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Abstract

The partitioning of fifteen trace elements (Rb, Sr, Zr, Nb, Ba, La, Ce, Nd, Sm, Gd, Yb, Hf,
Ta, Pb and Th) between clinopyroxene and synthetic melt has been studied in two compositions along
an isotherm in the diopside-albite-anorthite ternary at 1 bar pressure. The two compositions
correspond to ~DigsAn;s and ~DissAbys and produce clinopyroxenes distinct in chemistry while melt
compositions range from 49 wt % SiO; to 61 wt. % SiO;. The partition coefficients of high field
strength elements (HFSE) increase by factors of 2 to 8 in Di-An experiments relative to Di-Ab
experiments while other elements show very little change (+/- 20%) between compositions. The
change in HFSE partitioning correlates with increases in tetrahedral Al,0, (IVAI) content of
clinopyroxenes in the anorthite-bearing experiments. Changes in Dy,/Dy, also correlate with YAl
based on a survey of previously published determinations.

Tests of models of trace element substitution energetics produce values for Young’s modulus
(E) and optimum D (D,) consistent with previous results for clinopyroxene for mono-, di- and tri-
valent cations. The wide variations in partitioning behavior for tetra- and penta-valent cations are also
consistent with these models because the high values for E make partition coefficients and relative
HFSE partitioning sensitive to small changes in composition. The overall increase in HFSE
partitioning and D, for the DiAn composition is consistent with D, increasing as a function of VAl
consistent with the role of VAl in charge balancing HFSE. However, VAl must also cause lattice
changes that affect the ability of the clinopyroxene to discriminate between Nb and Ta.

There are two important implications to the observed dependence of HFSE partition
coefficients on clinopyroxene aluminum content. First, HFSE will be fractionated from their adjacent
REE within ultramafic samples during melting of spinel lherzolite as clinopyroxene AlyO3 content
decreases. Second, fractionations between Nb and Ta and Zr and Hf observed in mantle derived
magmas are consistent with extraction of melt in equilibrium with spinel lherzolite having
clinopyroxenes with ~5 wt. % Al Os. The fractionations among HFSE (Nb/Ta, Hf/Zr) and between
HFSE and REE observed in both arc magmas and upper mantle peridotites may simply reflect prior
depletion by major melting events (F > 10%) which left clinopyroxene as a residual phase. We
speculate that the peridotitic sources for MORB and arc lavas are similar in composition with both
having significant HFSE anomalies. However, MORB do not typically record HFSE anomalies
because of the complementary contribution of HFSE from enriched mafic veins interspersed within

the peridotite.



Lundstrom et al., GCA 5-5-98
1. Introduction

Understanding the fractionation of trace elements in magmatic systems requires
comprehensive knowledge of the partitioning of elements between mineral and melt. Clinopyroxene
plays an important role in controlling the fractionation of many trace elements during mantle melting,
However, comparison of the results of clinopyroxene-melt partitioning experiments reveal wide
variations in the absolute values of trace-element partition coefficients which are often attributed to
bulk compositional effects. Recent studies have demonstrated that changes in crysta;l composition
produce large variations in partitioning behavior [McKay et al. 1986; Gallahan and Nielsen, 1992;
Lundstrom et al., 1994; Gaetani and Grove, 1995]. Yet, the underlying reasons for the compositional
control remain unclear. The relative importance of variations in lattice strain energy caused by size
differences between impurity cations and some “ideal” site radius [Onuma, 1968; Blundy and Wood,
1994; Beattie, 1994; Blundy et al., 1996}, more complex coupled charge balancing substitutions or a
combination of these remains unresolved.

Deciphering the trace element "signatures within mantle-derived magmas and ultra-mafic
materials requires a complete characterization of mineral-melt partitioning, especially with regard to
the relative partitioning of different element groups. Of particular interest to mantle geochemistry is
the relative partitioning between high field strength elements (HFSE) and rare earth elements (REE).
However, experimental determinations of the partitioning of a large suite of elements between single
melt-crystal combinations are few in number [c.f., Hart and Dunn, 1993]. Studies examining
multiple compositions (and thereby probing compositional effects on inter-element group
partitioning) are even less common [c.f., Skulski et al., 1994]. Therefore, we have investigated the
partitioning of fifteen trace elements between clinopyroxene and melt in two binary compositions
along an isotherm in the Di-Ab-An system. These experiments are designed to minimize thermal
effects on partitioning, and focus strictly on the role of Na and Al contents on clinopyroxene-melt

partitioning.
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2. Experimental Methods

The experimental techniques used were similar to those of Lundstrom et al. [1994].
Compositions corresponding to ~Digs-An3zs and ~Diss-Abgs (compared to ~Digg-Anyg-Absg in
Lundstrom et al., 1994) were prepared from oxides and carbonates with 1 wt.% TiO2 and 0.2 wt.%
Crp03 added to provide geological realism to the clinopyroxenes as well as to provide direct
comparison with previous results of Watson et al. [1987] (Table 1). These materials were ground
under ethanol and fused for 4 hours at 1450°C once. Nitrates of trace elements (Th, Rb, Pb, Nb, Ta,
Ba, La, Hf, Nd, Sm, Gd and Yb at ~75-650 ppm level) were added to the starting material along with
B203, LiO7 and Be(NO3); at the <150 ppm level and ground under ethanol. The material was fused *
and ground an additional two times. Sr and Zr were not added but were presént at the 60-100 ppm
level due to impurities in the reagents. Li, Be and B results are reported elsewhere [Brenan et al., in
press]. The resulting powders were dried, placed into platinum capsules which were welded shut,
and run simultancously in a vertical Deltec furnace. Temperatures were monitored using Pt/Ptgo,Rh
thermocouples calibrated against the melting point of Au and positioned at the same vertical level as
the sample and to within 5 mm (horizontally) of each sample. Experiments were run by holding the
charge in the hot spot of the furnace at 12 degrees above the predetermined liquidus temperature
(1281°C) for 24-40 hours, dropping the temperature to the liquidus for 24 hours and ramping at
0.2°C/hr to a final temperature of 1275°C. After three hours at this temperature, the experiments
were quenched by dropping them into water. Here, we report the partition coefficients from both
starting compositions determined at identical pressure and temperature.

