (residual melt and solid phases), and the con-
centration of a chemical species in the aggregated
melt simply represents the integrated concentra-
tion in this reservoir.

The melting rate, in m?¥/s, is given by:

IF
Vm = VoW (10)

where V), is the initial solid volume, defined as
ZjN,4/31t(R,70)3, W is the upwelling velocity,
and (0F/0z) is the melt productivity, or the frac-
tion of melt produced per meter of adiabatic as-
cent. In most of the calculations to follow vy, is
taken to be constant, but we also examined the
more realistic case in which the melt productivity

increases during melting as proposed by Asimow
et al. [14].

With progressive melting, the volume of each
solid phase changes according to:
dv;
W - _(XJ Um
where o is the stoichiometric coefficient of phase j
in the melting reaction. Solid grains are assumed
to melt from their outer rims, preserving their
spherical symmetry as they dissolve, and the num-
ber of grains within the system is assumed to re-
main constant (i.e. no new grains nucleate, and
grains do not coalesce). Given these assumptions,
the radius of each solid grain changes with time
according to:

UmQl /3
R = Rof 1—2m&%i" 1
\/ ./«,0< VOXj,O) ( )

when v, is constant.

The rate of melt extraction from the solid ma-
trix, v, is initially zero. When the melt fraction
exceeds the critical porosity ¢ it is given by:

1

1— ¢Crit

Ve = Um (12)

Thus the melt segregation rate is treated as a sim-
ple step function in which melt remains within the
solid matrix until a critical porosity is reached and
thereafter is removed at the rate described by Eq.
12. Although this simple functional form may not
perfectly represent the actual melt segregation
process, it does encompass the end-members of
fractional (@i =0) and batch (¢ = F) melting
and allows for straightforward comparisons be-
tween the present model and equilibrium trace
element distribution models in common use.

Egs. 1-12 are solved numerically using a fully
implicit Crank—Nicolson finite difference algo-
rithm. At each time step, the concentration of
an element in the residual melt and the concen-
tration distribution within each solid grain are
calculated simultaneously. For each solid grain a
fixed number of radial grid points is maintained
throughout the calculation, and the moving
boundary is accommodated by re-scaling the
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grid to the new grain radius R; at each time step.
The numerical algorithm is unconditionally sta-
ble, and at the limits of very large and very small
D; it recovers the analytical solutions for complete
equilibrium and complete disequilibrium melting,
respectively. The accuracy of the calculations was
assessed by checking mass balance of a chemical
species among the solid, residual melt, and aggre-
gated melt at each time step, and by comparing
the results of calculations using different grid
spacings. Mass balance is achieved within less
than 1.3% relative for the grid used in most of
the calculations (40 radial steps for each solid
grain and 320 time steps). Use of finer grid spac-
ings leads to changes of less than a few percent in
the calculated compositions of residual melt,
pooled melt, and solid phases.

2.2. Assumptions

Several assumptions have been made in con-
structing this model, the most important of which
concern the chemical exchange process, the me-
chanical integrity of the solid grains, and the
boundary condition at the interface between solid
grains and residual melt. Chemical exchange be-
tween solid and melt is considered to result only
from diffusion and from the incremental dissolu-
tion of mineral grains as partial melting proceeds.
Solid grains are assumed to maintain their me-
chanical integrity, with no internal deformation
and no motion of grain or phase boundaries other
than that due to steady dissolution of a solid
phase into the melt. Deformation must of course
take place as the mantle ascends, and associated
recrystallization processes might significantly en-
hance the rate of chemical exchange. However,
high-Ca pyroxene and garnet, the principal hosts
of incompatible elements in the upper mantle,
have considerably higher shear strength than the
more abundant minerals olivine and orthopyrox-
ene (opx) [16-20] and thus may be expected to
undergo little deformation. Also, recrystallization
of these minerals by grain boundary migration is
probably not important because each composes a
relatively small fraction of the upper mantle — few
garnet-garnet and clinopyroxene (cpx)-cpx grain
boundaries exist. We therefore consider it a rea-

sonable assumption that most of the deformation
associated with mantle upwelling is accommo-
dated by opx and olivine, with garnet and cpx
behaving as essentially rigid grains.

