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6.1 ABSTRACT

Numerical thermodynamic modelling of mineral composition and modes
for specified pressure-temperature paths reveals the strong influence of fractional
garnet crystallisation, as well as water fractionation, on garnet growth histories in
high pressure rocks. Disequilibrium element incorporation in garnet, due to the
development of chemical inhomogeneities around porphyroblasts, leads to
pronounced episodic growth and may even cause growth interruptions.
Discontinuous growth, together with pressure- and temperature-dependent
changes in garnet chemistry cause zonation patterns that are indicative of different
degrees of disequilibrium element incorporation. Chemical inhomogeneities in the
matrix surrounding garnet porphyroblasts strongly affect garnet growth and lead
to compositional discontinuities and steep compositional gradients in the garnet
zonation pattern. Further, intergranular diffusion-controlled calcium incorporation
can lead to a characteristic rise in grossular and spessartine contents at lower
metamorphic conditions. The observation that garnet zonation patterns diagnostic
of large and small fractionation effects coexist within the same sample, suggests
that garnet growth is often controlled by small scale variations in the bulk rock
chemistry. Therefore, the spatial distribution of garnet grains and their zonation

patterns, together with numerical growth models of garnet zonation patterns yield
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information about the processes limiting garnet growth. These processes include
intercrystalline element transport or dissolution of pre-existing grains.
Discontinuities in garnet growth induced by limited element supply can mask
traces of the thermobarometric history of the rock. Therefore, thermodynamic
modelling that considers fractional disequilibrium crystallisation is required to
interpret compositional garnet zonation in terms of a quantitative pressure and

temperature path of the host rock.

Key words: garnet zonation modelling, fractional crystallisation, HP/LT

metamorphism, disequilibrium garnet growth, element transport
6.2 INTRODUCTION

Zonation patterns in metamorphic minerals are often used to constrain the
pressure-temperature (P-T) path of their host rock (Ayres and Vance, 1997; Cooke
et al., 2000; Enami, 1998; Escuder-Viruete et al., 2000; Okadaira, 1996; Spear and
Selverstone, 1983, Menard and Spear 1993), to determine the duration of
metamorphic events (Ganguly et al. 1996; Lasaga and Jiang, 1995; Perchuck et al.
1999) and to gain insight into crystal growth and transport mechanisms in
metamorphic rocks (Hollister, 1966; Chernoff and Carlson, 1997; Spear and
Daniel, 2001; O’Brien, 1999; Loomis and Nimick, 1982; Cygan and Lasaga,
1982). Garnet is suited for these purposes because its composition is very
sensitive to pressure and temperature changes, but also because cation diffusion in
garnet is sufficiently slow to preserve compositional differences within a grain.
The growth zonation pattern in garnet depends on pressure (P), temperature (T),
growth rate and also on changes in the chemical composition (X) of the matrix in
equilibrium with the garnet surface (Spear, 1993; Menard and Spear, 1993).
Therefore, growth zonation in garnet contains information on all these parameters

during growth.

Growth zonation preserved in garnet porphyroblasts is interpreted as
evidence for fractional crystallisation which changed the chemical composition of
the matrix around the porphyroblast during growth (Marmo et al., 2002). The
chemical composition of the matrix around the porphyroblast depends on the
amounts of elements fractionated into the garnet crystal and on the transport rate
of these elements into the matrix volume (Carlson, 1989; Chernoff and Carlson,

1997). If fractional garnet crystallisation in a given matrix volume is faster than
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the transport of garnet nutrients into this volume, the composition of the matrix
reservoir is progressively depleted in elements fractionated into the garnet crystal.
Because these chemical changes are recorded in the zonation pattern, they can be
used to determine relative growth- and diffusion-velocities, as well as the
mechanisms limiting growth-increment in the rock volume surrounding the
garnet. Intercrystalline transport velocities and growth-controlling mechanisms in
natural rocks have been the focus of several papers that deal mainly with
porphyroblast nucleation processes (e.g. Carlson, 1989; Carlson, 1991; Miyazaki,
1991; Chernoff and Carlson, 1997; Spear and Daniel, 2001). Other papers have
concentrated on numerical simulations to constrain the complex feedback between
matrix chemistry, garnet composition and growth mechanisms (e.g. Loomis and
Nimick, 1982; Loomis, 1982; Spear, 1993; Menard and Spear, 1993). These
numerical models assume complete chemical equilibrium between the garnet
surface and matrix phases throughout the system. However, there is ample
evidence that chemical equilibrium, even over small distances, is never attained in
many metamorphic rocks. Chernoff and Carlson (1997) and Spear and Daniel
(2001) found evidence for disequilibrium incorporation of calcium in garnet due
to chemical inhomogeneities and sluggish intercrystalline element transport in
metapelitic rocks. Recent studies show that even rapidly diffusing elements such
as manganese may have very short length scales of equilibration (Hirsch et al.,

2003).

