
976

ABSTRACT

Reconstruction of the vertical motion his-
tory of Crete and Karpathos (southeastern 
Aegean region, Greece) from the Messinian 
to Recent revealed a previously poorly docu-
mented late Messinian phase of strong sub-
sidence with rates of 50–100 cm/k.y. followed 
by stasis during the fi rst 250 k.y. of the Plio-
cene and then by uplift of 500–700 m during 
the late early to early middle Pliocene. Uplift 
continued up to Recent albeit at a slower 
pace and at different rates in different areas. 
The lower Pliocene in Crete and Karpathos is 
characterized by widespread occurrences of 
mass-wasting deposits, which were emplaced 
over a period of time spanning the fi rst 1.35 
m.y. of the Pliocene. The origin of these mass-
wasting deposits has long been enigmatic 
but is here related to uplift which started in 
Crete as early as ca 5 Ma. It is suggested that 
the beginning uplift following strong subsid-
ence of various fault blocks until late in the 
Messinian is related to the onset of south 
Aegean strike-slip faulting. We postulate that 
small-scale tilting of fault blocks by trans-
tensional strike-slip faulting and increased 
seismic activity generated slope failures and 
subsequent sliding of poorly cemented lower 
Pliocene and uppermost Messinian Lago 
Mare sediments overlying the terminal Mio-
cene erosional unconformity. The absence of 
mass-wasting deposits after 3.98 Ma, while 
uplift continued, is most likely the result of 
progressive compaction and cementation of 
the increasingly deeper buried Lago Mare 
and lower Pliocene sediments, thereby pre-
venting slope failure to a depth of the termi-

nal Miocene unconformity. Hiatuses in some 
places in Crete and on Karpathos, however, 
indicate that slope failures continued to occur 
although on a smaller scale and less frequent 
than before.

Connecting the change from subsidence to 
uplift in the earliest Pliocene with the onset of 
left-lateral, strike-slip tectonics in the south-
eastern Aegean arc would make this major 
strike-slip system much older (by ~2 m.y.) 
than the generally accepted age of middle to 
late Pliocene. A recently postulated scenario 
of “Subduction Transform Edge Propagator” 
(STEP) faulting to explain the south Aegean 
strike-slip system predicts rates, distribution, 
and amount of uplift as rebound to south-
westward retreat of the subducted slab along 
a transform fault zone that is in line with 
our fi ndings on Crete and Karpathos and 
explains the absence of compressional struc-
tures associated with the uplift, as well as the 
ongoing southwestward motion of Crete.

Keywords: Crete, vertical motion history, early 
Pliocene mass wasting, Messinian, geodynam-
ics, Aegean.

INTRODUCTION

The lower Pliocene in Crete and Karpathos 
(Greece) is unusual in that sediments of this 
age are in many places represented by unstrati-
fi ed, mass fl ow deposits of typically several 
tens of meters thick and made up of ill-sorted 
mixtures of deep marine, lower Pliocene marls 
and components of older Neogene strata (up to 
several meters across) fl oating in marly matrix. 
These unusual deposits were fi rst described in 
some detail from the Ierapetra region by For-
tuin (1977), and since then their origin has been 

related either to paroxysm (Fortuin, 1978), 
regional uplift and erosion of the lower Pliocene 
(Meulenkamp et al., 1979b), submarine sliding 
due to foundering of fault blocks during the 
early Pliocene (Peters, 1985), or slope failures 
during deep submergence at the beginning of the 
Pliocene of a rejuvenated relief that was shaped 
during the terminal Miocene (van Hinsbergen 
and Meulenkamp, 2006). The discussion thus 
seems to revolve, to a large extent, around the 
question of whether the emplacement of mass 
fl ows followed from uplift during the early Plio-
cene or from foundering of fault blocks either 
during early Pliocene or terminal Miocene. 
Subsidence of the Cretan basins seems to have 
occurred until at least the latest Miocene (van 
Hinsbergen and Meulenkamp, 2006). The uplift 
of Crete was placed in the middle of Pliocene 
time (Fortuin, 1978; Meulenkamp et al., 1994; 
van Hinsbergen and Meulenkamp, 2006) with 
local emergence as early as ca 3.4 Ma (ten Veen 
and Kleinspehn, 2003), which seems to take the 
edge off the claim of very early Pliocene uplift. 
Data on vertical motions during this time span 
are lacking for Karpathos.

Uncertainties with respect to the origin of the 
widespread lower Pliocene mass fl ows on Crete 
and Karpathos thus concentrate on two major 
points. The fi rst one focuses on the age range 
of the mass fl ows: are individual mass fl ows 
separated in time, and if so, what is their precise 
age range? Secondly, did early Pliocene basins 
experience strong subsidence or uplift, or stasis, 
following strong subsidence until and including 
the Messinian? Solving these issues is a prereq-
uisite to any meaningful discussion that would 
center on the question of how mass wasting fi ts 
in with the vertical motion history of Crete and 
Karpathos. If mass wasting is causally related 
to vertical motions, then how did this process 
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come about? And if not, what are the alterna-
tives? In this paper, we present for the fi rst time 
a detailed description of the lithology, strati-
graphic context, and depositional environment 
of these lower Pliocene mass fl ows in Crete 
and Karpathos along with an accurate chronol-
ogy. Furthermore, we will quantify Messinian 
to middle Pliocene vertical motions for differ-
ent areas in Crete and Karpathos by calculating 
depositional depth values for samples from 38 
sections and outcrops spanning the critical time 
span after correcting for sediment infi ll and 
eustasy. It should be noted, however, that a 
reconstruction of the vertical motion history is 
greatly hampered by the Messinian Salinity Cri-
sis, which refers to a short period in the history 
of the Mediterranean (5.96–5.33 Ma; Krijgsman 
et al., 1999) of massive salt extraction followed 
by desiccation and refi lling during the earliest 
Pliocene at 5.332 Ma (Lourens et al., 2004). In 
particular, the removal of a signifi cant portion 
of the Messinian sediment cover by drawdown-
related erosion during the terminal Messin-
ian complicates the reconstruction of vertical 
motions within the critical time span. An addi-
tional problem is that the preserved Messin-
ian sediment cover is often incomplete due to 
submarine sliding and is not always suitable for 
meaningful paleobathymetry analysis. Even the 
lower Pliocene in Crete and Karpathos is rarely 
complete because of the widespread occurrence 
of mass-wasting deposits.

GEOLOGIC SETTING

Crete and Karpathos are emerged parts of the 
Aegean arc located to the north of the Medi-
terranean Ridge, the surface expression of the 
accretionary complex, that marks the modern 
Hellenic subduction zone (Fig. 1). The Aegean 
arc represents the southern termination of the 
Aegean lithosphere and has migrated south-
ward several hundreds of kilometers relative to 
Eurasia since Eocene times as a result of pro-
cesses including south(west)ward rollback of 
subducting African lithosphere and associated 
backarc extension, gravitational collapse, and 
westward extrusion of Anatolia (Dewey and 
Şengör, 1979; Le Pichon et al., 1982; Meu-
lenkamp et al., 1988; Jacobshagen, 1994; Fas-
soulas et al., 1994; Meijer and Wortel, 1997; 
Cianetti et al., 2001; Jolivet, 2001; Armijo et 
al., 2004, Kreemer and Chamot-Rooke, 2004). 
North-south–directed, syn- and post-orogenic 
extension via low-angle detachments exhumed 
metamorphic complexes in the Aegean region 
since the Oligocene (Lister et al., 1984; Gau-
tier et al., 1993; Ring et al., 2001; Jolivet et al., 
2003). On Crete, exhumation of high-pressure/
low-temperature (HP/LT) metamorphic rocks 
occurred between the early Miocene and the late 
middle to early late Miocene (Fassoulas et al., 
1994; Jolivet et al., 1996; Thomson et al., 1998; 
Rahl et al., 2005). N-S extension via the Cretan 
detachment was accompanied by the develop-

ment of a large E-W–trending, supra-detach-
ment basin on Crete accommodating the fl uvial-
lacustrine sediments of the Males river system 
(van Hinsbergen and Meulenkamp, 2006). This 
early supra-detachment basin dates back to 
12–11 Ma and became increasingly fragmented 
in the course of the late Miocene by dominantly 
N-S–striking faults refl ecting arc-parallel exten-
sion associated with ongoing outward motion 
of the Aegean arc (ten Veen and Meijer, 1998; 
Fassoulas, 2001; van Hinsbergen and Meulen-
kamp, 2006). Finally, some time between the 
latest Miocene and the late Pliocene, within the 
same time span as the uplift of Crete, a large 
system of left-lateral, strike-slip faults including 
those forming the prominent offshore Pliny and 
Strabo trenches was formed in the southeast-
ern sector of the Aegean arc. The net result of 
activity along this fault system is transpression 
resulting in uplift and counterclockwise rota-
tion in the south Aegean region (Le Pichon et 
al., 1979; Peters and Huson, 1985; Duermeijer 
et al., 1998; Mascle et al., 1999; Woodside et 
al., 2000; ten Veen and Kleinspehn, 2003; van 
Hinsbergen et al., 2007; Fig. 1).

