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SUMMARY 

This thesis presents the results of a petrological-mineralogical and 

geochemical study of the metamorphosed karstbauxites on the island 

of Naxos, Greece. The bauxites have been subject to an Eocene high

pressure metamorphism (M1), followed by a Late Oligocene-Miocene 

medium-pressure metamorphism (M2). P-T conditions during M1 were 

confined to the stability field of diaspore. Metamorphic conditions 

during M2 ranged from lower greenschist grade in SE Naxos to upper 

amphibolite grade in the central part of the island. The metabauxites 

cover this metamorphic interval and show the following characteristic 

mineral assemblages with increasing grade; diaspore-chloritoid, 

corundum-chloritoid, corundum-staurolite and corundum-green spinel. 

Relicts of the high-pressure M1-mineralogies are locally found in 

the metabauxites up to medium amphibolite grade M2-conditions. 

Microprobe studies indicate that the metabauxitic minerals are highly 

aluminous. Many minerals (e.g. chloritoid, staurolite, biotite, marga

rite) display a large compositional variation which is thought to 

reflect the initial chemical inhomogeneity of the bauxites. The 

petrological and chemical data provide strong evidence that chemical 

equilibrium was commonly attained on a local scale and that the meta

bauxites essentially behaved as closed systems during metamorphism. 

The restricted mobility of elements during metamorphism is also 

evident from the fact that vertical trace element patterns charac

teristic of non-metamorphosed karstbauxites have been preserved in 

the Naxos deposits after metamorphism. In chemical composition the 

Naxos metabauxites closely resemble Jurassic karstbauxites in Greece 

and Yugoslavia, supposing that this is their depositional age. 
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SAMENVATTING 

Dit proefschrift doet verslag van een petrologisch-mineralogisch en 

geochemisch onderzoek van de gemetamorfoseerde karstbauxieten van 

het eiland Naxos in Griekenland. De bauxieten zijn onderhevig geweest 

aan een Eocene hoge druk metamorfose (M1), gevolgd door een Laat 

Oligocene-Miocene metamorfose (M2) gekenmerkt door intermediaire druk

ken. Druk- en temperatuur-condities waren in het stabiliteitsveld 

van diaspore tijdens de M1-fase. De metamorfe condities tijdens de 

M2-fase liepen uiteen van lage groenschist-facies graad in zuidoost 

Naxos tot hoge amphiboliet-facies graad in het centrale gedeelte van 

het eiland. De metamorfe bauxieten omvatten dit metamorfe interval 

en vertonen met toenemende metamorfe graad de volgende kenmerkende 

mineraal-assemblages; diaspoor-chloritoid, korund-chloritoid, korund

stauroliet en korund-groene spinel. Overblijfselen van de hoge druk 

M1-mineralogie worden plaatselijk aangetroffen in de metabauxieten 

tot aan waar intermediaire amphiboliet-facies condities geheerst 

hebben tijdens de M2-fase. 

Microprobe onderzoek laat zien dat de metabauxitische mineralen zeer 

rijk zijn aan aluminium. Veel mineralen (bijvoorbeeld; chloritoid, 

stauroliet, biotiet, margariet) vertonen een grote variatie in samen

stelling. Deze variatie weerspiegelt de oorspronkelijke chemische 

inhomogeniteit van de bauxieten. De resultaten van de petrologische 

en chemische studies wijzen er duidelijk op dat chemisch evenwicht 

vaak op locale schaal bereikt werd en dat de metabauxieten zich 

grotendeels gedroegen als gesloten systemen tijdens de metamorfose. 

De beperkte mobiliteit van elementen tijdens de metarnorfose blijkt 

ook uit het feit dat kenrnerkende verticale sporenelernent patronen 

van niet-metamorfe karstbauxieten bewaard zijn gebleven in de Naxos 

metabauxieten na de metamorfose. De chemische samenstelling van de 

Naxos rnetabauxieten lijkt sterk op die van karstbauxieten van Jura 

ouderdom in Griekenland en Joegoslavie, en het is waarschijnlijk dat 

dit ook de stratigrafische ouderdorn is van de Naxos rnetabauxieten. 
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CHAPTER 1 

INTRODUCTION 

1.1 SCOPE OF THE STUDY 

Corundum-rich rocks (emeries) formed by regional metamorphism of 

bauxites are very rare on a world-wide scale. The classical example of 

such rocks is found on the island of Naxos (Aegean Sea, Greece) where 

the emery deposits have been of economic importance for several 

centuries. Numerous metabauxite deposits are locally enclosed within 

marble units of the Alpine metamorphic complex that dominates the 

geologic structure of this Cycladic island (Chapter 2, Figures 1 and 2) • 

Most metabauxites are irregular lenses with an average thickness of 

2-4 meter; in many places they occur in discontinuous horizons, but 

solitary deposits are also found. 

Detailed petrological and geochronological studies of the meta

morphic complex of Naxos have revealed its polymetamorphic character 

(Jansen and Schuiling, 1976; Jansen et al., 1977; Andriessen et al., 

1979). The rocks in the complex have been subject to an Eocene high

pressure metamorphism (M1-phase) followed by a Late Oligocene-Miocene 

medium-pressure metamorphism (M2-phase). The latter formed a Barrovian

type facies series, ranging from lower greenschist grade in SE Naxos 

to upper amphibolite grade in the central part of the island. Because 

the metabauxite deposits span this range in metamorphic grade, Naxos 

offers an unique opportunity to study the progressive metamorphism of 

karstbauxites. 

