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IHE*SR WHOLE-ROCK GEOCHRONOLOGY OF GNEISSES FROM OLYMPIAS, CHALKIDIKI
! i L. A. Mantzos'
— ABSTRACT

Two series of Olympias blotite-gneiss samples have yielded Rb-Sr whole-rock
fsochron ages of 337tSMa (Early Carboniferous) and 113t11Ma (Early Cretaceous),
respectively (errors=2s; IUGS-recommended constants used). The older age relates to the
culmination of the oldest metamorphic event — amphibolite facies regional metamorphism -
that affected the deeper parts of the Servomacedonian massif. This age is coupled with a very
low B75r/80Sr initial ratio indicating that the source regions of the clastic sedimentary
precursors of the biotite-gneisses comprised felsic igneous rocks of short residence time in
the crust. The younger age — a reset age — corresponds to the most intensive (greenschist
factes) retrograde metamorphism of the study area. The uncertainties regarding the accuracy
of the isotopic ages determined, are probably related to postmetamorphic geological distur-
bances of the isotopic systems established during the course of the successive metamorphisms.
With respect to the younger event, they may also be linked with the patchy manner that Sr
reequilibration and rehomogenization was likely effected. Theoritical considerations suggest
that sedimentation and sulphide ore formation at Olympias might had been accomplished by
Silurian to Early Devonian times.

IYNOWH

Ao oepéc  Belgpdiuy  PoTtTikgy  yveusiwv  and  tnvy  QAupnudbo  anébwoav
QYO TOIXWE, METH a0 YEWXPOVOAGYNON 0ALKOU NETpWPaTOg ME Tn pédobo Rb-Sr, 1o0xpoveS
nieg 337tS5Ma  (kotitepo  Aav9paxogopo) kat 113t11Ma (katwtepo Kpnuibiko)
(0pdAuata=2s, ¥pnoigonototviat ot and to UGS npotewvoueveg otadepeg). H peyaAvtepn
nF_hxiu OXeU{{ETAl PE TNV KOPUGWOT TOU GPXXLOTEPOU ETOWOPHIKOU SUPBAVTOC (appLBoALTIKA
00N PETOUOPGUOEWC) Nou EnippExce Ta Padutepa tunpata tng ZepPopakebovikng pafog. H
NAIKiG quTH ouvoBEUETOL Gnd €va NOAU XUuNAG apxiko Adxo 87Sr/B8Sr, nou unobnAwver oTL ol
NEPLOXEC GMOKOPBAC TwWY KAROUKWY ({npatogevwy NPwioAiSuy Twy BLOTLTIKWY ¥veuoiuy
UNETEAOUYTO o GELYO NUPLYEVY) NETPWUATA PIKPAG BLopKElag nOpapoYAC 010 GAOLD. H YEWTEPT
nAwia — avalwnupwpevn NAKIO — QVILOTOLXEL OTNY N0 €viovn avdbpoun WETAUOPEWON NG
NEPLoXric nou peAstnidnke. To apIuntikd 6GAANATA NOU CUYOBEUOUY TG (OOTOMKES NALKIEC Nou
NPoaBLopioINKay, (owWC SUYBEOVTAL PE VEWTEPEC TWY HETAHOPGWOEWY YEWAOYIKEC DLatOpaEels
WY (ootontkuy  oustnpdtwy nou  BlopopeuSNKay  0tn  Budpkewd  twy  Buaboyikwy
BETapopeuoewy. 000V UEOPE TO VEWLEPD PETANOPGEIKO GUMBAY, TO 0EAANA NAKIOG UNOPEL vO
OUOXETLO96l Kau ME TOV ONOGNUGUGTIKO TPONO WE Tov onolo mMIavwe npaypatonotndnke n
Enavopoyevonoinon kot enavefioopponon tou Sr. BEwpNUKEG NAPABOXEC obnyouv oIy
unoSeon ot n ({npatoyévesn otnv OAupnidba kat n Bnyuloupyia Tou EKEL KOLTAOUQTOC HELKTWY
Sewotywy £ixE (6WC 0AOKANPWIEL LEDT 0TO Xpoviko Braotnpa Etdoupiou-Katw AeBoviou.
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AA MANTZ20Z. lEwxpoyoAGYNon 0AKOU NETPWNATOC YYEUTIWY NG OAupmdbag, XaAkibikn, e
n uedobo Rb-Sr.
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1. INTRODUCTION

Olympfas. district is located within the eastern margins of the Servomacedon
magsif (SMM) — a metamorphic belt running NW-SE through N. Greece and extending if
Yugostayia (Fig: 1):7it isya) sequence. of (bigtite-gneisses with intercalations of amphibolf
amphibolitic gneisa and marble, and with a plethora of leucosomes. The thickest marble horiz
accommodates a sitm dens'of Sulphide ores.