Another important assumption of the model is
that the entire outer boundary of each solid grain
is in equilibrium with the residual melt. Because
silicate melts probably are not in contact with the
entire outer boundary of solid grains, residing in-
stead at three-grain junctions (e.g. [21]), satisfying
this condition means that grain boundary diffu-
sion must be rapid enough to allow all parts of
the boundary to maintain communication with
the residual melt. In the absence of grain bound-
ary diffusion, equilibrium would be maintained
only over the small portion of the surface where
the grain and the melt are in physical contact, and
the rate of diffusive exchange between solid and
melt would be significantly reduced. The available
data for polycrystalline olivine and enstatite
[22,23] indicate that grain boundary diffusion
rates are on the order of 10712 m?/s at temper-
atures close to the solidus of peridotite. Given a
diffusivity of this order, only a few years is re-
quired to transport ions along a grain boundary
connecting melt tubules separated by 1 cm. This
time is short compared to typical time scales for
melting and melt extraction in the mantle, and
thus the assumption that solid grains are in equi-
librium with residual melt over their entire bound-
ary appears to be justified.

3. Diffusive fractionation of REE during melting

The REE are among the most widely used trac-
ers of partial melting processes in the upper man-
tle, and because their diffusion rates in cpx are
known to vary widely and systematically with
ionic radius [1] they represent an ideal case for
examining the effects of diffusive fractionation
during melting. In this section we demonstrate
the conditions under which diffusive fractiona-
tion of REE may take place and show how the
melting rate, solid grain size, and efficiency of
melt extraction may influence REE abundance
patterns in the solid and liquid products of partial
melting.
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Fig. 1. Model diffusion profiles developed within a 2 mm radius cpx grain during progressive melting within the spinel stability
field, beginning at 2.0 GPa, 1400°C and ceasing at 0.4 GPa, 1240°C. Each panel shows rim-to-rim diffusion profiles at five
equally spaced melting increments (3.2%, 6.4%, 9.6%, 12.8% and 16%). (a,c) La and Yb profiles, respectively, for an upwelling
rate of 1 cm yr~'. (b,d) La and Yb profiles for an upwelling rate of 10 cm yr~!. 0F/0P=0.1 GPa™!, F=0.16, ¢u;i =0.01.

Table 2
Partition coefficients, diffusion parameters, and initial bulk concentration
chx a Kopx 4 th 4 DO,cpx b DO,gt gcpx b ggl chx Vgt CO ¢
m?sH @m?shH (kJImol™) (kJmol™') (m®mol!) (m> mol!)

La 0.054 Se-4 le-3 4.20e-3 2.34e-9 519.3 287.7 le-5 le-5 0.296
Ce 0.086 9e-4 4e-3 2.20e-3 2.34e-9 508.2 287.7 le-5 le-5 0.361
Nd 0.19 9e-3 0.06 5.54e-4 2.34e-9 483.9 287.7 le-5 le-5 0.482
Sm 0.29 0.02 0.5 1.42¢-4 2.34e-9 460.1 287.7 le-5 le-5 0.593
Dy 0.44 0.06 2.5 9.97e-6 2.34e-9 413.6 287.7 le-5 le-5 0.770
Er 0.44 0.07 3 2.73e-6 2.34e-9 390.9 287.7 le-5 le-5 0.785
Yb 0.43 0.1 4 8.83e-7 2.34e-9 371.2 287.7 le-5 le-5 0.800

4 Mineral/melt equilibrium partition coefficients [24,25].
® Dy, £ and V values for cpx are interpolated using the elastic model discussed in [1]. These values reproduce experimentally de-
termined diffusion coefficients for La, Ce, Nd, Dy and Yb in diopside within a factor of two at temperatures from 1050 to
1450°C and pressures from 0.1 MPa to 2.5 GPa [1]. Dy, E and V values for garnet reproduce experimental diffusion coeflicients
for Ce, Sm, Dy and Yb within a factor of two at 2.8 GPa and 1200-1450°C [2]. V for garnet is assumed, but its exact value is

not critical because garnet is present only within a small pressure range in the mantle melting regime.

