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Abstract 20 

High-pressure/low-temperature rocks from two well-studied outcrops of the Cycladic 21 

Blueschist Unit on Syros are used to demonstrate the advantages of volume-coupled 87Rb/87Sr 22 

geochronology and geochemistry of in situ white mica. Single-spot Rb/Sr dates are interpreted 23 

based on the microstructural position of white mica combined with its chemical information, and 24 

the results are compared within the tectonic framework of the island. The first outcrop on 25 

Katerghaki cape exposes rigid blocks of foliated eclogite within well-foliated blueschist, whereas 26 

the second outcrop on Delfini peninsula comprises massive eclogitic blocks, likely of 27 

metasomatic origin, hosted within blueschist that are interlayered with white mica schists. The 28 

rheological contrasts exhibited in both outcrops preserve (near-)peak HP/LT metamorphism/ 29 

metasomatism (eclogites) followed by retrogression and deformation in lower P-T conditions 30 

(blueschist, micaschist). The white mica in eclogite from both outcrops are in equilibrium with 31 

the HP/LT mineral assemblages, do not show chemical zoning nor systematic chemical 32 

variations, and yield uniform single-spot Rb/Sr dates. Weighted averages of the Rb/Sr dates are 33 

48.2 ± 3.7 Ma (MSWD: 0.9, n: 34; Katerghaki) and 44.5 ± 3.1 Ma (MSWD: 0.7, n: 28; Delfini), 34 

interpreted as (near-)peak HP/LT metamorphism and metasomatism, respectively, overlapping 35 

with published garnet Lu-Hf and Sm-Nd geochronology of the corresponding outcrops. White 36 

mica in the Katerghaki blueschist and the Delfini micaschist exhibit significant chemical zoning 37 

and correlations of Ti with major and trace elements (Al, Fe, Mg, Rb, Sr, Zn, Ba, Nb). Weighted 38 

age averages were calculated from Rb/Sr dates corresponding to high-Ti and low-Ti white mica 39 

compositions. The blueschist yields ages of 56.0 ± 10.6 Ma (MSWD: 2.2, n: 20/80) and 36.3 ± 40 

2.1 Ma (MSWD: 0.9, n: 20/80), whereas the micaschist produced ages of 43.7 ± 3.5 Ma 41 

(MSWD: 0.5, n: 14/53) and 31.9 ± 2.7 Ma (MSWD: 1.0, n: 13/53), respectively. These results 42 
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are interpreted to resolve the timing of fluid-mediated isotopic re-equilibration of white mica 43 

during deformation and retrogression (low-Ti), and reflect 87Sr/86Sr inheritance from the earlier 44 

HP/LT history (high-Ti). Overall, these results demonstrate that coupling 87Rb/87Sr 45 

geochronology with geochemistry of white mica in situ is advantageous for evaluating Rb/Sr 46 

datasets that may possess a single mica population (eclogites) or are affected by 87Sr/86Sr 47 

inheritance (blueschist, micaschist) in order to interpret geologically meaningful ages. 48 

 49 

Keywords  50 

In-situ Rb/Sr geochronology, Cycladic Blueschist Unit, high pressure/low temperature 51 

metamorphism and metasomatism, fluid-mediated 87Sr/86Sr re-equilibration, 87Sr/86Sr inheritance 52 
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1. Introduction  63 

White mica commonly crystallize during metamorphism and metasomatism of crustal 64 

rocks and are sensitive to subsequent deformation and fluid-mediated chemical modification. 65 

The chemical composition of white mica may record the bulk rock and fluid compositions as 66 

well as the pressure-temperature (P-T) conditions associated with such events. In particular, their 67 

compositions are extremely important for controlling and tracing subduction zone fluid 68 

chemistry as they are primary carriers of large ion lithophile elements (e.g., K, Rb, Sr, Ba) in 69 

crustal rocks, and can contain significant amounts of high field strength (e.g., Ti, Nb) and other 70 

trace elements (e.g., Li, Mn, V, Cr, Zn, Cs; Sorensen et al., 1997; Zack et al., 2001; Gao et al., 71 

2007; Zheng and Hermann, 2014; Rustioni et al., 2021). The major element chemistry of white 72 

mica is governed by P-T conditions and bulk rock chemistry according to the Tschermak 73 

substitution Si + (Fe + Mg) = AlIV + AlVI, defining compositions between the lower pressure 74 

muscovite (KAl3Si3O10[OH]2) and higher-pressure celadonite (KAl2(FeMg)Si4O10[OH]2) 75 

endmembers (Massonne and Schreyer, 1987; Coggon and Holland, 2002). Incorporation of Ti in 76 

white mica has also been posited as a function of P-T conditions according to the substitution of 77 

AlVI + Si = Ti + Al IV coupled with the Tschermak substitution (Auzanneau et al., 2010; Wu and 78 

Chen, 2015), although the use of Ti for extracting P-T conditions has been contested (Chambers 79 

and Kohn, 2012). 80 

The interlayer cation of white mica in metamorphic rocks is often dominated by K (i.e., 81 

muscovite and celadonite endmembers) relative to subordinate amounts of Na (paragonite), Ca 82 

(margarite), and interlayer site vacancies (pyrophyllite; e.g., Coggon and Holland, 2002). 83 

Furthermore, Rb readily substitutes for K in the interlayer site, which together allow for both 84 

radioactive 40K and 87Rb to be exploited for dating various metamorphic, deformation, and fluid-85 
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mediated events. Both isotopes undergo beta-decay, leading to isobaric interferences with their 86 

respective daughter isotopes (e.g., 40Ar and 87Sr) during mass spectrometric analysis. The 87 

isobaric interference is resolved for the 40K-40Ar decay system through neutron irradiation 88 

(Merrihue and Turner, 1966), enabling it as a regular dating method of white mica. In contrast, 89 

the 87Rb and 87Sr interference cannot be solved by irradiation and has conventionally required 90 

isotopic dissolution methods of mineral separates or a whole rock. Furthermore, the fractions of 91 

common 87Sr (f87Src) present in white mica requires the use of a Nicolaysen isochron 92 

(Nicolaysen, 1961). Recent advancements of in the applications of laser ablation inductively 93 

coupled plasma reaction cell mass spectrometry (LA-ICP-MS/MS) now enables Rb/Sr 94 

geochronology to be performed on white mica in situ, as well as on other K-minerals. Several 95 

recent investigations highlight the LA-ICP-MS/MS approach (e.g., Olierook et al., 2020; Tillberg 96 

et al., 2020; Redaa et al. 2021; Wang et al. 2022; Kirkland et al., 2023; Larson et al., 2023; 97 

Ribeiro et al., 2023; Glorie et al., 2024; Giuliani et al., 2024; Kutzschbach and Glodny, 2024; 98 

M�á�\�Qarska et al., 2024), representing a resurgence of Rb/Sr geochronology. However, the 99 

geochronological data are often not coupled with mineral chemistry, and thus, the technique has 100 

not been utilized to its full potential. 101 

The Agilent© 8800 triple quadrupole ICP-MS is a powerful machine for performing 102 

Rb/Sr geochronological analysis, enabling simultaneous collection of Rb/Sr geochronological 103 

data with major and trace element chemistry of white mica in situ with laser ablation analysis 104 

(Zack and Hogmalm, 2016; Hogmalm et al., 2017; Rösel and Zack, 2022). Furthermore, single-105 

spot Rb/Sr dates can be calculated using initial 87Sr/86Sr values obtained from low-Rb, Ca-106 

bearing minerals concomitant with white mica with the assumption that at the time of rock 107 

formation (e.g., by metamorphism or metasomatism), all minerals are in equilibrium with the 108 
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same 87Sr/86Sr composition (Nebel, 2014). Thus, each Rb/Sr date can be contextualized on an 109 

individual basis by both microstructural and geochemical information of the phase (e.g., Rösel 110 

and Zack, 2022; M�á�\�Q�D�U�V�N�D���H�W���D�O����������������, underpinning further statistical treatment of the Rb/Sr 111 

dates. This approach is advantageous as unique white mica generations may be obscured by 112 

isotopic dilution of mineral separates or by in situ analysis that solely relies on microstructural 113 

information, which is especially important for single-spot Rb/Sr dates with high uncertainties 114 

that can mask geologically-meaningful populations. 115 

 In this study, high pressure/low temperature (HP/LT) rocks of the Cycladic Blueschist 116 

Unit (CBU) on Syros, Greece (Fig. 1), were chosen to demonstrate the capabilities of in situ 117 

white mica Rb/Sr geochronology using the single-spot dating approach (Rösel and Zack, 2022). 118 

The CBU exposure on Syros is deemed an excellent natural laboratory as 1) its pressure-119 

temperature-time (P-T-t) history has been extensively studied, providing a robust framework for 120 

comparing interpretations of the Rb/Sr dates; and 2) the peak metamorphic temperature of the 121 

CBU did not exceed ~550°C, which is similar to closure temperatures previously postulated for 122 

white mica Rb/Sr (e.g., von Blanckenburg et al., 1989; Glodny et al., 1998), providing the 123 

potential for white mica Rb/Sr geochronology to record the peak HP/LT metamorphic events and 124 

subsequent histories below this temperature threshold. The collective results show that ages of 125 

HP/LT metamorphism, metasomatism, and fluid-mediated chemical exchange are well-resolved 126 

by integrating microstructural and geochemical information of white mica with Rb/Sr dates, thus, 127 

demonstrating the advantages of this approach for dating metamorphic processes. 128 

 129 

2. Cycladic Blueschist Unit, Syros 130 
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 The CBU constitutes the majority of rock exposures in the Cycladic Islands of Greece 131 

(Fig. 1A; see Grasemann et al., 2018 for map details), and generally represents relics of the 132 

Pindos ocean, an arm of the western Neotethys ocean (Channell and Kozur, 1997; Jolivet and 133 

Brun, 2010). Specifically, protoliths of the CBU on Syros (Fig. 1B) include volcanosedimentary 134 

sequences hosting mafic and ultramafic igneous rocks derived from the subducted Pindos 135 

lithosphere. The ocean began to form in the Early Triassic, and the CBU record magmatic and 136 

sedimentary activity well into the Late Cretaceous (Channell and Kozur, 1997; Tomaschek et al., 137 

2003; Bröcker and Keasling, 2006; Tomaschek et al., 2008; Löwen et al., 2015; Papanikolaou, 138 

2021). The rocks were metamorphosed at HP/LT conditions during Eocene subduction of the 139 

Pindos lithosphere beneath the southern margin of Eurasia, and were subsequently exhumed 140 

from the subduction channel in the Oligocene (e.g., Trotet et al., 2001; Keiter et al., 2004; Jolivet 141 

and Brun, 2010; Keiter et al., 2011; Philippon et al., 2011; Grasemann et al., 2018). Back-arc 142 

extension in the Miocene and formation of low-angle normal faults place the CBU beneath 143 

lower-grade metamorphic units and cover rocks (e.g., Pelagonian zone; Jolivet and Brun, 2010). 144 

 The CBU on Syros has been divided into three subunits based on lithology, metamorphic 145 

record, and delimitation by major shear zones: 1) Kampos, 2) Chroussa, and 3) Posidonia (Fig. 146 

1B; Keiter et al., 2011; Laurent et al., 2016). The Kampos subunit primarily contains metabasites 147 

with metasedimentary rocks and serpentinites. It generally preserves eclogite facies 148 

metamorphism and subsequent retrogression under blueschist facies conditions. The Chroussa 149 

subunit is dominated by thick, alternating micaschist and marble horizons with eclogites and 150 

blueschists. The preservation of the HP/LT record is not uniform across the unit as many 151 

exposures exhibit greenschist facies overprinting. The Posidonia unit contains the gneiss of 152 

Komito intercalated with metabasic bodies, micaschists, and thin marble layers. Almost all 153 
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records of HP/LT metamorphism were obliterated by greenschist facies retrogression. Overall, 154 

retrogression of the CBU was achieved in an extensional regime, manifested on Syros by the 155 

Vari Detachment (e.g., Keiter et al. 2011; Soukis and Stöckli, 2013) and many top-to-E shear 156 

zones observed at all scales on the island (Trotet et al., 2001; Laurent et al., 2021). The Vari 157 

Detachment has been considered the Eocene roof of the subduction channel that accommodated 158 

HP exhumation of the CBU (Laurent et al., 2016). In the Miocene, the Vari Detachment placed 159 

greenschist facies orthogneisses, mafic rocks, and volcanosedimentary sequences of the Vari 160 

Unit over the CBU by a low-angle normal fault (Ring et al., 2003; Soukis and Stockli, 2013). 161 

The prograde, peak, and retrograde metamorphic pathways are recorded in both 162 

mineralogy and structural fabrics of the rocks, which are respectively denoted as DR, DS, and DT 163 

deformation events (cf. Kotowski et al., 2022). Records of DR deformation and associated 164 

metamorphism are predominantly retained as inclusion assemblages in garnet, including 165 

pseudomorphs after lawsonite. The DS structures include well-developed foliation, and N/NE-166 

S/SW oriented stretching and mineral lineations and axes of isoclinal folding within HP/LT 167 

lithologies associated with non-coaxial, top-to-S/SW shearing. Peak metamorphic conditions of 168 

CBU have generally been constrained to be 1.9-2.4 GPa and 450-550°C (Trotet et al., 2001; 169 

Laurent et al., 2018; Skelton et al., 2019; Gorce et al., 2021; Uunk et al., 2022). Two stages of 170 

DT are evident, first in blueschist facies followed by a greenschist facies overprint, altogether 171 

reflecting progressive exhumation of the CBU. The DT structures are predominantly defined by 172 

upright folding of the DS foliation, reorientation of DS lineations into an E-W orientation, 173 

localized non-coaxial shearing with general top-to-E kinematics, and a progression from ductile 174 

to brittle structures. Glodny and Ring (2022) and Kotowski et al. (2022) recently summarized the 175 

extensive geochronological database for the CBU on Syros. The former study separated the 176 
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geochronological records according to the Kampos subunit and the Chroussa/Posidonia subunits 177 

(referred to as top- and middle-CBU nappes) to show potential differences for geochronological 178 

records of the tectonic units. The summaries show that, in general, prograde metamorphism of 179 

the Kampos subunit occurred at �•�������0�D, peak HP/LT metamorphism at 55-44 Ma, blueschist 180 

facies retrogression at 44-38 Ma, and greenschist facies at 34-22 Ma. The same sequence of 181 

events for the Chroussa/Posidonia subunits may be slightly younger, approximately occurring at 182 

�•45 Ma, 45-39 Ma, 39-30 Ma, and 30-19 Ma (Glodny and Ring, 2022), although such precise 183 

subdivisions of time may not be justified (Kotowski et al., 2022). 184 

 185 

3. Tectonic Framework and Sampling Strategy 186 

3.1 Katerghaki cape 187 

The outcrop of interest (37°23'20.67"N, 24°57'13.82"E; Figs. 1B and 2A) is northeast of 188 

