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Problem statement

The late Mesozoic and Cenozoic convergence between Europe and Africa led to the Alpine

mountain belt. In this thesis we will focus on the Aegean segment of this belt (Figure int-1).

The Aegean region is occupied by a pile of nappes, which became stacked at the active mar-

gin during the closure of the Tethys (Jacobshagen, 1986; Ricou et al., 1998). After their stac-

king, the nappe pile started to break-up: late-orogenic extension fragmented the older part of

the nappe pile since the late Eocene, leading to the formation of metamorphic core complexes

and associated sedimentary basins. Simultaneously, stacking of new nappes continued at the

active margin (Jolivet et al., 2003).

To contribute to the identification and understanding of the large-scale geodynamic proces-

ses that ultimately defined the collapse, or fragmentation of the orogen we aim to reconstruct

in greatest possible detail the timing, direction and distribution of major changes in the defor-

mation history of the Aegean segment of the Alpine orogen. To this end, we develop a palin-

spastic reconstruction of the Aegean region, showing the distribution of vertical and horizon-

tal motions in space and time. Thus, we intend to reconstruct the evolving anatomy of the

Aegean region since the onset of nappe stacking in the Mesozoic, with emphasis on the

effects of extenstional processes on basin evolution and basin inversion and the development

of core complexes since about the Eocene/Oligocene transition, around 34 Ma ago.

Reconstruction of the evolving anatomy of the Aegean region:
methods

The reconstruction of the evolving three-dimensional structure of the Aegean region will be

carried out by separately focussing on horizontal and vertical motions in space and time, fol-

lowed by integration of data and interpretation. 

Basin analysis

The timing of changes in the horizontal motion history will be reconstructed by analysing the

evolution of sedimentary basins. Lateral differences in horizontal motions lead to localised

extension and subsidence, or compression and uplift, which can be accurately dated by unra-

velling the vertical motions that affected marine sedimentary basins. These motions are to be

reconstructed using the relationship between depth and the percentage of planktonic foram-

inifera (Van der Zwaan et al., 1990). Adding the amount of accumulated sediment to the depth

at each sample level yields the motion of the basin floor during sedimentation. Age informa-

tion will be provided by bio-, magneto-, and cyclostratigraphy. Combining the vertical

motion history with the dimensions of distributions of the basin’s sediments and the evolving

sedimentary facies, both vertically and laterally, together with the evolution of structures that

bound the basin will allow the identification of the timing, magnitude and direction of diffe-

rential horizontal motions through time in those places where marine sedimentary basins
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have been developing. In the Aegean region, extensively described Eocene to Recent sedi-

mentary basins existed along the arc and in northern Greece. We will study the age and ver-

tical motion historyt of these basins by analysing approximately 200 sedimentary sections.

Paleomagnetism

Differential horizontal motions lead to rotations around a vertical axis.In the Aegean, such

rotations were reported earlier (e.g. Kissel and Laj, 1988; Duermeijer et al., 2000). These

rotations can be quantified by means of paleomagnetic measurements of the Natural

Remanent Magnetisation direction: the difference between the true north pole and the mea-

sured north pole that was frozen into a rock shows the amount of rotation around a vertical

axis of this rock since its formation. Combination of the paleomagnetic data with the struc-

tural evolution of the area allows the identification of the location and size of rotating

domains through time. We reinvestigate the rotation history of the Aegean area, with empha-

sis on the relation between rotation and the deformation history.

Metamorphism, magmatism and structural geology

Large-scale vertical motions at the scale of the lithosphere can be reconstructed by the detai-

led analysis of the pressure and temperature evolution of magmatic and metamorphic rocks

through time. In this thesis, no new data are presented on the metamorphic and magmatic

history of the Aegean region. In order to reconstruct the timing of major changes in crustal

scale vertical motions we will make extensive use of the wealth of published information on

this topic.

Introduction

FIGURE INT-1. Position of the Aegean area in the African/Arabian-Eurasian collision zone
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Integrating the vertical and horizontal motions: the evolving anatomy of a

collapsing orogen

It is envisaged that newly obtained information about the timing, distribution and direction

of basin scale vertical motions together with the paleomagnetically determined rotation histo-

ry will lead to a palinspastic reconstruction of the Aegean region since the onset of fragmen-

tation of the orogen around the Eocene-Oligocene transition. Combining this palinspastic

reconstruction with previously published information about the deep crustal processes (obtai-

ned from magmatism and metamorphism) and the mantle (from seismic tomography) will

allow the tentative reconstruction of the evolving anatomy of the Aegean region, with speci-

al attension to the late Cenozoic fragmentation. This information is used to further identify

the timing of the onset and duration of the geodynamic processes that led to the evolution of

the collapse of the Aegean segment of the Alpine orogen.

Outline of the thesis

The description of the reconstruction of the evolving anatomy of the Aegean region has been

subdivided into 9 chapters: Chapter 1 provides a standard for vertical motion reconstruction

in sedimentary basins based on the relationship between the percentage of planktonic foram-

inifera amongst the total foraminiferal population (%P) and depth and proposes a method to

distinguish between oxygenation and depth effects on %P. Chapter 2 focuses on the transi-

tion of nappe stacking to late-orogenic extension and associated exhumation of underthrusted

rocks by comparing the Eocene to early Miocene tectonometamorphic evolution of the

underthrusted parts of a nappe exposed in metamorphic core complexes with the contempo-

raneous tectonosedimentary evolution of the part of the nappe in the foreland. Chapter 3 pro-

poses a revision the timing, magnitude and distribution of rotations in the western Aegean

region since the middle Miocene and Chapter 4 aims to identify the internal deformation of

western Greece during the rotation history. Chapter 5 discusses the structural evolution of

Crete constrained by the interaction of detailed correlation of the Neogene basin fill with the

crustal deformation processes. Chapter 6 concerns the late Miocene and Pliocene develop-

ment of the volcanic islands of Aegina and Milos, and focuses on the time relationship bet-

ween subsidence, extension and volcanism. Chapter 7 aims to identify the vertical motion

history of Karpathos and Rhodos since the late Miocene and discusses the implications for

large-scale horizontal motions in the Aegean region. Chapter 8 and 9 combine the horizontal

and vertical motions and provide the reconstruction of the evolving anatomy of the Aegean

region: Chapter 8 discusses the relationships between nappe stacking and subduction in the

Aegean region since the Jurassic and Chapter 9 reconstructs the evolving anatomy of the col-

lapsing Aegen region and discusses a scenario for the geodynamic causes of collapse of the

Aegean segment of the Alpine orogen.
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Paleobathymetry in the backstripping Paleobathymetry in the backstripping 

procedure: distinguishing between tectonicprocedure: distinguishing between tectonic

and climatic effects on depth estimates and climatic effects on depth estimates 

������� �

This paper aims to provide a straightforward and easily applicable method for estimating

the paleobathymetry through time for the reconstruction of vertical motions from sedimen-

tary sections. The percentage of planktonic foraminifera with respect to the total (plankto-

nic and benthic) foraminiferal population generally increases with increasing water depth.

However, not only water depth, but also the oxygen level of bottom waters has a profound

effect on the abundance of benthic foraminifera. We identified the effect of oxygen varia-

tion by introducing a group of benthic species that indicate (oxygen) stress on the biotic

system. Variations in the percentage of stress-markers (%S) reflect oxygen variations. To

assess whether the oxygen effect impairs depth reconstructions, we studied the effect of

depth and oxygen level on the percentage of planktonic foraminifera, together with the

effects of size fractions and counting methods.  A case study was carried out on 5 sedimen-

tary sections from the Lower Pliocene of Corfu, Milos and Crete (Greece) with high reso-

lution age dating. The percentage of planktonic foraminifera was determined for each sec-

tion and confirmed by an independent check on depth markers. After correction for sedi-

mentary infill, compaction and sea level changes the vertical motion history was inferred.

Provided that certain requirements are fulfilled, foraminiferal associations prove to be use-

ful tools in reconstructions of vertical motions of sedimentary basins.

This chapter has been submitted for publication as: Van Hinsbergen, D.J.J., Kouwenhoven,

T.J. and Van der Zwaan, G.J.. Paleobathymetry in the backstripping procedure: distinguis-

hing between tectonic and climatic effects on depth estimates: Paleogeogr., -climat, -ecol.
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1.1 Introduction

To determine the timing and rates of vertical motions in sedimentary basins, one can

attempt to reconstruct variations in paleobathymetry (Van Hinte, 1978; Hardenbol et al.,

1981). To this end, foraminifera are useful tools. Van der Zwaan et al. (1990) determined a

regression for the relationship between bathymetry and the percentage of planktonic

foraminifera with respect to the total fossil foraminiferal population (%P), based on pre-

sent-day bathymetric transects:

Depth (m) = e3.58718+(0.03534 * %P)  (1.1)

where the plankton fraction %P = 100 * P/(P+B-S), and P is the amount of planktonic

foraminifera, B is the amount of benthic foraminifera and S is the amount of environmen-

tal stress markers, being species of benthic foraminifera that tolerate low oxygen levels.

Regression (1.1) was constructed from a modern transect in the Gulf of Mexico, the Gulf

of California, the west coast of the USA and the Adriatic Sea, yielding near-identical

results. %P values of 0 and 100 yield depth values of 36 and 1238m, respectively. The stan-

dard error increases with increasing %P, and in the original regression of Van der Zwaan et

al. (1990), the 90% confidence limit at a %P value of 50% (430 m) was approximately 100-

150m, at a %P value of 99% (1200 m) even 400m. The first and most important way to

improve the resolution of the depth estimate is to use high numbers of samples from a small

time interval. Van der Zwaan et al. (1990) noted, that thorough screening of the samples

also significantly add to a higher resolution bathymetry estimate. Below we will further dis-

cuss the screening procedures.

Van der Zwaan et al. (1990) discarded a number of species from the benthic population,

because these were considered to be infaunal, and therefore not directly dependent on the

flux of organic matter to the sea floor, which forms the basis for the depth relation of

regression (1.1). These infaunal species discarded from the %P calculations were the ben-

thic genera Bulimina, Bolivina, Globobulimina, Uvigerina and Fursenkoina. We will fur-

ther discuss the role of infaunal benthic foraminifera in depth estimates below.

In many cases, regression (1.1) allows accurate reconstruction of vertical motions, with a

much higher resolution than reconstructions based on facies changes and sedimentary

trends in fossil marine sedimentary basins. The depth relationship between planktonic and

benthic foraminifera is based on the fact that availability of nutrients on the sea floor is

dependent on depth (Suess, 1980; Berger and Diester-Haas, 1988; Van der Zwaan et al.,

1990). 

In many studies on Recent material and in laboratory experiments, however, it was shown

that a strong relationship exists between the oxygen level of bottom waters and the abun-

dance of associations of benthic foraminifera (e.g. Harman, 1964; Sen-Gupta and Machain-

Castillo, 1993; Loubère, 1994; 1996; 1997; Alve and Bernhard, 1995; Jorissen et al., 1995;

McCorkle et al., 1997; Moodley et al., 1998; Jorissen and Wittling, 1999). These findings,
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when applied to the fossil record, are confirmed by sedimentological and geochemical evi-

dence (e.g. Nolet and Corliss, 1990; Den Dulk et al., 1998; Jorissen, 1999a; b; Seidenkrantz

et al., 2000).

As the oxygen level of bottom waters decreases, for instance through input of organic mat-

ter, the abundance of benthic foraminifera will initially increase and then rapidly decrease

until no benthic life is possible (benthic desert; e.g. Verhallen, 1991; Jorissen, 1999b).

Hence, %P is not only determined by depth, but also by changes in oxygenation of the bot-

tom waters. The concentration of oxygen in bottom waters in turn may fluctuate under the

influence of astronomically induced climate variations, influencing bottom water ventila-

tion (e.g. De Visser et al., 1989; Hilgen et al., 1995; Lourens et al., 1996; Kouwenhoven et

al., 2003). To us, longer-term variation (eccentricity: 100 kyr and 400 kyr) is of special inte-

rest, since on this time scale, also (tectonically induced) vertical motions can play a signi-

Chapter  1: climatic versus bathymetric effects on foraminiferal ratios

FIGURE 1.1. Map of the Aegean area with sample locations.
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ficant role. 

To determine the influence of the amount of oxygen in bottom waters on %P (and to distin-

FIGURE 1.2. Bio-, magneto-, and cyclostratigraphical correlations between the sections of Milos, Crete and Corfu. The
cyclic sections are tuned using the target curve of Laskar et al. (1993). For biostratigraphy of the Cretan sections, see
Spaak (1983), Jonkers (1984) and Driever (1988), cyclostratigraphic correlation of these sections will be further
explained in Chapter 5. Bio-, magneto- and cyclostratigraphy of the Milos sections is carried out by and explained in
Chapter 6. Magnetostratigraphic dating of section Corfu Coast was carried out by Linssen (1991). Ages of the bio-
events are taken from Lourens et al. (2004): A = first occurrence Globorotalia margaritae; B = last occurrence Reticulophenestra
antarctica (4.91 Ma); C = first occurrence G. puncticulata (4.52 Ma); D = first common occurrence Gephyrocapsa spp. (4.33
Ma); E = first common occurrence Discoaster asymmetricus (4.12 Ma); F = last common occurrence G. margaritae (3.98 Ma);
G = last common occurrence Sphenolithus spp. (3.70 Ma); H = last occurrence G. puncticulata (3.57 Ma); J = first occur-
rence G. bononiensis (3.31 Ma).
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guish between this effect - if present - and bathymetry variation), a selection of 5 well-docu-

mented sections in the Lower Pliocene of Crete, Milos and Corfu (Greece) were studied in

detail (Figure 1.1). Moreover, a standard methodology for the reconstruction of vertical

motions from foraminiferal associations will be proposed.

11..22 GGeeoollooggiicc sseettttiinngg aanndd sseeccttiioonnss

The selected sections on Corfu, Crete and Milos (Figure 1.1) each occupy a distinct posi-

tion within the Hellenides. Section Corfu Coast was sampled by Linssen (1991) along the

long, continuous cliff outcrop of the northwestern coast of Corfu, sections Tsouvala and

Akrotiraki were sampled in the south of Milos (for locations, see Chapter 6) and the secti-

ons Aghios Vlassios and Kalithea on Crete were sampled in the central northern part of

Crete (see Spaak, 1983, Jonkers, 1984 and Driever, 1988, for description and exact section

locations). During the Early Pliocene, Corfu was situated in a foredeep setting, characteri-

sed by a high sedimentation rate and deposition of clays and turbidites (Linssen, 1991;

Weltje and De Boer, 1993). On Crete, Lower Pliocene sedimentation occurred in narrow,

deep basins (Meulenkamp et al., 1979; 1994), while Milos was situated in a restricted basin

that developed in the central part of the Aegean (Figure 1.1).

Section Corfu Coast consists of approximately 500 m of clays and sandy turbidites, which

were sampled at 100 levels with 5 m intervals. Linssen (1991) magneto- and biostratigra-

phically dated the section (Figure 1.2). Sections Kalithea and Aghios Vlassios (Figures 1.1

and 1.2) contain alternating marls and sapropels and were sampled at 141 and 162 levels,

respectively. Previously, micropaleontological analyses were carried out by Spaak (1983),

Jonkers (1984) and Driever (1988), and Bianchi et al. (1985) dated some volcanic layers.

This age information was used to correlate the cyclic alternations of sapropels and marls to

the Astronomical Polarity Time Scale (Figure 1.2). The sections were used for a vertical

motion study by Meulenkamp et al. (1994) and in Chapter 5. The Akrotiraki and Tsouvala

sections on Milos (Figure 1.1) contain 20-30 meters of marl-sapropel alternations. The

Akrotiraki section was sampled at 99 levels and the Tsouvala section at 95 levels.

For foraminiferal counts, the samples were washed in water and wet-sieved in 63-125 µm

and 125-595 µm fractions. Jonkers (1984) carried out additional analyses on the 200-595

µm fraction.

11..33 SSccrreeeenniinngg ooff tthhee sseeccttiioonnss aanndd ssaammpplleess

Sections and age control

Most suitable for paleobathymetry reconstructions are fine-grained (clayey) pelagic mari-

ne sediments that were deposited in low-energy environments. These sediments generally

contain fauna populations that are not affected by mass transport. The sections should pre-

Chapter  1: climatic versus bathymetric effects on foraminiferal ratios
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ferably contain at least 400 kyr - a full eccentricity cycle - and should be well dated, pre-

ferentially by tuning to the astronomical polarity time scale (APTS; e.g. Hilgen, 1991;

Krijgsman et al., 1995; Sierro et al., 2001; Abdul Aziz et al., 2003). Moreover, to increase

statistical accuracy and to reconstruct long-term (eccentricity induced) trends, one sample

per 10-20 kyr is preferentially analysed. The sections on Crete are well dated by biostrati-

graphy, can be astronomically tuned, and have a sample spacing of 1 sample per 10-15 kyr

(Spaak, 1983; Jonkers, 1984; Driever, 1988). The Corfu Coast section is accurately dated

by magnetostratigraphy (Linssen, 1991), with a sample spacing of 1 per 5 kyr. The secti-

ons on Milos have sample spacings of 10-15 kyr and are dated by bio-, cyclo- and magne-

tostratigraphy (Chapter 6).

Suitability of samples

Some straightforward criteria for suitability of individual samples for analysis of the %P

are the following: 

-Dissolution of carbonate will preferentially take place in planktonic, rather than benthic

foraminifera (Van der Zwaan et al., 1990; Boltovskoy and Totah, 1992), thus influencing

the %P. These samples should be discarded. Our criterion was, that preservation should

allow determining benthic foraminifera at species level.

-For paleobathymetric analysis, in situ faunas should be analysed, as the effect of redepo-

sition on %P is not consistent (Van der Zwaan et al., 1990). Samples from the finest sedi-

ments in the section represent the lowest energy, and thus in situ pelagic sedimentation

rather than down-slope transport. 

-As additional criterion to determine whether or not the sampled level contains down-slope

transported foraminifera, the following can be checked: if the washed and sieved fraction

of the sample contains quartz grains and other rock fragments in combination with broken

specimens and/or a size sorting of planktonic and benthic foraminifera (which might indi-

cate transportation and/or winnowing), the sample should be discarded.

-Finally, if the plankton fraction shows evidence of reworking, the sample should be dis-

carded. 

All samples that passed the criteria were considered suitable for analysis of %P. All samp-

les of the Aghios Vlassios and Kalithea sections, together with 53 samples of the Corfu

Coast section, 57 samples of the Tsouvala section and 77 samples of the Akrotiraki section

were used for further analysis.

1.4 Analysis of %planktonic foraminifera

Basic taxonomic concept

Some basic taxonomic knowledge about foraminifera is needed for the analysis of the %P.

For clear images of planktonic and benthic foraminifera, the reader is referred to e.g.

Loeblich and Tappan (1964; 1988).
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As above mentioned, %P depends not only on depth, but also on the oxygen level of bot-

tom waters. When oxygen levels are low, benthic associations will change and genera and

species with high tolerance to stressed conditions tend to flourish. Under normal, oxic con-

ditions, these genera will generally have an infaunal habitat. Therefore, the infaunal gene-

ra that were discarded from the %P determination by Van der Zwaan et al. (1990) can also

be considered as stress markers. We propose to calculate the stress markers separately as

%S, as an (oxygen-) stress measure. We have included recent progress on knowledge about

benthic foraminifera in stressed environments in our list of stress markers, modifying the

original list of Van der Zwaan et al. (1990) to: Bolivina spp., except for B. plicatella and B.

pseudoplicata, non-costate Bulimina, Uvigerina spp., except for U. semiornata,

Rectuvigerina spp., Valvulineria spp., Cancris spp., Fursenkoina spp., Stainforthia spp.,

Globobulimina spp. and Chilostomella spp. (Plate III; Seiglie, 1968; Van der Zwaan, 1982;

Jonkers, 1984; Van der Zwaan et al., 1985; 1999; Van der Zwaan and Jorissen, 1991;

Chapter  1: climatic versus bathymetric effects on foraminiferal ratios

FIGURE 1.3. Schematic drawing of a picking tray. In grey the fields of the counting scheme of Zachariasse et al. (1978)
are indicated, with numbers indicating the counting order.

n p mean α95

A-B 30 0.749 -0.40 ±2.56

A-C 23 0.922 0.12 ±2.60

B-C 23 0.545 0.77 ±2.62

A-D 30 0.026 2.20 ±1.91

B-D 30 0.021 2.60 ±2.18

C-D 23 0.052 2.35 ±2.37

TABLE 1.1. Results of statistical analysis of the effect of spreading and splitting on %P. 30 samples (Gr 2201-2230) of
the Kalithea section were used for the analysis. n=number of data, p=significance value (difference = significant when
p<0.05), α95 = 95% confidence limit. The obtained %P-values ranged from 10-90%P. The samples were counted 4
times: Group A and group B are counted by one person and were spread on a picking tray. Group C was also deter-
mined by spreading, but the sample was analysed by a second person, who counted 23 of the 30 samples. Group D was
determined by Jonkers (1984), who counted a split until 200 benthic foraminifera. The difference between the various
counts on one sample was determined and the groups of differences were tested against zero with a one-sample T-test.
Note, that no statistical difference exists between groups A, B and C, whereas all three of the groups are ~2%-point
higher than group D and do statistically differ (p<0.05).
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Verhallen, 1991; Rathburn and Corliss, 1994; Fariduddin and Loubère, 1997; Jorissen,

1999b; Kouwenhoven, 2000).

In summary, three groups should be discerned in the counting procedures: planktonic and

benthic foraminifera, with a subdivision of the latter group into 'normal' open marine taxa

and stress markers.

1.5 Counting procedures

Split versus spread

To obtain a representative collection of foraminifera, samples can repeatedly be split in

half, until the desired amount of specimens is reached. This method was used by e.g.

Jonkers (1984), who counted splits of (a selection of) samples of the Kalithea and Aghios

Vlassios sections until 200 benthic specimens were obtained. This method, however, is

rather time-consuming.

We applied a second, much quicker method, which starts with putting approximately half

of the sample in one corner of the picking tray and then randomly spreading the required

amount on the rest of the tray. Counting can then be done following the predetermined

scheme of Zachariasse et al. (1978; Figure 1.3). As a rule, a minimum of 100 specimens of

the larger group, benthic or planktonic foraminifera, were counted.

To evaluate whether the results obtained by both methods are statistically different, 30

samples of the Kalithea section, splits of which were previously counted by Jonkers (1984),

were spread and counted three times by two different people. No statistical difference was

found between the three datasets obtained by the spreading procedure. A statistically signi-

ficant, but small lower %P of 2 %-point was obtained by Jonkers (1984; Table 1.1). The

spreading procedure assumes a homogeneous distribution of planktonic and benthic foram-

inifera in the sample jar. However, some sorting based on size and weight may occur, lea-

ding to a higher fraction of (larger) benthic foraminifera higher up in the jar. For practical

reasons, however, we chose to apply the quicker spreading method.

n p mean α95

%P125-63 54 0.006 -4.41 ±3.74

%P125-200 54 0.000 -6.24 ±2.02

%P63-200 54 0.311 -1.80 ±3.60

%S125-63 54 0.000 15.97 ±3.90

%S125-200 54 0.000 10.54 ±3.43

%S63-200 54 0.042 -5.44 ±5.43

TABLE 1.2. Results of statistical analysis of the effect of fraction size on %P and %S. n=number of data, p=signifi-
cance value (difference = significant when p<0.05), α95 = 95% confidence limit. Three different fractions (63-125µm,
125-595µm and 200-595µm) of 54 samples (Gr 2201-2254) of the Kalithea section were counted by Jonkers (1984).
%P125-63 means the difference in %P between the count of the 125-595µm and 63-125µm fractions. The difference
between the various counts on one sample was determined and the groups of differences were tested against zero with
a one-sample T-test. A clear statistical difference (p<<0.05) is obtained between the 125-595µm fraction and the other
fractions for both the %P and %S counts.
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Influence of the size of the sieved fraction on %P

Based on 54 samples from the top part of the Kalithea section, Jonkers (1984) provided

counts of three different size fractions. A clear statistical difference exists between the 125-

595 m fraction and the smaller (63-125µm) and larger (200-595µm) fraction (Table 1.2). 

Chapter  1: climatic versus bathymetric effects on foraminiferal ratios

FIGURE 1.4. Scatter plots of %planktonic foraminifera (%P) versus age of the sections.



The evolving anatomy of a collapsing orogen

24

For the construction of the regression (1.1), the fraction of 125-595 µm was used (Van der

Zwaan et al., 1990), which for reasons of comparison should thus be considered as the stan-

dard for paleobathymetric analysis. 

Results

Following the procedures described in the previous sections, we determined the %P of the

sections of Crete, Milos and Corfu: The counts were obtained by spreading the 125-595µm

fraction on a picking tray and counting according to the scheme of Zachariasse et al. (1978;

Figure 1.3) until 100 specimens of either planktonic or benthic foraminifera were reached.

The results are shown as a scatter in a %P versus age diagram (Figure 1.4), where the age

is constrained by bio-, magneto- and cyclostratigraphy. This scatter will be used as the basis

for further interpretation and discussion.

1.6 Interpretation of the results and discussion

The scatters of Figure 1.4 are the resultant of the interplay between the effect of mainly

oxygen level of the bottom waters and depth variation on %P. Since the objective of this

paper concerns the reconstruction of tectonically induced vertical motions, short-term

oscillations (<100 kyr) are of minor importance. To filter the long-term signal, one can use

a moving average, which for the Kalithea section is illustrated in Figure 1.5. In Figure 1.6

FIGURE 1.5. Graph of the results of the Late Pliocene Kalithea section on Crete (Greece), illustrating the visual effect
of a moving average filter.

FIGURE 1.6 (Next page). Approximately 100 kyr moving average curves of %planktonic foraminifera (%P) and %S
(%stress markers with respect to the total amount of benthic foraminifera) versus time. Grey interval around the %P
curve represents the standard deviation on the depth of the averaged interval. The curves are correlated to the
Eccentricity La93 (Laskar et al., 1993) curve. The well-defined eccentricity minima around 4.8 and 4.4 Ma are easily
recognised in both the %S and %P diagrams. The less pronounced minima around 4.0 and 3.6 Ma have less influence
on the curves.
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the %P curves of the five sections are plotted, applying a moving average, that approxima-

tes 100 kyr (50 kyr before and after each data point). 

The %P curves, constructed from the sections from Milos and Crete reveal a cyclic fluctu-

ation of  %P, superimposed on a decreasing and increasing trend on Crete and Milos, res-

pectively. This cyclicity corresponds to the 400 kyr eccentricity-driven insolation fluctua-

tion, shown in the curve of Laskar et al. (1993; Figure 1.6). Figure 1.6 also includes the cur-

ves of %S of these sections, showing, that the cyclic decrease and increase in %P corres-

ponds to an increase and decrease in %S, respectively. This indicates that the 400 kyr fluc-

tuations are caused by changes in bottom-water oxygenation. If one aims to reconstruct the

bathymetry variations, points representing comparable oxygen levels should be connected,

FIGURE 1.7. Graph showing the effect on %P of the correction for stress markers. Correction for stress markers will
diminish the amplitude of %P oscillations resulting from oxygenation variations, but %P variation still remains. The
intervals of least oxygen induced stress - corresponding to the intervals of lowest %S - are the most reliable to esti-
mate the true paleobathymetry.

n p mean α95

Corfu Cc5.0-4.6 10 0.000 -350 ±131

Milos Ak4.8-4.4 10 0.000 -353 ±112

Ts4.4-3.9 10 0.000 235 ±80

Crete Ka5.2-4.8 10 0.000 244 ±120

Ka4.8-4.4 10 0.913 8 ±152

Ag4.0-3.6 10 0.037 138 ±128

TABLE 1.3. Results of the statistical analysis of the trends in vertical motions. Average depth values of ~100kyr inter-
vals - corresponding with eccentricity minima to obtain the most reliable values (see text) - are tested against each other
to confirm the inferred trends drawn in Figure 1.6. Cc = Corfu Coast, Ts = Tsouvala, Ak = Akrotiraki, Ka = Kalithea
and Ag = Aghios Vlassios. Cc5.0-4.6 = the difference between the average depth value in a 100kyr interval around 5.0
and 4.6 Ma in the Corfu Coast section. The results confirm the trends drawn in Figure 1.6.
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preferably the best-ventilated intervals, as regression (1.1) was constructed on the basis of

samples taken from well-ventilated intervals and disregarding infauna (largely correspon-

ding to our stress markers; Van der Zwaan et al., 1990). These intervals can be recognised,

because they coincide with the intervals of lowest %S (Figures 1.6 and 1.7). 

It should be noted, that the oxygenation variations not only influence the %S, but also the

abundance of the total benthic population appears to fluctuate with oxygenation variations

Chapter  1: climatic versus bathymetric effects on foraminiferal ratios

FIGURE 1.8. Construction of vertical motion curves obtained by correction of the paleobathymetry for sedimentary
infill, compaction and eustatic sea level fluctuations. The sea level curve is taken from Lourens and Hilgen (1997). The
base of the (oldest) section is taken as reference level and thus set at 0m. As a result, Corfu and Milos reveal subsidence,
and a negative vertical axis, whereas Crete shows uplift and a positive vertical axis.
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(Figure 1.7). Correction for stress markers will therefore diminish the amplitude of the oxy-

genation-induced %P variation, but still variations remain in the %P-curves. This explains

the strong 400 kyr %P variations in the curves of Figures 1.6, 1.7 and 1.8, despite the fact

that stress markers are corrected for. The counting of %S therefore will not fully correct for

oxygenation effects on benthic populations. It serves as a clear measure to distinguish bet-

ween oxygen and depth-effects on the %P: the %S is independent of water depth. %P vari-

ations resulting from oxygenation variation will be accompanied by %S variations, where-

as %P variations as a response to true depth changes will not be. 

Cyclic fluctuations are absent in the both %P and %S curves constructed from the Corfu

Coast section, indicating that it was positioned in a well-ventilated, open marine basin,

which is in good agreement with its foredeep setting (Figure 1.1). This illustrates the idea,

that sill-restricted (Milos) or narrow basins in between islands (Heraklion Basin) are more

sensitive to variations in ventilation than open-marine basins.

The sections of Milos and Crete are well dated and sampled in detail, which allows discer-

ning unambiguously between oxygen-induced and bathymetry-induced trends on the %P

curve. If paleobathymetry-analysis is attempted on sections with a poorer time resolution,

this distinction can be more difficult or even impossible to make. In such cases, samples

with very low %S levels probably best represent the true bathymetry, whereas samples with

increasing %S give a decreasing confidence in the depth estimate. A case study on the

Kalithea section shows, that if all samples with %S>60 are discarded the closest match is

made between the constructed and the best-ventilated depth trend. Discarding more samp-

les (e.g. %S>40 or 50) will not yield a better match, but it will decrease the amount of data

drastically. It should be noted, that in cases of lower-resolution sections the bathymetry

estimation has a much larger uncertainty and should be interpreted accordingly.

In summary, the %P trend is strongly influenced by oxygen depletion in poorly ventilated

basins and the most reliable bathymetry trend can be constructed from the 'best-ventilated'

intervals. It is now possible to calculate the bathymetry from the %P curves by using

regression (1.1). 

The resulting moving average curves reveal a shallowing trend on Corfu and Crete, and a

deepening trend on Milos (Figure 1.8).

FIGURE 1.9 (next page). A. Depth distribution of a selection of benthic marker species, based on Parker (1958), Blanc-
Vernet (1969), Jorissen (1987), Sprovieri and Hasegawa (1990), De Stigter et al. (1998), Seidenkrantz et al. (2000),
Jannink (2001) and Kouwenhoven et al. (2003). Note that these studies are all based on the Mediterranean. See Plates
II and III for images of these species. B. Results of the independent taxonomic check for a selection of samples of the
various sections. The depth values calculated from the %P are shown in the left-hand column and the depth range esti-
mated from the depth marker species of Figure 1.9A are represented as horizontal bars. The results confirm the
observed depth trends, although the actual depth estimated for the Kalithea section based on the taxa is somewhat shal-
lower than the calculated depth, whereas the calculated depth of the Aghios Vlassios section is shallower than estimat-
ed by taxa.
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1.7 Independent taxonomy check

Any significant trends in paleobathymetry can be independently checked on a few selected

samples along the curve, by identifying marker species for selected depth intervals. Figure

1.9A and Plates II and III show a selection of benthic species from middle Miocene to

Recent that can well be used as depth markers. One should keep in mind, however, that

many of these taxa are in themselves sensitive to low-oxygen conditions on the sea floor.

Unexpected absence of these depth markers may be related to environmental conditions as

well as to depositional depth. 

The results for a selection of samples of the five sections addressed in this paper are given

in Figure 1.9B, indicating that the trends observed in the sections are in agreement with the

independent taxonomy check.

1.8 From paleobathymetry to vertical motion

To construct vertical motions from these paleobathymetry trends, additional corrections

should be carried out, which have been described in backstripping procedures of e.g.

Steckler and Watts (1978), Watts et al. (1982) and Steckler et al. (1999):

-Sedimentation in a basin will have a shallowing effect. To construct the true motion of a

chosen reference level (normally, the base of the section), the thickness of the accumulated

sediment should be added to the estimated paleobathymetry at each datum. Additional cor-

rection can be carried out for compaction of the sediment, since the uncompacted sediment

pile determined the bathymetry. Van Hinte (1978) and Van der Meulen et al. (1999) used

the present thickness-initial thickness relationships for sedimentary rocks of Perrier and

Quiblier (1974) to correct for compaction. This relationship shows a general reduction of

the sedimentary column of 15-25%. Not correcting will therefore yield an overestimation

of subsidence (or underestimation of uplift). The present thickness of Corfu Coast is 500

m, which, following Perrier and Quiblier (1974) must originally have been approximately

600 m (assuming that no large overburden was once present on top of Corfu Coast). On

Milos and Crete, the amount of compaction must have been of the order of 10-20 m and

are hence neglected.

-Finally, to determine the true motion of the reference level, bathymetry variation due to

eustatic sea level changes should be corrected for. An astronomically tuned sea level curve

with respect to the present day sea level was constructed by Lourens and Hilgen (1997).

Figure 1.8b shows the resulting vertical motion curves for southern Milos, the north of

Central Crete and northeastern Corfu. In case of the Milos and Cretan sections, the last cor-

rections have only minor influence and the deepening and shallowing trends are caused by

subsidence and uplift, respectively, but the Corfu Coast section, although shallowing, reve-

als subsidence after correction. An independent samples T-test was used to show a statisti-

cal difference between the end members of the trends in vertical motion, confirming sub-
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FIGURE 1.10. Flowchart, showing the subsequent steps from sampling of the section toward an interpretable vertical
motion curve. P=amount of planktonic foraminifera, B=amount of benthic foraminifera, S=amount of environmen-
tal stress markers (see text for further explanation).
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sidence during the deposition of the Corfu Coast section, uplift during the deposition of the

Kallithea and Aghios Vlassios sections. The older section Akrotiraki shows clear evidence

for subsidence between 4.8 and 4.4 Ma, whereas the younger section Tsouvala reveals

slight uplift between 4.4 and 4.0 Ma. (Table 1.3, Figure 1.9).

-The resulting motion curves are the combined effect of active tectonics and flexural res-

ponse to e.g. sediment loading or crustal thickening.

1.9 From %plankton to vertical motions: a flowchart

The procedures followed in the determination of the vertical motions in the five sections

discussed in this paper are summarised in the flowchart of Figure 1.10. In general, the steps

in the flowchart will lead to an accurate reconstruction of vertical motions. In practice,

however, sections might not contain only fine clay, may not be accurately dated or may

comprise only little time spans. In such cases the accuracy of the paleobathymetry recon-

struction should be discussed carefully. 
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Underthrusting and exhumation: A comparisonUnderthrusting and exhumation: A comparison

between the External Hellenides, the 'hot' between the External Hellenides, the 'hot' 

Cycladic and 'cold' South Aegean core complexesCycladic and 'cold' South Aegean core complexes

������� �

After their emplacement in the course of the late Mesozoic and Cenozoic, the Hellenic nap-

pes became fragmented during late-orogenic extension since the late Eocene. Here, we

focus on the transition of underthrusting during nappe emplacement to exhumation during

late-orogenic extension. To this end, we compared previously published data on the struc-

tural geological and metamorphic history of the underthrusted parts of the Tripolitza and

Ionian nappes, which were exhumed in the Cycladic and South Aegean windows, with

newly obtained data on the sedimentary, stratigraphic and structural development of the

part of these nappes in the foreland, in front of the subduction thrust. 

The results allow the identification of two major events: Event 1 took place around the

Eocene-Oligocene transition, and marks the onset of underthrusting of the Tripolitza and

Ionian below the Pindos unit. This led to the uplift and erosion of the Pindos unit and the

onset of deposition of the Tripolitza and Ionian flysch in front of the Pindos thrust, together

with the formation of mylonites at the base of the metamorphosed portions of the Pindos

unit related to the underthrusting of the Tripolitza unit.

Event 2 marks the decoupling of the Ionian unit from the underthrusting plate, the accre-

tion of the Tripolitza and Ionian units to the overriding plate and the onset of late-orogenic

extension and exhumation in the overriding plate. This led to the formation of the South

Aegean and Cycladic core complexes and the subsidence of the Klematia-Paramythia half-

graben throughout the early Miocene.

This chapter is submitted as: Van Hinsbergen, D.J.J., Zachariasse, W.J., Wortel, M.J.R. and

Meulenkamp, J.E. Underthrusting and exhumation: A comparison between the External

Hellenides, the ‘hot’ Cycladic and ‘cold’ South Aegean core complexes: Tectonics
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2.1 Introduction

The Aegean nappe stack evolved as a result of African-European convergence in the cour-

se of the Late Mesozoic and Cenozoic. Previously stacked nappes became subjected to late-

orogenic extension, starting in northern Greece in the late Eocene (Gautier et al., 1999; Lips

et al., 2000; Jolivet et al., 2003), followed by the formation of two tectonic windows in cen-

tral (Cyclades) and southern Greece (Peloponnesos and Crete; Figures 2.1 and 2.2), star-

ting around the Oligocene-Miocene transition (Gautier et al., 1993; Jolivet et al., 1996;

Avigad et al., 1998; Thomson et al., 1998; Ring et al., 2001b; Ring and Reishmann, 2002).

The metamorphic rocks that were exhumed in the Cycladic and South Aegean windows

were interpreted to be the underthrusted and metamorphosed equivalents of the non-meta-

morphosed parts of the Tripolitza and Ionian units exposed in western Greece (Figure 2.1;

Thiébault, 1979; Jacobshagen, 1986; Kowalczyk and Zügel, 1997; Ring et al., 2001b;

Jolivet et al., 2004b; see below). The non-metamorphosed parts of these nappes are well-

exposed and least fragmented in northwestern Greece, where they deformed in front of the

Oligocene Pindos thrust (IGRS-IFP, 1966; Jenkins, 1972; Sotiropoulos et al., 2003). 

In this paper, we aim to reconstruct the transition of underthrusting during nappe stacking

to exhumation during late-orogenic extension. To this end we compare the geologic histo-

ries of the metamorphosed and non-metamorphosed equivalents of the nappes that are

exposed in the External Hellenides and the Cycladic and South Aegean windows. The data

from the metamorphics exposed in the windows are compiled from literature. From the

External Hellenides we sampled a number of sedimentary sites and sections in the

Oligocene and lower Miocene of the Tripolitza and Ionian units and the structurally under-

lying pre-Apulian unit (Figure 2.3) and analysed the Oligocene and especially early

Miocene vertical motion history of the foreland basin based on estimated paleobathymetry

(see Van der Zwaan et al., 1990, and Chapter 1). Additionally, paleomagnetic sampling was

carried out to compare the anisotropy of the magnetic susceptibility (AMS) of the

Oligocene and lower Miocene of mainland western Greece, since the AMS can be used to

determine if stress has been applied to weakly deformed sediments (e.g. Hrouda, 1982;

Kissel et al., 1988; Tarling and Hrouda, 1993): upon deformation, the maximum axis of the

AMS (kmax) will gradually align with the direction of maximum extension and perpendi-

cular to the direction of maximum compression.

2.2 Geological setting

Late Mesozoic and Cenozoic convergence between Africa and Europe formed an E-W to

ESE-WNW striking, N-dipping nappe stack (Aubouin, 1957). The largest part of these nap-

pes were underthrusted below the older nappe stack and metamorphosed, but the most

external parts of the nappe remained in their foreland position and were not underthrust. In

northwestern Greece, this non-metamorphosed part of the nappe stack is at present best
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exposed and least fragmented in northwestern Greece (IGRS-IFP, 1966; Jacobshagen,

1986), where the nappe-bounding thrusts and associated folds strike NNW-SSE as a result

of 50º clockwise, post-early Miocene rotation (Kissel et al., 2003; Chapter 3 and referen-

Chapter  2: Underthrusting and exhumation

FIGURE 2.1. Geologic map of the Aegean region, modified after Bornovas and Rontogianni-Tsiabaou (1983), Dinter
(1998), Meco and Aliaj (2000) and Jolivet et al. (2004b).
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ces therein). The five most external units are from top to bottom the (Sub-) Pelagonian,

Pindos, Tripolitza, Ionian and (Pre-) Apulian units (Figure 2.1 and 3), each with their own

distinct lithostratigraphy and separated by thrusts. The (Sub-) Pelagonian unit is the most

easterly nappe exposed in western Greece (Figures 2.1 and 2.3). The nappe consists of

Variscan basement (Pelagonian unit), unconformably overlain by a series of Permian to

Jurassic carbonates of varying facies, overthrusted during the Jurassic by an ophiolite com-

plex which is overlain by Cretaceous carbonates and Paleogene flysch (Baumgartner, 1985;

Ricou et al., 1998). The Pindos unit comprises Triassic to upper Cretaceous deep-marine

carbonates and radiolarites, overlain by up to 4000 m of Paleocene to lower Oligocene

flysch (Richter et al., 1978). The (Gavrovo-)Tripolitza unit structurally underlies the Pindos

unit in the east and overthrusted the Ionian unit to the west. It comprises Triassic volcanics

overlain by late Triassic to Eocene platform carbonates (Pe-Piper, 1982; Jacobshagen,

1986). The Ionian unit contains (Permo-) Triassic gypsum, Triassic to Jurassic platform

carbonates and deep-marine well-bedded limestones that structurally underlie the

Tripolitza and overthrusted the (Pre-) Apulian unit. In Epirus, internal thrusts subdivide the

Ionian unit  into the internal, middle and external Ionian units (IGRS-IFP, 1966; Jenkins,

1972; Karakitsios, 1995; Figure 2.3). The Tripolitza and Ionian units are overlain by

FIGURE 2.2. Schematic map, simplified from Bornovas and Rontogianni-Tsiabaou (1983), showing the distribution of
the south-Aegean window. Estimates of peak metamorphic conditions are compiled from Katagas et al. (1991), Theye
and Seidel (1991), Theye et al. (1992), Blümor et al. (1994), Jolivet et al. (1996), Wachmann (1997), Thomson et al.
(1998b; 1999), Brix et al. (2002) and Zulauf et al. (2002)
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Oligocene deep marine flysch with a thickness of a few hundreds of metres in the external

Ionian to more than 5 km in the internal Ionian and Tripolitza units (IGRS-IFP, 1966;

Richter et al., 1978). The underthrusting of the Ionian unit below the Tripolitza and of the

Tripolitza below the Pindos occurred simultaneously during the Oligocene (Sotiropoulos et

al., 2003). The Pre-Apulian unit on Levkas and Kefallonia exposes continuous Oligocene

to lower Miocene deep-marine carbonate successions, with a transition to terrigeneous

clastics in the course of the late Burdigalian (late Early Miocene) to early Langhian (early

Middle Miocene; Figure 2.3; IGRS-IFP, 1966; De Mulder, 1975).

Chapter  2: Underthrusting and exhumation

FIGURE 2.3. Geologic map of northwestern Greece, modified after Bornovas and Rontogianni-Tsiabaou (1983), with
sample locations.



The evolving anatomy of a collapsing orogen

38

Large tectonic windows, which expose previously underthrusted and metamorphosed rocks

formed in the Hellenic nappes since the Late Eocene in northern Greece, and since the early

Miocene in central and southern Greece (Figure 2.1; Gautier et al., 1999; Lips et al., 2000;

Jolivet et al., 2003). In the following we will focus on the Oligocene and early Miocene

geologic development of the Tripolitza and Ionian units, both in the External Hellenides

and in the Cycladic and South Aegean windows.

2.3 The Oligocene and early Miocene history of the External
Hellenides

The Oligocene to lower Miocene clastics of western Greece

The non-metamorphic Tripolitza and Ionian carbonate units in western Greece are overlain

by Oligocene deep marine, terrigeneous-clastic flysch deposits with a thickness of a few

hundreds of metres in the external Ionian to more than 5 km in the internal Ionian and

Tripolitza units (IGRS-IFP, 1966; Richter et al., 1978; Figure 2.4). Flysch deposition cea-

sed in the internal Ionian and Tripolitza units in the late Oligocene, probably as a result of

folding and uplift (IGRS-IFP, 1966; B.P.Co.Ltd., 1971). The middle Ionian unit was proba-

bly also uplifted in the Late Oligocene, as suggested by a hiatus between the Oligocene and

the lower Miocene (IGRS-IFP, 1966). In the external Ionian unit of Epirus and the Ionian

Islands, deposition of terrigeneous clastics was continuous throughout the Oligocene and

the early Miocene, with an increase in sedimentation rate and average grain size around the

Oligocene-Miocene transition. Approximately 800m of lower Miocene was deposited in

the external Ionian unit of Epirus (IGRS-IFP, 1966; Bizon, 1967; De Mulder, 1975). The

Pre-Apulian unit on Levkas and Kefallonia exposes continuous Oligocene to early Miocene

deep-marine carbonate successions, with a transition to terrigeneous clastics in the course

of the Burdigalian (late early Miocene).

In this paper we focus on the Oligocene to early Miocene development of the middle Ionian

unit to identify the nature and causes for the hiatus between the Oligocene and lower

Miocene. Different names exist for the early Miocene basin on the middle Ionian unit:

IGRS-IFP (1966) applied the term Botzara-Ekklisia Basin, and Avramidis et al. (2000) used

the name Klematia-Paramythia Basin. We apply the name Klematia-Paramythia Basin for

the basin such as it existed in the early Miocene, and Botsara-syncline for the structure that

evolved after deposition. 

Detailed sedimentological analysis of the basin was carried out by Avramidis et al. (2000;

2002) and Avramidis and Zelilidis (2001), who reported dominantly southwestward sedi-

ment transport directions in the Oligocene Ionian flysch, and both southwest- and northe-

astward transport, in combination with longitudinal infill during the early Miocene, indica-

ting early Miocene restriction and elongation of the basin.

Additionally, we sampled a number of sites and sections in the Oligocene and lower

Miocene of the Ionian flysch and the lower Miocene clastics of the Pre-Apulian unit of

Epirus, Levkas, Ithaki and Kefallonia for reference.
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FIGURE 2.4: Schematic scheme of the lithostratigraphy of the nappes and timing of nappe emplacement, based on
IGRS-IFP (1966), De Mulder (1975), Fleury (1975), Meulenkamp (1982) and Pe-Piper (1982).
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Sampling and ages 

The sites from the base of the Ionian flysch (1-3 and 8-13; Figure 2.3) correspond with

localities that were previously sampled for rotation analysis (Chapter 3). The base of the

Ionian flysch was dated by IGRS-IFP (1966), Wilpshaar (1995) and Peeters et al. (1998) as

earliest Oligocene (early Rupelian), based on magnetostratigraphy, dinoflagellate cysts and

planktonic foraminifera, e.g. recovered from outcrops near Saloniki (10) and at the

Arakhtos anticline (Figure 2.3). 

Three sections were sampled from the Klematia-Paramythia Basin: Botsara West and East

are from the limbs of the syncline and Botsara Top represents the youngest part of the core

of the syncline (Figures 2.2 and 2.4). The sections contain a lateral component, but the large

difference in thickness indicates that the amount of accumulated sediment is much larger

in the west than in the east of the basin. The significance of this asymmetry will be discus-

sed below.

The planktonic foraminiferal fauna from Botsara West (3 and 5) and Top (6) and East (7)

provide conclusive evidence for an early Oligocene age for the Ionian flysch and an

Aquitanian to late Burdigalian age for the entire Klematia-Paramythia Basin fill (Figure

2.5). This conclusion is in line with the age range reported earlier by IGRS-IFP (1966) but

is in contrast with the conclusion reached by Avramidis et al. (2000) and Stoykova et al.

(2003) who suggested that the sequence continues into the upper Miocene to lower

Pliocene. Catapsydrax dissimilis is found up to the 90 m level in the Botsara Top (6), which

together with the absence of (prae)orbulinids suggests that the top of the Botsara sequence

belongs to unit N6 (the top of which has an age of 17.54 Ma: Lourens et al., 2004). 

The East (7) and West (4) sections are largely time equivalent. The basal parts of both sec-

tions contain planktonic foraminiferal faunas indicative of an early Oligocene age (Figure

2.5): Globorotalia ampliapertura-increbescens group, Globoquadrina venezuelana and

Catapsydrax dissimilis in Botsara East (7) and specimens close to Paragloborotalia opima

s.s., G. venezuelana and C. unicavus in Botsara West (4).  In Botsara East (7), lower

Oligocene strata are overlain by strata containing a lower Miocene fauna of planktonic

foraminiferal unit N4 characterised by specimens identical or close to Globorotalia kugle-

ri and Globigerinoides primordius/trilobus, suggesting that the upper Oligocene is missing.

No upper Oligocene faunas were found in Botsara West (4) either. Here, lower Oligocene

and lower Miocene (N4) faunas are separated by an unsampled interval of 750 m, which

may include (part of) the upper Oligocene. The N4 (Aquitanian) fauna in both sections is

followed by faunas characteristic of the N5-N6 unit interval (Figure 2.5), which in chro-

FIGURE 2.5 (next page). Stratigraphic correlations of the sections sampled in the Klematia-Paramythia Basin. Numerical
ages are taken from Berggren et al. (1995b) and Lourens et al. (2004). A = presence of Turborotalia ampliapertura (top 30.3
Ma). B = presence of Paragloborotalia opima s.s. (top 27.1 Ma); C = presence of Paragloborotalia kugleri (bottom 23.8 Ma; top
21.5 Ma); D = rapid increase of radiolarians; E = presence of Globorotalia dehiscens, F = presence of Catapsydrax dissimilis
(top 17.54 Ma), G = presence of Preorbulina sicana (16.97 Ma). P. sicana is absent throughout the sections of the Klematia-
Paramythia Basin. Closed (open) circles represent normal (reversed) polarity. Open triangles represent inconclusive
polarity.
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nostratigraphic terms spans the upper Aquitanian to Burdigalian (Lourens et al., 2004). 

IGRS-IFP (1966) also report that the upper Oligocene is missing in the middle Ionian unit.

They placed the unconformity around the Aquitanian-Burdigalian boundary, but our data

suggest that the hiatus should be placed below the Aquitanian, around the Oligocene-

Miocene boundary (Figure 2.5). The abrupt increase in radiolarians in the lower Miocene

of both sections marks a distinct tie line between the eastern and western limb of the syn-

cline. The presence of Globorotalia dehiscens in Botsara East (7) and its absence in Botsara

West (4) suggest that the top of the East section is younger than the top of the West secti-

on. The presence of Catapsydrax dissimilis along with the absence of (prae)orbulinids in

Botsara Top (6) indicates that the youngest sediments are of Burdigalian age (unit N6). The

poor magnetic signal resulted in an overall poor quality magnetostratigraphy and cannot be

confidently calibrated to the Global Polarity Time Scale (Figure 2.5).

Two sections were analysed from Levkas (Figure 2.3). Spanokhorion (14) was sampled

from marly sediments with numerous calcareous mass-transported interbeds overlying the

Ionian flysch on East Levkas. The section was previously described and dated by IGRS-

IFP (1966), Bizon (1967), De Mulder (1975) and Benda et al. (1982) as Burdigalian to early

Langhian. The planktonic foraminiferal fauna of Aghios Petros (15) on the Pre-Apulian

locallity samples n depth SD taxonomic age

mainland Greece (Gr-code) (m) (m) estimate

Konitsa-Exochi 11210-11 1 953 - Early Oligocene

Palamba-Kerasochori 11205-09 2 1066 23 Early Oligocene

Botsara West & Saloniki Zalongo 11200-04; 12163-65 6 983 97 750-1200 Early Oligocene

Botsara West & Basin Plain 12166-240 49 977 95 300-900 Early Miocene

Botsara Top 12240-275 31 923 72 750-1200 Early Miocene

Botsara East 12116-26 9 839 105 600-1200 Early Oligocene

Botsara East 12130-162 26 816 131 Early Miocene

Kalentzi-Lazena 11220-24 5 1110 96 Early Oligocene

Nicolitsi 11214-18 5 1034 71 Early Oligocene

Seriziana-Alepochori 11219 1 1195 - Early Oligocene

Limni Pournarion 11225-29 5 1016 89 Early Oligocene

Kryopigi 11020-26 5 993 56 Early Miocene

Northern Tripolitza 11230-32 1 1081 - Early Oligocene

Spanokhorion (Levkas) 443-471 11 966 71 Early Miocene

Aghios Petros (Levkas) 12951-12984 28 1096 119 1000+ E. - L. Miocene

Afales Bay (Ithaki) 12469-73 3 718 124 600-1100 Early Miocene

Myrthos Beach 12452-57 4 913 72 600-1100 Early Miocene

Zola 12458-67 8 1117 40 >1000 Early Miocene

Aghios Georgios 12434-41 8 1137 83 600-1100 Early Miocene

Paleo Skala KF 1-19 6 978 139 500-900 Early Miocene

Poros 12442-51 10 986 51 600-1100 Early Miocene

TABLE 2.1. Calculated and estimated paleobathymetry values for the sites and sections of Epirus. Code refers to num-
bers in Figure 2.3. n = number of samples averages, SD = standard deviation.
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unit of western Levkas indicates that the section covers the lower middle Miocene to the

upper Miocene (IGRS-IFP, 1966; Bizon, 1967).

The Ionian unit carbonates of the island of Ithaki (Figure 2.3) are overlain by Oligocene to

lower Miocene clays and calcareous turbidites and marly mud flows in the north of the

island in the Bay of Afales (16; Figure 2.3; Hagn et al., 1967; De Mulder, 1975). 

The lower Miocene of the external Ionian flysch of Kefallonia in Poros (21) and Paleo

Skala (20), described and dated by Dremel (1970) was sampled and analysed as well. The

stratigraphy of the Pre-Apulian unit of Kefallonia consists of a thick Mesozoic to Paleogene

series of carbonates, overlain by an Oligocene to lowermost Tortonian series of marls and

interbedded turbiditic calcareous sandstones (Bizon, 1967; B.P.Co.Ltd., 1971; De Mulder,

1975). We sampled three short sections from the lower Miocene (Zola, 18, Aghios

Georgios, 19, and Myrthos Beach, 17) of the Pre-Apulian unit (Figure 2.3) to compare their

paleobathymetries with the reconstructions for the time-equivalent sediments of the Ionian

unit.

Paleobathymetry and vertical motions

To estimate the depositional depth of marine sediments, the general relationship between

the fraction of planktonic foraminifera with respect to the total foraminiferal population

(%P) and depth of Van der Zwaan et al. (1990) was used, following sample selection and

counting procedures described in Chapter 1. Since the %P also varies with oxygenation,

samples in which oxygen stress markers amongst the benthic population (%S) exceed 60%

were discarded. Generally, %S-values were much lower and no large %S variations were

found in the sections. This is logical since deposition in western Greece during the

Chapter  2: Underthrusting and exhumation

FIGURE 2.6. Diagrams of the Klematia-Paramythia Basin, showing the paleobathymetry trends (upper dashed line).
Adding the amount of accumulated sediment (shaded area) yields the position of the base of the section through time.
The amount of subsidence in Botsara West is much higher than time-equivalently in Botsara West.
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Oligocene and early Miocene occurred in a wide, deep and generally well-ventilated fore-

land basin. Some samples contain high fractions of quartz and rock fragments, which here

probably result from downslope transport. These samples were discarded.

Depth estimates and their standard deviation are indicated in Table 2.1. The depth values

were checked by means of presence or absence of benthic species indicating specific water

depths (for discussion and list, see Chapter 1). The results are included in Table 2.1, are in

line with calculated depth estimates and show that all sampled sites and sections were deep

marine (800 to >1000 m) during deposition.

Bathymetry is influenced by sediment supply, eustatic sea level changes, and tectonics. The

lack of high-resolution age control made correction for eustatic sea level changes (in the

order of tens of metres) impossible. Adding the amount of accumulated sediment to the

paleobathymetry at every sample level yields the vertical motion of the base of the section

through time (Figure 2.6), and shows that subsidence must have continued in the Klematia-

Paramythia Basin throughout deposition (i.e. at least until ~17 Ma), with much higher sub-

sidence rates in the present SW than NE (Figure 2.6). No bathymetry changes were recon-

structed from the lower Miocene sections of the external Ionian unit and the Pre-Apulian

unit (Table 2.1), but the amount of accumulated sediment here is much less than in the

Klematia-Paramythia Basin, in the order of some hundreds of metres (IGRS-IFP, 1966). 

A sedimentation rate around 50 cm/kyr prevailed during the early Miocene in Botsara West

(7). These rates are rather common in basins characterised by turbidite sedimentation. For

comparison, the sedimentation rates during the deposition of turbidite sequences of the

lower Pliocene of section Corfu Coast on northwestern Corfu (Linssen, 1991) or the lower

Messinian of section Limni Keri (North) on Zakynthos (Chapter 4) are 100 cm/kyr and

>125 cm/kyr, respectively.

Locallity n Az dip dAz ddip L

Konitsa-Exochi 7 336.6 6.9 30.2 22.9 1.0122

Aghios Nikolaos-Aghios Pandes 20 128.0 3.3 22.9 6.9 1.0100

Saloniki-Zalongo 52 119.8 8.8 28.9 22.6 1.0066

Klematia-Paramythia basin 262 51.7 8.4 26.8 18.3 1.0066

Nicolitsi 1 9 133.3 14.7 66.3 18.4 1.0024

Nicolitsi 2,4 & 5 30 343.2 44.8 34.7 11.3 1.0068

Kalentzi-Lazena 37 179.4 33.5 56.5 17.8 1.0049

Limni Pournarion 47 179.3 12.8 47.9 23.9 1.0031

Northern Tripolitza 18 188.3 4.1 67.7 16.0 1.0057

TABLE 2.2. Results of AMS analysis, corrected for bedding tilt. See Figure 2.1 for sample locations and Table 2.1 for
ages. n = number of specimens, Az, dip = mean azimuth and dip of kmax axes; dAz, ddip = errors on mean kmax
axes; L = magnetic lineation (kmax/kint).
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FIGURE 2.7. Selection of the results of the AMS analyses. Thick (thin) arrows represent inferred extension (compres-
sion) directions. The compression and extension directions are in most cases in line with the observed finite deforma-
tion pattern in the vicinity of the locality. The only exception is formed by the results of the Botsara syncline, which
presently is a NNW-SSE striking syncline, although the AMS results indicate a large influence of ENE-WSW exten-
sion. See text for discussion.
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Anisotropy of the magnetic susceptibility

The anisotropy of the magnetic susceptibility (AMS) can be used to determine if stress has

been applied to weakly deformed sediments (e.g. Hrouda, 1982; Kissel et al., 1988; Tarling

and Hrouda, 1993). If the sediment is undeformed, compaction leads to a magnetic suscep-

tibility that has a random lineation (maximum axis of the AMS, kmax), and a bedding-

parallel foliation (perpendicular to the minimum axis of the AMS, kmin). Upon deforma-

tion, the kmax-axis will gradually align with the direction of maximum extension and per-

pendicular to the direction of maximum compression. When the amount of compression

exceeds the amount of compaction, the kmin axis aligns with the maximum compression

direction. 

The AMS has been measured from localities of Oligocene Ionian flysch of the external and

middle Ionian units and the lower Miocene of the Klematia-Paramythia Basin (Figures 2.2

and 2.5, Table 2.2) on a KLY-3 Kappa Bridge. The resulting kmax directions obtained from

the Oligocene are (sub)parallel to the fold axes and thrust strikes in the vicinity of the loca-

lity (Figure 2.7). The results for the lower Miocene the Klematia-Paramythia Basin, howe-

ver, show the opposite: the net result of the AMS yields a NE-SW trending kmax-axis, indi-

cating NE-SW extension (Figure 2.7).

Analysis: Oligocene-early Miocene geologic history of the External Hellenides

Convergence and underthrusting of the Tripolitza and Ionian units below the Pindos was

mainly accommodated by the Pindos and Tripolitza thrusts, respectively, without major

internal shortening of the units (e.g. Sotiropoulos et al., 2003). The Tripolitza unit is not

highly folded, probably as a result of the presence of massive platform carbonates, but the

well-bedded deep marine Ionian carbonates and overlying flysch were deformed into large

antiforms and synforms. The absence of sediments younger than late Oligocene in age in

the internal Ionian and Tripolitza units, and the hiatus between the deep-marine lower

Oligocene and lower Miocene in the Klematia-Paramythia basin indicate that these folds

were at least partly formed around the Oligocene-Miocene transition (see also IGRS-IFP,

1966). The emergence and erosion of the Tripolitza and the internal and middle Ionian units

led to the deposition of a more proximal clastic facies with higher sedimentation rates in

the external Ionian unit (IGRS-IFP, 1966; De Mulder, 1975). The external Ionian and the

Pre-Apulian units of Levkas and Kefallonia, however, remained deep-marine throughout at

least the early Miocene.