4 Initial concentrations in the bulk solid. Relative abundances reflect the values estimated by Shimizu [26] for depleted MORB

mantle.
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3.1. Melting in the spinel stability field

We first consider models in which melting be-
gins in the spinel stability field. High-Ca pyroxene
is the primary host of REE in spinel lherzolite,
and in the calculations discussed here this phase
is assumed to contain all of the REE in the solid
matrix. We have also performed calculations in
which opx as well as cpx is allowed to exchange
REE with the melt. Regardless of the diffusion
properties assumed for opx, the results do not
differ greatly from those in which the opx parti-
tion coefficients are assumed to be zero, because
the initial opx contains such a small proportion of
the total REE budget.

The partition coefficients and diffusion param-
eters used in making the calculations are listed in
Table 2. The initial proportions of solid phases in
the system and the proportions in which the solid
phases enter the melt during partial melting (i.e.
the melt reaction coefficients) are listed in Table 3.
We assume that for each solid phase the melt
reaction coefficient and partition coefficients re-
main constant throughout the melting process.
Although cpx/melt partition coefficients are
known to vary with pressure, temperature and
composition (e.g. [25,29,30]), there are only small
changes in the relative values of REE partition
coefficients. Our primary interest here is in exam-
ining the influence of diffusion on fractionation of
the REE, and for this purpose it is convenient to
assume constant partition coefficients. Also, while
reaction coefficients may change as melting pro-
gresses, cpx always dominates the melt mode [31-
34] and its reaction coefficient does not vary
greatly. The relative proportions of opx and oliv-
ine dissolving into or crystallizing from the melt
do vary significantly with pressure [27], but this

Table 3
Phase proportions

has no bearing on the present model because nei-
ther opx nor olivine is a significant host of REE.
For the present purposes, all solid phases other
than cpx can be treated as a single barren phase
with a constant melt reaction coefficient.

Figs. 1 and 2 show the results of a series of
calculations that simulate diffusive REE exchange
during adiabatic decompression melting within a
one-dimensional mantle column. In these calcula-
tions the solidus is intersected at a pressure of 2.0
GPa and temperature of 1400°C, and the temper-
ature decreases linearly at 100°C GPa~! until
melting ceases at 0.4 GPa and 1240°C [31]. The
diffusion coefficient for each element depends on
temperature and pressure (Table 2) and decreases
by approximately an order of magnitude from the
bottom of the melting column to the top. In these
calculations the melt productivity is assumed to
have a constant value of 0.1 GPa™!, leading to
a total melting fraction of 16% at the top of the
column. The melting rate is directly proportional
to the solid upwelling rate /. We have chosen to
present the results in terms of a common initial
grain radius of 2 mm, and to vary the degree of
disequilibrium by changing the upwelling rate.
There is a linear correspondence between the up-
welling rate (which determines the time scale of
the calculation) and the square of the grain size
(which determines the length scale of diffusion),
and this can be used to extend the results pre-
sented in the figures below to other initial grain
radii. Increasing the upwelling rate by a factor of
four, for example, is equivalent to increasing the
initial grain size by a factor of two.

Fig. 1 shows La and Yb diffusion profiles de-
veloped within a cpx grain, initially 2 mm in ra-
dius, with progressive melting. Lanthanum is the
most incompatible of the REE and has the most

Phase Initial solid spinel facies®

Initial solid garnet facies

Melt mode spinel facies Melt mode garnet facies”

