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The composition of (Mg-Zn-Fe+2)-aluminate-spinel coexisting with cordierite
and quartz is potentially a sensitive geobarometer in rock types such as cordierite
— anthophyllite rocks which are not well suited to most other geobarometers. Cal-
culations based on thermodynamic data and the end member reactions demonstrat-
ed that the compositions of (Mg-Fe) — cordierites and (Mg-Fe-Zn) — aluminate
spinels are only slightly affected by temperature but the effect of pressure is dramatic.
With increasing pressure the Xy, of the spinel changes from less than 0.1 at 1 bar
to about 0.8 at 9 kbars.

Comparison of pressures derived from this model for natural assemblages with
known PT conditions shows good agreement but also points to the necessity of
treating the effects of water on the stability of cordierite more quantitatively.
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Introduction

Since the classical study by Eskola (1914) on
the petrology of the Orijédrvi region in south-
western Finland cordierite — anthophyllite rocks
have attracted the interest of petrologists and
mineralogists because of their peculiar bulk -rock
chemistry and their unique assemblages. The pro-
toliths of such rocks and their commonly as-
sociated sulfide or deposits (such as at Orijérvi,
Outokumpu, or Falun) are believed to have
formed by hydrothermal processes and meta-
somatism at relatively low temperatures and pres-
sures (cf. Treloar et al. 1981). However, the pre-

sent mineral assemblages formed in a later meta-
morphic event at higher temperatures and pres-
sures. Despite the variety of their mineral as-
semblages, cordierite-anthophyllite rocks are not
particularly suited to derive pressure — temper-
ature estimates of this metamorphism by con-
ventional geobarometers, mostly due to the
structural and chemical complexities of the or-
thoamphiboles and their not yet quantified sta-
bility relations. On the other hand, Eskola (1914)
mentions gahnite-rich spinel as a widespread ac-
cessory phase in the cordierite-anthophyllite
rocks. It is the purpose of the present study to
demonstrate that the assemblage cordierite —
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(Mg-Zn-Fe*?) aluminate spinel — quartz could
be used successfully as a sensitive geobarometer
after further calibration.

Theory

Phase relationships

For discussing assemblages of cordierite,
quartz and spinel the dry system MgO—
Al,0,—SiO, represents a convenient starting
point. It has been recognized early (Rankin and
Merwin 1918) that, in this system, spinel cannot
coexist stably with a SiO, phase. On the other
hand, cordierite-spinel assemblages are stable
over a wide range of temperatures and up to
water pressures of about 4 kbars, where the cor-
dierite — spinel tie-line is broken by enstatite +
sapphirine (Seifert 1974).

In the system ZnO—AlLO,—SiO, no stable
cordierite-type compound exists (Behruzi, pers.
comm., 1984), and gahnite (ZnAl,0,) + SiO,
form a stable assemblage, at least at high tem-
peratures and low pressures (Bunting 1932). In
the combined anhydrous system MgO—ZnO—
AlL,0,—Si0,, for which no experimental data
exist, we may represent expected phase relation-
ships between cordierite, a MgAl,0,—ZnAlO,
spinel solid solution and quartz in a plane
Si0,—MgAl,0,—ZnAlL,O, (Figure 1). It is as-
sumed here that cordierite cannot incorporate Zn
for Mg to any significant extent, due to the strong
tetrahedral site preference of Zn. Supporting evi-
dence for this assumption will be given below,
and even if this assumption would not hold
strictly, the following deductions would not be-
come invalid. Within the stability field of cor-
dierite + spinel in the MgO—AlL0O,—SiO,
system a two-phase field cordierite + Mg-rich
spinel is to be expected in the ZnO-bearing sys-
tem. This will be separated from a field quartz
+ Zn-rich spinel by a three-phase field cordierite
+ spinel + quartz, which represents the subject
of the present study. The composition of this
spinel is fixed, at given P and T, by the phase
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Fig. 1. Expected phase relationships in the anhydrous system

MgAlL,O,—ZnAl,0,—SiO, at elevated temperatures and low

pressures. Note the invariancy of the spinel (Sp) composition

coexisting with quartz (Qz) and cordierite (Crd) at fixed P—T
conditions.
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rule. When a further component entering any of
the participating phases is added to the system
(such as FeO), the spinel composition in this as-
semblage will be a function of pressure, tem-
perature, and bulk rock chemistry.

Calculation of the cordierite — spinel —
quartz equilibrium in the sysiem
MgAl,0,—SiO,

In this system, the phases spinel (sp), cordie-
rite (crd) and quartz (qz) are related by a uni-
variant rection

Mg,ALSi,0,, (Mg-crd) = 2MgALO, (sp) +
5Si0; (qz) (N

For this equilibrium we may obtain the ther-
modynamic parameters by starting from those
given for the participating phases by Helgeson
et al. (1978). It is assumed here that the AV of
the reaction is not a function of pressure and tem-
perature. The thermodynamic properties of low-
quartz will be used throughout the paper. Pos-
sible structural discontinuities in cordierite as
postulated by Mirwald (1982) are ignored.

