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Abstract – The study was performed in central-northern Anatolia (from Ankara to Amasya) to in-
vestigate the relationships of the Sakarya Zone units and the Izmir–Ankara–Erzincan suture (IAES)
melange. It reveals that all the Sakarya Zone units are metamorphic and three main tectonostrati-
graphic units have been distinguished for the first time: the BAA (metasiliciclastic rocks capped by
metacarbonates and varicoloured phyllite), the BKC (poly-metamorphic garnet-bearing micaschist
and metabasite with a well-preserved relict HP–LT amphibole in a low-amphibolitic to greenschist-
facies framework) and the AMC (meta-arkose passing vertically to carbonate–phyllitic alternations
and, then, to a thick succession of prevailing acidic to intermediate–basic metavolcanites and volcanic-
rich metasediments). The BAA and AMC, whose metamorphic frameworks are of Cimmerian age,
underlie the Mesozoic carbonate cover sequences (e.g. t2-3, j3–k1) that often show tectonic detach-
ments and slicing. The piling up of the BAA above the HP–LT BKC can be correlated to the tectonic
superposition of two similar units (i.e. the Cimmerian Çangaldağ Complex and the Alpine Middle–
Upper Cretaceous Domuzdağ Complex, respectively) defined by previous authors in other sectors of
the Central Pontides front. The ophiolitic melange generally underlies the Sakarya Zone, but locally
(e.g. SE of Amasya) tectonically rests above the latter, probably owing to back-thrusting that occurred
during the Tertiary syn-collisional shortenings and the later strike-slip tectonics. We hypothesize that,
also in these areas, the Sakarya Zone–IAES consists of a complex tectonic stack of different units,
belonging to different palaeogeographic domains and orogenic events (Cimmerian versus Alpine oro-
genies), but originated within a single long-lived (since Late Triassic to Paleocene/Eocene times),
prograding subduction–accretion system in front of the Laurasian continent.

Keywords: central-northern Turkey, Sakarya Zone, ophiolitic melange, stratigraphy, petrography-
mineral chemistry, structural geology

1. Introduction

The Anatolia Peninsula is one of the best places in the
world to study the evolution of oceanic Tethyan basins
and the following birth of orogenic chains (Robertson
et al. 2004; Okay, 2008; Göncüoğlu, 2010; Okay &
Whitney, 2010; Aygül et al. 2016). The disappear-
ance of oceanic basins is testified to by suture zones,
among which the Izmir–Ankara–Erzincan suture zone
(IAESZ) or North Anatolian Ophiolite Belt (NAOB) is
well known (Fig. 1) (Şengör & Yilmaz, 1981; Şengör,
1984; Göncüoğlu, 2010). The sutures are mostly made
up of ophiolitic units and melanges that locally show
evidence of regional metamorphism up to the medium
grade that occurred during the intra-oceanic shorten-
ing (e.g. the Cretaceous greenschist- to amphibolite-
facies rocks of the ‘metamorphic soles’ cut by gabbro
and diabase dykes: Çelik, Delaloyle & Feraud, 2006;
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Parlak, Yilmaz & Boztuğ, 2006). Moreover, witnesses
of high-pressure – low-temperature (HP–LT) meta-
morphism are locally preserved, especially in some of
the units belonging to the palaeocontinental margins
(see Section 5 below) (Okay, 2008; Aygül et al. 2016
and references therein), which are correlated to the
blueschist-facies Cycladic Island units of the Aegean
Sea (Oberhänsli et al. 1998; Régnier et al. 2003; Ring
et al. 2007). In this context, the authors studied the re-
lationships between the continental units in the frontal
part of the composite terrane of the Sakarya Zone
(Southern Pontide Domain) and the ophiolitic melange
in the central sector of the IAESZ in the areas between
Ankara and Amasya, performing lithostratigraphic and
structural observations at the meso-scale along differ-
ent transects (locations in Fig. 2a, b, c, d), and analys-
ing at least 150 samples for petrographic, microstruc-
tural and mineral chemistry characterizations. The first
results of the study (based on 55 selected samples) are
shown in this paper, which reveals a more complex
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Figure 1. Tectonic sketch of Turkey and surrounding regions showing the major sutures (Intra-Pontide Suture, Izmir–Ankara–Erzincan Suture (IAES), Inner Tauride Suture, Assyrian Suture) and
continental blocks (Istanbul Zone, Sakarya Zone, Central Anatolia Crystalline Complex (CACC) or Kirşehir block, Anatolide–Tauride block, Arabian Platform) with the location of the study areas
(see A, B1, B2 and C squared areas); the Tethyan accretionary complexes (including ophiolitic melanges) and the main crystalline massifs are also distinguished (modified from Okay et al. 2006).
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The Sakarya Zone and the Ankara–Erzincan Suture 3

Figure 2. (a) Geological sketch map of the Akyurt–Kalecik and Avciova–Şabanözü areas (A in Fig. 1).
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Figure 2. (Continued) (b) Geological sketch map of the Alaca–
Aydincik area (B1 in Fig. 1).

stratigraphic and structural framework with respect to
the previous geological knowledge about this part of
the Sakarya Zone front.

2. Geological framework of Turkey

Turkey is a key area for reconstructing a coherent geo-
dynamic model for the Eastern Mediterranean area.
In particular, the geological framework of the Eastern
Mediterranean is the result of a series of geodynamic
events that followed the closure of the Palaeozoic –
earliest Triassic Palaeotethys during the Late Triassic
– earliest Jurassic/Early Cretaceous Cimmerian Oro-
geny (Göncüoğlu et al. 2004; Catlos, Huber & Shin,
2013; Okay & Nikishin, 2015; Aygül et al. 2016),
developing intra-oceanic arc, inter-arc and back-arc
areas (e.g. Rojay, 1995; Genç & Tüysüz, 2010). These
events also produced the ?Permian–Triassic rifting and
ocean spreading of the Neotethys in the equatorial part
of Pangaea (Şengör, 1984), whose closure occurred in
the Late Triassic to Early Cretaceous/Paleocene time
interval (Okay & Göncüoğlu, 2004; Catlos, Huber
& Shin, 2013). The spreading of the Neotethys has
been related to a single oceanic area (Şengör, 1984;
Stampfli, Marcoux & Baud, 1991), but the presence of
intervening marginal basins has also been speculated
(e.g. Catlos, Huber & Shin, 2013). So, the resulting
Neotethys Ocean was subdivided into various branches
which separated a series of continental blocks or com-
posite terranes (i.e. Pontides, Anatolides–Taurides,
Arabian Platform) between Gondwana and Laurasia.
In this framework, the Anatolian Peninsula (i.e. Anato-
lian Plate) is geologically segmented into two main
zones, from N to S, the Pontides (Strandja, İstanbul
and Sakarya terranes or complexes) and Anatolides
(Menderes Massif, Central Anatolian Crystalline
Complex = CACC or Kırşehir Massif) – Taurides
(Tavşanlı and Afyon zones, Kütahya-Bolkardağ Belt)
(Fig. 1) (Okay, 2008; Göncüoğlu, 2010; Aygül et al.
2016). These are separated by the main evident ophi-
olitic suture, i.e. the IAESZ, due to the northward
subduction of the northern Neotethys branch; in con-
trast, the Assyrian suture or Southern Tauride suture
zone (TSZ) divides the Taurides from the Arabian
Platform, due to the northward subduction of the
southern Neotethys branch and southward obduction
of ophiolitic units onto the Arabian Platform itself
(Şengör & Yilmaz, 1981; Şengör, 1984; Göncüoğlu,
Dirik & Kozlu, 1997; Okay, Harris & Kelley, 1998;
Okay et al. 2001; Robertson et al. 2004; Okay, 2008;
Göncüoğlu, 2010; Robertson et al. 2014; Aygül et al.
2016). The Inner Tauride suture, between the CACC
and the Tauride block, and the Intra-Pontide suture,
between the Strandja + İstanbul terranes and the
Sakarya Zone, have also been defined (see Figure 1,
e.g. Şengör & Yilmaz, 1981; Okay, 2008; Göncüoğlu,
2010; Göncüoğlu et al. 2014; Marroni et al. 2014).
According to some authors (Okay & Tüysüz, 1999;
Göncüoğlu et al. 2004; Göncüoğlu, 2010), this lat-
ter suture is generally related to the Late Triassic
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Figure 2. (Continued) (c) Geological sketch map of the areas S and SE of Çorum (B2 in Fig. 1).
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Figure 2. (Continued) (d) Geological sketch map of the Amasya area (C in Fig. 1) with locations of the studied transects and of the
selected samples (modified from MTA, 2002).
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The Sakarya Zone and the Ankara–Erzincan Suture 7

Figure 2. (Continued) (e) Legend to geological sketch maps and cross-sections.

accretion of the Sakarya terrane pro parte (Variscan
Massifs microplate and Cimmerian Karakaya Com-
plex) and of the Palaeotethys oceanic area (e.g.
Çangaldağ Complex, Nilüfer unit) to the Eurasian
margin. This event is testified to by the Late Tri-
assic metamorphism in the blueschist-eclogite and
greenschist facies (i.e. 205–203 Ma in the Karakaya
Complex; 215–204 Ma in the Nilüfer unit; Okay,
Monod & Monié, 2002).

The oceanic sutures are characterized by the pres-
ence of typical or unusual mid-ocean ridge (MORB-),
ocean island basalt (OIB-) and island arc tholeiite
(IAT)-type (supra-subduction zone) ophiolitic suc-
cessions, including serpentinized mantle and gabbros
covered by volcano-sedimentary covers, and of pe-
culiar thick ophiolitic melanges (Göncüoğlu, 2010;
Bortolotti et al. 2013; Bortolotti, Chiari & Pandeli,

2016 and references therein). These latter are not
only made up of serpentinized peridotite components,
but also include clasts up to megaolistoliths of the
volcano-sedimentary cover sequences (e.g. basalts,
cherts and limestones) and of minor continental
carbonate rocks. Part of the Neotethys oceanic and
continental units suffered HP–LT metamorphism dur-
ing the closure of the ocean during Cretaceous (e.g.
the Sakarya Zone in Okay et al. 2006; Aygül et al.
2015, 2016) to Eocene times (western and central
Anatolides, e.g. the Menderes Massif in Oberhänsli
et al. 1997; Rimmelé et al. 2003; Oberhänsli, Candan
& Wilke, 2010; Pourteau, Candan & Oberhänsli, 2010;
Okay, 2011; Pourteau et al. 2015). According to some
authors (Okay et al. 2006 and references therein),
the Late Cretaceous–Tertiary? subduction–accretion
processes onto the Sakarya margin also included the
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Figure 2. (Continued) (f) Geological cross-sections (locations shown in parts a–d).

welding of microcontinents (e.g. the Kargi micro-
continent). During the Tertiary collisional events, the
Turkey nappe stack, which is generally characterized
by southern vergences, reached the present geolo-
gical setting and some back-thrusting also locally
occurred (Okay, 2008; Göncüoğlu, 2010; Robertson
et al. 2014). At the same time, strong magmatic
activities took place producing intrusive bodies and
volcanic products, generally of calc-alkaline affinity
(Göncüoğlu, 2010 and references therein). Finally, ex-
tensional tectonics occurred in Neogene time through
low- and high-angle normal faulting producing the
‘core complex’-like exhumation of the deep crystal-
line units (e.g. Menderes Massif) and the development
of sedimentary basins (e.g. the continental basins of

Miocene age). Moreover, left-lateral, strike-slip tec-
tonics characterized by transpressional faulting (e.g.
the still active well-known North Anatolian Fault) was
also originated by the south and southwest escaping
movement of the Turkish and Aegean plates with
respect to the northward-directed movement of the
Arabic plate indenter and/or by the pull effect of the
Hellenic subduction (Şengör et al. 2005; Okay, 2008
and references therein; Göncüoğlu, 2010).

3. The Sakarya Zone front between the Ankara
and Amasya areas

This study was performed in selected areas of central-
northern Anatolia, to the NE of Ankara (area A in
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The Sakarya Zone and the Ankara–Erzincan Suture 9

Figure 3. Simplified tectonic-stratigraphic columns: Akyurt–Kalecik–Bozca (transects ‘a’ and ‘b’, ‘of1’ and ‘of2’); Avciova–Kosrelic
(transect ‘c’); Aydincik–Fuadiye (transects ‘d’ and ‘e’), Büyüksogütözü–Kogazcale (transect ‘f’), S of Çorum (transect ‘g’ along the
Çorum–Alaca road, transect ‘h’ along the Küre–Cemilbey road); SE of Çorum (transect ‘i’ at Boyacı village, transect ‘j’ at Kertme–
Çayan villages); Amasya (transects ‘k’, ‘l’ and ‘m’).

Fig. 1; Akyurt – transect ‘a’, Bozca village – transect
‘b’, Kalecik – transect ‘of1’ and ‘of2’ in Fig. 2a), SW
of Çankırı (area A in Fig. 1; Avcıova–Kösrelik villages
– transect ‘c’ in Fig. 2a), SSE and S of Alaca (area
B1 in Fig. 1; Aydincik–Fuadiye villages – transects ‘d’
and ‘e’, Büyüksogütözü–Kogazcale villages – transect
‘f’ in Fig. 2b), S and SE of Çorum (area B2 in Fig. 1;
road Çorum–Alaca – transect ‘g’, Küre–Cemilbey vil-
lages – transect ‘h’, Boyacı village – transect ‘i’,
Kertme–Çayan villages – transect ‘j’ in Fig. 2c), and
the northwestern part of the Tokat Massif (area C in
Fig. 1; Mahmatlar village – transect ‘k’, Kayrak vil-
lage – transect ‘l’, Amasya fortress road – transect ‘m’
in Fig. 2d). In these areas, the external Sakarya Zone
units crop out and overthrust the IAESZ made up of
the Ankara Ophiolitic Melange (AOM). More to the
south of the studied localities, the latter tectonically
overlies the CACC of the Kırşehir Massif units (Şengör
& Yilmaz, 1981; Göncüoğlu, Dirik & Kozlu, 1997;
Göncüoğlu, 2010) (see Figs 1, 2a).

