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Baucxite ore as an energy source for bacteria driving iron-leaching
and bio- mineralization®

Magdalini Laskou, Maria Economou-Eliopoulos & Ioannis Mitsis
Faculty of Geology & Geoenvironment, University of Athens, Panepistimiopolis, Ano Ilissia, GR-15784 Athens, Greece

ABSTRACT: The Greek bauxite deposits belong to the Mediterranean karst bauxite belt, and have been formed mainly during four different geo-
logical periods. The large (defined reserves approximately 300 million tons) Parnassos-Ghiona bauxite deposits and bauxite occurrences of Creece
are of karst-type, hosted within carbonate rocks of Middle Cretaceous to Eocene age. Three bauxite horizons, B1, B2 and B3, can be distinguished
(from the bottom to the top), which are intercalated with shallow-water limestone. Approximately 30 vol. % of these bauxite ores along and near to
their contact with faults show a brittle deformation and change in colour from red to black-grey, are aluminum-enriched (>70 wt% Al,Os) and iron
depleted. The most salient feature of the bauxite ores of black-grey colour is the abundance of biogenic pyrite, of varying size and form, which is
closely associated with fossilized and present day micro-organisms. The replacement of goethite by pyrite under the form of framboidal and pyrite
and veins crosscutting sulphide-rich zones, and the subsequently oxidation of pyrite to Fe-Al-sulphates and goethite reflect a multistage transforma-
tion of the bauxite ore.

The development of micro-organisms, on the surface of grey bauxite, exposed to room temperature and moderate air humidity (atmospheric
water) may indicate that they play a major role in controlling the redox reactions and facilitate the development of secondary hydrous iron sulphates.
The compilation of the texture features, supporting the interaction between micro-organisms and minerals, with available (literature) experimental
and calculated thermodynamic data for hydrated sulphides, may suggest that micro-organisms capture some of the releasing energy during the oxi-
dation of iron (exothermic reaction) to drive their metabolism. It has been suggested that they produce enzymes, a powerful catalyst, catalyzing the
oxidation reactions, and facilitate the production of ferrous- and ferric sulphates and other sulphates. In addition, the physico/chemical conditions (pH,
Eh) seems to be a controlling factor of the role of micro-organisms in the mineralogical and chemical composition of laterite ores, in leaching and
beneficiation of low grade ores and the stability of various mineral phases.

Key-words: bauxite, bio-mineralization, micro-organism, fossilized bacteria, Parnassos-Ghiona, Greece.

MEPIAHYH: To eAAnvikd kortdopoto Bo&itn aviikouv otV pecoyelokn Kopotikh {ovn Boéitdv, n orola &xel onutovpyndet kupiog katd
SIAPKELDL TEGTAPOV LUPOPETIKAOV YEMAOYIKDV TTEPLOdmV. Ot peyordtepes Poitikés armobéoels (vroroyilovran mepimov 300.000 tovor) givan g {dvng
Hapvaccod — I'kiovag. Tpeig fa&iticoi opilovteg (B1, B2 kot B3) pmopodv va dtakpBovv (amd ) Paon mpog v kopuen), pe fdon v niikia tov
acBectorbwv mov mapepPdriovron petadd Toug. Xyedov 1o 30% avtdv TV BOTikdV Kortasudtmy, Bpiokovtot KoTd KOG Kol KovTd 6To onpeio
EMAPNG LE pRyHaTa, Kot epavilovy Opanctyevi Tapapopeman kot oARayEG GTO XpMLL amd KOKKIVO GE YKPL KoL Peydlo epmiovtiopd og apyitio (>70
wt%AL03) evd o oidnpog €xel amomivbel. To Mo onpavTiKd xopakTPIoTIKO TOV YKpt Poéitikdv Kortacudtov gival n apbovia Broyevoig
odnpomupitn, 6€ TOIKIAN Lope1| Kot péyebog, o omolog oyetiletal dpesa (e TOVG OTOAMOMUEVOLG Kot TOVG GUYYPOVOLS HKpoopyavicovs. H
AVTIKATAGTOGT TOL yKoutith omtd Pfroyevii odmpomupitn kot akohovOms 1 0&eidmon Tov Gdnpomvpitn o Betkd 0puKTA GLONPOL-0PYLIOL Kot YKoLTiTh
OVTAVOKAG L0 AVOLOPO®GT) TOL BOEITIKOD HETOAAEVLOTOC GE TOAAG GTASLOL.

