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ABSTRACT

Paleothermal indicators based on clay mineral and organic matter analyses, were integrated with

mudrock geochemistry and stratigraphic data to define the sedimentary evolution of the southwest-

ern Thrace Basin during the Eocene to Oligocene. This multi-method approach allowed us to recon-

struct the burial evolution of the basin in Eocene and Oligocene times and to study the mudrock

composition and relate this to their provenance and source area weathering. The studied mudrocks

show similar chemical variations. The distribution of some major and trace elements for the studied

samples reflect heterogeneous source areas containing both felsic to mafic rocks. In particular, the

Light Rare Earth Elements/Transition elements (LREEs/TEs) ratios are very high for the Avdira

and Organi samples (on the average between 1.5 and 2.2 for (La + Ce)/Cr and 3.5–8 for (La + Ce)/

Ni), suggesting a felsic source(s), and very low for the Samothraki, Limnos, Paterma and Iasmos

samples (on the average between 0.4 and 0.6 for (La + Ce)/Cr and 0.6–1 for (La + Ce)/Ni), sug-

gesting a mainly basic source(s). The mineralogical composition coupled with the A-CN-K and A-

N-K plots suggest a complex evolution. The clay mineral data (illite percentage in I/S and the stack-

ing order R and the K€ubler Index) coupled to vitrinite reflectance analysis indicate a high to interme-

diate diagenetic grade for the Middle to Upper Eocene samples (from Iasmos, Gratini, Organi,

Paterma, Esimi and Samotraki sections) and a low diagenetic grade for the Upper Eocene to Oligo-

cene samples (from Limnos and Avdira sections). These data helped in interpreting the geodynamic

evolution of the studied basins where the magmatic activity plays an important role. In particular,

Middle to Upper Eocene sediments show high to intermediate diagenetic grade since they are

located in a portion of the basin dominated by Eocene to Oligocene magmatic activity and intrusion

of granitoids, whereas, the Upper Eocene to Oligocene sediments are not involved in important mag-

matic activity and intrusion of granitoids and, thus, show low diagenetic grade. Furthermore, Mid-

dle to Upper Eocene sediments experienced deeper burial processes caused by lithostatic load,

rather than the uppermost Eocene and Oligocene sediments, in relation of their position along the

stratigraphic succession. These data suggest a burial depth of at least 3–4 km with a tectonic exhu-

mation mainly related to the extensional phases of the Miocene age.

INTRODUCTION

The studied area is located in the Aegean–Anatolia region
which was affected by extensional tectonics since the

Middle to Late Eocene and intrusion of several plutons

and important faulting by several systems at the end of

the Eocene (Jolivet et al., 2013 and references therein).

The Thrace Basin, one of the largest Tertiary basins in

the North Aegean region, formed on top of the metamor-

phic rocks of the Rhodope Belt in northern Greece and

the Strandja and Sakarya massifs in NW Turkey, where

its depocentre developed. The area is characterized by

important structural relationships among the Serbomace-

donian Massif, Rhodope and Circum-Rhodope belts

(CRBs) and the oceanic terranes constituting the Vardar-

Axios suture, since they are involved in significant paleo-

geographical and paleotectonical modification related to

the collision of the African and Eurasian plates (Fig. 1).

The sedimentary successions of the Thrace Basin are

an important stratigraphic marker since they record the
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evolutionary path of the basin characterized by multi his-

tory tectonic assemblage. Therefore, the Thrace Basin

represents an excellent area in which to investigate sedi-

mentary processes, and the burial and final exhumation

history during the evolutionary stages of the basin. The

Rhodope Belt is mainly characterized by flat-lying thrusts

developed during several compressional phases; it is suc-

cessively exhumed during the Eocene-Miocene (e.g. Ki-

lias et al., 2011a,b) following protracted extension

beginning in the Late Eocene to Early Oligocene (e.g.

Burchfiel et al., 2000; Bonev & Beccaletto, 2007). This

extension is a general consequence of a collapse phase of

the Hellenic accretionary prism (e.g. Kilias et al., 2011a,
b). The development of low-angle normal fault (e.g.

detachment faults in Kilias et al., 2011a,b) is coeval to the
protracted convergence between the African and Eurasian

plates (NNE-SSW oriented) combined with a retreat of

the subduction zone towards the SW (e.g. Kilias et al.,
2011a,b and references therein). The extension phases

were accompanied by magmatism in the central-eastern

and southern Rhodope Belt, and a huge sedimentary

accommodation within the Thrace Basin (e.g. Caracciolo

et al., 2011a). New mineralogical, geochemical, petro-

graphic and stratigraphic constraints of mudrocks of the

sedimentary successions postdating the Oligocene cooling

phase exposed in the northeastern Hellenic Peninsula

along the western edge of the Thrace region have been

analysed to address this problem. X-ray diffraction

(XRD), Xray fluorescence (XRF), sedimentological and

organic matter optical analyses on these sedimentary suc-

cessions were performed. Vitrinite reflectance (VRo%) and

illite content in mixed-layer illite-smectite (%I in I-S), which

are indicators of maximum paleotemperatures during diage-

netic conditions (e.g. Pollastro, 1993; Aldega et al., 2007,

2011; Carlini et al., 2013), were used to define the paleo-

thermal conditions.

In addition, sedimentological and tectono-stratigraphic

studies associated with the distribution of major and trace

elements, the mineralogical composition and the organic

matter data of the analysed mudrocks, were used to recon-

struct the sedimentary evolution of the southwestern

Thrace Basin. In particular, the distribution of major and

trace elements related to the mineralogical composition of

clastic sediments is a useful tool to reconstruct the paleo-

geography and the paleotectonics of sedimentary basins

and their relationships with the source area (e.g. Cullers,

2000; Critelli et al., 2007, 2008; Perri et al., 2008a, 2013;
Zaghloul et al., 2010; Perri, 2014; Perri & Ohta, 2014).

By combining the information deduced from the

change in the XRD patterns after heating and ethylene

glycol treatments and the elemental analyses for major

and trace elements concentrations, it is possible to explain

and predict the sedimentary evolution and geological pro-

cesses affecting fine grained sediments and, thus, the rela-

tionship developed between the source area and

sedimentary basin (e.g. Mongelli et al., 2006; Critelli

et al., 2008, 2013; Zaghloul et al., 2010; Caracciolo et al.,
2011b, 2012, 2013a,b; Perri et al., 2011a, 2013).

GEOLOGICAL SETTING

The studied sedimentary successions are exposed in the

northeastern Hellenic Peninsula along the southwestern

edge of the Thrace Basin where structural relationships

among Rhodope and CRBs are exposed (Figs 1 and 2).

