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~ INTERPRETATION OF LEAD-ISOTOPE DATA FROM
GREEK Pb-Zn DEPOSITS, BASED ON AN EMPIRICAL
TWO-STAGE MODEL

S. CHALKIAS, M. VAVELIDIS

From 128 lead-isotope ratios from lead ores we constructed an empirical two-stage lead evo-
lution model for these Pb-Zn-deposits from Greece, Lecause one-stage lead evoluilon models
ereate only negative model ages. The first stage of our lead evolution model lasted from 4.57 to
1.36 Ga and has mantle characteristics with 222 U/2% Pb and #2701/ Pb values of 8.2 and 35.45
respectively. These are nearly the same as the values for the modern mantle from ZARTMAN &
DOE (1981), which are 8.35 and 29.4, respectively. The second stage of our model from which
the Pb-Zn-deposits are formed, started from 1.36 Ga and lasts nutil the present time. Their
PPN Py and 32T H/1% Pb values were calculated empirically to be 13.1 and 43.1 and are
nearly as the same of the modern upper crust with 13.23 and 45.9, respectively. This second
growith curve allows direct dating of the Greek Pb-Zn-deposits from their lead isotopic ratios.
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At6 TNV €peuva LooTdawy HOAYREGL oe 125 delynate axd EAANvLAd soLTdopata Ho-
Mpdou-¢evdapydpou npo€kufe éva epncipuad poviddo avdatugng UéX3gsau’ 6do
GTadluy yLa Ta wouTtdopata autd, ereudd 1 avdrTugn Twv LooTdawy poAdRSou ge
gvdc atadlou povtédo  £ouwge axoxdelatund apuntuxes niuvxles, To npdta .gTdbLo
Sufpxnoe and 4,57 €uwg 1,36 dug. xpdvia, el Ta xapeatnpuaiikd  tou  pdwdde
¥eL oL TLuEg Twv ox€oewv UAPD wau Th/Pb (8,2 ol 3543 edvey duoueg ue auTég
Tou pevdla cad 1o povtédo tou ZARTMAN dnd DOE (198L) tou elval 8,35 xau 29,4
avtigtoLya., Te deUtepo 0TddLo Tou HOVTEAOU pag «rd TO omolo &L aynpatloin-
agy ta EAAnviwd petaldedpata poddféou-deudapydpou dpyxlge maLlv ard 1,36 duo.
xpévea wal cuvexCgetar uexple orpepa. Ou Tupég twv ox€ocwvild/P xar TH/PD vio-
Aoydfovtal cumelpiad va edvay 13,1 xau 4.4 Ou tuuds autdg. elvay xevid  ue
TS avTUOTOLYES TLHES Tou avdtepou glavay 1wy ZARTAN and DOE (1381) mou <£¢-
v avTrTouxe 13,23 xau 45,9, Avth n Sedtsen xaundin avdttugng uac  eiLTpd=
1L Tov o ‘eudelag wpogdLoplupd TS NALKEUS Twy xoLTagudTwy HoAUBSou-$eusap=
ypou 13d Tug gx€oelg Twv Lootdawyv poddgdou,

1. INTRODUCTION

In connection with provenance studies of bronze age artefacts under the guidance of the
archeaometry group of the Mux-Planck-Institut fiir Kernphysik, Heidelberg with assistance from
Oxford and later from the Max-Planck-Institut fiir Chemie, Mainz, 128 analyses from galenas
have been carried out for their lead isotopic composition (the chemical separation and cleaning
procedures for the lead and also the isotopic measurements are described in detail by PER-
NICKA et al. 1984). The ores correspond to Pb-Zn-deposits in diiferent geological settings in
the Cyclades, the northern Aégean and the surrounding shores (Fig., 1; see Table 1).

