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ABSTRACT

The largest ophiolite on Earth, in western Turkey, is a key place
to study obduction and early subduction dynamics. Ophiolite
remnants derived from the same Neotethyan branch (preserved
as a result of long-lived Late Cretaceous continental subduction
and later obduction) are underlain by hundred-metre-thick
extensive metamorphic soles. These soles formed syn-
chronously, at c. 93 Ma, and were welded to the base of the
ophiolite, thereby dating the start of intra-oceanic subduction.
This contribution focuses on the structure, petrology and pres-
sure—temperature evolution of the soles and other subduction-

derived units. Peak pressure-temperature conditions were esti-
mated at 10.5 + 2 kbar and 800 + 50 °C for the sole by
means of pseudosection calculations using Theriak/Domino and
at 12 kbar and 425 °C for the unique, enigmatic blueschist
facies overprint of the sole. This study provides clues to the
mechanisms of sole underplating during early subduction, later
cooling, and the nature of the western Turkey ophiolite.

Terra Nova, 28: 329-339, 2016

Introduction

Western Turkey offers an exceptionally
large (>200 km), unmetamorphosed
and well-preserved ophiolite, enabling
subduction dynamics and obduction to
be studied. Following the classic paper
of Sengor and Yilmaz (1981), western
Turkey ophiolites are believed to derive
from the same Neotethyan realm (with
diverse palaecogeographic reconstruc-
tions: Sengor and Yilmaz, 1981; Bar-
rier and Vrielynck, 2008; van
Hinsbergen et al., 2010, 2016; Pour-
teau et al., 2016). No suture zone has
been found in between the continental
fragments successively accreted over
40 Ma (Tavsanli, Afyon, Menderes;
van Hinsbergen et al., 2010).

Models advocating a single ophio-
lite nappe are supported by the exis-
tence of metamorphic soles (hereafter
MS) with similar cooling ages (c.
93 Ma) under most Anatolian ophio-
lite fragments (Dilek et al., 1999;
Onen, 2003; Celik ez al., 2006). This
places strong constraints on intra-
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oceanic subduction initiation, because
MS derive from the downgoing plate,
are metamorphosed at depths of
25 + 10 km and become welded to
the upper-plate ophiolite during a
short time span (c. 0-2 Ma; Hacker,
1994; Whitechurch et al., 1984), in the
warm geotherm accompanying intra-
oceanic subduction initiation.

Fundamental mechanisms of MS
formation, however, remain ill-con-
strained: knowledge of pressure—tem-
perature (PT) conditions and regional-
scale variations is poor (Spray, 1984;
Wakabayashi and Dilek, 2003; Dewey
and Casey, 2013; van Hinsbergen
et al., 2015, Agard et al., 2016) and
emplacement mechanisms below the
ophiolite are unknown (i.e. how soles
are welded to the ophiolite and/or
how to reconcile the mismatch
between the PT conditions of the MS
and the ophiolite thickness (Hacker
and Gnos, 1997).

This study investigates the follow-
ing regional and fundamental issues:

1 Did all MS form under similar PT
conditions? (Published estimates
worldwide are sparse and rely on
contrasting methods; Agard et al.,
2016.)

2 The Turkish ophiolite exemplifies
one of the unresolved issues about

MS formation: how can MS be
welded below the undeformed
ophiolite across more than 200 km
if they originate from the same
depths (or even a depth range
between 15 and 30 km) and
formed within ¢. 1 Ma of subduc-
tion initiation? (Note that this
depth time frame is compatible
with common values for conver-
gence velocities, i.e. 1-5 cm a™ ).

3 Turkish MS contain an enigmatic
and almost unique blueschist facies
overprint in places (Dilek and
Whitney, 1997; Okay et al., 1998),
elsewhere reported only from the
northern Cascades (Brown et al.,
1982), whose PT conditions and
distribution are still poorly docu-
mented. Does the blueschist facies
overprint result from a re-subduc-
tion of the MS (Dilek and Whit-
ney, 1997) or from later cooling
(Okay et al., 1998)? What is the
link between the MS overprint
(and its extent) and the underlying
subducted oceanic units, and what
are the implications for early sub-
duction dynamics?

