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This study reports zirconium-in-rutile thermometry data from the Himalayan ultrahigh-pressure eclogites and
their retrogressed counterparts. The Zr contents of three textural varieties of rutile i.e. matrix rutile, inclusion
phase, and overgrown by ilmenite/titanite from coesite-bearing eclogites, slightly retrogressed eclogites, highly
retrogressed eclogites, and amphibolites were analyzed for Zr contents using the electron probe micro-
analyser. Majority of the rutile grains exhibited homogeneous chemical compositions in all the aforementioned
textural varieties; however, some of grainswere relatively heterogeneous. Average temperature values of 729 °C,
727 °C, and 706 °C were obtained for thematrix, inclusion, and overgrown rutiles from UHP eclogites and of 705
°C, 699 °C, and 707 °C for those fromHP eclogites, respectively. Slightly retrogressed eclogites yielded similar av-
erage T values of 703 °C, 706 °C, and 706 °C, respectively, whereas highly retrogressed eclogites resulted in rela-
tively low average temperatures, ca. 690 °C, 691 °C, and 679 °C, respectively. When compared with these
eclogites, lower average T values of 672 °C, 630 °C, and 656 °C were obtained from garnetites, and of 665 °C,
658 °C, and 640 °C from garnet amphibolites, respectively. The relatively homogeneous Zr contents and higher
temperature values from thematrix rutile in HP and UHP eclogites suggest peak or near-peakmetamorphic crys-
tallization, whereas grains with low Zr contents, yielding low temperature values, were likely to be affected by
the late-stage retrogression.

© 2019 Elsevier B.V. All rights reserved.
Keywords:
Zr-in-rutile thermometry
Himalaya
Kaghan Valley
UHP eclogites
Garnet-amphibolites
1. Introduction

Subduction-related high−/ultrahigh-pressure (HP/UHP) metamor-
phic rocks are composed of silicate minerals e.g., garnet, pyroxene,
white mica, and amphibole that provide information regarding the
pressure–temperature–time (P–T–t) conditions under which they
from, recrystallize, or chemically exchange major and trace elements
among them during metamorphic evolution. In major elements, the
Fe-Mg exchange thermometer is commonly used between the
coexisting phases, such as garnet and clinopyroxene or garnet and
phengite, to constrain the P–T conditions (Green and Helman, 1982;
Krogh Ravna, 1988; Krogh Ravna and Raheim, 1978; Krogh Ravna and
Terry, 2004; Powell and Holland, 2008). Several thermometers, barom-
eters (for details see Spear, 1993), and computer programs such as
THERMOCALC (Holland and Powell, 1998, 2006; Powell et al., 1998;
man).
Powell and Holland, 2008), PERPLEX (Connolly, 1990, 2005, 2009),
and THERIAK-DOMINO (de Capitani and Brown, 1987; de Capitani and
Petrakakis, 2010) are used to estimate the prograde, peak and retro-
grade metamorphic conditions in rocks (Wei et al., 2003; Wei and
Tian, 2014). To determine the P–T estimations, the texturally coexisting
phases (considered to be in equilibrium) are analyzed for theirmajor el-
ements without determining the valence state of those elements. The
estimation of metamorphic temperatures, particularly in case of the
HP and UHP rocks, may be subject to systematic errors if the entire Fe
content is considered to be ferrous (e.g., Hacker, 2006; Stípská and
Powell, 2005). Fortunately, some accessory phases, such as rutile or zir-
con can be used for independent temperature estimations. Rutile incor-
porates significant amount of high field strength elements (such as Zr,
Hf, Nb, and Ta) during its growth/recrystallization in subduction-
related environments. The incorporation of Zr into rutile is
temperature-dependent in the zircon- and quartz-buffered
assemblages as reflected by the systematic differences observed in Zr
concentration in rutile from medium-temperature eclogites to
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high-temperature granulites (Luvizotto et al., 2009; Luvizotto and Zack,
2009; Miller et al., 2007; Tomkins et al., 2007; Watson et al., 2006; Zack
et al., 2002; Zack et al., 2004; Zack and Kooijman, 2017). Experimental
studies confirmed the pressure-dependency of Zr-in-rutile, therefore,
it is suitable for obtaining precise temperature estimates for rutile crys-
tallization in natural rocks (Degeling et al., 2002; Ewing et al., 2013;
Ferry and Watson, 2007; Pape et al., 2016; Tomkins et al., 2007;
Watson et al., 2006). Zack et al. (2004) observed that the Zr-in-rutile
thermometry results were consistent with the conventional
thermobarometry results for crustal lithologies metamorphosed from
430 to 1100 °C. Zack and Luvizotto (2006) extended this work to
eclogites exhibiting a temperature range of 400–900 °C and the results
were within 25 °C difference from conventional thermobarometry.
Tomkins et al. (2007) experimental work on the ZrO2 solubility in rutile
coexisting with zircon and quartz, for P = 1 atm, 10, 20, and 30 kbar,
and T between 1000 and 1500 °C, found that the Zr contents in rutile in-
creased as the T increased and P decreased, suggesting pressure-
dependence on Zr-in-rutile thermometry. Many subsequent studies
yielded promising results, suggesting that the single mineral thermom-
eter is a useful tool for metamorphic temperature estimates and
petrochronology (e.g., Cruz-Uribe et al., 2018; Ewing et al., 2013; Jiao
et al., 2011; Kohn et al., 2016; Kooijman et al., 2012; Pape et al., 2016;
Taylor et al., 2016; Tual et al., 2018; Zack and Kooijman, 2017 and refer-
ences therein).

A few case studies on mafic rocks produced Zr-in-rutile tempera-
tures consistent with the previously published temperature data ob-
tained from conventional thermobarometry. Examples include the
Ivrea-Verbano Zone (IVZ) granulites (Ewing et al., 2013; Pape et al.,
2016), the UHT Napier Complex granulites, Antarctica (Harley, 2008),
the Chinese Continental Scientific Drilling (CCSD) main hole eclogites
(Zhang et al., 2009), the granulites of the Khondalite Belt (KB), China
(Jiao et al., 2011), the granulites of the Canadian Archean Pikwitonei
Granulite (APG) Domain (Kooijman et al., 2012), the garnet-
clinopyroxene granulite of the Bohemian Massif (BM) (Usuki et al.,
2017), and the Sweconorwegian orogen eclogites (Tual et al., 2018).
Jiao et al. (2011) observed bimodal Zr-in-rutile concentrations in the
granulites of the KB, where the high T values in Zr-rich rutile were
interpreted for peak granulite facies metamorphism, and the low T
values in Zr-poor rutile were attributed to late-stage cooling. Pape
et al. (2016) reported that most of the rutile preserved peak metamor-
phic temperatures and some of the grains were affected by the post-
peak metamorphic modification because of Zr-diffusion. Majority of
the aforementioned studies indicate that Zr-in-rutile thermometry pro-
duces robust results, however, questions remain regarding the extent to
which the rutile grains inmost of themetamorphic rocks retain primary
(peak metamorphic) Zr concentrations or have been modified by the
subsequent thermal events.

