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A B S T R ACT 

Isotopic age determinations of metamorphic minerals usually 
yield the ages at which the final cooling of the rock in which 
they participate brought them bellow the "closure temperature" 
corresponding to each combination of isotopic system and mineral 
used. By using different isotopic systems on the same metamorphic 
minerals a fragmentary but, nevertheless, useful time-temperature 
relation can be established. If the temperature-depth relation 
(the geotherm) for the period indicated by the isotopic datings 
can be constrained, then temperature-depth and time-depth 
relations can also be determined. The average uplift and cooling 
rates of an orogen for a certain period of time in the past can 
thus be calculated. 

Application of the above to the Late Jurassic "Vertiscos 
orogen" yields an average uplift rate of 0.3 to 0.4 km/M.a. and 
an average cooling rate of 4 to 6.5°C/M.a. for the Early 
cretaceous Epoch. 

EXEEEIE META3Y KATAKOPY~QN METAKINHEEQN
 
KAI ATIOTYTIQMENQN IEOTOITIKQN XPONOhOrIQN EE ENA OPorENEE.
 

H O~ BEPTIEKOY QE TIAP~IrMA
 

ITEPIhH'i'H
 

Ol lOOLOTIL~Ol TIpoo1'lLoPlollol IlAlXLWV I-ISLCXI-I0pcplXWV opuxniiv 
~CXLO ~cxv6vcx CXTIOOlOOUV Ll~ IlAlXlS~ OLl~ OTIO[E~ 11 LEAlX~ ~U~1l LOU 
TISTPWIlCXLO~ ~CXLE(3CXOS LIl 8EP\-l0~pcxo(cx LOU~ ~OLW CXTIO LIl "8EPI-I0Xpcxo[cx 
aTIOXAElOI-I0U" TIOU exVLlOLOlXEl os X08E ouvouaollo LOOLOlt:l~OU 

OuoL~l-IaLO~ l(OU XPIlOIlOTIoldLaL OLIl YEWXPOVOAOYlloll cxq>SVO~, ).tal 
OPU~LOU OLO 011:0[0 scpapllo<:sLCXL aUL~ acpELEpoU. H XPIlOll-I0TIOLIlOIl 
oLacp6pwv LOOLOTI~~WV OUOLIlI-I0LWV OLex [ola ~aLo TIPOLL\-lIlOIl opu~La 

EVO~ IlSLCXlloPq>lxou 0XIl\-laLlOIlOu 1l11:0PEL va I-Ia~ a11:00WoSl 
a11:00TIaOl-lexLLxt~ I-IEV, aAAo XP~OlI-lE~ OXtOEl~ Xp6vou-8EPI-IOXpcxo[a~. 

Eav 11 0XEOIl eSPllo~paoLcx~-poeou~ (11 ysw8EPI-IIl) TIOU ETILXPCXLOUOE XaLQ 
Lll XPOVLX~ 11:Sp[ooo TIOU aTIoo[oouv Ol YEWXPOVOAOY~OSL~ I-ITIOps[ 1-1£ 
XaTIOLO LPOTIO (a11:o LCX TISLpOAOYlXO OE00I-IEVCX rc.X.) va rcPOOOLOPLOLSl, 
LOLE I-ITIOPOUV 11:CXpOAAIlAa va 11:POOOlOPLOLOUV OXtOSL~ eSPl-loxpaola~­

(3080u~ xal Xpovou-(3080u~. Ol OXtOEL~ Xpovou-pa80u~ I-Icx~ o(vouv LIl 
lle:o'1 TaxuLIlTcx avu\jJwoll~ LOU EOWLSPLXOU SVO~ OPOYEVOU~ yLCX Til 
XPOVlX~ rcsp(OOO 11:0U E~ELa<:ELal. H avu~WOIl aUT~ s[val a11:0LeAEO\-la 
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TWV E:TCL<pO:VE:lCU-tWV Tj E:VooyE:VWV ~I')XO:VlO~WV E:~OUOE:TtpWOrl';; TOU 6ETlXOU 
O:VO:yAU<pOU, ~E: TI') ouvopo~Tj KO:l TI')~ TaOI')~ OlO:TTjpI')OI')~ TI')~ 

lOOOTO:TlKTj~ lOOppOnCo:~. 

E<po:p~oyTj TWV no:po:navw OE: lOOTOnlKO: OE:OogtVO: TWV ltE:T,pWllaTwv 
TI')~ O\laoo:~ BE:pTLOKOU E:nlTpe:nE:l Vo: E:KLl\l1')60uv 0 \leOO~ pu8\l6~ lj>u~l')~ 
(4 e:w,,;,6.5°C/M.a.) KO:l 0 \ltoo~ pu6~6~ o:vulj>WOI')"; (0.3 tw,,; 0.4 
km/M.a.) TOU E:OWTE:plKOU TOU "opoyE:VOU"; TOU BE:pTLOKOU" KO:Ta TI') 
OlapKE:lO: TOU TIPWl\lOU KPI')TlOlKOU, O:\ltow,,; \lE:Ta TI') OUYXp6Tl)OI') TOU 
OPOYE:VOU~ O:UTOU XO:Ta TO YOTE:po-Ioupo:olxO. 

