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ABSTRACT

Activities of titanite (Ttn, CaTiSiOs) and/or rutile (Rt, TiO,) phase components were calculated for 45
well-characterized natural titanite- or rutile-undersaturated epidote-amphibolites by using the equilib-
ria: (i) 3 anorthite + 2 zoisite/clinozoisite + rutile + quartz = 3 anorthite + titanite + water
(referred to as TZARS) and (ii) anorthite + 2 titanite = grossular + 2 rutile + quartz (referred to
as GRATIS). In titanite-bearing and rutile-absent samples ag, is 0.75 £ 0.26. In titanite-absent, rutile-
bearing samples ary, is 0.89 + 0.16. Mean values derived for agry/ary, are 0.92 + 0.12 for
rutile + titanite-bearing samples and 0.42 + 0.27 for samples lacking both titanite and rutile. Use of
these values with TZARS yields pressure estimates for epidote-amphibolites that differ on average by
<0.5 kbar from those recorded by established mineral barometers, even where both titanite and rutile
are lacking. Despite rather large uncertainties in the average values obtained for agry, a1 O ary/ a7,
application of TZARS yields pressure estimates that agree with independent estimates to within
+0.5 kbar for titanite- and/or rutile-saturated samples, and to within +0.8 kbar for samples that
contain neither Ti-phase. The accuracy and precision of the TZARS barometer are comparable to that
of many well-calibrated barometers. TZARS offers a much-needed barometer for mafic rocks
metamorphosed at epidote-bearing amphibolite and blueschist facies conditions. In addition, the results
provide a basis for application of other thermobarometers, such as Ti-in-zircon, where rutile activity is

required as input.
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INTRODUCTION

The epidote—amphibolite and epidote—blueschist facies
comprise a large range of pressure (P) and temperature
(T) that is encountered during metamorphism associ-
ated with convergent-margin processes (e.g. Evans,
1990; Spear, 1993). However, with the exception of
some pelitic bulk compositions, reliable geobarometers
are scarce at these conditions, especially when garnet,
clinopyroxene and/or phengite are lacking from the
lithology. Equilibria involving titanite and/or rutile
offer an opportunity to overcome this problem and in
addition provide P-T information to supplement
studies in which these minerals are used for U-Pb
geochronology (e.g. Frost et al., 2000; Rubatto &
Hermann, 2001) or as monitors of trace-clement
cycling (e.g. Zack et al., 2002; Klemme et al., 2005).
The potential utility of titanite-rutile equilibria
can be appreciated by considering mafic bulk
compositions. Equilibria involving the Ti-bearing
phases have been explored for some assemblages
(Ghent & Stout, 1984; Sorensen & Barton, 1987;
Manning & Bohlen, 1991; Tropper et al., 2002; Trop-
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per & Manning, 2008), but not for metabasites con-
taining  amphibole + chlorite + epidote + plagio-
clase + quartz + Ti-bearing phase are common over
a wide range of metamorphic conditions (Laird &
Albee, 1981). This may reflect several uncertainties
facing the petrologist. First, while this assemblage may
contain coexisting rutile and titanite (e.g. Sorensen &
Barton, 1987; Hansen, 1992), textural relations may
suggest that the two minerals were stable at different
points along a P-T path. Rutile is generally cited as
being the stable phase at higher metamorphic pressure
and lower temperature, whereas titanite is favoured at
lower pressure and higher temperature (Laird & Albee,
1981; Spear, 1981; Ernst & Liu, 1998) and overgrowth
or replacement textures are common. However, the
fact that phases participating in the relevant net
transfer reactions need not be pure — and titanite itself
may contain Al and OH or F (e.g. Enami et al., 1993) —
highlights that there can be a finite P-T interval over
which titanite and rutile may coexist. A second issue is
that metabasites are commonly undersaturated with
respect to one or both minerals. However, the absence
of titanite and/or rutile need not prevent the use of
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titanite—rutile equilibria if the extent of undersatura-
tion is minimal or can be estimated. Ghent & Stout
(1984) calculated that TiO, activities range from 0.43
to near rutile saturation in rutile-free mafic garnet—
amphibolites. TiO, activities calculated for rutile-
absent amphibolite facies metapelites (Ghent & Stout,
1984), eclogites (Manning & Bohlen, 1991) and gran-
ulites (Mukhopadhyay ef al., 1992) are even higher
(~0.8 to near unity). On similar lines, Ti-in-zircon
thermometry (Watson & Harrison, 2005; Watson et al.,
2006) can be successful even in rutile-undersaturated
systems because of robust thermodynamic modelling
(Ferry & Watson, 2007). Accordingly, titanite-rutile
equilibria would appear to represent an unrealized
opportunity for quantitative thermobarometry.
The net transfer reaction,

