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Abstract The consequences of overstepping the garnet iso-
grad reaction have been investigated by comparing the com-
position of garnet formed at overstepped P-T conditions (the
overstep or “OS” model) with the P-T conditions that would
be inferred by assuming garnet nucleated in equilibrium
with the matrix assemblage at the isograd (the equilibrium
or “EQ” model). The garnet nucleus composition formed at
overstepped conditions is calculated as the composition that
produces the maximum decrease in Gibbs free energy from
the equilibrated, garnet-absent, matrix assemblage for the
bulk composition under study. Isopleths were then calculated
for this garnet nucleus composition assuming equilibrium
with the matrix assemblage (the EQ model). Comparison
of the actual P-T conditions of nucleation (the OS model)
with those inferred from the EQ model reveals consider-
able discrepancy between the two. In general, the inferred
garnet nucleation P-T conditions (the EQ model) are at a
lower temperature and higher or lower pressure (depending
on the coexisting calcic phase(s)) than the actual (OS model)
nucleation conditions. Moreover, the degree of discrepancy
increases with the degree of overstepping. Independent esti-
mates of the pressure of nucleation of garnet were made using
the Raman shift of quartz inclusions in garnet (quartz-in-gar-
net or QuiG barometry). To test the validity of this method,
an experimental synthesis of garnet containing quartz inclu-
sions was made at 800 °C, 20 kbar, and the measured Raman
shift reproduced the synthesis conditions to within 120 bars.
Raman band shifts from three natural samples were then used
to calculate an isochore along which garnet was presumed to
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have nucleated. Model calculations were made at several tem-
peratures along this isochore (the OS model), and these P-T
conditions were compared to those computed assuming equi-
librium nucleation (the EQ model) to estimate the degree of
overstepping displayed by these samples. A sample from the
garnet isograd in eastern Vermont is consistent with overstep-
ping of around 10 degrees and 0.6 kbar (affinities of around
2 kJ/mole garnet). A sample from the staurolite—kyanite zone
in the same terrane requires overstepping of around 50 °C
and 2-5 kbar (affinities of around 10-18 kJ/mole garnet). A
similar amount of overstepping was inferred for a blueschist
sample from Sifnos, Greece. These results indicate that over-
stepping of garnet nucleation reactions may be common and
pronounced in regionally metamorphosed terranes, and that
the P-T conditions and paths inferred from garnet zoning
studies may be egregiously in error.

Keywords Raman spectroscopy - Overstepping - Garnet
isograd - QuiG barometry - Quartz inclusions - P-T
conditions

Introduction

Nucleation of an index mineral such as garnet requires suf-
ficient overstepping of the isograd reaction to overcome the
nucleation barrier. Although the necessity of some degree of
overstepping is given, the amount of overstepping required
to nucleate a phase such as garnet is poorly known. Pat-
tison et al. (2011; see also Gaidies et al. 2011) presented a
thorough evaluation of the available energies (affinities) as
a function of overstepping for a number of important index
mineral reactions and suggested a number of significant pet-
rologic consequences for overstepping isograd reactions.
Indeed, depending on the setting and model assumptions,
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estimates of the degree of overstepping by numerous authors
range from a few degrees to many tens of degrees (e.g.,
Walther and Wood 1984; Lasaga 1986; Lasaga and Rye
1993; Manning et al. 1993; Waters and Lovegrove 2002;
Zeh and Holness 2003; Wilbur and Ague 2006; Pattison and
Tinkham 2009; Pattison and Seitz 2012; Gaidies et al. 2011).

Evaluation of the degree of overstepping requires independ-
ent means of comparing the expected (equilibrium) isograd
P-T conditions with the actual conditions of nucleation. For
example, Pattison and Tinkham (2009) have used the spacing
of isograds around the Nelson aureole, British Columbia, to
infer the delay in the onset of several key prograde reactions in
metapelites. Experimental studies (e.g., Ridley and Thompson
1986; Rubie 1998) also provide insights into the behavior of
metamorphic systems but are difficult to extrapolate to natural
settings and presumed geologic rates.

Raman spectroscopy on quartz inclusions in garnet (i.e.,
“Geoba-Raman-try”: Kohn 2013, 2014; Ashley et al. 2014;
Enami et al. 2007; Guiraud and Powell 2006), hereafter
referred to as QuiG (Kohn 2013, 2014), provides a means
of determining the pressure of garnet formation that is com-
pletely independent of assumptions about chemical equilib-
rium and thus provides a means of comparing the expected
(equilibrium) isograd conditions with the actual conditions
of garnet nucleation. The method is based on the Raman
shift of quartz peaks as a function of pressure. The Raman
shift is measured at ambient conditions to yield the pressure
on the inclusion. Equations of state for quartz and garnet are
coupled to a thermoelastic model to yield the locus of P-T
points along which garnet growth trapped the quartz inclu-
sion assuming no post-entrapment non-elastic deformation
has occurred (e.g., cracking) (e.g., Ashley et al. 2014).