In this paper, we model the effects of fractional garnet crystallisation on
the zonation pattern of metamorphic garnets. Further, we assume that garnet
growth is controlled by the flux of nutrients to the garnet surface, rather than by
chemical equilibrium with other matrix phases. The aim of the study is to interpret
commonly observed garnet zonation patterns in order to yield insight into growth

processes and transport properties of the rock matrix in the vicinity of garnet.
6.2.1 Thermodynamic modelling of compositional zonation patterns

Equilibrium thermodynamics enable us to calculate mineral assemblages
and mineral compositions in a rock with known bulk composition (e.g. Powell et
al., 1998; Worley and Powell, 2000; White et al., 2000, 2001; Vance and Mabhar,
1998, Meyre et al. 1997). This method has been used to reconstruct compositional

changes of minerals in a given chemical system during metamorphic evolution
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(e.g. Spear et al., 1984, Vance and Mahar, 1998). In the following, we calculate
pseudosections and garnet zonation patterns with a Gibbs energy minimisation
approach, using the software package THERIAK-DOMINO of de Capitani and
Brown (1987) and the internally consistent dataset of Holland and Powell (1998).

The solution models used in the calculations are given in the Appendix.

We distinguish three different types of garnet crystallisation: (1)
homogeneous equilibrium crystallisation, where all phases have a homogeneous
composition and are in equilibrium throughout the entire system; (2) fractional
equilibrium crystallisation, where all phases apart from garnet are homogeneous
and in equilibrium throughout the system. In the case of garnet, only the
outermost rim of the crystal is assumed to be in equilibrium with all other phases,
whereas previously formed garnet cores are assumed to be isolated from the
system; (3) fractional disequilibrium crystallisation; all phases but garnet are
homogeneous and in equilibrium with the entire system. Garnet edges are in
equilibrium with all other phases, but the amount of certain elements in
equilibrium with this edge is independently controlled to model constrained

nutrient availability for the garnet surface.

To model zonation patterns we divided a P-T interval of interest into
regularly spaced P-T points, at each of which we calculated the stable mineral
parageneses, modal amounts and compositions of stable phases in the chemical
system. The P-T interval between two calculated points is referred to as P-T
increment in the following. The moles of garnet produced over a P-T increment
are converted into a volume and a radial growth increment. Garnet composition is
then plotted as a garnet zonation pattern by assuming a spherical grain shape.
Modelling fractional crystallisation involved modifying the chemical composition
of the matrix between two calculated points by removing the amount of each
component incorporated in garnet from the bulk rock composition, provided that
garnet forms a stable phase in the assemblage. Further, we considered the effect of
devolatilisation on the garnet zonation pattern by progressively removing free
water from the system in all calculations. For simplicity we did not consider
relaxation of the growth zonation patterns due to volume diffusion. In our
calculations, we focus on garnet growth in a rock with average mid-ocean ridge
basalt (MORB) composition (Schilling et al. 1983) along a typical, subduction-
type, HP metamorphic path.
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6.2.2 Implications for transport-controlled garnet growth

Thermodynamic phase equilibrium requires that mineral nutrients be
homogeneously available at any point in the rock to enable equilibrium phase
transitions. But there is ample evidence that this situation is usually not attained in
metamorphic rocks (Carlson, 1989; Dohmen et al. 2003; Dohmen and
Chakraborty, 2003). In our models we assume the simple case, where
intercrystalline element transport is sluggish and rapid mineral crystallisation

leads to small-scale chemical inhomogeneities around porphyroblasts.

Fig. 6.1 shows a possible relative concentration gradient caused by limited
supply of a certain element in the matrix around a garnet porphyroblasts. Further,
we assume that the amount of an element incorporated in the garnet edge is not
controlled by the equilibrium with all other phases but by the nutrient-availability,

that is dependent on the flux of that element towards the garnet surface. In the

Concentration (C)

Element flux

Distance

Fig. 6.1: Simplified illustration of a possible relative concentration gradient around a
garnet porphyroblast. In this case, the element concentration at the garnet edge is
controlled by the element flux induced by the concentration gradient (grad C).

absence of appropriate data for intercrystalline diffusion coefficients for the
considered elements and without a quantitative estimate for the concentration
gradient around garnet porphyroblasts, we modelled simple, time- and distance-

independent end-member cases:
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1. The amount of the transport-controlled garnet nutrient, available
for the garnet surface is constant, but lower than the amount
predicted by the calculations assuming fractional equilibrium

crystallisation,

2. at the beginning the amount is higher than calculated in the

equilibrium case, but decreases steadily.

The first case was chosen to study garnet growth limited by sluggish
element transport towards the garnet surface, whereas the second case simulates
preferred garnet nucleation in a site with the growth-controlling element enriched,
but sluggish element transport and fractional crystallisation causing rapidly
decreasing concentration of the transport-controlled element in the matrix around

the garnet porphyroblast.
6.2.3 Modelling of transport-controlled garnet growth

Modelling transport-controlled garnet crystallisation, using Gibbs energy
minimisation methods, requires that the incorporation of certain elements into the
garnet solid solution is independent from the rock wide thermodynamic
equilibrium. To meet this condition we controlled the amount of a specific
element, available for the garnet surface, independent from global equilibrium.
THERIAK-DOMINO uses the model of endmembers to construct the Gibbs
energy vs. composition (G-X) curves of multicomponent solid solutions. In case
of garnet, the endmembers of the solid solution are Grossular (Ca;Al,Si4O1,),
Almandine  (Fe;AlSi4Op;), Pyrope  (Mg;AlSi4O5;) and  Spessartine
(Mn3Al1,S1404,). To model transport-controlled element incorporation into the
garnet solid solution we replaced a specific endmember of the garnet solid
solution, with one that has the same thermodynamic properties as the replaced
endmember, but is defined by a substitute-element (SE), that has equal weight and
charge as the replaced element but is only incorporated into garnet and the SE-
oxide. As long as the SE-oxide does not form a stable phase, any amount of SE
added to the system is incorporated into the garnet solid solution, which enables
us to independently control the amount of that certain element available for the
garnet edge. To model a flux that controls the availability of the transport-
controlled element we defined the amount of SE available for the garnet edge at

