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The systematics of Cr*+ and Cr?* partitioning between olivine and
liquid in the presence of spinel
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ABSTRACT

The partitioning behavior of Cr into olivine in basaltic systems has been parameterized
and can now be modeled over a wide range of redox conditions and liquid compositions.
The Cr?*/Cr* in spinel-saturated experimental systems can be estimated based on a simple
model of Cr solubility in basalt. Fe’* appears to suppress the presence of Cr>* in basaltic
systems. We predict that, in Fe-free systems, all Cr is trivalent at log f, = -3 (ie,
QFM+3 to QFM+4), whereas all Cr is trivalent at approximately Ni-NiO(QFM+1) in Fe-
bearing systems. Cr** predominates under redox conditions <IW-1 in both Fe-bearing and
Fe-free systems.

D+ and D+ (olivine/liquid) have been determined in various liquid compositions and
temperatures. D« (i.e., fo, = QFM, appropriate for most terrestrial or martian basalts)
strongly covaries with the ratio of non-bridging oxygens to tetrahedrally coordinated cat-
ions (NBO/T) (Mysen 1983) and can be estimated using the equation
D = —0.39. 789 1 159,

T
This relationship appears to be valid over the entire pressure range of olivine stability,
from 1 atm to 15 GPa.

D+ (i.e., = IW-1, appropriate for lunar and some asteroidal basalts) is sensitive to
liquid composition and temperature and can be estimated using either

D = 0.24-DG™ — 0.07
or
: 10,000
(ol/liq) — . ) _—
D = 0.6 |Sr ol = 448,

The 1/T equation is probably only valid at 1 atm pressure, but the D,,, equation may be
useful at higher pressures as well. The Cr content of spinel-saturated liquids is a function
of temperature, composition, and f,, . However, the Cr content of spinel-saturated liquids
is buffered by spinel and is insensitive to the bulk Cr content of the system (e.g., Roeder
and Reynolds 1991). Therefore, the Cr content of a crystallizing, spinel-saturated basalt
cannot be modeled using Raleigh fractionation models.

INTRODUCTION

The behavior of Cr in basaltic systems has been of
great interest because Cr is an element that is compatible
in several minerals that crystallize from basaltic magmas
and it exists in multiple valence states. Cr is thought to
exist primarily as Cr** under terrestrial redox conditions
[ie., near the quartz-fayalite-magnetite oxygen buffer
(QFM)] and primarily as Cr>* under reducing conditions
such as those proposed for the crystallization of lunar
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magmas (Schreiber and Haskin 1976). The different par-
titioning behavior of Cr** and Cr’* in basalts is thought
to be reflected in the generally higher Cr content of lunar
magmas in comparison with their terrestrial counterparts
(e.g., Schreiber and Haskin 1976; Bell 1970; Taylor
1975). There are, however, some details regarding Cr be-
havior in basalts that remain to be addressed. In our sur-
vey of previous work (see below), we were struck by
what appeared to be a lack of agreement between differ-
ent experimental studies in terms of the Cr-partitioning
data between olivine and liquid. Moreover, in some stud-
ies there appeared to be a lack of internal consistency.
Some of these problems remain. We show below, how-

669



670

COMPOSITION FAD COMPOSITION FAS

§ 1.0:
3
g o8
=
g os
=
@ 0.4
5 !
S
| 02t
0 2 4 6 8 10 12 0 2 4 6 8 1012 14
-log fO2 -log fO2
After Schreiber & Haskin (1976)
Ficure 1. Plot of D, (olivine/liquid) as a function of T and

fo, in the Fe-free systems FAD and FAS (modified from Schrei-
ber and Haskin 1976; Fig. 7, page 1243). D, is the weight ratio
of Cr in olivine to Cr in the glass. Note the difference in func-
tional form between the two compositional systems.

ever, that a large body of experimental work can be sys-
tematized and, thus, our concerns have been greatly al-
leviated. First, however, let us point out some of the
apparent problems that led to this study.

For example, Figure 1 shows D, (olivine/liquid) as a
function of f,, from Schreiber and Haskin (1976). Note
the large change in D, (olivine/liquid) as a function of
fo, in both of these Fe-free systems. D, (olivine/liquid)
increases with decreasing f,, in the system forsterite-an-
orthite-diopside (FAD), but decreases with decreasing
fo, in the system forsterite-anorthite-silica (FAS). Note
also that D, (olivine/liquid) is greatly affected by tem-
perature in one system, but not in the other. These data
apparently indicate that D, (olivine/liquid) is very sen-
sitive to f,, temperature, and liquid composition. Al-
though we expect D, (olivine/liquid) to change with tem-
perature and liquid composition, we expect the functional
form of the curves to be similar in both FAS and FAD.
For example, we would not expect temperature to have
such a significant effect on D, (olivine/liquid) in one
compositional system, but to have virtually no effect on
D in the other.

Figure 2 shows D (olivine/liquid) as a function of
fo, in Fe-bearing systems from Gaetani and Grove (1997)
and from Mikouchi et al. (1994). In contrast to the data
from Schreiber and Haskin, these data show no variation
in D, (olivine/liquid) with f, . The lack of variation in
D, (olivine/liquid) in Fe-bearing systems, coupled with
the large variations observed in the Fe-free systems, sug-
gested to us the following possibilities:

(1) Cr?* does not exist under geologically relevant re-
dox conditions, and the apparent systematic variation in
D, with f, observed by Schreiber and Haskin (1976)
was the result of experimental or analytical problems.

(2) Cr** exists in Fe-free systems, but does not exist
in basaltic systems where significant quantities of Fe3*
are present (e.g., Schreiber and Haskin 1976).

(3) Cr exists in two valence states in the experiments
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Figure 2. Plot of D, (olivine/liquid) in Fe-bearing systems
from two different data sets from the literature. The Gaetani and
Grove (1997) experiments were performed on a komatiite bulk
composition at 1350 °C and the Mikouchi et al. (1994) experi-
ments were performed on an angrite bulk composition at 1400
°C. Note that, in contrast to the SH(1976) data shown in Figure
1, D., does not change with oxygen fugacity, temperature, or
liquid composition.

on the Fe-bearing basalts shown in Figure 2, but D.- and
D, (olivine/liquid) are so similar that they cannot be
distinguished.

We have performed a series of experiments in various
Fe-free and Fe-bearing compositions over a wide range
in f,, (>18 log units) and have determined values for
distribution coefficients for Cr** and Cr®* into olivine. We
have also characterized the variation in D, as a function
of fo, and liquid composition. The data from the spinel-
saturated experiments were used to develop a model for
calculating Cr?*/Cr** as a function of f,, in both Fe-free
and Fe-bearing systems and for evaluating the effect of
Fe** on the Cr-redox behavior in natural basalts. The
model allows the prediction of the values of D_s- (oliv-
ine/liquid) as a function of liquid composition (in Fe-free
and Fe-bearing systems) to within 10% relative, regard-
less of temperature, and of D... as a function of
temperature.

From this point forward we refer to Schreiber and Has-
kin (1976) as SH(1976). This paper stems from the Ph.D.
thesis of Schreiber (1976), from which we obtained the
data and many experimental details that were omitted
from Schreiber and Haskin (1976). Because mostly ol-
ivine partitioning results are presented, D, refers to the
partition coefficient of Cr between olivine and melt unless
otherwise noted.

EXPERIMENTAL AND ANALYTICAL DETAILS
Starting compositions
The compositions of the starting materials used in this
study are listed in Table 1. These compositions were Syn-
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TaBLE 1. Compositions of the experimental systems

FADia  FAD1b  FAD2 FAD3 FAS1  MORB1 MORB2 MORB3a MORB3b  YBG* BGt PPGt
Sio, 46.09 46.09 49.96 49.63 54.20 48.81 51.54 49,62 49.62 42.9 34.0 49.0
Tio, 0 0 0 0 0 0.83 2,16 3.71 3.71 3.48 16.4 0.63
ALO, 12.03 12.03 11.74 10.96 14.63 17.51 13.26 11.06 11.06 8.30 46 14,0
MgO 27.91 27.91 17.62 19.04 22,74 9.51 6.14 4.27 427 13.5 13.3 107
MnO 0 0 0 0 0 0 0.22 0.27 0.27 0.27 0.31 0.2
FeO§ 0 0 0 0 0 7.45 13.48 18.85 18.85 22.1 245 14.0
Ca0 13.58 13.58 20.68 19.93 8.00 12.88 10.79 9.24 9.24 8.50 6.9 11.2
Na,0 0 0 0 0 0 2.13 2.32 2.49 2.49 0.45 0.23 0
K,0 0 0 0 0 0 0.02 0.11 0.19 0.19 0 0.16 0
Clepm 1500 3000 3500 3500 3500 3000 3000 1500 3000 4037 6295 2740
Vigom) 0 0 0 0 0 3000 3000 3000 3000 3000 3000 5000

Note: FAD3 and FAS1 were synthesized in an attempt to reproduce the results of Schreiber and Haskin (1976).

