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ARTICLE INFO ABSTRACT

LA-ICP-MS U-Pb dates and EPMA trace-element maps of titanite were collected from calc-silicate gneisses of the
Keywords: Tkalamavony (peak T: 750-800 °C) and Anosyen (peak T: 900-950 °C) domains in southern Madagascar to
Titanite evaluate how titanite responds to high-temperature metamorphism, cooling, and retrogression. Fluid-mediated
U-Pb replacement of precursor titanite by titanite domains of different composition (interface-coupled dissolution-
Alteration precipitation, ICDR) was the primary mechanism by which titanite was reset following high-grade meta-
Recrystallization morphism. Comparison of titanite U-Pb dates (530-490 Ma) with independent petrology and thermochronology
Ultrahigh-temperature metamorphism indicates that the alteration occurred at temperatures as low as 300-500 °C. Apparent Zr temperatures (tem-
Madagascar peratures calculated assuming titanite-quartz—zircon equilibrium) in altered titanite are less than or equal to the
metamorphic peak, but higher than the inferred alteration temperature, implying that Zr was removed, but that
titanite-quartz—zircon equilibrium was not achieved during alteration. Although evidence for ICDR was ob-
served in titanite samples separated by 10's to ~100 km, differences in U-Pb dates among samples, and even
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among titanite grains in the same thin section suggest that alteration at any given time was localized.

1. Introduction

Traditionally, titanite U-Pb dates have been interpreted as cooling
ages corresponding to a temperature of ~600 °C (e.g. Cherniak, 1993;
Mezger et al., 1991; Spear and Parrish, 1996; Tucker et al., 1987).
However, more recent empirical studies—mostly using LA-ICP-MS, but
also SIMS—have demonstrated that Pb diffusion in most natural titanite
is negligible at T < 850 °C (e.g. Castelli and Rubatto, 2002; Gao et al.,
2012; Garber et al., 2017; Kohn and Corrie, 2011; Kylander-Clark et al.,
2008; Marsh and Smye, 2017; Spencer et al., 2013; Stearns et al., 2015,
2016; Walters and Kohn, 2017). In these empirical studies, neocrys-
tallization, alteration/reaction with a fluid, or plastic deformation were
interpreted to be the main mechanisms by which U-Pb dates and ele-
mental compositions were reset in titanite. Alteration/reaction with a
fluid is envisioned to take place by interface-coupled dissolution-pre-
cipitation reactions (ICDR), in which a precursor titanite is partially
replaced by titanite of different composition (see Putnis, 2009, for
general discussion of ICDR).

Resetting (or partial resetting) of U-Pb dates by ICDR is well
documented in phosphates (especially in monazite, but also in xenotime
and apatite; see review by Engi, 2017) and zircon (see review by
Rubatto, 2017). Fluid-mediated resetting of titanite is less well

described. Corfu and Muir (1989) recognized that titanite associated
with greenschist-facies assemblages within a hydrothermal Au-Mo de-
posit in the Hemlo-Huron greenstone belt, Canada, were 8 Myr younger
than titanite outside the deposit. Corfu (1996) found that titanite grains
from samples separated by as little as 20m in the Winnipeg River
Subprovince, Canada, yield different dates; Corfu interpreted this to
reflect “focused fluid activity”. Castelli and Rubatto (2002) argued that
complex titanite zoning from marbles in the Sesia Zone of the Western
Alps could not be explained by Pb diffusion, new titanite growth, or “a
simple recrystallization process”; they concluded that the titanite grains
experienced a “partial reequilibration process”. “Patchy” or lobate
zoning in titanite—commonly inferred to be indicative of ICDR in other
minerals—has long been recognized (e.g. Castelli and Rubatto, 2002;
Franz and Spear, 1985; Rubatto and Hermann, 2001), but has only
recently been explicitly interpreted as the result of ICDR (Bonamici
et al., 2015; Garber et al., 2017; Marsh and Smye, 2017; Walters and
Kohn, 2017). If ICDR is as important a process for resetting titanite U-Pb
dates as these recent studies suggest, several questions need to be an-
swered for the accurate interpretation of U-Pb titanite dates and Zr
temperatures. Over what range of temperatures is titanite likely to react
with a fluid? Can, for example, titanite react at temperatures as low as
100 °C, as suggested for zircon (Spandler et al., 2004)? Is radiogenic Pb
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efficiently removed from titanite during ICDR such that U-Pb dates
acquired from replacement titanite record when ICDR occurred? To
what extent is compositional equilibrium between titanite and other
minerals in a rock—most importantly titanite-zircon-quartz equili-
brium for Zr thermobarometry—achieved or maintained during ICDR?
This study presents U-Pb dates, Zr thermobarometry, and major- and
trace-element maps of titanite from high-temperature (HT) to ultrahigh-
temperature (UHT) calc-silicate gneisses of southern Madagascar to
evaluate how titanite responds to high-temperature metamorphism,
cooling, and retrogression, with a focus on ICDR as a mechanism for
resetting titanite U-Pb dates and Zr temperatures.

2. Studied samples and their geologic setting

Titanite from eight calc-silicate gneisses of the UHT Anosyen do-
main and one calc-silicate from the HT Ikalamavony domain (sample
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12D2) were analyzed (Fig. 1). Complete sample descriptions are pro-
vided in Appendix A.1. Abbreviated sample descriptions are provided
here and in Table 1.

