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Abstract Subduction polarity reversal during arc�continent collision has been proposed as a key
mechanism to initiate new subduction zones. Despite often interpreted, well�exposed geological record
that document the reversal is sparse. The ophiolitic lithounits of the Andaman and Nicobar Islands have
been proposed to have formed during the initiation of a new subduction zone following the collision of the
Woyla Arc of Sumatra with Sundaland (Eurasia). We here present new� eld, petrological and
geochronological data to evaluate the timing of the initiation of Andaman subduction. We targeted the
previously inferred but unstudied metamorphic sole of the Andaman ophiolites that witnessed juvenile
subduction. Thermodynamic modeling reveals that the exposed amphibolites of the sole formed at around
0.9 GPa and 675 °C. We dated two samples of the metamorphic sole using the Ar/Ar method on amphibole,
giving cooling ages of 106.4 ± 2.1 and 105.3 ± 1.6 Ma. This is similar to published ages from plagioclase
xenocrysts in recent Barren Island volcanics and in zircons from a gabbro sample from the Andaman
ophiolite, which we interpret as the age of the original ophiolite formation. The Ar/Ar ages are considerably
older than arc magmatic gabbros and plagiogranites of the overlying ophiolite previously dated at
99…93 Ma and thought to re� ect the ophiolite age but recently reinterpreted as a volcanic arc built on the
ophiolite. Combined with the ages of Woyla�Sundaland collision, we argue that subduction polarity reversal
occurred in a transient period of perhaps some 10 Myr, similar to recent settings.

1. Introduction

The formation of new subduction zones is critical in the plate tectonic cycle. A fundamental way in which
new subduction zones form is through subduction polarity reversal following arc�continent collision (e.g.,
Chemenda et al., 2001; Dewey, 1976; Faccenda et al., 2008; Pysklywec, 2001; Stern, 2004; Stern &
Gerya, 2017) where upon ongoing convergence, the arrest of one subduction zone is followed by the
initiation of another, typically within or behind the older arc (Figure 1). The arrest of the older subduc-
tion zone is then often related to arrival of buoyant continental or thickened oceanic lithosphere on the
original downgoing plate in the trench. For instance, the arrival of the Ontong�Java Oceanic Plateau in
the Vitiaz Trench led to the formation of the New Hebrides subduction zone in the Vitiaz/Melanesian
Arc (Hall, 2002; Knesel et al., 2008). Subduction polarity reversal following arc�continent collision was
also proposed in the Aleutian Arc (Vaes et al., 2019) or to form the modern Kamchatka subduction zone
(Domeier et al., 2017; Konstantinovskaia, 2001; Shapiro & Solov'ev, 2009; Vaes et al., 2019). Modern
examples where polarity reversal may be ongoing are the Banda Arc in Timor (e.g., Breen et al., 1989;
Harris, 2006; Tate et al., 2015), Taiwan (Chemenda et al., 2001), or the Solomon Arc (Cooper &
Taylor, 1985; Cooper & Taylor, 1987). Despite the widespread recognition of arc polarity reversal in the
geological record, the dynamics and longevity of the reversal process are poorly known. The duration
of polarity reversal, that is, the time between subduction stops upon arc�continent collision and the time
at which the new subduction is fully developed (see Figure 1) is however not known from direct evi-
dences. Estimating the kinematic history of the transition requires a geological record that allows dating
the arrest of the old subduction (ceasing of the arc) and the beginning of the new one, which is challen-
ging given the destructive nature of active margins.
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The ophiolitic sequence of the Andaman Islands in the eastern Indian
Ocean, however, may preserve such a record. The Andaman and
Nicobar Archipelago is located in the forearc of the Sunda�Sumatra sub-
duction zone (Figures 2a and 2b). It exposes a thrusted sequence of vari-
ably depleted and chromitite�bearing peridotites. The peridotites are
overlain by ma� c magmatic rocks and underlain by a
serpentinite�hosted mélange that contains sheared greenschist� and
amphibolite�facies blocks, as well as radiolarian chert blocks with strati-
graphic ages up to the middle Eocene (Bandopadhyay & Carter, 2017a;
Bandyopadhyay et al., 2020; Ghosh et al., 2009, 2017; Ling et al., 1996;
Sengupta et al., 1990). The ophiolitic rocks are unconformably overlain
by Paleocene to Eocene shallow�marine sandstones derived from a volca-
nic arc, and after the middle Eocene, the sequence thrusted and tectoni-
cally repeated (Bandopadhyay & Carter, 2017b).

The variably depleted peridotites and the magmatic sequence of the
ophiolites have long been considered to represent one coherent but tec-
tonically dismembered suprasubduction zone (SSZ) ophiolite sequence,
(i.e., an ophiolite with an arc signature but with a structure of oceanic
lithosphere; Pearce et al., 1984; Stern, 2004; for the Andaman ophiolite,
see Ghosh et al., 2009; Pal, 2011; Pedersen et al., 2010). Magmatic rocks
in the sequence include in places plagiogranites (trondhjemites) and are
overlain by Upper Cretaceous (Campanian) radiolarian cherts (Ling
et al., 1996). Whole rock Sm/Nd ages on different component of the
ophiolite (basalt, plagiogranite and peridotite) yielded a 98±8.2 Ma iso-
chron (Bhattacharya et al., 2020). Two trondhjemites samples gave zir-
con U/Pb ages of of 93.6±1.3 Ma (Sarma et al., 2010) and 95±2Ma
(Pedersen et al., 2010) that were interpreted to represent the formation
of Andaman ophiolite crust above a subduction zone. Whereas
Pedersen et al. (2010) interpret them to represent subduction initiation,
other authors argue a geochemical signature typical of a mature arc
rather than an SSZ fore�arc setting (Jafri et al., 1995; Sarma et al., 2010).
Near Chiriyatapu, trondhjemites are found as blocks in an andesitic
agglomerate. The agglomerates display arc characteristics (explosive
intermediate volcanism) and are generally found overlying the ophiolite.
In the � eld, the absence or really minor presence of any other ophiolitic
clasts (i.e. basalt, peridotite), and their disposition suggest that they are
cogenetic with the andesites. Combined, these data show that there has
been at least 5 Myr of magmatism with a diverse geochemical signature,
suggesting an arc setting for parts of the Andaman ophiolites. Finally,
thin ash layers within Upper Cretaceous radiolarian cherts that interca-
late with pillow lavas of South Andaman also suggest that there was
explosive volcanism during or not long after the magmatic sequence
of the ophiolite formed (Jafri et al., 2006).

Both the 5�Myr age range as well as the broad range of geochemical signa-
ture and composition of the volcanics of the Andaman ophiolite are sur-

prising (Ghosh et al., 2017). SSZ ophiolites are typically found in fore�arc settings where they form during
incipient upper plate extension following subduction initiation (e.g., Guilmette et al., 2018; Stern et al., 2012).
Mature volcanic arcs occur at a distance of typically ~100…300 km away from the trench (Dickinson, 1973)
with an average around 166 ± 66 km (Gill, 1981) or between 180 and 275 km (Syracuse & Abers, 2006). The
juxtaposition of the SSZ forearc and arc may thus require tectonic motion from a forearc to a back�arc
domain or that SSZ spreading occurred within a mature arc setting. In the relatively restricted area of the
Andaman Islands (350 × 40 km), it is surprising to� nd a 5�Myr duration at least for magmatism since
already formed crust moves at half�spreading rate from the spreading centers. Typical magmatic

Figure 1. Conceptual sketch of subduction polarity reversal. The� rst stage
depicts oceanic subduction below a mature arc. The red lines show the
subduction interface where one lithosphere slides against the other one.
The second sketch depicts the continent entering the subduction zone, and
the red star emphasizes the collision between the continent and the arc.
The dashed red line shows the mechanically weak place where the new
subduction will start. The third cartoons show the effective subduction
polarity reversal. The red lines again show the subduction interface where
one lithosphere slides against the other one. The cartoon is inspired by
Chemenda et al. (2001).
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Figure 2. (a) Location of the Andaman Island in the Indian Ocean realm (modi� ed from Ghosh et al., 2017). (b) Schematic geological map of the Andaman
Islands modi� ed from Ghosh et al. (2017). (c) Sketch of the investigated area redrawn from� eld observation. Color of the symbols denotes the nature of the
rock. The shape of the symbol denotes the character of the observation/sample: in situ of� ying blocks. (d) Field view of the in situ clinopyroxene�bearing
amphibolite (AN1709a sample). The red star refers to the position of sample AN1709 on the localization map. Both insets show more detailed picture on the in situ
location and of a boulder (sample AN1704). The right panel shows the in situ location of the greenschist�facies metamorphic sole characterized by the alternation
of ma� c and quartz�rich layers. The pink star refers to the position on the map. Mineral abbreviations are after Whitney and Evans (2010).
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spreading rates are of several tens of kilometer per million years. It means that the ages of magmatic rocks in
narrow ophiolite bodies like on Andaman are typically within 1…2 Myr (e.g., in Oman, Rioux et al., 2016, 2013;
or Turkey, van Hinsbergen et al., 2016; and reference therein; Parlak et al., 2019). Instead, the minimal
5�Myr transition between SSZ and arc magmatism that are found within a few meters in Andaman suggests
a more or less stationary magma source after the SSZ ophiolite is formed. After it formed around 93 Ma, the
arc is believed to be active at least until the Paleocene to Eocene as attested by arc�derived sandstone
(Bandopadhyay, 2012).

