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$srrorr.' -\n updard interprerar'ion of t-a-iei ana.l_r sis and sdirnentan pru-et.es L< pre:eored on dr
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geologl . Seonxrrpholq) and ta-tonics of the Kadraro Plain are inr e<tieared- in erder to E-onstruct tlIe
ta-t,loic e\ olution and depoitiooal hi*or-r of the Polje during dre Plei!-Ic-EDe. Fur*rermore. it t-cr-uses on
rbe guidelioes oi the oosoin-s paleobiogeogapfucal l-leld re.earth and srud1 oi rhe Karluro Plain. The
pa.leobiogeqmphical iening is a crue-ial hput to rhe paleoecologi.-a.l raonsmrction oi *r large mammaJ
rhuna and $e habinr< of the Karharo Plain during dr L pper Pleismene
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Introduction

The island of Crete is siruated along the southemmost bend of the east
\Iediterranean Hellenic .{,rc. q'hich lies benr een a volcanic arc in rhe north and rhe
Ionian Trench (suMuction zone) in rhe south r\[ckenzie. 1978: Le Pichon &
^\ngelier. 1979t. The \eogene basins on Crere are thus siruated il a-n ourer arc
settin-s tFig. I). Their t'ills record alternatin_s periods of compressional and
e\tensional tectonics (\leulenkamF et aI.. l9EE: Pos .na et al.. 199,11.

The slstematic stud)' of the \eogene ba:ins of Crete allo*'ed the representation
and recognition of the co-sedimentan active thuls. -{s far as rhe palaeo_eeo_sraph}

of crete is concerned. duri-n-e the \fiddle and [-ate ]fiocene. Crete s a: connected to
-\ia \tinor. In the Pliocene rhe island broke up iaro small islands. s.hile in the
Pleistocene Crete attahed its present shape. The changin-e paleogeoeraphr'.

Bv P.P. P.rurxrs. Drprrnzrxrs \I.D.. Druvr \1,.
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theretbre. had major cons€quences on the evolution and dispesal of mammals.
The Katharo plain is a basin-shaped level depression of4 km lengrh and I km

uidth in the Dhikti mountains. u'hich forms the eastern part of middle Crete. Onll'
part of the bottom of the vallev is still covered b1' Pleistocene sdiments.

Psariaros (1961). and Theodoropoulos & Papapetrou-Tqmani (1973) srudied
the region. and concluded that the basin should be considered a polje.

The Katharo basin cont2ins a basin-fiIl. which consists of maximalll- 20 m of
Pleistocene clal s- clal'e1- sands and angular gravels. Into these sedimens plenq' of
Hippoporamus bones have been found.

The present v, ork aims to establish a high-resolution tectonic and sedimentarl
reconstmction of the Katharo Basi,n incorporatiag ne*' paleobiogeographical data
-\t firsr the tectonosedimentan' evolution of the broaden area of the Ierapetra
region uill be documented and revieu'ed.

C,€ological setting

The Ierapetra region is located in eastern Crete and occupies the area of the
Ierapetra and \{erabellou districs of the Prefecture of bsithi. The Neogene rocks
of the Ierapetra region ertend o\-er an area of 5fi) kmr and consist of coarse clastic
sediments at the base. s-hich pass ups'ards hto marine marls. sands and limestones
(Fortnin. 1977. 19781. Thel' are underlain b1' the pre-Neogene rocks. s-hich form
the compler structure of an autochthonous basement of Permian-Oligocene age

tPlanenkalli Series). or-erlain b1 the Phlllite-Quarzite Series (LP-HT). Tripoliua
Limestone Series (dark micritic limestone of the Gar-rovo Tripolitza Zone) and

Eocene t11 sch. the Pindos-Ethia Series (deep *'ater limestones. chert and shales).

.\steroussia Series. (slstem of ophiolites and limestones. localll- intmded b1-

granitic to granodioritic d1'kes and sills). and the L-ltra mafic (I-f{) Series

tincludin_s t11'sch uith -ufrs l.slssnicsdiabase. pillou'lavas. spiJites: ultra mafrc
rocks. peridotites mainl'r' serpen"nized- meubasals and andesite). (Baumann et

a1.. 1976. Bomneau. 198-tl.

-{fterthe emplacement of this nappe pile in the Oligocene-Earlv Miocene times
(\Ieulenliamp. l97l: .{ngelier. 1979). srong block faulting along E-W and \E-
S\\' directions affected the u-hole region. This resulted in the formation of small
sedimentan-basins. in s'hich the complex hteraction betn'een the fauls resulted in
the frequent chan-se of land-sea distribution (Drooger & \{eulenkamp. 1973:
\Ieulenlamp. 19791. This complicated panem of land and sea during the [ate
Cenozoic. caused rapid lateral and vertical changes in the lithologl' (Fomrin.

1977t. Besides. the stratigraphl' of rle Ierapetra region became more complicated
during the }lessinian salinin'crisis and its consequences had a strong impact upon
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S€dimentzfiOn.

The Ierapetra Basil develo@ as a large. \-S oriented transverse graben

structure in upper\{iddle Miocene in eastern Crete, Is present da1'morphologf is a

central \E-Ss'oriented depression. The pattern of basin fill is strongll-conmlled
b1-tectonics. *'hich changed the basin relief and sediment flux.

Detailed smrcural- strarigraphical and sedimentological data shoq-ed that
sedimentation in the l-are Miocene s'as controlled b1- t*-o strges of compression
separared bv a srage of extension (Posma et al.. 1993 ). The compressional stages

c rlminated around the Middle/tipper \[iocene bounda4 and around the
Viocene/Pliocene boundary- respectivell-.

The tectonic histon' of the Ierapetra Basin has been reconstructed in a recent
paper (Posrma et al.. 1993). A high-resolution tectonic and sedimenta+-
reconstnrction of\eogene extensional basins on eastern Crete has been carried out
b1-Ten Veen t 1998).

During the c,lmination of compression at the MiddletL-pper \{iocene
bounda4. folding and reverse faulting due to steepening of the drainage basin
relief directl)' conEolld sediment transport and basin-fill panems. The relief
steepening increased rhe slope instabiliq' and caused rapid infill of available
accourmodadon space n-ith numerous landslides. mass-flos' deposits. and tault-
scarpderived breccias deposited in rapidll' progading allur-ial fan and fandelta
en\-[onmeDtS.