* Apollo 15 yellow brown glass (Delano 1986).

T Apollo 14 black glass (Delano 1986).

} “Pristine picritic glass” of Jones and Delano (1989).
§ Total iron reported as FeO.

thesized using reagent-grade oxide powders that were
mixed by grinding in ethanol for a minimum of 1 h in an
agate mortar and pestle.

We have investigated Cr-partitioning in both Fe-free
and Fe-bearing systems. The bulk compositions chosen
for the Fe-free experiments (Fig. 3) fall within FAD and
FAS haplobasaltic systems. The compositions FAD3 and
FAS1 were chosen to reproduce the results of SH(1976).
Because we were particularly interested in verifying their
D, results at lower temperatures (1300-1350 °C), we
chose a starting composition with a liquidus temperature
closer to the temperature of interest. Our compositions
are only 30-60 °C below the liquidus at 1320 °C [as
opposed to 150-200 °C in the experiments of SH(1976)].
Thus, our experiments contain fewer crystals, but have
glass compositions similar to those of SH(1976). Al-
though the lowest-temperature FAD experiment from
SH(1976) is 1350 °C, we chose to perform our experi-
ment at 1320 °C to directly compare the results to our
other experiments. The weak temperature dependence of
D¢, in FAD (Fig. 1) suggested that this small difference

FAD FAS
o THISSTUDY |
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Ficure 3. Ternary diagrams showing the locations of the
bulk compositions used in this study. The numbers in the sym-
bols in FAD correspond to FAD1, FAD2, and FAD3, from Table
1. The liquid compositions of the experiments from SH(1976)
are shown for comparison. The highest temperature Schreiber
and Haskin points represent their two bulk compositions [i.c., the
SH(1976) FAS 1350 °C liquid was produced experimentally from
a starting composition that had a liquidus of ~1500 °C].

in temperature would have a negligible effect. As shown
below, this turned out not to be true.

We also combine data from several Fe-bearing systems
from this study and from the literature. The bulk com-
positions of our Fe-bearing systems are also listed in Ta-
ble 1. The literature data comes from Mikouchi et al.
(1994), Longhi and Pan (1989), Herzberg and Zhang
(1996), Gaetani and Grove (1997), Delano (unpublished
data), Heubner et al. (1976), Akella et al. (1976), Jurew-
icz et al. (1993a), and Walker et al. (1977). The electron
microprobe data of Longhi and Pan (1989) were obtained
with relatively low beam currents (20 nA at 15 keV) and
short counting times (20 s), therefore, the uncertainties in
their Cr,O, numbers are relatively large (10-20% rela-
tive). We have reanalyzed the experimental products of
Longhi and Pan to obtain higher precision data for Cr.
Our results agree with those of Longhi and Pan (1989)
within their stated uncertainties.

Pt-loop gas-mixing experiments at 1 bar

Experiments were performed both at the Johnson
Space Center (JSC) and at the State University of New
York at Albany (SUNY). Experiments were performed by
holding the powdered starting material in the hot spots of
Deltech gas-mixing furnaces controlled to within =2 °C
of the desired temperatures. In the SUNY experiments,
Fe loss to Pt loops in Fe-bearing experiments was mini-
mized by preparing Pt-Fe alloy loops with a composition
calculated using the method described by Grove (1981).
Pre-weighed, pre-formed platinum wire (0.005 inch di-
ameter) loops were electroplated with Fe in a ferrous
sulfide bath until the appropriate Fe/Pt ratio was achieved.
The loops were then annealed at 1300 °C for at least 24
h at 1 log unit below the iron-wiistite oxygen buffer (IW-
1), which resulted in homogeneous Pt-Fe alloys. At JSC,
loops were saturated with Fe and Cr by performing mul-
tiple saturation experiments (e.g., Fig. 4).

Temperatures were monitored by thermocouples (cali-
brated against the melting temperature of Au) that were
placed adjacent to the samples. The redox conditions
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Ficure 4. Plot of the results of four replicate experiments
performed on the same Pt loop using composition FAD1. Four
identical experiments were performed and residual material was
cleaned from the loops between experiments by soaking in HE
After two experiments the Pt loop is saturated with Cr.

within the furnaces during the experiments run at inter-
mediate f;, (i.e., 1073 to IW-1) were controlled by mixing
CO and CO, in appropriate proportions. At SUNY, the
redox conditions were monitored using a ZrO, oxygen
sensor placed in the furnace adjacent to the sample. Ox-
ygen sensors were calibrated using iron-wiistite (IW) and
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nickel-nickel oxide (NNO) solid buffers placed within the
O sensors. At JSC, the redox conditions in the furnaces
were measured using a ZrO, oxygen sensor placed in a
remote furnace (Jurewicz et al. 1993b) and the system
was calibrated using a 50/50 mixture of CO and CO,. The
O sensor is placed in a remote furnace, and gases are
routed selectively from the sample furnaces into the re-
mote furnace when the redox conditions are to be mea-
sured. Thus, only one sensor is needed to measure the
oxygen fugacity in all of the furnaces in the lab. The
measured f, in both labs is thought to be accurate to
within 0.1 (1) log units (Jurewicz et al. 1993b). After
the experiments, the samples were quenched in water.
Schreiber (1976) reported Cr loss and “mobility” in
his experiments. Cr loss was slowest at intermediate re-
dox conditions near QFM, with greater losses occurring
at both low (IW) and high (air) values of f,. We have
also observed Cr volatility in our Fe-free experiments, but
only for those run in air. An initial Pt-loop experiment
was performed in air at 1320 °C on the Fe-free compo-
sition FAD1b (Table 1). After quench, no spinel was pres-
ent in the sample, even though spinel was present in all
other experiments in the FAD! system from air to f, =
IW-1. Because olivine (with a value of D. =< 1) was the
only mineral present and spinel (picrochromite; the pri-
mary reservoir for Cr in these experiments) was absent,
the Cr concentration in the liquid should have been great-
er than the amount in the bulk composition (e.g., 6000

TaBLE 2. Phase compositions from selected experiments (top portion of table); also listed are the values of D, (olivine/liquid)
and Cr,O,-content of glasses [i.e., Cr(l)] as a function of f,, from all experiments (bottom portion of table)

FAD1b 1320 °C*

FAD2 1320 °C

FAD3 1320 °C

Glass Olivine Spinel Glass Olivine Spinel Glass Olivine Spinel
Sio, 48.38(9) 42.9(2) 0.4(2) 50.4(4) 42.9(4) 0.29(7) 50.3(3) 42.6(2) 0.38(8)
ALO, 16.75(9) 0.09(2) 33.6(4) 12.42(7) 0.06(t) 19.9(2) 11.4(3) 0.05(1) 15(1)
MgO 14.9(2) 56.1(3) 24.1(2) 15.36(5) 55.8(2) 23.2(3) 16.2(2) 55.8(3) 21.0(8)
Ca0 18.75(8) 0.15(4) 0.43(1) 21.81(6) 0.79(2) 0.61(7) 21.7(3) 0.79(2) 0.57(6)
Cr,0, 0.125(4) 0.080(2) 41.7(6) 0.22(1) 0.12(1) 56.6(3) 0.227(9) 0.10(1) 62(2)
Total 98,9 100.1 100.2 100.2 997 100.6 99.8 99.3 99.0
Phasest fsl — — fsl — — fds —_ _
NBO/Tt 1.0 — = 1.22 == — 1.27 —_ ==
log fo, De, /1 Cr (1) log fo, D, f/ Cr (l) log fo, D, 1 Cr (l)
—0.68 0.5(1) 0.177(5) -3 0.54(7) 0.22(1) -3.0 0.45(6) 0.227(9)
-3.0 0.64(3) 0.125(4) — — — -72 0.50(4) 0.257(7)
-59 0.68(5) 0.140(7) — — — -9.0 0.59(3) 0.342(8)
—7.64 0.69(4) 0.174(3) — - - -10.5 0.63(1) 0.47(1)
-7.20R 0.67(6) 0.148(7) — — — -105R 0.62(4) 0.633(7)
-7.92 0.69(3) 0.177(4) - — — —15.3(3)§ 0.73(1) 0.60(2)
—8.64 0,70(2) 0.223(2) — - — — s —
-10.51 0.71(1) 0.394(7) — — - —_ - —
-14.3(3)§ 0.73(1) 0.292(5)
=—18 0.76(9) 0.060(7) — — - — — —