Advokaat et al. (2018) recently suggested that when corrected for post�Cretaceous tectonic motion along
the Sunda forearc, the Andaman ophiolites restore adjacent to and west of the extinct intraoceanic
Woyla Arc that is now located on Sumatra and West Java. This arc collided with the Sundaland margin
in the late Cretaceous. Advokaat et al. (2018) postulated that the Andaman SSZ ophiolites may have
formed during a subduction polarity reversal within or adjacent to the Woyla Arc upon its collision with
Sundaland. In this paper, we study sheared amphibolites below the Andaman ophiolite that are inter-
preted as their metamorphic sole (Pal & Bhattacharya, 2010). Metamorphic soles are slivers of oceanic
crust stripped of the downgoing slab that are formed and underplated beneath the mantle wedge during
subduction infancy. They form during subduction initiation (Wakabayashi & Dilek, 2000) over a short
time span (typically of 1…2 Myr) and cool coevally to the formation of SSZ ophiolite (Hacker, 1994;
Rioux et al., 2016). Worldwide, they share very similar characteristic: they are formed in a warm ther-
mal regime, up to melting condition (850 °C and 1.2 Gpa), in a much higher thermal regime than
expected for a mature subduction zone (Agard et al., 2016; Dubacq et al., 2019; Jamieson, 1986; Soret
et al., 2017; Wakabayashi & Dilek, 2003; Woodcock & Robertson, 1977). They comonly have a 10� to
500�m thickness in total, and parts with different peak metamorphic grades represent different tectonics
slices. The higher temperature part of the sole is made of ma� c oceanic crust. The lower parts tend to
show an increase of a sedimentary component (Casey & Dewey, 1984). Cooling ages of metamorphic
soles (i.e., obtained by the Ar/Ar method on amphibole) are globally strongly correlated to the age of
the crust of the overlying SSZ ophiolites, suggesting that decompression and exhumation of soles are
the result of upper plate spreading (Dewey & Casey, 2013; van Hinsbergen et al., 2015). Such cooling
ages may thus serve as a proxy for the age of the SSZ ophiolite spreading (or hyperextension).
However, they provide only a minimum age for the initiation of subduction, which may predate SSZ
spreading by ~10 Myr or more as recently shown by Lu�Hf garnet ages in soles (Guilmette et al., 2018;
Pourteau et al., 2019).

The metamorphic sole are found below the ophiolites on Middle and North Andaman Islands
(Figures 2a…2c). We establish the pressure�temperature (PT) condition at which they formed using empiri-
cal thermobarometry and pseudosection modeling. We provide Ar/Ar ages to establish their cooling as
proxy for the timing of SSZ ophiolite formation. We� nally discuss our results in terms of temporal
and spatial relationships between SSZ ophiolite evolution, magmatic evolution, and subduction polarity
reversal dynamics.

2. Geological Setting
2.1. Regional Setting of the Andaman �Nicobar Islands

The Andaman and Nicobar Islands are located at the northernmost extension of the present�day
Sunda�Sumatra subduction system where the Indo�Australian Plate is subducting below Eurasia
(Figure 2a; Curray, 2005, 1989; McCaffrey, 1992, 2009). To the east of the Andaman and Nicobar Islands
is the Andaman Sea, an approximately N�S spreading, Neogene pull�apart basin that formed in the
back�arc region of the Andaman subduction zone as a result of formation of the Burma�Andaman
fore�arc sliver, partitioning highly oblique India�Sundaland convergence over a trench in the west and a
transform system in the east (Curray, 2005). Restoring the opening of this basin brings the
Cretaceous�Paleogene rock record of the Andaman Islands toward the south, juxtaposed in Oligocene time
against West Sumatra (Curray, 2005).

On West Sumatra lies the accreted, formerly intraoceanic Woyla volcanic arc. This arc formed in earliest
Cretaceous time within the Neotethys ocean (Hall, 2012). Paleomagnetic data from the Woyla Arc give
paleolatitudes that are consistent with the arc having formed on the Australian Plate that until the
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Eocene moved eastwards relative to Eurasia (Advokaat et al., 2018). Midlate Cretaceous collision of the
Woyla Arc with Sundaland may have occurred diachronously from north to south, and ongoing
Australia�Eurasia motion likely triggered a subduction polarity reversal recorded in the Indo�Myanmar
and Andaman ophiolites (Advokaat et al., 2018).

Regionally, remnants of oceanic lithosphere are preserved as ophiolite, generally described as tectoni-
cally dismembered along the Indo�Myanmar suture zone (Fareeduddin & Dilek, 2015; Liu et al., 2016;
Singh et al., 2017). The Andaman ophiolites are arguably the most complete in the sense that ultrama� c
and ma� c sequences are present (Ghosh et al., 2014, 2017; Pal, 2011; Pal et al., 2003), although as
described above, these may not, or not entirely, be cogenetic (i.e. gabbro intruding plagiogranite;
Bhattacharya et al., 2020). Metamorphic rocks were described from the serpentinite�hosted subophiolitic
mélange and were suggested to re� ect parts of a dismembered metamorphic sole (Pal &
Bhattacharya, 2010), but their precise metamorphic conditions, or the age of formation and/or cooling,
are so far unconstrained.

2.2. The Andaman Ophiolite

The tectonostratigraphy of the Andaman Islands has been discussed in detail in Bandopadhyay (2012).
The ophiolite contains a coherent mantle sequence mainly made of variably serpentinized peridotite
(tectonized harzburgite or lherzolite with chromitite and dunite pods) with in places layered gabbros
with local plagiogranite intrusions (Ghosh et al., 2014, 2017; Jafri et al., 1995; Pal, 2011; Saha et al., 2010).
Ophiolitic rocks crop out well along the eastern shore line of Rutland Island and South, Middle, and
North Andaman Islands (Figure 2b). Plagiogranite from South Andaman yielded the
93.6 ± 1.3 Ma U/Pb zircon age mentioned above (Sarma et al., 2010) and the 95 ± 2 Ma U/Pb age
(Pedersen et al., 2010). In South Andaman, volcanic and volcanoclastic rocks are divided in two groups
based on� eld disposition and geochemical characters (Pillow lava and East Coast volcanics after Ray,
1985; Ray et al., 1988) made of basalt and andesite with local felsic differentiates. The rocks of the crus-
tal section show a progressive evolution from a midocean ridge to SSZ af� nity (Ghosh et al., 2017). The
East Coast volcanics, reported from South Andaman, are cogenetic with gabbro from the Moho transi-
tion zone and have an arc af� nity (Ghosh et al., 2014). On top of the sequence, we found some hemi-
pelagic sediments interbedded with basaltic layers. The sequence is assigned to the Upper Cretaceous on
the basis of fossil assemblages (Ling et al., 1996; Ling & Srinivasan, 1993; Pal et al., 2003; Roy
et al., 1988). Also, middle Eocene radiolarian cherts are found in an isolated outcrop in southern
South Andaman (Ling et al., 1996; Ling & Srinivasan, 1993). Because the Eocene sediments above the
Andaman ophiolites are shallow�marine volcanic arc�derived sandstones (Bandopadhyay & Carter,
2017b), there are likely part of the accretionary mélange underneath the ophiolite. Following the accre-
tion of the youngest, Eocene, radiolarian chert to the mélange, the ophiolite and overlying fore�arc sedi-
ments were thrusted and tectonically repeated (Pal et al., 2003). This may coincide with the
underthrusting of a seismically imaged crustal block of possibly continental composition currently resid-
ing in the crust below the Andaman ophiolite (Ghosh et al., 2017; Ratheesh Kumar et al., 2013;
Singh et al., 2013).