2C32A13Si3012(OH) + T102 + SIOQ
Zoisite/clinozoisite rutile quartz ()
= 3CaAl,Si,Og + CaTiSiOs + H,O

anorthite titanite ~ water
(referred to as TZARS) includes phases that are com-
mon in epidote-bearing metamorphic rocks. Forward
progress of the TZARS reaction consumes epidote and
is thus one of the reactions responsible for the
prograde transition from epidote—amphibolite to
amphibolite facies. The stoichiometric TZARS
equilibrium lies roughly in the middle of the epidote—
amphibolite stability field (Fig. 1). It exhibits a
relatively shallow Clapeyron slope (~27 bar °C~! for
pure phases) and a large (0lnK/OP); (Holland &
Powell, 1998), where K is the equilibrium constant.
Therefore, it has the potential to yield precise pressure
estimates for epidote-bearing rocks, if temperatures
and relevant phase activities can be determined. While
the presence of a fluid phase may limit the utility of
many reactions for quantitative thermobarometry or
activity calculations, it will be shown that TZARS is
weakly sensitive to the activity of water (am,0) and that
the TZARS assemblage in the absence of calcite is
stable only if Xco, in the fluid phase is very low
(implying ap,o values >0.9 if the fluid is a binary
H>,0-CO» mixture).

In this study, TZARS is first used to estimate mean
activities of rutile (ag,) and titanite (ar,), or the mean
activity ratio ar/ary, in natural epidote—amphibolites
that are variably undersaturated with respect to these
phases, and which equilibrated under P-T conditions
constrained in previous studies. For samples that
contain garnet with the TZARS assemblage, the H,O-
absent equilibrium

CaAl,Si,0g + 2CaTiSiOs = CazAlSisOpp + 2TiO; + SiO;
Anorthite titanite grossular rutile quartz
(2)
provides additional constraints on agy, a1, O dr/aT(n-
This equilibrium is referred to by the acronym GRATIS,
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Fig. 1. Location of TZARS equilibrium (bold line) on P-T
projection, contoured with isopleths of /og K. Locations of
principal metamorphic facies boundaries are shown according to
Oh & Liou (1998): BS, blueschist facies; GS, greenschist facies;
EA, epidote-amphibolite facies; AM, amphibolite facies; EG,
eclogite facies; LGR, low-pressure granulite facies; HGR, high-
pressure granulite facies.

to highlight that when garnet is present, an addi-
tional thermobarometer is available. It is then shown
that calculated mean activities of agry, dty OF dr/aTm
are sufficiently constrained that their use with
TZARS provides accurate and precise pressure
estimates for titanite- and/or rutile-absent epidote—
amphibolites.

METHODOLOGY

Activity-composition and phase-equilibrium calculations

Mineral compositions were recalculated to atoms per
formula unit using the program Ax of Holland &
Powell (2001, also see http://rock.esc.cam.ac.uk/
astaff/holland/), except for titanite. When multiple
compositions were reported or obtained for a partic-
ular phase within a single sample, the average
composition and corresponding standard deviation
was used. This simplification is reasonable for most
samples, where phases were found to be relatively
homogeneous. Normalization schemes and activity
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Table 1. Normalization schemes and ¢—X models used in the
calculations.