This paper presents theoretical models of overstepping of
the garnet isograd reaction in three samples from regionally
metamorphosed terranes: two from the Barrovian terrane of
eastern Vermont (samples TM-549 and TM-626) and one
from the Cyclades blueschist belt on Sifnos, Greece (sample
06MSF-6C of Dragovic et al. 2012). Following the approach
of Pattison et al. (2011) and Gaidies et al. (2011), it is pos-
sible to calculate the composition of garnet that would form
upon nucleation for any degree of overstepping. This is pre-
dicted to be the garnet core composition and will be referred
to as the “overstep” (OS) model. The OS model is then com-
pared to the P-T conditions that would be calculated if it
were assumed that the garnet nucleated in equilibrium with
matrix phases at the garnet isograd. These calculations are
made using the method of intersecting garnet core isopleths
for the specified whole-rock bulk composition and will be
referred to as the “equilibrium” (EQ) model. The results of
the two sets of calculations (the P-T conditions of the OS
model and those inferred from the EQ model) are then com-
pared to assess the degree to which the inferred P-T condi-
tions from the EQ model might be in error based on assumed
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equilibrium. The results, as will be seen, indicate that signifi-
cant overstepping of the garnet-in reaction would result in
egregious mistakes in the inferred P-T path and the tectonic
implications drawn from the erroneous path.

Method
Thermodynamic modeling

This study focuses on the composition of the garnet at the
instant of nucleation assuming overstepping of the isograd
reaction. This is the composition that will form the core of
the growing porphyroblast, which is an important point on the
P-T path of the rock. There are several possibilities for the
composition of the nucleus. (1) The nucleus could have the
composition that the phase would have had if it had nucleated
when it crossed the isograd (the equilibrium isograd composi-
tion). This is not supportable because the compositions of the
matrix phases (e.g., chlorite, plagioclase, and biotite) should
be different at the overstepped P-T conditions than they were
at the isograd, and the partitioning between garnet and the
matrix phases at the P-T conditions of nucleation should be
different from what they would have been at the isograd. (2)
The nucleus could be of a composition that maintains parti-
tioning equilibrium at the overstepped P-T conditions. This
option is impossible to achieve for all partitioning equilibria
simultaneously unless the matrix minerals change compo-
sition spontaneously to the equilibrium compositions. (3)
The nucleus could have a composition that maximizes the
decrease in free energy of the system. This is the hypothesis
proposed by Pattison et al. (2011—their model 3), and it is
believed to be the most probable because it maximizes the
available free energy to overcome the nucleation barrier.

A G-X diagram that depicts hypothesis (3) (the OS
model) is shown in Fig. 1. The composition of garnet at
the instant of nucleation can be calculated in the following
manner. First, a bulk composition is chosen and the garnet
isograd is calculated assuming equilibrium. The P and T
of nucleation are then chosen at some arbitrary conditions
above the isograd, and the equilibrium compositions of the
matrix phases (without garnet) are calculated. It can be seen
from Fig. 1 that the condition that maximizes the decrease
in free energy is where the tangent to the garnet free energy
surface is parallel to the tangent to the matrix assemblage.
Parallel tangents require that the slopes be equal or

Grt Grt __ , Matrix Matrix
Halm — /j“prp = Halm — prp

Grt Grt __ , Matrix Matrix
Fesps = Mprp = Msps — Hprp

Grt Grt __ , Matrix Matrix
Mgrs = Hprp = Hgrs  — Hprp
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Fig.1 Schematic G-X diagram showing graphically the method
used to calculate garnet composition at nucleation. Squares are
matrix, circles are garnet. Tangent lines show “Equilibrium matrix
tangent before Grt nucleation,” the “Tangent (to garnet G-surface)
parallel to matrix before Grt nucleation,” the line (out of equilibrium)
at the point of nucleation “Garnet 4+ matrix at point of nucleation,”
and the “Garnet + matrix at equilibrium” tangent line. Gray square
on the matrix G-surface shows the G of the matrix before nucleation

The chemical potentials of the garnet components
defined by the matrix phases are calculated as a linear com-
bination of components of matrix phases. For example,

Matri t Chlori Chlori
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The three independent equations relating the chemical
potentials of the garnet and matrix components are solved
using Newton’s method for the composition of garnet at the

prp (Mg3Al,Siz015)

and the dotted gray circle shows the G of the fictive garnet (not yet
nucleated). Gray circle along garnet G-surface shows the composition
of garnet nucleus, and the arrow shows the maximum AG assumed in
this method. Black circle and square show the eventual equilibrium
between garnet and matrix. pSn, gMatix, Mg% and Mg/[rsm" are the
chemical potentials of almandine and pyrope in the garnet and matrix,
respectively. Arrows along garnet and matrix G-X curves show pro-

gress toward equilibrium after nucleation

point of nucleation. The affinity for nucleation is then cal-
culated as

Grt Matrix __ ,, Grt Matrix
HMprp — Mprp = Malm — Malm
_ . Grt Matrix __ ,, Grt Matrix
= Hsps — Msps = Mgrs — Mgrs

The equilibrium model is then applied to the composi-
tion of the garnet nucleus to calculate the P-T conditions
using the method of intersecting isopleths using the same
bulk composition that was used in the OS model. The two
sets of P-T conditions are then compared.

