
GEOLOGICKY ZBORNÍK — GEOLOGICA CARPATHICA, 36, 2, BRATISLAVA. APRIL 1985, 
Pp. 219—233 

S. P. VARNA VAS* — A. G. P A N A G O S * * — G. P H I L I P P A K I S * * * 

ON THE METALLOGENESIS OF THE HERMIONI AREA, GREECE. 
MESOZOIC MID-OCEAN RIDGE DEPOSITS 

(Figs. 7„ Tabs. 3) 

A b s t r a c t : M a n g a n e s e , and f e r r o m a n g a n e s e deposits are s tudied from 
t h e H e r m i o n i area, Greece. Their chemical and minera log ica l features, 
their re la t ive s t r a t i g r a p h i c location and t h e i r association w i t h layered 
mafic volcanic rocks suggest t h a t t h e y have been formed from h y d r o t h e r -
m a l exha la t ions in a s imi lar process to t h a t occurr ing present ly on mid-
-ocean r idges. T h e Mn-depos i t s h a v e high Mn/Fe rat ios and low t race 
m e t a l contents , features w h i c h are observed in m o d e r n s u b m a r i n e h y d r o -
t h e r m a l M n - c r u s t f rom var ious sections of the mid-ocean r idge system. 
T h e re lat ively h igh Al and Zn contents found, c o m p a r e d wi th other 
vo lcanogenic-sed imentary Mn-deposi ts , a r e considered to be of h y d r o t h e r -
m a l origin. Using t h e metal/Co rat ios t h e re la t ive degree of h y d r o t h e r m a l 
supply of t h e t r a c e meta l s e x a m i n e d w a s d e t e r m i n e d as fol lows: Zn > 
> Ni > Cu > Cr > P b . 

T h e Fe-Mn deposits are s imilar to t h e m o d e r n meta l l i ferous sediments 
found on mid-ocean ridges. Of t h e t race e l e m e n t s e x a m i n e d in these de­
posits Ni, Cu, Zn, As, Rb and Sr behave s imilarly, the i r incorporat ion 
being associated w i t h t h e h y d r o t h e r m a l process, but it is m o r e favourable 
away from t h e v e n t s ; Cr has r a t h e r s imi lar behaviour, except t h a t it is l i t t le 
affected by t h e changes of t h e phys icochemical condi t ions : Zr is associated 
w i t h det r i ta l m a t e r i a l . 

Pe3K>Me: MecTopo>KaeHHii MapraHua H (tieppoMapranua rayHaioTCJi H3 paňona 
TepMnoHH B FpeuHH. Mx xHMHiecKHe H MHnepanorHiecKHe npn3Haiaf, HX OTHOCH-
TexibHoe CTpaTHrpaitiiwecKoe MecTonojiOAeniie H accouHauM c CJTOHCTHMH Mailw-
MeCKKMH ByjIKaUHHCCKHMH nOpO/iaMH HaMBMaiOT, MTO OHH ÔbIJlH o6pa30BaHbI H3 
rKflpoxepManbHbix 3KcranaunH BO BpeMH npouecca nofloÔHOro TOMy, Koxopbiii 
npoHcxoflHT ceKiac B cpeAHeoKeaHmiecKHX yTecax. MecTopo5Kflenmi Mapraima 
HN-teioT BbicoKite Mn/Fe OTHOineiiHH H HH3Koe coaeprcauHe paccenHHbix MeTanjioB, 
npn3HaKK KOTopbix Ha6jiK3/iaK)Tca B coBpeivieHHbix cyÔMapHHHbix ruflpoTepMaJtb-
iibix Mn Kopax pa3Hbix yiacTKOB cpeflueoKeaHiMecKoíi CHCTCMbi yTecoB. OTHOCH-
Te/ibHO BbicoKHe nonyneHHbie coaepacanHS Al n Zn cpaBHenbi c apyrHMK BynKano-
renHO-ocaflOHiibiMH MecTopo)KneHHHMH Mn ciinxaK>T riiAporepMajibHoro npoiic-
xo>KneHHa. npuMeHHSi OTnomenHH MeTanji/Co 6bi/ia onpeaejiena OTHocnTeJibnait 
CTcneHb rHupoxepMaJibHOro npHBHOca HccJieaOBamibix pacceanHbix MeTajinoB cne-
/ryiomHM o6pa30M: Zn > Ni > Cu > Cr > Pb. 

