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ORE ELEMENT GEOCHEMISTRY OF THE PB-ZN (AU, AG)
SULFIDE DEPOSITS, EASTERN CHALKIDIKI PENINSULA, N.

GREECE

S.I. KALOGEROPOULOS

ABSTRACT

The ore geochemistry of the Pb-Zn (Au, Ag) sulfide ore deposits, east-
ern Chalkidiki Peninsula, N. Greece is utilized in an attempt to constrain their
genesis. The bulk composition of these ores in terms of the Cu-Pb-Zn and the Cu-
Pb+Zn-Ag x 10® ratios shows a similarity with the skarn-replacement and sediment-
hosted rather than with the volcanogenic Pb-Zn sulfide ore types. This similari-
ty is further refined in the Pb-Ag diagram for the same ore deposit types where
it is statistically indistinguisamble from the skarn-replacement type; a conclu-
sion which is further supported by the quite variable vertical distribution of
the Pb/Zn ratios in the ore. This last feature is common in epigenetic and ra-
ther uncommon in syngenetic Pb-Zn sulfide ores.

SYNOWH

H Tewxnuela Tou petahhedpatoc Twv BeLolxwv koitagudtuv Pb-Zn (Au, Ag)
tnc AvatoAikfic XaAkLOLkAG, B. EAAGDa, aflomoie(taL ge pia mpoondBela va oplLobe-
tnBolv opLouévoL nepLoplapol mou agopolv tn yéveoh toug. O Xnuiouwdc autog Twv
KoLtaoudtyy Onwe mpokimtel and ta Siaypduuota Cu-Pb-Zn kav Cu-Pb+Zn-Ag x 10°
Selxvel pLa opoldtnta pe to xnuiopd Twv BeLoUXwv Koitaoudtwv Pb-Zn tlmou skarn-
replacement kaiL sediment-hosted mapd pe exelvo Twv aviioToLXWV NQALOTELOVEVOV.
H opordTnTa auth SLEUKpLVLZETAL akdun MEPLOCOTEPO KaL TAUTIZETAL OTATLOTLKG YE
tov TUmo skarn-replacement oTo Sidypauua Pb-Ag kaL otnpiletal mapangépa amé Inv
ApKETA PETABANTA katakdpuen katavour Twv PETAAALKWY OTOLXelwv kAL Tou Adyou Pb/
Zn oto petdAAeupa. To TEAEUTAlo AuTd XAPAKTNELOTLKSG elval MLO KOLVG O EMLYEVE-
Tikéc napd ot ouyyeveTLkEC BeLoUxec uetarrogopleg Pb-Zn.

INTRODUETION - EIZATQrH

The major constituents of the massive sulfide ore deposits are the me-
tals Cu, Pb, Zn, Au and Ag. Plots of the relative proportions by weight of Cu-Pb-
Zn and Cu-Pb+Zn-Ag x 102 in different massive sulfide ore types are utilized for
deducing an indepedent piece of evidence regarding possible genetic 1inks amongst
them (Sangster and Scott, 1976; Hodgson and Lydon, 1977; Franklin et al. 1981;

—
3.H. KAMNOTEPOMOYAOZ : Tewxnuela petaAiedpatog twv BeLolxwv Koitaoudtwv Pb-Zn
(Au, Ag) tnc AvatoAikhc XaAkuBikAg, B. EAAGda.
Avaxowvdbnxe om Zuvedpla g [ldroag ong 28/2/87
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Gustafson and Williams, 1981). This study utilizes the ore geochemistry of the
Madem Laccos, Mavres Petres and Olympias lead-zinc sulfide ore deposits
located in the eastern Chalkidiki Peninsula (Fig. 1) in an attempt to obtain ge-
netic constraints for these ores.

ANALYTICAL METHODS - ANAAYTIKEZ MEGOAOI
The analyses for Cu, Pb, Zn and Ag were provided to us by the Hellenic
Company of Chemical Products and Fertilizers S.A. They were performed by conven-
tional AAS and the errors in percent of the reported values are : Cu=10; Pb=6;
In=6, and Ag=6. Table I is a summary of the means and the standard deviations
for each of these ore elements in the three sulfide deposits of the eastern Chal-
kidiki Peninsula. Tables II, III and IV, summarize details of this chemistry for

the same deposits.

