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ABSTRACT  Oxygen isotopes are an attractive target for zoning studies because of the ubiquity of oxygen-
bearing minerals and the dependence of mineral '*0/'°0O ratios on temperature and fluid composi-
tion. In this study, subtle intragrain oxygen isotope zoning in titanite is resolved at the 10-um
scale by secondary ion mass spectrometry. The patterns of 6'%0 zoning differ depending on
microstructural context of individual grains and reflect multiple processes, including diffusive oxy-
gen exchange, partial recrystallization, grain-size reduction, and grain growth. Using the chrono-
logical framework provided by structural relations, these processes can be related to specific
events during the Grenville orogeny. Titanite was sampled from two outcrops within the Car-
thage-Colton Mylonite Zone (CCMZ), a long-lived shear zone that ultimately accommodated
exhumation of the Adirondack Highlands from beneath the Adirondack Lowlands during the Ott-
awan phase (1090-1020 Ma) of the Grenville orogeny. Titanite is hosted in the Diana metasyenite
complex, which preserves three sequentially developed fabrics: an early NW-dipping protomylonitic
fabric (S;) is crosscut by near-vertical ultramylonitic shear zones (S,), which are locally reoriented
by a NNW-dipping mylonitic fabric (S3). Texturally early titanite (pre-S,) shows diffusion-domi-
nated 'O zoning that records cooling from peak Ottawan, granulite-facies conditions. Numerical
diffusion models in the program Fast Grain Boundary yield good fits to observed 8'®0 profiles for
cooling rates of 50 4+ 20 °C Ma~', which are considerably faster than the 1-5°C Ma~' cooling
rates previously inferred for the Adirondack Highlands from regional thermochronology. High cool-
ing rates are consistent with an episode of rapid shearing and exhumation along the CCMZ during
gravitational collapse of the Ottawan orogen at c¢. 1050 Ma. Texturally later titanite (syn-S,) has
higher overall 6'%0 and shows a transition from diffusion-dominated to recrystallization-dominated
6'%0 zoning, indicating infiltration of elevated-6'*0 fluids along S, shear zones and continued shear-
ing below the blocking temperature for oxygen (~<500 °C for grain sizes at the study site). The tex-
turally latest titanite (post-S;) has growth-dominated 'O zoning, consistent with porphyroblastic
grain growth following cessation of shearing along the Harrisville segment of the CCMZ.
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INTRODUCTION

Grain-scale zoning presents an inherent opportunity
to understand details of changing P-7—-X(fluid) con-
ditions, provided that zoned compositional constitu-
ents can be measured with sufficient precision and
accuracy at the desired (usually sub-mm) spatial reso-
lution. Precise, high-spatial-resolution, in situ charac-
terization of major- and minor-element zoning is
routine, but high-spatial-resolution, in situ character-
ization of isotopic zoning is less common. Continuing
advances in secondary ion mass spectrometry (SIMS)
techniques allow for increasingly accurate and precise
intragrain analyses of isotopes, for example (Kita
et al., 2009; Harrison et al., 2010; Hartley et al.,
2012; Schmitt & Zack, 2012).
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Oxygen isotopes are an attractive geochemical tar-
get for zoning studies because (i) oxygen is the
major element in most Earth minerals; (ii) isotope
exchange does not change the total concentration of
oxygen within a mineral; and (iii) oxygen isotope
ratios can vary strongly as a function of temperature
and fluid composition. Oxygen isotope ratios have
been used to investigate thermal histories and fluid
regimes in metamorphic rocks for more than
50 years (Urey, 1947; Valley, 2001). Minerals incor-
porate isotopes of oxygen in different proportions as
a function of crystal structure, composition, system
(bulk rock) composition and temperature (e.g.,
Chacko et al., 2001). Isotopic potential gradients
arise within and between phases because the masses
of bonded atoms affect the vibrational contribution
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to the total free energy of a phase. Oxygen isotope
exchange equilibria can therefore be written in a
manner exactly analogous to chemical exchange
equilibria. Theoretically, the advantage of oxygen
isotope exchange equilibria is that any two oxygen-
bearing minerals may be utilized as a thermometry
pair, provided the minerals attained and preserved
isotopic equilibrium (Valley, 2001).

Although isotopic potential gradients are thermo-
dynamic phenomena, mass transfer (whether of
chemical or isotopic species) is fundamentally a
kinetic process. Consequently, oxygen isotope equilib-
rium is not always attained at peak temperature or
maintained during cooling, and oxygen isotope zon-
ing, like chemical zoning, may develop at a variety of
spatial scales. Workers have characterized oxygen
isotope zonation at the map-scale (Lackey & Valley,
2004; Peck et al., 2004), outcrop scale (Cartwright
et al., 1993; Gerdes et al., 1995; Abart & Pozzorini,
2000; Nabelek, 2002), thin-section scale (Eiler et al.,
1995a; Bowman et al., 2009; Ferry et al., 2011), and,
increasingly, at the grain scale (Eiler et al., 1993;
Kohn et al., 1993; Eiler et al., 1995b; Cole et al.,
2004; Ferry et al., 2010; Bonamici et al., 2011; D’Er-
rico et al., 2012; Raimondo et al., 2012).

In this contribution, we demonstrate that subtle in-
tragrain 0'*O variations in titanite can be resolved by
SIMS at the 10-um scale and that the type of 4'%0
zoning is correlated to the structural setting of the ti-
tanite grain. Combining micron-scale in situ geochem-
ical characterization with microstructural and
mesostructural observations, we show that 6'%0 zon-
ing in titanite records high-temperature geological
events, including shear-zone development, fluid infil-
tration, and Grenville-aged tectonic exhumation.

STUDY LOCALE AND PREVIOUS WORK

The Adirondack Mountains expose multiply
deformed meta-igneous and metasedimentary rocks
of the Grenville tectonic cycle (¢. 1350-900 Ma). The
NW Adirondack Lowlands and central Adirondack
Highlands are juxtaposed across the Carthage-Colton
mylonite zone (CCMZ), a major, NE-striking struc-
ture (Fig. 1a,b). The relative position of the High-
lands and Lowlands during the early Ottawan phase
of the Grenville orogeny and the timing of their cur-
rent structural juxtaposition remain controversial
(Wiener, 1983; Streepey et al., 2000; Baird & Mac-
Donald, 2004); however, the CCMZ ultimately
accommodated NW-directed normal-sense displace-
ment of the Adirondack Lowlands and exhumation
of the Adirondack Highlands during the 1090—
1020 Ma Ottawan phase of the Grenville Orogeny
(Mezger et al., 1992; Streepey et al., 2001; Selleck
et al., 2005). Deformation along the CCMZ initiated
in the middle crust at amphibolite—granulite facies
conditions (Mezger et al., 1991a; Cartwright et al.,
1993; Streepey et al., 2001; Baird & MacDonald,

2004; Chappell et al., 2006). Peak metamorphism in
the NW Lowlands occurred at ¢. 1150 Ma, whereas
the Highlands record peak metamorphic conditions
at ¢. 1050 Ma (Mezger et al., 1991a, 1992; McLelland
& Daly, 1996; McLelland et al., 2001). U-Pb dating
of metamorphic vein titanite (by TIMS and
SHRIMP-RG) from the Diana metasyenite near
Harrisville, New York, yields ages from 1089 to
1022 Ma, with a ¢. 1050 Ma age population peak
that likely dates the onset of predominantly normal-
sense shearing along the CCMZ (Heumann, 2004;
Chappell et al., 20006).

Our work builds upon the previous findings of
Cartwright et al. (1993), who measured §'0 on
whole-rock and mineral-separate samples from two
large outcrops of Diana metasyenite near Harrisville
(Fig. 1c), the same outcrops on which this study is
based. U-Pb zircon ages indicate that the protolith
syenite was intruded at 1164 + 12 Ma as a part of
the regional anorthosite-mangerite-charnockite-gran-
ite (AMCG) plutonic suite (Hamilton et al., 2004).
Subsequently, Ottawan metamorphism with peak
conditions of 650-700 °C and 6-7 kbar (Bohlen
et al., 1985; Cartwright et al., 1993; Gerdes & Valley,
1994; Kitchen & Valley, 1995) stabilized the assem-
blage alkali feldspar (perthite) + plagioclase +
quartz + augite + titanite + magnetite + ilmenite +
hornblende in the metasyentite. Cartwright et al.
(1993) documented systematic differences in whole
rock and mineral 6'%0 values between the metasye-
nite and cm-scale shear zones that crosscut the
metasyenite. They reported both shear zones with
low 6'%0 values, which they attributed to interactions
with meteoric fluids, and shear zones with elevated
0'%0 wvalues, which they attributed to interactions
with high-6'%0 fluids coming from nearby marbles.
Magnetite-ilmenite oxybarometry and mineral-pair
oxygen isotope thermometry also revealed a correla-
tion between the degree of late isotope exchange and
degree of shearing (Cartwright et al., 1993). Some of
the cm-scale shear zones are developed within or
along the margins of steeply dipping, crosscutting
veins with abundant augite + alkali feldspar +
quartz + scapolite + titanite 4 calcite. Petrographic
investigation reveals that titanite is a widespread
accessory phase, present within shear zones, adjacent
wallrock, and augite-rich veins.

