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Abstract

Titanium and zirconium analyses of quartz and rutile from blueschist samples from the eclogite—blueschist unit (EBU) in
northern Sifnos, Greece, have been evaluated to determine the extent to which the intersection of the Ti-in-quartz (TitaniQ)
and zirconium-in-rutile (ZiR) thermometers reflect peak metamorphic P-T conditions. Ti concentrations range from 100 to
530 ppb and Zr concentrations range from 14 to 44 ppm; there is no significant zoning observed in any grains and no signifi-
cant differences in concentrations in samples south and north of the Vroulidia shear zone (VSZ). Lines of equal Keq from the
TitaniQ and ZiR thermometers intersect at around 450-500 °C and 2.2-2.4 GPa, which is similar to the peak metamorphic
conditions of 530 °C, 1.9 GPa for samples north of the VSZ. However, the intersection is inconsistent with the peak meta-
morphic conditions of 525 °C, 1.1-1.4 GPa for samples south of the VSZ even when TitaniQ temperatures are corrected for
reduced activity of TiO,. Rather, TitaniQ temperatures are consistent with Ti values being incorporated into quartz during
prograde metamorphism along a subduction geotherm of 10—12 deg/km at around 300 °C. ZiR temperatures are consistent
with rutile nucleation and growth at around 450-500 °C along a similar metamorphic geotherm after the rutile-in reaction
was overstepped by around 1 kJ/mol-O. The TitaniQ and ZiR thermometers do not, therefore, reflect peak metamorphic P-T
conditions in these rocks but rather record recrystallization or growth processes during prograde subduction.

Keywords Ti-in-quartz thermometry - TitaniQ - Zr-in-rutile thermometry - ZiR - Quartz in garnet barometry - QuiG - Trace
element thermometry - Blueschists

Introduction

Trace element thermobarometry has the potential in meta-
morphic studies of revealing details about the P-T history
experienced by a rock. They are generally simple to use and,
because they involve trace elements, are not overly sensitive
to compositional non-ideality. Two trace element thermoba-
rometers, Ti-in-quartz (TitaniQ) and Zr-in-rutile (ZiR), are
particularly useful in the study of blueschists because of the
near ubiquity of quartz and rutile and because at the P-T
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conditions of interest, intracrystalline diffusion is sufficiently
slow that the trace element concentrations are not greatly
altered during exhumation (e.g., Cherniak et al. 2007a, b).
Additionally, TitaniQ and ZiR are both pressure dependent
equilibria but to different degrees so that isopleths of Ti-in-
quartz and Zr-in-rutile intersect at a unique point on a P-T
diagram (e.g., Thomas et al. 2010; Osborne et al. 2022).
The question remains, however, as to how best to interpret
the P-T conditions recorded by these thermobarometers.
Osborne et al. (2022, Fig. 8a) show a P-T diagram with
isopleths of Ti-in-quartz and Zr-in-rutile for four of their
experiments. The isopleths intersect at P-T conditions very
similar to the experimental conditions, supporting the infer-
ence that these two thermobarometers can faithfully record
peak metamorphic conditions. Similarly, Thomas et al.
(2010, Fig. 9) present a plot of Zr-in-rutile and Ti-in-quartz
for a sample of blueschist from Sifnos, Greece. The two
thermobarometers intersected in a region of P-T space at
around 2.2 +0.25 GPa and 560 + 15 °C, which is remarkably
consistent with the peak metamorphic conditions inferred for
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these rocks from by Castro and Spear (2017), which again
supports the suggestion that these two thermobarometers
reliably record the peak metamorphic conditions.

Whereas it is tempting to interpret the results from the
Sifnos blueschists (Thomas et al. 2010) as indication that
together TitaniQ and ZiR faithfully record the peak meta-
morphic conditions in these rocks, there are several lines of
evidence to suggest that the intersection of these two ther-
mobarometers at conditions near the inferred metamorphic
peak is serendipitous. This paper presents an analysis of the
petrologic evolution of several well-characterized samples
from the EBU of Sifnos to demonstrate that these thermo-
barometers in fact record the conditions of quartz and rutile
nucleation and growth (i.e., formation), which do not occur
at the same P-T conditions and do not occur at the metamor-
phic peak. Although it is perhaps disappointing that these
thermobarometers do not record peak conditions, careful
analysis of the petrogenesis of samples in which these ther-
mobarometers are found can help constrain the prograde P-T
path, which is of considerable value in evaluating subduction
geotherms and tectonic evolution.

Methods

Zr analyses in rutile were made on the Cameca SX-100 elec-
tron microprobe at Rensselaer Polytechnic Institute as was
reported by Spear et al. (2006) and precisions ranged from
7 to 13 ppm, depending on the analytical protocol adopted.
Ti analyses in quartz were obtained using the IMS 3f at
Woods Hole Oceanographic Institute. Cores approximately
1 cm diameter were drilled out of polished thin sections
and remounted in a single linch epoxy round so that all
quartz grains to be analyzed could be in the IMS 3f cham-
ber at the same time. Cores were drilled that included both
matrix quartz and quartz inclusions in garnet. A working
curve was generated using the QTiP suite of synthetic Ti-
in-quartz standards (Thomas et al. 2010) and was forced
through the origin. Analytical precisions were on the order
of tens of ppb and the overall accuracy was estimated to be
approximately +0.1 ppm (100 ppb).

Thermobarometric calculations for the solubility of Ti
in quartz were done using the calibration of Osborne et al.
(2022) and Thomas et al. (2010). Both calibrations give
identical temperatures (to within 1 °C) at approximately
1.0 GPa but the Osborne et al. (2022) calibration yields
lower temperatures at higher and lower pressures due to the
pressure dependence of the AV, ., term. Only the results
using the Osborne et al. (2022) calibration are shown, but
the choice of thermometer calibrations does not in any way
impact the results of this study. Calculations for the solubil-
ity of Zr in rutile were done using the calibration of Tom-
kins et al. (2007). Mineral assemblage diagrams (MADs or
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pseudosections) were calculated on each sample to provide
an estimate of the equilibrium phase boundary for rutile.
Calculations were performed using the thermodynamic data-
sets of Holland and Powell (2011: HP11; ds6.2), Holland
and Powell (1998: HP98; ds 5.5) and Spear and Pyle (2010:
SPaC) in order to compare results. All calculations were
done using program Gibbs (Spear and Wolfe 2022: supple-
mental material).