2.3. The Andaman Islands Metamorphic Sole

The metamorphic rocks of the Andaman Islands have been investigated by Pal and
Bhattacharya (2010). They described two main localities in North and Middle Andaman. In North
Andaman, the metamorphic rocks are described as isolated small bodies below tectonized peridotite.
In Middle Andaman, they are described as allochthonous bodies within the mélange unit. The localities
are characterized by metabasites and metasediments, both described as metamorphosed in the greens-
chist facies (Pal & Bhattacharya, 2010), but the metamorphic grade has not been evaluated quantita-
tively. Geochemistry of the metabasites gives an alkaline basalt protolith, and the timing of
formation was bracketed between the Cretaceous and the Oligocene (Pal & Bhattacharya, 2010).
Geochemically, the sole rocks show a subduction in� uenced origin (Pal & Bhattacharya, 2010)
Sample AN1703 that is a quartz�rich sample interpreted to be a metachert has also an arc in� uence.
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3. Field Observations, Sampling, and Petrography
3.1. Field Observation and Sampling

Strongly foliated and sheared greenschist� to amphibolite�facies rocks are found along the eastern coast of
Middle Andaman in the region of Panchawati RV (Figure 2c). Apart from one in situ location where foliated
amphibolites are found welded to basal peridotites of the ophiolite (Figures 2c and 2d and Table 1) these
rocks occur as large, angular, loose boulders on the beach with sizes up to 10 m or more, suggesting they
were likely not displaced over large distances. These metamorphic blocks are found along an approximately
3�km long strip of beach. Far away (1 km) from the in situ location, the blocks decrease in size to pebbles and
cobbles. The metamorphic rocks are dominated by dark layered ma� c amphibolite with feldspar, amphibole,
and clinopyroxene. Sometimes late epidote is visible with the naked eye. The foliation is well de� ned, but
mineral lineation is not obvious probably due to the scattered recrystallization of amphibole. The foliation
is cross cut by late mineral� lling in brittle cracks (Figure 2d). We also observed greenschist�facies rocks that
occur along shore (Figure 2c). They consist in the� eld of coherent, tens of meter sized blocks with meta-
cherts interbedded with greenschist�facies metavolcanics (Figure 2d). We also investigated the Kalighat loca-
tion on North Andaman previously described by Pal and Bhattacharya (2010). This locality shows 10�m sized
blocks of metaquartzite and phyllites outcropping in the jungle without clear relation to the surrounding
ultrama� c rocks. We collected about 20 samples of the metamorphic sole and the above mélange. Most of
the samples come from the main metamorphic sole locality along the coast of Middle Andaman
(Figure 2c; Table 1).

3.2. Summary of Microscopic Observations

We here describe in detail the characteristic of our samples. As most samples are similar, we provide a gen-
eric description. Speci� c description of samples analyzed at the microprobe are given in supporting
information Appendix S1. All samples were cut in thexzplane of� nite deformation except when a penetra-
tive deformation was not observable. In the last case, the samples were cut perpendicular to the foliation.

Most of the amphibolite facies rocks have a nematoblastic texture. The foliation is de� ned by the elongation
of amphibole alternating with plagioclase. Green amphibole coexisting with plagioclase constitutes the
dominant minerals (Figure 3). We observed amphibole� and feldspar�rich layers with a thickness varying
from 0.1 to 5 mm between samples. In general, the amphibole is pristine, whereas the plagioclase often
shows destabilization texture to a� ne�grained mixture of epidote and albite (Figure 3m). We found clinopyr-
oxene in three samples (Figures 3b, 3d, 3j, 3k, 3n, and 3o; Table 1). It occurs as relict grains partially replaced
by amphibole and indicates a peak metamorphic assemblage composed of clinopyroxene + amphibole + pla-
gioclase + a Ti�bearing phase. We also observed inclusion of amphibole in clinopyroxene emphasizing their
coexistence (Figure 3d). Titanium�bearing phases (titanite, rutile, and ilmenite) are present as accessory
minerals in all samples (Figure 3). They show complex relations (Figures 3e, 3f, 3g, 3i, 3j, 3k, and 3l) and
detailed observation (scanning electron microscope and re� ected light) show that rutile is generally the� rst
phase to crystalize. It is overgrown/rimmed by ilmenite (Figure 3i) and/or titanite (Figures 3f, 3g, 3j, and 3l).
In most samples, we� nd rutile present as inclusion within titanite. We interpret the rutile to represent the
peak metamorphism condition. In some cases, rutile coexists with ilmenite (e.g., in sample An1709a). In a
few samples, we found epidote present as late crystals (Table 1). Apatite, chlorite, and pyrite are minor com-
ponents of some samples (Table 1). In addition, our samples show late�stage (possibly hydrothermal) altera-
tion features, with adularia (Figure 3h) and calcite in cross�cutting veins. Epidote and green amphibole also
grow in such veins (Figures 3b and 3h).

Greenschist�facies rocks are made of green amphibole, plagioclase, and epidote (Table 1). Elongated
light�green amphibole marks the foliation. Epidote is either present as porphyroblast within the foliation
or as layers marking the foliation. It is at textural equilibrium with plagioclase and amphibole.
Quartz�rich samples share the same mineral assemblage but have a different texture. In places, we observed
chlorite growing together with the abovementioned minerals. In all samples, late calcite or adularia veins
cross cut the main fabric, similar to the amphibolite facies rocks. The Ti�bearing phase is either rutile over-
grown by titanite or only titanite.

We also collected two samples from the Kalighat area in North Andaman previously described by Pal and
Bhattacharya (2010). They consist of quartz, white mica, epidote, and opaque minerals. The samples
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exhibit a foliation marked by the elongation of white mica� akes. We did not investigate them more than
under the microscope due to the lack of critical mineral assemblages and to the poor outcropping context.

4. Methods, Mineral Chemistry, and Age Determination

To determine the PT conditions of formation of the metamorphic sole using pseudosection modeling, we
needed� rst to study the samples under the microscope. We then collected chemical data for each mineral
(mainly clinopyroxene, amphibole, and feldspar). We present below a compilation of our petrological study
that is also summarized on Figure 4. We then summarize the chemical data obtained for the
investigated samples.

4.1. Methods

Microprobe analyses were performed with Cameca SXFive, SX 100, and a JEOL electron probe microanaly-
zer at CAMPARIS (Sorbonne Université, Paris) and GeoLab (Utrecht University), respectively. In all cases,
we adopted classical analytical conditions (15�kV acceleration voltage, 10�nA beam current, and 3�� m beam
size; wavelength�dispersive spectroscopy mode). For calibration, we used diopside (Ca, Mg, and Si), ortho-
clase (K and Al), FeO (Fe), albite (Na), Cr2O3 (Cr), and MnTiO3 (Mn, and Ti) in Paris and Albite (Si and
Al), Jadeite (Na), TiO (Ti), Adularia (K), Diopside (Ca), Forsterite (Mg), Hematite (Fe), Tephroite (Mn),
and Cr2O3 (Cr) in Utrecht.

Whole rock compositions (major and trace elements) were obtained for� ve samples. All samples were ana-
lyzed at Actlabs (Canada) using their standard procedures (available online at https://actlabs.com/geochem-
istry/lithogeochemistry�and�whole�rock�analysis/lithogeochemistry/; last accessed on 13 December 2019).

