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Cobaltous oxide as a chemical analogue for ferrous iron in experimental petrology:
an alternative solution to the iron-loss problem
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Abstract

The loss of iron from starting compositions to noble-metal capsule materials is a serious ex-
perimental problem which occurs at high temperature over the most interesting ranges of ox-
ygen fugacity. One-atmosphere experiments indicate that equimolar substitution of CoO for
FeO creates an analogue system which maintains constant composition, enabling equilibrium
experiments to be performed. Using CoO as a chemical substitute for FeO permits the experi-
menter to simulate any desired oxygen fugacity, accurately reproduce phase relations occur-
ring in ferromagnesian systems, and generate liquid compositions which may be corrected to
yield accurate estimations of FeO-bearing liquids. To a lesser degree, temperatures may also
be corrected. Available data indicate that the analogue remains valid at high pressure. Thus,
the cobalt analogue technique provides a flexible alternative for modelling maflc systems at
high temperature while avoiding the'iron-loss problem.'

Introduction

During the past two decades the number of experi-
ments conducted on ferromagnesian rock composi-
tions has risen dramatically. The development of new
techniques and apparatus, which attain temperatures
of 1700"C and pressures of 35 kbar routinely, is
largely responsible. The ability to reproduce upper
mantle-lower crust conditions has led to consid-
erable experbnentation on peridotite and other 'ba-

saltic' compositions. However, these experiments
have been plagued by a persistent experimental
problem-iron loss.

The iron-loss problem

Simply stated, the 'iron-loss problem'results when
the iron content of the sample at the end of an exper-
iment is lower than it is in the starting composition.
This phenomenon arises at high temperature, over
the most interesting oxygen fugacity ranges, and is

'Present address: Rockwell Hanford Operation, ll55 Jadwin
Avenue, Richland, Washington 99352.
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due to the considerable solubility of iron in the more
popular capsule materials. In a typical piston cylin-
der experiment, at temperatures in excess of 1200"C,
it has been demonstrated that the relative loss of FeO
to a platinum capsule from an andesite composition
is nearly 100 percent in 3 hours (Stern and Wyllie,
1975). While iron loss is not always as severe as this,
varying as a function of capsule material and temper-
ature, it is an inescapable fact that equilibrium exper-
iments cannot be conducted when the bulk composi-
tion is changing.

There have been many attempts to curb or elimi-
nate iron loss, some more successful than others. The
best method is to reduce relative loss by maximizing
the sample/capsule mass ratio (e.9. Hill, 1969; Hol-
loway and Burnham, 1972; Helz, 1973). While this
method is generally applicable to one-atm experi-
ments (and can be used up to l0 kbar with a large-
volume, gas-media pressure vessel), it is impossible to
maintain a large sample/capsule ratio during piston
cylinder experiments because of the small samples,
about l0 milligrams.

to97



1098 COONS AND HOLLOIaAY: COBALTOUS OXIDE

Other capsule materials such as graphite, molyb-
denum, and iron have been used to alleviate iron
loss. However, none of these materials may be used
with confidence to contain experiments in which the
prevailing oxygen fugacity significantly exceeds that
defined by the reaction: Fe * VzOr: FeO (Walker e/
al., 1972). In addition none of these materials is
strictly inert. In the presence ofa vapor, graphite dis-
solves iron, and cannot be exposed to water without
producing additional species such as CO, and CHo.
Molybdenum also dissolves some iron, and a system
devoid of TiO, must be used or the capsule will react
to form MoTiOo and ultimately fail (Biggar, 1970).
Iron capsules should only be used in systems pre-
cisely saturated with Fe, otherwise a chemical poten-
tial gradient exists, which causes iron to be added to
or subtracted from the starting composition in order
to reach the saturation value (Kesson, 1974).

The remaining capsule materials in common usage
are noble metals and their alloys. These metals allow
experiments to be conducted over wide ranges of ox-
ygen fugacity, and so are the most widely used. Nei-
ther gold nor silver dissolves iron in appreciable
amounts. However, their relatively low melting
points (at one atmosphere 1063" and 9l0oc, respec-
tively) preclude their use in high-temperature experi-
ments. Platinum and alloys of silver and palladium
are thus the materials of choice when conducting
most high-temperature experiments. However, iron
loss to these materials may be considerable (Stern
and Wyllie, 1975).

