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ABSTRACT 19 

The links between large-scale silicic volcanism and plutonism offer insights into the dynamics of 20 

crustal magmatic systems and growth of continental crust. In Hong Kong, voluminous silicic 21 

ignimbrites and linked plutons record a ~26-Myr period of magmatism from ~164 to 138 Ma. We 22 

present data from these linked volcanic-plutonic assemblages at the Lantau and High Island 23 

caldera complexes, with an emphasis on the ~143-138 Ma activity from the latter. To track the 24 

evolution of these magmatic systems, U-Pb dating and trace element analyses using 25 

secondary-ion mass spectrometry (SIMS) were carried out on zircons from 21 samples from both 26 

volcanic and plutonic samples. The SIMS age datasets divide into two groups across volcanic and 27 

plutonic origins: (1) seven samples with unimodal age spectra (five of which have the same mean 28 

value as the published Isotope Dilution Thermal Ionization Mass Spectrometry (ID-TIMS) age 29 

from the same sample); and (2) fourteen samples yielding multiple age components. Age patterns 30 

from both groups suggest that the previously separated ~143 Ma Repulse Bay (RBVG) and 31 

~141-140 Ma Kau Sai Chau volcanic groups (KSCVG) instead represent activities over a single 32 

~5 Myr period. Direct linkages previously proposed between some volcanic and plutonic units 33 

for this period (e.g. High Island Tuff, Kowloon Granite) are no longer supported, and magmatism 34 

represented by exposed plutons continued until 137.8±0.8 Ma (Mount Butler Granite). Under CL 35 

imagery, a wide range of zircon textures identified in both volcanic and plutonic samples is 36 

indicative of complex processes, some of which are identified through trace element data coupled 37 

with textural characteristics. Overall, intra-grain (cores versus rims; sector-zonation) and 38 

intra-sample variations in trace element abundances and ratios are larger than those between 39 

samples. Zircon chemistries in both volcanic and plutonic samples fall into two groups during the 40 

~5 Myr history of the High Island caldera magmatic system. One group (RBVG and “cold” 41 
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granites) includes inherited grains back to 164 Ma and wider ranges in Hf, Y, total trivalent 42 

elements, Th and U concentrations and Th/U, Yb/Gd and U/Yb ratios than the other (KSCVG 43 

and “hot” granites). Two possible evolutionary models of the High Island caldera magmatic 44 

system are: (1) the system randomly tapped a single crustal domain that fluctuated in temperature 45 

as a result of varying interactions of hotter melts, or (2), the volcanic and plutonic records reflect 46 

the interplay of two crustal domains with contrasting “low-” and “high-temperature” 47 

characteristics. In Hong Kong, some plutonic bodies were comagmatic with large-scale 48 

volcanism, while others were emplaced at shallow crustal levels independently of volcanism, 49 

matching the current two end-member views of the volcanic-plutonic relationship. 50 

 51 

Keywords: Volcanism, plutonism, granite, rhyolite, Hong Kong, Mesozoic, caldera, zircon 52 

 53 

INTRODUCTION 54 

 Large silicic magmatic systems predominantly generate two contrasting products: 55 

voluminous ignimbrite sheets and granitic batholiths that accumulate at shallow crustal levels (e.g. 56 

Smith 1979; Lipman 1984, 2007; Shaw 1985). Although there have been considerable advances 57 

in our understanding of how such systems operate, there remain contrasting views on the 58 

relationships between silicic volcanic and plutonic rocks (e.g. Lundstrom and Glazner 2016).  59 

 From the volcanic perspective, a popular model infers that magma chambers are 60 

volumetrically and temporally dominated by crystal mush that is rheologically locked (Mahood 61 

1990; Brophy 1991; Bachmann and Bergantz 2004; Hildreth 2004; Hildreth and Wilson 2007; 62 

Bachmann and Huber, 2016). Two end-member volcanic products are envisaged to be generated 63 

by such systems (Bachmann and Bergantz 2008). The first is crystal-rich intermediate (broadly 64 
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dacitic) ignimbrites, considered to represent erupted crystal mushes that have been thermally 65 

recharged and mobilised by mafic magma inputs (e.g. Bachmann et al. 2002; Huber et al. 2011, 66 

2012). The second is crystal-poor rhyolites, extracted from the mush system and accumulated for 67 

a short time period (decades to millennia) at shallow levels prior to eruption (Bachmann and 68 

Bergantz 2004; Hildreth and Wilson 2007; Allan et al. 2017). This model implies that there are 69 

sub-volcanic granitic plutons that represent either the crystallised mush itself, or the residue left 70 

after melt extraction (Bachmann and Bergantz 2004; Hildreth 2004; Hildreth and Wilson 2007; 71 

Barker et al., 2015). Based on the degrees of crystal fractionation required to yield rhyolitic melts 72 

(or the volumes of mafic intrusions required to cause crustal melting) and the thermal fluxes in 73 

young systems like Yellowstone (USA), or the central Taupo Volcanic Zone (TVZ) in New 74 

Zealand, it is evident that large volumes of intrusive materials (in proportions from 3:1 to 10:1) 75 

are associated with erupted rhyolite (e.g. Smith 1979; Cameron et al. 1980; Hildreth 1981; 76 

Lipman and Bachmann 2015). Consequently, there should be a close temporal and compositional 77 

link between large ignimbrite eruptions and plutonic bodies, and thus granitic plutons have 78 

generally been considered by some as ‘frozen’ magma chambers (e.g. Sides et al. 1981; Lipman 79 

1984; Macdonald and Smith 1988). 80 

 The plutonic records of large silicic magmatic systems are, however, usually inferred to 81 

represent longer timescales. Geochronological arguments suggest that large granitic batholiths 82 

grow incrementally over time periods of >106–107 years (e.g. Coleman et al. 2004; Glazner et al. 83 

2004; Matzel et al. 2006; Gaschnig et al. 2010, 2017; Davis et al. 2012; Frazer et al. 2015). Such 84 

protracted, stepwise incremental growth of granitic plutons is taken to imply that only small 85 

quantities of magma exist at any particular time during the construction of granitic batholiths and, 86 

therefore, these plutons were not linked to any large magma chamber that fed voluminous 87 
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ignimbrite eruptions. This inference also implies that silicic magmatic chambers that erupt 88 

thousands of cubic kilometers of magma are geologically rare and short-lived (Glazner et al. 2004; 89 

Miller 2008).  90 

These contrasting views imply orders of magnitude timescale differences in the generation 91 

of voluminous eruptible magma and emplacement of large sub-volcanic plutons. Lipman (2007) 92 

proposed that the eruption of large silicic ignimbrites and emplacement of plutons reflect the 93 

variable waxing and waning stages of a magmatic system with a total lifespan of 107 years. 94 

Investigation of such systems is generally limited by the uncommon preservation of both the 95 

volcanic and sub-volcanic roots of a magmatic system (e.g. Lipman and McIntosh 2008; Quick et 96 

al. 2009; Barth et al. 2012; Zimmerer and McIntosh 2012) and seems to be favoured mostly in 97 

syn-magmatic extension tectonic settings (e.g. Schermer and Busby 1994). Questions remain 98 

about (1) how silicic magmatic systems build spatially and temporally, and (2) how the volcanic 99 

and sub-volcanic plutonic rocks relate to each other. Here we address these questions using a case 100 

study from the detailed volcano-plutonic record available in Hong Kong.  101 

 The surface geology of Hong Kong is dominated by late Mesozoic, large caldera-related 102 

silicic ignimbrites and granitic plutons, now exposed together (Sewell et al. 2000, and references 103 

therein; Sewell et al. 2012a). Their relationships are constrained through field observations 104 

(Campbell and Sewell 1997; Sewell et al. 2000; 2012a; Tang 2016), Isotope Dilution Thermal 105 

Ionization Mass Spectrometry (ID-TIMS) U-Pb zircon ages (Davis et al. 1997; Campbell et al. 106 

2007; Sewell et al. 2012b), whole-rock geochemical data (Sewell et al. 1992; Darbyshire and 107 

Sewell 1997; Sewell and Campbell 1997, 2001) and geophysical surveys (Fletcher et al. 1997). 108 

The scale of the Hong Kong systems permits comparisons with their broadly coeval counterparts 109 

in the western USA, particularly in the Sierra Nevada Batholith. To address the volcanic-plutonic 110 
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relationships, we focus on ignimbrites and granitic plutons from two caldera complexes in 111 

southeast Hong Kong and Lantau Island and examine their >~26 Myr history of magmatic 112 

evolution. We use Secondary-Ion Mass Spectrometry (SIMS) techniques to undertake in-situ 113 

U-Pb dating and trace element analyses on zircons from the ignimbrites and sub-volcanic plutons. 114 

The age data are used to explore whether the more-precise ID-TIMS data yield accurate ages, or 115 

represent average values concealing patterns of inheritance. Such inherited zircons might be 116 

xenocrysts, incorporated from older, unrelated host rocks, or antecrysts, derived from crystal 117 

mush or plutons of earlier magmatic episodes (see Charlier et al. 2005). The trace element data 118 

are used to assess genetic connections of the paired volcanic-plutonic assemblages, and to 119 

unravel crystallisation/fractionation paths within the volcanic and plutonic units.  120 

 121 

GEOLOGICAL BACKGROUND 122 

Geology of Hong Kong 123 

 Hong Kong is located on the southern margin of the 1,300 x 400 km Southeast China 124 

Magmatic Belt. Its surface geology is dominated by volcanic and plutonic rocks reflecting 125 

large-scale late Mesozoic silicic magmatism associated with the Yanshanian Orogeny (Zhou et al. 126 

2006; Li and Li 2007). Four volcanic groups, their source calderas and plutonic equivalents have 127 

been identified (Fig. 1; Table 1; Campbell and Sewell 1997). They comprise dacitic to rhyolitic 128 

ignimbrites and lavas with intercalated volcaniclastic sediments, plus intrusions of granodiorite, 129 

granite, quartz monzonite and minor dikes of various compositions (Sewell et al. 2000, 2012a, b). 130 

They record events over a nominal ~ 24 Myr period (164-140 Ma), clustered into four episodes 131 

(Campbell and Sewell 1997; Sewell et al. 2012a, b). Here, we focus on the caldera complexes 132 
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centred on Lantau Island and the High Island area (Fig. 1) to investigate the evolution of their 133 

magmatic systems. The volcanic rocks, associated calderas and intrusive units of these two 134 

complexes are documented by Langford et al. (1995), So (1999) and Campbell et al. (2007) for 135 

Lantau, and Sewell et al. (2012a) and Tang (2016) for High Island.  136 

 Lantau caldera complex. Lantau caldera complex (Fig. 1) contains an abridged record of 137 

all four volcanic episodes (Campbell et al. 2007). The ~164 Ma Shing Mun rhyolitic ignimbrite 138 

unconformably overlies Early Jurassic sediments and is overlain by the ~148-146 Ma Lantau 139 

Volcanic Group (LVG: Langford et al. 1995; Campbell and Sewell 1997). On Lantau Peak, small 140 

outcrops of volcanic rocks from the ~143 Ma and ~141-140 Ma episodes occur (Langford et al. 141 

1995; So 1999; Sewell et al. 2000; Campbell et al. 2007).  142 

 Outcrops of the ~160 Ma Lamma Suite granites in northern and northeastern Lantau Island 143 

have been largely dismembered by emplacement of ~146 Ma felsic to intermediate dikes (East 144 

Lantau Dyke Swarm) and faulting (Langford et al. 1995). The dike swarm forms a 6-km wide, 145 

ENE-trending zone of multiple intrusions accompanying a period of rapid crustal extension 146 

(Langford et al. 1995; Li et al. 2000). The Chi Ma Wan Granite (~143 Ma) is exposed on the 147 

southern fringe of the Lantau caldera complex, while the ~140 Ma Tong Fuk Quartz Monzonite 148 

consists of multiple bodies interpreted as ring fault intrusions (Langford et al. 1995; Campbell 149 

and Sewell 1997; Sewell et al. 2000; Campbell et al. 2007). 150 

 High Island caldera complex. Voluminous dacitic to rhyolitic ignimbrites and lavas of the 151 

two younger volcanic episodes (~143 Ma and ~141-140 Ma) spatially overlap and, with 152 

associated granitic plutons, are exposed within the nested High Island caldera complex (Fig. 1). 153 

The ~143 Ma Repulse Bay Volcanic Group (RBVG) comprises two main sub-groups (Table 1): 154 

(1) dacitic to rhyolitic crystal-rich ignimbrites of the Long Harbour and Mount Davis formations, 155 
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and (2) trachytic to high-silica rhyolitic, crystal-poor, locally-welded ignimbrites of the Ap Lei 156 

Chau and Che Kwu Shan formations. The ~141-140 Ma Kau Sai Chau Volcanic Group (KSCVG) 157 

began with the Pan Long Wan Formation trachydacite lava, then the Clear Water Bay rhyolite 158 

lava and densely welded ignimbrites, and culminated in the caldera-forming High Island Tuff 159 

(Strange et al. 1990; Sewell et al. 2012a). 160 

 Two plutonic suites, Cheung Chau (~143 Ma) and Lion Rock (~140 Ma), were linked to the 161 

RBVG and KSCVG, respectively, as paired volcanic-plutonic assemblages by Campbell and 162 

Sewell (1997) and Sewell et al. (2000, 2012a). The Shui Chuen O Granite, exposed in the 163 

southern New Territories, is the only Cheung Chau Suite pluton that forms part of the High Island 164 

caldera complex (Sewell et al. 2000; 2012a). Several plutons of the Lion Rock Suite, including 165 

the Kowloon, Mount Butler and Sok Kwu Wan granites and D’Aguilar Quartz Monzonite, are 166 

thought to represent the sub-volcanic roots of the High Island caldera (Sewell et al. 2012a).  167 

 168 

SAMPLES AND METHODS 169 

Sample preparation 170 

 Zircons from 21 representative samples (12 volcanic, 9 granitic) from units in the Lantau 171 

and High Island caldera complexes have been analysed (Fig. 1; Table 1; Electronic Appendix 1 172 

for details). For 17 samples, zircon separates remaining from previous ID-TIMS studies were 173 

obtained from the Hong Kong Geological Survey archive. In addition, extra material was 174 

obtained from the same localities of two previously dated samples (HK11052 and HK12070) and 175 

two new samples (HK13343 and HK13407). Zircons were separated from rock samples by 176 

crushing, sieving, and then standard heavy-liquid and magnetic separation methods. Zircon grains 177 
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were mounted in epoxy resin and polished to expose the approximate mid-section of the grains. 178 

Cathodoluminescence (CL) images of the polished mounts were taken on a JEOL JSM6610 LV 179 

Scanning Electron Microscope at Victoria University of Wellington (VUW). The CL images 180 

were used to guide age and trace element analyses in specific growth zones of representative 181 

grains.  182 

  183 

In-situ U-Pb age determinations 184 

 In-situ U-Pb age determinations were carried out using the Sensitive High Resolution Ion 185 

Microprobe – Reverse Geometry (SHRIMP-RG) instruments at the joint USGS-Stanford 186 

University facility (SUMAC) and at the Research School of Earth Sciences, Australian National 187 

University (ANU). In this study, we have aimed towards an improved precision level 188 

approaching that of the previous ID-TIMS ages by carrying out numerous analyses that were 189 

targeted at specific growth zones, such as cores, intermediate zones or rims of grains. By 190 

calculating the weighted means from these spatially targeted groups of analyses, a better 191 

precision than that achievable for individual age determinations was obtained, linked to 192 

intra-grain characteristics and tested against the published ID-TIMS age data on multiple grain 193 

aliquots (Davis et al. 1997; Campbell et al. 2007; Sewell et al. 2012b).  194 

 Mounts were cleaned thoroughly in detergent, ethanol and 1 M HCl, rinsed in distilled water, 195 

and gold coated. Analytical spots were carefully located to avoid inclusions visible in CL 196 

imagery or reflected light. Prior to data acquisition, the primary beam was rastered for 2 minutes 197 

over an area of 35 x 45 µm to remove the gold coat and any surface contamination. Secondary 198 

ions were then sputtered from zircons with a 3-6 nA primary O2
- beam focused to a ~25 x 35 µm 199 

spot. The mass spectrometer was cycled through peaks corresponding to 90Zr2
16O (2 s), 204Pb (2 s), 200 
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background (10 s), 206Pb (30 s), 207Pb (10 s), 208Pb (2 s), 238U (7 s), 232Th16O (2 s) and 238U16O (2 201 

s). Six scans were run through the mass sequence for each analytical spot. The concentration 202 

standard was MAD (Madagascar green: Barth and Wooden 2010; 4196 ppm U) at SUMAC and 203 

SL13 (238 ppm U) at ANU. The U-Pb age standards used were R33 (420 Ma: ID-TIMS age from 204 

Zeh et al. 2015) or Temora 2 (417 Ma: Black et al. 2004). The concentration standard was 205 

measured once for each session, and the U-Pb age standard was measured three times at the 206 

beginning of each round of analyses then subsequently once for every four unknowns. Data 207 

reduction was carried out using SQUID 2 (version 1.5.1: Ludwig 2009) and data plotted using 208 

Isoplot version 3.7.6 (Ludwig 2008). All uncertainties are reported here at 1σ, while for grouped 209 

data sets, uncertainties are given at 95% confidence interval, as generated in Isoplot. The full age 210 

dataset is presented in Electronic Appendix 2. Common Pb was monitored by the measured 204Pb 211 

and 207Pb/206Pb values. A correction for common Pb was applied using the recorded 207Pb/206Pb 212 

values and an average crustal common Pb isotopic composition for the sample age (Stacey and 213 