Regionally extensive calc-silicate gneisses of the Anosyen domain
(called the “Tranomaro Group” in GAF-BGR, 2008a) are characterized by
the mineral assemblage scapolite + clinopyroxene + titanite =
quartz + alkali feldspar = plagioclase + wollastonite + calcite *
epidote * fluorite *+ spinel + corundum =+ hibonite. Trace amounts
of zircon are present in all quartz-bearing samples. Baddelyite has been
reported as a common accessory phase in quartz-absent calc-silicates near
Tranomaro (Rakotondrazafy et al., 1996), but was not observed in the
quartz-absent samples of this study. The sample from the Ikalamavony
domain (12D2) contains Ca-amphibole, a mineral not observed in the
studied calc-silicates from the Anosyen domain, consistent with the lower
peak metamorphic temperatures in the Ikalamavony domain (e.g. GAF-
BGR, 2008a; GAF-BGR, 2008b).
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Fig. 1. (A) Location of study area in Madagascar. (B) Simplified geologic map of the tectonometamorphic domains of south Madagascar including the locations of
diagnostic high-grade mineral assemblages (spinel-quartz is also ubiquitous in the Anosyen and eastern Androyen domains; modified from GAF-BGR, 2008a). (C)
Typical outcrop of calc-silicate gneiss with large titanite: 2 cm chisel for scale. (D) Typical calc-silicate gneiss in thin section (2 X 4.5 cm), showing coarse-grain
texture and lack of prominent foliation. (E) Enlarged geological map from B showing sample locations, U-Pb dates, and highest Zr temperatures. In samples without
quartz (indicated by *), Zr temperatures are not shown, because the propagated uncertainty in the activity of SiO, is too large to be geologically useful (> = 100 °C).
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Marbles, pyroxenites, and skarns associated with calc-silicate
gneisses near Tranomaro, in the Anosyen domain, have been studied
extensively as locations of sapphire, phlogopite, and U-Th mineraliza-
tion resulting from syn- to post-metamorphic metasomatism (Boulvais
et al., 1998, 2000; Martin et al., 2014; Moine et al., 1998; Pili et al.,
1997a, 1997b; Rakotondrazafy et al., 1996; Ramambazafy et al., 1998).
The samples presented in this study are not the mineralized rocks re-
ferenced in those works, with the possible exception of sample 22D,
which contains corundum, hibonite, and fluorite. The rocks of this
study are calc-silicate gneisses interpreted to be regionally metamor-
phosed “marls,” although, as discussed below, titanite dates and com-
positional zoning suggest that even these non-mineralized gneisses ex-
perienced at least a small degree of metasomatism perhaps related to
the mineralization.

The generally well-equilibrated textures of the samples and lack of
diagnostic inclusions in titanite mean that it is not possible to infer the
metamorphic reactions that resulted in titanite growth in the samples of
this study (e.g. Fig. 1D). Titanite is commonly considered to form in
calc-silicates during prograde metamorphism by the decarbonation re-
action (Frost et al., 2000; Kohn, 2017; mineral abbreviations after
Kretz, 1983):

qtz + rt + cal - ttn + CO, (€Y

Reactions with Ti-rich biotite as a reactant might also have been
important for titanite formation during prograde metamorphism (Rapa
et al., 2017):

bt + cal + qtz — Kfs + tr + ttn + H,O + CO,, 2
bt + cal + qtz — Kfs + di + ttn + H,O + CO,, 3)
bt + scp + qtz — Kfs + di + pl + zo + ttn + H,O + CO,, (€))
bt + scp + qtz + zo — Kfs + di + pl + ttn + H,O + COs,. (5)

In each of reactions (1)-(5), titanite is the high-temperature Ti-
bearing phase. In general, titanite is the stable Ti-phase (over rutile and
ilmenite) at high-T in calc-silicates (e.g. Frost et al., 2000; Kohn, 2017;
Rapa et al., 2017). In sample 22D, hibonite formation might have in-
volved titanite breakdown, as indicated by the hibonite's relatively high
Ti and REE concentrations (Rakotondrazafy et al., 1996; precise reac-
tions not determined).

The metamorphic history of the Anosyen domain has been ex-
tensively evaluated by several recent studies (Boger et al., 2012; Holder
et al., 2018a, 2018b; Horton et al., 2016; Jons and Schenk, 2011); the
results of these studies are summarized here. The domain is inferred to
have been metamorphosed between 580 and 500 Ma along a clockwise
P-T path in response to continental collision between the Dharwar and
Congo cratons at the end of the East-African Orogeny. The peak tem-
perature reached prior to decompression and cooling is inferred to have
been 900-1000 °C and occurred between 560 and 540 Ma. The pressure
of metamorphism at peak temperature, prior to decompression and
cooling, was 0.5-1.0 GPa. The cooling history of the domain is best
constrained by (thermo)chronology at Manangotry Pass (Montel et al.,
2018): 540-530 Ma U/Th-Pb monazite dates from 750 to 800 °C bioti-
te-apatite veins, 530-510 Ma U/Th-He dates from cm-scale monazite
(300-400°C), and a 455 + 6Ma biotite *°Ar/*°Ar date (~300°C).
Titanite petrochronology from the Anosyen domain in this study is in-
terpreted in the context of this independently constrained thermal
history.

The metamorphic history of the Ikalamavony domain has been less
extensively studied than the metamorphic history of the Anosyen do-
main. To provide additional constraints on the (P-)T-t history of the
Ikalamavony domain for more rigorous interpretation of the titanite
petrochronology, three felsic—pelitic gneisses, collected between
Ankaramena and Thosy, were also studied. The mineral assemblages of
these samples are listed in Table 1. Complete sample descriptions are
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given in Appendix A.1. Monazite U-Pb dates were collected from all
three felsic—pelitic samples. P-T estimates were calculated using tradi-
tional thermobarometry of pelitic sample 12G (Section 3.5) and Zr-in-
titanite thermobarometry of calc-silicate sample 12D2 (section 3.4).
The metamorphic history of the Ikalamavony domain is discussed in
more detail in sections 4.3 and 5.2.