Closure of a series of oceanic basins, from the Middle to

Late Mesozoic until the Late Eocene, led to the develop-

ment of the Rhodope accretionary complex (Barr

et al.,1999; Cavazza et al., 2004). The Rhodope Belt is

mainly characterized by several thrusts developed during

different compressional phases; it is successively exhumed

during the Eocene and Miocene (e.g. Kilias et al., 2011a,
b) following extensional phases starting from the Late

Eocene to Early Oligocene (e.g. Burchfiel et al., 2000; Bo-
nev & Beccaletto, 2007). Two main tectono-stratigraphic

units have been recognized within the Rhodope Massif

s.s.: a) the Lower Tectonic Unit (LTU) and b) the Upper

Tectonic Unit (UTU). The Rhodope Massif is overlain

and bordered to the southeast by a Mesozoic sequence,

defined as the CRB (Fig. 2). These units are locally

unconformably overlain by unmetamorphosed Tertiary

sedimentary and volcanic rocks. Finally, the youngest

successions of the Thrace Basin are formed by Late Mio-

cene to Quaternary deposits (e.g. Meinhold & Bouda-

gher-Fadel, 2009; Caracciolo et al., 2011a, 2012; Kilias

et al., 2011a,b; Cavazza et al., 2013).
The LTU includes the Sidironero, Kardamos and

Kechros units and the UTU contains the Kimi Unit

(Fig. 2). The LTU includes the Permo-Carboniferous

granitoid protoliths and Permo-Triassic eclogite relics

(Kozhoukharov et al., 1988), marbles, and subordinate

Fig. 1. Schematic sketch with the position of the Thrace Basin

with respect to the main tectonic units and structures of the east-

ern Mediterranean region (modified after Kilias et al., 2011a,b).

© 2015 The Authors
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amphibolites constituting the core of the domes. U-Pb

ages on zircons (Peytcheva & Von Quadt, 1995; Carrigan

et al., 2003; Ovtcharova et al., 2003) and Rb/Sr (Mpos-

kos & Wawrzenitz, 1995) range from ca. 335 to 295 Ma

testifying that the complex is attributable to a Variscan or

older continental basement (Marchev et al., 2004). The
UTU (Barr et al., 1999) is represented by a heteroge-

neous rock assemblage of mixed continental and oceanic

affinity. It is composed of intercalated metasedimentary

(marbles, schists and gneisses) and metaigneous (gabbros,

plagiogranites, diorites) rocks, metaophiolites, and high-

pressure cumulates (Haydoutov et al., 2004). The ages of
the protolith rocks have been recently constrained

between Neoproterozoic (640 Ma), Ordovician (430–
460 Ma) and Permian (290 Ma) which have experienced

Carboniferous, likely Jurassic, and Tertiary metamorphic

overprints (Carrigan et al., 2003; Haydoutov et al., 2004;
Bonev et al., 2010).

At the westernmost Rhodope massif, the Sidironero

unit overthrusts the Pangaion unit (e.g. Kilias et al.,
2011a,b). The Kechros-Kardamos Complex (Kozhoukha-

rov et al., 1988; Haydoutov et al., 2004) includes the

metamorphic units of continental origin known as

the LTU (Barr et al., 1999). It structurally represents the
deepest level in the metamorphic basement, generally

bordered on its top by extensional detachment faults and/

or mylonitic shear zones. Geochronological data indicate

that the complex is Variscan or older continental base-

ment (Marchev et al., 2004). Thermochronology docu-

ments cooling between 42 and 36 Ma, suggesting that

metamorphism occurred before the Middle Eocene,

between 73 and 45 Ma (Mukasa et al., 2003 and refer-

ences therein).

The Kimi Complex (Kozhoukharov et al., 1988; Hay-

doutov et al., 2004), contains remnants of oceanic and

island-arc units and mainly consists of gneiss, amphibo-

lite, marble, metagabbro, pelitic schist and rare quartzite;

small bodies of ultramafic rocks are also present. Granitic

bodies, intruding these rocks, have been dated using the

U-Pb-zircon method at 70 Ma (Marchev et al., 2004).
The CRB borders the southern Rhodope Massif. The

CRB consists of Mesozoic low-grade metamorphic and

meta-extrusive units, extending from Samothraki Island

close to the Biga Peninsula (NW Turkey). These Meso-

zoic rocks commonly overlayed the crystalline basement

as a nappe of wide regional extent (Bonev & Stampfli,

2003). The entire sequence is represented by a basal

greenschist unit overlain by mafic extrusive rocks of the

Evros ophiolite complex dated at 161–140 Ma by apatite

fission-track ages on the mafic rocks (Bonev & Stampfli,

2003). Both the CRB and the crystalline basement are

overlain by Middle Eocene to Miocene sedimentary

rocks. The Evros ophiolite, located in Thrace (NE

Greece), belongs to the CRB; its age is considered to be

Jurassic-Cretaceous (Bonev & Beccaletto, 2007 and refer-

ences therein). Volcanic and pyroclastic rocks of tholeiitic

composition are underlain by massive and pillow lavas

with a few tuffaceous rocks and lava breccia in the upper

ophiolitic sequence. Rocks of the CRB have undrgone

intense deformation and low-grade metamorphism

(Caracciolo et al., 2011a). The tectonosedimentary evolu-

tion of the Rhodope region was synchronous with devel-

Fig. 2. Simplified geological map of the

Rhodope province with the location of

the studied samples. The Thrace Basin

and the other structural units are shown

(modified after Kilias et al., 2011a,b).

© 2015 The Authors
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opment of extensional processes and onset of a Tertiary

magmatic orogenic belt bordering the southern European

continental margin (e.g. Caracciolo et al., 2011a). Rem-

nants of the magmatic arc extend continuously from the

Dinarides-Balkan to western Anatolia for more than

2000 km (Yanev et al., 1998). Volcanic activity was initi-

ated at 37 Ma in the Rhodope region, and it migrated

south in western Anatolia and the central Aegean Sea

until 15 Ma (Yanev et al., 1998).

The Evros Basin

The Kirki-Esimi representative stratigraphic section of

the Evros Basin has been studied in this work. The Kirki-

Esimi section is characterized by a rapid subsidence that

occurred during the Late Eocene to Oligocene, after

deposition of Lutetian alluvial-fluvial, coarse sandstones

and conglomerates. Rapid subsidence is indicated by

deposition of marls, mudrocks and turbidite sandstone of

outer shallow-marine and slope environments passing

upward to a deep-marine turbidite succession of Late

Eocene to Early Oligocene age. Lava flows and domes

associated with volcanic agglomerates (Innocenti et al.,
1984) are interbedded with Oligocene deep-marine

deposits. According to the Hellenic Institute of Geology

and Mineral Exploration boreholes, the series is ca 250 m

in thickness (e.g. Caracciolo et al., 2011a).
The Kirki-Esimi section represents the base of the Ev-

ros Basin and includes the older sedimentary section in

Southern Rhodopes. The sedimentary succession reaches

a total thickness of 2000 m. The lower part of the Kirki-

Esimi section can be interpreted as a braided river – allu-

vial fan system. The dominant sandstone facies involves

an upward fining trend, which suggests a proximal-to-dis-

tal transition of alluvial-fan deposits interfingering with

fluvial plain deposits. Conglomerate and sandstone are

overlain by a grey-to-green silty succession about 500 m

thick. At the top of the succession, dark grey siltstone is

interbedded with decimetre thick paralic coal seams, sug-

gesting the onset of a marine environment, characterized

by a waning terrigenous supply and low oxygenation. The

sedimentary succession continues with stratified carbon-

ates, 80–100 m thick. In this section, poorly exposed car-

bonate strata consist of mostly limestone with corals,

algae and nummulitidae, biocalcarenite and calcirudite.