H avantoén tov HiKpoopyaviopuoy, oty empdveld tov Ykpt Boéitn, mov ektifeton oe Oeppokpacio dmpatiov kot péon vypacio agpa
(atpoca1pikod vepod), LTopel Vo DTOSNAMVEL OTL 0VTOL 0L TapdryovTeg duvatdv va Stadpapatilovy GnUavTikd poLo GToV EAEYXO TMV 0EELS00VAYDYIKOV
AVTIOPAGEMV KOL VO, SIEVKOAIVOLV TNV OVATTLEN EVTEPOYEVAV EVLSPOV HEUKOY 0PLKTMOV TOV G1311pov. O GUVEVOUGHOS TMV YUPAUKTIPLETIKOV SOUDV,
1oL dglyvouv TV OAANAETISpaom LeTOED IKPOOPYOVIGULAOV KOt OPLKTMV, L To dtadéaia BAoypapikd epyaotnplokd kot Oepproduvapitkd dedopéva
y1o_évudpa Be100ye 0pLKTE, VITOSNAMVEL OTL OL LLIKPOOPYAVIGHOL SEGHEVOVY KOO OO TNV EVEPYELX TTOL amerevbepdveTAL KOTd TV 0&EId™ON TOV
onpov (e€mbepun avtidpaon) yo tov petaforicpod tovg. Ta mapaydpeva évivpa Bempoidvtar £vag ToAD duvaTdg KATAADTNG Yol TIG 0EEOMTIKES
avTIOPAGELS, Kot SLIEVKOADVOLY TNV Tapay®yn Beukdv opuktdv di6Bevong kat tpiobevoig cidnpov Kot dAlmv Beukdv opvktmv. Emiong, ot
puowoynpkég cvuvinkes (pH, Eh) gaivetat 61t eivar 0 évag mapdy®v mov eAEYYeL TO POLO TOV HIKPOOPYAVIGULAOV GTHV OPVKTOAOYLKT KOL TN YNLKN
60GTOON TOV AUTEPLTMV, GTNV ATOTAVGY KoL TOV EUTAOVTICUO TMV KOTOGUATOV HE LKPT TEPLEKTIKOTNTO LETOAAMV Kot T 6TafepOTTa TOKiAmY
0PUKTOV PUCEDV.

Aggarc-khaWdV: falites, Pro-opvkroyévean, wikpoopyaviouol, omolibouéva. faxtipio, lopvacoos — kiwvae, ELAdoa.

INTRODUCTION and sustains subsurface life. Many metals can be enzymati-

cally concentrated and dispersed by micro-organism in their
Recently, several studies have focused on the role of bacte- environment. Changes in the valence state of elements are
ria in metal cycling, driving rock weathering and/or mineral accompanied by significant changes in their mobility,
formation processes. Oxidation-reduction reactions involv- bioavailability and toxicity (BASKAR et al., 2003; SOUTHAM
ing minerals directly or indirectly supply energy that permits & SAUNDERS, 2005; RUSSELL et al., 2005).

* MetaArevpa Boitn g pio myn evépyelag yo Baktpia To omoio EAEYXOLY TV Plo-0mocidnpmon Kot TV Blo-0puKToyévesn
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Some of these activities are commercially exploited or
have a potential significance (EHRLICH, 1997). It has been
suggested that such microbial interactions of certain species
of microbes with metals are able to leach nickel selectively
from low-grade Ni-laterites of Greece (ALIBHAI et al., 1991).
Recently, the research interest has focused on the presence
of micro-organisms in bauxites, which is the major source of
aluminium raw material. Although the typical colour of the
Parnassos-Ghiona bauxite ores is red, the presence of micro-
organisms in multi-coloured bauxites, along faults within the
Parnassos-Ghiona deposits was considered to play a major
role in controlling the redox conditions, since they can drive
the formation of pyrite or Fe-oxides (LASKOU & EcoONOMOU-
ELiorouLos, 2005, 2007).

In the present study, using SEM/EDS and XRD data,
some examples of dissolution of primary rock-forming min-
erals and formation of secondary minerals by oxidation-re-
duction reactions in bauxite ores from Greece, hosting
fossilized and present day grown bacteria, are given, sup-
porting the link between the mineral involvements to the en-
ergy requirements of micro-organisms.