3. Methods

3.1. Laser-ablation split-stream inductively coupled plasma mass
spectrometry (LASS)

U-Pb dates and trace-element composition of titanite were measured
by LASS (Kylander-Clark et al., 2013; Kylander-Clark, 2017) at the
University of California, Santa Barbara. Data are presented in Table A.1.
U, Th, and Pb were measured on a Nu Plasma HR ICP-MS. All other
elements were measured on an Agilent 7700 x ICPMS. The spot dia-
meter was 40 um and the laser fluence 2.4 J/cm?. Each analysis was
measured by firing the laser at 4 Hz for 20 s. U-Pb dates were corrected
for down-hole fractionation, mass bias, and machine drift using Iolite
(“U-Pb Geochronology 3” data reduction scheme; Paton et al., 2011)
version 2.5 with Bear Lake Ridge titanite as the primary reference
material (“BLR”; Aleinikoff et al., 2007). Secondary titanite reference
materials Y1710C5 titanite (Spencer et al., 2013) and C513 titanite (in-
house, c. 105 Ma) were used to check U-Pb date accuracy. The titanite
dates in this study should be considered accurate to = 2% when com-
paring to dates of other studies (Spencer et al., 2013). Because the
secondary titanite reference materials are not isotopically homo-
geneous, a homogeneous zircon reference material (“Sri Lanka Zircon”;
Gehrels et al., 2008) was used to assess data precision; following data
processing in Iolite, an additional 2% uncertainty was propagated in
quadrature to the >3U/2°°Pb and 2°”Pb/2°°Pb ratios of each analysis so
that all analyses from the zircon (n = 20) were a single-population by
the MSWD criterion (Wendt and Carl, 1991). Secondary reference
material U-Pb measurements are presented in Table A.2. Elemental
concentrations were calculated using the “Trace Elements” data re-
duction scheme of Iolite, assuming 19.25 wt% Ca in each unknown ti-
tanite analysis and using BHVO2G glass (GEOREM database preferred
values) as the primary reference material.

LASS monazite dates were also collected from felsic—pelitic gneisses
of the Ikalamavony domain between Ankaramena and Thosy for com-
parison with titanite dates in sample 12D2 and to better constrain the
timing of metamorphism. Monazite dates of this study were collected
during the same analytical sessions as monazite dates presented by
Holder et al. (2018a; see their supplementary information for analytical
details and reference-material reproducibilities). Data are presented in
Table A.3. A single, large monazite from Manangotry Pass was also
dated; it yielded a concordant, single-population U/Th-Pb age of
570 + 11 Ma (Fig. A.1), the oldest monazite date yet reported from
this well-characterized locality (Montel et al., 2018, and references
therein).

3.2. Trace-element maps and back-scattered electron images

Al, Fe, Zr, Nb, and Ce were mapped using a Cameca SX100 EPMA at
the University of California, Santa Barbara. The maps were collected
using a 1 um pixel size and 1 s dwell time per pixel. Beam current was
200 nA. Accelerating voltage was 15kV. The diameter of the activation
volume (the volume from which 95% of X-rays were generated) at these
beam conditions was estimated to have been ~1.5um using the pro-
gram CASINO version 2.4.8.1, slightly larger than the pixel size used
during data collection. The Zr and Nb L, x-rays were measured using an
LPET crystal; Al K, using a TAP; Fe K, and Ce L, using an LLIF. Maps
were collected using Probe Image and processed further using Calc
Image of the Probe for EPMA software. Back-scattered electron images
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were collected using an FEI Quanta 400f field-emission scanning-elec- 3.3. Mineral compositions for thermobarometry
tron microscope, also at the University of California, Santa Barbara. BSE
images were used as a guide for placement of the LA-ICP-MS analyses;
in particular, um-scale BSE-bright inclusions of zircon were identified in
some altered titanite grains and avoided during LA-ICP-MS analysis.

Major-element concentrations in pelitic gneiss sample 12G of the
Ikalamavony domain were measured using a Cameca SX100 EPMA at
the University of California, Santa Barbara. Beam current was 10 nA.
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Fig. 2. Titanite data from sample 12D2 from the Ikalamavony domain. (A) EPMA x-ray maps of trace elements and back-scattered-electron (BSE) image of large
titanite from sample 12D. Oscillatory and sector zoning along with annuli parallel to the crystal faces reflect compositional variation during growth of the grain.
Alteration along fractures resulted in changes in composition and resetting of U-Pb dates. (B) U-Pb dates from unaltered titanite (blue and red spots in A) are all the
same within uncertainty—537.2 = 2.6 Ma—and there is no resolvable relationship between date and distance from grain rim indicating that—at the scale of
observation—volume diffusion of Pb did not modified the U/Pb ratio after titanite growth. Altered titanite (yellow and green spots in A) yields a consistent date of
504.8 + 2.6 Ma. (C) The growth temperature of the grain (taken as the sector zone with the lower Zr concentrations; see Kohn, 2017) was 812 * 49 °C. Although
altered titanite yields a consistent U-Pb date, Zr concentrations are heterogeneous suggesting that Zr was not as efficiently mobilized as Pb during alteration. (For

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Accelerating voltage was 15kV. Ka x-rays were measured using the
following crystals: LPET for K and Ca; TAP for Si and Al; LTAP for Na
and Mg; LLIF for Ti, Mn, Fe, Zn, and Cr. Data were collected on-peak for
20s. A mean-atomic-number background correction was used
(Donovan et al., 2016). Data were collected and processed using the
Probe for EPMA software. Data are presented in Table A.4.

