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Abstract Diffusive processes are a strong function of
temperature. Thus, during cooling of rocks, mineral
grains may develop zoning profiles as successively larger
parts of the grain ““close” to the diffusive exchange with
the rock. One of the consequences of this process is that,
during cooling, successively larger parts of zoned min-
erals (depending on grain size) are effectively removed
from the reacting part of the rock volume. Thus, the
effective bulk composition of metamorphic rocks chan-
ges during cooling and the rate of its change will be a
function of grain size. Because the sequence of meta-
morphic reactions seen by a given rock is a strong
function of its bulk composition, this process may have
the consequence that two rocks of identical overall bulk
composition, but of different grain size, may experience
a different sequence of reactions. Qualitatively identical
peak paragenesis may therefore react to form qualita-
tively different retrograde reaction textures. The model is
applied to examples in the pelitic system. There, garnet is
usually the slowest diffusing phase developing zoning
profiles during cooling and the effective removal of
garnet from the reacting rock volume will cause changes
of the effective bulk composition. It is shown that,
during cooling of pelitic rocks from amphibolite facies
conditions, typical aluminous peak parageneses of
garnet-muscovite-kyanite + biotite may react to form
either staurolite, chlorite or muscovite (or different
combinations thereof), depending on grain size. During
cooling from the granulite facies, aluminous peak pa-
rageneses of garnet-cordierite-sillimanite may form bio-
tite, either on the expense of cordierite or garnet, also
depending on grain size. The two examples are illus-
trated with a series of reaction textures reported for
amphibolite and granulite terrains in the literature.
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Introduction

Petrogenetic grids are one of the most important tools
for the interpretation of pressure temperature (P,T)
paths of metamorphic rocks. However, interpretation of
these grids is often difficult, because they are projections
of all phase equilibria information of a given model
system onto the PT plane. Only a fraction of that in-
formation may be relevant for the interpretation of a
given rock. For illustration, Fig. 1a shows part of a
petrogenetic grid for high grade assemblages of the
idealised pelitic system. This grid provides no informa-
tion on the change of mineral equilibria for a rock that
cooled along the hypothetical PT path Y — Y’. In order
to improve the interpretation, sections and pseudosec-
tions may be constructed (e.g. Hensen 1971). Petroge-
netic PT pseudosections show only those equilibria that
are relevant to a chosen bulk composition. The advan-
tage of pseudosections over full petrogenetic grids is
profound. In particular: (1) pseudosections only show
system information pertaining to the interpretation of a
given rock, thus, a/l information of the pseudosection
may be used for interpretation; (2) details of continuous
reaction of higher thermodynamic variance may be
shown in pseudosections (Fig. 1b, ¢). The enormous
advantage of pseudosections is only hampered by the
need for knowledge of the relevant bulk composition.
Discussion of this — and the size of the equilibration
volume to derive it — is not a trivial task (see also
Robinson 1991; Spear 1993) and it will be a major aim of
this paper to draw the attention of the reader to the
problems associated with its definition. Part of the
problem is illustrated by a comparison of Fig. 1b and c.
This shows two pseudosections of Fig. 1a, for two dif-
ferent bulk compositions of pelitic rocks. Figure 1b is
for bulk compositions just more and Fig. 1c for bulk
compositions just less aluminous than the garnet-cor-
dierite tie line in AFM. Correspondingly, the two
pseudosections show, respectively, a divariant field with
the aluminous assemblage garnet-cordierite-sillimanite
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(Fig. 1b) and garnet-cordierite-biotite (Fig. 1c). Con-
touring the divariant fields for isopleths in both pseu-
dosections, shows an intriguing difference between the
two equilibria. During cooling along the hypothetical
path Y — Y’ garnet and cordierite are predicted to be-
come more Mg-rich in the bulk composition of Fig. 1b,
but more Fe-rich in the bulk composition of Fig. lc,
assuming all phases are ‘“‘communicating”.
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This and similar examples in the literature (e.g.
Robinson 1991), for example the observation of simul-
taneous consumption and precipitation of phases in
different parts of a thin section (Foster 1991) highlight
the importance of bulk composition to any consider-
ation of PT paths. It is the focus of this paper to discuss
aspects of its definition in a cooling rock.