Although the ore deposits and occurences were primarily selected for their potential importance
inantiquity, their lead isc toperatios contain a wealth of geological inforination regarding the
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:Gzographical distributicn of the ore cccurences in the Aegcan region.
The number insthe circles indicates the quantity of the analyzed sam
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gource of metals and the time of ore formation. In this paper we interpret the load isotope ratios
o Greek galenas by global lead evolution niodels and ofler an empirical twa-stage model of
l ead evolution for Greck Ph-Zn-deposits.

9. LEAD EVOLUTION MODELS

Lead isotope ratios of galenas are interpreted by lead evolution models. The carliest mod-
els, describ  the lead evolution of the earth, are the single-stage models of HOLLIES (1946)
'-*.4 HOUTERMANS (1946). They assumed a chemically closed environment in which lead was
.?TOIII.ICEEJ. by uranium and thorium decay since the earth was formed and lead had the primordial
composition of the troilite phase in the Canyon Diablo meteorite. The resulting lead (primordial
lus radiogenic) is then separated fronn its parents and incurporated into ore deposits as galena.
Tlie isotope comnposition of lead in galena does not change because that mineral contains no U
and Th.

In Fig. 2 the data are plotted with the single-stage growth curves fur different 23¢7/201 pp
and 271/ Ph values. EBxcept for few points all ratios form a tight cluster with 18.65 <
208 ph/2 PG < 18.95; 15.62 < 97 2p/ 20 Py < 15,75 and 38.6 < WEPH/ 0N PE < 39.2. 1t is ob-

