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An Experimental Study of the Influence
of Oxygen Fugacity on Fe-Ti Oxide
Stability, Phase Relations, and Mineral-
Melt Equilibria in Ferro-Basaltic Systems

Equilibrium crystallization experiments at atmospheric pressure
and over a range of oxygen fugacity (foj have been carried out
on a ferro-basaltic composition similar to liquids proposed to
have been parental to much of the exposed portion of the
Skaergaard intrusion. Before Fe- Ti oxide saturation the liquid
line of descent is little affected by ios- However, the appearance
temperatures of the magnetite-ulvospinel solid solution (Mt)
and the ilmenite-haematite solid solution (Ilm) depend
strongly on Co2- Above the fayalite—magnetite-quartz (FMQJ
buffer Mt is the first oxide phase to appear on the liquidus, but
below the FMQ^ buffer Ilm is the first oxide to crystallize. The
appearance temperature of Mt is ~1100°C at FMQ, and the
Mt liquidus slope is ~3O°C/log fOj unit between FMQ-2
and FM&+ I The Ilm liquidus is at ~ 1100°C between FMQ
and FMQj- 2, but moves to lower temperature at higher f"o2

where Mt is the first oxide phase. The results indicate that the
ferric iron content of Mt-saturated melts varies linearly with
inverse temperature, and that Ilm saturation is closely related to
melt TiO2 content. Mt saturation produces an immediate
enrichment of SiO2 and depletion in FeO* in the melt phase,
whereas Ilm saturation produces similar enrichment in SiO2,
but iron enrichment may continue for ~10°C below the ilme-
nite liquidus. The experimental liquids reach a maximum of
~18wt% FeO*, at ~48wt% SiO2for ilmenite-saturated
melts at low io7, more differentiated melts having lower iron
and higher silica. Cotectic proportions, derived from mass bal-
ance calculations, are in good agreement with data from natural
samples and other experimental studies. Olivine resorption is
inferred at all fo? m^h the onset of resorption occurring ~ 10° C
higher than the appearance of magnetite. The effect of io, on
silicate mineral compositions, and partitioning of elements

between coexisting mineral—melt pairs, is small. Thermo-
dynamic considerations suggest that variations of Fe—Mg par-
titioning between the iron-rich olivines, pyroxenes and melts
produced in this study may be explained by known non-idealities
of Fe-Mg mixing in the crystalline phases, rather than non-
idealities in the coexisting melts. These experiments also provide
insights into many features common to natural tholeiitic series
of volcanic and plutonic rocks, and provide experimental data
required for modelling of fractional crystallization and crystal-
lization closed to oxygen, processes which are not easily investi-
gated experimentally.

/
KEY WORDS- ferro-basalt; Fe-Ti oxides; oxygen fugacity; Skaergaard
intrusion; iron enrichment

INTRODUCTION
It is generally accepted that low-pressure crystal-
lization of sub-alkaline basalts yields a tholeiitic dif-
ferentiation trend characterized by iron enrichment
in the melt phase during the early stages of crystal-
lization, followed by enrichment in silica and deple-
tion in iron at higher degrees of differentiation.
Natural systems show a continuum of differentiation
trends from calk-alkaline to tholeiitic, but the max-
imum extent of iron enrichment possible, and the
factors which control it, are not well understood.
Volcanic tholeiitic suites typically show iron enrich-
ment in the melt phase to ~15 wt % FeO* before
the formation of more silica-rich products (e.g.
Thingmuli, Iceland; Carmichael, 1964). More
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recently, melt FeO* contents of up to ~19 wt %
have been found in evolved, but still broadly basal-
tic, submarine glasses from divergent plate margins
such as the Galapagos spreading centre (e.g. Byerly,
1980; Le Roex et al., 1982; Fornari et al, 1983;
Brooks et al., 1991). Even greater iron enrichments
have been proposed to have occurred during the
formation of the Skaergaard (Wager & Deer, 1939;
Wager, 1960), and Kiglapait intrusions (Morse,
1981). Mass balance calculations for these plutonic
bodies suggest that the coexisting liquids followed a
trend of iron enrichment throughout almost the
entire crystallization interval, and late-stage melts
are calculated to have ^ 2 2 w t % FeO* (Wager &
Brown, 1967; Morse, 1981). Similarly, melting
experiments on Skaergaard samples produced partial
melts with up to 30 wt% FeO* (McBirney &
Naslund, 1990). The data from these intrusions have
long been used in the petrological literature to
represent an extreme end-member case (Fenner
trend) of tholeiitic differentiation paths, although no
quenched glasses, representing unambiguous mag-
matic liquids, have been found with the compositions
proposed to have been present in the late stages of
differentiation of these plutonic bodies. The lack of
erupted liquids with such iron-rich compositions may
in part reflect the high densities of such magmas
(Sparks et al., 1980; Stolper & Walker, 1980) but an
alternative, albeit contentious, proposal is that such
iron-rich melts did not exist, and are an artefact of
the assumptions and uncertainties inherent in the
calculation of liquid compositions from plutonic
rocks (Hunter & Sparks, 1987, 1990; disputed by
Brooks & Nielsen, 1990; McBirney & Naslund, 1990;
Morse, 1990). In this case, iron enrichment in the
melt would occur at approximately constant silica
content until the onset of magnetite crystallization,
after which liquids would follow a trend of iron
depletion and silica enrichment, similar to those seen
in many volcanic provinces (e.g. Iceland;
Carmichael, 1964). The experiments documented in
this paper provide new information on the effects of
oxygen fugacity on the saturation of magnetite and
ilmenite in differentiating basaltic magmas, and thus
provide some insights into the factors influencing the
degree of iron enrichment that may be obtained
during crystallization of initially basaltic magmas
under low-pressure and anhydrous conditions.

Experimental studies of basaltic analogue systems
such as SiO2-MgO-FeO-Fe2O3 (Muan & Osborn,
1956), CaO-SiO2-MgO-FeO-Fe2O3 (Presnall,
1966) and MgO-FeO-Fe2O3-CaAl2Si2O8-SiO2

(Roeder & Osborn, 1966) show that the phase equi-
libria and liquid lines of descent depend strongly on
oxygen fugacity, because of its large influence on

magnetite stability. The work of Osborn/(1959) and
Presnall (1966) indicates that iron depletion in the
melt is inevitable after the onset of magnetite crys-
tallization if crystallization takes place at fixed fo2-
Greater iron enrichment is possible in systems where
the oxygen fugacity is low enough to suppress mag-
netite crystallization, or in magnetite-saturated sys-
tems which are closed to oxygen. In the latter case,
magnetite-saturated melts may show continued iron
enrichment, thus providing experimental support for
the calculated liquid trend of the Skaergaard.
However, erroneous conclusions may be reached
when comparing simple analogues with composi-
tionally more complex natural systems. The simple
ferric iron bearing systems considered above do not
contain sodium, thus restricting formation of the
plagioclase solid solution series, and they lack tita-
nium, which is necessary for the formation of miner-
als of the magnetite-ulvospinel (Fe3O4-Fe2TiO4),
and the ilmenite-haematite (FeTiOs—Fe2Os) solid
solution series, both of which are common in evolved
natural systems.

Experimental studies of natural basaltic composi-
tions (e.g. Hill & Roeder, 1974; Grove & Baker,
1984; Juster et al., 1989; Snyder et al., 1993; Thy &
Lofgren, 1994) provide general information on the
effects of /o 2

 o n i r o n enrichment and Fe—Ti oxide
stabilities in selected compositions at low pressures.
They do not, however, consider the effects of frac-
tional crystallization or evolution in a system closed
to oxygen on basaltic differentiation paths, and they
do not provide any general means of predicting
when or if Mt and Ilm will crystallize. In this paper
we present new experimental results on phase rela-
tions, Fe—Ti oxide stabilities, melt composition
trends and mineral—melt partitioning of major ele-
ments, obtained in a series of mainly equilibrium
crystallization experiments on a ferro-basaltic com-
position over a range of/o2 from 2 log units below to
1-5 log units above the fayalite—magnetite-quartz
(FMQ) buffer; this work forms part of a study
designed to address whether the conclusions of
Osborn (1959) and Presnall (1966) concerning the
role offo2 and the effect of magnetite crystallization
on liquid lines of descent in basaltic systems are
applicable to complex natural systems such as those
of Skaergaard or Kiglapait. Furthermore, the factors
controlling the saturation surfaces of Fe—Ti oxides in
natural systems are evaluated in general terms.
Parameterization of the experimental results allows
estimation of the liquid lines of descent for equili-
brium and fractional crystallization in systems that
are both open and closed to oxygen, the results of
which are presented elsewhere (Toplis, 1994; Toplis
& Carroll, unpublished).
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EXPERIMENTAL APPROACH
AND METHODS

General considerations

The chosen starting composition (SCI—see below) is
an eight-component (Si-Ti-Al-Fe-Ca-Mg-Na-K
oxides) synthetic ferro-basalt, corresponding in com-
position to a proposed parental magma for the
exposed portion of the Skaergaard intrusion [basaltic
dyke C of Brooks & Nielsen (1978): mg-num-
ber = 47 = molar MgO/(MgO+FeO) x 100]. The
lack of manganese is not expected to affect the gen-
eral applicability of the results, but phosphorus is
known to suppress magnetite crystallization in
evolved ferro-basaltic melts (and therefore favour
iron enrichment of the melt phase), although it has
little effect on ilmenite saturation (Toplis et al.,
1994). The addition of P2O5 is not expected to
change any of the main conclusions reached in this
study, although the reader is referred to Toplis et al.
(1994) for a detailed discussion of the role of phos-
phorus in evolved ferro-basaltic magmas.

Experiments were carried out at atmospheric
pressure, to allow careful control of oxidation state,
and the results should be applicable to the differ-
entiation of basaltic magmas at low pressures (e.g.
Wager & Brown, 1967; Walker et al., 1979). The
small pressure differences between crustal-level nat-
ural systems and the experiments is not expected to
change significantly the conclusions drawn from this
study, although the lack of volatiles at 1 atm, espe-
cially H2O, may mean that the results do not accu-
rately reflect the phase equilibria at the most
advanced stages of fractionation.

The range of studied oxygen fugacity C/o,) 1S

important because of its influence on Fe3+/Fe ratio
(Kennedy, 1948; Fudali, 1965; Sack et al., 1980;
Kilinc et al., 1983). For a fixed composition the Fe3+/
Fe2+ ratio of the melt phase is approximately con-
stant along T—fot paths which parallel the FMQ_
solid buffer (Fudali, 1965; Sato, 1978; Carmichael &
Ghiorso, 1986), and it is thus convenient to quote
oxygen fugacities relative to the FMQ, buffer at the
temperature of interest. Our experiments were
performed between one logio/oj u n i t above, and
two logio/o, units below the FMO_ buffer curve
(FMQ,+ 1 to FMO_-2), a range of/o2 typical of that
inferred from both plutonic and volcanic tholeiitic
rock series (Williams, 1971; Frost et al., 1988;
Carmichael, 1991). Over this range of_/o2 the atomic
Fe3+/£Fe of the starting composition, estimated
using the calculation scheme of Kilinc et al. (1983),
varies from ~0-21 at FMQ_+1 to ~006 at
FMQ_-2.

Starting materials
The starting materials were synthetic glass powders
prepared from mixtures of reagent grade oxides
(SiO2, TiO2, A12O3, Fe2O3, MgO) and carbonates
(CaCO3, Na2CO3, K2CO3). The glasses were pre-
pared in a thin-walled platinum crucible which was
pre-saturated with iron using the melt composition
being synthesized. The oxide-carbonate mixtures
were initially decarbonated in air for 30 min at
~800°C before complete fusion in air at ~1300°C
for 4 h. This molten material was then poured into a
graphite crucible and allowed to cool to room tem-
perature before being finely crushed in an agate
mortar under acetone. This powder was then
remelted at ~ 1300°C for a further 4 h, removed and
recrushed as before. Microprobe analyses of chips of
the starting materials show them to be homogeneous
in composition. To maintain a reasonably high
liquid proportion over a large crystallization interval
two starting compositions were used. Composition
SCI was used for experiments ranging from near-
liquidus to ~50% crystallized. A second composi-
tion (SC4) was synthesized, corresponding to that of
the residual glass composition after ~40% crystal-
lization of SCI. The use of SC4 thus represents a
fractionation event during the crystallization of SCI.
Equilibrium crystallization experiments were per-
formed using SC4 to lower temperatures, allowing
the description of the liquid line of descent of SCI
from above the liquidus to ~90% crystallized.

