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Abstract

The clay mineralogy of the sedimentary Fe-Ni deposit of Agios loannis and a Ni-lateritic profile from
Pavlos, both in Lokris area, Greece, is investigated. The clay fraction of samples from Agios loannis
consists mainly of Fe-rich chlorite and Fe-smectite, with minor serpentine, hematite and goethite. Lo-
cally, disordered talc (kerolite and/or pimelite), illite, R1 mixed layer illite/smectite and gibbsite are
identified. The lateritic profile has different composition and contains mainly Fe-rich smectite (non-
tronite and/or ferruginous montmorillonite) with minor serpentine, goethite, magnetite, and talc,
whereas chlorite is absent. It is suggested that in the Agios loannis deposit chlorite has formed from
smectite via RO mixed layer chlorite/smectite with >80% chlorite layers. The source of Al is probably
the diagenetic transformation of pedogenic goethite to hematite during burial. The lack of chlorite in
the lateritic profile of Pavlos is attributed to the limited presence of goethite. Smectite is believed to be
a major mineralogical constituent of the Fe-Ni ores of the broader Lokris area.

Key words: Fe-Ni deposit, Ni-lateritic profile, Fe-smectite, Fe-chlorite, diagenesis, Agios loannis,
NE Boeotia.

1. Introduction

The Upper Cretaceous Fe-Ni sedimentary deposits of Lokris, have been studied thoroughly over the
last 60 years. It is well established that the principal Ni-bearing phases are phyllosilicates, mainly
chlorite (Ni-chamosite and nimite), talc serpentine (antigorite and nepouite) and garnierite (Au-
goustithis 1962; Siegl, 1954; Albandakis, 1974; 1984; Rosenberg, 1984; Valeton et al., 1987; Ale-
vizos, 1997; Skarpelis, 1997; 1999; 2000; Eliopoulos & Economou-Eliopoulos, 2000; Apostolikas,
2007). Albandakis (1974; 1984) reported the presence of Ni-montmorillonite in the deposit of Agios
Ioannis and Maksimovic et al. (1993) found smectite in the Marmeiko deposit. Alevizos (1997) and
Apostolikas (2007) reported clinochlore in the deposits of Agios Ioannis and Kopais. Ni-free clay
minerals such as kaolinite have been reported in the deposits of Agios Ioannis and Marmeiko (Mak-
simovic et al., 1993; Alevizos, 1997). Similar assemblages of Ni-bearing phyllosilicates have been
recorded in the Fe-Ni deposits of Evia (Andoniades & Vgenopoulos, 1989).

Reactions between clay minerals have been widely used as tracers for mineralogical transforma-
tions during diagenesis. The most commonly studied diagenetic change is the smectite to illite tran-
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Fig. 1: Location of the lateritic profile at Pavlos and the Fe-Ni ore deposits at Agios loannis, NE Boeotia.

sition via mixed-layer illite/smectite (I/S), which has been studied in several sedimentary basins in
the world including among others the Gulf Coast (Hower et al., 1976; McCarty et al., 2008 among
many others) and several basins in Eastern Europe (Srodon & Clauer, 2001; Srodon et al., 2006). In
contrast, there are fewer references on the smectite to chlorite transition via formation of corrensite.
A typical example of this transition is observed in off-shore Brazilian sediments (Chang et al., 1986).

Although the main Ni-phases present in the sedimentary Fe-Ni deposits of Lokris are clay miner-
als, systematic clay mineralogical study has not been carried out so far. Such a study would be im-
portant not only from the pure mineralogical point of view, but it would also shed light on the
diagenetic processes that have taken place in the Fe-Ni ores. So far only in a limited number of stud-
ies the clay minerals have been distinguished into clastic and authigenic (Valeton et al., 1987). It is
the purpose of this preliminary contribution to present the first systematic study of the clay miner-
alogy of the Agios lIoannis Fe-Ni ore deposit, to compare with the mineralogy of the saprolitic and
clayey horizons of a Ni-laterite profile and to propose possible diagenetic modifications of the Fe-
Ni sediments.