METHODS OF INVESTIGATION

The bauxite ore samples were investigated as follows. X-ray
power diffraction patterns (XRD) were obtained with a
Siemens D5005 X-ray diffractometer at the University of
Athens. Major- and trace elements, including rare earth ele-
ments (REE), were determined at X-ray Assay Laboratories
(XRAL), Ontario, Canada. Platinum, palladium and gold
were determined at the University of Athens, using the AAS
(flameless system) method, after preconcentration by lead
Fire Assay, technique on large (30 g) samples.

The organic matter was determined at the University of
Athens, following a wet oxidation method (Walkley-Black),
using 1 N K2Cr207 solution. The heat generated when two
volumes of H2SO4 are mixed with one volume of the dichro-
mate, assists the reaction. The remaining dichromate was
titrated with ferrous sulphate.

The Electron microprobe analyses were carried out at the
University of Athens using a Cambridge Microscan-5 in-
strument and a JEOL JSM-5600 scanning electron micro-
scope, both equipped with automated energy dispersive
analysis system, Link 2000 and ISIS 300 OXFORD, respec-
tively, with the following operating conditions: accelerating
voltage 20kV, beam current 0.5 nA, livetime 50secs, and a
beam diameter of 1-2 pm.

CHARACTERISTIC FEATURES OF THE BAUXITE
DEPOSITS AND OCCURRENCES OF GREECE

The major Greek bauxite deposits are located and formed
within the Parnassos-Ghiona Mountain, they belong to the
Mediterranean karst type bauxite deposits and are hosted
within carbonate rocks of the Mesozoic age. The defined re-
serves are approximately 300 million tons (11" largest baux-

ite deposit worldwide). Three bauxite horizons, B1, B2 and
B3, can be distinguished (from the bottom to the top), which
are intercalated with shallow-water limestone, within an
Upper Jurassic to Middle Cretaceous sequence (Fig. 1). The
economically most important deposits occur in the B3 baux-
ite horizon, which is developed over long distance as a con-
tinuous layer of 1-10 m in thickness (PAPASTAVROU, 1986;
VALETON et al., 1987). The Parnassos-Ghiona bauxite deposit
has been classified among the largest deposits described in
the United States, South America (Brazil, Venezuela,
Guiana), Europe (France, Austria, Germany, Hungary, Ro-
mania, Russia), Asia (China, India, Indonesia, Malaysia,
Philippines, Turkey), Africa (Guinea, Mozambique, Rhode-
sia, Sierra Leone) and Australia (BARDOSSY, 1982; KLEIN &
HurLBUT, 1993; OzTURK et al., 2002; BOGATYREV et al.,
2009).

Also, large bauxite deposits of Eocene age (B4 horizon)
have been described in Yugoslavia, Italy Guyana, Surinam,
French Guiana, Australia (Queensland, Northern Territory,
Tasmania), USA (Arkansas, Alabama, Georgia), and India
(Deccan peninsula) gibbsitic, and in (Kashmir-Jammu) dias-
poric (VALETON 1972). Bauxite occurrences hosted by the
Upper Eocene limestone have been described in the areas of
Nafpaktos, Smerna and Pylos of Greece. In spite of the small
thickness of the Western Greece bauxites, the lateral extent of
these deposits is wide, (PAPASTAVROU, 1986; LAaskou, 2003)
while the mineralogical and chemical (bulk and mineral
chemistry) characteristics have been given in previous stud-
ies (Laskou & Economou, 1989, 1991; Laskou, 1991,
2003).

The geological characteristic of bauxites, their formation
conditions, and distribution are described in many publica-
tions. The principal aluminum hydroxide minerals found in
varying proportions within the Parnassos-Ghiona bauxite de-
posits are the polymorphs boehmite and diaspore
(ALO;H,0) and in smaller amounts gibbsite (Al,0,-:3H,0),
kaolinite, haematite, goethite, anatase, illite, clinochlore,
chamosite and zircon (VALETON et al., 1987; Laskou, 2001;
LAskou & ANDREOU, 2003). Minor manganese hydroxide
minerals, including lithiophorite and brindleyite, REE-bear-
ing minerals and small chromite fragments are also present
(VALETON et al., 1987; Laskou, 2001; LASKOU & ANDREOU,
2003). The REE minerals rhabdophane and florencite (min-
erals of LREE), churchite and xenotime (minerals of HREE)
have been described by LASKOU & ANDREOU (2003).

