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Zincohiogbomite and gahnite in a diaspore-bearing metabauxite
from eastern Samos (Greece): mineral chemistry, element
partitioning and reaction relations

by Anne Feenstra’

Abstract

Zincohdgbomite, ranging in X, [= Zn/(Zn + Fe?*+ Mg + Ni + Co)] from 0.64 to 0.80, is a minor constituent of low-
grade polymetamorphic diaspore-bearing metabauxites from E-Samos. Textural relations indicate that hégbomite,
which particularly occurs in the lower contact zone between diasporite and marble, is a late phase mainly forming
from gahnite and rutile during greenschist-grade metamorphism that followed early Alpine high-P metamorphism.
QOther phases in the zincohtgbomite-bearing samples are Fe-rich chloritoid (X, < 0.01), Zn-dominated staurolite
(Xz,=0.59-0.77), calcite, (Ti)hematite, white Na—K—Ca micas, tourmaline and rare Ni-rich chlorite. Three white mi-
cas occur in most samples, with margarite and paragonite typically interlayered on a submicron-scale. Chloritoid is
widespread in the Samos diasporites, whereas Zn-staurolite is only a local constituent.

The Samos zincohdgbomite contains up to 4.6 wt% NiO and 1.3 wt% CoQ. Electron microprobe data indicate
that both low-Ti (5.9-7.3 wt% TiQ,) and high-Ti (9.6-10.5 wt% Ti0,) hogbomites occur, sometimes within the same
thin section. This variation in Ti may be related to different hexagonal (nH) and/or rhombohedral hogbomite (nR)
structure types, which however could not be determined by XRD methods due to the minor amount of hégbomite
present. The associated gahnite is generally rich in Zn (X, > 0.86) and contains up to 1.17 wt% NiO and 1.56 wt%
CoO. Element partitioning between hogbomite and gahnite is systematic; hégbomite invariably has higher Ni/Co,
Fe/Zn and Fe/Mg than gahnite. Hogbomite and gahnite display a much stronger Fe-Zn and Fe-Mg fractionation in
the low-grade Samos rocks than documented for occurrences in amphibolite- to granulite-grade rocks. Textures,
chemical data and analysis of phase-relations suggest that the Samos zincohogbomite formed by the reaction:

gahnite + rutile + (Ti)-hematite + diaspore = zincohdgbomite + H,O + O,
or in hematite-free samples by a continuous reaction of the type:

gahnite + rutile + Fe-rich chloritoid + calcite = zincohdighomite + Fe-poorer chloritoid + margarite + H,O + CO,.

Pressure conditions of hégbomite growth are poorly constrained but muscovite-paragonite thermometry applied
on closely associated micas results in temperatures of 270-320 °C. The occurrence of margarite, and possibly prima-
ry kaolinite, is also consistent with temperatures around 300 °C (at 5 kbar), provided that the metamorphic fluid was
very water-rich. The unusual Zn-Ni-Co rich bulk compositions that allowed the formation of Zn-dominated hég-
bomite, spinel and staurelite at such low metamorphic grades probably arise from pronounced pre-metamorphic
trace element enrichment at the footwall of the karstbauxite.

Keywords: zincohogbomite, gahnite, Fe-Zn-Mg-Ni—Co partitioning, diaspore metabauxite, P-T conditions,
mineral chemistry, Samos, Greece.

Introduction hogbomite is not a typical peak metamorphic

mineral but formed during retrogradation and/or

Hégbomite, a complex Fe-Mg-Ti-Al oxide, typi-
cally occurs as a minor or accessory constituent in
medium to high-grade metamorphosed Al-rich or
mafic rocks, as well as in Fe-Ti oxide ore deposits
(see review of PETERSEN et al., 1989). In many of
these rocks, textural observations suggest that

a late (waning) stage of a polymetamorphic cycle
(e.g., COOLEN, 1981; RAMMLMAIR et al., 1988; PE-
TERSEN et al., 1989; GREw et al., 1990; VISSER et
al., 1992, and references therein). In virtually all
cases, hégbomite is closely associated with (Fe,
Mg, Zn)Al,0, and/or Fe;O, spinel. Textural evi-

I Institut fiir Petrologie, Geozentrum Universitit Wien, Althanstrasse 14, A-1090 Wien, Austria.



74 A.FEENSTRA

dence, such as hogbomite overgrowing and en-  sociated with magnetite, hogbomite growth may
closing the spinel, suggests that hogbomite main-  be related to retrograde oxidation-exsolution of

ly formed at the expense of spinel, while Ti may  an initially homogeneous Al-Mg—Zn containing
have been supplied by rutile or ilmenite in the titanomagnetite (e.g., ANGUS and MIDDLETON,
rocks. In cases, where hogbomite is genetically as-  1985; GREW et al., 1990). Fe-Ti oxides associated
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Fig. I Distribution of metabauxites and Mesozoic karstbauxites in the central Aegean region (FEENSTRA, 1985).
The studied metabauxite is indicated by the triangle at the eastern coast of Samos (= 4 km E of Samos town). The
geological map of Samos (upper diagram) is simplified and slightly modified after THEODOROPOLOUS (1979) and
PAPANIKOLAOU (1979).
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with hoégbomite commonly monitor oxidizing
conditions, indicating that high f, could be an im-
portant factor in hégbomite formation.

The complex crystal stucture of htgbomite can
be modelled as consisting of alternating layers
with cubic spinel-like (R*Al,O,) and hexagonal
nolanite-like (TiAl, Q) structures. Different
stacking sequences, in which cubic layers domi-
nate, result in various structural types with hexag-
onal (nH) or rhombohedral (nR) lattices (McKIE,
1963; GATEHOUSE and GREY,1982; PETERSEN et
al., 1989; SCHMETZER and BERGER, 1990). The par-
tial similarity of the hogbomite structure with that
of spinel also explains the frequently observed
epitaxic relationship between both phases, with
hogbomite (0001) faces orientated parallel to the
(111) faces of the spinel host (e.g., PETERSEN et al.,
1989; SCHMETZER and BERGER, 1990; YALCIN et
al., 1993).

Whereas most hogbomite is an Fe-Mg-Ti—Al
solid solution, varieties containing considerable
amounts of zinc are also known (e.g., WILSON,
1977; CooLEN, 1981; SrRyY, 1982; ANGUS and MID-
DLETON, 1985; FEENSTRA, 1985; PETERSEN et al.,
1989; SprRY and PETERSEN, 1989; GREw et al.,
1990). In greenschist-grade metabauxites along
the southern margin of the Menderes Complex in
SW-Turkey (see Fig. 1), YALGIN et al. (1993) docu-
mented hogbomite with Xz, between 0.42 and
0.60. For such Zn-dominant hogbomite from the
Menderes and Samos metabauxites, OCKENGA et
al. (in prep.) proposed the name zincohdgbomite
(TMA no. 94-016; approved as a new mineral by
the IMA Commission on New Minerals and Min-
eral Names).

The present paper describes a comparable oc-
currence of hogbomite stabilized at low meta-
morphic grade by high Zn content in diaspore-
bearing metabauxitic rocks from E-Samos (Fig.
1). Like in the Menderes metabauxites, the Samos
zincohdgbomite is genetically related to gahnite.
The studied Samos samples were all collected
from the same diasporite lens but vary consider-
ably in mineral assemblage and composition. This
allowed to investigate the mineral chemistry of
zincohdgbomite and gahnite, and the element
partitioning between both oxides over a large, un-
usually Zn-rich, compositional range at a single
low metamorphic grade.