Sample setting

The geologic setting of the EBU of northern Sifnos has
been described in detail by Spear et al. (2006), Roche et al.
(2016), and Castro and Spear (2017) and the reader is
referred to these papers and references therein for additional
details. The samples discussed in the present study (Fig. 1
and Table 1) were analyzed for zirconium-in-rutile by Spear
et al. (2006) and for quartz-in-garnet barometry by Castro
and Spear (2017) (samples SPH99-1, SPH99-5 and SPH99-
7). It is particularly important to note the location of the
Vroulidia shear zone (VSZ) and that five samples are located
to the south and four sample locations are to the north of the
VSZ (Fig. 1 and Table 1). Castro and Spear (2017) reported
significantly different P-T conditions for garnet nucleation
and growth for samples south and north of the VSZ, as will
be discussed in detail below.

Results
Analyses of Zr in rutile and Ti in quartz for the suite of sam-

ples are presented in Tables 2 and 3. Values of Zr in rutile
range from 13 to 43 ppm in samples south of the VSZ and

Sifnos n

Upper Marble Unit
Blueschist-Eclogite Unit
Main Marble Unit

Fig.1 Geologic map of the north end of Sifnos, Greece, show-
ing the location of samples in the Blueschist-Eclogite Unit rela-
tive to the Vroulidia shear zone (VSZ). Map is modified from Spear
et al. (2014), Castro and Spear (2017), and Roche et al. (2016).
Coordinates for upper left and lower right of the map are, respec-
tively, Lat=37.04376°, Long=24.62947°; Lat=37.00224°,
Long=24.68514°



Contributions to Mineralogy and Petrology (2023) 178:8 Page 3 of 13 8
Table 1 Mineral assemblages in blueschist samples from Sifnos, Greece (modified from Spear et al. 2006)
Sample Latitude Longitude Rock type Minerals present Comments
Samples south of the Vroulidia shear zone
SPH99-1c 37.01689 24.66733 Metapelite Grt+Phn+Pg+Qtz+Rt+Zrn+GIn+Ep+(A  Ab+Mt “clots” are pseudomorphs
b+Mt)
SPH99-2 37.01748 24.66581 Metapelite Grt+Phn+Pg+Cld (in Grt)+Qtz+Rt+Zrn+ Ab+Mt “clots” are pseudomorphs
GIn+Ep+(Ab+Mt)
SPH99-3 37.02013 24.67006 Metapelite Grt+Phn+Pg+Cld (in Grt) + Qtz+Rt+Zrn+  Ab+Mt “clots” are pseudomorphs
Ep+ (Ab+Mt)
SPH99-5 37.02178 24.66924 Metapelite Grt+Phn+Pg+Cld (in Grt)+Qtz+Rt+Zrn+ Ab+ Mt “clots” are pseudomorphs; Clino-
GIn+Ep+ (Ab+Mt) zoisite lineation inside garnet
SPH-150 37.02811 24.66784 Metapelite Grt+Phn+Pg+Qtz+Rt+Zrn+GIln+(Ab+M Ab+Mt “clots” are pseudomorphs

t)+ Ank
Samples north of the Vroulidia shear zone

Grt+Jd+Gln+Ep + Rt + Sph +Pg +Phn+Qt
Grt+Phn+Pg+Qtz+Rt+Zrn+Gln+Ep+ (A
Grt+Phn+Pg+Omp (in Grt)+ Qtz+Rt+Zrn
Grt+Omp + Gln+Ep +Rt+Sph+Pg+Phn+Q
Grt+Omp+GIn+Ep+Rt+Sph+Pg+Phn+

Grt+Omp + GIn+Ep +Rt+Sph+Pg+Phn +

Rutile in garnet only; sphene in matrix
Ab+Mt “clots” are pseudomorphs
Ab+ Mt “clots” are pseudomorphs
Rutile in garnet only; sphene in matrix
Rutile in garnet only; sphene in matrix

Rutile in garnet only; sphene in matrix

SPH99-7 37.03224 24.66068 Metabasite

z+7Zrn
SPH99-8a 37.03078 24.66188 Metapelite

b+ Mt)
SPH99-8b 37.03078 24.66188 Metapelite

+GIn+Ep+ (Ab+Mt)
SPH-148a 37.02319 24.65279 Metabasite

tz+Zrn+ Ank
SPH-148c 37.02319 24.65279 Metabasite

Zrn+ Ank
SPH-149¢c 37.02364 24.64679 Metabasite

Qtz+Zrn
SPH-149d 37.02364 24.64679 Metapelite

Grt+Jd+Gln+Rt+Pg+Phn+Chl+Qtz+Zrn

Pseudomorph clusters of Rt+Zrn + silicates

Grtgarnet; Qrzquartz; Phnphengite; Pgparagonite; Glnglaucophane; Omp omphacite; Jdjadeite; Rtrutile; Zrnzircon; Abalbite; Mtmagnetite;

Cld chloritoid; Ep epidote; Sph sphene; Ank ankerite; Chl chlorite

14—44 in samples north of the VSZ. The values in column
5 of Table 2 are the standard deviations of the analyses on a
single grain which, when compared to the expected standard
deviations based on Poisson statistics (column 6), provide
a measure of grain homogeneity (homogeneous grains are
indicated in bold). As can be seen, most of the grains are
statistically homogeneous in Zr concentration. Further-
more, given the observed range in Zr concentrations in the
entire suite of samples (13—44 ppm) and the 2 sigma Poisson
uncertainty of + 14-26 ppm, depending on the sample, it
can be concluded that the Zr concentrations are statistically
homogeneous within a sample and that there is not a signifi-
cant difference in Zr concentrations between samples. Most
importantly, there is no statistically significant difference in
the Zr concentrations in rutile between samples south and
north of the VSZ.