3.4. Zr-in-titanite thermobarometry

Zr-in-titanite temperatures were calculated for each sample using
the experimental calibration of Hayden et al. (2008). Quoted tem-
peratures were calculated assuming a metamorphic pressure of 0.6 GPa.
Reported uncertainties are the propagated 20 uncertainties of the
coefficients of the experimental calibration, Zr measurements, pressure
(taken as + 0.2 GPa), and ariop. For arioo, a value of 0.75 with a con-
servatively large uncertainty of = 0.25 was used, reflecting the absence
of rutile in the samples (arjo2 < 1), but that a0y is likely > 0.5 in
titanite-bearing rocks (Chambers and Kohn, 2012; Ghent and Stout,
1984). Zr temperatures were not calculated in samples lacking quartz,
because neither zircon nor baddelyite was observed in thin section and
the propagated uncertainties in ago (as low as 0.1 in the cor-
undum-hibonite calc-silicates; Rakotondrazafy et al., 1996) in addition
to the other uncertainties mentioned above, result in temperature un-
certainties too large to be geologically useful (> = 100 °C). Data are
presented in Table A.1.

blue spots: red spots:
514.4 £ 3.7 Ma 496.5 +4.9 Ma

A _ N P wan,

sample 21B2 titanite grain 1

high

Chemical Geology 504 (2019) 38-52

3.5. Traditional thermobarometry of sample 12G

P-T conditions of metamorphism in the Ikalamavony domain were
also calculated from the compositions of plagioclase, biotite, and garnet
in equilibrium with sillimanite and quartz in sample 12G using the
avPT mode of THERMOCALC (Powell and Holland, 1994). Mineral end-
member thermodynamic data were taken from Holland and Powell
(2011).

4. Results

Titanite dates reported in this section are >*®U/2°°Pb dates corrected
for initial Pb (Pb incorporated into titanite during growth) using
207Pb/?%Pbjinopyroxenes ecause clinopyroxene in these rocks has no
measurable U (using the same LASS analytical conditions as for tita-
nite). Samples that exhibit a range of initial titanite Pb concentrations
(variable 2°7Pb/2°®Pb;anite) are fit well by Tera-Wasserburg discordia
anchored to #*%U/2%Pb = 0 and 2°’Pb/***Pb = 2°”Pb/2*Pbjinepyroxene
(samples 21B2 grain 1, 22A grain2, 08B, and 16A), suggesting that this
initial-Pb correction is accurate, at least in those samples. However, the
isotopic composition of Pb incorporated into titanite can be more
radiogenic than that of the bulk rock if the titanite formed at the ex-
pense of a high-u phase such as rutile (Kirkland et al., 2017, 2018;
Marsh and Smye, 2017; Romer and Rotzler, 2003). If this were true for
any of the Madagascar calc-silicates, the dates and inferred alteration
temperatures  reported herein are maxima. Values of
207Pb /2% Pb jinopyroxene in €ach sample are presented in Table A.5.
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Fig. 3. Titanite data from sample 21B2 grain 1 from the Anosyen domain. (A) EPMA x-ray maps of trace elements and back-scattered-electron image of sample 21B2
titanite grain 1. The grain exhibits lobate domains of distinct composition with convex shapes toward the center of the grain. The lobate domains are interepreted to
be the result of reaction with a fluid, specifically interface-coupled dissolution-precipitation (Putnis, 2009) in which precursor titanite is replaced by titanite of
difference composition, as suggested by Garber et al. (2017) and Marsh and Smye (2017) for titanite in granitic and mafic rocks, respectively. (B) The oldest U-Pb
dates are 514 Ma and the youngest dates are 497 Ma. There is no clear core-to-rim gradient in U-Pb dates, indicating that the range in dates is not the result of Pb loss
by volume diffusion. (C) The core of the grain yields an apparent Zr temperature of 965 * 65 °C, consistent with independent estimates for peak metamorphism
which occurred at ~550 Ma (Holder et al., 2018a). Preservation of peak-T Zr concentrations during low-T alteration (U/Th-He monazite dates of 530-510 Ma
indicate T < 400 °C at this time; Montel et al., 2018), suggest that titanite—quartz—zircon equilibrium was not maintained during resetting of U-Pb dates.
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Individual spot analyses reported in this section have a 20 precision
of ~ = 2% based on secondary-reference-material reproducibility
during the analytical session: ~ + 10 Myr. Groups of analyses that are
statistically homogeneous by the MSWD criterion at the 95% con-
fidence interval (Wendt and Carl, 1991) are reported as weighted
means with 2-standard-error-of-the-mean (2se) uncertainties. The 2se
uncertainties of weighted means are often < 1% of the mean
( £ 2-4Myr) and should be used only for comparing titanite dates
within this study. For comparing dates of this study (individual spots or
weighted means) with dates of other studies, the full accuracy of LA-
ICP-MS titanite dates must be considered; Spencer et al. (2013) esti-
mated this to be = 2% of the measured date, or ~ + 10 Myr.

4.1. Titanite petrochronology

Data from sample 12D2 of the Ikalamavony domain are presented in
Fig. 2. Titanite from this sample is characterized by oscillatory and
sector zoning interpreted to reflect compositional variation during
growth. Growth zoning is cut by patchy, lobate domains of distinct
composition following fractures; these domains are interpreted to be
the result of ICDR and are hereafter referred to as “altered” titanite. U-
Pb dates from unaltered titanite (blue and red spots in Fig. 2A) are all
the same: 537.1 = 2.6 Ma. There is no resolvable relationship between
date and distance from grain rim, suggesting that Pb diffusion was too
slow and/or that the cooling rate was too fast to result in resolvable
differences in U-Pb date with the ~ = 2% analytical precision of LASS.
The Zr-in-titanite temperature of the unaltered part of the grain was
812 *+ 49°C (specifically the sector zone with less Zr, which is more
likely to represent the growth temperature; see Hayden et al., 2008). U-

sample 21B titanite grain 2

red spot:
584.1 £ 10.1 Ma

300 pm

blue spots:
522.1+3.7 Ma
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Pb dates from altered titanite (yellow and green spots in Fig. 2A) are
homogeneous, but younger than dates from unaltered titanite:
504.8 = 2.5Ma. Although altered titanite yields a homogeneous U-Pb
date, Zr concentrations are heterogeneous, corresponding to apparent
temperatures of 650-800 °C.