In particular, we analysed the oceanic AOM and
the lower part of the continental successions of the
Sakarya Zone. According to the 1:500 000 scale
geological map of Turkey of the Turkish Geological
Research Department of Mineral Research and Ex-
ploration General Directorate (MTA, 2002), these
latter consist of two main units including Palaeozoic–
Triassic successions that lie below the Mesozoic
carbonate platform cover sequences. In particular,
the Sakarya Zone units are mapped in MTA (2002)
as the sedimentary Permian–Triassic ‘pt’, composed
of clastic and carbonate rocks, and the metamorphic
Upper Palaeozoic–Triassic ‘ş’, composed of schist,
phyllite, marble and metabasic rocks.

4. Results

4.a. Lithostratigraphy and petrographic data

The lithological and the main petrographic features of
the studied transects in the AOM and in the Sakarya
Zone units are described below. Simplified tectono-
stratigraphic schemes of the studied successions from
different areas are given in Figure 3.

4.a.1. AOM (‘k2s’, ‘k2µ’, ‘ωδ’, ‘of’ and ‘k2’ in MTA, 2002)

This unit, particularly well exposed in the Kizilirmak
River Valley (Fig. 4), consists of different elements of
the Mesozoic oceanic units. In the composite tran-
sect ‘of’ (‘of1’ and ‘of2’ in Fig. 2a) to the south of
Kalecik, the AOM is an overall grey to green tec-
tonic melange showing a ‘block-in-matrix’-type fabric
(‘k2s’ in MTA, 2002) and it is made up of heterometric
breccia with serpentinite and serpentinized peridotite
clasts, up to boulders in size (Fig. 5a) embedded in a
medium- to fine-grained, sheared, serpentinite matrix
(foliated ‘scaly’ texture in Fig. 5b). In general, mat-
rix prevails over the clasts. Nevertheless, the ophiolitic
melange is polymictic in a few outcrops, including
also clasts of basalt, chert and rare gabbro. Metric- to
hectometric-sized ophiolitic olistoliths (often brecci-
ated, i.e. ‘block-block’ type) are also common (‘of’ in
MTA, 2002) (Fig. 5c). Locally, they are also represen-
ted by portions of the pristine stratigraphic succession
consisting of: (a) serpentinite, cross-cut by microgab-
bro dykes (Fig. 5d) and by veins of chalcedony or by
Fe-rich, concretionary or fibrous calcite; (b) stratified
pelagic Calpionella-like limestones (Fig. 5e), some-
times with basal cherts and basalts; (c) pillow lavas
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Figure 4. (Colour online) The Kizilirmak Valley south of Kalecik.

(rarely characterized by a pink-reddish, radiolarian-
bearing micrite matrix, Fig. 5f) with locally man-
ganesiferous cherts at the top. Moreover, levels of sed-
imentary breccia with ophiolitic and reddish to pink
carbonate clasts (Fig. 5g) or, rarely, with only ophi-
olitic components (Fig. 5h) were locally identified, es-
pecially within the cherty successions.

The AOM of the transect ‘of2’ (see Fig. 2a) tec-
tonically overlies a stratified conglomerate, sandstone
and shale flysch unit that is mapped as the Paleocene
‘pm’ in MTA (2002) and as the Upper Cretaceous
‘kk’ Karadağ Formation + ‘ks’ Samanlik Formation
and Paleocene Dizlltaşlar Formation in MTA (2010).
These Cretaceous–Paleocene sediments are mapped in
Figure 2a as ‘cp’. To the east these units thrust over
the ‘e’ Eocene clastic and carbonate succession (MTA,
2002) that unconformably overlies the CACC. The ‘cp’
clastic unit is also tectonically below the AOM in the
tectonic inlier crossed by transect ‘c’ west of Kösrelik
village (e.g. Fig. 2a; see also MTA, 2010). Other fea-
tures of the AOM are listed below:

(1) Megaolistoliths or tectonic slices of serpentinite,
basalt and minor gabbro can be locally found, particu-
larly at the top of the melange (Fig. 5i) (e.g. the gabbro
and serpentinite slices at the top of transect ‘of1’; see
also MTA, 2010).

(2) Shear zones, characterized by different types of
cataclasite and mylonites, are often recognizable at dif-
ferent levels in the melange (Fig. 5j). They are more
common in the upper part of the AOM and within or
at the top of megaolistoliths and tectonic wedges (see
also structural data).

(3) Blue amphibole was observed in foliated brec-
cias with elements of serpentinite and basalt at the
contact with the overlying Mesozoic carbonates along
transect ‘h’ south of Çorum (in area B2, Fig. 2c).

(4) At the southern end of transect ‘d’ (Fuadiye
village in Fig. 2b), the AOM includes a pluri-
decametrical/hectometrical body of a calcareous-
marly flysch under a thick olistolith of pillow lavas and
cherts. This flysch succession is made up of alternating
graded calcareous sandstones, impure biocalcarenites,

marly limestone, more or less calcareous marls and
marly shales. Microscopic analyses of the calcareous
rocks show the presence of a pelagic fossil associ-
ation (small Globigerinidae, Ticinella sp., Rotalipora
sp., Rotalipora appenninica, R. cushmani and Prae-
globotruncana sp. and small Globotruncanidae) that
points to an early Late Cretaceous (Cenomanian) sed-
imentation age. Similar rocks, associated with vari-
coloured shales, cherts and ophiolitic breccias, are
also present in the AOM of the tectonic window
in the Kösrelik village area in transect ‘c’ (area A,
Fig. 2a).

(5) Another huge flysch-type body, hectometric
to kilometric in size, crops out along the road
from Çorum to Alaca (see asterisks in transect ‘g’
in Fig. 2c). This sedimentary succession was previ-
ously attributed to the Sakarya units (‘pt’ in MTA,
2002; ‘t2t3-10s’ in MTA, 2010), but our study re-
veals that it is an intercalation (megaolistolith or
tectonic slice) within the AOM. This flysch is not
so different to that exposed in transect ‘d’ con-
sisting of centimetre/decimetre-thick alternations of
grey limestone, marly limestone, biocalcarenites and
laminated quartzose greywackes with grey to grey-
brownish shales and marly shales (Fig. 5k). A Creta-
ceous (Cenomanian) age has also been attributed to
this sedimentary succession, based on the fossil associ-
ation of small Globigerinidae, Radiolaria and Pithon-
ella ovalis.

(6) Olistoliths of often massive carbonate rock suc-
cessions, consisting of grey, grey-brown to dark grey
limestone of uncertain stratigraphic and palaeogeo-
graphic location (olistoliths from a Mesozoic carbon-
ate platform?) are locally present in the AOM, e.g. in
the surroundings of Büyükhırka village along transect
‘f’, SSW of Alaca (area B1, Fig. 2b).

4.a.2. The Sakarya Zone

The Sakarya Zone is made up of prevalent low-grade
metamorphic and rarely highly diagenetic units (i.e.
the Palaeozoic–Triassic ‘pt’ and ‘ş’ in MTA, 2002).
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The Sakarya Zone and the Ankara–Erzincan Suture 11

Figure 5. (Colour online) (a) Brecciated serpentinite in a granular to often finely sheared serpentinite matrix (transect ‘of2’ in Fig. 2a).
(b) Foliated serpentinite matrix characterized by ‘scaly’ texture (magnified from Fig. 5a). (c) Metric-sized serpentinite olistoliths in the
AOM melange (transect ‘of1’ in Fig. 2a). (d) Microgabbro dyke (G) within a brecciated serpentinite megaolistolith (transect ‘of2’). (e)
Megaolistolith of stratified pelagic Calpionella-like limestones (C) (transect ‘of2’). (f) Pillow lavas with a pink-reddish, radiolarian-
bearing micrite matrix (transect ‘of1’). (g) Sedimentary breccia with ophiolitic and prevailing reddish to pink carbonate clasts (transect
‘of2’). Hammer for scale is 33 cm long and coin is 2 cm diameter.
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Figure 5. (Continued) (Colour online) (h) Monomictic sedimentary ophiolitic breccias (transect ‘of1’). (i) Serpentinite slice at the top
of AOM melange (transect ‘of1’). (j) Photomicrograph of calcite fibre-rich serpentinite mylonite horizon in a serpentinite brecciated
megaolistolith (transect ‘of2’), crossed polars. (k) Alternating marly limestones, biocalcarenites and quartzose greywacke beds with
shales and marly shale intercalations of the flysch-like succession along the Çorum–Alaca road (transect ‘g’ in Fig. 2b). (l) SE-vergent,
recumbent folds in the flysch-like succession along the Çorum–Alaca road (transect ‘g’ in Fig. 2b). (m) Symmetric folds with N40-
directed axis in a megaolistolith of the Calpionella-like limestone (transect ‘of2’).

They underlie Mesozoic to Tertiary carbonate forma-
tions that rarely show evidence of recrystallization or
metamorphism (e.g. the Middle–Upper Triassic ‘t2-3’
and the Upper Jurassic – Lower Cretaceous ‘j3–k1’
in MTA, 2002). According to our data, three main
tectonostratigraphic units (BAA, BKC and AMC in
Figs 2, 3) can be distinguished in the studied Sakarya
Zone complex:

(1) The Bozca–Akyurt–Avciova (BAA) unit. Three
main members can be distinguished in the BAA unit

that crops out in the areas to the east of Ankara (tran-
sects ‘a’, ‘b’ and ‘c’ in Fig. 2a) to those of the sur-
roundings of Çorum–Alaca (transects ‘d’, ‘e’, ‘f’, ‘h’
and ‘i’, Fig. 2b, c, d):

(a) The Lower Member is exposed along transect
‘b’ and in MTA (2002) and was mapped as ‘ş’. It is
mainly made up of well-bedded (up to 2.5 m thick),
medium- to coarse-grained quartzitic metasandstones
and metagreywackes that are sometimes characterized
by microconglomerate erosional bases. The beds are
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separated by thin (generally centimetric) layers of grey
to black sericitic and sericitic-chloritic phyllite. In
places, minor impure grey to black metacalcarenites
and calcschists also occur.

(b) The Intermediate Member is dominant in the
Ankara–Çorum area and has good outcrops along tran-
sect ‘b’ and ‘c’. It was mapped as ‘pt’ in MTA (2002)
and consists of an alternation of shiny, grey to black
phyllite and metasiltstone with decimetric up to 1.5 m
thick intercalations of grey fine- to coarse-grained
metasandstones.

(c) The Upper Member, mostly mapped as ‘ş’ in
MTA (2002), is made up of prevalent grey metalime-
stones and calcschists with phyllitic intercalations that
pass upwards to alternations of varicoloured (grey,
green to violet-reddish) phyllite, whitish to grey-
pinkish marble and cherty marble, and grey-violet to
greenish calcschist.

It worth noting that in transects ‘a’ and ‘b’
the metasiliciclastic rocks are cross-cut by non-
metamorphic intermediate–basic magmatic dykes (es-
sentially tonalite-diorite to gabbro), up to 6 m in thick-
ness, whose ages are Late Triassic (according to MTA,
2010), and that are not present in the overlying Meso-
zoic carbonate cover formations (e.g. ‘t2-3’).

The petrographic features of the BAA members are
shown in Table 1 (location of the samples in Fig. 2a,
b, c). Photomicrographs of the abovementioned three
members are shown in Figure 6a, b, c, d.

(2) The Boyaci–Kertme–Çayan (BKC) unit. This
unit (mapped as ‘ş’ in MTA, 2002) crops out only
to the SE of Çorum in the B2 area (transects ‘i’
and ‘j’ in Fig. 2c) where it tectonically rests below
the BAA. The BKC is made up of grey to grey-
greenish garnet-bearing, at times quartzitic micaschist
(Fig. 6e, f) and dark green metabasite and amphibol-
itic gneiss (Fig. 6g, h). The metabasite locally prevails
over the other lithotypes. Moreover, whitish to yellow-
ish coarse-grained marble with micaschist intercala-
tions can be locally found generally as tectonic slices in
the upper part of the unit (e.g. transect ‘i’, see Fig. 3).
These rocks are generally characterized by distinct-
ively coarse-grained foliation, compared to the other
studied greenschist-facies lithologies of the BAA and
AMC, and often include glaucophane (Gln) relics re-
cognizable to the naked eye. It is also worth noting the
presence of some tectonic intercalations of serpentinite
to the WSW of Boyacı village (see also MTA, 2002).
Preliminary surveys allow us to also define the pres-
ence of the BKC rocks in the areas towards the E and
ENE of Çorum.

The petrographic features of the BKC are shown in
Table 2 (location of the samples in Fig. 2c).

(3) The Amasya–Mahmatlar–Cayrak (AMC) unit.
Three main members can be defined in the transects
‘k’, ‘l’ and ‘m’ of the AMC (mapped as ‘ş’ in MTA,
2002), but, at present, we do not have sufficient data to
map them in the studied areas:

(a) The Lower Member crops out in the surround-
ings of Mahmatlar village immediately above the tec-

tonic contact with the underlying AOM. This mem-
ber is made up of alternating grey metagreywacke
and meta-arkose with grey-silver phyllite intercala-
tions similar to the corresponding lithotypes of the
BAA.