Values of Ti in quartz (Table 3) range from 200 to
440 ppb for samples south of the VSZ and 100-550 ppb
for samples north of the. Images showing the location of
analysis spots are provided in the supplemental materials.
In all cases, the grains with the highest concentrations of
Ti also have the largest standard deviations, which suggests
that the grains with the higher measured concentrations may

be somewhat heterogeneous or, more likely, the analysis
incorporated an inclusion of another material, thus skewing
the result. It should be noted that the standard deviations
reported in column 9 are based on Poisson counting statis-
tics. These values range from 10 to 120 ppb, but it should
not be inferred that these values reflect the accuracy of the
analyses, which are also a function of sample characteris-
tics (e.g., inclusion density, etc.) and standardization. For
the purposes of the present paper, it is estimated that the
accuracy of the analyses is approximately 100 ppb. Conse-
quently, it may be concluded that all quartz crystals analyzed
have nearly identical Ti contents and there does not appear
to be any statistically significant difference in the Ti concen-
trations of quartz from samples south or north of the VSZ.
Figure 2 shows P-T diagrams on which isopleths of Ti-in-
quartz (TitaniQ: Osborne et al. 2022) and Zr-in-rutile (ZiR:
Tomkins et al. 2007) have been plotted. Calculation of P-T
isopleths for both thermometers requires assumptions about
the activities of TiO, for the TitaniQ thermometer and ZrO,
for the ZiR thermometer. All samples studied contain quartz
and zircon, so the activity of ZrO, as defined by the equi-
librium ZrSiO, =ZrO, + Si0, is unity. The activity of TiO,
requires evaluation of the stability of rutile and, as will be
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Table 2 Zr-in-rutile analyses for blueschist samples from Sifnos, Greece

1 2 3 4 5 6 7
Grain No. Spots[1] Zr ppm 1o (s.d.)[3] Exp s.d [2] Notes

Samples south of the Vroulidia shear zone

SPH99-1c 1 11 19 8 9 Matrix
2 8 29 12 9 Matrix
3 7 34 6 9 Matrix
4 5 40 11 9 Matrix: garnet rim
5 3 18 9 9 Inclusion: garnet
6 5 23 8 9 Inclusion: garnet
7 10 19 10 9 Inclusion: garnet
SPH99-2 1 4 39 13 9 Matrix
3 5 35 10 9 Matrix: garnet rim
4 5 22 3 9 Inclusion: garnet
5 5 22 8 9 Inclusion: garnet
6 3 26 12 9 Inclusion: garnet
7 5 27 4 9 Inclusion: garnet
SPH99-3 1 10 38 11 9 Matrix: garnet rim
2 10 33 9 9 Matrix: garnet rim
3 10 38 14 9 Inclusion: garnet
4 2 24 3 7 Matrix: garnet rim
5 5 20 9 7 Matrix
6 3 27 6 7 Matrix: garnet rim
7 4 15 5 7 Inclusion: garnet
8 3 13 2 7 Inclusion: garnet
SPH99-5 1 3 31 11 13 Inclusion: garnet rim
2 3 22 10 13 Inclusion: garnet rim
3 3 31 11 13 Inclusion: garnet core
4 4 23 15 13 Matrix
5 3 43 9 13 Matrix
6 4 41 18 13 Inclusion: garnet
7 3 38 11 13 Inclusion: garnet
8 1 29 13 Matrix
SPH-150 1 4 25 18 7 Inclusion: garnet margin
2 1 29 7 Inclusion: garnet core
3 4 23 4 7 Inclusion: garnet core
4 3 23 7 7 Inclusion: garnet core
5 4 32 12 7 Inclusion: garnet core
6 4 27 3 7 Matrix: garnet rim
7 2 22 1 7 Matrix
8 5 34 8 7 Matrix
Samples north of the Vroulidia shear zone
SPH-148a 1 2 26 17 13 Inclusion: garnet
4 2 22 9 13 Inclusion: garnet
5 3 22 3 13 Inclusion: garnet
6 3 24 5 13 Inclusion: garnet
SPH-148c¢ 1 3 17 12 9 Inclusion: garnet
2 3 14 13 9 Inclusion: garnet
3 2 40 5 9 Inclusion: garnet
4 5 24 16 9 Inclusion: garnet
5 2 15 11 9 Inclusion: garnet
SPH-149¢ 1 4 22 8 13 Inclusion: garnet
2 5 15 6 13 Inclusion: garnet
3 4 15 11 13 Inclusion: garnet
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Table 2 (continued)

Samples north of the Vroulidia shear zone
4 7 21 7 13 Inclusion: garnet
5 5 24 10 13 Matrix: garnet rim
6 3 23 5 13 Matrix
7 4 19 8 13 Inclusion: garnet

SPH-149d 1 27 33 7 7 Matrix
2 11 36 6 7 Inclusion: garnet
3 7 34 5 7 Inclusion: garnet
4 12 33 8 7 Martix: garnet rim
5 34 4 7 Matrix: pseudomorph
6 8 31 8 7 Matrix: pseudomorph
7 86 30 9 7 Matrix
8 62 34 7 7 Matrix

[4] 9 1 35.8 1 Matrix

[4] 10 1 36.4 1 Matrix

SPH99-7 1 7 14 7 13 Inclusion: garnet
2 2 23 4 13 Inclusion: garnet
5 7 20 8 7 Inclusion: garnet
6 8 28 11 7 Inclusion: garnet
7 7 26 6 Inclusion: garnet
8 8 18 6 7 Inclusion: garnet

SPH99-8a 1 2 24 7 13 Inclusion: garnet
3 3 44 26 13 Inclusion: garnet
4 4 38 13 13 Matrix: garnet rim
5 6 37 13 13 Matrix

