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Abstract

This paper presents and discusses the results of phase diagram (Perple_X) and diffusion modelling (CZGM, or Compositional Zoning and
its Modification by diffusion) to constrain the P–T path of metamorphism. The approach is based on the best fits between the zoning
profile in measured garnet and that obtained by the intersections of garnet isopleths calculated by phase diagram modelling using
whole rock bulk composition. The model was applied to garnets in natural rocks of various metamorphic grades, which were formed
within different geotectonic environments. To compare the sequence of compositional change during Barrovian-type metamorphism,
well-studied pelitic rocks from garnet–staurolite, kyanite–sillimanite, and sillimanite-K-feldspar metamorphic zones were selected.
Garnets with two-stepped core and rim profiles that were formed during two different metamorphic stages or events were used for
pressure–temperature (P–T) path constraint of each stage or event. For high-grade rocks, in which the original zoning profile in garnet
was severely modified, the diffusion of the initial zoning profile was quantified to estimate the timescale of the metamorphic event.
These rocks include high- to ultra-high-pressure rocks, which were subjected to thermal overprinting during collisional orogenesis.
The results of the application of this approach allow for deciphering the reason why the calculated profile by phase diagram modelling
does not fit with that of the measured garnet from low-grade rocks, in which garnet has preserved the original compositional zoning.
This includes garnets whose nucleation was shifted from the garnet-in boundary to higher temperatures and pressures, as well as
garnet crystallised during different metamorphic stages or events. Finally, the P–T paths in high-grade rocks were constrained after the
multicomponent diffusion in garnet was quantified, and this was used for further P–T-time path constraint of metamorphism in the
rocks.
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INTRODUCTION
Phase equilibrium modelling is a common method for estimating
the pressure–temperature (P–T) conditions of metamorphism (de
Capitani, 1994; Connolly, 2005; Holland & Powell, 2011). As stabil-
ity fields of minerals can cover large P–T ranges, the calculated
compositional isopleths of garnet are most often used to locate
the P–T conditions reached during metamorphism. However, the
match between predicted (calculated) and observed compositions
(measured profile) in garnet is generally imperfect. The mismatch
may be due to many factors, but the most common explanation in
high-grade rocks is the modification of the initial zoning profiles
in garnet by diffusion (e.g. Loomis et al., 1985; Chakraborty &
Ganguly, 1992; Ganguly et al., 1998). Discrepancy between cal-
culated and measured profiles can also occur in garnet from
low- to medium-grade rocks, in which no or minimum diffusion
is expected. If there is no information about three-dimensional
imaging of the garnet grain (e.g. Daniel & Spear, 1998; Gaidies &
George, 2021), then it is difficult to explore whether the mismatch
is due to the cut effect, in which the analysed profile does not

cross the core of the garnet crystal, or as result of incomplete
equilibration.

A number of approaches have been developed to predict the
chemical-zoning pattern of garnet growing in equilibrium with
a given set of phases along a specific pressure–temperature–
time (P–T–t) path. This includes the computer program DiffGibbs
(Florence & Spear, 1991; Spear et al., 1991), which accounts for
chemical fractionation during garnet growth as well as for intra-
granular diffusion in garnet. This procedure was further improved
by Gaidies et al. (2008), who developed the Theria-G software by
combining diffusion modelling with the Theriak-Domino software
(de Capitani, 1994) to simulate initial and diffusional composi-
tional profiles during prograde garnet growth. The preservation
of garnet of various sizes, temperatures, and times has been
modelled by many authors (e.g. Loomis, 1986; Chakraborty & Gan-
guly, 1991; Perchuk & Gerya, 2005; Caddick et al., 2010). Another
software known as CZGM (Compositional Zoning and its Modi-
fication during metamorphism) (Faryad & Ježek, 2019) partially
adopts the method by Gaidies et al. (2008), yet also combines the
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phase diagram section by Perple_X (Connolly, 2005) and diffusion
modelling (Faryad & Chakraborty, 2005). Importantly, the CZGM
allows the creation of a P–T path of metamorphism based on
the zoning profiles in garnet both in low-grade rock with no
or minimum diffusion, as well as in partially modified zoning
profiles in garnet from high-grade rocks.

In pelitic rocks subject to Barrovian-type metamorphism, min-
eral growth is accompanied by dehydration reactions among the
fine-grained matrix phases, thus the observed measured profile
of garnet composition from low-grade rocks tends to fit well
with that obtained by intersections of the isopleths determined
by phase diagram calculation. However, in semipelitic rocks, in
which parts of the bulk rock composition are isolated, the pres-
ence of relict phases can act as barrier for mineral growth and
result in reaction overstepping (path 1 in Fig. 1). In that case, the
core composition of the measured garnet (c1) is shifted from the
calculated garnet-in boundary (c2) to reflect higher temperature
and/or pressure. A similar or more extreme situation in terms
of the delay of new mineral formation can also occur if dry and
competent igneous or metamorphic basement rocks are subject
to metamorphism. The best-known examples are from granulite
facies rocks in the Western Gneiss complex (Austrheim, 1987) and
from gabbros in the Eastern Alps (Proyer & Postl, 2010), where the
recrystallisation of the rocks occurred after they reached eclogite
facies conditions. Moreover, further complexity in constraining P–
T paths can occur if garnet growth occurred during two or more
stages or metamorphic events (path 2, Fig. 1). In addition to the
isolation of parts of the bulk chemistry of minerals formed during
the first event, the effective bulk chemistry is needed for the
formation or regrowth of garnet during the second event. Finally,
in high-grade rocks, the constraint of the P–T path can be compli-
cated if the garnet formed by any of the above process was sub-
jected to modification by diffusion (path 3, Fig. 1). In that case, the
whole, or at least the core and rim parts, of the measured profile
can deviate from that obtained by phase equilibrium calculation.

In this work, we present a series of examples of zoned garnets
in natural metamorphic rocks which highlight the complexities
between zoning in the measured garnet and garnet isopleths,
calculated from the whole bulk rock using phase equilibrium
modelling. We aim to draw attention to the limitations of the
phase diagram calculation and to find a possible solution for
how to deal with the discrepancy between the calculated and
measured compositional profiles of garnet in metamorphic rocks.
Through application of the CZGM (Compositional Zoning and its
Modification by diffusion) software, we examine garnet zoning
formed during a single episode of Barrovian-type metamorphism,
as well as garnet in polymetamorphic rocks, to constrain the P–T
paths of metamorphism by comparing the initial zoning profiles
(calculated using phase equilibrium modelling) with the mea-
sured profiles in garnet. We clarify why the measured core-to-rim
profiles in garnet, which are either not affected or less affected
by diffusion, do not fit with the calculated (initial) profiles in low-
to medium-grade rocks. We also analyse the preservation and/or
modification of major element zoning that is created either during
prograde metamorphism or by being subjected to diffusion at
different P–T–t (time) relations.

METHODOLOGY
Pressure–temperature path constraint of a metamorphic event
by modelling phase equilibrium and compositional zoning in
garnet consists of finding the intersections of isopleths in the P–T
diagram that correspond to the compositions along the measured

Fig. 1. Illustrative examples indicating differences in P–T paths of
metamorphic rocks obtained based on the best fits between
compositional zoning in measured garnets and intersections of the
calculated garnet isopleths (XFe, XMn, XMg, XCa,
XFe = Fe2+/(Fe2++Mn + Mg + Ca). Path (1) shows a shift in P–T conditions
between core composition in the measured garnet (c1) and that
calculated using phase diagram modelling (c2). In path (2), the zoning
profile in the measured garnet fits in two sections (near the core and
rim) with the calculated profile. The section in between (thick dotted) is
interpolated. Paths 1 and 2 are from garnet in low-grade rock, where
prograde zoning in garnet was not modified. In high-grade rock, where
garnet zoning was modified (path 3), compositions of the measured
profile in garnet differ from that obtained by the intersections of the
calculated isopleths.

profile in the garnet. This is possible for garnet of isometric shape
and concentric zoning, which grew in equilibrium with the matrix
and whose original zoning profile was not modified by diffusion.
However, the finding of the isopleth intersections, which fit along
the whole length of the profile, is not an easy task. In most cases,
intersections of isopleths with similar compositions are obtained
only for cores and rims of the measured profile. In addition,
core composition in the measured garnet may not fit with the
calculated garnet-in boundary. In high-grade metamorphic rocks,
the original zoning profiles is obviously modified, and the solution
requires quantification of diffusion prior to finding the best fit
between measured and calculated profiles. To overcome this prob-
lem, most common examples of garnet formed in different source
rocks and subjected to one or more metamorphism events were
selected for this study. The approach of CZGM software (Faryad
& Ježek, 2019) was applied to simulate the initial compositional
profiles of garnet, obtained by Perple_X with the application of
garnet fractionation, in combination with multicomponent diffu-
sion along a selected P–T path during prograde metamorphism
and subsequent decompression and/or cooling. It should be noted
that this approach considers that the measured garnet crystal has
an isometric shape with a concentric profile along the section,
which crosses the geometric core of the crystal. Other possible
kinetic factors (like deformation, fluid, heating rate, nucleation,
Loomis, 1979; Dempster et al., 2018), which control garnet growth
or resorption/consumption of garnet during its stability field are
not considered in this approach and in the CZGM software.