Although more than 70 volume % of the Parnassos-
Ghiona bauxite deposits belong to the red-coloured type there
is a significant proportion of yellow and grey to whitish baux-
ites. These bauxite types differ in their mineralogical and
chemical composition as well. Commonly grey to whitish
bauxites are aluminum-enriched (>70 wt% AlOs3) and iron
depleted (PapaSTAVROU, 1986). The multicoloured bauxite
ores are probably related to the pyrite oxidation, covers a
major proportion of the deposit occurs as irregular bodies
along to- and near their contact with faults with a strong de-
formation. There is a gradual change in their colour from red



Hellenic Journal of Geosciences, vol. 45, 163-174 165

to black-grey, extending in a distance of tens of meters.

The dominant aluminium mineral in the Nafpaktos and
Smerna deposits is diaspore (diasporic type) whilst boehmite
is occasionally present. The dominant aluminium mineral in
the Pylos deposits is boehmite (boehmitic type). Black-gray-
red colored bauxite ores from the Parnassos-Ghiona deposits
and Eocene bauxite occurrences of Nafpaktos, Smerna and
Pylos occurrences are characterized by the presence of abun-
dant pyrite, which is associated with organic matter in a
goethite—diaspore matrix (LAskoU & EcoNnomMou-ELIOPOU-
LOs, 2005, 2007).

GEOCHEMICAL CHARACTERISTICS AND MIN-
ERAL CHEMISTRY

Whole rock analyses (major, trace, rare earth elements and
platinum-group elements) of representative samples of each
type are presented in the Table 1. A characteristic feature of
the Parnassos-Ghiona bauxite deposits and of Skopelos baux-
ite occurrences of Greece is the significant content in
chromium, reaching concentrations of up to 1180 ppm and
3090 ppm (VALETON et al., 1987; MACKSIMOVIC & PANTO,
1991; Laskou, 2001, 2003, 2005; Table 1). The combined
investigation, using XRD and SEM/EDS revealed the pres-
ence of very small fragments of chromite. Although they are
commonly Fe-rich chromites, due to epigenetic processes,

the average values of the Cr/(Cr+Al) and Mg/(Mg+Fe*") ra-
tios in primary cores range between 0.53 and 0.58, and 0.52
and 0.55, respectively. Spinels saved in deeply weathered en-
vironments, transferred and enclosed into bauxitic ores indi-
cate the contribution of basic to ultrabasic rocks, and reflect
the trivalent oxidation state of chromium in those bauxite de-
posits (Laskou, 2001). The rare earth element (REE) content
show a wide variation in the total (XREE) content. The low
value (76 ppm) recorded in grey bauxite ore (Table 1; 5 and
6 samples) is much lower compared to the average value (260
ppm) in red bauxite samples (Table 1; 7 and 8 samples)
(Laskou & EcoNnomou-ELiorouLOS, 2005, 2007). Total or-
ganic carbon (TOC) content ranges in red-coloured bauxite
ores is low (average = 0.06), whilst in grey pyrite-rich sam-
ples reaches the values of 2.78 wt% (Table 1).

At least two stages of transformation of the bauxite ores
can be distinguished: (a) reduction of ferric to ferrous iron,
resulted in the formation of pyrite in a variety of forms and
size (Fig. 2). In addition to pyrite, which is a major iron
monosulphide, pyrrhotite and pentlandite are occasionally
dispersed throughout the matrix of the red-grey bauxite ore.
Sulphide veins crosscutting sulphide-rich zones are occa-
sionally present.

(b) Subsequently, the oxidation of pyrite, resulted in the re-
placement of relatively large pyrite crystals by goethite (Fig.
3).
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Fig. 1. Location map and stratigraphic column of the Parnassos-Ghiona bauxite deposits. Symbols: dl.=dolomitic limestone; liml=gray (Lower) and
dark colored (Upper) Jurassic limestone; lim2=limestone; f=flysch, overlying the Quaternary conglomerates; B1=first bauxite horizon, B2=second

bauxite horizon, B3=third bauxite horizon.