We selected two amphibole�bearing samples for Ar/Ar determination. The two samples were crushed and
sieved to obtain 180…250�� m fractions. The� ner particles were decanted off in tap water, and the coarser
residue further ultrasonically washed in acetone and deionized water several times. The optically best
grains, void of any coatings, were handpicked under a stereomicroscope. The samples were packed in alumi-
num capsules together with the Taylor Creek Rhyolite� ux monitor standard along with zero age reagent
grade K2SO4 and optical grade CaF2 salts for interference corrections. The samples were irradiated at

Table 1
Sample List, Location, and Mineral Occurrences

Sample
code

Location (WGS 84)

Grade Amph Plg Cpx Ep Rt Ttn Ilm Ad Other Other OtherN (° � � ) E (° � � )

AN1702 12 30 27 092 56 19 Mélange
AN1703 12 35 44 092 57 27 A x x *(Pl) x *(Rt) *(Rt) *(v) *Amp (Amp) *Mus (Pl) Qz
AN1704a 12 35 27 092 57 28 A x x x *(Pl) x *(Rt) ? *(v) *Amp (Amp)
AN1704b 12 35 27 092 57 28 A x x x/*(Pl) x x/ *(Rt) *(v) *Amp (Amp) *Mus (Pl)
AN1706a 12 32 31 092 58 31 GS x x x x x/*(Rt)
AN1706b 12 32 31 092 58 31 GS x x x x x/*(Rt) *(v)
AN1707a 12 32 38 092 58 30 GS x x x x *(v) *Cc(v)
AN1707b 12 32 38 092 58 30 GS x x *(v) *Cc (v) Chl Opq Qz
AN1708 12 33 15 092 58 18 Mélange
AN1709a 12 33 44 092 58 07 A x x x */ *(Pl) x *(Rt) *(v) *Chl
AN1709b 12 33 44 092 58 07 A x x *(Pl) (v) x x *(v)
AN1709c 12 33 44 092 58 07 A x x x *(Rt) *(Rt) *Amp (Amp) Qz
AN1709d 12 33 44 092 58 07 A x x x x *(Rt) Bt? *Chl (Bt?)
AN1709e 12 33 44 092 58 07 A *(cpx) x x x/ *(Pl) x *Cc Opq
AN1712a 12 35 41 092 57 41 A x x *(v) *Amp (Amp)
AN1712b 12 35 41 092 57 41 A x x *(v) *(v) *Amp (Amp)
AN1713a 12 35 16 092 57 34 A x x x x/*(Rt) *(v) *Mus (Pl)
AN1713b 12 35 16 092 57 34 A x x x x x/*(Rt) *(v) *Amp (Amp) *Mus (Pl)
AN1713c 12 35 16 092 57 34 A x x *(Pl) *(ilm) *(ilm) x *Mus (Pl)

Note. x, main assemblage; *, late phase; v, veins. Mineral abbreviations are after Whitney and Evans (2010). Other abbreviations are the following: A, amphibolite
facies; GS, greenschist facies. Lines in bold correspond to sample for which we present probe data.
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Figure 3. Microphotographs of representative sole samples. All mineral abbreviations are after Whitney and
Evans (2010). (a) Plain polarized light (PPL) view of a quartz�rich sample. Late fracture is� lled with adularia. (b) PPL
picture showing the initial clinopyroxene still preserved in sample AN1704a. (c) PPL view of the matrix made of
amphibole and plagioclase. (d) Close up on a clinopyroxene with amphibole inclusions. (e) Close up on an amphibole
with inclusion of rutile and (f) inclusion of rutile in titanite at the edge of an amphibole. (g) Rutile inclusion in
titanite. (h) Cross�polarized picture of late� llings of adularia with overgrowing actinolite on high�temperature
amphibole. (i) General PPL view of sample AN1709a depicting the main foliation and rutile and ilmenite coexisting with
amphibole and plagioclase. (j, k) PPL and XPL views of the preserved clinopyroxene in sample AN1709a. Note the big
rutile included in titanite (l) backscattered picture of sample AN1709d showing the general texture. Arrows indicate
titanite rim over rutile. (m) Close�up view of a plagioclase with needles of epidote growing in places. (n, o) PPL and XPL
views of sample AN1709e showing clinopyroxene and green amphibole overgrowth.
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Institutt for Energiteknikk, Kjeller, Norway, for approximately 88.5 hr, with a nominal neutron� ux density
of approximately 1.3 × 1013n × (cm� 2 s� 1). The interference correction factors for the production of isotopes
from Ca and K are available in the online appendix (Plunder et al., 2020). Samples were placed in a 3.5�mm
pit size aluminum sample disk and step heated using a defocused 3.5�mm CO2 laser beam from Photon
Machine Fusions 10.6 with a� at energy spectrum. The extracted gases from the sample cell were expanded
into a piston�free Stirling cryocooler, held at� 130 °C, for trapping potential water vapor and further into a
two�stage low volume extraction line (approximately 300 cm3), both stages equipped with SAES GP�50 (st101
alloy) getters, the� rst running hot (approximately 350 °C) and the second running cold. The gas was ana-
lyzed with a MAP 215…50 mass spectrometer in static mode, installed at the Geological Survey of Norway.
The peaks and baseline (AMU = 36.2) were determined during peak hopping for 10 cycles (15 integrations
per cycle and 30 integrations on mass36Ar) on the different masses (41…35AMU) on a Balzers SEV 217 elec-
tron multiplier in analog mode and regressed back to zero inlet time. Blanks were analyzed every third mea-
surement. After blank correction, a correction for mass fractionation,37Ar and 39Ar decay, and
neutron�induced interference reactions produced in the reactor were undertaken using in�house software
AgeMonster, written by M. Ganerød. It implements the equations of McDougall and Harrison (1999) and

Figure 4. Chemical composition of minerals from the metamorphic sole. (a) Amphibole: Ti a.p.f.u versus Si a.p.f.u.
(b) Amphibole: Mg# versus Si a.p.f.u. with Mg# = Mg/(Mg + Fe2+). (c) Ternary representation of the feldspar. Analysis
close to the K feldspar pole corresponds to adularia in late vein. (d) Ternary representation of clinopyroxene. Mineral
abbreviations are after Whitney and Evans (2010).
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the newly proposed decay constant for40K after Renne et al. (2010). A40Ar/ 36Ar ratio of 298.56 ± 0.31 from
Lee et al. (2006) was used for the atmospheric argon correction and mass discrimination calculation using a
power law distribution of the masses. We calculatedJ values relative to an age of 28.619 ± 0.036 Ma for the
Taylor Creek Rhyolite sanidine� ux monitor (Renne et al., 2010). We de� ne a plateau according to the fol-
lowing requirements: at least three consecutive steps overlapping at the 95% con� dence level (1.96� ) using

the strict test: overlap if :abs agen � agenþ 1

� �
< 1:96

������������������������
� 2

n þ � 2
nþ 1

� �q
(if errors quoted at 1� ), � 50% cumulative

39Ar released, and mean square of weighted deviates less than the two�tailed StudentT critical test statistics
for n � 1. Weighted mean ages are calculated by weighting on the inverse of the analytical variance. The

uncertainties are expanded in cases where mean square of weighted deviates > 1 using� *
���������������
MSWD

p
to

account for this excess error contribution.

4.2. Mineral Chemistry

The composition of the minerals that we observed in thin sections reported below and representative analy-
sis are given in Table 2. The full data set is published online (Plunder et al., 2020).
4.2.1. Amphibole
The composition of the amphibole crystals de� ning the main fabric is generally calcic between magnesio�
and tschermakitic�hornblende following the classi� cation of Leake et al. (1997). The late overgrowth plots
in the actinolite � eld and some intermediate composition were also found (Figures 4a and 4b). The Si con-
tent per formula unit (a.p.f.u.) varies between 6 and 8 (hornblende and actinolite, respectively). The XMg
(with XMg = Mg/[Mg + Fe 2+]) is generally between 0.6 to 0.8. The analysis of a Ti versus Si diagram shows
a decreasing trend with relation to the textural site of the amphibole. The Ti a.p.fu. content varies between
0.12 in hornblende to 0 in actinolite and [Na + K]A varies from 0.6 to 0.
4.2.2. Clinopyroxene
Clinopyroxene has a diopside composition and shows differences in between samples (Figure 4d). The aver-
age XMg (with XMg = Mg/[Mg + Fe2+]) is 0.80 for sample AN1709a, 0.64 for sample AN1709e, and 0.84 for
sample AN1704a. The Na a.p.f.u. is on average 0.04 for samples AN1704a and AN1709a and 0.07 for sample
AN1709e. We observed small intrasample variation in the order of ±0.02 to ±0.04 for the XMg and of ±0.02
to ±0.04 Na a.p.f.u. (Table 2).
4.2.3. Feldspar
All the primary feldspars are plagioclase (Figure 4c). They have a composition ranging from Xanorthite = 0
to Xanorthite = 20 plotting in the � eld of albite to oligoclase. The late feldspar are classi� ed as potassic feld-
spar, being identi� ed as adularia with a formula unit very close to the endmember (KAlSi3O8; Figure 3c), a
common mineral developing during episodes of hydrothermalism/� uid circulation at shallow levels (Cerny
& Chapman, 1986).
4.2.4. Ti�bearing phases
When measured, rutile or ilmenite show composition close to the pure end�members with formula unit close
to TiO2 and FeTiO3.