U-Pb dates from samples within the Anosyen domain are summar-
ized here and presented sample-by-sample in the following paragraphs.
U-Pb dates from range from 530 to 490 Ma; there is no resolvable re-
lationship between U-Pb date and distance from grain rims suggesting
that Pb diffusion was too slow and/or that the cooling rate was too fast
to result in resolvable differences in U-Pb date. This is consistent with
530-510 Ma monazite U/Th-He dates from Manangotry pass which
indicate that the Anosyen domain had cooled to <400 °C by this time
(Montel et al., 2018). Even the fastest estimates for Pb volume diffusion
in crystalline titanite suggest the length-scales of diffusion should be
negligible at T < 600 °C (Cherniak, 1993). Differences in U-Pb dates
within individual grains are observed among “patchy” or lobate com-
positional domains, which extend into titanite from fractures and grain
boundaries. These are interpreted to be the result of ICDR. In some
grains, several generations of ICDR were observed in individual grains
as differences in BSE intensity or chemical composition, although the
age differences among the domains are not always resolvable.

Data from sample 21B2 of the Anosyen domain are presented in
Figs. 3 and 4. Two grains were studied in detail. Grain 1 (Fig. 3) exhibits
=3 cross-cutting lobate domains of distinct composition that extend
toward the center of the grain; these domains are interpreted to be the
result of ICDR. The oldest dates are 514.4 = 3.7 Ma and the youngest
are 496.5 = 4.9Ma. Zr concentrations in the core of the grain corre-
spond to an apparent temperature of 965 * 65 °C, consistent with
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Fig. 4. Titanite data from sample 21B2 grain 2 from the Anosyen domain. (A) EPMA x-ray maps of trace elements and back-scattered-electron image of sample 21B2
titanite grain 2. The core of the grain is homogeneous in most elements, but has a diffuse, low-Zr domain near the center. The rim of the grain is characterized by
three lobate compositional domains (best seen in Zr, Nb, and Al), similar to the zoning patterns observed in sample 21B2 grain 1 (Fig. 3) and is also interpreted to
reflect replacement of the precursor titanite by titanite of a different composition during reaction with a fluid. (B) The unmodified core of the titanite yields a
consistent date of 522 Ma; a single analysis of lobate rim domain yields a date of 484 Ma. (C) Apparent Zr temperatures from the unaltered core of the grain range
from 942 to 964 °C, consistent with independent estimates of peak temperature metamorphism which occurred at ~550 Ma (Holder et al., 2018a). Preservation of
peak-T Zr concentrations during low-T alteration (U/Th-He monazite dates of 530-510 Ma indicate T < 400 °C at this time; Montel et al., 2018), suggest that
titanite-quartz—zircon equilibrium was not maintained during resetting of U-Pb dates.
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independent estimates for the metamorphic peak (Boger et al., 2012;
Holder et al., 2018a, 2018b; Horton et al., 2016; Jons and Schenk,
2011). Zr concentrations in cross-cutting domains of different compo-
sition correspond to lower apparent temperatures of 850-940 °C.

The core of sample 21B2 grain 2 (Fig. 4) is homogeneous in most
elements, but exhibits mottled Zr zoning. The rim of the grain is
characterized by three lobate compositional domains (best seen in Zr,
Nb, and Al), similar to the zoning patterns observed in sample 21B2
grain 1 (Fig. 3) and also interpreted to be the result of ICDR. The core of
the titanite is 522.1 + 3.7 Ma; a single analysis of the lobate rim do-
mains (spot size larger than the domain widths) yielded a date of
484.1 = 10.1 Ma. Apparent Zr temperatures from the core of the grain
are 950 = 65°C, consistent with independent estimates of peak
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metamorphic temperature (Boger et al., 2012; Holder et al., 2018a,
2018b; Horton et al., 2016; Jons and Schenk, 2011). The diffuse, low-Zr
domain in the core and the lobate rim domain yield apparent Zr tem-
peratures of ~850 °C.

Data from titanite in sample 22A of the Anosyen domain are shown
in Fig. 5. Back-scattered electron images show a relatively homo-
geneous titanite with domains of distinct composition occurring along
fractures and as irregular patches in the interiors of grains, interpreted
to be the result of ICDR. The alteration features do not extend along
grain boundaries. Two grains were dated. Most of titanite grain 1 is
522.7 * 4.6 Ma; an altered domain is 506.1 *= 6.7 Ma. All analyses of
grain 2, from altered and unaltered titanite, are 527.7 + 3.8 Ma. Ap-
parent Zr temperatures from the unaltered titanite are 950 *= 65 °C,
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Fig. 5. Titanite data from sample 22A from the Anosyen domain. (A) Back-scattered electron image of sample 22A grain 1 showing compositional modification along
fractions. (B) Back-scattered electron image of sample 22A1 grain 2 showing compositional modification along fractures and in isolated patches within the grain. (C)
Analyses of unaltered titanite from grain 1 yielded a consistent date of 523 Ma; the altered portion of the grain yielded a consistent date of 506 Ma. (D) Analyses of
altered and unaltered titanite from grain 2 yielded a consistent date of 528 Ma (in agreement with the unaltered portion of grain 1 within uncertainty). (E-F) Zr
concentrations of the unaltered titanite are homogeneous, corresponding to an apparent temperature of 948 + 66 °C, consistent with estimates of peak temperature
metamorphism, which occurred at ~550 Ma (Holder et al., 2018a). Zr concentrations of the altered titanite are lower and heterogeneous, corresponding the apparent
temperatures of 810-879 °C. Preservation of peak-T Zr concentrations during low-T alteration (U/Th-He monazite dates of 530-510 Ma indicate T < 400 °C at this
time; Montel et al., 2018), suggest that titanite—quartz—zircon equilibrium was not maintained during resetting of U-Pb dates.
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Fig. 6. Titanite data from sample 23B from the Anosyen domain. (A) Back-
scattered electron image of a titanite grain showing alteration along the grain
boundary and fractures. (B) U-Pb analyses from the unaltered portion of the
grain (and other grains not shown) yield a consistent date of 519 Ma. A single
analysis of the altered portion of the grain was 488 Ma.
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Fig. 8. Titanite data from sample 22G from the Anosyen domain. LASS spot

analyses range from 519 to 495 = 10 Ma.

consistent with independent estimates of peak metamorphic tempera-
ture (Boger et al., 2012; Holder et al., 2018a, 2018b; Horton et al.,
2016; Jons and Schenk, 2011); apparent Zr temperatures from the al-
tered titanite are 800-900 °C.

