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Abstract 16 

 Calcite-graphite carbon isotope thermometry results are presented for 150 new marble 17 

samples across the western Central Metasedimentary Belt (CMB) of the Ontario segment of the 18 

Grenville Province. The results show a gradual increase in peak metamorphic temperature from 19 

under 500°C in the Tudor Township area in the east to over 700°C along the western margin of 20 

the CMB. Modestly elevated 13C values above 3‰ PDB across all terranes in the study area 21 

suggest a common temporal, and perhaps depositional origin, for the ~1.3 Ma limestone 22 

protoliths. The preserved thermal gradient is consistent with variations in marble mineralogy and 23 

character. Based on published geochronology, we argue that these temperatures correspond to 24 

peak metamorphism during the 1090-1020 Ma Ottawan orogeny, with the exception of preserved 25 

contact aureoles most notably associated with the Tudor gabbro and the Cheddar granite. The 26 

lack of significant thermal discontinuities at terrane boundaries and other shear zones, including 27 

the Bancroft shear zone and the CMB boundary zone, indicate that the entire region including the 28 

adjacent Central Gneiss Belt, remained largely intact during and after the Ottawan peak 29 

metamorphic event. Variations in deformation style of pre-existing igneous complexes appears to 30 

correspond to the Ottawan thermal conditions, which include crystalline thrust sheets at high 31 
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temperature, and mildly foliated domes to undeformed plutons at decreasing temperatures. In 32 

light of the peak temperatures and smooth thermal gradient we show to be superimposed on the 33 

established Grenvillian architecture, much of the western CMB should be considered part of the 34 

allochthonous medium pressure belt, and separate from the Ottawan orogenic lid that defines the 35 

eastern CMB.  36 
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 40 

Introduction 41 

 Temperature plays a key role in many processes related to orogenesis, including melting, 42 

fluid migration, and deformation mechanisms (whether crustal or grain scale), hence the thermal 43 

structure of ancient orogens is of primary significance in understanding these processes.  The 44 

Grenville Province of North America is a deeply eroded mid-Proterozoic, Himalayan-style 45 

orogenic belt that serves as an important example for understanding orogenesis.  In this paper, 46 

we present new thermometry results for a significant area (>3,000 km2) of the Ontario segment 47 

of the Grenville Province where quantitative data have been lacking until now.  The thermal 48 

structure revealed has implications for large-scale processes in the orogen.  49 

 The Grenville Province of Ontario and New York state (Fig. 1) is a 675km wide belt of 50 

igneous and metamorphic rocks that span a wide range of ages from ~1400 to 950Ma.  The 51 

Grenville is bounded on the west by the Archean Southern Province (foreland) and on the east by 52 

the Paleozoic Appalachian orogenic belts.  The western Grenville includes the Central Gneiss 53 

Belt (CGB) (or Ottawa River Gneiss Complex of Rivers and Schwerdtner, 2015), which contains 54 
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reworked older crust, and the Central Metasedimentary Belt (CMB) (or Composite Arc Belt of 55 

Carr et al., 2000), which is the focus of this study, and consists of several terranes that together 56 

represent an amalgamation of arc rocks and associated sedimentary basins metamorphosed at 57 

relatively low pressure. The CMB is in thrust contact against the CGB along the Central 58 

Metasedimentary Belt boundary zone (CMBbz).  East of the CMB are medium pressure granulite 59 

facies rocks of the Adirondack Highlands.  Outliers of Grenville-aged rocks occur in many of the 60 

Appalachian mountain belts, such as the Green Mountains of Vermont and the Berkshires of 61 

Massachusetts.  62 

 The complex history of the Grenville involves multiple episodes of igneous and 63 

metamorphic activity and tectonic assembly to the present-day architecture.  Most relevant to this 64 

study is the wide-spread Ottawan orogeny (~1090-1020 Ma) that resulted in significant crustal 65 

thickening followed by late- or post-collisional extension and orogenic collapse (Mezger et al., 66 

1991; Rivers, 2008, 2012; Selleck et al., 2005; Jamieson et al., 2010; McLelland et al., 2010, 67 

2013; Wong et al., 2012).  Temperature plays a key role in the processes that lead to crustal 68 

softening and potential orogenic collapse, whether through the production of melt or the 69 

controlling deformation mechanisms.  In this paper, we present a thermal picture of the western 70 

CMB and discuss the tectonic implications. 71 

 72 

Geology of the Ontario Grenville 73 

 The major lithotectonic terranes of the exposed southern Grenville Province are shown in 74 

Figure 1.  The CMB includes numerous terranes defined by differences in structural and 75 

lithological features, and bounded by shear zones.  Terranes of the CMB, working eastward from 76 

the CMBbz, are the Bancroft, Elzevir, Mazinaw, Sharbot Lake, Frontenac, and Adirondack 77 
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Lowlands (Fig. 1).  These terranes all have abundant, recognizable supracrustal rocks, including 78 

marble.  The overall architecture of the CMB represents contractional tectonics active prior to, 79 

and during, the Ottawan orogeny (Easton, 1992; Carr et al., 2000; McLelland et al., 2010; Rivers, 80 

2008, 2012). However, many features of the CMB indicate that it represents the remnants of an 81 

Ottawan orogenic lid that escaped the most intense metamorphism and deformation such as 82 

observed in the CGB, and was then lowered by extensional tectonics (orogenic collapse) during 83 

the late stages of the orogeny (after ca. 1050 Ma) (Rivers 2008, 2012).  Many of the terrane-84 

bounding shear zones within the CGB and CMB show evidence of an early thrust-fault stage 85 

followed by extensional overprint (e.g., Culshaw et al., 1994, 1997; Busch et al., 1996a).  There 86 

are other relatively late orogenic extensional shear zones as well as widespread localized 87 

evidence of extensional deformation (Culshaw, 1987; Streepey et al., 2004; Wong et al., 2012; 88 

McLelland et al., 2013, Schwerdtner et al., 2014, 2016).  89 

 Differences in deformational style and intrusive suites occur across the western CMB.  90 

The Bancroft terrane in this region is characterized by three crystalline thrust sheets that 91 

represent crustal imbrication by stacking along southeastward dipping fault zones, which include 92 

marble-matrix megabreccia (Hanmer, 1988).  The largest crystalline sheet, the Glamorgan 93 

complex, is assigned to the 1290-1260 Ma Elzevir suite by Lumbers et al. (1990).  The other 94 

two, the Dysart and Redstone, are ~1350-1300 Ma tonalite and related granitoids and have been 95 

assigned to the Dysart-Mount Holly suite, which appears to represent a continental arc magmatic 96 

complex that was rifted from, and later accreted to, the Laurentian margin (Hanmer, 1988; 97 

McEachern and van Breeman, 1993; Agustsson et al., 2013).  A suite of 1290-1250 Ma 98 

nepheline-bearing meta-igneous rocks in the Bancroft terrane may be related to the rifting event 99 

(Lumbers et al., 1990; Easton, 1992).   100 
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 The boundary between the Bancroft terrane and the CMBbz on the west is neither clearly 101 

defined nor agreed upon.  Seismically, the CMBbz and the Bancroft terrane are 102 

indistinguishable.  Both are characterized by SE-dipping reflectors that extend to the base of the 103 

crust (White et al., 2000).  Ontario Geologic Survey Map 2544 (1991) shows the CMBbz as a 3 104 

to 20 km wide zone that includes the Redstone thrust sheet (Fig. 2).  Easton (1992) defines the 105 

CMBbz as the western and northernmost zone of tectonites, generally less than 5 km wide, 106 

however, he notes that the entire Bancroft Terrane with its marble tectonic breccias and 107 

interleaved thrust sheets may be a tectonic zone.  Indeed, despite some lithological differences, 108 

some workers find the structural distinction between the CMBbz and Bancroft terrane to be 109 

arbitrary and choose instead to describe them synonymously (Hanmer and McEachern, 1992; 110 

McEachern and van Breeman, 1993; Markley et al., 2018). 111 

 The eastern boundary of the Bancroft terrane against the Elzevir terrane is uncertain.  112 

Many workers assign the late-orogenic, extensional Bancroft shear zone as the terrane boundary 113 

(van der Pluijm and Carlson, 1989; Carlson et al., 1990; van der Pluijm, 1991; Mezger et al., 114 

1991), contending that its mylonites form a continuous line for 75 km or more. Others have 115 

argued that the Bancroft shear zone represents an important feature, but not one of crustal 116 

significance (Burr and Carr, 1994; Carr et al., 2000; Easton and Kamo, 2011; Rivers, 2012).  117 

Burr and Carr (1994) show that ages and metamorphic conditions are the same within error on 118 

both sides of the shear zone, and thus displacement must not be significant.  Easton and Carr 119 

(2009) and Easton and Kamo (2011) suggest the western margin of the Bancroft terrane, at least 120 

in Cavendish Township, may be a much older feature, the Salerno Creek deformation zone.  This 121 

zone is parallel to, but 3-4 km east of, the Bancroft shear zone.  At present, this issue remains 122 

unsettled. 123 
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 The Elzevir terrane is distinguished by abundant tholeiitic to calc-alkaline metavolcanic 124 

rocks (Smith and Holm, 1990; Lumbers et al., 1990; Easton and Kamo, 2011).  The volcanic 125 

rocks and their largely contemporaneous carbonate and clastic sedimentary cover sequences are 126 

1300-1250 Ma (Davis and Bartlett, 1988; Bright, 1988; Lumbers et al., 1990; Easton, 1992).  127 

These supracrustal rocks are interpreted by Carr et al. (2000) as a series of arcs and associated 128 

sediments that were amalgamated by ~1225 Ma based on shared intrusive suites.  On the basis of 129 

this tectonic origin, Carr et al. (2000) refer to the Bancroft, Elzevir, Mazinaw, and Sharbot Lake 130 

terranes collectively as the Composite Arc Belt, although they allow that the Bancroft terrane, 131 

with its lack of recognized volcanic rocks may, in fact, be unrelated to the Composite Arc Belt.  132 

Use of the older term “Central Metasedimentary Belt” avoids this potential confusion of genetic 133 

nomenclature.  The timing of accretion of these arc belts to the Laurentian margin is not certain, 134 

but deformation within the CMBbz at 1220-1160 Ma suggests a pre-Ottawan collisional event as 135 

well as pervasive Ottawan metamorphism at 1080-1030 Ma (McEachern and van Breeman, 136 

1993; Markley et al., 2018).  137 

 The Elzevir terrane is subdivided into three domains, the Harvey-Cardiff, Belmont, and 138 

Grimsthorpe domains, based on similar stratigraphy and intrusive rocks (Fig. 1), however the 139 

boundaries between these domains are generally not well defined.  The Harvey-Cardiff domain 140 

has several structurally distinctive granodioritic to granitic domes (or possibly polydeformed 141 

sheets).  These are cored by the ~1290 Ma Burleigh gneiss and Anstruther gneiss (assigned to the 142 

Elzevir suite), and the ~1245 Ma Cheddar and Cardiff granites (assigned to the Methuen suite) 143 

(Lumbers et al., 1990; Easton, 1992; Lumbers and Vertolli, 2000c; Easton and Kamo, 2011).  144 

These domes are mantled by metasedimentary and metavolcanic rocks.  The Belmont and 145 

Grimsthorpe domains have relatively abundant metavolcanic rocks and the most extensive and 146 
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best preserved metasedimentary sequences of the classic Grenville Supergroup (Wynne-147 

Edwards, 1972; Lumbers, 1969; Easton, 1992; Rivers 2015).  These supracrustal rocks have been 148 

intruded by a variety of igneous suites, including the aforementioned Elzevir suite (1290-1280 149 

Ma), Methuen suite (1250-1240 Ma), and also the Lavant suite of gabbro-diorite plutons (1245-150 

1220 Ma), which includes the Tudor gabbro (Lumbers et al., 1990; Easton and Kamo, 2011).  151 

These latter intrusive rocks of the Lavant suite cut across regional folds, which indicates an older 152 

deformation and metamorphic event, the Elzevirian orogeny (~1240-1220 Ma), and the wide-153 

spread occurrence of these plutons across the Elzevir domains as well as the adjacent Mazinaw 154 

terrane, shows the Composite Arc terranes had been amalgamated prior to emplacement of the 155 