166

Magdalini Laskou, Maria Economou-Eliopoulos & loannis Mitsis

TABLE 1
Chemical Composition of bauxites Ores (B1, B2, B3 and B4 horizons) from Greece.

wt % 1 (B1) 2(B1) 3(B2) 4(B2) 5(B3) 6 (B3) 7 (B3) 8 (B3) 9(B4) 10(B4) 11(B4)
SiO; 1.50 11.56 6.20 11.00 1.23 4.03 0.71 2.12 10.76 7.64 11.91
AlyOs 59.40 65.14 58.75 59.32 52.83 54.72 58.1 61.77 49.28 49.27 51.11
Fe:OsT  24.34 422 18.16 11.80 21.43 17.4 26.9 19.2 24.56 30.00 21.11
MnO 0.04 0.17 0.07 0.06 0.02 n.d. 0.26 0.01 0.09 0.03 0.05
MgO 0.12 0.10 0.32 0.58 0.04 0.06 0.26 0.04 0.00 0.07 0.33
CaO 0.98 0.00 0.13 0.21 0.03 0.06 0.00 0.08 0.09 0.10 0.18
NaO 0.44 1.08 0.00 0.13 n.d n.d n.d n.d. 0.33 0.17 0.18
K:0 0.10 1.11 0.79 1.58 0.02 0.23 n.d. 0.05 0.30 0.17 0.35
TiO: 2.42 4.03 2.39 2.57 2.35 2.11 2.87 2.93 1.40 1.61 1.76
| 2105 0.05 0.00 0.07 0.11 0.02 0.01 0.06 0.06 0.12 0.12 0.08
TOC n.d n.d n.d n.d 2.72 1.65 0.07 0.06 n.d. n.d. n.d.
LOI 11.55 12.64 12.96 12.65 21.21 20.66 11.1 12.83 13.70 11.04 12.84
Total 100.94 100.05 99.84 100.1 99.11 99.25 100.07 99.00 100.63 100.22 99.90
ppm

As n.d. n.d. n.d. n.d. 300 230 54 43 189 172 398
Ag n.d. n.d. n.d. n.d. 0.9 0.5 0.7 0.6 n.d. n.d. n.d.
Ba 110 69 n.d. n.d. 100 390 180 26 122 132 83
Be n.d. n.d. n.d. n.d. 1 5 4 3 n.d. n.d. n.d.
Bi n.d. n.d. n.d. n.d. 4 3 6 6 n.d. n.d. n.d.
Cd n.d. n.d. n.d. n.d. 1.3 0.6 2 1.1 n.d. n.d. n.d.
Co n.d. n.d. n.d. n.d. 50 10 29 31 20 21 40
Cr 460 480 410 310 950 630 1180 1150 2015 2327 2002
Cu 90 4 80 110 2 14 8 n.d. 61 43 53
Hf n.d. n.d. n.d. n.d. 13 15 12 11 16 15 14
Mo n.d. n.d. n.d. n.d. 59 15 16 n.d. 78 99 703
Nb 100 120 n.d. n.d. n.d n.d n.d n.d 38 31 34
Ni 410 200 290 350 490 490 610 690 153 313 315
Pb n.d. n.d. n.d. n.d. 34 38 37 30 n.d. n.d. n.d.
S n.d. n.d. n.d. n.d. 12 9 n.d. n.d. n.d. n.d. n.d.
Sb n.d. n.d. n.d. n.d. 32 33 12 4 25 16 120
Sc 75 62 50 50 29 32 30 64 26 23 18
Sr 150 32 100 150 22 24 12 26 262 146 191
Ta n.d. n.d. n.d. n.d. 3 3 4 4 n.d. n.d. n.d.
Th n.d. n.d. n.d. n.d. 41 29 55 49 49 46 42

U n.d. n.d. n.d. n.d. 9 16 9 7 23 25 29
A% 190 100 420 230 750 520 270 320 402 609 878
w n.d. n.d. n.d. n.d. 38 12 65 70 46 86 14
Zn n.d 350 350 330 18 38 64 110 176 148 170
Zr 660 1160 n.d. n.d. 420 360 680 540 485 398 404
Y 46 14 n.d. n.d. 24 26 51 33 59 46 35
La 90 n.d n.d. n.d. 9 8 16 15 135 68 50
Ce 222 240 n.d. n.d. 55 64 220 210 191 129 89
Pr 18 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 15 10 7