The run products were analyzed for major and trace elements at Lawrence Livermore National
Laboratory (LLLNL) according to the methods in Lundstrom et al. [1994]. For consistency with
Brenan et al. (in press), reported major element compositions reflect the average 10 spots within the
clinopyroxenes of each composition and 8 to 10 analyses within each glass (Table 1). In addition,
several multi-point traverses were executed to assess clinopyroxene zoning. The partition coefficients
reported in Table 2 were calculated by dividing the average *%Si-normalized count rate of each

measured isotope in the clinopyroxene (9-12 spots in each experiment) by the average 30g.-
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normalized count rates in the glass (6 spots in each experiment) and correcting for the difference in Si
content of the two phases assuming equal ion yields for glass and crystals. Errors in Table 2 reflect
the combination of the standard deviations on numerous spots of analysis for both the glass and the
clinopyroxene. Depending on the element, the standard deviation of repeat analyses of the
clinopyroxene exceeded the counting statistics error on the individual analyses by up to a factor of 10
indicating the control of compositional variations within the clinopyroxene. Because Al, Na, and trace
element data were collected simultaneously using the ion probe, the role of variations in Al and Na
within clinopyroxene could be assessed at each analysis site. Although the compositional variation
that we discuss can be observed between the two starting compositions, we also present data as
individual spots to better illustrate the close coupling between non-quadrilateral Iﬁyroxene components
and trace element partitioning. Reported trace element concentrations were determined by calibration
against the 308i normalized count rates on a suite of silicate mineral and glass standards. We

estimate an error of +20% on the concentrations.

3. Results

The experimental runs produced bright green, euhedral, inclusion-free chromian diopsides up
to 300 um in length coexisting with homogenous pale green glasses (Figure 1). From visual
observation, the extent of crystallization was low (5-10%); this is confirmed by mass balance (“F” in
Table 1) and the similarity between glass and starting compositions. Thus, crystallization-induced
shifts in the composition of the melt were negligible. Zoning of clinopyroxenes resembles that in the
clinopyroxenes of Lundstrom et al. [1994] having cores richer in Cr,03 (Fig. 1b), but the changes
here are less severe than in the previous study. This is likely due to the lower cooling rate used in
these experiments during the crystal growth step.

The major element compositions of the average clinopyroxenes and glasses are given in Téble
1. The glass in the Di-An composition contained ~49 wt. % SiO2 while that in the Di-Ab
composition contained ~61 wt. % Si072. The NapO concentration varied from 5 wt. % in the Di-Ab

glass to only trace levels in the Di-An glass. Correspondingly, the non-bridging oxygen to tetrahedral
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cation ratio (NBO/T) decreased from 0.93 in the Di-An composition to 0.71 in the more polymerized
DiAb composition.

The two compositions produced chemically different clinopyroxenes, particularly in the non-
quadrilateral components. In the Di-Ab composition, the aluminum contents of the clinopyroxenes
were less than 1 wt % with most of the Al O3 residing in the M1 site. The Crp03 content ranged
from 1.5-2.0 wt % and the TiO, content averaged 0.22 wt %. Based on site occupancies in the Di-Ab
composition clinopyroxenes, Na and Cr co-vary, implying these elements substitute as a ureyite

component. In contrast, the clinopyroxenes of the Di-An experiment had ~5 wt. % AlpO3.

Variations in the Alp0O3 content of the clinopyroxene reflect variations of Al in the tetrahedral site .

(WAI) with no observed change in octahedral Al (Fig. 2). Like the clinopyroxenes of the experiments
of Lundstrom et al. [1994], Cr203 (1.9-2.8 wt %), TiO, (0.32-0.5 wt %) and Al,O3 co-vary with
clinopyroxene cores richer in Cr, Ti and VAl (Fig. 2). Thus, we observe a fundamental difference in
the TiO, and Al203 contents of clinopyroxenes produced from bulk compositions that vary primarily
in only their alkali content with no difference in temperature.

Clinopyroxene-melt partition coefficients calculated for the average clinopyroxene
compositions are presented in Table 2 along with glass trace element concentrations. The ratio of the
partition coefficients of the Di-An composition to those in the Di-Ab composition is also given.
While REE and alkalis have essentially the same partition coefficients in the two compositions, the
partitioning of HFSE changes dramatically between the two endmembers (Table 2, Fig. 3).

Although we have not varied the concentration level of trace elements in these experiments to
verify that Henry's law behavior is obeyed, concentration levels are similar to those in our previous
experiments in the Di-Ab-An system [Lundstrom et al., 1994] which demonstrated Henry’s Law
behavior for a variety of trace elements at a similar temperature. Approach to equilibrium in these
experiments is indicated by the relative homogeneity of crystals and glass, and by partition
coefficient-clinopyroxene composition correlations similar to those of Lundstrom et al. [1994], in
which equilibrium was demonstrated through reversal experiments. In addition, our measured

partition coefficients for highly incompatible elements, Ba and Rb, are as low or lower than any thus
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far published for clinopyroxene-melt equilibriumn. Failure to attain/approach equilibrium will bias
partition coefficients towards unity; the low and consistent values for the partitioning of these highly
incompatible elements suggests that equilibrium was likely to have been attained at the crystal-liquid |

interface at all times.

3.1 Comparison to Previous Studies

Mineral-melt partition coefficients vary as a function of mineral and melt composition and
intensive variables. The large range reported for the partitioning of HFSEs between clinopyroxene
and melt is the result of such variations (Table 3). Our results, in which the effect of intensive

cpx/meltpy highiighting the effects of

variables has been eliminated, manifest a similarly large range in
compositional variations. Results for individual spot partition coefficients, combined with previous
results [Lundstrom et al. 1994], suggest that much of the observed variation relates to crystal
chemical controls produced by non-quadrilateral component substitutions in pyroxene. Each of the
high field strength elements have substantially higher partition coefficients in the DiAn experiments
with the partition coefficients of individual spots increasing as a function of the AlpO3 content of
clinopyroxene (Fig. 4a). Because the Al,O3 variation relates solely to VAl (Fig. 2), the observed
increase in /™" Dyps; in the DiAn composition results from increases in ' Al

Our results imply that partitioning between clinopyroxene and melt can fractionate Nb from
Ta and Zr from Hf. Dy, is correlated with Dy, for individual spots indicating that these two elements
have similar substitution behavior; however, the slope greater than 1 indicates that Ta can be
fractionated from Nb with increasing aluminum content of the clinopyroxene (Fig. 5). Indeed, all
studies with combined Dy, and Dy, data show that Dr,/Dy, increases with YAl (Fig. 5).
Additionally, we have found significant differences in the partitioning of Hf and Zr between
clinopyroxene and melt with a Dyy/Dy, of near 2. Results of Skulski et al. [1994], Johnson et al.
[1989], Fujinawa and Green [1997] and Hart and Dunn [1993] are in accord with this result.