The garnet examples selected for this study met a number of
criteria regarding their origin and compositional zoning and the
degree of metamorphism of the host rocks. This includes simple
zoning garnets formed during a single metamorphic event as
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well as garnet with complex zoning and created by multistage or
polymetamorphic events. It was also important to know whether
recrystallization of the rock occurred at or before the garnet-in
boundary or whether the garnet-forming process was shifted to
higher temperature and/or pressure conditions. Since the selected
examples come from our own studies and from the literature, it
was essential to know about field relationships of the rocks and
possibly about the age of metamorphism. The examples with sim-
ple zoning garnet come from three Barrovian-type metapelites,
which underwent different degrees of metamorphism: low-grade
rocks with well-preserved prograde zoning garnet, middle-grade
rocks with garnet partially affected by diffusion, and high-grade
rocks with strongly modified zoning profile of garnet. In addition
to the P–T path constraint, the objective for the low-grade rock
experiment was to verify whether the measured core of the garnet
fit with the garnet-in boundary calculated by the phase diagram
calculation; and further, in the case that they did not fit, to
explain the reason for the discrepancy. For the high-grade rocks,
the compositionally modified zoning profile in garnet was used to
estimate the duration of metamorphism within the garnet stabil-
ity field that was reached by the rocks. In addition, two garnets in
polymetamorphic rocks formed during Barrovian-type metamor-
phism and a subsequent high-pressure collisional event were also
analysed to illustrate the effect of bulk rock fractionation during
the two garnet-forming events. Three examples of the garnets
(two in metabasic rocks and one in felsic rock) were formed during
subduction and subsequent collisional events and are indicative
of the most typical garnet-forming process in eclogite facies rocks,
with possible thermal overprinting. The garnet in the metabasic
rocks involved both hydrated source material and dry igneous
rock, in which garnet formed in the coesite stability field due to
reaction overstepping. The dry mafic and felsic rocks contained
partially modified garnet by diffusion with regrowth owing to
heating during exhumation.

In the case of examples taken from the literature, we repeat
the thermobarometric analysis to see to what extent the origi-
nal results are modified by our choice of thermodynamic data
and computational methods. Specifically, we use the thermody-
namic data base of Holland & Powell (2011) with solution models
for chlorite, chloritoid, biotite, mica, garnet, staurolite, cordierite,
ilmenite, and melt from White et al. (2014) and that of feldspar
from Benisek et al. (2010), while the phase equilibria are pre-
dicted by free energy minimisation (Connolly, 2009). The selected
samples from the literature are from Barrovian-type metapelite
of the garnet–staurolite zone in the Sikkim Himalaya (Gaidies et
al., 2015), sillimanite-zone metapelite of eastern Tibet (Weller et
al., 2013), and granulite facies pelitic rocks of the Damara Belt,
Namibia (Jung et al., 2019).

The measured profiles in garnet from each selected sample
were first tested by CZGM based on the preliminary P–T path to
see if their original zoning was modified by diffusion, i.e. if the
calculated initial profile differs from that measured in garnet. In
the case of preservation of the original zoning (from the garnet–
staurolite zone), the best fits between the measured and calcu-
lated profiles were obtained using the procedure described below
and given in Faryad & Ježek (2019). The basis of this procedure is
to constrain a P–T path, which passes through the intersection of
calculated compositional isopleths with values similar or close to
that of major components along the measured zoning profile from
the core to the rim of garnet. It was needed to determine whether
the best fit between the measured and calculated profiles is along
the whole distance of the zoning profile, or whether the core of
the measured profile is shifted to a higher temperature and/or

pressure from the calculated garnet-in boundary. In high-grade
rocks (sillimanite zone and granulite), the best fit between mea-
sured and initial (original) zoning profiles was calculated after
diffusion of the initial profile was quantified. Diffusion quantifi-
cation was performed using changes of temperature and pressure
in the P–T diagram at different time durations.

P–T PATH CONSTRAINT IN LOW-GRADE
ROCKS
To test the best fit between the measured and calculated profiles
in garnet from low-grade rock, a sample (24–99) from garnet zone
metapelite in Sikkim (Gaidies et al., 2015) was selected. The rock
consists of white mica, quartz, biotite and ilmenite, and the mica
together with graphite and chlorite define foliation of the rock.
The garnet of isometric shape (1.4 mm in diameter) has well-
preserved prograde zoning (Fig. 2a). Gaidies et al. (2015) calculated,
using Theriak/Domino software (de Capitani & Brown, 1987; de
Capitani & Petrakakis, 2010), pressure and temperature of 520◦C
at 0.45 GPa for the core and 570◦C at 0.55 GPa for the rim compo-
sitions of garnet. Note that in Fig. 2a, a relative radius of garnet is
shown to indicate possible best fits between the measured and
calculated profiles. The compositional isopleths (Fig. 2b and c)
of the major divalent cation ratios (values) and mode (volume,
Fig. 1d) are calculated using the bulk rock composition of the
sample. As there is no or just minimum diffusion in garnet, it
is expected to find intersections of isopleths in the P–T diagram,
which closely correspond to those in the measured core-to-rim
profile in garnet. The intersections of isopleths corresponding to
the composition from core (c) to rim (r) in the measured garnet
occur in the P–T interval from ∼520◦C at 0.5 GPa (core of garnet)
to 570◦C at 6.0 GPa (rim of garnet). The line connecting these
intersection points is the P–T path obtained based on the zoning
profile in the measured garnet. However, the starting point of this
P–T path is shifted by 30◦C and 0.1 GPa to a higher temperature
and pressure compared to the calculated garnet-in boundary.
If we consider that the phase diagram calculation is correct,
then part of the measured profile to the garnet-in boundary is
missing (Fig. 2d). The discrepancy or shift of the calculated core
composition from that measured (Fig. 2b–d) may be attributed to
(1) the cut effect, (2) reaction overstepping, or (3) imperfect ther-
modynamic knowledge. In some cases, the distance of shift can be
shortened using different (appropriate) solution models of garnet
but calculating the phase diagram for series of samples with
different composition of garnet is time consuming. Therefore, we
will disregard the imperfect thermodynamic knowledge here and
consider whether it is possible to evaluate the significance of the
former two options.

The cut effect in a garnet crystal
If it is not clear whether the analysed section passes through the
garnet core e.g. no information from three-dimensional imaging
analysis or about cutting of garnet crystal along a plane through
the geometric centre, (Gaidies & George, 2021), the shift of the
analysed core from the garnet-in boundary to higher temperature
and pressure can be due to the cut effect. Any deviation of the
section from a plan through the nucleus, whether that is in the
geometric core of the crystal of garnet or not, will result in a miss
of the earliest stretch of the measured composition profile, which
reveal itself in the calculated composition profiles. Figure 3 shows
a schematic illustration of the cut effect in a spherical crystal of
garnet with core c1 and radius r1 = 0.65 mm that crosses two zones
(central zone 1 with radius r3 = 0.24 mm and outer zone with a
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Fig. 2. Concentration profiles (core, c to rim, r) in measured garnet (a) and calculated from compositional (b, c) and volume isopleths (d) plotted along
relative radius (rr). Compositional zoning in this garnet is not modified and the isopleths for core (c) to rim (r) compositions in the measured garnet
intersect each other in the P–T range of ∼520◦C at 0.5 GPa to 570◦C at 0.6 GPa (b–d). Part of the calculated (initial) profile (solid curve of yellow colour
in d) fits with the measured profile, while the rest of the profile to the garnet-in (gt-in) boundary is extrapolated.

thickness of 0.41 mm, Fig. 3a). Assuming that the garnet crystal
nucleated at the garnet-in boundary, the composition in the c1

core will correspond to that calculated using phase equilibrium
modelling. In Fig. 3a, the cut crosses the garnet crystal at the
interface between zones 1 and 2 with a distance of d = 0.24 mm
(240 microns), relatively far from the real core of the garnet c1.
The cut does not include zone 1 with radius of r3 = d = 0.24 mm.
The cutting circle with core c2 and radius r2 = 0.61 mm covers
only zone 2 and is identical to the core-to-rim profile measured
in the garnet. The r2 radius is greater than the actual thickness
of the mantle due to its angular deviation from the true radius
r1 and is ∼0.04 mm shorter than r1. The difference in composi-
tional zoning in garnet along both radiuses r1 and r2 in Fig. 3a
is indicated along the (normalized) relative radius (rr) in Fig. 3b.
The calculated compositional profile (Fig. 3b) was obtained for
the selected relative grain size no. 74 in Fig. 3c, which started to
grow latter than the largest grain no. 100 (for details see Faryad
& Ježek, 2019). While the measured profile r2 covers only zone
2, its composition fits with outer part of r1 crossing this zone.
To compare the composition of the whole measured profile with
the calculated one, the length of the measured profile must be
compressed so that it fits to the outer part of radius r1. This is
indicated in Fig. 3d, where the core c2 of the cut with radius r2 is
shifted along r1 so that both have the same composition.

