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ABSTRACT 32 

Magmatic and tectonic processes can transport large volumes of magma generated in the deep 33 

crust as discrete pulses to shallower crustal depths, resulting in the incremental construction of 34 

large composite batholiths over thousands to tens of millions of years. The Silurian to early 35 

Devonian Donegal composite batholith in Ireland is a classic example for which regional 36 

geological syntheses and lithogeochemical data show emplacement was syn- and post-kinematic 37 

with respect to the terminal phases (ca. 437-415 Ma) of the Caledonian orogeny. We used U-Pb 38 

dating of zircon and titanite to investigate the construction of the batholith over time. Imaging of 39 

these minerals reveals complex, zoned grains with distinct autocrystic (growth during pluton 40 

emplacement), as well as inherited domains comprising antecrysts (growth during lower crustal 41 

incubation), and xenocrysts (incorporated from wall rocks). To determine the age(s) of 42 

emplacement and of inherited domains, discrete growth zones were targeted for dating using LA-43 

ICP-MS (laser ablation inductively coupled plasma mass spectrometry). Taken together, the 44 

zircon and titanite U-Pb isotopic data indicate that batholith emplacement occurred over at least 45 

30 myr, between ca. 430 Ma and 400 Ma, bracketed by emplacement of the ca. 427-423 Ma 46 



Ardara pluton and the latest phases in the Main Donegal and Trawenagh Bay plutons (ca. 400 47 

Ma). Although apparently volumetrically minor, U-Pb data from spatially associated mafic rocks 48 

(appinite suite, lamprophyre dikes, and mafic enclaves in granitoid plutons) yield ages ranging 49 

from ca. 431-416 Ma, which indicates ongoing mafic magmatism during emplacement of much 50 

of the Donegal composite batholith.   51 

 52 

INTRODUCTION 53 

Granitoid rocks are the legacies of thermal disturbances that initiate partial melting of the mantle 54 

and/or near the base of the continental crust. Magmatic and tectonic processes collectively 55 

facilitate the transport of large volumes of magma in discrete pulses to shallower crustal levels 56 

resulting in the incremental construction of large composite batholiths, assembled episodically 57 

over thousands to tens of millions of years (Clemens and Stevens, 2012; Clemens et al., 2020; 58 

Glazner et al., 2004; Miller et al., 2007; Pitcher, 1985, 1993). Understanding the timescales of 59 

these magmatic and tectonic processes requires combined textural and geochronological 60 

information. Methods such as laser ablation inductively coupled plasma mass spectrometry (LA-61 

ICP-MS) permit the rapid collection of large U-Pb isotopic datasets with the ability to document 62 

geochronological variability within individual minerals, plutons and batholiths (Cottle et al., 63 

2019; Cottle et al., 2018). Though less precise than CA-ID-TIMS (chemical abrasion-isotope 64 

dilution-thermal ionization mass spectrometry), the spatial resolution capabilities of LA-ICP-MS 65 

allow for targeted dating of individual growth zones and/or inherited domains within a single 66 

crystal. If the growth zoning is narrow, a limitation of both methods is ablation or mineral 67 

dissolution could sample multiple growth zones resulting in a mixed age with no geological 68 

significance (e.g., Chang et al., 2006; Nédélec et al., 2016).  69 



 70 

Magmatic systems are complex “mushy” systems that reside at various crustal depths at near-71 

solidus temperatures for thousands to millions of years (Collins et al., 2020; Glazner et al., 2004; 72 

Jackson et al., 2018; Miles and Woodcock, 2018; Miller et al., 2007). The classically studied 73 

Donegal granitoid plutons in northwestern Ireland collectively comprise a composite batholith 74 

(Pitcher and Berger, 1972; Hutton 1982) and provide the opportunity to investigate the 75 

timescales of batholith assembly processes using modern techniques. Zircon in particular is a 76 

robust mineral that preserves its U-Pb isotopic compositions over a wide range of lithospheric 77 

temperatures (>800°C, e.g., Cherniak and Watson, 2000). The ubiquity and chemical durability 78 

of zircon make it suitable for recording the timescales of magmatic processes, especially if the 79 

rocks experienced multiple melting episodes and/or post-crystallization metamorphism or 80 

alteration. However, zircon’s robustness also makes it susceptible to retaining components 81 

related to its inheritance, which can complicate interpretations. Dateable minerals such as titanite 82 

can record complementary geochronological information because titanite generally has lower Pb 83 

retention temperatures than zircon (~700–650°C, Cherniak,1993; Frost et al., 2000), which also 84 

lie within the crystallization temperature range of most hydrous granitoid magmas (Ackerson et 85 

al., 2018; Collins et al., 2020).  86 

 87 

Complex growth domains, xenocrysts, and potential contamination of the magmatic, 88 

(autocrystic) population by inherited (antecrystic and xenocrystic) grains are difficult issues to 89 

resolve using methods with higher precision such as CA-ID-TIMS. Given the dynamic nature of 90 

composite granitoid systems, LA-ICP-MS techniques applied to zircon and titanite allow for the 91 

rapid collection of large U-Pb datasets from distinct growth domains within these mineral phases 92 



that date the emplacement of discrete magma pulses. Our new LA-ICP-MS U-Pb isotopic data 93 

from zircon and titanite inform the age and longevity of magmatic emplacement processes in the 94 

classic Donegal composite batholith and further clarify the temporal relationship with regional 95 

tectonic events and with mafic-intermediate rocks that are commonly inferred to be coeval with 96 

composite granitoid batholiths but whose genetic relationship is unclear. 97 

 98 

REGIONAL CONTEXT 99 

The Donegal composite batholith resides within the Appalachian-Caledonian orogen in 100 

northwestern Ireland (Fig. 1). The orogen records a series of ca. 490–380 Ma tectonic events 101 

associated with the closure of the Iapetus Ocean (McKerrow et al., 2000). These events mainly 102 

reflect Ordovician–Silurian subduction and oblique collisions between Laurentia, Avalonia and 103 

Baltica (Chew and Strachan, 2014; McKerrow et al., 2000; Strachan et al., 2020). The earliest is 104 

the Grampian orogeny (ca. 490-460 Ma) which resulted from the accretion of an intra-ocean 105 

island arc complex to the margin of Laurentia (Chew and Strachan, 2014; Dewey and Ryan, 106 

2015; Flowerdew et al., 2000; Johnson et al., 2017). In the Connemara region of western Ireland, 107 

calc-alkaline magmas were emplaced into Laurentian crust during the Grampian event (Dewey 108 

and Ryan, 2015; Friedrich et al., 1999b), penecontemporaneous with the development of NW-109 

directed nappes, folds, and extensional shear zones (Hutton, 1982; Hutton and Alsop, 1995). 110 

Although there are no coeval granitoid rocks in the study area, the Neoproterozoic Dalradian 111 

Supergroup underwent upper greenschist facies (garnet-grade) metamorphism in NW Ireland 112 

during the Grampian orogeny (Hutton, 1982; Pitcher and Berger, 1972). 113 

 114 



Subduction beneath the Laurentian margin from the middle Ordovician onwards culminated in 115 

the early Silurian closure of the Iapetus Ocean and the collision of Laurentia with Baltica, an 116 

event referred to as the ca. 437-415 Ma Scandian orogeny (Chew and Stillman, 2009; Chew and 117 

Strachan, 2014; Goodenough et al., 2011; Kinny et al., 2003a; Kocks et al., 2006; Strachan et al., 118 

2020). Prolonged convergence and subduction of oceanic lithosphere and the general paucity of 119 

major regional deformation and metamorphism along the Irish margin of Laurentia has led to 120 

interpretations that the Scandian collision was highly oblique (Chew and Strachan, 2014). The 121 

Irish sector of the Laurentian Caledonides likely underwent a relatively “soft” collision with 122 

Avalonia which was loosely docked against Baltica (Chew and Strachan, 2014). Regional calc-123 

alkaline pluton emplacement (“Newer Granites”, Read, 1961), between ca. 435 and 380 Ma, 124 

began in the later stages of the Scandian event and has been attributed to orogen-wide sinistral 125 

transtension associated with episodes of lithospheric extension (Brown et al., 2008). Although 126 

lacking published precise geochronology, most regional syntheses interpret the Donegal 127 

composite batholith to be the representative of the “Newer Granites” in northwestern Ireland. 128 

Here, the magmas exploited crustal-scale pathways within the Main Donegal shear zone to 129 

ascend through the crust for final magma emplacement by various mechanisms such as 130 

ballooning or crustal dilation (Hutton, 1982; Hutton and Alsop, 1996; Stevenson, 2008; 131 

Stevenson et al., 2008). The shear zone is interpreted as a splay of the Great Glen Fault system 132 

(e.g., Hutton and Alsop, 1996).  133 

 134 

Because regional granitoid emplacement continued after the Scandian orogeny, Atherton and 135 

Ghani (2002) suggested that the late-Silurian to early-Devonian magmatism followed slab-failure 136 

after Iapetus Ocean closure, an interpretation adopted by more recent studies (Fowler et al., 137 



2008; Murphy et al., 2019; Neilson et al., 2009). Lithogeochemical data from the Donegal 138 

composite batholith (Archibald and Murphy, 2020) indicate trace-element characteristics 139 

compatible with a slab-failure tectonic environment, as described in the discrimination diagrams 140 

of Whalen and Hildebrand (2019). Slab-failure involves subducted oceanic crust separating from 141 

the continental crust after collision with another continent (Atherton and Ghani, 2002; Davies 142 

and von Blanckenburg, 1995). Upwelling mantle underplates the crust and advects heat into the 143 

region around the severed slab as it rises to fill the void between the detached slab and the 144 

partially subducted crust (Davies and von Blanckenburg, 1995). In NW Ireland, rapid uplift 145 

following slab-failure is thought to have resulted in exhumation of the batholith by the middle 146 

Devonian and the formation of extensional basins (Atherton and Ghani, 2002; Brown et al., 147 

2008).  148 

 149 

THE DONEGAL COMPOSITE BATHOLITH 150 

The >1100 km2 Donegal composite batholith consists of eight plutons with lithologies that range 151 

in composition from ultramafic to felsic in composition (Pitcher and Berger, 1972, Fig. 2, Table 152 

1).    153 

 154 

Mafic intrusive phases 155 

The appinite suite and associated mafic-ultramafic rocks are generally viewed to represent the 156 

earliest phases in the batholith (Pitcher and Berger, 1972; Pitcher and Hutton, 2003). These rocks 157 

comprise relatively small intrusions that occur along the periphery of the Ardara, Thorr and 158 

Fanad plutons (Figs. 2 and 3). They primarily occur as appinite (coarse-grained hornblende 159 

diorite and gabbro; Fig. 3a, b) plutons, dykes and enclaves with minor lamprophyre dykes 160 



(Murphy et al., 2019). Plagioclase compositions in the appinites range between An20 and An60 161 

(Yarr, 1992). Lamprophyre dykes primarily intrude Dalradian metasedimentary rocks whereas 162 

the appinite plutons are primarily located around the periphery of the Ardara pluton and to the 163 

north between the Thorr and Fanad plutons (Fig. 2). Euhedral magmatic phases within a 164 

lamprophyre dyke define a foliation that is parallel to the regional crenulation cleavage, 165 

interpreted to reflect syn-kinematic emplacement during the Scandian event (Kirkland et al., 166 

2013).   167 

 168 

Mafic enclaves and mafic mineral aggregates are common in the Ardara, Thorr, Fanad and Main 169 

Donegal plutons. These enclaves have irregular shapes and vary from a few millimetres up to 170 

three metres in diameter (Fig. 3c, d). Disaggregated enclaves provide field evidence of mingling 171 

between coeval mafic and granitoid magmas (Fig. 3c, d). The mineralogy of the enclaves 172 

consists mostly of plagioclase, biotite and hornblende (partially replaced by chlorite and 173 

actinolite), and subordinate quartz, microcline, titanite, clinopyroxene, epidote, zircon, apatite 174 

and pyrite. Some of the enclaves contain plagioclase phenocrysts (Fig. 3c).  175 

 176 

Published geochronological data indicate that the mafic magmatism is predominantly early 177 

Silurian in age. These data include a 437 ± 5 Ma U-Pb zircon crystallization age secondary 178 

ionization mass spectrometry (SIMS; Kirkland et al., 2013) from a lamprophyre near the 179 