4.3. Ar/Ar Ages

The main results and the degassing spectra can be found in Table 3 and Figure 5, respectively. The raw ana-
lytical mass spectrometer output (following data reporting norms of Renne et al., 2010) is given in the online
data set (Plunder et al., 2020). The step heating experiments of amphiboles from samples AN1704A and
AN1709A (Figures 5a and 5b) reveal overlapping step ages of parts of the spectrum, de� ning inverse variance
weighted plateau ages of 106.4 ± 2.1 and 105.3 ± 1.6 Ma, respectively. These ages are within error of each
other (Table 3). We interpret the plateau dates as reliable estimators of the cooling age of the metamorphic
sole below ~450…550 °C (i.e., the closure temperature of the Ar/Ar system in hornblende; Baldwin
et al., 1990; Harrison, 1982).

5. Thermobarometry
5.1. Amphibole Plagioclase Thermometry and Barometry

We determined the crystallization temperature of hornblende and plagioclase pairs using the empirical ther-
mometer of Holland and Blundy (1994). Since the plagioclase is often destabilized in our samples, we only
took the analyses with xanorthite > 0.10 and a clear textural equilibrium relation with the amphibole
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Table 2
Selection of Representative Analysis for Amphibole, Clinopyroxene, and Feldspar

Amphibole

Sample AN1703 AN1703 AN1704A AN1704A AN1704A AN1704A AN1704B AN1704B AN1704B AN1709A

Analog # 7 12 18 19 2 3 4 7 8 14

SiO2 42.49 42.11 47.19 48.52 52.74 52.41 53.46 45.20 43.42 42.97
TiO2 0.82 0.87 0.47 0.39 0.02 0.04 0.03 0.58 0.69 0.79
Al2O3 12.94 13.18 10.39 9.54 0.16 0.07 0.14 10.25 11.92 12.31
Cr2O3 0.03 0.04 0.12 0.10 0.05 0.00 0.00 0.00 0.02 0.04
FeO 16.62 17.02 11.61 12.01 22.54 23.90 19.08 14.51 14.82 14.69
MnO 0.68 0.68 0.34 0.37 0.48 0.82 0.59 0.43 0.42 0.23
MgO 10.23 10.10 14.07 14.32 9.12 8.57 11.02 11.99 11.17 11.49
CaO 11.10 10.99 12.42 12.56 12.19 12.19 12.18 11.82 11.61 11.14
Na2O 1.91 1.97 1.18 1.01 0.21 0.13 0.20 1.38 1.61 2.05
K2O 0.63 0.67 0.62 0.52 0.03 0.06 0.06 0.53 0.60 0.60
Total 97.45 97.63 98.41 99.34 97.55 98.20 96.75 96.68 96.29 96.30

Formula unit
O# 23 23 23 23 23 23 23 23 23 23

Si 6.27 6.21 6.75 6.87 7.98 7.92 8.02 6.67 6.46 6.37
Al iv 1.73 1.79 1.25 1.13 0.02 0.01 0.00 1.33 1.54 1.63
Al vi 0.52 0.50 0.50 0.46 0.01 0.00 0.02 0.45 0.55 0.52
Ti 0.09 0.10 0.05 0.04 0.00 0.00 0.00 0.06 0.08 0.09
Cr 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00
Fe3+ 0.85 0.94 0.38 0.40 0.00 0.13 0.00 0.52 0.56 0.69
Fe2+ 1.20 1.16 1.01 1.03 2.85 2.89 2.39 1.28 1.28 1.13
Mn 0.09 0.08 0.04 0.04 0.06 0.11 0.08 0.05 0.05 0.03
Mg 2.25 2.22 3.00 3.02 2.06 1.93 2.46 2.64 2.48 2.54
Ca 1.75 1.74 1.90 1.91 1.98 1.97 1.96 1.87 1.85 1.77
Na 0.55 0.56 0.33 0.28 0.06 0.04 0.06 0.39 0.47 0.59
K 0.12 0.13 0.11 0.09 0.01 0.01 0.01 0.10 0.11 0.11
OH* 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
XMg 0.65 0.66 0.75 0.75 0.42 0.40 0.51 0.67 0.66 0.69
XFe3+ 0.62 0.65 0.43 0.46 0.04 0.03 0.00 0.53 0.51 0.57

Amphibole

Sample AN1709A AN1709B AN1709D AN1709D AN1709E AN1709E AN1709E AN1713A

Analog # 3 23 12 57 4 5 6 20

SiO2 42.74 43.95 44.00 52.60 53.23 50.60 46.59 44.82
TiO2 0.64 0.63 0.70 0.08 0.00 0.19 0.17 0.63
Al2O3 12.15 12.15 12.67 2.87 1.62 3.97 6.84 10.43
Cr2O3 0.04 0.01 0.03 0.00 0.01 0.00 0.04 0.08
FeO 14.81 14.03 14.15 15.27 14.68 16.09 18.19 13.41
MnO 0.30 0.25 0.21 0.38 1.72 1.04 1.12 0.25
MgO 11.43 11.52 11.57 13.13 13.20 12.26 10.52 12.20
CaO 11.45 11.30 11.33 12.22 12.77 12.11 11.92 11.46
Na2O 2.18 1.62 1.83 0.42 0.20 0.65 1.12 1.73
K2O 0.58 0.30 0.56 0.28 0.06 0.32 0.52 0.47
Total 96.32 95.76 97.04 97.26 97.49 97.23 97.04 95.48

Formula unit
O# 23 23 23 23 23 23 23 23

Si 6.37 6.50 6.45 7.71 7.81 7.47 6.99 6.68
Al iv 1.63 1.50 1.55 0.29 0.19 0.53 1.01 1.32
Al vi 0.50 0.62 0.63 0.20 0.09 0.16 0.20 0.51
Ti 0.07 0.07 0.08 0.01 0.00 0.02 0.02 0.07

(Continues)
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Table 2
(continued)

Amphibole

Sample AN1709A AN1709B AN1709D AN1709D AN1709E AN1709E AN1709E AN1713A

Analog # 3 23 12 57 4 5 6 20

Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Fe3+ 0.58 0.63 0.59 0.06 0.00 0.25 0.51 0.42
Fe2+ 1.26 1.10 1.15 1.81 1.80 1.74 1.77 1.26
Mn 0.04 0.03 0.03 0.05 0.21 0.13 0.14 0.03
Mg 2.54 2.54 2.53 2.87 2.89 2.70 2.35 2.71
Ca 1.83 1.79 1.78 1.92 2.01 1.92 1.92 1.83
Na 0.63 0.46 0.52 0.12 0.06 0.19 0.33 0.50
K 0.11 0.06 0.10 0.05 0.01 0.06 0.10 0.09
OH* 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
XMg 0.67 0.70 0.69 0.61 0.62 0.61 0.57 0.68
XFe3+ 0.54 0.50 0.48 0.23 0.04 0.60 0.72 0.45

Feldspar

Sample AN1709D AN1704A AN1704A AN1709A AN1709A

Analog # 3 67 68 1 2

SiO2 68.48 65.71 65.43 62.37 61.80
TiO2 0.03 0.06 0.01 0.01 0.00
Al2O3 20.61 18.91 18.89 22.67 23.04
Cr2O3 0.00 0.00 0.00 0.00 0.00
FeO 0.02 0.04 0.08 0.19 0.08
MnO 0.02 0.01 0.06 0.00 0.03
MgO 0.00 0.00 0.00 0.00 0.01
CaO 0.04 0.03 0.03 4.06 4.45
Na2O 12.51 0.12 0.16 9.86 9.63
K2O 0.04 15.94 16.10 0.10 0.10
Total 101.75 100.82 100.76 99.26 99.13

O# 8 8 8 8 8

Si 2.95 3.00 2.99 2.79 2.77
Al 1.05 1.02 1.02 1.19 1.22
Ti 0.00 0.00 0.00 0.00 0.00
Fe 0.00 0.00 0.00 0.01 0.00
Mn 0.00 0.00 0.00 0.00 0.00
Mg 0.00 0.00 0.00 0.00 0.00
Ca 0.00 0.00 0.00 0.19 0.21
Na 1.05 0.01 0.01 0.85 0.84
K 0.00 0.93 0.94 0.01 0.01
Or 0.18 98.71 98.36 0.53 0.54
Ab 99.65 1.13 1.49 81.03 79.24
An 0.16 0.17 0.16 18.44 20.22