After the latest Oligocene or earliest Miocene uplift and erosion of the middle Ionian zone,

rapid subsidence formed the Klematia-Paramythia Basin. This subsidence must have been

continuous throughout the Aquitanian and Burdigalian to explain the constant depth of 800-

1000 m, despite the deposition of 500-2500 m of sediment (Figure 2.6). Moreover, the

amount of subsidence in the southern part of the basin was much higher than in the nor-

thern part of the basin. The basin floor must therefore have tilted to the S during subsiden-

ce and deposition. The thickness of the Oligocene sediments in the present-day south-

western part of the basin is also thicker than in the northeastern part, but we do not have
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any stratigraphic evidence that this difference in thickness developed synsedimentary. It

could very well be the result of erosion, that led to the hiatus between the lower Oligocene

and the lower Miocene.

The large differences in thickness of the lower Miocene of the Klematia-Paramythia basin

can best be explained by motion along a N-dipping listric normal fault (Figure 2.8), which

must lie in between the Klematia-Paramythia Basin and the external Ionian unit, since the

thickness of the lower Miocene in the external Ionian unit is only approximately 800 m

(IGRS-IFP, 1966). At present, no normal fault is found. Therefore, we propose that this fault

reactivated after the early Miocene as the middle Ionian thrust (Figures 2.3 and 2.8). The

AMS results, which for the lower Oligocene sites in Epirus invariably indicate compression

perpendicular to the fold axes, show the opposite for the lower Miocene of the Klematia-

Paramythia Basin: extension perpendicular to the fold axis of the Botsara-syncline, i.e.

parallel to our inferred extension direction (Figure 2.7). The AMS results thus provide addi-

tional evidence for the above interpretation.

Chapter  2: Underthrusting and exhumation

FIGURE 2.8. Proposed model for the evolution of the Klematia-Paramythia Basin. After a phase of latest Oligocene
uplift and erosion, a N-dipping listric normal fault accommodated rapid subsidence in an asymmetric half-graben. The
fault must have been continuously active until at least 17 Ma to explain the continuous bathymetry together with the
ongoing asymmetric sedimentation. Present-day cross-section is modified after Avramidis et al. (2002).
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In conclusion, our new data show that a phase of uplift and erosion affected the middle

Ionian unit between in the late Oligocene or earliest Miocene. This is probably the result of

large scale folding in response to N-S to NNE-SSW compression that affected the Ionian

and Tripolitza units in the late Oligocene (IGRS-IFP, 1966; Sotiropoulos et al., 2003). Our

analysis of the Klematia-Paramythia basin shows that this phase of uplift and erosion is fol-

lowed by approximately N-S to NNE-SSW extension, that rapidly subsided the Klematia-

Paramythia half-graben in the earliest Miocene and remained active until after 17 Ma. 

2.4 The Oligocene and early Miocene geologic history of the
Cycladic and South Aegean windows

Review of the metamorphic and structural histories

CYCLADES

The Attic-Cycladic metamorphic core complex comprises rocks of three different units: an

upper unit containing Jurassic and Cretaceous ophiolitic rocks that overthrusted a sequen-

ce of Mesozoic carbonates. The upper unit is separated from the middle unit (Cycladic

Blueschist) by an extensional detachment. The Cycladic Blueschist unit consists of meta-

sedimentary and mafic magmatic rocks, which were underthrusted by a lower unit (the

Basal Unit), consisting of platform metacarbonates that reach Eocene sedimentary ages,

and Oligocene metaflysch (Jacobshagen, 1986; Ring et al., 2001b; Jolivet et al., 2004b). 

The Basal Unit was correlated to the Tripolitza nappe (Ring et al., 2001b). The unit was

subjected to HP-LT metamorphism during its underthrusting below the Cycladic blueschist

unit and peak metamorphic conditions of 8 kbar and 400ºC were reached on e.g. Evia and

Samos around 24-21 Ma (Bröcker and Enders, 1999; Ring et al., 2001b; Ring and

Reishmann, 2002). A gneissic basement is exposed in the core of the Cycladic Core

Complex (Naxos, Paros and Ios), possibly comparable to the pre-Alpine gneisses in the

Menderes Massif of Turkey (Avigad et al., 2001; Jolivet et al., 2003; 2004b) and belonging

FIGURE 2.9 (next page). Timechart for the Cycladic islands, Evia and Attica, in which the metamorphic history of the
Cycladic Blueschist unit is summarised. Note that most ages represent cooling ages, post-dating the peak metamorphic
conditions of the dated mineral. Reference key: 1 = Altherr et al. (1976); 2 = Altherr et al. (1979); 3 = Altherr et al.
(1982); 4 = Altherr et al. (1988); 5 = Allen et al. (1999); 6 = Andriessen et al. (1979); 7 = Andriessen et al. (1987); 8 =
Andriessen (1991); 9 = Angelier et al. (1977); 10 = Aubourg et al. (2000); 11 = Avigad and Garfunkel (1989); 12 =
Avigad et al. (1998); 13 = Baldwin and Lister (1998); 14 = Bellon et al. (1979); 15 = Besang et al. (1977); 16 = Blake et
al. (1981); 17 = Böger et al. (1974); 18 = Böger (1983); 19 = Bonneau and Kienast (1982); 20 = Bröcker et al. (1993);
21 = Bröcker and Franz (1998); 22 = Bröcker and Enders (1999); 23 = Franz et al. (1993); 24 = Fytikas et al. (1976);
25 = Fytikas et al. (1986); 26 = Gautier et al. (1993); 27 = Gautier and Brun (1994); 28 = Hejl et al. (2002); 29 = Henjes-
Kunst and Kreuzer (1982); 30 = Henjes-Kunst et al. (1988); 31 = Innocenti et al. (1982); 32 = Keay et al. (2001); 33 =
Klein-Helmkamp et al. (1995); 34 = Kornprobst et al. (1979); 35 = Kreuzer et al. (1978); 36 = Lensky et al. (1997); 37
= Lister and Raouzaios (1996); 38 = Maluski et al. (1981); 39 = Matthews and Schliestedt (1984); 40 = Meissner (1976);
41 = Mpsokos and Pedikatsis (1984); 42 = Okrusch et al. (1978); 43 = Okrusch and Bröcker (1990); 43 = Reinecke
(1986); 44 = Ring and Layer (2003); 45 = Ring et al. (2003); 46 = Robert and Cantagrel (1977); 47 = Rosenbaum et al.
(2002); 48 = Sánchez-Gómez et al. (2002); 49 = Schliestedt et al. (1987); 50 = Schliestedt and Matthews (1987); 51 =
Sen and Valet (1986); 53 = Shaked et al. (2000); 54 = Smith et al. (1996); 55 = Tomaschek et al. (2003); 56 = Trotet et
al. (2001); 57 = Van Couvering and Miller (1971); 58 = Van der Maar and Jansen (1983); 59 = Chapter 3; 60 =
Weidmann et al. (1984); 61 = Willmann (1983); 62 = Wijbrans and McDougall (1988); 63 = Wijbrans et al. (1993).
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to the Basal Unit. The Cycladic Blueschist is believed to be equivalent to the Pindos zone

and to the rocks directly underlying the Pelagonian basement on e.g. the Pelion

(Jacobshagen, 1986; Jolivet et al., 2004b). Owing to the large number of islands and their

excellent exposure, the metamorphic history of the Cycladic blueschist unit has been sub-

ject of many studies. These reveal that peak metamorphic conditions occurred under blue-

schist to eclogite facies metamorphic conditions of 12-18 kbar and 450-550ºC. Cooling

ages obtained by K/Ar, Rb/Sr and 40Ar/39Ar dating of minerals that grew during blueschist

and eclogite facies metamorphism cluster between 60 and 35-40 Ma (Figure 2.9). Bröcker

and Enders (1999) recently suggested that blueschist conditions in the Cycladic blueschist

Chapter  2: Underthrusting and exhumation
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unit already prevailed in the late Cretaceous, around 70 Ma, based on U-Pb mineral growth

ages from Syros. Deformation and mineral growth under greenschist facies conditions

occurred between approximately 25 and 35 Ma (Figure 2.9) and is interpreted as the res-

ponse to underthrusting of the Basal unit below the Cycladic blueschist unit (Klein-

Helmkamp et al., 1995). In the early Miocene, around 22-18 Ma, a high-temperature over-

print occurred, which on Naxos led to partial melting. The influence of this high-tempera-

ture overprint decreases upward in the tectonostratigraphy and is most severe in the Basal

Unit of Naxos (Jolivet and Goffé, 2000; Jolivet et al., 2003). During and following this

high-temperature overprint, a number of granites intruded the unit, starting on Tinos and

Ikaria, and later on Attica, Mykonos, Dilos, Paros, Kos and Naxos (Figure 2.9). During the

high-temperature overprint, the oldest sediments accumulated in the supra-detachment

basins, presently exposed on e.g. Paros and Naxos (Figure 2.9). The Cycladic Blueschist

cooled to temperatures below 100ºC around 8-6 Ma (Figure 2.9), which is time-equivalent

to the oldest deposits unconformably overlying the Cycladic Blueschist unit (Hejl et al.,

2002; Chapter 6). Note that the lower to middle Miocene sediments on the Cyclades are

always in faulted contact with their basement (e.g. Sánchez-Gómez et al., 2002).

The upper unit is found as the hangingwall to the Cycladic extensional detachments and is

interpreted as the equivalent of the Pelagonian zone, which is affected only by Mesozoic

high-temperature metamorphism, associated with the emplacement of ophiolitic rocks.

Mesozoic ophiolite emplacement and associated metamorphism is known from south-

western Turkey, Rhodos, Karpathos, Crete (Hatzipanagiotou, 1988; Robertson, 2000;

Koepke et al., 2002), including the Asteroussia nappe (Seidel et al., 1981), Gavdos

(Vincente, 1970) and some of the Cycladic islands (e.g. Anafi: Reinecke et al., 1982) and

it may be equivalent to the thrusting of the Vardar-Axios zone over the (Sub-)Pelagonian

unit (Figure 2.1).

SOUTHERN AEGEAN

The South Aegean window exposes two HP-LT metamorphic units: the lower Plattenkalk

Unit and the upper Phyllite Quartzite Unit. It is exposed in a curved, lens-shaped window

running from the northern Peloponnesos, via Kythira and Crete to the island of Kassos in

the southeast (Figure 2.2). The Plattenkalk unit consists of Paleozoic clastics at the base

(Kastania Phyllites), overlain by Mesozoic to Eocene well-bedded carbonates and

Oligocene metaflysch and was interpreted as the underthrusted equivalent of the Ionian unit

(Bizon and Thiébault, 1974; Barrier, 1979; Thiébault, 1979; Dittmar and Kowalczyk, 1991;

Kowalczyk and Dittmar, 1991; Kowalczyk and Zügel, 1997). The overlying Phyllite

Quartzite unit constitutes a series of late Carboniferous to middle Triassic marine phyllites

with metavolcanites and quartzites (turbidites) and meta-conglomerates (debris flows) -

unconformably overlying Variscan metamorphosed basement (Panagos et al., 1979; Brauer,

1980; Seidel et al., 1982; Krahl et al., 1983; 1986; Finger et al., 2002). Peak metamorphic

conditions in the Phyllite Quartzite unit cluster around 8-12 kbar and 300-400ºC and
40Ar/39Ar cooling ages of 24-20 Ma are interpreted to only shortly postdate peak-meta-



51

morphic conditions (Seidel et al., 1982; Theye and Seidel, 1991; Theye et al., 1992; Jolivet

et al., 1996; Wachmann, 1997; Thomson et al., 1998; Stöckhert et al., 1999; Zulauf et al.,

2002). Theye and Seidel (1991), Theye et al. (1992) and Jolivet et al. (1996) also reported

much higher values of 16 ± 2 kbar from western Crete and the 17 ± 4 kbar from the sou-

thern Peloponnesos, but these values are in conflict with the low albite reported by Brix et

al. (2002). The Plattenkalk on the Peloponnesos appears to have lower peak metamorphic

pressures, with maximum values of 5-8 kbar (Manutsoglu, 1990; Blümor et al., 1994).

The comparable timing and conditions of peak metamorphism of the Basal Unit on the

Cyclades and the Phyllite Quartzite unit on Crete led Jolivet et al. (1996) and Ring et al.

(2001b) to suggest that these two units were underthrusted together. Moreover, these

authors proposed that the exhumation of the Phyllite Quartzite unit occurred along an

extensional detachment, reactivating an original subduction thrust between the two. The

stratigraphic ages of the Phyllite Quartzite (Paleozoic to middle Triassic) and the Tripolitza

unit (Middle Triassic and younger) suggest, however, that the pre-exhumation contact was

stratigraphic, possibly unconformable, comparable with and equivalent to the contact bet-

ween the Kastania phyllites and the Plattenkalk described by Kowalczyk and Dittmar

(1991; Figure 2.3).

In summary, the metamorphosed units that are presently exposed in the Cycladic and South

Aegean windows most likely represent the underthrusted equivalents of the Ionian,

Tripolitza and Pindos units and their original substratum. These underwent peak metamor-

phic conditions around 24 to 20 Ma, and were rapidly exhumed during the early Miocene.

'Hot' Cycladic versus 'cold' south Aegean metamorphic core complexes

A metamorphic core complex is defined by two basic criteria (see e.g. Lister et al., 1984;

Blasband et al., 1997): firstly, the core complex is separated by a low-angle extensional

detachment from a hangingwall, which is of significantly lower metamorphic grade and

secondly, the core complex underwent a regional high-temperature, low pressure (HT-LP)

overprint, associated with granite intrusion. 

The first criterion only requires motion along a transcrustal extensional detachment. The

HT-LP overprint will only occur, however, in the hangingwall to the extensional detach-

ment: a high-temperature metamorphic overprint is the result of 'exhumation' of high-tem-

perature isotherms to bring them in contact with lower temperature material (Figure 2.10).

The granitoids that are frequently described in metamorphic core complexes may result

from two processes: the first is partial melting as a result of isothermal decompression of

the footwall, the second is isobaric heating of the hangingwall. The formation of a 'classi-

cal' metamorphic core complex therefore requires two extensional detachments: one below

the core complex, which provides the regional high-temperature overprint and isobaric hea-

ting-related melting, and one above, exhuming the core complex and leading to decompres-

sion melting. 

Therefore, we introduce a two-fold subdivision in metamorphic core complexes (Figure

2.11). 'Cold' metamorphic core complexes are exhumed in the footwall to an extensional
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detachment. These may have undergone partial melting due to isothermal decompression,

but did not experience a high-temperature overprint. 'Hot' metamorphic core complexes

form the hanging-wall to a lower detachment, and the footwall to the upper one, along

which the 'hot' metamorphic core complex is exhumed. These core complexes underwent a

regional high-temperature overprint, which decreases in intensity upward in the tecto-

nostratigraphy, which is intruded by granites generated in the footwall to - and may have

been partially molten due to isobaric heating as a result of - activity of the lower detach-

ment. Moreover, and isothermal decompression as a result of motion along the upper

detachment may have led to decompression melting. The influence of high-temperature

metamorphism will be highest at the base of the hangingwall, where advected hot material

replaces initially colder lithosphere below the detachment; the intensity of the high-tempe-

rature overprint decreases upward, where the lithosphere above the detachment remains

FIGURE 2.10. Schematic model of the early Miocene development of Greece along a N-S transect from Crete or the
Peloponnesos to the Cyclades (see Figure 1). Exhumation of the 'cold' South Aegean Core Complex leads to a high-
temperature event on the Cyclades. Exhumation of the footwall of the South Aegean Detachment (SAD in the figure)
brings hot isotherms in contact with cool isotherms of the hangingwall, leading to a high-temperature event of the
hanging wall (i.e. the Basal Unit and Cycladic Blueschist) and further cooling of the Phyllite Quartzite. The 'hot'
Cycladic Core Complex is exhumed along the Cycladic Detachment system (CD in figure).



53

cool until it is warmed by conduction (Buck et al., 1988).

We will now apply this concept to the early Miocene history of the south-central Aegean

region. The early Miocene N-S extension led to the formation of the South Aegean and

Cycladic windows. The Cycladic blueschist and Basal Unit underwent a high-temperature

overprint, which was most prominent in the Basal Unit of Naxos (i.e. the deepest tecto-

nostratigraphic level of the Cyclades). This was interpreted by (Jolivet et al., 2003) as the

result of southward migration of the volcanic arc. The simultaneous exhumation of the sou-

thern Aegean core complex, however, was not accompanied by such a high-temperature

overprint. This was explained by Thomson et al. (1999) and Jolivet et al. (2003) as a result

of continuous underthrusting of cold material below the Phyllite Quartzite and Plattenkalk

units during buoyancy driven exhumation of these units. 

Alternatively, we prefer to explain the Cycladic Core Complex as a 'hot' metamorphic core

complex. The regional, upwardly decreasing HT-LP overprint in the Cycladic area is in this

scenario the direct consequence of the simultaneous activity of the South Aegean extensio-

nal detachment of Crete and the Peloponnesos. The partial melting on Naxos is associated

with temperature increase (Jolivet and Goffé, 2000; Jolivet et al., 2003) and is the result of

isobaric heating due to the activity of the south Aegean detachment, and possibly partly of

isothermal decompression as a result of motion along the Cycladic detachment system. The

granites that intruded Naxos probably result from decompression of the footwall of the

south Aegean detachment. The south-Aegean detachment runs at small angles to the origi-

nal - probably stratigraphic - contact between the Tripolitza and Phyllite Quartzite units

(Ring et al., 2001b) and is not underlain by another extensional detachment. Consequently,

the South Aegean Core Complex is 'cold' (Figure 2.10). 

On the dimensions and structure of the South Aegean 'Core Complex'

The South Aegean Core Complex formed along a top-to-the-north extensional detachment

since approximately the Oligocene-Miocene transition (Jolivet et al., 1996; Ring et al.,

2001b). On the Peloponnesos, the kinematic indicators point at a top-to-the-northwest sense

of shear, but this is the result of post-early Miocene 50º clockwise rotation of western

Greece and the Peloponnesos (Jolivet et al., 2003; Kissel et al., 2003; Chapter 3 and refe-

rences therein) and the southward motion of Crete in response to the formation of the

Aegean Sea (Angelier, 1981; Le Pichon and Angelier, 1981; Meulenkamp et al., 1988;

Jolivet and Patriat, 1999). The extensional detachment is subparallel to the major thrusts

(Jolivet et al., 1996; Ring et al., 2001b), but in its modern configuration it is folded. On the

Peloponnesos these folds have been proposed by Doutsos et al. (2000) to form during exhu-

mation, although conclusive evidence is lacking. However, on Crete, these folds can be

shown to postdate the activity of the extensional detachment (Zulauf et al., 2002; Chapter

5). Therefore, during the early Miocene, a low-angle, subhorizontal detachment separated

a high-grade metamorphic unit below from non- or anchimetamorphic units above. 

The South Aegean Core Complex has a curved lens-shape, running from the northern

Peloponnesos, over Crete to Kassos (Figure 2.2). The majority of exhumation in the core
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complex occurred prior to 15 Ma (Thomson et al., 1998). The Middle to late Miocene ~50º

clockwise rotation of western Greece did most likely not affect Crete, deduced from the

~50º angle between the stretching lineations in the Phyllite Quartzite of the Peloponnesos

and Crete (Jolivet et al., 2003), explaining the modern curved shape of the core complex.

The detachment was thus characterised by a low-angle north dipping orientation with top-

to-the-north shear. The lens-shape of the South Aegean Core Complex (Figure 2.2) indica-

tes that the maximum amount of extension was accommodated in the central part of the

window, i.e. on present-day western Crete and the southern Peloponnesos, decreasing to the

north and east. This is in line with the decreasing peak metamorphic conditions of the

Phyllite-Quartzite unit from the centre of the South Aegean Core Complex to its northern

and eastern ends (Figure 2.2). Blümor et al. (1994) estimated peak metamorphic conditions

of 7-8.5 kbar and 310-360ºC from the Kastania Phyllites, underlying the Plattenkalk on the

Peloponnesos. If the values of Theye and Seidel (1991) from the Phyllite-Quartzite unit on

the Peloponnesos are correct, these imply that half of the exhumation of the Phyllite

Quartzite unit occurred prior to or during the underthrusting by the Ionian/Plattenkalk. We

take the value estimated by Blümor et al. (1994) as the maximum depth of exhumation in

the South Aegean Core Complex on the southern Peloponnesos. Any older exhumation of

the Phyllite Quartzite unit must have been syn-orogenic (i.e. occurring during underth-

rusting of the Plattenkalk below the Phyllite Quartzite), which was previously proposed by

Thomson et al. (1999) and Jolivet et al. (2003). 

Ring et al. (2001b) suggested that the Cretan detachment reworked a former subduction

thrust between the Tripolitza and Phyllite Quartzite unit. In many places on Crete, the

Tripolitza unit directly overlies the Plattenkalk, separated by the extensional detachment,

and the Phyllite Quartzite unit is missing. Therefore, the extensional detachment must

crosscut the entire Phyllite Quartzite unit, indicating that it cannot just rework a former

thrust. Moreover, we already pointed out above that no evidence exists that the original

contact between the Phyllite Quartzite and the Tripolitza units was a thrust. We suggest that

the original contact was more likely a normal stratigraphic, possibly unconformable one

instead, since the late Paleozoic to middle Triassic Phyllite Quartzite was overlain by the

middle Triassic to Oligocene Tripolitza unit. 

Ring et al. (2001b) estimated that the Cretan detachment accommodated more than 100 km

of extension along an on average 10-15º dipping detachment, assuming that the Phyllite

Quartzite unit was originally in direct contact with the Basal Unit (Tripolitza) of the

Cyclades. Here, we estimate the amount of extension based on the dimension and peak

metamorphic conditions of the South Aegean Core Complex. On the southern

Peloponnesos, the width, peak metamorphic conditions and post-exhumation deformation

history is well known.

On the southwestern Peloponnesos, the Tripolitza unit is overthrust by the Pindos unit.

Further to the east, the exhumed Tripolitza unit reappears in the core complex, underlain

by the Phyllite Quartzite, Plattenkalk and Kastania Phyllite units. The latter underwent a

peak pressure of 7-8.5 kbar (Blümor et al., 1994), corresponding to 25 to 30 km of depth,
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assuming an average crustal density of 2850 kg/m3 (following McKenzie, 1978b). If we

assume the centre of the exposed Pindos unit on the southern Peloponnesos to be the most

westerly part of the extensional detachment, the total horizontal displacement associated

with the exhumation of the Kastania Phyllites is approximately 40 km. 

Comparable to the situation on Crete, the detachment fault on the southern Peloponnesos is

folded and later crosscut by normal faults. In the studied transect between the Kastania

Phyllites and the external Pindos unit, a half-graben developed since the late Pliocene (the

Messiniakos basin). A seismic profile of Papanikolaou et al. (1988) revealed a high-angle

(~60º), west-dipping normal fault with a net displacement of approximately 3 km. The hori-

zontal component of late Pliocene extension is therefore only about 1 km. The Taygetos

unit (Figure 2.2) exposes a large, asymmetric antiform with a subvertical western and shal-

low dipping eastern limb (Doutsos et al., 2000), resulting from approximately ~3-5 kilome-

tres of shortening. Therefore, the modern 40 km distance between the Kastania Phyllites

and the external edge of the core complex was probably little more, in the order of 45 km,

prior to post-exhumation deformation. Exhumation from a depth of 25 km with ~45 km of

horizontal extension implies an original average orientation of the detachment of ~30º.

Because the peak pressure estimates do not dramatically change parallel to the stretching

direction to the northeast, the detachment probably had a decreasing dip with increasing

depth. The eastern coast of the Laconia Peninsula (Figure 2.2) still exposes the Phyllite

Quartzite unit, whereas the Argolis Peninsula entirely belongs to the (Sub-) Pelagonian unit

and therefore most likely belongs to the hanging wall of the extensional detachment. To the

southeast of the Argolis peninsula, the islets of Velopoula, Falkonera and Karavia expose

ultramafic rocks, carbonates and metamorphics associated with the (Sub-) Pelagonian and

higher units, as do the islands of Santorini and Anafi, giving a rough indication of the shape

and maximum size of the South Aegean Core Complex. The total amount of horizontal

extension on the southern Peloponnesos is thus ~100 km, which is in line with the estima-

te of Ring et al. (2001b).

In summary, the South Aegean Core Complex formed between 24-20 Ma and at least 15

Ma, running from the northern Peloponnesos to Kassos (Figure 2.2). Prior to the middle to

late Miocene rotation phase of western Greece and the southward translation of Crete, the

core complex was ~E-W trending, with a lens-shape resulting from the highest displace-

ment of approximately 100 km in the central part, presently exposed on western Crete and

the southern Peloponnesos.

2.5 Time-relationships between the External Hellenides and
the Cycladic and South Aegean core complexes

The detailed Oligocene and early Miocene tectonic history that was determined from both

the underthrusted and metamorphosed part in the South Aegean Core Complex and the non-

metamorphosed foreland-basin parts of the Tripolitza and Ionian units in the External
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FIGURE 2.11. Schematic evolution of the Tripolitza and Ionian units and underlying clastic Kastania Phyllites and
Phyllite Quartzite units from their sedimentation during and after the late Paleozoic and Mesozoic rifting to their under-
thrusting, accretion and late-orogenic extensional exhumation in the early Miocene.
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Hellenides show remarkable time-relationships, which allow the identification of two mar-

ked Events.

Event 1: Eocene-Oligocene transition. The oldest cooling ages from greenschist-facies

mylonites associated with underthrusting of the Tripolitza-Basal Unit underneath the

Cycladic Blueschist are 35-30 Ma, i.e. comparable in age to the rapid transition from car-

bonate to terrigeneous clastic sedimentation in the entire Tripolitza and Ionian units (IGRS-

IFP, 1966; Wilpshaar, 1995; Peeters et al., 1998) and the onset of the formation of the

Tripolitza-thrust in western Greece (Sotiropoulos et al., 2003). Event 1 therefore is inter-

preted as the onset of underthrusting of the Tripolitza and Ionian units below the Pindos and

Tripolitza units, respectively.

Event 2: Oligocene-Miocene transition. Peak metamorphic conditions in the underthrusted

parts of the Basal Unit/Tripolitza and underlying Phyllite Quartzite units of 24-20 Ma are

comparable in age with the end of flysch deposition on and the folding of the Tripolitza and

internal and middle Ionian units. The folding and deformation is followed by the onset of

exhumation of the Cycladic and South Aegean core complexes, which starts approximate-

ly simultaneously in the earliest Miocene and occurs throughout the early Miocene contem-

poraneously with the formation of the Klematia-Paramythia half-graben in the External

Hellenides of western Greece. Moreover, the bounding normal faults of both the Klematia-

Paramythia basin and the South Aegean and Cycladic core complexes are characterized by

top-to-the-north motion, although the Klematia-Paramythia basin accommodates only a

few kilometers of extension, as opposed to 100 km in the widest part of the South Aegean

Core Complex. Event 2 therefore marks the transition of underthrusting and N-S compres-

sion to exhumation and N-S extension.

These time-relationships allow the detailed reconstruction of the transition of underth-

rusting during nappe stacking to exhumation during late-orogenic extension.

2.6 Reconstruction of the transition from underthrusting to
exhumation

Before we focus on the Oligocene to early Miocene history of underthrusting and exhuma-

tion of the Tripolitza and Ionian units, we will first summarize the paleoenvironmental set-

ting prior to the Oligocene. In the late Paleozoic, marine clays intercalating with probably

mass-transported sandstones and conglomerates (Phyllite Quartzite and Kastania Phyllites:

Krahl et al., 1983; 1986; Dittmar and Kowalczyk, 1991; Kowalczyk and Dittmar, 1991)

were deposited on Variscan or older metamorphosed basement (Seidel et al., 1982; Krahl et

al., 1986; Finger et al., 2002). We therefore suggest that these units represent passive mar-

gin deposits. Upon starvation of clastic sediment supply, in situ biogenic sedimentation led

to the formation of carbonate platforms (Tripolitza unit), or deeper water pelagic sedimen-

tation (Ionian unit). 

Event 1, i.e. the onset of underthrusting of the Tripolitza and Ionian units below the Pindos
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and Tripolitza unit, respectively, is contemporaneous with the uplift and erosion of the

Pindos unit (Richter et al., 1978). The peak metamorphic pressures of approximately 10

kbar in the Basal Unit (Tripolitza) and in those times underlying Phyllite Quartzite unit

(Ring et al., 2001b) indicate that the Pindos thrust must have been continuous to a depth of

at least ~35 km. 

The earliest major folding and shortening phase of the Ionian unit (Event 2) took place

around the Oligocene-Miocene boundary and coincides with the timing of peak metamor-

phism in the underthrusted parts, indicating that further underthrusting of the Tripolitza and

Ionian units along the Pindos thrust was obstructed, leading to internal shortening and fol-

ding of the foreland basin. We propose that the folding of the Ionian unit relates and the end

of further increase in peak metamorphic conditions in the underthrusted parts of the nappes

relates to the decoupling of the Ionian unit from the underthrusting plate. The Tripolitza -

Phyllite Quartzite unit must already have been decoupled in the early Oligocene, since it

was underthrusted by the Ionian unit since this time. The latest Oligocene-earliest Miocene

decoupling of the Ionian unit from the underthrusting plate was followed by rapid exhuma-

tion and extension of the overlying crust, as a result of the gravitational response to roll-

back and buoyancy forces, or upward extrusion (Jolivet et al., 1994; 2003; Lips, 1998;

Thomson et al., 1999; Doutsos et al., 2000; Ring et al., 2001b; Xypolias and Koukouvelas,

2001; Ring and Layer, 2003; Xypolias et al., 2003). We therefore conclude that Event 2 cor-

responds to the decoupling around the Oligocene-Miocene transition of the entire nappes

from the underthrusting plate and their accretion to the overriding plate from the foreland

part at least 35 km of depth, followed by the extension and exhumation of the units in the

overriding plate.

2.7 Conclusions

In this paper, we aim to reconstruct the transition of underthrusting during nappe stacking

to exhumation during late-orogenic extension. To this end we compare the geologic histo-

ries of the metamorphosed and non-metamorphosed equivalents of the nappes that are

exposed in the External Hellenides and the Cycladic and South Aegean core complexes.

Detailed investigation of the Klematia-Paramythia basin in the middle Ionian unit of the

External Hellenides shows, that following a phase of late Oligocene uplift and erosion as a

result of shortening, early Miocene extension created the Klematia-Paramythia half-graben

in response to approximately N-S extension. This new information provides accurate time-

constrains on the transition of compression to extension around the Oligocene-Miocene

transition in the External Hellenides. Comparison of the geological evolution of the Ionian

and Tripolitza nappes in the External Hellenides with their underthrusted parts in the

Cycladic and South Aegean Core Complexes allowed the identification of two large-scale

events: Event 1 marks the onset of underthrusting of the Tripolitza and Ionian units below

the Pindos and Tripolitza units, respectively around the Eocene-Oligocene transition.
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Around the Oligocene-Miocene transition, Event 2 marks peak metamorphic conditions in

the underthrusted portions of the Tripolitza and Ionian nappes, contemporaneous with the

uplift and folding of the parts of the nappes in the forelands, followed by the onset of exten-

sion and formation of the Klematia-Paramythia basin and the Cycladic and South Aegean

core complexes. Event 2 therefore marks the decoupling of the Ionian nappe from the

underthrusting plate and their accretion to the overriding plate, followed by the onset of

late-orogenic extension and exhumation of the Tripolitza and Ionian nappes in the overri-

ding plate.

The exhumation of the underthrusted portions occurred in the 'hot' Cycladic and 'cold'

South Aegean core complexes. The Cycladic ‘hot’ core complex is both underlain and over-

lain by an extensional detachment: the upper one leads to exhumation of the core complex,

the lower one provides a regional high-temperature overprint by placing hot material under-

neath the core complex. The South Aegean ‘cold’ core complex is only bounded by one

extensional detachment above it, leading to exhumation without a high temperature over-

print. The formation of the South Aegean core complex, exhuming along the South Aegean

or Cretan detachment that dips below the Cycladic core complex, thus provides the high-

temperature overprint of the Cycladic core complex

Acknowledgements

Pavlos Avramidis (Sedimentological laboratory, University of Patras, Greece) is kindly

thanked for the excursion days in the Klematia-Paramythia Basin and the stimulating dis-

cussions. Reinoud Vissers and Cor Langereis are acknowledged for the critical review of

earlier versions of the manuscript. Mark-Jan Sier, Suzanne Bijl, Ioannis Vakalas, Georgios

Ananiadis and Aris Mantzios are thanked for their assistance during the sampling cam-

paigns of 2002 and 2003. Paul Meyer is acknowledged for the discussion on the develop-

ment of the Klematia-Paramythia Basin. Marianne Leewis carried out the paleomagnetic

measurements on the samples of the Klematia-Paramythia Basin. Gerrit van 't Veld and

Geert Ittman are thanked for the preparation of the samples that were used for foraminife-

ral analysis. The Institute of Geology and Mineral Exploration of Greece (IGME) is than-

ked for providing the necessary working permits. This project was conducted under the

research program of the Vening Meinesz Research School of Geodynamics (VMSG).

Chapter  2: Underthrusting and exhumation



61

Revision of the timing, magnitude andRevision of the timing, magnitude and

distribution of Neogene rotations indistribution of Neogene rotations in

the western Aegean regionthe western Aegean region
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To evaluate the dimension and the timing of the clockwise rotating domain and the nature

of the structures that accommodate the rotating domain in the western Aegean region, pale-

omagnetic analyses were carried out in northern, western and southwestern Greece. The

results show that the rotating domain covers an area including the external Albanides,

western mainland Greece including Evia and probably at least partly the Peloponnesos.

Smaller clockwise rotations in the order of 30-40° were reported previously from the

Chalkidiki peninsula and the islands of Skyros and Limnos. Previously, two phases of

approximately 25° of rotation were suggested, the last one during the Plio-Pleistocene. Our

analysis shows that the western Aegean domain rotated approximately 40° clockwise be-

tween 15-13 and 8 Ma, followed by an additional 10° after 4 Ma.

The rotating domain is accommodated in the north by deformation associated with the

Scutari-Pec fault zone and in the west by the Ionian thrust and the Hellenic subduction

zone. To the south, no rocks older than about 10 Ma are available so no conclusive data are

obtained. To the east of the rotating domain, extensional detachment systems of the

Cyclades and Rhodope areas were active during the rotation phase and may explain at least

part of the differences in finite amounts of rotation between non-rotation or counter-   cloc-

kwise rotations observed in northern and eastern Greece and the large clockwise rotations

in western Greece.

This chapter has been submitted for publication as: Van Hinsbergen, D.J.J., Langereis, C.G.

and Meulenkamp, J.E. Revision of the timing, magnitude and distribution of Neogene rota-

tions in the western Aegean region, Tectonophysics
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3.1 Introduction

The Aegean region has been subjected to extension since the Oligocene (Gautier et al.,

1999; Jolivet and Patriat, 1999; Jolivet et al., 2003). This resulted in the formation of meta-

morphic core complexes, especially during the Miocene, and the foundering of a series of

Mio-Pleistocene extensional basins in the central and southern Aegean (McKenzie, 1978a;

Le Pichon and Angelier, 1979; Angelier, 1981; Meulenkamp et al., 1988; Gautier et al.,

1999; Figure 3.1). At least part of the extensional history of the Aegean is associated with

rotations on various scales. Extensive research has been carried out on the rotational histo-

ry of the Aegean region (e.g. Laj et al., 1982; Horner and Freeman, 1983; Mauritsch et al.,

1995; Speranza et al., 1995; Duermeijer et al., 2000; Kondopoulou, 2000; Kissel et al.,

2003), indicating large clockwise rotations in western Greece and Albania. (Kissel and Laj,

1988; Speranza et al., 1995; Kissel et al., 2003) suggested that clockwise rotation occurred

in western Greece in two phases of approximately 25° each, one during the middle to late

Miocene and one during the Plio-Pleistocene.

Walcott and White (1998) attempted to identify the structures that accommodate the rota-

tional motion based on analysis of stretching lineations in the ductile deformed basement

of the internal Hellenides. Their results were in line with a 50° clockwise rotation of

western Greece.

To further constrain the relation between rotation and deformation we analysed and evalu-

ated the timing and magnitude of the rotations of western Greece, and the dimensions of

the rotating domains. To this end, we carried out paleomagnetic analyses of northern and

western Greece, the Ionian islands, the Peloponnesos, and the islands of Aegina and

Kythira, to check previous work and to include new areas for which no or few rotation data

were presented earlier. The latter include the Florina-Ptolemais-Servia Basin and the

Mesohellenic Basin in northern Greece (Figure 3.1). The combination of these new data

and published information allows us to reconstruct the relationship between central Aegean

extension, rotation and external Aegean compression.

3.2 Sections, sites and sampling

A total of 2374 cores from 34 localities of Tertiary sedimentary rocks from northern and

western Greece, the Peloponnesos, and the islands of Corfu, Kefallonia, Aegina and

Kythira were sampled and analysed. A locality was defined as a coherent geological area

(e.g. an anticline, an island or a sedimentary section) and contains 1-13 sites or sections,

each with at least 8 samples.

Strimon Basin (northern Greece)

The Strimon basin in northern Greece is filled with Upper Miocene and Plio-Pleistocene

terrestrial and marine sediments. It underwent Late Pliocene extension, possibly associated
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with strike-slip movements in the North Aegean Trough along a splay of the North

Anatolian Fault Zone (Dinter and Royden, 1993; Dinter, 1998). This younger extensional

deformation was superimposed on older extension that created the NW-SE striking, SW

verging Strimon-Thassos extensional detachment, along which the Rhodope metamorphic

core complex was exhumed during the Early to Late Miocene (Dinter, 1998; Ricou et al.,

1998; Lips et al., 2000). The basin fill consists of a series of fluvio-lacustrine conglomera-

tes and finer sediments, followed by alternating clastics and carbonates, deposited in

lacustrine, brackish water or shallow marine depositional environments. During the Late

Miocene (Messinian), marine clays were deposited with gypsum lenses, followed by ter-

restrial sedimentation (Meulenkamp, 1979a; Steffens et al., 1979). We interpreted paleom-

agnetic results that were collected from the Upper Miocene deposits for magnetostratigra-

phic purposes by Snel et al. (in press-b)
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Florina-Ptolemais-Servia Basin (northwestern Greece)

Further to the west, a series of Late Miocene to Early Pliocene intramontane lacustrine

basin sediments overlie rocks of the (Sub-)Pelagonian Zone (Figure 3.2). These basins

developed in response to NE-SW extension (Pavlides and Mountrakis, 1987; Caputo and

Pavlides, 1993; Pavlides et al., 1998) and their stratigraphies were extensively studied by

Van Vugt (2000) and Steenbrink (2001). The basin fill is dominated by alternating lacustri-

ne lignite and carbonate beds. These are accurately dated by a combination of magneto-,

bio- and cyclostratigraphy and range in age from 8 to 4 Ma (Van Vugt et al., 1998;

Steenbrink et al., 1999; 2000; Steenbrink, 2001). We interpreted the samples from 7 (com-

posite-) sections (697 cores) that were previously sampled and analysed for magnetostrati-

graphy by these authors.

FIGURE 3.2. Geologic map of northwestern Greece, modified after Bornovas and Rontogianni-Tsiabaou (1983) with
sample locations and measured declination directions.
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Mesohellenic Basin (north-western Greece)

The geologic history of the Mesohellenic Basin was described by e.g. Zygojannis and

Müller (1982), Barbieri (1992a; b), Doutsos et al. (1994), Zelilidis and Kontopoulos (1997),

Kontopoulos et al. (1999), Avramidis et al. (2002) and Zelilidis et al. (2002). It is a 130 km

long and 40 km wide, NW-SE striking asymmetric basin, located on top of the (Sub-

)Pelagonian and Pindos zones. It is bounded in the west by the east-verging Krania and

Eptachori thrusts (Figure 3.2) that controlled the Eo-Oligocene sedimentary history of the

basin. In the east, the deposits of the Mesohellenic Basin generally onlap on the rocks of

the (Sub-)Pelagonian Zone. Seismic data indicate a stratigraphic thickness of up to 4500 m

(Kontopoulos et al., 1999). The oldest sediments in the Mesohellenic Basin are found near

Krania, southeast of Grevena (Zygojannis and Müller, 1982; Zelilidis et al., 1997; Figure

3.2). Conglomerate deposition was followed by Eocene clays with interbedded turbiditic

sandstones in an open-marine environment. Further north near Eptachorion, the basal stra-

tigraphy of the Mesohellenic Basin has a younger age (early Oligocene) and displays a

sequence of conglomerates, overlain by a series of clay and marls interpreted as shelf-sedi-

ments, followed by a submarine fan system characterised by turbiditic sandstones

(Zygojannis and Müller, 1982; Barbieri, 1992b; Avramidis et al., 2002). 

We sampled 23 sites (223 cores) of marine sediments of the Mesohellenic Basin (Figure

3.2). Locality EE consists of 13 sites: 7 sites in the shelf sediments near Eptachorion and 6

sites in the fine parts between the submarine fan-associated turbiditic sandstones along the

section EE' of Avramidis et al. (2002) containing Eocene-Middle Miocene sediments.

Likewise, locality DD consists of 7 sites in the basal, Eocene clays near Krania and 2 sites

were sampled along the transect DD' of Avramidis et al. (2002) containing Eocene-Middle

Miocene sediments. Additionally, 10 cores were collected from 1 site in the lower Pliocene

shallow marine marls north of Klimataki (locality KH) described by Fountoulis et al.

(2001).

Epirus, Corfu, Akarnania and Kefallonia (Western Greece)

In western Greece, Mesozoic to Paleogene sedimentary rocks of the Tripolitza and Ionian

Zone nappes are exposed (Figure 3.3) (e.g. IGRS-IFP, 1966; B.P.Co.Ltd., 1971; Underhill,

1988; 1989; Avramidis et al., 2000): The Tripolitza Zone underthrusted the Pindos zone and

structurally overlies the Ionian zone, which itself is deformed by several folds and thrusts

(Figure 3.3). On the Ionian islands of Levkas, Kefallonia and Zakynthos and on the

Karaburun peninsula in southern Albania, the Ionian zone overthrusts the (Pre-)Apulian

Zone (Mercier et al., 1972; 1976; Sorel et al., 1976; Cushing, 1985; Underhill, 1988; 1989;

Meco and Aliaj, 2000). 

The nappe stack is crosscut by a number of transverse structures: ENE-WSW trending

north-verging half-grabens. The bounding faults of these are still seismically active (e.g.

Gulf of Patras-Gulf of Corinth graben, Lake Trichonis and the Amvrakikos-Sperchios gra-

bens (Mariolakos, 1976; Doutsos et al., 1988; Clews, 1989; Doutsos et al., 1990; Sorel,

2000). Additionally, offshore western Greece the seismically highly active dextral
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Kefallonia Fault Zone presently delimits the active outward motion of the Hellenides

(Billiris et al., 1991; Kahle et al., 1998; Peter et al., 1998; Cocard et al., 1999). Onshore, a

NE-SW striking right-lateral Thesprotiko shear zone was identified (Jordan et al., submit-

ted; Figure 3.3), which is presently seismically inactive, but which once may have been

connected to the Kefallonia Fault Zone.

The stratigraphy of the Ionian and Tripolitza Zones can generally be subdivided in a

Mesozoic-Eocene series of limestones, overlain by a 1500-6000 m thick deep marine

Oligocene clastic series of alternating clay and turbiditic sandstone layers (Ionian and

Tripolitza flysch: e.g. IGRS-IFP, 1966; B.P.Co.Ltd., 1971; Wilpshaar, 1995; Peeters et al.,

FIGURE 3.3. Geologic map of western Greece, modified after Bornovas and Rontogianni-Tsiabaou (1983) with sample
locations and measured declination directions.
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1998; Avramidis et al., 2000; 2002; Avramidis and Zelilidis, 2001).

The age of the transition from carbonate to clastic sedimentation is estimated by Wilpshaar

(1995) and Peeters et al. (1998) as Earliest Oligocene (early Rupelian). The top of the car-

bonate sequence becomes more clay and silt-rich and is generally followed by approxima-

tely 5-15 m of blue marl preceding the first turbiditic sandstones. 

To asses the dimensions of the rotating domains, 12 localities, varying from 1-8 sites of 8-

10 samples each (Figure 3.3), were sampled in the basal 5-15 m of blue marls of the Ionian

flysch.

To estimate the timing of the rotation of the various rotating domains, Neogene sediments

were sampled. Lower Miocene clastic sediments were deposited in the Klematia-

Paramythia Basin. These sediments are folded into the Botsara syncline (IGRS-IFP, 1966;

Chapter  3: Revision of Neogene rotations

FIGURE 3.4. Geologic map of southwestern Greece, modified after Bornovas and Rontogianni-Tsiabaou (1983) with
sample locations and declination directions.`
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Avramidis et al., 2002). 5 sites and 3 long sections were sampled in the Lower Miocene of

the Botsara-syncline (locality BO and sections Botsara West (BW) / Basin Plain (BP) and

Botsara Top (BT) (all corresponding to section AA' of Avramidis et al., 2000 and 2002, and

BE,) and near Kryopigi (KP) and Kalamarina (KM) (Figure 3.kaart 3). In total, 13 outcrops

of younger sediments were sampled: samples from the Middle Miocene were collected near

Parga (PAP), from the the Upper Miocene (Tortonian) on northwestern Corfu (CA) and the

west coast of mainland Greece (PO and PA) and from the lower Pliocene of Corfu (CM,

CAS, CL), Kefallonia (KS) and the west coast of mainland Greece (RZ) (Figure 3.3).

Samples that were taken from the Corfu Coast section (CC) for magnetostratigraphy by

Linssen (1991), were reinterpreted for rotation analysis.

Peloponnesos, Kythira and Aegina (southwestern Greece)

A total of 259 cores were collected from 27 sites (259 cores) in southwestern Greece.

On the Peloponnesos, the nappe pile is contains a tectonic window, which exposed the

metamorphosed Phyllite-Quartzite and the Plattenkalk Units (Figure4). These units were

exhumed in the course of the Miocene (Bonneau, 1984; Theye and Seidel, 1991; Jolivet et

al., 1996). Plio-Pleistocene extension formed a number of sedimentary basins (Piper et al.,

1976; 1982; Hageman, 1977; Benda et al., 1987; Zelilidis et al., 1988; Zelilidis and

Doutsos, 1992; Frydas and Bellas, 1994; Van Vugt et al., 2001; Figure 3.4).

In the northwest and southwest, two localities (OP and PY) were drilled in the lower

Oligocene flysch for comparison with the Oligocene localities sampled in western Greece.

Additionally, 8 sites were sampled in the upper Plio-Pleistocene blue marls and silts of the

south-Peloponnesos (MP, MA and LA-sites). On Aegina, paleomagnetic results were obtai-

ned from the Upper Miocene (Messinian) Souvala-section, sampled for magnetostratiga-

phy (Chapter 6). On Kythira, 5 sites were drilled in the Upper Miocene (Tortonian) and

Lower Pliocene marine sequences, in addition to the previously reported results of

Duermeijer et al. (2000).

3.3 Paleomagnetic results

Characteristic Remanent Magnetisation (ChRM) directions

The paleomagnetic samples were taken with a water-cooled, generator-powered electric

drill and oriented with a magnetic compass. The samples were either thermally demagne-

tised with small temperature increments of 20-80°C up to a maximum temperature of

690°C in a magnetically shielded, laboratory-built furnace, or progressively demagnetised

in an alternating field (AF) with 5-50 mT increments up to 300 mT. The natural remanent

magnetisation (NRM) of the specimens was measured on a 2G Enterprises horizontal DC

SQUID cryogenic magnetometer. 

Some low-intensity samples did not give a sensible result and were hence discarded (e.g.

Figure 3.5c). In most other cases, a normal polarity component is removed at temperatures
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between 100 and 210°C (Figure 3.5a and b), which is interpreted as a present-day field

component. After removal of this component, in some cases no sensible result is obtained
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FIGURE 3.5. Zijderveld diagrams (Zijderveld, 1967) of the analysed samples. a). strong present-day field overprint, leav-
ing no sensible result after removal from middle Miocene marls; b) present-day field overprint, leaving the ChRM after
removal in lower Oligocene clays, c) no sensible result from lower Oligocene clays, d) present-day field overprinting a
reversed ChRM in lower Oligocene clays, e) probably iron sulfide magnetisation showing normal polarity and no rota-
tion in middle Pliocene marls; f) magnetite magnetisation (see text) and reversed polarity and 110ºcw rotation in lower
Miocene clays; g) magnetite/maghaemite magnetisation showing normal polarity and 45ºcw rotation in lower Oligocene
clays; h) magnetite/maghaemite magnetisation showing normal polarity and 25º cw rotation in Tortonian clays; j) mag-
netite/maghamite magnetisation showing reversed polarity and 50º cw rotation in lower Oligocene clays; k) haematite
magnetisation showing reversed polarity and 25º clockwise rotation in Pleistocene silts; l) AF demagnetised Tortonian
clays showing normal polarity and 50º clockwise rotation; m) AF demagnetised upper Eocene/lower Oligocene clays
showing reversed polarity and 30º clockwise rotation; n) AF demagnetised lower Miocene clays showing the typical
small induced magnetisation (see text for further explanation).
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(Figure 3.5a). Alternatively, the original magnetisation may be (partly) overprinted (Figure

3.5d) or one or more magnetic components are still present (Figure 3.5b). In almost all spe-

cimens, a component with an unblocking temperature between 290°C and 410°C is present

(Figures 3.5e and f), suggesting iron sulphides as an important carrier of the magnetic sig-

FIGURE 3.6. Rock magnetic properties of the samples can be divided in two major classes. a).Thermomagnetic curves
of marine marl samples often show dominantly paramagnetic behaviour, likely because of the clay minerals, as can be
seen from the typical paramagnetic decay until approximately 400 °C, as well as from the hysteresis loop (inset) in fields
up to 1.5 T. Upon further heating, fine grained magnetite is formed above 400 °C through oxidation of pyrite. The
newly formed magnetite, evident from the maximum Curie temperature of ~580 °C, may cause spurious magnetisa-
tions during thermal demagnetisation (see Figure 5). Despite the dominantly paramagnetic behaviour, however, many
samples - although of low remanent (ferromagnetic) intensity - give a reliable and consistent ChRM. b). Although still
strongly influenced by paramagnetic behaviour, the majority of the samples show magnetite dominated hysteresis
parameters, especially if corrected for the paramagnetic slope (inset). Typically, the coercive forces range 20-30 mT, fur-
ther proving magnetite as the main carrier of the ChRM.
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nal. In addition, magnetite or maghaemite (indicated by unblocking temperatures of 580°C

and 625°C, respectively) are present (Figure 3.5g, h and j). In our samples, haematite - cha-

racterised by rapidly decreasing intensities between 630°C and 670°C - is only rarely the

carrier of the magnetic signal (Figure 3.5k). 

Most of our samples with iron sulphides have low intensities, and thermal demagnetisation

is not possible at temperatures exceeding 390-420°C caused by breakdown of pyrite into

magnetite (Figure 3.6), additional analysis was carried out on these samples using AF-

demagnetisation. To remove the present-day field component, these samples were thermal-

ly demagnetised in three or four steps up to a temperature of 240°C. Afterwards, increasing

increments of 5 - 50 mT were applied until demagnetisation was completed (Figures 3.5 l

and m).

Generally, the 240-390°C or 570-625°C, and 5-300 mT components were considered to

represent the Characteristic Remanent Magnetisation (ChRM). Occasionally, a small, indu-

ced magnetisation in the 2G Enterprises horizontal DC SQUID cryogenic magnetometer

may result in a small deviation from the origin of the Zijderveld-diagrams, particularly in

low-intensity samples. When results are plotted in sample coordinates, a typical deviation

of approximately -0.05 mA/m is found (Figure 3.5n). If the magnetic intensity of the sam-

ple is high, this deviation has no noticeable effect. If samples have low intensities and are

susceptible to such induced magnetisation, the ChRM is determined excluding the origin

(Figure 3.5n).

After a ChRM-direction was determined for all suitable cores of a site, a site mean was

determined. First, the resulting ChRM directions were calculated without tectonic tilt cor-

rection (TC), to check if the measured direction corresponds to a present-day field directi-

on. Additional criteria were based on a consistent decay of the NRM at temperatures excee-

ding 240°C. Then, tectonic correction was carried out and the average site direction was

calculated (Figure 3.7a).

When a strong present-day field component was detected overlapping with the ChRM, we

occasionally used great circles in addition to directly determined ChRM directions

(McFadden and McElhinny, 1988; e.g. section Kedros-Sgourou on Kefallonia; Figure

3.10).

Results were regarded conclusive if k-values exceed 20 and the number of cores used for

the construction of the average was at least 4 (type 1 measurement). If only 1 or 2 cores

were suitable for interpretation, the site was considered inconclusive and not used (type 3

measurement). All other cases were used as a mere indication for the amount and sense of

the rotation. After construction of the site averages, locality means were calculated using

the same method. In the locality-plots rotation with respect to the north pole is shown: from

reversed sites the antipodal normal direction was used. 

Morris and Anderson (1996), following the suggestion of Kissel and Laj (1988), compared

their data of Miocene granitoids of Naxos and Mykonos to the apparent polar wander path

of Africa and applied a reference direction of D = 005°, I = 42° based on e.g. Besse and

Courtillot (1991). We did not apply such corrections for the following reasons. Kissel and
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Laj (1988) argued that throughout most of the Tertiary the Aegean domain was attached to

Africa and thus followed the polar wander path of Africa. At least since the latest

Oligocene, when the Tripolitza and Ionian zones in the external Hellenides started to be

severely deformed, these zones are incorporated in the accetionary wedge, i.e. Europe. The

Mesohellenic trench developed as a foreland basin of the Pindos fold and thrust belt (e.g.

Doutsos et al., 1994) and was thus never part of Africa. In an accretionary wedge, the 'affi-

nity' of the various units with the underriding and overriding plate varies rapidly through

time and space. Moreover, the age calibration of the sediments, especially for the younger

Neogene, is much more accurate than for the polar wander paths and it is therefore diffi-

FIGURE 3.7. a) Determination of locality average: every site is corrected for tilting of the bedding, and all sites are aver-
aged to obtain the locality mean. b) Positive fold test of localities AA and PK on the northeastern and southwestern
limb, respectively, of a large syncline in northern Epirus (see Figure 3 for locations). c) Diagram after Tauxe and Watson
(1994), showing that at 89% unfolding the best match is obtained between the sites of localities AA and PK.
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cult to assess which sites should or should not be corrected. 

Some datasets that have been published are corrected, some are not and not all sets were

corrected by the same values. As a result, the published rotation values may vary by

approximately 5°.

In some cases a reversal test could be carried out. Although the inclination in the

Mesohellenic Basin in all sites is much lower than would be expected for the present lati-

tude of Greece, the reversal test (McFadden and McElhinny, 1990) turned out positive

(Figure 3.8, Table 3.1). The reversal tests for most of the sections in the Florina-Ptolemais-

Servia Basin were positive (Figure 3.8, Table 3.1). Additionally, a positive result was obtai-

ned from a reversal test, carried out on the Corfu Coast section directions. 

The localities Palamba-Kerasochori (PK) and Aghios Nikolaos-Aghios Pandes (AA) were

sampled on the opposite limbs of a syncline and both the fold test of McFadden (1990) and

Tauxe and Watson (1994) were successful (Figure 3.7)

The resulting plots and values are listed in Figures 3.8-3.10 and Tables 3.1-3.3. 

3.4 Regional versus local rotations and their timing

To translate the rotations obtained for each section and site into locality-wide rotations the

following steps were taken. Anomalous declinations with respect to other sites within the

same locality are generally considered to represent a local rotation, caused by e.g. landsli-

ding (site BO 2, PK4, AA2 and NI3: Figure 3.9; Table 3.2, and EE4: Figure 3.8; Table 3.1).

Only sites PY2 and PY6 both give conclusive results indicating 90° counterclockwise

(ccw) or 270°cw rotation. The absence of any structural evidence for such extreme rotations

leads us to consider these rotations as either very local, or as a poorly understood artefact.

As mentioned before, present-day overprints may have redirected in particular reverse

ChRM directions because of the spectrum overlap (Figure 3.5d). Such sites have been dis-

regarded for further conclusions (e.g. SZ2, SZ3 and SZ6: Figure 3.9 and Table 3.2).  

All other sites probably reflect a declination direction that is representative for the entire

locality.

Regional rotations: results from pre-Middle Miocene rocks

To determine the dimension of the rotating domains through time, we compare the new and

previously published results obtained from sites and localities in pre-Middle Miocene rocks

- suggested by (Kissel and Laj, 1988; Kissel et al., 2003) to predate the major clockwise

rotation of western Greece.

Localities DD and EE cover a large part of the Eocene to Lower Miocene of the

Mesohellenic Basin and have declinations of 51 ± 11° and 52 ± 15°, respectively (Figure

3.2 and 3.8, Table 3.1). The average rotation of all successful sites in the Mesohellenic

Basin is 51 ± 8°cw rotation and is interpreted as a basin-wide phenomenon. These findings

contradict those of Kissel and Laj (1988) and Márton et al. (1990) who reported rotations
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Figure 3.8. Results of the NRM analysis for the sites in the Florina-Ptolemais-Servia Basin, the Mesohellenic Basin and
the Strymon basin. Closed circles (open triangles) represent normal (reversed) polarities. See Figures 3.1 and 3.2 and
Snel et al. (in press-b) for locations and Table 3.1 for further details.