The above studies indicate that the Zr concentrationswithin individ-
ual grains tend to be homogeneous and that chemical variations be-
tween grains are not uncommon even though these variations are not
always obviously associated with the texture, which pose difficulties
for interpreting the results. This suggests that rutile may grow under
different P–T conditions, form at different times, experience different
diffusional rates along the grain-boundaries, or be affected by the
fluid-controlled diffusions at the individual grain level. The process oc-
curred in specific cases is unclear, however, the common consensus is
that themaximum Zr contents in rutile representminimumpeakmeta-
morphic temperatures, whereas lower Zr contents reflect late-stage
cooling (e.g., Ewing et al., 2013; Kooijman et al., 2012; Miller et al.,
2007; Pape et al., 2016; Zack and Kooijman, 2017; Zack and Luvizotto,
2006).

We present a case study from the Himalayan metamorphic belt,
Kaghan Valley, Pakistan. Texturally different types of rutile grains
were investigated from rock samples that exhibit a broad P–T range
with a multi-stage metamorphic history; some preserved the UHP
eclogites facies conditions, whereas others underwent different degrees
of retrogression, and one sample of garnet-amphibolites showed no ev-
idence of the eclogite facies metamorphism. The aim was to extract the
peak metamorphic records and to assess the influence of late-stage ret-
rogression on the Zr-in-rutile thermometry.

2. Geological background

The Himalayan metamorphic belt is comprised of metasedimentary
rocks intercalatedwithmetabasites of the Indian Plate that experienced
a multi-stage evolutionary history via collision/subduction and exhu-
mation processes (Kaneko et al., 2003; Kohn, 2014; O'Brien et al.,
2001; Rehman, 2019; Rehman et al., 2007, 2011; Tahirkheli, 1979;
Treloar et al., 2003;Wilke et al., 2010 and references therein). The dom-
inant lithotectonic units exposed in the study area from north to south
are: (1) the Higher Himalayan Crystalline (HHC), (2) the Lesser Himala-
yan Sequence (LHS), and (3) the Siwalik group (Molasse) sediments of
the Sub-Himalayas (Fig. 1). The HHC comprises Late Proterozoic to Late
Paleozoic granitic gneisses basement overlain by psammitic, pelitic and
calcareous metasedimentary cover sequences, and is intruded by the
dikes and sills of the Permian Panjal Trap flood basalts (Chaudhry and
Ghazanfar, 1987; Greco et al., 1989; Greco and Spencer, 1993). Majority
of the mafic lithologies are metamorphosed under the eclogite facies
conditions in the northeast, near the collision boundary known as the
Indus-Tsangpo Suture, whereas those in the southwest (away from
the suture) were metamorphosed under the amphibolite facies condi-
tions (Lombardo and Rolfo, 2000; Pognante and Spencer, 1991;
Rehman et al., 2017). A steeply dipping regional thrust known as the
Batal Thrust or the Main Central Thrust (MCT) separates the HHC from
the LHS (Fig. 1). The LHS mainly comprises Proterozoic to Cambrian
metasedimentary rocks (calcareous schists, marbles, graphitic and
pelitic schists, and quartzite) locally intruded by the Permian Panjal
Traps. Majority of these lithologies are metamorphosed under
greenschist to amphibolite facies conditions (Chaudhry and
Ghazanfar, 1987; Treloar, 1995, 1997). To the south of theMain Bound-
ary Thrust (MBT), unmetamorphosed Miocene to Pleistocene Siwalik
group sediments, derived from the erosion of the Himalayan uphill, re-
sulted in the formation of the Sub-Himalayas (Rehman et al., 2017 and
references therein).

Our study focused on the rutile grains in the HHCmafic rocks, which
preserve the highest metamorphic grades (UHP eclogites) to the north,
close to the subduction-collision boundary (Fig. 2). The host felsic
gneisses surrounding the UHP metabasite body underwent UHP meta-
morphism, indicated by the coesite inclusions in zircon (Kaneko et al.,
2003). These features suggest that themafic bodies are not exotic blocks
but are part of a large intact unit, forming the leading-edge of the
subducting Indian Plate that experienced UHP metamorphism. Mafic
rocks that were exposed in the south of the UHP locality experienced
weak to strong retrogression, which was evident by the common pres-
ence of the albite-quartz symplectites around omphacite in slightly
retrogressed eclogites that transform into highly retrogressed eclogites
further southwest (Rehman et al., 2007, 2013a, 2017). Garnetites are
exposed near the UHP body, but due to the absence of any UHP phase,
it is unclear whether the rocks also experienced UHP metamorphism.
Further southwest, the amphibolite facies rocks show no evidence of
the eclogite facies metamorphism (Rehman et al., 2017).

3. Analytical procedure

Thirteen samples from UHP eclogites, retrogressed eclogites, and
amphibolites were selected for this study. Rutile grains within polished
thin sections from two UHP eclogites samples (Ph423 and Ph425), four
HP eclogites (Ph379, Ph380A, Ph380D, and Ph553), two samples each
from slightly retrogressed eclogites (Ph312 and Ph326), highly
retrogressed eclogites (Ph241 and Ph243), and garnetites (Ph4534 and
Ph537), and one garnet-amphibolite sample (Ph482) were investigated
for textural features. Three textural varieties of rutile were identified:
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individual grains in thematrix termed as Rtmtx, inclusions in garnet (and
a few in omphacites in eclogites) termed as Rtinc, and overgrown by il-
menite or titanite termed as Rtovg. No evidence of multiple domains in
rutile was observed in the investigated samples.