This field-based study aims to answer
these questions by characterizing the
PT conditions of the MS and underly-
ing units, assessing their mutual
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Fig. 1 Simplified geological map of western Turkey showing the units of the studied area with sample localities. Abbrevi-
ation in brackets corresponds to locations where no metamorphic sole was found. Cooling ages of the metamorphic sole
are reported for the northern and southern areas after Thuizat er al., 1981; Harris et al., 1994; Onen, 2003; Celik et al.,
2006; and Celik, 2008. O, Orhaneli; C, Civili; Du: Dutluca; E, Elmaagaci; De, Devlez; T, Tavsanli; K, Kiitahya; As,
Aslapana; Mu, Murat Dag; I, Igdir; S, Salda; B, Belkaya; Y, Yayla; Da, Datca. Map is modified from the maps of the
MTA (Geological Survey of Turkey, 2002 editions).
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overprint. Location is indicated in Fig. 1. Schematic section at ¢. 95 Ma or shortly after, and simplified section showing the
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Table 1 Compilation of information about the ophiolite, the metamorphic sole and the underlying accreted oceanic units. Refer-
ences: 1, Collins and Robertson (1997); 2, Manav et al. (2004); 3, Okay et al. (1998); 4, Celik and Chiaradia (2008); 5, Onen (2003);
6, Celik et al. (2006); 7, Onen and Hall (1993); 8, Harris ez al. (1994); 9, Onen and Hall (2000); 10, Plunder ez al. (2015).

Yayla Belkaya Salda Igdir Tavsanh Kutahya Elmaagaaci Orhaneli Civili
Ophiolite
Thickness ~2 km' ~2km'  ~2 km' ~2 km' ~0.5 km Unknown ~2 km? ~13 km? ~13 km?
Presence No No No No No No No No No
of crust
Dyke Yes Yes Dated: Yes Yes Dated: 79 Ma>  Yes Yes Yes
63-81 Ma*
Metamorphic sole
Thickness ~200 m ~100 m  ~100-200 m  ~100-200 m  ~500 m ~150-200 m ~20 m ~150-200 m®>  ~150-200 m?
Age 93 + 0.9 Ma® Unknown 91 + 0.9 Ma® Unknown Unknown 93 + 2 Ma’ Unknown 101 + 3.8 Ma® Unknown
HT/LT HT & LT HT HT & LT HT HT HT & LT HT HT HT
Mineralogy grt-amph grt-amph grt-amph or  grt-amph—cpx grt-amph grt-amph—cpx  grt-amph grt-amph grt-amph—cpx
cpx—amph
PT 650 °C* Unknown 3 kbar and Unknown Unknown 35+ 15 Unknown 85 + 3 kbar 8.5 + 3 kbar
650 °C* kbar and and
700 £ 100 °C° 700 £ 50 °C3 700 £ 50 °C?
11 + 1.5 kbar
and
725 + 50 °C'°
BS overprint  No No No No Y (strong) Y (small) Y (strong) Y (small) Y (small)
BS mineralogy gln—lws—NaPx gln gln-lws—jd  lws gln-lws
Basement
0C1 or OC1* 0OC1 oc1 oc1 oc1 oCt1* oCt1* 0cC1/0C1* 0C1/0C1*
0C2 0C2 0C2 0C2
Continent Lycian Lycian Lycian Lycian Tavsanl / Tavsanl / Tavsanli Tavsanli Tavsanl
nappes nappes nappes nappes Ayon? Ayon?
relationships, understanding the (early)  branch separating Eurasia and the  resulting nappe stack comprises,

subduction dynamics and discussing
the nature of the ophiolite nappe.

Geological setting

The western Turkey ophiolite roots
in the Izmir-Ankara suture zone, the
remnant of a major Neotethyan

© 2016 John Wiley & Sons Ltd

Gondwana-derived Anatolide-Taur-
ide Block (Okay and Tiiysiiz, 1999).
Ophiolite fragments were emplaced
atop the Anatolide-Tauride Block
following northward-dipping intra-
oceanic subduction and later conti-
nental subduction below an oceanic
plate (‘obduction’ sensu stricto). The

from top to bottom: the ophiolite
with its MS beneath, accreted ocea-
nic units (or accretionary prism,
often referred to as mélange) and
continent-derived units (Figs 1 and
2). Age constraints indicate that all
MS formed synchronously a few Ma
prior to 93 Ma (Celik et al., 2011;

331



Metamorphic sole and early subduction dynamics e A. Plunder et al.

