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ABSTRACT

Microprobe analyses of transition elements (Ti, Cr, Mn, Co, Ni, and Zn) in coexisting
olivine, orthopyroxene, and clinopyroxene of peridotite xenoliths from kimberlites and
alkali basalts are used to estimate olivine/pyroxene and clinopyroxene/orthopyroxene par-
tition coefficients. The analyzed samples include garnet peridotite, spinel peridotite, and
spinel-plagioclase peridotite. In olivine, a concentration gradient for transition elements
appears only in the outermost part of the crystals and is probably related to a late thermal
event. The cores of the pyroxenes are rather homogeneous for the analyzed elements except
Cr and to a lesser extent Ti. The partition coefficients vary with pressure, temperature,
and mineral composition. The partitioning of Ti between olivine and pyroxenes may be
a sensitive indicator of the pressure of equilibration.

INTRODUCTION

There are two drawbacks associated with using sepa-
rated minerals in trace-element analyses. First, the min-
erals generally contain impurities, and second, the vari-
ations within individual crystals, which are of prime
importance in understanding petrogenetic processes, are
obliterated. These difficulties may be overcome by the
use of an ion microprobe (e.g., Shimizu, 1978; Shimizu
and Allégre, 1978; Suzuki, 1981). Alternatively, an elec-
tron microprobe may also provide quantitative analyses
of relatively low concentration levels (Bence et al., 1980;
Bizouard, 1982), but the data produced by this method
are rather scarce (Bishop et al., 1978; Delaney et al., 1979,
Hervig et al., 1980; Delano, 1986; McKay, 1986).

This study reports electron-microprobe analyses of
several minor and trace transition elements in olivine and
pyroxenes from six peridotite xenoliths. The element dis-
tribution within each mineral and between samples is
presented, and the variations of partition coefficients are
discussed in the light of the P-T conditions of equilibra-
tion of the rocks. The influence of the major-element
composition of the minerals is also evaluated.

SAMPLE DESCRIPTION

Two garnet neridotites, three spinel peridotites, and a spinel-
plagioclase peridotite were selected for the study to include a
large range of P-T equilibration conditions. The garnet perido-
tites (samples PHN-1611 and PHN-1569) are xenoliths in kim-
bertite from Lesotho studied by Nixon and Boyd (1973), Boyd
and Finger (1975), and Delaney et al. (1979). The four others
are inclusions scavenged by alkali basalts in Cameroon (sample
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CAM-2B), southern Algeria (sample MAN 91-1), and southern
France (samples C 80-335 and LEZ-1). A description of the pe-
trography and the major-element composition of the mineral
phases of the samples from Cameroon and Algeria was pub-
lished by Dautria and Girod (1986) and Girod et al. (1981),
respectively. The xenoliths from southern France were collected
from two localities (Table 1) and described by Coisy (1977) and
Berger (1981). The textures of the samples and the estimated
P-T conditions of equilibration are given in Table 1, and the
main major-element characteristics of the minerals are reported
on Tables 4 to 7 together with the trace-element data. None of
the analyzed samples contains exsolution lamellae in pyroxene,
with the exception of sample CAM-2B, which has a minor
amount of exsolved spinel.

ANALYTICAL PROCEDURE

The analyses were performed with an automated Camebax
microprobe operating at 30 kV and 100 nA. The beam size was
fixed at 2 gm in diameter, and the determination of the trace
transition elements was done on the Ka line employing LiF and
PET crystals. The major elements were analyzed at the same
time for matrix corrections, using the Cameca ZAF routine. The
standards (Table 2) were analyzed with a beam current lower
than that used for the samples. The background, free of inter-
ference and corrected from absorption edge effect, was interpo-
lated from symmetrical or asymmetrical measurements on each
side of the peaks, at variable distances according to the elements.

The data were processed on a PDP 11 computer using a pro-
gram adapted by one of us (C.M.). The program performs data
collection and processing with a deconvolution procedure for
overlapping peaks and filtering adapted from Statham (1977),
Wittry (1980), and Armigliato et al. (1982). The statistical error
is related to the counting time; as with the detection limit, this
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TABLE 1. Petrographic characteristics and estimated P-T conditions for the xenoliths
T 04 *
Sample (°C)
and reference Name Texture w B F P (kbar)

PHN-1611 garnet lherzolite fluidal mosaic (C) 1320 1435 62t
Nixon and Boyd (1973) (R) 1320 1435
PHN-1569 garnet harzburgite coarse granular (C) 905 895 980 301
Nixon and Boyd (1973) (R) 915 910 1000
C 80-335 spinel Iherzolite porphyroclastic C) 1115 1170 1065 23%
Berger (1981) (R) 1140 1200 1140
MAN 91-1 spinel Iherzolite coarse tabular C) 945 895 890 13%
Girod et al. (1981) (R) 950 905 910
LEZ-1 clinopyroxene harzburgite coarse equant, slightly C) 920 865 860 12%
Coisy (1977) porphyroclastic (R) 955 920 905
CAM-2B spinel and plagioclase porphyroclastic ©C) 900 895 960 6§
Dautria and Girod (1986) Iherzolite (R) 970 940 960

* Temperatures calculated from core (C) and rim (R) of minerals by using the following geothermometers: W, Wells (1977); B, Bertrand and Mercier

(1986); F, Fabriés (1979).
1 Pressure estimates taken from Sotin et al. (1987).