For reaction (1) we thus derive the following
thermodynamic parameters:
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Fig. 2. Calculated Xy, isopleths for MgAl,0,—ZnAl,0O,
spinels in coexistence with Mg-cordierite and quartz. The
dashed lines represent the stability limits of anhydrous Mg-
cordierite according to Newton ef al. (1974). Abbreviations:
Crd = cordierite, Sa = sapphirine, Qz = quartz, En =

enstatite, Sill = sillimanite.
AGOR(ZQSVI) = 4037 cal
Asok(zt)g‘]) = —939 Cal/K
AVOR(zgg,l) = —0.9646 cal/bar
AC, = —14.18 + 0.02803 T + 5.682 X

10° T2 cal/K

where AG®go5,1) ASreass,1)y aNd AV g 1) TEP-
resent the Gibbs free energy change, entropy
change, and volume change of the reaction at
298.15 K and 1 bar. AC; is the change in iso-
baric heat capacity and T is temperature (in K).

Using the format of calculation proposed by
Carmichael (1977) we may then calculate AG°y
as a function of temperature. To derive the equi-
librium pressure for (1) at a given temperature,
the relationship

AG°yq.py = AG®yqr, 1y + AVl (P — 1)
= 4 )

(Carmichael 1977) is used, where P stands for
pressure (in bars). In the PT-field, equilibrium
(1) corresponds to a (metastable) univariant
curve, which intersects the 1 bar line at —210°C
and 2000°C and which attains a maximum pres-
sure of 10.3 kbars at 975°C (cf. curve labelled
1.0 in Figure 2). The high-temperature intersec-
tion with the 1 bar line is supported by the ex-
perimental study of the system Mg-cordierite —
Co-cordierite (Wandschneider and Seifert 1984)
where a metastable equilibrium among Mg-
cordierite, Mg-spinel and cristobalite can be in-
ferred at about 1600°C.

As an alternative to the thermodynamic data
provided by Helgeson et al. (1978), data sets of
Robie et al. (1978), Bucher (personal com-
munication 1985) and Harris and Holland (1985)
might also be used. The basic result of such cal-
culations are similar to those described above and
to those derived in the following on the basis of
Helgeson et al.’s (1978) data, but with some
systematic deviations: Robie ef al.’s (1978) data
yield equilibrium pressures ca. 700 bars, and
Bucher’s (1985) data pressures 1.5 kbars higher
than the Helgeson ef a/. (1978) data, whereas the
recent data set of Harris and Holland (1985) for
1000 K deviates by only +300 bars. Further
complications might arise from the temperature-
dependent cation distribution in spinel, which has
not been considered here. — These discrepancies
point to the necessity of a further refinement of
the thermodynamic data.

The system MgAl,O,—ZnAl,0,—SiO,

The effect of a Zn component in the spinel on
equilibrium (1) may be taken into account by

—RT InK, = AG®y, ) + AV (P — 1) (3)
where

By = (asngA1204)2 (@%50,)"/ acrdMngl4Si50,8 “4)

The a’s stand for the activities of the components
in the phases indicated, and R is the gas constant.
In the system MgAl,0,—ZnAl,0,—SiO,, cor-
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Fig. 3. log K, for the cordierite — spinel — quartz equilib-
rium (1) as a function of pressure for different temperatures.

dierite and quartz are assumed to be pure phases
and, hence, a equal to 1. Thus (4) reduces to

o= 2 1 —
K = (XSngA1204) with X*®yea0, =

Mg/(Mg + Zn) )

The solution of (3) and (4) is given in Fig. 2 in
terms of X*ya1,0, isopleths in the PT field.
The isopleths form rather flat-lying curves, i.e.
the X*?y,, is mostly a function of pressure. Part
of the calculated equilibria, in particular those
with high X*,, , will be metastable because cor-
dierite breaks down to assemblages other than
spinel + quartz within the field of the divariant
reaction (Newton et al. 1974, and Figure 2).

For easier evaluation log K, (identical to log
K,’ in the MgAl,0,—ZnAl,0,—SiO, system) is
plotted as a function of pressure and tempera-
ture in Fig. 3.