Note: Major element compositions of phases within experiments run at f,, = 10~ are shown for all compositions. Numbers in parenthesis are the
1o standard deviation and are equal to the last decimal place. R represents reversal experiments.
* Note that the compositions of the identical experiments on composition FAD1a and FAD1b are nearly identical so the data for FAD1a were not
presented here.
1 Silicate phases present in all charges regardless of £, except spinel, Spinel was not present in experiments run at fo, = 1071, | = liquid, s =
spinel, f = forsterite, e = enstatite, and d = diopside.
¥ Ratio of non-bridging oxygen atoms to tetrahedrally coordinated cations after Mysen (1984).
§ The experiments performed on Fe® loops contained FeO dissolved in the silicates, The liquids from these experiments contained 1.86 (+0.05), 0.6
(+0.02), and 2.50 (*0.08) wi% FeO for the composition FAD1b, FAD3, and FAS, respectively. The uncertainty on the £, calculations, which were
calculated based on the FeO-contents of the liquids, are estimated from the data of Hiligren (1993).
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ppm, Table 1) if the system was chemically closed. The
actual Cr content measured in the glass was 130 * 40
ppm. In addition to the low Cr content of the liquid, the
olivine was zoned with respect to Cr, with the cores being
enriched relative to the rims. The low Cr content of the
liquid, the absence of spinel, the absence of Cr in the Pt
loop, and the zoning profile in olivine all suggest that Cr
was lost from the experiment through volatilization. Be-
cause Cr volatility was only observed in the experiments
performed in air and because the partition coefficients are
consistent with the presence of Cré* (see below), we con-
clude that Cr¢* was the volatile Cr species in these ex-
periments. To minimize volatilization in experiments that
were run in air, samples were placed in Pt,;Au, tubes with
a pinhole leak. This technique successfully minimized the
volatilization of Cr as indicated by the presence of spinel
and by the absence of measurable zoning in olivine.
Schreiber (1976) ruled out Cr loss to Pt at low f,
because he measured no appreciable Cr in the platinum
tubes after his experiments. However, we found that ap-
preciable Cr is lost to Pt from Fe-free systems during 1
atm experiments performed under reducing conditions.
The Pt can be saturated with Cr by running several suc-
cessive, identical experiments on the same loop. We per-
formed a series of experiments at 1320 °C and IW on the
same loop using composition FAD1b (Table 1) to deter-
mine how many successive experiments were needed to
saturate Pt loops. Figure 4 shows the Cr content of the

TaBLE 2—Continued.

FAS1 1320 °C FAS1 1300 °C

Glass Olivine Spinel Glass Olivine Spinel
55.3(2) 42.7(2) 0.26(3) 54.4(3) 427(2) 0.27(4)
17.56(7) 0.09(2) 30.2(6) 18.4(1) 0.092(6) 35.5(9)
17.1(1) 56.7(3) 237(2) 158(4) 56.3(2) 24.7(3)
10.29(5) 0.195(8) 0.27(6) 10.92(9) 0.193(7)  0.22(5)

0.137(6) 0.119(5) 44.7(6) 0.110(7) 0.096(7) 39.7(7)

100.4 99.8 991 99.8 99.4 100.4
fesl = = fesl = =

0.70 == — 0.64 == =

10g Fo, D,/ cr ) log fo, D, fi cr ()

-3 0.87(5) 0.137(6) -3 0.87(8)  0.110(7)

72 0.79(6)  0.201(8) — = =z

-72R  081(5) 0.199(6) — = —

-9.0 0.77(3)  0.320(5) — — —
—-105 073(2) 0551(7) — — —
~-14.03)§ 0.701(7) 0.509(3) — — —

=-18,0 0.71(7)  0.066(6)

673

resulting glasses. The Cr content of the glass systemati-
cally increased to a maximum abundance after the second
experiment on this loop. Spinel, the major sink for Cr in
these experiments, was not present in the sample until
after the second experiment, at which point the loop be-
came saturated with Cr. Based on these results, at least
two successive experiments were performed on the same
loop, before a third experiment performed on that loop
was considered acceptable for analysis. Approximately 3
wt% Cr was measured in a Pt loop after the fourth con-
secutive experiment, resulting in a partition coefficient for
Pt/silicate liquid in this experiment of approximately 100.
Qualitative analyses of loops indicated that no apprecia-
ble Cr was lost to the Pt in the Fe-bearing experiments.
The loss of Fe to the loop is favored over Cr and appar-
ently inhibits Cr reduction.

Reversal experiments were performed to determine the
extent to which our experimental results represent chem-
ical equilibrium between the silicate liquid and the solid
phases. The reversal experiments on Pt loops were ini-
tially held for 2 d at an f,, of 102 or IW, after which the
fo, was changed to either IW or 10~* and held for 6 d
before quenching. Typically, the compositions of the sil-
icate phases in the reversal experiments were identical,
within analytical uncertainty, to those in the single-con-
dition experiments (Table 2). The reversal experiments
not only demonstrate the close approach to equilibrium
between minerals and liquid, but also between the liquid
and the Pt loop. The long duration of these experiments
also demonstrates that minimal Cr was lost by volatility
during our Pt-loop experiments at f, < 107,

One of the goals of these experiments was to determine
the difference in olivine/silicate melt partition coefficients
for different Cr redox states. If chromium occurs as both
Cr2* and Cr** in the same experimental sample, the mea-
sured D, is the sum of D... and Ds., making the indi-
vidual determination of D... and D.s- impossible if the
concentrations of both Cr species are not known. To over-
come this difficulty, the redox conditions must be either
reducing or oxidizing so that most of the element exists
in one redox state. For the oxidized species, experiments
were run in air (log f, = —0.68) or pure CO, (log fo, =
—3.0) at 1300-1320 °C as described above. Extremely
reducing conditions were used in an attempt to ensure the
predominance of the most-reduced species. These reduc-
ing experiments were performed on Fe-free compositions
using two different experimental procedures: (1) gas-mix-
ing experiments run on Fe loops and (2) sealed silica-
tube experiments containing graphite.

Fe-loop gas-mixing experiments at 1 bar

Experiments were performed at JSC under low-f
conditions (i.e., IW-3 to IW-5) using CO,/CO gas
mixtures in 1 atm furnaces. The experimental samples
were hung on loops that were made from iron metal wire
instead of platinum. Fe was used because, under these
conditions, Si alloys with Pt, producing a Pt-Si liquid.
Also, at these reducing conditions, C from the furnace
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TaeLe 3.  Compositions of glass and olivine from the 1 atm experiments from this study