During the follosing extensional stage in Tortonian 'mes. slope instabiliq
fearures are rare. Their absence is related to a reduction of the drainage basi-n relief
due to progressire northsard rotation of fault-blocks. 1a. rc5ultant half-graben
fills are strongll' tabular. sith alternating inten'als of fme- and coarse-grained
clastic sedimens indicating perids of deepening and progradation. The texture of
the half-graben sedimens is more mature and gains are better rounded compared
qith the clastic sediments deposited during the peak of the prerious compression.
Biostratigraphical data shoq' that the activitl' of the extensional tectonics and
related sedimenta+' n'edge coincides q'ith an earll'Tortonian global 3rd order sea

levelrise TB-1.1of anestimateddurationof 1\{Fasposn:latedbl'Haqetal.. 1988.

During the compressional stage at the end of rhe Miocene. progressire
steepening of the basin relief controls sedimentarion again. This is sho*a b1' basin-
subsidence analvsis and smrctural data and is recorded in the basin fin br-

Durnerous slnsdimenta4 subaqueous slide and mass-flos' deposis. In contrast
sith the former compressional stage. rhe suppll' of terrigenous material is very-

limited u'hich ma-v be related to an iacreasingl)'dr]-climate ia Messinian times.
It should be pointed out that the present topographl of the Ierapetra region

reflects some imponant I ate pljqcsne-Quaterna+'movemens along fauls. The
most striking tectonic feauue of the present da1' morphologl- of the Ierapetra region



is the central \E-S\\' depression u'ith is eastern margin bounded against the

Quaternary Ierapetra thult t-{-ngelier- 1916'. 1911 l.

Tectonmedimentar!- histon- of the Ierapetra region

The occurrence of \eogene deposis in the Ierapetra region *'as first mentioned
b1 Bonarelli tl9Ol t. Chalikiopsuls5 (l9O+). Christodoulou ( 1963) and

S1'meonidis t 196-5 t and *'as l-rrst srudied b1 Dermizaliis ( lfti9 ) and later on b1'

Fornrin r l9Il t. p.t liuql-is & Theodoridis t 1978t and Dermirzakis t 19801. \lore
recentl)'. -dimentological aspecs of the basin t'ill s'ere studied in detail b1' Drinia
r1989. 1990r. \Ionogiou (1989). Drinia et al. t1989l. Postma & Drinia t1993l.
Postma et a]. t 199-l t. Drinia & Dermizakis (1996191 t.

The stratigraphl of the Ierapetra region. presented in Table I and Fig. -1. is
largell based on earlier nork of Forruin t1971 .l9TSL supplemented u'ith dau
t'rom Fornrin & Peters ( 198+). Postma & Drinia ( 1993 ) and Pos na et al. ( 1993 ),

For the \Iiddle to [-ate \liocene period ser-en strati,s-aphic inten'a]s can be
recognized. in accordance q'ith the q'ork of Fornrin tl97l l. The
tectonosedimentan' evolution rlese inten-als is given belou' (Fig. 2. 3 t:

Earh --lI iddle ]Iiocene
The Late Serravallian sediments u'ere laid doul il elongated depressions.

u'hich resulted tiom pre-depositional compressional tectonics. although
s1'ndepositional eft'ecs cannot be e-rcluded completell'. FolG have a dominant
orientarion of approrimatell' \IOOE. but their orienution varies along strike
benr.een \130E and Nl00E tTen \-een. 1998t.

During that period the deposition of the \lithi and \Iales Formations. u'hich
contain mahll' sediments of alluvial origin. took place.

The \tithi Formation probabll represents irnmature. clastic alluvial-fan
sequenr-es s'ittr clast composition. mainll igneous rock-t'ragmens stemmi-ng tbrm
the Lltra-\Iarrc series.

[n contrast s'ith the \Iirhi Formarion. the ]-oun_ser ]Iales Formation compri>es
marure allur ial sediments of quite dift'erent composition. u'ith components derived
mainlr t-rom the Pindos Series tFornrin. 1977t. -\ccording to Peters t1985t. the

characterisric rlhite limestone pebbles tbund in \Ia]es Forrration mas have been

derived l-rom the Pindic Kalimini unit t-rom the neig:hboring island of Karpathos
r -\ubouin et al.. 1976,.

Palaeocurrent mea-iuremenl\ iadicate a consistent pattem of u'esterlr'

palaeocurrent directions in the \lales Formation. This panern suggess that the

rivers n'ere confined in approrimatell' E-tA- running vallevs paralleling the
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southern marsin of the Aegean landmass Gomri-u. 1977 ). The origrn of the river
vallel's mal' be related to rhe onset of large-scale folding of the c4'stallhe
ba:ement tPlattenkalk Series) during \-S compression. q'hich started probabll-
after fre termination of the IIP-LT rretamorphism about 16 \11'ago.

The \{ales Formation becomes gradualll marine up'*'ards (Parahiri \{ember)
to*'ards the end of the middle \liocene. Deposition occurred in estuarine. coastal
and deltaic envinnmenfs. Su-atigraphicalll' higher a gradual deepening of the

depositional environment becomes apparent b1- the change from brackish into
open-marine tauna. The transgression is contemporaneous q'ith a period of
compression. s'hich resulted in rapid uplift- tblding and steepening of relief along

and south of the Krisa Fault Zone. After the onset of the marine transgrcssion. a

gradual change in composition occurred through the arrir al ef immature dark-blue.
micritic limestone breccia of rhe Tripoliua Series. The deposits oi the \lales
Formation. including those of the Parathiri \lember. are uidel1- cosered b1 the

Breccia Series. a series of slides. slumps and debris-flos- deposits containing exotic
large Tripoliza blocks and \tithi. \lales and brecciated Tripoliza limestone
material. The Breccia Series are deposited in alluvial cones and t-ans. u'hich had

their aper against the Krisa Fault Zone. Their thickness decreases basil*'ards
rtos-ards the southt.

In conclusion. the entire nappe-pile under*.ent progressive detormation in the
late \tiddle \fiocene times during the \Iales Rir er period as a result of folding of
the underl 1-ing ch'st: I I i ne basement ( Platten L-a I k S eries t.