Lavant intrusives (Carr et al., 2000).  156 

 East of the Elzevir terrane is the Mazinaw terrane.  The boundary between the two is the 157 

Mooroton shear zone, which consists of straight and irregularly layered gneiss and, based on 158 

dated cross-cutting syenite dikes, is older than 1090-1075 Ma (Easton and Ford, 1991).  159 

Metamorphic grade across the Mooroton shear zone shows a slight increase on the eastern side 160 

(i.e., Mazinaw side) (Easton, 1992; Ford, 2002).  Ford (2002) shows that isotherms are offset 161 

locally by the shear zone.  The Mazinaw terrane contains the regionally important Flinton Group, 162 

a metasedimentary sequence that lies unconformably atop metamorphosed volcanic rocks, 163 

metasedimentary rocks, and granite (Moore and Thompson, 1980) and was deposited after 1150 164 

Ma and most likely before 1070 Ma (Sager-Kinsman and Parrish, 1993; Rivers, 2012).  The 165 

Flinton Group has experienced at least two episodes of deformation (Ford, 2002) and was 166 

metamorphosed at ~1020 Ma (Corfu and Easton, 1995) reaching sillimanite grade of the 167 

amphibolite facies.  168 
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 The eastern boundary of the Mazinaw terrane is the Robertson Lake shear zone, an 169 

eastward-dipping extensional fault that juxtaposes rocks of the Mazinaw terrane in the footwall 170 

to rocks of the Sharbot Lake terrane in the hanging wall.  The metamorphic histories on either 171 

side of this structure are significantly different (Busch et al., 1996a, 1996b).  Both terranes (the 172 

Mazinaw and Sharbot Lake) experienced upper greenschist to upper amphibolite facies 173 

conditions, however, a sharp gradient exists approaching the Robertson Lake shear zone such 174 

that the Sharbot Lake hanging wall rocks locally show lower temperature than the adjacent 175 

Mazinaw terrane footwall rocks (Busch et al., 1996a). 176 

 East of Sharbot Lake terrane, across the Maberly shear zone, is the Frontenac terrane.  177 

The Frontenac, along with the Adirondack belt to its east, differ from the other terranes of the 178 

CMB in their older peak metamorphic age of ~1168 Ma (Corfu and Easton, 1997).  40Ar/39Ar 179 

cooling ages show that the Frontenac-Adirondack segment of the CMB escaped the Ottawan 180 

metamorphism that is pervasive in the rest of the CMB (Cosca et al., 1991, 1992).  The 181 

Frontenac terrane also lacks metavolcanic rocks, but includes relatively widespread quartzite 182 

(meta-quartz arenite).  Within the Adirondack belt, the extensional, east-dipping Carthage-183 

Colton shear zone separates the amphibolite facies Lowlands on the east from the granulite-184 

facies Highlands on the west (Streepey et al., 2004). 185 

 186 

Metamorphism in the Central Metasedimentary Belt 187 

 The Elzevirian event (~1245-1225 Ma) is currently thought to represent the 188 

amalgamation of arcs and sedimentary sequences into the composite arc belt and their accretion 189 

to the Laurentian margin (Carr et al., 2000; McLelland et al., 2010; Rivers et al., 2012).  The 190 

Elzevirian orogeny is limited to rocks within the Composite Arc Belt.  The metamorphic effects 191 
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of the Shawinigan orogeny (~1190-1140 Ma) are widespread in the Frontenac-Adirondack 192 

terranes and are also seen sparsely in parts of the Central Gneiss Belt, the CMB, and the eastern 193 

Elzevir terrane (Culshaw et al., 1997; McLelland et al., 2010; Duget and Easton, 2017; Markley 194 

et al., 2018).  The Shawinigan orogeny appears to signify a crustal thickening event in the east 195 

and may represent the docking of the Frontenac-Adirondack terranes to the Laurentian margin 196 

(Corriveau and van Breemen, 2000; McLelland et al., 2010).  The Ottawan orogeny (1090-1020 197 

Ma) is the most intense and pervasive metamorphism in our study area and throughout the 198 

Grenville west of the Frontenac-Adirondack belt.  The deformation and metamorphism was 199 

intense enough to obscure older events.  The Ottawan event represents Himalayan-style crustal 200 

thickening as a result of collision between Laurentia and Amazonia (Hoffman, 1989; McLelland 201 

et al., 2010).  Rivers (2008, 2012) and Rivers et al. (2012) present evidence for orogenic collapse 202 

during the Ottawan orogeny.  This model for the late Ottawan orogeny allows for selected 203 

terranes, including the Elzevir, Sharbot Lake, Frontenac, and Adirondack Lowlands, to have 204 

been part of a relatively cool upper crust that has been dropped down along normal-sense shear 205 

zones and juxtaposed to higher pressure and higher temperature terranes.  The timing of this 206 

collapse may not be synchronous across the Grenville.  The end of the Grenville orogeny is the 207 

Rigolet orogenic phase (~1005-980 Ma), which was an intense event along the Grenville Front in 208 

the western Grenville margin and is represented in much of the Grenville by late-stage, post-209 

orogenic pegmatite emplacement and as a low-grade retrograde event.  Movement on extensional 210 

shear zones associated with Ottawan orogenic collapse may have continued well into the Rigolet 211 

phase (Rivers et al., 2012). 212 

 There is ample evidence that Ottawan metamorphism was pervasive throughout the 213 

western CMB.  Mezger et al. (1993) present eleven U-Pb titanite ages from marble and calc-214 
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silicate samples collected within our immediate study area that give Ottawan dates of 1060-1032 215 

Ma.  Two additional titanite ages in their data represent outliers.  These include 1240 Ma for a 216 

sample collected within the Tudor gabbro contact aureole and likely represents the age of 217 

intrusion, and one Rigolet age of 1003 Ma in calc-silicate near the CMBbz south of Minden.  218 

Easton and Kamo (2011) report U-Pb zircon ages of 1067 and 1059 Ma for granite and 219 

pegmatite, and also a U-Pb titanite age of 1052 Ma for diorite, all from the Harvey-Cardiff 220 

terrane (Cavendish Township).  Furthermore, rocks of the Flinton group in the Mazinaw terrane 221 

just east of our study area (and east of the Elzevir terrane) have experienced upper greenschist to 222 

upper amphibolite facies metamorphism (Ford, 2002), and because deposition of the Flinton 223 

group postdates all earlier potential metamorphic events (Moore and Thompson, 1980; Rivers, 224 

2012), this metamorphism has to be Ottawan, which is consistent with geochronology in the 225 

Mazinaw terrane (Corfu and Easton, 19965).  Ottawan ages also dominate west of our study area 226 

within the CMBbz and the adjacent Central Gneiss Belt (Timmermann et al., 1997; MacEachern 227 

and van Breeman, 1993; Slagstad et al., 2004; Markley et al., 2018).  Given the protracted 228 

tectonic history of this area, polymetamorphic rocks should be common, however, no part of our 229 

study area escaped pervasive metamorphism during the Ottawan orogeny.  230 

 231 

Thermometry-Previous Studies 232 

 Wynne-Edwards (1972) recognized that regional metamorphic grade ranges from 233 

greenschist facies in the “Hastings Lowlands” (i.e., Elzevir terrane) through upper amphibolite 234 

facies to the west, north, and east (Grenville rocks are covered by Paleozoic rocks to the south). 235 

True pelitic rocks are rare in the region, but Carmichael et al., (1978) used the existing 236 
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occurrences to delineate Barrovian-style grades from the Hastings metamorphic low to 237 

increasing grades outward.  238 

 The first quantitative regional assessment in this part of the Grenville was a master’s 239 

thesis by Sobol (1973) under the direction of Eric Essene at the University of Michigan.  Sobol 240 

estimated calcite-dolomite solvus temperatures of ~500°C in the Tudor-Bannockburn area and 241 

upward of 650°C near Bancroft.  Quantitative geothermometry and geobarometry applied in this 242 

region include calcite-dolomite solvus thermometry (Sobol, 1973; Allen, 1976; Dunn and Valley, 243 

1992; Rathmell et al., 1999; Dunn, 2005), garnet-based thermometry and barometry (Rathmell et 244 

al., 1999; Ford, 2002; Dunn 2005; Fowler-Gerace, 2012), and calcite-graphite C-isotope 245 

thermometry (Dunn and Valley, 1992; Rathmell et al., 1999; Dunn, 2005).  Rathmell et al. 246 

(1999), who applied three thermometers across the same area (cal-dol, cal-gr, gar-bt), concluded 247 

that the calcite-graphite and garnet-biotite results appear to be the most reliable at capturing peak 248 

metamorphic temperatures, although they acknowledge the uncertainty presented by Fe+3/Fe+2 in 249 

the garnet-biotite system and the lack of consensus at that time regarding various calibrations of 250 

the calcite-graphite thermometer.  251 

 Anovitz and Essene (1990) applied a variety of mineral equilibria over a much more 252 

extensive area to determine metamorphic pressures and temperatures.  That work covered the 253 

region from the Frontenac terrane to the Grenville front, although no new data were added within 254 

the Elzevir terrane beyond that of Sobol (1973).  Streepey et al. (1997) compiled most of the 255 

available thermobarometric data across the Grenville Province of southern Ontario paying 256 

special attention to temperature changes across ductile shear zones.  This compilation 257 

highlighted the scarcity of thermometric data within the Bancroft terrane and the westernmost 258 

Elzevir terrane.  Streepey et al. (1997) noted temperature discontinuities across the Robertson 259 
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Lake and Maberly shear zones, and concurred with Anovitz and Essene (1990) that a thermal 260 

discontinuity is likely across the CMBbz, though they recognized the paucity of data across that 261 

structure. 262 

 263 

The Calcite-Graphite Thermometer 264 

 The fractionation of 12C and 13C between coexisting calcite and graphite varies with 265 

temperature and many studies have shown that this system provides useful thermometry results 266 

(Valley and O’Neil, 1981; Wada and Suzuki, 1983; Crawford and Valley, 1990; Dunn and 267 

Valley, 1992; Morrison and Barth, 1993; Kitchen and Valley, 1995; Bergfeld et al., 1996; Satish-268 

Kumar et al., 1997, 2002, 2011; Rathmell et al., 1999; Satish-Kumar and Wada, 2000; Dunn, 269 

2005; Peck et al., 2005; 2006; Sanyal et al., 2009).  The key feature of this thermometer is the 270 

exceptionally slow diffusion rate of carbon in graphite at crustal temperatures (Kanter, 1957; 271 

Thrower and Mayer, 1978), such that the 13C value of graphite locks in at the time of graphite 272 

crystallization.  Thus, even though carbon diffusion in calcite is much faster (Labotka et al., 273 

2000), the calcite-graphite carbon isotope fractionation is determined at the time and temperature 274 

that the graphite last recrystallizes and retrograde diffusion has no measurable effect on the 275 

system as long as calcite is the only other carbon-bearing phase present (Valley, 2001).  This 276 

geothermometer is particularly reliable at retaining peak metamorphic temperatures (Dunn and 277 

Valley, 1992; Rathmell et al., 1999; Satish-Kumar, 2000) and is only subject to resetting in a 278 

subsequent metamorphic event if the later event is higher grade or accompanied by penetrative 279 

deformation that causes the graphite to recrystallize.   280 

 Various calibrations of metamorphic temperature to cal-gr (cal-gr = 13Ccal – 13Cgr) have 281 

been proposed, and these have been discussed elsewhere (e.g., Valley, 2001; Dunn, 2005, Dienes 282 
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and Eggler, 2009).  Most have relied on empirical comparison of cal-gr values from marble to 283 

results of other mineral geothermometers.  The slow diffusion rate of carbon in graphite presents 284 

difficulties for the experimental calibration of calcite-graphite exchange equilibrium.  Dienes and 285 

Eggler (2009) present experimental results that compare favorably to the Kitchen and Valley 286 

(1995) empirical calibration (Fig. 3).  The Dienes and Eggler experiments achieve a high degree 287 

of exchange (77% to essentially 100%) at temperatures of 1200° and 1400°C.  At lower 288 

temperatures (1100°–600°C), the exchange was much less and Northrup-Clayton plots were used 289 

to extract equilibrium cal-gr values, often with high uncertainty.  Taken as a whole, there is good 290 

agreement of T versus cal-gr among theoretical and experimental calibrations at metamorphic 291 

temperatures greater than ~650°C (Chacko et al., 1991; Scheele and Hoefs, 1992; Polyakov and 292 