Geological setting

The island of Samos occupies a transitional posi-
tion between the Attic-Cycladic-Metamorphic
Complex (ACMC) in the Aegean Sea and the
Menderes-Complex in SW-Turkey (Fig. 1). Both

complexes are largely composed of late Paleo-
zoic-Mesozoic (vulcano-)sedimentary sequences
metamorphosed during Alpine times (e.g., DURR,
1975, 1986; SCHLIESTEDT et al., 1987; OKRUSCH
and BROCKER, 1990). Thick Mesozoic carbonate
units are common in the ACMC and the cover of
the Menderes Complex. They locally contain
metamorphosed karstbauxite deposits (see Fig.
1), testifying of periods of (local) emersion and
concomitant chemical weathering, interrupting
the Mesozoic neritic carbonate sedimentation.
The most extensive metabauxite deposits are
found on Naxos (FEENSTRA, 1985,1996) and along
the western and southern margins of the
Menderes Complex (ONAY, 1949; YALCIN, 1987).
In both regions, numerous (2-5 meter thick)
metabauxite lenses, which are usually confined to
specific stratigraphic horizons, occur in thick-bed-
ded calcitic marbles. Depending on metamorphic
grade, the metabauxites are either diaspore-bear-
ing (diasporites) or at the higher grades corun-
dum-bearing (emeries). FEENSTRA and MAKSI-
MOVIC (1985a) inferred a Jurassic stratigraphic
age for the Naxos metabauxites from geochemical
comparison with Mesozoic karstbauxites in Cen-
tral Greece (Fig. 1). A similar stratigraphic age
may also hold for the Menderes metabauxites
(YALCIN, 1987).

Due to late vertical movements, the metamor-
phic rock sequence of Samos is dissected in west-
ern, central and eastern crystalline blocks, sepa-
rated by grabens filled with Neogene sediments
and volcanics (Fig. 1). Whereas THEODGRO-
pPOLOUS (1979) assumed that Samos is composed
of a more less continuous sequence of metamor-
phic rocks (in the extreme west covered by the
ophiolite nappe of Kallithea), PAPANIKOLAOU
(1979) proposed a nappe-like structure for the
metamorphic complex, including three main tec-
tonic units (Fig. 1).

The lowest tectonic unit is the Kerketefs unit,
which occupies the mountainous region of west-
ern Samos. It mainly consists of > 1000 m thick,
partly dolomitic, marbles. A small corundum-
bearing metabauxite lens occurs in the marbles of
the southern slope of Kerketefs Mountain
(MPOoskos, 1978).

The Kerketefs unit is overlain by the Ampelos
unit, a highly variable sequence of alternating
schists and marbles, locally containing intercala-
tions of metabasic rocks {blueschists and green-
schists), ultramafics (mainly serpentinites) and
metagabbros (OKRUSCH et al., 1984; MPOSKOS et
al., 1990; CHEN, 1992; FEENSTRA and PETRAKAKIS,
in prep.). The Ampelos unit occurs around Ker-
ketefs Mountain and constitutes the main part of
the central crystalline area.
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The Vourliotis unit, buiding up the eastern
margin of the central crystalline area and the en-
tire eastern crystalline area, is the structurally
highest metamorphic nappe of Samos. The unit is
composed of prominant upper and lower marble
horizons (both several hundreds meters thick)
and intercalated pelitic to psammitic schists. Like
the Ampelos unit, it is characterized by local oc-
currences of metabasic, ultrabasic und metagab-
broic rocks. In eastern Samos, several diasporite
lenses occur in the upper marble horizon of the
Vourliotis unit (DE LAPPERENT, 1937; MPOSKOS,
1978).

Like most metamorphic rocks of the ACMC,
those of Samos evidence a polymetamorphic evo-
lution. Although unconfirmed by geochronologi-
cal work, an early high-P blueschist facies event,
particularly affecting the Ampelos and Vourliotes
units (OKRUSCH et al., 1984; CHEN, 1992; FEEN-
STRA and PETRAKAKIS, in prep.), can probably be
correlated with the early Alpine high-P (M1)
event in the ACMC, which ended at 40-50 Ma
(e.g., SCHLIESTEDT et al., 1987, WYBRANS and Mc-
DoucAaLL, 1988; OkrusCH and BROCKER, 1990;
FEENSTRA, 1996). The high-P mineral assemblages
of Samos, which include glaucophane in basic,
gabbroic and pelitic compositions, are in varying
degrees overprinted by greenschist-facies assem-
blages (OKRUSCH et al., 1984; CHEN, 1992; FEENS-
TRA and PETRAKAKIS, in prep.). As a medium-P
greenschist-facies event is of regional significance
in the ACMC, it is tempting to correlate the medi-
um-P overprint with the M2-event in the ACMC,
dated at 20-25 Ma (e.g., SCHLIESTEDT et al., 1987,
WYBRANS and MCcDoOUGALL, 1988; OKRUSCH and
BROCKER, 1990).

Studying metapelitic and metabasic rocks of
northern, central and eastern Samos, CHEN (1992)
derived for the high-P event temperatures of
510-540 °C in northern Samos (for the garnet
schists in Fig. 1), = 500 °C in central Samos (Am-
pelos unit) and = 470 °C in the eastern part of the
island (Vourliotis unit). In all regions pressures
were estimated to be =~ 12 kbar. Conditions during
the medium-P metamorphism, a transistional
event related to the uplift of the blueschist facies
rocks, are poorly constrained. CHEN (1992)
arrived at P-T conditions of 460-490 °C and
=7 kbar, without discernible regional variations in
the studied area.

Metamorphic conditions for the western crys-
talline area (Kerketefs and Ampelos units) are
only roughly known. Lithologies containing min-
eral assemblages suitable for precise P-T determi-
nations are scarce (MPOSKOS and PERDIKATZIS,
1981; FEENSTRA and PETRAKAKIS, in prep.). Un-

like the diasporites of eastern Samos (Vourliotis

unit), the small metabauxite lens in the Kerketefs
marbles contains corundum (MpoOsKos, 1978), in-
dicating somewhat higher conditions for bauxite
metamorphism than in eastern Samos, It is un-
clear, however, whether the corundum formed
during the high- or medium-P event.

Petrography of the Samos metabauxites

The Samos metabauxites were previously studied
by DE LAPPERENT (1937) and Mposkos (1978).
Both researchers concentrated their investiga-
tions on the main mass of the metabauxites, which
in E-Samos is characterized by the paragenesis di-
aspore + Ti-hematite + rutile + chloritoid and in
W-Samos, where metamorphic conditions slightly
exceeded the diaspore-corundum dehydration re-
action, by corundum + diaspore + ilmeno-
hematite/ilmenite + rutile + chloritoid. Minor
amounts of muscovite, paragonite and gahnite
are also present in the deposits of both regions.
Hogbomite is a rare mineral in the bulk of the
Samos metabauxites. Nevertheless, DE LAPPE-
KANT (1937) already described a yellowish to
brown anisotropic mineral, predominantly over-
growing the octahedral faces of gahnite, which he
called "taosite" but actually was hogbomite.

In the present study (hogbomite + gahnite)-
bearing samples, all collected from a diasporite
lens located along the eastern coast of Samos
(= 4 kilometers E of Samos town; see Fig. 1), were
selected for detailed electron microprobe (EMP)
investigations. Most samples are from the lower
contact of the diasporite lens with calcitic marbles
of the Vourliotis unit. The diasporite, which has
partly been mined as bauxite ore during the be-
ginning of the century, is exposed over a length
of about 80 meters with a maximum thickness of
4-5 meters.

On the scale of a thin section, the samples con-
sist of silicate- and oxide-rich domains or layers in
a matrix predominantly composed of calcite and
minor white mica. The typical zincian mineral as-
semblages observed in the samples include gah-
nite + zincohdgbomite, gahnite + zincohdgbomite
+ chloritoid and gahnite + zincohdgbomite + Zn-
staurolite (Tab. 1; Fig. 2). Trace amounts of Ni-rich
chlorite occur in some samples but chlorite always
seems to be a late phase. Minerals present in all
samples are diaspore, rutile, calcite, white micas
and tourmaline. Traces of hematite, commonly al-
tered to Fe-hydroxide, also occur in most samples.

Two types of gahnite can texturally be distin-
guished. The first (older) type, which is present in
all samples, forms 50400 pm large crystals that
are colourless to light blue. It typically occurs as
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Tab.1 Mineralogy of studied Samos metabauxites.

