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Asymmetric zoning profiles in garnet
from HP—HT granulite and implications
for volume and grain-boundary diffusion
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ABSTRACT

Detailed electron-microprobe line profiles and smail-area compositional maps of zoned garnets in a
sample of high-pressure-high-temperature granulite show features inconsistent with commonly applied
diffusion models. Larger grains of an early garnet generation have their highest Ca contents in domains
away from the rim or inclusions but show a sharp fall in Ca balanced by increased Mg and Fe (and
slightly higher Xys,) towards inclusions and the rim. In domains with secondary biotite, the sharp
decrease in Ca is accompanied by variations in Xy, dependent upon proximity to biotite, thus
producing one-sided, asymmetric profiles with Xy, lower against biotite. As a consequence, rim
compositions of the same grain are different on the sides adjacent and away from biotite and there is no
relationship between grain size and rim Xy, Such a zoning pattern requires that grain-boundary
diffusion is as slow as volume diffusion and implies the absence of a diffusion-enhancing grain-
boundary fluid phase during the majority of the rock’s high-temperature exhumation history. Diffusion
models ignoring this probability could yield either cooling rates that were too fast, or extrapolated ages
based on closure temperature models that were too old.

A second garnet generation in the same rock, grown in a Ca-rich domain resulting from kyanite
breakdown, has irregularly distributed patches, identified by compositional mapping, containing higher
Ca than the first-formed gamet but at lower Xy, Use of such gamet compositions for
geothermobarometrical determination of the high-pressure granulite stage would clearly lead to
erroneous results, The presence of such contrasting garnet compositions in a granulite-facies rock is
clearly evidence of disequilibrium, and further supports the proposition that there was a lack of an
effective transport medium even at the mm scale.

KeywoRrbps: garnet, zoning, diffusion, granulite.

Introduction timescales of pressure-temperature path segments
(Lasaga et al., 1977; Lasaga, 1983; Loomis et al.,
1985; Jiang and Lasaga, 1990; Chakraborty and

Ganguly, 1990, 1992; O’Brien and Vrana, 1995,

GEOTHERMOBAROMETRY in high-grade rocks of the
granulite facies, even when retrogression has been

avoided, is commonly hampered by the problems
of diffusive resetting of mineral compositions
along the cooling and exhumation path (e.g.
Bégin and Pattison, 1994). Sometimes this lack
of equilibrium can be used to our advantage.
Compositional gradients within and between
phases provide a record of the attempts of the
respective phases to adapt to changing conditions.
Diffusion modelling attempting to reproduce
measured compositional gradients has been
applied by numerous authors to quantify the
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1997; O’Brien, 1997; Brenker and Brey, 1997;
Duchéne et al, 1998). An evaluation of the
modification of isotope concentrations and profiles
by diffusive loss is also central to the determination
of so-called ’closure temperatures’ in geochro-
nology (Dodson, 1973, 1986; Ehlers and Powell,
1994; Jenkin et al., 1994). However, modelling of
the observed diffusion-induced profiles requires
not only a knowledge of interdiffusion coefficients
in individual phases but also of transport rates and
transport distances between exchanging phases. In
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order to simplify the diffusion calculations it is
commonly assumed in models that transport
between phases along grain boundaries — grain-
boundary diffusion — is orders of magnitude faster
than volume diffusion within the phases (or at least
one of the phases) of interest (Joesten, 1990). The
assumption of fast grain-boundary diffusion is
rarely questioned, but if this assumption is
incorrect then such diffusion models are invalid.
Here it will be shown how electron-microprobe
line profiles and elemental mapping can be utilised
to test the assumption of fast grain-boundary
diffusion.

