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ABSTRACT: Newly discovered K-bentonite beds, interstratified with limestones/dolomitic limestones
of the Upper Devonian–Lower Carboniferous Yılanlı Formation, are exposed in the northwestern Black
Sea region of Turkey, around Zonguldak and Bartın. K-bentonite samples collected from four different
locations: the Gavurpınarı and Yılanlı Burnu quarries from the Bartın area, the Çimsi̧r Çukurları quarry
from the Şapça area, and the Güdüllü and Gökgöl highway tunnel section near Zonguldak city were
investigated using optical microscopy, X-ray diffraction and inductively coupled plasmamass spectrometry
in order to reveal their mineralogical and geochemical characteristics and understand their origin and
evolution. The K-bentonites occur at different levels in the Yılanlı Formation as 2–40 cm-thick, greenish to
yellowish beds cropping out several hundred metres along strike. Preliminary biostratigraphic data suggest
that the protoliths of the Bartın (Gavurpınarı and Yılanlı Burnu) and Güdüllü K-bentonites were deposited
at around the boundary between the Frasnian and Famennian, whereas those in the Şapça and Gökgöl
sections are slightly younger (Devonian–Carboniferous boundary interval). The lithofacies types of the
host carbonate rocks suggest an ‘epeiric’ shallow carbonate platform environment. Illite and mixed-layer
illite-smectite were the major clay minerals in the K-bentonites. The K-bentonites from the Bartın area
display a high degree of illitization and consist mainly of illite indicating high-grade diagenesis, whereas
illite-smectite-rich samples from the Şapca and Gökgöl tunnel locations reflect relatively lower diagenetic
conditions. According to their geochemical compositions, two groups of K-bentonites were distinguished,
one with alkali basalt (Bartın area and Güdüllü locations) and one with trachyte affinities (Gökgöl tunnel
and Şapça locations). Geochemical fingerprinting of K-bentonites by trace and rare earth element (REE)
data suggest that tephras with alkali basalt composition have been derived by a source formed in a
‘continental back-arc’ setting, whereas the source of K-bentonites with trachytic precursors is related to
‘continental within-plate rifting’. An evaluation of the global Late Devonian and Devonian–Carboniferous
volcanism suggests that the bentonite precursors may be related to late-Variscan magmatism in Laurussia.

KEYWORDS: K-bentonite, Late Devonian–Early Carboniferous, chemostratigraphy, tectonomagmatic setting,
illite, Yilanli Formation, Turkey.

The products of explosive eruptions in the form of
volcanic ash (tephra), after transport over long
distances, are settled and altered to bentonites
(smectite-rich volcanogenic clay rocks) by early
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diagenesis. During late diagenesis, these bentonites are
transformed into K-bentonites by chemical modifica-
tion and progressive illitization, and then finally into
metabentonites by low-grade metamorphism (Fortey
et al., 1996). During diagenesis and very low-grade
metamorphism, smectite transforms to mixed-layer
illite-smectite and then to illite in K-bentonites, due to
K enrichment (Weaver, 1953; Merriman & Roberts,
1990). K-bentonites are accepted as useful time
markers of geologically instantaneous chronostrati-
graphic surfaces due to their sudden eruption, rapid
accumulation rate and widespread distribution. Thus,
they have large potential for local and regional
palaeogeographical, sedimentological, biogeograph-
ical and palaeoecological correlations (Huff &
Morgan, 1990; Kolata et al., 1998; Min et al., 2001).
Another aspect of interest is their relationship with
mass extinctions (Algeo et al., 1995).

The geochemistry of K-bentonites provides signifi-
cant data for the tectonomagmatic evolution of the
source area, and also for the former positions of
continental plates through the distribution patterns of
ash beds which are a significant distance apart (Kolata
et al., 1987; Huff et al., 1992; Bergström et al., 1995).
Previous investigations showed that interpretation of
the tectonic setting and genesis of K-bentonites may be
achieved by magmatic and tectonic discrimination
diagrams (Winchester & Floyd, 1977; Floyd &
Winchester, 1978; Huff & Türkmenoğlu, 1981;
Merriman & Roberts, 1990; Huff et al., 1992).

Although extensive research has been performed
worldwide on K-bentonites of volcanic origin, their
first discovery in Turkey was published recently
(Türkmenoğlu, 2001; Türkmenoğlu et al., 2009;
Günal-Türkmenoğlu et al., 2015). In the Zonguldak
Terrane (ZT) in NW Turkey (Fig. 1a,b), K-bentonites
are exposed in the Upper Devonian–Lower
Carboniferous strata (Yılanlı Formation) in the
Zonguldak and Bartın areas (Fig. 1c,d). They form a
set of 2–40 cm-thick greenish-grey clay beds alternat-
ing with platform-type, shallow-marine limestones and
dolomitic limestones of the Yılanlı Formation.

