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Trace-element partitioning between garnet peridotite minerals and water-rich vapor:
experimental data from 5 to 30 kbar
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Abstract

The values of individual rare earth element (REE) partition coefficients (weight ratio,
Cfigg9"/CfiHit"r : l(rffi)r-crv"t'r) range between I and 200 lor garnet, clinopyroxene, ortho-
pyroxene, and olivine in equilibrium with HrO-rich vapor under experimental conditions
corresponding to those of the upper mantle. The Kfift$o"-"'v"tur increases rapidly with increas-
ing PH,O (e.9., 1qf,Po"-cp' = 0.01, 3, 12 and 31, respectively, at 5, 10, 20, and 30 kbar).
Calculated bulk partition coefficients (as defined by Shaw, 1970) range from 5 to 250 for an
average garnet peridotite assemblage in the pressure range 5-40 kbar, with D|$por-rock >
D{gnor-rocx

The portions of the upper mantle sampled and brought to the surface by kimberlite magma
characteristically display garnet contents ranging from near zero to about 20 percent. If a suite
of such garnet peridotites equil ibrated with HzO-rich vapor, a wide range of absolute REE
contents and degree of l ight REE enrichment would result. It is notable that the more depleted
garnet peridotite nodules in kimberlite (also the most garnet-poor) commonly show great
light-REE enrichment (CelYb > l0), as would be expected if these rocks have suffered
metasomatic alteration.

Andesites in island arcs commonly show considerable l ight-REE enrichment (Ce/Yb :2.5-

10). It is argued here that the peridotite wedge overlying a descending plate ofoceanic basaltic
composition with an eclogitic mineral assemblage would attain considerable light-REE en-
richment as a result of equilibration with HrO-rich vapor released by dehydration of the
material in the descending slab. If, for example, 0.5 weight percent HrO was released and
initially equilibrated with an eclogitic rock before migrating into the overlying peridotite, the
peridotite (with an initially unfractionated REE pattern) could attain CelSm and CelTm
ratios near 3 and 5 respectively. Partial melting of this hydrated peridotite would result in
melts of andesitic bulk composition with CelSm : 3-4 and Ce/Tm - 10, closely resembling
the REE patterns found in andesites in island arcs.

Introduction

The presence of volatile components in the upper
mantle (H2O, CO2, S, etc.) has been documented by,
for example, Oxburgh (1964), Anderson (1975), and
Muenow et al. (1977). (For review of other data see
also Irving and Wyllie, 1975, and Boettcher et al.,
1975.) As a result of these observations, extensive
experimental work has been carried out on the effects
of volatiles on phase relations of upper mantle mate-
rials (e.g., Yoder, 1969; Kushiro, 1969, 1972; Kushiro
et al., 1968; Eggler, 1973, 1974, 1975, 1976;' Huang
and Wyllie, 1976; Mysen and Boettcher, l975a,b).
With a few notable exceptions (e.g., Rubey, 1955),
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relatively little attention has been drawn to the source
of volatiles in the upper mantle, to their migration
rates, and to the transport capacity of such volatiles
for silicate components.

Evidence from volcanic rocks suggests hetero-
geneous distribution of volatiles in the source regions
of partial melts in the upper mantle. Mid-oceanic
ridge basalts appear to be essentially HrO-free, for
example (Delaney et al., 1977), whereas volcanic
rocks in island arcs contain several percent HzO (e.9.,
Anderson, 1975; Muenow et al., 1977). Kimberlite
contains large amounts of both COz and HzO.

A consequence of heterogeneous distribution of
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volatiles in the source region of melts in the upper
mantle is the possibility of migration of these vola-
tiles. Unfortunately, experimental data bearing on
infiltration of fluids in crystalline upper mantle are
scarce. Marsh (1976a) suggested that HrO may be
essentially immobile, whereas preliminary experi-
mental data of Mysen et al. (1977) indicate that an
HrO-rich front may infiltrate crystalline mantle mate-
rials at the rate of several millimeters per hour at
pressures above l5 kbar. Thus, an HrO-rich phase (as
contrasted with HzO bound in crystalline materials or
silicate liquid) may act as a transporting agent of
silicate components in the upper mantle, provided
significant amounts of silicate components can dis-
solve in such fluids.

Some evidence suggests large solubilities (several
tens of a weight percent) of major elements in HrO-
rich fluids under pressure conditions corresponding
to those of the upper mantle (Burnham, 1967; Naka-
mura and Kushiro, 1974; Eggler and Rosenhauer,
1978). Cullers et al. (1973) and Zielinski and Frey
(1974) measured partitioning of REE between HrO-
rich vapors and some peridotite minerals at l-2 kbar ,
and concluded that the REE were strongly parti-
tioned into the crystals under the low-pressure condi-
tions of their experiments. Some major-element data
of Kennedy et al. (1962), Burnham (1967), and Egg-
ler and Rosenhauer (1978) indicate that the solubility
of silicate components in HrO-rich fluids depends
strongly on pressure. The low-pressure data of Cul-
lers et ql. (1973) and Zielinski and Frey (1974), there-
fore, may not be applicable to upper mantle pres-
sures.

In view of the importance attributed to knowledge
of the trace-element contents of potential parental
rocks of partial melts in the upper mantle, an under-
standing of the processes governing their distribution

patterns is needed. Consequently, partition coeffi-
cients involving a water-rich vapor and the constitu-
ent minerals of garnet peridotite have been deter-
mined for representative REE as a function of
pressure. These data were then used to evaluate the
role of metasomatic alteration of the distribution pat-
terns of these elements in the upper mantle.