Geological setting

The largest granulite bodies in central Europe are
concentrated in southern Bohemia, Czech
Republic (Fiala et al., 1987; 1995), close to the
town of Ceske Budgjovice (Fig. 1). The larger
Blansky les (25 x 15 km), Kfist’anov, Prachatice
and LiSov massifs (Fig. 1) are accompanied by
much smaller bodies strewn along a NE—SW-
trending belt for almost 100 km. The south
Bohemian granulite bodies, like their counterparts
in neighbouring Lower Austria, belong to the
tectonically uppermost part of the Gfohl Unit. This
unit is one of a series of nappe units that constitute
the high-grade Moldanubian Zone of the southern
Bohemian Massif (Fuchs, 1971, 1991, 1995; Fiala
et al., 1995). The granulites enclose small bodies
of serpentinised garnet peridotite, pyroxenites and
sometimes also high-temperature eclogites
(Medaris and Carswell, 1990; Medaris et al.,
1995). The dominant granulites in south Bohemia,
as elsewhere in the Variscides, are kyanite—K-
feldspar-bearing (i.e. high-pressure-high-tempera-
ture) varieties of granitic composition (e.g. Pin
and Vielzeuf, 1983; Fiala et al., 1987); subordi-
nate are clinopyroxene-bearing varieties and types
with (probably) secondary orthopyroxene. A
characteristic mylonitic fabric in the granulites,
formed during exhumation accompanied by over-
printing of the high-grade assemblage, generally
hinders the recognition of the earlier history (Behr,
1978). All granulites in the Bohemian Massif were
originally thought to be Precambrian in age (e.g.
Neumann, 1984) but most geochronological
studies, especially zircon and monazite dating,
have yielded Palacozoic, and in most cases
Carboniferous, ages (van Breemen et al., 1982;
Schenk and Todt, 1983; Aftalion et al., 1989;
Quadt, 1993; Wendt er al., 1994; Kroner and
Willner, 1995; Kotkova et al, 1996; O’Brien et
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al., 1997a; Becker, 1997). Metamorphic condi-
tions for the felsic granulites of the Bohemian
Massif, deduced from less-overprinted domains of
samples by determination of the original composi-
tion of the now unmixed feldspars, are around
900—1050°C at pressures above 14 kbar
(Carswell and O’Brien, 1993; O’Brien et al.,
1997; Kryza et al., 1997; Kotkova et al., 1996;
Willner et al., 1997).

Sample description

All the following textural descriptions and
mineral compositions come from a single hand
specimen of felsic granulite from the quarry at
Kobyli hora, 2 km NE of Prachatice in the
Prachatice granulite complex (Fig. 1). The hand
specimen of around 15 x 13 x 8 cm consists of the
characteristically strongly foliated, light-coloured,
Weiss-stein (‘white-stone”) granulite dotted with
small (<0.5 mm) pink garnets either side of a
6 cm band containing significantly more abun-
dant, and larger (dominantly 1 mm), garnets and
dark biotite grains aligned parallel to the direction
of the banding. The garnet-poor part is dominated
by quartz and anti-perthitic feldspar enclosing
small (generally 0.2—0.4 mm) garnets and minor
trains of small (0.05—0.2 mm) grains of biotite
defining the foliation. Accessory phases are
apatite, zircon, rutile and ilmenite. Elongate
quartz (up to 2 mm long) forms the largest
grains whereas most of the feldspar either
occurs in irregular-shaped subgrains or has
recrystallised to a granoblastic two-feldspar
(plagioclase X, = 0.35—0.40 and K-feldspar)
texture. Spinel (Xyg = 0.36) is found in the core of
plagioclase aggregates and as inclusions in garnet.
In the garnet-rich zone, feldspar, quartz and
garnet commonly contain elongate rutile
needles. The quartz-feldspar texture is the same
as in the garnet-poor part although larger (up to
2 mm) anti-perthite grains are often present for
which a reconstituted composition of X, = 0.207,
Xap = 0.406, Xo, = 0.386 has been determined.
Biotite (Xpg = 0.60—0.64, TiO, ~5 wt.%) is more
abundant in this zone and is commonly found at
the edge of garnet, which it is clearly replacing
(Fig. 2). The presence of spinel (and corundum)
will be discussed in more detail later.

Textural and zoning characteristics of garnet

Garnet occurs in two texturally distinguishable
generations. The texturally early garnet —
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Fic. 1. Simplified geological map of Southern Bohemia showing granulite bodies and location of sample.

garnet] — is larger, poikiloblastic to skeletal in anti-perthite and quartz along with apatite, zircon,
form, and commonly encloses large inclusions of rutile and rarely kyanite. It is generally in contact
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Fig. 2. Sketch of garnet and biotite distribution in a

granulite thin section. Non-shaded areas represent

feldspar, quartz and apatite. The locations for Figs 4
and 5 are marked.

with matrix anti-perthite grains. An additional
characteristic of these garnets is the presence of
anomalously elongate (mostly 100—300 um long
and 1 pm wide) exsolved rutile needles in three
orientations. The second generation garnet —
garnet2 — forms chains, aggregates and coronas
set within moats of plagioclase. However, anti-
perthite grains are absent. This type of garnet
commonly encloses spinel and/or ilmenite
although plagioclase and corundum are also not
uncommon as inclusions.

