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Effects of pressure on partitioning of trace elements between low-Ca pyroxene and melt
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ABSTRACT

In order to better understand magma evolution at depth in the Earth, partition coeffi-
cients between low-Ca pyroxene and melt have been experimentally determined at 15 and
20 kbar. Results indicate that partitioning of Sc, Yb, and Ca is little affected by pressure
but Al partitioning increases significantly. We conclude that the unique dependence of Al
partitioning on pressure results from the stabilization of Al on octahedral sites in pyroxene.
In contrast to results of previous studies, we further conclude that, in most cases, low-
pressure partition coefficients (D = concentration in crystal -~ concentration in melt) are
applicable to high-pressure problems and that the strong dependence of D on cation size
observed at low pressure persists at high pressure.

PARTITIONING EXPERIMENTS

A series of partitioning experiments between low-Ca
pyroxene and melt has been completed at 15 and 20 kbar.
Five-component synthetic starting materials (SiO,, Al,O;,
CaO, FeO, MgQ) were made in which pyroxene was ex-
pected to be the first liquidus phase. All experiments were
carried out in a solid-media high-pressure apparatus (Boyd
and England, 1960) using the piston-in technique with a
10% friction correction. Temperatures were measured with
Pt-Pt,,Rh,, thermocouples without pressure correction on
emf output. Automatic temperature controllers main-
tained the temperature within +10 °C.

Samples were doped with about 1% (Yb + Sc) and
loaded in graphite capsules. Duration of the experiments
varied between 0.5 and 1.5 h. (Longer experiments were
not possible because of equipment limitations at the tem-
peratures of these experiments.) Samples were analyzed
using a Cameca Microbeam e¢lectron microprobe with
ZAF corrections for matrix and background. Composi-
tions of glasses containing quench crystals were deter-
mined by averaging the analyses for a linear or rectan-
gular array of 20 to 40 regularly spaced points. Figures 1
and 2 bracket the range of crystal sizes and the extent of
quench crystallization for these experiments. The figures
also show the points in crystal and glass that were ana-
lyzed. Experimental results are reported in Table 1.

The durations of the experiments of this study are short
relative to analogous experiments at 1 atm (e.g., Colson
et al., 1988). Therefore some consideration of the poten-
tial for disequilibrium is necessary. We note that the du-
rations of high-pressure experiments are typically shorter
than analogous 1-atm experiments (e.g., Longhi et al.,
1978). We also note that equilibrium between pyroxene
and melt at high pressure has typically been inferred to
occur in experiments lasting 0.5 to 3 h (e.g., Bender et
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al., 1978; Green et al., 1979), durations similar to those
of the present study. More rapid equilibration at high
pressure is expected because temperatures (and therefore
diffusion rates) are higher than in analogous 1-atm ex-
periments.

Based on diffusion rates in garnet, Harrison (1981) has
calculated that equilibrium is reached in 1-2 h in high-
pressure garnet/melt partitioning experiments. A similar
calculation for Sc and Yb equilibration time in pyroxene
cannot be made because diffusion data for Sc and Yb in
pyroxene are not available. However, calculations based
on the assumption that diffusion of Sc and Yb is similar
to Ca and Sr (Freer, 1981; Sneeringer and Hart, 1978)
suggest that crystals <50 um in diameter (all experiments
except PR1) will equilibrate in 1.5 h. These calculations
indicate that the larger crystals in PR1 will only partially
equilibrate. However, because the extent of crystalliza-
tion in PR1 is low (< 5% crystals), zoning arising during
the progress of crystallization may be small. Also, other
kinetic effects that perturb effective partition coefficients
by as much as a factor of 2 (Lindstrom, 1983) are not
considered to be significant in this study because of higher
temperatures and slower growth rates (slower growth rates
are inferred because of controlled cooling rates (1-2 °C/
min) and a low degree of undercooling (<20 °C) in this
study).

