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Garnet-spinel-olivine-orthopyroxene equilibria in the
FeO-MgO-Al03-Si02-Cr203 system:
II. Thermodynamic analysis
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Abstract: Experimental results for the four-phase assemblage in the MASCr (Doroshev et al., 1997) and
FMASCTr (Brey et al., 1999) systems are evaluated with respect to exchange (Fe-Mg and Cr-Al) and displaced
equilibrium reactions (Al solubility in orthopyroxene and spinel-orthopyroxene to garnet-olivine transition).
These equilibria are considered on the basis of the thermodynamic data of Berman (1988). The effects of
non-ideal mixing in solid solutions is approximated by a subregular Margules formulation, independent for
each site of spinel, garnet, and orthopyroxene solid solutions. Mixing parameters were calculated by linear
programming considering each experimental point as an independent half-bracket for the concentration term
in the respective equilibrium. Cr-Al mixing in all phases is not ideal, but the magnitudes of excess mixing
energies are not large. Spinel solid solution shows asymmetric Cr-Al and Mg-Fe excess mixing energy. Cr-Al
mixing in garnet is close to an ideal model with a symmetric Margules parameter of 0 to 6 kJ/mol. Standard
state properties of knorringite, Mg;Cr,Si3O» and orthopyroxene end-member MgCrAlSiOg are estimated. The
major factor determining concentration dependencies of equilibrium constants is the Gibbs free energy changes
of reciprocal reactions FeCr + MgAl = FeAl + MgCr in spinel and garnet. The derived thermodynamic
parameters are used to calculate phase relationships in the four-mineral region of the FMASCr system, which
models depleted mantle harzburgite. The Cr/(Cr+Al) ratio of garnet increases with both pressure and tempera-
ture, while that of spinel depends mainly on pressure. The distribution of Cr and Al between spinel and garnet
in equilibrium with orthopyroxene and olivine may be used as a thermobarometer for deep mantle xenoliths
and inclusions in diamonds.

Key-words: phase equilibrium, peridotite, linear programming, thermobarometry, FeO-MgO-Al,0;-SiO,-
Cr,03 system.

Introduction

Phase equilibria in the Earth’s mantle may be
quite successfully modelled by simple systems,
such as MgO-Al,05-Si0, (MAS) (Lane & Gan-
guly, 1980; Gasparik & Newton, 1984), FeO-
MgO-Al,05-SiO, (FMAS) (Harley & Green,
1982; Harley, 1984a), or CaO-MgO-Al,03-SiO,
(CMAS) (Herzberg, 1978; Perkins & Newton,
1980; Brey et al., 1986). The addition of Cr to
such simple systems greatly affects phase relation-
ships (O’Neill, 1981; Chatterjee & Terhart, 1985)

especially equilibria including spinel and garnet.
However, few experimental data were published
on the Cr-bearing systems under conditions rele-
vant to the Earth’s mantle (Webb & Wood, 1986;
Nickel, 1986). The experimental results presented
in the first part of this study (Brey et al., 1999,
hereafter Part I) provide a basis for estimating the
role of chromium on the equilibria between peri-
dotite minerals and on element partitioning be-
tween coexisting phases. The system FMASCr is
a close approximation to a depleted mantle harz-
burgite, which is generally very poor in Ca and in-
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compatible elements. Moreover, the effect of
minor Ca on the FMASCr system may be esti-
mated from experimental work on Ca behaviour
in garnet and pyroxene (e.g. Akella, 1976; Ellis &
Green, 1979; Harley & Green, 1982; Harley,
1984a, b; Brey et al., 1986).

Doroshev et al. (1997) presented results for
the MASCr system and calculated phase equili-
bria including chromium-rich garnet for a range of
pressures and temperatures. The present study
models phase relations in mantle peridotite using
the experimental data from the MASCr (Doroshev
et al., 1997) and FMASCr systems (Part I) at
pressures from 30 to 60 kbar and temperatures
from 1200 to 1500°C. The stability limits and
compositions of minerals in the four-phase harz-
burgite assemblage (olivine, orthorhombic pyr-
oxene, spinel, and garnet) are controlled by Fe-
Mg and Cr-Al exchange equilibria and the
enstatite + spinel = garnet + olivine reaction. The
latter reaction as well as Fe-Mg exchange equili-
bria have been repeatedly studied (e.g. McGregor,
1974, Danckwerth & Newton, 1978; Sack, 1982;
Engi, 1983; Sack & Ghiorso, 1989; von Secken-
dorftf & O’Neill, 1993; Harley, 1984a; Lee & Gan-
guly, 1988; Kawasaki & Matsui, 1977; O’Neill &
Wood, 1979). Our main concern is with Cr-Al par-
titioning and its influence on the stability fields of
garnet and spinel peridotites. The comparison
with the results on Cr-free systems is indirect
through application of the internally consistent
thermodynamic database of Berman (1988) ex-
tended by Sack & Ghiorso (1991, 1994a) and
mixing parameters consistent with this database
(Sack & Ghiorso, 1991, 1994b; Berman et al.,
1995). The thermodynamic data derived in the
present study and those taken from the internally
consistent data sets cited represent the new ex-
perimental data set without mutual conflict.

Thermodynamic formulation

Equilibrium for any chemical reaction is de-
scribed by:

AGT™ + RTInKp + AGey = 0 %))

where Kp is the concentration equilibrium con-
stant and ;G is the change in excess Gibbs free
energy. .GTF is the change of Gibbs free energy of
pure species at P and T, which can be calculated
from the thermodynamic properties (enthalpy H,
entropy S, heat capacity Cp, and volume V) of
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phases at reference temperature and pressure (T,
and Py):

ATGT‘P — ArHP“’T” _ TA[STD’})D

T T P
AC
+JACpaT-T j—T—"— dT+ [avdp )
Ty T, P,

The formulation of both Kp and G, depends on
the accepted model of solid solutions, which are
discussed below. Standard state properties for the
majority of species considered in this work are
given by Berman (1988) and Sack & Ghiorso
(1991, 1994b). The more recent thermodynamic
parameters provided by Berman & Aranovich
(1996) were not used for two reasons. First, unlike
the Berman (1988) data, the standard properties of
end-members were optimized together with mix-
ing properties (Berman & Aranovich, 1996). Any
changes in mixing parameters would destroy the
consistency of the Berman & Aranovich (1996)
data and can be justified only if all the relevant
experimental observations were taken into ac-
count. The revision of the whole data set was be-
yond the scope of the present work, although the
incorporation of Cr-Al substitution required cer-
tain changes in other mixing parameters. Second,
the data of Sack & Ghiorso (1991, 1994b) on Cr-
bearing species and aluminous pyroxene are based
on Berman (1988) and the compatibility with Ber-
man & Aranovich (1996) is not evident.

Olivine

Olivine from both MASCr and FMASCr experi-
ments always contains substantial amounts of Cr
(mostly between 0.5 and 1.2, sometimes up to 2.4
wt.% Cr,03), probably as Cr?* (Part I). Li et al.
(1995) obtained a Margules mixing parameter of
8600 J/mol for the Mg,Si0,4-Cr,SiO4 solid solu-
tion. Such non-ideality contributes no more than
200 J/mol (in most cases <100 J/mol) to the total
excess mixing energy of the experimental olivine.
The lack -of correlation between Cr content in oli-
vine and experimental conditions does not allow
quantitative treatment of Cr,SiOy4 solution proper-
ties. Thus, composition of olivine is described
only by Xy Ol = Mg/(Mg+Fe). Positive deviation
from ideal mixing was inferred for (Fe,Mg),SiO,
olivines by Sack & Ghiorso (1989), Wiser &
Wood (1991), von Seckendorff & O’Neill (1993).
Hirschmann (1991) proposed a model to describe
ordering of Fe and Mg between two non-equival-
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ent sites but at high temperatures (> 1000°C) and
low iron contents it is very small and may be ig-
nored. For a symmetrical Margules model the
chemical potentials of forsterite and fayalite and
Mg-Fe exchange potential are as follows:

Hmg,sio, = AGH+2RTINX §,+2 Wk, (1-XQ)*  (3)
Hre,sio, = AGE+2RTIn (1-Xyg+2Wriwg(Xi)? (4)

Hmg(Fe), = V2(Hmg si0, = Mresio,) = V2(AGE, — AGY,
+ RTln[SS[lg /(1 ng)} +W i (1-2X 1)
(5)

All Margules mixing parameters were assumed to
be linear in pressure and temperature i.e. W = WH
— TWS + PWV (Thompson, 1967). The value of
WRlve = 7137.2 + 1.26T + 0.01(P-1) [J/mol] was
adopted from Berman & Aranovich (1996).