It has been proposed that experiment duration be
kept to a minimum (e.9. Wyllie and co-workers;
Green and co-workers) to mimimize Fe loss. How-
ever, contrary to alleviating the problem, this proce-
dure compounds the error. Stern and Wyllie (19'15)
have shown that up to 40 percent of the FeO in an
andesite may be lost to platinum in as little as 20
minutes. Thus. because most of the iron loss occurs
early in the experiment, conducting experiments of
short duration serves only to compromise equilib-
num.

Earlier, Holloway (written communication to Wyl-
Ille, 1974) advocated finding a new capsule material
or confining experirnents to iron-free systems. The
first suggestion has strong appeal but is subject to the
discovery of a presently unknown material. The sec-
ond has been applied by Muan and co-workers, who
used iron-free systems to model natural composi-
tions. While this procedure maintains a constant
composition, it does not allow one to study the effects

of oxygen fugacity and FeO/MgO ratio on phase
equilibria.

An alternative is to model an iron-containing sys-
tem by substituting an analogous component for
iron. To be an improvement, the analogue must be
insoluble in platinum or silver palladium under ex-
perimental conditions and faithfully reproduce the
phase relations observed in the natural ferromagne-
sian system.

Cobalt as an analogu.efor iron

Cobalt was chosen as an analogue for iron from
thermodynamic considerations. Because phase rela-
tions and compositions may be predicted from the
Gibbs free energy, cobalt is the most likely choice for
an analogue to iron (Coons et al., 1976; Navrotsky
and Coons, 1976). In addition, CoO-MgO phases
generally exhibit nearly ideal solid solution (e.g. von
Wartenberg and Prophet,1935; Johnson et al.,l97l)
as do FeO-MgO phases (e.9. Bowen and Schairer,
1935; Nafziger and Muan, 1967). Consequently, fer-
romagnesian minerals, commonly observed in basal-
tic systems, should be adequately modelled by analo-
gous cobaltomagnesian phases. Finally, available
phase equilibria of cobaltomagnesian-silicate sys-
tems are similar to the relations of comparable ferro-
magnesian silicates, although the equilibria are
shifted to higher temperatures (e.9. Masse and Muan,
1965; Akinoto et al., 1965). Experiments (Coons e/
al., 1976) demonstrated that cobalt analogue compo-
sitions produce phase relations similar to those ob-
served in the natural ferromagnesian system, even
when the composition is as complex as a basalt. Fig-
ure I summarizes the earlier results, by comparing
the one-atmosphere phase relations of the l92l
Kilauea basalt (Hill, 1969) to its cobalt analogue as a
function of temperature and MO/(MrO3 + MO).'z
Iron loss was minimized by Hill (1969) by maintain-
ing a large sample/container ratio. In iron-contain-
ing systems, the MO/(MrO3 + MO) ratio is largely a
function of temperature and oxygen fugacity (Hill,
1969). In the analogue system, this ratio is main-
tained to simulate the effects of oxygen fugacity (see
Coons et al.,1976).

With minor exceptions (Coons et al., 1976), the
topologies of the phase equilibria of the two systems
are very similar. Phase relations of the cobalt ana-
logue are shifted to higher temperature relative to the
natural rock relations, reflecting the higher melting

2M refers to either Co or Fe.
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Fig. l. Comparison of the one-atmosphere phase relations of
natural and analogue l92l Kilauea basalt composition (Coons el
al., 1976). Dashed lines : natural composition; solid lines : ana-
logue composition; A and a : disappearance ofplagioclase; B :
disappearance of olivine; b : disappearance of olivine and clino-
pyroxene; C : disappearance of clinopyroxene and spinel (liq-
uidus); c : disappearance of spinel (liquidus).

points of cobaltous compounds relative to ferrous
compounds.

Platinum wires used to hold the samples were ana-
lyzed by electron microprobe after repeated use. The
results (Fig. 2) indicated that cobalt loss to platinum
is insignificant (less than 7 relative percent) in air at
temperatures in excess of 1300"C (Coons et al.,
1976). The low value cited above is in good agree-
ment with the theoretical one-atmosphere saturation
value of cobalt in platinum (Schwerdtfeger and
Muan, 1964). However, it should be noted that the
low solubility is a result of the low activity of cobalt
metal at the high oxygen fugacity (10-o') of the ex-
periments. Thus, high-pressure experiments must
maintain an elevated oxygen fugacity to maintain the
correct FerO./CoO ratio and prevent appreciable
solubility of cobalt in the container.