TABLE 3.1 (next page). Results of NRM analyses from the sites and sections of northern Greece, corrected for bed-
ding tilt. Na = number of analysed samples, Nc = number of conclusive samples, q = quality (1 = conclusive, 2 =
indicative, 3 = inconclusive), decl = declination, incl = inclination, k = Fisher's precision parameter (Fisher, 1953), a95
= 95% cone of confidence, pol = polarity, rot = amount of rotation, sense = sense of rotation (cw = clockwise, ccw
= counterclockwise). References for ages: [1] = Fountoulis et al. (2001) [2] = Avramidis et al. (2002); [3] = Bornovas
and Rontogianni-Tsiabaou (1983); [4] = Steenbrink et al. (2001); [5] = pers. comm. J. Steenbrink (2003); [6] = Van Vugt
et al. (1998); [7] = Steenbrink et al. (2000); [8] = Snel et al. (in press-b); [9] = Armour-Brown et al. (1979).
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Locallity samples Na Nc q decl incl k α95 pol rot Age [reference]

MESOHELLENIC BASIN

RT: class C, γ = 14.9 > γc = 15.9

Klimataki KH 1-10 10 4 3 355.8 53.7 11.5 28.3 N 4 ccw E. Pliocene [1]

EE mean 6 51.7 28.2 19.5 15.5 N/R 52 cw Oligocene-M. Miocene [1]

Eptachorio mean 4 2 65.4 39.1 15.3 24.3 N/R 65 cw L. Eocene-Oligocene [2,3]

EE 1 EE 1-10 10 3 - - - - - - - L. Eocene-Oligocene [2,3]

EE 2 EE 11-20 10 10 1 75.1 37.6 27.8 9.3 N 75 cw L. Eocene-Oligocene [2,3]

EE 3 EE 21-30 10  3 - - - - - - - L. Eocene-Oligocene [2,3]

EE 4 EE 31-40 10 - 3 - - - - - - - L. Eocene-Oligocene [2,3]

EE 5 EE 41-50 10 6 1 215.5 -22.2 20.5 15.2 R 36 cw L. Eocene-Oligocene [2,3]

EE 6 EE 51-60 10 8 1 42.0 31.5 11.3 N 42 cw L. Eocene-Oligocene [2,3]

EE 7 EE 61-70 10 10 1 47.9 47.7 14.6 N 48 cw L. Eocene-Oligocene [2,3]

Sites along section EE

EE 8 EE 71-80 8 1 3 220.0 -49.0 R 40 cw Oligocene-M. Miocene [2]

EE 12 EE 111-120 10 7 1 234.3 -9.1 14.2 18.4 R 54 cw Oligocene-M. Miocene [2]

EE 13 EE 121-128 8 8 1 237.1 -17.7 261.9 4.1 R 57 cw Oligocene-M. Miocene [2]

EE 11 EE 101-110 10 3 - - - - - - - Oligocene-M. Miocene [2]

EE 10 EE 91-100 10 3 - - - - - - - Oligocene-M. Miocene [2]

EE 9 EE 81-90 10 3 - - - - - - - Oligocene-M. Miocene [2]

DD mean 8 1 51.0 20.3 25.8 11.1 N/R 51 cw Oligocene-M. Miocene [2]

Krania mean 6 1 46.4 19.5 27.2 13.1 N/R 46 cw L. Eocene [2,3]

DD 1 DD 1-10 10 8 1 45.9 24.8 14.5 N 46 cw L. Eocene [2,3]

DD 2 DD 11-20 10 6 1 59.7 18.4 7.9 N 60 cw L. Eocene [2,3]

DD 3 DD 21-30 10 4 2 245.8 -22.8 21.2 R 66 cw L. Eocene [2,3]

DD 4 DD 31-40 10 6 1 218.9 -8.6 12.3 19.9 R 39 cw L. Eocene [2,3]

DD 5 DD 41-50 10 7 1 208.7 -30.2 15.8 R 29 cw L. Eocene [2,3]

DD 6 DD 51-60 10 9 1 279.2 -23.1 13.7 R 109* cw L. Eocene [2,3]

DD 7 DD 61-70 10 10 1 218.9 -9.7 32.5 8.6 R 39 cw L. Eocene [2,3]

Sites along section DD

DD 8 DD 71-80 10 9 1 251.2 -16.8 36.6 8.6 R 71 cw Oligocene-M. Miocene [2,3]

DD 9 DD 81-87 7 7 1 58.3 26.8 13.8 16.8 N 58 cw Oligocene-M. Miocene [2,3]

FLORINA-PTOLEMAIS-SERVIA BASIN 7 9.8 50.2 238.3 3.9 10 cw 4.0 Ma

Vegora section mean 10.2 46.0 10 cw 6.0 Ma [4]

RT: class B, γ = 4.3 > γc = 8.0 normal 7 1 11.8 51.3 27.5 11.7 N 12 cw

reversed 36 2 188.5 -40.6 18.5 5.7 R 9 cw

Anagyri section mean 190.1 -45.9 20.4 11.7 10 cw Lower Pliocene [3,6]

normal 2 2 2.6 60.8 - - N 3 cw

reversed 9 1 190.1 -45.9 20.4 11.7 R 10 cw

Vorio section mean 8.6 51.1 9 cw 4.0 Ma [6]

RT: class B, γ = 4.3 > γc = 8.0 normal 18 1 11.3 49.9 20.1 7.9 N 11 cw

reversed 76 1 185.7 -52.3 23.1 3.5 R 6 cw

Komanos section mean   2.3 56.4    2 cw 5.0 Ma [4,6]

RT: class A, γ = 1.9 > γc = 3.9 normal 85 1 2.1 57.3 39.6 2.5 N 2 cw

reversed 71 1 182.4 -55.4 31.8 3.0 R 2 cw

Tomea Eksi section mean 9.1 54.9 9 cw 5.0 Ma [4,6]

RT: class A, γ = 1.6 > γc = 3.8 normal 57 1 8.1 55.4 38.6 3.1 N 8 cw

reversed 130 1 190.1 -54.3 29.3 2.3 R 10 cw

Lava section mean 17.1 51.6 17 cw 6.2 Ma [7]

RT:class A, γ = 1.1 > γc = 4.3 normal 81 1 17.5 52.1 44.1 2.4 N 18 cw

reversed 66 1 196.6 -51.2 27.6 3.4 R 17 cw

Prosilio section mean 9.9 45.3 10 cw 5.2 Ma [6]

RT: Indet. γ = 19.5 > γc = 8.3 normal 34 1 11.8 55.0 41.7 3.9 N 12 cw

reversed 25 2 188.0 -35.7 15.9 7.5 R 8 cw

STRIMON BASIN mean 1 1.1 43.2 N/R 1 cw L. Miocene  [8]

Kavala Road section KR 9 2 58.4 40.7 7.6 20.0 N 58 cw Early Pliocene [8]

Labyrinthos section LA 14 1 359.1 40.6 39.1 6.4 N 1 ccw L. Miocene (Messinian) [8]

8 1 183.1 -45.8 40.9 8.8 R 3 cw L. Miocene (Messinian) [8]

Lefkon section LF 3 2 190.2 -39.1 14.2 34.0 R 10 cw L. Miocene (L.Valesian) [9]

Myrini section MY 8 2 166.5 -48.3 7.4 21.7 R 13 ccw E. Miocene [8,9]

Rema Marmara section RM 0 3 - - - - - - - E. Pliocene [8]
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of 27 ± 10°cw and 15 ± 26°cw in Oligocene and Miocene rocks, respectively. Our large

number of sites and their internal consistency that is shown from the successful reversal test

(Table 3.1), however, lead us to believe that 50°cw rotation is a realistic value.

Following Horner and Freeman (1983), we determined the relationship between the azi-

muth of the fold axes and the amount of rotation measured from the limbs of the folds in

the Lower Oligocene base of the Ionian flysch and the sedimentary sequence of the

Mesohellenic Basin. The resulting rotation-corrected strikes are shown in the histogram of

FIGURE 3.9. Results of the NRM analysis for the sites in Epirus and Akarnania, mainland western Greece. Closed cir-
cles (open triangles) represent normal (reversed) polarities. See Figure 3.3 for locations and Table 3.2 for further details.
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TABLE 3.2. Results of NRM analyses from the sites and sections of (north)western Greece, corrected for bedding tilt.
Na = number of analysed samples, Nc = number of conclusive samples, q = quality (1 = conclusive, 2 = indicative, 3
= inconclusive), decl = declination, incl = inclination, k = Fisher's precision parameter (Fisher, 1953), a95 = 95% cone
of confidence, pol = polarity, rot = amount of rotation, sense = sense of rotation (cw = clockwise, ccw = counter-
clockwise). References for ages: [10] = IGRS-IFP (1966); [11] = Peeters et al. (1998); [12] = Chapter 2; [13] = Bizon et
al. (1983); [14] = Wilpshaar (1995); [15] = Linssen (1991).

Locallity samples Na Nc q decl incl k α95 pol rot Age [reference]

EPIRUS

Konitsa-Exochi 1 232.9 -26.0 39.6 12.3 R 53 cw Oligocene [10]

KE 1 KE 1-5 5 5 2 232.9 -26.0 39.6 12.3 R 53 cw Oligocene [10]

KE 2 KE 11-13 3 0 3 - - - - - - Oligocene [10]

Paleopyrgos

PP 1 PP 1-2 2 0 3 - - - - - - Oligocene [10]

Palamba-Kerasochori 4 30.9 31.1 68.9 11.1 N/R 31 cw Oligocene [10]

PK 1 PK 1-10 10 8 1 24.1 27.9 79.5 6.3 N 24 cw Oligocene [10]

PK 2 PK 11-20 10 8 1 212.2 -33.7 53.8 7.7 R 32 cw Oligocene [10]

PK 3 PK 21-30 10 7 1 35.7 21.0 26.5 12.0 N 36 cw Oligocene [10]

PK 4 PK 31-40 10 10 1 43.6 -32.2 20.1 11.0 R 224 cw Oligocene [10]

PK 5 PK 41-49 9 9 1 211.7 -41.7 48.0 7.5 R 32 cw Oligocene [10]

Ag. Nikolaos-Ag. Pandes 1 32.8 40.9 N 33 cw Oligocene [10]

AA 1 AA 1-10 10 4 1 32.8 40.9 50.9 13.0 N 33 cw Oligocene [10]

AA 2 AA 11-20 10 7 2 154.7 -32.0 16.7 15.2 R 25* ccw Oligocene [10]

Saloniki-Zalongo mean 1 58.4 41.3 N 58 cw E. Oligoc. (Rupelien) [11]

SZ 1 SZ 1-10 7 5 1 58.4 41.3 33.9 13.3 N 58 cw E. Oligocene (Rupelien) [11]

SZ 2 SZ 11-20 10 8 1 305.1 -41.7 45.1 8.3 R 135* cw E. Oligocene (Rupelien) [11]

SZ 3 SZ 21-30 10 5 2 33.7 36.2 48.4 11.1 N 34* cw E. Oligocene (Rupelien) [11]

5 2 292.2 -44.1 6.1 33.6 R 112* cw E. Oligocene (Rupelien) [11]

SZ 4 SZ 31-40 10 0 3 - - - - R - E. Oligocene (Rupelien) [11]

SZ 5 SZ 41-49 9 0 3 - - - - R - E. Oligocene (Rupelien) [11]

SZ 6 SZ 51-60 10 10 1 282.4 -24.6 79.7 5.4 R 102* cw E. Oligocene (Rupelien) [11]

SZ 7 SZ 61-70 10 0 3 - - - - R - E. Oligocene (Rupelien) [11]

Gourpanitsa-Polygiros

GP 1 GP 1-10 10 5 2 221.0 -40.9 12.8 26.7 R 41 cw Oligocene [10]

Botsara Syncline mean 7 61.3 42.6 35.7 10.2 N/R 61 cw E. Miocene [10]

Sites mean 4 71.2 44.0 57.3 12.2 N/R 71 cw E. Miocene [10]

BO 1 BOP 1-10 10 7 2 239.1 -35.4 14.3 16.5 N/R 59 cw E. Miocene [10]

BO 2 BOP 11-20 10 6 1 101.8 52.8 21.2 14.9 N 102* cw E. Miocene [10]

BO 3 BOP 21-30 10 10 1 82.9 38.9 35.0 8.3 N 83 cw E. Miocene [10]

BO 4 BOP 31-39 9 9 1 74.2 49.2 47.9 7.5 N 74 cw E. Miocene [10]

BO 5 BOP 41-49 9 7 1 69.1 51.0 33.7 10.5 N 69 cw E. Miocene [10]

Sections mean 3 1 48.9 39.5 49.9 17.6 N/R 49 cw E. Mioc. (Burdigalian) [12]

Botsara East BE 1-47 47 2 1 220.7 -27.2 R 41 cw E. Miocene (Burdigalian) [12]

Botsara West BW 1-138 114 41 2 41.3 44.0 11.0 7.0 N 41 cw E. Miocene (Burdigalian) [12]

Basin Plain BP 1-25 15 10 1 227.9 -28.2 31.9 8.7 R 48 cw E. Miocene (Burdigalian) [12]

2 2 25.0 31.6 N 25 cw E. Miocene (Burdigalian) [12]

Botsara Top BT 1-62 60 36 2 61.4 48.8 16.7 6.0 N 61 cw E. Miocene (Burdigalian) [12]

Parga

PA 1 PA 1-18 16 7 1 30.4 28.1 46.6 8.9 N/R 30 cw Middle Miocene [13]

Nicolitsi II, IV & V 3 85.4 34.7 25.0 5.9 85 cw Oligocene [10]

NI 1 NI 1-10 10 10 1 48.8 36.0 151.1 3.9 N 49 cw Oligocene [10]

NI 2 NI 11-20 10 8 1 80.2 20.9 1071.9 1.7 N 80 cw Oligocene [10]

NI 3 NI 21-30 10 9 1 344.8 42.6 22.3 11.1 N 14* cw Oligocene [10]

NI 4 NI 31-40 10 8 1 273.1 -35.5 27.7 10.7 R 93 cw Oligocene [10]

NI 5 NI 41-49 9 9 1 264.0 -46.2 36.1 8.7 R 84 cw Oligocene [10]

Seriziana-Alepochori

SA 1 SAP 1-6 6 0 3 - - - - - - - Oligocene [10]
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Locallity samples Na Nc q decl incl k α95 pol rot Age [reference]

Kryopigi mean 3 39.3 50.0 40.3 19.7 N 39 cw E. Miocene [10]

KP 1 KPP 1-10 10 8 2 219.3 16.1 8.4 20.3 R 39 cw E. Miocene [10]

KP 2 KPP 11-20 10 8 2 32.1 50.3 13.8 15.5 N 32 cw E. Miocene [10]

KP 3 KPP 21-30 10 7 2 25.5 47.1 13.9 16.8 N 26 cw E. Miocene [10]

KP 4 KPP 31-39 8 7 2 62.0 49.4 19.7 14.0 N 62 cw E. Miocene [10]

KP 5 KPP 41-50 10 0 3 - - - - R - - E. Miocene [10]

Ekklissia [4] EKL 3 3 2 283.5 -36.7 9.8 41.6 R 104* cw Oligocene [14]

Kalamarina

KM 1 KMP 1-10 10 8 1 287.7 -30.5 51.8 7.8 R 118 cw E. Miocene [10]

Riza RZ 1-40 40 3 2 24.2 42.3 11.5 38.1 N 24 cw Early Pliocene [12]

18 2 233.9 -37.9 11.9 12.0 R 54 cw Early Pliocene [12]

Kalentzi-Lazena mean 8 45.4 34.0 58.7 7.3 N 45 cw Oligocene [10]

KL 1 KL 1-10 10 9 1 51.2 38.8 39.2 8.3 N 51 cw Oligocene [10]

KL 2 KL 11-20 10 10 1 39.4 44.1 31.2 8.8 N 39 cw Oligocene [10]

KL 3 KL 21-29 9 7 1 39.9 42.5 47.7 8.8 N 40 cw Oligocene [10]

KL 4 KL 31-39 9 9 1 46.6 25.6 41.7 8.1 N 47 cw Oligocene [10]

KL 5 KL 41-50 10 10 1 40.3 39.3 21.7 10.6 N 40 cw Oligocene [10]

KL 6 KL 51-60 10 9 1 58.3 22.6 67.8 6.3 N 58 cw Oligocene [10]

KL 7 KL 61-70 10 8 1 35.8 25.9 87.2 6.0 N 36 cw Oligocene [10]

Arakhtos (AR) [2] PAR 7 1 229.3 -31.1 37.4 10.0 R 49 cw E. Oligocene (Rupelien) [11]

Limni Pournarion mean 7 1 53.3 35.7 84.2 6.6 N/R 53 cw Oligocene [10]

LP 1 LP 1-8 8 8 2 60.0 41.6 16.8 13.9 N 60 cw Oligocene [10]

LP 2 LP 11-20 10 8 1 37.5 29.8 33.8 9.7 N 38 cw Oligocene [10]

LP 3 LP 21-29 9 8 1 236.7 -35.6 37.7 9.1 R 57 cw Oligocene [10]

LP 4 LP 31-40 10 10 1 246.0 -31.0 34.2 8.4 R 66 cw Oligocene [10]

LP 5 LP 41-49 9 9 1 50.6 34.7 34.9 8.8 N 51 cw Oligocene [10]

LP 6 LP 51-60 10 10 1 51.9 33.1 151.3 3.9 N 52 cw Oligocene [10]

LP 7 LP 61-70 10 8 1 51.3 41.9 100.4 5.6 N 51 cw Oligocene [10]

Northern Tripolitza 2 57.4 35.2 N/R 57 cw Oligocene [10]

NT 1 NT 1-10 10 9 1 39.8 32.0 28.2 9.9 N 40 cw Oligocene [10]

NT 2 NT 11-20 10 7 2 254.9 -35.7 11.2 18.8 R 75 cw Oligocene [10]

NT 3 NT 21-22 2 1 3 243.2 -44.4 - - R 63 cw Oligocene [1]

Paleros PA 1-35 35 31 1 35.5 41.1 48.9 3.7 N 36 cw L. Miocene (Tortonian) [12]

Pogonia PO 1-70 70 27 1 50.3 47.9 17.0 7.0 N 50 cw L. Miocene (Tortonian) [12]

4 2 214.5 -27.6 36.5 15.4 R 35 cw L. Miocene (Tortonian) [12]

Southern Akarnania

Mount Thiamo 1 MTC 1-10 10 1 3 309.6 36.3 - - N 50 ccw Oligocene [10]

Mount Thiamo 2 MTC 11-18 8 - 3 - - - - R - - Oligocene [10]

Karavouna KVC 1-7 7 2 3 - - - - N/R - - Oligocene [10]

Dimos Mesolongi DMC 1-8 8 6 2 46.9 41.1 8.8 23.9 N 47 cw Oligocene [10]

CORFU mean 4 359.4 42.6 198.7 6.5 N/R 1 ccw Early Pliocene [12]

Monastery-section CMP 1-39 39 12 2 355.9 52.8 16.7 11.5 N 4 ccw Early Pliocene [12]

11 2 179.8 -41.7 12.1 13.0 R 0 Early Pliocene [12]

Lefkimmi 1 CLP 1-14 14 8 1 171.6 -43.7 23.9 11.6 R 8 ccw Early Pliocene [12]

Lefkimmi 2 CLP 15-28 14 0 3 - - - - R - - Early Pliocene [12]

Lefkimmi 3 CLP 29-35 7 0 3 - - - - R - - Early Pliocene [12]

Arillas Beach section CAP 1-35 35 10 1 357.7 46.7 17.0 12.1 N 2 ccw L. Miocene (Tortonian) [12]

3 2 163.9 -32.0 49.3 17.7 R 16 ccw L. Miocene (Tortonian) [12]

Aghios Stefanos CASP 1-7 6 3 - - - - N - - Early Pliocene [12]

Corfu Coast section mean 127 1 8.9 45.7 24.6 2.6 N/R 9 cw Early Pliocene [15]

RT: class A, CA 1-100 55 1 8.3 46.0 27.6 3.2 N 8 cw Early Pliocene [15]

γ = 3.2 > γc = 5.6 75 2 192.8 -46.7 15.2 5.1 R 13 cw Early Pliocene [15]

KEFALLONIA

Kedros-Sgourou KS 13 10 2 89.5 28.3 10.2 N 90 cw Early Pliocene [12]

TABLE 3.2 (continued)
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Figure 3.11, indicating generally E-W trending pre-rotation strikes. Combination of the

rotation data with the azimuth of the major fold axes allows the identification of some zones

of local rotation. The general strike of the Ionian and Tripolitza zones and the Mesohellenic

Basin at the opposite side of the Pindos Mountains is 330-340°. Localities sampled in anti-

clines with these strikes in western Greece (KE, SZ, GP, KL, LP, NT, Figure 3.3) indicate

an average rotation of 49 ± 5°cw. These results are in excellent agreement with the results

of Horner and Freeman (1983), who calculated 48 ± 4°cw rotation based on 50 sites in the

Paleocene and Eocene Ionian limestones. Three localities in Oligocene flysch of Kissel et

al. (1985) give somewhat larger rotations of 55 ± 6°cw, 63, ± 11°cw and 62 ± 19°cw, but

still within the error.

The localities of the Lower Miocene in the Botsara-syncline and, of less quality, Kryopigi

give rotations of 69 ± 10°cw and 39 ± 20°cw, respectively. Kissel et al. (1985) reported 53

± 8°cw rotation from the Lower Miocene of the Botsara syncline, which is in better agree-

ment with the net 50°cw rotation of western Greece.

The 49 ± 5°cw rotation obtained from the Lower Oligocene of the Ionian flysch and the 51

± 8°cw of the Mesohellenic Basin is comparable to values obtained for 14.8 and 13.2 Ma

old andesites on Evia (51 ± 12°cw) by Morris (1995) and 58 ± 8°cw by Kissel et al. (1989).

The 15 Ma old andesites of the island of Skyros east of Evia and 50-30 Ma old granodiori-

tes on the Chalkidiki peninsula revealed lower values of 26 ± 8°cw and 37 ± 9°cw rotation,

respectively (Kissel et al., 1986a; 1989; Kondopoulou and Westphal, 1986) and from the

island of Limnos, Westphal and Kondopoulou (1993) reported 34° ± 15° cw rotation. These

rotations may either indicate that a structure accommodating at least part of the rotation lies

in between western Greece and Chalkidiki and Skyros, but especially in the case of Skyros

this is highly uncertain. On the other hand, the rotation of Limnos was explained by

Westphal and Kondopoulou (1993) as a result of dextral strike-slip motion along the north-

Aegean trough. The islands of eastern Greece (Lesbos, Chios) show no or counterclockwi-

se post-Middle Miocene rotations (Table 3.4;'Kissel et al., 1986a; Kondopoulou et al.,

1993a; b).

Smaller clockwise rotations, generally not exceeding 30°cw on the Rhodope were interpre-

ted as local rotations due to dextral strike-slip motion associated with the North Aegean

Trough, without regional significance (Atzemoglou et al., 1994; Dimitriadis et al., 1998;

Kondopoulou, 2000).

Speranza et al. (1995) and Mauritsch et al. (1995) reported values of 40-45°cw rotation

from pre-Middle Miocene rocks from the external Albanides. It should be noted, however,

that these values represent rotation with respect to the African reference direction of Besse

and Courtillot (1991). Thus approximately 5-6° should be added to compare them with our

results, again yielding rotation values ranging from 45 to 50°cw.

On the eastern Peloponnesos, Morris (1995) estimated that approximately 40°cw rotation

with respect to the African reference direction occurred after the Late Cretaceous, following

a Cretaceous 40-50° rotation phase associated with collision and nappe stacking. We con-

sider our data from locality PY as unreliable and the 96 ± 25°cw rotation of locality OP on

Chapter  3: Revision of Neogene rotations
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the northwestern Peloponneses probably contains an additional local clockwise rotation

associated with younger deformation (see below). 

Based on the above analysis, we must conclude that the large phase of clockwise rotation

that occurred in Greece during the Neogene affected an area covering at least the external

Albanides, Epirus and Akarnania, the Mesohellenic Basin and Evia, at least partly the

Chalkidiki peninsula and possibly the north Aegean islands Limnos and Skyros and proba-

bly also the Peloponnesos. Based on the post 13.2 Ma rotation of Evia (Kissel et al., 1989;

Morris, 1995) and the rotation of the Klematia-Paramythia Basin (with an age up to 17 Ma:

FIGURE 3.10. Results of the NRM analysis for the sites on the Ionian islands (western Greece) and southwestern
Greece. Closed circles (open triangles) represent normal (reversed) polarities. See Figures 3.3 and 3.4 for locations and
Tables 3.2 and 3.3 for further details.
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IGRS-IFP, 1966), the clockwise rotation of the western Aegean occurred after the Early

Miocene indeed, as suggested by Kissel and Laj (1988).

Local rotations: results from pre-Middle Miocene rocks

Some localities in pre-Middle Miocene sediments have significantly different rotation valu-

es. These deviations can be straightforwardly explained in terms of local tectonic features.

Localities PK and AA near the Albanian border in the northwest of western Greece (Figure

Chapter  3: Revision of Neogene rotations

Locallity samples Na Nc q decl incl k α95 pol rot sense Age [reference]

Aegina

Souvala section SOU 11 1 182.8 -51.8 35.7 7.7 R 3 cw 5.5 Ma [16,17]

Kythira mean 6 355.2 47.4 35.8 11.3 N 5 ccw Middle Pliocene [4]

KY 1 KY 1-10 10 3 - - - - - - - Tortonian [18]

KY 2 KY 11-20 10 9 1 5.4 58.0 97.1 4.9 N 5 cw L. Pliocene [12]

KY 3 KY 21-30 10 10 1 350.9 34.0 40.1 8.2 N 9 ccw L. Pliocene [12]

KY 4 KY 31-40 10 10 1 356.7 36.1 67.1 5.9 N 3 ccw Tortonian [18]

KY 5 KY 41-50 10 7 1 4.7 51.8 90.7 5.8 N 5 cw Tortonian [18]

Avlemonas [20] AV 8 1 341.1 63.7 45.5 8.5 N 19 ccw L. Pliocene [18,20]

Kapsali [20] KAP 12 1 351.9 39.4 29.7 8.1 N 8 ccw L. Pliocene [18,20]

Peloponnesos

Olymbia-Patras mean 3 96.3 32.6 25.3 25.0 N/R 96 cw Oligocene [3]

OP 1 OP 1-10 10 - 3 - - - - Oligocene [3]

OP 2 OP 11-20 10 - 3 - - - - Oligocene [3]

OP 3 OP 21-29 9 - 3 - - - - Oligocene [3]

OP 4 OP 31-40 10 8 1 271.7 -31.3 54.2 6.6 R 92 cw Oligocene [3]

OP 5 OP 41-50 10 5 1 274.4 -18.0 15.5 20.1 R 94 cw Oligocene [3]

OP 6 OP 51-60 10 4 1 104.9 48.3 25.9 18.4 N 105 cw Oligocene [3]

OP 7 OP 61-70 10 - 3 - - - - R Oligocene [3]

Pylos mean - - - - - - Oligocene [3]

PY 2 PY 11-17 7 0 3 273.9 10.0 88.5 7.2 N 94 ccw Oligocene [3]

PY 3 PY 21-25 5 0 3 - - - - - - - Oligocene [3]

PY 4 PY 31-40 10 0 3 - - - - - - - Oligocene [3]

PY 5 PY 41-50 10 0 2 - - - - - - - Oligocene [3]

PY 6 PY 51-57 7 0 3 89.8 -23.8 38.9 20.0 R 90 ccw Oligocene [3]

PY 7 PY 61-70 10 0 2 - - - - - - - Oligocene [3]

Laconia Peninsula

LA 1 LA 1-10 10 4 2 170.4 -38.3 59.3 12.0 N 10 ccw Plio/Pleistocene [21]

LA 2 LA 11-20 10 10 2 221.0 -34.1 11.5 14.9 R 41 cw 1.6-1.75 Ma [12]

Mani Peninsula mean

MA 1 MA 1-10 10 8 1 342.7 43.4 28.9 10.5 N 17 ccw 4.0-3.8 Ma [12,21]

MA 2 MA 11-20 10 8 1 230.5 -17.7 27.0 10.9 R 51 cw 2.0-0.46 Ma [12]

Messina Peninsula mean

MP 1 MP 1-10 10 2 2 190.8 -21.8 - - R 11 cw 5.1-4.2 Ma [12,22]

MP 2 MP 11-20 10 8 2 164.6 -38.8 10.0 18.4 R 15 ccw Plio/Pleistocene [22,23]

MP 3 MP 21-30 10 6 2 160.1 -32.3 19.4 15.6 R 20 ccw Plio/Pleistocene [22,23]

MP 4 MP 31-40 10 3 - - - - - - - 1.75-1.6 [12]

PE 7850 [9] 10 1 177.7 -44.3 157.0 3.5 R 2 ccw Plio/Pleistocene [24]

TABLE 3.3. Results of NRM analyses from the sites and sections of southwestern Greece, corrected for bedding tilt.
Na = number of analysed samples, Nc = number of conclusive samples, q = quality (1 = conclusive, 2 = indicative, 3
= inconclusive), decl = declination, incl = inclination, k = Fisher's precision parameter (Fisher, 1953), a95 = 95% cone
of confidence, pol = polarity, rot = amount of rotation, sense = sense of rotation (cw = clockwise, ccw = counter-
clockwise). References for ages: [3] = Bornovas and Rontogianni-Tsiabaou (1983); [12] = Chapter 4; [16] = Chapter 6;
[17] = Rögl et al. (1991); [18] = Meulenkamp et al. (1977); [20] = Duermeijer et al. (2000); [21] = Frydas (1993); [22] =
Frydas (1990); [23] = Frydas and Bellas (1994); [24] = Laj et al. (1982).
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3.3) are sampled on the limbs of 310° striking anticlines and give an average rotation value

of 31 ± 9°cw. This lower rotation value corresponds to a local relative sinistral bending of

approximately 20° in the azimuth of the fold axes. Into Albania, the anticlines reassume a

strike of 330-340°. Correction for the local strike change yields approximately 50°cw rota-

tion.

On the limbs of the Thesprotiko anticline locality NI was sampled, which strikes 340° in

the south (corresponding to site NI1, with a 49 ± 4°cw rotation), bending into a 010° stri-

ke in the north (where sites NI2, 4 and 5 give 85 ± 6°cw rotation). This bending occurs

along the right-lateral Thesprotiko shear zone (Figure 3.2). Correction for the 35° of local

rotation yields 50°cw rotation. The age of the Thesprotiko antiform postdates the early

Miocene based on the tight folding of early Miocene sediments in the Dodoni and Botsara-

Kryopigi synclines, which lie east and west of the Thesprotiko anticline and its northern

equivalent (IGRS-IFP, 1966; Avramidis et al., 2000). The activity of the Thesprotiko dex-

tral shearzone postdates the folding of the Early Miocene sediments, since it offsets the

Botsara syncline. Moreover, the Lower Miocene of Kalamarina and the Lower Pliocene of

Riza, which lie on top of the shearzone, rotated 118 ± 8°cw and 54 ± 12°cw, respectively.

These anomalously high amounts of rotation fit well with the dextral sense of shear. 

Finally, Locality OP on the northern Peloponnesos indicates a 96 ± 20°cw rotation and is

positioned on 010° striking fold axes. The additional dextral rotation can be explained by

its position on the southern side of an eastward plunging antiform that is superimposed on

the 340-010° striking tight folds, as can be constructed from the geologic map (Bornovas

and Rontogianni-Tsiabaou, 1983; Figure 3.4). The antiform disappears towards the west

and is therefore a local phenomenon.

In summary, mainland Greece and probably the (northern) Peloponnesos underwent

approximately 50° of clockwise rotation, which is in places modified by local rotations,

which are well explained by local tectonic phenomena. 

Results from Middle Miocene to Pleistocene rocks

As concluded above, approximately 50°cw rotation affected an area that covers mainland

Greece, the external Albanides, Evia and probably the Peloponnesos. The Chalkidiki pen-

insula and the islands of Skyros and Limnos of northern Greece rotated 30-40°cw. No rota-

tion information is available from time-equivalent (pre-middle Miocene) formations on

Crete. 

As concluded above, the maximum age for the rotation phase of mainland western Greece,

the (external) Albanides and the Peloponnesos is middle Miocene (13.2-14.8 Ma on Evia). 

The new sites and sections analysed from younger sediments, together with published

information enables to further constrain the timing of the rotation episodes.

The seven sections of the Late Miocene (8 Ma) - Early Pliocene (4 Ma) Florina-Ptolemais-

Servia Basin east of the Mesohellenic Basin (Figure 3.2) yielded a very consistent set of

rotations, on average 10 ± 4°cw. The reversal test (McFadden and McElhinny, 1990) was

successful for most sections. This suggests that the last 10 ± 4°cw of the total of 50°cw
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rotation occurred after 4 Ma and no rotations occurred between 8 and 4 Ma. The Early

Pliocene site Klimataki (KH) in the Mesohellenic Basin (Fountoulis et al., 2001) is incon-

clusive, as is the 4 ± 15°cw rotation obtained for the Ptolemais area by Westphal et al.

(1991).

In Epirus, the Middle Miocene sediments near Parga, lying below a ~290° striking SSW

verging thrust, rotated 30°cw. This could mean that approximately 20°cw rotation occurred

prior to the deposition of the Parga marls. Taking the azimuth of the fold axes and the stri-

ke of the thrusts near Parga into account, it is more likely that local relative countercloc-

kwise rotation occurred as was suggested for localities PK and AA (Figure 3.3 and 9, Table

3.2).

The Upper Miocene (Tortonian) sediments of the Arillas Beach section on Corfu give

results with high uncertainties. The sections and sites in the Pliocene of Corfu, however,

show rotations varying from 8 ± 12°ccw to 9 ± 3°cw (Figure 3.9, Table 3.2). It should be

noted that most sections give 'type 2' measurements with large uncertainties. Our new valu-

es are lower than those reported previously from Corfu (16 ± 10°cw; Laj et al., 1982).

Combination of our results with those of Laj et al. (1982) yields a rotation of 11 ± 8°cw for

Corfu since the Pliocene. This value is comparable with the post-4 Ma 10 ± 4°cw rotation

obtained from the Florina-Ptolemais-Servia basin.

The Tortonian sections Pogonia, Paleros and the Pliocene sections of Riza along the

western coast of Epirus, as well as Kedros-Sgourou on Kefallonia (Figure 3.3), show large

clockwise rotations. The rotation of section Riza has above been explained by its position

on top of, or close to the right-lateral Thesprotiko shearzone (Figure 3.3). Sections Pogonia

and Paleros, opposite to Levkas, experienced a young, post-Tortonian rotation of 50 ± 7°cw

and 36 ± 4°cw, respectively. The sections lie on the eastern, partly overturned limb of an
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FIGURE 3.11. Frequency diagram of the azimuth of the fold-axes at rotation-corrected sites.
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Locallity Nc decl incl k α95 pol rot sense age reference

Northern & eastern Greece

Prosilio-Ptolemais-Florina Basin 7 9.7 50.2 241.2 3.9 N/R 10 c 4.0 Ma [4,6,7], this study

Ptolemais 1 4.0 50.0 21.0 15.0 N 4 c 1-5 Ma [25]

Limnos 34.0 48.0 18.0 15.0 N 34 c 17-21 Ma [38]

Lesbos 6.0 49.0 25.0 7.0 N 6 c 14-15 Ma [39]

Chios 155.0 -45.0 18.0 12.0 R 25 cc 15-17 Ma [40]

Mesohellenic Basin

EE & DD sites 14 51.3 23.7 23.3 8.4 N/R 51 c E. Miocene this study

SM-sites 5 27.0 47.0 16.0 10.0 N/R 27 c 36-24 Ma [26]

Molasse/Limestones 15.0 37.0 23.0 26.0 N/R 15 c Miocene [27]

Epirus/Akarnania

Konitsa-Exochi 1 232.9 -26.0 39.6 12.3 R 53 c Oligocene this study

Palamba-Kerasochori 4 30.9 31.1 68.9 11.1 N/R 31 c Oligocene this study

Aghios Nikolaos-Aghios Pandes 1 32.8 40.9 N 33 c Oligocene this study

Saloniki-Zalongo 2 46.1 38.8 N 46 c E. Oligocene this study

Botsara syncline 7 61.3 42.6 35.7 10.2 N/R 61 c E. Miocene this study

EP-sites 14 52.7 -43.6 29.0 7.5 N/R 53 c Oligocene [28]

Parga 1 30.4 28.1 46.6 8.9 N/R 30 c M. Miocene this study

Nicolitsi 3 85.6 34.3 34.3 21.4 86 c Oligocene this study

Kryopigi 4 39.6 47.8 51.3 13.0 N 40 c E. Miocene this study

Kalamarina 1 287.7 -30.5 51.8 7.8 R 118 c E. Pliocene this study

Riza 18 233.9 -37.9 11.9 12.0 R 54 c Early Pliocene this study

Kalentzi-Lazena 8 45.4 34.0 58.7 7.3 N 45 c Oligocene this study

Ellinikon-syncline 5 54.5 32.1 188.0 5.6 N/R 55 c Oligocene [28]

Limni Paroullion 7 53.3 35.7 84.2 6.6 N/R 53 c Oligocene this study

Dodoni 5 244.1 -31.1 51.3 10.8 N/R 63 c Oligocene [28]

Northern Tripolitza 2 52.3 33.8 N/R 52 c Oligocene this study

Epirus 50 48.1 43.6 25.2 4.1 N/R 48 c Eocene [29]

Paleros 1 35.5 41.1 48.9 3.7 N 36 c Pliocene this study

Paleros 1 34.5 49.0 30.0 22.9 N 35 c Pliocene [this study] [30]

Pogonia 1 50.3 47.9 17.0 7.0 N 50 c L. Miocene this study

Southern Akarnania 5 62.4 30.1 17.9 18.6 N/R 62 c L. Miocene [28]

Kerkyra 13 10.8 45.5 31.2 7.5 N/R 11 c E.Pliocene [24], this study

Corfu Coast* 1 8.9 45.7 24.6 2.6 N/R 9 c E.Pliocene [15], this study

KE 79/80* 9 15.9 44.8 25.5 10.4 N/R 16 c E.Pliocene [24]

Monastery 1 0.0 46.3 13.6 8.5 N/R 0 E.Pliocene this study

Lefkimmi 1 1 171.6 -43.7 23.9 11.6 R 8 ac E.Pliocene this study

Arillas Beach 1 353.8 43.4 17.9 9.7 N/R 6 ac Tortonian this study

Levkas

Ionian zone 9 90.0 43.0 17.0 13.0 N/R 90 c Eocene/Oligocene [27]

Pre-apulian zone 13 23.0 32.0 6.0 16.0 N/R 23 c Eocene/Oligocene [27]

Kephallonia

Kedros-Sgourou 1 89.5 28.3  10.2 N 90 c 5.08-4.52 Ma this study

Lixourion(southern Paliki) 1 176.6 -51.2 45.1 2.6 N/R 3 ac ~1.8 Ma [20]

Southern Paliki 1 8.8 53.1 316.3 5.2 N/R 9 c L. Pliocene [24]

Spartia 1 161.7 -44.0 26.0 5.5 R 18 ac Plio/Pleistocene [20]

Liakas 1 168.3 -38.2 17.0 10.8 N/R 12 ac L. Miocene-E. Plioc. [20]

Zakynthos 8 21.6 48.4 128.0 4.9 N/R 22 c 0.77 Ma [31]

TABLE 3.4. Overview of the published and new rotation data of western and northern Greece, corrected for bedding
tilt. Nc = number of conclusive samples, decl = declination, incl = inclination, k = Fisher's precision parameter (Fisher,
1953), a95 = 95% cone of confidence, pol = polarity, rot = amount of rotation, sense = sense of rotation (cw = clock-
wise, ccw = counterclockwise). References: [4] = Steenbrink et al. (2001); [6] = Van Vugt et al. (1998); [7] = Steenbrink
et al. (2000); [15] = Linssen (1991); [16] = Chaptert 6; [20] = Duermeijer et al. (2000); [24] = Laj et al. (1982); [25] =
Westphal et al. (1991); [26] = Kissel and Laj (1988); [27] = Márton et al. (1990); [28] = Kissel et al. (1985); [29] = Horner
and Freeman (1983); [30] = Birch (1990); [31] = Duermeijer et al. (1999); [32] = Kissel et al. (1989); [33] = Kissel et al.
(1986b); [34] = Morris (1995); [35] = Kondopoulou and Pavlides (1990); [36] = Morris (2000); [37] = Van Vugt et al.
(2001); [38] = Westphal and Kondopoulou (1993); [39] = Kissel et al. (1986a); [40] = Kondopoulou et al., (1993a).
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east-verging anticline. The tight folding is probably the result of transpression along the

Kefallonia Fault Zone, as was proposed for 010°-striking, E-verging folds in the north of

the nearby island of Levkas by Cushing (1985). This interpretation is confirmed by the 90

± 13°cw rotation of N-S striking antiforms in the Ionian zone of south-east Levkas repor-

ted by Márton et al. (1990). At present, the strike of the Pogonia-section is 020° and the stri-

ke of the Paleros section is 360°. Subtracting the post-Tortonian 50 ± 7°cw and 36 ± 4°cw

rotations from these strikes yields a pre-Tortonian strike of 330-340°, i.e. parallel to the

general present-day trend of the Hellenides. Thus, we suggest that the post-Tortonian rota-

tion of the Pogonia and Paleros sections is a local phenomenon induced by drag folding

along the Kefallonia Fault Zone, superimposed on the major 50° rotation of western

Greece.

The Lower Pliocene of the Kedros-Sgourou section on the north of the 010-020° striking

Paliki peninsula of west Kefallonia gives an ill-defined rotation of 90 ± 10°cw. It should be

noted that this rotation is mainly based on two oriented hand specimens. The large rotation
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Locallity Nc decl incl k α95 pol rot sense age reference

Glifa 4 178.0 -59.0 85.0 7.6 R 2 ac 3 Ma [32]

Skyros island 4 26.0 45.5 82.0 7.7 N 26 c 15 Ma [32]

Volos 1 178.0 -59.0 82.0 8.0 R 2 ac 3 Ma [33]

Evvia

Kimi Coast 4 199.0 -42.1 62.2 11.7 R 19 c Miocene [34]

Oxylithos 4 230.8 -40.3 55.0 12.5 R 51 c 14.8,13.2 Ma [34]

EU-sites 6 228.3 -43.8 53.0 7.8 R 58 c 15 Ma [32]

PG 09 1 269.9 -11.5 37.0 6.9 R 90 c L. Senonian- [34]

Maastrichtian

Attica

Nea Palatia-Kalamos 1 26.1 51.8 331.0 4.2 N 26 c L. Mio-Pliocene [34]

PG 01-04 4 247.8 -41.7 48.9 13.3 N/R 68 c Oxfordian [34]

Milos 5 354.8 48.2 30.2 14.2 N/R 5 ac Plio/Pleistocene [20]

Basalt 1 171.6 -24.2 43.4 9.3 R 8 ac Pliocene [20]

Myl10 1 11.2 51.2 73.6 9.0 N 11 c Plio/Pleistocene [20]

Myl11 1 354.4 56.4 359.1 4.0 N 6 ac Plio/Pleistocene [20]

Myl15 1 348.9 57.1 66.8 7.4 N 11 ac Plio/Pleistocene [20]

Tsouvala (Hot) (overprinted) 1 - - - - R - - 4.8-3.8 Ma [16]

Volcanics 349.0 50.0 46.0 9.0 N 11 ac 1-3 Ma [35]

Aegina 2 180.6 46.9 R 1 c 5.5-<1.6 Ma [16,36]; this study

Kythira 6 355.2 47.4 35.8 11.3 N 5 ac E. Pliocene [20]; this study

Peloponnesos

Argolis (Bathonian sites) 7 265.1 -32.2 23.8 12.6 N/R 85 c Bathonian [34]

Argolis (DT) 25 220.0 -18.0 103.0 2.9 R 40 c Senon.-Paleocene [34]

Tripolis Province 15 40.2 42.9 4.7 19.9 N/R 40 c Maastrichtian [34]

Olympia-Patras 3 96.3 32.6 25.3 25.0 N/R 96 c Oligocene this study

Isthmus 1 2.7 46.7 N/R 3 c Plio/Pleistocene [20]

Megara 1 2.7 46.7 35.5 7.4 N/R 3 c Plio/Pleistocene [20]

Pyrgos Basin 12 10.4 52.0 78.8 4.9 N/R 10 c Plio/Pleistocene [20]

Corinth Canal 1 177.4 -57.9 26.3 15.2 N/R 3 ac Pleistocene [20]

Megalopolis 1 1.2 52.6 52.0 2.4 R/N 1 c 0.9-0.25 Ma [20,37]

Laconia 1 1 170.4 -38.3 59.3 12.0 N 10 ac Plio/Pleistocene this study

Laconia 2 1 221.0 -34.1 11.5 14.9 R 41 c 1.6-1.75 Ma this study

Evrotas Basin 5 16.6 48.6 117.3 7.1 N/R 17 c Plio/Pleistocene [20,24]

TABLE 3.4 (continued)
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value, however, could be very well explained by drag folding along the Kefallonia Fault

Zone, especially since there is a difference in azimuth of the folds on the main island of

Kefallonia with those on the Paliki peninsula of approximately 70°. At the south-coast of

the Paliki peninsula, rotations varying from 3 ± 3°ccw (Duermeijer et al., 2000) to 9 ± 5°cw

(Laj et al., 1982) were reported. Activity of a southeast verging young normal fault on sou-

thern Kefallonia probably explains the counterclockwise rotations in the order of 15 ±

5°ccw Duermeijer et al. (2000) measured in the Plio-Pleistocene sections in its hanging-

wall. The large rotation obtained for the Kedros-Sgourou section and, further north, for the

Riza, Pogonia and Paleros sections occurred probably mainly in the course of the Pliocene

and is attributed to the effect of drag folding along the dextral Kefallonia Fault Zone offs-

hore and the equally dextral Thesprotiko shear zone on land. 

In summary, the rotations of the late Neogene sections that were sampled on Kefallonia and

in Epirus can all best be explained as local rotations. They therefore do not further constrain

the timing of the rotation phases of the western Aegean. 

A 20-25°cw rotation phase of the island of Zakynthos (Figure 3.1) and the ~17°cw rotation

of the Evrotas Basin on the southeastern Peloponneses (Figure 3.4) led Laj et al. (1982),

Kissel and Laj (1988), Duermeijer et al. (1999; 2000) and Kissel et al. (2003) to conclude

that the ~50°cw rotation of western Greece occurred in two episodes of 25°: one before the

Late Miocene and one during the Plio-Pleistocene (Laj et al., 1982; Kissel and Laj, 1988).

The rotation of Zakynthos was later redated as post 770 kyr by Duermeijer et al. (1999).

Results obtained from the peri-Adriatic depression in northern Albania, where tightly fol-

ded Pliocene marls have been reported to rotate by 23 ± 9°cw (Speranza et al., 1995) pro-

vided additional evidence for this interpretation and led Speranza et al. (1995) to conclude

that the Vlore-Elbesan-Diber transverse zone and the Kefallonia Fault Zone, which lie bet-

ween Zakynthos and the Peloponnesos in the south and the Peri-Adriatic depression in the

north, do not have a significant influence on the rotation of the Hellenides and Albanides.

The data of Duermeijer et al. (2000), however, do not show any significant rotations on the

Isthmus of Corinth in the northeast, and the Megalopolis Basin in the centre of the

Peloponnesos since the Plio-Pleistocene and 900 kyr, respectively. The Pyrgos Basin on the

northwestern Peloponnesos shows a rotation of only 10 ± 5°cw since the Late Pliocene

(recalculated from the results of Duermeijer et al., 2000) and the southern peninsulas of the

Peloponnesos give a variety of rotations in opposite directions (Figure 3.4 and 10, Table

3.3). The island of Kythira, located south of the southeastern peninsula of the Peloponnesos

gives evidence for small counterclockwise rotation (Figures 3.4 and 3.10, Table 3.3), noti-

ced earlier by Duermeijer et al. (2000). The island of Aegina in the Saronic Gulf does not

show any rotation since the Late Miocene (Pontian; Figure 3.4 and 3.10, Table 3.3), as was

also concluded by Morris (2000). 

The varying amounts and senses of Plio-Pleistocene rotations suggest that most of these

rotations - including the Pleistocene 20-25°cw rotation of Zakynthos (Laj et al., 1982;

Duermeijer et al., 1999) - are the result of local tectonic phenomena and do not reflect

regional rotation. All rotation results have been obtained in and immediately adjacent to
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faults that have been highly active since the Late Pliocene, such as the Sparta and Kalamata

faults, the Gulf of Patras-Gulf of Corinth fault system, the Sperchios-Gulf of Evia fault

system and the Kefallonia Fault Zone (Lyon-Caen et al., 1988; Mariolakos et al., 1989; Ori,

1989; Armijo et al., 1991; 1996; Roberts and Jackson, 1991; Koukouvelas et al., 1996;

Koukouvelas and Doutsos, 1996; Stavrakakis, 1996; Sorel, 2000; Kranis and Papanikolaou,

2001; Westaway, 2002).

The Pliocene rotation phase of 25° suggested by Laj et al. (1982), Kissel and Laj (1988),;

Speranza et al. (1995), Kissel et al. (2003) for western Greece and Albania is in our view

mainly based on these local rotations and should therefore be reconsidered.

The area in which the Late Pliocene extensional basins, with their internal local rotations

developed appears to be bounded in the north by the Kefallonia Fault Zone and the

Amvrakikos-Sperchios-Evia half-graben system and the North Anatolian Fault Zone/North

Aegean Trough system. Reliable information on the timing of the large rotation phase

should be obtained from outside the area deformed by these fault zones. 

The two localities in Greece that meet this criterion are Corfu and the Florina-Ptolemais-

Servia Basin, which are located on the western and eastern parts of the rotating domain, res-

pectively. Both localities appear to have undergone a post-Pliocene rotation of approxima-

tely 10° and no rotation between 8 and 4 Ma. Therefore, the majority of the rotation

(~40°cw) of the western Aegean seemingly occurred between approximately 13-15 and 8

Ma, and only 10°cw occurred since approximately 4 Ma. This is in good agreement with

the orientations of stretching lineations of Walcott and White (1998), who also concluded

a post-Early Pliocene 10° rotation of the west-Aegean domain.

The Late Miocene (Messinian) Labyrinthos section in the Strimon basin does not reveal any

significant rotation (1 ± 7°cw, Table 3.1, Figure 3.1), which might indicate that the Pliocene

rotation did not include the Strimon basin, although it should be noted that this suggestion

is based on only one section. 

Speranza et al. (1995) argued that the 25°cw rotation of the Peri-Adriatic depression in nor-

thern Albania represents a regional rather than a local clockwise rotation, based on the com-

parable amount of rotation found on Zakynthos. Following the same line of reasoning, we

suggest that the Pliocene clockwise rotation measured in the Peri-Adriatic depression pro-

bably did have a component of local rotation. This conclusion is supported by the fact that

the Pliocene marls along the Adriatic coast are tightly folded (Speranza et al., 1995) which

may explain the local rotation.

3.5 On the dimension of the rotating domain and the structu-
res accommodating the rotations of the western Aegean

The above analysis shows, that an area from northern Albania to probably the south

Peloponnesos and from Corfu to Evia underwent a clockwise rotation of ~50° between the

Middle Miocene (probably 13 Ma) and the early Late Miocene (8 Ma). Further east, an area
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covering the Chalkidiki peninsula and possibly also the islands of Skyros and Leros was

affected by approximately 30-40°cw rotation (Figure 3.12). It cannot be concluded from

the presented data that the western Aegean rotated as a rigid body, but if deformation - com-

pressional or extensional - occurred it did not lead to significant internal rotations.

This rotating domain underwent internal deformation leading to loci or zones with a devi-

ating total amount of rotation. This section summarises the most probable candidates for

the accommodation of the motion associated with the rigidly rotating western Aegean

domain since the Middle Miocene. The northern limit of the Aegean rotations has been

FIGURE 3.12. Schematic map indicating the configuration of the domain that rotated clockwise in the western Aegean
region since the middle Miocene. The shaded area is inferred to rotate 50ºcw. The finely hatched area has smaller finite
post-Oligocene clockwise rotations of 30-40º. The widely hatched area does not contain middle Miocene sediments but
it is inferred from structural observations that it belonged to the 50ºcw rotating domain. A = Albanides; Ca =
Chalkidiki peninsula; Ci = Chios; D = Dinarides; Ep = Epirus; Ev = Evia; Lm = Limnos; Ls = Lesbos; M =
Mesohellenic basin; P = Peloponnesos; R = Rhodope; S = Skyros; S-P = Scutari-Pec transform; T/M = Tinos and
Mykonos. For further details and references, see Table 3.4.



89

identified by Kissel et al. (1995), who concluded that the Scutari-Pec fault zone in northern

Albania is the best candidate to form the transition zone from no significant post-Eocene

rotations in the Dinarides to a 50°cw rotation of the Albano-Hellenides. The Scutari-Pec

fault zone is a complex zone along which in the Tertiary right-lateral transpression occur-

red (Meco and Aliaj, 2000) and which was interpreted by Robertson and Shallo (2000) to

represent a Mesozoic transform fault. The northern limit of the rotating domain is not stu-

died in detail in this paper, but the fact that no large-scale extension occurred along the

eastern part of the Scutari-Pec fault zone indicates that at least the northern part of the rota-

ting domain did not behave entirely as a rigid body. The northern boundary of the rotating

domain was not studied in detail in this paper.

To identify the western limit, the results of studies that have been carried out to reconstruct

the rotation history of the Apulian platform in Italy and Greece are reviewed. Scheepers

(1992) showed that the Apulian peninsula of southeastern Italy did not undergo any

Pleistocene rotation. Tozzi et al. (1988) found ~25° post Eo-Oligocene clockwise rotation

along the southeastern coast of the Apulian peninsula, whereas Speranza and Kissel (1993)

found no post Eo-Oligocene rotation on the Gargano peninsula further north. It should be

noted, however, that both Tozzi et al. (1988) and Speranza and Kissel (1993) indicate that

they cannot exclude a remagnetisation of their samples. Therefore, these results are ambi-

guous. Further west in the Calabrian arc, counterclockwise rotations prevail since the

Tortonian (Duermeijer et al., 1998b).

Duermeijer et al. (1999) stated that no pre-Pleistocene, post-Early Miocene rotation occur-

red of the pre-Apulian zone of Zakynthos. Márton et al. (1990) found approximately 90° of

rotation of the pre-Apulian zone of Levkas, which can best be explained as the result of

drag folding along the Kefallonia Fault Zone. Concluding, the Apulian platform did proba-

bly not rotate, and if it did, not more than 25°cw rotation occurred. Therefore, we tend to

conclude, that the present boundary between the Ionian zone and (Pre-)Apulian zone, i.e.

the Ionian thrust, served to accommodate (a large part of) the rotational motion.

The age of the Ionian thrust has previously been dated around 4 Ma (Mercier et al., 1972;

1976; Underhill, 1989). Because nappe emplacement is not likely to be an instantaneous

event, however, this age estimate probably marks the end of activity. As was noticed by

Speranza et al. (1995), approximately 350 km of horizontal motion probably took place

during rotation at the latitude of the Gulf of Corinth. The Ionian thrust must have accom-

modated the majority of this shortening.

South of Apulia, the Hellenic subduction zone probably bounded the rotating domain, as it

was present throughout the Tertiary (Spakman et al., 1993).

From the southern Aegean islands, no data are available from sediments older than approxi-

mately 10 Ma. Duermeijer et al. (1998a; 2000) reported post-Early Messinian 0° to 50°ccw

rotation on Crete, Rhodos, Karpathos and Kythira (Figure 3.1). Combination with fault

kinematic analysis led Duermeijer et al. (1998a) to ascribe these counterclockwise rotations

to sinistral strike-slip faults, associated with the Pliny and Strabo trench fault system.

Further north on the Cyclades, 30°ccw rotation was found in granodiorites from Naxos
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(Morris and Anderson, 1996), whereas 20-30°cw rotation was reported from 11 Ma old

intrusives from Mykonos and Tinos by Morris and Anderson (1996) and Avigad et al.

(1998). These granodiorites entered the brittle field around 10 Ma (Gautier and Brun,

1994b). As the magnetisation of the granodiorites was mainly carried by pyrrhotite with an

unblocking temperature of 320°C (Morris and Anderson, 1996), which is a temperature

typical for the brittle-ductile transition, 10 Ma can be considered as the maximum age of

the rotation. Counterclockwise rotations (5 ± 14°ccw) were also reported from Milos

(Kondopoulou and Pavlides, 1990; Duermeijer et al., 2000). 

These rotation data combined with the orientations of stretching lineations throughout the

Cyclades led Walcott and White (1998) to construct a discrete lineament (Mid-Cycladic

lineament) as the boundary of the western Aegean rotating domain. 

The eastern border of the rotating domain, according to Walcott and White (1998) and later

Kondopoulou (2000), is ill-defined and located in the northern Aegean and the northern

Rhodope. During the rotation phase, extension in the Aegean domain was accommodated

among others by the extensional detachments of the Cyclades and the Rhodope (Figure

3.1), as can be inferred from the geochronological and fission track data obtained from

Miocene granites (e.g. Altherr et al., 1982; Lips et al., 2000; Hejl et al., 2002). Therefore,

probably at least part of the rotation difference between for instance the Chalkidiki penin-

sula and the Rhodope, and between the Cycladic islands of Tinos and Mykonos and Chios

can be explained by the activity of these detachments. The role of the detachments in the

rotation history of Greece will be the subject of future work.

3.6 Summary and conclusions

The combination of new and previously published paleomagnetic data allows us to draw

the following conclusions:

The clockwise rotation of the western Aegean domain occurs on a region between northern

Albania and (at least the northern part of) the Peloponnesos and western Greece and Evia.

An area covering the Chalkidiki peninsula and possibly the islands of Limnos and Skyros

did rotate clockwise, but with a smaller finite rotation of 30-40°.

The large dataset and the detailed geologic information make it possible to distinguish local

rotations from the regional ones.

The regional clockwise rotation of western Greece takes place in two episodes: 40°cw bet-

ween 15-13 and 8 ma and an additional 10°cw rotation after 4 Ma ago.

The area affected by Late Plio-Pleistocene deformation is dominated by strike-slip related

rotations: counterclockwise rotations on Crete are associated with the activity of the left-

lateral Pliny- and Strabo Trenches and clockwise rotations on the Ionian islands and

western Akarnania are associated with the activity of the right-lateral Kefallonia Fault

Zone. A disperse pattern of rotations is found in between on the southern Peloponnesos.

The rotations are accommodated by deformation associated with the Scutari-Pec fault zone
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in the north and the Ionian thrust and the Hellenic subduction zone in the west. In the south

no rotation information was obtained from rocks older than 9.8 Ma. From existing data it

follows that Crete did not rotate as a rigid body after this time.

The early rotation phase of western Greece occurred contemporaneously with motion along

the extensional detachment systems of the Cyclades and the Rhodope. This extension

accommodates probably at least part of the differential rotation between northern and

eastern Greece and the western rotating domain.

Aegean extension, initiated between 20 and 30 Ma, did not involve rotation until after 15

Ma. 
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Internal deformation of westernInternal deformation of western

Greece during Neogene clockwise Greece during Neogene clockwise 

rotation and collision with Apuliarotation and collision with Apulia

������� �

Following an early Miocene phase of N-S extension affecting the entire Hellenides, 50º

clockwise rotation affected western Greece. Modern GPS-analyses show rapid south-

westward motion in southwestern Greece over subducting oceanic lithosphere and no

motion in the northwest, where Greece collided with Apulia. We aim to identify the defor-

mation history of western Greece associated with the rotation and the collision with Apulia.

The timing of the various phases of deformation is constrained via detailed analysis of ver-

tical motions based on paleobathymetry evolution of sedimentary sequences overlying the

evolving structures. The results show that accompanying the onset of rotation, compression

was re-established in western Greece in the early Langhian, around 15 Ma. Subsequently,

western Greece collided with the Apulian platform, leading in the late Miocene to a right-

lateral strike-slip system running from the Aliakmon Fault Zone in northern Greece, via the

Kastaniotikos Fault Zone and the Thesprotiko Shear Zone to the Kefallonia Fault Zone,

offshore western Greece. NE-SW compression and uplift of the Ionian islands was accom-

panied by NE-SW extension in southwestern Greece, associated with faster southwestward

motion in the south than in the north. This led in the middle Pliocene (around 3.5 Ma) to

collision without further shortening in northwestern Greece. From then onward, NW-SE to

N-S extension east of Apulia, and gradually increasing influence of E-W extension in the

south accommodated motion of the Hellenides around the Apulian platform. As a result,

curved extensional basin systems evolved, including the Gulf of Amvrakikos-Sperchios

Basin-Gulf of Evia system and the Gulf of Corinth-Saronic Gulf system.

This chapter has been submitted for publication as: Van Hinsbergen, D.J.J., Van der Meer,

D.G. and Meulenkamp, J.E. Internal deformation of western Greece during Neogene clock-

wise rotation and collision with Apulia, Int. J. Earth Sciences
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4.1 Introduction

The geological structure of Greece was generated in the course of the late Mesozoic and

Cenozoic by the formation of a nappe stack that became fragmented during late-orogenic

extension in the late Cenozoic (Jacobshagen, 1986; Gautier et al., 1999; Jolivet and Patriat,

1999; Robertson and Shallo, 2000; Jolivet et al., 2003). Late-orogenic extension started in

the late Eocene and affected the External Hellenic Tripolitza and Ionian zones since their

decoupling from the underriding plate around the Oligocene-Miocene boundary. This led

to the formation of amongst others the Klematia-Paramythia half-graben and the South

Aegean Core Complex during the early Miocene as a result of approximately N-S exten-

sion (Chapter 2). Between approximately 15 and 8 Ma, large-scale, 40° clockwise (cw)

rotation affected an area covering Albania, mainland Greece and the Peloponnesos, follo-

wed by another 10° cw rotation postdating 4 Ma (Chapter 3). The Apulian platform, expo-

sed in southeastern Italy and on the Ionian Islands (Figures 4.1 and 4.2), did not form part

of the rotating domain (Chapter 3). As a result, mainland Greece and Apulia must have con-

verged, implying that after the early Miocene extension phase, compression probably retur-

ned during rotatation. At present seismically highly active, sometimes basin-bounding fault

zones crosscut the nappe pile of western Greece and the Peloponnesos at high angles (King

et al., 1983; Jolivet, 2001; Goldsworthy et al., 2002), whereas no further convergence

occurs in the northwest, where mainland Greece collided with Apulia (e.g. Kahle et al.,

1993; McClusky et al., 2000; Sachpazi et al., 2000). The basins associated with the seismi-

cally active fault zones are mostly late Pliocene or younger of age, suggesting that this

deformation phase started in the sometime in the late Neogene.

All these deformation phases left a complex deformation pattern in western Greece and the

Peloponnesos. In this paper we focus on the timing and distribution of internal deformation

in western Greece since the onset of clockwise rotation. To this end we have sampled a

large number of sections in sediments that were deposited during the various deformation

phases and we used their ages and paleobathymetry indicators to unravel the timing and

magnitude of vertical motions associated with the deformation of western Greece, the

Ionian Islands and the Peloponnesos. Additionally, we reviewed existing literature on the

structural and stratigraphic development of western Greece and the Peloponnesos. 

4.2 Geology of western Greece: a review

Western Greece - running from the border with Albania to the southern Peloponnesos and

from the Ionian Islands to eastern Thessaly and Macedonia (Figure 4.1) - is characterised

by a pile of NW-SE striking nappes separated from one another by major west-directed

FIGURE 4.1 (next page). Geological map of Western Greece, modified after Bornovas and Rontogianni-Tsiabaou (1983).
Profiles A-A' to H-H' are shown in Figure 4.4.
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thrust faults that become progressively younger from east to west. These nappes include the

(Sub-) Pelagonian, the Pindos, the Gavrovo-Tripolitza, the Ionian and the Pre-Apulian

units, each with its own distinct lithostratigraphy (Aubouin, 1957; Jacobshagen, 1986;

Figure 4.3). The nappes in western Greece correspond with those of the Dinarids and

Albanides in the north and the Taurides in the southeast (Aubouin et al., 1976b; Robertson

and Shallo, 2000; Robertson, 2000). The nappe pile - apart from the (Pre-) Apulian unit -

underwent a post-early Miocene clockwise rotation phase of 50° (Chapter 3). The strike of

the nappe stack prior to the rotation phase was therefore E-W to ENE-WSW.