Barnesmore pluton and 40Ar/39Ar hornblende ages of 434.2 ± 2.1 Ma and 433.7 ± 5.5 Ma within 180 

the appinite bodies peripheral to the Ardara pluton that are interpreted to closely date the 181 

emplacement of appinite intrusions (Murphy et al., 2019).  182 

 183 



Ardara pluton 184 

The Ardara pluton (Fig. 2) is concentrically zoned with foliated quartz monzodiorite at the 185 

margins and granodiorite in the core (Pitcher and Berger, 1972; Siegesmund and Becker, 2000). 186 

Mafic enclaves that are mineralogically similar to the appinite suite are common throughout the 187 

pluton (Fig. 3c). The Ardara pluton predominantly consists of plagioclase (An24-38, Siegesmund 188 

and Becker, 2000), biotite, hornblende, microcline, and quartz with accessory minerals titanite, 189 

epidote, apatite, zircon, pyrite and magnetite. The outer zone is of quartz-monzodiorite 190 

composition with tonalite and granodiorite towards its center (Siegesmund and Becker, 2000). 191 

Compared to the interior of the pluton, the outermost zone shows an intense magmatic foliation 192 

that is parallel to the orientation of the pluton margins (Pitcher and Berger, 1972; Siegesmund 193 

and Becker, 2000). Vernon and Paterson (1993) quote a U-Pb age of ca. 451 Ma but neither the 194 

data nor any details of analytical methods are provided. Coeval, but volumetrically minor 195 

intrusions occur in the Sperrin Mountains, about 100 km to the east (Cooper et al., 2013). 196 

 197 

Thorr pluton 198 

The Thorr pluton (Fig. 2) has an irregular shape and contains abundant xenoliths of the Dalradian 199 

host rocks near its margins (Pitcher and Berger, 1972). The pluton is mainly granodiorite-granite 200 

in composition and contains abundant plagioclase porphyritic mafic enclaves (Fig. 3d). The Gola 201 

facies of the Thorr pluton is interpreted as a discrete, late magmatic pulse into the core of the 202 

pluton (Pitcher and Hutton, 2003). The use of the term “facies” is for consistency with published 203 

studies and not as a metamorphic term. Centimeter-sized perthitic microcline phenocrysts with 204 

narrow plagioclase rims are common. Granitoid rocks consist of plagioclase (An25-37, 205 

Oglethorpe, 1987), biotite, hornblende, perthitic microcline and quartz with accessory titanite, 206 



apatite, zircon, magnetite, and pyrite. Thorr-related fibrolite is superposed on a regional 207 

crenulation cleavage that is syn-kinematic with  emplacement of the Ardara pluton in the 208 

composite aureole of the Ardara and Thorr plutons, indicating emplacement of the Ardara pluton 209 

preceded that of the Thorr pluton (Stevenson, 2008). 210 

 211 

Fanad pluton 212 

The Fanad pluton (Fig. 2) has a “diorite-granodiorite facies” containing mafic mineral aggregates 213 

and enclaves and a “xenolithic facies” characterised by abundant metasedimentary xenoliths 214 

from the Dalradian host rocks as well as the mafic enclaves (Pitcher and Hutton, 2003; Fig. 3e). 215 

The mineralogy is typical of granitoid plutons and consists of plagioclase (An20-33, Ghani, 1997), 216 

biotite, hornblende, microcline and quartz with accessory titanite, epidote, apatite, zircon, pyrite 217 

and magnetite. Contacts with the other plutons in the Donegal composite batholith are not 218 

exposed (Ghani and Atherton, 2008; Pitcher and Berger, 1972). Based on compositional and 219 

structural similarities, emplacement of the Fanad pluton is interpreted to be contemporaneous 220 

with the Thorr pluton (Pitcher and Berger, 1972).  221 

 222 

Main Donegal pluton 223 

The Main Donegal pluton is the largest pluton in the Donegal composite batholith (Fig. 2). It was 224 

intruded along the NE-SW trending Main Donegal shear zone and is intensely deformed, 225 

especially near its margins (Fig. 3f, Hutton, 1982). Regional deformation is interpreted as 226 

sinistral, transtensional and syn-magmatic because of the internal deformation and the increasing 227 

intensity of deformation in schists near the margins of the pluton (Hutton and Alsop, 1995; Long 228 

and McConnell, 1997). The Main Donegal pluton was emplaced in multiple pulses as steeply 229 



dipping sheets (Price, 1997) and is dominated by granodiorite to granite compositions, 230 

containing plagioclase (An17-26, Ghani, 1997), microcline, quartz, biotite and minor muscovite, 231 

with accessory titanite, apatite, zircon, allanite, magnetite, ilmenite and pyrite. Xenoliths of the 232 

Thorr and Ardara plutons occur along its south western margin (Pitcher and Hutton, 2003). 233 

 234 

Rosses, Barnesmore and Trawenagh Bay plutons 235 

The Rosses pluton is a zoned granite intrusion that is more felsic towards its centre (Fig. 2) with 236 

abundant microgranite and pegmatite dykes, some of which contain beryl (Pitcher and Hutton, 237 

2003). The pluton has a typical granite mineralogy with varying modal abundances of biotite, 238 

muscovite, plagioclase (An5-41, Ghani, 1997), microcline and quartz with accessory titanite, 239 

apatite, garnet, zircon and magnetite. The Rosses pluton was emplaced entirely into the Thorr 240 

pluton as indicated by regional mapping (Pitcher and Berger, 1972) and by the presence of 241 

abundant xenoliths of the latter (Stevenson, 2009).  242 

 243 

The Barnesmore pluton is a sheeted granitic intrusion that crops out south of the Leannan fault, 244 

and so is isolated from the rest of the batholith (Fig. 2). However, on the basis of 245 

lithogeochemical similarities (Ghani and Atherton, 2008), this pluton is interpreted to have been 246 

emplaced simultaneously with the Rosses and Main Donegal pluton. The granite contains 247 

plagioclase (An6-24, Dempsey, 1987), microcline, quartz and biotite with accessory apatite, 248 

zircon, allanite, magnetite, and ilmenite. 249 

 250 

The Trawenagh Bay pluton is another sheeted granite intrusion located along the western edge of 251 

the Main Donegal pluton (Fig. 2). It is a biotite-muscovite granite with microcline, quartz, 252 



plagioclase (An1-25, Ghani, 1997) and accessory apatite, garnet, zircon, allanite and magnetite. 253 

The pluton intruded the Thorr and Rosses plutons (Pitcher and Berger, 1972; Stevenson, 2008) 254 

and has a gradational contact with the Main Donegal pluton along its southwestern margin (Fig. 255 

2). Based on these field relationships, the Trawenagh Bay pluton is widely interpreted to be the 256 

youngest pluton emplaced along the Main Donegal shear zone (Hutton, 1982; Price and Pitcher, 257 

1998; Stevenson, 2008; Stevenson et al., 2008). Multigrain U-Pb monazite dating yielded an age 258 

of 411 ± 2 Ma  (Halliday et al., 1980).  259 

 260 

ANALYTICAL METHODS 261 

Appendix A provides a complete description of the analytical methods. U-Pb zircon analyses 262 

were completed using LA-ICP-MS (laser ablation inductively coupled plasma mass 263 

spectroscopy) at the University of Portsmouth, UK. Zircon isotopic ratios were computed, 264 

baseline, and fractionation corrected using Iolite (v. 4.3.5.3; Paton et al., 2011). Reference 265 

material (RM) Plešovice (206Pb/238U age of 337.1 ± 0.37 Ma; 2 Sláma et al., 2008) was used as 266 

the primary standard with RMs BB9 (LA-ICP-MS 206Pb/238U age of 562 ± 9 Ma; Santos et al., 267 

2017) and Temora II (ID-TIMS age of 416.75 ± 0.24 Ma; Black et al., 2004) analyzed as 268 

secondary standards to quantify accuracy and precision across six analytical sessions.  269 

 270 

Samples of the appinite suite, as well as the Ardara, Fanad, Thorr and Main Donegal plutons 271 

contain magmatic titanite. LA-ICP-MS data were collected from titanite in polished thin sections 272 

at the University of New Brunswick, Canada. The primary calibration RM used was Bear Lake 273 

Ridge titanite (BLR-1; ID-TIMS age of 1047.1 ± 0.4 Ma; Aleinikoff et al., 2007), MKED-1 274 

titanite was the secondary calibration RM (ID-TIMS 206Pb/238U age of 1517.3 ± 0.3 Ma; 275 



Spandler et al., 2016), and Otter Lake titanite was the quality control RM (U-Pb SHRIMP age 276 

1016 ± 3.9 Ma; Kennedy et al., 2010).  277 

 278 

Isoplot v.3.75 (Ludwig, 2012) was used for age calculations and concordia plotting. Kernel 279 

density plots were produced using IsoplotR (Vermeesch, 2018). Sample ages and individual 280 

dates are calculated using 206Pb/238U ratios unless otherwise stated. All 206Pb/238U weighted-mean 281 

and concordia age calculations include 2% propagated uncertainty added in quadrature to 282 

account for the reproducibility in the U-Pb LA-ICP-MS method (Horstwood et al., 2016). This 283 

additional uncertainty adds between 0.4 and 2.0 Ma to each calculated sample age. Several 284 

samples of both titanite and zircon exhibit a spread of concordant dates along concordia. Our 285 

interpretations of inherited dates, potential Pb-loss, and the calculated magma batch 286 

emplacement ages include considerations of the field relationships observed in this study in 287 

addition to those reported in the detailed studies of Pitcher and Berger (1972) and Pitcher and 288 

Hutton (2003).  289 

 290 

RESULTS 291 

Sample descriptions and U-Pb dating 292 

Cathodoluminescence (CL) images indicate that zircon from our samples of the Donegal 293 

composite batholith have complex, zoned growth patterns (Fig. 4, Appendix B1). Autocrysts are 294 

recognized by their continuous oscillatory zoning or by oscillatory-zoned domains (e.g. zircon 295 

grain 018-27 from the Fanad pluton, Fig. 4) surrounding an inherited domain (Fig. 5). We use the 296 

autocrystic zircon populations to determine the emplacement age for each pluton. Zircons with 297 

xenocystic cores are typically rounded or irregular shape with a narrow rim that has a different 298 



zonation pattern. For example, most zircon grains from sample DA18-032 from the Main 299 

Donegal pluton (Fig. 4) have xenocrystic zircon in a generally rounded core that exhibits a 300 

brighter CL response compared to the autocrystic rims, which are much darker and unzoned. 301 

Many zircons have apparent antecrystic domains that commonly have darker oscillatory-zoned 302 

core regions with irregular, embayed margins and are mantled by autocrystic overgrowths with a 303 

brighter CL response (Fig. 5). For example, zircon 047-43 from the Thorr pluton (Fig. 4) has an 304 

older antecrystic core (ca. 427 Ma), and an irregular, embayed margin surrounded by an 305 

oscillatory-zoned, autocrystic rim that has a younger date of ca. 415 Ma (Fig. 5). We 306 

acknowledge the limitations of the LA-ICP-MS technique and the possibility of sampling 307 

multiple, narrow growth zones within a single grain during ablation, which could result in a 308 

mixed, intermediate date with no geological significance.  309 

 310 

Twenty samples of the Donegal composite batholith were selected for zircon and titanite U-Pb 311 

dating (Fig. 2). These include seventeen samples for U-Pb zircon dating from the Ardara (3), 312 

Fanad (3), Thorr (5), Main Donegal (3), Rosses (1), Trawenagh Bay (1) and Barnesmore (1) 313 

plutons (Appendix B1 and B2). All seventeen samples have dateable zircon and fifteen samples 314 

provide geologically meaningful emplacement age estimates (Figs. 6 and 7). The autocrystic 315 

population typically shows magmatic oscillatory zoning with minor sector zoning that we 316 

interpret to represent the emplacement age of a batch of magma that cooled to form part of the 317 

pluton. Most antecrystic and xenocrystic zircon have narrow autocrystic rims that are too narrow 318 

to analyze (Fig. 5c, grain DA18-047-69). 319 

 320 



Eleven samples for U-Pb titanite dating include eight of the same samples selected for U-Pb 321 

zircon dating and three samples of the appinite suite (Appendix B3 and B4). Titanite occurs as 322 

mostly subhedral to euhedral grains with minor fractures and textural relationships indicating 323 

they crystallized during cooling and crystallization of the pluton (Fig. 8). Most concordant dates 324 

from titanite cluster as part of the youngest population in the sample but some grains have older 325 

xenocrystic or antecrystic domains (Fig. 8). We interpret the youngest cluster to represent the age 326 

of titanite crystallization and emplacement of the pluton (Appendix B4). All eleven samples 327 

selected for titanite U-Pb dating provide geologically meaningful emplacement age estimates 328 