Phase Normalization Activity-composition

scheme models

Epidote 12.5 oxygen

Si + Al + Fe&*™ = 6.0

Holland & Powell (1998):
extended version of
Bird & Helgeson (1980)
assuming non-ideal mixing

Garnet 12 oxygen Berman (1990)
8 cations
Plagioclase All Fe is Fe*© Fuhrman & Lindsley (1988)
fully ordered model (1)
of Holland & Powell (1992)
Titanite 1.0 Si per formula unit arm = Xy, X1i = Ti/(Ti + Al),
y =1
Phengite 11 oxygen
Chlorite 14 oxygen, 10 cations Holland & Powell (1998)
maximum Fe**/Fe?" = 0.3 N
Amphibole Holland & Giremolite = SX('{,""‘)_(mg)s (Xsf)x;
Blundy (1994) mg = Mg/(Mg'+ Fe?")

Gglaucophane = (XJLVT)“(*‘I)Z('“QB;
al = A" /(A" + Fe?*)

models used are listed in Table 1. An ideal molecular
activity model was used for titanite, as Xt; of the
titanite is very high (>0.9) and a recent evaluation of
the influence of titanite activity model on phase-equi-
librium calculations shows that in this compositional
range, these activities are very similar to those obtained
with an ionic activity model (the difference in activity is
<0.03, leading to negligible shifts in calculated inten-
sive variables; Tropper et al., 2002; Tribus & Tropper,
2008; Tropper & Manning, 2008).

All phase-equilibrium calculations in this study were
conducted using the TWEEQU program of Berman
(1991), which uses an internally consistent thermo-
dynamic data set (Berman, 1988). Selected calculations
were also performed using THERMoOcALC (Holland &
Powell, 1998), results were indistinguishable from
those from TWEEQU at the metamorphic conditions
considered in this study.

Data set

Compositional data were compiled for the min-
eral assemblage epidote + plagioclase + titanite +
garnet from 59 natural epidote—amphibolites docu-
mented in the literature and for which P-T conditions
of equilibration have been independently constrained.
In several cases, compositions of epidote or plagioclase
were assumed based on general descriptions of mineral
chemistry (bold entries in Table 2; see below). Of the 59
samples, 11 contain both titanite and rutile (six
metabasites and five pelites), 14 are rutile-bearing and
titanite-absent (12 metabasites, one pelite and one
calcsilicate), 13 are titanite-bearing and rutile-absent
(eight metabasites, four pelites and one calcsilicate) and
21 contain neither titanite nor rutile (10 metabasites
and 11 pelites). Existing experimental studies on
amphibolites either lack appropriate compositional
data or have demonstrated that plagioclase composi-
tions in the run-products are strongly influenced by
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those of the starting plagioclase compositions at
temperatures of epidote stability (Apted & Liou, 1983).
Consequently, our data set is restricted to natural
samples. Caution should be used when using epidote—
amphibolite samples that contain albitic plagioclase
(Xan < 0.15). This is because plagioclase activity-
composition models are known to greatly under-
estimate aa, at the low X4, side of the peristerite solvus
(Ghent & Stout, 1981; Holland & Powell, 1992), thus
making the utility of anorthite-bearing equilibria for
samples with albitic plagioclase difficult (e.g. Todd,
1998).

Selection of values to use for the preferred P-T
conditions of equilibration is subjective for epidote—
amphibolite samples where different workers offered
contrasting interpretations. We do not re-evaluate
previous thermobarometric studies and simply note in
Table 2 the literature source(s) from which the
preferred P-T conditions were obtained. More than
half of the epidote—amphibolite samples occur in
compilations of previous workers that were used for the
calibration of amphibole-involving thermobarometers
(Graham & Powell, 1984; Kohn & Spear, 1990;
Holland & Blundy, 1994). For these samples, uncer-
tainties of £0.5 kbar and £40 °C are reasonable based
on their calibration uncertainties. For the remainder of
the samples, uncertainties in preferred P—T conditions
cited in the original literature source (generally
+1.0 kbar and +50 °C) are used when evaluating the
precision of activity estimates using TZARS and
GRATIS. Preferred P-T conditions lie within an
accepted range for epidote—amphibolites, consistent
with theoretical phase relations (Evans, 1990) and the
location of the experimentally determined epidote-out
reaction boundary (Apted & Liou, 1983) as shown in
Fig. 2. They exhibit a wide range of P-T values ranging
from 5.5 to 12 kbar and from 496 to 770 °C, which
allows any systematic variation in calculated activities
of undersaturated titanite and/or rutile as a function of
temperature, pressure or activity values of other phases
to be investigated. The mole fraction of anorthite in
plagioclase (Xa,) from the samples generally increases
with increasing temperature and decreases with
increasing pressure, a trend that is commonly observed
for amphibolites (Spear, 1993).