Fe-Mn MecTopo>KaeHH5i noxoiKH Ha cOBpeMeHHbie MeTamionocHbie ocaflKH Ha-
xoflHinneca B cpenHeoKeannnecKnx yTecax. M3 paccejiHHbix 3JieivieHT0B pacCMaTpn-
BaeMbix B 3THX MecTopoJKAenHHX Ni, Cu, Zn, As, Rb H Sr Beayx ce6ji noAoônbiM 
o6pa30M, HX BKJiioHeHHe CBsoano c THflpoTepMajibHbiM npoueccoM, HO OHO 6naro-
npn3Tnee BflajiH ox oTBepcTHii; Cr BeaeT ce6n nofloÔHbiM o6pa30M, xpoivie Toro, 
w o Ha Hero HCMHOXKO BJIHHIOT jOMeneiiHsi 4)H3HK0XHMH4ecKKx ycjiOBHii; Zr cBsnan 
c a;eTpnTOBbiM MaTepwajiOM. 
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of Athens, Athens . 
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Introduction 

Extensive oceanographic expeditions carried out dur ing last decade, including 
diving for direct observations of the seafloor hydro thermal fields (see C r o -
n a n, 1980) and laboratory exper iments ( B i s c h o f f — D i c k s o n , 1975; 
S e y f r i e d — B i s c h o f f , 1977) showed that seawater-basal t interaction 
is the main process being responsible for the formation of mineral deposits 
encountered at mid-ocean ridges. Such deposits are metal sulfides, being accu­
mulated within the basalt or on the seafloor near the hydro thermal vents 
(H e k i n i a n et ah, 1980), ferromanganese oxide sediments, being precipitated 
in a more widespread area and manganese deposits which may accumulate at 
some distance from the vents (C r o n a n, 1980). The results of recent studies 
on these deposits (C r o n a n, 1980) give us new criteria in the study of similar 
deposits found on land but formed under similar geological conditions. A num­
ber of such land based deposits have been described from the ophiolites of 
Cyprus ( C o n s t a n t i n o u — G o v e t t , 1972; R o b e r t s o n — B o y l e , 
1984), Italy (B o n a 11 i et al., 1976), Oman ( F l e e t — R o b e r t s o n , 1980), 
Turkey ( R o b e r t s o n , 1981), etc. 

The aim of this paper is to s tudy the ferromanganese, and manganese depo­
sits occurring in the Hermioni area, Greece and to deduce the process of their 
formation using criteria proposed in recent studies of mar ine mineral deposits. 
The geological and s t ra t igraphic sett ing of these deposits has been previously 
given by A r o n i s (1951), M o u s o u l o s (1958) and A r a n i t i s (1963) 
(see Fig. 1). 

Manganese deposits 

Manganese ore samples have been analysed by atomic absorption spectropho­
tometry for Mn, Fe, Ni, Co, Pb, Zn, Ca, Cr, Ti, Al, Ca and Mg and the results 
are given in Table 1. The Hermioni Mn-deposits are characterized by high 
Mn/Fe ratios and low trace metal contents, features which have been observed 
in modern submar ine manganese crust associated wi th mid-ocean ridge hydro-
thermal activity ( S c o t t , et al., 1974; M o o r e — V o g t , 1976; C a n n et al.. 
1977; H of f e r t et al., 1978; V a r n a v a s — C r o n a n , 1981; M o o r b y — 
C r o n a n , 1983; V a r n a v a s et al., 1983). Interestingly, the Hermioni Mn-
-deposits contain higher amounts of Fe, Zn and Al compared with all the 
subpelagonian and Pindos volcanogenic sedimentary Mn-deposits which are 
not in close association with sulfide mineral izat ion ( V a r n a v a s — P a n a -
g o s, 1982; P a n a g o s — V a r n a v a s , 1984). Zn and Al correlate positively 
with Fe. 