Ongoing research into Turkish K-bentonites has
resulted in the discovery of new locations within the
Gökgöl Tunnel, in the Şapça and Güdüllü areas to the
south of Zonguldak (Fig. 1c), and in similarly well
preserved sequences within the limestones and dolo-
mitic limestones of the Yılanlı Formation. The purpose
of the present s tudy was to describe the geological and
mineralogical characteristics of K-bentonites exposed
at the new localities, to present their chemical

compositions in order to reveal the original geochem-
ical affinities of their parental volcanic ash(es), to
investigate their chemostratigraphic correlation based
on immobile trace and REE compositions, with the
previously discovered K-bentonite beds in the Bartın
area, and, finally, to understand the tectonomagmatic
setting of their source volcanoes.

LOCAT ION AND REG IONAL
GEOLOGICAL SETT ING OF THE

STUDY AREA

The successions studied are included in the Zonguldak
Terrane (ZT), one of main Palaeozoic tectonic units of
Turkey (Fig. 1a,b). The regional geological setting and
stratigraphy of the ZT have been described previously
(Göncüoğlu et al., 1997; Göncüoğlu & Kozlu, 2000;
Yanev et al., 2006). The basement rocks consist of
Cadomian gneisses, gabbros, basalts, ultramafics and
of pyroclastics, granites and felsic volcanic rocks. The
basement rocks are overlain unconformably by Lower
Ordovician units (Göncüoğlu et al. 2014), consisting
of siltstones and mudstones (Bakacak Formation), and
of conglomerates and sandstones (Kurtköy and Aydos
formations) (Fig. 1c,d). The Upper Ordovician–
Middle Silurian succession is represented by the
Karadere, Ketencikdere and Fındıklı formations
including graptolitic black and grey shales, with
sandstones, siltstones (Schanski et al., 2010) and
limestone interlayers (Dean et al., 1997) (Fig. 1d). The
Fındıklı Formation is overlain unconformably by the
Middle Devonian Bıçkı and Ferizli formations con-
sisting of sandstones-mudstones and shales-siltstones,
respectively. The Late Devonian–Early Carboniferous
Yılanlı Formation, including shallow-marine dolo-
mites and limestones, succeeds the Ferizli Formation
(Aydın et al., 1987; Derman 1997; Yalçın & Yılmaz,
2010; Bozkaya et al., 2012). The Yılanlı Formation is
∼800 m thick and consists of thick-bedded limestones,
dolomitic limestones, and dolomites alternating with
thin-bedded, black, calcareous shales. The transitional
boundaries of the Yılanlı Formation with the Ferizli
and Madendere formations were reported by Gedik
et al. (2005). Based on fossil findings, Dil (1976)
assigned a Middle Devonian–Early Carboniferous age
for the Yılanlı Formation. The deposition of the Yılanlı
Formation occurred mainly in an epeiric carbonate
platform/shelf (Yalçın & Yılmaz, 2010). The Yılanlı
Formation is overlain by a sequence, >500 m thick, of
alternating limestones and shales (Fig. 1c, the
Madendere and Karadon formations), followed by
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FIG. 1. (a) Alpine tectonic units of Turkey (Göncüoğlu et al., 1997) and location of the İstanbul and Zonguldak terranes
(NAFZ: North Anatolian Fault Zone, EAFZ: East Anatolian Fault Zone. Symbols: 1: Tertiary cover: 2: Istranca terrane,
3: İstanbul-Zonguldak terrane, 4: Sakarya composite terrane, 5: ophiolites and ophiolitic mélanges of Neotethyan suture
belts, 6: Kütahya-Bolkardağ belt (Anatolides), 7: Menderes and Central Anatolian crystalline complexes (Anatolides),
8: Taurides, 9: Bitlis-Pötürge metamorphics (SE Anatolian autochthon), 10: SE Anatolian autochthon). (b) Distribution
of Palaeozoic outcrops in the İstanbul and Zonguldak terranes (modified from Bozkaya et al., 2012). (c–d) Geological

maps of the study areas and geographical settings of sampling locations (modified from Akbas ̧ et al., 2002).
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flood-plain deposits with numerous Westphalian-age
coal-systems (Kerey, 1984).

The oldest cover of the Variscan units of the ZT are
the Upper Permian (Tatarian) lagoonal sediments
(Göncüoğlu et al., 2011) to Upper Triassic continental
red beds of the Çakraz Formation (Alisa̧n & Derman,
1995). In addition, Cretaceous–Eocene formations are
exposed in the study area.

DESCR IPT ION OF THE K -
BENTON ITE BEDS EXPOSED IN THE

STUDY AREA

The type locations of the new K-bentonite exposures
within the upper levels of the Yılanlı Formation are at
the limestone quarries near Güdüllü and Şapca villages
and along the D750 highway at the southern entry of

the Gökgöl tunnel road cuts between Zonguldak and
Çaycuma cities (Fig. 1c). The geological details of the
Bartın sections were given by Günal-Türkmenoğlu
et al. (2012, 2015). In the present study only new fossil
findings from this area are reported and the focus is
mainly on the characteristics of the Şapca, Gökgöl
Tunnel and Güdüllü outcrops. A composite log of the
Yılanlı Formation is given in Fig. 2 for regional
correlation.