In-situ analysis on the three textural types of rutile were conducted
for five elements (Si, Ti, O, Nb and Zr) using the field emission electron
probe micro-analyser (JEOL JXA-8500F) at the Institute of Earth Sci-
ences (IES), Academia Sinica, Taipei, with an acceleration voltage of
18 kV, beam current of 100 nA, and beam diameter of 2 um. Counting
time for analysis was 10 s (with 5 s background) for Si, Ti and O, and
200 s (with 30 s background) for Nb and Zr, respectively. For quality
control and to assess the elemental contamination from surrounding sil-
icate phases or submicron zircon inclusions within rutile, Si and Zr con-
tents were monitored and data that had anomalously high Si or Zr
contents were discarded. The quantitative data were corrected using
the metal PR-ZAF method (Reed, 1993). Standards used were kyanite
for Si, synthetic rutile (Zr- and Nb-free) for Ti and O, Nb-metal for Nb,
and Ti- and Nb-free zircon for Zr. Calibrations for Zr measurements
were confirmed by the rutile standards (Diss: 97.8 ppm, R19:
264.4 ppm, and R10: 768.9 ppm) of Luvizotto et al. (2009) and the re-
sults were within ±10% error. Detection limits, based on the standard
calibration, were ~30 ppm for Zr and Nb, and ~10 ppm for Si, and Ti.

4. Description and petrography of the samples

Detailed petrography, mineral paragenesis, and results of conven-
tional thermobarometry (excluding garnet-amphibolites and
garnetites) were reported in Rehman et al. (2007, 2008, 2013b), geo-
chemistry and protolith-related information in Rehman et al. (2008,
2013a), and U-Pb zircon age, Hf and oxygen isotope data in Rehman
et al. (2014, 2016, 2018). For the ease of readers, we review simplified
textural features for the studied samples herein. Locations of the rock
samples are given in Fig. 2 and the petrographic details are provided
in Table 1.

(1) Ultrahigh-pressure (UHP) eclogites occur as boudins or lenses, a
few cm to as much as 2 m in diameter, within the UHP felsic
gneisses. Garnet aggregates (individual grains measuring
0.2–0.4 mm) coexist with omphacite (0.3–2 mm), and are
rimmed by thin (~0.2 mm) hornblende and micron-scale
symplectites (Fig. 3a and b). Most of the garnet grains exhibiting
no significant chemical zoning and coesite pseudomorphswithin
omphacite confirm these phases equilibration under UHP condi-
tions. Phengite, epidote, and quartz also occur randomly
throughout. Rutile occurs as 50–200 μm grains in the matrix, as
b50 μm inclusions in garnet and omphacite, and as 50–350 μm
grains overgrown by ilmenite and titanite. Rehman et al.
(2007) estimated P–T conditions of 2.8 ± 0.04 GPa and 762 ±
46 °C for the UHP eclogites.

(2) HP eclogites occur asmassive sheets or layers ranging from a few
meters to several tens of meters thick and extending for a few
hundred meters in the east–west direction (for field features
refer to Rehman et al., 2017). Felsic gneisses and marbles sur-
round the mafic sheets. These eclogites are medium to coarse
grained and comprise garnet, omphacite, quartz, and
symplectitic amphibole with rare epidote and accessory zircon,
rutile, titanite, and ilmenite (Fig. 3c and d). Garnet grains
(0.5–1 mm) display weak chemical (prograde) zoning with
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Table 1
Sample description, number of analysis in three textural varieties of rutile, and the Zr-in-rutile thermometry results.

Sample Mineral assemblage Number of spots
analyzed

Average
temperatures (°C)

Previous P-T records

Rtmtx Rtinc Rtovg Sum Rtmtx Rtinc Rtovg (Fe-Mg exchange)

UHP eclogites
PH423 Grt + Omp + Ph + Ep + Hbl + Qtz/Coe + Rt +

Ttn + ilm + Zrn
9 16 2 27 724 725 706 2.8 ± 0.04 GPa, 762 ± 46 °C

from UHP eclogite (Ph423 from Rehman et al., 2007)
Ph425 ditto 12 8 – 20 733 728 –
Average 729 727 706

HP eclogites
Ph379 Grt + Omp + Ep + Hbl + Qtz + Rt + Ttn + ilm +

Zrn
15 2 32 49 706 687 700 2.3 ± 0.4 GPa, 766 ± 107 °C from HP eclogite (Ph491 from

Rehman et al., 2013b)
Ph380A ditto 37 – 81 118 709 – 708
Ph380D ditto 11 – 106 117 693 – 709
Ph553 ditto 27 10 13 50 712 711 711
Average 705 699 707

Slightly retrogressed eclogites
Ph312 Grt + Omp + Hbl + Qtz + Rt + ilm + Zrn – 26 14 40 – 714 706 1.9 ± 0.3 GPa, 784 ± 61 °C

from retrogressed eclogite (Ph312 from Rehman et al., 2007)Ph326 ditto 2 3 – 5 703 697 –
703 706 706

Highly retrogressed eclogites
Ph241 Grt + Hbl + Ep + Bt + Qtz + Pl + Rt + ilm 30 3 13 46 701 682 683 NA
Ph243 ditto 39 2 2 43 679 699 675
Average 690 691 679

Garnetites
Ph534 Grt + Qtz + Hbl + Rt + ilm + Zrn 28 18 1 47 659 640 651 NA
Ph537 ditto 1 26 6 33 684 619 661
Average 672 630 656

Garnet-amphibolites
Ph482 Grt + Hbl + Pl + Ep + Qtz + Rt + ilm + Zrn 12 15 13 40 665 658 640 NA

Foot note of Table 1: Abbreviations used for minerals, Bt: biotite, Coe: coesite, Ep: epidote, Grt: garnet, Hbl: hornblende, ilm: ilmenite, Omp: omphacite, Ph: phengite, Pl: plagioclase (in-
cluding the symplectitic albite), Qtz: quartz, Rt: rutile, Ttn: titanite, Zrn: zircon. See text for average temperatures calculations.
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Fig. 3. Photomicrographs (shown in plane polarized light) of the UHP eclogites (a–b) and HP eclogites (c–d). Rutile occurs in thematrix and as inclusions in garnet and omphacite. Rutile
overgrown by ilmenite/titanite is also obvious in “d”.
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quartz, albite, and jadeite inclusions in the relatively Ca-poor and
Mn-rich cores and few rutile inclusions in the outer domains
(Rehman et al., 2008). Omphacite occurs as 0.2 to 1.5 mm long
grains, sharing grain boundaries with garnet and showing retro-
gression to symplectitic amphibole at certain places (Fig. 3c and
d). Further, we observed all the three textural varieties of rutile,
among which the most common is the overgrown type
Fig. 4. Photomicrographs displaying the textural features of slightly retrogres
(Fig. 3d). Rehman et al. (2013b) estimated the P–T conditions
of 2.3 ± 0.4 GPa and 766 ± 107 °C for the HP eclogites.