2. Geological setting

Remnants of old weathering crusts on ophiolitic ultramafic rocks are preserved in Lokris area, being
a critical lithology, with significance for interpretation of the geological evolution of the ophiolites
and the Sub-Pelagonian Belt. They provide evidence on the nature and extent of lateritization
processes in pre-Cenomanian - Turonian times. The crusts show large variations in thickness and
continuity, mineralogy and chemistry of individual zones. The following lateritic zones are identi-
fied (bottom to top) (Skarpelis, 2005): a. Bedrock, b. Saprolite, c. Clayey zone, d. In situ limonite
(oxidic zone). Silcrete layers were formed into the clay and goethitic zones. Reworked granular Fe-
Ni ore with angular fragments of silcrete overly the lateritic profiles. The uppermost gravelly fer-
ruginous sector, the clayey and goethitic zones, the silcretes and the saprolite were eroded to a major
extend and the material reworked and redeposited partly on the bedrock and the lateritic crusts or
washed down, transported and redeposited under submarine conditions within mechanical traps on
karstified carbonates, forming sedimentary Fe-Ni ore deposits. This is evidenced by the occurrence
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into the sedimentary ore of detrital minerals and particles, identical to typical lateritic weathering
crusts (e.g. detrital Cr-spinel, chromite, Ti-oxides, magnetite, maghemite, nickeliferous chlorite, fer-
ruginous spheroidal particles, detritus of silcrete (Skarpelis, 1999 and references therein). Both the
weathering crusts and the karstic Fe-Ni deposits were transgressively covered by Upper Cretaceous
(Cenomanian-Turonian) limestones.

3. Sampling and experimental methods

Fifteen samples were collected from the Agios Ioannis sedimentary Fe-Ni deposit and the lateritic
profile close to Pavlos village (Fig. 1). Samples collected from the Agios loannis deposit belong to
fine-grained (argillaceous) Fe-Ni ore type and were collected from the lowermost part of the un-
derground working face of the deposit, close to the contact with the underlying Jurassic limestones.
Samples do not represent profiles but were collected randomly, because systematic diagenetic
changes in clay minerals due to burial are not expected in the limited thickness of the deposit (4-7
m). In the lateritic profile of Pavlos samples were collected from the saprolite zone and the clayey
(nontronitic) zone.

The bulk mineralogy was determined by X-ray powder diffraction (PXRD) (Siemens D500, CuKa

radiation, graphite monochromator, 35 kV and 35 mA, using a 0.02° step size and 1 second per step
counting time), on randomly oriented samples initially crushed with a fly press and subsequently
ground with pestle and mortar. The clay mineralogy was determined in materials dispersed in dis-
tilled water using an ultrasonic probe (20 seconds). The less than 2 um fractions were separated by
settling, dried on glass slides at room temperature and then were solvated with ethylene-glycol
vapour at 60°C overnight to ensure maximum saturation. XRD traces of the clay fractions, both air-
dried and after ethylene glycol salvation, were obtained using a 0.02° step size and 4 seconds per step
counting time. The FWHM of the 002 diffraction maximum of chlorite was determined in those
clay fractions which did not contain serpentine.

Infrared (IR) spectra of clay fractions from the Pavlos lateritic profile were obtained using a Perkin
Elmer 1000 Fourier Transform Infrared (FTIR) spectrometer in the range 400-4000cm™. Each spec-
trum was the average of 50 scans collected at 4 cm™ resolution. An amount of 1.5 mg of the smec-
tite clay fractions was diluted in 200 mg KBr and pressed in 13mm KBr disks, which were
subsequently dried at 150°C.