Şapça area K-bentonite beds exposed in the
Çims ̧ir Çukurları limestone quarry

A number of limestone quarries exist within the
outcrops of the Yılanlı Formation (DCy) between the
Şapca and Güdüllü villages (Fig. 1c). Two K-bentonite
beds exposed at Çimsi̧r Çukurları east of Şapcı village,

FIG. 2. Distribution of the Devonian–Carboniferous sequences of the Yılanlı Formation in NW Anatolia with the
positions of the K-bentonite layers.
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included in the 1:25,000 scale F27-b2 topographic
map of Turkey, were studied. The limestone quarry has
been excavated in three levels to a depth of >25 m from

the topographic surface. The thick-bedded and grey
Yılanlı Formation displays cracking and karstic
dissolution voids. On the north side of the second

FIG. 3. (a) Vertical limestone beds interbedded with K-bentonite in Şapça Çimsi̧r Çukurları quarry; (b) close-up view of
the quarry face covered by a green to yellowish brown, fissile bentonite horizon lying parallel to the limestone bedding
planes with a sharp contact; (c) Carboniferous limestone–clay interstratification at the Gökgöl highway tunnel entrance
from Zonguldak; (d) close-up view of limestone lithologies interlayered with clay/bentonites; (e) field occurrence of
limestone–clay/K-bentonite alternation in the Zonguldak-Güdüllü section; and (f ) close-up view of K-bentonite in the

Güdüllü section.
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level of the quarry, at coordinates 31°56′53.19″ E/41°
25′13.26″N, limestone layers strike at N80°E with a
dip of 70–80°N. At this section, ∼50–60 cm of thick,
grey limestone layers are interbedded with K-bentonite
beds 10–15 cm thick (Figs 2, 3a,b). K-bentonites have
characteristically light green colours when fresh but
they become yellowish brown upon weathering. When
wet they have a waxy, slippery and fissile texture.
Because large amounts of block-size and smaller
aggregate rock material was produced during mining
activities, only two, mostly well exposed and promin-
ent, bentonite beds were sampled and investigated
(O19 and O21). These beds are found at both sides of a
thick limestone bed which was also sampled in order to
define their stratigraphic position within the Yılanlı
Formation. The samples have abundant foraminiferal
assemblages (mainly zonal taxa of quasiendothyrid
and some specimens of endothyrid foraminifers) marking
a relative age range at the Devonian–Carboniferous

boundary, corresponding to Late Famennian–Early
Tournaisian time.

K-bentonites from the Gökgöl highway tunnel
section

Several cm-thick K-bentonite beds along the
Gökgöl highway tunnel roadcut were discovered
within the Middle Devonian–Lower Carbonifrous
limestone-dolomitic limestone facies of the Yılanlı
Formation. This location is included within the
1:25,000 scale F27-b1 topographic map of Turkey
(Fig. 1c). The lower part of the Yılanlı Formation is
faulted. Upwards, the Yılanlı Formation is overlain
by the Namurian shale-mudstone-sandstone-coal
sequences of the Alacaağzı formation. A 60 m-long
section was measured in a NW to SE direction, starting
from the south entrance of the highway tunnel, and clay
and carbonate rock samples were collected (samples

FIG. 4. Measured stratigraphic sections of limestone and clay/shale or bentonite layers along the Gökgöl tunnel section.
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GT-1 to GT-68) (Figs 3c,d, 4). Similar facies are also
exposed along the old service road to the west of the
tunnel. The lower part of the measured section starts
with cherty and fossiliferous micritic limestone layers,
and continues upwards with an alternation of dark grey
mudstone-greywacke lithologies including ostracod
fossils with shale intercalations. During this investiga-
tion 2–20 cm thick, light grey to yellow K-bentonite
beds were studied mainly for their geochemical
characteristics. From bottom to top the bentonitic
samples analysed included light brown-yellowish
mudstone ∼10 cm thick, at a height of 2.25 m
(GT-16). This is overlain by thin organic shale which

is covered by ∼4 m of a fossiliferous, medium-bedded
limestone sequence exhibiting alternating packstone-
grainstone-wackestone facies. A second, light grey
bentonitic bed with Fe-oxyhydroxides, with an average
thickness of 6 cm was sampled (GT-27). The section
continues upwards with grey-beige wackestone includ-
ing abundant ostracod fossils. This layer is overlain by
a black mudstone bed. The third bentonite horizon,
2 cm thick, was sampled ∼7 m from the bottom of the
measured section (GT-29). The fourth, yellow
K-bentonite bed (GT-31) occurs at the 7.20 m level of
the measured section and is separated from the previous
one by mudstone-pelloidal pebblestone facies. The bed

