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Abstract: The late Eocene–early Oligocene paleoenviromental and paleoclimatic conditions in the southern Hellenic 
Thrace Basin (Lemnos Island, Northeast Aegean Sea) have been determined, based on planktonic and benthic forami
niferal analyses. One hundred thirtynine mudstone samples were collected from representative outcrops that cover  
the entire stratigraphic record. The samples correspond to submarine fan (Ifestia, Panagia and Kaspaka sections) and 
shallowmarine deposits (Kaminia section). The analyses of calcareous nannoplankton and planktonic foraminifera  
indicate that sedimentation took place during the late Eocene to early Oligocene (Priabonian–Rupelian). The ratio of 
planktonic to benthic foraminifera, the paleobathymetry and the qualitative analysis of foraminifera support a regional 
shallowingupward trend. The presence of Globobulimina suggests that dysoxic conditions prevailed the late Eocene, 
while the presence of paragloborotaliids, globigerinids and chiloguembelinids in the studied succession could be  
indicative of a gradual cooling event since the late Eocene. The Eocene/Oligocene boundary is characterized by well 
oxygenated bottom waters, and the abundance of Catapsydrax unicavus and Paragloborotalia nana suggests a strong 
cooling event during the early Oligocene (O1 biozone). This decrease in water temperature is most likely linked to  
the global cold Oi1 event. The early Oligocene is characterized by oxic bottomwater redox conditions that were inter
mittently interrupted by shorter periods of dysoxic conditions. The occurrence of Bathysiphon indicates the passage of 
turbidity currents. The recognition of Chiloguembelina cubensis, P. nana and C. unicavus suggests high productivity over 
the range of the water column, most likely correlated with mixing water during the cold event Oi2. This study decrypted 
the global paleoenvironmental and paleoclimatic changes that influenced the southern Hellenic Thrace Basin during  
the Eocene/Oligocene transition.  

Keywords: planktonic foraminifera, Lemnos Island, southern Hellenic Thrace Basin, Eocene, Oligocene, Eocene– 
Oligocene boundary. 

Introduction

The middle Eocene to early Oligocene is considered the tran
sitional time from the warm climate of the Late Cretaceous to 
the cooler climate of the Neogene (e.g., Dall’Antonia et al. 
2003). Several studies suggest that the temporal transition of 
Eocene–Oligocene has been influenced by: (a) climatic and 
oceanographic changes; and (b) reorganization of the tectonic 
plates (e.g., Berggren & Prothero 1992; Prothero 1994;Ozsvárt 
et al. 2016; Sancay & Batı 2020).The Oligocene period is 
characterized by large and sudden climate changes, paleogeo
graphic changes, large variations in Antarctic ice thickness in 
the early Oligocene, and eustatic changes (e.g., Wade & Pälike 
2004; Pälike et al. 2006). The formation of cold deep water in 
the Southern Ocean and/or the North Atlantic may have star
ted since the early Oligocene (e.g., Kennett 1977; Miller et al. 
1991, 2005; Zachos et al. 2001; Lawver & Gahagan 2003), but 
this hypothesis is still under study (e.g., Barker & Thomas 
2004; Scher & Martin 2004; Via & Thomas 2006; Thomas 
2007; Thomas et al. 2008). These climatic variations occur in 
orbital / circular patterns (Wade & Pälike 2004; Coxall et al. 

2005; Pälike et al. 2006), with some of the most extreme cold 
events occurring during low obliquity. 

The identification of the global paleoenvironmental deve
lopment throughout the Eocene/Oligocene transition requires 
the integration of data from different regions, with dissimilar 
bathymetry. Microfossils are thought as a useful tool for such 
paleoenvironmental representations. Planktonic foraminifera 
are very important biostratigraphic and paleoceanographic 
indicators, because of their morphological characteristics, 
properties, and geochemical composition (e.g., Berggren et al. 
1995; Wade et al. 2011). Planktonic foraminifera may provide 
information about their living environment because they are 
directly affected by changes in temperature, salinity, and pri
mary productivity (e.g., Bernhard & Sen Gupta 1999). Benthic 
foraminifera are also very important paleoceanographic indi
cators because of their high diversity and abundance in marine 
sediments and their sensitivity to environmental changes and 
disturbances. The composition of benthic foraminifera assem
blages and the species morphology add constraints about  
the sediment water interface, the water column depth, and  
the seawater chemistry. They are also considered as good 
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indicators of oxygenation levels, concentration of organic 
matter in bottom waters, and rate of circulation of water 
masses (e.g., Douglas & Woodruff 1981; Corliss et al. 1986; 
Hermelin & Shimmield 1995; Schmiedl et al. 1998). Benthic 
foraminifera are also good paleodepth indicators (e.g., Natland 
1933; Bandy 1960). 

Studies of Oligocene benthic foraminifera from the Eas tern 
Mediterranean and surrounding regions are rare, despite  
the regional paleogeographical importance (Barbieri 1992; 
Ozsvárt et al. 2016; Nyerges et al. 2020). The detailed bio
stratigraphic and paleoenvironmental analysis of the upper 
Eocene to lower Oligocene sedimentary succession in the 
southern Hellenic Thrace Basin (referred to herein southern 
HTB, Lemnos Island) reveals the relationship between the 
ecosedimentary agents and the paleoenvironmental dyna
mics. This research adds to the recently published work of 
Kostopoulou et al. (2018) that examined the paleoenviron
ment and the paleoceanography of the region, using detailed 
 micropaleontological (benthic and planktonic foraminifera 
assemblages) analysis. This research elaborates benthic and 
planktonic foraminiferal analyses to study the reflection of 
global paleoclimatic signals in low to mid latitude settings, 
such as the southern HTB.