(b) The Intermediate Member consists of varicol-
oured phyllites with levels of marble and calcschist.

(c) The Upper Member is represented by a
thick succession of green chlorite–sericite phyllites
and quartzites, greenschist-facies metavolcanites and
metavolcaniclastic rocks with local intercalations of
foliated grey marble, grey-green calcschist and vari-
coloured (violet, grey-greenish, reddish) phyllite. The
metavolcanites locally preserve pillow-lava structures
and often show relics of magmatic microaugen tex-
ture, due to polysynthetic-twinned, acidic plagioclase
and sanidine porphyroclasts and aggregates of chlor-
ite (after femic phenocrysts) in a microquartzitic-
chloritic groundmass (likely deriving from a more or
less altered vitrophyric groundmass).

Gln relics within the dominant greenschist-facies
framework were also defined in a metavolcanite
sample (sample 41a).

The petrographic features of the AMC are summar-
ized in Table 3 (location of the samples in Fig. 2d).
Photomicrographs of the abovementioned three mem-
bers are shown in Figure 6i, j.

4.a.3. Relationships with the Mesozoic carbonate cover
sequences

These Triassic (‘t2-3’) and Jurassic – Lower Creta-
ceous (e.g. ‘j3–k1’) carbonate platform successions
rest above the BAA and AMC, respectively, through
sharp contacts. These carbonate successions are gen-
erally massive, but in some places they preserve a
basal part characterized by alternations of different
non-metamorphic lithotypes in which the original
sedimentary textures and fossil content are generally
well preserved.

For example in transect ‘a’, the c. 100 m thick basal
part of the Triassic ‘t2-3’ (see Fig. 3) is made up of
stratified (up to 1.5 m thick), black to dark grey car-
bonate platform limestones with minor pelitic inter-
beds. The limestone is essentially a fenestrae dis-
micrite with pellets, calcareous algae, small pelecy-
pods and agglutinated foraminifera. This carbonate
sequence includes at least four metric to decamet-
ric horizons of pillow lavas, often characterized by
a variolic texture, and ialoclastites. More to the east,
this unit changes into a centimetre–decimetre alterna-
tion of black to dark grey silty limestone, calcarenites
and shales. The succession continues upwards with
centimetre-bedded, nodular grey to pink-reddish, at
times micritic cherty limestones (including Radiolaria
and minor ostracods and pelecypods) and marly lime-
stones, in places with volcanic/volcaniclastic horizons
and possibly cherty intercalations in the upper part. Fi-
nally it vertically passes to poorly stratified to massive,
grey and light grey limestone, often represented by
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Table 1. Synthesis table of petrographic data of the BAA, in the different transects

LOCALITY AND
NUMBER OF

SAMPLE UNIT LITHOLOGY TEXTURE COMPOSITIONAL FEATURES

Transect ‘a’ (1)
Transect ‘c’ (9e)
Transect ‘d’ (17,

20d-e)

BAAb
(ex ‘pt’)

Grey to black
phyllite and
silty phyllite

Lepidoblastic Ser + Chl ± Qtz ± Grf (C to F), sometimes ± Cc
Local Qtz + Ser + Ms + Bt + aPl ± phyllite lithics and

graphite-rich siltstone discontinuous layers
Post-tectonic Feox/hyox veins

Transect ‘a’ (1a)
Transect ‘c’ (9b)
Transect ‘d’ (16 c)

BAAb
(ex ‘pt’)

Metasiltstone Fine-grained
blastopsammitic

Ser + Chl (generally penninite) ± Grf including grains of
Qtz, Ms and Chl (after Bt) flakes and aggregates

Local millimetric Qtz-rich, fine-grained metasandstone
levels

Acc. min.: Tiox
Post-tectonic Feox/hyox veins

Transect ‘a’
(1b, 2c)
Transect ‘c’
(9a, 9c)
Transect ‘d’

(16 a, 16b, 18)

BAAb
(ex ‘pt’)

Coarse- to
medium-
grained
metasandstone

Low sorted,
blastopsammitic

Lithic to lithic-feldspathic metagreywackes with
Ser + Chl ± Qtz ± Ab ± Grf matrix and a few Cc cement

Angular to sub-rounded grains of:
- mono- and polycrystalline Qtz (mainly with undulose

extinction) (F to FF)
- tt aPl (C to C-R)
- Ms and Chl (sometimes after Bt) flakes (C)
- Often decoloured/chloritized Bt (C-R)
Lithics:
- Acidic volcanic rocks (C) (microquartzites locally with

fluidal texture and Qtz xenocrysts; ipocrystalline
metadacite/ryodacite with embayed quartz and aPl
xenocrysts)

- Basalts to dacites (generally R)
- Metamorphic (C) (Ms-Chl quartzites; Ser + Chl ± Qtz,

Grf-rich phyllites; Ms + Chl ± Qtz micaschists)
- Plutonic (R) (granular ipidiomorphic ttt aPl + ut and t Kfs

(often ± sericitized)+Qtz ± Chl (after Bt)
Acc. min.: Zr, Ttn, Tiox, Grf
Local Grf-rich phyllites discontinuous layers (recrystallized

‘clay chips’ or transposed phyllitic levels)
Post-tectonic Cc veins

Transect ‘c’ (9d) BAAb
(ex ‘pt’)

Silty meta-marl/
carbonate
phyllite

Lepidoblastic, at
times microaugen

Ser + Cc + Grf
Including Qtz, t and tt aPl (locally

sub-idiomorphic ± calcitized) and Cc microaugens
Post-tectonic Qtz + Py veins cut by late Cc veins

Transect ‘b’ (13a,
13b, 13c)

BAAa
(ex ‘ş’)

Coarse- to
medium-
grained
metasandstone

Low sorted,
blastopsammitic

Lithic to lithic-feldspathic metagreywacke with
Ser + Chl ± Qtz ± Ab ± Grf matrix and local Cc cement

Grains and lithics: idem to sample 2c in BAAb, but with
C-F aPl and meta-rhyolite lithics and embayed Qtz grains

Acc. min.: Zr, Ttn, Tiox, Grf, Tur, Py
Post-tectonic veins of FeCc + Qtz and Feox/hyox

Transect ‘d’ (19) BAAc
(ex ‘pt’)

Calcschist Granolepidoblastic Millimetric alternations of impure metalimestone (including
Qtz, Chl, Ms-Ser, Grf) and Grf-rich Ser-Chl phyllite

Acc. min.: Feox/hyox, Py (mostly oxidized)
Syn-tectonic (Syn S1) FeCc + Qtz veins
Inter-tectonic (between D1 and D2) Cc veins

Transect ‘d’ (19a) BAAc
(ex ‘pt’)

Medium- to
fine-grained
foliated marble

Granoblastic Cc ± Qtz ± Ms ± Grf
Rare Ser ± Grf phyllitic ‘fishes’

Transect ‘d’ (20a) BAAc
(ex ‘ş’)

Grey-violet
calcschist

Granolepidoblastic Alternation of fine-grained, foliated isoblastic marble
(locally including lens of Ser + Hem phyllite),
coarse-grained heteroblastic foliated marble (with
scattered Qtz and ± idiomorphic t Ab) and
Ser + Chl + Hem phyllite

Acc. min.: Ep, Ttn
Transect ‘d’ (20b) BAAc

(ex ‘ş’)
Green phyllite Lepidoblastic Chl + Qtz ± Ab ± Ep ± Hem with local Cc boudins

Transect ‘d’ (20c) BAAc
(ex ‘ş’)

Varicoloured
marble

Granoblastic Fine-grained marble including a microquartzitic band (after
cherts) passing to impure calcschist (with scattered Qtz
and t Ab) and Chl + Hem + Tiox phyllite

Post-tectonic Cc ± Qtz veins

Locations of the transects and of the samples in Figure 2a, b, c. Abbreviations: Qtz – quartz; Ser – sericite; Ms – muscovite; Bt – biotite; Ab
– albite; aPl – acidic plagioclase; iPl – intermediate plagioclase; Kfs – k-feldspar; Sa – sanidine; Chl – chlorite; Cc – calcite; FeCc – iron-rich
calcite; Grf – graphite and organic matter l.s.; Zr – zircon; Ap – apatite; Ep – epidote; Ttn – sphene; Feox/hyox – Fe oxides and hydroxides;
Rt – rutile; Hem – haematite; Py – pyrite; Tiox– titaniferous oxides; Gln – blue amphibole; Grt – garnet; Hbl – hornblende; Tre – tremolite;
Tur – tourmaline.
ut – untwinned; t – simple twin; tt – polysynthetic twins; ttt – albite-carlsbad twins; FF – very abundant; F – abundant; C – common; R –
rare; acc. min. – accessory minerals.
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Table 2. Synthesis table of petrographic data of the BKC

LOCALITY AND
NUMBER OF

SAMPLE UNIT LITHOLOGY TEXTURE COMPOSITIONAL FEATURES

Transect ‘i’ (32a) BKC
(ex ‘ş’)

Metabasite/
amphibolitic
gneiss

Nematoblastic/
diablastic to
granoblastic

tt aiPl (locally sericitized) + Qtz + Ms + Cc + Gln
(also ± idiomorphic and locally chloritized) + Chl ± Bt

Acc. min.: Ttn (C), Py, Ep, Ap
Post-tectonic Cc veins

Transect ‘i’ (32a
bis)

Transect ‘j’
(33 c)

BKC
(ex ‘ş’)

Gln- and
Grt-bearing
micaschist

Granolepidoblastic/
porphyroblastic

Qtz + Ms + Cc + ut to t Ab + Gln (locally stretched, ±
chloritized and included in S1) ± Bt + Chl (later,
probably after Bt)

Gln porphyroclasts with Bt + Chl + Qtz + Ab pressure
shadows and local inclusion trails, perpendicular to the
blast boundaries, of opaque and fibrous (e.g. Rt) minerals

Syn-D1 porphyroblasts:
- Grt (granular to sub-idiomorphic), includes S1 foliation

(essentially Qtz ± Ab)
- t Ab, locally with Rt + Ttn ± Ap inclusion trails
Acc. min.: Ttn (C), Py, Ep(C), Ap, Rt, Hem
Post-tectonic Cc veins

Transect ‘i’ (32tris)
Transect ‘j’
(33 d, 33e)

BKC
(ex ‘ş’)

Metabasite Nematoblastic ut to t Ab + Chl + Gln (mostly altered in
Chl) + Cc ± Qtz ± Bt ± Hbl (also as rim of Gln)

Gln porphyroclasts with Bt + Chl + Qtz + Ab pressure
shadows

Ttn + Ep trails //S1

Acc. min.: Ep (C),Ttn, Py, Tiox
Syn-tectonic Cc + polycrystalline Qtz
Post-tectonic Cc veins

Transect ‘i’ (32b) BKC
(ex ‘ş’)

Metabasite Granolepidoblastic/
Porphyroblastic to
locally mylonitic

ut to t Ab + Qtz + Chl + Cc + Ms + Ep
Rare ± chloritized Gln relics
Syn-D1 porphyroblasts:
- aggregates of Ep (with RR Gln inclusions) and

Ep ± Ab ± Cc
Acc. min.: Ep (C), Ttn, Tiox

Transect ‘i’ (32c) BKC
(ex ‘ş’)

Foliated marble Granoblastic/
heteroblastic

Impure marble (including Qtz, ut to t Ab, Ms, Hem and/or
Py)

Local discontinuous levels of Ser/Ms ± Cc ± Feox/Py
Transect ‘i’ (32d) BKC

(ex ‘ş’)
Quartzitic

micaschist
Granolepidoblastic Qtz + ut to t Ab + Ms + FeCc + Bt (often chloritized) ±

Chl (later)
Acc. min.: Ep, Ttn, Py
Impregnations and veins of Fe ox/Hyox

Locations of the transects and of the samples shown in Figure 2c. Abbreviations as in Table 1.