All model calculations were done in the MnNCKF-
MASH system using modules written for Program Gibbs
(e.g., Spear and Menard 1989; Spear et al. 1991) with ther-
modynamic data from Spear and Pyle (2010).

Raman Spectroscopy
Raman spectra of quartz inclusions in garnet were measured

with a Jobin Yvon LabRam HR800 Raman microprobe at
Rensselaer Polytechnic Institute. The incident 632.82 nm laser
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(20 mW HeNe laser) was focused onto quartz inclusions in
garnet using a 100x microscope objective (N.A.=0.9). The
Raman light was backscattered (180° geometry) and dispersed
using an 1,800 groove/mm grating onto a charged-couple
device. Spectra were acquired for 60 s. The confocal hole was
adjusted to maximize the signal from quartz inclusions. The
zero position of spectra was adjusted using Rayleigh scattered
light of the 632.82 nm laser. The 520.7 cm™! band of a silicon
chip was used to calibrate spectrometer linearity. The main
band in & quartz at about 464 cm™! arises from motions of O
in Si—O-Si symmetric stretching-bending vibrations (Hemley
1987). Quartz in the matrix is exposed to ambient pressure;
thus, the main band occurs at 464 cm™!. The Si-O-Si band of
quartz inclusions is shifted because the garnet host is applying
pressure to the inclusion. The Raman shift of the quartz inclu-
sions is reported relative to the 464 cm™~! band in the matrix
quartz, which was repeatedly measured in each analytical
session.

The Raman shifts of the 464 cm ™! quartz peak were con-
verted into internal pressures using the calibration of Ash-
ley et al. (2014), which is based on the experimental dataset
of Schmidt and Ziemann (2000):

P(bar) = 4.204AV? + 1094.5AV

The pressure of entrapment of the quartz inclusion at a
specified temperature was calculated using the thermoelas-
tic model of Guiraud and Powell (2006):

298,1 bar 298,Pincl
Piag=1— 47“ (VhOSt Vhost )
incl =

3 Vit Vi
where p is the shear modulus for garnet and V is the vol-
ume of the host or inclusion at the superscripted conditions.
Equations of state and elastic parameters for garnet and
quartz are taken from Kohn (2014). Calculations were done
over a range of temperatures yielding isochores for quartz
entrapment. It is presumed that garnet nucleated at some

point along this isochore.
Bulk composition estimation

The P-T conditions of garnet nucleation assuming equilib-
rium nucleation at the garnet isograd were calculated using
an estimated bulk composition and the method of intersecting
isopleths. The two samples from Vermont (sample TM-549
and TM-626) are layered so it was not deemed feasible to
consider a bulk-rock analysis of the entire sample or even
of selected layers of the sample. The bulk composition was
therefore estimated in two ways. First, an estimate of the
modal amount of garnet was made on the appropriate compo-
sitional layers using a scanned image of the polished thin sec-
tion. The relative modal amounts of muscovite, biotite, chlo-
rite, quartz, K-feldspar, and plagioclase were estimated from
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Table 1 Bulk-rock analyses used in calculations

BCI TM-549  TM-549  TM-6262 06MSF-
(Fig.2)  BC(a)® BC(b)° 6C*
Si02  54.09 55.71 62.96 55.72 53.15
Al203 25.53 20.84 17.94 16.16 13.77
Fe203 - - - - 4.15
MgO 3.8 3.61 3.67 3.97 5.65
FeO  6.94 6.38 6.38 10.76 9.19
MnO  0.32 0.17 0.20 0.44 0.14
CaO 155 0.97 1.32 0.64 2.72
Na,0 0.78 1.80 2.40 1.25 5.30
K,0 587 5.81 2.39 4.05 0.99
H,0! 533 472 5.0 6.0 5.0

# Composition determined from modal analysis of X-ray maps using
ImageJ multiplied by phase composition

b Composition determined from average electron microprobe spot
analyses with broadened beam

¢ Whole-rock analysis from Dragovic et al. (2012)

4 Sufficient H,O was added to each bulk composition to ensure
excess fluid at all P-T conditions

image analysis of X-ray maps using thresholding to isolate
individual phases and then renormalized to include garnet.
The bulk composition was calculated by multiplication of the
modal amounts by the measured composition of each phase
using an average garnet composition determined by volume
normalization (Table 1). Method 2 involved averaging elec-
tron microprobe spot analysis of matrix minerals (+garnet)
within the appropriate compositional layer using a 20-um
defocused beam. For sample TM-549, the bulk composition
was calculated by multiplying the average of 450 matrix spot
analyses and the average garnet composition by their respec-
tive modal amounts (Table 3), and for sample TM-626, the
bulk composition was estimated from the average of 1,800
spot analyses.

For sample 06MSF-6C from Sifnos, Greece, the bulk
composition was taken as the whole-rock analysis from the
study of Dragovic et al. (2012; their Table 2).