Regional geology and basin fill history

The Hellenides are an arcuate orogen, developed above  
the subducting Hellenic plate. From north to south, the Aegean 
region encompasses several geotectonic zones including the: 
(a) Rhodope and Serbo–Macedonian massif (RSM); (b) Cir
cum Rhodope Belt (CRB); (c) Pelagonian zone; (d) Vardar–
İzmir–Ankara oceans; and (e) Pindos ocean (e.g., Robertson  
et al. 1991; van Hinsbergen et al. 2005). The HTB is a large 
sedimentary basin that is interpreted as a twosided forearc 
basin during the Eocene–Oligocene. In the Aegean region,  
the forearc trinity is composed of the southernlocated accre
tionary prism (Pindic Cordillera), the HTB forearc basin 
(HTB) and the northernlocated Rhodopian magmatic arc 
(Maravelis et al. 2007; Tranos et al. 2009; Maravelis & 
Zelilidis 2013). The northern HTB was influenced by the 
Rhodopian magmatic arc. The basin is filled with sediment 
that comes from the north and displays a continental arc sig
nature (Maravelis & Zelilidis 2010; d’Atri et al. 2012; Mara
velis et al. 2016). The Rhodopian magmatic arc developed as 
a result of the subduction of the Vardar–İzmir–Ankara oceans 
and parts of the Pelagonian–Lycian Block. Subduction pro
cesses initiated in southern Bulgaria at ∼90–75 Ma (von Quadt 
et al. 2005). Above the southern edge of the Pelagonian–
Lycian Block, the HTB was formed by Eocene (∼56–50 Ma) 
(Ring et al. 2010). The impact of the growing accretionary 
prism is recorded in the basin fill history of the southern HTB 
(Maravelis & Zelilidis 2010). This accretionary prism delive
red sediment of intermediate to mafic composition (Maravelis 
& Zelilidis 2010) to the northnortheast (Maravelis et al. 
2007). The southern HTB records an upwardshoaling sedi

mentary succession, with submarine fans overlain by shallow 
marine deposits between the late Eocene to Oligocene. Given 
the low to moderate eustatic sealevel changes during this time 
period (Miller et al. 2011), it has been suggested that this 
shoalingupward trend is the result of tectonicallydriven 
uplift and compression (Maravelis et al. 2007, 2015), and it is 
further supported by the back stripping analysis (Maravelis et 
al. 2016). 

In the southern HTB, the submarine fan system (~300 m 
thick) is sandrich and consists of both outer and inner fan 
deposits (Maravelis et al. 2007). The outer fan is thicker 
(~150–200 m thick), lowered positioned and consists of  
lobe, interlobe, lobefringe, and fanfringe deposits (Fig. 1). 
The overlying inner fan is subdivided into a lower, sand 
dominated part (~50 m) and an upper conglomeratic part  
(~50 m). Both subdivisions include channelfill and levee 
deposits. The degree of amalgamation is greater in the inner 
than the outer fan, as a result of the greater erosional ability of 
thick, highspeed, and strongly turbulent flows (Maravelis & 
Zelilidis 2011). The bedding in the outer fan deposits is simple 
and laterally continuous. In contrast, inner fan deposits display 
a complicated bedding pattern with temporal and spatial ran
dom distribution of channelized deposits and higher degree  
of erosion. The southern HTB is filled principally with sub
marine fan deposits and gradually shoals upwards into slope 
(~20 m thick) and shallowmarine deposits (~90 m thick).  
The proposed sequence stratigraphic scenario (Maravelis & 
Zelilidis 2011; Maravelis et al. 2015) indicates that the succes
sion is dominated by regressive deposits and displays progra
dation of depositional environments into shallower waters 
(Fig. 2). The submarine fans are interpreted as forced regres
sive, deposited during a period of relative sea level fall.  
The overlying slope deposits accumulated during subsequent 
sea level rise. The lower part of the slope deposits was accu
mulated during lowstand normal regression whereas the upper 
part was accumulated during transgression. Further up 
sequence, the shallow marine deposits accumulated during  
a highstand normal regression. 

Material and methods

The micropaleontological analysis was performed by col
lecting mudstone samples from the different environments  
of deposition (submarine fans, slope and shallowmarine).  
The sequence stratigraphic framework of Maravelis & Zelilidis 
(2011) and Maravelis et al. (2016) adds tight lithostratigraphic 
constraints and was utilized to secure that the samples cover 
the entire succession and are collected from the correct stra
tigraphic level. Therefore, four stratigraphic sections were 
selected, and 139 samples were analyzed. The Ifestia section is 
~95 m thick (38 samples with resolution ~2.5–3 m) and is 
subdivided into three parts. The lower part is ~50 m thick  
and is represented by distal submarine fan deposits (lobes). 
The middle part is ~35 m thick and corresponds to proximal 
submarine fan deposits(channelfills and overbanks). The upper 
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part is ~10 m thick and is represented by coarsergrained, 
proximal submarine fan deposits (conglomeratic channelfills 
and overbanks). The Panagia section is ~30 m thick (36 sam
ples with resolution ~0.5–1.5 m) and is composed of two parts. 
The lower part is ~10 m thick and is composed of proximal 
submarine fan deposits (channelfills and overbanks), while 
the upper part is ~20 m thick and consists of coarsergrained, 
proximal submarine fan deposits (conglomeratic channelfills 
and overbanks). The Kaspakas section is ~50 m thick (20 sam
ples with resolution ~2.5–3 m) and is divided into two parts. 
The lower part is ~10 m thick and is represented byproximal 
submarine fan deposits(channelfills and overbanks). The upper 
part is ~40 m thick and is composed of continental slope 
deposits. The Kaminia section is ~100 m thick (45 samples 
with resolution ~1–2.5 m) and is represented by shallow 
marine deposits. The detailed sedimentological analysis of  
the studied deposits is presented in Maravelis et al. (2007) and 
Kostopoulou et al. (2018).

The studied sediments accumulated in Lemnos Island 
during the late Eocene to early Oligocene. The detailed calca
reous nannofossils and planktonic foraminifera analysis con
firm the biostratigraphic interval E14O4 (Wade et al. 2011; 

planktonic foraminifera zonation) and CNE18CNO4 (Agnini 
et al. 2014; calcareous nannofossils zonation) for the study 
area (Kostopoulou et al. 2018).