SECTIONS AND OUTCROPS STUDIED

The lower Pliocene has been studied in 23 
locations from all over Crete and in one loca-
tion on Karpathos (Fig. 2 numbers 1, 3–5, 7, 
8b, 8c, 10a, 10b, 11a, 12a, 19–23a, 25a, 25b, 
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26a, 26b, 27–29, and 31–32). Of these lower 
Pliocene sections, 17 overlie Miocene rocks, 
of which 13 expose the contact. Sections 3, 5, 
8b, 8c, 10a, 10b, 11b, 12a, 12b, 19–20, 22–23a, 
25a, 25b, 26b, 27–29, and 32 are new or re-sam-
pled, whereas sections 1, 4, 7, 11a, 21, 26a, and 
31 were subject to earlier studies (see caption 
Fig. 2), but the samples have been reinvestigated 
for detailed biostratigraphic and/or paleobathy-
metric analyses. Sections 2, 6, 9, 14, 15, 16, 24, 
and 30 refer to Messinian sections and are incor-
porated in this study solely for paleobathymetry. 
Of these sections, 2, 14, 15, and 16 are new, 
whereas sections 6, 9, 24, and 30 are previously 
published (see caption Fig. 2) but restudied here 
for biostratigraphy and/or paleobathymetry. 
Sections 8a, 13, 17, 18, 23b, and 33 are used 
to portray the timing and magnitude of Plio-
cene uplift. Section 33 is new, whereas remain-
ing sections were published earlier (see caption 
Fig. 2), although we improved chronology and 
extended paleobathymetry analysis for sections 
8a, 13, and 18. Additional geographic informa-
tion on some of the locations is available online 
in the Appendix (GSA Data Repository)1.

THE STRATIGRAPHIC RECORD OF 
THE MESSINIAN AND PLIOCENE

Messinian: The Marine Record

Neogene sediments on Crete are found in a 
mosaic of faulted basins separated by alpine 
basement (Fig. 2). This pattern is the result of an 
intense fragmentation of the large E-W–trend-
ing, early supra-detachment basin by successive 
generations of faults related to a change from 
dominant N-S to E-W extension in the course of 
the late Miocene (ten Veen and Postma, 1999b; 
Fassoulas, 2001). The complex interplay of uplift 
and erosion and subsidence and infi ll of the vari-
ous fault blocks resulted in an extremely complex 
stratigraphic architecture of the Tor tonian infi ll 
with considerable vertical and lateral differences 
in facies and thickness, and cut by numerous hia-
tuses (see Fig. 7 in van Hinsbergen and Meulen-
kamp, 2006). Relatively uniform depositional 
conditions, characterized by deep marine grayish 
marls, prevailed on Crete at the beginning of the 
Messinian (van Hinsbergen and Meulenkamp, 
2006). At many places, these grayish marls alter-
nate with brownish sapropels refl ecting dry-wet 
climatic conditions paced by the cycle of preces-

sion and modifi ed by obliquity and eccentricity 
on longer time scales (Hilgen et al., 1995, 1997; 
Krijgsman et al., 1995). These grayish marine 
marls with distinct sedimentary cycles belong 
to the younger part of the Tefeli Group, which 
is one of the six major lithostratigraphic units 
distinguished by Meulenkamp et al. (1979a). 
At several places in central and eastern Crete, 
these clayey gray marls with intercalated sap-
ropels pass upward either into an alternation of 
whitish calcareous marls and sapropels, or into 
calcarenites with occasional calcareous to sap-
ropelitic marls. This unit of whitish calcareous 
marls and detrital limestones in which low-angle 
truncations of underlying strata, debris fl ows, 
and hiatuses are common is included here in 
the Vrysses Group, although the boundary 
with the underlying Tefeli Group is only loosely 
defi ned by Meulenkamp et al. (1979a). The 
lower boundary of the Vrysses Group as defi ned 
in this study corresponds with the transition from 
gray, clayish marls to whitish, highly calcareous 
marls—a transition often accompanied by input 
of detrital limestones. Where this transition is 
sharp, e.g. in locations 9 and 30 (Fig. 2), we were 
able to date it at 6.72 Ma; elsewhere, in location 16 
(Fig. 2), this transition is gradual. On the island of 
 Gavdos, south of Crete, whitish cal careous marls 
alternating with sapropelitic to diatomaceous 
beds of the Vrysses Group pass upward into 
evaporitic limestones marking the level where 
the so-called Lower Evaporites began to precipi-
tate in the Mediterranean due to a deteriorating 
connection with the Atlantic (e.g., Meijer, 2006). 
This level has been dated at 5.96 Ma (Krijgsman 
et al., 1999). Elsewhere in the Mediterranean 
these evaporitic limestones pass into gypsum 
and, in some deep basins, even into halite depos-
its, but on Gavdos and Crete, in situ deposits of 
these Lower Evaporites are remarkably rare and 
incomplete. Except for the evaporitic limestones 
on Gavdos, in situ Lower Evaporites have been 
found only near Ploutis (Fig. 2, location 10b) and 
Tsifout Kastelli (Fig. 2, location 12b) as well as 
along the road from Agia Varvara to Panasos. At 
Ploutis, these in situ Lower Evaporites consist 
almost entirely of alternations of laminated gyp-
sum (“balatino”) and sapropelitic marl, together 
measuring 50–60 m. At Tsifout Kastelli, they are 
represented by 20 m of balatino gypsum. In both 
locations, these Lower Evaporites conformably 
overlie pre-evaporitic, calcareous, marl-sapropel 
couplets of the Messinian Vrysses Group. In 
contrast, they are unconformably overlain by 
gypsum breccias (see also Fig. 3).

Messinian: The Terrestrial Record

Terrestrial deposits overlying the marine 
marls, calcarenites, and evaporites of the 

Vrysses Group are assigned to the Hellenikon 
Group (Meulenkamp et al., 1979a). These ter-
restrial sediments are found at many places in 
the Mediterranean and mark a short period of 
some 260 k.y. (5.59–5.33 Ma; Krijgsman et al., 
1999) at the end of the Miocene during which 
the Mediterranean was disconnected from the 
Atlantic. This period is termed the Lago Mare 
(sea lake) phase since its introduction (Ruggieri, 
1967) and is presently widely accepted to desig-
nate the fl uvio-lacustrine conditions ending the 
Messinian prior to the marine Pliocene refl ood-
ing. Together with the hyper-saline marine 
conditions that preceded the Lago Mare phase, 
these conditions are characteristic of the so-
called Mediterranean Messinian Salinity Crisis. 
The Lago Mare sediments in the area of sections 
3 and 4 in western Crete (Fig. 2) are dominated 
by varicolored (reddish to grayish), coarse clas-
tics along the basin margin and relatively fi ne-
grained clastics away from the margin. This suc-
cession is some 250 m thick and deposited in a 
fl uvial to lacustrine environment. Locally, some 
gypsum beds are intercalated (Meulenkamp et 
al., 1979b). A fi eld study in 2005 revealed a 
number of interesting Lago Mare outcrops in the 
southern part of central Crete at Kourtes (Fig. 2, 
location 10a), Ploutis (Fig. 2, location 10b), Ano 
Akria (Fig. 2, location 12a), and nearby Tsifout 
Kastelli (Fig. 2, location 12b).

The Lago Mare record at Tsifout Kastelli 
and Ploutis begins with breccias composed of 
gypsum- and non-fossiliferous limestone clasts 
(up to 1 m across) fl oating in a siltitic to arenitic 
calcareous matrix (measuring some 30–40 m in 
Tsifout Kastelli and 20 m in Ploutis). Upward, 
there is a partially exposed alternation of non-
fossiliferous clayey, to silty chalks with turbid-
ites, laminated gypsum beds, and fi ne-to coarse-
grained terrigenous clastics measuring some 
50 m at Ploutis and 30 m in Tsifout Kastelli 
(Fig. 3). The many turbidites and occasional 
fi ndings of gyrogonites of Charaphyta in the 
chalks and silty clays point to deep lacustrine 
conditions, whereas the laminated gypsum and 
terrigenous clastics were most likely deposited 
in playa lake and fl uvial environments. Silty 
clays relatively rich in foraminifers at Ploutis 
were sampled in view of claims for occasional 
fl ooding of the Mediterranean by Atlantic water 
during the Lago Mare phase (Carnevale et al., 
2006), but foraminifers in these samples are 
clearly reworked. The Lago Mare sequence 
at Ploutis and Tsifout Kastelli overlies in situ 
Lower Evaporites, as described above.

