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ABSTRACT 24 

The relationship between plutonic and volcanic components of magmatic plumbing systems continues to be a 25 

question of intense debate. The Oki-Dōzen Islands, Sea of Japan, preserve outcrops of temporally associated 26 

plutonic, hypabyssal and volcanic rocks. Post-intrusion uplift juxtaposed Miocene syenites in inferred faulted 27 

contact with volcanic trachytes that are cut by rhyolite hypabyssal dikes. This provides a window deep into 28 

timing and origins of magma storage architecture and dynamics. Zircon is ubiquitous in all samples; our aim 29 

is to determine what its age and composition can reveal about the plutonic-volcanic connection. Here we 30 

show magma source characteristics are recorded in zircon Hf isotopes; source composition and assimilation 31 

of heterogeneous hydrothermally altered crust in zircon O isotopes; and extensive fractional crystallization in 32 

zircon trace elements. Combined with new U-Th-Pb SHRIMP zircon ages, 6.4–5.7 Ma, compositional data 33 

show pluton formation was by protracted amalgamation of discrete magma pulses. The rhyolite dike 34 

preserves an evolved fraction segregated from these discrete magmas. Synchronous with plutonism was 35 

volcanic eruption of trachyte magma derived from the same source, which may have stalled at a relatively 36 

shallow depth prior to eruption. Stalling occurred at least above the amphibole stability zone because 37 

amphibole-compatible Sc and Ti were not depleted in the trachyte melt resulting in elevated values of these 38 

in volcanic compared to plutonic zircon. Identifying smaller episodic magma pulses in a larger magmatic 39 

complex places constraints on potential magma fluxes and eruptible volumes. High-flux, large volume, 40 

plume-related ocean island magmatic systems may have extensive vertically distributed multi-stage 41 

magmatic reservoirs and subduction-related systems transcrustal magma reservoirs. By contrast, Oki-Dōzen 42 

was a low-flux system with incremental pluton growth and small- to moderate-scale eruptions. 43 

Keywords:  U-Th-Pb dating, zircon trace elements, O isotopes, Hf isotopes, amphibole 44 

 45 
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INTRODUCTION 47 

Unerupted magma preserved as plutonic and hypabyssal rocks may provide a window deep into plumbing 48 

system architecture and dynamics of related volcanic rocks (e.g., Lipman, 1984; Barth et al. 2012; Deering et 49 

al., 2016). Plutonic magmatism may accumulate over protracted periods of time whereas associated volcanic 50 

systems magma may assemble rapidly before eruption (e.g., Mills and Coleman 2013; Caricchi et al. 2014, 51 

Coleman et al., 2016). Related to this temporal association-disassociation is a key question regarding 52 

components of magmatic complexes, do plutons preserve i)  the erupted magma counterpart stalled and 53 

solidified at depth (e.g., Miller et al., 2011; Metcalf, 2004; Keller et al., 2015; Lipman and Bachmann, 2015) 54 

or ii) the residue left behind by extraction of erupted liquids (e.g., Bachmann and Bergantz 2004; 55 

Eichelberger et al. 2006; Gelman et al., 2014; Glazner et al., 2015; Lundstrom and Glazner, 2016; Cashman 56 

et al. 2017). Irrespective of details of their petrogenetic relationship with volcanic deposits, plutonic bodies 57 

record physical properties and compositions of magmas that did not erupt, e.g., viscosities, temperatures, 58 

volatile contents, and crystal cargoes. These may be compared and contrasted with extrusive products. These 59 

considerations are important in assessing potential connections in temporally associated plutonic and 60 

volcanic rocks; rarely, though, are systems dissected to reveal such relationships.  61 

The Oki-Dōzen Islands, Sea of Japan, preserve outcrops of temporally associated plutonic, hypabyssal and 62 

volcanic rocks (Fig. 1). Brenna et al. (2015) studied the petrogenesis of the magmatic complex mafic and 63 

felsic volcanic rocks and exposed syenite. They presented a new hypothesis for the volcanic-plutonic 64 

connection in an intraplate context: the volumetrically significant proportion of felsic deposits (Fig. 1, Tiba et 65 

al., 2000) reflected a low magmatic flux coupled with crustal plumbing system heterogeneity that filtered 66 

magmas and permitted fractionation. Specifically, thermal destabilization and eruption triggered by injection 67 

of mafic magma into shallow evolved syenite magma bodies was impeded by a central network of vertically 68 

separated crustal reservoirs. This prevented large explosive eruptions typical of differentiated volcanic 69 
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systems. However, questions remain regarding magma system longevity, magmatic source and the plutonic-70 

hypabyssal-volcanic link. Significantly, as yet, there has been no systematic combined study of Oki-Dōzen 71 

zircon geochronology and mineral compositions. 72 

Accessory minerals may provide information about magmatic processes not necessarily evident from whole-73 

rock or major mineral phases, e.g., recycling in magma reservoirs and magma mixing (cf., Watson et al., 74 

2006; Chu et al., 2009; Storm et al., 2014; Yan et al., 2018; Yan et al., 2020). They thus provide insights into 75 

temporal and compositional similarities and differences in the magmatic system plutonic-hypabyssal-76 

volcanic components. Small-scale, short-lived magma storage regions, i.e., limited volume magma pulses 77 

(cf., Pitcher, 1979; Glazner et al., 2004) will have isolated, distinct, compositions and little evidence for 78 

crystal recycling. If plutonic rocks are the products of such short-lived episodes, then they may be temporally 79 

and compositionally linked to associated volcanism (e.g., Deering et al. 2016). If, on the other hand, the 80 

plutonic rocks preserve larger-scale, longer-lived magma storage and crystal accumulation they may track 81 

temporal and compositional variations in magma source and evolution (e.g., Storm et al., 2014). The Oki-82 

Dōzen rocks are particularly well suited to address the question of magma storage architecture and timing 83 

because the current structural level exposes a vertical cross-section of the system permitting sampling of: 84 

felsic volcanic deposits, trachyte; associated plutonic rocks, syenites; and hypabyssal rhyolite dikes. In 85 

addition, the Brenna et al. (2015) model provides a framework to consider new data on the distribution and 86 

properties of magma reservoirs. 87 

To decipher the volcanic-hypabyssal-plutonic connection we combine petrography, mineral compositions, 88 

whole-rock geochemistry, and zircon U-Th-Pb ages and Hf- and O-isotopes and trace elements. These data 89 

place temporal constraints on physical, thermal and compositional changes at given points in the magmatic 90 

plumbing system evolution.  91 

 92 
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GEOLOGICAL BACKGROUND 93 

Oki-Dōzen is a composite intraplate alkaline volcano in the southern Sea of Japan. It lies ~15 km 94 

south-west of Oki-Dōgo Island and ~300 km northwest of the active subduction trench (Fig. 1a). Magmatism 95 

occurred on the Honshu continental shelf from 7–5 Ma (Brenna et al., 2015 and references therein) long after 96 

formation of the Sea of Japan, 21–14 Ma (Otofuji, et al. 1985). The volcano comprises three islands 97 

Nishinoshima, Nakanoshima and Chiburijima. A central Miocene pyroclastic cone is composed of the 98 

Takuhiyama trachyte sequence of breccias and tuffaceous flow units (5.7–6.2 Ma, U-Th-Pb zircon, Brenna et 99 

al., 2015). This has been eroded to reveal the hypabyssal and plutonic roots of the volcano (Figs 1 and 2). 100 

These outcrops form part of the Oki Islands National Park and UNESCO Global Geopark and have been the 101 

focus of numerous geological studies (e.g., Naemura and Shimada, 1984; Morris, 1986; Tiba, 1986; Morris et 102 

al., 1990; Wada et al., 1990; Kaneko, 1991; Brenna et al., 2015). In the center of the islands the Ōya a 103 

syenite (6–6.3 Ma, U-Th-Pb zircon, Brenna et al., 2015) has a surface expression < 2 km2 and crops out in 104 

sub-vertical contact with the pyroclastic cone that is cut by radial trachytic-rhyolitic dikes (Fig. 2b). Baked 105 

contacts are absent in the trachytes as are chilled margins in the syenites.  106 

In compiling the regional geological map Tiba et al. (2000) concluded the initial phase of dispersed ‘upper 107 

somma’ trachyte formation occurred between 6.3–5.3 Ma with caldera formation prior to trachyte eruption at 108 

~5.4 Ma (Morris et al., 1990; Wada et al., 1990). Brenna et al. (2015) presented zircon U-Th-Pb ages that 109 

were mostly within error of the Tiba et al. (2000) results and interpreted the volcano as a basaltic nest with a 110 

trachyte–syenite core that filtered primitive magma injections in a multi‐stage plumbing system. Numerous 111 

mafic dikes cut outer flank ‘somma’ trachybasalt, trachyandesits and basalt lava flows that surround the 112 

trachytic cone and associated syenites (Fig. 1). Mafic dikes do not crop out in the central complex, despite 113 

this trace element and isotopic compositional similarities indicate all the rocks fractionated, with minor 114 

crustal assimilation, from a single mantle-derived parent magma (Brenna et al., 2015). However, 115 
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geochronological and compositional complexities indicate the rocks do not represent a single undifferentiated 116 

magma. Syenite U-Th-Pb zircon ages span 1.4 My, 7.4–6.0 Ma, and whole-rock major and trace elements 117 

vary at each differentiation stage. This led Brenna et al. (2015) to invoke input from several distinct evolved 118 

magma batches into a shallow central reservoir (cf., Gudmundsson, 2012).  119 

 120 

SAMPLING AND METHODOLOGY 121 

Five representative samples of felsic volcanic, hypabyssal and plutonic Oki-Dōzen units were selected for 122 

detailed study (Fig. 1): one of dense lava from the Takuhiyama pyroclastic cone; three from geographically 123 

diverse areas of the Ōya a syenite; and one hypabyssal rhyolitic dike (Supplementary Material 1, Table 1). 124 