Foraminifera analysis

The samples were collected from the land sections (Ifestia 
section, Panagia section, Kaspakas section and Kaminia sec
tion) according to the regional sequence stratigraphic frame
work. One hundred thirtynine sediment samples (150–200 g 
dry weight each) were prepared for foraminiferal analysis 
using standard techniques. Each sample(150–200 g dry sedi
ment) was decomposed using hydrogen peroxide (H2O2) and 
was subsequently ultrasonicated to enhance decomposition. 
Some samples were soaked in acetic acid (80 % CH3COOH 
and 20 % H2O) for maximum 2 h, because of the strong 
cementation. The samples were then washed through a 63-μm 
sieve, and were dried at 50 °C. The samples exhibit high 
degree of lithification and thus, multiple treatments were 
required to achieve decomposition. An Otto microsplitter was 
used to split the dry material. At least 300 specimens were 

Fig. 1. Detailed geological map of the southern HTB (Lemnos) illustrating the spatial distribution of the studied deposits (modified from 
Maravelis & Zelilidis 2011). Note the different depositional environments and subenvironments. Black dots correspond to the studied sections. 
Paleocurrent analysis is from Maravelis et al. (2007, 2015).
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collected and identified under a Leica S4E stereoscope, at 80× 
magnification. The systematic taxonomy of Wade et al. (2018) 
was elaborated for planktonic foraminifera. The genus or/and 
family of benthic foraminifera was utilized to calculate the 
following indices: 
• Planktonic/benthic ratio, using the formula (P/B %) = Np 

×100 / (Np + Nb). Nb corresponds to the number of benthic 
 foraminifera and Np to the number of planktonic foramini
fera (van der Zwaan et al. 1990, 1999). The environmental 
divisions of Murray (1991) were used for data interpreta
tions: (a) inner shelf (<20 %), (b) middle shelf (20–50 %), 
(c) outer shelf (50–70 %) and (d) upper bathyal zone (>70 %).

• Calcareous/agglutinated ratio, using the formula (C/A %) = 
Nc×100 / (Nc + Na). Nc corresponds to the number of calca
reous foraminifera and Na to the number of agglutinated 
foraminifera. This formula was used merely for benthic 
 foraminifera, as suggested by Ortiz et al. (2011).

• Infaunal/epifaunal ratio, using the formula (In/Ep %) = Nin 
×100 / (Nin + Nep).Nin corresponds to the number of infaunal 
calcareous benthic foraminifera and Nep to the number of 
epifaunal calcareous benthic foraminifera. This formula was 
used as an index of bottom water oxygenation (Ortiz et al. 
2011).
The grouping of infaunal and epifaunal forms was based on 
studies of the microenvironments of living benthic fora
minifera, such as Corliss (1985), Corliss & Chen (1988), 
Jorissen et al. (1995), den Dulk et al. (2000), Thomas et al. 
(2000), Alegret et al. (2003) and Murray (2006). Infaunal 

forms include representatives of the taxa Bolivina, Globo
bulimina, Chilostomella, Bulimina, Nonionella, Melonis, 
Pullenia, Nonion, Uvigerina, nodosarids, Globocassidulina 
and Cassidulina, while epifaunal forms include both shelf 
(Elphidium, Rosalina, Ammonia, miliolids, Ammodiscus 
and Discorbis) and deepwater dwellers (Cibicides / Cibici
doides, Lenticulina, Siphonina and Gyroidinoides).

• Benthic Foraminiferal Oxygen Index (Kaiho 1994, 1999), 
using the formula BFOI = a / (a + n)×100 (a is the number of 
oxic species and n is the number of dysoxic species). When 
a = 0 and n + s > 0 (s is the number of suboxic species), the 
BFOI is calculated using the formula [(s / (s + n))−1]×50. 
According to Kaiho (1994) oxic indicators include repre
sentatives of the taxa Globocassidulina, Siphonina, Cibici
des/Cibicidoides, Elphidium, Rosalina, Ammonia, miliolids, 
Ammodiscus and Discorbis, suboxic indicators include rep
resentatives of Bulimina, Nonionella, Melonis, Pullenia, 
Nonion, Uvigerina, nodosarids, Cassidulina, Gyroidinoides 
and Lenticulina while dysoxic indicators include represen
tatives of Bolivina, Globobulimina and Chilostomella.
According to Kaiho (1994) four different oxygen condi
tions are recognized: (1) high oxygen conditions (values 
50–100 %, presence of dysoxic, suboxic and high ratios of 
oxic indicators); (2) low oxygen conditions (values 0–50 %, 
presence of dysoxic, suboxic and low ratios of oxic idica
tors); (3) suboxic conditions (values −40–0 %, presence of 
dysoxic and high ratios of suboxic indicators); (4) dysoxic 
conditions (values −50 to −40 %, presence of dysoxic and 

Fig. 2. Sequence stratigraphic framework and U–Pb 
geochronology for the southern HTB (Lemnos).  
The region exhibits a longterm (second order) progra
dation trend from the outer fan to the shallowmarine 
deposits, and the depositional facies are interpreted in 
terms of thirdorder systems tracts (from Maravelis & 
Zelilidis 2011; Maravelis et al. 2016). Abbreviations: 
FSST = falling-stage system tract; HST = highstand sys
tem tract; LST = lowstand system tract; BSFR = basal 
surface of forced regression; CC = corelative confor
mity; MRS = maximum regressive surface; MFS = maxi-
mum flooding surface.
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low ratios or barren of suboxic indicators); and (5) anoxic 
conditions (values −55 %, absence of calcareous benthic 
foraminifera).

Results

Benthic foraminifera

The benthic foraminifera assemblages are composed of 
Lenticulina, Cibicides, Rosalina, Nonion, Bolivina, Bulimina, 
Nonionella, Globocassidulina, Bathysiphon, Elphidium, Gyro
dinoides, Melonis, Pullenia, Ammodiscus, Globobulimina, 
Uvigerina, as well as individuals of nodosariidae, miliolids 
and agglutinants. On this study, benthic foraminifera grouped 
in infaunal, epifaunal (deep water and shelf dwellers), oxic, 
suboxic and dysoxic indicators. 