The Lago Mare succession at Ano Akria 
consists of gypsum breccias overlying pre-
evaporitic Messinian calcarenites and sapropels 
and underlying regularly bedded, lacustrine 
chalks with interbedded turbidites of at least 

1GSA Data Repository item 2008050, calculated 
and estimated depth values for all samples along 
with the relevant faunal data, biozonal assignment 
or numerical age for all Pliocene samples, and age 
ranges for Miocene samples, is available at www.
geosociety.org/pubs/ft2008.htm. Requests may also 
be sent to editing@geosociety.org. 
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20 m thick. Upward, this succession gives way 
to poorly exposed continental clastics (Fig. 3). 
Ostracods from Lago Mare deposits at Ano 
Akria were recently described by Cosentino et 
al. (2007), but whether their Paratethyan affi nity 
necessarily indicates brackish water conditions 
remains to be proven.

The Lago Mare succession at Kourtes (Fig. 2, 
location 10a) is unusual in that it overlies an 
older stratigraphic unit (Tefeli Group) than 
the Vrysses Group in the locations mentioned 
above. Here, two intervals of lacustrine chalks 
with turbidites alternate with two, respectively 
8- and 10-m-thick intervals of continental clas-
tics (Fig. 3). The clasts vary in size from gravel 
to blocks of 180 cm diameter and consist of 
both reworked older Neogene and basement 
rocks, plus a large amount of white, recrystal-
lized, cavernous dolomitic limestones. Similar 
alternating lacustrine-continental cyclicity is 
reported from the Nijar Basin (SE Spain), where 
up to eight continental clastic intervals alternate 
with lacustrine marly to chalky sediments (For-
tuin and Krijgsman, 2003). This type of cyclic-
ity suggests strongly fl uctuating lake levels dur-
ing the Lago Mare phase and, as discussed by 
Fortuin and Krijgsman (2003), is most likely 
related to alternating dry-wet climate conditions 
controlled by the 21-k.y. cycle of precession. 
Lago Mare deposits in eastern Crete are rare 
and dominated by continental clastics, although 
lacustrine cavernous limestones and chalks are 
occasionally present, for example, to the north-
west of location 25 (Fig. 2) at location 386 of 
Fortuin (1977) and to the northeast of 27 near 
Ethia (Fig. 2) at the location of Figure 75 in 
Peters (1985). Lago Mare deposits on Koufonisi 
are at least 10 m thick and consist of fi nely bed-
ded azoic calcisiltites to calcarenites with inter-
calated mass fl ows dominated by (sub)angular 
blocks and fragments of azoic porous limestones 
(see Figs. 13–15 in Peters, 1985). On Karpathos, 
a 200-m-thick series of fl uvio-lacustrine clastics 
overlies pre-Neogene basement and underlies 
lower Pliocene mass-wasting deposits (section 
32, Figs. 2 and 3). The base of the series con-
sists of 20 m coarse conglomerates with poorly 
rounded pebbles fl oating in a mud-matrix and 
interpreted as a continental mudfl ow. Higher 
up, cross-bedded sands are overlain by a trav-
ertine bed followed by 100 m silts, sands, and 
conglomerates with occasionally brackish water 
ostracods (Daams and Van de Weerd, 1980). A 
precise age assessment is based on the recovery 
of an association of small mammals which was 
fi rst given a Ruscinian (Pliocene; Agustí, 2001) 
age, but which, according to new insights in 
eastern Mediterranean mammal biochronology, 
should have a latest Miocene age (H. de Bruijn, 
2006, personal commun.). The fl uvio-lacustrine 

series on Karpathos thus has been deposited 
during the Lago Mare phase.

Pliocene

The lowermost Pliocene in Crete and Karpa-
thos consists of deep marine calcareous marls 
overlying either upper Miocene rocks or base-
ment (sections 1, 3, 4, 7, 10a, 11a, 12a, 18, and 
31 in Fig. 3) or lower Pliocene mass-wasting 
deposits (sections 8b, 8c, 19, 21, 22, 25a, 26a, 
26b, 29, and 32 in Fig. 3). These calcareous 
marls are massive due to intense bioturbation, 
and steep joints caused blocks to be characteristi-
cally rounded by weathering. The CaCO

3
 content 

in these marls is typically 60%–80% (Jonkers, 
1984), and only locally, these marls are admixed 
with clastics (e.g., in locations 4 and 8b). Mac-
rofossils are rare and represented by Pycnodont 
oysters and pectinids. Similar and time-equiva-
lent marls are widespread in the Mediterranean 
and generally referred to as “Trubi,” which is 
the name given to this facies on Sicily. Upward, 
these Trubi marls become less massive and more 
clayey with numerous brownish sapropelitic or 
whitish diatomaceous interbeds (Jonkers, 1984). 
The oldest Pliocene sapropelitic layers in Crete 
have been found in section 18 (Fig. 3) and have 
been calibrated (van Hinsbergen and Meulen-
kamp, 2006) to the prominent northern summer 
insolation maxima that mark the beginning of a 
period in which precession values were strongly 
modulated by the 100 and 400 k.y. eccentricity 
cycles (5.201–4.912 Ma; Lourens et al., 1996). 
Cyclically bedded marine sediments extend up 
into the middle Pliocene in central Crete and the 
area east of Rethymnon (Zachariasse, 1975), in 
the area west of Ierapetra (Fortuin, 1977), and on 
Koufonisi (Dermitzakis and Theodoridis, 1978). 
The youngest of these middle Pliocene sediments 
crops out along the south coast of western Crete 
(at Francocastello; Zachariasse, 1975). At loca-
tion 13 (Atsipadhes), such cyclically bedded 
middle Pliocene marly sediments pass upward 
into bioturbated fi ne sands (lower part) and sands 
with irregularly indurated surfaces topped by 
seven meters of calcareous sands with skeletal 
debris and large-scale foresets (upper part). The 
sandy unit measures 90 m and is overlain 3 km to 
the east by 12 m of poorly exposed sands some-
times with pebbles alternating with calcareous 
sandstones with transported skeletal debris and 
pebbles. The sandy unit is middle Pliocene in age 
(Zachariasse, 1975; van Hinsbergen and Meulen-
kamp, 2006) and rich in molluscs with admixtures 
of bryozoans, echinids, and scaphopods. The suc-
cession of cyclically bedded marls, via fi ne sands, 
to pebbly calcareous sandstones clearly represents 
a coarsening upward sequence. Together with the 
rich malacofauna, this succession indicates that 

this area rapidly shoaled during the middle Plio-
cene. The shallow marine sandy unit in the area 
of locations 12 and 13 and particularly the upper 
part seems to represent a slightly deeper facies 
of the fan-delta front deposits described by ten 
Veen and Kleinspehn (2003) from Agia Galini 
(west of Timbaki, see Fig. 2). These fan-delta 
front deposits are made up of bioturbated sands 
with molluscs and conglomerates showing cross-
bedding and have been dated at ca. 3.4 Ma, based 
on rare occurrences of the planktonic foraminifer 
Globorotalia puncticulata and strontium isotope 
ratios in foraminifers and molluscs. Although 
error bars on the Sr-ratios are large and the glo-
borotaliids in the lower shore face sands are cer-
tainly reworked (their modern representatives are 
deep living [Hemleben et al., 1989]), the age of 
ca. 3.4 Ma agrees well with the middle Pliocene 
age for the shallow marine sandy unit in the area 
of locations 12 and 13. The fan-delta front depos-
its at Agia Galini pass upward and laterally into 
terrestrial deposits comparable with the terrestrial 
reddish- to pale-colored cemented conglom-
erates, sands, and siltstones that conformably 
overlie the shallow marine sandy unit south of 
location 12 (but contact is not exposed). These 
terrestrial clastics are assigned to the Agia Galini 
Formation (Meulenkamp et al., 1979a) and were 
given a Pliocene-Pleistocene age on the offi cial 
geologic map of Greece (Timbakion and Epano 
Archanae sheets, 1: 50,000, IGME 1984, 1994). 
Available age constraints on the underlying, shal-
low marine clastics at Agia Galini and in the area 
of locations 12 and 13 indicate that the change-
over from shallow marine to terrestrial condi-
tions and the emergence of the southern part of 
central Crete took place in the middle Pliocene. 
At two locations—Faneromeni Messara (8a in 
Fig. 2) and west of Thrapsanon (van Hinsbergen 
and Meulenkamp, 2006)—the terrestrial clastics 
of the Agia Galini Formation are found in sharp 
contact with deep marine lower Pliocene, indicat-
ing that both units are separated by an erosional 
unconformity. If there was a shallowing sequence 
between the deep marine lower Pliocene and the 
overlying terrestrial clastics at these locations, 
then it is removed by subsequent erosion. The dis-
tribution area of the terrestrial clastics of the Agia 
Galini Formation is the southern part of central 
Crete roughly between Asimi in the east and Tim-
baki in the west with one small occurrence in the 
northeastern part of central Crete (Thrapsanon). 
Nowhere else in Crete do terrestrial clastics con-
formably overlie middle Pliocene deposits.