Katerghaki beach and was ascribed to the Kampos subunit by Laurent et al. (2016). The outcrop 189 

predominantly displays rigid, foliated eclogite blocks that are wrapped by a younger, well-190 

foliated blueschists, with foliations of both rocks defined by alignment of white mica (Fig. 2B). 191 

The blueschists are interlayered with well-foliated quartzites (Fig. 2C) and eclogites, and show 192 

pervasive S-C-�&�¶���I�D�E�U�L�F���Z�L�W�K���W�R�S-to-E kinematics (Fig. 2D, E), formed during deformation and 193 

retrogression of the outcrop in blueschist facies conditions. Overall, the rheological contrasts 194 

between the eclogite blocks and blueschists reflects DS followed by DT evolution of fabrics and 195 

associated metamorphism (Laurent et al., 2016; Kotowski et al., 2022). A significant amount of 196 

rusty-weathered carbonate material (ankerite?) is entrained within the blueschist foliation, and is 197 

locally present within eclogite blocks, transecting the foliation (Fig. 2B, D, E). White calcite 198 
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veins were also observed within some eclogitic blocks, but only along discrete, brittle fractures, 199 

and not entrained within the foliation (Fig. 2B). From this exposure, an eclogite block (SR22-06) 200 

and a well-foliated blueschist (SR22-07) were acquired to examine the different metamorphic 201 

and structural histories preserved by the rheological contrasts of the lithologies. 202 

Previous garnet Lu-Hf and Sm-Nd geochronology have produced variable ages for peak 203 

HP/LT metamorphism from rocks exposed near the study area and further southwest along the 204 

coast, proximal the boundary with the Chroussa subunit (Fig. 1). Close to the study area, garnet 205 

Lu-Hf geochronology of an eclogitic block resolves two episodes of (near-)peak HP/LT garnet 206 

growth at 51.8 ± 0.1 Ma and 51.3 ± 0.2 Ma (Tual et al., 2022). From the southwestern exposures, 207 

Uunk et al. (2022) reported a garnet Lu-Hf date of 48.0 ± 0.5 Ma from an eclogite block, 208 

interpreted as peak HP/LT metamorphism. Based on this result, they contested the interpretation 209 

that the HP/LT exposures along the entire coast of Katerghaki cape belongs to the Kampos 210 

subunit. Using a micaschist from a similar area, Gorce et al. (2021) combined Sm-Nd 211 

geochronology with P-T calculations for core-rim zoned garnet. They reported that the cores 212 

formed at 45.3 ± 1.0 Ma from 2.2 ± 0.15 GPa and 485 ± 50°C to 2.0 ± 0.15 GPa and 530 ± 50°C, 213 

and the rims crystallized at 40.5 ± 1.9 Ma from 2.1 ± 0.15 GPa and 560 ± 50°C through to 1.6 ± 214 

0.15 GPa and 550 ± 50°C, reflecting peak HP/LT followed by blueschist facies retrogression. 215 

From eclogites and blueschists with DT structures close to the study area, multi-mineral 216 

Rb/Sr isochrons involving white mica yielded dates of c. 43-38 Ma (Skelton et al., 2019). White 217 

mica 40Ar/39Ar geochronology of DT eclogites and blueschists also yielded similar dates of c. 45-218 

38 Ma, interpreted to date exhumation and blueschist facies retrogression (Laurent et al., 2017; 219 

2021). A rigid eclogitic block bearing DS structures was also analyzed with white mica 40Ar/39Ar 220 

geochronology, providing a date of 43.5 ± 0.2 Ma (Laurent et al., 2021). 221 
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 222 

3.2 Delfini peninsula 223 

The selected exposure at Delfini peninsula (37°27'40.81"N, 24°53'37.08"E; Fig. 3A) 224 

predominantly comprises m-scale interlaying of well-foliated, partially retrogressed blueschists 225 

and micaschists with S-C-�&�¶���I�D�E�U�L�F��preserving top-to-E kinematic that are classified as part of the 226 

Chroussa subunit, close to the boundary with the Posidonia subunit (Keiter et al., 2011; Laurent 227 

et al., 2016). The pervasive foliations of the blueschists and micaschists developed in association 228 

with deformation and retrogression through blueschist-greenschist facies conditions (DT). Visible 229 

white mica is aligned along the foliation of blueschists and micaschists. Additionally, small, cm-230 

scale rigid blocks were found within the blueschists (Fig. 3B). The blocks preserve eclogite 231 

facies mineral assemblages, containing visible garnet, omphacite, white mica, epidote, and 232 

apatite that are randomly oriented. The blueschist foliation anastomoses through clusters of the 233 

blocks, but the internal portions of the blocks are macroscopically massive. The blocks are 234 

associated with calcite veins that terminate at the blueschist foliation (Fig. 3C). Segments of 235 

calcite veins are parallel with the blueschist and micaschist foliations, are locally sheared, and 236 

are incorporated into isoclinal folds (Fig. 3A, D). The lithologies and structures of the outcrop 237 

overall represent formation of DS eclogites pervasively overprinted by DT structures defining the 238 

blueschists and micaschists, with the latter showing well-developed S-C-�&�¶���V�W�U�X�F�W�X�U�H�����)�L�J�������(��. 239 

Therefore, the sampling strategy mirrored the approach at Katerghaki cape to take advantage of 240 

the rheological contrasts preserving different histories, obtaining a rigid eclogite (SR22-21) and a 241 

well-foliated micaschist (SR22-22). 242 

The timing of peak HP/LT metamorphism was previously resolved by Lu-Hf 243 

geochronology of pre-kinematic garnet in a glaucophane micaschist, yielding a date of 46.0 ± 0.6 244 
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Ma (Uunk et al., 2022). The P-T conditions for garnet crystallization were nearly isobaric at 245 

~2.0-2.2 GPa from ~440°C to ~540°C. Several studies have utilized white mica-based multi-246 

mineral Rb/Sr isochrons and white mica 40Ar/39Ar geochronology of DT blueschists and 247 

micaschists, yielding dispersed dates ranging from c. 43 to c. 28 Ma that are generally interpreted 248 

to resolve the timing of exhumation and associated retrogression (Rogowitz et al., 2015; Cliff et 249 

al., 2017; Laurent et al., 2021; Kotowski et al., 2022). 250 

 251 

4. Analytical Techniques 252 

4.1 Rock characterization 253 

Standard 30 µm thin sections were cut from the eclogites, blueschist, and micaschist to 254 

characterize mineralogy and microstructures. For in situ white mica Rb/Sr geochronology, thick 255 

sections (250 µm) were prepared from the same rock chips. The rock chips remaining after 256 

preparation of the thin and thick sections were crushed to create whole rock powders weighing 257 

>30 g from each sample for X-ray fluorescence bulk rock geochemical analysis (see 258 

Supplementary Text; Table S1). 259 

The thick sections were imaged via back-scattered electron (BSE) mode using a JEOL 260 

JXA Superprobe at AGH University of Science and Technology (Kraków, Poland). 261 

Photomosaics of low- and high-contrast BSE images were gathered for areas of interest from the 262 

thick sections. The low-contrast conditions were obtained to view all mineral assemblages in the 263 

areas of interest, whereas the high-contrast images were acquired to highlight potential chemical 264 

zoning of white mica grains. Reflected light photomosaics of the same areas were also prepared 265 

for navigation and programming locations of in situ analyses. Wavelength dispersive 266 
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spectroscopy (WDS) was performed on mica in the four CBU rocks and also on the secondary 267 

reference materials for Rb/Sr geochronology (see below), as well as garnet and omphacite in the 268 

eclogitic block from Delfini peninsula, acquiring weight percentages of Na2O, MgO, Al2O3, 269 

SiO2, CaO, TiO2, MnO, FeO, K2O, and Cr2O3. The following natural minerals and synthetic 270 

standards were used for calibration: albite (Si, Al, Na), diopside (Ca, Mg), sanidine (K), rutile 271 

(Ti), fayalite (Fe), rhodonite (Mn), and Cr2O3 (Cr). For white mica, the microprobe was operated 272 

using 15 KeV, 15 nA, and a 5 µm beam diameter. For garnet and omphacite, operating 273 

conditions were 15 KeV, 20 nA, and a 1 µm beam diameter. The WDS chemistry of garnet, 274 

omphacite, and white mica in the eclogite from Delfini peninsula were combined to calculate 275 

pressure according to the garnet-clinopyroxene-white mica net transfer geobarometer of Ravna 276 

and Terry (2004). 277 

 278 

4.2 Chemical and Rb/Sr geochronological analysis of white mica 279 

In situ white mica Rb/Sr geochronology was conducted at the Microgeochemistry 280 

Laboratory at the Department of Earth Sciences, University of Gothenburg (Gothenburg, 281 

Sweden), over the course of three measurement sessions. An ESI 213NWR laser apparatus 282 

connected to an Agilent 8800 ICP-QQQ was used for ablation and measurement following the 283 

methods and protocols developed by Zack and Hogmalm (2016), Hogmalm et al. (2017), and 284 

Rösel and Zack (2022). A laser beam diameter of 90 µm was used for ablation of white mica. 285 

The laser was pulsed with a frequency of 10 Hz and the fluence was 5.3 J/cm-2. Pit depths are 286 

estimated to be 50-60 µm. Helium was used as the carrier gas (750 ml/m) and was mixed with 287 

nitrogen (4 ml/m), then with argon (700-800 ml/m). The entire gas-sample mixture was directed 288 

through a glass cylinder (20 cm in length with 2 cm diameter) filled with 11 g of steel wool to 289 
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remove larger particles and enhance signal stability (Hu et al., 2012). The mixture was then 290 

introduced into the ICP-MS/MS where the gas reaction cell contained N2O for purpose of 291 

reacting with Sr isotopes derived from the ablated material (cf. Hogmalm et al., 2017). The 292 

protocol for measuring 85Rb, 86Sr, and 87Sr, and for recalculating 87Rb, are detailed in Rösel and 293 

Zack (2022). In addition, isotopes of major and trace elements (7Li, 23Na, 24Mg, 27Al, 28Si, 31P, 294 

39K, 44Ca, 48Ti, 51V, 52Cr, 55Mn, 56Fe, 66Zn, 89Y, 90Zr, 93Nb, 133Cs, 137Ba, 140Ce, 205Tl, 208Pb) were 295 

gathered simultaneous to 85Rb, 86Sr, and 87Sr. Dwell times for all isotopes are outlined in Rösel 296 

and Zack (2022), where the additional major and trace elements comprise less than ~33 % of the 297 

total analytical time. 298 

The primary reference material for geochronological analysis was MicaMg nanopowder 299 

pellet and was also used along with both NIST SRM 610 and BCR-2G glasses as primary 300 

reference materials for major and trace elements (Jochum et al., 2005). To monitor the stability 301 

of the measurements over the three measurement sessions, secondary reference materials were 302 

routinely analyzed and cycled with runs of twelve unknown measurements. The secondary 303 

reference materials were MicaFe nanopowder pellet, Högsbo white mica, GA1550 biotite, 304 

Wilsons Promontory biotite, and La Posta biotite. The literature dates for the primary and 305 

secondary reference materials and the weighted averages of single-spot Rb/Sr dates from the 306 

three analytical sessions are reported in Table S2. More details for the reference materials can be 307 

found in Rösel and Zack (2022), and references therein. Specifically, reference materials 308 

provided initial 87Sr/86Sr values used for calculating single-spot Rb/Sr dates for the secondary 309 

reference materials, with the exception of Wilsons Promontory biotite. An initial 87Sr/86Sr value 310 

of 0.7088 was assigned for Wilsons Promontory biotite according to Waight et al. (2000). No 311 

systematic differences are recognized for any secondary reference material over the three 312 
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measurement sessions (Tables S2 and S3). Depending on the literature date that is chosen for 313 

comparison, Högsbo white mica and GA1550 are the most accurate within ~0.1-1.3% and ~0.5-314 

1.1%, respectively. Greater deviation compared to literature dates is noted for MicaFe biotite 315 

(0.8-2.3%), Wilsons Promontory biotite (1.8-3.8%), and La Posta biotite (1.6-4.3%). Some of the 316 

reported inaccuracies are slightly higher than reported for the protocol of Rösel and Zack (2022) 317 

but are significantly lower than previously published inaccuracies of 5-12% attributed to using 318 

MicaMg as the primary reference material (Redaa et al., 2021; Giuliani et al., 2024; Glorie et al., 319 

2024). 320 

Data reduction was performed using Iolite v. 3.71 (Paton et al., 2011) with a data 321 

reduction scheme created for Rb/Sr geochronology (Rösel and Zack, 2022). Quality assessment 322 

of the results of unknown analyses was undertaken by examining the stabilities of the raw 323 

85Rb/86Sr, 85Rb/87Sr, and 87Sr/86Sr signals, and counts of major and trace elements to monitor 324 

ablation of phases other than white mica. A time length of useable signal that was >12 s was 325 

considered good. Single-spot dates were calculated from the acceptable unknown analyses using 326 

initial 87Sr/86Sr ratios measured from Ca-minerals in the unknown samples (see section 4.3). 327 

Further statistical treatment of Rb/Sr dates was conducted with IsoplotR online (Vermeesch, 328 

2018). All data are �U�H�S�R�U�W�H�G���Z�L�W�K���“���1���X�Q�F�H�U�W�D�L�Q�W�\�����L�Q�F�R�U�S�R�U�D�W�L�Q�J���L�Q�W�H�U�Q�D�O���X�Q�F�H�U�W�D�L�Q�W�\���I�U�R�P���W�K�H��329 

ablation integrations, excess scatter from the primary reference material, and uncertainty from 330 

the initial 87Sr/86Sr value that was measured. A comparison of random and systematic 331 

uncertainties for all results is provided in Table S3. 332 

The chemistry of the single-spots was computed from the background-subtracted element 333 

counts per second data from the same Rb/Sr geochronology integrations using an in-house built 334 

Microsoft Excel spreadsheet (spreadsheet is available as Table S4). The spreadsheet is designed 335 
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to utilize several reference materials for re-calculating the unknown data into concentration 336 

(µg/g) and atoms per formula unit (a.p.f.u.). The use of several reference materials stems from 337 

the collection of ions with two possible detector modes, pulse or analogue, defined by the counts 338 

per second pulse range limitation and pulse/analogue (P/A) factor for each isotope. Element 339 

concentrations of single reference material (e.g., NIST-SRM 610, BCR-2G, or MicaMg) may 340 

vary significantly from the unknown mica. The differences can result in the collection of ions in 341 

two different detector modes for the reference and unknown, potentially leading to inaccurate re-342 

calculation of the unknown data if the P/A factors are not accurately defined. Thus, using 343 

multiple reference materials ensures better matching of reference material and unknown data 344 

collected with the same detector mode. 345 

The reference material measurements are compared with their known concentrations and 346 

are considered whether the isotopes were measured in pulse or analogue mode according to the 347 

set counts per second pulse range limitation and the P/A factor for each isotope. Two re-348 

calculation factors are computed for each isotope based on the comparison, one for each for 349 

mode. The isotope data for the unknown mica are also categorized according to pulse and 350 

analogue measurement modes and individually re-calculated using the reference material re-351 

calculation factor for the same analysis mode (if unavailable, then the factor corresponding to the 352 

other mode is applied). All of the isotope data for each unknown analysis is then normalised to a 353 

pre-defined total concentration of cations according to classification as white mica (520000 354 