Ifestia section (upper Eocene–lower Oligocene)

The infaunal assemblages present a grade range from 5 % to 
78.9 %. The highest abundance (78.9 %) is identified at 23.1 m 
(sample L65; upper Eocene) while the lowest (5 %) is observed 
at 70.06 m (sample L9; lower Oligocene). Shelf dwellers show  
a similar pattern, with the lowest value of 2.9 % to be identi
fied at 58.42 m (sample L15; lower Oligocene) and the highest 
value of 82.4 % at 54.54 m (sample L17; lower Oligocene). 
The deepwater indicators present sporadic occurrences rea
ching up to 44.4 % at sample L90 (upper Eocene), 15.8 % at 
sample L65 (upper Eocene) and 62.5 % at sample L50 (EOB). 
The highest occurrence (up to 85 %) is observed at the upper 
part of the section (sample L9; lower Oligocene). The oxic 
indicators range from 4 % (sample L31; lower Oligocene) to 
82.4 % (sample L17; lower Oligocene) while the same pattern 
is identified at suboxic indicators (up to 66.7 % at 58.42 m and 
up to 2.7 % at 85.58 m). In contrast, dysoxic indicators assem
blages show the highest value (73.7 %) at the lower part of  
the section (L65; upper Eocene). The upper part of the section 
(lower Oligocene) characterized by a maximum of 25 % at 
sample L13 and a minimum of 4.3 % at samples L15 and L19 
(Fig. 3a).

The P/B also shows high values   in this section, with a maxi
mum of 97 % at 33 m (sample L50; EOB). High values are 
identified at 6.6 m (L90; 96.4 %) and at 23.1 m (L65; 57.8 %) 
of late Eocene time interval. A similar pattern is shown in the 
diagram of the C/A % ratio that reaches up to 100 % mainly in 
the lower part of the section (L90, L65 and L50). Throughout 
the section, fluctuations in the C/A % ratios are observed, with 
the most intense being located at the upper part. These fluc
tuations display a maximum of 100 % at samples L17 and L13 
and a minimum of 15 % at sample L9 in the early Oligocene 
time interval. The In/Ep % ratio ranges from 12.5 %   (sample 
L17) to 100 % (sample L7), while of interest is the abruptly 
decrease of that ratio in the L5 sample. BFOI index fluctuates 
in Ifestia section, with generally high values in samples L90 
(75), L50 (66.7), L9 (100), L5 (100) and L3 (100), and low 

values in samples L65 (6.7), L31 (25) and L7 (0) (Fig. 3b). 
Finally, agglutinants and especially Bathysiphon is observed 
at samples L28 and L26 (lower Oligocene) with values of 
5.9 % and 3.7 %, respectively. Agglutinants fluctuate in the 
upper part of the section and reach maximum abundance at 
70.06 m (sample L9; lower Oligocene) (Fig. 3a).

Panagia section (lower Oligocene)

The infaunal indicators fluctuate in the Panagia section.  
The lower values (3.7 %) are identified at 11.9 m (sample 
R17) and the highest (up to 61.8 %) at 20.9 m (sample R35). 
The shelf dwellers display fewer and sporadic occurrences. 
The maximum value (23.5 %) is observed at 11.9 m (sample 
R17), while the minimum (1.3 %) at 10.4 m (sample R14). 
The top of Panagia section lacks of shelf dwellers, in contrast 
to the deepwater dwellers that fluctuate with higher percen
tages. The highest abundances are observed in the middle  
and upper part of the section. They range from 78.6 % (sample 
R30; 18.4 m) to 23.5 % (sample R35; 20.9 m).The higher 
 values of oxic indicators are identified in the middle to upper 
part of the section, where they reach up to 76.8 % at 18.4 m 
(sample R30). Suboxic indicators display a similar pattern, 
with stronger fluctuations at the base and the top of the 
 section. The maximum values   are observed in samples R0 
(69.2 %), R7 (66.7 %) and R45 (78.3 %). The dysoxic indi
cators generally occur at lower values. The highest abun
dances of 41.7 %, 55.9 % and 40 % are observed at 0.45 m 
(sample R0.8; base of section), 20.9 m (sample R35; top of 
section) and 23.9 m (sample R41; top of section), respectively 
(Fig. 4a). 

The P/B fluctuates and possesses the highest abundance (up 
to 98.7 %) at 7.2 m (sample R7). The top of the section dis
plays the lower values of 58.3 % and 20.7 % (samples R41, 
23.9 m and R45, 25.9 m respectively). The C/A % ratio show 
a similar pattern with stronger fluctuations. Several samples 
are presenting C/A % ratio of 100 % because of the absence of 
agglutinants. The In/Ep % ratio fluctuates in the section and 
exhibits the highest values in sample R0.8 (54.5 %), R0 
(53.8 %) and R41 (up to 100 %). The fluctuations are also 
common feature of the BFOI index, which ranges from 100 
(samples R0.2, R14, R17 and R45) to −50 (sample R41)  
(Fig. 4b). The benthic foraminifera Bathysiphon and aggluti
nants are observed almost in the entire section. The highest 
abundance (60 %) of Bathysiphon is identified at 23.9 m (sam
ple R41), while the maximum value (42 %) of agglutinants is 
observed at the middle part of the section (11.9 m; sample 
R17) (Fig. 4a).  