Experimental technique

Starting materials were synthetic pyrope (Ga) and
diopside (Cpx) either with or without the trace ele-
ment in solution. The starting material was ground to
less than 5 pm grain size and run in sealed Pt capsules
together with HrO containing a radioactive trace ele-
ment. Reversal experiments were carried out by tak-
ing a split of an experimental run product, washing it
in alcohol, drying it, and running it together with
tracer-free, double-distilled HrO in a sealed Pt cap-
sule. The minerals grew to about l0 pm grain size
during a forward experiment, so the starting material
was reground to less than 5 pm before the reversal
experiment was carried out. Reversal experiments are
marked with asterisks in the run table (Table l).

All experiments were conducted at I100"C in the
pressure range 5-30 kbar. An internally-heated gas-
media apparatus (Yoder, 1950) was used at P < l0
kbar, whereas a solid-media high-pressure apparatus
(Boyd and England, 1960) was used at higher pres-
sures. Pressures in the solid-media high-pressure ap-
paratus were corrected by -4 percent as calibrated
against the quartz-coesite transition.

Vapor-crystal partition coefficients were deter-
mined by analyzing the crystals and determining the
trace-element content of the coexisting vapor by mass
balance. Cerium, samarium, and thulium, respec-
tively, were chosen as representative light, inter-
mediate, and heavy REE. Analyses were conducted

Table l .  Experimental results at l l00.C

Run no.
Pressure ,

kbar
Run duraEion,

hours
wt "a Hzo Crystal and

elenent
Concentration, ppn

Kl{2O-crystal
Vapor  Crys ta l

615
616*
620
623*
66L

95
9 6
92 .  5
96
9 6

98
L2L

v o .  )

93
8 9

1 2 . 6 0
23 .L9
L 2 . 8 4
15 .  00

6 . 6 6

4 . 0 8
4  . 3 6
9  . 4 6
9 . 6 L

18 .  83

Dl  (Sm)
ua (smJ
Di (Tn)
Dr (rm)
u l  (  5 m J

u  a  t S m J
D i  ( S n )

Py (sn)
Py (rm)
Py (ce)

662
664
6 7 3
679
690

20
20
20
20
30

5
10
20
20
20

160115
37!4
L8!2

4  . 4 ! 0  . 4
254!I8

0  . 25 !0 .25
5013
64!6

0 .104 !0 .007
8180r200

I4!L
2 . 8 ! 0 . 2
1 . 0 i 0 . 1

0 . 2 3 1 0 . O 2
8  .  3 1 0 . 5

1 7 . 4 ! 0 . 9
14  .  610 .  5

32!3
0 .  r 89 !0 .  011

/ r r o

1 1 1 1 . 3
L3!2
L8!2.5
L9!2.4
311 3

0 .  0110 .01
3 . 4 ! O . 2
2  . 0 r 0 .  3

0 .  5510 .  05
1151r0

*Reyersa-l experinent (trace eLffient in crgstal prior to expetiment).
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with the beta-track mapping technique (Mysen and
Seitz,  1975),  using cer ium-141, samarium-151, and
thulium-171 as sources of beta particles. Standards
for the trace element analyses were NaAlSisOr glasses
with known amounts of trace element added.

The theoretical uncertainty (exposure time and sta-
tistical uncertainties) of an analysis of a mineral (lo)
is approximately 4 percent (relative). Most analyses
of minerals from experimental runs have uncer-
tainties within this limit. It is concluded, therefore,
that homogeneous grains were obtained with the run
duration of 4 days used in these experiments. The
weighing error in calculating the trace-element con-
tent of the vapor by mass balance (including loss of
fluid during welding) is less than 5 percent (relative).
Consequently, the analytical uncertainty of a vapor-
crystal partition coefficient determined by this
method is of the order of 6 percent (1o).

The results (calculated as partition coefficients) of
the reversal experiments with diopside were generally
within l0 percent of the original value. A minimum
value for the diffusion coefficient of Sm in diopside at
I 100'C can be estimated from the run length and
grain size of the crystals (- 10 pm). The coefficient is
equal to or greater than l0-15 cm2,/sec. This value
compares with about 10 'n cm2/sec calculated by Zie-
linski and Frey (1974) for Gd3+ in diopside at 800oC.
Diffusion coefficients of the individual REE in garnet
peridotite minerals are unlikely to vary by more than
an order of magnitude. It is concluded, therefore,
that because 4 days run duration was sufficient to
attain equilibrium with Sm in diopside, the same run
duration is also sufficient to attain equilibrium with
the other REE in diopside and other garnet peridotite
minerals. This conclusion is further substantiated by
the observation that all mineruls were composition-
ally homogeneous after an experiment.

Partition coefficients for olivine-vapor and ortho-
pyroxene-vapor were calculated from REE clinopy-
roxene-olivine and clinopyroxene-orthopyroxene
partition coefficients derived from the data of Mysen
(1977a), which were obtained at 20 kbar in the tem-
perature range 960o-1075"C. Details of this calcu-
lation are described below. The temperature-depen-
dence of these partition coefficients is small in the
temperature range considered, and no temperature
correction was applied to the values when the data of
Mysen (1977a) were extrapolated to I100"C. The
relative uncertainty of the partition coefficients of
Mysen (1977a) is about 5 percent (lo), resulting in
an estimated relative uncertainty of the calculated
vapor-crystal partition coefficients, K$bo;ot and
rfiio;oo', of about 8 percent.