µg/g) or biotite (586000 µg/g), which are approximate averages of several hundred WDS 355 

measurements of mica chemistry from the current study, previous studies (e.g., Barnes et al., 356 

2020; 2023a; 2023b), and unpublished data of the first author. The spreadsheet is designed to 357 
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allow users to define their own pulse limits, P/A factors for isotopes, reference materials, 358 

normalisation sums, etc. 359 

 360 

4.3 87Sr/86Sr analysis of Ca-bearing minerals 361 

The 87Sr/86Sr values of Ca-bearing minerals within the four rocks were analysed using 362 

both LA-ICP-MS/MS and laser ablation multi-collector inductively coupled mass spectrometry 363 

(LA-MC-ICP-MS; Table S5). For the former, the Ca-bearing phases were included alongside 364 

white mica analysis and followed the protocols described above (section 4.2), but using a 30 µm 365 

beam diameter. The 87Sr/86Sr results from the Ca-bearing minerals were standardized using the 366 

NIST SRM 610 glass as the primary reference material. 367 

For the LA-MC-ICP-MS method, Sr-isotope analysis of epidote and apatite followed the 368 

approach of Emo et al (2018). Analyses were conducted via LA-MC-ICP-MS using a Nu 369 

Instruments Plasma 3 MC-ICP-MS connected to an ESI NWR193 laser ablation system at the 370 

Vegacenter, Swedish Museum of Natural History, Stockholm. Tuning for peak shape and 371 

alignment was conducted on NIST SRM 610 glass; oxides were tuned to <0.5% by monitoring 372 

ThO/Th. Analyses utilized single-line rasters that were 200-250 µm long with a 75 µm spot size, 373 

a fluence of 2.2 J cm-2, a repetition rate of 15 Hz, 15 s for washout, warmup and gas baseline, 374 

and a 0.5 s integration time. All analyses were followed by a 15 s washout, the latter portion of 375 

which was utilized as a baseline measurement for gas blank corrections. 376 

Data were reduced using Iolite v4 (Paton et al., 2011), which implements the following 377 

corrections: (1) gas blank baseline subtractions including Kr+ isobaric interferences; (2) isobaric 378 

interference from doubly charged rare earth elements (REE; Dy2+, Er2+, and Yb2+, corrected by 379 
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measuring m/z corresponding to 163Dy2+, 166Er2+, and 173Yb2+ at half mass, assuming a mass bias 380 

of 1; (3) Ca dimers and argides, calculated from 40(Ca,Ar)43Ca+ measured on m/z = 83 after REE 381 

correction; (4) 87Rb+ on 87Sr+ by measuring 85Rb+ and assuming a mass bias of 1; (5) an internal 382 

mass bias correction utilising 86Sr/88Sr; and finally (6) normalisation to the primary standard, a 383 

modern shark spine from the museum collection with modern seawater Sr-isotope abundances 384 

(Mokadem et al., 2015). All interference and mass bias corrections assume IUPAC isotopic 385 

abundances (CIAAW, 2021). 386 

Secondary standards Durango and Otter Lake apatite were treated as unknowns during 387 

data reduction and yielded 87Sr/86�6�U���Y�D�O�X�H�V���L�Q�G�L�V�W�L�Q�J�X�L�V�K�D�E�O�H���I�U�R�P���U�H�I�H�U�H�Q�F�H���Y�D�O�X�H�V���D�W���W�K�H�����1-388 

level (measured values 0.70634 ± 0.00014 and 0.70424 ± 0.00004, respectively; reference values 389 

0.70633 ± 0.00002 and 0.70419 ± 0.00003, respectively; Yang et al., 2014; Table S5). Weighted 390 

mean 84Sr/86Sr ratios for all reference materials and samples are indistinguishable from IUPAC 391 

recommended value of 0.0568 ± 0.0023 �D�W���W�K�H�����1-level (de Laeter et al., 2003; CIAAW, 2021). 392 

 393 

5. Results 394 

5.1 Petrography 395 

The foliation of the eclogite at Katerghaki cape is defined by the alignment of epidote 396 

(maximum length x width: 2350 x 320 µm,), omphacite (850 x 150 µm), white mica (1400 x 350 397 

µm), and glaucophane (1830 x 230 µm; Fig. 4A, B). White mica do not show significant 398 

chemical zoning in BSE images (Fig. 4B). Pristine garnet porphyroblasts (up to 3200 µm 399 

diameter) are found throughout the rock and are typically flanked by symmetrical strain shadows 400 

comprised of white mica and omphacite. 401 
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The foliation of the blueschist assemblage wrapping the eclogite is defined by alignment 402 

of epidote (1330 x 130 µm), glaucophane (400 x 150 µm), white mica (875 x 230 µm), titanite 403 

(460 x 70 µm), and patches of calcite (1700 x 670 µm; Fig. 4C, D). Garnet porphyroblasts (up to 404 

2400 µm diameter) are common, partially replaced by chlorite, and flanked by asymmetric strain 405 

shadows of white mica, calcite, and glaucophane. Small (<150 µm diameter) quartz and 406 

plagioclase are also found in the blueschist matrix. In addition to foliation-defining white mica, 407 

numerous large, more equant grains of white mica (up to 960 x 520 µm) are found with their 408 

cleavage oblique to the foliation, locally associated with calcite and plagioclase ribbons (Fig. 4). 409 

Both foliation-parallel and oblique white mica show patchy chemical zoning with multiple zones 410 

according to BSE intensity (Fig. 4D). For some grains, BSE-bright, -dark, and -medium 411 

intensities define a core-mantle-rim zoning pattern, whereas others grains only show the dark-412 

medium zones, or only show the medium BSE intensity (Fig. 4D). 413 

The eclogitic blocks exposed on Delfini peninsula are composed of epidote (9200 x 2250 414 

µm), apatite (2350 x 1580 µm), omphacite (4000 x 1250 µm), white mica (3500 x 600 µm), 415 

garnet (up to 1300 µm diameter), glaucophane (1500 x 600 µm), and calcite (1900 x 650 µm), 416 

which are segregated into omphacite/apatite-, garnet-, and epidote-rich domains (Figs. 3B and 417 

5A). The minerals are typically coarse and show random orientations, but locally deformed 418 

zones with developed foliation and aligned grains are observed. The high-strain zones 419 

anastomose around polymineralic lenses (~2-5 mm long) consisting of variable amounts of the 420 

aforementioned minerals. Some omphacite and epidote porphyroblasts in the undeformed zones 421 

are partially entrained in the high-strain zones (Fig. 5A). Within low-strain zones and 422 

polymineralic lenses, epidote, garnet, omphacite, glaucophane, and white mica are all typically 423 

euhedral to subhedral. Apatite is the only coarse-grained mineral that is predominantly anhedral, 424 
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showing irregular crystal boundaries with, for example, garnet, omphacite, and white mica (Fig. 425 

5B). Calcite is also anhedral but occupies interstitial spaces between, for example, epidote and 426 

white mica (Fig. 5B). 427 

The micaschist interlayered with the blueschist that surrounds the eclogitic blocks bears a 428 

pervasive foliation defined by white mica (1500 x 300 µm), epidote (1220 x 250 µm), 429 

glaucophane (1150 x 220 µm), titanite (1090 x 450 µm), apatite (420 x 170 µm), and minor 430 

chlorite (Fig. 5C, D). Recrystallized quartz ribbons are found along the foliation as well as 431 

smaller quartz and plagioclase grains. Garnet porphyroblasts (up to 4200 µm diameter) are 432 

present with asymmetric strain shadows defined by quartz, calcite, and plagioclase that show 433 

top-to-E kinematics. The white mica exhibits patchy BSE intensities, typically with darker cores 434 

and brighter peripheries (Fig. 5D). 435 

 436 

5.2 LA-ICP-MS/MS chemical analysis of white mica 437 

The atoms per formula unit (a.p.f.u.) were recalculated for the LA-ICP-MS/MS and WDS 438 

mica chemistry (Tables S3, S6) that was obtained from the secondary reference materials and the 439 

four CBU rocks. The results from the two methods are compared to test the accuracy of the in-440 

house built re-calculation spreadsheet and reliability of the LA-ICP-MS/MS chemical data 441 

(Table S7). The compared elements (Na, Mg, Al, Si, K, Ca, Ti, Mn, Fe) are within 0.1 a.p.f.u., 442 

for all secondary reference materials and the CBU rocks, with the exception of MicaFe that 443 

shows a difference of ~0.2 a.p.f.u. for Na. All chemical data reported below are from LA-ICP-444 

MS/MS analyses, which are coupled from the same volume as the single-spot Rb/Sr dates, 445 

except for white mica chemistry used for geobarometric calculations of the Delfini eclogite. 446 



21 
 

 The white mica content of Ti and Si are not correlated for all four rocks and are instead 447 

compared to different major and trace elements. Thirty-four analyses of white mica defining the 448 

foliation of the eclogite from Katerghaki cape (SR22-06) provided clustered Ti and Si contents 449 

(0.0104-0.0137 and 3.30-3.42 a.p.f.u., respectively), neither of which are correlated with major 450 

nor trace elements (with the exception of Si versus Al). In comparison, forty-six analyses of 451 

foliation-oblique white mica and thirty-four analyses of foliation-parallel white mica in the 452 

blueschist (SR22-07) collectively provided a larger dispersion of Ti and Si (0.0059-0.0134 and 453 

3.35-3.56 a.p.f.u., respectively; Fig. 6, Table 1, Table S3). The Ti content of the blueschist white 454 

mica have strong correlations with Al, Fe, Mg, Rb, Sr, Zn, and Ba. The trends are negative for 455 

Rb and Ba, and positive for Sr and Zn. The relationships with Al, Fe, and Mg are not uniquely 456 

negative nor positive as white mica with the high-Ti exhibit highly variable Al, Fe, and Mg 457 

content that are both lower and higher compared to the more concentrated values for the low-Ti 458 

white mica, which are predominantly oriented parallel to the foliation. Notably, the foliation-459 

oblique white mica, with a prevalence of higher Ti content, generally provides the variable 460 

chemistries. Comparing the same elements to Si do not provide the same trends. The Al and Si 461 

content show a strong negative correlation, but Si only provide weak positive correlations with 462 

Fe, Mg, and Zn, and no trends with other elements. Highlighting the low-Ti white mica (<0.0090 463 

a.p.f.u.) demonstrates that these mica chemistries cluster in intermediate positions of the Si 464 

versus Al, Fe, Mg, and Zn trends. 465 

 Twenty-eight analyses of undeformed white mica in the eclogite at Delfini peninsula 466 

(SR22-21) provided clustered Ti content (0.0091-0.0107 a.p.f.u.) compared to the foliation-467 

defining white mica in the micaschist (SR22-22), yielded by fifty-three analyses (0.0073-0.0118 468 

a.p.f.u.; Table 1). The Si content of the eclogite defines two clusters (3.30-3.33 and 3.36-3.45 469 
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a.p.f.u.), with an overall range similar to the Si content of the micaschist white mica (3.29-3.47 470 

a.p.f.u.; Table S3). The eclogite white mica does not show any relationships of Ti and Si with 471 

major nor trace elements (except for Si versus Al; Fig. 6). In contrast, the Ti content of the 472 

micaschist white mica shows positive correlations with Mg, Sr, Zn, and Nb, and a negative 473 

correlation with Fe. The Si content of the micaschist white mica do not any relationships with the 474 

same elements, and only provides a strong negative correlation with Al. White mica with low-Ti 475 

(< 0.0089 a.p.f.u.) are randomly located within the Si versus Al trend. 476 

 477 

5.3 Initial 87Sr/86Sr values obtained by LA-MC-ICP-MS and LA-ICP-MS/MS methods 478 

 Ca-bearing minerals (epidote, apatite, and calcite) were analyzed in all four rocks using 479 

the LA-ICP-MS/MS approach (Table 1; Table S5). For the Katerghaki eclogite (SR22-06), 480 

fourteen analyses of foliation-parallel epidote are uniform within uncertainty, ranging from 481 

0.7042 ± 0.0027 to 0.7070 ± 0.0023, with a weighted average of 0.7057 ± 0.0007 (MSWD: 0.6; 482 

Table 1; Table S5). For the blueschist (SR22-07), four analyses of foliation parallel epidote 483 

parallel and three analyses of calcite occupying garnet strain shadows collectively yield 87Sr/86Sr 484 

values ranging from 0.7034 ± 0.0037 to 0.7060 ± 0.0031, with a weighted average of 0.7053 ± 485 

0.0014 (MSWD: 0.2; Table 1; Table S5). Four analyses of euhedral epidote and four analyses of 486 

anhedral apatite in the Delfini eclogite (SR22-21) produced indistinguishable 87Sr/86Sr values 487 

�Z�L�W�K�L�Q�����1���X�Q�F�H�U�W�D�L�Q�W�\���I�U�R�P����������������± 0.0035 to 0.7071 ± 0.0039, producing a weighted average 488 

of 0.7057 ± 0.0010 (MSWD: 0.2). Ten epidote grains parallel to the foliation of the micaschist 489 

(SR22-22) resulted in 0.7034 ± 0.0031 to 0.7067 ± 0.0022, with a weighted average of 0.7054 ± 490 

0.0008 (MSWD: 0.5). 491 
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Ca-bearing minerals in three of the rocks (blueschist, SR22-07; Delfini eclogite, SR22-492 

21; micaschist, SR22-22) were analyzed with LA-MC-ICP-MS (Table 1; Table S5). Nine 493 

analyses of epidote parallel to the foliation of the blueschist are uniform within uncertainty, 494 

ranging from 0.70519 ± 0.00008 to 0.70536 ± 0.00011, with a weighted average of 0.70525 ± 495 

0.00003 (MSWD: 1.6). Nine analyses of euhedral epidote in the Delfini eclogite produced 496 

consistent 87Sr/86Sr values of 0.70481 ± 0.00011 to 0.70500 ± 0.00011, producing a weighted 497 

average of 0.70491 ± 0.00004 (MSWD: 1.2). Ten analyses of anhedral apatite in the same rock 498 

yielded overall more radiogenic and dispersed values of 0.70495 ± 0.00010 to 0.70537 ± 499 