PPG-1 PPG-2 YG-54 BG-54 YG-56 YBG-58 Morb1
T(°C) 1185 1200 1160 1160 1225 1230 1175
i QFM QFM QFM QFM QFM QFM QFM
Glass
Sio, 48.8(3) 49.3(2) 45.6(3) 40.2(2) 44.3(3) 44.2(2) 52.8(1)
TiO, 0.67(2) 0.65(2) 4.80(2) 11.80(4) 3.89(4) 3.83(1) 1.15(2)
AlLLO, 14.69(7) 14.38(6) 10.70(9) 7.57(5) 9.43(9) 9.30(6) 14.3(2)
MgO 8.82(3) 9.03(4) 7.24(2) 7.68(6) 9.46(4) 9.89(3) 8.34(5)
MnO na na 0.27(5) 0.62(5) 0.31(4) 0.31(5) 0
FeO 14.22(7) 13.9(1) 19.7(1) 24.7(1) 21.85(7) 21.5(2) 9.45(5)
Ca0 12.34(3) 12.02(4) 10.74(2) 6.57(9) 9.3(1) 9.43(4) 12.4(1)
Na,O na na 0.36(1) 0.29(1) 0.31(1) 0.32(1) 1.05(7)
Cr,0, 0.046(2) 0.053(2) 0.078(2) 0.070(4) 0.135(5) 0.129(6) 0.087(5)
Sc,0, 0.543(2) 0.552(4) 0 0 0 0 0
V,0, 0.218(2) 0.225(4) 0.375(4) 0 0.417(4) 0.422(3) 0.164(3)
Total 100.35 100.11 99.86 99.50 99.40 99.33 99.74
Olivine
Sio, 39.1(4) 39.2(2) 37.6(1) 37.34(5) 38.1(2) 38.3(1) 40.1(7)
TiO, 0.010(9) 0.006(4) 0.06(2) 0.36(9) 0.07(7) 0.05(2) 0.016(6)
AlLO, 0.08(1) 0.08(2) 0.050(4) 0.038(7) 0.05(1) 0.055(4) 0.06(1)
MgO 40.3(3) 40.8(2) 34.0(1) 33.4(1) 36.7(2) 37.4(1) 44.4(4)
MnO na na na na na na 0
FeO 20.4(2) 19.7(2) 27.1(1) 27.8(2) 23.9(3) 23.2(2) 15.0(2)
CaO 0.26(1) 0.27(2) 0.21(5) 0.05(1) 0.08(1) 0.29(3) 0.36(2)
Cr,0, 0.049(3) 0.050(3) 0.047(5) 0.031(6) 0.076(5) 0.076(5) 0.085(6)
Sc,0, 0.099(1) 0.099(2) 0 0 0 0 0
V,0, 0.017(4) 0.016(2) 0.026(3) 0 0.029(6) 0.022(4) 0.014(3)
Total 100.23 100.22 99.10 99.05 99.00 99.39 100.03
KD 0.31 0.31 0.29 0.26 0.28 0.29 0.30
NBO/T 0.93 0.92 1.35 2.1 1.56 1.58 0.80
DCr 1.05(7) 0.95(8) 0.60(6) 0.44(9) 0.56(4) 0.59(5) 0.98(8)

Note: All iron reported as FeO. Numbers in parenthesis are the 1¢ uncertainties and are equal to the last decimal place of the measured value. “na”

means the oxide was not measured.

atmosphere contaminates the thermocouple, which results
in erroneously high-temperature measurements. There-
fore, the temperature of the furnaces was adjusted before
the experiments with the normal experimental apparatus
equipped with a thermocouple, then the thermocouple
was removed and the experiments were performed as usu-
al. Precipitation of graphite between the sample furnace
and the remote ZrO, oxygen sensor was found to cause
significant errors in the f, measurement for these exper-
iments. Therefore, oxygen fugacities in these experiments
were calculated using the FeO content of the silicate lig-
uid in equilibrium with Fe metal, assuming that the ac-
tivity of FeO is equal to its cation fraction in the melt
and using wiistite thermodynamic data from Robie et al.
(1978). Hillgren (1993) found that the So, calculated in
this way was within 0.3 log units of the measured So, In
experiments run near IW (hence the uncertainties shown
in Table 2).

Sealed silica tube experiments

To achieve even more reducing conditions, an aliquot
of the Cr-doped sample held in a graphite crucible was
sealed in an evacuated silica tube along with a separate
alumina crucible filled with chromium metal powder.
Samples were hung in the hot spot of a Deltech furnace
at 1310-1320 °C for 48 h and then quenched by rapidly
removing the tube from the furnace and quickly placing
it in water. The experimental samples were found to con-

tain chromium metal, which had precipitated from the
silicate liquid. Olivine crystals in these samples were
zoned, with Cr increasing toward the rim. With hindsight,
we realized that, in the evacuated tubes, C-CO (not Cr-
Cr,0,) must have been the dominant oxygen buffer. The
actual f, was several log units below Cr-Cr,0,. The ex-
act f,, is not known but, because chromium metal was
present in the samples at the end of the experiments and
the Cr,0, abundance in the liquid was approximately 400
ppm, we can assume that the f, within the tubes was at
least three log units below the Cr-Cr,0O, buffer, which is
approximately 1015 at 1320 °C (Jurewicz et al. 1995).
The C-CO buffer is very sensitive to pressure, thus during
the experiments, the silica tubes slowly collapsed. This
change in pressure increased the f, within the silica
tubes, which caused the chromium metal to oxidize,
thereby increasing the Cr content of the silicate. Although
the f, constraints are poor for the sealed-tube experi-
ment, this result is included here to give a rough estimate
of D, in experiments containing chromium metal.

Analytical methods

The experimental samples were analyzed using a Ca-
meca SX-100 electron microprobe equipped with five
wavelength dispersive spectrometers operated at an ac-
celerating voltage of 15 keV. Major elements were ana-
lyzed using a cup current of 45 nA and counting times
of 45 s. Minor elements were analyzed with a cup current
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YG-51a YG-51b BG-49 PPG-3 PPG-4 PPG-5d PPG-7a
1175 1175 1175 1225 1200 1185 1210
QFM QFM QFM IwW-1 IW-1 IW-1 IW-1

45.1(2) 45.3(2) 40.0(2) 48.78(6) 48.9(3) 50.1(2) 49.5(1)

4.09(3) 4.12(3) 11.47(4) 0.646(8) 0.65(1) 0.68(2) 0.65(1)

10.23(7) 10.35(4) 7.69(4) 13.27(5) 14.75(7) 15.1(1) 14.4(1)
7.64(5) 7.55(6) 7.87(2) 9.64(3) 9.04(1) 8.17(5) 8.84(4)
0.41(8) 0.46(5) 0.4(6) 0.20(2) 0.19(2) 0.2(1) 0.20(1)
20.4(1) 20.4(1) 24.7(1) 13.8(2) 13.64(9) 13.4(2) 13.7(1)
10.62(4) 10.81(4) 6.76(4) 11.65(3) 11.98(4) 12.44(9) 12.02(3)

0.34(3) 0.34(1) 0.30(1) <0.02 0.02(1) 0.21(7) 0.015(5)

0.080(4) 0.079(6) 0.077(3) 0.23(1) 0.247(9) 0.32(2) 0.26(2)

0 0 0 1.369(6) 0.550(5) 0 0.551(6)

0.373(5) 0.374(1) 0 0.540(9) 0.219(5) o] 0.227(5)

99.28 99.78 99.27 100.28 100.21 100.44 100.35
37.5(2) 37.8(2) 37.1(1) 37.5(4) 38.1(2) 38.2(2) 38.2(2)
0.10(2) 0.04(1) 0.31(8) <0.02 <0.02 <0.02 <0.02
0.049(4) 0.05(1) 0.036(3) 0.12(1) 0.09(2) 0.08(6) 0.07(1)
34.4(2) 33.9(1) 33.7(1) 40.0(2) 38.5(2) 39.1(6) 39.2(1)
na na na 0.20(2) 0.22(2) 0.23(1) 0.21(2)
26.7(1) 27.2(1) 27.7(1) 20.2(2) 21.9(2) 20.87(3) 20.8(1)

0.37(2) 0.306(4) 0.168(6) 0.28(1) 0.29(4) 0.28(4) 0.26(2)

0.060(7) 0.047(4) 0.042(5) 0.189(9) 0.23(1) 0.33(2) 0.25(1)

0 0 0 0.338(6) 0.109(7) 0 0.100(5)

0.032(3) 0.022(2) o] 0.346(6) 0.148(9) 0 0.136(7)

99.21 99.37 99.06 99.25 99.61 99.1 99.16

0.29 0.30 0.26 0.35 0.37 0.33 0.35

1.41 1.4 2,14 — — — —

0.75(9) 0.59(6) 0.54(7) 0.83(6) 0.94(8) 1.04(6) 0.9(1)

of 100-200 nA and counting times of 120 s. Data was
reduced on-line using the PAP matrix correction routine
(Pouchou and Pichoir 1991). These analytical conditions
provided minimum detection limits that are well below
the concentrations of all elements in the samples. Each
phase was analyzed at least ten times and all error bars
represent the 1o standard deviation of these ten analyses.
In most cases the lo standard deviation agreed with the
uncertainty based on counting statistics to within a factor
of 2. A line scan was performed across at least one ol-
ivine from each experiment to look for inhomogeneity
and to evaluate edge effects and secondary fluorescence.
Line scans across olivine crystals in Fe-bearing systems
showed no evidence of secondary fluorescence of Cr in
the nearby glass.