Sample No. | Dsp Gh Ho Cld St Chl Pg Ms Mrg Cal Hem Rt Tur Other*
AFS1C X O O ) X X X o 0 O

SAZ2ZA1 O O O X O o X O X o 0O O Ap,Kin
SA22A2 O O O o X O X o O O Mnz
SA22A32 O X O X4 O o X o X X O O Kin
SA22B o X O 0] O X X O X O O

SA22B1 0 X O 0] O X 0 o X O O

SAS9 O O O X X X X o O O Zmn

Mineral abbreviations: Gh = gahnite; Ho = hégbomite; other mineral abbreviations used are after Kretz (1983);
X = major mineral; O = minor mineral; * minerals grouped under other occur in trace amounts

2 allered to Fe-hydroxide

® paragonite lamellae intimitely intergrown with margarite and/or muscovite and too thin for EMP analysis
¢ margarite flakes intimitely intergrown with paragonite and too thin for EMP analysis

4 chloritoid and staurolite not in contact but occurring 1-2 mm apart

¢ hematite contains 11-13 mole % ilmenite in solid solution

dispersed equidimensional grains (Fig. 2). The sec-
ond (younger) gahnite type forms smaller blue-
coulored crystals (< 100 p.m in size ), which are tex-
turally related to partial breakdown of staurolite.
It tends to be richer in Co (up to 1.56 wt% CoQO)
than the larger first-generation gahnite crystals
(particularly their cores). The first-type gahnite
contains abundant inclusions of calcite, rutile, di-
aspore, tourmaline, muscovite and paragonite
(Fig. 2C). Particularly the cores of the larger
grains are crowded with such inclusions. Chlori-
toid and staurolite are fairly rare as inclusions in
gahnite; chloritoid was observed in some first-type
gahnite grains of sample SA22A1 (Fig. 2C) and
relictic staurolite in second-type gahnite grains of
samples SA22A32 and SA22B1.

Zincohdgbomite 1s always closely associated
with gahnite. The yellow to brown pleochroitic
mineral typically forms epitaxial rims on and
(platy) intergrowths with gahnite (Fig.2). In some
samples discrete idiomorphic hogbomite crystals
also occur (Fig.2B). Similar preferential growth of
hégbomite on the octahedral faces of gahnite
crystals was documented by YALCIN et al. (1993)
in the metabauxites of the Menderes Complex.
This textural relationship, which results from
common structural properties of close oxygen
packing in both minerals (e.g., GATEHOUSE and
GREY, 1982; SCHMETZER and BERGER, 1990;
YALCIN et al., 1993), suggests that hogbomite pre-
dominantly grew at the expense of gahnite. The
overall textural evidence, such as hogbomite
forming at the expense of both generations of
gahnite and the lack of hogbomite inclusions in
any mineral, indicates that Samos zincohtg-
bomite formed late during the polymetamorphic
history of the rocks.

Chloritoid is by far the dominant Fe-Mg-Al

silicate in greenschist-grade metabauxitic rocks
(FEENSTRA, 1985: YALGIN, 1987). In the studied
rocks, it forms lath-shaped crystals of variable size
(Fig. 2C). Polysynthetic twinning and pleochroism
are diagnostic optical features. Rutile, Ti-
hematite, diaspore, muscovite and paragonite are
common inclusions in chloritoid.

Zn-staurolite forms subidiomorphic prismatic
porphyroblasts (up to 0.4 mm long) that display
light-bluish to colourless pleochroism. The bluish
colour may arise from its minor CoQO content
(< 0.55 wt%). Staurolite crystals contain inclu-
sions of calcite, rutile, Ti-hematite, diaspore, white
mica and, more rarely, gahnite. The inclusions are
particularly abundant in the central parts of the
grains, giving the mineral a cloudy appearance in
thin sections. Staurolite is in variable degrees re-
placed by the second-generation gahnite, white
mica and, less commonly, zincohdgbomite and Ni-
rich chlorite. In the Samos rocks, staurolite and
chloritoid were not observed in mutual contact, as
is the case in the Naxos and Ios metabauxites
(FEENSTRA, 1985; FEENSTRA and OCKENGA, in
prep.). Thin section SA22A32 (Tab. 1) contains
staurolite and chloritoid but they occur = 2 mm
apart.

In all samples, variable amounts of muscovite
and paragonite are present as dispersed flakes in
the calcite matrix. Both micas are most abundant
in domains rich in hégbomite, staurolite or chlori-
toid. The white K- and Na-micas are commonly in-
terlayered on a (sub)micron scale, complicating
analysis by EMP (FEENSTRA, 1996). Using BSE-
imaging on the EMP, incipient growth of mar-
garite was observed within paragonite-rich areas
in most samples (Tab. 1). The margarite and
paragonite lamellae typically alternate on a scale
beyond the resolution of the EMP.
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Fig. 2 Back-scaterred electron micrographs showing textural relations between zincohégbomite (Ho) and gahnite
(Gh) in diasporites from E-Samos. (A) Sample AFS1C: Epitaxial intergrowth of zincohdgbomite and gahnite. Ma-
trix consists of (poorly polished) calcite (Cal). Width of picture is 230 wm. (B) Sample SA22A1: Idiomorphic gahnite
and zincohdgbomite in matrix consisting of calcite, muscovite (Ms) and paragonite (Pg). Width of picture is
320 wm. (C) Composite gahnite-hdgbomite grain in chloritoid-rich part of sample SA22A1. Gahnite contains inclu-
sions of chloritoid (Cld), diaspore (Dsp), calcite and muscovite. Width of picture is 360 um. (D) Sample SA22A2: Ag-
gregate of zincohdgbomite and gahnite surrounded by white mica (Mi) and calcite. The mica is mainly paragonite
with submicron-size intercalations of margarite and muscovite, which are not visible at the used magnification. Width

of picture is 230 pwm.

Mineral chemistry

ANALYTICAL METHOD

Minerals were analyzed by electron microprobe
using wavelength-dispersive analysis techniques.
Operation conditions were 15 kV accelerating po-
tential, 20 nA beam current and a beam diameter
of 1-2 wm. Peak counting times were 15-20 sec-

onds for major and 20-60 seconds for minor ele-
ments; backgrounds were counted for 8-20 sec-
onds. Standards used included the following syn-
thetic or natural minerals and metals: garnets (Fe,
Mn, Si, Al);ilmenites (Fe, Mn,Ti); feldspars (Si, Al
Ca,Na, K);spinel (Mg, Al); gahnite (Zn,Al):spha-
lerite (Zn);eskolaite (Cr); barite (Ba); SrCO; (Sr):
metallic V, Zn, Ni and Co. The raw spectrometer
data were corrected with the "PAP" program
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(Poucnou and PICHOIR, 1985). The quality and
reproducibility of the analyses were monitored by
including well-known standards in the analysis
sessions. Average gahnite and hégbomite compo-
sitions and associated 1 ¢ standard deviations are
listed in tables 2 and 3.

GAHNITE

The EMP work showed that cores of the (large)
first-generation gahnite crystals tend to be highest
in Zn with some analyses approaching ZnAl,O,

endmember (cf. Fig. 3a). In the staurolite-bearing
samples, the marginal parts of the first-type gah-
nite grains compositionally match the second-
generation gahnite. The latter displays little chem-
ical variation within individual crystals but grains
separated by more than a few mm may differ in
composition in the thin sections. Because the pre-
sent study is focused on the reaction relations and
element distribution between zincohodgbomite
and gahnite, and the former only appears to be in
equilibrium with the second-type gahnite and the
rims of the first-type gahnite, core compositions of
the first-generation gahnite, which maybe relics of

SAMOS:

Mg+Mn+Ni+Co %
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Fig.3 Compositional variation of gahnite and zincohdgbomite in the studied Samos diasporites depicted in a mo-
lar Zn-Fe**—(Mg + Ni + Co + Mn) diagram. For comparison, gahnite and hégbomite data reported for the Menderes
(YALCIN et al., 1993) and Samos metabauxites (OCKENGA; 1989 and in YALGIN et al., 1993) are also shown.