The relevant bulk compeosition

The relevant bulk composition of a rock is that of the
equilibration volume (e.g. Spear 1993). The equilibra-
tion volume is the volume of rock which, at a given P
and T, reacts to be in chemical equilibrium. The bulk
composition of this volume is the effective bulk compo-
sition (EBC) of the rock in this location. It need not be
chemically isotropic — different minerals can be present —
but each phase needs to be homogeneous. Zoned
minerals represent, strictly, an infinity of EBC’s and
therefore equilibration volumes. If a pseudosection is to
be constructed to interpret a rock, one of the hardest
tasks is to identify this EBC. In the process of doing so, a
series of untested assumptions about this process are
(sadly) common practice. For example, on the scale of
an outcrop it is common to consider rocks to be of
different bulk composition. On the other hand, on the
scale of a thin section, it is common to interpret all
minerals to be in equilibrium i.e. of one bulk composi-
tion (given an “‘equilibrated” texture) and microprobe
analyses from (often not even) adjacent grains are lib-
erally used to identify the formation conditions. For
“well-equilibrated” rocks both assumptions are proba-
bly useful, with the size of the equilibration volume be-
ing between thin section and outcrop scale. However, in
rocks with reaction textures, i.e. rocks with not equili-
brated textures, the definition of equilibrium volume
becomes much harder and more crucial. There, textural
contact is usually taken as an indicator for which min-
erals are in equilibrium and the problem of defining the
EBC becomes apparent: the equilibration volume (and
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Fig. 1 a Petrogenetic grid in system K,O-FeO-MgO-Al,0O5-SiO,-
H>O (KFMASH) showing two reactions critical for high grade
metamorphic assemblages. Mineral abbreviations are those of
Holland and Powell (1990) and all diagrams are calculated with the
software THERMOCALC (Powell and Holland 1988). b; ¢ Show
pseudosections of the grid in a for two different bulk compositions as
given by A:F:M:K ratios and end member ratios. b is for bulk
compositions just more aluminous than the garnet-cordierite tie line
and shows, therefore, the divariant field g-cd-sill (+ q+ ksp + 1)
(white field). ¢ Is for bulk compositions just less aluminous than the
garnet-cordierite tie line and shows therefore the divariant field g-cd-bi
(+ q + ksp + 1). For simplicity the water activity in melt was
assumed 1. The shaded regions depict trivariant fields and other
divariant fields not shown here. Xg. isopleths for garnet (solid thin
lines) and for cordierite (dashed thin lines) are shown. Note that, for
the same cooling path, (¥ — Y’), garnet and cordierite will track
towards more magnesian compositions in b, but towards more iron-
rich compositions in ¢. (g garnet, cd cordierite, si// sillimanite, g quartz,
ksp k-feldspar, bi biotite)




therefore the EBC) lies somewhere between a single
touching grain pair and the size of the thin section (see,
Droop 1989). Unfortunately, it is only topologically
possible to demonstrate contact equilibrium for at most
four phases in a thin section (see discussion and refer-
ences in Gardner 1980), while at least six phases are
needed for a divariant equilibrium in a six component
system (for example the idealised pelitic system). Reac-
tion textures can therefore easily be misinterpreted in
terms of an inappropriate bulk composition. This is
particularly highlighted by detailed observations on
mineral growth as a function of distance from some
phases (e.g. Foster 1986; Yardley 1977). A discussion of
the art of interpreting the equilibration volume from
such observations lies well beyond the scope of this
paper. However, a simple model will now be used to
illustrate some of the effects that misjudgment of the
equilibration volume may have.

lllustration with a model

Clearly, realistic equilibration volumes (and therefore
EBC) are impossible to identify exactly. They will be of
different size for different elements and they may exclude
some slow diffusing phases near the texture of interest,
but include rapidly diffusing phases far from it, for ex-
ample because grain boundary diffusion is much more
rapid than volume diffusion (Fig. 2). Moreover, cata-
lysing processes may occur and fluids and deformation
may play a role in determining the equilibration volume
(Rubie 1986; Foster 1991). However, in order to illus-