The nappe pile

The (Sub-) Pelagonian unit is the most easterly nappe exposed in western Greece (Figures

4.1 and 4.3). The nappe consists of Variscan basement (Pelagonian unit), unconformably

overlain by a series of Permian to Jurassic carbonates of varying facies, overthrusted during

the Jurassic by an ophiolite complex. This complex, in turn, is overlain by Cretaceous car-

bonates and Paleogene flysch (Baumgartner, 1985; Ricou et al., 1998).

The Pindos unit comprises deep-marine Triassic to upper Cretaceous carbonates and radio-

larites, probably originally overlying oceanic c

FIGURE 4.2. Schematic map of the central Mediterranean area, modified after Finetti (1982), Underhill (1989) and Le
Pichon et al. (2002), showing the configuration of the Apulian platform with respect to the Calabrian and Hellenic arcs.
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Figure 4.3: Schematic lithostratigraphy of the nappes and timing of nappe emplacement, based on IGRS-IFP (1966),
De Mulder (1975), Fleury (1975), Meulenkamp (1982; 1985), Pe-Piper (1982), Baumgartner (1985), Jacobshagen (1986),
Meulenkamp and Hilgen (1986), Kowalczyk and Dittmar (1991), Thiébault et al. (1994) and Degnan and Robertson
(1998) 
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0.rust, overlain by up to 4000 m of Paleocene to lower Oligocene flysch (Smith, 1977;

Richter et al., 1978; Figure 4.3). The Pindos unit in the north of Greece and Albania expo-

ses only the flysch. The radiolarite and carbonate sequence reappears in northern Albania

(Meco and Aliaj, 2000) and south of the Kastaniotikos Fault Zone (Figure 4.1; Profile HH'

in Figure 4.4). The Valkano-thrust (Figures 4.1 and 4.5) emplaces Pindos rocks on top of

Tripolitza flysch in the south, but on Pindos rocks in the north, indicating that it overprints

an earlier (thrust-)contact between the Pindos and Tripolitza units (Figure 4.5; compare pro-

files BB' with CC' in Figure 4.4). The Pindos and (Sub-) Pelagonian units are unconforma-

bly overlain by sediments of the Mesohellenic basin. This basin developed in front of the

Chapter  4: Deformation of western Greece during and after rotation

FIGURE 4.5. Geological map of northwestern Greece, modified after Bornovas and Rontogianni-Tsiabaou (1983), with
sample locations. KPB = Klematia-Paramythia basin.
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east-directed Krania and Eptachorion thrusts since the late Eocene (Figure 4.1, Profile A-

A' in Figure 4.4; Zygojannis and Müller, 1982; Barbieri, 1992a; b; Doutsos et al., 1994;

Kontopoulos et al., 1999; Meco and Aliaj, 2000; Avramidis et al., 2002; Zelilidis et al.,

2002). These thrusts can be considered as 'back-thrusts', antithetic to the main Pindos

Thrust and the Mesohellenic basin can be envisaged as a 'retroforedeep', comparable in set-

ting and size to the Aquitanian basin north of the Pyrenees (Beaumont et al., 2000).

Younger, continental deposits of Tortonian age unconformably overlie the middle Miocene

in the equivalent of the Mesohellenic basin of Albania (Meco and Aliaj, 2000) and

FIGURE 4.6. Geological map of Kefallonia, modified after Bornovas and Rontogianni-Tsiabaou (1983) and Underhill
(1989), with sample locations.
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Fountoulis et al. (2001) reported shallow marine lower Pliocene marls north of Grevena

(Figure 4.1). 

The (Gavrovo-)Tripolitza unit is structurally overlain by the Pindos unit in the east and

overlies the Ionian unit to the west. It comprises a series of Triassic andesitic volcanic

rocks, overlain by late Triassic to Eocene platform carbonates (Pe-Piper, 1982;

Jacobshagen, 1986). (Permo-)Triassic evaporites, Triassic to lower Jurassic shallow mari-

ne limestones and middle Jurassic to Eocene deep-marine carbonates of the Ionian unit

underlie the Tripolitza unit, and overthrusted the (Pre-) Apulian unit (Figure 4.5). In the

south, the Ionian unit is completely overthrust by the Tripolitza unit. In Epirus, internal

thrusts subdivide the Ionian zone into the internal, middle and external Ionian zones (IGRS-

IFP, 1966; Jenkins, 1972; Karakitsios, 1995; Figure 4.5). 

Around the Eocene-Oligocene transition, a rapid shift from carbonate to terrigeneous

clastic (flysch) sedimentation occurred all over the Ionian and Tripolitza domains (Figure

4.3). The thickness of the Ionian (and Tripolitza) flysch varies from several hundreds of

metres on the Ionian Islands to close to 6 km in the external Ionian and Tripolitza units

(IGRS-IFP, 1966; Richter et al., 1978; Wilpshaar, 1995; Peeters et al., 1998) and occurred

throughout the Oligocene during activity of the Pindos and Tripolitza thrusts (Sotiropoulos

et al., 2003). 

In the middle Ionian zone, activity of a then NNE-dipping normal fault led to the founde-

ring of the Klematia-Paramythia half-graben, starting after a late Oligocene to earliest

Chapter  4: Deformation of western Greece during and after rotation

FIGURE 4.7. Geological map of Zakynthos, modified after Bornovas and Rontogianni-Tsiabaou (1983), with sample
locations.
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Miocene phase of emergence and erosion and lasting until at least 17 Ma (Chapter 2). In

the external Ionian zone, including the Ionian zone on the islands of Corfu, Levkas and

Kefallonia, flysch deposition continued until the late Burdigalian (IGRS-IFP, 1966; Bizon,

1967; De Mulder, 1975). The post-Lower Miocene succession is discontinuous and is expo-

FIGURE 4.8. Geological map of the Peloponnesos, modified after Bornovas and Rontogianni-Tsiabaou (1983), with
sample locations. For key, see Figure 4.1
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sed in scattered outcrops in western Epirus and Akarnania, and on the Ionian Islands.

The Apulian platform presently underlies the Adriatic Sea and the northern part of the

Ionian Sea, and it crops out on the Gargano and Apulia peninsulas of southeastern Italy

(Figure 4.2). The Pre-Apulian zone is interpreted as the slope of the Apulian platform and

it is exposed on the Karaburun peninsula of southwestern Albania, on Paxos, Levkas,

Kefallonia and Zakynthos (Figures 4.1, 4.2, 4.6 and 4.7). The Apulian platform and its slope

probably do not extend much further south than Zakynthos (Figure 4.2). Carbonate sedi-

mentation in the Pre-Apulian unit continued until at least the Aquitanian and the transition

from carbonate to clastic sedimentation in the Pre-Apulian parts of Kefallonia and Levkas

occurred in the Burdigalian or early Langhian. On Zakynthos, this transition was younger,

around the Middle-Late Miocene transition (Figure 4.3). Marine sedimentation continued

into the Pleistocene.

Offshore southwestern Greece, oceanic lithosphere of the Ionian basin subducts below

Greece. The sediments on top of the subducting plate have been folded in the

Mediterranean Ridge (Finetti, 1976; Le Pichon et al., 2002; Figure 4.2). Kastens (1991)

constrained the onset of deformation of the Mediterranean Ridge to between the base of

planktonic foraminiferal zone N6 and the top of nannofossil zone NN5 (17.59 to 13.53 Ma:

Lourens et al., 2004).

Two tectonostratigraphic units that are not exposed in the north crop out in a tectonic wind-

ow on the Peloponnesos: the high-pressure, low temperature (HP/LT) metamorphic Phyllite

Quartzite and underlying Plattenkalk units. These units are separated from the Tripolitza

and higher units by an extensional detachment (Jolivet et al., 1996; Figure 4.8, profiles DD',

EE', and GG' in Figure 4.4). The Plattenkalk unit was interpreted as the underthrusted equi-

valent of the Ionian unit (Bizon and Thiébault, 1974; Jacobshagen, 1986; Dittmar and

Kowalczyk, 1991; Kowalczyk and Dittmar, 1991; Kowalczyk and Zügel, 1997) and the

Phyllite Quartzite unit was thought to represent passive margin clastics, originally (un)con-

formably overlain by the Tripolitza unit (Chapter 2). The Phyllite Quartzite and Plattenkalk

units underthrusted to a depth of tens of kilometres in the course of the Oligocene and exhu-

med in the South Aegean Core Complex covering the Peloponnesos and Crete in the cour-

se of the early Miocene along a top-to-the-north extensional detachment (Figures 4.3 and

4.8; Jolivet et al., 1996; Ring et al., 2001b; Chapter 2). After the exhumation of the meta-

morphic units on the Peloponnesos, the detachment plane was strongly folded (Profile DD'

and EE', Figure 4.4). In the Taygetos and Parnon massifs these folds suggest westward tec-

tonic transport (Profile E-E' in Figure 4.4; Doutsos et al., 2000; Xypolias and Doutsos,

2000), with the fold axes plunging to the north (Figure 4.8).

Transverse structures and late Neogene extensional basins

THESSALY AND MACEDONIA

In Thessaly and Macedonia, three extensional basin systems evolved in the course of the

late Miocene and Pliocene: the Florina-Ptolemais-Servia, the Larissa and the Karditsa

basins (Figure 4.1).

Chapter  4: Deformation of western Greece during and after rotation
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NE-SW extension formed the lacustrine Florina-Ptolemais-Servia basin from approximate-

ly 8 Ma onward (Pavlides and Mountrakis, 1987; Pavlides et al., 1998; Steenbrink, 2001).

The basin system is crosscut by the NE-SW trending Aliakmon Fault Zone (Doutsos and

Koukouvelas, 1998), which is in its latest motion is a dip-slip normal fault. However, we

observed slickensides on the Servia Fault (Figure 4.1), which suggest that the dip-slip

motion was preceded by strike-slip activity. The Lava Basin in the footwall (SE) of the

Aliakmon Fault Zone (Figure 4.1) is filled with lacustrine calm-water sediments with no

indications for synsedimentary tilting. The youngest deposits of these basins are approxi-

mately 5 Ma old (Steenbrink et al., 2000; 2004), providing the maximum age of significant

tilting of the footwall in response to extension across the Aliakmon Fault Zone. However,

a component of NE-SW extension may already have played a subordinate role in the late

Miocene and early Pliocene, evidenced by conjugate growth joint sets in the Lava basin

sediments.

South of the Aliakmon Fault Zone, the intramontane Larissa and Karditsa formed in res-

ponse to late Miocene and Pliocene NE-SW extension, followed by approximately N-S

extension in the late Pliocene and Pleistocene (Caputo and Pavlides, 1993; Caputo et al.,

1994).

EPIRUS AND AKARNANIA

The Aliakmon Fault Zone may connect in the west to the Kastaniotikos Fault Zone that

runs WNW-ESE across the Pindos unit (Figure 4.1 and 4) The latter fault zone links in the

west with the NW-SE trending Thesprotiko Shear Zone (Jordan et al., submitted) that off-

sets the Botsara syncline and has a right-lateral displacement of approximately 20 km. To

its north, the Souli Fault (Figure 4.5) was active until at least the Pleistocene as a north-dip-

ping normal fault with a left-lateral component (Boccaletti et al., 1997). The ENE-WSW

striking Konitsa Fault in northeastern Epirus (Figure 4.5) forms the northwestern limit of

the Timfi-block and is seismically active (IGRS-IFP, 1966; Doutsos et al., 1988;

Goldsworthy et al., 2002). The dip-slip displacement along the Konitsa Fault several kilo-

metres, but its length is only approximately 10 km. The Timfi-block is bounded in the south

by the transition from the Kastaniotikos Fault Zone to the Thesprotiko Shearzone (Figure

4.5). Contrary to the Thesprotiko Shearzone, its offshore lateral continuation - i.e. the

Kefallonia Fault Zone - is seismically highly active (e.g. Scordilis et al., 1985; Kahle et al.,

1993; Peter et al., 1998; Sachpazi et al., 2000). On Levkas and in western Akarnania the

NNW-SSE striking west-directed thrusts and associated antiforms characteristic for the

style of deformation all over Epirus, are overprinted by drag folding along the Kefallonia

Fault Zone (Figure 4.5; Cushing, 1985; Underhill, 1989; Louvari et al., 1999; Chapter 3).

CURVED EXTENSIONAL BASIN SYSTEMS

During the late Plio-Pleistocene, two WNW-ESE striking, large-scale extensional fault

zones crosscut mainland Greece. To the east, these zones gradually curve into a NNW-SSE

direction (Figure 4.9). The northern zone created the Gulf of Amvrakikos (Clews, 1989),
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connected through a fault zone crosscutting the Pindos mountains (Goldsworthy et al.,

2002) with the Sperchios half-graben (Mariolakos, 1976; Kranis and Papanikolaou, 2001)

and Gulf of Evvia (Poulimenos and Doutsos, 1996; Nyst, 2001; Figure 4.1, profile HH',

Figure 4.4). The southern one forms the Gulf of Patras-Gulf of Corinth system (Figure 4.5,

profiles FF', GG' and HH' in Figure 4.4; e.g. Doutsos and Piper, 1990; Armijo et al., 1996;

Sorel, 2000). This system is connected in the east through the Isthmus of Corith with the

Saronic Gulf. The Isthmus of Corinth (Collier and Dart, 1991) and the Saronic Gulf beca-

Chapter  4: Deformation of western Greece during and after rotation

FIGURE 4.9. Tentative interpretation of the curved basin systems of Western Greece. AFZ = Aliakmon Fault Zone; EB
= Evrotas Basin; GoA = Gulf of Amvrakikos; GoC = Gulf of Corinthl GoE = Gulf of Evia; GoP = Gulf of Patras;
KFZ = Kefallonia Fault Zone; KaFZ = Kastaniotikos Fault Zone; MB = Megalopolis Basin; NAT = North Aegean
Trough; PB = Pyrgos Basin; SB = Sperchios Basin; SG = Saronic Gulf; ToM = Triple junction of Melimala; TSZ =
Thesprotiko Shear Zone. Note that these curved basins are simplified: the fault zones do as far as known not contain
curvilinear individual fault traces.
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me subject to extension at an earlier stage, around 5 Ma, as evidenced by the rapid subsi-

dence of Aegina in the early Pliocene (Chapter 6). Alternatively, e.g. Reuther et al. (1993),

Le Pichon et al. (1995) and Goldsworthy et al. (2002) proposed a connection of the

Amvrakikos-Sperchios and Gulf of Corinth fault zones with the right-lateral transtensional

strike slip zones related to the westward motion of Anatolia, such as the North Aegean

Trough (Figure 4.9).

EXTENSIONAL BASINS OF THE PELOPONNESOS

Late Plio-Pleistocene extension resulted in the formation of, among others, the Gulf of

Patras, Gulf of Corinth and the Pyrgos, Megalopolis, Evrotas, Kyparissia and Messini

basins  (Hageman, 1977; 1979; Mariolakos et al., 1985; Zelilidis and Doutsos, 1992; Van

Andel et al., 1993; Poulimenos and Doutsos, 1997; Doutsos et al., 2000; Sorel, 2000;

Figure 4.8). These are (half-)grabens that formed in response to both N-S (e.g. Gulf of

Patras, Gulf of Corinth, Pyrgos basin, Molai graben, Kyparissia basin: Tavitian, 1994;

Stavrakakis, 1996; Sorel, 2000) and E-W extension (e.g. Messini and Evrotas basins:

Papanikolaou et al., 1988; Poulimenos and Doutsos, 1997). The profiles EE', FF' and GG'

(Figure 4.4) illustrate the influence of the combined N-S and E-W extension directions.

Additionally, a third curved system is defined by the Pyrgos basin - Megalopolis basin -

Evrotas basin system (Figures 4.8 and 4.9). The Pyrgos basin formed as a result of N-S

extension, whereas the Evrotas basin strikes NNW-SSW, as the result of approximately E-

W extension, with the major west-dipping Sparta normal fault east of the Taygetos massif

as the main basin bounding-structure (Poulimenos and Doutsos, 1997; Doutsos et al.,

2000). The small graben of Molai (Tavitian, 1994) and growth faults in the Evrotas basin

fill, however, show that during the opening of the Evrotas basin N-S to NW-SE extension

was also active. The Messini basin (Figures 4.4 and 4.8) is bounded by the major west-dip-

ping Kalamata normal fault at the western side of the Taygetos massif (e.g. Papanikolaou

et al., 1988; Mariolakos et al., 1997). The westernmost peninsula of the Peloponnesos is not

fault bounded and appears as a bulge to the west-dipping Kalamata normal-fault (profile

EE', Figure 4.4). 

The Kalamata Fault terminates in the north in the plain of Melimala (Figures 4.1, 4.8 and

4.9), where it forms a triple junction with the WNW-ESE trending, N-dipping normal fault

of the Kyparissia half-graben (see profile GG' in Figure 4.4) and a less well-developed nor-

mal fault zone striking NE-SW (Bornovas and Rontogianni-Tsiabaou, 1983). To the east of

the Taygetos, the Lakonia peninsula and the Argolis peninsula tilted southwestward in the

course of the late Plio-Pleistocene due to the activity of northeast-dipping normal faults

along their northeastern boundaries (Mariolakos, 1976; Papanikolaou et al., 1988; Van

Andel et al., 1993; Poulimenos and Doutsos, 1997). 

Almost all fault zones active at present are associated with the late Plio-Pleistocene basins.

Therefore, the present-day motion pattern was probably generated in the course of the

Pliocene. GPS-measurements and earthquake analyses show that at present, rapid south-
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westward motion occurs south of the Kefallonia Fault Zone, whereas collision, and end of

convergence occurred to its north (King et al., 1983; Billiris et al., 1991; Kahle et al., 2000;

McClusky et al., 2000; Jiménez-Munt et al., 2003). 

The island of Kythira lies on a horst structure that runs from the southeasternmost peninsu-

la of the Peloponnesos to the westernmost peninsula of Crete (Lyberis et al., 1982) and

exposes rocks of the Phyllite Quartzite, Tripolitza and Pindos units (Figures 4.1 and 4.8).

4.3 Sampling, age calibration and paleobathymetry analysis

Paleobathymetry estimation and vertical motion analysis

To reconstruct the timing and amount of vertical motions associated with the tectonics of

western Greece since the middle Miocene, a total of 58 sedimentary sites and sections

(Figures 4.5-4.8 and 4.10-4.12) have been sampled. These were dated by means of bio- and

magnetostratigraphy. 

To estimate the depositional depth of the sediments, the general relationship between depth

and the fraction of planktonic foraminifera with respect to the total foraminiferal popula-

tion (%P: Van der Zwaan et al., 1990) was used, following sample selection and counting

procedures described in Chapter 1. 

Since the %P also varies with oxygenation, all samples with a fraction of stress markers

amongst the benthic population (%S) exceeding 60% were discarded. Generally, %S-valu-

es were much lower and no large %S variations were found in the sections. This is in line

with the geological setting of western Greece since the middle Miocene, where sedimenta-

tion occurred in wide, deep and well-ventilated (foreland) basins. Some samples contain

high fractions of quartz and rock fragments, which at deep marine levels probably result

from downslope transport. These samples were discarded, or considered to give a minimum

depth value.

Only sediments of Corfu Coast (2) show a significant bathymetry change during their depo-

sition. Therefore, for all sections except Corfu Coast (2), depth estimates were averaged

(Table 4.1). The depth was independently checked by means of the presence or absence of

benthic depth markers (for discussion and list, see Chapter 1). The results are included in

Table 4.1, and are generally in line with the calculated depth values.

The bathymetry is the resultant of sedimentary infill of the basin, eustatic sea level changes

and tectonics. The lack of astronomically tuned ages made detailed correction for eustatic

sea level changes (of the order of tens of metres) impossible. The motion of a chosen stra-

tigraphic level through time is obtained by adding the thickness of accumulated sediment

to the paleobathymetry trend. This has been carried out for Corfu, Kefallonia and

Zakynthos (Figure 4.13).

Sampling, age dating & paleobathymetry estimation

MAINLAND GREECE

Langhian to early Tortonian sediments around Parga were overthrusted by Ionian carbona-

Chapter  4: Deformation of western Greece during and after rotation
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tes along a WNW-ESE striking thrust (IGRS-IFP, 1966; Figure 4.5). Samples from Parga

(8) show a paleobathymetry around 1000 m (Table 4.1). 

In addition, partly overturned siltstones and turbiditic sandstones were sampled in Pogonia

(10) and Paleros (11; Figures 4.5 and 4.11). According to the regional dip, Paleros (11) is

the younger continuation of Pogonia (10). The nature of the contact of the sequence with,

and the age of the underlying sediments around Paleros and Pogonia is unknown.

Foraminifers in two samples of Pogonia (10) and in one of Paleros (11) contain left-coiled

Globorotalia scitula and both left- and right-coiled Neogloboquadrina acostaensis. The

calcareous nannoflora includes Reticulofenestra pseudoumbilica and Helicosphaera stalis.

These indicate a late Miocene age (Lourens et al., 2004), which is in conflict with previous

findings of Frydas (1987), who reported G. margaritae from Pogonia (10), suggesting an

early Pliocene age. We have neither observed any Pliocene markers nor does the magne-

tostratigraphy match the early Pliocene patterns. Consequently- we consider Pogonia (10)

and Paleros (11) as upper Miocene (Figure 4.11). Both sections were deposited around 500-

600 m depth (Table 4.1).

Finally, Riza (9) contains 70º NE dipping, lower Pliocene alternating marls and sapropels

(Figures 4.5 and 4.11). Although no longer exposed, IGRS-IFP (1966) reported Messinian

gypsum at the base of this section. The magnetostratigraphy in the lower part of the secti-

on is of poor quality, but the normal to reversed polarity switch and the normal interval of

the top part of the section are well determined (Figure 4.11). We interpret the alternating

marls and sapropels as the expression of Milankovitch forcing (precession-cyclicity), fol-

lowing e.g. Hilgen (1991), Langereis and Hilgen (1991) and Krijgsman et al. (1999). The

normal polarity interval contains 8 cycles, which after comparison with the astronomical

polarity time scale (Lourens et al., 2004) shows that it likely corresponds to the Nunivak

FIGURES 4.10-4.12 (next pages). Detailed stratigraphic correlation of the sections of 4.10) Zakynthos; 4.11) western
Epirus and Corfu and 4.12) Kefallonia: Biostratigraphy of Spartia (17) was taken from Hug (1970): The logs, age deter-
minations and magnetostratigraphy are based on Duermeijer et al. (1999). Kalamaki Beach (27) and Limni Keri South
(29) were resampled and redated, and additional samples (open circles) were collected from Zakynthos Town (22).
Small dot left of the logs represent sample levels. Paleomagnetic results are represented as virtual geomagnetic polar
(VGP) latitude, with polarity zone interpretation. Closed (open) circles denote projections of (less) reliable ChRM direc-
tions. Small dot left of the logs represent sample levels. In the polarity column, white denotes reversed polarity; grey
indicates less reliable and inconclusive polarity; white plus cross is used for intervals without data. Magnetostratigraphy
of the Akros Liakkas, Spartia and Lixourion was reinterpreted from samples previously used for rotation analysis by
Duermeijer et al. (2000). Magnetic polarity of three samples of Kedros-Sgourou (13) was reported earlier in Chapter
3.
Numerical ages are taken from Rio et al. (1990b), Hilgen et al. (1995; 2000), Backman and Raffi (1997), Lourens et al.
(1996; 1998; 2004), Sierro et al. (2001) and Raffi et al. (2003). A = First Occurrence (FO) regular sinistral Neogloboquadrina
acostaensis (9.69 Ma); B = FO Discoaster pentaradiatus (9.367 Ma); C = Last Common Occurrence (LCO) Catapsydrax parvu-
lus (8.865 Ma); D = Cycle G50 of the Gibliscemi section (8.566 Ma); E = low regular occurrence Sphaeroidinellopsis semi-
nulina (7.918 Ma); F = Last Occurrence (LO) Helicosphaera stalis (7.610 Ma); G = LCO Globorotalia menardii 4 (7.499 Ma);
H = FO Globorotalia menardii 5 (7.365 Ma); J = FO Globorotalia conomiozea/miotumida gr. (7.240 Ma); K = FO common
Amaurolithus delicatus (7.22 Ma); M = LCO Globorotalia conomiozea/miotumida gr. (6.504 Ma); N = LO Discoaster quinquiramus
(5.537 Ma); O = Sphaeroidinellopsis acme (5.30-5.21 Ma); P = FO Globorotalia margaritae (5.08 Ma); Q = FO Ceratolithus rugo-
sus (5.05 Ma); R = FO Helicosphaera sellii (4.52 Ma); S = FO Globorotalia ruber (4.52 Ma); T = LO Globorotalia margaritae (3.98
Ma); U = LO Amaurolithus tricornicolatus (3.97-4.12 Ma); V = LO Globorotalia bononiensis (2.39 Ma); W = FO Globorotalia bonon-
iensis (3.31 Ma); X = LCO Discoaster tamalis (2.80 Ma); Y = FO Globorotalia inflata (2.09 Ma); Z = FO Globorotalia truncatuli-
noides (1.88 Ma); ZA = FO common left-coiling Neogloboquadrina acostaensis (1.79 Ma); ZB = FO Hyalinea balthica (1.49 Ma)
ZC = Disappearance of left-coiled Neogloboquadrina sp. (1.37 Ma; ZD = Reappearance of left-coiled Neogloboquadrina sp.
(1.22 Ma); ZE = LO common left-coiled Neogloboquadrina sp. (0.61 Ma).
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subchron (4.631-4.493 Ma; Figure 4.11). The depositional depth of Riza is 1000 m or more

(Table 4.1). IGRS-IFP (1966) reported Tortonian sediments around Riza with Cibicides ita-

licus, indicative of a paleobathymetry around 1000 m (Chapter 1), indicating that deep

marine conditions in the area prevailed during the late Miocene and early Pliocene. Upper

Plio-Pleistocene terrestrial conglomerates with a thickness of hundreds of metres indicate

that the area was uplifted in the course of the Pliocene.

CORFU

Chapter  4: Deformation of western Greece during and after rotation

FIGURE 4.10.
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FIGURE 4.11.
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FIGURE 4.12



The evolving anatomy of a collapsing orogen

112

An upper Miocene-lower Pliocene clastic series was sampled along the northwestern coast

of Corfu, starting with the Tortonian of Arillas Beach (4). The depth of deposition was

(over) 1000 m (Table 4.1). Upper Miocene-lower Pliocene sediments were sampled in

Aghios Stefanos (3) and comprise fluvial and lacustrine deposits, correlated to the Lago

Mare phase of the terminal Messinian (cf. Krijgsman et al., 1999). The overlying lower

Pliocene Trubi-facies (Figure 4.12) was deposited at a depth around 1000 m (Table 4.1). It

underlies the lower Pliocene of Corfu Coast (2; Figure 4.11), previously sampled by

Linssen (1991). The highest part of the stratigraphy was sampled at Roda Beach (1) and

contains Globorotalia ruber, G. puncticulata and G. margaritae (4.52 to 3.98 Ma: Lourens

et al., 2004). Corfu Coast (2) and Roda Beach (1) reveal a strong shallowing trend from a

depth of 1000 m to 200-300 m (Table 4.1). Adding the amount of accumulated sediment

shows that the shallowing is initially accompanied by ongoing subsidence, and from

approximately 4.5 Ma onward by uplift (Figure 4.13).

The lower Pliocene Trubi facies in the southwest of the island is deformed in the footwall

of the west-directed Corfu Thrust (Doutsos and Frydas, 1994; Figure 4.5). In the south,

samples were collected from lower Pliocene clays and siltstones (Kavos Beach, 6,

Monastery, 7 and Lefkimmi, 5; Figures 4.5 and 4.11). The lower Pliocene of Monastery (7)

contains reworked Miocene - up to Tortonian - species of planktonic foraminifera, such as

Globorotalia menardii 4, G. partimlabiata, Paragloborotalia mayeri, G. scitula (large and

small-sized, left- and right coiled), G. falconarae, G. nepenthes, Globoquadrina dehiscens

and G. altispira. The paleobathymetry of Monastery (7) is estimated to be around 500-600

m, with large error bars because of reworking and downslope transport. Biostratigraphy is

unavailable from Kavos Beach (6), but field observations suggest that it underlies

Monastery (7). The lithology is comparable to that of Monastery (7) and is likely younger

than the lower Pliocene Trubi-facies. The depositional depth of Kavos Beach (6) is estima-

ted at 500-750 m.

The youngest Pliocene sediments obtained from Corfu are exposed in small outcrops

around Lefkimmi (5) and, based on magneto-biostratigraphic data, correlated to the inter-

val between the subtop of Globorotalia margaritae and the top of the C2Ar reversed inter-

val (3.98 and 3.60 Ma: Lourens et al., 2004; Figure 4.11). The depositional depth is signi-

ficantly shallower than that of nearby Monastery (7): only about 200-300 m.

Taking sediment accumulation into account, the data suggest that on southern Corfu initial

subsidence was followed by shallowing due to infill, without significant vertical motion

(Figure 4.13). Along the southern coast between Kavos Beach (6) and Monastery (7), sedi-

ment-filled, W-directed slumpscars provide evidence for synsedimentary slope instability.

The succession is topped by 40 ka old beach rocks, unconformably overlying the lower

Pliocene (Rögl et al., 1996).

LEVKAS

From the Ionian zone of Levkas, De Mulder (1975) described and dated section

Spanokhorion, which reached into the Langhian and was deposited at deep marine levels
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close to 1000 m (Chapter 2). Aghios Petros (12) was described by Bizon (1967) from the

Pre-Apulian unit of western Levkas (Figure 4.5). The planktonic foraminiferal stages iden-

tified by IGRS-IFP (1966) and Bizon (1967) correspond to the lower to upper Miocene.

From the lower Tortonian onward (corresponding to approximately 11 Ma: Steininger et al.,

1985a; b), clastic turbidites are frequently intercalated with the marls in Aghios Petros (12).

The depositional depth of the entire section was around or deeper than 1000 m (Table 4.1).

KEFALLONIA

The stratigraphy of the Pre-Apulian unit of Kefallonia contains a thick Mesozoic to

Paleogene series of carbonates, overlain by an Oligocene to earliest Tortonian series of very

deep-marine marls and interbedded turbiditic calcareous sandstones (Bizon, 1967;

B.P.Co.Ltd., 1971; De Mulder, 1975; Chapter 2). These strata are strongly folded. Along the

southern coast of the island, Akros Liakkas (16) exposes a 50° E dipping series of at least

100 m of upper Miocene clays, alternating with mass-transported conglomerate and sand

beds, followed by a 100 m thick series of Messinian evaporites and lower Pliocene Trubi-

facies sediments and marls. We resampled Akros Liakkas (16) in addition to samples col-

lected by Duermeijer et al. (2000; Figures 4.7 and 4.12). 

The basal part of Akros Liakkas (16) was previously ascribed to the Tortonian (Braune et

al., 1973). The presence of Amaurolithus delicathus (bottom at 7.22 Ma: Lourens et al.,

2004), however, indicates that the section is entirely of Messinian age. The evaporites of

Akros Liakkas (16) result from the Messinian Salinity Crisis (Braune et al., 1973). The

reversal at 25 m (Figure 4.12) is interpreted as the base of subchron C3r (6.033 Ma:

Lourens et al., 2004). The Messinian is overlain by the lower Pliocene Trubi-facies. Hug

(1970) ascribed the top part of lower Pliocene to the Globorotalia puncticulata - G. marga-

ritae concurrent range zone (4.52-3.98 Ma). Akros Liakkas (16) is overlain by a series of

gently dipping upper Pliocene silts, sands and calcarenites (Spartia, 17; Figures 4.7 and

4.12) with an angular unconformity. This sequence corresponds to the upper Pliocene and

possibly the lower Pleistocene (Hug, 1970; Figure 4.12). The cumulative thickness of the

Spartia (17) is more than 300 m (Figure 4.12), but this thickness is largely the result of late-

ral sampling along a prograding sedimentary system. The paleobathymetry of both the pre-

evaporite clastic sequences and the lower Pliocene Trubi facies is deep marine (around 700-

800 m), whereas the sediments of Spartia (17) were deposited at much shallower depth:

200-300 m above the first unconformity and between 0 and 100 m (Table 4.1) above the

second one.

Akros Katelios (18) is, at least in part, time-equivalent to Spartia (17; Hug, 1970). Another

series of probably late Pliocene age was sampled west of Argostoli, north of the airport

(Minies Beach, 15; Figures 4.7 and 4.12). These sediments were previously described by

Underhill (1989), who noticed that these are strongly - probably synsedimentary - tilted in

the footwall syncline of the W-directed White Rocks Thrust (Figure 4.6). Both sections are

poor in planktonic foraminifera due to their shallow depth of deposition (<150 m, Table

4.1).

Chapter  4: Deformation of western Greece during and after rotation
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TABLE 4.1. Calculated and estimated paleobathymetry values for all sites and sections. Code refers to numbers in Figures
4.5-4.8. n = number of samples averages, SD = standard deviation.

code locallity samples n depth SD taxonomic age

(Gr-code) (m) (m) estimate

1 Roda Beach 11038-41 2 230 66 200-500 4.59-4.52 Ma

2 Corfu Coast 11381-481 56 trend trend 5.09-4.59 Ma

3 Aghios Stefanos 11086-90c 7 1064 44 500-900 ~5.235-5.09 Ma

4 Arillas Beach 11072-85 8 1011 80 >1000 ~8.8-7.9 Ma

5 Lefkimmi 11001; 11034-37 5 393 233 200-300 3.98-3.596

6 Kavos Beach 11250-56 5 596 185 500-750 early Pliocene

7 Monastery 11042-71 13 598 174 500-600 ~4.4-4.2 Ma

8 Parga 11015-16 2 964 16 middle Miocene

9 Riza 10941-60; 12001 21 905 85 >1000 ~4.7-4.3 Ma

11 Paleros 12081-115 22 480 171 500-750 late Miocene

10 Pogonia 12011-80 58 614 111 600-750 late Miocene

12 Aghios Petros (Levkas) 12951-12984 28 1096 119 1000+ early - late Miocene

13 Kedros-Sgourou 12475-77 2 1146 129 ~6.2-5.5 Ma

13 Kedros-Sgourou 12478-87 10 934 107 600-900 4.52-3.97 Ma

14 Lixourion 12326-70 36 426 232 300-500 2.6-1.6 Ma

15 Minies Beach 12488-95 7 78 17 100-300 <4.52 Ma

16 Akros Liakkas 12371-88 10 767 237 500-1000 ~6.2-5.5 Ma

16 Akros Liakkas 12389-93 3 750 57 600-900 5.33-5.236 Ma

16 Akros Liakkas 12394-95 2 184 13 200-300 ~4.52 Ma

17 Spartia 12396-422 26 76 45 150-250 4.4-?3.5 Ma

18 Akros Katelios 12423-33 11 70 20 50-150 <4.52 Ma

19 Ormos Alikon 11346-50 5 1139 77 >1000 ~7.45-7.25 Ma

20 Alikanes 10687-90 2 678 311 500-750 3.31-2.73 Ma

21 Bochali 11370-80 8 498 134 300-500 ~1.3-0.075 Ma

22 Zakynthos Town 11091-113; 11351- 24 817 190 500-900 ~1.9-1.6 Ma

23 Vugatio 11261-85 25 1181 51 >1000 8.11-7.77 Ma

24 Porto Roma 1 11301-10a 11 377 73 300-500 0.99 Ma

24 Porto Roma 2 11298-300 3 422 148 300-500 0.88 Ma

24 Porto Roma 3 11294-97 4 82 19 200-300 0.70 Ma

25 Gerakas 11311-20 10 661 108 500-750 ~1.8 Ma

26 Skopos 10680-81 2 1054 9 5.05-4.12 Ma

27 Kalamaki Beach 10671; 11122-75 23 1002 143 750-1000 5.33-4.82 Ma

28 Limni Keri North 11321-45 11 1176 46 900-1000 7.24-6.78

29 Limni Keri South 11176-89 14 1036 53 >1000 8.865-8.566 Ma

30 Kastro 10661-662 1 36 late Plio-Pleistocene

31 Pigadion 1* HH 703 A-M 11 37 1 0-50 late Plio-Pleistocene

31 Pigadion 2* HH 703 P-FF 6 38 2 0-50 late Plio-Pleistocene

31 Pigadion 3* HH 703 GG-OO 17 38 3 0-50 late Plio-Pleistocene

32 Vounargon* HH 700 A-U 14 98 11 50-100 late Plio-Pleistocene

33 Aghios Andreas* HH 320 A-G 7 51 6 0-50 late Plio-Pleistocene

34 Katakolon* HH 315 A-K 10 80 30 200-300 late Plio-Pleistocene

35 Paleovarvasena* HH 109 B-L 7 47 9 50-100 late Plio-Pleistocene

36 Nereda* HH 310 A-L 11 39 1 0-50 late Plio-Pleistocene

37 Lala* HH 2 A-N 13 44 12 50-100 late Plio-Pleistocene

38 Kaiafas* HH 313 A-G 7 43 4 0-100 late Plio-Pleistocene

39 Grillos* HH 723 A-H 5 38 3 0-50 late Plio-Pleistocene

40 Grecka* HH 300 A-F 6 75 38 150-300 late Plio-Pleistocene

40 Grecka II* HH 305 A-F 5 46 12 50-150 late Plio-Pleistocene

41 Kallidhea* HH 301 A-V 20 53 22 50-100 late Plio-Pleistocene

42 MP 4 10611 1 94 - 150-300 late Plio-Pleistocene

43 Koukounara 10616 1 112 - late Plio-Pleistocene

44 MP 3 10622-22a 2 158 16 500-600 late Plio-Pleistocene

45 MP 2 10619-21 3 340 256 NN18-NN19b

46 Evangelismos 10610 1 227 - late Plio-Pleistocene

47 MP 1 10603; 10607-08 3 372 131 500-600 NN14

48 Falanthi 10607-07a 1 283 77 NN14

49 MA 2 10625 2 116 34 0-50 NN19
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Summarising, rapid early Pliocene uplift affected the area south of Argostoli and led to

emergence and erosion, followed by the deposition of upper Pliocene shallow marine depo-

sits of Spartia and Akros Katelios (Figure 4.13).

A remarkably different vertical motion history is reconstructed from the Paliki peninsula

(Figures 4.6 and 4.12). Kedros Sgourou (13) is largely time-equivalent with Akros Liakkas

(16). The Messinian basal part of the section is overlain by lower Pliocene Trubi-facies

(Figure 4.12). Some small isolated outcrops of Messinian gypsum are exposed near

Kedros-Sgourou. The paleobathymetry analysis shows that the Trubi facies of Kedros

Sgourou (13) was deposited around 900 m depth (Table 4.1).

Lixourion (14) was assigned a Pleistocene age by Duermeijer et al. (2000). Based on the

entry of left-coiled Neogloboquadrina acostaensis in the section in combination with the

magnetostratigraphic data (Figure 4.12), we conclude, however, that the section straddles

the Plio-Pleistocene boundary. Lixourion (14) was deposited between 300 and 500 m. The

uplift of the Paliki peninsula therefore occurred much later (in the Pleistocene) than in the

Akros Liakkas area, and there is no evidence for rapid early Pliocene uplift. Instead, Trubi-

facies sedimentation continued throughout most of the early Pliocene (Figures 4.12 and

4.13).

ZAKYNTHOS

Most of our sections from Zakynthos (Figures 4.6 and 4.10) were sampled by Duermeijer

et al. (1999) from the upper Miocene to Pleistocene terrigeneous clastic part of the Pre-

Apulian unit and the Plio-Pleistocene on top of the Ionian unit. The stratigraphy and age

calibration of the sections are shown in Figure 4.10.

The oldest sediments sampled have a Tortonian age (Figure 4.10) and contain alternating

clays and sapropels (Vugatio, 23, Ormos Alikon, 19 and Limni Keri South, 29). The pale-

obathymetry exceeds 1000m (Table 4.1). Limni Keri North (28) covers a lower Messinian

sequence of alternating clays, turbiditic sandstones and large slumps (previously described

as post-sedimentary chevron folds by Underhill (1989; Figures 4.6 and 4.10). The paleoba-

thymetry indicates depths of 900-1000 m (Table 4.1). This clastic series is overlain by

Messinian gypsum turbidites, presently exposed near the harbour of Aghios Sostis

(Dermitzakis, 1978). The sections in the upper Miocene are all tilted to the east in the limb

Chapter  4: Deformation of western Greece during and after rotation

TABLE 4.1 (continued)

code locallity samples n depth SD taxonomic age

(Gr-code) (m) (m) estimate

50 MA 1 10655-56 2 116 34 300-500 NN15

51 Gytheon 10627-31 2 36 0 late Plio-Pleistocene

52 Aghios Vasilios 10632-33 2 39 1 late Plio-Pleistocene

53 Skala 10639 2 sterile - late Plio-Pleistocene

54 LA 2 10652 1 80 - 300-500 NN19b

55 LA 1 10647 1 47 - late Plio-Pleistocene

56 Neapoli 10641-42 1 36 - late Plio-Pleistocene

57 Mitata Gr 2531-35 5 39 3 0-50 Tortonian

58 Paleopolis Gr 2536-88 52 trend middle-late Pliocene



The evolving anatomy of a collapsing orogen

116

of the Vrachionas anticline (Figure 4.7). Along Kalamaki Beach (27; Figure 4.7), alterna-

ting Messinian gypsum and sterile fine clastics of the Lago Mare stage, interpreted as the

result of the Messinian Salinity Crisis, are overlain by lower Pliocene Trubi-facies and

marls (Figure 4.10). We resampled Kalamaki Beach (27) covering the uppermost

Messinian and lower Pliocene. Halfway the poorly exposed interval between Aghios Sostis

and Kalamaki Beach (27) we collected one sample from an exposure along the beach,

which could be ascribed to the NN11 nannoplankton zone sensu Martini (1971), i.e.

Messinian (Figure 4.10). The paleobathymetry of the Messinian part of Kalamaki Beach

(27) is indeterminate. The Pliocene part was deposited at 750-1000 m depth.

A study of the Messinian gypsum deposits and the overlying marls was previously publis-

hed by Kontopoulos et al. (1997). They erroneously report that the Messinian gypsum

deposits in Kalamaki Beach (27) are overlain by shallow marine calcarenites. Moreover,

they reported marls and sandstones with hummocky cross-stratification near Aghios Sostis,

which were interpreted by these authors as corresponding to the Trubi and assigned to the

NN12/NN13 (Lower Pliocene) nannofossil zones. We did not observe any Trubi facies

rocks near Aghios Sostis. Instead, we sampled the outcrop of alternating marls and calca-

renites overlying the Messinian gypsum deposits of Aghios Sostis with an angular uncon-

formity and recovered the Miocene planktonic foraminifera Neogloboquadrina acostaen-

sis (both left- and right coiling), and Globorotalia menardii 4, showing that these calcare-

nites result from erosion of Tortonian sediments. Ages obtained from these strata are there-

fore unreliable and can only serve as a minimum estimate. Finally, Kontopoulos et al.

(1997) interpret the gypsum deposits of Agios Sostis as a redeposited lateral equivalent of

the gypsum deposits at Kalamaki Beach. Instead, we envisage the sequence of southern

Zakynthos as a continuous succession from the Messinian flyschoid sediments in Limni

Keri North (28), via the lower evaporites near Aghios Sostis, the small coastal outcrop of

marine Messinian to the upper evaporites and lower Pliocene trubi facies in Kalamaki

beach (27; Figures 4.7 and 4.10).  

In the north of the island, the 10-15° NE tilted, upper Pliocene and Pleistocene alternating

clays and bioturbated sands were sampled near Alikanes (20) and Bochali (21) and in

Zakynthos Town (22; Figures 4.6 and 4.10). The paleobathymetry reveals a shallowing

trend: Alikanes (20) and Zakynthos Town (41) yield values of 700-800 m, whereas Bochali

(21) was deposited around 500 m.

The Ionian unit on Zakynthos is exposed on the Skopos peninsula. Here, diapirs of Triassic

gypsum (Underhill, 1988) are overlain by strongly deformed Messinian gypsum and lower

Pliocene trubi-facies (section Skopos, 26) and clays (Anapliotis, 1963). We assigned the

Trubi facies in Skopos (26) to the NN13 nannoplankton zone (5.05-4.12 Ma: Lourens et al.,

2004) and constrained the paleobathymetry to (over) 1000 m. In the southeasternmost part

of the Skopos peninsula, coarse conglomerates are overlain by Plio-Pleistocene marls that

contain thick beds of calcarenite in the top of the succession (Dermitzakis et al., 1977;

Tsapralis, 1981; Triantaphyllou et al., 1997). The depositional environment of these con-

glomerates is uncertain. Possibly they represent a continental sequence, followed by rapid



117

Chapter  4: Deformation of western Greece during and after rotation

FIGURE 4.13. Diagrams of Corfu, Kefallonia and Zakynthos, showing paleobathymetry trends and vertical motion of
the base of the section. Encircled numbers correspond to sections of Figures 4.5-4.7 and 4.10-4.12. See text for fur-
ther explanation.
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subsidence and the deposition of the Gerakas-clays around 800 m of depth. A deepening

trend, however, has not been found and was not reported before. Alternatively, these con-

glomerates could represent a submarine debris-flow inflicted by the uplift of the nearby

diapirs.

The tilt of these calcarenites is approximately 15° NNW at the base of Porto Roma (24),

and 0° at the top, implying synsedimentary tilting along a ENE-WSW striking axis

(Dermitzakis et al., 1977). We analysed samples from Gerakas (25) and Porto Roma (24)

(Figure 4.7 and 14). The depositional depth of Gerakas (25) was approximately 500-750 m

(which is in line with the estimates of Tsapralis, 1981, based on ostracoda). The sites of

Porto Roma (24) reveal a shallowing trend from 300-500 to (less than) 200-300 m (Table

4.1).

Concluding, folding in the Vrachionas anticline probably occurred during the late Miocene

and early Pliocene and led to uplift and emergence of Tortonian and older deposits in

western Zakynthos. The Skopos diapir formed in the course of the Pliocene, followed by

deposition of the upper Pliocene regressive sequences along the northern coast and the sou-

theastern Skopos peninsula, representing Pleistocene uplift that affected the entire island

(Figure 4.13).

STROPHADES

It is unknown which unit underlies the islets of the Strophades south of Zakynthos and west

of Kyparissia (Figure 4.1), because only Messinian gypsum and lower Pliocene marls are

exposed on the islet. These were sampled and analysed by Lyberis and Bizon (1981), who

assigned the lower Pliocene marls to the Globorotalia margaritae zone (5.08-4.52 Ma:

Lourens et al., 2004). Moreover, they reported the presence of Uvigerina spp. and

Siphonina reticulata from these marls. These species are indicative of a depth exceeding

300m (Chapter 1).

PELOPONNESOS

The Neogene sediments on the Peloponnesos have been dated earlier, mainly based on cal-

careous nannofossils by Hageman (1977; 1979), Piper et al. (1982), Frydas (1987; 1989;

1990; 1993) and Frydas and Bellas (1994). All marine sediments were assigned a Plio-

Pleistocene age. Hageman (1979) reported large amounts of middle Miocene nannofossils,

indicating that a marine middle Miocene cover has probably been present nearby this part

of the Peloponnesos, but was later eroded. The oldest deposits from which biostratigraphic

information is available are found in the area around Falanthi (sites 45 and 46, Figure 4.6).

There, sediments overlying formerly exploited lignites contain a calcareous nannofossil

assemblage indicating an age range between 5.28 Ma and 4.12 Ma (Frydas, 1990; Lourens

et al., 2004). These lower Pliocene sediments show evidence for a paleobathymetry as deep

as 500-600 m. The lignites were described by Antoniadis et al. (1992), who assigned them

to the lower Pliocene, although conclusive evidence for this age is lacking. A phase of at

least 500-600 m of subsidence must therefore have affected the southern part of the Messini
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peninsula in the early Pliocene or possibly during the latest Miocene-early Pliocene transi-

tional interval. A comparable and contemporaneous history was concluded for the islands

of Aegina and Milos (Chapter 6)

The upper Plio-Pleistocene exposed on the Peloponnesos is invariably of shallow marine or

terrestrial origin (Table 4.1). Contemporaneously, however, at least 800 m of subsidence

occurred in the Gulf of Corinth since the late Pliocene (Heezen et al., 1966). Brooks and

Ferentinos (1984) estimated that as much as 2000 m of late Plio-Pleistocene sediments were

deposited in the Gulf of Patras. In the Saronic Gulf, several hundreds of metres of depth

were already reached in the early Pliocene, prior to the development of the Aegina volca-

no, as evidenced by the sedimentary and paleontological record of Aegina (Chapter 6).

KYTHIRA

We analysed two sections from Kythira, which were sampled and described by

Meulenkamp et al. (1977). Mitata (57) contains tilted fluvial sands and conglomerates and

lacustrine to shallow marine (Table 4.1) silty clays and calcarenites. Marine Pliocene depo-

sits of Paleopolis (58) unconformably overlie basement and the Tortonian deposits. The

base of the Paleopolis (58) contains Sphaeroidinellopsis seminulina, left-coiled

Globorotalia crassaformis and - probably reworked - G. puncticulata (3.60 to 3.17 Ma:

Lourens et al., 2004), whereas the top contains G. inflata and no left-coiled

Neogloboquadrina acostaensis (2.09 and 1.80 Ma: Lourens et al., 2004). Paleopolis (2)

reveals a deepening from about 300 m to 750 m (Figure 4.14, Table 4.1). The top of the sec-

tion gives much shallower depths, although part of the shallow signal may be the result of

downslope transport.
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Figure 4.14: Paleobathymetry and vertical motion curve obtained from the Tortonian (Mitata, 57) and Pliocene
(Paleopolis, 58). For location see Figure 4.8. Note that the horizontal axis represent stratigraphic level. The apparent
uplift in the late Pliocene may be an artefact of downslope transport. Vertical dark grey bars represent the depth esti-
mates based on benthic depth markers, shaded light grey area represents the standard deviation on the depth estimate
(thin solid line). Thick solid line represents the depth estimate plus the amount of accumulated sediment (i.e. the
motion of the base of the stratigraphy with respect to sea level).
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4.4 Age determination of the structures and deformation pha-
ses

This paper focuses on the deformation of western Greece since the onset of clockwise rota-

tion starting around 15-13 Ma (Chapter 3). To unravel the geological history of western

Greece, we will first discuss and summarize the various deformation stages and structures

of western Greece and estimate their ages, based on the above literature review and the

newly obtained paleobathymetry and vertical motion data and ages.

Pindos, Tripolitza, Eptachorion and Krania thrusts

The Pindos and Tripolitza thrusts can be considered as Oligocene subduction thrusts,

accommodating the simultaneous underthrusting of the Tripolitza and Ionian zones, respec-

tively (Sotiropoulos et al., 2003; Chapter 2). These thrusts formed in the latest Eocene or

early Oligocene, approximately contemporaneously with the then north-directed

Eptachorion and Krania (back-) thrusts, in the foreland of which the Mesohellenic basin

subsided (Doutsos et al., 1994; Kontopoulos et al., 1999). The Valkano-thrust (Figure 4.5;

compare profiles BB' with CC' in Figure 4.4) overprints and earlier thrust contact between

the Pindos and Tripolitza zones and therefore probably post-dates the Oligocene (see

below).

The folds of the Ionian zone

The Ionian zone in northwestern Greece is deformed into large, open antiforms and syn-

forms. The folds in the internal and middle Ionian zones were at least in part generated in

the late Oligocene or Early Miocene, leading to uplift and erosion (IGRS-IFP, 1966;

Chapter 2), probably corresponding to the end of underthrusting below the Pindos. A

second phase of folding inverted the early Miocene Klematia-Paramythia half-graben

(Chapter 2). The age of this folding phase can be constrained to post-17 Ma, and prior to

the formation of the Thesprotiko Shearzone, which offsets the Botsara syncline (i.e. the fol-

ded Klematia-Paramythia basin: Chapter 2). The external Ionian zone, including its flysch

with an age up to Burdigalian (e.g. IGRS-IFP, 1966; De Mulder, 1975) is also strongly fol-

ded after the Burdigalian (IGRS-IFP, 1966; Jenkins, 1972; Meulenkamp, 1982). In the Pre-

Apulian zone Meulenkamp (1982) reported strong, submarine folding (not slumping) on

Levkas and intraformational slumping on Zakynthos, indicating a late Burdigalian or early

Langhian phase of compression, which may constrain the timing of the post-17 Ma folding

of (part of) the Ionian zone. The overthrusted middle to late Miocene of Parga indicates that

(possibly local) thrusting continued at least into the late Miocene in the external Ionian

zone.

Uplift of the Ionian Islands

The vertical motion reconstructions of Corfu, western Epirus (around Riza), Kefallonia and

Zakynthos (Figure 4.13; Table 4.1) reveal two distinct uplift phases: the first led to strong
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uplift in the early Pliocene before 3.5 Ma and affected the entire western coast of Greece,

possibly including the Strophades. In the external Ionian zone of Corfu and Riza, the struc-

ture(s) accommodating the uplift cannot be identified. However, on Kefallonia and

Zakynthos evidence for the activity of thrusting and folding is found (Argostoli/White

Rocks Thrust and Vrachionas anticline, respectively; Figures 4.6 and 4.7). These structures

probably came into existence in the late Miocene, as seen from the NE-transport directions

in mass-flows in the limbs of the Vrachionas anticline on Zakynthos (Limni Keri North, 28)

and in the hangingwall of the Argostoli Thrust on Kefallonia (Akros Liakkas, 16).

Moreover, the Messinian of Corfu is partly missing and the regional dip of the Tortonian

and Pliocene of northern Corfu suggest an angular unconformity in between. Finally, the

lower Pliocene of southern Corfu contains Tortonian planktonic foraminifera, indicating

uplift and erosion in the hinterland during the Messinian. In northern Corfu, the base of

Arillas Beach (4) was uplifted by approximately 1200 m since 4 Ma, whereas Roda Beach

underwent a net uplift of only 300 m. This differential uplift is in line with the presently

observed 4° ENE-tilt of northern Corfu, and is in line with motion in the hangingwall of a

thrust trending approximately parallel to the general trend of the Hellenides. 

The second phase only affected the Paliki peninsula of Kefallonia and the island of

Zakynthos and includes many hundreds of meters of uplift in the course of the Pleistocene

and possibly clockwise rotation (Duermeijer et al., 1999; Chapter 3). The Pre-Apulian zone

of Levkas (Aghios Petros, 12) confirms strong post-late Miocene uplift (more than 1000 m;

Table 4.1), but does not allow further constraining of the timing of uplift.

Kefallonia, Thesprotiko, Kastaniotikos and Aliakmon composite fault zone

As shown in Figure 4.9, a fault zone can be traced from the offshore Kefallonia Fault Zone,

via the right-lateral Thesprotiko Shear Zone and the normal Kastaniotikos Fault Zone to the

Aliakmon Fault Zone. Presently, the Kefallonia Fault Zone is seismically highly active as

a right-lateral transpressional strike slip zone, whereas the Thesprotiko and Kastaniotikos

fault zones are inactive. The modern Aliakmon Fault Zone accommodates dip-slip motion

(e.g. the Servia Fault: Doutsos and Koukouvelas, 1998; Figure 4.1). It is likely, however,

that in the past these four fault zones accommodated southwestward motion of the south

with respect to the north (see below).

The slickensides on the Servia Fault of the Aliakmon Fault Zone indicate that strike-slip

motion predates normal motion. This is in line with the analysis of the Karditsa and Larissa

basins to the south of this fault zone, where Caputo and Pavlides (1993) and Caputo et al.

(1994) reported NE-SW extension in the late Miocene or early Pliocene, followed by

approximately NW-SE extension since the late Pliocene and Pleistocene. To the north of the

Aliakmon Fault Zone, NE-SW extension had only minor influence since the late Miocene

(Pavlides and Mountrakis, 1987). The NE-SW trending Aliakmon Fault Zone therefore

most likely acted as a strike-slip fault during the late Miocene and early Pliocene, accom-

modating the difference in NE-SW stretching. The maximum age of the transition from NE-

SW to NW-SE extension as the dominant stretching direction can best be estimated from
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the age of the sediments in the Lava and Prosilion basins, which were deposited until

approximately 5 Ma and tilted afterwards in the hangingwall of the Servia Fault

(Steenbrink et al., 2000; 2004).

The age of the Kastaniotikos Fault Zone cannot be constrained further than syn- or post-

activity of the Pindos Thrust. It was suggested to represent a former intraoceanic transform

fault by (Robertson and Dixon, 1984; Skourlis and Doutsos, 2003), but may equally have

been (re)activated later. The Thesprotiko Shear Zone accommodated approximately 20 km

of right-lateral motion after the folding of the Botsara-syncline (which has a maximum age

of 17 Ma, see above). Riza (9), which is positioned right on top of the Thesprotiko Shear

Zone, underwent local, strong clockwise rotation after the early Pliocene (Chapter 3), indi-

cating post-early Pliocene activity of the Thesprotiko Shear Zone.

Finally, the age of onset of formation of the Kefallonia Fault Zone can be estimated from

the detailed investigation of the deformation of the Ionian Islands and western Akarnania.

Cushing (1985) already suggested that the curvature of the fold-axial plains of Levkas from

east-dipping, NW-SE striking in the south to west-dipping, NE-SW striking in the north

was the result of further transpression along the Kefallonia Fault Zone in the north than in

the south. In Akarnania, along the coast opposite to Levkas the Tortonian of Paleros (11)

and Pogonia (10) is also folded along NE-SW striking axes, parallel to northern Levkas.

Moreover, these sections have been rotated 35 and 50° clockwise, respectively, which was

explained in Chapter 3 as the result of drag folding along the transpressional Kefallonia

Fault Zone. Correcting for this post-Tortonian clockwise rotation yields strikes comparable

to the general trend of fold axes in Epirus and Akarnania, indicating that the Kefallonia

Fault Zone induced no local clockwise rotation prior to the Tortonian. 

Further constraints on the timing of the Kefallonia Fault Zone can be derived from the

island of Kefallonia, where the deformation of the Pre-Apulian zone since the late Miocene

was dominated by the interference between NE-SW compression and right-lateral strike-

slip. This can be inferred from a number of phenomena: the folds and thrusts on southe-

astern Kefallonia strike NW-SE, subparallel to the dominant trend of the Hellenides. This

strike gradually changes to the NNE-SSW orientation of the Paliki peninsula antiform, i.e.

subparallel to the Kefallonia Fault Zone (Figure 4.6). In the northern part of the island, the

Aenos Thrust and Kalon Thrust strike parallel and the orthogonal to the Kefallonia Fault

Zone, respectively. No overprinting relationships can be inferred from these thrusts and

they were probably created simultaneously sometime after the early Miocene. The Aenos

Thrust - striking subparallel to the Kefallonia Fault Zone - suggests right-lateral transpres-

sion.

Paleomagnetic data indicate a 90º clockwise rotation of the Paliki peninsula in the course

of the Pliocene (Chapter 3), whereas hardly any rotation occurred since the late Miocene in

Akros Liakkas (16) and Spartia (17). The combination with the uplift history of both areas

(Figure 4.13) leads us to tentatively conclude that the deformation pattern of Kefallonia

evolved entirely since the Messinian as a result of NE-SW compression and transpression

along the NNE-SSW striking Kefallonia Fault Zone. The Kefallonia Fault Zone therefore
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most likely originated in the Messinian (late Miocene).

The above analysis leads us to conclude that the Kefallonia Fault Zone, Thesprotiko

Shearzone and Aliakmon Fault Zone formed a slightly curved, right-lateral strike-slip

system - possibly including the Kastaniotikos normal fault zone - since the late Miocene,

which was active until the middle Pliocene. Afterward, the Aliakmon Fault Zone became

dominantly a normal fault and the Thesprotiko Shear Zone became inactive, whereas the

Kefallonia Fault Zone remained active as a right-lateral strike slip fault.

The smaller E-W (Souli-fault) or NE-SW (e.g. Konitsa Fault) striking normal fault zones

of northern and northwestern Greece, some of which have recently been or are still active

(King et al., 1983; Boccaletti et al., 1997; Doutsos and Koukouvelas, 1998; Goldsworthy

and Jackson, 2000; 2001; Goldsworthy et al., 2002) are probably related to the late Pliocene

and Pleistocene NW-SE extension.

Curved extensional basins of southwestern Greece

Most of the sedimentary basins of southwestern Greece were generated in the late Pliocene

and Pleistocene and are bounded by seismically still active faults (e.g. Gulf of Corinth, Gulf

of Patras, Messini basin, Evrotas Basin). There are, however, strong indications that the

prelude to the late Pliocene basin formation occurred in the early Pliocene, when rapid sub-

sidence occurred in the Saronic Gulf, evidenced by the rapid subsidence of Aegina and

Milos (Chapter 6). Lower Pliocene marine sediments were also recovered from the Isthmus

of Corinth (Collier and Dart, 1991), which is in line with the suggestion of Doutsos et al.

(1988) that the Gulf of Corinth system opened in the east earlier than in the west.