Results
Experimental test of QuiG barometry

A single experiment to test the accuracy of QuiG barom-
etry was conducted in the piston cylinder laboratory of E.
B. Watson at Rensselaer Polytechnic Institute. An oxide
starting mix was recrystallized at 800 °C and 20 kbar in
a silver capsule in the presence of excess H,O fluid. The
uncertainty in temperature and pressure in this appara-
tus has been determined to be approximately £10 °C and
4200 bars (E. B. Watson, personal communication). The
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Table 2 Comparison of

[ .. Case 1
equilibrium garnet compositions

Case 2 Case 3

(the EQ model) with nucleation T&P 534 °C, 4894 bars 584 °C, 4,894 bars 484 °C, 6,393 bars
garnet compositions for three o
model oversteps (the OS model) Affinity 4,014J 9,585 3,141J
Nucleation  Equilibrium Nucleation Equilibrium  Nucleation Equilibrium
Pyrope 4.69 6.09 6.16 11.84 2.68 3.30
Almandine 55.56 65.10 60.05 73.78 39.77 46.08
* Affinity is joules/mole of Spessartine  30.51 17.73 29.96 8.27 23.61 14.69
garnet (12 oxygen basis) Grossular 9.24 11.07 3.82 6.09 33.93 35.92
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Fig. 2 a Reflected light photograph of a garnet crystal synthesized at
20 kbar and 800 °C showing numerous quartz inclusions exposed at
the polished surface. b Transmitted light photograph of the same gar-
net crystal showing a quartz inclusion (not exposed) that was meas-

oxygen fugacity was controlled by the fayalite—magnetite—
quartz buffer assemblage contained in an internal capsule.
Garnet, quartz, ilmenite, and kyanite readily grew during
the experiment, and garnet was observed to contain numer-
ous inclusions of quartz (Fig. 2a). The transmitted light
photograph in Fig. 2b shows a specific quartz inclusion (not
exposed at the surface) that was measured using the Raman
microprobe. A standard quartz crystal from Herkimer,
NY, was measured before and after every measurement of
quartz inclusions to ensure spectral accuracy of the O-Si—
O bending band, which occurs at 464 cm~!at P = 1 bar.
The O-Si—O bending band of the quartz inclusions from
the experiments was shifted to 470 cm~! (Fig. 2¢). Appli-
cation of the thermoelastic model described above yields
an entrapment pressure at 800 °C of 19.880 kbar—essen-
tially identical to the experimental pressure of 20 kbar. This

o7 T T T

450

460 470 480
Raman Shift (cm™)

490

ured. ¢ Raman spectra of quartz inclusions compared with a quartz
standard from Herkimer, NY. The O-Si—O band of quartz inclusions
that are contained inside the garnet is shifted to 470 cm™!

experiment demonstrates that, in the absence of non-elastic
garnet deformation around the inclusion, QuiG barometry
should accurately reflect the conditions of entrapment.

Model overstepping calculations: general results

Calculations have been done with a hypothetical bulk com-
position (BC1: Table 1) to explore some general behavior
of the overstepped system. A partial pseudosection for this
bulk composition showing the garnet isograd and contoured
for garnet composition is presented in Fig. 3a—c. Contours
of reaction affinity (calculated as AG of garnet nucleation)
(Fig. 3d) were done by iterating on temperature or pressure,
depending on the slope of the affinity isopleth, using New-
ton’s method to achieve a contour of the desired amount of
affinity.
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Fig. 3 Partial pseudosection for the bulk composition BC1 (Table 1) contoured for a almandine, b spessartine, ¢ grossular, and d affinity. All

assemblages contain quartz, muscovite, and fluid

Detailed calculations of garnet composition at the point
of nucleation were done for three model P-T points rep-
resentative of different degrees of overstepping (Fig. 4:
circles). For each point, the garnet composition was calcu-
lated along with the affinity, and the results are presented
in Table 2. For comparison, the equilibrium composition of
garnet at the same P-T conditions is also shown for each
of the three points. As can be seen, the composition of the
nucleating garnet is quite different from the equilibrium
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composition. For example, Case 1 represents 50° of over-
stepping and generates an affinity of 4,014 J per mole of
garnet (12 oxygens). The composition of garnet at nuclea-
tion has mole percent spessartine = 30.51, whereas the
equilibrium composition is only 17.73. Other garnet com-
ponents show different amounts of disparity between the
two compositions. Very similar compositional differences
were calculated by Gaidies et al. (2011) using a similar
method. The magnitude of affinity from these calculations
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Fig.4 a P-T diagrams showing garnet isograd for BC1 (Table 1).
Case 1, 2, and 3 are three different P-T conditions representing three
different degrees of overstepping for the calculation of garnet compo-
sition at nucleation (the OS model—circles). Intersecting isopleths of
almandine, spessartine, and grossular using the composition at nucle-
ation (i.e., the garnet core) and assuming nucleation occurred under
conditions of equilibrium (the EQ model—squares) are shown. Note

is similar, although not exactly identical, to those reported
by Pattison et al. (2011, their Fig. 2), Gaidies et al. (2011),
and Pattison and Seitz (2012). For example, for the reaction

Ms + Chl + Qtz = Grt + Bt + H,O

Pattison et al. (2011, Fig. 2) calculated on the order of
10 J/mole O per degree of overstepping. For 50 degrees of
overstepping, their plot indicates around 500 J/mole oxy-
gen or 6 kJ per 12 oxygen garnet.