Assumptions

The utility of phase equilibria for thermobarometry is
limited by the ability to accurately determine activities
for pure end-member phases from compositional data
for minerals that are solid-solutions (Spear, 1993).
However, equilibria may be more sensitive to certain
phase activities more than others. This is illustrated for
the TZARS equilibrium (Eq. 1) by examining its mass-
action expression,

@, aTindm,0
40 ORUAQL

log K| = log
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Fig. 2. Preferred P-T conditions of equilibration for epidote—
amphibolite samples used to calculate values of undersaturated
titanite and/or rutile. Location of TZARS equilibrium is shown
for pure end-member phases. The facies boundaries are also
according are the same as in Fig. 1.
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where g; represents the activity of the subscripted phase
component. The value of log K and its corresponding
position in P—T space (Fig. 1) are weakly dependent on
AT, AH,0, dre and ag, at least over the ranges of
activities commonly calculated for these phase com-
ponents in epidote—amphibolites. For example,
changing ap,0 or ary, from unity to 0.2 shifts the
TZARS equilibrium to higher pressure by <2 kbar
(Fig. 3a). Similarly, decreasing agr, to moderate values
only slightly depresses the position of the TZARS
equilibrium. In contrast, major shifts in the position of
the TZARS equilibrium occur due to small changes in
aan and, to a lesser but still significant degree, ac,o,70
(Fig. 3b), chiefly due to reaction coefficients is > 1.
As small uncertainties in activity-composition
relations of plagioclase may result in large errors for
calculated pressures or activities of other phases when
using TZARS, aa, was calculated using two different
models: that of (Fuhrman & Lindsley, 1988) and the
fully ordered model (model 1) of Holland & Powell
(1992) (Table 1). For plagioclase compositions evalu-
ated in this study with Xa,>0.2 [where Xa, =
Ca/(Ca + Na + K) on a molar basis], the Fuhrman
& Lindsley (1988) model yields activities that are
slightly higher (generally <6%) than those provided
by the model of Holland & Powell (1992). In contrast,
at 0.1 < X5, < 0.2, the Holland & Powell (1992)
model tends to yield slightly higher values for aa,.
For our calculations, the average of the two aa,
values provided by these models is used, and the

g.»/ g.v/ Qh/ &’Q«

£
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Fig. 3. Changes in the P-T position of the stiochiometric TZARS equilibrium due to changes in activities of (a) water (au,0), rutile

(agry) and titanite (@), (b) anorthite (aa,) and clinozosite (acyo)-
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corresponding standard deviation. However, using
either of the above plagioclase activity models will
lead to very similar results.

Assumptions were made regarding the activities of
saturated phases for which compositional data are
lacking. The activity of titanite, when the mineral is
present, was assumed to be near unity (0.95 + 0.04),
based on observations that X ; of titanite in amphi-
bolites ranges from 0.90 to 0.99 (Ghent & Stout, 1984
and this study). As quartz is observed to be stoichio-
metric and rutile nearly so (Deer et al., 1992), their
activities were assumed to be unity.

Assumptions regarding ap,o deserve special atten-
tion, as variations of ap,0 have the same effect on the
log K, values as those in ar, (Fig. 3a). However, an
important additional constraint is that the stability of
the TZARS assemblage, in the absence of calcite,
places maximum constraints on Xco, (Fig. 4). For
instance, at 10 kbar, a TZARS assemblage with
aan = 0.4 for plagioclase is stable only if Xco, <0.05
in the fluid. The TZARS assemblage is stable to higher
Xco, with increasing aa, and pressure or decreasing
ac,.. However, over the range of phase activities and
P-T conditions characteristic of the epidote—amphi-
bolite facies, maximum values of Xco, rarely exceed
0.1 and are generally <0.05. In the H,O—-CO, system,
these values correspond to ap,0 >0.90 and generally
>0.95 (Kerrick & Jacobs, 1981). While high concen-
trations of salts (e.g. NaCl and CaCl,) may substan-