MESOSTRUCTURE

The two main Harrisville area roadcuts are large
(~400 and 800 m in length x 3-20 m high), fresh,
ENE- to NE-striking subvertical exposures through
the Diana metasyenite. The roadcuts are approxi-
mately three kilometres apart and both are located
within 200 m of the contact of the Diana metasye-
nite with regionally extensive marbles of the Adiron-
dack Lowlands (Fig. lb,c). For ease, the larger
easternmost roadcut is referred to as the eastern

© 2013 John Wiley & Sons Ltd



OXYGEN ISOTOPE ZONING IN TITANITE BY SIMS 73

/ Adirendack -
Mountains

H

(- Highlands

100 km

Y,

Jiana metasyenite

1 km

r:.a':tour interval 3 m-

ﬁﬁ?{uub'

York, 1970.

outcrop, whereas the smaller roadcut to the west is
called the western outcrop. These outcrops were
referred to as the Pyramid and the Wave, respec-
tively, by Cartwright ef al. (1993). Rock exposures
cannot be traced continuously from the Eastern out-
crop to the Western outcrop, but a set of distinctive
millimetre- to centimetre-scale ultramylonite shear
zones occur in both outcrops (Fig. 2a), allowing
structural correlation between them despite their
separation. Three fabrics are recognized between the
two outcrops and their relative ages are determined
from observed and inferred crosscutting relations
(Fig. 2f).

The oldest fabric (S;) is represented by the perva-
sive weakly to moderately developed, moderately

© 2013 John Wiley & Sons Ltd

Figure. 1. Location maps of the Harrisville, NY study area (star). Modified from
Bonamici et al. (2011). (a) Study area in reference to the larger Grenville tectonic
province and the Adirondack Mountains. Carthage-Colton mylonite zone
(CCMZ) indicated by the thick gray line. The CCMZ forms the boundary of the
granulite facies Central Adirondack Highlands to the east and the upper
amphibolite facies NW Adirondack Lowlands. (b) Simplified geological map of
the southern and central CCMZ (dashes). (c) Locations of the Eastern and
Western outcrops sampled in this study. Both outcrops fall along the
Adirondack Highlands-Lowlands border, which closely follows the contact
between the Diana metasyenite (light gray) and the Lowland metacarbonates
(uncoloured). Contacts from Wiener (1983) and the Geological Map of New

NW-dipping protomylonite that dominates the
eastern road cut (Fig. 2b,e). This fabric is defined by
grain-shape preferred orientation of partially
recrystallized feldspar porphyroclasts and wispy
lenses of mafic phases, including augite, hornblende,
ilmenite, magnetite and titanite. S; foliation surfaces
undulate at the centimetre and metre scale and no
stretching lineation was identified.

The S; protomylonite of the eastern outcrop is
crosscut by at least 136 millimetre- to centimetre-
scale, steeply dipping ultramylonitic shear zones (S»;
Fig. 2a—c). The fabric within S, shear zones is a com-
positional banding defined by lenses of recrystallized
felsic and mafic minerals and is parallel to the typi-
cally sharp shear zone boundaries. S, shear zones
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Fig. 2. Structure in the Diana metasyenite at the Harrisville site. All data are shown
as poles to foliation plotted on lower-hemisphere equal area nets. (a) Field
photograph of an S, ultramylonitic shear zone (brackets) crosscutting the
protomylonitic metasyenite wallrock of the eastern outcrop. (b) All fabric
measurements from the Harrisville outcrops. (c) Contoured poles to foliation of S,
shear zones and representative planes (black great circles) showing the two dominant
shear zone orientations. (d) Orientations of the S3 mylonitic wallrock fabric and
ultramylonitic shear zones in the western outcrop. (¢) Comparison of wallrock fabric
orientations at the eastern (blue triangles) and the western (orange triangles). (f)
Cartoon summary vertical cross-section (looking to the northwest) of the interpreted
structural relations in the two Harrisville outcrops. S; and S, fabrics are observed in
the eastern outcrop, whereas the Sz fabric, including inferred transposed S,3 shear
zones, are observed in the western outcrop. Dark gray represents variably sheared
augite-rich veins containing cm-scale titanite (lighter gray lenses).

widen and merge in Y-shaped junctions or, rarely, in
X-shaped junctions with no observable offset of
either shear zone. These relations indicate that the
shear zones formed contemporaneously as an anasto-
mosing network. Although shear zone strike is vari-
able, orientations cluster into NNE- and NW-striking
groups that broadly define a 60/120° geometry
(Fig. 2¢). Several S, shear zones are developed along
the margins of or within steeply dipping, cm- to m-
wide augite-rich veins (Heumann, 2004; Chappell
et al., 2006) that also crosscut the S; fabric at a high
angle (Fig. 2f). The orientation of the veins and their
spatial association with the S, shear zones indicates
contemporancous vein emplacement and shearing,
and we consider veins to be part of the S, fabric. In

fact, most veins are deformed by S, shear zones, and
some veins are attenuated to the extent that only
small pods, lenses and discontinuous layers of vein
material, recognized by aggregates of deep green sub-
calcic augite &+ pink alkali feldspar, survive within
the shear zone.

In the western outcrop, cm-thick ultramylonitic
shear zones either crosscut at a low angle or parallel
a well-developed penetrative mylonitic fabric
(Fig. 2b,d,e). We infer that these are transposed S,
shear zones, and that the wallrock mylonite is
therefore a later generation of fabric (S3). The S;
fabric is defined by grain-shape preferred orientation
of feldspar porphyroclasts, quartz ribbons, and thin
lenses of grain-size reduced mafic phases. Locally, S;

Fig. 3. Images of representative microstructures for the four Types of titanite. All scale bars are 1 mm unless otherwise indicated.
All images are transmitted light photomicrographs except (b). (a) T1. Lens of fine-grained augite + quartz + titanite + magnetite
between porphyroclasts of alkali feldspar in S; protomylonite. (b) T1. BSE image of a rare ~500 um-long titanite grain within a
lens as shown in (a). Backscatter contrast is focused over a narrow range to show subtle zoning in titanite. Typical bright rim
indicated with white arrow. (c) T2. Ovoid titanite porphyroclasts within an ultramylonitic S, shear zone. (d) T2. Foliation in the
grain-size reduced matrix wrapping a large titanite porphyroclast with dusty-appearing ilmenite inclusions. Quarter fold at upper
right indicates dextral shear in the plane of the thin section. (e) T3. Titanite porphyroclast within a sheared augite-rich vein. (f)
T3. Cross-polarized image of cm-scale vein titanite showing segmentation of the grain into cores surrounded by fine-grained
recrystallized rims. Cores commonly contain deformation twins, which appear as irregular, lighter gray bands in this image.
Nearly entire field of view is titanite. (g) T4. Xenoblastic titanite and augite porphyroblasts overgrowing S; (ultra)mylonite. (h)
T4. Cross-polarized image of titanite porphyroblast. Compare the average S, matrix grain size in (d) with the average S; matrix

grains size.
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mylonite grades into metre-thick layers of ultramylo-
nite. These ultramylonite zones differ from the S, ul-
tramylonitic shear zones in that they are wider,
exhibit gradational rather than sharp boundaries, are
coarser grained, and contain abundant xenoblastic
titanite (Type-4 titanite, described below). The wid-
est S; ultramylonite zone contains a higher modal
abundance of quartz than the adjacent metasyenite
mylonite, suggesting that it was localized in a
slightly different lithological facies of the Diana me-
tasyenite complex. Both S; mylonitic fabric and
transposed S, shear zones of the Western outcrop
dip more gently than and are rotated systematically
10-60° clockwise relative to the eastern outcrop S;
protomylonite (Fig. 2e).