every calculated step. Because our models are time-independent the amount of SE
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per calculated step is referred to as “nutrient availability”. To maintain a closed
system an amount of the replaced element equal to that of added SE is subtracted
from the bulk composition. The thermodynamic implications of that model, as

well as a short description of the calculation routine are given in the Appendix.

Fig. 6.2 shows the modelled amount of Ca incorporated in the garnet edge
at every calculated step, assuming fractional equilibrium crystallisation (bold
curve). The two other curves display the amount of the Ca-substitute in the garnet
edge at every calculated step for the two different disequilibrium crystallisation
scenarios. We controlled the amounts of manganese, calcium and aluminium that

are incorporated at every calculated step. This is because garnet stability at lower
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Fig. 6.2: Amount of calcium incorporated in the garnet edge at every calculated step. The
bold curve shows the incorporated Ca-amount calculated for fractional equilibrium
crystallisation, the two other curves display the limited amount available for the garnet
edge for the two different disequilibrium crystallisation scenarios (see text).

temperatures is controlled by the manganese content in the bulk rock composition
(Ganguly et al., 1968; Loomis and Nimick, 1982, Droop and Harte, 1995, Mahar
et al., 1997). Therefore, garnet growth is strongly dependent on the amount of
manganese available for the garnet crystal. Calcium and aluminium nutrient
availabilities are also specified because there is ample evidence for diffusion-
controlled garnet growth due to sluggish intercrystalline transport of calcium and

aluminium in amphibolite facies metapelitic schists (Chernoff and Carlson, 1997,

Spear and Daniel, 2001).
6.3 RESULTS

Garnet composition for the average MORB chemistry in the water- and

quartz-saturated model system Nat+Ca+K+Fe+Mg+Al+Si+H+O+Mn
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(NCKFMASHOMN) is shown in Fig. 6.3 a-e. Also shown are the zero mode lines
for the minerals that have the strongest influence on garnet composition with
respect to a certain element. Due to large uncertainties in solid solution models
and standard state data (e.g., amphiboles), the pressures and temperatures in the

diagram should be taken as approximate values.

Nevertheless, the calculated phase relations match the mineral parageneses
commonly observed in HP metamorphic rocks. At lower temperatures the garnet-
free assemblages comprise chlorite, epidote, phengite, +/-paragonite, +/-feldspar
and/or omphacite. With increasing pressure and temperature, calcic and sodic
amphibole, lawsonite and garnet become stable and paragonite disappears. Thus,
the modelled phase relations are typical of epidote- and/or lawsonite-bearing,

blueschist-facies assemblages. At eclogite-facies conditions, lawsonite, calcic and

Bulk rock composition:
Si: (46.751) Al: (17.853) Fe: (6.983) Mg: (10.754) Ca: (11.513) Mn: (0.125) Na: (5.002) K: (0.106 ) O: (152.534)

Prassure [GPa)

Pressure [GPa]

Temperature [C]

Fig. 6.3: Garnet mode (a), composition (b-e) and mineral isograds most influencing
garnet composition for an average basaltic rock in the water saturated NCKFMASHMn
system. Darker colours display higher mole fractions. The arrow marks the P-T segment
along which garnet evolution is modelled.

sodic amphibole disappear and the stable paragenesis is garnet + omphacite +
phengite +/- kyanite and epidote. The arrow in Fig. 6.3a shows the P-T interval
within which garnet growth is modelled. The P-T interval starts at 375°C and 8
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kbar, ends at 650°C/28 kbar and was divided into 100 calculation points, which
results in a A(P,T) of 0.2 kbars and 2.75°C for each increment.

The isopleth pattern for garnet mode (Fig. 6.3a) shows three growth stages
along the considered P-T interval, each of which is indicated by changing distance
between the isopleths. At lower temperatures garnet abundance is very low and
garnet growth is controlled by the equilibrium with chlorite. The spacing between
the isopleths decreases rapidly near the zero mode line of chlorite, indicating
increasing growth rate with increasing temperature. Above chlorite stability,
garnet growth is controlled by the consumption of calcic amphibole (between 530
and 600°C) and sodic amphibole (above 600°C). At eclogite-facies conditions
garnet growth decreases as indicated by the rapid increase of isopleth spacing.
The spessartine isopleths (Fig. 6.3b) are parallel to those for the garnet mode,
reflecting the dependence of garnet growth on the partitioning of manganese
between garnet and chlorite at lower temperatures. The contours of almandine and
grossular (Fig. 6.3c and d) are very arcuate and much more influenced by the
changing mineral parageneses. Almandine shows a saddle-like maximum that
separates low- and medium-grade garnets with increasing almandine content from
high-pressure garnets with decreasing almandine content. Grossular isopleths
(Fig. 6.3d) show a very complex pattern below the omphacite stability, caused by
the presence of Ca-bearing plagioclase. At higher pressures, lawsonite has the
strongest influence on the grossular contours. The zero mode line of lawsonite
strongly deflects the isopleths and forms the crest of a ridge-like grossular
maximum. Although the isopleths are highly arcuate, grossular content of garnet
decreases steadily towards higher pressures and temperatures. Pyrope isopleths
(Fig. 6.3e) are very regular at higher pressures and are most deflected at the zero

mode line of sodic amphibole at the transition to the eclogite field.