(a) Individual spot analyses. Dashed line separates gahnite and hogbomite analyses. The most zincian Samos spinel
compositions plotting in the shaded field in the lower left corner are predominantly from the cores of large first-gen-
eration gahnite grains (see text). (b) Average compositions of closely associated gahnite and hégbomite connected

by tie-lines.
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Tab. 2 Gahnite compositions®,

AFS1C (17)* SA22A1 (24) SA22A2 (6) SA22A32 (21) SA22B (9) SA22B1(27) SA99(18)
Si0, 0.04 (3)* 0.03 (2) 0.04 (1) 0.03 (2) 0.04 (2) 0.05 (4) 0.04 (3)
TiO, 0.06 (11) 0.02 (2) 0.05 (3) 0.08 (14) 0.02 (2) 0.11 (14) 0.11 (15)
AlLO, 56.07 (54) 55.94 (22) 56.29 (32) 5537 (52) 56.76 (37) 56.59 (41) 56.42 (25)
Cr,0, 0.42 (68) 0.32 (30) 0.53 (37) 0.20 (23) 0.36 (30) 0.39 (32) 0.22 (30)
V,0; 0.19 (22) b.d. b.d. b.d. 0.13 (22) 0.10 (20) 0.18 (23)
FeQ** 3.38 (96) 3.81 (38) 2.21 (20) 3.24 (83) 1.00 (11) 129 (17) 3.10 (40)
MgO 0.32 (5) 032 (2) 0.44 (5) 0.29 (10) 0.43 (4) 039(7) 0.22 (6)
MnO 0.05 (4) 0.07 (2) 0.05 (3) 0.08 (4) 0.04 (2) 0.04 (4) 0.06 (4)
ZnO 39.38 (68) 39.23 (89) 40.71 (80) 3851 (117)  41.65 (50) 40.46 (142)  38.88(118)
NiO 0.30 (23) 0.21 (9) 0.31 (7) 0.49 (27) 0.90 (23) 1.17 (49) 0.52 (27)
CoO 0.65 (53) 0.60 (10) 073 (9) 0.61 (20) 1.53 (11) 1.50 (20) 1.56 (26)
Total 100.85 (58)  100.55(77)  101.35 (69) 98.90(57)y 102.88(66)  102.09 (113) 101.31 (91)
Formulae on the basis of 4 oxygens and 3 cations
Si 0.001 (1) 0.001 (1) 0.001 (0) 0.001 (1) 0.001 (1) 0.002 (1) 0.001 (1)
Ti 0.001 (2) 0.000 (1) 0.001 (1) 0.002 (3) 0.001 (0) 0.002 (3) 0.002 (4)
Al 1.985 (13) 1.986 (11) 1.985 (13) 1.997 (12) 1.976 (12) 1.982 (18) 1.989 (14)
Cr 0.010 (16) 0.008 (7) 0.013 (9) 0.005 (6) 0.008 (7) 0.009 (7) 0.005 (7)
Vi 0.005 (5) - - - 0.003 (5) 0.002 (5) 0.004 (5)
Fe?+ 0.002 (4) 0.007 (7) 0.002 (4) 0.002 (5) 0.009 (6) 0.004 (6) 0.003 (6)
SumR* 2.005 (8) 2.002 (9) 2.001 (4) 2.007 (7) 1.998 (1) 2.002 (7) 2.006 (10)
Fe 0.083 (23) 0.089 (11) 0.054 (8) 0.081 (22) 0.016 (4) 0.028 (10) 0.074 (11)
Mg 0.014 (2) 0.014 (1) 0.020 (2) 0.013 (4) 0.019 (2) 0.017 (3) 0.010 (2)
Mn . 0.001 (1) 0.002 (1) 0.001 (1) 0.002 (1) 0.001 (1) 0.001 (1) 0.002 (1)
Zn 0.874 (17) 0.873 (17) 0.899 (15) 0.870 (29) 0.909 (7) (0.888 (26) 0.859 (23)
Ni 0.007 (6) 0.005 (2) 0.008 (2) 0.012 (7) 0.021 (6) 0.028 (12) 0.013 (7)
Co 0.016 (13) 0.015 (2) 0.018 (2) 0.015 (5) 0.036 (3) 0.036 (5) 0.037 (6)
SumR* 0.995 (10) 0.998 (9) 0.999 (4) 0.993 (7) 1.002 (1) 0.998 (7) 0.994 (10)
Mole fractions
XFe? 0.083 (22) 0.089 (12) 0.054 (8) 0.081 (22) 0.016 (4) 0.028 (10) 0.075(12)
XMg 0.014 (2) 0.014 (1) 0.020 (2) 0.013 (5) 0.019 (2) 0.017 (3) 0.010 (2)
XMn 0.001 (1) 0.002 (1) 0.001 (1) 0.002 (1) 0.001 (1) 0.001 (1) 0.002 (1)
XZn 0.878 (19) 0.875 (12) 0.901 (13) 0.876 (28) 0.907 (7) 0.890 (21) 0.864 (18)
XNi 0.007 (6) 0.005 (2) 0.008 (2) 0.012 (7) 0.021 (6) 0.028 (12) 0.013 (7)
XCo 0.016 (13) 0.015(2) 0.018 (2) 0.015 (5) 0.036 (3) 0.036 (5) 0.038 (6)

@ Average compositions are based on analyses of second-type gahnite and marginal parts of first-type grains (see

text).

* The number of analyses and 1o standard deviation in terms of the last digit(s) are given in parentheses.
b.d. = below detection limit; ** total iron is expressed as FeO.

the (prograde?) high-P metamorphic stage, were
excluded in calculating the average compositions
given in table 2.

The spinel stoichiometry calculated on the ba-
sis of 4 oxygens and 3 cations suggests negligible
ferric iron (Tab. 2). Spinel is generally rich in zinc,
containing more than 86 mole% ZnAl,O, compo-

‘nent (Tab. 2; Fig. 3). Its average FeAl,O, compo-
nent ranges from 1.6 to 8.9 mole%, whereas the
MgAl,O, component is < 2.0 mole % (Tab. 2). Av-
erage NiAl,O, and CoAl,O, components amount
up to 2.8 and 3.8 mole%, respectively, The blue-
coloured spinel in the staurolite-bearing samples
(SA22B, 22B1 and 99) is richer in Co than the
spinel in the chloritoid-containing samples (Fig.

4). The Co may have been inherited from the de-
composing staurolite, which contains up to 0.55
wt% CoO. Central portions of large, first-genera-
tion spinel crystals dispersed in the matrix usually
have the lowest Co (and Ni) content, although
some exceptions have been found.

The Samos gahnite belongs to the most zincian
spinels reported in the literature (e.g., SANDHAUS
and CRAIG, 1986; FROST, 1991). Gahnite analyzed
by YALCIN et al. (1993) from the diasporites of the
Menderes Complex compares in ZnAl,O, and
MgAl, O, components with that from Samos but
contains only trace amounts of Ni and Co, there-
fore plotting near the Zn-Fe?* base-line in fig-
ure 3.
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Fig. 4 Compositional variation of Samos gahnite and zincohtgbomite in terms of a molar (Fe?*+ Mg + Mn + Zn)-
Ni-Co diagram. Dashed line in (a) separates gahnite and zincohégbomite analyses. Tie-lines in (b) connect average

compositions of closely associated gahnite and hogbomite.

ZINCOHOGBOMITE

All hégbomite analyzed in this study contains
> 50% Zn endmember, justifying its classification
as zincohdgbomite (OCKENGA et al., in prep). Fur-
thermore, it is characterized by the presence of
variable amounts of Fe, very small amounts of Mg
(£0.45 wt% MgO) and significant amounts of Ni
and Co (Tab. 3; Figs 3 and 4). The NiO content
shows a considerable spread, ranging from 1.27
wt% in sample AFS1C up to 4.57 wt% in sample
SA22B1. The CoO content is in the range
0.31-1.28 wt%. The abnormally high SiO,content
of hégbomite in samples SA22A2 and 22B is most
likely due to contamination of the EMP analyses
with fine-grained silicate inclusions. Hence SiO,
was ignored in calculating the structural formulae.
The analyzed hégbomites can roughly be divided
in low-Ti (5.6-7.3 wt% TiO,} and high-Ti
(9.6-10.5 wt% TiO,) types (Tab. 3 and Fig. 5). Ox-
ide totals of the hogbomite analyses are below
100% (95.5-98.7 wt%) with total iron expressed
as ferrous. This deficit can only partly be explained
by high ferric iron and may also be related to the
presence of light elements such as H, Li and Be
that are not detectable by EMP. Heavy elements

known to occur in hogbomite {e.g. Sn, Zr) have
been sought by WDS element scans but were not
detected in significant amounts.