Terra Nova, Vol 28, No. 5, 329-339

only two discordant ages exist:
82 Ma and 104 Ma; Das¢t et al.,
2014 and Harris et al., 1994 respec-
tively). Ophiolite bodies so far
described are dominantly harzburgite
and dunite (Lisenbee, 1972; Manav
et al., 2004), hosting late c¢. 63—
89 Ma isolated diabase dykes (Parlak
and Delaloye, 1996; Onen, 2003;
Celik and Chiaradia, 2008). Lower
Eocene (in the north: Bas, 1986;
Ozgen-Erdem et al., 2007) and
Palaeocene limestones (in the south:
Poisson, 1977) unconformably over-
lie the ophiolite. An assessment of a
common origin of all ophiolite klip-
pen is hampered, however, by the
almost complete lack of crustal
sequence. The geographic distribu-
tion only allows for the distinction of
a northern and a southern ophiolite
group (Fig. 1).

The Anatolide-Tauride Block rep-
resents a continuous nappe stack. It is
divided into several units, with, from
top to bottom and north to south:

1 the blueschist to eclogite facies
Tavsanli zone metamorphosed at
¢. 80-90 Ma (Okay et al., 1998);

2 the low-grade blueschist facies
Afyon-Oren-Bolkardag zone meta-
morphosed at around 65 Ma (Can-
dan et al., 2005; Pourteau et al.,
2013, 2014);

3 the Menderes Massif, representing
a stack of Alpine and partly Pan-
African units (Dora et al., 2001;
Gessner et al., 2004) metamor-
phosed at ¢. 34-44 Ma; and

4 the Lycian nappes, a non-meta-
morphic equivalent of the Oren
zone, emplaced atop the Tauride
platform, which correspond to a
stack of non-metamorphic to low-
grade thrust sheets emplaced from
the Maastrichtian to the Miocene
(de Graciansky, 1972; Collins and
Robertson, 1998; Pourteau et al.,
2010).

Sub-ophiolitic units: metamorphic
soles and accreted oceanic units

Here, we provide field relationships
between the peridotite, the MS and
the oceanic units accreted underneath
them (Table 1; Appendix S1 and
Table S1). Below, we present the

results of a systematic sampling
across this transect.
Oceanic rocks from the accre-

tionary prism can be divided into
three gradational major units: virtu-
ally non-metamorphic (OC1), blues-
chist facies (OC2) and high-grade
blueschist facies (OC3). OC3 is only
found locally in the NE with PT con-
ditions of ~17 kbar and 450 °C (Plun-
der et al., 2015) and is not described
here. Microscopic observations reveal
subtle metamorphic differences in
OCl that may allow further metamor-
phic grade subdivisions. However,
these remain hard to establish in the
field (Okay, 1982; Topuz et al., 2006).
Petrological characteristics of the MS,
OC1 and OC2 units observed below
the ophiolite of the Tavsanli and
Lycian regions are described below.
Analytical procedures and mineral
analysis can be found in Appendix S1
and Table S2.

Metamorphic sole

The high-temperature (H7) part of
the MS is mainly made of metabasalt.
The general dip of the foliation is par-
allel to the contact with the peridotite.
Hand samples show strong flattening
deformation with tight folding. The
overall thickness of the MS is ~100—
200 m, with half consisting of HT
amphibolite (Table 1). The green-
schist facies section, wherever present,
consists of intercalated mafic and sed-
imentary rocks. Northern MS show
variable degrees of blueschist over-
print:  metabasite  turns  bluish

(Fig. 3a) and the overprint is conspic-
uous in former plagiogranite with the
development of blue amphibole and
sodic pyroxene in late veins. No per-
vasive deformation was associated
with the overprint.