Kaspakas section (lower Oligocene)

The micropaleontological analysis that performed in the 
Kaspakas section did not reveal any benthic foraminifera, 
most likely because of the hostile conditions of preservation. 
Only calcareous nannofossils were observed at that section 
(Kostopoulou et al. 2018).
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Kaminia section (lower Oligocene)

The abundance of infaunal indicators fluctuates in this sec
tion. In the lower part, it ranges between 46.2 % (sample D40, 
25.6 m) and 23.9 % (sample D28). In the middle part, it fluc
tuates between 75 % (sample D59) and 18.8 % (sample D49). 
In the upper part, it ranges between 40.2 % (sample D68) and 
25.4 % (sample D17). Shelf dwellers occur at low levels,   with 
a maximum of 4.7 % at 93.44 m (sample D4). In contrast, 
deepwater dwellers occur at high values in most of the sam
ples, reaching a maximum value of 74.6 % (sample D17). 
Oxic indicators display high values in this section and the 
highest abundance (76.9 %) is identified in the sample D18 
(90.88 m). The suboxic and dysoxic indicators display the 
same pattern, but with lower abundances (maximum suboxic 

indicators: 31.3 % in sample D59; maximum dysoxic indica
tors: 44.4 % in sample D51) (Fig. 5a). 

The P/B exhibits very high values. An almost stabilized 
index is identified with a value not exceeding 89 % (sample 
D28). A low increase (up to 93.3 %) is detected in sample 
D49. Then the ratio is stabilized in lower values in the upper 
part of the section. These values range at ~60 %. The C/A % 
ratio occur in 100 % across the section, as no agglutinants are 
observed. The In/Ep % ratio is also marked by fluctuations. 
The lower part of the section is characterized by low ratios that 
do not exceed 32.4 % (sample D21). At this lower part of the 
section, an abrupt degrease (23.1 %) occurs (37.12 m, sample 
D49). A maximum In/Ep % ratio of 75 % is identified at 
49.92 m (sample D59), and from this stratigraphic level, the 
In/Ep % ratio gradually decreases upwards. The BFOI index 

Fig. 3. a — Relative abundances (%) of benthic foraminifera in association with sedimentary facies as specified in Ifestia section; b — Distri
bution of benthic foraminifera indicators, the relative abundances of benthic foraminifera and relative abundances (%) of selected planktonic 
foraminifera in association with sedimentary facies as specified in Ifestia section. Lobe facies is the lower 50 m layers, while channelfill facies 
is the upper 35 m layers.



237EOCENE/OLIGOCENE TRANSITION IN THE SOUTHERN HELLENIC THRACE BASIN (AEGEAN SEA)

GEOLOGICA CARPATHICA, 2022, 73, 3, 231–244

displays a value of 80.8 (sample D19), at the basal part of the 
section. It exhibits smallscale fluctuations up to sample D49, 
where it reaches a value of 100. Up section, the BFOI index 
decreases sharply to 42.9 (samples D51 and D54) and then 
increases up to the top of the section, with values ranging from 
80 (sample D69) to 83.3 (sample D4), while that index occurs 
in zero due to the absence of foraminifera (Fig. 5b).

Planktonic foraminifera

Several planktonic foraminifera have been identified in 
Lemnos Island, including C. unicavus, G. officinalis, P. nana 
and C. cubensis. These species are employed to unravel the 
paleoenvironmental and paleoclimatic conditions of the study 
region. It is worth noticing that the planktonic foraminifera 

provide a clear reduction in the size of the test. The small size 
of the test in the context of dwarfing entails stressinduced 
conditions (Ozdínová & Soták 2014).

Ifestia section (upper Eocene–lower Oligocene)

C. unicavus occurs with a concentration that reaches a value 
of 11.2 % in sample L90 (6.6 m; upper Eocene) and then, in 
sample L50 (EOB), the concentration reaches a value of 16 %. 
The highest abundance (19.3 %) occurs at 44.88 m (sample 
L28; lower Oligocene). The upper part of the section is cha
racterized by fluctuations of the species that range, but in 
much lower percentages. They display a minimum value of 
1.1 % in sample L9 (70.06 m) and a maximum value of 8.4 % 
in sample L3. The first occurrence of G. officinalis occurs at 

Fig. 4. a — Relative abundances (%) of benthic foraminifera in association with sedimentary facies as specified in Panagia section;  
b — Distribution of benthic foraminifera indicators, the relative abundances of benthic foraminifera and relative abundances (%) of selected 
planktonic foraminifera in association with sedimentary facies as specified in Panagia section. Channelfill facies is the lower 10 m layers, 
while channelfill facies with conglomerate is the upper 20 m layers.
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the level of 6.6 m (sample L90; up to 4 %) but is absent until 
the level of 23.1 m (sample L65; 2.2 %). Upsection, this spe
cies increases and reaches a maximum value of 10.4 % in sam
ple L50 (EOB). The first appearance of P. nana is identified  
at the base of the section (6.6 m; sample L90; up to 0.4 %). 
The highest abundance of P. nana (12.5 %) is identified at the 
level of 46.2 m (sample L26). The abundance of C. cubensis 
ranges at generally lower rates, and it is firstly observed with 
values up to 1.6 % at the level of 6.6 m (sample L90; upper 
Eocene). Upsection, the abundance of this species increases 
to reach a maximum of 4.4 % at the level of 23.1 m (sample 
L65; upper Eocene). However, at the level of 33 m (sample 
L50; EOB) is almost absent (0.4 %). Further upsection,  
the abundance of C. cubensis increases and reaches values up 
to 4.2 % at the level of 42.9 m (sample L31; lower Oligocene). 
It is then decreased at the level of 62.3 m (sample L13; 2.3 %), 

before the final increase (up to 3.1 %) at the level of 73.94 m 
(sample L7; lower Oligocene) (Fig. 3b).