Kramers 1975). Analyses of grains with <20% common Pb were considered acceptable. No 214 

correction has been made for initial 230Th disequilibrium because of its trivial influence (<100 kyr) 215 

on the individual ages.   216 

 217 

Zircon trace element analytical techniques 218 

 Trace element analyses on zircons were undertaken by SIMS techniques on the 219 

SHRIMP-RG instrument at SUMAC. After U-Pb dating, the mounts were re-polished to remove 220 

the earlier analytical spots. A primary beam current of 2.4 nA, spot size of 20 μm and mass 221 

resolution of 10,000 were used. The concentration standard was MAD (Barth and Wooden 2010). 222 

Data reduction was carried out using SQUID 2 (version 1.51, Ludwig 2009) and data plots were 223 
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generated using Isoplot (version 3.75, Ludwig 2008). MAD was measured repeatedly during each 224 

session to determine the overall reproducibility of the trace element data. To track contamination 225 

we used: Li, Ca, Al, Na, K, La for feldspar or glass; Ca, P, F for apatite; Fe for Fe-Ti oxides, and 226 

Ca, Fe, La for allanite. Analyses that yielded strong enrichment in these elements were 227 

considered contaminated, and the data reported below exclude any considered to be significantly 228 

affected. The full dataset is presented in Electronic Appendix 3. The external reproducibility of 229 

zircon trace element data (Mazdab and Wooden 2006) varies with counting statistics and 230 

heterogeneities in the MAD standard. The majority of measured elements are reproduced to 231 

within ~2-5 % 2 s.d., whereas the low-concentration elements (usually Li, Be, F, Ca, La and Eu) 232 

show poorer reproducibility (Electronic Appendix 3). For each sample, 60 to 120 analyses were 233 

carried out. Analytical spots were located to cover the range of textural variations seen in the 234 

zircon populations from individual samples, including core-rim, tip-side, and sector-zoned pairs 235 

from the same growth zone and, if feasible, placed in the same growth zones as the age spots. 236 

     237 

RESULTS 238 

Zircon zoning patterns from CL imagery 239 

 For each sample >150 grains were classified based on their zoning patterns, including the 240 

presence or absence of cores, the relative CL intensity (brightness) of the cores versus rims, and 241 

the presence or absence of oscillatory and/or sector zoning in the rim areas (Fig. 2). All samples, 242 

both volcanic and plutonic, yield zircons with a widely diverse range of textures and zoning 243 

patterns in CL imagery (Fig. 2; Table 2). Four zoning features were quantified to describe the 244 

crystal textures.   245 
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 1): Definable discrete cores were observed in 34-85% of zircon grains in all samples. Three 246 

main types were classified: Types A and B cores are rounded; Type C cores are euhedral (Fig. 2). 247 

Type A cores generally have dark CL emission but lack internal zoning while Type B cores 248 

exhibit complex textures, sometimes with multiple truncated internal zones. Type C euhedral 249 

cores are mostly structureless or show simple growth zones, and have intermediate CL emission. 250 

It is common that the zircon population from individual volcanic and plutonic samples comprises 251 

a combination of different types of cores (Table 2). Furthermore, these cores are overgrown by 252 

rims of varying CL intensities which may be darker, brighter or show oscillatory zoning, 253 

implying a diversity of later crystallization histories.   254 

 2): Plain, euhedral grains with no zoning pattern are present in all samples (volcanic and 255 

plutonic) in abundances from 2-20%, with one sample (HK12070) having ~30% of such grains 256 

(Table 2).   257 

 3): Oscillatory zoning occurs in most samples (volcanic and plutonic) in ~40%, and in some 258 

cases up to ~90%, of crystals (Table 2).   259 

 4): Sector zoning in the outer growth zones is generally more common (Table 2) in zircons 260 

from volcanic than plutonic samples (sector zoning in zircon cores is not counted). Volcanic 261 

samples contain 9-36% of grains with sector zoning, except for the High Island Tuff (HK12001: 262 

2%). For plutonic units, the zircon populations contain 2-24% of grains with sector zoning, with 263 

the exceptions of the Shui Chuen O Granite (47%) and D’Aguilar Quartz Monzonite (38%).  264 

 265 

Zircon U-Pb age data   266 

 In total 883 age determinations were carried out on the 21 samples (Table 3: Electronic 267 

Appendix 2). For individual samples, the weighted mean ages of all data, or the rim analyses 268 
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separately when multiple age components are present, are compared against published ID-TIMS 269 

age data. Probability distribution curves and histograms of the SIMS age data for the volcanic 270 

and plutonic units within the Lantau and High Island caldera complexes are presented in Figs. 3 271 

to 8.  272 

 Lantau caldera complex: volcanic units. Volcanic units from the Lantau caldera complex 273 

all contain multiple age components (Fig. 3, Table 4). The Shing Mun ignimbrite (HK12025) and 274 

undifferentiated Kau Sai Chau tuff (HK12070) yield weighted mean rim ages of 164.7±0.8 Ma 275 

and 140.7±0.7 Ma, respectively, the same (within error) as the respective ID-TIMS ages (Table 276 

3). Zircon rims in the Lantau tuff (HK11052) yield a weighted mean of 144.5±0.7 Ma, which is 277 

~2 Myr younger than its ID-TIMS age estimate (Table 3).  278 

 Lantau caldera complex: plutonic units. The East Lantau porphyry and Tong Fuk 279 

Quartz Monzonite both yield single age components (Fig. 4, Table 3). Data from the East Lantau 280 

porphyry (HK11831) yield a weighted mean of 144.6±0.8 Ma, almost ~2 Myr younger than its 281 

ID-TIMS age (Table 3). Note, however, that the core analyses of this unit yield multiple peaks in 282 

the relative probability curve (Fig. 4B). The weighted mean rim age of the Tong Fuk Quartz 283 

Monzonite (HK8758) is 140.6±1.5 Ma, identical within error to its ID-TIMS value (Table 3). 284 

Multiple age components are identified in the Lantau Granite and Chi Ma Wan Granite (Fig. 4, 285 

Table 4). The weighted mean rim age of Lantau Granite (HK11822) is 161.4±1.4 Ma, which is 286 

identical within error to the ID-TIMS value (Table 3). In contrast, analyses from zircon rims of 287 

the Chi Ma Wan Granite (HK8353) yield a weighted mean of 140.0±1.0 Ma, at least 2-3 Myr 288 

younger than its ID-TIMS age (Table 3).  289 

 High Island caldera complex: volcanic units. All units analysed from the RBVG contain 290 

multiple age components (Fig. 5, Table 3). The Mount Davis ignimbrite (HK13275) yields mean 291 
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rim age of 142.3±1.2 Ma, overlapping within error its ID-TIMS age (Table 3). Three other 292 

samples give younger weighted mean rim ages than the reported ID-TIMS ages (Table 3). These 293 

are the Long Harbour ignimbrite (HK11835: 141.4±1.0 Ma), Ap Lei Chau ignimbrite (HK11840: 294 

141.0±0.7 Ma) and Che Kwu Shan ignimbrite (HK11836: 141.6±1.0 Ma). Age components 295 

younger than ~140 Ma are identified from all the RBVG units (except the Che Kwu Shan 296 

ignimbrite), but are associated with very high U concentrations.     297 

 The KSCVG units, excepting the Pan Long Wan trachydacite, yield unimodal, normally 298 

distributed age spectra (Fig. 6). The Pan Long Wan trachydacite (HK13277) contains multiple 299 

age components and yields a weighted mean rim age of 141.0±1.3 Ma, identical within error to 300 

its ID-TIMS age (Table 3). The weighted mean ages (all analyses) of the Clear Water Bay 301 

ignimbrite (HK11834) and lava (HK12073) are closely comparable: 139.1±0.8 Ma and 139.0±0.6 302 

Ma, respectively. These mean ages overlap within error, but are slightly younger than, the 303 

reported ID-TIMS ages (Table 3). However, if the weighted mean ages of cores and rims from 304 

these two samples are considered separately, the cores are younger (see the section ‘Effects of U 305 

contents on zircon U-Pb ages’, below). For the High Island Tuff (HK12001), the weighted mean 306 

of all analyses is 140.9±0.4 Ma, identical to the ID-TIMS age (Table 3), and the rim and core 307 

analyses separately are also identical (Fig. 6). The post-High Island rhyolite lava (HK13343, not 308 

previously dated) yields a weighted mean of 139.6±0.4 Ma. 309 

 High Island caldera complex: plutonic units. Three of the units contain single age 310 

populations (Table 3; Fig. 7). The Sok Kwu Wan Granite (HK12023) yields a weighted mean of 311 

139.8±0.9 Ma, with the rims (identical within error to the ID-TIMS age: Table 3) defining a 312 

slightly older peak than the cores (Fig. 7). The weighted mean of the D’Aguilar Quartz 313 

Monzonite (HK12022) is 140.5±1.0 Ma, identical within error to its ID-TIMS age (Table 3). The 314 
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Shui Chuen O Granite (HK12072) zircons yield a weighted mean of 142.1±0.6 Ma, ~2 Myr 315 

younger than the ID-TIMS age.   316 

 In contrast, multiple age components occur in the Kowloon and Mount Butler granites 317 

(Table 3). The Kowloon Granite (HK11042) yields a weighted mean of 140.0±0.8 Ma, similar to 318 

the ID-TIMS age (Fig. 8; Table 3). Three age components are identified (Table 3), suggesting the 319 

zircons were crystallised in, or recycled from, several magmatic phases. The Mount Butler 320 

Granite (HK13407, not previously dated), yields a weighted mean of 138.0±0.6 Ma, while if only 321 

rim analyses are considered, the weighted mean is 137.8±0.8 Ma.  322 

 323 

Trace element data 324 

 A total of 1,681 acceptable zircon trace element analyses (i.e. those without significant 325 

contamination) was obtained (Table 4). The samples studied represent a wide compositional 326 

spectrum, from trachydacite to high-K high-silica rhyolite, and from quartz monzonite to 327 

highly-evolved granites. Data are summarised in Table 4, and the full dataset and summary plots 328 

are in Electronic Appendices 3 and 4. In general, the volcanic and plutonic zircons yield very 329 

similar or identical trace element concentration ranges and patterns (Fig. 9).  330 

 Hafnium. Hf concentrations in zircon are a tracer of melt evolution, with higher values 331 

linked to increasing degrees of melt differentiation and cooling (e.g. Claiborne et al. 2006; 2010; 332 

Barth and Wooden 2010; Reid et al. 2011; Chamberlain et al. 2014). Most zircons from the older 333 

volcanic units within the Lantau caldera complex and the RBVG units contain Hf from 334 

~7,000-14,000 ppm, but some CL-darker cores reach ~16,000 ppm. For these volcanic units, the 335 

ranges of Hf concentrations in cores are generally larger than in the rims. The lowest Hf 336 

concentrations occur in the Che Kwu Shan tuff (HK11836: ~5,500 ppm) and Pan Long Wan 337 
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trachydacite (HK13277: ~6,500 ppm). The KSCVG units yield zircons with Hf of ~6,000-13,000 338 

ppm (both cores and rims: Table 4). The plutonic units contain zircons with Hf typically 339 

~6,000-19,000 ppm, with some extreme enrichment in zircon rims of the Kowloon and Mount 340 

Butler granites (HK11042, HK13407: >21,000 ppm). In contrast, the quartz monzonites and So 341 

Kwu Wan Granite (HK8758, HK12022, HK12023) have zircons with ~6,000-12,000 ppm Hf for 342 

both cores and rims, comparable to the volcanic samples. 343 

 Uranium and Thorium. For all samples, concentrations of U and Th (Fig. 9) show intra- 344 

and inter-grain variations over two to three orders of magnitude, from tens to several thousands 345 

of ppm (Table 4). Zircon rims from the Pan Long Wan trachydacite (HK13277) record the lowest 346 

values: 50% of the analyses contain less than ~50 ppm U and ~30 ppm Th. Rare zircon cores and 347 

rims from the Che Kwu Shan ignimbrite (HK11836) also show similarly low abundances in U 348 

and Th down to ~10 ppm. Enrichment of U and Th is common in zircon cores from the volcanic 349 

units, for example up to ~8,000 ppm U and ~7,000 ppm Th in the undifferentiated Lantau 350 

ignimbrite (HK11052). For the plutonic units, the highly-evolved Kowloon (HK11042) and 351 

Mount Butler (HK13407) granites contain some rims with >~12,000 ppm U, although 352 

accompanying Th concentrations are lower. 353 

 Trivalent trace elements. For all samples, the total Sc + Y + REE3+ (hereafter ‘total 3+ 354 

elements’) concentrations co-vary with U (Fig. 9). In general, zircons from the volcanic units 355 

contain from several hundred up to ~10,000 ppm total 3+ elements, although some analyses from 356 

CL-dark cores yield ~10,000-16,000 ppm. The RBVG and Pan Long Wan zircons exhibit a wide 357 

range of total 3+ element concentrations that spread across the minima and maxima of the other 358 

units. Among all the samples, zircons from the KSCVG units (except the Pan Long Wan 359 

trachydacite) contain the highest values. If only rim analyses are considered, the ranges and 360 
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absolute concentrations of total 3+ elements in all volcanic samples are comparable. The plutonic 361 

zircons generally have similarly wide ranges of total 3+ element concentrations to the volcanic 362 

samples. Zircon cores from the plutonic units generally contain higher concentrations than the 363 

rims, with the extremes of the Kowloon and Mount Butler granites having rim values up to 364 

~20,000 ppm. In contrast, total 3+ element abundances as low as ~100 ppm occur in some zircon 365 

cores from the Chi Ma Wan Granite (HK8353, Lantau caldera complex). 366 

 Scandium. Sc concentrations range from 10-270 ppm for the volcanic samples, although 367 

core analyses commonly yield wider ranges than rims. Considering only rim analyses, older 368 

volcanic units have generally lower Sc than the younger units. Plutonic units, except for the Tong 369 

Fuk and D’Aguilar quartz monzonites, generally yield lower Sc concentrations (10-200 ppm) 370 

than the volcanic rocks, but similarly show lower values in the older granite samples. The two 371 

quartz monzonites (HK8758 and HK12022) contain the highest Sc, up to ~290 ppm. In all cases, 372 

Sc concentrations generally show a negative trend with respect to Hf (Fig. 9). 373 

 Yttrium. Y in zircons from all samples ranges from ~ 200 to several thousand ppm. 374 

Significant intra- and inter-grain variations in Y abundance occur in all samples. In general, 375 

zircon cores contain higher Y than the rims, with the exceptions of the Shing Mun ignimbrite 376 

(HK12025), Lantau Granite (HK11822) and Mount Butler Granite (HK13407). The highest Y 377 

values occur in rims from the Mount Butler Granite (to ~14,000 ppm). 378 

 Titanium. Ti in zircons from the volcanic units ranges from ~1-40 ppm. The highest values 379 

(>25 ppm), associated with bright CL emissions, occur in cores from the undifferentiated Kau Sai 380 

Chau tuff (HK12070), and rims in the Chek Kwu Shan ignimbrite (HK11836) and Pan Long Wan 381 

trachydacite lava (HK13277). For the plutonic units, Ti concentrations typically range between 1 382 

and 25 ppm, with only one value (of 36 analyses) from the Chi Ma Wan Granite (HK8353) 383 
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reaching 37 ppm. The maximum Ti concentration is ~40 ppm in the Pan Long Wan trachydacite 384 

(HK13277) and the minimum is ~1 ppm in the post-High Island rhyolite lava (HK13343) and 385 

Mount Butler Granite (HK13407). 386 

 Europium anomaly and Cerium/Samarium ratio. The typical Eu/Eu* values (calculated 387 

as Eu/Eu* = [Eu] / (([Sm]^0.5) x ([Gd]^0.5)) of the volcanic units range from 0.01 to 1. More 388 

pronounced anomalies (Eu/Eu* <0.01) occur in some cores, notably from the Pan Long Wan 389 

trachydacite (HK13277, 43 of 48), undifferentiated Kau Sai Chau tuff (HK12070, 1 of 28), Chek 390 

Kwu Shan ignimbrite (HK11840, 9 of 31), Ap Lei Chau ignimbrite (HK11836, 7 of 37) and Long 391 

Harbour ignimbrite (HK11835, 1 of 52). The High Island Tuff (HK12001) and post-High Island 392 

rhyolite lava (HK13343) are the only volcanic units that contain zircons (both cores and rims) 393 

with Eu/Eu* >1.0 (up to 1.9). Zircons from the plutonic units generally have smaller ranges in 394 

Eu/Eu* than the volcanic zircons, typically from 0.01 to <0.6 but with some outliers (Table 4). 395 

Some zircons from the Chi Ma Wan (HK8353, 7 of 36 core analyses) and Mount Butler 396 

(HK13407, 4 of 49 rim analyses) granites have deeper Eu anomalies (Eu/Eu* <0.01), whereas 397 

others from the Shui Chuen O Granite (HK12072), So Kwu Wan Granite (HK12023), and 398 

D’Aguilar Quartz Monzonite (HK12022) yield positive Eu anomalies. All units show a common 399 

trend with Eu/Eu* decreasing with increasing Hf concentration (Fig. 9). 400 

 To investigate Ce behaviour (cf. Trail et al. 2012) we use the Ce/Sm ratio rather than 401 

calculating a Ce anomaly directly due to the generally very low concentrations of La and its 402 

extreme susceptibility to contamination by inclusions (cf. Cooper et al. 2014). Ranges of Ce/Sm 403 

in volcanic zircons are typically ~1-30 (Table 4) with extreme outliers (Ce/Sm ~160, 260) in the 404 