4. Results

The argillaceous samples from Agios Ioannis deposit consist of hematite, goethite, quartz, calcite,
chlorite, serpentine and talc. Locally, gibbsite and gypsum have been identified. In the random ori-
ented samples the presence of smectite is not unambiguous, because the 001 diffraction maximum
coincides with that of chlorite. The samples from Pavlos lateritic profile consist of hematite, dioc-
tahedral smectite, calcite, quartz, serpentine, talc, goethite and magnetite. Representative XRD trace
of ethylene-glycol solvated clay fraction from the nontronite zone of the Pavlos lateritic profile is
shown in Figure 2. The main phase is smectite associated with minor talc, serpentine and goethite,
whereas chlorite is absent. Nevertheless, chlorite has been described in other lateritic profiles in the
broader area (Skarpelis, 2000). The mineralogical composition of the nontronite zone is relatively
homogeneous. Identical XRD traces were obtained from clay fractions in the saprolite zone (not
shown). The rational sequence of the higher order basal reflections indicates that mixed-layering is
not present.
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Fig. 2: Glycolated XRD trace of clay fraction from the nontronite zone, Pavlos lateritic profile. Sm= smectite,
S= serpentine, Tc= talc, G= goethite, Qz= quartz.

g
S

=
=

a b 15
70 b el 70
o0 T | 60 3
= ;
50 8 3400 3220 50 5
! \ 40 8 40 g
834 ‘ \. = 3600 :
s 3
870 ‘ S 30 £
674 5100 4 )
598 | 432/ 20 20
I/ 10 10

1200 1000 800 60 400 4000 3800 3600 3400 3200 3000

Wavenumbers em™' Wavenumbers em”

Fig. 3: FTIR spectrum of the smectite from the nontronite zone, Pavlos lateritic profile. a) lattice vibrations, b)
—OH stretching vibrations.

The FTIR spectrum of the smectite from the nontronite zone is shown in Figure 3. The spectrum is
typical for Fe-rich smectites. The presence of the bands at 870 cm™ and 3600 cm™ (AlFeOH defor-
mation and stretching vibrations respectively) (Fig. 3a), suggests that the smectite may not be true
nontronite but ferruginous montmorillonite (Gates, 2005). Nevertheless, the shoulder at 3546 cm™!
is indicative of Fe,**OH linkages. Allocation of the band at 674 cm!, which could suggest the pres-
ence of nontronite, is not unequivocal, because except for Fe-rich dioctahedral smectites, trioctahe-
dral minerals like talc and serpentine, which are present in the sample (Fig. 2), have also their main
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Fig. 4: XRD traces of clay fractions of representative samples from the Agios loannis deposit. Sm= smectite,
Te= talc, Chl= chlorite, S= serpentine, G= goethite, H= hematite, Cc= calcite.
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M;0OH deformation band in the same area. In the Fe-rich dioctahedral smectites the M-O deforma-
tion band at 674 cm' suggests that at least 75% of the octahedral cations are Fe**. Note that some
of the spectra (not shown here) strongly suggest the presence of nontronite. In any case the results
suggest that the smectite present in this sample is a Fe-rich smectite.

Representative XRD traces of clay fractions of samples from Agios Ioannis deposit are shown in Fig.
4. Opposite to the lateritic profile chlorite is the most abundant phase. Nevertheless, most samples
are rich in smectite, as it is verified by the shift of the 001 diffraction maximum after exposure in
ethylene-glycol vapour. Serpentine, talc and calcite are also present. Finally, goethite and hematite
are observed in most of the clay fractions examined. From the relative intensities of the basal re-
flections it is suggested that chlorite is Fe-rich (odd-order diffraction maxima have considerably
lower intensity than even-order diffraction maxima).