LOWER PLIOCENE MASS FLOWS: 
LITHOLOGY AND AGES

In many places in Crete and Karpathos, basal 
Pliocene strata consist of chaotic mixtures of 
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divergent sediment types fl oating in a marly 
matrix (sections 5, 8b, 8c, 19–23a, 25–29, and 
32 in Fig. 3) and are typically several tens of 
meters thick. The most common type of mass 
fl ow deposits are those in which clasts are domi-
nated by angular blocks (up to several meters 
across) of cavernous and dense azoic limestones, 
and lumps of Trubi marls fl oating in a matrix 
of homogeneous, or silty marls (Figs. 4A–4C). 
The lower parts of these mass fl ow deposits at 
locations 5, 19, and 27 even incorporate pack-
ets of Lago Mare strata that preserve unsorted 
mass-fl ow interbeds with abundant angular 
blocks and fragments of cavernous and dense 
azoic limestones, which most likely originated 
from older intra-Lago Mare limestones and/or 
from the evaporitic limestones of the Vrysses 
Group (Fig. 4D). The presence of similar lime-
stone clasts fl oating in the Pliocene mass fl ows 
indicates that these clasts are reworked from 
Lago Mare debris fl ows. Rare bioclastic lime-
stone fragments (e.g., in locations 19 and 28) are 
derived from pre-evaporitic limestones of the 
Vrysses Group. An extreme example of Lago 
Mare strata incorporated in lower Pliocene mass 
fl ow deposits is exposed in location 8b, where 
large packets of azoic conglomerates and sands 
are slumped and mixed with contorted packets 
of Trubi (Fig. 4G). Divergent types of Plio-
cene mass fl ow deposits are those dominated 
by blocks of selenitic gypsum at locations 21 
and 22 or even older units of Tortonian age at 
location 27 underlying the classic type of mass 
fl ow deposits (Fig. 3). Biostratigraphic dating of 
samples taken during a fi eld trip in 2005 from 
some marly clasts below the main body of gyp-
sum olistoliths in section 22 (Figs. 4E and 4F) 
confi rms the early Pliocene age of this type of 
mass fl ow deposits. A similar mass fl ow deposit 
with gypsum blocks at location 8c has not been 
dated but is placed in the lower Pliocene by 
comparison with the succession at the nearby 
location 8b (Fig. 3).

The gypsum blocks incorporated in the lower 
Pliocene mass fl ow in location 21 and 22 and 
those in the mass fl ow tentatively placed in the 
lower Pliocene at locations 8c may have been 
reworked from the Lago Mare since gypsum 
breccias and laminated gypsum beds at Ploutis 
(Fig. 3) and Tsifout Kastelli (Fig. 3) form part of 
the Lago Mare succession on Crete and which 
for their part may be the product of resedimenta-
tion of the Lower Evaporites.

Ages of fourteen individual Pliocene mass 
fl ows are given in Figure 5. These ages are based 
on the presence and/or absence of age diagnos-
tic planktonic foraminifers in Trubi clasts and/
or from undisturbed Trubi marls directly overly-
ing the mass deposits and the interpretation of 
these data in terms of six biozones of which the 

ages of their defi ning bioevents are taken from 
Lourens et al. (2004). Biozone 1 is the interval 
from base Pliocene (5.332 Ma) to base Spha-
eroidinellopsis subdehiscens acme (5.30 Ma). 
On Sicily, in the Global Stratotype Section and 
Point (GSSP) for the base Pliocene at Eraclea 
Minoa (van Couvering et al., 2000), biozone 1 
contains two smaller intervals with dominant 
left-coiled neogloboquadrinids (with percent-
ages of >80): one in the upper part of the fi rst pre-
cession controlled sedimentary cycle above base 
Pliocene and the other in the upper and lower 
part of cycles 2 and 3 (Lourens et al., 1996). In 
Crete (sections 3, 4, 10a, and 18 in Fig. 3) the 
double peak has merged into one  single maxi-
mum due to the more intense bioturbation in the 
shallower Cretan sections. Biozone 2 defi nes 
the interval of the acme of Sphaeroidinellopsis 
subdehiscens (5.30–5.21 Ma). Biozone 3 is the 
interval between top Sphaeroidinellopsis acme 
and the First Common Occurrence (FCO) of 
Globorotalia margaritae (5.21–5.08 Ma). Bio-
zone 4 is defi ned by the common occurrence 
of Globorotalia margaritae up to the First 
Occurrence (FO) of Globorotalia puncticulata 
(5.08–4.52 Ma). Biozone 5 is characterized by 
the joint presence of Globorotalia margaritae 
and Globorotalia puncticulata (4.52–3.98 Ma), 
and biozone 6 covers the interval from the Last 
Common Occurrence (LCO) of Globorotalia 
margaritae up to the Last Occurrence (LO) of 
Globorotalia puncticulata (3.98–3.57 Ma). Fig-
ure 5 shows several interesting aspects. First, 
it reveals that gravity sliding occurred over an 
interval of time spanning the fi rst 1.35 millions 
of years of the Pliocene Epoch, but the timing 
differs from place to place even in nearby locali-
ties. For example, in location 8b, mass wasting 
followed shortly after the Pliocene fl ooding 
event; however, 1 km to the south (section 8c), 
gravity sliding occurred 0.25–0.81 m.y. later. 
Second, ages derived from Trubi clasts and 
overlying Trubi at the same locality suggest that 
individual mass-wasting events were relatively 
short lasting events (Fig. 5: sections 8b, 8c, 19, 
and 23a). Third, the mass fl ow deposit on Kar-
pathos incorporates Trubi clasts from different 
biozones, i.e., biozones 2 and 5. Fourth, the 
brownish apatite coating on top of the mass fl ow 
deposit in location 28 marks 0.68–1.31 m.y. 
of non-deposition, since the lowermost undis-
turbed Trubi overlying this surface belongs to 
biozone 5, whereas the mass fl ow itself has a 
biozone 2 age.

TERMINAL MIOCENE EROSION

Lower Pliocene sediments in Crete and Kar-
pathos, which are regular Trubi marls or mass 
fl ow deposits, are not always in contact with 

Lago Mare sediments but are found to overlie 
older Miocene units as well. In sections 8b, 8c, 
19, 21, 22, 25a, 26, and 29, Pliocene sediments 
are in contact with pre-evaporitic sediments of 
the Vrysses Group (Fig. 3). At all these loca-
tions, the lowermost Pliocene is characterized 
by mass fl ow deposits, and one may argue that 
these mass fl ows have eroded the Messinian 
sediments to a pre-evaporitic level within the 
Vrysses Group. This would imply that locally 
the total volume of the Lago Mare and Lower 
Evaporites has been reworked and incorporated 
in these lower Pliocene mass fl ow deposits. In 
fact, these mass fl ow deposits are dominated 
by clasts derived from the Lago Mare. Gypsum 
clasts are notably rare. Gypsum clasts in mass 
fl ow deposits of proven early Pliocene age are 
known only from section 22 (Fig. 3). The mass 
fl ow deposits in location 27 (containing one 
block of gypsum within a chaotic mass of sev-
eral types of Tortonian marls), 21 (dominated 
by gypsum clasts), and 8c (lower mass fl ow is 
dominated by gypsum clasts) are tentatively 
placed in the Pliocene, but a terminal Miocene 
age cannot be excluded since Trubi clasts were 
not found. All other Pliocene mass fl ow deposits 
are completely devoid of gypsum clasts despite 
the fact that pre-evaporitic sediments underly-
ing the mass fl ows in sections 8b, 19, 26, and 
29 are deep marine and (in case of section 8b) 
outcrops of in situ Lower Evaporites are found 
in the same region at location 10b. All these 
observations seem to indicate that most of the 
Lower Evaporites in Crete have disappeared 
before the refi lling of the Mediterranean at the 
beginning of the Pliocene. This viewpoint is 
substantiated by section 10a (Fig. 3), where a 
Lago Mare sequence of some 12 m thick made 
up of lacustrine chalks with turbidites and con-
tinental clastics overlies four meters of gray 
clays, which, based on fi eld evidence, should 
belong to an older (Tortonian) part of the Tefeli 
Group. Washed residues from samples taken 
from these clays turned out to be devoid of cal-
careous microfossils. The presence of many fi sh 
bones and marine algae (pachysphaeriids) and 
occasionally of arenaceous benthic foramini-
fers (Textularia) and the pyritized infi lling of 
planktonic foraminifers (Orbulina) indicate that 
these clays were originally foraminiferal-rich 
marls but were decalcifi ed by pedogenesis in 
dry periods during the Lago Mare phase after 
erosion has taken away the whole of the Vrysses 
Group (while ≥100 m is preserved only a few 
kilometers eastward near Agia Varvara). Also at 
Kandila (location 11a), the Vrysses Group has 
been completely removed by erosion during the 
terminal Miocene. Here, shallow marine calcar-
enites with intercalations of ungraded fi ne sands 
of Tortonian age, are overlain by deep marine 
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Figure 4. Photographs of lower Pliocene mass-wasting deposits. (A) Prassas, location 19; (B) Punta Beach on Karpathos, location 32; (C) lower 
Pliocene mass fl ow overlying deep marine, Messinian calcarenites of the Vrysses Group on Koufonisi, location 30; (D) basal part of lower 
Pliocene mass fl ow at Kalyves, location 5, showing contorted packets of Lago Mare sediments; (E) Tertsa, location 22, containing large blocks 
of selenitic gypsum; (F) detail of basal part of the mass fl ow shown in Figure 4E; (G) Faneromeni Messara Dam, location 8b, showing deep 
marine sediments of the Vrysses Group overlain by a chaotic mixture of gravelly Lago Mare and Trubi topped by regular Pliocene.