This thesis presents the results of a petrological-mineralogical 

and geochemical study of the metabauxitic rocks on Naxos. Chapter 2 

gives a detailed description of the petrology and mineralogy of these 

Al-excess rocks. Chapter 3 deals with the mineral chemistry of the 

metabauxitic phases and discusses the petrogenesis. 
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The two last chapters deal with the geochemistry of the Naxos 

metabauxites. In Chapter 4, whole-rock and trace element data are 

presented for the metabauxitic rocks and are discussed in the context 

of their mineralogy. Furthermore, it is examined if low- and high-grade 

metabauxite deposits differ in chemical composition and the Naxos 

deposits are chemically compared with non-metamorphic karstbauxites of 

Mesozoic age in Greece and Yugoslavia. Chapter 5 compares the variation 

in trace and major element chemistry across individual metabauxite 

lenses with that displayed by non-metamorphosed equivalents, in order 

to investigate how the karstbauxites have behaved during greenschist 

to amphibolite facies metamorphism. 

1.2 PREVIOUS WORK ON THE NAXOS EMERIES 

Discoveries of emery artifacts on other islands in the Greek 

archipelago indicate that the Naxos emery was already an export product 

in prehistoric and classical times. The most extensive exploitation of 

emery started in the first half of the 19th century when the world

demand for abrasives rose sharply as a result of the industrial 

revolution (Smith, 1850; Jackson, 1865). The mining took place mainly 

in the northeastern part of the island, where the emery horizons are 

best developed. The thick lenses of these horizons contain 50-80 % 

corundum by volume. Round 1900 the annual export of Naxos emery 

amounted to 5000-10000 tons (Papavasiliou, 1913). In spite of the 

significant emery reserves on Naxos, estimated to be much larger than 

the amount of emery mined out, the recent exploitation is hardly 

remunerative. This is mainly due to the fact that nowadays abrasives 

including corundum are easily made synthetically. 

The commercial type of Naxos emery received considerable attention 

at the turn of the century, when mineralogical and petrological investi

gations were made by Tschermak (1894) and later, Papavasiliou (1913). 

These authors were not familiar, however, with the existence of 

diaspore-bearing deposits in SE Naxos and they favoured a "pneumatoli

tic" origin for the deposits supposing that the Naxos emeries were 
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genetically related to the migmatitic-pegmatitic rocks on the island. 

This view was largely based on the local occurrence on Naxos of 

strongly tourmalinized emeries (with up to 30 vol.% tourmaline) and on 

the mineralogical similarity of the commercial Naxos deposits with the 

at that time well-known "igneous metamorphic" emery deposits in the 

Northeastern U.S.A .. These American deposits occur as pockets and veins 

along intrusive contacts of igneous with pelitic and ultrabasic rocks 

and were generally interpreted to have formed by combined magmatic and 

contact-metamorphic processes. Examples were reported from Chester 

(Massachusetts), Peekskill (New York) and Whittless in Virginia (see 

e.g., Jackson, 1865; Williams, 1888; Pratt, 1906). 

Another type of corundum-rich rock, already known at the time of 

Papavasiliou, is desilicated granitic pegmatite, usually found in 

places where pegmatites intersect ultrabasic rocks and have reacted 

with such silica-deficient rocks. The emeries of Chester are regarded 

to belong to this type by some authors; other examples are known, for 

example, from California, the Ural Mountains and Southern Africa 

(Pratt, 1906; Larsen, 1928). 

The existence on Naxos of this type of corundum rock was already 

noted by Papavasiliou (1909), who called this conspicuous rock "naxite". 

It is locally found in ultrabasic bodies near the migmatitic core of 

the island. The naxite is largely composed of corundum, anorthite, 

phlogopite and tourmaline with occasionally minor quantities of marga

rite, zoisite or kyanite. Although the mineralogical composition of 

"naxite" is similar to that of certain types of high-grade Naxos meta

bauxite, both rocks thus have a quite different origin. 

In 1951, Papastamatiou carried out a geological-petrological 

study of the commercial emery deposits in NE Naxos. He defenitely 

interpreted the emery deposits as metamorphosed karstbauxites. More 

recently, in their paper on metamorphism on Naxos, Jansen and Schuiling 

(1976) included a preliminary description of the petrology of the 

metabauxites. 

17 



1.3 OTHER METABAUXITE DEPOSITS 

In the southern Aegean region metamorphosed bauxites are not 

restricted to Naxos, but are also enclosed in marbles on nearby 

islands, on Samos, and along the western and southern margins of the 

Menderes-Complex in SW-Turkey (Chapter 2, Figure 1). The Aegean meta

bauxites will be discussed in Chapter 2 (section 2.3). They are thought 

to have a Mesozoic depositional age and it is likely that most of 

them are more or less stratigraphic equivalents. The Naxos deposits are 

supposed to be of Jurassic age on the basis of comparative geochemical 

studies with non-metamorphosed karstbauxites in Central Greece and 

Yugoslavia (Chapter 4). 

Farther to the east in Turkey, metabauxites containing both 

diaspore and corundum are known from the Alanya region in the Western 

Taurus and from the Adana region in the Eastern Taurus (Onay, 1949; 

De Peyronnet, 1966; Mergoil and De Peyronnet, 1968; Bardossy, 1982). 

The Taurus metabauxites are regarded to be of Permian age. 

Corundum-bearing metabauxites are quite uncommon rocks. Apart from 

the Aegean and Turkey, extensive emery deposits of definite bauxitic 

origin are, to my knowledge, only found in various regions of the USSR. 