Petrographic  observation reveals
that the amphibolite facies paragenesis
consists of amphibole, plagioclase and
garnet + clinopyroxene + quartz as
major phases. Rutile reacting to titanite
was found included in garnet and
amphibole. Ilmenite was observed
reacting to titanite. Garnet and garnet—
clinopyroxene-bearing amphibolite and
blueschist overprinted samples were
preferentially investigated. In some
samples, clinopyroxene and garnet
form intergrowths (Fig. 3c,d). Amphi-
bole and plagioclase were found
included in clinopyroxene and garnet,
showing that they are part of the peak
paragenesis. Clinopyroxene has a com-
position of diopside with an Mg#
(=Mg/(Mg+Fe)) of 0.65 (KU1308a) or
0.80 (YE1302b). The Na content of
clinopyroxene is ~0.10-0.14 per for-
mula unit (p.f.u.). Garnet has a compo-
sition between the grossular and
almandine end-members with constant
pyrope and spessartine contents
(Fig. 4b). The pyrope content is higher
in  clinopyroxene-bearing  samples
(0.16 < Xpyrope < 0.28). The amphibole
composition varies between pargasite
and hornblende and the Ti content
ranges from 0.05 to 0.25 p.f.u. with no
relation to the texture (matrix vs. inclu-
sion). Amphibole displays greenschist
(actinolite) or blueschist facies (glauco-
phane) static overgrowths depending
on the locality. When preserved, pla-
gioclase composition is Anyg_39. Plagio-
clase is generally altered into turbid
albite + lawsonite (north) or albite +
epidote + muscovite (south) aggregates
depending on the blueschist overprint.
Jadeite was found coexisting with
quartz and lawsonite in former

Fig. 3 Hand sample, petrographic and backscattered-electron views of samples from the metamorphic sole, the OC1 and the
OCT1* units. (a) Strongly overprinted metamorphic sole. (b) Thin-section view of an overprinted metamorphic sole. Garnet is
almost entirely retrogressed and replaced by a mixture of brownish chlorite and tiny rectangular lawsonite crystals. Blue
amphibole overgrows the green ones. (c,d) High-temperature metamorphic sole showing garnet—clinopyroxene globular texture.
Plagioclase is indicated by white arrows. (e) Photograph of a hydrothermally altered basalt sample. The feldspar shape can still
be identified, but it is now made of albite. (f) Backscattered-electron image of a slightly metamorphosed basalt (OC1*). Law-
sonite needles grow in former plagioclase. Magmatic pyroxene shows light-coloured rims consisting of sodic pyroxene. Epidote
shows the first stage of hydrothermal alteration. (g) Photograph and (h) backscattered-electron image of the preserved mag-
matic texture and development of high-pressure minerals in a basalt sample of OC1*. Mineral abbreviations after Kretz (1983)
except for Amph, Amphibole and Phg, Phengite.
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Fig. 4 (a) Composition of pumpellyite, following the nomenclature of Passaglia and Gottardi (1973), and amphibole in samples
of the oceanic units. (b) Amphibole, garnet and clinopyroxene compositions in H7 metabasalt of the metamorphic sole. Same
mineral abbreviations as in Fig. 3. Mag, magmatic; H7, high-temperature; GS, greenschist; HP, high-pressure.

plagioclase (OR1028a, DU1108a).
Lawsonite was observed replacing gar-
net (Fig. 3b). Garnet overgrowths or
newly formed crystals coexist with
glaucophane.

Oceanic complexes

ocCl

According to petrographic investiga-
tions, OCIl samples show only
seafloor-related hydrothermal meta-

334

morphism and are devoid of any
high-pressure metamorphism. The
rocks are free of penetrative deforma-
tion and preserve their initial mag-
matic (Fig. 3e) or volcano-
sedimentary texture. Common min-
eral assemblages are magmatic pyrox-
ene, albitized plagioclase, chlorite and
titanite. Chlorite is a common
hydrothermal product replacing mag-
matic minerals or glass. Pumpellyite
was observed after magmatic pyrox-
ene or matrix with a composition

between pumpellyite-Al and -Fe
(Fig. 4a). Pumpellyite is, however,
not diagnostic of PT conditions, as
revealed by its presence in ocean-floor
basalts (Ishizuka, 1999). Aegirine-
augite was observed in rocks of OC1
(Okay, 1982; Plunder et al., 2015). Its
Fe** -rich composition does not allow
us to consider it a high-pressure min-
eral: aegirine-rich pyroxene is also
stable at very low pressure and tem-
perature conditions (1 kbar, 190 °C;
Massonne and Willner, 2008).

