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ABSTRACT 22 

This study investigates Ti mobility in the presence of halogens, as shown by the 23 

hydrothermal alteration of magmatic rutile in syenite. The syenite pegmatite studied 24 

intrudes gabbro, is preserved as a tectonic block in major strike-slip fault zone, and 25 

formed in a back-arc environment in which there was widespread A-type granite 26 

plutonism. Rutile was studied by SEM and Raman spectroscopy, trace elements were 27 

analyzed by LA-ICPMS, and age was determined by in-situ U-Pb analysis. Magmatic 28 

rutile in the syenite forms millimetric-scale crystals rimmed by magmatic titanite and 29 

magnetite and also occurs as smaller interstitial crystals. Hydrothermal alteration 30 

occurred preferentially along crystal margins and fractures by a layer-by-layer 31 

dissolution-reprecipitation process resulting in high Zr contents (~5000 ppm) in the rutile, 32 

together with enrichment in U and depletion in high field strength elements. The 33 

magmatic emplacement age of the syenite was ~ 360 Ma (dated rutile G) and no younger 34 

than 353.9 ± 5.7 Ma (mean Concordia age of interstitial rutile). The syenite was 35 

synchronous with the later phases of regional A-type granite plutonism. Most magmatic 36 

rutile has REE patterns either (a) with 1–50 times chondrite enrichment, LREE>HREE 37 

and a Eu anomaly, resulting from felsic melt inclusions, or (b) rather flat patterns with 38 

0.1–10 times chondrite enrichment, present in ilmenite exsolution lamellae or inclusions. 39 

Later hydrothermal halogen-rich fluids, derived from dissolution of halite, produced 40 

widespread metasomatic scapolite in the syenite. These fluids also leached Ti and other 41 

HFSE, together with REE, from large fractured rutile crystals. Such fluids resulted in 42 

local dissolution-reprecipitation of Ti and Zr and resetting of the U-Pb system in the 43 

altered rutile, at 337.4±3.5 Ma. Normalized REE abundances in the hydrothermal rutile 44 
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show a U-shaped pattern, with greatest depletion in the MREE. Variations in dissolution 45 

and transport of Zr and Ti by halogen-rich fluids affect the Zr in rutile geothermometer, 46 

which yields unrealistic temperatures when applied in this study. More generally, the 47 

complexities of rutile chemistry in this hydrothermal setting could be reproduced in 48 

deeper subduction settings as a result of variations in halogen content of fluids released 49 

by prograde metamorphism. 50 

Keywords:  rutile; halogens; zirconium; hydrothermal, dissolution-reprecipitation  51 

INTRODUCTION  52 

Rutile is the most common, naturally occurring, polymorph of TiO2. It is a widely 53 

distributed accessory mineral in igneous and metamorphic rocks and in mantle xenoliths. 54 

It contains the minor elements Fe, Cr, and V, and is a major host for Nb, Ta, and other 55 

high field strength elements (HFSE). In amphibolites and eclogites, it can be the major 56 

repository of HFSE (Zack et al. 2002; Meinhold 2010) and it is generally accepted as 57 

playing a role in HFSE depletion of arc magmas (Ryerson and Watson 1987). 58 

Experimental data suggest that rutile favors incorporation of HFSE in the order Ta> Nb> 59 

Hf> Zr (Foley et al. 2000, 2002; Klemme et al. 2005).  60 

Rutile is generally thought to be chemically inert with respect to aqueous fluids 61 

evolved during prograde metamorphism, and experimental data suggest that the solubility 62 

of rutile in pure water is very low (Tropper and Manning 2005; Audetat and Keppler 63 

2005). However, there is a growing body of evidence from natural systems (e.g. John et 64 

al. 2011; Spandler et al. 2011), and experimental studies (e.g. Rapp et al. 2010; Hayden 65 

and Manning 2011; Tanis et al. 2015) that rutile is increasingly more soluble in halogen-66 
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bearing (e.g. F, Cl) aqueous fluids evolved during prograde metamorphism in subduction 67 

environments. Slab-derived fluids are not pure water, but rather contain significant 68 

amounts of dissolved alkalis (Na, K), halogens (F, Cl), and aluminosilicates (Si, Al) 69 

(Manning 2004).  70 

This study investigates rutile hosted by a scapolite-rich  syenite pegmatite (Owen 71 

and Greenough 1999) preserved as a megablock in a large scale fault breccia that 72 

outcrops in cliffs and foreshore at Clarke Head, Nova Scotia (Donohoe and Wallace 73 

1985, p. 50–53) (Fig. 1b). The fault breccia is part of the core zone of the Carboniferous 74 

Minas Fault Zone (MFZ: Murphy et al. 2011) that separates the Avalon and Meguma 75 

terranes of the Appalachians (Fig. 1a). Other megablocks consist principally of Lower 76 

Carboniferous sedimentary rocks (Donohoe and Wallace, 1985), but also include a Late 77 

Devonian gabbro-granulite (Gibbons and Murphy 1995; Gibbons et al. 1996), diorite in 78 

igneous contact with likely Horton Group sandstones, and a gabbro body that hosts the 79 

syenite (Fig. 2A). All the blocks of igneous rocks appear geochemically related to the 80 

370–354 Ma A–type granites and lesser Ti-rich gabbros of the Cobequid Highlands (Fig. 81 

1; Pe-Piper and Piper 2003), which evolved in an extensional backarc setting (Papoutsa et 82 

al. 2016). The plutons show complex hydrothermal mineralization including sodic 83 

alteration by magmatic fluids and remobilization of REE that appears related to their 84 

back-arc position (Pe-Piper et al. 2017b). Some of this alteration has taken place through 85 

coupled dissolution-reprecipitation processes with distinctive textural signatures (Ruiz-86 

Agudo et al., 2014; Altree-Williams et al., 2015).  87 

The present study is focused on the rutile in the syenite and its purpose includes: 88 

1) to establish the petrogenetic relationships of different types of rutile; 2) to date 89 
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different types of rutile; and 3) to establish how and why different types of rutile differ 90 

geochemically and to relate this to high level crustal behavior of rutile in the presence of 91 

back-arc magmatic fluids.  92 

GEOLOGICAL AND PETROLOGICAL BACKGROUND 93 

Tectonic setting 94 

The western Cobequid Highlands (Fig. 1) to the north of Clarke Head are 95 

underlain by Neoproterozoic rocks of the Avalon terrane and late Devonian–early 96 

Carboniferous plutons and their extrusive equivalents, the Fountain Lake Group (Pe-97 

Piper and Piper, 2003). The plutons consist principally of A-type granite, with lesser 98 

gabbro that typically has 2 wt% TiO2 at Mg#=0.6 rising to 4 wt% at Mg#=0.3. To the 99 

south of the Cobequid Highlands is the Kennetcook basin, bounded to the north by the 100 

Kirkhill and Rockland Brook faults (Fig. 1a), with a fill of Early Carboniferous 101 

terrigenous clastic rocks (Horton Group) and overlying anhydrite, halite, limestone and 102 

red shales (Windsor Group). 103 

Within the Cobequid Highlands, the Cobequid Shear Zone (CSZ) consists of a 104 

series of faults that were active during latest Devonian to earliest Carboniferous, 105 

including the faults bounding the Kennetcook basin. The dextral CSZ was part of the 106 

fault system marking the southeastern margin of the extensional Magdalen Basin, beneath 107 

the present Gulf of St Lawrence (Hibbard and Waldron, 2009). The Cobequid Highlands 108 

were in a back-arc setting with respect to Devonian subduction of the Rheic Ocean 109 

(Clarke et al., 1997).  110 
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In the middle Carboniferous, the CSZ was reactivated when the E–W-trending 111 

dextral Minas Fault Zone (MFZ) developed at the onset of the Alleghenian tectonic 112 

phase. Brittle deformation along the Cobequid Fault resulted in a highly cataclastic and 113 

blocky fault zone (MacInnes and White, 2004). The only other fault segment in the 114 

Cobequid Highlands with large-scale brecciation at this time is at Clarke Head. 115 

Field observations at Clarke Head 116 

Fault bounded, mega-breccia blocks at Clarke Head include foliated gabbro, 117 

undeformed gabbro, and diorite. At the large stack west of Clarke Head (Fig. 1b), gabbro 118 

with epidote veining was intruded by a coarse-grained syenite in the form of a stock and 119 

veins. Xenoliths of the gabbro are common in the syenite, at a range of scales, and some 120 

appear partly digested (Fig. 2A). They are not cognate enclaves as they lack chilled rims. 121 