Bardossy (1982) included a succint review of the metabauxite deposits 

of the USSR in his comprehensive book on karstbauxites. The most 

important ones are found in: the Tamdytau-Naratau-Turkestan-Aliysk 

Ranges (Soviet Central Asia), where they are of Carboniferous age 

(Sosedko, 1939); and in the Altay-Sayan Ranges and adjacent Daribi

Nura region (P.R. Monglia), where they probably are of Lower Cambrian 

or Precambrian age (Slukin, 1981). In Chapter 4 the trace element 

composition of the emeries of the Daribi-Nura region will be compared 

with that of the Naxos metabauxites. 

The metabauxites of the USSR and Taurus (Turkey) both appear to 

have older depositional ages than the Naxos metabauxites. Like the 

Aegean ones these deposits are nearly all intercalated with carbonate 

rocks and hence must be considered as metamorphosed karstbauxites. 

Frick and Coetzee (1974) explained the corundum-sillimanite 

deposits of Namaqualand (Union of South Africa) as bauxites 
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metamorphosed in the upper amphibolite facies. These deposits occur, 

however, as lenses in pelitic rocks. Moreover, they differ clearly in 

chemical composition from (metamorphosed) karstbauxites. 

Minor occurrences of corundum, some of gem-quality, may be present 

in aluminous carbonate rocks that have been affected by regional meta

morphism. In these marbles corundum is usually confined to AI-rich 

streaks that are most likely of lateritic origin. This type of corundum 

occurrence is known from several parts of the world: for example; 

Hunza, Kashmir (Okrusch et al., 1976); Sri Lanka and Northern Greece 

(Schuiling, personal comm., 1984); and also from Naxos (Jansen et al., 

1978). 

REFERENCES 

References for Chapter 1 are included at the end of Chapter 3. 
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CHAPTER 2 

PETROLOGY OF THE NAXOS METABAUXITES 

2.1 INTRODUCTION 

Metamorphosed karstbauxites occur as irregular lenses in marbles 

of the Alpine metamorphic complex of the island of Naxos in the Cycla

dic archipelago (Figure 1). Metabauxite deposits are fairly common on 

the island and are found in many places (Figure 2). The Naxos bauxites 

have been subjected to two major regional metamorphic events: an Eocene 

high-pressure metamorphism (M1) and a Late Oligocene-Miocene medium

pressure metamorphism (M2). P-T conditions during the M1-phase (glauco

phaneschist facies grade) were confined to the stability field of 

diaspore as indicated by the petrological studies of the metabauxites. 

During the M2-phase the bauxite deposits have been metamorphosed at 

conditions ranging from lower greenschist grade in SE Naxos to upper 

amphibolite grade in Central Naxos. During this phase the deposits have 

been transformed into emeries over most of the island, but in SE Naxos 

they remained diaspore-bearing (diasporites). In a 1-2 km wide 

transition zone between the two types, the metabauxites contain both 

diaspore and corundum (see Figure 2). 

This chapter describes in detail the petrology and mineralogy of 

the Naxos metabauxites. The mineral assemblages that have developed in 

these AI-excess rocks at the different metamorphic grades are reported 

and reaction relations between the metabauxitic minerals are discussed. 

In the first sections of the chapter the geology, petrology and meta

morphic history of Naxos and the Cycladic-Complex are outlined and the 

metabauxite occurrences in the Aegean region are reviewed with emphasis 

on their mineralogical composition. 
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Figure 1. Distribution of metabauxites and Mesozoic karstbauxites in 

the Southern Aegean, SW-Turkey and Central Greece. The metamorphic map 

of the Cyclades (inset) is from Van der Maar and Jansen (1983). 

Abbreviations are: dia = diaspore-bearing metabauxites; cor = corundum
bearing metabauxites; Cret = Cretaceous karstbauxites; Jur = Jurassic 
karstbauxites; Jur + Cret = Jurassic and Cretaceous karstbauxites; 
Mes = Mesozoic karstbauxites of which the exact age is unknown; PK = 
Parnassos-Kiona zone; AC = Attic-Cycladic Complex; B = pre-Alpine 
basement; 1 = M1 glaucophaneschist facies metamorphism; 2a = M2 green
schist facies metamorphism; 2b = M2 amphibolite facies metamorphism; 
2c = M2 migmatite; 3a = M3 granodiorite; 3b = M3 contact metamorphism; 
V = Pliocene volcanism. 
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2.2 GEOLOGY AND METAMORPHIC PETROLOGY OF NAXOS 

The geology and petrology of Naxos were studied in detail by 

Jansen (1973), Jansen and Schuiling (1976), Jansen (1977) and Jansen 

et al. (1977). 

Geologically (Figure 2), Naxos can be divided in (a) an Alpine 

regional metamorphic complex occupying the major part of the island, 

(b) a granodiorite which has intruded the metamorphic complex in the 

Late Miocene. and (c) minor undifferentiated rocks, mainly unmeta

morpho sed sediments and ophiolite suite rocks, in tectonic contact 

with the granodiorite and metamorphic complex. Contrary to the meta

morphic complex, the undifferentiated rocks show no contact-metamorphic 

imprint of the granodiorite, indicating that their juxtaposition post

dates the intrusion. 

The domed metamorphic complex is essentially composed of a 

sequence of alternating marbles and pelitic rocks. Marbles dominate in 

SE Naxos and pelitic rocks are most abundant in Central Naxos. Minor 

rock-types of the complex include amphibolites, quartzites, metaconglo

merates, metamorphosed ultrabasic bodies and the metabauxites. The 

geology of the metabauxite deposits will be discussed in section 2.4. 

According to Jansen et al. (1977) al least four successive Alpine 

metamorphic events have affected Naxos. The first two, the M1 and 

M2-phase, are most pronounced and of regional extent in the Cyclades 

(Van der Maar and Jansen, 1983). The other two phases, M3 and M4, are 

of local significance. All four phases were dated by geochronological 

investigations of Andriessen et al. (1979). 