A B

C D

E F

G
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Trubi marls. The Tortonian age of these calcar-
enites could be established in a nearby location 
(location 11b directly south of Vasiliki along the 
road to Lendas), where a few meters of marine 
grayish marls of latest Tortonian age—conform-
ably overlying these calcarenites—escaped ero-
sion during the terminal Miocene (Fig. 3). The 
irregular and fractured top of the deep marine 
bioclastic limestones of the Vrysses Group in 
location 29 suggests karstifi cation after the 
Lower Evaporites have been cleared away 
by erosion and dissolution. The gypsum con-
glomerates found at the base of the Lago Mare 
sequence in locations 10b and 12b (Fig. 3) also 
point to erosion and redeposition of a substan-
tial part of the underlying Lower Evaporites. All 
the observations and conclusions listed above 
clearly demonstrate that the drawdown related 
fall in the base level of erosion and subsequent 
subaerial exposure caused substantial down-
cutting into underlying units at the beginning 
or during the early stages of the Lago Mare 
phase when closure of the Atlantic gateway 
transformed the Mediterranean into a series of 
fl uvial-lacustrine basins well below mean sea 
level. Evidence for drawdown-related erosion at 
the end of the Miocene has been reported ear-
lier from Crete by Peters (1985) and Delrieu et 
al. (1993). Lago Mare sediments deposited on 
top of the erosional unconformity have subse-
quently been incorporated to a large extent into 
the lower Pliocene mass-wasting deposits (e.g., 
at locations 5, 8b, 8c, 19, 21, 22, 26, 29, and 30). 
The failure plane for the early Pliocene mass 
wasting therefore seems to correspond with 
the terminal Miocene erosional unconformity 
as shown for example in Figures 4C and 4G, 
where deep marine pre-evaporitic Messinian 
sediments of the Vrysses Group are overlain by 
lower Pliocene mass-wasting deposits.

VERTICAL MOTION ANALYSIS

Vertical Motions Late in the Messinian

The onlap of deep marine Trubi onto base-
ment rocks in location 31, or onto a few meters 
of terrestrial sediments (presumably deposited 
during the Lago Mare phase) overlying base-
ment in location 7 indicates that these locations 
were emerged before desiccation of the Medi-
terranean at 5.59 Ma and became deep marine 
at the beginning of the Pliocene (van Hinsber-
gen and Meulenkamp, 2006). Calculated and 
estimated depth ranges for the Trubi marls—
using: (1) the regression of van der Zwaan et al. 
(1990), which relates the percentage of plank-
tonic foraminifers (compared to the number of 
epifaunal benthic foraminifers) to water depth; 
and (2) the depth distribution of selected benthic 
foraminiferal species given in van Hinsbergen 
et al. (2005)—indicate that water depth at these 
locations exceeded 500 m during the early Plio-
cene (Table 1 and caption for more details on 
the paleobathymetry analysis). The absence of 
a sedimentary record of transgression suggests 
that these locations deepened >500 m during the 
terminal Miocene unless the Trubi in these loca-
tions does not represent the earliest Pliocene. 
Biostratigraphy reveals that biozones 1–3 are 
missing in location 7 and removal of these bio-
zones by gravity sliding seems likely in view of 
the wide-spread occurrence of mass fl ow depos-
its in Crete. Deepening rates of 2.2–2.4 m/k.y. 
for the lower Pliocene on Milos (van Hinsber-
gen et al., 2004) and the upper Miocene in Gav-
dos (van Hinsbergen and Meulenkamp, 2006) 
indicate that a deepening of >500 m at location 
7 within the earliest 250 k.y. of the Pliocene 
(being the time span corresponding with the 
missing biozones) is possible. Foundering of the 

area at location 7 thus took place either during 
the terminal Miocene and/or during the earliest 
250 k.y. of the Pliocene. The Trubi marls overly-
ing basement in location 31 belong to biozones 
2 and 3. The absence of biozone 1 is most likely 
due to the fact that the oldest strata have not 
been sampled rather than that they are missing. 
Deepening of the area at location 31 (>750 m) 
therefore should have occurred during the ter-
minal Miocene. The situation at location 32 on 
Karpathos resembles location 7 in that lower 
Pliocene overlies Lago Mare sediments, which 
in their turn overlie basement to the southwest 
of location 32 (Fig. 3). Unlike section 7, the 
lowermost Pliocene on Karpathos is made up of 
mass fl ow deposits, whereas the thickness of the 
Lago Mare sediments on Karpathos measures 
200 m instead of the few meters in section 7. 
Figure 5 shows that Trubi clasts incorporated in 
this mass belong either to biozone 5 or biozone 
2. A depositional depth of >750 m for the Trubi 
clasts from biozone 2 (Table 1) indicates that the 
deepening of this magnitude must have taken 
place during the terminal Miocene because the 
time span of 40 k.y. for biozone 1 is simply too 
short to establish the deep marine conditions 
we fi nd here. At location 25a, shallow marine 
sediments made up of calcarenites with (peb-
bly) sandstone beds and calcisiltites (in upper 
part) are sandwiched between basement and 
lower Pliocene mass fl ow deposit with regular 
Trubi on top (Fig. 3). Fossils (oysters and [casts 
of] pelecypods), locally strong bioturbation, 
and sedimentary structures point to an inner 
shelf facies (ca. 50 m deep). The succession 
most likely belongs to a pre-evaporitic part of 
the Vrysses Group because of the open marine 
character of these sediments, although the strati-
graphic relationship with other Miocene units is 
unclear. Strontium isotope dating is prevented 
by the fact that fossils have been affected by 
partial recrystallization, possibly as a result of 
terminal Miocene drawdown and karstifi cation. 
The oldest Trubi on top of the lower Pliocene 
mass fl ow at location 25a belongs to biozone 
4, but at the nearby location 25b, it belongs to 
biozone 2. Combining the depositional depth of 
the pre-evaporitic Messinian at 25a with that for 
the Trubi at 25b shows that the Mirabello area 
deepened more than 500 m during the Messin-
ian, presumably after 6.72 Ma (the age for base 
Vrysses Group).

All four areas discussed above thus deepened 
500–1000 m late in Messinian time. Three areas 
(7, 31, and 32) stood above sea level before 
5.59 Ma (beginning of desiccation) and deep-
ened 500–1000 m during the terminal Miocene, 
although it cannot be completely excluded that 
the 500 m deepening at location 7 occurred dur-
ing the earliest 250 k.y. of the Pliocene. The 

1
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4

5

6

A B C

locality 5 8b 198c 32 *

*offshore Gavdos (Peters and Troelstra, 1984) 

0.045.30
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Figure 5. Ages for Trubi clasts in lower Pliocene mass fl ows (crosses) and (open circles) of 
undisturbed Trubi directly overlying these mass fl ows, i.e., contact is exposed. (A) Ages for 
defi ning bioevents (from Lourens et al., 2004); and (B) m.y. after Pliocene fl ooding for suc-
cessive biozonal boundaries. (C) Planktonic foraminiferal biozones (defi ned in text). Encir-
cled numbers refer to locations in Figure 2.
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Mirabello area (25a) was shallow marine pre-
sumably until late in the Messinian (before 
6.72 Ma) and deepened 500–750 m between 
6.72 and 5.33 Ma. To examine if the already 
deeply submerged parts of Crete remained at 
the same depth or deepened as well during 
the Messinian, 11 areas have been selected for 
which we quantifi ed the depositional depth 
of the youngest possible pre-evaporitic sedi-
ments and that of the oldest possible Pliocene 
sediments. This is either based on one vertical 
succession (sections 8b, 21 [pp], and 26a), or 
on a combination of two or more outcrops in a 
geographically limited area (combinations of 1 
and 2; 5 and 6; 9 and 10a; 11a and 11b; 12a and 
14; 15, 16, 18, 19, and 20; 21 and 22 [pp]; 23a 
and 24; and 28, 29, and 30). All sections are to 
be found in Figure 3 with the exception of the 
unpublished marine Messinian sections 2, 14, 
15, and 16 in Figure 6 and the published sec-
tions 6, 9, 24, and 30 (for references, see Fig. 2). 
The depositional depth for the marine Messin-
ian sediments is calculated and estimated in the 
same way as was done for the lower Pliocene 
albeit that the 1σ confi dence interval for the cal-
culated Messinian values is larger than the 1σ 
value for the lower Pliocene values probably due 
to the more instable environmental conditions 
in the Messinian and the overall poor and rap-
idly changing state of preservation of Messin-
ian foraminifers. Depth and age ranges for the 
youngest possible pre-evaporitic sediments and 
the oldest possible Pliocene in the 11 selected 
areas in Crete are given in Table 1. The age 
ranges of the few Messinian samples in sections 
2, 8b, 11b, 21, 24, and 26 correspond to the age 
range of the biozone(s) to which samples belong 
based on biostratigraphic correlation to the 
astrobiochronology in Krijgsman et al. (1995), 
Hilgen et al. (1995), and, more recently updated 
in Lourens et al. (2004). Optimum age con-
straints are obtained for the Messinian samples 
in sections 6, 9, 14, 15, 16, and 30 by calibrating 
sedimentary cycles—made up of gray clayey or 
white calcareous marls and brown sapropelitic 
or white diatomaceous clays—to corresponding 
precession minima and northern summer insola-
tion maxima (for sections 9 and 30, see Hilgen 
et al. [1997]). The age range of the oldest pos-
sible Pliocene samples in the 11 selected areas 
is obtained by correlation to the succession of 
six biozones in Figure 5 and defi ned earlier in 
the text. Table 1 shows that only one out of these 
11 areas deepened signifi cantly (>300 m) during 
the late Messinian (Vrysses area). For all other 
areas, no signifi cant deepening trend was found 
indicating that these areas remained deep during 
the late Messinian to earliest Pliocene. Deepen-
ing trends for the late Messinian are converted 
into subsidence trends by adding the amount 