Data from titanite in sample 23B of the Anosyen domain are shown
in Fig. 6. Back-scattered electron images of a titanite grain show al-
teration along fractures and grain boundaries. The cores of the titanite
grains is 519.7 *= 2.6 Ma; a single analysis of altered titanite near the
grain rim is 488 = 13 Ma. The apparent Zr temperature of the titanite
cores is 908 = 60 °C. The apparent Zr temperature of the altered rim is
696 = 50 °C.

Data from titanite in sample 22D of the Anosyen domain are shown
in Fig. 7. U-Pb dates range from 525 to 482 * 11 Ma. U-Pb transects
were measured in seven titanite grains. No core-rim zoning was ob-
served in any grain. In five of the grains, all analyses are compatible
with single population ages of either 507 = 3.4 or 492.2 = 2.6 Ma.
Two titanite grains have bimodal distributions of dates corresponding
to the two single-population dates identified in the other five grains.
This rock does not have quartz, so no Zr temperatures are reported.
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Fig. 7. Titanite data from sample 22D from the Anosyen domain. (A) LASS spot analyses range from 525 to 482 Ma. (B) Back-scattered electron images of two grains
from the same thin section. All analyses from each grain yield a single date, but the dates from the two grains differ by 12 Ma (dates shown are weighted
means + 2se). (C) Probability distribution functions of all analyses of seven titanite grains from the same thin section. All the data (excluding a single older analysis)

can be described as fitting one of two discrete dates: 507 or 492 Ma. Only two of seven dated grains clearly preserve both generations of dates.
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Fig. 9. Monazite U-Pb dates from felsic and pelitic gneisses in the Ikalamavony domain. (A) LASS spot analyses from sample 04A1 range from 566 to 526 + 13 Ma.
(B) All monazite dates from sample 04A2 define a discordia between 1961 * 26 Ma and 542.4 + 4.8 Ma. (C) All monazite dates from samples 04B1 and -B2 define a
single-population age of 539.8 + 1.9 Ma. (D) Monazite dates from the matrix of sample 12G define a single-population age of 542.0 + 3.4 Ma. LASS spot analyses of

monazite inclusions in garnet range from 573 to 531 + 12Ma.

Data from titanite in sample 22G are shown in Fig. 8. U-Pb dates
range from 519 *= 11 to 496 *+ 10 Ma. This rock does not have quartz,
so no Zr temperatures are reported. In three samples—08B, 16A, and
22A4—all U-Pb analyses gave single-population dates. Concordia dia-
grams for these samples are shown in Fig. A.1. Dates are: 08B,
524.1 = 2.8 Ma; 16A, 526.5 = 2.3 Ma; sample 22A4,
521.6 * 3.6 Ma.

4.2. Monagzite petrochronology

Monazite U-Pb dates were collected from five samples from three
outcrops in the Ikalamavony domain between Ankaramena and Ihosy.
Concordia diagrams for these samples are shown in Fig. 9. Monazite
spot dates from sample 04A1 are 566 to 526 Ma; the mode of dates is
554 Ma (as with the titanite dates, the monazite dates should be con-
sidered = 2% accurate). Analyses from sample 04A2 define a single-
population discordia between 1960 + 26 Ma and 542 + 5Ma (2se of
the upper and lower intercepts). Dates from samples 04B1 and 04B2 are
homogeneous at 540 + 2Ma (weighted mean * 2se). Dates from
monazite outside of garnet in sample 12G are 542 + 3 Ma (weighted
mean * 2se); dates from monazite inclusions in garnet range from
570 Ma to the same as the monazite outside garnet.

In aggregate, the monazite dates from the Ikalamavony domain are
unimodal at 540 Ma. This mode of dates is the same as the unaltered
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titanite in sample 12D2, which is interpreted to record peak-tempera-
ture conditions, consistent with the independently inferred timing of
peak metamorphism for the Ikalamavony and southern Antananarivo
domains (Ganne et al., 2014; Grégoire et al., 2009). Alternatively, the
mode in monazite dates might be interpreted as the onset of cooling and
partial melt crystallization (sample 04A is a migmatite) in which case
the mode of dates in a minimum age for peak metamorphism (Stepanov
et al., 2012; Yakymchuk and Brown, 2014). The older monazite dates
(~570Ma) in samples 12G (inclusions in garnet only) and 04Al are
tentatively interpreted to record earlier, prograde metamorphism
(~450-600 °C for the first monazite growth at the expense of allanite in
pelitic rocks; Spear, 2010). The inferred timing of prograde, peak, and
retrograde metamorphism in the Ikalamavony domain proposed here
are consistent with those proposed for the Anosyen domain (Holder
et al.,, 2018a) and the correlative granulite domains of south India
(Blereau et al., 2016; Johnson et al., 2015; Taylor et al., 2014).