(3) Slightly retrogressed eclogites occur as layers or sheets with
thicknesses of few meters to several tens of meters and are
surrounded by felsic/pelitic gneisses andmarbles. Modal analysis
denoted that these eclogites are N60% garnet grains with less
common epidote and hornblende along the grain boundaries
sed eclogites (a), highly retrogressed eclogites (b), and garnetites (c–d).
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and rare local omphacite commonly armored by hornblende
(Fig. 4a). Rutile mainly occurred as inclusions in
garnet although a few grains were observed in the matrix.
Rehman et al. (2007) estimated the P–T conditions to be 1.9 ±
0.3 GPa and 784 ± 61 °C, respectively, for the retrogressed
eclogites.

(4) Highly retrogressed eclogites appear as lenseswith a thickness of
a few meters. They are fine grained with small clustered garnets
and commonly contain elongated hornblende, epidote, and
quartz. Locally, the garnet grains are surrounded by symplectitic
amphibole (Fig. 4b). Tiny rutile and ilmenite randomly occur
within the garnet and are sometimes oriented along the foliation.
All the three textural varieties of rutile were observed.

(5) A few 2- to 3-m diameter garnetite boudins, hosted by felsic
gneisses, are exposed northwest of Gittidas (Fig. 2). Modal
analysis showed that these garnetites are almost entirely
(N80%) garnet aggregates and remaining (b20%) quartz and
amphibole. These clustered garnets display rounded or hexago-
nal shapes; some grains are optically homogeneous, whereas
others have inclusion-poor outer domains but inclusion-rich
(darker) and partially resorbed inner cores, resulting in the for-
mation of atoll structures (Fig. 4c). Rutile mainly occurs as in-
clusions in the outer domains of full (not resorbed) and atoll
garnets; the matrix and overgrown varieties are also observed
(Fig. 4c and d).

(6) Garnet amphibolites, as 2-m thick dikes or lenticular bodies
within pelitic schists and metacarbonates, are exposed in the
north of Lake Saiful Muluk (Fig. 2). The central portions of the
lenses contain sporadic porphyroblastic garnet (0.3–0.6 mm) in
matrix comprised of hornblende, plagioclase, epidote, biotite,
and quartz (Fig. 5a and b). The three textural varieties of rutile
were observed in this rock.

5. Results

On thirteen polished thin sections, 635 spots were analyzed on
three textural varieties of rutile. A summary of the samples, investi-
gated rutile types, and the average temperatures are presented in
Table 1. Multiple spots were analyzed in single grains, whereas only
a single analysis spot or two were possible on smaller grains (inclu-
sion type rutile). Temperatures were calculated after the calibrations
of Tomkins et al. (2007) using the β-quartz field for most of the sam-
ples (and coesite field for the UHP eclogites). Pressure estimates for
the calculations were adopted from the previously determined P–T
conditions from conventional thermobarometry (e.g., Rehman et al.,
2007, 2013b). For comparison, T values were also calculated according
to the calibrations of Zack et al. (2004) and Watson et al. (2006). The
values from the calibrations of Tomkins et al. (2007) and Zack et al.
(2004) were identical (within ±25 °C) for most of the analyzed
grains, however, T values calculated after Watson et al. (2006) were
50 to 70 °C lower. Details of the individual analysis, measured
Fig. 5. Photomicrographs displaying the textural features of garnet-amphibolites where the ru
grain containing rutile inclusions.
elemental concentrations, and calculated T values are provided in sup-
plementary Table S1 (available on-line).
5.1. UHP Eclogites

In UHP eclogites, 47 spots were analyzed based on the three textural
varieties of rutile (Fig. 6a). The Zr contents in sample Ph423 are
226–391 ppm (average: 290 ppm, n: 9) in Rtmtx, 170–418 ppm (aver-
age: 297 ppm, n: 16) in Rtinc; and only two spots are analyzed in Rtovg
with Zr contents of 205 and 265 ppm(supplementary Table S1). In sam-
ple Ph425, the Zr contents are 164–392 ppm (average: 324 ppm, n: 12)
in Rtmtx and 208–418 ppm (average: 306 ppm, n: 8) in Rtinc; Rtovg was
not analyzed. Zirconium contents in two UHP samples display a narrow
range from 164 to 420 ppm (Fig. 7). Our results are in considerable con-
trast with the Zr contents of 500–1200 ppm for Sweconorwegian
eclogites (Tual et al., 2018), 500–10,500 ppm for the IVZ Alpine
eclogites/granulites (Ewing et al., 2013; Pape et al., 2016),
1000–9000 ppm for the BM garnet–pyroxenite granulites (Usuki et al.,
2017), and 500–8000 ppm for KB granulites (Jiao et al., 2011).

From sample Ph423, the average temperature (Tave) values are 724 °C
(range: 703–752 °C) for Rtmtx, 725 °C (680–758 °C) for Rtinc, and 696 °C
and 717 °C for Rtovg (two spots). Similarly, from sample Ph425, the Tave
values are 733 °C (677–752 °C) for Rtmtx and 728 °C (696–758 °C) for
Rtinc (Table 1). The Tave values are within the range of conventional
thermobarometry data (760 ± 40 °C) (Fig. 8). The temperature values
from the individual grains are relatively homogeneous (within ±25 °C
of the Tave), with few grains yielding a larger range but still within ±
50 °C of the Tave (Fig. 9).
5.2. HP Eclogites

In HP eclogites, 334 spots were analyzed using three textural varie-
ties of rutile (representative grains shown in Fig. 6b). The Zr contents
in sample Ph379 are 181–395 ppm (average: 278 ppm, n: 15) in Rtmtx,
164–284 ppm (average: 224 ppm, n: 2) in Rtinc, and 169–412 ppm (av-
erage: 259 ppm, n: 32) in Rtovg. Three other HP eclogite samples yielded
80–530 ppm (Fig. 7; supplementary Table S1).