Cr loss to Pt (or by volatility) or Cr gain from disso-
lution of chromium metal in the sealed silica-tube exper-
iments (see below), resulted in olivine grains that were
zoned with respect to Cr. Cr loss and Cr gain have been
assessed by performing analytical traverses. In cases
where unavoidable loss or gain of elements occurred, the
Cr contents of olivine crystals were estimated by analyz-
ing as close to their edges as possible, but far enough
away so that no edge effects or fluorescence were ob-
served. Edge effects were evaluated by observing Al
abundances in olivine grains because Al is abundant in
the glass but not in the olivine. An appreciable increase
in Al was observed in olivine at distances <5 pm from
the crystal-glass interface. Therefore, only analyses =5
wm from the edges were accepted. The Cr concentrations

in some of the olivine analyses were anomalously high.
These anomalous values were typically associated with
high values for Al,O, as well and were probably the result
of included spinels that were below the polished surface
of the olivine but within the excitation volume of the
electron beam. Based on this interpretation, analyses that
exhibited anomalously high Cr and Al abundances were
discarded. Analyses of crystal-liquid pairs (separated by
~30 wm) were performed at various locations within each
sample. There was no evidence for heterogeneity of the
liquid or olivine compositions anywhere in the samples.
Heterogeneity was only observed in olivine grains from
experiments that had experienced Cr loss or gain.

The results of the analyses of the experiments on Fe-
free compositions are presented in Table 2 along with the
analytical uncertainties. The results of the experiments
performed at QFM and <IW-1 on the Fe-bearing com-
positions are listed in Table 3. The major element data
from those experiments containing only spinel and glass
are not presented. The Cr content of these glasses, along
with the experimental conditions, are presented in Table 4.

REsuLTS
Cr systematics in spinel-saturated liquids

Figure 5 shows the Cr concentration of glass as a func-
tion of f, for the compositions FADla and FADIb,
which differ only in their Cr content. The original starting
material was split into two aliquots, one of which was
doped with 1500 ppm Cr, and the other with 3000 ppm
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TasLe 4. Oxygen fugacity and Cr content of the spinel-saturated, Fe-bearing systems MORB1, MORB2, MORB3a, and 3b (see

Table 1)
MORB1 (1250 °C) MORB2 (1200 °C) MORB3a (1200 °C) MORB3b (1200 °C)
log fo, Cr (ppm) fo Cr fo. Cr fo, Cr
-3.0 452(27) 27 213(46) =2.7 106(29) 27 88(13)
-7.0 626(38) -8 606(42) -8 581(62) -8 478(51)
-8.0 679(41) -10 1039(43) -8 465(40) —8* 519(42)
-7.8* 731(28) 11 1331(39) -10 847(65) -10 819(76)
-9.0 1180(40) -12.0 1783(41) 11 1154(43) —11 1110(22)
~11.0 1534(27) —12 1598(58) -12 1689(66)
—11.4 1765(37)

Note: Because the spinel is the only phase present in all experiments, the liquid compositions of each system change little with f,, with the exception
of Cr. Numbers in parenthesis are the 1o uncertainties and are equal to the last decimal place of the measured value.
* Reversal experiments initiated at IW then changed to indicated fo, after 12 to 24 h.

Cr. Pressed pellets of both the low-Cr and the high-Cr
FAD mixtures were hung in the furnace at the same time
to examine the effect of total Cr on the Cr content of the
liquid and D.,. All of the samples contained olivine, spi-
nel, and glass.

There are three important observations regarding these
data that are relevant to this discussion. First, the Cr con-
tent of the glasses decreases systematically from IW (log
fo, = —10.5) to log f,,, = —3.0, then begins to rise again
atlog f, > —3.0. Second, the Cr content of these spinel-
saturated liquids is only slightly affected by the total Cr
in the system at any given temperature or fo,- We attrib-
ute these small differences to slight changes in liquid
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FiGure 5. Plot of the Cr content of the glasses as a function
of f,, from a series of gas-mixing experiments performed on
composition FAD1 (open circles = 3000 ppm total Cr) and
FAD?2 (circles with crosses = 1500 ppm total Cr) at 1320 °C.
The filled circle represents the experiment performed on a Pt
loop in air that lost Cr due to Cré* volatility and which contained
no spinel. All other samples contained spinel. The symbol di-
rectly above it represents an identical experiment run in a Pt,,Au,
capsule exposed to air by a pinhole. No evidence for Cr loss was
found in this sample. The square represents a reversal experiment
on composition FAD1 changed from IW to QFM after 24 h. The
dashed line at the minimum Cr abundance represents the Cre*
solubility limit for this composition at this temperature. The Cr
abundance above this line is a measure of Cr2* or Cré* in the
liquid.

composition resulting from the different modal abun-
dances of spinel. Third, the composition of the spinel is
constant regardless of f, or total Cr content. The only
major compositional change is the Cr content of the liquid
and the olivine.

The systematic behavior of Cr in spinel-saturated lig-
uids has been described by Schreiber and Andrews
(1980), Barnes (1986), Murck and Campbell (1986), and
Roeder and Reynolds (1991) and can be best understood
by considering Cr?+ and Cr** separately. For our Fe-free
experiments, the cation fraction of Cr+Al of the spinel is
always twice that of Mg. Therefore, the spinels contain
primarily Cr*+, which is an essential structural constituent
of spinel. If there is not sufficient Cr** in the liquid, there
will be no spinel. Conversely, if there is too much Cr**,
spinel will crystallize until the Cr*+ saturation abundance
is reached. Because the composition of the spinels re-
mains constant, regardless of f,,, and the major-element
composition of the liquid is constant, the Cr** activity of
the liquid, hence the Cr3* concentration (i.e., the satura-
tion abundance), must remain constant as long as spinel
is present. The increase in the Cr content of the liquid as
the system is reduced from log f, = -3 to IW, simply
reflects the increase of Cr?* in the liquid. The Crz+/Cr*+
in the liquid is controlled only by the externally imposed
fo, Consequently, the total Cr content of the liquid is
independent of the total Cr in the system.

We assume that the increase in the Cr content of the
liquid as the system is oxidized from 10~ to 10-°¢ js a
result of the presence of Cré*. Supporting this interpre-
tation, as discussed below, is the rapid decrease in the
olivine/liquid partition coefficient over this same interval,
reflecting the highly incompatible nature of Cr* in both
olivine and spinel. Cr** was measured directly by chem-
ical titration in the Fe-free experiments of SH(1976) with-
in this same f,, interval.

Using the simple model for Cr behavior outlined
above, Cr>*/Cr** can be calculated as a function of f, in
our Fe-free system. We propose that the Cr** concentra-
tion in spinel-saturated liquids is buffered at a constant
level, and this level is independent of f,. We observe
that the total Cr concentration changes with changing



HANSON AND JONES: Cr PARTITIONING

05 [ T | N | I I ' T T T 1-

L FAD1 (Fe-free) P

" Slope = 0.275 1

T oo [ (r?=0.998) 7
5 | .4 ]
205 y ]
N P
ol G oM, W
3 6 7 8 9 10 11

-log fO5

FiGURE 6. Plot of log [Cr**/Cr?*] vs. —logf,, for the FAD1
experiments shown in Figure 5. Cr**/Cr** was calculated using
Equation 1 assuming that all Cr in excess of the Cr** solubility
limit (i.e., the dashed line in Figure 5) is Cr>*. Note that these
data form a straight line with a slope very near to 0.25, the slope
theoretically predicted for redox reactions involving one electron.
The square is the reversal experiment and was not used in the
regression calculation (see text).

fo, ostensibly because of valence state changes—from
Cr?* under reducing conditions to Cr** at oxidizing con-
ditions to Cr®~ at highly oxidizing conditions (i.e., air).
Therefore, our best estimate for the spinel-buffered Cr3*
content of the glass in experiments at all redox conditions
where spinel is present is the minimum Cr abundance in
Figure 5. If we assume that the minimum Cr abundance
in Figure 5 represents the spinel-saturated Cr**+ content,
then Cr>*/Cr** can be calculated for each experiment by
mass balance

Crzt _ (Clpa = Clon)
Cr+ Cr.. M

where Cr,,, is the measured Cr content of the liquid (i.e.,
Cr>* + Cr?*) and Cr,,, is the minimum Cr content in the
liquid (i.e., the abundance of Cr in the liquid when all Cr
is trivalent).

