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ON THE METALLOGENESIS OF THE HERMIONI AREA, GREECE.

MESOZOIC MID-OCEAN RIDGE DEPOSITS
(Figs. 7, Tabs. 3)

Abstract: Manganese, and ferromanganese deposits are studied [rom
the Hermioni area, Greece. Their chemical and mineralogical features,
their relative stratigraphic location and their association with layered
mafic volcanic rocks suggest that they have been formed [rom hydrother-
mal exhalations in a similar process to that occurring presently on mid-
-ocean ridges, The Mn-deposits have high Mn/Fe ratios and low trace
metal contents, features which are observed in modern submarine hydro-
thermal Mn-crust [rom various sections of the mid-ocean ridge system.
The relatively high Al and Zn contents found, compared with other
volecanogenic-sedimentary Mn-deposits, are considered to be of hydrother-
mal origin. Using the metal/Co ratios the relative degree of hydrothermal
supply of the trace metals examined was determined as follows: Zn =
= Ni > Cu-= Cr > Ph.

The Fe-Mn deposits are similar to the modern metalliferous sediments
found on mid-ocean ridges. Of the trace elements examined in these de-
posits Ni, Cu, Zn, As, Rb and Sr behave similarly, their incorporation
being associated with the hydrothermal process, but it is more favourable
away from the vents: Cr has rather similar behaviour, except that it is little
alfected by the changes of the physicochemical conditions: Zr is associated
with detrital material.

Pesrome: Mectopomaenus mMapranua v geppomMaprauiia M3yyalorcs w3 paiiona
Fepymonu B Tpeunit. VX XMMHYCCKHE M MHHEPATOTHYECKHE MPU3HAKH, HX OTHOCH-
TENBHOC CTD&THI’DZI(!}H‘-}ECKOC MECTOMOTOMEHHE H acCOUHaAlUNHA C CITOHCTBIMM Madlll-
HECKHMH BYIKAHHYCCKHMH MOpodamMM HaMEYaroT, 4TO OHH Dblau 06[)3')0827“{“ H3
FHOPOTEPMAIIBHLIX IKCTanaumit BO Bpems npouecca nogodHOTO TOMY, KOTOPBIH
MPOMCXOAMT CEHYAC B CpelHeoKeaHHueCKHX yTecaXx. MecToposaenus maprasua
uMetoT BeicoKie Mn/Fe oTHOLIeHHs W HU3KOE COMepRaHHE PACCESHHBIX METANI0B,
MPH3HAKKH KOTOPBIX HAD/IONAIOTCA B COBPEMEHHBIX CYOMAPHHHBIX THAPOTEPMAlib-
HplXx Mn KOpax pasHeIX YYAaCTKOB CPeQHEOKEaHHYecKOi cHcTembl yTecos. OTHOCH-
TE/LHO BBICOKHE MOJIyYeHHble coaepskanus Al M Zn cpaBHEHBI ¢ APYTHMH BYJIKAHO-
TEHHO-0OCAO0YHLIMH MECTOPOAICHHAMMK Mn CHHTAIOT THAPOTECPMANBHOTO ITPOHC-
NOWOCHHSA. npl{,\[CIlﬂﬂ OTHOLIEHHWA MCTH.FIJ'IJ"CO 6bI.’1%1 onpeaeicHa OTHOCHTENLHASN
CTEeNEeHbL THAPOTEPMAILHOTO NMPHBHOCA HCC/COOBAHHBLIX PACCCAHHBLIX MCTAJMOB Cllg-
ayronum obpazom: Zn = Ni = Cu > Cr = Pb.

FC-M["I. MECTOPOMWACHHA TMOXOKH Ha COBPEMEHHBLIC METANIOHOCHBLIC OCAOKW Ha-
XoOduUMeca B CPENHCORCAHHYCCKHX yTecax. M3 PacCeAaHHbBIX IEMCHTOB paccMmaTtpH-
BACMBIX B 9TUX mecToposacnusax Ni, Cu, Zn, As, Rb u Sr Benyt ceBst nonoOHBbINM
OﬁpH.?OM. HX BEITHOHCHHE CBAIAHO C THAPOTEPMAILHBIM MPOLECCOM, HO OHO Bnaro-
npuATHee Baanum ot otsepeTuil; Cr sener cedbn nonodueivM oBpazom, Kpome Toro,
HTO HA HETO HEMHOKKO BIIHAIOT HIMEHCHHA d)lt'iHKDXIIMI‘I‘ICCK!-IX }'CJIOBHﬁ: Zr cesizan
C ACTPHTOBBLIM MATEPHATIOM.
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Introduction

Extensive oceanographic expeditions carried out during last decade, including
diving for direct observations of the seafloor hydrothermal fields (see Cro-
nan, 1980) and laboratory experiments (Bischoff — Dickson, 1975:
Seyfried — Bischoff, 1977) showed that seawater-basalt 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 hydrothermal vents
(Hekinian et al, 1980), ferromanganese oxide sediments, being precipitated
in a more widespread area and manganese deposits which may accumulate at
some distance from the vents (Cronan, 1980). The results of recent studies
on these deposits (Cronan, 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 (Constantinou — Govett, 1972; Robertson — Boyle,
1984), Italy (Bonatti et al, 1976), Oman (Fleet — Robertson, 1980).
Turkey (Robertson, 1981), ete.

The aim of this paper is to study 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 marine mineral deposits.
The geological and stratigraphic setting of these deposits has been previously
given by Aronis (1951), Mousoulos (1958) and Aranitis (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 submarine manganese crust associated with mid-ocean ridge hydro-
thermal activity (Scott, et al, 1974: Moore — Vogt, 1976;: Cann et al.
1977: Hoffert et al, 1978; Varnavas —Cronan, 1981; Moorby —
Cronan. 1983; Varnavas 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 mineralization (Varnavas — Pana-
gos, 1982; Panagos—Varnavas, 1984). Zn and Al correlate positively
with Fe.