Fig. 2 A schematic thin section consisting of four different minerals,
for example garnet (black), biotite (dashed) and a quartz-feldspar
matrix (white). Superimposed is a “realistically” shaped equilibrium
volume for a given time at a given temperature (shaded lobate regions).
Two different areas are shown to indicate, schematically, that the
equilibrium volume may be of different size for different elements. The
smaller (darker shaded) region indicates the volume for an element in
which the ratio of grain boundary diffusion to volume diffusion is
larger than in the light-shaded equilibration volume. Thus, the dark-
shaded volume extends along grain boundaries and includes only some
“biotites” that can easily be reached along grain boundaries
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trate how bulk compositions may differ for differently
sized equilibration volumes, it suffices to use a simplistic
model. It is assumed that the equilibration volume for a
given time and at a given temperature, is a concentric
sphere around the point of interest in a rock (Fig. 3).
Using this model, the bulk compositional variation
across a simple grain boundary can be investigated.
Figure 3a shows a grain boundary superimposed by
three different equilibration volumes. The parameter R
is the radius of the equilibration volume and x is the
distance of the point of interest from the grain boun-
dary. It may be seen that, depending on R and x, the
EBC changes between 100% phase 4 and 100% phase
B. Figure 3b shows how this variation occurs for differ-
ently sized equilibration volume with radius R; Fig. 3c
shows how the bulk composition may change at one
location in the thin section as a function of changing the
size of the equibration volume during temperature
change (Appendix).
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Fig. 3 a A schematic grain boundary between two minerals 4 and B.
x is the distance of a point of interest from the grain boundary
(measured positive towards grain B and negative towards grain 4); R
is the radius of the equilibration volume. b Shows the variation of
bulk composition across the grain boundary for six differently sized
equilibration volumes. ¢ Shows the variation of bulk composition as a
function of R (or temperature) for five different points of observation.
The units for x are the same as those for R. Calculations are done with
the relationship of the Appendix
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Figure 4 illustrates the same two-phase model in two
dimensions. The matrix phase B is kept white and a
series of circular “porphyroblasts” of phase 4 are as-
sumed to be embedded in it. Outside the shown area it is
assumed that no further porphyroblasts occur. The
contours show lines of constant bulk composition for a
fixed R. Plots are shown for four different R. Clearly, for
very small R, the bulk composition inside the
porphyroblasts is near 100% 4 and in the matrix it is
100% B, except near the grain boundary. However, as
the radius of the equilibration volume approaches the
distance between two of the porphyroblasts, the amount
of phase 4 in a given volume may come from more than
one grain (R = 2). Therefore, the lines of constant bulk
composition envelop more than one grain. For R much
larger than the distance between porphyroblasts, the
amount of A in the bulk composition approaches the
average proportion of A4 in the rock. For example, on
Fig. 4 for R =10, the EBC is the same (6.8% of A)
everywhere in the thin section. However, for intermedi-
ate R, lines of constant EBC show little apparent sym-
metry with the porphyroblast distribution (R = 5) and
the EBC of the rock may be the same between grains and
near grains. Interestingly, the direction of the composi-
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Fig. 4 A schematic thin section consisting of two minerals 4 (shaded
circlesy and B (white matrix) contoured for lines of constant bulk
composition (contoured in proportion of 4) for four different sizes of
a circular model equilibration volume (characterised by R in length
units). The radii of the “porphyroblasts” of phase A4 are 1; 1.5 and 2
units and the size of each plot is 10 length units. Note that the
variation of bulk composition and the direction of the compositional
gradient change dramatically with R. For example, there is no
compositional gradient at the marked location (cross) for very small
(R =1) or very large (R = 10) equilibration volumes; there is a steep
horizontal gradient in opposing directions for R = 2 and there is a
shallower but vertical gradient R = 5

tional gradient changes dramatically with changes in the
size of the equilibration volume in parts of the plot
(arrowed directions in Fig. 4 for R=2 and R =)5).
Considering that diffusion will, in general, occur at steep
angles to isochemical surfaces, the rapid changes of
isochemical contours on Fig. 4 predict complicated dif-
fusion paths during temperature change.