Also shown in Fig. 4a are the P-T conditions calculated
from the intersection of almandine, spessartine, and gros-
sular isopleths using the composition of the garnet at the
point of nucleation (squares: the EQ model). Each of these
three sets of P-T conditions lies at lower temperature and
pressure than the true P-T conditions of nucleation owing
to the difference in garnet composition of the nucleated
core compared with the equilibrium composition (Table 2).
For example, the P-T conditions of garnet nucleation for
Case 1 are 534 °C, 4,894 bars, whereas the P-T conditions
inferred from the intersecting isopleths assuming no over-
stepping are 508 °C, 3,500 bars. In general, the discrepancy
increases as a function of the affinity for nucleation. The
principal reason for the lower temperature and pressure is

600 9100 440 480 520 560 600

the difference between the P-T conditions of nucleation (circles OS
model) and the P-T conditions that would be inferred from assum-
ing nucleation at equilibrium (squares and intersecting isopleths: EQ
model). Arrows link P-T conditions of the OS and EQ models. b P-T
diagram for case 2 emphasizing that the true P-T path to the con-
ditions of nucleation is unknown and the degree to which erroneous
interpretations might be inferred

the lower spessartine and grossular contents of the over-
stepped garnet core relative to the equilibrium composi-
tions (Table 2).

It is also interesting to note that there is good intersec-
tion of the three independent garnet isopleths, although the
error of intersection appears to increase with increasing
affinity. Therefore, it is clear that good intersection of the
isopleths is not a reliable criterion for the garnet core hav-
ing crystallized at or near equilibrium. Somewhat surpris-
ingly, the intersecting isopleth P-T conditions fall near the
equilibrium garnet isograd, and it may also be concluded
that proximity to the equilibrium isograd is not a good cri-
terion for the assessment of equilibrium.

As Fig. 4a clearly illustrates, overstepping the garnet
nucleation reaction can result in significant errors in the
presumed P—T conditions of nucleation of the garnet core.
If an approach to equilibrium is finally achieved at the gar-
net rim so accurate P-T conditions are available for the
rim, then the inferred P-T path for the sample could be
egregiously in error. In particular, there is no information
available in the garnet about the path the sample followed
to attain the P-T conditions of nucleation, so the path
along this part of the rock’s history is completely uncon-
strained. As an example, the P-T path followed by a rock
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represented by Case 2 might have followed any number
of trajectories (e.g., Figure 4b). Clearly, the tectonic infer-
ences drawn from the P-T paths in Fig. 4b would be quite
different. It must be concluded that the degree of overstep-
ping is critical to evaluate before accurate P-T paths can be
inferred from garnet zoning.

Model overstepping calculations: natural samples

The model calculations presented above are limited
because there is no independent means to determine the
conditions of garnet nucleation. Natural samples with
appropriate inclusions of quartz in garnet are amenable to
the calculation of a P-T line along which garnet formed by
the application of the QuiG (quartz-in-garnet) barometer
(Enami et al. 2007; Ashley et al. 2014; Kohn 2013, 2014).

Garnet isograd, Eastern Vermont: Sample TM-549

Sample TM-549 is from the garnet isograd in Eastern Ver-
mont. Aspects of the paragenesis of this sample were dis-
cussed by Menard and Spear (1994) who inferred peak P-T
conditions of 460-500 °C, 4-5 kbar from thermobarom-
etry. The reader is referred to that paper for sample loca-
tion and further details of the general geologic setting. A
photomicrograph and X-ray maps for the largest garnet
from sample TM-549 are shown in Fig. 5, and the meas-
ured garnet core composition is listed in Table 3. The gar-
net is approximately 1.5 mm in diameter and overgrows an
incipient crenulation cleavage. X-ray maps (Fig. 5) and a
line traverse (Fig. 6) reveal only minor zoning of alman-
dine, spessartine, and grossular. Core-to-rim composi-
tional variation is X, = 5.77-5.33; X, = 53.80-57.41;
Xops = 29.24-25.17; X, = 11.19-12.07.

The Raman shift of the 464 cm™' peak of twelve quartz
inclusions in two garnets was measured (Table 4; Fig. 7a).
The inclusions displayed Raman shifts in the range from
—0.1 to 1.3 cm™! (£0.1). Any non-elastic deformation of
the host garnet in the vicinity of the quartz inclusion can
lead to a reduction in the internal pressure on the quartz
inclusion. Therefore, only the grains that display the maxi-
mum Raman shift are believed to reflect the conditions of
quartz entrapment. Several grains show shifts of 1.1-1.3
(£0.1) cm™", which corresponds to an internal pressure on
quartz of 1,209-1,430 bars.