Spinel

Spinels in our experimental products are close to
the plane MgAl,0, - FeAl,04 - MgCr,0, - FeCr,0,.
A model including such spinel solid solutions and
compatible with the standard state properties by
Berman (1988) was developed by Sack & Ghiorso
(1991). This model utilises the second-degree
Taylor expansion of Gibbs free energy in com-
position and ordering parameters and suggests
symmetrical deviation from ideal mixing in binary
joins independent of temperature and pressure.
The ordering parameters calculated by the Sack &
Ghiorso (1991) model (s; = X% — X% /2) and
sy = Xy — 2Xnge for (Fe, Mg)(Cr, Al)O, spinels
may be successfully approximated by the second-
degree Taylor series in composition and tempera-
ture within a temperature range of 800—1600 °C.
Substitution of such expansions into the ex-
pression for the Gibbs free energy given by Sack
& Ghiorso (1991) results in a third-degree ex-
pression in compositional variables (fourth-degree
terms are very small and may be ignored). This is
equivalent to a model which assumes asymmetric,
temperature-dependent non-ideality in binary
joins and does not account for cation ordering. It
means that it is very difficult to separate the en-
ergy effects of cation ordering and deviation from
symmetrical regular behaviour in binary sections.
Crucial for the correct formulation of thermo-
dynamic properties of spinel are direct measure-

ments of spinel ordering state at different tem-
peratures and compositions. Such data are scarce
and sometimes contradictory (Wood et al., 1986;
Millard et al., 1992). There are no data on the in-
fluence of pressure on the ordering state of spinel,
and the model of Sack & Ghiorso (1991) does not
account for pressure influence on mixing proper-
ties, whereas the molar volume data (Part I) indi-
cate non-zero excess mixing volumes of Cr-Al
spinels.

We adopted a simplified model for spinel solid
solutions neglecting cation ordering and assuming
non-ideal asymmetric mixing of Fe-Mg and Cr-Al
on independent sites. This is equivalent to assum-
ing all spinels to be normal. Such a simplification
is reasonable for Cr-rich varieties but could be un-
satisfactory for aluminous spinel at high tempera-
ture (e.g. Sack & Ghiorso, 1991). However, the
latter does not occur in high-pressure mantle as-
semblages with knorringite-rich garnet. The compo-
sition of spinel is defined by two variables, X3}, =
Mg/(Mg+Fe) and X® = Cr/(Cr+Al). Choosing
chromite (chr, FeCr,O,), spinel (sp, MgAl,Oy)
and picrochromite (pc, MgCr,0,) as independent
end-members, we obtain the following expression
for the excess free energy of mixing:

G§;_<1 X3 (1-XDAG,
e (1-X3p )[Winge(l ~X3 )+W$ngMg]
+2X%‘:€(1 X%&’)[wcm.(l XE‘;)+WMC,XC,}, (6)

where AG; is the Gibbs free energy change of the
reciprocal reaction

MgA1204 + FeCr,04 = FeAl,O4 + MgCr204 @

Differentiation of Eq. 6 with respect to composi-
tional variables yields the chemical potentials of
MgAl,O,4, Mg(Fe) | and Al(Cr)_;:

Hmgaro, = AGo+RTINXR (X3 + (1-XyMo) XEAG,
+(1 X g)|:wMgFe+2X (erMg WMgFe)]
+2(XCr [ CrAI+2XCr(wAlCr W(.J?Al)} @)

uMg(Fe)il:AGSP—AGgC+RTlnI:XNfg/(1 —X3P )]+x PAG,;
MgFe(l -Xw )(3X 1)
Witvte Xnte(3X e —2) ®)

Haieo-1 = Y2(AGg=AGR)+RTInf (1-X)/X |
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+A(1-Xh)AGHW e XE(3XE-2)
+WEL (1-XE3XE-1) )

Garnet

Garnet in experimental products from one of our
starting materials contains up to 2 wt.% CaO (Part I).
Thus, garnet must be described as (Ca,Fe,Mg);
(Cr,Al),Si30, solid solution. The composition of
garnet is then fully described by X& =
Ca/(Ca+Mg+Fe), X{i = Mg/(Ca+Mg+Fe), and
X&' = Cr/(Cr+Al). Pyrope (pyr, Mg;AlLSi;0)),
almandine (alm, Fe;AlSi30(,), grossular (gr,
Ca3Al,Si30,,) and knorringite (kn, Mg;Cr,Si304,)
were used as independent end-members. The
relative stability of two other possible end-mem-
bers (Fe;Cr,Si30, and Ca;Cr,Si50,) is accounted
for by the changes of Gibbs free energies of reci-
procal reactions describing formation of these
species (AGy and AGyy, respectively). Assuming
independent mixing of (Fe, Mg, Ca) and (Cr, Al)
we obtain:

G&: = (1-X XX AG I+ X & XS AGy,

+GEC,:\—Mg~Fe+GeC);—Al ( 1 0)
where the excess energies are distinguished on
each site. The mixing of Ca, Mg and Fe in alu-
minous garnet has been extensively studied (e.g.
Geiger et al., 1987; Wood, 1988; Koziol & New-
ton, 1989; Koziol, 1990). Berman (1990) pro-
posed a model for such garnet using the gener-
alised regular solution equation (Berman &
Brown, 1984):

Ga—Mg—Fe =W, IZXfXZ'*’W |22X1X§+W1 |3X%X3
+Wiss X, X§+W223X§X3+W233 X2X§

+W i3 X, XX (1n

where indices 1, 2 and 3 denote Ca, Mg, and Fe,
respectively. To account for the mixing of divalent
cations, we use the parameters given by Berman
et al. (1995). Cr-Al mixing in garnets is not well
known. Existing thermochemical and experimen-
tal data suggest that W4, is rather small (Mattioli
& Bishop, 1984; Wood & Kleppa, 1984). Our vol-
ume measurements (Part I) indicate non-zero ex-
cess mixing volume and a possible asymmetry in

the Cr-Al join. Because of this we started from the
asymmetric model

G&_a = 2XS,"(1—XS:‘)[W%{]E)XS:#WS:‘A.(I—XS:‘)]
(12)

From Egs. 10—12 we have for the chemical poten-
tial of Mg3A125i3012, Mg(FC)_l and Al(Cl’)_IZ

Hag,a1si 0,, = AGpy+RTIn (Xpgg (X371

—(1-Xye-XE)XE AG - X & X AGy
+W o (XEY (1-3X4)
—3W,5(XED (1-X & -X i)
+W122X32‘X32(2—3Xﬁ§ )-3wW 133X(G::
(1-Xyig— X+ W 13X (1-X G —X )
+W 523 Xig (1-Xig—X &) (2-3X )
+W 33 (1-X§,—XED(1-3X )
XY TWier

+2(1-X&N(WE-Waier)] (13)

Hmecre), = Y3(AGpy~AGan )+RT1n[XS:f,/(1—XS4';—XS;‘)]
+HAIW o (XS +2W,5 XS X
~W (X)W 15 X X e
+W 203 Xig (2X e X izg)
+W o33 X e (XEe —2X )
+W s X (XPe—XR)- XS AGH (14)
Baicn., = l/z(AG‘;yr)—AGEmRTln[(l—XS:‘)/XS: ]
~VA(1-X\—XENAG- o X & AGy,
+W x0r_(3x8_2)
+W e (1-X5(3XEr 1) (15)

Orthopyroxene

Orthopyroxene in the FMASCr system may be
considered as a three-site solid solution with Si
and Al mixing on tetrahedral sites, Mg-Fe on oc-
tahedral M2, and Mg, Fe, Cr, and Al on octahedral
M1 sites. Site occupancy data demonstrate orde-
ring with Fe partitioning into M2 site (e.g. Virgo
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& Hafner, 1969; Domeneghetti et al., 1995). Sack
& Ghiorso (1994a) proposed a comprehensive
model for orthopyroxene solid solutions, which
takes into account ordering and non-ideal mixing
of end-members. It does not consider Cr in ortho-
pyroxene and is based on the available site parti-
tioning data (Sack & Ghiorso, 1989) which are
scattered and restricted to temperatures below
1000°C and atmospheric pressure. The effect of
Al and Cr on site occupancies is also not clear. We
therefore used a simplified model with random
distribution of Fe and Mg between M1 and M2
sites. Three independent compositional pa-
rameters are sufficient to specify orthopyroxene
composition: XPE* = Mg/(Mg+Fe); XX = (Al-
Cr)/2; and XM = Cr. We also assumed that Si and
Al mix ideally on the tetrahedral position, that
mixing on the M1 and M2 sites is independent
and that a simple symmetric regular model could
be applied for each site (c¢f. Berman et al., 1995).
Calibration of more complex models is not justi-
fied by the quality of available experimental data
(especially, the scatter of Cr and Al contents in or-
thopyroxenes). Furthermore, possible deviation
from a simple regular model for Mg-Fe-Cr-Al
mixing may be significant only at high concentra-
tions of Cr and Al; these do not occur in mantle
peridotites. At high pressures Al in orthopyroxene
is very low and nonideal mixing behaviour
becomes almost negligible which allows reliable
extrapolation to higher pressure where experimen-
tal data are lacking.