The main metamorphic phase affecting Naxos, M2, formed a Barrovian 

facies series; the approximate range of M2-temperature was 400 to 700 

°C at a pressure of 5-7 kb. The highest temperatures were reached in 

the central migmatitic gneiss dome. From this high-grade core outwards, 

metamorphic conditions decrease rather regularly from upper amphibolite 

facies to lower greenschist facies. Consequently, the metamorphic pat

tern is essentially defined by concentric zones of decreasing meta

morphic grade around the migmatitic core. Jansen and Schuiling (1976) 

distinguished seven prograde metamorphic zones, mainly on the basis of 
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Figure 2. Generalized geological-petrological map of Naxos, Greece, 

showing the distribution of metabauxite deposits, metamorphic zones 

(roman numbers) and isograds. Geology after Jansen (1973), metamorphic 

zones and isograds (updated) after Jansen and Schuiling (1976) and 

Jansen et al. (1977). 

Zone Pelitic rocks Bauxitic rocks Isograd (Temp) 

I chl-ser zone dia-ctd zone 

II 

-----
chl-ser zone cor-ctd zone 

+ CORUNDUM (-420 °C) 

III bi-ctd zone 

-------

cor-ctd zone 

+ BIOTITE (-500 °C) 

IV ky zone cor-st zone 
+ STAUROLITE (-540 °C) 

VA ky-sill zone 

------

cor-sp zone 
+ SILLIMANITE (-620 °C) 

VB sil zone 

-------

cor-sp zone 
KYANITE (-650 °C) 

VI migmatic zone 
-----

not present 
+ MELTPHASE (-670 °C) 

chI chlorite; ser = sericite; dia = diaspore; ctd = chloritoid; 
cor corundum; bi = biotite; ky = kyanite; st = staurolite; sil 
sillimanite; sp = green spinel; Temp = estimated temperature of the 
isograd (see text); solid horizontal lines indicate the rock 
compositions in which the isograds were mapped. 

mineral assemblages in pelitic rocks. The zones are named after 

distinctive minerals or assemblages (see Figure 2). Isograds repre

senting specific mineral reactions delimit the zones, and estimates 

of isograd temperatures were obtained by comparing the natural mineral 

assemblages with relevant experimental data. The division and numbering 

of zones of Jansen and Schuiling (1976) is also adopted for the bauxi

tic rock composition and will be used throughout this thesis. For 

practical reasons, some of their zones will be combined, resulting in 
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a classification of the metabauxites according to increasing meta

morphic grade as follows: diaspore-chloritoid zone (I), corundum

chloritoid zone (11+111), corundum-staurolite zone (IV), and corundum

green spinel zone (VA+VB) metabauxites. No metabauxites have been found 

in zone VI. The distribution of metamorphic zones and isograds is shown 

in Figure 2; in the caption of the figure distinctive mineral assembla

ges for the various zones and estimates of isograd temperatures are 

given. The corundum and staurolite isograds are updated with respect 

to Jansen and Schuiling (1976) and Jansen et al. (1977). 

The effect of an earlier metamorphic event, M1-phase, characterized 

by high pressure (7-9 kb) and low temperature (400-480 DC) is well 

preserved in the mineralogy of the rocks from the southeastern part of 

Naxos. Here, in zones (I-II), glaucophane-bearing assemblages are 

common in pelitic and metavolcanic rocks. Since the M1-phase is of 

regional extent in the Cycladic-Complex (Van der Maar and Jansen, 1983; 

see Figure 1), it presumably affected the whole of Naxos. Evidence of 

the M1-phase, however, is only found as far as the upper part of zone 

IV; in zones (V-VI) the high M2-conditions probably have totally erased 

the M1-mineralogies. The petrological studies of the metabauxites in 

zones (I-II) indicate that they contained no corundum during the 

M1-phase. 

The intrusion of the granodiorite on western Naxos has imposed 

contact-metamorphism (M3-phase) on the metamorphic complex in an about 

1-km wide zone along the igneous contact. The contact-metamorphic M3

phase was of the andalusite-sillimanite type (p=--2kb) and formed, for 

example, andalusite in a few metabauxite deposits in the proximity of 

the igneous contact. 

The retrograde M4-phase (p=--1 kb, T = 250-350 DC) was most 

pronounced in the northwestern part of the island. Jansen et al. (1977) 

suggested that the M4-phase was induced by overthrusting of nappe piles 

onto the metamorphic complex. At present only some remnants of these 

nappes are found (Figure 2). Alternatively, Lister et al. (1984) inter

preted Naxos as a metamorphic core complex of Cordilleran type, implying 

that the undifferentiated rocks are part of a disrupted unmetamorphosed 

upper plate, from under which the metamorphic complex has been dragged 
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out by a process of Late Alpine extensional tectonics. Both tectonic 

processes are likely to cause retrogradation of the metamorphic 

complex, especially in upper levels near the thrust zone. 

On the ground of the distribution of mineral dates in the meta

morphic complex, Andriessen et al. (1979) assigned an age of 45 ± 5 Ma 

(Eocene) to the M1-phase and an age of 25 ± 5 Ma (Late Oligocene-Early 

Miocene) to the culmination of the M2-phase. Aplites and pegmatites 

relate~ to the granodiorite gave a Rb-Sr isochron of 11.1 ± 0.7 Ma 

and thus date the M3-phase at slightly older than 11 Ma. K-Ar dating 

of a pseudotachylite from W Naxos, formed on the thrust plane between 

the allochthonous units and the granodiorite, yielded an age of 9.9 

± 0.4 Ma. This date and four mineral dates of 10 to 9 Ma obtained in 

the northeastern and central part of the metamorphic complex may indi

cate that the M4-phase took place about 10 Ma ago. 