Compared with modern submar ine hydro thermal Mn-crusts the Hermioni 
M,n-deposits have higher Fe/Mn ratios, higher Al and Zn and lower Mg con­
tents. 

Mineralogically, the Hermioni Mn-deposits consist p r imary of pyrolusite, 
goethite, haemat i te and quar tz (S p a t h i, 1964). 

Ferromanganese deposits 

Ferromanganese sediments are found in all localities where sulfide mine­
ralization occurs but with greater volumes towards the Baroutospelia area. 
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Fig. 1. Geological map of the Hermioni area (after A r o n i s, 1951) showing the 
location of the deposits studied. 

Explanations: 1 — limestones with megalodon; 2 — limestones of Ermioni; 3 — li­
mestones of Iliokastro; 4 — shale-sandstone formation with layers of limestones; 
5 — Pliocene sediments; 6 — Quaternary deposits; 7 — Quaternary conglomerate; 8 — 
diabase; 9 — peridotites; 10 — shales-sandstones with peridotites; 11 — old mines 

of pyrites. 
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A number of Fe-Mn sediment samples from the sulfide mineralization areas 
have been analysed by X-ray fluorescence for Fe, Mn, Ni, Pb, Zn, Cu, Cr, Sr, 
Rb, As, Si, AI, Ca and K. 

The results are given in Tables 2 and 3. These data show that Hermioni 
Fe-Mn sediments have all the chemical features of modern metalliferous se­
diments found at mid-ocean ridges (C r o n a n, 1980; C r o n a n — V a r n a -
v a s, 1981 and others), and especially of those associated with metal sulfides. 
The most marked characteristic of the latter deposits is that although they 
are enriched with Fe and/or Mn, they are depleted, or are not as enriched with 
trace metals as other sediments, this being due to the earlier incorporation of 
the metals in the sulfides. Haematite, quartz, calcite and smectites are the main 
minerals indentified by X-ray diffraction analysis in the Hermioni sediments, 
while no discrete Mn minerals have been detected. The ferromanganese sedi­
ments investigated are also chemically and mineralogically comparable with 
the Mesozoic Tethys ocean metalliferous sediments ( E l d e r f i e l d et al., 1972; 
R o b e r t s o n — H u d s o n , 1973; R o b e r t s o n , 1976,1978,1981; V a r-
n a v a s , 1981; R o b e r t s o n — B o y l e , 1984). 

Major elements 

Iron and manganese behave similarly correlating positively with each other 
and thus suggesting co-precipitation in the sediments. Aluminium contents are 
higher than those reported for recent metalliferous sediments. Aluminium has 
generally been considered to be a detrital element although it has been shown 
recently ( S e y f r i e d — B i s c h o f f , 1977; D y m o n d, 1981) that it may 
have also a hydrothermal origin. A negative correlation exist between Fe 
and Al suggesting that Al is derived from other than a hydrothermal source. 
Silica, like in other metalliferous sediments is enriched in the Hermioni Fe-Mn 
deposits. No clear relationship has been found between Si an Fe or between 
Si and Al confirming its presence in the -form of quartz. Potassium correlates 
positively with Al and negatively with Fe showing its detrital origin. 

Trace elements 

The trace elements examined can be classified into the following groups: 

a) Ni, Cu, Zn, As, Rb and Sr. 