When log Cr?*/Cr* is plotted vs. log f,, (Fig. 6) the
data form a straight line that is fitted by the regression

equation
Cr2+
Cr3+ =

The reversal experiment (square in Fig. 6) was not used
in the regression. The slope of this line (0.275) is in good
agreement with the theoretically expected slope of 0.25
for a reaction involving the exchange of one electron
(SH1976). We have calculated Cr?>*/Cr*+ for all of the Fe-
free systems listed in Table 1 using Equation 1. In all
cases, the slopes are consistent with the theoretically pre-
dicted value of 0.25 (Table 5) and are in good agreement
with the results of Roeder and Reynolds (1991, Table 3)

log

~0.275 X log f,, — 2.598. )
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TaBLE 5. Linear regression equations describing log{Cr2*/
Cr3*] vs. —log f,,, calculated using Equation 1, for
several Fe-free and Fe-bearing compositions

Tempera-
Composition  ture Regression equation
FAD1 1320 °C  log[Cr2*/Cr*+] = 0.275 * [—log f o] — 2.59
FAD3 1320 °C  log[Cr2*/Cr3*] = 0.274 * [—log f,] — 2.81
FAS1 1320 °C  log[Cr2+/Cr3*] = 0.242 * [—log fo,] — 2.05
MORB1 1250 °C  log[Cr2*/Cr**] = 0.286 * [—log f,] — 2.88
MORB2 1200 °C  log[Cr2*/Cr3+] = 0.219 * [—log f,,) — 2.34
MORB3 1200 °C  log[Cr2*/Cr**] = 0.241 * [—log f,,] — 2.47
BASALT* 1260 °C log[Cr2*/Cr>*] = 0.276 * [—log f,] — 2.59

* Unpublished data from J. Delano. Other compositions listed in Table 1.

that were calculated based on chromite-melt equilibria.
The good agreement between the measured and the the-
oretical slopes suggests that we can accurately calculate
Cr2*/Cr* in Fe-free systems using this procedure.

Effect of Fe** on Cr**/Cr** in spinel-saturated basalts

The behavior of Cr in spinel-saturated glasses as a
function of f,, is similar in Fe-free and Fe-bearing sys-
tems. Figure 7 shows that the Cr content of an Fe-bearing
glass increases as f, decreases, and the Cr content is
independent of the total Cr in the system at any given
fo, just as it is in an Fe-free systems (Table 4). SH(1976),
however, predicted that the presence of Fe’* would have
a significant effect on Cr>*/Cr** in basaltic liquids and
that Cr2* would not exist in Fe-bearing magmas under
terrestrial redox conditions (i.e., at QFM). Gaetani and
Grove (1997) concluded, based on Cr-partitioning sys-
tematics into sulfide metal, that the dominant Cr species
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Ficure 7. Plot of Cr content of spinel-saturated glasses from
experiments performed on MORB3a (circles = 3000 ppm total
Cr) and MORB3b (squares = 1500 ppm total Cr) as a function
of foz. Note that, like the Fe-free system, Cr content at spinel
saturation is unaffected by total Cr. The symbols with crosses
are the reversal experiments changed from IW to QFM after 24
h. The experiment at high f,, was not used because the spinel
composition was very different from those at lower f,,, (see text
for discussion).
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Fiure 8. Plot of log [Cr2*/Cr*] vs. —log fo, for the
MORB3 experiments shown in Fig. 7 (same symbols as in Figure
7) calculated using Equation 1. All Cr is assumed to be trivalent
at NNO in Fe-bearing systems (see text). Note that Fe-free data
also form a straight line with a slope very near to 0.25 in this
plot. The reversal experiments and were not used in the regres-
sion calculation (see text).

is Cr** in their Fe-bearing system over an fo, range from
IW to QFM. Because there is no reliable method at pres-
ent to directly measure Cr>*/Cr** in Fe-bearing systems,
the extent of the effect of Fe on Cr systematics is poorly
understood.

Using Equation 1, however, we can qualitatively eval-
uate the effect of Fe on Cr>*/Cr* in spinel-saturated lig-
uids. We have calculated log (Cr>*/Cr>*) from the data
shown in Figure 7 using Equation 1 and have plotted the
results against log f,, in Figure 8. We have chosen the
Cr content of glass from the experiment performed at
NNO as the Cr** content of the glass at spinel saturation
(ie., Cr,,). We have chosen NNO because the spinel
compositions (and consequently the Cr** activity in the
spinel) change little between IW and NNO but begin to
change very rapidly at higher f,, (Fig. 9). Therefore, the
activity of Cr* in the 11qu1d (and consequently the Cr+
content of the liquid) in equilibrium with the spinel
should remain essentially constant in the fo, interval be-
tween IW and NNO, and NNO is the hlghest possible
fo, before the rapid change in the spinel composition. We
assume that the reversal experiments did not completely
equilibrate and thus were omitted from the calculation of
the slope. Because the Cr content in the liquid at QFM
is very close to the Cr content at NNO, small analytical
problems translate into large deviations in log(Cr2*/Cr>+)
calculated using Equation 1. Thus, the seemingly spurious
data point at high f, (QFM) was omitted from the re-
gression as well. The slope of the line formed by the other
data (0.241) is very close to the theoretically predicted
value of 0.25.

We have calculated the Cr?*/Cr*+ for several other Fe-
bearing compositions, including those listed in Table 1,
and the equations of these lines are listed in Table 5.
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FiGUure 9. Plots of the compositions of spinels from experi-
ments performed on MORBI1 at 1175 °C (circles), MORB2 at
1200 °C (diamonds), and MORB3 at 1200 °C (squares). Note
that the spinel compositions remain remarkably constant and
only begin to change at oxygen fugacities above NNO.

Again, the slopes of these lines are close to the theoret-
ically expected value of 0.25. If all of the Cr in the liquid
at NNO were not trivalent, as we have assumed, the slope
of the line in Figure 8 would be shallower owing to an
over-estimation of the Cr** abundance.

The data shown in Figure 2 initially led us to the hy-
pothesis that Cr?* does not exist in the presence of Fe’+,
but this does not seem to be the case. The fact that the
slopes in Figure 8 and Table 5 are approximately 0.25
qualitatively suggests that Fe does not exclude the pres-
ence of Cr** when the f, is between IW and QFM. How-
ever, it appears that the presence of Fe’* has suppressed
the formation of Cr?* so that its abundance starts to be-
come significant ~3-4 log f, units below where it is
first observed in the Fe-free system. This discussion is
predicated on the assumption that all Cr at NNO exists
as Cr*+, which is not true in the Fe-free system (Fig. 6).
And Roeder and Reynolds (1991) estimated that only
70% of the Cr was trivalent in their Fe-bearing systems
at QFM. However, our slopes of ~0.25 are in good agree-
ment with the slopes determined by them, and if our as-
sumption of no Cr>* at NNO were seriously in error we
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Ficure 10. Plot of D, as a function of f,, from the exper-
iments performed on FAD1 that are shown in Figures 5 and 6.
The point with an arrow represents the graphite-bearing experi-
ment in which the f, is unknown, but is thought to be less than
108 bar. The square is the reversal experiment. The presence of
Cr metal in the graphite-bearing experiment implies that all Cr
in the silicate is divalent.

would not calculate the theoretically predicted slope. The
small difference between the conclusions of this study
and those of Roeder and Reynolds (1991) is probably due
to differences in bulk composition and/or temperature.

D, olivine/liquid

The systematics in the previous section allow us to
determine values for D... and D_:.. The values of D_..
were measured directly from the sealed silica-tube ex-
periments and the Fe loop experiments, as discussed
above. The redox conditions under which all Cr is tri-
valent is taken as the minimum Cr value of the curve in
Figure 5, as discussed above. Figure 10 is a plot of D,
as a function of f, for our Fe-free composition FAD1
(Table 1). For this liquid composition, D, changes very
little from experiments performed under redox conditions
where Cr metal is stable (log f, < —18) to the highly
oxidizing conditions of pure CO, (log f, < —3). D, then
abruptly drops from 0.64 to 0.55 in the f, interval be-
tween log f, = —3 and air. This observation suggests
that a significant amount of Cré* is present, which is as-
sumed to be highly incompatible in olivine.

Figure 11 shows the measured values for D, as a func-
tion of f, at 1320 °C for all of the Fe-free compositions
given in Table 1. Also shown on this diagram are the D-
values measured by SH(1976) at 1350-1300 °C. Because
SH(1976) did not perform experiments at 1320 °C, the
D-values for the FAS system shown in Figure 11 are in-
terpolated from the 1350 and 1300 °C data (Fig. 1). For
the FAD system, the 1350 °C isotherm is depicted in Fig-
ure 11 because no experiments were run at 1320 °C but
the effect of temperature is apparently small in this sys-
tem (Fig. 1). Note that our results are consistent with
those of SH(1976) at low f,, but the two data sets de-
viate markedly at higher f .
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Ficure 11.  Plot of D, as a function of f,, for the bulk com-
positions FAD1 (circles), FAD3 (squares), and FAS] (diamonds).
Note that Fe-loop and sealed tube experiments are not plotted.
The lines are the approximate locations of the data trends inter-
polated to 1320 °C from the data in Figure 1. FAD3 and FAS1
were synthesized in an attempt to reproduce the experiments of
Schreiber and Haskin at low temperatures.