Although the Tave values from HP eclogites exhibited a wide range
when compared with those from the UHP eclogites, majority of the
data were within the range obtained from conventional
thermobarometry (760 ± 100 °C) (Fig. 8). From sample Ph379, the
Tave values are 706 °C (673–737 °C) for Rtmtx, 687 °C (two spots: 666
°C and 709 °C) for Rtinc, and 700 °C (674–741 °C) for Rtovg. Similar Tave
data were obtained from rutile in three other HP eclogite samples
(Fig. 8; Table 1). Although the temperature data of several individual
grains ranged as much as±50 °C, majority of the data clustered around
Tave, mostly falling within ±25 °C (Fig. 9). We did not find any signifi-
cant chemical variation within the grains (Fig. 10).
tile overgrown by ilmenite is visible (a) and zoomed part (b) displaying euhedral garnet



Fig. 6. Backscattered electron images displaying the three textural varieties of rutile in representative samples. (a) UHP eclogites, (b) HP eclogites, (c) highly retrogressed eclogites,
(d) garnetites, and (e–f) garnet-amphibolites.
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5.3. Slightly retrogressed eclogites

In slightly retrogressed eclogites, 45 spots on three types of rutile
were analyzed (Table 1). The Zr contents in Rtinc are 271–474 ppm (av-
erage: 363 ppm, n: 26), whereas the range in Rtovg is 168–433 ppm (av-
erage: 334 ppm, n: 14). The grains from sample Ph326 yielded 259 and
377 ppm for Rtmtx (n: 2) and 276–320 ppm for Rtinc (average:
291 ppm, n: 3).

From sample Ph312, the Tave values were 714 °C (691–738 °C) for
Rtinc, and 706 °C (653–730 °C) for Rovg. Further, similar T valueswere ob-
tained from rutile in Sample Ph326 (Fig. 8). The Rtinc temperature values
cluster within ±25 °C from the Tave, whereas two Rtovg grains exhibited
a larger range of ±50 °C (Fig. 9).
5.4. Highly retrogressed eclogites

In highly retrogressed eclogites, 89 spots (two samples) on three
types of rutiles were analyzed (Table 1). The textural features are
depicted in Fig. 6c. The Zr contents in sample Ph241 are 120–429 ppm
(average: 315 ppm, n: 30) in Rtmtx, 205–273 ppm (average: 244 ppm,
n: 3) in Rtinc, and 110–322 ppm (average: 255 ppm, n: 13) in Rtovg. Sim-
ilar values were obtained from sample Ph243.

Sample Ph241 yielded Tave of 701 °C (629–730 °C) for the Rtmtx, 682
°C (669–692 °C) for the Rtinc, and 683 °C (623–705 °C) for the Rtovg.
From sample Ph243, Tave is 669 °C (620–728 °C) for the Rtmtx, and two
Rtinc grains yielded values of 692 °C and 707 °C, whereas, two other
overgrown rutile grains yielded values of 676 °C and 675 °C. These tem-
perature values are lower than those obtained from the HP and UHP
eclogites (Fig. 8). The temperature values obtained from individual
grains displayed relatively large scatter (Fig. 10), among which the dif-
ferencesweremostlywithin±50 °C fromTave but somewere as large as
±75 °C (Fig. 9).

5.5. Garnetites

In garnetites, 80 spots (two samples) on three textural varieties of
rutiles were analyzed (Table 1). The textural features are depicted in
Fig. 6d. In sample Ph534, the Zr contents are 86–298 ppm (average:
185 ppm, n: 28) in Rtmtx and 45–244 ppm (average: 149 ppm, n: 18)
in Rtinc; a single Rtovg grain yielded162 ppm. In sample Ph537, the Zr con-
tents are 33–278 ppm (average: 119 ppm, n: 26) in Rtinc and
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109–266 ppm (average: 186 ppm, n: 6) in Rtovg. These Zr contents are
lower than those observed in case of rutiles in other samples (Fig. 7);
however, the variations within the individual grains are not significant
(Fig. 10). The Nb concentration in rutile is notably higher than that in
garnetites (3000–8000 ppm) on the basis of a comparison with other
samples (supplementary Table S1).

From sample Ph534, the Tave values are 659 °C (606–699 °C) for Rtmtx,
640°C(565–683°C)forRtinc, and651°CforasingleRovggrain.Similar tem-
peraturevalueswereobtained fromthe three textural varietiesof rutile in
sample Ph537 (Table 1; Fig. 8). In a similarmanner to other retrogressed
eclogites, garnetites exhibit lower temperature values when compared
with those exhibited by their fresh counterparts, and few grains show
large deviation from Tave (as much as ±75 °C) even thoughmajority of
the grains still ensures values of within±25 °C (Fig. 9).
5.6. Garnet-amphibolites

In garnet amphibolites sample Ph482, 40 spots on three types of ru-
tiles were analyzed. The textural features are denoted in Fig. 6e and f.
The Zr contents are 253–425 ppm (average: 334 ppm, n: 12) in Rtmtx,
140–483 ppm (average: 302 ppm, n: 15) in Rtinc, and 64–387 ppm (av-
erage: 262 ppm, n: 13) in Rtovg. When compared with Rtmtx and Rtinc,
Rtovg yielded lower Zr contents. Rtmtx shows a narrow range
(250–420 ppm) (Fig. 7). However, Rtinc and Rtovg yielded a compara-
tively wider range of 100–480 ppm.

The Tave values from sample Ph482 were 665 °C (647–689 °C) for
Rtmtx, 661 °C (604–700 °C) for Rtinc, and 640 °C (552–681 °C) for Rtovg
(Table 1; Fig. 8). The results are similar to those observed in garnetites
and highly retrogressed eclogites, and most of the data cluster within
±25 °C of Tave with few grains that yielded values of lower than Tave
having ranges as high as ±100 °C (Fig. 9).
6. Discussion

6.1. Zr variation in the rutile textural types

The Zr contents in Rtmtx were relatively homogeneous in majority of
the investigated samples, however, a gradual decrease in Zr contents
was observed in the retrogressed rocks (Fig. 7). The highly retrogressed
eclogites (sample Ph243) showed large scatter in Rtmtx. The Zr contents
in Rtinc dominantly overlap Rtmtx in most samples except garnetites
and garnet-amphibolites, where they show a wide range (Fig. 7).
When comparedwithmatrix and inclusion type rutile, Rtovg shows con-
siderable heterogeneity. In UHP eclogites, we could analyze only two
Rtovg grains, which exhibited similar compositions, therefore, the Zr var-
iation could not be determined. All the three textural varieties of rutile
in garnetites denote the lowest Zr contents among the analyzed sam-
ples. Although these garnetites are located near the UHP eclogites but
they may have been undergone a high degree of retrogression. We
also checked the variation of Zr within single rutile grains (where two
or more spots were analyzed), but no significant change was observed,
irrespective of their occurrence in the metamorphic suite, suggesting
homogeneous chemical compositions at the individual grain scale
(Fig. 10).