Van der Maar and Jansen (1983) supposed in a comparative study 

with los that the pelitic migmatic core of Naxos (approx. zone VI) is 

a remobilized pre-Alpine basement. The marbles enclosed in the migma

tite are not considered as part of the basement but are thought to have 

been emplaced into the migmatite dome during the high-grade M2-event. 

Despite an intensive search no metabauxite deposits were found in 

these marbles, while the marbles of zone VB, which in their view are 

stratigraphic equivalents, bear several metabauxites. This seems 

surprising, but it should be noted that the metabauxite deposits and 

horizons of Naxos are generally discontinuous and irregularly distri

buted. It is not impossible, therefore, that the marbles in zone VI 

are indeed devoid of metabauxites, or that metabauxites are present 

but not exposed. It seems unlikely that the high-grade M2-event has 

transformed metabauxites in zone VI entirely into rocks not recognizable 

as metabauxites. 

The structural geology of Naxos is only known in broad outline. 

On his geological map of Naxos, Jansen (1973) has well indicated the 

various lithological units, but he did not investigate in detail the 

structural geology. In their paper on Alpine tectonics on Naxos, Bonneau 

et al. (1978) presented several schematic profiles illustrating the 

geologic structures of the island. Unfortunately, their work is mainly 
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a reconnaissance study which gives little detail and does not include 

a structural map of Naxos. The most detailed study is of Hecht (1979) 

who has carried out a geological mapping (scale 1:10000) of the north

eastern part of Naxos, with the purpose of estimating the emery 

reserves on the island. 

Both Hecht (1979) and Bonneau et al. (1978) concluded that the 

early Alpine structural history of Naxos was characterized by extensive 

isoclinal recumbent folding and overthrusting (D1-phase). The recumbent 

structures of this major tectonic event, probably involving crustal 

shortening, range up to several kilometers in scale and have N-NNE 

orientated fold-axes. Besides D1, Bonneau et al. (1978) have distin

guished several younger, less intense, tectonic phases; for example, 

a D2-phase generating more open folds coaxial to those of the D1-phase. 

The D2-structures are well reflected on the geological map of Naxos by 

Jansen (1973). His map (cf. Figure 2) illustrates that the M2-isograds 

are essentially unfolded and intersect the D2-structures, suggesting 

that most folding on Naxos predated the M2 thermal event. 

The Late Miocene (post-M2) geodynamic evolution of Naxos involved 

rapid uplift of the metamorphic rocks (Andriessen et al., 1979; Altherr 

et al., 1982). Lister et al. (1984) supposed that this uplift was trig

gered by crustal extension and considered the striking N-NNE lineation 

pattern of the island as largely being due to subhorizontal bulk 

extension related to the operation of a major shallow-dipping shear 

zone along which the metamorphic complex has moved upwards. Since 

this Late Alpine extension is superimposed on the Early Alpine compres

sion, the structural geology of Naxos may be very complex and certainly 

requires more detailed study. 

THE CYCLADIC-COMPLEX AND ITS METABAUXITES 

Naxos forms part of the Attic-Cycladic-Complex; a metamorphic belt 

of Alpine age with a southern position in the Pelagonian zone of the 

Hellenides (Figure 1). The Attic-Cycladic-Complex is composed mainly 

of regionally metamorphosed and igneous rocks. Marbles, gneisses, 
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migmatites and various schists are the dominant rock types. Locally the 

crystalline rocks are tectonically overlain by units essentially 

consisting of unmetamorphosed rocks. The geological, petrological and 

geochronological information on the Cycladic-Complex has recently been 

summarized by several authors in geodynamic and metamorphic evolution 

models (e.g., Durr et al., 1978; Bonneau, 1982; Altherr et al., 1982; 

Van der Maar and Jansen, 1983). The last authors have emphasized the 

metamorphic history of los and Naxos in their synthesis. 

The rather constrasting metamorphic conditions over relatively 

short horizontal distances in the Cycladic-Complex can be explained 

by successive metamorphic events. In general, the "lower" crystalline 

unit of the Complex has been affected by two major Alpine regional 

metamorphic events: an Eocene high-PIT phase (M1), and a Late Oligocene

Miocene medium-PIT phase (M2). The numbering of phases corresponds to 

that used for Naxos in the preceding section. On los, Sikinos, and 

probably also Naxos, pre-Alpine metamorphic and magmatic rocks are 

exposed (Figure 1). The pre-Alpine basements, which are free of meta

bauxites, are strongly overprinted by the Alpine metamorphisms. 

The M1-phase ended about 40 Ma ago; it formed glaucophaneschist 

facies rocks, locally containing eclogitic lenses. Although the high

pressure assemblages are overprinted in varying degrees by subsequent 

metamorphic events, remnants of M1-mineralogies have been observed on 

nearly all islands in the Complex, implying that the M1-phase probably 

affected the whole Complex. 

The M2-phase reached amphibolite facies conditions with associated 

migmatitization in local thermal domes, as for example on Naxos and 

Paros. Throughout most of the Cyclades, M2 induced a greenschist facies 

overprint of the M1-assemblages (see Figure 1). 