Additionally, rapid early Pliocene subsidence must have affected the Messini peninsula of

the Southwestern Peloponnesos, possibly already along the Kalamata Fault. Additionally,

Kythira started to subside in the (late?) early Pliocene (Figure 4.14). The earliest signs of

extension in the southeastern Aegean area are thus probably accommodated along NW-SE

trending structures. The sedimentary basins of southwestern Greece contain a strong influ-

ence of N-S extension, probably comparable to the situation in northern Greece, with a gra-

dually increasing influence of E-W extension from north(west) to south(east), superimpo-

sed on N-S extension. This is suggested by the curvature of the extensional basin systems

of the Gulf of Amvrakikos-Sperchios Basin-Gulf of Evia, the Gulf of Patras-Gulf of

Corinth-Saronic Gulf and the Pyrgos basin-Megalopolis Basin-Evrotas Basin system,

which all are characterized by approximately N-S extension in the northwest, grading into

E-W extension in the southeast. Additional evidence is found on the northwestern

Peloponnesos, where the triangular Pyrgos basin opened first from south to north

(Hageman, 1979). To its north, an eastward plunging antiform can be constructed from the

geology. We explain the eastward plunging antiform in combination with the triangular

shape of the basin as the result further westward motion of the south with respect to the

north, imposing a righ-lateral component on the N-S extension that is responsible for the

opening of the basin (Figure 4.15). Finally, the triple junction of Melimala (Figures 4.8 and

4.9) may indicate the location, where N-S and E-W extension were comparable in magni-

tude, leading to multidirectional extension.
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In conclusion, the sedimentary basins of southwestern Greece formed in response to N-S

extension, with an increasing influence of E-W extension from north(west) to south(east).

The prelude to the late Pliocene phase of basin formation was formed in the early Pliocene,

probably by subsidence along NW-SE trending faults.

4.5 Reconstruction of the Tertiary tectono-sedimentary histo-
ry of western Greece

The combination of the above summarized and dated structures of western Greece lead us

to provide a scenario for the geological development of western Greece contemporaneous

with the clockwise rotation of the area since the middle Miocene and the collision with

Apulia. First, the pre-middle Miocene development will be summarized.

Mesozoic - early Miocene

The Cretaceous to Oligocene history of western Greece is characterized by the formation

of an accretionary wedge by outward stepping of the thrust front and stacking of the (Sub-

) Pelagonian, Pindos, Tripolitza and Ionian units (Figures 4.3 and 4.16; Aubouin, 1957;

Jacobshagen, 1986). As described in Chapter 2, in the latest Eocene to early Oligocene

time, i.e. approximately 35-30 Ma ago, a major rearrangement of the paleoenvironment

took place in western Greece, associated with the onset of underthrusting of the Tripolitza

FIGURE 4.15. Schematic drawing of the proposed late Plio-Pleistocene development of the northwest Peloponnesos. A
right-lateral component created by the increasing intensity of E-W extension from north to south superimposed on N-
S extension created the opening of a triangular basin, accompanied by the formation or further development of a
plunging antiform to its north.
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and Ionian units below the Pindos nappe. This forced the Pindos unit and overlying ophio-

litic rocks of the (Sub-) Pelagonian zone to thrust northward over the Sub-Pelagonian for-

ming the Mesohellenic 'retroforedeep' (Figures 4.4 and 4.16; Doutsos et al., 1994) and led

to the transition from carbonate to flysch sedimentation all over the Tripolitza and Ionian

zones (Figures 4.3 and 4.16; IGRS-IFP, 1966).

In the latest Oligocene or earliest Miocene, another rapid reconfiguration of the paleoenvi-

ronment occurred, associated with the end of underthrusting of the Tripolitza and Ionian

units, and their internal shortening (Sotiropoulos et al., 2003; Chapter 2). After the latest

Oligocene to earliest Miocene uplift of the Tripolitza, internal and middle Ionian units,

NNW-SSE extension foundered the Klematia-Paramythia half-graben and was continuous

until at least 17 Ma (Chapter 2; Figure 4.5). Simultaneously, the south-Aegean core com-

plex formed a window in the nappe pile on the Peloponnesos. The amount of early Miocene

extension on the Peloponnesos (i.e. the width of the window exposing the metamorphic

rocks prior to post-exhumation folding; >100 km: Figure 4.8 and Chapter 2) clearly exceeds

the amount of extension associated with the formation of the Klematia-Paramythia basin in

northwestern Greece (of the order of a few kilometers only). This difference in magnitude

of horizontal extension may explain part of the present-day curvature of the Pindos unit

(Figure 4.16). 

Middle-late Miocene: Compressional deformation during clockwise rotation

Between 15-13 and 8 Ma, western Greece and the Peloponnesos rotated 40° clockwise

(Chapter 3). The Ionian and higher units rotated, whereas probably no rotation occurred in

(Pre-) Apulian zone (Chapter 3 and references therein). This difference in rotation must

have included a from north to south increasing amount of convergence between the Apulian

and Ionian zones, with approximately 350 km of convergence at the latitude of Kefallonia.

Several indications exist for the reestablishment of compression contemporaneous with the

onset of rotation and the convergence between Apulia and the Ionian and higher nappes: a

late Burdigalian to early Langhian phase of compression affected the external Ionian zone

and the pre-Apulian zone of Levkas (Meulenkamp, 1982). This phase of compression may

correspond to the folding of the lower Miocene Klematia-Paramythia basin, by inverting

the basin-bounding normal fault to form the Middle Ionian Thrust (Chapter 2).

Additionally, folding and thrusting of the western Mediterranean Ridge, was constrained to

start between 17.5 and 13.5 Ma (see above). Extensional exhumation of the Phyllite-

Quartzite unit continued until at least 15 Ma on western Crete (Thomson et al., 1998b), pro-

viding a probable maximum age estimate for the folding on the Peloponnesos (Chapter 2).

Reestablishment of compression in western Greece may have been slightly diachronous,

becoming younger from north to south, but is largely contemporaneous with the (oldest

possible) onset of clockwise rotation of western Greece around 15 Ma. We thus conclude

that the rotation of western Greece was accompanied by internal shortening.

The more intense shortening of Epirus with respect to Akarnania includes the lower

Miocene and must have evolved during or after the middle Miocene. We therefore suggest
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FIGURE 4.16. Schematic paleogeographic and structural evolution of western Greece since the late Mesozoic. For key,
see Figure 4.1.
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that it relates to the overriding of the continental (Pre-) Apulian zone by the Ionian zone of

northern Epirus, as opposed to subduction of the oceanic Ionian lithosphere in the south

(Figure 4.2 and 5). The deep-marine Tortonian sediments of Pogonia (10), Paleros (11),

Arillas Beach (4) and in the area of Riza (IGRS-IFP, 1966), with ages of 9-8 Ma and youn-

ger, were deposited during the last stages of, or immediately after the middle to early late

Miocene rotation of western Greece. Probably, these sediments unconformably overlie the

lower Miocene (IGRS-IFP, 1966). If true, this indicates that approximately 600-1000 m of

subsidence affected (part of) western Epirus, western Akarnania and Corfu prior to or in the

early Tortonian. The reason for this subsidence remains open for speculation: no large

extensional features have been identified in western Greece and the subsidence may reflect

the flexural response to loading associated with the crustal thickening associated with the

middle to early late Miocene rotation phase. 

Late Miocene-early Pliocene: onset of collision with Apulia

The vertical motion reconstruction of the Ionian islands and the sedimentary basins in nor-

thern and southwestern Greece reveals that a reconfiguration of motion started to develop

in the late Miocene. The Pre-Apulian and external Ionian zones were shortened and uplif-

ted along the western coast of Greece in response to NE-SW compression. Further west, the

Karditsa and Larissa basins started to open in response to NE-SW extension and a right-

lateral strike slip zone started to develop accommodating southwestward motion of the

south with respect to the north. The subsidence of the southwestern Peloponnesos, Aegina

and Milos in the the Saronic Gulf and its lateral continuation, and probably also Kythira,

indicates the NE-SW extension also starts to play a role in southwestern Greece.

In our view, the late Miocene to early Pliocene situation shows strong evidence for an incre-

asingly important role of the Apulian platform: the north collides with Apulia and the south

moves over the subducting oceanic lithosphere of the Ionian basin. The increasing differen-

ce between north and south was in the late Miocene and early Pliocene accommodated by

the right-lateral fault system of the Kefallonia Fault Zone, the Thesprotiko Shear Zone and

the Aliakmon Fault Zone.

The role of the Kastaniotikos fault zone remains open for discussion. If both the Aliakmon

Fault Zone and the Thesprotiko Shear Zone were active in the late Miocene, it is reasona-

ble to assume that the Kastaniotikos Fault Zone formed a transtensional bend in the fault

zone, which is in line with the observed sense of shear (Profile H-H', Figure 4.4). The

Karditsa basin widens to the south and its opening most likely included rotation of the

Pindos unit to its west, with a pole at the intersection between the Aliakmon Fault Zone and

the Kastaniotikos Fault Zone. The amount of inferred rotation is approximately equal to the

angle between the folds axes on either side of the Valkano Thrust (Figure 4.5). We suggest

that the opening of the Karditsa basin was contemporaneous with either the formation or

reactivation of the Valkano Thrust (Figures 4.1, 4.5 and 4.16). This rotation of the Pindos

and motion of the Valkano Thrust is in line with faster and further southwestward motion
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in the south than in the north, concluded above.

The shortening of northwestern Greece came to an end in the course of the Pliocene, evi-

denced by the vertical motion histories derived from Corfu and the area around Riza (9).

This was probably the result of the collision and end of further convergence between Apulia

and northwestern Greece.

Late Plio-Pleistocene: motion of the Hellenides around Apulia

From 3.5 Ma onward, a collision situation prevailed in northwestern Greece. The

Thesprotiko-Shear Zone and Kastaniotikos Fault were no longer active and mainland

Greece became subjected to N-S to NW-SE extension, subparallel to Apulia.

Southwestward motion of southwestern Greece continued, but internal deformation incre-

ased, leading to the late Plio-Pleistocene curved sedimentary basin systems and the basins.

The dominant NW-SE to N-S extension and southward motion in northern Greece, gradu-

ally changing to E-W extension and westward motion in southwestern Greece indicates

motion of Greece around the southeastern limit of the Apulian platform. This motion

around Apulia is accommodated by the transpressional Kefallonia Fault Zone, shearing the

Pre-Apulian slope off the Apulian platform. 

The curved shape of the late Pliocene and Pleistocene basins of southwestern Greece

resembles the patterns predicted by analogue modeling of gravitational spreading around a

'free boundary' (Hatzfeld et al., 1997; Gautier et al., 1999), which in this case would be the

southeastern margin of the Apulian platform. Note that the Gulf of Corinth and the

Amvrakikos-Sperchios basins have been suggested to have also accommodated the west-

ward motion of Turkey (e.g. Dewey and Sengör, 1979; Reuther et al., 1993; Armijo et al.,

1996; Goldsworthy et al., 2002). 

The late Pliocene change in stress-regime of northwestern Greece and the formation of

extensional sedimentary basins in southwestern Greece are thus the result of the collision

with and subsequent motion around Apulia in the middle Pliocene, i.e. around 3.5 Ma.

4.6 Conclusions

To identify if, when and how deformation occurred in western Greece during the post-early

Miocene rotation and subsequent collision of the area with the Apulian platform, the

geometry and inferred kinematics of the area have been combined with vertical motions

derived from paleobathymetry and deposition trends in the marine sediments. After a phase

of extension in the early Miocene, basin inversion and compression accompanied the onset

of rotation in the early Langhian, i.e. around 15 Ma, although the onset may become youn-
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ger from northwest to southeast. Subsequently, western Greece collided with the Apulian

platform, leading in the late Miocene to a right-lateral strike-slip system running from the

Aliakmon Fault Zone in northern Greece, via the Kastaniotikos Fault Zone and the

Thesprotiko Shear Zone to the Kefallonia Fault Zone, offshore western Greece. NE-SW

compression and uplift of the Ionian islands was accompanied by NE-SW extension in

southwestern Greece, associated with faster southwestward motion in the south than in the

north. This led in the middle Pliocene (around 3.5 Ma) to collision without further shorte-

ning in northwestern Greece. From then onward, NW-SE to N-S extension east of Apulia,

and gradually increasing influence of E-W extension in the south accommodated motion of

the Hellenides around the Apulian platform. As a result, curved extensional basin systems

evolved, including the Gulf of Amvrakikos-Sperchios Basin-Gulf of Evia system and the

Gulf of Corinth-Saronic Gulf system.
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Sedimentation on Crete (Greece) Sedimentation on Crete (Greece) 

during Neogene late-orogenic during Neogene late-orogenic 

extension and exhumationextension and exhumation
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Late-orogenic extension started to fragment the Hellenic segment of the Alpine orogen in

the late Eocene and formed the metamorphic core complexes and associated sedimentary

basins. One of these - the Southern Aegean Core Complex - originated in the early Miocene

and covers Crete and part of the Peloponnesos. To determine the causes for the Neogene

fragmentation of the Hellenic nappe pile in the southern Aegean, we reconstructed the

timing and duration of the various stages of late-orogenic extension of Crete. Therefore, we

studied the more or less continuous middle Miocene to late Pliocene sedimentary sequen-

ce of Crete, Gavdos and Koufonisi to reconstruct the paleogeographic and vertical motion

history that evolved contemporaneously with exhumation and late orogenic fragmentation.

This led to the reconnaissance of three main tectonic phases: in the early Miocene, N-S

extension formed the Southern Aegean Core Complex. Although the majority of exhuma-

tion occurred prior to 15 Ma, the Cretan detachment must have remained active until 11-10

Ma, after which time the oldest sediments were unconformably deposited on the metamor-

phics. From approximately 10 Ma onward, southward motion of Crete was accompanied by

E-W extension on the modern island, and the opening of the Sea of Crete to its north.

Contemporaneously, large folds with WNW-ESE striking, NNE dipping axial planes devel-

oped, probably in response to sinistral transpression. During the Pliocene, Crete emerged

and tilted to the NNW as a result of left-lateral transpression with the African promontory. 

This chapter is in preparation for submission as: Van Hinsbergen, D.J.J. and Meulenkamp,

J.E. Sedimentation on Crete (Greece) during Neogene late-orogenic extension and exhuma-

tion.
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5.1 Introduction

The Aegean nappe stack evolved in the course of the late Mesozoic and Cenozoic due to

convergence between Africa and Europe (the Alpine orogeny). In the Hellenic segment of

the Alpine orogen, a series of nappes were progressively stacked from north to south

(Chapter 2 and references therein). Since the late Eocene, the nappe pile became fragmen-

ted. Detailed analysis of the deformation and rotation history of the sedimentary basins of

western Greece led to a threefold subdivision of the fragmentation: approximately N-S

extension that was generated in the Eocene started to affect the external Hellenic Tripolitza

and Ionian nappes and their underthrusted and metamorphosed equivalents in the early

Miocene (Jolivet et al., 1994; 2003; Ring et al., 2001b; Chapter 2). This led to the forma-

tion of a number of metamorphic core complexes, one of which - the South Aegean Core

Complex - covers Crete and part of the Peloponnesos (Chapter 2). In this core complex,

high-pressure-low temperature (HP-LT) metamorphic rocks were exhumed along a top-to-

the-north extensional detachment (Jolivet et al., 1996). This was followed in the middle

Miocene by the re-establishment of compression in western Greece, contemporaneously

with large-scale clockwise rotation of an area running from northern Albania to the sou-

thern Peloponnesos (Chapters 3 and 4). At least partly during the same time, the Aegean

area as a whole has been subjected to westward motion induced by the extrusion of the

Anatolian block (Turkey) in response to Arabian-Eurasian collision (e.g. Armijo et al.,

1999; Sengör et al., 2003). The early Miocene stretching lineations in the metamorphic

rocks that exhumed since the early Miocene point NE on the Peloponnesos and to the N on

Crete, which led Jolivet et al. (2003) to conclude that Crete did not rotate as a whole. This

is in line with paleomagnetic data presented by Duermeijer et al. (1998a), although these

were collected from rocks younger than 10 Ma. Since the late Miocene, the southern part

of Greece was subjected to southwestward motion over the oceanic Ionian basin, whereas

the northern part collided with the Apulian platform (Chapter 4).

In many scenarios and models for the evolution of the Aegean region, the geological deve-

lopment of Crete plays an important role in the constraining of the timing and style of late

orogenic extension in Greece. These papers either focus on data derived from the deforma-

tion and metamorphism of the nappe pile that forms the basement of the Neogene basins

(e.g. Jolivet et al., 2003; Ring and Layer, 2003) or the development during the Neogene

(e.g. Le Pichon et al., 1982; Meulenkamp et al., 1988; Ring et al., 2001a). The extensional

fragmentation of the nappe pile that started to affect Crete in the early Miocene was for a

large part of its history accompanied by sedimentation. To determine the style, timing and

duration of the various deformation phases that fragmented the Cretan nappe pile since the

early Miocene, we use sedimentological and stratigraphical information obtained from the

Neogene sediments of Crete, Gavdos and Koufonisi. Additionally we estimated the paleo-

bathymetry (evolution) recorded in 75 sedimentary sections, sampled in the well-preserved

and thoroughly described and well-dated middle Miocene to Pliocene successions.

Combining the available structural, sedimentologic, stratigraphic, metamorphic and paleo-
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FIGURE 5.1. Geologic map of Crete, modified after Bornovas and Rontogianni-Tsiabaou (1983), with the locations of
the analysed sections. For profiles, see Figure 5.3.
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FIGURE 5.2: Schematic scheme of the lithostratigraphy of the nappes and timing of nappe emplacement, based on
IGRS-IFP (1966), Fleury (1975), Pe-Piper (1982), Krahl et al. (1983; 1986), Jacobshagen (1986), Kowalczyk and Dittmar
(1991), Kowalczyk and Zügel (1997), Degnan and Robertson (1998) and Koepke et al. (2002).
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bathymetric information makes it possible to unravel the various stages of fragmentation of

the nappe pile of Crete.

5.2 Outline of the Geology

Structure and metamorphism of the nappes

The Hellenides expose a stack of nappes consisting of sediments, occasionally still uncon-

formably overlying continental or oceanic basement rocks. These were subdivided based on

their lithologies and structural position and include from bottom to top, overlying the (Pre)-

Apulian zone: the Ionian, Tripolitza, Pindos, (Sub-)Pelagonian (including a Jurassic ophio-

lite) and Vardar-Axios units: Aubouin, 1957; Bonneau, 1984; Jacobshagen, 1986). In the

course of the late Cenozoic, the nappe pile was crosscut by extensional detachments along

which metamorphic core complexes exhumed that presently expose previously underth-

rusted portions of the nappe stack (Jolivet et al., 2004b; Chapter 2). Crete is situated in The

South Aegean Core Complex (Chapter 2); it shows a high-pressure low-temperature

(HP/LT) metamorphosed, so-called Lower Sequence (Plattenkalk and Phyllite Quartzite

units) and an Upper Sequence without HP/LT metamorphism (Tripolitza, Pindos and

Uppermost units), separated from each other by a top-to-the-north extensional detachment

(Fassoulas et al., 1994; Jolivet et al., 1996; Thomson et al., 1999; Ring et al., 2001b;

Chapter 2; Figures 5.1 and 5.3).

The Uppermost unit consists of a mélange of ultramafic and metamorphic rocks with both

late Jurassic and late Cretaceous cooling ages (Seidel et al., 1981; Koepke et al., 2002).

These correlate to the Jurassic ophiolites in the Sub-Pelagonian unit of Albania and western

Greece and the Cretaceous ophiolites of southern Turkey, Rhodos, Karpathos and Anafi

(Robertson, 2002). Metamorphic rocks exposed on Gavdos (Vincente, 1970) are correlati-

ve to the late Jurassic ophiolite sequence (Seidel et al., 1976). This sequence may corres-

pond to the ultramafics of the Vardar-Axios unit of northern Greece, which were emplaced

in the late Cretaceous (Ricou et al., 1998). Therefore, we tentatively assign the mélange of

the Uppermost unit to the (Sub-)Pelagonian and overlying Vardar-Axios zone, although the

Variscan basement and the sedimentary rocks of the (Sub-)Pelagonian zone are largely mis-

sing. 

The Plattenkalk unit consists of Paleozoic clastics at the base (Kastania Phyllites), overlain

by Mesozoic to Eocene well-bedded carbonates and Oligocene metaflysch. It has been

interpreted as the subducted equivalent of the Ionian unit (Bizon and Thiébault, 1974;

Jacobshagen, 1986; Dittmar and Kowalczyk, 1991; Kowalczyk and Dittmar, 1991;

Kowalczyk and Zügel, 1997). The overlying Phyllite Quartzite unit constitutes a series of

late Carboniferous to middle Triassic marine phyllites with metavolcanites and mass-trans-

ported metaturbidites (quartzites) and meta-debris flows (conglomerates), unconformably

overlying Variscan metamorphosed basement (Panagos et al., 1979; Brauer, 1980; Seidel et

al., 1982; Krahl et al., 1983; 1986; Finger et al., 2002). Peak metamorphic conditions in the

Chapter  5: Sedimentation on Crete during late-orogenic extension
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Phyllite Quartzite unit of western Crete (i.e. in the centre of the South Aegean Core

Complex) cluster around 10-12 kbar and 350-400ºC between 24 and 20 Ma, decreasing to

7-8 kbar and 300ºC in the east (Seidel et al., 1982; Theye and Seidel, 1991; Theye et al.,

1992; Jolivet et al., 1996; Wachmann, 1997; Thomson et al., 1998; Stöckhert et al., 1999;

Zulauf et al., 2002). Ring et al. (2001b) suggested that the extensional detachment reacti-

vated a subduction thrust between the Tripolitza unit and the Phyllite Quartzite unit.

However, as pointed out in Chapter 2, the stratigraphic ages of the Phyllite Quartzite

(Paleozoic to middle Triassic) and the Tripolitza unit (Middle Triassic and younger) rather

suggest a stratigraphic (possibly unconformable) pre-exhumation contact instead, compa-

rable and equivalent to the transition from the Kastania Phyllites into the Plattenkalk

(Kowalczyk and Dittmar, 1991; Chapter 6).

The Cretan detachment is deformed by large, open, ESE-WNW striking folds (Figure 5.4,

profile A-A', D-D' and F-F', Figure 5.3; Kopp, 1978; Greiling, 1982; Meulenkamp et al.,

1988; Kilias et al., 1994; Ten Veen and Postma, 1999a; b; Zulauf et al., 2002), which over-

print or are crosscut by a complex mosaic of normal faults that formed basins throughout

the late Neogene (Figures 5.1 and 5.3). The Central Heraklion Ridge for instance (Figure

5.1) formed an intrabasinal high in the late Neogene history and is probably an antiform

(see also (Meulenkamp et al., 1988; 1994) that submerged during extension. The extension

was dominantly accommodated by N-S and E-W striking normal faults and ENE-WSW

striking, left-lateral strike slip faults (Ten Veen and Meijer, 1998; Ten Veen and Postma,

1999a; Fassoulas, 2001; Ring et al., 2001a; Ten Veen and Kleinspehn, 2003). 

The Neogene stratigraphy of Crete

Meulenkamp (1979b) subdivided the Neogene sedimentary sequence of Crete into six

major lithostratigraphic units - the Tefelion, Prina, Vrysses, Hellenikon, Finikia and Aghia

Chapter  5: Sedimentation on Crete during late-orogenic extension

Figure 5.4. Tentative correlation of the antiforms that are recognised on Crete, modified after Meulenkamp et al. (1988).
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Galini Groups (Figure 5.5). This subdivision was largely based on data published by

Freudenthal (1969), Meulenkamp (1969), Gradstein and Van Gelder (1971), Sissingh

(1972), Drooger and Meulenkamp (1973), Gradstein (1973; 1974), Zachariasse (1975),

Fortuin (1977) and Meulenkamp et al. (1979). 

The Tefelion Group, comprises all formations and informal rock units consisting of mari-

ne, brackish and fluvio-lacustrine, generally unconsolidated conglomerates, sands, silts and

clays, found above the unconformity with the preneogene rocks and below the limestones

and marls of the Vrysses Group. The group derives its name from successions in the neigh-

bourhood of Tefelion in the Heraklion area. 

The Prina Group contains limestone breccias and breccioconglomerates, in many cases dis-

playing components embedded in an indurated, calcareous matrix, constituting the base of

the Neogene in some areas - especially in eastern and western Crete. Elsewhere they are

found as mapable units between formations of the Tefelion Group. The Prina Group has

nowhere been observed to unconformably overlie rocks of the metamorphic Lower

Sequence. The mapable units between the Tefelion Group formations are formed by olisto-

FIGURE 5.5. Schematic lithostratigraphy of Crete, with the major facies groups. See text for further explanation.
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liths of Tripolitza and higher units, occasionally including unconformably overlying Prina

Group conglomerates; they are found scattered all over the island, but their main occurren-

ces are in the southwest near Paleohora, in the central part of the island (Anoyia, 51; Figure

5.1) and in the area of Ierapetra (Figure 5.1). The Group is named after successions expo-

sed in the vicinity of Prina in the Ierapetra area, where they were extensively described by

Fortuin and Peters (1984).

The Vrysses Group conformably overlies the Tefelion Group or unconformably overlies

preneogene basement. It consists of bioclastic or reefal marine limestones or alternating

laminated and homogeneous marls, which display evaporite intercalations in some areas.

Its age is late Tortonian to Messinian. The Group is named after the village of Vrysses, sou-

theast of Chania.

The Hellenikon Group overlies the Vrysses Group in western Crete and includes red, ter-

restrial conglomerates and lacustrine, fluvial and lagoonal sands and clays and locally thin

evaporite beds. It is overlain by open marine sediments of the Finikia Group (Meulenkamp

et al., 1979). In central and eastern Crete sediments attributable to the Hellenikon Group are

generally absent or they occur very locally, for instance in outcrops along the northern coast

of eastern Crete. The Hellenikon Group belongs to the upper Messinian. The Group deri-

ves its name from the village of Hellenikon, west of Chania.

The Finikia Group covers all formations consisting of open marine marls overlying either

successions of the Vrysses Group, deposits of the Hellenikon Group or preneogene base-

ment. The basal part of the formations assigned to the Finikia Group frequently contains a

breccia that reworks Miocene and earliest Pliocene sediments (Marl Breccia Fm). The age

of the Finikia Group is Pliocene. The Group is particularly well developed in the northern

part of the Province of Heraklion; its type section was situated in this part of the island, near

the village of Finikia (54; Figure 5.1), but is presently covered by a landslide. 

The Aghia Galini Group forms the highest group in the Cretan stratigraphy, overlying the

Finikia Group. It contains terrestrial conglomerates and fluvio-lacustrine sands and clays.

Its deposits have their type section near the village of Aghia Galini, in the southeastern part

of the Rethymnon province (Figure 5.1). The group belongs to the upper Pliocene and pro-

bably also the Pleistocene.

5.3 Sampling and age dating 

To reconstruct the timing and the amount of vertical motions associated with the tectonic

development of Crete since the middle Miocene, a total of 75 sedimentary sections have

been analysed (Figure 5.1). The bio-, magneto-, cyclo-, and lithostratigraphic correlations

of these sections are given in Figures 5.6-5.11. The biostratigraphy is generally straightfor-

ward, but some interpretations need to be clarified. 

For example, Potamos (1) and Kalamavka (64) were assigned by Zachariasse (1975) to the

Globigerina continuosa Zone. G. continuosa was later renamed to dextral

Chapter  5: Sedimentation on Crete during late-orogenic extension
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Neogloboquadrina acostaensis, having its first occurrence at 11.63 Ma (Lourens et al.,

2004). The G. continuosa Zone is followed in Zachariasse (1975) by the lower G. acosta-

ensis Zone, which corresponds to the presence of dominant left-coiled N. acostaensis (pers.

comm. W.J. Zachariasse, 2004) with a first occurrence at 9.44 Ma (Lourens et al., 2004).

The Globigerina continuosa Zone therefore runs from 11.78 Ma to 9.44 Ma (early

Tortonian). Previously, the zone was assigned to the late Serravallian (e.g. Meulenkamp,

1979b).

Secondly, Paleohora Campsite (12) and Akros Flomos (14; Figure 5.6) contain the calcare-

ous nannofossils Discoaster variabilis, Sphenolithus moriformis and Triquetrorhabdulus

rugosus corresponding to the NN6-NN9 interval (Perch-Nielsen, 1985; Rio et al., 1990a),

between 13.53 and 9.53 Ma (Lourens et al., 2004). The marine sediments overlying the

Topolia breccia belong to the Globigerina continuosa Zone, which therefore is the youn-

gest possible age for the Topolia breccias, narrowing their age down to 13.53 to earliest

Tortonian. Thus far, the breccia deposition was placed in an ill-defined level in the middle

Miocene.

Thirdly, a specimen of Clypeaster (echinoid) was recovered from Skaloti (32), which on

Crete has not been observed in the Pliocene and therefore probably indicates a (late)

Miocene age. Late Miocene sediments were hitherto unknown from this part of the island.

FIGURE 5.6-5.11 (next pages). Age correlations, based on litho- bio and magnetostratigraphy for 5.6) southwestern
Crete, Gavdos and the Frangokastello area; 5.7) northwestern Crete and the horst of Chania; 5.8) the Rethymnon area;
5.9) the Heraklion area; 5.10) the Pliocene cyclic sections of the northern part of the Heraklion area; 5.11) eastern Crete
and Koufonisi. Cycles in Figure 5.10 are correlated to the precession minima in the target curve of Laskar et al. (1993).
Italic letters refer to: a = Bianchi et al. (1985); b = Driever (1988); c = Drooger et al. (1979); d = Freudenthal (1969);
e = Hilgen et al. (1995); f = Hilgen et al. (1997); g = Jonkers (1984); h = Krijgsman et al. (1994); j = Krijgsman et al.
(1995); k = Langereis (1984); l = Meulenkamp (1969); m = Negri and Villa (2000); n = Postma et al. (1993a); o =
Postma and Drinia (1993); p = Spaak (1981); q = Spaak (1983); r = Thomas (1980); s = Van der Zwaan (1982); t =
Zachariasse (1975); u = Zachariasse (1979); v = Zachariasse and Spaak (1979); w = W.J. Zachariasse, pers. comm.
(2004).
Encircled letters correspond to bioevents. Numerical ages are obtained from Perch-Nielsen (1985), Rio et al. (1990a; b)
and Lourens et al. (2004): A = first occurrence (FO) Neogloboquadrina acostaensis (11.78 Ma); B = first common occurrence
(FCO) N. acostaensis (10.57 Ma); C = FO dominant left-coiling N. acostaensis (9.44 Ma); D = last occurrence (LO) G.
menardii 4 (7.51 Ma); E = FO G. menardii 5 (7.33 Ma); F = FO G. conomiozea (7.24 Ma); G = FO Turborotalia multiloba (6.42
Ma); H = sinistral to dextral coiling change N. acostaensis (6.35 Ma); J = Sphaeroidinellopsis acme (5.30-5.21 Ma); K = FO
G. margaritae (5.08 Ma); L = LO Reticulofenestra antarctica (5.04 Ma); M = LO Amaurolithus tricorniculatus (4.52 Ma); N = FO
G. puncticulata (4.52 Ma); O = FCO Gephyrocapsa spp. (4.33 Ma); P = FCO Discoaster asymmetricus (4.12 Ma); Q = last com-
mon occurrence (LCO) G. margaritae (3.98 Ma); R = LO R. pseudoumbilica (3.84 Ma); S = FO G. crassaformis (3.60 Ma); T
= LO G. puncticulata (3.57 Ma); U = FO G. bononiensis (3.31 Ma); V = LO Sphaeroidinellopsis seminulina (3.17 Ma); W = LO
D. surculus (2.54 Ma); X = LO G. bononiensis (2.39 Ma); Y = FO G. inflata (2.09 Ma); Z = reappearance common left-coiled
N. acostaensis (1.78 Ma).
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FIGURE 5.6
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FIGURE 5.7
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FIGURE 5.8
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FIGURE 5.9
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FIGURE 5.10
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FIGURE 5.11
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5.4 Paleobathymetry

To estimate the depositional depth of the sediments, the general relationship between depth

and the fraction of planktonic foraminifera with respect to the total foraminiferal popula-

tion (%P: Van der Zwaan et al., 1990) was used, following sample selection and counting

procedures described in Chapter 1. Since %P also varies with oxygenation, samples with a

fraction of oxygen-stress markers amongst the benthic population (%S) exceeding 60%

were discarded. Some samples contain high fractions of quartz and rock fragments, which

at deep marine levels probably indicate downslope transport. These samples were discar-

ded, or considered to give a minimum depth value.

Some sections show a significant bathymetry change or vertical motion during their depo-

sition (Figures 5.12 and 5.13).  From all other sections, the depth estimates were averaged

(Table 5.1). The depth was checked by means of presence or absence of benthic foramini-

feral species indicative for a specific depth range (for discussion and list, see Chapter 1).

The results are included in Table 5.1, and are generally in line with the calculated values.

The bathymetry is the resultant of sedimentary infill of the basin, eustatic sea level changes

and tectonics. Since accurate correction for eustatic sea level changes (in the order of tens

of metres) requires a high-resolution age control, this correction was only possible for the

astronomically tuned sections (Figures 5.12 and 5.13). Adding the amount of accumulated

sediment to the paleobathymetry provides the motion of a chosen stratigraphic level

through time (Figures 5.12 and 5.13).

Previously, Ten Veen and Postma (1999b) and Ten Veen and Kleinspehn (2000) suggested

a method and carried out a study to identify the various phases of faulting that affected the

Heraklion basin. They discerned six fault populations and constrained the timing of activi-

ty of these by the analysis of differential vertical motions along the faults using the method

of Van der Zwaan et al. (1990). They used only 3 to 6 samples per section, however, and

based the timing of activity of the various fault populations on apparent vertical motion dif-

ferences of as small as 30 m. The scatter of the paleobathymetry estimates (Figures 5.12

and 5.13), the standard deviations (Table 5.1), as well as the statistical analyses presented

by Van der Zwaan et al. (1990) and in Chapter 1, show that the uncertainty of a depth esti-

mate based on 3-6 samples is in the order of hundreds of metres. Consequently, such esti-

mates can by no means constrain vertical motions on a resolution pretended by Ten Veen

and Postma (1999b) and Ten Veen and Kleinspehn (2000). Therefore, we do not incorpora-

te their conclusions on the structural history of central and eastern Crete in our reconstruc-

tions.

5.5 Basin reconstructions

Here, we combine published information and own observations on sedimentary facies,

paleo-flow directions, and structural geology with the paleobathymetry reconstructions and
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age correlations (Table 5.1 and Figures 5.1, 5.3 and 5.6-5.13) to reconstruct the geologic

history of the various parts of Crete. The interpreted vertical motion histories for the areas

discussed below are given in Figure 5.14.

Gavdos

Gavdos is a small island south of western Crete (Figure 5.1) that exposes rocks of the

Pindos and Uppermost units (Vincente, 1970; Seidel and Okrusch, 1978; IGME, 1993),

unconformably overlain by a Neogene sequence, subdivided by Anastasakis et al. (1990;

Figure 5.12. Selection of the results of the paleobathymetry and relative motion diagrams obtained from sections of
the late Miocene and Pliocene of southern Greece. Note, that these are plotted against the stratigraphic level. Small
open circles are individual depth calculations; thin solid curve represents a 5 to 9 point moving average of the depth
estimates. Thick solid curves represent geohistory curves, indicating the position of the base of the section with respect
to the paleo-sea level. Vertical grey bars represent the paleobathymetry indicated by benthic depth markers. The grey
area represents the standard deviation of the moving average.
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FIGURE 5.13. Selection of the results of the paleobathymetry and relative motion diagrams obtained from sections of
the late Miocene and Pliocene of southern Greece. The astronomical calibrations of the Pliocene sections are shown
in Figure 5.10. The ages of the late Miocene sections are taken from Hilgen et al. (1995; 1997) and Krijgsman et al.
(1995). Small open circles represent individual depth calculations, thin solid curve represents a 5 to 11 point moving
average of the depth estimates. Thick solid curves represent vertical motion curves with respect to present-day sea level.
Vertical grey bars represent the paleobathymetry indicated by benthic depth markers. The grey area represents the stan-
dard deviation of the moving average.
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TABLE 5.1. Paleobathymetry estimates including standard deviation, and litho- and chronostratigraphic position of the
Cretan sections. Key to the Groups: I = Ierapetra Group; P = Potamidha Group; V = Vrysses Group; F = Finikia
Group and A = Aghia Galini Group. For age calibrations: see Figure 5.6-11. Sample codes refer to the collection held
at Utrecht University, Faculty of Geosciences: Gr = Greece-collection, Cp = Correlation project collection, TF = the-
sis collection Tom Freudenthal and JM = thesis collection Johan Meulenkamp.

No. locallity sample n depth SD taxonomic group age

number (m) (m) estimate

1 Potamos Gr 3801-3827 7 521 121 500-600 I u. Serravallian

2 Metochia Gr 4801-5407 163 trend trend I/P 9.8-6.6 Ma

3 Koundoura Gr 3878 1 36 - 0-50 I u. Serravallian

4 Grammenos Gr 3881-88 4 935 131 I u. Serravallian

5 Anogia Gr 3889-95 1 36 - 0-50 I u. Serravallian

6 Paleohora Gr 3899-3905 6 775 207 300-600 I u. Serravallian

7 Sellino Gr 3918-19 2 804 136 I u. Serravallian

8 Voutas Gr 3896-98 2 249 168 300-500 I u. Serravallian

9 Paleohora campsite Gr 3915-17 3 136 14 I u. Langhian/l. Serr.

10 Anidri Gr 12673-74 2 93 35 0-50 I u. Serravallian

11 Akros Flomos Gr 3920 1 36 - 0-50 I u. Langhian/l. Serr.

12 Platanos  TF 415-424 7 532 158 500-600 P L. Messinian

12 Platanos  TF 405-410 7 496 269 F L. Pliocene

13 Laridas Gr 13001-02 2 335 69 F L. Pliocene

14 Potamida Cp 1-117 59 719 92 600-900 P 7.1-7.4 Ma

16 Khairetiana Cp 1201-1295 60 463 300 V Messinian

17 Charavgi TF 782-806 25 743 109 500-600 P u. Tortonian/l. Messinian

18 Kera TF 1030-51 22 624 176 500-600 P u. Tortonian/l. Messinian

19 Kaloudiana Gr 579-85; 12672 6 1039 85 750-900 F L. Pliocene

20 Nokhia TF 624-642 13 636 125 500-600 P u. Tortonian/l. Messinian

21 Rotonda Gr 12685-94 8 609 93 600-900 P u. Tortonian/l. Messinian

22 Episkopi TF 697-706 10 605 177 500-600 P u. Tortonian/l. Messinian

23 Zounaki Gr 320-341; 2110-53 20 831 144 600-900 F L. Pliocene

24 Sirili Gr 164-173; 569-578 15 593 198 500-600 F Pliocene

25 Stalos TF 570-582 9 372 131 150-300 P u. Tortonian/l. Messinian

26 Mournies TF 721-730 3 183 66 150-300 P u. Tortonian/l. Messinian

27 Kalyves 2 Gr 1121-1129 7 784 159 600-900 F L. Pliocene

28 Vrysses Cp 301-346 25 265 98 200-500 V Messinian

29 Exopolis Cp 501-618 38 trend - 200-600 P u. Tortonian/l. Messinian

30 Chora Sfakia Gr 12746-49 4 809 133 500-600 F L. Pliocene

31 Frangokastello Gr 1170-1225;  12722-44 63 549 171 500-750 F U. Pliocene

32 Skaloti Gr 13039 1 59 - P Tortonian

33 Kournas 1 Gr 12665-68 3 760 91 F Pliocene

33 Kournas 2 Gr 12669-71 2 482 167 F Pliocene

34 Moundros Gr 12662-64 2 87 8 P u. Tortonian/l. Messinian

35 Gonia Gr 12675-84 6 902 115 750-1000 F L. Pliocene

36 Viglotopi JM 863 A-Q 10 117 42 200-300 P u. Tortonian

37 Selli JM 860 A-εZ 19 trend - 0-600 P u. Tortonian

38 Asteri JM 848 A-G; 849 A-O 15 360 80 300-600 F Pliocene

39 Stavromenos-Reth. JM 884 A-S 12 355 221 500-750 F Pliocene

40 Erfi 1 Gr 1259-67 7 362 67 600-900 F Pliocene

40 Erfi 2 Gr 1268-95 14 535 284 600-900 F Pliocene

41 Apostoli Cp 801-1080 59 trend - trend P u. Tortonian

42 Lingres JM 862 A-N 7 44 13 0-50 I u. Middle Miocene

43 Kokkino Pyrgos Gr 561-564 4 83 26 0-50 A 4.52 Ma

44 Fanermeni-Messara Gr 12695-721 27 trend - 200-750 F L. Pliocene

45 Aghios Ioannis Gr 6201-6318 39 774 217 200-500 P/V Messinian

46 Kastelli Gr 6461-6623 75 trend - 300-900 P 7.05-7.95 Ma

47 Panasos 1 Gr 252-258 5 82 25 50-100 P u. Tortonian

47 Panasos 2 Gr 259-265 5 87 47 P u. Tortonian

48 Kandila Gr 12657-61 4 967 77 750-1000 F L. Pliocene

49 Atsipadhes Gr 2154-97 42 trend - 300-750 F U. Pliocene

50 Aghios Miron p.c. W.J. Zachariasse 2004 ~300 P Messinian

52 Stavromenos Her. Gr 711-748 14 158 98 200-300 F U. Pliocene
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1995) into two formations: the Potamos Fm (section 1) and the Metochia Fm (section 2;

Figures 5.1 and 5.6). Potamos (1) shows a few metres of coral limestone, which are uncon-

formably overlying the preneogene basement. The limestones are followed by clays and

sapropels, deposited around 500-600 m depth, indicating rapid subsidence in the late

Serravallian (Table 5.1, Figures 5.6 and 5.14). The clays and sapropels are overlain by shal-

low-marine sands, indicating an episode of uplift in latest Serravallian to earliest Tortonian

time. Subsequently, Metochia (2) was unconformably deposited on preneogene basement

and on the Potamos Fm (Anastasakis et al., 1995; Figure 5.6). Metochia (2) reflects a rene-

wed phase of subsidence from approximately 10 Ma onward, until at least 9.4 Ma (Figure

5.12). The 1000-1200 m depth estimate should be considered to be a minimum depth esti-

mate, as it corresponds to >99%P (Van der Zwaan et al., 1990). During subsidence, initial-

ly turbiditic sandstones were deposited (Postma et al., 1993b), followed by deep-marine,

alternating marls and sapropels until at least 6.6 Ma (Figure 5.6). On the island of Gavdos

no Messinian evaporites occur, but the seismic profiles of the offshore Gavdos Rise do have

pronounced reflectors interpreted as evaporite layers, since they form diapirs (Anastasakis,

1987). Finally, uplift of the Gavdos rise occurred in the course of the Pliocene (Anastasakis

et al., 1984; Anastasakis, 1987). Vincente (1970) reported Pleistocene (Tyrrhenian) shallow

marine deposits overlying the Miocene.

Chapter  5: Sedimentation on Crete during late-orogenic extension

TABLE 5.1 (continued)

No. locallity sample n depth SD taxonomic group age

number (m) (m) estimate

53 Fortetsa 2 Gr 3463-83 19 574 206 300-500 F Pliocene

54 Finikia Gr 1101-19 179 trend - 200-900 F 3.2-4.2 Ma

 Cp 2000-147

Cp  5323-35

55 Aghios Vlassios Gr 3251-3331 162 trend - 300-750 F 3.1-4.7 Ma

CP 2205-80

Cp 2350-66

56 Vathipetro p.c. W.J. Zachariasse 2004 100-200 I u. Middle Miocene

57 Kalithea Gr 2201-54 141 trend - 300-800 F 3.7-5.3. Ma

Gr 2661-2743

Gr  2766-73

58 Prassas Gr 951-1017;Cp 3364-96 98 531 168 600-750 F Pliocene

59 Aitania Cp 5341-5471 56 trend - 300-750 F 3.3-4.0 Ma

60 Thrapsano Gr 370 1 87 - 0-50 A U. Pliocene

61 Dhemati Gr 542-547 5 60 13 50-100 I u. Middle Miocene

62 Mirtos-base Gr 13092-13102 10 848 285 F L. Pliocene

62 Mirtos-top Gr 1976-2002 18 389 70 150-300 F Pliocene

63 Parathiri Gr 9201-9361 49 644 165 I/P u. Serravallian/l. Tortonian

64 Kalamavka Gr 4478-4510 33 694 128 500-750 I u. Middle Miocene

65 Makrilia Gr 12900-36 22 819 120 900-1200 I/P Tortonian

66 Vainia Gr 671-710 19 932 170 900-1200 I/P Tortonian

67 Pachia Ammos Gr 13044-54 11 666 145 F L. Pliocene

68 Langada Gr 13082-87 5 745 283 500-600 F L. Pliocene

69 Sikia Gr 13069-74 5 699 284 V Messinian

70 Goudouras Gr 12651-656 3 536 161 300-500 P Tortonian

71 Aghia Triada Gr 13075-81 6 1067 130 F lowermost Pliocene

72 Koufonisi Gr 6321-85 17 667 111 600-750 P l. Messinian

73 Kheratokambos Gr 13056-62 7 1169 35 500-600 F lowermost Pliocene

74 Kato Zagros 1 Gr 13063-65 3 1056 37 500-600 F lowermost Pliocene

74 Kato Zagros 2 Gr 13066-67 2 823 116 F lowermost Pliocene

75 Faneromeni-Sitia Gr 5716-5909 37 355 133 300-500 P 6.7-7.6 Ma
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FIGURE 5.14. Schematic overview of the lithostratigraphic and vertical motion history of the various areas on Crete,
Gavdos and Koufonisi.
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Southwestern Crete

The Neogene of western Crete is exposed in the north and south, divided by a WNW-ESE

striking antiform. In its core, the Lower Sequence is exposed, locally structurally overlain

by large isolated blocks of Tripolitza unit or Prina Group conglomerates (Greiling, 1982;

Figure 5.1 and Profile A-A' in Figure 5.3). 

The Prina Group contains the oldest Neogene rocks (Topolia breccias: Meulenkamp,

1979b; Kopp and Richter, 1983). These crop out both in northwestern and southwestern

Crete (Figure 5.1), where they unconformably overlie and solely consist of fragments of the

Upper Sequence, dominantly the Tripolitza unit. The Topolia breccias are probably middle

to early late Miocene in age (see above; Figure 5.6). We observed numerous pebble imbri-

cations indicating southward paleoflow directions, which is in line with the southward

decreasing average grainsize and increasing roundness of the pebbles reported by Kopp and

Richter (1983). The contact between the Topolia breccias and the Phyllite-Quartzite unit is

always a fault. Therefore the deposition of the Topolia breccias precedes both the first expo-

sure of the Phyllite-Quartzite on western Crete and the formation of the west-Cretan anti-

form.  

In the gorge of Anidri (10), the Topolia breccias are overlain by a few metres of limestone.

These grade into shallow marine fossiliferous sands and marls (Figure 5.6, Table 5.1),

which we assigned to the Tefelion Group. The stratigraphic position of the short, deep mari-

ne sections Grammenos (4), Paleochora (6), Sellino (7) and Voutas (8; Table 5.1, Figure

5.6) with respect to one another is unknown, but the continuous profile from the Topolia

Fm into the shallow marine sediments near Anidri (10) suggests that subsidence continued

in the late Serravallian or early Tortonian to reach deep marine conditions. The Tefelion

Group of southwestern Crete is probably the lateral equivalent of Potamos (1) on Gavdos,

from which we reconstructed strong subsidence and subsequent uplift in late Serravallian

or early Tortonian times. Sections Voutas (11) and Anogia (8) are overlain by olistoliths of

Tripolitza limestone (Figure 5.6), which probably deposited during the early phases of sub-

sidence.

Northwestern Crete

Northwestern Crete was subdivided by Meulenkamp et al. (1979) into the Kissamou and

Voukolies basins, separated by the Roka Ridge. The Tefelion Group unconformably over-

lies the preneogene basement of both basins and the ridge, including the Lower Sequence

(Freudenthal, 1969). Isolated blocks of the Tripolitza and higher units, including the

Topolia Fm of the Prina Group, formed a paleorelief during the deposition of the Tefelion

Group, indicating a phase of erosion between the deposition of the Prina and Tefelion

groups. The latter exposes shallow marine reefal limestones on the intrabasinal highs and

coarse calcarenites along the southern margin, which laterally interfinger with deep-mari-

ne clays (Freudenthal, 1969). The oldest age dates obtained from these clays is 7.6 Ma

(Figures 5.7 and 5.12, Table 5.1), indicating subsidence in the (late) Tortonian. To the east

of the Voukolies basin lies the horst of Chania (Profile H-H` in Figure 5.3). Stalos (25) and
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Mournies (26) were deposited on the horst of Chania and belong to the Tefelion Group

(Figure 5.7). However, they were deposited at much shallower levels than their lateral equi-

valents in the Kissamou and Voukolies basins of northwestern Crete (Table 5.1). East of the

horst of Chania, the uppermost Tortonian and lower Messinian of Exopolis (29) overlies

Tortonian lacustrine deposits (Benda et al., 1974). We reconstructed synsedimentary subsi-

dence from this section (Figure 5.12). The lateral variations in bathymetry and the synse-

dimentary subsidence recorded in Exopolis (29) indicate that the horst of Chania formed in

the late Tortonian and early Messinian, in response to approximately E-W extension. The

southern marginal calcarenites of the Kissamou basin reveal tapering features indicating

synsedimentary tilting of the northern limb of the west-Cretan antiform. This tilting must

thus have been contemporaneous with subsidence of the basin (Figure 5.15) resulting from

E-W extension, which was thus simultaneously active with approximately N-S compres-

sion. 

The Vrysses Group (Khairetiana, 16, and Vrysses, 28, Figures 5.7 and 5.8) was deep-mari-

ne, but the depth estimates have large error bars (Table 5.1). The Vrysses Group in places

unconformably overlies preneogene basement (Meulenkamp, 1969), indicating ongoing

subsidence during deposition of the Vrysses Group. The hundreds of metres of conglome-

rates of the Hellenikon Group (Meulenkamp et al., 1979) were probably deposited during

the Messinian Salinity Crisis, since both the underlying Vrysses and overlying Finikia

Groups were deposited at deep marine levels (Table 5.1). 

The deep marine Pliocene of Kalyves 2 (27; Figure 5.8 and Table 5.1) shows that strong

subsidence continued after the deposition of the Vrysses group, which near Kalyves uncon-

formably overlies preneogene basement (Meulenkamp, 1969).

FIGURE 5.15. View on the tapering in the Koukounaras formation taken from along the road from Koukounaras to
Sirikari. The tilting must have occurred during the deposition of the Koukounaras Fm and is consistent with northward
tilting.
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Frangokastello

In the Levka Ori Mountains, north of the Frangokastello plane, we found isolated outcrops

of lithified limestones and conglomerates with shallow marine faunas, which are separated

from the Plattenkalk unit of the Lower Sequence by normal faults. These conglomerates

and limestones closely resemble those exposed in southwestern Crete near Anidri and they

probably correspond to the Topolia Fm of the Prina Group. 

The Frangokastello area lies south of a large, E-W striking fault scarp (profile B-B', Figure

5.3). The small outcrop of shallow marine sands (Skaloti, 32) which we assigned to the

Tefelion Group (Figure 5.6) was deposited in very shallow marine environments. The lower

Pliocene Finikia Group sampled near Chora Sfakia (33) is deep-marine (Table 5.1), but

overlies a few meters of coarse conglomerates of unknown age, probably corresponding to

the Hellenikon Group. These, in turn, unconformably overlie the Plattenkalk unit (Figure

5.6), probably indicating latest Miocene or earliest Pliocene subsidence. A phase of more

than 500 m of uplift affected the Frangokastello area after the late Pliocene, indicated by

the paleobathymetry estimates of Frangokastello (31; Table 5.1).

Rethymnon area

In the south of the Rethymnon area near Plakia (Figure 5.1), fluvio-lacustrine to shallow

marine clays of the Tefelion Group are exposed with a late Serravallian to early Tortonian

age (De Bruijn and Meulenkamp, 1972; Benda et al., 1974), probably time-equivalent to

the deep-marine sequence of Potamos (1) and Paleohora (6).

In the north, the lowermost part of the Neogene sequence is younger. It is composed of flu-

vial and lacustrine successions of the Tefelion Group, which are exposed in the elongated

depressions of e.g. Viglotopi (36) and Apostoli (41; Figure 5.1). These deposits unconfor-

mably overlie the Phyllite Quartzite and Plattenkalk units (Meulenkamp, 1969). In the elon-

gated basin of Apostoli (41; Figure 5.1 and profile C-C' in Figure 5.3), the thickness of the

marine part of the Tefelion Group increases from zero in the NNE to 200 m in the SSW

over a distance of only 2 km (Profile C-C' in Figure 5.3), indicating syn-sedimentary tilting

towards the SSW. During the deposition of Apostoli (41) (and also Selli, 37), approximate-

ly 500-600 m of subsidence occurred (Figure 5.12, Table 5.1). SSW-ward tilting could

either have been triggered by subsidence in the SSW, along a large NNE-dipping normal

fault, which is not observed (Profile C-C' in Figure 5.3), or from uplift in the north. We pro-

pose that the antiform of the Psiloritis Mountains continued into the Rethymnon area, but

was later submerged during the deposition of the Vrysses group. 

Shallow marine Vrysses Group carbonates overlie the Tefelion Group of Apostoli (41;

Drooger et al., 1979). Therefore, prior to the deposition of the Vrysses Group, the valley of

Apostoli must have been uplifted. The onlap of the Vrysses Group on the basement north

of Apostoli (41; Meulenkamp, 1969) shows that in the Messinian subsidence must have

affected the northern part of the Rethymnon area. The regression in Apostoli (41) and the

transgression to its north indicate early Messinian tilting with a northward component. This

tilting occurred possibly in response to folding of the west-Cretan antiform, which runs

Chapter  5: Sedimentation on Crete during late-orogenic extension



The evolving anatomy of a collapsing orogen

156

south of Apostoli (Figure 5.5). Ongoing E-W extension then, led to subsidence along the

N-S striking normal faults, contemporaneous with and comparable to western Crete.During

the deposition of the Vrysses group, both areas must have undergone slow subsidence to

provide accommodation space for the deposition of no more than 100-150 metres of

Vrysses group sediments.

Probably, extension and subsidence continued in the Messinian, although no details are

known because of the absence of corresponding sediments. Anyhow, the intra-Messinian

processes resulted in deep-marine conditions in the early Pliocene (e.g. Gonia, 35, and Erfi,

40: Figure 5.8, Table 5.1). The shallower depth levels of the upper Pliocene of Asteri (38)

and Stavromenos-Rethymnon (39), compared to the lower Pliocene of Erfi (40) and Gonia

(35) (Table 5.1) may reflect a paleoslope, but more likely Asteri (38) and Stavromenos

Rethymnon (39) were deposited during a later stage of the Pliocene uplift history than Erfi

(40) and Gonia (35). 

Central Crete

Extensive lacustrine deposits (Viannos Fm) of the Tefelion Group form the base of the stra-

tigraphy of central Crete. Turbidites in the Viannos Fm reveal flow directions between west

and south (Sissingh, 1972; Zachariasse, 1975). The Viannos Fm can be traced as far west

as Aghia Galini and Anoyia (51) (Figure 5.1; Meulenkamp and Hilgen, 1986) and is pro-

bably of Serravallian age, since overlying shallow marine deposits (Skinias Fm) are lower

Tortonian in age e.g. Dhemati (61) and Vathipetro (56; Figure 5.9, Table 5.1; (Zachariasse,

1975). The Viannos Fm probably formed the lateral equivalent of the deep marine sedi-

ments of Gavdos, and southwestern Crete. The Viannos Fm is overlain by tens to hundreds

of metres-scale olistoliths of Tripolitza limestone, occasionally including conglomerates of

the Prina Group. Asymmetric folds associated with olistolith emplacement, and the decre-

asing number and size of these olistoliths from north(west) to south(east) are in agreement

with a north(west)erly provenance. The olistoliths are found on the presently elevated

Psiloritis block near Anoyia (51; Figures 5.1 and 5.9), and on the Central Heraklion Ridge.

The olistolith emplacement therefore predates both the folding of the Central Heraklion

Ridge and the elevation of the Psiloritis block as the footwall of the Heraklion basin. The

Central Heraklion Ridge is the continuation of the large Psiloritis antiform (Figure 5.4).

Meulenkamp et al. (1988; 1994) therefore suggested that the Central Heraklion Ridge is an

antiform. The ridge started to form an intrabasinal high in the Late Miocene, especially

during the deposition of the Vrysses Group. The Vrysses Group sediments reveal drag fol-

ding along the border fault of the Heraklion Basin, with evidence for synsedimentary acti-

vity. Meulenkamp et al. (1994) therefore suggested that the folding of the Central

Heraklion Ridge occurred during subsidence and E-W extension. The folding of the Central

Heraklion Ridge may, however, have started earlier, contemporaneously with the folding of

the Psiloritis antiform and the deposition of Apostoli (41).

The shallow marine Skinias Fm of Dhemati (61) and Vathipetro (56) is in places overlain

by lower Tortonian terrestrial to shallow marine deposits (De Bruijn et al., 1971; Sen et al.,
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1986) and small patch reefs. In the late Tortonian and early Messinian, at least approxima-

tely 800 m of subsidence occurred. The late stages of subsidence are recorded in section

Kastelli (46; Figure 5.12). Panasos (47) represents the marginal facies of sections Kastelli

(46) and Aghios Ioannis (45), indicating that the Psiloritis block formed a paleorelief in the

late Tortonian. The submergence of section Kastelli probably occurred during regional E-

W extension; the elevated are in the north resulted from the Tortonian folding. The large

E0W running normal faults that formed the Messara graben are probably much younger

(Late Pliocene to Recent: Pirazolli et al., 1982; Ten Veen and Kleinspehn, 2003). Additional

evidence is provided by onlap of the Vrysses Group sediments on the Asteroussia moun-

tains (e.g. Kandila, 48). These mountains form the southern footwall to the Messara-gra-

ben. Activity of the E-W running faults bounding the Messara graben would lead to emer-

gence instead of submergence of the Asteroussia mountains. 

The lower Pliocene is invariably deep marine (Figures 5.9 and 5.10). The uplift of the

Heraklion area was previously studied by Meulenkamp et al. (1994), who, based on the

relationship between planktonic foraminifera and depth of Van der Zwaan et al. (1990),

concluded that Crete was uplifted during the Pliocene - possibly in two phases - and that

the uplift was associated with northward tilting of the island. We investigated most of the

sections used by Meulenkamp et al. (1994) in more detail and astronomically tuned

Kalithea (57), Aghios Vlassios (55) and Finikia (54; Figure 5.10). The detailed correlation

between %P, %S and time revealed a strong, 400 ka cyclic %P and %S variation which was

interpreted as the response of the benthic life to Milankovitch-cyclicity (eccentricity) for-

ced oxygenation variations, but confirm the uplift trend (Chapter 1; Figure 5.13) previous-

ly suggested by Meulenkamp et al. (1994). The trend that was constructed from these sec-

tions is highly disturbed by the oxygenation effect but may suggest that uplift occurred in

two phases indeed: one in the early Pliocene and one in the late Pliocene, with hardly any

motion in between (Figure 5.13). The lower Pliocene Trubi-facies and sapropels of

Faneromeni-Messara (44) were deposited between approximately 5 and 4.5 Ma (Figure

5.9) and reveal approximately 300 m of uplift. Also the upper Pliocene of Atsipadhes (49)

indicates syn-sedimentary shallowing. These observations do not contradict a two-phased

uplift. The northward tilting of the island led to the deposition of the Aghia Galini Group

in the course of the Pliocene: Kokkino Pyrgos (43) is (younger than) 4.52 Ma, and

Thrapsano (60) is 4.52-3.84 Ma old (Figure 5.9). These ages are in line with the 87Sr/86Sr

ages between 4.05 ± 1.2 and 3.08 ± 1.38 Ma of Ten Veen and Kleinspehn (2003) from the

transitional beds from the Finikia to the Aghia Galini Group. The southern part of the

Heraklion area emerged earlier than the northern part, where deep marine conditions lasted

until after approximately 3 Ma, despite the fact that the earliest Pliocene bathymetry was

comparable throughout the basin. Although the Aghia Galini Group progrades over the

Finikia Group explaining part of the diachronous facies change, the shallowing in the south

is not the result of sedimentary infill.
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Ierapetra area

The Ierapetra area was described in detail by Fortuin (1977), Fortuin and Peters (1984) and

Peters (1985) and we use their sedimentological and stratigraphical data in the reconstruc-

tion presented below. The lower part of the Tefelion Group in this area contains three con-

glomerate formations that form the basal stratigraphy of the Neogene sequence: the Mithi

Fm, the Males Fm and the Fothia Fm. The Males Fm unconformably overlies the Upper

Sequence, the Mithi Fm and (in eastern Crete) conglomerates of the Prina Group. The

Fothia Fm overlies the Males Fm and the Upper Sequence. The Mithi Fm consists of poly-

mict conglomerates that overlie and rework the Uppermost unit. The formation is restric-

ted to the western and northern part of the Ierapetra area and is interpreted to represent local

alluvial fans. The Males Fm consists of alternations of well-sorted conglomerates, and

intercalated fines, the fraction of which increases both from base to top and from east to

west - which is in line with the flow directions between south and west obtained from

numerous cross-bedded fines in the Males Fm and the decreasing grainsize and increasing

roundness from east to west. The bulk of the Males Fm is non-marine, but brackish and

shallow-marine deposits in its top part indicate an earliest Tortonian age (Fortuin, 1977).