Cpx 0.20 0.20
Opx 0.24 -

Garnet 0 0.08
Other  0.56 0.72

0.80 0.80

0.30 -

- 0.30
—0.10 —0.10

4 Phase proportions for depleted MORB mantle in spinel facies [27].

b Garnet facies melt mode from melting reactions at 3.0 GPa [28].
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sluggish diffusion kinetics; Yb is only moderately
incompatible and diffuses ~ 30 times more rap-
idly than La. At upwelling rates of 1 cm yr—!
(typical of passive upwelling beneath a slow
spreading ridge) and 10 cm yr~! (typical of a
fast spreading ridge) Yb concentration profiles
are nearly flat, indicating that Yb is distributed
in near equilibrium proportions between the solid
and residual melt. Lanthanum, on the other hand,
is moderately zoned even at an upwelling rate of 1
cm yr !, and at 10 cm yr~! is very strongly zoned.
Thus, under conditions typical of melting beneath
mid-ocean ridges, La may be extracted from the
solid much less efficiently than under conditions
of complete grain-scale equilibrium, while Yb dif-
fuses rapidly enough to be near equilibrium with
the melt.

Fig. 2 shows the influence of diffusion-con-
trolled exchange on the REE patterns in the solid
(Fig. 2a) and aggregated melt (Fig. 2b) after near
fractional partial melting is complete. The REE
patterns are bracketed by the solutions for com-
plete equilibrium and complete disequilibrium (no
diffusive exchange between cpx and melt), which
are shown as bold lines. The composition of the
solid after melting at complete disequilibrium
(Fig. 2a) differs from that of the initial solid be-
cause melting is non-modal, with cpx composing
80% of the melt. At upwelling rates as slow as 0.3
cm yr~!' the REE pattern in the residual solid
begins to diverge significantly from that of a solid
depleted by equilibrium near fractional melting,
and at upwelling rates greater than 100 cm yr~!
the residue composition approaches that of a solid
produced by complete disequilibrium melting. Be-
cause light REE are affected at much lower up-
welling rates than heavy REE, the REE patterns
shallow significantly as the upwelling rate in-
creases (Fig. 2a).

The aggregated melt is less sensitive than the
residual solid to disequilibrium partitioning of in-
compatible elements, and does not show the ef-
fects of diffusion-controlled exchange unless the
upwelling rate exceeds ~3 cm yr~! (Fig. 2b).
As the upwelling rate increases beyond this
threshold value, the concentrations of REE de-
crease, but in contrast to the residual solid there
is almost no change in the shape of the REE

pattern. This is a consequence of two competing
factors: the increase in diffusivity across the lan-
thanide series, and the insensitivity of large degree
aggregated melts to variations in the effective par-
titioning of highly incompatible elements. The
concentration of a highly incompatible element
in the aggregated melt changes significantly only
when its effective partition coefficient exceeds the
melting fraction (in this case 0.16). For the light
REE such a change in effective partitioning re-
quires a large degree of disequilibrium. The mod-
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Fig. 2. Influence of upwelling rate on the REE compositions
of the residual solid (a) and aggregated melt (b) after 16%
near fractional melting in the spinel stability field. Numbers
on curves indicate upwelling rates in cm yr~!. Initial grain
radius is 2 mm, @ =0.01.
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erately incompatible heavy REE are much more
sensitive to variations in effective partitioning,
and begin to show the effects of disequilibrium
partitioning when the deviation from equilibrium
is relatively small. If diffusion rates among the
REE were uniform, then with increasing upwell-
ing rate the REE patterns in the aggregated melt
would decrease in slope, reflecting the difference
in behavior of highly and moderately incompat-
ible elements. The increase in diffusivity across the
lanthanide series happens to be just sufficient to
offset this effect and keep the slope of the REE
pattern nearly constant. An unfortunate conse-
quence of this is that it makes diffusion-controlled
exchange of REE during partial melting difficult
to detect in high-degree aggregated melts like
mid-ocean ridge basalts. The REE composition
of a disequilibrium aggregated melt is difficult
to distinguish from that of an equilibrium aggre-

gated melt produced by a higher degree of part-
ial melting or by melting of a more depleted
source.