The relationships of r1 (initial or calculated profile) and r2

(measured profile) in the P–T diagram are similar to that illus-
trated in Fig. 2b–d. The measured profile coincides with the outer
part of the calculated profile, while the central part of the calcu-
lated profile to the garnet-in boundary is only interpolation. The r1

and r2 relationships could be used to estimate the missing volume

of garnet, which we can consider to be excluded due to the cut
effect. If we assume that the radius r1 in a single crystal corre-
sponds proportionally to the total volume (v1 = π . 3/4. r1

3) of garnet
formed in the rock, the missing volume (zone 1) resulting from the
cut effect will be (v3 =π . 3/4. r3

3). We are aware that garnet grains
have different sizes and could have nucleated at different times;
however, this is only an approximation to understand the volume
content not included by the measured profile in Fig. 2b. For garnet
with r1 = 0.65 mm, with the total volume of the garnet being
3.5% among other minerals in the rock, the missing volume with
r3 = 0.24 mm will be only 0.18% of the total volume of the garnet. If
distance of the cut from the garnet core is small, with d = r3 = 0.1
or 0.05 mm, the missing volume v3 of the total 3.5% volume in
the rock will be 0.07% and 0.01%, respectively. This suggests that
already a small deviation of the cut from the actual core/nucleus
will result in a significant loss of information about the real length
of the P–T path and the true composition of nucleus of the garnet.

Overstepping in garnet nucleation and gradual
nucleation
If the cut actually passes through core, and the garnet formed
in normal pelitic rocks or rocks in the presence of a free fluid
phase, which would enhance the reaction progress (e.g. Putnis
et al., 2021), any difference or shift of the core of measured
profiles from the calculated garnet-in boundary (similar to that in
Fig. 3b–d) can be explained by the actual kinetics of the process,
which has two parts that can each be treated as a computation-
ally simple ‘endmember’ scenario: (1) reaction overstepping and
(2) gradual nucleation of garnet grains with increasing pressure
and temperature. In reaction overstepping, the garnet nucleation
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Fig. 3. Illustration of cut effect and grain size-nucleation in relations to compositional zoning in garnet. (a) Spherical garnet with a radius of 0.65 mm
is cut 24 mm from the garnet core. Note that radius (r2) of the cut circle, along which measured profile was obtained, has a length of 0.61 mm. (b) Core
to rim compositions of measured profiles (along the cut radius) and calculated (initial) profiles (along the real radius) are plotted along the relative
(normalised) radius. (c) Calculated crystal size distribution, for which large crystals are assumed to nucleate at or near to the boundary of the gt-in
field (Fig. 2b) and have a composition corresponding to the garnet core. (d) Best fits of the measured profile with part of the calculated profile from
zone 2.

at higher pressure and temperature is due to reaction kinetics,
in which garnet-forming reactions are controlled by the excess
energy required to make a stable garnet nucleus in heterogenous
environment (e.g. Loomis, 1977; Waters & Lovegrove, 2002; Zeh &
Holness, 2003; Castro & Spear, 2017; Spear & Wolfe, 2019). Gradual
nucleation means that not all garnet grains in the rock nucleated
at the (theoretical or overstepped) garnet-in boundary. In the
simplest possible case, when we assume that all these nuclei grow
steadily, the resulting grain-size distribution curve would be as
shown in Fig. 3c. Large crystals with relative radius of 1.0 nucle-
ated at the beginning of garnet stability field (garnet-in, Fig. 2b),
and the grain size was decreasing as the garnet-forming reaction
proceeded to higher temperature and pressure conditions. In this
case, garnet with a relative radius rr = 1.0 has a composition
corresponding to that calculated from compositional isopleths,
while the measured garnet with a relative radius rr ∼ 0.76 (Fig. 3c)
nucleated latter and does not cover the composition of the most
central part of the larger crystal. While a simple reaction overstep-
ping model assumes a certain shift in crystallisation of all garnet
grains from the garnet-in boundary to higher P–T conditions,
in the model of gradual nucleation, part of the garnet grains
have compositions at or near the calculated garnet-in boundary.
The best fit solution for measured and calculated compositional
profiles for both garnet-forming mechanisms is similar to that
with the cut effect in Fig. 3. However, a difference may occur in
the case of high P–T overstepping (e.g. garnet nucleation in the
coesite field at 600◦C, Faryad et al., 2019), while fractionation of the
bulk rock does not include garnet crystallisation at the calculated
garnet-in boundary.

MODIFICATION OF THE INITIAL PROFILES
In high-grade rocks, where initial (calculated) compositional zon-
ing in garnet is modified, the best fit solution between the mea-
sured and initial profiles is modelled after quantification of the
diffusion of the initial profile. Multicomponent diffusion in garnet
is modelled using the Fick’s–Onsager approach (Onsager, 1945) as
a coupled system of diffusion equations. In a spherical coordinate
system fixed in the centre of garnet, the equations have the form

∂Ci

∂t
= 1

r2

∂

∂r

3∑

j=1

Dijr
2 ∂Ci

∂r
,

where indices i = 1, 2, and 3 correspond to the concentrations
of Fe, Mg, and Mn (independent components), while the con-
centration of Ca (dependent component) is given as C4 = 1-C1-
C2-C3. Equations are solved numerically by means of a finite
difference method. Diffusion coefficients Dij depend on tracer
diffusion coefficients Dt

i , according to (Lasaga, 1979):

Dij = Dt
iδij − Dt

iCi

4∑
k=1

Di
kCk

(
Dt

i − Dt
4

)
,

where δij is Kronecker’s delta.
The P–T path constraint of garnet with the modified zoning

profiles is solved with respect to the boundary conditions. Details
about the simulation are described by Faryad & Chakraborty
(2005) and Faryad & Ježek (2019). The boundary conditions are
solved using the four approaches of (see also https://www.natur.
cuni.cz/geology/petrology/faryad/software-1/software): (1) open
boundary conditions, where garnet rims are assumed to com-
municate with matrix also after garnet growing stops; (2) closed
system, where the zoning profiles are modified depending of the
compositional gradient and temperature reached without influx
from the outside; (3) fixed boundary conditions, in which the
rim compositions remain unchanged after garnet crystallisation
stops; and (4) defined boundary conditions by rim compositions
in the measured profile. The core-to-rim profile of zoning garnet
tends to flatten depending on the compositional gradient along
the profile. Figure 4a shows an illustrative example of modifica-
tion of a compositional profile in garnet by closed boundary con-
ditions, where the initial prograde zoning (solid curves) was mod-
ified (dashed curves) due to the compositional gradient between
the core and rim. Figure 4b is an example of compositional pro-
file totally homogenised during high-grade metamorphism, after
which the rim compositions are modified during cooling. The
boundary conditions can either be defined by the user based
on the measured profile, or it can follow compositions of the
isopleths crossed along the cooling path (Faryad & Ježek, 2019).

RESULTS
The approach outlined above was applied to (1) garnet formed in
a metapelite during a single Barrovian-type metamorphic event
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Fig. 4. (a) Interpretative example of the best fit solution between measured compositional profiles (large points) and initial profiles (solid curves) after
modification by diffusion (dashed curves). The coloured fields indicate the amounts of diffusion of each element that occurred at the core and rim of
garnet. (b) Best fit solution of totally homogenised garnet in high-grade rock with the rim subjected to modification during cooling.

in different zones, (2) two garnets with core and rim formed
in metapelites during two stages (or two separate metamorphic
events), (3) strongly modified garnet in high-grade rocks, and (4)
garnet crystallised in dry rocks after a delay in pressure and tem-
perature conditions in respect to the garnet-in boundary. While
garnet formation in the first three cases follows the bulk rock
or effective bulk rock fractionation, in the last case, the garnet
composition and zoning are controlled by material released from
the decomposition of the original phases in the rock and by
formation of new minerals that become stable at temperatures
and pressures reached during recrystallisation of the rock.

P–T PATH CONSTRAINTS IN
BARROVIAN-TYPE METAPELITIC ROCKS
To constrain a P–T paths and assess modification of zoning
profiles in garnet during Barrovian-type metamorphism, three
zones (garnet–staurolite, kyanite–sillimanite, and sillimanite-K-
feldspar) from well-studied areas in the literature were selected.
Crucial to this selection was the availability of zoning profiles in a
well-developed garnet and bulk rock composition of the host rock
used for pseudosection modelling.

Garnet(–staurolite) zone
For constraining of P–T path of metamorphism in low-grade
rocks with well-preserved prograde zoning in garnet, metapelites
of the garnet to staurolite zone from the Sikkim Himalaya
were selected. The rocks belong to a Barrovian sequence (e.g.
Dasgupta et al., 2004; Chakraborty et al., 2016) that experienced
a single middle Miocene metamorphism, which, based on Lu-
Hf age dating on garnet, occurred in the time span of ∼5 Ma
(Anczkiewicz et al., 2014). Two samples come from garnet zone
(24–99) and garnet–staurolite (SIM5E-12) zone. The first sample
(24–99) from garnet zone with well-preserved prograde zoning in
garnet was described in the previous section. Based on detailed
petrography (Gaidies et al., 2015), the garnet–staurolite zone
metapelite (sample SIM5E-12) contains compositionally zoned
garnet (up to 5 mm in diameter) that occurs in a well-foliated
matrix consisting of white mica, biotite, quartz, plagioclase, and
ilmenite. Volumetrically minor staurolite is present in some
mica rich layers from the same outcrop. For this rock, P–T
conditions of ∼530◦C at 0.48 GPa to ∼575◦C at 0.57 GPa were
estimated by Gaidies et al. (2015) using the Gibbs free energy
minimisation approach of the Theriak/Domino software (de
Capitani & Brown, 1987; de Capitani & Petrakakis, 2010) and

solution models as follows: garnet and staurolite (Holland &
Powell, 1998), feldspar (Baldwin et al., 2005), biotite (White et al.,
2005), chloritoid (White et al., 2000), and white mica (Coggon &
Holland, 2002). Prograde zoning in garnet was either not at all or
only insignificantly modified during this metamorphism (Gaidies
et al., 2015).