(Fig. 9). Appendix C lists the U–Pb data.  329 

 330 

Appinite suite 331 

Three samples from the appinite suite were selected for U-Pb titanite dating (Fig. 2). Sample 332 

DA19-065 is a from a small appinite pluton located along the margin of the Ardara pluton (Fig. 333 

2). It is coarse-grained containing primarily hornblende and plagioclase with subordinate 334 

amounts of quartz, titanite, and apatite. Titanite yields a U-Pb age of 431 ± 6 Ma (Fig. 9a, 335 

Appendix B4). An older population of titanite dates are between ca. 461 and 445 Ma (n=7). 336 

 337 

Sample DA19-082 is an appinite with textural layering with alternating coarse and finer layers, 338 

mainly consisting of altered hornblende and plagioclase (Fig. 3a). This sample is from the 339 

Mulnamin More appinite complex located to the northeast of the Ardara pluton (Fig. 2; Pitcher 340 

and Hutton, 2003). The sample also contains minor quartz, biotite, titanite and apatite. The 341 

titanite yields a U-Pb age of 419 ± 5 Ma (Fig. 9b; Appendix B4). An older titanite population has 342 

dates between ca. 451 and 437 Ma (n=5). 343 



 344 

Sample DA19-088 is also from the Mulnamin More appinite complex (Fig. 2). It is coarse-345 

grained containing hornblende, plagioclase, quartz, biotite, titanite, and apatite (Fig. 3b). The 346 

titanite yields a U-Pb age of 426 ± 2 Ma (Fig. 9c, Appendix B4). Three concordant zones in two 347 

titanite grains are older and have dates between ca. 452 and 440 Ma. 348 

 349 

Ardara pluton 350 

Two samples of granodiorite and one mafic enclave were selected from the Ardara pluton for U-351 

Pb dating (Fig. 2). Sample DA18-051 is a granodiorite that consists of compositionally zoned 352 

plagioclase, microcline, quartz, biotite, hornblende, apatite, zircon, titanite, epidote and 353 

secondary chlorite. There are small mafic mineral aggregates at the sampling location. This 354 

sample yields a U-Pb zircon age of 423 ± 5 Ma (Fig. 6a, Appendix B2) and a U-Pb titanite age of 355 

428 ± 4 Ma (Fig. 9d, Appendix B4). An older zircon population has dates between ca. 456 and 356 

434 Ma (n=13). Other zircon domains have xenocrystic dates of ca. 1738, 533 and 471 to 462 357 

Ma (n=4). Five concordant titanite analyses have dates between ca. 451 and 438 Ma. 358 

 359 

Sample DA18-056 is a plagioclase porphyritic mafic enclave (Fig. 3c) that consists of 360 

compositionally zoned plagioclase phenocrysts, quartz, biotite, hornblende, minor microcline, 361 

apatite, zircon, titanite, epidote and secondary chlorite. The plagioclase phenocrysts are poikilitic 362 

with inclusions of hornblende and biotite. This sample yields a U-Pb zircon age of 427 ± 4 Ma 363 

(Fig. 6b, Appendix B2) and a U-Pb titanite age of 429 ± 2 Ma (Fig. 9e, Appendix B4). Three 364 

zircon grains have dates between ca. 443 and 439 Ma and four concordant titanite dates are 365 

between ca. 451 and 438 Ma. 366 



 367 

Granodiorite sample DA18-057 is the host to mafic enclave sample DA18-056 (Fig. 3c). It 368 

consists of compositionally zoned plagioclase, quartz, biotite, hornblende, microcline, apatite, 369 

zircon, titanite, epidote and secondary chlorite. This sample yields a U-Pb zircon age of 426 ± 3 370 

Ma (Fig. 6c, Appendix B2) and a U-Pb titanite age of 428 ± 3 Ma (Fig. 9f, Appendix B4). A 371 

zircon population yields dates between ca. 457 and 441 Ma (n=7). One zircon xenocryst is ca. 372 

463 Ma and one <10% discordant grain has a date of 919 ± 31 Ma. A titanite population has 373 

dates between ca. 444 and 437 Ma (n=6). Analyses within three titanite grains show xenocrystic 374 

domains with dates of ca. 574, 516, and 460 Ma.  375 

 376 

Thorr pluton 377 

Five samples were selected from the Thorr pluton for U-Pb dating (Fig. 2). Sample DA18-004 is 378 

a granite. It has perthitic microcline macrocrysts up to two cm in length, compositionally zoned 379 

plagioclase, and relatively fine-grained quartz, biotite, titanite, zircon, apatite, and secondary 380 

chlorite. U-Pb zircon dating yields an age of 415 ± 5 Ma (Fig. 6d, Appendix B2). Three 381 

concordant dates at ca. 430 Ma are inherited. 382 

 383 

Sample DA18-011 is a biotite granite from the Gola facies of the Thorr pluton. The sample 384 

consists of perthitic microcline, plagioclase, quartz, biotite, zircon, minor hornblende and 385 

secondary chlorite. U-Pb zircon dating yields an age of 412 ± 5 Ma (Fig. 6e, Appendix B2). 386 

Three older grains with dates at ca. 466, 437 and 425 Ma are inherited. 387 

 388 



Sample DA18-022 is a mafic enclave consisting of plagioclase, hornblende and biotite partially 389 

replaced by chlorite, and quartz. The enclaves have irregular shapes and are plagioclase 390 

porphyritic. U-Pb zircon dating yields an age of 429 ± 3 Ma (Fig. 6f, Appendix B2). Eight dates 391 

are between ca. 445 and 436 Ma. One xenocrystic core is ca. 950 Ma. 392 

 393 

Granodiorite sample DA18-023 is from an outcrop containing abundant plagioclase porphyritic 394 

mafic enclaves, including the enclave sample DA18-022 (Fig. 3d). The granodiorite consists of 395 

perthitic microcline, plagioclase, quartz, biotite, hornblende, zircon, titanite, apatite and 396 

secondary chlorite. This sample yields a U-Pb zircon age of 420 ± 3 Ma (Fig. 6g, Appendix B2) 397 

and a U-Pb titanite age of 420 ± 4 Ma (Fig. 9g, Appendix B4). A cluster of five zircon grains 398 

yields dates between ca. 443 and 434 Ma. Xenocrystic zircon grains have dates of ca. 1294, 1024 399 

and 989 Ma. 400 

 401 

Sample DA18-047 is a microcline porphyritic granodiorite. It consists of macrocrysts of perthitic 402 

microcline, up to 4cm in length, in a matrix of microcline, plagioclase, quartz, biotite, 403 

hornblende, titanite, zircon, apatite, and secondary chlorite. This sample yields a U-Pb zircon age 404 

of 408 ± 3 Ma (Fig. 6h, Appendix B2) and a U-Pb titanite age of 418 ± 6 Ma (Fig. 9h, Appendix 405 

B4). Two concordant zircon grains are ca. 486 (xenocryst) and ca. 427 Ma. 406 

 407 

Fanad pluton 408 

Two diorite samples and one mafic enclave were collected from the Fanad pluton for U-Pb 409 

dating (Fig. 2). Sample DA18-014 is a mafic enclave that contains plagioclase, biotite and 410 

hornblende phenocrysts in a groundmass consisting of plagioclase, biotite, hornblende, quartz, 411 



apatite, titanite, zircon and secondary chlorite. The enclave has an irregular amoeboid shape, 412 

similar to those found in the Ardara (Fig. 3c) and Thorr (Fig. 3d) plutons. This sample yields a 413 

U-Pb zircon age of 416 ± 4 Ma (Fig. 7a, Appendix B2) and an imprecise U-Pb titanite age of 404 414 

± 15 Ma (Fig. 9i; Appendix B4). Two zircon grains are ca. 450 and 433 Ma. 415 

 416 

Diorite sample DA18-015 is the host to the mafic enclave sample DA18-014. It consists of 417 

plagioclase, hornblende, microcline, quartz, titanite, apatite, zircon, and epidote. This sample 418 

yields a U-Pb zircon age of 418 ± 13 Ma (Fig. 7b, Appendix B2) and a U-Pb titanite age of 422 ± 419 

3 Ma (Fig. 9j, Appendix B4). Three zircons have dates between ca. 452 and 433 Ma. Two 420 

xenocrysts are ca. 1103 and 463 Ma. Two titanite domains are ca. 433 Ma and two xenocryst 421 

analyses are ca. 2600 Ma.  422 

 423 

Sample DA18-018 is a diorite from the xenolithic facies of the Fanad pluton (Figs. 2 and 3e). 424 

The outcrop contains mafic enclaves similar to the sampling location of DA18-014 and DA18-425 

015. In addition, there are abundant xenoliths with relict, randomly oriented foliations interpreted 426 

to be derived from the Dalradian metasedimentary rocks that the Fanad pluton intruded (Fig. 3e). 427 

The sample has the mineralogy plagioclase, quartz, biotite, hornblende, titanite, zircon, and 428 

apatite. U-Pb zircon dating yields an age of 411 ± 3 Ma (Fig. 7c, Appendix B2). Two zircon 429 

grains have dates at ca. 435 and 428 Ma. 430 

 431 

Main Donegal pluton 432 

Three granite samples were collected from the Main Donegal pluton for U-Pb dating (Fig. 2). 433 

Sample DA18-026 has a strong foliation consisting of quartz, microcline, biotite, plagioclase, 434 



apatite, zircon, and titanite. The foliation in the granite is parallel to the margins of the Main 435 

Donegal shear zone and to the foliation in the host rocks indicating syn-kinematic magma 436 

emplacement. An early magmatic plagioclase fabric associated with the foliation in the granite 437 

indicates intrusion and deformation were essentially synchronous (Hutton, 1982). The sample 438 

yields a U-Pb zircon age of 414 ± 3 Ma (Fig. 7d, Appendix B2) and a U-Pb titanite age of 418 ± 439 

2 Ma (Fig. 9k, Appendix B4). Five older zircon grains have dates between ca. 443 and 428 Ma. 440 

 441 

Sample DA18-029 is also a foliated granite. It contains quartz, microcline, plagioclase, biotite, 442 

zircon, apatite and secondary muscovite. This sample yields an imprecise U-Pb zircon age of 419 443 

± 13 Ma (Fig. 7e, Appendix B2). Two grains are ca. 430 and 452 Ma, respectively. Ten 444 

xenocrysts, mostly in zircon cores have inherited dates between ca. 1873 and 667 Ma. 445 

 446 

Sample DA18-032 is a strongly foliated granite (Fig. 3f) with the mineralogy quartz, microcline, 447 

plagioclase, biotite, zircon, apatite and secondary muscovite and chlorite. This sample contains 448 

mostly Proterozoic-aged inherited xenocrysts, mostly in grain cores, ranging from ca. 1699 to 449 

974 Ma in age. The two youngest concordant grains are both ca. 400 Ma and we interpret these 450 

ages to reflect emplacement of batches of magma that comprise the Main Donegal pluton (Fig. 451 

7f, Appendix B2).  452 

 453 

Rosses pluton 454 

One sample of muscovite-biotite granite was collected from the Rosses pluton for zircon U-Pb 455 

dating (Figs. 2 and 3g). Sample DA18-008 has microcline, quartz, muscovite, plagioclase, minor 456 



biotite, apatite, and zircon. This sample yields a zircon age of 418 ± 5 Ma (Fig. 7g, Appendix 457 

B2). Four zircon grains have dates between ca. 449 and 437 Ma. 458 

 459 

Barnesmore pluton 460 

One sample of syenogranite was collected from the Barnesmore pluton for U-Pb dating (Figs. 2 461 

and 3h). Sample DA18-048 has the mineralogy quartz, perthitic microcline, plagioclase, biotite, 462 

apatite, zircon and secondary chlorite and muscovite. Data are highly discordant (Appendix C) 463 

with only eight concordant dates spread along concordia. A cluster of four concordant grains 464 

yields a zircon age of 412 ± 6 Ma (Fig. 7i, Appendix B2). Four other grains are ca. 1171, 457, 465 