The two bulk compositions for sample TM-549 in
Table 1 were used to calculate the garnet isograd (Fig. 8a)
as well as isopleths for almandine, spessartine, and gros-
sular using the composition of the garnet core (Table 3;
Fig. 8a). The two bulk compositions differ slightly, and

@ Springer

Fig.5 Sample TM-549 (Latitude = 43.79510; Longitude =
—72.28250). a Photomicrograph. b—e X-ray maps of b Mg; ¢ Fe;
d Mn; and e Ca. Note that garnet is small, overgrows a crenulation
cleavage, and is only weakly zoned. Box in (a) shows the location of
garnet X-ray maps. White line in (b) shows the location of traverse in
Fig. 6
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the small difference in the location of the garnet isograd
is due to the minor difference in MnO content (0.17 ver-
sus 0.20 wt%). The two sets of intersecting isopleths yield
nearly identical P and T (Fig. 8a) and correspond nearly
exactly with the equilibrium garnet isograd for bulk com-
position BC(b). The isopleth pressures are, however,
approximately 600 bars below the pressure inferred from
the QuiG barometry.

The difference between the thermodynamic calcula-
tion (the EQ model) and the entrapment pressure from the
Raman measurement is similar in direction to the variation
expected assuming a small amount of overstepping (e.g.,
Case 1, Fig. 4b). To provide additional quantification, fur-
ther calculations were performed using the bulk composi-
tions BC(a) and BC(b) for TM-549 at five P-T conditions
along the quartz inclusion isochore (Fig. 8b, c). The calcu-
lated garnet composition at nucleation (the OS model) was
then used to calculate the intersection of isopleths assum-
ing equilibrium (the EQ model), as in Fig. 4. The resulting
set of P-T points from the EQ model defines an array that
trends downward in pressure and slightly upward in tem-
perature (squares in Fig. 8b, ¢). The match is best for BC(b)
(Fig. 8c), and both sets of calculations suggest the best cor-
relation is with an overstepping of around 10 degrees and

Table 3 Measured core composition of garnet used for isopleth cal-
culations (the EQ model)

TM-549 TM-626 06MSF-6C?
Pyrope 0.058 0.066 0.056
Almandine 0.538 0.645 0.683
Spessartine 0.292 0.193 0.117
Grossular 0.112 0.096 0.144

* Analysis from Dragovic et al. (2012) recalculated with all Fe as
FeO

0.6 kbar corresponding to around 2,000 J (per mole of gar-
net) affinity.

Staurolite—kyanite zone, eastern Vermont: sample TM-626a

A second sample from eastern Vermont is from the stauro-
lite 4+ kyanite zone approximately 4.4 km west of sample
TM-549. X-ray maps (Fig. 9) and a line traverse (Fig. 10)
reveal typical bell-shaped zoning of spessartine and minor
zoning in almandine, pyrope, and grossular.

Raman spectra were collected from numerous quartz
inclusions from several garnets on a thick (100 um) sam-
ple of garnet separates (Table 4; Fig. 7b). The quality of
the spectra obtained from sample TM-626a is significantly
better than those from sample TM-549 (Fig. 7a) because
the thick section allowed for larger inclusions to be meas-
ured. A range of wavelength shifts from 1.9 to 3.5 cm™!
was observed. Significantly, no difference in the maximum
wavelength shift of 3.5 cm™! was observed as a function
of location in the garnet, that is, this maximum wavelength
shift was observed in inclusions from both the core and
the rim of the garnets. Whereas there are numerous ways
that a quartz inclusion might record a lower internal pres-
sure than that of entrapment (e.g., plastic deformation of
the garnet or microcracks), it is difficult to envision how
a quartz inclusion could record a higher pressure, so the
maximum wavelength shift of 3.4-3.5 cm™! is suspected to
most accurately reflect the entrapment pressure. Nonethe-
less, results of calculations for a range of Raman shifts are
presented (Fig. 11).

Figure 11 shows a simplified pseudosection for sam-
ple TM-626 and the results of calculations. The garnet
core P-T conditions (red star) lie several tens of degrees
above the equilibrium garnet isograd. As before, the QuiG
barometry was used to constrain the locus of P-T condi-
tions used to model overstepping (circles: the OS model).

Fig. 6 Core-to-rim line trav-
erses across garnet from sample
TM-549 (Fig. 5)
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Table 4 Measured Raman

Quartz grain# Spectrum Raman shift (cm™")?

Internal pressure (bars)®

g X Sample  Garnet crystal #

shifts and calculated internal

pressure of quartz inclusions in TM-549 2 1

garnet

3

4

5

6

7

8

3 1

2

3

4

TM-626 1 1

4

5

2 1

2

® Error on Raman shift is
+0.1 cm™!

® Error on internal pressure is
+100 bars

1 0.9 988
2 1.1 1,209
3 1.2 1,320
4 1.1 1,209
5 1.3 1,430
1 1.1 1,209
1 1.3 1,430
1 1.3 1,430
1 0.3 329
1 —0.1 —109
1 0.7 768
1 0.8 878
2 0.8 878
1 1.0 1,099
1 0.3 329

0.2 219
1 2.7 2,986
2 2.7 2,986
3 2.7 2,986
1 1.9 2,095
1 29 3,210
2 3.0 3,322
1 1.9 2,095
2 2.0 2,206
1 3.5 3,883
2 3.4 3,770
1 2.7 2,986
2 2.5 2,763
1 29 3,210
2 29 3,210
3 3.0 3,322
4 3.0 3,322
5 3.0 3,322

For each set of OS model calculations, the P-T conditions
calculated from the intersection of garnet isopleths assum-
ing equilibrium (squares: the EQ model) are indicated by
arrows. As with the previous calculations, the OS model
garnet core compositions when used in the EQ model indi-
cate P-T conditions for garnet formation that lie to lower
pressures and temperatures than the true P-T conditions of
nucleation.