FIG. 5. Microfossils determined from the limestone-K-bentonite alternation in Yılanlı Formation at Gavurpınarı Quarry
near Bartın: (1–4) Radiosphaera spp. ×105 [parts 1, 2, 03DLO03; Figs 3, 4, 04DLO03]; (5) Tubeporina sp., 03DLO03,
×105; (6–8) Elenella sp. ×105 [parts 6,7, 03DLO03, part 8, 04DLO03]; (9–10) Parathurammina elegans (Poyarkov,
1969), 03DLO03, ×105; (11–12) Irregularina spp., 04DLO03, ×60; (13–15) Bisphaera elegans (Vissarionova, 1950),
×60, [part 13, 03DLO03, parts 14–15, 04DLO03]; (16–18) Eogeinitzina (?) spp., axial sections, 03DLO03, ×60; (19–

20) Eogeinitzina sp., transverse sections, ×60.
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includes chert fragments. The last yellowish brown
bentonite bed (GT-38) along this measured section was
sampled at 16 m from the bottom, and it appears after
the accumulation of thick-bedded limestone layers
alternating with thin shale-mudstone horizons. The
measured section in the NW direction reaches the
tunnel exit at a height of 60 m from the bottom (Figs 3c,
d, 4). The upper part of the sequence is characterized by
thick, fossil-rich limestone layers alternating with
black-green clay-shale beds and represents a com-
pletely different facies from the K-bentonite-bearing
succession that was studied. The finding of important
fossils including foraminiferal taxa (Quasiendothyra
kobeitusana,Quasiendothyra communis,Quasiendothyra
ex gr. konensis and Septatournayella ex gr. rauserae)
proves a Devonian–Carboniferous transitional age for
the limestone layers adjacent to the K-bentonite beds
under consideration.

K-bentonites from the Güdüllü area

This location is included within the 1:25,000 scale
F27-b2 topographic map of Turkey at the SE of
Güdüllü village and has the coordinates 32°00′27.56″
E/41°26′20.44″N (Fig. 1c). Two K-bentonite beds
∼40 cm thick were observed within east-dipping,
faulted and folded, dark-coloured limestone layers
(Fig. 3e,f ). A green clay bed, 30 cm thick, bounded by
limestone layers, was sampled (O-17A) The limestone
samples (O-18A and O-18B) yielded the same Late
Devonian foraminiferal fossil assemblage as the
K-bentonite-bearing succession in the upper part of
the Yılanlı Formation cropping out at Gavurpınarı
Quarry near Bartın, as studied previously (Günal-
Türkmenoğlu et al., 2015).

The age of the K-bentonite-bearing succession from
the Gavurpınarı Quarry near Bartın is very definitive
and rich collections of calcareous microfossils were
recovered. The foraminiferal taxa are represented by
Parathurammina elegans (Poyarkov, 1969), Bisphaera
elegans (Vissarionova, 1950), Radiosphaera spp.,
Tubeporina sp., Elenella sp., Irregularina spp.,
Eogeinitzina sp. and Eogeinitzina (?) spp. (Günal-
Türkmenoğlu et al., 2015). Most are known widely, in
many regions, and range stratigraphically from
Devonian to Early Carboniferous (Dil, 1976;
Vachard, 1991, 1994; Vachard et al., 1994; Racki &
Sobon-Podgorska, 1993; Kalvoda, 2001; Sabirov,
2004; Mamet & Preat, 2009; Özkan & Vachard,
2015) except for the age-diagnostic taxon, the multi-
chambered foraminifer Eogeinitzina which is repre-
sented by only two transverse sections and three

doubtful specimens (Fig. 5). Eogeinitzina is one of the
important index Frasnian genera of the multilocular
foraminifera (nodosariids) and allows a worldwide
correlation of the Frasnian, especially late-Frasnian
carbonate sequences (Dil, 1976; Vachard, 1991, 1994;
Vachard et al., 1994; Racki & Sobon-Podgorska, 1993;
Kalvoda, 2001; Sabirov, 2004).

ANALYT ICAL METHODS

The K-bentonite samples and associated carbonate
rocks were investigated by optical microscopy and
X-ray diffraction (XRD) to identify textural properties,
non-clay and clay mineral components in the Optical-,
Clay-Mineralogy and XRD Laboratories at the
Geological Engineering Department of Middle East
Technical University. The samples were X-rayed using
a Rigaku Miniflex II diffractometer with Ni-filtered
CuKα radiation and a graphite monochromator at
35 kVand 15 mAwith a scanning speed of 2°/min and
1°/min for mineral identification and for determination
of the Kübler Index of illite (Kisch, 1991). Non-clay
minerals were identified from randomly oriented
powders obtained by agate mortar, and sieved below
90 µm (170 mesh) without any chemical treatment.
Clay fractions (grain size of <2 µm) were separated by
dispersing the bulk sample in distilled water after
treatment with NaOAc buffer for dissolution of
carbonates, followed by sedimentation and centrifuga-
tion (Jackson, 1969). Oriented mounts were obtained
by thinly smeared clay pastes on glass slides. The XRD
patterns were obtained after air-drying, ethylene-glycol
(EG) solvation and heating at 550°C. Determination of
clay minerals from XRD patterns followed Brown &
Brindley (1980), Hoffman &Hower (1979) andMoore
& Reynolds (1997).