Nd 69 98 n.d. n.d. n.d. n.d. 28 10 64 45 30
Sm 13 n.d. n.d. n.d. 2 3 4 4 10 8 6

Eu 2,8 n.d. n.d. n.d. 0.5 0.8 1.4 1 4,0 1.7 1,0
Gd 11.6 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 9.9 6.3 4.5
Th 1.8 n.d. n.d. n.d. n.d. n.d. 2 n.d. 1.6 0.9 1,0
Dy 10.7 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 12.1 6.9 53
Ho 2.1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 2.8 1.6 1.2
Er 6.3 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 9.3 5.3 3.9
Tm 0.8 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 1.4 0.7 0.6
Yb 5.8 n.d. n.d. n.d. 4.3 4.6 6 5 94 5.9 4.8
Lu 0.9 n.d. n.d. n.d. 0.7 0.8 0.8 0.8 1.6 1.0 1.0
ppb

Au 1 7 n.d. n.d. 2 3 6 8 <0.5 5 7

Rh <0.5 <0.5 n.d. n.d. n.d. n.d. n.d. n.d. 1 <0.5 <0.5
Pt 1 1 n.d. n.d. n.d. n.d. 3 2 <0.5 <0.5 <0.5
Pd 14 6 n.d. n.d. 2 2 13 4 1 6 1

Symbols: 1. Atalandi; 2. Glypha; 3, 4, 5, 6, 7, 8 Parnassos-Ghiona; 9. Nafpactos; 10. Smerna; 11. Pylos.

Present data and from LAskou & Economou-ELiorouLos (1991); (2007).




Hellenic Journal of Geosciences, vol. 45, 163-174

Fig. 2. Selected backscattered images from bauxites showing an association of pyrite with goethite, in both pisoliths and matrix dominated by dias-
pore (gray). The close association of sulfides and microorganisms may suggest that facilitate the nucleation and growth of the sulfides. Abbrevia-
tions: py=pyrite; gth=goethite; dsp=diaspore.
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Fig. 3. Selected backscattered images from bauxites, showing the oxidation of pyrite crystals, of an earlier stage, into goethite from gray-red bauxite
samples. The replacement of pyrite by goethite and the co-existence of euhedral crystals of pyrite may reflect a multistage pyrite formation and wide
range in Eh-pH conditions during diagenetic and epigenetic stages. Abbreviations: py=pyrite; gth=goethite.

Fossilized bacteria

The most salient feature of the black-grey bauxite samples is
close association of sulphides and Fe-oxides with a consor-
tium of bacteria, with various morphological forms such as
filament-like and spherical to lenticular of an average size of
2 um (Fig. 4). It is known that various minerals, like Fe-ox-
ides, Al-oxides and chlorite, grow on bacteria, also causing
the occurrence of bacteria with a bigger size (Fig. 4) (RE-
NAUT et al., 2002). On the other hand the enlargement of their
frame, shown in the majority of them emphasizes the inter-
connection of bacteria with minerals.

Present day grown bacteria and bio-mineralization

A whitish material has been observed to grow, after two
weeks, on the surface of polished sections of grey bauxite,
exposed to air oxidation, in the room conditions (20-25°C)
and moderate air humidity (atmospheric water). The com-
bined investigation using SEM/EDS and XRD revealed the
growth of micro-organisms, which in turn facilitated the de-
velopment of secondary hydrous iron sulphates.

Pyrite in grey-whitish bauxite ore shows evidence of ex-
tensive oxidation and replacement by a mixture of filament-
like bacteria and aggregates of secondary minerals, occurring
as characteristic crusts on surfaces (Figs 5 & 6). The sec-
ondary minerals identified, with a varying degree of hydra-
tion, are mostly halotrichite (Fe**Alx(SO4)+22(H20), of a
needle-like morphology, and in lesser amounts alunogen
(Alx(SO4)317(H20), szomolnokite (Fe**SO4(H20), coquin-
bite (Fe**2(SO4)39(H:0) and voltaite (KoFe* sFe* 3Al1(SO4) 1
18(H20). Also, a change in crystal size from very small crys-