In the nonh part of the basin (K-ritsa Vallel' and GuH of \lerabellou) sheared

relics of immarure. cla:tic alluvial t-an sequences t\fithi Formation sensu Fornrin
r l9ll n. are tbund cotered b1' a thin sequence of brackish-q'ater limestone beds.

\Ia:sir-e blocks and hner detritus derived liom the underlf ilg basement are tbund
i-n the Kritsa \-alle1'. ildicatilg that the sedimenrs of the \lithi Formation have been

eroded

)I iddle/l,ate f I i oc en e Transiti on

The period around the \tiddle-t-ate \[iocene transition is marked b1 the breali
up of the southern -\egean landmass and tle basin bordering it to t}te south.

-{-tter the compressional phase. the Ierapetra region became dominated bv
\\E-SS\\- ertension in earll' Tortonian times. A reconstmction of the earll' to
middle Tononian bruils shou' a lateralll'higlll r ariable thcies distriburion. u'hich
resulted from the iateraction of changes in sea-ler-el. -diment suppll' and

paleoreliei-. s'hich s'ere all governed b1'tault-block tilting.
During the earll' Tononian. the sea slou'lv i-nvaded Crete tluough a compler

horst and graben morphologl'. resulriag in the deposition of a rhick sequence of
intert-rngering I'luviatile. brackish and marine strata- Subsidence during this period



has been recognized all or.er Crete (Drooger & Meulenkamp, 1973't- Fomrin
(1978) and Pos - et a1.. (1993) demonstrated that deposition and facies trends in
the earll'Tortonian basin are controlled b1'actiriq._ along major fault zones.

During that period a sediment wedge is created sqateining a lower part
(SEatified Prina Series) 'rith coarsening up*'ard unis representing progradational.
shallos--marine deltas and a marll- to sandl' upper part. q'hich is called the
Kalamavka Formation. These t*'o Formations constitute the basal part of the

Upper Miocene basin filI (Fomrin. 1977- 1978. Fortuin & Peters. 1984t.
Deformation of the n'edge is complex. u'ith sp- and post- depositional fauls.
Up*'ard in the succession- the rrnits trecome composite lgearsening-up*'ard
subrrniLs). thicker and finer grarned The composite strucru€. the rhickening and

t}s fining trend is related to progressive increase in accommodation space inherent
in fault gro*th.

ln the earliest Tortoniau. during the deposition of the Kalamavka Formation.
faulting along \130E or Nl00E normal faults can be confirmed for the Ierapetra
Basin (Ten Veen- 1998). The fault actiriq'ia the Ierapera region. gave birth to
differential vertical motions of fault blocks. Both Nl30E and N100E faults were
active together il an onhorhombic slmmeq'.

The facies anall'sis. description and iaterpretation. alloq'ed }lonogiou ( 1989).
Drinia ( I 989. I 990 ) and Drinia ft psrmitzeki s I 1996t97 I the reconsmrcdon of rie
depositional enrironment of the sedimenta4' sequences of the Su-atified Prina
Series and the Kalamavka Formation. According to them- the proposed model for
the Suatified Prina Series represeDts a shallos'marine. q'avedominated mouth
bar t1pe of delta rith flood-generirtd debris flos- lotres. mainl)- deposited in a

more offshore direction.
Rapid deepening fum the photic zone (evidenced bf intercalated coral and

stromatolite bedst up to a depth of 900 m started aI the top of the Sratified Prina
Series. The deepening continued o\-er some tens of metres of marll- sediments of
the base of the Kal2mavka Formation and ma1'be related to smrcrural collapse of
the l-ault block The deepu'ater deposirs ef fts Kalamavka Formation u-hich are

marll' and sandl'basinu'ards and marll'to gravellv to*-ards the foon*'all. resemble
thosedescribedfromdeepn-aterfan{eltasvsterns(Prior&Bornhold- 1988. 1990.

Pos na l99ot.
In the middle to late Tortonian. sedimentation did not keep up sith subsidence

and marine conditions became more open. as illustrated b)'contemporaneous deep

marhe deposis ia manv Cretan basins (Peters. 1985: Meulenkamp. 1985 ).

-\ neu basin-fill perid is heralded b1 the gradual change from dominant
calcareous clastic sediments (eroded from the Tripolitza and Planenkalk Series in
the north) into brormish. predominatll' siliciclastic sands derived from the *est.
The apparent change in basin configuration is recorded in the sedimentan'
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development of the Makrilia Formation.
Foraminiferal asrmblages of the Makrilia Formation are rich in benthic and

planltonic fauna and have plankton/benthos ratios bets'een 61 and 9-l%. These
suggesl in combination sith the benthic assemblages. upper to middle bath-val
(betq'een 500 and l0O0 m)palaeobathlmetr-v.

,A.bsence of Makilia deposit in the north is related to a \075E fault (Ten Veen.
l99E t. The deep marine character of the deposits together qith a *'estern origin of
the nrrbidites requires marhe (slope) enr-ironments n-esrs'ard. Et therefore infer
rhat the distribution conuolled b_v N075E fauls is postdepositional.

Late Miocene
ysulgnkamp et al.. ( 19791 postulated that the late Tortonian/earlv \Iessinian

period on Crete s'as qpified b1- apparentlv rninterrupted submergence.
Sedimenrarion changed from predominantll-clastic in the Tortonian to carbonates
during the transition period from Tortonian to Messinian.

ln some pans of Crete. tilting and erosion of the older parts of the Neogene
sequ€nce rook place during a period of tectonic instabilin. s'hich caused the changes

h basin configuration and sedimentarion in the Tortonian-Messinian time-inten-al
boundar1'. Evaporites formed in r-arious pans of Crete (Fornrin. 1977.78.
Meulenkamp et al.. 1979) and formed in rEsponse to the }lessinian Salinin Crisis.

Calcareous tbioclastict and marll'sedimens characterize sediments belonging
to this period s-ith abundant sponge needles. The basal part of the sequence still
contains terrigenous clastic sediments. simil3l to the ]tlakrilia Formation. although
mlxed uith some bioclastic material. Up*'ard in the sequence. a gradual change
from predominantll' lithoclastic to bioclastic is eridenr These sedimens are
gouped in rhe Ammoudhares Formation. which is es imated to be 100 m thick
Evaporites (glpsrrm and s'hite limestones) deposited in the l-ate Messinian belong
to the \[inos Formation. The description of the sedimenta4- facies of this part of
the basin fill u'ill shon' thar sedimentation during that period is increasingll'
controlled bv imponant relief-steepening along the south coast and b1' arirlifisstiea
of the climare.