Phase equilibrium calculations were repeated here for the
bulk rock chemistry of sample SIM5E-12, which contains a
4.5 mm diameter garnet that preserves prograde zoning. Based
on the computed phase diagram section, the garnet begins
to crystallise above 485◦C with the composition of XMn = 0.35,
XFe = 0.4, XMg = 0.05, and XCa = 0.1 (Fig. 5a and b). However, the
core-to-rim composition of measured profiles in the garnet match
with the intersections of the isopleths in the range of 525◦C
at 0.52 GPa to 575◦C at 0.62 GPa (dotted line in Fig. 5a–c). This
indicates a shift of temperature and pressure of ∼40◦C and
0.15 GPa, reaching higher values for the core composition in
the measured garnet compared to that predicted by the phase
equilibrium calculations using Perple_X. It should be noted that
this shift is almost twice as high compared to that obtained for
this sample by Gaidies et al. (2015) using Theriak/Domino and
different solution models. Based on the compositional isopleths,
∼0.5 vol. % of the total 4 vol. % of garnet should have already
formed before reaching 535◦C at 0.5.2 GPa (Fig. 5c). If this P–T
path is extrapolated to the garnet-in boundary (485◦C at 0.4 GPa),
a significant difference occurs in the core compositions between
the measured and calculated compositional profiles (Fig. 5d).
This would mean that either (1) the garnet zoning was strongly
modified by diffusion, (2) the garnet cut is not through the core,
or (3) the measured garnet crystallised by reaction overstepping
of about 40◦C (535–485◦C).

To estimate the effect of diffusion in garnet from this zone,
we made a series of experiments on this and other samples from
this zone. Figure 5e shows positions of the calculated initial (solid
lines) and measured profiles (dotted lines) in garnet from sample
SIM5E-12. To obtain the best fits along the T–t path (Fig. 5f), very
small modification of the XMn and XFe values near the core and
rim parts of the initial profiles were needed. Figure 5g indicates
a detail of measured profiles from a strongly zoned garnet in the
garnet zone (sample SIM2A-12) that contains white mica, biotite,
plagioclase, and ilmenite (Gaidies et al., 2015). The concentration
profiles (magnified along the vertical axis) show numerous small-
scale compositional oscillations of all major components along
the profile. The results of diffusion calculations along the T-time
path in Fig. 5f indicate modification of only these small-scale
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Fig. 5. Pressure–temperature path of garnet in garnet–staurolite-zone metapelite (a–e: sample SIM5E-12) from Sikkim. (a–b) Compositional isopleths of
garnet and intersections of core to rim values from measured profiles (d). (c) Volume isopleths and P–T path constraint based on the calculated
(initial) profiles. The core of calculated profiles (at the gt-in boundary) indicates lower temperature (∼485◦C at 0.4 GPa) then the core of the measured
profile (525◦C at 0.52 GPa. This shift suggests that almost 0.5 vol. % of the 4% garnet total in the sample was crystallised prior to the core composition
of the measured profiles was formed. (d) Comparison of the calculated and measured profiles are indicated along a relative (normalised) radius. The
thin solid lines connect the core compositions in the measured garnet with similar values along the calculated profiles. (e) Best fits between measured
profiles (c = core to r = rim) and part of the calculated profiles with similar compositions. Note that the radius is normalised to 2.25 mm. Weak
diffusion of XMn and XFe near cores and rims of the initial profile was calculated based on the T–t path in (f). (g) Measured profile (dots) of garnet
(sample SIM2A-12, Gaidies et al., 2015) and its modification (solid) based on the T–t path (f).

oscillations, but the profiles in their entirety remain almost
unchanged.

The preservation of original zoning (with minimum diffusion)
opens the possibility of looking for other reasons why the core
composition of the measured profile does not lie on the calculated
garnet-in boundary. As the compositional profile across garnet
in sample SIM2E-12 stems from a random section (Gaidies et al.,
2015), the shift of P–T conditions between the calculated and
measured core of the garnet to the cut effect cannot be excluded.
The cut effect can be assessed on whether other measured garnet
grains from the same sample are available and whether their
core composition is closer to the garnet-in boundary than that
selected for calculation. The size distribution of grains in the
thin section can also help to determine if the cut of ∼0.75 mm
distance from the core of the garnet with a radius of 2.25 mm is
realistic. In case of the cut effect, the missed radius is calculated
both from the missed volume content (∼0.5%, Fig. 5c) and by the
missed core composition along the measured profiles (Fig. 5d)
as predicted by the phase equilibrium calculations. The missed
radius (the distance between cut and core of garnet) is estimated
from the volume difference as it is explained in Fig. 3a. The result
of calculations for the missed volume of 0.5% from the total of 4%
(Fig. 5c) indicates �r = 0.66 mm of the total 2.25 mm radius in the
measured garnet. In this case, the measured profile (radius) fits
only to the outer two third of the calculated radius, normalised
to 1.0 (Fig. 5d). The core composition of the measured profile
occurs ∼one third away from the core of the calculated radius

normalised to 1.0 (thin lines, Fig. 5d). Figure 5e shows the best
fit between the measured and the outer half of the calculated
radius, both normalised to 2.25 mm. If the cut effect is excluded,
the gradual nucleation mechanism can be assessed by analysing
several garnet grains to see if some cores show a composition
close to that of the calculated garnet-in boundary. The difference
between the calculated and measured radius and corresponding
volume resulting from gradual nucleation can be solved by a simi-
lar method as that used for the cut effect. If the gradual nucleation
of the garnet grains is not confirmed, the discrepancy between the
measured centre and the calculated garnet-in boundary can be
ascribed as the result of reaction overstepping. The procedure for
determining the best fit is similar to that of the cut effect.

Kyanite–sillimanite zone
The selected area with metapelite of kyanite zone comes from
the Danba Structural Culmination from eastern Tibet, for which
pressure and temperature ranging from 0.45 GPa at 560◦C to
0.68 GPa at 680◦C have been obtained (Weller et al., 2013). The
sample (W126) chosen for this study consists of quartz, plagio-
clase, biotite, garnet (to 2.5 mm in size), sillimanite, resorbed
kyanite, and relicts of staurolite. Garnet shows prograde zoning
(Fig. 6a) with a decrease of Mn and a slight increase of Mg in
the central part followed by its decrease to the rim. Weller et al.
(2013) used phase equilibrium modelling in Thermocalc (Holland
& Powell, 1998) and calculated pressure and temperature ranging
from 0.62–0.68 GPa and 630–660◦C for this sample. The solution

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/article/63/12/egac118/6794933 by Lib4R

I Em
pa user on 03 M

ay 2024



8 | Journal of Petrology, 2022, Vol. 63, No. 11

Fig. 6. Pressure–temperature path constraint in the kyanite–sillimanite zone with partially modified growth zoning in garnet from Tibet. (a) Measured
profile in garnet (multiple elevated). (b) Stability fields of the index phase (staurolite, kyanite, and sillimanite) and calculated volume isopleths of
garnet. The solid circles along the P–T path show the position of garnet growth. (c, d) Compositional isopleths with P–T paths (I) calculated based on
the best fits (e) between the modified initial profiles and measured profiles and using the T–t path in (f). (g) P–T path (II) constrained based on the best
fits (h) between the modified initial profiles and measured profiles and using the T–t path in (j). Note that the 8 Ma relaxation time at 710◦C is at
constant pressure of 0.64 GPa for path I in Fig. 6b, while for path II in Fig. 6g this thermal relaxation occurs at 710◦C during decompression from ∼0.8
to 0.6 GPa. Vertical axis in (e, h): c-concentration; horizontal axis: r-normalised radius. Note that the T–t paths (f, j) are similar for both alternative P–T
paths I and II.

models used in these calculations were chlorite, chloritoid, and
staurolite (Mahar et al., 1997; Holland & Powell, 1998), garnet
and biotite (White et al., 2007), and K-feldspar and plagioclase
(Holland & Powell, 2003). Based on geochronological dating from
monazite, they assumed a duration of metamorphism of about
11 My from the staurolite (191.5 ± 2.4 Ma) and through the kyanite
(184.2 ± 1.5 Ma) to sillimanite grades (179.4 ± 1.6 Ma).