Kharlashina, 1995; Dienes, 2004; Dienes and Eggler, 2009).  These calibrations also agree well 293 

with the empirical calibration of Kitchen and Valley (1995), which is calibrated for temperatures 294 

above 650°C.  However, calibrations based on empirical data that extend below 650°C diverge 295 

markedly from the high-temperature calibrations. 296 

 For the purpose of thermometry, empirical calibrations such as Wada and Suzuki (1983), 297 

Morikiyo (1984), Dunn and Valley (1992), yield results that agree with independent 298 

thermometers below ~700°C (e.g., Wada et al., 1994; Bergfeld et al., 1996; Rathmell et al., 1999; 299 

Dunn, 2005), but these calibrations neither agree with independent thermometry nor with 300 

theoretical calibrations at higher temperatures.  Thus, no single calibration accurately covers a 301 

temperature range spanning 450° to 800°C or higher (Fig. 3).   302 

 The lowest temperature at which the calcite-graphite thermometer can be applied is 303 

uncertain.  Disseminated graphite in marble and metamorphosed clastic sedimentary rocks is 304 

known to originate as organic matter (e.g., Wada et al., 1994; Kříbek et al., 2008) and carbon 305 
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isotope exchange with calcite host material is thought to proceed as the organic matter undergoes 306 

graphitization (Dunn and Valley, 1992).  cal-gr values show significant scatter at middle to lower 307 

greenschist facies due to unusually low 13C values in graphite, presumed to have been inherited 308 

from its organic matter precursor (Dunn and Valley, 1992; Bergfeld et al., 1996).     309 

 For our results presented herein, we chose to apply two calibrations, Kitchen and Valley 310 

(1995) for cal-gr values less than 4.15‰ (i.e., > 655°C) and Dunn and Valley (1992) for cal-gr 311 

values above 4.15 (i.e., < 655°C).  The cal-gr value of 4.15 was selected because that’s the 312 

crossover point of these two calibrations (Fig. 3).  This approach provides the best temperature 313 

estimates consistent with independent thermometers (Fig. 3).  Our selection of the Kitchen and 314 

Valley (1995) calibration over the theoretical and experimental calibrations previously cited 315 

would have little effect on our results, but Kitchen and Valley’s compares more favorably to 316 

independent thermometry in studies of high-temperature terranes (Satish-Kumar, 2000; Sanyal et 317 

al., 2009) and makes these results directly comparable to the K&V dataset for the Adirondacks.  318 

 319 

Methods 320 

 We collected marble samples across the study area specifically for the purpose of calcite-321 

graphite thermometry.  The sampling strategy involved finding graphite-bearing calcite marble 322 

with as few silicate minerals as possible and little or no recognizable dolomite.  Metamorphic 323 

grade at the outcrop was often readily observed, but samples for analysis did not necessarily 324 

contain indicator minerals.  Additional samples were generally collected from each outcrop for 325 

thin sectioning to confirm peak metamorphic mineral assemblages. 326 

 We applied two different sample preparation and analytical methods.  The majority of 327 

samples were processed at Mount Holyoke College (MHC) and this involved whole-rock 328 
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graphite separation by crushing and grinding a 20 to 50 mg partial slab of cut marble, and 329 

collecting graphite by flotation in water.  Powder for calcite analysis was scooped from the well-330 

mixed ground whole rock.  Coarsely crystalline samples (with “11BM” prefixes) were processed 331 

at Colgate University by gently crushing a small quantity of marble and selecting lustrous flakes 332 

of graphite for analysis.  In this case, calcite cleavage fragments, clear and inclusion free, were 333 

selected from the crushed rock before being powdered for the calcite analysis.  In all cases, we 334 

treated graphite with strong hydrochloric acid to remove any calcite prior to analysis. 335 

 At MHC, graphite was combusted to CO2 by grinding the graphite with excess CuO and 336 

loading the mixture into pre-fired quartz-glass tubes.  The tubes were evacuated, fused shut, and 337 

heated to 950°C overnight.  The CO2 was purified cryogenically and analyzed on a dual-inlet 338 

Finnegan Delta XL+ mass spectrometer at the University of Massachusetts-Amherst.  Whole-339 

rock calcite CO2 was obtained and analyzed by reaction in concentrated phosphoric acid using a 340 

Kiel III automated device on the same mass spectrometer.  Internal calcite and graphite standards 341 

run many dozens of times each show our reproducibility to be  0.08‰ for carbon in calcite and 342 

 0.13‰ for graphite.  Lab averages are -16.03‰ for USGS-24 graphite and 1.99‰ for NBS-19 343 

calcite.  All delta values are reported relative to V-PDB and V-SMOW for carbon and oxygen, 344 

respectively. 345 

 At Colgate University, graphite was combusted to CO2 using a Costech ECS 4010 346 

elemental analyzer (EA) online with a Delta Plus Advantage mass spectrometer in continuous 347 

flow mode.  Samples containing ca. 0.3 mg of graphite were combusted in tin capsules with 348 

excess CuO, which gives identical results to grinding graphite using this method (Peck et al. 349 

2005).  Calcite powders analyzed at Colgate University were reacted with phosphoric acid 350 

(D=1.94) in off-line reaction vessels after the method of Craig (1957).  Evolved CO2 was 351 
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cryogenically purified, and was analyzed in dual-inlet mode using the same mass spectrometer.  352 

The isotope scales of continuous flow and dual-inlet mode are tied together by analyses of calcite 353 

standards on both instruments.  During the period of analyses the average carbon isotope ratios 354 

of NBS-19 and CO-1 calcite was 1.95±0.03‰ and 2.49±0.02‰ for off-line reaction, and 355 

1.91±0.16‰ and 2.34±0.08‰ for EA analysis.  USGS-24 graphite analyzed by EA averaged -356 

16.03±0.15‰. 357 

 Five samples analyzed at MHC were analyzed at Colgate to confirm comparability of the 358 

datasets.  Colgate calcite and graphite might have 13C ~0.2‰ higher than the values obtained at 359 

MHC/University of Massachusetts.  Measured calcite-graphite fractionations are very similar; 360 

the Colgate measured cal-gr fractionations average only 0.07±0.13‰ smaller, which would be 361 

<10° difference in metamorphic temperature. 362 

 363 

Marble and Associated Rocks 364 

 Marble belts occur throughout the CMB, stratigraphically and tectonically interlayered 365 

with calc-silicate rocks, metavolcanic rocks and siliceous metasediments, and intruded by a wide 366 

variety of plutonic igneous rocks, many of which have been metamorphosed.  Both calcitic and 367 

dolomitic marble occur throughout the area, though calcitic marble is most common.  Marble is 368 

typically either dominantly calcite or dominantly dolomite.  Calc-silicate rocks are interlayered 369 

with, and gradational to, calcitic marble on all scales.  Siliceous, clastic metasedimentary rocks 370 

are common within and adjacent to many marble units.    371 

 The character of calcite marble varies across the study area from very fine grained in the 372 

southeast (for example in the Tudor Township area) to very coarse grained at higher 373 

metamorphic grades in the west and north near the CMBbz (Fig. 2).  The color of marble on 374 
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freshly exposed surfaces changes predictably with grain size.  Fine-grained marble is dark gray 375 

to very dark gray, generally banded, but overall, dark in color (Fig. 4-A, B, C, E).  The banding 376 

is due to variable mineral proportions as well as variable grain size.  Darker layers tend to have 377 

more sulfide and ferromagnesian silicates, and tend to be finer grained.  As marble coarsens, it 378 

becomes lighter shades of gray due to coarsening of fine, disseminated graphite and sulfide 379 

grains.  Banding is typically still present in medium-grained and coarse-grained marble, although 380 

the contrast between light and dark layers decreases as grain size increases.  In some cases, 381 

coarse-grained marble is white in color and wholly without discernable variation.  382 

 Mineral assemblages also vary from low-grade in the southeast to high-grade in the north 383 

and west.  The lowest grade observed is in the Tudor Township area where marble assemblages 384 

include dolomite + quartz, rutile + calcite + quartz, and chlorite + calcite + quartz, and 385 

occasionally talc + calcite + quartz.  Mafic rocks in Tudor Township contain chlorite + actinolite 386 

+ albite ± epidote, ± oligoclase, consistent with middle to upper greenschist facies.  As 387 

metamorphic grade increases, marble assemblages contain tremolite + calcite ± quartz, and 388 

titanite replaces rutile.  Coexisting mafic rocks contain amphiboles that are increasingly close to 389 

magnesiohornblende and edenite in composition whereas plagioclase becomes more calcic, 390 

indicative of the lower to middle amphibolite facies.  At still higher grades, marble contains 391 

diopside ± scapolite ± chondrodite, and at the highest grades olivine, or serpentine after olivine, 392 

is present.  Mafic rocks associated with diopside marble typically contain magnesiohornblende, 393 

edenite, pargasite, or richterite.  Plagioclase in these rocks is generally andesine to labradorite, 394 

consistent with middle- and upper-amphibolite facies.  Diopside marble frequently contains 395 

plagioclase as well, which is generally oligoclase in the lower-amphibolite facies and andesine to 396 

labradorite (rarely bytownite) at the upper-amphibolite facies.   397 
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 In the lower-grade areas to the east and southeast of our study area, marble shows easily 398 

recognizable contact metamorphic aureoles around plutons, especially mafic plutons.  These 399 

aureoles display coarsened grain size with corresponding reduction of color, along with changes 400 

in mineral assemblage indicative of increasing metamorphic grade, toward the igneous contact. 401 

The contact aureole associated with the Tudor gabbro in Tudor Township is an excellent 402 

example of these features (Allen, 1976; Dunn and Valley, 1992).  Coarsening and color 403 

reduction in the field is evident for 2 km from the contact.  At higher metamorphic grades toward 404 

the western CMB, contact aureoles around intrusions are much harder to recognize or absent, 405 

either because marble and calc-silicate rocks are regionally coarser grained and lighter in color, 406 

or because tectonic transposition has complicated the contact zones. 407 

 In a general way, the marble in our study area forms four north-northeast trending belts 408 

(Fig. 2).  The easternmost runs from the Madoc-Marmora area through Tudor Township, 409 

Limerick Lake, and northward to the Raglan Hills.  This belt is fine-grained, low grade (dolomite 410 

+ quartz) in the south (Fig. 4-A), becoming medium-grained and tremolite-bearing in Limerick 411 

Township (Fig. 4-C), and eventually coarse-grained, diopside marble in Dungannon Township 412 

(Dunn, 2005). Primary sedimentary features are sometimes preserved such as graded bedding 413 

and rip-up clasts (Fig. 4-B) and laminar and columnar stromatolites. 414 

 The next belt to the west runs from south of Apsley (western Belmont domain) 415 

northwestward to Chandos Lake, Faraday, and Bancroft (southern Dungannon Township).  This 416 

marble belt and the one to the east are within the Elzevir terrane and have been assigned to the 417 

Herman Group and Mayo Group (e.g., Lumbers, 1969; Bright, 1988).  These areas are tremolite- 418 

to diopside-grade, generally coarser and higher grade to the north, otherwise this belt is 419 

lithologically quite similar to the Tudor-Limerick belt.  A feature in common between these two 420 
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belts is associated para-amphibolite, or feather amphibolite (Fig. 4-D), which often contains 5-421 

10% calcite.  Both fine- and medium-grained calcite marble commonly contains variable 422 

amounts of calc-silicate layers, 1 mm to ~3 cm thick (Fig. 4-E).  A large area of marble just 423 

south of Apsley has abundant cross-cutting dikes of granite ranging from decimeters to tens of 424 

meters thick.  No alteration or contact metamorphic effects were observed in the field associated 425 

with these marble-granite contacts. 426 

 Continuing westward, the next marble belt is on the west side of the Harvey-Cardiff 427 

granitic domes and extends from Galway Township and Catchacoma northwestward through 428 