INTRODUCTION 

The internal Hellenides are characterized by their 
involvment in Early Alpine (Late Jurassic to? Early Cretaceous) 
orogenic events. The Vertiscos group is an integral part of the 
internal Hellenides. Late Jurassic folding (Kourou 1991; 
Sidiropoulos 1991) and the emplacement of the Arnea type 
leucogranites in this group (Zervas 1984, De Wet 1989) are 
manifestations of its involvment in the Early Alpine events. 

It has been suggested (Kourou 1991; Sidiropoulos 1991) that 
the Arnea type granitoids are products of crustal anatexis and 
are related to continental collision. Bebien et al 1986; De Wet 
1989; and Dimitriadis and Asvesta (in press) argue for a Middle­
Late Jurassic transtentional-transpressional regime near the 
western margin of the vertiscos group, above an eastward 
sUbduction. A Late Jurassic thickening of at least parts of the 
Vertiscos continental crust is therefore rather certain. 
Actually, the presence of magmatic looking kyani te in some of the 
sattelite pegmatites shouting off the Arnea granitoids testify 
their generation at elevated pressures, i. e. at depths 
corresponding to the lower parts of a thickened continental 
crust. The existence of a mountain range (called here 
provisionally "the Vertiscos orogen") which was assembled by Late 
Jurassic as a result of either a frontal collision or of a series 
of thrusts in a transpressional regime, seems thus very likely. 
The Vertiscos, Kroussia and Kerkini mountains should be 
considered as remnants of this Late Jurassic orogen. 

No sediments other than Plio-Pleistocene intramontane 
fillings have ever covered the metamorphic basement exposed in 
these mountains, therefore the "Vertiscos orogen" was never 
leveled down since its formation. However, Tertiary tectonism 
must have also contribute to some extent for the present high 
relief in these mountains. 

Immediately after its formation and continuously since then, 
the "Vertiscos orogen" should had been exposed to destructive 
processes (erosion and tectonic denudation) and as a result its 
deeper parts, responding isostatically, should had been uplifted 
and progressively cooled. 

If erosion was the sole destructive process and if it was 
acting at a moderate stable rate of 0.3 mm yr- 1 , a thickness of 
45 km of crustal material should had been removed from the 
surface and an equal amount of uplift should had hapened in the 
deeply buried parts of the Vertiscos orogen from LateII II 

Jurassic to present. The rate of erosion is declining with time 
(or with decreasing relief), but the additional action of the 
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tectonic denudation probably compensates for it. It is therefore 
likely that the rocks exposed today on the surface in the 
Kerkini, Kroussia and vertiscos mountains are actually the 
uplifted to the surface deeper parts of the Late Jurassic 
"vertiscos orogen". As such, they should had experienced a post­
Late Jurassic cooling due to their gradual uplift. An interesting 
question is whether this uplift-cooling path has been anyhow 
recorded in the rocks now at the surface. It is argued here that 
traces of such a path have indeed been recorded, allowing 
estimations of the post-Late Jurassic average uplift and cooling 
rates of the deeper parts of the "vertiscos orogen". The 
methodology used to make these estimations is presented next. 

ESTIMATING AVERAGE UPLIFT AND COOLING RATES
 
FROM ISOTOPIC AGE DETERMINATIONS
 

Average cooling rates of the metamorphic rock components of 
an orogen for particular periods of time in the past can be 
estimated, if isotopic age determinations by different methods 
on their minerals are available (fig. 1). 

Any isotopic dating method involves the analysis of daughter 
products which may diffuse through solids. Diffusion is a highly 
temperature depended process. For each combination of a given 
isotopic system and a given mineral on which this system works, 
there is a certain temperature, called "closure temperatureU

, 

bellow which diffusion of the daughter products outside the 
mineral becomes insignificant and the isotopic clock starts 
counting the time (Dodson, 197],1976). The age obtained from a 
certain mineral of a metamorphic rock by using a certain isotopic 
system as a rule signifies the time when the temperature of the 
rock fell for the last time bellow the closure temperature 
corresponding to the isotopic system and the mineral used in 
dating. Different combinations of isotopic systems and minerals 
can thus provide usefull, although fragmentary, temperature-time 
relations. These can be converted to temperature-depth relations, 
if the crustal geotherm at the period of interest can be 
reasonably constrained. The time-depth relations are further 
readily converted to average uplift rates for the period 
considered. The validity of the resulted temperature-depth 
relation and of the constrained geotherm can be checked against 
idependently obtained by geothermobarometry temperature-pressure 
relations. 