MICROSTRUCTURE

Within the two Harrisville outcrops, there are four
distinct occurrences of titanite on the basis of micro-
structural context (Fig. 3; Table 1). These types are
(i) wallrock titanite grains; (ii) shear zone titanite
porphyroclasts (iii) vein-related (variably sheared) ti-
tanite grains; and (iv) titanite xenoblasts. Types-1, -2
and -3 occur exclusively at the Eastern outcrop,
whereas Type-4 titanite occurs exclusively at the
Western outcrop. A relative chronology of develop-
ment has been determined from a combination of
microstructural characteristics and relations to the
mesoscale structures and fabrics described above.
The different occurrences or types of titanite are
described below in order of relative age from oldest
to youngest.

Type 1: Wallrock titanite (Eastern outcrop)

Type-1 (T1) titanite occurs as <500-um anhedral
grains with curviplanar or lobate boundaries occur-
ring within thin lenses of mafic minerals that define
the S; protomylonitic fabric of the eastern outcrop
(Fig. 3a). The lenses comprise aggregates of
augite + titanite + magnetite + zircon + hornblende
+ ilmenite. Most T1 titanite grains larger than
200 pum exhibit undulatory to patchy extinction.
Some grains are mantled by thin rims of fine-grained
titanite and many occur as trains of <100 yum grains,
suggesting that most T1 grains predate S; and under-
went some degree of grain-size reduction during
development of S; protomylonite. Augite shows simi-
lar microstructural features indicating that it also
underwent grain-size reduction. In backscattered elec-
tron (BSE) images, titanite exhibits faint oscillatory
to patchy zoning that is commonly truncated by
higher Z rims (Fig. 3b).

Type 2: Shear-zone titanite (Eastern outcrop)

The Type-2 (T2) titanite category includes all grains
sampled from S, ultramylonitic shear zones not

associated with augite-rich veins. At the microscale,
S, shear-zone foliation is a compositional layering
defined by eclongate strings and lenses of grain-size
reduced mafic and felsic phases. T2 titanite occurs
as ~200-1500 um ovoid porphyroclasts ‘wrapped’ by
S, foliation (Fig. 3c,d). T2 grains commonly show
preferred orientation with the longer grain dimen-
sion parallel or subparallel to shear zone foliation
(Fig. 3d). In a few samples, titanite grains are
asymmetric winged porphyroclasts, and smaller
anhedral titanite grains can be traced back along
specific foliation trajectories to nearby larger grains
where they appear to have originated. Many, if not
most, grains larger than ~500 um exhibit undulatory
extinction and/or tapering lamellar twins. In BSE
images, T2 grains display very faint patchy zoning
and one or more rims of variable thickness and
continuity.

Type 3: Vein-associated titanite (Eastern outcrop)

Type-3 (T3) titanite grains include variably recrystal-
lized centimetre-scale porphyroblasts (up to 5 cm-
long) within augite-rich veins (Fig. 3e,f) and smaller,
500-2000 um grains associated with augite + meso-
perthite aggregates strung out along S, shear zones.
Many of the smaller grains represent survivors of
vein attenuation within shear zones. Similar orienta-
tions and strong spatial association of augite-rich
veins within S, shear zones suggests that veins, and
therefore T3 titanite grains, formed contemporane-
ously with S, shear zones. Most cm-scale titanite
forms aggregates of smaller grains which have well-
developed core-and-mantle structure (Fig. 3f). Many
of the grain cores exhibit undulose extinction, frac-
tures, and/or tapered lamellar twins. Grains with a
cloudy or speckled appearance contain pm-scale
inclusions and voids, consistent with crystallization in
the presence of fluids. In high-contrast BSE images,
T3 grains typically display sharp, patchy and/or
irregular concentric zoning. Irregular concentric zon-
ing with lobate, embayed or distinctly non-planar
zone boundaries is well-developed in most centime-
tre-scale titanite grains.

Type 4: Xenoblastic titanite (Western outcrop)

The Western outcrop wallrock mylonite lacks titanite
but grades into metre-thick zones of ultramylonite
that contain abundant xenoblastic mm-scale titanite
grains (Fig. 3g). These Type-4 (T4) titanite grains are
~500-2000 um long with irregular rims that overgrow
the late, moderately dipping S; ultramylonite zone
foliation (Fig. 3g,h). In BSE images, titanite grains
typically display patchy zoning with both gradational
and sharp zone boundaries (Fig.8b). The grain-size
reduced quartz-and-feldspar-dominated matrix shows
textural evidence for recovery following dynamic
recrystallization, including smoothly curviplanar

© 2013 John Wiley & Sons Ltd
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Table 1. Summary of study samples from the Diana metasyenite in the vicinity of Harrisville, New York.

UTM coordinates'

Outcrop E N SIMS mount Grain Grain Fabric relations Rock type

number type
E 473365 4888118 09HAI12B T1.1 1 pre-Sa Protomylonite
E 473526 4888153 09HAO3AB T1.2 1 pre-Ss Protomylonite
E 473391 4888132 09HA09A2 T2.1 2 pre-S, Ultramylonite
E 473526 4888153 09HAO03A T2.2 2 pre-Ss Ultramylonite
E 473526 4888153 09HAO03A T2.3 2 pre-S, Ultramylonite
E 473391 4888132 09HAO09A T2.4 2 pre-S» Ultramylonite
E 473365 4888118 09HA12A T3.1 3 syn-S, Sheared augite vein
E 473389 4888125 09HA18 T3.2 3 syn-S, Augite + apatite vein
E 473509 4888155 09HAO8A T3.3 3 late-syn-S, Sheared augite vein
E 473509 4888155 09HAO07B T3.4 3 syn-S, Sheared augite vein
E 473509 4888155 09HAO07B T3.5 3 syn-S, Sheared augite vein
w 471389 4885954 09HA13A T4.1 4 pre-S; core, post-S; rims Ultramylonite
w 471389 4885954 09HAI13A T4.2 4 pre-S; core, post-S; rims Ultramylonite

'NADS83/UTM zone 18T.

grain boundaries (Fig. 3h). Compositional layering
on the scale of the thin-section is defined by differ-
ences in the relative abundance of quartz and augite.
In general, there is a significantly higher abundance
of quartz in samples with T4 titanite grains.

MICROANALYTICAL METHODS

Sample mounts were prepared from petrographic thin
sections of the Harrisville samples in order to pre-
serve the microstructural context of each titanite
grain and ensure that grain rims were intact. Sections
were polished to achieve <1 um of surface relief, cut
into 25-mm diameter rounds, and carbon coated.

The intragrain chemical zoning in the Harrisville ti-
tanite was characterized by wavelength dispersive
spectroscopy, using the University of Waisconsin
Cameca SX-51 electron microprobe. Point analyses
were collected adjacent (within 10-30 um) to every
SIMS 6'®0 pit along cross-grain traverses in order to
correct for SIMS analytical bias (see below), and
these analyses generate a complementary EPMA tra-
verse for each SIMS traverse. Point analyses were
performed with a 15 keV accelerating voltage, 40 nA
beam, and <I um beam diameter. Counts were col-
lected for 14 major (Ca, Ti, Si), minor (Al Fe, Na,
Mg, Mn, F), and trace elements (Zr, Hf, Y, Ce, Nd)
with 10 s peak and 5 s background counting times. A
significant Si Ko peak shift was observed in titanite
relative to the jadeite standard and thus the Si peak
position for all analyses is based on the Renfrew tita-
nite standard. ZAF corrections and data reduction
were performed with Probe for EPMA software
(Donovan et al., 2009). ZAF corrections are based
on measured fluorine and stoichiometric oxygen
assuming no OH™ substitution, though some amount
of OH must be present in all Harrisville titanite. To
avoid the issue of exact anion site occupancy, cation
formula atoms were calculated by assuming that all
cations sum to fill three sites per formula unit. Fe is

© 2013 John Wiley & Sons Ltd

assumed to be Fe’*. All EPMA data are tabulated
in Table S1.

All "0 measurements were made on the
WiscSIMS Cameca IMS-1280 ion microprobe with a
1.8-2.2 nA Cs* primary beam (Table S2). The
instrument was tuned using standard operating con-
ditions and procedures for oxygen two-isotope analy-
ses detailed in (Kita ez al., 2009). Analysis pits were
slightly ovoid and 10-17 yum in diameter (longest
dimension) by 1 um deep. Oxygen isotope profiles
were generated for each titanite grain through a ser-
ies of closely spaced analyses along cross-grain or, in
the case of very large cm-scale grains, rim-to-core tra-
verses.