With these assumptions we selected enstatite
(en, Mg,S1,0), ferrosilite (fs, Fe,Si,0¢), MgAIAl-
SiOg (ts) and MgCrAlSiOg (Crts) as independent
end-members. Two other possible end-members
(FeAlAISiOg and FeCrAlSiOg) are taken into ac-
count by two reciprocal terms (Gyy and Gy, re-
spectively):

G = (1-Xup) XN AG+(1-XM )X AGy
+XNe (1= XV W e
+W Fente Xl (1-Xi ) (1-X 31 -X¢)’
+W g Xl X2 (1-XA X&)
+Wtger Xnp Xer (1-XA -X¢1)
+Wpen X a1 (1-Xpb) (1-X 41 - X&)
+Wree, Xer (1-Xpe ) (1-X A -X¢)

+Whie XN X (16)
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The chemical potentials for enstatite, MgAl-
AlSiOg and the Mg-Fe and Al-Cr exchange poten-
tials are then:

Hmg,si,0, = AGS,,+RT1n[(X&*;*>2(1—XX.‘—X'E? )]
+(1-XMe) W FemgH(1-2X Mg ) (Xre W re
+XAM11+WmAI+Xg?WmCr)

—2(X XX W N+ XX XFe W
+X 8 X ke Whee)-(1-Xv )X A AGy

~(1-XZ)XSAGy (17)

Hmgalalsio, = AG+RT IWX?AEXX%I]"'U _X](\)/lpgx )zwm&
+(1-2XX)(X Mg Witgart X e Wreal
+XETWXie)—2(XMg W Femg
+XMeX & Wger X & X re Whec,)
—(1-Xp)XETAGy

+H(1-X3)(1-XX)AGry (18)

Mg ey, = AGugsio ,~AGFesio ;+RT1“[X8'¥/( =Xy )]
+AL(1-2X00 )W revse
+H(1-2XP)(1-XM_xMywML
XX (W A~ WHAAGHY)

XM (W WieerAGy)] (19)

Racr, = AGgaiaisio G_AGOMgCrAISiO ARTINXAE,)
+H(1=-Xp N AGy—AGy)+HX &G XA W erar
+XMe(W Mgai—W hgcr )+ Xhe (W ren —Wrec).

(20)

Phase equilibria

For a given pressure, temperature, bulk
Mg/(Mg+Fe) ratio, Ca in garnet and Cr in olivine,
the equilibrium compositions of all four phases
are fully determined by 7 independent reactions.
The choice of independent reactions is arbitrary in
principle, they may however be selected such that
calibration of mixing parameters is facilitated.
Since in our experiments spinel is the phase with
minimum scatter in both Xy, and X, (Part I), it is
best to consider Fe(Mg).; and Al(Cr).; exchange
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equilibria of spinel with all other phases. The first
5 equilibria are then:

1. Mg(Fe).; exchange between spinel and olivine

2. Mg(Fe).1 exchange between spinel and ortho-
pyroxene

3. Mg(Fe).; exchange between spinel and garnet

4. Al(Cr).; exchange between spinel and ortho-
pyroxene

5. AI(Cr).; exchange between spinel and garnet

In addition we must specify the magnitude of Al
or Cr solubility in orthopyroxene and the condi-
tions of the equilibrium between all four phases.
For this we choose two reactions from the MAS
system which have been experimentally investi-
gated over a wide range of P, T conditions:

6. Mg2Si20fP*+MgAIAISiOFP* = Mg3Al,Sis0F!

and
7. Mg3ALSiz05 +MgrSiof! = 2Mg,Sin0§P*
+MgAl,05P.

Using the above expressions for the chemical
potentials of components (Egs. 3-20), we obtain
the following conditions of equilibrium:

AG) =0 = (Umgre). )OI—(MMga:e) D
=AG; +RTln[XMg(l ~Xh) / Xake(1 X?,}g)]
+A G, Q1)
AG; =0 = (Umg(Fe). )OPX—(MMg(Fc) )Sp
=A G2+RT|n[x°"*(| ~Xp Xk (1 XO"")]
+AGS, (22)
AG3 =0 = (gere) ) ~(Paagre) )T
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Calibration of model parameters

Composition of phases

The standard state thermodynamic properties of
all species participating in equilibria 1-7 except
for knorringite and MgCrAlSiOg orthopyroxene
are tabulated by Berman (1988) and Sack &
Ghiorso (1991, 1994b). Most parameters related
to AG* have to be determined from our ex-
perimental results. In general, the main difficulty
in the interpretation of experimental data is hetero-
geneity of mineral compositions and lack of strin-
gent criteria for equilibrium. As in a number of
other studies, we attempted to overcome these
problems by using different starting materials in
order to reverse mineral reactions. This method is
very successful in simple systems, whereas in
more complex systems many possible exchange
vectors are more difficult to account for. The
brackets for equilibrium compositions with re-
spect to Cr-Al exchange in garnet and orthopyr-
oxene are generally not very tight both in MASCr
(Doroshev et al., 1997) and FMASCr (Part I) and
the choice of ‘true’ equilibrium compositions was
not unambiguous. Also, in the FMASCr system,
compositions of minerals are not co-linear in com-
positional space, and the results of ‘reversal’ ex-
periments cannot be considered as brackets defin-
ing the range within which the equilibrium
composition is located. This may be exemplified
for garnet compositions. We used either pure py-
rope or knorringite-rich garnet in the starting
mixes (Part I) to approach equilibrium composi-
tion from either the Al or Cr side. In general,
newly formed garnets with a range of Cr/(Cr+Al)
ratios together with relic garnets were found in
each charge. The most reacted garnets in these
reversals overlap for the same P and T with re-
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spect to X&". In binary systems such overlap char-
acterizes the minimum uncertainty for equilibrium
composition (e.g. Berman et al., 1995). In more
complex systems this is not necessarily so. Gar-
nets from the two experimental series differ in
their Mg/(Mg+Fe) values as well, which also in-
fluence the equilibrium value of X&n.

We did not attempt to define equilibrium com-
positions of minerals but considered each charge
independently as posing some constraints on
equilibrium composition at a given P and T. These
constraints are determined by the following as-
sumptions:

1. Fe-Mg exchange is relatively fast and the
range of XMg determined for each phase con-
tains the equilibrium value. This is supported
by rather small intervals of Xm, independent
of the type of starting material which had Fe
either in spinel or in garnet.
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2. Spinel also shows a small range in Xcr and no
relic spinels are found. Thus the equilibrium
spinel composition should be located within
this range of Xcr.

3. Garnet from the experiments starting with
pure pyrope [mixtures (A) and (D)] is always
less chromian than garnet from the experi-
ments starting with knorringite-rich garnet and
enstatite [starting mixtures (B) and (E)]. Gar-
net in experimental products starting with Al-
Cr orthopyroxene [starting mixtures (C) and
(E)] is too inhomogeneous to pose constraints
on the equilibrium with respect to Cr-Al ex-
change.

4. Experiments with mixtures (C) and (F) with
starting Al-Cr-rich orthopyroxene were not
used to constrain equilibrium orthopyroxene
compositions. In all other experiments at 50
kbar and 1400-1500°C and also in experi-
ments at lower pressure and temperature with

. k-
& 44|  30kbar | 40kbar | ﬁ
[<)] : + :
E H B wé
T 12 : H’# Pl )
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Fig. 2. Fe/Mg distribution coefficient be- b3 1.0 - — ¢ 50
tween garnet and spinel vs. spinel composi- [ kbar
tion at various pressures and temperatures &L o8
for the experiments in the FMASCr system. g _f
Symbols show average values and error ‘= 06
bars — one standard deviation. Filled sym- - : :
bols are experiments with FeAl204 in the 0.4 1 1 ! ! )
starting mixture, and unfilled symbols are 0.3 0.4 0.5 0.6 0.7 0.8

those with MgA1204 or MgCr204.