In general, our results for REE partitioning between clinopyroxene and melt compare

favorably with the numerous other studies and produce a pattern that is similar to previous
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clinopyroxene-melt results. The pattern is flat between Sm and Yb with Dspy, being identical within
error to Dyy, and Dgq4. Recent results for REE partitioning suggest a dependence of Dggg on the CaTs
component of the clinopyroxene with D¢, increasing by a factor of two and Dy, increasing by a factor
of 2.5 as X1, varies from 0.03 up to 0.23 [Gaetani and Grove, 1995]. Our values of XcaTs range
from 0.00 to 0.07, and our Dggg only show at most a 20% increase across this range.

Our values for Dpy,, Dy, Dg,, and Dy, also agree well with previous results. Ray et al. [1983]
studied the partitioning of Sr and Ti along several isotherms in the Di-Ab-An system, with the only
difference from our experiments being our inclusion of CrpO3 and TiO; (at the 1 wt % level).
Notably, they also observed a similar increase in Dg; and a small but noticeable decrease in D with-
increase in Ab component of the system, consistent with the results hefe. However, their
clinopyroxenes had a much smaller range in AlpO3 content (0.54-1.46) probably due to the lack of
Cr203 in the starting composition. Our results for Sr, Ba and Pb partitioning are in good agreement
with our previous results (0.1, 0.0002 and 0.009 respectively) {Lundstrom et al., 1994] and those of
Beattie [1993] (average values of 0.086, 0.00029, and 0.007, respectively). Few results have been
reported for Drp. Our results (0.00021-0.00024) are considerably lower than those of Shimizu

[1974] (0.001-0.004) and Hart and Brooks (phenocryst/matrix = 0.0018) [1974].

4. Discussion
4.1. Compositional Controls on Clinopyroxene-Melt Partitioning

Our data can be used to compare the relative effects of liquid structure variations versus
crystal chemical changes on trace element partitioning because temperature and pressure are constant.
Liquid-liquid partitioning experiments [c.f., Ryerson and Hess, 1978] imply that the increased
polymerization of the Di-Ab melt, evidenced by lower NBO/T, should result in less incorporation of
TiO7 into the melt. Therefore, if liquid structure is the dominant control on clinopyroxene-melt
partitioning, Dr; should be higher in the Di-Ab composition; however, the opposite is observed

indicating the predominant role of crystal chemical control.
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Between the DiAb and DiAn melts, the major compositional variant is the substitution of
NaAlO; for Cag 5Al07, and it can be argued that the lower AL O, content of clinopyroxenes-in the
DiAb composition reflects the decreased activity of Al,O; in the DiAb melt resulting from this
substitutioﬁ. The observed compositional dependence of HFSE partitioning could therefore reflect the
mcreased activity of Al,O; in the DiAn melt. However, several lines of evidence refute this. First,
the correlation between the HFSE partition coefficients and "' Al of the clinopyroxene (Fig. 2,4,5) is
observed not only between the DiAb and DiAn compositions, but also solely within the DiAn data
which are sodium-free, and unaffected by changing speciation of aluminum in the melt. The low
degree of crystallization argues that melt ALO; did not change significantly during crystal growth in
our experiments; however, if it did, Al,O; at the crystal melt interface would increase, not decrease
(arguments detailed in Lundstrom et al. [1994]). Therefore, changes in Al,O; activity in the melt are
not likely to account for our observations within the DiAn composition. Other experimental data also
implicate crystal chemical control. REE partition coefficients closely track clinopyroxene Al,O;
content within a sodium free system where melt Al,O; is essentially constant [Gaetani and Grove,
1995]. HFSE contents correlate with Al,O5; within clinopyroxenes formed in hydrous fluid-
clinopyroxene partitioning experiments where fluid content should not have changed [Brenan et al.,
1995]. Lastly, in contrast to the observed discrimination of HFSE during clinopyroxene-melt
partitioning (Dr,/Dyy, and Dyy/Dg,), the similarity of solution behavior of Zr and Hf in high silica
melts also suggests that liquid state variations are unlikely to cause fractionation of such element pairs
[Ellison and Hess, 1986].

Mineral-melt partitioning, and in particular inter-element fractionation among isovalent
groups, has been related to the microstructural strain associated with placing a cation into a
crystallographic site where a misfit in size relative to some “ideal” cationic radius occurs [Beattie,
1994; Blundy and Wood, 1994; Wood and Blundy, 1997]. These treatments provide a physical basis
for the long observed parabolic correlations between partition coefficient and ionic radius [Onuma et
al., 1968]. Given the large variation in the partitioning of certain elements seen between our two

compositions, it is useful to examine the degree to which these treatments can explain our
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observations. Therefore, we have used the equations of Blundy and Wood [1994] to calculate
differences in optimum D (D,) and Young's modulus (E) for our two compositions.

For mono-, di- and trivalent cations, we assume the same site occupancies (substitution in the
M2 site) as Blundy and Wood [1994] and use an optimum radius (ro) for the M2 site based on
equation 15 of Wood and Blundy [1997]. By plotting In (D) versus [ro(rj-ro)2/2 + (1i-1)3 /3)] [e.g.,
LaTourette et al., 1995] (rj is the ionic radius of the element); we obtain E and D, by linear regression.
We omit Pb because this description does not incorporate effects associated with the electronic
structure of this ion [Blundy and Wood, 1994]. Our results for these regressions, plotted with our
data in Fig. 6, are similar to the results of Blundy and Wood [1994] (Table 4).