© 2016 John Wiley & Sons Ltd
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OoCI*

In addition to the previously men-
tioned assemblages OC1* reveals the
presence of high-pressure phases (law-
sonite, sodic amphibole; Fig 3fh).
The magmatic texture is still observ-
able. Lawsonite develops in former
plagioclase (Fig 3g,h) and is stable
with pumpellyite, albite, aegirine-
augite or chlorite. Aegirine-augite was
observed  overgrowing magmatic
augite. Sodic amphibole was found
overgrowing kaersutite (LN1304b).
No systematically distinct structural
patterns were observed between OCI1
and OCI1*. Occurrences of glauco-
phane below the Lycian peridotite, as
reported by van der Kaaden (1966),
may be taken as evidence for the exis-
tence of OC1* there.

oc2

Blueschist facies metamorphism and
pervasive deformation characterize
this unit. Pumpellyite-Fe to -Al was
found coexisting with sodic amphi-
bole and albite. The magmatic tex-
ture is locally preserved, and rims of
sodic amphibole develop over calcic
amphibole replacing augite. Sodic
amphibole has a  composition
between glaucophane and ferroglau-
cophane and occasionally of magne-
sioriebeckite. Lawsonite is present as
rectangular-shaped crystals coexisting
with albite, glaucophane or sodic
pyroxene. Fe-Mg carpholite was
found in quartz-rich layers associated
with phengite and/or chlorite.

Thermodynamic modelling of
metamorphic sole conditions

Initial stage

Samples YE1302b and KU1308a were
investigated to estimate the P7 condi-
tions of MS formation. They were
chosen because they have no blues-
chist overprint and only moderate ret-
rogression. PT pseudosections were
calculated in the system Na,O-CaO-
FCO*MgO*A1203*Si02*H20:l:Ml’lO
using THERIAK/DOMINO (de Capitani
and Petrakakis, 2010) with an
updated version of Holland and Pow-
ell’s (1998) database. Water was con-
sidered in excess to reproduce the
modal amount of amphibole in the
samples  (~35-50%). K,O was

© 2016 John Wiley & Sons Ltd

neglected as no K-bearing phases were
observed. TiO, was neglected because
it is accommodated in rutile during
HT stages. MnO was taken into
account for sample YE1302b to repro-
duce the measured garnet composi-
tion and ensure the consistency of the
garnet and clinopyroxene Fe-Mg
exchange. It was neglected in sample
KU1308a due to the very low amount
present in garnet (Xspessartine < 0.03).
For both samples, the studied assem-
blage (garnet—clinopyroxene—plagio-
clase—amphibole) is stable over a large
field (Fig. 5a,b). The PT conditions
were refined for both samples, using
the composition of garnet (Xpyrope)
and the amount of Ca or Na in
clinopyroxene, to 10.5 + 1 kbar and
800 £ 50 °C (Fig. 5).

Blueschist facies overprint

The high-pressure overprint of the MS
was studied in samples DU1108a and
TAV1008. The blueschist paragenesis
consists of lawsonite, glaucophane,
sodic pyroxene and garnet for sample
DU1108a. The PT conditions were
refined to around 12 kbar and 425 °C
based on the garnet-lawsonite stabil-
ity field in metabasite and the reaction
albite = jadeite + quartz (Evans,
1990; Liu and Bohlen, 1995; Ballevre
et al., 2003; Davis and Whitney, 2008;
Vitale-Brovarone et al., 2011; Diener
and Powell, 2012). The coexistence of
sodic pyroxene with sodic amphibole
and lawsonite in sample TAV108 indi-
cates overprint conditions near 7 kbar
and 325 °C (Fig. Sc).

Discussion

Figure 6a shows the interpreted cross-
section of the obducted ophiolite and
underlying units at ~50 Ma. The MS
share strikingly similar age, PT condi-
tions and structure along the 200-km-
long section. The PT conditions of the
garnet—clinopyroxene MS along the
transect were consistently found to be
11 + 2 kbar and 800 + 50 °C and
10.5 + 1 kbar and 800 + 50 °C for
the MS of the Lycian and Tavsanlh
areas respectively. Differences from
previous estimates result from the use
of different methods and parageneses
for the peak assemblages (i.e. use of
clinopyroxene; Table 1). Similar PT
conditions for the HT part of the MS
(~30 km) and synchronous cooling

ages argue for the coeval formation of
all MS below the ophiolite during a
short-lived event (i.e. ¢. 90-95 Ma) in
the same subduction zone (Fig. 6b).
The remarkable preservation of the
HT paragenesis and the subordinate
or absent retrogression suggest fast
exhumation of the MS (Hacker
et al., 1996). The accretion of OCl1
in the wedge is loosely bracketed
between the Turonian (age of the
youngest radiolaria; Bragin and
Tekin, 1996) and the Maastrichtian
(reworking of sediments; Bernoulli
et al., 1974). Exhumation of the MS
to shallow levels and their emplace-
ment atop OC1 are therefore not
well dated.