The results of the present phase equilibrium modelling in
combination with the CZGM program are indicated in Fig. 6. The
phase diagram section and compositional isopleths for garnet
were calculated in the P–T range of 0.2–1.0 GPa and 450–750◦C.
Only small amounts of garnet form below 0.8 GPa (Fig. 6b), which
show a decrease of Ca and Mn and increase of Mg and Fe with
increase of pressure and temperature (Fig. 6c and d). The calcu-
lated initial profiles and related P–T path during prograde stage
are constrained based on the intersection of the isopleths with
concentration values close to those in the measured profiles
(Fig. 6a). The rim compositions of the initial profiles in garnet
before their modification give a minimum pressure and tempera-
ture of 0.72 GPa and 680◦C. The corresponding prograde P–T path
ranges from 560◦C at 0.52 GPa to 680◦C at 0.72 GPa, where about
1.5 vol. % of garnet forms in the rock (Fig. 6b).

As modification of compositional profiles by diffusion in garnet
is a function of temperature and time, the diffusion equation

is solved by using the calculated maximum temperature and
changing of the approximate time duration of metamorphism.
For this calculation, we adapted the time span of ∼11 Ma (Weller
et al., 2013) from the staurolite to the sillimanite grade. Because
the rim compositions along the measured profile in garnet show
a retrograde (cooling) zoning with a decrease of Mg and increase of
Fe and slightly of Mn (Fig. 6a and e), we used boundary conditions
as defined by the rim compositions in the measured garnet (see
Faryad & Ježek, 2019). This approach modifies the entire profile
based on its compositional gradient, but its rim compositions are
modified by concentration values defined by the user. Because
no cooling time information is available for this rock, a series of
cooling times was used to quantify the diffusion that occurred
in the garnet so that the calculated modified profile at the rim
matched the measured one. Considering similar times for both
burial (heating) and exhumation (cooling) of the rocks, a time of
11 My was used for the retrograde stage of cooling from 680◦C
at 0.72 GPa to 560◦C at 0.35 GPa. The results showed that this
cooling rate would be not sufficient to reach the best fits with
the measured profiles. To achieve the best fits, an additional time
of 55 My time for thermal relaxation or isothermal decompres-
sion from peak temperature was required. Thermal relaxation is
considered to be the time during which the garnet is subject to
constant temperature after the end of its growth.
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To shorten the relaxation time and to achieve the diffusion
required for the best fit, it was needed to increase the peak
temperature from 680 to 710◦C (Fig. 6a and f). As there is no
cordierite in the sample and kyanite occurs only as relict phase,
we examined the diffusion calculation along two P–T paths (I, II,
Fig. 6c) for a temperature increase of 30◦C (680 to 710◦C) from
the staurolite to the sillimanite grade. In both cases, the cooling
and decompression occur in the sillimanite field (Fig. 6b and g).
The P–T path (I) follows the temperature increase with a weak
decompression, where no additional garnet forms. The relaxation
time of ∼8 My at peak temperature occurs at almost constant
pressure of 0.64 GPa (pint 1 in Fig. 6b). The P–T path (II) assumes
heating by continuation of the prograde P–T path with increase
of pressure and temperature to 0.8 GPa at 710◦C (Fig. 6c and g). In
this case, only a small amount (more) garnet forms (total of 2.2 vol.
%) at the beginning of extended P–T path (between 660–675◦C,
Fig. 6g) and further, it becomes parallel to the volume isopleths
and no additional garnet forms. The new garnet formed at the
rim shows a slight increase of Mg, decrease of Mn and Ca, while
Fe remains almost constant (Fig. 6c and d). Considering that the
total volume of 2.2 vol. % is proportional to the garnet size with
r = 2.25 mm, the new increment of 0.75 vol. % will correspond to
a thin (0.25 mm) shell, which will be modified first due to the
defined boundary conditions. The advantage of P–T path (II) is
that modification of the initial profiles for the period of 8 My at
peak temperature occurs along isothermal decompression part
(section 2, in Fig. 6g, from 0.8 to 0.55 GPa) of the P–T path. The
results of the calculations show no difference in the modification
of the garnet profile obtained for P–T paths (I) or (II) (Fig. 6e and h).

Granulite facies conditions
To analyse modification of compositional zoning in garnet
from high-grade rocks, low-pressure cordierite granulite from
the Damara Belt, Namibia (Jung et al., 2019), was selected.
The metapelite (sample 14NAM01) contains garnet, cordierite,
sillimanite, biotite, plagioclase, K-feldspar, and rare ilmenite.
Garnet shows only weak retrograde zoning with a decrease of
Mg and increase of Fe and Mn towards the rims (Fig. 7a). Calcium
is almost flat with a slight increase towards the rims. Jung et al.
(2019) used Theriak-Domino software of de Capitani & Brown
(1987) to estimate a peak pressure and temperature of about
800◦C at 0.5 GPa. A clockwise P–T path with partial decompression
followed by near-isobaric cooling to <650◦C at low pressures of
∼3 kbar is inferred based on the cordierite coronas around garnet
and rare occurrence of andalusite. Based on geochronological
data (Lu–Hf garnet–whole rock and Sm–Nd garnet–whole rock),
the authors obtained a range of ages between 500–530 My, based
on the assumption that this high-grade metamorphism event
lasted around 20–30 My.

We recalculated the initial profiles using Perple_X and sim-
ulated their modification by diffusion so as to fit them to the
measured profiles in garnet. Our results show the formation of
small amounts of garnet in three stages along the constrained
P–T path. The first two stages occurred just before and after the
staurolite field, and the third stage occurred during the peak P–
T conditions in the sillimanite field (Fig. 7b). The initial zoning
in garnet from each stage shows a stepwise change of major
components, with a decrease of Mn and Ca and increase of Fe
and Mg (Fig. 7c–e). Garnet growth ceases along the P–T path
at pressure and temperature of 0.46 GPa and 760◦C, which are
very close to that estimated by Jung et al. (2019). The diffusion
equation was solved similarly to that in the previous example in
Fig. 6, by the adjustment of temperature and/or time to get the

best fits between modified initial profiles and measured profiles.
Considering that the peak temperature of 800◦C (Jung et al., 2019)
was well constrained, this temperature increase should occur by
weak decompression or isobaric heating, where no more garnet
forms in the rock. However, the use of such high temperature in
diffusion modelling would give a duration of metamorphism of
about 5 My, which is 4–5 times shorter than the 20–30 My assumed
by the previous authors. In addition, such high temperatures
would be expected to stabilise a Fe-rich garnet (>0.85, Fig. 7d).
Further homogenisation of the initial profiles due to diffusion
in an open system (with matrix) would lead to deviation of the
calculated Fe profile from that measured profile with Fe ratio of
∼0.825.

If we consider that garnet growth stopped by reaching the rim
composition of the initial profile at ∼750◦C and 0.46 GPa and
no further heating occurred, the best fit calculations between
measured profiles and modified initial profiles would require a
longer time compared to that assumed by geochronological data.
However, the rim composition of the initial profile reaches the Fe
isopleth with a ratio of 0.85, and this can be modified to lower
Fe values due to slow cooling. Assuming that the duration of
metamorphism of 25–30 My (Jung et al., 2019) is correct, the best
fits between simulated initial profiles and measured profiles can
be obtained for a P–T loop from 550 at 0.34 GPa to 750◦C at 0.45 GPa
and back to 525◦C at 0.24 GPa (Fig. 7b) along the T–t path of ∼27 My
with relaxation time of ∼3 Ma at peak temperature (Fig. 7f). In
addition to cordierite coronae formation, this isothermal decom-
pression at peak temperature could result in partial melting and
migmatisation in the rocks.

P–T(−PATH) CONSTRAINT IN ROCKS WITH
POLYMETAMORPHIC/MULTISTAGE GARNET
GROWTH
In addition to multistage growth of garnet due to mineral reac-
tions during single metamorphic events, the garnet core or central
part of the garnet can relate to an older metamorphic event. In
both cases, a new garnet with a different composition from the
previous one forms due to contrasting P–T conditions. In the case
of two metamorphic events, the P–T path for the first event is
constrained using bulk rock composition, similar to the process
in the previous examples, but any possible resorption and/or
modification of the rim composition of the first garnet should be
taken into consideration (Faryad et al., 2022). However, when using
phase equilibrium modelling and garnet zoning to constrain the
P–T path of the second event, several factors must be considered.
These include the isolation of relict phase from the reacting bulk
rock composition and partial resorption of the first garnet that
resulted in releasing of elements to the matrix. In the following,
two examples of garnet with different origins and mechanisms of
resorption are explained.

Garnet formed during two metamorphic events
Garnet porphyroblasts (up to 2 cm in size) with two compo-
sitionally different central and rim zoning from micaschist in
the Austroalpine units (Eastern Alps) are among the best exam-
ples defining two metamorphic events (Schuster & Thöni, 1996;
Faryad & Chakraborty, 2005; Gaidies et al., 2006). The Austroalpine
units represent a south-dipping nappe pile of continental base-
ment and cover rocks, which developed their essential internal
nappe structure and main metamorphic overprint during Creta-
ceous orogenic events (e.g. Frank, 1987; Ratschbacher et al., 1989;
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Fig. 7. Pressure–temperature path constraint in high-grade amphibolite-granulite facies pelitic rocks from the Daramar Belt (Namibia). (a) Measured
profile of garnet. (b) Stability fields of the index phase (staurolite, sillimanite, and cordierite) and calculated volume isopleths of garnet. Solid circles
along the P–T path indicate the position of garnet growth. (c, d) Compositional isopleths. (e) Best fit between the measured and modified initial profile
(vertical axis: c-concentration; horizontal axis: r-normalised radius). (f) T–t path along which diffusion of the initial profiles was quantified.