Another important aspect of the experiments
reported here is the solubility behavior of the min-
eral in HzO-rich vapor. The experimental part of this
study involved pyrope (MgrAlrSiO'r) and diopside
(CaMgSLOo). Eggler and Rosenhauer (1978) re-
ported that even though l0-15 weight percent CaMg
SizO. was dissolved in HzO in the pressure nnge 20-
30 kbar, no evidence was found for incongruent solu-
tion of diopside in the vapor in this pressure range.
Electron microprobe analysis of diopside after an
experiment in my study did not reveal non-
stoichiometry, thus supporting the conclusion of
Eggler and Rosenhauer (1978). Less information is
available on the solubility behavior of pyrope in
HrO-rich vapor at high pressure. The starting mate-
rial (kindly supplied by R. C. Newton, University of
Chicago) was crystallized under hydrothermal condi-
tions at 1000'C and 28 kbar. Electron microprobe
analysis of this starting material as well as analysis of
the pyrope after an experiment did not show non-
stoichiometry within the uncertainty of the analysis
(2-3 percent, relative). Furthermore, optical exami-
nation of the run products indicated that pyrope was
the only stable crystalline phase present. I conclude,
therefore, that both diopside and pyrope dissolve
congruently in coexisting HzO-rich fluid under the
pressure and temperature conditions of the present
experiments.

Results

Experimental results are listed in Table l,
in which reversal experiments are marked with
asterisks. A comparison of values for K!'ro;"tv"t"t
(:cH;Vcfitftar) for various garnet peridotite min-
erals at 20 kbar and ll00"C is shown in Figure l.
Two features of the data warrant comment. First,
with the exception of K$go-c", the REE are parti-
tioned into the HzO-rich vapor relative to the crys-
talline phases. Second, the partition coefficients
vary with the atomic number of the REE.

The pressure-dependence of the vapor-crystal
partition coefficients has been evaluated for diop-
side using Sm at I100'C (Fig. 2). The uncertainty
of the results derived with the mass-balancing
method used to determine the trace-element con-
tents of the vapors increases as the trace-element
concentration in the vapor decreases. For the ex'
perimental technique used here, the sensitivity cor-
responds to K$go;crvstat 0.01 in the pressure
range of the internally-heated gas-media apparatus.
Because of the smaller volume used in the solid-
media high-pressure apparatus, experiments with
that apparatus result in even lower sensitivity (cor-



MYSEN: TRACE.ELEMENT PARTITIoNING

1 0

o

o
lr:.t
-(r
:<

0  1 0 2 0  3 0
P r e s s u r e  k b o r

Fig. 2. Vapor-diopside partition coefficients for samarrum as a
funct ion of  pressure at  I  100'C. Error  bars,  *  lo.

pressure-dependence of crystal-crystal partitioning
is also necessary for extrapolation of KfiS-".""r't to
suitable pressure and temperature conditions. The
only data on the pressure-dependence of REE crys-
tal-crystal partitioning in the pressure range consid-
ered here (corresponding to the upper mantle) are
those of Mysen (1977a) for coexisting olivine and
aluminous enstatite at l0 and 20 kbar. No depen-
dence was seen. The following calculations assume
that other crystal-crystal partition coefficients
(K€Bb t', K€ffi oo', and Kfifi;cnx) do not vary in the
pressure range 5-30 kbar. This assumption may not
be completely justified, in view of the large volume
changes that probably accompany solution of REE
in garnet peridotite minerals relative to the REE-
free analogs. It is probable, however, that whatever
the relative pressure-dependence of Kft';vE"t"r - crvstar
may be, it is the same for all REE because of their
similar size and valence. Consequently, if an error

Table 2. Maximum values of Ce, Sm, and Tm partition
coefficients at I l00oC and 5 kbar

0 l iv ine
Orthopyroxene
Clinopyroxene

L o  P r  P m  E u  T b  H o  T m  L u
C e  N d  S m  G d  D y  E r  Y b

Fig. l. Vapor-crystal partition coefficients for garner,
c l inopyroxene, or thopyroxene, and ol iv ine at  20 kbar and I  100.C.
Symbols in parentheses represent calculated partition coefficients.
Error  bars,  1 lo.

responding to Kf;6$-"'v"tur - 0.1). The data in Table
I show that no Sm was detected in the vapor at 5
kbar. Maximum values for other REE partition co-
efficients at 5 kbar are listed together with
Kf,-dionsiau in Table 2. A very strong pressure-de-
pendence of the Sm vapor-crystal partition coeffi-
cients is evident from the data in Figure 2. The
low-pressure data are comparable to those of Cul-
lers e/ al. (1973) and Zielinski and Frey (1974) at
pressures below 5 kbar. There are no other pub-
lished experimental data with which to compare the
present results at pressures corresponding to those
of the lower crust and upper mantle.

The data shown in Figures I and 2 may be used
to calculate vapor-crystal partition coefficients for
other REE and other garnet peridotite minerals,
provided the individual REE are not fractionated
by the vapor and REE crystal-crystal partition co-
efficients are available for the minerals and REE in
question. Information on the temperature- and

0 . 2
0 .  0 5
o . 0 2

0 . 1
0 .  0 4
0 .  0 1

0 . 0 8
0 .  0 6
o . 0 2
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is introduced because of this assumption, it affects
only the absolute abundances and not frationation
of REE. It is likely, therefore, that the conclu-
sions reached here (see below) will not be signifi-
cantly altered after the pressure-dependence of
K6Y;tat-c'""t'r becomes known,

If there is no fractionation of the individual REE
in an HrO-rich vapor, data on one Kf;fio;"'v"t"r and
the REE crystal-crystal partition coefficients for the
other minerals can be used to calculate other
Kfr;$-"'v"t*t. Consequently, if two sets of vapor-
crystal partition coefficients are known and one of
these sets can also be reproduced by calculation
based on the other set, it can be concluded that the
vapor does not fractionate between the individual
REE. The results of such an exercise are shown in
Table 3, using KSf-c" and the data of Mysen
(1977a) for KEBb-G". The comparison of these re-
sults suggests that the individual REE are not frac-
tionated by HrO-rich vapor.