The carbonate section is here interpreted as an algal-coral

patch reef. Overlying the carbonates is a 500 m thick

slope of marls, sandstones and deep marine turbidites

(e.g. Caracciolo et al., 2011a).

The Xanthi-Komotini basin

The Xanthi-Komotini basin is bounded by normal faults

and exhibits a typical graben structure (e.g. Caracciolo

et al., 2011a). Basin asymmetry shows a regional south-

eastward deepening related to the Kavala-Xanthi-Komo-

tini fault zone (Tsokas et al., 1996). The basin is bounded

by the Avdira fault to the west and by the CRB to the east.

The sedimentary succession of the basin directly overlies

on the crystalline basement of the Rhodope Massif, and

ranges in age from Middle Eocene (Lutetian) to Neogene

(e.g. Caracciolo et al., 2011a).
Papadopoulos (1982) proposed a Lutetian-Priabonian

age for the entire Southern Rhodopes shallow-marine car-

bonate reef. Fossil assemblages in mudrock between the

continental deposits and the shallow-marine carbonates

consist of nummulites, miliolides, orbitolites and the

planktic foraminifera Morozovella sp. (Late Palaeocene –
Middle Eocene) and Igorina sp., suggesting a middle

Eocene age for the carbonate reef. However, data from

benthic foraminifera, on coral reef packstone samples,

indicate a Priabonian to Rupelian age, for the shallow-

marine carbonates of the Avdira stratigraphic section, on

the southern basin margin, suggesting that carbonate-reef

sedimentation was protracted, reaching into the Late

Eocene or possibly even into the Oligocene (e.g. Caracci-

olo et al., 2011a).

The most representative stratigraphic section of the

Xanthi-Komotini basin has been described in the vicinity

of Iasmos, a village close to Xanthi. In this area, the basal

sedimentary succession consists of continental coarse-

grained sandstone and conglomerate of Lutetian age,

overlain by Upper Eocene deep-water deposits capped by

Oligocene fluvial conglomerate. The succession reaches a

maximum thickness of 2000 m in the centre of the basin

(Tsokas et al., 1996).

Northern Aegean basin

Limnos

The sedimentary succession at Limnos includes a contin-

uous Middle-Upper Eocene through Lower Miocene suc-

cession, overlain and intruded by 21–18 Ma volcanic and

sub-volcanic bodies (Igneous Complex) (Innocenti et al.,
1994, 2009).

Middle-Upper Eocene to Middle Oligocene deep-mar-

ine turbidite deposits, about 300 m thick, constitute the

Fissini-Sardes Unit (e.g. Innocenti et al., 1994; Caracciol-
o et al., 2011a). The basal Fissini-Sardes Unit consists of

a chaotic interval, including slump and olistostrome lay-

ers, the latter having 1–6 m diametre olistoliths of num-

mulitic limestone blocks. This basal interval is overlain by

a ca 250 m thick sequence of turbidite sandstone and silt-

stone. In the lower parts of the turbidite sequence, a 6 m

thick layer of tuff is interbedded with turbidite sandstone

(e.g. Caracciolo et al., 2011a). According to Innocenti

et al. (1994), the faunal association indicates a Middle

Eocene (Lutetian) age. The Fissini-Sardes Unit is over-

lain by the Ifestia Unit, a 150 m thick marine sandstone,

with up to 5 m of interbedded conglomerate and marl,

which is Middle Oligocene to Lower Miocene in age. An

erosional surface separates the Ifestia Unit from the

Therma Unit. The Therma Unit reflects an abrupt

change from marine to continental palaeoenvironment

after a deformation and erosional phase that affected the

© 2015 The Authors
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turbidite strata. The unit consists of lenticular and chann-

ellized conglomerate strata, interbedded with marls, mud-

rocks and siliceous shales having abundant plant remains.

Volcaniclastic sandstone strata are interbedded within the

Therma Unit. Deposition of the Therma Unit predated

onset of the main Early Miocene volcanic cycle of the

Igneous Complex (e.g. Caracciolo et al., 2011a).

Samothraki

Samothraki is situated in the northeast Aegean Sea and is

generally considered as part of the CRB (e.g. Tsikouras

et al., 1990). The oldest geological unit of the CRB in the

Samothraki predominantly consists of clastic sedimentary

rocks metamorphosed up to greenschist facies, which are

Late Jurassic to Early Cretaceous in age. They were

deposited in a trench, deformed in an accretionary wedge,

and later intruded by subduction related mafic to ultra-

mafic rocks (Tsikouras et al., 1990) or accumulated in a

continental-rift setting (Hatzipanagiotou & Tsikouras,

2001). The mafic to ultramafic rocks mainly consist of

gabbro, basalt, dolerite and diorite (e.g. Tsikouras & Hat-

zipanagiotou, 1998; Hatzipanagiotou & Tsikouras, 2001).

The rocks of the CRB are locally unconformably over-

lain by unmetamorphosed Tertiary sedimentary and vol-

canic rocks. The western and eastern part of Samothraki

is also characterized by Tertiary igneous rocks (e.g.

Pe-Piper & Piper, 2006; and references therein). The Ter-

tiary volcanism in the northeastern Aegean region was

related either to the subduction of the Intra-Pontide

Ocean (e.g. Pe-Piper & Piper, 2006), or it was associated

with crustal extension after the thickening/uplift of the

Hellenic orogen as the result of under-thrusting of the

African plate beneath the southern European margin (e.g.

Christofides et al., 2004). The youngest successions on

Samothraki are Late Miocene to Quaternary deposits

(e.g. Meinhold & Boudagher-Fadel, 2009).

SAMPLING ANDMETHODS

The studied mudrocks are from the southwestern Thrace

Basin (Fig. 2) and collected in the Avdira (AVD1 and

AVD3), Iasmos (IAS6, IAS7, IAS10, IAS12, IAS13 and

IAS15), Gratini (GRD2), Organi (ORG4, ORG5 and

ORG6), Paterma (PAT1, PAT4, PAT8 and PAT11),

Esimi (ES5 and ES7; ES8 and ES11c only for the vitrinite

reflectance analysis), Samotraki (SAMO10, SAMO28,

SAMO29, SAMO30, SAMO32 and SAMO33; SAMO20

only for the vitrinite reflectance analysis) and Limnos

(LMN2, LMN4, LMN9 and LMN13; LMN27 only for

the vitrinite reflectance analysis) stratigraphic sections

(Figs 3 and 4). The studied area is characterized by sedi-

mentary successions that can be subdivided into two main

depocentres: Evros and Xanthi-Komotini. Figure 3

shows the synthetic and schematic stratigraphic sections

of these two depocentres.

The mineralogy of the whole rock and fine fractions

(<2 lm) was determined by X-ray powder diffraction

(XRD) using a Rigaku D/max 2200 diffractometre (Cu-

Ka radiation; graphite secondary monochromator; sample

spinner; step size 0.02; speed 3 s for step). The <2 lm
grain-size fraction was then separated by settling in

distilled water. Oriented mounts were prepared, after Sr-

Fig. 3. Synthetic and schematic strati-

graphic sections with location of the

studied samples (modified from Caracci-

olo et al., 2011a). CRB, Circum-Rhod-

ope Belt; UTU, Upper Tectonic Unit;

LTU, Lower Tectonic Unit. The ‘Evros

and southern Thrace stratigraphic

scheme’ is located in the Evros depocen-

tre (see Fig. 1) and the ‘Xanthi-Komotini

stratigraphic scheme’ is located in the

Xanthi-Komotini depocentre (see

Fig. 1).
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saturation of the clay fraction (Eberl et al., 1987), by

evaporation of a clay-water suspension on the glass slides.