Experimental methods
For each experiment ~100 mg of starting material
was pressed onto a loop of 0-15 mm diameter plati-
num wire, using polyvinyl alcohol as a binder. To
minimize sample iron loss, all loops were pre-
saturated using the composition of interest at the
required /Q2 for 24 h (Grove, 1981), followed by
cleaning in HF before each formal experiment.
Samples were suspended in the hot spot of a Gero 1-
atm gas mixing furnace, with furnace temperature
controlled using a Eurotherm 818 controller and
measured by a Ptg4Rh6—Pt7oRh3o thermocouple
located just above the sample in the hot spot of the
furnace; thermocouple calibration was checked
against the melting point of gold (1064°C). Oxygen
fugacity was controlled using a CO-CO2 gas mix-
ture (Deines et al., 1974), and was measured in the
hot spot of the furnace, using a yttrium-stabilized
zirconia probe that was calibrated against the Ni—
NiO reaction (Huebner & Sato, 1970). Gas flow
rates were maintained at ~300 cm /min, corre-
sponding to a linear flow rate of 3 mm/s for the 4-5
cm diameter furnace tube, shown to be sufficient to
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fix _/o2 while minimizing Na2O loss (Tormey et al.,
1987).

The experimental charges were initially held
above their liquidus for a duration D\ (typically 9h)
to allow redox equilibration of the melt, then cooled
at a constant rate to the final temperature of interest.
Samples were left at the final temperature for a
duration Z)2 to allow equilibration between crystal-
line phases and coexisting melts. Details of the
experimental conditions, cooling history and result-
ing phase assemblage for each experiment are sum-
marized in Table 1. Samples were drop-quenched
into water by fusing a fine Pt suspension wire, and
polished sections of the quenched charges were made
for petrographic and electron probe analysis.

Analysis
The electron-microprobe analyses were performed
using a JEOL JXA 8600 electron microprobe at the
University of Bristol, operated at an accelerating vol-
tage of 15 kV and 15 nA beam current. Counting
times were 30 s on peak and background during
standardization, and 15 s during analyses. Standards
used were albite for Na and Al, St Johns Island
olivine for Mg, wollastonite for Si and Ca, adularia
for K, Fe2O3 for Fe and SrTiC>3 for Ti, and data were
reduced by the ZAF method. The ferro-basaltic glass
from the super-liquidus experiment Fe-20 (see Table
2) was analysed during each session to ensure com-
patibility between analyses obtained over the course
of the study. Incident-beam diameter was 10 fim on
glass and 5 fim on plagioclase to minimize potential
Na2O volatility under the electron beam. A focused
beam was used on all other phases. The electron
probe analyses of all the glass and crystalline phases
in each experiment are presented in Table 2.

Compositional changes and attainment of
equilibrium
Despite the efforts made to minimize sodium loss to
the gas stream, and iron exchange between the
sample and platinum loop, some changes in sample
bulk composition are inevitable. Their magnitudes
have been estimated from the residuals of mass bal-
ance calculations using a weighted multiple least-
squares regression of the data presented in Table 2.
The minimization procedure of Albarede & Provost
(1977) incorporated into a program written by M.
Baker was used to perform this. The calculations
indicate that iron loss (or gain) is generally less than
± 5% relative, and that sodium loss is typically
~ 6 % (relative), going as high as ~12% (relative)
in the longer duration runs. Table 3 shows the

calculated weight proportions of phases, estimated
sodium loss, and regression statistics.

To facilitate a close approach to equilibrium in
our experiments we attempted to limit experiments
to conditions where the melt fraction was >30%,
and longer run durations in lower-temperature
experiments were used (see Table 1). The run pro-
ducts consist of euhedral crystalline phases homo-
geneously distributed throughout the charge, and
backscattered electron images of the experimental
charges (Figs la-d) show their composition to be
approximately homogeneous. This is confirmed by
the standard deviations of multiple electron probe
analyses of each phase (Table 2). Glass, olivine,
magnetite and ilmenite, irrespective of location
within the sample, show constant compositions
within the counting statistics of the microprobe ana-
lyses. Clinopyroxene and plagioclase were observed
to have greater ranges of composition owing to the
slower diffusion rates, and consequently longer equi-
libration times, for these phases. In a single charge
total variations are typically + 3 mol % An for pla-
gioclase, and ± 3 mol % Wo, En, Fs for high-calcium
pyroxene, although rim compositions more typically
show variations of ± 1 mol % An, and ± 2 mol %
Wo, En, Fs. Zoning was most evident in low-tem-
perature experiments using SCI along the FMQ_
buffer, as noted in Table 2. Despite these minor
inhomogeneities, evidence of close approach to equi-
librium is provided by the partitioning of elements
between crystals and coexisting melts, e.g. /iTdFe-Mg
(Roeder & Emslie, 1970), and Z>c!oiq (Jurewicz &
Watson, 1988). Our experimental results are in
broad agreement with the above, although the
effects of low mg-number on these distribution co-
efficients will be discussed in more detail below. Two
reversal experiments were also done, in which the
charges were melted, crystallized, and then heated to
their final temperature. These were at 1115°C at
FMQ, using SCI, and at 1O72°C at FMQ,-1 using
SC4. Details of the cooling paths for these two
experiments are given in Table 1. The resulting
phase relations, and mineral and liquid compositions
are in excellent agreement with those obtained by
direct cooling, further supporting the view that
equilibrium was closely approached.

RESULTS
Phase equilibria
The phase relations of composition SCI, and its
residual, fractionated liquid SC4 are shown in
temperature-oxygen fugacity space in Fig. 2; the five
crystalline phases observed are olivine (Ol),
plagioclase (Plag), Ca-rich clinopyroxene (Cpx),
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Table 1: Cooling history, run conditions, and run products

Run no."

Super-liquidus

Fe-20

Fe-18

Fe-48-

Fe-50t

•FMQ+V

Fe-40

Fe-79

Fe-41

Fe-95'

TMQ-

Fe-45

Fe-36

Fe-37

Fe-35

Fe-39

Fe-44R°

Fe-42

Fe-43

Fe-21

Fe-47-

Fe-51t

Fe-49'

Fe-52t

•FMQ-V

Fe-24

Fe-23

Fe-25

Fe-67t

Fe-68t

Cooling history

D1 b

(h)

—

—

—

—

10

27

10

9

12

10

10

8

10

8

5

12

5

10

10

10

10

5

5

5

9

9

Ramp

(°C/h)

—

—

—

—

3

3

3

3

5

3

3

5

3

5/2"

10

2

20

3

3

3

3

10

10

10

3

3

02°

(h)

6

14

25

41

47

71

140

263

47

28

89

143

243

290

198

115

255

127

273

247

250

15

26

49

175

192

Final conditions

T,«

(°C)

1166

1170

1126

1123

1146

1130

1122

1072

1158

1134

1125

1125

1115

1115

1105

1096

1095

1087

1078

1068

1057

1147

1126

1110

1102

1093

logit/o,

-8-92

-10-57

-10-67

-9-23

-805

-8-32

-808

-9-16

-8-95

-9-19

-9 55

-9-36

-9-48

-9-41

-9-56

-9-74

-1001

-9-87

-9-96

-10-11

-10-32

-1008

-10-25

-10-74

-10-66

-10-77

AFMQ"

-0-10

-1-80

-1-34

+0-13

+102

+0-95

+1-35

+0 89

-003

+003

-0-21

-002

-001

+006

+004

-002

-0-27

-003

+000

+000

-006

-102

-0-92

-1-20

-1-02

-101

Run products'

Gl

Gl

Gl

Gl

Gl, Ol. PI

Gl, 01, PI, Cpx

Gl, 01, PI, Cpx, Mt

Gl, PI, Cpx, Mt, llm

Gl, 01, PI

Gl, 01, PI

Gl, 01, PI, Cpx

Gl, Ol, PI, Cpx

Gl, 01, PI, Cpx

Gl, 01, PI, Cpx

Gl, 01, PI, Cpx

Gl, 01, PI, Cpx, Mt, llm

Gl. 01. PI, Cpx, Mt, llm

Gl, PI, Cpx, Mt, llm

Gl, PI, Cpx, Mt, llm

Gl, PI, Cpx, Mt, llm

Gl, PI, Cpx, Mt, llm

Gl, 01, PI

Gl, 01, PI, Cpx

Gl, 01, PI, Cpx

Gl, 01, PI, Cpx, llm

Gl, 01, PI, Cpx, llm

(continued on next page)
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Table 1: continued

Run no.*

Fe-71-

Fe-77"

Fe-126"Rh

Fe-136'

Fe-70'

'FMQ-2'

Fe-16

Fe-15

Fe-56

Fe-62

Fe-63t

Fe-19

Fe-66t

Fe-65t

Fe-59t

Fe-61t

Fe-76t

Cooling history

O1 b

(h)

9

9

9

9

9

4

4

10

10

10

5

10

10

10

10

9

Ramp

(°C/h)

3

3

- 3 h

3

3

20

20

3

3

3

30

3

3

3

3

3

(h)

285

184

262

215

278

39

52

316

247

247

159

189

167

269

208

514

Final conditions

rf

CO

1081

1073

1072

1072

1061

1148

1118

1111

1098

1098

1095

1090

1079

1071

1059

1050

logi(/o3

-10-92

-11-31

-11-15

-10-79

-11-21

-10 89

-11-30

-11-62

-11-81

-11-81

-11-66

-11-79

-11-97

-12-26

-12-44

-12-35

AFMQ"

- 1 0 0

-1-28

-1-10

-0-74

- 1 0 1

-1-85

-1-87

-2-10

-2-12

- 2 12

-1-92

-1-99

- 2 0 2

-2-20

-2-21

-1-99

Run products'

Gl, Ol. PI. Cpx, llm

Gl, Ol, PI, Cpx, llm

Gl, Ol. PI, Cpx, llm

Gl, Ol, PI, Cpx, Mt, llm

Gl, Ol, PI, Cpx, Mt, llm

Gl, Ol, PI

Gl, Ol, PI

Gl, Ol, PI, Cpx

Gl, Ol, PI, Cpx, llm

Gl, Ol, PI, Cpx

Gl, Ol, PI, Cpx, llm

Gl, Ol, PI, Cpx, llm

Gl, Ol, PI, Cpx, llm

Gl, Ol, PI, Cpx, llm

Gl, Ol, PI, Cpx, llm

Gl, Ol, PI, Cpx, llm

0 The experimental runs are divided into groups of experiments carried out at conditions approximately parallel to the FMQ buffer and
listed in order of decreasing temperature within each group. The starting composition used is SC1 unless marked by * which signifies the
use of SC4, or t wh ich signifies the use of SC4a, a second synthesis of SC4. Exact compositions are given in Table 2. R represents reversal
experiments (see notes g and h below).
b Df represents the dwel l above the liquidus to al low the equilibration of the iron redox ratio, before cooling.
c 0 2 represents the dwel l at the final temperature of interest, to allow liquid-solid reactions to take place.
d 7f represents the final temperature of the experiment.
° A F M Q represents log fOl (experiment) - log fOl (FMQ buffer), as estimated from data for fayalite^± magnetite + quartz solid reaction by
O'Neill (1987).
' Abbreviations used are: Gl, glass; Ol, olivine; PI, plagioclase; Cpx, calcium-rich clinopyroxene; Mt, magnetite-ulvospinel solid solution;
llm, ilmenite-haematite solid solution.
9 A 'reversal' experiment using SC1. The charge was held above its liquidus for 8 h, cooled at 5°C/h to 1050°C where it was left for 17 h,
heated at 5°C/h to 1100°C, then left for 2 h before heating at 2°C/h to the final temperature of 1115°C.
h A 'reversal' experiment using SC4. The charge was held above its liquidus for 9 h, quenched and returned to the furnace at 1040°C for 9 h
before heating at a rate of 3°C/h to the final temperature of 1072°C.

magnetite—ulvospinel solid solution (Mt), and ilme-
nite—haematite solid solution (llm). The liquidus of
SCI lies between 1166°C and 1158°C, where olivine
and plagioclase begin to crystallize. Plagioclase
remains a stable liquidus phase throughout the stu-
died T—fo2 space, whereas olivine was absent in
experiments using SC4 at or above the FMQ buffer,
although it was observed at lower JQ High-calcium

pyroxene is the third phase to crystallize at all fo2,
but its liquidus varies approximately linearly with
/o2 , from ~1110°C at FMQ.-2, to ~1130°C at
FMQ+ 1. Fe-Ti oxide crystallization occurs after
the appearance of Cpx for all the studied conditions,
but the stabilities of Mt and llm depend strongly on
oxygen fugacity. Above the FMQ buffer magnetite is
the fourth crystalline phase, followed at lower
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Table 2: Electron microprobe analyses (wt %) of run products

Run no.' Phb

Starting compositions

SC1

SC4

SC4a

TMQ+r

Fe-40

Fe-79

Fe-41

Fe-95"