Of course, we must keep in mind that these two-dimensional equilibrium
diagrams are only valid if all stable phases are in equilibrium and no isolated
mineral cores exist. They are inadequate if we consider fractional crystallisation
during metamorphism, because then the chemical equilibrium is a path-dependent
function. Therefore, the isopleths in Fig. 6.3 which are calculated for
homogeneous crystallisation, yield only an approximation of the garnet

composition in the case of fractional crystallisation.
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6.3.1 Homogeneous and fractional equilibrium crystallisation

The diagrams in Fig. 6.4 a-c show a comparison of the abundance of
newly formed garnet and other minerals as well as the resulting zonation pattern
for homogeneous and fractional equilibrium garnet crystallisation along the
considered P-T interval. We refer to the amount of newly formed garnet per P-T
increment as the growth increment. Fractional garnet crystallisation has a major
influence on the garnet growth increment. The plots in Fig. 6.4a show the garnet
growth stages for homogeneous crystallisation caused by the different garnet-
producing reactions described above. For fractional crystallisation the growth
increment is constant after initial garnet formation but the increase in growth
increment at chlorite breakdown is much more pronounced. After this first growth
stage the growth increment decreases abruptly and becomes more or less constant
up to eclogite facies conditions. The plots in Fig. 6.4b show that fractional
crystallisation influences the mineral paragenesis. The stability fields of lawsonite
and sodic amphibole are enlarged by fractional crystallisation. Lawsonite becomes
stable at upper greenschist and blueschist-facies conditions and sodic amphibole is
stable at eclogite-facies conditions (Fig. 6.4b). The compositional trend in the

resulting zonation patterns is similar (Fig. 6.4c).

Both patterns have a spessartine- and grossular-rich core and a pyrope- and
almandine-rich rim, a commonly observed zonation pattern in medium- and high-
pressure rocks. Fractional crystallisation is responsible for the plateau-like pattern
of all components between core and rim composition and causes a drastic increase

in pyrope content at the outermost rim.
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6.3.2 Fractional disequilibrium crystallisation

6.3.2.1 Disequilibrium incorporation of manganese

(a) Homogeneuous equilibrium crystallisation
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Fig. 6.4: Garnet growth increments, mineral abundances and modelled garnet zonation
patterns for (a) homogeneous and (b) fractional equilibrium crystallisation along the P-T
segment shown in Fig. 6.2a. The step-like garnet growth in (a) is caused by progressive
consumption of chlorite, calcic and sodic amphibole.

Fig. 6.5 shows the calculated growth increment (Fig. 6.5a) and the
resulting zonation pattern (Fig. 6.5b) for garnet growth with a constant manganese
availability to the garnet surface. Comparison of these diagrams with those
calculated for fractional equilibrium crystallisation shows interesting differences.
In both cases the growth increment increases slightly after initial garnet formation
and increases rapidly at chlorite breakdown. The position of the peak marking the
breakdown of chlorite is shifted towards lower pressures and temperatures in
calculations with transport-controlled element incorporation. The rapid decrease
in growth increment at the transition to the eclogite facies, caused by the
consumption of sodic amphibole, occurs at lower metamorphic conditions. Apart
from a small rise in spessartine content at the outermost rim of the resulting
zonation pattern, the calculated core-to-rim zonations show no significant

differences.
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Fig. 6.5: Garnet growth increment (a) and calculated zonation pattern (b) for growth
along the P-T segment assuming constant manganese availability for the garnet surface.
The peak in (a) resulting from chlorite consumption is shifted, compared to calculations
assuming equilibrium crystallisation, indicating the influence of disequilibrium garnet
growth on the mineral assemblage.

The diagrams in Fig. 6.6 are calculated for a decreasing availability of
manganese for the garnet surface. Decreasing manganese availability has a
significant influence on the garnet growth increment (Fig. 6.6a) and the resulting
zonation pattern (Fig. 6.6b). In contrast to fractional equilibrium garnet
crystallisation, the growth increment at decreasing manganese availability
decreases steadily after initial garnet formation until the rise near the P-T
increment 50. This potentially leads to a complete interruption of garnet growth at
lower pressures and temperatures. The lowest garnet production occurs near the

steepest compositional gradient.
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Fig. 6.6: Garnet growth increment (a) and calculated zonation pattern (b) for growth
along the P-T segment assuming decreasing manganese availability for the garnet
surface. Note the decreasing growth increment between initial garnet formation and the
peak near point 50. The calculated zonation pattern shows steep compositional gradients
caused by limited garnet growth due to disequilibrium element incorporation.
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At conditions above chlorite stability, garnet growth is independent from
manganese availability. Although the compositional trend of all garnet
components in the zonation pattern remains unchanged, decreasing growth
increment combined with compositional changes in garnet cause compositional
plateaus in the growth patterns at conditions with high garnet production and steep
compositional gradients when only little garnet is produced (Fig. 6.6b). Abrupt
compositional changes in the resulting zonation pattern occur, when garnet

growth decreases rapidly or is interrupted.
6.3.2.2 Disequilibrium incorporation of calcium