¥ Pressures evaluated by projecting the temperature estimates onto the oceanic geotherm (e.g., Mercier and Carter, 1975), which is likely to represent
the French Massif Central and Hoggar geotherms at the time of the voicanism (Girod et al., 1981; Lucazeau and Bayer, 1982; Nicolas et al., 1987).
§ Temperature estimate projected on the transition limit of spinel and plagioclase stability fields (Gasparik, 1984).

parameter is strongly dependent upon the type of mineral ana-
lyzed. The detection limits calculated according to the method
of Ancey et al. (1978), the counting time and the statistical error
(coefficient of variation) for Ti, V, Cr, Mn, Co, Ni, Zn in ortho-
pyroxene and Ca, Ti, Cr in olivine are reported in Table 2. The
accuracy may be partly assessed by comparing analyses of sam-
ples PHN-1611 and PHN-1569 with those obtained elsewhere
either by electron or ion microprobe (Table 3).

In each sample, about 70 analyses were performed along a
profile from the core to the rim in three to four pairs of adjacent
minerals (olivine-orthopyroxene, orthopyroxene-clinopyroxene,
clinopyroxene-garnet). The analyses of the rim were made at a
distance of 10 um from the grain boundary. The influence of
secondary fluorescence on rim analyses (e.g., McKay, 1986) was
negligible for most elements, except Cr in olivine adjacent to
spinel. In the latter case the measurement was made after mask-
ing spinel: in sample LEZ-1 (Table 4), the apparent Cr concen-
tration in the olivine rim was about 1500 ppm before masking
and 538 ppm after masking.

ELEMENT VARIATIONS

1. Variations of individual minerals among the different
xenoliths

This variation is shown by the average contents of the
core of the minerals (Tables 4, 5, and 6). With increasing
forsterite content of olivine, the Ni concentration in-
creases and Mn decreases (Table 4), in agreement with
the diadochy between Mg-Ni on the one hand and Fe**-
Mn?+* on the other. One exception is olivine of sample
PHN-1611, which has low Mn but high Ni contents com-
pared to the other samples. This olivine and that of sam-
ple C 80-335 have significantly higher Ca and Cr contents
than the others, probably because of their high tempera-
ture of equilibration (e.g., Kushiro et al., 1972). In fact,
it has been shown that the Ca content of olivine increases
with the temperature and decreases with the pressure

TABLE 2. Analytical parameters for orthopyroxene and olivine from sample PHN-1611

Counting time*

Statistical errort

Detec- 0
Concen- ) tion %)
tration Back- limit
Element {ppm) Standard Peak ground  (ppm) 1) 2)
Orthopyroxene
Tif 1099% TiO, 138 71 5 3.4 7.2
Vi 60t Vanadinite 210 180 6 21 5.1
Cri 1373 Cr,0, 66 33 10 3.6 7.5
Mni 988 Rhodonite 86 53 15 341 6.6
Co§ 89 Co 440 430 7 9.3 21.0
Ni§ 1068 Ni 150 100 26 2.0 45
Zn§ 54 ZnO 350 300 24 23.0 53.0
Olivine
Cat 1353 Wollastonite 105 95 26 6.9 15.0
Tit 158 TiO, 135 115 4 15.0 35.0
Cri 189 Cr,0, 145 125 6 104 24.0

* Total counting time, major + trace elements, peak + background: 900 s.
1 Statistical errors calculated after the procedures of (1) Ziebold (1967) and (2) Ancey et al. (1978).

I Crystal: PET.
§ Crystal: LiF.
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TaBLe 3. Comparison of transition-element microanalyses in
mineral phases of samples PHN-1611 and PHN-1569
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four remaining olivine samples display an increase of Ca
and Ti and a decrease of Cr and Zn with the increase of
the Fo content.

Ortho- Clino- Clino- . .

Olivine pyroxene pyroxene pyroxene Orthopyroxenes have a wide range of major- and trace-

'19(';'1“‘1' '1’;'1”1' ':21“1' ';’gg‘g— element contents. There is a broad positive correlation

among Ti, Co, and the ratio 100Ca/(Ca + Mg) (Table 5)

Ti };g (g) 133142-21380 (A) 2176-2228 (A) 20-141 (A  and among V, Mn, and Al In addition, Ti and Mn are

(R 1260-1380 % 1650 By W 1B negatively correlated with the ratio 100Mg/(Mg + Fe)

1680 (E) 90 (B except in sample PHN-1611. The significant features of

v 150-154 (A)  218-250 (A) the trace-element variations in orthopyroxene are the rel-

10 (8 190 (B)  ative depletion of V in the two garnet peridotites and the

Cr 230(A)  940-1440(A) 3503-3851(A) 10345-12263 (A) Ca, Ti, and Co enrichment in the two high-7 xenoliths

1O ggo1s00(0) 8894 ()  (PHN-1611 and C 80-335). A distinct depletion of Ti

275 (D) 1476 (D) 3624 (D) found in pyroxene PHN-1569 is probably due to the re-

2400-3120 (E) 8880  (E)  fractory character of the host rocks.

