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Determining the tectonic evolution and thermal structure of a tectonic unit that experiences a subduction-related
pressure temperature (P-T) loop is challenging. Within a single unit, P-T conditions can vary from top to bottom
which can only be revealed by detailed petrological work. We present micropetrological data from the middle
section of the Cycladic Blueschist Unit (CBU) in Naxos, Greece, which indicates a different P-T loop than that
for the top of the sequence. Using Zr-in-rutile and Ti-in-biotite thermometry coupled with quartz-in-garnet elas-
tic barometry and phase equilibrium thermodynamic modeling, we identify a prograde path from 15.4 4 0.8 kbar
to 19.9 £ 0.6 kbar and from 496 4 16 °C to 572 4 7 °C (20 uncertainty), equilibration during decompression at
8.3 £ 1.5 kbar and 519 + 12 °C followed by near-isobaric heating to 9.2 + 0.8 kbar and 550 & 10 °C (or even
584 £ 19 °C), and a final greenschist-facies equilibration stage at 3.8 + 0.3 kbar and 520 + 4 °C. We compare
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Exhumation these P-T estimates with published data from the top and also the bottom of the CBU section and find that the
Isobaric heating bottom half of the CBU on Naxos records higher peak high-pressure (HP) of about 4 kbar than the top of the
Zr-in-rutile

unit, defining the thickness of the CBU section on Naxos to about 15 km in the Eocene. We determine that crustal
thickening of up to ~15% occurs in the upper half of the CBU section during exhumation of the HP rocks in an ex-
trusion wedge in a convergence setting. At about 30 Ma, the bottom half of the CBU was finally thrust onto the
radiogenic Cycladic basement. Subsequently this bottom half of the CBU section underwent isobaric heating of
9-96 °C between c. 32-28 and 23-21 Ma. Isobaric heating occurred below the upper CBU section that thickened
during decompression and commenced when HP metamorphism in the Cyclades ended. This suggests that ther-
mal relaxation following tectonic accretion in the Cyclades controlled heating of the evolving Cycladic orogen

during a tectonically quiescent period before lithospheric extension commenced by 23-20.5 Ma.
© 2021 Stockholm University. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Quartz-in-garnet (QuiG)
Thermodynamic modeling

1. Introduction However, it is also possible that there is a series of thrust faults (e.g:

Poulaki et al., 2019) or complex folding (e.g. Scheffer et al., 2016) in

Exhumation of high-pressure (HP) rocks in subduction-zone set-
tings often occurs in extrusion wedges (Chatzaras et al., 2006; Gessner
et al., 2001; Glodny et al., 2008; Ring and Glodny, 2010; Xypolias et al.,
2003). An extrusion wedge is defined by two main fault structures
working in concert during overall horizontal lithospheric shortening: a
thrust fault at the base of the wedge and a normal fault at its top, the lat-
ter of which facilitates exhumation. Deformation of an extrusion wedge
can be localized on the two main faults exhuming the wedge passively
as a coherent body without any significant change in wedge thickness.
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the wedge. Such internal structures would thicken the wedge. Con-
versely, there could be a series of normal faults at the top of the
wedge thinning the wedge. Note that any thickening of an exhuming
wedge needs to be less than the thinning at the top of the wedge
along the upper normal fault(s). Moreover, in subduction zones the ex-
humation in extrusion wedges often occurs rapidly at rates close to the
rate of subduction (Gerya et al., 2002; Ring and Reischmann, 2002;
Rubatto and Hermann, 2001). Therefore, the typical time frame of
20-30 Ma needed for thermal relaxation (Glazner and Bartley, 1985)
does not play a significant role (Peillod et al., 2017) and the extrusion
wedge undergoes isothermal decompression or slightly cools during
exhumation.

0024-4937/© 2021 Stockholm University. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Early studies of the HP rocks of the Cycladic Blueschist Unit (CBU)
showed pressure-temperature-time path (P-T-t) path encompassing
Eocene (50-40 Ma) HP metamorphism followed by a Miocene
(25-20 Ma) Barrovian-type overprint (see Jacobshagen et al., 1986;
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Okrusch and Brocker, 1990 and references therein). More recent
evidence reveals that HP metamorphism occurred at different times in
distinct nappes of the CBU between about 55 and 30 Ma (see review
in Ring et al., 2010) with diachroneous greenschist-facies overprints
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Fig. 1. a) Geological map of Naxos (modified from Jansen and Schuiling, 1976; Kruckenberg et al., 2010; Lamont et al., 2019; Vanderhaeghe, 2004) showing concentric isograd pattern
around migmatite dome, sample locality of NP39 (blue star) and sample locations of previous petrology studies from CBU passive-margin sequence (purple pentagons, blue dot, green
square). b) Cross-section showing domal architecture of Naxos with sample localities projected into cross-section plane. Inset: Simplified map of Cyclades with islands referred to in
text and major detachments.
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between about 40 to 12 Ma (see Ring et al., 2020, and references
therein). Some studies suggested that during decompression a distinct
thermal excursion defined by a phase of isobaric heating of about
50-150 °C occurred (Laurent et al., 2018; Parra et al., 2002; Ring et al.,
1999; Trotet et al., 2001). The timing and tectonic control of this
isobaric-heating stage is virtually unknown. Nonetheless, Huet et al.
(2011) speculated that isobaric heating occurs locally during horizontal
extension and is controlled by the inherited accretionary structure.

The island of Naxos in the central Cyclades is famous for its
migmatite dome and the concentric pattern of Barrovian-type mineral
isograds surrounding it (Fig. 1; Jansen and Schuiling, 1976). These
isograds cut the tectonostratigraphic layering at moderate angles and
serve here as structural markers within the CBU sequence. The main ob-
jective of this study is to constrain the P-T-t evolution of the middle CBU
sequence near the biotite isograd for comparing it with two P-T-t paths
from the bottom and the top of the CBU section, allowing to monitor the
paleothickness evolution of the CBU during its exhumation. We show
that the upper half of the CBU wedge, largly above the biotite isograd,
below the bounding upper normal fault experienced continuous mod-
est cooling during decompression between c. 40 £ 2 and 32 £ 2 Ma
and thickened during exhumation while the CBU was thrust onto the
Cycladic basement. Subsequently, the lower half of the CBU wedge
below the biotite isograd experienced isobaric heating of 9-96 °C at
~9 kbar between c. 32-28 and 23-21 Ma. Our findings show that iso-
baric heating commenced immediately after the CBU was thrust onto
the radiogenic Cycladic basement. At this time (c. 30 Ma), the final
stages of HP metamorphism occurred in the Cyclades. Isobaric heating
commenced after final thickening thrusting of the CBU onto the Cycladic
basement and HP metamorphism, suggesting a causal relationship be-
tween these processes.

2. Geology of Naxos

Naxos is situated in the central part of the Cycladic archipelago
(Fig. 1, inset), which is primarily be made up of the Permo-
Carboniferous to latest Cretaceous passive-margin sequence of the
CBU. Above the CBU is the Pelagonian Zone, remnants of which occur
as klippen in the Cyclades. There are also Miocene sedimentary se-
quences tectonically above the CBU. Structurally below the CBU is the
Cycladic basement, and also the Basal Unit as part of the External
Hellenides.

The geology of Naxos can be subdivided from top to bottom
into three units: (1) an Upper Unit containing Miocene non-
metamorphosed sedimentary and ophiolitic rocks, (2) the CBU
passive-margin sequence and, (3) the Cycladic basement (Fig. 1). The
passive-margin sequence is mainly composed of alternating layers of
marble, metapelite and metabasalt, with the metapelite layers more ex-
tensively exposed in the northern part and the marble in the southern
part of the island (Fig. 1a). The Cycladic basement consists of migmatitic
gneiss, leucogranite and marble.