Table 3. Synthesis table of petrographic data of the AMC

LOCALITY AND
NUMBER OF

SAMPLE UNIT LITHOLOGY TEXTURE COMPOSITIONAL FEATURES

Transect ‘k’(basal
part)(44a, 44b)

AMCa
(ex ‘ş’)

Medium to very
coarse-grained
metasandstone

Low sorted,
blastopsammitic
to blastopsephitic

Feldspathic metagreywackes with Ser + Chl + Qtz
± Ab ± Grf matrix

Angular to sub-rounded grains of:
- mono- and polycrystalline Qtz (mainly monocrystalline

with undulose extinction and minor with straight
extinction and embayed) (F to FF)

- tt aPl (locally ± sericitized) (C-F)
- Ms flakes and aggregates (C)
- Kfs (perthitic orthose and minor microcline) (C-F)
Lithics:
- Metamorphic (quartzites, Ser + Chl phyllite)
- plutonic made up of granitoids (Qtz + ttt aiPl ± Cc and

Qtz + ttt aiPl + ut to t Kfs (perthitic orthose, locally
including small Ab)

Acc. min.: Py (± oxidized), Hem, Ap, Zr
Syn-tectonic Qtz ribbons; post-tectonic Cc and Qtz veins

Transect ‘k’
(middle and
upper part)(35a)

Transect ‘ l’ (basal
part) (36, 38a)

Transect ‘m’ (45)

AMCc
(ex ‘ş’)

Green phyllite
(metabasite)

Lepidoblastic/
microaugen

Chl + Ser ± Qtz ± Cc ± aPl ± Tr-Act
Microaugens of:
- tt aPl
- lenticular shaped aggregates of Cc ± Qtz ± aPl, aPl + Tr,

FeCc ± Qtz and Chl + Qtz + Cc
Acc. min.: Tiox
Local impregnations of Fe Ox/Hyox
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Table 3. Continued

LOCALITY AND
NUMBER OF

SAMPLE UNIT LITHOLOGY TEXTURE COMPOSITIONAL FEATURES

Transect ‘k’
(middle part)
(35b)

AMCb
(ex ‘ş’)

Grey-greenish
calcschist

Granolepidoblastic Centimetric to millimetric-scale alternations of fine-grained
impure marble (including Qtz, t and tt aPl, Chl) and
Chl + Ser ± Qtz ± Ab ± Cc phyllites

Acc. min.: Tiox
Syn-tectonic Cc veins

Transect ‘k’
(middle part)
(35c)

AMCb
(ex ‘ş’)

Chloritic
quartzite

Fine-grained
granolepidoblastic

Qtz + Chl ± Cc
Acc. min.: Tiox, Ep
Post-tectonic Cc and Cc + Fe Ox/hyox veins

Transect ‘l’
(middle-upper
part)(37, 37b,
39a, 41a)

AMCc
(ex ‘ş’)

Metabasite Lepidoblastic to
granolepido-
blastic, locally
microaugen

Qtz + Chl ± tt aPl ± Ms/Ser ± Cc
Microaugens of:
- tt aPl (locally sub-idiomorphic, after phenocrysts)
-Qtz
Local presence of rounded domains of microQtz (after

perlitic/spherulitic textures) and ghosts of ipocrystalline
porphyritic texture (with aPl, often altered in Ep, and
minor Sa phenocrysts and Chl augen after femic
minerals)

In 41a ± chloritized/altered Gln relics
Acc. min.: Tiox(C), Ep (C), Ttn
Post-tectonic Cc and Cc + Fe Ox/hyox veins

Transect ‘l’ (upper
part)(42, 43)

AMCc
(ex ‘ş’)

Violet quartzitic
phyllite

Lepidoblastic to
granolepidoblastic

Qtz + Chl + Ser + Hem ± Cc ± Bt
Acc. min.: oxidized Py, Hem
Post-tectonic Qtz and Fe Ox/hyox veins
Local concentrations of oxidized Py //S1

Transect ‘k’(basal
part)(44a, 44b)

AMCa
(ex ‘ş’)

Medium- to very
coarse-grained
metasandstone

Low sorted,
blastopsammitic
to blastopsephitic

Feldspathic metagreywackes with Ser + Chl + Qtz
± Ab ± Grf matrix

Angular to sub-rounded grains of:
- mono- and polycrystalline Qtz (mainly monocrystalline

with undulose extinction and minor with straight
extinction and embayed) (F to FF)

- tt aPl (locally ± sericitized) (C-F)
- Ms flakes and aggregates (C)
- Kfs (perthitic orthose and minor microcline)(C-F)
Lithics:
- Metamorphic (quartzites, Ser + Chl phyllite)
- plutonic made up of granitoids (Qtz + ttt aiPl ± Cc and

Qtz + ttt aiPl + ut to t Kfs (perthitic orthose, locally
including small Ab)

Acc. min.: Py (± oxidized), Hem, Ap, Zr
Syn-tectonic Qtz ribbons; post-tectonic Cc and Qtz veins

Transect ‘k’
(middle and
upper part)(35a)

Transect ‘ l’ (basal
part) (36, 38a)

Transect ‘m’ (45)

AMCc
(ex ‘ş’)

Green phyllite
(metabasite)

Lepidoblastic/
microaugen

Chl + Ser ± Qtz ± Cc ± aPl ± Tr-Act
Microaugens of:
- tt aPl
- lenticular shaped aggregates of Cc ± Qtz ± aPl, aPl + Tr,

FeCc ± Qtz and Chl + Qtz + Cc
Acc. min.: Tiox
Local impregnations of Feox/hyox

Transect ‘k’
(middle part)
(35b)

AMCb
(ex ‘ş’)

Grey-greenish
calcschist

Granolepidoblastic Centimetric to millimetric-scale alternations of fine-grained
impure marble (including Qtz, t and tt aPl, Chl) and
Chl + Ser ± Qtz ± Ab ± Cc phyllites

Acc. min.: Tiox
Syn-tectonic Cc veins

Transect ‘k’
(middle part)
(35c)

AMCb
(ex ‘ş’)

Chloritic
quartzite

Fine-grained
granolepidoblastic

Qtz + Chl ± Cc
Acc. min.: Tiox, Ep
Post-tectonic Cc and Cc + Feox/hyox veins

Transect ‘l’
(middle-upper
part)(37, 37b,
39a, 41a)

AMCc
(ex ‘ş’)

Metabasite Lepidoblastic to
granolepido-
blastic, locally
microaugen

Qtz + Chl ± tt aPl ± Ms/Ser ± Cc
Microaugens of:
- tt aPl (locally sub-idiomorphic, after phenocrysts)
-Qtz
Local presence of rounded domains of microQtz (after

perlitic/spherulitic textures) and ghosts of ipocrystalline
porphyritic texture (with aPl, often altered in Ep, and
minor Sa phenocrysts and Chl augen after femic
minerals)

In 41a ± chloritized/altered Gln relics
Acc. min.: Tiox(C), Ep (C), Ttn
Post-tectonic Cc and Cc + Feox/hyox veins

Transect ‘l’ (upper
part)(42, 43)

AMCc
(ex ‘ş’)

Violet quartzitic
phyllite

Lepidoblastic to
granolepidoblastic

Qtz + Chl + Ser + Hem ± Cc ± Bt
Acc. min.: oxidized Py, Hem
Post-tectonic Qtz and Feox/hyox veins
Local concentrations of oxidized Py //S1

Locations of the transects and of the samples shown in Figure 2d. Abbreviations as in Table 1.
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Figure 6. (Colour online) Photomicrographs of the Sakarya Zone rocks: (a) BAAb metagreywackes including metamorphic lithic
grains at Akyurt (transect ‘a’); (b) BAAb metagreywackes including volcanic lithic grains at Akyurt (transect ‘a’); (c) BAAa me-
tagreywackes at Bozca (transect ‘b’); (d) contact between impure marble and haematite-rich phyllite in BAAc calcschists at Aydıncık
(transect ‘d’); (e) BKC garnet-bearing micaschist and (f) metabasite both including blue amphibole relics at Boyacı (transect ‘i’).
Crossed polars, except (e) with one polar.

mudstone to packstone with intraclasts (‘t2-3’ body in
MTA, 2002).

The basal sharp contact of the carbonate cover
sequences is underlined by a lack of recrystallization
and foliations in the latter with respect to the signi-
ficant metamorphic imprint of the underlying BAA
and AMC rocks. In the literature, this boundary has
been generally interpreted as stratigraphic, i.e. the
unconformable stratigraphic contact due to the Cim-
merian Orogeny (e.g. MTA, 2002, 2010), but locally it
is clearly affected by tectonics (see Sections 4.c and 5
below).

4.b. Mineral chemistry data

Chemical analyses on the blue amphibole-bearing
metamorphic rocks (micaschists and metabasite/ pras-
inite) sampled from the Boyacı area were carried out
on polished and carbon-coated sections using a JXA-
8600 microprobe at C.N.R. – Istituto di Geoscienze
e Georisorse, U.O.S. Firenze. The analyses were per-
formed using an accelerating voltage of 15 kV and
a beam current of 10 nA. Operating counting times
for elements were 15 s (10 s only for Na) on the peak
and 5 s for each background. The acquired data were
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Figure 6. (Continued) (Colour online) (g, h) Epidote-rich metabasite in BKC at Boyacı (transect ‘i’); (i) perthitic orthoclase grain in
coarse-grained meta-arkose (transect ‘k’) and (j) acidic metavolcanite (transect ‘l’) in AMC SE of Amasya. Crossed polars.

corrected using the PAP matrix correction. Represent-
ative chemical analyses for each detected phase are
reported in Tables 4 and 5. For mineral abbreviations,
see footnote to Table 1.

Feldspars are composed only of unzoned pure albite
crystals in all the studied rocks (Table 4).

Garnet porphyroblasts show a clear compositional
zoning passing from core (almandine = 45–50 mol %,
spessartine = 25–30 mol %, pyrope = 2–4 mol %,
grossular = 9–25 mol %) to rim (almandine = 57–
62 mol %, spessartine = 12–15 mol %, pyrope = 4–
5 mol %, grossular = 12–22 mol %) (Table 4). The
andradite end-member is variable, varying up to 12
mol %, but it does not show significant changes within
a single porphyroblast. The uvarovite end-member is
always lower than 1.5 mol %. Thus, the most consider-
able chemical zoning within the garnet porphyroblasts
is in regards to the almandine and spessartine end-
members, and their variations gradually change from
core to rim (Fig. 7).

Micas in the micaschists are classified as a solid
solution of aluminoceladonite (KAl(Mg,Fe2+)
�Si4O10(OH)2) and muscovite (KAl2�AlSi3

O10(OH)2) according to the nomenclature of the
micas of Rieder et al. (1998) (Table 4). This phase
can be also termed phengite (Deer, Howie & Zuss-
man, 1992) despite being considered obsolete by the

previous authors. Si is in the range 3.30–3.38 atoms
per 11 oxygens and Mg no. (100*Mg/(Mg + Fe)) is in
the range 52–61. Micas are locally altered into clay
minerals.

Chlorite in both the glaucophane-bearing
micaschists and metabasite, and in the greenschist
metavolcanites is classified as a Type I Mg-chlorite
according to Zane & Weiss (1998); the analysed crys-
tals pertain to the pycnochlorite variety with Mg no. =
54–65 (Table 4).

Amphibole has quite a different composition
(Table 5). According to the nomenclature pro-
posed by the International Mineralogical Associ-
ation (Hawthorne et al. 2012), the analyses were
recalculated according to Locock (2014). The blue
amphibole relics in the micaschists point to glauco-
phane, whereas the alkali amphibole in the metabasite
is classified as Fe-glaucophane. In addition, the
metabasite includes Ca and Na–Ca amphibole (i.e.
winchite, magnesio-hornblende and magnesio- ferric
hornblende). According to the nomenclature of Rock
& Leake (1984) and Leake et al. (2004), winchite
is classified as barroisite. Octahedral Al (VIAl) is
different among these Na, Ca and Na–Ca amphiboles,
as evidenced in Figure 8.

Epidote in the metabasite and in the greenschist
metavolcanites is defined as epidote sensu stricto (s.s.).
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Table 4. Chemical analyses of garnets, feldspars, micas and chlorites found in micaschists and metabasite

Phase garnet garnet garnet garnet garnet feldspar feldspar feldspar feldspar mica mica mica mica mica mica mica mica chlorite chlorite chlorite chlorite chlorite chlorite

Sample 32abis 32abis 32abis 32abis 32abis 32abis 32a 32b 32b 32b 32b 32b 32b 32abis 32abis 32abis 32abis 32abis 32abis 32abis 32b 32atris 32atris

Rock micaschist micaschist micaschist micaschist micaschist micaschist metabasite prasinite prasinite prasinite prasinite prasinite prasinite micaschist micaschist micaschist micaschist micaschist micaschist micaschist prasinite metabasite metabasite

# 15 40 41 42 43 8 25 64 65 7b 8b 9b 10b 12b 13b 19b 20b 11 15b 44 11b 30 25b

note core rim core core-rim rim

SiO2 35.4 36.3 35.9 35.9 36.0 66.7 68.0 69.0 68.3 49.7 49.7 48.3 48.5 47.4 49.1 49.1 48.0 25.6 26.0 25.6 27.3 27.5 27.2

TiO2 0.29 0.06 bdl 0.04 0.13 0.13 0.07 bdl bdl 0.39 0.14 0.01 0.11 0.20 0.30 0.03 0.12 0.04 bdl 0.11 0.06 0.06 bdl

Al2O3 19.5 20.7 20.2 20.7 20.9 19.2 19.6 19.7 18.9 27.2 27.2 28.2 26.9 26.6 27.5 26.9 26.6 19.8 19.6 20.0 20.6 19.9 19.8

Cr2O3 0.43 bdl 0.09 0.17 bdl bdl bdl bdl bdl 0.07 0.06 0.02 0.08 0.02 0.16 bdl 0.05 bdl 0.07 0.03 bdl bdl bdl

FeO 23.6 28.1 22.4 26.3 28.9 0.36 0.26 0.03 bdl 2.42 2.77 2.51 2.85 3.11 3.39 3.63 3.44 22.7 25.6 24.9 22.4 19.6 19.5

MnO 12.1 5.32 11.7 9.64 5.56 bdl bdl bdl bdl 0.03 bdl 0.11 0.01 0.08 0.03 0.17 bdl 0.59 0.40 0.25 0.43 0.15 0.23

CaO 6.64 7.83 7.50 6.83 8.06 0.15 bdl bdl 0.07 0.38 0.04 bdl 0.04 0.06 bdl 0.06 0.06 bdl 0.16 bdl 0.30 0.08 0.15

MgO 0.50 1.22 0.86 0.86 1.23 0.02 bdl 0.03 0.03 3.45 3.54 3.49 3.07 2.84 2.78 2.64 2.58 15.6 15.8 16.5 16.5 20.6 20.4

Na2O bdl bdl bdl bdl bdl 11.9 11.0 11.5 11.6 bdl 0.26 0.08 0.09 0.45 0.73 0.31 0.80 bdl bdl 0.03 0.17 bdl bdl