Mn 962 (A)  986-1012(A) 1038-1063 (A) 491-527 (M) Clinopyroxenes display variations similar to the ortho-

260(E) 1007 [{B) g:g EE)) géé EE)) pyroxenes, but they also show a broad correlation be-

Co 6467 (A) 1517 (A) tween their major- and trace-clement contents. In addi-

50 (E) 28 (B) tion, clinopyroxene PHN-1611 is marked by a high

Ni 3047 (A)  999-1055 (A) concentration of Ni and Zn and a depletion of V (Table
2782 (B) 817 (B) 6).

2900(C) 1020-1100(C)

Note: Electron microprobe—(A) this study, (B) Delaney et al. (1979), (C)
Smith and Boyd (1987), (D) Hervig and Smith (1982); ion microprobe—(E)
Shimizu and Allégre (1978).

(Finnerty and Boyd, 1978; Adams and Bishop, 1982).
The present data are broadly consistent with the experi-
mental results of the latter authors but imply systemati-
cally about 100°C higher temperatures, possibly because
of the difference between the natural system and the sim-
plified CaO-MgO-8i0, system adopted in the experimen-
tal procedure. The samples PHN-1611 and C 80-335 also

2. Variations of individual minerals within a single
xenolith

The variation of Cr among pyroxene grains as de-
scribed by Boyd and Finger (1975) in garnet peridotites
is illustrated by the orthopyroxene of garnet-bearing sam-
ple PHN-1611 (Table 5). A similar Cr variation among
the pyroxene grains is also observed in some spinel pe-
ridotites. For example, in sample MAN 91-1, the Cr con-
tent varies between 4500 and 5200 ppm in clinopyroxene
and between 1950 and 2300 ppm in orthopyroxene (Fig.
1). However, the corresponding Cr partition coefficient
between two adjacent pyroxenes remains constant, sug-

show an enrichment of Ti and to a lesser extent Co. The gesting that domainal equilibrium was achieved. Some

TaBLE 4. Ca and transition-element abundances (ppm) in olivine

PHN-1569 C 80-335 MAN 91-1
PHN-1611 c R(OPX)  R(CPX) c R(OPX)  R(CPX) c R(OPX) R(CPX)
N: 10 12 3 3 17 4 5 12 2 4

Ca 1533 594 742 751 1601 1693 1631 1002 1021 1577
(187) (101 (189) (166) 87) (151) (402) (69) (101) (108)

Ti 175 <6 29 46 81 81 107 17 <8 20
(28) (25) (41) (24) (37) (13) 9 (8)

cr 230 112 239 279 249 258 276 38 83 76
(29) (19) (100) (25) (21) (31) (11) (7) 4) (22)

Mn 962 747 753 779 1204 1212 1213 1064 1072 1049
(10) (15) (9) (20) (44) (21) (18) (12) (22) (41)

Co 157 124 124 119 145 158 158 139 134 131
(12) (18) 9) (10) (14) (10) (10) (13) (18) 7

Ni 3047 3222 3191 3237 2533 2510 2528 2990 2960 2878
(20) (11) (78) (113) (50) (30) 97) (43) (an (1)

zn 110 64 52 63 71 69 66 49 48 54
©) (11) 2 ® ) 9 (10) (12) ()] (15)

Fo (%) 88.5 92.9 93.0 93.0 89.3 89.3 89.3 90.5 90.5 90.5

Note: C—average contents of crystal cores; R(OPX), R(CPX), and R(SP)—average contents of rims at the contact with orthopyroxene, clinopyroxene,
and spinel, respectively. OL"—secondary olivine in sample CAM-2B produced by the reaction diopside + Al-spinel - plagioclase + olivine + Cr-spinel.
N—number of determinations. Values in brackets—standard deviation (1). Fo—forsterite content; olivine in sample PHN-1611 has homogeneous
composition.

* Cr measured after masking the adjacent spinel grain with a thin W sheet.




BODINIER ET AL.: TRANSITION ELEMENTS IN OLIVINE AND PYROXENES

other trace elements also show a small but distinct dif-
ference according to grain (e.g., in olivine PHN-1569,
Ni = 3100 to 3350 ppm).

3. Variations of individual minerals within a single
crystal (core to rim)

The olivine crystals of the high-T" peridotites (PHN-
1611 and C 80-335) have constant element composition
within the limits of analytical error, but the olivines of
the low-T peridotites (PHN-1569, MAN 91-1, LEZ-1,
and CAM-2B) display changes in composition at the out-
er rim, not exceeding 100 um in width. The variation is
particularly apparent for Ca and Cr, which have lower
concentrations in the olivine cores of the low-T perido-
tites than in those of the high-T peridotites: in the outer
rim of the low-T peridotites, the Ca and Cr concentra-
tions are equivalent to those in the unzoned olivines of
the high-T peridotites (Table 4). The enrichment of these
elements in the olivine rims depends also on the mineral
in contact with olivine; in sample LEZ-1, for example,
the contact rim with clinopyroxene is higher in Ca but
lower in Cr than the contact with spinel (Table 4). In
addition, Ni decreases slightly at the outer rims of olivine
in the low-T spinel-plagioclase peridotite (CAM-2B).
These features indicate disequilibrium at the grain mar-
gins and may be related to a heating event of short du-
ration (Takahashi, 1980).