700
SAn + Grs +2H,0
4Czo + Qtz
3
U,
e Coy
aAn=0.6 AT "4

g-)\ 600 \ Ttn +3An + H,0 ’
: Qtz + Rt +2Czo
~
a O
g aAn=0.4 P
Q | }(Qﬂ‘
£ S
2

500

P =10 kbar
aAn=0.2 aRt = aTtn = aCzo = aQtz = aCal = 1.0
400 T T 1
0.00 0.04 0.08 0.12

Mole fraction CO,

Fig. 4. Shaded fields show the stability of the assemblage clin-
ozoiste + plagioclase + water in the absence of calcite as a
function of temperature, the mole fraction of CO, in the fluid
phase (Xco,), and different activity values for the anorthite
component in plagioclase (aa,) at 10 kbar. The sizes of the
stability fields become reduced with decreasing pressure.
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tially decrease ap,o at eclogite- and granulite facies
metamorphic conditions (e.g. Aranovich et al., 1987,
Philippot & Selverstone, 1991; Newton et al., 1998),
there is no evidence that salts were significant com-
ponents of the epidote—amphibolite facies fluids that
attended metamorphism in the studies surveyed.
Unless estimated in the literature, an ap,0 = 0.95 £
0.05 is assumed in samples lacking calcite and ap,0 =
0.90 + 0.05 in calcite-bearing samples. If ap, 0 is lower
than assumed, TZARS will yield maximum estimates
of ag, in rutile-absent samples and minimum estimates
of ary in titanite-absent samples. Fortunately, many
of the samples contain garnet and allow use of
GRATIS to obtain activity estimates for undersatu-
rated titanite and/or rutile, independent of ap,0.

Constraints on equilibrium assemblages and activities of
titanite and rutile

Equilibria among the phase components zois-
ite/clinozoisite, anorthite, grossular, rutile, titanite,
quartz and H,O define an invariant point in the system
Ca0-Al1,05-Si0,-TiO,-H,O (Fig. 5). Rutile is the
high-P Ti-phase in the presence of quartz; its low-P
stability limit is defined by reactions (2) and

2Ca,Al;3Si30,2(OH) + CaTiSiOs
Zoisite/clinozoisite titanite
3Ca3AL 81304, + TiO; + SiO, + H,O
B grossular

3)

rutile quartz water

Titanite is stable only at low-P/low-T conditions and
usually forms rims around rutile. Titanite + rutile are
stable either at low-7T and high-P or at high-7 and
low-P (Fig. 5).

A
P

(Z0)

>
T

Fig. 5. Schreinemakers analysis of the system CaO-Al,05-SiO,-
Ti0,-H,O involving the assemblage epidote + anorthite +
quartz + water + garnet. The reactions TZARS (Gr-absent)
and GRATIS (H,O-absent) are in bold.
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Fig. 6. Activity diagrams illustrating constraints from phase
relations on activities of rutile and titanite in epidote—amphi-
bolites. (a) Schematic a—«a diagram where the vertical lines show
values of log acasio, necessary for samples analysed in this study,
that are variably saturated with respect to titanite and rutile, to
be in equilibrium. For samples that contain either titanite or
rutile, phase relations place tight constraints on the activity of
the undersaturated Ti-bearing phase. (b) Calculated equilibria at
650 °C and 6.5 kbar for a titanite-bearing and rutile-absent
epidote—amphibolite (O’Beirne-Ryan et al., 1990). Phase rela-
tions show that wollastonite should be saturated with respect to
clinozoisite, suggesting that analysed plagioclase and epidote
may not have been in equilibrium.

Constraints on the activities of the Ti-phases
involved in the Ca0-Al,05-Si0,-TiO,-H>O system can
be examined using a logarithmic activity—activity
diagram at fixed P-T as shown schematically in

Fig. 6a, with arjo, and ac,sio, as independent vari-
ables. Surfaces of rutile, titanite and wollastonite
saturation (¢; = 1.0) can be calculated at a specified
pressure and temperature by solving the relevant
mass-action equations for logario, or logacasio,. As
an example, consider the equilibrium

CaSiO; + TiO, = CaTiSiOs
Wollastonite rutile titanite

(4)
for which mass-action equation can be written

log atio, = log aty — log acasio, —10gKs  (5)

At titanite saturation, Eq. (5) describes a straight line
in Fig. 6a, with unit negative slope and an intercept of
—log K4. Contours of reduced activities can also be
calculated, as shown for titanite and rutile in Fig. 6a.
This analysis places constraints on the acqsio, that is
needed in order for stoichiometric rutile and/or tita-
nite to be saturated. Assemblages undersaturated with
respect to wollastonite, and in equilibrium, should not
plot at values of log acasio, greater than zero.