From Crete there is a \{iocene balanced mainland fauna knoql. This means

thu Crete s'ils connected nith the mainland in the \fiocene s'hereas in the Pliocene
it n'as mostls submerged. The [-ate Miocene mammals. q'hich are found- are a]l of
pre-\{essinian age. \o fossil mammals have been found to date in deposis of
\Iessinian age. It must har-e been a tectonicalll' active period together *ith the
Salinin Crisis.

Pliocene
Sedimens belonging to the earliest Pliocene are mostlv incorporated to rhe



"marl brecci.Ls> (s€nsu Fomrin. 1977t together nirh Messinian glpsum and

conglomerates. According to Peten (1985) the marl breccias resulted from the
spasmodic subsidence along the pre-eristing but still active E-\\'and N-S trending
fault svstems. -{s a rule in easterD Crete. late \Iessinian to earliest Pliocene
sedimenls are not present.

From the Earlr-Pliocene. \Ieulenkamp et al,. ( 199+)reponed marlv limestones
of the Trubi t1'pe reilecting the eftect of the Pliocene tlooding s'hich terminated r}re

\Iediterr:anean \Iessinian talini+ crisis. -{t the end of the Earll Pliocene. Crete
u'as probabll' subject to an overall regression u-hich caused the emergence of
almost the entire island in rhe cour- of the Pliocene r\Ieulenhamp & Hilgen.
1986 r.

The Cretan uplift is coupled u'ith tilting tou'ards rhe nonh and nonheast and is
sepa-rated bv a shon. earll' [-ate Pliocene episode of subsidence t\Ieulenkamp et
al.. 199-tl. The northu'ard tilting of the island rr'as accompanied b1' foldin-e and
thmsting u'hich caused the uplift of the pre-\eo-sene massit\ tlleulenliamp et al..
1988 r.

During the late \tiddle Pliocene t-3.-l million \-ear\ ago) the Pliocene
transgression took place. n'hich resulted in the submerging of most of the land area.

Baed on studies of OrdOrs isotopes on tbraminii'era from ser eral localities in
the \Iediterranean i-ncluding Crete. Zachariasse & Spaak (198-i) came to the
conclusion that the rrarm and stable Pliocene climate u'as succeeded bv a ven'cold
inten'al about -1.-1 r to -1.1 million \ears ago. The climatic alterations caused

considerable glaciaUeustatic changes in sea ler-el. Il this s'ar'. during the [-ate
Pliocene. \r'e can obsen'e successive alterations in -a level. u'hich combined u'ith
the tectonics. tbrmed Crete's modem morpholo_uv and that of the Hellenic .{,rc in
general. This led to a redistribution of basins and morphological alteradons. r,r'ith

chan_ring perids of strong subaerial and marine erosion accompanied b1' chan_ees

in sea level.
Crete must have anained is prerent tbrm at the end of the Pliocene.
\o P[ocene mammals are knon'n. indicating a submergence of the area u'hich

staned in the middle \liocene. continuing i,nto the Pliocene tDermizakis. 1989 t.

Pleistocene
For the mid-Pleistocene to Recenl -\ngelier et al. tl98ll tbund the southern

Hellenic ^{rc to be dominated bv radial ertension ald motions alone nonh-south
strike-slip tauls.

Fomril rl9i8tmentioned that in the latest P[ocene to Quaternaq'time span

largest displacemenli u ere along the old E-\\' tauls r \ l00E r and thuls such a> the

\\E-SS\\' iauls borderine the Ierapetra depression. The resuls trom the

reconstruction anall'sis shou' that rhese faults r+'ere initiated in the course of the
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earlv Tononian: data from literarure suggest that thel- *'ere still active during the

Pliocene to Recent.
In the northern parts of the Ierapetra Region. subhorizontal to weakll- \-

dipping shear planes are presenl along u'hich deposis of the Breccia Series and
pre-Neogene rocks are or erlling deformed clastic sedimens of the Mithi and the

\{ales Formations. The shear planes dip nonh probabll due to the *'ell-
docrrmented northu'ard tilt of the island during the Quaterna4' (Fornrin. 1977:

Flemmiag.l!7E: Angelier. 1979t. Thus the initial dip of the fauls ma1'have been

subhorizontal. The amount of displacemenl the superposition of the elemens and
small scale detbrmation strucrures varies considerabll- along the different shear

planes.

During the Pleistocene period Crete obtained its present shape. Reneu'ed
fragmentarion and strong differential movemeots *'ere tle most dominant tectonic
t-eatures controlling the Quaternan'landscape evolution (Drooger & \Ieulenkamp.
197-3. \Ieulenkamp. 1985). \{an1 displacements along the Cretan fault s1'stems

occur even todar'. n'hich result in the continuing accentuation of the topographic
relief.

ln Crete. the faunal evolution is someu'hat more complex and most of the

Pleistocene mammals t deer. du.arf elephants. du'arf hippos and mice t are endemic
tDermitzakis & Sondaar. 198-5 t. The degree of endemism diffen in the dift'erent
localities and groups.

The Katharo basin

I . Te ctono s e d ime nt a ry Et'ol ui on-

The Katharo Basin constitutes the north'*'estem edge of the Ierapetra Region
and is located il the southeastern side of the Dhikti \{ountains. The various
lineament analy ses carried out in the area (Ten Veen. 19981 led to the identification
of a fault group of \ I -30E. r*'hich has been obsen'ed south of the Dhikti \tnr Along
the- faults. the earliest Tortonian extensional deformation occurred. During that
time the pres€nt Dhilti Mnt *'ere probabl)-. Dot )'et formed. Drainage r.r'as tou'ards
the hanging u-all basin. implf ing that foot'* all uplift and fault-block tilting. x'hich
u-ould have led to an oppositell'trending drainage. did not occur.

The South Dhikti Fault Znne. the Parathiri Fault Zone and the \onh I asithi
Fault Zone deli-rnit a tectonic u'indou' comprising rocks of the lo'*'ermost basement
unis. Quatema+ t-an breccias are juxtaposed against the pronounced tault of the S.

Dhilti Fault Zone suggesting that these faults uere at least active until subrecent
umes.