444 and 433 Ma.  466 

 467 

Trawenagh Bay pluton 468 

One sample was collected from the Trawenagh Bay pluton for zircon U-Pb dating (Figs. 2 and 469 

3i). Sample DA18-044 is a muscovite granite that has the mineralogy microcline, quartz, 470 

muscovite, plagioclase, biotite, garnet and zircon. This sample yielded only five >90% 471 

concordant grains all of which have different U-Pb dates, ca. 1327, 482, 440 Ma and 427 Ma. 472 

Based on field relationships, which indicate this is the youngest of the plutons in the composite 473 

batholith, we interpret the youngest date (404 ± 10 Ma) as an approximation of the emplacement 474 

age of the Trawenagh Bay pluton (Fig. 7h, Appendix B2). 475 

 476 



DISCUSSION 477 

Age of the Donegal composite batholith 478 

Zircon and titanite from the Donegal composite batholith commonly exhibit complex growth 479 

zoning. We distinguish the autocrystic zircon to have continuous oscillatory zoning or by 480 

oscillatory-zoned domains surrounding an inherited domain (Fig. 5). Discrete growth zoning in 481 

titanite was more difficult to resolve optically. We interpret the dates obtained from the 482 

autocrystic zircon and the youngest cluster of concordant titanite dates to represent the age of 483 

emplacement and crystallization of the individual magma pulses within the Donegal composite 484 

batholith. These ages represent snapshots of what is envisaged as a continuous and dynamic 485 

emplacement process. 486 

 487 

Collectively, our new data from autocrystic titanite and zircon indicate emplacement of the 488 

composite batholith in multiple pulses between 431 ± 6 Ma (appinite sample DA19-065) and ca. 489 

404-400 Ma (granite samples in the Trawenagh Bay and Main Donegal plutons). This age range 490 

confirms that emplacement of the Donegal composite batholith was coeval with the “Newer 491 

Granites” suite in Scotland and Ireland (Brown et al., 2008; Fowler et al., 2008; Neilson et al., 492 

2009; Read, 1961).  493 

 494 

The appinite suite adjacent to the Ardara pluton, and the Ardara pluton itself yield the oldest 495 

emplacement ages (between ca. 431 and 423 Ma, Table 2). Granitoid rocks in the Thorr pluton 496 

have ages between ca. 420 and 408 Ma. The older (429 ± 3 Ma) U-Pb zircon age obtained from 497 

mafic enclave sample DA18-022 is interpreted to reflect entrainment of an appinite suite 498 

xenolith. The Fanad pluton has emplacement ages between ca. 422 and 411 Ma. The sample of 499 



the xenolithic facies (DA18-018, 411 ± 3 Ma) is younger than diorite (DA18-015, 422 ± 3 Ma) 500 

from the main facies. The Main Donegal pluton has a wide age range (between ca. 419 and 400 501 

Ma); however, the data show significant scatter and inheritance (Fig. 7, Appendix C). Because 502 

the emplacement of the Main Donegal pluton was synkinematic with regional sinistral 503 

deformation (Hutton, 1982), these younger zircon dates imply that magma and/or fluids may 504 

have exploited the Main Donegal shear zone until ca. 400 Ma. Single samples of the Rosses and 505 

Barnesmore plutons yield ages of 418 ± 5 Ma and 412 ± 6 Ma, respectively. One sample of the 506 

Trawenagh Bay pluton yielded few concordant zircon. Based on field relationships, which 507 

indicate the Trawenagh Bay pluton is the youngest intrusion in the Donegal composite batholith 508 

(Stevenson et al., 2008), we interpret the youngest concordant zircon (404 ± 10 Ma) to represent 509 

an approximate emplacement age of the pluton implying that it is coeval with emplacement of 510 

the youngest phases of the Main Donegal pluton.   511 

 512 

Analyses with anomalously young apparent dates probably represent a partial, post-513 

crystallization disturbance of the U‐Pb system (Figs. 6, 7 and 9; Appendix B). These younger 514 

apparent dates represent only 6% of all concordant dates (n=28/448). In addition, many zircon 515 

and titanite grains with single analyses or core analyses in zoned crystals contain older domains 516 

(32%, n=145/448).  517 

 518 

Zircon and titanite age comparison 519 

To quantify the similarity of the zircon and titanite ages, we compared the difference between the 520 

ages and quantified the uncertainty in the difference (Table 2). The uncertainty in the difference 521 

is calculated using √ [(σx2) + (σy2)] where σx and σy are the 2SE (sys) uncertainty in the zircon 522 



and titanite ages. If the uncertainty is greater than the difference, the ages are statistically 523 

equivalent. Of the eight samples with both zircon and titanite ages, seven have statistically 524 

equivalent ages (Table 2). The exception is sample DA18-047 which has a U-Pb zircon age of 525 

408 ± 3 Ma and a U-Pb titanite age of 418 ± 6 Ma (Table 2). All titanite data are from a large, 526 

euhedral titanite grain (Fig. 8h) whereas the zircon data used in the weighted-mean age 527 

calculation are from 39 analysis locations on 39 different zircon grains. Twenty-three of these 528 

zircon grains have dates that are within the 2SE (sys) uncertainty of the weighted-mean U-Pb 529 

titanite age (Appendix C).  530 

 531 

Relationship to previous geochronological studies 532 

Previously published precise geochronological constraints are limited for the plutons in the 533 

Donegal composite batholith. The interpretation of a ca. 434 Ma crystallization age for the 534 

appinite suite peripheral to the Ardara pluton based on 40Ar/39Ar hornblende ages, (Murphy et 535 

al., 2019) is supported by the statistically equivalent U-Pb (titanite) data of 431 ± 6 Ma from the 536 

same suite (sample DA19-065).  537 

 538 

The 404 ± 10 Ma age for the Trawenagh Bay pluton compares with the multigrain ID-TIMS U-539 

Pb monazite age of 411 ± 2 Ma (Halliday et al., 1980). The unpublished U-Pb date of ca. 451 Ma 540 

quoted in Vernon and Paterson (1993) is older than the calculated ages for the Ardara pluton but 541 

is similar (within uncertainty) to the ca. 450 Ma age of inherited zircons in the Ardara, Fanad, 542 

Thorr, Main Donegal, and Barnesmore plutons (Appendix B2, Appendix C). The volumetrically 543 

minor Sperrin Mountain suite, located approximately 30 km east of the Barnesmore pluton, has a 544 

CA-ID-TIMS U-Pb zircon age of 426.69 ± 0.85 Ma, consistent with the correlation between the 545 



Sperrin Mountain suite and the Ardara pluton based on similar lithogeochemical characteristics  546 

(Cooper et al., 2013).   547 

 548 

Unpublished CA-ID-TIMS ages (Condon et al., 2004) indicate the same sequence of intrusions 549 

in the construction of the Donegal composite batholith (Fig. 10). Although, it was not possible to 550 

quantify their statistical equivalence, our LA-ICP-MS zircon ages overlap within 2SE (sys) 551 

uncertainty with these ages (Fig. 10).  552 

 553 

Relationship between felsic and mafic magmatism 554 

Three sample pairs of mafic enclaves and their host granitoid rocks, including one pair from each 555 

of the Ardara, Thorr and Fanad plutons allow an evaluation of the age relationships between the 556 

mafic and felsic lithologies for the same pluton (Figs. 2 and 3). The Ardara pluton samples 557 

(enclave sample DA18-056 and granodiorite sample DA18-057) have equivalent ages using both 558 

the zircon and titanite data (Table 2). The zircon ages for the Fanad pluton samples (enclave 559 

sample DA18-014 and diorite sample DA18-015) are also equivalent (Table 2). However, U-Pb 560 

analysis of titanite yields an imprecise age of 404 ± 15 Ma for the enclave. Texturally, the 561 

titanites in the enclave are mostly small (ca. <50 m) and anhedral indicating possible 562 

recrystallization and disturbance of the U-Pb system. U-Pb dates of small titanite grains are more 563 

susceptible to partial resetting (Kirkland et al., 2016). The zircon ages for the Thorr pluton 564 

samples (mafic enclave sample DA18-022 and granodiorite sample DA18-023) are different 565 

(Table 2). The enclave has a zircon age of 429 ± 3 Ma whereas the granodiorite has an age of 566 

420 ± 3 Ma. We interpret this age difference to indicate entrainment of an appinite suite xenolith 567 

into the Thorr pluton (Fig. 3) because the mafic enclave has the same mineralogy as the appinite 568 



suite. We were unable to date titanite in mafic enclave sample DA18-022 because dateable 569 

titanite grains were not present in the polished thin section. 570 

 571 

The emplacement age of the appinite suite overlaps with the emplacement of the Ardara pluton.  572 

The titanite age of 426 ± 2 Ma (appinite sample DA19-088) is equivalent to the crystallization 573 

age of both granitoid samples collected from the Ardara pluton (423 ± 5 Ma, sample DA18-051 574 

and 426 ± 3 Ma, sample DA18-057). In addition, titanite from the appinite suite has the same age 575 

as mafic enclave sample DA18-056 (427 ± 4 Ma). Thus, the early appinite intrusions overlap in 576 

space and time with the emplacement of the early granitoid plutons in the Donegal composite 577 

batholith. The youngest U-Pb titanite age collected from the Mulnamin More appinite is 419 ± 5 578 

Ma (sample DA19-082). These data, together with the range in ages of the mafic enclaves (ca. 579 

429-416 Ma) in the Ardara, Thorr and Fanad plutons, provide evidence for ongoing mafic 580 

magmatism during sequential emplacement of the granitoid plutons (Fig. 10). Coeval mafic and 581 

felsic magmatism supports the conclusion of Archibald and Murphy (2020) that mafic magmas 582 

were intimately associated with felsic magmas during the formation of the Donegal composite 583 

batholith.  584 

 585 

Inheritance and implications for batholith assembly processes 586 

CL images indicate that zircon from our samples of the Donegal composite batholith have 587 

complex, zoned growth patterns and include xenocrysts and antecrysts in addition to the 588 

autocrystic zircon population that dates the emplacement of each sample (Fig. 5). These textures 589 

combined with the older ages implies partial dissolution of earlier formed zircon and new zircon 590 

growth during a long-lived, polyphase magmatic evolution. An investigation into the assembly of 591 



a Himalayan leucogranite pluton using monazite showed incremental pluton assembly and that 592 

the dominant source of inheritance was from the melt source region(s) rather than assimilation of 593 

pre-existing magmas (Cottle et al., 2019).  594 

 595 

Thirty-two titanite and 64 zircon dates are between ca. 460 and 425 Ma and considered part of 596 

the inherited (rather than autocrystic) population in their respective samples (Table 2). 597 

Antecrysts with dates between ca. 435 and 425 Ma from the Thorr, Fanad, Main Donegal, 598 

Barnesmore, and Trawenagh Bay plutons are coeval with the ages of appinite suite and the 599 

Ardara pluton. These younger plutons were emplaced as discrete magma batches that collected 600 

and transported the antecrystic grains to shallower crustal levels (Fig. 12). Thus, antecrystic dates 601 

younger than ca. 437 Ma in these plutons are interpreted to represent zircon and titanite growth 602 

during a lower crustal incubation period of magmatism that began during the initial stages of the 603 

Scandian orogeny.  604 

 605 

The geological significance of grains with dates between ca. 460 and 438 Ma (n = 61) is 606 

uncertain because of the limitations inherent in the LA-ICP-MS dating method. For example, the 607 

precision on individual spot analyses is between 8 and 15 myr (Appendix C) making it difficult 608 

to attribute a single date to a distinct tectonic event. Another challenge is that CL imaging only 609 

reveals the growth zoning exposed on the polished zircon surface. A typical LA-ICP-MS 610 

analysis excavates pits 3 to 5 m deep and could ablate multiple, narrow growth zones. If they 611 

represent an antecrystic population, then they would record a hitherto undetected magmatic 612 