4.3. Thermobarometry of the Ikalamavony domain

The maximum apparent Zr-in-titanite temperatures from samples in
the Anosyen domain agree with the inferred conditions of peak meta-
morphism (900-1000 °C; Fig. 10; Boger et al., 2012; Holder et al.,
2018a, 2018b; Horton et al., 2016; Jons and Schenk, 2011). The P-T
conditions of metamorphism in the Ikalamavony domain are less well
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Fig. 10. Summary of P-T estimates for the rocks in this study from the
Tkalamavony domain (A-B) and Anosyen domain (C). (A) The stability of
calcite—quartz—Ca-amphibole and the Zr-in-titanite temperature from sample
12D2 of the Ikalamavony domain agree between 760 and 815 °C. (B) The sta-
bility of calcite-quartz—amphibole in sample 12D2 (X¢o> = ~0.55, from A), the
Zr-in-titanite temperature from sample 12D2, and garnet-biotite-plagiocla-
se—sillimanite equilibria of sample 12G indicate the Ikalamavony domain be-
tween Thosy and Ankaramena was metamorphosed at 0.4-0.8 GPa and
750-800°C. (C) Pseudosections, O-isotope thermometry, ternary-feldspar
thermometry, and Zr-in-titanite thermobarometry indicate that the Anosyen
domain near Tranomaro was metamorphosed at 0.5-0.6 GPa and 900-950 °C.

documented than those in the Anosyen domain. Based on the coex-
istence of Ca-amphibole, clinopyroxene, and calcite in sample 12D2, Zr-
in-titanite temperatures from sample 12D2, and garnet-biotite—plagio-
clase-sillimanite-quartz equilibria in sample 12G, metamorphic con-
ditions recorded in the Ikalamavony domain between Ankaramena and
Thosy are 0.4-0.8 GPa and 750-800 °C (Fig. 10). This temperature es-
timate is slightly higher than those estimated from pseudosections of
muscovite- and relict-kyanite-bearing rocks in the Ikalamavony domain
to the northwest (0.6-0.9 GPa and ~700 °C; GAF-BGR, 2008b), but
consistent with the absence of muscovite and kyanite in the samples of
this study. The P and T estimates of this study are higher than those
inferred from a pseudosection of calc-silicate gneiss near Ankaramena
(~0.4 GPa and ~650 °C; Ganne et al., 2014). The reason for the dif-
ference between P-T estimates of this study and those of Ganne et al. is
unclear. One possible explanation is that the sample studied by Ganne
et al. was collected near the faulted contact between the Ikalamavony
and Antananarivo domains and might not come from the same struc-
tural level as those from this study, which were collected within the
interior of the Ikalamavony domain.

5. Discussion
5.1. Post-UHT fluid flow in the Anosyen domain

Titanite dates from the Anosyen domain are the same or younger
than U/Th-He dates from the large monazite at Manangotry Pass,
within uncertainty—530 to 510 Ma, thought to represent cooling below
400 °C (Montel et al., 2018; Fig. 11)—but older than “OAr/*°Ar biotite
dates (~300 °C; 481 + 4 Ma in the Beraketa Shear Zone that separates
the Anosyen and Androyen domains, Martin et al., 2014; 453 = 6 Ma
at Manangotry Pass, Montel et al., 2018). Based on these observations,
along with pervasive lobate and patchy zoning interpreted to be the
result of ICDR, and the absence of core-rim decreases in titanite U-Pb
dates suggestive of diffusional Pb loss, the dates are interpreted to re-
cord resetting by 300-400 °C hydrothermal fluids. Evidence for ICDR is
observed in titanite samples separated by 10's to ~100 km, but differ-
ences in U-Pb dates among samples—even among titanite grains in the
same thin section—indicate that titanite resetting by ICDR was loca-
lized, as expected for hydrothermal activity. The highest apparent Zr-in-
titanite temperatures agree with independent estimates for peak me-
tamorphic temperatures (900-950°C), despite U-Pb dates corre-
sponding to 300-400 °C, suggesting that titanite—quartz—zircon equili-
brium was not achieved during low-temperature ICDR or that small
inclusions/exsolution of a Zr-rich phase were present and incorporated
into the LA-ICP-MS analyses. Such Zr-rich inclusions/exsolution were
searched for by SEM and avoided during LA-ICP-MS analysis where
identified; however, nm-scale inclusions/exsolution that formed during
ICDR might not have been recognized and may warrant future study by
transition-electron microscopy (TEM) or atom-probe tomography
(APT).

The regional metasomatism recorded by the titanite in calc-silicate
gneisses between 530 and 490 Ma also appears to be recorded by
monazite in the nearby osumilite-bearing pelitic gneisses studied by
Holder et al. (2018a; Fig. 11). This is consistent with the findings of
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Fig. 11. Summary of titanite data for the Ikalamavony and Anosyen domains in relationship to other petro-/thermochronology. (A) Comparison of U-Pb titanite (this
study) and monazite (Holder et al., 2018a) dates from the Anosyen domain. Both petrochronometers yielded abundant dates in agreement with or younger than U/
Th-He dates (Montel et al., 2018). Both chronometers are inferred to have been reset at low temperature by interface-coupled dissolution-precipitation reactions.
Similar interpretations have been made for monazite from the Trivandrum block of south India (Taylor et al., 2014; Blereau et al., 2016), which is inferred to have
been contiguous with the Anosyen domain during metamorphism. (B) Temperature-time path of the Anosyen domain after Holder et al. (2018a) showing the
abundance of radiometric dates specifically tied to focused fluid flow during retrogression of the terrane, including the titanite dates of this study. (C) Tempera-
ture-time path for the Ikalamavony domain from monazite and titanite petrochronology (this study) and nearest available “°’Ar/>*°Ar thermochronology from the

adjacent Antananarivo domain (Grégoire et al., 2009).