Studying the plutonic-volcanic connection using samples from juxtaposed plutonic and volcanic outcrops 125 

such as in the Oki-Dōzen Islands provides information about samples relative spatial distribution. For 126 

example, length scales of compositional and temporal variations may be assessed. Such information is 127 

lacking in studies of xenoliths in volcanic rocks.  Samples were collected as large coherent blocks; any 128 

altered rind was removed in the field. Thin sections were made of all samples for petrographic examination, 129 

with remaining material prepared for geochemical analyses and mineral extraction. For full details of 130 

analytical methods and precision and accuracy see Supplementary Material 1. 131 

One sample aliquot was retained and powdered for whole-rock X-Ray Fluorescence analysis of major and 132 

trace elements at the Japan Agency for Marine Earth Science and Technology (JAMSTEC). Major element 133 

analyses of mineral phases in polished thin sections were performed using wavelength dispersive 134 

spectroscopy on a JEOL JXA‐8500F Electron Probe Micro-Analyser at JAMSTEC. In-situ major and trace 135 

element analyses of feldspar and amphibole were performed using Laser Ablation Inductively Coupled 136 

Plasma Mass Spectrometry (LA-ICPMS) at JAMSTEC. Zircon was analyzed for U-Th-Pb and oxygen 137 

isotopes using the IBERSIMS SHRIMP IIe/mc ion microprobe at the University of Granada Scientific 138 
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Facilities Center (CIC-UGR). Zircon trace element concentrations were analyzed at the CIC-UGR LA-139 

ICPMS laboratory using a Perkin Elmer NexION 350X ICP-MS coupled to a New Wave Research NR 213 140 

LA system. Laser ablation Hf isotopes were determined at the British Geological Survey, Keyworth, United 141 

Kingdom, on the same zircon as the O isotopes, using a ThermoScientific Neptune Plus MC-ICP-MS.  142 

 143 

RESULTS 144 

PETROGRAPHY 145 

The trachyte sample (OD-1) is leucocratic, holocrystalline, with a fine-grained inequigranular porphyritic 146 

texture (Fig. 2g). Phenocrysts, 30 modal %, are predominantly euhedral alkali feldspar, up to 4 mm diameter, 147 

with minor plagioclase, quartz, clinopyroxene and Fe-Ti oxides (± amphibole, ± biotite microphenocrysts). 148 

The groundmass is patchy micro- to cryptocrystalline. Zircon and apatite are accessory minerals. The 149 

predominantly anhedral amphibole phenocrysts do not appear to be in equilibrium with the groundmass 150 

showing evidence of corrosion and reaction (Fig. 2g). Secondary minerals include chlorite and clays.  151 

The rhyolite sample (OD-25) is leucocratic, holocrystalline, with a fine-grained inequigranular porphyritic 152 

texture (Fig. 2h). Phenocrysts, 30–40 modal %, are individual and glomerocrysts of euhedral-subhedral alkali 153 

feldspar, up to 7 mm diameter, minor quartz and Fe-Ti oxides in a microcrystalline groundmass.  Zircon and 154 

apatite are accessory minerals. The alkali feldspar is weakly saussuritized. 155 

 Syenite samples (OD-4, OD-5 and OD-22) are leucocratic, holocrystalline, phaneritic medium-coarse 156 

grained rocks with inequigranular hypidiomorphic textures and variable development of a late-stage 157 

interstitial agpaitic-like mosaic of amphibole and myrmekitic quartz (Fig. 2i). The mineral assemblage 158 

consists of 5–10 mm diameter euhedral alkali feldspar with microperthitic exsolutions (80–85 modal %), and 159 

minor subhedral amphibole, clinopyroxene, biotite, Fe-Ti oxides and quartz. Zircon and rare, albeit relatively 160 
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large (<0.5 mm), apatite are accessory minerals (as well as La- and Ce-rich phase chevkinite, Brenna et al. 161 

2015). Secondary minerals include clays. 162 

 163 

MAJOR MINERAL COMPOSITIONS 164 

Feldspars in the syenites are Ca-poor, with compositions of sanidine to anorthoclase (Ab8Or92 to 165 

An10Ab58Or32; see Supplementary Material 2 for the full dataset and ternary diagram). None of the samples 166 

show evidence for core–rim compositional zoning and no zoning is observed within the BSE images. The 167 

trachyte sample feldspar compositions vary between sanidine (An2Ab48Or50) and andesine (An44Ab51Or5), 168 

with no compositional differences between core and rim (see Supplementary Material 2). Feldspars from the 169 

rhyolite dike have relatively restricted compositions between An1Ab65Or34 and An7Ab65Or28, again, no 170 

differences were measured between crystal interior and rim zones.  171 

Amphibole is the most prevalent mafic phase in all rock types, except the rhyolite, it has compositions of 172 

ferro-edenite or ferro-hornblende (nomenclature of Leake et al., 2003). No systematic differences in 173 

amphibole composition are observed between samples of syenite, or between syenite amphiboles and the 174 

minor trachyte amphibole. Trace element abundances are reported in Supplementary Material 2, Sc varies 175 

between 22 and 221 ppm in syenite amphiboles. 176 

 177 

WHOLE-ROCK GEOCHEMISTRY  178 

Whole-rock major and trace element data for the syenites, trachyte and rhyolite dike are given in Fig. 3 and 179 

Supplementary Material, Table 1. They have median values within published compositional ranges for each 180 

rock type (cf., Brenna et al., 2015 and references therein). 181 

Whole-rock data have a point of inflection at 65 wt% SiO2 that divides the syenites and trachyte from 182 

the rhyolite (Fig. 3). All the rocks have an alkaline metaluminous character (SiO2 62–65 wt%; Na2O+K2O 183 
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10.4–12 wt%), except the rhyolite which is alkaline and weakly peraluminous (SiO2 73 wt%; Na2O+K2O 184 

10.3 wt%). The FeOT/MgO has a wide range (5.73–17.82) and K2O is elevated (5.4–6.4 wt%) (Fig. 3a and b, 185 

Supplementary Material 1, Table 1). Below 65 wt% SiO2 the concentrations of MgO, FeOT, CaO, TiO2 and 186 

P2O5 as well as V, Sc and Sr, correlate negatively with SiO2, at more evolved compositions the trends flatten. 187 

No clear trend is evident in Al2O3 below 65 wt% SiO2, above this it correlates negatively with SiO2 (Fig. 3c). 188 

The only major elements that correlate positively with SiO2 are K2O and Na2O, increasing to 65 wt% SiO2 189 

then decreasing; Ba also follows this trend albeit more weakly. Only Sc shows a clear negative correlation 190 

with SiO2 (Fig. 3e). Various trace elements, Zr, Y, Th, Pb, Nb, Rb and Ga show a broad positive correlation 191 

with SiO2 (e.g., Fig, 3f); MnO, Cr and Ni do not correlate with SiO2.   192 

Normalized to N-MORB all the rocks have comparable profiles: positive anomalies in K, Pb, Zr and Y and 193 

negative anomalies in U, La, Sr and Ti. The rhyolite dike (OD-25) also has marked negative anomalies in Ba 194 

and Eu (Fig. 3g). In addition, normalized to chondrite, the rocks are enriched in light rare earth elements 195 

(LREE) relative to heavy rare earth elements (HREE). The least evolved, lowest SiO2, syenite (OD-22) and 196 

the trachyte (OD-1) do not have negative Eu anomalies whereas the two more evolved, higher SiO2, syenites 197 

(OD-4 and OD-5) have slight negative Eu anomalies; the evolved rhyolite dike (OD-25) is quite depleted in 198 

Eu (Fig. 3h). One of the more evolved syenites (OD-4) has a weak negative Ce anomaly, the other syenites 199 

and the trachyte no Ce anomaly and the rhyolite dike a weak positive Ce anomaly (Fig. 3h).   200 

 201 

ZIRCON U-Th-Pb SHRIMP GEOCHRONOLOGY 202 

The U-Th-Pb SHRIMP data are presented in Fig. 4 and Supplementary Material 1, Table 2. Representative 203 

cathodoluminescence (CL) zircon images from the 5 studied samples are included in Supplementary Material 204 

3. No textural evidence was detected for more than one stage of zircon growth, e.g., inherited cores, 205 

resorption surfaces or overgrowth rims. However, in some zircon grains subsolidus hydrothermal alteration 206 
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was detected as murky or fluid inclusion-rich pitted textures - these regions were avoided during analysis. 207 

The majority of zircon analyzed from the five samples had a small, but measurable, amount of common-lead. 208 

This may be significant when considering low concentration of radiogenic lead generated in young (<7 Ma) 209 

zircon. Of available common-lead correction methods the one based on 207Pb is usually best for young zircon 210 

(Tera and Wasserburg, 1972) and was used here. We also checked our results using the 208-based correction 211 

method (Faure, 1986) which, in general, gave good results, yielding 206Pb/238U dates close to concordia and 212 

207-corrected dates, but usually with larger errors and MSWDs caused by error propagation. 213 

We selected 22 representative zircon grains from trachyte OD-1 for U-Th-Pb analysis. Centers and edges of 214 

morphologically different, higher to lower CL zircon were analyzed. Nevertheless, all data points align in a 215 

Wetherill concordia on a well-defined common lead discordia line yielding a lower intersection date of 5.94 216 

± 0.20 Ma (Fig. 4a). Individual date errors are quoted at 1σ, mean dates at 2σ. The 207-corrected dates yield 217 

a weighted-mean 206Pb/238U date of 5.89 ± 0.16 Ma, MSWD=1.08, within-error of the lower intercept date.  218 

From rhyolite OD-25 we analyzed 25 points on 24 zircon grains, 20 of them in the darker CL centers or 219 

intermediate parts of the crystals and 5 in the lighter CL edges. In both cases we selected unzoned and 220 

oscillatory-zoned areas. Two analyses were rejected because of poor quality, high error (± ~3 My, not 221 

included). Of the rest, 19 plot in a Wetherill concordia diagram along a common-lead discordia line yielding 222 

a lower intersection date of 5.58 ± 0.15 Ma and a 207-corrected weighted-mean 206Pb/238U date of 5.65 ± 223 

0.12 Ma, MSWD=2.0. Both dates are identical within-error (Fig. 4b). Despite the CL morphological 224 

differences, the crystals centers and edges are the same age. Four remaining points are slightly older even 225 

though they are morphologically indistinguishable from the others. They plot along a different common lead 226 

discordia, parallel to but above the main one (Fig. 4b). These 4 points yield a lower intersection date of 6.75 227 