From the above considerations, it is tentatively
concluded that the strong positive pressure-depen-
dence measured for K!;o-aton"ra" is caused by the
increasing solubility of REE in HzO-rich vapor,
and that the same pressure-dependence is to be ex-
pected for other REE when other minerals are con-
sidered. It may be argued that the REE in the va-
por may form complexes with cations from the
major-element silicates. No data are available in
support of this suggestion. This possibility, there-
fore, is not taken into account in the following dis-
cussion. It is then possible to calculate all REE va-
por-crystal partition coefficients as a function of
pressure, provided that the different solubilities of
major element components in the vapor are ne-
glected. The neglect of major elements dissolved in
the vapor is justified in view of the fact that the
mole fraction of HrO in the fluids is of the order of
0.94-0.98, depending on whether the dissolved sili-
cate components ate calculated as oxides or
CaMgSirOu, respectively. It is assumed that this
small silicate impurity in the vapor does not signifi-
cantly affect the REE solubility in the fluid. The

Table 3. Comparison of measured and calculated K.nzo-diorstoe
at I 100'C and 20 kbar

Measured
Calculated
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Ce
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Fig. 3. Pressure dependence of 6fr6o-"'v"t"t at l000oC for
olivine, orthopyroxene, clinopyroxene, and garnet. Error bars,
* l c .

results of such calculations are shown in Figure 3.
The 4O-kbar curves are based on an extrapolation of
16ff-aronstae to 40 kbar (see Fig. 2). The results of
these calculations show that a water-rich fluid in
the upper mantle constitutes a major sink for REE.
This observation is further substantiated by the cal-
culated bulk partition coefficients for two model
garnet peridotites (Table 4) shown in Figure 4. The
results in this figure show that the water-rich fluid
is strongly enriched in light REE, and that the de-
gree of light-REE enrichment increases with in-
creasing modal garnet content of the rock. The ab-
solute REE abundance of the fluid will also
increase rapidly with pressure if the assumptions
based on the vapor-diopside partitioning data are
appropriate. The bulk partition coefficient involving
garnet-free peridotite and water-rich vapor does not
vary significantly with atomic number because none

Sm

I z t L . 5
1313

18  . 512  .  5
2L!3
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SiO2
A1z0 s
tIgO
CaO

Ga
cPx
oPx
OI

Ce
5m
Tu

Table 4. Compositions of garnet peridotites (weight percent)

cPl  cP l (s )  cP l (10)  cP l ( r6 )  cP2

sampled by kimberlite beneath the South African
craton. The granular nodules show evidence of ma-
jor-element depletion perhaps resulting from partial
melting. The sheared nodules are not depleted in
major elements (these two types of peridotite nodules
are referred to as depleted and fertile, respectively).
This distinction is not seen in the REE patterns (Shi-
mizu, l975a,b; Ridley and Dawson, 1975; Mitchell
and Carswell, 1976). The contrast between major and
trace elements is perhaps best illustrated by the REE
patterns of a sheared and a granular garnet peridotite
nodule (Fig. 5). These data show a considerable rela-
tive light-REE enrichment of the depleted granular
nodule (352), whereas the sheared fertile nodule
(l6l l) shows an essentially unfractionated REE pat-
tern. The light-REE enrichment is also seen in other
depleted garnet peridotite nodules from kimberlite
and related rocks (Fig. 5). The patterns of nodules
352, BD 738, and BD 776 are not the result ofinter-
action between the nodules and the host magma dur-
ing ascent, according to evidence and discussion by
the original authors (Shimizu, 1975a; Ridley and
Dawson, 1975).

The model used to explain the contrasted major-
and trace-element contents of depleted and fertile
garnet peridotite is as follows. Consider an upper
mantle consisting of fertile peridotite. As the result of
partial melting and extraction of the melt from the
source region, the residual peridotite after the melting
event will acquire a depleted major- and trace-ele-
ment character. Metasomatic alteration of the de-
pleted material is accomplished by dehydration of
minor minerals in neighboring fertile peridotite. The

1 0 0  0

1100 0c

Lo Ce Pr  Nd Pm Sm Eu Gd Tb Dy Ho Er  Tm Yb Lu

Fig. 4. Bulk partition coefficients, Df,6$-"'v"t"t, for garnet
peridoti tes GPI and GP2 as a function of pressure as l l00oC.
Error bars f lo.

4 7 . 6

4 7  , 3
2 . 6

4 7 . 4
L . 9

4 8 . 5

1 . 3
8 , 3

20,6
6 3 . 8

4 7 , 3
1 . 1

4 9 . 9

6 . 5
z t . 3
58 .0

4 7 . 0
{ . 1
5 2 , O
1 . 0

0 . L
4 , O

, ,  1

4 7  . 8
J . I

4 4 . 5
2 . 6

Modal Conposltions

20
10
20
50

IO
10
20
60

REE Contents*

0 . 4 5
0 . 9 1
0 . 9 9

0 . 1 7
o . 7  7
0 . 9 5

0 , 0 4  1
0 . 4 5  1
0 . 7 2  1

*Rejat ive to averaqe chondt iXe (schnit t  et  aL.,  1963, j964).

of the minerals in such a peridotite fractionate sig-
nificantly between the individual REE.