SPH99-8b 6 6 32 18 13 Matrix: garnet rim
7 2 14 10 13 Inclusion: garnet
10 6 32 18 13 Matrix
11 4 30 9 13 Matrix
12 5 18 5 13 Matrix

[1]Number of analyses =No Spots*4 (four simultaneous spectrometer analyses)

[2]Expected standard deviation calculated from Poisson statistics for three analysis protocols: + 13 ppm=100 na and 120 s;+9 ppm=200 na

and 120 s; +7 ppm =200 na and 200 s

[3]s.d. is standard deviation (measured) of all analyses for a grain. Compare with expected s.d. to ascertain homogeneity of grain. Statistically

homogeneous grains are indicated in bold text

[4]Analyses by SIMS. All other analyses by electron microprobe

discussed below, quartz is not interpreted to have recrystal-
lized with rutile present. All isopleths of TitaniQ shown in
Fig. 2 were calculated assuming the activity of TiO, was
unity, and a more rigorous analysis will be presented below.

As can be seen, the data from south and north of the
VSZ are quite similar and both show an intersection at
around 475-500 °C, 2.2-2.4 GPa. The lines with gentle
slopes are isomekes from quartz-in-garnet barometry
(QuiG) based on values reported in Castro and Spear
(2017) for three samples and the experimental calibration
of Thomas and Spear (2018). The difference in pressure of

garnet formation between samples south and north of the
VSZ is clearly evident in the QuiG results, as discussed
by Castro and Spear (2017). Of particular significance is
the observation that the intersection of TitaniQ and ZiR
in the northern sample is entirely consistent with the P-T
conditions inferred for garnet formation from QuiG (black
squares) whereas for the two southern samples, the inter-
section falls at significantly higher pressure.

The irregular lines are the equilibrium phase boundaries
for rutile stability calculated from the bulk compositions
given in Table 4. The solid boundaries are calculated using
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Table 3 Ti-in-quartz analyses
Sample Position[2] 40/30 stdev 48/30 stdev 48/30(corr) Ti(ppb) Stdev[1]
South of the Vroulidia shear zone
SPH99-1C/A Inclusion 6.29E-03  2.00E-03  5.49E-05 1.50E-05  4.33E-05 440 120
Inclusion 4.75E-03  790E-04  3.19E-05 3.90E-06  2.31E-05 240 30
SPH99-1C/B Matrix 399E-03 6.70E-04 2.86E-05 6.80E-06  2.12E-05 220 50
Matrix 4.00E-03  6.50E-04 2.73E-05  2.60E-06 1.99E-05 200 20
Matrix 5.78E-03  3.90E-04  4.60E-05 1.20E-05  3.53E-05 360 90
SPH99-2/C Matrix 4.32E-03 5.60E-04 4.80E-05 6.30E-06  4.00E-05 410 50
Matrix 3.72E-03  540E-04 441E-05 4.30E-06 3.72E-05 380 40
Matrix 2.87E-03  440E-04 2.82E-05 3.80E-06  2.29E-05 230 30
SPH99-3/A Inclusion 5.81E-03  ** 4.00E-05  7.40E-06  2.93E-05 300 60
Inclusion 5.52E-03 ok 3.79E-05  7.80E-06  2.77E-05 280 60
Inclusion 1.06E-02  ** 5.67E-05 1.70E-05  3.71E-05 380 110
SPH-150/A Matrix 4.24E-03  9.00E-04  4.66E-05 1.40E-05  3.87E-05 400 120
Matrix 3.51E-03  6.50E-04  3.04E-05 1.02E-05  2.39E-05 250 80
Matrix 3.69E-03  6.60E-04  3.40E-05 4.70E-06  2.72E-05 280 40
Matrix 3.53E-03  6.90E-04  3.18E-05 5.70E-06  2.52E-05 260 50
North of the Vroulidia shear zone
SPH-149C/A Matrix 4.64E-03  9.00E-04 6.18E-05 9.70E-06  5.32E-05 550 90
Matrix 421E-03 8.60E-04 5.38E-05 3.60E-06  4.60E-05 470 30
Matrix 3.28E-03  6.90E-04 2.53E-05  4.00E-06 1.92E-05 200 30
SPH-149C/B Inclusion 499E-03  ** 391E-05 8.50E-06  2.99E-05 310 70
Inclusion 5.36E-03  8.40E-04  6.09E-05 1.26E-05  5.10E-05 520 110
SPH-149C/C Matrix 4.01E-03  7.00E-04 5.77E-05 9.30E-06  5.02E-05 520 80
Matrix 361E-03 640E-04 3.92E-05 6.70E-06  3.25E-05 330 60
SPH-149C/D Inclusion 4.63E-03  7.70E-04  6.00E-05 1.40E-05  5.14E-05 530 120
Inclusion 2.89E-03  5.10E-04 4.12E-05  7.20E-06  3.59E-05 370 60
SPH99-8B/A Matrix 2.86E-03  7.00E-04  2.62E-05  5.40E-06  2.09E-05 210 40
Matrix 292E-03  6.70E-04  2.34E-05  4.90E-06 1.80E-05 180 40
Matrix 2.56E-03  440E-04 2.24E-05 5.60E-06 1.76E-05 180 40
Matrix 2.68E-03  5.60E-04 2.22E-05  4.30E-06 1.72E-05 180 30
SPH99-8B/B Matrix 2.28E-03  4.00E-04 1.89E-05  3.50E-06 1.47E-05 150 30
Matrix 2.08E-03  4.40E-04 2.14E-05 3.30E-06 1.75E-05 180 30
Matrix 1.71E-03  3.40E-04  1.87E-05 1.68E-06 1.55E-05 160 10
SPH99-8B/C Matrix 9.01E-04 1.30E-04 1.19E-05 2.14E-06  1.02E-05 100 20
Matrix 2.53E-03  3.70E-04 1.78E-05  3.40E-06  1.31E-05 130 30
Matrix 2.90E-03  6.30E-04 2.68E-05 5.70E-06  2.15E-05 220 50
Matrix 2.13E-03  3.40E-04 1.88E-05  2.90E-06 1.49E-05 150 20
Matrix 1.98E-03  3.80E-04 2.67E-05 4.30E-06  2.30E-05 240 40