0.00011. The weighted average of the apatite results is 0.70520 ± 0.00010 (MSWD: 6.7). Four 500 

epidote grains parallel to the foliation of the micaschist (SR22-22) resulted in 0.70514 ± 0.00012 501 

to 0.70541 ± 0.00013, with a weighted average of 0.70529 ± 0.00012 (MSWD: 5.1). Overall, the 502 

weighted averages of 87Sr/86Sr produced by the LA-ICP-MS/MS have higher uncertainties than 503 

those produced by LA-MC-ICP-MS, but the weighted averages overlap for the three rocks that 504 

were analyzed using both methods (see Supplementary Text; Figure S1). 505 

 506 

5.4 Coupled Rb/Sr geochronology and chemistry of white mica 507 

The Rb and Sr isotopic data were obtained from the same analyses used to quantify white 508 

mica chemistries (section 5.2) in order to use white mica composition to contextualize Rb/Sr 509 

dates. The Rb/Sr dates are calculated using the initial 87Sr/86Sr values obtained with LA-MC-510 

ICP-MS for the blueschist (SR22-07), Delfini eclogite (SR22-21), and micaschist (SR22-22) and 511 

are reported below. These results are compared with dates calculated using the initial values 512 

obtained with LA-ICP-MS/MS, showing almost identical results regardless of the initial values 513 

used (see Supplementary Text; Figure S1). The dates presented for the Katerghaki eclogite 514 
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(SR22-06) are produced with the initial 87Sr/86Sr measured with LA-ICP-MS/MS, as it was not 515 

measured using both methods. The Ti content shows strong correlations with other major and 516 

trace elements (Al, Fe, Mg, Rb, Sr, Zn, Ba; Fig. 6). Therefore, it is used as the basis for 517 

systematic discrimination of the single-spot Rb/Sr dates according to the first and third quartiles 518 

(Q1 and Q3) of white mica Ti content for each rock, defined as high-Ti (>Q3), moderate-Ti 519 

(>Q1 and <Q3), and low-Ti (<Q1). Weighted averages for all Rb/Sr dates are also calculated, 520 

and the 87Rb/86Sr and 87Sr/86Sr data are examined in Nicolaysen isochron space using free-521 

isochron (i.e., without an initial 87Sr/86Sr values) and anchored-isochron (i.e., using the initial 522 

87Sr/86Sr value) approaches. All results are summarized in Table 1, presented in Figure 7, and 523 

provided in full in Table S3. 524 

 For the eclogite at Kateghaki cape (SR22-06), the thirty-four white mica analyses 525 

conducted on foliation-defining white mica generally yielded clustered 87Rb/86Sr and 87Sr/86Sr, 526 

with three results showing higher ratios, and overall f87Src >0.96. The first and third quartiles of 527 

Ti content (a.p.f.u.) are 0.0111 and 0.0124, respectively. The different weighted averages show 528 

no significant changes between high-Ti (45.8 ± 7.6 Ma; MSWD: 1.0; n: 9/34), moderate-Ti (47.5 529 

± 4.9 Ma; MSWD: 0.9; n: 16/34), low-Ti (52.9 ± 7.4 Ma; MSWD: 0.6; n: 9/34), nor all data 530 

(48.4 ± 3.6 Ma; MSWD: 0.9; n: 34/34). Free-isochron analysis of all results provides a date of 531 

43.9 ± 13.6 Ma (MSWD: 0.8) and an initial 87Sr/86Sr projection of 0.7066 ± 0.0029, which 532 

envelopes the measured initial 87Sr/86Sr value of 0.7057 ± 0.0007. The anchored-isochron 533 

produced a date of 47.5 ± 4.8 Ma (MSWD: 0.8), overlapping within uncertainty with the free-534 

isochron age. 535 

 For the blueschist at Katerghaki cape (SR22-07), the results of forty-six analyses of 536 

foliation-oblique white mica, and thirty-four of foliation-parallel white mica, collectively yielded 537 
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large dispersions of 87Rb/86Sr and 87Sr/86Sr with f87Src >0.89. The first and third quartiles of Ti 538 

content (a.p.f.u.) in all white mica are 0.0090 and 0.00112, respectively. The higher 87Rb/86Sr 539 

and 87Sr/86Sr generally correlate with lower Ti content. Both the foliation-parallel and foliation-540 

oblique white mica provide the same range of dates, but the latter are overall older. The weighted 541 

averages systematically decrease with lower Ti, from high-Ti (56.0 ± 10.6 Ma; MSWD: 2.2; n: 542 

20/80), to moderate-Ti (42.1 ± 3.9 Ma; MSWD: 1.3; n: 40/80), and low-Ti (36.3 ± 2.1 Ma; 543 

MSWD: 0.9; n: 20/80). The weighted average of all data is 38.8 ± 2.4 Ma (MSWD: 1.8; n: 544 

80/80). Regression of all data using the free-isochron approach yielded 34.6 ± 2.3 Ma (MSWD: 545 

1.0) and with projection of an initial 87Sr/86Sr value of 0.7074 ± 0.0007. The measured initial 546 

87Sr/86Sr value of 0.70525 ± 0.00003 plots outside of the initial envelope calculated by the free-547 

isochron regression. The anchored-isochron provided an older date of 38.7 ± 2.2 Ma (MSWD: 548 

1.4) but overlapping within uncertainty with the free-isochron date. 549 

 For the eclogite from Delfini peninsula (SR22-21), the twenty-eight analyses of 550 

randomly-oriented white mica provided invariable 87Rb/86Sr and 87Sr/86Sr with f87Src >0.97. The 551 

first and third quartiles of Ti content (a.p.f.u.) are 0.0096 and 0.0101, respectively. The different 552 

weighted averages show no significant changes between high-Ti (45.8 ± 7.5 Ma; MSWD: 0.3; n: 553 

7/28), moderate-Ti (44.3 ± 4.2 Ma; MSWD: 0.5; n: 14/28), low-Ti (44.1 ± 5.8 Ma; MSWD: 1.6; 554 

n: 7/28), nor all data (44.5 ± 3.1 Ma; MSWD: 0.7; n: 28/28). Free-isochron regression of all data 555 

yielded a date of 18.8 ± 29.4 Ma (MSWD: 0.6) and projected an initial 87Sr/86Sr envelope of 556 

0.7160 ± 0.012. The measured initial 87Sr/86Sr value of 0.70491 ± 0.00004 plots within the 557 

envelope. The anchored-isochron returned a date of 44.4 ± 3.0 Ma (MSWD: 0.7). 558 

 For the micaschist from Delfini peninsula (SR22-22), the fifty-three analyses of foliation-559 

parallel white mica provided moderate dispersions of 87Rb/86Sr and 87Sr/86Sr with f87Src >0.94. 560 
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The first and third quartiles of Ti content (a.p.f.u.) are 0.0089 and 0.0109, respectively. The 561 

higher 87Rb/86Sr and 87Sr/86Sr values generally correlate with lower Ti content. The weighted 562 

averages systematically decrease with lower Ti, from high-Ti (43.7 ± 3.5 Ma; MSWD: 0.5; n: 563 

14/53), to moderate-Ti (38.9 ± 2.2 Ma; MSWD: 0.7; n: 26/53), and low-Ti (31.9 ± 2.7 Ma; 564 

MSWD: 1.0; n: 13/53). The weighted average of all data is 37.6 ± 1.5 Ma (MSWD: 1.3; n: 565 

53/53). Regression of all data using the free-isochron approach yielded a date of 19.9 ± 7.4 Ma 566 

(MSWD: 0.9) and an initial 87Sr/86Sr value of 0.7179 ± 0.0052. The measured initial 87Sr/86Sr 567 

weighted average of 0.70529 ± 0.00012 plots outside of the initial 87Sr/86Sr envelope projected 568 

by the free-isochron regression. The anchored-isochron produced an older date of 37.7 ± 1.5 Ma 569 

(MSWD: 1.3), which is distinct from the free-isochron age. 570 

 571 

5.4 Pressure of metasomatic eclogite formation 572 

 Garnet, omphacite, and white mica chemistry were combined to determine the pressure 573 

conditions of the Delfini eclogite formation using the calibration of Ravna and Terry (2004; Fig. 574 

8; Tables S6 and Table S8). Garnet show very weak core-mantle-rim zoning with chemistries 575 

defined by Alm59Grs31Sps6Pyp4, Alm60Grs31Pyp5Sps3, and Alm60Grs31Pyp5Sps4 (Fig. 8A, B). 576 

Omphacite also shows core-mantle-rim zoning with greater chemical variations between the 577 

different zones, defined by Q48Jd31Ae21, Q44Jd40Ae17, and Q46Jd43Ae11, respectively (Fig. 8A, B). 578 

White mica does not show chemical zoning (Fig. 5) and its chemistry is generally clustered with 579 

slight dispersion (Fig. 8A), averaging to an overall composition of Ms47Cel41Pa5Phl3Prl2TiMs1. 580 

Combining the core, mantle, and rim chemistries of garnet and omphacite with the white mica 581 

chemistry yields pressures of 1.8-1.9 GPa (cores), 2.0-2.2 GPa (mantles), and 1.9-2.0 GPa (rims) 582 

in the temperature range of 400-550°C (Fig. 8C). 583 
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 584 

6. Discussion 585 

6.1 Relationships between rock structures and white mica chemical records 586 

 Both of the investigated outcrops preserve rheological contrasts recording different 587 

structural and metamorphic histories, demonstrated by the rigid eclogites (SR22-06 and SR22-588 

21) within the blueschist (SR22-07) and micaschist (SR22-22) that exhibit strong evidence of 589 

ductile non-coaxial shear post-dating eclogite formation (Figs. 2 and 3). At Katerghaki cape, this 590 

relationship is readily shown by the eclogite foliation that is discordant to the blueschist 591 

foliation, which wraps the eclogite block (Fig. 2). At Delfini cape, the sequence is highlighted by 592 

the undeformed calcite veins within the eclogite blocks that terminate against the surrounding 593 

blueschist foliation, with segment of the veins entrained and deformed within the blueschist and 594 

micaschist foliations (Fig. 3). 595 

 Comparing and contrasting the white mica chemical and isotope data in all four rocks 596 

mirrors the relationships defined by the rheological contrasts: 1) White mica in both eclogites is 597 

homogeneous relative to the highly variable chemistries of the blueschist and micaschist, 598 

demonstrated by Ti-based correlations (Fig. 6); 2) The weighted averages subdivided according 599 

to Ti content, as well as the bulk average, are all equivalent within uncertainty for both eclogites 600 

(Fig. 7B, D). In contrast, the blueschist and micaschist white mica both show a systematic 601 

decrease of Rb/Sr dates with decreasing Ti content (Fig. 7C, E); 3) Although the free-isochron 602 

regressions are imprecise due to a greater clustering of 87Rb/86Sr and 87Sr/86Sr for white mica in 603 

the eclogites, the regressions project initial 87Sr/86Sr values that encompass the measured values 604 

within uncertainty (Fig. 7B, D). Conversely, the free-isochron regressions of the blueschist and 605 
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micaschist white mica are more precise due to larger dispersions of isotopic ratio measurements, 606 

but the regressions predict initial 87Sr/86Sr envelopes that are higher than the measured values 607 

(Fig. 7C, E). Altogether, these comparisons demonstrate that chemical and isotopic equilibrium 608 

of white mica in the eclogite is insignificant, whereas chemical disequilibrium of white mica in 609 

the blueschist and micaschist is conspicuous. Thus, the weighted averages of all single-spot 610 

Rb/Sr dates are presented further for both eclogites, whereas the high- and low-Ti weighted 611 

averages are discussed for the blueschist and micaschist. 612 

 613 

6.2 HP/LT metamorphism and metasomatism 614 

 The mineralogy and structures of the eclogite (SR22-06) reflect (near-)peak HP/LT 615 

metamorphism and deformation of the CBU on Syros, as reported by Laurent et al. (2016) and 616 

Kotowski et al. (2022). White mica in the eclogite are in textural equilibrium with omphacite and 617 

glaucophane but the strain shadows around garnet indicate foliation development post-dating 618 

garnet growth (Fig. 4A). Previous geochronology of garnet from rocks exposed along Katerghaki 619 

cape indicate variable ages from c. 52-45 Ma that were interpreted as (near-)peak HP/LT garnet 620 

growth. The garnet ages are variable, possibly reflecting different timing for garnet growth in the 621 

eclogites (c. 52-48 Ma) relative to the micaschist (c. 45 Ma) that were studied, or that some of 622 

the samples may be representative of the Chroussa subunit, as the sample locations of Uunk et al. 623 

(2022) and Gorce et al. (2021) were close to the Kampos and Chroussa subunit boundary to the 624 

southwest of the studied outcrop on Katerghaki cape (Fig. 1). Nevertheless, the white mica Rb/Sr 625 

weighted average of 48.4 ± 3.6 Ma generally reproduces the garnet ages (Fig. 9), indicating that 626 

the white mica Rb/Sr dates in the eclogite record (near-)peak HP/LT metamorphism below 627 
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~550°C (Trotet et al., 2001; Laurent et al., 2018; Skelton et al., 2019; Gorce et al., 2021; Uunk et 628 

al., 2022). 629 

The Rb/Sr weighted average of 48.4 ± 3.6 Ma is older than published white mica Rb/Sr 630 

and 40Ar/39Ar geochronology from Katerghaki cape (Fig. 9). However, most of the previous 631 

work was conducted on eclogites and blueschists that bear DT structures and record deformation 632 

during exhumation (e.g., Laurent et al., 2017). Thus, the discrepancy of dates is likely a function 633 

of the different structural generations and associated retrogression apparent in the outcrop (Fig. 634 

2). However, an 40Ar/39Ar date of 43.04 ± 0.22 Ma was obtained from white mica in a DS 635 

eclogite block similar to the studied eclogite sample (Laurent et al., 2021). Differences in 636 

metamorphic or deformation history cannot readily be invoked in this case. However, Laurent et 637 

al. (2021) interpreted the 40Ar/39Ar date to record the onset of cooling from ~550°C following 638 

near-isothermal decompression of the rocks rather than (near-)peak HP/LT metamorphism, 639 

suggesting that Rb/Sr and 40Ar/39Ar geochronology record different events witnessed by the 640 

eclogite blocks. 641 

The SiO2 content of the Delfini eclogite (36.6 wt %) is anomalously low for typical mafic 642 

rocks (e.g., Middlemost, 1994), which is apparent when comparing to the bulk rock chemistries 643 

of the Katerghaki eclogite and blueschist (47.3 and 49.6 wt%; Table S1). It also has high P2O5 644 

content (7.9 wt%) due to the abundance of apatite. The anomalous chemistry is not likely a 645 

consequence of seafloor metasomatism, as this process removes CaO from the bulk rock (e.g., 646 

Bach et al., 2008) and the Delfini eclogite shows the highest CaO content of all rocks (22.5 647 

wt%). The eclogite facies minerals of omphacite, epidote, white mica, garnet, and glaucophane 648 

all exhibit euhedral habits and are typically coarse-grained, except where the rock is locally 649 

deformed, with some white mica also exhibiting radial crystal habits (Fig. 5). The abundant 650 
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calcite veins within the eclogite blocks that terminate against the surrounding blueschist foliation 651 

(Fig. 3) represent Ca- and CO2-rich fluid flow through fracture networks. These fluids are 652 

interpreted to be responsible for metasomatism and formation of Ca-rich eclogite facies minerals 653 

as well as the presence of calcite within some of the interstitial regions of the euhedral minerals. 654 