Data were acquired over the course of 10 different
analytical sessions; instrumental bias was calibrated
for each session by analyzing a suite of titanite stan-
dards and drift was monitored throughout the ses-
sion by repeated analyses of a quartz standard
embedded in each sample mount. Previous work
(Bonamici et al., 2011) established that instrumental
bias occurring during the ion microprobe measure-
ment of §'®0 in titanite correlates linearly with the
abundance of Ti in the octahedral site over the com-
positional range of interest (~0.75-1.0 formula atoms
Ti). A suite of three chemically (major and minor
elements) and isotopically (5'*0) homogeneous natu-
ral titanite standards (Renfrew titanite, Khan Mine
titanite, and Tiburon 3 titanite; Tables S3 & S4) were
measured and bracketed by analyses of the quartz
standard (UWQ-1, 680 = 12.33 % ,VSMOW; Kelly
et al., 2007) during each analytical session. Each set
of 10-15 titanite o'®0 sample analyses was also
bracketed by 8-12 analyses of UWQ-1. The spot-to-
spot precision for the unknown measurements is cal-
culated as twice the standard deviation of the 8-12
UWQ-1 measurements that bracket each set of sam-
ple analyses. Following SIMS analysis, quantitative
EPMA compositional data were collected within 10—
30 um of every SIMS pit in order to calculate Ti for-
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mula atoms (Table S1) for the instrumental bias cor-
rection. Formula-atom calculations were made by
normalizing to three cations to minimize the effect of
uncertainties in the anion composition on the bias
calculation. All SIMS 6'%0 data are tabulated in
Table S2 and bias correction curves for each analyti-
cal session are compiled in Fig. SI.

TITANITE CHEMICAL COMPOSITION AND
ZONING

The variety of titanite microstructures and their rela-
tions to structures described above suggests more
than one petrogenetic origin for the Harrisville tita-
nite grains. The T1 wallrock microstructures dis-
cussed above indicate that at least some, and possibly
many, of the Harrisville titanite grains originated as
magmatic crystals in the 1164 + 12 Ma Diana sye-
nite (Hamilton et al., 2004). Magmatic titanite is
common in slowly cooled, oxidized plutons (Xirou-
chakis et al., 2001a), which is consistent with the high
titanite 'O (see below) and whole-rock 5'%0 values
(Table S5) measured in the Diana metasyenite at
Harrisville indicating significant interaction between
the syenitic magma and the surrounding metasedi-
mentary rocks. Vein titanite formed later than wall-
rock titanite and under different conditions. One
such cm-scale vein titanite dated by U-Pb TIMS
yielded a range of dates (1073-1016 Ma) that were
interpreted to reflect crystallization during the Otta-
wan (Heumann, 2004). Vein mineralogy, especially
the presence of calcite and calcsilicate minerals, indi-
cates that vein fluids interacted with nearby metasedi-
mentary rocks, including the extensive marbles of the
Adirondack Lowlands located immediately to the
NW (Fig. 1b,c). In addition, porphyroclastic grains
with irregular rims (some T2 & T3) and dominantly
porphyroblastic grains (T4) are consistent with meta-
morphic titanite growth. Accordingly, we characterize
the chemical variation in the Harrisville titanite in
order to constrain the relations between grain growth
and oxygen isotope composition.

Titanite crystal chemistry and phase equilibria

Titanite is a monoclinic solid solution than can be
broadly represented as (Ca, U, Pb, Mn, Th, REE)(Ti,
Al, Fe, Zr, Ta, Nb, Y) [SiO4] (O, F, OH) (Higgins &
Ribbe, 1976; Tiepolo et al., 2002; Mazdab, 2009). The
P-T conditions of titanite stability are strongly depen-
dent on bulk rock composition (e.g., Frost et al.,
2000). Theoretical (Wones, 1989; Xirouchakis et al.,
2001b), experimental (Xirouchakis e al., 1998), and
empirical (Xirouchakis et al., 2001a; Harlov et al.,
2006) studies indicate that titanite stability in granitoid
composition rocks is a function of temperature;
pressure; fo,; dsio,; and the activities of exchange vec-

tors involving Fe* ", Fe’", Ca®*, and Ti*". Whether

magmatic or metamorphic in origin, the persistence of
titanite within the Diana metasyenite during upper
amphibolite/granulite facies metamorphism was gov-
erned by the equilibria:

clinopyroxene/Ca-amphibole + ilmenite 4+ O,

(1)

= titanite + magnetite 4+ quartz + H,O

and
rutile + calcite + quartz = titanite + CO,, (2)

where clinopyroxene, Ca-amphibole, ilmenite, titanite
and magnetite are solid solutions. Increasing oxygen
fugacity drives the reaction 1 to the right (Xiroucha-
kis et al., 1998), and oxybarometry calculations by
Cartwright et al. (1993) for the Harrisville outcrops
are consistent with a titanite + magnetite + quartz
assemblage close to the FMQ buffer at the tempera-
tures and pressures of Ottawan metamorphism.

Element trends and zoning

The Harrisville titanite shows both intergrain (Fig. 4)
and intragrain (Figs 5-8) variations in chemical com-
position. Aluminium, iron and fluorine are present at
the level of minor elements in all studied titanite.
High-field strength elements (Hf, Zr, Y) and rare
earth elements (Ce & Nd) are present at trace levels
and up to I element wt%. Intragrain zoning in major
and minor elements is subtle with variations typically
on the order of 0.2-0.5 element wt%, and rarely, up
to 1 element wt% within a given grain. Zoning is
most pronounced for Ti and elements that substitute
on the Y'Ti site (primarily Al and Fe*"). Both elec-
tron microprobe traverses and electron backscatter
imaging show that within a grain elemental zoning
may be gradual, sharp or both.

To facilitate comparison and elucidate substitu-
tional trends, titanite compositions are compared on
the basis of formula atoms. T1 and T2 titanite grains
are characterized by subtle differences in Al, Fe and
F (Fig. 4); T1 grains generally have higher Ti and
proportionally lower Al and Fe than T2 grains. T1
and T2 element profiles (Figs 5 & 6) are essentially
flat with very small compositional variations within
~50 um of grain edges. T3 vein titanite has distinctly
higher (Al+F)/Fe ratios and, as a group, show the
greatest compositional variability (Fig. 4). Vein tita-
nite separates into two compositional subgroups
(Type 3a and 3b in Fig. 4) that may reflect differ-
ences in vein emplacement sources or timing.
Although all veins have similar mineralogy, the pro-
portions of the minerals vary between veins. In addi-
tion, veins from which subgroup 3b titanite was
sampled are commonly associated with potassic alter-
ation. Compositional traverses across T3 grains
(Fig. 7) also show greater intragrain compositional
variation than T1 and T2 grains. T4 titanite is closest
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to end-member composition and lowest in Al, Fe
and F (Fig. 4); it shows essentially no compositional
overlap with other titanite types. Compositional
traverses across T4 grains (Fig. §) show that subtle
zoning occurs only near grain rims. Thus, the four
microstructurally distinct populations of titanite are
also chemically distinct, consistent with microstruc-
tural relations suggesting that these populations grew
or recrystallized at different times and/or conditions.

TITANITE 8'30 ZONING

Figures 5-8 show SIMS §'%0 profiles from 13 tita-
nite grains. For ease of discussion, each grain is des-
ignated by a number that indicates its type and

Fig. 4. Ternary plots showing titanite
compositional variations in terms of atoms
per formula unit titanium, iron, aluminium
and fluorine. All analyses are plotted as a
function of microstructurally determined
titanite Type. T3 vein titanite is subdivided
on the basis of compositional differences
that may indicate two or more distinct vein
emplacement episodes. Note that the scales
on the right and left plots are expanded

order in the accompanying figure (e.g., T3.2 is the
second Type-3 grain in Fig. 7). Note that through-
out the descriptions below and the subsequent dis-
cussion, we distinguish 'O values, the VSMOW-
standardized permil value, from 6'%0 zoning, which
refers to variations in 0'®0O regardless of the
VSMOW-standardized values. Because 6'®O varia-
tions rather than 6'80 values are of primary interest
in this study, the error bars on 6'°O profile plots
(and 2SD errors reported in Table S2) represent the
precision of each measurement as calculated from the
precision of the UWQ-1 quartz standard 6'*0 mea-
surements bracketing each group of titanite analyses;
they do not represent a statistically complete analysis
of the accuracy of the calculated titanite 6'*0 values
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because errors on the bias correction curves have
not been propagated.