Cr/(Cr + Al) in spinel
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Fig. 3. Experimental constraints on the equilibrium
values of Al/Cr distribution coefficient between ortho-
pyroxene and spinel at various pressures and tempera-
tures from experiments in MASCr (Doroshev et al.,
1997) and FMASCr systems. Shown are maximum or
minimum values of InK deduced from experimental re-
sults. Arrows show the direction of approach to equilib-
rium. Horizontal error bars are uncertainties in the
Mg/(Mg + Fe) ratio of experimental phases.

pyrope in the starting mixes (A and D) ortho-
pyroxene approached equilibrium by increas-
ing its X} and X} values. In these experi-
ments orthopyroxene was assumed to be lower
in Cr and Al than the equilibrium composition.
Knorringite-rich garnet from the starting mix-
tures (B) and (E) decomposed at the onset of
the experiments at P 50 kbar to form Al- and
Cr-rich orthopyroxene. In these experiments
the orthopyroxene was considered to constrain
the maximum possible Cr and Al contents.

Taking these assumption we calculated minimum
and maximum constraints for equilibrium con-
stants (K and K, respectively). Each sample
provided two constraints on the Fe-Mg equili-
brium between phases and one (or no) constraint
with respect to Cr-Al exchange and displaced
equilibrium reactions (6) and (7). Figs. 1 -4 sum-
marize experimental results on exchange equili-
bria between phases. Both garnet-orthopyroxene
and spinel-orthopyroxene Fe-Mg exchange reac-
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Fig. 4. Experimental constraints on the equilibrium
values of Al/Cr distribution coefficient between garnet
and spinel at various pressures and temperatures from
experiments in the MASCr (Doroshev et al., 1997) and
FMASCr systems. Shown are maximum or minimum
values of InK deduced from experimental results. Ar-
rows show the direction of approach to the equilibrium.
Horizontal error bars are uncertainties in the Mg/(Mg +
Fe) ratio of experimental phases.

tions depend primarily on x¢? (Fig. 1, 2), whereas
the pressure effect is smaller. This means that the
Gibbs free energy change of reciprocal reaction I,
AG; is the main controlling factor. The values of
In(K) for both orthopyroxene-spinel and garnet-
spinel Cr-Al exchange reactions decrease with
temperature (Fig. 3, 4). There is no distinct corre-
lation of In(K,) and In(Ks) with pressure and
Mg/(Mg + Fe) ratio of phases.

Fig. 14 illustrate the main problems with the
interpretation of our experimental data. Experi-
ments at high pressures and temperatures provide
narrow ranges of equilibrium constants for both
Fe-Mg and Cr-Al exchange reactions suggesting
close approach to equilibrium. Experiments at low
temperatures (1200-1300°C) and a pressure of
30 kbar show very large variations of Kp and
compositional parameters, which makes these re-
sults less valuable for the derivation of thermody-
namic properties. Some of the reversals show an
apparent overlap in equilibrium constants of Cr-Al
exchange reactions, i.e. K > K*. Note that these
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discrepancies could stem from analytical uncer-
tainties or dependence of K values on Mg/(Mg +
Fe) ratio, and do not necessarily imply incompati-
bility of experimental data.

Computation technique

The system of equations (21-27) was transformed
into the system of inequalities of the form:

AGTP + RTInKS + AGe < 0 and
AGTP + RTInK>y + AG,, >0

(28)
(29)

which were solved by linear programming to ob-
tain the unknown mixing parameters and thermo-
dynamic properties of some end-members.

Since the work of Gordon (1973), linear pro-
gramming has been successfully used in determin-
ing thermodynamic parameters of minerals from
phase equilibrium data (e.g. Berman et al., 1986;
Berman, 1988). The use of linear programming as
opposed to the least squares technique in calculat-
ing thermodynamic properties of solid phases has
been actively discussed in the literature (Berman
et al., 1986; Powell & Holland, 1993). It is evi-
dent that for very precise experimental data both
methods should yield compatible results. How-
ever, if experimental brackets are much wider
than analytical uncertainty there is no statistical
basis to select a specific value of the composi-
tional parameter as an estimate for the ‘true’
equilibrium value (Demarest & Haselton, 1981),
and more adequate results may be obtained by lin-
ear programming which considers each half-
bracket independently. The choice of linear pro-
gramming for evaluating our experimental data
was guided by two facts: (i) Our experimental
compositions are characterised by rather large un-
certainties so that, in general, only a range of con-
centrations may be defined that constrains the
equilibrium composition. The resulting brackets
are in many cases much wider than the standard
deviation of compositional parameters. (ii) The
complexity of mineral compositions with 3—4 in-
dependent end-members does not allow us to con-
sider experimental points as compositional
brackets at fixed P and T. Each experiment has to
be considered as an independent half-bracket
which defines a minimum or maximum limit of
the equilibrium constant.

A linear programming problem includes an
objective function and a set of linear equality or

inequality constraints. The solution of the problem
(if any) provides an extreme value for the objec-
tive function, which is compatible with all con-
straints. There is no general method to define an
objective function in phase equilibrium problems.
Several approaches were proposed among which
are linear (Halbach & Chatterjee, 1982) or non-
linear (Berman et al., 1986) functions charac-
terising the deviation of some unknown par-
ameters from the values that were measured
independently with high precision, such as ther-
mochemical or volume data for minerals. If such
data are missing the objective function may be not
defined, and the linear programming technique
allows then the calculation of a set of feasible sol-
utions. This set may be empty, contain only one or
an infinite number of solutions. In the absence of
an objective function all feasible solutions are as-
sumed to have the same probability, whereas the
values outside the feasible region are considered
to be impossible. Because of this we calculated
not a unique value but a range for each of the un-
known thermodynamic parameters and relation-
ships between them which are compatible with all
experimental constraints.

A problem arises with linear programming if
the set of feasible solutions is empty i.e., not all
constraints are compatible with each other. This
occurs commonly in the interpretation of phase
equilibrium data (i.e. Halbach & Chatterjee, 1982)
because of the experimental errors and complex
reaction mechanisms resulting in ‘overlapping’ of
compositions in reversal experiments. The latter
was observed in the present study. This dilemma
may be solved by changing the measured values
(compositions, pressure and temperature) within
certain limits, for example one standard deviation
(Berman et al., 1995). We suggest that experi-
ments with a larger scatter of microprobe analyses
are more likely to lead to incompatibility for a set
of inequality constraints. With this assumption,
the system (28)-(29) was transformed into:

AGTP + RTInNKS + AGe, < 06(RTInKp) and (30)
AG™ + RTInK*, + AG,, >-006(RTInKp), (31)

where o(RTInKp) is the standard deviation of the
quantity RTInKp calculated from the standard de-
viation of measured compositional parameters
[6(X;)] using the general expression for error prop-
agation:

o%RTInKp) = £o%(X;) (dRTInKp/dX;)? (32)
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The unknown values were computed as a function
of parameter oo which was allowed to change from
0 to 1. Normally feasible solutions for all equilib-
ria appeared at o = 0 to 0.4. However, the set of
parameters corresponding to the lowest possible
values of o included frequently physically unreal-
istic values (i.e. very large Margules mixing pa-
rameters). This results from the fact that the points
which are characterised by the highest error could
exert the strongest influence on the solution, espe-
cially if the solution is unique or lies within a very
narrow interval. Similar problems arise in least
squares analysis, as discussed by Wood & Crerar
(1985) who suggested to use ridge regression in
order to obtain solutions with parameters of physi-
cally realistic signs and magnitudes. The idea of
ridge regression is to introduce small changes into
the best fit which would result in higher residues
but more stable and realistic parameters. We used
a similar approach, noting that increasing o in-
itially affects the values of calculated parameters
strongly, while at a certain level this dependency
becomes less definite and further increase of o re-
sults only in wider intervals of feasible solutions
(Fig. 5). It is difficult to determine rigorous crite-
ria for choosing the final value of o, because our

Ghiorso (1991).

approach is based on the suggestion that the data
set contains an unknown source of internal incom-
patibility. The only reasonable criterion is com-
patibility with independent data. We used a solu-
tion obtained at o which was below 1.0 but higher
than the minimum possible value in order to ob-
tain the range, which would include AH; and AV,
values for reciprocal reaction I calculated using
the thermodynamic data of Berman (1988) and
Sack & Ghiorso (1991) (Fig. 5).