+0.34/-0.47 Ma and a 207-corrected weighted-mean 206Pb/238U date of 6.75 ± 0.16 Ma, MSWD =0.40.  228 
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Twenty-two U-Th-Pb analyses were performed on 22 zircon from syenite OD-4. Most analyses were done on 229 

clean, transparent, pinkish, zoned-unzoned moderate-intensity CL crystals. Five analyses were done on the 230 

white opaque crystals partially affected by fluids, murky or fluid inclusion-rich pitted texture, but in areas 231 

free from inclusions. Two of these 5 analyses, plus another two from the main population, were rejected 232 

because they had large errors (± 0.98 My and ± 2.38 My, analyses not included). In a Wetherill concordia 233 

diagram the remaining 18 analyses plot on a well-defined common lead discordia with two data points being 234 

concordant. They yield a lower intersection date of 6.13 +0.14/- 0.26 Ma and a 207-corrected weighted-mean 235 

206Pb/238U date of 6.38 ± 0.10 Ma, MSWD = 0.65 (Fig. 4e), both dates are within error. 236 

We selected 18 zircon grains for U-Th-Pb analyses from syenite OD-5 including centers and edges, low to 237 

high CL intensity and unzoned to variably zoned crystals. All 18 analyzes are discordant and align in a 238 

Wetherill concordia diagram on a common-lead discordia yielding a lower intersection date of 6.21 +0.18/-239 

0.24 Ma (Fig. 4d). The 207-corrected dates give a weighted-mean 206Pb/238U date of 6.10 ± 0.08 Ma, MSWD 240 

1.23 (Fig. 4d), both dates are within-error. 241 

Twenty zircon including centers and edges of high to low CL and oscillatory zoned to unzoned crystals were 242 

selected for U-Th-Pb analysis from syenite OD-22. In a Wetherill concordia diagram all plot on a common 243 

lead discordia line yielding a lower intersection date of 5.60 ± 0.21 Ma. The 207-corrected weighted-mean 244 

206Pb/238U date is 5.72 ± 0.11 Ma, MSWD =1.1 (Fig. 4c), both dates are within-error of each other. The dates 245 

are 0.3–0.4 My younger than published ages, but within uncertainty (Brenna et al., 2015).  246 

From our data, two groups of zircon dates may be identified: the first comprising volcanic (OD-1), 247 

hypabyssal (OD-25) and one plutonic sample (OD-22). The samples mean dates form a group that are not 248 

significantly different from each other. The other two plutonic samples (OD-4 and OD-5) means are, 249 

however, significantly older than the first group. 250 

 251 
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ZIRCON COMPOSITION 252 

Zircon trace element and O isotopes data are presented in Figs 5–8 and, with Hf isotopes, in Supplementary 253 

Material 3 along with the background rationale for zircon compositional data interpretation. Despite 254 

similarity of plutonic syenites and volcanic trachyte whole-rock compositions (Fig. 3, Supplementary 255 

Material 1, Table 1) there are differences in their zircon trace element and isotopic compositions. These 256 

record hand specimen scale heterogeneity over a limited time, preserving a snapshot of magma crystallization 257 

history (Figs 5–8). The more evolved hypabyssal rhyolite has different whole-rock and distinctive zircon 258 

compositions. No correlation was observed between zircon age and any trace element concentration or ratio. 259 

 260 

 TRACE ELEMENTS. The Oki-Dōzen zircon REE concentrations vary considerably (Figs 5 and 6 261 

and Supplementary Material 3) consistent with typical intra-grain and inter-grain compositional variations in 262 

other magmatic zircon (cf., Hoskin and Schaltegger, 2003). Zircon affected by post-crystallization 263 

hydrothermal alteration have murky or fluid inclusion-rich pitted textures (cf., Hoskin, 2005; Jiang et al., 264 

2019) and/or flat chondrite-normalized LREE patterns and small Ce anomalies (Hoskin, 2005; Zhong et al. 265 

2018). Zircon that contains tiny inclusions of LREE-rich minerals (e.g., allanite, chevkinite) or fluid 266 

inclusions also have elevated La values atypical of magmatic zircon (Hoskin and Schaltegger, 2003; 267 

Claiborne et al., 2010; Ni et al., 2020). Oki-Dōzen zircon with these textural or compositional features were 268 

removed from the data set leaving only unaltered primary magmatic grains.  269 

Within single rock samples zircon LREE concentrations vary by up to two orders of magnitude and HREE 270 

concentrations by an order of magnitude (Fig. 6 and Supplementary Material 3). The range is greatest in the 271 

oldest syenite, OD-4, but comparable in the other samples. All plutonic, hypabyssal and volcanic zircon 272 

chondrite-normalized REE patterns are parallel-subparallel and have similar, typically magmatic, depletion in 273 
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LREE relative to HREE ([Gd/Yb]N 0.03–0.16) and positive Ce and negative Eu anomalies relative to 274 

adjacent REE (cf., Hoskin and Schaltegger, 2003).  275 

In the dataset as a whole the zircon Eu anomalies are moderately to strongly negative, Eu/Eu* (0.003–0.186) 276 

indicative of feldspar fractionation under reducing conditions, with one value of 0.35 (Eu = EuN and Eu* = 277 

[Sm×Gd]N
0.5) (Fig. 6, Supplementary Material 3). These are akin to dike whole-rock value but differ from 278 

volcanic and plutonic whole-rock data that have weakly negative to positive Eu anomalies (Fig. 3). More 279 

specifically, zircon from the plutonic rocks have smaller and more consistent Eu/Eu* (0.024–0.140) than 280 

those from the hypabyssal rocks that are generally lower (0.005–0.06) or the volcanic rocks that are generally 281 

higher (0.003–0.350). Prominent negative Eu/Eu* ratios seen in all the Oki-Dōzen zircon do not correlate 282 

systematically with Zr/Hf, a magma differentiation index that reflects melt Zr depletion relative to Hf as 283 

zircon fractionates (Claiborne et al., 2006a). The plutonic and hypabyssal zircon Eu anomalies are relatively 284 

constant. The volcanic trachyte zircon has variable Eu anomalies at a given differentiation level. 285 

The zircon Ce anomalies are positive, Ce/Ce* (2.95–51.56, where Ce = CeN and Ce* = [La×Pr]N
0.5) 286 

indicative of oxidizing conditions in the magmatic system. Whole-rock Ce anomalies, by contrast, are only 287 

weakly positive to negative (Fig. 3h). Zircon from the plutonic rocks have larger and more variable Ce/Ce* 288 

(6.90–51.56) than those from the hypabyssal (4.02–26.03) and volcanic rocks (2.95–11.74) (Fig. 6).  289 

Other zircon trace element concentrations are also heterogeneous e.g., Hf (~5,000–18,500 ppm) and U (23–290 

1202 ppm, with 3 values up to ~12,700 ppm in the syenite OD-4). Also, U/Yb varies (0.7 ± 0.26) within the 291 

range 0.2–4 of typical igneous zircon (Hoskin and Schaltegger, 2003). The Th/U ratios (1.2 ± 0.7, with 2 292 

values up to ~3.8 in the syenite OD-4) are also typical of igneous values ≥0.5. 293 

The plutonic syenite zircon have the broadest Zr/Hf range from (38–100: OD-4 ~55–100; OD-5 ~40–90; 294 

OD-22 ~50–70) (Fig. 5). The volcanic trachyte zircon have a spread of Zr/Hf from 43–81 and the hypabyssal 295 

rhyolite zircon the narrowest of 61–80. Few elements show clear correlations with the Zr/Hf differentiation 296 
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index, but compositional differences between samples and covariances in individual samples are apparent, 297 

e.g., in syenite OD-5. Although overlap exists, a division may be made between the volcanic and hypabyssal 298 

rocks and plutonic rocks zircon compositions: OD-4 syenite zircon generally have lower concentrations of 299 

elements that are compatible in zircon, e.g., Ti and Sc; zircon from the syenite OD-5 has higher values of 300 

these elements; and syenite OD-22 and most notably OD-1 trachyte zircon the highest values (Fig. 5). The 301 

rhyolite OD-25, on the other hand, has variable concentrations of zircon-compatible elements (Fig. 5). All 302 

three plutonic samples show typical trace element fractionation trends: Ti correlates positively with Zr/Hf 303 

(Fig. 5a); as does Th/U and (Gd/Yb)N; whereas U and U/Yb correlate negatively (Fig. 5). In contrast to the 304 

syenites, Ti does not correlate with differentiation in the trachyte nor the rhyolite (Fig. 5a).   305 

In the Grimes et al. (2015) tectonomagmatic discrimination diagram (Fig. 7) all the Oki-Dōzen zircon 306 

plot in the high U/Yb, continental crust input or enriched mantle source fields.  307 

 308 

 O AND HF ISOTOPES. The Oki-Dōzen zircon O isotope data are heterogeneous, δ18O is reported 309 

relative to VSMOW. Values range from well below typical of mantle (4.7–5.9 ‰) to higher typical of 310 

continental crust (> 6 ‰) (Fig. 8) (cf., Valley, 2003). The oldest syenite, OD-4, δ18O range is 5.23–6.78 ± 311 

0.08 ‰ (2σ). Syenite OD-5 has the broadest δ18O range (3.24–7.94 ± 0.07 ‰) whereas the youngest syenite, 312 

OD-22, has low δ18O (2.89–4.69 ± 0.09 ‰) comparable to the volcanic trachyte, OD-1, δ18O (3.62–5.64 ± 313 

0.08 ‰). All the hypabyssal rhyolite dike, OD-25, zircon compositions fall below the mantle range, δ18O 314 

(2.89–4.69 ± 0.07 ‰). The δ18O values do not correlate with differentiation (Zr/Hf) nor age. 315 

Zircon Hf isotope ratios are sensitive to magma composition variations which may reflect source 316 

compositions. Depleted mantle has high εHft, >15, more enriched sources, e.g., continental crust, have lower 317 

values, <0 (Hawkesworth et al., 2010). The Oki-Dōzen zircon Hf isotope data are more uniform than the O 318 

isotope data; sample means are all the same within 2σ error (see Supplementary Material 3). The older 319 
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syenite OD-5 εHft mean is -3.65 ± 0.65 (n=13); the younger syenite OD-22 has a mean of -3.80 ± 0.48 320 