On many islands in the Cycladic-Complex, the M2-phase was followed 

by intrusions of acid to intermediate rocks. The emplacement of the 

igneous rocks (in the Late Miocene) locally caused contact-metamorphism 

(M3-phase on Naxos). During the Late Miocene the Cycladic-Complex must 

have risen rapidly, since apatite fission track data (Altherr et al., 

1982) indicate that the crystalline rocks were already close to the 

surface 8-10 Ma ago. 
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On account of the available geochronological data for the Cycladic

Complex and new interpretations of its tectonic structure, the view 

that the crystalline rocks of the Complex as a whole would represent 

the pre-Alpine basement of the Pelagonian zone has been abandoned 

during the last decade. Accordingly, a Mesozoic stratigraphic is likely 

for a main part of the metamorphic rocks in the Complex. In the past, 

this view was occasionally expressed on the basis of lithological 

similarity of the marble-schist series in the Cyclades with fossili

ferous series in Attica and Euboea. Some authors also correlated the 

Cycladic metabauxites with the Mesozoic karstbauxites of Central 

Greece (Figure 1). 

In the Cycladic-Complex metabauxite deposits are found on several 

islands besides Naxos (see Figure 1). Staurolite-bearing emeries occur 

on SE Paros (Robert, 1982). Mineralogically, the Paros metabauxites are 

very similar to those of zone IV on Naxos, implying that M2-conditions 

were broadly the same in both places. Chloritoid-bearing diasporites 

are found on Iraklia, los and Sikinos (Van der Maar, 1979; Van der Maar 

et al., 1981). The present author has studied the metabauxites in the 

field as well as petrologically of all three islands and Paros. In 

Table their mineralogical composition is summarized and compared with 

that of the Naxos metabauxites. In mineralogical respect the meta

bauxites of Iraklia, los and Sikinos closely resemble the Naxos meta

bauxites of zone I, suggesting that they have been SUbject to fairly 

similar metamorphic conditions. The petrological studies indicate that 

no corundum has been formed in the metabauxites of Iraklia, los, 

Sikinos and SE Naxos during either M1- or M2-phase, so that the path 

they followed in P-T space was confined to the stability field of 

diaspore. 

Some emery, mostly as loose blocks, is found on the island of 

Ikaria (Durr et al., 1978). Metabauxite deposits are also known from 

Samos (De Lapparent, 1937; Mposkos, 1978). On E Samos the deposits are 

chloritoid-bearing diasporites, while the metabauxites of W Samos 

contain corundum together with primary diaspore and chloritoid. 

Mineralogically, the former can be compared with the metabauxites in 

zone I of Naxos, the latter with those in the diaspore-corundum 
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Table 1. Mineralogical composition of the southern Aegean and Menderes 
metabauxites. 

References 

corundum 

diaspore 

kyani te 

pyrophyllite 

(titan)hematite/ 
ilmeno-hematite* 

(ferrian) i1menite/ 
hemo-ilmeni te* 
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rutile 
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staurolite 

chlorite 
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tourmaline 
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Minerals are: X = major; 0 = minor or local; A accessory; (0) secondary; (0 

partly secondary; per = periclase 

Notes: *FeTi-oxide terminology according to Buddington et a1., 1963: (a) restricted 

to lower part of zone II; (b) restricted to specific margins of the deposits; (c) 

mainly present as inclusions; (d) margarite reported by De Lapparent (1937) was not 

confirmed by Mposkos (1978); (e) most abundant in zone V; (f) colourless to light brown 

References: (1) this study: (2) Robert, 1982; (3) Van der Maar, 1979: (4) Van der 

Maar et a1., 1981; (5) De Lapparent, 1937: (6) Mposkos, 1978: (7) Onay, 1949 
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transition zone of Naxos (cf. Table 1). Compared with Naxos the amount 

of metabauxite exposed on all cited Aegean islands is insignificant. 

Diasporic bauxites of Cretaceous age occur on the island of 

Amorgos (Minoux et al., 1980). The bauxites appear to have suffered 

only very low-grade metamorphism; they are, for example, devoid of 

chloritoid, which is ubiquitous in the other diasporic metabauxites of 

the Cyclades. Because of this difference in metamorphic grade and 

because Amorgos is considered to be composed of tectonostratigraphic 

units different from those of the central and southern Cyclades (Minoux 

et al., 1980; Bonneau, 1982), it is doubted whether the Amorgos bauxites 

can be correlated with the Cycladic metabauxites. 

Towards the east in SW Turkey, the Cycladic-Complex gradually 

passes into the Menderes-Complex, which essentially consists of a high

grade, partly migmatitic core surrounded by lower-grade schist and 

marble envelopes. The geologic constitution of the Complex resembles to 

a considerable degree that of the Cycladic-Complex (Durr et al., 1978) 

and a most striking similarity is the presence of numerous metabauxite 

deposits. The metabauxites occur in neritic marble series along the 

western and southern margins of the Complex (see Figure 1). They were 

for the first time mentioned by Smith (1850). Later, Onay (1949) made a 

detailed study of their petrology and he pointed out that the meta

bauxites at relatively close distance from the high grade core of the 

Menderes-Complex dehydrated to emeries, whereas the deposits farther 

away from the core remained diasporites. Onay also noted the existence 

of transitional types as found on Naxos and Samos. The mineralogy of 

the Menderes metabauxites, based on the work of Onay, is included in 

Table 1. The absence of staurolite and the widespread occurrence of 

chloritoid in the Menderes deposits suggest that they have been meta

morphosed at the utmost in the upper greenschist facies (Schuiling, 

1962). In mineralogical respect and probably also in grade, the meta

bauxites of the Menderes-Complex cover those of Naxos in zones (1-11

III). Menderes and Naxos metabauxites will be compared geochemically 

in Chapter 4. 