Determining the age of the  SMM 'and" of “its regional upper amphibolite fagf
metamorphism 18 8 long standing problem. Precambrian and late Precambrian ages, have be
postulated for the SMM and the regional metamorphism, respectively (Dimitrievic and _.
1966 cit. Kockel et al, 1977), Attempts to confirm the postulated ages by radiometric
of micas and hornblende yielded invariably younger Hercynian-Alpine ages (Kockel et al, 19
Table 3, p.96. Papadopoulos and Kilfas, 1985) which were associated with younger metamorph
rejuvenations of the SMM.

The primary intention to determine the age of the precursor rocks of the SMM g 3
metamorphism remained unsolved because minerals are rather unsuitable for radium
dating, when formation ages, or ages of the peak of high grade metamorhism are sought.
rule, mineral ages relate to the cooling stages of a major thermal event, or to later |
grade metamorphic disturbances (Jager, 1979a) Accordingly, an Rb-Sr isotope study of
0lympias gneisses was undertaken in order to establish the geochronological framework of |
Olympias country rocks with a view to: (a) provide more accurate answers regarding &
metamorphic and/or the primary age of the district — the Rb-Sr method of isotopic dating bei
one of the most resistant clocks for measuring geological time, when applied on suites
whole-rock samples (eg Jager, 1979a); and (b) quantify the time relationship of the at le
two metamorphic events that have affected the Olympias ores and are manifested by the |
textures (Mantzos, 1989).

2 SAMPLING AND ANALYTICAL PROCEDURES

The sampling procedure was based on the following criteria: (i) the samples sho
be fresh (Jager, 19790); (i) the samples should be as big as possible to stand a good chal
to have behaved as chemically closed systems since the time of lithification, or at
regional metamorphism; and (i1) the samples should present a spread in Rb/Sr ratios, sﬁ'-:_'
the slope of a potentially existing isochron might be determined more precisely. Criteris
and (1) were satisfied on the basis of macroscopic and some microscopic observations. It &
easy to test the samples for criterion (iil) as Rb and Sr ICPAES-data had been produced |
Tithogeochemical purposes for all the rock samples available, prior to the Rb-Sr dating.

Accordingly, of 198 samples collected from drill cores in ‘%&?&'ERGB.TJA.U&HE

mical sampling at Olympias (thanks to the access provided to drill cores by the Helle
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Fig 1. Geotectonic setting of Olympias district; the geotectonic sketch of the Northern Aegean
region, Greece, 18 after Kauffmann (1976). Dashed lines represent hypothetical bounda-
ries between belts.

Ix. 1. FEWTeKTOVIKT S€on neploxnc OAUMMABOC: 10 YEWLEKTOVIKG OKITO0 TNg NEPLOXNG Bopeiou
Avgaiou, EAAdba, eivar tou Kauffmann (1976). Ot BIOKEKOUUEVEC ¥PAHHEC avTINPo-
gwnevouy uNoJETikd Gpla petakl Twvwy.

Chemical Products and Fertilizers Co, Ltd, and Dr. ™. Nicolaou in particular), 18 gneiss
samples, and (for comparison) 2 amphibolite and 1 amphibolitic gneiss samples, each weighing
1-2kg, were chosen for Rb-Sr dating. Of these, 19 samples derive from 12 drill cores (nos:
75, 95, 100, 102, 103, 107, 109, 111, 112, 114, 118, 134; Fig 2), covering an area of about
550x400m. The remaining 2 samples derive from the northernmost drill core (no: 69) of the
study area (Fig 2). Al samples, but one (GN11827) overlying the Olympias orebody by 535m,
He from 50m stratigraphically below, to 333m above the orebody.

Each rock sample was crushed in a steel jaw crusher and the whole sample was finely
ground in an agate Tema mill. The atomic Rb/Sr ratios were directly determined on pressed
powder pellets by a precise XRF method (Pankhurst, 1968. Pankhurst and O'Nions, 1973). Each
ratio reported, is the average of 2 determinations (one for each side of the pellet). The
analytical precision (in terms of 28) is at the range of 0.7%, on average.

Strontium was liberated from individual samples following an HF-HNO3 attack and

Was isolated by means of fon exchange columns following the standard technique applied at the
Isotope Unit of the British Geological Survey (BGS). The 875r/88Sr ratios were determined at
the BGS on a V.6.-MM30 mass spectrometer controlled by an HP9845 computer programmed for
automatic analytical control. The analytical precision is in the range 0.005-0.01% (2s).

The regression analysis of the isotope data follows the York's (1969) procedure.