In most samples the full width at half maximum (FWHM) of chlorites in the ethylene-glycol solvated
clay fractions is comparable to that of the air-dried samples (Fig. 5). In two exceptions the ethylene-
glycol solvated samples have greater FWHM (the observed difference is statistically significant)
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Fig. 6: Illite-gibbsite bearing ethylene glycol solvated clay fraction from the Agios loannis Fe-Ni deposit. I=
illite, I/S= R1 mixed layer illite smectite, K= kerolite, Chl= chlorite, Gib= gibbsite, G= goethite, H= hematite.

and the diffraction maximum of the 002 maximum shifts to lower angles (i.e. higher d-spacings), sug-
gesting random interstratification (R0) with smectite. In these clay fractions the proportion of smec-
tite in the mixed layer phase does not exceed 20% (Moore & Reynolds, 1997).

Locally, the Agios loannis deposit has unusual mineralogical composition and contains also illite,
R1 mixed layer illite/smectite, gibbsite and disordered talc (Fig. 6). These samples are smectite-
free. Note the differences in talc between the samples from the lateritic profile and those from Agios
Ioannis deposit. The former is well crystallized, whereas the latter is disordered. It is thus consid-
ered that the talc from Agios loannis is kerolite or/and pimelite. Also, the distribution of peak heights
of the basal reflections indicates that illite is Al-rich. Had Fe-rich illite been present then the ratio
of the odd/even basal diffraction maxima would have been higher than the Al rich illite. Based on
the XRD traces the illite-gibbsite bearing samples are rich in Al.

5. Interpretation and discussion

The lateritic profile in Pavlos has significantly different mineralogical composition from the clayey
sector of the sedimentary Fe-Ni deposit at Agios Ioannis. The main difference is the predominance
of Fe-rich smectite (ferruginous montmorillonite and nontronite) in the former compared to Fe-rich
chlorite present in the Fe-Ni deposit. Other important difference is the presence of well crystallized
talc in the lateritic profile and kerolite/pimelite and Al-rich minerals (except for chlorite), such as
gibbsite, illite and mixed layer illite/smectite (I/S) in the clayey ore. Considering that the weather-
ing of lateritic profiles was the source for the Fe-Ni ores (Skarpelis, 1999), it follows that the ob-
served differences reflect diagenetic modifications or/and additional sources.

An important finding of this contribution is that the clayey Fe-Ni ore contains abundant smectite.
The significance of smectite as a critical diagenetic mineral had not been understood and recog-
nized in previous studies, since they were focused mainly on issues on the origin and geochemistry
of the ores. Convincing evidence for the presence of smectite has been presented only in Marmeiko
deposit (Maksimovic et al., 1993). Moreover the shift from Fe-smectite as main phase in the lateritic
profile to Fe-chlorite which is a main phase in the Fe-Ni ore, suggests conversion of smectite to
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chlorite after deposition. Diagenetic transformation of smectite to chlorite via intermediate corren-
site has been reported in marine sediments off-shore Brazil (Chang et al., 1986). Evidence for this
diagenetic transformation in the Fe-Ni deposit of Agios loannis is provided by the RO mixed layer
chlorite/smectite (Fig. 5).

Nevertheless, it is surprising that this transformation did not take place in the Fe-smectite of the la-
teritic profiles. Different depth of burial does not seem to be the main reason for this difference, be-
cause the whole area has similar geological evolution. The difference in altitude between the lateritic
profiles and the mechanical traps on Jurassic limestones where the laterite-derived material was de-
posited, does not exceed 200-500 m. Moreover after the Cenomanian-Turonian transgression both
areas had the same burial history. It is expected that maximum depth of burial did not exceed 1500-
2000 m after deposition of the Upper Cretaceous limestones and the Paleocene flysch. Diagenetic
conversion of smectite to chlorite requires temperatures in excess of 150°C (Chamley, 1989), which
certainly were not experienced in this area. Similarly, the presence of R1 mixed layer I/S suggests
temperatures of 100-110°C. Considering a maximum burial depth of ~2000 m, average surface tem-
perature of 20°C and geothermal gradient 25-30°C per km of burial, the temperature at maximum
burial depth should not exceed 70-80°C.