The elements of this group behave similarly, correlating positively with Fe 
and Mn and with one another (see Fig. 2) and thus suggesting that they are 
of hydrothermal origin or that the hydrothermal process played an important 
role in their incorporation in the sediments. They also all correlate negatively 
with K and with the Fe/Mn ratios (Fig. 3). It is well established that Fe/Mn 
ratios in marine metalliferous sediments is a measure of the physicochemical 
conditions (i.e. eh, ph temperature) which occurred in the hydrothermal field. 
Sediments with high Fe/Mn ratios precipitate first closed to the fumarolic 
outlets, whereas sediments with low Fe/Mn ratios precipitate from the residual 
solutions of the hydrothermal activity, away from the vents. The negative 
correlation found between the elements of this group and the Fe/Mn ratios 
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shows tha t the conditions become more favourable for their incorporat ion away 
from the vents. This is consistent 'with recent geochemical investigations in the 
Santorini hydro the rmal field, where it has been found tha t As increase away 
from the vents ( V a r n a v a s — C r o n a n , in prep.). 

• ^ R b 

Fig. 2. Relationship between As and Rb in the Hermioni Fe-Mn sediments. 

b) C h r o m i u m 

Althogh Cr correlates positively wi th the elements of the above group and 
negatively with K^O (Fig. 4) its distr ibution has been little affected by the 
changes in the physicochemical environment . There has been no significant 
correlation be tween Cr and the Fe/Mn ratios. It has been demonst ra ted that in 
hydrothermal processes Cr is par t ly mobile and it is enriched in hydro thermal 
sediments wi thout being followed by other " terr igenous" elements (M a r-
c h i g et al., 1982). This is confirmed here by the positive correlation found 
be tween Cr and the elements of group a) and by its negative correlation wi th 
K 2 0 and Zr (see Fig. 4). 

c) Z i r c o n 

The geochemical behaviour of Zr is completely different from that of the 
other t race elements. It correlates positively with IC>0 showing its " terr igenous" 
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origin and in contrast to the other trace elements it correlates positively with 
the Fe/Mn ratios (see Fig. 5) suggesting that its incorporation is more favourable 
close to the vents. 

r e /Mn 

Fig. 3. Relationship between Ni and the Fe/Mn ratios in the Hermioni Fe-Mn 
sediments. 

K 2 0 

" 50 100 

Fig. 4. Relationship between Cr and K.O in the Hermioni Fe-Mn sediments. 

150 >Cr 
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The following geochemical anomalies have been located in the Hermioni 
Fe-Mn sediments : Arsenic and copper anomalies at Baroutospelia and copper 
anomalies near the Roros and the Kapsospiti ore bodies. 

Zr 

prrJ 

o H 20 30 40 — ^ F e / M n 

Fig. 5. Relationship between Zr and Fe/Mn ratios in the Hermioni Fe-Mn sediments. 

Discussion 

The type minera l deposits present in the area investigated, their chemical 
composition and s t ra t igraphic location suggest tha t they have been formed on 
an oceanic spreading center ( H u t c h i n s o n . 1973; C r o n a n, 1980). Ho­
wever, it is beyond the scope of the present paper to draw conclusions on the 
tectonic setting of the deposits. The data presented in this work support discus­
sion on the process of formation of the deposits and the origin of their con­
sti tuents. 

The similar chemical composition of the Hermioni Mn-deposits with that of 
modern submar ine hydro thermal Mn-crusts suggests tha t they have been for­
med under similar physicochemical conditions. The high Mn/Fe ratios which 
characterize the Mn-deposits suggest that a fractionation between Mn and Fe 
has taken place before their accumulation. This is a result of the different 
solubility of the two elements (K r a u s k o p f, 1957) and has been described 
from a number of modern submar ine hydro thermal fields such as the Santorini 
(B o n a 11 i et al., 1972; S m i t h — C r o n a n , 1975). the Stromboli (B o n a 11 i 
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et al., 1972), the Red Sea (B i g n e 11 et al., 1976), the Mid-Atlantic Ridge (H o f-
f e r t et al., 1978) and the Galapagos Rift (V a r n a v a s, 1979; V a r n a v a s 
— C r o n a n, 1981). However, the presence of significant amounts of Fe (up 