Fig. 6.7 shows the growth increment (Fig. 6.7a) and calculated zonation
pattern (Fig. 6.7b) for a constant calcium availability to the garnet edge. The
growth increment at lower pressures and temperatures shows the same trend as for
the equilibrium calculations, but disequilibrium incorporation of calcium enlarges
the stability field of chlorite. The increase in garnet growth increment caused by
the breakdown of chlorite is shifted towards higher metamorphic conditions (Fig.
6.7a). The second increase of growth increment caused by the consumption of
sodic amphibole is more pronounced in the disequilibrium growth model. The
calculated zonation patterns differ significantly for equilibrium and disequilibrium

incorporation of calcium (Fig. 6.7b).
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Fig. 6.7: Garnet growth increment (a) and calculated zonation pattern (b) for growth
along the P-T segment assuming constant calcium availability for the garnet surface.
Disequilibrium incorporation of calcium enlarges the stability field of chlorite (shifted peak
in (a)) and causes a characteristic intervening increase in grossular content in the
calculated zonation pattern (b).

Whereas in the equilibrium calculations grossular content decreases

steadily, disequilibrium incorporation of calcium leads to a temporary rise in the
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Ca component and a significant decrease in Ca towards the garnet rim. The
patterns of the other garnet components are not significantly influenced by

disequilibrium incorporation of calcium at constant nutrient availability.

The plots in Fig. 6.8 are calculated for decreasing calcium availability for
the garnet edge. In contrast to equilibrium calculations and those assuming
constant calcium availability, garnet growth decreases repeatedly in these
calculations (Fig. 6.8a). After initial garnet formation, the growth increment
decreases steadily and starts to rise when chlorite stability is reached. Between P-
T increment 62 and 65 garnet growth is again interrupted due to the limited
calcium supply (arrow in Fig. 6.8a). After the breakdown of chlorite, the growth
increment curve is similar to that calculated for constant nutrient availability. The
resulting zonation pattern (Fig. 6.8b) shows a pronounced increase in grossular
and in addition an intervening rise in the spessartine component at the transition
between core and rim composition. This leads to a characteristic zonation pattern
near the compositional break. As for the disequilibrium incorporation of
manganese, repeated growth minima lead to an abrupt compositional transition

between core and rim.
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Fig. 6.8: Garnet growth increment (a) and calculated zonation pattern (b) for growth
along the P-T segment assuming decreasing calcium availability for the garnet surface.
Limited calcium supply leads to repeated decrease in growth increment (arrow in a) and a
characteristic rise in grossular accompanied by an intermediate rise in spessartine
components (arrows in b).

6.3.2.3 Disequilibrium incorporation of aluminium

Because aluminium is incorporated into all four garnet endmembers, the
growth increment of garnet is proportional to the amount of aluminium available

for the garnet surface. Therefore constrained Al availability will directly control
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the amount of garnet produced over each P-T increment, because hindered growth
of a specific endmember, due to limited nutrient availability, can not be
compensated by any other endmember component. This relationship is displayed
by the growth increment shown in Fig. 6.9a, which is calculated for a constant Al
availability for the garnet surface. Interestingly, in contrast to Mn and Ca, limited
Al availability strongly influences the garnet composition even at higher pressures

and temperatures (Fig. 6.9b).
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Fig. 6.9: Garnet growth increment (a) and calculated zonation pattern (b) for growth
along the P-T segment assuming constant aluminium availability. In this case garnet
growth is directly related to the amount of Al available for the garnet surface. The
resulting zonation pattern (b) does not show the strong increase in pyrope content
accompanied by a decrease in the almandine component at high pressures.

Although grossular and spessartine components show the same trend as in
the models assuming transport-controlled Ca- and Mn-incorporation, the
remarkable pyrope-increase at the garnet rim, observed in all other calculations, is
missing in the models assuming transport-controlled Al incorporation. In the
calculations with decreasing Al availability the growth increment decreases
steadily (Fig. 6.10a) and grossular- and spessartine-rich garnet forms almost the
entire grain, because the amount of garnet produced at higher pressures is limited
by the decreasing nutrient availability. This causes very little almandine- and

pyrope-rich garnet growth at the outermost rim (Fig. 6.10b).
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Fig. 6.10: Garnet growth increment (a) and calculated zonation pattern (b) for growth
along the P-T segment assuming decreasing aluminium availability. Due to the rapidly
decreasing growth increment, the compositional break occurs only at the outermost rim

(b).