Compositional maps of garnetl in parts of the
sample without biotite, or with only scarce
secondary biotite, typically show homogeneous
interiors and strong zoning in Ca, Fe and Mg
towards rims and around inclusion feldspars
(Fig. 3). The zoning style is from a plateau with
maximum Xc, [Xca = Ca/(CatMgtFe+Mn))
around 0.12 and Xy, [Xumg = Mg/(Mg+Fe)] of
around 0.37-0.38 to sharply zoned parts where
Xca drops to 0.02 or less and both Fe and Mg rise
such that Xy, rises slightly (Fig. 3¢). There is no
substantial difference in the pattern of zoning
between garnet and inclusion feldspar and garnet
rims adjacent to matrix feldspars (Fig. 3¢). In
both cases, the Ca content of feldspar in contact
with garnet is higher. The most important
discovery in this sample was that Xy, in garnet
was strongly dependent upon its proximity to
secondary biotite. This is illustrated by composi-
tional maps in a domain containing several small
grains of garnetl flanked by parallel zones
containing biotite (Fig. 4a,b). The compositional
map (Fig. 4a) clearly shows that Mg decreases
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significantly in the parts of garnet close to biotite.
This is emphasised by decreasing Xy, in garnet
line profiles (Fig. 4¢,f). The detailed line profiles
also show that zoning may be non-concentric —
ie. one-sided — such that perpendicular line
profiles across the same garnet are completely
different parallel and perpendicular to the biotite
foliation trend. This is nicely illustrated in
Figs. 4¢ and f. In the profile parallel to the
biotite foliation trend (Fig. 4¢) a flat plateau-like
interior composition with high Ca and Xy, around
0.36 is zoned towards rims with much lower Ca
and slightly higher Xy, which is the typical
garnetl trend. In stark contrast, the perpendicular
profile (Fig. 4f), although also showing falling Ca
toward the rims, exhibits a very strong decrease in
Xwmg towards the biotite-bearing domain such that
the Xy, trend is non-symmetric and rim Xy
values are different on opposite sides of the same
grain. It is clear in this domain that modification
of garnet rim Xy is independent of garnet grain
size but is directly dependent on proximity to
biotite.

A compositional map of one of the small
skeletal garnet2 grains (Fig. 5a) depicts one of the
more interesting problems in this rock. In contrast
to the plateau-like interior with respect to the Ca
content of gamnetl (Fig. 3a), this map shows quite
clearly that there are several small concentrations
of Ca set randomly within garnet with a much
lower average Ca content. There is no relation-
ship, in the garnet as a whole, between proximity
to garnet rim and Ca content. Instead one finds an
irregular distribution of Ca-rich patches that may
represent cores of early-grown parts of such
chain-like garnets. A compositional profile
across one of these Ca-rich domains (Fig. 5¢)
looks remarkably similar to that shown for a
similar situation (i.e. garnet between inclusion
and matrix feldspar) in garnetl (Fig. 5d).
However, important differences to note are the
higher Ca content of garnet2 at a much lower Xy,
value. The Ca content is significantly higher even
than the values obtained from the interior of
garet] away from rims or inclusion feldspar and
was probably even higher if the measured profile
is considered as a frozen diffusion profile driven
by the need for lower Ca at rims.