The efficiency of melt extraction, represented by
the parameter ¢, has a strong influence on the
chemical evolution of the residual solid under
conditions of local equilibrium, but its importance
diminishes as the deviation from equilibrium in-
creases (Fig. 3). Incompatible elements are re-
moved from the solid most efficiently if solid
and melt are in equilibrium and melt is extracted
continuously as soon as it is produced (equilibri-
um fractional melting). Depletion is less efficient if
some or all of the melt is retained within the solid
matrix, or if diffusion limits the exchange of ele-
ments between solid and melt; inefficient melt re-
moval and inefficient diffusive exchange have sim-
ilar effects on the chemical evolution of the solid.
With increasing degree of disequilibrium, the



J.A. Van Orman et al. | Earth and Planetary Science Letters 198 (2002) 93-112 103

La profiles in cpx:
increasing productivity

La profiles in cpx:
constant productivity

0.6 0.6
a b
05t 05f f=2%
0.4+
Q 03
(&)
0.2}, 4%
0.1
8%
0
2 -1 0 1 2
r (mm) r (mm)
REE in residual solid: REE in residual solid:
increasing productivity constant productivity
0 0
10 M 10 it
E o © 49
< 102 &lo € o2
8 10 A g 10 8%,
< c
8 )
© 16%
c d
“ 10
LaCe Nd Sm Dy Er Yb LaCe Nd Sm Dy Er Yb
fvs. P
0.16 ——
e
0.14
0.12
0.10 ‘ <,
< \g\[.
“~ 0.08 % % Z
0.06 2\ 20y,
of} /9 "C‘,;
0.04 A’z Y
0.02

O0.4 06 08 10 12 14 16 18 2
P (GPa)
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composition of a solid produced by fractional
melting approaches that of a solid produced by
batch melting (Fig. 3). In the end-member case of
complete disequilibrium the chemical evolution of
the residual solid is completely insensitive to the
extraction of melt, and there is no distinction be-
tween batch and fractional melting.

3.2. Influence of variations in melt productivity

In the calculations discussed above the melt

productivity (9f/0P) was assumed to be constant.
As discussed by Asimow et al. [14,35] the melt
productivity is likely to vary significantly during
adiabatic decompression melting. For near frac-
tional melting beginning within the spinel stability
field, productivity is predicted to remain nearly
constant up to 1.0 GPa (~30 km depth) and to
increase sharply as the mantle ascends to lower
pressures [14]. To examine the influence of varia-
ble melt productivity on the distribution of the
REE we have performed a set of calculations in
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which the productivity is held constant, at 0.02
GPa~!, between 2.0 and 1.0 GPa, and then in-
creases linearly at 0.717 GPa~2 from 1.0 to 0.4
GPa. The total degree of melting at the top of
the melting column is the same as in the calcula-
tions above (16%). Fig. 4 shows how the chemical
evolution of the residual solid differs from the
case in which the melt productivity is constant.
During the early stages of melting the productiv-
ity is low and REE are removed efficiently from
the solid, but as melting proceeds the degree of

disequilibrium increases sharply and removal of
REE from the solid becomes increasingly difficult.
At low extents of melting (~ 2% or less) the solid
is depleted more efficiently than in the case of
constant productivity, but at higher degrees of
melting the reverse is true. In the calculations
shown in Fig. 4, the crossover in relative depletion
between the two productivity functions occurs at
less than 4% melting. Although the results shown
in Fig. 4 are for the specific case of fractional
melting of a solid with initial grain radius of
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(pcrit =0.01.

2 mm, at an upwelling rate of 1 mm yr~!, the
general aspects of the chemical evolution are sim-
ilar for other grain sizes, upwelling rates, and re-
sidual porosities. We have found no conditions
under which the increasing productivity function
depletes the solid of REE more effectively than
constant productivity, at degrees of melting great-
er than ~ 10%.

3.3. Melting in the garnet stability field

We now extend the model to situations in
which melting begins in the garnet stability field,
at depths greater than 75 km, and continues into
the spinel stability field at shallower depths. Be-
fore melting begins the REE are partitioned in
equilibrium between garnet and cpx, and after
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the solidus is crossed both solid phases exchange
REE with the melt. When the upwelling mantle
encounters the garnet—spinel facies boundary, gar-
net and olivine react to produce pyroxenes and
spinel until garnet is exhausted from the residue.
Cpx is a reaction product during the transforma-
tion to the spinel-facies assemblage, but in reason-
able bulk compositions the amount of cpx pro-
duced will be small. We ignore any new cpx
that is produced as the boundary is crossed and
consider the number of cpx grains to remain con-
stant. At the garnet-spinel transition, it is as-
sumed that all of the REE within garnet grains
are released instantly into the residual melt. Cpx
grains then undergo diffusion-controlled exchange
with this new, more enriched melt. Under subso-
lidus conditions, opx may inherit elevated abun-
dances of REE from the garnet reactant [36], but
we expect that when melt is present it will dissolve
the bulk of the REE. We also assume that the
melt productivity remains constant across the gar-
net-spinel transition, although in reality it must
drop significantly [35].