XRD analyses were carried out on air-dried specimens,

glycolated at 60°C for 8 h, and heated at 375°C for 1 h

(Moore & Reynolds, 1997).

Quantitative mineralogical analysis of the bulk rock was

performed on random powders measuring peak areas

using WINFIT computer program (Krumm,1996). The

percentage of each mineral was obtained following the

procedure proposed by Cavalcante et al. (2007).
The percentage of illite (%I) and stacking order (Re-

ichweite; R) of the I-S mixed layers were determined on

the spectrum of the glycolated specimen according to

Moore & Reynolds (1997). The K€ubler Index (KI;

K€ubler, 1967) was also determined for some samples (e.g.

Perri et al., 2011b; Cavalcante et al., 2012 and reference

therein). The assumptions used to estimate the thermo-

baric conditions of the investigated sedimentary rocks are

from previous studies (e.g. Merriman & Peacor, 1999;

Perri, 2008; Perri et al., 2008b, 2011b, 2012a, 2013; Cav-
alcante et al., 2012 and reference therein).
Elemental analyses for major and some trace elements

(Nb, Zr, Y, Sr, Rb, Ba, Ni, Co, Cr, V) concentrations

were obtained by X-ray fluorescence spectrometry (Bru-

ker S8 Tiger) at the Universit�a della Calabria (Italy), on
pressed powder disks of whole-rock samples (prepared by

milling to a fine grained powder in an agate mill) and

compared to international standard rock analyses of the

United States Geological Survey. Total loss on ignition

(L.O.I.) was determined after heating the samples for 3 h

at 900°C. The estimated precision and accuracy for trace

element determinations are better than 5%, except for

those elements having a concentration of 10 ppm or less.

The latter are estimated to have 10–15% precision and

accuracy.

Vitrinite reflectance strictly depends on the thermal

evolution of the hosting sedimentary rock and is corre-

lated with the stages of hydrocarbon generation, coal

(a) (b)

(c) (d)

(e) (f)

(g)

Fig. 4. Exposure of key lithofacies of the

stratigraphic sections where the studied

samples have been collected. (a) Samot-

raky section characterized by graded

sandstones alternating with mudrocks.

(b) Particular of Samotraky section with

10–50 cm sandstone beds alternating

with fine mudrocks. (c) Limnos section

characterized by medium to fine-grained

stratified sandstones alternating with

mudrocks; the lower portion shows soft-

sediment deformation structures. (d)

Section between Paterma and Organi vil-

lages characterized by centimetre-to-

metre-thick graded sandstones alternat-

ing with siltstones and mudrocks. (e)

Section between Paterma and Gratini vil-

lages characterized by metre-thick strati-

fied siltstones and mudrocks alternating

with thin-bedded fine to medium-grained

sandstones. (f) View of the passage from

mudrocks and siltstones alternating with

centimetre-thick fine-grained sandstones

to metre-thick mudrocks and siltstones of

the Iasmos section. (g) Coarse-grained

sandstone and gravel beds alternating

with mudrocks of the Esimi section.

© 2015 The Authors
Basin Research © 2015 John Wiley & Sons Ltd, European Association of Geoscientists & Engineers and International Association of Sedimentologists6

F. Perri et al.



rank and other thermal parameters in sedimentary envi-

ronments (Durand, 1980), namely mineralogical indica-

tors such as illite percentage in illite smectite mixed

layers and KI (Merriman & Peacor, 1999). Thus, it is

the most widely used parameter to calibrate basin model-

ling in hydrocarbon exploration (Dow, 1977; Mukhopad-

hyay, 1994) and when used in association with other

indicators, it turns out to be a powerful tool for the

reconstruction of the thermal evolution of sedimentary

successions during diagenesis and anchizone (Corrado

et al., 2010; Aldega et al., 2011; Izquierdo-Llavall et al.,
2013). Furthermore, vitrinite reflectance becomes aniso-

tropic from maturity levels in the oil window (about 1%)

and increases with increasing maturity. Thus, in organic

diagenesis and catagenesis random reflectance (acronym

Ro%) is generally used, whereas from metagenesis

onward Romax is generally preferred to describe levels of

coalification.

In this work, mean random vitrinite reflectance (Ro%)

was measured on whole-rock samples rich in coaly parti-

cles collected from sandstone, siltstone and clay litholo-

gies. Samples were first mounted in epoxy resin and

polished according to standard procedures (Bustin et al.,
1990). Vitrinite reflectance analyses were then performed

on randomly oriented grains using a Zeiss Axioplan micro-

scope and conventional microphotometric methods, under

oil immersion (ne = 1.518) and an Epiplan-Neofluar

509/1.0 oil objective in reflected monochromatic non-

polarized light (lamba = 526 nm). Reflectance standards

(with certified Ro% values of 0.4, 0.5, 0.9) were used for

calibration. In most cases a population of a few tens of

readings per sample were made on fragments only slightly

fractured and/or altered (Borrego et al., 2006). Mean

reflectance and standard deviation values were calculated

for all measurements identifying the indigenous popula-

tion. Approximate paleo-temperatures were derived

adopting Barker and Pawlewicz’s equation (1994).

RESULTS

Whole-rockgeochemistry

To better examine the geochemical features of the studied

samples, the mudrock composition was normalized to

standard Post-Archaean Australian Shales (PAAS shales;

Taylor & McLennan, 1985) (Fig. 5a). The elemental con-

centrations and the ratios are given in Table 1. According

to the diagram of Herron (1988), the studied sediments

fall in the shale field (Fig. 5b); among the mudrocks, only

three SAMO samples fall in the Fe-shale field, since they

are characterized by high concentrations of Fe-oxides, as

shown by the mineralogical analyses.

(a)

(b)

Fig. 5. (a) Normalization of major and

trace elements to upper continental crust

averages (after McLennan et al., 2006).
The plot of the Post-Archean Australian

Shales (PAAS; Taylor & McLennan,

1985) is shown for comparison. (b) Clas-

sification diagram for the studied samples

(after Herron, 1988).
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The studied sediments show similar chemical varia-

tions relative to PAAS (Fig. 5a). Among the studied sam-

ples, AVD samples are enriched in Al oxide content and

depleted in the other oxides. These samples contain

higher kaolinite content than all the other samples as

shown by mineralogical analyses on the clay fraction.

Some SAMO samples contain the highest content in Fe

oxides and TEs (e.g. Ni and Cr); these concentrations

suggest that these samples are related to mafic source(s).

Bulk rock composition

The results of whole rock XRD analyses are reported in

Table 2. The non-phyllosilicate minerals are usually

quartz, calcite and feldspars. Some samples also contain

hematite and dolomite. The phyllosilicates are generally

illite, I-S and Chl-S mixed layers, chlorite and kaolinite.