‘incubation period’ (e.g., Miles and Woodcock, 2018) that emplacement of the oldest batholith, 613 

and would represent early crystallization of zircon and titanite from early batches of silicic 614 



magma trapped in a lower crustal magmatic zone (LCMZ). This possibility remains to be tested 615 

using other analytical methods. Alternatively, these dates could represent mixing of Grampian-616 

and Scandian-aged growth domains encountered during excavation by the laser, resulting in 617 

intermediate ages with no geological significance. Although the 96 individual zircon and titanite 618 

dates between ca. 460 and 435 Ma indicate a thermal event likely preceded emplacement of the 619 

batholith, the age and regional tectonic significance of this event is not resolvable with our 620 

current dataset.  621 

 622 

Zircon and titanite dates older than ca. 460 Ma are interpreted as xenocrysts (n=49). Ten grains 623 

with xenocrystic textures have dates between ca. 490 and 460 Ma (Fig. 11). These grains likely 624 

crystallized during regional metamorphism and magmatism associated with the Grampian 625 

orogeny (Dewey and Ryan, 2015; Flowerdew et al., 2000; Friedrich et al., 1999a). Only single 626 

titanite dates at ca. 460 Ma in sample DA18-057 (Ardara pluton) and DA19-065 (appinite suite) 627 

record similar ages and are likewise interpreted as a product of the Grampian orogeny. 628 

 629 

Several samples contain Cryogenian (ca. 670-665 Ma, n=2), Ediacaran (ca. 574 Ma, n=1) and 630 

Cambrian (ca. 535-516 Ma, n=3) xenocrystic zircon grains (Fig. 11). The geological significance 631 

of these dates in uncertain because the Laurentian margin is widely interpreted as a passive 632 

margin over this interval (Dewey et al., 2015; van Staal et al., 2009). Rift-related volcanic and 633 

plutonic rocks in the Scottish Dalradian and Moine supergroups are ca. 600-580 Ma (Kinny et 634 

al., 2003b; Oliver et al., 2008). Strachan et al. (2013) dated five detrital zircon grains with dates 635 

at ca. 576 Ma and attributed their apparent ages to metamorphism and/or fluid-mediated 636 

alteration during magmatism and it is possible these dates reflect similar processes. 637 



 638 

Proterozoic xenocrystic grains comprise a large population (n=31) with dates ranging between 639 

ca. 2003 and 919 Ma and populations clustering at ca. 2000 Ma, 1730 Ma, 1100 Ma and 980 Ma 640 

(Fig. 11a). Two Neoarchaean titanite domains in sample DA18-015 (Fanad pluton) have dates of 641 

ca. 2810 and 2704 Ma (Fig. 11b). These xenocrystic populations broadly correspond with detrital 642 

zircon populations recorded in the Dalradian Supergroup (Fig. 11; Banks et al., 2007; Cawood et 643 

al., 2003; Johnson et al., 2016; McAteer et al., 2010; Strachan et al., 2013). Alternative sources 644 

for the late Palaeoproterozoic (ca. 1780-1750 Ma), late Mesoproterozoic (ca. 1177-1015 Ma) and 645 

early Neoproterozoic (ca. 995-960 Ma) zircon are found in northwestern Ireland exposed in the 646 

Annagh Gneiss Complex (Daly, 1996) and the Rhinns Complex (Daly et al., 1991). 647 

 648 

Field evidence provided by mafic enclaves and the U-Pb data are consistent with a slab-failure 649 

model (Archibald and Murphy, 2020; Atherton and Ghani, 2002) whereby mafic magmas 650 

underplated the crust, assimilated and mingled with continental crust and felsic magmas (Fig. 651 

12). These magmas resided in the LCMZ until ca. 435-430 Ma when the mafic magmas 652 

exploited the Main Donegal shear zone and other major faults to be emplaced as appinite 653 

complexes and lamprophyre dykes (Fig. 12a). Felsic magmas ascended as discrete magma pulses 654 

for more than 30 Myr, incrementally forming the discrete granitoid plutons that comprise the 655 

Donegal composite batholith. Crustal-scale structures within the Main Donegal shear zone 656 

(Hutton, 1982) acted as pathways to transport the magma pulses. The emplacement of the oldest 657 

(Ardara) granitoid pluton at ca. 427 Ma included transported mafic enclaves and antecrysts from 658 

the LCMZ (Fig. 12d) resulting in many grains having antecrystic cores mantled by autocrystic 659 

rims (Figs. 4 and 5). 660 



 661 

Emplacement of the Thorr, Fanad and early phases of the Main Donegal plutons occurred 662 

between ca. 422 and 415 Ma (Fig 12b). These granitoid magma pulses partially assimilated both 663 

older and coeval, volumetrically subordinate mafic intrusions. As a result, these mafic intrusions 664 

are only preserved as enclaves, disaggregated mafic mineral accumulations or volumetrically 665 

subordinate intrusions located only along the margin of the batholith. Furthermore, the granitoid 666 

magmas may have formed a rheological barrier that prevented mafic magmas from ascending to 667 

the same crustal level, except along shear zones located along the periphery (Fig. 12d; Murphy, 668 

2020). The paucity of coeval mafic plutons or mafic enclaves in the youngest plutons emplaced 669 

between ca. 415 and 400 Ma suggests coeval mafic magmas were unable to ascend and penetrate 670 

the upper crust.  671 

 672 

SUMMARY AND CONCLUSIONS 673 

Our results for the Donegal composite batholith support a prolonged and dynamic magma 674 

emplacement spanning ca. 30 myr between ca. 430 and 400 Ma. Imaging of dated minerals 675 

reveals complexly zoned grains with distinct autocrysts, antecrysts, and xenocrysts 676 

demonstrating a complex magmatic history. Early magma production and the crystallization of 677 

antecrysts was likely initiated by ca. 437 Ma during the initial stages of the Scandian orogeny. 678 

The antecrysts began growing during this incubation period in the LCMZ and included both 679 

mafic and felsic magmas. Antecrysts, therefore, provide a window into early magmatic processes 680 

not presently exposed at the level of erosion. Emplacement of the oldest plutons (the appinite 681 

suite) began at ca. 434 Ma. The granitoid plutons were emplaced episodically between ca. 427-682 

423 Ma (Ardara pluton) and ca. 400 Ma (the latest phases in the Main Donegal and Trawenagh 683 



Bay plutons). Although apparently volumetrically minor, dating of spatially associated mafic 684 

rocks (appinite suite, lamprophyre dikes, and mafic enclaves in granitoid plutons) indicates 685 

ongoing mafic magmatism during emplacement of the Donegal composite batholith.  686 

 687 

This study highlights the importance of imaging and the targeting of specific growth domains 688 

when investigating magmatic processes. Although LA-ICP-MS lacks the analytical precision of 689 

CA-ID-TIMS, its ability to target discrete growth domains within zoned crystals implies that it is 690 

readily applicable to the study of the complex plumbing systems that construct granitoid 691 

batholiths. Mafic magmas have a fundamental role in the generation of the felsic magmas as 692 

shown by intimate field relationships and because mafic magmatism both pre-dates and 693 

continued during emplacement of the granitoid rocks. An antecrystic mineral population 694 

indicates a prolonged magma incubation period in a LCMZ prior to emplacement of plutons at 695 

middle to upper crustal levels, the duration of which should be tested using alternative in situ U-696 

Pb dating methods.  697 
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 713 

FIGURE CAPTIONS 714 

Fig. 1 715 

Palaeogeographic reconstruction of the Appalachian-Caledonian Orogen (modified after Pollock 716 

et al., 2012 and Waldron et al., 2014), showing the location of the study area in northwestern 717 

Ireland. Abbreviations: DHF, Dover–Hermitage Bay fault; GGF, Great Glen Fault; HBF, 718 

Highland Boundary fault; LF, Leannan Fault; MFZ, Minas Fault zone; NHT, Northern Highland 719 

terrane; RIL, Red Indian Line; SUF, Southern Uplands fault. 720 

 721 

Fig. 2 722 

Simplified geological map of the composite Donegal composite batholith (modified after Ghani 723 

and Atherton, 2008 and Pitcher and Berger, 1972). Approximate location of the Main Donegal 724 

shear zone is after Hutton and Alsop (1996). Coordinates are in the Irish Transverse Mercator 725 

projection. DA##- prefixes are removed from sample numbers to improve map clarity. 726 

Abbreviations: bt, biotite; ms, muscovite. 727 

 728 

Fig. 3 729 



Representative outcrop photographs of the Donegal composite batholith. (a) textural layering in 730 

appinite (DA19-082); (b) coarse-grained appinite (DA19-088); (c) field relationships in the 731 

Ardara pluton at the sampling location of DA18-056 (mafic enclave) and DA18-057 732 

(granodiorite); (d) mafic enclaves (DA18-022) in the Thorr pluton (DA18-023) (e) 733 

metasedimentary xenoliths from the Dalradian Supergroup entrained in the xenolithic facies of 734 

the Fanad pluton; (f) strongly foliated granite in the Main Donegal pluton (DA18-032); (g) 735 

representative photo of the Rosses pluton (DA18-008); (h) representative photo of the 736 

Barnesmore pluton (DA18-048); and (i) representative photo of the Trawenagh Bay pluton 737 

(DA18-044).  The pen is ~15cm in length in (a), (b), (f), (h) and (i).  The hammer in (c), (d) and 738 

(g) is ~25cm in length and the hammer in (e) is ~35cm in length.  739 

 740 

Fig. 4 741 

Cathodoluminescence (CL) images of representative zircon from samples of plutons from the 742 

Donegal composite batholith. Analysis locations and 206Pb/238U dates with propagated two 743 

standard deviation uncertainty are listed beside each image. The ~45m diameter circles on some 744 

of the zircons (e.g., grain 056-01) are hafnium isotope analysis locations. 745 

 746 

Fig. 5 747 

Representative CL images of zircon from two samples of the Thorr pluton (DA18-023 and 748 

DA18-047) showing examples of autocrysts (a), antecrysts (b) and xenocrysts (c). In (a), the 749 

autocrysts show oscillatory zoning and sector zoning. (b) Antecrysts have oscillatory-zoned core 750 

domains and irregular, embayed margins that are mantled by oscillatory-zoned rims. (c) Zircon 751 

xenocrysts with distinct core and rim domains with different grown zoning. In zircon 023-41, 752 



both domains exhibit oscillatory zoning but they show markedly different CL response. In zircon 753 

047-69, the core is highly fractured with oscillatory zoning while the rim is unzoned.  754 

 755 

Fig. 6 756 

Concordia diagrams for concordant U-Pb zircon data from samples of the Ardara (a) DA18-051; 757 

(b) DA18-056; (c) DA18-057 and Thorr (d) DA18-004; (e) DA18-011; (f) DA18-022; (g) DA18-758 

023; (h) DA18-047 plutons. Data point error ellipses are 2σ. Appendix B2 provides a summary 759 

of the interpreted ages of each sample. 760 

 761 

Fig. 7 762 

Concordia diagrams for concordant U-Pb zircon data from samples of the Fanad (a) DA18-014; 763 

(b) DA18-015; (c) DA18-018, Main Donegal (d) DA18-026; (e) DA18-029; (f) DA18-032, 764 

Rosses (g) DA18-008, Trawenagh Bay (h) DA18-044, and Barnesmore (i) DA18-048 plutons. 765 

Appendix B2 provides a summary of the interpreted ages of each sample. 766 

 767 

Fig. 8 768 

Photomicrographs of representative titanite grains from samples of the Donegal composite 769 

batholith. (a) Grain A in sample DA19-065; (b) grain B in sample DA19-082; (c) grains E1 and 770 

E3 in sample DA19-088; (d) grain 4 in sample DA18-051; (e) grain 2 in sample DA18-056; (f) 771 

grain 3 in sample DA18-057; (g) grain 1 in sample DA18-023; (h) grain 1 in sample DA18-047; 772 

(i) grain 2 in sample DA18-014; (j) grain 4 in sample DA18-015; and (k) grain 2 in sample 773 

DA18-026. Analysis location circles are approximately 45m. The 206Pb/238U date with 2SE-774 

propagated uncertainty is shown alongside each spot. Only spots yielding ± ≤ 10% discordant 775 



data are labelled. Abbreviations: act, actinolite; ap, apatite; bt, biotite; chl, chlorite; hbl, 776 

hornblende; mc, microcline; pl, plagioclase; qtz, quartz; ttn, titanite; zrc, zircon. 777 