TW&‘P&P\Q%%?IIM points, are calculated on the basis of the errors of the respective
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Fig 2.
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Sarl?pling positions for the rock units analyzed in the context of the Rb-Sr isotope studi
Key: 1= biotite-gneiss with amphibolitic gneiss, amphibolite and marble intercalations
and swarms of leycosomes; 2= marble; 3= biotite-hornblende-gneiss; 4= undivide
rg;;;iocir;e dep?aits;65= planar section of the Olympias orebody, projected onto th

aphic surface; 6= drillholes from which core samples were coll fi
from Nicolaou and Kokonis, 1980). 4 ected. (ModiSS

HEAEINe Rb-Sr. KAeiba:

" 1= BLOTLUKGE YVEUOLOQ WE EVBLAOTPWOEC «
¥Veusiou, apetBoAitn kat : e

v ! ﬁEﬂtUVlﬂpl(iiVIUV Hapudpou, Kot pe pa oedovia AU
patwy, 2= HapUapo, 3= BLOTITIKOC- opetBoALLKAG ¥VEUOLOG, 4= ablaipeteg MAE
Kuw;{c anoJecerg, 5= nouﬁnﬁ'ﬂ 10U KoLtdouatog tng OAupmdbae oTny TON0YP
ENGAVELD, 6= YEWTPTioELS an' Gnou suveAREynoav ta Geiypata nuprivog. { Tpononotnpés
OXEBLo tou Xdptn twv Nicolaou and Kokonis, 1980).

Wneiakr BiBAI0BrAKN

87Rp/B65r and 87Sr/86Sr ratios, presented in Table 1. Age and initial ratio (IR) errors are
quoted 3t the 2s confidence level The |UGS-recommended constants are applied (Steiger and

Jager, 1977).

Analytical date for major and trace elements were produced by XRF for 1S samples
and by ICPAES for 8l) of the samples used for the Rb-Sr study {Mantzos, 1989).

3 ISOTOPIC AND GEOCHEMICAL RESULTS

The Rb, Sr, 87Rb/88Sr and 87Sr/88Sr data are listed in Table 1. The total Rb-Sr
isotope data are graphically presented on the Rb-Sr evolution diagram in Fig 3.
The 2 amphibolites and the amphibolitic gneiss are characterized by similar Rq-Sr
jsotope features. Each of them has a low 875r/80Sr ratio of about 0.705 and a low 87Rp/B6sr
ratio in the range 0.36-0.60. The scatter of the gneiss isotope data precludes the drawing of a
gingle isochron line. Instead, two Sr evolutionary trends, labelled a1 and @& in Fig 3, are

recognizable,

Table 1. Rubidium and Sr contents, (Rb/Sr)y ratios, and Rb-Sr isotope data for
gneisses, amphibolites and an amphibolitic gneiss from Olympias

Sample Rb St (Rb/Sr)e S7Rb/BEST P 875 /865 P
Hg/g  pg/g % %

GN 69151 112 1,686  0.06781 0.1913 050 0.70537  0.005
GN10014! 125 141 067263 18994 099 071373  0.007
GN102021 133 123 1.10380 31188 050 0.71940  0.007
GN10715! 110 122 092886 26202 050 071627  0.008
GN114131 126 229 056278 15891 050  0.71211 0.006
GN118271 14 150  0.78435 22153  0DSD 0.71450 0010
uL10302! 127 138 094393 26665 091 0.71721 0.010
GN 69082 99 228  0.44327 12517 050 0.71222  0.005
GN 75062 117 308  0.39062 11028 149 071145 0005
GN 95072 73 349  0.21285 0.6265 1.50 0.71090 0.005
GN 95112 89 308 0.29493 08326 050 071125  0.006
GN100172 96 186  0.53055 149682 050 071125  0.006
GN103112 130 151 0.67806 24797 050 0.71382 0.010
GN109102 77 228  0.34663 09785 127 071122  0.005
GN111122 99 224 045156 1.2751 0.50 0.71183 0005
GN111142 18 265  0.45703 12903 1.1 0.71208  0.005
GN112092 100 266  0.38505 10869 050 07111t 0.005
GN118122 129 153 086016 24292 050 071369  0.006
AG13417 22 171 012911 03643 095 0.70509  0.005
MB11820 25 142 0.18080 05102 092 070545  0.007
MB11215 54 262  0.21267 06001 055 070504 0006

fi_m‘ecision(Zs); at: atomic; GN, UL:
‘"older”- gneiss; 2:"younger"- gneiss;

_—

iss; AG: amphibolitic
Rb/B65r=0.27835(87Sr

neiss; MB: amphibolite;
Sr+9.4318) (Rb/Sr)

- TuRua Mewhoyiag. A.M.O.
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Age: 33743Ma
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Fig 3. Rb-Sr evolution diagram for gneisses, amphibolites and an am
Olympias. Key: GN- 1= “older”-gneiss; GN-2
MB= amphibolite; a1= "Older”-gneisses Sr evolutionary trend (slope=0.0046910.0
IR=0.7045110 00014, age=329119Ma); a2= "Younger“-gneisses Sr evolutionary tr
(slope=0.00163¢ 0.00004, intercept=0.709801 0.0001 1, age=115t 18Ma).