While the preliminary experiments demonstrated
that cobalt analogue systems produce phase relations
topologically similar to those observed in the natural
systems, and that cobalt can be prevented from dis-
solving in the container, no comparison was made of
phase complications. A meaningful comparison of
corresponding natural and analogue phase composi-
tions can be obtained only at points in space which
are precisely defined by the phase assemblage. Ac-
cordingly, an analogue to the simple basalt system
anorthite-forsterite-magnetite-quartz was investi-

gated for comparison with results obtained by Roe-
der and Osborn (1966).

Experimental methods

Sample preparation

All starting compositions were synthesized by
weighing out appropriate amounts of analytical-
reagent-grade oxides and carbonates to yield l0 g
batches of desired compositions. Analogue composi-
tions were obtained by equimolar substitution of
CoO for FeO. The mixtures were ground for approx-
imately 30 minutes under acetone in an automatic
agate ball-mill, then gently dried and fired at 1000'C
overnight. Next, the mixtures were subjected to three
replicate 3-hour fusions at 1400"C in air and re-
ground between each fusion, as above, in acetone.
Glasses were analyzed by electron microprobe to
check homogeneity. [n addition, compositions were
checked by X-ray fluorescence analysis, and the
glasses were examined for the presence of crystals by
standard petrographic techniques. Analyses showed
the resulting glasses accurately corresponded with

T I M E  H r s
Fig. 2. Relative weight loss of metal to capsule from sample.

Pt(Fe) : loss ofiron to capsule at 1250'C. AgrrPd2r(Fe) : loss of
iron to platinum at 1200'C. P(Co) : loss ofcobalt to platinum at
1350'C. The data for iron loss from platinum are from Merrill and
Wyllie (1973) and Ag7.Pd2. from Stern and Wyllie (1975).
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the weighed compositions and were homogeneous.
Note, however, that microprobe analyses of the
glassy products following a single fusion showed
gross heterogeneity. Bulk compositions are listed in
Table l.

At one atm CoO and FerO, are compatible in air
at temperatures in excess of 800oC (see Fig. 3). The
overlapping stabilities of CoO and FerO, allow the
experimenter to simulate any oxygen fugacity of in-
terest. On an isotherm, the effect of varying oxygen
fugacity is to alter the relative amounts of polyvalent
components (r.e. changes the FerOr/FeO ratio).
Thus, analogue compositions may be synthesized
with any desired FerO./CoO ratio to simulate the ef-
fects of oxygen fugacity. FerOr/FeO molar ratios ap-
propriate for desired temperatures, bulk composi-
tions, and oxygen fugacities were calculated from an
equation which was kindly provided by Dr. H. S.
Waff and which is presented here with his per-
mission.

log (FeO, ,/FeO) : 0.025X(FeO) + 0.22491og /O,
+ 4550/T"K- 2.73 ( l )

(Waffand Weill, in preparation)

where X(FeO) is all iron calculated as the mole frac-
tion of FeO. This relation holds only for composi-
tions which contain less than 8.95 mole percent total
alkali. It should be remembered that both cobalt and
iron are polyvalent. Therefore care was taken neither
to oxidize the CoO nor reduce the FerO. components
of the mix significantly (see Fig. 3).

Experimental procedure

Small pieces of homogenized glass (-0.07 g) were
placed in 0.4 cm diameter loops of 0.05 cm diameter
platinum wire and fused into beads with an oxygen-

Table L Bulk comoositions of starting materials

I T I  O N S

11oo 
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17oo

Fig. 3. Stability fields ofcobalt and iron oxides as a function of
temperature and oxygen fugacity; see text for data sources.

methane torch. Several samples were simultaneously
suspended from 0.010 cm platinum quench wire.

Temperature was maintained with a proportional
band controller and a silicon-controlled rectifier and
monitored with 0.051 cm Pt-PtnoRh,o thermocouples.
The vertical temperature gradient within the hot
zone of a vertical silicon-carbide quench furnace was
measured and found to be +l .5oC over 6 cm.
Thermocouples used to read temperature were peri-
odically calibrated against a thermocouple certified
by the National Bureau of Standards. Constant tem-
perature was maintained and is believed accurate to
+5"C. Charges were brought 20"C above liquidus
and held for approximately 30 minutes. Temperature
was then dropped rapidly to the temperature of inter-
est, where it was held for at least 45 hours. Experi-
ments were terminated by passing an electric current
through platinum electrodes and melting the thin
quench wire. All charges were quenched into a
beaker of water at room temperature.