Effect of the FeO component

For natural assemblages, the FeO component
has to be considered since it can enter both the
spinel and the cordierite phase in significant
amounts as hercynite (FeAl,O,) and Fe-cor-

dierite (Fe,Al,Si;O,s) end member, respectively.
We will first discuss cordierite — spinel — quartz
equilibria in the Zn-free system MgAlLO,—
FeAl,0,—SiO, which contains the complete
solid solutions series between Mg-cordierite and
Fe-cordierite as well as that between spinel sensu
stricto and hercynite.
The reaction

Fe,AlSi;O,; (Fe-crd) = 2FeAl,O, (hercynite)
+ 5Si0, (qz) (6)

which is the Fe-analog of equilibrium (1) may be
described by its equilibrium constant

K, = (aSpFeAIZO4)2 (a%50,)"/ (a"dFezAI“SiSOlB) (7

Considering quartz as a pure phase and as-
suming again ideality for the spinels and setting
a“’“‘pezmSi 015 = (XE)* (Thompson 1976) this re-
duces to

Kz = (XspFe)z/ (X"dFe)Z (8)

Equilibrium (6) has been determined by hydro-
thermal methods by Richardson (1968) and Hold-
away and Lee (1977). In order to compare these
data to those of the anhydrous Mg-cordierite
breakdown the effect of water on the stability of
cordierite has to be removed by using the format
of Newton and Wood (1979). Volume data given
by Weisbrod (1973) and Robie et al. (1966) yield
a AV° 0.1, 0f —0.9900 cal/bar. Taking into ac-
count that a metastable equilibrium among Fe
cordierite, hercynite, and tridymite can be in-
ferred from the 1 atm liquidus phase diagram
(Schairer and Yagi 1952) to lie at about 1200°C,
the dry Fe-cordierite breakdown curve to her-
cynite and quartz can than be approximated by
the relationship

P (bars) = 5170—4.1 T(°C) ©)]

The main uncertainty comes from the linear ext-
rapolation of the equilibrium towards lower tem-
peratures, which is equivalent to neglecting the
AC, term.

K, can now be evaluated as a function of
pressure and temperature from
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KZ(P, m'= —AVOR(298'1) (P_Peq)/RT (10)

where P, stands for the equilibrium pressure of
the end-member reaction at the temperature con-
sidered.

For these data and from those of the Mg end-
member reaction (1) P-X diagrams for the system
Mg-cordierite — Fe-cordierite may be calculated
with the format given by Thompson (1976, p.
434). We obtain

In X7, /Xerd,,

= AV®,, (P, — P)/2RT (11) and
In Xy, /X4,
= AV®y, (Py, — P)/2RT (12)

where Py, and Py, refer to the equilibrium pres-
sure of the two end-member reactions (1) and (6)
and AV®,,, and AV°, to the corresponding vol-
ume changes.

By simultaneous solution of the two equations
(11) and (12) the divariant P—X loops for the
breakdown of cordierite into spinel + quartz are
derived. Figure 4 illustrates the strong partition-
ing of Fe into spinel and of Mg into the coexist-
ing cordierite. Again, part of the depicted equi-
libria will be metastable because both the Mg-end
member and the Fe-end member of the cordierite
solid-solution series break down to assemblages
other than spinel + quartz in the temperature
range considered (Richardson 1968, and Fig. 2).
As to be expected from the small temperature
dependence of the end-member reactions the ef-
fect of temperature on the compositions of co-
existing cordierite and spinels is only slight, par-
ticularly in the central portion of the diagram,
but the pressure effect is dramatic.

As a next step, we now add the ZnAl,O, com-
ponent to the Mg-Fe system. Phase relations in
the system MgAlL,O,—ZnAl,0,—FeAl,0,—SiO,,
which contains both the binary cordierite and the
ternary spinel solid-solution series, may be
projected for our purposes from the quartz apex.
The singular spinel compositions that than co-
exist with cordierite and quartz at given P and
T in the limiting MgAl,0,—ZnAl,0,—SiO,
(Fig. 2) and MgAl,0,—FeAl,0,—SiO, (Figure
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Fig. 4. Calculated compositions of anhydrous Mg-Fe cordie-
rites in coexistence with quartz and (Fe, Mg)Al,O, spinels at
three different temperatures.

4) systems will then, in the combined system,
become a line of compositions.
From the two equilibrium constants

Ky = (X7 (X2
=(X59Mg)2/ (1—Xerd)? (13) and
Kz = (XSplre)z/(XcrdFe)2 (8)

the composition of (Mg, Fe, Zn) aluminate spi-
nels coexisting with quartz and binary (Fe—Mg)
cordierite solid solution can be calculated for any
pressure and temperature. Such ternary spinels
which are assumed to behave ideally are also
described by the mole fractions X, = Mg/
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Fig. 5. Calculated compositions of (Mg, Fe, Zn)Al,O, spi-

nels in equilibrium with quartz and anhydrous (Mg, Fe)-

cordierite as a function of pressure, at three different
temperatures.