In detail, the ADV samples are characterized by mostly

kaolinite with lesser amounts of feldspars, mica, chlorite

and Chl-S mixed layers. The ES samples contain mostly

illite/mica and feldspars, whereas, the percentage of kaol-

inite is low. The GRD2 samples contain mostly illite/

mica, I-S mixed layers and calcite. Kaolinite is absent

while feldspars and chlorite are low. The IAS samples

contain mostly feldspars, whereas, calcite varies from 0%

to 22%. Kaolinite and Chl-S mixed layers are low. The

LMN group contains mostly illite/mica, chlorite and cal-

cite, whereas, the amount of Chl-S mixed layers and kaol-

inite is low. Quartz and illite/mica are abundant in OGR

samples, but kaolinite, chlorite and Chl-S mixed layers

are absent. The PAT samples are characterized by vari-

able amounts of phyllosilitates and calcite, whereas, the

SAMO group contains mostly quartz, illite/mica and

chlorite. Hematite is also present in almost all samples.

Clay fraction composition

The <2 lm grain size fraction (Table 3) is mainly com-

posed of I-S mixed layers (19–97% by weight). The high-

est values are contained in the ORG group. Chl-S mixed

layers are present in variable amounts from 0 (AVD and

ORG groups) up to 32% (SAMO group). This mineral-

ogy is generally present in large amounts in the PAT and

SAMO samples. Discrete illite is also variable, ranging

from few percentage in the ADV group to 69% in the

SAMO samples. It is also abundant in the PAT and

LMN groups. Kaolinite is absent or present up to a few

percent in most samples with the exception of the ADV

samples. Chlorite is present in all samples and absent only

in the ORG group.

Table 2. Whole rock X-ray diffraction analyses of the studied samples

Sample I-S Chl-S Illite/mica Kao Chl Qtz K-feld Pl Cal Dol Hem Σ Phyll Σ Feld

ADV1 8 0 3 61 1 21 3 2 1 0 0 73 5

ADV3 20 0 3 24 1 33 5 8 5 0 0 50 13

ES5 2 5 20 4 14 28 1 25 0 0 0 46 26

ES7 19 4 20 0 4 23 6 23 tr 0 1 46 29

GRD2 18 6 21 0 3 27 2 6 17 0 0 48 8

IAS6 10 2 13 3 10 25 0 8 22 7 1 38 9

IAS7 10 0 6 2 6 35 1 20 20 0 0 24 21

IAS10 12 3 12 2 7 31 5 28 1 tr 0 35 33

IAS12 15 3 12 3 7 31 6 24 0 0 0 40 29

IAS13 6 1 5 1 3 35 4 27 19 tr 0 16 30

IAS15 8 1 19 0 10 28 3 18 11 tr 1 39 22

LMN2 21 tr 25 2 14 27 0 3 7 0 0 62 3

LMN4 36 tr 21 0 6 20 0 7 10 0 0 63 7

LMN9 13 tr 28 0 10 27 2 9 11 0 0 51 11

LMN13 9 1 10 3 8 42 2 15 10 tr 0 32 16

ORG4 26 0 27 0 0 40 1 4 1 0 0 53 6

ORG5 25 0 21 0 0 29 1 10 0 15 0 46 10

ORG6 0 0 61 0 0 30 0 9 0 0 0 61 9

PAT1 2 5 2 0 1 12 3 12 64 tr 0 10 15

PAT4 8 4 12 2 7 36 0 11 21 tr 0 33 11

PAT8 6 13 20 0 18 29 1 13 tr tr 0 57 14

PAT11 16 0 28 5 12 26 0 11 3 tr 0 60 11

SAMO10 9 7 26 4 7 34 0 3 9 0 0 54 3

SAMO28 15 0 29 0 8 36 0 4 8 0 0 52 4

SAMO29 14 3 10 0 6 17 0 0 45 0 5 33 0

SAMO30 28 0 11 1 5 40 0 12 2 0 1 45 12

SAMO32 8 2 11 3 13 53 0 0 8 0 3 37 0

SAMO33 33 9 8 0 7 22 0 1 16 0 4 57 1

Qtz, quartz; Σ Feld (K-feldspars + plagioclase); Pl, plagioclase; K-feld, K-feldspars; Dol, dolomite; Cal, calcite; Σ Phyll, phyllosilicates; Hem, hema-

tite; I-S, illite-smectite mixed layers; Chl-S, chlorite-smectite mixed layers; Kao, kaolinite; Chl, chlorite.
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As regard the illite percentage in I/S and the stacking

order R, XRD patterns of the glycolated oriented slides

show the occurrence of the ordered R0 I/S mixed layers

in the ADV and LMN samples (Fig. 6a, b). The percent-

age of illite is higher in the LMN samples. R1 character-

izes the ES, GRD, PAT and SAMO groups (Fig. 6c–f)
with the illite percentage ranging from 75% to 85%, but

R3 with 85–90% of illite is present in the IAS and ORG

samples (Fig. 6g, h). The KI is determined only in three

samples: ES5 (0.45°D2h), ORG6 (0.56°D2h) and

SAMO10 (0.44°D2h).

Organic petrographyand vitrinite reflectance
determination

Ten samples were analyzsd for the characterization of the

organic facies and evaluation of level of thermal maturity

by means of Ro% measurement (Fig. 7). Only seven of 10

provided reliable values that can be correlated with other

indicators of thermal exposure (e.g. %I and R number in

illite-smectite mixed layers; KI) of the studied strati-

graphic successions. The main results are summarized for

each analysed section.

One sample was analysed (SAMO20) from the Eocene-

Oligocene Samotracia section. It is quite rich in organic

matter of probable continental origin (e.g. macerals of the

inertinite group). Less abundant are macerals from the

vitrinite group, sometimes intensely oxidized. Ro% of

0.70% is derived from a Gaussian distribution with a low

standard deviation value (0.054). Sparse fragments with a

random distribution of around 0.9 are also recorded and

probably belong to reworked vitrinite populations. The

approximate paleotemperature is of 107°C is derived from

the base of the indigenous population reflectance.

Two samples were analysed (ORG5 and ORG6) from

Upper Eocene-Oligocene Organi section. ORG5 is poor

in organic matter with finely dispersed fragments of vitri-

nite group macerals that are clustered around the class

0.65%. Mean Ro% is 0.66 and higher values derived from

scarce reworked fragments are discharged. The approxi-

mate paleotemperature is estimated to be 100°C. Never-

theless the scarcity of fragments suggest a lower level of

reliability of this sample when compared to those from

the other sections. ORG6 is, as well, poor in organic mat-

ter, containing only rare fragments of inertinite group

macerals not suitable for thermal maturity studies.

Two samples were studied (LMN27 and LMN13)

from the Upper Eocene-Oligocene Limnos section.

LMN13 is extremely rich in telinite and telocollinite that

represent the prevalent fraction of its organic content with

Table 3. Clay fraction X-ray diffraction analyses of the studied samples and I/S features and KI

Sample I-S Chl-S Illite Kao Chl

I-S features

KIReichweite (Stacking order) % illite

ADV1 25 0 6 67 1 R0 40 n. d.

ADV3 49 0 1 44 6 R0 n. d. n. d.