Two major structures are recognized in Naxos (Fig. 1a). (1) The
Miocene top-to-the-NNE Naxos-Paros extensional fault system
with the underlying greenschist-facies to cataclastic Moutsouna shear
zone (Andriessen et al., 1979; Brichau et al., 2006; Buick, 1991; Cao
et al., 2018; Gautier et al., 1993). (2) A 500-m-thick shear zone strad-
dling the basement/CBU contact, called the carapace shear zone by
Listerand Forster (1996). This shear zone accommodated Oligocene
trusting of the CBU onto the basement (Peillod et al., 2017) and was
subsequently reactivated during Miocene extensional deforma-
tion under amphibolite-facies conditions (Lister and Forster, 1996;
Vanderhaeghe, 2004). Extensional deformation controlled partial melt-
ing in the Cycladic basement forming the migmatite dome in the central
part of Naxos, small leucogranite intrusions in the passive-margin se-
quence in NW-Naxos, and the large granodiorite intrusion in the west
of the island (Buick and Holland, 1989; Jansen and Schuiling, 1976;
Kruckenberg et al., 2011; Vanderhaeghe, 2004; Vanderhaeghe et al.,
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2007). Partial melting assisted deformation facilitating the large
displacement of >80 km on the Naxos extensional fault system by dras-
tically weakening the extending crust (Ring et al., 2018). Avigad et al.
(1997), Kruckenberg et al. (2011) and Linnros et al. (2019) showed
that migmatization was accompanied by E-W shortening coeval with
NNE-SSW extension.

The metamorphic history of Naxos involves Eocene HP metamor-
phism, a subsequent Oligocene greenschist-facies overprint and a Mio-
cene high-temperature (HT) event. Evidence for HP metamorphism is
observed in Southeast Naxos at the top of the CBU sequence (Avigad,
1998; Lamont et al., 2019; Peillod et al., 2017). Peak HP conditions
were calculated at >12 kbar and 470 + 50 °C (20 errors) using thermo-
dynamic reactions (Avigad, 1998) and re-estimated at 15.9 4 0.7 kbar
597 £ 22 °C using the Average P-T routine of the Thermocalc software
package (Peillod et al., 2017) (Fig. 1a). A subsequent greenschist-facies
equilibration stage at 3.8 4 1.1 kbar and 385 + 35 °C was calculated
through univariant reaction lines Avigad, (1998) and the Average P-T
method (Peillod et al., (2017) of Thermocalc. Lower in the sequence
near the biotite isograd, Duchéne et al. (2006) reported garnet cores
showing chemical signatures of HP metamorphism and subsequent
rim growth. Using geothermobarometry, they calculated P-T conditions
of ~10 kbar and ~500 °C followed by decompression to ~5.5 kbar
and ~480 °C form post-HP garnet rims. At the bottom of the CBU se-
quence, Martin et al. (2006) argued that light REE-rich elements in ep-
idote and §'%0 isotopes in garnet are indicative of HP metamorphism.
Using the Theriak/Domino software, Martin (2004) estimated peak HP
conditions of 15-20 kbar and 500-600 °C for samples Na02-62 and
Na01-80 (Fig. 1a). The HP stage is followed by near-isothermal decom-
pression to ~10 kbar, then isobaric heating from 550 to 600-650 °C, and
a late decompression stage at 3-6 kbar and ~600 °C.

The Miocene HT metamorphic history was first studied by Jansen
and Schuiling (1976) who mapped concentric metamorphic isograds
recording increasing metamorphic grade toward the migmatite
dome (Fig. 1a). The HT event is the dominant metamorphic overprint
in large parts of the lower CBU and in the basement, the latter of
which lacks any evidence for a preceding HP imprint. Based on
geothermobarometry, Duchéne et al. (2006) estimated that peak P
and T increased from 5 kbar and 470 °C in southern Naxos to 8 kbar
and 700 °C close to the migmatite dome. Buick and Holland (1989),
Peillod (2018), Ring et al. (2018) and Lamont et al. (2019) showed
that the Miocene P-T path of the lowermost CBU and the Cycladic base-
ment involved an early stage at c. 10 kbar and 650-680 °C associated
with mineral assemblages containing kyanite, garnet and rutile. This
stage was followed by near isothermal decompression with paragene-
ses including sillimanite, garnet and ilmenite. Partial melting occurred
at this decompression stage, which was followed by pronounced
cooling when the isograds formed and the granodiorite intruded.

Peak HP metamorphism in Southeast Naxos is dated by Rb-Sr multi-
mineral isochron ages between 40.5 4 1.0 and 38.3 & 0.5 Ma (Peillod
et al,, 2017). This age estimate is in line with Rb-Sr whole-rock +
white-mica ages of c. 42 Ma on pristine HP rocks by Andriessen et al.
(1979). Furthermore, Cao et al. (2017) obtained a “°Ar/>°Ar total-
fusion age of 38.3 + 4 Ma for HP phengite from Central Naxos near
the biotite isograd. In general, K-Ar and “°Ar/>°Ar white-mica ages
show a large scatter of ages for the HP event (Cao et al, 2018;
Wijbrans and McDougall, 1986; Wijbrans and McDougall, 1988),
which Andriessen et al. (1979) described to excess “°Ar. Wijbrans and
McDougall (1988) showed strong disequilibrium in white mica as
expressed by upward convex age spectra. Wijbrans and McDougall
(1986) proposed that the upward convex age spectra resulted from
mixing of early HP phengite and later muscovite. Cao et al. (2018) re-
ported significant disequilibrium in white mica due to either significant
excess “°Ar or from mixing of different white-mica populations. It is
possible that both phenomena occurred rendering the detection of
probable excess “°Ar in HP white mica difficult. Given the widespread
occurrence of excess “°Ar in HP white mica, the youngest K-Ar and
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4OAr/29Ar white-mica ages, which are close to the Rb-Sr ages, are usually
a good approximation of the true age of HP metamorphism (Ring et al.,
2020; cf. Warren et al., 2012). Additional multi-mineral Rb-Sr ages indi-
cate a minimum age of 38-36 Ma for blueschist-facies metamorphism
near the biotite isograd in the middle CBU (Peillod et al., 2017). In the
lower CBU, U-Pb zircon rim ages of 44 4+ 3 Ma and 54 4 6 Ma (Martin
et al., 2006), and 40.1 4 2 Ma (Bolhar et al., 2017) are interpreted to
date zircon growth during HP metamorphism. Bolhar et al. (2017) and
Peillod et al. (2021) argued that the older rim ages are probably contam-
inated by the older zircon cores and thus the youngest U-Pb zircon rim
ages are close to the true age the metamorphic overprint. If so, the zir-
con rim ages are similar to the Rb-Sr ages of 42-38 Ma.

The greenschist-facies overprint of the blueschists in Southeast
Naxos occurred in the Oligocene at 32 4- 3 Ma (Peillod et al., 2017). Zir-
con fission-track (ZFT) ages of 25.2 + 3.8 and 20.5 + 2.4 Ma constrain
cooling through ~240 °C indicating that the top of the CBU sequence
near Kalados Bay was in the brittle crust before the Miocene HT event
commenced (Seward et al., 2009).

Keay et al. (2001) suggested that partial melting in the migmatite
dome occurred between 20.7 + 1 Ma and 17.4 £+ 0.6 Ma and
Vanderhaeghe et al. (2018) reported in-situ (SIMS) U-Pb zircon ages
ranging from 24.2 + 0.7 Ma to 16.6 £ 0.3 Ma from the migmatite.
Ring et al. (2018) showed that the 20.7 & 1 Ma age of Keay et al.
(2001) is biased by inheritance and that an age of 18.4 4+ 0.2 Ma from
the same outcrop may reflect the first recorded crystallization of
migmatite. The distinct peak of 2°°Pb/?*8U ages at c. 17.5 Ma for
migmatite related zircon ages of Keay et al. (2001) appears to be the
most robust and best age estimate for initial migmatite crystallization.
Ring et al. (2018) also argued that the 24.2 4+ 0.7 Ma apparent age of
Vanderhaeghe et al. (2018) probably has contributions from old (Paleo-
zoic) zircon cores and that zircon rim domains located in positions distal
to old zircon crystal cores consistently show ages near c. 16 Ma, which
seems to date termination of zircon forming processes in the migmatite.