Apatite is the only coarse-grained mineral that is not euhedral to subhedral as it has highly 655 

irregular grain boundaries with for example, white mica, omphacite, and garnet (Fig. 5). Its 656 

87Sr/86Sr composition is also more radiogenic and dispersed (0.70520 ± 0.00010; MSWD: 6.7) 657 

compared to the euhedral epidote (0.70491 ± 0.00004; MSWD: 1.2). This comparison can be 658 

explained by the existence of apatite in the rock prior to introduction of Ca- and likely Sr-rich 659 

fluids with a low radiogenic 87Sr/86Sr composition responsible for epidote growth and possible 660 

partial dissolution of apatite. Thus, the characteristics of the eclogite indicate its origin by 661 

metasomatism to produce the eclogite facies mineral assemblages. 662 

 A single generation of white mica is recognized in the eclogite as the mica are 663 

undeformed and show no systematic chemical variations between Ti and Si with other major and 664 

trace elements (Figs. 5A and 6). The Rb/Sr age recorded by white mica of 44.5 ± 3.1 Ma is 665 

statistically similar to the Lu/Hf age of the peak HP/LT metamorphism of 46.0 ± 0.6 Ma (Uunk 666 

et al., 2022; Fig. 9). The calculated pressure conditions of 1.8-2.2 GPa between 400-550°C from 667 

the omphacite-garnet-white mica chemistry is comparable but slightly lower than peak HP/LT 668 

conditions of ~2.0-2.2 GPa and ~440-540°C (Uunk et al., 2022; Fig. 8). This comparison 669 

indicates that the eclogite formed via metasomatism during at (near-)peak HP/LT conditions, 670 

perhaps during initial exhumation of the rocks closely following peak metamorphism with fluids 671 

derived from a Ca- and CO2-rich portion of the subducting slab (i.e., marbles; Fig. 1). These 672 

results demonstrate the ability for white mica Rb/Sr geochronology to resolve the timing of 673 
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metasomatism (e.g., Gyomlai et al., 2023) associated with circulation of subduction zone fluids 674 

through fracture networks in HP/LT conditions. 675 

 676 

6.3 Fluid-mediated 87Sr/86Sr re-equilibration and isotope inheritance 677 

 The white mica chemistry for both the blueschist and micaschist do not show the same 678 

correlations for Ti and Si versus other major and trace elements (Fig. 6), nor are Ti and Si 679 

correlated with each other. These observations contrast coupled substitutions involving Ti and Si 680 

that are commonly reported for metamorphic white mica: 1) Si + (Fe + Mg) = AlIV + AlVI (i.e., 681 

the Tschermak substitution) and 2) AlVI + Si = Ti + Al IV (e.g., Auzanneau et al., 2010; Chambers 682 

and Kohn, 2012). In both rocks, Si shows strong negative correlations with Al, which is expected 683 

as any variation in Si content will be reciprocated by Al as these are the two major elements that 684 

occupy tetrahedral sites in the white mica crystal structure (e.g., Coggon and Holland, 2002). 685 

However, only the blueschist white mica show positive correlations between Si with Mg and Fe, 686 

indicating operation of the Tschermak substitution. The Ti content does not follow the Si-defined 687 

trends, as would be predicted by the Al-Si-Ti substitution. Instead, the low-Ti white mica 688 

(<0.0090 a.p.f.u.) plot within intermediate positions of the Si versus Al, Fe, and Mg trends and 689 

the high-Ti white mica (>0.0112 a.p.f.u.) show dispersed Al, Fe, and Mg content with values 690 

both higher and lower than the low-Ti. The BSE intensity of white mica is readily controlled by 691 

Fe as it has the greatest atomic number of the major elements, thus, brighter BSE zones 692 

correspond with high Fe content, and vice versa. This relationship explains the BSE bright-dark-693 

medium zoning patterns from core to rim of grains both parallel and oblique to the foliation (Fig. 694 

4D); the brightest and darkest zones occupying the centers of grains reflect the highest and 695 

lowest Fe content in the high-Ti white mica, whereas the medium zones represent the 696 
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intermediate Fe content of low-Ti mica (Fig. 6). Thus, the zoning patterns indicate an older, 697 

chemically heterogeneous white mica with high-Ti content, possibly reflecting multiple inherited 698 

generations, which was overprinted by the low-Ti white mica composition phase. 699 

 For the micaschist, Si does not correlate with Fe nor Mg, and Ti shows a negative 700 

correlation with Fe, positive correlation with Mg, and no correlation with Al (Fig. 6). These 701 

patterns do not reflect either of the substitution mechanisms reported above, instead highlighting 702 

a chemical substitution only involving octahedral site cations. Provided that Fe controls the BSE 703 

intensity, the dark-core/bright-rim zoning of the white mica (Fig. 5D) reflects low-Fe cores and 704 

high-Fe rims, indicating that the high-Ti (0.0109 a.p.f.u.) white mica pre-dates the low-Ti 705 

composition (>0.0089 a.p.f.u.) due to the negative correlation of Ti with Fe (Fig. 6). 706 

 For both rocks, Ti content shows strong correlations with trace elements (e.g., Rb, Sr, Zn, 707 

Ba, and Nb; Fig. 6). According to chemical zoning patterns (Figs. 4B and 5B) and the 708 

quantitative chemical trends discussed above, the low-Ti white mica in both rocks represent the 709 

youngest generation, which is in agreement with the younger Rb/Sr dates produced by low-Ti 710 

mica (Fig. 7C, E). Therefore, Ti loss during re-equilibration corresponds with Sr and Zn loss for 711 

white mica in both rocks, along with Nb loss in the micaschist white mica. For the blueschist, Rb 712 

and Ba are both gained in the younger mica with respect to the older generation (Fig. 6). Large 713 

ion lithophile elements (e.g., Rb, Sr, Ba) and high field strength elements (e.g., Ti, Nb) can be 714 

mobilized in subduction zone fluids (e.g., Sorensen et al., 1997; Zack et al., 2001; Gao et al., 715 

2007; Zheng and Hermann, 2014; Rustioni et al., 2021), indicating the chemical patterns reflect 716 

exchange with the mediating fluid composition and coeval metamorphic reactions (e.g., Sr 717 

uptake by epidote and apatite, and Ti incorporation into titanite). Thus, the low-Ti Rb/Sr 718 

weighted age averages of 36.3 ± 2.1 Ma (blueschist) and 31.9 ± 2.7 Ma (micaschist) are 719 



33 
 

interpreted as the timing of fluid-induced chemical re-equilibration of the white mica, possibly 720 

via dissolution-reprecipitation. However, the alignment of white mica along the rock foliations 721 

suggests that deformation of the mica was also an important factor for aiding re-equilibration. 722 

This is highlighted by texturally-older, oblique white mica in the blueschist that retain a greater 723 

proportion of the inherited white mica chemistry relative to the foliation-parallel mica (Figs. 4D 724 

and 7C), suggesting that deformation catalyzed the fluid-mediated chemical exchange. 725 

 Resetting of Rb/Sr dates requires open-system (re-)equilibration of the mica 87Sr/86Sr 726 

isotopic composition with the bulk rock rather than net 87Sr loss (Nebel, 2014). The expectation 727 

that white mica contains a component of initial (common) 87Sr, requiring measurement of the 728 

87Sr/86Sr ratios, precludes excess 87Sr from producing older Rb/Sr dates without invoking 729 

fractionation of 87Sr from 86Sr. The open-system behaviour of white mica with respect to Sr is 730 

demonstrated by the strong positive correlations of Ti and Sr, representing different degrees of 731 

re-equilibrated white mica volumes (Fig. 6). Therefore, the systematic decrease of Ti with 732 

decreasing Rb/Sr dates reflects inheritance of 87Sr/86Sr within the high-Ti white mica volumes 733 

(Fig. 7). This relationship implies that the initial 87Sr/86Sr values measured from the epidote 734 

grains are not in chemical equilibrium with the high-Ti white mica volumes, which explains the 735 

higher MSWDs of the anchored-isochrons (1.4 and 1.3 for blueschist and micaschist, 736 

respectively) compared to the free-isochrons (1.0 and 0.9 for blueschist and micaschist, 737 

respectively), and the misfit of the free-isochron initial 87Sr/86Sr envelopes relative to the 738 

measured values (Fig. 7; Table 1). The high f87Src of the white mica dictates that the single-spot 739 

Rb/Sr dates are strongly dependant on the selected initial 87Sr/86Sr value, so geological 740 

interpretations of the high-Ti dates should be taken with caution. However, the low-Rb contents 741 

of the blueschist and micaschist (73 and 182 µg/g, respectively), as well as the similar initial 742 
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87Sr/86Sr values to the eclogite in the respective outcrops, suggests that the measured initial 743 

87Sr/86Sr may not be significantly different for the inherited white mica volumes due to limited 744 

accumulation for radiogenic 87Sr in the bulk rock, thus, older dates are considered to be 745 

approximate. Both of the older dates overlap with the timing of (near-)peak HP/LT 746 

metamorphism recorded by the respective eclogites and likely reflect this history. The highly 747 

heterogeneous chemistry of the older blueschist white mica and the presence of both foliation-748 

oblique and -parallel mica suggests an inherited component from a more variable, older source 749 

that was partially retained through peak HP/LT metamorphism. 750 

 751 

6.4 87Sr/86Sr re-equilibration and inheritance modelling 752 

 Modelling of randomly-generated data was used to examine the control of 87Sr/86Sr 753 

inheritance for producing the natural dataset patterns in isolation from other natural or analytical 754 

factors (Fig. 10; see Supplementary Text and Table S9 for full model description and Excel 755 

program). The models are based on the increase of 87Rb/86Sr values with decreasing Ti content 756 

(Fig. 10A, B), governed by net-Rb gain and Sr-loss for the blueschist, and only the latter for the 757 

micaschist (Fig. 6). Using the Ti content as a proxy for re-equilibration, the models defined the 758 

lowest 87Rb/86Sr values to represent the inherited (primary) white mica composition, whereas the 759 

re-equilibration (target) conditions correspond to 87Rb/86Sr values related to the lowest-Ti 760 

content (Fig. 10C, D). The bulk rock 87Sr/86Sr composition defined for white mica re-761 

equilibration is an arbitrary value of 0.70515. Eighty datapoints were randomly-generated, 762 

subsets of which were defined either to undergo 100% re-equilibration to acquire the target 763 

87Rb/86Sr and 87Sr/86Sr values, 100% inheritance to fully retain the primary ratios, or re-764 

equilibration of 1-99% to reflect partial re-equilibration between the primary and target ratios. 765 
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Afterwards, the resulting 87Rb/86Sr and 87Sr/86Sr ratios of all datapoints were evolved according 766 

to 87Rb decay for an amount of time defined at the model ages: 36 Myr for the blueschist model, 767 

and 30 Myr for the micaschist model, reflecting the low-Ti weighted averages of white mica 768 

Rb/Sr dates (Fig. 7C, E). Thus, the model ages represent the true age of the re-equilibration 769 

event, allowing the impact of 87Sr/86Sr inheritance in Nicolaysen isochron space to be directly 770 

examined apart from any other factors (Fig. 10E, F). 771 

 The 87Sr/86Sr inheritance modelling fully reproduces the isochron patterns observed for 772 

the measured data (Figs. 7, 10E, F). The free-isochron regressions are both younger than the 773 

model ages: 32.3 ± 1.9 Ma versus 36 Ma for the blueschist, and 10.4 ± 6.8 Ma versus 30 Ma for 774 

the micaschist. In contrast, the anchored-isochron regressions are both older than the model ages: 775 

37.9 ± 1.4 Ma versus 36 Ma for the blueschist, and 37.5 ± 1.6 Ma versus 30 Ma for the 776 

micaschist. Furthermore, the initial 87Sr/86Sr envelopes projected by the free-isochrons do not 777 

overlap with the initial 87Sr/86Sr of 0.70515 that was used as the bulk rock re-equilibration value 778 

for the hypothetical white mica volumes (Fig. 10). 779 

 The isochrons are intentionally manipulated to show mixing of two white mica 780 

generations (i.e., 100% re-equilibrated, and 100% inherited mica) due to partial 87Sr/86Sr 781 

inheritance (1-99% re-equilibration). Purely statistical treatment of the bulk data cannot 782 

distinguish the older versus younger generation. Disequilibrium is only suggested by the 783 

comparison of the free- and anchored-isochrons because the true initial 87Sr/86Sr value of re-784 

equilibration (0.70515; used for the anchored-isochron) is not reproduced by the free-isochron 785 

that solely relies on the trend of the white mica isotopic compositions. However, this comparison 786 

only reveals isotopic disequilibrium between the bulk white mica and, for example, the Ca-787 

bearing mineral used to measure the initial 87Sr/86Sr composition; it does not reveal the temporal 788 
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relationships of the white mica and Ca-bearing mineral, nor if the bulk white mica comprises one 789 

or more distinct generations. The implications are apparent for isotope dilution methods of 790 

mineral separates, as this approach may recognize disequilibrium between different mineral 791 

aliquots but can homogenize different mineral generations within single aliquots. However, 792 

Rb/Sr geochronology conducted on mica in situ may also lead to spurious ages if statistical 793 

treatment of the Rb/Sr isotopic data relies solely on microstructural contexts of mica within the 794 

rock. This possibility is evident using the micaschist dataset as an example, as all analyzed mica 795 

define one microstructural generation (i.e., aligned with the rock foliation; Fig. 5C, D), but at 796 

least two chemical generations (i.e., high-Ti and low-Ti compositions; Figs. 5D and 6). If only 797 

considering the microstructural information, then all single-spot Rb/Sr dates could be used to 798 

calculate 37.6 ± 1.5 Ma, but when the chemical information is considered, distinct ages of 43.7 ± 799 

3.5 Ma (high-Ti) and 31.9 ± 2.7 Ma (low-Ti) are produced (Fig. 7E). Therefore, the approach of 800 

defining single-spot Rb/Sr dates with both microstructural and chemical contexts of the mica is 801 

crucial for defining distinct populations and eliminating effects of inheritance to yield 802 

geologically meaningful ages. 803 

 804 

7. Conclusions 805 

 The advantages of performing volume-coupled Rb/Sr geochronology and geochemical 806 

analysis of white mica in situ is demonstrated with four HP/LT rocks from two outcrops of the 807 

CBU exposed on Syros. Rheological heterogeneities of both outcrops preserve eclogite blocks, 808 

representing (near-)peak HP/LT metamorphism and metasomatism, hosted by ductile blueschists 809 

and micaschist that record younger deformation and retrogression in fluid-active environments. 810 

Comparison of white mica chemistry reflects the rheological contrasts, with white mica in the 811 
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eclogites displaying no systematic chemical trends, but in the blueschist and micaschist 812 

exhibiting systematic correlations between Ti with other major and trace elements (e.g., Al, Fe, 813 