The mass-action equations for selected reactions
among stoichiometric wollastonite, anorthite, clino-
zoisite/zoisite, grossular, quartz and H,O can be
solved for the acasio, values required by equilibrium,
using phase-component activities at P-T conditions
determined for a specific sample. The equilibria
should intersect lines of rutile and/or titanite satu-
ration depending on which of these phases coexist
with the assemblage. Figure 6a shows the schematic
position of equilibria involving anorthite + epi-
dote +quartz + water for four epidote—amphibolite
samples that are variably saturated with respect to
rutile and titanite. They are feasible equilibrium
assemblages, in that they intersect lines of rutile
and/or titanite saturation that are appropriate to the
assemblage present. For samples that contain either
titanite or rutile, the intersection points provide a
maximum estimate for ar,, in rutile-bearing and
titanite-absent samples and a minimum estimate for
ag; In titanite-bearing and rutile-absent samples. For
rutile-bearing assemblages, there are limits to how
low logacysio,values (and hence ary, values) may be
before kyanite should be saturated (Fig. 6b).

Some of the samples in the data set include mineral
assemblages that plot at values of logacasio, greater
than that corresponding to wollastonite saturation or
lower than that corresponding to kyanite saturation.
This may be due to uncertainties in the P-7 estimates,
mineral activities and thermodynamic data, or it may
indicate that the analysed phases in these assemblages
were not in equilibrium. This is illustrated for a
titanite-bearing sample in Fig. 6b. For this sample,
the equilibrium involving anorthite + water +
quartz + clinozoisite plots at a value for logacasio,
greater than that corresponding to wollastonite
saturation. For this case, use of TZARS for estimation
of ar, would yield erroneously low values. However,
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for the same sample, the equilibrium involving
garnet + quartz + anorthite plots at a reasonable
value of log acasio,, which intersects the line of titanite
saturation. Therefore, application of GRATIS should
provide a reasonable estimate of ag, for this sample.

Calculation of activities for undersaturated titanite and
rutile

Table 2 lists calculated log K-values for TZARS (log
K;) and GRATIiS (log K,) using the preferred P-T
conditions of the samples and calculated/assumed
activities for saturated phases. With these values, it is
possible to solve for ag, or aty, in titanite-absent and
rutile-absent samples, respectively, and the ratio
ary/aTty for samples that contain neither titanite nor
rutile. The ratio agry/arty, was also calculated for
samples that contain both titanite and rutile, to
evaluate the extent to which these phases are in
equilibrium. For TZARS,

3
ARy r,GH,0

atn  Kiak,,aqu
and for GRATIS,

are <K2aAn>

ATtn aGraQtz

Activities calculated using assemblages that do not plot
at reasonable values of log acasios are considered
suspect and excluded from consideration.

1=

Precision

The TZARS isopleths are relatively insensitive to
ary/aTy. Thus, commonly cited uncertainties of
+50 °C and +0.5 kbar in preferred P-T conditions
would result in large uncertainties of >50% for
activities estimated using TZARS. If preferred P-T
conditions are taken to be perfectly known, the
uncertainties may be reduced to ~25% for most sam-
ples, with uncertainties in plagioclase compositions
and plagioclase activity-composition models becoming
the main factor limiting precision. For GRATIS, pre-
cision in calculated titanite-rutile activities is limited
not by errors in preferred P-T conditions, as its log
K-values are more sensitive to variations in agry/ary,
than TZARS, but by uncertainties in ag,. In general,
the latter result in a precision of <20% for activity
calculations. However, for samples where garnet
exhibits significant variability in composition, uncer-
tainties could be larger.