The evolution of the Katharo plain was largell' controlled b1' the combination of



Nl30E and N1OOE normal fauls u'hich s-ere active together in an orthorhombic
sFrmeq'. during Middle/I-ate \fiocene transition.

The northeastern side of Katharo basin is characterised b1'the presence of
debris flow breccias. slides. slumps and exotic blocks. q-hich are anributed to the

lou'er pan of the Breccia Series and overlie the Males Formarion with an angular
unconlbrmin.

The deposition of the Breccia Series around the Middle/[-ate Miocene
ransition reflecs rhe effecs of the culminarion of transpressional tFornrin &
Peters. 198-l) or compressional tectonics. Reverse faulting. trrusting and mass-

displacement of exotic blocks express this culmination- The thickest sediment pile
of the Breccia Series is enirngled bets-een fte Fault sourh of the Dhikti Mnt and a
fold zone in the central pan of the area Ten Veen (1998) suggesLs that the thickest
pile of the breccia deposis. present in fre central part of the area resulted from
presen'ation due to actirin' along Yarious tault _snoups. The general souths-ard
decrease il thickness is in agreement qith the interpretation of the Breccia Series as

allur-ial fans and cones *'hich had their apex to the north (Pos - et al.. 1993 ).

In a stratigraphicalll higher level u'ell-bedded congomerates uith a s'hite
limestone matrix :lre pres€nted. I-ocatlf iltercalated file sediments ma)' include
brackish s'ater faunas including nlundanl Terebralia bidentata and Osrrea shells.

In particular. in the Sr*- side of the hill of Katharo in fte region of Kaminaki a rich
t-auna of \Iollusks. \Iadreporaria- Bryozoans etc. has been tbund fBezes et al..
198-3t. The- sedimens have characteristics suggestilg rapid accumulation of
debris il coastal plains. either as sheedloods or in ephemeral chamels. Thel- are

amibuted to the Stratified Prina Series and hare an earll' Tononian age. The-
formational rrnits constitute the highest elesated \eo-sene strata of Crete.

The litholo_e1' of the Breccia Series in Katharo vallel- mainlr- consists of erotic
blocks and associated debris. \{ost of the elemens belonging to this categorv are

\Iesozoic limestones of the TripoliEa Series. In addition. marbles and other rock
qpes trom the Lll-unit have been found Aggre-eates of limestone blocks. tectonic
breccias and debris-cones are co[lmon. Elements derived from the LU-rrnit are

coufined to the base of ttre complex. These exotics are onll' exposed u localities
u-here also the \tithi and \Iales Formations (sensu Fortuil. 1978 t are incorporated.
The largest blocks are at least 100 m in diameter and several tens of meters thick.
The presence of allochthonous sdiments of the \{ithi Formation is resricted to the
los'er level of the complex. Due to their relatir-el1' soft character thel' act as a matrlr
beru'een the exotic competent bodies.

-\t the e:Lstern margrn of the Katharo vallel'. folded pre-\eogene t11'sch is
truncatd b1' a chaotic glidin-e mass of Tripolir?^ limestones. breccias and Males
sedimens. shouing imbrication. The minimrrm displacement is at least 50Om. The

spatial relationships bets'een the different Lithologies in the gliding mass is s'ell
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illustrared in a nearbl' section (Pirgos section). r*-here various pre-\eogene rocks

occur .LS lateralll' dirontiluous blocks. s€parated b1' small srike-slip fauls s-ith
subhorizontal slickensides. Folded and sheared )Iales lithologies. sorne limestone

blocks and minor quantities of fl1'sch overlie the pre-\eogene erotics. The top of
the section consists of massive breccias. The contact at the base of the breccias is

not erposed but in the absence of a su-atigraphic transition. is interpreted as an

imponaat gliding plane.
The position of the LII-unit in the Katharo vallev protes the existence of earll'

\I\S--ESE sparling -sraben stnrctures became {panialll'; fil]ed sith \eogene
sediments (Peters. 1982t. The Breccia Series and the Stratified Prina Series. as

exemplified b1' the spatial distribution of pre-Neogene subsequentll' cor-ered the

normal fauls and Neogene rocks ar the southeastern end of the Katharo r-alle1'.

The \-S development of tre Straffied Prina Series can be studied along a line
from the Katharo r.allev to ttrc rillage of ^{natoli. tn the nonh the complex almost

directll- overlies the Lf{-unir s'hereas 8 km to the south it lies above some 50O m
of \eogene sedimens. Obsen'ations along the north side of the Katharo vallev
indicate that in this area Tripoliza limestones and fl1-sch are thrusted on rocks of
rhe Lfl-unit and is rhin \soggas ge1's1. itrgluding the lou'er parts of the Breccia
Series. 15s s5 'matd minimrrm displacement along the thrust is -r'eral hundred

meters.
Due to t-ault actiriq in the northu'estem part of the area- sedimens of the

l(alamavka Formation are onll'characterized bv minel hickness indicating that
taulti-n_e postdetes the deposition of the Kalamar-ka Formation. Hos'ever corals and

sromatolites characteristic of the transitional zone bets'een the Stratified Prina
Series and Kalamavka Formation have been found.

Indeed in Kaminaki region. at a height of approximarell' l20O m- S\f,' of the

Katharo hill. a coral thuna r*'as found during the h1'drogeological recognition and

h1-drolithological mapping b1'I.G.\I.R tKnithakis et a1.. 1986).
Tbe studied corals: Tarbellosrrea siciliae. Palaeoplesiastea columna4ormis

andThegioastraea reasendai are hermaqpical. shor*' a temperature of about 20' C
tsubuopical climate) and a depth of about 50 m (\Iarcopoulou-Dialiantoni &
Knithakis- 1978t.

The coral and snomatolite beds on top of the Strarified Pri-na Series iadicate still
shallon' u'ater depths.

Burrol ed lacustrine Limestones har e been iltercalated in the upper part of the
allurial series. south s'est of Krisa along the Kritsa-Avdelialios road. Palaeosols of
.flrottled' broql clavev to fine sandl-composition qith reed roos and lignites are

presenl

The Katharo basin contains a basin fill. u'hich consiss of marimalll- l0 m of
Pleistocene clal-s. clal'e1' sands and angular gravels.



The gravels are mainlv consisting of sandstone fragmens: moreover t'ein
quarz and red chen occur. lrss Dumerous are limestone and steatite pebbles.