ASSOCIATED METALS - ZYNYMAPXONTA 2TOIXEIA

Cu-Pb~Zn

Figures 2, 3 and 4 illustrate the lead-zinc character of the ores and
a wide range of the lead/zinc ratios for single and a number of drill holes from
the Eastern Chalkidiki sulfide deposits. In addition, Figure 5A shows the fields
.of metal ratios for sediment-hosted, volcanogenic together with the distribution
of twelve lead-zinc (copper) skarn-type suifide deposits as compared to the metal
ratios of the Eastern Chalkidiki lead-zinc sulfide ores. The fact that the field
occupied by the latter ores is closely similar with those occupied by the sedi-
ment-hosted and skarn types provides a piece of evidence for a genetic link be-
tween the studied ores and either one of the latter two ore deposit types.

Cu-Pb+Zn-Ag x 102

Figures 2, 3 and 4 are plots of the bulk composition of the eastern
Chalkidiki Peninsula sulfide ore deposits in terms of their silver-lead+zinc-
copper contents by weight percent for single and a number of drill holes from
the three ore deposits. Figure 5B is a ternary plot similar to that show in Fiqu-
re 4. Eventhough, the distribution of the ore comporents referred to above shows
a statistically valid similarity with those of the sediment-hosted and skarn
lead-zinc ore deposit types no conclusive evidence can however be deduced as to
their genetic links due to the broad overlapping in their fields.

Pb-Ag RELATIONS
The composition fo both the ore-forming fluid and a base (precious)
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Fig. 1. Location map of the Pb-Zn (Au, Ag) sulfide ore deposits in the eastern
Chalkidiki Peninsula (Kockel et al., 1977).
ELk. 1. 0¢on twv BeLolxwv koLTacudtwv Pb-Zn (Au, Ag) Tng AvatoAikig XahkidLlkrAg

(Kockel et al., 1977).
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Table 1. Mean {standard deviation; number of analyses) concentrations for Pb, Zn, Cu and Ag in the three Pb-Zn

(Au, Ag) sulfide ore deposits of the easter Chalkidiki Peninsula, N. Greece.

Mlv. 1. Méoec tipég (otaBeph andkAion’ apLBudc avalioewv) ouykevipwoewv Pb, Zn, Cu xavL Ag ota tpla Berolxa
xoLtdouata Pb-Zn {Au, Ag) tng AvatoAikfic XaAkiLSikAg, B. EAAGBa.

NAME OF
ORE DEPOSITS

Pb

Zn

Cu

Ag

HL%

ppm

MADEM LAECOS

MAVRES PETRES

13.69 (16.7;13)

7.04 (4.08;21)

7.49 (6.08;13)

8.4 (4.07;21)

5.79 (5.6;22)

0.05 (0.05;13)

0.15 (0.15;20)

0.12 (0.20;20)

323 (415;13)

170 (99 ;18)

114 (125;22)

OLYMPIAS 3.98 (4.2;22)
Table 2. Ore chemistry form drill hole data of the Madem Laccos sulfide
deposit, eastern Chalkidiki Peninsula, N. Greece,
Niv. 2. Xnuiopdc Tou BelLouxou koLTdoyatog M. Adkkou ané yewtproelg, AvatoAikrn
XaAkLBuikA, B. EAMGSG.
Drill hole Cu Po i A
Depth in meters Wt % ppm
3 63 ’
220,5 - 222,7 0,008 0,20 0,13 13
23t - 232,5 0,006 0,06 0,03 6
237,5 - 242,2 0,022 0,32 0,09 27
244.,8 0,622 9,57 0,36 30
248,2 N 0,17 37,52 7,68 828
255~ -~ 255,8 0,03 0,17 9,13 13
290,2 - 291,4 0,08 6,45 6,68 102
295,4 - 295,6 0,18 12,23 8,62 306
300,3 - 306 0,05 54,45 14,63 1400
A2t
184 - 187,5 0,03 11,8 7,9 269
188 - 189 0,03 8,8 9,0 174
191,2 - 194,5 0,03 27,1 18,4 660
197 - 199,3 0,09 16,5 14,7 364
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Fig. 2.

Euk, 2.

Pb+2Zn

Temary diagrams of the ratios of Cu-Pb-Zn (weight percent; inside) and
of Cu-Pb+Zn-Ag x 10® (weight percent) in ore from single drill holes (A)
and @ number of drill holes (B) of the Madem Laccos sulfide deposit. Da-
ta from Hellenic Company of Chemical Products and Fertilizers S.A.,
Greece.