Although the general shapes of the curves are similar
(i.e., D, increases with decreasing f, in FAD and de-
creases in FAS), our data show a far more limited range
in D, at high f,, than would be expected, based on the
systematics of SH(1976). An additional experiment on
composition FAS1 (Table 1) was run at 1300 °C and the
result is also plotted in Figure 11 (solid symbol). This
experiment was performed in an attempt to directly re-
produce the maximum value of D. observed by
SH(1976) (D, = 1.4; Fig. 1). Our value of 0.87 for D,
at 1300 °C is indistinguishable from our value at 1320 °C
and is considerably lower than that of SH(1976). Thus,
the 1300 °C values for D, in the system FAS from
SH(1976) seem anomalously high.

The reason for the discrepancy between our results and
those of SH(1976) is unclear. One possible explanation is
the analytical difficulty posed by the presence of very
small (<2 wm) spinel crystals, which can be difficult to
detect in either reflected or transmitted light. Such spinels
are very common as inclusions in the olivine grains of
our experiments on this composition at high f,, and
could only be detected in backscattered electron (BSE)
images at high magnification. Some of these spinels only
appear as diffuse, bright regions in the cores of some
olivine crystals in BSE images. Spinels of this size could
not have been detected easily without the imaging sys-
tems available cn newer generation microprobes, and
could be the reason for the anomalously high D, values
measured by SH(1976) at low temperatures and high
fa

Our D-values appear to disagree somewhat with the
results of SH(1976) in the system FAD as well. SH(1976)
did not perform an experiment at 1320 °C in the system
FAD, so our results are not directly comparable to theirs.
However, their values of D, at high f, do not change
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Ficure 12. All data from Fe-free systems FAS1, FADI, and
FAD3 with calculated values for D, (dashed lines) superim-
posed. The data was calculated using Equation 3, where D,.. is
taken as the measured value for D, in the most reducing exper-
iment and Dy, is taken from the experiments run in pure CO,.
The good agreement between the calculated values and the mea-
sured values at intermediate f,, values demonstrates the internal
consistency of the data. -

significantly from 1450 to 1350 °C. Therefore, we would
not have expected the value to begin to change so abrupt-
Iy when the temperature is dropped by only 30 °C (to
1320 °C). We return to this issue when we discuss the
effect of liquid composition on D,

Given our experimentally determined values for D..,
D¢+, and an estimate of Cr>*/Cr3* of the liquids as a
function of f,,, we can test our partitioning data for in-
ternal consistency. It is a simple matter to calculate a
value for D, by

De, = Xeor-Dear + XeprDipe (3

where X is the mass fraction of Cr2* or Cr** in the liquid.
The results of these calculations for compositions FAD1,
FAD3, and FAS1 are plotted in Figure 12. The close
agreement between the measured D, at intermediate fo,
and those calculated as described above demonstrates the
internal consistency of our intermediate- fo, data. This is
a truly independent calculation because X... and X_.. are
determined from the systematics of Cr solubility in spi-
nel-saturated silicate melts.

The effect of liquid composition on D, (olivine/liquid)

D (olivine/liquid). Although significant differences
exist in D, among our experiments and those of
SH(1976), both data sets indicate that D, is sensitive to
liquid composition, at least at high fo,- Our data allow us
to quantify this variation more precisely because we have
good estimates of individual values for D.. and D,... for
each composition.

The partitioning behavior of trace elements depends, in
part, on the availability of accommodating sites within
the liquid structure. Several methods have been used to
quantify the structure of silicate liquids based on their
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chemical composition (e.g., Si/O, NBO/T, optical basici-
ty). We have arbitrarily chosen the commonly used ratio
of the non-bridging O atoms to the tetrahedrally coordi-
nated cations (NBO/T), according to the model of Mysen
(1983), to quantify the change in liquid structure with
changing composition. However, we have observed that
the NBO/T parameter is highly correlated with the optical
basicity model of Duffy (1993), so we expect either mod-
el to yield similar results.

Figure 13a is a plot of D... as a function of NBO/T.
The data from our Fe-free experiments at high fo, form
a straight line described by the regression given in Figure
13a. The data plotted in Figure 13a are mostly from ex-
periments performed at 1320 °C, with the exception of a
single experiment performed at 1300 °C.

The data from SH(1976) have been superimposed on
our results in Figure 13b, and in light of the foregoing
discussion, the agreement is good. Within experimental
uncertainty, four of the seven SH(1976) data points are
in excellent agreement with our trend. The 1300 °C FAS
experiment and the 1400 and 1450 °C FAD experiments
fall off of the trend, however. We cannot reproduce the
SH(1976) FAS result, so the discrepancy is not unex-
pected. The FAD experiments are more problematic. Al-
though we are suspicious of the observed constancy of
D, over a 100 °C temperature interval in the FAD system,
we do not know what the functional form of the trend
depicted in Figure 13a should be. It appears to be linear
in the NBO/T interval between 0.5 and 1.3, but there is
no a priori reason to believe that it should remain linear.
Perhaps the curve levels off at very high values of NBO/
T (although see Fig. 13c). Regardless, it remains unclear
whether SH(1976) experienced analytical or experimental
problems in the system FAD or if D_.. olivine/liquid be-
comes constant at high values of NBO/T. But with the
notable exception of the 1300 °C FAS isotherm, we be-
lieve that a reasonable agreement exists between our two
data sets.

Data from Fe-bearing systems show similar systemat-
ics. Figure 13c¢ shows experimental data from Fe-bearing
systems from this study (Table 5) and from the literature,
which cover a considerable compositional and tempera-
ture range, and these data are compared to the trend de-
fined by the Fe-free data from Figure 13b. We used sim-
ple criteria to select the data shown in Figure 13c. Useful
Cr partitioning data must have uncertainties that are less
than 10% relative and have values for the olivine-liquid
Fe-Mg exchange (K,,; calculated assuming all Fe is fer-
rous) of 0.3 = 0.02 (Roeder and Emslie 1970). Because
values of K, can vary significantly with liquid composi-
tion (Ford et al. 1983), we have only included those lit-
erature experiments having K, values that agree well with
prediction. K, was estimated either by the Ford et al.
(1983) parameterization for low-Ti liquids or the Jones
(1988) parameterization for high-Ti lunar compositions.
Of necessity, we chose experiments that were performed
at f,, conditions at or above QFM so that most of the Cr
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Ficure 13.  Plots of D.- vs. NBO/T (Mysen 1983). (a) Dif-
ferent symbols represent sets of experiments: open circles =
FAS1 (1300 and 1320 °C); diamonds = FAD1 and FAD2; and
squares = FAD3. The line is a linear regression through these
data. (b) The data of SH(1976) (circles with crosses) superim-
posed on the data shown in a. Note that, in general, the SH(1976)
data in b fall on or near the trend, except for the 1300 °C FAS
point. (¢) Results of Fe-bearing 1 atm experiments run between
1150 and 1450 °C (filled squares) from this study and the liter-
ature [half-filled squares represent data from Longhi and Pan
(1989); X from Mikouchi et al. (1994); cross from Gaetani and
Grove (1997)] as well as multianvil experiments from 5 to 15.5
GPa and 1726-2050 °C (squares with crosses). The line shows
the trend of the Fe-free data, and the equation in the lower left
corner is the linear regression equation through the Fe-bearing
data.

was present as Cr** (see discussion of the effect of Fe*
on Cr valence state below).

The high-f, data from the Fe-bearing experiments
form a good linear trend with NBO/T that is offset from
the Fe-free experiments toward higher values of D, (Fig.
13c). Although the data exhibit some scatter, the value
for D olivine/liquid apparently can be predicted to
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within *10% on the basis of the major-element compo-
sition of the basaltic liquid, in both Fe-free and Fe-bear-
ing systems. The 1 bar experiments plotted in Figure 13c
span a large temperature range (1150-1400 °C) indicating
that knowledge of temperature is not required. Also in-
cluded in Figure 13c are the results of multi-anvil exper-
iments from Herzberg and Zhang (1996). These experi-
ments were performed at pressures between 5 and 15.5
GPa and temperatures between 1726 and 2050 °C in Rhe-
nium capsules. Nominally, the Re-ReO, buffer would be
2 log units above QFM (Pounceby and O’Neill 1996).
Most of the ReO, will dissolve in the silicate liquid, and
therefore the activity of ReO, may not be unity. Thus, 2
log units above QFM is probably an upper limit on f, .
Because there are no other species in the samples with a
significant capacity to reduce the system, we assume that
the f,, of the system was somewhere between NNO and
QFM. The Herzberg and Zhang (1996) data fall on the
trend of the 1 atm Fe-bearing experiments, suggesting
that the relationship between NBO/T and D.. is also
insensitive to pressure.