Results

All expressions describing the equilibrium state in
the system (Egs. 21-27) may be solved simulta-
neously, but it is apparent that many parameters
occur only in one equation (standard state proper-
ties of knorringite and MgCrAlSiOg) or have sig-
nificant influence only in part of the equations.
For this reason, we separated the problem into two
blocks and determined initially the values of AG;
and Fe-Mg mixing parameters from the Fe-Mg
exchange equilibria. Then we analysed other pa-
rameters from Cr-Al and displaced equilibrium re-
actions.
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All standard state properties were taken from
Berman (1988) and Sack & Ghiorso (1991, 1994b).
The free energy change of the reciprocal reaction
CaAl + MgCr = CaCr + MgAl for garnet (AGyy)
was estimated by Wood & Nicholls (1978) to be
on the order of —50 kJ/mol. Similar values but
with strong temperature and pressure depend-
encies were obtained by Brey & Koehler (1990).
Since the exact value is not well constrained, we
assumed AGy; = —50 kJ/mol. The excess mixing
volumes of minerals were taken from our meas-
urements of unit-cell parameters of minerals
(Part I). Our data do not show any statistically
significant temperature dependencies of the Mar-
gules parameters for Fe-Mg exchange in spinel
and orthopyroxene and the respective values of
WS were set to zero.

The compositional dependence of Fe-Mg dis-
tribution coefficients is determined mainly by the
change in the Gibbs free energy of reciprocal re-
action I. From the three equilibria a temperature
and pressure dependence of AG; may be esti-
mated: AG; = AH;- AS; T + AV, (P-1) together
with excess Fe-Mg mixing parameters for spinel
solid solution. The derived values are compatible
for all experimental compositions at o = 0.34 but
are unrealistically high (Fig.5). More realistic
lower values of WE*;ME and Wffgl:e are derived at a
> 0.5, which also allow consistency with AHy and
AV calculated from the Berman (1988) and Sack
& Ghiorso (1991) data. A constraint is provided
from our X-ray data (Part I) which yield a very
small value of AV at around zero. The resulting
hercynite molar volume is 4.062 J/bar, within the
range of direct measurements from 4.055 to 4.086
J/bar (Lindsley, 1976; Bohlen et al., 1986). This
corresponds to AV; from —0.007 to 0.024 J/bar.
Within this interval we obtain feasible solutions
for AG;, AGy;, and WgﬁMg and Wf,{’g,:e. These pa-
rameters are mutually correlated, such that at any
definite value of AH| the feasible interval for other
parameters is much narrower, especially for AS;.
The results require an asymmetric mlxmg model
for Fe-Mg spinel SO]ld solution with WMgpe =
9270 to 10890 and WFeMg = 1540 to 2140 J/mol.
Similar values of WMgFe and WFeMg for spinel
solid solution (9140 and O J/mol, respectively)
were obtained by Chatterjee (1987) on the basis of
thermochemical and phase equilibrium data.

Equilibrium between garnet and spinel de-
pends also on the Gibbs free energy change (AGyp)
of the reciprocal reaction specifying the formation
of Fe;Cr,Si30y,. The experimental results do not
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allow us to determine the temperature dependence
of AGy so that it was approximated by AHy +
AVy(P-1), where AVy = 0.035 J/bar was taken
from our unit-cell measurements (Part I). Feasible
value of AHj range from —15 to —20 kJ/mol and
depend on the values for AH; (Table 1).

Sack & Ghiorso (1989) separated ordering and
excess mixing energies for Fe-Mg orthopyroxene
solid solutions and proposed a large value of
W’;’eMg = 8.4 kJ/mol counterbalanced to some ex-
tent by negative ordering energy. Von Seckendorff
& O’Neill (1993) argued that W',S'eMg is much
smaller and depends strongly on the thermo-
dynamic mixing properties of other minerals. Our
data on the Fe-Mg exchange equilibrium between
spinel and orthopyroxene are consistent with the
zero contribution of Fe-Mg non-ideality in ortho-
pyroxene, so that both Wﬁéﬁ, and W]f\f',:g,:e may be
neglected (c¢f. Chatterjee, 1987) and
Witgar = Wrear— AHry = Wiige, = Wiee, = AHy = 0.
The Cr-Al exchange equilibrium between garnet
and spinel determines the relationships between
Cr-Al mixing in garnet and standard state proper-
ties of knorringite. To extrapolate thermodynamic
properties of knorringite to the reference condi-
tions (298 K, 1 bar) we assumed its compressi-
bility and thermal expansion to be equal to those
of pyrope (Berman, 1988), while heat capacity
(Cp) was calculated as Cyy= Cpy, + Cpc — Cy, using
the values from Berman (1988) and Sack &
Ghiorso (1991). Our experimental results on gar-
net-spinel equilibrium are compatible with values
for AH®, from —5590 to —5670 kJ/mol, S, from
325 to 360 J/mol K and a symmetric Cr-Al mixing
model for garnet with Wony, = WSt =10 to 6
kJ/mol. These values are strongly correlated (Fig.
6) and the Gibbs free energy of knorringite deter-
mined from these values has much lower uncer-
tainties (no more than 3 kJ at the pressure and
temperature of interest). Feasible values of ngAl
also depend on the accepted entropy value of
knorringite (Fig. 6).

The standard state properties of knorringite
may be additionally constrained by the reaction:

Mg3CrZSi3012 =1.5 Mgzsi206 + CI'203 (K)
We accepted the approximate limit of knorringite

stability as determined by Turkin et al. (1983) at
80—100 kbar at 1200°C and 75.5-82.5 kbar at
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state thermodynamic properties of
knorringite. Narrow diagonal quadri-
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Cr and Al distribution between garnet
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1800°C. To keep consistency with the thermo-
dynamic data of Sack & Ghiorso (1991) we pro-
ceed by summing reaction (K) with the exchange
reaction (Petric & Jacob, 1982)

Cr203 + FCA1204 = A1203 + FCCI'204 (E)
which, according to Sack & Ghiorso (1991), has a
Gibbs free energy change between —15 and —24 kJ
over a wide range of pressure and temperature.
Using thermodynamic parameters for enstatite and
corundum from Berman (1988) (noting that at
very high pressure orthopyroxene is almost pure
enstatite) and chromite and hercynite from Sack &
Ghiorso (1991) we obtain a relationship between
S, and AH®, for the conditions of knorringite
equilibrium with orthopyroxene and eskolaite at
1200 and 1800 °C (Fig. 6). These dependencies
intersect at S°, <330 J/mol, close to the lower
limit obtained from the present experiments in the
FMASCr system. The most probable values of
S, are about 325-340 J/mol K, close to the ex-
change entropy: S°%q = S%yr + S%c — S%, = 324.5
J/mol K. This constrains the range of feasible
values for Wgﬂu between 6000 and 0 J/mol. Such

low values of ngm are consistent with thermo-
chemical and phase equilibrium data on Cr-Al
mixing in garnet (Mattioli & Bishop, 1984; Wood
& Kleppa, 1984).

Non-ideality for Cr-Al mixing in spinel ap-
pears to be much larger. Oka et al. (1984) calcu-
lated: Wby, = 14 kJ/mol and Wy, = 10.5 kJ/mol
for single-site Cr-Al mixing. Sack & Ghiorso
(1991) reported a higher symmetric Margules pa-

the conditions of decomposition of
pure knorringite kn = Opx + esk as
determined by Turkin ez al. (1983).

360 370

rameter of 25 kJ/mol for Cr-Al mixing on the
octahedral site, which is compensated by a large
negative ordering energy (-36 kJ/mol) for the
transition of Al from octahedral to tetrahedral site.
In our model this ordering energy is included into
mixing parameters, so we obtained lower Wca)
and Wy ¢, (< 10 kJ/mol).

The excess mixing parameters for ortho-
pyroxene solid solution are least constrained be-
cause of the low and restricted range in Al, Cr, and
Fe contents. This is not critical for the calculation
of phase equilibrium and thermobarometry of
deep-seated xenoliths because of the equally nar-
row ranges of Al, Cr and Xp. in natural ortho-
pyroxenes. We took the heat capacity of MgCrAl-
Si0s  as Chwmgcraisio, = Cwmgalaisio, T I/QCMgCr204
—1ACugai L0, (values from Berman (1988) and Sack
& Ghiorso (1994b)) and the thermal expansion
and compressibility as equal to those of MgAlAl-
SiOg (Sack & Ghiorso, 1994b). This yielded
AHCc, between —2857 and —2898 kJ/mol, S°c;
between 157 and 179 J/mol K and an asymmetri-
cal Cr-Al mixing model (W3, = —1500 to +5300
and WP, =200 to 11900 J/mol with strong nega-
tive correlation between these two values).

To restrict our model further we searched for a
tentative solution close to the point of the mini-
mum deviation from ideality in orthopyroxene
solid solution minimising the objective function:

z=3(Wi"y’ 33)

and then allowing all Wﬁ“ parameters to vary

within £5 kJ near the optimised values. Thus, we
obtained ranges of thermodynamic parameters
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Table 1. Thermodynamic parameters derived from the experimental results on the garnet-spinel-olivine-orthopyroxene
equilibria in the MASCr (Doroshev et al., 1997) and FMASCr (Brey et al., 1999) systems.