The partitioning of divalent cations into M2 provides a good illustration of the control on
partitioning by site size energetics (Fig. 6). The linearized regressions for Ca, Sr and Ba in both
compositions produce excellent fits (Table 4), yet produce very different slopes and intercepts
indicating a change in E and D,. In both compositions, Ba is equivalently incompatible but D¢,
varies significantly. From these two regressions, it is clear that the increase in partitioning of Sr in the
DiAb composition can be explained by the change in D, which is approximated by the partitioning of
Ca. Regressions for both compositions predict P“™" Dy, ~ 1 x 10°.

The partition coefficients for Ti, Hf and Zr have been used to obtain E, D, and r, for the
tetravalent cations. We obtain best fits to the data using r, of 0.66 A for the DiAn composition and
0.652 A for the DiAb composition (Table 4). The inferred values for E of the two compositions are
similar and consistent with the large values expected for small, highly charged cation sites, ~30,000
kb for Ti-Hf-Zr in the M1 site vs. ~3000 kb for the REEs in the M2 site. D, changes from being
incompatible in the DiAb composition to compatible in the DiAn composition, consistent with the
higher Dygsg observed in the DiAn composition.

The results for Th fall well off the Ti-Hf-Zr regression indicating that its ionic radius (1.05 A)
1s too large for incorporation in the M1 site. However, its radius is very close to the value of r,, for the
M2 site. The radius of Th is equivalent to that of Gd which has the largest partition coefficient for the

REEs measured in this study. As such, the partition coefficient for Th approximates D, for
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quadravalent cations on the M2 site. Given the smaller ionic radius of U4 [Shannon, 1976], this
result predicts the incompatibility of U4 relative to Th observed for clinopyroxene-melt equilibrium
[LaTourrette and Burnett, 1992; Beattie, 1993; Lundstrom et al., 1994] for diopsidic clinopyroxenes.

Two partition coefficients for pentavalent cations (Ta and Nb) are not sufficient to
independently constrain D,, E and r,. However, inferences from other isovalent groups suggests that
the partitioning of these cations may be very sensitive to small changes in clinopyroxene composition.
For instance, it has been demonstrated that E for mono-, di- and trivalent cations in clinopyroxene and
plagioclase varies linearly with valence [c.f., Wood and Blundy, 1997]. Extrapolating the E (M1) for
quadravalent cations suggests E ~38,000 kb for pentavalent cations on that site, which will manifest
itself as a very tight parabola on plots of partition coefficients versus ionic radius. The ionic radii of
Nb and Ta are essentially equal (0.64 A) although Ta is likely slightly smaller than Nb based on
analogy to Zr-Hf. These radii fall quite close to the value of r, for the M1 site defined by the Ti-Hf-
Zr regression (0.65-0.66 A). As such, we would expect that small variations in r, with composition
could result in strong inter-element fractionation, or even reversals in the sense of fractionation.
These indications are supported by our data and Fig. 5 in which Dt,/Dny varies as a function of
clinopyroxene composition.

The data imply that HFSE partitioning between clinopyroxene and melt is sensitive to
clinopyroxene Al,O; content in two ways. First, there is an overall increase in Dyggg as Val
increases. Second, there is increased fractionation of Nb and Ta with increased VAL These two
sensitivities probably reflect the dual role of VAl in affecting both the ability to charge balance high
valence cation incorporation and the distortion of M1 lattice sites as the chains of silica tetrahedra are
altered.

With increasing ionic charge, charge balancing mechanisms in minerals become more
important. Highly charged cations require more complicated charge balancing mechanisms than
those required for mono-, or trivalent cations, so their substituting behavior 1s likely to be sensitive to
changes in clinopyroxene chemistry that facilitate charge neutrality. VAl is the most likely mechanism

for charge balancing HFSE since Na in the M2, the other possible mechanism, is not supported by
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the data (DiAb cpx with greater Na contents show the least ability to incorporate HFSE). Based on
the observed higher value for D, in the DiAn composition and the clear correlation between Dypsg
and IVAI, the value of D, which sets the absolute vertical position of the parabola, is likely to be a
function of "YAl. Further support for this interpretation comes from the observation that Th also
strongly depends on ¥ Al despite occupying a different lattice site (M2).

However, since Nb and Ta have identical charge balancing requirements, the differences in
their D’s as a function of ' Al (Fig. 5) cannot reflect charge compensation but rather implies that
lattice parameters also vary with VAl Understanding how variations in ' Al affect lattice structure and _
HFSE partitioning is not straightforward. The clinopyroxene M1 site changes in response to WAI y
variation. The CaTs component reduces the average M1-O bond length by 0.13 A and increases the
standard deviation on the M1-O bond length by a factor of two from pure diopside to pure CaTs
[Smyth and Bish, 1988]. Thus, both the overall size and the amount of distortion of the octahedral
site will change with increased 'YAl. Shifts in site size are reflected in r,; because of the large values
for E, small shifts in r, can readily change relative partitioning. Although speculative, increased site
distortion may also lead to greater selectivity between similarly sized HFSE (i.e. Nb and Ta)
especially if highly charged cations favor off-center ion positions.

Thus, site size energetics provide a useful means for explaining the observed relation between
partition coefficients and ionic radii [Onuma et al., 1968] and appear to describe one of the major
controls on trace element partitioning. We have documented the dependence of clinopyroxene-melt
partitioning of HFSE on Al of the clinopyroxene. Since increased VAl provides more ability to
charge balance HFSE, higher Dypgp and higher D, result. At the same time, increased ™V Al must
affect the site geometry because charge balancing cannot explain the Nb-Ta fractionation observed.
Because E is large for quadra- and pentavalent cations, shifts in r, due to composition or distortions in
site geometry can manifest themselves in large changes in relative partition coefficients, accounting

for the extreme selectivity of partitioning between elements of nearly identical radii.

4.2. Implications for the depleted mantle and mantle derived magmas
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Aside from being iron-free, the clinopyroxene compositions of these experiments strongly
resemble chromian diopsides found in mantle peridotite samples while the liquid compositions range
from haplobasaltic to haplotonalitic. Our results, particularly the observed partitioning dependence on
clinopyroxene aluminum content, are highly relevant to mantle-melt partitioning and the chemical
evolution of upper mantle geochemical reservoirs. There are two important but distinct ramifications
of the compositional control of Al on HFSE partitioning relevant to mantle geochemical observations.