 778 

Fig. 9 779 

Concordant U-Pb titanite data plotted on concordia diagrams. The appinite suite (a) sample 780 

DA19-065. Inset is a kernel density estimate showing the two populations of concordant data 781 

sample; (b) sample DA19-082. Inset is a probability density estimate constructed using the age 782 

unmix function in Isoplot showing the two populations of concordant data; (c) DA19-088, the 783 

Ardara pluton (d) DA18-051; (e) sample DA18-056; (f) sample DA18-057, the Thorr pluton (g) 784 

sample DA18-023; (h) sample DA18-047, the Fanad pluton (i) sample DA18-014; (j) sample 785 

DA18-015; and the Main Donegal pluton (k) sample DA18-026. Data point error ellipses are 2σ. 786 

Appendix B4 provides a summary of the interpreted ages of each sample.  787 

 788 

Fig. 10 789 

Summary of zircon and U-Pb titanite ages for the Donegal composite batholith. The age of the 790 

Scandian orogeny is from Strachan et al. (2020). Two Ar-Ar in hornblende ages from the 791 

appinite suite are from Murphy et al. (2019). Zircon age range is from unpublished ID-TIMS U-792 

Pb ages (Condon et al., 2004).  793 

 794 

 795 

Fig. 11 796 

Kernel density diagram comparing inherited U-Pb zircon and titanite dates to detrital zircon U-797 

Pb dates from Neoproterozoic Dalradian Supergroup metasedimentary rocks in Scotland (Banks 798 



et al., 2007; Cawood et al., 2003; Johnson et al., 2016; McAteer et al., 2010; Strachan et al., 799 

2013). (a) Inherited U-Pb zircon dates; (b) Inherited U-Pb titanite dates; and (c) detrital zircon 800 

signature. The left panel includes all data and the right panel includes data with dates between ca. 801 

1000 and 400 Ma. The band showing the emplacement age of the Donegal composite batholith is 802 

from this study. The age of the ca. 490 to 460 Ma Grampian orogeny deformation and 803 

metamorphism in the Caledonian orogeny is from Chew and Strachan (2014), Dewey and Ryan 804 

(2015), Johnson et al. (2017) and Soper et al. (1999). The depositional age of the Dalradian 805 

Supergroup (ca. 800 to 520 Ma) is from Prave et al. (2009) and Tanner and Pringle (1999). 806 

Kernel density diagrams were constructed using IsoplotR (Vermeesch, 2018) using a kernel and 807 

histogram bandwidth of 25 for the left panel. The data in the right panel were plotted using a 808 

kernel bandwidth of 20 and a histogram bandwidth of 10.  809 

 810 

Fig. 12 811 

Schematic diagram depicting the emplacement model for the Donegal composite batholith based 812 

on the models of Murphy (2020), Miles and Woodcock (2018) and Miller et al. (2007). (a) The 813 

early Scandian orogeny (ca. 440-425 Ma), formation of the lower crust magmatic zone (LCMZ) 814 

and emplacement of the early appinite complexes and the Ardara pluton. (b) Continued crustal 815 

melting and emplacement of the Thorr, Fanad and early phases of the Main Donegal pluton 816 

between ca. 422 and 415 Ma. (c) Emplacement of the Rosses, Barnesmore, Trawenagh Bay and 817 

the last phases of the Main Donegal pluton between ca. 415 and 400 Ma. (d) Enlarged view of 818 

(c) showing schematic depictions of processes affecting titanite and zircon grains during magma 819 

emplacement. See main text for additional information. The present level of erosion is 820 

approximately 8 to 10 km deep based on emplacement pressures (2.5 ± 0.5 kbar) calculated from 821 



contact metamorphic mineral assemblages in the aureole of the Ardara pluton (Kerrick, 1987). 822 

Abbreviations: LCMZ, lower crust magmatic zone; SCLM, subcontinental lithospheric mantle. 823 

 824 

TABLE CAPTIONS 825 

Table 1 826 

Summary of sample location, pluton, pluton subdivision, rock type, mineralogy and textures of 827 

samples of the Donegal composite batholith. Pluton subdivisions follow Pitcher and Berger 828 

(1972). Coordinates are in the Irish Transverse Mercator projection. Abbreviations: RG, Rosses 829 

granite; Xeno, xenolithic facies in the Fanad pluton; TBay, Trawenagh Bay; BG, Barnesmore 830 

granite; ArG, Ardara granite; bt, biotite; ms, muscovite; gt, garnet. 831 

 832 

Table 2  833 

Summary of U-Pb zircon and titanite ages for the Donegal composite batholith 834 

 835 

SUPPLEMENTARY FILES 836 

Appendix A – Analytical methods 837 

 838 

Appendix B – Supplementary tables 839 

 840 

B1 841 

Summary of zircon characteristics. Abbreviations: L, length; W, width; CL, 842 

cathodoluminescence.  843 

 844 



B2 845 

Zircon U-Pb age deduction summary and notes. Abbreviations: n, number of zircon analyses; 846 

%conc, concordance interval calculated using the 207Pb/235U and 206Pb/238U dates; MSWD, mean 847 

square of weighted deviates. 848 

 849 

B3 850 

Summary of titanite characteristics. Note that the maximum titanite size in mm are provided but 851 

grains have a wide size range in most samples.  852 

 853 

B4 854 

Titanite U-Pb age deduction summary and notes. Abbreviations: n, number of titanite analyses; 855 

%conc, concordance interval calculated using the 207Pb/235U and 206Pb/238U dates; MSWD, mean 856 

square of weighted deviates. 857 

 858 

Appendix C – U-Pb data 859 
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Table 1 – Sample information 1126 

 1127 
Sample Longitude Latitude Pluton Subdivision Rock type 

DA18-004 575353 921061 Thorr Main Granite 

DA18-008 577483 912559 Rosses RG3 
Bt-ms-gt-
granite 

DA18-011 572556 922020 Thorr Gola Bt-granite 

DA18-014 622208 948023 Fanad Enclave Gabbro 

DA18-015 622208 948023 Fanad Main Diorite 

DA18-018 613318 943635 Fanad Xeno Diorite 

DA18-022 582184 934552 Thorr Enclave Gabbro 

DA18-023 582184 934552 Thorr Main Granodiorite 

DA18-026 601770 924776 Main Donegal Main Granite 

DA18-029 608517 925870 Main Donegal Main Granite 

DA18-032 590644 903416 Main Donegal Main 
Granite 

(foliated) 

DA18-044 578582 904829 Trawenagh Bay TBay3 Ms-bt-granite 

DA18-047 581988 919808 Thorr Main Granodiorite 

DA18-048 603722 886670 Barnesmore BG2 Syenogranite 

DA18-051 575454 895312 Ardara ArG3 Granodiorite 

DA18-056 574445 897582 Ardara Enclave Gabbro 

DA18-057 574445 897582 Ardara ArG2 Granodiorite 

DA19-065 571225 892664 Appinite suite - Appinite 

DA19-082 578973 898987 Appinite suite - Appinite 

DA19-088 578973 898987 Appinite suite - Appinite 
 1128 
Pluton subdivisions are from Pitcher and Berger (1972). Coordinates are in the Irish Transverse 1129 

Mercator projection. Abbreviations: RG, Rosses granite; Xeno, xenolithic facies of the Fanad 1130 

pluton; TBay, Trawenagh Bay; BG, Barnesmore granite; ArG, Ardara granite; Ms, muscovite; 1131 

Bt, biotite; Gt, garnet.1132 



Table 2 – Summary of U-Pb ages and dates from zircon and titanite in the Donegal composite batholith 1133 

 1134 

Sample Pluton 
U-Pb zircon age 
(Ma ± 2SE sys) 

U-Pb titanite age 
(Ma ± 2SE sys) 

Difference 
(Ma ± 2SE) 

Equal 
Antecrysts? Xenocrysts 

Zircon (Ma) Titanite (Ma) Zircon (Ma) Titanite (Ma) 

DA18-004 Thorr 415 ± 5 - - - ca. 434-428 (n=3) - - - 

DA18-008 Rosses 418 ± 5 - - - ca. 449-437 (n=4) - - - 

DA18-011 Thorr 412 ± 5 - - - ca. 437, 425 - ca. 466 - 

DA18-014 Fanad 416 ± 4 404 ± 15 12 ± 16 Yes ca. 450, 433 - - - 

DA18-015 Fanad 418 ± 3 422 ± 3 4 ± 4 Yes ca. 452, 433 ca. 433 (n=2) ca. 1103, 463 ca. 2669, 2580 

DA18-018 Fanad 411 ± 3 - - - ca. 435, 428 - - - 

DA18-022 Thorr 429 ± 3 - - - ca. 445-436 (n=8) - ca. 950 - 

DA18-023 Thorr 420 ± 3 420 ± 4 0 ± 5 Yes ca. 443-434 (n=5) - ca. 1294, 1024, 989 - 

DA18-026 Main Donegal 414 ± 3 418 ± 2 4 ± 4 Yes ca. 443-428 (n=5) - - - 

DA18-029 Main Donegal 419 ± 13 - - - ca. 452, 430 - 
ca. 1873, 1303, 1165, 1076, 1041, 

1032, 989, 982, 669, 667,  
- 

DA18-032 Main Donegal ca. 400 - - - - - 
ca. 1699, 1516, 1413, 1400, 1238, 

1179, 1176, 1110, 1064, 1050, 1024, 
1003, 1002, 974 

- 

DA18-044 Trawenagh Bay ca. 404 - - - ca. 440, 427 - ca. 1327, 482 - 

DA18-047 Thorr 408 ± 3 418 ± 6 10 ± 7 No ca. 427 - ca. 486 - 

DA18-048 Barnesmore 412 ± 6 - - - ca. 444, 433 - ca. 1171, 457 - 

DA18-051 Ardara 423 ± 5 428 ± 4 5 ± 6 Yes ca. 456-434 (n=13) ca. 453-439 (n=5) 
ca. 1738, 583, 
471-462 (n=4) 

- 

DA18-056 Ardara 427 ± 4 429 ± 2 2 ± 4 Yes ca. 443-439 (n=3) ca. 451-438 (n=4) - - 

DA18-057 Ardara 426 ± 3 428 ± 3 2 ± 4 Yes ca. 457-441 (n=8) ca. 444-437 (n=6) ca. 919 ca. 574, 516, 460 

DA19-065 Appinite suite - 431 ± 6 - - - ca. 461-445  (n=7) - - 

DA19-082 Appinite suite - 419 ± 5 - - - ca. 451-437 (n=5) - - 

DA19-088 Appinite suite - 426 ± 2 - - - ca. 452-440 (n=3) - - 

1135 
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Table B1 – Summary of zircon characteristics 
 

Sample Colour Size (µm) Aspect ratio 
(L:W) Morphology CL internal zoning 

DA18-004 colorless, transparent, 
pale yellow 25-400 2:1 - 4:1 mainly euhedral Oscillatory zoning in most grains, few 

have dark cores and bright rims,   

DA18-008 colorless, pale brown 25-200 2:1 - 3:1 subhedral to 
euhedral 

Oscillatory zoning, bright cores with 
darker rims 

DA18-011 colorless, pale yellow 25-300 2:1 - 3:1 mainly subhedral to 
euhedral 

Oscillatory and irregular zoning, some 
grains contain apatite inclusions 

DA18-014 colorless, transparent 25-250 1:1 - 3:1 subhedral Oscillatory and sector zoning, some 
grains have dark cores and bright rims 

DA18-015 colorless, transparent 25-250 2:1 - 3:1 mainly euhedral to 
subhedral 

Oscillatory and sector zoning, some 
grains have dark cores and brighter rims 

DA18-018 transparent, pale 
yellow, colorless 25-250 2:1 - 5:1 mainly euhedral Oscillatory and sector zoning, some 

grains have dark cores and brighter rims 

DA18-022 colorless to pale 
brown 25-500 2:1 - 3:1 mainly subhedral Oscillatory zoning, most grains are dark 

and unzoned with a narrow bright rim 

DA18-023 colorless to pale 
brown 25-400 2:1 - 3:1 mainly euhedral to 

subhedral Oscillatory and sector zoning 

DA18-026 transparent, pale 
brown, colorless 25-500 2:1 - 4:1 mainly euhedral to 

subhedral  
Oscillatory zoning, some grains have dark 

cores and brighter rims 

DA18-029 colorless to pale 
brown 25-250 2:1 -3:1 mainly subhedral Bright, oscillatory zoning in cores and 

dark, unzoned rims 

DA18-032 colorless to pale 
yellow 25-400 2:1 - 3:1 mainly subhedral Bright, oscillatory zoning in cores and 

dark, unzoned rims 

DA18-044 colorless to pale 
brown 25-250 2:1 - 3:1 mainly subhedral Oscillatory zoning, brighter cores with 

darker rims 

DA18-047 transparent, colorless, 
pale yellow 25-400 2:1 - 5:1 mainly euhedral to 

subhedral 
Oscillatory and sector zoning, some 

grains have dark cores and brighter rims 

DA18-048 colorless to pale 
brown 25-300 2:1 - 3:1 mainly subhedral Oscillatory zoning 