Zack et al. (2004) reported rutile inclusions in garnet with high Zr
contents in eclogites from a variety of HPmetamorphic terranes, attrib-
uted to the protection owing to the shielding effect of garnet, whichpre-
served the peak metamorphic temperatures. The Rtmtx with low Zr
contents was likely to be reset during cooling under temperatures of
635 °C (Zack et al., 2004). In contrast, areas with faster cooling rates
(100 °C/Ma) have been; such as Alpe Arami, Italy (Olker et al., 2003), re-
ported where the Zr-in-rutile was not reset under T conditions of up to
800 °C. Zhang et al. (2009) reported low but homogeneous Zr contents
in Rtinc (in garnet and omphacite) andhigh Zr contentswith large chem-
ical variation in Rtmtx from the CCSD eclogites. The Rtinc represent peak
or near-peak metamorphism, whereas matrix rutile was affected by
fluid-infiltration during retrogression. Later studies (e.g., Kooijman
et al., 2012; Pape et al., 2016) argued the shielding effect on the rutile in-
clusions and interpreted their Zr-in-rutile thermometry for peak meta-
morphism. Our data show similar chemical compositions of the Rtmtx

and Rtinc, whereas Rtovg exhibit some scatter. Rutile grains with low Zr
contents suggest those grains were either recrystallized through
dissolution–reprecipitation or suffered from minor diffusion after the
peak metamorphism. Experimental and empirical studies
(e.g., Hayden and Watson, 2007; Pape et al., 2016) suggest that the Zr
expelled from rutile was incorporated in the overgrowing ilmenite
and/or titanite during cooling. Other studies reportedmicro-scale zircon
growth around rutile grain-boundaries that indicate thermal distur-
bance during the cooling processes rather than diffusional activities
(e.g., Bingen et al., 2001; Harley, 2008; Jiao et al., 2011; Kooijman
et al., 2012; Watson et al., 2006; Zack et al., 2004).

Ewing et al. (2013) observedflat Zr profiles across the rutile grains in
high-temperature rocks (~970 °C) of the IVZ, where the absence of a
systematic drop in Zr contents along the rutile edges suggest a negligi-
ble diffusion effect. Several rutile grains, with an irregular Zr variation,
contained tiny zircon exsolution needles that possibly affected the ana-
lytical results. However, a systematic relation could not be observed
among the rutile grains (irrespective of their size) that could provide ev-
idence of diffusion. Some studies (Harley, 2016; Hayden and Watson,
2007) suggested possible resetting of the Zr-poor rutile due to the
dissolution–reprecipitation processes; however, no textural features
demonstrating rutile recrystallization were presented. The available
chemical and textural evidence suggest that such a mechanism would
result in a relatively homogeneous and Zr-rich Rtmtx as well as relatively
heterogeneous Rtovg. Ilmenite and titanite rimming Rtovg can be
interpreted as the breakdown of rutile during retrogression. The rutile
inclusions containing low Zr contents may have been formed during
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prograde metamorphism and acquired their Zr budget from the break-
down of hornblende or ilmenite from the precursor rocks.

We verified the Zr/Nb ratios in three textural varieties of rutile but
observed no clear relation with the different textural occurrences, ex-
cept for those observed in garnetites. The Nb contents in rutile in
garnetites were significantly higher (as much as several thousand
ppm) when compared with that in eclogites and their retrogressed
counterparts (supplementary Table S1). The data suggest that the
garnetites either had a different protolith from that of the eclogites or
experienced considerable retrogression (and possibly a high degree of
fluid ingress), facilitating Zr loss that was uptaken by the neighbouring
ilmenite and/or titanite, whereas Nb remained in rutile because of the
lack of Nb sink. High Nb contents have also been reported from the
granulites in the IVZ (Luvizotto and Zack, 2009), the KB, China (Jiao
et al., 2011), and in the amphibolites of the Catalina Schist, southern Cal-
ifornia (Kohn et al., 2016) that reflected diffusional resetting during the
late metamorphic stages.

Kooijman et al. (2012) interpreted the Zr-poor and Nb-rich rutile
from the APG to have crystallized during the prograde biotite break-
down. In garnetites, rutile inclusions, whether in full garnets or in
outer domains of atoll garnets, are formed under conditions of low Zr
and high Nb contents. The Zr contents in Rtmtx and Rtovg were also low
and show no systematic variation inside the grains (Fig. 10). These fea-
tures indicate that garnetites are most likely to be reequilibrated after
the post-peak decompression stage. Generally, atoll shaped garnets
are formed by the partial resorption of the garnet cores due to the tem-
perature increase owing to fluid infiltration (Cheng et al., 2007; Faryad
et al., 2010; Smellie, 1974). However, Rtmtx and Rtovg as well as rutile in-
clusions in full garnets and some atoll shaped garnets show lower Zr
contents and yield lower temperatures when compared with those
obtained from the HP and UHP eclogites. A further detailed study on
garnetites is required to completely understand their origin.

6.2. Zr-in-rutile thermometry

The temperature values obtained from the UHP and HP eclogites
agree with the previously reported values from conventional
thermobarometry, falling within the range but lower than the maxi-
mum temperature values (Rehman et al., 2007, 2008, 2013b). These
data reinforce the results obtained from other studies that have
shown that Zr-in-rutile thermometry is a useful tool for high P–T meta-
morphic rocks. However, the fluid–rock interaction during the retro-
gression stages, recorded by the common presence of symplectitic
textures, may reset the Zr budget. A number of rutile grains, whether
in UHP eclogites or their retrogressed counterparts, apparently pre-
served the Zr contents reflecting peakmetamorphic temperatures com-
parable with those obtained from conventional thermobarometry. In
contrast, the partially or completely reset rutile grains yielded low tem-
perature values. Although the temperatures obtained from the analyzed
rutile exhibited a narrow range (550–750 °C), no systematic variation
was observed with respect to the textural varieties, even at the individ-
ual grain level. The heterogeneous and low-Zr nature of Rtovg indicated
that the Zr budget was likely to be shared by the associated ilmenite
and/or titanite that texturally armored it. The formation of ilmenite by
the breakdown of garnet and rutile during decompression by grossular
garnet + almandine garnet + rutile = ilmenite + anorthite + quartz or
almandine garnet + rutile = ilmenite + sillimanite/andalusite + quartz
(Bohlen et al., 1983; Bohlen and Liotta, 1986; Frost, 1991) was reported
by Pape et al. (2016) based on their study on natural rocks. We suggest
that ilmenitemay have formed by the breakdown of garnet and rutile in