The Kübler Index (KI, Kübler, 1968; Guggenheim
et al., 2002) was determined by measuring the full
width at half maximum (FWHM) at the first basal illite
reflection near 10 Å in air-dried samples. Crystallinity
Index Standards (CIS,Warr & Rice, 1994) were used to
calibrate the FWHM values. The CIS values were re-
calibrated with the equation of Warr & Ferreiro
Mahlmann (2015) to convert the original upper and
lower boundary limits of anchizone, 0.25°2θ and
0.42°2θ (Kübler, 1967). The d060 values of illite were
identified in the range 59–63°2θ using quartz as an
internal standard. The octahedral Fe+Mg contents
(atoms per formula unit, a.p.f.u.) of illite were
estimated from the equation of Guidotti et al. (1992).
Illite polytypes were identified at characteristic peaks
(16–36°2θ) from random preparations (Bailey, 1988),
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using the A(2.80)/A(2.58) and A(3.07)/A(2.58) peak
area ratios (Grathoff & Moore, 1996).

The chemical compositions of the bulk K-bentonite
samples (major, trace and rare earth elements) were
determined by inductively coupled plasma-mass
spectrometry (ICP-MS) in ACME Analytical
Laboratories Ltd. (Vancouver, Canada).

RESULTS AND DISCUSS ION

Depositional environment of K-bentonites

The carbonate rocks of the Yılanlı Formation in
contact with K-bentonite beds at the Şapca area consist
of benthic foraminifera-bearing pelloidal grainstone
facies and contain small amounts of algal components
(Fig. 6a,b). The presence of abundant foraminifera and
pellets indicates a tidal depositional environment. The

K-bentonite bed (Sample No. O19), which is inter-
layered with this carbonate facies, has abundant
mineral crystals embedded in a clayey matrix
(Fig. 6c,d). The mineral fragments consist mainly of
highly altered feldspar grains.

The Yılanlı Formation in the Güdüllü area shows a
wide variation of carbonate facies along the sequence
(Fig. 7). Mudstone-packstone-wackestone facies alter-
nations are abundant at the bottom. The intercalation of
packstone-wackestone facies includes bioclastic and
intraclastic content with brachiopods, ostracods and
corals. The presence of dolostone facies indicates
changes in the depositional environment and the
effects of diagenesis. At the top of the sequence,
boundstone-wackestone carbonate facies include
benthic foraminifers and brachiopods, and lamina-
tions, in addition to bird’s eye textures. Mudstone
intercalations are common. These facies changes

FIG. 6. Photomicrographs of the limestone facies from Çimsi̧r Çukurları quarry in the Şapça area: (a–b) Grainstone facies
with benthic foraminifera (mainly quasiendothyrid) (plain polarized light, ppl); (c–d) K-bentonite sample with highly
altered mineral (feldspar) crystals in a calcareous-clayey matrix (part c – crossed nicols – cn, part d – ppl)

(F: Foraminifera, P: Pellet, Cc: Calcite cement, A: Algae, M: Mineral, Mx: Matrix).
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reflect frequently changing environmental conditions
and shallowing upwards.

An ostracod- and bivalve-rich facies in depositional
contact with the overlying K-bentonite layers was
observed during field studies. The carbonate facies
overlying the K-bentonites directly are fossil-free,
however, and may belong to a different facies-type of
pelloidal packstone. The first organic remains were
observed at ∼10 cm above the top of the K-bentonite
layer. Hence, it is assumed that the tephra deposition on
the sea bottom may have affected the living conditions
of marine organisms causing a local mass extinction
for a short period.

Mineralogical characterization of K-bentonites

The major non-clay minerals in the K-bentonite
samples are quartz, calcite and dolomite (Fig. 8).

Minor minerals are plagioclase, anatase, pyrite,
gypsum, goethite and alunite. Fine zircon crystals
were only observed during optical investigations. The
clay content of the samples varies between 70 and
94%. In the clay fractions, illite is the major clay
mineral in the Gavurpınarı and Yılanlı Burnu quarry
samples, and the dominant mineral in the Güdüllü
samples (e.g. 90% illite and 10% mixed-layer illite-
smectite in sample O-17A). In contrast, the clay
fractions of the samples from Şapca-Çimsi̧r Çukurları
and Gökgöl tunnel sections contain 98–100% R1- and
R3-type (Moore & Reynolds, 1997) mixed-layer illite-
smectite (I-S) and up to 2% kaolinite (Fig. 8). The
mineralogical data suggest that the illite-rich
Gavurpınarı, Yılanlı Burnu and Güdüllü samples
were affected by higher-degree diagenetic conditions
compared to the I-S rich samples from the Şapca and
Gökgöl tunnel locations (Table 2, Fig. 9). The d060

FIG. 7. Photomicrographs of limestone facies from the Güdüllü area: (a) wackestone facies with quartz, ostracods and
siliceous grains (ppl); (b) grainstone facies with ooids and intraclasts (ppl); (c) boundstone-wackestone facies including
lamination, bird’s eye texture, foraminifera and brachiopoda (ppl); and (d) mudstone facies including highly altered K-

bentonite sample with highly argillized grains (cn).
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values of illites of the Yılanlı Burnu and Gavurpınarı
quarries indicate compositions between ideal muscovite
and phengite (octahedral Mg+Fe = 0.08–0.61 a.p.f.u),
whereas those of I-S of Çimsi̧r Çukurları quarry
and Gökgöl Tunnel have muscovitic composition

(octahedral Mg+Fe < 0.06 a.p.f.u). Higher d060 values
for the Yılanlı Burnu quarry were observed in
bentonites associated with dolomitic rocks. Illite
polytypes are represented by 2M1 + 1Md, whereas R3
and R1 I-S exhibit 1Md polytypes only (Fig. 9).