6.3.3 Examples from natural rocks

In order to test the validity of our modelled results for natural garnets, we
discuss two examples of garnets in high- and medium-pressure metamorphic
rocks. The first is an ultra-high-pressure (UHP) eclogite from the Tso Morari area
in the Western Himalayas, and the second comes from a medium pressure
metapelite from Stuckless Cove, Newfoundland. The latter was intensively

investigated by Vance and O Nions (1990).

Compositional maps of two coalesced garnet grains in the Himalayan
sample are shown in Fig. 6.11a. The maps of iron and manganese show the core
of a large grain in the upper left corner and a smaller one on the right side. The
core to rim profile 1 in Fig. 6.11b represents the zonation pattern of the larger
grain along the line labelled 1 in Fig. 6.11a. This profile is clearly different at the
margin to that for the overgrowth in the smaller grain (profile 2 Fig. 6.11b). The
volume of the overgrowth is significantly different in different parts of the garnet
and the transition between core and rim is less sharp in the larger grain. The
zonation pattern of profile 1 is typical of continuous growth, whereas the abrupt
compositional break in the pattern of the smaller grain indicates periodic growth
with growth interruption. This growth interruption in the smaller grain is most
obvious in the grossular and pyrope zonation patterns. At the rim of the larger
grain the grossular content decreases continuously from 0.32 to 0.1. In contrast
the continuous decrease in calcium is not recorded in the smaller grain and the
grossular fraction decreases abruptly from 0.32 to 0.12. The same difference is

observed in the pyrope content, which rises continuously from 0.02 to 0.25 in the
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larger grain, but increases in a step-like pattern in the smaller grain. Interestingly,

changes in the almandine component are recorded in both grains.

The Stuckless Cove example is similar. Fig. 6.12 shows two zonation
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Fig. 6.11: Compositional mapping (a) and compositional profiles (b) of a garnet
aggregate from the Tso Morari area (Western Himalaya). (a) The Fe- and Mn- maps
show that the garnet is a composite of two amalgamated grains. The lines mark the
position of the profiles (1 and 2) in Fig. 6.7b. Profile 1 shows a continuous compositional
gradient, whereas profile 2 shows a discrete compositional change at the interface of the
core and rim (see text).

patterns from large euhedral garnets in the same hand specimen. Both garnets
were separated from the specimen prior to cutting and cut through their three
dimensional centres (D. Vance, pers. comm.). The isotopic investigations of
Vance and O"Nions (1990) showed that the ages of the cores and the rims of these

garnets are identical within error, suggesting growth of the entire grain during one

metamorphic event. As in the previous example above, one garnet (garnet 2)
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shows a smooth zonation pattern indicating continuous growth and a complete
compositional record, whereas the other grain (garnet 1) has steep compositional
gradients in the zonation pattern which are diagnostic of discontinuous growth. In
contrast to grain 2, garnet 1 shows increasing grossular content accompanied by a
decreasing almandine component in the core. Near the compositional break, both
grains from Newfoundland show an abrupt increase in the spessartine component

(arrows in Fig. 6.12).
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Fig. 6.12: Compositional profiles across two garnet megacrysts from Stuckless Cove
(Newfoundland) (Vance and O’Nions, 1990). Garnet 1 shows a marked compositional
break between core and rim, which is not visible in garnet 2. Both profiles show an
increase in Ca and Mn which coincides with the compositional break in garnet 1 (arrows).
See text for discussion.

6.4 DISCUSSION

The results of our calculations depend strongly on the thermodynamic
database, so we tested for the influence of changes in standard state data and
solution models. Changing the thermodynamic data shows that although the
modifications of standard state data or solid solution formulations do influence the
absolute compositions of the phases, they have only minor influence on garnet

growth increment and on the shape of the modelled zonation patterns.

Our numerical models support the following conclusions:
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(D) The incorporation of elements at disequilibrium conditions
influences growth increment and garnet composition, leading to different zonation

patterns for equilibrium- and diffusion-controlled garnet growth.

(2)  both, smooth and abrupt compositional gradients, caused by
transport- controlled incorporation of elements in natural garnets, can be observed
in one and the same sample (Figs. 6.11 and 6.12). This reflects small-scale

chemical disequilibrium in these rocks.

6.4.1 Zonation patterns indicative of diffusion-controlled garnet
growth

Evidence for disequilibrium garnet growth due to small-scale variations in
matrix chemistry is given in Chernoff and Carlson (1997) and Spear and Daniel
(2001). Chernoff and Carlson (1997) give examples of garnet growth controlled
by intercrystalline diffusion in pelitic schists from the Pecuris range, New
Mexico. Spear and Daniels (2001) investigated garnets from pelitic schists from
Harpswell Neck, Maine. In both studies fractional garnet crystallisation led to the
development of halos of a chemically depleted matrix or chemical gradients in the
intergranular  fluid around a growing garnet crystal. These chemical
inhomogeneities caused disequilibrium incorporation of calcium in the garnet
porphyroblasts. The incorporation of calcium in garnets growing in such a
depleted zone is assumed to be controlled by element flux rather than by chemical
equilibrium between garnet and all other matrix phases. The authors of both
papers describe a sudden rise in the grossular content that cannot be related with a
metamorphic event that affected the entire rock (Fig. 6.13). Our numerical
calculations that assume transport-controlled incorporation of calcium in garnet
show the same irregular behaviour of calcium as described in the papers above
(Figs. 6.7b and 6.8b). Depending on the nutrient availability, both grossular and
spessartine contents show an irregular rise at the outer garnet core. Evidence for
the incorporation of calcium under disequilibrium conditions is also recorded in
the Newfoundland sample of Vance and O'Nions (1990) (Fig. 6.12). Here too, the
different zonation patterns for grossular in garnets from the same sample, together
with a rise in the spessartine content, can be modelled by assuming transport-
controlled incorporation of calcium (Fig. 6.8). The consistency of modelled and