In both ortho- and clinopyroxene, the differences in
trace-element characteristics between core and rim and
the proportions of mineral grains with a constant concen-
tration are different for different elements (Figs. 1 and 2)
and are highly variable among the samples. This may
reflect the complexity and variability of the processes as-
sociated with the xenolith genesis. Mn, Ni, and V remain
constant between core and rim in some samples, but in

TaBLE 4—Continued
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Fig. 1. Ti, V, and Cr contents of mineral phases of sample
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ivine, OPX = orthopyroxene, CPX = clinopyroxene.

LEZ-1 CAM-2B
c R(OPX) R(CPX)  R(SP) c R(OPX)  R(CPX) oL
15 3 3 1 11 4 4 2
942 1157 1880 1521 1015 1082 1449 2065
(97) (260) (334) (133) (156) (163) (172)
12 <6 30 10 20 16 26 95
(14) (26) (17) (13) (20) (24)
63 129 155 538* 21 75 113 346
(4 (55) (14) (amn (57) 21 M
1011 1008 1005 1063 1149 1156 1145 1201
(19) (13) (24) (15) (37) (13) M
126 136 130 112 128 121 113 125
(12) 11 ®) (16) 3 (11) @)
2936 2909 2822 2813 2762 2660 2665 2364
(73) (60) (65) (60) (178) (147) (41)
52 54 60 95 42 52 47 46
(10) ®) 3 an (13) (15 “
90.8 90.8 90.8 90.3 89.3 89.5 89.5 89.6
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others, Ni and Mn increase slightly at the rim. The most
significant increase of Ni is observed in the spinel-plagio-
clase lherzolite (Ni = 250 ppm in the core and 350 ppm
in the rim of the clinopyroxene, Table 6). On the other
hand, its distribution is rather homogeneous in the
high-T and high-P xenoliths, particularly in garnet lher-
zolite PHN-1611.

Cr has the largest range of variations and shows at least
three types of distribution patterns (Figs. 1 and 3). In the
pyroxenes of samples CAM-2B and the clinopyroxene of
sample MAN 91-1, Cr displays a bell-shaped pattern
showing a distinct decrease toward the rim and is strongly
correlated with Ti and Al Conversely, Cr increases to-
ward the rim in the pyroxenes from garnet peridotite
PHN-1569 and also in the orthopyroxenes of sample C
80-335. In other cases, only a slight decrease of Cr toward
the rim is noted. The analytical precision for Zn and Co
is not sufficient to detect any significant variation be-
tween the core and the rim of the pyroxenes.

The garnet grains were analyzed only in sample PHN-
1611. V, Co, Ni, and Zn are homogeneously distributed
within the limits of experimental error. On the other hand,
Ti increases steadily from the core to the rim, and Cr is
depleted at the rim. A similar inverse distribution of Ti
and Cr has been reported for garnet of peridotite xeno-
liths by Smith and Ehrenberg (1984) and Smith and Boyd
(1984) for PHN-1611. The latter authors partly attrib-
uted the zonation to crystal growth during metasoma-
tism.

PARTITION COEFFICIENTS

Compositional zoning in minerals is usually interpret-
ed to be the result of a disequilibrium process due to (1)
primary growth crystallization from a liquid or subsoli-
dus crystallization, (2) resorption of grain margins during

TaBLe 5. Ca and transition-element abundances (ppm}) in orthopyroxene

PHN-1611 PHN-1569 C 80-335
) @ B c R(OL) R(CPX) c R(OL) R(CPX)
N: 6 9 6 11 3 3 2 4 2
Ca 12493 12917 12811 3030 2995 3321 8859 10713 10416
(125) (250) (698) (165) (151) (176) (506) (221) (286)
Ti 1380 1342 1334 35 49 55 1605 1932 1922
(51) (74) (152) (22) @37) (14) (239) (54) (54)
v 60 62 57 31 45 52 115 95 162
9 (14) (17) (16) (15) (14) (21) (29) (62)
Cr 1278 937 1439 2299 2634 2754 3627 4182 4209
@1) (25) (1) (81) (25) (28) (53) (96) (80)
Mn 986 986 1012 868 878 843 1150 1160 1162
(15) (12) (17) (23) ® (42) (16) (1) (40)
Co 82 87 82 44 43 74 70 92
) 4) (6) (5) (7) ) (1) 3 9 3
Ni 1016 999 1055 770 813 801 741 745 728
(15) (14) (19) 21) 7) (6) @ (15) (6)
Zn 62 7 65 31 39 39 42 48 38
(15) (11) (15) (16) (30) (15) (25) (10) 4
ALO, (%) 1.49 1.52 1.48 0.99 1.06 1.10 5.70 6.39 6.36
100Ca/(Ca + Mg) 3.3 3.4 3.4 08 0.8 0.9 2.7 33 3.2
100Mg/(Mg + Fe) 89.3 89.4 89.4 93.8 937 93.7 89.6 89.5 89.5