i i : GN-1="plder"-gneiss; GN-excl=
for the "older”-gneigses. Key GN :
Pt RE-Sr gvoluﬁ;uan ?:3{::;41 from the isochron calculation; slope t:{ dtther a':::::chron
Eg‘lﬁearo;gngmm (the other parameters of the isochron are shown in the diag :

phibolitic gneiss
= "younger"-gneiss; AG= amphibolitic gne

¢ Epwy - {wy. KAelba: GN-1= "naAaldte-
3 Rb-Sr twy “naAqotépwy - gveuaiwy. y fre-
B Atdlypauu_u i?%ﬁﬁxéﬂ “naAaLGTEPOL" - ¥VEUGBLOL efaipedeEvLeg tnu_unoaoxtgugul;:gp 6"2“
p;lﬂ;;‘u“fa?uﬁ tng ooxpdvou: U.00480£0.00004 (o GAAEC NapAPETPOL T
x r

Ix. 3. Ad 3 - L 9 ) A j :
X 3. Alaypappa €EEALENG tou Rb-Sr ¥VEUOLWY, apgiBoditwy kal evég QUG BoALtikoU yy: BIvOVTOL 60 BLixpapHT).

me OAuundbag. KAs(ba: GN-1= “NUAAOTEPOL - yveGoL0L, GN- 2= "YEWTEPOL"- gvela
AG= apeBoditikog gvEUOLOC, MB= QuelBoALING, al= efeAktik waen tov Sr T
"naATotépuv - yveugiwy (kAion = 0.00469£0.00003, IR = 0.7045120.00014, nawi
329t19Ma); &= efeAwTkT woen  wu Sr o wy “YEWTEpWY - yveusiuy  (kAlg
0.00163¢ 0.00004, IR=0.7098010.0001 1, ndtkia=115% 16Ma).

0720
) Age: 113211Ma
Trend a1 s defined by 7 biotite-gneisses distinguished in Table 1 by the superscrip 0.717 { Intercept: 0.7098410.00012
attached to their sample numbers. For simplicity, these 7 gneisses will be referred to MSWD: 3.8
as "older”-gneisses. The regression line that describes trend af (Fig 3), yields an i 0.714 1 . GN-2
3291 19Ma, an IR=0.70451, and has a Mean Square of Weighted Deviates (MSWD; Brooks 1 * Ghexcl.
1972) of 16.0. This MSWD s higher than 2.5, which 1s the upper limit for an acceptal E L
1sochron relationship (Brooks et al, 1972). Accordingly, the scatter of the “older"- gneist 0.708
about their regression |ine cannot relate to experimental error alone, but manifests 80
geu?ugic?a] disturbance. Excluding 2 samples (GN10715, GN11827), lying furthest from O-MGD 0‘:5 1‘D 1S 20 25 30
regression line, the remaining ones form a Yery good S point isochron (Fig 4), with a 87RbL/B6Sr

MSWD=1.1_ This 1sachron ylelds a whole rock apparent age of 337t5Ma and an IR=0.70448.

The trend a2 is defined by 11 biotite- gneigses distinguished in Table 1, by I
superscript 2 attached to their sample numbers. For simplicity, these 11 gnetsses Vﬂ'

n line that corresponds
=0.70980 and has a MSWD=10.9 indicat
disturbance. Disturbance that 1is substantiated by the fact that nine of
"younger*- gneisses are from within 1Sm from Teucosomes (distance measured along drillcor
Excluding 2 samples (GN690B, GN1 1209}, lying closer to leucosomes (4-6m) than any off

Wngiakr BiBAIoBrKn "€
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, L “-aneiss;
; )i er”-gneisses. Key GN-2= luounger gne
R {WI"uuomqermn d"ﬁrnaefinss {o:xc:';eduﬂﬂ?'n tr?e isochron calculation; a}:pen oll’n :2:
mn'- 0.0016120.00004 (the other parameters of the isochron are show

referred to in the following, as “younger"-gneisses. The regressio diagram).

trend & (Fig 3), gives an age of 115¢18 Ma, an IR - ’-X Mdypappa eE€AMEng tou Rb-Sr twy "v:u:e‘puv"-gv_euuiuv, KAeiba: (in-olj:“;;g.:;::
‘s " l"- jowol, GN-excl= “"vewiepol'-¥veUoiol eLOPEIEVIEC Tou unoAoyt t|.:] g
px:év:: tl:aidﬁ tng ooxpovou: 0.0016120.00004 (ov GAAEC NapapETPOL TNC
Bivoviat oto Budypappa).
a MewAoyiag. A.M.O. .
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4 AGE AND INITIAL RATIO (IR) INTERPRETATIONS

1 n : 41, 1S0TOPIC AGES
1 ]

¥
05 1 . o G2 4.1.1. "OLDER"-GNEISSES

]

The gneisses defining the S point 1isochron are" spread over 347ms1:r:dn: l::;
Jithostratigraphic column (585m, when all the “older"-gneisses are] contem vm;:h: "
ﬁmonatrates that at 337Ma the "older”-gneisses were part of a geological sys o
%mraced a very significant part of the Olympias chostratmraoh;; an;b(b) w::o ki
}vilh respect ta Sr isotope compositions, being characterized by a3 Ser S:.'a rsarr ;

Since then, the above system remained virtually closed with regard to Rb a t.j e
The 337¢5Ma fsochron age determined may reflect either the forma unﬂ:e -
protoliths of the gneisses, or a later metamorphic event. The former pass::sor: o
probably be rejected fn view of the clastic sedimentary character of the prec .