of sediments that accumulated during this time 
span (right-hand column in Table 1). Thickness 
estimates of upper Messinian sediments in the 
various areas are based on our fi eld studies and 
those of Freudenthal (1969) and Meulenkamp 
et al. (1979b) (Kastelli area); Meulenkamp (1969) 
and Thomas (1980) (Vrysses area); Fortuin 
(1977) (Mirabello, Arvi and Ierapetra areas); 
and Peters (1985) (Sikia area and Koufonisi). 
The thickness estimates in Table 1 are generally 
small due to drawdown-related erosion during 
the terminal Miocene. The assumption we made 
in converting deepening into subsidence trends is 
that uplift due to unloading by terminal Miocene 
erosion is assumed to equal the original subsid-
ence due to sediment loading. Global ice volume 
change during the late Messinian is negligible 
(Oerlemans, 2004; van der Laan et al., 2006). 
The conclusion to be drawn from Table 1 is that 

areas that were deep marine at the beginning of 
Messinian remained at the same depth during 
the Messinian. Their modest subsidence values 
(≤150 m) refl ect net sediment accumulation dur-
ing the Messinian. An exception is the Vrysses 
area, which was several hundreds of meters deep 
late in the Messinian but submerged another 
350 m until the beginning of the Pliocene. Sev-
eral areas that were elevated at the beginning 
of the Messinian subsided signifi cantly after 
6.72 Ma (shallow marine area of Mirabello) and 
after 5.59 Ma (emerged areas of Chora Sfakion, 
Zakros and Karpathos) and were deeply sub-
merged at the beginning of the Pliocene.

Vertical Motions during the Pliocene

Paleobathymetric analyses have shown 
that central Crete shallowed many hundreds 
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of meters during the early to middle Pliocene 
(Meulenkamp et al., 1994; van Hinsbergen et 
al., 2005; van Hinsbergen and Meulenkamp, 
2006). The modest thickness of the sediments 
that accumulated over this time span indicates 
that most of the shallowing must be attributed to 
tectonic uplift. Uplift is also nicely exemplifi ed 
by the lower and middle Pliocene succession in 
southern central Crete where deep marine Trubi 
marls pass upward into cyclically bedded more 
clayey sediments followed by shallow marine 
sands to calcareous sandstones and topped by 
terrestrial clastics. To examine whether the 
early to middle Pliocene uplift trend of central 
Crete is exemplary for more areas in Crete and 
for Karpathos and to date the beginning of sig-
nifi cant uplift, we analyzed paleobathymetric 
trends in fi ve composite sections in Crete and 
Karpathos and compared the results with those 
of sections 17 and 18 published by van Hinsber-
gen et al. (2005). Lithological columns of the 
constituent parts of these composite sections are 
given in Figure 7. The chronology is based on 
correlating sections to a succession of ten plank-
tonic foraminiferal biozones, of which the lower 
six have been defi ned earlier. Biozone 7 is the 
interval between LO of Globorotalia puncticu-
lata and the FO of Globorotalia bononiensis 
(3.57–3.31 Ma). Biozone 8 defi nes the interval 
from the FO of Globorotalia bononiensis to 
base short-term (150 k.y.), absence (low-fre-
quency) interval of this species (3.31–2.87 Ma). 
Biozone 9 is the short absence interval of Glo-
borototalia bononiensis up to the FO of Neo-
globoquadrina atlantica (2.87–2.72 Ma), and 
biozone 10 defi nes the interval from the FO of 
Neogloboquadrina atlantica to LO of Globoro-
talia bononiensis (2.72–2.41 Ma). Ages of bio-
events are from Lourens et al. (2004). The depth 
values calculated for the sections in Figure 7 are 
shown in Figure 8. All calculated depth values 
(and their averages per biozone) are minimum 
values except for the Zounaki section (for expla-
nation of calculated minimum and maximum 
values, see caption Table 1). Benthic foramin-
iferal depth markers indicate a depositional 
depth range of 630–750 m at this location at the 
beginning of the Pliocene (see Appendix [see 
foot note 1]) so that the high percentages of 
benthic foraminiferal epiphytes and shallow epi-
faunal species should have been washed in from 
the coast. The near coastal setting of the location 
is inferred from the many intercalations of sands 
in the lower part possibly representing mouth bars 
or storm generated beds. Figure 8 shows that the 
area at locations 12a and 13 shoaled signifi cantly 
in between biozones 4 and 7. At locations 8a and 
8b signifi cant shallowing occurred in between 
biozones 2 and upper biozone 4, whereas shal-
lowing at locations 23a and 23b took place dur-

ing the time span covered by biozone 4 (Fig. 8). 
The location of 4 was uniformly deep (~800 m) 
during the interval of biozones 1 to lower part 
4 with slightly deeper conditions recorded for 
biozone 2. A similar deepening during biozone 
2 is observed at location 3 (see Appendix [see 
footnote 1]). Depth values for Karpathos sug-
gest signifi cant shallowing after biozone 5.

The overall picture that emerges from our 
paleobathymetry analysis is one of uniformly 
deep marine conditions during the fi rst 250 k.y. 
of the Pliocene Epoch (biozones 1–3) followed 
by signifi cant shallowing of several hundreds 
of meters during biozone 4 in Crete (5.08 and 
4.52 Ma) and later (after 3.98 Ma) in Karpathos. 
At location 18, signifi cant shoaling seems to 
have taken place already during biozone 3 but 
the depth reconstruction here is complicated by 
the so-called oxygen effect associated with the 
presence of two sapropels in biozone 3 being 
the oldest ones recorded in the Pliocene of 
Crete (for discussion on oxygen effect, see van 
Hinsbergen et al. [2005]). The magnitude of the 
shallowing for the composite sections extending 
up into the middle Pliocene is 800–900 m for 
sections 12 and 13, and 600–800 m for sections 
17 and 18, and ca. 600 m for Karpathos. The 
lower and middle Pliocene underlying the sandy 
unit in the area of locations 12a and 13 measures 
ca. 100 m (based on extrapolating sedimenta-
tion rate for section Morias [Zachariasse, 1975] 
back to base of section 12a), which together 
with another 100 m for the shallow marine 
sandy unit and an estimated 50 m for the non-
exposed interval between the sandy unit and the 
terrestrial clastics of the Agia Galini Formation 
marking regional emergence, totals an uplift of 
600–700 m during the late early to early middle 
Pliocene. Today, the terrestrial clastics in the 
area of locations 12a and 13 are located at a 
height of 200–300 m, which, combined with the 
50–100 m that has been preserved in this area, 
would correspond with an uplift of 100–250 m 
since middle Pliocene time. The composite 
succession at locations 17 and 18 measures 
~100 m and shoaled 600–800 m, pointing to 
an overall uplift of 500–700 m during the late 
early to early middle Pliocene. The highest part 
of the sequence, which today is located at a 
height of 250–300 m was ~300 m deep at the 
time of deposition implying a maximum uplift 
of 500–600 m since the middle Pliocene. This 
fi gure can be somewhat refi ned by subtracting 
53 m from the maximum uplift of 500–600 m 
being the predicted infi ll until emergence (based 
on extrapolating shallowing rate to fi nd time of 
emergence [2.2 Ma] and average sedimentation 
rate of 5.8 cm/k.y. to calculate infi ll over interval 
from middle biozone 8 to 2.2 Ma). Infi ll after 
emergence, however, remains unknown. Over-

all uplift of Karpathos during the early and the 
larger part of the middle Pliocene is ~550 m 
(i.e., a shoaling of ~600 m during the time span 
covered by biozones 5 to basal part biozone 10 
minus sediment accumulation of ~50 m). The 
highest part of the sequence, which today is 
located at 50 m above sea level, was 400 m deep 
during the upper middle Pliocene. These fi gures 
indicate continued uplift of 450 m of Karpathos 
over the past 2.7 m.y. Adding a correction for 
infi ll until emergence of 40 m along the same 
line as discussed above would result in uplift 
of ~400 m since the late Pliocene. All evidence 
together indicates that most of the uplift in the 
southern Aegean area over the past 5 m.y. took 
place during the late early to middle Pliocene.