Ca correction: ¥Ca/**Ca=0.00185

Working curve 1: Ti(ppm) = 1.028e4*(48/30)corrected
Working curve 2: Ti(ppm) = 1.13e4*(48/30)corrected

**No s.d. available

[1]Stdev based on Poisson counting statistics

[2]Quartz grains are either in the matrix or inclusions within garnet

the thermodynamic dataset of Spear and Pyle (2010) (SPaC),
the dashed and dotted lines were calculated using the values
from Holland and Powell (1998: HP98) and (2011: HP11),
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respectively, with datasets ds5.5 and ds6.2, respectively. The
calculations using the HP98 and HP11 datasets place rutile
stability at somewhat higher pressure and/or temperature
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Fig.2 Pressure—temperature diagrams showing the results of Ti-in-
quartz (TitaniQ), Zr-in-rutile (ZiR), and quartz-in-garnet (QuiG) ther-
mobarometry for (a) samples south of the Vroulidia shear zone (VSZ)
and (b) the sample north of the VSZ. Irregular lines are the locations
of the rutile-in reaction for each sample calculated using the thermo-
dynamic data sets of Spear and Pyle (2010: SPaC—solid lines), Hol-

Table 4 Bulk rock analyses used in calculations

land and Powell (1998: HP98 with ds5.5—dashed lines) and Holland
and Powell (2011: HP11—dotted lines). Blue arrows show metamor-
phic trajectories discussed in the text. Black squares are the inferred
conditions of garnet formation after Castro and Spear (2017) and are
interpreted as representing the peak metamorphic conditions

SPH99-1a SPH99-5 SPH99-7

SiO, 76.00 75.18 55.44
Al,O4 12.72 11.42 17.32
TiO, 0.37 0.27 0.35
MgO 1.03 0.63 5.08
FeO 3.26 5.94 7.95
MnO 0.11 0.04 0.13
CaO 0.95 1.42 5.32
Na,O 3.83 4.83 5.31
K,0 1.88 0.54 2.25
H,O0%* 10.00 10.00 10.0

1,2

SPH99-5 Rutile-in reaction |

08 % vs. TiO2 content
04 L | 1 | L 1 | L 1 |
400 450 500 550 600 650 700
T(C)

Composition determined from EDS analysis of entire thin section

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

than the SPaC dataset and the implications of this will be
discussed below.

The location of the equilibrium phase boundary for
rutile is, of course, also a function of the bulk rock TiO,
content. To explore the sensitivity of the rutile-in reaction,
calculations have been performed using the measured TiO,
content (0.27 wt.%), one-half of this value (0.135 wt.%),
twice this value (0.54 wt.%) and 1.0 wt.% larger (1.27
wt.%) (Fig. 3). Within a factor of 2 of the measured TiO,
content, the equilibrium phase boundary for rutile varies
only minor amounts.

Fig.3 Pressure—temperature diagram showing the sensitivity of the
calculated rutile-in reaction to the bulk rock TiO, content. Values on
the curves are the TiO, content in wt.%. Calculations were done using
the SPaC thermodynamic dataset

Discussion
QuiG results

To compare the results of the TitaniQ and ZiR results with
the inferred peak metamorphic conditions, it is necessary
to evaluate as accurately as possible the peak metamorphic
condition. Castro and Spear (2017) used a combination of
QuiG barometry, ZiR thermometry and thermodynamic
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calculations (mineral assemblage diagrams or MADs)
to infer the peak P-T conditions. The peak pressure was
primarily constrained by the results of inclusion barom-
etry (QuiG) and the proper application of this method has
been the subject of considerable discussion (e.g., Angel
et al. 2019; Murri et al. 2018). Castro and Spear (2017)
employed the so-called “hydrostatic method” by which
the pressure on the quartz inclusion was determined from
the Raman shift of the 464 cm™' peak using the calibra-
tion of Schmidt and Ziemann (2000) and the elastic model
of Guiraud and Powell (2006). Angel et al. (2019) have
argued that the Raman shifts are actually the result of
strain on the inclusion and have presented theoretical and
practical approaches to calculate these strains. We have
analyzed both methods using the experimental data in
Thomas and Spear (2018) and the analysis is presented
in the supplemental material (S1 Supplemental Material).
We found that the hydrostatic method reproduces the
experimental pressures well at low pressure (1 GPa) but
there is an increasing deviation between the experimental
and hydrostatic pressures with increasing pressure up to
2 GPa. In contrast, the elastic tensor method results in
systematic overestimate of the experimental pressures by
approximately 0.17 GPa. For the present study, we have
recalculated the QuiG results using both the hydrostatic
and elastic tensor methods with the addition of the peak
shifts for the 206 and 128 cm™! data for the samples used
by Castro and Spear (2017). The results are presented in
Table 5 and shown in Figs. 4, 5 and 6. As can be seen, the
difference in QuiG pressures calculated by the two differ-
ent methods does not alter the interpretations in this paper.

Crystallization along subduction P-T paths

To evaluate the consistency and significance of the Tita-
niQ and ZiR results with respect to calculated quartz and
rutile stability fields, linear subduction P-T paths have been
drawn in Figs. 2, 4, 5 and 6 that correspond to metamorphic

P-T trajectories that intersect the peak P-T conditions (blue
arrows). These are, for samples SPH99-1a, SPH99-5, and
SPH99-7 approximately 22, 26 and 36 bar/deg, respectively
(12.1, 10.2, and 7.4 deg/km, respectively). Other metamor-
phic P-T paths are, of course, possible, but these represent
the simplest and form a basis for discussion and comparison.
Also shown in Figs. 4, 5 and 6 are contours for the calculated
rutile-in reaction (red lines with affinity =0.0), the affinity of
rutile above the rutile-in reaction (black lines with positive
values), and the affinity of rutile below the rutile-in reaction
(blue lines with negative values). These latter contours will
be used below to assess the activity of TiO, where rutile is
not stable.