Thöni & Jagoutz, 1992). The most common minerals in the micas-
chists are garnet, white mica, biotite, and quartz, though some
also contain kyanite, plagioclase, and rarely staurolite. Garnet
usually forms porphyroblasts with inclusions of quartz, micas,
rutile, ilmenite, plagioclase, staurolite, and kyanite. The porphy-
roblastic garnets show two distinct growth zones (Fig. 8): a Pre-
Alpine central part (gt1) and an Eo-Alpine rim part (gt2) (Schuster
et al., 1999; Faryad & Hoinkes, 2003). Both the central and rim
parts can be recognised in hand specimens, as their interfaces
are followed by inclusions of various phases, especially opaque
minerals (ilmenite and graphite). Gt2 mantles gt1, but also forms
small idioblastic grains in the matrix. According to Sm/Nd dating
the core garnet (gt1) gave a Permian age (269 Ma) and the rim
garnet (gt2) was formed during Eo-Alpine (94 Ma) metamorphism
(Schuster & Thöni, 1996).

The selected sample (w128) contains large garnet crystals with
central garnet (gt1) and rim garnet (gt2, Fig. 8). The gt1 has inclu-
sions of quartz, ilmenite, and muscovite, but the gt2 may addi-
tionally contain plagioclase, paragonite, and rutile. The matrix
minerals are composed of quartz, muscovite, paragonite, and
biotite. Chlorite is also present in the matrix, but mostly as a
replacement product of biotite. The two garnets show prograde
zoning with an increase of Mg (XMg) and decrease of Mn towards
the rims (Fig. 8a–d). Phase equilibrium calculations, using bulk
rock composition, indicated the formation of garnet above 550◦C
at 0.2 GPa and up to 600◦C at 0.65 GPa (P–T path I in Fig. 8e).
The P–T path constrained for gt1 using compositional isopleths
indicated crystallisation of its core at 565◦C at 0.44 GPa, crossing

the boundary of the garnet–staurolite field and reaching ∼600◦C
at 0.65 GPa, where approximately 6% by volume of garnet forms.

Phase equilibrium calculations to derive P–T path constraints
for gt2 were performed by fractionating gt1 from the bulk rock
composition. In addition to analytical and thermodynamic uncer-
tainties, this approach is subject to inaccuracy due to unclear
content of decomposed gt1, which could modify the calculated
effective bulk composition prior to the formation of gt2. The phase
diagram section (Fig. 8f) shows garnet formation above 0.6 GPa,
where it overlaps the upper boundary of the plagioclase stability
field. Based on the intersections of isopleths of measured garnet
(Fig. 8d), the garnet starts to form just at the garnet-in boundary
(565◦C at 0.65 GPa) and its formation continues by isothermal
compression or even slight cooling (P–T path II, Fig. 8f) to meet
the increase of Ca along the radius up to 0.5 mm. The rest of the
garnet, with a radius of up to 1.35 mm, forms by heating with
slight decompression.

The isothermal compression at the beginning of the P–T path
for the Eo-Alpine (gt2) event can be explained as a result of the
partial resorption of gr1, which was not included in the effective
bulk composition used for the P–T path constraint or by the pres-
ence of metastable phases, which controlled the garnet-forming
reactions. In the latter case, destabilisation and decomposition of
the ca-bearing phase (plagioclase) had an important role in the
formation of grossular-rich garnet. This was due to the pressure
increase by the involvement of basement rocks of the Eastern
Alps in several subduction-related Eo-Alpine metamorphic events
(Miller & Thöni, 1997; Hoinkes et al., 1999; Faryad & Hoinkes, 2003).

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/article/63/12/egac118/6794933 by Lib4R

I Em
pa user on 03 M

ay 2024



Journal of Petrology, 2022, Vol. 63, No. 11 | 11

Fig. 8. Two (central and rim) garnets from polymetamorphic micaschist in the Eastern Alps. (a–b) X-ray maps of Ca and Mg. Note that Mg shows an
increase in both garnets and the interface between the two garnets is followed by inclusion trial. (c–d) Compositional profiles of central and rim
garnets in (a). Note the high contrast in composition at the interface (int.) between the two garnets. (e) Volume isopleths and P–T path (I) calculated
using the bulk rock composition for central garnet (gt1). (f) Volume and XCa isopleths and P–T path (II), calculated using the effective bulk rock
composition for rim garnet (gt2).

Two garnets formed during a single prograde
metamorphic event
Variations in pressure and temperature during metamorphism
may lead to periodic change in garnet composition, in that either
its growth stops, or it is consumed or replaced by a garnet of
different composition. In most cases, the change in the zoning
profile is not obvious or may be less visible, but clear examples
are known from staurolite zone metapelites when garnet growth
stops for some time and is even partially replaced by staurolite (for
ref. see Loomis, 1986; Spear, 1993; Pattison & Tinkham, 2009). After
the point when the staurolite stability field ends and begins its
decomposition, the material released is incorporated into the new
growing garnet. Depending on the amount of staurolite replace-
ment, the new garnet rimming the older one may have a sharp
boundary with a different composition. As the presence of stau-
rolite in the rock stabilises plagioclase, which takes Ca (Foster,
1986), the composition of the new garnet can be controlled by
a complex reaction involving several phases. This means that
during formation of the garnet, parts of the reacting phase are
decomposed, but others isolate some material, which is difficult
to quantify. Details about the interaction of garnet and staurolite
during formation are discussed in detail elsewhere (e.g. Spear &
Pattison, 2017). This phenomenon may lead to an error in the
calculation of effective bulk composition, which is commonly
used to predict modal amounts and compositional variation of
garnet by application of phase equilibrium modelling.

A similar situation to that described above occurs during atoll
garnet formation (Rast, 1965; Smellie, 1974; Homam, 2003; Cheng
et al., 2007; Faryad et al., 2010; Ruiz Cruz, 2011). The textural

relations and mechanism of atoll garnet formation have been
described for low- to medium-temperature eclogite (Fig. 9), which
contains well-preserved growth zoning in full garnet not affected
by atollisation (Faryad et al., 2010; Kulhánek et al., 2021). Formation
of atoll garnet is explained by fluid infiltration through microfrac-
tures in the outer shell of garnet, by which the core of garnet is
dissolved, and part of the released material is incorporated into
the new garnet overgrowing the inner and outer rim. Depending
on the extent of this process, a significant change in composition
between the earlier formed central part and outer rim part of
garnet grain can occur. Although the dissolved amount of garnet
is possible to quantify by image analyses of compositional maps
(Kulhánek et al., 2021), the precise time segment for the change in
the effective bulk composition during P–T increase needs detailed
analyses of the atoll formation and P–T evolution.

Figure 9a–c shows compositional profiles and X-ray maps
of a full garnet occurring in an eclogite-facies rock with
atoll garnet (Fig. 9d). The rock is formed by garnet (up to
68 vol. %), amphibole (∼20 vol. %), and small and accessory
amounts of quartz, white mica, talc, rutile/ilmenite, epidote,
albite, and chlorite. Compositional maps show a central (gt1)
and an outer (gt2) zone with sharp changes of Ca, Fe, and
Mg across their interface. Manganese shows a continuous
decrease towards the rims in both zones. The content of Fe
shows first an increase with the contact to gt2, followed by a
decrease towards the rim in gt2. Phase equilibrium modelling
by Perple_X with using the bulk rock composition (Kulhánek
et al., 2021) and P–T path constraint by CZGM (Fig. 9e) indicate
a continuous growth from garnet gt1 to garnet gt2 with rapid
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Fig. 9. Compositional zoning in garnet and P–T path constraint in eclogite facies metabasite with atoll textures (Kulhánek et al., 2021).
(a) Compositional profiles across full (non-atoll) garnet in (b, c). Note that the two central (gt1) and rim (gt2) zones in garnet (b, c) have contrasting
compositions. (d) Compositional map of an atoll garnet, now filled with quartz. (e) Volume isopleths and mineral stability fields of zoisite, lawsonite,
talc, chlorite, and garnet. In addition to amphibole, small amounts of mica and rutile/ilmenite are also present. (f) Best fits between measured and
calculated (initial) profiles.

compositional changes as seen in Fig. 9a. Pressure–temperature
conditions for the outermost rim composition of garnet in these
rocks are consistent with those obtained for eclogite with non-
atoll garnet and by using exchange thermobarometry with
omphacite (Konopásek, 1998; Massonne & Kopp, 2005; Faryad
et al., 2010; Collett et al., 2017). As the growing zonation in
the measured garnet was not or only insignificantly modified,
the sharp but continuous compositional change from gt1 to
gt2 can be due to the resorption of the garnet core and a
change of the effective bulk chemistry. We assume that the
sharp change of the P–T path (Ia) with an increase of pressures
from ∼2.0 to 2.5 GPa at around 525◦C, which deviates from the
path of continuous burial and heating (dashed line, Ib) to peak
pressure and temperature conditions, was due to change of the
fractionated bulk composition, which was not considered for the
phase diagram calculations.