In summary, regionally metamorphosed karstbauxite deposits, 

diasporites as well as emeries, appear to be fairly common in the 
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southern Aegean region. These deposits, most of which are presumably of 

comparable stratigraphic age, are considered to be the metamorphosed 

equivalents of Mesozoic karstbauxites in the Balkan region (Durr et al., 

1978; Chapter 4 of this thesis). Detailed petrological investigations 

of the Cycladic metabauxites show that they were corundum-free diaspo

rites during the M1-event. During the M2-event the metabauxites present 

on Paros, Ikaria and the greater part of Naxos were transformed into 

emeries, while those on SE Naxos, Iraklia, los and Sikinos remained 

diasporites as a result of lower M2-conditions. 

GEOLOGY OF THE METABAUXITE DEPOSITS 

Although the total volume of metabauxite on Naxos in negligible in 

comparison with that of more usual rock-types like marble, metabauxite 

deposits are widespread on the island (cf. Figure 2). The deposits, 

which commonly have irregular lenticular shapes, range in thickness 

from a few centimeter up to about 8 meter; the average thickness is 

2-4 meter. Thin deposits tend to be sheet-shaped and mostly have a 

schistose appearance. 

Virtually all the metabauxites are enclosed in thickbedded calcitic 

marbles. Only at a few localities, mainly in SE Naxos, they are in 

contact with impure dolomitic marbles or calcite-bearing schists. 

Some deposits from the south of zones (I-II) seem to be reworked 

directly after the primary deposition, because they exhibit brecciated 

structures and contain carbonate fragments. In the lower-grade zones 

(1-11-111) the contacts between metabauxite and marble are commonly 

sharp. In the higher-grade zones (IV-V) metabauxite and marble are 

locally separated by a 5-50 em thick zone which is very rich in marga

rite and/or anorthite. These calcium-rich rims originated principally 

from Ca-metasomatism. The adjoining marbles of many high-grade meta

bauxites show a sacchoroidal recrystallisation over distances up to 

several meters away from the deposits. 

Most metabauxite deposits form part of discontinuous stratigraphic 

horizons, but solitary deposits which are difficult to correlate with 
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known horizons are also found. The horizons are approximately 

conformable with the surrounding marble units. The best developed 

metabauxite horizons, which include the largest emery lenses of the 

island, exist in the northeastern part of Naxos where they can be 

traced laterally over distances of several kilometers. The density of 

deposits and the geological structures suggest that the horizons 

initially contained more extensive deposits, which have been disrupted 

tectonically into smaller extended bodies. Although metabauxites with 

irregular shapes and other orientations are not uncommon, many deposits 

have their longest dimensions subparallel to the N-NNE structural 

pattern of the island. As a rule the marble beds wrap around the meta

bauxite "boudins" , which vary widely in size. Most deformation probably 

occurred during the diasporitic stage of the metabauxite deposits; as 

emeries they behaved as rigid rocks, especially the thicker lenses 

containing 50-80 % corundum by volume. Typical M2-minerals such as 

staurolite, biotite, magnetite and ilmenite are randomly oriented in 

the deposits, the thicker ones of which exhibit more or less parallel 

veinlets filled with coarse M2-minerals (e.g. margarite and kyanite) 

as well as retrograde minerals. These veinlets are likely to be of 

tectonic origin. The thinner metabauxite deposits (up to about 1 meter 

thick) have been deformed more strongly than the thicker ones. Most 

thin deposits are foliated and some show micro-folding. Up to zone V 

deformation is demonstrated by flattened pisoidic and banded textures 

in many metabauxites. 

CHEMISTRY OF THE METABAUXITE DEPOSITS 

It is obvious from the petrographic and field studies, as well as 

geochemical studies (Chapters 4 and 5) that the Naxos metabauxites are 

chemically inhomogeneous. Chemical inhomogeneity is common within 

individual deposits and differences in "average chemical bulk compo

sition" are common between the deposits, even between those of the same 

horizon. Of the major elements the (FeO+Fe 0 ) content is least variable2 3
and the main chemical variation is due to the Si0 and Al 0 contents

2 2 3 
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showing a clear inverse relationship. Thus Si0 -rich specimens (depo
2

sits) usually are relatively poor in A120 while their (FeO+Fe 0 )
3 2 3 

content compares to that of A120 -rich specimens (deposits).3
Within a deposit chemical heterogeneity is observed on different 

scales. Small-scale inhomogeneity (.1mm-10cm) consists of alternating 

layers or domains which may be relatively rich in A1 0 , Si0 (FeO+2 ,2 3
Fe20 ), (A1203+FeO+Fe203) or (Si02+FeO+Fe203 ). On the scale of a3
deposit, relative enrichment in either Si0 or (FeO+Fe203) of the2 
marginal parts, as well as more irregular variations in major element 

contents throughout the deposit are encountered. 

As chemical inhomogeneity on various scales is a rule rather than 

the exception for karstbauxites (Valeton, 1972; Bardossy, 1982), it is 

apparent that this feature of the Naxos deposits is mainly of premeta

morphic origin, and thus reflects textures (compositional layering, 

pisoids-ooids, concretions, brecciations, veinlets) inherited from the 

depositional and diagenetic stages of the bauxites. In all metamorphic 

zones chemical heterogeneity also results from various types of syn

metamorphic and retrogressive veinlets. In most metabauxites these 

veinlets have only local significance, but in some deposits, especially 

from zones (IV-V), they are abundant and may occur throughout the 

entire deposit. 