Ap Lei Chau tuff (HK11840). There appears to be a slight decreasing trend in Ce/Sm ratios from 405 
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older to younger volcanic units. The plutonic zircons yield a slightly smaller range in Ce/Sm 406 

ratios (~1-20: Table 4). 407 

 Elemental ratios: Th/U, Yb/Gd, U/Yb. Trace element ratios of zircons from all volcanic 408 

and plutonic units are comparable, although some volcanic units have notably higher Yb/Gd (>80) 409 

and Th/U (~2) ratios (e.g. the Shing Mun and undifferentiated Kau Sai Chau ignimbrites: 410 

HK12025, HK12070, respectively). Th/U ratios (Table 4) mostly range from 0.1 to 2, but 411 

extremely low values (<0.1) occur in rims in the Kowloon (HK11042) and Mount Butler 412 

(HK13407) granites, accompanying enrichment in U. For all volcanic and plutonic samples 413 

Yb/Gd ratios gradually converge on ~10-15 at Th/U ratios > ~0.8 (Fig. 9), as seen also in 414 

younger silicic systems (e.g. Bishop Tuff, Chamberlain et al. 2014; Ongatiti and Kidnappers units, 415 

Cooper et al. 2014). U/Yb ratios show a positive relationship with Hf concentration (Fig. 9). The 416 

two Jurassic units and the early RBVG units have a wide inter-grain variation of U/Yb ratio, 417 

between around 0.4 and 3.0. A decline in U/Yb values to <1.5, is found in the later RBVG units 418 

and Pan Long Wan trachydacite. Zircons from the remaining KSCVG samples have a slightly 419 

higher U/Yb ratio (~0.1 to 2.5), but the correlation with Hf concentration is less well-defined.  420 

 Molar (total 3+)/P ratio. Values of the molar (Y+REE3+)/P ratio around 1.0 led to the 421 

proposed ‘xenotime’ substitution mechanism for trivalent trace elements in zircons, coupled with 422 

P incorporation for charge balancing (Speer 1980). Departure of the (Y+REE3+)/P ratio from 423 

unity has, however, now been widely recognised (e.g. Finch et al. 2001; Hoskin and Schaltegger 424 

2003; Chamberlain et al. 2014; Cooper et al. 2014). Here, the molar (Sc+Y+REE3+)/P ratios in 425 

most samples range between 1 and 6 (Table 4), with some grains, especially from plutonic 426 

samples, having values up to ~9 (e.g. Mount Butler Granite, HK13407). When plotted against Yb, 427 

U, Hf, or Ti concentrations or U/Yb ratios, in many cases two arrays are apparent which reflect 428 
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sector zoning (cf. Chamberlain et al., 2014). Values of the (Sc+Y+REE3+)/P ratio become more 429 

scattered with higher U and Hf concentrations and U/Yb ratios.   430 

      431 

DISCUSSION 432 

Limitations on the SIMS age data sets 433 

 The previous geochronological framework of volcanic-plutonic assemblages in Hong Kong 434 

was established using single- or multi-crystal ID-TIMS techniques with high analytical precision 435 

(normally <0.2% 2 s.d.; Davis et al. 1997; Campbell et al. 2007; Sewell et al. 2012b). Here, we 436 

employ statistical treatments on a larger quantity of spatially-constrained SIMS U-Pb age 437 

deteminations to improve the precision towards that of the ID-TIMS ages (e.g. Crowley et al. 438 

2007; Chamberlain et al. 2014). Modern analogues show that the replenishment times of volcanic 439 

systems following eruptions, as measured from zircon age spectra, are usually less than 103 to 105 440 

years (e.g. Taupo Volcanic Zone: Charlier et al. 2005; Wilson and Charlier 2009; Charlier and 441 

Wilson 2010; Storm et al. 2012; Barker et al. 2014; Cooper et al. 2014; Rubin et al. 2016). In 442 

addition, field data and crystal specific studies demonstrate that magmatic processes in modern 443 

caldera systems operate on time-scales of months to >105 years (e.g. Barker et al. 2015, 2016; 444 

Allan et al. 2017 for Taupo volcano). These timeframes imply that for the Mesozoic systems in 445 

Hong Kong, even with the ± 0.2-0.3 Myr resolution of ID-TIMS ages, detailed linkages of 446 

individual volcanic and plutonic units and the dynamic processes within magmatic system cannot 447 

be discerned. Within the limits of precision, the geochronological data presented here nonetheless 448 

provide insights into the longer-term evolution of silicic systems over timescales of 106 to 107 449 

years and can address the lifespan and the demise of volcanism in an arc system. 450 
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 451 

Comparisons between the new SIMS age data and published ID-TIMS ages 452 

The data presented here reveal the presence of two groups: samples that yield 453 

normally-distributed unimodal age spectra, and those that show multiple age components, with 454 

the implication that there are inherited components (Table 3).  455 

Samples showing unimodal age datasets. An important observation is that five of the 456 

unimodal age data sets yield weighted mean ages that are the same within error to their published 457 

ID-TIMS ages (Table 3). This concurrence of ages provides confidence that the ages of the 458 

relevant units are accurately defined. Such results also imply that where the two methodologies 459 

yield contrasting results, these reflect analytical issues (e.g. Pb loss) or genuine differences in the 460 

age spectra.  461 

 Three interpretations are possible. First, these samples essentially lack any inherited grains 462 

recycled from pre-existing crustal materials, possibly because the silicic magmas were 463 

fractionated directly from hot, mafic sources. This interpretation implies that all the zircons 464 

analysed were newly crystallised, and that new crust was formed by these magmatic events. 465 

Second, generation of the magmas involved partial melting of existing crust, but all recycled 466 

zircons, if present, were completely re-dissolved. Such complete resorption could be caused by 467 

zircon-undersaturation, either through increased magma temperatures and/or by influx of less 468 

evolved melts (Watson and Harrison 1983; Reid et al. 2011; Boehnke et al. 2013). Third, 469 

inherited grains are present but the age variations between different zircon domains defined by 470 

CL tones are too small to be resolved by SIMS (and obscured by ID-TIMS) techniques. For 471 

comparison, mean age differences between zircon cores and CL-light rims in the Bishop Tuff are 472 

<104 years (Chamberlain et al. 2014). In those Hong Kong samples with a single age component, 473 
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some (e.g. HK12022) yield zircon with discrete resorbed cores (i.e. Types A and B: Fig. 2) 474 

visible in CL images, but the age of these cores are analytically indistinguishable from the rims.  475 

 Samples with multiple age-components. From both the new SIMS and the previous 476 

ID-TIMS age data, inherited grains are apparent in 14 of the 21 samples studied here (Table 3). 477 

Note that five samples (volcanic HK11052, HK13275, HK12070, HK13277; plutonic HK11042) 478 

yielded multiple age components (inheritance) that was not identified in the ID-TIMS studies. 479 

Inheritance ages from these 14 samples are either late Mesozoic, or much older (Palaeozoic to 480 

Archean). For the late Mesozoic grains, age modes from Sambridge and Compston (1994) 481 

mixture modelling methods (as utilised in Isoplot) are broadly coincident with the major local 482 

magmatic episodes identified by Davis et al. (1997) and Sewell et al. (2012b). These zircons (or 483 

parts thereof) thus are interpreted to represent crystals that grew in earlier magmatic pulses and 484 

were later recycled (cf. Bacon and Lowenstern 2005; Charlier et al. 2005).  485 

 Some zircon cores, from both volcanic and plutonic units, yielded Palaeozoic to Archean 486 

ages (Table 3), the oldest being ~ 2.8 Ga (HK12025: Shing Mun ignimbrite). These grains are 487 

xenocrysts, incorporated from the host basement rocks. They do not represent any of the 488 

Yanshanian episodes. The Kowloon and Mount Butler granites also yield Neo-Proterozoic and 489 

Palaeo-Proterozoic grains, respectively, showing the presence of basement rocks of these ages 490 

beneath this part of Hong Kong, as proposed by Fletcher et al. (1997) and Darbyshire and Sewell 491 

(1997). 492 

 For volcanic units that yield multiple age components, the weighted means of rim analyses 493 

provide the best estimate of eruption age, but these are often younger than their respective 494 

ID-TIMS ages. The clearest cases are the RBVG units, which have weighted mean SIMS rim 495 

ages between 0.5 Myr and ~2 Myr younger. The Pan Long Wan trachydacite lava (HK13277) 496 
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also has multiple age components, but the rim age (141.0±1.3 Ma) is indistinguishable from the 497 

ID-TIMS age (Sewell et al. 2012b). The SIMS age data thus suggest that the RBVG units 498 

represent a sequence of eruptions covering ~143-141 Ma, which were closely followed by the 499 

Pan Long Wan trachydacite that overlies the RVBG. There are two obvious explanations for the 500 

differences between SIMS and ID-TIMS age estimates. First, in the ID-TIMS studies zircon 501 

grains were pre-treated by either air abrasion (Krogh 1982) or chemical abrasion (Mattinson 2005) 502 

before they were dissolved for analysis (Davis et al. 1997; Campbell et al. 2007; Sewell et al. 503 

2012b). Both methods, however, unavoidably remove some geochronological information 504 

present in the crystals. Second, the ID-TIMS techniques required dissolution of single grains or a 505 

group of grains for age determination (Davis et al. 1997; Campbell et al. 2007; Sewell et al. 506 

2012b). In the Hong Kong rocks, however, the presence of older zircon cores (antecrysts and/or 507 

xenocrysts) is common, based on observations from our CL images as well as from the SIMS age 508 

data. The reported ID-TIMS ages therefore represent averaged values for the grain or grains, 509 

obscuring any age variations present that had survived the pre-treatment process. Both the 510 

pre-treatment processes and the averaging effect of the ID-TIMS methods inhibit a sound 511 

estimate of crystallisation ages in cases where multiple age components are present.  512 

 Effects of high U contents on zircon U-Pb ages. Some samples (volcanic and plutonic) 513 

show younger peak ages for analyses for the cores than the rims (Figs. 3 to 8), usually from cores 514 

that are U-rich. There are two explanations for this: matrix effects in the analytical protocols 515 

(White and Ireland 2013), or Pb gains/losses associated with metamictization. Matrix effects in 516 

isolation cause an apparent increase in age of high-U zircon grains (White and Ireland 2013), but 517 

almost all dated grains in the Hong Kong samples yield U concentrations (Table 4) well below 518 

the values at which matrix effects were considered to be present by them. However, if the SIMS 519 
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U-Pb age data are plotted against U contents there are sometimes distinct trends (Figs. 3 to 8). In 520 

some grains with >1,000 ppm U the ages form a younging trend with increasing U concentration. 521 

We thus consider there to be a bias in U-Pb ages caused by Pb loss in some of higher-U analyses, 522 

which happen also to be in crystal cores. The Pb-losses are attributed to metamictization of the 523 

higher-U domains, coupled with Pb leaching during later hydrothermal events that are inferred 524 

from thermochronology (Tang et al. 2014) and seen in the alteration mineralogy (e.g. epidote and 525 

chlorite from the breakdown of primary ferromagnesian minerals) observed by us in the volcanic 526 

and plutonic rocks. The weighted mean ages of the rim analyses from the above samples are thus 527 

inferred to be more accurate estimates of the eruption or final solidification ages of the units. 528 

However, not all high-U grains appear to yield inconsistent, young ages and also some grains 529 

with only several hundred ppm U still yield <140 Ma ages. The latter occur particularly in the 530 

Kowloon and Mount Butler granites and are interpreted to represent magmatism occurring as late 531 

as ~138 Ma (Table 3). 532 

 Implications for the magmatic cycles in Hong Kong. With our SIMS age data, the earlier 533 

ID-TIMS geochronology of the Mesozoic magmatic episodes in Hong Kong (Davis et al. 1997; 534 

Campbell et al. 2007; Sewell et al. 2012b) can be reconsidered. First, we suggest that the RBVG, 535 

instead of being a single pulse of volcanism at ~143 Ma, reflects eruptions from ~143 to 141 Ma 536 

that were followed closely by the Pan Long Wan trachydacite lava and other KSCVG units. Two 537 

plutonic units, the Shui Chuen O and Chi Ma Wan granites (Cheung Chau Suite: Table 1), were 538 

originally considered as the plutonic equivalents of the RBVG (Sewell et al. 2000, 2012b). These 539 

two plutons yield SIMS ages that are younger than the ID-TIMS ages (Table 3), implying that a 540 

discrete ~143 Ma pulse of granitic intrusions (corresponding to RBVG eruptions) is absent and 541 

that the pairing of the RBVG with the Cheung Chau Suite intrusions is no longer valid.  542 



25 
 

 Second, the final solidification age estimates of some plutonic rocks are also shifted. The 543 

Kowloon and Mount Butler granites are inferred here to have ages at 139.1±1.0 Ma and 544 

137.8±0.8 Ma, respectively, >1 Myr younger than the eruption ages of the previously linked 545 

KSCVG units, inferred here to be ~141-140 Ma. These age differences imply that that the 546 

volcanic and plutonic components were not coeval, and not necessarily co-genetic even if the 547 

rocks spatially overlap (cf. Sewell et al. 2012a). In contrast the Sok Kwu Wan and Chi Man Wan 548 

granites and D’Aguilar and Tong Fuk quartz monzonites all yield age estimates at ~140 Ma 549 

(Table 3), closely matching the eruption ages of the KSCVG units, and implying a peak in the 550 

magmatic flux at that time. Third, the SIMS data for the Shui Chuen O Granite yield a unimodal 551 

pattern with an estimated final solidification age of 141.9±0.8 Ma, i.e. younger than the published 552 

ID-TIMS age (Table 3). However, the ID-TIMS studies identified the presence of multiple age 553 

components, separated by <1 Myr, in this pluton (Sewell et al. 2012b; Fig. 7A), a range that is 554 

not resolvable in SIMS analyses. Instead of being generated as a single intrusion at ~144 Ma, the 555 

pluton probably underwent multiple stages of thermal waxing and waning before a final 556 

crystallisation event at ~142 Ma. 557 

 558 

Petrogenetic information from zircon textural and trace element information 559 

 A wide range of zircon growth patterns and textures in different units implies a 560 

corresponding diversity in the magmatic systems. Here we discuss the zircon trace element 561 

variations in different growth zones, especially core-versus-rim relationships. 562 

 CL-dark cores and bright rims.  The Ap Lei Chau (HK11840) and Che Kwu Shan 563 

(HK11836) ignimbrites and Pan Long Wan (HK13277) trachydacite lava belong to this group 564 

(~60-70% of the zircons show this pattern: Table 3, Fig. 2). Of these, the Pan Long Wan lava 565 
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exhibits the clearest variations (Fig. 10): cores have significantly higher Hf, U, Th, total 3+ trace 566 

elements and lower Ti than rims. Significant proportions of the cores from the Ap Lei Chau (31%) 567 

and Che Kwu Shan (27%) ignimbrites are CL-dark and rounded (Type A cores: Table 2) and 568 

have trace element signatures like those of the Pan Long Wan lava (HK13277; 48%: Fig. 10). 569 

Some dark cores from the two ignimbrites plot similarly to the Pan Long Wan lava in the Eu/Eu*, 570 

Ti and U/Yb versus Hf, and Y versus Nd plots (Fig. 10). In addition, some cores from all three 571 

units yield similar inheritance ages of ~143-162 Ma (Table 3). CL-bright rims in these three 572 

samples show similarly low Hf, U, Th and higher Ti abundances (as a proxy of melt temperature). 573 

The dark cores are inferred to have been entrained into hotter and less-evolved melts in which 574 

they were partly resorbed then overgrown. Similar features, although without resorption, occur 575 

prominently in late-erupted Bishop Tuff zircons (Chamberlain et al. 2014). In the Hong Kong 576 

examples, the assembly process must have been rapid, or otherwise the entrained grains would 577 

have wholly dissolved (cf. Charlier et al. 2005, 2010). Furthermore, similarities in trace element 578 

signatures and CL appearances suggest that the zircon cores of the three volcanic units came from 579 

a single plutonic source, which was reactivated and mobilised to yield the volcanic units.  580 

 Apart from these volcanic samples, the D’Aguilar and Tong Fuk quartz monzonites also 581 

yield zircon populations dominated (~60-80%: Table 2) by ‘dark core-light rim’ textures. Such 582 

zircon textures have rarely been reported from plutonic rocks (e.g. Poller et al. 2001; Corfu et al. 583 

2003; Wang et al. 2012). Most of these cores (which are of similar age to the rims) were resorbed 584 

and rounded (i.e. Types A or B in Table 2) prior to being overgrown by CL-light rims, the 585 

occurrence of which implies that the plutons finally crystallised from higher-temperature and/or 586 

less-evolved melts. 587 
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 CL-light cores and dark rims. The Lantau, Chi Ma Wan, Kowloon and Mount Butler 588 

granites have significant proportions (~40-80%) of grains with CL-dark rims and -light cores. 589 

Some volcanic samples also yield less abundant proportions of grains with similar textures (Table 590 

2). The dark CL-growth zones are enriched in U, Th, Hf and total 3+ elements coupled with low 591 