Changes in bulk composition due to closing minerals

The discussion above has highlighted some of the
problems associated with identifying the appropriate
bulk composition of a reacting rock volume by taking an
extremely simplistic view of the shape of the equilibra-
tion volume. In this section, this approach is refined by
considering the effects of different diffusion rates in
different phases to the equilibration volume.

Consider a pelitic rock containing garnet. Volume
diffusion in garnet is likely to be the slowest diffusing
process in such a rock and the diffusion properties of
garnet will therefore limit the rate of equilibration of the
rock. During cooling and ““closure” of garnet (see, for
example: Lasaga 1983; Spear 1993; Ehlers et al. 1994a),
successively larger parts of garnet grains are effectively
removed from the reacting rock volume composition
and the EBC will change. An equivalent process may
occur during the development of growth profiles on the
heating path. This “prograde” process is known as
Rayleigh fractionation and has been described in the
literature for some time (e.g. Neumann et al. 1954;
Hollister 1966, 1970; Loomis 1975; Robinson 1991). In
the following, we concentrate on the effects of bulk
composition changes during cooling.

For garnet-bearing rocks, the direction of EBC
change during cooling must be on a line between the
overall bulk composition and the equilibrium garnet, in
direction away from the garnet. Details of the shape
of the path of the changing EBC will depend on the
reacting assemblage. As an example, consider the tri-
variant pelitic assemblage garnet-biotite (+ quartz
+ muscovite + H,O in the AFM (effectively mol
Al,O3:FeO: MgO) projection (Fig. 5). During cooling
from 7} to T, the garnet-biotite equilibrium will shift as
indicated qualitatively by the tie lines (Fig. 5a). If this
temperature change is associated with closure of part of
the garnet, the EBC will shift towards biotite. During the
same temperature change, the divariant equilibrium
garnet-chlorite-biotite (+ quartz + muscovite + H,0)
will shift towards more Fe-rich compositions (e.g. Spear
and Cheney 1989). Thus, it is possible that the divariant
field will shift over the bulk composition of consideration
(Fig. 5b). Chlorite will begin to grow. The compositional
change of garnet in the divariant assemblage is qualita-
tively different from the trivariant assemblage and
therefore the direction of compositional change of the
EBC will change. Constructing this path of the EBC
quantitatively would be extremely difficult (see discus-
sion), but Fig. 5c shows one possible composite path



Fig. 5a—¢ Schematic AFM diagrams showing one possible change of
EBC in pelitic rocks during cooling (trivariant fields shaded, divariant
fields white). Only the section shaded in the inset is shown in a—c. a
During cooling from 7; to 7> (7> < T7) the equilibrium paragenesis is
trivariant and — according to the shift of equilibrium tie lines —
removal of garnet will result in a bulk composition vector away from
garnet and with a clockwise rotational path. b During further cooling
from T3 to Ty (with 7y < T53 < T3), when the divariant tie triangle has
shifted over the bulk composition, the changes of the EBC will be
along an anticlockwise rotational vector. ¢ Shows the composite path
from a and b

(from Fig. 5a,b). Clearly, the shift of the EBC may result
in other equilibria being intersected and it is, a priori, not
clear what paragenetic effects this shift will cause in
different parts of one thin section. It will be the subject of
the remainder of this paper to consider the model dis-
cussed above with reference to a realistic example.

Application to an example in the pelitic system

As an example, consider amphibolite facies equilibria in
the model system K,O-FeO-MgO-Al,05-Si0,-H,0
(KFMASH). The phase diagram for this system is now
well known (e.g. Spear and Cheney 1989; Xu et al. 1994)
and forms therefore a good basis for application.
Figure 6 shows a compatibility diagram for this system
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Fig. 6 Compatibility diagram for pelitic assemblages (+ q + H,O)
showing the compositional profile used in the 7 — Xgpc section of
Fig. 8 (arrows). The profile connects garnet (py:alm = 5:95) with a
composition defined by the end members Mg-staurolite, amesite and
muscovite (mst:ames:mu = 60:40:30) (dark shaded triangle) and is
therefore appropriate to profiles with removal of garnet from a bulk
composition at the black dot. The chosen bulk composition is just
more aluminous than the garnet-chlorite-muscovite (g-chl-mu) tie-
plane (light shaded triangle)