Mg + Zn + Fe), X, = Fe/(Mg + Zn + Fe)
and X*, = Zn/(Mg + Zn + Fe) = 1—X%*,
—XPr.. The combination of (13) and (8) yields,
after rearrangement,

X, = SQRT K,—X*;, SQRT (K,/K,)

The results of these calculations is shown in
Figure 5 for three different temperatures. Again,
the effect of temperature on the composition of
spinel coexisting with cordierite and quartz is only
slight.

In principle, the two independent equilibrium
constants K, and K, could be used for a deter-
mination of both pressure and temperature from
the compositions of cordierite and spinel coexist-
ing with quartz. Because of the uncertainties in
the location of the end-member reactions and
their similar slopes at high temperatures, this will
not be investigated further. We will return to this
problem in the section on Mg-Fe distribution
after considering the hydrous system.

Effect of water

In the above model anhydrous conditions have
been assumed for the end-member reactions.
However, in a natural environment, water may
enter the cordierite structure and stabilize it rel-
ative to its anhydrous breakdown assemblages
(Newton 1972; Newton and Wood 1979). Since
the water content in cordierite as a function of
pressure, temperature, and composition is still
poorly understood and even for pure Mg-
cordierite exhibits considerable complexity
(Mirwald 1982) and it cannot yet be adequately
modelled thermodynamically. As a result, we will
evaluate the effect of water only qualitatively.
For these gross purposes the model of Newton
and Wood (1979) might still serve the needs. For
instance at T = 700°C and P = 5000 bars (cor-
responding to a water content in cordierite of
about 0.6 moles H,O p.f.u., Mirwald 1982) we
estimate a stabilization of hydrous cordierite on
the order of + 1500 bars as compared to an-
hydrous cordierite. The magnitude of this pres-
sure correction to be applied to data read from
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e.g. Figures 3 and 4 will vary sympathetically with
water pressure. From these considerations it fol-
lows that any chemical variable that effects the
water content in cordierite (such as CO, or
alkalies in the channel of cordierite) will also in-
fluence the cordierite-spinel-quartz geobarometer
to some extent.

Fe-Mg distribution between cordierite and
spinel

The equilibrium constants K, and K, given
for the end-member reactions (1) and (6) impli-
citly contain the iron-magnesium distribution
coefficient K, between cordierite and spinel,
since

- s crd s erd
KD - Xng X Fe/XpFe X Mg

=SQRT(K,/K,). (14)

An evaluation is shown in Figure 6. The effect
of pressure of Ky, is only slight, due to the small
difference in AVy for the end-member reactions,
and In K, is predicted to become more negative
with increasing temperature up to some 750°C
where the trend is reversed. This result is at vari-
ance with the deductions by Vielzeuf (1983).
Water pressures will affect the end-member equi-
librium constants K, and K,, but the effect on
the Fe-Mg distribution coefficient will cancel if
K, and K, are affected in the same way (cf.
(14)), i.e. the amount of water and its interac-
tion energetics with the crystal structure are not
a function of Xd... Then the curves labelled 1
bar and 8 kbars in Figure 6 would describe equal-
ly well the dry equilibrium and hydrous equilibria
with no influence of X4 on the cordierite
water content. If, on the other hand, the equi-
librium water content at any given temperature
and pressure were also a function of the Mg/Fe
ratio of cordierite, this would lead to a pronounc-
ed effect on K. For instance, if the water con-
tent of Fe-cordierite were only 0.8 times that of
Mg cordierite at the same temperature and pres-
sure (which is still within the precision of the da-
ta available, C. Boberski, pers. comm. 1984),

-25

J24 N Vielzeuf 1983

-23

522 Fe-Crd Mg-Crd k
o-Crd_ e

o™= 0,809, 8 Kbar

21

-19 >N

-18
8 Kbar
-17

16 ] 1var

InKp

500 600 700 800 900 1000
T(*C)

Fig. 6. Predicted Fe-Mg partitioning coefficient, In Kp,
between cordierite and spinel as a function of temperature,
at 1 bar and 8 kbars. The two lower curves are equally valid
for the dry system and for the case that the water content
of cordierite is not a function of its Fe/Mg ratio. With the
assumption that the water content of the Fe-cordierite end
member is 0.8 times that of the Mg-cordierite end member
at any given pressure and temperature the curve in the center
results. The relationship proposed by Vielzeuf (1983) is also
indicated. For discussion see text.

then the K, would behave differently (Figure 6).
It is concluded that at least at present the Fe-Mg
distribution coefficient between cordierite and
spinel cannot be used as either a geothermometer,
or a barometer.

Natural cordierite — spinel —
quartz assemblages

We have compiled natural cordierite — spinel
— quartz assemblages from the literature (see
Table 1) for comparison with the predicted be-
havior of the equilibrium discussed above. In ad-
dition, these data serve as a preliminary data set
for evaluating the effects of P, T, and composi-
tion of the Fe-Mg distribution between spinel and
cordierite. This knowledge will be necessary for
assessing the usefulness of the barometer pro-
posed. The following discussion also includes a
graphical example of spinel'— quartz — cordie-
rite phase relations.