In places, a hybrid monzonite is found at the gabbro-syenite contact (Fig. 2A).  Hand 122 

specimen examination shows large crystals of K-feldspar, rutile, titanite, scapolite and 123 

analcime (Fig. 2B). Parts of the syenite are coarser (crystals up to 1 cm) and contain 124 

vugs, probably created by the escape of volatiles during the emplacement of the stock. 125 

These parts are referred to as pegmatitic, and include coarse-grained dark rutile crystals 126 

up to several mm in length (Fig. 3). 127 

General petrology of syenite 128 

The magmatic minerals identified in the syenite include K-feldspar as either 129 

perthite or untwinned crystals (Figs. 3, 4). Quartz is generally rare, but is locally common 130 

(e.g. Fig. 3A) and is largely hydrothermal. Other magmatic minerals include analcime I 131 

(late magmatic) and albite, generally interstitial but locally with larger crystals with 132 

interlocking texture (Fig. 4A). Rutile occurs as large prismatic crystals rimmed by titanite 133 
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I and titanomagnetite, both apparently magmatic (Figs. 3, 5A),and as smaller interstitial 134 

minerals (Fig. 3B, 5D). K-feldspar crystals have been largely replaced by scapolite and 135 

analcime II that now make up most of the rock (Figs. 3, 4 B, D), with analcime II 136 

probably replacing the albite in perthite. The large rutile-titanite-magnetite crystals 137 

together with K-feldspar that has largely altered to scapolite and analcime make up the 138 

framework of the rock 139 

Veins and alteration in the syenite 140 

The syenite appears vuggy in hand specimen and some vugs may be primary. In 141 

addition, secondary voids have been created by dissolution of primary rutile-titanite 142 

prismatic crystals. The syenite is cut by irregular veins and patches that are made up of 143 

chlorite + quartz ± calcite ± analcime III ± zircon together with voids (Figs. 3A, B, 144 

5E,G). Such veins nowhere contain scapolite, although the timing of original fracturing is 145 

not constrained. Some titanite crystals in such veins appear partly altered as if they are 146 

relics of the host syenite, whereas others appear to be part of the vein assemblage (Fig. 147 

5G). Such titanite II generally has higher Al, Fe, F and lower Ti than titanite I (cf. Che et 148 

al., 2013). Small euhedral zircon crystals are found either in or adjacent to the veins 149 

(Figs. 3B, 5G, I), Some chlorite + quartz veins are cut by epidote, late titanite and late Fe-150 

oxide/hydroxide minerals that are also concentrated in veins. 151 

The vein chlorite forms large euhedral crystals, some zoned from Fe-rich cores to 152 

Mg-rich rims and some with expanded cleavage planes (a in Fig. 3A). Some chlorite 153 

forms crystals in parallel orientation to scapolite (b in Fig. 3A) or as clots of radiating 154 

prismatic crystals cut by or filling open fractures. Chlorite thus formed in part during post 155 

solidus alteration and in part during hydrothermal activity.  156 
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METHODS 157 

SEM and Raman spectroscopy studies 158 

Polished thin sections were prepared from each of nine samples of the syenite  159 

(Table 1), and examined by petrographic microscope. Carbon-coated polished thin 160 

sections were analyzed by Scanning Electron Microscope (SEM) located at the Regional 161 

Analytical Centre of Saint Mary’s University (Appendices 1-3), acquiring back-scattered 162 

electron (BSE) images and energy dispersive spectroscopy (EDS) chemical analyses of 163 

minerals. The SEM used is a Tescan Mira 3 FESEM with a maximum resolution up to 164 

1.2 nm at 30 kV. This SEM is also equipped with an INCA X-max 80 mm2 silicon-drift 165 

detector EDS system, with a detection limit >0.1%. The SEM uses a tungsten filament to 166 

supply electrons to produce a BSE image of the grains on the polished thin section. 167 

Minerals in general are identified on the basis of their chemical composition compared 168 

with mineral compositions reported in the literature. Hydrous or carbonate mineral phases 169 

or those containing ferric iron (Fe3+) were identified by inspection of un-normalized EDS 170 

data, with low totals corresponding to mineral structures containing water, CO32-, and/or 171 

ferric iron. The identification of such minerals is described in more detail in Appendix 4 172 

of Pe-Piper et al. (2017a).  A reflected-light microscope was used to distinguish 173 

magnetite from hematite. The TiO2 mineral polymorphs were distinguished by Raman 174 

laser spectroscopy, using a Horiba Jobin-Yvon LabRam HR confocal microscope (LRM) 175 

(Appendix 3 in Pe-Piper et al., 2018c). The LRM uses a 100mW 532 nm Nd-YAG diode 176 

laser from Toptica Phonotics and a Synapse charge-coupled device from Horiba Jobin-177 

Yvon. The LRM also uses a 100x Olympus MPIaN objective lens for image analyses. 178 

The spectra were collected in one spectral window of 0-1600 cm-1. 179 
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Selected locations in some samples were also used for elemental mapping of 180 

quantitative compositional data that were processed by the QuantMap package in Oxford 181 

Instrument’s INCA program and reported as oxides. The color bar at the bottom of each 182 

elemental image is scaled to the corrected EDS analysis (volatile free). Mineral 183 

abbreviations follow Whitney and Evans (2010). The term Fe-oxide mixture (Fe-ox) is 184 

used to describe unresolved fine-grained mixtures of Fe-oxyhydroxides including 185 

hematite and goethite.  186 

Laser ablation trace element analysis and U-Pb dating of rutile 187 

Laser-ablation inductively coupled plasma mass spectrometry (LA-ICPMS) was 188 

carried out at the Department of Earth Sciences, University of New Brunswick-189 

Fredericton on 30 m thick polished thin sections. The instrument used is an Australian 190 

Scientific Instruments M-50 193nm ArF excimer laser ablation system (Compex Pro 110) 191 

connected to an Agilent 7700x ICP-MS. 192 

Trace element analysis of rutile used a 33 m spot size with energy of 5 J/cm2 193 

(laser fluence). The standards used were the NIST610 (for tuning) and NIST612 (primary 194 

standard) and BHVO and MKED titanite (Spandler et al.,2016) as secondary standards to 195 

check the accuracy of trace element measurements.  An assumed stoichiometric value of 196 

59% Ti in rutile was used for internal standardization.  Gas flow rates were 930 ml/min 197 

for argon, 300 ml/min for ultra pure helium, and 2 ml/min for ultra pure nitrogen. The 198 

laser and ICP-MS are tuned using NIST610 to maximize sensitivity while also 199 

minimizing oxide production to <0.2% (as monitored by ThO+/Th+) and, for trace-200 

element analyses, double-charged production to <0.3% (as monitored by 22M+/44Ca++). 201 

These tuning conditions help minimize the most common isotope interferences. In 202 
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particular, there is no evidence for (39,40)Ar-(48,49)Ti interferences on 88Sr and 89Y based on 203 

accurate recovery of the latter elements in the BHVO glass and MKED titanite. The 204 

second rotary vacuum pump was also used, which increases the sensitivities of medium 205 

and heavy masses. A 30 s background with a 30 s ablation counting time was used..  206 

During trace element analyses, Si and Ca were determined to make sure that rutile and 207 

titanite, which are texturally closely related, could be differentiated. Only analyses with 208 

<0.2 wt % SiO2 and CaO are used.  209 

Similar conditions were used for U-Pb dating of rutile, using primary standard 210 

R10 and secondary standard R13 (Luvizotto et al., 2009).  The R13 rutile showed both 211 

normal and reverse discordance with the <1% discordant sub-group (n = 5/15) defining 212 

an age of 515 ± 6 Ma that overlaps the assumed ~510 Ma age of this material.   213 

Instrumental settings and calculation procedures are detailed by McFarlane (2015). 214 

Analytical spots with a 45 m diameter were chosen from areas of rutile crystals 215 

appearing homogenous in BSE images, which were also used to identify if any Fe-oxide 216 

was present (Supp. Fig. S1). No zoning in rutile has been detected. Only near concordant 217 

analyses were used for Concordia age calculations; all but one (with 20 cps) had net 204Pb 218 

<12 cps, which is less than the internal 2 error. As a result, no common-Pb correction 219 

was applied and weighted mean 206Pb/238U ages were also calculated when appropriate.  220 