Based on “°Ar/*°Ar white mica and hornblende dating, Wijbrans and
McDougall (1988) proposed that the peak of HT metamorphism oc-
curred between 19.8 £ 0.2 and 15 4 0.2 Ma. Wijbrans and McDougall
(1988) argued that peak HT metamorphism probably occurred toward
the lower end of this time span. This lower end correlates with U-Pb
ages of zircon rims in amphibolite in the lower passive-margin se-
quence, indicating that conditions conducive to zircon growth during
high-T have persisted at least until 15-14 Ma (Bolhar et al., 2017).
Ring et al. (2018) reported Rb-Sr multi-mineral ages of pegmatite and
migmatite demonstrating that HT metamorphic conditions and partial
anatexis during top-to-the-NNE extensional shearing in the carapace
shear zone lasted until about 14-12 Ma. Ductile shearing, fluid flow
and recrystallization persisted until 10-8 Ma in North Naxos, based on
40Ar/39Ar dating of white mica (Cao et al., 2017). Jansen and Schuiling
(1976) showed that the isograds formed after the peak of HT metamor-
phism, and Peillod (2018) and Ring et al. (2018) demonstrated that the
isograds developed at a stage when the rocks started to cool consider-
ably. Ring et al. (2018) argued for an age of about 14 Ma for isograd for-
mation and Linnros et al. (2019) showed that the formation of the
isograds proceeded from south to north during ongoing extensional
deformation.

U-Pb zircon dating yielded ages between 15.4 4+ 0.2 and 11.3 +
0.4 Ma for S-type leuco- and biotite granites, and 13.2 + 0.2 to
12.3 4+ 0.2 Ma for the I-type granodiorite in western Naxos (Keay
et al,, 2001; Bolhar et al., 2010).Cao et al. (2017) reported “°Ar/3°Ar
white mica ages of 12.6 4+ 0.6 Ma from the Moutsouna detachment
shear zone at the eastern boundary of the metamorphic core complex,
and 10.4 £ 0.9 Ma to 8.4 £ 1.5 Ma for ductile deformation along the
Naxos extensional shear zone in northern Naxos. ZFT ages range from
25.2 4+ 3.8 Main southern Naxos to 9.3 £ 2.8 Ma in northern Naxos. Ap-
atite fission-track (AFT) ages range from 12 4+ 7 Ma and 8.1 4+ 2 Main
the southern part of Naxos to 6.4 + 1.8 Ma in the north (Brichau et al,
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2006; Seward et al., 2009). Mancktelow et al. (2016) reported a K-Ar
fault gouge age from the Naxos detachment of 9.7 & 1 Ma.

3. Methods

This study focuses on one specific sample (NP39) from the middle
CBU sequence close to the biotite isograd (Fig. 1a). NP39 shows remark-
able garnets that record several stages of the prograde, peak and decom-
pression history of the rock. Such garnets have already been reported
from this unit (Duchéne et al., 2006) providing confidence that our sam-
ple is representative. To construct a P-T path, we combine in-situ
quartz-in-garnet (QuiG) geobarometry and Zr-in-rutile and Ti-in-
biotite geothermometry (Angel et al., 2019; Thomas et al., 2015; Wu
and Chen, 2015). The intersection of the geobarometry and
geothermometry isolines determine the P-T conditions of garnet
growth. In addition, phase-equilibrium modeling using the Theriak/
Domino software (de Capitani and Brown, 1987; de Capitani and
Petrakakis, 2010) was used to calculate isopleths of garnet, white
mica, biotite, chlorite and plagioclase, which supply independent P-T
conditions for garnet growth from the previous methods.
Phase-stability diagrams provide information about the stability of min-
eral assemblages because garnet had captured an incomplete set of the
minerals from the matrix during HP conditions, and the later HT meta-
morphism most likely reequilibrated previous mineral assemblages in
the matrix. Therefore, the rock lost part of its metamorphic history. De-
tails of the methods are provided in Appendix A.1. All mineral abbrevi-
ations correspond to those in Whitney and Evans (2010).

4. Sample description

Sample NP39 is a strongly foliated garnet-biotite-bearing metapelite
collected in eastern central Naxos close to the biotite isograd (37°05’
11”N, 25°33'07"E; Fig. 1a). The mineral assemblage is garnet (3.8 vol
%), white mica (29.1 vol%), feldspar (11.4 vol%), biotite (11.6 vol%), chlo-
rite (3.8 vol%) and quartz (38.7 vol%), with minor epidote, tourmaline,
rutile, zircon, ilmenite and apatite (1.6 vol%).

Two garnets (GrtA and GrtB) have been analyzed in detail. Garnet
porphyroblasts are 1-1.5 mm in diameter (Fig. 2) and have triple rims
(referred to as “inner”, “central” and “outer” rims) surrounding the
cores. Garnet cores are almandine rich (Almgg, Prpgo2 SpSo.12 GrSo24
Fig. 2e; Table A.1). Compositional profiles of GrtA show an increase in al-
mandine and pyrope content (Almge1-0.62 PrPo.o2-0.03 t0 AlMge9-0.70
Prpo.os-0.05) and a decrease in spessartine and grossular (SpsSg.09-0.10
GrS0.24-0.26 10 SPSo.02-0.03 GI'Sp.22-023) toward the inner rim. This is char-
acteristic of garnet growth during prograde metamorphism (Fig. 2). A
similar trend is observed for GrtB. We note that garnet cores and inner
rims have similar composition profiles like those analyzed at Kalados
Bay in South Naxos (Peillod et al., 2017). From inner to central rims,
spessartine and almandine increase (SpsSp.02-0.03 Almg9_0.70 t0 SPSo.06
Almg73_075), while grossular decreases (Grsg22-023 to Grsg1s) and py-
rope stays constant. Almandine and pyrope increase slightly from the
central toward the outer rims (Almg73_075 GISo15 Prpo.os-o.os tO
Almg 76 GrSg.16 Prpo.o7-0.08), While spessartine decreases (Spsg e to
SPS0.01-002)-

Differences in composition trends are observed between the central
and outer rims for GrtA and GrtB, mainly for almandine and grossular
composition. In GrtB, almandine decreases from the inner to the central
rim (Almggg to Almgs4_o55) While grossular increases (Grsg22-9.23 to
Grsg27-028). Spessartine and pyrope follow the same trend as for GrtA
with a more pronounced increase of spessartine (SpSpo2-0.03,
Prpo.o2-0.04 t0 SPSo.16-0.17» PIPo.02-0.04). From the central to the outer
rim, almandine in GrtB shows first an increase and then a decrease
(Almg54-0.55 to Almg gg to Almggp); grossular increases (Grsg27-0.2s to
Grsp31-0.34); Spessartine decreases (Spso.16-0.17 t0 SpSo.01) and pyrope
remains constant.
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Fig. 2. Zoning maps (a-c and f-h), element profiles (e and j) of representative garnet porphyroblasts, and SEM images (d and i) of inclusions in garnet for NP39. Xg. (Alm) = Fe/
(Mg + Ca + Fe + Mn); Xc, (Grs) = Ca/(Mg + Ca + Fe + Mn); Xy, (Sps) = Mn/(Mg + Ca + Fe + Mn); Xy, (Prp) = Mg/(Mg + Ca + Fe + Mn). Garnet core and rims defined by

Mn composition maps and profiles.