102 Friedrich Seifert and John C. Schumacher
Phase relations

In general, natural assemblages will contain
more phases than the examples discussed above.
We will, therefore, first examine the effects of
bulk composition and overall phase relations on
the cordierite — spinel — quartz equilibria.

In spinel-bearing rocks the compositions of the
spinel reflects its assemblage, which in turn is an
indicator of bulk composition. This is schemat-
ically illustrated in Figure 7 in the ZnO(Z) —
MgOM) — ALO,(A) — SiO,(S) and FeO(F)MAS
systems at constant T and P for one set of phase
relations representing upper amphibolite grade.
Assemblages involving various combinations of
corundum (cor), sillimanite (sill), spinel (sp), cor-
dierite (crd), and quartz (qz), excluding (qz +
cor), are reported by Robinson and Jaffe (1969),
Schumacher (1983), and Lal ef al. (1984), and
serve as a basis for this discussion. For alumi-
nous spinel-bearing compositions in both the
ZMAS and FMAS systems the same sequence of
assemblages is seen as Mg/Zn and Mg/Fe in-
creases and is as follows: Qz + Sill + Sp, Qz
+ Sill + Crd + Sp, Sill + Crd + Sp, Cor +
Sill + Crd + Sp, and Cor + Crd + Sp. In ad-
dition to changes in assemblage, the spinel com-
position in the ZMAS system (Figure 7A) and
both the spinel and cordierite compositions in the
FMAS system (Figure 7B) also vary sympathet-
ically with the bulk composition.

Figure 7 further illustrates the special compo-
sitional relationship among spinel, cordierite, and
quartz, which results from the fact that the cor-
dierite formula can be expressed as quartz +
spinel end members (cf. (1)). As a consequence,
the coexistence of these three phases fixes the Zn-
Mg ratio of spinel and the Fe-Mg ratio of spinel
and cordierite at constant P and T. Because of
this the fourth phase of the assemblage (sillima-
nite) in Figure 7 is not required to specify the
compositions of the phases, as is the case with
the Crd + Sp + Sill + Cor assemblage, where
no such compositional relationship exists among
any three of these phases.

The compositional effects of the strong P de-

to FeO

Fig. 7. ZnO—MgO—Al,0;,—SiO, (A) and FeO—MgO—
Al,0,—SiO, (B) tetrahedra that show one set of phase re-
lations in these two systems (see text). Crd = cordierite, Cor
= corundum, Qz = quartz, Sill = sillimanite, Sp = spinel,
and subscripted ss = solid solution. Heavy tie lines connect
four-phase assemblages and the lighter tie lines connect three-
phase assemblages. Some Crd,-Sill and Crd,-Cor tie lines
from three-phase assemblages have been left off B for clarity.

pendence of the Sp-Crd-Qz equilibrium, which
was discussed previously, can also be visualized
in Figure 7. As cordierite stability increases with
decreasing P, the four-phase volumes will shift
to Zn-richer (Figure 7A) and Fe-richer (Figure
7B) compositions, which results in increasingly
Zn- and Fe-richer spinels coexisting with cor-
dierite and quartz.
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The phase relations in the ZFMAS system are
more complex. Here the cordierite Fe-Mg ratio
and the proportions of Fe, Mg, and Zn in spinel
can vary. However, at constant P and T, and at
a fixed X, of cordierite the spinel composition
is also fixed, and it would represent a point on
a Fe-Mg-Zn spinel compositional ternary. Vary-
ing the X, of cordierite would also shift the
ternary spinel composition. As a result, at con-
stant T and P, the spinel compositions that co-
exist with quartz and cordierite of various Xue
values will plot as a line on a Fe-Mg-Zn spinel
composition ternary. The contours in Figure 5
represent such sets of spinel compositions cal-
culated at different pressures and temperatures.

Comparison of pressure estimates

An investigation of natural examples of spinel
— cordierite — quartz assemblages was done
using the data from sources listed in Table 1. The
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mole fractions of MgO, FeO, and ZnO (Xngs
Xres Xz,) are listed for spinel and the Xy, is
given for the coexisting cordierite. It should be
noted that ZnO was analyzed for in some of the
cordierite samples (Schumacher 1983; Wolter and
Seifert 1984), but was not found. This empha-
sized that solid solution of Zn in cordierite is at
least negligible, if not totally absent, under nor-
mal geologic conditions. In addition, Mn-
contents of cordierites (Table 1) are very low (less
than 0.010 per 18 oxygens). Also listed in Table
1 are the coefficients K, and K,, which have
been discussed earlier, and K, = Kord, =
XPy X e/ X X4 .. The T, and P, (T, P by
the author) estimates given in Table 1 are from
the source of the data. The P, (P,4.) values
were obtained from Figure 3 using the log K,
values and T, data. With the exception of
sample 6 (Table 1), the P, estimate is lower
(generally within 1.5 kbar) than the P, estimate.
The low P, values may result from the stabiliz-