The variation in D.. exhibited with changing melt
composition reflects the availability of network-modify-
ing sites in the liquid (Schreiber 1976), which seems to
be adequately quantified by NBO/T. Again, it is not clear
why there is a simple linear relationship between NBO/
T and D, or if this linear relationship extends to ex-
treme values of NBO/T. It is also not clear why there are
two separate trends for Fe-free and Fe-bearing composi-
tions. The existence of two trends might refiect the effect
of Fe on the liquid structure and the availability of Cr**-
accommodating sites in the liquid. Alternatively, the two
trends might reflect crystal-chemical controls on Cr** par-
titioning into olivine. The data in Tables 2 and 3 indicate
that insufficient Al occurs in the olivines to adequately
charge balance the Cr?-, either by substituting an Al** for
Si** on tetrahedral sites or by substituting Al**, Cr*+, and
a vacancy for 3Mg?>* on octahedral sites. The vacancy
substitution mechanism was demonstrated for Sc substi-
tution into olivine by Nielsen et al. (1992) and Jones et
al. (1995). In the Fe-free systems, Cr** presumably must
pair with another Cr** to enter the olivine structure. In
the Fe-bearing systems, however, Cr** might also pair
with an Fe**+ cation. The overabundance of Fe’+ relative
to Cr3* could result in a higher value of D.:. at a given
value of NBO/T, in general agreement with the trends of
Figure 13c.

D... (olivine/liquid). D... has been determined for Fe-
free systems by running experiments under very reducing
conditions (i.e., sealed tube and Fe-loop experiments).
Figure 14 shows that D_.. correlates linearly both with
1/T (K) and with D, (olivine/liquid), consistent with the
results of Schreiber (1979) and Schreiber and Andrews
(1980), but it does not correlate with NBO/T. It is not
possible to run highly reducing experiments such as these
in Fe-bearing systems without drastic changes in the com-
position of the melt resulting from Fe° precipitation. We
must rely on the data of experiments run at oxygen fu-
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FiGure 14. Plot of (a) In D¢ vs. 10000/T(K) and (b)
D+ vs. Dy, for Fe-bearing (circles) and Fe-free (crosses) ex-
periments from this study and from the literature. We assume
that, under these redox conditions, all of the Cr is divalent. The
regression equations for these data are shown on the diagrams.
Note the good covariation of D:. with both of these parameters,
(c) Plot of NBO/T vs. D for the same Fe-bearing data sets
shown in a and b. Note that, in contrast to D, D, shows no
systematic variation with NBO/T.

gacities =IW-1. From the equations listed in Table 3, 15—
23% of the Cr in Fe-bearing systems will be trivalent at
IW-1. Thus, the D, should be dominated by D_... The
results of experiments on Fe-bearing systems run at IW-
1 from this study and from the literature are also plotted
in Figure 14. These data are consistent with the Fe-free
data run at lower f,. It is not unexpected that In D.-
covaries linearly with 10 000/T (K) (Jones 1995) or, for
that matter, D,,, (olivine/liquid), which is also a function
of temperature. The linear covariation between D,,, and
D~ was observed by Schreiber (1979) and has been ob-
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served for both divalent and trivalent cations (Jones
1995). However, D_.. does not correlate with NBO/T as
D_. does (Fig. 14c).

DIScUsSION

The partitioning behavior of Cr between basaltic lig-
uids and olivine is complicated by the fact that natural
systems may contain both Cr?* and Cr**-D,_. is sensitive
to liquid composition whereas D_.. is less sensitive to
liquid composition but highly sensitive to temperature.
The parameterization of these partition coefficients can
easily explain the seemingly complex partitioning behav-
ior of Cr between olivine and liquid. D, can be easily
predicted in most terrestrial basalts (i.e., those that crys-
tallized near QFM) given only the liquid compositions.
Conversely, D, for lunar basalts or eucrites can be esti-
mated using the regression equations shown in Figure 14.

But this new-found parameterization is of limited util-
ity in modeling the igneous behavior of Cr. Figures 5 and
7 show that, in the presence of spinel, the Cr content of
a basaltic liquid is “buffered” at a constant level. The
addition or subtraction of Cr to a spinel-saturated basaltic
liquid has no effect on the Cr content of the liquid as
long as spinel is present. Thus, in the presence of spinel,
the Cr content of a crystallizing basaltic liquid cannot be
predicted using mathematical models that treat Cr as a
“common” trace element that is either excluded or in-
corporated into silicate minerals according to a bulk dis-
tribution coefficient (e.g., Rayleigh fractionation). In-
stead, the Cr-saturation concentrations reflect spinel
compositions that, in turn, reflect the changing composi-
tion of a basaltic liquid during fractionation (e.g., Roeder
and Reynolds 1991).

Our results also bear on Cr?* partitioning into spinel
grown from basaltic liquids. It is thought that Cr2* cannot
partition significantly into spinel because it cannot com-
pete for sites with other divalent cations (Mao and Bell
1975). We propose that Cr>* may be as compatible in Cr-
rich spinel as Mg or Fe [i.e., D_.. (spinel/liquid) = 1-2],
but the Cr?* content of spinel is simply too low to mea-
sure accurately. For example, we calculate 1800 ppm Cr2*
in the FADI liquid at IW (Fig. 5). Cr** would contribute
0.18-0.32 wt% Cr to a spinel containing >22 wt% Cr,
assuming a D+ (spinel/liquid) of 1-2. Given present an-
alytical constraints, it would be difficult to resolve this
small amount of Cr** in spinel based on stoichiometry.
The problem becomes worse in Fe-bearing spinels in light
of the assumptions regarding spinel stoichiometry and
Fe**/Fe** that must also be made. In addition, the dem-
onstration by Li et al. (1995), that spinels can be pro-
duced which contain a substantial amount (~80%) of the
end-member component Cr,0,, requires that Cr?* not be
automatically excluded from the spinel structure. Al-
though Cr’* may be compatible in the spinel structure,
we emphasize that Cr*+ controls the stability of chromian
spinels in natural basaltic systems.



HANSON AND JONES: Cr PARTITIONING

CONCLUSIONS

Our suspicions regarding the validity of the partition
coefficients measured by SH(1976) are confirmed, but
only for their 1300 °C data at high £, in the system FAS.
Otherwise, there is close agreement between the two data
sets at low f,, suggesting that the SH(1976) experiments
gave a close approach to equilibrium. The fact that most
of the SH(1976) partition coefficients at high fo, (~107)
fall along the D .- vs. NBO/T trend defined by our ex-
periments increases our confidence in the bulk of their
high f, data as well, although some uncertainty remains
regarding the distribution behavior of Cr*+ in liquids hav-
ing high values of NBO/T. The consistency of the two
data sets and the internal consistency of the Cr2*/Cr3+
measurements and the distribution data add further con-
fidence to both data sets.

The partitioning behavior of Cr between olivine and
liquid in the Fe-bearing systems shown in Figure 2 can
also be explained by our results. D, is not affected by
fo, because D and D+ coincidentally happen to be
the same for these compositions. D, from Gaetani and
Grove (1997; Table 8) is 0.642 and D at 1350 °C, cal-
culated using Equation 6, is 0.66. D from Makouchi
et al. (1994) is 0.62 at 1400 °C, and D_.. at this temper-
ature, again calculated using Equation 6, is 0.59. Both of
these measured values of D_.. are also consistent with
our correlation between D and NBO/T.

Although we can make qualitative statements regarding
the effect of Fe** on Cr in Fe-bearing systems, there still
remains a need to accurately quantify the magnitude of
this effect before we can fully understand Cr behavior in
natural basalts. Finally, because the Cr content of a ba-
saltic liquid is “buffered” in the presence of spinel, Ray-
leigh fractionation models cannot be applied to Cr. To
model the behavior of Cr in spinel-saturated liquids, the
dependence of the Cr-saturation abundance on f,, tem-
perature, spinel, and liquid composition must be under-
stood. For now, we must rely on experimentally derived
Cr-saturation abundances to model Cr in basaltic systems.
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