FIG. 8. XRD patterns of bulk and clay fractions of the representative K-bentonite samples from different areas.
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Illitization is affected by several factors including
the increase in temperature during progressive burial,
the geotectonic regime, the period of heating, the rock
composition, K+ availibility and fluid circulation (Frey,
1987; Merriman & Peacor, 1999; Árkai et al., 2002;
Dellisanti et al., 2008). Alternatively, Merriman &
Frey (1999) indicated that accretionary burial of young
strata beneath older strata produces characteristic
patterns of metamorphic grade increasing into sequen-
tially younger rocks. According to Christidis et al.
(1995) the Lower Pleistocene bentonite deposits of
eastern Milos, Greece which formed by the submarine
alteration of volcanoclastic rocks, erupted from
different centres. During the alteration by sea water
of parental rocks to smectite-rich bentonites, leaching
and removal of major elements such as Na, K and Ca
took place. The source of Fe and Mg was the parent
rock and uptake from sea water should be limited.
The study by Christidis et al. (1995) showed the role
of different parent-rock compositions in the origin
of smectite by the process of alteration of volcanic
glass.

The present study showed the existence of two
different degrees of illitization corresponding to the K-
bentonites from the Güdüllü and Şapca-Gökgöl tunnel
locations. The inherited geochemical features of these
bentonites as discussed in the paragraphs below also
relate these two mineralogical assemblages to different
parent-rock compositions. These data may imply that
the illitization processes during the evolution of K-
bentonites was also affected by parent-rock
compositions.

Geochemical fingerprinting of the K-bentonites

K-bentonite layers are extremely important strati-
graphic marker beds. The elemental geochemical

compositions not only make possible the regional
correlation of marker beds over wide areas, but they
also provide information about the chemical character-
istics of the parent magma and the tectonomagmatic
setting of the source volcanoes (Ver Straeten, 2004).
Because K-bentonites evolve mainly by the alteration
of original tephra deposits, TiO2, and high field
strength (HFS) elements (Zr, Nb, Hf, Ta and REE)
tend to be immobile and remain uneffected by
diagenesis and low-grade metamorphism, and thus
are used primarily for extracting information about
their original magma chemistry (Huff & Türkmenoğlu,
1981; Teale & Spears, 1986; Merriman & Roberts,
1990; Huff et al., 1997; Histon et al., 2007). A
discrimination plot of Zr/TiO2 vs. Nb/Y (Winchester &
Floyd, 1977) may give information on the original
composition of the parent magma of the volcanism
producing the tephra studied. In addition, explosively
erupted volcanic ashes have silicic compositions and
are rich in volatiles (H2O), as also reflected by
moderate to high Nb and Zr contents (Izett, 1981).
N-MORB-normalized trace-element data and
chondrite-normalized REE data plots have been used
to understand the compositions of source magmas and
their volcanic environmental settings (Taylor &
McLennan, 1988).

Geochemical data from the present study, on a total
of 22 field samples (Table 3), were evaluated and
compared with the whole-rock major, trace and rare
earth element compositions. Eight are from the Şapca,
Güdüllü and Gökgöl tunnel areas. Nine samples were
taken recently from the previously investigated
Gavurpınarı and Yılanlı Burnu quarries in the Bartın
area for geochemical correlation. In addition, previous
geochemical data (Günal-Türkmenoğlu et al., 2015)
from five Devonian K-bentonites from the latter
quarries are also included for correlation. In this way,

TABLE 1. Locations of the K-bentonite samples.

Sample No Location Reference

OC1*, OCB1*, 03DB03, B1, B2, B3, B4, B5, B6,
B7

Gavurpınarı quarry, Bartın *Günal-Türkmenoğlu et al.
(2015)

YBA19A*, YB4*, YB2*, YBA10 Yılanlı Burnu quarry, Bartın *Günal-Türkmenoğlu et al.
(2015)

O19, O21 Çimsi̧r Çukurları quarry,
Şapca

Present study

O17A Güdüllü (Çukurören village) Present study
GT16, GT27, GT29, GT31, GT38 Gökgöl highway tunnel

roadcut
Present study
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the comparison of the magma chemistry, tectonic
setting and stratigraphic range of K-bentonites from
these two different areas, namely Bartın and
Zonguldak, was possible. Tables 1–3 show the
locations of K-bentonite samples, mineralogical
characteristics and their whole-rock major, trace and
rare earth element concentrations, respectively.