natural garnet zonation patterns indicates that the numerical calculations can
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predict characteristic zonation patterns caused by the incorporation of certain
elements under disequilibrium conditions. These patterns can therefore be used to

determine the relative velocities of diffusing elements in metamorphic rocks.
6.4.2 Growth interruptions due to limited nutrient supply

The isopleth pattern (Fig. 6.3) and the modelled garnet growth along the
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Fig. 6.13: Compositional profile across a garnet crystal from Pecuris Range, New
Mexico, USA (redrawn after Chernoff and Carlson, 1997). Note the sudden rise of CaO
due to disequilibrium incorporation of calcium (arrows).

considered P-T interval (Fig. 6.4) show that garnet growth in HP rocks occurs in
two main stages. At greenschist facies conditions, garnet growth is controlled by
the equilibrium with chlorite and the partitioning of manganese between chlorite
and garnet. A second garnet growth stage starts with the attainment of blueschist-
facies, when garnet grows at the expense of calcic and sodic amphibole. These
stages are marked by quite different zonation patterns. Garnets grown at the
expense of chlorite along a prograde HP metamorphic path show a characteristic
grossular- and spessartine-rich core, an increase in almandine and pyrope content,
and decreasing spessartine and grossular components towards their rims (e.g.
Vance and Mahar, 1998). Garnets nucleated at higher pressures and temperatures
have almandine-rich cores and show a characteristic decrease in almandine and
grossular content, together with a strong increase in the pyrope component at the

garnet rims (e.g. Compagnoni and Hirajima, 2001).

The amount of garnet initially produced at greenschist facies conditions is
small compared with the abundance of garnet at higher pressures (Fig. 6.4). Slight
changes in nutrient supply might cause growth interruptions and enable resorption
of pre-existing grains (Figs. 6.6 and 6.8). Garnets growing with a continuous
nutrient supply have zonation patterns with a smooth transition between the core
and rim composition (Fig. 6.4). Garnet growth controlled by sluggish nutrient

transport is recorded by steep compositional gradients in the zonation patterns
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and, e.g. in case of calcium, in an irregular increase in grossular and spessartine
content at the transition between core and rim compositions (Fig. 6.8). For growth
interruption caused by a cessation of element flux, the zonation patterns might
even show abrupt compositional changes (Fig. 6.6). These zones of abrupt
changes in garnet composition can be used to quantify the duration of
metamorphic events by calculating the diffusional relaxation of the steep
compositional gradient. Therefore, it is crucial to understand the mechanisms that

cause these growth interruptions.

Mechanisms of growth interruption and resorption of garnet grains are
discussed in Miyazaki (1991, 1996), who compared the zonation patterns and
crystal size distribution (CSD) of HP garnets. He argued that the zonation pattern
and the observed CSD indicate that smaller garnet grains ceased to grow or
dissolved, whereas larger grains grew at the expense of smaller ones. Ostwald
ripening is inferred to be the primary process controlling garnet growth in HP
rocks (see also Carlson, 1999 and discussion in Carlson, 2000 and Miyazaki,
2000). Yet, Ostwald ripening depends on the surface energy and the volume-to-
surface ratio of the garnet grains. It might therefore only play a role at the onset of
garnet growth, when small nuclei are unstable and are resorbed. It is very unlikely
to affect larger grains at higher metamorphic conditions. Our results show that
growth interruptions affecting larger garnet grains, as in the UHP metamorphic
garnets from the Himalayan sample, are the result of limited nutrient flux to the
garnet surface. But what is the element that controls growth? Our calculations
show that manganese- and calcium-availability both potentially limit growth at
greenschist facies conditions (Figs. 6.6 and 6.8). Manganese stabilizes garnet
towards lower temperatures and the absence of a manganese flux strongly affects
the garnet growth increment. Calcium is assumed to have slower intercrystalline
diffusion velocities and, although grain boundary diffusion velocities for calcium
are unknown, for kinetic reasons it is presumed to control growth at lower
temperatures. Additionally, limited calcium incorporation in garnet can easily be
balanced by changing composition and amount of other pre-existing Ca-bearing
phases, such as epidote and calcic amphibole, which might compensate limited
garnet growth. Our calculations show that limited supply of both elements might
cause growth interruptions at the transition from greenschist- to blueschist-facies

conditions. In contrast to manganese, the lack of a calcium supply causes

149



characteristic changes in the garnet zonation pattern, such as increasing grossular
and spessartine contents. Although there is a slight increase in grossular content in
the Himalayan sample (Fig. 6.11b), there is no increase in spessartine content,
which we take as evidence that the growth interruption observed in the smaller
grain in the UHP eclogite is caused by the limited availability of manganese. This
requires very short equilibration distances for this element and suggests very slow
element diffusivities in that rock. Recent publications have shown very short
equilibration distances for manganese (Hirsch et al., 2003), which suggests that
small-scale chemical disequilibrium even of rapidly diffusing elements might be a

common phenomenon in metamorphic rocks.
6.4.3 Possible misinterpretation due to non-centre cutting planes