There is no general agreement whether the
hégbomite structure contains hydroxyl groups or
not (see discussions in GREw et al., 1987; PE-
TERSEN et al., 1989; VISSER et al., 1992). Hence no
consensus exists how to calculate structural for-
mulae. In addition, the occurrence of various
hexagonal (nH) and rhombohedral (nR) struc-
ture types (MCKIE, 1963; GATEHOUSE and GREY,
1982; PETERSEN et al., 1989) and apparently high-
ly variable Fe?*/Fe?* ratios (unknown from EMP
work) complicate precise understanding of the
mineral chemistry of hogbomite. ZAKREWSKI
(1977) suggested an anhydrous simplified hog-
bomite formula of Rg,,Ti,R$0;,, where R* =
Fe? Mg, Zn,Ni, Co and R* = Al, Fe**, Cr, V**. This
normalization scheme, which vields for x =1 a for-
mula of R%TiR3;0O;,, has been widely used since
then. GATEHOUSE and GREY (1982) refined the
crystal structure of an 8-H type and found an oc-
cupancy of 22 cations and an anion composition of
(30 O + 2 OH), corresponding to composition
R TIRYO54(OH),.

Structural formulae of the Samos zincohog-
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bomites calculated according to the anhydrous
ZAKREWSKI (1977) formula are listed in table 3.
The normalization results in 1.00-1.27 Ti atoms
per formulae unit (p.fu.) for the low-Ti hog-
bomites. For the high-Ti hogbomites, Ti is between
1.64-1.77 atoms p.fu. In the Ti- and Ni-rich (Fe-
poor) hogbomites of samples SA22B and 22B1 it
1s impossible, even with all iron expressed as fer-
ric, to fill completely the R3* sites, as is assumed in
ZAKREWSKI'S model (Tab. 3). Such apparent posi-
tive charge deficiency could result from the pres-
ence of unanalyzed light cations, so that the ap-
plied normalization may be inappropriate for
these hogbomites. Because the low-Ti hogbomites
are compositionally close to the R:Z*TiR30;,
(OH), stoichiometry found by GATEHOUSE and
GREY (1982) for an 8-H polytype, a normalization
on the basis of 22 cations and 31 oxygens (assum-
ing 2 OH) is included for comparison in table 3.
The latter results in slightly lower Ti (0.96-1.23
atoms p.f.u.) and in significantly higher Fe3/Fe?*
ratios than the ZAKREWSKI (1977) normalization.

The variation in Ti of the individual hégbomite
analyses is graphically illustrated in figure 5. Al-
though it may result in overestimated R?*/Ti ra-
tios, total iron is used in the diagram, because cal-
culation of Fe*/Fe?* ratios from EMP data is high-

ly uncertain without knowledge of OH and va-
cancy contents of the hogbomite (cf. Tab. 3). The
diagram of figure 5 suggests that the Samos hdg-
bomite varies primarily in composition by way of
(Fe,N1,Co),Ti ;1 ; (and possibly Fei*Ti ;d ) sub-
stitution, whereas Zn is fairly constant. The latter
may indicate that the associated gahnite essen-
tially buffered the Zn content of hégbomite. In
figure 5, the low-Ti hogbomites plot fairly close to
RZ*Ti and RZ*'Ti stoichiometries. The first compo-
sition is obtained by substituting x = 1 in ZA-
KREWSKI’S model, whereas the second one corre-
sponds to that of the 8-H polytype determined by
GATEHOUSE and GREY (1982). The high-Ti hog-
bomites plot around RZ%*Ti,; stoichiometry, ob-
tained by substituting x = 1.5 in ZAKREWSKI'S
model.

Considerable chemical variation, notably in
TiO,, has been encountered in many EMP studies
of hogbomite (e.g., PETERSEN et al., 1989; GREW et
al., 1990). Such compositional heterogeneity may
indicate that the rocks have failed to equilibrate
on the scale of a thin section. Alternatively, it may
imply that different structural types of hogbomite,
each characterized by its own chemistry (PE-
TERSEN et al., 1989; VISSER et al., 1992), are pre-
sent in the samples. Intergrowths of various struc-

SAMOS:

MENDERES:

A AFS1C O SA22B Ockenga, 1989&1993: + Yalgin et al.
m SA22A1 ® SA22B1 X E-Samos 1993
O SA22A2 o SA99 & W-Samos .
B SA22A32 Ti \
72\ N N N\ [A N N FAY /io
Q
24 s
R5 T11.5 .
80 / \20
RE Ti \
R:* Ti i
90 T, . 10
7 v/ v v v v vy VAR VAR, -
n 10 20 30 40 50 Fetot +Mg

+Mn+Ni+Co

Fig.5 Compositional variation of Samos and Menderes hégbomite in terms of a molar Zn—(Fe,,, + Mg + Mn + Co
+ Ni)-Ti diagram. Dashed lines indicate various theoretical hdgbomite compositions (see text).
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tures on a submicron scale, possibly also with in-
tercalated spinel layers (SCHMETZER and BER-
GER, 1990), could then explain the variation in
hégbomite composition within samples. This pos-
sibility could be tested by detailed TEM and AEM
studies of petrologically well characterized hog-
bomite.

Unfortunately, the crystal structure(s) of the
studied zincohdgbomite could not be determined,
as the minor amounts of hogbomite (frequently
intergrown with gahnite) hamper separation of
enough material for X-ray diffraction studies.
OCKENGA et al. (in prep.) determined a 8H struc-
ture for a zincoh6gbomite from the emery deposit
of W-Samos. Its chemical composition best match-
es the low-Ti type of the present study (OCKENGA,
personal comm.), making a 8H structure for the
latter also plausible.

The studied zincohégbomites contain 21.8-
234 wt% ZnO, corresponding to 64.1-79.6
mole % Zn% ,, Ti,R3* Oy, endmember according to
ZAKREWSKI'S normalization (Fig. 3; Tab. 3). They
are probably the most Zn-rich ones yet reported,
being more zincian than hégbomites associated
with metamorphosed sulphide deposits (e.g., PE-
TERSEN et al., 1989; SPRY and PETERSEN, 1989).
The compositions of the most zincian hégbomites
from the Menderes metabauxites (from dias-
porite) match those of the most iron-rich ones of
the present study but the majority of the
Menderes hogbomites (from emery) is poorer in
Zn and richer in Fe (YALCIN et al., 1993; see Fig.
3). This compositional trend is consistent with the
observation of YALCIN et al. (1993) that hog-
bomite will be enriched in Fe and impoverished in
Zn (and Ti) with increasing grade in a
metabauxitic paragenesis. Chemical data for
Samos hogbomite reported by OCKENGA (1989,
data in YALCIN et al., 1993) also follow the trend;
the two analyses of hdgbomite from diasporite
(E-Samos) compare to those of the present study,
while the analysis of hogbomite from emery (W-
Samos) compares to that of the emery-grade
Menderes hogbomite (cf. Figs 3 and 5).

Variable amounts of Ni and Co occur in the
Samos hogbomite (Fig. 4). The highest Ni concen-
trations are measured in the hégbomite of sample
SA22B1, containing on average 4.6 wt% NiO
(16.7 mole% Ni-hogbomite). Nickel is typically
present only in trace amounts in hogbomite analy-
ses reported in the literature. Hégbomite being
that rich in Ni as in the Samos samples is unknown
to the author. The Samos hogbomite contains up
to 1.28 wt% CoO (4.5 mole% Co-hdgbomite). Up
to 6.97 wt% CoO was reported by CECH et al.
(1976) for a hogbomite from Zambia associated
with cobaltoan staurolite.