Because the environmental conditions prevailing
during the deposition of tephra and subsequent
alteration processes reflect an open geological envir-
onment, the major-element concentrations of the
whole-rock ash-fall samples (parent material of
K-bentonites) are expected to change. Thus, there is
a tendency to consider that the major elements do not
represent the original parental source-rock composi-
tions. Saylor et al. (2005) studied major element and
REE abundances of silicified volcanic ash beds from
Namibia and concluded that the whole-rock abun-
dances of Al, Fe, Mg, K and Ti vary inversely with Si,
reflecting variations in phenocryst concentration due to
air fall and hydrodynamic sorting. These sorting
processes did not fractionate whole-rock REE to a
large extent; these vary more widely with Si. The REE
abundance was independent of the position in the bed,
the phenocryst abundance, or grain size, providing a
geochemical means for discriminating between differ-
ent ash beds. Saylor et al. (2005) found that the
variations in the position of chondrite-normalized
whole-rock REE plots also supported long-distance
correlations of ash beds between widely separated
locations. Because of the sensitivity and possible
mobility of major elements to alteration processes
taking place during surface weathering, burial diagen-
esis and low-grade metamorphism, they were not
considered for geochemical fingerprinting of
K-bentonites, in the present study. However, the
abundances of some major elemental oxides such as
CaO and MgO for samples from the Bartın area (mean
values being 10.59 and 4.75%, respectively) are greater
than those for the Şapca and Gökgöl K-bentonites
(mean values being 5.70 and 3.35%, respectively).
Higher values of Mg concentration in the Bartın-area
samples may indicate either more mafic composition
of the parent volcanic ash or the circulation of saline
waters within the carbonate sequence enclosing the K-
bentonite layers. Similarly, Fe2O3 abundances of
Bartın samples (mean value, 4.16%) are slightly
higher than those from the Şapca and Gökgöl K-
bentonites (mean value, 3.53%). In contrast, the SiO2,
Al2O3 and K2O percentages are comparable for all
samples.TA
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A plot based on immobile element ratios of Zr/TiO2

vs. Nb/Y (Fig. 10) after Winchester & Floyd (1977)
shows that K-bentonites are alkaline in nature and
derived from magmas having mafic and intermediate
compositions corresponding to alkali basalt and
trachyte. The plot also indicates that the original
compositions of the Bartın and Güdüllü samples have
alkali basalt composition, whereas the Gökgöl and
Şapca K-bentonites from the Zonguldak area were
derived from trachytic magmas. This geochemical
grouping correlates with the stratigraphic and biostrati-
graphic data obtained from the limestone layers
adjacent to the K-bentonite beds. The foraminifera
fossil record from limestone samples suggests a Late
Devonian age for the Bartın and Güdüllü samples, in
contrast to the Devonian–Carboniferous transition age
which is assigned to samples from the Gökgöl and
Şapca areas. The data suggest that the K-bentonites
studied were evolved from tephras having different
ages and geochemical compositions.

N-MORB-normalized trace-element data (Fig. 11a,b)
confirm the similarities between the compositions of
source magmas as shown in Fig. 8. The Şapca and
Gökgöl K-bentonites (Fig. 11a) are characterized by
positive Th and U anomalies in contrast to the negative
anomalies shown by Ba and Sr. The curves from both

areasmatch. The same graph (Fig. 11b) was used for new
and previous samples from the Bartın andGüdüllü areas.
As a group they exhibit the same characteristics but differ
in detail from the pattern of the Şapça-Gökgöl samples.

The REE distribution data are shown as chondrite-
normalized plots for all K-bentonites (Fig. 12). All
samples have negatively sloping curves and exhibit an
enrichment of light rare earth elements (LREE).
Similar to the previous geochemical plots, the
samples from Bartın and Güdüllü have similar curves
and cluster in the same area in Fig. 11. The samples
from the Şapca and Gökgöl locations behave as
another distinct group. Both groups of samples have
almost the same LREE slope but the heavy REE
(HREE) of the Şapca samples exhibit enrichment. The
presence of a negative Eu anomaly in all samples
indicates fractional crystallization of plagioclase in the
magmatic source rocks (e.g. Condie, 1978) but this
fractionation is in a more advanced stage for the Şapca
and Gökgöl samples having trachytic source-rock
composition. The normalized REE plots of K-bentonite
samples further suggest an interpretation concerning a
tectonomagmatic origin of K-bentonites (Fig. 12). The
plots of samples from the Bartın and Güdüllü groups
exhibit a characteristic pattern resembling those for
rocks which originated by partial melting of an

FIG. 10. Distribution of K-bentonite samples on the Zr/TiO2-Nb/Y diagram after Winchester & Floyd (1977).
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enriched mantle (McKenzie & O’Nions, 1991). A
possible site for such evolution is is a continental
crustal environment affected by back-arc extension. On
the other hand, plots for the other group of samples
representing the Şapca and Gökgöl areas show a more
distinctive Eu anomaly and enrichment of LREE by
∼900 times compared to the chondrite. This

characteristic feature relates them to alkaline rocks
with a within-plate rift-related origin, as is also
supported by the geochemical discrimination diagrams
used for identification of tectonomagmatic setting of
K-bentonites (Fig. 13a,b).