DA18-051 colorless, transparent 25-300 2:1 - 4:1 mainly subhedral to 
euhedral Oscillatory and minor irregular zoning 

DA18-056 colorless, transparent, 
pale yellow 25-200 2:1 -3:1 mainly euhedral to 

subhedral 
Oscillatory and sector zoning, some 

grains have irregular zoning 

DA18-057 colorless, transparent 25-200 1:1 - 3:1 mainly euhedral to 
subhedral 

Oscillatory and sector zoning, some 
grains have irregular zoning  

 
Abbreviations: L, length; W, width; CL, cathodoluminescence



Table B2 – Zircon U-Pb age deduction notes 
Sample n n  

concordant 
Weighted-mean 

(Ma ± 2SE) MSWD Concordia age 
(Ma ± 2SE) MSWD Remarks 

DA18-004 
(Thorr) 38 19 414 ± 4 (n=11) 0.8 - - Three core/rim pairs have equivalent dates. Three concordant analyses have dates at 

ca. 400 Ma represent Pb-loss. Five concordant dates at ca. 434-422 Ma are inherited. 

DA18-008 
(Rosses) 33 7 420 ± 6  (n=4) 0.6 - - Two core/rim pairs yielded at least one discordant date. One grain represents Pb-loss. 

Three inherited grains have dates between ca. 439-437 Ma. 

DA18-011 
(Thorr) 42 16 413 ± 5  (n=10) 1.5 413 ± 4  (n=10) 0.1 

Three grains with dates less than 400 Ma represent Pb-loss. Three older grains are 
inherited (Appendix C). One core/rim pair has equivalent dates within 2SE (sys) 

uncertainty. One core/rim pair has non-equivalent dates (425 ± 13 Ma and 399 ± 12 
Ma). Two core/rim pairs have discordant dates. 

DA18-014 
(Fanad) 33 18 416 ± 4 (n=15) 1.5 - - Two core/rim pairs have equivalent dates within 2SE (sys) uncertainty. One grain 

represents Pb-loss. Two inherited grains are 450 ± 12 and 433 ± 10 Ma.  

DA18-015 
(Fanad) 51 46 418 ± 3  (n=39) 1.4 418 ± 3  (n=39) 0.7 

Five core/rim pairs have equivalent dates within 2SE (sys) uncertainty. Three core-rim 
pairs have different dates. One core/rim pair yields at least one discordant date. Three 
dates at ca. 400 Ma represent Pb-loss. Four older dates are inherited (Appendix C). 

DA18-018 
(Fanad) 62 43 411 ± 3  (n=37) 1.4   One grain at ca. 390 Ma represents Pb-loss. Five inherited grains have dates between 

ca. 435-425 Ma. 

DA18-022 
(Thorr) 52 15 428 ± 3 (n=6) 0.3 - - 

Two concordant core/rim pairs have equivalent dates within 2SE (sys) uncertainty. 
Seven core/rim pairs yield at least one discordant date. One concordant grain (ca. 416 
Ma) represents Pb-loss. Seven dates between ca. 445 and 435 Ma are inherited. One 

inherited core in a grain is ca. 950 Ma. 

DA18-023 
(Thorr) 62 42 420 ± 3  (n=34) 1.1   

A cluster of five inherited grains yields a weighted-mean date of 438 ± 5 Ma (MSWD 
0.6). Other inherited grains have dates of ca. 1294, 1024 and 989 Ma. One concordant 
core/rim pair has equivalent dates within 2SE (sys) uncertainty. Two core/rim pairs yield 
at least one discordant date. Two core/rim pairs yielded different dates (1024 ± 30 and 

421 ± 12 Ma; 1294 ± 37 and 429 ± 13 Ma). 

DA18-026 
(MDG) 65 46 414 ± 3  (n=31) 1.4 - - 

Five concordant core/rim pairs have equivalent dates within 2SE (sys) uncertainty. Two 
core/rim pairs yield at least one discordant date. Two core/rim pairs yielded different 
dates (422 ± 13 and 395 ± 12 Ma; 434 ± 14 and 398 ± 12 Ma). Eight older grains 
between ca. 445 and 426 Ma are inherited. Seven grains with dates at ca. 400 Ma 

represent Pb-loss.  
Zircon analyses are deemed concordant if their 2SE (standard error) covaried error ellipse overlaps with the concordia curve. All 
weighted-mean age calculations use the 206Pb/238U ratios. Abbreviations: n, number of zircon analyses; MSWD, mean square of 
weighted deviates. Abbreviations: MDG, Main Donegal pluton; TBay, Trawenagh Bay pluton; Bmore, Barnesmore pluton.  



Table B2– Zircon U-Pb age deduction notes continued… 
Sample n n  

concordant 
Weighted-mean 

(Ma ± 2SE) MSWD Concordia age 
(Ma ± 2SE) MSWD Remarks 

DA18-029 
(MDG) 44 13 419 ± 13  (n=4) 2.1 419 ± 6  (n=4) 0.1 

Two grains with dates at ca. 395 Ma represent Pb-loss. Seven grains, mostly in zircon 
cores have inherited dates between ca. 1303 and 430 Ma. Eight core/rim pairs yield at 

least one discordant date. Three core/rim pairs yield different dates (Appendix C). 
Concordant data in three grains have rim analyses with extremely high U 

concentrations (>10,000ppm) and geologically improbable dates younger than ca. 200 
Ma.   

DA18-032 
(MDG) 30 15 ca. 400 Ma (n=2) - - - Two concordant grains at ca. 400 Ma. Thirteen inherited concordant dates are 

between ca. 1699 and 974 Ma (Appendix C). 
DA18-044 

(TBay) 8 4 ca. 404 Ma (n=1) - - - Youngest concordant grain is 404 ± 10 Ma. Three grains have dates of ca. 482 Ma, 
440 Ma and 427 Ma. 

DA18-047 
(Thorr) 52 48 408 ± 3  (n=39) 1.1 408 ± 3  (n=39) 0.2 

One core/rim pair yield equivalent dates within 2SE (sys) uncertainty. One core/rim 
pair yielded one discordant date. Seven concordant grains (ca. 390 Ma) represent Pb 

loss. Two concordant grains (ca. 486 and 427 Ma) are inherited.  

DA18-048 
(Bmore) 28 6 412 ± 26  (n=3) 3.9   

Data are highly discordant (Appendix C). Six concordant dates spread along 
concordia. Three concordant dates are likely inherited. Four core/rim pairs yielded at 

least one discordant date. 

DA18-051 
(Ardara) 49 11 ca. 424 (n=2)  - - 

Seven core/rim pairs yield at least one discordant date. Four concordant core/rim 
pairs yielded equivalent dates within 2SE (sys) uncertainty. An older population has a 

weighted-mean date of 447 ± 3 Ma (MSWD 0.8, n=5). Other grains have inherited 
dates of ca. 471 to 466 Ma (n=3) and ca. 1738 Ma 

DA18-056 
(Ardara) 53 6 428 ± 4 (n=4) 0.8 - - Eight core/rim pairs yielded at least one discordant date. Two grains with dates of ca. 

444 and 439 Ma are inherited.  

DA18-057 
(Ardara) 56 36 426 ± 4  (n=27) 1.3 426 ± 3  (n=27) 1.1 

One concordant core/rim pair has equivalent dates within 2SE (sys) uncertainty. Four 
core/rim pairs yielded at least one discordant date. One concordant core/rim pair 

yields different dates (ca. 457 and 421 Ma).  An inherited population between ca. 463-
440 Ma yields a weighted-mean date of 450 ± 8 Ma (MSWD 1.9, n=8).  

 
Zircon analyses are deemed concordant if their 2SE (standard error) covaried error ellipse overlaps with the concordia curve. All 
weighted-mean ages were calculated using the 206Pb/238U ratios. Abbreviations: n, number of zircon analyses; MSWD, mean square of 
weighted deviates. Abbreviations: MDG, Main Donegal pluton; TBay, Trawenagh Bay pluton; Bmore, Barnesmore pluton.



Table B3 – Summary of titanite characteristics 
 

Sample Morphology Max size (mm) Notes 

DA18-014 Mostly anhedral <1.0 
Rock is plagioclase porphyritic and titanite occurs in the 

groundmass, interstitial to quartz and biotite with inclusions of 
biotite and apatite 

DA18-015 Subhedral to 
euhedral <1.5 Minor fracturing, some grains contain inclusions of amphibole 

DA18-023 Euhedral <1.0 Fracturing, some titanite crystals are completely enclosed by 
perthitic microcline 

DA18-026 Anhedral to 
subhedral <1.25 Minor fracturing, long axis in elongate grains is oriented parallel 

to the foliation, inclusions of apatite 

DA18-047 Euhedral <2.5 All analyses in one, large grain. Fracturing, contains inclusions 
of quartz, apatite and an opaque mineral 

DA18-051 Subhedral to 
euhedral <1.0 Fractured, poikilitic with inclusions of biotite 

DA18-056 Anhedral to 
subhedral <1.25 Poikilitic with inclusions of green amphibole and apatite 

DA18-057 Subhedral to 
Euhedral <1.5 Minor fracturing 

DA19-065 Subhedral <1.0 Fractured, altered along fracture planes 

DA19-082 Anhedral to 
subhedral <0.75 Titanite is interstitial between amphibole grains and occurs as 

inclusions in amphibole 

DA19-088 Subhedral to 
anhedral <0.5 Titanite is interstitial between amphibole grains and occurs as 

inclusions in amphibole 



Table B4 – Titanite U-Pb age deduction notes 

Sample Number of 
grains Total n n 

concordant 
Weighted-mean 

(Ma ± 2σ) MSWD Concordia age 
(Ma ± 2σ) MSWD Remarks 

DA18-014 
(Fanad) 3 15 4 398 ± 25 (n=4) 0.4 - - Best date is an intercept of 404 ± 15 Ma (MSWD 1.8, 

n=15) 

DA18-015 
(Fanad) 5 23 17 422 ± 3 (n=8) 1.1 422 ± 2  (n=8) 1.7 

Five concordant dates at ca. 410-390 Ma represent Pb-
loss. Four older dates (two each at ca. 2600 Ma ca. 433 

Ma) are inherited.  
DA18-023 

(Thorr) 3 25 13 420 ± 4 (n=13) 1.9 419 ± 2  (n=12) 3.0 One older analysis omitted from concordia age 
calculation  

DA18-026 
(MDG) 4 44 24 413 ± 3 (n=22) 2.6 418 ± 2  (n=18) 1.7 Calculations omit younger domains that plot below the 

main cluster at ca. 418-413 Ma 

DA18-047 
(Thorr) 1 33 19 418 ± 6 (n=19) 0.5 418 ± 5  (n=19) 0.1 All analyses on one large grain. 

DA18-051 
(Ardara) 4 22 10 428 ± 4 (n=4) 0.3 429 ± 3 (n=4) 0.1 One concordant date (ca. 420 Ma) represents Pb-loss. 

Five concordant dates are inherited (ca. 455-440 Ma).  

DA18-056 
(Ardara) 3 30 22 429 ± 2 (n=16) 1.0 429 ± 2 (n=16) 0.4 

Concordia age calculated using cluster of 16 dates. Two 
young dates represent Pb-loss. Four concordant dates 

(ca. 450-438 Ma) are inherited. 