Liq

Liq

Liq

Liq

Ol

Plag

Liq

Ol

Plag

Cpx

Liq

Ol

Plag

Cpx

Mt

Liq

Plag

Cpx

Mt

Mm

nc

13

11

6

9

6

8

12

12

8

8

12

6

9

10

7

9

13

11

7

9

SiO2

48-8 (3)e

49-5 (5)

48-7 (4)

48-3(3)

39-10(28)

49-84(15)

48-17(37)

37-83(35)

52-18(41)

49-71 (52)

49-2(4)

37-94(35)

51-27(95)

50-14(22)

0-55(2)

62-29(73)

54-19(70)

48-97(98)

0-11 (4)

0-05(3)

TiO2

2-9(1)

4-3 (2)

4-3 (2)

3-30(14)

0-06(3)

0-18(3)

4-20(11)

0-10(4)

0-16(3)

1-96(24)

3-70(16)

0-13(5)

0-20(8)

1-56(5)

15-81(19)

2-52(17)

0-18(6)

1-95(40)

20-69(28)

47-28(57)

AI2O3

14-9(2)

11-5(1)

11-5(2)

12-6(1)

0-05(3)

29-57(21)

11-80(11)

0-08(3)

29-26(25)

3-73(28)

11-72(18)

0-01(1)

29-15(41)

3-40(7)

3-98(5)

11-90(17)

27-26(26)

2-18(47)

1 -88(8)

0-29(4)

FeO"

13 1 (5)

14-6(4)

16-2(3)

14-20(28)

21 -90(32)

2-30(28)

15-73(21)

27-81(35)

1-38(10)

10-94(55)

15-20(32)

25-34(36)

2-13(36)

10-61(46)

69-50(39)

9-34(32)

1-18(12)

1403(99)

69-81(85)

46-29(38)

MgO

6-5(1)

4-8(1)

4-6(1)

5-83(6)

38-10(34)

0-40(6)

5-17(7)

34-53(40)

0-28(5)

14-23(45)

4-85(7)

34-51(20)

0-34(9)

14-85(16)

4-74(3)

1-44(6)

0 11(2)

12 63(88)

2-36(6)

2-96(12)

CaO

10-9(1)

10-0(1)

9-7(1)

10-60(8)

0-46(4)

14-61(17)

10-56(7)

0-51 (3)

13-26(23)

19-75(70)

9-62(7)

0-51(6)

1401(54)

2006(43)

0-53(17)

5-22(26)

11-46(29)

18-85(92)

0-16(6)

0-24(8)

Na20

2-7(1)

2-9(1)

3-0(1)

2-61(8)

0-03(2)

2-99(7)

2-57(6)

0 06(2)

3-71(15)

0-32(2)

2-90(8)

0-05(4)

3-55(31)

0-35(3)

0-03(2)

3-26(26)

4-82(18)

0-32(2)

0-02(2)

0-02(3)

K2O

0-30(2)

0-48(3)

0-49 (1)

0-33(3)

0-0(0)

0-12(1)

0-55(2)

0-0(0)

0-16(2)

0-0(0)

0-57(3)

0-0(0)

0-16(2)

0-0(0)

0-0(0)

1-53(7)

0-17(4)

0-01(1)

0-01(1)

0-02(2)

Total

100-10

9808

98-49

97-77

99 70

10001

98-75

100-92

100-39

100-64

97-76

98-49

100-81

100-97

95-14

97-55

99-40

98-96

9504

97-15

XPhd

46-9

37 0

33-6

480

75-6

72-5

42-6

68-9

65 8

69-9

420

70-8

67-9

71-4

31-9

25-2

56-2

61-6

30-5

90-1

(continued on next page)
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Fe-44R

Fe-42

Fe-43

Fe-21

Liq

Ol

Plag

Plagt

Cpx

Liq

Ol

Plag

Plagi

Cpx

Liq

Ol

Plag

Plagt

Cpx

Mt

Mm

Liq

Ol

Plag

Plagt

Cpx

Mt

Mm

17

11

13

25

16

8

13

9

20

11

16

13

8

19

10

12

5

9

5

8

25

9

11

5

48-3(3)

37-60(9)

53-76(68)

52-26(118)

51-5(5)

48-7(5)

36-77(18)

53-20(59)

51-97(94)

50-30(94)

49-49(50)

36-78(15)

54-20(68)

52-96(110)

51-77(42)

0-14(4)

0-04(3)

4901 (85)

36-76(49)

54-95(85)

53-21(160)

52-78(79)

0-12(4)

0-02(2)

4-45(30)

0-10(6)

0-21(7)

0-21 (8)

1-40(19)

5-10(19)

0-16(4)

0-37(21)

0-39(24)

1-98(44)

4-65(40)

0-08(4)

0-3(2)

0-30(16)

1-24(17)

22-15(49)

48-83(45)

4-55(36)

0-14(10)

0-23(5)

0-21 (5)

1-13(16)

24-51 (50)

4901 (38)

11-58(11)

0-0(0)

28-56(40)

29-10(65)

2-6(3)

11-15(19)

0-03(1)

27-90(66)

28-38(86)

2-81 (80)

11-28(18)

0-0(0)

26-70(76)

27-36(85)

2-05(31)

3-24(15)

0-47(6)

11-59(9)

0-03(2)

28-25(39)

29-18(84)

2-02(31)

3-13(15)

0-46(5)

16-03(40)

30-40(47)

1-24(18)

1 -62(42)

10-30(47)

16-3(5)

32-41(31)

1 -63(49)

2-09(55)

10-79(55)

16-72(50)

35-84(32)

1 -80(32)

2-18(42)

12-67(51)

67-12(50)

42-95(52)

17-46(71)

34-58(84)

1-23(17)

1-60(38)

13-37(56)

64-21(47)

42-31(59)

4-71(12)

31-70(8)

0-19(3)

0-28(12)

14-49(41)

4-23(17)

29-93(21)

0-28(16)

0-36(18)

13-68(41)

3-86(20)

27-54(24)

0-40(13)

0-40(18)

14-76(49)

3-79(17)

5-08(12)

423(25)

28-25(16)

0-20(3)

0-25(5)

15-18(43)

4-17(11)

5-39(14)

9-80(7)

0-46(1)

12-70(35)

13-72(85)

19-51(68)

9-30(8)

0-47(3)

12 57(31)

13-48(80)

19-65(61)

8-60(11)

0-48(2)

1200(77)

12-99(94)

17-43(84)

0-44(7)

0-35(5)

8-72(23)

0-47(2)

12-20(44)

13-83(120)

16-32(76)

0-47(7)

0-57(8)

2-73(10)

001 (1)

4-02(20)

3-41 (58)

0-27(2)

2-90(11)

0-0(0)

3-97(21)

3-45(45)

0-28(5)

3-03(9)

001 (1)

4 20(28)

3-70(45)

0-28(3)

0-07(4)

0-0(0)

2-95(8)

0-01(1)

4-35(27)

3-6(7)

0-26(2)

0-11(6)

0-0(0)

0-53(4)

0-0(0)

0-03(1)

0-03(2)

0-0(0)

0-57(5)

0-0(0)

0-0(0)

0-0(0)

0-0(0)

0-78(7)

0-0(0)

0-11(6)

0-08(6)

0-0(0)

0-01(1)

0-0(0)

0-83(4)

0-0(0)

0-26(4)

0-18(8)

0-01(1)

0-02(1)

0-0(0)

98-13

100-27

100-71

100-63

10007

98-25

99-77

99-92

100-12

9949

98-41

100-73

99-71

99-97

100-20

96-96

97-72

99-34

100-24

101-67

10206

101-07

96-74

97-76

380

650

63-5

71-5

35-1

62-2

63 6

69-3

32-4

57-8

60-8

67-5

23-2

91 -3

33-1

59-3

59-9

66-9

18 1

91 3
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Fe-23

Fe-25

Fe-67t

Fe-68t

01

Plag

Liq

01

Plag

Cpx

Liq

01

Plag

Cpx

Liq

01

Plag

Cpx

llm

Liq

01

Plag

Cpx

llm

4

9

12

7

16

11

9

10

14

14

10

11

20

14

10

17

13

19

16

9

38-49(20)

51-18(51)

48-40(38)

38-49(29)

52-50(38)

50-62(38)

4807(55)

37-20(18)

5301 (46)

50-41 (76)

49-41 (35)

34-61(18)

54-10(35)

49-80(68)

0-29(2)

50-32(52)

34-59(16)

55-35(62)

50-36(31)

0-25(6)

0-10(6)

0-13(6)

4-40(28)

0-12(5)

0-17(6)

2-19(31)

5-16(26)

0-24(7)

0-24(8)

2-57(44)

4-90(21)

0-17(5)

0-25(6)

1-43(19)

50-60(30)

4-40(17)

0-17(7)

0-24(6)

1-27(16)

51-48(56)

0-05(1)

30-32(37)

12-12(11)

0-06(3)

30-84(36)

4-01(28)

11 23(20)

0-01(1)

29-83(52)

3-48(52)

10-56(8)

0-03(1)

27-10(52)

2-55(56)

0-29(2)

10-70(16)

0-02(2)

27-62(66)

1-39(27)

0-25(6)

2501 (38)

1 -40(30)

14-87(39)

27-89(84)

0-85(9)

8-69(32)

16-33(45)

32-6(4)

1-11(11)

10-21(37)

17-28(32)

39-26(46)

1-45(55)

1204(86)

41 -50(32)

18-45(38)

43-21(51)

1-19(23)

15-61(40)

4308(57)

36-1(3)

0-40(12)

4-93(5)

33-41 (65)

0-21(1)

13-70(23)

4-27(9)

29-90(41)

0-26(5)

13-16(41)

3-41 (9)

24-77(23)

0-26(8)

13-37(38)

4-19(9)

2-97(9)

22-20(25)

0-15(3)

12-39(18)

3-75(12)

0-45(2)

14-9(6)

10-80(15)

0-58(11)

14-25(37)

20-89(21)

9-93(17)

0-58(5)

13-61(36)

20-36(34)

8-65(7)

0-54(2)

11 20(22)

20-10(65)

0-30(9)

8-38(17)

0-56(4)

10-92(41)

18-60(24)

0-38(7)

001 (1)

3-0(3)

2-66(7)

0-04(5)

3-27(19)

0-29(2)

2-78(15)

0-05(1)

3-59(30)

0-30(3)

2-98(10)

0-03(1)

4-80(16)

0-31(7)

0-04(2)

3-17(8)

0-02(2)

5-07(18)

0-28(5)

0-02(3)

0-0(0)

0-10(3)

0-59(7)

0-0(0)

0-19(3)

0-01(1)

0-62(5)

0-01(1)

0-15(2)

0-0(0)

0-77(4)

0-0(0)

0-20(3)

0-02(2)

0-03(1)

0-88(6)

0-01(1)

0-24(3)

0-02(1)

001(1)

100-21

101-43

98-77

100-59

102-28

100-40

98-40

100-59

101-80

100 49

97-96

99-41

99-36

99-62

97-24

99-27

100-78

100-78

99-92

99-22

720

72-9

39-5

68-1

69-9

73-7

33-7

62-1

67-1

69-7

27-9

52 9

55-7

66-4

96-1

240

47-8

53-6

58-6

96-1
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Fe-70'

•FMQ-r

Fe-16

Liq

Ol

Plag

Cpx

Mt

Mm

Liq

Ol

Plag

16

11

12

15

9

10

11

7

17

56-19(20)

32-95(19)

57-12(74)

50-32(41)

0-11 (2)

0-19(5)

49 80(58)

39-30(15)

51-88(37)

2-80(16)

0-16(5)

0-17(3)

1-22(19)

27-84(24)

50-71 (38)

3-47(19)

0-11(6)

0-11(5)

11-10(10)

0-04(3)

26-64(58)

1 -37(33)

1-78(4)

0-21 (3)

13-15(16)

0-07(2)

30-58(20)

16-54(28)

52-39(76)

1-14(20)

1901(90)

6608(55)

45-52(41)

14-18(39)

25-20(40)

0-87(18)

1 -70(4)

14-50(27)

0-09(4)

10-65(51)

1-76(2)

2-20(6)

6-06(16)

36-80(28)

0-24(4)

6-36(12)

0-61 (5)

9-66(51 )

17-55(76)

0-29(7)

0-28(7)

10 81(21)

0-39(4)

14-37(21)

3-64(8)

0-06(3)

5-84(26)

0-31 (4)

0-09(4)

0-09(5)

2-53(15)

0-02(1)

3-24(12)

1-53(4)

0-01(1)

0-33(4)

0-02(1)

0-02(1)

0-02(1)

0-37(5)

0-0(0)

0-10(1)