Gooderham and Tory Hill.  This marble belt straddles the boundary between the Harvey-Cardiff 429 

domain of the Elzevir terrane and the Bancroft terrane.  Although tremolite-bearing marble 430 

occurs in this belt (tremolite + calcite + quartz), these rocks are mostly diopside grade.  Scapolite 431 

and chondrodite are fairly common, and olivine (or serpentine after olivine) is found in the area 432 

around the Cheddar dome.  Similar to the Apsley area, small cross-cutting granitic dikes are 433 

common in the area around Catchacoma (Fig. 4-F).  Marble outcrops in this belt sometimes show 434 

straight, continuous layering (Fig. 4-G), but more often, layering is disrupted and contorted with 435 

displaced xenoliths of calc-silicate material in lenses and floating fold hinges (Fig. 4-J).  This 436 

marble belt also includes marble breccia with abundant clasts that range from 1 to 10 cm, and 437 

less commonly, clasts up to tens of meters (Fig. 4-I).  In the north, especially in the Tory Hill and 438 

Cardiff areas, skarn-like marble grading from white to pink to salmon-colored is common, 439 

generally containing diopside, scapolite, phlogopite, and K-feldspar, ± apatite, ± titanite (Fig. 4-440 

H).  Moecher et al. (1996) present geochemical arguments that some of these rocks may be 441 

metamorphosed carbonatites.  In our experience, these skarn-like rocks do not contain graphite 442 

and, therefore, none are included in this study.   443 
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 Finally, on the western margin of the CMB, a marble belt runs from south of Minden to 444 

the north and northwest where it bifurcates around the Dysart Gneiss Complex through 445 

Haliburton and through Carnarvon.  This westernmost marble belt is clearly in the Bancroft 446 

terrane and partly within the CMB boundary tectonic zone.  These marbles are diopside grade, 447 

commonly with scapolite and/or chondrodite.  Marble breccia is abundant in these areas, 448 

containing clasts of calc-silicate, quartzite, syenite, granite and altered granite.  Some of these 449 

breccias are extremely clast-rich (Figure 4-K).  Skarn-like marble is also abundant through this 450 

area, especially around the Allsaw anorthosite northeast of Minden and following the CMBbz 451 

toward Cardiff and into Bancroft.   452 

 453 

Thermometry Results 454 

 Table 1 and Figure 5 present graphite and calcite 13C values.  Calcite 13C values range 455 

from –3.2 to +5.9‰, and calcite 18O values range from 16.5 to 28.7‰.  These carbon and 456 

oxygen isotopic compositions are within expected ranges for marine limestone, although values 457 

of 13C above ~3‰ are unusual for Mesoproterozoic carbonates, as discussed later (Schidlowski 458 

et al., 1983; Kah et al., 1999; Shields and Veizer, 2002).  459 

  The 13Ccal-gr values vary systematically across the study area from values ~8‰ at the 460 

lowest grade area in Tudor Township to values ~3.5‰ in the areas near the western boundary of 461 

the CMB (Fig. 5).  These cal-gr values correspond to temperatures below 500°C in Tudor 462 

Township and show a gradual increase to over 700°C near the western CMB boundary.   463 

 In Tudor Township and the North Marmora area, average temperatures are 468 ±26°C 464 

(one standard deviation) and 524 ±33°C, respectively (Fig. 6).  Three samples in Tudor 465 

Township and one in North Marmora yield graphite 13C values well below the normal range 466 
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(Table 1).  We believe the graphite in these samples failed to fully exchange with their calcite 467 

matrix, and thus retain much of the isotopic character of the organic precursor.  These samples 468 

were not included in the area averages.  Samples within the Tudor gabbro contact aureole are 469 

also excluded from the Tudor Township average.  470 

 Metamorphic temperatures are higher to the north and to the west.  Between Tudor 471 

Township and the marble studied by Dunn (2005) we have only three sample results, lumped 472 

together as “Limerick Lake,” these yield an average of 550 ±5°C (Fig. 7).  To the west in the 473 

Apsley area, ten samples yield an average of 617 ±55°C (Fig. 6).  This same marble belt shows 474 

essentially no temperature change going northward to the Chandos Lake, Faraday, and Coe Lake 475 

areas.  In that sequence, these yield averages of 624 ±13°C, 617 ±31°C, and 621 ±28°C (Fig. 7).  476 

Two samples within one kilometer of the Umfraville gabbro (northeast part of the Faraday group 477 

(Fig. 7) yield temperatures above the area average, and these may reflect pre-Ottawan, contact 478 

metamorphic temperatures (639 and 652°C), but do not appreciably change the average 479 

temperature of the Faraday area and are not excluded.   480 

 In the Paudash Lake area, only 6 to 10 km west of Coe Lake, the average temperature for 481 

seven samples is 643 ±22°C.  This is 20° warmer on average than the Coe Lake-Faraday marble, 482 

and although this differs by only one standard deviation, it is likely meaningful given that the 483 

marble in Paudash Lake is diopside-grade, whereas that in the Coe Lake-Faraday area is 484 

tremolite-grade.  Three marble samples adjacent to the Cheddar dome are significantly higher 485 

temperature at 709 ±25°C (Fig. 7).  These particular samples do not contain olivine, or serpentine 486 

after olivine, but other samples in the same vicinity to the Cheddar granite are olivine-grade. 487 

 On the west side of the Anstruther gneiss complex eleven samples in the Salmon Lake 488 

and Catchacoma area yield an average of 658 ±33°C.  The temperature in this area is quite 489 
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uniform even though SW-NE trending ductile shear zones cross the area, including an extension 490 

of the Bancroft shear zone (Fig. 8).  To the southwest in the Galway Township area, six samples 491 

give an average of 712 ±69°C.  The four of these samples closest to the Glamorgan gneiss 492 

complex are higher temperature, giving an average of 743 ±62°C.  This marble belt extends 493 

northeast through Gooderham and Tory Hill.  Thirteen samples from the Bancroft shear zone 494 

roadcuts on Hwy 507 just south of Gooderham, average 647 ±33°C.  These samples include 495 

unsheared marble, mildly to highly sheared marble, and two ultramylonite samples.  No 496 

consistent difference relating to the degree of shearing could be discerned.  Twelve samples in 497 

the vicinity of Tory Hill give an average of 671 ±33°C.  The Tory Hill samples are all from the 498 

west side of the Bancroft shear zone, including one sample near Gooderham, but also west of the 499 

shear zone (Fig. 8).  Three samples from a swath of marble near Glamor Lake, adjacent to the 500 

Glamorgan gneiss complex, give an average of 742 ±22°C, similar to the samples in Galway 501 

Township next to the Glamorgan complex to the south (Fig. 8). 502 

 North of the Glamorgan gneiss complex, near Haliburton, six marble samples yield an 503 

average temperature of 724 ±13°C.  The westernmost marble belt in the CMB, adjacent to the 504 

CMB boundary zone, gives 731 ±32°C near Minden (six samples) and 714 ±59°C near 505 

Carnarvon (six samples) (Fig. 8). 506 

 507 

Interpretations 508 

Regional Metamorphism 509 

 Our results provide the first detailed thermal picture for the westernmost CMB in 510 

Ontario.  Temperature estimates for these 150 samples are based on a single thermometer, which 511 

makes comparison between sites straightforward.  Uncertainty in these temperatures from 512 
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analytical variability alone (±0.25‰, typical combined uncertainty in both calcite and graphite 513 

from standards) is about ±10° at 500°C and ±30° at 700°C.  Samples collected from outcrops 514 

near one another are generally in agreement within these levels of uncertainty, however greater 515 

variation is sometimes seen.  Kitchen and Valley (1995) performed “outcrop tests” of the calcite-516 

graphite system by analyzing multiple samples from several selected outcrops in the 517 

Adirondacks and they found reproducibility of the thermometer to be generally better than ±20°.  518 

 Previous thermometry studies have been limited to the eastern half of our study area, and 519 

have relied on (or compared) multiple geothermometer systems (Sobol, 1973; Anovitz and 520 

Essene, 1990; Rathmell et al., 1999; Streepey at al., 1997; Dunn, 2005).  Placement of regional 521 

isotherms in these previous studies has displayed considerable subjectivity (see for example, 522 

Streepey et al., 1997, and Rathmell et al, 1999).  The same is required here, however, the 523 

quantity and distribution of our data allow us to use local area averages that provide a more 524 

consistent set of isotherms (Fig. 9).  The regional isotherms, as we see them, roughly follow the 525 

NW trending regional structures and the arcuate form of the CMBbz.  526 

 Our isotherms have several significant similarities and also significant differences from 527 

previous work.  Our data confirm the metamorphic low centered around Tudor Township as has 528 

been recognized by all workers in the region (Wynne-Edwards, 1972; Sobol, 1973; Carmichael 529 

et al., 1978; Anovitz and Essene, 1990; Rathmell et al., 1999).  These previous studies and ours 530 

all show that temperature increases to the east, west, and north, whereas Paleozoic rocks cover 531 

the Grenville to the south.  However, beginning with Carmichael et al. (1978), all subsequent 532 

metamorphic maps have shown an incursion of higher temperatures from the west in the Apsley 533 

area and a lobe of lower temperature protruding westward at Chandos Lake (see, for example, 534 

Rathmell et al.’s isotherms in figure 2).  Our data do not support those two features.  In fact, the 535 
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belt of marble that includes the four areas around Apsley, Chandos Lake, Faraday, and Coe Lake 536 

all yield consistent averages of 617° to 624°C.  Our Apsley data have an unusually large standard 537 

deviation of ±55°C, but they do not support the thermal protrusion indicated in previous studies, 538 

nor does a lower-temperature lobe show up in the Chandos Lake area.  Our isotherm placement 539 

fits better with observed metamorphic grade, as tremolite marble is the dominant grade through 540 

these areas. 541 

 542 

Contact Metamorphism versus Regional Metamorphism 543 

 The distinction between contact and regional metamorphism is often unclear.  This is true 544 

in many metamorphic terranes.  Crustal heating above the middle amphibolite facies is generally 545 

accompanied by partial melting and occurrences of plutonic igneous rocks are common, if not 546 

ubiquitous.  Generally, the hotter the region, the more abundant intrusive rocks become, which 547 

blurs the distinction between contact and regional metamorphism.  In our area, the question of 548 

contact versus regional metamorphism is also largely a question of timing and 549 

polymetamorphism versus a single regional event.  Most of the large intrusive bodies in this part 550 

of the Grenville are pre-Ottawan, for example the Elzevir suite (or late trondhjemite suite, 551 

~1290-1280 Ma), Methuen suite (or alaskite suite, ~1250-1240 Ma), and Lavant suite (or diorite 552 

suite, ~1245-1220 Ma) (Easton, 1992; Lumbers et al., 1990; Easton and Kamo, 2011).  Large 553 

plutons, especially those of intermediate to mafic composition, are expected to produce contact 554 

aureoles, which leaves open the possibility that some calcite-graphite temperatures in this study 555 

and in previous geothermometry studies might record pre-Ottawan contact metamorphism.  We 556 

consider this in more detail here, but conclude that the regional isotherms shown in figure 9 557 

represent the thermal conditions of the Ottawan orogeny. 558 
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 In relatively shallow crust, epizonal plutons typically have well-developed contact 559 

aureoles and discordant contact relations are common, which certainly describes the plutons in 560 

Tudor Township and North Marmora areas.  Mesozonal plutons in somewhat deeper crustal 561 

settings have less well-developed contact aureoles and more concordant margins, which 562 

describes the relations on the east side of the Glamorgan complex (Galway Township, 563 

Gooderham, Tory Hill areas).  All of the large intrusive bodies farther west, including the 564 

Glamorgan complex and Dysart complex, are catazonal in character with well-developed internal 565 

foliation that is concordant with contacts, they lack distinct contact aureoles, and migmatite is 566 

abundant throughout the country rock.  567 

 In order to avoid measuring contact metamorphic temperatures we sampled marble as far 568 

as possible from recognized intrusions.  Still, three examples within our study area show 569 

evidence for preservation of older contact metamorphic temperatures.  First, in Tudor Township 570 

as discussed earlier, obvious changes in marble and other country rock are recognizable for up to 571 

2 km around gabbroic plutons.  The Tudor gabbro and its contact aureole are ~1240 Ma 572 

(Elzevirian) and the regional metamorphism is Ottawan, 1090-1020 Ma (Easton, 1992; Rivers, 573 

2008, 2015).  Calcite-graphite thermometry within the aureole preserves the contact 574 

metamorphism and did not record the later regional metamorphism at 468°C ±28 (Fig. 6, see also 575 