tals to large ones is evident (Figs 5 & 6).
DISCUSSION

The Fe- and Al-hydrous oxides are commonly insoluble com-
ponents of bauxite. However, the replacement of goethite by
abundant pyrite is widespread in the grey-whitish colour ores,
which in turn are characterized by a close association with
micro-organisms (LASKOU & EcoNoMOU-ELIOPOULOS, 2005,
2007). Pyrite has been described elsewhere in bauxite de-
posits like in Hungary, Croatia and the Taurides, Turkey
(KoMmLossY, 1968; BARDOSSY, 1982; SINKOVEC ef al., 1994;
D’ ARGENIO & MINDZENTY, 1995; RAISWELL, et al., 1988;
BERNER, 1984; OZTURK et al., 2002). Sulphur isotope analy-
ses of such sulphide-bearing samples from the Parnassos-
Ghiona bauxite deposits of Greece and the Dog¢ankuzu and
Mortas bauxite Deposits, Turkey showed that pyrite has low
88 values, supporting the biogenic origin of the pyrite (Oz-
TURK et al., 2002; ELioroULOS & ECONOMOU-ELIOPOULOS,
2010).

The role of micro-organisms in the mineral-forming
processes

The oxidation paths of pyrite and the interaction between
minerals and bacteria is still a subject of debate (NORDSTROM
& SouTHAM, 1997; CRUNDWELIL, 2003; SOUTHAM & SAUN-
DERS, 2005; RUSSELL et al., 2005; KocK & SCHIPPERS, 2006
and references therein). The presented data provide an ex-
ample of (a) bacteria (micro-organism) attachment to the
thermodynamically unstable pyrite, facilitating its conver-
sion to a lower-energy state mineral, and (b) the production
of ferrous- and ferric sulphates and other sulphates on living
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Fig. 4. Selected backscattered images showing fossilized microorganisms with various morphological forms, enclosed in bauxite samples from the
first Jurassic bauxite horizon, Parnassos-Ghiona (a and b), and Atalandi (c, d) and from the forth Eocene bauxite horizon, Pylos (e, ). The fossilized
bacteria exhibit a variation in their chemical composition (goethite or chlorite). Abbreviations : gth=goethite (Al-rich); chl=chlorite.
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Fig. 5. Selected backscattered images from bauxites, showing aggre-
gates of hydrous sulfate minerals: halotrichite (hal); szomolnokite (sz);
voltaite (vo) and microorganisms.

bacteria (Figs 2-6; Tables 2 & 3). That is consistent with the
increase of the solubility of Al in the resulted acidic envi-
ronment and in the presence of completing ligands, such as
SO.* suggesting that bacterial activity is playing a critical
role in the mineralization. More specifically, the reaction of
pyrite, oxygen and water (atmospheric water) produce ferric
hydroxide [Fe(OH)s], sulphate (SO4*), hydrogen ions (H")
and heat energy (exothermic process). On the basis of en-
thalpies given by ROBIE et al. (1978) and NAUMOV et al.
(1974), the heat energy produced in this reaction for com-
plete conversion of one mole of pyrite to ferric hydroxide
amounts to about 1490 kjoules at 25°C (ROSE & CRAVOTTA,
2005). Furthermore, it has been suggested that the involved
bacteria, which use the part of the released energy for their
metabolism, produce enzymes, a powerful catalyst, catalyz-
ing the oxidation reactions, and transforming inorganic car-
bon into cellular matter, e.g. the bacteria capture some of the
releasing energy to drive their metabolism (SILVERMAN, 1967,
HISKEY & SCHLITT, 1982; NOWACZYK et al., 1999; SOUTHAM
& SAUNDERS, 2005; RUSSELL et al., 2005; Kock & ScHip-
PERS, 2006 and references therein).

Application of thermodynamic data for hydrated sul-
phates

Due to remediation of problems that arise from release of the
components from soluble Fe-Al-sulphates to acid-mine

TABLE 2
Mineralogical composition of secondary phases on bauxites surface
identified by XRD.
Sample Alunogen Halotrichite S Inok C Voltaite
V-1 MD MJ MD - NIN
V-1-b MJ TR MD - MIN
V-l TR MJ - - MIN
V-2 MJ MIN MD TR TR
V2b M) MIN MIN TR TR
V2 MJ TR MD TR TR
V2-d M) MIN MD TR -