Clinopyroxene

Sample AN1709a AN1709a AN1709a AN1709a AN1704A AN1704A AN1709E AN1709E

Analog # 1 2 3 4 1 2 1 2

SiO2 53.76 54.26 53.59 53.37 53.76 54.26 52.65 52.11
TiO2 0.03 0.08 0.01 0.10 0.03 0.08 0.03 0.02
Al2O3 1.32 1.45 1.42 1.93 1.32 1.45 0.54 0.65
Cr2O3 0.06 0.00 0.03 0.04 0.06 0.00 0.03 0.00
FeO 5.74 5.89 5.51 6.38 5.74 5.89 10.61 11.20
MnO 0.57 0.68 0.71 0.56 0.57 0.68 1.40 1.24
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(e.g., pairs we measured together at the microprobe). For amphibole, we used the highest Ti content we
measured (~0.06 to 0.08 Ti a.p.f.u; Figure 4a) as it is interpreted to increase with temperature (Ernst &
Liu, 1998). When performing the thermometry, we� rst set the pressure to 0.8 GPa. This is a rather
conservative assumption since the reaction is almost entirely dependent on temperature. We then
calculated the pressure using the calcic amphibole barometer of Molina et al. (2015). We retrieved
pressure between 0.6 and 0.9 GPa (Figure 6a). Using the calculated pressure, we used an iterative scheme
to re� ne the temperature. We obtained temperatures between 600 °C and 690 °C from the following
equation, edenite + 4 quartz = tremolite + albite, and between 630 °C and 680 °C from the equation
edenite + albite = richterite + anorthite, with pressure range between 0.6 and 0.9 GPa (Figure 6a). The
difference with imposed pressure stays within approximately 60 °C, and our results are coherent with
previous estimates for similar paragenesis (Soret et al., 2017).

Table 2
(continued)

Clinopyroxene

Sample AN1709a AN1709a AN1709a AN1709a AN1704A AN1704A AN1709E AN1709E

Analog # 1 2 3 4 1 2 1 2

MgO 14.47 14.48 14.74 14.28 14.47 14.48 11.12 10.84
CaO 24.41 24.23 24.08 24.39 24.41 24.23 23.22 22.77
Na2O 0.57 0.60 0.49 0.65 0.57 0.60 0.58 0.91
K2O 0.01 0.01 0.04 0.03 0.01 0.01 0.04 0.01
Total 100.93 101.68 100.63 101.74 100.93 101.68 100.24 99.74

Formula unit
O# 6 6 6 6 6 6 6 6

Si 1.96 1.97 1.96 1.94 1.96 1.97 1.99 1.97
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.06 0.06 0.06 0.08 0.06 0.06 0.02 0.03
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe3+ 0.05 0.04 0.05 0.09 0.05 0.04 0.05 0.09
Fe2+ 0.12 0.14 0.12 0.11 0.12 0.14 0.29 0.26
Mn 0.02 0.02 0.02 0.02 0.02 0.02 0.04 0.04
Mg 0.79 0.78 0.80 0.77 0.79 0.78 0.63 0.61
Ca 0.96 0.94 0.94 0.95 0.96 0.94 0.94 0.92
Na 0.04 0.04 0.04 0.05 0.04 0.04 0.04 0.07
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
XMg 0.87 0.85 0.87 0.88 0.87 0.85 0.68 0.70
En 0.42 0.42 0.43 0.42 0.42 0.42 0.34 0.34
Fs 0.07 0.07 0.06 0.06 0.07 0.07 0.16 0.15
Wo 0.51 0.51 0.51 0.52 0.51 0.51 0.51 0.51

Table 3
Ar/Ar Data

Spectrum Inverse isochron

Sample Material
Steps
(n) %39Ar Age ± 1.96 s

MSWD
(P) TGA ± 1.96 s

K/
Ca ± 1.96 s Age ± 1.96 s

MSWD
(P)

Trapped
40Ar/ 36Ar

Spread
(%)

AN1704A Amphibole 13…
16(4)

73.1 106.38 ± 2.18 1.21
(0.31)

106.58 ± 2.17 0.07 ± 0.001 107.73 ± 6.29 1.68
(0.19)

293.01 ± 24.53 33.9

AN1709A Amphibole 18…
22(5)

46.33 106.06 ± 1.27 1.09
(0.36)

108.61 ± 1.58 0.12 ± 0.001 104.75 ± 1.96 0.54
(0.65)

306.27 ± 9.29 38

Note. n, number of steps taken for age calculation.
Bold number emphasis the retained ages.
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5.2. Pseudosection Modeling

One problem of pseudosection modeling with high variance rocks is to evaluate the amount of water and the
degree of oxidation of the rock. We calculated different pseudosection (i.e., a phase diagram for a� xed bulk
composition) using an updated version of the THERIAK�DOMINO software package (de Capitani &
Brown, 1987; de Capitani & Petrakakis, 2010; Jørgensen et al., 2019; available on D. Tinkham's website

Figure 5. Degassing spectra for samples (a) AN1704a and (b) AN1709a. Steps 16 and 17 are omitted in the age
calculation. Terms MSWD, P, and WMPA denote mean squared weighted deviance, probability of� t, and weighted
mean plateau age, respectively. The K/Ca ration is calculated as39Ar/ 37Ar.
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Figure 6. (a) Results of the hornblende�plagioclase empirical thermobarometry. (b) Temperature versus XH2O pseudosection with XFe3+ = 0.12. PT
pseudosection for different amounts of water. (c) Temperature versus XH2O pseudosection with XFe3+ = 0.19. PT pseudosection for different amounts of
water. (d) Temperature versus XH2O pseudosection with XFe3+ = 0.25. PT pseudosection for different amounts of water.
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http://dtinkham.net/peq.html, last accessed on 15 April 2019). For all calculations, we used the tc62 database
of Holland and Powell (2011) with the following activity�composition relation: amphibole, clinopyroxene,
and melt (Green et al., 2016); garnet, orthopyroxene, ilmenite, and biotite (White et al., 2014; epidote
(Holland & Powell, 2011); spinel (White et al., 2002); and plagioclase (Holland & Powell, 2003). We
selected sample AN1709a for further thermobarometric investigation for two main reasons. First, it has
reduced variance due to the presence of clinopyroxene, making the assemblage more restrictive. Second, it
comes from an in situ location. Using the value reported in the literature for similar amphibolite, we
arbitrarily � xed values of XFe3+ to 0.12, 0.19, and 0.25 (with XFe3+ = Fe3+/[Fe3+ + Fe2+]). These values of
XFe3+ are similar to the range reported in Green et al. (2016) for the calibration of the amphibole,
clinopyroxene, and melt models. We calculated multiple T�XH2O diagram with the � xed XFe3+ to
investigate the water content. The XH2O value varies from 0 to 1 (i.e., from dry rock to excess water). It
corresponds to a normalized variation of MH2O = 0 to MH2O = 7.41 mol % in the case of the modeled
sample for XFe3+ = 0.12 (Table 4). When calculating a T�XH2O diagram, we set the pressure to 0.8 Gpa in
agreement with our results from the amphibole�plagioclase empirical thermometry and barometry.

For all calculations, the solidus lies at conditions similar to what is shown in Palin et al. (2016) for a mido-
cean ridge basalt composition, and the stable mineral assemblages are similar at� rst order. The increase of
the Fe3+ content has a minimal effect on its position except at low water content where it shifts toward
higher temperatures (see the position of the solidus line on the T�XH2O section of Figures 6c and 6d).
With XFe3+ = 0.12, the observed assemblage cannot be modeled (amphibole + clinopyroxene + plagio-
clase + quartz + rutile + ilmenite; rutile is not predicted in the diagram). A narrow � eld corresponding to
the observed assemblage without rutile lies at XH2O between 0.45 and 0.5 with temperature varying between
550 °C and 800 °C (Figure 6b). With increasing water content, titanite becomes stable. We then calculated
two PT pseudosections. We assume the� rst one with XH2O = 0.5 (i.e., that allows to compute an assemblage
that is near to the one observed) to represent near PT peak conditions where rutile and ilmenite are costable
in our sample. In the PT space, the observed assemblage appears in a relatively large� eld ranging from 0.85
to 1.1 Gpa and between 600 °C and 725 °C. It is limited toward high temperature by the solidus, toward high
pressure by the appearance of garnet and the destabilization of ilmenite, and toward low pressure by the
destabilization of rutile. The modal proportion of all phases is close enough to what is observed in the sam-
ples (>50% amphibole, 35% plagioclase, 5…10% clinopyroxene, and ~5% rutile and ilmenite). We calculated a
second pseudosection with a water content corresponding on the measured loss on ignition (XH2O = 0.6). In
this calculation, the solidus reaction shifts toward low temperature and lies around 650 °C at 0.8 GPa.
Neither rutile nor ilmenite is predicted to be stable at supra solidus conditions except at pressure below
0.6 GPa where ilmenite is stable. We observe a� eld where titanite is stable together with amphibole, clino-
pyroxene, plagioclase, and quartz. This corresponds to the observation from our thin section where titanite is
overgrowing rutile and or rutile + ilmenite and is stable with amphibole, plagioclase, and clinopyroxene.