208Pb was measured but not used because the rutile standard has very low 232Th and thus 221 

very large errors for the 208Pb/232Th system. 222 

XRF maps (Fig. 3) used the Bruker M4 Tornado with a Rh X-ray tube, a working 223 

energy of 50 KV and 400 µA, and a scan speed of 6.5 mm/s. The color scale was 224 
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normalised to the maximum X-ray counts for Ti (rutile), Fe (magnetite), K (K-feldspar), 225 

Ca (calcite), and Si (quartz). 226 

RUTILE MINERALOGY, GEOCHEMISTRY AND GEOCHRONOLOGY 227 

Rutile morphology 228 

Rutile in the syenite occurs in several forms:  229 

1) As large magmatic prismatic crystals (up to 9 mm in length; Fig. 3A). The 230 

large rutile crystals are generally overgrown and partially replaced by titanite and then 231 

both are overgrown by Fe-oxide minerals, generally titanomagnetite. Thick titanite rims 232 

appears to have a reaction relationship with the rutile. These composite euhedral crystals 233 

have an interlocking texture with K-feldspar and scapolite (Fig. 3). In some cases only 234 

small remnants of rutile remain in the titanite, commonly aligned parallel to the prismatic 235 

form (Fig. 5A, B). The proportions of the three component minerals in the composite 236 

megacrysts is highly variable, with rutile ranging from trace amounts in titanite (b in Fig. 237 

3B) to > 80% (Figs. 5C, 6A); titanite from <5% (Fig. 6A) to 60 % and magnetite 238 

generally between 20% and 40% (Fig. 3; 5A).  239 

2) Smaller subhedral rutile crystals, typically 100 m in size although 240 

exceptionally up to 1 mm, are little altered and only discontinuously rimmed by titanite 241 

that does not seem to show a reaction relationship (Fig. 5D, E). Their overall occurrence 242 

is interstitial within the K-feldspar (scapolite) framework, although some crystals include 243 

prismatic faces (Fig. 5D).  244 
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3) Other smaller rutile crystals are irregular (Fig 5F), apparently occupying late-245 

magmatic pores in a largely crystalline mass of K-feldspar (now scapolite). Some have 246 

small crystals of titanite and less commonly magnetite at their margins. 247 

Some crystals of rutile and rarely some titanite have exsolution lamellae of an Fe-248 

rich phase, too small to analyse but presumably ilmenite or hematite (Fig. 5F). The 249 

presence of only rutile among the TiO2 polymorphs was confirmed by Raman 250 

spectroscopy on all three types of grains of a range of sizes (Supp. Fig. S4). 251 

The large prismatic composite grains are cut by fractures commonly orthogonal to 252 

the length of the crystal (Fig. 5B, C; 6A). Alteration along those fractures has resulted in 253 

complex intergrowths of magnetite and titanite II (Fig. 5B, C). These appear dark brown 254 

under plane polarized light (Supp. Fig. S6) and also extend into micron-scale fractures in 255 

the rutile.  256 

Zr in rutile 257 

Distribution of Zr in rutile and the host rock has been determined from XRF 258 

elemental mapping (Fig. 3B, 6B), which shows that Zr content of rutile is quite variable. 259 

Rastered abundance data for Zr were obtained by LA-ICPMS from four large composite 260 

prismatic grains (Supp. Fig. S5) and show domains with ~ 0.6% Zr (high-Zr rutile) and 261 

domains with ~0.2 % Zr (low-Zr rutile).  Selected spots in grains > 100 m were also 262 

analyzed by LA-ICPMS (Table 2; Fig. 7).  263 

Where a large prismatic composite grain with a rutile core includes both high ad 264 

low-Zr domains, the high Zr domains occur preferentially at the outer rim of the rutile 265 

crystal (a in Fig. 6) and adjacent to fractures (b in Fig. 6), and in places the high-Zr 266 

domains are inhomogeneous (c in Fig. 6). Zr-rich crystallites 30–50 m in size (d in Fig. 267 
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6) occur in veins comprising chlorite, calcite, titanite II, and analcime (Fig. 3B; 5G, H) 268 

and in adjacent scapolite (Fig. 5I). Zircon crystallites appear to be absent from magnetite 269 

overgrowths and in veins containing Fe-oxide mixture (Fig. 6B).  270 

Rutile geochronology 271 

Fifteen U-Pb dates close to Concordia and with reasonable errors (identified as 272 

A–P, Fig. 8; Table 3) were obtained from 9 rutile grains.  Five spots on interstitial grains 273 

gave a Concordia age of 353.9 ± 5.7 Ma (Fig. 8A). Seven spots from domains in large 274 

prismatic grains with Zr >0.3% gave a Concordia age of 337.4 ± 3.5 Ma (Fig. 8C). Only 275 

three spots were from domains in prismatic grains with Zr <0.3%, yielding a Concordia 276 

age of 348.1 ± 8.2 Ma (Fig. 8B), intermediate between the interstitial grains and the high-277 

Zr prismatic grains.  278 

Trace elements in rutile 279 

Three types of REE pattern are distinguished from rutile grains. Type 1 (Fig. 9A) 280 

displays a decrease from normalized LREE to HREE with a negative Eu anomaly. LREE 281 

are 1–100 times chondrite, HREE 0.5–10 times chondrite. Type 2 (Fig. 9B) displays a flat 282 

REE pattern (LREE ~HREE) with LREE and HREE both 0.05–20 times chondrite, lower 283 

than in Type 1. Type 3 (Fig. 9C) shows normalized HREE > LREE, most REE values 284 

<0.2 times chondrite, higher Yb and Lu and many MREE below detection limit. Type 1 285 

REE patterns are almost entirely in interstitial grains (Fig. 9A). Of the six spots analyzed 286 

in the large prismatic crystal of Figure 6, five from high Zr domains (>2400 ppm) show 287 

Type 3 REE patterns (Fig. 9C) and one from a low Zr domain (<700 ppm) is quite 288 

different and of Type 2 (Fig. 9B). 289 
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Rutile with very low abundance of Zr (<600 ppm) has quite variable abundance of 290 

trace elements such as Nb, U and Th (Supp. Fig. S2). With increasing Zr content, only U 291 

shows a positive correlation with Zr (Fig. 10), whereas Ce, Th and  Nb show an inverse 292 

relationship to Zr at higher Zr concentrations. Several elements including Ta and Yb 293 

show no clear relationship with Zr content. 294 

DISCUSSION 295 

Magmatic vs. hydrothermally altered rutile 296 

Textural relationships of minerals suggest that there was more than one 297 

generation of rutile. The large prismatic rutile crystals, with a reaction rim of titanite 1 298 

followed by titanomagnetite overgrowths (Figs. 3, 5, 6), are magmatic, because they 299 

show igneous textural relationships with feldspars and are found only in the pegmatitic 300 

syenite. Likewise, the larger interstitial rutile crystals (> 100 m) with some euhedral 301 

faces are magmatic and may also have the titanite ± magnetite overgrowths. These large 302 

composite prismatic crystals are not present in the nearby gabbro and diorite bodies, 303 

which contain many of the alteration and vein minerals of the syenite, including 304 

scapolite, analcime, titanite II, chlorite, and quartz.  305 

The high-Zr domains of the large prismatic crystals appear to be replacing a 306 

lower-Zr (500-600 ppm) grain, with preferential alteration at the margins of the grains 307 

and adjacent to fractures (Fig. 6), suggesting a hydrothermal origin. The hydrothermal 308 

origin of these domains is further supported by the following observations:  a) U-Pb 309 

dating of such domains give younger ages with small errors (Fig. 8C); b) zircon is found 310 

in hydrothermal veins cutting scapolite (Fig. 5G, H) and c) small high-Zr crystallites 311 
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(~10-20 m) also occur in hydrothermal scapolite adjacent to the veins (Figs. 3B; 5I; e in 312 

6B). These latter two observations show that the hydrothermal event that produced the 313 

high-Zr rutile postdated the scapolite hydrothermal event. REE were leached from the 314 

hydrothermally altered Zr rich grains, which have low REE contents of Type 3, but U 315 

content appears to have increased, thus potentially resetting the U-Pb clock. 316 

The presence of hydrothermal zircon in some veins suggests temperatures of at 317 

least 250 °C (Bojanowski et al. 2012). Chlorite geothermometry using the method of 318 

Cathelineau and Nieva (1985) suggests a maximum temperature for the veins of 190 °C 319 