vious that the single-stapge niodel cannot explain the lead evolution of these data, because all
values are placed to the right of the 0-Tsochrone and tlerefore have negative i.c. future madel
ges. This means that the growth of the lead due to the uranium and thorium decay could not
take place in o chewnically closed environment. It is likely that the /290 Ph ratio ncreased
at some time. .
Better knowledge of the age of the carth (TILTON et al. 1973), the composition of the primor-
dial lead (TATSUMOTO et ol 1973), the decay constants of urainm (JATFEY et al. 1971;
ATOMIC ENERGY COMM. 1962) and thorium (LEROUX & GLENDENIN 1963), a ligher
racy of measurements of lead isotope ratios and geological evidence led to the development
~of new lead evolution models. These are, for instance, a two-stage evolution for terrestrial lead
by STACEY & KIABERS (1975) and a modcl in whicli a linear increase of the 238{//204 py.
ratio with time was assumed (CUMMING & RICIIARDS, 1975).
Plotting the data together witl the evolution yrowth curve of STACEY & KRAMERS (1975)
it s obvious that their model can describe 1nost of the data (Fig. 3). The 280/2% Phoratio for
the first stage (4.57 - 3.7 Ga) is 7.19 and for the second stage ([romn 3.7 Ca to the present time)
9.74. Model ages for ore formation can be calculated fron their model even if the points do
tfit their second stage curve. The reason is that the ages are calculated roni the slopes of
isochrones drawn throvgh the starting point of the second-stage and do not depend on the
”Ia_!UfiMPb value of the reservoir in whicl it evolved.
According to their model the data have model ages ranging from 600 Ma to negative ages (<110
Ma). Most ages cluster around Jullrassic/Crctac'ous and Tertiary dates. llowever, one fourth of
‘the data caunot be explained by their model. This is evident that the lead in the ores resided in
rees with differcut 907/ Pb and #32Th/* Pb values then given by the moddl of STACEY
KRAMERS (1975).
els including new ideas of the isotope evolution of lead in diiferent zones of the crust and
mantle in combination with their dynamic evolution and interaction are the plunbotectonic
model of ZARTMAN & DOE (1981) and the dynamic medel of lead evolution by AMDY (1983a).
. find out in which tectonic settings the ores may have cvolved, the data are plotted together
‘With the growth curves from the plumbotectonic model by ZARTMAN & DOE (1981) (Fig. 4).
plot shows that all points lic above the orogene curve and around the upper crust curve
tha P20 PE ratio of 11 and L3, respectively. The orogene curve of the plumbotectanic
Lreflects the average evolution of lead in the lithosphere, while the mantle, the upper crust
the lower crust curves depict the lead evolution in the respective layers.
data are plotted around the upper crust curve showing that the ltead in
ares developed in continental environments. In
% €nvironments ore deposits enclosed in sedimentary rocks with continental aflinities and ore
POsits associated with igneous activity are also probable (DOE & ZARTMAN, 1979). Such
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i
deposits are mainly formed in intracratonic basins and marginal scas. There is no evidence of - 11 8328 LE o ‘rg
of mantle origin in the lead of the Greek ores. o« G :: &
: P
3. CONSTRUCTION OF A TWO STAGE MODFEL 22 = 2
oW ;
By plotting the average ratios of each deposiil or_region (done to suppress the outliers ip & ] e :Uéf ;S E:}
deposit) it is evident that the data are lincar’related (Mig. 5). This linear relation can eithep o 3 ;‘
be the result of incomplete mixiag of two different types of lead. Hence the stope through the - 24 o
points has no age significance; or the lead can be formed by a two stage process and the slope | ‘C {{7 3
can be «osecondary isochrone. Assuming there is a two stage evolution of the lead in the ores, b w© a - :' ‘j
the regression line cuts a primary growth curve at two points. ¢, the age of the source from \ & % 285 o 2
which the ores derived and ¢, the age of mineralization of the deposit. If tle age of minep. Lo P g % in : ij
alizationis known approximately, the age of the source material can be calculated, and vice Q > o 3 “ E
\'craathtjy using this slope (Rpara = 0.087 & 0.015) one can calculate an age of the second stage - 2 5 08 ..
using equation (1), assuming ¢, = 0. Thig equation is solved for ¢, by interpolation and yields 9 8 o E}: :’ i
t = 1.36 £ 0.3 Ga. This date represents the time when the B804 PY value of the first stage o o Yy ¥
diversified to produce a set of sccondary growth curves that now form the secondary {sochrone, s o = rﬁ E
To calculate the lead isotope ratios at 1.36 Ga we defined the intersection point of the regressiog -
Line (Rpaca = ¥ = 0.087z + 14.04) and the 1.36 Ga isoclirone (Ltsochrone = y = 0.785¢ + 2.98) roe - ;‘L_;m;j ":’
as a starting point of the second stage (Fig. €). The values are 15.84 for the 298 Pb/1 Py ang | s 8 5
18.42 for the 27 Pb /204 ratio. The B/ PY vatue at 1.36 Ga is caleulated using equation (2, ; Fo= .
giving a value of 8.2 for the first stage. The **Th/%% Pp value at that time can be determined to \ [
any desired level of accuracy using a graphical method. By plotting the 2% Pb/2%4 Pp versys the \¥ '— =) g 8o
200 Ph/20 Py ratios one obtains the regression line through the points (R pare = 0.9867). This . -
regression line intreseets only one growth curve ut 146 Ga with the previous 3307 /2%% Ph yalue S o
of 8.2 (Fig. 7). The 274/ pp value for the first stage is determined to be 35.45. Therefore @ 8 3 N g g z o
the 22 70/333Y vale is 1.32. Usinglequation (4) the 3 Pb/20 Pp ratio is 36.00. 02/04802 9dr02/a4s0e
The lead isotope ratios at 1.36 Ga cuable us to define second stage evolution curves for lead
in the Aecgean region. #8204 pp and BT R/ Ph values for distinct growtli curves can be 5o |
caleulated from equations (5), (6) and (7) knowing geological ages of the ores, or the ratios of ve g %
lead isctope evolution in the Acgean region today. Orne possible growth curve can be calculated 50 3y
from lead isotope ratios in galenas from very young and recent voleanic tuffs on Lhe Aegean - & S o : IL,
islands of Milos, Thera, Poliegos and Kimolos. As the voleanism on these islands is less than & | [ ‘ w .f: G ?,
2.5 Ma (SCIIILODER,MSI) we estimate a ¢5 =~ 0, From the average ratios of these islands we -8 9.
obtain a B8/ Ph value of 13.1 and a BT/ Ph value of 43.1 (BPMThyP8Y = 3.29 ) (sce 2 i g5 8
Table 2 ). In Fig. & this second stage growth curve is plotted together with the data. P t o SRS
[
4. DISCUSSION NS PR
b ey
The first stage of the model lasted from 4.57 to 1.36 Ga with BEL/04py and BT R/ PY © o o v ErR
values of 8.2 aud 35.45, respectively. These values are nearly the same as for the nrodern mantle F o v 2 Z;’l 5 Fa
with 8.95 and 29.4, respectively (ZATRTMANE DOE 1981). The second stage during which L I [ Q NS
the Greek Ph-Zu-deposits were formed, started 1.36 Gu ago and still lasts. The 2384 P - R [ > @ = B §
and M2 Th/24 Ph values are 13.1 and 43.1 respectively, which are similar to 2347729 pp and L. & [ % = :‘ E g
BITHR/MPh values of the modern crust, witls values of 13.23 and 45.9, respectively. From this g L & 's 8 v &
sccond .tage growth curve the Greek Pb-Zn-deposits can be dated directly from their lead isotope - « E o s :_?
ratios, provided that their metals derive from sialic upper crust sources. The error of the model D T E &5 ws
ages depends on the accuracy. of the measurements and lies at 110 Ma for the 98 pp/204 pb, ﬂ)‘\\ I S Y
150 for the 227 PO/ Ph and 720 for the M9 PL/2Ph ratie. The most accurate and measning: % re . E Tog T
ful ages are caleulated from the 299 Ph/¥4 py and 298 phy4 Py ratios and range from 500 to —30 ‘5.\ i i L £ 4o 8 E
Ma and from 500 to —100 Ma, respectively. Most ages cluster around 30 for the 29 pp/3% Pb \ = £2 t E : L
and around 40 Ma for the 2° P52 Py rutio, The model ages are plotted as histograms in Fig % b £ 358 f;
9. It is obvious that the clustering of the ages around the Tertiary, the Cretaccous and Jurassic e t E E ;f V%
. ’ , e o o
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Table ¢ Average values of the Tead ratios from Aegean islands and from these