Ti concentrations, collectively interpreted to reflect crystallisation from cooler, more-evolved 592 

melts and corresponding to the thermally waning stage of the relevant magmatic system. In 593 

particular, the Mount Butler Granite zircons record exceptional rimward enrichments of Hf and U 594 

reflecting extended fractionation before final solidification, consistent with the highly evolved 595 

geochemistry of the unit (Sewell and Campbell 1997, 2001). 596 

 Structureless cores. Zircon populations of the Clear Water Bay Formation and High Island 597 

Tuff include euhedral cores (Type C cores: ~20-30%: Table 2), some of which show vague, thin 598 

(generally <10 µm), CL-light, resorption boundaries. Unlike in the Pan Long Wan trachydacite, 599 

however, zircon cores (both types B and C) and rims from these two units have identical trace 600 

element characteristics and the SIMS core and rim ages are indistinguishable (Fig. 6). The thin 601 

resorption boundary around the cores is interpreted to represent a transient change in environment 602 

(e.g. minor changes in melt temperature and/or composition: e.g. Reid et al. 2011), rather than 603 

reflecting major recycling or resorption events because of the compositional similarity of the 604 

subsequent overgrowths. The SIMS age data also show that the High Island Tuff does not contain 605 

any inheritance signature. 606 

 Zircons with complex zoning textures. Some units yield a wide variety of zircon textures 607 

and complex resorption boundaries. In cores from the Lantau Granite and East Lantau porphyry, 608 

and Shing Mun, Lantau, Long Harbour and Mount Davis ignimbrites, there is a combination of 609 

various types of cores and CL intensities. The undifferentiated Kau Sai Chau ignimbrite zircons 610 
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exhibit the widest range in CL intensity (Table 2), which is also reflected in notably large ranges 611 

in trace element concentrations when compared to other volcanic units (except the Pan Long Wan 612 

trachydacite: Table 4). The complexity of these zircon textures, with evidence of inherited cores 613 

(antecrystic or xenocrystic cores with multiple age components), reflects multiple episodes of 614 

zircon growth and resorption, sometimes with distinct trace element patterns. Zircons from the 615 

Kowloon Granite exhibit systematic trace element variations that can be linked with specific 616 

CL-dark growth zones, characteristically lacking oscillatory zoning. These intermediate growth 617 

zones are distinctive; higher in Hf, U, total 3+ elements and Yb/Gd ratios, lower in Ti 618 

concentrations and Th/U ratios and with a deeper Eu/Eu* anomaly (<0.1) (Fig. 11). These zircons 619 

are inferred to have experienced a more-evolved, cooler melt when compared with earlier or later 620 

stages, consistent with a magmatic system that was cooling towards full crystallisation before 621 

being rejuvenated as seen in the CL-lighter rims. Intermediate dark-CL growth zones with similar 622 

characteristics and inferred origins are common in the Long Harbour and Mount Davis 623 

ignimbrites (Type B zircon cores: 50% and 62% of all grains respectively: Table 2). Analysed 624 

examples of the associated cores yield ages of ~144-146 Ma and ~165 Ma (Table 3), implying 625 

that they were recycled from earlier magmatic episodes.  626 

 Role of sector zoning on trace element patterns. The effects of sector zoning on 627 

distributions of trace elements in zircons are important, especially when considering such 628 

parameters as Ti-in-zircon temperatures (e.g. Corfu et al. 2003; Reid et al. 2011; Chamberlain et 629 

al. 2014; Cooper et al. 2014). Several factors have been proposed to explain sector zoning (e.g. 630 

Paterson and Stephens 1992; Hanchar and Miller 1993; Watson and Liang 1995; Vavra et al. 631 

1996). Here, sector zoning in the volcanic and plutonic zircons (Fig. 12) is most marked in plots 632 

of total 3+ elements and the molar total 3+/P ratio versus U, where two sub-parallel arrays are 633 
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generally evident (cf. Chamberlain et al. 2014). Note that for some trace elements and their ratios, 634 

the variations across dark-light sectors are non-systematic, i.e. particular trace elements may 635 

show enrichment, depletion or no difference in dark versus light sectors in individual grains, as 636 

seen in the variable gradients (negative/positive) of tie-lines connecting data within individual 637 

grains (Fig. 12). Cooper et al. (2014) reported that the CL-lighter sectors from the Kidnappers 638 

ignimbrite (New Zealand) generally returned molar ratios of total 3+/P close to unity, 639 

independent of Yb or Hf concentrations, and as such approximated to the ‘xenotime substitution’ 640 

(Hoskin and Schaltegger 2003). Hong Kong samples, in contrast, yield total 3+/P molar ratios of 641 

1-3 in the lighter sectors and show gentle positive trends with increasing Hf, U and Yb. The 642 

positive trends reflect either a different substitution mechanism or, more likely, a relative 643 

depletion of P with the enrichment of trivalent elements in the progressively more evolved melt 644 

(higher Hf or U). In such more evolved melts, charge balancing with the incorporation of 645 

trivalent trace elements thus has to be through mechanisms other than the ‘xenotime substitution’ 646 

(Hoskin and Schaltegger 2003). 647 

 648 

Xenocrysts versus antecrysts: inheritance patterns in the age and trace 649 

element data 650 

 The presence of inherited zircons or parts thereof, identified from age data or contrasting 651 

trace element abundances, provides direct evidence for involvement (recycling) of crustal 652 

materials in the Hong Kong magmatic systems. The inherited grains can be xenocrysts, sourced 653 

from older, unrelated host rocks, or antecrysts, derived from crystal mush or from rejuvenated 654 

fully crystallized plutons of earlier magmatic episodes (Mahood 1990; Charlier et al. 2005). 655 

Based on CL imagery, 34-85% of grains contain noticeable cores (Table 2), and on that basis 656 
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alone, there could be significant amounts of inheritance. Here, age and trace element data are 657 

used to see whether origins of these diverse cores could be distinguished.  658 

 For late Mesozoic inherited cores, whether they are considered as antecrystic or xenocrystic 659 

depends on the time gap between their growth and remobilisation, and the extent to which the 660 

two magmatic events are geochemically linked. The distinction may thus be challenging. For 661 

example, the 137.8±0.8 Ma Mount Butler Granite contains inherited zircon cores of Mesozoic 662 

(~160 Ma) and Palaeoproterozoic (~2.1 Ga) ages (Table 3). The Mesozoic inherited grains are 663 

here interpreted as antecrysts, i.e. remobilised from precursor crystal mush or plutons of earlier 664 

magmatic episodes (cf. Bacon and Lowenstern 2005; Charlier et al. 2005; Miller et al. 2007; 665 

Gaschnig et al. 2010), despite being ~20 Myr older than the host granite. A large age gap 666 

between the cores and host units was, however, used as a key criterion for discriminating 667 

xenocrysts and antecrysts in other studies, albeit on younger systems (e.g. Bacon and Lowenstern 668 

2005; Charlier et al. 2005; Miller et al. 2007).  669 

 Our data thus suggest that survival of whole or partial zircons in successive magmatic 670 

episodes implies that the magmatic conditions of these inheritance-bearing units did not greatly 671 

exceed those for zircon saturation (cf. Miller et al. 2003; Charlier et al. 2010). In addition, the 672 

presence of inheritance implies that the crystallisation ages of zircons may differ from their 673 

eruption or final solidification ages as normally considered. The presence of multiple zircon age 674 

components in some of the granitic plutons in Hong Kong has thus led to complications in 675 

interpreting the age data from ID-TIMS versus SIMS techniques.  676 

 Some cores that are inferred to be xenocrystic from age data show distinctly different trace 677 

element characteristics (Fig. 13). Xenocrystic 1.1-2.8 Ga cores from the Shing Mun ignimbrite 678 

(Fig. 13A) in general show broader ranges and more variable trace element characteristics than 679 
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the rims. These xenocrystic cores are commonly distinctive, characterised by dark CL emission 680 

with oscillatory zoning and complex multiple resorption boundaries (i.e. Type B cores), implying 681 

multiple recycling and growth stages. Some cores were surrounded by CL-lighter intermediate 682 

growth zones that plot within the main trace element trends and yield ages broadly similar to the 683 

weighted mean age of the unit (i.e. ~164 Ma, Table 3). The light-CL zones are therefore likely 684 

antecrystic. Similarly, the undifferentiated Kau Sai Chau ignimbrite (Lantau caldera) also yields 685 

xenocrystic grains with trace element characteristics that deviate from the main trends (Fig. 13B).  686 

 687 

Variations in trace element patterns through time 688 

 Here, we use the trace element signatures of volcanic zircons to track the evolution of the 689 

Middle Jurassic to Early Cretaceous Yanshanian magmatic episodes in Hong Kong. Since zircon 690 

cores show wider compositional variations (Table 4), due in part to their inherited nature, only 691 

rim analyses are used. Variations in the ranges of Sc, Ti and Hf concentrations and Th/U, Yb/Gd 692 

and U/Yb ratios (e.g. Barth et al. 2013) are used to see if there are temporal changes in evolution 693 

of the crust and magmatic systems (Fig. 14). In general, zircon trace element data from all units 694 

exhibit similar, partly overlapping trends, but the two Jurassic units (Shing Mun and Lantau 695 

ignimbrites) have narrower ranges than the younger RBVG and KSCVG units (Table 4). 696 

Generally higher Hf concentrations occur in zircons from the two Jurassic units together with the 697 

RBVG units (Long Harbour and Mount Davis ignimbrites, Fig. 14). Sc shows a general increase 698 

from the oldest Shing Mun ignimbrite, through the Lantau tuff and the RBVG units. 699 

 A decrease in Sc with increasing Hf (i.e. melt evolution) has been used to imply the 700 

co-crystallisation of amphibole and biotite, and vice versa (e.g. Barker et al. 2014; Cooper et al. 701 

2014). The relatively low and stable Sc concentrations in zircons from the Shing Mun and Lantau 702 
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ignimbrites suggest either fractionation of Sc-bearing phases (particularly amphibole) or 703 

depletion of Sc in the source. In contrast, the gradual increase in Sc for the RBVG units and Pan 704 

Long Wan trachydacite implies a limited involvement of amphibole fractionation. However, 705 

zircons from the remaining KSCVG units show no obvious trend in Sc versus Hf, despite having 706 

the highest Sc abundances (~50-260 ppm: Table 4). Combined with an apparent increase in melt 707 

temperatures as monitored by Ti concentrations, dissolution of Sc-bearing phases may have 708 

contributed to the higher levels of Sc in zircons from these later units (cf. Barker et al. 2014).   709 

 Elemental ratios (e.g. Yb/Gd, Th/U, U/Yb) have been used as tracers of sources and 710 

magmatic evolution (e.g. Barth et al. 2013; Cooper et al. 2014; Grimes et al. 2015). Zircons from 711 

the Shing Mun ignimbrite and the RBVG are characterised by generally higher Yb/Gd and U/Yb, 712 

and lower Th/U ratios. In contrast, zircons from the younger Lantau ignimbrite and KSCVG units 713 

give a lower range of Yb/Gd and U/Yb ratios (Fig. 14), inferred to reflect HREE-depletion 714 

involved in their melt generation. The decrease in Yb/Gd ratios in these units may reflect either 715 

(1) host melts from sources where fractionation of higher pressure mineral assemblages including 716 

garnet and/or amphibole occurred, or (2) partial melting of lower crustal rocks by mantle-derived 717 

magmas, with garnet in the residue. Although there are several issues associated with quantitative 718 

Ti-in-zircon thermometry (e.g. Chamberlain et al. 2014), Ti concentration can be used as a 719 

general tracer, with Ti decreasing as Hf increases, reflecting in part decreasing temperatures 720 

during melt evolution (e.g. Claiborne et al. 2006; Ferry and Watson 2007; Barth and Wooden 721 

2010). Our data thus suggest that magmatic temperatures were higher and/or Ti activities lower 722 

for the younger KSCVG units than the older volcanic units (Figs. 9, 14), including the Shing Mun 723 

and Lantau ignimbrites and RBVG units. Similar inferences apply to the Ti-richer bright CL rims 724 
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of the Che Kwu Shan and Pan Long Wan zircons, plus grains from the undifferentiated Kau Sai 725 

Chau ignimbrite from Lantau caldera complex.  726 

 727 

Temporal relationships of volcanic and plutonic units 728 

 Repulse Bay Volcanic Group (RBVG) – Cheung Chau Suite. Overall, the SIMS ages 729 

match the field stratigraphic relationships of the volcanic units (Sewell et al. 2012a; Tang 2016). 730 

In cases where the ages of units overlap within error, field relationships have been decisive in 731 

interpreting the stratigraphy and age data. SIMS ages of the RBVG units overlap at 95% 732 

confidence, although field evidence shows that the Mount Davis Formation is overlain by the 733 

Long Harbour, Ap Lei Chau and Che Kwu Shan ignimbrites (Sewell et al. 2012a; Tang 2016). 734 

The RBVG and Cheung Chau Suite rocks were previously interpreted as coeval at ~143 Ma 735 

(Sewell et al. 2000, 2012b; Campbell et al. 2007). The SIMS age data (Table 3), however, imply 736 

that the RBVG represents eruptions spaced over ~143 to 141 Ma, rather than representing a 737 

single ~143 Ma pulse of volcanism. The Cheung Chau Suite was previously linked to the RBVG 738 

based on comparable ages from ID-TIMS determinations and whole rock geochemistry (e.g. 739 

Sewell et al. 2000, 2012a, b). However, SIMS ages of Shui Chuen O and Chi Ma Wan granites 740 

presented here are 141.9±0.8 Ma and 140.0±1.0 Ma, respectively, (Table 3). Our age data 741 

preclude any links between these two intrusions and the RBVG and suggest that their inclusion in 742 

the Cheung Chau Suite be reconsidered. 743 

 Kau Sai Chau Volcanic Group – Lion Rock Suite. Our SIMS data confirm that the 744 

KSCVG was erupted from ~141-140 Ma. The post-High Island lava is dated at 139.6±0.5 Ma 745 

(Table 3), consistent with it overlying the 140.9±0.4 Ma High Island Tuff. The Sok Kwu Wan 746 

Granite and D’Aguilar Quartz Monzonite are closely geographically related to the High Island 747 
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caldera perimeter (Fig. 1) and yield indistinguishable SIMS ages of 140.7±1.2 Ma and 140.8±1.4 748 

Ma, respectively (Table 3). The Kowloon and Mount Butler granites crystallized at 138.9±1.5 Ma 749 

and 137.8±0.8 Ma, respectively, 2-3 Myr after the eruption of the KSCVG, but consistent with 750 

their relative ages from field relationships (Strange and Shaw 1986; Sewell et al. 2000; Tang 751 

2016). The previously proposed temporal linkage of these two plutons with the KSCVG is thus 752 

considered incorrect. Even though emplaced within the High Island caldera, the two plutons are 753 

inferred to represent separate, independent magmatic pulses emplaced at shallow levels in the 754 

crust. 755 

 756 

Comparisons between volcanic and plutonic records from the High Island 757 

caldera complex 758 

 It is widely supposed that volcanic rocks represent short-lived snapshots of their magmatic 759 

systems whereas plutonic rocks record much longer evolutionary histories, including near- and 760 

sub-solidus processes (e.g. Glazner et al. 2004; Hildreth 2004; Bachmann et al. 2007; Lipman 761 

2007; Miller et al. 2007; Barth et al. 2012; Davis et al. 2012; Lundstrom and Glazner 2016). Here 762 

zircon trace element patterns from the volcanic and plutonic units of the High Island caldera 763 

complex are compared and contrasted. 764 

 Volcanic records. Within the RBVG, zircons in the younger Ap Lei Chau and Che Kwu 765 

Shan ignimbrites grade in their rims towards lower Hf, U and Th, but higher Ti concentrations 766 

than the older Mount Davis and Long Harbour ignimbrites (Fig. 15). In the Eu/Eu* versus Hf plot, 767 

data from the younger two ignimbrites diverge into two groups: one (50-60% of analyses) trends 768 

in common with the older two ignimbrites and the other (50-40% of analyses) with the younger 769 

Pan Long Wan trachydacite (Figs. 9, 15). The Ap Lei Chau and Che Kwu Shan ignimbrites 770 
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contain zircons with notable numbers of CL-bright rims, suggestive of later-stage magmatic 771 

reactivation by hotter, less evolved melts. All the KSCVG units, except the Pan Long Wan lava, 772 

have similar zircon trace element patterns that are largely distinct from those of the underlying 773 

RBVG sequence. The KSCVG zircons have generally lower Hf, U, Th and REE concentrations 774 

than those of the RBVG (Table 4), and show smaller ranges and lower values of Th/U and Yb/Gd 775 

ratios (Table 4; Fig. 15). The RBVG and KSCVG are thus inferred to represent two 776 

spatially-overlapping and temporally closely successive magmatic systems (Table 3), with a 777 

transition shown by melts that gave rise to the CL-brighter rims on the younger two RBVG 778 

ignimbrites and the Pan Long Wan lava (Fig. 15). Plots of the Eu-anomaly against Hf 779 

concentrations (Fig. 15) illustrate two aspects of the KSCVG magmatic system: (1) Eu/Eu* 780 

values around 1.0 or greater from some analyses, implying possibly melting of feldspar in the 781 

source and (2) steep gradients in Eu/Eu* versus Hf, implying strong feldspar fractionation during 782 

melt evolution. 783 

 Plutonic records. As in the volcanic units, trace elements from the plutonic zircons (Fig. 16) 784 

fall on two trends, corresponding to those of the RBVG and KSCVG individually, and defining 785 

two groups: 1, Shui Chuen O, Kowloon and Mount Butler granites and 2, Sok Kwu Wan Granite 786 

and D’Aguilar Quartz Monzonite. Overall, zircons from group 1 units yield wider ranges in Hf, Y, 787 

total 3+, Th and U concentrations than group 2 units. In particular, Hf variations from group 1 788 