Each run product was divided into two splits, one
for petrographic inspection and one for microprobe
analysis. Where possible, the bottom portion of each
sample bead was split in half so that stable crystals
which had settled during the run could be distin-
guished from quench crystals which had not settled.
Phases were identified using standard optical tech-
niques and verified where necessary by electron mi-
croprobe. Portions of platinum wire loops, which had
been used repeatedly, were saved and analyzed for
cobalt. Owing to the small amount of crystalline ma-
terial, not all phases observed microscopically were
located in the polished slabs prepared for micro-
probing. When successive grindings and polishings
failed to reveal complete phase assemblages, an opti-

d

Oxide I

s i 0 2  3 8 . 4 1
A 1 2 0 3  1 4 . 8 3
l e 2 0  3  1 . 0 4
C o O  2 3 . 0 8
M g O  1 4 . 4 8
C a O  8 .  1 6

S

s i 0 2  4 6 . 7 8
A 1 2 0  3  L 4  . 6 5
F e  2 0  3  1 . 0 1
C o O  2 0 .  8 8
M s O  8 .  5 9
C a O  8 . 0 6

J K

4 2 . 4 2  4 6 . 2 8
1 4 .  8 l  1 4 .  8 1

. 8 3  . 6 7
2 0 . 7 9  1 8 . 5 0
1 3 . 0 1  1 1 . 5 9

8 .  1 4  8 . r 4

T U

4 5 . 8 1  6 0 , 5 2
1 , 4 . 6 5  1 4 . 6 5

. 7 0  . 0 5
1 8 . 5 0  2 . 8 5
L I . 4 5  1 , 3 . 7  5

8 . 0 6  8  . 0 6

L M

5 0  .  2 1  5 4 . O 2
1 4 , 7 9  1 4 . 7 5

. 5 3  . 4 0
) . 6 . 2 0  1 3 . 8 7
1 0 . 1 3  8 . 8 4

8 .  1 4  8 .  1 2

W X

5 5 . 8 0  5 4 . 9 6
1 4 . 6 5  1 4 . 6 5

. 1 3  . 3 4
5 .  7 0  t r . 3 2

1 5  . 4 6  1 0 .  3 1
8 . 0 6  8 . 0 6

O P

5 8 . 0 4  4 6 . 5 4
1 4 . 7 6  1 4 . 6 5

. 3 0  L . 2 8
1 1  . 5 8  2 3 . 0 7

7  . 2 I  5 . 7 2
8 .  1 1  8 . 0 6

Z

5 3 . 2 4
1 4 . 6 5

. 3 7
1 1 . 2 9
L 2 . 0 3

8 . 0 6



cal microscope was used to determine the stable
phase assemblage.

Analytical procedure

Microprobe analyses were performed on an auto-
mated ARt electron microprobe. Data were generated
using a 20 kV accelerating potential and a specimen
current in the range of 40 nanoamperes. Machine
drift was monitored by analyzing standards of known
composition. When analyses were not in the range
100+2 weight percent, the instrument was recali-
brated and any data collected over that interval were
discarded. Data were reduced using a Bence-Albee
(1969) correction. Standards employed were syn-
thetic cobalt diopside glass for CoO, natural ortho-
pyroxene for MgO and SiOr, synthetic anorthite for
CaO and Al2O3, and natural ilmenite for FeO. Sam-
ples which had previously been analyzed using a
Cameca MS 46 electron microprobe and a Co metal
standard were reanalyzed using the above procedure.
The new analyses were the same, within analytical
error, as those reported by Coons et al. (1976\.3

Equilibrium was tested by duplication of experi-
mental data at the lowest-temperature (1250.C) ex-
periment in runs of diflerent duration. Run durations
were in exoess of 48 hours for all standard experi-
ments. For the equilibrium test, the experiment
lasted 160 hours. All phases were analyzed and com-
pared with those of the 48-hour experiment (see
Table 2). Because the results of the two experiments
were essentially identical, and because the low-tem-
perature runs will have maximum viscosity (hence
the slowest diffusion), runs at higher temperatures
made for the same time are also assumed to have

3To obtain a copy of these analyses, order Document AM-79-
103 from the Business Office, Mineralogical Society of America,
2000 Florida Ave., NW, Washington, DC 20009. Please remit
$1.00 in advance for the microfiche.