OTHER MINERALS

The chemistry of the other phases occurring in the
samples studied (Tab. 1) is only briefly discussed
in the present report. A more complete descrip-
tion will be given in a following paper on Zn-rich
mineral assemblages in greenschist-grade Aegean
metabauxites that is particularly focused on Zn-
rich staurolite and its reaction relations (FEENS-
TRA and OCKENGA, in prep.).

Compositionally, chloritoid is very similar in
the three chloritoid-bearing samples studied. It is
composed of 82-83 mole% Fe-, 10-11 mole%
Mg-, and 4-5 mole % Mn-endmember. Zn, Ni and
Co occur in minor amounts, each constituting
< 1.5 mole % of their respective endmembers. The
chloritoid is strongly enriched in manganese rela-
tive to spinel, hogbomite and staurolite, whereas it
is very poor in zinc (< 0.27 wt% ZnO) compared
to these minerals.

Compared to chloritoid, staurolite is much
more variable in composition. Its mineral chem-
istry is dominated by the Zn-endmember (X, =
0.59-0.77). The mole fraction of Fe ranges from
0.07 to 0.28, whereas X, and Xy, are less than
0.043 and 0.015, respectively. The Samos staurolite
contains up to 1.12 wt% NiO (Xy; = 0.079) and
0.55 wt% CoO (X, = 0.046).

Diaspore, rutile and calcite occur in all samples
and are essentially pure phases. Diaspore contains
between 0.2 and 0.7 wt% Fe,O5; some abnormal-
ly high TiO, values (up to 0.7 wt% ) are most like-
ly due to incorporation of tiny rutile inclusions.
Rutile contains up to 0.6 wt% Cr,O; and 1.3 wt%
Fe,O;. Calcite typically contains less than 0.4 wt%
FeO, 1.6 wt% MgO and 0.1 wt% MnO. Its ZnO
content varies between 0.1 and 0.35 wt%. Inclu-
sions of calcite in spinel tend to be richer in MnO
(up to 1.5 wt%) and ZnO (up to 1.1 wt%), but as
the size of the inclusions is < 20 pm (see e.g., Fig.
2C), the higher Zn content may largely be due to
edge effects with the gahnite host during EMP
analysis.

Element partitioning between gahnite
and hiogbomite

Hoégbomite and gahnite, which span a consider-
able range in Fe-Zn—Mg substitution in the ana-
lyzed samples, display a systematic Fe-Zn and
Fe-Mg distribution (Fig. 6 b—e), with hdgbomite
always being the more Fe-rich phase. The Ni—Co
partitoning between both oxides (Fig. 6a) shows
considerable scatter but hégbomite generally has
a strong preference for Ni (see also Fig. 4). Gah-
nite and hégbomite grains may differ in composi-
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tion in various parts of the thin sections; in these
cases averages for adjacent gahnite and hog-
bomite in the various domains have been plotted
instead of an average for the whole thin section. It
should also be noted that thin sections SA22A1,
22A2 and 22 A32, which were all cut from a single
=~ 10 - 15 - 25 cm? large sample, contain composi-
tionally different gahnite and hégbomite. Never-
theless, the Fe—-Zn—-Mg partitioning between both
oxides appears regular, demonstrating that, at
least on a mm-scale, chemical equilibrium has
been attained.

As discussed above, estimation of Fe**/Fe?* in
hégbomite from EMP data is highly problematic.
Least squares regression of the hégbomite-gah-
nite Fe?*/Zn and Fe**/Mg distribution data results
in regression lines intersecting the y-axis at nega-
tive values (dashed lines in Figs 6 b and d). Given
that gahnite contains insignificant Fe’* (Tab. 2),
this most likely reflects the fact that the Fe’* con-
tent of hogbomite was underestimated in the cal-
culation of structural formula after ZAKREWSKI
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(1977). The extreme case, in which all Fe is as-
sumed to be ferrous in hégbomite, is shown in fig-
ures 6 c and e. As expected, this results in regres-
sion lines intersecting the y-axis at positive values
(dashed lines), providing support that Fe?* is over-
estimated in hogbomite. Although it is clear that
direct determination of the Fe**/Fe?* ratio in hog-
bomite is a prerequisite for deriving precise parti-
tioning data with other phases, the present results
for low-grade rocks are quite useful for testing the
temperature dependance of the Fe-Zn and
Fe-Mg partitioning between hogbomite and
spinel.

A considerable amount of data have been re-
ported in the literature on the Fe-Zn-Mg par-
tioning between hégbomite and spinel in amphi-
bolite to granulite facies rocks. A selection, in-
cluding only hogbomite with > 2.0 wt% ZnO, is
compared with the Samos data in figure 7. For rea-
sons discussed above, it was decided to use total
iron in the partitioning diagrams, resulting in max-
imum K, values as hogbomite generally appears
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to have higher Fe*/Fe?* than the associated spinel
(e.g., PETERSEN et al., 1989; VISSER et al., 1992; ref-
erences given in Fig. 7). Figure 7 shows that Fe—Zn
and Fe-Mg fractionation between hégbomite and
spinel is significantly stronger in the low-grade
Samos diasporites than in the higher grade rocks.
Whereas the distribution coefficient Kpfiotzr =
[(Fe/Zn)ho/(Fe,,/Zn)sp] falls in the range 46
for the Samos rocks, this K, is chiefly around 2 for
the amphibolite and granulite facies rocks. Simi-
larly, KpfietMe = [(Fe,,/Mg)ho!/ (Fe,/Mg)sp] falls
in the range 2-3 for the Samos rocks and is around
one in the high-grade equivalents (see also PE-
TERSEN et al., 1989). The data for coexisting hog-
bomite and gahnite in the Menderes metabaux-
ites (YALCIN et al., 1993), i.e. from comparable
rocks only slightly higher in grade than the Samos
ones, plot in line with Samos in figure 7a but fol-
low the trend for high-grade rocks in figure 7b.
The latter could relate, however, to the very minor
and somewhat fluctuating MgQO contents of the
Menderes minerals, introducing large uncertain-
ties in the plotted Fe, /Mg ratios. Although the el-
ement distribution between hogbomite and spinel
depicted in figure 7 may be obscured by "disre-
garding" ferric iron (particularly in hogbomite) as
well as any compositional dependence of Ky, (the
Samos hégbomite and spinel are abnormally rich
in Zn compared to most other data), the observed
pattern provides support that it may have geo-
thermometric potential.

Petrogenetic evolution

The (semi)pelitic and basic rock compositions of
the Vourliotis unit (Fig. 1} show clear mineralogi-
cal evidence that they have been affected by an
early high-P and later medium-P metamorphic
event (CHEN, 1992: FEENSTRA and PETRAKAKIS, in
prep.). For the intercalated diasporites this will
imply a similar polymetamorphic P-T-t evolution.
Texturally, Zn-staurolite and chloritoid are early
phases, supporting an origin during the high-P
metamorphism. Gahnite played a complex role in
the petrogenesis of the studied rocks. As indicat-
ed by corroded gahnite inclusions in Zn-staurolite
of the Samos (and Naxos) metabauxites (FEEN-
STRA and OCKENGA, in prep.), it was an early min-
eral and possibly the main Zn-providing phase in
the Zn-staurolite-forming reaction. On the other
hand, a second generation of small blue-coloured
gahnite grains locally developed by partial break-
down of staurolite during the medium-P over-
print. In chloritoid-bearing samples, the first-type
gahnite is in textural equilibrium with chloritoid,
suggesting that gahnite-chloritoid was a stable as-

semblage during both the high- and medium-P
events. The extreme Zn-rich compositions mea-
sured in cores of large first-generation gahnites
may represent relics of the high-P event. In the
staurolite-bearing samples, the marginal parts of
the first-type grains match in composition the sec-
ond-type (homogeneous) gahnite grains, suggest-
ing that the first-generation has marginally equili-
brated during the medium-P event.