Ml=major constituent, MD=medium, MIN=minor and TR=trace constituent

drainage, investigators have focused on the geochemical
modeling of the rock-water interactions that require an ex-
tensive thermodynamic data base (DEKOCK, (1982); HEM-
INGWAY & SpoSITO (1996); HEMINGWAY et al. (2002)
reviewed the experimental data for soluble iron- and other
sulphate phases and estimated thermodynamic data at 298.15
K and 1 bar for phases for which no experimental data exist.
The thermodynamic data available for hydrated ferrous sul-
phates consist of values for the enthalpy and entropy of for-
mation of szomolnokite among others, while the Gibbs
energy of formation for szomolnokite was easily calculated,
since the Gibbs energy of formation is related to the enthalpy
of formation through the following thermodynamic equal-
ity:AiG°® = [JAH® - TAS°, where A;S° is the entropy of for-
mation at temperature T in kelvins. They concluded that the
enthalpy and Gibbs energy of formation of each H.O mole-
cule of crystallization, except of the first, in the ferrous sul-
phates - H>O system is -295.15 and -238.0 kJ-mol",
respectively, while entropy has positive values.

The occurrence and stability of Fe-Al-sulphides in asso-
ciation with pyrite (Figs 2-6; Tables 2 & 3) and the change
in their crystal size (Figs 5 & 6) probably due to the larger
specific surface area of small crystals (thermodynamically
less stable) can be explained by the application of both ki-
netic and thermodynamic approaches. The thermodynamic
properties of Fe-sulphate minerals allow the estimation of the
stability and compute the solubility of these phases in natu-
ral systems. A few thermodynamic studies have been carried
out on Fe(IIl) sulphate minerals (BARON & PALMER, 2002;
MAJZLAN et al., 2006; ACKERMANN ef al., 2009). The for-
mation of secondary Fe-sulphate minerals may affect the Fe
and sulphate concentration, but also the concentration of pol-
lutants incorporated into the structure of the Fe-sulphates or
adsorbed onto their surfaces (BALISTRIERI et al., 2007). Ac-
KERMANN et al. (2009) have focussed their research on the
calculation of phase diagrams for the ferric sulphates and pre-
dict their dissolution-crystallization behaviour in nature,
which would be applicable to regions affected by acid mine
drainage.

CONCLUSIONS

Available mineralogical, geochemical and mineral chemistry
data from the Parnassos-Ghiona deposit and bauxite occur-
rence, covering all bauxite horizons of Greece lead to the fol-
lowing:
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Fig. 6. Selected backscattered images from bauxites, showing aggregates of needle-like halotrichite (hal); voltaite (vo); szomolnokite (sz); and mi-
croorganisms.

1. Grey-whitish to multicoloured bauxite ores are Al-en- 2. Grey-whitish bauxite ores are characterized by the
riched (>70 wt% Al,Os) and independent of their age, cover- presence of abundant pyrite of biogenic origin, fossilized and
ing the period from Middle Cretaceous to Eocene. present day grown micro-organisms.
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TABLE 3
Representative microanalyses (wt%) of halotrichite, szomolnokite and voltaite from (B3) Parnassos-Ghiona bauxite samples.

Sample VB-1 VB-1 VB-1 VB-1

Mineral Hal Hal Hal Hal Hal

V-2b V2-e V-1

V-2 V2-2i V2 V2

Hal Sz Sz Sz Vo Vo

ALO; 1147 1124 1144 1129 10.85
SO; 36.02 35.89 36.11 3593 35.76
K,O 0.00 0.00 0.00 0.00 0.00
Fe,0; 867 843 822 827 9.07
Total 56.16 55.56 55.77 55.49 55.68

11.17 0.15 020 028 269 2.08
3588 4698 4723 46.74 47.12 46.85
0.00 0.00 0.00 0.00 433 457
853 4211 4321 4251 2976 3146
55.58 89.24 90.64 89.53 83.90 84.96

3. The development of micro-organisms, on the surface
of grey bauxite, exposed to room temperature and moderate
air humidity (atmospheric water) play a major role in con-
trolling the redox conditions and facilitated the development
of secondary hydrous iron sulphates.

4. Micro-organisms attach to the thermodynamically un-
stable pyrite, capturing some of the releasing energy to drive
their metabolism, and facilitated the production of ferrous-
and ferric sulphates and other sulphates.

5. Since approximately 30 volume % of the Parnassos-
Ghiona bauxite ores, are grey-whitish coloured ores with an
Al-enrichment >70 wt% Al>Os, the presence of micro-or-
ganisms plays a major role in the removal of iron and of other
elements, and may be a beneficiary and effective technique.
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