Occa:ionalll' reu'orked \fiocene shells are found
The sands consist of rounded grains of micaceous shales in the coarser

fracrions: chert grains. steatite grains. diabase grains. some muscovite flakes occur
also. -\ngular quanz grains are common in the coarser fractions 3ad alundant in the
hner.

The sedimens contained no limestone grains *ith the exception of some

limestone pebbles in the gravels and of the strata *-ith fossils. [n the laner. u'hitish
consredons occur abundantll'. Thus. solution ofcarbonates after the deposition of
the sedimens has occurred Decalcit-rcation ma)' account for the vagueness of the

lamination of the Katharo sedimens. This process. moreover. has probabll'

de strol'ed most of the fossils originalll'present in the sediments.
Pollen anall'sis revealed the presence of some badly' corroded gains of Pinus.

Quercus. Liguliflorae and Gramineae. Pinus is not present in the Katharo
notr adavs.

Lo'* ermost unstratil-led gray' sandl clal's u'ith grauel are found u.hich contain
carcareous concretions and Hippopotamus bones. These are coYered b1' the same

sedimens. brick red and totally' decalcit-red. \ext is a *'ell-stratified level of sand

and -eravel 
sith gulll hlls in the older sediments. Topmost there is a la1'er of beige

laminated ston-r' clal .

These deposis can be erplained as that a deposit in a lacustrile environmenl
rvhere relarivels linle sands u'as available. Ertensive biological homogenizarion
and loss of structure ou'ing to decalcification ma)' account tbr the absence of
stratit-lcation. The scarcin- of sand is due to the nature of the source rocks that

consist largelr of t11 sch shale and slate uith intercalated beds of sandstone and

quanzite. \lhereas the lbrmer disintegrated into clay'. the laner mainls pan into
pebbles. These u'eathering products slo*'lr' filled the Katharo depression. At
cenain time sedimentation stopped and red-coloring took place.

Reneued floodin-e brought neu'gravel deposis il uhich red material sas
re>edimented Finalll . during the d4 ing out of the basin variegated clal-s *'ere laid
dour. The ba:in is currentlt beine reu'orlied bv modern stream action.

2. Large .llammal Turnover and Paleobiogeography.
The eristence of mammal tbssils in Crete is knour since the lSth cenrurl'

rPocock. l7-15. in de Yos. 19961. The t-rst mammal tbssils u'ere described at the

beginning of the l0th centun tBate. 1905. Simonelli. 19081. ToOay. nurl€rous
pammal tbssil sites have been established on the island. For a comprehensive list
of Pleistocene mammal fossil sites in Crete see Iat. 1996. The Pleistocene

mammalian thuna in Crete is considered endemic and unbalanced (Sondaar. l97l:
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papers ia Reese. 1996t. Like in manl'\Iediterranean islands and elsen'here. such
unbalanced endemic thuna contains lar-se herbir-ores of the Order -{niodacq la
tCen-idae. Hippopotarnidael. Proboscidea tElephantidaet. Rodentia t\Iuridael.
Insectivora tSoricidael. birds and reptiles. Carnivores are lacking. *irh the

erception olotter and possibll'mustelids rsee papen in Reese. 1996t. -\daptation.
evolution and biogeographl are unique in island taunas (\Iac-\rthur et al.. 1967 t.

Characteristic changes include d,*'arhsm in large herbivores. ggantism in small
mammals. difi-erent lit-e actir-ities tdiurnalt and chanees h behavior. such a-s

t-ligttlessness.
Dermitzatis et al.. ( 1987 t and de \-os i 1996 t studied ttre biostrati_eraphr- of the

Pleistocene pammal sites in Crete. The biozonation is based on the murid rodent
Kitiml's and -!Ius tphllogenv b1 \Ialheu'. 1971:-19961. The rKnrirn-r's zone- Earll
to \tiddle Pleistocene. is divided into the K. kiidus r oldeo and K. catreus
(-\'oun-sert subzones. and the.!/ru zone. \liddle to Upper Pleistocene. is dirided
into the -\1. bateae tolderl andM. minolaunts ()'ounger) subzones. In the Knnrnls
zone a piqml elephant tElephas ciricus t and a pigmv htppo t Hippoporamus
creut:burgi t are preseDl along uith Kirinn's. The hippo t-rrst appearance il Crete
is in the Seitia I site of Earlv Pleistocene age (Spaen. 1996 ). It belon-es to the K.

kiidus sub-zone. The cen-ids appear at the -LIus zone. specil-tcallf il the .|L
minoruurus subzone (de Vos. 1996t. along s ith large elephantids. r E. aniquus and
E- creut=burgi. \Iol. et aI.. l9ftit. In terms of age. the Knnml's zone is considered

Loq'er Pleiste-ene and the \Ius zone Upper \fiddle Pleistocene. \Iore specil-rcally-.

K. kiidus spans rhe I-ate Ruscinian to [-ate \:illanvan. and K. catreus the l-ate
\:illanvan to Earlr Biharian tllal'heu - 1971l.1996t.

ln rhe Pleistocene of Crete. cenids are represented more than an1'orher
mammal. i-n term-r of species dir-ersin' as *'ell as in number of sites tCaloi. et aI..

1996t. Thev are ibllo$'ed b1 hippos (Spean. 1996: Caloi. et al.. 1996) and

elephantids t\Iol. et a1.. 1996). Elephans are represeDtedbl'ru'o tbrms of dffierent
size. Elephas ciicus is the smaller and the older. It is present in the upper pan of
the K. tindus subzone ( de Yos. 1996 t. Tu o larger species E. creurJurgi and E. cf.

aniquus tllol.etal.. 1996:Boekschotenetal.. 196,6:Sondaar. 1971:Kuss. 197-1:

but see also Sl meonidis et al.. l9El: Theodorou. 1986 t- are preb€nt h the -|Ius zone
tde Vos. 19!5t. De Vos tl979t distilguished at least 8 tara of cen'ids in the

Pleistocene of Crete. Capasso Barbato t1989t rccognized onh 5 species. Thev
trelong toCandiacen-usand Cen-us (CapassoBarbato. 1990:l99la-b)..\llcenid:
span the ^l/us zone tde Vos. 1996),