(Pe-Piper et al., 2017a). No characteristically high-temperature minerals or mineral 320 

textures are present in the veins in syenite, or in other rocks of the Clarke Head 321 

megabreccia.  322 

Geochronology of the syenite stock 323 

The oldest rutile U-Pb dates are from smaller interstitial grains that have no 324 

evidence for hydrothermal alteration and collectively give a date of 353.9 ± 5.7 Ma (Fig. 325 

8A). Large prismatic rutile crystals with Zr <0.3 % give a date of 348.1 ± 8.2 Ma, 326 

identical within error to interstitial grains (Fig. 8B). The date of the high-Zr hydrothermal 327 

rutile is 337.4 ± 3.5 Ma (Figs. 8C). Large crystals of magmatic rutile experienced partial 328 

Pb loss and/or U gain during hydrothermal alteration. The cluster of dates at ~337 Ma 329 

suggests that this represents the age of the hydrothermal alteration. The age of the initial 330 

intrusion was probably no younger than the precise concordant age of 360 Ma for rutile 331 

grain G (Fig. 8A) and certainly no younger than 353.9±5.7 Ma, the composite Concordia 332 

age of all interstitial grains.  333 
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The initial emplacement age for the syenite is similar to the ages for the younger 334 

intrusions in the A-type granite plutons of the Cobequid Highlands, which are dated 335 

between 365±4 Ma and 358 ±4 Ma (Dunning et al. 2002; Pe-Piper et al. 2004, 2018b). 336 

Sodic alteration with growth of albite and riebeckite in the West Moose River pluton 337 

(Fig. 1) is dated at about 355 ±4 Ma by 40Ar/39Ar from riebeckite (Pe-Piper et al. 2004). 338 

The hydrothermal alteration event producing high-Zr rutile gives a concordant set 339 

of dates around 337 Ma. Based on the biostratigraphy of the Windsor Group (von Bitter 340 

et al. 2003; P.S. Giles, pers. comm. 2017), this age is towards the end of the ~8 Ma hiatus 341 

between the Lower Windsor Group, dominated by evaporites including halite, and the 342 

Upper Windsor Group in the nearby Kennetcook basin (Fig. 1a). Basin-margin 343 

deformation is a characteristic feature of Early Carboniferous basins of Nova Scotia (e.g. 344 

Hamblin and Rust 1989) and megablocks of gypsum and limestone from the lower 345 

Windsor Group are present at Clarke Head. It is therefore likely that hydrothermal fluids 346 

responsible for the Zr enrichment of rutile had access to Windsor Group halite. Basinal 347 

fluids buffered by halite deposits typically contain F- abundance that is ~0.01% of Cl- 348 

abundance (Worden 1996). This hydrothermal alteration of rutile is a little older than two 349 

lamprophyre dykes near the West Moose River pluton that both gave ages of ~334 Ma 350 

(Pe-Piper et al. 2018a).  351 

Origin of the REE patterns in rutile 352 

Type 3 REE patterns (Fig. 9C), with a U-shaped pattern with HREE>LREE and 353 

MREE least abundant, are characteristic of high-Zr rutile grains that give ages of ~337 354 

Ma. The mineralogical control of this REE pattern is uncertain. In the granites of the 355 

Cobequid Highlands, LREE-enriched REE minerals predominate in both primary 356 
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(magmatic) and hydrothermal phases (Papoutsa and Pe-Piper 2013, 2015). The LREE 357 

enrichment decreasing to the MREE may thus reflect the greater availability of LREE in 358 

the hydrothermal system. The increasing normalized abundance of the HREE matches 359 

laboratory determinations of melt-rutile distribution coefficients for REE (Fig. 9D; 360 

Klemme et al. 2005). 361 

Neither type 1 nor type 2 REE patterns (Figs. 9A, B) seem to be the result of 362 

magmatic crystallisation of rutile and are less clearly restricted to any one type of rutile 363 

grain and may be carried by micron-scale inclusions in the rutile (Supp. Fig. S3). The 364 

enrichment of type 1 REE patterns with LREE 1–100 times chondrite for La may relate 365 

to felsic melt inclusions similar to regional granites, which have  La abundance at 100–366 

1000 times chondrite levels (Papoutsa et al. 2016). The type 2 REE patterns with no Eu 367 

anomaly may be related to some other mineral inclusion that is richer in REE than rutile. 368 

The most likely candidate is ilmenite, with a rather flat normalized REE pattern 369 

(Villemant 1988; Nielsen et al. 1992). Ilmenite occurs as inclusions in rutile (Supp. Fig. 370 

3B) and exsolution lamellae in rutile may be either ilmenite or hematite (Putnis and 371 

Wilson, 1978; Fig.  5F). Magmatic magnetite has a similar flat pattern but a slightly 372 

lower distribution coefficient with melt (Nielsen et al. 1992). 373 

Magmatic evolution of rutile 374 

Rutile tends to be stable at high temperatures and pressures and titanite at lower 375 

temperatures and pressures (Meinhold, 2010), with the stability fields strongly influenced 376 

by Ca content of magma (Angiboust and Harlov, 2017). It is presumably the very low Ca 377 

content of the original pristine syenite magma batches (predominantly K-feldspar, lesser 378 

albite) that favoured the precipitation of some magmatic rutile as interstitial grains late in 379 
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the crystallization history. Large prismatic rutile crystals with titanite overgrowths 380 

showing a reaction relationship (Fig. 6B) crystallized at depth and was brought up with 381 

the magma into the titanite stability field. With pressure and temperature decreasing, 382 

titanite precipitation was favored by an increase in Ca, presumably resulting from partial 383 

digestion of the gabbro blocks that are present in the syenite. Replacement of rutile by 384 

titanite I was a dissolution-precipitation process preferentially along the {110} cleavage 385 

of rutile, resulting in textures with residual blocks of rutile parallel to the prismatic 386 

crystal form (Fig. 5B). Evidence that much of the replacement of large prismatic rutile 387 

crystals by titanite was magmatic is that smaller interstitial rutile grains in the same 388 

sample (Fig. 3B) are not altered to titanite (e.g. rutile in Fig. 5F, compared to nearby 389 

large prismatic crystals shown in Fig. 3B).    390 

Titanite forming a reaction rim around rutile is also known from exhumed high-391 

pressure granulites (Carswell and O’Brien, 1993; Lucassen et al., 2011) and a block of 392 

gabbro granulite is reported from the Clarke Head megabreccia (Gibbons et al., 1996). 393 

However, we see no evidence of high-pressure minerals in the syenite that might support 394 

a xenocrystic high-pressure origin for the large rutile crystals and there is no evidence for 395 

exsolution of zircon crystallites in the rutile (Kelsey and Hand, 2015). 396 

The Zr in rutile geothermometer (Tomkins et al. 2007; Liu et al. 2015) has been 397 

used for ultra-high-pressure eclogites and plutonic rocks and requires that quartz and 398 

zircon coexist as magmatic phases. Although both minerals are present in the Clarke 399 

Head syenite, neither is proven to be magmatic. The high-Zr rutile is clearly of 400 

hydrothermal origin. Application of the Tomkins et al. (2007) geothermometer for low 401 

(0.25 GPa) pressure conditions (Fig. 7) gives temperature estimates of ~550–650 °C for 402 
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low-Zr analyzed spots in rutile (Zr ~75–800 ppm; Table 3), that may represent magmatic 403 

temperature for the emplacement of syenite. 404 

Fluid-aided alteration of rutile and Zr mobility  405 

The large prismatic magmatic rutile crystals have experienced a variety of post-406 

solidus fluid-aided dissolution and reprecipitation processes. These can be placed in a 407 

loose chronological framework through their relationship to the scapolitization of K-408 

feldspar and the dated formation of Zr-rich hydrothermal rutile.  409 

The large composite prismatic crystals of rutile-titanite-magnetite form an 410 

interlocking texture with similarly large K-feldspar crystals now replaced by scapolite 411 