Co/ 7Zn 

Co*Ni+Cu 
ppm 

Fig. 6. Relationship between Co/Zn ratios and Co + Ni + Cu in the Hermioni Mn-
-deposits. 

to 6.7 u/o) in some Mn-deposit samples shows that the fractionation between Mn 
and Fe is not as complete as in other ancient and modern Mn-deposits . 
Most of Fe should have precipitated earlier from the hydro thermal solutions 
forming the pyri te and the Fe-Mn sediments which occur in lower s t ra t igraphic 
horizons. The low trace metal concentrations in the Mn-deposits is an addit ional 
evidence of their hydro thermal origin since it results from their rapid accu­
mulation from hydro thermal solutions which prevents scavenging of metals 
from seawater (B o n a 11 i et al., 1972a; T o t h, 1980) and from the fact that 
the hydro thermal solutions have higher Mn/trace metal ratios than normal 
seawater (T o t h, 1980). Another a l te rnat ive is tha t large quanti t ies of the 
trace metals are incorporated earlier in the pyrite. 

One of the most str iking of the Hermioni Mn-deposits is their high concen­
trations of Al and Zn. Aluminium in mar ine sediments has generally been 
considered to be derived from detr i tal sources. However, laboratory and field 
observations demonstra ted that Al may also be of hydro thermal origin (S e y-
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f r i e d — B i s c h o f f , 1977; D y m o n d, 1981). Thus, the enr ichment of AI 
in the present Mn-deposits may be due to the fact that a port ion of hydrother-
mal Al is added to the detr i ta l Al. This is supported by the positive correlation 
found between Al and Fe. 

Metal 
C o 

Cr 
o 

ľ [Metal - Fe] 

Fig. 7. Relationship between trace metal/Co ratios and the correlation coefficients 
existing between the metals and Fe in the Hermioni Mn-deposits. 

Zinc after Fe and Mn, has been found to be t h e t race metal t a k e n into solution 
in highest concentrat ion by basalt-seawater interact ion a t elevated t e m p e r a t u r e s 
and pressures ( S e y f r i e d — B i s c h o f f , 1977). On the other hand. Co has 
been reported not to be enriched in h y d r o t h e r m a l deposits ( S c o t t et al.. 
1974; M o o r e — V o g t, 1976; H o f f e r t et al., 1978). Thus, T o t h (1980) 
used the Co/Zn rat io as an indicator of the degree of h y d r o t h e r m a l supply of 
metals in s u b m a r i n e Fe-Mn deposits. The same criterion has been used in this 
s tudy and has been found t h a t there is a negative correlation between the 
Co/Zn ratios and the Ni + Co + Cu concentrat ions (Fig. 6) which shows t h a t 
the samples with the greater h y d r o t h e r m a l supply of metals (low Co/Zn) are 
characterized by high Ni + Co + Cu contents. These samples are those having 
high concentrat ions of Fe. A comparison of the Ni/Co, Zn/Co, Pb/Co, Cu/Co 
and Cr/Co ratios of the Hermioni Mn-deposits wi th those of modern Mn-crust 
and Mn-nodules shows t h a t t h e y are higher, compared with those of Pacific 
Mn-nodules showing the h y d r o t h e r m a l supply of metals in the formation of 
the Hermioni deposits. By contrast, they are lower, compared with those of 
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Mn-crusts recovered from the Galapagos Rilt and the Gulf of Aden, suggesting 
a smaller hydro thermal supply of metals than in lat ter deposits. 

The relative degree of hydro thermal supply of t race metals in the formation 
of the Hermioni Mn-deposits is as follows: 

Zn > Ni > Cu > Cr > Pb. 
Interestingly, the metal/Co ratios correlate positively with the correlation 

coefficient existing between the trace metals examined and the concentrations 
of Fe (Fig. 7) suggesting tha t the la t ter correlation coefficient may also be used 
as a measure of the degree of hydro thermal supply of metals. 
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