Table 4
Bulk Composition (mol %) for Sample AN1709a Used for Pseudosection Modeling. The Table Reports all Bulk Used for Figure 6

AN1709a H Si Al Ca Mg Fe Na Ti O XFe3+ XH 2O

Dry 0.00 53.26 15.67 9.93 12.11 8.63 8.16 1.03 0.500 0.12 0
Wet 14.82 49.30 14.51 9.19 11.22 7.99 7.55 0.95 0.477 1
SS 7.41 51.28 15.09 9.56 11.66 8.31 7.85 0.99 0.49 0.5
LOI 8.89 51.68 15.20 9.63 11.75 8.37 7.91 0.99 0.49 0.6
Dry 0.00 53.09 15.62 9.89 12.08 8.60 8.13 1.02 0.818 0.19 0
Wet 14.78 49.16 14.46 9.16 11.18 7.97 7.53 0.95 0.76 1
SS 7.39 51.13 15.04 9.53 11.63 8.28 7.83 0.99 0.79 0.5
LOI 8.87 51.52 15.16 9.60 11.72 8.35 7.89 0.99 0.79 0.6
Dry 0.00 52.95 15.58 9.87 12.04 8.58 8.11 1.02 1.07 0.25 0
Wet 14.74 49.05 14.43 9.14 11.16 7.95 7.51 0.95 0.995 1
SS 6.93 50.88 14.97 9.48 11.57 8.24 7.79 0.98 1.03 0.47
LOI 8.85 51.39 15.12 9.58 11.69 8.33 7.87 0.99 1.04 0.6

Abbreviations: LOI, loss on ignition; MSWD, mean square of weighted deviates; P, probability density� t; SS, unsaturated subsolidus water content; TGA, total
gas age.
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With XFe3+ = 0.19 (Figure 6c), the observed assemblage can be found at conditions where XH2O equals 0.47
at 675 °C. We used the same approach as previously mentioned and calculated two PT pseudosection for
XH2O = 0.47 and XH2O = 0.6 (i.e., the loss on ignition). On the� rst one, we observe the observed assemblage
to lie in a � eld sharing the same topology as for the XFe3+ = 0.12 case but with slightly lower pressure and
temperature. With increasing water content, the PT pseudosection shares similarities as with the one calcu-
lated for XFe3+ = 0.12. The XMg of the modeled clinopyroxene increases to a value of 0.67. When increasing
the Fe3+ content (XFe3+ = 0.25 case; Figure 6d), we observe very similar topologies either on the T�XH2O dia-
gram or on the PT diagrams with different water quantity. The observed assemblage lies in a� eld that shifted
to slightly lower pressure but higher temperature at 0.9 GPa and 700 °C. We note that the chemistry of miner-
als tends to be more in agreement with the one observed in the case with XFe3+ = 0.25: the XMg modeled for
clinopyroxene rises up to 0.7 in the pseudosection in contrast of the case with XFe3+ = 0.12 where
XMg = 0.65. We calculated an additional PT pseudosection with XFe3+ = 0.5. The observed assemblage is
modeled in a similar� eld, and the XMg the clinopyroxene rises up to 0.77, but the composition of the ilmenite
solution model tends to be pure hematite, excluding this case as a possibility for our PT estimates.

In any case, for the three XFe3+ contents, the observed assemblage lies at similar PT conditions of 675 ± 50 °C
and 0.9 ± 0.15 Gpa that we interpret to represent climax PT condition (Figures 6b…6d). As in the case with
XFe3+ = 0.12, the addition of water in the calculation allows to stabilize titanite together with clinopyroxene,
amphibole, and plagioclase. Considering the predicted composition of minerals, we take the case where the
oxidation state is maximum (XFe3+ = 0.25) to be more representative of our rock, but we are aware that the
PT condition computed for the observed assemblage does not change much with varying XFe3+.

6. Discussion
6.1. Condition of Formation of the Sole of the Andaman Islands

In this study, we constrained the condition of formation of the highest�grade metamorphic rocks of the
Andaman Islands using empirical thermobarometry and a pseudosection modeling. These rocks formed
at 0.9 GPa and 675 °C. These results, and the single observation that the amphibolites are welded to the peri-
dotites of the Andaman ophiolite, are coherent with previously documented metamorphic soles around the
world (e.g., Agard et al., 2016). The samples we collected do not witness the highest�grade parts of soles
reported elsewhere (~850 °C and ~1.2 GPa; e.g., Agard et al., 2016; Cowan et al., 2014; Dubacq et al., 2019;
Plunder et al., 2016; Soret et al., 2017). This may either mean that these highest�grade parts were not accreted
in the Andaman case (not all sole localities show the full sequence) or that it may be present elsewhere below
the Andaman ophiolite. However, the calculated condition aligns well on the typical warm geothermal gra-
dient that is characteristic of subduction initiation (>20 °C/km; Casey & Dewey, 1984; Dewey & Casey, 2013;
Hacker, 1990; Soret et al., 2017). The major uncertainties on our PT estimates are related to the dif� culty in
estimating the water content and the oxidation state of the rock. We have shown that even with large varia-
tion in the XFe3+, the PT estimates are close and remains largely identical when one considers the uncertain-
ties related to the method. Interestingly, the XFe3+ variation does not affect the Ti�bearing phase relation
much (Soret et al., 2017). With increasing XFe3+, the PT condition of the observed assemblage shifts slightly
to higher temperature (+25 °C) and to lower pressure (� 0.1 GPa).

Interestingly, the variation of the water content has an important effect on the phase relation of the
Ti�bearing phases, especially for the rutile and or ilmenite�to�titanite transition. We may argue on the basis
of our observation and of our models that the water content has changed during the evolutionary history of
the rock. In our case, titanite�bearing paragenesis can only be modeled for water content close to the loss on
ignition (Figure 6). On the opposite, the rutile�ilmenite paragenesis can only be reproduced with quantities
of water lower than the measured loss on ignition. Titanite in our sample is observed as overgrowing rutile
and clinopyroxene is destabilized to amphibole. The addition of water in the clinopyroxene�bearing paragen-
esis could produce a reaction consuming rutile or ilmenite and producing titanite instead (e.g., Cpx + Ilm/
Rt + H 2O ± Pl = Hbl + Ttn). The addition of water during the history of the rock is compatible with the gen-
eral subduction initiation context during which the mantle wedge registers a progressive hydration (Prigent
et al., 2018a, 2018b; Soret et al., 2016). Causes of such hydration of the exhuming sole can be linked to the
dehydration of later accreted metamorphic sole or dehydration/melting of the sole at deeper level (Agard
et al., 2018; Soret et al., 2017). It also means that such addition of water needs to occur while the sole is
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exhuming. The PT condition at which this hydration happened cannot be precisely constrained because the
activity�composition model used here is being developed for relatively high temperature rocks
(Green et al., 2016). We can, however, eliminate the possibility that titanite developed during the late stages
of hydrothermal activity when adularia, carbonates, and actinolite crystalized (Figure 3h). This is justi� ed
by the textural relationship where titanite is stable with amphibole (Figure 3f) or clinopyroxene
(Figures 3j and 3k).

6.2. Implication of the Sole Age: Estimating the Duration of Flip Polarity Reversal

Our two plateau ages of 106.4 ± 2.1 and 105.3 ± 1.6 Ma obtained for the metamorphic sole are certainly
older than the age of previously interpreted ophiolititc crust formation based on the available ages of
93…98 Ma (Bhattacharya et al., 2020; Pedersen et al., 2010; Sarma et al., 2010). The cooling ages of
the metamorphic sole obtained by the Ar/Ar method are systematically coeval with the crystallization
ages of the ophiolite (e.g., Oman, Hacker, 1994; Turkey, see review in van Hinsbergen et al., 2016;
Greece, Dimo�Lahite et al., 2001; Liati et al., 2004). This age is also coeval with the 106�Ma Ar/Ar
age on plagioclase xenocrysts documented in recent lava� ows of the Barren Island and is interpreted
as the age of the Andaman ophiolite that is thought to be the basement of the Barren Island
(Ray et al., 2015).