99-86

100-72

100-99

100-45

97-97

99-22

100-37

101-89

101-39

16-8

330

46-9

500

14-9

95-4

44-7

72-3

70-6

Fe-15 Liq

Ol

Plag

19

11

19

49-91 (48)

38-15(34)

52-85(55)

4-65(22)

0-16(8)

0-23(6)

11 63(9)

0-04(3)

29-27(35)

15-16(42)

29-65(41)

0-88(8)

4-90(10)

31-66(31)

0-25(4)

11-18(19)

0-58(2)

13-63(38)

2-54(11)

0-0(0)

3-73(19)

0-43(4)

0-0(0)

0-15(2)

100-40

100-24

100-99

380

65-6

66-3

Fe-56

Fe-62

Liq

Ol

Plag

Cpx

Liq

Ol

Plag

Cpx

Urn

12

8

13

15

12

10

13

17

8

50-53(32)

36-23(21)

53-39(41)

51-41(46)

50-42(30)

35-70(19)

53-23(68)

50-32(66)

0-20(3)

4-92(19)

0-10(1)

0 18(6)

1-39(18)

5-21(17)

0-12(6)

0-10(3)

2 13(28)

53-30(40)

11-35(12)

0-01(1)

29 13(39)

1 -70(37)

11 05(10)

0-0(0)

29-67(57)

2-62(37)

0-29(1)

15-73(33)

36-23(42)

1-13(21)

11-71(65)

16-94(41)

37-91(19)

0-70(11)

12 26(40)

41 -40(30)

4-08(9)

27-73(21)

0-25(6)

14-50(36)

3-80(8)

2709(16)

0-12(2)

13-60(32)

4-86(7)

9-17(7)

0-49(1)

1307(30)

18-89(90)

898(10)

0 53(3)

12-83(47)

19 38(51)

0-26(3)

2-46(7)

0 0(0)

3-82(23)

0-18(4)

2-69(8)

0-0(0)

4-20(17)

0-31 (4)

0-0(0)

0-65(2)

0-01(1)

0-10(3)

0-01(1)

0-83(4)

0-01(1)

0-21(2)

0-01(1)

0-03(1)

98-89

100-80

101 07

99-79

99-94

101 -37

101 06

100-63

100-34

32-8

57-7

650

68-8

29-7

560

620

66-4

97-7
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Fe-59t Liq

01

Plag

Cpx

llm

Fe-61t Liq

OI

Plag

Cpx

llm

Fe-76t Liq

OI

Plag

Cpx

llm

16

8

20

19

12

18

10

20

11

8

19

11

18

14

11

53-92(32)

33-50(15)

56-58(35)

50-20(50)

0-21 (8)

55-83(65)

33-40(30)

5708(34)

50 30(40)

024(2)

57-51 (42)

3204(12)

57-28(60)

49-53(43)

0-03(3)

3-40(15)

0-30(15)

0-22(6)

1-40(30)

51-11(30)

2-99(17)

0-40(25)

0-23(15)

1-10(12)

51-30(40)

2-62(8)

0-14(6)

0-19(5)

1-34(27)

51-60(27)

10-77(23)

0-05(1)

26-13(18)

1-60(50)

0-38(5)

10-76(17)

0-03(2)

26-34(18)

1 -30(40)

0-19(1)

11-13(9)

0-01(1)

26-24(34)

1 20(28)

0-14(3)

17-57(30)

50-20(50)

0-97(13)

1700(50)

44-34(43)

1704(45)

52-90(40)

1-06(15)

19-70(30)

44-60(30)

16-31(39)

55-64(34)

0-94(7)

20-69(36)

45-51(38)

2-12(5)

16-70(17)

0-13(3)

11-30(30)

2-36(8)

1-76(5)

14-20(18)

0-09(1)

10-60(20)

2-24(5)

1 34(4)

11-86(37)

0-07(2)

9-22(22)

1-82(5)

7-36(10)

0-62(4)

9-86(15)

18-40(40)

0-53(9)

6-87(18)

0-66(3)

962(27)

1700(50)

0-37(5)

5-99(11)

0-64(5)

8-85(33)

17-70(47)

0-19(3)

3-22(9)

0-0(0)

5-59(8)

0-20(2)

0-06(3)

3-10(6)

0-0(0)

5-72(12)

0-14(2)

0-0(0)

3-25(13)

0-01(1)

6-22(20)

0-21(3)

0-01(1)

1-25(5)

0-01(1)

0-39(2)

0-02(2)

0-02(1)

1-32(8)

0-02(1)

0-37(2)

0-01(1)

0-04(1)

1 -64(4)

0-01(1)

0-39(3)

0-01(1)

0-02(1)

99-62

101 -38

99-87

100-12

9901

99-67

101-61

100-51

100-15

98-98

99-79

100-35

100-18

99-90

99-32

18-5

37-2

48-2

54-2

96-5

16-2

324

47-1

49 0

97-1

13-4

27-5

430

44-3

97-2

° The experimental runs are listed as in Table 1. The starting compositions used are SC1 unless marked by * or t which represent SC4 and SC4a, respectively (see also Table 1).
b Phases present abbreviations used: Liq, liquid; otherwise as Table 1. Plag refers to the multiple analyses of rim compositions, and Plagt to the average composition estimated from
multiple analyses of both cores and rims.
c Number of analyses.
d Numbers represent: mg-number x 100 for Liq, with mg-numbex - MgO/(MgO+FeO) and FeO and Fe2O3 content calculated by the method of Kilinc etal. (1983); m^-number x 100
for Cpx and for OI; An content for PI; XMt x 100 for Mt, and Xnm x 100 for llm, both calculated using Stormer (1983) .
" Numbers in parentheses indicate one standard deviation of replicate analyses in terms of least units cited.
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Table 3: Modal proportions and estimates of sodium loss

Run no.

TMQ+V

Fe-40

Fe-79

Fe-41

Fe-95#

•FMQ-

Fe-45

Fe-36

Fe-37

Fe-35

Fe-39

Fe-44R

Fe-42

Fe-43

Fe-21

Fe-47#

Fe-51t

Fe-491

Fe-52t

•FMQ-V

Fe-24

Fe-23

Fe-25

Fe-67t

Fe-68t

Fe-7T

Fe-77*

Fe-126*

Fe-136-

Fe-70*

Modal proportions (see text for details)

GI(79-6), 01(4-5). PI(15-9)

GI(62-7), 01(7-3), PI(25-3), Cpx(4-8)

GI(55-3), 01(6-5), Pl(27-1), Cpx(8-8), Mt(2-3)

GI(35-3), PI(24-5), Cpx(28-6), Mt(9-4), llm(2-3)

GI(90-8). 01(1-3). PI(80)

GI(74-7), 01(6-7), Pl(18-6)

GI(68-3), 01(8-3), PI(230), Cpx(tr)

GI(64-2), 01(8-1), PI(24-6), Cpx(3-1)

GI(57-5), 01(8-6), PI(27-2), Cpx(6-7)

Gl(57-1), 01(8-5), PI(27-5), Cpx(70)

Gl(49-1), 01(9-9), Pl(31 -5), Cpx(9-5)

Gl(31 -7), 01(9-1), PI(39-8), Cpx(16 5), Mt(1 -2), llm(1 -7)

GI(39-2), 01(7-8), PI(34-7), Cpx(16 4), Mt(tr), llm(1 -6)

Gl(61 -8), Pl(16-6), Cpx(18-7), Mt(1 -2), llm(1 -7)

Gl(41 -2), Pl(24-1), Cpx(25-2), Mt(80), llm(1 -6)

GI(32-7), PI(26-6), Cpx(31 -5), Mt(4-8), llm(4 4)

GI(23-6), PI(30-4), Cpx(33-4), Mt(11 -6), llm(1 0)

GI(85-2), 01(3-4), Pl(11-4)

Gl(67 6), 01(8-5), Pl(21 -7), Cpx(2-2)

GI(520), 01(10 5), PI(29-4), Cpx(8-2)

GI(70-7), 01(3-7), Pl(14-5), Cpx(9-5), llm(1 -7)

GI(58-4), 01(4-3), Pl(19-5), Cpx(14-8), llm(3-1)

GI(38-9), 01(2-8), Pl(26-1), Cpx(27-1), llm(4-9)

GI(39-4), 01(2-6), PI(25-2), Cpx(27-9), llm(4-9)

GI(39-3), 01(2-5), PI(27-9), Cpx(25-6), llm(4-7)

GI(40 8), Ol(tr), PI(25-8), Cpx(27-8), Mt(0-7), llm(4-7)

GI(32-3), Ol(tr). PI(290), Cpx(32-6), Mt(tr), llm(5-8)

Naloss

(rel%)

3-7

4 0

3 0

12-9

3-4

1-4

4-2

2-6

1-6

1-8

1-8

1-5

1-6

1 0

7-6

11-3

11-1

1-1

4-9

5-5

3-6

3 0

1-1

2 2

5-5

1-4

0-9

^(residuals

squared)

0070

0021

0-105

0361

0-114

0040

0059

0-156

0-140

0 095

0091

0050

0082

0069

0-111

0-337

0 330

0045

0-117

0047

0 152

0-046

0-549

0089

0-320

0 594

0-624

(continued on next page)
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Table 3: continued

Run no.

FMQ-Z

Fe-16

Fe-15

Fe-56

Fe-62

Fe-63t

Fe-19

Fe-66t

Fe-65t

Fe-59t

Fe-61t

Fe-76t

Modal proportions (see text for details)

GI(83-2). 01(3-9), Pl(12-9)

GI(63-6), 01(10-5), PI(25-9)

GI(46-8). 01(10-2), Pl(31 -6), Cpx(11 -4)

GI(33-4), 01(11 -3), PI(37-9), Cpx(15-9), llm(1 -6)

GI(900), 01(1 -8), Pl(4-1), Cpx(40)

GI(33-2), 01(11 0), PI(38-2), Cpx(16-4), llm(1 -3)

Gl(61-2), 01(3-8), Pl(18-2), Cpx(13-9), llm(2-9)

Gl(51 -1), 01(50), PI(22-3), Cpx(17-5), llm(4-1)

GI(360), 01(7-0), PI(28-5), Cpx(23-2), llm(5-4)

GI(26-9), 01(6-6), PI(32-5), Cpx(27-9), llm(6-3)

GI(20-9), 01(6-7), PI(33-6), Cpx(32'6), llm(6-2)

Na loss

(rel%)

2 5

2-5

7-2

4 0

7-3

0 0

6-8

6 5

5-1

7-7

3-5

X(residuals

squared)

0-303

0-206

0-845

0048

0-248

0027

0-253

0-117

0072

0-132

0-386

Phases present: Gl, glass; Ol, olivine; PI, plagioclase; Cpx, clinopyroxene; Mt, magnetite-ulvospinel; llm, ilmenite-
haematite.
Numbers in parentheses represent estimated weight proportion of the relevant phase calculated using the weighted
least-squares minimization of Albarede & Provost (1977), for mass balance, using the data and errors presented in
Table 2. tr, trace (i.e. > 0-5 wt % of the mode).
•;tSeeTable2.

temperature by ilmenite, whereas below FMQ_
ilmenite crystallizes before magnetite. At FMQ_+ 1
magnetite crystallization begins at ~1125°C, but its
liquidus temperature falls by ~30°C per log unit
decrease mfo^ Below the FMQ_ buffer ilmenite has
an approximately constant liquidus temperature of
~1100°C, whereas at higher/o,i where llm follows
Mt, the llm liquidus has a negative slope, falling to
~1080°C at FMQ,+ 1.

Melt compositions
The melt compositions encountered in this study
range from basaltic to dacitic, and their composi-
tional variations with temperature are summarized
in Figs 3—5. Although data from all the experiments
are shown together, attention should be drawn to the
effect of using the fractionated composition SC4 on
the compositional evolution of the melt phase. All
experiments represent a close approach to equili-
brium crystallization of the relevant composition
(SCI or SC4). However, the liquid products of the
perfect equilibrium crystallization of SC4 are not
those of the continued equilibrium crystallization of
SCI because of the 'removal' or 'fractionation' of the

solid phases. Equilibrium and fractional crystal-
lization paths may be expected to diverge with fall-
ing temperature to produce different liquid and solid
composition, and this must be borne in mind when
considering Figs 3-5.