First, because the AlpO3 contents of abyssal peridotite pyroxenes reflect the amount of
basaltic melt extracted [Dick et al., 1984; Dick and Fisher, 1984; Michael and Bonatti, 1985; Niu and
Hekinian, 1997a], the observed partitioning dependence on pyroxene AlpO3 content will be important
to incompatible element systematics as peridotite is progressively depleted. As Al,O3 decreases, the
relative partitioning of the REE, HFSE and large-ion-lithophile (LIL) groups of elements will vary
depending on the depth of melting and degree of depletion of the peridotite.

Studies of peridotite xenoliths, alpine massifs, and abyssal peridotites document that the
mantle is chemically heterogeneous on a variety of scales and it is difficult to discern long-lived
source variations from melting processes. With improved microanalytical techniques, it has become
evident that some ultramafic samples have been depleted to extreme extents in incompatible trace
elements in general and the HFSE in particular [Johnson et al., 1990; Salters and Shimizu, 1988]. Ti
and Zr deficiencies relative to their adjacent REE on normalized incompatible element plots, often
denoted as Ti/Ti* and Zr/Zr*, are commonly found in abyssal peridotites as well as in many
ultramafic samples from the mantle [Johnson et al., 1990; Salters and Shimizu, 1988]. Thus, the
bulk partition coefficients for Ti and Zr during some prior fractionation appear to have differed from
those of their adjacent REE.

The inferred shift resembles the changes in partitioning observed in our experiments and may
relate to the decrease in Al,O5 in clinopyroxene with increased degree of melting. For instance, at
moderately high Al, O3 contents (5 wt %), our results show that Dgp, > Dy, > Dyg which is in accord
with the order of these elements on incompatibility diagrams {Sun and McDonough, 1989].

However, as the Al O3 content decreases, the order of partitioning changes to Dgy, > Dyg > Dz
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Thus, melting of clinopyroxenes of lower Al,O3; content will dramatically change the observed

HFSE/REE behavior and can produce the Zr anomalies (Zr/Zr* < 1) observed in mantle peridotites.

Clinopyroxenes from refractory abyssal peridotites have Al,O3 contents of ~3 wt % which would

correspond to Dgy/Dz,~2, resulting in Zr deficits relative to Sm and Nd. Similarly, Ti shifts with

composition from being more compatible than middle and heavy REE to being slightly less

compatible. Although the partition coefficient shifts in this study cannot account for large Ti deficits,

it is clear that Ti is readily decoupled from the adjacent REE with relatively minor shifts in

clinopyroxene composition. Lastly, Sr is generally considered similar in incompatibility to Ce during
mantle melting. However, both large enrichments and depletions of Sr relative to Ce are found in ..
melt inclusions and some magmas [Sobolev and Shimizu, 1993; Gurenko and Chaussidon, 1997].
Such anomalies are consistent with our observed 30% change in Sr partitioning as a function of
clinopyroxene composition. However, in contrast to HFSE partitioning, Dg, increases as
clinopyroxene Al,O3 content decreases. Notably, Gurenko and Chaussidon [1997] find positive Sr
anomalies in the most depleted melt inclusions within olivines in Icelandic tholeiites, consistent with
derivation from an ultra-depleted mantle where Sr has been retained relative to REE through a
chemically-induced increase in partition coefficient.

A second implication of our measured partition coefficients is the fractionation among HFSEs
during melting of spinel lherzolite with moderate aluminum contents. Analytical improvements have
facilitated low concentration HFSE measurements documenting that Hf-Zr and Nb-Ta fractionations
occur in the mantle [Plank and White, 1995; Niu and Batiza, 1997; Niu and Hekinian, 1997b; Eggins
etal., 1997]. Our partitioning data can be used to assess how these deviations could be produced. For
instance, both Plank and White [1995] and Niu and Batiza [1997] show that depleted island arc
tholeiites, near-ridge seamount basalts and depleted MORB show a dramatic decrease in Nb/Ta with
decreasing Nb (Fig. 7a). This behavior is not compatible with variations in degree of melting but
rather reflects previous depletion in the source for these basalts [Plank and White, 1995]. The
previous depletion is consistent with the fractionation of Nb and Ta predicted by clinopyroxene-melt

partitioning at moderate Al,O; contents. Using our DiAn partition coefficients, the most depleted
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magma observed can be modeled as a 12% batch melt from a solid previously having lost a large
degree (12%) batch melt from an originally "primitive mantle" [Sun and McDonough, .1989]: Itis
also possible that garnet could be responsible for Nb/Ta fractionation but garet need not be invoked
[Green et al., 1989].

The observed data array extending to higher Nb/Ta (Fig. 7a) probably reflects the addition of
small amounts of melt derived from a trace-element enriched source, such as mafic veins interspersed
within peridotite [Allegre and Turcotte, 1986; Hirschmann and Stolper, 1996]. We have modeled the
Nb/Ta trend as a mix between average OIB (as a proxy for enriched vein melts) [Sun and
McDonough, 1989] and the most depleted basalt observed. The observed primitive basalts [Plank
and White, 1995; Niu and Batiza, 1997] reflect the addition of small amounts (1-2%) of OIB-like
melts (Fig. 7a) while the majority of MORB, being non-primitive with higher concentrations of
incompatible elements, require 5-10% contamination by OIB-like melts. Because of the strong
contrast in incompatible element concentrations between the two sources, most oceanic basalts
(MORB and OIB) reflect the domination of the OIB endmember in fixing the Nb/Ta ratio near
chondritic values. |

Similarly, our partition coefficients can explain the fractionation of Zr and Hf observed in
mantle derived basalts (Fig. 7b). Using the same two stage model (two 12% batch melts of primitive
mantle) [Sun and McDonough, 1989] as our Nb/Ta model, the most depleted Zr/Hf ratio observed is
reproduced (Fig. 7b). In contrast with Nb/Ta, the higher bulk partition coefficient for Hf results in a
significant increase in Zr/Hfy., even at 12% melting. The observation of many super-chondritic
Zr/Hf ratios but far fewer (with less deviation) super-chondritic Nb/Ta ratios agrees with the relative
magnitudes of the partition coefficients measured in this study. As our models illustrate, a change of
Nb/Tamejs relative to Nb/Tagource is unlikely to occur except at very small degrees of melting whereas
moderate degrees of melting will produce fractionation of Zr/Hf relative to the sourcé.