The shapes, the average 8'®0 values, and the A'*O
(core-rim) of 6'%0 profiles vary depending on the
microstructural context of the individual titanite grain.
Profiles are grouped according to the four distinct
microstructural occurrences identified and described
above (Fig. 3). In general, grains with petrographic evi-
dence for significant deformation-induced (dynamic)
recrystallization were avoided during SIMS analyses in
order to minimize the potential for truncated or over-
printed 8'®0 profiles; however, several of the analyzed

grains show internal deformation features such as un-
dulose extinction and twinning. The relations between
these deformational features and SIMS 6'%0 measure-
ments are described and discussed in detail below.

Type 1: Pre-S; wallrock titanite (Eastern outcrop)

Most T1 wallrock titanite shows evidence of dynamic
recrystallization and grain-size reduction, and thus we
gathered only two SIMS 6'%0 profiles on this type of
titanite. Both analyzed T1 grains show undulose extinc-
tion. T1.2 (~150 x 250 pum) also contains sparse, thin
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lamellar twins and yields broadly core-to-rim decreas-
ing 6'%0 profile with A'*O(core-rim) <0.4%, (Fig. 5).
T1.1 (~300 x 500 um), which lacks twin lamellae,
yields a core-to-rim decreasing profile with A'®*O(core-
rim) = 0.6%, and is considered to be the best pre-
served T1 wallrock '%0 profile (Fig. 5a). The oxygen
isotope profile and crystallographic data for TI.1
were presented in detail in Bonamici et al. (2011) and
are reviewed here as the best example of Type-1 tita-
nite at Harrisville. Maximum 6'®O in the grain core is
10.4%,, which drops off steeply within 100 ym of the

© 2013 John Wiley & Sons Ltd

grain rim to 9.89,. Electron backscatter diffraction
(EBSD) mapping of this grain reveals two crystallo-
graphically distinct domains divided by a narrow sep-
tum of quartz and feldspar. The 6'%0 values decrease
toward the septum but the domains on either side
retain approximately the same maximum 6'0 value
of 10.4%,. Local misorientation mapping by EBSD of
the left-hand crystallographic domain shows incipient
subgrain boundary development that appears, at least
in part, to correlate with small interior 6'*0 fluctua-
tions (Bonamici et al., 2011).
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. . . . 18
Type 2: Pre/syn-S, shear-zone titanite (Eastern outcrop) ;1;2 g9r27u_nlorlgn%i (;Ell(gi ginﬁiﬁmg%ocorrﬁn 5V aOlug/salsz
Oxygen isotope profiles from titanite in shear zones  7.7-9.6%,. Core-to-rim §'*O differences are 1-1.5%,.
unassociated with vein material consistently show T2 profiles are typically symmetric, with nearly iden-
highest 'O values in grain cores decreasing tical 6'%0 gradients and similar 6'°0 values at either
smoothly and steeply to the lowest 6'®0 values at  rim. T2.3 profiles show interior 6'%0 fluctuations of
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up to 0.59,. As described above, T2.1 and T2.3 con-
tain lamellar twins, which are usually visible in
cross-polarized transmitted light as ~10-50 um wide
bands that either transect the grain entirely or disap-
pear gradationally within the grain. Where SIMS tra-
verses cross these twin bands, 6'%0 decreases slightly
but remains within analytical error of adjacent 6'*0
values (arrows in Fig. 6).

Type 3: Syn-S, vein titanite (Eastern outcrop)

In general, vein titanite grains show first-order core-
to-rim decreasing 0'*0 values and A'®O(core-rim) of
0.6-1.5%, (Fig. 7); however, profiles from these grains
also commonly display step-like 0'*0 decreases and
flat, lower-6'"%0 rims (Fig. 7c-¢). Values of 6'°0 in
T3 grains overlap with but are slightly elevated rela-
tive to 6'%0 values in T1 and T2 grains. The lowest
rim 6'%0 values are 10%, and the highest values in
grain cores are 129, Most cm-scale vein titanite has
undergone grain-size reduction by dynamic recrystal-
lization. Only T3.2 lacks evidence of dynamic recrys-
tallization, and it yields a 6'0 profile similar to T1
and T2 profiles (Fig. 7bl). Some millimetre-scale T3
titanite grains have asymmetric 6'%0 profiles where
one side of the profile shows a core-to-rim §'%0 gra-
dient comparable to those in T1-2 grains and the
other side is apparently truncated at higher 6'%0 val-
ues. The truncated portion of the profile may be
either directly at the grain boundary (Fig. 7el) or
adjacent to step-like 6'®0 decrease and flattened,
lower-6'%0 rim (Fig. 7d2). Some grain profiles have
symmetrical flat '*0 rims (Fig. 7c1,d1).

Type 4: Post-S; xenoblastic titanite (Western outcrop)

Values of 6'%0 in T4 titanite range from 12.6 to
14.79,, and are significantly higher than in other
types of titanite (Fig. 8). The most significant zoning
feature is a subtle increase in 6'%O toward the grain
rims. Rim 6'%0 zoning correlates spatially with chem-
ical zoning apparent in compositional traverses
(Fig. 8). Grain interiors are characterized either by
essentially uniform 6'%0 or by gradually decreasing
6'"%0. The 8'®0 profile across T4.1 (Fig. 8a3) shows
increasing 6'®0 at one rim, where chemical zoning is
well developed, but shows steeply decreasing 6'%0 at
the other rim, where the titanite grain abuts an augite
grain and lacks sharp chemical zoning.

DISCUSSION

4'®0 zoning mechanisms: metamorphic growth v.
diffusion v. recrystallization

Isotope exchange, like chemical exchange, among
solid phases occurs by diffusion and recrystalliza-
tion, both of which may or may not be fluid-medi-
ated. Oxygen isotope exchange is a one-to-one trade
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of chemically (electronically) identical species with
the same ionic radius that does not alter the total
concentration of that species in the exchanging min-
erals (e.g., Zhang, 2010). It therefore differs from
chemical/elemental exchange in that it does not
require complex coupled substitutions that depend
on the abundance of other elements, differential
rates of exchange flux, maintenance of charge bal-
ance, size differences between exchanging elements,
or net volume change of phases (e.g., Cole & Chakr-
aborty, 2001). Consequently, rates of isotope
exchange are more directly a function of the physical
characteristics of exchange pathways, including their
length, than are rates of cation exchange.

Harrisville titanite preserves broadly three kinds of
6'"%0 zoning profiles — (i) symmetric core-to-rim
decreasing 6'%0, (ii) asymmetric core-to-rim decreas-
ing 0'®0 with variable rim features and 'O gradi-
ents, and (iii) uniform interior §'*0 with slightly
increasing 6'0 rims. This variety suggests that oxy-
gen isotope zoning reflects more than one process or
event. We compare microstructural observations,
SIMS 6'80 profiles, and EPMA compositional data
in order to distinguish between diffusion-, growth-
and recrystallization-related zoning at different times
in the history of the Harrisville titanite grains.

Profiles characterized by higher 4'*0 in grain cores
and steep, symmetrically decreasing 6'*O gradients at
the grain rims (Figs 5 & 6) are consistent with
diffusive exchange of oxygen during cooling from
high-temperature (granulite) conditions. Cooling
increases the magnitude of oxygen isotope fraction-
ation between phases and should therefore decrease
the 6'*0 of weakly '®O-partitioning minerals like tita-
nite through exchange with modally dominant,
strongly '*O-partitioning minerals like quartz and
feldspar. Although 6'%0 values Var?/ from grain to
grain, all symmetrically decreasing 0'°O profiles exhi-
bit similar 90% exchange distances (100 £+ 20 pm)
and similar 6'®0 gradients at the grain rims (Fig. 9).
Mineral growth is unlikely to produce such uniform
and symmetric 6'%0 gradients, especially over the
range of grain sizes represented in the Harrisville
data set (traverse lengths of ~400 um to 1200 cm).
Comparison of §'*0 zoning with element-zoning pro-
files (Figs 5 & 6) especially profiles of relatively
immobile elements Ti and Al, reveals no correlation
between the two. Decoupling of prograde element
zoning and 6'®0 zoning indicates that 6'®0 zoning
did not form in response to changing P-T-X condi-
tions during growth.