The concentrations of K2O, Na2O, MgO and
CaO in the experimental liquids, shown in Figs 3a-
d, are insensitive to fo2- Potassium and sodium are
both enriched in the melt phase as crystallization
proceeds, with K2O increasing from 0-3 wt% at the
liquidus to a maximum of 1-85 wt% K2O at 1060°C
(Fig. 3a), and Na2O varying from 2-7 to 3-6 wt %
Na2O over the same temperature range (Fig. 3b).
Experiments at FMQ_— 2 show lower values and
more scatter in Na2O, reflecting the higher volatility
of sodium at reducing conditions. MgO and CaO
both fall in concentration with decreasing tempera-
ture. MgO content falls approximately linearly with
temperature, from 6 wt% at 1160°C, to 1-5 wt % at
1050°C (Fig. 3c), whereas melt CaO content rises at
temperatures just below the liquidus, but falls once
clinopyroxene begins crystallizing (Fig. 3d). The
CaO content of melts cosaturated in olivine, clin-
opyroxene and plagioclase decreases linearly with
temperature, a feature observed in both natural and
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Fig. 1. Back-scattered electron images of typical quenched run products with examples of the crystalline phases observed. All photos are
the same scale (X400: see 10-/im scale bar), thus showing variation in phase size and texture, (a) Sample Fe-39: FMQ, 1115°C. (b)
Sample Fe-51: FMQ, 1078°C. (c) Sample Fe-49: FMQ, 1068°C. (d) Sample Fe-59: FMQ-2, 1071°C. Gl, glass; Ol, olivine; PI, plagio-

clase; Cpx, calcium-rich clinopyroxene; Mt, magnetite-ulvdspinel solid solution; Ilm, ilmenite—haematite solid solution.

synthetic systems (Helz, 1987; Shi and Libourel,
1991). However, with falling temperature the cal-
cium contents of melts lacking olivine (i.e. using
SC4, at and above FMQ) show consistently lower
values than those observed in olivine-saturated
melts.

The titanium, iron, aluminium and silica contents
of the liquid depend on both temperature and fo2,
and Figs 4a—c show variations as contoured con-
centration maps on a T~fo, plane. The liquidus
boundaries for the various crystalline phases are also
shown, to highlight the relationship between phase
appearances and variations of melt composition. The
melt TiC>2 contents (Fig. 4a) increase during the
early stages of crystallization, before Fe-Ti oxide
crystallization. Below the FMQ, buffer the TiO2
content of the melt reaches a maximum of 5—5'5
wt% at ~1100°C, coinciding with the appearance '
of ilmenite on the liquidus, and then falls rapidly
with further temperature decrease. Above FMQ,
maximum melt TiC>2 concentrations are <5 wt%;
they are little affected by Mt crystallization and do
not begin to decrease until Ilm begins to crystallize.

The melt iron contents (FeO* = total iron as FeO;
Fig. 4b) show general behaviour similar to that
observed for TiC^, also initially increasing with
decreasing temperature, then falling rapidly at lower
temperatures. With increasing/o2 the temperature of
the FeO* maximum increases, and the magnitude of
the maximum decreases (e.g. from ~15 wt % FeO*
at FMQ+1, to ~ 18-5 wt% FeO* at FMQ-2)
Above FMQ the maximum iron content coincide >
with the appearance on the liquidus of magnetite.
Below FMQ, where ilmenite is the first crystallizing
Fe—Ti oxide phase, there is a broad maximum in
iron content of ~18-5 wt% FeO* occurring on the
low-temperature side of the ilmenite-in boundary.
The crystallization of ilmenite does not abruptly
terminate iron enrichment, as is the case with mag-
netite at higher/o2, but its presence does limit, and
finally terminate the continued iron enrichment of
the liquid. The silica content of the liquid (Fig. 4c)
varies from its initial value of just over 48 wt % SiO2
to a maximum value of 65 wt % SiOj. The silica
content of the liquid remains approximately constant
throughout the early stages of crystallization, but
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Fig. 2. Experimentally determined phase equilibria for composi-
tions SCI and SC4 as a function of temperature and oxygen fuga-
city (log fot relative to FMQ_ buffer). Squares indicate
experiments using SCI starting composition, circles indicate SC4
starting composition (see Tables 1 and 2 for details). All experi-
ments contain liquid (Liq) in addition to the crystalline phases
indicated by the symbol tilling (see key: Ol, olivine; Plag, plagio-
clase; Cpx, calcium-rich clinopyroxene; Mt, magnetite—ulvbspinel
solid solution; Ilm, ilmenite—haematite solid solution). The contin-
uous lines mark inferred phase boundaries. Above the FMQ, buffer
the appearance temperature for ilmenite has been drawn using
data from an experiment at FMQ.+ 1-8, at 1072°C which does
not contain ilmenite on the liquidus at these conditions, described
by Toplis et al. (1994). R marks reversal experiments described in

Table 1.

increases rapidly at high / o 2 when magnetite is the
first crystallizing Fe-Ti oxide. At low fo2 the crys-
tallization of ilmenite causes a similar enrichment of
silica in the liquid. The alumina content of the melts
shows a broad minimum, which deepens from 11-5
wt% A12O3 at FMQ,+ 1 and ~1110°C, to 10-5
wt% A12O3 at FMQ,-2 and ~1070°C. Minimum
aluminium concentrations are not directly correlated
with the appearance of any one particular crystalline
phase, but are roughly correlated with the peak iron
concentrations below the FMQ_ buffer.

The concentrations of iron and silica in the melt
are sensitive to the crystallization of the Fe—Ti oxides
(Figs 4b and c), but the different oxide minerals
have different effects on melt composition trends as
shown in Fig. 5, where the tie-lines join melts from
different fo2 but the same temperature. Before
saturation of an Fe-Ti oxide, iron enrichment in the
experimental melts proceeds at approximately con-
stant SiO2 content at all the studied fo2- However,
with further decrease of temperature, the composi-
tions of ilmenite- and magnetite-saturated melts
diverge. For evolution parallel to FMQ, magnetite
saturation causes an immediate depletion of iron
(from ~17 wt % FeO*), and enrichment of silica in
the melt. Ilmenite saturation also results in an
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Fig. 3. Melt compositions as a function of experimental temperature, (a) wt% K2O. (b) wt% Na2O. (c) wt% MgO. (d) wt% CaO.
Experimentsat different oxygen fugacities are distinguished as shown in the key. The errors on the measurements are typically the size of

the symbols.
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TiO2 FeO*

1060 1080 1100 1120 1140 1160 1180 1200 1040 1060 1080 1100 1120 1140 1160 1180 1200

Temperature (°C) Temperature (°C)
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Temperature (°C)

Fig. 4. Melt compositions/as function of 7"and/o,. (a) wt% TiO2. (b) wt% FeO*. (c) wt% SiO2. Continuous lines are contours of
wt % oxide component, based on data presented in Table 2. Dashed lines are the inferred phase boundaries from Fig. 2 and symbols
indicate data points used for contouring. Data from all experiments have been used to produce this contour plot, although it should be
borne in mind that the liquid line of descent of the fractionated composition SC4 is not the same as that which would be produced by the

continued equilibrium crystallization of SCI at these temperatures.

immediate increase of SiO2 content, but FeO con-
tents continue to rise to a peak of ~18-5 wt%.
Thus, for the same temperature drop, Mt-saturated
melts show a larger decrease in FeO* than do Ilm-
saturated melts (changes in melt silica content are
similar). Magnetite saturation therefore leads to
more 'evolved' (i.e. SiO2-rich, FeO*-poor) melt
compositions than those produced by ilmenite
saturation at the same temperature.

Mineral compositions
Plagioclase compositions are shown as a function of
temperature in Fig. 6. The anorthite content falls
from An75 near the liquidus, to An45 at 1050°C,
and appears to be independent of/o2. The variation
in An content is small when only plagioclase and
olivine are on the liquidus, but once the melt is
saturated in Cpx, the plagioclase An content
decreases by ~ 5 % An per 10°C drop in tempera-

ture. In detail, plagioclases from experiments using
SCI are observed to be more anorthitic than those
produced at the same temperature from experiments
using SC4, thus causing the 'step' in the trend
shown in Fig. 6 at ~1100°C. This may be
explained by the use of SC4, which introduces a
fractional 'step' in the crystallization path of SCI.
Iron occurs as a minor component (typically < 1
wt% FeO*). Above 1100°C the plagioclases from
experiments at higher fOt are generally the most
iron rich, although plagioclases from lower-tem-
perature experiments do not exhibit any systematic
relation between FeO* content and/o2- The ortho-
clase content of the plagioclases is typically low, but
increases with falling temperature as the K2O con-
tent of the liquid increases, reaching Or2 (0-4 wt %
K2O) at 1050°C. MgO and TiO2 are present in low
concentrations; typically 0-1-0-4 wt% MgO, and
0-2 wt% TiO2.

The compositions of experimental olivines vary
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saturated melts are indicated by continuous curves, and dashed
lines indicate isotherms connecting ilmenite- and magnetite(±il-

menitej-saturated melts (see discussion in text).

from Fo75 at the liquidus to Fo27 at 1050°C (Fig. 7).
The composition of olivines from experiments at and
below the FMQ, buffer appears to be independent of

fo2, although olivines from experiments at FMQ+ 1
are generally more forsterite rich (probably owing to
the greater ferric-iron content of these more oxidized
liquids). The forsterite content (at fixed T) of oli-
vines from experiments using SCI is greater than
that of olivines from experiments using SC4, thus
causing a 'step' in the trend shown in Fig. 7, similar
to that observed for the An content of plagioclase
(Fig. 6). Calcium is the only minor constituent of the
olivine, and is typically 0-5 wt % CaO; crystal-melt
partitioning of calcium is discussed further below.

The compositions of the pyroxenes are shown in
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Fig. 6. Mole % anorthite in experimental plagioclases as a func-
tion of temperature, with different oxygen fugacities distinguished
as shown in the key. The error bars correspond to + 3 mol %
anorthite and are typical of the average experimental uncertainty.
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Fig. 7. Mole % forsterite in experimental olivines as a function of
temperature, with different oxygen fugacities distinguished as
shown in the key. The height of the symbols corresponds to the
average error in measured forsterite contents (approximately + 1

mol% Fo).

Fig. 8 in an expanded portion of the pyroxene
quadrilateral. The first crystallizing clinopyroxene
along the FMQ_ buffer has an mg-number of 74 at
1125°C, falling to 54 at 1057°C, and Ca content
varies between Wo4i and W034 and shows a mini-
mum near 1100°C at an mg-number of 67. At
FMQ,— 2 the first crystallizing pyroxene has an mg-
number of 69, falling to 44 at 1050°C. The calcium
content of pyroxenes at both FMQ,- 1 and FMQ, - 2
initially decreases with decreasing temperature, but
at both oxygen fugacities a broad minimum occurs

Hed

Fig. 8. The composition of experimental pyroxenes plotted in an
expanded portion of the pyroxene quadrilateral (see inset). The
presence of minor concentrations of aluminous end-member pyr-
oxenes (e.g. CaTs molecule and jadeite) has not been taken into
account, and mol % Wo, En and Fs are calculated from the nor-
malized mol % of the components Ca, Mg and Fe, respectively.
Different symbols correspond to different oxygen fugacities, as

indicated for Fig. 7.
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at W037. The position of this minimum moves to
lower mg-number with decreasing fo2, from mg-
number ~56 at FMQ_— 1, to mg-number ~49 at
FMQ_— 2. Minor components in clinopyroxene
include 025 ± 0 0 5 wt % Na2O, ~ 4 - l wt% A12O3

and ~2-5—1 wt% TiO2 , with the last two showing a
general decrease with decreasing temperature, but
no obvious dependence onfo2. The stoichiometry of
the Cpx produced in experiments above the FMQ_
buffer suggests that they may also contain significant
ferric iron. Assuming an ideal pyroxene stoichio-
metry of M2T2O6 [where M are octahedral cations,
e.g. Mg, Ca, Al(VI); T are tetrahedral cations, e.g.
Si, Al(IV); O is oxygen] and assigning all iron to be
ferrous yields an excess of cations for these pyrox-
enes. The ferric iron required to return them to stoi-
chiometric values is: 2 wt% Fe2O3 (18% of FeO* as
Fe2O3) for Fe-79; 3 wt% Fe2O3 (29% of FeO* as
Fe2O3) for Fe-41; and 2 wt % Fe2O3 (14% of FeO*
as Fe2O3) for Fe-95. For pyroxenes grown at fo
< FMQ,cation sums are 4-000 ± 0-008 per 6 oxygens,
suggesting that ferric iron is not an important con-
stituent.