The absence of any major-element zonation in the py-
roxenes further supports the contention that equilibrium
is indeed reached in these experiments. For pyroxenes
less than about 50 um in size, no zoning is observed with
either sem backscatter imagery (Fig. 2) or electron-micro-
probe analyses. Although the larger crystals seen in Figure
1 appear somewhat skeletal, suggesting rapid growth, ma-
jor-element analyses reveal <5% relative zoning. This is
less than the 10% relative zoning reported for the pyrox-
enes in Colson et al., 1988. We do not consider a <5%
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Fig. 1.
tals in matrix of radiating quench crystals and glass. Points 1
and 3 are points analyzed in the crystal. Compositions of the
glass were determined by averaging analyses for an array of reg-
ularly spaced points in the regions numbered 2 and 4. The large
central crystal is about 120 pm in width and several hundred
micrometers in length.

sem backscatter image of run PR 1 showing large crys-

deviation from equilibrium to be significant because it is
less than the analytical error we report in Figure 3. We
conclude that these experiments represent a reasonable
approximation of equilibrium conditions.

DiscussioN

It is generally not possible to isolate experimentally the
effects of pressure from the effects of other variables like
temperature and composition. For example, it is impos-
sible to hold temperature and phase composition con-
stant while varying pressure. Changes in partitioning with
pressure must be attributed to several covarying param-
eters of the system. Therefore, we divide partitioning
changes with pressure into two categories: (1) the effects
of covarying temperature and composition and (2) the
remaining pressure effects that must be caused by either
the preference of cations for the lower-volume side of a
reaction at high pressure or changing activities in the melt
or crystal.

For low-Ca pyroxene, the relationship between phase
composition, temperature, and equilibrium partitioning
has been determined previously for 1 atm (Colson et al.,

Fig. 2.
sized to small crystals in a “mush” of quench crystals and glass.
Points 1 and 2 represent crystal points that were analyzed. Forty
equally spaced points along line 3 were averaged to get the glass/
quench composition. The black bar in the upper right is about
100 gm in length.

SEM backscatter image of run PRS5 showing medium-

1988). Colson et al. (1988) have modeled the temperature
and compositional dependence of trace-element parti-
tioning in bulk compositions similar to those of this study
by fitting a large data set to the relationship In K =AS/R
— AH/RT, where the partition coefficient is related to the
equilibrium constant, K, by appropriate expressions for
activities. In the present study, we isolate the effects of
pressure from temperature and compositional effects by
a comparison of our data to partitioning values predicted
by Colson et al. (1988) for systems of the same compo-
sition and temperature but at 1 atm. [We point out the
temperatures and compositions in the 1-atm experiments
of Colson et al. (1988) are different from the higher-pres-
sure experiments of this study. We use the equilibrium
reactions and free energies of reactions determined by
Colson et al. (1988) to extrapolate from temperature-
composition conditions that exist at 1-atm to those that
exist at higher pressures.] Because the bulk compositions
in that study and this one are nearly identical, we believe
the predicted values accurately model the temperature
and compositional dependence of partitioning in the
present study. Use of the model in Colson et al. (1988)
places better constraints on the effects of covarying tem-
perature and composition than was possible in previous
high-pressure partitioning studies (e.g., Green and Pear-
son, 1983).

Figure 3 illustrates the comparison of high-pressure D
values to D values predicted for 1 atm. The line in Figure
3 represents where the value measured at 15 or 20 kbar
equals the value predicted for 1 atm. Values for Ca, Yb,
and Sc partitioning fall on or near this line, indicating
that these partition coefficients are little influenced by the
pressure difference. However, Al partition coefficients are
increased by an order of magnitude by pressure.
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Fig. 3. Plot of the measured partition coefficient against the partition coefficient predicted (Colson et al., 1988) for this same
temperature and composition but at 1-atm pressure. Bars equal 1 errors estimated from counting statistics and the variation in
concentrations in the inhomogeneous quench glass. Within error, Ca, Yb, and Sc partition coefficients are unaffected by pressure.

Al partition coefficients are significantly increased by pressure.

The increase with pressure of Al concentration in py-
roxene is a well-known occurrence (Yoshikawa, 1977).
Our goal is not to simply observe that an increase in D,,
with pressure occurs, but to explain the cause of the in-
crease. There are three scenarios that might explain the
effects of pressure seen in Figure 3.