COONS AND HOLLOI{AY: COBALT:OUS OXIDE l  l0 l

equilibrated. No direct attempt was made to reverse
the experiments; therefore the possibility of meta-
stable phases cannot be excluded.

Results and discussion

The phase-equilibria results are listed in Table 3
and shown in Figure 4. For visual presentation, the
6-component system is reduced to a pseudoternary
by (l) maintaining the Fe,O,/CoO ratio within de-
sired limits; (2) investigating a plane of constant
anorthite composition; (3) assuming the CalAl ratio
in all phases is restricted to the stoichiometric pro-
portions of anorthite (Roeder and Osborn, 1966).

In iron-containing systems the equilibrium ratio of
FerO, to FeO is largely a function of oxygen fugacity
and temperature (see eq. l). For ease of presentation,
Roeder and Osborn (1966) calculated all iron in liq-
uids as FerOo, thus projecting all compositions onto
the magnetite stability surface. In the analogue sys-
tem, the ferriclferrous ratio is replaced by FerOr/
CoO, after determining an appropriate composition
from equation l. Allowing for reduction of portions
of the FerO3 component, the efects of oxygen fuga-
city may be simulated for each bulk composition
over a prescribed temperature range without in-
troducing significant error. (For the initial composi-
tions of this study, a temperature range of +25oC
produced an error of less than 0.5 log unit.) Follow-
ing Roeder and Osborn (1966), analogue liquid com-
positions were projected to the M.Oo oxide surface.
This was accomplished by calculating cobalt as a
mixed oxide. In other words. cobalt in excess of that
needed to account for iron as CoFerOo was calcu-
lated as CorOo.

Comparison of the liquidus diagrams, notably the
pseudoinvariant points (Fig. 4), reveals good compo-
sitional agreement between the FeO-bearing and
analogue systems. The analogue piercing points are
located closer to the forsterite apex than are the FeO-

Table 2. Equilibrium test at l250oc

Bulk
Composi t ion 144

n + + L ^ ^ , , - ^ . . ^ - ^v r  L , , u P y ! u ^ c r r c

48 Hours 1440x ide Hours

s i 0 2
A 1 2 0 3
F o ^ O  "
Co0
Mgo
Ca0

6 0 , 5 3
L 4 . 6 6

. 0 6
2 . 8 6

1 3 . 7 5
8  . 0 6

5 6 . 9 5
r .  4 3

. 0 5
4  , 7 9

3 6 . 0 2
t 1

. 0 7

. o 4

. 0 2

. 2 4

. 0 1

5 7  . 7 9
r . 2 8

4 . 6 8
3 5 . 9 7

. 2 6

!  . I 2
!  . 0 2

5 9 . 5 0
1 5 . 9 5

. r c
2 , 8 0

r 0 . 6 2
9 . 1 3

r  . l o

!  . 2 6
L  . 0 2
!  . 0 2
r  . 0 1
i  . 0 3

6 0 . 1 4
1 5  . 8 4

. 1 3
2 . 8 5

r0 .22
9 . 0 9

o/,

. 1 2

. 0 4

. 1 1
t o

. 0 4

+
+
+
+
+
+

+
+
+
+
+
+

Assoc ia ted  we igh lng  er ro r  less  than ,01  wt  %
t lnd icaEes sEandard  er ro r  o f  four  ana lyses
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Table 3. Summary of results of phase equilibria experiments on simple basalt composition

Exper inent
Tempera tu re  Du ra t i on

Run  ( "C )  (H rs .  )  Samo le  PhAses  p resen t Conrnents

r 340

1 3 3 0

t  310

I  350

7265

I27 5

L285
L250

1290

1 290

r  310

t i 2 5

7295

1 3 1 5

I299
r 2 2 0

I - 2  o l i v ,  o x ,  g l a s s
J - 2  o l i v ,  o x ,  g l a s s

K-2  g lass
L - l  g l a s s
M- l  g lass

0-1  g lass
1 - 3  o l i v ,  o x ,  g l a s s
J - 3  o 1 i v ,  o x ,  g l a s s

K - 3  o p x ,  g l a s s

L-2  g lass

Pt-2 glass
I - 4  o 1 i v ,  g l a s s ,  p l a g
J - 4  o l i v ,  g l a s s

J - 4  o l i v ,  o x ,  g l a s s

0  -  5% c r ys ta l
0  -  52  c r ys ta l

p l ag?
pLag?
ol iv? -  207 crystal
q t z ?

q t z ?

opx? - 307. crystal

cpx?
0  -  52  c r ys ta l

opx?