DISCUSSION

Origin of Lower Pliocene Mass-Wasting 
Deposits

Paleobathymetry analysis of Messinian to 
lower Pliocene sediments in 15 different areas in 
Crete and Karpathos has shown that fi ve out of 
these 15 areas underwent tectonic subsidence of 
hundreds of meters late in the Messinian. Three 
of these areas were probably even emerged until 
5.59 Ma and subsided more than 500 m during 
the terminal Miocene (Table 1). All of the 15 
areas were 800–1000 m deep at the beginning 
of the Pliocene and remained that deep during 
the fi rst 250 k.y. of the Pliocene (being the time 
span corresponding with biozones 1–3). This 
period of stasis is followed by uplift during the 
late early Pliocene and early middle Pliocene, 
and some of the areas (e.g., southern central 
Crete) emerged as early as the time interval cov-
ered by biozone 8 (3.31–2.87 Ma).

Biostratigraphic analysis of individual mass 
fl ows on Crete and Karpathos revealed that the 
emplacement of these remarkable deposits spans 
a period of up to 1.35 m.y. following refi lling 
of the Mediterranean with Atlantic water at the 
beginning of the Pliocene at 5.332 Ma. Eight out 
of 15 lower Pliocene mass fl ows were emplaced 
within the time span corresponding with bio-
zones 1–3, and the remaining seven were depos-
ited within the time interval covered by biozones 
4–5. Relating the vertical motion history to the 
newly established chronology for the lower 
Pliocene mass fl ows clearly shows that mass 
wasting occurred within a period early in the 
Pliocene in which vertical motions in Crete and 
Karpathos reversed from subsidence to uplift.

One conclusion may be that mass wasting 
is not causally related to tectonically induced 
regional uplift or subsidence but perhaps to 
refi lling of the Mediterranean either through 
vertical motions as isostatic response to water 
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loading or to drowning of slopes that were cov-
ered by debris during the Lago Mare phase. 
The principle of isostasy predicts that a deep 
basin that desiccates will react by bouncing 
upward and by subsiding when the basin is 
refi lled. This principle is nicely exemplifi ed for 
the Mediterranean in a modeling study by Gov-
ers et al. (2007). It shows uplift of deep basins 
and marginal subsidence once the pre-Lago 
Mare water load is removed, which reduces the 
slope angle between margin and deep basin. 
Conversely, steepening of the slope angle dur-
ing refi lling at the beginning of the Pliocene 
may have triggered slope instabilities result-
ing in hiatuses upslope and mass fl ow deposits 
downslope. The response time of ~3000 yr of 
the lithosphere to instantaneous water loading 
at the beginning of the Pliocene (Govers, 2007, 
personal commun.), however, is by far too 
short to consider isostatic adjustment to refi ll-
ing as the dominant process for the emplace-
ment of mass fl ows during the fi rst 1.35 m.y. 
of the Pliocene.

Isostatic response to refi lling water as a 
major driver for early Pliocene mass wasting 
would also be at odds with the limited geo-
graphic distribution of the lower Pliocene mass 
fl ows being ubiquitous onshore in Crete and 
Karpathos with one reported offshore occur-
rence south of Gavdos (Peters and Troelstra, 
1984) and one mass fl ow deposit drilled at Era-
tosthenes seamount south of Cyprus (Robert-
son, 1998) of which the age (terminal Miocene 
or early Pliocene) is unsolved. Similar lower 
Pliocene mass fl ows are not found in the Plio-
cene of Milos and Aegina (van Hinsbergen et 
al., 2004), the Pliocene of the Ionian Islands 
(van Hinsbergen et al., 2006), or (to our knowl-
edge) elsewhere in the Mediterranean.

An alternative explanation formulated by van 
Hinsbergen and Meulenkamp (2006) is that the 
foundering of various fault blocks in Crete and 
Karpathos late in the Messinian in combination 
with talus formation during the Lago Mare phase 
caused unstable slopes after deep submergence 
at the beginning of the Pliocene, resulting in 
slope failures and mass fl ows. We know now that 
not all mass fl ows were emplaced shortly after 
the Pliocene fl ooding as assumed by van Hins-
bergen and Meulenkamp (2006) but that mass 
wasting occurred until 1.35 m.y. after the fl ood-
ing event. Such a large age range seems incom-
patible with unstable slopes inherited from the 
terminal Miocene. The long time span and the 
regional character of mass wasting thus bring 
us back to the observation that these mass fl ows 
were emplaced within a period in which vertical 
motions in Crete and Karpathos reversed from 
subsidence to uplift. Even seven out of 15 mass 
fl ows were emplaced during an early stage of 

signifi cant uplift. Uplift thus began in the earli-
est 250 k.y. of the Pliocene but became manifest 
shortly thereafter and continued up to Recent, 
although rates were largest during the time 
span bracketed by biozones 4 to and including 
8 (5.08–2.87 Ma), when Crete and Karpathos 
were uplifted by 500–700 m (Fig. 8).

Exploring the possible causal relationship 
between uplift and mass wasting on Crete and 
Karpathos invokes several interrelated ques-
tions. The fi rst one concerns the origin of uplift. 
The second one is how uplift initiated long-last-
ing mass wasting, and the third question then 
is why this process of mass wasting terminated 
after 1.35 m.y.

One mechanism explaining the uplift (and 
exhumation of the HP-LT metamorphosed base-
ment units) of Crete is by subduction-related 
underplating (e.g., Rahl et al. 2005). However, 
this process can be inferred to have occurred 
continuously since the onset of exhumation 
of the metamorphosed basement units around 
21 Ma (Jolivet et al., 1996; Thomson et al., 
1998, 1999) and supposedly continues today. 
There seems no compelling reason to assume 
that this process increased its infl uence in terms 
of uplift between ca. 5 and 3 Ma.

Recently, van Hinsbergen et al. (2007) con-
cluded from rotations and vertical motions 
on Rhodos, in combination with the absence 
of Messinian Lower Evaporites in the deep-
marine Rhodos basin, which forms the termi-
nation of the left-lateral, strike-slip faults form-
ing the Pliny and Strabo trenches (Woodside et 
al., 2000), that the southern Aegean strike-slip 
system started to form sometime between 5.3 
and 3.8 Ma. This interval corresponds to the 
period of uplift of Crete, which started around 
5 Ma with largest uplift rates shown between 
5.08 and 2.87 Ma (the time span bracketed 
by biozones 4–8). We therefore suggest that 
the uplift of Crete is related to the formation 
of the southern Aegean strike-slip system, and 
that the onset of uplift of Crete around 5 Ma 
marks the onset of strike-slip deformation. We 
will discuss the possible relationship between 
Cretan uplift and onset of the southern Aegean 
strike slip system below.

It is possible that small-scale tilting of fault 
blocks and increased seismic activity associated 
with the initiation of motion along the southern 
Aegean left-lateral, strike-slip system was suf-
fi cient to generate slope failures resulting in hia-
tuses and mass fl ows. The slope failure plane—
above which poorly consolidated Lago Mare 
and lower Pliocene sediments slumped down the 
slope—was most likely the terminal Miocene 
erosional unconformity. This is particularly evi-
dent from three different kinds of observations. 
First, Lago Mare deposits are missing at all 

places (except Karpathos) where we fi nd lower 
Pliocene mass-wasting deposits (locations 8b, 
8c, 19, 21, 22, 25a, 26a, 26b, and 29 in Fig. 3). 
Second, at several places packets of contorted 
Lago Mare sediments are incorporated in the 
basal part of the mass-wasting deposits; and 
third, on Koufonisi (location 29), we found an 
erosion remnant of Lago Mare sediments under-
lain by lower Pliocene mass-wasting deposits. 
Since we do not fi nd any evidence in the Plio-
cene for folding or thrusting related to strike-slip 
tectonics, the magnitude of the tilting must have 
been modest. Tilting likely occurred along reac-
tivated N100E and N020E normal faults related 
to arc-parallel stretching and N070E faults 
related to the initiation of left-lateral, strike slip 
(Duermeijer et al., 1998; ten Veen and Postma, 
1999a, 1999b; Fassoulas, 2001; ten Veen and 
Kleinspehn, 2003). Mass fl ows with mixtures 
of Lago Mare and Trubi clasts were found up 
into the late early Pliocene corresponding with 
the early stages of signifi cant uplift, but they are 
absent in the middle Pliocene (Fig. 5). Subma-
rine sliding, however, did not come to an end 
since sediments of biozones 6 and 7 are missing 
in some places in Crete (location 19, [Jonkers, 
1984]) and Karpathos (locations 32 and 33, 
Figure 7 and Appendix [see footnote 1]). We 
postulate that, as time goes by, continued com-
paction and cementation of the increasingly 
deeper  buried Lago Mare and Trubi sediments 
prevented slope failures to a depth of the late 
Miocene erosional unconformity, thus putting an 
end to the emplacement of the chaotic mixtures of 
Trubi and Lago Mare sediments so characteristic 
for the lower Pliocene in Crete and Karpathos.