Panagia section (lower Oligocene)

C. unicavus firstly occurs at the level of 0.45 m (sample 
R0.8), with a concentration of 19.4 %. This section displays 
several fluctuations and includes five maxima at the levels of 
2.25 m (sample R0.4; 10.8 %), 3.15 m (sample R0.2; 14.8 %), 
4.05 m (sample R0; 11.2 %), 14.9 m (sample R23; 12.8 %) 
and 20.9 m (sample R35; 11.6 %). G. officinalis documents  
a similar pattern throughout the section whereas the samples 
R23 and R35 display the highest abundances (10.1 % and 
10 % respectively). P. nana is also present, but with relatively 
low to zero abundances. The sample R25 exhibits the highest 
concentration of P. nana (14.4 %). Finally, C. cubensis is pre

Fig. 5. a — Relative abundances (%) of benthic foraminifera in association with sedimentary facies as specified in Kaminia section;  
b — Distribution of benthic foraminifera indicators, the relative abundances of benthic foraminifera and relative abundances (%) of selected 
planktonic foraminifera in association with sedimentary facies as specified in Kaminia section (shelf facies).
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sent at high concentrations, especially at the lower part  
of the section. C. cubensis has maximum abundances (32.3 % 
and 31.7 %) at the levels of 3.15 and 7.2 m (sample R0.2 and 
R7 respectively). The abundance of C. cubensis fluctuates 
towards the upper part of the section, where it becomes absent 
(Fig. 4b).

Kaspakas section (lower Oligocene)

The micropaleontological analysis that conducted in Kas
pakas section did not reveal any planktonic foraminifera, most 
likely because of the conditions of preservation. Only calca
reous nannofossils were observed (Kostopoulou et al. 2018).

Kaminia section (lower Oligocene)

C. unicavus appears at the lower part of the section and  
has an abundance of 8.6 % (sample D19). This abundance 
gradually increases upsection and reach a value of 19.6 % at 
the level of 39.68 m (sample D51). Another maximum, with  
a value of 18.3 % occurs the level of 49.92 m. This is followed 
by levels of low to zero values until the following maxima (up 
to 3.1 % and 4.2 %) at the levels of 87.04 m (sample D15) and 
93.44 m (sample D4) respectively. The abundance of G. offi
cinalis reaches values up to 29.2 % (sample D19), gradually 
decreases at the level of 16.64 m (sample D33, 23.7 %), and 
increases again at the level of 25.6 m (sample D40; 25 %).  
The abundance of G. officinalis is low in the upper part of  
the section. The first appearance of P. nana is recognized in 
sample D19 (abundance up to 7.9 %) and its concentration 
gradually increases, reaching a value of 18.9 % at the level of 
37.12 m (sample D49). The abundance of P. nana is low in  
the upper part of the section. Finally, C. cubensis is relatively 
abundant (up to 13.6 %) at the base of Kaminia section (sam
ple D19). The highest abundance is identified at the level of 
6.4 m (sample D24; 14.1 %) and then it gradually decreases at 
the level of 19.2 m (sample D35; 9.7 %), fluctuating up to 
sample D4 (11.6 %) (Fig. 5b).

Discussion

Paleobathymetry

Paleobathymetric analysis adds tighter constraints to the 
reconstruction of depositional environments and can enhance 
geological and paleoceanographic interpretations (e.g., Zivko
vic & Babic 2003). The micropaleontological assemblages in 
marine depositional environments have been widely employed 
to estimate the paleobathymetry and the P/B is an important 
indicator for the paleodepth determination (e.g., van der Zwaan 
et al. 1990, 1999; Alegret et al. 2008; Fenero et al. 2012).

Several studies have confirmed the positive correlation 
between the percentage of planktonic foraminifera and the 
increasing water depth of deepsea basins (e.g., Gibson 1988; 
van der Zwaan et al. 1990; Nigam & Henriques 1992). 

However, local conditions (e.g., water circulation, stratifica
tion of the water column, upwelling and distribution of water 
masses) can greatly affect the production rate of shells in both 
planktonic and benthic foraminifera and therefore the P/B 
ratio (e.g., Gibson 1988; van der Zwaan et al. 1990; Nigam & 
Henriques 1992; Ozdínová & Soták 2014). On the other hand, 
this positive correlation reflects the reduction of organic mat
ter that is transported from surface to bottom waters, with 
increasing water depth (e.g., Berger & DiesterHaass 1988). 
For the paleobathymetry, water depth (D, in meters) is illus
trated by the equation: D = e [3.58718 + (0.03534 *% P)] that 
was proposed by van der Zwaan et al. (1990). In the above 
equation, the infaunal benthic foraminifera are excluded 
because they do not directly depend on the supply of organic 
matter from the overlying water layers (van der Zwaan et al. 
1990), and their incorporation reduces data scatter from diffe
rent regions.

The study area covers the late Eocene/early Oligocene  
time interval (Kostopoulou et al. 2018). In that time interval 
(Figs. 3–5), the benthic foraminifera are characterized by the 
significant presence of calcareous forms that live on the shelf 
and in the bathyal zone (e.g., Bolivina, Bulimina, Melonis, 
Globobulimina, Globocassidulina, Lenticulina, Cibicides/
Cibicidoides, nodosarids). Another feature is the occurrence 
of Bathysiphon that is agglutinant benthic foraminifera and 
lives in the bathyal zone (Corliss 1985; Corliss & Chen 1988; 
Jorissen et al. 1995; den Dulk et al. 2000; Thomas et al. 2000; 
Alegret et al. 2003; Murray 2006). However, several samples 
(mainly from the Ifestia and Panagia sections) exhibit high 
relative frequencies of shelf dwellers epifaunal benthic fora
minifera, such as Elphidium, Rosalina, Ammonia, Discorbis 
and miliolids. These benthic foraminifera could have been 
reworked and transferred by turbidity currents into the deep 
water depositional environment (e.g., Murray 1991, 2006).

The high P/B (over 80 %) indicates sediment deposition in 
the bathyal zone whereas lower values (~50 to 60 %) suggest 
deposition in the outer shelf zone (Murray 1991).The quali
tative analysis of benthic assemblages in thesouthern HTB, 
and the high P/B (over 80 %, Figs. 3b, 4b, 5b) indicates that 
the sedimentary rocks form the Ifestia, Panagia and Kaspakas 
sections reflect deposition in the bathyal zone. The water 
depth of deposition is calculated to D = ~700–1100 m. In con
trast, the upper parts of the Kaminia section display P/B of  
~ 50 to 60 % (Fig. 5b) and suggest sediment deposition in the 
outer shelf zone. The water depth of deposition is calculated to 
D = ~200 m. This upward decrease in water depth is further 
indicated by the absence of deep water foraminifera, such as 
the benthic foraminifera Bathysiphon and the planktonic fora
minifera C. unicavus and P. nana (e.g., Douglas & Savin 1978; 
Poore & Matthews 1984; Wade & Pearson 2008).