Dunn and Valley, 1992).  The mineral assemblages and coarsening of marble in the vicinity of 576 

the intrusion are consistent with the calcite-graphite thermometry results.  Second, a similar 577 

contact aureole is associated with the Umfraville gabbro near Faraday (Fig. 7).  Two samples 578 

within one km of the contact yield temperatures of 639° and 652°C.  Both are higher than the 579 

area average of 617°C, but within the range observed in local area samples.  And third, marble 580 

adjacent to the ~1245 Ma Cheddar dome, a weakly-foliated leucogranite intrusion within the 581 
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Harvey-Cardiff domain west of Faraday, clearly shows temperatures well above regional 582 

averages (Fig. 7).  This marble rim around the dome has abundant serpentine after olivine, 583 

consistent with a higher grade than regional marble.  We conclude that the three Cheddar 584 

samples represent a ~1245 Ma contact aureole and not Ottawan regional metamorphism.   585 

 Smaller intrusions do not have discernable contact metamorphic aureoles or show 586 

thermal anomalies.  For example, one sample in the Limerick area and four samples in the 587 

Apsley area are within 1 km of small granitic intrusions, yet these all show temperatures typical 588 

of their areas.  South of Apsley the marble is intruded by numerous, relatively small (< 1 km) 589 

granitic intrusions, some conformable but most are cross-cutting.  These are likely part of the 590 

~1070 Ma Catchacoma suite common throughout the area (Easton and Carr, 2009; Easton and 591 

Kamo, 2011).  Only the largest of these intrusions is mapped (e.g., Fig. 6; Lumbers and Vertolli, 592 

2000c), but regardless of the intrusive size, no apparent correlation exists between temperature 593 

and proximity to a contact.  Some of the highest temperature samples in the area are nowhere 594 

near observed intrusions, whereas some lower-temperature samples were collected with granite 595 

nearby.  The granite bodies are, for the most part, undeformed, so it is unlikely that deformation 596 

has juxtaposed or separated granite and marble contacts after the granite cooled.  It seems likely, 597 

therefore, that small granite bodies (< 1 km) were simply not hot enough individually to impose 598 

a discernable thermal signature. 599 

 In the Harvey-Cardiff domain and west into the Bancroft terrane, igneous rocks and 600 

migmatitic rocks become so ubiquitous that marble samples are basically never far from an 601 

intrusion of one sort or another (Bright, 1988).  We discern no consistent relationship between 602 

proximity to observed igneous intrusions and measured temperature in these higher grade areas.  603 

Temperatures are sometimes higher near intrusions, but just as often temperatures are higher 604 
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away from intrusions.  Thus, we conclude that the gradual increase in temperature from east to 605 

west (and south to north) reflects changes in regional metamorphic temperatures during the 606 

locally-pervasive Ottawan orogeny, and is not an artifact of sampling bias or the abundance of 607 

igneous intrusions. 608 

 609 

Temperatures Across Terrane Boundaries 610 

 Abrupt changes in temperature are recognized across terrane-bounding shear zones in the 611 

eastern CMB, including the Robertson Lake and the Carthage-Colton shear zones (Busch et al., 612 

1996a; Streepey et al., 1997).  A similar thermal discontinuity is expected across any late, 613 

extensional shear zone with significant displacement.  For the western CMB, our data show no 614 

substantial breaks in temperature along the entire east-west traverse from the Tudor Township 615 

low to the CMBbz.  This indicates that the terranes were assembled before the thermal 616 

culmination of the Ottawan orogeny and share a common cooling history.   617 

 Our data do not support significant displacement on the Bancroft shear zone south of 618 

Gooderham, an obvious, late extensional feature (e.g., Carlson et al., 1990).  Samples on the east 619 

side of the Bancroft shear zone are, on average, 24°C cooler than those on the west side 620 

(Gooderham versus Tory Hill), although the standard deviation for both areas is 33°C.  Samples 621 

just to the south in the Salmon Lake area show no difference (on average) on either side of the 622 

southward extension of the shear zone.  Lack of a significant thermal break suggests only modest 623 

displacement on this fault, as suggested by Burr and Carr (1994), and supported by our data, 624 

which indicate a small amount of displacement rather than a major crustal-scale terrane 625 

boundary.  Likewise, the Salerno Lake shear zone (Easton and Kamo, 2011), just a few 626 

kilometers east of the Bancroft shear zone, has no obvious change in temperature or grade on 627 



 

 28 

either side, although the number and placement of our data points are insufficient to rule out a 628 

small thermal change of ~25°C in either case. 629 

 A much more significant tectonic boundary is the CMBbz.  Since the work of Anovitz 630 

and Essene (1990), essentially all workers have concluded or assumed that a significant 631 

temperature increase occurs across the CMBbz into the Central Gneiss Belt, perhaps in part 632 

because granulite facies rocks occur near the CMBbz (Streepey et al., 1997; Carr et al., 2000; 633 

Rivers, 2008, 2012).  However, inspection of the data from Anovitz and Essene (1990) upon 634 

which regional synthesis studies are drawn, and comparison to our data, suggests that the 635 

temperature is either uniform or merely a continuation of the thermal gradient seen across the 636 

western CMB (Fig. 10).  Temperature averages for the Anovitz and Essene data in the 637 

Huntsville-Algonquin area (720°C ±63) and for the area west of Renfrew (709°C ±49) are 638 

essentially equivalent to our temperature averages from the Bancroft terrane (Minden, 639 

Haliburton, and Carnarvon areas).   640 

 Even though temperature does not appear to change significantly across the CMBbz, a 641 

pressure contrast does seem likely.  Anovitz and Essene (1990) estimate metamorphic pressures 642 

of 880-1100 MPa for this part of the CGB based on garnet-aluminosilicate-quartz-plagioclase 643 

(GASP) equilibria.  Very few pressure estimates exist within the CMB because appropriate 644 

assemblages are largely lacking.  Dunn (2005) and Rathmell et al. (1999) both determined a 645 

GASP pressure of 500-550 MPa for rocks in the Elzevir terrane southeast of Bancroft near the 646 

boundary with the Bancroft terrane.  Fowler-Gerace (2012) presents a single GASP estimate of 647 

600 MPa for a location in the CMBbz south of Minden.  She also estimates pressures of 700 648 

MPa for two samples based on garnet-plagioclase-hornblende-quartz equilibria and pressures of 649 

910 and 1000 MPa for two samples using garnet-plagioclase-muscovite-biotite equilibria, all 650 
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from the Harvey-Cardiff domain (Elzevir terrane).  Clearly, additional pressure estimates would 651 

be helpful.  As it is, the available data, taken as a whole, point to pressures ~200 MPa higher in 652 

the CGB relative to the adjacent CMB.  Although one could argue that realistic uncertainties of 653 

±200 MPa render this pressure differential to be meaningless, it is the best estimate at present. 654 

 If we assume that pressure is ~200 MPa higher in the CGB than in the immediate CMB 655 

footwall, then this would likely be due to extensional reactivation on the CMBbz with lowering 656 

of the CMB southeastward.  For typical geothermal gradients one would expect a corresponding 657 

temperature decrease of 100-200°C.  The absence of such a major temperature discontinuity 658 

strongly suggests that no major, post-peak-Ottawan collapse structure exists in this part of the 659 

Grenville.  The gradual eastward decrease in temperature across the western CMB may be best 660 

explained by differential unroofing with displacement along many small, widely-distributed 661 

extensional zones, rather than accommodation on one or two major shear zones (Schwerdtner et 662 

al., 2009, 2014). 663 

 The lack of a thermal break across the CMBbz, along with only a modest pressure 664 

difference, suggests that the thermal effects of the Ottawan orogeny persisted after most of the 665 

structural displacement had occurred.  Orogenic collapse in this western part of the southern 666 

Grenville appears to have been accommodated by a different tectonic style than that in the 667 

eastern part where major extensional shear zones exist, such as the Robertson Lake and the 668 

Carthage-Colton shear zones. 669 

 670 

Crustal-scale Rheology 671 

 Interpreting the Ottawan orogeny is complicated by its unusually long duration and 672 

earlier history.  Older crystalline meta-igneous rocks have acted largely as coherent bodies that 673 
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have been variably deformed and probably repositioned during the contractional, crustal-674 

thickening phase of the Ottawan event.  The present erosional level displays distinctly varying 675 

structural styles from epizonal plutons in Tudor area, to domes in Harvey-Cardiff domain, to 676 

thrust sheets in Bancroft terrane.  Because the main bodies of meta-igneous rocks are older than 677 

the Ottawan, we interpret these fundamental differences to reflect map-scale changes in 678 

deformation styles and mechanics as a result of increasing thermal regimes from east to west.   679 

In the lower temperature localities to the southeast (i.e. Tudor Township), the boundaries 680 

of igneous bodies are contact metamorphic aureoles that are clearly distinguishable from regional 681 

metamorphism. Large plutons have retained their country-rock relations and have, for the most 682 

part, been spared any internal deformation or effects of regional metamorphism. This is true for 683 

the Belmont and Grimsthorpe domains of the Elzevir terrane. Metasedimentary and metavolcanic 684 

rocks are generally deformed, although relic primary features are preserved in many localities. 685 

We interpret these features to be consistent with a thermal regime of 500° to 625° C as indicated 686 

from our data. The Tudor Township metamorphic low would have been a relatively shallow, 687 

upper-crustal terrane throughout its history, from the Elzevir orogeny and through the Ottawan.  688 

Meta-igneous rocks in the medium-temperature localities such as the Harvey-Cardiff 689 

domain are strikingly different from those in the Belmont and Grimsthorpe domains. Internal 690 

foliation, though often weakly defined, is very common. Contact margin relations to the country 691 

rock are less clearly preserved due to strain partitioning into many contact zones.  We interpret 692 

these features to be consistent with a thermal regime of 625° to 675°C as indicated from our 693 

data.   694 

In the higher temperature localities (i.e. the Bancroft Domain and CMBbz), igneous 695 

intrusions are deformed into map-scale lenses that show well-developed internal foliations 696 
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concordant with map-scale contacts. In the Glamorgan, Dysart, and Redstone crystalline thrust 697 

sheets, the deformation is pervasive throughout the interior of these bodies and their contact 698 

relations are conformable. These intrusions lack distinct contact aureoles, and migmatite is 699 

abundant in country rocks. In combination with our estimates of peak metamorphic temperature, 700 

we suggest that this transition in map-scale deformation style coincides with temperatures over 701 

~700°C.  Evidence of localized melting and the abundance of pegmatites suggests that this 702 

region was susceptible to melt-enhanced crustal weakening and deformation (e.g., Hollister and 703 

Crawford, 1986). 704 

 Sophisticated numerical modeling of orogenesis can reproduce many aspects of the 705 

fundamental architecture of mountain belts, including the Grenville (Jamieson and Beaumont, 706 

2013).  As one would expect, such modeling requires a large number of assumptions and 707 

selected values for many parameters. Certain model configurations by Jamieson et al. (2010) are 708 

able to replicate many features of the western Grenville. A significant aspect of their model is the 709 

incorporation of “melt-weakening” of the crust over a temperature interval of 700° to 750°C.  710 

Results of their most successful models, i.e. those that best mimic large-scale structural 711 

components, exhibit mid-crustal channel flow controlled largely by the position of a melt-712 

weakened layer. We think the process of melt-weakening as well as the ductility of marble at 713 

high temperatures may have played a role in development of the Bancroft terrane structures, 714 

including deformation of the crystalline thrust sheets and, ultimately, the thrusting of the CMB 715 

over the CGB. Marble appears to have played a role as well through the development of breccia 716 

and megabreccia during the contractual stage of the Ottawan orogeny. 717 

 718 

Implications for the Ottawan Orogenic Lid of Rivers (2012) 719 
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 Our results require a reassessment of the geometry of the late-Ottawan Orogenic Lid in 720 

the western CMB.  Rivers (2008, 2012) proposed a tectonic model for the Grenville orogeny that 721 

accounts for most observed geochronology and metamorphic features.  He notes fundamental 722 

distinctions between various belts of allochthonous rocks (east of the Allochthon Boundary 723 

Thrust, Fig. 1) that occupied different crustal depths during the Ottawan metamorphic event.  724 

Rivers (2008) defines lithotectonic belts as either high-pressure, medium-pressure, or low-725 

pressure allochthonous belts.  Rocks that show little or no effects of the Ottawan event are 726 

assigned to the Ottawan Orogenic Lid, which represents the uppermost crust at that time. 727 