THE ZINCOHOGBOMITE-FORMING
REACTION

Textural observations generally indicate that zin-
cohdgbomite crystallized during the medium-P
metamorphism. It developed at the expense of
both the first and second generation gahnite. In
staurolite-bearing samples, hégbomite formation
was coeval with, or slightly later than the the par-
tial replacement of Zn-staurolite by second gen-
eration spinel, white Na—K—-Ca micas and rare Ni-
rich chlorite. In the other samples, a spatial rela-
tionship between hogbomite and white micas is
also common.

Rutile, occurring in minor amounts in all sam-
ples (occasionally in the hégbomite-spinel inter-
growths) may largely have provided the titanium
contained in hogbomite. Hematite that is strongly
altered to Fe-hydroxides (containing < 1.5 wt%
TiO,) is present in traces in most samples (Tab. 1).
It is likely that the primary hematite was more ti-
taniferous, like in sample SA22A32 containing
"fresh" Ti-hematite with 6.2-6.8 wi% TiO, (11-13
mole% ilmenite in solid solution). In the latter
sample, Ti-hematite is a major phase, so that here
hematite may have supplied significant Ti (and
Fe) for the growth of hogbomite.

The close association of zincohdgbomite with
gahnite in the Samos samples indicates a similar
(but more complicated) reaction as proposed by
YALCIN et al. (1993) for the formation of zincian
hégbomite in the Menderes metabauxites. They
observed that minor gahnite, coexisting with Ti-
hematite and rutile, is common in Menderes dias-
porites metamorphosed at T = 360-430 ° C and P
==5kb. With increasing grade, the Menderes gah-
nite reacts to zincian hogbomite, leading to the
disappearance of gahnite at emery grades (T =
430-500 ° C). YALCIN et al. (1993) proposed that
the formation of hogbomite, taking place from
temperatures of ~ 400 °C onwards, can be approx-
imated by the following reaction in the subsystem
Fe-Zn-Ti-Al-H-O:

gahnite + diaspore + Ti-hematite + rutile
= hégbomite + H,O + O, (a)



88 A.FEENSTRA

AFS1C TiO, gRutile
SA22A1
SA22A2
SA22A32
SA22B
SA22B1 ]
SA99

+Al,O 4, Si09, HO
204 | 80

@ OBO WD

40 60

60 | 40

: > o . S - .E;J:::: Cld
Tt L 80
ZnO Gahnite 20 Staurolit‘é0 %0 . FeOrot +MgO
Rutile +MnO+NiO+CoO

»FeO+ot +MgO

Zn0 +MNO+NiO+Co0

Fig.8 Schematic ZnO—(FeO,, + MgO + MnO + NiO + CoQ)-TiO, diagram depicting phase relations pertinent to
the formation of zincohtgbomite. Lower diagram is enlargement of ZnO corner of upper diagram. For clarity only
tie-lines towards zincohbgbomite are shown. Dashed tie-lines towards Zn-staurolite and hematite indicate that it is
uncertain whether hégbomite is in equilibrium with these phases (see text).



ZINCOHOGBOMITE AND GAHNITE IN METABAUXITE FROM EASTERN SAMOS (GREECE) 89

In essence, textural evidence (Fig. 2) and
chemical data (i.e. hogbomite is systematically
higher in Fe/Zn and Fe/Mg than gahnite; see Figs
3,6 and 8) support reaction (a) in the Samos dias-
porites. The actual reaction, however, was more
complex and partly different, because the Samos
rocks are very poor in Fe and contain significant
Ni and Co. Futhermore, the role of associated
chloritoid and/or staurolite should also be consid-
ered.

Whereas Ti-hematite is an abundant (excess)
phase in the main mass of the Menderes and
Samos metabauxites, the studied samples typical-
ly contain only traces of (altered) Ti-hematite (ex-
cept SA22A32) and two samples are devoid of
hematite (Tab. 1). Contrary to a normal meta-
bauxitic composition, where gahnite will deter-
mine the quantity of hogbomite formed by reac-
tion (a) (see YALCIN et al.,1993), Ti-hematite may
have played this role in the present samples. Al-
ternatively, it may be argued that the Samos sam-
ples (except SA22A32) are not truly saturated
with Ti-hematite, so that iron contained in hog-
bomite has been derived from other phases. The
schematic phase diagram of figure 8§ allows the
formation of hégbomite from gahnite + rutile +
chloritoid. In rocks, in which chloritoid dominates
modally over hogbomite, such a reaction may be
continuous, leading to Mg (Mn) enrichment in
chloritoid, coupled with minor formation of mar-
garite (the Ca of which is supplied by calcite). The
continuous reaction, which is supported by EMP
data and textures showing (minor) marginal re-
placement of chloritoid by submicroscopic aggre-
gates of white K-Na—Ca micas, can be approxi-
mated as follows:

gahnite + rutile + Fe-rich chloritoid + calcite
= hégbomite + Fe-poorer chloritoid
+ margarite + H,0O + CO, (b)

Figure 8 shows that formation of hogbomite
from gahnite + rutile + staurolite is possible in
sample SA99. In the other three staurolite-bear-
ing rocks (SA22A32, 22B, 22B1), staurolite is
slightly higher in X, than hégbomite, so that for-
mation of hdgbomite from staurolite + rutile + Ti-
hematite/chloritoid would be possible. As hog-
bomite has never been seen in contact with stau-
rolite and only sparsely occurs in the vicinity of
staurolite, it seems unlikely that (partial) break-
down of Zn-staurolite was crucial for hégbomite
growth, the more so as hégbomite is not restrict-
ed to staurolite-bearing samples (Tab. 1). Overall
textural evidence and element partioning be-
tween hogbomite and staurolite (cf. Fig. 8) even
suggest that hogbomite is partly out of equilibri-
um with staurolite in the studied samples.

In summary, textural and chemical data indi-
cate that zincohdgbomite formed primarily from
gahnite, rutile and Ti-hematite/chloritoid. Dias-
pore, which is present in excess in all samples, may
have participated in the reaction, and, in case
chloritoid was a reactant, minor margarite (not
shown in Fig. 8) may have formed concurrently
with zincohdgbomite [reaction (b)]. The precise
zincohdgbomite-forming reaction is, however, dif-
ficult to quantify, because of the complexity of the
rock system, requiring the components Si, Mg, Ni,
Co, Ca and C in addition to those for model reac-
tion (a) in the Fe-Zn-Ti-Al-H-O system.

CONDITIONS OF ZINCOHOGBOMITE
FORMATION

Unfortunately, experimental data on the stability
of hogbomite and its phase relations are lacking.
However, the associated minerals provide useful
information on the physical conditions of hog-
bomite growth. Phase relations in the AlLQO;-
Si0,-H,0 system are important P-T monitors for
the metamorphism of bauxites. Figure 9a shows
the reaction relations between diaspore, corun-
dum, quartz, kaolinite, pyrophyllite and Al-sili-
cate. The diagrams of figures 9 a and b were cal-
culated with the program MacPTAX (University
of Berne, 1991) using GE@-CALC software
(BERMAN et al., 1987; BROWN et al., 1988). An up-
dated version (BERMAN and ARANOVICH, 1996) of
the database of BERMAN (1988) was used in the
thermodynamic computations.

As zincohdgbomite coexists with diaspore and
not with corundum, the diaspore-corundum dehy-
dration reaction gives a distinct upper tempera-
ture limit for hogbomite growth (Fig. 9a). The
phyllosilicates kaolinite and pyrophyllite are im-
portant P-T indicators; only minor amounts of
kaolinite have been detected by EMP in white
mica aggregates of samples SA22A1 and 22A32
(Tab. 1). If the kaolinite is truly part of the para-
genesis accompanying hégbomite, which is a mat-
ter of debate because kaolinite readily forms dur-
ing weathering and alteration of rocks (MURRAY,
1988), then maximum temperatures for hog-
bomite formation would be around 320 °C. Kyan-
ite + pyrophyllite + quartz occurs in chloritoid-
paragonite-muscovite bearing metaquartzitic
rocks of the Vourliotis unit (CHEN, 1992: FEENs-
TRA and PETRAKAKIS, in prep.). This assemblage
points to temperatures of 400430 °C under con-
ditions of Py, = Py, (Fig. 9a).