(~5,000-23,000 ppm) are notably greater than in group 2 (~6,000-13,000 ppm: Table 4) implying 789 

that the former saw higher degrees of melt fractionation during development. Consistent with this 790 

interpretation, larger inter-grain variations Th/U, Yb/Gd and U/Yb ratios (e.g. Barth and Wooden 791 

2010) are also evident in group 1 units (Fig. 16). Maximum Ti concentrations are in general 792 

higher in group 2 zircons than in group 1 (Table 4), inferred to reflect hotter, and/or less-evolved, 793 
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and/or more TiO2-rich melts in the former. In a Eu/Eu* versus Hf plot (Fig. 16), data from group 794 

2 units form an array with a steeper gradient than those from Group 1 units, interpreted to reflect 795 

stronger feldspar fractionation during melt evolution. 796 

 In their zircon trace element patterns the group 1 plutonic units are most similar to those of 797 

the RBVG units (Fig. 16, left panels), despite their age differences (Table 3). Their trace element 798 

data always plot in the same fields, although the Kowloon and Mount Butler granites contain 799 

some grains with Hf up to ~21,000 ppm. These high-Hf grains are interpreted to reflect extensive 800 

fractionation as a result of zircon crystallization in the latest-stage melts when the temperature 801 

approached the solidus (Barth and Wooden 2010), with accompanying low Ti (1-2 ppm). The two 802 

compositional groups seen in the volcanic units are also seen in the separated arrays from the 803 

granites. Data from the Shui Chuen O Granite plot in similar fashion to the part of the Ap Lei 804 

Chau and Che Kwu Shan ignimbrites that is out of the main trend of the RBVG (cf. Fig. 15), 805 

whereas the Kowloon and Mount Butler granites overlap with the Long Harbour and Mount 806 

Davis ignimbrites. Zircons from group 2 units (Sok Kwu Wan Granite, D’Aguilar Quartz 807 

Monzonite), share similar trace element characteristics to the KSCVG units (excluding the Pan 808 

Long Wan trachydacite) (Fig. 16), matched by the similarity in age data. 809 

 “Cold-” and “hot-” granites in the Hong Kong record. Zircon inheritance characteristics 810 

of granites were discussed by Miller et al. (2003) in terms of zircon saturation temperature (Tzr), 811 

calculated from whole rock compositions using the Watson and Harrison (1983) thermometry. 812 

Here, we use the whole rock data (Sewell and Campbell 2001) to determine the Tzr for the 813 

granitic units studied here using the Watson and Harrison (1983) thermometry (Table 5) for 814 

comparison with the Miller et al. (2003) results. The applicability of zircon saturation 815 

thermometry to determine magmatic conditions, in particular for the Hong Kong samples which 816 
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lack fresh minerals for other geothermometers, is questionable because the composition of the 817 

fully crystallized rock may differ greatly from that of the melt at the time of zircon crystallization. 818 

Nonetheless, the estimated temperatures provide broad indicators of magmatic conditions under 819 

which zircons behave in silicic melts (cf. Charlier et al. 2005; Reid et al. 2011; Barker et al. 820 

2014). 821 

 Two groups of intrusive units are identified based on their averaged Tzr (Table 5), and their 822 

age patterns are presented in Table 3. The Lantau, Chi Ma Wan, Shui Chuen O, Kowloon and 823 

Mount Butler granites have averaged Tzr values from ~740-770 °C; whereas the Sok Kwu Wan 824 

Granite, and D’Aguilar and Tong Fuk quartz monzonites have averaged Tzr values from 825 

~820-860 °C (Table 5). These two groups would be labelled as “cold” and “hot” granites, 826 

respectively, by Miller et al. (2003). This “cold/hot” subdivision matches the grouping of granitic 827 

plutons based on zircon trace element patterns here as well as whole rock geochemical patterns 828 

(Sewell and Campbell 2001). The “cold” granites are scattered at the highly fractionated end of 829 

the data sets, whereas the “hot” granites show clear fractionation trends comparable to those of 830 

the KSCVG units. The “hot” granites are thus inferred to be genetically related to those magma 831 

chambers that fed the KSCVG (Fig. 16). In contrast, the “cold” Kowloon and Mount Butler 832 

granites are here inferred to be not co-magmatic with the KSCVG units (cf. Sewell et al. 2012a). 833 

Values of Tzr are also compared with apparent magma temperatures of the plutonic and 834 

volcanic units determined using Ti-in-zircon thermometry of Ferry and Watson (2007) with 835 

assumed aSiO2 and aTiO2 = 1 (Table 5). For “hot” granites, our trace element data yielded 836 

Ti-in-zircon temperatures that are slightly lower or equal to Tzr of the units. For “cold” granites 837 

and the RBVG and KSCVG volcanic units, some of the analyses have yielded Ti-in-zircon 838 

temperatures > Tzr. However, zircon crystallization occurs only when the melt temperature falls 839 
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below its Tzr. Therefore, either the apparent melt temperatures determined from Ti-in-zircon 840 

thermometry are overestimated (i.e. higher than the actual melt temperature), or the Tzr values 841 

based on Watson and Harrison (1983) are underestimated for these units. This discrepancy, 842 

among other concerns (see e.g. Fu et al. 2008; Chamberlain et al. 2014), illustrates the limitation 843 

of Ti-in-zircon thermometry for inferring melt temperature during zircon crystallization. In 844 

addition, the recently revised Tzr calibration by Boehnke et al. (2013) yields Tzr values in low Zr 845 

rocks that are significantly lower than the temperature estimates modeled from other 846 

geothermometers (e.g. Fe-Ti oxides, amphiboles, etc.; Barker et al. 2014). 847 

 Two groups of volcanic-plutonic products from the High Island caldera complex. Data 848 

presented here highlight two groups of volcanic-plutonic products in the magmatic system 849 

encompassed by the High Island caldera complex: the RBVG and “cold” granites, and the 850 

KSCVG and “hot” granites. Controls on the magmatic system(s) below the High Island caldera, 851 

however, cannot be fully established here, because the units available represent widely spaced 852 

snapshots of the ~3 Myr evolutionary history of the magmatic system. Two end-member 853 

scenarios are considered here for its development. First, the system operated as a single domain 854 

that varied in temperature, controlled by varying interaction of hotter melts. In this scenario, the 855 

two groups of volcanic-plutonic products record a series of random snapshots of the fluctuating 856 

magmatic system. The second scenario consists of two interacting crustal domains of contrasting 857 

temperature and broad compositional characteristics. The lower temperature domain dominated at 858 

first (e.g. Mount Davis and Long Harbour ignimbrites), but was gradually superseded by the 859 

higher-temperature domain that culminated in the high-silica rhyolites of the KSCVG.  860 

 861 
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Hong Kong perspectives on large silicic magmatic systems  862 

 Two contrasting end-member views exist on the volcanic-plutonic connections of large 863 

silicic systems (Lundstrom and Glazner 2016, for overviews). One considers volcanic rocks and 864 

sub-volcanic plutons to be genetically related and share a common magmatic origin (Bachmann 865 

and Bergantz 2004; Hildreth 2004; Hildreth and Wilson 2007). In this view, plutons represent 866 

either the non-erupted crystal mush or the remnant, crystal-dominated part of the system after 867 

withdrawal of rhyolitic melts (e.g. Smith 1979; Hildreth 1981; Shaw 1985; Bachmann et al. 2002; 868 

Bachmann and Bergantz 2004). The other model considers that voluminous ignimbrites are fed 869 

from transient magma chambers that are assembled very rapidly at shallow crustal levels during 870 

periods of intense heat influx and evacuate completely, thereby leaving very little plutonic record 871 

(Coleman et al. 2004; Glazner et al. 2004; Lipman 2007; Miller 2008). These views are discussed 872 

here from the Hong Kong perspective.  873 

 Volcanic-plutonic connections. Here, revised linkages of volcanic and plutonic units in the 874 

High Island caldera complex have been established. The generation of volcanic rocks ranging 875 

from crystal-rich dacitic to rhyolitic ignimbrites (of the RBVG) to trachytic to high-silica rhyolite 876 

(of the KSCVG) is inferred to represent the evacuation of different parts (in space) or 877 

developmental stages (in time) of the magma chambers (the mush zones or rhyolitic melts 878 

extracted therefrom). The divergence in volcanic compositions also points to separate modes of 879 

volcanic-plutonic connections in large silicic systems in Hong Kong, which can co-exist and 880 

spatially overlap. 881 

 The magma bodies for two earlier units of the RBVG (Long Harbour and Mount Davis 882 

ignimbrites, crystal-rich and with relatively high proportions of inherited zircons) are inferred to 883 

have been sourced from partial melting of older Yanshanian granites and basement rocks, and a 884 
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crystal-dominated, long-lived magma chamber is inferred to have been present. Subsequent 885 

eruptions (Ap Lei Chau, Che Kwu Shan and Pan Long Wan) show evidence for input from less 886 

evolved, hotter sources but are linked, through their abundance of inherited zircon cores, with the 887 

earlier “cold” granites. The volcanic-plutonic links are considered to have been indirect, through 888 

recycling in younger volcanic units of older, contrasting zircons from the larger scale magmatic 889 

reservoir beneath the erupted magma bodies. The Shui Chuen O, Kowloon and Mount Butler 890 

granites (linked through their geochemical characteristics) are inferred to represent part of the 891 

recycled crustal materials that solidified without any significant eruptive equivalents. 892 

 The Hong Kong situation supports the idea that an influx of hotter magma to shallow crustal 893 

levels is important in the development of voluminous high-silica rhyolite melts (e.g. Bachmann et 894 

al. 2007; Lipman 2007; de Silva and Gregg 2014). The zircon trace element signatures of the Pan 895 

Long trachydacite suggest the arrival of hotter, less-evolved melts prior to the building up of the 896 

high-silica rhyolitic melts of the KSCVG units. Eruption of the voluminous High Island Tuff then 897 

probably evacuated the crystal-poor melt-dominant magma chamber almost completely, leaving 898 

behind only small amounts of melt. The KSCVG units and the Sok Kwu Wan and D’Aguilar 899 

plutons are considered to be genetically linked on the basis of their bulk compositions (Sewell 900 

and Campbell 1997, 2001) and indistinguishable zircon age spectra. These “hot” granites 901 

probably represent the residual magmas subsequently emplaced along major conduits (the caldera 902 

bounding structures). Volumes of these intrusions, estimated from their exposure areas, are 903 

relatively small, however, when compared with their eruptive counterpart, the High Island Tuff.   904 

 Lifespan of silicic magmatic systems. Studies of Mesozoic to Tertiary granitic batholiths in 905 

the western USA (particularly the Sierra Nevada) have led to proposals that they are composite 906 

bodies, assembled over several million years or more (e.g. Coleman et al. 2004; Glazner et al. 907 
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2004; Matzel et al. 2006; Walker et al. 2007; Gaschnig et al. 2010, 2017; Lipman and Bachmann 908 

2015; Coleman et al. 2016). In Hong Kong, >20 mappable granitic plutons, stocks and dyke 909 

swarms were emplaced over a period of ~26 Myr (Davis et al. 1997; Sewell et al. 2000, 2012b; 910 

this paper). These granitic rocks are spatially juxtaposed within a limited geographic area, but are 911 

not necessarily genetically related. Several of the plutons (e.g. Kowloon and Mount Butler 912 

granites: ~68 and 25 km2, respectively: Sewell et al. 2000) yield inherited zircons that are several 913 

to >20 Myr older than their final solidification ages (Table 3). Instead of interpreting those time 914 

spans simply as the duration of pluton growth, the age data are considered to be the overall result 915 

of repeated recycling of zircons from earlier, independent magmatic episodes that happen to 916 

spatially overlap. This interpretation highlights issues of the definition of zircon xenocrysts and 917 

antecrysts, and how to distinguish them in understanding the evolutionary history of a magmatic 918 

system, within the constraints imposed by the precision of dating techniques.  919 

 In addition, the estimated long-term emplacement rate of composite plutons, as inferred 920 

from geochronological data and thermal modelling, is asserted to be too low ((O)10-3 km3/yr) to 921 

sustain the development of any large magma chambers (Coleman et al. 2004, 2016; Glazner et al. 922 

2004; Annen 2009). The geochronological data presented here show that the modal peaks in ages 923 

from the units yielding either multiple age or unimodal age components generally match the ages 924 

of the previously identified major volcanic-magmatic episodes (Davis et al. 1997; Sewell et al. 925 

2012b). These coincidences of age peaks suggest that there were periods of increased zircon 926 

crystallisation, reflecting the pulsating nature of the emplacement and cooling of intrusions as 927 

demonstrated elsewhere (e.g. Walker et al. 2007; Lackey et al. 2012). Therefore, it is 928 

inappropriate to use a long-term average emplacement rate for the growth of granitic bodies for 929 

the Hong Kong case, because such an average does not meaningfully reflect the specific 930 
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timescales of any magmatic processes that operated. In particular, such averaged growth rates are 931 

inappropriate to decide whether or not a given pluton could have given rise to a substantial 932 

volume of volcanic products. 933 

 The age data also show that the lifespan of large silicic magmatic systems within this 934 

constrained area of the broader Southeast China Magmatic Belt extended over several million 935 

years. The match in ages of, for example, the KSCVG and the Sok Kwu Wan Granite and 936 

D’Aguilar Quartz Monzonite implies that both eruptive and intrusive units reflect confluent 937 

processes during sporadic periods of relatively intensive magmatism. This interpretation contrasts 938 

with that of Lipman (2007) who proposed that large volcanic eruptions occur during magmatic 939 

“flare-ups”, i.e. higher magmatic influx, whereas plutonic rocks are emplaced in waning stages. 940 

In short, the emplacement of most granitic plutons in Hong Kong occurred during pulsed, more 941 

intense magmatic influxes related also to the creation of magma chambers that fed major 942 

eruptions.  943 

 944 

IMPLICATIONS 945 

 We have presented SIMS U-Pb age and trace element data, coupled with CL imagery, from 946 

zircons extracted from 21 late Mesozoic volcanic and plutonic rock samples. We have used these 947 

data to investigate magmatic systems in Hong Kong, particularly those related to the early 948 

Cretaceous High Island caldera complex. Both volcanic and plutonic samples fall into two groups, 949 

one with a unimodal age population, the other with multiple age components. The unimodal age 950 

group shows contrasting cores under CL imagery in some grains, but age data cannot resolve any 951 

time gap and weighted means from the SIMS data are within error the same as those from 952 

published ID-TIMS data. The group with multiple age components, linked to textural 953 
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observations, contains common antecrystic and/or xenocrystic cores recycled from earlier 954 

Yanshanian magmatic episodes or much older basement rocks. Fifteen samples yield SIMS 955 

weighted-mean ages younger than the ID-TIMS values. Although the values in most cases 956 

overlap with 95% confidence, the close matches of SIMS and ID-TIMS ages from samples with 957 

unimodal age distributions suggests that any differences are real. Such differences might arise 958 

through (1) air/chemical abrasion before ID-TIMS analysis removing some geochronological 959 

information, (2) ID-TIMS ages reflecting the average, not youngest age within the grains, or (3) 960 

U-rich zircons measured by SIMS being affected by Pb-loss.  961 

 Our new data show that magmatism shallow enough to now be exposed lasted until 962 

137.8±0.8 Ma (Mount Butler Granite) and was unrelated to any surface volcanism. 963 

Thermochronological data further imply that subsurface magmatism continued until 100-80 Ma 964 

(Tang et al. 2014). We infer that volcanism for the Repulse Bay Volcanic Group (RBVG) and Kau 965 

Sai Chau Volcanic Group (KSCVG) associated with the High Island caldera complex represent 966 

continuous (within analytical uncertainties) magmatic activity over ~5 Myr, instead of distinct 967 

phases at ~143 and ~141-140 Ma, respectively (Davis et al. 1997; Sewell et al. 2000, 2012b). 968 

Some direct volcanic-plutonic linkages previously proposed (e.g. High Island Tuff and Kowloon 969 

Granite: Sewell et al. 2012a) are not supported by our age data, whereas other linkages (e.g. High 970 

Island Tuff and D’Aguilar Quartz Monzonite) are reinforced. 971 

 Zircon CL textures show wide ranges in growth patterns in both volcanic and plutonic 972 

zircons, indicative of widely variable crystallisation conditions and/or inheritance histories during 973 

development of the magmatic systems. Significant inter- and intra-grain variations occur in 974 

zircon trace element concentrations, both between cores and rims and between CL-bright (side) 975 

versus CL-dark (tip) sectors of grains, which cause complexities in interpretations (e.g. 976 
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Ti-in-zircon thermometry: cf. Reid et al. 2011; Chamberlain et al. 2014). Overall, trace element 977 

data from volcanic and plutonic samples indicate the presence of two groups of products at the 978 

High Island caldera complex: (1) the RBVG and “cold” granites, and (2) the KSCVG and “hot” 979 

granites (sensu Miller et al. 2003). Zircons from the former yield wider ranges in Hf, Y, Th, U 980 

and total trivalent element concentrations , and Th/U, Yb/Gd and U/Yb ratios than the latter. 981 