Table 1. Compositional data, distribution coefficients, and P-T data for natural cordierites and spinels coexisting with quartz.
Xwg = Mg/(Mg + Fe*? + Zn), X, = Fe*2/(Mg + Fe*? + Zn), Xz, = 1—Xpe—Xug, Ki = (X7 (X522, K, = (Xi2)¥/
(Xgd)?, and Kp = (X3, - X§)/(Xi2 - Xgid). T, and P, = temperature and pressure estimates based on other geothermo-
meters and barometers for the various terrains as given by the authors. P,, = pressure estimated from Figure 3 (see text).
T, for samples 8—12, P, for samples 16—19 represent averages of P and T ranges.

Sample X34, Xip X3 Xgd K, K, Kp T, P, P, Reference
No. (°C) (kbar) (kbar)
1 0.340 0.660 0.000 0.810 0.176 12.07 0.121 900 7+1 6.0 Laletal. (1984
2 0.355 0.590 0.055 0.840 0.179 13.60 0.115 900 7+1 6.0 Laletal. (1984)
3 0.328 0.672 0.000 0.810 0.164 12.51 0.114 900 7+1 5.7 Laletal. (1984)
4 0.404 0.575 0.022 0.872 0.215 20.18 0.103 900 7+1 6.5 Laletal. (1984)
5 0.313  0.665 0.021 0.792 0.156 10.22 0.131 800 6+1 5.6 Laletal. (1984)
6 0.224 0.766 0.010 0.694 0.104 6.27 0.129 730 4.3 5.0 Loomis (1972, 1976)
7 0.204 0.288 0.508 0.834 0.060 3.01 0.141 675 6.5 4.0 Cornen (1980)
82 0.505 0.495 0.000 0.891 0.321 20.62 0.125 940 7 7.5 Ellis et al. (1980)
9 0.084 0.155 0.761 0.731 0.013 0.33 0.199 610 <3.8 1.2 Dietvorst (1980)
10 0.126  0.246 0.629 0.731 0.030  0.84 0.189 610 <3.8 2.5 Dietvorst (1980)
11 0.081 0.286 0.633 0.607 0.018 0.53 0.184 610 <3.8 1.8  Dietvorst (1980)
12 0.078 0.219 0.702 0.607 0.017  0.31 0.234 610 <3.8 1.7 Dietvorst (1980)
13 0.091 0.464 0.445 0.630 0.021 1.57 0.115 550 2.5 2.3 Wolter and Seifert (1984)
14 0.067 0.395 0.538 0.630 0.011 1.14  0.098 550 2.5 1.2 Wolter and Seifert (1984)
15 0.106 0.225 0.638 0.709 0.022 0.60 0.192 550 2.5 2.2 Wolter and Seifert (1984)
16 0.284 0.277 0.439 0.887 0.103 6.01 0.130 625 6.5 5.1  Schumacher (1983)
17 0.392 0.442 0.166 0.887 0.195 15.30 0.113 625 6.5 6.3  Schumacher (1983)
18 0.291 0.336 0.373 0.880 0.109 7.84 0.118 625 6.5 5.2 Schumacher (1983)
19 0.342 0.383 0.275 0.880 0.151 10.19 0.122 625 6.5 5.8 Schumacher (1983)
200 0.123  0.853 0.024 0.522 0.056 3.19 0.132 750 4.8 3.7 Schumacher 1984, unpubl.

2 Ellis et al. (1980) give 8—10 kbar but Grew (personal communication, 1984) considers 7 kbars more realistic.
® Sample from Bodenmais, Bavaria. P, estimated from composition of garnet coexisting with cordierite (Thompson 1976).
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ing effect of H,O in cordierite, which was not
considered in the calculations used to derive K|
(cf. section on effect of water).

For further comparison of the natural spinels
and the calculated isobaric and isothermal com-
positions for the ternary spinels the data are
plotted in Figure 8. The isobars at 700°C were
chosen because this temperature is an approxi-
mate average of the T range of the natural
samples. In addition it is evident from Figure 3
that the effects of T between 600 and 800°C are
fairly small (+ 0.5 kbar) above 2.5 kbar. Pres-
sure estimates P, (kbar) for the various terranes
are shown next to the analysis points. It should
be noted that the pressure estimates for the
natural examples obtained from Figure 8 are in
good agreement with the estimates listed in Table
1, which were obtained using the Mg end-member
data only. If any real difference exists between
the two sets of pressures, those read from Figure
8 are slightly higher (less than 500 bars on the
average) than P_. This could indicate a very
minor inconsistency between the exact location
of the end-member reactions used in the calcu-
lations or could reflect slight differences in water
content of cordierite as a function of X, (see
above).