; 1989).
{sses (Dimitriadis, 1974, Mantzos, f
] Clastic sediments comprise allogenic materials which are transported to basins o

05
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(NA20+K20)/(MAZ0+K20+CAO)

Fig 6. (Naz0+K20) /(Nay0+ K0+ Ca0) vs Fe0*/(Fe0*+Mg0) diagram for the samples utilized
the Rb-Sr isotope study. Key: GN-1, GN-2, AG and MB as 1n Fig 2; Fe0*=Fe0+0 899Fe-0s
the arrow illustrates a trend of increasingly mafic composition.

3x. 6. Adypappa (NazO+K20)/(N320+K20+CaO) €vavt Fe0*/(Fe0*+Mg0) twv beryudtwy m
XPnowonotidnkay otnv ootonkr MEAETN Rb-Sr. KAeisa: GN-1, GN-2, AG kaL MB

ot Iy 2, FeO'=FeO+0.899F9203, 10 PeAoc anewovile auEnukn taon  Baoik)

fals is a
e composition of the allogenic mater
S gedimentation as detrital particles. The Sr 1sotop p

function of their ages and Rb/Sr ratios and is not significantly modified during 1lt:a:ap:;‘:r1at:?
deposition in the basins of sedimentation (Faure, 1977; DJ?2)-(;:”;“:1:;?0:“:BJ-;S”%SI,
not equilibrate isotopically with Sr in seawater sch, :

.::::Zrojozlsasac aidiments preserve, therefore, a record of the provenance of theﬂ:edi:entt;
Had homogeneous 87Sr/86Sr ratios been a primary feature of the clastic p:umlms:oma"u
Olympias gneisses, the protoliths should comprise the weathering products o ]:n e
homogeneous  source region. However, such a concept would be geologica : i e
particularly on account of (a) the thickness of the sedimentary sequence fnve1ve{ ,f e
msibﬂitu that the source region of the clastic protoliths not onlu. congisted o .en o
hf variable composition (as the geochemical composition of the gneisses 1ndicates,1 dq -
accordingly of rocks of probably differing 87Sr/B6Sr ratios, but also might include

rocks.

gnefss sample analyzed, the remaining ones define a relatively good 9 point isochron (Fig 5)
strictly 8peaking an errorchron — with a moderate MSWD=3.8. The new isochron yields a 1§ ‘:-:
reset whole-rock age of 113t11 and an IR=0.70984.

The reasons why the gneisses analyzed constitute two 1sotopically distinct
groups ylelding discordant ages are rather unclear. Bell and Ble
more felsic rocks are more susceptible to open-
than less felsic ones. As a result, the former ar _
latter. In order to examine whether the isotopic differences between the “older”-gneisses an
the “younger™-gnefsses are 3 function of bulk chemistry, all samples utilized in the Rb-§
study were plotted in a Felsic index vs Mafic index diagram (Fig 6). where: sensus B
(1982; p.S0), Felsic-index = (Naz0+K20)/(Nay0+ K0+ Ca0), Mafic-index = FeO*/(Fe0*+
Fe0™ being the total Fe expressed as Fe0. Nevertheless, no consistent differences regaf
the bulk chemistry of the two gneiss groups were observed. It is noteworthy, however, that

2 relatively more felsic and the 2 relatively more mafic gneisses are "uounqer"-gnetsse‘s..__
“older”-gneisses, respectively (Fig 6).

nkinsop (1978), consider the
system behaviour with respect to Rb and
€ more prone to Rb-Sr age resetting, than th

It follows that, at 33745Ma the “older“-gneisses were not characterized by hz::
'herentlg uniform Sr isotope ratio, but this was developed with the aid of metaﬂ:o:‘pn e
Processes which led to large scale Sr redistribution and Sr isotope homogenization. Intens
.. ve
"iﬁélamorpMsm probably created a suitable environment for the operation of the abo
'ﬁ"ﬁcesses producing metamorphic fluids and anatectic melts promoting Sr isotope exchange
tions, throughout the study area.