(n=16). The hypabyssal rhyolite dike, OD-25, mean is -3.66 ± 0.45 (n=15), changing to -3.98 ± 0.63 (n=13) 321 

when the two highest values are excluded. The volcanic trachyte, εHft mean = -3.84 ± 0.63 (n=13). All means 322 

are within error. The εHft values do not correlate with δ18O, differentiation (Zr/Hf), age nor Ti. 323 

 324 

INTENSIVE VARIABLES 325 

Major element concentrations in mineral phases and whole-rock XRF analyses, taken as a proxy for melt 326 

compositions, have been used to apply various thermobarometric models for the magmatic condition of 327 

mineral formation. Variables modeled using different thermobarometers applied to the same samples are 328 

compared with the results of Brenna et al. (2015). They calculated higher temperature and pressure stalling 329 

for the trachyte and shallower, cooler stalling for the syenite (Fig. 9; Brenna et al., 2015). 330 

Feldspar-melt thermometry was applied to all samples where chemical equilibrium between feldspar and host 331 

rock could be demonstrated (following Putirka, 2008) and following petrographic assessment of feldspar 332 

textures (see Petrography section). The trachyte has temperatures between 950–970 °C, whereas two of the 333 

syenites have a broader range of temperatures that overlap with the trachyte: 880–1020 °C. The third syenite 334 

sample, OD-22, has higher, 1020 °C, temperatures reflected in plagioclase-melt compositions, but also has 335 

anomalously low temperatures from alkali feldspar-melt compositions, ~690 °C (Fig. 9). The rhyolite dike 336 

yields significantly lower alkali feldspar-melt temperatures between 700 and 760 °C.   337 

Amphibole-melt thermometry (Molina et al., 2015) and amphibole thermobarometry (Ridolfi and Renzulli, 338 

2012) have been applied to the syenite samples. No equilibrium amphibole was found in the rhyolite dike nor 339 

trachyte, so estimates were not obtained. Although the Ridolfi and Renzulli (2012) calibration assumes a 13-340 

cation composition of amphiboles (after Leake et al., 1997) both thermometers are comparable. The Molina 341 
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et al. (2015) calibration yields slightly higher temperatures (Fig. 9) than the Ridolfi and Renzulli (2012) 342 

calibration. From this latter calibration syenite temperatures are 855–1010 °C. 343 

Ti-in-zircon thermometry (Watson and Harrison 1983; Ferry and Watson, 2007) using zircon LA-ICPMS 344 

analyses was undertaken assuming an aSiO2 of 1 given the presence of quartz (see Petrography section). Co-345 

existing oxides are not present and therefore limit a robust estimation of activity of Ti (cf., Ghiorso and 346 

Gualda, 2013). We have assumed a range of activities for aTiO2 between 0.2 and 0.7. Lower values of aTiO2 347 

produce Ti-in-zircon temperatures that are better aligned with other thermometric techniques. More 348 

significant than absolute values of temperatures, however, are comparisons between modeled temperatures, 349 

at aTiO2 = 0.2:  syenites, 763–1007 °C; the trachyte, 839–1181 ºC, and the hypabyssal rhyolite dike, 811–350 

950 °C. High temperatures for the evolved dike zircon suggest they are antecrysts, unlike the large alkali 351 

feldspars rims that record final growth at lower temperatures than the syenite (Fig. 9). 352 

Pressure estimates are limited by available phases. Whereas composition of amphibole has been suggested to 353 

be directly related to pressure of crystallization many uncertainties exist, with large variations in modeled 354 

pressures depending on how cation distributions are calculated (cf., Humphreys et al., 2019). Using 355 

amphibole compositions from both the present study and Brenna et al (2015) calculations with the Ridolfi et 356 

al. (2010) cation calculator and the calibration of Ridolfi and Renzulli (2012) gives pressures of 190–620 357 

MPa for the syenite. This range overlaps with and extends to greater depth the cpx-melt pressure estimates 358 

for the trachyte, 210–390 MPa, of Brenna et al.  (2015) who used the Masotta et al. (2013) calibration. 359 

 360 

THE PLUTONIC-HYPABYSSAL-VOLCANIC CONNECTION 361 

THERMOBAROMETRY - PHYSICAL CONDITIONS OF MAGMATISM 362 

Alkaline magmatic systems present challenges for constraining intensive variables because of their silica-363 

undersaturated nature and the limited number of thermobarometers which are calibrated for such systems. By 364 
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applying multiple thermometers to the plutonic, volcanic and hypabyssal samples we tested the consistency 365 

of the different systems. This placed further constraints on the nature of the system that fed the silicic 366 

magmatism of Oki-Dōzen from ~7–5 Ma. 367 

Comparison of feldspar-melt temperature estimates (Putirka, 2008) with amphibole-melt temperatures 368 

(Ridolfi and Renzulli, 2012; Molina et al., 2015) yielded very similar values for each sample (Fig. 9). Small 369 

differences between thermometers in individual samples are not consistent with, but are largely contained 370 

within, the range of modeled values if an uncertainty of ± 20 °C is assumed (Fig. 9). Alkali feldspar-melt 371 

temperatures from the syenite OD-22 are the only significantly lower major phase temperature estimates, 372 

potentially from late-stage feldspar hydrothermal alteration as previously noted by Brenna et al. (2015).  373 

In contrast to major phase thermometry, application of the Ti-in-zircon thermometer (Ferry and Watson, 374 

2007) yields large ranges in modeled temperatures in individual samples e.g., up to 340 °C at aTiO2 = 0.2 in 375 

the trachyte sample. In addition, temperatures are systematically lower than major phase thermometers (Fig. 376 

9). Other studies have noted significantly lower Ti-in-zircon temperatures when compared with major phases 377 

(e.g., Chamberlain et al., 2014, Schiller and Finger, 2019). The difference may be the result of zircon crystals 378 

not representing the same magmatic stage as major phases; however, the presence of zircon as inclusions 379 

within major phases makes this unlikely. So, incorrect assumptions made when applying the Ti-in-zircon 380 

thermometer probably account for differences in Ti-in-zircon temperatures and major phase thermometry. 381 

Given the absence of rutile in Oki-Dōzen samples aTiO2 must be < 1 and for Ti-in-zircon temperatures to 382 

align with major phase thermometry aTiO2 of < 0.2 are required. This is significantly lower than has been 383 

suggested for many volcanic systems (cf., Hayden and Watson, 2007; Reid et al., 2011; Ghiorso and Gualda, 384 

2013). Even so, recent studies have highlighted aTiO2 (and to a lesser degree, aSiO2) may evolve throughout 385 

crystallization of plutonic bodies (Schiller and Finger, 2019). This implies assumption of a uniform aTiO2 386 

may not be valid, especially for plutonic rocks. The large ranges in Ti-in-zircon temperatures (Fig. 9) reflects 387 
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the range in Ti concentrations (4–20 ppm) within individual samples. Irrespective of their volcanic, plutonic 388 

or hypabyssal origin this may reflect: a non-uniform aTiO2; the presence of nanoscale inclusions where Ti is 389 

not a structural component (cf., Chamberlain et al., 2014); or a combination of these factors. It is clear Ti-in-390 

zircon thermometry lacks constraints to place absolute values on magmatic temperatures. However, it is 391 

useful here for comparing ‘relative’ differences between the volcanic, hypabyssal and plutonic samples from 392 

the same magmatic system - where aTiO2 and aSiO2 are likely to have been similar. 393 

Application of multiple thermometers has highlighted clear differences between the volcanic, plutonic and 394 

hypabyssal samples. Major phase thermometry shows consistent average temperatures for the trachyte and 395 

syenite at ~930 °C. This is in contrast to the ~50 °C difference suggested by Brenna et al. (2015) who applied 396 

different thermometers to the volcanic and plutonic samples. Whereas average temperatures are consistent 397 

between volcanic and plutonic samples the range in major-phase-modeled temperatures is larger for the 398 

syenite samples than the trachyte. This is consistent with a more protracted period of melt evolution in the 399 

plutonic bodies. The hypabyssal rhyolite dike has Ti-in-zircon ranges that are well-aligned with syenite 400 

values and ranges. By contrast, a significantly lower alkali feldspar-melt modeled temperature is potentially 401 

the result of late-stage alteration in a hydrothermal system, as also seen in the syenite OD-22. Therefore, 402 

these lower ~700 °C temperatures are not interpreted to reflect true magmatic conditions. 403 

Application of barometric techniques is limited by available mineral phases and lack of a well-calibrated 404 

barometer for these ferro-edenite amphiboles (Humphreys et al., 2019). Nevertheless, it would appear that 405 

similar to thermometric estimates the syenites also record comparable pressures to the trachyte, but with a 406 

larger range. We interpret this as the result of amphibole crystallization over an extended range of depths 407 

within the crust. An alternative would be temperature-controlled chemical exchanges (cf., Shane & Smith, 408 

2013) producing a range of apparent pressures due to variable VIAl (e.g., Thornber et al., 2008). The range in 409 

crystallization pressures could be explained by: mixing of mafic and felsic magmas (e.g., Scarrow et al, 410 
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2009); or, accumulation of xenocrystic material during ascent (e.g., Ridolfi et al., 2010). That said, 411 

compositional and textural observations are inconsistent with a mixed or xenocrystic origin because 412 

amphiboles: lack zoning or reaction rims in the syenites; and, are present as later-stage, e.g., interstitial 413 

subhedral mineral phases. So, syenite body formation through accumulation of multiple polybaric melts is 414 

our preferred explanation for the variation in intensive variables (cf., Michel et al., 2008; Farina et al., 2012). 415 

 416 

GEOCHRONOLOGY - DURATION OF MAGMATISM 417 

Precise U-Th-Pb zircon ages presented here show the studied magmatism lasted for at least ~1 My from 418 