 The orogenic lid in the eastern CMB includes the Sharbot Lake, Frontenac, and 728 

Adirondack Lowland terranes (Fig. 11A and B).  U/Pb titanite ages (Mezger et al. 1993) and 729 

40Ar/39Ar hornblende ages (compiled by Rivers, 2012) in these three terranes are consistently 730 

much older than those in the neighboring domains (the Mazinaw terrane to the west and the 731 

Adirondack Highlands to the southeast). These dates suggest that the metamorphic assemblages 732 

and fabrics are pre-Ottawan, a defining quality of the orogenic lid. Thus, the lid in the eastern 733 

CMB is essentially a tectonic graben, or upper plate, bounded by two late shear zones: the 734 

northwest-dipping Carthage-Colton Shear Zone on the southeast and the southeast-dipping 735 

Robertson Lake Shear Zone on the northwest. Both of these late shear zones show map-scale 736 

offsets of metamorphic grade.  737 

 The orogenic lid of Rivers (2008, 2012) in the western CMB includes the Elzevir terrane, 738 

with the Bancroft shear zone as its northwestern boundary, but our data demonstrate that this late 739 

normal fault shows only a modest (~25°C) offset of metamorphic grade, which is significantly 740 

different from the bounding structures of the orogenic lid to the east.  Two lines of evidence 741 

suggest that much of our study area meets the criteria for the allochthonous low-pressure belt 742 
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rather than the Ottawan Orogenic Lid as defined by Rivers (2012).  One line of evidence is that 743 

our data show peak metamorphic temperatures of 500-750°C during the Ottawan in the western 744 

CMB.  Using Rivers’ (2012) definition of the orogenic lid in terms of paleothermometry, only 745 

the Tudor metamorphic low meets the <500°C criterion (during the Ottawan) for the orogenic 746 

lid. The exposed orogenic lid in our study area, then, is apparently quite small, no more than 75 747 

km across in any direction. This orogenic lid is made up essentially of parts of the Belmont and 748 

Grimsthorpe domains of the Elzevir terrane.  Like the Mazinaw terrane to the east of our study 749 

area, which is definitively part of the allochthonous low-pressure belt of Rivers (2012), Ottawan 750 

metamorphism in the northern and western Elzevir terrane (including the Harvey-Cardiff 751 

domain), the Bancroft terrane, and the CMBbz occurred at the amphibolite facies and shows 752 

increases in paleotemperature toward the north.  These paleotemperatures therefore clearly 753 

suggest that most of our study area meets the criteria for the allochthonous low-pressure belt 754 

rather than orogenic lid (Figs. 11C and D).  In fact, in both regions (the Mazinaw terrane and the 755 

northern part of the Belmont domain), the paleo-isotherms are discordant to, and appear to post-756 

date, the structural grain defined by contacts and foliation. 757 

 A second line of evidence that argues against including the westernmost CMB as 758 

Ottawan orogenic lid is the Ottawan age of pervasive metamorphism.  The Elzevir terrane yields 759 

only a few U/Pb titanite ages (Mezger et al. 1993) and 40Ar/39Ar hornblende ages (compiled by 760 

Rivers, 2012) that are older than those in neighboring terranes. Most of the U/Pb titanite ages 761 

from marbles and other metamorphic rocks indicate an Ottawan timing for metamorphism 762 

(Mezger et al. 1993).  Many of these ages were initially interpreted as cooling ages because they 763 

were published when the closure temperature of this system was widely regarded as 550°C, 764 

however, the closure temperature is more likely 650°C or higher (Cherniak, 1993; Scott and St-765 
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Onge, 1995; Frost et al., 2000; Stearns et al., 2015).  Therefore, we regard these Ottawan dates as 766 

evidence for Ottawan metamorphism.  This mid-Ottawan timing of metamorphism is consistent 767 

throughout much of the Elzevir terrane, Bancroft terrane, Central Metasedimentary Belt 768 

Boundary Zone, and eastern Central Gneiss Belt.  We do not suggest that these regions escaped 769 

Shawinigan or Elzevirian metamorphism, but simply that they also experienced pervasive 770 

Ottawan metamorphism.  In summary, we conclude that the orogenic lid of the Elzevir terrane is 771 

of a much more limited extent than previously understood, and that much of the western CMB is 772 

better interpreted as part of the allochthonous low-pressure belt in terms of its Ottawan 773 

rheological behavior and structural level (Fig. 11C).  774 

 We also conclude that the boundary between the small Elzevirian orogenic lid and the 775 

more regionally extensive allochthonous low-pressure belt to its west and north is a shallowly-776 

dipping paleo-isotherm that is discordant to and post-dates regional fabrics and terrane 777 

boundaries. Although our observations strongly support a reclassification of this region to the 778 

allochthonous low-pressure belt, one problem with this reclassification is that the boundary 779 

between the orogenic lid and allochthonous low-pressure belt is not a late Ottawan normal-sense 780 

shear zone, even though the orogenic lid and allochthonous low-pressure belts are clearly fault-781 

bounded in other parts of the Grenville orogen (Rivers, 2008, 2012).  Recent re-interpretation of 782 

the adjacent Muskoka domain of the Central Gneiss Belt, however, suggests that the boundary 783 

between the allochthonous low-pressure belt that we argue for here and the autochthonous 784 

medium-pressure belt that much of the adjacent Central Gneiss Belt represents is a subhorizontal 785 

transtensional shear zone (Rivers and Schwerdtner, 2015).  This shear zone likely acted as an 786 

Ottawan boundary between the allochthonous low-pressure belt and underlying rheological 787 

layers.  Better paleobarometry of Ottawan metamorphic assemblages in the western CMB may 788 



 

 35 

allow for clearer integration of the paleothermometry data set that we present here into crustal-789 

scale rheological models for the Ottawan evolution of the western CMB and adjacent CGB. 790 

 Recent research by other workers along strike in Ontario and Quebec warrants a similar 791 

revision to the regional delineation of the orogenic lid.  In the Black Donald terrane, northeast of 792 

the Elzevir terrane, Ottawan metamorphism was mid- to upper-amphibolite facies (Duguet and 793 

Easton, 2017) and more consistent with allochthonous low-pressure belt conditions than with 794 

orogenic lid conditions.  In the Mont Laurier terrane of the Central Metasedimentary Belt, 795 

40Ar/39Ar hornblende ages in the Otter Lake region show a sharp break along the boundary 796 

between the marble belt to the west and the quartzite belt to the east (Schneider et al. 2013).  797 

These 40Ar/39Ar hornblende ages suggest that the orogenic lid there may be confined to the 798 

quartzite belt, an extension of the Frontenac terrane.  If so, the western edge of the orogenic lid 799 

in the Mont Laurier terrane may be the Heney shear zone, and the marble belt that constitutes the 800 

western part of the Mont Laurier Terrane may also be better considered as part of a more 801 

extensive allochthonous low-pressure belt (see Fig. 11C and D).   802 

 In summary, we tentatively hypothesize that the orogenic lid of the Central 803 

Metasedimentary Belt in Ontario and southern Quebec includes the Sharbot Lake terrane, the 804 

Frontenac terrane, the Adirondack Lowlands, and quartzite belt of the Mont Laurier terrane.  To 805 

the west of the orogenic lid is a wide allochthonous low-pressure belt that includes the Mazinaw 806 

Domain, the Black Donald terrane, the Elzevir terrane, the Bancroft terrane, the CMBbz, and the 807 

marble belt of the Mont Laurier terrane.  This allochthonous low-pressure belt includes a small 808 

and relatively superficial Elzevirian orogenic lid outlier at the southern edge of the Elzevir 809 

terrane (where Paleozoic cover sequences obscure Grenville geology). This allochthonous low-810 
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pressure belt also acts as a hanging wall to the much more extensive allochthonous medium-811 

pressure belt defined by much of the Central Gneiss Belt.  812 

 813 

Carbon Isotopic Considerations 814 

 Our carbon isotope data support a common age for marble protoliths in our study area, 815 

including samples from the CMBbz, Bancroft terrane, and Elzevir terrane.  Unusually elevated 816 


13C values, ≥3‰ in calcite, occur across the region (Fig. 5, Table 1).  Metamorphism of 817 

limestone may result in modestly decreased 13C values of bulk calcite due to decarbonation or 818 

exchange with organic matter, but there are no likely metamorphic processes that would result in 819 

increased 13C values.  Positive carbon isotope excursions to values of 3‰ or greater in marine 820 

limestones are rare in the Mesoproterozoic.  In fact, the entire interval after the earliest 821 

Paleoproterozoic through to the Neoproterozoic glaciations is characterized by little variation in 822 


13C (Schidlowski et al., 1983; Shields and Veizer, 2002).  Kah et al. (1999) suggest a global 823 

event of elevated 13C values of 2-4‰ over the interval ~1250-1100Ma.  This is younger than 824 

the marble protolith in the Elzevir, which is constrained to ~1300-1250 Ma (Davis and Bartlett, 825 

1988).  Whether the elevated 13C values seen in our samples relates to a global event, or 826 

alternatively represents conditions in a local, restricted basin, a similar protolith age is indicated 827 

for marble in the Elzevir terrane, Bancroft terrane, and CMBbz based on similarly elevated 13C 828 

values.   829 

 830 

Implications 831 

 Our application of the calcite-graphite C-isotope thermometer to marble in the western 832 

Central Metasedimentary Belt yields consistent results with cal-gr values changing systematically 833 
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from ~8‰ in the southeastern Elzevir terrane (Tudor Township) to values of ~3.5‰ in the 834 

western Bancroft terrane near the CMB boundary zone.  The corresponding temperatures vary 835 

smoothly from under 500°C in Tudor Township to over 700°C at the CMB, and agree with 836 

variations in marble texture and mineral assemblages.  We attribute the east to west changes in 837 

structural style of large igneous bodies from relatively undeformed to mildly deformed domes to 838 

pervasively deformed thrust sheets is largely a response to the thermal conditions that prevailed 839 

during Ottawan orogenic compression and crustal thickening.  The absence of significant 840 

temperature discontinuities at terrane boundaries, including across the CMBbz into the adjacent 841 

Central Gneiss Belt and across the Bancroft shear zone, implies that late extensional processes 842 

did not result in shear zones with large displacements.  This is quite unlike the late-orogenic 843 

structures of the eastern CMB.  Because peak temperatures are higher than previously imagined 844 

over a wider area, and also the absence of thermal breaks across the western CMB, we conclude 845 

that the Ottawan orogenic lid of Rivers (2008, 2012) is not as extensive in the western CMB as 846 

once thought, and a larger part of the region is best assigned to the low-pressure allochthonous 847 

belt.  Lastly, marbles across the western CMB show unusually high 13C values that may be due 848 

to a global carbon isotope excursion in marine carbonates, or it may reflect conditions in 849 

localized restricted basin. 850 
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Figure Captions 1225 
 1226 
Figure 1.  Southern Grenville Province of Ontario, Quebec, and New York state.  Hachured area 1227 

in the NW is the Archean Superior Province; GFTZ, Grenville front tectonic zone; Ssz, 1228 

Shawanaga shear zone; ABT, Allochthon Boundary Thrust; S, Shawanaga domain; PS, Parry 1229 

Sound domain; A, Algonquin domain; Mk, Muskoka domain; B, Bancroft terrane; HC, Harvey-1230 

Cardiff domain; Bel, Belmont domain; G, Grimsthorpe domain; BD, Black Donald domain; E, 1231 

Elzevir terrane; M, Mazinaw terrane; SL, Sharbot Lake terrane; F, Frontenac terrane; AL, 1232 

Adirondack Lowlands; AH, Adirondack Highlands; MT, Morin terrane; Mont Laurier marble 1233 

(MLm) and quartzite (MLq) terranes. From Easton, 1992; Carr et al., 2000; McLelland et al., 1234 

2010; Rivers, 2008, 2012; Schwerdtner et al., 2016.  1235 

 1236 

Figure 2.  Western portion of the Central Metasedimentary Belt, Grenville Province, southern 1237 

Ontario. The focus of this study are the belts of marble shown in shades of blue (color version 1238 

on-line).  The base map is a mosaic of Ontario Geological Survey 1:50,000 Precambrian geology 1239 

maps (Easton 2001a-f; Lumbers and Vertolli, 1998, 2000a-d, 2001, 2003a-b) and the 1:1,000,000 1240 