Paleoenvironmental and paleoclimate reconstruction

The late Eocene to early Oligocene time interval is cha
racterized by significant changes in ocean circulation. 
Microfossils are a useful tool for paleoenvironmental/
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paleoclimatic reconstruction of this interval, as planktonic 
 foraminifera provide important information about the prevai
ling conditions in the water column (e.g., Kucera 2007; 
Ozdínová & Soták 2014) and benthic foraminifera are 
 excellent indicators for the ocean paleoproductivity and/or  
the oxygenation of bottom waters (e.g., van der Zwaan et al. 
1999; Jorissen et al. 2007; Ozdínová & Soták 2014). The main 
change in the assemblages of planktonic foraminifera asso
ciated with a significant cooling event started at the end of 
Eocene (e.g., Wade & Pearson 2008), which was caused  
by the development of glaciation in Antarctica and nega
tively affected the majority of planktonic foraminifera that 
lived in subtropical/warm surface sea waters (Molina et al. 
2006).

In Lemnos Island, the deposited sediments of late Eocene to 
early Oligocene consist of the planktonic foraminifera G. offi
cinalis and C. cubensis. These species are thought to live in 
the upper part of the water column, such as deepwater dwel
lers P. nana and C. unicavus (Spezzaferri 1995; Wade et al. 
2000, 2007; Spezzaferri et al. 2002; Wade 2004; Pearson et al. 
2006; Sexton et al. 2006). C. unicavus and P. nana are indica
tive of low temperature conditions (e.g., Wade et al. 2000; 
Pearson et al. 2001; Wade & Pearson 2008; Coccioni et al. 
2009). According to benthic foraminifera of late Eocene to 
early Oligocene, the calcareous indicators in most cases pre
vail over agglutinants (~70 % calcareous, ~30 % aggluti
nants). Calcareous benthic foraminifera include satisfactory 
values of epifaunals (represented by Cibicides/Cibicidoides, 
Gyroidinoides, Lenticulina) and infaunals (represented mainly 
by Bolivina, Bulimina, Globobulimina, Globocassidulina, 
nodo sarids). Furthermore, the BFOI index displays in most 
cases, values   higher than 50 % identifying environments with 
high oxygenation in bottom waters (Kaiho 1994).

Late Eocene

During the late Eocene (outer fan, lobe facies, Ifestia sec
tion, Fig. 3), the increased P/B ratios (~84 %) indicate depo
sition in the bathyal zone, and it is further suggested by the 
high values of infaunal indicators and deepwater dwellers. 
Globobulimina is an indicator of low oxygenation in bottom 
waters (e.g., Sen Gupta & MachainCastillo 1993; Trian
taphyllou et al. 2009, 2016), and its high percentage (74 %, 
lower layers of Ifestia section, sample L65) indicates dysoxic 
conditions. This is also suggested by the presence of suboxic 
benthic foraminifera, the low values of oxic indicators and  
the low oxygenation index (BFOI, less than 7 %). The studied 
succession includes the representatives of dentoglobigerinids 
and turborotaliids, which were in abundance and high diver
sity in Mediterranean during the warm periods of Eocene  
(e.g., Bolli & Krasheninnikov 1977; Zivkovic & Babic  
2003). However, the presence of low temperature planktonic 
indicators, such as paragloborotaliids, globigerinids and  
chilo guembelinids (e.g., Soták 2010) may indicate a gradual 
cooling trend since the late Eocene (e.g., Dall’Antonia et al. 
2003).

Eocene/Oligocene boundary

The Eocene/Oligocene boundary is identified within the 
lobe facies (Ifestia section) and indicates the onset of different 
paleoenvironmental conditions. The oxygenation index of 
benthic foraminifera (BFOI) is high (73.5 %) and suggests 
welloxygenated bottom waters. Additional evidence stems 
from the: (1) highest average of oxic indicators, (2) high 
 values of epifaunal taxa, (3) high values of calcareous benthic 
foraminifera and (4) presence of suboxic indicators. The high 
values of the planktonic foraminifera C. unicavus (~ 20 %) 
and P. nana (~13 %) suggest a strong cooling event during  
the early Oligocene (O1 biozone) and is likely linked to the 
global cooling event Oi1 that has been placed at 33.55 Ma 
(e.g., Zachos et al. 1996; Katz et al. 2008) or at 33.65 Ma 
(Coxall & Wilson 2011). This event is ascribed to the expan
sion of the Antarctic glacers and the 405ky eccentricity cycle 
of the Earth8 (4Eo–C13n cycles, Pälike et al. 2006).

Early Oligocene

The lower Oligocene deposits are represented by theseat  
the top of lobe facies (Ifestia section, NP2122 biozone),  
the channelfill facies (Ifestia section, NP23 biozone, bottom 
of NP24 biozone and Panagia section, NP24 biozone) and  
the shelf facies (Kaminia section, NP24 biozone). The lower 
Oligocene deposits at Ifestia section record accumulation in 
the bathyal zone (D = 700–1100 m) as evidenced by the high 
P/B (~80 %). The same conclusion can be drawn for the chan
nelfill deposits and comes from the results of paleobathy
metry analysis, along with the high values of infaunal 
indicators, the values   of deepwater dwellers and the presence 
of Bathysiphon as a deepwater indicator (Figs. 3, 4).