Similar to Nb/Ta, we have attempted to model the observed Zr/Hf data as a mix between the
most depleted basalt observed and average OIB [Sun and McDonough, 1989]. However, average

OIB cannot account for the observed higher values of Zr/Hf nor does it appear to accurately represent
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the Zr/Hf of some OIB (Fig. 7b). For example, the average of Zr/Hf of primitive alkalic basalts
(<45% Si0,) from the Canary Islands is 43 with Zi/Hf as high as 52 [Hoernle et al., in prep].
Therefore, we assume an endmember equal to Sun and McDonough [1989] in {Zr] but with a Zr/Hf
of 48. In reality, different OIB endmembers may well have different Zr/Hf [Weaver, 1991]. Using
this endmember, typical MORB reflects a mix of 10% of this enriched component with a melt
derived from a previously depleted mantle. Thus, the Zr-Hf data are also consistent with prior
depletion of upper mantle peridotite followed by mixing during magma production.

The mantle normalization diagram provides a useful method for evaluating the extraction of
elements from the bulk mantle. Especially in the case of MORB where crustal level mixing is likely .
to be very efficient, magma compositions should faithfully reflect the concentrations of highly
incompatible elements within the integrated source region prior to melting. However, the models
given above (previous source depletion followed by mixing) demonstrate that much of the trace
element budget of mantle derived melts may not be derived from the peridotites but rather come from
enriched heterogeneities. Indeed, the observation of mixing arrays that are clearly tied to isotopic
variation [Niu and Batiza, 1997] provides evidence that variations in incompatible element contents in
MORB probably reflect source variation to a greater degree than melting process. Therefore,
inferences that recent fractional melting is responsible for observed the Ti/Ti* and Zr/Zr*<1 in
abyssal peridotites [Johnson et al., 1990] based on the absence of HFSE anomalies in associated
MORB are not definitive. The range of Zr and Ti concentrations within abyssal peridotite
clinopyroxenes [Johnson et al., 1990] is more consistent with a fractional melting process, yet there
remains considerable uncertainty about the original concentrations prior to melting.

With the exception of arc magmas, high field strength anomalies (depletions in HFSE relative
to REE) are not common in mantle-derived melts. The origin of these depletions in arc volcanics has
been the subject of numerous proposals but no clearly favored explanation exists [Saunders et al.,
1980; Green, 1981; Kelemen et al., 1990; Woodhead et al., 1993, Thirwall et al., 1994]. Woodhead
et al. [1993] show that arc HFSE depletions are consistent with a source depleted by back-arc basalt

extraction since Ti/Zr increases progressively from more enriched back-arc basalts to more depleted
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arc magmas at the volcanic front of the arc. Such a scenario is compatible with geodynamic
inferences that mantle upwells beneath the back-arc and moves toward the arc to become the arc
source.

The processes discussed above, mixing of melits derived from a heterogeneous mantle and
prior depletion of arc sources by back-arc melting, share a commonality which yields a self-consistent
view of the upper mantle. Based on our conclusion that the MORB source consists of both peridotite
and enriched mafic veins, we suggest that average upper mantle peridotite is substantially more
depleted in incompatible trace elements than anticipated from MORB containing significant
HFSE/REE anomalies [Salters and Shimizu, 1988] and fractionations between HFSE (Nb/Ta and
Zr/Hf). The observed relation between arc and back-arc rocks [Woodhead et al., 1993] reflects the
role of decompression melting in the back-arc selectively extracting mafic veins from the mixed
source leaving solely peridotite, with its characteristic HFSE depletion, to constitute the predominant
source for arc magmas.

Our intent is to emphasize that MORB should not be equated with a solely peridotite source
and that the peridotite source beneath ridges and arcs may, in fact, be quite similarly depleted; yet, the
degree of depletion of the MORB peridotite source is often hidden by mixing. As an example, Elliott
et al. [1997] distinguish the Mariana Arc source from the MORB source by observing La/Nb to be a
factor of 2 greater than any MORB. However, the observed La/Nb in depleted seamount lavas
suggests La/Nb differs little between the Mariana Arc source and what we infer to be the depleted
source for MORB melting (Fig. 7c); moreover, based on the same melt extraction model as for
Nb/Ta, high La/Nb in the previously depleted peridotite should be expected because of the low value
for Dnp. The mixing model shows that very little enriched melt (0.3-1%) is needed to significantly
lower La/Nb back to "MORB-like" levels and it is likely that the most depleted melts of Niu and
Batiza [1997] do not represent the true depleted endmember. Clearly, other components from the
slab are needed to account for the chemical systematics of the Mariana Arc (and arcs in general). Yet,

deciphering sources and processes during melting of the upper mantle may require a distinction
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between "bulk upper mantle" and "upper mantle peridotite” and a corresponding re-evaluation of the

composition of average upper mantle peridotite.

5. Conclusions

The partitioning of trace elements between clinopyroxene and melt under isothermal
conditions shows that changes in clinopyroxene chemistry produce important shifts in inter-element
partitioning. The partition coefficients of HFSE increase by factors of 2 to 8 due to increased 'Y Al in
clinopyroxenes whereas other elements show very little change (+/- 20%) between compositions.
The relative partitioning of HFSE, D,/Dy, for example, also are affected by Y Al variations.

The clinopyroxene-melt partitioning behavior of mono-, di- and tri-valent cations is well
explained by site-size energetics [Blundy and Wood, 1994]. Even the wide variations in partitioning
behavior for tetra- and penta-valent cations are consistent with this model because the high values for
E make partition coefficients and relative HFSE partitioning very sensitive to small changes in
composition. The overall increase in HFSE partitioning and D, for the DiAn composition is
consistent with D, being a function of WAI, consistent with the role of 'YAl in charge balancing
HFSE. However, '"Al must also cause lattice changes that affect the ability of the clinopyroxene to
discriminate between Nb and Ta.