230 5,200

calculated average,, b and

27 20)¢
LJZTI]/.ZO‘lpb .

and second stage growth curves of the Acgean region.

Muve 2: MEQED TUIEC [Tov OxE0EV TU (0T oAdiécy and Ta wNoLd Tou
LMOAOYLOJECTEG LETES TULUEC 1L HOL W Gl TOAUSTEOL ™S HALTOANG AT =
ENC TOu MEWwTou wal CelTeccu oTaSlou.
. 206,204 707,204
Locatign / /
Kimolos 18.86 5.67
Milos 18.881 15.7005
Paliegos 18.89 15.72
Thera 18.9554 15.6739
Average 18.8996 15.6911
Rounded 18.90 15.69
238,204, 232,204
Calculated averaqe vaiuecs for EJU/ Ole and “Th/ d Pb:
238,200 213,01 from the <%, 2% ppratio;
238,200y 213,21 from the “07pb/ 0%b-ratio;
Mean =13.1 for “20us“%%p;
. . )
232Th/szb =43.1 from the ZOBPb/“O1Pb—raL1Q;
] ey
ZJZTh/ZJdU 3,29

Start of l.system End of l.system

£5-4.57 b.y.

xg=9.307 x =17.77
y05107294 y =15.59
2,=29.487 2 237,71
P 2

e300/ "M =y =8.2

232qp, /2045, -4 =35.45

9 2
232, 238

h/ iy =4.,32

180

start of 2.system

t. =1.36:0,3 b.y.