An important consideration before evaluating the sig-
nificance of the TitaniQ and ZiR results is whether the Ti
contents of the quartz or Zr contents of rutile were substan-
tially modified subsequent to formation by either diffusion
or dynamic recrystallization. Using the diffusivities from
Cherniak et al. (2007a), the diffusion distance (X = \/EZ)
for Ti in quartz at 550 °C (the upper bound of the inferred
peak T) is only 3.3 um in 1 ma and 10 pm in 10 Ma. The
lack of Ti resetting by diffusion at temperatures up to the
middle amphibolite facies is also consistent with CL imag-
ing of Ti in quartz reported by Spear and Wark (2009) and
Ashley et al. (2013). A similar calculation for Zr in rutile
using the diffusivities of Cherniak et al. (2007b) indicate that
the characteristic diffusion distance X = \/th) at 550 °C are
only 2 and 6 um in 1 and 10 Ma, respectively, which is even
shorter than the characteristic distance for quartz diffusion.
It is therefore concluded that the Ti and Zr contents of quartz
and rutile, respectively, have not been substantially modified
by diffusion. The absence of chemical zoning in quartz and
rutile also supports this conclusion.

A number of studies have documented the modification of
Ti concentrations in quartz as a result of dynamic recrystal-
lization, for example in mylonites (e.g., Kohn and Northrup
2009; Grujic et al. 2011; Nachlas, et al. 2014, 2018; Nach-
las and Hirth 2015; Bestmann and Pennacchioni 2015). The

Table 5 Maximum shift of quartz inclusions in garnet for samples in this study

Sample T 464! 206! 128" el+e2? e3? Pinc Elastic Ptrap Ptrap at T 464 Pinc  Ptrap at T
Tensor’ at T corrected Hydro>*

SPH99-1a 525 428 1279 279 —0.017426 0.0006066  0.584 1.435 1.248 0.476 1.151

SPH99-5 525 550 1659  4.05 —-0.019570 —0.0010572  0.730 1.699  1.509 0.615 1.360

SPH99-7 530 845 2209 649 —0.013951 —0.0097045  0.906 2.035 1.840 0.955 1.908

Uncertainties are 464 (0.3), 206 (1.0), 128 (0.3). Raman shifts are cm™!

2Correlation coefficients are — 98.7

3Pressures are in GPa

4Hydrostatic model after Schmidt and Zieman (2000)
3Calculated using program EntraPT (Mazzucchelli et al. 2021)
Calculated after Guiraud and Powell (2006)
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Fig.4 Pressure—temperature diagrams showing results of calculations
for sample SPH99-1a (south of the VSZ). Black square is the inferred
peak metamorphic condition and bold shallow line through the black
square is the result of QuiG barometry (from Castro and Spear 2017 ).
Gray bands are the show the range of P-T conditions calculated from
TitaniQ and ZiR thermometry. Irregular lines are calculated values
of rutile affinity based on the thermodynamic datasets (a) SPaC; (b)
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HP98; (¢) HP11. Values on the contours are affinities in units of kJ/
mol-O. Red contour (affinity=0) is the rutile-in reaction, black con-
tours are where affinity>0 and blue contours are where affinity <0.
Blue arrows are a metamorphic gradient of 22 bar/deg (c.a. 12.1 deg/
km). Green lines are the offsets of TitaniQ thermometry from calcu-
lated TiO, activities along the blue P-T path
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Fig.5 Pressure—temperature diagrams showing calculations for sample SPH99-5 (south of the VSZ). Labels as in Fig. 4. Blue arrows are a meta-

morphic gradient of 26 bar/deg (c.a. 10.2 deg/km)

quartz grains examined in the present study do not display
any evidence of late-metamorphic recrystallization or strain
such as undulose extinction, deformation lamellae, mosaic
textures, or grain size reduction (see images in supplemental
materials). Moreover, the Ti contents of quartz inclusions
within garnet are statistically identical to those of matrix
grains, which would not be expected if the matrix grains
had experienced dynamic recrystallization. Therefore, it is
concluded that the measured concentrations reflect those at
the time of formation.

TitaniQ results

For samples SPH99-1a and SPH99-5, the subduction P-T
path passes through the field of the TitaniQ results at tem-
peratures of around 300 °C (Fig. 2 and Figs. 4 and 5). These
calculations were made assuming a(TiO,)= 1.0 but consid-
ering that rutile is not stable at these conditions, a(TiO,)
must have been less than 1.0. The activity of TiO, is related
to the affinity contours by the relationship

u(TiO,) = u°(TiO,) + RT Ina(TiO,),
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Fig.6 Pressure—temperature diagrams showing calculations for sam-
ple SPH99-7 (north of the VSZ). Labels as in Fig. 4. Blue arrows are
a metamorphic gradient of 36 bar/deg (c.a. 7.4 deg/km) and 26 bar/
deg (from sample SPH99-5: Fig. 5) followed by nearly isothermal

where u(TiO,) is the calculated chemical potential of TiO,
based on the matrix (rutile-free) assemblage and u°(TiO,)
is the standard state chemical potential of rutile at the P-T
conditions of consideration. Thus, a(TiO,) can be calculated
from the relationship

a(TiO,) = exp(Au/RT), e))

where Au=u(TiO,) — t°(TiO,). At the rutile-in reaction, this
value is, of course, zero.

Calculation of a(TiO,) requires the P-T conditions of
quartz formation be known. Using the subduction P-T tra-
jectories shown in blue in Figs. 4, 5 and 6, the pressure
at any temperature can be calculated and the value of Ap
determined from the intersection of the path with the blue
contours of affinity (i.e., Au) and from this the activity can
be calculated from Eq. 1. Note that the blue contours are in
units of J/mol-O (i.e., for Ti;,O) whereas the value of Au
used to calculate activity is in units of J/mol-TiO, so are
twice the values shown on the contours. Activity does not
vary strongly with temperature but does vary significantly
with Au. For example, for a value of Auy=1000 J/mol over
a temperature range from 300 to 500 °C the activity only
varies from 0.81 to 0.85. However, changing Ay from 1000
to 5000 J at 400 °C varies the activity from 0.83 to 0.41.