Textures suggest the stable coexistence of hog-
bomite with K-Na—Ca micas, which are common
in the vicinity of gahnite-hgbomite grains. Mus-
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covite-paragonite solvus thermometry, using the
calibration of BLENCOE et al. (1994) for quasibi-
nary Na—-K micas in medium-P (2-8 kbar) rocks,
yields temperatures of 270-320 °C from white mi-
cas closely associated with zincohdgbomite
{(FEENSTRA and OCKENGA, in prep.). This temper-
ature range fits in with the occurrence of "meta-
morphic" kaolinite, provided that water activity
was near unity in the Samos samples (Fig. 9). The
presence of minor margarite in most samples,
which may have formed by reactions (2) or (7) in
the calcite-dominated diasporites, also fits in with
temperatures around 300 °C under high water ac-
tivity (Fig. 9b). An alternative equilibrium for the
formation of margarite in the system FeO-TiO,—
Ca0-Al,0,-Si0,-H,0-CQO,, calculated for min-
eral compositions measured in sample SA22A32,
is also shown in figure 9b. As chloritoid and il-
menite-hematite were approximated as ideal sol-
id solutions, the position of equilibrium (8) may
be less certain than the positions of the reactions
in the Ca0O-Si0,~-Al,0,-H,0-CO, system. Nev-
ertheless, equilibrium (8) which is supported by

textural evidence in Aegean metabauxites
(FEENSTRA, 1985 and 1996), allows formation of
margarite from chloritoid + calcite at tempera-
tures of = 300 °C (at 5 kbar).

Pressure is poorly constrained by the mineral-
ogy of the studied rocks. With increasing pressure,
the margarite-producing reactions in figure 9b are
generally displaced to higher temperatures and
the stability field of margarite strongly decreases.
At pressures 2 9 kbar, margarite is no longer sta-
ble and replaced by assemblages involving kya-
nite + zoisite, so that this is an upper P limit for the
formation of zincohdgbomite.

In summary, muscovite-paragonite thermome-
try and related kaolinite and margarite suggest
that in the studied diasporite, zincohdgbomite
may have formed at temperaturs as low as =
300 °C (at 5 kbar) under high ay; .. If the kaolinite
is not part of the metamorphic paragenesis, then
temperatures of hogbomite growth may have
been higher but were, in any case, within the dias-
pore stability field (< 430 °C at 5 kbar).
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Discussion and concluding remarks

Gahnite and zincian hégbomite are common mi-
nor to accessory phases in the greenschist-grade
metabauxites of the Menderes Complex (YALCIN,
1987; YALCIN et al., 1993). Despite the study of
several hundreds of thin sections, FEENSTRA
(1985) did not detect these oxide minerals in the
greenschist-grade metabauxites of Naxos or other
Cycladic islands. The only exceptions are relictic
gahnite inclusions within Zn-rich staurolite occur-
ring in a Naxos metabauxite located slightly up-
grade of the diaspore-corundum isograd (FEENS-
TRA and OCKENGA, in prep.). On Naxos, minor
amounts of Fe—-Zn-Mg spinel, and more rarely of
Fe-Zn-Mg hégbomite, first become widespread
in the metabauxites at lower amphibolite-grade
conditions. The higher temperature of formation
is chemically reflected in the much higher Fe and
Mg contents and lower Zn contents of the Naxos
spinel and hégbomite as compared with those of
Samos and the Menderes Complex (cf. Fig. 7).
Textural evidence indicates that, like the second-
generation Samos gahnite, the Naxos spinel has
largely developed by breakdown of Zn-bearing
staurolite and that hégbomite developed by par-
tial replacement of Fe—-Zn-Mg spinel (FEENSTRA,
1985).

The scarcity of hogbomite in the greenschist-
grade metabauxites of the Cyclades could be re-
lated to the fact that minor amounts of it may have
been overlooked in thin section studies; optically,
fine-grained hogbomite somewhat resembles ru-
tile, which is ubiquitious in the lower-grade
Aegean metabauxites. For gahnite, typically form-
ing isotropic octahedral grains, this possibility
seems highly unlikely. The presence or absence of
gahnite and hogbomite thus most likely results
from differences in chemical compostion and/or
petrogenetic evolution between the Menderes,
Samos and Central Cycladic metabauxites.

In general, metabauxites are highly heteroge-
neous rocks, complicating chemical comparison.
YALCIN (1987) showed that the overall chemical
composition (including Zn content) of the
Menderes metabauxites largely resembles that of
the Naxos metabauxites. The average Zn content
of the Menderes metabauxites is 421 ppm (range
40-1653; YALCIN, 1987) and that of the Naxos
metabauxites 429 ppm (range 60-1025; FEENSTRA
and MAKSIMOVIC, 1985a). If the Menderes and
Naxos metabauxites have comparable chemical
compositions, then the occurrence of gahnite and
zincian hdgbomite in the former could relate to a
different metamorphic evolution. Whereas the
Naxos metabauxites have been affected by an ear-
ly Alpine high-P metamorphism followed by a

medium-P overprint (FEENSTRA, 1985 and 1996),
the Menderes metabauxites studied by YALCIN
(1987) only appear to have suffered Barrovian-
type medium-P metamorphism. This different
P-T-t path could indicate that incorporation of Zn
in common metabauxitic minerals is favoured by
increasing pressure, so that in the high-P
metabauxites of the lower grade zones of Naxos,
which only partially equilibrated during the medi-
um-P overprint (FEENSTRA, 1996), all Zn could
commonly be accommodated in minerals such as
chloritoid and Fe-Ti-oxides, whereas in the
Menderes metabauxites this was not always pos-
sible, resulting in additional trace amounts of gah-
nite and Zn-rich hégbomite.

Geochemical data for the samples of the pre-
sent study are not yet available but it is obvious
that their composition is not representative for
the bulk of the Samos and Aegean metabauxites.
In fact, the samples are not true bauxites but mix-
tures of limestone and bauxite, as reflected in their
high amounts of calcite (> 60% by volume).
Chemically, they are highly enriched in Zn, Ni, Co,
Y and REE and strongly depleted in Fe and Mg
(FEENSTRA and OCKENGA, in prep.), so that the
enriched elements, particularly Zn, can never be
incorporated in the common metabauxitic miner-
als.

Although the partial replacement of staurolite
and chloritoid by muscovite and paragonite sug-
gests that alkalis have locally been introduced
into the marginal parts of the studied diasporite
lens by late water-rich fluids, the overall petrolog-
ical evidence does not support a widespread
metasomatic activity. Hence it is most likely that
the Samos samples acquired their unusual bulk
composition during the pre-metamorphic stage.

FEENSTRA and MAKsSIMOVIC (1985b) studied
vertical profiles across greenschist- to amphibo-
lite-grade metabauxite lenses on Naxos and
demonstrated that vertical trace element distribu-
tion patterns characteristic for karstbauxites
formed in situ have survived metamorphism.
These patterns typically involve syngenetic down-
ward enrichment of Ni, Co, Zn, Mn, Cu, Pb, Y and
REE (e.g., MAKSIMOVIC, 1978; MAKSIMOVIC and
DE WEISSE, 1979). At the carbonate footwall of
karstbauxite deposits, these elements may be-
come enriched by factors of 10-100 relative to the
bulk of the bauxite. A similar pre-metamorphic
geochemical process may be envisaged to have
created the unusual bulk compositions on Samos,
because the Zn-, Ni- and Co-rich minerals typi-
cally occur at the lower contact between dias-
porite and marble. During subsequent metamor-
phism this then led to the local formation of Zn-
dominated (Ni-Co-rich) staurolite, spinel and
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hogbomite at metamorphic temperatures much
lower than typical for the occurrence of the
Fe-dominated members.
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