The compositions of Fe-Ti oxides, recalculated
following Stormer (1983), are shown as a function of
fo2 in Figs 9a and b. At conditions parallel to the
FMQ_ buffer the recalculated XMt and XUin remain
approximately constant, and do not show any sys-
tematic variation with temperature. For example,
along the F M Q buffer Mt and Ilm vary in the range
Mt22_25 and Ilm9i_g2, and at F M Q - 2 ilmenites vary
from Ilm97 to Ilmg8. The ferric iron content of both
phases increases with/o2 , but at a fixed fo% the ferric
iron content of magnetite is always greater than that
of ilmenite, the difference becoming greater with
increasing fo2- The MgO contents of ilmenites and
magnetites vary from 5 to 2 wt%, and fall with
decreasing temperature, following the decreasing mg-
number of the liquid, but at a fixed temperature
ilmenite is always more MgO rich than the coexist-
ing magnetite. The aluminium content of magnetite
also falls with decreasing temperature, from ~ 4
wt % A12O3 at 1120°C to slightly less than 2 wt %
A12O3 at 1060°C.

Mineral modes: the growth and resorption
of crystalline phases

The weight fractions of melt and coexisting crystal-
line phases have been estimated for each experiment
using the weighted least-squares mass balance mini-
mization of Albarede & Provost (1977). These values
are presented in Table 3 and shown graphically in
Figs 10-14. The variation of mineral abundance as a
function of temperature may be used to distinguish

(a)

2

-1 .5 - 1 . 0 - 0 . 5 0 . 0 0 .5 1.0 1.5

AFMQ(log 10 units)

(b)

•2.5 -1.5 -0.5 0.5

AFMQ (log,,, units)

Fig. 9. (a) XMI 'n the solid solution magnetite—ulvospinel. (b) ^ n m

in the solid solution ilmenite-haematite. Both calculated using
Stormer (1983).

crystallizing solid phases from resorbing solid phases,
but it should be borne in mind that the results of
these calculations must be supported by evidence
from the experimental charges, e.g. if phase resorp-
tion is implied there should be textural evidence to
support this.

The estimated liquid proportions of experiments
using SCI and SC4, shown as a function of tem-
perature in Fig. 10a, indicate ~ 1 wt% crystal-
lization per 1°C drop in temperature for both
starting compositions. This result is apparently inde-
pendent of /o , despite the fact that at a given tem-
perature, different stable phase assemblages, and
very different liquid compositions are present. The
\o error on the calculated liquid abundances is
typically 2 wt% (absolute). The calculated liquid
proportion from experiments using SC4 may be
scaled by an appropriate value to estimate the per-
centage of liquid remaining from crystallization of
SCI over the entire studied temperature interval.
When SC4 is at its liquidus (100% liquid), it has the
same composition as the residual liquid of SCI after
~ 4 3 % crystallization (57% liquid); the liquid pro-
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Fig. 10. (a) Calculated liquid proportion as function of tempera-
ture for experiments using SCI and SC4 starting compositions (see
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(b) Calculated liquid fraction for all experiments, with results
from more evolved SC4 composition (on the liquid line of descent
of SCI) scaled by the factor 0-57 to compare the estimated liquid
proportion of experiments using the two different starting compo-
sitions (SC4 has a liquidus temperature of ~ 1115°C at which time
SCI contains an estimated 57% liquid). (See text for further dis-

cussion.)

portion of experiments using SC4 may thus be scaled
by the factor 0-57 to obtain an estimate of the liquid
proportion of SCI which would have been present at
that temperature. Figure 10b shows the liquid pro-
portions from experiments using SCI, and scaled
values from experiments using SC4. The combined
data are observed to lie on a continuous trend with
falling temperature, and Fig. 10b suggests that
although crystallization of SCI takes place at ~ 1 %
crystallized per °C over the first 70°C below the
liquidus, at lower temperature the percent crystal-
lized per degree centigrade decreases as the solidus is
approached. This behaviour is almost identical to
that calculated by Ghiorso & Carmichael (1985)
using a Gibbs free energy minimization model for
the crystallization of an olivine tholeiite over the first
90% of its crystallization.

The calculated abundances of plagioclase and

clinopyroxene increase with decreasing temperature,
as shown in Fig. 11. The plagioclase mode is inde-
pendent of/o2, whereas, at a given temperature, the
proportion of Cpx is lowest in experiments carried
out at FMQ_- 2, and highest in those carried out at
FMQ+ 1. This may be explained by the variation of
the appearance temperature of Cpx as a function of

_/o, a s shown in Fig. 2. The rate of increase of the
modal proportion of Cpx as a function of tempera-
ture, however, has a similar magnitude at all the
studied/o2.

In contrast to plagioclase and clinopyroxene, the
calculated abundance of olivine does not con-
tinuously increase with falling temperature. Figure
12 shows that from 1160°C to ~1110°C the abun-
dance of olivine increases with falling temperature,
and is independent of fo2- However, at — 111 0°C
along the FMQ_ buffer the calculated absolute modal
abundance of olivine begins to fall, implying resorp-
tion. This is supported by the fact that at FMQ,
experiments performed using SC4 do not contain
olivine. In addition, backscattered electron images of
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Fig. 11. Absolute modal abundances (wt%) as a function of tem-
perature for (a) plagioclase, and (b) clinopyroxene, estimated
using mass balance constraints described in Table 3 and the text.
Different lines indicate trends for the two starting compositions

used.
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dure of Albarede & Provost (1977). The lines trace the variation
of absolute wt % abundance of olivine for each studied /o,-
Decreasing abundance implies resorption. Resorption is inferred
for all the studied Jo,, although the onset of resorption moves to

lower temperature with decreasing/o,.

the textures of experimental olivines (Figs 13a-d)
show a change from euhedral to rounded crystal
shape, further supporting resorption at lower tem-
perature. Based on downturns in modal abundance

vs temperature (Fig. 12), the onset of resorption is
inferred to occur at ~1100°C at FMQ_- 1, and at
~ 1070°C at FMQ,- 2. Thus there is evidence for the
resorption of olivine at all the studied fo2- The tem-
perature of onset of resorption is a function of fo2

and moves to lower temperature with decreasing fOt.
Furthermore, the mass balance calculations suggest
that resorption of olivine is more pronounced at
higher/o2- Olivine resorption does not appear to be
associated with the immediate crystallization of
another solid phase, although it is noted that mag-
netite crystallization occurs soon after the onset of
olivine resorption at all/o2-

The calculated modal abundances of ilmenite and
magnetite as a function of temperature are shown in
Figs 14a and 14b, respectively. Within the errors of
the estimates the abundance of ilmenite rises
approximately linearly with falling temperature at
FMQ,- 1 and F M Q - 2. In contrast, the data from
FMQ, and FMQ,+ 1 suggest that ilmenite crystal-
lization is inhibited by the presence of magnetite,
and that the abundance of ilmenite may even
decrease with falling temperature (for crystallization
parallel to the FMQ, buffer). The modal abundance
of magnetite (shown in Fig. 14b) increases with
falling temperature, but the strong dependence of

Fig. 13. Backscattered electron images of experiments along the FMQ buffer showing the resorption of olivine with falling temperature,
(a) Sample Fe-45: 1158°C. (b) Sample Fe-39: 1115°C. (c) Sample Fe-42: 1105°C. (d) Sample Fe-21: 1095°C.
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& Provost (1977).

the magnetite saturation temperature on/oj> a n d the
large error associated with the estimation of magne-
tite proportion make quantification of the rate of
change of magnetite abundance with temperature
difficult.

DISCUSSION

Major element partitioning between
silicates and coexisting melts

Element partitioning between the common igneous
minerals and silicate liquids has been extensively
studied because of the applicability of such data to
geothermometry and testing for phenocryst-ground-
mass equilibrium. Although many data exist in the
literature, most of the studied systems are relatively
rich in magnesium, and little is known concerning
mineral-melt equilibria at low melt m£-number.

Mg-Fepartitioning between olivine and melt

Owing to the importance of olivine in many igneous
processes the partitioning of divalent cations between
olivine and basaltic melts has been widely studied

(e.g. Roeder & Emslie, 1970; Leeman &
Scheidegger, 1977; Gee & Sack, 1988; Jurewicz &
Watson, 1988), and the compositions of olivine-glass
pairs are widely used as a test for phenocryst—
groundmass equilibrium in both experimental and
natural systems. A partition coefficient K^pl~\%*,
defined as (Jfgp/JT&P6 X%flX%°), where X indi-
cates mole fraction, may be used to describe the dis-
tribution of magnesium and iron between silicate
liquid and coexisting olivine. Roeder & Emslie
(1970) observed that at equilibrium K^li^ has a
value of 0-30 ±0-02 which is largely independent of
temperature and melt composition. Although more
recent studies have shown that A~dF(!_'Mg varies with
melt composition, in particular the level of silica
undersaturation (Gee & Sack, 1988), it is still gen-
erally agreed that in basaltic systems -/TdR'-Mg does
not show a large dependence on temperature or melt
composition. However, several experimental studies
in iron-rich systems have reported high values of
^dFe-Mg at low mg-number. Some workers have
interpreted these high values as artefacts caused by
disequilibrium or iron loss during experiments
(Longhi & Pan, 1988; Shi, 1993), and others have
believed them to be real, and attributed them to
non-ideality in the melt, as a result of the proximity
to regions of low-temperature liquid immiscibility in
iron-rich systems (Hoover & Irvine, 1977).

Figure 15a shows T̂dFe-Mg data from this study,
plotted as a function of the m^-number of the coex-
isting melt. The ferric-iron content of the melt has
been estimated following Kilinc et al. (1983), and the
ferric iron content of the olivine is assumed to be
negligible. The calculated values of •/fdF>e'-Mg do not
exhibit any consistent variation with /o2>

 ln agree-
ment with the study of Snyder & Carmichael (1992).
For values of m^-number(melt) >30 the observed
^dFe'-Mg is approximately constant at 0-32 ± 0-02, in
agreement with previous results (e.g. Roeder &
Emslie, 1970). However, olivines coexisting with
liquids of Tng-number < 30 show progressively higher
values of K&, reaching 0-4 when the mg-number of
the liquid is 15. Given that our experimental K^
values agree well with the accepted values for the
more magnesian melts, and our evidence for close
approach to equilibrium, with minimal iron loss
(Table 3), we believe that the observed increase in
^dFe'-Mg f° r liquids of m^-number <30 is real and
not an experimental artefact. The effect of tempera-
ture on Kd9lltAg over the studied range is less than
the error on an individual measured value of
/fdFe-Mgj and may therefore be neglected.
Furthermore, we may assess the suggestion of
Hoover & Irvine (1977) that the observed increase is
due to non-idealities of Fe-Mg mixing in the melt,
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be a linear function of [l~2XMgSio5o2 (olivine)]. If
these assumptions are valid then a plot of In K^C'.M^

vs [l-2^MgSi,jO, (olivine)] should be linear, with a
slope of WjRT, where W is the symmetric interac-
tion parameter, R is the gas constant, and T is the
absolute temperature. This is illustrated in Fig. 15b,
which shows that the value of W calculated from our
partitioning data (4-2 ±0-6 kj/mol) agrees well with
the directly measured value (3-7 ±0-8 kj/mol). This
implies that the non-ideality of Fe-Mg mixing in
olivine can explain the observed variation of T̂dFe-Mg
without the need to infer non-idealities in the melt.

-0.8

-0.9

-1.1

-1.3

v= - 1.04 + 0.345* /f"2 = O.8O

-0.fi -0.4 -0.2 0.0 0.2 0.4 0.6

Fig. 15. (a) The variation of A'ajvMg with m^-number of the melt.
The dashed lines enclose the range of typical values for basaltic
melts (0-3 + 002), taken from Roeder & Emslie (1970). The error
bars have been calculated from the standard deviation of MgO
and FeO shown in Table 2. Both K^}^\ and m^-number(melt)
have been calculated taking into account the ferric iron content
of the liquid, estimated using the calculation scheme of Kilinc el
al. (1983). (b) The variation of /TdFVMg as a function of 1-2 XFo

of the experimental olivines. Line shows least-squares fit to data
and slope corresponds to W/RT, where W is a symmetric interac-
tion parameter describing the non-ideality of Fe-Mg mixing on
the olivine, R is the gas constant, and T is the temperature in K.

(See text for more details.)

an alternative possibility being that the observed
variation of AJJ?,!. '^ is caused by non-idealities of
Fe-Mg mixing in the olivine.