K2O bdl bdl bdl bdl bdl bdl 0.23 0.08 0.08 11.4 11.3 10.9 11.0 10.3 10.5 10.4 10.1 bdl bdl 0.02 0.28 bdl 0.06

Sum 98.40 99.54 98.55 100.44 100.81 98.55 99.14 100.32 98.99 95.02 94.93 93.58 92.61 91.14 94.41 93.20 91.76 84.44 87.57 87.41 88.02 87.85 87.37

Cations per 12 O. Cations per 8 O: Cations per 11 O: Cations per 28 O:

Si 2.937 2.946 2.952 2.916 2.898 Si 2.972 2.992 3.000 3.012 Si 3.356 3.358 3.300 3.356 3.339 3.338 3.379 3.355 Si 5.556 5.503 5.410 5.645 5.598 5.583
IVAl 0.063 0.054 0.048 0.084 0.102 Al 1.009 1.016 1.007 0.982 IVAl 0.644 0.642 0.700 0.644 0.661 0.662 0.621 0.645 IVAl 2.444 2.497 2.590 2.355 2.402 2.417

Sum 3.000 3.000 3.000 3.000 3.000 Fe 0.015 0.011 0.001 0.000 Sum 4.000 4.000 4.000 4.000 4.000 4.000 4.000 4.000 Sum 8.000 8.000 8.000 8.000 8.000 8.000

Sum 3.996 4.019 4.009 3.994
VIAl 1.852 1.931 1.916 1.905 1.889 VIAl 1.516 1.522 1.573 1.551 1.548 1.539 1.557 1.551 VIAl 2.625 2.407 2.386 2.668 2.362 2.372

Ti 0.018 0.004 0.000 0.002 0.008 Ca 0.007 0.000 0.000 0.003 Ti 0.020 0.007 0.000 0.006 0.011 0.015 0.002 0.006 Ti 0.007 0.000 0.018 0.009 0.009 0.000

Cr 0.028 0.000 0.000 0.000 0.000 Na 1.030 0.941 0.969 0.996 Fe2+ 0.137 0.157 0.144 0.165 0.183 0.193 0.209 0.202 Mg 5.035 4.988 5.220 5.076 6.261 6.227

Fe3+ 0.102 0.065 0.084 0.093 0.103 K 0.000 0.013 0.005 0.004 Mn 0.002 0.000 0.006 0.001 0.005 0.002 0.010 0.000 Fe2+ 4.126 4.542 4.405 3.869 3.335 3.343

Sum 2.000 2.000 2.000 2.000 2.000 Sum 1.037 0.953 0.974 1.004 Mg 0.348 0.357 0.356 0.317 0.298 0.282 0.271 0.269 Mn 0.109 0.072 0.045 0.075 0.026 0.040

Cr 0.004 0.003 0.001 0.005 0.001 0.008 0.000 0.003 Ca 0.000 0.036 0.000 0.066 0.018 0.033

Fe2+ 1.536 1.842 1.457 1.694 1.842 Sum cat. 5.03 4.97 4.98 5.00 Sum 2.026 2.045 2.081 2.044 2.045 2.040 2.049 2.031 Na 0.000 0.000 0.013 0.067 0.000 0.000

Mn 0.850 0.366 0.815 0.663 0.379 K 0.000 0.000 0.006 0.074 0.000 0.016

Mg 0.062 0.148 0.105 0.104 0.148 Anorthite 0.7 0.0 0.0 0.3 Ca 0.027 0.003 0.000 0.003 0.005 0.000 0.004 0.005 Sum 11.902 12.045 12.093 11.904 12.011 12.031

Ca 0.590 0.681 0.661 0.594 0.695 Albite 99.3 98.7 99.5 99.2 Na 0.000 0.034 0.011 0.012 0.062 0.096 0.041 0.109

Sum 3.038 3.036 3.038 3.056 3.064 Orthoclase 0.0 1.3 0.5 0.4 K 0.978 0.974 0.953 0.973 0.929 0.909 0.913 0.899 Sum cat. 19.902 20.045 20.093 19.904 20.011 20.031

Sum 1.005 1.010 0.963 0.988 0.996 1.004 0.958 1.013

Total 8.039 8.036 8.038 8.056 8.064 Mg no. 55.0 52.3 54.2 56.7 65.2 65.1

Sum cat. 7.031 7.056 7.044 7.032 7.041 7.044 7.007 7.044

Pyrope 2.1 5.0 3.6 3.6 5.1

Almandine 49.0 59.6 46.5 53.3 58.0 Mg no. 71.8 69.4 71.3 65.8 61.9 59.3 56.5 57.2

Spessartine 28.9 12.4 27.6 22.7 13.0

Andradite 9.1 7.1 8.1 10.8 12.0

Uvarovite 1.4 0.0 0.3 0.5 0.0

Grossular 9.5 15.9 14.0 9.0 11.9

Mg no. 0.04 0.08 0.07 0.06 0.08

bdl – below detection limit; Mg no. – Mg/(Mg + Fe2+); (c) – calculated; Sum cat. – sum cations; end-members in mol %; na – not analysed.
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Table 5. Chemical analyses of amphiboles and epidotes found in micaschist and metabasite

amphibole amphibole amphibole amphibole amphibole amphibole amphibole amphibole amphibole amphibole amphibole amphibole amphibole amphibole amphibole amphibole amphibole epidote epidote epidote epidote epidote epidote

32abis 32abis 32abis 32a 32a 32a 32a 32a 32a 32a 32atris 32atris 32atris 32atris 32atris 32atris 32atris 32atris 32atris 32atris 32b 32b 32b

micaschist micaschist micaschist metabasite metabasite metabasite metabasite metabasite metabasite metabasite metabasite metabasite metabasite metabasite metabasite metabasite metabasite metabasite metabasite metabasite prasinite prasinite prasinite

9 14b 18b 21 22 23 24 26 21b 23b 31 32 56 57 58 59 24b 27 51 53 62 63 68

core rim core rim

SiO2 53.77 54.8 55.1 53.4 55.4 53.6 55.1 55.10 54.9 55.2 50.5 50.3 51.1 49.9 50.9 51.5 50.4 37.5 38.0 38.1 37.1 37.9 36.6

TiO2 0.19 0.17 0.41 bdl 0.05 bdl bdl 0.00 0.11 0.02 0.20 0.29 0.19 0.16 0.26 0.30 0.46 0.31 0.09 0.00 0.08 0.02 bdl

Al2O3 9.32 9.62 10.19 10.2 10.0 9.9 8.6 9.81 7.86 8.00 9.3 10.1 6.6 9.1 7.9 6.3 8.15 26.7 25.2 25.6 22.7 26.5 20.9

Cr2O3 0.12 bdl bdl 0.01 0.23 0.02 0.10 0.04 bdl 0.02 bdl 0.18 0.18 0.13 0.18 na 0.05 0.09 bdl 0.07 bdl 0.16 0.01

FeO 13.41 16.1 16.0 18.6 18.5 18.9 18.3 17.46 20.3 19.7 14.8 13.1 11.6 13.4 13.0 13.6 14.4 9.11 9.66 10.39 12.84 9.04 15.36

MnO 0.29 0.30 0.11 0.28 0.74 0.40 0.31 0.47 0.25 0.35 0.55 0.56 0.22 0.23 0.23 na 0.19 0.53 0.21 0.25 0.21 0.36 0.05

CaO 0.44 0.59 0.80 1.31 0.91 1.07 1.06 0.56 1.21 0.75 7.06 7.34 10.21 8.56 9.55 9.94 8.86 23.0 23.5 23.3 22.8 23.0 22.0

MgO 8.02 7.08 7.39 6.43 6.27 6.23 7.02 6.28 6.62 6.55 12.1 13.0 14.6 13.2 13.9 14.8 13.47 bdl 0.06 0.04 0.02 bdl bdl

Na2O 7.27 7.14 6.55 5.92 6.93 6.18 6.34 7.13 6.08 5.16 3.78 3.83 2.16 3.05 2.68 2.33 2.35 bdl bdl bdl bdl bdl bdl

K2O 0.09 bdl 0.20 0.03 bdl 0.07 0.06 0.06 bdl 0.14 0.16 0.27 0.28 0.31 0.26 0.12 0.15 bdl bdl bdl bdl bdl bdl

Sum 92.93 95.72 96.70 96.16 98.99 96.40 96.99 96.92 97.33 95.96 98.51 98.93 97.05 98.08 98.85 98.84 98.51 97.25 96.64 97.66 95.78 96.94 94.88

Formula assignments (recalculation according toLocock (2014), following the IMA 2012 nomenclature): Cations per 25 O. All Fe considered as Fe3+:

Si 7.931 7.907 7.865 7.764 7.812 7.789 7.933 7.906 7.937 8.085 7.180 7.105 7.348 7.122 7.215 7.294 7.159 Si 5.884 6.006 5.961 5.979 5.958 5.975
IVAl 0.069 0.093 0.135 0.236 0.188 0.211 0.067 0.094 0.063 0.000 0.820 0.895 0.652 0.878 0.785 0.706 0.841 IVAl 0.116 0.000 0.039 0.021 0.042 0.025

Sum T 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.000 8.085 8.000 8.000 8.000 8.000 8.000 8.000 8.000 Sum 6.000 6.006 6.000 6.000 6.000 6.000

Ti 0.021 0.018 0.044 0.000 0.005 0.000 0.000 0.000 0.012 0.002 0.021 0.031 0.021 0.017 0.028 0.032 0.049 IVAl 4.829 4.688 4.684 4.285 4.873 4.005
VIAl 1.552 1.544 1.580 1.512 1.474 1.484 1.392 1.565 1.277 1.380 0.738 0.787 0.466 0.653 0.535 0.345 0.524 Fe3+ 1.171 1.312 1.316 1.715 1.127 1.995

Cr 0.014 0.000 0.000 0.001 0.026 0.002 0.011 0.005 0.000 0.002 0.000 0.020 0.020 0.015 0.020 0.000 0.006 Sum 6.000 6.000 6.000 6.000 6.000 6.000

Fe3+ 0.144 0.212 0.146 0.232 0.323 0.273 0.255 0.228 0.281 0.000 0.518 0.328 0.207 0.418 0.311 0.393 0.500

Fe2+ 1.506 1.703 1.657 1.860 1.854 1.891 1.835 1.859 2.003 2.187 1.158 1.097 1.156 1.089 1.168 1.105 1.067 Ti 0.036 0.010 0.000 0.009 0.002 0.000

Mg 1.764 1.523 1.572 1.394 1.318 1.350 1.507 1.343 1.428 1.429 2.565 2.738 3.130 2.809 2.937 3.125 2.854 Fe3+ 0.027 0.000 0.046 0.016 0.063 0.105

Sum C 5.001 5.000 4.999 4.999 5.000 5.000 5.000 5.000 5.001 5.000 5.000 5.001 5.000 5.001 4.999 5.000 5.000 Mn 0.071 0.028 0.033 0.029 0.047 0.008

Mg 0.000 0.013 0.009 0.004 0.000 0.000

Mn 0.036 0.037 0.014 0.034 0.088 0.049 0.038 0.057 0.030 0.044 0.066 0.067 0.027 0.028 0.028 0.000 0.023 Ca 3.874 3.974 3.908 3.935 3.875 3.847

Fe2+ 0.005 0.024 0.101 0.169 0.004 0.133 0.113 0.008 0.171 0.229 0.084 0.123 0.032 0.092 0.062 0.113 0.148 K 0.000 0.000 0.000 0.000 0.000 0.000

Ca 0.070 0.091 0.122 0.204 0.137 0.167 0.164 0.086 0.188 0.118 1.075 1.111 1.573 1.309 1.450 1.508 1.348 Sum 4.008 4.026 3.996 3.993 3.987 3.960

Na 1.890 1.849 1.764 1.592 1.770 1.651 1.686 1.849 1.611 1.465 0.775 0.700 0.368 0.571 0.460 0.379 0.481

Sum B 2.001 2.001 2.001 1.999 1.999 2.000 2.001 2.000 2.000 1.856 2.000 2.001 2.000 2.000 2.000 2.000 2.000 Sum cat. 16.01 16.03 16.00 15.99 15.99 15.96

Na 0.19 0.149 0.048 0.077 0.125 0.09 0.084 0.135 0.093 0.000 0.267 0.349 0.234 0.273 0.276 0.261 0.167 Fe2O3 (c) 10.13 10.74 11.54 14.27 10.04 17.07

K 0.017 0.000 0.036 0.006 0.013 0.011 0.011 0.000 0.027 0.029 0.049 0.051 0.056 0.047 0.022 0.027 Sum (c) 98.18 97.72 98.74 97.20 97.78 96.58

Sum A 0.207 0.149 0.084 0.083 0.125 0.103 0.095 0.146 0.093 0.027 0.296 0.398 0.285 0.329 0.323 0.283 0.194

O (non-W) 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22 22

Sum T + C + 15.21 15.15 15.08 15.08 15.12 15.10 15.10 15.15 15.09 14.97 15.30 15.40 15.29 15.33 15.32 15.28 15.19

B + A

Group OH,F,Cl OH,F,Cl OH,F,Cl OH,F,Cl OH,F,Cl OH,F,Cl OH,F,Cl OH,F,Cl OH,F,Cl OH,F,Cl OH,F,Cl OH,F,Cl OH,F,Cl OH,F,Cl OH,F,Cl OH,F,Cl OH,F,Cl

Subgroup Na Na Na Na Na Na Na Na Na Na Na-Ca Na-Ca Ca Na-Ca Ca Ca Ca

Species glaucophane ferro- ferro- ferro- ferro- ferro- ferro- ferro- ferro- ferro- winchite winchite magnesio- winchite magnesio- magnesio-ferri- magnesio-

glaucophane glaucophane glaucophane glaucophane glaucophane glaucophane glaucophane glaucophane glaucophane hornblende hornblende hornblende hornblende

Normalization Si–Ca& Si–Ca& Si–Ca& Si–Ca& Si–Ca& Si–Ca& Si–Ca& Si–Ca& Si–Ca& Si–Ca& Si–Ca& Si–Ca& Si–Ca& Si–Ca& Si–Ca& Si–Ca& Si–Ca&

procedures Li = 15 Li = 15 Li = 15 Li = 15 Li = 15 Li = 15 Li = 15 Li = 15 Li = 15 Li = 15 Li = 15 Li = 15 Li = 15 Li = 15 Li = 15 Li = 15 Li = 15

(apfu) Si–Mg& Si–Mg& Si–Na = 15 Si–Na = 15 Si–Mg& Si–Na = 15 Si–Na = 15 Si–Mg& Si–Na = 15 Si–Na = 15 Si–Mg& Si–Mg& Si–Mg& Si–Mg& Si–Mg& Si–Mg& Si–Na = 15

Li = 13 Li = 13 Li = 13 Li = 13 Li = 13 Li = 13 Li = 13 Li = 13 Li = 13 Li = 13

Si–K = 16

bdl – below detection limit; na – not analysed.
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Figure 7. Compositional zoning in the analysed garnets
evidenced by almandine (Fe3Al2Si3O12) and spessartine
(Mn3Al2Si3O12) contents.