Ontario Geological Survey Bedrock Map 2544 (1991). The latter was used also to delineate the 1241 

CMB boundary zone.  Isotherms from previous studies based on calcite-graphite thermometry 1242 

are shown (Rathmell et al., 1999, and Dunn, 2005). Terrane and domain boundaries are shown 1243 

by heavy dashed lines. Finer, black dashed lines are mapped shear zones. Occurrences of marble 1244 

mega-breccia (Mb breccia) and skarn-like marble (Sk) are labeled. Mineral indicators of 1245 

metamorphic grade are shown: Chn = chondrodite, Dol+Qtz = dolomite + quartz, Di = diopside, 1246 

Kfs = K-feldspar, Ol = olivine, Scp = scapolite, Sil = sillimanite, Tr = tremolite. The Sil-Ky 1247 

(kyanite) isograd segment from Carmichael (1970) is shown in the Belmont domain. 1248 
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 1249 

Figure 3.  Ranges of temperature and Cal-Gr values from areas where independent thermometry 1250 

is available.  These studies show that Dunn and Valley (1992) is best used below ~650°C, and 1251 

Kitchen and Valley is best used above ~650°C.  See text for additional comments.  A and B: 1252 

granite contact aureole, Kusaga area central Japan (Wada and Oana, 1975), A is >0.5 km from 1253 

contact, B is < 0.5 km from contact.  C: Matsuno area, Sanbagawa terrane, Japan (Wada et al., 1254 

1984).  D and E: Elzevir terrane, Ontario (Dunn, 2005).  D is data below the diopside-in isograd, 1255 

E is above the tremolite-calcite-quartz-out isograd.  F: Ryoke belt, central Japan (Morikiyo, 1256 

1984).  G: Southeast British Columbia (Ghent and O’Neil, 1985).  H: Morin terrane, Quebec 1257 

(Peck et al., 2005).  I: Honey Brook Upland, Pennsylvania, USA (Crawford and Valley, 1990; 1258 

Pyle, 2006).  J: Franklin marble, New Jersey, USA (Peck et al., 2006).  K: Lützow-Holm Bay, 1259 

east Antarctica (Satish-Kumar and Wada, 2000; Motoyoshi et al., 1989).  L: Eastern Ghats, India 1260 

(excluding outliers, Sanyal et al., 2009; Sengupta et al., 1999).  M: Madurai block, south India 1261 

(Satish-Kumar, 2000; Raith et al., 1997). 1262 

 1263 

Figure 4. Examples of marble and associated rocks in outcrop.  A) Folded, very fine-grained 1264 

marble with calcite veins, Hwy 62 in southern Tudor Township. Hammer is 40 cm long.  B) 1265 

Bedding features preserved in fine-grained marble, Limerick Twp. Pen is 14 cm. C.) Medium-1266 

grained marble interlayered with thin amphibole-rich calc-silicate. Note medium and light gray 1267 

banding where fresh surface is exposed. Lens cap is 6 cm. D) Feather amphibolite (para-1268 

amphibolite) typical of the southern Dungannon Twp, Coe Lake and Faraday areas. E) Medium-1269 

grained tremolite-bearing marble near Jack Lake south of Apsley. F) coarse-grained diopside-1270 

bearing marble cut by granite dike near Catchacoma Lake, Hwy 507 Cavendish Twp.  G) 1271 
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Straight banded diopside marble along north side of the Cheddar granite. Notebook is 19 cm in 1272 

long dimension.  H) Salmon-, white-, and gray-colored coarse calcite with green diopside in 1273 

skarn-like marble found throughout the Bancroft terrane. Disrupted quartzite and rusty calc-1274 

silicate layer along top of exposure.  Notebook is 12 cm wide.  I) Marble breccia (tectonic) with 1275 

large clasts of syenite (outlined), Hwy 118 near Tory Hill.  J) Fold hinges of calc-silicate layers 1276 

in coarse-grained marble matrix near Cardiff. Hammer is 35 cm long.  K) Extremely clast-rich 1277 

marble breccia of Denna Lake complex south of Minden. Clasts at this locality are mainly 1278 

quartzite and rusty calc-silicate gneiss. 1279 

 1280 

Figure 5.  Plot of graphite versus calcite 13C values.  Isotherms at selected temperatures with 1281 

corresponding Cal-Gr values illustrate that temperature increases systematically from east to 1282 

west.  Note, marble with unusually high 13C values (calcite over 3‰) occur across the entire 1283 

region. 1284 

 1285 

Figure 6. Thermometry results for the Tudor Township, North Marmora, and Apsley areas (see 1286 

Table 1, ± one standard deviation, n in parentheses). The Tudor Township area includes data 1287 

(yellow location symbols) and temperature contours from Dunn and Valley (1992).  The samples 1288 

included for the Tudor Township average are only those more than 2 km away from the Tudor 1289 

gabbro intrusion. See figure 2 for lithological key. 1290 

 1291 

Figure 7.  Thermometry results for Paudash Lake, Coe Lake, Limerick Lake, Faraday, Chandos 1292 

Lake, and Cheddar Dome areas.  Sample temperatures (symbols in yellow) from Dunn (2005) in 1293 

the L’Amable Lake area are shown, but not used in area averages. 1294 
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 1295 

Figure 8.  Thermometry results for Carnarvon, Haliburton, Tory Hill, Glamor Lake, Gooderham, 1296 

Salmon Lake-Catchacoma, Galway Township, and Minden areas. 1297 

 1298 

Figure 9.  Regional metamorphic isotherms based on area averages in this study.  The Cheddar 1299 

dome area is excluded because it represents contact metamorphism (see text for discussion). 1300 

 1301 

Figure 10.  Isotherms within our study area and temperatures from Anovitz and Essene (1990) in 1302 

the adjacent Central Gneiss Belt and straddling the CMB north of our area, grouped averages in 1303 

bold.  No thermal discontinuity exists across the CMBbz, which suggests that the CMB and CGB 1304 

were likely joined prior to a common Ottawan metamorphic event. Selected terrane boundaries 1305 

are dashed, abbreviations as in figure 1. Base map from Google Earth and Ontario Geological 1306 

Survey Bedrock Map 2544 (1991). 1307 

 1308 

Figure 11.  Map and cross section views showing proposed extent of an Ottawan Orogenic Lid 1309 

(OOL, heavy stippling) by Rivers (2008, 2012) in A and B and this study in C and D.  Terranes 1310 

are named in figure 1 and additional terrane-bounding shear zones are as follows: Bsz, Bancroft 1311 

shear zone; Mosz, Mooroton shear zone; RLsz, Robertson Lake shear zone; Msz, Maberly shear 1312 

zone; CCsz, Carthage-Colton shear zone; EAsz, Eastern Adirondack shear zone.  Expanded 1313 

classification of Shawinigan-effected areas is based on work by Schneider et al. (2013) and 1314 

Duguet and Easton (2017).  Expansion of the allochthonous low-pressure belt (aLP) is based on 1315 

results and interpretations of this study, which separates the OOL into a Frontenac-Adirondack 1316 

Lowlands segment and a smaller Elzevir segment.  The F-AL-OOL is bounded by major 1317 
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extensional shear zones whereas the E-OOL is a thermal transition that is independent of terrane 1318 

boundaries and structures.  Cross sections are not to scale.  1319 

 1320 
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 1321 
Table 1. Isotope data and calculated temperatures. Area averages and one sigma in bold italics. 1322 
 1323 
 Long°E Lat°W 

13Cgr 
13Ccal 

18Ocal cal-gr T(°C)  
TUDOR TWP 
BB02-1-1 -77.585 44.687 -7.70 0.69 18.50 8.39 454  

 BB02-1-3 -77.585 44.687 -7.24 0.44 18.09 7.68 478  
 BB02-2 -77.506 44.640 -7.37 0.70 21.45 8.07 464  
 BB02-3-1 -77.587 44.689 -4.30 1.80 24.34 6.09 544  
 BB02-3-3 -77.587 44.689 -7.13 1.48 21.08 8.61 446  
 BB02-4-3 -77.592 44.693 -4.64 3.20 19.37 7.84 472  
 BB02-6 -77.582 44.698 -5.13 2.55 20.57 7.68 478  
 BB02-7 -77.563 44.707 -5.28 3.22 21.73 8.50 450  
 BB02-9 -77.567 44.718 -3.32 5.61 24.34 8.93 436  
 BB02-11 -77.596 44.690 -4.79 3.54 19.49 8.33 456  
 BB02-12-2 -77.613 44.687 -7.13 1.80 19.46 8.93 436  
 BB02-13 -77.622 44.687 -5.69 1.95 19.10 7.64 480  
 BB02-14-3 -77.642 44.682 -9.12 2.17 18.57 11.29 —*  

BB02-15 -77.608 44.682 -4.40 3.19 20.82 7.59 482  
 BB86-2† -77.540 44.595 -13.22 3.04 23.37 16.24 —*  

BB86-55† -77.596 44.704 -4.27 4.29 22.64 8.55 448  
 TD84-5† -77.597 44.695 -5.30 2.00 20.70 7.30 493  
 TD84-6† -77.611 44.696 -2.20 5.70 19.70 7.90 470  
 TD84-14† -77.587 44.682 -7.60 -0.10 17.10 7.50 485  
 TD84-33-2† -77.603 44.716 -3.44 5.18 22.40 8.62 446  
        468 26 

TUDOR CTC AUREOLE, 1−2 km 
TD84-4-3† -77.611 44.729 -2.40 3.00 20.80 5.40 579   
TD84-8† -77.630 44.707 -1.70 4.70 23.50 6.40 530   
TD84-34-2† -77.608 44.723 -1.30 5.60 20.90 6.90 508   

         
TUDOR CTC AUREOLE, 0.5−1.0 km 
TD84-3-6† -77.615 44.737 0.44 4.05 22.90 3.61 719   
TD84-3-5† -77.615 44.737 0.90 4.30 23.20 3.40 750   
TD84-3-3† -77.615 44.737 -0.20 4.80 22.50 5.00 601   
TD84-3-2† -77.615 44.737 1.28 4.72 23.80 3.44 744   
TD84-3-1† -77.615 44.737 0.43 4.30 24.00 3.88 685   
TD84-2-5† -77.613 44.733 -0.30 4.70 22.90 5.00 601   
TD84-2-3† -77.613 44.733 0.00 5.02 22.50 5.02 600   
TD84-2-2† -77.613 44.733 -0.42 4.82 22.44 5.24 587   
TD84-9† -77.636 44.711 0.30 4.80 24.10 4.50 631   
BB86-25-10† -77.615 44.739 -0.73 2.37 24.47 3.10 798  

 BB86-25-14† -77.615 44.739 1.39 4.71 20.12 3.33 761  
 BB86-75† -77.641 44.713 -6.40 -3.03 25.96 3.37 755  
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TD84-3-14† -77.615 44.737 0.30 3.60 21.70 3.30 765  
 TD84-29-2† -77.688 44.719 -6.40 -3.00 26.00 3.40 750  
 TD84-29-4† -77.688 44.719 -5.00 -1.00 26.40 4.00 670  
 

 
  

      NORTH MARMORA 
BB02-20-1 -77.672 44.554 -3.48 2.18 23.25 5.66 565  

 BB02-20-2 -77.672 44.554 -4.41 2.34 24.61 6.75 515  
 BB02-21 -77.674 44.558 -5.03 3.11 21.27 8.14 462  
 BB02-22-2 -77.676 44.564 -4.41 2.58 22.68 6.99 505  
 BB02-23 -77.674 44.569 -16.65 3.24 20.61 19.89 —*  

BB02-25 -77.699 44.597 -5.48 0.27 20.46 5.76 560  
 BB02-26 -77.702 44.604 -3.73 2.94 18.54 6.67 518  
 BB02-27 -77.702 44.606 -3.47 3.48 23.25 6.94 507  
 BB02-28 -77.685 44.587 -2.34 3.50 25.35 5.84 556  
 BB02-29 -77.680 44.577 -2.64 3.71 23.49 6.35 532  
 BB86-43-1† -77.809 44.532 -12.31 1.75 22.57 14.06 —*  

 
  