{\Iote: C—a\{erage contents of the core; R{OL), R(CPX), and R(SP)—average contents of the rims at the contact with olivine, clinopyroxene, and
spinel, respectively. Orthopyroxene in sample PHN-1611 is homogeneous within a single crystal but displays differences among the crystals; thus three

analyzed grains are reported separately. N—number of determinations.
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Fig. 3. Cr contents in clino- and orthopyroxene of samples PHN-1569, C 80-335, and CAM-2B plotted against the distance
from the crystal boundaries. Each symbol represents different mineral grain.

partial melting, or (3) diffusional cation exchange be-
tween minerals. Although our data are not sufficient to
decipher the factors involved in the origin of the zoning,
they can be used to put some constraints on the process.

In the analyzed samples, the changes in abundances of
Ca, Cr, and Ni toward the rim of the olivine are clearly
related to the composition of the adjacent mineral, thus
favoring a diffusional cation-exchange process. However,
the volume over which such a process may have acted is
limited to the outermost part of the crystal, and the data
indicate that at least three-quarters of the volume of ol-
ivine were not affected by this process. A similar process
can also be invoked for pyroxenes of the low-T perido-
tites that show, for example, a slight but distinct increase
of Ni in the rim adjacent to olivine.

TABLE 5— Continued

On the other hand, the zoning pattern of Cr in pyrox-
enes is more variable and involves a larger proportion of
the crystal than any other analyzed element. The largest
Cr and Ti variations in pyroxenes are found in spinel-
plagioclase lherzolite CAM-2B (Tables 5 and 6). In Figure
3, Cr is shown to decrease from the core to the rim in
both the ortho- and clinopyroxene. In fact, these minerals
are also strongly zoned for major elements (Dautria and
Girod, 1986), and Cr correlates positively with Al. The
variation of the latter element is consistent with a re-
equilibration process related to the adiabatic uplift up to
the boundary between spinel and plagioclase facies (e.g.,
Gasparik, 1984). The decrease of Cr and Al toward the
rim in both ortho- and clinopyroxene suggests the oper-
ation of an intergranular cation-exchange process with

MAN 91-1 LEZ-1 CAM-28
c R(OL) R(CPX) R(SP) C R(OL) R(CPX) c R(OL) R(CPX)
9 2 3 2 6 3 3 6 3 2
4964 5738 6048 5473 4323 4639 5022 4220 4346 4960
(194) (33) (25) (147) (118) (231) (478) (77) (210) (113)
556 562 553 569 286 264 298 901 520 487
(38) (24) (40) (66) 32) (37) (24) (112) (14) (1)
99 102 95 111 74 70 78 86 74 65
(10) @ (6) (1) (24) (20) (25) (15) (3) 4
2061 2242 2144 2819 2766 2667 2682 2062 1130 1128
(a77) (103) (235) (16) {40) (105) (51) (186) (116) (28)
1050 1076 1052 1094 1067 1048 1040 1183 1204 1185
(12) (6) (9 (4) (14) (24) (29) (18) (9) 41)
47 54 42 52 40 45 44 a7 29 43
() (2) 7) 2) (6) @ (11) (12) (2) (20)
721 806 723 770 698 716 698 583 660 628
(20) (61) (10) (17) (16) (28) (10) (33) (25) 41)
28 35 27 51 37 30 40 14 36 20
© (12) ®) 9 (7 (13) (14) (13) (18) ®)
425 4.47 441 457 275 275 275 4.82 3.33 3.29
14 16 17 15 12 1.3 14 1.1 1.1 13
90.7 90.7 90.7 90.7 91.6 915 915 89.7 89.9 89.9
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Fig. 4. Partition coefficients calculated using the average trace-element contents of the core of minerals. Garnet peridotite,
triangles; spinel peridotites, solid circles; spinel-plagioclase peridotite, empty circles. The solid lines represent low-T peridotites
(PHN-1569, MAN 91-1, LEZ-1, and CAM-2B), whereas the dashed lines correspond to high-T peridotites (PHN-1611 and C 80-
335). K9/°ex in sample PHN-1569 was calculated assuming Ti = 3 ppm in olivine.

spinel by means of grain-boundary diffusion. This pro-
cess is also consistent with the symmetrical zoning ob-
served in orthopyroxene, which has the same rim com-
position whether the the mineral in contact is
clinopyroxene or olivine (Fig. 3 and Table 5). The effi-
ciency of grain-boundary diffusion, for which there is evi-
dence in sample CAM-2B, is compatible with the devel-
opment of a network of silicate melts during mantle
upwelling (cf. McKenzie, 1985).

The regular and symmetrical zoning observed in both
ortho- and clinopyroxene is similar to that registered in
high-temperature alpine peridotites (e.g., Obata, 1980).
Clinopyroxene adjacent to spinel displays a superim-
posed asymmetrical zoning marked by the presence of
cloudy, Al-Na—depleted domains resembling the turbid
clinopyroxene borders described by Carswell (1975). They
have been related to a late melting event, synchronous
with the plagioclase-forming reaction (Dautria and Gi-
rod, 1986).