Since burial depth was not the main reason for the observed differences in mineralogy, it follows that
the diagenetic transformations in the Fe-Ni ore in Agios Ioannis were triggered by a different geo-
chemical environment. In order for abundant chlorite to form at the expense of smectite a) there
must be abundant Al in the system and b) Fe-smectite must be destabilized. Iron in nontronite and
ferruginous montmorillonite can be readily reduced with simultaneous change from frans-vacant to
cis-vacant configuration (Manceau et al., 2000; Stucki, 2006). After deposition and burial of the
smectite-bearing sediments the Eh decreases with depth and the depositional environment gradually
changes from aerobic at the sea floor, to suboxic and finally anaerobic at shallow depths close to the
sea floor, even within the area affected by storm reworking (Taylor & Curtis, 1995). This decrease
of Eh may well cause reduction of Fe (Rozenson & Heller-Kallai, 1978) and destabilize Fe-rich
smectite.

The presence of abundant Al, must be looked for in the source material which was deposited in the
karstic cavities along with the weathered lateritic mantles. There is evidence for deposition of
bauxitic material in the nearby Fe-Ni deposit of Nissi (Andoniades & Vgenopoulos, 1987). The
main Al-oxyhydroxide in the deposit of Nissi is boehmite, associated with hematite, kaolinite and
lesser gibbsite. The clayey horizon of Agios loannis contains only gibbsite (Fig. 6), the presence of
which is attributed to diagenetic mobilization of Al. Aluminum can be mobilized either during dis-
solution of kaolinite or during conversion of Al-bearing goethite to hematite. Aluminium substitu-
tion in goethite - detected by XRD on the basis of (111) reflection - was estimated to be ca 13 mol%
(Skarpelis, 2005). However, scarce kaolinite has been reported in Agios Ioannis deposit (Alevizos,
1997) and its limited abundance cannot explain the predominance of chlorite. In contrast, the Fe-Ni
deposits contain mainly hematite, whereas the original weathered lateritic profiles are expected to
have been goethite-rich. Hence transformation of goethite to hematite during diagenesis is a plausi-
ble explanation as a source of Al. The lack of a similar Al-source in the lateritic profiles, which nev-
ertheless contain both goethite and hematite, is attributed to the erosion of the uppermost
goethite-rich horizons of the lateritic profile (ferruginous zone) which was transported and deposited
in the karstified Jurassic limestones.

Finally, the presence of Fe-poor illite and mixed layer I/S is another interesting observation, which is
not compatible with the geochemical characteristics of the studied sediments. The fact that these
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phases are not widespread in the Fe-Ni sediments strongly indicates that they are diagenetic. Authi-
genic illite is a common diagenetic phase in argillaceous sediments (Meunier, 2005 and references
therein). Both phases may have been formed at the expense of precursor Al-rich phyllosilicates such
as kaolinite with supply of K from sea water. This specific topic is currently under investigation.

6. Conclusions

The sedimentary Fe-Ni deposit of Agios Ioannis in Lokris contains Fe-smectite as a main clay min-
eral phase along with Fe-chlorite. It seems therefore that Fe-rich smectite is a widespread mineral
in the Fe-Ni deposits of the broader Lokris area. Although clastic grains of chlorite have been rec-
ognized in the past by previous workers, the majority of chlorite is diagenetic and has formed at the
expense of smectite via a RO mixed layer chlorite/smectite with >80% chlorite layers. The source
of Al was probably Al-goethite which was converted to hematite after burial.

The lateritic profiles recognized in the broader Lokris area, have a different mineralogical assem-
blage and consist mainly of Fe-rich smectite (nontronite and/or ferruginous montmorillonite). The
lack of authigenic Fe-chlorite in these lateritic profiles is attributed to the erosion of the higher lat-
eritic horizons, which contained abundant Al-goethite. It is not known if these diagenetic miner-
alogical transformations were associated with mobilization of Ni and REE which has been reported
in several Fe-Ni deposits and has been considered as epigenetic (Valeton et al. 1987; Maksimovic
et al. 1993).
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