ESTIMATING THE POST-LATE JURASSIC UPLIFT 
AND COOLING RATES OF THE VERTISCOS GROUP METAMORPHICS 

The only existing isotopic data suitable for the application 
of the above method in the Vertiscos group metamorphics are the 
results of datings performed on mineral separates of two 
vertiscos samples (Papadopoulos and Kilias, 1985) . My 
interpretation of these datings is at variance with the 
interpretation given by Papadopoulos and Kilias, who considered 
the ages obtained as mineral growth ages. These same ages are 
here considered as cooling ages. 
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The combinations (mineral and dating method) selected are 
the ones for which the closure temperatures are supposed to be 
well known, while at the same time these temperatures are not low 
enough to be influenced by factors other than the uplift 
controlled cooling. The fact that the samples used are only two, 
certainly means that the finally reaching results, must be 
considered as only approximates. However, the usefulness of the 
method is fully demonstrated. 

The minerals and the methods used and the result of the 
dating of the Vertiscos samples are given bellow, allong with the 
closure temperatures corresponding to each mineral and dating 
method used. 

Sample RA4 

Rb-Sr on white mica separate. 
Closure temperature: 500°C 
Age: 131 ± 10 M.a. 

K-Ar on white mica separate. 
Closure temperature: 350°C 
Age: 108 ± 4 M.a. 

Sample RA10 

Rb-Sr on white mica separate. 
Closure temperature: 500°C 

Age: 146 ± 15 M.a. 

K-Ar on white mica separate. 
Closure temperature: 350°C 
Age: 110 ± 4.6 M.a. 

The two samples (RA4 and RAIO) record a cooling of 150°C 
(from 500 to 350°C), attained in 23 and 36 M.a. respectively 
during Early Cretaceous. The difference in the recorded time 
lapse in the two samples probably signifies differences in the 
uplift rate from place to place in the orogen, but as a first 
approximation we can accept that the recorded durations of 
cooling from 500 to 350°C are representatives for the whole 
orogen. 

An average cooling rate of about 4 to 6.5°C!M.a. is thus 
calculated for the "Vertiscos orogen" during the Early 
Cretaceous. To calculate the average uplift rate however, the 
geothermal gradient of the orogen during the same period must be 
somehow constrained. This can be done using petrological data. 

The Late Jurassic thickening event had been preceded by a 
rather long lasted extensional phase, during which the Vertiscos 
crust had been thinned and was intruded by mantle derived basic 
melts ( the Jurassic "ophiolites" of the Vardar-Axios zone, and 
possibly also the basic Volvi complex). The thinned vertiscos 
crust was heated by the basic intrusions and partially melted, 
producing aplitic melts in which the common presence of 
cordierite megacrysts (later replaced by kyanite+garnet) testify 
the low pressure conditions prevailed during the extensional 
phase, (Dimitriadis et al in prep.). 

The above tectono-metamorphic evolution constrains the 
geotherm just after the Late Jurassic thickening event. Since 
before it the geotherm was very shallow, with the lower crust 
having attained temperatures of at least 700°C, the thickening 
couldn't produce the initially steep transient geotherm predicted 
in the model of England and Thompson (1984), but rather one much 
closer to the average continental -and therefore rather stable­
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geotherm (about 15°C/km), with the reasonable provision that the 
thickening terminated the basic intrusions and the extra heating 
of the crust. The important consequence of this is that the 
decompression path followed during the uplift of the deeply 
buried rock masses in the "vertiscos orogen" was possibly very 
close to the quickly established normal geotherm, without the 
post-thickening extra heating deviation, also predicted in the 
model of England and Thompson (1984). 

Adopting a 15°C/km geothermal gradient dyring the Early 
Cretaceous for the "vertiscos orogen", the calculated for the two 
samples average uplift rates are 0.3 and 0.4 km/M.a. 

This Early Cretaceous uplift was the isostatic rebound 
caused by the unloading of the orogen from its surface material. 
This unloading had to be of the same rate (0.3 to 0.4 km crustal 
thickness removed/M.a.). This is actually a fairly reasonable 
rate of decreasing relief in young orogens. 

CONCLUSIONS 

By interpreting the ages yielded by different methods of 
isotopic datings on mica separates of two Vertiscos samples as 
cooling ages, and by adopting a 15 D C/km geothermal gradient for 
the "vertiscos orogen" during the Early Cretaceous (shortly 
after its assembly in Late Jurassic), an average uplift rate of 
0.3 to 0.4 km/M.a. and an average cooling rate of 4 to 6.5°C/M.a. 
were calculated for the deeper parts of this orogen during the 
Early Cretaceous. 
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