The channelfill facies (Ifestia and Panagia section) display 
high relative frequencies of agglutinants, which coincide with 
the high values of shelf dwellers (reworking species) that were 
most likely transferred with turbidity currents. This hypothesis 
is also enhanced by the high values of Bathysiphon (Figs. 3a, 
4a), which is common in environments with turbidity currents 
and is probably associated with disruption or increase of 
organic matter in bottom waters and subsequent dysoxic con
ditions (e.g., Miller 1988, 1995; Ortiz et al. 2011; Landing et 
al. 2012). Furthermore, some of the agglutinants were most 
likely redeposited, and this coexistence of in situ and reworked 
agglutinants is a common feature for a submarine fan system. 
There worked species were transferred along the slope to the 
deepwater environment through turbidity currents (e.g., Jones 
2006; Ortiz et al. 2011). The high values   of BFOI index,  
the increased values of oxic and suboxic indicators, the low 
values of dysoxic indicators and the increased presence of 
 calcareous benthic foraminifera indicate the prevalence of 
high oxic conditions in the bottom waters. However, low oxy
genation intervals have been identified in all sections (Ifestia 
section, samples L31, L65; Panagia section, samples R0.4,  
R7, R41; Kaminia section, samples D47, D5154, D59).  
These intervals exhibit lower BFOI indexes and high values  
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of dysoxic indicators that are mainly composed of Bolivina 
and Globobulimina. These benthic foraminifera are infaunal 
indicators and were used to live in the upper 10 cm of sedi
ment layers of sea bottoms with high supply of organic matter 
(e.g., Schmiedl et al. 2000; Jorissen et al. 2007; Thomas 2007). 
The high prevalence of these species may be associated with  
a decrease of oxygen conditions, associated to oxidation of  
the organic matter (e.g., Lutze & Coulbourn 1984; Corliss & 
Emerson 1990; Corliss 1991; Sen Gupta & MachainCastillo 
1993; Gooday 1994; Schmiedl et al. 1997; Bernhard & Sen 
Gupta 1999; Thomas et al. 2000; Pezelj et al. 2007; Ortiz et al. 
2011). The increase of primary productivity in this time inter
val possibly constitutes a response to the Oi1 cooling event as 
it was recorded in the Southern Ocean (Baldauf & Barron 
1990; Baldauf 1992; Salamy & Zachos 1999).

The high presence of Globobulimina (70 %) suggests lower 
oxygenation during the late Eocene (Ifestia section, sample 
L65), while the high presence of Bolivina suggests similar 
conditions during the early Oligocene. The differences in 
appearance between these species, during the late Eocene to 
early Oligocene time interval is most likely related to different 
environmental conditions. Globobulimina is recorded in 
 modern environments with relatively stable conditions  
(e.g., Rogerson et al. 2006; Koho et al. 2007; Hess & Jorissen 
2009), while Bolivina is characterized by its opportunistic life
style, is common in highenergy environments and tolerant  
in oxygen depletion (e.g., Hess  & Jorissen 2009; Ortiz et al. 
2011).

C. cubensis is important planktonic foraminifera and it is 
employed as a high productivity indicator in the surface waters 
(e.g., Alegret et al. 2008). In the studied succession, high  
values of C. cubensis (over 10 %) have been recorded in the 
O3/O4 biozone (Rupelian; Channelfill facies/Panagia sec
tion; shelf facies/Kaminia section). In particular, the channel 
fill facies of Panagia section displays significant picks of  
C. cubensis that exceed 30 % (samples R7 and R0.2). The very 
common presence of planktonic foraminifera and deepwater 
dwellers, such as P. nana and C. unicavus that are employed 
for evaluating productivity in bottom waters (Ozdínová & 
Soták 2014) indicates high productivity along the water 
 column. These high productivity levels could be correlated to 
strong mixing of waters during cold events. Such mixing 
could be related to a second global cooling event (Oi2) at 
30–30.5 Ma, and has been identified elsewhere (e.g., Wade & 
Pälike 2004; Miller et al. 2008). 

The shelf facies (Kaminia section, Fig. 5) display similar 
paleoenvironmental and paleoclimatic conditions to the lower 
Oligocene submarine fan deposits. They generally display 
welloxygenated conditions that are interrupted by shorter 
intervals of welloxygenated conditions, likely associated to 
the reduction of quality and quantity of organic matter (e.g., 
Pezelj et al. 2007). The decrease of water depth in the upper 
part of Kaminia section to about 200 m, along with the absence 
of P. nana and C. unicavus documents the shoaling a regional 
shoaling upwards trend, which is associated mainly to tectonic 
activity (Maravelis et al. 2007, 2015, 2016). 

Conclusions

The new micropaleontological data collected from the  
upper Eocene–lower Oligocene sedimentary succession of  
the southern HTB provide insights to the paleoclimatological 
and paleoenvironmental evolution during the Eocene to 
Oligocene climate transition. The benthic and planktonic fora
miniferal analyses, in conjunction with the P/B and paleo
bathymetric analysis confirm the shoalingupward succession 
in Lemnos Island (from submarine fans, through slope to shal
lowmarine deposits) that has been already documented with 
sedimentological and stratigraphic criteria. The submarine 
fans were deposited at water depths of ~700–1100 m whereas, 
the overlying shelf deposits at water depths ~200 m. In the 
upper Eocene samples, the occurrence of the benthic forami
nifera Globobulimina indicates dysoxic intervals in a depo
sitional environment of generally oxic bottomwater redox 
conditions. The occurrence of cool planktonic representatives, 
such as paragloborotaliids, globigerinids and chiloguem
belinids could be associated with a gradual cooling since  
the late Eocene. The samples from the Eocene/Oligocene 
boundary suggest welloxygenated conditions of bottom 
waters. The abundance of C. unicavus certifies a significant 
decrease of water temperature during the early Oligocene  
(O1 biozone), probably linked to the global cold event Oi1. 
The high values of oxygen indicators in the lower Oligocene 
samples indicate high oxygen conditions in bottom waters. 
However, the common presence of Bathysiphon (that is asso
ciated with turbidity currents) and Bolivina implies decreased 
oxygen intervals, most likely related to high supply of organic 
matter. Finally, the presence of C. cubensis, P. nana and  
C. unicavus indicate increasing productivity in the water 
 column, which is possibly correlated with the vigorous mixing 
of waters during cool event Oi2.
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