Figure 8. VIAl versus total Al (TAl) in sodic-calcic (black
circles), calcic (grey circles) and alkali (squares) amphiboles.
a.p.f.u. – atoms per formula unit.

Epidote has highly variable Fe2O3 from 10 to 17 wt %
that is inversely proportional to Al2O3 from 27 down
to 21 wt % (Table 5).

4.c. Structural data

4.c.1. BAA and AMC

These greenschist-facies metamorphic successions
were affected by three deformation events that are
named D1, D2 and D3 (see Fig. 9a, b and stereonets
for the collected data about S1, S2; B1, B2 and B3 axes
and syn-D1 mineralogic lineation (LM) in Fig. 10 for
the different areas):

(1) The first event D1 produced an intensively
penetrative fine-grained foliation (S1) defined by
Qtz + Ser + Chl + Cc ± Ab (± Tr–Act in the metaba-
site) + Grf or Hem that is parallel to the lithological
alternations (S0?) and represents the main meso- and
microscopic structure of the rocks of both units. In the
samples characterized by an augen texture, porphyro-
clasts display σ- and δ-type mantle shapes. S1 is locally

associated with isoclinal/tight folds as axial plane foli-
ation (Fig. 9a) and often mineral lineations (essentially
Qtz and white mica blasts) lie above it. The few collec-
ted data about the B1 axes of the D1 folds in the A,
B1 and C areas show a NW–SE main strike and rarely
NE–SW (only in transect ‘d’ of the B1 area). The min-
eralogic lineations lying on S1 show a wide distribu-
tion of strikes (from NNW–SSE to WSW–ENE) and
dips: towards the SE (transects ‘a’ and ‘b’ in area A) or
mostly to the NNW (transect ‘k’ of area C), and also
to the NW and to the SW (transect ‘c’ of area A), to
the NE (transects ‘d’ and ‘e’ in area B1) or dispersed
from ENE to SSW (transect ‘l’ in area C). The few
data about the shear structures, obtained through the
rare kinematic indicators (σ-type porphyroclasts and
S-C structures) in both units in transects ‘a’, ‘c’, ‘d’,
‘k’ and ‘l’ give a top-to-the-SE and local top-to-the-
NE sense of shear.

(2) The D2 event is represented by close to tight
folds (Fig. 9b) to which a spaced zonal to rarely
discrete crenulation cleavage C2 (defined by the re-
orientation of oxides + organic matter and the blastesis
of Ser ± Chl) is associated. The distribution of the B2

axes of F2 shows a mostly NW–SE strike, but locally
also around E–W (transect d), NE–SW (transects ‘d’,
‘e’, ‘l’) and NNE–SSW (transect ‘c’).

(3) In the field, a local non-metamorphic D3 weak
folding event was defined by kink folds whose B3 axes
generally show NE–SW strikes in all the transects.
However, a few of them are also from N–S to WNW–
ESE or dip to the WNW in the transects ‘h’ and ‘d’,
respectively, of area B1.

Analyses of the calcite twins in the syn-tectonic
blasts and post-D2 veins present in the samples gener-
ally point to Burkhard’s type II twins followed by type I
ones. Sometimes, Burkhard’s type III twins also occur.

4.c.2. BKC

In these rocks, four deformation events were defined.
In particular, glaucophane-bearing micaschists and
gneisses, in the Boyacı and Kertme–Çayan areas
(transects ‘i’ and ‘j’ in the B2 area), are characterized
by a coarse-grained S1 main foliation that is made
up of Qtz + Pl/Ab + Ms + Cc ± Bt (± Chl) that is
often underlined by Ep + Ttn + Ox trails. Microscopic
observations infer that Chl, replacing Gln and Bt, de-
veloped generally later compared to the other phases
due to metamorphic retrocession. There is also the
remarkably peculiar presence of syn-tectonic (syn-S1)
Grt and Ab porphyroblasts along S1 (Fig. 6e). Also, the
sub-idiomorphic Gln is generally aligned with S1, but
it is a relict phase (likely belonging to a HP–LT, pre-D1

event), given that it is frequently stretched/boudinaged
with fractures filled by Chl ± altered Bt and are often
characterized by Chl ± Bt ± Qtz pressure shadows
(Fig. 9c, d). In addition, Gln is sometimes character-
ized by inclusion trails of opaque and fibrous (e.g. Rt)
minerals that are perpendicular to the blast boundar-
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Figure 9. (Colour online) (a) Unrooted D1 isoclinal fold in BAAb phyllite in Akyurt area (transect ‘a’), crossed polars. (b) D2 fold in
BAAc calcschist in Aydıncık area (transect ‘d’), crossed polars. (c) D2 fold with relics of blue amphibole that is partially retrogressed
in the S1 greenschist-facies assemblage in BKC micaschist of the Boyacı area (transect ‘i’) and (d) its magnification, crossed polars.

ies, suggesting the presence of an older foliation that
pre-dates the blastesis of the blue amphibole.

The metabasites are characterized by a main foli-
ation S1 made up of aiPl + Hbl + Cc ± Qtz ± Bt ± Ms
(Fig. 6h) including Gln relics, sometimes character-
ized by Hbl corona. These rocks are mostly or
completely retrogressed into Chl, Ab and Ep-rich
greenschist-facies rocks (i.e. ‘prasinite’ in French,
German and Italian literature), sometimes showing a
mylonitic fabric (Fig. 6g).

The chemical analyses performed on Mu in both
the micaschists and metabasites reveal its phengitic
composition, i.e. in between the aluminoceladonite and
muscovite end-members (see Section 4.b).

The mineralogic lineations lying on S1 (Ab, Qtz,
Mu, Chl and Gln relics) dip to the WSW and SSE in
transect ‘i’ and to the NE and SE in transect ‘j’. A top-
to-the-SE sense of shear was locally defined by syn-S1,
σ-type porphyroblasts (Ab and Grt) in the micaschist
and S–C structure in the marble.

S1 is deformed by D2 that is represented by
close/tight folds associated with C2 zonal crenulation.
Later, weak folds (F3) were also recognized. Finally,
Burkhard’s type II and later type I twins were recog-
nized in the marble.

4.c.3. Relationships of the BAA, AMC and BKC with the
carbonate cover sequences

As regards the contact of the BAA and AMC with
the carbonate cover sequences, it is clearly tectonic
or at least tectonized in many places. For example,
local metric/decametric cataclastic horizons and tec-
tonic slices are recognizable at the contact between the
AMC and the overlying carbonate j3–k1 successions in
transect ‘l’ of the Amasya area. In particular, the struc-
tural independence of the j3–k1 carbonate rocks with
respect to the underlying and already piled up BAA
and BKC units is shown in the surroundings of tran-
sect ‘i’ in the Boyacı area (see Fig. 2c and MTA, 2002,
2010).

4.c.4. AOM

The structural data collected in the IAESZ melange
from different sites along the Kizilirmak River in
the Kalecik area show that the sampled serpentinite
mylonites are made up of a syn-kinematic assemblage
of often ferriferous (Fe oxide and hydroxide-rich) cal-
cite fibres at the millimetric scale wrapping around het-
erometric clasts of serpentinite with locally preserved
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Figure 10. Stereonets, equal area projections, lower hemisphere of the meso-structural data (S0, S1, S2; B1, B2, B3 axes; LM – min-
eralogic lineations lying above S1) collected in BAA, BKC and AMC units in the different studied areas: transects ‘a’, ‘b’ and ‘c’
(Akyurth–Bozca–Avciova in area A); transects ‘d’, ‘e’, ‘f’ (Aydincik–Fuadiye and Büyüksogütözü–Kogazcale in area B1) and transect
‘h’ (Küre–Cemilbey road in area B2); transects ‘i’ and ‘j’ (Boyaci and Kertme–Çayan in area B2); transect ‘k’ (Mathmalar–Kalekoi
Valley in area C); transect ‘l’ (road from Kalekoi Valley to Kayrak in area C).
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mesh structures or sometimes completely amphibol-
itized/chloritized and of aggregates of iron oxides
and hydroxides (Fig. 5j). Locally, micritic to micro-
crystalline carbonates with marly, lumpy/peloidal-like
textures, possibly derived from the micritic matrix
of the original ophiolitic breccias, are also present
within the calcite foliation. Shear zones, characterized
by S-C planes, generally showing a top-to-the-SW or
to-the-SE sense (see also Rojay, 2013), are common,
but, locally, a top-to-the-NE sense can be defined.
The mylonitic foliation is locally deformed by zonal
crenulations that are underlined by oxide alignments.

The data concerning the Upper Cretaceous flysch
successions cropping out along the road from Çorum
to Alaca (transect ‘g’ in B2, Fig. 2c) show that these
rocks suffered at least one deformation event. In par-
ticular, the metric to decametric close to tight folds,
asymmetrical to recumbent in attitude, are character-
ized by NE–SW-oriented axes and southern vergence
(Fig. 5l).

The Calpionella-like limestone olistoliths show dif-
ferent fold structures that are represented by open to
closed folds, from symmetric (Fig. 5m) to asymmetric
in shape. These latter show different vergences in the
different outcrops, but generally they point to southern
quarters.

The ophiolitic melange tectonically underlies the
Sakarya Zone units; nevertheless their geometric rela-
tionships are locally reversed in the SE part of the B2
and C areas (e.g. in transect ‘l’, south of Kayrak village
in the Amasya area, Fig. 2d).

5. Discussion

Two different Palaeozoic–Triassic successions, made
up of sedimentary and metamorphic rocks (‘pt’ and
‘ş’, respectively), were identified below the Mesozoic
carbonate platform sediments in the 1:500 000 geolo-
gical map of Turkey (MTA, 2002). The data obtained
from our study improve the stratigraphic, structural
and metamorphic knowledge of these two units and,
more generally, of the frontal part of the Sakarya Zone
in the Ankara–Çankırı, Çorum and Amasya areas.

In particular, both ‘pt’ and ‘ş’ are represented
by metamorphic rocks. In this framework, we dis-
tinguished three main tectonostratigraphic units (the
BAA, BKC and AMC, see Figs 2, 3):

BAA greenschist-facies metamorphic rocks repres-
ents most of the ‘pt’ from the Ankara to Çorum
areas and can be divided into three members con-
sisting of basal coarse-grained metasandstone (Mem-
ber a), passing vertically into alternating phyllite, silt-
stone and metasandstone with rare metacarbonate lay-
ers (Member b) and finally into varicoloured marble
and calcschist with phyllitic intercalations (Member
c). This latter member was mapped as ‘ş’ in MTA
(2002). In the members a and b, the quartzitic metas-
andstone and feldspathic metagreywackes include rock
fragments mostly derived from acidic volcanites and
subordinately from metamorphic rocks.

The BKC (mapped as ‘ş’ in MTA, 2002) was re-
cognized only in the Boyacı–Kertme area (SE of
Çorum, along transects ‘i’ and ‘j’) geometrically be-
low the BAA. It consists of poly-metamorphic rocks
such as Gln- and Grt-bearing micaschists, amphibol-
itic gneisses and metabasite and marbles that experi-
enced a complex metamorphic evolution from HP–LP
blueschist- to greenschist-facies conditions. Consider-
ing the different lithological features and metamorphic
evolutions of the BAA and BKC, we hypothesize that
they likely represent the tectonic stacking of two dif-
ferent tectonic units in the study area.

The AMC greenschist-facies metamorphic unit is
represented only in the Amasya area (transects ‘k’,
‘l’ and ‘m’ in the NW part of the Tokat Massif) and
can be preliminarily divided in three members: (a)
basal metasiliciclastic rocks, (b) intermediate varicol-
oured phyllitic–calcschist–marble alternations grading
upwards into the (c) thick upper member represented
by prevalent acidic to intermediate/basic metavolcan-
ites and volcanic metasediments with local phyllite–
metacarbonate horizons. The metasandstones of the
basal member are lithologically similar to those of the
BAA, but they are frequently a meta-arkose character-
ized by acidic plutonic components. Rare relics of blue
amphibole were found in the metavolcanites. Catlos,
Huber & Shin (2013) found in the same AMC succes-
sions also metagabbro and metabasalts that are charac-
terized by an E-MORB or a within oceanic plate basalt
(WOPB) signature.