Pressure--temperature determination

Deducing P—T conditions for the granulite-facies
metamorphism in such a sample requires an
assessment as to which garnet composition was
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Fic. 3. (a) Garnetl composition map (areas with low counts are dark, areas with higher counts are light) for the
element Ca. A’ marks the location of the profile in Fig. 3¢, "B’ marks the location of the profile in Fig. 5d.
(b) Textural sketch of the same area. (c¢) Typical zoning in gametl between rim and inclusion feldspar CA’ in

Fig. 3a). The distance and Mg/(Mg+Fe) axes are equally scaled in this and all subsequent profiles.

in equilibrium with which matrix phases (and
with which matrix-phase compositions) at a
particular time. This is clearly no simple task in
a situation where the main geobarometric
information will be constrained by grossular
component in gamnet and anorthite component in
feldspar. These are phases that both show
significant compositional variation. The early
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garnet in the sample, garnetl, probably formed
in equilibrium with a melt in a paragenesis with
ternary feldspar, quartz, kyanite and rutile (Vrana,
1989; Vrana and Jakes, 1982; Carswell and
O’Brien, 1993; Kotkova and Harley, 1997). The
high Ca content preserved in the interiors of
garnet] (Fig. 3¢), combined with the reconstituted
ternary feldspar, kyanite and quartz, yields
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conditions of 1000°C, 18 kbar for the initial high-
pressure granulite stage (Fuhrmann and Lindsley
(1988) two-feldspar geothermometer, Koziol and
Newton (1989) GASP geobarometry). The growth
of biotite, most likely by a reaction such as Garnet
+ K-Feldspar + H,O = Biotite + Plagioclase +
Quartz, is clearly related to a modification in
garnet Xy, Taking the range of biotite Xy, from
above (0.60—0.64 for matrix biotite not directly in
contact with garnet), a zoned garnet such as in
Fig. 4f and the garnet-biotite geothermometer of
Ferry and Spear (1978), yields 750—850°C for
pairings with garnet rim and values up to 150°C
greater if the garnet core composition is utilised.
Temperatures around 1000°C from garnet-biotite
geothermometry would be consistent with the
results from two-feldspar geothermometry.
However, this is just fortuitous as the biotite-
bearing stage is obviously later and gamet rims in
parts away from biotite rise to higher Xy, which
would translate to even higher garnet-biotite
temperatures! Considering just the minimum
garnet-biotite temperature (i.e. deduced for
garnet rim) implies that despite granulite-facies
conditions, garnet compositions have not been
reset and still preserve information relating to the
early higher temperature stage.

Two distinct gamet domains or growth stages
have been noted in granulites from elsewhere in the
Bohemian Massif (Owen and Dostal, 1996;
Willner et al., 1997) and the presence of corundum
and/or spinel (and/or sapphirine) in Ca-rich
domains surrounded by corona garnet (and the
subsequent breakdown of the phases in these
domains) has also been the subject of discussion
(Carswell et al., 1989; Becker and Altherr, 1991;
Carswell and O’Brien, 1993; Petrakakis and
Jawecki, 1995; Owen and Dostal, 1996). In all
these cases the spinel is a product of kyanite
breakdown. This represents reactions such as:

grossular (in garnet) + kyanite + quartz =
anorthite (in feldspar) (1)=GASP),
grossular (in garnet) + kyanite =
anorthite (in feldspar) + corundum (2),

and

almandine-pyrope(in gamet) +
kyanite (or sillimanite) =
anorthite (in feldspar) -+
hercynite-Mg-spinel (in spinel) (3)

In such high-temperature rocks it is probable
that these reactions are evidence for decompres-
sion trajectories (although heating following

a)[f

Garnet [] Apatite

B Biotite Rutile
[ ] Feldspar/Qz [ ] limenite

FiG. 4. (@) Mg composition map (inverted scale so that
light is low counts, dark is high counts) for a small
domain with Garnetl and secondary biotite. (b) Textural
sketch of the same area. A, B, C, D, mark the locations
of the profiles in Fig. 4c,d,e f, respectively. (c) [opposite
page] Profile A’ in Fig. 4b, rim in biotite-bearing
domain to inclusion feldspar. (d) Profile "B’ in Fig. 4b,
between matrix and inclusion feldspar away from biotite
zone. (e) Profile ’C’ in Fig. 4b, parallel to biotite trend.
(f) Profile "D’ in Fig. 4b, rim in biotite domain to rim
away from biotite.