illustrating an example of a qualitatively possible EBC
path for a “‘normal” pelitic bulk composition (black dot)
just more aluminous than the garnet-chlorite-muscovite
tie plane. The path progresses in direction away from
garnet, which is assumed to be the slowest diffusing
phase in the assemblage. In order to perform calcula-
tions on the simplest level, details of the shape of the
path of the EBC during cooling are neglected (for ex-
ample due to compositional changes of garnet) and the
path is assumed to be linear. This is justified, considering
the small changes in equilibrium garnet composition in
the T-range between 540 and 740 °C which will be our
main focus below (e.g. Vance and Holland 1993). The
far end of the path was chosen by an appropriate pro-
portion of the end members mst (Mg-staurolite), ames
(amesite) and mu (muscovite).

Figure 7 shows calculated mineral equilibria in
KFMASH in AFM projections [projected from mu, q
(quartz) and H,O] at a series of different temperatures.
Superimposed is the projected line of changing bulk
composition (from Fig. 6). This vector connects a typi-
cal pelitic bulk composition of Al,0;:MgO:FeO:-
K,O = 32.77:10.72:55.22:1.3 with garnet. These ratios
were chosen so that the bulk composition will feature
roughly equal proportions of garnet, chlorite and
staurolite in the divariant assemblage g-chl-st-mu-q-
H,O at intermediate P7 around 570 °C and 7.5 kbar
(see also: Figs. 7, 8). These component ratios lie on a
direct line between garnet (py:alm = 5:95) and the end
member combination mst:ames:mu = 60:40:30 and are
representative of many amphibolite facies meta-pelitic
schists. The calculations of Fig. 7 and all further calcu-
lations are performed with the software THE-
RMOCALC (Powell and Holland 1988) using an
updated version of the thermodynamic data set of
Holland and Powell (1990; personal communication
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Fig. 7 Calculated phase
equilibria in the model system
KFMASH at 7.5 kbar and 9
different temperatures shown in A ky
AFM compatibility diagrams
projected from muscovite, quartz
and H,O. Quadrivariant
assemblages are shaded dark,
trivariant assemblages /ight and
divariant assemblages are white.
The degenerate reaction
staurolite + chlorite — garnet +
kyanite occurs at 640 °C but
cannot be portrayed in a
projection from muscovite and is

KFMASH + mu + q +H20 at 7.5 kbar

therefore only schematically
indicated. Phase equilibria were
calculated with THERMOCALC
(Powell and Holland 1988). The
superimposed arrow is the EBC
vector discussed in the text

at 640°C
degenerate
st+chl=g+ky

1995). All assumptions about the formulation of end
member activities, method of calculation and end
member abbreviations are those of Stiiwe and Powell
(1995) and Xu et al. (1994). It may be seen that changes
of the EBC in the shown temperature range interfere
with changes of shifting equilibria. How these simulta-
neous changes may interfere is best shown on a
T — Xgpc section with the Xgpc-axis representing the
changing EBC along the arrow in Fig. 7 due to removal
of garnet. Interpretation of such a diagram will now be
discussed.

Model predictions using 7 — Xggc sections

Figure 8 shows a T — Xggc section for amphibolite fa-
cies parageneses at 7.5 kbar in the idealised pelitic sys-
tem. On this diagram, the Xggc-axis corresponds to the
bulk composition vector shown in Figs. 6 and 7. As-
semblages become more garnet rich towards the left of
the plot, terminating in the garnet-only quadrivariant
one-phase field along the left margin. Towards the right,
assemblages contain decreasing amounts of garnet and
some assemblages are garnet free. Unlike Fig. 7, this
diagram is not projected from muscovite and some

muscovite absent equilibria appear therefore which
cannot be seen on Fig. 7. The bulk composition dis-
cussed above is indicated by the black triangle on the
Xgpc-axis. Traditionally, any 7 — X diagrams are inter-
preted along vertical paths (path (i), Figs. 8, 9), unless
internal buffering mechanisms operate, as for example in
T — Xco, sections. Accordingly, meta-pelitic rocks of
“normal” bulk composition that experienced metamor-
phism at 7.5 kbar and 700 °C and that contain the peak
assemblage g-ky-mu, are predicted to form staurolite on
the expense of kyanite, during initial cooling across the
divariant field g-st-ky-mu. Further cooling across the g-
st-chl-mu divariant field into the st-chl-mu trivariant
field may result in chlorite growth on the expense of
garnet.