~5.5–6.5 Ma (Fig. 4). This is within the ~2 My range of published K-Ar and zircon U-Th-Pb ages for the 419 

syenite (7.5–5.6 Ma) and ~1 My range for the trachyte (6.0–5.4 Ma) and dikes (6.0–5.5 Ma) (Morris et al., 420 

1997; Tiba et al., 2000; Brenna et al., 2015) (Fig. 4). Our new zircon age and trace element data highlight at 421 

least two separate magma pulses coalesced to form the syenite body. We can divide the magmatism into two 422 

main groups with mean zircon U-Th-Pb dates that are significantly different from each other (95% 423 

confidence level). The older group comprises two syenites, OD-4: 6.38 ± 0.10 Ma and OD-5: 6.10 ± 0.08 424 

Ma; the younger group is composed of syenite, OD-22: 5.72 ± 0.11 Ma, the volcanic trachyte, OD-1: 5.89 ± 425 

0.16 Ma, and the coeval hypabyssal rhyolite dike, OD25: 5.65 ± 0.12 Ma (Fig. 4). Plutonism duration is 426 

consistent with previous studies of intrusive rocks in intraplate settings (e.g., Allibon, et al., 2011) and 427 

identification of the role of multiple magma batches in forming plutons (e.g., Glazner et al., 2004).  428 

Our new data temporally link the plutonic, hypabyssal and volcanic components of the system (Fig. 4).. 429 

Furthermore, five older, antecrystic, grains detected in the hypabyssal and volcanic rocks (6.7–7.2 Ma) 430 

indicate en route to the surface the magma traversed, and scavenged, zircon from the remains of older 431 

magmatic events. This extends the duration of magmatism to > 2 My. Consistent with this is the more 432 
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heterogeneous bimodal spread of zircon dates in the hypabyssal and volcanic rocks, which contrasts with the 433 

unimodal peak in the three plutonic samples (Fig. 4). 434 

Brenna et al. (2015) proposed two potential end member models for the Oki-Dōzen magmatism: either, both 435 

intrusive and extrusive rocks were formed by single discrete events with the syenite, 6.2 Ma, crystallizing 436 

before the trachyte, 5.9 Ma; or, from the zircon ages and U composition in the two rock types, both volcanic 437 

and plutonic activity was more prolonged and pulsatory with plutonism lasting ~1 My and trachyte 438 

magmatism lasting ~0.5 My. Our new zircon ages are consistent with the second model. To further 439 

differentiate between models, age data can be linked to variations in zircon trace element compositions. 440 

 441 

ZIRCON COMPOSITION 442 

 MAGMA SOURCE. Isotopic and trace element compositions of zircon may be used to infer magma 443 

source (e.g., van de Flierdt et al., 2007, Grimes et al., 2015). The continental crust intraplate context of the 444 

Oki-Dōzen Islands west of the active subduction trench in the southern Sea of Japan is reflected in key zircon 445 

trace elements tectonomagmatic discrimination diagrams (Fig. 7) (Grimes et al., 2015). None of the Oki-446 

Dōzen samples have typical MOR low U/Yb ratios, <0.1 (cf., Grimes et al., 2015) (Fig. 7a). In the Sc/Yb 447 

versus Nb/Yb diagram they plot in the continental field (Fig. 7b); in the ‘crustal input or enriched mantle 448 

source’ in the U/Yb versus Hf diagram (Fig. 7c); and, in the amphibole-rich region of the Ti versus Sc/Yb 449 

plot (Fig. 7d). It appears diagrams that include Sc best discriminate continental and arc character whereas Nb 450 

highlights plume influence, i.e., mantle source enrichment relative to MORB. In contrast to the 451 

predominantly Mesozoic datasets used in constructing the tectonomagmatic discrimination diagrams our 452 

zircon are younger, Cenozoic–Late Miocene. 453 

Significantly, the trace element data do not show clear differences in source between the plutonic, hypabyssal 454 

and volcanic samples. This is consistent with mean Hf isotope values that vary from -3.65 ± 0.65 and -3.80 ± 455 
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0.48 for the syenites, -3.66 ± 0.75 for the rhyolite dike, to -3.84 ± 0.63 for the volcanic trachyte. Notably, 456 

εHft means of the two analyzed syenites OD-5 and OD-22 plus the trachyte OD-1 all have an MSWD value 457 

close to 1 indicating these data represent single populations. The rhyolite dike εHft mean, by contrast, has an 458 

MSWD of 2.1, greater than would be expected for a single population. Nevertheless, the similarity of the 459 

means suggests derivation from the same source. Negative εHft values are typical of continental rocks (e.g., 460 

van de Flierdt et al., 2007) consistent with assimilation of a continental crust component indicated by the 461 

zircon trace elements (Fig. 7). Typical whole-rock εHft values for Quaternary volcanic rocks from the nearby 462 

Ulleung and Dok islands are also ~ -3 (Choi et al., 2013). The new zircon Hf isotope and trace element data 463 

suggest the evolved magmatic rocks of the central Oki-Dōzen complex are products of a similar degree of 464 

partial melting of a vertically and laterally restricted region of upper mantle. This inference is in agreement 465 

with the work of Brenna et al. (2015) who compared whole-rock major and trace element and Sr and Nd 466 

isotope data from the Oki-Dōzen central and flank primitive alkaline ocean island (OIB)-like basalts. 467 

In contrast to trace element and Hf isotopic data, the Oki-Dōzen zircon δ18O values are quite variable (2.89–468 

7.94 ‰) from well-below to well-above typical mantle values of 5.3 ± 0.3 ‰ (Fig. 8) (Valley, 2003). Rather 469 

than reflecting primary source characteristics the O isotope data record the effect of open system processes 470 

prior to zircon crystallization. This is consistent with a mantle source derived magma, with intermediate δ18O 471 

values (Fig. 8) assimilating a range of contaminants to drive δ18O values to both higher and lower than the 472 

initial composition. This decoupling between O and Hf isotopes is comparable to previously reported whole-473 

rock isotope characteristics (Brenna et al., 2015). These authors attributed large variations in 87Sr/86Sr 474 

coupled with relatively uniform 143Nd/144Nd to pre- or syn-eruptive hydrothermal alteration by sea water and 475 

high 87Sr/86Sr sediments. The Nd data, and zircon εHft presented here, indicate hydrothermally-altered crust 476 

incorporated into the magma was likely country rock from the same volcano-plutonic system rather than 477 

older continental crust. High, supra-mantle, δ18O values are characteristic of continental crust, sedimentary or 478 
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metasedimentary rocks and igneous rocks derived from these, e.g., S-type granites (Bindeman, 2008). Low, 479 

sub-mantle, δ18O values, by contrast, are indicative of magmatic systems with a significant component of 480 

high temperature, > 300 °C, isotopically-light meteoric water, which may be derived from: hydrothermally-481 

altered crust (e.g., Carley et al., 2014, 2017; Bindeman and Valley, 2001; Monani and Valley, 2001; Jo et al., 482 

2016); or, high temperature hydrothermal fluid circulation into the magma body (e.g., Schmidt et al., 2013). 483 

Zircon with anomalously low δ18O values can crystallize in any tectonomagmatic setting but are most typical 484 

in hot spots, rifts and nested caldera complexes (Troch et al., 2020). In these settings extensive fracture 485 

permeability allows for efficient hydrothermal alteration of country rock that may be subsequently 486 

assimilated by the magma. Assimilation of co-genetic hydrothermally-altered rocks will not usually affect 487 

magma major and trace element compositions but will be record in δ18O (Troch et al., 2020).  488 

We suggest contamination of mantle-derived magmas with a significant component of low temperature 489 

hydrothermally altered crust resulted in the high zircon δ18O in the older plutonic syenites (OD-4 and OD-5; 490 

Fig. 8). This is consistent with whole-rock Sr isotopic compositions (Brenna et al., 2015). The younger 491 

syenite (OD-22) also records this contamination, but to a lesser extent, whereas this component is not 492 

apparent in the younger volcanic trachyte (OD-1) nor the hypabyssal rhyolite (OD-25). This may reflect 493 

interaction of early magma pulses with country rock forming a barrier at intrusion margins that prevented its 494 

assimilation by later pulses. In addition to the high δ18O contaminant, all samples except the oldest syenite, 495 

also have anomalously low zircon δ18O values indicating assimilation of a high-temperature hydrothermal 496 

component. Adding a significant component of liquid water to magma is physically complex. So, we suggest 497 

Oki-Dōzen low δ18O values reflect that prior to zircon crystallization the magma assimilated country rock 498 

that was hydrothermally-altered by heated meteoric water. The low δ18O rhyolite dike zircon values are 499 

consistent with extraction of evolved melt from the upper, shallow, region of a magma reservoir; this may be 500 

most likely to be adjacent to crust permeated and altered by meteoric hydrothermal fluids. The range of 501 
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zircon oxygen isotope values indicates the country rock was heterogeneous with respect to δ18O and 502 

contamination varied over time in each magmatic pulse as recorded in the compositional range of zircon 503 

crystallized in each sample. Within this compositional variation the youngest syenite and the trachyte are 504 

most similar, they are also closest in age.  505 

 506 

 MAGMA DIFFERENTIATION. Aside from the range in zircon δ18O the most striking 507 

compositional feature of the Oki-Dōzen plutonic, hypabyssal and volcanic zircon compositions is the broad 508 

range of differentiation, inferred from the spread and inter-sample overlap of zircon Zr/Hf. However, before 509 

considering zircon Zr/Hf variations in detail, it is relevant to note the whole-rock Zr/Hf values ranges: 510 

syenites (26.6–22.2); rhyolite dike (32.5); and trachyte (55.3) (Fig. 10). Most crustal rocks have a Zr/Hf of 511 

~35–40, i.e., near chondritic (Ahrens and Erlank, 1969; Hoskin and Schaltegger, 2003). Rhyolites and 512 

granites may have low Zr/Hf, 15-30, because of zircon fractionation depletion of Zr. This may be amplified 513 

by segregation of Zr-bearing major minerals such as amphibole, clinopyroxene and garnet (Bea et al., 2006). 514 

The syenites low whole-rock Zr/Hf values are, therefore, consistent with zircon fractionation (cf., Claiborne 515 

et al., 2006a) which typically provokes a drop off in whole-rock Zr/Hf in subduction-related systems at 76–516 