Larger ranges in Hf concentrations and a gentler gradient in a plot of Eu/Eu* versus Hf imply that 982 

the RBVG and “cold” granites spanned larger degrees of melt fractionation during their 983 

magmatic histories.  984 

 A widely perceived contrast between the volcanic and plutonic records (e.g. Glazner et al. 985 

2004; Lundstrom and Glazner 2016) is bridged in the Hong Kong record. Plutons like the 986 

Kowloon and Mount Butler granites are unrelated to and younger than any volcanic outburst and 987 

represent separate, independent magmatic pulses. Other intrusions, like the Sok Kwu Wan 988 

Granite and D’Aguilar Quartz Monzonite, are in contrast closely linked to voluminous volcanism 989 

(the High Island Tuff in this case). The exposed “Hong Kong Pluton” thus represents a long-lived 990 

(26 Myr) composite of multiple magmatic systems, with frequent volcanic tappings, but also 991 

independently generated, shallowly emplaced plutonic components. In general, any dichotomy 992 

between the volcanic and plutonic records reflects a number of factors, not least of which is that 993 

the precision for age dating of rocks used to represent the plutonic record in nearly all examples 994 

is too coarse to capture the volcanic processes that can be inferred to operate in modern volcanic 995 

systems (and their plutonic roots) (e.g. Barker et al. 2014, 2015). Composite plutons, like those 996 

which occur beneath Hong Kong and elsewhere in the Southeast China Magmatic Belt, grow by 997 

increments. Their overall averaged growth rates are a misleading representation of complex, 998 

episodic and dynamic growth histories. 999 
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Figure Captions 1306 

Fig. 1.  Igneous geology of southern Hong Kong (modified after Sewell et al. 2000), showing 1307 

sites of sample locations (HK numbers). Ages marked in the key are those established 1308 

in previous studies using ID-TIMS zircon chronology (Davies et al. 1997; Campbell et 1309 

al. 2007; Sewell et al. 2012b); these ages are modified later in this paper. 1310 

Fig. 2.  Illustration of systematic classification of zircon textures in CL imagery. See text for 1311 

details. 1312 

Fig. 3.  Stacked age histograms and relative probability curves (left panels) and 206Pb/238U ages 1313 

versus U concentrations (right panels) for volcanic rock samples from the Lantau 1314 

caldera complex. A: Shing Mun tuff (ignimbrite: HK12025); B: Lantau tuff (HK11052); 1315 

and C: undifferentiated Kau Sai Chau tuff (ignimbrite: HK12070). Left panels: 1316 

darker-grey histograms and blue relative probability curves are data from cores; 1317 

lighter-grey histograms and red relative probability curves are data from rims. Ages 1318 

given are the weighted mean age of all (cores and rims) data. Right panels: open 1319 

squares represent data from cores and closed squares represent data from rims. Error 1320 

bars represent 1 s.d..  1321 

Fig. 4.  Stacked age histograms and relative probability curves (left panels) and 206Pb/238U ages 1322 

versus U concentrations (right panels) for intrusive rock samples from the Lantau 1323 

caldera complex. A: Lantau Granite (HK11822); B: East Lantau porphyry (HK11832); 1324 

C: Chi Ma Wan Granite (HK8353); and D: Tong Fuk Quartz Monzonite (HK8758). 1325 

Left panels: darker-grey histograms and blue relative probability curves are data from 1326 

cores; lighter-grey histograms and red relative probability curves are data from rims. 1327 

Ages given are the weighted mean age of all (cores and rims) data. Right panels: open 1328 
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squares represent data from cores and closed squares represent data from rims. Error 1329 

bars represent 1 s.d.  1330 

Fig. 5.  Stacked age histograms and relative probability curves (left panels) and 206Pb/238U ages 1331 

versus U concentrations (right panels) for ignimbrite samples from the RBVG. A: 1332 

Mount Davis ignimbrite (HK13275); B: Long Harbour ignimbrite (HK11835); C: Ap 1333 

Lei Chau ignimbrite (HK11840); D: Che Kwu Shan ignimbrite (HK11836). Left panels: 1334 

darker-grey histograms and blue relative probability curves are data from cores; 1335 

whereas lighter-grey histograms and red relative probability curves are data from rims. 1336 

Ages given are the weighted mean age of all (cores and rims) data. Right panels: open 1337 

squares represent data from cores; closed squares represent data from rims. Error bars 1338 

represent 1 s.d. 1339 

Fig. 6.  Stacked age histograms and relative probability curves (left panels) and 206Pb/238U ages 1340 

versus U concentrations (right panels) for samples from the KSCVG. A: Pan Long 1341 

Wan trachydacite lava (HK13277); B: Clear Water Bay tuff (ignimbrite: HK11834); C: 1342 

Clear Water Bay rhyolite lava (HK12073); D: High Island Tuff (ignimbrite: HK12001); 1343 

and E: post-High Island rhyolite lava (HK13343). Left panels: darker-grey histograms 1344 

and blue relative probability curves are data from cores; whereas lighter-grey 1345 

histograms and red relative probability curves are data from rims. Ages given are the 1346 

weighted mean age of all (cores and rims) data. Right panels: open squares represent 1347 

data from cores and closed squares represent data from rims. Error bars represent 1 s.d.  1348 

Fig. 7.  Stacked age histograms and relative probability curves (left panels) and 206Pb/238U ages 1349 

versus U concentrations (right panels) for intrusive rock samples from the High Island 1350 

caldera complex. A: Shui Chuen O Granite (HK12072); B: D’Aguilar Quartz 1351 
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Monzonite (HK12022); and C: Sok Kwu Wan Granite (HK12023). Left panels: 1352 

darker-grey histograms and blue relative probability curves are data from cores; 1353 

whereas lighter-grey histograms and red relative probability curves are data from rims. 1354 

Ages given are the weighted mean age of all (cores and rims) data. Right panels: open 1355 

squares represent data from cores and closed squares represent data from rims. Error 1356 

bars represent 1 s.d.  1357 

Fig. 8.  Stacked age histograms and relative probability curves (left panels) and 206Pb/238U ages 1358 

versus U concentrations (right panels) for intrusive rock samples associated by Sewell 1359 

et al. (2012a) with the High Island caldera complex. A: Kowloon Granite (HK11042); 1360 

and B: Mount Butler Granite (HK13407). Left panels: dark-grey histograms and blue 1361 

relative probability curves are data from cores; whereas light-grey histograms and red 1362 

relative probability curves are data from rims. Ages given are the weighted mean age 1363 

of all (cores and rims) data. Right panels: open squares represent data from cores and 1364 

closed squares represent data from rims. Error bars represent 1 s.d.  1365 

Fig. 9.  Plots of selected trace elements and trace element ratios showing all data collected for 1366 

this study from volcanic and plutonic rock samples from Hong Kong. 1367 

Fig. 10.  Plots of selected zircon trace elements to illustrate the intra-grain core-rim variations 1368 

from the Pan Long Wan trachydacite lava (HK13277), and to compare them with those 1369 

of the Ap Lei Chau and Che Kwu Shan ignimbrites (HK11840, HK11836). Outlined 1370 

area encloses data from the zircon cores that show common CL textural characteristics 1371 

and trace element signatures in the three samples. Closed symbols are core (C) data; 1372 

open symbols are rim (R) data. 1373 
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Fig. 11.  Plots of selected zircon trace elements to illustrate the intra-grain variations from the 1374 

Kowloon Granite (HK11042). Outlined area encloses data from the evolved 1375 

intermediate zones in this sample. See text for discussion. 1376 

Fig. 12.  Plots of selected zircon trace elements to illustrate the influence of sector zoning in 1377 

volcanic and granitic units, using samples (A) HK11835 (Mount Davis ignimbrite) and 1378 

(B) HK13407 (Mount Butler Granite) as examples. Only data from zircon rims are 1379 

plotted. Tie-lines connect the data points from the light-dark sectors of the same growth 1380 

zones in the sample rims. Open symbols represent data from lighter sectors and closed 1381 

symbols represent data from darker sectors.     1382 

Fig. 13.  Plots of selected zircon trace elements of (A) Shing Mun ignimbrite (HK12025, left 1383 

panels) and (B) undifferentiated Kau Sai Chau ignimbrite (HK12070, right panels), 1384 

highlighting the characteristics of some dated xenocrystic cores that plot outside the 1385 

main trends. Closed and open symbols represent zircon cores and rims, respectively. 1386 

In-situ SIMS ages of selected cores were obtained from the same analytical spots as the 1387 

trace element analyses. See text for detailed discussion. 1388 

Fig. 14.  Plots of averaged values of trace element concentrations and ratios for zircon rims 1389 

from the volcanic samples, plotted in chronological order. Blue strips highlight the 1390 

volcanic units from the Lantau Caldera; white strips highlight the volcanic units from 1391 

the High Island Caldera; purple and grey strips highlight the Pan Long Wan 1392 

trachydacite and post-High Island rhyolite lavas, respectively, both of which were 1393 

extruded along the boundary of the High Island caldera. 1394 

Fig. 15. Selected zircon trace element plots of the RBVG units (HK11835: Long Harbour; 1395 

HK13275: Mount Davis; HK11840: Ap Lei Chau; HK11836: Che Kwu Shan) and Pan 1396 
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Long Wan trachydacite (HK13277).  Trace element data from all the KSCVG are 1397 

plotted as grey circles for comparison. Zircon trace element data from the two 1398 

crystal-rich ignimbrites (Long Harbour and Mount Davis) are generally plotted outside 1399 

the field in which the KSCVG data plot; while data from the Ap Lei Chau and Che 1400 

Kwu Shan ignimbrites plot in the zone partly overlapping with the KSCVG data. 1401 

Fig. 16.  Selected zircon trace element plots of intrusive units from the High Island caldera 1402 

complex. Left panel: HK12072: Shui Chuen O Granite; HK11042: Kowloon Granite; 1403 

HK13407: Mount Butler Granite. Grey diamonds are data from the RBVG units for 1404 

comparison. Right panel: HK12023 Sok Kwu Wan Granite; HK12022: D’Aguilar 1405 

Quartz Monzonite. Grey circles are data from the KSCVG units for comparison. 1406 
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TABLE 1. Summary of the groups and formations forming late Mesozoic volcanic-plutonic assemblages in 1 
Hong Kong  2 

Age Volcanic Rocks Granitic Rocks 
 Volcanic Groups/Formations sample no. Plutonic Suites/Units sample no. 

141-140 
Ma 

Kau Sai Chau Volcanic Group (KSCVG) Lion Rock (LR) Suite  

 

 Post-High Island lava 
High Island Tuff  
Clear Water Bay tuff 
Clear Water Bay lava 
Pan Long Wan  lava 
undifferentiated Kau Sai Chau 
tuff 

(HK13343) 
(HK12001) 
(HK11834) 
(HK12073) 
(HK13277) 
(HK12070) 
 

 Mount Butler Granite 
Kowloon Granite 
Fan Lau Granite 
Sok Kwu Wan Granite 
Tei Tong Tsui Quartz 
Monzonite 
Tong Fuk Qz Monzonite 
D’Aguilar Qz Monzonite 

(HK13407) 
(HK11042) 
 
(HK12023) 
 
(HK8758) 
(HK12022) 

143 Ma Repulse Bay Volcanic Group (RBVG) Cheung Chau (CC) Suite  

 

 Mount Davis 
Long Harbour  
Mang Kung Uk 
Che Kwu Shan  
Ap Lei Chau  
Ngo Mei Chau  

(HK13275) 
(HK11835) 
 
(HK11836) 
(HK11840) 

 Luk Keng Qz Monzonite 
Chi Ma Wan Granite 
Shui Chuen O Granite 

 
(HK8353) 
(HK12072) 

148-146 
Ma 

Lantau Volcanic Group (LVG) Kwai Chung (KC) Suite  

 

 Lai Chi Chong 
undifferentiated tuff 

 
(HK11052) 

 Shatin Granite 
East Lantau Dyke Swarm 
Needle Hill Granite 
Sham Chung Rhyolite 
Po Toi Granite 
Shan Tei Tong Rhyodacite 
South Lamma Granite 

 
(HK11831) 

164-160 
Ma 

Tsuen Wan Volcanic Group Lamma (LA) Suite 

 

 Sai Lau Kong 
Tai Mo Shan 
Shing Mun 
Yim Tin Tsai 

 
 
(HK12025) 

 Tai Lam Granite 
Tsing Shan Granite 
Chek Lap Kok Granite 
Chek Mun Rhyolite 
Lantau Granite 
Tai Po Granodiorite 

 
 
 
 
(HK11822) 

Notes: Names of units are from Sewell et al. (2012a). HK numbers are given for samples analyzed for this paper. 3 
Age ranges are the existing values based on published ID-TIMS studies (after Sewell et al. 2012b), and are modified 4 
in this paper.  5 



TABLE 2. Characterisation of zircon textures under CL imagery.    1 

Sample No. No. of 
grains 

 With core? 
(Y/N) 

 Core 
type 

 Textural characteristics Oscillatory 
zoning 

Sector 
zoning 

   Step 1*  Step 2a*  Steps 2b, 3a & 3b* Step 4* Step 4* 
Volcanic Rocks          

HK12025 
Shing Mun 
ignimbrite  

299 

 

76% (Y) 

 
74% (B) 
2% (C) 

 26%: Dark core, light rim 
21%: Light core, dark rim 
29%: Dark core, dark rim 

91% 22%  
24% (N) 

 
 

 
23%: Grain with OZ pattern 
1%: Dark or intermediate grain 

HK11052 
undifferentiated 
Lantau tuff  

295 

 

59% (Y) 
 24% (A) 

35% (B) 

 37%: Dark core, light rim 
18%: Light core, dark rim 
4%: Dark core, dark rim 

46% 15%  

41% (N) 

   20%: Dark grain 
2%: Light or intermediate grain 
19%: Grain with OZ pattern 

HK11835 
Long Harbour 
crystal-rich 
ignimbrite  

364 

 
57% (Y) 

 
7% (A) 
50% (B) 

 39%: Dark core, dark rim 
13%: Light core, dark rim 
5%: Dark core, bright rim 

91% 36%  
43% (N) 

   
42%: Grain with OZ pattern 
1%: Dark or intermediate grain 

HK13275 
Mount Davis 
crystal-rich 
ignimbrite  

184 

 

85% 

 19% (A) 
62% (B) 
4% (C) 

 64%: Dark core, light rim 
19%: Light core, dark rim 
2%: Dark core, dark rim 

48% 23%  

15% 

   4%: Dark grain 
1%: Light grain 
10%: Grain with OZ pattern 

HK11836 
Che Kwu Shan 
ignimbrite  

323 

 
73% (Y) 

 27% (A) 
40% (B) 
6% (C) 

 66%: Dark core, light rim 
6%: Light core, dark rim 
1%: Dark core, dark rim 

41% 20%  
27% (N) 

   14%: Grain with OZ pattern 
6%: Dark grain 
7%: Light grain 

HK11840 
Ap Lei Chau 
ignimbrite  

570 

 
72% (Y) 

 31% (A) 
39% (B) 
2% (C) 

 69%: Dark core, light rim 
3%: Light core, dark rim 

23% 9%  
28% (N) 

   14%: Dark grain 
7%: Light grain 
7%: Grain with OZ pattern 

HK12070 
Undifferentiated 
Kau Sai Chau tuff  

364 

 
37% (Y) 

 
31% (B) 
6% (C) 

 28%: Dark core, light rim 
7%: Light core, dark rim 
2%: Dark core, dark rim 

42% 11%  
63% (N) 

   31%: Grain with OZ pattern 
30%: Dark grain 
2%: Bright grain 

HK13277 
Pan Long Wan 
trachydacite lava 
 

522 

 
62% (Y) 

 
48% (A) 
14% (B) 

 
62%: Dark core, bright rim 

15% 9%  
38% (N) 

   5%: Dark grain 
29%:Bright grain 
4%: Grain with OZ pattern 

 2 



TABLE 2. (Continued) 3 

Sample No. No. of 
grains 

 With core? 
(Y/N) 

 Core 
Type 

 Textural characteristics Oscillatory 
Zoning 

Sector 
Zoning 

   Step 1*  Step 2a*  Steps 2b, 3a & 3b* Step 4* Step 4* 
Volcanic Rocks          

HK11834 
Clear Water Bay 
rhyolite ignimbrite 

778 

 

50% (Y) 
 11% (A) 

21% (B) 
18% (C) 

 45%: Dark core, light rim 
4%: Dark core, dark rim 
1%: Light core, dark rim 

41% 20% 
 

50% (N)   
 

19%: Dark grain 
31% Grain with OZ pattern 

HK12073 
Clear Water Bay 
rhyolite lava 

256 

 

75% (Y) 
 
 

32% (A) 
10% (B) 
33% (C) 

 65%: Dark core, light rim 
6%: Light core, dark rim 
4%: Dark core, dark rim 

66% 13% 
 

25% (N) 
   

7%: Dark grain 
18%: Grain with OZ pattern 

HK12001 
High Island Tuff 
 

842 

 
62% (Y) 

 
32% (B) 
30% (C) 

 58%: Dark core, dark rim 
3%: Light core, dark rim 
1%: Dark core, light rim 

54% 2%  
38% (N) 

 
 

 23%: Dark grain 
1%: Light grain 
14% Grain with OZ pattern 

HK13343 
Post-High Island 
rhyolite lava  

254 

 
52% (Y) 

 18% (A) 
11% (B) 
23% (C) 

 30%: Dark core, light rim 
17%: Dark core, dark rim 
5%: Light core, dark rim 

61% 17%  
48% (N) 