Mixing between iron and magnesium in olivine is
known to be non-ideal, and may be described by a
single symmetric interaction parameter W of ~ 4 kj/
mol (Wood & Virgo, 1989; Wiser & Wood, 1991). If
we consider the exchange reaction

MgSio.502 + FeO
(olivine) (melt)

FeSi0 .5O2 + M g O (1)
(olivine) (melt)

and assume that non-idealities in the melt are negli-
gible, then it may be shown (e.g. Wiser & Wood,
1991) that the measured values of In /Tdg!;^ should

Calcium partitioning between olivine and melt

Calcium is a ubiquitous minor component of olivine,
and Ca partitioning between silicate liquids and
coexisting olivines has been experimentally deter-
mined by Jurewicz & Watson (1988). They found
£>c!oiq (denned as wt% CaO°'/wt % CaOLiq) to be
a linear function of the olivine Fo content in the
range F090-F055. Figure 16 shows that the agree-
ment between the values of Dcab"1 from our experi-
mental olivines and the model of Jurewicz & Watson
(1988) is good for the range of olivine compositions
over which the model was calibrated, but that more
iron-rich compositions show higher values of ^cao '
than predicted. Our experimental data suggest that
a linear dependence of -Dcao'q on the forsterite con-
tent is not appropriate for olivines more iron rich
than F055, a s a l s o demonstrated by Snyder &
Carmichael (1992).
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Fig. 16. The variation of/JcaO*q a s a function of the forsterite con-
tent of the olivines. The dashed line (J+W '88) marks the pre-
dicted variation of Dcio" (with quoted errors) as a function of
olivine composition from the experimental results of Jurewicz &
Watson (1988). The error bars on the experimental data from this
study have been estimated from the standard deviation of CaO
concentrations shown in Table 2. The continuous line shows a sec-
ond-order polynomial fit to the experimental data, constrained to
pass through the Jurewicz & Watson (1988) data at high forsterite

contents.
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Mg—Fe partitioning between pyroxene and melt

The partitioning of iron and magnesium between
basaltic liquids and pyroxenes is another potentially
useful test of phenocryst-groundmass equilibrium. A
partition coefficient -̂ dFe-Mg may be defined as
(^Cpx/^CpgxO-^u|O/^Ei°), analogous to that pre-
viously defined for partitioning of Fe2+ and Mg
between olivine and melt. The calculation of A"dFe_"Mg
is complicated by the possible presence of ferric iron,
not only in the melt phase but also in the Cpx.
Grove & Bryan (1983), found that glass—phenocryst
pairs from natural mid-ocean ridge basalts
(MORBs) and experiments performed at 1 atm both
suggest AdFt-Mg that is ~0-23. No compositional
dependence of A"dFe-Mg w a s inferred from their data
but the lowest mg-number(melt) studied was 46, and
thus the effect of low m^-number on partitioning was
not constrained. Experiments by Hoover & Irvine
(1977) in part of the system Mg2SiO4-Fe2SiO4-
CaMgSi2O6-CaFeSi2O6-KAlSi3O8-SiO2 covered a
much larger range of mg-number(melt) and reported
-KdFe-Mg values of 0-19-0-26, with a general decrease
with falling mg-number(melt).

The calculated values of A F̂e-Mg from this' study
are shown in Fig. 17 as a function of the mg-xmm-
ber(melt); no consistent dependence of A"d on yb2 is
apparent. /fdF*-Mg varies between 018 and 0-26,
with lower values at lower melt mg-number. These
results agree with those of Hoover & Irvine (1977),
and imply that the value of 0-23 suggested by Grove
& Bryan (1983) is appropriate for partitioning of
iron and magnesium between liquids and pyroxenes
in basaltic systems. The relatively small effect of melt

0.29

0.27

0.25

I i ? 0.23
U it,

% 0.21

0.19

0.17

0.15

' ' ri • 5 • - l

1*
O'

KEY
~ FMQ+I
A FMQ
O FMQ-1
• FMQ 2

5 10 15 20 25 30 35 40 45 50
w.?-number (melt)

Fig. 17. The variation of A F̂e-Mg as a function of the mg-number
of the melt. Both K<IFI~M2 and m£-number(melt) have been calcu-
lated taking into account the ferric iron content of the liquid, as
estimated using Kilinc et al. (1983). The ferric iron content of the
Cpx has been estimated from the stoichiometry of pyroxenes as
discussed in the text. The error bars are estimated from the stan-
dard deviation of melts and pyroxenes shown in Table 2, but may
be larger, particularly at FMQ.+ 1 where the ferric iron content of

the Cpx is poorly constrained.

mg-number on Fe-Mg partitioning between pyrox-
ene and melt is unlike that observed for olivine (cf.
Figs 15a and 17) and may be related to the mixing of
these elements on the Ml site of Cpx, which is
known to be nearly ideal (Davidson & Lindsley,
1985).

Ca and Fe partitioning between pyroxene and melt

Calcium is a major component of both clinopyroxene
and basaltic liquid, but Ca partitioning between
pyroxene and liquid is rarely considered. Following
the appearance of liquidus Cpx in our experiments
the CaO content of the pyroxene, expressed as the
wollastonite (Wo) component, decreases with falling
temperature, and reaches a minimum before
increasing again. The position of the Wo minimum
shifts to lower mg-number(Cpx) with decreasing fOf,
as shown in Fig. 8. This complex behaviour occurs
despite the continuous decrease in melt CaO content
with decreasing temperature, and the lack of effect of
_/o on melt CaO content (Fig. 2d). Consideration of
the molar ratios of iron and calcium in both the
pyroxene and coexisting liquid (Fig. 18a) reveals a
roughly linear relationship between them, which is
independent of/o2. To verify whether this relation is
true for a wide range of melt compositions the
experimental data for X^tq /^L?q and ^ p x /-̂ Cpx
and from the work of Shi & Libourel (1991) and Shi
(1992), for melts multiply saturated in
Ol + Plag + Cpx in the system CaO-MgO-Al 2O 3 -
SiO2-FeO, are shown in Fig. 18b. The experiments
of Shi & Libourel (1991) and Shi (1992) cover a
temperature range of 1220-1060°C, and both melt
and pyroxene compositions range widely, from silica
undersaturated to silica oversaturated. The large
compositional range of these data supports the gen-
eral applicability of our results for the covariation of
Xuq°IXf5q and X%pX /^cpx and and the observed
correlation can be approximated by a first-order
polynomial as shown in Fig. 18.

The observed relationship between Ca/Fe in clin-
opyroxene and Ca/Fe in the coexisting melt has sev-
eral useful applications. A minimum in Wo content
of Cpx is a common feature of natural tholeiitic rock
series, including the Skaergaard intrusion (Wager &
Brown, 1967). As noted above, the CaO content of
the melt phase in systems cosaturated in
Ol + Plag + Cpx generally decreases linearly with
falling temperature (Helz, 1987; Shi & Libourel,
1991; this study). Thus, using the Fe-Ca relations
shown in Fig. 18a, the observed variations in the
CaO content of pyroxenes from natural systems may
be explained in terms of the variation of FeO* con-
tent of the coexisting melts. The minimum in
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Fig. 18. (a) The covariation of the ratio of the mole fraction of
CaO and FeO* in the experimental melts and high-calcium clin-
opyroxenes. The error bars have been calculated from the stan-
dard deviation of CaO and FeO* shown in Table 2. Neither of
the ratios has been corrected for ferric iron. The ratio of calcium
to iron in the pyroxene and liquid may be adequately described by
a line iy = 4-54* — 117) as shown in the figure, (b) A comparison
of the covariation of the ratio of the mole fraction of CaO and
FeO* in the experimental melts and high-calcium clinopyroxenes
from this study, with those obtained in the system CaO-MgO-
AI2O3—SiO2—FeO at 1 atm. Eighteen points come from the study

of Shi & Libourel (1991), and 32 from the study of Shi (1992).

CaO(Cpx) is related to a maximum in FeO*(melt),
and the position of the Wo minimum as a function of
mg-number(Cpx) is related to the ;ng-number(melt)
at the peak iron content. The presence of a Wo
minimum in cumulate Cpx of the Skaergaard intru-
sion occurs following the saturation of the magma in
magnetite, and may thus imply that a peak in iron
enrichment did indeed occur at this time, as pro-
posed by Hunter & Sparks (1987). Campbell &
Nolan (1974) described tholeiitic rock series from the
Sudbury, Jimberlana, Skaergaard, Bushveld and
Bjerkrem—Sokndal layered intrusions. Each series
shows a Wo minimum, but the positions of this
minimum occur at different m^-number, covering the

range from 75 to 20. If the different locations of the
minima in Wo content of Cpx may be related to the
appearance of magnetite on the liquidus, this pro-
vides a qualitative indication of the relative oxida-
tion state of the magmas (because magnetite
crystallizes at higher mg-number under more oxidiz-
ing conditions).

Ma and Ca partitioning between plagioclase and melt

Plagioclase is one of the most common igneous
minerals, and the partitioning of sodium and cal-
cium between plagioclase and coexisting melt has
been extensively used for geo-thermometry (e.g.
Marsh et al., 1990). However, common composi-
tional zoning, and the potentially large influence of
water activity on plagioclase-melt equilibria limit
the use of plagioclase compositions as a test for phe-
nocryst-groundmass equilibrium. Values of Adof-Sa"1

[defined as (^pu°/^pitg0' -^Liq^/^Liq0)] from other
studies of anhydrous sub-alkaline basalts typically
range from 075 to 1-4 (Grove & Baker, 1984).
Values of AdCa5iaiq from this study, shown in Fig. 19
as a function of melt mg-number, vary between 0-8
and 1-6 and show no systematic variation with melt
mg-number. Consideration of potential errors owing
to Na volatility during experiments and to slight
zoning in plagioclase composition suggests that
within error a single value of 1-1 i0 - 2 is consistent
with the available data.

Cotectic proportions of crystalline phases
Over a given temperature interval the compositional
evolution of the melt phase is controlled by the rela-
tive proportions and the compositions of the solid
phases which have crystallized during that tempera-
ture interval, and estimation of cotectic proportions
is thus essential for the modelling of ferro-basaltic
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Fig. 19. The variation of A"dc*_'Jia'
q as a function of the mg-number

of the melt. The error bars have been calculated from the standard
deviation of CaO and Na2O shown in Table 2.
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differentiation trends (e.g. Toplis, 1994). During
equilibrium crystallization the relative modal abun-
dances of solid phases at a given temperature do not
in general represent cotectic proportions, owing to
the proportion of new phases on the liquidus being
'diluted' by existing crystals. The cotectic propor-
tions of minerals produced by equilibrium crystal-
lization may be estimated from variations in the
abundances of the individual mineral phases with
falling temperature (i.e. the relative gradients in
A% mineral/AT from Figs 11-14). Figure 20 shows
the studied T-fOi space divided into regions in which
the stable crystallizing assemblage is fixed, using the
inferred phase boundaries from Fig. 2, as well as the
onset of the inferred olivine resorption reaction
(Table 3, Fig. 12). Figures 11-14 show that within
error, the calculated modal abundances of individual
minerals increase linearly as temperature decreases
for r - /o , paths parallel to the FMQ buffer at all/o2
and temperature within each region defined in Fig.
20, with the notable exception of magnetite and
olivine. Table 4 shows the calculated variations of
mineral abundance as a function of temperature,
and estimates of the Iff error based on regression of
data shown in Figs 11-14. These values have been
used to calculate the relative crystallizing propor-
tions of the stable minerals in each region for crys-
tallization parallel to the FMQ buffer, and are also
shown in Table 4. Because the high-temperature
boundaries of clinopyroxene, magnetite and ilmenite
are oblique to the/o2

 ax 's (Fig. 20) this implies that

I 5

I.I)

_ 0 5

a
§ no

IV '
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1
11,1
lib
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I04O IIW1 I0RO | 100 11^0 1140 HW) IIK0 |2(KI 1:20
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Fig. 20. A summary of the phase relations of the studied composi-
tion as a function of temperature and /o, . Each small symbol
represents an experiment using either SCI (squares) or SC4 (cir-
cles). The inferred phase boundaries are marked as continuous
lines, and the dashed line marks the approximate onset of olivine
resorption inferred from the variation of the absolute modal abun-
dance of olivine as shown in Fig. 12. Regions II and III have
therefore been divided into portions where olivine is a primary
crystallizing phase (a), and a portion where olivine will not crys-
tallize if the system crystallizes under conditions of fractional crys-
tallization, or where olivine will resorb if the system crystallizes

under conditions of equilibrium crystallization (b).

their modal abundances will depend not only on the
temperature interval considered, but also on the
change in AFMQ over that temperature interval.
Quantification of these effects is beyond the scope of
this paper, but must be considered when modelling
basalt crystallization paths under conditions open
and closed to oxygen (e.g. Toplis, 1994; Toplis &
Carroll, unpublished).