TpLadikd draypdupata Twv avahoylwv Cu-Pb-Zn (k.B. % ; eowTepLkd) KaL Twv
Cu-Pb+Zn-Ag x 10® (x.B.%) and uiLa vewtpnon (A) kalL apLBud vewtphoswv (B)
oto koltaocuya M. Adkko. 3toLxela amd tnv AEEXN & A,

Fig. 3.

Eik. 3.

46

Ph+2n

Ternary diagrams of the ratios of Cu-Pb-Zn (weight percent; inside) and
of Cu-Pb+Zn-Ag x 10 (weight percent) in ore from single drill holes (A)
and a number of drill holes (B) of the Mavres Petres sulfide deposit. Da-
ta from Hellenic Company of Chemical Products and Fertilizers S.A.,
Greece.

TpLadikd Sraypdupata Ttwv avadoyigv Cu-Pb-Zn (k.B.%; eowtepLkd) kaL Twv
Cu-Pb+Zn-Ag x 103 (k.B. %) amd uia vewtpnon (A) kaL apLBud vewtprfioewv (B)
oto koltaoua M. Nétpec. 3tolxela amd tnv AEEXN & A.
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Ag x 107

Pb+2Zn Cu

Fig. 4.

Ewk. 4.

Ternary diagrams of the ratios of Cu-Pb-Zn {weight percent;'inside) and
of Cu-Pb+Zn-Ag x 10° (weight percent) in ore from single drill holes (A)
and a number of drill holes (B) of the Olympias sulfide deposit. Data
from Hellenic Company of Chemical Products and Fertilizers S.A.,Greece.
TpLadLkd diaypdupata Twyv avaloyiwv Cu-Pb-Zn (k.B.% 3 EOmtEQLKd)'KGL Y
Cu-Pb+Zn-Ag x 10® (k.B.%) amd upia vewtpnon (A) kat apLBud vewtphoewv (B)
oto Koltaoua OAupmiac. Stoixela amd AEEXT & A.

Fig. 5.

Evk. 5.

Comparison of the bulk Cu-Pb-Zn (A) and Cu-Pb+Zn-Ag x 103 (B) composi-
tions of the sediment-hosted, (SED-H) volcanogenic (VOLC-H) and skarn-
replacement Pb-Zn massive sulfide ore types with the Eastern Chalkidiki
Peninsula Pb-Zn sdlfide ores (hatced area). Data for the former two ty-
pes in (A) are from Lydon (1983) and in (B) are from Gustafson and Wil-
1iams (1981). Data from skarn-replacement type Pb-Zn sulfide ores shown
in circled numbers are from Einaudi et al. (1981) : 1=Ulchin, Korea; 2=
Yeonbwa II, Korea; 3=Henpaoshan-Sikarg Province, China; 4=Washington
Camp. Arizona; 5=Hanover area N. Mexico; 6=Groundhog, N. Mexico; 7=Fri-
sco, Mexico; 8=Hildago, Mexico; 9=Stri Trg, Trepca, Yugoslavia; 10=Ara-
vaipa, Arizona; 11=Bluebell, Canada; 12=Uchucchacwa, Peru. Data for the
latter ores are from the Hellenic Company of Chemical Product and Ferti-
lizers S.A., Greece. Sympols are as in Figures 2, 3 and 4.

SUykpLon ota diaypdppata Cu-Pb-Zn (A) kal Cu-Pb+Zn-Ag x 103 (B) tng ou-
otaong BeLoUxwv KoLTaoudtwv Baclkyv pETdAAwv pe Eevioth (Znua (SED-H),
neatoteLoyevyv (VOLC-H), kalL OKapv-pETAOWHATLKG Ot OX€0N UE EKELva TNG
AvatoAukig XahkLdLkhAc (SLaypauuLopévn nepLoxh). Ta otoixela yia toug dUo
npwtoug tumoug oto (A) elval amd tov Lydon (1983) kaL oto (B) amd toug
Gustafson and Williams (1981). Stolxela yLa TOV OKApPV-PETAOWHATLKS TUMO
(apLBuol oe kUkAoug) elvar and touc Einaudi et al. (1981) : 1=Ulchin,
Korea; 2=Yeonbwa II, Korea; 3=Henpaoshan-Sikarg Province, China; 4=Washi-
ngton Camp.Arizona; 5=Hanover area N.Mexico; 6=Groundhog, N.Mexico; 7=
Frisco, Mexico; 8=Hildago, Mexico; 9=Stri Trg, Trepca, Yugoslavia; 10=
Aravaipa, Arizona; 11=Bluebell, Canada; 12=Uchucchacwa, Peru. ZtoLxela