Petrological implications

Stable continental shields

Direct evidence for heterogeneous distribution of
trace elements in the upper mantle is found in garnet
peridotite nodules from kimberlite and related rocks
in southern and central Africa (Shimizu, 1975a, b;
Ridley and Dawson, 1975; Mitchell and Carswell,
1976). Evidence for isotopic heterogeneities is given
by Ridley and Dawson (1975) and Erlank and Shi-
mizu (1977). Petrographic descriptions of second-
arily-grownr phlogopite and potassic richterite are
given by, for example, Dawson and Powell (1969),
Erlank (1973), Aoki (1974), and Erlank and Rickard
(1977).

Data supporting an interpretation of metasomatic
alteration of peridotite trace element contents and
isotope geochemistry in the mantle prior to transport
of the samples of such mantle to the earth's surface
are provided by Ridley and Dawson (1975), Rhodes
and Dawson (1975), and Erlank and Shimizu (1977).
The REE data of Shimizu (1975a) are also best inter-
preted in terms of metasomatism in the mantle prior
to sampling by ascending kimberlite magma.

As mentioned previously, two types of garnet pe-
ridotite occur in the portions of the upper mantle

I Secondary growth is taken to mean formation of a mineral
subsequent to equilibration of four-phase peridotite in the upper
mantle. The growth could have occurred in the mantle prior to
ascent in a magma or as a result of interaction between the nodule
and the transporting magma.

-  1 n n
o  r v v

o

I

R u r
n-L!
; o a
o 1 0
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P r
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T b  H o  T m  L u
Gd Dy Er  Yb and

Fig. 5. Published REE patterns of garnet peridotite nodules in
kimberl i te and related rocks. Ref. I ,  Mitchel l  and Carswell  (1976);
ref.  2, Shimizu (1975a); ref.  3, Ridley and Dawson (1975).

released fluid will equilibrate with the fertile garnet
peridotite and migrate into the neighboring depleted
peridotite with which the fluid also equilibrates. The
major- and trace-element patterns of depleted garnet
peridotite presumably reflect these two processes.

The most important aspects of this model may be
assessed by combining the present REE partitioning
data with information on melting behavior of garnet
peridotite (Kushiro and Yoder, 1974; Mysen and
Kushiro, 1977) and mobility of HrO in the upper
mantle (Mysen et al., 1977).

The garnet peridotite nodule 16ll (Nixon and
Boyd, 1973) is a likely candidate for the fertile mantle
material (e.9., Shimizu, 1975a). According to Mysen
and Kushiro (1977), partial melting of garnet perido-
tite of a composition such as that of l6ll is closely
mimicked by the melting behavior observed in simple
systems like CaSiOs-MgSiOr-AlrOs-SiO, (curs). By
employing the phase-equilibrium data from cnrns
(Kushiro and Yoder, 1974), Mysen (1977b) showed
that the stoichiometry of the equation expressing the
melting of garnet peridotite is approximated by the
formulation

0.63 Ga + 0.41 Cpx f  0.09 Opx :  0.13 Ol + Liq
( l  )

The modal composition of the idealized model gar-
net peridotite, GPI (Table 4), is similar to that of
nodule l61l  (Nixon'and Boyd, 1973).  In the fol low-
ing calculations, composition GPI represents the fer-
tile garnet peridotite, and compositions representing
various degrees of depletion are derived by melting
GPl with a stoichiometry according to expression
( I ). With the stoichiometry of equation ( I ), l6.l per-
cent melt can be generated from GPl under invariant
conditions. This amount of melting represents the
maximum degree of depletion of garnet peridotite
G P I .

The equations that describe element concentra-
tions in a metasomatized rock are derived in the
Appendix. For a source rock with element concen-
trations R? and a metasomatized rock with element
concentration R3 before metasomatism, the concen-
trations of i in the bulk rock (R\) and the crystal-
line residue [(Gt)M] are:

RY : R?(1 - Y" X.') + R? X, T"
Di -& (D i - l )

tU
Lll
E

!
(l,
. N
o
E 4

c
I

o
'c
!
c
o

O

(2)

(3)

P m  E u
Sm

(C ' i ' ) ' -  RY

(l - y" *.r* w
In these equations, X. and X* are the mass propor-
tions of fluid in source rock and metasomatized rock,
respectively. The bulk partition coefficients for source
and metasomatized rocks are Di and DM1. Finally, the
parameter IZ" is the ratio of fluid remaining in the
metasomatized rock to equilibrate with it divided by
the mass proportion of fluid entering the rock to
initiate the metasomatic alteration.