Mg, Rb, Sr, Zn, Ba, and Nb), demonstrating fluid-mediated chemical modification of mica 814 

during deformation. White mica in the eclogites produced uniform Rb/Sr dates, yielding 815 

weighted averages of 48.4 ± 3.6 Ma and 44.5 ± 3.1 Ma that record (near-)peak HP/LT 816 

metamorphism and metasomatism of the respective outcrops. The blueschist and micaschist 817 

show systematic decreasing of single-spot Rb/Sr dates with decreasing Ti content. High-Ti and 818 

low-Ti white mica respectively produce 56.0 ± 10.6 Ma and 36.3 ± 2.1 Ma (blueschist), and 43.7 819 

± 3.5 Ma and 31.9 ± 2.7 Ma (micaschist). The chemical zoning together with Rb/Sr 820 

geochronology indicates that high-Ti mica represent inheritance of an 87Sr/86Sr composition from 821 

an older history of the mica, which overlaps with the timing of (near-)peak HP/LT 822 

metamorphism recorded by eclogites at the respective outcrops. The low-Ti dates resolve the 823 

timing of fluid-mediated chemical re-equilibration during deformation. Therefore, coupling 824 

chemistry of white mica in situ with single-spot Rb/Sr dates is advantageous for determining if 825 

mica record single events (eclogites) or multiple events (blueschist/micaschist) in order to 826 

produce geologically meaningful ages. 827 

 828 

Acknowledgements 829 

 Funding was provided by the National Science Center of Poland research grant nr. 830 

2021/40/C/ST10/00264 to C. Barnes. M. Buka�áa acknowledges "Juan de la Cierva" Fellowship 831 

number JFJC2021-047505-I funded by MCIN/AEI/10.13039/501100011033 and CSIC, as well 832 

as Foundation for Polish Science stipend. B. Puzio is thanked for conducting XRF analysis. The 833 

�K�H�O�S���R�I���$�����:�á�R�G�H�N���I�R�U���R�S�H�U�D�W�L�Q�J���W�K�H���H�O�H�F�W�U�R�Q���P�L�F�U�R�S�U�R�E�H���L�V���D�S�S�U�H�F�L�D�W�H�G�� Reviews by three 834 



38 
 

anonymous reviewers have greatly improved the quality and presentation of the research. V. 835 

Laurent is also thanked for comments on a previous version of the article. This is Vegacenter 836 

publication XXX. 837 

 838 

References 839 

Auzanneau, E., Schmidt, M.W., Vielzeuf, D., Connolly, J.A.D., 2010. Titanium in phengite: a 840 

geobarometer for high temperature eclogites. Contrib. to Mineral. Petrol. 159, 1�±24. 841 

https://doi.org/10.1007/s00410-009-0412-7 842 

Bach, W., Jons, N., Klein, F., 2008. Metasomatism within the ocean crust, in: Harlov, D.E., 843 

Austrheim, H., (Eds.), Metasomatism and the chemical transformation of rock. Springer-844 

Verlag, Berlin Heidelburg, pp. 253-258. https://doi.org/10.1007/978-3-642-28394-9_8 845 

�%�D�U�Q�H�V�����&���-�������-�H�D�Q�Q�H�U�H�W�����3�������.�X�O�O�H�U�X�G�����.�������0�D�M�N�D�����-�������6�F�K�Q�H�L�G�H�U�����'���$�������%�X�N�D�á�D�����0�������.�O�R�Q�R�Z�V�N�D�����,������846 

2020. Exhumation of the High-Pressure Tsäkkok Lens, Swedish Caledonides: Insights From 847 

the Structural and White Mica 40Ar/39Ar Geochronological Record. Tectonics 39, 1�±23. 848 

https://doi.org/10.1029/2020TC006242 849 

�%�D�U�Q�H�V�����&���-�������6�F�K�Q�H�L�G�H�U�����'���$�������0�D�M�N�D�����-�������&�D�P�D�F�K�R�����$�������%�X�N�D�á�D�����0�������:�á�R�G�H�N�����$���������������D����40Ar/39Ar 850 

dates controlled by white mica deformation and strain localization: Insights from comparing 851 

in situ laser ablation and single-grain fusion techniques. J. Metamorph. Geol. 41, 1143�±852 

1166. https://doi.org/10.1111/jmg.12739 853 



39 
 

Barnes, C.J., Majka, J., Callegar�L�����5�������:�D�O�F�]�D�N�����.�������=�L�H�P�Q�L�D�N�����*�������%�X�N�D�á�D�����0���������������E����854 

Ordovician�±Silurian deformation of the Neoproterozoic upper gneiss unit in the northern 855 

Seve Nappe Complex: implications for subduction of the Baltican margin. J. Geol. Soc. 856 

London. 180. https://doi.org/10.1144/jgs2022-161 857 

Behr, W.M., Kotowski, A.J., Ashley, K.T., 2018. Dehydration-induced rheological heterogeneity 858 

and the deep tremor source in warm subduction zones. Geology 46, 475�±478. 859 

https://doi.org/10.1130/G40105.1 860 

Blanckenburg, F.v., Villa, I.M., Baur, H., Morteani, G., Steiger, R.H., 1989. Time calibration of 861 

a PT-path from the Western Tauern Window, Eastern Alps: the problem of closure 862 

temperatures. Contrib. Mineral. Petrol. 101, 1-11. 863 

Bröcker, M., Keasling, A., 2006. Ionprobe U-Pb zircon ages from the high-pressure/low-864 

temperature mélange of Syros, Greece: Age diversity and the importance of pre-Eocene 865 

subduction. J. Metamorph. Geol. 24, 615�±631. https://doi.org/10.1111/j.1525-866 

1314.2006.00658.x 867 

Chambers, J.A., Kohn, M.J., 2012. Titanium in muscovite, biotite, and hornblende: Modeling, 868 

thermometry, and rutile activities of metapelites and amphibolites. Am. Mineral. 97, 543�±869 

555. https://doi.org/10.2138/am.2012.3890 870 

Channell, J.E.T., Kozur, H.W., 1997. How many oceans? Meliata, Vardar, Pindos oceans in 871 

Mesozoic Alpine paleogeography. Geology 25, 183�±186. 872 



40 
 

CIAAW, 2021: CIAAW, IUPAC, Isotopic compositions of the elements 2021. Available online 873 

at https://ciaaw.org/isotopic-abundances.htm  874 

Cliff, R.A., Bond, C.E., Butler, R.W.H., Dixon, J.E., 2017. Geochronological challenges posed 875 

by continuously developing tectonometamorphic systems: insights from Rb�±Sr mica ages 876 

from the Cycladic Blueschist Belt, Syros (Greece). J. Metamorph. Geol. 35, 197�±211. 877 

https://doi.org/10.1111/jmg.12228 878 

Coggon, R., Holland, T.J.B., 2002. Mixing properties of phengitic micas and revised garnet-879 

phengite thermobarometers. J. Metamorph. Geol. 20, 683-696. 880 

de Laeter, J.R, Bohlke, J.K., de Bievre, P., Hidaka, H., Peiser, H.S., Rosman, K.J.R., Taylor, 881 

P.D.P., 2003. Atomic Weights of the Elements: Review 2000 (IUPAC Technical Report). 882 

Pure Appl. Chem. 75, 683-800. 883 

Emo, R.B., Smit, M.A., Schmitt, M., Kooijman, E., Scherer, E.E., Sprung, P., Bleeker, W., 884 

Mezger, K., 2018. Evidence for evolved Hadean crust Sr isotopes in apatite within 885 

Eoarchean zircon from the Acasta Gneiss Complex. Geochim. Cosmochim. Ac. 235, 450-886 

462. https://doi.org/10.1016/j.gca.2018.05.028  887 

Gao, J., John, T., Klemd, R., Xiong, X., 2007. Mobilization of Ti-Nb-Ta during subduction: 888 

Evidence from rutile-bearing dehydration segregations and veins hosted in eclogite, 889 

Tianshan, NW China. Geochim. Cosmochim. Ac. 71, 4974-4996. 890 

https://doi.org/10.1016/j.gca.2007.07.027 891 



41 
 

Giuliani, A., Oesch, S., Guillong, M., Howarth, G.H., 2024. Mica Rb-Sr dating by laser ablation 892 

ICP-MS/MS using an isochronous calibration material and application to West African 893 

kimberlites. Chem. Geol. 649, 121982. https://doi.org/10.1016/j.chemgeo.2024.121982 894 

Glodny, J., Ring, U., 2022. The Cycladic Blueschist Unit of the Hellenic subduction orogen: 895 

Protracted high-pressure metamorphism, decompression and reimbrication of a diachronous 896 

nappe stack. Earth-Science Rev. 224, 103883. 897 

https://doi.org/10.1016/j.earscirev.2021.103883 898 

Glodny, J., Grauert, B., Fiala, J., Vejnar, Z., Krohe, A., 1998. Metapegmatites in the western 899 

Bohemian massif: Ages of crystallisation and metamorphic overprint, as constrained by U-900 

Pb zircon, monazite, garnet, columbite and Rb-Sr muscovite data. Int. J. Earth Sci. 87, 124�±901 

134. 902 

Glorie, S., Gilbert, S.E., Hand, M., Lloyd, J.C., 2024. Calibration methods for laser ablation Rb-903 

Sr geochronology: Comparisons and recommendation based on NIST glass and natural 904 

reference materials. Geochronology 6, 21�±36. https://doi.org/10.5194/gchron-6-21-2024 905 

Gorce, J.S., Caddick, M.J., Baxter, E.F., Dragovic, B., Schumacher, J.C., Bodnar, R.J., Kendall, 906 

J.F., 2021. Insight Into the Early Exhumation of the Cycladic Blueschist Unit, Syros, 907 

Greece: Combined Application of Zoned Garnet Geochronology, Thermodynamic 908 

Modeling, and Quartz Elastic Barometry. Geochemistry, Geophys. Geosystems 22, 1�±24. 909 

https://doi.org/10.1029/2021GC009716 910 

Grasemann, B., Huet, B., Schneider, D.A., Rice, A.H.N., Lemonnier, N., Tschegg, C., 2018. 911 

Miocene postorogenic extension of the Eocene synorogenic imbricated Hellenic subduction 912 



42 
 

channel: New constraints from Milos (Cyclades, Greece). Bull. Geol. Soc. Am. 130, 238�±913 

262. https://doi.org/10.1130/B31731.1 914 

Gyomlai, T., Agard, P., Marschall, H.R., Jolivet, L., 2023. Hygrochronometry of punctuated 915 

metasomatic events during exhumation of the Cycladic blueschist unit (Syros, Greece). 916 

Terra Nov. 35, 101�±112. https://doi.org/10.1111/ter.12634 917 

Harrison, M.T., Célérier, J., Aikman, A.B., Hermann, J., Heizler, M.T., 2009. Diffusion of 40Ar 918 

in muscovite. Geochim. Cosmochim. Acta 73, 1039�±1051. 919 

https://doi.org/10.1016/j.gca.2008.09.038 920 

Hogmalm, K.J., Zack, T., Karlsson, A.K.O., Sjöqvist, A.S.L., Garbe-Schönberg, D., 2017. In situ 921 

Rb-Sr and K-Ca dating by LA-ICP-MS/MS: An evaluation of N2O and SF6 as reaction 922 

gases. J. Anal. At. Spectrom. 32, 305�±313. https://doi.org/10.1039/c6ja00362a 923 

Hu, Z., Liu, Y., Gao, S., Xiao, S., Zhao, L., Günther, D., Li, M., Zhang, W., Zong, K., 2012. A 924 

�³�Z�L�U�H�´���V�L�J�Q�D�O���V�P�R�R�W�K�L�Q�J���G�H�Y�L�F�H���I�R�U���O�D�V�H�U���D�E�O�D�W�L�R�Q���L�Q�G�X�F�W�L�Y�H�O�\���F�R�X�S�O�H�G���S�O�D�V�P�D���P�Dss 925 

spectrometry analysis. Spectrochim. Acta - Part B At. Spectrosc. 78, 50�±57. 926 

https://doi.org/10.1016/j.sab.2012.09.007 927 

Jochum, K.P., Nohl, U., Herwig, K., Lammel, E., Stoll, B., Hofmann, A.W., 2005. GeoReM: A 928 

new geochemical database for reference materials and isotopic standards. Geostand. 929 

Geoanalytical Res. 29, 333�±338. https://doi.org/10.1111/j.1751-908x.2005.tb00904.x 930 

Jolivet, L., Brun, J.P., 2010. Cenozoic geodynamic evolution of the Aegean. Int. J. Earth Sci. 99, 931 

109�±138. https://doi.org/10.1007/s00531-008-0366-4 932 



43 
 

Keiter, M., Piepjohn, K., Ballhaus, C., Lagos, M., Bode, M., 2004. Structural development of 933 

high-pressure metamorphic rocks on Syros island (Cyclades, Greece). J. Struct. Geol. 26, 934 

1433�±1445. https://doi.org/10.1016/j.jsg.2003.11.027 935 

Keiter, M., Ballhaus, C., Tomaschek, F., 2011. A new geological map of the Island of Syros 936 

(Aegean Sea, Greece): Implications for lithostratigraphy and structural history of the 937 

Cycladic Blueschist Unit. Spec. Pap. Geol. Soc. Am. 481, 1�±43. 938 

https://doi.org/10.1130/2011.2481 939 

�.�L�U�N�O�D�Q�G�����&���/�������2�O�L�H�U�R�R�N�����+���.���+�������'�D�Q�L�ã�t�N�����0�������/�L�H�E�P�D�Q�Q�����-�������+�R�O�O�L�V�����-�������5�L�E�H�L�U�R�����%�����9������940 

Rankenburg, K., 2023. Dating mylonitic overprinting of ancient rocks. Commun. Earth 941 

Environ. 4, 1�±12. https://doi.org/10.1038/s43247-023-00709-5 942 

Kotowski, A.J., Behr, W.M., Cisneros, M., Daniel, F., Soukis, K., Barnes, J.D., Ortega-arroyo, 943 

D., 2022. Subduction, Underplating, and Return Flow Recorded in the Cycladic Blueschist 944 

Unit exposed on Syros, Greece. Tectonics 41, e2020TC006528. 945 

https://doi.org/10.1029/2020TC006528 946 

Kutzschbach, M., Glodny, J., 2024. LA-ICP-MS/MS-based Rb-Sr isotope mapping for 947 

geochronology. J. Anal. At. Spectrom. 39, 455�±477. https://doi.org/10.1039/d3ja00297g 948 

Larson, K.P., Button, M., Shrestha, S., Camacho, A., 2023. A comparison of 87Rb/87Sr and 949 

40Ar/39Ar dates: Evaluating the problem of excess 40Ar in Himalayan mica. Earth Planet. 950 

Sci. Lett. 609, 118058. https://doi.org/10.1016/j.epsl.2023.118058 951 



44 
 

Laurent, V., Jolivet, L., Roche, V., Augier, R., Scaillet, S., Cardello, G.L., 2016. Strain 952 

localization in a fossilized subduction channel: Insights from the Cycladic Blueschist Unit 953 