Accordingly, the 337tSMa date, likely denotes the age of a high grade regional
Wngiakr BiBAI0BAKn "© et FewAQviag-AsN- e deeper regions of the SMM.
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41.2. | "YOUNGER“-GNEISSES

The “Younger”-gneisees and the “older”-gneisses deriving from the same parts of
sludy area, are equally affected by the-337¢Ma metamorphic event. Despite that, the form
define 1a distinct 9. point fsochron -yielding & reset age of 113¢11Ma and an IR=0.709§
Accordingly,'a 113£11Ma old dynamothermal event overprinting the 337¢5Ma old metamorpt
evenl;. 18 envisaged.
' In the course of the 113:11Ma event, the “younger“-gneisses were subjected
open-system behaviour with respect to Sr which was redfstributed end isotopical
rehomogenized. At the completion of this dynamothermal event the “younger''-gneisses attaing
a uniform 87r/86Sr ratio of 0.70984. Since then, accumulation of radiogenic 87Sr resumed g
the 113211Ma 1sochron developed. .
The dynamothermal event advocated, probably represents moderately intensf
retrograde metamorphism. Regarding country rocks, the evidence for metamorphic retrogressi
in the study area 1s 1imited, being confined to the occasional chlortiization of hornblende = |
the contrary, such evidence 1s very prominent in the Vertiskos formation (Dimitriadis, 197
Conversely, the ore textures of the Olympias. sulphides provide significant evidence
metamorphic retrogression (Mantzos, 1989). Evidently, the resetting of the Rb-Sr

parts of the study area, {s the more important geochemical 1indication for metamo
retrogression. This does not undermine the validity of the reset fsochron as a metamorph
event 18 not rarely manifested through its effects on 1eotopic systems.slone (Jiger, 1979a),
In the case of the 337Ma metamorphic event, metamorphic fluids and anatectic mel
were deemed responsible for the pervasive Sr homogentzation inferred, On the contrary, in
rocks showing the 113Ma event, Sr homogenization agents identical, in nature and/or vol _'__
to those related to the 337Ma event cannot be envissged. Had such agents been operative
would have led to Targe scale Sr rehomogenization completely erasing the sotopic evidence
the 337Ma event. Also, they would have faci)itated extensive retrograde mineralogical chani
within the gneisses. Thus, metamorphic fluids of a 1imited volume, acting on the country
In a rather patchy manner, constitute more plausible media for the small scale |
rehomogenization, o
Nine of the 11 “younger'-gneisses 11e within 15m from leucosomes, the 2 me
isotopically disturbed ones (those excluded from the calculation of the reset isochron) 1§
within 6m from leucosomes. The leucosomes constitute geochemical inhomogeneities withil 't
relatively more mafic Olympias lithostratigraphy. Geochemical inhomogeneities can en ce
Sr exchange (Jiger, 1979a). Accordingly, rock units in the vicinity of leucosomes . f
possibly, more susceptible to Sr homogenization. Moreover, the predominantly disco d

leucosomes of the study area are frequently related to structural discontinuities. 9

discontinuities generally promote an open- system behaviour for the r,

Wldﬂmlélg;\%ﬁ“ﬁ
and Rsheim, 1979). Discontinuities the leucosomes had already followed or even created, b
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possibly facilitated the preferential circulation of the metamorphic fluids through those parts
of the local lithostratigraphy which embrace “younger”-gneisses, preferentially promoting the
f their Sr.

FMWET:: t:)::p‘:nsed mechanism of Sr rehomogenization, in connection with the thickness of
the metamorphic sequence affected, would be more compatible with the presence of more than
one systems of metamorphic fluids, each operating in different parts of the sequence.
However, as the above mechamsm produced a reasonable isochron, the fluids involved were
likely of the same age, acted in an analogous manner, and were compositionally similar. The
absence of integral fluid uniformity is reflected by the reset isochron MSWD, which is not as
low 8s required by a perfectly fit 1sochron, resulting as aforementioned in a relatively high
age error of 11Ma (~9.7%) more pertinent to an errorchron.

42 STRONTIUM ISOTOPE COMPOSITION OF THE AMPHIBOLITES AND THE AMPHIBOLITIC

GNEISS, AND IMPLICATIONS REGARDING IRs

The amphibolites, despite lying about 195m stratigraphically apart, present almost
{dentica) and very low 875r/88Sr ratios averaging 0.70525. This confirms the mafic igneous
parentage end the upper mantle derivation proposed for the amphibolites by Fournaraki (1981)
and Mantzos (1989). For the sake of argument, the current geological opinion considering these
amphibolites as late Precambrian will be accepted. Upper mantie materfal of such an age has
probably an IR in the range 0.7036-0.7062 (Faure, 1977; p.113: terrestrial Sr evolutionary
trends). Conversely, the amphibolite 87Sr/86Sr ratios set an upper 1imit to the amphibolite IR
which, therefore, probably 1ies in the range 0.7036-0.705. Apparently, the 87Sr/86Sr ratio of
the amphibolites has changed very little since the time their precursors formed.