The compositional control of clinopyroxene aluminum content may be critical in explaining
two geochemical observations within the oceanic mantle. First, the decoupling of HFSE and Sr from
the REE observed in both peridotites and melt inclusions may be explained by partition coefficient
changes due to decreases in clinopyroxene Al,O3 content with progressive melting. Second,
depletions of Nb relative to Ta and Zr relative to Hf in mantle derived magmas reflect their peridotite
source previously depleted by melt extraction in the presence of residual clinopyroxene having
moderate Al,O; contents. The trend of increasing Nb/Ta and Zr/Hf with increasing trace element
concentrations observed in mantle derived magmas is consistent with mixing between melts derived
from previously depleted peridotite and more enriched sources such as mafic veins. Chemically

similar peridotites, depleted in HFSE relative to REE and containing low Nb/Ta and Zr/Hf, constitute
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the sources for both MORB and island arcs. However, because MORB reflects integration of its
source region, small contributions by vein melts erase the signature of this ultra-depleted peridotite
source. In contrast, because enriched veins are effectively removed by back-arc melting, arc lavas

more accurately record the depleted nature of upper mantle peridotite including HFSE anomalies.
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Table 1 Major element compositions of clinopyroxenes and glasses.

~Digs-Ang; ~Diss-Abys
starting starting ‘
composition cpx glass F composition cpx
n 3 10 8 3 10
SiO, 49.0 51.6 £0.4 495 £03  -0.23 60.1 55.2 203
TiO, 1.02 0.40 +0.03 1.03 £0.03 0.02 0.97 0.22 £0.02
AlLO, 14.4 4.8 £0.3 147 £0.2  0.03 9.2 0.75 +0.04
Cr,0, 0.18 2.1 0.2 0.15 £0.04 0.02 0.2 1.6 £0.3
Ca0 23.1 245 £0.2 231 £0.2  0.03 13.2 23.2 £0.3
MgO 10.4 16.4 0.2 10.1 £0.1 0.04 2.0 18.2 £0.2
Na,O 0.1 0.0 0.0 0.05 £0.02 0.00 5.5 0.54 £0.09
total 98.2 99.8 98.6 98.1 99.8
NBO/T*= 0.93
Calculated cation distributions on a 6 oxygen basis:
T site: Ml: M2:
Si™ A Al” Cr? T Mg? Ca* Mg”  Na"
DiAn  1.870 0.130 0.073 0.061 0.011 0.855 0.954 0.032 0.000
DiAb  1.989 0.011 0.021 0.045 0.006 0.928 0.896 0.049 0.041

'F is % crystallization by mass balance “Mysen et al. [1985]

glass
10
61.3 £0.5
1.05 £0.04
9.6 £0.1
0.07 £0.03
12.5 £0.2
8.5 £0.2
5.64 £0.07
99.0
NBO/T=

F‘

0.20
0.10
0.05
0.06
0.06

0.06
0.03

0.71



Table 2 Glass trace element contents, partition coefficients and partition
coefficient ratio of experiments
Digs-Any; Digs-Abgs
glass (ppm) @D (error)  glass (ppm) ™D (error)  “Dpa/™ Diiss

Na 0.16 (2) 0.10 (2) 1.63
Al 0.32 (2) 0.078 (4) 4.10
Ca 1.06 (1) 1.85 (3) 0.57
Ti 039 (3) 0.21(2) 1.86
Cr 14 (4) 20 (10) 0.70
Rb 210 0.00024 (7) 310 0.00021 (9) 1.17
Sr 103 0.102(7) 65 0.146 (5) 0.70
Zr 106 020(3) 77 0.045 (5) 4.57
Nb 652 0.006 (1) 662 0.0028 (3) 2.10
Ba 390 0.00024 (5) 422 0.00024 (4) 1.00
La 277 0.063 (5) 352 0.056 (9) 111
Nd 316 0.18(2) 290 0.16 (2) 1.15
Sm 368 027(2) 370 022(3) 122
Gd 361 0.28(3) 360 0.25(3) 1.14
Yb 358 023(3) 361 0.22(4) 1.01
Hf 87 043 (4) 78 0.09 (2) 5.04
Ta 425 0.019(5) 373 0.0024 (5) 8.11
Pb 103 0.020 (4) 187 0.017 (2) 1.14
Th 402 0.008(2) 367 0.0013(2) 6.33

Numbers in parentheses are 1o in terms of least units cited and are based on
sample standard deviation of 3 to 4 clinopyroxene analyses and 3 to 4 glass analyses.
Estimated uncertainty on concentrations is +20%



Table 3

This study-
This study-

McCallum and Charette
1978

Watson and Ryerson, 1986
Dunn, 1987

Johnson et al., 1989

Skulski et al, 1994
Forsythe et al., 1994

Green et al., 1989
Hart and Dunn, 1993

Hauri et al., 1994
Watson et al., 1986
Fujinawa and Green, 1997

RN

Comparison of recent high field strength element *¥'D

Composition T°C D,, Dy Dy Dy, Dy Dy D, Dp/Dy
DigAngs 1275 0.204  0.431 0.0058 0.019 0388 2.11 3.28
DisAbys 1275 0.045 0.086 0.0028 0.0024 0.209 1.91 0.86
basaltic 1105-1128  0.05- 0.01-
0.22 0.03
intermediate 950-1000  0.27
basaltic 1256-1290 0.26- 0.35-
0.35 0.43
basaltic 1240-1355  0.12- 0.24- 0.06 0.41- ~2
0.27 0.44 0.56
alk. basalt  1235-1300 0.08%  0.179  0.003 0.01 0.273 2.01 3.33
mafic to 1170-1270  0.022- 0.004- 0.029- 0.32- ~2-8
intermediate 1.059 0.039 0.164 1.08
basaltic 1100 0.1 0.005 0.013 2.60
alk. basalt 1380 0.123 0.256  0.077 0.38- 2.08
6.55
basaltic 1405-1430  0.195 0.223  0.0081 0.451 1.14
haplobasalt 1275 0.36
intermediate  900-1050 0.07- 0.26-
and basanitic 0.04 0.39 0.9 2.2



Table 4

This study, DiAn
This study, DiAb
Blundy and Wood

This study, DiAn
This study, DiAb
Blundy and Wood

This study, DiAn
This study, DiAb
Blundy and Wood

This study, DiAn
This study, DiAb

Calculated Young's Modulii and optimum D
using the methods of Blundy and Wood, 1994