Cotectic proportions of minerals forming in basal-
tic magmas have been obtained from (a) observation
of natural cumulates, (b) measurements from
experimental studies, and (c) modelling of major
element variation in rocks from volcanic suites.
Olivine + plagioclase is a common cumulus assem-
blage found in the lower parts of many basic intru-
sions (e.g. Rhum intrusion, Brown, 1956; Kiglapait
intrusion, Morse, 1979), and the typical relative
abundances of Ol3:Plag7 are excellent agreement
with the results of this study (Table 4), and the
experimental results of Grove & Baker (1984), for a
basalt from the Galapagos spreading centre. The
assemblage Ol-Plag-Cpx is also common in natural
basalts, with typical (average) cotectic proportions
of Ol15:Plag55:Cpx30 (Biggar, 1983). Results for
basalts from the Oceanographer Fracture Zone
(Shibata et al., 1979), based on mass balance calcu-
lations, suggest crystallizing proportions of
Oli2:Plag54:Cpx33, and basalts from the Deccan
Traps (Cox & Mitchell, 1988) suggest similar pro-
portions in the range 0110-i5:Plag50-6o:Cpx3o-4o;
these are in broad agreement with the experimental
data from this study (01i8:Plag5o:Cpx32), and from
the experiments on a Galapagos basalt
(Oli7:Plag58:Cpx25; Grove & Baker,1984). Studies of
simple basalt analogue systems CaO-MgO-Al2O3-
SiO2-FeO (Shi & Libourel, 1991; Shi, 1992) and
CaO-MgO-Al2O3-SiO2-Na2O (Soulard, 1992)
show that the crystallizing ratio of plagioclase to
pyroxene in olivine-saturated melts is a sensitive
function of the bulk composition, and this may in
part explain the variability of the Plag:Cpx ratio in
natural samples. Plagioclase is observed to be
favoured over pyroxene for more silica-rich compo-
sitions, which may be explained by the increase in
normative plagioclase at higher silica contents. The
lower silica content of the composition SCI used in
this study (~48-5 wt% SiO2) compared with that of
the composition used by Grove & Baker (1984)
(~51 wt% SiO2), is consistent with the differences
in inferred cotectic phase proportions.

Factors affecting Fe—Ti oxide crystallization
The crystallization of Fe—Ti oxides has a large influ-
ence on the compositional evolution of the coexisting
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Table 4: Cotectic proportions

Region* 01 PI Cpx llm Mt

(a) Variation of mineral abundance as function of temperature (wt %/100°C)

I 21(1)b 47(3)

II 20(2) 53(3) 35(3)

Ilia 18(2) 48(5) 48(3)

1Mb resc 48(5) 48(3)

IVd.. 48(5) 49(6)

Vd 43(9) 49(6)

11(1)

4(1)

18(4)

25(8)

(b) Crystallizing proportions (wt%)

I

II

Ilia

1Mb

IVd°

V

31(2)

18(2)

14(2)

res0

—

—

69(5)

50(4)

38(4)

48(6)

42(5)

37(9)

—

32(3)

38(3)

48(4)

43(6)

42(7)

—

—

9(1)

4(1)

—

—

—

—

—

15(4)

22(7)

a Refers to regions defined in Fig. 20. (For abbreviations of mineral names, see Table 3.)
b Numbers in parentheses represent 1 a errors.
c Olivine is not a stable phase and wi l l resorb under conditions of equilibrium crystallization. The
quoted value is taken from experiments at FMQ - 1 , but is poorly constrained.
d The abundance of magnetite has been assumed to increase linearly w i th temperature, although the
experimental data are not accurate enough to confirm this.
0 Insufficient data are available to quantify the variation of mineral abundance w i th falling temperature.
Extrapolations f rom adjoining regions have been made.

liquid, particularly the silica and iron contents (Fig.
4). Figure 2 shows that below ~1100°C Fe-Ti
oxides are stable over the entire range of/o2 investi-
gated, but the identity of the stable Fe-Ti oxide is a
sensitive function of/o2, with magnetite-ulvospinel
solid solution being stable at higher /o, , ar>d ilme-
nite—haematite solid solution at lower/o2- The large
positive AT/A/oj slope of the magnetite liquidus
reflects the dependence of Mt stability on oxidation
state (and thus the ferric iron content of the liquid).
Figure 21a shows that the ferric iron content of Mt-
saturated melts [estimated using Kilinc et al. (1983)]
is approximately a linear function of inverse tem-
perature, independent of/cy Although Toplis et al.
(1994) have shown that in phosphorus-bearing
melts, the calculated ferric iron contents of magne-
tite-saturated melts [using Kilinc et al. (1983)]
increase with P2O5 content, even at fixed tempera-
ture (their fig. 11), comparison of the data from this
study with those from magnetite-saturated melts
reported by Juster et al. (1989), Snyder et al. (1993)

and Thy & Lofgren (1994) (Fig. 21b) shows that
within the uncertainties associated with the calcula-
tion scheme of Kilinc et al. (1983), the proposed
relationship is broadly true. In detail, the gradient of
the ferric-iron contents of magnetite-saturated melts
as a function of inverse temperature is very similar
for the melts produced in this study and by Juster et
al. (1989), but is distinctly greater than that inferred
for the melts produced in the experiments of Snyder
etal. (1993) and Thy & Lofgren (1994). This may be
qualitatively explained by the presence of phos-
phorus in the last two studies, and the lack of it in
the former two. However, the data suggest that a
simple relationship between temperature and the
ferric iron content of magnetite-saturated melts
exists, which is potentially useful for predicting the
onset of magnetite crystallization.

The data from this study suggest that the crystal-
lization of ilmenite as the first oxide phase is inde-
pendent of oxidation state (Fig. 2), and is probably
controlled by the melt TiC>2 content (Fig. 4a).
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Fig. 21. (a) The variation ofln(wt% Fe2O3) of the melt as a func-
tion of inverse temperature. Experiments saturated in magnetite
are signified by filled symbols. The data for magnetite-saturated
melts may be described by the equation j> = — 319x + 24-22, which
is independent of the/o2

 o r proportion of magnetite, as shown in
the figure, (b) A comparison of this study with data from the lit-

erature.

Ilmenite saturation at ~5-0 wt% and
~1100°C is consistent with data from a number of
terrestrial systems which are inferred to crystallize
ilmenite at very similar temperatures and TiO2 con-
tents (4-5-5-5 wt% TiO2 at ~1100°C, e.g. Delong
& Chatelain, 1990; Helz, 1987). At lower tempera-
ture the TiO2 contents of melts from this study con-
taining only ilmenite as an Fe-Ti oxide phase may
be described as a linear function of temperature,
which is supported by the data of Juster et al. (1989)
and Thy & Lofgren (1994), as shown in Fig. 22.

Olivine stability and silica activity

Olivine resorption is a common feature of many sili-
cate systems, and may significantly influence the
evolution of melt composition during the differentia-
tion of basaltic magmas (Helz, 1987; Juster et al.,
1989). Olivine resorption is generally considered to
proceed by reactions involving the formation of
either magnetite or the Mg-Fe component of
pigeonite:

O ? A

1040 1060 1080 1100
Temperature (°C)

I 120

Fig. 22. The variation of wt % TiO2 of ilmenite-saturated melts
from this study, and data from the literature.

1 + SiOi-iq ^ 2FeSiOfig. (3)

Although reaction (2) will be sensitive to the./o2, the
activity of silica (flsiO2) will also influence the stabi-
lity of olivine relative to magnetite and/or pigeonite.
Qualitatively, in reducing conditions reaction (2)
may not be able to pass to the right, but if the asio2

is sufficiently high, destabilization of olivine may
form pigeonite [reaction (3)]. Oxidation leads to the
formation of magnetite, but also drives silication
[reaction (2)] therefore promoting pigeonite stability
[reaction (3)]. Both magnetite and pigeonite may be
present, but at low flsiO, magnetite will be favoured
[reaction (2)], whereas increasing the fisio2 will
favour the formation of pigeonite [reaction (3)].

The resorption of olivine inferred from the results
shown in Fig. 12 is not associated with the immedi-
ate precipitation of another crystalline phase, thus
suggesting that neither of the above reactions is
occurring and that olivine is in continuous reaction
with the liquid. The onset of resorption, however,
roughly parallels the magnetite liquidus, suggesting
that a reaction of type (2) may be applicable. This
implies that olivine is reacting to form a magnetite
component in the liquid, rather than a magnetite
component in the solid phase. A similar reaction of
olivine with the liquid has been described by Shi &
Libourel (1991) for reaction (3) in the vicinity of the
pigeonite cotectic in the system CMAS + FeO. The
lack of pigeonite in our experiments implies that
reaction (2) dominates, and that the flsio, is there-
fore relatively low and constant. The observed
dependence of olivine resorption on /o 2 (see Fig. 12)
is also consistent with the dominance of reaction (2).
At oxidizing conditions, the activity of FesO4 in
magnetite-ulvospinel solid solution is greater than at
reducing conditions. If a similar proportion of
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'Fe3O4-Fe2TiO4' is formed at all / O j this therefore
requires a larger proportion of olivine to be resorbed
at higher _/Q2> in agreement with the experimental
observations.

The data available from experimental studies and
natural systems suggest that reactions (2) and (3)
may both occur to varying degrees in typical ferro-
basaltic melts. Examples may be found of systems
which contain cumulus magnetite and no pigeonite
(e.g. Kiglapait; Morse, 1979; this study), cumulus
magnetite and intercumulus pigeonite (e.g.
Skaergaard; McBirney, 1989), both magnetite and
pigeonite as cumulus phases (e.g. Galapagos FeTi
basalts; Juster et al., 1989), and only pigeonite as a
cumulus phase (e.g. CMAS + FeO system; Shi &
Libourel, 1991). Given that all of these sources are
inferred to have crystallized from very similar ferro-
basaltic liquids, this implies that the reaction rela-
tions of olivine depend strongly on the oxygen fuga-
city and silica activity of the system.

CONCLUSIONS
The results of this experimental study document the
effects of variable / o 2 on the phase equilibria and
mineral and melt compositions of a ferro-basaltic
composition. They~o2 is found to have a large influ-
ence on the stability of the Fe-Ti oxides. The
appearance temperature of the magnetite-ulvospinel
solid solution series is ~1100°C along the FMQ,
buffer, increasing by ~30°C per log _/o2

 u r»t
increase. Above the FMQ_ buffer magnetite is the
first Fe—Ti oxide to appear on the liquidus, but
below F M Q a member of the ilmenite-haematite
solid solution is the first Fe-Ti oxide. Its appearance
temperature of ~1100°C remains approximately
constant between F M Q and FMQ,- 2. Mass balance
calculations and textural evidence suggest that oli-
vine resorption occurs at all/o,> a n d that the onset of
resorption roughly parallels the appearance of mag-
netite, occurring ~10°C higher. Consideration of
the factors controlling the saturation of the Fe—Ti
oxides suggests that the ferric iron content of mag-
netite-saturated melts is a linear function of inverse
temperature. Similarly, the appearance temperature
of ilmenite may be related to the TiC>2 content of the
coexisting melt. Magnetite saturation results in
immediate enrichment of the melt phase in SiC>2,
and depletion in FeO*. Ilmenite saturation results in
a similar enrichment in SiC>2, but iron enrichment in
ilmenite-saturated melts may continue for ~10°C
below the ilmenite liquidus. Experimental liquids
reached a maximum of ~18 wt % FeO*, at ~48
wt % SiC>2, for ilmenite-saturated melts at low JQ ,

but more differentiated melts became depleted in
iron and enriched in silica.

The effect of/o2 on silicate mineral compositions
and element partitioning between coexisting
mineral-melt pairs is relatively small. In contrast,
the compositions of both magnetite and ilmenite are
sensitive functions of/o2j D U t show little variation in
composition with temperature. Simple thermo-
dynamic considerations of the distribution coeffi-
cients for iron and magnesium between olivines,
pyroxenes and their coexisting iron-rich melts sug-
gest that observed variations may be explained by
non-idealities of Fe-Mg mixing in the crystalline
phases, rather than non-idealities in the coexisting
iron-rich melts. The measured partitioning of iron
and calcium between Ca-rich clinopyroxene (Cpx)
and melt suggests that a peak in the iron content of
the melt with falling temperature may result in a
minimum in wollastonite content of the Cpx (a
common feature of many tholeiitic intrusions).
Cotectic proportions for the assemblages Ol + Plag
and Ol + Plag + Cpx estimated from mass balance
calculations are found to be independent of tem-
perature and /o2>

 a n d are in good agreement with
values reported in the literature. The results suggest
that the cotectic proportion of magnetite and ilme-
nite may be more complicated functions of both
temperature and/o2 .

These results provide indications of the composi-
tions of the crystalline and melt products of ferro-
basaltic differentiation, but are limited in applica-
tion to the case of equilibrium crystallization. To be
more relevant to natural systems an attempt must be
made to consider the effects of fractional crystal-
lization, and systems evolving closed to oxygen. The
mineral proportions, distribution coefficients and
factors affecting Fe-Ti oxide stability provided by
the experiments described here may be used to
model processes such as fractional crystallization and
crystallization under conditions closed to oxygen,
which are not easily investigated experimentally
(Toplis, 1994; Toplis & Carroll, unpublished).
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