Equations (2) and (3) show that the element con-
centration of a metasomatized portion of the upper
mantle is a complex function of a variety of poorly-
known parameters. The results of varying these pa-
rameters are shown in Figure 6. In this figure, GPI is
considered the source of metasomatizing fluid. The
pressure in all calculations is 40 kbar. The influence
of pressure on the element concentrations of the
metasomatized rock would be the result of pressure-
dependence of 

' 
the crystal-crystal partition coeffi-

cients, and the result of changes in modal proportions
of minerals in the rocks because of the pressure-
dependence of solid solutions in the minerals (e.g.,
MacGregor, 1974).It. was argued above that the pres-
sure-dependence of crystal-crystal partition coeffi-
cients may not be large. No such dependence was
therefore considered in the calculations. According to
MacGregor, the proportion of garnet would increase
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roxene content of the rock. Garnet is the only mineral
in garnet peridotite that shows significant fractiona-
tion of individual REE. Its presence in the metasoma-
tized rock will tend to oppose light-REE enrichment
in the rock. The less garnet there is in depleted GPl,
the less important this effect will be. Because the
garnet content of the residual garnet peridotite de-
creases as the degree of melting increases, the effect of
metasomatism on the REE pattern of the metasoma-
tized rock increases. The effect of the ratio of mass of
fluid in source rock and metasomatized rock at F :
0.16 and 40 kbar is shown in Figure 6B. The more
fluid relative to rock that enters the depleted perido-
tite, the greater the degree of enrichment. Put differ-
ently, the smaller the mass of rock to be metasoma-
tized for a fixed amount of fluid, the more
pronounced is the effect of metasomatism on this
rock.

Finally, it is geologically unreasonable that the
rock system in question is closed to HrO. Con-
sequently, only a portion of the fluid entering rock M
remains in the rock and equilibrates with it. As the
result, y, < l. Lowering of the value of I" lowers the
effective value of ,Yon thus resulting in a reduction of

2
xs,/xM

Fig. 6. Degree of change of light REE of metasomatized garnet peridotite [bulk REE (crystals * vapor) - RY REE content of
crystals - (Ci')t] relative to CelSm and CelTm of unaltered, depleted garnet peridotite. (64) As a function of degree of depletion
[expressed as proportion of fractional melt extracted (F) prior to metasomatism] with X./XM: l, Ri = l. (68) As a function of X./Xv
w i t h  F  =  0 .16  and  R i  :  l .

o.o5 0.ro o.t5 0 |
Degree o f  dep le l ion

at the expense of aluminous orthopyroxene with in-
creasing pressure. In GPI the relative increase of
garnet in the range 20-40 kbar would be about l0
percent. This variation will not significantly affect the
value of the bulk partition coefficients. It is con-
cluded, therefore, that the results of the calculations
approximate the results of metasomatic alteration of
garnet peridotite in the upper mantle in the pressure
range of garnet peridotite nodules sampled by kim-
berlite.

All the curves in Figure 6 represent percent change
of enrichment factors, Ce/Sm and CelTm. relative to
their values after extraction of 5, l0 and 16 percent
fractional melt as calculated according to the stoi-
chiometry of equation (l) using the equations of
Shaw (1970). The original values of these enrichment
factors are given in Table 4.

The effect of modal composition of rock M (de-
pleted GPI) at  X"/X*: I  and Yu: I  is shown in
Figure 6,4. The results show that, as the peridotite
rock to be metasomatized becomes more depleted,
the degree of light-REE enrichment increases rapidly.
The main change of GPI during depletion is a lower-
ing of garnet content and, to a lesser degree, clinopy-
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X"/X* as evaluated in Figure 68, so that X"/X* is
proportional to Y,.

In applying the above considerations to the pos-
sible metasomatic alteration of REE patterns of pe-
ridotite in the portions of the upper mantle sampled
by kimberlite, some information on the values of the
parameters discussed above is needed. Mysen and
Kushiro (1977) argued that because garnet peridotite
melts under near invariant conditions, partial melting
of a source rock such as GPI will continue until one
of the crystalline phases is exhausted. Consequently,
depletion of GPI to F : 0.16 (Table 4) is likely. The
REE content ofl fertile garnet peridotite is likely to be
in the range l-3 relative to average chondrite (e.g.
Shimizu, 1975a; Loubet et al., 1975). From the results
shown in Figure 6, it appears that XM ) X" to result
in significant alteration of REE patterns of depleted
garnet peridotite.

In Figure 7, calculated REE patterns of metasoma-
tized depleted garnet peridotite are compared with
the range of REE abundances found in depleted gar-
net peridotite. It appears from the results (Fig.7) that
X* ) X. to generate light-REE enrichment in meta-
somatized, depleted garnet peridotite. The range of
absolute REE abundance is covered by varying the

Fig. 7. REE patterns of metasomatized, depleted garnet
peridotite (f : 0 16) at 40 kbar compared with range of values
from nodules ( f rom Fig.  5) .  GPI-DEP-R3 wi th F :  0.16
and initial Rj; GPI-DEP-M = GPI-DEP after metasomatism.

Fig. 8. Published chondrite-normalized (Schmitt et al., 1963,
1964) REE patterns for island arc andesites.

R! between the values commonly suggested for fertile
garnet peridotite.

Island arcs

Another region of the upper mantle that may con-

tain significant amounts of HzO is the source region

of melts beneath island arcs. High water contents of

lavas in island arcs (up to 5 percent or more) have

been indicated by studies of Anderson (1975) and
Muenow et al. (1977), suggesting the presence of

significant amounts of water in the source region of

these melts. The trace-element geochemistry of ande-

sitic lavas indicates enrichment in large tithophile

elements (LIL) and perhaps l ight REE (Fig. 8), which

suggests unusually large amounts of LIL elements in

the source of island arc andesites or a different miner-

alogy compared with the source of oceanic basalts

that do not show light-REE enrichment.
Most models for the formation and evolution of

andesitic melts involve the presence of HrO (see

Boettcher, 1973, for a summary of these models). It

has also been suggested that H2O may play a role in
governing the trace element contents of andesitic

melts (Jakes and Gill, 1970; Fyfe and McBirney,

1975). Arguments have also been put forth for melt-

ing of a descending oceanic plate under essentially
anhydrous conditions (e.g., Marsh, l976a,b). Marsh

argued that dehydration of the plate occurred at a

shallower depth than that of andesite formation. Fur-
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thermore, he believed that HrO was essentially immo-
bile in a crystalline upper mantle. Consequently, the
effect of water on the melting relations of peridotite
called upon by other authors (as summarized by
Boettcher, 1973) for the formation of andesite was an
unlikely model. He also argued that the effect of
frictional heating of the slab-mantle interface was so
large that melting would occur there under any cir-
cumstance. The thermal models used in those argu-
ments (such as calculated by Toksoz et al.,1971, and
Turcotte and Schubert, 1973, for example) use partial
melting on the interface as a boundary condition.
Petrological arguments for partial melting of a de-
scending slab of basaltic composition based on such
thermal models are therefore of questionable value
because partial melting of the slab was one of the
assumptions used for the thermal models.