(Fig. 3B, 4E). At least some of the replacement of rutile by more stable titanite and 412 

magnetite is probably a post-solidus process, as suggested by irregular distribution of 413 

residual rutile (Fig. 3B), the complex intergrown textures of magnetite and titanite with 414 

widespread porosity (top left of Fig. 5B; bottom right of Fig. 5C), and the development of 415 

small fractures in rutile hosting intergrown magnetite and titanite (Fig. 5C). The 416 

intergrown pattern shown by magnetite and titanite suggests 3D heterogeneous nucleation 417 

during coupled dissolution-precipitation (Ruiz-Agudo et al., 2014). The increasing 418 

proportion of magnetite on the rims of crystals (Fig. 5A, C) suggests that early 419 

dissolution-precipitation was dominated by magmatic fluids from the syenitic magma and 420 

then became increasingly influenced by alteration of the gabbro, where early veins of 421 

epidote have ~12% FeOt content. 422 

Parts of the syenite have irregular veins several mm wide of uncertain origin (Fig. 423 

3A). Some appear bounded by euhedral scapolite grains replacing individual large K-424 

feldspar grains (Fig. 5G). Others appear to cross-cut unaltered K-feldspar (c in Fig. 3A). 425 
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Some large composite rutile-titanite-magnetite grains appear to have been dissolved out 426 

and subsequently vein minerals have filled most of the void (Fig. 4E). The timing of 427 

these veins with respect to scapolitization is uncertain,     428 

After scapolitization, some large prismatic rutile crystals were hydrothermally 429 

altered, preferentially along fractures, with the addition of high concentrations (>0.5%) of 430 

Zr. The geometry of the high-Zr domains (Fig. 6) precludes formation by overgrowth, 431 

requiring some type of dissolution-reprecipitation process. This was likely by a layer-by-432 

layer mechanism (Ruiz-Agudo et al., 2014) given the mineralogical similarity of the 433 

orginal and reprecipitated phase, producing abrupt planar boundaries subparallel to 434 

fractures and crystal boundaries (Fig. 6B). Original inclusions in the rutile with LREE 435 

and HFSE were lost during this process. On the other hand, U appears to have been a 436 

significant component of the fluids, and the addition of U to the high-Zr domains (Fig. 437 

10) is consistent with the observation that many of the high-Zr rutile grains have young 438 

dates ca. 337 Ma with small errors, suggesting that the growth of radiogenic Pb was 439 

dominated by the metasomatic addition of U during a single event.  440 

Probable magmatic rutile grains with older U-Pb dates, generally as interstitial 441 

crystals, have low abundances of Zr (<800 ppm) and rather variable content of trace 442 

elements such as Nb, Th, and U (Fig. 10). This variability may result principally from 443 

inclusions within the rutile, such as ilmenite, magnetite and melt inclusions, as 444 

interpreted for type 1 and 2 REE patterns. The spread of older U-Pb dates implies 445 

variable Pb loss or U gain during the various hydrothermal processes that have altered the 446 

syenite. 447 
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The important role of halogens in the formation of rutile has been demonstrated 448 

by experimental work in the temperature range 250–650 °C (e.g. Tanis et al., 2016). In 449 

general, the influence of temperature in the hydrothermal range on mineral solubility is 450 

small compared to the effect of fluid composition, especially halide concentration 451 

(Knauss et al., 2001; Rapp et al., 2010; Wu and Koga, 2013), with F more effective than 452 

Cl. As Ti4+ and Zr4+ have the same charge and the ionic radius of Zr4+ is only a little 453 

larger (72 vs. 60.5 pm), the speciation between Ti and Zr with Cl, F, and OH is similar 454 

(Griffith and Wickins, 1967; Pokrovski et al., 2013). That halogen-rich aqueous fluids 455 

can dissolve, transport and precipitate significant quantities of HFSE is indicated by the 456 

presence of rutile-bearing vein networks in blueschists and eclogites (John et al. 2008). 457 

The widespread scapolititization of K-feldspar in the syenite involved large amounts of 458 

Na+ and Cl–, for example as demonstrated for the Humboldt Lopolith in Nevada (Vanko 459 

and Bishop 1982). Thus halogens were probably also implicated in the fluid-controlled 460 

coupled dissolution-precipitation process that partly replaced the large prismatic rutile 461 

crystals with high Zr rutile with type 3 REE (Fig. 9).  462 

Halide complexing of Ti and Zr accounts for many of our observations. 463 

Hydrothermal circulation enriched in halogens from the lower Windsor Group evaporites 464 

first led to the alteration of K-feldspar to scapolite and the formation of scapolite-rich 465 

veins with analcime (III) that cut both syenite and gabbro. These physicochemical 466 

conditions increased the solubility of rutile and caused partial dissolution of the pre-467 

existing magmatic rutile and/or titanite  (a in Fig. 3B; 4E), particularly along fractures 468 

(large grain in Fig. 3A; 6). Hydrothermal zircon precipitated in and adjacent to veins of 469 
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analcime (III) that cut the scapolite, and a dissolution-precipitation process created 470 

domains of high Zr rutile in the existing rutile crystals.   471 

IMPLICATIONS 472 

We have shown that rutile can experience complex and varied coupled 473 

dissolution-precipitation reactions in shallow intrusions in the presence of halogens. The 474 

abundance of magmatic rutile in the Clarke Head syenite is a consequence of the back-arc 475 

setting of Devonian–Carboniferous magmatism in the Cobequid Highlands. Sub-476 

continental lithospheric mantle (SCLM) was enriched in HFSE including Ti during 477 

Neoproterozoic subduction in the Avalon terrane (Murphy et al., 2008) and further 478 

enriched in Na, REE and halogens by Devonian subduction of the Rheic Ocean (Papoutsa 479 

et al., 2016). Partial melting of this SCLM produced magmas rich in Ti. The particular 480 

parent magma of the syenite was very depleted in Ca, thereby extending the stability field 481 

of rutile relative to titanite. Interstitial rutile crystallized at emplacement depths was 482 

resistant to subsequent dissolution-reprecipitation processes, but large rutile grains 483 

inferred to have formed at higher pressures and temperatures prior to feldspar 484 

crystallization were metastable at emplacement pressure and temperature and thus 485 

extremely susceptible to early dissolution-reprecipitation processes, either under late 486 

magmatic or post-solidus conditions. Dissolution of Ca and Fe from the adjacent gabbro 487 

blocks created the fluid conditions for 3D heterogeneous nucleation during coupled 488 

dissolution-precipitation. These processes were facilitated by the formation of fractures 489 

and porosity during the resulting volume changes as metastable high-temperature rutile 490 

was replaced by titanite. The likely enrichment of halogens in the magma, seen elsewhere 491 
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in Cobequid Highlands intrusions (Papoutsa et al., 2016) would have facilitated the 492 

coupled dissolution-precipitation process.  493 

Some 15–20 million years after emplacement, a new phase of dissolution, some 494 

with coupled reprecipitation, took place. Permeability was enhanced by basin-margin 495 

faulting that also provided access to brines derived from halite deposits. These fluids 496 

largely converted K-feldspar to scapolite and albite to analcime. They are also inferred to 497 

have dissolved large prismatic grains of rutile and perhaps other HFSE minerals such as 498 

zircon. As halogen activity decreased as supply from fault-bound packets of halite was 499 

exhausted, layer-by-layer dissolution-reprecipitation of remaining large prismatic rutile 500 

grains resulted in high Zr contents (~5000 ppm) in the rutile, together with enrichment in 501 

U and depletion in high field strength elements. 502 

Experimental studies suggest that rutile is not an important sink for REE except 503 

for the HREE (Klemme et al. 2005). Analyses of least altered magmatic rutile in this 504 

study suggests that most REE are in felsic melt inclusions or in exsolution lamellae or 505 

inclusions of ilmenite or an iron oxide, which also influence analyzed contents of other 506 

trace elements. Although trace element concentrations can be measured in both magmatic 507 

and hydrothermal rutile, their interpretation is complex. 508 
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FIGURE CAPTIONS 710 

Figure 1: (a) Geological map of the Minas Fault Zone and surrounding terranes in 711 

southeastern Canada, showing location of Clarke Head.   CF = Cobequid Fault; 712 

CSZ = Cobequid Shear Zone; KF = Kirkhill Fault; RBF = Rockland Brook Fault; 713 

WMRP = West Moose River Pluton. (b) Location of igneous rocks in the cliff 714 

section at Clarke Head. 715 

Figure 2: (A) Field photograph of syenite close to gabbro contact, with hybrid monzonite 716 

at the contact, partly digested gabbro xenoliths, and variable alteration of the 717 

syenite. (B) Photograph of syenite hand specimen showing coarse-grained texture 718 

with vugs. 719 

Figure 3: XRF composite elemental maps of thin sections of syenite with K-feldspar 720 

largely replaced by scapolite and analcime. (A) Syenite cut by irregular fractures 721 

partly filled by calcite, quartz and chlorite. a =  chlorite with expanded cleavage 722 

planes, b = chlorite parallel to margins of scapolite crystals,  c = fracture cuts 723 

unaltered K-feldspar. Large rutile-titanite-magnetite prismatic crystal is shown in 724 