Parameter Feasible range Relations with | Used for
Min | Max other values | Fig. 8-10
Spinel

AH, kJ mol”! 185 21.0 19.1

AS, J mol K -4.28 305 =-1336+ -3.99
4.9110™ AH, .

AV, J mol™ bar” -0.007 0.024 0.024

Wygre',  kJ mol™ 9.2 10.9 100

Wygre',  J mol™ bar” -0.022 -0.008 -0.015

Weeng',  kd mol” 1.55 2.14 18

Weeng',  J mol™ bar” -0.008 -0.022 -0.015

Wac, kJ mol™ -0.59 1.84 06

Wagr, J mol™ bar” -0.013 -0.001 -0.007

Wea!!,  kJ mol” 5.18 9.70 80

W, J mol” bar” -0.007 -0.027 0.017

Garnet

AHy, kJ mol” -18.6 -15.6 =-40.7 + -17.9
1.194 AH,

ASy 0 0

AV, J mol” bar™ 0.02 0.05 0.035

AH %', kJ mol! -5668.2 -5637.5 =-6333.8 + -5658.0
2048 Sy,

S8, J mol” bar” 325 340 330

Wac'=Weea,  kJ mol” 0 6.0 3.0

Wac'=Weea’, J mol bar’ 0.008 0.028 0.018"

Orthopyroxene

AHcas®®',  kJ mol™ -2884.3 -2867.8 =-3159.65 + -2881.3
1667Scns

Scns?®, J mol' K 165.2 175.1 167

WMgFeM1 = WMgFeMZ 0 0

WeaM!, kJ mol™! 6.5 16.5 15.0

Wyga™', kJ mol™ -12.9 -7.4 -9.4

Whyge™, kJ mol™ -24.3 -16.5 -20.0

Weaa™, kJ mol” 9.2 0.9 42

Weee', kJ mol! -1.9 8.1 3.1

AGy, kJ mol” -12.0 -5.0 = Wyga™' - -8.5
WFeAIM1

AGy, kJ mol”! -14.5 -32.0 = Wige ! - -23.0
WFeCrm

Values from X-ray diffraction data (Brey ef al., 1999).

which are compatible with our experimental re- Discussion and conclusions

sults and do not require strong non-ideality of or-

thopyroxene solid solution. Correlation between  Table 1 shows the range of thermodynamic par-
some of these parameters (Fig. 7) decreases the  ameters compatible with our experimental results
uncertainties in values that may be derived from  for the systems MASCr and FMASCr and with
the model (Egs. 21-27). the thermodynamic database of Berman (1988).
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-2870 | |Herts (298 K, 1 bar)

2874 |
2878 |-
2882 hx

165 167 169 171 173 175

Scye (298 K, 1 bar)/Jmol™t k1

Fig. 7. Feasible values of MgCrAlSiOs (Crts) standard
state properties and orthopyroxene and spinel mixing
parameters derived from the results on Cr-Al exchange
and displaced equilibrium reactions in the MASCr (Do-
roshev et al., 1997) and FMASCr systems. Only the
lower limit of the feasible region is shown for WR.

They may be used to calculate phase relations in
peridotite assemblage or to determine pressure
and temperature of equilibration from natural
mineral compositions. These possibilities are dis-
cussed briefly in the following, including the ac-
curacy of extrapolation to pressures and tempera-
tures outside the experimental range.

In the system FMASCr, the four-phase as-
semblage garnet-spinel-olivine-orthopyroxene has
three degrees of freedom, i.e. at a given pressure
and temperature only one compositional pa-
rameter is independent. It is convenient to choose
X]?,,lg because it changes only slightly in mantle
peridotite and may be set to 0.95 for strongly de-
pleted harzburgite. Simultaneous solution of equa-
tions 2127 at the pressure and temperature of in-
terest yields all other compositional parameters.
The influence of small Ca contents in garnet is
also accounted for in these equations, provided
that the bulk Ca content of peridotite is low
enough to allow ignoring Ca in orthopyroxene

(i.e. <0.5 wt.% Ca0O). We also restricted our cal-
culations to P <80 kbar because at higher pres-
sures orthopyroxene is transformed to clinopyr-
oxene (Pacalo & Gasparik, 1990; Woodland &
Angel, 1996).

We then calculated the compositions of phases
in the pressure and temperature ranges of 30-80
kbar and 800—-1800°C with the preferred values
of mixing parameters of Table 1. The results are
shown as Cr/(Cr+Al) isopleths of coexisting gar-
net and spinel (Fig. 8). Garnet isopleths have a ne-
gative slope on the P-T diagram with knorringite
increasing with both pressure and temperature, as
in the iron-free system (Doroshev et al., 1997).
The Cr/(Cr+Al) isopleths of spinel have positive
slopes at low pressures and temperatures and ne-
gative at higher P and T where garnet becomes
very rich in chromium. The change of slope oc-
curs between 900-1300°C and 40-70 kbar, pa-
rameters typical of deep-seated mantle xenoliths
and inclusions in diamonds (Boyd & Finnerty,
1980). At these conditions the Cr/(Cr+Al) ratio of
spinel is insensitive to temperature and changes
only with pressure (Fig. 8). Thus, approximate
pressure estimates are possible on the basis of
Cr/(Cr+Al) ratio of spinel alone. Indeed, in an-
other projection, X¢&¥ vs. X&' (Fig. 9) isobars are
almost horizontal at pressures above 45 kbar.
Fig. 9 may be used to determine pressure and tem-
perature simultaneously from the composition of
coexisting spinel and garnet from harzburgites.

The uncertainty in the positions of the isolines
stems mainly from two sources. Firstly, the uncer-
tainty in the model parameters determined in this
work. By assigning an equal probability to any set
of parameters from the calculated ranges, the iso-
pleths in Fig. 8 may be regarded as reference lines
close to the central parts of bands. The width of
these bands is defined by the feasible ranges of
thermodynamic parameters (Table 1). Shaded
rhombi in Fig. 8 indicate the errors at selected P, T
conditions due to variations of model parameters
within their feasible ranges. The resulting uncer-
tainties in temperature and pressure are approxi-
mately £10-20°C and +1-2.5 kbar, which corre-
spond to the range of X, in both garnet and spinel
from £0.01 to £0.05 (Fig. 8).

In Fig. 10 the calculated isopleths are com-
pared with the experimentally determined compo-
sitions. There is good agreement but the model
predicts a more rapid increase of X&rt at pressures
and temperatures above the experimentally stu-
died conditions than is apparent from our ex-
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Grt + Sp + Opx + Ol
Mg/(Mg+Fe),, = 0.95

1800

O

_ 1600

2

% 1400
Fig. 8. P-T projection of Cr/Cr + A) &
isopleths for garnet (solid lines, num- Q. 1200
erals in circles) and spinel (dashed £
lines). The isopleths are calculated with |2 1000
thermodynamic parameters from Table 1.
Shaded rectangles demonstrate possible
changes in the position of isopleths con- 800
sistent with the whole feasible region of 30

the derived mixing parameters.

perimental results. This is required by the com-
patibility with the thermodynamic database of
Berman (1988). The uncertainties in thermo-
dynamic properties of minerals are thus the sec-
ond possible source of errors. For enthalpies ob-
tained from thermochemical data on the mineral
end-members considered in the present work a
standard error of 2-4 kJ may be assumed (Ber-
man, 1988). The uncertainty is probably lower for
the Gibbs free energy change of the reactions be-
cause the procedure of deriving an internally con-
sistent set of thermodynamic properties should re-
sult in more accurate values. Errors of ca. 3 kl.in
the standard state values of A,G™ result in uncer-
tainties in the position of the isopleths, different
for different reactions. Errors in the Fe-Mg ex-
change reactions (1-3) do not influence the calcu-
lated Cr-Al relationships much, especially at high

40 50 60 70 80
Pressure / kbar

pressures and temperatures. Reaction (6) is also of
minor importance especially at high X&', when
orthopyroxene is very poor in alumina. Errors re-
lated to the Cr-Al exchange equilibria (4-6) and
reaction (7) could result in an error of pressure
and temperature estimates of +2.5 kbar and
+50°C. Thus, the accuracy of calculated phase
equilibria as well as estimates of pressure and
temperature from spinel and garnet Cr-Al relation-
ships outside the experimental range critically de-
pends on the reliability of extrapolation of Ber-
man’s (1988) data for the MAS system and the
accuracy of our results on Cr/Al distribution be-
tween spinel and garnet.