1. The activity of Al in the melt might be drastically
increased while activities of other components are little
affected as pressure increases. Changing coordination of
melt Al with pressure has been invoked before to explain
trace-element partitioning (Mysen and Kushiro, 1979).
However, because Sc and YDb are charge-balanced in low-
Ca pyroxene by a coupled substitution of Al for Si (Col-
son et al., 1988; Lindstrom, 1976, by analogy to clino-
pyroxene), Al will appear in the equilibrium constant for

the Sc and Yb partitioning reactions, and any change in
Al activity in the melt must affect Yb and Sc partitioning
as well. This effect is not seen, suggesting that changes in
melt Al activity are not controlling Al partitioning.

2. At high pressures, the lower-volume side of a reac-
tion is preferred due to the effect of the energy term PdV
(where P is pressure and dV is the change in volume for
the reaction). However, no systematic variation in pressure
dependence with cation size for the cations Ca, Yb, Sc, Al
(in order of decreasing size) is seen, leading us to conclude
that volume changes for the exchange reactions do not
cause the pressure dependence of D,. A small effect of
PdV is expected since volume changes of metal-metal ex-
change reactions in silicate systems are typically small
(Navrotsky, 1978). We point out that high-pressure stud-

TaBLE 1. Experimental results
P

Run T(C) (kbar) Phase* MgO AlLO, SiO, Ca0  Sc,0, FeO  Yb,0, Dy, Dy ** Dy D3
PR1 1473 15 o] 15.2 56 48.2 3.1 — 27.6 0.4

px 28.5 0.6 55.5 04 — 15.9 na 0.10 — 0.048 0.13
PR5 1495 20 gl 10.9 7.9 49.4 4.4 0.3 26.1 0.3

px 27.0 21 54.3 0.6 na 16.8 na 0.27 0.26 0.066 0.14
PR6} 1344 20 gl 11.4 12.6 49.8 7.8 0.2 18.2 0.1

px 227 5.2 51.7 2.3 na 18.7 na 0.41 bad bad bad
PR7 1318 15 gl 12.2 13.9 47.5 7.5 0.3 18.4 0.2

px 26.0 57 52.6 14 na 149 na 0.43 0.79 0.124 0.15
PR8¢§ 1395 15 gl 8.8 12.2 48.9 6.9 0.3 21.8 0.3

px 251 3.2 53.4 1.1 na 18.1 na 0.26 0.60 0.086 0.13

Note: —indicates that the element was not added to the experimental charge; “bad” indicates that owing to the small size of the crystals grown in
the experiment, these partition coefficients could not be determined. CaO in pyroxene was analyzed by both the major-element analysis routine and
the trace-element routine (McKay et al., 1986a). The D values determined by the trace-element routine are considered the more reliable.

* Phases: gl = glass; px = pyroxene.

** These partition coefficients were determined by techniques outlined in McKay et al. (1986a).

T This run also contains garnet in equilibrium with low-Ca pyroxene.

§ Run contains a grain of hornblende at seam of graphite capsule where H,0 apparently leaked in from the furnace assembly.
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Fig. 4. Plotillustrating the pressure dependence of Al (closed symbols) and Yb (open symbols) partition coefficients. The ordinate
plots the difference between the partition coefficient measured in this study and the value predicted at 1-atm pressure for the same
temperature and composition. No dependence on pressure of Yb partition coefficients is apparent. Bars equal 1o errors estimated
from counting statistics and the variation in concentrations in the inhomogeneous quench glass.

ies of trace-element partitioning that express partitioning
by a crystallization reaction (or simple Nernst distribu-
tion coefficients), rather than as an exchange reaction as
in the present study, may observe real PdV effects that
are normalized out by our expression of partitioning in
terms of exchange reactions.

It is possible that Al activity and P4V effects for the Sc
and Yb exchanges are changing in such a way as to cancel

each other out. However, the Ca exchange, which does
not involve Al, is also unaffected by pressure, suggesting
that this is not the case. Also, although there is a system-
atic increase in Al partitioning with pressure, there is no
systematic variation of partitioning for the other ele-
ments (e.g., Yb, Fig. 4). It must be concluded that both
the effects of P4V and the effects of Al activities in the
melt are insignificant.