IO  -  20% c r ys ta l
opx?

I27.  crysEal
1871 crystal
L2Z crystaL
7% crystaL
3% c rys ta l

l ess  t han  lZ  c r ys ta l
t r i d?

opx? ,  p l ag?
67. crystal
82  c r ys ta l

32 crystal

I O

72

4 8

5 0

56

8 3

4 8

66

l 5

l 6
l 8

l 4

2 0

2T

23

24

26

2 7
2B

) z

49
74

90

K - 5  o 1 i v ,  o p x ,  o x ,  g l a s s  5 0 %  c r y s t a l

L - 4  o p x ? ,  g l a s s
M - 3  g l a s s

L - 5  o p x ,  g l a s s
L - 6  o p x ,  g l a s s
P - l  o p x ,  g l a s s

S - 1  o x ,  o p x ,  g l a s s

T - 1  o x ,  g l a s s
P - 2  g l a s s

S - 2  o x ,  g l a s s
T - 2  o x ,  g l a s s

P - 3  o x ? ,  p l a g

S - 3  o x ,  g l a s s
S - 4  o x ,  g l a s s

T - 3  o p x ,  g l a s s
T - 5  o l i v ,  o x ,  g l a s s

U - 2  p l a g ,  g l a s s
\ t -2  opx ,  g lass
O - 2  g l a s s

U - 3  g l a s s

I t -3  opx ,  g lass

X-3  opx ,  g lass

J - 9  o 1 i v ,  o x ? ,  g l a s s
O - 3  t r i d ,  g l a s s

19

5 0

6 8

9 5

bearing piercing points. This is a consequence of the dure assumes that deviation from FeO-bearing com-
greater partitioning of CoO into olivine and pyrox- positions arises solely from the unequal partitioning
efle as compared to FeO. For instance, Ko CoO/ of MO (where M: Fe or Co), as cited above. This is
MgO for olivine/liquid' is 0.61 (Coons et al., 1976\. justified, in part, by recognizing that the analogue
while K" FeO/MgO olivine/liquid is 0.30 (Roeder liquid compositions precisely reflect those of the
and Emslie, 1970). FeO-bearing system except for the MO/MgO ratio.

An improved approximation to FeO-bearing liq-
uid compositions miy be made by correction thrlug^h Correction of the analogue liquid composition

these distribution constants, provided either olivine In the correction procedure, the first step is to con-
or orthopyroxene is an equilibrium phase. The proce- vert the experimentally-derived analogue composi-

tion to molar quantities. The total number of moles is
4KDMo/Mgo for ol,/liq refers to the molar exchange reaction: considered fixed, and only the molar ratio of CoO/

MO (ol) + MgO (liq) : MgO (ol) + MO (liq). MgO is variable. In this case it was necessary to esti-
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Fig. 4. Comparison of analogue and natural liquidus relations for the simple basalt on the An : 40 wt Vo plane at log /Oz : -9.0.

Light lines : natural system (Roeder and Osborn, 1966); heavy lines : analogue system; dots: data points, this study.

mate the olivine composition at the olivine-pyrox-
ene-magnetite piercing point in the iron-bearing sys-
tem (Roeder  and  Osbo rn ,  1966 ) .  Th i s  was
accomplished by first calculating the Fe,O./FeO ra-
tio of the liquid at an oxygen fugacity of l0-' bars
from equation I (Waff and Weill, in preparation).
Then the equilibrium olivine composition was esti-
mated from K" peO/MgO olivine/liquid : 0.30
(Roeder and Emslie, 1970). The resulting olivine
composition is 69.2 mole percent forsterite. Redistri-
bution of CoO and MgO in the analogue liquid to
conform to the ferromagnesian equilibrium ratio re-
sults in the corrected analogue composition shown in
Table 4. For reference, the estimated composition for
the FeO-bearing system (Roeder and Osborn, 1966)
is also shown, along with the absolute difference. The
agreement is exceptionally good and reflects the well-
characterized nature of olivine-liquid cation distri-
bution. A similar correction for the analogue pseudo-
invariant liquid composition in equilibrium with
orthopyroxene-quartz-magnetite is also shown in
Table 4. The agreement with the estimated FeO-
bearing composition is not as good as that for the as-
semblage containing olivine. This is attributed to the
less well-known nature of orthopyroxene-liquid cat-
ion distribution.