The Males Fm was interpreted as a braided to meandering river system feeding the lacustri-

ne Viannos Fm of the Heraklion area (Fortuin, 1977). The Males-Viannos sedimentary

system is probably a lateral equivalent of the deep marine sediments of Potamos (1) of

Gavdos and Paleohora (6) of southwestern Crete (Meulenkamp et al., 1994). 

In the Ierapetra depression, the Males Fm is overlain by coarse-grained mass-flows, con-

glomerates and enormous olistoliths of the Prina Group (Fortuin and Peters, 1984). In the

southeast of the area, the Males Fm is overlain by the Fothia conglomerates, deposited

along a pronounced relief (Fortuin, 1977). The Fothia Fm also onlaps on the Upper

Sequence and is overlain by olistoliths that were transported from north to south, indica-

ting south(southeast)ward tilting. The deposition of the olistoliths is associated with rapid

subsidence and SSE-ward tilting in the Ierapetra area, evidenced by the deep-marine cha-

racter of the lower Tortonian of Kalamavka (64) and Parathiri (63) overlying the Prina

Group. These have rather constant bathymetries, but cover hundreds of metres of sediment

(Postma and Drinia, 1993; Postma et al., 1993a; Table 5.1; Figure 5.11), indicating that

sedimentation kept pace with subsidence. Ring et al. (2001a) also suggested N-S extension

during deposition of the Prina olistoliths. Subsidence continued in the early Tortonian, lea-

ding to water depths exceeding 1000 m (Makrilia, 65 and Vainia, 66; Table 5.1), but sedi-

ment transport directions changed to eastward (Fortuin, 1977), indicating a change from

north-south to east-west extension. 

The Messinian sediments of the Vrysses Group reveal abundant evidence for north-to-south

mass transport, notably by slumping phenomena indicating synsedimentary rejuvenation of

reliefs in the north (Fortuin, 1977). The overlying Finikia Group was deposited at deep

marine levels at the base (Pachia Ammos, 67 and Mirthos-Base, 62), but rapidly shallowed

to a depth of approximately 300 m around 4 Ma (Mirthos-Top, 62; Table 5.1, Figure 5.11). 

Eastern Crete 
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The Neogene on eastern Crete was described by Gradstein and Van Gelder (1971),

Gradstein (1973) and Peters (1985). We assign the oldest sediments to the Prina Group, as

they consist of proximal ill-sorted carbonate conglomerates unconformably overlying the

Tripolitza unit and reworking the Upper Sequence (Goudouras Fm). These are unconfor-

mably overlain by the Males Fm, which is interpreted as braided river deposits filling a

paleorelief in the Prina Group (Fortuin, 1977). This paleorelief provided coarse proximal

conglomerates (Pervolakia Fm). These interfinger with and overlie the Males deposits, but

are also found unconformably overlying the Tripolitza flysch.

An isolated outcrop of Tortonian deep marine clastics of the Tefelion Group (Goudouras,

70: Table 5.1) indicates that the Tortonian subsidence also affected eastern Crete. In the

north of eastern Crete, the Tefelion Group unconformably overlies the Phyllite-Quartzite

unit, whereas the margins of the Tefelion Group basins were formed by the Tripolitza unit

(Profiles G-G' and H'''-H'''', Figure 5.3). The oldest dated sediments in this area are late

Tortonian to early Messinian clays and sapropels of Faneromeni-Sitia (75; Figure 5.11).

The westward flowing fluvial to shallow marine sedimentary system of the Toplou-area

(Gradstein and Van Gelder, 1971; Gradstein, 1973; Figure 5.1) is probably slightly older.

Subsidence continued during the Messinian, evidenced by the onlap of the Vrysses Group

on the preneogene basement (Gradstein and Van Gelder, 1971) and the poorly constrained

(300-900 m) depth of Sikia (69; Table 5.1). 

Isolated outcrops of lowermost Pliocene Trubi-facies (Aghia Triada, 71, Kheratokambos,

73 and Kato Zagros, 74), deposited around 1000 m of depth, suggest a much wider origi-

nal distribution of the lower Pliocene than presently observed (Table 5.1, Figure 5.11). The

Trubi-facies unconformably overlies the Tripolitza unit and Prina Group (Figure 5.11), sug-

gesting a very rapid latest Miocene phase of subsidence, comparable e.g. to the situation of

Chora Sfakia (30). Langada (68) illustrates that uplift of eastern Crete occurred after

approximately 4.5-4 Ma (Figure 5.11).

Koufonisi

Modern Koufonisi (Figure 5.1) is part of a largely submerged swell that is delimited at all

sides by normal faults, separated from Crete by a 200 m deep, narrow E-W trending gra-

ben (Peters, 1985). The island only exposes Neogene and Quarternary sediments. These

comprise a series of terrestrial conglomerates and sandstones at the base, overlain by late

Tortonian marine sandstones. The marine sands are followed by a series of upper Tortonian

and lower Messinian alternating marls and sapropels (Figure 5.11), which were deposited

at a depth around 700 m (Figure 5.12, Table 5.1). This Tortonian deepening sequence of the

Chapter  5: Sedimentation on Crete during late-orogenic extension

FIGURE 5.16 (next pages). Schematic paleogeographic maps of the Neogene development of Crete, in part modified
after Meulenkamp (1985), Meulenkamp and Hilgen (1986) and Meulenkamp et al. (1994) and based on the evolution
summarised in Figure 5.14. Encircled numbers refer to sections of Figures 5.1 and 5.6-5.11. Sedimentological informa-
tion is taken from Freudenthal (1969), Meulenkamp (1969), Gradstein and Van Gelder (1971), Sissingh (1972),
Gradstein (1973; 1974), Zachariasse (1975); Fortuin (1977), Meulenkamp et al. (1979), Kopp and Richter (1983), Fortuin
and Peters (1984), Ten Veen and Kleinspehn (2003).
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Tefelion group is overlain by a finely laminated calcareous sequence of the Vrysses Group,

alternating with coarse and unsorted mass-flow deposits. These mass-flows rework dolo-

mitised limestone and slumps of non-laminated marls and fragmented shells (Peters, 1985).

The lower Pliocene Marl Breccia Fm eroded and reworked part of the late Messinian mass-

flows. The Marl Breccia Fm is in turn overlain by a sequence of alternating marls and

sapropels, from which Dermitzakis and Theodoridis (1978) and Theodoridis (1984) repor-

ted the first occurrences of Discoaster asymmetricus and D. tamalis, the last common

occurrence of Globorotalia margaritae, the last occurrence of Reticulophenestra spp. and

the first occurrence of G. bononiensis, indicating that the Pliocene covers at least the time

span from 4.12 to 3.31 Ma  (Lourens et al., 2004). Dermitzakis and Theodoridis (1978)

reported the presence of Uvigerina spp. from the Pliocene sediments. This species indica-

tes a depositional depth of more than ~200 m (Chapter 1). The final uplift of Koufonisi

must thus have taken place in the late Pliocene and/or Pleistocene.

5.6 Discussion

To visualise the fragmentation history of the Aegean nappe pile on Crete, the vertical

motion history, summarised in Figure 5.14, has been translated into schematic paleogeogra-

phic maps (Figure 5.16), which form the basis for the following discussion. 

Early and middle Miocene (23-11 Ma): N-S extension and the exhumation of

the Lower Sequence

The first stage of fragmentation is related to the activity of the Cretan extensional detach-

ment, along which the Lower Sequence was exhumed since the early Miocene (24-20 Ma).

The Tripolitza/Phyllite Quartzite and Ionian units were metamorphosed under HP/LT con-

ditions during Oligocene underthrusting (e.g. Jolivet et al., 1996). From 24-20 Ma onward,

these units were exhumed in the South Aegean Core Complex, along a top-to-the-north

extensional detachment (Jolivet et al., 1996). The majority of the exhumation occurred bet-

ween 24-20 and 15 Ma (Seidel et al., 1982; Jolivet et al., 1996; Thomson et al., 1998).

However, in order to assess the influence of the core complex formation on the sedimenta-

ry history of the southern Aegean it is important to determine the exact timing of the end

of activity of the extensional detachment.

In numerous places all over Crete, large, isolated blocks of the Upper Sequence - especial-

ly the Tripolitza unit - tectonically overlie the Lower Sequence (e.g. Psiloritis mountains:

Fassoulas et al., 1994; Kilias et al., 1994, or Orno Oros: Zulauf et al., 2002; Figure 5.1). In

FIGURE 5.17 (next page). Schematic drawing of the evolution of the detachment system of southern Greece. Note that
the position of Crete with respect to the outcrop of the detachment varied through time. The hangingwall to the
Cretan detachment became fragmented from south to north, leading to the formation of extensional klippen. In
between these, sedimentary basins developed, floored by the Lower Sequence. Around 11-10 Ma, N-S extension was
replaced by E-W extension, combined with approximately N-S compression deformed the Cretan detachment.
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many cases, these isolated blocks formed a paleorelief or even the basin margin during the

deposition of the Tortonian and younger sediments, whereas the basin floor consisted of the

Lower Sequence (e.g. Toplou area in Profile G-G', Figure 5.4). This indicates that the

Upper Sequence is stretched further than the Lower Sequence. We explain these isolated

blocks of the Upper Sequence as 'extensional klippen' that broke off the hangingwall of the

Cretan detachment (Figure 5.17). These extensional klippen may vary in size from hund-

reds of metres to many kilometres across. Ongoing motion along the Cretan detachment

and repetition of the fragmentation of the hangingwall leaves a pattern of scattered occur-

rences of extensional klippen of the non-metamorphic hangingwall, separated by topogra-

phically lower areas exposing the exhumed rocks of the footwall (Figure 5.17). During this

process, sedimentation continued. The oldest sediments (i.e. the Prina Group conglomera-

tes) at present have scattered occurrences, because they are only exposed on or as extensio-

nal klippen.

Both Jolivet et al. (1996) and Thomson et al. (1999) suggested that the Topolia breccia Fm

of the Prina Group forms the base of the continuous Neogene stratigraphy in the Kissamou

basin. However, the deposition of the Topolia Fm was not restricted to the area of the

modern Kissamou basin. Instead, relics of the Topolia Fm are found as scattered occurren-

ces all over western Crete. Southward sediment transport directions prove that the deposi-

tion of the Topolia Fm predates the formation of the west-Cretan antiform and the absence

of any Phyllite-Quartzite components in these breccias indicates that their deposition

occurred prior to the oldest exposure of the Phyllite Quartzite on western Crete. It is high-

ly unlikely that the Prina group and underlying Tripolitza unit covered the entire area of

western Crete. More likely, the Tripolitza unit, together with the Prina group, were frag-

mented in the hangingwall to the Cretan detachment and presently form extensional klip-

pen on top of the Lower Sequence. This implies that the Cretan detachment was active at

least until after the deposition and lithification of the Topolia Fm of the Prina Group. The

north-to-south flow directions measured in both the Topolia Fm and the Goudouras Fm of

the Prina Group of eastern Crete, probably indicate that the outcrop of the detachment was

situated south of Crete during sedimentation, i.e. the ?early to middle Miocene (Figures

5.16 and 5.17). The oldest Neogene sediments encountered on Crete only reworked and

unconformably overlie the Upper Sequence, which formed the hangingwall to the Cretan

detachment (Figure 5.17). 

As extension continued, a large longitudinal sedimentary system developed, with the proxi-

mal Males river system, via the Viannos lake to the deep-marine Potamos-Paleohora envi-

ronment in the west (Figure 5.16). This longitudinal sedimentary system probably flowed

in the depocentre, close to the basin's axis, i.e. more or less on the surface trace of the

detachment. The westward deepening perpendicular to the extension direction resulted

from the higher amount of extension in the west than in the east (Chapter 2).

Tortonian (11-9 Ma): transition from N-S to E-W extension

The E-W running sedimentary system that prevailed during the late Serravallian and ear-
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liest Tortonian ended and rapid subsidence and southward tilting led to olistolith emplace-

ment in the Ierapetra and Heraklion areas. Simultaneously, the western part of Crete and the

island of Gavdos were uplifted and emerged (Figure 5.16). This uplift may be the result of

friction of western Crete with the subducting African slab and the clockwise rotation of

western Greece (Figures 5.1 and 5.5). Evidence for SW-NE or E-W compression, however,

is lacking in western Crete. Alternatively - and more likely - western Crete was already situ-

ated on the footwall to the Cretan detachment, which was uplifted in isostatic response to

the removal of the hangingwall.

During the latest Serravallian to earliest Tortonian (i.e. around 11-10 Ma) the outcrop of the

extensional detachment shifted further northwards, as a result of the breaking-off of parts

of the hangingwall. These broken-off blocks formed extensional klippen, frequently

encountered as isolated blocks on the Phyllite Quartzite and Plattenkalk units, and locally

forming a paleorelief during late Miocene and younger sedimentation.

The oldest indications for the onset of E-W extension are found in the Ierapetra area, where

in the Tortonian sediment transport directions indicate a change from southward to

eastward tilting (Fortuin, 1977; Figure 5.16). The rapid subsidence on Gavdos (Figures 5.12

and 5.16) following the earliest Tortonian uplift indicates a change in tectonic regime

around 10 Ma, although the extension direction associated with the subsidence recorded in

Metochia (2) has not been identified. Contemporaneously or shortly after, the continental

conglomerates of the Apostoli (41) - Viglotopi (36) area were deposited, probably contem-

poraneously with folding of the Psiloritis - Central Heraklion Ridge antiform (Figure 5.4).

We therefore conclude that around 10 Ma the N-S extension and activity of the Cretan

detachment came to an end and was overprinted by the formation of high-angle normal

faults in response to E-W extension and large-scale antiforms in response to a component

of NNE-SSW compression (Figure 5.17).

Late Tortonian to early Pliocene (9-5 Ma)

Mammal faunas reported by De Bruijn et al. (1971) and De Bruijn and Meulenkamp (1972)

led Drooger and Meulenkamp (1973) to suggest that the connection of Crete to the

European mainland was lost in the course of the early Tortonian, as a result of the onset of

foundering of the Cretan Basin underlying the Sea of Crete (Figures 5.1 and 5.16).

The stratigraphy of Crete and the information available from drilling and seismic surveys

allow the evaluation of the subsidence history of the Sea of Crete. The deep marine early

Tortonian in the Ierapetra area still shows evidence for a sediment source in the north

(Fortuin and Peters, 1984). Extensive evaporite deposits in the Sea of Crete (Jongsma et al.,

1977; Wright, 1978; Bartole et al., 1983) suggest that prior to the Messinian Salinity Crisis

proper (~5.6 Ma: Krijgsman et al., 1999) a considerable area was submerged. The opening

of the Sea of Crete was associated with southward motion of Crete, which, in turn, led to

E-W, arc-parallel extension on Crete (e.g. Meulenkamp et al., 1988; 1994), as was determ-

ined from DSDP core 378 in the Sea of Crete (Wright, 1978; Meulenkamp et al., 1994). The

bulk of the subsidence occurred in the Plio-Pleistocene. 

Chapter  5: Sedimentation on Crete during late-orogenic extension



The evolving anatomy of a collapsing orogen

166

The late Tortonian and Messinian development of Crete is dominated by E-W extension,

contemporaneous with the formation of the WNW-ESE striking large open folds. The E-W

extension can be concluded from e.g. the formation of the horst of Chania, the N-S striking

basin of Heraklion, and the eastward deepening in the Ierapetra area during the Tortonian.

Moreover, the Cretan antiforms (Figure 5.4) evolved, previously described by e.g.

Meulenkamp et al. (1988). In western Crete, these can be dated by the tapering features in

the Tortonian of the Kissamou basin (Figure 5.15) and section Apostoli (41; Profile C-C',

Figure 5.3), whereas the timing of formation of e.g. the fold of Orno Oros is less well con-

strained. It postdates the activity of the extensional detachment and predates the formation

of the Ierapetra fault.

These antiforms are not perpendicular to the inferred extension direction. Instead, they are

at an angle of approximately 60-70º. We propose that these antiforms developed as left-

lateral transpressional folds in response to the southwestward motion of the Aegean over

the northward moving African plate.

Subsidence and E-W extension continued throughout the late Miocene and possibly the

earliest Pliocene, as can be concluded e.g. from the unconformable contact of deep-marine

lower Pliocene with preneogene basement in eastern Crete, or continental conglomerates in

the Frangokastello area. The facies change from dominantly clastic sediments in the

Tefelion Group to the carbonate-rich sediments of the Vrysses Group is poorly understood.

Possibly this facies change is associated with ongoing subsidence as a result of E-W exten-

sion, leading to starvation of clastic sediment supply.

The facies change from the Vrysses and Hellenikon Groups to the Finikia Group at the

Miocene-Pliocene transition (Figure 5.16), is most likely associated with the end of the

Messinian Salinity Crisis. In a number of areas in Crete, the Marl Breccia Fm was deposi-

ted in the deeper parts of the sedimentary basins (Figure 5.16). During the Messinian

Salinity Crisis, the Mediterranean is believed to at least partly evaporate (e.g. Krijgsman et

al., 1999). Ongoing subsidence and extension during the late Messinian probably accentu-

ated the relief, which led to instable slopes after the re-entry of seawater (Pliocene floo-

ding). The early Pliocene trubi-facies sediments that were deposited on these instable slo-

pes were thus transported downslope to the basin centre. The Marl Breccia Fm reworks the

lowermost Pliocene and is overlain in e.g. section Kalithea (58) by approximately 5.1 Ma

old undisturbed marls. The age of the emplacement of the Marl Breccia Fm may vary a litt-

le from place to place, but probably occurred between the Sphearoidinellopsis acme (5.30-

5.21 Ma: Lourens et al., 2004) and the deposition of the oldest sediments in section

Kalithea (5.1 Ma; Figure 5.10).

Late Pliocene (4-2 Ma)

Various sections provide conclusive evidence for uplift of Crete during the Pliocene

(Figures 5.12 and 5.13, Table 5.1). Comparing their vertical motion reconstructions from

the Heraklion area with paleobathymetry reconstructions from the Sea of Crete (Wright,

1978) led Meulenkamp et al. (1994) to conclude that the net uplift of Crete was associated
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with northward tilting. Our data confirm this suggestion; for instance the terrestrial Aghia

Galini group in the southern Heraklion area is time-equivalent to the marine sections in the

north, despite the fact that the initial early Pliocene bathymetry for both areas was compa-

rable, or even deeper in the south than in the north (Table 5.1). We note, that near Aghia

Galini also evidence is found for southward tilting during deposition of the Aghia Galini

Group. This tilting is probably local, inflicted by the transtensional fault zones that were

active in that area in the late Plio-Pleistocene (Ten Veen and Kleinspehn, 2003). Combining

this with the paleobathymetrical and lithological information available from the upper

Pliocene of western and eastern Crete suggests that the tilting occurred along an ENE-

WSW striking axis (Figure 5.16). Studies of notches that raised since approximately 5 kyr

led Pirazolli et al. (1982) to subdivide Crete into three blocks, the eastern two of which til-

ted slightly to the NE during one seismic episode. The western block underwent uplift wit-

hout significant tilting. These authors explain the uplift as an elastic rebound to crustal thic-

kening associated with subduction.

Meulenkamp et al. (1994) explained the uplift of Crete as a result of friction of the exter-

nal part of the overriding plate with the subducting African plate. In addition, Ten Veen and

Kleinspehn (2003) suggested that the tectonic history of south-central Crete in the late

Pliocene was characterised by motion along ENE-WSW running left-lateral strike-slip

faults, belonging to a larger strike-slip system that runs offshore southern Crete in the Pliny

and Strabo trenches (e.g. Le Pichon et al., 1979; Peters and Huson, 1985; Mascle et al.,

1986). The combination of the late Pliocene uplift and the simultaneous left-lateral strike-

slip activity suggests that the friction of Crete with the underthrusting plate was contempo-

raneous with southwestward motion. Possibly Crete already collided with the continental

African promontory (Armijo et al., 1992; Mascle et al., 1999; Ten Veen and Kleinspehn,

2003).

5.7 Conclusions

In this paper we integrate the structural and metamorphic history of the basement with the

stratigraphy and sedimentology of the Neogene that developed contemporaneously during

late orogenic extension and exhumation, fragmenting the Hellenic nappe pile on Crete. This

led to the recognition of three major Neogene tectonic phases.

1. The ?early to early late Miocene sedimentary history of Crete was dominated by the

development of the Cretan detachment. Although the majority of the motion along the

detachment occurred prior to 15 Ma, the detachment must have remained active on Crete

until approximately 11 Ma. The oldest sediments that accumulated were deposited on the

hangingwall of the south Aegean detachment, flowing towards the exhuming footwall to

the south of Crete. During the activity of the detachment, large blocks broke off the han-

gingwall to form extensional klippen on the footwall. As a result the outcrop of the detach-

ment shifted northward, which led in the late Serravallian (latest middle Miocene) to an
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east-to-west running longitudinal sedimentary system, with the Males river in the east, via

the Viannos lake in central Crete to deep-marine conditions on Gavdos and southwestern

Crete. The westward deepening trend probably reflected the increasing extensional strain

along the detachment from east to west. 

2. In the earliest Tortonian, the hangingwall that covered Crete until the middle to late

Miocene transition became extended. This led initially to the emplacement of large olisto-

liths in a SSE-direction in central and eastern Crete, whereas western Crete was uplifted,

possibly as a flexural response to the removal of the hangingwall, or as a result of friction

with the underriding plate. The hangingwall - including the overlying sediments and olisto-

liths - was further extended during activity of the Cretan detachment and formed extensio-

nal klippen. Between these klippen, basins developed, with exhumed metamorphic rocks

of the Lower Sequence as the basin floor.

This was followed from approximately 9 Ma or slightly earlier onward, by E-W extension

associated with outward motion of Crete, contemporaneously with the early stages of ope-

ning of the Sea of Crete to its north. Simultaneously, large open folds deformed Crete.

These strike at a 20-30° angle to the inferred extension direction and are interpreted as a

result of left-lateral transpression, invoked by the southwestward motion of the Aegean

over the northward moving African plate. E-W extension was continuously active until

round the Miocene-Pliocene transition.

3. In the Pliocene, Crete was uplifted and emerged. This uplift was associated with NNW-

ward tilting along a ENE-WSW trending axis and probably resulted from friction with the

subducting African plate or even the African promontory during southwestward motion of

Crete.
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Vertical motions in the Aegean volcanic arc: Vertical motions in the Aegean volcanic arc: 

Evidence for rapid subsidence preceding Evidence for rapid subsidence preceding 

volcanic activity on Milos and Aeginavolcanic activity on Milos and Aegina
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Late-orogenic extension in the Aegean region has been ongoing since the late Eocene or

early Oligocene. Contemporaneously, numerous volcanic centres developed. In the south-

central Aegean region, Plio-Pleistocene volcanism formed a number of islands. On two of

these - Milos and Aegina - a sequence of late Miocene and Pliocene marine sediments

underlie the oldest volcaniclastics. To determine whether extension of the Aegean lithos-

phere played a role in the formation and location of the early Pliocene volcanoes of the

Aegean we aimed to reconstruct the vertical motion history as it occurred prior to the onset

of volcanism. To this end we reconstructed the paleobathymetry evolution using foramini-

fera recovered from sedimentary sections in the lower Pliocene of Milos and Aegina. Age

dating on the Milos sections was based on bio- magneto- and cyclostratigraphy; from

Aegina only bio- and magnetostratigraphy were available. The results show that prior to the

onset of volcanism on both islands, many hundreds of metres of early Pliocene subsidence

occurred - on Milos even 900 m between 5.0 and 4.4 Ma. It is unlikely that extension of the

Aegean lithosphere led to melting of the underlying mantle. However, the extension proba-

bly did play a significant role in the timing of the onset of Pliocene volcanic activity in the

Aegean. The position of the volcanic centres is probably the result of the depth of the sub-

ducted slab below the Aegean and the formation of a network of extensional faults in the

overriding Aegean lithosphere.

This chapter has been accepted for publication as: Van Hinsbergen, D.J.J., Snel, E.,

Garstman, S.A., Marunteanu, M., Langereis, C.G., Wortel, M.J.R and Meulenkamp, J.E., in

press, Vertical motions in the Aegean volcanic arc: Evidence for rapid subsidence preceding

volcanic activity on Milos and Aegina. Marine Geology
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6.1 Introduction and Geological Setting 

After the main phase of late Mesozoic and Tertiary collision between the African and

Eurasian plates, lithospheric extension started to fragment the Aegean area in the course of

the early Miocene (see Gautier et al., 1999, for a review). During the lithospheric extension

subduction has been ongoing, continuing a compressional regime in the external part of the

Aegean domain. Behind and crosscutting the external outer Aegean, extensional basins for-

med, as well as volcanic centres (McKenzie, 1978a; Le Pichon and Angelier, 1979; Fytikas

et al., 1984). Since the late Miocene, volcanic centres have developed in the southern part

of the Aegean (Figure 6.1), notably during the early Pliocene (4-2.5 Ma) and the middle

Pleistocene to Holocene (1 Ma-recent; e.g. Fytikas et al., 1984).

In tectonically active settings, volcanism can generally be associated with melting due to

subduction of hydrated lithosphere or extension of the lithosphere leading to partial mel-

ting as a result of extension-induced (adiabatic) decompression. In the Aegean example,

where both subduction and extension occur simultaneously. Briqueu et al (1986) and Pe-

Piper and Piper (2002) consider Aegean volcanism to be the result of melting associated

with subduction of African lithosphere. Subduction has been ongoing since the late

Mesozoic (Chapter 2). Thus, the question arises why volcanism was initiated in the sou-

thern Aegean in the early Pliocene, instead of being active throughout the entire subducti-

on history. Pe-Piper and Hatzipanagiotou (1997) suggested that volcanism was triggered by

a combination of extension of the overriding lithosphere and subduction and Perissoratis

(1995) suggested that an early Pleistocene change in fault patterns led to the formation of

the Santorini volcanic centre.

If rapid crustal extension played a significant role in the origin of Aegean volcanism, one

would expect rapid pre-volcanic subsidence on the site of the present-day volcanoes. To

test this, we aimed to carry out a vertical motion study on the basis of paleobathymetry

fluctuations (following Steckler and Watts, 1978; Watts et al., 1978; Chapter 1) and a detai-

led integrated stratigraphic study to derive high-resolution timing of vertical motions pre-

ceding the onset of volcanism. Promising successions were reported by Meulenkamp

(1979a), Benda et al (1979) and Fytikas et al. (1986b) from the upper Miocene - lower

Pliocene of Milos and Aegina islands (Figure 6.1), where volcanism developed in the cour-

se of the early Pliocene (Müller et al., 1979; Fytikas et al., 1986b). 

Milos

The oldest Neogene sediments unconformably overlie metamorphosed basement along the

southern coast of Milos (Figure 6.1; Fytikas, 1977; Meulenkamp, 1979a). These Neogene

sediments can be subdivided into Units A, B and a series of volcaniclastic sediments that

unconformably overlie unit B  (Figures 6.2 and 6.3a).  

Unit A contains 80 m of fluvio-lacustrine, brackish, and shallow marine conglomerates,

sandstones, dolomites and occasional, reefal (coral) limestone. The top 20 m of Unit A con-

tains a well-recognisable Limnocardium mould-bearing lacustrine limestone bed amidst



171

intercalations of shallow marine hardgrounds, slumped marls and sand- and limestones (see

also Meulenkamp, 1979a). 

Chapter  6: Subsidence preceding volcanism on Milos and Aegina

FIGURE 6.1. (a) Map of Aegean area. Locations of Neogene volcanoes taken from Pe-Piper and Piper (2002); (b, c)
maps with the selected sections on the islands of Milos and Aegina, respectively.
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The overlying Unit B (Figures 6.2 and 6.3a) was deposited in a marine environment. It

locally starts with a 2 m thick sandy base, containing pycnodonts and shark teeth, followed

by a rhythmic alternation of marine marls and sapropels. The top of the unit consists of dia-

tomaceous (sandy) marls. The thickness of Unit B varies between 25 and 60 m because of

the irregular character of an unconformity, which separates this unit from the overlying vol-

caniclastic series having ages of 3.5 +/- 0.14 Ma and younger (Figure 6.2; Fytikas et al.,

1986b).

A selection of three sections was made to construct a composite record covering a maxi-

mum time-interval. The section of Akrotiraki (Figures 6.1, 6.2a and 6.4a) comprises the

upper 18 m of Unit A (samples AT V-IX), the lower 30 m of Unit B (samples Gr 10.431-

536) and 2 m of the overlying volcanics. The Tsouvala section (Figures 6.1, 6.2b and 6.4b)

contains 28 m of the marl-sapropel alternations of Unit B (samples Gr 10.151-245) and 2

m of the lowermost part of the overlying volcanics. Scarce outcrops of limestones of Unit

A are present, but the transition to Unit B is not exposed. Both the upper part of Unit A and

Unit B display mm-sized biotite-bearing volcanic ash intercalations (ashes 1-5 in Figure

6.4). The third - Kipos - section (Figures 6.1, 6.2c and 6.4c) is 21 m thick and consists of

alternating shallow marine sands, marls and limestones (upper part of Unit A; samples Gr

10.541-586). A hundred metres further to the west, marly siltstones and sandstones of Unit

B were sampled (KP 1-4; Figure 6.2c), which directly overlie the uppermost hardground of

FIGURE 6.2. Photograph of the sections on Milos. a) Akrotiraki; b) Tsouvala; c) Kipos and position of samples KP 1-
4
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FIGURE 6.3. Composite lithostratigraphic columns of the Neogene sediments on a) Milos and b) Aegina.
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FIGURE 6.4. Lithostratigraphic columns of the analysed sections on Milos, including the recorded bio-events. Gr (and
other) numbers correspond to samples collected and held by the Faculty of Earth Sciences, Utrecht University. a)
Akrotiraki section. Sample KP 2 was taken from a laterally equivalent outcrop (Figure 6.2b); b) Tsouvala section; c)
Kipos section. Lithology, samples and paleomagnetic results, represented as virtual geomagnetic polar (VGP) latitude,
with polarity Zone interpretation. Closed (open) circles denote projections of (less) reliable ChRM directions; '+'
denotes inconclusive results (Figure 6.6a). In the polarity column black (white) denotes normal (reversed) polarity; grey
indicates less reliable and inconclusive polarity; white plus cross is used for intervals without data. Sphen. spp. =
Sphenolithus spp.; D. tamalis = Discoaster tamalis; D. asymm. = Discoaster asymmetricus, G. punct. = Globorotalia puncticulata. For
lithology keys: see Figure 6.3.
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Unit A. Severe fracturing made it impossible to correlate samples KP 1-4 to section Kipos,

but the presence of the transition from Unit A to Unit B enabled correlation to section

Akrotiraki (KP 2 in Figure 6.4a). Section Kipos can be correlated with section Akrotiraki

through the beds with Limnocardium-moulds exposed at the base of both sections. From

the three sections on Milos, 99, 95 and 32 levels were sampled for paleomagnetic purposes

from the Akrotiraki, Tsouvala and Kipos sections, respectively (Figure 6.4). 

Aegina

The Neogene sedimentary sequence of Aegina (Figure 6.3b) unconformably overlies fol-

ded, unmetamorphosed Mesozoic carbonates, radiolarites and siliciclastics. The Neogene

deposits crop out in the northern part of the island (Figure 6.1). The central and southern

parts of Aegina are covered by late Pliocene and Pleistocene volcaniclastics (Müller et al.,

1979; Pe-Piper et al., 1983; Morris, 2000). The oldest reported Neogene sediments (Unit 1)

are continental conglomerates, grading upward into (at least) 75 m of marls, sands and

marly limestones of lacustrine and brackish facies, containing brackish water molluscs and

ostracods (Rögl et al., 1991). A sequence of at least 70 m of alternating laminated and

homogeneous marls (Unit 2) overlies Unit 1 (Benda et al., 1979).  The contact between the

two Units is not exposed. Unit 2 contains a volcanic ash layer, and is unconformably over-

lain by an andesitic volcaniclastic series (Figures 6.3 and 6.5; Pe, 1973; Müller et al., 1979;

Pe-Piper et al., 1983).

Approximately 25 m of Unit 1 were studied by (Rögl et al., 1991) in the Souvala section

along the northern coast (Figures 6.1 and 6.5a), while Unit 2 was described and sampled in

the Aghios Thomas section (Benda et al., 1979) a few kilometers inland (Figures 6.1 and

6.5b). 

We resampled the Souvala section  (Aeg 1-19 for paleomagnetic purposes and So 1-61 for

biostratigraphic analysis) and logged an additional 50 m compared to Rögl et al. (1991)

(Figure 6.5a). Samples collected by Benda et al. (1979; Gr 1401-1444) and two additional

samples at the base of the Aghios Thomas section (Ag 1-2 in Figure 6.5b), were analysed.

Additionally, five outcrops of marine marls near Aegina city (AC 1-5) and scattered out-

crops of marine marls and limestones in the northeast of the island near Aghia Marina

(Figure 6.1) were sampled (Gr 10.961-10.998) and analysed.

6.2 Biostratigraphy

Planktonic foraminiferal and calcareous nannoplankton biostratigraphies are based on the

stratigraphical distribution of the early Pliocene marker species in the Mediterranean

(Lourens et al., 2004, and references therein). The samples collected for analysis of the

foraminiferal content were washed and sieved with a 125 µm sieve; nannofossil samples

were prepared according to standard preparation techniques (Bramlette and Sullivan,

1961).

Chapter  6: Subsidence preceding volcanism on Milos and Aegina



The evolving anatomy of a collapsing orogen

176

FIGURE 6.5. Lithostratigraphic columns of the analysed sections on Aegina, including the recorded bio-events. Gr- and
other numbers refer to samples collected and held by the Faculty of Earth Sciences, Utrecht University. a) Souvala sec-
tion, in part modified from Rögl et al. (1991); b) Aghios Thomas section, modified from Benda et al. (1979). Lithology,
samples and paleomagnetic results, represented as virtual geomagnetic polar (VGP) latitude, with polarity zone inter-
pretation. Closed (open) circles denote projections of (less) reliable ChRM directions. In the polarity column, white
denotes reversed polarity; grey indicates less reliable and inconclusive polarity; white plus cross is used for intervals
without data. For lithology keys: see Figure 6.3.
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Milos

Unit A contains only few fossil-bearing beds, without age-diagnostic biomarkers. Except

for the sandy base, Unit B in sections Akrotiraki and Tsouvala contains moderately to well-

preserved foraminiferal and calcareous nannofossil assemblages. 

The first occurrence (FO) of the planktonic foraminifer Globorotalia puncticulata is found

both in the Akrotiraki-section (between Gr 10.473 and Gr 10.474) and in the Tsouvala-sec-

tion (between Gr 10.160 and Gr 10.161; Figure 6.4). Three nannofossil bio-events are

recorded: The FO of Discoaster asymmetricus between Gr 10.512 and Gr 10.513 in the

Akrotiraki-section and between Gr 10.211 and Gr 10.212 in the Tsouvala-section; the FO

of D. tamalis between Gr 10.523 and 10.524 in the Akrotiraki section and between Gr

10.226 and Gr 10.227 in the Tsouvala-section  (Figure 6.4). The last common occurrence

(LCO) of Sphenolithus spp. is recorded between Gr 10.524 and Gr 10.524a of the

Akrotiraki section. 

Aegina

Samples So 1-61 from the Souvala section (Unit 1 in Figure 6.3b; Figure 6.5a) did not con-

tain any age-diagnostic nannofossils or foraminifera. In contrast, Rögl et al. (1991) repor-

ted the occurrence of Ceratolithus acutus from a single level in the section, a taxon belon-

ging to the NN12 Zone sensu Martini (1971).

The two samples Ag 1-2 collected at the base of section Aghios Thomas (Unit 2 in Figure

6.3b; Figure 6.5b) are assigned to the upper part of the NN12 Zone, based on the absence

of Triquetrorhabdulus rugosus and C. rugosus in combination with the co-occurrence of

Amaurolithus delicatus and Helicosphaera sellii. Benda et al. (1979) reported the FO of G.

puncticulata between Gr 1416 and 1417 and the FO of D. asymmetricus between Gr 1438

and 1439 (Figure 6.5b). Two of the additionally collected samples from the north-east of

Aegina (Gr 10.961-10.998) contained age-diagnostic nannofossil assemblages: Both Gr

10.983 and Gr. 10.997 (near Aghia Marina, Figure 6.1) were assigned to NN13-14, based

on the absence of Pseudoemiliania lacunosa and the abundance of H. sellii. Samples AC 4

and 5 belong to the NN14-15 Zone, based on the presence of D. asymmetricus and the

absence of D. tamalis. In summary, the biostratigraphy of the marine marls of Milos (Unit

B) and Aegina (Unit 2) indicates that both units were deposited during the early Pliocene.

6.3 Magnetostratigraphy

The paleomagnetic samples were taken with a water-cooled, generator-powered electric

drill and oriented with a magnetic compass. At least one specimen per sampling level was

thermally demagnetised with small temperature increments of 20-50°C up to a maximum

temperature of 690°C in a magnetically shielded, laboratory-built furnace. The natural

remanent magnetisation (NRM) of the specimens was measured on a 2G Enterprises hori-

zontal DC SQUID cryogenic magnetometer. 
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Almost all samples from sections Souvala, Akrotiraki and Kipos have very low intensities.

In most cases, a normal polarity component is removed at temperatures between 100 and

210°C. This relatively low-temperature component typically has a present-day field direc-

tion before bedding plane correction and can thus be regarded as a secondary, recent over-

print, likely caused by weathering. After removal of the low-temperature component, the

remaining intensity of most samples of Akrotiraki and Kipos is too low to reliably interpret

a characteristic remanent magnetisation (ChRM) direction from the demagnetisation dia-

grams (Figure 6.6a; Zijderveld, 1967), although occasionally a clear indication of the pola-

rity of the ChRM can be interpreted (Figure 6.6b). Some samples of the Souvala (Aegina),

Akrotiraki and Kipos sections and most samples of the Tsouvala section show that a rela-

tively high temperature component is gradually removed between temperatures of 210°C

and 390-450°C or 580°C (Figures 6.6c and 6.6d). This component is taken as the ChRM.

Maximum unblocking temperatures in the range of 290-410°C indicate that the NRM is (in

part) carried by iron sulphides. In addition, magnetite is indicated as carrier of the magne-

tic signal considering the maximum unblocking temperature of 580°C. In some cases a

(normal polarity) high-temperature (up to 650°C) haematite component is present in the

FIGURE 6.6. Thermal demagnetisation diagrams of selected samples of the paleomagnetically analysed sections.
Orthogonal projections with open (closed) symbols denote ChRM vector end-points (corrected for bedding tilt) on the
vertical (horizontal) plane; values represent temperature increments in ºC. Stratigraphic levels are in the lower left cor-
ners. a) inconclusive; b) unreliable reversed; c) reliable reversed (iron sulphide); d) reliable normal (magnetite); e) reli-
able reversed (magnetite) with normal maghaemite or haematite overprint and f) inconclusive (either normal polarity
with haematite as the carrier of the signal or reversed with magnetite as the carrier with an haematite overprint) ChRM
directions.
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Tsouvala-section, which is interpreted as a recent magnetisation (Figure 6.6e). In some

cases, these magnetite and haematite components have a largely overlapping unblocking

temperature spectrum, resulting in a 'cluster' between 230°C and 590°C (Figure 6.6f). In

such cases no ChRM can be derived and these samples are represented by grey intervals in

Figures 6.4 and 6.5. Directions were calculated for each reliable ChRM component, after

correction for bedding tilt. 

In summary, the ChRM do not allow the construction of an unambiguous polarity zonation

in section Akrotiraki (Figure 6.4a). All samples of sections Kipos, Tsouvala and Souvala

that can be reliably interpreted reveal a reversed polarity (Figures 6.4 and 6.5a).

6.4 Age model

Age model for the Neogene deposits predating volcanism on Milos

Astronomical calibration of cyclic lithology alternations in late Miocene and Pliocene sec-

tions in the Mediterranean (e.g. Hilgen, 1991) has shown that these alternations can be

tuned to the target curve of summer insolation of Laskar et al. (1993). This tuning has ena-

bled the construction of astronomical polarity time scales (APTS).

The marine succession of Unit B on Milos reveals a cyclic pattern of marls and sapropels

(Figure 6.4a and b). A first correlation is based on the biostratigraphy and further astrono-

mical tuning of the individual marl-sapropel cycles to the target-curve of Laskar et al.

(1993; Figure 6.7) was carried out. This tuning is based on pattern correspondence between

the marl-sapropel alternations and the cyclic variations in the intensity of summer insola-

tion at 65°N caused by the interference of three Milankovitch cycles: the eccentricity (with

a period of 400 and 100 kyr), obliquity (41 kyr) and precession (21 kyr). These expressions

can clearly be seen in Tsouvala: 400 kyr eccentricity minima result in 'missing sapropels',

such as seen in cycles 40-41 and 55-56 (Figure 6.7). The interference between the 100 kyr

eccentricity and precession cyclicity led to formation of triplets (cycles 52-54 and 57-59)

or quadruplets (cycles 48-51) of well-developed sapropels (Figure 6.7). Finally, interferen-

ce between obliquity and precession can be inferred from alternating clearly developed

(cycles 32, 34) and poorly (cycle 35) or non-developed (33) sapropels (Figure 6.7). In sec-

tion Akrotiraki the patterns are less well developed between 29 and 32 m. The quadruplet

of 48-51, however, is clear, as is the duplet 37-38. It follows that the age of the lowest

sapropel in the Akrotiraki section (at 20.3 m, Figure 6.7) is estimated at 5.0 Ma. 

In the top 15 m of Unit B of the Akrotiraki section, sapropel-marl alternations are lacking,

which impedes cyclostratigraphical correlation with the APTS. Moreover, the small strati-

graphical distance (less than 1 m) between bio-events C and D suggests the presence of a

hiatus (-H- in Figure 6.7). The age of the unconformably overlying volcanic series, (3.5

0.14 Ma and younger: Fytikas et al., 1986b), however,  provides the minimum age for the

top of Unit B.

A reversed polarity is found for all reliable samples from the Tsouvala section. The corre-
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FIGURE 6.7. Correlation of the sections of southern Milos to the 65ºN summer insolation curve of Laskar et al. (1993)
and the cyclo- and magnetostratigraphy of the Rossello composite section (Lourens et al., 1996). Numbers at the inso-
lation maxima are taken from Hilgen (1991). Bio-events taken from Lourens et al. (2004) Thick solid tie lines are used
to indicate bio-events: A) FO Globorotalia puncticulata (4.52 Ma); B) FO Discoaster asymmetricus (4.12 Ma); C) FO D. tamalis
(3.97 Ma); D) LCO Sphenolithus spp. (3.70 Ma). Dashed line indicates the base of the Thvera subchron; thin solid lines
represent the tuning of marl-sapropel alternations to the Laskar-curve. For lithology keys: see Figure 6.3.
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lation of the bioevents with the Rossello composite section indicates, however, that during

the deposition of the Tsouvala-section at least 3 magnetic reversals must have occurred.

This suggests that the reversed ChRM directions are caused by a post-depositional over-

print during a reversed interval.

Although the magnetostratigraphic data obtained from the Akrotiraki section are of poor

quality (Figure 6.4a), the available results do not contradict the bio- and cyclostratigraphic

correlations. This implies that the normal polarity of samples AT VI (4m) and KP 2 (20m)

in the Akrotiraki section must be interpreted to belong to the Thvera subchron (C3n.4n:

5.236-4.998 Ma: Lourens et al., 2004). The correlation of Unit A to the APTS is impossi-

ble, since no clear cycles can be distinguished. From the 28 samples recovered from secti-

on Kipos, only samples Gr 10.560 and 10.561 (around 4m) give a conclusive ChRM direc-

tion, indicating a reversed polarity. These levels are interpreted to correspond to the upper-

most part of subchron C3r just below the Thvera subchron.

In summary, Unit A was deposited prior to about 5.0 Ma, the marine marls and sapropels

of unit B have an age range of 5.0-3.5 ± 0.14 Ma, after which volcanism commenced.

Age model for the Neogene deposits predating volcanism on Aegina

The age of the basal conglomerates is estimated at 8-6 Ma by Rögl et al. (1991), based on

the recovery of two teeth of an advanced species of Hipparion s.s. The nannofossil C. acu-

tus at 45 m in the overlying Souvala section (Figure 6.5a) has an age range of 5.372 - 5.046

Ma (Backman and Raffi, 1997). We thus interpret the reversed polarity between 21 and 48

m in the Souvala-section to belong to subchron C3r (6.04-5.236 Ma: Hilgen et al., 1995;

Krijgsman et al., 1999), which is in good agreement with the ostracod and mollusc associ-

ations found between 25 and 50 m in the Souvala section, (Figure 6.5a) which have been

assigned to the Pontian (Rögl et al., 1991; 6.15-5.3 Ma: Snel et al., in press-a). 

The oldest open marine clays of the section of Aghios Thomas have a calcareous nannofos-

sil assemblage that is characteristic for the upper part of the NN12 Zone, which ranges from

5.23 to 5.09 Ma (Backman and Raffi, 1997).  The first occurrences of G. puncticulata and

D. asymmetricus higher in the section (Benda et al., 1979; Figure 6.5b) are calibrated to an

age of 4.52 and 4.12 Ma, respectively (Lourens et al., 2004).

The marine marls in the northeast of the island near Aghia Marina (NN13-NN14; 5.09-4.0

Ma: Berggren et al., 1995a; b; Backman and Raffi, 1997) and the marls in the northwest

near Aegina City (NN14-NN15; 4.12-3.97: Lourens et al., 2004) serve to illustrate, that

marine sedimentation covered at least the entire northern part of Aegina during the early

Pliocene (Figure 6.1).

In summary, deposition of Unit 1 commenced before or at 8-6 Ma and lasted into at least

the late Messinian. Unit 2 has early Pliocene ages, but the very base of the Pliocene has not

been found. The age of the oldest lavas overlying Unit 2 is 3.87 ± 0.05 Ma (Müller et al.,

1979; Pe-Piper et al., 1983), slightly older than those on Milos.

Chapter  6: Subsidence preceding volcanism on Milos and Aegina



The evolving anatomy of a collapsing orogen

182

Age estimate of the oldest volcanic ash deposits on Milos

The oldest volcanic deposits that have been reported from Milos are the late early Pliocene

lavas overlying Unit B (Fytikas, 1977; Fytikas et al., 1986b). However, we found older vol-

canic ash layers within unit B that require some further discussion.

The biotite crystals in the volcanic ash layers in the Milos sections were too weathered to

obtain reliable radiometric ages (K. Kuiper, pers. comm. 2001). Therefore, we estimate the

ages of the ash layers by using the age model presented in paragraph 5.1 (Figure 6.7). 

The age estimate of Ash 1(Figure 6.7) is only based on the age of the overlying strata,

which have a reversed polarity interpreted as subchron C3r, 6.04 to 5.236 Ma (Hilgen,

1991; Krijgsman et al., 1999). The possible age range of ashes 2 and 3 (Figure 6.7) is

determined by the normal polarity of the strata on top of and below Ash 3 in section

Akrotiraki, interpreted as the Thvera subchron (C3n.4n: 5.236-4.998 Ma: Lourens et al.,

2004). The age estimates of Ash 4 in Akrotiraki and of Ash 5 in Tsouvala (Figure 6.4) are

based on the correlation of the marl-sapropel cycles to the APTS (Figure 6.7): 4.82 Ma and

4.62 Ma, respectively. These volcanic ash layers and the one on Aegina with an age of 4.4

+/-  0.2 Ma (Müller et al., 1979) may originate from the older volcanic centres of e.g.

Antiparos or Patmos-Chiliomodi (Figure 6.1), from which islands Fytikas et al. (1984)

reported lavas with comparable ages. Thus, from the presented integrated stratigraphy can

be concluded that a sequence of lower Pliocene marine sediments was deposited just prior

to the onset of volcanism on Aegina and Milos indeed.

6.5 Paleobathymetry and vertical motions

Paleobathymetry analyses of the marine marls of Unit B on Milos and unit 2 on Aegina

were carried out to explore any changes in bathymetry that occurred prior to the oldest vol-

canic activity. The paleobathymetry reconstructions are based on the general relation bet-

ween the plankton fraction (%P) of the total foraminiferal population and depth (Van der

Zwaan et al., 1990), following procedures for the reconstruction of vertical motions descri-

bed in Chapter 1. 

The %P graphs versus time for both the Milos and Aegina sections are shown in Figure

6.8a. The graphs of Milos include a moving average curve with the standard deviation cal-

culated per moving interval; it was chosen in such a way, that approximately 100 kyr is ave-

raged at every sample level. The obtained curves give a similar trend, but the %P values

derived for the Tsouvala section are slightly smaller than those of comparable ages obtai-

ned from the Akrotiraki-section.

The %P increase between 5 and 4.4 Ma obtained from the Milos appears to take place in

two distinct episodes. From the %S curves (percentage stress markers of the total number

of benthic foraminifera) that are included in Figure 6.8a, however, a strong cyclic oxygen-

level variation can be concluded with a periodicity of 400kyr. Generally, an oxygen level-

driven %S increase results in a relative drop in %P, which, superimposed on a deepening
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trend, can explain the episode of %P-decrease in the curve of Figure 6.8a (see Chapter 1 for

further discussion on the relationship between %P, oxygen level and depth). The intervals

Chapter  6: Subsidence preceding volcanism on Milos and Aegina

FIGURE 6.8. a,b) Paleobathymetry curves, determined from the Akrotiraki and Tsouvala sections on Milos and the
Aghios Thomas section on Aegina, respectively. The moving averages are chosen to average approximately 100 kyr. The
first occurrences of Globorotalia puncticulata and Discoaster asymmetricus are included in the graphs for the Aghios Thomas
section to indicate the uncertainty in the age determination of the Aghios Thomas samples. For the age determination
of the Milos curves: see Figure 6.7. Figure 6.8b includes the bathymetry estimations based on the independent taxon-
omy check.
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of lowest %S are thus considered to represent actual depth and are connected to construct

a depth-induced %P trend (Chapter 1).

The calculated paleobathymetry versus time graphs of the studied sections are shown in

Figure 6.8b. Following the scheme of Figure 1.9, an independent bathymetry check was

carried out on selected samples of the Akrotiraki and Aghios Thomas sections, on the basis

of selected benthic foraminifera, which are considered as depth markers. The results reve-

al benthic assemblages indicating biotope depth ranges that are in good agreement with the

obtained depth values for the Akrotiraki section (Figure 6.8b). The results for the Aghios

Thomas section confirm the deepening trend, but may indicate that the calculated depth of

700-800 m is an over-estimation (Figure 6.8b). 

Now, paleobathymetry variations can be converted to (tectonically induced) vertical

motions. For this purpose three additional corrections were carried out: Firstly, the effects

on paleobathymetry of sediment accumulation and compaction were corrected for.

Furthermore, our high-resolution time-control makes it possible to accurately correct for

the sea-level changes using the astronomically tuned sea-level curve of Lourens and Hilgen

(1997).

FIGURE 6.9. Vertical motion curves for Milos and Aegina. The base of Units A and 1 were chosen as reference level
for Milos and Aegina, respectively. Note that we follow the depth trend obtained from the qualitative depth markers on
Aegina, which are considered to be more accurate than the calculated values, due to the high amount of stress-mark-
ers. The curve for Milos is interpreted to represent subsidence and 
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Figure 6.9a shows the thus obtained vertical motion curve constructed for the oldest

Neogene of Milos and Aegina. The base of units A and 1 were taken as reference level. As

a net result, during the deposition of units A and 1, sedimentation kept pace with subsiden-

ce and eustatic sea level changes.

The paleobathymetry record and age control, obtained from the Aghios Thomas section on

Aegina are of much poorer resolution than those derived from the Milos sections, but they

serve to illustrate that the non-marine to brackish-water sedimentation of the late Miocene

was succeeded by the deposition of deep-marine early Pliocene sediments pre-dating the

earliest volcanism. The trends in vertical motion on both islands are thus comparable and

occur within the same time span.

6.6 Analysis

The debut of Neogene subsidence on Milos and Aegina is reflected by the onset of deposi-

tion of Unit A and Unit 1, respectively. On Aegina, the oldest datable deposits have an age

range of 8-6 Ma (Rögl et al., 1991). Our suggestion that sedimentation generally kept pace

with basin subsidence during the deposition of units A and 1 is supported by their respecti-

ve lithologies, which are interpreted as representing alternating fluvial, brackish and shal-

low marine environments. Hence, approximately 80 m of subsidence during the deposition

of units A and 1 is reconstructed (Figure 6.9a). 

The ages derived from Unit 1 on Aegina indicate that upper Messinian (Pontian) strata are

included in the stratigraphy. Unit A of Milos may also cover (part of) the Messinian, but

conclusive evidence is lacking. During the late Messinian, the Messinian Salinity Crisis

occurred throughout the Mediterranean region (Krijgsman et al., 1999). However, both on

Aegina and on Milos, no geologic evidence was found for the accompanying drastic sea

level drop and subsequent rise. A dramatic relative sea level rise of approximately 900m

occurred around 5 Ma on Milos - i.e. approximately 300 kyr after the Pliocene Flooding,

which ended the Messinian Salinity Crisis (Krijgsman et al., 1999). This relative sea level

rise is interpreted as the consequence of tectonic subsidence. This is in line with the seis-

mic profiles and submarine map tectonic maps of the Saronic Gulf of Papanikolaou et al.

(1988), which shows a complex pattern of E-W, N-S and WNW-ESE trending normal

faults, along which the WNW-ESE trending Saronic Gulf subsided in the Plio-Quarternary.

The comparable trends for Milos and Aegina shown in the curves of Figure 6.9 suggests,

that the high-resolution subsidence record obtained from Milos represents a regional rather

than a local phenomenon. This is supported by a semi-quantitative paleobathymetry recon-

struction carried out on DSDP core 378 in the Sea of Crete by Wright (1978; Figure 6.1),

who estimated approximately 1000 m of early Pliocene deepening in the Cretan basin.

In summary, immediately prior to the onset of volcanism on the islands of Milos and

Aegina, rapid subsidence occurred, with a maximum of approximately 1 km in the central

Aegean. This subsidence is a regional phenomenon and is probably associated with large-
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scale extension in the southern and central Aegean.

We assume that the extension can be described by the stretching model of McKenzie

(1978b). In this model, stretching-induced subsidence can be subdivided in an initial sub-

sidence phase Si, which is of tectonic origin, followed by a thermal subsidence (or uplift)

phase as a result of cooling of the welled up asthenosphere. Since the early Pliocene sub-

sidence we determined from Milos and Aegina occurs rapidly, we consider this subsidence

to correspond to Si. The stretching factor β can be calculated from isostatic equilibrium

conditions preceding and following the initial subsidence Si. We simplified the model of

McKenzie (1978b) by assuming constant densities for the crust (ρc = 2850 kg/m3), litho-

spheric mantle (ρl = 3380 kg/m3), sub-lithospheric mantle or asthenosphere (ρm = 3300

kg/m3) and seawater (ρw = 1000 kg/m3; Figure 6.10):

β = (hcρc + (hl - hc)ρl - hlρm) / (hcρc + (hl - hc)ρl - hlρm - Siρw + Siρm) (6.1)

where hl is the initial thickness of the lithosphere including the crust and hc is the initial

thickness of the crust. Following McKenzie (1978b), we chose the initial thickness of the

crust to correspond to the thickness of the present day crust below mainland Greece, i.e. to

approximately 40 km (Makris, 1977).  We assume that the thickness of the lithosphere prior

to extension hl equals 100 km. Using equation (6.1), the rapid, 1 km subsidence we obtai-

ned from Milos yields a stretching factor β of around 1.2.

McKenzie and Bickle (1988) determined that stretching of continental lithosphere genera-

tes only little melt, unless β>2 and the (dry) mantle potential temperature exceeds 1380°C.

Thus, it seems highly unlikely that the stretching associated with the rapid early Pliocene

subsidence of Milos preceding volcanism led to melting of the underlying mantle. 

The magmas that were erupted in the Aegean during the early Pliocene probably must alre-

ady have been present prior to the extension phase. The generation of the magmas is like-

ly to have been caused by the addition of water to the mantle as a result of the subduction

of the African plate, lowering the melting temperature, as was suggested based on geoche-

mical data by Barton et al. (1983) and Briqueu et al. (1986).

Extension not only occurred on the site of the present-day volcanic centres but also e.g. in

the Sea of Crete. The volcanic centres lie approximately at the 130-150 km isodepth line of

FIGURE 6.10. Stretching model for the lithosphere simplified after McKenzie (1978b). See text for further explanation

.
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a seismically defined north-dipping Benioff zone, interpreted to represent the top of the

subducting African slab (Makropoulos and Burton, 1984; Hatzfeld, 1994; Giuchi et al.,

1996; Papazachos et al., 2000). Hydrous minerals generally start to dehydrate when they

are subducted to a depth of approximately 100-150 km (Philpotts, 1990). The position of

the volcanic centres is thus probably determined by the depth of the subducted slab. The

fact that during the early Pliocene rapid subsidence occurred prior to the onset of volcanism

leads us to conclude that there is a causal relationship between extension and the timing of

the onset of volcanism, probably by the generation of a network of extensional faults faci-

litating magma rise.

6.7 Summary and conclusions

To determine whether extension of the Aegean overriding lithosphere played a significant

role in the formation and location of the early Pliocene volcanoes of the Aegean we aimed

to reconstruct the a vertical motion history as it took place prior to the onset of volcanism.

To this end we reconstructed the paleobathymetry evolution of selected sections in the

lower Pliocene of Milos and Aegina using the general relationship between the percentage

of planktonic foraminifera amongst the total population and depth. Age dating on the Milos

sections was based on bio- magneto- and cyclostratigraphy; on Aegina only bio- and mag-

netostratigraphic dating was possible. About 900 m of subsidence occurred on Milos bet-

ween approximately 5 Ma and 4.4 Ma. Although less well constrained, a similar history is

reconstructed from Aegina. Volcanic eruptions followed 1-1.5 Ma after the onset of rapid

subsidence. We used a simplified model, based on McKenzie (1978b), to show that adiaba-

tic decompression is highly unlikely to have led to the generation of the melts that were

erupted during the Pliocene on Milos and Aegina. The fact that the onset of volcanism is

preceded by a regional phase of rapid subsidence, however, leads us to conclude, that the

timing of the formation of the volcanoes is probably the result of early Pliocene extension

and the creation of associated faults, providing a way to the surface for pre-existing, sub-

duction-related melts. 
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Latest Miocene onset of outward spreading of theLatest Miocene onset of outward spreading of the

Aegean superimposed on Anatolian extrusion:Aegean superimposed on Anatolian extrusion:

insights from Karpathos and Rhodos (Greece)insights from Karpathos and Rhodos (Greece)

������� �

Recent GPS-analyses show that superimposed on a motion vector induced by westward

extrusion of Anatolia in response to Arabian-Eurasian collision, Greece deforms indepen-

dently, spreading towards the underriding plate. To assess the style of deformation and

timing of the onset of this independent motion component, we studied the tectono-sedimen-

tary history of the southeastern part of the Hellenic arc, where the two motion vectors are

subperpendicular. Combining new results on paleobathymetry-based vertical motions with

published structural and sedimentological information shows, that submergence resulting

from E-W (arc-parallel) extension affected Karpathos in the latest Miocene to earliest

Pliocene. On SW Rhodos, the terrestrial Apolakkia basin underwent rapid subsidence in

response to NE-SW extension in the Pliocene, although extension possibly already started

in the late Miocene. A second phase of extension in the late Pliocene again affected

Karpathos, and was contemporaneous with a transition to NW-SE extension on Rhodos,

submerging the SE coast as a result of tilting. This tilting was probably associated with the

formation of the deep-marine offshore Rhodos basin as a transtensional splay of the Pliny

and Strabo trenches. The Pleistocene uplift of the southeastern Aegean probably resulted

from left-lateral transpression. We conclude that the independent motion of the Aegean with

respect to Anatolia started in southeastern Greece in the latest Miocene to earliest Pliocene,

and remained active along with the dominant Anatolian extrusion ever since. 

This chapter is in preparation for submission as: Van Hinsbergen, D.J.J. and Meulenkamp,

J.E. Latest Miocene onset of outward spreading of the Aegean superimposed on Anatolian

extrusion: insights from Karpathos and Rhodos (Greece).
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7.1 Introduction

The Alpine orogeny resulted from African-European collision since the late Mesozoic. The

Hellenic segment of the Alpine orogen was fragmented during post-orogenic extension

since the late Eocene in northern Greece and especially since the early Miocene, when large

parts of the overriding plate were extended (Chapter 4). 

Presently, the Aegean is characterised by southeastward motion together with Anatolia

(Figure 7.1A). Superimposed on the motion together with Anatolia, the Aegean indepen-

dently undergoes outward motion, spreading towards the underriding plate (McClusky et

al., 2000; Figure 7.1B), interpreted to be the result of gravitational spreading of the overri-

ding plate (Jolivet, 2001) or roll-back of the underriding plate (Meulenkamp et al., 1988).