    
524  33  

LIMERICK LAKE 
CH86-34 -77.638 44.815 -7.14 -1.17 21.72 5.97 550   
CH86-44 -77.641 44.860 -6.11 -0.25 25.88 5.86 555   
UM84-12 -77.757 44.878 -2.71 3.34 18.42 6.05 546   
       550  5  
COE LAKE 
BT02-6-1 -77.871 45.005 -1.11 3.44 23.26 4.56 627  

 BT02-6-2 -77.871 45.005 -1.43 3.44 23.07 4.87 608  
 BT02-7 -77.878 45.004 -2.75 2.40 16.47 5.15 592  
 BT02-8 -77.885 45.001 -1.51 3.40 17.42 4.91 606  
 BT02-9-1 -77.893 44.998 -2.24 3.11 19.53 5.35 581  
 BT02-10 -77.896 44.995 -2.36 2.24 19.20 4.60 624  
 CH02-32-1 -77.915 44.983 -4.62 -0.63 19.67 3.99 671  
 CH02-34 -77.903 44.992 -5.17 -1.02 23.58 4.15 654  
 CH02-35 -77.909 44.988 -6.88 -2.44 19.39 4.44 635  
 

 
  

    
621 28 

FARADAY 
CH93-13 -77.881 44.865 -1.50 3.27 24.73 4.77 614  

 CH93-14 -77.920 44.867 -0.48 3.41 20.23 3.89 673  
 CH93-15 -77.935 44.872 -0.70 3.97 18.48 4.67 620  
 CH93-17 -77.938 44.884 -1.61 3.22 24.53 4.82 611  
 CH93-19A -77.924 44.897 -0.07 3.77 18.53 3.83 690  
 CH93-19B -77.924 44.897 -0.12 4.21 18.61 4.33 642  
 CH02-10 -77.921 44.945 -2.17 2.89 18.53 5.06 597  
 CH02-14 -77.914 44.929 -2.08 3.25 19.16 5.33 582  
 CH02-15 -77.916 44.934 -5.89 -1.05 19.20 4.84 610  
 CH02-17 -77.947 44.935 -8.16 -3.22 20.32 4.94 604  
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CH02-18 -77.961 44.911 -1.36 3.92 16.88 5.28 585  
 CH02-19-1 -77.965 44.907 -0.86 4.69 19.23 5.55 571  
 CH02-19-2 -77.965 44.907 -0.05 4.83 19.61 4.88 608  
 CH02-20-1 -77.939 44.929 -0.21 4.12 18.69 4.33 642  
 CH02-20-2 -77.939 44.929 -0.97 4.11 17.97 5.08 596  
 CH02-21 -77.926 44.928 -0.97 4.48 18.21 5.45 576  
 CH02-23 -77.910 44.917 -1.58 3.54 23.11 5.12 594  
 CH02-24 -77.872 44.918 -1.11 3.25 22.45 4.36 640  
 CH02-26 -77.880 44.935 -1.86 3.36 22.83 5.21 589  
 CH02-27 -77.874 44.925 -1.42 3.10 18.62 4.52 629  
 CH02-28A -77.859 44.935 -1.32 2.86 20.20 4.18 652  
 CH02-28B -77.859 44.935 -1.46 2.91 20.35 4.37 639  
 

 
  

    
617  31  

CHANDOS LAKE 
GM86-25 -78.070 44.823 0.09 4.58 19.91 4.49 631  

 GM86-26-1 -78.068 44.824 -0.37 4.33 18.13 4.70 618  
 GM86-27 -78.064 44.829 -0.73 4.08 23.20 4.81 612  
 GM86-28 -78.031 44.852 1.22 5.85 20.37 4.63 623  
 CH86-88-1 -77.981 44.842 -2.90 1.56 17.65 4.46 633  
 CH86-89-1 -77.964 44.840 -3.18 1.38 23.05 4.56 627  
 CH86-89-2 -77.964 44.840 -1.57 3.38 25.01 4.95 604  
 CH93-26 -77.968 44.868 -0.97 3.34 23.34 4.31 643  
 

 
  

    
624  13  

APSLEY 
BF11-1 -78.070 44.710 -1.54 2.59 19.80 4.13 655  

 BF11-2 -78.071 44.697 1.24 5.37 19.70 4.13 655  
 BF11-3 -78.037 44.703 -2.08 2.79 19.68 4.87 608  
 BF11-4 -78.068 44.677 -1.89 2.48 25.75 4.37 639  
 BF11-5 -78.061 44.678 -4.56 3.21 24.86 7.77 475  
 BF11-6 -78.121 44.693 -1.97 3.07 23.14 5.04 598  
 BF11-11 -78.135 44.634 -1.08 3.60 22.89 4.67 620  
 CH86-66 -78.002 44.759 -1.40 2.55 22.45 3.95 676  
 GM86-19-1A -78.060 44.754 -2.48 2.31 22.27 4.79 613  
 GM86-19-1B -78.060 44.754 -2.43 2.09 21.39 4.52 630  
 

 
  

    
617  55  

PAUDASH LAKE 
BT86-22 -77.984 45.017 -2.43 1.91 22.68 4.34 641  

 CH84-0 -77.979 44.992 -0.20 3.85 24.47 4.05 661  
 CH86-1 -77.955 44.999 -2.91 1.85 20.18 4.77 614  
 CH86-2 -77.964 45.000 -1.96 2.47 21.04 4.43 635  
 CH86-4 -77.973 44.991 -1.34 2.56 19.13 3.90 682  
 GM86-10 -78.016 44.988 -3.11 1.28 19.25 4.39 638  
 WF86-1 -78.004 45.005 -2.67 1.82 25.99 4.49 631  
 

 
  

    
643  22  

CHEDDAR 
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GM11-7 -78.185 44.903 0.18 3.68 22.35 3.50 735  
 11BM-44C -78.153 44.993 -0.83 2.87 n.a. 3.70 708  
 11BM-45B -78.158 44.993 -0.99 2.89 n.a. 3.88 685  
 

 
  

    
709  25  

SALMON LAKE-CATCHACOMA 
GM11-8 -78.378 44.816 -0.67 3.95 22.80 4.62 623  

 BF11-14 -78.338 44.750 -1.18 2.71 24.55 3.89 684  
 GM11-22 -78.377 44.770 -0.36 3.45 27.44 3.81 694  
 GM10-5-1 -78.445 44.828 -0.91 3.42 26.63 4.33 642  
 GM10-5-2 -78.445 44.828 -2.57 1.71 22.33 4.27 646  
 GM11-19 -78.433 44.831 -2.52 2.00 22.95 4.52 630  
 GM11-30 -78.488 44.787 -3.21 0.79 17.99 4.00 670  
 GM11-31 -78.480 44.798 -3.74 0.29 23.13 4.03 667  
 GM11-32 -78.489 44.817 -4.19 -0.55 21.59 3.64 716  
 GM11-33 -78.481 44.835 -5.34 -0.44 20.21 4.90 606  
 11BM-39 -78.443 44.852 -4.88 -0.83 n.a. 4.06 664  
 

 
  

    
658  33  

TORY HILL 
GM10-10-1 -78.305 44.935 0.02 3.93 25.90 3.91 682  

 GM10-10-2 -78.305 44.935 -1.67 2.65 28.66 4.32 643  
 GM10-10-3 -78.305 44.935 -2.48 2.16 28.57 4.64 622  
 GM10-10-4 -78.305 44.935 -1.71 2.50 27.68 4.21 650  
 GM10-11 -78.286 44.943 -0.53 4.16 26.73 4.69 619  
 GM10-12 -78.280 44.946 -0.27 3.42 25.92 3.69 709  
 GM10-13-3 -78.264 44.976 -1.21 3.07 27.84 4.28 645  
 11BM-29 -78.236 44.982 -6.57 -2.87 n.a. 3.70 708  
 11BM-31 -78.266 44.975 -0.67 3.04 n.a. 3.71 706  
 11BM-33 -78.310 44.934 -1.63 2.49 n.a. 4.12 657  
 11BM-41 -78.346 44.907 -1.17 2.60 n.a. 3.77 698   

11BM-42 -78.296 44.946 -1.65 2.08 n.a. 3.72 705  
 11BM-43 -78.298 44.944 -1.74 2.09 n.a. 3.83 691  
 GL84-4 -78.381 44.904 -1.89 2.27 24.47 4.16 653  

 
  

    
671  33  

GLAMOR LAKE 
11BM-35 -78.376 44.948 -3.98 -0.57 n.a. 3.41 749  

 11BM-36 -78.378 44.947 -2.65 0.70 n.a. 3.34 759  
 GM10-14 -78.366 44.951 -3.34 0.29 n.a. 3.63 717  
 

 
  

    
742  22  

GOODERHAM 
GM10-9 -78.394 44.876 -4.53 0.42 20.02 4.95 603  

 GM02-1-1 -78.393 44.884 -4.24 0.95 24.81 5.19 590  
 GM02-1-2 -78.393 44.884 -3.99 0.89 24.76 4.87 608  
 GM02-3-1 -78.394 44.878 -3.99 0.78 25.58 4.77 614  
 GM03-11 -78.394 44.882 -3.35 0.85 24.97 4.20 651  
 GL84-8 -78.378 44.892 -1.49 2.40 23.80 3.89 683   
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GM99-11 -78.392 44.874 -2.59 1.46 24.39 4.05 664   
GM99-12 -78.392 44.874 -3.49 0.69 24.93 4.18 652   
GM99-13        -78.392 44.874 -3.40 0.72 24.79 4.12 656   
GM86-12-4 -78.391 44.873 -3.35 0.59 24.02 3.94 677   
GM86-12-2      -78.391 44.873 -3.56 0.64 23.54 4.20 651   
GM86-12-5A -78.391 44.873 -3.14 0.64 24.25 3.78 697   
GM86-12-5B    -78.391 44.873 -3.38 0.68 24.34 4.06 663   

 
  

    
647  33  

GALWAY TWP 
MN11-23 -78.571 44.819 -5.94 -2.37 19.35 3.57 726  

 MN11-24 -78.640 44.755 -1.66 1.99 27.10 3.65 715  
 MN11-25 -78.594 44.786 -4.78 -1.88 18.66 2.90 835  
 MN11-26 -78.578 44.795 -4.98 -1.21 23.78 3.77 698  
 MN11-28 -78.582 44.751 -2.69 1.72 20.48 4.41 636  
 MN11-29 -78.532 44.772 -3.55 0.53 22.80 4.08 661  
 

 
  

    
712  69  

MINDEN 
MN11-15 -78.747 44.880 -2.55 0.72 19.10 3.27 770  

 MN11-16 -78.756 44.866 1.29 4.78 24.20 3.49 737  
 MN11-17A -78.768 44.821 -2.92 0.60 23.56 3.52 732  
 MN11-17B -78.768 44.821 -3.11 0.24 19.82 3.35 757  
 11BM-54 -78.697 44.944 0.21 4.01 n.a. 3.81 694  
 11BM-55 -78.696 44.945 0.29 4.09 n.a. 3.81 694  
 

 
  

    
731  32  

HALIBURTON 
WF10-6 -78.349 45.016 -2.78 0.76 20.88 3.54 730  

 WF10-8 -78.425 45.044 -1.55 2.13 21.07 3.68 710  
 11BM-48 -78.359 45.061 -2.52 0.94 n.a. 3.46 741  
 11BM-49 -78.361 45.060 -3.18 0.51 n.a. 3.69 710  
 11BM-51 -78.510 45.035 -0.98 2.64 n.a. 3.62 718  
 11BM-52 -78.508 45.034 -0.50 3.00 n.a. 3.50 735  
 

 
  

    
724  13  

CARNARVON 
11BM-24 -78.606 45.116 -3.14 0.59 n.a. 3.72 705  

 11BM-25 -78.604 45.115 -4.45 -0.37 n.a. 4.08 661  
 11BM-26 -78.687 45.064 -1.60 1.39 n.a. 2.98 819  
 11BM-56 -78.660 45.028 -3.17 0.55 n.a. 3.71 706  
 11BM-57-1 -78.659 45.029 -2.81 0.71 n.a. 3.52 733  
 11BM-57-2 -78.659 45.029 -3.37 0.71 n.a. 4.08 661  
 

 
  

    
714  59  

†samples from Dunn and Valley, 1992. 1324 
*outside geothermometer calibration limits. 1325 
n.a., not analyzed. 1326 
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Figure 4 continued.   
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