Based on the assumed P-T trajectory and the calculated
values of Ay, the temperature from TitaniQ can be solved
iteratively. This has been done for the highest and lowest
Ti concentrations from south and north of the VSZ and the
results are shown in Table 6 and Figs. 4, 5 and 6 as green
lines. For example, in sample SPH99-1a (Fig. 4) the lowest
and highest Ti concentration are 200 and 440 ppb, the calcu-
lated TiO, activities are 0.58 and 0.79 (using the SPaC ther-
modynamic dataset), and the corresponding temperatures

@ Springer
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loading. Magenta lines are offset of TitaniQ temperatures with TiO,
activities calculated along the gradient of 26 bar/deg (10 deg/km)
(i.e., blue path for sample SPH99-5)

from TitaniQ are 314 and 345 °C, respectively. These tem-
peratures can be compared with calculations assuming
a(TiO,) =1 of 298 and 333 °C, respectively. That is, the
calculations using the revised values of a(TiO,) are 18 and
11 degrees higher. A similar calculation for sample SPH99-5
(Fig. 5) results in calculated activities of 0.46 and 0.67 and
temperatures 33 and 20 degrees higher than those calculated
assuming a(TiO,)=1. Similar results are obtained using the
HP98 and HP11 thermodynamic datasets although the val-
ues of a(TiO,) are generally lower than that calculated from
the SPaC dataset (Table 6).

Sample SPH99-7 (Fig. 6) is somewhat more problem-
atic to interpret because the subduction P-T trajectory of
7.4 deg/km passes through the array of TitaniQ results
calculated with a(TiO,) =1 and also passes into the P-T
region above the rutile-in reaction (red line with affinity =0)
but apparently rutile had not yet formed based on the ZiR
results. In this region (above the rutile-in reaction but below
the ZiR contours) the activity of TiO, is greater than 1,
which will have the result of lowering the calculated TitaniQ
temperature from that obtained assuming a(TiO,)=1. Fur-
ther complicating the calculations is the observation that the
P-T trajectory enters the ZiR array near the metamorphic
peak. Once rutile forms, the activity will drop from whatever
elevated value it had back to 1.0. Thus, it is not clear how to
correct the values with the higher Ti contents for TiO, activ-
ity. What has been done in Fig. 6 is to calculate the activity
of TiO, for both the lowest and highest Ti contents (100 and
530 ppb, respectively) assuming that rutile has not formed.
The result is to raise the temperature of the low-Ti measure-
ment and lower the temperature of the high Ti measurement,
thus reducing the spread (green lines in Fig. 6).

Figures 4 and 5 clearly demonstrate that the Ti concen-
trations in quartz from samples collected south of the VSZ
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Table 6 Calculated values of Min Ti (ppb) a(TiO,) T°C P(GPa) MaxTi(ppb) a(TiO2) T°C P (GPa)
activity of TiO,, T and P for
minimum and maximum Ti SPH99-1a Gradient=21.9 bar/deg
concentrations in quartz along SPaC 200 058 314 0688 440 079 345 0757
assumed P-T gradients
HP98 200 0.25 373 0817 440 0.39 397  0.871
HP11 200 0.29 362 0793 440 0.39 399  0.874
SPH99-5  Gradient=26.4 bar/deg
SPaC 200 0.46 371 0980 440 0.67 403 1.063
HP98 200 0.46 371 0980 440 0.62 409  1.081
HP11 200 0.34 393 1.039 440 0.49 427 1.130
SPH99-7  Gradient=36.7 bar/deg
SPaC 100 0.72 377 1386 530 1.41 467 1716
HP98 100 0.78 372 1365 530 1.31 475 1.744
HP11 100 0.612 390 1432 053 1.13 492 1.806
SPH99-7  Gradient=26.4 bar/deg (path for SPH99-5)
SPaC 100 0.449 326 0.860 530 0.840 396 1.045
HP98 100 0363 340 0.899 530 0.604 422 1.114
HP11 100 0.278 359 0949 530 0512 436 1.151

were incorporated below the peak metamorphic tempera-
ture, and likely they were locked in at a temperature around
300 °C. The interpretation of results from the sample north
of the VSZ are not so clear, but if the 7.4 deg/km path is
correct, it appears that the Ti concentrations in quartz were
obtained prior to the metamorphic peak as well.

ZiR results

Kinetic theory requires a finite amount of overstepping to
drive the nucleation of a new phase but the amount of affin-
ity required to nucleate rutile is not known. Estimates of
garnet affinity at the point of nucleation range from a cou-
ple of hundred J/mol-O to over 2000 J/mol-O (e.g., Pattison
et al. 2011; Spear et al. 2014; Castro and Spear 2017; Wolfe
and Spear 2018; Spear and Wolfe 2022) and it is reasonable
to assume that similar values apply to rutile. Figures 4, 5,
and 6 present P-T diagrams contoured for the rutile affinity
in the region where rutile is nominally stable but has not
yet nucleated (black contours). Regardless of the thermo-
dynamic database used (SPaC, HP98 or HP11), the buildup
of affinity above the equilibrium reaction is quite rapid. If
it is assumed that the nucleation of rutile requires no more
than around 1.0 kJ/mol-O, then it is possible to infer the P-T
conditions of rutile formation based on the 1.0 kJ affinity
contour and the ZiR results. Furthermore, to encompass all
of the measured ZiR values, it is desirable that the 1.0 kJ/
mol-O contour be intersected at the highest temperature
recorded by the ZiR results, within uncertainty.
Comparison of the results of ZiR thermometry with the
calculated values of affinity vary somewhat depending on
the thermodynamic database used to calculate affinities. For
sample SPH99-1a (Fig. 4) using the SPaC dataset (Fig. 4a),

the suggested P-T path crosses the lowest ZiR temperature
where the affinity is 1.0 kJ/mol-O and reaches the highest
ZiR temperature where the affinity is 2.0 kJ/mol-O. Using
the HP98 dataset (Fig. 4b), the path is nearly coincident
with the rutile-in reaction (affinity =0) and using the HP11
dataset (Fig. 4c) the temperatures recorded by ZiR are
entirely below the rutile-in reaction (affinity <0). For sam-
ple SPH99-5 (Fig. 5), a similar result is seen using the SPaC
dataset (Fig. 5a) and the HP98 dataset (Fig. 5b) yields a
result consistent with rutile formation with little or no over-
stepping. With the HP11 dataset (Fig. 5c), the ZiR tempera-
tures fall above and below the rutile-in reaction (negative
and positive affinities).