These differences are supposed to be related to the timing of rim
formation and the rim size. For example, spessartine content of the
central rim is higher in GrtB than in GrtA because the composition
map of Mn for this rim is larger in GrtB. Such behavior was described
by George and Gaidies (2017) for garnet size populations. Addition-
ally, it is possible that GrtB was cut in a way that the observed sec-
tion does not pass through the center of this garnet, which could
explain the Ca distribution for example. Therefore, we think that gar-
net core and inner rim compositions are better represented in GrtA,
whereas the central and outer garnet rim compositions are better
characterized in GrtB.

Garnet cores and inner rims host rutile, quartz, zircon and apatite in-
clusions (Fig. 2). The central rims contain rutile, quartz, ilmenite, chlo-
rite and zircon, and outer rims have rutile, quartz, biotite and epidote

inclusions (Fig. 2). The sizes of the inclusions is between 5 and 50 pm
for most of the grains and ~ 200 pm for some quartz grains.

Fragments of garnet in the matrix most likely result from
deformation (Fig. 3). Detailed observation of GrtA shows reveals multi-
ple fractures filled by garnet of central rim composition and quartz sug-
gesting that garnet broke soon after growth of the inner rim (Fig. 2a-d).

Two populations of white mica have been analyzed in the matrix
(Figs. 3a and 4). One generation forms large crystals (>500 um) with
Si contents of 3.38-3.47 a.p.fu. typical for HP metamorphism
(Table A.2). This first generation has cleavage planes perpendicular to
the matrix foliation suggesting that the cleavage in white mica is a
relic foliation. However, it is difficult to know at which stage of HP
phengite formed because no inclusions of phengite were observed in
garnet. The second generation occurs as elongated fine grains along
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Fig. 3. Representative microstructures and metamorphic assemblages of sample NP39 in plane- (PPL) and cross-polarized light (XPL) showing orientation of different generations of white
mica and dynamic recrystallization of quartz and plagioclase. Note plucked off and displaced garnet fragments in matrix. Also shown is top -NNW shear sense recorded by asymmetric

strain caps around garnet.

the foliation (~200-500 pm) with Si contents of 3.08-3.09 a.p.f.u. and
low Fe + Mg concentrations (0.07-0.08 a.p.f.u.).

Biotite has been analyzed in the outer garnet rim of GrtB. The Ti con-
tentis 0.07 a.p.f.u. and the Fe/Fe + Mg + AIV! + Tiratiois 0.4 (Table A.3).
Two generations of biotite are observed in the matrix (Figs. 3 and 4b).
Biotite1 is composed of large grains (>100 pm thick) which have a
chemical signature close to the one analyzed in the garnet outer rim.
The second generation (biotite2) consists of fine elongated grains
along the foliation (100-500 um) which started to replace garnet. The
Ti content is lower than that of biotite1 (<0.06 a.p.f.u.) and the Fe/
Fe + Mg + AI! + Ti ratio is increased (0.41-0.43). Feldspar is observed
in the matrix in a 100 um wide ribbon showing subgrain rotation recrys-
tallization indicative of temperatures of ~550-600 °C (Fig. 3) (Stipp
et al, 2002). Its composition is Abggo_076 and Kfsgg; (Fig. 3c;
Table A.4). Chlorite replaces garnet and biotite1 but is stable with bio-
tite2 (Fig. 4). Xug of this chlorite is 0.49 (Table A.5). Rutile is preserved
as inclusions in garnet and in the matrix (Figs. 2 and 4). Its Zr content
increases from garnet cores to inner rims (from 7 to 67 ppm), then de-
creases to 7-22 ppm in central rims, before increasing again to 52 ppm
in rutile in garnet outer rims (Table A.6). The latter value is similar to the
one for rutile analyzed in the matrix and garnet cracks. [lmenite is ob-
served in garnet central rims together with rutile. In the matrix ilmenite
is surrounded by rutile (Figs. 2 and 4). Quartz is observed as inclusions
in garnet outer rims and in the matrix in a 100-300 pm wide ribbon.
Quartz in his ribbon shows grain boundary migration recrystallization
indicating temperatures >550 °C (Fig. 4) (Stipp et al.,, 2002). Locally
subgrain rotation recrystallization affects the quartz rims reflecting
the latest stage of ductile deformation.

5. P-T estimates
5.1. Geothermobarometry

Raman analyses were performed on quartz inclusions in GrtB. The
calculated isomekes from the maximum Raman shifts and the isolines
of the Zr-in-rutile and Ti-in-biotite thermometry are shown in Fig. 5
and Tables A.3; A.6 and A.7. P-T conditions are averages of the intersec-
tions of the isomekes and thermometry lines (Fig. 5, Table 1).

Quartz and rutile grains in garnet cores record average P and T of
15.4 4- 0.8 kbar and 496 + 16 °C (Table 1; Fig. 5). Along the inner garnet
rims, quartz and rutile grains document a P and T increase reaching
peak HP at 19.9 + 0.6 kbar and 572 + 7 °C. Within garnet central
rims, quartz and rutile records P-T condition of 9.4 4+ 1.0 kbar and
497 + 16 °C. In the outermost rims, quartz, rutile and biotite give aver-
age P-T of 9.2 4 0.8 kbar and 550 + 10 °C. Note that temperatures esti-
mated from Ti-in-biotite thermometry for the single biotite inclusion in
the GrtB outer rim yield 569 + 65 °C for P fixed at 10 kbar (Table A.3). A
similar temperature (~550 °C) is calculated for biotite1 in the matrix.
For biotite2 in the matrix, Ti-in-biotite thermometry yields lower tem-
peratures of 458-480 + 65 °C for P of 4 kbar.

5.2. Thermodynamic modeling

For estimating prograde P-T conditions, compositional isopleths
were calculated and compared to the composition of garnet cores
(Almo 61-0.62, PrPo.o4, GI'So.20-0.25, SPS0.09-0.10) and its modal amount
(Xvoizcrt = 1.00-1.50%) (Fig. 6a). All calculated isopleths intersect
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Fig.4.a) Sivs. (Fe + Mg) diagram illustrating two types of white mica composition in matrix. b) Fe/Fe + AI"! + Mg + Ti vs. Ti diagram for biotite composition in matrix and in garnet outer

rims (Wu and Chen, 2015). ¢) Ternary diagram showing composition of feldspar in matrix.
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Table 1
Summary of P-T estimates from geobarometry based on Zr-in-rutile, Ti-in-biotite ther-
mometry and quartz-in-garnet barometry, and from thermodynamic models.

Metamorphic stage Thermodynamic models Geothermobarometry
Prograde 16.7 4+ 0.8 kbar 15.4 4+ 0.8 kbar
garnet core 492 + 11 °C 496 + 16 °C
Peak high-P 18.9 £ 1.1 kbar 19.9 £ 0.6 kbar
garnet inner rim 520 £ 19 °C 572 +£7°C

Early exhumation 8.3 £ 1.5 kbar <9.4 4+ 1.0 kbar
garnet central rim 519 + 12 °C 497 + 16 °C
Isobaric heating 9.6 + 1.8 kbar 9.2 £ 0.8 kbar
garnet outer rim 584 + 19 °C 550 + 10 °C
Late exhumation 3.8 & 0.3 kbar 458-480 + 65 °C
garnet out 520 4+ 4 °C for 4 kbar fixed

within the garnet + chlorite 4+ white mica 1/2 + amphibole + rutile +
lawsonite + quartz + H,O stability field. These intersections yield aver-
age P-T conditions of 16.7 4 0.8 kbar and 492 + 11 °C (Table 1). Iso-
pleths calculated for inner garnet rims (Almggg_070, Prpo.oe
GIS0.22-0.23, SPS0.03-0.02» Xvoizgrt = 2.00) were used to estimate condi-
tions of peak HP metamorphism. All calculated isopleths intersect
within the garnet + white mica 1/2 4+ amphibole + chloritoid + rutile
+ lawsonite + quartz + H,O0 stability field. The isopleth intersections
yield average P-T conditions of 18.9 4 1.1 kbar and 520 + 19 °C
(Fig. 6b; Table 1).