Fig. 6.  (B) Syenite with several prismatic crystals of rutile-titanite-magnetite and 725 

common small irregular interstitial rutile grains, one shown in Fig. 5D. a =  726 

prismatic rutile-titanite-magnetite crystal apparently partly dissolved and 727 

pseudomorphed by quartz + calcite + analcime; b = titanite-magnetite prismatic 728 

crystal with minor rutile; gold * indicates high Zr spot.  729 

Figure 4: Representative BSE images of scapolitization of syenite from sample 9928a. 730 

A: Analcime I forms interlocking crystals with K-feldspar and albite. a = 731 

analcime II fills a fracture in K-feldspar. B: Scapolite appears to have replaced K-732 
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feldspar. Analcime appears to have replaced the albite lamellae in the K-feldspar 733 

(perthite) crystal. C: Scapolite vein cross-cuts calcite, K-feldspar, analcime I, and 734 

albite. D: A large K-feldspar crystal is partly replaced by scapolite and cross-cut 735 

by analcime II and quartz. E: Pseudomorph of an original rutile-titanite-magnetite 736 

prismatic grain, largely replaced by quartz, calcite and analcime.    737 

Figure 5: Representative BSE images of rutile. A: Small rutile-titanite-magnetite 738 

prismatic crystal with large titanomagnetite overgrowth. [9956a] B: Zoom of 5A 739 

showing that rutile is largely replaced and overgrown by titanite and magnetite. 740 

Remnants of rutile are parallel to the prismatic form of the crystal. C: Prismatic 741 

rutile crystal, with thin rim of titanite and magnetite that has also invaded 742 

fractures in the rutile, Red spot has Zr = 14 ppm [9956c]. D: Small subhedral 743 

rutile crystal with some prismatic faces and small patchy overgrowths of titanite 744 

[9956a]. E: Interstitial rutile crystal overgrown at one end by discontinuous 745 

titanite and magnetite [9956d]. F: Interstitial rutile crystal with very small patchy 746 

titanite overgorwths. Exsolution lamellae of an Fe-rich mineral, probably hematite 747 

or ilmenite [9928a]. G: Quartz-analcime-titanite II vein cutting scapolite. Zircon 748 

grain (zoom in panel H) in the vein and smaller zircon crystallites in the scapolite 749 

[9928a]. H: Detail of zircon with hematite rim from panel G. I: Titanite-analcime 750 

vein cutting scapolite with 30 mm zircon adjacent to the vein [9928b].  751 

Figure 6: A: XRF multi-element normalized map for a large prismatic rutile grain from 752 

sample 9956c (Fig. 3A). Details for the positions a–e are discussed in the text. B: 753 

XRF normalized map for Zr. The background speckled effect is an artefact of Si 754 
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interference with the Zr peak. I–M are locations of U-Pb geochronology (Table 755 

2). 756 

Figure 7: A: Plot of variation of Zr content with morphological type of rutile grain. Also 757 

shows corresponding temperature (°C) based on the Zr in rutile thermometer,  758 

calculated at 0.25 GPa as in Tomkins et al. (2007). 759 

Figure 8: U-Pb Concordia diagrams and inverse 207Pb/206Pb isochron ages from rutile 760 

grains in the syenite. A: Interstitial grains; B: Prismatic grains with low Zr; C: 761 

Prismatic grains with high Zr. Composite age statistics calculated using Isoplot.  762 

A–P are individual dated spots identified in Table 2 and Supplementary Figure 763 

S1. 764 

Figure 9: REE patterns for rutile grains from the syenite (samples 9956a, b, c, d). A: 765 

Type 1 REE pattern, displaying an igneous trend with a negative Eu anomaly. B: 766 

Type 2 REE pattern, displaying a flat REE pattern with LREE≈HREE. C: Type 3 767 

REE pattern, with low MREE and REE>LREE). D: Plot from data of Klemme et 768 

al. (2005) of REE concentrations in rutile crystallized in the laboratory. 769 

Figure 10: Bi-plot of U vs Zr, based on LA-ICPMS data from various rutile grains 770 

(Table 2). 771 

 772 

 773 

TABLES 774 

Table 1. Summary of the studied samples. 775 

Table 2. LA-ICPMS trace element analyses of rutile 776 

Table 3. Analytical details of dated spots in rutile 777 

  778 
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SUPPLEMENTARY FIGURES 779 

Supplementary Figure S1: BSE images of all analyzed grains for geochronology. The 780 

letters indicate the analyses in Table 3 as well as Figure 7. Yellow outline 781 

indicates high Zr domain in panel (G) (cf. Fig. 6). 782 

Supplementary Figure S2: Variation of trace elements with Zr in rutile, determined by 783 

LA-ICPMS (Table 2). 784 

Supplementary Figure S3: Mineral inclusions in rutile. High backscatter inclusion has 785 

46% TiO2 and 44% FeO and is probably ilmenite, but possibly magnetite (with 786 

analysed TiO2 from the rutile).  Low backscatter spots in panel C may be voids. 787 

EDS analyses in Supplementary Table 1.  788 

Supplementary Figure S4 Raman spectra for representative rutile grains confirming the 789 

presence of rutile.  790 

Supplementary Figure S5. Raster data of Zr content (red graph, green scale in ppm) in 791 

four rutile grains from samples 9956b, 9956c, and 9956d. Also shows location of 792 

U-Pb geochronology spots (cyan) and trace element geochemical spots (magenta). 793 

The high-Zr domains are outlined in yellow in panel (C).  794 

Supplementary Figure S6. Microphotograph of part of the large rutile grain in Fig. 6. 795 

The dark brown domains show a set of almost perpendicular striations (positions 796 

a). High-Zr domains are outlined in yellow.  797 

Supplementary Figure S7. (A) Microphotograph (ppl) of complex rutile-titanite-798 

magnetite grains that have grown in a vug bounded by large scapolite 799 

(pseudomorphing K-feldspar) crystals, and is thus late magmatic or post-solidus. 800 

(B). BSE image with spot analyses of one grain from panel (A) showing textural 801 

relationships between minerals. 802 

 803 

 804 

Supplementary Table 1. Normalized wt.% oxides for the EDS analyses of inclusions in 805 

rutile in Supplementary Figure S3. 806 



Sample Lithology 
description

Minerals present

9956a Anl, Chl, Ep, Kfs, Py, Scp, Ttn, Rt

9956b Ab, Anl, Cal, Chl, Py, Qz, Scp, Ttn, 
Rt, Zrn

9956c Anl, Chl, Ep, Scp, Ttn, Rt

9956d Anl, Chl, Qz, Scp, Ttn, Rt

9928a Anl, Cal, Rt, Scp, Ttn

9928b Ab, Anl, Kfs, Qz, Rt, Scp, Ttn, Zrn

Sample locality  45° 22.690' N  64° 14.983' W

TABLE 1.  Summary of the lithology and mineralogy of the 
samples studied in detail.