79 wt% SiO2 (Claiborne et al., 2006a). In the Oki-Dōzen system this occurred at ~60 wt% SiO2 which may 517 

be a function of preferential accessory mineral segregation in lower viscosity alkaline magmas (cf., Giordano 518 

et al. 2004). On the other hand, elevated whole-rock Zr/Hf values in the trachyte suggest accumulation of 519 

scavenged xenocrystic and/or antecrystic zircon (cf., Claiborne et al., 2006a) enhanced, we suggest, by lack 520 

of amphibole fractionation in this sample. This is compatible with scatter observed in the trachyte age data 521 

(Fig. 4). The rhyolite whole-rock Zr/Hf range may result from a combination of depletion by zircon 522 

fractionation to below chondrite values and enrichment by zircon scavenged during ascent. 523 
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Differences in zircon trace element concentrations recorded in the plutonic, hypabyssal and volcanic samples 524 

indicate either: subtle variations in magma composition in the distinct pulses; or, differential incorporation of 525 

compatible trace elements at greater and shallower depth, perhaps because of variation in mineral stability 526 

related to crystallization temperature and pressure; or a combination of these. All three plutonic samples 527 

show typical trace element fractionation trends: Ti correlates positively with Zr/Hf (Fig. 5a), indicating more 528 

Ti was incorporated into zircon when the magmatic system was less-evolved and had fractionated less zircon. 529 

Amphibole, in which Ti and Sc are compatible, e.g., benmoreite Ti partition coefficient ~4 (Liotard et al., 530 

1982), trachyte Sc partition coefficient ~15 (Lemarchand et al., 1987), may play a significant role in 531 

controlling the concentration of these elements in magmas and thus zircon. Amphibole is present as a minor 532 

phase in the syenites but only as rare, out of equilibrium, microphenocrysts in the trachyte (Fig. 2g). As noted 533 

above the syenite zircon have lower concentrations of Ti and Sc than the trachyte zircon. These 534 

compositional differences could result from more favorable P-T conditions for amphibole crystallization and 535 

fractionation at greater depth in the syenite magma thus depleting it in these elements relative to shallower 536 

stalling trachyte magma (cf., Barker et al., 2014). So, the two rock types having crystallized from the same, 537 

or a very similar, magma, is not precluded. Further evidence for amphibole in the fractionating assemblage 538 

includes: i) decoupling of zircon Ti concentrations from other zircon-compatible elements (e.g., U, Y, HFSE, 539 

MREE-HREE and LREE Ce (Fig. 5); ii) elevated U/Yb, in the syenites, relative to low ratios associated with 540 

amphibole-absent fractional crystallization in the trachyte (Fig. 5d) as a result of differences in amphibole U 541 

and Yb compatibility (cf., Brophy, 2009). 542 

We suggest in the same way HREE-depletion in metamorphic zircon is indicative of associated garnet 543 

crystallization (e.g., Rubatto and Hermann, 2007), significant differences in zircon Sc and Ti concentrations 544 

in cogenetic magmatic suites trace amphibole fractionation (cf., Grimes et al., 2015). Depletion may occur 545 

synchronous with zircon crystallization, e.g., in subalkaline systems, or, prior to zircon crystallization if this 546 
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occurs at a late stage, e.g., in alkaline systems such as Oki-Dōzen (cf., Boehnke et al., 2013; Gervasoni et al., 547 

2016). Brenna et al. (2015) modeled fractional crystallization of the syenites with amphibole in the mineral 548 

assemblage from 57.5 wt% SiO2, the syenites SiO2 ranges from 61.5–63.8 wt%. Thus, the magma could 549 

already have been considerably depleted in Sc and Ti before zircon crystallized. In addition to primary 550 

magmatic zircon the trachyte also apparently scavenged zircon crystals raising whole-rock Zr/Hf; but this 551 

was apparently only from the shallow region unaffected by amphibole fractionation as all grains have high Sc 552 

and Ti (Fig. 5). The rhyolite dike also has one zircon grain with high Sc and Ti concentrations i.e., inferred to 553 

be shallow; we suggest this grain was scavenged en route to the surface. Identification of a control – 554 

amphibole fractionation - other than temperature on zircon Ti content highlights the importance of 555 

proceeding with caution when interpreting Ti-in-zircon thermometry in systems where amphibole is present.  556 

As well as compositional differences between samples dictated by amphibole fractionation there are notable 557 

variations in the fractionation trends in the plutonic, hypabyssal and volcanic rocks. The constant Eu negative 558 

anomalies over the range of differentiation of the plutonic and hypabyssal zircon suggests Ca-rich 559 

plagioclase fractionation depleted the melt in Eu relative to other REE, prior to, but not during, zircon 560 

crystallization (cf., Hoskin and Ireland, 2000; Trail et al., 2012). In the more evolved rocks plagioclase was 561 

more Na+-rich (Supplementary Material 2). Variable Eu anomalies at a given level of differentiation in the 562 

volcanic trachyte zircon, by contrast, is indicative of variable melt Eu depletion and thus Ca-rich plagioclase 563 

fractionation. This is consistent with the lack of a correlation between negative Eu and positive Ce anomalies 564 

because it indicates oxygen fugacity was not the sole control on these element concentrations. Melt Ce 565 

content, conversely, is not affected by crystallization of any major mineral so it is usually considered a more 566 

reliable indicator of melt oxidation state (Trail et al., 2012).   567 

Element covariances are evident in some individual samples, e.g., syenite OD-5, absent in some e.g., rhyolite 568 

dike OD-25 and present, but to a lesser extent, in others e.g., the trachyte OD-1 (Fig. 5). Trends typical of 569 



26 
 

suites of zircon crystals dominated by fractional crystallization are seen in syenites OD-5 and OD-22. Zircon 570 

compatible elements e.g., U and REE, correlate negatively with fractionation index Zr/Hf as a function of 571 

increased compatibility at lower temperature (Fig. 5) (cf., Storm et al., 2014; Troch et al., 2018). Notably, the 572 

typical igneous zircon trace element ratios indicate crystallization was not preceded by other Th-rich 573 

accessory minerals, e.g., monazite or allanite. The negative correlations, e.g., U and U/Yb and U/Th ratios in 574 

the syenites, albeit with varying gradients and concentrations, are dominated by the increase in zircon U 575 

concentration with differentiation (cf., Bea, 1996) (Fig. 5c–e). The syenites preserve early-formed through to 576 

late-stage, eutectic-like, zircon e.g., U content increases dramatically in OD-22 at evolved low Zr/Hf. 577 

Furthermore, a positive correlation is observed between (Gd/Yb)N and fractionation, Zr/Hf, in the syenites, 578 

but not in the trachyte nor the rhyolite (Fig. 5f). Decoupling of zircon MREE and HREE values can be 579 

explained by synchronous apatite fractionation. Prowatke and Klemme (2006) determined apatite MREE 580 

distribution coefficients (Kds ~3–15) are ~4–5 times greater than those for HREE (Kds ~1–3) for 581 

intermediate, albeit subalkaline, compositions. Accordingly, Zhang et al. (2020) invoked closed system 582 

apatite fractionation in granites to explain a drop in zircon Gd/Yb from 0.2 to 0.03, comparable to the range 583 

in the Oki-Dōzen syenite zircon: 0.18 to 0.05.  584 

OKI-DŌZEN MAGMATIC SYSTEM MODEL 585 

The key question asked above was whether plutons preserve i) erupted magma stalled and solidified at depth 586 

or ii) magma remaining following extraction of erupted melt. In the Oki-Dōzen rocks the plutonic syenites 587 

apparently preserve the former relationship with the volcanic trachyte and the latter with the hypabyssal 588 

rhyolite dike. By combining our new zircon age, isotopic and compositional data, major phase compositions 589 

and petrographic observations with conclusions of Brenna et al. (2015) we construct a model for the temporal 590 

evolution of the magmatic plumbing system (Fig. 11). Key aspects of this model include: 591 
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 1. The magmatic source was uniform in terms of Hf isotopic signatures for the ~2 My duration of felsic 592 

volcanism and plutonism at Oki-Dōzen. The syenite, trachyte and rhyolite samples εHft values are within 593 

error ~3.6 to ~3.8 ± 0.63 indicating a common magma source. The felsic magmas differed, however, in their 594 

evolution. Variation can be seen in terms of fractionating assemblages: with or without amphibole; and 595 

significant spread in zircon trace element compositions e.g., Zr/Hf, Th/U, Sc and Ti indicating protracted 596 

fractionation in all but the dike. The degree, type and temperature of hydrothermally-altered continental crust 597 

assimilation varied between plutonic, volcanic and hypabyssal samples as recorded by zircon δ18O 598 

heterogeneity. This may also reflect crystallization under variable, relatively oxidizing, conditions as a result 599 

of changes in magma volatile content as recorded in positive zircon Ce/Ce* anomalies in all samples (cf., 600 

Kelley and Cottrell, 2009). 601 

2. Zircon ages and compositions track piecemeal assembly of the syenite body by incremental amalgamation 602 

of heterogenous melts as distinct magma pulses. The range of U-Th-Pb zircon ages from the syenite samples 603 

register prolonged zircon-saturation in the magmatic system. In detail, our new data corroborate formation of 604 

the pluton by at least two distinct pulses, deciphering differences not discernible in the whole-rock data. 605 

Preservation of the compositional variation in the zircon requires each magma pulse to have crystallized 606 

sufficiently prior to subsequent juxtaposition to prevent inter-pulse crystal-liquid mixing of minerals with 607 

different petrogenetic histories. differentiated Assemblage was controlled by flux of already magma between 608 

interconnected regions in the plumbing system. Notably, buoyant magma bodies with radii > 1 km can 609 

continue to rise to shallow depths even after solidification including in a brittle regime where they may 610 

induce faulting (Burov et al., 2003 and references therein).  611 

3. Key petrological and compositional differences exist between the syenite and trachyte samples, 612 

particularly with respect to amphibole. Some syenite samples preserve cryptic evidence of stalling within the 613 

amphibole stability field (cf., Davidson et al., 2007) as recorded in low zircon Ti and Sc concentrations. This 614 
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is not so apparent, though, in other syenites and is absent in the trachyte. Thus, variable ascent and stalling of 615 

melt batches that ultimately formed the syenite pluton is highlighted. This is also evidenced by the large 616 

range in modeled temperatures and amphibole pressures for the syenite (800–1000ºC, 190–620 MPa) 617 

compared to the restricted range for the trachyte (910–970ºC, this work, and 210–390 MPa from Brenna et 618 

al., 2015). Therefore, the trachyte can be interpreted as a comparable magma to the syenites, either a tapped 619 

off portion of a syenite magma body or a separate magma body that did not stall so protractedly at depth.  620 