The two sources of error are not independent,
because the range of mixing parameters (Table 1)
was calculated for the values of thermodynamic
properties tabulated by Berman (1988). A change

Cr/(Cr + Al) in spinel

Fig. 9. Calculated isotherms (°C, solid
lines) and isobars (kbar, dashed lines,
numerals in squares) for the four-phase

Grt + Sp + Opx + Ol
Mg/(Mg+Fe),, = 0.95

— 1

mineral assemblage in the FMASCr sys-
tem in the Xé‘? - xS‘,‘ plane.

1 L 1 1 1 1
02 03 04 05 06 07 08 09 1.0
Cr/(Cr+ Al) in garnet
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— 090  -------- 0.95
L) v N \
0.2 03 04 0.5
\ \ \ \
1500 | N\ [e.20]\ \ [0.37 Grt
N\ L4\ \ 0.41
N\ 0.719 N\, | 0.35
0.23 N L8I7R
i 0.15 0.20
1300 0.21 0.33
© 0.01] 0.11
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e
% 1100 y
r O i T
qga_ O.I_6 0.7
i | 064
2 1500 ;|65
’,' /
; [oe66
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I
1300 ggz Fig. 10. Comparison of calculated
I? garmnet and spinel Cr/(Cr+Al) iso-
! pleths with the composition ranges
gg for the minerals from the experi-
= ments. Numbers in rectangles are
H maximum and minimum Cr/(Cr+Al)
1100 / ratio constrained by the experiments

Pressure / kbar

in these values will inevitably result in a different
feasible range of mixing parameters, which will
compensate to some extent the variation of calcu-
lated parameters. Thus, the overall precision of
pressure and temperature estimates with the
derived relations is better than the sum of uncer-
tainties from these two sources and probably no
more than +4 kbar and £50°C.

Acknowledgements: We are grateful to M. Engi
and an anonymous reviewer for very helpful com-
ments and suggestions. The work was financially
supported by the Deutsche Forschungsgemeins-
chaft (DFG) and Russian Foundation for Basic
Research.

References

Akella, J. (1976): Garnet pyroxene equilibria in the sys-
tem CaSiO;3-MgSiO3-Al,053 and in a natural min-
eral mixture. Am. Mineral., 61, 589-598.

in the MASCr (Doroshev et al., 1997)
and FMASCr systems.

Berman, R.G. (1988): Internally-consistent thermo-
dynamic data for minerals in the system Na,O-
K,0-Ca0-MgO-FeO-Fe,0;-Al,0;-Si0,-TiO,-H,0
-CO,. J. Petrol., 29, 445-522.

- (1990): Mixing properties of Ca-Mg-Fe-Mn gar-
nets. Am. Mineral., 75, 328-344.

Berman, R.G. & Aranovich, L.Y. (1996): Optimized
standard state and mixing properties of minerals: I.
Model calibration for olivine, orthopyroxene, cord-
iertie, garnet, and ilmenite in the system FeO-MgO-
Ca0-Al,05-TiO,-Si0,. Contrib. Mineral. Petrol.,
126, 1-24.

Berman, R.G., Aranovich, L.Y., Pattison, D.R.M. (1995):
Reassessment of the garnet-clinopyroxene Fe-Mg
exchange thermometer: II. Thermodynamic anal-
ysis. Contrib. Mineral. Petrol., 119, 30-42.

Berman, R.G. & Brown, T.H. (1984): A thermodynamic
model for multicomponent melts, with application
to the system CaO-Al,0;-Si0,. Geochim. Cosmo-
chim. Acta, 48, 661-678.

Berman, R.G., Engi, M., Greenwood, H.J., Brown, T.H.
(1986): Derivation of internally-consistent thermo-



Garnet-spinel-olivine-orthopyroxene equilibria in FMASCr: II 635

dynamic data by the technique of mathematical pro-
gramming: a review with application to the system
MgO-SiO,-H,0. J. Petrol., 27, 1331-1364.

Bohlen, S.R., Dollase, W.A., Wall, V.J. (1986): Calibra-
tion and applications of spinel equilibria in the sys-
tem FeO-Al,03-SiO,. J. Petrol., 27, 1143-1156.

Boyd, FR. & Finnerty, A.A. (1980): Conditions of origin
of natural diamonds of peridotite affinity. J. Geo-
phys. Res., 85, 6911-6918.

Brey, G.P, Doroshev, A.M., Girnis, A.V., Turkin, A.L
(1999): Garnet-spinel-olivine-orthopyroxene equilib-
ria in the FeO-MgO-Al,03-Si0,-Cr,05 system: .
Composition and molar volume of minerals. Eur. J.
Mineral., 11, 599-617.

Brey, G.P. & Koehler, T. (1990): Geothermobarometry in
four-phase lherzolites. II. New thermobarometers
and practical assessment of existing thermobaro-
meters. J. Petrol., 31, 1353-1378.

Brey, G.P., Nickel, L.G., Kogarko, L. (1986): Garnet-
pyroxene equilibria in the system CaO-MgO-
AL03-Si0, (CMAS): prospects for simplified (‘T-
independent’) lherzolite barometry and an eclogite
barometer. Contrib. Mineral. Petrol., 92, 448-455.

Chatterjee, N.D. (1987): Evaluation of thermochemical
data on Fe-Mg olivine, orthopyroxene, spinel and
Ca-Fe-Mg-Al garnet. Geochim. Cosmochim. Acta.,
51, 2515-2525.

Chatterjee, N.D. & Terhart, L. (1985): Thermodynamic
calculation of peridotite phase relations in the sys-
tem MgO-Al1,0;-Si0,-Cr,03, with some geological
applications. Contrib. Mineral. Petrol., 89, 273-
284.

Danckwerth, P.A. & Newton, R.C. (1978): Experimental
determination of the spinel peridotite to garnet peri-
dotite reaction in the system MgO-Al,05-SiO; in
the range 900—1100°C and Al,O; isopleths of en-
statite in the spinel field. Contrib. Mineral. Petrol.,
66, 189-201.

Demarest Jr.,, H.H. & Haselton Jr., H.T. (1981): Error
analysis for bracketed phase equilibrium data. Geo-
chim. Cosmochim. Acta, 45, 217-224.

Domeneghetti, M.C., Molin, G.M., Tazzoli, V. (1995): A
crystal-chemical model for Pbca orthopyroxene.
Am. Mineral., 80, 253-267.

Doroshev, A.M., Brey, G.P,, Girnis, A.V., Turkin, A.IL,
Kogarko, L.N. (1997): Pyrope - knorringite garnets
in the Earth’s mantle: Experiments in the MgO-
Al,03-Si0,-Cr,O5 system. Russian Geol. Geo-
phys., 38, 559-586.

Ellis, D.J. & Green, D.H. (1979): An experimental study
of the effect of Ca upon garnet-clinopyroxene Fe-
Mg exchange equilibria. Contrib. Mineral. Petrol.,
71, 13-22.

Engi, M. (1983): Equilibria involving Al-Cr spinels: Fe-
Mg exchange with olivine. Experiments, thermo-
dynamic analysis, and consequences for geother-
mometry. Am. J. Sci., 283A, 29-71.

Gasparik, T. & Newton, R.C. (1984): The reversed
alumina contents of orthopyroxene in equilibrium

with spinel and forsterite in the system MgO-
Al,05-Si0,. Contrib. Mineral. Petrol., 85, 186-196.

Geiger, C.A., Newton, R.C., Kleppa, O.J. (1987): En-
thalpy of mixing of synthetic almandine-grossular
and almandine-pyrope garnets from high-tempera-
ture solution calorimetry. Geochim. Cosmochim.
Acta, 51, 1755-1763.

Gordon, T.M. (1973): Determination of internally con-
sistent thermodynamic data from phase equilibrium
experiments. J. Geol., 81, 199-208.

Halbach, H. & Chatterjee, N.D. (1982): The use of linear
parametric programming for determining internally
consistent thermodynamic data for minerals. in
“High-pressure Researches in Geoscience”, Schreyer,
W., ed., E. Schweizerbart’sche Verlagsbuchhand-
lung, Stuttgart, 475-491.

Harley, S.L. (1984a): An experimental study of the par-
titioning of Fe and Mg between garnet and orthopy-
roxene. Contrib. Mineral. Petrol., 86, 359-373.

—  (1984b): The solubility of alumina in orthopyr-
oxene coexisting with garnet in FeO-MgO-Al203-
SiO2 and CaO-FeO-MgO-Al203-SiO2.. J. Petrol.,
25, 665-696.

Harley, S.L. & Green, D.H. (1982): Garnet-orthopyr-
oxene barometry for granulites and peridotite. Na-
ture, 300, 697-701.