Delaney and Helgeson (1978) cast further doubt on
models for melting of the slab. They calculated the
thermodynamic parameters of probable dehydration
reactions that may take place in the descending plate
beneath island arcs. These variables were combined
with various thermal models to calculate the depth
and temperature where such dehydration may occur.
The pressure and temperature ranges given by
Delaney and Helgeson were 25-40 kbar and 400.-
600oC, respectively. It should be noted that basalt
+ H2O solidi are always at temperatures greater than
600oC (e.g., Robertson and Wyllie, l97l; Lambert
and Wyllie, 1972; Allen et al., 1975\. If the results of
Delaney and Helgeson are correct, dehydration of a
descending plate of basaltic bulk composition may
occur at depths ranging from 70 to 120 km without
resulting in melting of the slab material. provided
this fluid can migrate into the overlying peridotitic
wedge from the slab itself-as also argued by Jakes
and Gill (1970) and Fyfe and McBirney (1975)-the
trace-element content of the overlying wedge may be
affected. The expected effect on REE patterns of
partial melts from a metasomatized peridotitic wedge
overlying dehydrating basaltic rocks in the descend-
ing plate will be considered here, and the validity of
some of the preceding arguments may be assessed.

A case where amphibole, clinopyroxene, and gar-
net coexist with hydrous vapor in the slab is con-
sidered. Because K$g'gt'-cn* is near I (Mysen,
1977a), the vapor-crystal partition coefficients of
clinopyroxene and amphibole are likely to be simi-
lar. Therefore, clinopyroxene * amphibole is con-
sidered as one mineral and referred to as Cpx in
the following discussion. The fluid is considered to
be in equilibrium with both the dehydrating rock of

REE Content6**

1 1 0 1 0
1 1 0 1 0
1 1 0 1 0

*Modaf spinel evenTg divided bexreen 07 and opx fot caJculation
puttrbses.

*xReiative to avetage clondrite.
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eclogitic mineral assemblage and the peridotite. An
uncertainty in these calculations is the temperature.
According to Cullers et al. (1973), the vapor-crystal
partition coefficients for REE increase with decreas-
ing temperature at least at I kbar. If this trend also
applies to REE partitioning at higher pressures,
and the temperature of dehydration and metaso-
matism is lower than I100'C (the experimental
temperature), the bulk partition coefficients used
here are minimum values. Consequently, the magni-
tude of the change of REE contents and patterns in
peridotite beneath island arcs after passage of the
metasomatic front represents minimum values.

A case where spinel peridotite (SPl; see Table 5)
overlies a dehydrating slab containing amphibole,
clinopyroxene, and garnet is considered. Dehy-
dration of an amphibole-rich rock of bulk composi-
tion similar to oceanic tholeiite is likely to occur in
the pressure range 20-30 kbar, resulting in a rock of
eclogitic mineralogy. The fluid is considered to be in
equilibrium with both the dehydrating rock of ec-
logitic mineral assemblage and the peridotite. The
amount of released fluid (X"), the amount of fluid in
SPI after metasomatism (Xr), and the ratio of garnet
to clinopyroxene in the eclogite will affect the extent
to which the REE pattern of the spinel peridotite
overlying the descending plate will be affected. In the
following calculations the amount of released water is
varied between 0.25 and 1.0 weight percent. The
amount of fluid in SPI is also varied between 0.25
and I weight percent and the modal Ga/(Ga + Cpx)
between 0.2 and 0.5 (Table 5). From the viewpoint of
modeling bulk compositions of oceanic basalt in

Table 5. Compositional data on eclogite and garnet-free
peridotite in model island arc environment

sPl

SiO2
A1z0:
ueo
CaO

Ga
cPx
oPx
O I

Ce
Sn
Th

4 1 . 3
2 . 6

r0 ,0
30 .1

5 . r
20 .8
20 ,7

2 1 . 8
1 8 ,  3

5L.2
1 0 . 1
23,2
r 5 .  5

5 0 . 1
1 t  1

2 4 . 2
1 3 , 0

llodal compoeltions

20 30 40 50
60 50

10 10
10 10
10 10
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cMAS, of the four compositions used, E4 is the most
similar to basalt. Prior to dehydration, the slab mate-
rial is considered to have an unfractionated REE
pattern with REE abundances equal to ten times that
of average chondrite (Schmitt et al., 1963, 1964).
Such REE contents are typical for oceanic tholeiite
(e.9., Frey et al., 1974).In an open system where HrO
can move freely, the value of )/" [equation (2)] is less
than l. Lowering of I/" to values less than I would
result in a shift of absolute REE abundances of the
metasomatized peridotite to lower values. It is as-
sumed, however, that as HrO migrates into the spinel
peridotite and the peridotite begins to melt, all avail-
able HrO will dissolve in the melt. Consequently, the
system is effectively closed to HrO and f, : 1.