Fig. 9.Diagrams showing the T range along the horizontal axis for the analyzed rutile versus the temperature deviation from the average temperature along the vertical axis. Thehorizontal
thick line in themiddle of the plot represents zero difference from the average T. The deviation of the T values of the individual spots is±25 °C (shaded area) from the average temperature
for a particular sample; however, a few spots exceptionally show significant deviation.
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the studied rocks via the first reaction during the post-peak cooling or
decompression stages. In contrast, the experiments conducted on
metagranites from the Italian Alps (Angiboust and Harlov, 2017)
showed that rutile formed at the expense of ilmenite under high P–T
conditions and titanite under low P–T conditions. Tual et al. (2018)
also reported rutile grown at the expense of ilmenite during prograde
metamorphism and noted that the same rocks contained ilmenite
formed at the expense of Rtmtx during the retrograde stage. The partial
replacement of rutile by ilmenite and recrystallization of rutile likely
reset the Zr contents and the metamorphic temperatures. Tual et al.
(2018) did not find any evidence of Zr diffusion that could affect the
temperature records. They denoted that the rutile in granulites can be
affected by Zr loss because of the diffusion process when the crystalliza-
tion temperatures exceeded the Zr diffusion closure temperature. Their
data showed that Rtmtx retained lower Zr contents and were likely pro-
duced by the breakdown of titanium-bearinghornblende during the de-
hydration stage.

Our study suggests that the Zr budget was acquired by Rtmtx and Rtinc
from the breakdown of hornblende and ilmenite in the protoliths during
the Indian Plate subduction-related prograde metamorphism. The high
temperature data and homogenous chemical composition of Rtmtx and
Rtinc in the UHP and HP eclogites reflect peak or near-peak metamorphic
stages, whereas the low temperature data and heterogeneous chemical
composition of Rtovg suggest reequilibration or partial resetting of the
early-formed rutile during retrogression. These features are consistent
with the textural features, where most of the peak metamorphic phases
are retrogressed to form stable phases at low temperatures. In contrast,
the Rtmtx and Rtinc in garnet and omphacite apparently retained the Zr con-
tents from peak or near-peak conditions. Further, the Rtmtx and Rtinc in
slightly retrogressed eclogites exhibited similar temperature values to
those exhibited by their fresh HP and UHP eclogite analogues. Previous
study showed high temperature estimates (~820 °C) from HP eclogites
that Rehman et al. (2008) have interpreted as the post-eclogite decompres-
sion stage; however, the Zr-in-rutile thermometry has produced fairly ho-
mogeneous results, suggesting that Zr-in-rutile thermometry is applicable
even in HP and UHP rocks strongly overprinted by retrogression. The ho-
mogeneous concentrations of Zr in Rtmtx and Rtinc possibly reflect equilibra-
tion coevalwithgarnet growthunderpeakeclogite-facies conditions. This is
consistent with the lack of core-to-rim garnet zoning in UHP eclogites
(Rehman et al., 2008, 2013b, 2017) and indicates that the Zr contents in
Rtmtx and Rtinc reflect the original crystallization composition. Further, the
indistinguishable temperature values are geologically meaningful. In case
of HP eclogites, some of the garnet grains preserved prograde cores but
we could notfind the Rtinc in these cores; therefore,majority of the temper-
ature values determined from Rtmtx and Rtinc in HP eclogites reflected the
near-peak eclogite-facies metamorphism. In contrast, Rtovg, denoting some
spread in terms of the Zr contents, reflect post-peak cooling.

6.3. Zr diffusion in rutile

The evidence for the diffusion of trace elements (particularly HFSE)
in rutile has been previously presented based on experimental and



Fig. 10. Backscattered electron images of some of the analyzed rutiles (open circlesmark the EPMA analysis performed). Numbers on the images represent the analysis spot# (as shown in
the supplementary Table S1) and the digits in parenthesis show the Zr contents (ppm). The plots shown to the right display the Zr contents at the intra-grain scale. The cores of the grains
aremarkedwith the alphabet “c” and rims are shown as “r” on both sides of the grain (a distancewith negative integers indicate the other side of the grain) from the center. No significant
variation was observed in the Zr contents from the core to the rim.
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empirical studies (e.g., Blackburn et al., 2012; Cherniak et al., 2007;
Dohmen et al., 2018; Kohn and Penniston-Dorland, 2017; Lucassen
et al., 2010; Marschall et al., 2013; Sasaki et al., 1985; Taylor-Jones and
Powell, 2015; Zhu et al., 2017). Sasaki et al. (1985) conducted experi-
ments (at 1100–1500 °C) on Zr diffusion in rutile as a function of tem-
perature and oxygen partial pressure and observed that the diffusion
rates of trace elements in rutile are five times larger in directions per-
pendicular to rather than along the c-axis. Their results denoted a posi-
tive correlation between the diffusion rate and temperature. Cherniak
et al.'s (2007) experiments (at 750–1100 °C) on synthetic and natural
rutile denoted slower rates of Zr diffusion in rutile when compared
with those reported by Sasaki et al. (1985). In comparison with the dif-
fusion of Ti-in-zircon, the rates were five times faster at ~770 °C and de-
creased during retrogression, maintaining equilibrium with the matrix
quartz and zircon. They associated these temperatures with the peak
metamorphic conditions. However, they warned that the Zr-in-rutile
thermometry is less resistant to resetting than Zr-in-titanite or Ti-in-zir-
con and that it may also incorporate inter-grain Zr variability either
from in-diffusion (incorporation of Zr from the matrix zircon along the
rutile rim) or out-diffusion (Zr loss from the rutile due to dissolution–
reprecipitation). Lucassen et al. (2010) observed core-to-rim
diffusion-controlled enrichments of HFSE in rutile, denoting that the
Zr contents were gradually affected by the diffusion along the rims sur-
rounding the chemically uniform cores. However, no systematic varia-
tion could be observed along the grain boundaries, indicating effective
diffusion (e.g., rutile–titanite). In another experimental study on Zr dif-
fusion, Blackburn et al. (2012) observed that under fast-cooling condi-
tions, rutile with uniform Zr contents initially retained high
temperatures, while under slow-cooling conditions, as reflected in the
decrease of Zr contents from the core to the rim, the diffusive loss of
Zr was dominant. Taylor-Jones and Powell (2015) advised that the Zr
diffusion in rutile may obliterate themetamorphic temperature records
because the single-mineral thermometry is vulnerable to diffusional
reequilibration upon cooling, and the peak metamorphic temperatures
may not be preserved. As Zr-in-rutile thermometryworks on the princi-
ple of equilibrium of the coexisting rutile + quartz + zircon, the occur-
rence of zircon close to rutile facilitates the loss of Zr from the rutile that
could be taken in by zircon, resulting in erroneous temperatures. They
concluded that if Zr was the rate-controlling species in rutile, the high
temperatures obtained from the Zr-in-rutile thermometrywould repre-
sent the peak metamorphic conditions. Similar interpretations were
made by Kohn and Penniston-Dorland (2017) regarding diffusion in ru-
tile and its effects on the Zr-in-rutile thermometry. Zhu et al. (2017) re-
ported diffusion-related anisotropy in large atoms (including Zr and
scandium (Sc)). They observed interstitial diffusion in which elements
were exchanged via interstitial vacancies or open channels in the atomic
structure along the c-axis and diffused via a kick-out mechanism (colli-
sion and replacement of elements) perpendicular to the c-axis. Dohmen
et al. (2018) found indistinguishable diffusion profiles along the a-axis
but some anisotropy along the c-axis that favored diffusion activation
(at 800–1100 °C).Mitchell andHarley (2017) reported Zr-in-rutile tem-
peratures of 606–780 °C at 1.1 GPa from the UHT granulites of the Na-
pier Complex. Most of the analyzed rutile grains in their study
exhibited flat core–rim Zr contents but some grains had zircon precipi-
tates or exsolution rods along the grain boundaries, which they
interpreted to be the evidence of recrystallization. By reintegrating the
Zr contents in the recrystallized domains, they obtained temperatures
of ~1149 °C, consistent with the peak metamorphic temperature esti-
mated using other thermometers (~1100 °C). The low temperatures
were interpreted to have been reset because of the fluid-mediated mo-
bility of Zr in rutile during retrogression.