RESULTS

Titanite- and rutile-bearing samples

Values of ar; and ary, should be near saturation
and ar/ary, ~1, in equilibrium assemblages that

© 2009 Blackwell Publishing Ltd

include titanite and rutile. Therefore, comparison of
calculated activity values for these samples (Table 2)
with those expected is useful for evaluating the
accuracy of TZARS and GRATiIS. GRATIS gener-
ally overestimates ag; relative to ary, (ary/aTem val-
ues range from 0.92 to 1.40 with an average of
1.20). In contrast, TZARS underestimates ag; rela-
tive to arw, yielding values that are in most cases
significantly less than wunity (0.33-0.84, with an
average of 0.65). The significant and systematic
differences in activity estimates provided by the two
equilibria suggest that inaccuracies are larger than
uncertainties in individual activity estimates. Con-
sequently, we ignore uncertainties in individual
activity estimates and focus instead on the system-
atic differences provided by the two equilibria in
evaluating their utility to estimate ar/ary In epi-
dote—amphibolites. When both equilibria are applied
to the same sample, the calculated activities appear
to bracket the permissible values and the midpoints
tend to be less than but reasonably close to unity.
The midpoint values are therefore taken as the pre-
ferred estimates for ar./ary in these samples. The
average of preferred ar/art,, estimates for all the
rutile- and titanite-bearing samples is 0.92 + 0.12
(Fig. 7). This approach is extended to samples that
are undersaturated with respect to titanite and/or
rutile, because as will be shown in the next section,
they also yield similar systematic differences in
estimated activities.

Rutile-bearing, titanite-absent samples

For rutile-bearing and titanite-absent samples, TZARS
yields ary, values that range from 0.67 to 1.24, with an
average of unity. GRATIS tends to provide lower
estimates for ar,, ranging from 0.56 to 1.14, with an
average of 0.73. The average of preferred ary, values
calculated for all the samples is 0.89 + 0.16 (Fig. 7).
This result suggests that titanite is nearly saturated in
many rutile-bearing and titanite-absent epidote—
amphibolites.

Titanite-bearing, rutile-absent samples

For titanite-bearing and rutile-absent samples,
TZARS yields slightly lower values of agr, (0.28-1.23
with an average of 0.74) than GRATIS (0.43-1.28
with an average of 0.86). The average of preferred
ar¢ values is 0.75 + 0.26 (Fig. 7). The limited data-
base of this study and large uncertainties involved
with TZARS make it difficult to evaluate whether or
not the spread in calculated ag, is reflective of true
variability in epidote-amphibolites. However, esti-
mates of agr, calculated by Ghent & Stout (1984) for
rutile-absent amphibolite facies metabasites exhibit a
similar range (0.43-1.16) and average (0.71 £ 0.28).
This similarity in the results calculated from different
equilibria supports the potential for significant
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variability of ag;, but also places confidence that
the average calculated value for agr, is representa-
tive for titanite-bearing and rutile-absent amphi-
bolites.

Samples lacking titanite and rutile

For samples that contain neither titanite nor rutile,
calculated values of ary/atw, by TZARS (aver-
age = 0.33 £ 0.24) are significantly lower than
those calculated using GRATIS (1.03 + 0.29). The
average of the preferred agry/ar, values is
0.42 + 0.27 (Fig. 7). Despite significant variability in
calculated values of ar/ary,, our results suggest that
rutile tends to be more undersaturated than titanite
in titanite- and rutile-absent epidote—amphibolites. If
titanite and rutile are in slight disequilibrium in the
samples that contain both of these phases, this
conclusion may explain why the calculated average
ary/artey for the titanite- and rutile-bearing samples is
less than unity (0.92).

Fig. 7. Histograms showing calculated preferred values and
mean values of undersaturated rutile and/or titanite for epidote—
amphibolites analysed in this study.

Variations in calculated activities as a function of lithology
and phase composition

In their analysis of garnet-bearing amphibolites,
Ghent & Stout (1984) found that calculated values of
ag tended to be higher (near unity) in pelites than in
metabasites (~0.71). In contrast, there are no obvious
differences in the calculated titanite and/or rutile
activities between the metabasite, pelite and calcsili-
cate samples analysed in this study (Table 2),
although our database is smaller. In addition, there
are no obvious correlations between activity estimates
and preferred P-T conditions of equilibration for the
samples, the plagioclase activity-composition model
used or with magnitudes of ac,o,7o, Or aa, values
(Table 2).