Notes : Mineral abbreviations: Ab=albite, Anl=analcime, 
Cal=calcite, Chl=chlorite, Ep=epidote, Kfs=K-feldspar, 
Py=pyrite, Qz=quartz, Rt=rutile, Scp=scapolite, Ttn=titanite, 
Zrn=zircon.
All samples contain Fe oxides/hydroxides

Pegmatitic 
patch of 
scapolitized 
syenite

Main phase of 
scapolitized 
syenite

1/1



Sr Y Zr Nb Sn ΣREE La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta W Pb Th U

9928b OG8 Int. 16730 b.d.b 0.03 1.12 0.10 18 223 17.5 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.6 4.5 15.6 0.02 b.d. 0.1
9956a 1 Int. 17610 0.03 b.d. 0.94 0.08 38 806 20.8 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 2.7 28.7 0.8 0.03 0.29 1.3
9956a 15 Prsm 17970 b.d. 0.04 4.87 0.24 5 39 3.2 0.06 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.03 b.d. 0.03 b.d. 0.2 0.8 3.1 0.22 0.18 0.4
9956a 16 Prsm 18100 b.d. 0.05 6.59 0.35 4 33 3.1 0.10 b.d. b.d. b.d. b.d. b.d. b.d. 0.02 b.d. 0.03 b.d. 0.03 b.d. 0.02 b.d. 0.2 0.6 1.5 0.23 0.64 0.7
9956a 18 Prsm 18210 0.04 0.06 6.20 0.22 15 44 3.2 0.11 b.d. b.d. b.d. 0.02 b.d. b.d. 0.02 b.d. b.d. b.d. 0.03 b.d. 0.03 b.d. 0.4 1.4 14.5 0.62 0.16 0.3
9956a 60 Int. 17030 0.02 0.02 2.08 7.97 234 1328 157.7 94.0 18.0 41.2 4.8 18.3 3.5 0.3 2.9 0.4 2.0 0.4 1.1 0.1 1.0 0.2 16.8 67.0 44.2 0.5 8.6 167.0
9956a 61 Int. 16240 0.15 0.10 3.62 7.20 78 726 99.9 75.1 16.1 31.9 3.6 14.1 2.6 0.2 2.0 0.3 1.8 0.4 0.9 0.1 0.9 0.1 4.8 26.9 13.0 0.5 6.1 62.3
9956a 74 Prsm 16000 0.09 0.03 8.27 0.15 2 114 4.0 0.03 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.03 b.d. 0.1 4.3 3.1 0.54 0.12 0.2
9956b 11 Int. 16400 0.16 0.05 2.05 0.71 6500 908 26.4 0.81 0.13 0.21 0.03 0.08 0.07 b.d. 0.07 b.d. 0.10 0.02 0.07 b.d. 0.04 b.d. 191.2 33.8 1.5 0.11 0.81 26.7
9956b 19 Prsm 17400 b.d. b.d. 1.43 0.22 2369 388 18.7 0.25 0.03 0.09 b.d. b.d. b.d. b.d. b.d. b.d. 0.02 b.d. 0.02 b.d. 0.06 0.02 59.2 6.5 0.3 0.35 0.02 5.5
9956b 20 Prsm 16600 0.04 b.d. 0.76 0.13 6347 840 35.1 0.05 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.04 0.02 185.8 31.2 2.3 0.04 b.d. 40.8
9956b 33 Int. 16740 0.16 0.07 0.99 0.30 31 284 117.8 0.14 0.04 0.05 b.d. b.d. b.d. b.d. b.d. b.d. 0.03 b.d. 0.02 b.d. b.d. b.d. 2.0 8.4 0.7 0.24 b.d. 0.7
9956b 34 Int. 17440 0.03 b.d. 0.82 0.16 38 248 127.0 0.10 b.d. 0.05 b.d. 0.02 b.d. b.d. b.d. b.d. 0.03 b.d. 0.02 b.d. b.d. b.d. 1.8 10.3 0.4 0.07 0.02 1.1
9956b 65 Int. 16920 0.04 0.02 1.54 0.34 3390 1709 30.1 2.53 0.56 1.16 0.12 0.47 0.05 0.02 0.03 b.d. 0.06 b.d. 0.04 b.d. 0.02 b.d. 112.3 120.9 1.9 0.20 0.52 11.0
9956c 1 Prsm 16080 b.d. 0.02 9.40 0.08 b.d. 4 1.9 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.2 1.6 0.29 0.10 0.2
9956c 9 Prsm 16610 0.06 0.10 5.98 4.39 660 396 50.9 9.78 1.02 2.44 0.35 1.65 0.62 0.19 1.05 0.16 1.08 0.22 0.45 0.07 0.42 0.05 25.2 17.0 55.7 0.22 3.42 38.4
9956c 11 Prsm 16230 0.03 b.d. 0.86 0.12 2485 471 18.2 0.06 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.02 b.d. b.d. b.d. 0.04 b.d. 84.2 17.4 0.4 b.d. b.d. 5.4
9956c 21 Prsm 16050 0.04 b.d. 0.86 0.08 5030 1267 29.5 0.03 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.02 b.d. 0.02 b.d. 130.1 22.3 8.4 0.04 0.03 40.4
9956c 22 Prsm 16270 0.04 b.d. 0.78 0.06 4229 1016 28.6 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 118.8 23.9 3.6 b.d. b.d. 20.9
9956c 23 Prsm 16190 b.d. 0.02 2.96 0.12 6396 959 35.6 0.09 b.d. 0.06 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.02 0.02 177.1 29.8 3.7 0.36 b.d. 43.4
9956c 24 Prsm 16380 0.09 b.d. 1.18 0.39 5630 785 32.0 0.58 0.11 0.21 b.d. 0.03 b.d. b.d. 0.03 b.d. 0.07 b.d. 0.05 b.d. 0.06 0.02 156.9 27.5 2.4 0.09 0.03 37.6
9956c 29 Prsm 16640 b.d. 0.02 0.87 0.34 14 177 38.7 0.82 0.14 0.27 0.05 0.10 0.05 0.02 0.08 b.d. 0.08 b.d. 0.02 b.d. 0.02 b.d. 0.6 16.3 2.3 0.06 0.54 5.3
9956c 38 Int. 16180 b.d. b.d. 0.75 0.06 1919 301 25.1 0.03 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.03 b.d. 59.0 8.7 0.4 0.03 0.03 7.6
9956c 45 Int. 16390 0.03 b.d. 1.65 2.67 326 677 124.3 29.3 5.8 12.8 1.5 5.4 0.9 0.1 0.9 0.1 0.7 0.1 0.4 0.1 0.4 0.1 17.0 35.3 20.5 0.9 4.1 53.4
9956c 58 Int. 15940 0.05 b.d. 1.19 0.23 4670 1466 36.2 1.79 0.33 0.84 0.09 0.32 0.05 b.d. 0.04 b.d. 0.03 b.d. 0.02 b.d. 0.08 b.d. 158.5 61.2 6.4 0.08 0.48 26.6
9956c 72 Int. 15870 0.05 0.04 2.88 1.27 413 2646 63.2 9.62 1.82 4.04 0.43 1.87 0.23 0.02 0.38 0.04 0.27 0.06 0.17 0.03 0.24 0.02 18.5 77.1 7.7 0.76 2.25 21.8
9956c 75 Int. 15760 0.12 0.13 0.95 0.28 2790 577 21.4 0.10 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.02 b.d. 0.03 b.d. 0.05 b.d. 86.8 54.1 1.0 0.10 0.07 10.0
9956d 35 Int. 14580 0.05 0.02 2.84 6.96 218 508 227.0 131.5 7.3 42.9 8.4 43.8 12.9 1.5 8.2 0.9 3.9 0.5 0.9 0.1 0.3 b.d. 22.6 15.9 9.8 0.5 9.0 12.7
9956d 36 Int. 15940 0.14 0.11 2.49 1.61 39 536 26.4 8.68 3.00 3.00 0.27 0.93 0.13 0.06 0.22 0.02 0.31 0.09 0.32 0.07 0.23 0.04 2.5 19.0 0.9 2.52 0.92 1.5
9956d 42 Prsm 15470 0.03 0.02 0.82 0.20 819 2015 123.7 2.19 0.49 1.11 0.11 0.36 0.03 b.d. 0.03 b.d. 0.02 b.d. b.d. b.d. 0.03 b.d. 37.3 117.9 15.7 0.03 0.66 26.9
9956d 43 Prsm 15540 0.03 b.d. 0.97 0.08 5170 1275 33.2 0.03 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.03 b.d. 117.3 17.3 7.7 0.17 0.05 50.3
9956d 44 Prsm 15950 b.d. b.d. 0.89 0.54 2280 998 126.0 6.08 1.35 2.71 0.27 1.14 0.24 b.d. 0.06 0.02 0.14 0.03 0.06 b.d. 0.07 b.d. 75.7 23.9 67.0 0.07 1.68 135.0

Notes : The major elements (SiO2, CaO) were analysed as controls of the rutile analyses especially to avoid analysing mixtures of rutile, titanite, epodite and calcite.
aHabit: Int. = interstitial; Prsm. = prismatic;   bb.d. = below detection limit
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TABLE 3: Analytical details of dated spots in rutile
Sample