(Syros, Greece). Tectonophysics 672�±673, 150�±169. 954 

https://doi.org/10.1016/j.tecto.2016.01.036 955 

Laurent, V., Huet, B., Labrousse, L., Jolivet, L., Monié, P., Augier, R., 2017. Extraneous argon 956 

in high-pressure metamorphic rocks: Distribution, origin and transport in the Cycladic 957 

Blueschist Unit (Greece). Lithos 272�±273, 315�±335. 958 

https://doi.org/10.1016/j.lithos.2016.12.013 959 

Laurent, V., Lanari, P., Naïr, I., Augier, R., Lahfid, A., Jolivet, L., 2018. Exhumation of eclogite 960 

and blueschist (Cyclades, Greece): Pressure�±temperature evolution determined by 961 

thermobarometry and garnet equilibrium modelling. J. Metamorph. Geol. 36, 769�±798. 962 

https://doi.org/10.1111/jmg.12309 963 

Laurent, V., Scaillet, S., Jolivet, L., Augier, R., Roche, V., 2021. 40Ar behaviour and exhumation 964 

dynamics in a subduction channel from multi-scale 40Ar/39Ar systematics in phengite. 965 

Geochim. Cosmochim. Acta 311, 141�±173. https://doi.org/10.1016/j.gca.2021.06.001 966 

Löwen, K., Bröcker, M., Berndt, J., 2015. Depositional ages of clastic metasediments from 967 

Samos and Syros, Greece: results of a detrital zircon study. Int. J. Earth Sci. 104, 205�±220. 968 

https://doi.org/10.1007/s00531-014-1058-x 969 

Massonne, H., Schreyer, W., 1987. Phengite geobarometry based on the limiting assemblage 970 

with K-feldspar, phlogopite, and quartz. Contrib. to Mineral. Petrol. 96, 212�±224. 971 



45 
 

Merrihue, C., Turner, G., 1966. Potassium-Argon dating by activation with fast neutrons. J. 972 

Geophys. Res. 71, 2852�±2857. 973 

Middlemost, E.A.K., 1994. Naming materials in the magma/igneous rock system. Earth-Sci. 974 

Rev. 37, 215-224. 975 

M�á�\�Q�D�U�V�N�D, M., Barnes C.J., Zack, T., Majka, J., Mazur, S., 2024. In situ white mica Rb/Sr 976 

geochronology of the Leszczyniec metaigneous complex, West Sudetes: evidence of upper 977 

plate deformation at the onset of Variscan collision. Int. J. Earth Sci. 113, 319-333. 978 

http://dx.doi.org/10.1007/s00531-023-02373-8 979 

Mokadem, F., Parkinson, I.J., Hathorne, E.C., Anand, P., Allen, J.T., Burton, K.W., 2015. High-980 

precision radiogenic strontium isotope measurements of the modern and glacial ocean: 981 

Limits on glacial-interglacial variations in continental weathering. Earth Planet. Sci. Lett. 982 

415, 111-120. http://dx.doi.org/10.1016/j.epsl.2015.01.036  983 

Nebel, O., 2014. Rb-Sr Dating. Encycl. Sci. Dating Methods 1�±19. https://doi.org/10.1007/978-984 

94-007-6326-5 985 

Nicolaysen, L.O., 1961. Graphic interpretation of discordant age measurements on metamorphic 986 

rocks. Ann. N. Y. Acad. Sci. 91, 198�±206. https://doi.org/10.1111/j.1749-987 

6632.1961.tb35452.x 988 

Olierook, H.K.H., Rankenburg, K., Ulrich, S., Kirkland, C.L., Evans, N.J., Brown, S., Mcinnes, 989 

B.I.A., Prent, A., Gillespie, J., McDonald, B., Darragh, M., 2020. Resolving multiple 990 

geological events using in situ Rb-Sr geochronology: Implications for metallogenesis at 991 



46 
 

Tropicana, Western Australia. Geochronology 2, 283�±303. https://doi.org/10.5194/gchron-992 

2-283-2020 993 

Papanikolaou, D.I., 2021. The geology of Greece. Springer Nature. 994 

Paton, C., Hellstrom, J., Paul, B., Woodhead, J., Hergt, J., 2011. Iolite: Freeware for the 995 

visualisation and processing of mass spectrometric. J. Anal. At. Spectrom. 26, 2508�±2518. 996 

https://doi.org/10.1039/C1JA10172B 997 

Philippon, M., Brun, J.P., Gueydan, F., 2011. Tectonics of the Syros blueschists (Cyclades, 998 

Greece): From subduction to Aegean extension. Tectonics 30, 1�±16. 999 

https://doi.org/10.1029/2010TC002810 1000 

Ravna, E.J.K., Terry, M.P., 2004. Geothermobarometry of UHP and HP eclogites and schists �± 1001 

an evaluation of equilibria among garnet-clinopyroxene-kyanite-phengite-coesite/quartz. J. 1002 

Metamorph. Geol. 22, 579-592. https://doi.org/10.1111/j.1525-1314.2004.00534.x 1003 

�5�H�G�D�D�����$�������)�D�U�N�D�ã�����-�������*�L�O�E�H�U�W�����6�������&�R�O�O�L�Q�V�����$���6�������:�D�G�H�����%�������/�|�K�U�����6�������=�D�F�N�����7�������*�D�U�E�H-Schönberg, 1004 

D., 2021. Assessment of elemental fractionation and matrix effects during: In situ Rb-Sr 1005 

dating of phlogopite by LA-ICP-MS/MS: Implications for the accuracy and precision of 1006 

mineral ages. J. Anal. At. Spectrom. 36, 322�±344. https://doi.org/10.1039/d0ja00299b 1007 

Ribeiro, B. V., Kirkland, C.L., Kelsey, D.E., Reddy, S.M., Hartnady, M.I.H., Faleiros, F.M., 1008 

Rankenburg, K., Liebmann, J., Korhonen, F.J., Clark, C., 2023. Time-strain evolution of 1009 

shear zones from petrographically constrained Rb�±Sr muscovite analysis. Earth Planet. Sci. 1010 

Lett. 602, 117969. https://doi.org/10.1016/j.epsl.2022.117969 1011 



47 
 

Ring, U., Thomson, S.N., Brocker, M., 2003. Fast extension but little exhumation: the Vari 1012 

detachment in the Cyclades, Greece. Geol. Mag. 140, 245-252. 1013 

Rogowitz, A., Huet, B., Schneider, D., Grasemann, B., 2015. Influence of high strain rate 1014 

deformation on 40Ar/39Ar mica ages from marble mylonites (Syros, Greece). Lithosphere 7, 1015 

535�±540. https://doi.org/10.1130/L455.1 1016 

Rösel, D., Zack, T., 2022. LA-ICP-MS/MS Single-Spot Rb-Sr Dating. Geostand. Geoanalytical 1017 

Res. 46, 143�±168. https://doi.org/10.1111/ggr.12414 1018 

Rustioni, G., Audetat, A., Keppler, H., 2021. The composition of subduction zone fluids and the 1019 

origin of the trace element enrichment in arc magmas. Contrib. Mineral. Petrol. 176:51. 1020 

https://doi.org/10.1007/s00410-021-01810-8 1021 

Skelton, A., Peillod, A., Glodny, J., Klonowska, I., Månbro, C., Lodin, K., Ring, U., 2019. 1022 

Preservation of high-P rocks coupled to rock composition and the absence of metamorphic 1023 

fluids. J. Metamorph. Geol. 37, 359�±381. https://doi.org/10.1111/jmg.12466 1024 

Sorensen, S.S., Grossman, J.N., Perfit, M.R., 1997. Phengite-hosted LILE enrichment in eclogite 1025 

and related rocks: implications for fluid-mediated mass transfer in subduction zones and arc 1026 

magma genesis. J. Petrol. 38, 3-34.  1027 

Soukis, K., Stockli, D.F., 2013. Structural and thermochronometric evidence for multi-stage 1028 

exhumation of southern Syros, Cycladic islands, Greece. Tectonophysics 595�±596, 148�±1029 

164. https://doi.org/10.1016/j.tecto.2012.05.017 1030 



48 
 

Tillberg, M., Drake, H., Zack, T., Kooijman, E., Whitehouse, M.J., Åström, M.E., 2020. In situ 1031 

Rb-Sr dating of slickenfibres in deep crystalline basement faults. Sci. Rep. 10, 1�±13. 1032 

https://doi.org/10.1038/s41598-019-57262-5 1033 

Tomaschek, F., Kennedy, A.K., Villa, I.M., Lagos, M., Ballhaus, C., 2003. Zircons from Syros, 1034 

Cyclades, Greece - Recrystallization and mobilization of zircon during high-pressure 1035 

metamorphism. J. Petrol. 44, 1977�±2002. https://doi.org/10.1093/petrology/egg067 1036 

Tomaschek, F., Keiter, M., Kennedy, A.K., Ballhaus, C., 2008. Pre-Alpine basement within the 1037 

Northern Cycladic Blueschist Unit on Syros Island, Greece. Zeitschrift der Dtsch. 1038 

Gesellschaft fur Geowissenschaften 159, 521�±532. https://doi.org/10.1127/1860-1039 

1804/2008/0159-0521 1040 

Trotet, F., Vidal, O., Jolivet, L., 2001. Exhumation of Syros and Sifnos metamorphic rocks 1041 

(Cyclades, Greece). New constraints on the P-T paths. Eur. J. Mineral. 13, 901�±920. 1042 

https://doi.org/10.1127/0935-1221/2001/0013/0901 1043 

Tual, L., Smit, M.A., Cutts, J., Kooijman, E., Kielman-Schmitt, M., Majka, J., Foulds, I., 2022. 1044 

Rapid, paced metamorphism of blueschists (Syros, Greece) from laser-based zoned Lu-Hf 1045 

garnet chronology and LA-ICPMS trace element mapping. Chem. Geol. 607. 1046 

https://doi.org/10.1016/j.chemgeo.2022.121003 1047 

Uunk, B., Brouwer, F., de Paz-�È�O�Y�D�U�H�]�����0�������Y�D�Q���=�X�L�O�H�Q�����.�������+�X�\�E�H�Q�V�����5�������Y�D�Q���¶�W���9�H�H�U�����5������1048 

Wijbrans, J., 2022. Consistent detachment of supracrustal rocks from a fixed subduction 1049 

depth in the Cyclades. Earth Planet. Sci. Lett. 584, 117479. 1050 

https://doi.org/10.1016/j.epsl.2022.117479 1051 



49 
 

Vermeesch, P., 2018. Geoscience Frontiers IsoplotR: A free and open toolbox for 1052 

geochronology. Geosci. Front. 9, 1479�±1493. https://doi.org/10.1016/j.gsf.2018.04.001 1053 

Waight, T.E., Maas, R., Nicholls, I.A., 2000. Fingerprinting feldspar phenocrysts using crystal 1054 

isotopic composition stratigraphy: Implications for crystal transfer and magma mingling in 1055 

S-type granites. Contrib. to Mineral. Petrol. 139, 227�±239. 1056 

https://doi.org/10.1007/s004100000128 1057 

Warren, C.J., Hanke, F., Kelley, S.P., 2012. When can muscovite 40Ar/39Ar dating constrain the 1058 

timing of metamorphic exhumation? Chem. Geol. 291, 79�±86. 1059 

https://doi.org/10.1016/j.chemgeo.2011.09.017 1060 

Wu, C.M., Chen, H.X., 2015. Calibration of a Ti-in-muscovite geothermometer for ilmenite- and 1061 

Al 2SiO5-bearing metapelites. Lithos 212�±215, 122�±127. 1062 

https://doi.org/10.1016/j.lithos.2014.11.008 1063 

Yang, Y-H. Wu, F-Y, Yang, J-H., Chew, D.M., Xie, L-X., Chu, Z-Y., Zhang, Y-B., Huang, C., 1064 

2014. Sr and Nd isotopic compositions of apatite reference materials used in U-Th-Pb 1065 

geochronology. Chem. Geol. 385, 35-55. http://dx.doi.org/10.1016/j.chemgeo.2014.07.012  1066 

Zack, T., Hogmalm, K.J., 2016. Laser ablation Rb/Sr dating by online chemical separation of Rb 1067 

and Sr in an oxygen-filled reaction cell. Chem. Geol. 437, 120�±133. 1068 

https://doi.org/10.1016/j.chemgeo.2016.05.027 1069 



50 
 

Zack, T., Rivers, T., Foley, S.F., 2001 Cs-Rb-Ba systematics in phengite and amphibole: an 1070 

assessment of fluid mobility at 2.0 GPa in eclogites from Trescolmen, Central Alps. 1071 

Contrib. Mineral. Petrol. 140, 651-669. https://doi.org/10.1007/s004100000206 1072 

Zheng, Y-F., Hermann, J., 2014. Geochemistry of continental subduction-zone fluids. Earth 1073 

Planets Space 66:93. https://doi.org/10.1186/1880-5981-66-93 1074 

 1075 

Figure Captions 1076 

Figure 1. A: Generalized geological map of the northeastern Cycladic Islands (after Grasemann 1077 

et al., 2018), highlighting the location of Syros. The location of the geological map with respect 1078 

to the Greek mainland is provided by the greyscale map in the bottom right corner. B: Geological 1079 

map of Syros with inset showing the generalized subdivisions of the Cycladic Blueschist Unit, 1080 

modified after Laurent et al. (2016). The study locations at Katerghaki cape and Delfini 1081 

peninsula are denoted by the orange squares. 1082 

Figure 2. A: Sub-horizontal aerial drone photograph of the outcrop at Katerghaki cape. Sampling 1083 

locations of eclogite (SR22-06) and blueschist (SR22-07) are marked by the blue circles. B-E: 1084 

Close-up photographs of key outcrop features (dashed lines mark the blueschist foliation and the 1085 

dotted line indicates the eclogite foliation): B: structural relationship between rigid eclogite and 1086 

host blueschist; C: lithological layering; D and E: S-C-�&�¶���V�W�U�X�F�W�X�U�H���Z�L�W�K�L�Q���W�K�H���E�O�X�H�V�F�K�L�V�W��1087 

indicating top-to-E kinematics. All photographs are viewed approximately E-W. Green arrows 1088 

highlight scale markers. 1089 
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Figure 3. A: Two plane-view aerial drone photographs of the outcrop at Delfini peninsula. The 1090 

area captured in the right photograph is ~20 m northeast of the photographed area on the left. 1091 