P-T conditions for formation of the garnet central rims are calculated
using the composition of garnet (Almgs0-0.52, PrPo.026-0.028» GI'S0.30-0.32,
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SpSo.16-0.17; Fig. 6b) and of muscovite inclusions in these rims (Si-in-
Ph = 3.10 a.p.f.u.). The calculated isopleths intersect within the stability
field of garnet + biotite + chlorite 4+ white mica 1/2 + rutile + epidote
+ ilmenite + quartz + H,0. Note that the two white mica models are
muscovite and paragonite, the latter was not found in the sample. The
isopleth intersections yield average P-T conditions of 8.3 &+ 1.5 kbar
and 519 4 12 °C (Fig. 7a; Table 1).

P-T conditions for the outer garnet rims are calculated using the gar-
net composition (Almg eo-0.63, PrPo.o7-0.08, GIS031-0:33, SPSo.025 and Xyorx
art = 3.8), the composition of phengite inclusions (Si-in-Ph = 3.09-3.10
a.p.f.u.) as well as the composition of biotite inclusions in outer rims
(Xmg = 0.48, Ti-in-biotite = 0.07 a.p.f.u.). Isopleths modeled for garnet,
white mica and biotite compositions intersect within the stability fields
of garnet + plagioclase + white mica 1/2 + rutile + epidote + quartz
+ H,0. The isopleth intersections yield average P-T conditions of 9.6 +
1.8 kbar and 584 4 19 °C (Fig. 7b; Table 1).

P-T conditions for the assemblage postdating garnet formation are
calculated from isopleths of albite (0.06), chlorite (Xyg = 0.49) and bi-
otite (Ti-in-Bt = 0.050-0.058 a.p.f.u.) in the matrix. The modeled iso-
pleths intersect within the stability field plagioclase + biotite +
chlorite + white mica 1 + ilmenite + quartz + H,0 and provide aver-
age P-T conditions of 3.8 4 0.3 kbar and 520 + 4 °C (Fig. 7b; Table 1).

5.3. Summary

The P-T estimates are summarized in Table 1. For the formation of
garnet cores, thermodynamic modeling defines a prograde stage at
16.7 4 0.8 kbar and 492 4+ 11 °C, followed by peak HP metamorphism
at 18.9 £ 1.1 kbar and 520 4 19 °C. At these P-T conditions, stable as-
semblages reveal the occurrence of glaucophane, paragonite, lawsonite,
chlorite and chloritoid which are not observed in sample NP39. These
phases are observed in samples which better preserve the HP mineral-
ogy in Naxos (Andriessen et al., 1979; Jansen and Schuiling, 1976;
Wijbrans and McDougall, 1988). The pronounced lower-P overprint
observed in NP39 most probably fully obliterated glaucophane,
paragonite, lawsonite and chloritoid in the matrix. However, this does
not justify the absence of those minerals as inclusion in garnet. It is
most likely that the numerous fractures observed in GrtA are from de-
hydration of hydrous minerals like lawsonite, chlorite, glaucophane
and chloritoid at near peak HP conditions. Such a case has been de-
scribed in the Scandinavian Caledonides in rocks that experienced a
similar P-T history than that recorded in NP39 (Bukata et al., 2020). Al-
ternatively, the garnet fractures, resulting from volume change during
decompression, allowed fluids to reequilibrate hydrous minerals
trapped in garnet.

The P-T conditions for the prograde stage as determined from
thermodynamic modeling and calculated from rutile-quartz geo-
thermobarometry agree well with each other. For peak HP conditions,
however, the discrepancy between the modeling and the geother-
mobarometry data is not negligible. The temperature for peak HP
conditions from modeling is ~50 °C lower than estimated from rutile-
in-quartz geothermobarometry. We think that the modeled peak HP
temperature is shifted to lower values because of a depletion of certain
elements (e.g. Mg) which are fractionated by other mineral phases (e.g.
glaucophane) that grew together with garnet. These phases completely
reequilibrated during decompression which led to a lack of control of
mineral fractionation in our model resulting in the observed tempera-
ture shift. The missing control of the mineral fractionations to calculate
the effective bulk-rocks composition of each rims of our model caused
the observed temperature shift. P-T conditions estimated from rutile
thermometry and QuiG are thus considered more accurate.

Garnet central rims record an early exhumation stage at 9.4 +
1.0 kbar and 497 + 16 °C as determined from thermobarometry data.
Within errors, this result fits with the results obtained from thermody-
namic modeling, which yield 8.3 + 1.5 kbar and 519 + 12 °C. However,
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Fig. 6. P-T pseudosections of NP39 calculated for prograde P-T path in MnNCKFMASHTO system. a) Left-hand side: Pseudosections calculated for prograde P-T conditions; right-hand side:
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to P-T stages highlight in blue. Mineral abbreviations according to Whitney and Evans (2010).

we think that P obtained from the thermodynamic modeling is more ac-
curate, because no quartz inclusions were analyzed within the outer-
most part of the central rim and therefore the P estimates define
maximum P for the formation of the garnet central rim. Therefore, we
prefer P-T conditions of 8.3 £ 1.5 kbar and 519 + 12 °C from thermody-
namic modeling.

For the formation of garnet outer rims, rutile and biotite thermome-
try implies a continuous prograde T increase to 550 + 10 °Cat 9.2 +
0.8 kbar as obtained by QuiG barometry. The increase in T would be be-
tween 9 and 53 °C. This P-T data of 550 4= 10 °Cat 9.2 + 0.8 kbar overlap
with those obtained from the pseudosections (i.e. 9.6 + 1.8 kbar, 584 +
19 °C). Including the T estimates from both geothermobarometry
and the pseudosections, we calculate that NP39 experienced a
T increase of 9-96 °C. P-T conditions of the latest stage after garnet

breakdown were estimated from pseudosections at 3.8 £ 0.3 kbar and
520 + 4 °C.

6. Tectonic implications
6.1. From top to bottom, P-T-t paths for the CBU passive-margin sequence

We combine the P-T with the geochronologic data and compare a
published P-T-t path from the top of the exposed CBU section at Kalados
Bay (Peillod et al., 2017) and one derived from samples Na02-80 and
Na02-62 (Martin, 2004) from the bottom of the CBU sequence
(Fig. 1a) with the here reported P-T-t data of sample NP39 from near
the biotite isograd.