Trace-element values of SiO2-rich samples were
projected on the Rb-Y+Nb tectonic discrimination

FIG. 11. N-MORB-normalized trace-element diagram (Pearce, 1974) of K-bentonites from the: (a) Şapca and Gökgöl
areas; (b) Yılanlı Burnu, Gavurpınarı and Güdüllü areas.

FIG. 12. Chondrite-normalized REE diagram (Nakamura, 1974) of K-bentonite samples from the Şapca-Gökgöl and
Yılanlı Burnu-Gavurpınarı-Güdüllü areas.
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diagram (Fig. 13a) of Pearce et al. (1984). The
geochemical signature of the Şapca and Gökgöl
group which represents K-bentonite beds near the
Devonian–Carboniferous boundary indicate a ‘within
plate’ origin of trachytic source volcanism. As the
alkali basalt samples from the Bartın and Güdüllü
group have ocean island basalt characteristics (Fig. 12),
they were not evaluated using the Rb-Y+Nb diagram
(Pearce et al., 1984) but by means of the Zr-Nb-Y
discrimination diagram instead (Meschede, 1986),
where they plot on the ‘within-plate alkali basalt’
field (not shown). However, when plotted on theTh-Hf-
Nb (Wood, 1980) discrimination diagram (Fig. 13b),
which provides a better discrimination for enriched
sources, the Bartın and Güdüllü group samples plot in
the calc-alkaline field indicating a subduction-
modified enriched mantle source, which occurs
mainly in a continental back-arc-type tectonic setting.

CONCLUS IONS

(1) New occurrences of thin K-bentonite beds in
the Late Devonian–Early Carboniferous Yılanlı
Formation were discovered in the Zonguldak area at
the Şapca, Güdüllü and Gökgöl tunnel locations. Fossil
assemblages and carbonate lithofacies types in
adjacent carbonate sequences indicate that the
precursor tephras were deposited in a shallow
(epeiric) carbonate platform environment with tidal
influence. The presence of dolostone facies indicates

diagenesis in the depositional environment of the
tephra layers. Accumulation of ostracods and bivalve
fossils below the bentonite horizons implies that these
species died en masse due to changes in their living
conditions after deposition of the volcanic ashes.

(2) Crystal-chemical data indicate high-grade
diagenesis of illites in the Bartın area and low-grade
diagenesis of I-S in the Zonguldak area. Differences in
the degree of illitization exist in the K-bentonite samples
from three different locations in the Zonguldak area as
K-bentonites from the Çukuören village area evolved
more towards the illite-dominant compositions compared
to samples collected at Şapca and the Gökgöl tunnel
section, which belong to the illite-smectite-rich series.
This interesting issuewill be evaluated in detail in another
study (Bozkaya et al., 2016).

(3) Geochemical diagrams based on trace-element
and REE analysis enabled the discrimination of two
different groups of K-bentonites with respect to their
original ash compositions. The first group consists of
the Bartın and Güdüllü (Çukurören village) samples
with alkali-basalt composition, whereas the second
group contains Gökgöl and Şapca K-bentonites with
trachytic affinities from the Zonguldak area. This
geochemical grouping is in accord with the
stratigraphic and biostratigraphic data obtained from
the limestone layers adjacent to the K-bentonite beds.

(4) The source of the alkali basalt K-bentonites
might be related to volcanism in a continental back-arc
setting, which yielded the trachytic K-bentonites of the

FIG. 13. (a) Distribution of K-bentonite samples from the Şapca and Gökgöl areas on the Rb-Y+Nb discrimination
diagram (of Pearce et al., 1984). (b) Distribution of K-bentonite samples from the Yılanlı Burnu, Gavurpınarı and

Güdüllü areas on a Th-Hf-Nb discrimination diagram (Wood, 1980).
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second group by within-plate continental rifting. The
K-bentonites from two groups of locations with
different tectonomagmatic settings also have different
ages, as was supported by the foraminifer fossil fauna.
The first group, consisting of alkali basalt K-bentonites
from the Bartın and Güdüllü locations, are Late
Devonian (Late Frasnian-Famennian) in age, as
opposed to the younger, trachyitic K-bentonites from
the Şapca and Gökgöl locations corresponding to the
Devonian–Carboniferous boundary.

(5) The source of the volcanism generating the K-
bentonite beds seems to be related to large-scale
volcanic eruptions during the Late Devonian and Late
Devonian–Carboniferous times, whereby intensive
igneous activity was in progress relating to the late
Variscan closure of small Palaeozoic oceans in
Laurussia (e.g. Günal-Türkmenoğlu, 2014). Further
geochemical and biostratigraphic research is necessary
to interpret the precise location of the source region.
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Turkish).
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