The REE patterns of metasomatized spinel perido-
tite SPI are shown in Figure 9. The results show that
an increasing proportion of garnet in the source rock
results in a slight increase in the relative l ight-REE
enrichment of SPl. A lowering of the proportion of
fluid in the source rock (X.) relative to the proportion
of f luid in the metasomatized rock results in a slight
increase in l ight-REE enrichment of SPI (Fig. l0).
Lowering of Xy results in a more rapid reduction of
degree of l ight-REE enrichment, however (Fig. 2).
The latter case would be encountered if the total mass
of SPI exceeds that of the eclogite source, whereas in
the former case (X" ( Xrra), the mass of eclogite
source is less than that of metasomatized SPl.

Partial melts of similar major-element composition
derived from SPI before and after metasomatism
would have different REE patterns (Fig. l l). In Fig-
ure l l, the compositions of partial melts from SPI

Xs = o 'ot
X u = o ' o t

Ce Sm Tm

Fig. 9. REE patterns of metasomatized spinel peridotite as a
funct ion ofgarnet  content  ofsource rock.  In th is f igure,  X" :  0.01,
xM :  0 .01 ,  yv  =  l .

S P I - E 4

Ce  Sm Tm

Fig. 10. REE patterns of SPI after metasomatic alteration by
fluid from source rock E4 as a function of proportion of fluid in

source rock (X")  and metasomat ized rock (X") .

and GPI (where GPI is garnet peridotite of similar
bulk composition to SPI) with an unfractionated
chondrite-normalized REE pattern equal to unity are
compared with the patterns for partial melts derived
from metasomatized SPl. The stoichiometry of the
equation describing the melting of garnet-free perido-
tite is based on data of Kushiro (1969) as derived by
Mysen (1977c),

0.54 Cpx + 0.54 Opx :  0.08 Ol  + L iq (4)

whereas equation (l) describes melting of garnet pe-
ridotite. The crystal-liquid partition coefficients for
REE are from Mysen (1977a). The liquid composi-
tions are those of an accumulated fractional melt
calculated with the formulations of Shaw (1970). The
use of a batch-melting model does not significantly
affect the results. In this figure, 5 and 10 percent
melting (f : 0.05 and 0.10, respectively) are consid-
ered.

Metasomatic alteration of the REE contents of
spinel peridotite source rock for andesitic melts re-
sults in a l ight-REE enrichment of this rock that is so
great that partial melts from such a rock would be
more enriched in l ight REE and also have higher
absolute REE abundances than partial melts from
garnet peridotite that was not metasomatically al-
tered prior to melting (Fig. I l). The similarity of the
calculated patterns and those for natural andesite in
island arcs is striking. It is concluded, therefore, that
metasomatized spinel peridotite deriving its HzO
from dehydration of a descending oceanic plate with
an eclogitic mineral assemblage is a l ikely model for
andesitic formation in island arcs. The model leads to

l o

Rl',l

RT
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where X" is the proportion of s that is converted to
fluid, (Cit)" and (CY)' are concentrations of i in
crystal and vapor in source rock, respectively. Ri is
the total content of element, i, in rock, s.

For the metasomatized rock. M. the mass bal-
ance is:

R'" = RP (l - X') * (CY)"X' (4)

where R1D and RiM are the concentrations of ele-
ment, i, before and after the fluid entered rock M.
Xy is the proportion of fluid in rock M. If only a
portion of the fluid (f") remains in the metasoma-
tized rock, equation (4) becomes:

(Ci')' (l - Y"XM) + (L\)MY"Xu : Rl' (5)

where (Cit)M and (Cj)M are the concentrations of i
in crystals and coexisting vapor, respectively.

From equat ions (1) and (3):

(qf :
Dl- X. (D? - l )

From equations (4) and (6), the total content of
element. i. in metasomatized rock. M:

RY:R3( l -Y ,X* ) r Ri XM Y.
Di-  x" (Di -  l )

From equations (2), (5) and (7), the element con-
tents of coexisting rock M and vapor can be calcu-
lated:

(ci")' :

Fig.  l l .  REE pat terns of  part ia l  mel ts f rom Spl  and Gpl
compared with range of REE abundances in island arc andesite
(data from Gill,1974;Kay,1977;Yajima et al., 1972;Thorpe et at.,
1976).  Curve A:  5 percent  accumulated f ract ional  mel t  f rom Spl-
E4 with X, = 0.0025, X, : 0.01; Curve B: Same as A, bur with
l0 percent melt; Curve C: Same as B, but with X" : 0.01, Xu =
0.0025; Curve D: 5 percent partial melt from unaltered Gpl; Curve
E: 5 percent partial melt from unaltered SPl.

agreement between both REE data and information
on phase equil ibria of wet peridotite under the appro-
priate pressure conditions.

Appendix

Bulk partition coefficients are defined:

Dl, = >(R/ I{,'*) : (g'),"
i / ^ \ ^ " ) :  ( C , J  ( l )

DMr: Z(py//c/xt)  -  (q ') '""i/  ̂\,^.) : 
n.,f e)

where Pi and P\ etc. are modal proportions of
phases in source rock (s) and metasomatized rock
(M), respectively. The partit ion coefficients, Kyt't -

CYapor/Cetvst"r, are weight ratios of element, i, in
vapor and crystal.

From mass balance, for the source rock. s:

E

o

E s
o

R?

R^1

(6)

(7)

(8)
( l-Y,xM)-w

Equations (7) and (8) are used in the calculations in
the text.
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