The magnitude of the difference between the OS model
and the EQ model calculated P-T conditions is quite large.
All of the EQ model calculations of garnet core P-T condi-
tions lie within 20 degrees of the equilibrium garnet isograd
and are similar to the P-T conditions calculated from the
actual garnet core composition (red star in Fig. 11). Signifi-
cantly, the P-T conditions calculated from the actual garnet

@ Springer

core (red star) lie 2-5 kbar below the pressure of garnet for-
mation inferred from QuiG barometry.

Depending on which wavelength shift is assumed cor-
rect, the results in Fig. 11 suggest overstepping of as much
as 50° and 5 kbar with affinities on the order of 10-18 kJ/
mole garnet. Significantly, Menard and Spear (1994) report
peak P-T conditions of a nearby sample (TM-590) of 8-9
kbar, 540-570 °C, raising the distinct possibility that nucle-
ation of garnet in this sample was delayed to nearly peak
metamorphic conditions were attained.

Blueschist facies, Sifnos, Greece

Dragovic et al. (2012) present a superb discussion of the
petrogenesis of a sample of garnet—blueschist from Sifnos,
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Fig. 7 Raman spectra of quartz
inclusions in garnet from sam-
ples TM-549 (a) and TM-626a
(b). Colors represent multiple
spectra of individual grains
identified by labels Q1-Q5.
The red lines are spectra of
matrix quartz, which is taken
as the internal pressure = 1 bar
baseline against which the shift
of the inclusions is measured.
Intensities of standard spectra
(red) for the two samples were
scaled by factors of 6 and 3,
respectively, to fit in the graph

M atrix~1§ ..................... v
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Greece, and the reader is referred to that paper for the
details of the sample petrography. A sample from this area
was also the subject of QuiG barometry by Ashley et al.
(2014), and sufficient data are provided in these papers to
conduct the type of analysis described above.

A simplified pseudosection for the whole-rock analy-
sis of sample 06MSF-6C (Table 2) is presented in Fig. 12
along with calculations from this study. Also shown are the
results of QuiG barometry using the thermoelastic model

T
455

L B L e e e L B s e e s B N B
460 465 470 475 480

Wave Number (cm-1)

and data suggested by Kohn (2014) and a maximum quartz
wavelength shift for the core of garnet of 6.76 cm™' as
reported by Ashley et al. (2014). Three model OS calcu-
lations were done (circles in Fig. 12), and the P-T condi-
tions were inferred from the intersection of garnet core iso-
pleths computed from the EQ model (squares). It will be
noticed that the inferred P-T conditions from the EQ model
(squares) lie to lower temperature but higher pressure than

the OS model P-T conditions (circles). This results again

@ Springer
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Fig.8 P-T diagrams showing model results for sample TM-549.
Line labeled QuiG is the result from quartz-in-garnet barometry,
and dotted lines are =10 of the measurement of the maximum shift
observed. a Calculated garnet isograd (dashed lines) for two bulk
compositions (BC(a) and BC(b)) listed in Table 1. Also shown are the
isopleth intersections for the garnet core composition for each bulk

because of the difference in spessartine and grossular con-
tents of the OS model compared to the EQ model but equi-
librium with lawsonite in the blueschist rather than plagio-
clase in the two examples above results in a higher rather
than a lower apparent core pressure for the EQ model.

The P-T conditions implied by the measured garnet core
composition (red star in Fig. 12) were also calculated using
the EQ model after first recalculating all Fe in the garnet
core analysis as FeO (e.g., no andradite component). There
is a sizable triangle of uncertainty in the garnet isopleth

@ Springer

600

10

- (B) TM-549 BC(a) :

P kbar

440 600

composition (stars: the EQ model). b Model results using BC(a).
Circles are the P-T conditions of the calculations for the OS model,
numbers are affinities in joules/mole of garnet (12 oxygens), and
arrows point to the isopleth intersection P-T conditions calculated
from the model garnet nucleus composition (squares: the EQ model).
¢ The same as in (b) using bulk composition BC(b)

P-T conditions largely because of the low angle of inter-
section between the almandine and spessartine isopleths.
Therefore, the preferred P-T conditions are those where
almandine and spessartine intersect the grossular isopleth.
The P-T conditions inferred from the measured garnet
core composition (red star) lie astride the garnet isograd for
this bulk composition at a pressure approximately 1.5 kbar
higher than the QuiG barometer. This discrepancy is within
analytical uncertainty, and it could be concluded that very
little overstepping was required for this garnet to nucleate.