0
-0.2 = -
]
= A
-0.4 | | ~ o s
- A
4 | A -
4
-0.8
| B 20Kbars
| A 15Kbars
_1 -
| —— 1atm (calculated from
12 Colson et al, 1988) //
-1.4 - //
T T T T T

56 5.8

6 6.2

10000/T (K)

Fig. 5. Temperature and pressure dependence of the equilibrium constant (K) for the Al partitioning reaction. For compatibility,
the value for K is calculated using the same activity expressions and exchange reaction as used in Colson et al. (1988). Lines for 15
and 20 kbar are drawn parallel to the 1-atm line because the data are not sufficient to confirm or disprove any change in slope with

increasing pressure.
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Fig. 6. Partitioning values for the REE between clinopyroxene and melt are plotted for 20 and 10 kbar (data are from Shimuzu
et al., 1982). Also plotted are partitioning values calculated as equal to the partition coefficient at 20 kbar + correction for difference
in pyroxene composition between the 10- and 20-kbar experiments. The correction for phase composition is after McKay et al.
(1986b). Although the fit of the calculated values to the values measured for 10 kbar is not perfect, the closeness suggests that a
large part of the pressure dependence of these partition coefficients is related to covarying phase composition.

3. We conclude that the change in D,, with pressure
indicates that the activity of Al in low-Ca pyroxene is
uniquely sensitive to pressure. We interpret this sensitiv-
ity to be due to an energy arising from the high-pressure
stabilization of Al in octahedral coordination in pyroxene.
The tendency for Al to assume octahedral coordination
at high pressure is well documented. This tendency can
be understood as resulting from the space-saving qualities
of higher coordination (Mason, 1966). The stabilization
of small cations on large sites at high pressure is not lim-
ited to Al on octahedral sites but also is known for Si on
octahedral sites (Chao et al., 1962) and Mg on dodeca-
hedral sites in garnet (Schreyer and Seifert, 1969).

SUMMARY

Not unexpectedly, the partition coefficient for Al in
orthopyroxene increases systematically with pressure. The
dependence of log D on pressure can be approximated by
log D, = log D, .. + 0.053P (kbar). A more rigorous
expression of this relationship is illustrated in Figure 5,
where the temperature and pressure dependence of the
equilibrium constant for the Al-partitioning reaction is
shown.

Furthermore, the Al partition coefficients are shown to
increase with pressure owing to changes in Al activity in
pyroxene and not to changes in melt structure of dV. Sug-
gestions from previous studies that propose that varia-
tions in melt activities dominate partitioning changes with
pressure (e.g., Mysen and Kushiro, 1979) may be pre-
mature.

Except for special cases where a cation is “too small”

for a particular lattice site (such as Al in octahedral sites),
partitioning is demonstrated to be little affected by pres-
sure. This is in contrast to results of some previous stud-
ies (e.g., Mysen and Kushiro, 1979; Harrison, 1981; Shi-
muzu et al, 1982; Green and Pearson, 1983) but
compatible with others (e.g., Irving and Frey, 1984). We
interpret differences with previous studies to be due either
to the use in previous studies of expressions for the par-
titioning reaction that are more sensitive to pressure than
the exchange expressions we adopt or to the uncompen-
sated effects of covarying temperature and composition
in previous studies. For example, the pressure depen-
dence of REE partitioning in clinopyroxene reported by
Shimuzu et al. (1982) can be explained (at least partially)
by differences in phase composition between higher- and
lower-pressure experiments (Fig. 6).

We conclude that these data suggest that 1-atm pyrox-
ene partition coefficients are applicable to high-pressure
problems and that the strong dependence of partitioning
on cation size previously found at low pressure persists
at 15 and 20 kbar. Furthermore, similarity of 1-atm par-
titioning behavior for orthopyroxene and olivine suggests
that partitioning of large cations into olivine will be little
affected by pressure but Al partitioning will increase about
an order of magnitude.

These conclusions provide important constraints on
trace-element partitioning between phases at high-pres-
sure, for the purpose of improving modeling of magma
evolution at depth in the Earth. They are also important
in achieving a more fundamental understanding of the
effects of pressure on component activities in silicate melts
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and crystals. This understanding is important if geoba-
rometers and geothermometers are to be defined on the
basis of trace-element partitioning reactions.
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