A. Peillod, ]. Majka, U. Ring et al. Lithos 386-387 (2021) 106043

12

$i0,(64.93) Ti0(0.56) ALO,(18.33) MgO(3.08) Mn0(0.09)
FeO(4.74) CaO(1.43) NaO(2.97) K,0(3.76) H,0sat. wt% + qz +H,0

11 ' Sicin-Ph
510 Bl
£ 2
2 2
Z o 2
5 f
=¥ %}

8

7

6

450 500 550 600

Temperature (°C)

Si0,(64.84) TiO(0.57) Al,04(18.30) MgO(3.11) MnO(0.09) B )
FeO(4.76) CaO(1.44) NaO(2.99) K,0(3.79) H,Osat. wt% + qz +H,0 Quter r

12 Outer rim |
-~ Alm
1~ Prp
-~~~ Grs
11 117 Sps
" Si-in-Ph
1~ Vol% Grt
A~ XMg Bt
10 104 ~~ Ti-in-Bt
Post garnet
4 e XMg Chl
- Ab
9 « Ti-in-Bt
— —
5] 5]
o 8 -]
> v
= =4
[ 2l
—
2 E
[%2] 172}
g7 e
A~ ~
6
5
4
3 3 T e, T
450 500 550 600 450 500 550 600
Temperature (°C) Temperature (°C)
Grt Bt Chl Wl P Spn Ep (@ Bt Chl Wm Ilm Ep (3 P1 Grt Bt Chl Wm1 Wm2 Amp Rt 33 Grt Bt Wm1 Wm2 Rt Spn @) P1Bt Chl Wml Tim Rt Spn
© GrtBt Chl Wm1Wm2 Pl Spn Ep (@ Grt Bt Chl Wml Wm2Im Ep ¢4 PI Grt Bt Chl Wm1 Wm2 Iim St 33 P1 Grt BtWml Wm2 Rt Spn @9 Pl Grt Bt Chl W Ilm St
Grt Bt Chl Wml Wm2 Iim Spn Ep ({3) P1 Grt Bt Chl Wm1 Wm2 Im EpG3) P1 Grt Bt Chl Wml Wm2 Spn Ep (9 PI Grt Bt Wml Wm2 Rt @) P1 Grt Bt Wml Ilm St Sill
@ Bt Chl Wm1 Wm2 Ilm Spn Ep @ P1 Grt Bt Chl Wm1 Ilm Ep @ P1 Grt Bt Chl Wm1 Ilm Spn Ep @ PI Grt Bt Wml Wm2 Amp Rt Ep Pl Grt Bt Wml Ilm St And
@ P1 Bt Chl Wm1 Wm2 Ilm Spn Ep @ Grt Bt Wm1 Wm2 Ilm Ep @ Pl Grt Bt Wm Ilm St Rt (3 P1 Grt Bt Chl Wm1 Spn Ep @Pl Bt Wml Ilm St
©9 PI Bt Chl Wml Ilm Spn Ep @ PIGrBtWml Wm2limEp @ PI Grt BtWm1 Wm2 Ilm StRt ~ (39) Bt Chl Wml P1 Spn Ep (9 P! Bt Chl Wml Tim St
@) Bt Chl Wm1 Wm2 Ilm Rt Ep @ GtBtWml Wm2ImRtEp (9 Pl Grt Bt Wml Wm2 St Rt @) Bt Chl Wml1 PI1 P2 SpnEp 5] PI Grt Bt Chl Wml Ilm St And
P1 Bt Chl Wm1 Wm2 Ilm Rt Ep @ P1Grt Bt Wml Wm2 Ilm RtEp (30) PI Grt Bt Chl Wm1 Wm2 St Rt P1 Grt Bt Chl Wml Spn (&) P1 Grt Bt Chl Wml 1im And
© P1Bt Chl Wml Wm2 Ilm Ep @0 PIGrt Bt Chl Wml Wm2 RtEp () Grt Bt Chl Wm1 Wm2 Rt Spn Ep @) PI Grt Bt Chl Wml Iim Spn (3P Bt Chl Wml Ilm And
(@ PIBtChl Wml Ilm Ep @D PI Grt Bt Chl Wm1 Wm2 Ilm Rt 32) Grt Chl Wm1 Wm2 Amp Spn Ep @) P1 Bt Chl Wil Spn () P1Bt Wml Iim St And
(@ PIBtChl Wml Iim Rt Ep @) PIGrtBtChlWml Wm2 Rt~ (33 Grt BtWml Wm2RtSpnEp @3 PI Bt Chl Wml Iim Spn
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6.1.1. Top of CBU sequence: Kalados Bay

The P-T-t path for Kalados Bay at the top of the CBU sequence is well
constrained (Fig. 8). The rocks experienced peak HP conditions of
15.9 4 0.7 kbar and 597 + 22 °C (Fig. 8) at c. 42-38 Ma (Andriessen
et al., 1979; Peillod et al., 2017). The greenschist-facies overprint at
3.8 &+ 1.1 kbar and 384 + 30 °C (Avigad, 1998; Peillod et al., 2017) oc-
curred at 32 £+ 3 Ma (Andriessen et al., 1979; Peillod et al., 2017),
constraining near-isothermal decompression to between about 40 & 2
and 32 4 3 Ma. ZFT ages of 25.2 4+ 3.8 and 20.5 4 2.4 Ma (Seward
et al., 2009) indicate that the top of the sequence moved thought the
brittle-ductile transition near the Oligocene/Miocene boundary.

6.1.2. Middle CBU sequence: Sample NP39

Lower in the CBU section, our P-T estimates for NP39 provide a dis-
tinctly more complicated P-T path than that observed at the top of the
sequence at Kalados Bay (Fig. 8). P-T conditions for peak HP (19.9 +
0.6 kbar, 572 4 7 °C) are slightly higher than for Kalados Bay. No direct
data constraining the age for peak HP metamorphism of NP39 exist.
However, the age of 38.3 4+ 4 Ma for HP phengite by Cao et al. (2017)
is from a locality near the sampling site for NP39. Furthermore, multi-
mineral Rb-Sr isochron data for samples collected from the same
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locality as NP39 (NAX15-14) or from nearby localities (NAX15-13 and
NAX15-20) (reported in Peillod et al., 2017) provided ages between
38 and 36 Ma, which were interpreted as minimum ages for the end
of blueschist-facies metamorphism. In addition, “°Ar/*°Ar step-heating
data on white-mica grain-size fractions >250 pm from NAX15-14 gave
an age of 38 4+ 1 Ma for the end of HP metamorphism (Peillod et al.,
2019). The latter age overlaps with those obtained from Kalados Bay.
Therefore, it is likely that prograde and peak HP of sample NP39 oc-
curred at the same time as at Kalados Bay (Fig. 8).

An exhumation stage of NP39 was estimated at 8.3 + 1.5 kbar and
519 + 12 °C. Multi-mineral Rb-Sr age data from NAX15-14 provided
an age of 31.8 4 0.5 Ma, interpreted as a maximum age for the end of
decompression. Duchéne et al. (2006) reported a slightly younger Rb-
Sr whole rock-phengite-garnet age of 29.3 4+ 1.3 Ma (their sample
Na01-38). Based on those two ages, we consider an age of 32-28 Ma
reasonable for the switch from decompression to isobaric heating.

The next step of the P-T loop is isobaric heating from 519 + 12 °C to
550 + 10 °C (maximum would be 584 + 19 °C) at ~9 kbar after the early
decompression stage. Geochronologically constraining the isobaric-
heating stage is challenging. The above reported ages for the end of
the decompressional stage also reflect the onset of isobaric heating, i.e.
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Fig. 8. Pressure-temperature-time (P-T-t) path for sample NP39 with available age data. Also shown P-T-t paths from Kalados Bay (green; Peillod et al., 2017) at top, and samples Na02-80
and Na02-62 (red; Martin, 2004) from base of Naxos CBU section with ages, inferred ages in italics. P converted to depth assuming average rock density of 2800 kg/m> (Semprich et al.,
2010). On right, evolution of metamorphic assemblage during exhumation of NP39 (refer to petrological description for schematic evolution of metamorphic assemblage). Mineral
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32-28 Ma. The end of isobaric heating constraints the beginning of peak
temperature conditions of NP39. This stage might be best represented
by an “°Ar/*°Ar hornblende plateau age of 23.1 + 1 Ma, interpreted as
amphibole reequilibration at commencing HT metamorphic conditions
by Wijbrans and McDougall (1988; their sample 81.540). Cao et al.
(2018; sample N11B-exp2) interpreted an “°Ar/>°Ar step-heating age
of ¢. 24 Ma from phengite/muscovite single grains to reflect a thermal
pulse predating the Miocene HT event. “°Ar/*°Ar step-heating data on
white mica for NAX15-14 yielded an age of c. 21 Ma for the onset of
the HT stage (Peillod et al., 2019). From all this we infer that isobaric
heating in sample NP39 ended by 24-21 Ma (Fig. 8). HT metamorphism
was a protracted event persisting on Naxos until about 14-12 Ma (Ring
et al., 2018; Wijbrans and McDougall, 1988).