On the other hand, Cr in ortho- and clinopyroxene may
display a U-shaped zoning pattern (garnet harzburgite
PHN-1569), which is probably not the result of diffu-
sional re-equilibration since the pyroxenes have very ho-
mogeneous contents of major elements (Boyd and Finger,
1975) and Cr is not correlated with Al in this sample.
Growth crystallization would probably not cause such
patterns since the partition coefficients of Cr between py-
roxenes and either a melt or a solid peridotite matrix

would be higher than 1, at least for clinopyroxene. On
the other hand, the resorption of pyroxene crystals during
partial melting, accompanied by a bulk diffusion of Cr
within the grains, can account for the observed U-shaped
patterns. In fact, partial melting of the grain boundaries
would probably concentrate Cr at the pyroxene rims if
the diffusional flow of this element toward the core was
relatively slow compared to the crystal resorption rate.
Thus it is suggested that equilibrium between solid and
liquid may be achieved depending on the diffusional rates
of the different elements in the residual minerals. In our
samples, only Cr displays significant evidence of disequi-
librium melting.

None of the other Cr zoning patterns can be explained
by one process alone. For example, the compositional
zoning of pyroxenes in sample MAN 91-1 (Fig. 1) sug-
gests that both diffusional cation exchange between ad-
jacent minerals and grain-boundary diffusion have su-
perimposed their effects on the bell-shaped profiles formed
during a previous event. All these considerations indicate
the complexity and variability of the processes that have
affected the chemical composition of the minerals in the
different samples. Except for Cr and Ti, the constancy of
the other elements in most of the crystals suggests that
equilibrium conditions were confined to the core of the
minerals. In the following section, partition coefficients
of transition elements between various mineral pairs are
discussed.
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Fig. 5. Van’t Hoff plot of partition coefficients vs. T taken
from Table 1 (geothermometer of Wells, 1977).

Olivine-orthopyroxene

The Nernst partition coefficients between olivine and
orthopyroxene (K8'°7) display approximately the same
patterns in the different peridotites (Fig. 4). This pattern
is characterized by K, values of >1 for Co, Ni, and Zn,
~1 for Mn, and <1 for Ca, Cr, and Ti. The K, values
are in the range of those reported by Stosch (1981) and
Hervig and Smith (1982). In the studied samples, the
observed variations are related to T and/or P conditions
of equilibration. The K89~ for the bivalent elements Ni,
Co, Mn, and Ca is mainly controlled by temperature as
shown from the Van’t Hoff plot (Fig. 5). This graph in-
dicates that KQV°r and K20 increase regularly with de-
crease of temperature. The tri- and tetravalent elements
behave differently and appear to have a more complex
variation. The variation of the K2~ (Fig. 5) implies the
influence of both P and T as suggested by Hervig and
Smith (1982): the highest K2"°» (0.2) is encountered in
the high-P, high-7 sample PHN-1611, and the lowest
value (0.01) is found in the low-P, low-T spinel-plagio-
clase peridotite CAM-2B. Among the other samples, both
the high-T spinel peridotite C 80-335 and the low-T gar-
net peridotite PHN-1569 display higher values (0.044~
0.066) than the low-P, low-T spinel lherzolites LEZ-1 and
MAN 91-1 (0.019-0.023). This suggests that the KQvoex
increases with both 7T and P. K¢vor* should be also influ-
enced by T and P, but the rather good correlation with P
(Fig. 6) suggests a predominant effect of P. However, the
number of other factors that may influence the partition
of trace transition elements between minerals (e.g., com-
positional effects—Bishop et al., 1978) prevent us from
generalizing at this stage.
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Fig. 6. Partition coeflicients of Ti between olivine and or-
thopyroxene plotted against P taken from Table 1.

Clinopyroxene-orthopyroxene

The partition coefficients between clino- and orthopy-
roxene (K&~°r) decrease from Ca to Zn (Fig. 4). The
patterns for garnet peridotite differ from those of spinel
peridotite by higher K{vor* and K&vorx but lower
Ko values. The shape of the patterns and the
K&pvorx yalues are closely comparable to those found in
peridotites of equivalent mineralogical composition (Lio-
tard and Dupuy, 1980). As in the orthopyroxene-olivine
pairs, the K§P~0r variations suggest a temperature depen-
dence for the bivalent elements Mn, Co, and Ni (Fig. 5)
with the highest values in the high-7 peridotites. The
complex variations of the tri- and tetravalent elements
Ti, V, and Cr reflect the influence of 7, P, and possibly
variable redox states among the nodules. The lowest
K$pvorx yalues are encountered in the high-P, high-7 sam-
ple PHN-1611, and the highest values are found in the
low-P, low-T spinel-plagioclase sample CAM-2B. This
suggests that the K¢pvor* value decreases with both T and
P. On the other hand, the lowest values of K$vor* and
K&eworx gre found in the high-T spinel peridotite C 80-
335, the highest values are in the low-T garnet peridotite
PHN-1569, and both the high-P, high-T garnet peridotite
PHN-1611 and the low-P, low-T spinel-plagioclase per-
idotite CAM-2B have intermediate values. This might
indicate that the K&r~or* values for V and Cr increase with
T and decrease with P.