VT T BNk TS k-82. FNLAT RS e Ao,



metal sulfide ore deposit resulting from the operation of a magmatic-hydrother-
mal system depends largely on the rock composition, the temperature and chemistry
of the hydrothermal reservoir and ‘the temperature at deposition. Therefore, dif-
ferent Pb-Zn (Ag) sulfide ore deposit types in different geologic settings are
expected to exhibit differences in their metal-ratios. A comparison of the Pb/Ag
ratio populations between the Eastern Chalkidiki ores on one hand and each one
of the sediment-hosted, volcanogenic and skarn ore types on the other hand, res-
pectively shows a statistically significant difference (t-test; 95% level of
significance) between the populations in the former two pairs and a similarity
in the latter. Figure 6 presents an evidence that the Eastern Chalkidiki ores
are distinctly different from the sediment-hosted and volcanogenic ore types,
whereas they bear similarity with the skarn type. This conclusion is further
strengthened by the quite different slopes of the best-fit lines (Fig. 6B) for
the ore types referred to above.

VERTICAL DISTRIBUTION OF METALS AND OF METAL RATIOS IN THE SULFIDE ORES.-
KATAKOPY®H KATANOMH METAAAQN KAI AOTQN METAAAQN 2TA BEIOYXA KOITAZMATA.

The vertical distribution of copper, lead+zinc and of the lead/zinc
and of the lead/zinc ratios have been studied in eight drill holes; two from the
Madem Laccos, three from the Mavres Petres and three from the Olympias
sulfide ore deposits (Figs. 7, 8 and 9).

Copper and Tead+zinc variations by weight percent exhibit both negati-
ve and positive correlations. The negative correlation may by attributed to the
replacement of sphalerite by chalcopyrite as it is suggested by the "chalcopyri-
te disease” texture {Kalogeropoulos, 1984; Kalogeropoulos and Economou, 1987),
whereas the positive correlation reflects a common evolution of the three major
ore metals.

The distribution of the lead/zinc ratios in the ore of single drill
holes, drill holes of the same deposit and of different deposits is quite varia-
ble and ranges from 0.1 to 4.9. Similar mode of variation is also seen in the
zinc/lead+zinc ratios which range from 0.17 to 0.98. This distribution does not
bear any statistically valid tendency towards vertical zonation; a feature which

is uncommon in epigenetic and common in syngenetic sulfide ores.

CONCLUSIONS - ZYMNEPAZMATA
The chemistry of the Eastern Chalkidiki Pb-Zn sulfide ores (Figs. 2,3,
4 and 5) and the Pb/Ag ratio (Fig. 6) indicate a statistically valid similarity

48

Wnoiakn BiBAI0BAKN "O©edppaaTog” - TuRua Mewloyiag. A.MN.O.



121
“T

101

Pb
8
wt %) ,

.
Pb .
(wt */a}

sediment — hostew

]

Fig. 6.

Eck.

T Y T

400 600

Ag (ppm)

: Pb-Ag plot for worldwide distributed sediment-hosted (e), volcanoge-

nic (+) and skarn-replacement (a) Pb-Zn (Au,Ag) massive sulfide ore
types as compared with the Eastern Chalkidiki Peninsula Pb-Zn (Au,Ag)
ores (@), Note the separation of the Chalkidiki ores from the former
two ore types and a significant overlapping with the third, Data are
from : Short course in sediment-hosted stratiform lead-zinc deposits
(1983); Geology of the Kuroko deposits (1974); Skarn deposits, in
Einaudi et al. (1981); Hellenic Company of Chemical Products and Fer-
tilizers S.A.

: Best-fit lines, correlation coefficients (r) and stopes (upper end

of line) resulted from data of Figure 6A. Two outliers (Ag-rich/Pb-
poor samples) from the skarn-replacement and three from the sedi-
ment-hosted ore types were excluded from the calculations.

.+ Oudvpaupa Pb-Ag via Berolxa koltdouata Pb-Zn(Au, Ag) mou @LAoZevouv-

taL ge LZhuata (e), neaLgteLlovevrh (+) kaL okapv-avrikatdotaong (a)

oe olykpion pe ekelva tng AvatoAikdg XaAkldikde (@). Snuewwote tn
SLagopd Ty BeLoUXwy KOLTAoUATWY TNG AVATOALKAG. XaAKLOLKAG NE TOUg
8Uo mputoug TUmoug kaL Tnv emikdAugn pe tov tplto. Ta gtolxela elval:
Short course in sediment-hosted lead-zinc deposits (1983); Geology

of the Kuroko deposits (1974); Skarn deposits in Einaudi et al.(1981);
AEEX & A.