However, if garnet is successively removed from the
EBC due to the development of zoning profiles, then
Fig. 8 has to be interpreted along paths that not only
cool, but also change bulk composition, that is, from top
left to bottom right (Figs. 8 and 9: path ii and iii). The
steepness and curvature of the paths through this figure
will depend on the degree of equilibration of garnets
during cooling, and therefore on grain size, grain shape
and cooling rate. In rocks with small grain size or slow
cooling rate garnets may remain in equilibrium with the
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Fig. 8 T — Xgpc section in KFMASH for amphibolite facies equi-
libria between g, ky, st, chl, bi, mu, q and H,O at 7.5 kbar. The
compositional (horizontal) axis was chosen on a line between
“normal” pelitic bulk compositions just more aluminous than
garnet-chlorite-muscovite and garnet. It corresponds to the vector in
Fig. 7. The “normal” pelitic bulk composition chosen here is indicated
by the black triangle. Divariant fields are white, trivariant fields are
shaded. The thick black line is the stability limit of garnet. Paths (i), (ii)
and (i) refer to different rates of change of EBC during cooling. (ky
kyanite, st staurolite, ch/ chlorite, mu muscovite)

whole rock to quite low temperatures (path ii). Then, the
reaction sequence is largely similar to that of path (i). In
rocks with large grain size or rapid cooling rate, on the
other hand, garnets may close at significantly higher T
and the changes of the EBC will occur at much higher T
(path iii). Then, the peak assemblage g-ky-mu is pre-
dicted to first grow biotite on the expense of muscovite
before growing chlorite on the expense of garnet. Once
all garnet is removed from the EBC, cooling of all paths
will continue along paths of constant EBC (Fig. 8) or
depend on the diffusive properties of other minerals in
the assemblage.

The model predicts therefore, that two rocks with the
same overall bulk composition, but of different grain
size, shape or cooling rate, may develop different retro-
grade assemblages. Different retrograde assemblages
may therefore be expected between phases of apparently
equivalent peak parageneses, if retrogradely zoned
phases are present. The model appeals as it may, at least
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in principle, explain some common observations in
many rocks containing retrograde reaction textures.

Discussion, model problems and natural applications

In principle, it is possible to quantify EBC changes as a
function of temperature and to calculate quantitative
paths through 7 — Xggc diagrams. This would require
implementation of diffusion processes under consider-
ation of the appropriate boundary conditions, for ex-
ample the description of finite grain sizes (e.g. Ehlers and
Powell 1994) or mineral modes (Jenkin et al. 1995).
However, it is believed that such calculations are un-
justified in the light of other potentially important fac-
tors, for example the uncertainties associated with the
knowledge of three dimensional grain size and shape in
the analysis of thin sections (e.g. Ehlers et al. 1994a). In
the following, some of the more fundamental model
limitations are discussed, followed by qualitative model
applications to natural examples from the literature.

Fluids, grain boundary diffusion or microcracking
are likely to contribute to the transport of ionic species
through a rock and therefore likely to contribute to the
size of the equilibration volume. Indeed, fluids may en-
large the extent of the equilibration volume along grain
boundaries to very large distances from the site of re-
action. However, most of these processes are — like
volume diffusion — also subject to a strong temperature
dependence. Thus, they will also result in curved paths
on T — X sections and the main model conclusion re-
mains valid. If, on the other hand, mass transfer is as-
sociated with fluid infiltration, metasomatic processes
may occur and the system must be considered as an open
system. Then, the EBC model cannot be applied.