Systematic differences in activity estimations

Systematic differences in activity estimates calculated
using TZARS and GRATIS cannot be attributed to an

© 2009 Blackwell Publishing Ltd



PHASE-EQUILIBRIUM CONSTRAINTS ON TITANITE AND RUTILE ACTIVITIES 519

incorrect assumption of high ap,o for TZARS, as
decreasing ap,0 would increase the differences between
the activity estimates. Inaccuracies in activity-compo-
sition models for phases that are common to both
equilibria are unlikely to be large enough to explain the
differences, either. It is interesting to note that the two
garnet-rutile equilibria used by Ghent & Stout (1984)
tend, like GRATIS, to yield ag> 1. It is possible that
such systematic differences may be explained by inac-
curacies in the thermodynamic properties of the end-
member equilibria. For instance, taking into account
the small positive deviation of 0.01 £+ 0.01 from log
K = 0 for the experimentally determined TARK
reaction (titanite + kyanite = anorthite + rutile)
(Manning & Bohlen, 1991) could explain some fraction
of the observed discrepancies in activity calculations.
Our ability to constrain the value of this fraction
is limited by the precision of the activity estimates
and the potential for disequilibrium among analysed
phases, as earlier emphasized.

TZARS barometry of epidote-amphibolites: an outlook

We have characterized to a first-order the extent to
which rutile and titanite are undersaturated in epidote—
amphibolites that lack one or both of these Ti-bearing
phases. Additional studies may help better address
potential variability in the activities of undersaturated
titanite and/or rutile or require some modification to
our preferred estimates and corresponding uncertainties
for ary, atin OF ary/aTe in epidote—amphibolites that are

3_

variably saturated with respect to titanite and rutile.
However, the average calculated activities are suffi-
ciently constrained that their use with TZARS yields
accurate and precise pressure estimates for epidote—
amphibolites. This is illustrated for the samples analy-
sed in this study, excluding those that show signs of
disequilibrium between epidote and plagioclase and
where ap, <0.2 as shown in Fig. 8. TZARS yields
pressures that differ by <2 kbar from those cited and on
average by <0.5 kbar, even for samples that are
undersaturated with respect to both titanite and rutile
(Table 2; Fig. 8). Despite rather large uncertainties in
the average values obtained for agy, dty O dry/aTen,
TZARS yield pressure estimates with a precision of
about £0.5 kbar for samples that are saturated in ti-
tanite and/or rutile and about +0.8 kbar for samples
that contain neither titanite nor rutile. This accuracy
and precision of the TZARS barometer is comparable to
that of many well-calibrated barometers. TZARS
exhibits a tendency to slightly overestimate pressures for
all the assemblages. This tendency, if real, can be ex-
plained if GRATIS overestimates ag, relative to dry
slightly more than TZARS underestimates ag, relative
to ar, recalling that we simply used the averages of the
activity estimates provided by TZARS and GRATIS as
preferred values.

CONCLUSIONS

The extent to which rutile and/or titanite are under-
saturated in epidote—amphibolites is constrained by

|| 4 Ttn-bearing, Rt-absent ~  ------— > *
5 V¥ Rt-bearing, Ttn-absent ———— %
¢ Ttn- and Rt-bearing 6 1
1| ® Ttn- and Rt-absent/uncertain  ------------
=3 I ' ' ' ! ' T ' T T T T T T T T T -
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
aAn

Fig. 8. Deviation in pressures determined for epidote—amphibolites using TZARS from preferred values as a function of the activity of
the anorthite component in plagioclase (¢a,) and mineral assemblage.

© 2009 Blackwell Publishing Ltd



520 P.KAPP ET AL.

phase relations and can be estimated accurately for
samples that equilibrated under well-constrained P-T
conditions by using a combination of titanite-rutile
equilibria (TZARS, GRATIS). Average activity values
for undersatured rutile and/or titanite are sufficiently
well-constrained for epidote—amphibolites, that they
can be used with TZARS to provide accurate and
precise pressure estimates, even for those samples that
contain neither titanite nor rutile.
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