The two pairs of spinel analyses connected by
tie lines in Figure 8 span the composition range
of individual spinels from two samples. These
spinels may have equilibrated during the fairly
rapid decompression postulated for this locality
(Schumacher 1983; Robinson and Jaffe 1969).
The variation in Zn content of these spinels may
reflect the various pressures at which the spinel
was last in equilibrium with both quartz and cor-
dierite. Consequently, the 6.8 to 5.4 kbar pres-
sure range suggested by these spinels (Figure 8)
is reasonable. Two other sets of spinel data from
Wolter and Seifert (1984) and Dietvorst (1980)
in Figure 8 (labelled W and D) show a range in
spinel compositions; however, the trend is near-
ly parallel to the isobars, and most likely reflects
variations in bulk composition. Taken as a
whole, the above natural examples agree well
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Fig. 8. Ternary plot that compares compositions of natural
(Mg, Fe*2, Zn) aluminate spinels (filled circles) from Table
1 to the calculated spinel compositions in equilibrium with
cordierite and quartz at 700°C and various pressures. Pres-
sure estimates from the data (P,, kbar, for sources see Table
1) are shown next to the point. Fields labelled W and D rep-
resent multiple samples from two localities. Tie lines show
the range in composition of spinels from two samples (see
text).

Zn

with the predicted pressures for the composition
of Mg-Fe-Zn spinels coexisting with quartz and
cordierite.

The calculations suggest that K, is relatively
insensitive to pressure and temperature variations
and would not be particularly affected by retro-
grade reequilibration. As a result, in the absence
of quartz, cordierite — spinel assemblages could
be used to give maximum P estimates. Spinel
analyses highest in Zn and lowest in Mg from
cordierite- bearing rocks will give the lowest
(nearest to actual) pressure estimate (compare
Figure 2). As an example, the lowest maximum P
estimated from Berg (1977) for cordierite (X,
= 0.642) and spinel (X, = 0.178) is 4.3 kbar
(from Figure 3) which is in reasonable agreement
with Newton’s (1983) 2.45—3.80 kbar estimates
for this terrane.

Quartz — spinel assemblages give minimum P
estimates, and spinel analyses lowest in Zn and
richest in Mg from quartz-bearing assemblages
will give the highest (closest to actual) minimum
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P estimate (compare Figure 2). Spinel from a
cordierite-free assemblage from Dietvorst (1980)
gives 1.3 kbar (from Figure 8), which is consistent
with the 3.8 kbar maximum P estimated by the
author, and the 1.2 to 2.5 kbar estimated from
the cordierite-bearing assemblage (Table 1).

Fe-Mg distribution between spinel and
cordierite

Recently Vielzeuf (1983) has suggested that the
Fe-Mg distribution between spinel and cordierite
is temperature dependent. However, values of In
K, versus temperature for samples used in
Table 1 suggest there is very little correlation
between these parameters (Figure 9A, compare
with Figure 6). The average In K, from the data
used here is —2.055 (K, = 0.120). This value is
systematically lower than that predicted by the
theoretical treatment (—1.63 to —1.87) and this
difference might be due to the effect of water in
cordierite (see above, and Figure 6).

With the limited number of examples presented
here it is even more difficult to determine the ef-
fects of pressure on In K, (Figure 9B). If the
data point at 2.5 kbar is ignored, then the In K,
appears to decrease with increasing pressure (in
agreement with theory, see Figure 6); however,
if the three data points (from the same source)
with the largest in K, (approximately —1.650,
Figure 9B) are ignored, then the data would sug-
gest that there is no correlation with pressure.

A possible explanation for the variation in In
K, is that this parameter is affected by the Zn
content of the spinel. Figure 9C shows that there
seems to be a slight but systematic increase in In
K, where the spinel contains more than about
0.3 Zn per 4 oxygens (X,,>0.3). This would
mean that at higher Zn contents Mg is increasing-
ly favored over Fe in spinel, which in turn might
suggest a nonideality in the Zn, Mg, and Fe
substitution in Zn-rich spinels. The validity of
this relationship could further be studied using
Zn-bearing spinel — cordierite pairs from quartz-
free rocks, and compilation of these.data is in
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Fig. 9. Plots of In K, versus temperature (A), pressure (B),

and X, of spinel (C) for the spinel — cordierite pairs in

Table 1. In Kp = In (XoPy Xerde)/(XPpXMy,). Xy = Mg/

(Mg + Fe+?), X;. = Fe+2/(Mg + Fe*?). X;, = Zn/(Mg +
Fe*?2 + Zn).

progress. If it proves necessary, these additional
data could be used to help model the effects of
high Zn in the spinels in the proposed geobaro-
meter.