The PT estimates for the MS
blueschist facies overprint point to
an isobaric cooling (Fig. 5¢) whose
origin remains enigmatic. MS for-
mation results from the short-lived
accretion of successive slices decou-
pled from the downgoing slab and
welded to the mantle wedge (Spray,
1984). The blueschist overprint of
the MS, in the north of the studied
region, could therefore result from
the (rapid) cooling of the subduc-
tion zone (Fig. 6¢cl) and/or from
the underplating of cold, blueschist
facies OC2 slices below (Fig. 6c2).
This latter contribution is supported
by the presence of OC2 blueschists
closely associated with MS in places
(Elmaagact section; Kiziltepe area,
Dilek and Whitney, 1997). What-
ever the exact mechanism, there is
a striking contrast (Fig. 6a) between
the MS of the Lycian southern
ophiolite, which lack any blueschist
overprint and  were  therefore
exhumed shortly after HT sole for-
mation, and those of the northern
area, which were exhumed later
once subduction had achieved a
cold steady-state.

In order to reconcile the maximum
thickness of the ophiolite in western
Turkey (at least >10 km) with our
estimated PT conditions (~30 km),
we propose (i) partial MS exhuma-
tion with respect to the ophiolite
base and/or (ii) thinning of the man-
tle wedge shortly after the formation
of the MS. Such ductile shearing
during subduction is consistent with
the common occurrence of mylonites
and pervasive deformation at the
base of ophiolite peridotites (Boudier
et al., 1988; Soret et al., 2016), and
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Fig. 5 (a,b) PT pseudosections for sam-
ples (a) KU1308a and (b) YEI1302b.
Solution models used for the calcula-
tion are after Diener ef al. (2007) for
amphibole,  Green et al. (2007)
for clinopyroxene, White et al. (2007)
for orthopyroxene, Holland er al.
(1998) for chlorite, Baldwin et al.
(2005) for plagioclase and Holland and
Powell (1998) for garnet. (c) Summary
of PT conditions for the oceanic and
continental units investigated in the
western Tavsanli zone (Plunder et al.,
2015). Estimated PT conditions of the
MS for the high-7 stages (samples
KU1308a and YE1302b) and the blues-
chist overprint (samples OR1028a and
TAV1008) and the inferred PT path.
The activity of jadeite in clinopyroxene
is from Liu and Bohlen (1995), and the
lawsonite stability field is after Evans
(1990). Carpholite stability is after
Vidal et al. (1992). The stability field
of garnet-lawsonite—omphacite—glauco-
phane is after Vitale-Brovarone et al.
(2011).  Abbreviations after Kretz
(1983), except for Amph, amphibole
and Car, carpholite.

may reflect large-scale dynamics such
as forearc extension and/or slab flat-
tening (Dewey and Casey, 2013; van
Hinsbergen et al., 2015; Maffione
et al., 2015).

The presence of variably over-
printed MS across >200 km can be
explained by differences in exhuma-
tion dynamics (early vs. late) and
possibly by additional exhumation-
related stretching. Although most
Turkish MS were rapidly exhumed
after their formation (as recorded
elsewhere in the world), the blues-
chist facies overprint on the MS indi-
cates that parts remained at depth
with oceanic units and awaited final
exhumation, as most exhumed rocks
from the fossil geological record
(Agard et al., 2009; Plunder et al.,
2015) or those currently underplating
(Calvert, 2004).
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Supporting Information

Additional Supporting Information
may be found in the online version
of this article:

Figure S1. Detail section of the
location reported on Fig. 2 (a) Dev-
lez-Tavsanl section; (b) Orhaneli sec-
tion; (c) Elmaagaci section; (d)
Murat dag section; (e) Igdir-Belkaya
section; (f) Yayla-Datga section.
Inset: general section with location
of the detail sections.

Table S1. GPS coordinate of sam-
ples from this study and assemblage.

Table S2. representative microp-
robe analysis and formula unit from
selected samples.

Appendix S1. Outcrop and section
description. Analytical procedure.
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