DA18-057 
(Ardara) 4 28 27 428 ± 3 (n=18) 1.0 429 ± 2 (n=18) 0.1 

Zones within three grains have inherited dates of ca. 
574, 516, 460 and ca. 444-435 Ma. Concordia age 

calculated using cluster of 18 dates. 
DA19-065 
(Appinite) 3 54 15 431 ± 6 (n=8) 2.4 432 ± 3  (n=8) 0.8 Older population of domains have a weighted-mean 

date of 450 ± 5 Ma (MSWD 1.2, n=7) 

DA19-082 
(Appinite) 4 20 8 419 ± 5 (n=3) 3.0 419 ± 4  (n=3) 1.0 Two age populations. The older population has a 

weighted-mean date of 447 ± 4 Ma (MSWD 0.9, n=5) 

DA19-088 
(Appinite) 7 29 25 426 ± 2 (n=17) 1.4 427 ± 2  (n=17) 1.5 

Five concordant dates in three grains represent Pb-loss. 
Three concordant inherited zones in two grains have 

dates between ca. 452 and 440 Ma. 
 
Titanite analyses are deemed concordant if their 2SE (standard error) covaried error ellipse overlaps with the concordia curve. All 
weighted-mean ages were calculated using the 206Pb/238U ratios. Weighted-mean age calculations include only concordant data. 
Abbreviations: n, total number of titanite analyses; MSWD, mean square of weighted deviates; MDG, Main Donegal pluton. 
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Detailed analytical methods 
 
Zircon 
Heavy minerals were separated from approximately 0.5-1 kg of each sample using electronic 
pulse disaggregation to fragment the rock samples along grain boundaries and fractures in the 
laboratories of Overburden Drilling Management (ODM) in Ottawa, Canada. Details of the 
procedures are found at (https://www.odm.ca/minerals-separates-and-epd). Zircon grains were 
handpicked at StFX University using a binocular microscope and sent to the Canadian Center for 
Isotopic Microanalysis (CCIM) in Edmonton, Canada for mounting and imaging. The epoxy 
grain mount (M1522) comprised unknown zircon arranged in closely packed arrays. The mount 
was polished to a one-micron finish using diamond grits, then washed and dried. It was then 
coated with 25 nm of high-purity Au prior to scanning electron microscopy (SEM) utilizing a 
Zeiss EVO MA15 instrument equipped with a high-sensitivity, broadband cathodoluminescence 
(CL) and backscattered electron detectors. Beam conditions were 15kV and 3–5 nA sample 
current. 
 
In-situ zircon U-Pb analyses were performed in six sessions at the University of Portsmouth, UK. 
The 15µm spot size facilitated determination of the ages of different growth zones within poly-
zoned zircon grains and so capture discrete events in the evolution of the batholith. Care was 
taken to target optically continuous zones wider than 15 µm. However, there is a possibility of 
encountering multiple growth zones within a single grain during excavation, which could result 
in an intermediate, mixed date. Typical excavation depths are estimated to be 3 and 5 µm using a 
single ablation pulse depth of 0.06µm (Kelly et al., 2014). A Jena PlasmaQuant Elite ICP-MS 
coupled to an ASI RESOlution 193 nm ArF excimer Laser system was used. Zircon analyses 
consisted of 15 μm spot size, laser fluency was ~3.0 J/cm2 and its repetition rate was 2 Hz. 20 
seconds of background measurement, followed by 30 seconds of ablation and 15 seconds of 
washout for each analysis. Three pulses of pre-ablation using 20 μm spot size were used to clean 
the area before each analysis (after the cleaning there was a washout for 15 seconds). The run 
consisted of 3 analyses of the reference material and thereafter it was analysed once every 3-4 
analyses of unknowns or secondary standards. The reference material (RM) Plešovice zircon 
(ID-TIMS age of 337.1 ± 0.3 Ma; Slama et al., 2008) was used as primary standard for these 
sessions. Temora (ID-TIMS age of 416.75±0.24 Ma; Black et al., 2003) and Blue Berry – BB9 
zircon (LA-ICP-MS age of 562 ± 9 Ma - 206Pb/238U; Santos et al., 2017) were used as secondary 
standards to assess the accuracy and precision of the analytical run.   
 
The laser was run at the fluence (on-sample energy) of ~4 J/cm2, a repetition rate of 3.5 Hz, and 
a 45 µm spot size. Gas flows were constant at 300 ml/min of ultra-pure helium, 2 ml/min of 
ultra-pure nitrogen, and 930 ml/min of argon. A sample-smoothing device (squid) was used for 
this work. Tuning of the ICP-MS was performed on NIST610 SRM monitoring oxide production 
(ThO/O; 248Th/232Th) to keep it below a 0.3% threshold (actually < 0.13 for this work) while 
maximizing sensitivities on the heavy isotopes (Pb, Th, U). Two rotary pumps were used to 
improve the sensitivities on medium and heavy masses. Masses and dwell times 44Ca (0.01s), 
49Ti (0.01s), 202Hg (0.01), 204Pb (0.04s), 206Pb (0.06s), 207Pb (0.08s), 208Pb (0.01), 232Th (0.01), 
and 238U (0.02) 



 
The calculated 206Pb/238U weighted mean age of BB9 across all analytical is 564 ± 1 Ma (mean 
square weighted deviation (MSWD) 1.23, n = 180/189) while analyses of Temora II yielded a 
206Pb/238U weighted mean age of 413 ± 2 (MSWD 1.37, n = 33/37). These ages are within 
systematic uncertainty of accepted ages. The weighted mean age of BB9 for individual analytical 
sessions ranges between 561 ± 2 Ma (MSWD 1.2, n = 49/50) and 567 Ma ± 3 (MSWD = 1.25, n 
= 18/19). Excess variance in zircon RM reproducibility, 2.0 % for 206Pb/238U and 1.0% for 
207Pb/206Pb (2SE), was added in quadrature to measured ratios. IsoplotR (Vermeesch, 2018) was 
used to calculate RM weighted means. 
 
Table A.1 Metadata for LA-ICP-MS U-Pb data using the reporting template (Horstwood et al., 
2016). 

Laboratory and sample preparation 
Laser laboratory University of Portsmouth 
Sample type/mineral Igneous zircon 
Sample preparation1, 2 Electronic pulse disaggregation1, conventional mineral separation1, 1” resin mount2, 1µm 

polish2 
Imaging2 SEM, CL, 15kV, 14mm working distance 

Laser ablation system 
Make/model and type ASI RESOlution, UP193FX 
Ablation cell and volume Dual volume cell, S155 
Laser wavelength 193 nm 
Pulse width (ns) 4 ns 
Fluence (J cm-2) 2.5 
Repetition rate (Hz) 2 
Cleaning 20µm spot for 3 pulses 
Ablation duration (s) 30 
Spot diameter (µm) 15 µm 
Sampling mode/pattern Static spot ablation 
Carrier gas He (300mL/min) in the cell, Ar (0.88 L/min) and N (3mL/min) make-up gas combined 

using a Y-piece 50% along the sample transport line to the torch. 
ICP-MS Instrument 
Make, model and type Analytic Jena Plasma Quant Elite Q-ICP-MS 
RF power (W) 1300 W 
Make-up gas flow (l min-1) Estimated at 0.8 l min-1 Ar. 
Detection system Electron multiplier 
Masses measured 202–208, 235, 238 
Sensitivity (% element) Estimated at 1.3 million cps 238U on NIST 612 
Data processing 
Gas blank (s) 30 s on-peak zero subtracted 
Calibration strategy Plešovice used as primary reference material, BB9 and Temora II used as 

secondary/validation 
Reference material information Plešovice (Sláma et al., 2008) 

BB9 (Santos et al., 2017) 
Temora II (Black et al., 2004) 

Data processing package 
used/correction for LIEF 

Iolite v. 4 (Paton et al., 2011) for data normalization, uncertainty propagation and age 
calculation. LIEF correction assumes reference material and samples behave identically. 

Mass discrimination Downhole fractionation correction in Iolite 
Common-Pb correction, 
composition and uncertainty 

No common-Pb correction applied to the data. 

Uncertainty level and propagation Ages are quoted at 2s absolute, propagation is by quadratic addition. Reproducibility and 
age uncertainty of reference material are propagated. 

Quality control/validation BB9 – Wtd ave 206Pb/238U age = 564 ± 1 (2s, MSWD = 1.23, n = 180/189) 
Temora II – Wtd ave 206Pb/238U age = 413 ± 2 (2s, MSWD = 1.37, n = 33/37) 
Systematic uncertainty for propagation is 2% (2s). 

1 Overburden Drilling Management (ODM), Ottawa, Ontario, Canada 
2 Canadian Center for Isotopic Microanalysis (CCIM), Edmonton, Alberta, Canada 



Titanite 
Magmatic titanite was identified in the appinite suite, as well as the Ardara, Fanad, Thorr and 
Main Donegal plutons. Eleven samples (eight granitoid and three appinites; Table 1) were 
selected for U-Pb dating. Polished thin sections were examined and photographed using a 
conventional petrographic microscope at StFX University. LA-ICP-MS data were collected from 
titanite in polished thin sections at the University of New Brunswick, Canada. Appendix A 
provides a complete description of the LA-ICP-MS setup and procedure. The primary calibration 
RM used was Bear Lake Ridge titanite (BLR-1; ID-TIMS age of 1047.1 ± 0.4 Ma; Aleinikoff et 
al., 2007), MKED-1 titanite was the secondary calibration RM (ID-TIMS 206Pb/238U age of 
1517.3 ± 0.3 Ma; Spandler et al., 2016), and Otter Lake titanite was the quality control RM(U-Pb 
SHRIMP age 1016 ± 3.9 Ma; Kennedy et al., 2010). The calculated 206Pb/238U weighted mean 
age of MKED-1 across all analytical sessions is 1511 ± 6 Ma (MSWD 1.3, n = 14/14) while 
analyses of Otter Late titanite yielded a 206Pb/238U weighted mean age of 1032 ± 4 (MSWD 1.7, 
n = 17/22). Excess variance in titanite RM reproducibility, 2.0 % for 206Pb/238U (2SE), was added 
in quadrature to measured ratios. Isoplot v.3.75  (Ludwig, 2012) was used to calculate RM 
weighted means. 
 
Titanite samples were analyzed using a 45µm laser spot with a 3.5 Hz repetition rate and fluence 
of 4 J/cm2. The carrier gases used were nitrogen (2ml/min), helium (300ml/min) and argon (930 
ml/min). Titanite was ablated in situ (i.e., within polished thin sections) using a Resonetics M-50 
series 193 nm Excimer laser ablation system equipped with a Laurin Technic Pty S-155 ablation 
cell coupled to an Agilent 7700× quadrupole ICP-MS. All ablations were conducted in a mixed 
He (325 mL/min) and Ar (930 mL/min) carrier gas. Sensitivity of Pb and U were enhanced using 
a second external rotary pump and adding N2 (2 mL/min) downstream of the cell. High capacity 
in-line Hg traps on all gas lines ensure that 204Hg remains < 150 cps under high-sensitivity 
conditions. Correction via peak stripping of 204Hg interference on 204Pb was performed using the 
net 202Hg ion beam, which had negligible effect on the net 204Pb signal (McFarlane and Luo, 
2012).  
 
The primary calibration standard used was Bear Lake Ridge titanite (BLR-1; ID-TIMS age of 
1047.1 ± 0.4 Ma; Aleinikoff et al., 2007), MKED-1 titanite was the secondary calibration 
standard (ID-TIMS 206Pb/238U age of 1517.3 ± 0.3 Ma; Spandler et al., 2016), and Otter Lake 
titanite was the QC standard (U-Pb SHRIMP age 1016 ± 3.9 Ma; Kennedy et al., 2010). The 
calculated 206Pb/238U weighted mean age of MKED-1 across all analytical sessions is 1511 ± 6 
Ma (MSWD 1.3, n = 14/14) while analyses of Otter Late titanite yielded a 206Pb/238U weighted 
mean age of 1032 ± 4 (MSWD 1.7, n = 17/22). Excess variance in titanite RM reproducibility, 
2.0 % for 206Pb/238U (2SE), was added in quadrature to measured ratios. All U–Pb data were 
reduced using the IOLITE data reduction package(Paton et al., 2011) using the VizualAge data 
reduction scheme (DRS) (Petrus and Kamber, 2012) and the VizualAge_UcomPbine DRS for 
titanite (Chew et al., 2014). Isoplot (Ludwig, 2012) was used to calculate RM weighted means. 
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