4. The rhyolite dike represents a melt phase extracted from a crystallizing syenite body. Extraction of rhyolite 621 

melt from crystal mush is a balance between a magma body being i) sufficiently fractionated for the 622 

intercrystalline melt to be evolved and ii) sufficiently crystallized for significant convection to be suppressed 623 

but for melt still to be able to escape the crystal network. Both criteria are met at ~45% crystallization 624 

(Bachmann and Bergantz, 2004). The rhyolite dike apparently preserves this fortuitous moment in the 625 

magma development (cf., Deering et al., 2011). Intermediate composition batholiths often have an interstitial 626 

melt phase that is more SiO2-rich than the whole-rock composition (e.g., Cashman and Blundy, 2000; 627 

Schmitt et al., 2003). The interstitial melt may separate and form a melt cap overlying the crystal-rich magma 628 

by some combination of: crystal settling (cf., Davis and Acrivos, 1985); compaction (McKenzie, 1984); or, 629 

gas-driven filter pressing in volatile-rich systems (Anderson et al., 1984). Zircon preferentially segregates 630 

into interstitial melt from remobilized crystal mushes compared to coeval major phases because of its small 631 

size (Claiborne et al., 2006b). Formation of the rhyolite in this way explains its whole-rock compositional 632 

gap with the syenites and trachytes. Also, when combined with zircon scavenging en route to the surface, it 633 

accounts for the broad age range and restricted level of fractionation. Dike zircon Zr/Hf (~80–60) overlap 634 

with the less evolved range of syenite zircon but notably do not contain any evolved grains, Zr/Hf (~60–40) 635 

(Fig. 5). The syenite OD-22 overlaps in age, within error, with the rhyolite dike, this combined with the 636 

zircon trace element compositional similarities identify it as a source candidate. 637 
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5. Zircon lacks intragrain compositional variability reflecting lack of fluctuation in magma composition 638 

during crystal growth. Brenna et al. (2015) related the nested core formation of silicic plutons surrounded by 639 

more primitive rocks to a dispersed, lower volume, plumbing system forming crustal barriers that hindered 640 

ascent of deep, primitive magma. The limited volcanic activity is consistent with a low-flux system in which 641 

magma stalled in the upper crust. Incremental pluton growth resulted with magma pulses preserved as 642 

discrete magmatic fractionation events and associated small- to moderate-scale, steady-state eruptions (cf., 643 

Claiborne et al. 2010; Mills and Coleman, 2013).  644 

 645 

IMPLICATIONS 646 

Combining zircon ages, trace element and isotopic data from coeval and co-genetic magmatic rocks can 647 

provide critical information about magmatic processes. Considering such data is an effective approach to 648 

investigate how plutons grow and whether plutonic rocks are i) counterpart or ii) residual to erupted magma 649 

volcanic rocks. Zircon records temporal and compositional subtleties that may be hidden in whole-rock data 650 

including broad plutonic-hypabyssal-volcanic connections and specific distinct magma pulses even in small, 651 

e.g., ~10 km surface expression diameter, plutons. Not every batch of magma sees the same path to a pluton. 652 

The crustal structure can form barriers resulting in variable magma stalling recorded by zircon. Intermediate 653 

magma at mid-crustal depths may fractionate to more evolved, silicic, less dense, syenitic magmas that could 654 

rise to shallower levels. By combining zircon Hf and O isotope data, primary source characteristics, εHft, 655 

may be unraveled from open system contamination, δ18O, of the magmatic system. Furthermore, zircon Sc 656 

and Ti concentrations can track amphibole crystallization and fractionation that lower melt concentrations of 657 

both elements, so less are incorporated into synchronously crystallized or later-formed zircon. In this way, 658 

these elements can be used as proxies for amphibole stability and thus depth of magma crystallization. This 659 

process could impact reliability of the Ti-in-zircon geothermometer in amphibole-bearing rocks. 660 
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Compositional similarities and differences between zircon crystallized in an intrusive and extrusive context 661 

link the Oki-Dōzen plutonic and volcanic rocks as different pulses of similar, counterpart, magma. The 662 

hypabyssal dike zircon, on the other hand, crystallized from a segregated magma. These deductions allow 663 

physical, thermal and compositional constraints to be placed at fixed points within the magmatic plumbing 664 

system evolution related to: magma source; melt segregation; and differentiation including assimilation and 665 

fractional crystallization processes. 666 

The relation between the Oki-Dōzen plutonic-hypabyssal-volcanic rocks may be typical of low flux systems, 667 

e.g., non-plume ocean islands, rather than high flux plume-related ocean island systems, subduction-related 668 

transcrustal mush-melt reservoirs, large volume batholiths or supereruptions. Identification of episodic 669 

amalgamation of magma pulses, in any tectonomagmatic context, has important implications for determining 670 

potential fluxes and thus eruptible volumes of magma reservoirs.  671 
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FIGURE CAPTIONS 939 

Figure 1. Geological map of Oki-Dōzen, Japan Sea, modified from Tiba et al. (2000), showing the extent of 940 

the Miocene Ōyama syenite pluton, Takuhiyama pyroclastic cone cut by rhyolite dikes, trachyte series, 941 

sedimentary formation and the younger Pliocene Uzuka basalt series. Inset: map of the regional tectonic 942 

setting of Oki-Dōzen in the Japan arc. The sampling locations are marked with stars.  943 

 944 

Figure 2. a. View of the Dōzen Islands looking north from Mt. Akahage, Chiburijima Island (from 945 

http://www.oki-geopark.jp/en/episode/geohistory/stage3/dozen-caldera/); b. Field photograph of the 946 

Takuhiyama pyroclastic cone trachyte, OD-1, cut by an outcrop of yellow rhyolite dike, OD-25, ~8 m wide, 947 

contact marked by dashed line; c. Field photograph of the Ōya a syenite, OD-4, outcrop width ~15 m; d. 948 

Hand specimen close up of the volcanic trachyte, OD-1, black and white centimeter scale; e. Hand specimen 949 

close up of the rhyolite dike, OD-25, black and white centimeter scale, contact with trachyte marked by 950 

dashed line; f. Hand specimen close up of the Ōya a syenite, OD-22, black and white centimeter scale; g. 951 

Photomicrograph of the volcanic trachyte, OD-1, field of view 0.7 cm, plane polarized light; h. 952 

Photomicrograph of rhyolite dike, OD-25, field of view 0.7 cm, plane polarized light; i. Photomicrograph of 953 

Ōy ma syenite, OD-4, field of view 0.7 cm, plane polarized light, euhedral alkali feldspar outlined by dashed 954 

line. Mineral and groundmass abbreviations: afs – alkali feldspar; amp – amphibole; bt – biotite; dq-amp – 955 

disequilibrium amphibole; gm – groundmass; ox- Fe-Ti oxides; qz – quartz; zrn – zircon.   956 

 957 

Figure 3. Whole-rock major and trace element data plots for the trachtye, rhyolite and syenite from the 958 

present study, major elements are expressed in weight percent, trace elements in ppm. The range of 959 

compositions of the different rock types from the literature are marked as shaded fields. Literature data from 960 

Brenna et al. (2015). a. Total alkalis versus silica diagram, note the alkaline character of all the rock types. 961 
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Alk - alkaline, Ca+Th - calc-alkaline and tholeiitic sub-alkaline field; b. Alkalis (Na2O + K2O), magnesium 962 

(MgO) and iron (FeOt + MnO) plot; c. Al2O3 versus SiO2; d. TiO2 versus SiO2; e. Sc versus SiO2; f. Zr versus 963 

SiO2; g. NMORB-normalized trace element plots, normalization values from Hofmann (1988); h. Chondrite-964 

normalized rare earth element plots, normalization values from McDonough and Sun (1995). 965 

 966 

Figure 4. Histograms and kernel-density curves of the zircon U-Th-Pb dates, inset boxes: mean 206Pb/238U 967 

(207-corrected) dates, errors and MSWD; gray vertical dashed lines mark the mean 206Pb/238U dates and the 968 

gray shadow bars the 1σ error, a. broad orange shadow and c.–e. broad red shadow mark the range of 969 

previously published ages (Brenna et al., 2015 and references therein) (left-hand side). Wetherill concordia 970 

plots that show common-lead discordia and lower interception date for each of the studied samples (right-971 

hand side).  972 

 973 

Figure 5. Zircon trace element concentrations and element ratios versus differentiation index Zr/Hf, a. Ti, b. 974 

Sc, c. U, d. U/Yb, e. U/Th, f. (Gd/Yb)N. All elements expressed in ppm. Symbols as in Fig. 3.  975 

 976 

Figure 6. Zircon chondrite-normalized rare earth element plots. All samples show a pronounced positive 977 

anomaly in Ce and a negative anomaly in Eu, normalization values of McDonough and Sun (1995). Symbols 978 

as in Fig. 3.  979 

Figure 7. Tectonomagmatic discrimination diagrams based on zircon compositions. a. U/Yb versus Nb/Yb; 980 

b. Sc/Yb versus Nb/Yb; c. U/Yb versus Hf; d. Ti versus Sc/Yb; e. Th versus U. Fields from Grimes et al. 981 

(2015) and Cluzel and Meffre (2019). All elements expressed in ppm. Symbols as in Fig. 3.  982 