The sharp contact of these units with the overly-
ing non-metamorphic Mesozoic ‘t2-3’ or ‘j3–k1’ car-
bonate rocks was generally interpreted by the previ-
ous authors as the evidence of the unconformity re-
lated to the Late Triassic Cimmerian Orogeny (see
MTA, 2002, 2010). A Cimmerian age of the tectono-
metamorphic framework of the BAA is testified to by
the intrusion of non-metamorphic, intermediate to ba-
sic Late Triassic dykes in the metasiliciclastic rocks
(see transects ‘a’ and ‘b’). These dykes could be con-
sidered the feeders of the magmatic sub-marine flows
intercalated in the overlying non-metamorphic carbon-
ate succession of transect ‘a’. Instead, according to
the 238U–206Pb radiometric data on zircons and bad-
deleyite of Catlos, Huber & Shin (2013), the meta-
morphism of the AMC rocks seems earlier (200–
135 Ma). Unfortunately, we have not yet obtained ra-
diometric ages for the metamorphic assemblage of the
BKC. Our study also reveals the frequent tectonic in-
dependence of the Mesozoic carbonates compared to
the underlying metamorphic successions, as sugges-
ted by the interposition of cataclastic horizons and
tectonic slices (e.g. in the Amasya transect ‘l’). In
this framework, it is also worth noting that the ‘j3–
k1’ carbonates rest on both the BAA and BKC ‘seal-
ing’ their tectonic contact in the B2 area (transects ‘i’
and ‘j’).

The collected structural and metamorphic data point
out similarities between the blastesis-deformation re-
lationships of the BAA and AMC greenschist-facies
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metamorphic rocks (cf. structural data). These suc-
cessions display evidence of three superimposed
deformation events as D1, D2 and D3, the first
two of which are in the greenschist facies. D1 is
the main event, producing continuous foliation S1

= Qtz + Ser + Chl + Cc + Ox + Grf/Hem ± Ab ± Tr-
Act that is related to an isoclinal/tight folding which
is rarely observable at the meso-scale. B1 axes and L1

mineralogic lineations on S1 generally point to the NW
and SE quarters. The D2 close to tight folds, which are
the most common structures at the meso- and micro-
scales, are characterized by a spaced zonal to rarely
discrete S2 (= Ser + oxides + organic matter ± Chl)
crenulation cleavage. B2 axes are generally co-axial
with respect to B1, but locally show a NE–SW (tran-
sect ‘l’ in area C) strike or are concentrated around
an E–W direction (area B1). A non-metamorphic
D3 weak folding, defined by kinks with a NE–SW-
trending B3 axes, was also identified in the examined
areas.

The 150–300 °C closure temperature of the meta-
morphic system, probably occurring during the D2–D3

events, is given by Burkhard’s type II and later type I
twins occurring in the Cc blasts in the calcschist and
marble and in the post-D2 calcite veins.

The rare relics of blue amphibole found in the AMC
metavolcanites (sample 41a in transect ‘l’) suggest that
this unit locally reached the HP–LT metamorphic con-
ditions (see also Catlos, Huber & Shin, 2013), but
this evidence was mostly hidden due to the strong
greenschist-facies metamorphic imprint related to the
D1 event.

The metamorphic and structural framework of the
BKC is peculiar compared to the BAA and AMC
because the former suffered a more complex meta-
morphic and deformation history from blueschist to
greenschist facies. In particular, these micaschists, am-
phibolitic gneisses, metabasite and marble are char-
acterized by a coarser main foliation (S1) made
up of upper greenschist to lower amphibolitic fa-
cies minerals. Specifically, in the metasiliciclastic
rocks S1 = Qtz + Ab + Ms + Bt + Grt ± Chl, while
in the metabasite S1 = Hbl + Ab/Pl + Bt ± Chl or
Ab + Qtz + Chl + Cc + Ms + Ep. The mineralogic lin-
eations on S1 strike WSW–ENE or dip to the SE
quarter. An overall late S1 chloritization also occurs
in both rocks, previously the D2 folding event. Blue
amphiboles (i.e. glaucophane in the micaschists, Fe-
glaucophane and crossite in the metabasites) are pre-
S1 relict minerals, pre-dating the regional metamorph-
ism events and showing the existence of a pre-D1 HP–
LT event. The presence of barroisite in the Hbl-bearing
metabasite infers that the former mineral is related to
decompressional re-equilibration of the previous blue
amphibole at regional metamorphic conditions of P
= 4–5 kbar and T � 350 °C or P = 5–7 kbar and T
� 450 °C (Ernst, 1979). It is also worth noting that
the presence of foliation relics (made up of opaque
and fibrous minerals) within Gln porphyroclasts of the
micaschist possibly points to an older metamorphic

event that occurred before the growth of the blue am-
phibole.

The evidence of HP–LT metamorphism is well
known in the crystalline basement units of the west-
ern Anatolides (e.g. Menderes Massif, Lycian Nappe,
Tavşanlı Zone, Afyon Zone) and Pontides that points to
a diachronous subduction event from the Cretaceous,
to the north, to the Eocene, to the south (Okay & Kel-
ley, 1994; Sherlock et al. 1999; Rimmelé et al. 2003;
Çetinkaplan et al. 2008; Catlos, Huber & Shin, 2013;
Pourteau et al. 2013, 2015; Aygül et al. 2015; Okay &
Nikishin, 2015 and references therein).

Blueschist-facies minerals were found in the Cent-
ral Pontides within the crystalline rocks of the Sakarya
Zone of the Kargı Massif (R. H. Eren, unpub. Ph.D.
thesis, Istanbul Technical Univ., 1979; O. Tüysüz, un-
pub. Ph.D. thesis, Istanbul Üniv., 1985; Okay et al.
2006; Aygül et al. 2016) to the NNW of the stud-
ied Ankara–Çankırı area (A in Fig. 1). In particular,
the BKC blue amphibole-bearing micaschist and meta-
basite below the BAA low-grade metamorphic sili-
ciclastic rocks in the B2 area (transects ‘i’ and ‘j’)
and, possibly, in the ENE surroundings of Çorum, re-
sembles the tectonic superposition of the greenschist-
facies, phyllitic–metabasitic–marble Çangaldağ Com-
plex above the HP–LT Domuzdağ Complex in
the frontal part of the Central Pontides (Okay
et al. 2006).

Similarly to the BKC, the Domuzdağ Complex
consists of blueschist, garnet-bearing chloritoid–
glaucophane (mostly Fe-glaucophane)–quartz–
micaschist, glaucophane metabasite and minor marble
and meta-chert, and irregular tectonic lenses of ser-
pentinite. These rocks are more or less retrogressed to
greenschist facies (i.e. retrogression of the metabasite
into Ab–Ep–Chl gneisses with common calcic am-
phiboles). Moreover, the Domuzdağ HP–LT Complex
locally includes omphacite + glaucophane eclogitic
bands, but these haven’t been found until now in
the BKC. The chemical composition of the garnets
within the micaschists of the Çangaldağ Complex
(almandine–spessartine–grossular garnets with less
than 6 % pyrope with significant reverse zoning
between Mn and Fe) strongly recalls the studied BKC
garnets (cf. Section 4.b). Finally, the chemical ana-
lyses performed by Okay et al. (2006) and Aygül et al.
(2016) in the HP–LT rocks of the Domuzdağ Complex
show a phengitic composition for Mu that is similar
to that found in the BKC micaschists and metabasites,
but with a higher content of Si and, sometimes, also of
Fe and Mg.

Okay et al. (2006) and Aygül et al. (2016) attributed
the whole Domuzdağ Complex to a Tethyan oceanic
subduction–accretion complex since the geochemical
features of its metabasites have a MORB-type signa-
ture (Ustaömer & Robertson, 1997, 1999, 2010). A
Middle Cretaceous age (Albian, 105 ± 5 Ma Ar–Ar
and Rb–Sr radiometric age of eclogites and chlorit-
oid micaschists in Okay et al. 2006; 114–92 Ma in
Aygül et al. 2016; Okay et al. 2013) was defined for
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the HP–LT event of the Domuzdağ Complex rocks
that is characterized by P = 17 kbar and T = 490 °C
peak conditions. The same authors also suggested
a Late Cretaceous–Tertiary age for the greenschist-
facies overprint.

The Çangaldağ Complex shows close lithostrati-
graphic similarities with the BAA and, particularly,
with the AMC, both characterized by a greenschist-
facies metamorphic framework (cf. Okay et al. 2006).
In fact, the Çangaldağ Complex is made up of a basal
part constituted by prevalent metasiliciclastic rocks
that pass upwards to a thick metavolcanic succession
with minor carbonate and phyllite horizons. The pro-
toliths of the metavolcanic succession are mainly pyro-
clastic and epiclastic rocks with minor dykes, lava
flows and pillow lavas. The geochemistry studies per-
formed by Ustaömer & Robertson (1999) suggested
basaltic andesite, andesite and rhyodacite protoliths for
them and an IAT signature. In particular, the same
authors attributed these metavolcanites to a Permian–
Triassic intra-oceanic magmatic arc related to the Cim-
merian Orogeny. Moreover, it should be underlined
that the Çangaldağ Complex suffered a low-grade re-
gional metamorphism in the greenschist facies to local
HP–LT metamorphic conditions, during latest Trias-
sic time (205–203 Ma Ar–Ar radiometric age in the
Nilüfer Formation in Okay, Monod & Monié, 2002;
Okay et al. 2006). This is in agreement with the,
even if rare, presence of blue amphibole in the stud-
ied corresponding AMC successions of the Amasya
area.

According to the above correlations, the distin-
guished BAA, BKC and AMC, in the frontal part
of the Sakarya Zone from Ankara to Amasya, con-
stitute a very complex tectonic stack of units that
suffered different orogenic events and also different
burial conditions. The Cimmerian event produced the
metamorphic framework of the BAA in Late Trias-
sic time and of the AMC, even if in more recent
times (Jurassic – Early Cretaceous in Catlos, Huber &
Shin, 2013). So, both units belong to the so-called Pa-
laeotethyan Karakaya Complex. Instead, the complex
metamorphic evolution of the BKC can be related to
the Middle Cretaceous to Tertiary Alpine (Neotethyan)
events (cf. Okay et al. 2006; Aygül et al. 2016). So the
three units testify to a practically continuous accretion
of oceanic portions and growth of the Sakarya front
since Late Triassic to Tertiary times, in agreement with
Okay et al. (2006) and Catlos, Huber & Shin (2013).

According to this study and regional correlations,
the BAA successions, together with their Mesozoic–
Tertiary carbonate cover sequences, tectonically over-
lie the AOM in the western areas (e.g. in areas A
and B1). But, the BAA (Karakaya Complex) over-
thrusts the HP–LT BKC (Neo-Alpine Complex in the
B2 area). Despite the lack of data about the lower part
of the Sakarya Zone in the latter area where contact
with the ophiolitic melange is not exposed, it is obvi-
ous that the BKC tectonically pinches out below the
BAA towards the west. Additionally, we still have no

data to define the relationships between the BKC and
the AMC, because of the lack of outcrops in the inter-
mediate areas, i.e. the SW of Amasya.

The data from the B2 area also allow us to specu-
late about the age of the building up of such a com-
plex stack of units. First, the tectonic superposition of
the BAA (Karakaya Complex) above the BKC likely
happened after the main metamorphic imprint (Alpine)
stage of the latter unit. So, taking into considera-
tion the radiometric data of the metamorphism in the
Domuzdağ Complex (105 Ma in Okay et al. 2006; Ay-
gül et al. 2016), we suggest a Late Paleocene – Early
Eocene age for this overthrust, i.e. during the colli-
sional event (cf. Okay, 2008). During these events, also
at least part of the Mesozoic carbonate cover sequences
detached from their Cimmerian metamorphic base (i.e.
BAA and AMC) and thrust above the already piled
units (e.g. BAA and BKC in the B1 area).