The 875r/86Sr ratio of the amphibolitic gneiss is almost within analytical error from
the 875r /865 ratio of one of the amphibolites (Table 1). It may be of significance that the
stratigraphic distance between the two rocks is only 7m. The mutual Rb-Sr isotopic
resemblance of these rocks may be explained by the Olympias amphibolitic gneisses
representing metamorphic products of lithologies which resulted from clastic sediment and
mafic magma mixtures as advocated by Mantzos (1989). The clastic sediment component was
minor - attaining the isotopic features of the mafic magma component upon mixing - and/or
deficient in 87Sr. Metamorphic differentiation led to the appearance of the amphibolitic gneiss
88 alternating layers of hornblende-plagioclase and quartz-plagiocase.

43.  INITIAL RATIO IMPLICATIONS REGARDING SR EVOLUTION

43.1. "OLDER"-GNEISSES IR

p-c( st)\oy}?é. Al.G.

“older”-gneisses have a8 very low IR=0.70448 which is similar to the 375;'/955;
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ratios of the amphibolites and the amphibolitic gnetss. Moreover, the "older”-gneiss IR lies
the-range 0.7037=0.7063, which-is-the field representing Sr evolution in the upper mantle, 8
=337Ma (Faure, 1977;p.113: terrestrial Sr.evolutionary trends).
The foregoing suggest that Sr isotope equilibration between the protoliths of th
gneéiases and of the amphibolites may have been accomplished during the course of the 33 -a
event. It also follows that the precursors of the gneisses had not significantly hig
875r/863r ratios than the protoliths of the amphibolites. If they had, either the “older"-gneis
IR would be of a crustal rather than upper mantle signature, or the amphibolites would contaif
crustal Sr.
The following scenario attempts to explain the reasons for crustal materials, 1'__
the probably clastic sedimentary protoliths of the gneisses, containing upper mantle Sr.
The source region of the predecessors of the gneisses comprised felsic igneous rocks
dif ferentiation products of upper mantle magmas. These felsic rocks were of a very shor
residence time in the crust. As a result, they pre'served a primary Sr isotope compositio
characteristic of their upper mantle provenance (Moorbath, 1977). Sediments derived from
such crustal regions shortly after the formation of the felsic rocks have depositions
B75r/86SrcL 705! (McDermott and Hawkesworth, 1990). Accordingly, the 87Sr/86Sr ratios ol
the predecessors of the gneisses probably reflected those of the felsic igneous rocks. If
aforementioned source region included mafic igneous rocks of low 87Sr/86Sr values, i
upper mantle Sr was donated to the protoliths of the gneisses. Alternatively, or additiona
the precursors of the gneisses were possibly enriched in upper mantle Sr, during the course ol
mafic igneous activity contemporaneous to, or succeeding their formation.
A functional relationship between the protoliths of the gneisses and rocks which ari
of short residence time in the crust and bear upper mantle Sr, is not the single precondi o0
for the former to furnish low 87Sr/B8Sr values. Equally necessarily, the time elapsed sinc
the formation of the protoliths of the gneisses and until their Sr was homogenized has to &
rather short; otherwise, the protoliths considered would had developed significant © 1
amounts through 87Rb decay - which they have not.

432, “YOUNGER"-GNEISSES IR

The “younger“-gneisses were part of the geological system which underwent 8
homogenization in the course of the 337t5Ma metamorphic event. Hence, at 337t5Ma, thel
gneisses were characterized by a uniform 87Sr/88Sr ratio equal to the IR of ¢
“older”-gneisses. Since then and until the culmination of the retrograde metamorphisi
advocated, fe within =224Ma, the "younger"-gnetsses developed & weighted average 875r/99§
ratio of about 0.70984 - implying a 875r/88Sr increase of about 0.239x1074/Ma. Following [l

Sr rehomogenization which coupled the metamorphic retroqressioq,nw&,(ﬂ_g%%%mub p

oPp
the reset IR of the “younger”-gneisses.
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S, DISCUSSION-CONCLUSIONS

The Rb-Sr isotope study disclosed that a high grade metamorphism of the Olympias
gneisses culminated in the Early Carboniferous, at about 337Ma. The 337Ma date 18 the oldest
radiometric age reported from the SMM, until now. Because this date is coupled with a very
low IR, it is unlikely that: (a) long time elapsed between rock genesis and metamorphism and
(p) another metamorphic event preceded the 337Ma one. Thus, the 337Ma high grade
metamorphism is probably the oldest metamorphic event affecting the deeper parts of the
SMM, corresponding to the amphibolite facies regional metamorphism of the study area.
Consequently, the “conventional” view regarding the age of the older regional metamorphism of
the SMM as late Precambrian (e.g. Kockel et al, 1977), should rather be abandoned. The new
findings also suggest that the hiatus between the regional metamorphism and the formation of
the circum Rhodope belt is in the 1ikely range of 50-60Ma, instead of the about 300Ma
indicated by the older concepts.