The model is only valid for equilibration volumes
that encompass a large number of grains. Then, removal
of garnet will change the bulk composition significantly.
The EBC would change much less if the equilibration
volume is restricted to the grain boundaries of two co-
existing minerals (Fig. 2). Thus, the model will only
apply to reaction textures that involve participation of
many mineral grains. Fortunately, the observation that
di- and univariant reaction textures occur in metamor-
phic rocks (needing to involve at least six phases in the
idealised pelitic system and more in realistic systems)
indicates that this will, in general, be the case. Thus,
realistic equilibration volumes do extend over a large
number of grains, even if the mineral growth occurs only
between two grains. Moreover, grain boundary diffusion
is several orders of magnitude faster than volume dif-
fusion. Therefore, surfaces of grains some distance away
from a reaction site, but connected to it by grain
boundaries, are likely to be part of the equilibration
volume. Balancing reactions between products and re-
actants also shows, in general, that other phases further
away from the site of mineral growth must have par-
ticipated as reactants.
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A drawback of interpreting the evolution of realistic
PT paths on T — Xgpc sections is that pressure changes,
occurring simultaneously with EBC and T changes
cannot be shown. For proper interpretation, a three
dimensional diagram would be needed. However, if the
PT path of a rock is known, then it is not difficult to
calculate (PT)—X diagrams, using a vertical axis which
follows along the PT path.

Example from the amphibolite facies

Many examples from the literature show that amphib-
olite facies meta-pelitic rocks containing the peak
metamorphic assemblage g-ky-mu + bi (+ q + H,0)
develop different combinations of staurolite, biotite and
chlorite during cooling. It is also observed that the re-
action textures ky — st and mu — bi often occur in the
same thin section (e.g. Scottish Dalradian: Harte and
Johnson 1969; Tauern window: Droop 1981, Figs. 3, 4;
Koralm complex, eastern Alps: Stiiwe and Powell 1995).
In the following, we focus on a specific set of observa-
tions from the Koralm Complex in the Eastern Alps.
There, amphibolite and eclogite facies metamorphic
conditions around 700 °C and 1417 kbar were reached
in the Cretaceous (Frank et al. 1983) and garnet closure
temperatures record the post peak cooling history from
700 to 400 °C, depending on grain size (Ehlers et al.
1994b). This large temperature interval during which
closure of differently sized garnets occurred, indicates
that EBC changes occurred during this whole T-interval.
The retrograde P T path involved cooling and decom-
pression (Thoni and Jagoutz 1992), probably preceded
by an initial period of isobaric cooling (Stiiwe and
Powell 1995). Garnets in meta-pelitic rocks show com-
plicated zoning patterns (e.g. Frank et al. 1983). Inter-
pretation of the cooling history using Fig. 8 (being
constructed for 7.5 kbar) is possible, because the quali-
tative sequence of the equilibria intersected by the PT
path is largely independent of pressure (e.g. Stiiwe 1994).
Retrograde reaction textures in rocks containing the
peak assemblage g-ky-mu include staurolite and biotite
as reaction products from kyanite (and garnet), perva-
sive muscovite growth and minor chloritisation of gar-
net. Retrograde muscovite also grows as static
porphyroblasts across the fabric and as reaction seams
between kyanite and garnet. Muscovite is often mantled
by late biotite with an Xg. = Fe/(Fe + Mg) = 0.4. Bio-
tite that grows after garnet is generally somewhat more
Fe-rich with Xg. around 0.5. These reaction textures
have been widely described in the literature (e.g. Stiiwe
and Powell 1995, Fig. 2 and references therein) and are
often observed within one thin section, but are incom-
patible with an interpretation along a single cooling path
on Fig. 8. For example, the breakdown of kyanite and
garnet to form staurolite and later chlorite predicts a
vertical path (path i). On the other hand, growth of
biotite near garnet and biotite on the expense of mus-
covite can only occur along a cooling path that is more

horizontal (path iii). It is suggested here that it is this
type of observation that indicates that changes of the
EBC occurred during cooling. This is supported by the
composition of the late biotites around Xg. = 0.4 which
is incompatible with the equilibrium biotite composition
in garnet-bearing equilibria (Fig. 7). Thus, both path (i)
and path (iii) may both be appropriate to the cooling
history of the g-ky-mu peak paragenesis, depending on
the proximity to garnet crystals, garnet grain size and
the degree of EBC changes during cooling.