Katharo site il eastern Crete. u the east slopes of mount Dhil-ti- has produced
so t'ar a sizable hippo lbssil bone assemblage (Spean- 1996: Caloi. et al-. 1996:
Pavlakis et al.. in press i. -l specimens of Elephantidae. a small size molar and tu.o
pieces of rusk tlarge size. px5lakis et al.. in press ). and a ven' large distal fragment



of humerus of Testudo (Brinkerink- 1996). Hippo fossfu have been found so far in
7 more sites il Crete (Spann, 1996:100. q-here also ahistorv of the hippo fossil
collections in Crete can be found). The temporal range is from the earliest .K.

kiridus subzone of Earll' Pleistocene age il the Seitia I site. *'here a hippo rib has

been t-ound t )Ia1'heu'. 1977 ). up to Starros cave and Kato Zakros sites. ar the upper
part of K. cateus subzone. of Earll. Middle Pleistocene age (de Vos. 1996). The
size of the rib from Seitia I fis that of the Katharo sample (Spaan. 1996). The entire
sample belongs to Hippopotamus creurJurgi (Boekschoten et al.. 1fti6t. The

)-ounger sites produce hippo samples of smaller size (Kuss. 1975. Capasso Barbato
et aI.. 1982). This indicates that n-i \in rhe pigml' hippos of the Pleistocene of
Crete. there u':Ls a uend tos'ards size reduction approaching the Middle
Pleistocene. The sarious AAR and ESR dating efforts produced an age raage of
8{6 to,?78 +/- 20% K1- BP(I-ar. 1996t. The neq'excavations in l9EE. f-ielded
craniat and postcranial hippo material from the localiry.{naskama- rithin the plain
of Katharo. -{n ESR date is beile determi.ned for this localin (Pavlakis et aI.. in
press )-

Hippopotamus remails il Crete. u'ere first described b1- O*'en (1845) and de

llainville (18-17). q'hile Bate (1905) started the first s1'stematic excavarion of
hippopotamus remains in the Katharo basil. Accorrting to Spran (1865 l. the frnt
information on hippos from Katharo q'as in reference to Hippopotamus minor.

The major recent studies of the Pleistocene hippos from Crete include
Boeckschoten et al.. ( 1965). Kuss t1975l. and Capasso Barbato et al.. ( 1982). In
l!X6. BoeLschoten & Sondaar collected nes'material. studied the Bate (1905)

collection from Katharo and some material from Karoumpes f!-. and named the
species Hippoporatnus creut:burgi. Hippopotamus creut:burgi is the npical lar-ee

mammal of the Knnrn's biozone. Boeckschoten et al. ( 1966) studl'. showed that

the size of H. creurJurgi '*'as considerabll' smaller than H. amphibious and larger
than FI, minor from C1prus. Until then. it t*'as thougtrt that the dn'arf mammals on
islands *'ere the result of degeneration *'orki-n_e on a small and isolated population
tYaufrel-. l9f9). Ho'*ever. the studl'of the morphologl'of the Cretan hippo bf
Boekschoten & Sondaar ( l!X5). shos'ed that these animal5 present a high degree of
adaptation to the insular enr-ironment. u'hich is characterized amoog others. b1- a

small nrrmber of specie s and a lack of predaton. Since then. other paleontologiss
have continued to collect material in Katharo (Kuss. 1970. 1975: Capasso Barbato
et a].. 1981. Verhuel. l99l ).

Kuss r 1975 ) srudid the material from Kato Zakros and Starros cave. He found
morphological and size differences from the Katharo hippo- mainlv smaller teeth.
and established rx'o subspecies: H. c.creut:burgi and a 1'ounger 1L c. pan'us in the

upper Knn'rn's carteus ihunal suFzone. The material rhat Capasso Barbato

studied trom Katharo. tor the purpos€s of fris s'ork falls .*ithin he total
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morphological range of Boeckschoten et aI.. 11966) and Kuss t 1975) hippo
samples. Spaan (1996) in a rerie* of the Cretan Pleistocene hippo sample.
concludes thar the subspecies H. c. pan'us. *'hich n'as based on the fact thu the
dental remains from the Kato Zakros r*'ere smaller than those from Katharo and

Karoumpes. is not a sufficient taxonomic criterion. and larger samples from both
sites ae oded in order to validate taxonomicalll- this subspecies (Spaan.

1996:10l). The ner*'hippo material collected b1'the 1998 and earll'1999
fieldseasons in Karharo b.v Dermizekis -6 psvlakis (Parlakis. et al.. in press). uill
test the uxonomic validiq'of the trr'o proposed subspec.ies. and 'rill help determine
the taxonomic starus of the hippopotamid fossil sample panicularll'from Katharo.
Caloi et a1.. ( 1996) examined hippo material housed in Rome and reconsmrcted the
animal as being more lightll' built than the massite animal Boeckschoten and

Sondaar had reconstnrcted- According to Spaan (1996). the hippo tbssil bone
sample permits only' the determination of the limb bones lengrh and the

intermembral index. These shoq-that the humenrs is longer than n H. atnphibious.
but the reladve lengrh of the front leg is shorter than in the tx-o extant hippos- The
same is mre tbr the hind limb. This bodl' anatoml is 4'pical of medium hean'
*'eight animal. Spaan's ( 1996) locomotor anall'sis of H. creurJurgi indicates that
several articulations allos'ed relativell'large movabiliq in the sagittal plane i.e. in
dre fore and aft move.

Tbe morphologl' of H. creurJurgi dift'en from that of H. amphibious. The
recent hippo is mediponal sith no cursorial adaptations. The skeleton is
constnrcted to cail]' its large u'eighr The proximal bones of the appendicular
skeleton are located verticalll' and the n'hole limb is shorr q-pical for hearl'
animnl5. The foot has been adapted to *-alking on soft substrate. There is a pad

under the digis. thu sprearls the u-eight over a large area since dre digis were

separate. The pad acts zLS a shock-absorber as u'ell. FL creurJurgi is differenr The

shoulder and pelric joins have greater stabilitl again5l transverse movements.
s'hile the for and aft movemens trzLs greater. According to Spaan 1 1996). the femur
and tibia are less terticalll. arranged than in H. anphibius. He concludes that 1L

creurJurgi has more of an unguligrade stance. The 3rd phalam is shon and
located high from the ground The disral interphalangeal articulation is elevated.
The *'eight of the animal rr'as carried b1, the digis hari-ug a more venical position
than in the modern hippo.