The best use of the cobalt analogue technique, as
above, occurs when the natural olivine or ortho-
pyroxene composition is known or can be indepen-
dently estimated. However, the analogue system may
be used as an effective model for natural liquid com-
positions as long as olivine or orthopyroxene are

stable----even if there is no prior estimate of their
equilibrium compositions. In these cases a bracketing
model is utilized. The minimum FeO/MgO ratio oc-
curs as the direct analogue of the experimental com-
position (r.e. CoO : FeO).The maximum FeO/MgO
ratio arises from applying the equilibrium ratio for
the ferromagnesian distribution (e.9. 0.30 for olivine,/
liquid) to the composition of the experimentally-de-
termined analogue phase. The natural liquid compo-
sition must lie between these two extremes. Figure 5
demonstrates the effectiveness of this approach.

It is notable that this correction procedure will
hold at all pressures up to 35 kbar, and perhaps
higher. Experiments conducted at pressures to 35
kbar show no change in K" CoO/MgO for either oli-
vine or orthopyroxene (Coons, 1978). By inference,

Table 4. Analogue liquid compositions after correction

O x i d e  C o r r e c l e d  a n a l o g u e  l r o n - b e a r i n g  A b s o l u t e  d e v i a t l o n
I i

C o r r e c t l o n  u s i n g  o l i v l n e ;  K -  =  0 . 3 0

s i 0 2  4 4 . 9 7
A 1 2 0 3  L 3 . 9 9
F e 2 0 3  5 . 3 r +
' r ' e 0  '  2 0 .  3 8
M g O  7 . 4 0
C a O  7 , 1 8

s i 0 2  5 3 . 7 9
A 1 2 0 3  7 4  4 9
F e 2 0 3  1 . 8 7
' r ' e o  r 7 . o 7
M g O  4 . 8 2
C a O  7 . 9 7

c o r r e c t i o n  u s i n g  o r t h o p y r o x e n e ;  K F  =  0 . 2 3

4 4 . 3 4' 1 4 . 6 6

4  . 5 2
1-9  .82
7 . 8 0
8 .  0 6

5 3 . 1 8
1 4  . 6 6

2 . 6 9
1 5 .  8 9

5 .  5 0
8 . 0 6

+ 0 .  6 3
- o . 6 7
+ 0 . 8 2
i 0 .  5 6
- 0 .  4 0
- 0 .  2 8

+0.  6 t

- 0 . 8 2
+ 1 .  1 8
-0 .  68
- 0 . 0 9
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6 0 % F o 6 0 %  o x

Fig. 5. Model correction of the invariant analogue liquid composition using an experimental olivine. Light lines : natural system
(Roeder and Osborn, 1966); heavy lines : analogue system; A : experimental liquid composition containing analogue olivine (mini-
mum model composition); O: maximum model composition.

this confirms Roeder and Emslie's (1970) suspicions
that K" FeO/MgO would not be pressure-dependent.
It is contrary to Mysen's (1975) findings that KD
FeO/MgO varies as a function of FerOr/FeO ratio
and pressure. While Mysen's experiments were wa-
ter-saturated, it seems more likely that the source of
disagreement lies in the uncertainty of his Fe'Or/
FeO (hence, f'eO/MgO) determination. It should be
emphasized that any change in K'' must be caused by
a phenomenon which affects FeO (or CoO) and MgO
to different extents.