Figs. 5-7 illustrate the chemical evolution of a
system undergoing near fractional melting begin-
ning in the garnet stability field at 2.8 GPa and
1480°C. In this example, 3% melting takes place
in the presence of garnet, and an additional 21%
melting takes place in the spinel stability field.
The initial grain radius is 2 mm for both cpx
and garnet, and the upwelling rate is 3 cm yr—'.
REE diffusion rates in garnet are similar to heavy
REE diffusion rates in cpx under the 7-P condi-
tions of interest, and garnet is near equilibrium
with the residual melt (Fig. 5). The presence of
garnet has a strong influence on the chemical evo-
lution of co-existing cpx (Fig. 6). Heavy REE are
compatible in garnet, and while garnet remains in
the residue cpx exhibits a characteristic ‘humped’
REE pattern with low relative concentrations of
heavy REE (Fig. 6e). When the garnet-spinel
boundary is crossed the concentrations of heavy
REE in the residual melt increase abruptly, but
the light REE, which are highly incompatible in
garnet, are affected very little (Fig. 7). In response
to the dissolution of garnet, heavy REE concen-
trations in cpx increase just after the garnet—spinel
boundary is crossed, and as melting continues the

high relative concentrations of heavy REE in cpx
and residual melt gradually diminish.

3.4. Comparison with abyssal peridotite data

As noted above, the residual solid is more sen-
sitive than the aggregated melt to diffusion-limited
chemical exchange of incompatible elements dur-
ing partial melting. Thus, despite the much larger
chemical data set for basalts, abyssal peridotites
are a better place to look for signatures of dis-
equilibrium melting. The most useful information
would come from high spatial resolution composi-
tional data within residual cpx grains. The pres-
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ence of diffusional zoning profiles in residual cpx
would provide clear evidence for disequilibrium
melting, and comparison with model profiles
would allow quantitative constraints to be placed
on the rate and style of melting. Unfortunately, to
our knowledge no information yet exists on zon-
ing of REE in cpx grains from abyssal peridotites.

Peter Kelemen (personal communication), us-
ing SIMS, has looked for REE zoning profiles
in rounded, porphyroclastic opx grains from harz-
burgite drill cores sampled beneath the East Pa-
cific Rise (EPR) at Hess Deep. No zoning was
found for the heavy REE, and light REE concen-
trations were near detection limits and yielded
inconclusive results. If REE diffusion rates in
opx are similar to or slower than diffusion rates
in cpx, then we would expect heavy REE zoning

in these samples given the rapid half-spreading
rate of the EPR (6.5 cm yr~! [37]). The absence
of zoning could mean that REE diffusion rates
are faster in opx than in cpx, although this seems
unlikely given that Pb, for example, diffuses an
order of magnitude more slowly in opx than in
cpx [38]. On the other hand, it may imply that the
opx grains have recrystallized, either during or
after melting. If opx did indeed recrystallize dur-
ing melting, this does not necessarily imply the
same for cpx, since cpx is considerably more re-
sistant to recrystallization processes than opx (see
discussion above).