 
 

 15%: Dark grain 
4%: Light grain 
29%: Grain with OZ pattern 

Plutonic Rocks          

HK11822 
Lantau Granite  252 

 
80% (Y) 

 27% (A) 
49% (B) 
4% (C) 

 60%: Light core, dark rim 
15%: Dark core, dark rim 
5%: Dark core, light rim 

26% 8%  
20% (N) 

 
 

 3%: Dark grain 
4% Light grain 
13%: Grain with OZ pattern 

HK11831 
East Lantau 
porphyry  

300 

 
73% (Y) 

 29% (A) 
41% (B) 
3% (C) 

 67%: Dark core, light rim 
5%: Light core, dark rim 
1%: Dark core, dark rim 

65% 24% 
 

27% (N) 
 

 
 

25%: Grain with OZ pattern 
2%: Dark or intermediate grain 

HK12072 
Shui Chen O 
Granite  

157 

 

60% (Y) 

 5% (A) 
42% (B) 
13% (C) 

 49%: Dark core, light rim 
7%: Light core, dark rim 
4%: Dark core, dark rim  

69% 
 

47% 
 

40% (N) 
 

 
 16%: Dark or intermediate grain 

24%: Grain with OZ pattern 

HK8353 
Chi Ma Wan 
Granite  

336 

 
70% (Y) 

 28% (A) 
40% (B) 
2% (C) 

 29%: Dark core, light rim 
25%: Light core, dark rim 
16%: Dark core, dark rim 

38% 7%  
30% (N) 

 
 

 17%: Dark grain 
3%: Light to intermediate grain 
10%: Grain with OZ pattern 

 4 



TABLE 2. (Continued) 5 

Sample No. No. of 
grains 

 With core? 
(Y/N) 

 Core 
Type 

 Textural characteristics Oscillatory 
Zoning 

Sector 
Zoning 

   Step 1*  Step 2a*  Steps 2b, 3a & 3b* Step 4* Step 4* 
Intrusive Rocks          

HK12023 
Sok Kwu Wan 
Granite  

301 

 
58% (Y) 

 
39% (B) 
19% (C) 

 53%: Dark core, light rim 
3%: Light core, dark rim 
2%: Dark core, dark rim 

52% 14%  
42% (N) 

 
 

 27%: Grain with OZ pattern 
13%: Dark to intermediate grain 
2%: Light grain 

HK12022 
D’Aquilar Quartz 
Monzonite  

262 

 
79% (Y) 

 
55% (A) 
24% (B) 

 76%: Dark core, light rim 
2%: Light core, dark rim 
1%: Dark core, dark rim 

32% 38%  
21% (N) 

 
 

 4%: Dark grain 
6%: Light grain 
11%: Grain with OZ pattern 

HK8758 
Tong Fuk Quartz 
Monzonite  

313 

 
62% (Y) 

 36% (A) 
18% (B) 
8% (C) 

 
60%: Dark core, bright rim 
2%: Light core, dark rim 

36% 17%  
38% (N) 

 
 

 12%: Dark grain 
6%: Bright or intermediate grain 
20%: Grain with OZ pattern 

HK11042 
Kowloon Granite  674 

 
87% (Y) 

 
82% (B) 
5% (C) 

 76%: Light core, dark rim 
6%: Dark core, dark rim 
5%: Dark core, light rim 

8% 2% 
 

13% (N) 
 

 
 

10%: Dark grain 
3%: Grain with OZ pattern 

HK13407 
Mount Butler 
Granite  

297 

 
63% (Y) 

 33% (A) 
29% (B) 
1% (C) 

 50%: Light core, dark rim 
4%: Dark core, dark rim 
9%: Dark core, light rim 

56% 12% 
 

37% (N) 
 

 
 

18%: Dark grain 
19%: Grain with OZ pattern 

Note: See Fig. 2 and associated text for the system used to classify the zircon grains and descriptions of each step (*) 6 
listed.  7 

 8 



TABLE 3. Weighted mean ages and age components of volcanic and plutonic rocks from in-situ SHRIMP U-Pb age determinations.   1 
Sample No. of analyses 

and spot locationa 
Weighted mean age of all datab 

(Ma) 
Weighted mean age of data from 

rims only (Ma) 
Multiple age 
componentsc 

(Ma) 

ID-TIMS 
agesd 
(Ma) 

Inheritance identified in 
previous ID-TIMS work 

Volcanic Rocks       
HK12025 

Shing Mun ignimbrite 
   

C 
R 

8 
17 

164.0 ± 0.7  
(4 of 25 rejected, MSWD = 1.16)* 
(4 analyses returned ages >1 Ga) 

164.7 ± 0.8 
(0 of 17 rejected, MSWD = 0.41) 

(single population*) 164.2 ± 0.3f 
 

>1.8 Gaf 

HK11052 
undifferentiated LVG tuff   

C 
R 

7 
17 

144.5 ± 0.6  
(1 of 24 rejected, MSWD = 0.72)  
  

144.5 ± 0.7 
(0 of 17 rejected, MSWD = 0.67) 

144.5 ± 0.57 (96 ± 40%) 
157.5 ± 3.2 (4 %) 

146.6 ± 0.2e Nile 

HK13275 
Mount Davis crystal-rich 
ignimbrite  

C 
R 

28 
9 

140.8 ± 1.1  
(1 of 39 rejected, MSWD = 4.6) 
 

142.3 ± 1.2  
(1 of 11 rejected, MSWD = 1.2) 

137.1 ± 1.1 (31 ± 20%) 
142.8 ± 0.8 (66 ± 27%) 
163.8 ± 3.3 (3 %) 

143.0 ± 0.2g Nilg 

HK11835 
Long Harbour crystal-rich 
ignimbrite  

C 
R 

26 
18 

141.7 ± 0.5  
(4 of 44 rejected, MSWD = 1.03) 

141.4 ± 1.0 
(0 of 18 rejected, MSWD = 1.18) 

137.1 ± 2.8 (8 ± 13%) 
142.0 ± 0.6 (90 ± 30%) 
151.7 ± 3.8 (2 %) 

142.7 ± 0.2e >3.0 Gae 

HK11840 
Ap Lei Chau  ignimbrite 

C 
R 

29 
31 

140.1 ± 0.7  
(3 of 60 rejected, MSWD = 2.2) 
 

141.0 ± 0.7  
(1 of 31 rejected, MSWD = 1.3) 

138.5 ± 0.9 (57 ± 25%) 
142.7 ± 1.0 (43 ± 23%) 
160.3 ± 2.9 (2 %) 

142.7 ± 0.2e >2.4 Gae 

HK11836 
Che Kwu Shan ignimbrite  

C 
R 

35 
25 

141.0 ± 0.8  
(4 of 60 rejected, MSWD = 3.4) 
 

141.6 ± 1.0  
(2 of 25 rejected, MSWD = 1.9) 

141.0 ± 0.4 (97 ± 25%) 
160.6 ± 2.3 (3 %) 

142.5 ± 0.3e ~146 Mae 

HK12070 
undifferentiated Kau Sai 
Chau tuff 

C 
R 

16 
29 

140.7 ± 0.8  
(7 of 45 rejected, MSWD = 4.8) 
(1 analysis returns age >2.5 Ga,  
2 analyses return age >400 Ma) 

140.7 ± 0.7  
(2 of 29 rejected, MSWD = 2.7) 

139.1 ± 1.0 (44 ± 38%) 
141.7 ± 2.1 (30 ± 33%) 
144.4 ± 1.3 (17 ± 19%) 
161.8 ± 1.4 (10 %) 

141.1 ± 0.2f 
 

Nilf 

HK13277 
Pan Long Wan trachydacite 
lava 

C 
R 

42 
15 

141.9 ± 0.6  
(4 of 57 rejected, MSWD = 1.6) 
 

141.0 ± 1.3  
(0 of 15 rejected, MSWD = 1.16) 

139.0 ± 1.5 (23 ± 23%) 
142.7 ± 0.7 (72 ± 29%) 
155.9 ± 2.6 (5 %) 

141.2 ± 0.3f Nilf 

HK12073 
Clear Water Bay rhyolite 
lava 

C 
R 

27 
21 

139.0 ± 0.6  
(1 of 48 rejected, MSWD = 1.6) 
 

140.5 ± 0.7  
(0 of 21 rejected, MSWD = 0.45) 

(single population) 140.9 ± 0.2g >1.8 Gag 

HK11834  
Clear Water Bay ignimbrite 

C 
R 

8 
7 

139.1 ± 0.8  
(0 of 13 rejected, MSWD = 0.84) 
 

139.3 ± 1.1  
(0 of 7 rejected, MSWD = 0.68) 

(single population) 140.7 ± 0.2e Nile 

HK12001 
High Island Tuff 

C 
R 

28 
22 

140.9 ± 0.4  
(0 of 50 rejected, MSWD = 1.0) 
 

141.3 ± 0.7  
(0 of 22 rejected, MSWD = 0.57) 

(single population) 140.9 ± 0.2e Nile 

HK13343 
undifferentiated post-High 
Island rhyolite lava 

C 
R 

22 
27 

139.6 ± 0.4  
(0 of 49 rejected, MSWD = 0.76) 
 

139.6 ± 0.5  
(0 of 27 rejected, MSWD = 0.85) 

(single population) No ID-TIMS 
age 

(This study only) 

 2 

 3 

 4 

 5 



TABLE 3. (Continued)   6 
Sample No. of analyses 

and spot locationa 
Weighted mean age of all datab 

(Ma) 
Weighted mean age of data from 

rims only (Ma) 
Multiple age 
componentc 

(Ma) 

ID-TIMS 
agesd 
(Ma) 

Inheritance identified in 
previous ID-TIMS work 

Plutonic Rocks       
HK11822 

Lantau Granite 
 

C 
R 

4 
25 

160.9 ± 1.1  
(2 of 29 rejected, MSWD = 3.3) 
(1 analysis returns age >440 Ma) 

161.4 ± 1.4 
(1 of 25 rejected, MSWD = 4.8) 

159.9 ± 0.7 (85 ± 35%) 
166.9 ± 1.6 (12 ± 14%) 
177.1 ± 1.8 (3 %) 

161.5 ± 0.2e  
 

~713 Mae 

HK11831 
East Lantau feldspar 
porphyry 
 

C 
R 

4 
22 

144.6 ± 0.8  
(0 of 26 rejected, MSWD = 1.4) 

144.9 ± 0.7  
(0 of 22 rejected, MSWD = 0.96) 

(single population) 146.5 ± 0.2e  
 

~150 Mae 

HK8353 
Chi Ma Wan Granite 
 

C 
R 

19 
24 

139.6 ± 0.8  
(2 of 43 rejected, MSWD = 1.9) 
(1 analysis returns age >2.3 Ga) 

140.0 ± 1.0 
(0 of 24 rejected, MSWD = 1.7) 

137.1 ± 1.5 (35 ± 28%) 
140.9 ± 1.0 (63 ± 33%) 
149.1 ± 3.8 (2 %) 

<143.7 ± 
0.3e 

>1.8 Gae 

HK12072 
Shui Chen O Granite 
 

C 
R 

13 
25 

142.1 ± 0.6  
(0 of 38 rejected, MSWD = 1.07) 

141.9 ± 0.8 
(0 of 25 rejected, MSWD = 0.98) 

(single population) 144.0 ± 0.3g  
 

Nilg  

HK8758 
Tong Fuk Quartz Monzonite 
 

C 
R 

21 
7 

138.7 ± 0.9  
(1 of 28 rejected, MSWD = 1.5) 

140.6 ± 1.5  
(0 of 7 rejected, MSWD = 1.05) 

(single population) 140.4 ± 0.3e  
 

Nile 

HK12023 
Sok Kwu Wan Granite 
 

C 
R 

16 
19 

139.8 ± 0.9  
(0 of 35 rejected, MSWD = 0.49) 
 

140.7 ± 1.2 
(0 of 19 rejected, MSWD = 0.36) 

(single population) 140.6 ± 0.3e Nile 

HK12022 
D’Aguilar Quartz Monzonite 
 

C 
R 

9 
9 

140.5 ± 1.0  
(0 of 18 rejected, MSWD = 3.6) 
 

140.8 ± 1.4 
(0 of 9 rejected, MSWD = 0.50) 

(single population) 140.6 ± 0.3e Nile 

HK11042 
Kowloon Granite 
 

C 
R 

32 
26 

140.0 ± 0.8  
(4 of 58 rejected, MSWD = 3.6) 
(1 analysis >550 Ma) 

139.1 ± 1.0  
(3 of 26 rejected, MSWD = 2.7) 

138.7 ± 0.7 (69 ± 25%) 
143.3 ± 1.3 (24 ± 18%) 
154.2 ± 1.4 (7 %) 

140.4 ± 0.2e Nile 

HK13407 
Mount Butler Granite 
 

C 
R 

26 
28 

138.0 ± 0.6  
(4 of 54 rejected, MSWD = 4.1) 
(1 analysis returns age >2.1 Ga) 
 

137.8 ± 0.8 
(0 of 28 rejected, MSWD = 4.6) 

132.0 ± 1.5 (5 ± 7%) 
136.5 ± 0.6 (43 ± 21%) 
139.7 ± 0.5 (48 ± 22%) 
163.3 ± 1.8 (4 %) 

No ID-TIMS 
age 

(This study only) 

Notes: 7 
a Spot location: C = Core; R = Rim.  8 
b Weighted mean ages calculated at 95% confidence level using Isoplot. MSWD = Mean square weighted deviation (see text for discussion). The ‘reject?’ option in Isoplot was used 9 
to determine the grains that are marked as rejected for the mean age groups.  10 
c Deconvolution of multiple age components using the Gaussian distribution of the Sambridge and Compston (1994) “mixture modelling” method, as implemented in Isoplot (Ludwig, 11 
2008). The corresponding fraction of each age component and the associated error is shown in brackets. Note that no error is given for the oldest age component, as its value is 12 
constrained to be 100% minus the total of the fractions of the other components.  13 
d Published ID-TIMS ages from e Davis et al. (1997); f Campbell et al. (2007); g Sewell et al. (2012b).  14 
 15 



TABLE 4. Summary of the zircon trace element data for volcanic and plutonic units. 

Sample 
No 

Spot 
location 

and 
number 

Sc 
(ppm) 

Y 
(ppm) 

Total 
Sc + Y+ REE 

(ppm) 

Hf 
(ppm) 

Th 
(ppm) 

U 
(ppm) 

Ti 
(ppm) Eu/Eu* Ce/Sm Th/U Yb/Gd U/Yb 

Total 3+ 
[molar]/P 
[molar] 

Volcanic  
rocks 

               

HK12025 C 44 9-140 (56) 260-2,400 (880) 510-4,100  (1,660) 6,600-16,100 (10,420) 20-1,000 (120) 40-3,300 (240) 2-25 (9) 0.02-0.59 (0.25) 1.1-22.2 (6.6) 0.13-2.01 (0.51) 2.4-60.5 (14.0) 0.21-5.54 (0.83) 0.8-3.0 (1.7) 

 R 32 15-100 (32) 240-4,100 (750) 480-7,300 (1,420) 9,300-12,900(11,420) 50-1,300 (180) 80-1,400 (420) 3-17 (5) 0.10-0.33 (0.16) 3.8-28.5 (12.6) 0.27-1.17 (0.42) 9.5-34.0 (20.4) 0.54-2.70 (1.6) 0.8-3.4 (1.6) 

HK11052 C 39 20-120 (47) 340-7,600 (1,550) 690-13,400 (2,710) 8,000-14,900 (9,350) 30-6,800 (260) 50-7,900 (300) 1-23 (11) 0.01-0.27 (0.13) 1.6-11.0 (5.2) 0.26-1.53 (0.72) 7.3-24.2 (12.5) 0.40-3.91 (0.77) 0.8-4.2 (2.3) 

 R 40 20-50 (35) 450-3,200 (830) 820-5,600 (1,510) 8,500-13,200 (10,470) 60-1,800 (190) 90-2,400 (310) 4-15 (7) 0.03-0.23 (0.11) 1.6-14.9 (8.3) 0.43-0.93 (0.66) 7.6-21.3 (13.1) 0.45-2.99 (1.2) 1.2-3.8 (1.8) 

HK13275 C 30 20-100 (57) 730-7,900 (1,930) 1,400-12,800 (3,560) 7,800-14,100 (9,750) 80-4,200 (310) 130-6,300 (310) 3-27 (9) 0.03-0.45 (0.18) 1.4-10.0 (4.3) 0.37-1.15 (0.76) 6.6-26.6 (11.3) 0.32-3.82 (0.71) 1.4-7.6 (3.0) 

 R 37 20-80 (46) 530-3,500 (920) 1,000-6,400 (1,710) 8,200-14,500 (9,960) 70-1,800 (160) 70-2,900 (260) 2-17 (8) 0.05-0.39 (0.23) 1.4-16.8 (10.4) 0.40-1.00 (0.64) 7.0-26.9 (15.0) 0.39-2.24 (0.81) 0.9-5.7 (1.7) 

HK11835 C 52 10-180 (53) 190-5,600 (1,400) 370-10,100 (2,530) 8,300-17,300 (9,990) 7-1,500 (240) 20-4,900 (320) 2-19 (9) <0.01-0.47 (0.25) 1.1-16.8 (7.4) 0.24-1.16 (0.70) 6.7-31.6 (14.2) 0.21-4.18 (0.67) 1.0-6.6 (2.6) 