Clinopyroxene-garnet

The partition coefhicients involving garnet are only
available for sample PHN-1611. The K& value (Fig.
7) shows that Ni and Zn in addition to Ca are preferen-
tially incorporated into the clinopyroxene. The other
transition elements are more enriched in garnet, with the
exception of Co that has approximately the same content
in the two minerals. The published partition coefficients
for the same mineral pairs from ultramafic rocks (Dupuy
et al., 1980) are also reported in Figure 7, indicating a
large range of K, values for most transition elements with
variations dependent upon P-T conditions of equilibra-
tion. For example, K{?¥¢ is greater than one (2.5-3.0) at
approximately 20 kbar whereas it is 0.68 at 63 kbar, rein-
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Fig. 7. Clinopyroxene-garnet partition coefficients for sam-
ple PHN-1611 calculated using the average contents of the core
(solid line) and rim (thick dashed line) of the crystals. Data of
Dupuy et al. (1980) for samples LN and 101 are also shown for
comparison. Equilibrium conditions for LN, 18 kbar and 780°C;
those for 101, 20 kbar and 1200°C.

forcing the suggestion of Shimizu and Allégre (1978) that
this partition coefficient could be a very good geobarome-
ter.

Kgpvot also decreases with P (from 0.6 to 1.0 at about
20 kbar to 0.25 at 63 kbar) but possibly increases with
T. Kpve correlates only with 7+ this parameter increases
from 0.14 in the sample equilibrated at 780°C, to 0.37 in
the one equilibrated at 1200°C and finally to 0.53 at 1300-
1400°C (PHN-1611). K$v<t for Ti, Co, and Ni shows
more complex variations, and the available data are con-
sistent with a positive dependence on 7 and a negative
one on P.

TaBLE 6. Transition-element abundances (ppm) in clinopyroxene

TRANSITION ELEMENTS IN OLIVINE AND PYROXENES

10

CPX/OPX [~ A
v = A
= LN-a
(il L[]
e ° o)
| 15004
N ©240
0 | | | 1 | L
95 94 83 82 91 90 89 88
[MQ]OPX
CPX/OPX B
“ri 5 /,.:4
4 — :
A )
3 ALN 15
o
2+~ ~240
A/
/
1 | .
0 | L | 1 |
o 1 2 3 4 5 & 7
{a1,04% OFX

Fig. 8. (A) Partition coefficient of V between clinopyroxene
and orthopyroxene plotted against 100Mg/(Mg + Fe) of ortho-
pyroxene (= [Mg]°PX). The symbols are the same as in Fig. 4.
(B) Partition coefficient of Ti between clinopyroxene and ortho-
pyroxene plotted against the Al,O, content of orthopyroxene; (1)
a regression line for low-T peridotites (I' < 1000°C), (2) a line
connecting the two high-T peridotites (7 > 1100°C). Three sam-
ples of Liotard and Dupuy (1980) are shown for a comparison:
LN, a garnet pyroxenite (equilibrium T = 780°C); 15, a spinel
peridotite (T = 1160°C); 240, a plagioclase peridotite (T =
1160°C).

Effects of composition on K, values

The K, variation for the studied mineral pairs not only
correlates with 7 and P but also with the major-element
composition of the phases. The influence of this param-

PHN-1611 PHN-1569 C 80-335
c R(OL) € R(OL) R(OPX) c R(OL) R(OPX)
N: 9 8 6 3 3 10 5 2

Ti 2228 2176 120 132 141 5248 5553 5338
(58) 62 (36) (15) (30) (710) (173) (54)

v 154 150 236 250 218 242 249 254
(10) (10) (10) (12) (13) (23) (36) 8)

cr 3851 3503 10345 12091 12263 7075 7092 7055
(110) (63) (292) (278) (60) (207) (50) (356)

Mn 1038 1063 527 491 525 919 945 936
(16) (11) (11) (12) (24) (19) (28) (6)

Co 64 67 16 15 17 58 62 55
(7) 3) (9) (14) (12) 9) 7) 4

Ni 661 664 371 363 380 377 394 379
(12) (17 (12) (11) (V] (12) (22) (15)

Zn Y 33 9 16 12 16 7 18
(14) (13) (12) (©)] (10) (11) (5 (5)

ALO; (%) 2.67 268 2.11 2.18 2.19 7.73 8.10 8.15

100Ca/(Ca + Mg) 31.8 31.6 47.9 47.9 479 442 436 43.6

100Mg/(Mg-+ Fe) 88.0 88.0 95.0 95.0 95.0 87.9 87.8 87.8

Note: Abbreviations are the same as in Table 4.
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eter 1s shown in Figures 8A and 8B. Figure 8A indicates
that Kg»°ex decreases regularly with the 100Mg/(Mg +
Fe) ratio in the orthopyroxene. In Figure 8B, KSvorx jg
separated into two groups that differ in temperature of
equilibration. Within each group, K§Pv°m increases sym-
pathetically with Al,O; in the orthopyroxene. It is of in-
terest that published data on K$pvorx (Liotard and Dupuy,
1980) display the same variations as our samples (Fig.
8B).