Isobaric heating was followed by a second near-isothermal decom-
pression stage from 9.2 + 0.8 kbar and 550 £ 10 °C to 3.8 & 0.3 kbar
and 520 + 4 °C. A “°Ar/2°Ar hornblende plateau age of 16.1 & 0.2 Ma
represents an age for the end of HT metamorphism (Wijbrans and
McDougall, 1988, sample 81.564). Furthermore, Cao et al. (2017,
sample N1A) provided a well-defined °Ar/>°Ar white-mica plateau
age of 14.3 £ 0.8 Ma for the end of HT conditions. Based on this, we con-
sider ages between 16.3 and 13.5 Ma to represent the end of HT condi-
tions near the biotite isograd. ZFT data for sample H11 of Seward et al.
(2009) from a locality close to NP39 gave an age of 10.6 + 1.2 Ma
(Fig. 8).

6.1.3. Bottom of CBU sequence: Samples Na02-80 and Na02-62

At the bottom of the passive-margin sequence, Martin (2004) pro-
duced a P-T path, which is strikingly similar to that of NP39 (Fig. 8).
Note that sample Na02-80 is from the very bottom of the CBU section
and Na02-62 from close to the bottom (from between the kyanite and
sillimanite isograds, Fig. 1a); the P-T path reported by Martin (2004)
represents a composite path for both samples. This composite path de-
fines peak HP conditions at 15-20 kbar and 500-600 °C, followed by
near-isothermal decompression to ~550 °C ~ 10 kbar, in turn succeeded
by isobaric heating from 550 to 600-650 °C, and a final decompression
stage at 3-6 kbar and ~ 600 °C.

Martin et al. (2006) combined data on linked HP zircon and garnet
growth with 6'80 isotopes and assigned a U-Pb zircon rim age of
44 4 3 Ma to the peak HP event. Bolhar et al. (2017) reported additional
U-Pb zircon rim ages of 40.7 + 2 Ma and 39.6 + 1.1 Ma for samples near
Na02-62. Martin et al. (2006) reported U-Pb zircon rim ages of c. 34 Ma,
which reflect an early decompression stage of the HP rocks. HT meta-
morphism and anatexis occurred between 18 Ma and 14-12 Ma (Ring
et al., 2018) after the onset of extensional shearing starting at
23-20.5 Ma (Brichau et al., 2006; Cao et al., 2017; John and Howard,
1995; Mancktelow et al., 2016; Seward et al., 2009). The latter ages re-
flect the end of the isobaric heating stage.

6.1.4. Summary

The shapes of the P-T-t paths show differences between the top and
the bottom part of the CBU sequence. (1) The most drastic difference is
that the top of the CBU sequence shows a “standard” P-T-t loop for ex-
humed HP rocks in subductions settings, whereas the rocks from the
bottom half show an isobaric-heating stage during exhumation. In
other words, the top-half rocks decompressed and slightly cooled dur-
ing most of their exhumation history, whereas the bottom half
underwent a thermal excursion on the way up at ~35 km depth at a
time when the top of the sequence was already close to the brittle-
ductile transition at 32 4+ 3 Ma (at about 13 km depth according to
the barometric estimates). Note that the P-T-t history for the entire bot-
tom half of the CBU section appears to be rather similar, even if the path
for the bottom as deduced from samples Na02-80 and Na02-62 is com-
posite and based on crude P-T estimates. (2) The top of the CBU experi-
enced lower peak HP conditions than the bottom half at 40 4 2 Ma,
which appears reasonable as samples NP39, Na02-80 and Na02-62 are
derived from deeper parts of the subducted CBU nappe. (3) The top of
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the sequence moved through the brittle-ductile transition near the Oli-
gocene/Miocene boundary while the bottom of the sequence started to
be (re)exhumed at about the same time (23-21 Ma). This exhumation
was due to the inception of the Naxos extensional fault and near-
isothermal decompression of the bottom half of the CBU sequence oc-
curred at HT conditions during the early and middle Miocene (from
about 23-21 to 14-12 Ma) accompanied/followed by pronounced
cooling and movement through the brittle-ductile transition. Exten-
sional deformation finally juxtaposed the currently outcropping CBU
rocks on Naxos.

6.2. Exhumation and cooling rates of the CBU sequence

The data show that the rocks from the bottom half of the passive-
margin sequence record a different P-T-t evolution than those at the
top, resulting in different exhumation and thermal regimes. Based on
the information provided in Fig. 8, P-t and T-t paths were constructed
(Fig. 9) and averaged exhumation and cooling rates were calculated.

The early exhumation rate for NP39 is 5.3 4 2.5 km/Ma between
40 + 2 and 32 4+ 3 Ma, followed by a stage of no exhumation
(—0.3 & 0.6 km/Ma) between c. 32 and 21 Ma during isobaric heating.
The second exhumation shows an initial exhumation rate of 2.2 4
0.5 km/Ma between c. 21 and 15 Ma, similar to 2.1 4+ 1.6 km/Ma be-
tween c. 15 and < 10 Ma.

The T-t path of NP39 gives an initial cooling rate of 7 4 3 °C/Ma be-
tween 40 + 2 and 32 + 3 Ma, then heating at a rate of —5 + 4 °C/Ma
from c. 32 to 21 Ma. The second cooling was initially at 6 + 4 °C/Ma be-
tween c. 21 and 14 Ma and strongly increased to 117 + 79 °C/Ma be-
tween ¢. 12 and 11 Ma.

We compare the exhumation and cooling rates for the middle CBU
sequence (NP39) with those reported in Peillod et al. (2017) for the
top and those calculated from the Martin (2004 ) data. At the start of ex-
humation all rocks across the entire CBU sequence show similar P-t
paths and early exhumation rates are comparable. At about ¢. 32 Ma at
9 kbar (~33 km depth) the paths diverge and the bottom half of the se-
quence stops exhuming, while the top of the sequence keeps exhuming
at a constant rate. The exhumation paths then converge again at about
11-13 Ma at shallow crustal levels of about 3 kbar (~11 km depth) in
the upper crust.

The cooling rates are more disparate (Fig. 9). The top of the sequence
cools fairly steadily with a small kink at about c. 32 Ma. The bottom half
of the CBU exhumes nearly isothermally before being heating between
¢.32 and 21 Ma, this heating is slightly more pronounced at the bottom
as manifested by higher peak temperatures of ~625 °C (Figs. 8, 9). Signif-
icant cooling starts at about 23-21 Ma related to the onset of exten-
sional faulting.

6.3. Structural thickness changes of the CBU sequence during exhumation

We discuss how the different P-T-t paths relate to structural thick-
ness changes of the CBU section during its exhumation in an extrusion
wedge. The baric data from the top, middle and bottom of the CBU se-
quence are of different quality, allowing only to make crude thickness
estimates. For simplicity, we divide the CBU section into a top and a bot-
tom half, both of which are largely separated by the biotite isograd. We
admit that this is a simplified approach, which we justify by the sparse
data set that shows pronounced differences between the two halves.