 (ppm) %Pb*
U Th U/Th 2σ 2σ 2σ 2σ 2σ 2σ

28a - 18 A A I 15.29 0.107 143 0 13 1741 99.68 0.422 0.041 0.056 0.002 0.05 0.0551 0.0055 350 14 100.9 17.92 0.71 0.055 0.006 0.26
56b - 2 C C I 27.79 <0.002 - -17 16 3187 99.16 0.456 0.038 0.056 0.002 0.10 0.0595 0.0053 350 13 93.6 17.92 0.67 0.060 0.005 0.36
56b - 10 D D P 24.81 0.032 775 2 20 1384 99.53 0.415 0.045 0.054 0.002 0.12 0.0576 0.0072 337 13 97.7 18.66 0.77 0.058 0.007 0.45
28a - 18 E D P 25.13 0.004 6444 -11 17 3066 99.98 0.413 0.034 0.056 0.002 0.12 0.0541 0.0049 354 11 103.1 17.73 0.60 0.054 0.005 0.33
56b - 20 F C I 5.522 <0.002 - 2 16 319 99.30 0.456 0.080 0.056 0.003 0.05 0.0600 0.0100 348 20 100.9 17.99 1.10 0.060 0.010 0.20
56c - 3 G E I 19.74 1.730 11 3 14 765 99.61 0.438 0.038 0.057 0.002 0.13 0.0562 0.0054 359 12 99.8 17.45 0.61 0.056 0.005 0.42
56c - 9 H F I 27.14 3.990 7 -10 16 3250 99.50 0.427 0.034 0.055 0.002 0.10 0.0565 0.0046 347 12 96.9 18.08 0.65 0.057 0.005 0.26
56c - 13 I G P 7.58 <0.002 - 20 12 43 98.90 0.440 0.072 0.054 0.003 0.00 0.0620 0.0110 336 17 98.8 18.62 0.97 0.062 0.011 0.18
56c - 17 J G P 5.438 <0.002 - -4 14 630 98.20 0.445 0.081 0.054 0.003 0.13 0.0670 0.0130 340 19 99.1 18.42 1.05 0.067 0.013 0.31
56c - 20 K G P 31.06 <0.002 - -1 14 3381 99.99 0.385 0.028 0.053 0.002 0.09 0.0528 0.0039 335 11 103.2 18.73 0.63 0.053 0.004 0.26
56c - 21 L G P 42.12 0.254 166 11 13 431 99.86 0.392 0.023 0.054 0.002 0.08 0.0532 0.0034 338 11 101.9 18.55 0.62 0.053 0.003 0.19
56c - 24 M G P 38.51 <0.002 - 7 15 602 99.45 0.415 0.032 0.053 0.002 0.09 0.0571 0.0045 334 10 96.3 18.80 0.60 0.057 0.005 0.23
56d - 1 N H P 45.31 <0.002 - 5 15 1035 99.63 0.402 0.022 0.054 0.002 0.04 0.0548 0.0032 339 10 99.6 18.55 0.55 0.055 0.003 0.06
56d - 2 O H P 67.17 0.002 39512 6 16 1275 99.69 0.401 0.022 0.053 0.002 0.02 0.0553 0.0029 331 9 97.5 18.95 0.54 0.055 0.003 0.04
56d - 4 P H P 52.16 <0.002 - -9 13 5850 100.15 0.387 0.023 0.055 0.002 0.03 0.0515 0.0032 344 10 104.5 18.25 0.53 0.052 0.003 0.26
56c - 22 5.44 <0.002 - -5 19 584 99.50 0.380 0.100 0.052 0.004 0.16 0.0570 0.0150 326 26 112.0 19.23 1.59 0.057 0.015 0.24
28a - 11 1.407 0.030 48 9 13 18 94.60 0.380 0.180 0.054 0.006 0.06 0.0870 0.0450 335 38 223.3 18.55 2.13 0.087 0.045 0.61
28a - 35 3.69 4.350 1 -2 13 438 99.60 0.400 0.120 0.053 0.005 0.35 0.0550 0.0180 329 32 117.1 19.05 1.89 0.055 0.018 -0.60
56c - 9 43.2 0.619 70 1 14 4590 99.54 0.397 0.026 0.052 0.002 0.17 0.0553 0.0036 328 10 97.8 19.17 0.59 0.055 0.004 0.19
28a - 38 9.97 0.980 10 11 14 104 99.04 0.453 0.052 0.054 0.002 0.12 0.0599 0.0066 339 15 93.6 18.52 0.82 0.060 0.007 0.25
28a - 21 63.1 63.000 1 8 14 945 99.04 0.444 0.024 0.055 0.002 0.14 0.0597 0.0032 343 10 92.6 18.32 0.57 0.060 0.003 0.29
56b - 3 5.475 <0.002 - -6 15 630 97.80 0.488 0.080 0.056 0.003 0.07 0.0700 0.0130 350 20 93.8 17.89 1.06 0.070 0.013 0.47
56b - 12 6.26 <0.002 - -2 14 756 97.90 0.528 0.081 0.058 0.003 0.04 0.0700 0.0110 361 18 91.4 17.33 0.90 0.070 0.011 0.23
56b - 5 5.348 0.002 2674 -10 18 625 97.90 0.540 0.100 0.057 0.003 0.06 0.0700 0.0130 356 21 88.3 17.61 1.05 0.070 0.013 0.23
56b - 19 27.54 1.510 18 17 13 205 98.67 0.516 0.037 0.058 0.002 0.11 0.0636 0.0044 365 13 88.0 17.15 0.62 0.064 0.004 0.34
56b - 9 5.797 0.319 18 22 14 31 97.70 0.508 0.082 0.054 0.003 0.05 0.0720 0.0120 337 17 84.7 18.59 1.00 0.072 0.012 0.16
56b - 8 44.12 0.146 302 4 27 1273 97.90 0.522 0.064 0.055 0.003 0.13 0.0696 0.0086 345 15 82.5 18.18 0.83 0.070 0.009 0.19
56b - 17 47.95 0.002 26639 8 15 821 97.87 0.535 0.030 0.056 0.002 0.03 0.0702 0.0040 348 10 80.3 18.02 0.55 0.070 0.004 0.29
56c - 18 5.386 <0.002 - -16 16 595 98.80 0.448 0.081 0.054 0.003 0.13 0.0630 0.0120 340 20 100.0 18.45 1.12 0.063 0.012 0.15
56c - 25 7.93 <0.002 - -1 16 931 98.70 0.464 0.075 0.056 0.003 0.18 0.0600 0.0110 351 20 98.3 17.86 1.05 0.060 0.011 0.32
56c - 26 7.32 <0.002 - 15 14 62 98.80 0.469 0.077 0.058 0.003 0.16 0.0640 0.0110 364 20 97.8 17.18 0.97 0.064 0.011 0.41
56c - 23 7.93 <0.002 - 15 14 58 99.10 0.451 0.060 0.055 0.003 0.27 0.0602 0.0079 343 17 96.3 18.28 0.94 0.060 0.008 -0.01
56c - 31 6.88 0.395 17 12 15 64 98.50 0.464 0.076 0.054 0.003 0.12 0.0630 0.0110 336 18 94.9 18.69 1.01 0.063 0.011 0.35
56c - 14 10.04 <0.002 - 10 14 114 98.80 0.448 0.059 0.053 0.003 0.07 0.0622 0.0083 335 16 94.4 18.73 0.91 0.062 0.008 0.21
56c - 16 5.615 <0.002 - -9 13 658 97.30 0.521 0.087 0.056 0.003 0.02 0.0740 0.0140 349 19 90.2 17.92 1.03 0.074 0.014 -0.03
56c - 12 53.45 <0.002 - -2 19 6170 98.43 0.486 0.038 0.054 0.002 0.10 0.0656 0.0054 341 11 85.4 18.42 0.64 0.066 0.005 0.35
56c - 15 8.48 0.038 221 -7 13 918 97.40 0.490 0.062 0.052 0.003 0.09 0.0730 0.0100 325 16 83.8 19.31 0.97 0.073 0.010 0.34
28a - 13 13.66 1.017 13 8 14 194 98.69 0.475 0.055 0.056 0.002 0.01 0.0628 0.0073 350 14 92.1 17.89 0.74 0.063 0.007 0.19
28b - 8 8.86 0.157 56 8 15 123 98.90 0.439 0.064 0.055 0.003 0.68 0.0608 0.0095 346 17 99.4 18.12 0.92 0.061 0.010 -0.22
28b - 10 106.1 4.580 23 12 12 969 99.56 0.410 0.018 0.053 0.002 0.05 0.0558 0.0024 336 9 96.7 18.71 0.52 0.056 0.002 0.32
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by the methods of Andersen (2002).  cps= integrated counts per second. 
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