Examples from the granulite facies

Pelitic rocks of many low pressure granulite facies
terrains are characterised by the peak assemblage
garnet-cordierite-sillimanite (+q+ksp+1) (e.g. East
Antarctica: Stiiwe and Powell 1989; Broken Hill Block,
Australia: Powell and Downes 1990; Central Australia:
Dirks et al. 1991, Dronning Maud Land, Antarctica:
Bucher-Nurminen and Ohta 1993; Jetty Peninsula,
Antarctica: Hand et al. 1994). Because of the shallow
level of metamorphism in these terrains, rapid cooling is
probable and flat zoning profiles of garnets recording
closure at high temperature is documented by most of
these studies. This indicates that substantial changes of
the EBC are likely, even at high temperatures. One
common observation in retrograde reaction textures in
these rocks is the occurrence of biotite that grew as a
retrograde phase during cooling. This biotite growth
occurs as reaction seams between garnet and cordierite,
apparently on the expense of garnet, but often on the
expense of cordierite, without apparent involvement of
close-by garnet crystals. Thus, both stable coexistence of
garnet-cordierite (with biotite growing within cordierite)
and separation of the garnet-cordierite peak assemblage
by biotite can be observed within the same thin section.

In order to investigate if this intriguing observation
may be attributed to different EBCs in different parts of
the same thin section, a 7 — Xggc section of granulite
facies equilibria was constructed (Fig. 9). The EBC
vector for this diagram was chosen to connect garnet
and a bulk composition that contains the divariant as-
semblage g-cd-sill at 800 °C and 6 kbar. Figure 9 is
therefore equivalent to Fig. 8 with EBCs involving de-
creasing amounts of garnet cooling along rightwards
merging paths. In accordance with the peak conditions
derived in most of the studies mentioned above, this
figure shows that the peak assemblage g-cd-sill is stable
above about 780 °C. The black dot was chosen to rep-
resent g-cd-sill as well as g-sill peak assemblages. Path (i)
shows that, during cooling, rocks of constant EBC
should develop biotite initially on expense of cordierite
alone. Path (ii) shows that rocks with garnets closing at
high temperature should develop biotite on expense of
garnet. This is in perfect agreement with the observa-
tions recorded in many rocks that both the divariant
fields g-bi-sill and cd-bi-sill may be crossed on the same
cooling path by the same thin section.
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For field shading see Fig. 8. The thick black line denotes the stability
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Concluding remarks

Development of zoning profiles in mineral grains during
cooling implies that successively larger parts of these
crystals are effectively removed from the reacting vol-
ume of the rock. Thus, the effective bulk composition of
rocks may change during cooling. Because the sequence
of metamorphic reactions during temperature change is
a strong function of bulk composition, this process may
control what retrograde reactions can occur. In the same
way as diffusion processes control the ‘‘closure” of
mineral grains, the rate of change of the bulk composi-
tion with cooling will depend: (1) on size and shape of
mineral grains and grain boundary networks; (2) on
cooling rate. As a consequence, two parts of a rock or
thin section of identical whole rock composition, but of
different grain size or shape, may record different ret-
rograde mineralogies. This process may explain the
common observations in metamorphic rocks that ret-
rograde reaction textures may or may not be developed
between the same peak paragenesis or that different
retrograde parageneses occur between the same peak
assemblage. In particular, the widely observed reaction
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textures ky — st and mu — bi in g-ky-mu-q-H,O peak
assemblages of the amphibolite facies and g — bi or
cd — bi in g-cd-sill-q-ksp-l1 peak assemblages of the
granulite facies are incompatible with simple cooling
paths on 7 — X sections. It is this type of observation
that indicates that partitioning and changing of the ef-
fective bulk composition occurs during cooling.

Appendix

The variation of bulk composition in the simple analytical model
discussed on Figs. 3, 4 has been considered in two dimensions. That
is, the equilibration “volume” has been considered as a circle. The
parameter R is the radius of the equilibration volume, and x as the
distance of the circle centre from a straight boundary between
phases 4 and B, measured positive towards grain B. Then, the
proportions of A in the bulk composition, X can be described by

X4 4 1 (RZAICCOS (%) —xVR? — x2>

“4+B Rz
as derived from simple geometrical consideration of Fig. 3a. An
equivalent approach, summing the amounts of phase 4 from sev-

eral porphyroblasts and taking account of the curved grain boun-
dary, has been used to calculate Fig. 4.
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