Two garnets formed during subduction and
subsequent heating during collision
An amphibolite or granulite facies overprint in HP and UHP
rocks during their exhumation, known from many orogenic belts
(e.g. Central Alps, Wiederkehr et al., 2008; the Western Gneiss
Region, Walsh & Hacker, 2004; North Qaidam, Hu et al., 2015;
the Bohemian Massif, Faryad & Cuthbert, 2020) could lead to the
growth or overgrowth of new garnet of a different composition
from that formed under the original HP or UHP conditions. In low-
grade rocks, e.g. blueschist facies metapelite with amphibolite
facies overprinting, it is easy to recognise the two different
garnets and constrain the P–T path for both metamorphic stages
(Cruciani et al., 2022). However, amphibolite-granulite facies
overprinting results in the modification of the zoning profile,
erasing possible composition differences between the two garnets.
Possible preservation of zoning in garnet may depend heavily on
the temperature reached by the rock and the duration time of
the heating process; however, the whole bulk rock chemistry and

thus the proportion of main components in the garnet also play
an important role. Figure 10 shows an example of garnets from
two samples (RJ34–13 and F103–10) of felsic (quartz-feldspathic)
granulite from the Bohemian Massif (Jedlicka et al., 2015). The
samples were taken from a single granulite body in the same
outcrop, meaning that they share the same metamorphic history.
However, sample F103–10 has a better-preserved zoning profile
in garnet with higher grossular, but lower almandine content
compared to sample RJ34–13. Note that the grain sizes of garnet
from both samples are nearly identical. The two samples differ
from each other mostly by the whole bulk rock composition,
mainly by the molar contents of Fe, Mn, Mg, and Ca; the highest
Ca ratio (Fe:Mn:Mg:Ca = 0.4:0.01:0.31:0.28) occurs in sample F103–
10 and the lowest (0.47,0.01:0.34:0.18) in sample RJ34–13. Despite
similar Mn ratios in the bulk rock of both samples, stronger zoning
with high spessartine contents in the core is preserved in garnet
from sample F103–10, with a high-Ca-ratio. Another noticeable
feature of these garnets is the complex or multiple zoning.
Detailed investigation of the trace element distribution has
indicated the formation of these garnets in two stages, with the
core (grt1) having formed during subduction to (U)HP conditions
and the rim (grt2) during collision under UHT conditions (Jedlicka
et al., 2015). These two garnets were recognisable by the presence
of central and annular peaks of yttrium + heavy rare earth
elements (Y + HREEs, Fig. 10c). The annular peaks, separating grt1

from grt2, can be explained by partial decomposition of (U)HP
garnet during exhumation, where yttrium + rare earth elements
released into the matrix were incorporated into the new garnet.
The preservation of Y + HREE peaks was due to the slow diffusion
coefficient of these elements (Carlson et al., 2014) compared to
those of the major elements in garnet (Chakraborty & Ganguly,
1992; Schwandt et al., 1996; Vielzeuf et al., 2005; Carlson, 2006).
Therefore, any possible compositional gradient of major elements
at the interface between the two garnets could be easily modified
under the conditions of granulite facies.
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Fig. 10. Preservation of growth zoning from two samples (RJ34–13 and F103–10) of felsic granulite from the Bohemian Massif (Jedlicka et al., 2015).
(a and b) Major component ratio vs rim-core-rim profile. Both samples come from a single granulite body and from the same outcrop. For the
difference in major component ratios in these two samples see text. (c) Concentrations of Y and selected HREE (ppm in logarithmic scale) along the
garnet profile in (b) indicate two central annular peaks for gt1 and gt2.

DELAY IN GARNET CRYSTALLISATION
DURING METAMORPHISM
Late formation of garnet in metamorphic rock compared to the
predicted one by phase equilibrium modelling is a commonly
recognised phenomenon in metamorphic petrology and can be
explained as the result of kinetic barriers due to the presence
of metastable reactants (Pattison et al., 2011), leading to garnet’s
episodic growth rather than continuous zoning (Carlson et al.,
2015). However, the formation of new minerals in dry rocks is,
in addition to the pressure and temperature changes, controlled
by deformation and fluid access, which facilitate the breakdown
and/or creation of minerals (Ferry, 1979; Austrheim, 1987; Con-
nolly & Thompson, 1989; Faryad et al., 2019, 2022). Accordingly,
a lack of fluid will result in the incomplete transformation of
minerals and preservation of metastable (relict) phases, which
isolate parts of the bulk rock chemistry but would inadvertently
be included in phase equilibrium modelling and the prediction
of mineral formation. In contrast to pelitic rocks, where grow-
ing zonation in garnet follow the bulk rock fractionation, here,
zonation in garnet is controlled by the rate of decomposition and
release of material from the relict phases. Delayed fluid access to
the rock results in a shift in P–T conditions for mineral formation
and related garnet-forming reactions, which are different from
those during prograde metamorphism (see John & Schenk, 2003;
Austrheim, 2013).

Compositional relations of garnet in mafic rock that resisted
recrystallisation to coesite eclogite have been described for a rock
from Papua New Guinea (Faryad et al., 2019). The rock contains
garnet grains with two zones (central: gt1 and rim: gt2) that
differ by a sharp change in composition (Fig. 11a and b). The
central garnet with a diameter of ∼0.6 mm has a flat zoning
of major components with a decrease of Mg and increase of
Ca towards the rim. The result of phase equilibrium modelling
(Fig. 11c) indicates a formation of about 45 vol. % garnet (gt1) at
a peak pressure/temperature of ∼2.8 GPa at 670◦C. Based on the
calculated compositional isopleths, the garnet should have strong

zoning with a decrease of Ca concentration from 0.4 in the core to
0.1 in the rim (Fig. 11c). The results of diffusion modelling show
that the peak temperature or time duration were not enough to
homogenise the high compositional gradient along the interface
of the two garnets. This suggests that the core of gr1 did not
homogenize either and the formation of the whole garnet (gt1)
occurred near peak pressure conditions with a Ca concentration
of ∼0.1 with a further decrease to the outermost rim. Although
the garnet has a relatively regular (idioblastic) shape, its rims
show various degrees of embayment, suggesting some resorption
before growing gt2. Based on mineral stability fields (formation
of amphibole, paragonite, etc.), this resorption occurred during
decompression with minor cooling.

The formation of gt2 was calculated using the effective bulk
composition obtained by removing gt1 from the whole bulk rock
chemistry. The results show formation of this garnet by heating
(up to 750◦C) that occurred after partial decompression from
2.7 to 1.7 GPa. By combining these results with Lu–Hf dating of
garnet (Zirakparvar et al., 2011), the ages of 8.0 and 7.1 Ma for gt1

and gt2 formation are considered (Faryad et al., 2019). Diffusion
modelling applied to the compositional jump between the two
garnets indicates a very short-term (0.3 My) heating to 750◦C and
cooling during this process. Such a process of heating after partial
exhumation of deep subducted rocks is common in many orogens
and is typically interpreted as the result of slab breakoff or slab
rollback (Sizova et al., 2019; Faryad & Cuthbert, 2020; Chowdhury
et al., 2021).

DISCUSSION AND CONCLUDING REMARKS
The results of this study applied to garnets in natural rocks meta-
morphosed in different grades and geotectonic settings indicate
a number of limitations in terms of constraining P–T trajectories
using only phase diagram calculations. Here, we summarise the
results and highlight possible solutions for P–T constraint and
explain the origin of garnet zoning and its modification during
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Fig. 11. Compositional relations and P–T paths of two garnets in coesite eclogite from Papua New Guinea (Faryad et al., 2019). (a) X-ray map of Ca
concentration and compositional profiles (b) of central (gt1) and rim (gt2) garnets. Garnet (gt1) contains inclusions of omphacite, apatite (both in red),
and quartz (black). Note the partially resorbed rims of gt1. (c) Summary of P–T–t evolution for gt1 and gt2 in coesite eclogite. Volume isopleths of gt1

(solid lines) and gt2 (dashed lines) were calculated using Perple_X. The isopleths of the Ca ratio show values of XCa = 0.4 near the gt-in field and
XCa = 0.1 at peak pressures. Isopleths for gt2 were calculated after fractionation of gt1. I–IV are the prograde and retrograde (with resorption) P–T paths
of gt1 and gt2, respectively. Age data for gt1 and gt2 are from Baldwin et al. (2004) and Zirakparvar et al. (2011). The T–t path for heating and cooling was
calculated using CZGM.

metamorphism. We first outline the P–T path constraints in low-
grade rocks where prograde zoning in garnet was either not at
all or insignificantly affected by diffusion. Then, we discuss the
rocks, in which garnet formation did not follow the whole bulk
rock fractionation, including the garnet formation during multiple
metamorphic events/stage or when garnet crystallised later than
the garnet-in boundary. Finally, we outline both the P–T and
temperature–time (T–t) path constraints in high-grade rocks with
partially or totally homogenised zoning in garnet created during
its crystallisation.