In light of the presented results and on data from the literature, we propose the following revised scenario for
the formation and evolution of the Andaman ophiolites and provide estimates on the duration of a subduc-
tion polarity reversal that we interpret to be the result of the Woyla�Sundaland arc�continent collision
(Figure 7).

1. By approximately 120 Ma, the conceptual Ngalau Plate was consumed in a double�verging subduction
system (Advokaat et al., 2018; Barber et al., 2005). This resulted in the development of the intra oceanic
Woyla Arc and of the Western Sumatra Arc on Sundaland (Figure 7a). This is attested by the 122� to
105�Ma ages of the volcanic rocks in the Woyla Arc (Gafoer et al., 1993; Koning, 1985) and the assem-
blage of mid�Jurassic to Upper Cretaceous sediments and intrusive rocks in the Western Sumatra Arc
(Advokaat et al., 2018; Barber et al., 2005; Zhang et al., 2019).

2. While the triple junction was moving, southwards, the Woyla Arc or island arc generated above the sub-
duction zones collided with Eurasia. It leads to the southwards propagation of subduction initiation
toward the back�arc basin behind the Woyla Arc (Figure 7b). The back�arc basin is a good candidate
for the propagation of the subduction zone as it represents a global mechanical weakness where subduc-
tion can nucleate (e.g., Beaussier et al., 2019, 2018). Whether the ridge itself or another
structure/weakness is the place where subduction initiates remains, however, speculative. Meanwhile,
arc volcanism continued on both sides of the Ngalau Plate (i.e., in the Western Sumatra and Woyla arcs),
showing that arc collision there was not underway yet.

3. We interpret the approximately 105�Ma Ar/Ar age on amphibole as a cooling age. It means that by
~105 Ma, the metamorphic sole of the Andaman Islands was exhuming (Figure 7c). This is coeval
with the ~106 Ma Ar/Ar age on plagioclase xenocrysts of the Barren Island volcanic rocks (Ray et
al., 2015) interpreted to represent the formation of the Andaman ophiolite The Woyla Arc and
Western Sumatra Arc enter their� nal stages but are still active (Gafoer et al., 1993; Koning, 1985;
Zhang et al., 2019).

4. From at least 95 Ma onwards, a true magmatic arc became active above the newly formed
NE�dipping subduction (Figure 7d). This activity is attested by (i) 93�Ma plagiogranite with an arc
af� nity intruding the ophiolite (Jafri et al., 1995; Sarma et al., 2010) and (ii) by agglomerates (arc
volcanic pyroclastic deposits), among which some include 95�Ma plagiogranite components dated
by Pedersen et al. (2010). These ages are considerably younger than the cooling ages of the
Andaman metamorphic sole and demonstrate that the subduction was fully developed by that time
(Figure 7d). This also would implies that a signi� cant part of magmatic and mantle rocks previously
considered as the Andaman ophiolite is actually the expression on an arc emplaced in the ophiolite
(Figure 7d). The Woyla Arc is then accreted to Sundaland once the Ngalau Plate was entirely con-
sumed (Figure 7d; Advokaat et al., 2018). Magmatism on the Western Sumatra Arc occurs until at
least 85 Ma in the southernmost part (Zhang et al., 2019) and could have stopped earlier to the
north (Wang et al., 2014).
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All in all, this scenario allows us to evaluate the duration of subduction polarity reversal in context of the
Woyla Arc�Sundaland collision. We use the age of the sole likely representing exhumation as a minimum
age for subduction initiation. In other settings, sole exhumation ages are coeval with the ages of SSZ ophio-
lite formation (Hacker, 1994; van Hinsbergen et al., 2015, and reference therein). In the case of the Andaman
Islands, the age we obtained for the metamorphic sole are older than any direct evidence from the ophiolite
but coeval with the proposed age of the ophiolite (Ray et al., 2015). This would require further investigation
on the age of formation of the agglomerates and ophiolititc rock of the Andaman Islands. The formation of
part of the present�day ophiolite occurred ~10 Myr prior to the formation of the 95� to 93�Ma new magmatic
arc sequence that formed in and on the ophiolite (Figure 7d). This gives us a minimum 10�Myr duration for
subduction polarity reversal. However, it is reasonable to argue that subduction initiation must have pre-
dated the cooling of the sole. The delay between prograde metamorphism dated using Lu�Hf ages on garnet
and exhumation ages documented by Ar/Ar ages on amphibole in other sole locations in western Turkey
and Oman (Guilmette et al., 2018; Pourteau et al., 2019) is as much as 8…12 Myr. It means that subduction
might have initiated as early as approximately 115 Ma on the Andaman transect. Combining that with
the minimum duration, it allows us to speculate that subduction reversal occurs at least over 18…22 Myr.

Figure 7. Tentative geodynamic reconstruction of the Andaman ophiolite. (a) Approximately 126 Ma: initiation of a new subduction zone upon collision of the
northern extension of the Woyla Arc. The Ngalau Plate is consuming on both sides (Advokaat et al., 2018), and arc magmatism exists on both Sundaland and
Woyla arcs. (b) Approximately 116 Ma: the new subduction zone propagates southwards. Arc magmatism on Sundaland ceases in the northern part (Lin
et al., 2019). (c) Approximately 106 Ma: The gray star indicates the moment when the northernmost part of the Woyla Arc starts to collide with Sundaland. At that
time, the Andaman metamorphic sole is exhuming (our data), and SSZ gabbros are crystallizing. (d) Approximately 95 Ma, arc magmatism starts above thenew
north�eastward dipping subduction as attested by the agglomerates of the Andaman Islands. Most of the Woyla Arc is accreted to Sundaland (Advokaat
et al., 2018). The BAB abbreviation shows the approximate location the back�arc basin. Dotted red line denotes the weak place where the new subduction will
start. Double lines show the position of the back�arc spreading center.
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This time span is consistent with timing proposed for other subduction polarity reversals, such as 22 Myr
documented from the sedimentary record in th Dominican Republic and Puerto Rico (in the Caribbean
region; Lebron & Per� t, 1993), 10…22 Myr on the basis of geochronological data from the Irish
Caledonides (Clift et al., 2003), 12 Myr from the age of porphyry copper deposit in the South West Paci� c
(Solomon, 1990), and is in the same range as the subduction polarity reversal documented below Taiwan
(Clift et al., 2003; von Hagke et al., 2016). From these examples, subduction polarity reversal may last tens
of millions year, depending most likely on the plate convergence rate and on the geometry of the plate
boundary system and the obliquity between the colliding arc and continent. Subduction polarity reversal
is likely to be a gradual, three�dimensional process that takes tens of million years on a given transect.
The Andaman Islands setting may thus provide a test case for thermomechanical numerical model studies
on the dynamics of subduction initiation through polarity reversal in response to arc�continent collision.
Further test would be to investigate the velocity of subduction initiation propagation that Zhou et al. (2018)
propose to be in the order of 10…20 cm/year and to test whether the ridge or other structures in the back�arc
basin is the key location for subduction initiation.

7. Conclusions

We here provide the estimation of the duration of a subduction polarity reversal during arc�continent colli-
sion that occurred during the Late Cretaceous. Using the case study of the Andaman Islands, we constrained
the timing of subduction initiation by a petrochronological study of the metamorphic sole. The sole formed at
0.95 GPa and 675 °C and was exhumed no later than approximately 105 Ma as constrained by two new Ar/Ar
ages on hornblende. The geochemistry of the metamorphic sole� ts with a back�arc basin origin close to the
Woyla Arc, when that collided with Sundaland, in agreement with existing paleogeographic reconstructions,
an ideal place for subduction initiation. Altogether, our petrochronological and� eld data together with lit-
erature review advocate for a subduction polarity reversal following the diachronous collision of the Woyla
Arc with Sundaland. We may estimate that subduction polarity reversal has occurred on time scales of at least
10 Myr. The well�constrained Andaman Islands case study could serve for further investigation of subduction
polarity reversal as a fundamental mechanism to create new subduction zones.
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