cooling cannot be ruled out completely). The
reactions would explain the strong Ca-depletion
in all garnetl rims, the common Ca-rich nature of
plagioclase in the spinel-bearing domains and the
absence of kyanite in this particular sample
(although kyanite rimmed by spinel-plagioclase
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FiG. 5. (a) Garnet2 composition map (areas with low counts are dark, areas with higher counts are light) for the

element Ca. ‘A’ marks the location of the profile in Fig. Sc. (b) Textural sketch of the same area. (¢) Zoning across

one of the Ca-rich parts of garnet2 (line in Fig. 5a). (d) Profile of similar length from garnetl between matrix and
inclusion feldspar (‘B’ of Fig. 3a) show lower peak Ca but higher Mg/(Mg+Fe) than garnet2.

is a regular feature of granulites from this region).
The growth of a corona-like garnet enclosing
spinel in many of these domains must, however,
be evidence for the re-crossing of at least reaction
(1) with an additional possible reaction being:

almandine-grossular(in garnet) + rutile =

anorthite (in feldspar) + ilmenite + quartz (4)

Determination of P—T7 conditions for the initial
garmet consumption and the second garnet growth
is not straightforward, as both garnet types show
strong compositional variation. For reactions (1, 2
and 3) taking garnetl rim and any plagioclase
composition between Angy (a typical value for
feldspar with spinel forming after kyanite) and
Ange (the value measured in an inclusion in
garmet?) yields pressures below 4 kbar for any

234

temperature below 1000°C (method of Berman
(1991), with the activity models for garet and
feldspar from Berman (1990) and Fuhrmann and
Lindsley (1988), respectively). Pairing the high-
Ca garnet] interior with secondary plagioclase (as
opposed to primary ternary feldspar) yields values
between 8.5 kbar (at 600°C) and 12 kbar (at
1000°C) for the same reactions. In all cases the
reaction curves are in the stability field of
sillimanite (thus consistent with the growth of
secondary sillimanite in many felsic granulites).
Interestingly, garnet growth by reaction (4) yields
pressures above 7 kbar, at any temperature above
750°C and for any feldspar composition, when
calculations are made with the first-formed Ca-
rich part of garnet2. These results could be
interpreted to reflect an initial decompression
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into the sillimanite field at high temperature
(kyanite breakdown) followed by near isobaric
cooling along with secondary garnet growth in the
kyanite breakdown domain. The shape of this path
was similar to that proposed by Carswell and
O’Brien (1993) and Petrakakis and Jawecki
(1995) (albeit at different temperature conditions)
for comparable granulites in Austria.

Discussion

The interpretation of garnet zoning profiles in
terms of temperature-time paths has become
popular in recent years as consistent experimen-
tally-determined diffusion coefficients have
become available and accurate measurement of
zoning profiles by electron microprobe has
become standard practice (e.g. Lasaga et al.,
1977; Lasaga, 1983; Loomis et al., 1985; Jiang
and Lasaga, 1990; Chakraborty and Ganguly,
1990, 1992; O’Brien and Vrana, 1995, 1997,
O’Brien, 1997, Brenker and Brey, 1997; Duchéne
et al., 1998). A common assumption in these
studies is that cubic garnet can be modelled
effectively as a sphere with diffusion rates
independent of crystallographic orientation.
Then, by assuming a faster rate of transport of
material to the garnet surface than within the
garnet itself, grain-boundary transport rates can be
ignored and the penetration depth of the measured
compositional profile from the rim to interior of
the garnet, fitted to a temperature-time model
based on its diffusivities alone. For such models
to be valid it is necessary that compositional
profiles in garnet are the same regardless of
direction. The asymmetric, one-sided profiles
shown in Fig. 4c and f are inconsistent with the
fast grain-boundary transport assumption. In fact,
the profiles in Fig. 4c and f and the large
difference in gamet rim Xy, for opposite sides
of the same grain can only be explained if
material transport from the biotite-bearing zone
along the garnet grain-boundary to the side away
from the biotite zone is as slow as the volume
diffusion within the garnet itself. As pointed out
in the review by Joesten (1990), the actual
diffusion process along the grain-boundary
region will be faster than volume diffusion, but
the total mass transfer is small due to its low
cross-sectional area and so concentration contours
effectively migrate as for volume diffusion. The
possible location of biotite in the third dimension
is difficult to control in a thin-section but the Mg
compositional map in Fig. 4a, when compared
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with the textural sketches (Figs. 2 and 4b) and
line profiles (e.g. Fig. 4e vs. Fig. 4f), would most
certainly appear to support a direct relationship
between distance from biotite and modification of
X, in garnet. The result obtained from this study
is very similar to the spatial variation in garnet-
biotite Fe-Mg reported by Florence and Spear
(1995), albeit in a lower temperature scenario,
also attributed to relatively slow (within one order
of magnitude of the gamet volume diffusion rate)
grain-boundary transport. Extrapolating this result
from major- element disequilibrium to trace-
element or isotopic disequilibrium, it must be
presumed that the effective lack of communica-
tion between mineral phases will lead to the
preservation of a non-equilibrium state for these
components also. For this reason, closure
temperature models linking age and temperature
on a presumed temperature-time path (e.g.
Dodson, 1973, 1986; Ehlers and Powell, 1994;
Jenkin et al., 1994) using garnet as a geochron-
ometer would attribute recorded ages as minimum
ages where in fact the garnets could still be
preserving distributions at, or very close to, those
of the peak temperature stage.