One of the recurrent diferences between cobalto-
magnesian and ferromagnesian phase relations is the
higher melting temperatures in the analogue system.
It may be possible to approximate the equilibrium
temperature of natural relations from analogue re-
sults because of the thermal dependence of MO dis-
tribution between silicate and liquid. Linear regres-
sion analysis for MO distribution between olivine
and liquid is available for FeO (Roeder and Emslie,
1970) and has been performed on available data for
CoO (Leeman, 1974; Coons et al., 1976; Coons,
1978). The resulting motor distributions (D"n6 : MO
olivine/MO liquid) give rise to the following ex-
pressions for converting temperatures from analogue
to natural and natural to analogue systems respec-
tively.

log D*CoO : 4.04x-2.45 (2)

log D*FeO : 3.91x-2.51 (f)

where x: l0O0/T"K and D* : corrected DMO.

Approximating the equilibrium temperatures of a
ferromagnesian system from an analogue experiment
requires th;ee steps:

(l) Analyze the coexisting phases to determine the
molar ratio.

(2) Multiply this ratio by two to account for the
difference in MO partitioning (re. taking MgO as a
reference K" CoO : 0.61, K' FeO : 0.30, and O.6l/
0.30=2.0). This value is D*.

(3) Substitute into equation 2 for D* and solve for
temperature.

For example, analysis of coexisting olivine and liq-
uid located near invariant point X yields DCoO :
25.15/14.86: 1.6925. Multiplication by two and sub-
stitution into equation 2 yields a temperature of
l2O3"C (as opposed to the actual temperature for the
analogue experiment of 1299"C). This compares with
an estimate of ll90o+5oC for the corresponding
FeO-bearing invariant point (Roeder and Osborn,
r97 r).

It should be emphasized that the equations fisted
above for temperature estimation apply only to one-
atm experiments. It has been clearly demonstrated
that the linear temperature-dependence of simple
distribution ratios for olivine/liquid pairs varies with
pressure and changing bulk composition (Leeman,
le78).

Conclusion

We have demonstrated that at one atm CoO-con-
taining systems are useful analogues of FeO-bearing
systems. The chemography of the melting relations



for the two systems is nearly identical, and liquid
compositions are correctable. Analogue compositions
may be maintained constant by conducting experi-
ments at an elevated oxygen fugacity, which also al-
lows simulation of different FerOr/FeO ratios.

Available high-pressure data indicate that approxi-
mation of ferromagnesian compositions by cobalt-
magnesian compositions remains valid. Phase transi-
tions of geologically important phases appear to be
very similar (Akimoto et al., 1965,1969; Ringwood,
1968; Navrotsky and Kasper, 1976), and use of the
analogue at high pressure has met with success (Egg-
ler and Wendlandt, 1977). We therefore conclude
that the cobalt analogue technique provides a flex-
ible alternative for modeling ferromagnesian systems
when iron loss would otherwise prevent accurate de-
terminations. Some conditions and procedures which
will aid in producing and interpreting successful co-
balt analogue experiments follow.

(l) Reactions occur on a molar (not weight) basis.
Therefore, to simulate an iron-containing cornposi-
tion, CoO should be substituted for FeO in equimo-
lar amounts,

(2) Both Co and Fe form polyvalent oxides. Care
must be taken to stay within the prescribed range of
.lO, and composition (see Fig. 3 and eq. l).

(3) Some crystalline phases (e.9. olivine, ortho-
pyroxene) will reduce FerO. to FeO and incorporate
the 2+ state in their structure. When using distribu-
tion coefficients etc. to correct compositions, FeO +
CoO should be considered a single component.

(4) Because of the fractionation of CoO and FerOr,
their ratio in the liquid will change with the ratio of
crysta/liquid. If the purpose of the experiment is to
simulate a fixed oxygen fugacity, crystallization
should be minimized.

(5) Cobalt analogue cornpositions quench to
brightly colored phases, shades of either red or blue,
depending on the coordination of the cobalt ion. This
facilitates phase identification. However, the depth of
the coloration will depend on the amount of cobalt in
the phase as well as the thickness of the grain. There-
fore, optimum phase contrast will appear in thin sec-
tion, where crystal thicknesses will be approximately
equal.

(6) Identification of unstable quench crystals is of-
ten quite simple in analogue systems. In our experi-
ence, quench phases tend to be clustered together
and appear as very small crystals connected by blue
glass. When the quench phases are of larger size they
often contain streaks ofblue, suggesting the presence
of glassy material.
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(7) When selecting compositions for investigation
of ferromagnesian systems, it should be remembered
that CoO will be partitioned into crystalline phases
(at approximately twice the amount of FeO). This
causes shifts away from the 'FeO' end of phase dia-
grams.
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