Contrib Mineral Petrol (2014) 168:1059

Page 13 of 15 1059

Fig.9 Sample TM-626 (Latitude = 43.80450; Longitude =
—72.33500). Staurolite—kyanite zone, eastern Vermont. a Photo-
micrograph showing biotite and garnet-rich layer. Box indicates the
location of X-ray maps (b—e). X-ray maps of b Mg; ¢ Fe; d Mn; and
e Ca. White line in (b) shows the location of traverse (Fig. 10)

However, the results are equally consistent with overstep-
ping of 80-90° (between the yellow and green circles at
around 520-530 °C or around 9 kJ/mole garnet affinity).
Most importantly, if significant overstepping occurred
prior to nucleation of this garnet and subsequent growth
occurred at the P-T conditions of nucleation or above,
then the apparent P-T path followed by the sample (i.e.,
the path that one would infer from comparing core and
rim P-T conditions assuming equilibrium growth) would
be roughly one of nearly isobaric heating, as concluded
by both Dragovic et al. (2012) and Ashley et al. (2014).
However, had overstepping occurred then the garnet core

composition does not reflect equilibrium crystallization,
and there is no information in the core composition about
the conditions of core formation. Thus, the true P-T path
followed by the rock to the peak (garnet rim) conditions is
unknown. For example, a path of nearly isothermal load-
ing to the peak P-T conditions would satisfy the observed
chemistry equally well as one of isobaric heating. In fact,
the texture of the sample suggests that very rapid garnet
growth did occur, as would be expected from highly over-
stepped nucleation conditions. The garnet displays a hon-
eycomb texture with numerous inclusions of quartz and, in
other samples from the same locality in the authors’ col-
lection, honeycomb inclusions of pyroxene and epidote. In
addition, Sm-Nd geochronology on garnet from this local-
ity reported by Dragovic et al. (2012) indicates virtually no
age difference between the core and the rim (46.50+.8 Ma
for the core, 46.46£.59 for the rim), requiring rapid garnet
growth (i.e., 0.04 Ma). Whereas extremely rapid heating is
possible in a contact aureole, it is doubtful that such a rapid
thermal excursion could occur in a subduction zone. Con-
sequently, it is believed that a more reasonable interpreta-
tion is that garnet nucleation was overstepped by a consid-
erable degree, presumably as a consequence of very rapid
burial and that the garnet grew under nearly isothermal,
isobaric conditions.

Discussion

Sample TM-549 requires only a modest degree of overstep-
ping. This result is consistent with the observation that the
sample was collected very near the mapped garnet isograd
in the field. The garnets are small and did not grow appreci-
ably after nucleation. The garnets also overgrow a crenula-
tion cleavage, so it is possible that strain energy contributed
to the energetics enabling garnet nucleation to occur with
small degrees of overstepping.

The staurolite-kyanite zone and blueschist samples dis-
play similar results with respect to the degree of overstep-
ping and both require on the order of 8 kJ/mole or higher
garnet affinity. The implications of this result are profound
for the study of metamorphic petrogenesis. Firstly, if over-
stepping has occurred, then there is no information pre-
served in the garnet zoning that can be used to reconstruct
the prograde P-T path from equilibrium thermodynamic
calculations. Indeed, one cannot rule out the possibility that
the garnets studied grew isothermally and isobarically fol-
lowing nucleation. A thorough re-examination of what we
believe to be true from metamorphic P-T path studies may
be in order.

However, equally important is an appreciation of the tec-
tonic perturbations that might give rise to significant over-
stepping. It is reasonable to conclude that, all other things
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Fig. 10 Rim-to-rim line trav-
erse across garnet from sample _
TM-626 (Fig. 9) %’
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Fig. 11 P-T diagram showing a simplified pseudosection for the
bulk composition of sample TM-626 (Table 1). Orange lines labeled
3.48 and 2.22 cm™! are calculated range of quartz entrapment con-
ditions. Red triangular region with star labeled “Garnet core” is the
intersection of isopleths of almandine, spessartine, and grossular for
the garnet core (the EQ model). Colored circles are P-T conditions
used for OS model calculations. Labels on circles are the affinity
(joules/mole garnet). Arrow from each circle points to garnet nuclea-
tion isopleth intersections assuming equilibrium (squares: the EQ
model). The calculations are most consistent with overstepping of
several tens of degrees and 2—5 kbar
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Fig. 12 P-T diagram showing a simplified pseudosection for the
whole-rock bulk composition of sample 06MSF-6C (Dragovic et al.
2012). Orange line is the isochore of quartz entrapment based on the
measurements of Ashley et al. (2014) and the authors’ own meas-
urement of similar samples from Sifnos. The red star labeled “Gar-
net core” is the intersection of isopleths of almandine + grossular
and spessartine + grossular for the garnet core using analyses from
Dragovic et al. (2012) recalculated assuming no ferric iron (the EQ
model). Colored circles are conditions used for OS model calcula-
tions. Labels on circles are the affinity (joules/mole garnet). Arrow
from each circle points to garnet nucleation isopleth intersections
(squares) assuming equilibrium (the EQ model). The calculations are
most consistent with garnet nucleation occurring along the isochore
at around 520 °C (70° of overstepping) and an affinity of around
8,200 joules/mole garnet
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being similar, significant overstepping is likely to be pro-
moted by rapid changes in pressure and/or temperature.
Although considerably more data are required to confirm
the extent of overstepping in typical metamorphic terranes,
it may turn out that rates of tectonic burial might be inferred
through the analysis of the degree of overstepping. These
types of studies could provide important new insights into
the workings of the planet during crustal orogenesis.
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