Cation

Charge n* R’ site” E(kbar) D,
1+ 2 M2 496 023
i+ 2 M2 469 0.14
1+ M2 504
2+ 3 1.000 M2 1551 1.56
2+ 3 1.000 M2 1645 2.77
2+ M2 1465
3+ 4 0.992 M2 2979 0.30
3+ 4 0.999 M2 2924 0.27
3+ M2 3956
4+ 3 0.997 Mi14 34,015 2.50
4+ _ 3 0998 M1¥ 28,494 0.65

* number of points used in regression
"1, for M2 site based on eqn. 15 of Wood and Blundy, 1997

& +.=0.66 for Di-An and 0.652 for Di-Ab by best fit
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Figure 1(a). A representative photomicrograph of a clinopyroxene from the Diss-Abys experiment
showing typical euhedral faces of the clinopyroxenes in the experiments. The line AB denotes the
electron microprobe traverse shown in b. The darker area of the picture at lower left is the eiaoxy
mount. (b). Electron microprobe traverse across the clinopyroxene of Fig. la showing the
relatively small degree of zoning found in these experiments. '

Fig. 2. Changes in pyroxene composition within clinopyroxenes of the DiAn experiment as a
function of Si cations. Cation proportions based on 6 oxygen basis. Total Al cations change as a
function of Si cations but octahedral Al shows no variation implying that changes in ALLO5
content of clinopyroxenes solely reflect variations in tetrahedral Al (IVAI) in the DiAn composition.
Cr and Ti also negatively correlate with Si indicating a coupling between Cr, " Al, and Ti.

Fig. 3. The ratio of a partition coefficient from the Di-An system to one from the Di-Ab system
as a function of the field strength of an element. Note the increase in the cpx-melt partitioning of
high field strength elements in the DiAn system relative to the DiAb system.

Fig. 4. The partition coefficients of high field strength elements as a function of the Al,O; content
of clinopyroxene. Previous results for Dp, and Dy, from Lundstrom et al. [1994] plotted as open
triangles. Each new data point represents a single ion probe analysis. Al/Si from the ion probe is
converted to Al,O; using the calibration curve obtained by the Al/Si observed in the two melt
compositions forced to pass through the origin. The strong influence of aluminum on the
partitioning of these elements is observed over both the range of compositions within all
experiments and within the individual spots of one experiment. The inset shows a blow up of the
changes in D, with changing Al,O; in the DiAn experiment. Because Fig. 2 clearly demonstrates
that changes in Al,Q; solely reflect variation in VAL the increase in HFSE partitioning reflects

« A
variations in AL

Fig. 5 Dy as a function of Dy,. Results of ion probe analyses on individual spots. Dy, and Dy,
show good correlation as expected but surprisingly do not give a slope of one (line shown),
indicating that fractionation of Nb from Ta can occur during clinopyroxene-melt partitioning. The
inset shows the results of experimenfal determinations of Dr,/Dyp as a function of the VAl 6
oxygen basis). Only results for non-sector zoned clinopyroxenes from Skulski et al. (1994) used.
Results of Forsythe et al. (1994) limited to experiments where the combined relative error (based
on reported crystal and melt content errors) does not exceed 70%. Because Nb and Ta require the
same charge balancing mechanism, charge balancing cannot be responsible for this relation
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implying that discrimination of Nb and Ta in the M1 site (Nb-Ta fractionation) is a function of site
size changes related to variations in VAL

Fig. 6 Variation of clinopyroxene-melt partition coefficients as a function of ionic radius for the
two compositions. Partition coefficient-ionic radius curves represent the calculated partition
coefficients as a function of ionic radius based on site size energetics [Blundy and Wood, 1994]
using D, and E derived from linear regressions (see text). The fits for each curve are excellent
(Table 4).

Fig. 7(a) Nb/Ta vs. Nb. Recent high precision ICP-MS data for oceanic basalts (MORB, near
ridge seamounts and island arc basalts) show a decrease in Nb/Ta as Nb concentration decreases,
most easily explained as melts derived from previously depleted sources [Plank and White, 1995].
The depleted endmember melt can be modeled as the second of two batch melts (12% each) from
an originally primitive mantle [Sun and McDonough, 1989] using the partition coefficients
determined in the DiAn composition (spinel therzolite starting and melting modes after Johnson et
al., [1990]; mantle cpx mode decreased from 12% to 6% for second melting event with olivine
mode correspondingly increased; opx and olivine partition coefficients from Johnson et al. [1990]
except Dz, and DT; which were from Kelemen et al. [1990] and the following estimated values:
op¥/IDNp, T4 = 0.003, 9P¥/1Dyge = 0.1, VIDpyp, T4 =0.0005, OVIDygr = 0.01). The observed range in
Nb/Ta is consistent with a mix between a melt from previously depleted mantle and an OIB-like
melt (representative of an enriched vein melt) [Sun and McDonough, 1989]. The entire range in
these primitive basalts may be explained as a 0-2% pollution of the most depleted melt observed
by an OIB-like melt while average NMORB would reflect 5-10% contamination.

(b). Zr/Hf vs. Zr. Near ridge seamount data [Niu and Batiza, 1997] show that Zr has been
fractionated from Hf during mantle depletion. Like Nb/Ta, the observed depleted endmember
basalt can be modeled as the second of two batch melts (12% each) from an originally primitive
mantle [Sun and McDonough, 1989) using the partition coefficients determined in the DiAn
composition (and the same model as above). The observed range of Zr/Hf is consistent with a mix
between this depleted melt and a small amount of an assumed enriched material (see text).

(c.) Nb/Ta vs. La/Nb. Melting of spinel lherzolite using the DiAn partition coefficients of this
study with the same model can account for the depleted basalts of the seamount data of Niu and
Batiza [1997] and can produce La/Nb values approaching those observed in the Mariana arc
[Elliott et al., 1997]. Although it is often assumed that mantle peridotite producing MORB is
distinct from the peridotite source for arcs, upper mantle peridotite beneath ridges and arcs may be
quite similar having La/Nb of 4-6. However, normal MORB have lower La/Nb and higher Nb/Ta
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due to the input of melts from enriched mafic veins within the MORB source. Arc sources may
have had this vein component removed through prior melting in the back arc [Woodhead et al.,
1993] such that the HFSE anomaly of the peridotite (high La/Nb) is preserved in arc magmas
(although another arc component is also required).
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