Compared with modern submarine hydrothermal Mn-crusts the Hermioni
Mn-deposits have higher Fe/Mn ratios. higher Al and Zn and lower Mg con-
tents.

Mineralogically, the Hermioni Mn-deposits consist primary of pyrolusite.
goethite, haematite and quartz (Spathi, 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 ol the Hermioni area (after Arvonis, 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 layvers 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, Al, 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 (Cronan, 1980; Cronan — Varna-
vas, 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 (Elderfield et al., 1972;
Robertson — Hudson, 1973; Robertson, 1976, 1978, 1981; Var-
navas, 1981; Robertson —Boyle, 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 (Seyfried — Bischoff, 1977; Dymond, 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 that the conditions become more favourable for their incorporation away
from the vents. This is consistent with recent geochemical investigations in the
Santorini hydrothermal field, where it has been found that As increase away
[rom the vents (Varnavas — Cronan, in prep.).

100

501

7 5 200
0 50 100 150 w==>Rb

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

b) Chromium

Althogh Cr correlates positively with the elements of the above group and
negatively with K.O (Fig. 4) its distribution has been little affected by the
changes in the physicochemical environment. There has been no significant
correlation between Cr and the Fe/Mn ratios. It has been demonstrated that in
hydrothermal processes Cr is partly mobile and it is enriched in hydrothermal
sediments without being followed by other “terrigenous” elements (Mar-
chig et al, 1982). This is confirmed here by the positive correlation found
between Cr and the elements of group a) and by its negative correlation with
K.O and Zr (see Fig. 4).

¢) Zircon

The geochemical behaviour ol Zr is completely different from that of the
other trace elements. It correlates positively with K.O showing its “terrigenous”
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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.
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Fig. 3. Relationship between Ni and the Fe/Mn ratios in the Hermioni Fe-Mn

sediments.
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Fig. 4. Relationship between Cr and K.,O in the Hermioni Fe-Mn sediments.
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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
o]
150
100 e
50
0 T T T T
0 10 20 30 40 o Fe/Mn

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

The type mineral deposits present in the area investigated, their chemical
composition and stratigraphic location suggest that they have been formed on
an oceanic spreading center (Hutchinson, 1973: Cronan, 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-
stituents.

The similar chemical composition of the Hermioni Mn-deposits with that of
modern submarine hydrothermal Mn-crusts suggests that 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 (Krauskopf, 1957) and has been described
from a number of modern submarine hydrothermal fields such as the Santorini
(Bonattietal, 1972; Smith—Cronan, 1975), the Stromboli (Bonatti
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et al., 1972), the Red Sea (Bignell et al,, 1976), the Mid-Atlantic Ridge (H o f-
fert et al, 1978) and the Galapagos Rift (Varnavas, 1979; Varnavas
— Cronan, 1981). However, the presence of significant amounts of Fe (up

Co/
O"Zn

T °

500 500 —
Co*Nij+Cu
Ppm

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

to 6.7" ) 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 hydrothermal solutions
forming the pyrite and the Fe-Mn sediments which occur in lower stratigraphic
horizons. The low trace metal concentrations in the Mn-deposits is an additional
evidence of their hydrothermal origin since it results from their rapid accu-
mulation from hydrothermal solutions which prevents scavenging of metals
from seawater (Bonatti et al, 1972a; Toth, 1980) and from the fact that
the hydrothermal solutions have higher Mn/trace metal ratios than normal
seawater (Toth, 1980). Another alternative is that large quantities of the
trace metals are incorporated earlier in the pyrite.

One of the most striking of the Hermioni Mn-deposits is their high concen-
trations of Al and Zn. Aluminium in marine sediments has generally been
considered to be derived from detrital sources. However, laboratory and field
observations demonstrated that Al may also be of hydrothermal origin (S e y-
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fried — Bischoff, 1977; Dymond, 1981). Thus, the enrichment of Al
in the present Mn-deposits may be due to the fact that a portion of hydrother-
mal Al is added to the detrital Al. This is supported by the positive correlation
found between Al and Fe.

Metal
Co
T i
Zn
3
Ni
L]
2
Cu
1
Cr
* Pl
0 0.2 z 04 06 03 ! 10— 1 (Metal - )

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 the trace metal taken into solution
in highest concentration by basalt-seawater interaction at elevated temperatures
and pressures (Seyfried—Bischoff, 1977). On the other hand, Co has
been reported not to be enriched in hydrothermal deposits (Scott et al.
1974; Moore —— Vogt, 1976: Hoffert et al, 1978). Thus, Toth (1980)
used the Co/Zn ratio as an indicator of the degree of hydrothermal supply of
metals in submarine Fe-Mn deposits. The same criterion has been used in this
study and has been found that there is a negative correlation between the
Co/Zn ratios and the Ni 4 Co 4 Cu concentrations (Fig. 6) which shows that
the samples with the greater hydrothermal supply of metals (low Co/Zn) are
characterized by high Ni + Co <+ Cu contents. These samples are those having
high concentrations of Fe. A comparison of the Ni/Co, Zn/Co, Pb/Co, Cu/Co
and Cr/Co ratios of the Hermioni Mn-deposits with those of modern Mn-crust
and Mn-nodules shows that they are higher, compared with those of Pacific
Mn-nodules showing the hydrothermal 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 Rift and the Gulf of Aden, suggesting
a smaller hvdrothermal supply ol metals than in latter deposits.

The relative degree of hydrothermal supply of trace 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. T) suggesting that the latter correlation coefficient may also be used
as a measure of the degree of hydrothermal supply of metals.
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