ES5 25 6 32 6 31 n. d. n. d. 0.45

ES7 65 18 16 0 1 R1 75 n.d.

GRD2 67 7 23 0 3 R1 80 n. d.

IAS6 n. d. n. d. n. d. n. d. n. d. n. d. n. d. n. d.

IAS7 50 5 20 6 19 R3 85–90 n. d.

IAS10 74 0 15 3 8 R3 85–90 n. d.

IAS12 70 4 13 4 9 R3 85–90 n. d.

IAS13 57 7 22 4 10 R3 85–90 n. d.

IAS15 64 4 15 0 17 R1 80 n. d.

LMN2 47 8 38 1 7 R0 55–60 n. d.

LMN4 66 5 25 0 3 R0 40 n. d.

LMN9 52 6 34 0 7 R0 50 n. d.

LMN13 39 0 38 6 17 R0 40 n. d.

ORG4 97 0 3 0 0 R3 85–90 n. d.

ORG5 87 0 13 0 0 R3 85 n. d.

ORG6 67 0 33 0 0 n. d. n. d. 0.56

PAT1 43 17 28 0 11 R1 75–80 n. d.

PAT4 56 15 26 0 3 R1 80–85 n. d.

PAT8 56 12 25 0 7 R1 85 n. d.

PAT11 n. d. n. d. n. d. n. d. n. d. n. d. n. d. n. d.

SAMO10 19 8 69 2 3 n. d. n. d. 0.44

SAMO28 65 5 27 0 3 R1 80–85 n. d.

SAMO29 58 13 22 0 7 R1 80–85 n. d.

SAMO30 n. d. n. d. n. d. n. d. n. d. n. d. n. d. n. d.

SAMO32 19 32 26 5 18 n. d. 80–85 n. d.

SAMO33 69 17 10 0 3 R1 75–80 n. d.

I-S, illite-smectite mixed layers; Chl-S, chlorite-smectite mixed layers; Kao, kaolinite; Chl, chlorite; KI, K€ubler Index.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 6. Decomposition at low angles of the characteristic diffraction profile of ADV, LMN, ES, GRD, PAT, SAMO, IAS and ORG

samples (<2 lm fraction).
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Fig. 7. Vitrinite reflectance determination (Ro%measurement) of the studied samples.
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a good quality of preserved fragments that are distributed

only into two frequency classes (0.35–0.40%). Ro% is of

about 0.41% corresponding to an approximate paleo-tem-

perature of 64°C. LMN27, on the other end is barren.

From the Eocene Paterma section, PAT1 is an extre-

mely well preserved. It is not oxidized, and it is rich in

collinite and telocollinite fragments (macerals of the vitri-

nite group) that contain finely dispersed pyrite. Other

macerals of the inertinite group are scarce and highly frac-

tured. Measured fragments of the vitrinite group show a

well-defined gaussian distribution with a Ro% of about

1.0% with a low standard deviation value (0.09) indicating

the mature stage of hydrocarbon generation with approxi-

mate paleotemperatures of around 135°C.
IAS7 and IAS15 were analysed from the Eocene Iasmos

section. IAS7 is almost barren of dispersed organic matter

and vitrinite group macerals are absent. Scarce fusinite

fragments of the inertinite group are present, but cannot

provide any contribution to the paleothermal study of the

section. IAS15 is generally poor in organoclasts that are

associated with well-preserved and not oxidized pyrite

framboids. Most of measurements are concentrated

between 1.30% and 1.55% frequency classes and the Ro

% is 1.42% indicating approximate paleotemperatures of

about 164°C.
Two samples were studied (ES8 and ES11c) from the

Eocene Esimi section. ES8 is well-preserved, not oxidized

with huge fragments of vitrinite group macerals, contain-

ing finely dispersed pyrite, that prevail on other compo-

nents. The Ro% of 0.92 is calculated from only one

measured population of vitrinite fragments, presumably

indigenous, testified by a slightly asymmetrical distribu-

tion of values. Approximate paleotemperatures are around

130°C. The ES11c sample, despite being rich in organo-

clasts of the vitrinite group, is strongly oxidized and frag-

ments are finely fractured. Thus, the Ro% value of about

0.49% probably underestimates the effective reflectance

despite a gaussian distribution of measurements.

DISCUSSION

Sourceareaweatheringand provenance

The content and distribution of the TEs (e.g. Cr and Ni)

and the Light Rare Earth Elements (LREEs; e.g. La and

Ce) may provide useful indices of chemical differentiation

that may allow the recognition of provenance (e.g. Perri

et al., 2012b and references therein), since their distribu-

tions are most similar to that found in the source rocks

(e.g. Cullers et al., 1987). The distribution of major and

trace elements (such as Fe, Mg, Cr and Ni, typical of a

mafic source, and Al, Ti, La and Nb, typical of felsic

source) for the studied samples, reflects heterogeneous

source areas characterized by both felsic and mafic com-

position. The Cr/V vs Y/Ni diagram shows the curve

model mixing between a granite (felsic member) and an

ultramafic end member characterized by very low Y/Ni

and high Cr/V ratio (Fig. 8a). In this diagram the studied

samples fall along the curve model intermediate between

ultramafic and felsic compositions, suggesting heteroge-

neous source areas characterized by both felsic and mafic

composition (Fig. 8a). In particular, SAMO samples fall

in the mixing curve between a felsic end-member and a

mafic-ultramafic end-member, suggesting a provenance

from mixing sources of both felsic and mafic composition.

The contents and distributions of the LREEs (e.g. La and

Ce) and the TE (TEs such as Cr and Ni) may provide

useful indices of chemical differentiation that may allow

the recognition of different provenance areas (e.g. Cullers

et al., 1987; Perri et al., 2012b). Low values of LREEs/

TEs ratios generally reflect the greater input of mafic

rocks with a modest felsic contribution (e.g. Perri et al.,
2012b and references therein). In particular, the LREEs/

TEs ratios are very high for Avdira and Organi samples

(on average between 1.5 and 2.2 for (La + Ce)/Cr and

3.5–8 for (La + Ce)/Ni), suggesting a greater input of

felsic rocks, and very low for Samothraki, Limnos, Pater-

ma and Iasmos samples (on average between 0.4 and 0.6

for (La + Ce)/Cr and 0.6–1 for (La + Ce)/Ni), suggest-

ing a greater input of mafic-ultramafic rocks with a mod-

est felsic contribution. Caracciolo et al. (2012) have also

analysed other elemental relationships (among La, Th

(a)

(b)

Fig. 8. (a) Analyzing the provenance by using relations of Cr/

V vs Y/Ni. Curve model mixing between granite and ultramafic

end-members. (b) V-Ni-La*6 ternary diagram, showing fields

representative of felsic, mafic and ultramafic rocks plot sepa-

rately (modified from Perri et al., 2011b).
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and Sc) that confirm the above mentioned indications in

terms of source(s) provenance of the studied successions.

The mafic-ultramafic rocks could have been derived from

the ophiolitic sequence of the CRB, whereas, the felsic

rocks could have been derived from granitoids intruding

the LTU, the UTU, and the supradetachment basins (see

Fig. 2) (e.g. Caracciolo et al., 2011a, 2012; Cavazza et al.,
2013).