Moreover, the data collected for the AOM in the
A and B1 areas show that this unit tectonically un-
derlies the Sakarya Zone BAA. The AOM includes
shear zones with a top-to-the-SW/SE or, locally, top-
to-the-NE sense. We suggest that the vergences to
the southern quarters are referable to the Late Creta-
ceous under-thrusting of the ophiolitic melange be-
low the Sakarya Zone margin, whereas the top-to-
the-NE sense of shear events can be related to syn-
to post-collisional back-thrusting (see also Robertson
et al. 2004, 2014). Also the SE-vergent folding struc-
tures recognized in the Cretaceous Flysch and their
tectonic slices in the AOM can be likely associated
with the Late Cretaceous growth and deformation of
the melange itself. Instead, the structural relationships
between the AMC and the AOM in the southern C area
(Amasya) appear to be different from place to place.
For example, along transect ‘k’ (in the surroundings
of Mahmatlar village) and in the Amasya area, the
AMC thrusts onto the AOM; however, at the southern
end of transect ‘l’ their structural relationships are re-
versed. It is assumed that this peculiar situation can
be related to the activity of the Alpine syn- and late-
collisional back-thrusting of the AOM melange onto
the frontal units of the Sakarya Zone (cf. Robertson
et al. 2004, 2014), or to the local activity of strike-slip
(transpressive) tectonics, due to the irregular shape of
the Anatolide margin (e.g. the Kirşehir indenter). This
shortening could also produce variation in the axial
strike of the D2 folds within the Sakarya units in the
different areas (e.g. in the B1 area). It is also worth not-
ing that the ophiolitic melange tectonically includes,
in addition to the coeval Cretaceous trench–fore-arc,
flysch-like, deposits, shallow-water carbonate olisto-
liths that likely slid from the frontal part of the Sakarya
Zone or from subducted sea mounts (cf. Rojay, 2013).
Finally, in the A area, the AOM tectonically lies above
Cretaceous–Paleocene clastic trench successions that,
in their turn, overthrust the SE Eocene clastic and car-
bonate rocks that unconformably overlie the CACC.
This suggests at least an Eocene age for the tectonic
welding of the AOM with the CACC.
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The data in the Ankara–Çankırı, Çorum and
Amasya areas reveal a very complex structural evol-
ution for the frontal part of the Sakarya Zone dur-
ing the Mesozoic–Tertiary, N-directed subduction of
the Tethyan Realm (see also Okay et al. 2006; Catlos,
Huber & Shin, 2013; Topuz et al. 2013; Robertson
et al. 2014; Aygül et al. 2015, 2016 and references
therein). According to regional correlations made in
this study, the BAA and AMC can be interpreted
as oceanic units belonging to the Karakaya Complex
(i.e. the Çangaldağ Complex of the Central Pontides)
that suffered the Cimmerian subduction–accretion pro-
cesses in Late Triassic to Jurassic–Early Cretaceous
times. Therefore, these units represented in that time
the southern edge of the Sakarya continent (cf. Okay
et al. 2006). Instead, the BKC micaschists and meta-
basites are the analogues to the Domuzdağ Complex
that is interpreted as a part of the oceanic Neotethyan
Realm by Okay et al. (2006) and Aygül et al. (2016).
The HP–LT event of the Domuzdağ Complex is ra-
diometrically constrained at c. 105 Ma, which evid-
ences a Middle Cretaceous active subduction in the
northern sector of the Neotethys and the accretion
of this Alpine complex to the Cimmerian Sakarya
Terrane (Carakaya Complex). This can be considered
one of the oldest Alpine events due to the closure of
the Neotethys in the whole Alpine orogenic system.
Most of the AOM was also produced during these
oceanic Middle to Late Cretaceous subduction pro-
cesses (Göncüoğlu, 2010; Rojay, 2013). In addition,
a portion of the rocks within the AOM experienced
Alpine HP–LT metamorphism, as evidenced by blue
amphiboles found in the ophiolitic breccias sampled at
the top of the melange along transect ‘h’ in the B2 area.
The southward migration of the accretionary processes
is testified to by the tectonic incorporation of the trench
turbiditic deposits of Middle–Late Cretaceous age in
the AOM subduction complexes (see transects ‘d’ and
‘g’) during the consumption of the oceanic realm.

According to Okay et al. (2006), the end of sub-
duction processes at the front of the Sakarya Zone
and the following exhumation of the BKC rocks oc-
curred in Late Cretaceous time when the regional
metamorphism events imprinted this HP–LT unit.
In particular, the same authors constrained the ex-
humation of the Domuzdağ Complex of the Cent-
ral Pontides to a fore-arc convergent subduction sys-
tem during Senonian times, considering the under-
lying Turonian–Coniacian age of the foreland sedi-
ments (Kirazbaşi Fm) and the unconformable con-
tact with the overlying uppermost Santonian – lower-
most Campanian pelagic limestone cover. In the study
area, the exhumation event is testified to by the ret-
rogression of the HP–LT minerals (likely associated
with a pre-D1 deformation–metamorphic event) into
the dominant amphibolite/greenschist-facies mineral
assemblages during the D1 folding phase. In particular,
glaucophane and crossite in the rocks within the BKC
were transformed into barroisite and hornblende, and
finally into chlorite during the late stages of D1. Dur-

ing this time, the BKC was tectonically sandwiched
between the Cimmerian BAA and the AOM that are at
the top and at the bottom, respectively, of the tectonic
pile of nappes in the A, B1 and B2 studied areas (cf.
Okay et al. 2006). Okay et al. (2006) proposed that ex-
humation of the Domuzdağ Complex was triggered by
the subduction of the Kargı microcontinent in front of
the accretionary prism.

Afterwards, the remaining part of the Tethys Ocean
subducted at least until Late Paleocene time when the
Kırşehir Massif began to collide with the complex
Sakarya stack with the interposition of the AOM (i.e.
IAES). The collected geological data point to an over-
thrust of the Sakarya Zone units above the AOM of at
least 70 km. Final shortenings of the tectonic pile oc-
curred also during Early–Middle Eocene times. Dur-
ing these syn-/late-collisional events, the AOM with its
Cretaceous–Paleocene trench deposits thrust onto the
Eocene clastic–carbonate cover of the CACC in area
A. Moreover, the Sakarya front was partly rearranged
through the local detachment of the Mesozoic carbon-
ate cover sequences of the BAA and AMC and their
sliding above the already piled units (e.g. BAA on
BKC in B2 area), and through northward obduction or
back-thrusting of the AOM onto the Karakaya Com-
plex (AMC) in the frontal part of the Sakarya Zone in
the B2 and C areas (see also Robertson et al. 2014).
Finally, the role of the Neogene strike-slip tectonics in
the final deformation of the studied unit at a local scale
cannot be excluded.

Therefore, according to our study and in agreement
with Okay et al. (2006), Catlos, Huber & Shin (2013)
and Aygül et al. (2016), we think that the complex tec-
tonic stack of oceanic units present from the Ankara
to Amasya areas (e.g. the BAA and AMC Karakaya
Units, HP–LT BKC and AOM) in the southern part of
the Pontides can be related to a single and prograding
subduction–accretion system in front of the Laurasian
margin that was active more or less in continuity from
Late Triassic to Eocene times instead of the welding of
two distinct (Cimmerian v. Alpine) orogenic chains. In
this framework, the Cimmerian and Alpine orogenic
events can be interpreted as the two main accretion
stages of the Laurasian margin. The collisional stage of
this long-lived subduction–accretion system occurred
only since Late Paleocene time when the Pontide and
Anatolide (e.g. CACC) continental masses came into
contact with the interposition of the IAES.

6. Final considerations

The present data and their interpretations allow us to
propose the following conclusions:

(1) Within the Sakarya Zone successions, previously
mapped as sedimentary ‘pt’ and metamorphic ‘ş’ suc-
cessions of Palaeozoic–Triassic age in MTA (2002),
we distinguished for the first time three main tectono-
stratigraphic metamorphic units, i.e. the BAA (in the
A, B1 and B2 areas), BKC (only in the B2 area) and
AMC (in the C area). The BAA and AMC underlie
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the Mesozoic carbonate cover sequences (e.g. t2-3, j3–
k1) that often show tectonic detachment and slicing. In
particular:

(a) The BAA includes basal metasiliciclastic rocks
(e.g. lithic-feldspathic greywackes) that pass upwards
to calcschists, marble and varicoloured phyllite al-
ternations. A Cimmerian age of their greenschist-
facies tectono-metamorphic framework is testified to
by the intrusion of non-metamorphosed Late Triassic
intermediate-basic dykes.

(b) The AMC is made up of basal feldspar-
rich meta-arkose and meta-pelites passing upwards
to carbonate–phyllitic alternations, and then to a
thick succession of prevalent acidic to intermediate-
basic metavolcanites and volcanic-rich metasediments.
Catlos, Huber & Shin (2013) defined a Cimmerian
age for the tectono-metamorphic deformation events
of this unit too, even if younger (Jurassic – Early Creta-
ceous) with respect to that of the BAA. Moreover, the
finding of rare glaucophane relics testifies to the local
attainment of HP–LT metamorphic conditions.

(c) The BKC consists of poly-metamorphic garnet-
bearing micaschist, amphibolitic gneiss, metabasite
and marble that are characterized by well-preserved
relics of blue amphibole (Fe-glaucophane and crossite
in the metabasite, glaucophane in the micaschists) and
by a strong low-amphibolite- to greenschist-facies ret-
rogression.

(b) The presence of the peculiar HP–LT BKC unit
below the greenschist BAA in the B2 area resembles
the tectonic superposition of two similar units (i.e.
the Cimmerian Çangaldağ Complex and the Alpine
Domuzdağ Complex, respectively, in Okay et al. 2006
and Aygül et al. 2016) present in the frontal part of the
Central Pontides.

(c) The ophiolitic melange generally shows a ‘block-
in-matrix’ fabric made up of heterometric serpentin-
ite breccia with clasts up to boulders of more or less
brecciated serpentinite and serpentinized peridotite in
a serpentinite granular to often finely sheared, foli-
ated (i.e. ‘scaly’ texture) matrix. From place to place,
it includes also olistoliths and slices of the oceanic
succession (e.g. serpentinite with microgabbro dykes;
Calpionella-like limestones sometimes with basal
cherts and basalts; pillow basalts and cherts including
sedimentary breccias; manganesiferous cherts). The
melange body is often characterized by shear zones
displaying a southern, but often also a top-to-the-NE
sense of shear. The melange tectonically underlies the
Sakarya Zone successions, but their geometrical re-
lationships are locally reversed (e.g. SE of Amasya).
These data can be interpreted as the effect of back-
thrusting and transpression that occurred during the
Tertiary syn- to late-collisional shortening events of
the accretionary prism.

(d) The collected data show that the frontal part
of the Sakarya Zone between Ankara and Amasya
(central-eastern Pontides) consists of a complex tec-
tonic stack of different units that likely belong to
different oceanic palaeogeographic domains and oro-

genic events (Cimmerian v. Alpine orogenies). This
tectonic building can be related to a single, prograding
and long-lived subduction–accretion system in front
of Laurasia that was active from Late Triassic to Pa-
leocene/Eocene times when the collision between the
Pontide and Anatolide (e.g. CACC) continental masses
took place with the interposition of the IAES.
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Genç, Ş. C. & Tüysüz, O. 2010. Tectonic setting of the Jur-
assic bimodal magmatism in the Sakarya Zone (Central
and Western Pontides), Northern Turkey: a geochemical
and isotopic approach. Lithos 118, 95–111.
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Eyidoğan, H., Görür, N. & Rangin, C. 2005. The
North Anatolian Fault: a new look. Annual Review of
Earth and Planetary Sciences 33, 37–112.

Sherlock, S., Kelley, S., Inger, S., Harris, N. & Okay,
A. I. 1999. 40Ar–39Ar and Rb–Sr geochronology of
high-pressure metamorphism and exhumation history
of the Tavsanli Zone, NW Turkey. Contributions to Min-
eralogy and Petrology 137, 46–58.

Stampfli, G., Marcoux, J. & Baud, A. 1991. Tethyan mar-
gins in space and time. In Palaeogeography and Pa-
laeoceanography of Tethys (eds J. E. T. Channell, E. L.
Winterer & L. F. Jansa). Palaeogeography, Palaeocli-
matology, Palaeoecology 87, 373–410.

Topuz, G., Göçmengil, G., Rolland, Y., Çelik, Ö. F.,
Zack, T. & Schmitt, A. K. 2013. Jurassic accretionary
complex and ophiolite from northeast Turkey: no evid-
ence for the Cimmerian continental ribbon. Geology 41,
255–8.

Ustaömer, T. & Robertson, A. H. F. 1997. Tectonic-
sedimentary evolution of the north Tethyan margin in
the Central Pontides of northern Turkey. In Regional
and Petroleum Geology of the Black Sea and Surround-
ing Region (ed. A. G. Robinson), pp. 255–90. Amer-
ican Association of Petroleum Geologists Memoirs
no. 68.

Ustaömer, T. & Robertson, A. H. F. 1999. Geochemical
evidence used to test alternative plate tectonic mod-
els for pre-Upper Jurassic (Palaeotethyan) units in the
Central Pontides, N Turkey. Geological Journal 34, 25–
53.

Ustaömer, T. & Robertson, A. H. F. 2010. Late Paleozoic–
Early Cenozoic tectonic development of the eastern
Pontides (Artvin area), Turkey: stages of closure of
Tethys along the southern margin of Eurasia. In Sedi-
mentary Basin Tectonics from the Black Sea and Cau-
casus to the Arabian Platform (eds M. Sosson, N. Kay-
makçı, R. A. Stephenson, F. Bergerat & V. Starostenko),
pp. 281–327. Geological Society of London, Special
Publication no. 340.

Zane, A. & Weiss, Z. 1998. A procedure for classifying
rock-forming chlorites based on microprobe data. Ren-
diconti Lincei 9, 51–6.

https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0016756817000516
Downloaded from https://www.cambridge.org/core. Universita degli Studi di Firenze, on 04 Dec 2017 at 09:54:54, subject to the Cambridge Core terms of use, available at

https://doi.org/10.1029/2005TC001872
https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0016756817000516
https://www.cambridge.org/core

	1. Introduction
	2. Geological framework of Turkey
	3. The Sakarya Zone front between the Ankarapenalty -@M  and Amasya areas
	4. Results
	4.a. Lithostratigraphy and petrographic data
	4.a.1. AOM (‘k2s’, ‘k2µ’, ‘’, ‘of’ and ‘k2’ in MTA, 2002)
	4.a.2. The Sakarya Zone
	4.a.3. Relationships with the Mesozoic carbonate cover sequences

	4.b. Mineral chemistry data
	4.c. Structural data
	4.c.1. BAA and AMC
	4.c.2. BKC
	4.c.3. Relationships of the BAA, AMC and BKC with the carbonate cover sequences
	4.c.4. AOM


	5. Discussion
	6. Final considerations
	Acknowledgements
	References