Herzberg, C.T. (1978): The bearing of phase equilibria in
simple and complex systems and the origin and
evolution of some well-documented garnet-web-
sterites. Contrib. Mineral. Petrol., 66, 375-382.

Hirschmann, M. (1991): Thermodynamics of multicom-
ponent olivines and the solution properties of (Ni,
Mg, Fe),Si0O, and (Ca, Mg, Fe),SiO, olivines. Am.
Mineral., 76, 1232-1248.

Kawasaki, T. & Matsui, Y. (1977): Partitioning of Fe*?
and Mg*2 between olivine and garnet. Earth Planet.
Sci. Lett., 37, 159-166.

Koziol, A.M. (1990): Activity-composition relationships
of binary Ca-Fe and Ca-Mn garnets determined by
reversed, displaced equilibrium experiments. Am.
Mineral., 75, 319-327.

Koziol, A.M. & Newton, R.C. (1989): Grossular activ-
ity-composition relationships in ternary garnets
determined by reversed displaced-equilibrium ex-
periments. Contrib. Mineral. Petrol., 103, 423-433.

Lane, D.L. & Ganguly, J. (1980): Al,O5 solubility in
orthopyroxene in the system MgO-Al,05-Si0,: A
reevaluation, and mantle geotherm. J. Geophys.
Res., 85, 6963-6972.

Lee, H.Y. & Ganguly, J. (1988): Equilibrium composi-
tions of coexisting garnet and orthopyroxene: ex-
perimental determinations in the system FeO-MgO-
Al,03-Si0,, and applications. J. Petrol., 29, 93-
113.

Li, J.-P,, O’Neill, H.S.C., Seifert, F. (1995): Subsolidus
phase relations in the system MgO-SiO,-Cr-O in
equilibrium with metallic Cr, and their significance
for the petrochemistry of chromium. J. Petrol., 36,
107-132.



636

Lindsley, D.H. (1976): The crystal chemistry and struc-
ture of oxide minerals as exemplified by the Fe-Ti
oxides. in “Oxide Minerals”, Rumble III, D., ed.,
Mineral. Soc. Am. Short Course Notes, 3, 1-60.

MacGregor, 1.D. (1974): The system MgO-Al,05-SiO,:
solubility of Al,O; in enstatite for spinel and garnet
peridotite compositions. Am. Mineral., 59, 110-119.

Mattioli, G.S. & Bishop, F.C. (1984): Experimental
determination of the chromium-aluminium mixing
parameter in garnet. Geochim. Cosmochim. Acta,
48, 1367-1371.

Millard, R.L., Peterson, R.C., Hunter, B.K. (1992): Tem-
perature dependence of cation disorder in MgAl,O4
spinel using 2’Al and '"0 magic-angle spinning
NMR. Am. Mineral., 77, 44-52.

Nickel, K.G. (1986): Phase equilibria in the system
Si0,-Mg0-Al,05-CaO-Cr,0; (SMACCR) and
their bearing on spinel/garnet lherzolite relation-
ships. N. Jb. Mineral. Abh., 155, 259-287.

O’Neill, H.S.C. (1981): The transition between spinel
lherzolite and garnet lherzolite, and its use as a
geobarometer. Contrib. Mineral. Petrol., 77, 185-
194.

O’Neill, H.S.C. & Wood, B.J. (1979): An experimental
study of Fe-Mg partitioning between garnet and oli-
vine and its calibration as a geothermometer. Con-
trib. Mineral. Petrol., 70, 59-70.

Oka, Y., Steinke, P., Chatterjee, N.D. (1984): Thermody-
namic mixing properties of Mg(Al, Cr),03 spinel
crystalline solution at high temperatures and press-
ures. Contrib. Mineral. Petrol., 87, 196-204.

Pacalo, R.E.G. & Gasparik, T. (1990): Reversals of the
orthoenstatite-clinoenstatite transition at high press-
ures and high temperatures. J. Geophys. Res., 95,
15853-15858.

Perkins, D. III & Newton, R.C. (1980): The composi-
tions of coexisting pyroxenes and garnet in the sys-
tem CaO-MgO-Al,0;-Si0, at 900-1100°C and
high pressures. Contrib. Mineral. Petrol., 75, 291-
300.

Petric, A. & Jacob, K.T. (1982): Inter- and intra-crystal-
line ion-exchange equilibria in the system Fe-Cr-
Al-O. Solid State Ionics, 6, 47-56.

Powell, R. & Holland, T. (1993): The applicability of
least squares in the extraction of thermodynamic
data from experimentally bracketed mineral equili-
bria. Am. Mineral., 78, 107-112.

Sack, R.O. (1982): Spinels as petrogenetic indicators:
Activity-composition relations at low pressure.
Contrib. Mineral. Petrol., 79, 169-182.

Sack, R.O. & Ghiorso, M.S. (1989): Importance of con-
siderations of mixing properties in establishing an
internally consistent thermodynamic database: ther-
mochemistry of minerals in the system Mg,SiO4-
Fe,Si04-Si0,. Contrib. Mineral. Petrol., 102, 41-
68.

— — (1991): Chromian spinels as petrogenetic indica-
tors: Thermodynamics and petrological applications.
Am. Mineral., 76, 827-847.

A. V. Girnis, G. P. Brey

— — (1994a): Thermodynamics of multicomponent py-
roxenes: I. Formulation of a general model. Con-
trib. Mineral. Petrol., 116, 277-286

— — (1994b): Thermodynamics of multicomponent pyr-
oxenes: III. Calibration of Fez“‘(Mg), 1 TiAly-
(MgSiy), TiFe3,(MgSiy),  AlFe’*(MgSi) ,,
NaAl(CaMg)_,, Aly(MgSi),; and Ca(Mg)., ex-
change reactions between pyroxenes and silicate
melts. Contrib. Mineral. Petrol., 118, 271-296.

Seckendorff, V. von & O’Neill, H.S.C. (1993): An ex-
perimental study of Fe-Mg partitioning between
olivine and orthopyroxene at 1173, 1273 and 1423
K and 1.6 GPa. Contrib. Mineral. Petrol., 113, 196-
207.

Thompson, J.B. Jr. (1967): Thermodynamic properties of
simple solution. in “Researches in geochemistry”,
Abelson, PH., ed., Wiley, New York, 2, 340-361.

Turkin, AL, Doroshev, A.M., Malinovsky, 1.Y. (1983):
High-pressure and high-temperature investigation
of the phases from garnet-bearing associations in
the system MgO-Aly0;-Cry05-Si0,. in “Silicate
Systems under High Pressures,” Novosibirsk, Bull.
Inst. Geol. Geophys., 5-24 (in Russian).

Virgo, D. & Hafner, S.S. (1969): Fe2*, Mg order-disorder
in heated orthopyroxenes. Mineral. Soc. Am. Spec.
Pap., 2, 67-81.

Webb, S.A.C. & Wood, B.J. (1986): Spinel-pyroxene-
garnet relationships and their dependence on Cr/Al
ratio. Contrib. Mineral. Petrol., 92, 471-480.

Wiser, N.M. & Wood, B.J. (1991): Experimental deter-
mination of activities in Fe-Mg olivine at 1400 K.
Contrib. Mineral. Petrol., 108, 146-153.

Wood, B.J. (1988): Activity measurements and excess
entropy-volume relationships for pyrope-grossular
garnets. J. Geol., 96, 721-729.

Wood, B.J., Kirkpatrick, R.J., Montez, B. (1986): Order-
disorder phenomena in MgAl,O, spinel. Am. Min-
eral., 71, 999-1006.

Wood, BJ. & Kleppa, O.J. (1984): Chromium-alu-
minum mixing in garnet: A thermochemical study.
Geochim. Cosmochim. Acta, 48, 1373-1375.

Wood, B.J. & Nicholls, J. (1978): The thermodynamic
properties of reciprocal solid solutions. Contrib.
Mineral. Petrol., 66, 389-400.

Wood, S.A. & Crerar, D.A. (1985): A numerical method
for obtaining multiple linear regression parameters
with physically realistic signs and magnitudes: Ap-
plications to the determination of equilibrium con-
stants from solubility data. Geochim. Cosmochim.
Acta, 49, 165-172.

Woodland, A.B. & Angel, R.J. (1996): Reversals of the
orthoferrosilite - high-P clinoferrosilite transition, a
phase diagram for FeSiO; and implications for the
mineralogy of the Earth’s upper mantle. Eur J.
Mineral., 9, 245-254.

Received 6 May 1997
Modified version received 7 December 1998
Accepted 3 March 1999


https://www.researchgate.net/publication/279937820