 983 



46 
 

Figure 8. Zircon δ18O values. The grey horizontal band marks the compositional range typical of zircon 984 

crystallized from mantle-derived magmas (Valley, 2003). Note that values of δ18O higher than this are typical 985 

of magmas with a component of continental crust that has some component of low temperature water and 986 

lower δ18O values of magmatic systems with a significant component of high temperature hydrothermally 987 

altered crust. The 2σ errors on the δ18O values are within the symbol size, see Supplementary Material 3 for 988 

details. Symbols as in Fig. 3.    989 

 990 

Figure 9. Modeled magmatic temperatures using: amphibole-melt thermometry (triangles), amphibole 991 

composition thermometry (diamonds), alkali feldspar-melt thermometry (rectangles), plagioclase-melt 992 

thermometry (circle s) and Ti-in-zircon thermometry at varying aTiO2 (dashed lines and crosses). The 993 

symbols represent average temperature modeled, with the range in modeled temperature represented by the 994 

bars in the same colors. For references to calibrations used see ‘Intensive Variables’ section.  995 

 996 

Figure 10.  Whole-rock Zr/Hf versus SiO2. Note the displacement of the syenites to Zr/Hf values lower than 997 

chondrite - indicative of zircon fractionation - and the elevated values of the trachyte - suggesting zircon 998 

accumulation. 999 

 1000 

Figure 11. Model of the evolution of the Oki-Dōzen magmatic system over time, not to vertical scale, from 1001 

our data on the central felsic complex, and the work of Brenna et al. (2015) for the peripheral volcanism. a. 1002 

7.5–6.4 Ma highlights variable depth stalling of magma pulses and crystallization of compositionally diverse 1003 

zircon from a single magmatic body b. 6.4–5.2 Ma highlights pluton formation by amalgamation of distinct 1004 

magma pulses and the development of the hypabyssal and volcanic magmatic plumbing system. Key aspects 1005 

of the system are labeled with numbers relating to the relevant section in the ‘Model of the Oki-Dōzen 1006 
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magmatic system’ section of the text. Blue-grey areas represent non-uniform δ18O crust- with darker areas 1007 

reflecting high δ18O areas, and lighter areas low δ18O areas. The smaller dark gray zircon has high Zr/Hf and 1008 

the smaller white zircon low Zr/Hf. 1009 

 1010 

  1011 
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SUPPLEMENTARY MATERIALS  1012 

1- Data, methods details, precision and accuracy data 1013 

2- Major phase major and trace element compositions 1014 

3- Zircon CL images, trace elements, isotopes and text for interpretation 1015 

 1016 

 1017 



Fig. 1



c.

d. e.

f. g.

h. i.

a.

syenite

rhyolite

trachyte

trachyte

syenite

trachyte

syeniterhyolite

zrn

amp

ox

afs!

qz
bt

afs!

afs!

gm!

gm!

afs!

dq-amp

b.

rhyolite trachytetrachyte

Fig. 2



200

400

600

800

Zr

50 55 60 65 70 75
SiO2

Alk

Ca + Th

0

2

4

6

8

10

12

14

16

40 45 50 55 60 65 70 75
SiO2

N
a 2

 O
 +

 K
2O

12

14

16

18

20

Al
2O

3

a.

1

2

3

4
Ti

O
2

0

10

20

Sc

50 55 60 65 70 75
SiO2

.1
1

10
10

0
ro

ck
/N

M
O

R
B

Cs
Rb

Ba
Th

U
Nb

K
La

Pb
Ce

Sr
Nd

Sm
Zr

Eu
Ti

Gd
Tb

Dy
Y

Er
Yb

.1
1

10
10

0
10

00
ro

ck
/c

ho
nd

rit
e

La
Ce

Pr
Nd

Sm
Eu

Gd
Tb

Dy
Ho

Er
Tm

Yb
Lu

c.

f.

d.

e.

g. h.

100 90 80 70 60 50 40 30 20 10 0

10

20

30

40

50

60

70

80

90

100

90

80

70

60

50

40

30

20

10

0

Na  O + K  O MgO

FeOt + MnO

Alk + Th

Ca 

2               2

b.

Fig. 3

syenites
trachytes
rhyolites
flank basalts

syenite (OD-22)

trachyte lava (OD-1) 
rhyolite dyke (OD-25) 

syenite (OD-5)
syenite (OD-4)



206Pb/ 238U(207-corr) age!
= 6.38 ± 0.10 Ma!
(MSWD = 0.65,  n=18) 

0
1

2
3

4
5

6
fre

qu
en

cy

4.8 5.2 5.6 6.0 6.4 6.8 7.2 7.6
207-corrected 206Pb/238U age (Ma)

0
1

2
3

4
5

6
fre

qu
en

cy
0

1
2

3
4

5
fre

qu
en

cy

 

0
1

2
3

4
5

6
fre

qu
en

cy
0

1
2

3
4

5
6

fre
qu

en
cy

206Pb/ 238U(207-corr) age !
= 6.10 ± 0.08 Ma!
(MSWD = 1.23, n=18) 

206Pb/ 238U(207-corr) age!
= 5.72 ± 0.11 Ma   !
(MSWD = 1.1, n=20) 

206Pb/ 238U(207-corr) age!
= 5.65 ± 0.12 Ma!
(MSWD = 2.0, n=19) 

206Pb/ 238U(207-corr) age!
= 5.89 ± 0.16 Ma!
(MSWD = 1.08, n=22) 

a.

b.

c.

d.

e.

trachyte lava (OD-1) 

rhyolite dyke (OD-25)

syenite (OD-22)

syenite (OD-5)

0

2
4

6

8

10

12

14

16

18

0.000

0.001

0.002

0.003

20
6 P

b/
23

8 U

207Pb/235U
0.000 0.005 0.010 0.015 0.020

0

2

4

6

8

10

12

14

16

18

0.000

0.001

0.002

0.003

20
6 P

b/
23

8 U

0.000

0.001

0.002

0.003

20
6 P

b/
23

8 U

0

2

4

6

8

10

12

14

16

18

0

2

4

6

8

10

12

14

16

18

0.000

0.001

0.002

0.003

20
6 P

b/
23

8 U

0
2

4

6

8

10

12

14

16

18

0.000

0.001

0.002

0.003

20
6 P

b/
23

8 U

lower intercept !
=  5.94 ± 0.20 Ma

lower intercept !
=  5.58 ± 0.15 Ma!

lower intercept !
= 5.60 ± 0.21 Ma

lower intercept = !
6.21 +0.18 -0.24 Ma

lower intercept = !
6.13 + 0.14 -0.26 Ma!

syenite (OD-4)

Fig. 4



a.

b.

c.

d.

e.

f.

0.05

0.1

0.15

(G
d/

Yb
) N

40 60 80 100

Zr/Hf

0

0.5

1

1.5

2

U
/T

h
0

0.5

1

1.5

U
/Y

b

100

200

300

400

500

Sc

0

10

20

30

40

50

Ti

0

500

1000

1500

U

Zr/Hf

10040 60 80
fractionation fractionation

Fig. 5



.1
1

10
10

0
10

00
zi

rc
on

/c
ho

nd
rit

e
.1

1
10

10
0

10
00

zi
rc

on
/c

ho
nd

rit
e

.1
1

10
10

0
10

00
zi

rc
on

/c
ho

nd
rit

e
.1

1
10

10
0

10
00

zi
rc

on
/c

ho
nd

rit
e

.1
1

10
10

0
10

00
zi

rc
on

/c
ho

nd
rit

e

La
Ce

Pr
Nd

Sm
Eu

Gd
Tb

Dy
Ho

Er
Tm

Yb
Lu

Fig. 6



b.

0.001

0.01

0.1

1

10

Sc
/Y

b

am
phibole!

fractionation

continental and arc

mid-ocean ridge  plume influenced!
!

0.0001 0.001 0.01 0.1 1
Nb/Yb

1

0.1

0.01

0.001

U
/Y

b

0.001 0.01 0.1 1 10 100
Nb/Yb

MORB-O
IB !

arr
ay

N-MORB

E-MORB

OIB
mag

mati
c a

rc 
!

arr
ay

a.

1000

0.1

1

10

100

10000

Th

10001 10 100 10000
U

continental arc
continental rif

t

Th/U = 0.1

Th/U = 1
Th/U = 4

e.

d.

10

1

100

Ti

10.001 0.01 0.1 10
Sc/Yb

am
ph

ibo
le-

ric
h s

ys
tem

am
ph

ibo
le-

po
or 

sy
ste

m

ttn
, il

m, a
mph

 fra
cti

on
ati

onc.100

10

1

0.1

0.01

U/
Yb

0 5000 10000 15000 20000 25000

Hf 

fractionation trend

N-MORB source

crustal input !
       or !
   enriched!
    mantle !
    source

high U/Yb

low U/Yb

mid-ocean!
ridges

continental !
arcs

Iceland

Hawaii

island!
arcs

Fig. 7



δ 
  O

 %
o
  

2

3

4

5

6

8

7

mantle "
array

OD-1 OD-25 OD-22 OD-5 OD-4

18

Fig. 8



x

x
x

x

x
x

x

x
x

x
x

x
x

x

x

1100

1000

900

800

700

600

Amphibole-melt 
Amphibole 
Alkali feldspar-melt 
Plagioclase-melt 

a0.5
a0.2
a0.13

Te
m

pe
ra

tu
re

 (º
C

) Thermometry

Ti-in-zircon

Fig. 9

OD-1 OD-25 OD-22 OD-5 OD-4



SiO2

20

30

40

50

60

10

Zr
/H

f

50 55 60 65 70 75

zi
rc

on
!

ac
cu

m
ul

at
io

n
zi

rc
on
!

fra
ct

io
na

tio
n

chondrite

grantite!
rhyolite

Fig. 10

test text



mantle source zone

deep stalling   evolution of  mafic magma

upper limit of amp  stability

shallow !
stalling

 

Plutonic, hypabyssal and volcanic magmatism

b. 6.4 - 5.2  Ma

2.

3.

4.

3.

Plutonic and hypabyssal magmatism

a. 7.5 - 6.4 Ma

mantle source zone

deep stalling   evolution of  mafic magma

upper limit of  amp stability

shallow !
stalling

 

high  
δ18O

1.

1.

OD-1

OD-5OD-5OD-22

OD-25

low  
δ18O

Fig. 11


	Article File
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10
	Figure 11