Regional Tectonic Implications

Our new, detailed, stratigraphic and vertical 
motion data and the dating of the lower Plio-
cene mass-wasting deposits on Crete and Kar-
pathos allow us to quantify the rate, amount, 
and regional distribution of vertical motions in 
the south Aegean region. The early stages of 
activity of the South Aegean left-lateral, strike-
slip system were accompanied by regional uplift 
of 500–700 m of an area several hundreds of 
kilometers wide, largely between 5 and 3 Ma. 
Moreover, this Pliocene uplift phase was not 
accompanied by compressional deformation 
of Crete or Karpathos. Several scenarios have 
been proposed explaining this system. It may 
result from a combination of several geody-
namic and kinematic processes in the Aegean 
region: (1) it may accommodate the west-
ward extrusion of Anatolia into the Aegean 
region (Dewey and Sengör, 1979); (2) it may 
have formed as response to increased outward 
expansion and curvature of the Aegean arc in 
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combination with collision with the African 
promontory and the defl ection of Aegean arc 
migration to the southwest (Kissel and Laj, 
1988; ten Veen and Kleinspehn, 2003); or (3) 
it may accommodate the southwestward retreat 
of the African subducted slab along a “Subduc-
tion Transform Edge Propagator,” or STEP 
fault (Govers and Wortel, 2005). In this paper, 
we discuss these scenarios within the light of 
the new quantitative data presented above.

Global positioning system (GPS) measure-
ments and present-day seismicity revealed 
that westward motion of Anatolia, induced by 
the collision between Arabia and Eurasia, is 
currently translated to the Hellenic Trench in 
the Aegean region along two major strike-slip 
systems—the left-lateral, south Aegean strike-
slip system and the right-lateral, north Aegean 
strike-slip system, including the Sea of Mar-
mara releasing bend, North-Aegean Trough, 
and Kefallonia Fault Zone (Hatzfeld, 1999; 
Kahle et al., 2000; McClusky et al., 2000; 
Papazachos et al., 2000; Fig. 1). The northern 
right-lateral, strike-slip system also formed in 
the latest Miocene to early Pliocene (Armijo et 
al., 1999; van Hinsbergen et al., 2006), and its 
generation may therefore indeed be linked to the 
extrusion of Anatolia. However, superimposed 
on this motion, the Aegean region itself spreads 
outward orthogonal to the arc, and this cannot 
be straightforwardly linked to the extrusion of 
Anatolia (Meijer and Wortel, 1997; McClusky 
et al., 2000; Cianetti et al., 2001; Armijo et al., 
2004; Flerit et al., 2004; Kreemer and Chamot-
Rooke, 2004). The question that now arises is 
how the uplift of the south Aegean arc is linked 
with the formation of the south Aegean strike-
slip system and whether this could be related to 
the ongoing outward expansion of the overrid-
ing Aegean plate. Here, our new, and recently 
published (van Hinsbergen and Meulenkamp, 
2006) vertical motion information of Crete and 
Karpathos may provide some answers. A model-
ing study of Kreemer and Chamot-Rooke (2004) 
showed that a signifi cant driving source of the 
Aegean velocity fi eld today is still located south 
of the Hellenic arc, and southward motion of 
Crete continues today (McClusky et al., 2000). 
In addition, it is relevant to note that most of 
the Pliocene to Pleistocene uplift of Crete took 
place in the late early to early middle Pliocene 
despite ongoing southward motion and that the 
uplift of Crete was not accompanied by com-
pressional deformation. Collision between the 
African promontory and the southern Aegean 
margin cannot explain why uplift of Crete and 
Karpathos seems largely confi ned to the period 
between ca. 5 and 3 Ma, why southward motion 
of Crete continues today, why there is no record 
of compression accompanying the uplift, and 

why the timing and rate of uplift vary from sub-
basin to subbasin. An alternative scenario with 
quantitative predictions for uplift rates, dura-
tion, and distribution was recently provided by 
Govers and Wortel (2005), who explained the 
formation of the south Aegean strike-slip sys-
tem and the Kefallonia Fault Zone as STEP 
faults, along which the subducted African slab 
rolls back toward the southwest. This scenario 
includes the formation of isostatically uplifted 
bulges at the leading edge of the STEP fault. 
The size, amount, and rate of uplift of these 
bulges are dependent on the model parameters 
including rheology and thickness of the litho-
sphere but are of the same order of magnitude 
as the dimensions and rates of uplift we recon-
structed for Crete. Moreover, this scenario is in 
line with a driving source south of the Hellenic 
arc for the Aegean crustal velocity structure: 
southward expansion and arc-parallel extension 
continue providing a component of subsidence 
that may vary in rate and timing from subba-
sin to subbasin but is superimposed by isostatic 
uplift, in line with our detailed vertical motion 
records. We therefore conclude that the STEP-
scenario of Govers and Wortel (2005), not 
excluding the infl uence of Anatolian extrusion, 
provides a credible explanation for the forma-
tion of the south Aegean strike-slip system and 
the contemporaneous uplift of Crete due to iso-
static rebound.

CONCLUSIONS

Calculated differences in depositional depth 
between pre-evaporitic Messinian and lower-
most Pliocene sediments corrected for sediment 
infi ll reveal that various areas in Crete and Kar-
pathos subsided 500–1000 m late in the Messin-
ian. Other areas that were deep marine before 
the late Messinian remained deep marine during 
the late Messinian. This late Messinian phase 
of subsidence fi ts within ongoing subsidence of 
different fault blocks throughout the late Mio-
cene related to the expansion of the Aegean arc. 
All of the studied areas were 800–1000 m deep 
at the beginning of the Pliocene and remained 
that deep during the following 250 k.y. Substan-
tial uplift of up to 500–700 m in Crete and Kar-
pathos has been calculated for the late early to 
early middle Pliocene (ca. 5–3 Ma) albeit at dif-
ferent rates for different areas. We explain these 
regional variations by the interplay between 
ongoing local subsidence due to the expansion 
of the Aegean arc and by regional uplift.

In many places in Crete and on Karpathos, 
chaotic mixtures dominated by Trubi and Lago 
Mare sediments overlie in situ Lago Mare 
sequences or older stratigraphic units. Biostrati-
graphic analysis of these mass fl ow deposits 

revealed that individual mass fl ows are clearly 
separated in time and are emplaced over a 
period of time spanning the fi rst 1.35 m.y. of the 
Pliocene. Widespread mass wasting in Crete and 
Karpathos thus occurred within a period early in 
the Pliocene in which vertical motions reversed 
from subsidence to uplift.

The long time span and the regional character 
of the mass wasting refute the possibility that 
early Pliocene mass wasting was related to the 
refi lling of the desiccated Mediterranean either 
through isostatic adjustment to water loading or 
to deep submergence of unstable slopes loaded 
by talus formed during drawdown.

The preferred scenario is to connect early 
Pliocene mass wasting to the process of uplift 
in Crete and Karpathos. We showed that sig-
nifi cant uplift started as early as ca. 5 Ma, and 
we contend that this is related to the initiation 
of motion along left-lateral, strike-slip faults 
superimposed on continued underplating since 
ca. 21 Ma. Small-scale tilting of fault blocks 
and increased seismic activity associated with 
the beginning activity of left-lateral, strike-slip 
faulting was probably suffi cient to generate 
slope failures resulting in hiatuses and mass 
fl ows. We argued that the slope failure plane 
for mass wasting was most likely the terminal 
Miocene erosional unconformity. This uncon-
formity—originating from substantial erosion 
due to a drawdown-related fall in the base level 
of erosion and subaerial exposure of sediments 
deposited before desiccation—at places even 
separates Tortonian from Lago Mare sedi-
ments, thus indicating that the whole marine 
Messinian sediment cover has been removed. 
At only a few places in Crete, in situ Lower 
Evaporites escaped drawdown-related erosion 
and dissolution.

Mass-wasting deposits were found up into 
the late early Pliocene. The missing of bio-
zones 6 and 7 in some places in Crete and 
Karpathos, however, indicates that submarine 
sliding continued but the climax of mass wast-
ing came to an end after 3.98 Ma. At that time, 
compaction and cementation of increasingly 
deeper buried Lago Mare and Trubi sediments 
may have progressed suffi ciently long to pre-
vent slope failures to a depth of the terminal 
Miocene erosional unconformity.

A recently postulated scenario of STEP 
faulting to explain the south Aegean strike-slip 
system predicts rates, distribution, and amount 
of uplift as rebound to southwestward retreat 
of the subducted slab along a transform fault 
zone, which is in line with our fi ndings on 
Crete and Karpathos and explains the absence 
of compressional structures associated with the 
uplift, as well as the ongoing southwestward 
motion of Crete.
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