GARNET ZONING IN LOW- TO
MEDIUM-GRADE ROCKS
Comparison of a measured profile in garnet with that calculated
by phase-equilibrium modelling commonly allows constraint of
the P–T path of prograde metamorphism, if the garnet zoning
was not modified by diffusion. To test possible modification of
the zoning profile in the measured garnet, the best fits between
measured and calculated profiles must be obtained using CZGM
software to derive the peak temperature estimated by the phase-
equilibrium modelling. Moreover, any information about abso-
lute ages or preliminary time duration of metamorphism will
additionally improve the quantification of the diffusion of the
zoning profile. Additional complexity regarding best fits and P–
T constraints can arise if the core composition in the measured
garnet is shifted to higher temperatures or pressures from the
calculated garnet-in boundary, calculated by phase diagram mod-
elling. The shift between the measured and calculated cores can
be a result of either the cut effect, reaction overstepping, or the
delay of fluid access to dry rocks during metamorphism. In the
case of the cut effect, a portion of the information about the
core composition of garnet is missing. A similar situation occurs
if the analysed garnet was created later than its nucleation at
the calculated garnet-in boundary. In that case, the formation of
garnet is assumed to have followed the crystal size distribution,
in which the largest grains crystallised first and the smallest
later. In the case of reaction overstepping, the mineral formation
may not follow the bulk rock fractionation, thus the irregular
flux of material may lead to oscillating zonation in garnet or

to the formation of multiple domains in garnet with different
concentrations of one or more elements. The best fit solution for
the measured and calculated compositional profiles for the last
two garnet-forming mechanisms (reaction overstepping and delay
of fluid access to dry rocks) is similar to that of the cut effect, as
shown in Fig. 3. The P–T path section obtained for the measured
profile in such garnet will coincide with part of the whole P–T path
calculated using phase diagram and bulk rock composition.

A delay in recrystallisation that often occurs in dry igneous or
crystalline rocks is a special case, in which the garnet-forming
reactions are controlled by fluid access and material released by
partial replacement of original minerals during metamorphism.
The fluid access after reaching higher temperatures and/or pres-
sures within garnet stability (i.e. above the garnet-in boundary)
will result in the rapid growth of garnet, and the composition of
garnet will be controlled by the availability of material released
by the decomposition of the original minerals in the rocks. The
best example is the flat compositional zoning profiles shown in
Fig. 8, which suggest the rapid growth of garnet as a result of
deformation and fluid flux into the rock that occurred under
coesite-facies conditions. In less-recrystallised rocks (i.e. gabbro
and other igneous rocks), a corona garnet forms along the inter-
face of two or more phases, which controls its overall composition
(e.g. Proyer & Postl, 2010). Partial decomposition of the original
phases that isolate part of the bulk rock composition will result
in the formation of garnet with different growth zoning from that
calculated using the whole bulk composition.

GARNET FORMED BY POLYMETAMORPHIC
EVENTS OR MULTISTAGE GROWING
Two garnet generations (1, 2) can be well recognised in meta-
morphic rocks if they were formed under different pressure and
temperature conditions that stabilised garnets of different com-
positions (Fig. 9). In the case of polymetamorphic rocks, the P–
T path for the first event (garnet 1) can be calculated using the
whole bulk rock composition, similar to that for a single meta-
morphic event. However, to calculate the P–T path of the second
metamorphic event (garnet 2), the effective bulk composition by
the reduction of garnet (1) is needed. It should be noted that the
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P–T path calculation for the second event is subject to error due
to the uncertainty in the calculated effective bulk rock chemistry
and possible resorption of garnet (1) or release of elements into the
matrix that stabilises the new garnet (2). Yet, if a compositional
jump across the interface between the two garnets is developed,
this can be easily modified due to the high compositional gradient
along the small distance, even in low-grade rocks. In such a case,
the diffusion modelling approach can allow the determination
of the time constraints (i.e. the duration of the younger garnet-
forming process) for modification of this sharp compositional
change along the profile (Faryad & Chakraborty, 2005; Faryad,
2012).

In addition to a temporary cessation of garnet growth due to the
preferential formation of other phases by metamorphic reactions,
e.g. staurolite (Pattison & Tinkham, 2009), the multiple growths of
garnet during a single event can occur as a result of the change
in the effective bulk rock composition. An example of the latter
case would be the presence of two garnet generations or garnets
of contrasting compositions, wherein the second garnet formed
from partial dissolution of the first garnet due to fluid infiltration
along the microfractures and transport of the elements into the
matrix (Cheng et al., 2007; Faryad et al., 2010; Kulhánek et al.,
2021). In that case, the P–T path, which can be constrained by
intersections of isopleths in the phase diagram by using CZGM,
will follow the zoning profile in the measured garnet and may
result in a sharp change in P or T depending on the transport of
major elements from the dissolved core and their reprecipitation
along the garnet rim (Fig. 8).

GARNET ZONING IN HIGH-GRADE
METAMORPHIC ROCKS
Garnet in normal pelitic rocks commonly retains the original com-
positional zoning pattern at temperatures up to 570◦C achieved
during metamorphism (Fig. 2a and b). In garnet with a higher
concentration of Ca, the temperature limit for modification of
zoning profile may be shifted up to 600◦C (Fig. 9) or even higher.
This is due to Ca having the lowest diffusion rate among the
major divalent cations in garnet (Chakraborty & Ganguly, 1992;
Schwandt et al., 1996; Vielzeuf et al., 2005; Carlson, 2006). A high
concentration of Ca in garnet will slow down the overall diffu-
sion within the multicomponent system, even in amphibolite-
granulite facies conditions. This was confirmed in felsic granulite
(Fig. 10), in which the higher Ca garnet (which is present in the
sample with the higher Ca ratio among the major elements:
Fe + Mn + Mg + Ca) can be seen to better preserve the prograde
zoning.

Possible partial preservation of prograde zoning garnets in
high-grade rocks also depends on the relaxation time at peak
temperature or further heating after the garnet growth stops.
Another parameter controlling intracrystalline diffusion is the
distance or size of the garnet. A selection of large grains of garnet
with isometric shape is important for the reconstruction of the
P–T trajectory in high-grade rocks; however, it is also essential
to know when the garnet growth stopped and if the host rock
was subject to further heating. Any information about the time
of garnet crystallisation (absolute age) or subsequent heating will
additionally improve the P–T constraint of the rock. For example,
an increase of temperature after the garnet growing stops should
lead to homogenisation of the core-to-rim zoning profiles; mainly
resulting in the modification of the rim composition of garnet,
which tends to be in equilibrium with the surrounding matrix

phases. In the case that heating occurred after partial decompres-
sion, in which a garnet of different compositions had stabilised,
using such garnet for the P–T estimate will give ‘mixed results’
both in terms of pressure and temperature conditions. This is
a common case for garnet formed in high-pressure rocks along
a subduction zone with a relatively cool thermal gradient, with
subsequent heating after partial exhumation during collision. The
best example of this type of (U)HP garnet that has been partially
or totally homogenised during granulite facies conditions occurs
in the Bohemian Massif. Pressure–temperature conditions calcu-
lated for such garnet with other phases in the matrix have yielded
mixed results that are commonly interpreted as high-pressure
granulite (Rötzler et al., 2004; O’Brien, 2008; Haifler & Kotková,
2016). Detailed study of major and trace element distributions
in such garnet (Jedlicka et al., 2015) has shown the presence of
garnet with two zones formed under (U)HP and (UHT) condi-
tions, respectively. In that case, because of the granulite-facies
temperature and subsequent cooling, the two garnet generation
events could hardly be distinguished by major components due to
the extensive diffusional re-homogenisation. Only the Y + HREE
distributions indicated the presence of the two garnets, separated
by an annular peak. The annular peaks can be explained by the
partial decomposition of (U)HP garnet during exhumation, during
which yttrium + rare earth elements released into the matrix
would be incorporated into the new garnet (Jedlicka et al., 2015).

In addition to the cooling history of high-grade rocks, the
results of their diffusion modelling can also be used to estimate
the rates of burial (subduction) and exhumation. One important
factor for this estimate is whether modification of the garnet rim
during the retrograde stage occurred or not. This is because mod-
ification of the rim composition of garnet during cooling leads to
a loss of information about peak P–T conditions reached by the
host rock (Loomis, 1977). In that case, the burial and exhumation
rate can be calculated along the pressure axis (which reflects the
burial depth) from garnet nucleation to the peak pressure/depth,
and back again (Faryad & Chakraborty, 2005; Caddick et al., 2010).
This requires an assumption of whether the heating and cooling
rates were constant along the entire P–T loop, or whether the
rock was relaxed over a period of time, e.g. at peak pressure or
temperature conditions. It should also be noted that any relax-
ation of rocks at high temperature will result in an increase of the
burial/exhumation and cooling rates for the rest of the sections
of the P–T loop. To overcome this problem, a detailed study on
the textural relations of the minerals and their formation in the
P–T diagram is needed. The results of time-scale calculations in
combination with available isotopic ages of minerals formed at
one or more points along the P–T loop can help to achieve better
constraint of cooling, burial, and exhumation rates.
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