Although no information exists on REE zoning
in residual cpx, we can place some constraints on
disequilibrium during melting beneath mid-ocean
ridges by examining ‘bulk’ cpx REE data. Here
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we focus on the well-known data sets of Johnson
and co-workers [4,39] for cpx grains in abyssal
peridotites from the slow-spreading America—Ant-
arctic and Southwest Indian ridge systems. These
peridotites are thought to be residues of variable
degrees of adiabatic decompression melting with
efficient extraction of melt [4]. Fig. 8 shows chon-
drite-normalized Ce and Nd concentrations in cpx
grains, along with model curves representing cpx
compositional trajectories during progressive
melting under various conditions. Equilibrium
models with critical porosity between 0 and 0.03
(Fig. 8a) can account for some of the cpx data,
but they do not explain the more depleted com-
positions and fail to capture the strong concave-
downward curvature of the data trend. Models
with diffusion-controlled exchange and incom-
plete equilibration between melt and cpx (Fig.
8b-d) do have concave-downward curvature in
Ce vs. Nd, and more closely approximate the ob-
served data trend. The data are best fit by disequi-
librium melting models with initial cpx radii of 2—
3 mm, which is well within the range of grain sizes
observed in peridotite xenoliths.

The concave-downward curvature of the model
disequilibrium  melting trends results from
changes in the partitioning behavior of Ce and
Nd during decompression melting. The effective
partition coefficients for both elements increase
as melting progresses, due to the decrease in tem-
perature. Ce is affected more severely than Nd
because of its lower diffusivity, and this is what
leads to the concave-downward curvature in the
Ce vs. Nd trajectory. Variable productivity mod-
els (Fig. 8c,d) have stronger curvature than con-
stant productivity models (Fig. 8b) due to in-
creases in melting rate and degree of
disequilibrium as melting proceeds to shallow
depths.

4. Diffusive fractionation of REE during melt
transport

Above we have considered the influence of dif-
fusion on REE fractionation during adiabatic de-
compression melting. We have simplified the
problem by assuming that the residual melt is in-
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stantaneously removed from contact with the sol-
id once the critical melt fraction is exceeded. In
reality melts may begin to flow through permeable
intergranular networks at very small melt frac-
tions (e.g. [21]), and these small-degree melts
may undergo significant diffusive exchange with
minerals in the solid matrix. This can result in
substantial chemical modification of the melt.

We have used a two-step numerical procedure
to investigate the chemical evolution of a melt as
it percolates upward through spinel peridotite that
has previously been depleted by adiabatic decom-
pression melting. In the mid-ocean ridge setting,
the simple two-step process envisioned here may
apply most directly to melts that pass upward
through depleted lithosphere rather than being
focused towards the ridge axis and mixing with
shallower melts en route. In the first step, the
composition of the solid matrix is calculated as
a function of depth using the numerical model
described above. Melting is assumed to begin at
2.8 GPa, with 1%melt retained in the solid matrix,
an initial grain radius of 2 mm,constant melt pro-
ductivity of 0.1 GPa™!, and an upwelling rate of 1
cm yr~!'. In the second step, residual liquid from
some depth in the column moves upward, inter-
acting in turn with solids from successively higher
levels. Chemical interaction is assumed to take
place via diffusive exchange, with no dissolution
or precipitation of solid phases and no changes
in melt volume. We have also performed simula-
tions in which the melt dissolves up to four times
its mass of cpx as it ascends (e.g. [40]), but this
was found to have little influence on the REE
composition of the melt because the clinopyrox-
ene is already so depleted, especially at its outer
rim.

The melt is assumed to ascend by Darcy flow
through a grain-scale porous network within a
stationary solid matrix. The melt velocity is given

by (e.g. [41]):
kApg
=—= 13
pu (13

where k is the permeability, Ap is the density dif-
ference between matrix and melt, g is the acceler-
ation due to gravity and u is the melt viscosity.
The relationship between the permeability k, grain

w

radius R, and porosity ¢ is expressed as:

_R2¢n

k== (14)

where n and b are numerical constants. Experi-
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from NE Iceland [44]. Note that all three figures are plotted
on the same scale.
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mental permeability studies of texturally equili-
brated fluid-rock systems with characteristics sim-
ilar to the olivine—melt system indicate that n=3
and b =270 [42,43]. The melt velocity is calculated
using these values, with Ap=500 kg m—* and
u=10 Pa s. The size and volume fraction of cpx
grains decrease upward in the column, but this is
not the case for other solid phases and thus R is
assumed to be constant when calculating the per-
meability.