This thickness at peak HP metamorphism as deduced from the P dif-
ference of about 4 kbar between top and bottom is 15 km (Fig. 10). This
estimate is crude as the P data from Martin (2004 ) are not accurate and
no errors are reported. However, peak P of Martin (2004) is similar to
peak P estimated for NP39. The thickness difference of the upper half
of the CBU section between NP39 and Kalados Bay would be more accu-
rate at 14.6 + 1.9 km (4.0 £ 0.5 kbar). At ~32-28 Ma, the bottom half of
the sequence was at 8.3 4 1.5 kbar, while the top of the unit was at
3.8 + 1.1 kbar (Fig. 10) suggesting that the thickness during wedge
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Fig. 9. Exhumation (P-t) and cooling (T-t) path for top (Kalados Bay), middle (NP39) and bottom (Na02-62 and NP02-80) CBU sequence. Onset of extension at 23-20.5 Ma shown by
vertical yellow bar; exhumation and cooling rates for Kalados Bay recalculated from Peillod et al. (2017).

extrusion increased to 16.4 + 3.3 km (~15%). Because the P-T-t paths for
the bottom half of the CBU do not differ much, this thickness change oc-
curred basically in the upper half of the extruding CBU wedge. Note that
because of the errors the thickness may not have changed at all but may
have increased by about 7 km.

A potential increase in crustal thickness cannot be explained by a
passively extruding wedge and requires internal thickening of the
wedge during extrusion. This thickness increase could have been ac-
commodated by a single thrust fault or a succession of thrust faults. A
single fault would have generated a wide shear zone which is so far
not observed in Naxos and not supported by the regional geology
(Peillod et al., 2021; but see Lamont et al. (2019) for different interpre-
tation). A succession of thrust faults would have resulted in more dis-
crete shear zones. Based on detrital U-Pb zircon ages defining a
sequence of km-thick metasediments slices, Poulaki et al. (2019) sug-
gested a series of internal thrusts on los Island. In line with this propo-
sition, we suggest that a series of relatively small displacement thrusts
thickened the upper half of the CBU sequence (i.e., above sample
NP39) during exhumation of the HP rocks.

6.4. Relation between Oligocene isobaric heating and the Miocene
migmatite dome

Peillod et al. (2017) showed that the CBU passive-margin sequence
was thrust onto the Cycladic basement at ¢. 30 Ma. Lithospheric exten-
sion commenced at 23-20.5 Ma as deduced from the age of the supra-
detachment sediments (Angelier et al., 1982; Lisker, 1993). The timing
constraints show that isobaric heating occurred between 32 and 28
and about 24-21 Ma, which is basically the time between emplacement
of the CBU above the basement and the start of lithospheric extension
before the peak of HT metamorphism was at about 18-14/12 Ma.

The basal section of the CBU stayed above the granitic (radiogenic)
basement for about 4-11 Myr. However, the basal CBU section now ex-
posed on Naxos was not above the Naxos Cycladic basement between
32 and 28 and 24-21 Ma and was later emplaced on this basement dur-
ing lithospheric extension along the carapace shear zone. The total ex-
tension at the Naxos extensional fault system was >80 km (Brichau
et al.,, 2006) but the displacement at the carapace shear zone is un-
known. Because the Cycladic basement is also widely exposed on los Is-
land south of Naxos, it is likely the basal CBU section was above
basement during the 4-11 Myr period.

Over this period of time typical values for isobaric heating would be
40-90 °C as calculated from numerical models (Bucher and Grapes,
2011; England and Thompson, 1984). We envisage that radioactive
decay within the basement caused the temperature increase of
9-96 °Cin the directly overlying basal CBU section (Fig. 10). Radioactive
decay may have also increased temperatures in the basement itself ulti-
mately aiding migmatization and protracted HT metamorphism. The
temperature increase over ~4-11 Ma decreases the lithospheric
strength by about 25-40% causing lithospheric weakening (Glazner
and Bartley, 1985).
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Isobaric heating starting at 32-28 Ma cannot be due to lithospheric
extension in the back-arc region of the Hellenic subduction zone as it oc-
curred before extension started. There is evidence for HP metamor-
phism on Evia and Sifnos at about 30 Ma (Ring et al., 2007; Ring et al.,
2011), and also evidence for thrust deformation, for instance on Syros
between about 30 and 27 Ma (Aravadinou and Xypolias, 2017; Ring
et al,, 2020) and on Crete (Fassoulas, 1998). As proposed by Peillod
et al. (2021), we envisage that the CBU and the Cycladic basement
was not deforming significantly between about 30 and 23-20.5 Ma
and was slowly eroding over this period of time.

Extensional deformation commencing by 23-20.5 Ma caused the
final exhumation of the CBU sequence on Naxos (second exhumation
in Fig. 10). At this stage, the top-CBU sequence kept cooling and decom-
pression rather continuously. The central and bottom CBU started to be
decompressing but hardly cooled at all until about 13-11 Ma (Figs. 8, 9).
The lack of significant cooling of the bottom half of the CBU might be
due to intrusion of granites and pegmatites until about 13-12 Ma
(Keay et al., 2001; Bolhar et al., 2010; Ring et al., 2018).

6.5. Extent of isobaric heating in the Cyclades

Across the Cyclades, isobaric heating has previously been described
from a few other islands. On Samos, Ring et al. (1999) described isobaric
heating from 380400 to 450-490 °C at ~7 kbar during the exhumation of
the HP rocks. On Andros, a similar thermal overprint is reported from
~300 °C to 400-430 °C at ~7 kbar (Huet et al., 2015). On Syros, Laurent
et al. (2018) suggested isobaric heating of ~70 °C from 500 to 570 °C
at ~10 kbar. On the Lavrion peninsula, Scheffer et al. (2016) showed iso-
baric heating of ~50 °C from 300 to 350 °C at 5-8.5 kbar. Finally, on
Tinos, Parra et al. (2002) proposed drastic isobaric heating of
150-300 °C between ~370 and 550 °C at a slightly higher pressure of
~9 kbar.In general, all these estimates have in common that isobaric
heating took place in the middle crust (at 25-35 km depth).

Interestingly, isobaric heating in Syros is reported from the lower-
most CBU sequence, as observed in Naxos. For Andros, Syros and
Tinos, the timing of the isobaric heating is only broadly estimated be-
tween the Eocene and the Oligocene/Miocene (Huet et al., 2015;
Laurent et al., 2018; Parra et al., 2002). However, for Samos, it is sug-
gested to have occurred between >35 and 18-25 Ma (Ring et al.,
1999). The latter age is slightly older but broadly in agreement with
our estimate for isobaric heating on Naxos.

On Naxos, isobaric heating occurred below the upper CBU section
that thickened during decompression, strongly suggesting that there is
a causal relation between decompressional thickening of the upper
CBU section during thrusting of the CBU onto the Cycladic basement
in controlling subsequent isobaric heating in the lower half of the CBU
sequence. Vanderhaeghe et al. (2007) and Vanderhaeghe (2012) pro-
posed that thermal relaxation following tectonic accretion of the oro-
genic wedge casued heating of the evolving Cycladic orogen. Tectonic
accretion and HP metamorphism in the Cyclades lasted until about
30 Ma (Ring et al., 2007, 2011). We consider it possible that this thermal
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relaxation following crustal thickening caused a heating pulse during a
tectonically quiescent period on Naxos before lithospheric extension
commened by 23-20.5 Ma.

7. Conclusion

Our study shows that the bottom half of CBU passive-margin se-
quence on Naxos experienced a different P-T path than the top of
the unit. The top of the CBU section was exhumed in one seemingly
continuous go into the uppermost middle crust beneath a normal
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fault at the top of the extruding wedge and underwent mid-
Oligocene greenschist-facies equilibration. In contrast, the bottom
half of the CBU above a basal thrust fault of the extruding wedge
was exhumed only to about 35 km after its HP overprint. This bot-
tom section of the CBU was thrust onto the Cycladic basement and
finally emplaced above it by ~30 Ma, a time that marks the end of
crustal thickening and HP metamorphism in the Cyclades. At about
this time, the bottom half of the CBU started to heat-up isobarically,
probably controlled by its position above the thermally relaxing ra-
diogenic basement.
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