For sample SPH99-7 following the P-T trajectory of
7.4 deg/km (Fig. 6) using the SPaC dataset, ZiR tempera-
tures are not encountered until the affinity = 1.5 kJ/mol-O
whereas using the HP98 and HP11 datasets the lowest ZiR
temperatures are encountered at affinities of around 1.0 kJ/
mol-O and 0.0 kJ/mol-O. Thus, it would appear that calcu-
lations using the SPaC dataset are most consistent with the
ZiR results and rutile formation for samples SPH99-1a and
SPH99-5 but the HP98 and HP11 datasets are more consist-
ent with results from sample SHP99-7.

An alternative scenario is proposed, however, whereby
sample SPH99-7 followed an initial P-T trajectory similar
to that followed by the samples south of the VSZ and sub-
sequently encountered a phase of nearly isothermal load-
ing. A second path consistent with this scenario is shown in
Fig. 6 where the initial burial is along a trajectory at 10 deg/
km (identical to sample SPH99-5) up to a temperature of
around 525 °C followed by loading to around 2.0 GPa. Fol-
lowing this path, calculations using the SPaC dataset suggest
rutile began to form at the rutile-in reaction (affinity =0)

@ Springer



8 Page 12 of 13

Contributions to Mineralogy and Petrology (2023) 178:8

and continued to where affinity was around 1.5 kJ/mol-O.
Calculations done with both the HP98 and HP11 datasets
show ZiR temperatures occurring below the rutile-in reac-
tion (affinity < 0). Offsets of the TitaniQ thermobarometer
resulting from the reduced activity of TiO, along this path
(10 deg/km) are given in Table 6 and shown in Fig. 6 as
magenta lines. The TiO, activities are smaller along this
path resulting in an increase in the calculated TitaniQ tem-
peratures (Fig. 6), but the conclusion remains valid that
the Ti contents of quartz must have been incorporated at a
temperature below the metamorphic peak. Which P-T his-
tory for sample SPH99-7 is correct is difficult to say but the
consistency of ZiR thermometry with calculations of rutile
stability using the SPaC dataset for samples south of the
VSZ suggests that these results more closely fit the observed
data. Furthermore, from a tectonic perspective, it is unclear
how different samples from the same subduction zone could
experience initial subduction gradients that would be so radi-
cally different and it seems reasonable that all samples fol-
lowed a similar initial gradient after which the region north
of the VSZ underwent additional rapid burial.

Implications for the prograde P-T path
and the tectonic implications

The discussion of possible sequences of phase crystallization
and implications for TitaniQ and ZiR thermobarometry are
valid regardless of the thermodynamic data set used (SPaC,
HP98 or HP11). Most importantly, it is clear that tempera-
tures recorded by TitaniQ do not reflect the peak temperature
experienced by a sample and the preferred interpretation is
that TitaniQ values reflect the temperature of early quartz
recrystallization along a subduction geotherm. ZiR values
are typically closer to the peak metamorphic temperature,
but again, represent minimum estimates because in these
samples the peak T is constrained to be higher than the ZiR
temperatures at the pressures recorded by the QuiG barom-
eter (see Castro and Spear 2017, for a detailed discussion).
Given these results, it is believed that the simplest P-T
path for the prograde metamorphism of the EBU is an initial
metamorphic path along a gradient similar to that recorded
by samples south of the VSZ (SPH99-1 and SPH99-5) (e.g.,
22-26 bar/deg or 12—-10 deg/km). This type of relatively
shallow geothermal gradient is to be expected during nas-
cent subduction before significant under thrusting and down
bowing of the thermal structure has occurred. It should not
be inferred that the north and south units were necessarily
near each other during the initial subduction, only that they
followed a similar metamorphic gradient. A decoupling of
units south and north of the VSZ then resulted in the rapid,
nearly isothermal burial of samples north of the VSZ after
which the two units were juxtaposed during exhumation.

@ Springer

These results should not be misconstrued to imply that all
TitaniQ results from blueschists and eclogites reflect recrys-
tallization at low temperature. A sample of eclogite from
Syros, Greece, has Ti concentrations in quartz that range
from 4.7 to 62.5 ppm, which correspond to temperatures at
2.0 GPa of 660 to 910 °C. Inasmuch as the peak P-T condi-
tions for this eclogite are around 550 °C, 2.0 GPa, these Ti
values cannot reflect quartz recrystallization at either the
peak metamorphic conditions or those obtained along a pro-
grade subduction path. Rather, it is likely that that they are
relict from the original igneous protolith.

In conclusion, then, the above discussion illustrates that
the TitaniQ and ZiR thermobarometers do not necessarily
record peak metamorphic conditions but rather record con-
ditions along the prograde metamorphic gradient. A similar
conclusion regarding the significance of TitaniQ thermom-
etry was reached for regionally metamorphosed schists of
central Vermont by Ashley et al. (2013). Of course, at higher
temperatures where diffusional modification of initial Ti and
Zr contents occurs, this generalization is no longer valid
and Ti and Zr values in quartz and rutile can take on com-
plex zoning as a function of thermal history, TiO, and ZrO,
activities, and grain boundary mobilities (e.g., Spear and
Wark 2009; Kohn et al. 2016).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00410-022-01989-4.
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