Furthermore, symmetric core-to-rim decreasing
8'%0 profiles occur in pre- or syn-S, grains with pre-
dominantly porphyroclastic microstructures (T1, T2,
some T3). Smaller, grain-interior 6'*0 variations
superimposed on the grain-scale decreasing-6'%0 pro-
files correlate spatially with domains of intracrystal-
line deformation (Figs 5, 6b & 7a). T3.1 demonstrates
the range of second-order 8'*0 zoning features associ-
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Fig. 9. 6'%0 profiles for Types 1-3 titanite with core-to-rim 6'*0 gradients (11 profiles from nine grains from six samples)
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side of the figure either because their profiles were truncated by post-diffusion grain-shape modification (T3.3, T3.4) or because of
an incomplete rim-to-rim analytical traverse (T3.2). See Figs 5-8 for the complete profiles.

ated with intracrystalline deformation in the Harris-
ville grains (Fig. 10). These include symmetrically
decreasing 0'*0O about subfgrain boundaries, small
(within analytical error) 6°O fluctuations in the
vicinity of lamellar twins, and bulk lowering of 5'%0
values in partially recrystallized domains. The corre-
lated occurrence of lower 6'0 and domains of intra-
crystalline deformation suggests that organized
defects acted as pathways of increased diffusivity
within titanite grains undergoing diffusive oxygen
exchange.

Titanite grains with asymmetric core-to-rim
decreasing 6'°0 profiles (T2.3 and most T3 grains)
reflect a combination of diffusion and recrystalliza-
tion. While such grains show A'®O(core-rim) ~0.5-
1.5%, comparable to diffusion-dominated grains,
their 6'%0 profiles also have variable-width rims of
uniform or slightly increasing 0'*0 (i.e., ‘plateaus’),
step-like 0'®0 decreases, asymmetric 6'%0 gradients,
and/or asymmetric rim 6'%0 values. These rim fea-
tures are consistent with grain-shape modification
by deformation-induced and/or dissolution-reprecipi-
tation recrystallization. In some groﬁles, 6"%0 gradi-
ents occurring inboard of flat 6'°0 rim plateaus are
identical to 0’0 gradients at the grain rims in sym-
metrically zoned grains (Fig. 7¢), and thus some
asymmetrically zoned grains may preserve intact dif-
fusional zoning profiles toward the interior of the
grain away from the current grain rims. On the
other hand, where present, nearly vertical 650
steps and rim plateaus show no evidence of diffu-
sive relaxation (Fig. 7c,d), indicating that recrystalli-
zation occurred at temperatures below blocking
temperature for oxygen in titanite. Thus, asymmetri-

cally 0'®0 zoned grains with complex rims retain
evidence for oxygen exchange at higher temperature
followed by grain rim recrystallization at lower
temperature.

Profiles characterized by uniform interior 6'%0 and
increasing 6'%0 rims (T4; Fig. 8) primarily retain evi-
dence for retrograde metamorphic growth zoning.
Zoning of 680 occurs in the outer 100-400 um of
each grain and mimics major-minor element zoning,
particularly zoning in Ti and Al (Fig. 8). Although
the increasing-6'%0 rim zones appear in all profiles,
the width of this zoning feature varies significantly
between traverses, ranging from < 100 ym to
>400 yum. Coupled isotopic-chemical zonation and
variable-width rim zoning in T4 grains contrast with
the decoupled isotopic and chemical zonation and
constant-width rim zoning of diffusional profiles in
T1 and T2 grains.

T4 grain interiors are unzoned in both §'0 and
chemical composition. We cannot therefore rule out
the possibility of pre-existing diffusional profiles later
modified by recrystallization and/or grain growth. In
fact, one grain (T4.1) suggests that at least some T4
titanite contain inherited cores that once had diffu-
sional profiles. T4.1 shares a margin with an augite
crystal with two well-formed crystal faces that appear
to have been shielded from recrystallization or later
overgrowth by the titanite grain (Figs 8a & 11). In
BSE images (Fig. 8a), darker rim zoning in the tita-
nite grain is discontinuous across the margin shared
with the augite grain, which is in direct contact with
the BSE higher-contrast titanite grain core. A tra-
verse ending at the titanite-augite boundary shows
decreasing 0'®*0 with A'™®O(core-rim) = 0.8%, and no
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chemical zoning. The other end of the profile, where
the traverse passes through a chemically zoned rim
and ends at the boundary between titanite and the
grain-size reduced quartz + feldspar shear zone
matrix, shows the characteristic T4 increasing 'O
and coupled chemical zoning (Fig. 11). We conclude
that the currently observed ¢'*0 zoning in T4 titanite
reflects predominantly titanite grain growth, either
overgrowths on preexisting, partially dissolved cores
or wholesale porphyroblast growth following Sj
shearing. The preservation of growth zoning implies
that, unlike grains with symmetric core-to-rim
decreasing 6'%0, significant portions of T4 titanite, if
not whole grains, grew at temperatures below the
blocking temperature for oxygen.

In summary, the various 6'*0 zoning patterns in
Harrisville titanite and their respective interpretations
in terms of growth, diffusion, and recrystallization
can be correlated with and predicted from grain
microstructural context. Pre- to syn-S, porphyroclasts
(T1, T2, a few T3) display smooth, steep, nearly sym-
metric 6'*0 gradients that extend to the current grain
rim. Late syn-S, vein titanite with transitional por-
phyroclastic-porphyroblastic microstructures (most
T3) shows overall core-to-rim decreasing §'*0, §'*0

12
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Fig. 10. Cross-polarized transmitted light
photomicrograph of titanite grain T3.1
scaled to a plot of its 6'%0 profile. See text
for discussion. Grain-interior zoning is
unusually well-developed in this example;
grain-interior §'%0 fluctuations are typically
much smaller and often within analytical
error. SIMS analysis pits are indicated by
small white dots. Subgrain boundaries are
indicated by dashed marker lines.
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steps, and/or asymmetric, lower-6'%0 rim plateaus
consistent with diffusive zoning partially overprinted
by recrystallization-related zoning. Post-S; titanite
(T4 only) yields growth-dominated 6'*O zoning that
correlates with chemical zoning.

Unifying time-temperature interpretation

The relative chronology of the microstructurally and
chemically distinct titanite populations and the corre-
lation of microstructure with &'%0 profile shape
allows us to interpret the time-temperature develop-
ment of oxygen isotope zoning in the Harrisville tita-
nite (Fig. 12). We propose the following sequential
development of the different titanite types and oxy-
gen isotope zoning within them.

T1 and T2 titanite grains formed prior to the Ott-
awan tectonic phase and experienced the entirety of
Ottawan  metamorphism;  their = symmetrically
decreasing 0'*0 profiles record diffusive exchange
during cooling from peak granulite-facies conditions.
Core 0'0 values reflect high-temperature equilib-
rium with the surrounding metasyenite wallrock.
Any prograde 6'%0 growth zoning that existed in

the T1 and T2 grains was erased by diffusive
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exchange of oxygen at peak Ottawan conditions.
Minor interior 'O zoning features in T1 and T2
grains reflect enhanced diffusivity along deforma-
tion-related intracrystalline defects, which must have
formed either before or during Ottawan metamor-
phism. Thus, T1 and T2 'O zoning profiles pre-
serve a record of cooling from high-7" conditions
through the blocklng temperature for oxygen.

T3 titanite 6'%0 profiles record vein emplacement
and development of the S, shear zone network dur-
ing and shortly following peak c. 1050 Ma Ottawan
metamorph1sm Elevated 6'®0 core values indicate
that T3 grains grew initially in the presence of ele-
vated-0'%0 fluids, which presumably infiltrated along
S, shear zones and coeval with augite-rich veins.
During post- pedk cooling, many T3 grains devel-
oped core-to-rim decreasing, diffusion-dominated
5'%0 profiles, which are still preserved in weakly
deformed grains (Fig. 7a,b); however, most T3
grains were partially recrystallized at temperatures
below the blocking temperature for oxygen as evi-
denced by abrupt (unrelaxed) 6'%0 steps and 6'%0
rim plateaus.

T4 titanite '*0 zoning developed latest and at the
lowest temperatures. Although T4 titanite cores may
have formed earlier and at higher temperature, evi-
dence of T2-style diffusive zoning was removed by
deformation and/or dissolution, and T4 rims over-
grew cores below the Oxygen blocking temperature.
The higher overall 6'®0 values of T4 grain cores
likely reflects differences in initial bulk-rock composi-
tion as indicated by the greater abundance of quartz
in the ultramylonitic shear zone from Wh1ch these
grains were sampled whereas the higher 6'*0 rims
suggest growth in the presence of an elevated-6'%0
fluid.
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Having dlstmgulshed diffusion-related zoning from
other forms of zoning, 1t 1s possible to identify §'%0
profiles or portions of §'%0 proﬁles that are appro-
priate for diffusional modelling in order to quantify
cooling rates in the Harrisville samples.