Taylor et al. (2014) and Blereau et al. (2016), who inferred widespread
resetting of monazite by post-metamorphic fluid influx in the Trivan-
drum block of south India, inferred to have been contiguous with the
Anosyen domain during the Ediacaran-Cambrian orogeny. Taylor et al.
(2014) and Blereau et al. (2016) inferred that the monazite-altering
fluids in India were aqueous brines, whereas some of the fluid inclu-
sions in calc-silicates of Madagascar are pure CO, (Rakotondrazafy
et al.,, 1996). Both aqueous-brine and CO,-rich fluid inclusions are
common in granulites (e.g. Touret and Huizenga, 2011). Because the
titanite dates suggest fluid-flow was localized, it is hypothesized that
the composition of metasomatizing fluid was spatially and/or tempo-
rally variable and likely influenced by local rock composition (see Pili
et al., 1997a, 1997b, for discussion of possible fluid sources). For more
information on the regional variability and complexity of metasoma-
tism in southern Madagascar, see Boulvais et al., 1998, 2000; Martin
et al., 2014; Moine et al., 1998; Pili et al., 1997a, 1997b;
Rakotondrazafy et al., 1996; and Ramambazafy et al., 1998.

5.2. Thermal history of the Ikalamavony domain and geological significance
of titanite petrochronology in sample 12D2

U-Pb titanite dates from unaltered titanite in sample 12D2 of the
Ikalamavony domain are the same as the mode of U-Pb monazite dates
from nearby pelitic gneisses. Based on the absence of core-rim zoning
in U-PDb titanite dates, and Zr-in-titanite temperatures that are the same
or higher than other estimates for peak metamorphism within the do-
main (see above), these dates (537.2 + 2.6 Ma [2se], = 11 Ma [2%
accuracy]) are interpreted to record titanite growth at or close to the
time of peak metamorphism in the Ikalamavony domain, in agreement
with the thermal history proposed by Ganne et al. (2014) and Grégoire
et al. (2009) for the Ikalamavony and Antananarivo domains near
Ankaramena. The P-T conditions at this time are estimated to have
been 0.4-0.8 GPa and 750-800 °C (Fig. 10). Prograde metamorphism is
inferred to have begun ~570Ma (same as in the Anosyen domain
[Holder et al., 2018a] and in its correlative, the Trivandrum domain of
south India [Blereau et al., 2016; Johnson et al., 2015; Taylor et al.,
2014]) based on the oldest U-Pb monazite dates from sample 04A1 and
dates from monazite inclusions in garnet in sample 12G.

U-Pb titanite dates from altered titanite in sample 12D2 are
504.0 = 2.6 Ma [2se; + 10Ma, 2% accuracy], 32.3 = 3.6 Myr
younger than the inferred timing of peak metamorphism. The dates
from altered titanite are equivalent to a nearby *°Ar/3°Ar amphibole
date and older than a nearby “°Ar/3°Ar biotite date (Grégoire et al.,
2009) suggesting 300 < Tajteration = 500 °C. The homogeneity of U-Pb
dates from the altered titanite suggests that ICDR is an efficient me-
chanism for resetting the U-Pb system in titanite. Unlike the U-Pb dates,
the Zr concentrations are heterogeneous in the altered domains. Zr-in-
titanite temperatures are less than or equal to the metamorphic peak
(750-800 °C; Figs. 2,10) but greater than the inferred alteration tem-
perature (300 < Tjteration = 500 °C) inferred from nearby thermo-
chronology. This is interpreted to indicate that titanite-quartz—zircon
equilibrium was not achieved during alteration. Zr was lost from the
titanite during alteration, but the apparent temperatures are not in-
dicative of the temperature at which the U-Pb dates were reset. This
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may be due to non-penetrative fluid flow; alteration of the titanite oc-
curred only along fractures through the titanite grain, but not along
grain boundaries (Fig. 2), possibly prohibiting equilibration between
titanite and the other phases in the rock. Alternatively, nm-scale Zr-rich
inclusions/exsolution too small for identification during BSE imaging
might have been present and may warrant future study by TEM or APT.

6. Conclusions

This study builds upon the growing body of evidence that fluid-
mediated replacement reactions are one of the primary mechanisms by
which U-Pb dates are reset in petrochronometers (see Engi, 2017, for
review of phosphates; Rubatto, 2017, for review of zircon). In southern
Madagascar:

1) Regionally extensive, but non-penetrative fluid flow (dates differ
among samples and among grains within individual samples) be-
tween 530 and 490 Ma was the primary mechanism by which U-Pb
titanite dates were reset following granulite-facies metamorphism.

2) Resetting of U-Pb titanite dates was apparently efficient (dates from
individual altered domains are homogeneous) and occurred at
temperatures as low as 300-400 °C.

3) Apparent Zr temperatures (temperatures calculated assuming tita-
nite-quartz-zircon equilibrium) in altered titanite are less than or
equal to the metamorphic peak, but higher than the inferred al-
teration temperature, suggesting that Zr was removed, but titani-
te—quartz—zircon equilibrium was not achieved during alteration.
Future nm-scale investigation might be useful to discern whether the
higher-than-expected Zr concentrations are hosted in the titanite
lattice or in nm-scale exsolved inclusions that formed during ICDR.

Lobate, discontinuous domains of distinct chemical composition
with < pm-scale boundaries—interpreted in this study to be indicative
of ICDR—are a common feature of metamorphic titanite (Bonamici
et al., 2015; Castelli and Rubatto, 2002; Franz and Spear, 1985; Garber
et al, 2017; Kohn, 2017; Marsh and Smye, 2017; Rubatto and
Hermann, 2001; Spencer et al., 2013; Walters and Kohn, 2017). It is
hypothesized that fluid-titanite interaction, not volume diffusion, is the
primary mechanism by which titanite dates are reset at T < 850°C
(Gao et al., 2012; Garber et al., 2017; Kohn, 2017; Kohn and Corrie,
2011; Marsh and Smye, 2017; Spencer et al., 2013; Stearns et al., 2015,
2016; Walters and Kohn, 2017).

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.chemgeo.2018.11.017.
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