The Rb-Sr isotope data have also indicated that the study area has been affected by a
retrograde metamorphic event of moderate intensity, at about 113Ma (Early Cretaceous). This
event 1s younger than the Early Jurassic (180Ma) greenschist facies retrograde metamorphism
of the SMM, recognized by Kockel et al (1977). However, it corresponds well: (a) to a younger
(113Ma!) greenschist facies metamorphism reported by the same authors (1/100,000 map of
the Halkidiki, and accompanying explanatory memoir); and (b) to a Cretaceous upper
greenschist facies retrograde metamorphic event (overprinting an amphibolite facies regional
metamorphism), recognized by Papadopoulos and Kiltas (1985) at mountain Vertiskos north of
Lake Volvi (30-40km NW of Olympias district) — average RB-Sr, K-Ar ages obtained from
white micas, biotites and hornblends: about 11S5Ma. Accordingly, the reset age determined 1s,
with an uncertainty of 11Ma, the age of the more intensive retrograde greenschist facies
metamorphism af fecting the deeper regions of the SMM.

The uncertainties regarding the accuracy of the isotopic ages determined, are probably
related to postmetamorphic geologica) disturbances of the fsotopic systems established during
the course of the successive metamorphisms of the deeper parts of the SMM. They may also be
linked with the patchy manner that Sr reequilibration was effected during the younger
metamorphic event.

A significant deduction emanating from the study of IRs is that the clastic
sedimentary precursors of the gneisses, enclosed a dominant Sr component of upper mantle

Provenance. This has been interpreted as indicating that the source regions of the
‘Aforementioned precursors comprised felsic igneous rocks of short residence time in the crust

id, possibly, some mafic igneous rocks. Furthermore, mafic igneous matter may have been

infected into the protoliths of the gneisses, in situ. Source regions and petrogenetic processes,

Aggi&oggﬂr@pmd, are compatible with tectonic settings related to continental rift basins,

dtlive continental margins, marginal basins, continental arcs, or even a combination of tn:ssg



- environments. The petrological environment and the geochemistry of the local metamo
© "'rocks in connection with their Pb isotope composition: nather favour the marginal basin optig
(Mantzos, 1989)

Having established the gneiss forming event as 337¢5Ma old, it may be attempted §
infert & rough ‘estimste of the. sedimentation -age at Olympias, firstly on the basis of .
pressure conditions prevailing during metamorphism, and considerations regarding the loci
sedimentation rate (SR); and secondly on account of the |Rs determined and the local rate g
radiogenic 37Sr production, '

amphibolite facies metamorphism, whereas its lower grade metamorphic characteristics are
Jikely @ manifestation of the Early Cretaceous metamorphic retrogression.
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At Olympias the regional metamorphism reached a pressure of 3.5Kb (Dimitri is
1974). The effective pressure i3 a function of the load of the overlying rocks. Provided ha
the predecessors of the gneisses were of a low density — as is normally the case with clasti
rocks — pressure increased with depth at a rate of about 250b/km (Winkler, 1979, p.1
Accordingly, assuming that the original stratigraphic sequence had not been significanth
disturbed through e.g. multiple folding, @ 3.5Kb metamorphic pressure corresponds to |
sedimentary rock cover as thick as 1dkm (Winkler, 1979: Fig 7.4). According to /8
(1976), fore-arc, back-arc (marginal sea) and rift basins are characterized by average SR
of 0.12-0.17m/1,000a. Conversely, Kennett (1982, p.464) advocates SRs of D.10m/1,000a an
occassionally over 0.20-0.30m/1,000a, at 1n'1and seas. - Assuming that a reasom '.
approximation of the SR at Olympias would possibly be at the range of 0.10-0.20m/1,__
(potentielly closer to the upper end of the range) the foregoing indicate that sedimentation ha
possibly been accomplished 140-70Ma prior to the culmination of the regional metamorphi r?“_.
fe at around 480-410Ma. As a result of the requirement for a short time interval betwee
sedimentation and regional metamorphism (section 4.3 1), a sedimentation age closer to 410M
is @ more acceptable estimate - faster SRs and/or extensive folding of the area would pofi
towards the possibility of an even younger sedimentation age. Such an age also complies Wi
the concept, that metamorphism generally occurred shortly after sedimentation, on
European continent {Jiger, 1979b).

A younger sedimentation age is further supported by calculations involving the rate
8750 /8651 increase in the time span between the two metamorphic events. Accepting that sin
sedimentation the above rate (=0.239x10°4/Ma; section 4.3.2) remained more or less cons
and that the IR of the precursors of the gneisses could not have been lower thsn 0.7036
even in case these precursors were as old as 1Ma (Faure, 1977 p.113 terrestrial
evolutionary trends) -, the time elapsed since sedimentation and until the culmination of tf
regional metamorphism 1s (0.70448-0.7036)/(0.239%1074/Ma)=37Ma, where 0.70448 s fl
"older”-gneisses IR, Accordingly, sedimentation could be as young as 374Ma (Early ""_é

Having suggested that the Olympias sulphide deposit has formed sunqeneﬂ
(Mantzos, 1989), it is possible that its age is Sflurian to Early Devonian. The high gré
metamorphic features of the ore have been developed in response to HA'ESMRRALBDKTreRt
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