Diffusion modelling

Grain boundaries are generally ‘fast’ diffusion path-
ways along which oxygen diffusion is orders of
magnitude faster than diffusion through crystal lat-
tices (e.g., Manning, 1974; Eiler et al., 1992, 1993;
Valley, 2001; Watson & Baxter, 2007). Grain
boundary diffusivity is a function of vacancy density
(generally high), preferential impurity enrichment,
and the presence or absence of fluids (Harrison,
1961). The Fast Grain Boundary (FGB) diffusion
model proposes that under high-temperature condi-
tions isotopic equilibrium is established and main-
tained along grain boundaries by rapid grain
boundary diffusion (Eiler ef al., 1992). The FGB
model has proven a successful tool for modelling
the effects of intergrain oxygen diffusion on intra-
grain oxygen isotope zoning in high-temperature sys-
tems (Eiler et al., 1995a).

Eleven diffusion profiles from nine Harrisville
titanite grains were modelled with an updated version
of the FGB program (Eiler et al., 1994), a one-
dimensional numerical finite difference code that
quantitatively implements the Fast Grain Boundary
model. The FGB program fixes equilibrium at grain
boundaries, balances the oxygen isotope flux between
phases as each mineral grain exchanges internally by
volume diffusion during cooling, and calculates the

4 Fig. 11. Details of titanite graln T4.2
microstructure in relation to 4'%0 and
chemical zoning. Left side of the traverse
shows typical Type 4 growth-dominated
zonlng, but the right side shows decreasing
5'%0 toward the interface between titanite
and the adjacent euhedral augite crystal
face. Chemical and 6'*0 zoning are
decoupled on the right hand side of the
traverse, typical of diffusion-dominated
profiles.
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Fig. 12. Cartoon summary of the microstructures and relative time-temperature-fluid history along the Harrisville segment of the
Carthage-Colton mylonite zone interpreted from 8'0 zoning in titanite. Arrow shows the temperature path relative to zoning
profile development and fabric development. Type-1 and Type-2 titanite grains formed prior to peak-T, and their §'%0 profiles
reflect diffusive oxygen exchange during and following peak-T conditions. Type-3 titanite formed during cooling and their 6'*0
profiles reflect a combination of open- and closed-system (w.r.t. oxygen) zoning processes. Type-4 titanite 0'0 zoning profiles
reflect predominantly closed-system, sub-blocking-7 metamorphic growth. Vertical gradients schematically represent multiple, post-

peak high-'%0 fluid infiltration events.

time-integrated concentration profile in each phase
within the modelled rock. In this study, only titanite
profiles with diffusional 6'*0 zoning were modelled
and thus the majority of the models are for T1 and
T2 grains (Figs 5 & 6); however, we also modelled
four T3 profiles that show decreasing §'%0 gradients
with A'™O (core-rim) >1%, that extend directly to the
current grain rim (Fig. 7al,bl,cl,d2). As discussed
above, these T3 profiles are consistent with arrested-
diffusion zoning preserved in unrecrystallized T3
grains or unrecrystallized portions of T3 grains.
The profile for T1.2 was not modelled because micro-
structural evidence of partial dynamic recrys-
tallization (twinning and well-developed undulose
extinction) suggests significant 6'%0 resetting by
grain-interior fast-path diffusion, rather than volume
diffusion.

Model results for the Harrisville titanite grains are
shown in Fig. 13 and modelling parameters for each
grain are listed in Appendix Sl. Profile shapes are a
function both of intrinsic parameters — modal miner-
alogy, grain size and shape, whole-rock 6'%0, and ti-
tanite 0'°0 (where titanite is not initially in
equilibrium with the whole rock) — and extrinsic
parameters — peak (starting) temperature, ending
temperature, and cooling rate. Modelling generates
intragrain 6'%0 profiles for all phases in the model
rock, but only titanite profiles will be discussed in
detail here.

Intrinsic model parameters were constrained by, or
inferred from, direct observation of the Harrisville
samples. All models included quartz, alkali feldspar,

© 2013 John Wiley & Sons Ltd

clinopyroxene and titanite. Partial alteration of augite
to amphibole, differences in wallrock and shear zone
0'%0 values (Cartwright er al., 1993; Table S5) and
veins demonstrate the presence, at least locally, of
hydrous fluids during post-peak metamorphic cooling
and suggest that water fugacity was an important
determinant of oxygen diffusivity (Edwards & Valley,
1998). Accordingly, models were constructed using
experimental oxygen diffusivities for ‘wet’, or high-
water-fugacity, conditions. Experimental oxygen dif-
fusion data are not available for scapolite, which
appears at up to 10 modal% in some vein-bearing
samples; however, because of its compositional simi-
larity to feldspar, scapolite was modelled in vein-
bearing samples by increasing the feldspar modal
percentage. Modal percentages were determined at
the thin-section scale assuming that the mobility of
oxygen along grain boundaries was sufficient for cm-
scale transport (Eiler et al., 1995a). Average grain
sizes were measured on SEM images and photomi-
crographs. The grain size of a mineral can vary by
1-2 orders of magnitude within a sample; however,
the models are relatively insensitive to the selected
grain sizes of quartz, feldspar and clinopyroxene
because of the large difference in modal abundances
and diffusivities between these phases. Low oxygen
diffusivity in clinopyroxene at model temperatures —
slower than titanite — combined with its typically low
modal abundance (~3-8%), limits its effect on 'O
mass balance during oxygen exchange with other
phases in the model rock. Thus, titanite effectively
exchanges only with quartz and feldspar, which have
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Fig. 13. Fast Grain Boundary modelling results for diffusion Harrisville titanite 'O diffusion proﬁles Modelled temperature
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all other fitting parameters are held constant. Note the convergence of best-fit R? values at 50 & 20 °C Ma~

such high oxygen diffusivities over the modelled
temperature range that characteristic volume diffu-
sion distances surpass the largest observed grain sizes
for these minerals. All modelled grain profiles, except
T1.1, show a flattened, approximately uniform §'0
core that transitions through d1st1nct if slightly
rounded, ‘shoulders’ to a steep 6'°0 rim grddlent
This profile morphology suggests that core 6'%0 val-
ues represent the peak- temperature, pre- -cooling 6'%0
composition of the grain. Assummg oxygen isotope
equilibrium between the titanite grain and the whole-
rock at peak metamorphic conditions, the core 6'%0
values were used to fix the initial equilibrium whole-
rock 'O of the rock. To achieve the core-to-rim
6'%0 difference observed in grain T3.2 (Fig. 7bl), the
grain core composmon was fixed at 11.3%, while the
whole-rock §'%0 was set at 0.2%, lower than the equi-
librium value — i.e., a very small initial disequilibrium
was introduced to the model.

Extrinsic model parameters were constrained by
data from regional and local studies of Ottawan
metamorphic conditions. Phase equilibria (Bohlen
et al., 1985; Cartwright et al., 1993) and carbon iso-
tope thermometry (Gerdes & Valley, 1994; Kitchen &
Valley, 1995) constrain peak Ottawan metamorphic
temperatures in the Harrisville area at 650-700 °C,
thus models were run for starting temperatures of
700, 675 and 650 °C. In general, profile shapes were
best matched using a starting temperature of 675 °C.
Models were run initially with cooling rates of 1-
5°C Ma ' in accordance with the thermochronology
studies of Mezger et al. (1991a, 1992) and Streepey

et al. (2000, 2001), but when models employlng these
values yielded poor fits to the observed 6'%0 profiles,
the cooling rates were adjusted as the sole tuning
variable to improve the model fits (Bonamici et al.,
2011).

RESULTS

Cooling rates that vyield acceptable model fits
(R*>0.8) for the Harrisville 60 profiles fall
between 20- and 160 °C Ma~' (Fig. 13). Each mod-
elled profile is compatible with a range of cooling
rates that spans several tens of degrees per million
years; however, all profiles have accePtable fits that
fall within the range of 30-70 °C Ma ~. We therefore
consider this to be the most representative range of
cooling rates for the Harrisville study area. In eight
out of 12 models observed 6'%0 profiles are best fit
by 40 °C Ma ™' cooling rate.