X9 =15.84
Y1 =15.42
24 =36.00
1, =13,1
H2 =43.1
i, =3.29
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38,91

39.0557

39.135
38.971

39.01
39.00

End of 2

Values of the first

systed

.92
.69
.00

corresponds well with the orogenic cycles of the [lellenides (JACODBSITAGEN, 1986).
comparing the model ages af the ores with the geological data it is obvious that they agree

_.For example, the paleozoic ‘madel ages of the galena from Chios (320 Ma) fall well within

age of the paleozoic se((‘hcnccs of the non-metamorphic host rocks in whicli they occur. The

is true for the paleozoic model age from the galena of Metallikon in Mazedonia (300 Ma)

occurs in metamorphicischists of paleozoic age.

jonships between magmatic and metamorphic events can also be distinguished by the model

of the ores. For example,.the Ph-Zn-deposits by Stratonion and Olimpias at Chalkidike

wsula. The ores are located between the paleozoic marbles andschists. The nearby plutonic

5 are related to the Eocene/Oligocene period (K-Ar isotope measurernents of the magmatic

s gave ages between 20.6 and 48 Ma, MEYER & KOCKLEL, 1986). The mnodel ages fromn

ores range between 50 and 80 ba with aw average of 70 Ma, showing that the ores can be

d to the Tertiary magmatisn.

e Ph-Zu-ores from Buboea are situated in two different tectonic units (KATZIKATZOS, 1978;

, 1986). It is assumed that the upper unit is thrusted over the lower unit. Radioinetric

surements show that there was a Ligh pressure mctamorphic event at 120 - 110 Ma in the

r unit and a greenghist metamorphic event at 50 and 43 Ma for the upper and the lower

it. The model ages of the ores from the upper unit are about 100 ba and that frown the lower
it around 40 Ma. Doth model ages fall together with the metamorphic events of their units.

e overthrust hypothesis provides a good explanation for the Cretaccous nodel ages of the

r unit and the Tertiary ages of the lower unit.

y plotting the average FBL A Ph values for cacl deposit or region versus the average model

it is obvious that the 22307/2% Pb values increase  as the model age decreases (Fig. 10).

lluuntvly, a singde increase of the #8729 Py value from 8.2 to 13,1, as shown in this model,

t explain the Gterk Ph-Zn-deposits exactly.

heless, the two stapge model given hiere can be a useful ool for determining the model

of the Greek Pb-Zn-deposits, for distinguishing epigenctic from syngenctic mincralization
well as for finding relationships of the ores with magmatic or tectonic events. This feature of

e model is important for exploratior.
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: Used parameters and equations

flapduetpoL KaL EELOUCELG TIGU XpnaLponoLAdnkav

Decattconstiant Symbol Reference
0.155125 x 10"y ~! A Juffey et al. (1371)
0.98485 x 107y~ Ay "
0.049475 x10%a"! Ay LeRoux & Glendenin (1963)
day ratio ¥8y/P50 = 137.88. Atom.Energ.(1962)
composition of Canyon
Diablo troilite lead Tatsumoto et al. (1973}
zo = (" P/ Ph),, = 9.307
yo = (VT Pb/A P, = 10.294
= (P PL/O DY), = 29.476
isochrone Tilton (1973)
W7 p /I pY RS PR/ P — Steigung = [n = 0.626208
[y defines the age of the carth, ¢, = 4.57 b.y.
i et — 1
Bo={37ss (Juh_-—1) )
zl:z.)+u|(c'\““—c‘\"‘) (2)
_ Jht Aty Aaty
yi =t 137.88 (e -t (3)
s= o+ (1) (0 =) (4)
3= T( 02 (c’\"' — M) (5)
yp=unt 13‘;188 (ettr = eMiin) . (8)
o=z o+ (1) (L"\"' - c’\"’) (7)
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