Fig. 9 shows how the REE pattern of the melt
evolves as it ascends through the depleted solid
column wunder three different conditions
(¢=0.005, $=0.015 and ¢=0.03). When the po-
rosity is very small the melt ascends slowly
enough that the melt is able to reequilibrate
with the solid matrix. This condition (‘equilibrium
porous flow’) is approached when ¢=0.005 (at a
melt velocity of 2.3 cm yr—!). Both light and
heavy REE are reabsorbed by cpx, and the melt
becomes highly depleted (Fig. 9a,d). When the
porosity (and melt velocity) are higher (Fig.
9b,c,e,f) the REE are diffusively fractionated.
Heavy REE still approach equilibrium with the
matrix cpx, but light REE do not and thus the
melt develops a pattern of heavy REE depletion
(relative light REE enrichment). Melts can avoid
any exchange with matrix cpx only if they ascend
very rapidly, at a rate greater than ~30 m yr !
This requires transport in networks with either
very high porosity (¢>0.2 for 2 mm grain radii)
or with channel spacing significantly greater than
the grain size (~ 10 cm for ¢=0.01).

The effects of diffusive fractionation during
melt transport should be most evident in melt in-
clusions, which, unlike lavas, may be isolated
from subsequent chemical modification processes.
Olivine-hosted melt inclusions from the Mid-At-
lantic Ridge (MAR) [26,45] and from Iceland [44]
exhibit a wide variety of REE patterns, many of
which are similar to REE patterns predicted to
result from diffusive fractionation during melt
percolation (Fig. 10). Light REE-enriched pat-
terns are common in melt inclusions from both
the MAR and Iceland. These are usually attrib-
uted to melting in the presence of garnet, but they
could arise in the absence of garnet as a conse-
quence of diffusive exchange with depleted spinel

peridotite. Melt inclusions that are extremely de-
pleted in REE (e.g. [45]) may reflect reequilibra-
tion with depleted peridotite during sluggish per-
colation  through  low-porosity  networks.
Although it is not possible to identify a unique
‘signature’ of diffusive fractionation during melt
transport, the fact that it can account for much
of the chemical variation in melt inclusion suites,
at reasonable porosities and grain sizes, suggests
that it may be an important melt modification
process. It is worth bearing in mind that the
REE contents of melts must be modified signifi-
cantly during transport, unless they are focused at
an early stage into a network that has either large
channel spacing (with ascent rates >30 m yr—')
or contains no cpx (e.g. dunite channels [46]).

5. Conclusions

We have shown that diffusion may play an im-
portant role in trace element fractionation during
melting and melt transport beneath mid-ocean
ridges. Large, highly charged elements, including
the light REE [1], U and Th [13], diffuse so slowly
in cpx that complete chemical equilibrium be-
tween solid and melt is unlikely to be achieved
either during melting or during transport through
permeable intergranular networks. Large differen-
ces in diffusivity among the REE can lead them to
be diffusively fractionated during melting and
transport.

The effects of diffusive fractionation during
melting are most apparent in the residual solid.
Data for the light REE in abyssal peridotite cpx
grains from the slow spreading America—Antarc-
tic and Southwest Indian ridge systems are better
explained by melting models that allow for diffu-
sive exchange than by models that assume com-
plete solid—melt equilibration. The data are best
fit with initial cpx grain radii of ~2-3 mm and
very efficient melt extraction (near fractional).

Percolation of small-degree melts through de-
pleted spinel peridotite can lead to significant
chemical modification as incompatible elements
are diffusively reabsorbed by cpx. Sluggish trans-
port through intergranular networks can lead to
very strong depletion in melt REE contents, par-
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ticularly if the porosity is very small (< 0.005). At
moderate porosities (~0.02-0.03) the REE are
diffusively fractionated and melts may acquire
patterns of relative light REE enrichment. As-
cending melts can remain chemically isolated
from the solid matrix only if they are focused
into permeable networks with large channel spac-
ing (ascent rates >30 m yr~!) or which contain
no cpx (e.g. dunite channels).
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