ln summary'. H- creurlurgi presens a reduction of the graviportal srucmre
and a tendenc)- to greater anteroposterior lim! mobiliry-. [n addition it had slender
limbs and could mor-e quickly'on uneven grounds. Hippopotatnus creufJurgi vars

undoubtedll' a form *ith good motor capabiliry-. relatirell agile. and capable of
mori,og on roc\- and more or less sloped ground. Boebchoten & Sondaar (19{f1
supposed that Hippopotamus creurJurgi took advantage of these abilities tbr



seasonal migradon tiom coastal areas to the hi-eher altitudes of rhe central area of
Katharo. s'here climatic condirions in the t'inter u'ould har-e been ilcompatible to
the permanent duelli-ng of hippos. The Katharo basin. under ideal climatic
condirions. must have constitutd a territory congenial to the lit-e of hippos.
r-onsidering the presence of s'ater and presumabll . of vesetation. but the
possibiliq that the herds moved to surrounding areas in unihvourable periodr
L-annet be ovemrled- The t'eeding habis of Hippopotamus creut:burgi must have
been htermediate betu'een those of qpical grazer and a q-pical brou'ser: is diet
must have included leaves. sprous or fruits- in addition to grasses. to meet possible
seasonal variations.

Besides the large hippo fossil bone sample and the ttu' specimens of Elephas.
in Katharo has been tbund a distal humerus fragment of a tortoise. Is size is ven'
laree tBrinkerinl- 1996t. The elephantid material from Katharo is under studr
tPatlakis et al.- in pressl. \lol et al.. t1996t cla:si[ the Pleistocene elephantids
trom other sites than Katharo in Crete to a pigml' Elephas ciricus and a lar-se E qf
onriquus- The tbrmer belongs to the Knrirnls taunal zone of earlt Pleistocene. and
the laner to.tlrr.r zone.

Crete amained its present shape durin-e the Pleistocene (Sondaar et al.. 1996).
Dermizakis et al.. ( 1978t distinguished tbur ua1's troug} u'hich animals tiom the
mainland could har e reached the island: I t throu_sh a corridor to rtre mainland I t

through a t-rlter lile a narros land bridge u-ith {ecologicalt obstacles that not all
kinds of animals could have passed- -3 t a ss'eepstalte. chance evenl such as raftins.
and -1t a pendel route. like a narros' sea straight crossed bl some animals.

The Pleistocene thuna of Crete is characterized as endemic. impor-erished and

unbalance 1$snrlaar 91 a1.. 1996 t. Thev suegest that su eepstake is the most possible
route of colonization. since Crete $'iLs an isolated island from the earliest
Pleistocene times- The site of Seitia I. estimated as Lou'er Pleistocene. produced
only' Hippoporamus and Kritimys. These tu'o animals and Elephas n'ere the t-rrst

mainland mammals to adapt to the Pleistocene island environment b1- adoptin,e

drr art- size. Hip. creut:bur-ei and Elephas crericus. are the onll larye mammals of
the Knnrnls biozone. Deer is not present ! et in Crete. The Knnrn_r's thuna became
estinct in the \Iiddle Pleistocene. At this time period a radical thunal rurn orer
tookplaceinCretetKuss. 1970:de\-os. 19&1:Dermit-akisetal.. 19E7t. Inthe-Vus
biozone. deer appear and are rhe most cofirmon large mamma]s. In addition. the

Elephas had about the mainland size ( ca. I 50 A I I Kt t. Hippoporamrrs miglt har e

made it to the \Iiddle Pleistocene if the 11.000 Cl-1 age in Katharo is correct- but
sith 1'et undetermined morphological changes. The.lftrs biozone fauna- theretbre.

is not endemic, It does not sho* adaptations to island en'r ironments. It is more lilie
tho- in the mainland.

The ertinction of the Farlv Pleistocene endemic fauna mav be due to a
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combination of t-actors (Spaan. 1996). such as: l) sea level eustatic fluctuation.
shen the sea ler-el raises. the island size is reduced mammal competition tbr space

and resources is iacreased s'hile the resources decrease. \\hen the sea ler-el is
log'ered the island size i-ncreases. t}re connecrion to the mainland is t-acilitated tbr
an1' of the ibur colonization s-avs of Dermiuakis et al.- t 19781- This results in
recolonization of rhe island b1'neu'species from the mainland: and 2t b1'

t-luctuarions in climatic facton. r'hich cause changes in the vegetation cover. i-n tIe
2mount of hrrmidi6'and ma1'cause erriaction of too specialized animals.

^{round 80O Kv BP the sea level s'a-s loq'ered [Iol. et a1,. 1996). Crete became
periodicalll more accessible to animals that u-ere good su'immers- like elephans
and hippos. These tq'o animals could have reached the island from the mainland-

either throueh the east or through the north. and most possibll' through a

sr-eepstake eyent. The large elephans could have had the abilit_v to go back and

tbrth to the mainland- thus mainteinin-e genetic conrinuiq' u-ith the mainland
population. This sbould have prerented the island populations to became isolated
and achieve endemism- Something the first immigration u'ave of the Earll
Pleistocene achieved verr-quicklv through effective faunal isolation in Crete.
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Table 1: Statigraphl of the Ierapetra Re-eion after Fomri-n I 1978) and Postma
et aI.. r199-1 r. References used for dating of the stratigraphic inten-als: Kopp &
Richter r l99g_j r. Jacobshagen ( l9g6 r. Zacharias- ( 1975 ). Fomin i9l7 t. postrna

et aI.- 199-1.
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Fig。 2.Fault bl∝k confic―■on ofthe lerapetn Re3on.Important struc― l

leatns震 5peC通Cauy IIlendoned.ハごqFZ:A}iosヽrikolaos Fault Zone:К IIζ :

mヽa Fault Zollelゝ IIFZ:ヽ1」hdha Fault Zonel PFZ:Parathn Fault Zone(after

Po・tIIla ct al..1993 and Tenヽ
‐
een.1998).
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Flg. 3. \liddle \[iocene ro Recent tectonostratiglaphl tbr central and eastern

Crere based on Baumann et al.. { 1976). \\'achendortet al'. ( 197-i,' }Ieulenlump et

a1.. r 1988 r. Postma et al.. I 1993 ). Ten Veen t 1998t.