The left side overviews the eclogitic blocks within the blueschist. Right side shows the 1092 

blueschist-micaschist contact (blue dashed line). Yellow arrows highlight discordant calcite 1093 

entrained in the blueschist foliation. Sample locations of the eclogitic block (SR22-21) and 1094 

micaschist (SR22-22) are indicated by the blue circles. B-E: Close-up photographs displaying 1095 

key aspects of the outcrop (dashed lines mark the blueschist/micaschist foliation): B: the sampled 1096 

eclogitic block with different compositional zones (i.e., epidote-rich, garnet-rich, apatite-rich, 1097 

and omphacite-rich); C: eclogite blocks situated on the blueschist foliated with straight calcite 1098 

veins that terminate at the blueschist foliation; D: isoclinal folded calcite vein within the 1099 

blueschist foliation. Note that this photo was taken a few meters NNE of the left aerial 1100 

photograph; E: S-C-�&�¶���I�D�E�U�L�F���L�Q���W�K�H���P�L�F�D�V�F�K�L�V�W���L�Q�G�L�F�D�W�L�Q�J���W�R�S-to-E sense of shear. The 1101 

photograph is viewed WNW (left) to ESE (right), slightly oblique to the E-directed kinematics 1102 

documented in the outcrop. Scale markers in the close-up photos are highlighted by green 1103 

arrows. Abbreviations: Ap, apatite; Cal, calcite; Ep, epidote; Grt, garnet; Omp, omphacite. 1104 

Figure 4. A: Plane-polarized transmitted light microphotograph highlighting the representative 1105 

mineral assemblage and microstructure of the Katerghaki cape eclogite (SR22-06). B: Low-1106 

contrast (top) and high-contrast (bottom) back-scattered electron images of the eclogite. The 1107 

upper images depict alignment of epidote, omphacite, and white mica that defines the foliation. 1108 

Bottom images demonstrate that white mica chemical zoning is not significant. C: Plane-1109 

polarized transmitted light microphotograph highlighting the representative mineral assemblage 1110 

and microstructure of the Katerghaki cape blueschist (SR22-07). White mica grains with 1111 

cleavage oblique to the main foliated and their cleavage are highlighted by yellow and blue 1112 
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dashed lines, respectively. D: Low-contrast (top) and high-contrast (bottom) back-scattered 1113 

electron images of the blueschist. The upper images depict alignment of epidote, titanite, 1114 

glaucophane and white mica that defines the foliation. Bottom images exhibit white mica BSE-1115 

bright, -dark, -medium chemical zoning in both foliation-oblique and parallel grains (examples 1116 

of zoning boundaries are highlighted by green dashed lines). The oblique grain and its cleavage 1117 

are highlighted by yellow and blue dashed lines, respectively. Ap, apatite; Cal, calcite; Chl, 1118 

chlorite; Ep, epidote; Grt, garnet; Gln, glaucophane; Omp, omphacite; Qz, quartz; Ttn, titanite; 1119 

Wm, white mica. 1120 

Figure 5. A: Plane-polarized thin section scan highlighting complex microstructures of the 1121 

Delfini peninsula eclogite (SR22-21). Both deformed (foliated) and undeformed zones are 1122 

shown. White mica only in the undeformed Ep-rich and Omp/Ap-rich regions were analyzed. In 1123 

the deformed regions, polymineralic lenses of garnet, omphacite, epidote, glaucophane, and 1124 

white mica are observed within anastomosing shear bands (examples are highlighted by the 1125 

yellow dashed lines). Note that minerals within the undeformed regions are observed to be 1126 

entrained in the deformed region (e.g., omphacite highlighted in the top left). B: Low-contrast 1127 

(top) and high-contrast (bottom) back-scattered electron images of the eclogite. The upper 1128 

images show the relationship between white mica with apatite and epidote. The bottom images 1129 

depict the negligible chemical zoning of white mica. Cleavage traces of radial white mica are 1130 

annotated by the blue dashed lined. C: Plane-polarized transmitted light microphotograph 1131 

showing the representative mineral assemblage and microstructure of the Delfini peninsula 1132 

micaschist (SR22-22). D: Low-contrast (top) and high-contrast (bottom) back-scattered electron 1133 

images of the eclogite. The upper images depict alignment of epidote, titanite, apatite, calcite, 1134 

and white mica that defines the foliation. Bottom images highlight the BSE-defined dark-1135 



53 
 

core/bright-rim chemical zoning of white mica aligned with the foliation. Grain boundaries of 1136 

some white mica examples are highlighted with yellow dashed lines with internal zoning 1137 

boundaries traced with green dashed lines. Ap, apatite; Cal, calcite; Chl, chlorite; Ep, epidote; 1138 

Grt, garnet; Gln, glaucophane; Omp, omphacite; Qz, quartz; Ttn, titanite; Wm, white mica. 1139 

Figure 6. Results of white mica chemical analysis for the eclogite (SR22-06; yellow) and 1140 

blueschist (SR22-07; blue) from Katerghaki cape (left side), and the eclogite (SR22-21; yellow) 1141 

and micaschist (SR22-22; blue) from Delfini peninsula (right side). For all rocks, the Ti and Si 1142 

content (x-axes) are compared to major and trace elements (Al, Fe, Mg, Rb, Sr, Zn, Ba, and Nb; 1143 

Rb and Sr are represented by isotopes 85Rb and 86Sr). Note that the axis scales are different for 1144 

the Katerghaki cape versus Delfini peninsula plots, but the axis increments are the same for 1145 

comparison of major and trace element content. For the blueschist and micaschist, the dark blue 1146 

points highlight white mica volumes with Ti content (<0.0090 and 0.0089 a.p.f.u., respectively) 1147 

to compare the Ti-based trends with the Si-based trends. 1148 

Figure 7. A: Covariance plots showing the relationships between Ti content and single-spot 1149 

Rb/Sr dates for the eclogite and blueschist from Katerghaki cape, and the eclogite and micaschist 1150 

from Delfini peninsula. Rb/Sr dates are presented without uncertainties to highlight first-order 1151 

trends. B-E: Comparisons of Rb/Sr geochronological results for the Katerghaki cape eclogite 1152 

(SR22-06; B) and blueschist (SR22-07; C) and the Delfini peninsula eclogite (SR22-21; D) and 1153 

micaschist (SR22-22; E). The top panel for all rocks shows single-spot Rb/Sr dates calculated 1154 

using the initial 87Sr/86Sr value measured with LA-ICP-MS/MS (SR22-06) or LA-MC-ICP-MS 1155 

(SR22-07, -21, -22). The Rb/Sr dates are presented as vertical bars (length of each corresponding 1156 

�W�R���“���1���X�Q�F�H�U�W�D�L�Q�W�\�����D�U�U�D�Q�J�H�G���I�U�R�P���O�H�I�W���W�R���U�L�J�K�W���D�F�F�R�U�G�L�Q�J���W�R���7�L���F�R�Q�W�H�Q�W�����D���S���I���X���������F�R�O�R�U�H�G��1157 

according to the respective scale bars showing the minimum, first quartile (Q1), third quartile 1158 
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(Q3), and maximum Ti (a.p.f.u.) values. The horizontal grey bars denote the weighted averages 1159 

of the Rb/Sr dates subdivided according to Ti content as high-Ti (>Q3), moderate-Ti (>Q1 and 1160 

<Q3), and low-Ti (<Q1). The weighted average of all dates is presented in the white rectangle 1161 

below the Ti-based weighted averages. The bottom panel for all rocks presents the results of the 1162 

free-isochron (purple envelope/dashed line) and anchored-isochron (yellow envelope/solid line) 1163 

regressions, the latter anchored to the measured initial 87Sr/86Sr value (pink dot). The initial 1164 

87Sr/86Sr value projected by the free-isochron is stated with the isochron date. The color coding 1165 

of the ellipses is according to Ti content. 1166 

Figure 8. A: Ternary chemical plots of garnet (Alm: almandine; Grs: grossular; Sps + Prp: 1167 

spessartine and pyrope), omphacite (Q: enstatite, forsterite, wollastonite; Ae: aegirine; Jd: 1168 

jadeite), and white mica (Ms: muscovite; Cel: celadonite; SRE: sum of remaining endmembers, 1169 

paragonite, phlogopite, pyrophyllite, Ti-muscovite) in the eclogitic block on Delfini peninsula 1170 

(SR22-21) showing the results of individual WDS analyses of the minerals. B: High-contrast 1171 

back-scattered electron images of garnet (left) and omphacite (right) displaying their core-1172 

mantle-rim chemical zoning. C: Pressure-temperature plot showing the garnet-omphacite-white 1173 

mica pressures calculated according to the calibration of Ravna and Terry (2004) in the 1174 

temperature interval of 400-550°C using the WDS chemical results. The pressure values were 1175 

calculated using the paired core, mantle, and rim chemistries of garnet and omphacite with the 1176 

averaged chemistry of all white mica. Results are compared to pressure-temperature results from 1177 

garnet core and rim in a micaschist at Delfini peninsula (Uunk et al., 2022). 1178 

Figure 9. Graphic representation of the in situ white mica Rb/Sr geochronology results compared 1179 

with previous geochronological data and placed into the tectono-metamorphic evolution of the 1180 

Cycladic Blueschist Unit on Syros. The colored circles represent geochronological results from 1181 
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Katerghaki cape and Delfini peninsula, providing direct comparisons with the in situ Rb/Sr ages 1182 

obtained in this study. This information is superimposed on the background color-coded 1183 

according to a geochronological summary of the Kampos and Chroussa subunits (referred to as 1184 

the upper and middle CBU on Syros; Glodny and Ring, 2022). Note that the timing of peak 1185 

pressure metamorphism for the Chroussa subunit is slightly older than presented by Glodny and 1186 

Ring (2022) to better fit the data of Uunk et al. (2022) and the new results from the eclogitic 1187 

block (SR22-21). The geochronological systems, analysis methods, lithologies studies, and the 1188 

deformation stage recorded by the lithologies, are all reported for the previous results. 1189 

Figure 10. A and B: Correlations of 87Rb/86Sr ratios (x-axis) with Ti content (y-axis) for each 1190 

white mica analysis of the blueschist (A) and micaschist (B). The data points are presented 1191 

without uncertainties to highlight the first-order correlations of the data. The correlations reflect 1192 

fluid-mediated chemical re-equilibration of the white mica during deformation. C and D: 1193 

Modelling results after (partial) re-equilibration but before 87Rb decay, showing results of re-1194 

equilibration of the randomly generated datapoints from the primary ratios (defined based on the 1195 

measured data from the blueschist/micaschist) towards the target ratios for re-equilibration (both 1196 

represented by the grey boxes). The data points are presented without uncertainties to highlight 1197 

the re-equilibration trend from the primary to target ratios. The circles are colored according to 1198 

the percentage of re-equilibration from 0 to 100%. E and F: Isochron results after re-equilibration 1199 

and 87Rb decay for a time period defined as the model ages. Ellipses are colored according to re-1200 

equilibration percentage and �S�U�H�V�H�Q�W�H�G���Z�L�W�K�����1���X�Q�F�H�U�W�D�L�Q�W�L�H�V���D�F�F�R�U�G�L�Q�J���W�R���W�K�H���X�Q�F�H�U�W�D�L�Q�W�\��1201 

percentages of the measured datasets for the blueschist and micaschist. Regressions of both free- 1202 

and anchored-isochrons are presented, mirroring the treatment of the measured datasets for the 1203 

two rocks. 1204 
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Table 1. Summary of petrology, geochemistry, and Rb/Sr geochronology
SR22-06 SR22-07 SR22-21 SR22-22

Lithology Eclogite Blueschist Eclogite Micaschist
Deformation DS DT DS DT

Rb (µg/g) 49 73 73 182
Sr (µg/g) 883 344 1319 890
Number of white mica 
analyses

34 80 28 53

Min. Ti (a.p.f.u.) 0.0104 0.0059 0.0091 0.0073
Quartile-1 Ti (a.p.f.u.) 0.0111 0.0090 0.0096 0.0089
Quartile-3 Ti (a.p.f.u.) 0.0124 0.0112 0.0101 0.0109
Max. Ti (a.p.f.u.) 0.0137 0.0134 0.0107 0.0118

87Rb/86Sr
11.8-43.8      
(avg. 16.5)

4.1-162.6      
(avg. 33.4)

25.5-41.9      
(avg. 30.0)

38.3-85.2      
(avg. 51.2)

87Sr/86Sr
0.7114-0.7355 
(avg. 0.7166)

0.7073-0.7900 
(avg. 0.7237)

0.7180-0.7290 
(avg. 0.7235)

0.7228-0.7490 
(avg. 0.7321)

f87Src
1 0.959-0.992 

(avg. 0.985)
0.892-0.997 
(avg. 0.975)

0.967-0.982 
(avg. 0.974)

0.942-0.976 
(avg. 0.963)

Initial 87Sr/86Sr 
0.7057 ± 0.0007 

(n: 14)
0.70525 ± 

0.00003 (n: 9)
0.70491 ± 

0.00004 (n: 9)
0.70529 ± 

0.00012 (n: 4)

Free-isochron
43.9 ± 13.6 Ma 
(MSWD: 0.8) 

0.7066 ± 0.0029

34.6 ± 2.3 Ma 
(MSWD: 1.0) 

0.7074 ± 0.0007

18.8 ± 29.4 Ma 
(MSWD: 0.6) 

0.7160 ± 0.0120

19.9 ± 7.4 Ma 
(MSWD: 0.9) 

0.7179 ± 0.0052

Anchored-isochron
47.5 ± 4.8 Ma 
(MSWD: 0.8)

38.7 ± 2.2 Ma 
(MSWD: 1.4)

44.4 ± 3.0 Ma 
(MSWD: 0.7)

37.7 ± 1.5 Ma 
(MSWD: 1.3)

Single-spot Rb/Sr 

dates2
c. 32-73 Ma c. 16-124 Ma c. 32-62 Ma c. 26-49 Ma

Low-Ti Rb/Sr 

weighted averages2
52.9 ± 7.4 Ma 
(MSWD: 0.6)

36.3 ± 2.1 Ma 
(MSWD: 0.9)

44.1 ± 5.8 Ma 
(MSWD: 1.6)

31.9 ± 2.7 Ma 
(MSWD: 1.0)

Mod-Ti Rb/Sr 

weighted averages2
47.5 ± 4.9 Ma 
(MSWD: 0.9)

42.1 ± 3.9 Ma 
(MSWD: 1.3)

44.3 ± 4.2 Ma 
(MSWD: 0.5)

38.9 ± 2.2 Ma 
(MSWD: 0.7)

High-Ti Rb/Sr 

weighted averages2
45.8 ± 7.6 Ma 
(MSWD: 1.0)

56.0 ± 10.6 Ma 
(MSWD: 2.2)

45.8 ± 7.5 Ma 
(MSWD: 0.3)

43.7 ± 3.5 Ma 
(MSWD: 0.5)

All Rb/Sr weighted 

averages2
48.4 ± 3.6 Ma 
(MSWD: 0.9)

38.8 ± 2.4 Ma 
(MSWD: 1.8)

44.5 ± 3.1 Ma 
(MSWD: 0.7)

37.6 ± 1.5 Ma 
(MSWD: 1.3)

1Fraction of common 87Sr
2Calculated with initial 87Sr/86Sr values measured by LA-MC-ICP-MS (SR22-06) and LA-ICP-MS/MS (SR22-07, -21, -22)
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2Calculated with initial 87Sr/86Sr values measured by LA-MC-ICP-MS (SR22-06) and LA-ICP-MS/MS (SR22-07, -21, -22)