 R 75 20-110 (48) 380-2,800 (870) 760-4,900 (1,620) 6,900-14,000 (10,200) 40-700 (33) 70-1,400 (240) 2-22 (8) 0.06-0.46 (0.29) 2.8-19.6 (10.3) 0.37-1.29 (0.61) 9.2-29.5 (16.0) 0.35-2.65 (0.67) 0.9-4.8 (1.7) 

HK11840 C 31 20-140 (48) 890-5,800 (2,886) 1,600-10,200 (5,126) 8,300-16,200 (11,640) 80-2,800 (1,200) 110-5,000 (1,958) 2-16 (5) <0.01-0.31 (0.05) 2.2-158.6 (4.8) 0.31-1.40 (0.59) 8.0-20.8 (13.6) 0.41-3.44 (1.7) 1.0-8.2 (3.6) 

 R 34 20-100 (63) 630-2,500 (1,105) 1,200-4,400 (2,025) 8,300-12,700 (10,310) 60-500 (240) 150-1,100 (426) 2-25 (7) 0.01-0.36 (0.10) 0.8-257.8 (7.5) 0.27-1.28 (0.55) 6.8-37.1 (12.7) 0.26-3.30 (1.2) 0.9-4.3 (2.2) 

HK11836 C 37 10-120 (48) 160-4,300 (1,590) 340-7,300 (2,800) 7,000-15,900 (10,040) 5-2,400 (240) 10-3,700 (400) 2-31 (7) <0.01-0.55 (0.15) 1.0-14.6 (5.6) 0.29-1.07 (0.59) 6.6-26.8 (12.2) 0.21-3. 81 (0.83) 0.9-8.1 (2.8) 

 R 41 20-130 (54) 230-2,200 (1,060) 490-4,000 (2,000) 5,400-12,600 (10,030) 7-1,000 (180) 20-3,900 (360) 2-36 (7) 0.02-0.73 (0.15) 0.6-22.3 (7.6) 0.25-0.82 (0.51) 7.2-29.4 (13.9) 0.19-4.58 (0.93) 0.7-4.7 (2.0) 

HK12070 C 28 5-90 (49) 130-7,200 (1,100) 290-12,600 (2,090) 8,100-13,000 (9,940) 4-5,300 (230) 70-7,000 (430) 2-41 (7) <0.01-0.60 (0.22) 1.4-17.9 (8.4) 0.01-1.01 (0.67) 7.9-87.1 (14.9) 0.20-10.1 (0.85) 0.9-6.8 (2.2) 

 R 41 10-120 (50) 600-5,800 (1,570) 1,100-10,200 (2,810) 7,700-13,500 (10,760) 39-5,600 (320) 120-7,700 (530) 1-17 (5) <0.01-0.30 (0.03) 2.6-14.2 (8.1) 0.30-0.94 (0.58) 9.3-29.2 (14.5) 0.27-4.52 (1.4) 1.2-8.1 (3.0) 

HK13277 C 48 30-190 (70) 460-9,000 (2,110) 940-15,900 (3,810) 7,700-12,500 (9,390) 70-2,900 (520) 120-4,100 (690) 2-16 (8) <0.01-0.28 (0.04) 1.3-9.0 (4.7) 0.35-1.45 (0.68) 6.8-18.4 (10.7) 0.38-3.27 (1.1) 1.1-8.3 (3.5) 
 R 51 30-150 (71) 160-4,300 (510) 340-7,600 (980) 6,600-10,500 (7,710) 6-900 (33) 10-800 (47) 5-37 (19) 0.03-0.89 (0.26) 0.7-12.5 (3.4) 0.37-1.18 (0.58) 6.3-18.5 (10.4) 0.14-1.36 (0.36) 0.6-4.5 (1.6) 

HK12073 C 30 70-240 (110) 1,400-6,600 (3,810) 2,600-11,500 (6,730) 8,200-11,200 (9,340) 160-3,000 (850) 220-2,400 (1,040) 3-12 (6) 0.04-0.23 (0.06) 1.9-10.3 (3.0) 0.50-1.29 (0.81) 7.2-11.3 (8.4) 0.55-2.38 (1.1) 2.7-5.9 (5.2) 

 
R 46 60-200 (80) 800-5,400 (1,310) 1,600-9,800 (2,400) 8,800-12,200 (11,280) 140-1,900 (350) 320-1,900 (710) 3-10 (4) 0.03-0.10 (0.04) 2.5-9.6 (7.3) 0.38-1.10 (0.49) 7.9-16.7 (12.9) 0.79-2.34 (1.7) 1.0-5.6 (2.8) 

HK11834 C 35 80-230 (120) 710-5,400 (2,100) 1,400-9,700 (3,880) 7,900-11,900 (8,870) 90-1,800 (480) 210-1,700 (780) 3-22 (9) 0.04-0.27 (0.09) 2.2-8.9 (5.7) 0.39-1.14 (0.76) 7.2-14.6 (10.0) 0.66-2.00 (1.4) 1.4-5.5 (3.1) 

 R 37 50-220 (79) 390-5,500 (660) 760-9,800 (1,290) 7,700-11,700 (8,510) 40-1,700 (89) 90-1,800 (190) 4-18 (12) 0.04-0.54 (0.26) 1.5-9.7 (4.9) 0.36-0.96 (0.48) 7.5-16.9 (12.1) 0.49-2.06 (0.85) 0.9-4.9 (1.7) 

HK12001 C 40 40-270 (100) 290-5,400 (1,820) 550-9,600 (3,340) 7,000-11,700 (8,740) 20-1,500 (330) 40-2,200 (620) 3-17 (8) 0.02-1.06 (0.17) 1.1-8.5 (3.3) 0.34-1.04 (0.68) 6.9-15.9 (10.3) 0.34-1.78 (0.88) 0.9-6.6 (3.1) 

 
R 52 50-260 (81) 380-5,200 (1,270) 740-9,300 (2,370) 7,100-12,500 (11,010) 30-2,700 (290) 40-2,200 (640) 3-20 (4) 0.03-1.26 (0.05) 1.0-8.3 (6.8) 0.32-1.20 (0.45) 7.0-18.5 (13.6) 0.23-2.18 (1.6) 1.7-5.9 (2.7) 

HK13343 C 25 20-200 (86) 270-6,500 (1,230) 500-11,400 (2,300) 6,100-11,400 (7,730) 20-2,100 (180) 30-2,300 (270) 2-20 (11) 0.03-1.38 (0.21) 1.3-12.8 (3.6) 0.26-1.20 (0.70) 6.7-17.8 (8.9) 0.17-1.69 (0.67) 0.8-7.4 (2.6) 

 R 51 20-180 (69) 290-3,600 (1,010) 590-6,500 (1,880) 6,400-11,100 (8,260) 20-700 (250) 30-900 (420) 3-23 (9) 0.03-1.41 (0.11) 1.2-13.9 (5.6) 0.33-1.08 (0.72) 6.7-25.2 (10.9) 0.20-2.09 (0.85) 0.9-6.0 (2.2) 

 



TABLE 4. (Continued) 

Sample 
number 

Spot 
location 

and 
number 

Sc 
(ppm) 

Y 
(ppm) 

Total 
Sc + Y+ REE 

(ppm) 

Hf 
(ppm) 

Th 
(ppm) 

U 
(ppm) 

Ti 
(ppm) Eu/Eu* Ce/Sm Th/U Yb/Gd U/Yb 

Total 3+ 
[molar]/P 
[molar] 

Plutonic  
rocks 

      

HK11822 C 47 7-140 (33) 200-4,800 (850) 420-8,900 (1,660) 7,800-15,500 (11,000) 40-2,900 (270) 40-3,800 (770) 2-19 (4) 0.03-0.43 (0.26) 0.6-32.3 (8.6) 0.11-1.36 (0.44) 7.5-45.0 (19.2) 0.35-4.42 (2.2) 0.9-4.8 (2.0) 

 
R 33 20-60 (26) 520-5,100 (1,280) 1,010-9,400 (2,370) 9,900-19,100 (12,840) 90-2,900 (670) 170-15,800 (1,900) 5-15 (3) 0.05-0.33 (0.15) 2.5-14.9 (10.8) 0.14-0.61 (0.33) 8.2-39.8 (24.9) 0.88-7.83 (4.1) 1.0-4.9 (2.4) 

HK11831 C 26 20-70 (44) 320-5,700 (1,030) 590-10,000 (1,870) 8,100-14,100 (9,570) 40-1,600 (200) 70-4,000 (240) 4-19 (9) 0.02-0.22 (0.15) 1.5-15.8 (5.2) 0.38-1.73 (0.69) 7.1-18.1 (12.6) 0.43-2.92 (0.76) 0.9-4.3 (2.2) 

 
R 47 20-60 (34) 300-3,300 (760) 580-5,900 (1,390) 7,800-15,200 (9,820) 40-1,700 (150) 60-4,200 (220) 2-23 (10) 0.02-0.32 (0.14) 1.5-15.2 (7.1) 0.40-1.04 (0.68) 7.0-22.9 (11.8) 0.41-3.82 (1.0) 1.1-3.4 (1.6) 

HK8353 C 36 10-150 (43) 50-10,100 (1,400) 100-18,400 (2,540) 6,700-19,000 (10,040) 3-3,900 (280) 120-11,800 (380) 1-37 (6) <0.01-0.42 (0.12) 1.9-20.0 (9.0) 0.01-1.59 (0.62) 1.0-30.0 (13.3) 0.30-55.0 (1.3) 1.2-5.2 (2.1) 

 
R 40 20-100 (30) 510-5,000 (1,150) 970-9,400 (2090) 8,800-20,700 (10,800) 100-3,800 (330) 220-7,700 (600) 3-18 (4) 0.01-0.20 (0.06) 3.6-17.8 (11.1) 0.19-1.31 (0.53) 6.6-35.3 (17.5) 0.60-4.43 (1.8) 1.4-3.7 (2.3) 

HK12072 C 33 30-90 (49) 330-5,500 (1,660) 620-10,300 (3,000) 8,400-17,500 (10,350) 30-2,600 (430) 50-7,900 (360) 1-14 (6) 0.01-1.21 (0.07) 2.0-11.3 (5.3) 0.35-1.55 (0.73) 6.5-16.0 (9.9) 0.33-3.07 (1.3) 0.9-6.8 (3.8) 

 
R 38 20-80 (47) 550-2,600 (1,060) 1,000-4,600 (1,950) 8,900-12,500 (10,230) 70-1,200 (250) 100-2,100 (390) 2-14 (6) 0.02-1.90 (0.26) 2.3-10.9(5.0) 0.36-1.07 (0.59) 6.7-23.0 (11.5) 0.22-2.88 (0.57) 0.7-6.7 (1.6) 

HK8758 C 34 30-290 (87) 300-7,000 (1,880) 580-11,900 (3,350) 6,900-11,700 (8,440) 20-3,700 (430) 30-3,100 (710) 2-15 (9) 0.01-0.28 (0.07) 2.0-11.3 (5.5) 0.20-1.39 (0.67) 6.4-35.2 (13.1) 0.39-3.75 (1.0) 0.7-6.0 (2.0) 

 
R 47 30-130 (60) 210-5,800 (730) 410-10,200 (1,350) 6,400-12,700 (7,620) 8-2,200 (120) 20-2,500 (190) 3-22 (13) 0.02-0.29 (0.10) 2.3-10.9 (7.2) 0.29-1.25 (0.62) 7.0-24.9 (12.4) 0.40-2.82 (1.2) 0.9-3.9 (2.0) 

HK12023 C 32 40-240 (110) 270-6,500 (2,440) 530-10,800 (4,300) 6,700-12,200 (8,110) 20-2,200 (550) 50-1,800 (750) 3-19 (9) 0.02-0.72 (0.08) 0.9-8.0 (3.1) 0.37-1.43 (0.75) 5.9-19.2 (7.7) 0.49-2.75 (0.92) 1.0-6.4 (4.0) 

 
R 52 30-220 (67) 280-4,300 (1,030) 530-7,600 (1,890) 6,600-11,100 (8,060) 20-1,200 (430) 40-1,600 (370) 2-20 (9) 0.03-1.31 (0.16) 0.9-10.6 (5.1) 0.33-0.91 (0.47) 7.2-17.0 (12.0) 0.26-1.90 (0.95) 0.8-7.1 (2.2) 

HK12022 C 25 30-180 (67) 210-5,900 (1,500) 400-10,400 (2,750) 6,200-11,000 (7,950) 10-1,900 (220) 20-2,600 (370) 3-23 (11) 0.02-1.23 (0.17) 1.1-9.2 (2.8) 0.40-1.00 (0.68) 6.1-26.7 (9.4) 0.24-1.83 (0.63) 0.6-6.5 (3.1) 

 
R 48 30-130 (54) 260-1,900 (600) 510-3,500 (1,140) 6,600-11,000 (8,060) 20-1,200 (60) 20-1,700 (87) 3-26 (11) 0.02-1.77 (0.48) 1.4-13.8 (7.1) 0.21-1.20 (0.59) 6.8-23.2 (12.8) 0.17-2.90 (0.49) 0.8-3.4 (1.4) 

HK11042 C 51 20-160 (64) 330-8,200 (1,140) 630-15,400 (2,230) 8,200-14,900 (10,040) 40-2,100 (280) 100-4,800 (420) 3-30 (9) 0.01-0.45 (0.23) 1.7-16.7 (7.7) 0.27-3.03 (0.69) 6.4-24.6 (13.9) 0.46-2.70 (1.0) 0.8-5.1 (2.0) 

 
R 36 20-100 (36) 400-7,400 (1,510) 780-14,200 (2,790) 6,200-21,200 (12,330) 30-3,900 (430) 70-13,300 (720) 2-17 (5) 0.05-0.63 (0.14) 2.9-20.7 (9.0) 0.07-0.88 (0.45) 3.1-37.4 (21.0) 0.42-6.32 (1.6) 1.2-7.0 (2.3) 

HK13407 C 31 30-190 (67) 280-5,900 (1,480) 550-10,500 (2,820) 7,300-14,200 (8,740) 60-1,600 (270) 70-2,600 (400) 2-19 (10) 0.01-0.51 (0.35) 1.8-12.9 (5.0) 0.15-1.08 (0.61) 8.2-26.2 (14.0) 0.41-3.03 (0.72) 0.7-7.3 (2.8) 

 
R 49 20-140 (42) 570-11,000 (1,350) 1,100-19,800 (2,480) 8,600-22,100 (10,910) 80-2,000 (370) 140-12,400 (650) 1-12 (5) <0.01-0.47 (0.19) 2.5-14.3 (8.9) 0.16-0.87 (0.48) 9.8-40.6 (17.6) 0.47-3.14 (1.5) 0.6-8.5 (1.7) 

Notes: In the spot location column: C = Core; R = Rim. The ranges in values for the selected elements and ratios are given, with the mean values in brackets.  



TABLE 5. Zircon saturation temperatures of selected Hong Kong rock units.  1 

Notes: 2 
1. The zircon saturation temperatures were calculated using Watson and Harrison (1983) 3 

thermometry on whole-rock geochemical data from Sewell and Campbell (2001). Zircon saturation 4 
temperature was calculated using:   5 

 6 
  Tzr = 12,900 / [2.95 + 0.85 M + ln (Zrzircon / Zrrock)],  7 

 8 
where M = [(Na+K+2*Ca)/(Al*Si)] (all in cation fraction), Zrzircon is the concentration of Zr in zircon 9 
(i.e. ~497,646 ppm), Zrrock is the concentration of Zr in the sample, and Tzr is temperature (in 10 
Kelvins). The values given are averaged from multiple whole-rock geochemical analyses of the 11 
relevant unit (Sewell and Campbell, 2001).   12 

 13 
2. The Ti-in-zircon temperatures were calculated using the calibration of Ferry and Watson (2007) on 14 

zircon trace element data obtained here, using: 15 
 16 
  T-in-Zir  =  – 4,800 / [log (Ti) + log (aSiO2) – log (aTiO2) – 5.711], 17 
 18 

where Ti is the Ti abundance in zircon (in ppm), aSiO2 and aTiO2 are activities of SiO2 and TiO2 19 
(both assumed to be 1) and T-in-Zir is temperature (in Kevin). The range of Ti-in-zircon 20 
temperature of each unit is calculated based on the range of Ti abundance from rim analyses of the 21 
relevant unit.   22 

 23 
 24 

Rock Unit Mean Tzr 
(°C) s.d. (°C) n T-in-Zir  

(°C) Inheritance?

Lantau Granite 756 15 20 685-785 Yes 
Chi Ma Wan Granite 764 28 15 644-804 Yes 
Shui Chen O Granite 746 25 11 567-779 No 

Kowloon Granite 768 26 16 614-798 Yes 
Mount Butler Granite 741 18 25 567-763 Yes 

Sok Kwu Wan Granite 865 1 2 614-815 No 
Tei Tong Tsui Quartz Monzonite 854 30 11 - - 

Tong Fuk Quartz Monzonite 826 16 9 644-826 No 
D’Aguilar Quartz Monzonite 850 4 7 644-844 No 

Long Harbour ignimbrite 789 10 16 614-826 Yes 
Mount Davis ignimbrite 793 20 27 614-798 Yes 
Ap Lei Chau ignimbrite 798 15 23 614-826 Yes 

Che Kwu Shan ignimbrite 821 24 25 614-882 Yes 
Pan Long Wan lava 847 23 11 685-886 Yes 

Clear Water Bay ignimbrite 815 28 20 667-826 No 
High Island Tuff 796 12 15 644-815 No 
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