K, calculated from the rims

In the previous discussion, the partition coefficients were
based upon the composition of the mineral cores. How-
ever, there are some differences in the K, values calcu-
lated from the rim of two adjacent minerals, and such
values may provide complementary petrogenetic infor-
mation.

For the high-T peridotites, there is either no difference
in Ky, values obtained from the rim and core (e.g., sample
PHN-1611), or their variation is related to an increased
T of exchange toward the rim (e.g., sample C 80-335).
This observation also applies to divalent ions such as Ni
in the low-T peridotites. However, the scatter of the K,
values for Ca, Ti, and Cr obtained on the rim of the grains
in the low-T peridotites suggests nonequilibrium condi-
tions, which could be due to slower solid diffusion rates
for these elements. For example, the interdiffusion rate
of Ca in olivine crystals (Takahashi, 1980; Morioka, 1981)
is notably smaller than that of Fe-Mg, supporting the con-
tention that there was probably insufficient time for
low-T peridotites to reach equilibrium.

DiscussioN

The electron microprobe can provide high-quality data
on the abundances of minor and trace transition elements
in silicates of ultramafic rocks. The method can be used

TaBLE 6— Continued

TaBLE 7. Transition-element abundances (ppm)
in garnet from sample PHN-1611

Zoned*
C R(OL) Unzonedt
N: 3 2 6

Ti 4881 (67) 6430 (74) 6281 (15)
\" 229 (15) 240 (21) 265 (7)
Cr 14259 (177) 13563 (735) 15024 (123)
Mn 1987 (36) 1991 (32) 1986 (2)
Co 65 (1) 56 (1) 69 (14)
Ni 155 (7) 167 (8) 160 (12)
Zn 18 (4) 23 (1) 28 (17)

Note: Abbreviations are the same as in Table 4.
* Large zoned section (~3 mm in diameter).
T Small unzoned section (~0.3 mm in diameter).

to evaluate whether chemical equilibration among min-
erals was disturbed by postcrystallization thermal events
that frequently affect ultramafic xenoliths. Overall, the
analyses show that the interiors of the grains are rather
homogeneous for the analyzed elements except Cr and to
a lesser extent Ti and Ca in pyroxenes. In olivine, a con-
centration gradient appears only in the outermost part of
the crystal and is probably related to a late thermal event.

The partition coefficients obtained in this study can be
used in geochemical modeling provided that P, T, and
mineral composition are considered. The K, values are
affected by these factors, and their influence is variable
for different elements. For example, Ky; is mainly influ-
enced by 7, whereas K values for Ca, Ti, Cr, and V
display a correlation with P and/or composition of the
phase. For some elements, these parameters may act in
an inverse manner. For the clinopyroxene-orthopyroxene
pair, K., and K, increase but K; decreases with increasing
P. This implies a change of sign for the molar volume of
the exchange reaction and may reflect variable substitu-

MAN 91-1 LEZ-1 CAM-2B
c R(OL) R(OPX) c R(OL) R(OPX) c R(OL) R(OPX)
10 3 3 12 3 3 7 4 3
2611 2290 2314 1118 1027 1089 4253 (4397-3291) (3259-2436)
(82) (40) (70) (48) (54) (9) (77)
291 283 274 245 262 252 265 291 267
(13) (8) 8 (15) 9) (1) (14) (22) (19)
4744 4161 4236 6968 6634 6608 5162 (5067-2397) (4168-2820)
(237) (623) (420) (542) (47) (210) (172)
616 643 639 568 623 616 679 637 671
(14) (5) (13) @7 (19) (42) (23) (18) (24)
18 19 16 18 29 24 8 9 8
) (15) (3) (10) (13) (6) ) (10) (13)
348 384 351 320 349 330 253 315 356
(11) %] (4) (14 (12) (1) 27) (26) (82)
12 9 20 12 4 15 20 14 9
(10) (10) (6) (12) 4) (18) (11) (10) 8)
5.90 5.70 5.64 3.70 3.91 3.94 7.98 7.70-5.55 6.53-5.36
49.9 49.8 49.8 485 47.6 47.6 50.5 49.7 49.7
90.4 90.1 90.1 926 92.1 92.1 90.0 90.6 90.6
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tion sites for the transition elements. Cr3+ and V3+ dis-
play a strong preference for octahedral sites (Bums, 1970).
On the other hand, Ti*+, which has no significant ligand-
field stabilization energy, may be shared between octa-
hedral and tetrahedral sites (Sack and Carmichael, 1984).

The partitioning of trace transition elements among the
coexisting phases of ultramafic rocks may yield good
geothermometers and geobarometers once experimental
calibration has been done. Because of their high sensitiv-
ity to physical parameters, some of these trace elements
can also provide information concerning the petrogenetic
history of ultramafic rocks. Among the analyzed trace
transition elements, Cr appears to have the lowest diffu-
sionai rate in the residual minerals and best demonstrates
evidence of disequilibrium melting.
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