The strong pressure effect of the cordierite —
spinel — quartz equilibrium (1) on the X, of
cordierite and spinel is shown in Figure 10. Be-
cause of the possible Zn effect on X*,,, Zn-rich
spinels (>0.05 Zn per 4 oxygens) are omitted
from Figure 10, but the cordierites were all
plotted. The data for cordierite and coexisting
Zn-poor spinel represent the limbs of a P-Xy,,
loop, and they are in good agreement with the
calculated P—X,;, loop for 700°C (from Figure
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Fig. 10. Plot of P (kbar) versus Xy, (Mg/(Mg + Fe*?)) for

cordierite (squares) and spinels (circles). Filled symbols rep-

resent spinel — cordierite pairs where the spinel contains less

than 0.05 Zn per 4 oxygens. Spinels with higher Zn contents

are not shown (see text). Open squares are cordierites co-

existing with Zn-rich spinels. Some symbols represent more
than one analysis.

4). Because of the stabilizing effect of Zn in spi-
nel, cordierites coexisting with Zn-rich spinel
should have a higher X,,, than cordierites co-
existing with Zn-free spinel at a given pressure.
This can be seen in the natural examples by com-
paring the cordierites from low-Zn assemblages
(filled squares, Figure 10) to cordierites from
high-Zn assemblages (open squares).

Other elements in spinel

The failure to account for ferric iron in
microprobe analyses could affect the Fe*2/Mg
ratio calculated for an individual spinel. How-
ever, spinel stoichiometry can be used to estimate
the ferric content, and this is commonly done in
the literature. There are additional reasons to be-
lieve that the ferric content in most spinels in the
rocks under discussion is not large. Work by Tur-
nock and Eugster (1962) on the magnetite — her-

cynite join indicates that hercynite has less than
about 5 per cent solubility towards magnetite be-
low 500°C. Higher temperature spinels with
greater Fe*3 contents should exsolve magnetite
as they cool. Such exsolution in Fe-Mg-Zn-Al
spinels is commented on by Ramdohr (1969). In
most of the spinel — quartz — cordierite as-
semblages used here, magnetite, which indicates
Fe*3 saturation, was not reported, nor was any
exsolution in the spinel discussed. This suggests
that these spinels contain less, perhaps much less,
than 0.10 Fe*3 cations per oxygens.

Incorporation of large amounts of Mn in spinel
(galaxite component, MnAl,O,) could affect the
proposed geobarometer. However, in the samples
from Table 1 Mn was less than 0.013 per 4
oxygens and generally less than 0.010 per 4
oxygens. In addition, galaxite-rich spinels have
only been recognized in relatively Mn-rich rocks,
and Essene and Peacor (1983) further suggest that
to form galaxite SiO, activity must be so low as
to preclude spessartine formation. For these
reasons the MnO contents of the spinels are not
expected to be a problem in the calibration of the
barometer.

Work on spinel — olivine assemblages (e.g. Ir-
vine 1965; Engi 1983) have demonstrated that the
Fe-Mg distribution between these two phases is
dependent on the Cr-content of the spinel. As a
result Cr potentially could affect the calibration
of the quartz-spinel-cordierite geobarometer.
Fortunately, the majority of metamorphic spinels
taken from the literature contain little or no Cr.
In addition, work by Evans and Frost (1975) and
Evans (1977) on metamorphosed ultramafic
rocks indicates that original chromites become
increasingly more aluminous as metamorphic
grade increases. At conditions of the upper am-
phibolite facies the spinels are either Cr-free or
contain only minor Cr, which indicates that Cr
is preferentially incorporated into Fe-Mg-Al
silicates rather than into oxides. Consequently,
correcting for Cr in most metamorphic spinels
is also not anticipated to be a problem in the ap-
plication of the barometer.
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Outlook

It has been demonstrated that, in the as-
semblage cordierite — spinel — quartz, the com-
position of the spinel changes drastically with
pressure and is slightly temperature dependent.
This should make the proposed barometer ex-
tremely sensitive to pressure variations. Com-
parison to natural assemblages supports the
model. The application of the new geobarometer
to cordierite — anthophyllite rocks that are
linked to sulfide deposits might, for instance,
help to further elucidate their genesis and tecton-
ic setting: It is generally agreed that the protoliths
of most of these rocks originated through rock
— seawater interaction at low temperatures and
that the present-day assemblage is the product of
a later metamorphic event. This event might
either be associated with a regional orogeny (with
a medium-pressure geothermal gradient) or a sea-
floor metamorphism characterized by rather high
temperatures and very low pressures. If, there-
fore, rather low pressures could be assessed for
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