Although the asymmetric trend in Xy in some
garnets can be clearly attributed to communica-
tion with biotite, this is only part of the garnet
zonation story. All the profiles show a decrease in
Ca at their margins that is tied to a slight increase
in Xyg The increase in Xy, is seen both at
margins with low Xy, (i.e. close to biotite) and
with high Xm, (away from biotite, next to
inclusions). Significantly, the Ca profile in
garnetl is essentially identical at its rim and at
contacts with inclusion feldspars (Fig. 3c:
compare also Fig. 5d). How can this be
explained? Assuming breakdown of garnet to
form anorthite by reaction (1), driven by a
requirement for a more calcic feldspar and a
less calcic garnet (i.e. a reaction at lower
pressure), would explain the Ca depletion in
garnet. At the same time, however, one would
expect to see an increase in Fe and Mg but at a
constant Mg/(FetMg) and not, as seen here, with
a rising Xug. If reaction (1) took place in
conjunction with a reaction controlling Fe-Mg
exchange it would have to be explained why Xy,
was different in different places although X, was
essentially the same at all rims. In addition, the
inclusions are effectively shielded from any
possible extemally-controlled Fe-Mg exchange
and yet they also show the same rise in Xy A
possibility that gradients in thermodynamic
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activities in garnet would be reduced by
increasing Xy, at falling Ca was also tested
(with the model of Berman, 1990) but for the
dominant component, almandine, the measured
compositional pattern towards the rim was shifted
perpendicular to the non-ideal activity trend (i.e.
with a stronger gradient) rather than at a low angle
to it as would be the case for Ca decrease at
constant Xyz,. Regardless of the explanation for
this aspect, the important point is that this trend of
rising Xy, at garnet rims is also found on the
biotite-bearing sides of one-sided profiles
(Fig. 4¢,f) and so most likely represents a processs
post-dating biotite growth. The similarity of
profiles to rims and inclusions (e.g. Fig. 3,c)
suggests the lack of any enhanced diffusion with
the aid of a grain-boundary fluid phase — garnet
is subordinate to feldspar in the rock and so
potentially could deliver all its excess Ca to
Feldspar domains — and so once again points to a
diffusion process under essentially dry conditions.

It is clear from textural criteria that biotite
replaces garnet, and as no other hydrous phases
are present, this reaction stage requires the influx
of a fluid phase. However, if any free fluid had
remained in the rock, it would have provided an
interconnecting grain-boundary film that would
have driven material transport faster between,
than within, garnet grains. This was obviously not
the case in this sample. Therefore, and this is a
critical point in the discussion, this fluid-present
stage must represent only a very short time period
within a history dominated by fluid-absent
conditions. This is essentially the scenario
envisaged by Yardley and Valley (1997), i.e. the
absence of a free, connected fluid phase in deep
crustal rocks over any significant time period.

In conclusion it can be stated that, despite very
high-temperature conditions during exhumation,
rocks remaining essentially dry for the majority of
their history can preserve compositional informa-
tion that would otherwise be expected to be
modified or smoothed by diffusion. Simply
assuming that compositions must have been
modified could lead to significant confusion in
age determination by closure temperature models,
in cooling rate estimation from the penetration
depth of zoning at grain rims, and in selection of
mineral compositions for geothermobarometry.
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