The extrusion of Anatolia is a response to Arabian-Eurasian collision (e.g. Dewey and

Sengör, 1979), which started around 13 Ma (Keskin, 2003; Sengör et al., 2003), but the pro-

pagation of the north Anatolian fault into the Aegean did not occur until the late Miocene

to early Pliocene (Pollak, 1979; Armijo et al., 1999). The westward motion was accompa-

nied in western Greece by compression and rotation resulting from the collision with

Apulia in the northwest, and the friction with the underriding lithosphere in the

Mediterranean ridge in the southwest (Chapters 1 and 5). 

Subsidence in response to late Miocene and early Pliocene NE-SW extension occurred in

e.g. the Strimon basin and the Florina-Ptolemais-Servia basin in northern Greece (Pavlides

and Mountrakis, 1987; Steenbrink, 2001; Snel et al., in press-b), the Karditsa and Larissa

basin in central Greece (Caputo and Pavlides, 1993; Caputo et al., 1994), on the Messini

peninsula of the southwestern Peloponnesos (Chapter 5), in the Saronic Gulf leading to the

subsidence of the islands of Aegina and Milos (Chapter 3). The formation of these basins

suggests that NE-SW motion in Greece accelerated in the late Miocene, superimposed on

the westward motion together with Anatolia. Figure 7.1 shows, that the motion vectors of

the two processes are almost parallel in the western part of Greece, but subperpendicular in

the southeast. To identify the timing of the onset of the independent motion of the Aegean

superimposed on the motion together with Anatolia, we therefore focus on Rhodos and

Karpathos in southeastern Greece (Figure 7.2). Here, we reconstructed the vertical motion

history based on paleobathymetry estimates of marine sediments. Combining the vertical

motion history with the previously published information on the stratigraphical, sedimen-

tological and structural development of the area allows the detailed reconstruction of the

style, timing, duration and direction of the deformation history since the late Miocene.

7.2 Geological setting

The Hellenides expose a nappe stack, which mainly consists of open marine, biogenic sedi-

ments, overlain by clastic foreland basin deposits. The nappe pile was described extensive-

ly for northwestern Greece, where extensional fragmentation had only minor influence
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(Aubouin, 1957; IGRS-IFP, 1966; Bonneau, 1984; Chapters 4 and 5; Figure 7.3).

The basement of Rhodos was correlated to the Ionian, Tripolitza and Pindos zones, over-

lain by a Cretaceous ophiolite, and the basement of Karpathos was correlated to the

Tripolitza and Pindos units, again overlain by ophiolites (Aubouin et al., 1976a; Figures 7.2

and 7.3). Nappe stacking continued until approximately the Oligocene-Miocene transition,

followed by the folding of the Ionian and Tripolitza units (Mutti et al., 1970; Edgington and

Chapter 7: Vertical motions on Rhodos and Karpathos

FIGURE 7.1. Images obtained by Global Positioning System monitoring of active motion in the Aegean area (McClusky
et al., 2000). A) Motion relative to stable Eurasia; B) Motion in the Aegean with respect to Anatolia (Anatolia fixed). A
= Aegina; C = Crete; FPS = Florina-Ptolemais-Servia basin; K = Karapthos; KL = Karditsa and Larissa basins; M =
Milos; P = Messini Peninsula of the Peloponnesos; R = Rhodos; S = Strimon Basin
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Harbury, 1993).

Late Neogene, approximately N-S trending normal faults crosscut the nappe pile of

Karpathos, defining the present-day coastline (Angelier, 1973). On Rhodos, late Miocene

NE-SW extension was followed by late Plio-Pleistocene WNW-ESE extension and ~070º

striking sinistral strike-slip, comparable to the strike-slip system of Pliny and Strabo tren-

ches that runs offshore to the south of the islands (Mascle et al., 1986; Ten Veen and

Kleinspehn, 2002). The sinistral transpressional Mediterranean Ridge to the south of the

islands forms the deformation front of the Hellenides (Huguen et al., 2001). The more than

4 km deep Rhodos basin to the southeast of Rhodos does not contain any evaporites and

was therefore interpreted to have a post-Messinian age (Woodside et al., 2000). Presently,

the northeastern margin of this basin is crosscut by a thrustfault, which probably uplifted

and tilted Rhodos to the northeast (Kontogianni et al., 2002).

Paleomagnetic studies on Rhodos and Karpathos do not show conclusive evidence for a

rigid body rotation of the islands. Laj et al. (1978) reported 23° counterclockwise (ccw) late

Neogene rotation for Rhodos, whereas Laj et al. (1982) did not obtain conclusive evidence

for any. Recently Duermeijer et al. (2000) reported 18±12° post-Pliocene counterclockwi-

FIGURE 7.2. Geologic map of southeastern Greece, modified after Bornovas and Rontogianni-Tsiabaou (1983).
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FIGURE 7.3. Schematic representation of the lithostratigraphy of the nappes exposed on Rhodos, Karpathos, and the
timing of their emplacement. Based on IGRS-IFP (1966), Mutti et al. (1970), Aubouin et al. (1976b), Hatzipanagiotou
(1988), Koepke et al. (2002) and Neumann and Zacher (2004).
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se rotation for Rhodos, but it should be noted that this value is the average of 8 sites rota-

ting between 7 and 28° ccw. These are significantly different rotations, which must at least

partly be of local origin. Additionally, Duermeijer et al. (2000) reported 18±8°ccw post-

Miocene rotation of Karpathos, but this is based on only one site.

7.3 Stratigraphy, sampling and age dating

Rhodos

The oldest upper Neogene on Rhodos are coarse fluvial conglomerates in the Apolakkia

basin (Figure 7.2; Meulenkamp et al., 1972; Ten Veen and Kleinspehn, 2002). From the

basal part of this formation, Willmann (1980) recovered a fresh-water mollusc fauna, which

he assigned to the middle to upper Miocene (Serravallian to Tortonian). Duranti (1997)

subdivided the stratigraphy of the Apolakkia basin into a Unit 1 consisting of alluvial fan

sediments and an upper part of fluvio-lacustrine sediments. Ten Veen and Kleinspehn

(2002) used the dating of Willmann (1980) to assign a Serravallian to Tortonian age to Unit

1 of Duranti (1997) based on the lithological resemblance of the descriptions of Willmann

(1980) and Duranti (1997), but we consider this age dating rather tentative. Moreover,

Kovacs and Spjeldnæs (1999) doubted the interpretation of Willmann (1980) and suggested

a Pliocene age for the entire basin fill. Van Vugt (2000) magnetostratigraphically dated the

up to 600 m thick Unit 2 of Duranti (1997) - using biostratigraphic data of Benda et al.

(1977) and Van de Weerd et al. (1982) as a reference - to an age between 4.187 (base of

Chron C2Ar: Lourens et al., 2004) and 2.95 Ma and the onset of sedimentation thus star-

ted prior to about 4 Ma. The Apolakkia basin is uplifted in the footwall to a NW-SE nor-

mal fault system, restricting sedimentation to the north, where 75 m of travertine form the

youngest deposits in the basin, with NW-SE growth faults indicating that NE-SW exten-

sion continued into the late Pliocene (Figure 7.4). The many hundreds of metres of thick-

ness of the sediments in the Apolakkia basin clearly indicate considerable Pliocene (and

possibly already middle to late Miocene) subsidence. Ten Veen and Kleinspehn (2002) stu-

died the tectonic history of the Apolakkia basin and recongnised an oldest phase of NE-SW

extension, which they estimated to be active until the Pliocene, starting in the middle to late

Miocene. It should be noted that they applied the stratigraphic framework provided by

Duranti (1997) to date the tectonic regimes and the middle-late Miocene onset of extension

should therefore be considered as poorly dated. Anyway, NE-SW extension was active in

the Apolakkia basin early Pliocene, dated by Van Vugt (2000).

In northeastern Rhodos, a Turolian to Ruscinian (late Miocene to early Pliocene) mammal

fauna was found in fissures overlain by coarse fluvial conglomerates with westward flow

directions (Maritsa conglomerates: De Bruijn et al., 1970; Meulenkamp et al., 1972). The

Maritsa conglomerates are overlain fluvial sediments with southeasterly flow directions

(Meulenkamp et al., 1972). The fluvial sediments gradually merge upward into shallow

marine to lagoonal sediments of the upper Pliocene or early Pleistocene (Broekman, 1974),
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sampled in Ladiko Bay (5; Figure 7.5).  Løvlie et al. (1989) published a magnetostratigra-

phy of Kolymbia (6; Figure 7.4), correlating it to the Gilbert, Gauss, Matuyama and part of

the Bruhnes chrons, i.e. about 3.5 to 0.5 Ma. However, They did not provide any biostrati-

graphic evidence to confirm a 3 Ma timespan. Later Løvlie and Hanken (2002) mentioned

a severe present-day field overprint in the samples of Kolymbia, also used by Løvlie et al.

(1989). Duermeijer et al. (2000) resampled the section for rotation analysis and their samp-

les are all reversed. This, in combination with the first occurrence of Hyalinea balthica in

the top of the section (Løvlie et al., 1989) and the presence of Globorotalia inflata throug-

hout the section (Spaak, 1983) indicates an age somewhere between 1.778 and 1.185 Ma

(Chron C1r.3r: Lourens et al., 2004).

Open marine clays and sands of the Pleistocene are exposed to a small strip along the

eastern coast of Rhodos (Meulenkamp et al., 1972; Moissette and Spjeldnæs, 1995; Hanken

et al., 1996; Kovacs and Spjeldnæs, 1999). These sediments unconformably overlie prene-

ogene basement (e.g. Pefki, 7) and elsewhere, upper Pliocene shallow marine sediments,

indicating drowning of a coastal paleorelief. The Pleistocene was further sampled in secti-

ons Sunwing (1), Eden Roc (2), Tassos Bay (3), Faliraki Beach (4; described earlier by

Sørensen, 1984), Pefkos Beach (8) and Plimiri (10).

West of Pefki (7) and Pefkos Beach (8), a small outcrop of calcareous marls is exposed in

the turn of the road just northeast of the chapel of Aghios Ioannis (9). Age markers in these

sediments are very rare, despite the high fraction of planktonic foraminifera: the few spe-

cimens of planktonic foraminifers Globorotalia crassaformis and G. ruber, and the absen-

ce of G. inflata and G. bononiensis would indicate an age between 2.39 and 2.09 Ma

(Lourens et al., 2004), but the calcareous nannoflora contains Reticulophenestra floridana

and R. pseudoumbilica, which both have their last occurrence well below the upper

Pliocene and must therefore be considered as reworked. Moreover, no specimens of e.g.

Discoaster, Gephyrocapsa, Amaurolithus, Pseudoemiliania or Helicosphaera are present,

which flourished in the late Pliocene and Pleistocene. Therefore, we interpret these sedi-

ments as reworked and their paleobathymetry value as both unreliable and undated. This

interpretation does imply, however, that nearby lower and upper Pliocene sediments were

eroded.

The top of the stratigraphy is formed by Pleistocene shallow marine coarse cross-bedded

calcarenites (Hansen, 1999). These unconformably overlie e.g. sections Eden Roc (2) and

Faliraki Beach (4) and conformably prograde over section Tassos Bay (3) (Figure 7.5).

Karpathos

The Neogene of Karpathos crops out in three isolated areas on the southern half of the

island (Figure 7.2). Lefkos (11) exposes Pleistocene marine marls, which alternate with

mass transported sandstones, debris flows and olistoliths (Figure 7.4), indicating nearby

relief (Figure 7.6). The sequence unconformably overlies preneogene basement (Figure

7.4).

The east of the island exposes a Pliocene to Pleistocene sequence. Pigadia Harbour (12)

Chapter 7: Vertical motions on Rhodos and Karpathos
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exposes lower Pliocene marl breccias overlain by marine marls. According to the regional

southward dip, Pigadia Dimotiki Skolio (13) is younger than Pigadia Harbour (12) but older

than the upper Pliocene alternating marls and sapropels of Pigadia (14). Pigadia (14) is con-

formably overlain by lower Pleistocene marine calcarenites alternating with sand- and silt-

stones, which correlate to the top of a sequence exposed along the coast of Amoopi. Here,

a series of upper Pliocene and Pleistocene calcarenites, conglomerates, sandstones and

marls has a thickness of several hundreds of metres. We sampled the lower 100 m in secti-

Chapter 7: Vertical motions on Rhodos and Karpathos

FIGURE 7.5. Stratigraphic correlation of the studied sections of Rhodos. For legend, see Figure 7.6. Section Ladiko Bay
(5) was taken from Broekman (1974) and the biostratigraphy of section Kolymbia (6) is based on Spaak (1983) and
Løvlie et al. (1989). Ages of the bio-events are taken from Lourens et al. (1998; 2004). F = bottom Globorotalia crassaformis
(3.60 Ma); K = bottom G. inflata (2.09 Ma); M = bottom Hyalinea balthica (1.49 Ma).

FIGURE 7.4 (left page). Selection of photographs of sites and sections on Rhodos and Karpathos. A. NW-verging
growth faults in the late Pliocene travertine carbonate deposits in the north of the Apolakkia basin on Rhodos. The
sequence is tilted to the northwest, probably in response to drag folding in the footwall of a NW-verging normal fault
offshore. B. View on the Kolymbia-section (see Figure 7.1). Note that the deep-marine lower Pleistocene section uncon-
formably overlies preneogene basement. C. Marine lower Pleistocene of Lefkos (western Karpathos, Figure 7.1) on pre-
neogene basement. D. Base of the terrestrial sequence of southern Karpathos. Mudflow-deposits unconformably over-
lie preneogene gypsum-bearing flysch of the Tripolitza unit. E. Large block of preneogene limestone, indicating near-
by steep relief during deposition of the ~300 m deep marine clays of Lefkos. F. Unconformable contact of the lower
Pliocene, deep-marine Trubi-facies-bearing marl breccia of Pounta Beach (17) with the underlying non-marine sands
of Karpathos Airport. Both are unconformably overlain by a Pleistocene (Tyrrhenian) shell-bed (panchina). G. Section
Karpathos Airport (18). Upper Pliocene clays and sapropels unconformably overlie lower Pliocene Trubi-facies. The
section is crosscut by a normal fault, emplacing the upper Pliocene next to the lower Pliocene. The hanging-wall sec-
tion was sampled 50m to the north along the coast.
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on Amoopi (15). The sequence both unconformably overlies the preneogene, and the marls

of and around Pigadia (14), where where we did not identify an unconformity in between

the calcarenites and the Pliocene marls. An isolated outcrop at the base of the sequence of

Amoopi (15) at the eastern side of the bay exposes lowermost Pliocene coarse conglome-

rates, sands and silts, which are exposed in a drag-synform in the hangingwall of a W-ver-

ging, basin bounding normal fault (Figure 7.6) that was probably active during deposition

providing the steep and proximal paleorelief.

FIGURE 7.6. Stratigraphic correlation of the studied sections of Karpathos. Bioevents of the sections Pigadia (79) and
Lefkos (11) were reported earlier by Sissingh (1972), Barrier et al. (1979), Spaak (1983), Meulenkamp (1985), Driever
(1988) and Frydas (1988). Ages of the bioevents are taken from Zachariasse and Spaak (1979) and Lourens et al. (2004).
A = base of Pliocene (5.332 Ma); B = Sphaeroidinellopsis acme (5.30-5.21 Ma); C = bottom Ceratolithus rugosus (5.05 Ma); D
= bottom Globorotalia puncticulata (4.52 Ma); E = subtop G. margaritae (3.98 Ma); F = bottom G. crassaformis (3.60 Ma); G
= bottom G. bononiensis (3.31 Ma); H = top Discoaster pentaradiatus (2.51 Ma); J = top G. bononiensis (2.39 Ma) and L = top
D. brouweri (1.95 Ma). The marl breccias of Pounta Beach (17) contain Globoturborotalia nepentes, abundant Sphaeroidinellopsis
seminulina, and no Globorotalia margaritae and G. ruber, and are thus correlated to the Sphaeroidinellopsis acme.
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Finally, the south of Karpathos exposes a 200 m thick fluvio-lacustrine and locally brackish

water sedimentary sequence. The base of the series consists of an approximately 20 m thick

coarse conglomerate with poorly rounded pebbles floating in a mud-matrix, interpreted as

a continental mudflow, unconformably overlying preneogene gypsum-bearing clastics that

most likely belong to the Tripolitza (Figure 7.4). Higher in the stratigraphy, fluvio-lacustri-

ne sands with large foresets are overlain by partly slumped travertine. The top of the

sequence consists of sands, conglomerates and silts, in which an occasional brackish water

interval contained upper Miocene ostracods (Daams and Van de Weerd, 1980). These

authors also recovered an association of small mammals from the fines of the terrestrial

sequence and ascribed it to the Ruscinian (Pliocene). However, according to the present

eastern Mediterranean mammal biostratigraphy, this faunule can also be placed in the

uppermost Miocene (H. de Bruijn, pers. comm. 2004). The diversity of the fauna indicates

that during the deposition of these continental deposits, Karpathos was probably connected

to Turkey (Sondaar et al., 1986). South of the airport, along the coast, Pounta Beach (17)

exposes lower Pliocene deep marine marl breccias, unconformably overlying sands of the

non-marine sequence of Karpathos South (16; Figures 7.4 and 7.6). The marl breccias are

separated from upper Pliocene marine clays by an unconformity (Figure 7.6). A panchina

(shallow marine carbonate, consisting of shells, Figure 7.4) of Pleistocene, Tyrrhenian age

(Angelier, 1973) unconformably overlies the entire section. A few kilometres to the east,

Karpathos airport (18) exposes lower Pliocene Trubi-facies, alternating with thin sapropels

and sands, unconformably overlain by upper Pliocene blue marls and dark brown sapropels

(Figures 7.4 and 7.6). Two specimens of G. puncticulata were recovered from the upper

Pliocene in the higher part of the sequence, indicating reworking of the lower Pliocene. The

upper Pliocene clays and sapropels were sampled immediately above the unconformity

with the Trubi facies and in the hangingwall of a normal fault crosscutting the section. Both

sections and the normal fault are unconformably overlain by the Tyrrhenian (Figures 7.4

and 7.6).

7.4 Paleobathymetry and vertical motions

To estimate the depositional depth of marine sediments, we used the general relationship

between the fraction of planktonic foraminifera with respect to the total foraminiferal popu-

lation (%P) and depth of Van der Zwaan et al. (1990), following sample selection and coun-

ting procedures described in Chapter 1. Since the %P also varies with oxygenation varia-

tions, all samples with a fraction of stress markers with respect to the total benthic popula-

tion exceeding 60% were discarded. Some samples contain high fractions of quartz and

rock fragments, at deep marine levels indicating downslope transport. These samples were

discarded, or considered to give a minimum depth value. The depth estimates and their

standard deviation are listed in Table 7.1 and were checked by means of presence or absen-

ce of benthic depth markers (for discussion and list, see Chapter 1). The results are inclu-

Chapter 7: Vertical motions on Rhodos and Karpathos
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ded in Table 7.1. Especially from the sections sampled in the area around Pigadia the qua-

litative depth estimates are more reliable than the calculated value due to the influence of

downslope transport. Our depth estimate for Kolymbia (6) of 500-600 m is comparable to

the estimate based on bryozoans by Moissette and Spjeldnæs (1995).

Bathymetry is influenced by sedimentary infill, eustatic sea level changes and tectonics.

The lack of high-resolution age control made correction for eustatic sea level changes (in

the order of tens of metres) impossible. Adding the amount of accumulated sediment to the

paleobathymetry yields the vertical motion of a chosen stratigraphic level through time.

The amount of sediment that accumulated in the Pliocene marine setting of Karpathos and

Rhodos is negligible compared to the water depths (Figure 7.4, Table 7.1). A diagram of

vertical motion versus stratigraphic level constructed for section Karpathos Airport (Figure

7.7) shows a phase of erosion and net 400 m uplift between the early and late Pliocene.

Contemporaneously, NE-SW extension in the Apolakkia basin of SW Rhodos also led to

considerable subsidence (Ten Veen and Kleinspehn, 2002), but the high sedimentation rate

prevented Rhodos to submerge.

7.5 Discussion

Neogene geologic history of Karpathos

Karpathos belonged to a terrestrial domain, probably connected to Rhodos and Turkey until

the late Miocene. The mudflows and slumped travertine in Karpathos South (16) indicate

that in the late Miocene tectonic instability already started, which accelerated around the

code locallity sample n depth SD taxonomic age range

number (m) (m) estimate

1 Sunwing 12792-95 4 69 25 100-300 Pleistocene

2 Eden Roc 12796-804 5 342 170 200-500 Pleistocene

3 Tassos Bay 12763-65 2 57 20 0-50 Pleistocene

4 Faliraki Beach 12750-62 9 445 209 300-500 Pleistocene

5 Ladiko Bay 12937-48 7 51 25 0-50 L. Pliocene-Pleistoc.

6 Kolymbia 3164-3204 33 283 210 500-600 Pleistocene

7 Pefki 3205-29; 12768-73 28 638 265 300-500 Pleistocene

8 Pefkos Beach 12774-88 11 510 162 300-500 Pleistocene

9 Aghios Ioannis 12766-67 unreliable reworked

10 Plimiri 101-113; 3230-33 13 167 69 200-300 Pleistocene

11 Lefkos 3133-49; 12861-66 18 286 70 300-500 early Pleistocene

12 Pigadia harbour 37-41 4 380 157 500-750 Pliocene

13 Pigadia Dimotiki Skolio 12887-96 1 515 - Pliocene

14 Pigadia  3101-31 29 512 324 600-750 late Pliocene

15 Amoopi 12867-83 1 339 - 200-500 base Pliocene

15 Amoopi 12868-83 9 206 93 100-150 L. Pliocene-Pleistoc.

17 Pounta Beach 12846-60 11 665 325 300-500 late Pliocene

18 Karpathos airport footwall 12806-25 20 916 85 900-1200 early Pliocene

18 Karpathos airport footwall 12826-31 4 461 112 500-750 late Pliocene

18 Karpathos airport hangingw. 12832-45 10 482 123 500-750 late Pliocene

TABLE 7.1. Calculated and estimated paleobathymetry values for all sites and sections. Code refers to numbers in Figures
7.1, 7.4 and 7.5. n = number of samples averages, SD = standard deviation.
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Miocene-Pliocene transition, leading to rapid subsidence and transgression. The basal

Pliocene mass-transported clastics of the eastern side of Amoopi-bay were deposited at

200-300 m depth and the probably syn-sedimentary activity of the basin-bounding fault

suggests that the early Pliocene extension was approximately E-W oriented. The base of the

marl breccias of Pounta Beach (17) may have been erosive, removing the transgressive

sequence, but the deepening around the Miocene-Pliocene transition occurred probably

very rapid. 

The marl breccia of the basal Pliocene in Pigadia Harbour (12) and the subsequent Pliocene

sediments were deposited at deep-marine levels around 500 m or more. Therefore, a north-

ward slope probably existed from the shallower Amoopi area to the deep Pigadia area.   The

shallow-marine sediments of Amoopi (15) unconformably transgress over preneogene

basement in the south, indicating transgression. However, these shallow sediments also -

probably conformably - overlie the deep marine Pliocene marls of Pigadia (14) in the north,

indicative of regression in the area around Pigadia (14). This provides clear evidence for

tilting in a southward direction, uplifting the north and submerging the south, which is in

line with the modern regional southward tilt of the Neogene deposits. 

The unconformity in sections Pounta Beach (17) and Karpathos Airport (18) may result

from emergence and erosion, but they more likely represent submarine slumpscars, gene-

rated during the early stages of southward tilting. Nearby Karpathos Airport (18), however,

marine lower Pliocene was uplifted before and eroded in the late Pliocene, evident from the

reworking of Globorotalia puncticulata in the upper Pliocene of the section. In the early

Chapter 7: Vertical motions on Rhodos and Karpathos

FIGURE 7.7. Vertical motion diagram obtained from Karpathos Airport (81), plotted against the stratigraphic level.
Small open circles are individual depth calculations; thin solid curve represents a 5-point moving average of the depth
estimates. Vertical grey bars represent the paleobathymetry indicated by benthic depth markers. The grey area is the
standard deviation of the moving average.
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Pleistocene, rapid subsidence along a west-verging normal fault submerged the area of

Lefkos (11) and a very steep cliff-coast was generated providing frequent debris-flows and

small olistoliths (Figure 7.4). In the course of the Pleistocene, Karpathos was 300 m uplif-

ted in the west, most likely as a result of westward stepping of the active normal fault, pro-

viding a young, strong accentuation of relief.

Concluding, Neogene sedimentation on Karpathos probably started in the late Miocene and

remained predominantly terrestrial until around the Miocene-Pliocene transition. It was fol-

lowed by a rapid transgression in response to probably E-W extension. The Plio-

Pleistocene history of the island is characterised by continuing vertical motions. These can-

not be correlated from one area to the other. All vertical motions most likely relate to exten-

sion, with local uplift in the footwalls and local subsidence in the hangingwalls of the vari-

ous normal faults. Tilting was most likely the result of laterally varying movement along

the faults and the alternating uplift and subsidence histories of the various parts of the

island probably relate to the changing locations of faults activity.

Neogene geologic history of Rhodos

Comparably to Karpathos, the basement of Rhodos was folded after the Oligocene (Mutti

et al., 1970). Sedimentation started in karstic fissures where small mammals indicative of

a late Miocene to early Pliocene age were found in NW Rhodos (Meulenkamp et al., 1972).

The sediments in the Apolakkia basin were deposited during NE-SW extension (Ten Veen

and Kleinspehn, 2002), which lasted at least until the deposition of the Monolithos travert-

ines (Figure 7.4) and is in line with the (south)westward flow directions reported by

Meulenkamp et al. (1972). During this phase, Rhodos was part of the Anatolian land-mass.

FIGURE 7.8. Bathymetry map of the sea around Rhodos, with the dashed lines representing the thrust faults proposed
by Kontogianni et al. (2002) - based on the seismic profile of Woodside et al. (2000) - to explain the late Pleistocene
to recent tilting and uplift of the island. A. Late Pliocene and Pleistocene marine bathymetry values, obtained in this
study. B. Raised notches and terraces, taken from Kontogianni et al. (2002). The tilting axis was constructed by Hanken
et al. (1996).
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This was followed by NW-SE extension and 070º left-lateral strike slip (Ten Veen and

Kleinspehn, 2002), which led to the - local - counterclockwise rotations of Rhodos and

Karpathos and

changed the flow direction from westward to (south)eastward. Moreover, the northern and

eastern part of the island submerged (Meulenkamp et al., 1972). Tilting to the southeast

must have been ongoing until well into the Pleistocene, forming the strip of deep-marine

Pleistocene sediments along the southeastern coast of the island (Figure 7.8, Table 7.1). The

obtained depth values appear to increase along the coast from northeast to southwest from

100-300 to 500-600 m, but it should be stressed that the chronostratigraphic control is too

poor to determine whether this trend represents a paleoslope or different stages in the ver-

tical motion history. Shallow marine calcarenites both onlap preneogene basement - indica-

ting transgression - and (un)conformably overlie the deep marine Pleistocene clays (Figure

7.5) - indicating regression (Meulenkamp et al., 1972; Hanken et al., 1996; Hansen, 1999).

This may indicate tilting, but more likely, the onlapping calcarenites may be the coastal

lateral equivalent of the deep-marine clays, which then diachronously regress towards the

present-day coast. The east to southeastward tilt and subsidence suggests tilting along a

west to northwest-verging normal fault. Northwest and southeast verging normal faults led

to the formation of the Rhodos basin and are well known from offshore southeastern

Rhodos (Mascle et al., 1986; Woodside et al., 2000; Ten Veen and Kleinspehn, 2002). The

uplift of Rhodos (Figure 7.8) is associated with northwestward tilting (Hanken et al., 1996)

and was probably accommodated by an offshore thrust fault (Kontogianni et al., 2002),

which we propose to be the inverted normal fault along which Rhodos submerged in the

early Pleistocene. The emergence of the subhorizontal marine Pleistocene of southeastern

Rhodos involved approximately 500-600m of uplift. Hanken et al. (1996) constructed the

axis of tilting, running approximately parallel to the western coast (Figure 7.8), with a

distance of tens of kilometres to the western coast. Consequently, approximately 1-2º of

northwestwardly tilting would already be sufficient to explain the reconstructed uplift.

Concluding, the Neogene geologic history of Rhodos is characterised by an onset of NE-

SW extension in the Pliocene, or possibly earlier in the middle to late Miocene, changing

to NW-SE extension and strike-slip in late Pliocene and early Pleistocene. During the late

Plio-Pleistocene, Rhodos tilted SE-ward. The late Pleistocene history, however, contains a

component of NE-SW compression, possibly associated with strike-slip, leading to NW-til-

ting.

Anatolian extrusion and gravitational spreading in the late Neogene

The purpose of this paper is to determine the timing of the onset of independent outward

spreading motion of Greece, superimposed on southwestward motion together with

Anatolia (Figure 7.1). Spreading of the overriding plate would result in extension perpen-

dicular to the spreading direction, i.e. NE-SW on Rhodos to E-W on Crete, and NW-SE to

N-S compression. Anatolian extrusion on the other hand, would yield NW-SE extension, if

Chapter 7: Vertical motions on Rhodos and Karpathos
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anything.

Rhodos and Karpathos were connected to the terrestrial domain of Anatolia from the end

of nappe stacking around the Oligocene-Miocene boundary. Anatolian extrusion was infer-

red to have started around 13 Ma (Sengör et al., 2003), but there is no evidence for contem-

poraneous deformation on Rhodos. It lasted until the late Miocene or early Pliocene until

extension started to deform Rhodos. This extension was NE-SW directed and interpreted

as arc-parallel (see also Ten Veen and Kleinspehn, 2002), leading to 500-600 m of Pliocene

subsidence in the Apolakkia basin. High sedimentation rates in the basin prevented it from

submergence. On Karpathos, however, sedimentation rates were much lower and rapid sub-

sidence around the Miocene-Pliocene boundary led to deep-marine conditions. Afterward,

arc-parallel extension has been active throughout most of its post-Miocene history. This

latest Miocene-early Pliocene phase of rapid extension subparallel to the motion of

Anatolia, unambiguously reconstructed from Karpathos and Rhodos is seen in many pla-

ces in Greece: e.g. in the Strimon Basin (Snel et al., in press-b), in the Karditsa and Larissa

basins (Caputo and Pavlides, 1993; Caputo et al., 1994), in the Saronic Gulf (Chapter 6)

and on the Messini peninsula of the southwestern Peloponnesos (Chapter 4). This probably

marks the onset of outward spreading of the Aegean region superimposed on Anatolian

extrusion. The late Pliocene change to NW-SE extension and sinistral strike-slip (Ten Veen

and Kleinspehn, 2002) disconnected Rhodos from the mainland, probably by tilting in res-

ponse to the rapid foundering of the Rhodos basin as a transtensional splay of the Pliny and

Strabo-trenches. Both the NW-SE extension and the left-lateral 070º strike slip probably

relate to Anatolian extrusion, which remained the dominant process in the region throug-

hout the late Neogene. The uplift of Rhodos in the late Pleistocene, then, is in line with

ongoing outward spreading of the Aegean superimposed on westward motion of the

Aegean together with Anatolia.

7.6 Conclusions

Analysis of present-day motion by GPS-analysis recently showed that superimposed on

westward motion together with Anatolia, the Aegean region spreads outward. In southe-

astern Greece, the motion vectors of these processes are suborthogonal. To assess the onset

and tectonic influences of both processes we studied the Neogene geologic history of the

islands of Rhodos and Karpathos. The results show, that after a phase of continental depo-

sition, extension, subparallel to the motion of Anatolia started to affect both islands. The

most severe effects were found on Karpathos, which subsided (locally) to a depth of around

1000 m in the early Pliocene. This is explained as the result of the onset of outward sprea-

ding of the Aegean superimposed on the extrusion of Anatolia around the Miocene-

Pliocene boundary. This conclusion is in line with increased extension parallel to the

motion direction of Anatolia throughout Greece. The late Pliocene and Pleistocene history

of Rhodos is characterised by SE-ward tilting and submergence, and strike-slip motion
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along NE-SW trending faults, probably associated with Anatolian extrusion. The recent

uplift and NW-ward tilt of Rhodos is explained as the result of inversion of a late Pliocene

normal fault in response to spreading of the Aegean.
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Comparison of geologic reconstructions Comparison of geologic reconstructions 

with tomographic images: deep subductionwith tomographic images: deep subduction

of continental lithosphere below Greeceof continental lithosphere below Greece

������� �

We test the model in which nappe stacking results from the decoupling of the upper crustal

part (5-10 km) from a subducting slab. If true, the minimum amount of convergence esti-

mated from the nappe stack should correspond to or be smaller than the amount estimated

from seismic tomographic images of the subducted slab. We test this in the Aegean region,

where the nappes indicate 500 km of Jurassic and >2100 km of post-early Cretaceous con-

vergence and 2100-2500 km of post-early Cretaceous convergence is estimated from the

seismic tomographic images. These results are in good agreement with the tested model and

we therefore propose that the subducted slab represents the subducted lithosphere that ori-

ginally underlay the nappes. Moreover, 40-50% of the subducted slab consists of continen-

tal lithosphere, including the lower crust, deduced from the continental or oceanic compo-

sition of the original basement of the nappes. Finally, we expect that the results presented

here for the Aegean may shed light on the history of orogens in comparable settings

This chapter is submitted for publication as: Van Hinsbergen, D.J.J., Spakman, W.,

Hafkenscheid, E., Meulenkamp, J.E. and Wortel, M.J.R. Comparison of geologic recon-

structions with tomographic images: deep subduction of continental lithosphere below

Greece: Geology
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8.1 Introduction

African-European convergence since the late Mesozoic led in the Aegean region to an

accretionary wedge of stacked nappes (Aubouin, 1957; Jacobshagen, 1986). Various

models and reconstructions of nappe stacking imply that nappes represent the upper crustal

portions that decoupled from the underthrusting, continental or oceanic plate (e.g. Ricou et

al., 1998; Schmid and Kissling, 2000). If valid, the amount of convergence estimated from

the nappes should correspond to the original length of the subducted slab estimated from

seismic tomographic images. The Aegean region exposes a well-described nappe stack,

crosscut by late Cenozoic metamorphic core complexes that expose underthrusted and

metamorphosed parts of the nappe stack (Figure 8.1), which can be correlated to the non-

metamorphosed external parts (Jolivet et al., 2004b). The nature of the basement original-

ly underlying the nappes is well known (Jacobshagen, 1986), allowing to assess the role of

composition of the underthrusting lithosphere in the process of nappe stacking. Finally, the

seismic tomographic images of the mantle below the Aegean is well-resolved (Bijwaard et

al., 1998). For these reasons we chose the Aegean region as a case study to validate the

model of nappes being the decoupled upper crustal portion of the subducted continental and

oceanic lithosphere.

8.2 Alpine paleogeographic evolution and nappe stacking of
the Hellenides

Table 8.1 gives the estimated original dimensions of the Hellenic nappes; a schematic

reconstruction of nappe stacking is shown in Figure 8.2. The oldest nappe, formed by an

ophiolite sheet was emplaced in the Jurassic on top of the Pelagonian unit (e.g. Ricou et al.,

1998; Robertson and Shallo, 2000). The high-temperature metamorphic sole of the ophio-

lite suggests that its emplacement resulted from inversion of a slow-spreading ridge (Ricou

et al., 1998). The ophiolites probably originate from the Vardar ocean in the north, based

on stratigraphic evidence for a southern foreland and a northern volcanic arc (Ricou et al.,

1998). The original width of Vardar parallel to the convergence direction was estimated at

1000 km (Stampfli et al., 2004). At least 600 km of Jurassic convergence must thus have

occurred to explain the position of e.g. the Othris ophiolite, separated from the Vardar-

Axios unit (Figure 8.1) by approximately 100 km. The remaining 400 km of Vardar formed

the Vardar-Axios nappe in the late Cretaceous. In the early Cretaceous, compression shif-

ted northward, to the passive margin of Moesia. We suggest that the subducted southern

half (approximately 500 km) of the Vardar oceanic basin detached in the late Jurassic along

the northern passive margin of Pelagonia, followed by the formation of a new subduction

system to the north.

During the Cretaceous, the complex north-dipping Rhodope nappe-stack developed. This

can be subdivided in a lower nappe of continental basement and sedimentary cover (Drama
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FIGURE 8.1. Geological map of Greece modified after Bornovas and Rontogianni-Tsiabaou (1983) and Jolivet et al.
(2004b). B. Highly schematic cross-section of the Aegean nappe stack. Compare with Figure 2H. Note that the effects
of late-orogenic extension have been ignored.
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nappe), and an overlying mixed unit of continental (Moesia) and oceanic affinity (Ricou et

al., 1998). Further north in the Carpathians, a comparable nappe stack between Moesia and

the Vardar oceanic basin was subdivided into the external Getic and internal Danubian

(margin of Moesia) nappes, with the narrow Severin oceanic basin in between (e.g. Schmid

et al., 1998). We correlate the Drama nappe to the Getic nappe and the Severin oceanic

basin to the oceanic fragments in the Rhodope mixed unit. The Danubian nappes then cor-

respond to the continental fragments in the Rhodope mixed unit, although we note that the

Getic nappe and the Severin ocean overthrust Moesia in the Carpathians, whereas in the

Rhodope, underthrusting below Moesia occurred. Cretaceous convergence in the Rhodope

was about 500 km (Ricou et al., 1998).

In the Paleogene, the oceanic Vardar-Axios unit subducted, which was in turn underth-

rusted by the Pelagonian unit (and overlying Jurassic ophiolites). The Pelagonian unit con-

sists of Variscan continental basement overlain by upper Paleozoic and lower Mesozoic

carbonates (Jacobshagen, 1986). It can be traced from northern Albania to at least the

Cyclades and is comparable in size and setting to e.g. Cuba. It was underthrusted by the

Pindos unit in the course of the Eocene. The subducted portion of the Pindos unit was meta-

morphosed at depth into the Cycladic blueschist, which can be traced from the eastern

Cyclades (Samos), via Evia towards Mt. Ossa, Mt. Olympos and the Paikon window in nor-

thern Greece (e.g. Ricou et al., 1998; Jolivet et al., 2004b; Figure 8.1). The Pindos and

Pelagonian zones also contain evidence for east-verging thrusting (Doutsos et al., 1993;

1994), but the fact that the Paikon, Ossa, Olympos and Pelion windows expose rocks alled-

gedly belonging to the Tripolitza and Pindos units, we believe that the east-verging thrusts

that for instance bound the Mesohellenic basin (Doutsos et al, 1994) are antithetic (back-

)thrusts, with the Pindos thrust as the dominant subduction thrust.

The Pindos unit contains radiolarites, indicative of below-CCD deposition, and is associa-

ted with metabasites in the Cycladic blueschist unit, indicating an original oceanic base-

nappe age lithosphere width thickness ref.

(km) (km)

Jurassic Vardar Jurassic oceanic 600 10 [1-3]

Severin early Cretaceous oceanic 500 ? [2]

Drama/Getic late Cretaceous continental

Paleocene Vardar Paleocene oceanic 400 ? [1-2]

Pelagonian Paleocene continental 300 6-8 [2,4,5]

Pindos Eocene oceanic 300 2-5 [2,5,6]

Tripolitza/Phyllite-Quartzite Eo-Oligocene continental 150 9,10 [7-9]

Ionian Oligocene continental 150 5-8 [7]

Apulia Neogene continental 300 [10]

East Medit. basin Neogene oceanic

Total since Jurassic mixed 2700

Total since early Cretaceous mixed 2100

TABLE 8.1. Characteristics of the Hellenic nappes, showing both the minimum original width of the nappe (i.e. before
convergence) and the present thickness of the nappe (i.e. after decoupling from the subducted lithosphere). References:
1 = Stampfli et al. (2004); 2 = Ricou et al. (1998); 3 = Robertson and Shallo (2000); 4 = Schermer (1990b); 5 = Bornovas
and Rontogianni-Tsiabaou (1983); 6 = Skourlis and Doutsos (2003); 7 = IGRS-IFP (1966); 8 = Krahl et al. (1983); 9 =
Jacobshagen (1986); 10 = Müller and Roest (1992).
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ment. In the Oligocene, the Pindos unit was underthrusted by the Tripolitza unit, consisting

of Mesozoic to Eocene platform carbonates, probably as the stratigraphic continuation of

the metamorphic Phyllite-Quartzite unit of the Peloponnesos and Crete (Chapter 2), which

on eastern Crete unconformably overlies slivers of continental pre-Alpine basement (Finger

et al., 2002). The Tripolitza unit metamorphosed at depth into the Basal unit of the Cyclades

and the windows of Mt. Olympos, Mt. Ossa and the Païkon window (Ring et al., 2001b).

Contemporaneously with the subduction of the Tripolitza unit, the Ionian unit underthrusted

the Tripolitza unit, metamorphosing at depth into the Plattenkalk unit of the Peloponnesos,

Crete and Kassos (Kowalczyk and Dittmar, 1991; Sotiropoulos et al., 2003; Jolivet et al.,

2004b; Figure 8.1). The deepest unit of the Ionian unit is formed by the Kastania phyllites

underlying the Plattenkalk (Kowalczyk and Dittmar, 1991), probably forming the lateral

equivalent of the Phyllite Quartzite unit. The basement of the Tripolitza and Ionian units is

therefore probably thinned continental crust.

Finally, during the Miocene and the early Pliocene the Ionian unit overthrusted (the Pre-

Apulian slope of) the Apulian platform. This platform did not exist in the eastern part of

Greece, where instead the oceanic lithosphere of the Eastern Mediterranean basin subduc-

ted since the early or middle Miocene. In Greece, Neogene convergence is obscured by the

extensional collapse of the Aegean lithosphere (Gautier et al., 1999; Jolivet, 2001). African-

European platewise convergence since 20 Ma was estimated to be ~250 km (e.g. Müller

and Roest, 1992).

In summary, we estimate the amount of Alpine convergence in Greece at more than 2700

km (Table 8.1, Figure 8.2). About 600 km was accommodated by Jurassic intra-Vardar sub-

duction and at least 2100 km is associated with continuous northward subduction since the

early Cretaceous. We stress that these estimates represent minimum values, since the nap-

pes probably continue beyond their most internal exposures.

8.3 The subducted slab underneath the Aegean

A cross-section of the Aegean mantle taken from the tomographic model of Bijwaard et al.

(1998), parallel to the convergence direction inferred from the nappe stack reveals a high-

velocity anomaly, continuous to a depth of approximately 1500 km (Figure 8.3). The inter-

pretation of slab-like anomalies in the sense of subducted lithosphere is warranted as shown

by De Jonge et al. (1994). Spatially the anomaly is well-resolved (see Bijwaard et al.,

1998). The upper mantle part has a length of about 600 km (Spakman et al., 1988). The

tomographic image suggests that the slab lies horizontal above the 660 km discontinuity

over a length of 300 km. This may correspond to 300 km of slab roll-back, in agreement

with the amount of late Cenozoic N-S extension in the Aegean (Jolivet, 2001). The anoma-

ly in the lower mantle is approximately 800 km long, but is about 1.5 to 2 times thicker than

the upper mantle slab. If we assume that the increased thickness of the anomaly is only the

result of thickening of the slab, ignoring any effects of cooling of the mantle surrounding

Chapter 8: Continental subduction in the Aegean
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FIGURE 8.2. Schematic overview of the development of the nappe stack and subduction during the Alpine orogeny in
Greece. For each unit (normal print), the metamorphosed equivalents are given in the legend as well (italic). E = Evia;
K = Kassos, Ol = Mt. Olympos; Os = Mt. Ossa; Ot = Othris ophiolite; Pa = Païkon window; Pi = Pindos ophiolite;
Rhodope CC = Rhodope core complex; V = Vourinos ophiolite.
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FIGURE 8.3. Tomographic image of the cross-section through the Aegean from the model of Bijwaard et al. (1998).
Velocity anomalies are displayed in percentages of the reference model ak135 (Kennett et al., 1995).
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the subducted slab, we estimate that the entire slab anomaly represents between 2100 and

2500 km of convergence. Hafkenscheid (2004) included the temperature effects and

approximated the present thermal volume of subducted Aegean lithosphere based on tomo-

graphic cross-sections from the model of Bijwaard et al. (1998) and found that the tomo-

graphic slab volume may well correspond to about 2600 km of convergence since the early

Jurassic.

Faccenna et al. (2003) estimated that the downdip slab length beneath the Aegean corres-

ponds to 2000 km of convergence, but their analysis is primarily based on a tomographic

model that stops at 1000 km depth. In the mid-mantle (around 1500 km, Figure 8.3) a

second positive velocity anomaly is found parallel to the Aegean slab (Van der Voo et al.,

1999). This anomaly was interpreted by Faccenna et al. (2003) as the result of drag-folding

of the slab at the 660 km discontinuity in response to northward motion of the trench.

Adding this second anomaly to the first one led them to a convergence estimate of as much

as 4000 km. We prefer to alternatively interpret the second anomaly as the remnant of the

southern half of the Vardar ocean, which probably subducted and detached in the middle

and late Jurassic (Figure 8.2).

8.4 Discussion

The estimate of 2100-2500 km of post-early Cretaceous convergence that we estimated

based on seismic tomographic images is in excellent agreement with the minimum amount

of convergence estimated from the nappes that were stacked since the early Cretaceous in

the Aegean region. These results validate the tested model and we therefore conclude that

the subducted slab beneath the Aegean corresponds to the lithosphere, including the lower

crust that originally underlay the Aegean nappes indeed.

Recently, increased attention has been given to the possibility of subduction of continental

crust, by numerical modelling (Toussaint et al., 2004), analysis of ultra-high pressure meta-

morphosed continental crust (Liati et al., 2002; Van Roermund et al., 2002; Chopin, 2003)

and geochemical analysis of volcanics (Elburg et al., 2004). Paleogeographic reconstructi-

ons for the Aegean region agree on the presence of a number of oceanic basins separated

by isolated elongated continental terrains ("micro-continents": Robertson et al., 1996;

Ricou et al., 1998; Stampfli et al., 2004). This indicates that continental subduction played

a significant role in the Alpine history of the Aegean. The composition of the original base-

ment of the nappes (Table 8.1) suggests that approximately 40-50% of the down-dip length

of the subducted slab consists of continental lower crust and continental upper mantle. This

includes the deepest parts of the subducted slab, which would correspond to the original

basement of the Rhodope. In the continental basement of the Rhodope, evidence for ultra-

high pressure metamorphism suggests that continental upper crust was dragged down to a

depth of 70-80 km (Liati et al., 2002) or possibly even 120 km (Mposkos and Kostopoulos,

2001; Beyssac and Chopin, 2003). These values indicate that continental crust has actual-
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ly subducted to depths well exceeding the thickness of the overriding plate indeed.

The average convergence rate since the early Cretaceous was in the order of approximate-

ly 2-2.5 cm/yr (~2100-2500 km in ~100 Ma). According to Toussaint et al. (2004), this rate

should be at least twice as high to allow stable, oceanic type subduction of continental

lithosphere. In our case, however, the slab consists of short (300-500 km), alternating seg-

ments of continental and oceanic lithosphere. 

In the Alpine orogen, former passive margins tend to serve as a weakness zone and lead to

detachment of subducted lithosphere (e.g. along the southern Iberian margin, the margin of

Apulia in Italy, and the margin of the Russian platform in the eastern Carpathians: Wortel

and Spakman, 2000; Van de Zedde and Wortel, 2001). From seismic tomography we infer

that no slab detachment occurred, in the Cretaceous and Tertiary history, but probably such

a process did occur in the late Jurassic along the northern margin of Pelagonia.

8.5 Conclusions

We test a model, in which a nappe represents (part of) the upper crust that decoupled from

the subducting slab. Therefore, we reconstructed the original width of the Hellenic nappe

pile and compared it with seismic tomographic images of the mantle below the Aegean. The

nappes indicate at least 2700 km of shortening since the middle Jurassic, in two episodes:

600 km of intra-oceanic Jurassic subduction, followed by with a northward shift of subduc-

tion and at least 2100 km of continuous subduction with south-verging, southward stepping

nappe stacking since the early Cretaceous. Interpretation of the seismic tomographic ima-

ges indicates 2100-2500 km of subduction since the Cretaceous. The agreement between

these estimates supports the tested model. The oceanic or continental composition of the

original basement of the nappes is known, or inferred from the sedimentary facies in the

nappe. We conclude that approximately 40-50% of the down-dip length of the subducted

lithosphere below the Aegean consists of continental lower crust and lithospheric mantle,

including the deepest parts which are presently at a depth around 1500 km. Finally, we

expect that our result for the Aegean may shed light on the evolution of orogens in compa-

rable settings.
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In this paper we aim to identify the large-scale geodynamic processes that played a role

during late-orogenic extension in the Aegean segment of the Alpine orogen since the late

Eocene. Moreover, we will attempt to assess the timing and duration of these processes and

determine their structural consequences. To this end, we reconstructed the evolving three-

dimensional anatomy of the Aegean region during its late-orogenic extensional history. We

investigated whether the fragmentation can be subdivided into different phases, and if so,

we constrained the timing of onset and duration of these phases. Therefore, we reconstruc-

ted the palinspastic evolution of the Aegean region since the Eocene and compared it with

the structural, metamorphic and magmatic history of the region. This led to the identifica-

tion of a number of phases: 35-23 Ma, 23-15 Ma, 15-8 Ma, 8-3.5 Ma and 3.5-0 Ma. The

first two phases are characterised by - probably roll-back induced - N-S extension, the for-

mation of metamorphic core complexes and the onset of volcanism. 

Around 23 Ma, two nappes decoupled from the subducting slab. Afterwards, they were

extended and exhumed between 23 and 15 Ma in two metamorphic core complexes, the tec-

tonostratigraphically higher one of which experienced a high-temperature overprint as a

result of exhumation of hot material along the lower one. Around 15 Ma, the onset of late-

ral extrusion of Anatolia led to clockwise rotation and reestablishment of compression in

western Greece. From 8 Ma onward, the overriding Aegean lithosphere started to spread out

over the underthrusting lithosphere, leading in the northwest to collision with Apulia. This

collision was established around 3.5 Ma, after which the ongoing spreading of the Aegean

region led to interfering curved extensional basins such as the Gulf of Corinth-Saronic Gulf

composite basin system. The timing of these phases correlates well with Mediterranean

wide, large-scale palinspastic and tectono-stratigraphic phases.

This chapter is in preparation for submission as: Van Hinsbergen, D.J.J., Meulenkamp, J.E.

and Wortel, M.J.R. The evolving anatomy of a collapsing orogen: a scenario for the

Cenozoic geologic evolution of the Aegean region
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9.1 Introduction

Platewise convergence between Africa and Eurasia since the middle Jurassic led to stacking

of decoupled upper crustal portions of the subducting lithosphere (nappes: Chapters 2 and

8, and references therein). The late Cenozoic fragmentation led to the foundering of exten-

sional sedimentary basins overlying the nappes and the thrusts between the nappes. In some

places, the extension formed metamorphic core complexes (Lips, 1998; Gautier et al.,

1999; Jolivet et al., 2004b) and led to the formation of volcanic centres (Fytikas et al., 1984;

Innocenti et al., 1984; Yanev et al., 1998; Chapter 6). Contemporaneously, convergence

was still accommodated at the plate boundary. Associated with the convergence, sedimen-

tary basins in compressional settings still existed (foreland basins, thrust-top basins:

Chapters 2 and 4 and references therein).

The horizontal motions that contributed to the formation and fragmentation of the orogen

can in most cases not be measured directly. Differential horizontal motions led to zones of

localised extension or shortening. As a result, these zones underwent vertical motions. Such

motions affecting marine sedimentary basins were detected by the detailed analysis of the

sedimentary and paleobahymetric history. Depth of deposition of a sediment sample can be

estimated by the fraction of planktonic foraminifera amongst total foraminiferal content

(%P: Van der Zwaan et al., 1990). The %P, however, appears also to depend on the oxyge-

nation of bottom water (Chapter 1). Oxygenation of bottom water is related to climate fluc-

tuations, often forced by Milankovitch cyclicity. Long sedimentary sections may therefore

show cyclic variation of the %P, superimposed on variations due to changes in depth.

Identification of the climatic and bathymetric effects and the identification of benthic depth

markers allow the recognition of true paleobathymetry changes (Chapter 1). The correcti-

on for eustatic sea level changes and sediment accumulation, then, constrains the motion of

a chosen stratigraphic level through time with respect to the present-day sea level.

The paleobathymetry of samples of about 200 sedimentary sections from Oligocene and

mainly Neogene marine basin fill in central (Chapter 6), western (Chapter 2 and Chapter

4), northern (Snel et al., in press-b) and southern Greece (Chapter 5 and Chapter 7) were

analysed. This large dataset allowed the detailed reconstruction of the timing, magnitude

and duration of vertical motions in the various parts of the Aegean basins during the late

Cenozoic.

Additionally, lateral variation in amount of horizontal motion led to clockwise rotation

around a vertical axis: 40º clockwise rotation occurred between 15-13 and 8 Ma, and 10º

clockwise rotation occurred after 4 and probably before 3.5 Ma (Chapters 3 and 4; Figure

9.2). The rotation phase affected an area running from northern Albania to the

Peloponnesos, and from the external Ionian zone to the Mesohellenic basin and the island

of Evia (Chapter 3 and references therein). The peninsula of Chalkidiki and the islands of

Skyros, Limnos, Mykonos and Tinos (Figure 9.1) were probably at least for part of the rota-

tion history incorporated in the rotating domain. This modifies the paleomagnetic recon-

structions of Kissel and Laj (1988) and Kissel et al. (2003), who suggested that 25º of the
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clockwise rotation occurred in the Plio-Pleistocene.

This paper integrates the detailed new results on the timing and duration of vertical and

horizontal motions in the sedimentary basins of Greece to a palinspastic evolution of the

Aegean area since the Eocene. This reconstruction will then be combined with published

information about the volcanic, metamorphic and structural geologic evolution of the

Aegean in the Tertiary, to assess whether it is possible to identify and constrain the timing

of different geodynamic phases from the evolution of the three-dimensional anatomy of the

Hellenic segment of the Alpine orogen in the late Cenozoic.

9.2 Palinspastic reconstruction of the Aegean domain

The nappes of the Aegean consist mainly of sedimentary rocks and in some cases continen-

tal or oceanic basement. Reconstruction of the nappe stack showed a pre-Alpine paleogeo-

graphy of oceanic basins generated by rifting in the Neotethyan domain since the late

Paleozoic, separated by narrow (~300 km wide) and elongated (>1000 km long) continen-

tal fragments (microcontinents or terrains: Robertson and Dixon, 1984; Stampfli et al.,

2004; Chapter 8). On top of these oceanic and continental domains, sedimentary rocks

accumulated. The oldest sediments (e.g. Phyllite Quartzite, Kastania Phyllites: Krahl et al.,

1986; Kowalczyk and Dittmar, 1991) are interpreted as terrigeneous clastics that accumu-

lated in a passive margin setting, overlain by biogenic carbonates or radiolarites (Chapter 2

and references therein). The oldest evidence for nappe emplacement and convergence bet-

ween Africa and Europe is recorded by the emplacement of an ophiolite nappe in the

Jurassic (Figure 9.3), as a result of inversion of a mid-oceanic ridge and subsequent north-

ward underthrusting, followed in the early Cretaceous by a northward shift of the active

margin (Ricou et al., 1998). Since the early Cretaceous, continuous northward subduction

occurred (Faccenna et al., 2003; Chapter 8). During subduction, the underthrusting plate,

including its sedimentary cover, underthrusted below the overriding plate, followed by the

decoupling of the upper 5-10 km of the underthrusting plate (normally the sedimentary

cover, in some cases including part of the underlying basement; Chapters 2, 4 and 8). This

upper 5-10 km then forms a nappe. In front of the active margin, terrigeneous clastics were

deposited in a deep-marine environment (flysch: Chapter 2 and references therein). The age

of the various flysch units on the nappes consequently becomes younger from internal to

external (Richter et al., 1978). After the decoupling of the nappe from the underthrusting

plate and its accretion to the overriding plate, a nappe may be exhumed, extended and over-

lain by sedimentary basins. We propose a subdivision of the sedimentary basins in the

Hellenides based on their position with respect to the active margin during sedimentation:

so-called 'pre-accretionary basins' and 'post-accretionary basins'. Pre-accretionary basins

contain all sediments that were deposited prior to the accretion of a nappe to the overriding

plate. These include the passive margin and open marine sediments deposited in the late

Paleozoic and Mesozoic Neotethyan domain, and the flysch deposited in front of the acti-
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Chapter  9: A scenario for the Cenozoic evolution of the Aegean region

FIGURE 9.2. Schematic map indicating the configuration of the domain that rotated clockwise in the western Aegean
region since the middle Miocene (taken from Chapter 3). The shaded area is inferred to rotate 50ºcw. The finely hatched
area has smaller finite post-Oligocene clockwise rotations of 30-40º. The widely hatched area does not contain middle
Miocene sediments but it is inferred from structural observations that it belonged to the 50ºcw rotating domain. A =
Albanides; Ca = Chalkidiki peninsula; Ci = Chios; D = Dinarides; Ep = Epirus; Ev = Evia; Lm = Limnos; Ls = Lesbos;
M = Mesohellenic basin; P = Peloponnesos; R = Rhodope; S = Skyros; S-P = Scutari-Pec transform; T/M = Tinos
and Mykonos.

FIGURE 9.1. Geologic map of the Aegean region, modified after Finetti (1982), Bornovas and Rontogianni-Tsiabaou
(1983), Dinter (1998), Meco and Aliaj (2000), Polonia et al. (2002) and Jolivet et al. (2004b). AFZ = Aliakmon Fault
Zone; Am = Gulf of Amvrakikos; Di = Dilos; Ev = Evrotas Basin; Ge = Gulf of Evia; KaFZ = Kastaniotikos Fault
Zone; Kd = Karditsa basin; Kp = Klematia-Paramythia basin; Kpa = Karaburun Peninsula Albania; Kt = Katerini; La
= Larissa Basin; Lv = Levkas; Mb = Megalopolis Basin; Sg = Saronic Gulf; Sp = Sperchios Basin; TSZ = Thesprotiko
Shear Zone.
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FIGURE 9.3: Schematic scheme of the lithostratigraphy of the nappes and timing of nappe emplacement, based on
IGRS-IFP (1966), De Mulder (1975), Fleury (1975), Meulenkamp (1982; 1985), Pe-Piper (1982), Baumgartner (1985),
Jacobshagen (1986), Meulenkamp and Hilgen (1986), Blümor et al. (1994), Thiébault et al. (1994) and Degnan and
Robertson (1998)
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ve margin. The stratigraphic development of the pre-accretionary basin sediments recogni-

sed in the Hellenides is given in Figure 9.3. Post-accretionary basins contain all sediments

that were deposited after accretion of the nappe to the overriding plate, and unconformably

overlie the nappes and the nappe-bounding thrusts. Most of the post-accretionary basins are

generated by late-orogenic extension. One exception is formed by the Mesohellenic basin

(Figure 9.1), which developed from the late Eocene onward (Zygojannis and Müller, 1982;

Barbieri, 1992b) as a 'retro-foredeep' sensu Beaumont et al. (2000; Chapter 4) in response

to NNE-directed thrusting (Doutsos and Koukouvelas, 1998; Kontopoulos et al., 1999)

associated with the decoupling and shortening of the Pindos nappe from the underthrusting

plate (Chapter 2).

Paleocene-late Eocene (50-35 Ma)

In the early Paleocene, the local Parnassos platform indented the (Sub-)Pelagonian zone

and led to clockwise rotations on Attica and Argolis (Morris, 1995). This was followed in

Paleocene to late Eocene times by underthrusting of the Pindos unit at a SSW-directed acti-

ve margin below the (Sub-)Pelagonian unit and around the present-day Gulf of Corinth

below the Parnassos unit (Figure 9.1). The (Sub-)Pelagonian and further internal zones

were emerged and flysch sedimentation occurred south of the active margin on the Pindos

unit. Biogenic sedimentation continued further externally. The oldest extensional basins

with post-accretionary sediments are late Eocene in age (e.g. Burchfiel et al., 2000; 2003;

Figure 9.4).

Late Eocene-late Oligocene (35-23 Ma)

In the late Eocene, underthrusting of the Pindos unit ceased and the unit accreted to the

overriding plate, emerged, first in the north (internal), and in the early Oligocene also in the

south (external; Richter et al., 1978). The earlier emergence in the north along NNE-direc-

ted thrusts resulted in the formation of the Mesohellenic 'retro-foredeep' (Chapter 4 and

references therein; Figure 9.1). In the early Oligocene, an active margin was established

between the Pindos and Tripolitza, and the Tripolitza and Ionian units, which underthrusted

simultaneously (Sotiropoulos et al., 2003; Chapter 2). South of the active margin, flysch

accumulated on top of the Tripolitza and Ionian zones, whereas continuous biogenic sedi-

mentation continued in the (Pre-)Apulian unit (IGRS-IFP, 1966; B.P.Co.Ltd., 1971). The

Tripolitza and Ionian units are recognised from northern Albania to southeastern Greece.

The oldest post-accretionary extensional basins of the Hellenides formed in the late Eocene

and early Oligocene in the Rhodope (Burchfiel et al., 2003; Figure 9.5).