The aforementioned studies document the Zr diffusion in rutile, and
majority of them advocate a concept that systematic chemical variation
at the inter-grain or intra-grain level explains Zr diffusion; further, the
temperatures determined from such grains will be affected. In contrast,
the analyzed grains that are chemically homogeneous and have high Zr
contents can be assumed to represent pristine and unaltered grains and,
hence, potentially yieldmeaningful temperatures.Wedid notfinda sys-
tematic variation in Zr (or in Nb) from the core to the margin in grains
on the three textural varieties of rutile. Most of the analyzed grains ex-
hibit an almost flat Zr pattern at the within-grain level (with minor
grain-to-grain variation), indicating that the diffusion is insignificant.
Majority of the Rtmtx and Rtinc grains preserved relatively high Zr con-
tents and yielded temperature values consistent with the previously re-
ported conventional thermobarometry values (Rehman et al., 2007,
2013a). We interpret those grains as indicative of the peak- or near-
peak eclogite-facies conditions. In contrast, rutile grains with relatively
low Zr contents are likely to be affected by chemical resetting during
retrograde metamorphism, because of which the temperature values
obtained from these grains are low. These grains also show no signifi-
cantwithin-grain chemical variation and, hence, showno effect of diffu-
sion loss but possibly lose their Zr using the kick-out mechanism
proposed by Zhu et al. (2017) or by dissolution–reprecipitation similar
to that proposed by previous authors (e.g., Harley, 2016; Hayden and
Watson, 2007; Pape et al., 2016).

6.4. Metamorphic evolution

The metamorphic evolution from near-peak to peak (coesite stabil-
ity field) conditions related to the subduction–collision of the Indian
Plate and post-collisional exhumation-related retrogression can be
constrained by the Zr-in-rutile thermometry combined with petrogra-
phy and geochronology. The U-Pb zircon ages from the Kaghan Valley
eclogites show peak UHP metamorphism at ~46 Ma (Kaneko et al.,
2003; Rehman et al., 2013a, 2013b, 2016). Similar age data, ~44 Ma,
were obtained from the rutile from the Kaghan Valley eclogites
(Spencer and Gebauer, 1996) and were interpreted as the timing of
the peak eclogite-facies metamorphism. Wilke et al. (2010) reported
ages of 47–34 Ma (U-Pb zircon, Ar-Ar hornblende, and white mica),
interpreted for peak metamorphism through post-peak rapid exhuma-
tion. Also, U-Pb zircon ages of 46 Ma from the coesite-bearing domain
and 41 Ma from the quartz-bearing domain within the zircon from the
host UHP felsic gneiss (Kaneko et al., 2003) indicate rapid exhumation
from UHP (N95-km depth) to amphibolite-facies conditions (b60-km
depth). The Rtmtx and Rtinc from the UHP/HP eclogites preserve peak-
or near-peak metamorphic temperatures (~750 °C), whereas the
lower temperatures (550–600 °C) of Rtovg and some Rtmtx show
post-peak resetting. Homogeneous grains with high Zr contents are
chemically undisturbed, whereas grains with heterogeneous chemical
compositions and lowZr contents suggest diffusive loss or have been re-
crystallized and reprecipitated during retrogression. In particular, the
Rtovg rimmed by ilmenite and/or titanite are most likely to be reset.
Rehman et al. (2014, 2018) supported chemical resetting in the highly
retrogressed eclogites based on the oxygen-isotope data. The UHP
eclogites preserved negative δ18O values from their protoliths, unaf-
fected by retrogression, whereas positive δ18O values in retrogressed
rocks indicate progressive fluid–rock interaction. The Zr-in-rutile ther-
mometry data for theHimalayaneclogites are consistentwith other tex-
tural and geochemical results, reflecting a polymetamorphic history.

7. Conclusions

The relatively indistinguishable chemical compositions and compa-
rable temperature values of Rtmtx and Rtinc can be attributed to the
near-peak UHP/HP metamorphism, and retrograde metamorphism did
not mobilize the Zr in rutile. However, the Rtovg and some of the Rtmtx

may have recrystallized by dissolution–reprecipitation during retro-
gression. The Zr expelled by the breakdown of the earlier-formed rutile
was shared by the overgrowing phases, including ilmenite or titanite,
consistent with the textural relation of ilmenite or titanite armoring
the Rtovg. Our data suggest that Zr-in-rutile thermometry is useful to ex-
tract the peak or near-peak metamorphic temperatures from rocks
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having polymetamorphic history. However, the late-stage cooling
events are likely to affect the metamorphic records, particularly grains
that have been modified by diffusion or dissolution–reprecipitation.
Careful inspection of the textures and compositional variations is re-
quired for distinguishing between pristine and chemically disturbed ru-
tile before interpreting the metamorphic records.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.lithos.2019.06.017.
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