Tectonic implications

Cooling rates determined from numerical modelling
are consistently and significantly higher than cooling
rates determined from multi-mineral thermochronolo-
gy for the Adirondack region (Fig. 14). Cooling rates
from oxygen diffusion profiles indicate a relatively
short-lived (<5 Ma) period of rapid cooling (this
study; (Bonamici et al., 2011), whereas the combined
closure temperatures and ages of monazite, garnet, ti-
tanite, hornblende and rutlle yield a time-averaged
cooling rate of 1-5°C Ma~' for both the Adiron-
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Fig. 14. (a) Temperature-time diagram showing all
thermochronological data currently available for the
northwestern Adirondack Highlands (darker grays) and the
Adirondack Lowlands (lighter grays). Rectangles are bulk-
mineral closure constraints from regional thermochronology
studies, compiled from Mezger et al. (1991b, 1992); Streepey
et al. (2000, 2001); Dahl et al. (2004); Storm & Spear (2005).
Triangular domains are cooling envelopes originating at the
temperature and age of peak metamorphism for each domam
(dotted lines) and bounded by the slowest (1 °C Ma™') and
fastest (5 °C Ma ™) cooling rates proposed by Mezger et al.
(1991a). Note that peak-7 was lower at Harrisville (675—

700 °C) than in the central Highlands (800 °C). Data from this
study are shown by the black-outlined cooling envelope that
originates at the peak temperature for the Harr1sv1lle site

(675 °C) dnd is bounded by the upper (70 °C Ma ') and lower
(30 °C Ma™") cooling rates determined from oxygen isotope
diffusion modelling. Bold pale gray line defines a segmented
cooling path proposed for the southern Adirondacks on the
basis of by Fe-Mg zoning in garnet (Storm & Spear, 2005); for
all linear coolmg path segments, italicized numbers are cooling
rates in °C Ma™ . (b) Cartoon showing the Adirondack
cooling envelopes relative to three schematic cooling paths
(dashed and solid black lines) and their possible relations to
thermochronological constraints — linear (steady state), 1/7T
(gradually varying), and stepwise. For the stepw1se path, which
is supported by diffusion modelling of titanite §'%0 profiles,
steep path segments correlate to periods of rapid cooling
following deformation, whereas gradual segments represent
periods of limited deformation and slow, near-isobaric cooling.
Figure modified from Bonamici ez a/. (2011) and additional
data included.

dack Highlands and the Adirondack Lowlands over
~200 Ma (Mezger et al., 1991a, 1993). This difference
appears to be a significant discrepancy, but more
likely it arises from the fundamentally different spa-
tial and, thus, temporal resolutions of the two data
sets. Oxygen isotope zoning in titanite preserves a
high (temporal) resolution record of the thermal his-
tory of the Harrisville segment of the CCMZ; regio-
nal multi-mineral thermochronology provides a lower
(temporal) resolution record of the regional Adiron-
dack thermal history.

Bonamici et al. (2011) proposed that the mecha-
nism of fast cooling was rapid exhumation and juxta-
position of the northwestern Adirondack Highlands
against the structurally higher and cooler Adirondack

© 2013 John Wiley & Sons Ltd

Lowlands during or shortly following the peak of
Ottawan metamorphism. The predominantly north-
westward dip of CCMZ fabrics and local normal-
sense shear indicators (Heyn, 1990) suggest that
exhumation was the result of extension. Extension-
related exhumation accords with previous conclusion
that the CCMZ accommodated gravitational collapse
of the Ottawan orogen (Mezger et al., 1991b, 1992;
Streepey et al., 2001; Johnson et al., 2004; Selleck
et al., 2005; Wong et al., 2012).

In the context of a major crustal shear zone like
the CCMZ (1-5 km wide by >100 km along strike),
slip events accommodating large vertical displacement
are likely to result in large thermal gradients that
induce rapid cooling. In fact, shear zones that juxta-
pose crustal blocks with different temperatures
should be the locus of the highest (local or regional)
thermal gradients by definition, and thus rocks within
and immediately adjacent to such shear zones should
experience the highest rates of thermal diffusion and
record the fastest cooling rates for a deforming sys-
tem. Deformation-induced or -enhanced fluid infiltra-
tion is also likely to promote advective heat loss and
focus rapid cooling along shear zones. Furthermore,
most faults and, by extension, probably most shear
zones, experience transient periods of active deforma-
tion separated by intervals of relative quiescence.
Thus, punctuated, stepwise cooling histories should
be the norm in the vicinity of such structures.
However, the low thermal conductivity of most rocks
(and especially mid-crustal rocks) is likely to result in
attenuation of a punctuated thermal signal at a
distance from the signal source (i.e., the shear zone).
Consequently, slower, steadier cooling rates inferred
from regional thermochronology studies in the Ad-
irondack Mountains may, in part, reflect sampling
far from strain localization features like major shear
zones. We speculate that although the Adirondack
Highlands as a whole experienced episodic exhuma-
tion during Ottawan gravitational collapse, only
specific geological locations preserve a punctuated
thermal history. This conclusion highlights one way
in which sample location can complicate the quantifi-
cation of exhumation or uplift rates from thermo-
chronologic data.

Transient fluid infiltration

The combination of elevated overall '*0 values and
core-to-rim decreasing 6'®0 zoning in T3 titanite
grains (Fig. 7) pins the timing of S, shear zone devel-
opment relative to the Harrisville cooling history.
Elevated core 6'%0 values (relative to pre-S, TI1-2
grains) signal increased whole-rock 0'*0 during T3
grain growth, likely by infiltration of high-6'*0 fluids
in association with shear zone and vein formation.
Indeed, most T3 grains contain aligned um-scale
voids indicative of growth in the presence of a fluid,
and (Cartwright et al., 1993) noted that fluids inter-
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acting with abundant, nearby metasedimentary rocks
(Fig. 1b,c) after the peak of metamorphism, though
still at elevated temperatures, were likel%/ to be
enriched in '®0O. However, had high-6"°0 fluid
infiltration continued throughout the time that tita-
nite was yet open to oxygen diffusion, it is probable
that the grain boundary oxygen reservoir with which
titanite was exchanging would have become a source
rather than a sink for 80, such that diffusive oxygen
exchange would produce higher, not lower, 6O
rims. Instead, the observed lower-6'0 rims on TI,
T2 and T3 grains indicate diffusive exchange during
cooling in the absence of a high-6'0 fluid. In
addition, many T3 grains also have lower 6'%0 rim
plateaus indicating grain recrystallization or growth
in the absence of an elevated-9'*0 fluid and below
the partial-retention zone for oxygen. Thus, T3
titanite 6'%0 profiles suggest that fluid infiltration
occurred during active S, shearing and shut off when
deformation ceased. This type of fluid ‘pumping’ is
consistent with shear zone behaviours predicted (e.g.,
Sibson et al., 1975; McCaig, 1988) and inferred (e.g.,
Ingebritsen & Manning, 1999; 2010) for many active
shear zone systems but has never before been
extracted from a grain-scale geochemical record, and
it hints at the potential of integrated (micro)struc-
tural-isotopic studies to tease out information
about fine-scale deformation dynamics in ancient
systems.

CONCLUSIONS

1 Subtle (>0.3%, zoning in the oxygen isotope
ratios of titanite can be reliably resolved at the 10-
um scale with SIMS.

2 Diana metasyenite and various crosscutting augite-
rich veins host four microstructurally distinct pop-
ulations of titanite, each of which has a different
composition, major-minor element zoning pattern,
and 6'%0 zoning pattern. By careful comparison of
microstructural and compositional data, it is possi-
ble to distinguish 6'%0 zoning arising from diffu-
sion, recrystallization, and growth.

3 Microstructurally constrained patterns of oxygen
isotope zoning in titanite provide a detailed time-
temperature-fluid history for the Harrisville seg-
ment of the Carthage-Colton mylonite zone in the
Adirondack Mountains of New York. Elevated-
6'"®0 fluids infiltrated during active shearing and
formation of the oblique-slip S, shear zones net-
work at temperatures near the local peak of Otta-
wan metamorphism.

4 Fast Grain Boundary diffusion modelling of 5'%0
zoning suggests relatively rapid cooling from the
peak Ottawan metamorphism at ~675°C to 500°C
in <5 Ma (cooling rates of 50 & 20 °C Ma "), con-
sistent with a period of rapid tectonic exhumation
of the northwestern Adirondack Highlands along
the CCMZ.

5 The diffusivity of oxygen in titanite and the
improved precision of 6'°O measurements by the
SIMS technique make titanite a useful monitor of
high-temperature mass transfer processes at least
up to lower-granulite facies conditions.
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