Early Miocene (23-15 Ma)

The early Miocene was marked by large-scale, N-S to NNE-SSW extension. Extensional

basins of early Miocene age were formed north of Mt. Olympos (Katerini: Benda and

Steffens, 1981), as supra-detachment basins in the Cycladic Core Complex in the central

Aegean, the sediments of which are presently exposed on Naxos, Paros and Kos (Böger,
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1983; Willmann, 1983; Sánchez-Gómez et al., 2002) and in Epirus (Klematia-Paramythia

half-graben; Chapter 2). Cross-cutting the thrust front of the (Sub-)Pelagonian over the

Pindos, a large, N to NNE-dipping extensional detachment system developed, along which

high-pressure, low temperature (HP-LT) metamorphic rocks were exhumed on the

Peloponnesos and Crete (Jolivet et al., 1996; Thomson et al., 1998; Chapters 2 and 5). The

exhumation must have been contemporaneous with considerable N-S extension, but no

lower Miocene supra-detachment basin-sediments were preserved here (Chapters 2, 4 and

5). Deep-marine clastic sedimentation continued in the external Ionian zone. Biogenic sedi-

mentation on the Pre-Apulian unit continued on Zakynthos, but on Kefallonia and Levkas,

transition from carbonate to clastics occurred at about the early-middle Miocene transition

(Chapter 4 and references therein). It should be noted, that - apart from the external Ionian

Zone on the island of Levkas (Meulenkamp, 1982) - no compressional structures were

FIGURE 9.4: Distribution of Tertiary volcanism in Greece. Ages from Fytikas et al. (1976; 1979; 1984; 1986a; b),
Angelier et al. (1977), Müller et al. (1979), Innocenti et al. (1982; 1984), Pe-Piper et al. (1983; 2003), Eleftheriadis and
Lippolt (1984), Lilov et al. (1987), Eleftheriadis et al. (1994), Pe-Piper and Hatzipanagiotou (1997), Yanev and Pecskay
(1997), Yanev et al. (1998) and Pe-Piper and Piper (2002).

10.6-7.8

10.4-7.3
2.1-0.2

9.7-3.5
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identified in Greece that were active in the early Miocene (Chapter 2).

Middle-late Miocene (15-8 Ma)

After the early Miocene, southern and western Greece differentiated further. After 15-13

Ma, and before 8 Ma, western Greece and Albania underwent 40º of the total of 50ºcloc-

kwise rotation (Chapter 3). The northern limit of the Aegean rotations was identified by

Kissel et al. (1995), who concluded that the Scutari-Pec transverse zone in northern Albania

probably forms the transition zone from no significant post-Eocene rotations in the

Dinarides to strong clockwise rotations of the Albano-Hellenides. The absence of conside-

rably N-S extension along the Scutari-Pec transverse zone indicates that the rotating

domain is not entirely rigid.

Since the Apulian platform did not rotate, the Ionian thrust most likely accommodated the

convergence between western Greece and Apulia, which must have increased from north to

south (Chapters 3 and 4). South of Apulia, folding in the Mediterranean Ridge started some-

time between 17.5 and 13.5 Ma (Kastens, 1991; Le Pichon et al., 2002; Chapter 4) and was

probably contemporaneous with the inversion and folding of the Klematia-Paramythia

basin and its transformation into the Botsara-syncline (Chapter 4).

The early Miocene extension directions inferred from the exhumed HP-LT metamorphic

rocks on Crete are at approximately 40-50º angles with those on the Peloponnesos (Jolivet

et al., 2003). This angle suggests that Crete did not experience a middle Miocene block-

rotation. Instead, N-S extension continued on Crete until approximately 11 or 10 Ma, fol-

lowed by the formation of large-scale WNW-ESE trending folds between approximately 10

and 7 Ma, indicating SSW-directed tectonic transport (Meulenkamp et al., 1988; Zulauf et

al., 2002; Chapter 5; Figure 9.5). Contemporaneously with the NNE-SSW component of

compression, E-W extension started in eastern Crete around 10 Ma, contemporaneous with

the early stages of foundering of the Sea of Crete. The folding on Crete was explained in

Chapter 5 as the result of left-lateral transpression, invoked by southwestward motion of the

Aegean over the northward subducting African plate (Figure 9.5). The southwestward

motion of the Aegean in the middle to late Miocene occurred contemporaneously with the

onset of westward extrusion of Anatolia (Sengör et al., 2003). The east Anatolian plateau

(eastern Turkey) started to be compressed, leading to S to N thrusting, uplift and the forma-

tion of strike-slip systems and westward extrusion (Keskin, 2003; Sengör et al., 2003), indi-

cating that Anatolia was pushed westward leading to a westward component of motion in

the Aegean, rather than vice versa. 

Late Miocene-Pliocene (8-3.5 Ma)

E-W extension in southern Greece accelerated around 8 Ma and upper Tortonian deep-

marine sediments are widespread on Crete. The rotation of western Greece ceased tempo-

rarily. In Macedonia, NE-SW extension formed the Florina-Ptolemais-Servia basin in

Macedonia (Pavlides and Mountrakis, 1987; Steenbrink et al., 2004) and the oldest post-

accretionary marine sediments in the northern Aegean were deposited on Skyros (Grekoff
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et al., 1967). Also around 9-8 Ma, the external Ionian zone subsided, possibly as a flexural

response to the crustal thickening during the rotation phase (Chapter 4).

The development of northwestern and southwestern Greece started to differentiate in the

course of the late Miocene and early Pliocene as a result of the collision of the Hellenic

nappe stack with the intermediate continental crust of Apulia in the north, and the oceanic

Ionian crust in the south (Figure 9.5). This led around approximately 7-6 Ma to SW-direc-

ted folding and thrusting on Zakynthos and Kefallonia (Chapter 4). Ongoing convergence

led to the uplift of Corfu, the western coast of Epirus, Zakynthos and Kefallonia (Chapters

4), and led to final collision with Apulia, without further shortening in northwestern Greece

and Albania around 3.5 Ma (Chapter 4). The final 10º of clockwise rotation of western

Greece therefore occurred probably between 4 and 3.5 Ma.

The southwestward motion of southwestern Greece with respect to the northwestern part

formed by a composite right-lateral strike-slip dominated fault zone in the late Miocene

consisting of the Kefallonia Fault Zone, the Thesprotiko Shear Zone, the Kastaniotikos

Fault Zone and the Aliakmon Fault Zone (Chapter 4; Figure 9.1). NE-SW compression on

Zakynthos, Kefallonia, western Epirus and Corfu occurred contemporaneously with NE-

SW extension in the rear in the basins of Larissa and Karditsa (Caputo and Pavlides, 1993;

Caputo et al., 1994; Chapter 4) and Ptolemais-Florina-Servia (Pavlides and Mountrakis,

1987; Steenbrink et al., 2004). Further east, the Strimon basin rapidly subsided to a depth

of hundreds of metres in the latest Miocene or earliest Pliocene (Snel et al., in press-b) as

a result of the activity of (splays of) the North Aegean Trough (Dinter, 1998), which star-

ted to form before the Messinian Salinity Crisis in the late Miocene (Pollak, 1979;

Proedroe, 1979). In the early Pliocene, the fault zone of the North Aegean Trough connec-

ted with the North Anatolian fault zone through the pull-apart basin of the Sea of Marmara

(Armijo et al., 1999), forming a continuous right-lateral strike-slip zone. In the North

Aegean Trough, however, a component of N-S extension led to a transtensional character

of the fault zone (Koukouvelas and Aydin, 2002). Fountoulis et al. (2001) reported shallow

marine lower Pliocene sediments from the Mesohellenic basin, north of Grevena (Figure

9.1), probably reflecting a short marine incursion. The reason for this incursion is poorly

understood, but probably reflects (a short phase) of tectonic subsidence. On Milos and

Aegina in central Greece (Figure 9.1), rapid subsidence occurred around 5 Ma, following

a phase of slow subsidence, in which sedimentation kept pace with subsidence (Chapter 6).

FIGURE 9.5. (next page) Schematic representation of the paleogeographic development of the Hellenides since the
Eocene in six time slices. Until approximately 35 Ma, convergence leads to nappe stacking withouth extension affect-
ing the older nappes. Between 35 and 23 Ma, approximately N-S extension deforms the Rhodope, whereas convergence
and nappe stacking continue. In the early Miocene (23-15 Ma), N-S extension deforms the entire overriding plate to
form large core complexes on the Rhodope, Cyclades and Southern Aegean, as well as the Klematia-Paramythia half-
graben. Between 15 and 8 Ma, Anatolia starts to extrude westwards and is associated with clockwise rotation of west-
ern Greece, transpression in the south on Crete and onset of formation of the Mediterranean Ridge, while N-S exten-
sion is ongoing. Between 8 and 3.5 Ma, Greece start to accelerate southwestward, superimposed on the motion togeth-
er with Anatolia, creating NW-SE trending basins. Between 3.5 Ma and Present, internal deformation of Greece is
ongoing and is accommodated by strike-slip faults in the northeast and south, along which transpression, uplift and
local rotations occur. Extension is accommodated by curved extensional basins, the interference of which form the
Cycladic island pattern. Compare with Figure 9.1.
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The subsidence was probably accommodated by a NW-SE trending basin (Papanikolaou et

al., 1988), which probably continues to the SE, from Attica to along the Cycladic islands

of Kea, Kythnos, Serifos and Sifnos (Chapter 6; Figures 9.1 and 9.5). Contemporaneously,

subsidence occurred on the southwestern Peloponnesos, where on the Messini peninsula

FIGURE 9.6. Images obtained by Global Positioning System monitoring of active motion in the Aegean area (McClusky
et al., 2000). A) Motion relative to stable Eurasia; B) Motion in the Aegean with respect to Anatolia (Anatolia fixed).
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around Koroni, deep marine lower Pliocene overlies lignites, which are probably also of

latest Miocene or earliest Pliocene age (Antoniadis et al., 1992; Chapter 6). On Crete and

Karpathos (Figure 9.1), E-W extension was continuous throughout the late Miocene and

possibly earliest Pliocene, shown e.g. in the deposition of deep-marine lower Pliocene

Trubi-facies on top of non-marine conglomerates or unconformably on top of preneogene

carbonates (Chapters 5 and 7). The approximately N-S to NNW-SSE trending synsedimen-

tary normal faults that are found in the lower Pliocene of Karpathos (Angelier, 1973) were

explained in Chapter 7 to reflect arc-parallel extension as a result of outward spreading of

the Aegean. On Rhodos, continental sedimentation continued in this period of time. North

of Crete, the subsidence in the Sea of Crete was ongoing and approximately N-S extension

continued, as Crete moved further away from the Cyclades (Wright, 1978; Angelier et al.,

1982; Meulenkamp et al., 1994; Chapter 5)

Concluding, in spite of ongoing convergence between Africa and Europe, Greece under-

went dominantly southwestern motion, with extension in the northern, central and southe-

astern parts, and compression along the western margin at the Mediterranean Ridge and

along the contact with Apulia (Figure 9.5).

Late Pliocene-Pleistocene (3.5-0 Ma)

During the last stages of development of Greece, southwestward motion of Greece conti-

nued and the majority of the presently seismically active structures of the area formed. The

right-lateral fault zone that formed during the final stages of convergence between north-

western Greece and Apulia was no longer active. The westward motion of Anatolia along

the right-lateral North Anatolian Fault Zone and the North Aegean Trough was further

translated via the extensional basin systems of the Gulf of Amvrakikos-Sperchios Graben

and the Gulf of Patras-Gulf of Corinth graben to the Kefallonia Fault Zone (Taymaz et al.,

1991; Armijo et al., 1996; 1999; Peter et al., 1998; Goldsworthy et al., 2002; Chapter 4).

The northwestern Mediterranean ridge, offshore western Greece underwent right-lateral

transpression since the Pliocene (Reston et al., 2002a; b).

The Gulf of Amvrakikos-Sperchios system is connected in the east with the Gulf of Evvia,

and the Gulf of Patras-Gulf of Corinth links with the Saronic Gulf to form curved extensio-

nal composite basins. These were explained in Chapter 4 as the result of interference bet-

ween N-S extension and a southward increasing influence of E-W extension, which on the

Peloponnesos resulted in the origin of a third curved basin system - the Pyrgos -

Megalopolis-Evrotas basin system. The triangular shape of the Pyrgos basin and the forma-

tion of a triple junction in the southwest of the Peloponnesos can also be attributed to this

interference of two end member extension directions (Chapter 4).

The curved basin systems of the Gulf of Corinth-Saronic gulf and the Sperchios basin-Gulf

of Evia continue into the Cycladic area, where they interfere with ENE-WSW trending nor-

mal fault systems, described extensively in eastern Greece (e.g. Goldsworthy et al., 2002).

This interference may explain the geometry and arrangement of the cycladic islands (Figure
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9.5). Alternatively, Jolivet et al. (2004a) ascribed this pattern to the formation of exhumed

large-scale boudins under (semi-)ductile conditions, overprinting domes that result from E-

W compression under ductile conditions. 

In southern Greece, Crete emerged, probably as a result of transpression along the left-late-

ral Pliny- and Strabo trenches (Chapter 5 and references therein). The south(east)ern

Mediterranean Ridge reveals a comparable late Pliocene to Present tectonic history of left-

lateral transpression (Huguen et al., 2001). An unconformity between the deep-marine

lower and upper Pliocene sediments of Karpathos reveals that after a phase of uplift and

erosion in the course of the late Pliocene, renewed subsidence occurred.

Contemporaneously, the southeastern coast of Rhodos subsided to a depth of maximum 600

m in the late Pliocene and early Pleistocene, whereas no marine post-accretionary sedi-

ments are found in the time-equivalent basins of the north and west of the island, implying

southeastwardly tilting (Meulenkamp et al., 1972; Kovacs and Spjeldnæs, 1999; Ten Veen

and Kleinspehn, 2002). The late Pleistocene to Recent uplift and northwestwardly tilting of

the island probably occurred along a NE-SW trending thrust fault that runs offshore

(Kontogianni et al., 2002) and was interpreted in Chapter 7 as an inverted upper Pliocene

normal fault that probably formed during the rapid subsidence of the deep-marine (4000

m), post-Messinian basin offshore southern Rhodos. This basin probably formed as a

transtensional splay of the Pliny and Strabo trenches (Woodside et al., 2000; Chapter 4).

Despite the fact that the westward extrusion of Turkey and the Aegean was ongoing throug-

hout the Plio-Pleistocene (Armijo et al., 1999), Greece was internally extended (Figure

9.5). This is presently ongoing, as shown by GPS-monitoring (Billiris et al., 1991; Noomen

et al., 1996; Reilinger et al., 1997; Clarke et al., 1998; Kahle and Mueller, 1998; Kahle et

al., 1998; 2000; Cocard et al., 1999; McClusky et al., 2000; Jiménez-Munt et al., 2003).

The GPS-analyses indicate northward motion of Arabia and Africa, westward motion of

Turkey curving southwestward in Greece (Figure 9.6a). McClusky et al. (2000) showed

that superimposed on the westward motion of Anatolia, Greece is internally extended and

moves outward, roughly perpendicular to the arc (Figure 9.6b).

9.3 Metamorphism, magmatism and the shape of the subduc-
ting slab

The above presented paleogeography shows that the late Mesozoic and early Cenozoic con-

vergence and nappe stacking was fragmented since the late Eocene, first by N-S extension

affecting an increasingly large area, then including lateral motion of Anatolia along the

active margin, contemporaneously with large scale rotations and finally accelerating spre-

ading of the Aegean plate, superimposed on motion together with Anatolia. Combining the

paleogeography with information about the lower parts of the crust and the subducting slab

will provide further constraints on the timing and nature of the geodynamic evolution of the
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Hellenides. The metamorphic and magmatic history of Greece are summarised in this sec-

tion.

Metamorphism and igneous intrusions

During nappe stacking, the underthrusted parts of the nappes are subjected to metamor-

phism. Alpine metamorphic rocks in Greece are found in four areas: the Rhodope, the

Olympos-Ossa-Pelion region, the Attic-Cycladic region and in southern Greece, on Crete

and the Peloponnesos (Figure 9.1). 

RHODOPE

In the Rhodope, early Cretaceous cooling ages are associated with a late Jurassic high tem-

perature event. During the Cretaceous, subduction leads to High-Pressure, Low-

Temperature (HP-LT) metamorphism, which recently was suggested to reach ultra-high

pressure conditions up to 25 or even 40 kbar (~75-120 km of depth) in the late Cretaceous,

(Mposkos and Kostopoulos, 2001; Liati et al., 2002), although the occurrence of microdia-

mond (on which the 40 kbar estimate is based) is still a matter of debate (Beyssac and

Chopin, 2003; Mposkos and Kostopoulos, 2003). Radiometric ages associated with cooling

after HP-LT metamorphism range from late Cretaceous 90-80 Ma to as young as 10 Ma

(Dinter et al., 1995; Ricou et al., 1998; Wawrzentiz and Krohe, 1998 and references therein;

Lips et al., 2000). From 30 to 10 Ma and possibly younger, the Strimon detachment exhu-

med the Rhodope metamorphic core complex (Dinter, 1998; Lips et al., 2000). Exhumation

of HP-LT metamorphic rocks in the Rhodope already occurred in the early stages of the

orogeny, evidenced by the presence of metamorphic rocks - ascribed to the Rhodope - in

upper Cretaceous olistostromes in the Vardar-Axios zone (Ricou et al., 1998) and the reco-

very of blue amphiboles, garnet and omphacite from the Paleocene flysches of the Sub-

Pelagonian and Pindos units (Faupl et al., 1996; 2002).

PELAGONIAN

The late Cretaceous and early Tertiary underthrusting of the (Sub-)Pelagonian below the

Vardar-Axios and Rhodope units led to blueschist-facies metamorphism, overprinting

Variscan metamorphic and igneous mineral parageneses of the Pelagonian basement

(Schermer, 1990a; b; 1993; Lips et al., 1998; 1999). These blueschist-facies rocks were sub-

sequently cooled from the bottom up by underthrusting of cold rocks of the Pindos unit and

later the Tripolitza platform between 55 and 35-40 Ma, determined from the Mt. Ossa and

Mt. Olympos windows (Godfriaux, 1970; Jacobshagen, 1986; Schermer, 1990a; 1993; Lips

et al., 1998; Jolivet et al., 2004b). Dinter (1998) suggested that the exhumation of the blu-

eschist-facies rocks in the Olympos-Ossa-Pelion area occurred largely along a presently

NE-dipping extensional detachment system rooting in the same level as the Strimon-

Thassos detachment. This is in agreement with the young (~15 Ma) formation ages of white

mica, grown during the last stages of ductile deformation in the Pelion (Lips et al., 1999).

The majority of the exhumation, however, must have occurred during the underthrusting of
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the upper Eocene - hardly metamorphosed (Kisch, 1981) - flyschoid rocks.

'HOT' CYCLADIC AND 'COLD' SOUTH AEGEAN CORE COMPLEXES

Starting around the Oligocene-Miocene transition, two major metamorphic core complexes

started to form along north-dipping detachments. The southern one presently covers part of

the Peloponnesos, Crete and Kassos and the northern one is exposed on the Cycladic

islands, Evia and the Pelion (Figure 9.1). Exhumation of deep-crustal and therefore hot

material along the southern, South Aegean detachment led to a regional, upward decreasing

high-temperature overprint of its hanging-wall. The hangingwall of the South Aegean

detachment was exhumed along the Cycladic detachments, forming the Cycladic 'hot'

metamorphic core complex, whereas the 'cold' South Aegean core complex does not form

the hangingwall to an extensional detachment and consequently did not experience a regio-

nal retrograde temperature increase (Chapter 2).

The Cycladic metamorphic core complex comprises rocks of three different units: an upper

unit containing Jurassic and Cretaceous ophiolitic rocks that overthrusted a sequence of

Mesozoic carbonates. The upper unit is separated from the middle unit (Cycladic

Blueschist) by an extensional detachment. The Cycladic Blueschist unit consists of meta-

sedimentary and mafic magmatic rocks, which were underthrusted by a lower unit (the

Basal Unit), consisting of platform metacarbonates that reach Eocene sedimentary ages,

and Oligocene metaflysch (Jacobshagen, 1986; Ring et al., 2001b; Jolivet et al., 2004b). 

The Basal Unit is correlated to the Tripolitza nappe Ring et al. (2001b). The unit was sub-

jected to HP-LT metamorphism during its underthrusting below the Cycladic blueschist

unit and peak metamorphic conditions of 8 kbar and 400ºC were reached on e.g. Evia and

Samos around 24-21 Ma (Bröcker and Enders, 1999; Ring et al., 2001b; Ring and

Reishmann, 2002). A gneissic basement is exposed in the core of the Cycladic Core

Complex (Naxos, Paros and Ios), possibly comparable to the pre-Alpine gneisses in the

Menderes Massif of Turkey (Avigad et al., 2001; Jolivet et al., 2003; 2004b).

The Cycladic Blueschist is believed to be equivalent to the Pindos zone and to the rocks

directly underlying the Pelagonian basement on e.g. the Pelion (Jacobshagen, 1986; Jolivet

et al., 2004b). The upper unit is found as the hanging wall to the Cycladic extensional

detachments and is interpreted as the equivalent of the Pelagonian zone, which is affected

only by Cretaceous high-temperature metamorphism, associated with the emplacement of

ophiolitic rocks. Cretaceous ophiolite emplacement and associated metamorphism is

known from southwestern Turkey, Rhodos, Karpathos, Crete (Hatzipanagiotou, 1988;

Robertson, 2000; Koepke et al., 2002), including the Asteroussia nappe (Seidel et al.,

1981), Gavdos (Vincente, 1970) and some of the Cycladic islands (e.g. Anafi: Reinecke et

al., 1982) and it may be equivalent to the thrusting of the Vardar-Axios zone over the (Sub-

)Pelagonian unit (Figure 9.1).

The Southern Aegean core complex consists of two units, which were underthrusted and

HP-LT metamorphosed in the Oligocene (Chapter 2). To metamorphosed units are exposed

in the footwall of the extensional detachment: The Plattenkalk Unit, which is correlated to
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the Ionian zone (Bizon and Thiébault, 1974; Thiébault, 1979; Jacobshagen, 1986;

Kowalczyk and Dittmar, 1991; Kowalczyk and Zügel, 1997) and the upper Phyllite

Quartzite Unit, which is interpreted as the upper Paleozoic to lower Triassic passive mar-

gin sediment underlying the Mesozoic Tripolitza limestones (Chapter 2). Cooling ages of

24 and 20 Ma are interpreted to only little post-date peak metamorphic conditions of 8-10

kbar and ~350ºC (Seidel et al., 1982; Theye and Seidel, 1991; Jolivet et al., 1996; Thomson

et al., 1998; Brix et al., 2002) and the peak metamorphic grade decreases toward the nor-

thern Peloponnesos and eastern Crete (Panagos et al., 1979; Theye et al., 1992; Jolivet et

al., 1996; Thomson et al., 1999; Zulauf et al., 2002). Fission track data obtained from the

Phyllite Quartzite Unit on western Crete indicate that around 15 Ma the rocks had cooled

below 100ºC (Thomson et al., 1998; 1999), but analysis of Neogene basins of Crete sho-

wed that the detachment system must have been active until approximately 11-10 Ma

(Chapter 5).

Volcanism

The ages and locations of the Tertiary volcanic centres of the Aegean area, reviewed by (Pe-

Piper and Piper, 2002), are summarised in Figure 9.4. The oldest volcanic centres formed

in the Rhodope in the late Eocene and Oligocene. The volcanic centres shifted southward

between the Oligocene and the late Miocene. In the Pliocene and Quarternary, volcanism

shifted both southward and westward and formed a chain from the northwest to the southe-

ast of Greece. Volcanic activity is generally interpreted as a result of melting of hydrous

subducted material at a depth of 100-150 km (Philpotts, 1990; Spicák et al., 2004), and pro-

bably not as a result of extension-related decompression (Chapter 6). The position of the

volcanic centres, is therefore probably the result of both the orientation of the slab and

extension-related fracturing of the crust, providing a way to the surface for the magmas

(Chapter 6). The changing position of volcanic activity through time is therefore a marker

of the 100-150 km isodepth zone of the subducted slab.

Present-day geometry of the subducted slab

The geometry of the slab has been constrained by seismic tomographic imaging, deep seis-

mic lines and the analysis of earthquake loci. Seismic tomographic images (Bijwaard et al.,

1998) suggest that the subducting slab is continuous to a depth of approximately 1500 km,

and corresponds to 2100-2500 km of subduction below Greece (Hafkenscheid, 2004;

Chapter 8). Moreover, around the 660 km discontinuity, the subducted slab appears to have

a subhorizontal position over a distance of approximately 300 km, which was suggested in

Chapter 8 to be the result of late Cenozoic roll-back of the upper mantle portion of the slab.

Seismic tomographic images reveal discontinuities at various places along the

Mediterranean active margin, which were interpreted as detachment of the subducted slab

(Wortel and Spakman, 2000). Lateral migration of slab detachment, which in Italy was pro-

posed to have led to depocentre migration (Figure 9.7; Van der Meulen et al., 1999; 2000),

supposedly occurred in Albania and possibly northwestern Greece (Wortel and Spakman,
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1992; 2000). The subducted slab appears to include a flat-lying segment around the 660 km

discontinuity over a distance of approximately 300 km parallel to the subduction direction.

This horizontal segment was explained in Chapter 8 as the result of ~300 km of roll-back

of the upper-mantle portion of the subducted slab.

Deep seismic lines and analysis of earthquake loci showed, that in the present-day situa-

tion, the subducting slab dips gently from the Hellenic trench to the north and northeast to

a depth of approximately 100 km below Aegina, Milos and Kos, from which point onward,

the dip of the slab steepens from 10-15º in the S(W) to over 30º in the N(E) (Makropoulos

and Burton, 1984; Hatzfeld, 1994; Giuchi et al., 1996; Papazachos et al., 2000; Bohnhoff

et al., 2001).

Paleomagnetic determination of southward motion of Crete

Recently, Krijgsman and Tauxe (2004) tested a stratistical field model of Tauxe and Kent

(2004) to distinguish between the compaction-induced inclination error and a latitudinal

motion induced anomalous inclination in paleomagnetic datasets. This test was carried out

amongst others on Crete, where Krijgsman and Tauxe (2004) estimated 275 km of south-

ward translation of Crete since the late Miocene and argued that this value is accurate, since

it is in good agreement a total amount of 300 km of extension in the Aegean, estimated by

Jolivet (2001). It should be noted however, that the estimate of Jolivet (2001) concerns the

total amount of Aegean extension since approximately 30 Ma, as opposed to the estimate

since the late Miocene (~8 Ma) of Krijgsman and Tauxe (2004). The estimate of Jolivet

(2001) is largely based on the extension associated with the formation of the Aegean meta-

morphic core complexes, which were all established prior to 8 Ma. The main loci of exten-

sion since the late Miocene are the Sea of Crete, the North Aegean Trough and the late

Pliocene basins such as the Gulf of Corinth. Stretching of the crust below the Sea of Crete

was estimated to be associated with a beta-factor of 1.6-2 (Angelier, 1981), yielding a total

amount of N-S stretching in the order of 50 km. The North Aegean Sea deformed largely

in response to transtension along ENE-WSW trending right-lateral strike slip faults

(Koukouvelas and Aydin, 2002), with a N-S component of extension not exceeding some

tens of kilometres. Finally, the Pliocene basins such as the Gulf of Corinth curve into a

NNW-SSE trend, which does not include large amounts of N-S extension (Chapter 4).

Thus, the total amount of N-S extension in the Aegean region since the late Miocene does

not exceed 100 km, and probably less. 

Therefore we conclude, that the value of 275 km of southward migration reported by

Krijgsman and Tauxe (2004) indicates that the error bars of the model of Tauxe and Kent

(2004) are in the order of several hundreds of kilometres rather than that the model provi-

des accurate information on the amount of southward motion of Crete.
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FIGURE 9.7. Schematic images of processes that have been proposed to play a role in the geodynamic and kinematic
development of the Aegean. A) Syn-orogenic exhumation of (Ultra) High Pressure ((U)HP) rocks as a result of buoy-
ancy forces: the light upper crustal portion of the subducted plate migrates upward in the subduction channel after
decoupling from the downgoing lithosphere. In case of slab roll-back, back-arc extension occurs. Taken from Jolivet et
al. (2003). B). Supracrustal slab detachment, suggested by Meulenkamp et al. (1988). In response to roll-back of the
subducted slab, a basal shear develops, that accommodates extension in the back-arc and compression in the frontal
domain, where the overriding lithosphere undergoes friction with the underriding plate. C). lateral migration of slab
detachment (Wortel and Spakman, 2000). Oceanic lithosphere detaches as e.g. a former passive margin or a mid-ocean-
ic ridge arrives at the subduction zone. The tear in the subducted slab migrated laterally, leading to depocentre migra-
tion in the overriding lithosphere (Van der Meulen, 1999). D). Gravitational spreading of overthickened lithosphere
(Gautier et al., 1999). The topographically higher portion of the lithosphere will spread over the topographically lower
portion over a free boundary. Motion is accommodated by curved extensional structures that contain a component of
strike-slip. The spreading wedge experiences friction with the overridden lithosphere, leading to compression in the
frontal domain. E). Anatolian extrusion (e.g. Dewey and Sengör, 1979; Sengör and Canitez, 1982; Sengör et al., 1985;
Martinod et al., 2000). Convergence between Arabia and Eurasia leads to compression in eastern Anatolia, which is
extruded westward by conjugate sets of strike-slip faults (notably the North and East Anatolian Fault zones). This leads
to E-W compression and N-S extension in the Aegean domain. F. Broken-slats model of Taymaz et al. (1991).
Convergence between two blocks can be accommodated by rotating slats that move relative to each other, with or with-
out extension.
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FIGURE 9.8. Schematic three-dimensional evolution of the Aegean area since the onset of late-orogenic extension in
the late Eocene. Note that the Figure 8E combines the stages of Figures 9.4E and F. AFZ = Aliakmon Fault Zone;
ASG = Amvrakikos-Sprechios (half-)Graben; CCC = Cycladic Core Complex; Cr = Crete; NAFZ = North Anatolian
Fault Zone; RCC = Rhodope Core Complex; PST = Pliny and Strabo Trenches; SACC = South Aegean Core Complex;
SoC = Sea of Crete
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9.4 Discussion

In the palinspastic evolution of Greece, 3 major changes in direction of motion and style of

deformation can be distinguished, subdividing the history in 4 major stages. The first stage

runs from the late Mesozoic until the late Eocene and is characterised by compression and

accretion. It ends with the first major change, which concerns the onset of N-S, post-accre-

tionary extension in the Rhodope. During the Oligocene, convergence and compression at

the active margin continued, accompanied by approximately N-S extension in the Rhodope.

Around the Oligocene-Miocene boundary (23 Ma), the influence of N-S extension rapidly

increases and affected the entire overriding plate. Only in the external Ionian zone of

Levkas, evidence was found for early Miocene shortening (Meulenkamp, 1982), but in the

rest of the overriding plate no evidence for shortening of the overriding plate was found.

The late Eocene to early Miocene stage of increasing influence of N-S extension ends with

the second major change, which is the onset of clockwise rotation and the rehabilitation of

compression in the western Aegean region, and the initiation of westward motion of Turkey.

This phase lasts until approximately 8 Ma, after which time the third major change concer-

ned the acceleration of southwestward motion of western Greece superimposed on the

motion together with Anatolia. This phase is split in two by collision of northwestern

Greece with Apulia.

This section will integrate the above summarised palinspastic evolution with the contem-

poraneous magmatic and metamorphic history to reconstruct the evolving three-dimensio-

nal anatomy of the collapsing Aegean region.

Late Mesozoic to late Eocene (around 35 Ma)

Until 35 Ma, subduction was not accompanied by extension of the overriding plate and it

lasted until the late Eocene (37 Ma) until the first volcanoes developed in the Rhodope

(Figures 9.4, 9.5 and 9.8A).

In the Rhodope, the Olympos-Ossa region and on the Cyclades, however, evidence was

found for tens of kilometres of exhumation during the Paleocene and Eocene, prior or

during underthrusting of colder material underneath the exhuming rocks (Jolivet et al.,

2003). In the Rhodope rocks were even exhumed from a depth of 75 to possibly even 120

km (Mposkos and Kostopoulos, 2001; Liati et al., 2002). This was explained by Jolivet et

al. (2003) as buoyancy driven exhumation in the subduction channel (Figure 9.7).

Late Eocene to early Miocene (35-15 Ma)

Around 35-30 Ma, the onset of basin formation and the generation of the Strimon-Thassos

detachment (Wawrzentiz and Krohe, 1998; Burchfiel et al., 2000; 2003; Lips et al., 2000;

Figure 9.5) and the contemporaneous onset of volcanism (Figure 9.4) marked the onset of

(approximately N-S) extension in the Hellenides. At the active margin, the

Tripolitza/Phyllite Quartzite and Ionian units started to underthrust the Pindos-Cycladic

Blueschist unit, which led to deformation of the Cycladic Blueschist unit under greenschist
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facies conditions (e.g. (Klein-Helmkamp et al., 1995). The continuous northward underth-

rusting in the south with extension in the north possibly reflects the onset of roll-back of

the subducted slab (Figures 9.7 and 9.8B; Jolivet and Faccenna, 2000; Jolivet et al., 2003).

Around the Oligocene-Miocene transition (~23 Ma), the underthrusting of the Tripolitza

and Ionian units ceased, shown by the end of deposition of their internal flysches and the

peak-metamorphic conditions, interpreted from 40Ar/39Ar cooling ages of white mica that

grew in the Basal Unit of the Cyclades and the Phyllite Quartzite of Crete and the

Peloponnesos to 24-20 Ma (Theye and Seidel, 1991; Jolivet et al., 1996; Ring et al.,

2001b). 

During the early Miocene, N-S to NNE-SSW extension prevailed all over Greece (Figure

9.5). The metamorphic history shows rapid early Miocene exhumation of the southern

Aegean core complex (Thomson et al., 1998; 1999) and high-temperature metamorphism

overprinting the exhuming Cycladic Blueschist and Basal Unit (e.g. Gautier et al., 1993;

Jolivet and Goffé, 2000). No evidence is found for early Miocene internal shortening of the

overriding Aegean lithosphere (apart from the external Ionian zone of Levkas; Chapter 2;

Figure 9.5), but convergence between Africa and Greece was ongoing (Müller and Roest,

1992). To explain this we propose that sinking of the subducted slab and therefore roll-back

accelerated after the decoupling of the Tripolitza and Ionian units from the subducting

lithosphere (Figure 9.8C). The southward shift of volcanic activity in the early Miocene

(Figure 9.4) is in agreement with the sinking of the slab, and the retreat of its 100-150 km

isodepth.

Middle to late Miocene (15-8 Ma)

In the middle Miocene, N-S to NE-SW extension continuously exhumed the northern, cen-

tral and southern Aegean core complexes (Figure 9.5), which in combination with the

ongoing southward migration of active volcanism (Figure 9.4) suggests that roll-back was

ongoing throughout the middle to early late Miocene (Figure 9.8D).

Westward extrusion of Anatolia was probably largely driven by the collision of Arabia with

Eurasia since 15-13 Ma, although the roll-back of the subducted slab in the Aegean region

created an area of lower potential energy, which may have accelerated the westward extru-

sion. The onset of uplift of eastern Anatolia and the formation of the initial strike-slip

systems accommodating the westward extrusion around 15-13 Ma (Keskin, 2003; Sengör

et al., 2003) appears to be time-equivalent with the onset of the large-scale clockwise rota-

tion of the western Aegean and the re-establishment of compression, inverting the

Klematia-Paramythia basin, activating the Ionian thrust and the Mediterranean Ridge and

folding the basement gneisses of Naxos at depth (Avigad et al., 2001; Chapters 2, 4 and 5;

Figure 9.5).

Taymaz et al. (1991) suggested a model in which the clockwise rotation of western Greece

is the result of Anatolian extrusion (Figure 9.7). To differ between the influence of (proba-

bly roll-back induced) extension and the westward push invoked by Anatolian extrusion in

the rotation phase of rotation, the amount of extension in the rear of the rotating domain is
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calculated. Gautier et al. (1993), Gautier and Brun (1994a) and Avigad et al. (1998) estima-

ted that Naxos, Paros and Mykonos were at ~3 kbar around 15 Ma, corresponding to

approximately 10 km of depth. The pressure conditions in the Cycladic blueschist at the

onset of the extension around 23 Ma was in the order of 6-7 kbar, and in underlying the

Basal unit slightly higher (Ring et al., 1999; 2001b), which means that approximately half

of the extension associated with the formation of the Cycladic core complex (i.e. of

approximately 150 km in the broadest part of the core complex), occurred between 15 Ma

and 6-8 Ma. The youngest cooling ages from the Rhodope massif and the island of Thassos

are approximately 13-15 Ma (Dinter et al., 1995; Wawrzentiz and Krohe, 1998; Lips et al.,

2000). These rocks are unconformably overlain by late Miocene sediments (Armour-Brown

et al., 1979; Steffens et al., 1979). Wawrzentiz and Krohe (1998) and Lips et al. (2000) sug-

gest that the 15-13 Ma cooling ages represent cooling below ~300ºC. Applying a range of

possible geothermal gradients of 23-40ºC/km (following Gautier and Brun, 1994a), this

temperature would correspond to a depth of 7.5-13 km. A range of dips for the extensional

detachment from 15-30º, yields a middle to early late Miocene extension in the order of

several tens of kilometres, comparable to the Cyclades.

The extension direction in the Rhodope and on the northern Cyclades and Evia was

approximately NE-SW, i.e. subparallel to the motion direction associated with the rotation

of western Greece, and can therefore have accommodated part of the rotation. 40º of cloc-

kwise rotation of western Greece, however, should correspond to approximately 350 km of

N-S to NE-SW extension parallel to the rotation trace at the latitude of the southern

Peloponnesos. The cumulative extension in the core complexes is in the order of 100 km.

The remaining 250 km therefore have been accommodated by westward translation of

Anatolia into the Aegean region (Figure 9.7). The cumulative middle to early late Miocene

- roll-back related - extension in the rear of the rotating domain is therefore approximately

25% of the total amount of motion that is accompanied with the rotation. Westward motion

of Anatolia accommodated the remaining 75% (Figure 9.5). E-W compression, together

with the clockwise rotation in the middle to early late Miocene is in good agreement with

the broken-slats model of Taymaz et al. (1991; Figures 9.7 and 9.8D).

The early stages of rotation of western Greece are accompanied by N-S extension on Crete,

but from approximately 11-10 Ma onward, E-W extension starts to prevail, in combination

with the formation of large WNW-ESE trending large south-verging folds, probably in res-

ponse to left-lateral transpression (Figure 9.5). This indicates that the southern Aegean

starts to experience friction with the underthrusting plate, i.e. the south to southwestward

motion of the overriding plate is faster the speed of roll-back of the subducted slab.

Late Miocene to Present (8-0 Ma)

The end of rotation of western Greece is followed by the collision with Apulia and accele-

rated E-W to NE-SW extension all over Greece, continuing friction in the Mediterranean

ridge and transpression in the southern Aegean (Figures 9.5 and 9.8E; Huguen et al., 2001;

Ten Veen and Kleinspehn, 2002; 2003; Chapters 5 and 7). 
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The Sea of Crete subsided from the early late Miocene onward (Angelier et al., 1982;

Chapter 4). The formation of the Sea of Crete was explained by either extrusion of Anatolia

(e.g. Sengör et al., 1985), or by ongoing roll-back (Le Pichon and Angelier, 1981;

Meulenkamp et al., 1988). The influence of roll-back, which led in the early Miocene situ-

ation to Aegean-wide extension, probably decreased in the late Miocene, when arc-normal

compression was re-established along the entire external Hellenic arc and 100-200 km of

'flat slab' were established (e.g. Hatzfeld, 1994; Giuchi et al., 1996; Bohnhoff et al., 2001).

The driving motion of (upper crustal) deformation since the late Miocene must be the result

of forces within the overriding plate, pushing the external parts of the Aegean region over

the underthrusting plate (Figure 9.8E). 

The southwestward motion of Greece and Anatolia became progressively localised to the

southern part of the Aegean by the collision between northwestern Greece and Albania with

Apulia from the Messinian onward and led to a collision situation around 3.5 Ma ago

(Chapter 4; Figure 9.5). From the onset of collision until the establishment of the collision

situation, the motion along the North Anatolian Fault Zone was accommodated by the dex-

tral system of the Aliakmon Fault Zone - Kastaniotikos Fault Zone - Thesprotiko shearzo-

ne - Kefallonia Fault Zone and led to motion along the southeastern margin of the Apulian

platform (Figure 9.5). After 3.5 Ma, right-lateral motion along this strike-slip system cea-

sed and the westward motion of Anatolia was accommodated in the Gulf of Amvrakikos -

Sperchios graben - Gulf of Evvia and the Gulf of Patras - Gulf of Corinth - Saronic Gulf

systems and the basins on the Peloponnesos (Figure 9.5). In the south, Crete emerged, pro-

bably as a result of transpression along the African promontory (Ten Veen and Kleinspehn,

2003; Chapter 5), which is also reported from the southeastern Mediterranean Ridge

(Huguen et al., 2001). On Karpathos, a phase of renewed subsidence occurred and Rhodos

tilted to the southeast, probably as a result of the foundering of the deep-marine basin to

the south of Rhodos in response to transtension in the rear of the Pliny and Strabo trenches

(Figure 9.5), whereas the western Mediterranean ridge formed the frontal part of the acti-

ve margin (Kastens, 1991; Le Pichon et al., 2002; Reston et al., 2002a; b).

Since the late Eocene, volcanic areas of comparable size migrated southward, indicating

roll-back of the subducted slab until the Plio-Pleistocene. The chain of Plio-Pleistocene

volcanism, can be traced from the island of Nysiros in the southeastern Aegean to

Macedonia in the northwest (Figure 9.4). The timing of the formation of this chain post-

dates the onset of increased extension in these areas by 1.5-3 Ma, which on Milos and

Aegina was explained as the time, in which a transcrustal system of shear zones and frac-

tures was established that facilitated the rise to the surface of magma (Chapter 6). The vol-

canics do also represent the 100-150 km isodepth zone of the top of the subducted slab at

that position since the Pliocene. This corresponds to the present-day geometry of the sub-

ducted slab, showing that roll-back did not play a significant role since 5-3 Ma.

Since roll-back probably did not have Plio-Pleistocene influence on the surface deforma-

tion of the Aegean, the outward motion must be the result of forces in the overriding plate,

also shown in the present-day kinematic situation (Figure 9.6). A scenario of gravitational
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spreading was proposed by Hatzfeld et al. (1997) and Gautier et al. (1999) and analogous-

ly modelled (Figure 9.7). The structures that evolved in their experiments compare well

with the curved pattern of the fault zones that evolved since the late Miocene, when motion

became restricted by the collision of northwestern Greece and Albania with Apulia. We the-

refore suggest that in the latest Miocene, when extension in central and southern Greece

accelerated, gravitational spreading of the overriding plate over the oceanic lithosphere of

the Ionian basin started, superimposed on the westward extrusion of Anatolia (Figure 9.8E).

The process of gravitational spreading was earlier proposed by Gautier et al. (1999), to have

started as early as the late Oligocene or early Miocene, but the comparison of the evolving

basin geometries in the Aegean with the modelling results of Gautier et al. (1999) leads us

to estimate a younger, latest Miocene onset of gravitational spreading.

9.5 Time-correlation to Cenozoic evolution of Europe

Finally, Meulenkamp and Sissingh (2003) reported a number of distinct intervals of major

change that can be correlated throughout the Mediterranean region. The first of these star-

ted between 37 and 34 Ma and correlates in time with the onset of post-accretionary exten-

sion in the Aegean region and the onset of volcanism. This phase was explained by Jolivet

and Faccenna (2000) as the result of slab-roll back in response to a rapid decrease in the

speed of northward motion of Africa. The second phase of Meulenkamp and Sissingh

(2003) occurred between 30 and 27 Ma and is not recognised as a major change in the evo-

lution of the Aegean region. The third phase of Meulenkamp and Sissingh (2003) took place

around 17-15 Ma and may correspond (or little predates) the onset of clockwise rotation of

the western Aegean region, the onset of formation of the Mediterranean Ridge and the onset

of Anatolian extrusion. The fourth phase of Meulenkamp and Sissingh (2003) occurred

around 9-8 Ma and is marked in Greece by the acceleration of arc-parallel extension on

Crete, probably related to the early stages of gravitational spreading of the overriding

lithosphere, superimposed on the Anatolian extrusion. Finally, the fifth phase started around

4-3 Ma and clearly related to the collision of Greece with Apulia. The fact that the post-

Eocene deformation stages in the Aegean region correlate quite well with deformation pha-

ses all over western and central Europe and the Middle East indicates that the driving for-

ces most probably relate to changes in large-scale relative plate motions between Europe

and Africa.

9.6 Conclusions

In this paper we aim to reconstruct the evolving three-dimensional anatomy of the Aegean

segment of the Alpine orogen during its late-orogenic extensional history. To this end, we

identified different phases of fragmentation, and constrained the timing of onset and dura-
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tion of these phases. We reconstructed the palinspastic evolution of the Aegean region since

the Eocene and compared it with the structural, metamorphic and magmatic history of the

region

-Until the late Eocene (~35 Ma), convergence of Africa and Europe occurred contempora-

neous with nappe stacking, without accompanying extension or volcanism. Exhumation of

subducted rocks occurred possibly by buoyant rise in the subduction channel

-From the late Eocene to the early middle Miocene (35-15 Ma), roll-back of the subducted

lithosphere led to N-S extension, fragmenting the previously formed nappe pile. The

decoupling between the Tripolitza and Ionian nappes from the lower part of the lithosphe-

re led around 23 Ma to a rapid acceleration of roll-back, which placed the entire overriding

lithosphere under N-S extension throughout the early Miocene.

-In the middle to late Miocene, roll-back continued, but was superimposed by the onset of

westward motion of Anatolia, which resulted in the re-establishment of compression at the

southwestern active margin and the clockwise rotation of western Greece and Albania.

Roll-back as a driving mechanism for extension of the overriding plate lasted until approxi-

mately 10-11 Ma, after which Crete started to experience increased friction with the over-

riding plate. From this moment onward, the outward motion of the overriding lithosphere

occurred faster than roll-back of the subducted slab.

-Since the late Miocene (8-0 Ma), gravitational spreading of the Aegean lithosphere beca-

me superimposed on the westward motion together with Anatolia. This motion became

restricted to the southern part of the Aegean as a result of collision of northwestern Greece

with Apulia from approximately 7 Ma onward, and led to a collision situation from 3.5 Ma

onward. 
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Plate I. Depth markers

1.   Ammonia beccarii

2.   Discorbis sp. 

3.   Elphidium macellum 

4.   Elphidium gerthi 

5.   Cibicides lobatulus

6.   Cibicides ungerianus 

7.   Cibicides pseudoungerianus

8.   Gyroidina soldanii 

9.   Cibicides pachydermus 

10. Uvigerina peregrina 

11. Uvigerina peregrina 

12. Uvigerina proboscidea 

13. Uvigerina hispida 

14. Uvigerina semiornata rutila 

15. Planulina ariminensis 

16. Siphonina reticulata

SEM pictures from 

1: Jorissen (1988)

2, 5, 6, 7, 8, 10, 11, 12, 13: Den Dulk (2000) 

3: http://www.ucl.ac.uk/GeolSci/micropal

4: http://palaeo.electronica.org/2002_2/guide/rota.htm

9, 14, 15, 16: Kouwenhoven (2000)

scale bar 1 m.
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Plate II. Depth markers (continued)

1. Oridorsalis stellatus 

2. Cibicoides kullenbergi

3. Cibicides bradyi 

4. Cibicides robertsonianus

5. Karreriella bradyi 

6. Eggerella bradyi 

7. Cibicides wuellerstorfi 

8. Cibicides italicus 

SEM pictures from: 

1, 3, 4, 8: Kouwenhoven (2000) 

2, 5, 6, 7: Den Dulk (2000) 

Scale bar 1 m.



247

Plates



The evolving anatomy of a collapsing orogen

248

PPllaattee IIIIII..  SSttrreessss mmaarrkkeerrss 

1.   Cancris auricula 

2.   Valvulineria bradyana

3.   Bolivina striatula 

4.  Bolivina spathulata 

5.   Bolivina alata 

6.   Bolivina tortuosa 

7.   Bolivina dilatata 

8.   Chilostomella oolina

9.   Bulimina marginata

10. Bulimina aculeata, marginata type

11. Bulimina aculeata 

12. Bulimina aculeata 

13. Bulimina exilis 

14. Fursenkoina pauciloculata 

15. Stainforthia fusiformis 

16. Globobulimina spp. 

17. Hopkinsina (Uvigerina) pacifica

18. Uvigerina (Rectuvigerina) cylindrica cylindrica

19. Uvigerina (Rectuvigerina) cylindrica gaudryinoides 

20. Bolivina plicatella 

21. Bulimina alazanensis 

SEM pictures from: 

1, 3, 7, 9, 14, 15, 17: Barmawidjaja (1991) 

2, 10, 12: Jorissen (1988) 

4, 5, 8, 11, 13, 16, 21: Den Dulk (2000) 

6, 18, 19, 20: Kouwenhoven (2000)

Scale bar 1 m.
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Samenvatting in het NederlandsSamenvatting in het Nederlands

Introductie en doelstelling

Sinds halverwege de vorige eeuw de plaattektoniek zijn intrede deed is het inzicht in de ont-

wikkeling van gebergten enorm gegroeid. Gebergten worden nu gezien als het gevolg van

de botsing tussen twee of meer naar elkaar toe bewegende schollen of platen. Wanneer twee

platen naar elkaar toe bewegen schuift de een onder de andere. Het bovenste stuk van de

onderduikende plaat, doorgaans met een dikte van enkele kilometers, wordt als het ware

afgeschraapt en geïncorporeerd in de overschuivende plaat. De rest van de onderduikende

plaat duikt de aardmantel in (subduceert). Het achterblijvende stuk van de onderduikende

plaat wordt een dekblad genoemd. Aangezien dit proces zich herhaalt ontstaat er een dek-

bladstapel, waarbij het onderste dekblad steeds jonger is dan het bovenste.

De dekbladstapel vormt een topografisch hoog: een gebergte. Een gebergte is in feite insta-

biel, aangezien de zwaartekracht tegen de vorming van topografie inwerkt en het gebergte

weer wil nivelleren met zijn omgeving. Zolang de convergentie tussen twee platen blijft

bestaan zal het gebergte verder worden opgebouwd, maar als de druk om de een of andere

reden wegvalt (of kleiner wordt) kan een gebergte instorten, of uit elkaar getrokken wor-

den. 

Sinds de Jura (140 miljoen jaar geleden) heeft zich een dekbladstapel ontwikkeld in een

brede strook van Spanje (Betische Cordillera en Pyreneeën) via de Alpen en de Karpathen

naar Griekenland, Turkije en uiteindelijk de Himalaya. De vorming van deze dekbladstapel

was het gevolg van het sluiten van de Tethys Oceaan, die tussen Afrika, Arabië en India in

het zuiden, en Europa, Azië in het noorden bevond. Dit gebergte is op een aantal plaatsen

weer ten dele 'ingestort' en gefragmenteerd. Een van deze gebieden is het Egeïsch gebied

(Figuur sam-1), waar het instorten ongeveer 35 miljoen jaar geleden begon en tot op heden

doorgaat.

In dit proefschrift wordt gepoogd de vraag te beantwoorden of het mogelijk is om de groot-

schalige geodynamische (plaattektonische) processen te identificeren die hebben geleid tot

de verschillende tektonische fasen van het instorten van het Egeïsch segment van het

Alpiene gebergte. Hiertoe is de anatomie van het Egeïsch gebied zoals die zich door de tijd

heeft ontwikkeld gereconstrueerd.

Methodes

De reconstructie van een drie-dimensionaal gebergte ter grootte van Griekenland kan niet

in een oogopslag gepresenteerd worden. Vandaar dat de reconstructie is opgedeeld in hori-

zontale bewegingen, gevisualiseerd in paleogeografische kaarten, en verticale bewegingen,

gevisualiseerd in doorsnedes door het gebergte.
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Bekkenreconstructies

Om de horizontale bewegingen die de afgelopen 35 miljoen jaar hebben gespeeld te recon-

strueren heb ik me hoofdzakelijk toegelegd op de reconstructie van sedimentaire bekkens:

laterale verschillen in horizontale bewegingen resulteren in het opentrekken van gaten in

de korst, die vervolgens vol water komen te staan. Om het tijdstip van ontstaan van deze

bekkens te bepalen kan men uit de sedimenten fossielen halen. In mariene sedimenten zijn

vooral microscopisch kleine organismen zoals nannoplankton en foraminiferen zeer

geschikt om te dateren. Daarnaast is magnetostratigrafie (een tijdschaal die gebaseerd is op

het repeterend omkeren van het aardmagneetveld) en cyclostratigrafie (een zeer hoge reso-

lutie-tijdschaal, gebaseerd op cyclische verschillen in zonne-instraling, met periodes van

21.000 jaar, 41.000 jaar, 100.000 jaar en 400.000 jaar) gebruikt. De foraminiferen in sedi-

menten bevatten niet slechts informatie over de ouderdom van de sedimenten, maar ook

over de biologische omstandigheden ten tijde van afzetting. Zo is bijvoorbeeld af te leiden

aan de hand van de soorten die op de bodem leven of er veel of weinig zuurstof voorhan-

den was, en of het diep of ondiep was. Bovendien blijkt de hoeveelheid bodemleven af te

nemen met diepte, terwijl de hoeveelheid planktonische (zwevende) foraminiferen min of

meer gelijk blijft: de verhouding tussen planktonische en benthische (bodembewonende)

foraminiferen is dus een dieptemaat. De reconstructie van de diepte van een bekken door

de tijd - in combinatie met de hoeveelheid sediment die in die tijd wordt afgezet - maakt

het mogelijk om de verticale bewegingen van een bekken gedurende zijn bestaan te recon-

strueren. De verticale bewegingen in een bekken zijn weer het gevolg van extensie en

daling, of compressie en omhoog komen, en kunnen dus gebruikt worden om verschillen

in horizontale bewegingen te dateren en de duur van de deformatiefase te bepalen.

Bovendien bevatten de bekkens cruciale informatie over de richting van het bewegingsver-

schil.

Paleomagnetisme en rotaties

Laterale verschillen in horizontale beweging kunnen ook leiden tot rotaties om een vertica-

le as. Grootschalige rotaties kunnen uiteraard een cruciale rol spelen in de paleogeografi-

sche ontwikkeling van een orogeen. Deze rotaties kunnen achterhaald worden door middel

van paleomagnetisme: bij de vorming van een gesteente leggen magnetische mineralen die

in sediment of magma zitten het dan heersende aardmagneetveld vast. De richting van dit

vastgelegde aardmagneetveld kan vervolgens worden gemeten. Als de noord-richting die

vastgelegd is in het gesteente afwijkt van de huidige noordpool, dan moet het gesteente dus

sinds zijn vorming geroteerd zijn over een hoek ter grootte van de gemeten afwijking.

Wanneer in gesteenten van verschillende ouderdom in een groot gebied paleomagnetische

metingen gedaan worden wordt het dus mogelijk om de grootte van het roterend gebied te

bepalen en de rotatiefase te dateren.

Verticale bewegingen op schaal van de korst

De paleogeografische ontwikkeling van het Egeïsch gebied kan vervolgens gekoppeld wor-
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den aan grootschalige bewegingen op schaal van de korst. Tijdens de vorming van de dek-

bladen worden delen van de dekbladen naar grote diepte gebracht. Tijdens het uiteentrek-

ken van het gebergte na de dekbladstapeling kunnen deze diepe, metamorfe delen weer aan

het oppervlak komen (exhumeren). In Griekenland zijn de diepst geëxhumeerde delen op

meer dan 70 km diepte geweest. In dit proefschrift zijn geen nieuwe gegevens vergaard

over de metamorfe geschiedenis van Griekenland, maar de uitgebreid bron van informatie

die in de literatuur voorhanden is is gebruikt om de transcrustale bewegingen te koppelen

aan de paleogeografische ontwikkeling.

De evoluerende anatomie van het Egeïsch gebied

De combinatie van bovenstaande methodes is in dit proefschrift beschreven in 9 hoofdstuk-

ken. Kort samengevat kan de opbouw en afbraak van het Griekse gebergte als volgt wor-

den beschreven:

Jura tot Eoceen (140-35 miljoen jaar): Dekbladstapeling

In de Jura begon de Tethys oceaan te sluiten. Dit heeft tot gevolg dat de bovenste delen van

de korst tot dekbladen verworden, door ontkoppeling van de onderkorst en mantel van de

onderduikende plaat. Deze onderduikende plaat verdwijnt vervolgens in de diepte. In het

geval van Griekenland bestaat ongeveer 40-50% van de gesubduceerde plaat, die tot 1500-

2000 km diep in de mantel strekt, uit continentale onderkorst en lithosferische mantel

Samenvatting in het Nederlands

FIGUUR SAM-1. Locatie van het Egeïsch gebied in de convergentiezone tussen Afrika en Arabië en het zuiden en Eurazie
in het noorden.
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(hoofdstuk 8). 

Eoceen-Vroeg Mioceen (35-15 miljoen jaar): laat-orogene extensie en het

terugrollen van de onderduikende plaat

Aan het einde van het Eoceen, zo rond 35 miljoen jaar, beginnen de oudere delen van de

dekbladstapel in de noord-zuid-richting uit elkaar getrokken te worden, terwijl dekbladsta-

peling op de plaatgrens gewoon doorgaat. De meest gangbare verklaring voor het begin van

laat-orogene extensie in Griekenland betreft het zogenaamde 'terugrollen' van de onderdui-

kende plaat: doordat bijvoorbeeld de convergentiesnelheid tussen Afrika en Europe

afneemt wordt de invloed van de zwaartekracht groter, gaat de onderduikende plaat steiler

staan en trekt het knikpunt in de onderduikende plaat zich terug. Hierdoor wordt de over-

schuivende plaat uit elkaar getrokken.

Rond 23 miljoen jaar verhevigt dit proces zich, nadat twee dekbladen die tegelijkertijd

gevormd werden ontkoppelden van de onderduikende plaat. Onmiddelijk hierna werden

deze dekbladen al uiteengetrokken en exhumeerden de diepe delen in het vroeg Mioceen

(tussen 23 en 15 miljoen jaar).

Midden tot laat mioceen (15-8 miljoen jaar): westwaardse extrusie van

Turkije en rotatie van west Griekenland.

Rond 15 miljoen jaar geleden begon onder invloed van de botsing van Arabië en Rusland

de Kaukasus te vormen. Hierbij werd Turkije naar het westen geduwd. In Griekenland leid-

de dit tot grootschalige rotatie (40º) van west-Griekenland, de Peloponnesos en Albanië.

Tegelijkertijd worden deze gebieden verder samengedrukt. Op Kreta en in centraal

Griekenland daarentegen ging het noord-zuid oprekken gewoon door tot ongeveer 10 mil-

joen jaar geleden, ten teken dat het terugrollen van de onderduikende plaat nog steeds actief

was. De twee processen vonden dus voor een belangrijk deel tegelijkertijd plaats. 

Laat Mioceen tot Heden (8 tot 0 Miljoen jaar): collisie met Apulië en gravita-

tionele spreiding

Rond 8 miljoen jaar geleden of wellicht iets jonger begon west-Griekenland in botsing te

komen met het Apulisch platform, dat ook de hak van de laars van Italië vormt. Dit had tot

gevolg dat het noordwesten van Griekenland verder werd opgeplooid en uiteindelijk niet

langer bewoog. De westwaardse beweging van Turkije, die tot op de dag van vandaag door-

gaat en onder meer de zware Izmit-aarbeving van een aantal jaar geleden op zijn conto had,

werd geaccomodeerd door een breukzone die dwars door noord-west Griekenland loopt,

van de Olympos naar het eiland Kefallonia.

De duidelijke noord-zuid rek die Griekenland tot ongeveer 10 miljoen deformeerde is niet

langer actief. In plaats daarvan ontwikkelen zich vanaf zo'n 8 miljoen jaar, en vooral vanaf

6 miljoen jaar, bekkens in Griekenland, die aangeven dat gesuperponeerd op de west-

waardse beweging samen met Turkije, Griekenland een onafhankelijke spreiding onder-

gaat, welke hedentendage nog immer gedetecteerd kan worden met GPS-systemen. Deze
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spreiding leidde vanaf het moment dat noordwest Griekenland en Apulië niet langer naar

elkaar toe bewogen (rond de 3.5 miljoen jaar geleden) tot de vorming van boogvormige

bekkens (zoals de Golf van Corinthe - Saronische Golf), en het omhoogkomen van de

Ionische eilanden en Kreta aan de randen van het spreidend systeem. Momenteel ligt de

buitenste 100-200 kilometer van de Griekse boog boven een zeer vlak duikende Afrikaanse

plaat, hetgeen aangeeft, dat Griekenland over de Afrikaans plaat heenglijdt. Dit geeft aan

dat de drijvende kracht die de oppervlakteprocessen stuurt vanuit de overschuivende plaat

komen, en niet langer door het terugrollen van de onderduikende plaat. De jongste geschie-

denis van Griekenland wordt dus gekenmerkt door west- en zuidwestwaardse beweging

van Turkije en Griekenland samen, met daarop gesuperponeerd gravitationele spreiding van

het Griekse deel van het systeem. 

Samenvatting in het Nederlands
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