To better constrain the felsic vs. mafic or ultramafic

origin of the detritus, the V-Ni-La*6 ternary diagram

(Fig. 8b), has been used that contains fields representative

of felsic, mafic and ultramafic rocks (e.g. Perri et al.,
2011b). As a general rule, many of the studied samples

plot close to the UCC and PAAS area, reflecting a felsic

composition of source areas (Fig. 8b). The shifting of

SAMO and LMN samples towards the V-Ni side sug-

gests some mafic-ultramafic component in the detritus for

these samples, as shown in the Cr/V vs Y/Ni diagram.

Furthermore, some SAMO samples show the highest val-

ues of chlorite/smectite content, that is generally associ-

ated to mafic-ultramafic sources and, thus, confirms the

patterns observed in the Cr/V vs Y/Ni and the V-Ni-

La*6 diagrams that suggests mixing source(s) containing

both felsic and mafic-ultramafic rocks.

The mineralogical composition, mainly characterized

by variations in 10 �A-minerals (illite and micas), mixed

layer phases, kaolinite and chlorite amounts, coupled with

the A-CN-K and A-N-K (e.g. Nesbitt & Young, 1982;

Perri et al., 2014 and references therein) plots (Fig. 9a)

and, thus, the CIA and CIA’ distribution, suggest a com-

plex evolution.

In this study both the CIA (Nesbitt & Young, 1982),

with CaO values of the silicate fraction only (CaO content

related to the carbonate minerals have been evaluated

by XRD analysis), and the CIA’ (e.g. Perri et al., 2014),
expressed as molar volumes of [Al/(Al + Na + K)] 9

100 and, thus, calculated without the CaO content, have

been used to monitor the source-area weathering. The

studied samples are characterized by a linear trend subpar-

allel to the A-CN join reflecting weathering from granitoid

rocks, and a linear trend subparallel to the A-K join and

plot near the A apex (Fig. 9a) reflecting the abundance of

(a)

(b) (c)

Fig. 9. (a) Ternary A-CN-K and A-N-K diagrams. Legend: Ms, muscovite; Ilt, illite; Kln, kaolinite; Chl, chlorite; Gbs, gibbsite;

Smt, smectite; Bt, biotite; Kfs, K-feldspar; Pl, plagioclase; A, Al2O3; CN, CaO + Na2O; K, K2O; CIA, Chemical Index of Alteration

(modified from Nesbitt & Young, 1982). (b) A-CNK-FM ternary diagram of the studied samples. A, Al2O3; CNK,

CaO + Na2O + K2O; FM, Fe2O3 + MgO. (c) Ternary 15Al2O3–300TiO2–Zr plot after Garc�ıa et al. (1994), suggesting poor sorting
and rapid deposition of the sediments.
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secondary clay minerals (e.g. kaolinite) over primary min-

erals (e.g. feldspars). The occurrence of variable amount of

labile minerals in studied rocks corresponds to a variable

degree of weathering in the source terrain. The CIA values

(ranging from 56 to 77) of the studied samples generally

indicate moderate chemical weathering of the source rocks;

only the Avdira samples (average CIA value of 86) contain

values that may be ascribed to moderate/intense chemical

weathering. The higher values of AVD samples are antici-

pated because of the increased production of aluminous

minerals during chemical weathering, as also shown in the

mineralogical analyses. The observed trends may be related

to (1) different source areas characterized by different con-

ditions of weathering rates, (2) different conditions of bal-

ance between physical (tectonism/uplift/erosion) and

chemical processes. The active tectonism is related to

Paleogene to Neogene extension of the Rhodope Massif

and formation of the Paleogene volcano-sedimentary

Thrace Basin (see Fig. 1) on top of the Paleogene exten-

sional detachment fault system, simultaneously with uplift

of deep crustal metamorphic Rhodope units (Fig. 10) (e.g.

Kilias et al., 2011a,b; Kilias et al. 2013 and references

therein). The geometry and kinematics of deformation,

cross-cutting relationships, kinematic indicators and slic-

kenslides overprinting criteria on the fault planes discrimi-

nate five (D1 to D5) tectonic events (Kilias et al., 2011a,b;
Kilias et al. 2013). They took place from the Middle–Late
Eocene to the present and are related to the basin evolution

and the unroofing of the Rhodope metamorphic units (Ki-

lias et al., 2011a,b; Kilias et al. 2013). In particular, during

the Eocene to Miocene, the key tectonic events are mainly

characterized by ductile and brittle conditions that took

place simultaneously at several tectonic crustal levels,

whereas the Miocene through recent tectonic events are

mainly characterized by brittle conditions (e.g. Kilias et al.,
2011a,b; Kilias et al. 2013).

Furthermore, paleoclimatic variations may be taken

into account since the studied sediments have different

ages of formation. The AVD samples are Oligocene in

age, but the other samples are Eocene; thus, different pa-

leoclimatic conditions characterize the transition from

Eocene to Oligocene, where a humid climate favours the

formation of kaolinite-rich levels (characterizing the AVD

samples, as shown by mineralogical analyses on the clay

fraction).

The data collected from geochemical analyses on the

mudrock samples indicate a different composition of the

source area(s) related to: (1) felsic and mafic sources that

supplied the sedimentary basin; (2) felsic and mafic

sources eroded at different times following the uplift pro-

cesses, as mentioned above.

The A-CN-K and A-N-K diagrams are used to predict

chemical weathering intensity and variation of mineralog-

ical or geochemical components through alkalis and Al

content but fails to reflect migration or weathering of

other elements. The coefficients of variability (CV) in Fe,

Mg and Ti are relatively high and these elements gener-

ally show a positive correlation, indicating that Fe and

Mg have gone through significant differential weathering

or migration processes. The A-CNK-FM pattern is used

to show variations in Fe and Mg abundances (Nesbitt &

Young, 1996). Total Fe and Mg contents (FM value;

Fig. 9b) vary significantly and show a decreasing trend

for SAMO and PAT samples especially, while Al and

other alkalis have slightly increases. Thus, this diagram

shows that some SAMO and PAT samples are character-

ized by abundant ferromagnesian minerals. Furthermore,

the two trends observed in the A-CNK-FM diagram

(Fig. 9b) suggest that a mixing source, characterized by

both felsic and mafic rocks, supplies the sedimentary

basins where the studied sediments have been deposited.

The Index of Compositional Variability (ICV; Cox

et al., 1995) values for the studied samples are >1, typical
of terrigenous sedimentary rocks that tend to occur in

first-cycle deposits and in an area characterized by tec-

tonic uplift, as shown above. The studied samples are

Fig. 10. Schematic sketch of the fault

geometry and kinematics and magmatic

activity during Paleogene-Neogene

extension of Rhodope Massif (modified

after Kilias et al., 2011a,b), referred to
the Figs 1 and 2.

© 2015 The Authors
Basin Research © 2015 John Wiley & Sons Ltd, European Association of Geoscientists & Engineers and International Association of Sedimentologists16

F. Perri et al.



not-affected by evident recycling processes, as shown by

the Al-Zr-Ti diagram, and are less mature mudrocks.