: 2uoxetloeLlc, ouvieleotég ouoxétiong (r) kaiL kAloeLg (avatepo tufua

TWV YPauUWV cuox€tLong) onwg €xel mpokUyel amd ta Sedouéva mou Tpo-
BaAhovtaL otnv Euk. 6A. Ao akpaleg tiuég (Ag-mholoror/Pb-ntwxd dely-
pata) amé tov TUMO OKAPV-QVTLKATAOTAONG KAL TPELG amo ekelvov tov Efg-
vioth LQiuata Bev oupmeplLeApdnoav OToOuC UTOAOYLOUOUC.
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with the skarn-replacement and difference from the sediment-hosted and the volca-
nogenic Pb-Zn sulfide ore types. In addition, the vertical variation of the lead/
zinc ratio in the ore from drill holes (Figs. 7, 8 and 9) is quite variable; a
feature that is common in epigenetic and rather uncommon in syngenetic sulfide

ores.

ACKNOWLEDGMENTS - EYXAPIZTHPIO
I would like to express my sincere thanks to Dr. M. Nicolaou and the
geological staff of the Hellenic Company of Chemical Products and Fertilizers
S.A. for providing the chemical analyses and the logs. Thanks are also extended
to Mr. P. Perlikos who assisted in the data selection.

REFERENCES - BIBAIOIPAGIA

EINAUDI, M.T.- MEINERT, L.D. & NEWBERRY, R.J. (1981). Skarn deposits. In Seventy-
Figth Anniversany Volume o4 Economic Geology (Edit. B.J. Skimmer) p. 317-391.

FRANKLIN, J.M.-LYDON, J.W. & SANGSTER, D.F., (1981). Volcanic-Associated massive
deposits. In Skinner, B.J., Seventy-Fifth anniversary volume : Econ. Geol.
Publ. Company, E1 Paso Texas, p. 485-627.

GEOLOGY OF THE KUROKO DEPOSITS. Mining Geology Special Issue N.b., 1974. Editon
S. Ishihana.

GUSTAFSON, L.B. & WILLIAMS, N. {1981). Sediment-hosted stratiform deposits of
copper, lead and zinc. In Seventy-Fifth Anniversary Volume of Economic Geo-
Logy. (Edit. B.J. Skinner).

HODGSON, C.J., & LYDON, J.W., {1977). The geological setting of volcanogenic
massive sulfide deposits and active hydrothermal systems some implications
for exploration. Canadian Mining Metallurgy Bull., v. 70, p. 95-106.

KALOGEROPOULOS, S.I. & ECONOMOY, G., {1987). A study of sphalerites from the
carbonate-hosted Pb-Zn sulfide ore deposits of the Eastern Chalkidiki Penin-
sula, N. Greece. Sub-mitted to Can. Mineralogist,

KALOGEROPQULOS, S.I. {1984). The chalcopyrite disease in sphalerites from the
Dlympias Pb-Zn sulfide ore deposit. Accepted 17.12.84 scientific meeting
04 the Geological Society of Greece.

KOCKEL, F., MOLLAT, H. & WALTHER, H., (1977). Erlauterungen zur geologischen
Karte der Chalkidiki und angrenzender Gebiete 1. 100.000 (Nord-Griechenland).
Hannover, 119 p.

LYDON, J.W., (1983). Chemical parameters controlling the origin and deposition
of sediment-hosted stratiform lead-zinc deposits. In shont Cource in Sedi-
ment-hosted sthatifonm Lead-zine deposits (Edit. D.F. Sangster). Min. Ass.
Canada, p. 175-245.

SANGSTER, D.F., & SCOTT, S.D., (1976). Precambrian stratabound massive Cu-Zn-Pb
sulfide ores of North America. In Wol{, K.H., Handbook of stratabound and
stratiform are deposits . Amstendam , Eslevien, p. 129-222.

SHORT COURSE IN SEDIMENT-HOSTED STRATIFORM LEAD-ZINC DEPQSITS. Mineralogical
Association of Canada, 1983. Editor D.F. Sangster.

53

WneoiakA BiBAI0BNAKkn "OedppacTtog” - TuAua Mewloyiag. A.MN.O.