Fig. 6.14 shows a textural relation of the two Himalayan garnets that might
possibly lead to a misinterpretation of the observed zonation patterns. The
transition zone between core and rim composition in the smaller grain is about
10pum wide, whereas in the larger grain this transition occurs across a distance of
more than 200um (Fig. 6.11b). Assuming that in both grains this zone is not more
than 10pum wide would require a cutting angle of more than 87° in the larger grain
(Fig. 6.14). As a result of this assumption the larger grain must be about 3.2 cm in
diameter, which is more than ten times larger than the observed garnet grain size
in this sample. Therefore we exclude that the difference between the zonation

patterns is the result of a non-centre cutting plane.
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Fig. 6.14: Schematic illustration of a textural relation between the two garnets in Fig.
6.11, that might possibly lead to a misinterpretation of the observed compositional profiles
(see text for discussion).
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Of course our interpretation assumes garnet growth during a single
metamorphic event. Although, in contrast to the Stuckless Cove sample, this can
not be proved by geochronological data in the Himalayan sample, the correlation
of the observed compositional trends in the natural garnets with those calculated
for a UHP metamorphic path, clearly suggests that cores and rims of the

Himalayan garnets grew during a single UHP metamorphic event.

6.4.4 Evidence for small-scale chemical variations in metamorphic

rocks

The calculations above show that disequilibrium element incorporation of
manganese, calcium and aluminium leads to distinct garnet zonation patterns.
Zonation patterns diagnostic for both, disequilibrium incorporation of elements as
well as fractional equilibrium crystallisation can be observed in one sample (Figs.
6.11 and 6.12). The occurrence of both, steep and smooth zonation patterns in
garnets from the same sample and with similar grain sizes excludes that the
differences in the zonation patterns are the result of relaxation due to
intracrystalline diffusion, because volume diffusion would affect all garnets to the
same extent. This supports the idea that intercrystalline diffusional transport of the
garnet nutrients and therefore the amount, by which the matrix around garnet is
depleted, differs within small spatial domains in metamorphic rocks. Pre-existing
inhomogeneities, such as foliations or chemical layering, might additionally
influence element transport and favour disequilibrium garnet growth. The
calculations also show that disequilibrium garnet growth significantly influences
phase equilibria (Figs. 6.4 and 6.7). The incorporation of elements at
disequilibrium, e.g. calcium, has a significant influence on thermobarometric
estimates. Disregarding these effects can lead one to misinterpret garnet zonation
patterns and calculated phase equilibrium diagrams, resulting in erroneous P-T
paths. Disequilibrium garnet growth seems to be a common phenomenon in
metamorphic rocks that has been generally overlooked so far. Although further
investigations are necessary to infer more precisely the growth kinetics of these
samples, the examples show that the effects modelled in our calculations are
observed in natural samples. Considered together, the spatial distribution of garnet
grains, their zonation patterns, their trace element zonations and numerical growth

models of garnet zonation patterns yield information about the processes limiting
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garnet growth such as intercrystalline element transport or dissolution of pre-

existing grains.
6.5 CONCLUSIONS

Numerical calculations show that fractional crystallisation of garnet
changes the chemistry of the matrix around garnet porphyroblasts. These changes
have a strong influence on garnet growth in high pressure rocks. Fractional
crystallisation together with sluggish intercrystalline diffusion velocities leads to
chemically depleted zones around porphyroblasts. Garnet growth in such depleted
zones is controlled by elemental flux rather than by chemical equilibrium with the
matrix phases. Diffusion-controlled garnet growth is often recorded in typical
garnet zonation patterns. Numerical models of diffusion-controlled elemental
incorporation in garnet show that hindered manganese and/or calcium transport
leads to characteristic garnet zonation pattern with steep compositional gradients
and an intervening rise in grossular and spessartine components. It might cause
growth interruptions at the transition from greenschist to blueschist facies. In
contrast, garnets in equilibrium with matrix phases grow homogeneously and
therefore have shallower compositional gradients. The modelled zonation patterns
are in good agreement with those observed in natural garnets with a diffusion-
controlled growth history. The observation of both types of garnet zonation
patterns within small spatial domains in the same sample indicates compositional
variations in the matrix or the intercrystalline fluid locally distributed in the
matrix. Further, phase relations in calculations assuming diffusion-controlled
garnet growth differ significantly from those assuming fractional and
homogeneous equilibrium crystallisation. This might lead to erroneous
interpretations of thermodynamically-calculated phase relations. Therefore, the
spatial distribution of garnet grains and their zonation patterns, considered
together with numerical growth models of garnet zonation patterns yield
information about the processes limiting garnet growth. These include
intercrystalline element transport or dissolution of pre-existing grains. Further, the
interpretation of the modelled zonation patterns yield better insights into the P-T

evolution of HP rocks despite obvious disequilibrium on a whole-rock scale.
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