The Al-Ti-Zr ternary diagram monitors the effects of

sorting processes (Garc�ıa et al., 1994). On this diagram

(Fig. 9c), mature sediments consisting of both sandstones

and shales show a wide range of TiO2/Zr variations

whereas immature sediments of sandstones and shales

show a more limited range of TiO2/Zr variations. On the

Al-Ti-Zr diagram, the studied sediments are confined in

the centre with a limited range of TiO2/Zr variations,

suggesting poor sorting and rapid deposition of the sedi-

ments. All these observations support deposition in sedi-

mentary basins close to source areas containing both felsic

and mafic rocks in a tectonically active setting and suggest

that relief and rate of mechanical erosion were significant.

Diagenetic gradeand thermalhistory

There is a broad consensus in the literature about the

hypothesis that smectite-to-illite conversion is a progres-

sive trend mainly controlled by temperature (see Merri-

man & Peacor, 1999; �Arkai, 2002; Merriman, 2005; and

reference therein). Other variables that may influence the

process are time (Pytte & Reynolds, 1989; Pollastro,

1993), K-availability (e.g. Moore & Reynolds, 1997; Wei-

bel, 1999; Cavalcante et al., 2007; Somelar et al., 2009)
and fluid circulation (Eslinger & Pevear, 1988).

The presence of I/S R0 and the lowest content of illite

in AVD and LMN samples suggest that these groups

formed at the lowest diagenetic grade, indicating a tem-

perature range 50–100°C. This rough estimate is confi-

med and refined at least for the LMN section where Ro%

of about 0.41% corresponds to an approximate paleo-

temperature of 64°C. The R1 I-S mixed layers with the

illite percentage ranging from 75% to 85% determined in

the ES, GRD, PAT and SAMO sections suggest an inter-

mediate diagenetic grade of T = 100–130°C. This is con-
firmed by vitrinite reflectance analysis at least for the ES,

PAT and SAMO sections in which the approximate pa-

leotemperatures are of about 130°C, 135°C and 107°C,
respectively. The ES5 and SAMO10 samples show KI

values slightly lower than the diagenetic-anchizone

boundary. This could be in accordance with a higher

K-availability thus explaining the large amount of discrete

illite. R3 containing 85–90% of illite is determined in the

IAS and ORG samples, indicating a high diagenetic grade

with temperatures ranging from 120°C to 160°C in accor-

dance with the KI value (0.56°D2h) measured in ORG6.

This is only partially strengthened by organic matter

analysis as the IAS section shows paleotemperatures of

about 160°C, whereas lower values are indicated for the

ORG section. Nevertheless, the ORG level of thermal

maturity must be considered less reliable than those from

other sections because of the scarcity of measured indige-

nous vitrinite fragments. Moreover, the ORG samples

contain a high K2O content; this K-availability may be

influence the illitization of smectite as suggested by some

authors (e.g. Cavalcante et al., 2007).

Samples showing the highest to intermediate diagenetic

grade (IAS, ORG, ES, GRD, PAT and SAMO respec-

tively) are all Middle to Upper Eocene in age, whereas

those exhibiting the lowest diagenetic grade (LMN and

AVD) are Upper Eocene to Oligocene in age.

These data need to be interpreted according to the

magmatic activity and geodynamic evolution of the basin

during the Eocene to Oligocene (see Fig. 1). In particular,

Middle to Upper Eocene sediments (IAS, ORG, ES,

GRD, PAT and SAMO respectively) are located in a por-

tion of the basin dominated by magmatic activity and

intrusion of granitoids whereas the Upper Eocene to Oli-

gocene sediments (LMN and AVD) are not associated

with significant magmatic activity and intrusion of plu-

tonic body (granitoids) (see Fig. 10). Furthermore, ES5

and SAMO10, showing KI values slightly lower than the

diagenetic-anchizone boundary, are the samples located at

the base of the succession; thus, the high lithostatic/tec-

tonic load and the deformation processes occurred during

the Eocene compressional phases, produced lower KI val-

ues in the lowest samples typical of high degrees of dia-

genesis. At the same time, LMN and AVD, showing the

I/S R0 and the lowest content of illite typical of low to

intermediate diagenetic grade, are the samples collected at

the top of the studied succession and are Upper Eocene to

Oligocene in age when deformation was less active with a

phase of relative tectonic quiescence (e.g. Georgiev et al.,
2010). The IAS, ORG and PAT samples generally show

I/S R1 and R3 with 80–90% of illite, and the ORG6 sam-

ple is further characterized by low KI values typical of

high degrees of diagenesis generally related to the mag-

matic activity and geodynamic evolution of the basin dur-

ing the Eocene to Oligocene. These samples are further

characterized by the highest potassium contents. Thus,

R1 and R3 values for the I/S mixed layers may be also

related to the K-availability characterizing this part of the

studied succession.

CONCLUSIONS

The Thrace Basin is an area where important tectono-

stratigraphic relationships among the Serbomacedonian

Massif, Rhodope and CRBs and the oceanic terranes of

the Vardar-Axios suture, since they are involved in signif-

icant paleogeographic and paleotectonic modification

related to the collision of the African and Eurasian plates.

Thus, the evolution of the Thrace Basin plays an impor-

tant role to better understand the geodynamic context of

the Hellenides, in terms of source area(s) provenance and

sedimentary and thermal history of the basin. The studied

mudrocks were collected from different sedimentary suc-

cessions exposed in the north-eastern Hellenic Peninsula

along the western edge of the Thrace region.

The mineralogical composition, mainly characterized

by variations in 10 �A-minerals (illite and micas), mixed

layer phases, kaolinite and chlorite amounts, coupled with

the geochemical proxies, suggest a complex evolution for
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these sedimentary successions. The data collected from

geochemical investigations on the mudrock samples indi-

cate a different composition of the source area(s) related

to: 1) both felsic and mafic sources that supplied the sedi-

mentary basin and 2) felsic and mafic sources eroded in

different times following the uplift processes, such as the

extensional detachment fault systems characterizing the

basin during the Eocene and Oligocene.

The clay mineral data, based on illite percentage in I/S

and the stacking order R and the KI, integrated with the

Ro% values obtained from the vitrinite reflectance analy-

sis, indicates a high to intermediate diagenetic grade for

the Middle to Upper Eocene samples (IAS, ORG, ES,

GRD, PAT and SAMO respectively) and a low diagenetic

grade for the Upper Eocene to Oligocene samples (LMN

and AVD). These variations need to be interpreted

according to the magmatic activity and geodynamic evolu-

tion of the basin during the Eocene and Oligocene. In par-

ticular, Middle to Upper Eocene sediments (IAS, ORG,

ES, GRD, PAT and SAMO respectively) are located in a

portion of the basin dominated by (Eocene to Oligocene)

magmatic activity and intrusion of granitoids whereas the

Upper Eocene to Oligocene sediments (LMN and AVD)

are not related to magmatic activity and intrusion of the

granitoids. Furthermore, Middle to Upper Eocene sedi-

ments experienced deeper burial process due to lithostatic

load, rather than the uppermost Eocene and Oligocene

sediments, in relation of their position along the strati-

graphic succession. These data suggest a burial depth of

at least 3–4 km with a tectonic exhumation mainly related

to the extensional phases of the Miocene age.
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