The presence of primary small-scale inhomogeneities such as pisoids 

and banding up to zone V indicates that migration of major elements was 

rather limited in the metabauxites during metamorphism. For trace 

elements this restricted mobility is demonstrated by the preservation 

in the Naxos deposits of vertical trace element patterns characteristic 

for karstbauxites formed in situ (Chapter 5). From the chemical studies 

of the metabauxites (Chapter 4), it is evident that on a H20-free basis 

the average composition of the corundum-bearing deposits (zones II-V) 

is virtually similar to that of the diaspore-bearing deposits (zones 

I-II) and also to that of the Jurassic karstbauxites in Central Greece. 

The chemical analyses only suggest that considerable amounts of 

volatiles have progressively been expelled from the deposits with 

increasing metamorphic grade, and that minor CaO and K20 have been 

introduced locally into the deposits of zones (III-lV-V). Thus the 
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metamorphism of the Naxos bauxites was essentially isochemical. 

Chemically the investigated specimens can roughly be divided in 

three types. 

(1) Commercial type. Commercial specimens are rich in A120 and
3 

poor in Si02 • They contain less than --10 wt% Si02 and are similar in 

composition to commercial grade karstbauxites. Mineralogically, the 

type is composed largely of corundum (diaspore) and FeTi-oxides, and 

contains less than 20-30 vol. % silicate minerals. The commercial type 

is characteristic for the main mass of the larger metabauxite deposits 

and represents the greater part of the metabauxite resources on Naxos. 

(2) Silica-rich type. Silica-rich specimens range from c~ayey 

bauxite (~10-20 wt% Si02 ) up to bauxitic clay (more than ~20 wt% 

Si02 ) in composition. Besides in Si02 , many samples are also relatively 

rich in MgO and K 0. FeMgAl-silicates (chloritoid, chlorite, staurolite,2
biotite), kyanite, and occasionally also muscovite, are important 

constituents. Corundum and FeTi-oxides occur less abundantly than in 

the commercial type. There is a large variation in modal percentages 

of silicates between various specimens, within specimens and even on 

the scale of thin sections. The silica-rich type of sample was collected 

from suitable parts of thick deposits as well as from thin deposits, 

which as a whole tend to be rather rich in Si02 • Part of the samples 

were collected on the dumps of emery quarries and mines (especially in 

NE Naxos). The silica-rich type is generally not considered commercial 

because of its comparatively low corundum content. It represents a minor 

part, estimated at 15-25 per cent of the total amount of metabauxite on 

Naxos. 

(3) Calcium-rich type. The CaO content of the type ranges up to 

13.0 wt% (Chapter 4). Most calcium-rich specimens are relatively rich 

in Si0
2

, many are in addition rich in K20 and/or Na20. In some cases 

the type has an unusually low (FeO+Fe 0 ) content. Mineralogically,2 3
the calcium-rich metabauxite is rich in CaAl-silicates (margarite, 

clinozoisite/epidote, anorthite) and in zones (I-II) in calcite. 

Kyanite, muscovite, paragonite and FeTi-oxides are regular and often 

abundant constituents. Corundum occurs in moderate to minor amounts. 

FeMgAl-silicates may be present, but commonly are minor constituents. 
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Thin metabauxite deposits which as a whole tend to be rich in calcium 

(and silica) are locally found in all metamorphic zones. For these 

deposits it is likely that they initially were already rich in calcium 

held in calcite that during metamorphism reacted with silicate minerals 

present to form the abundant CaAI-silicates (Chapter 4). In zones (IV_V) 

thick metabauxite lenses locally exhibit calcium-rich metasomatic 

margins. Petrological evidence indicates that calcium was introduced 

into such rims during metamorphism. High-grade metabauxites may also be 

rich in calcium due to the presence of abundant veinlets filled with 

margarite. Obviously "veinlet margarite" was chiefly formed with 

calcium introduced from the surrounding marbles during metamorphism 

and retrogradation. The calcium-rich specimens were collected from the 

outer parts of thick deposits as well as from thin deposits. Some of 

the specimens were collected on the dumps of emery mines and quarries. 

The calcium-rich type represents a subordinate part, estimated at less 

than 5 per cent of the total amount of metabauxite on Naxos. 

It should be noted that this type division is somewhat arbitrary 

and schematic. Transitions between the types are not uncommon. Due to 

small-scale variations in bulk chemistry, it is even possible that 

parts of a single specimen must be classified as different types. 

2.6 PETROLOGY 

In order to document the mineralogy and phase relations in the 

Naxos metabauxites, especially in relation to metamorphic grade, thin 

sections of about 640 specimens were studied. Because of the inhomo

geneous character of the metabauxitic rocks, several samples have been 

examined of most deposits. Some sample traverses across (thicker) meta

bauxite lenses were also included to investigate in detail the variation 

in mineralogy within individual deposits. 

In general, FeTi-oxides are important constituents of the meta

bauxites. Hartstra (1978) has studied the FeTi-oxides with reflection 

microscopy (and partly also by electron-microprobe) in about 140 meta

bauxite samples, mostly belonging to the commercial type. The present 
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author has examined the FeTi-oxides in polished thin sections of an 

additional 50 samples, chiefly involving silica- and calcium-rich 

types. 

Compositions of coexisting minerals have been determined by 

electron-microprobe in 53 samples. Although all primary minerals occur

ring in the metabauxites have been analyzed, the microprobe work was 

to some extent directed on FeMgAl-silicates (chloritoid, staurolite, 

chlorite, biotite), CaAl-silicates (margarite, anorthite, clinozoisite/ 

epidote) and white micas (paragonite, muscovite). The chemistry of the 

metabauxitic minerals will be discussed in Chapter 3. The overall 

information obtained from the numerous microprobe analyses and 

additional X-ray diffraction studies has been considered, however, in 

describing in subsequent sections the petrology of the metabauxites in 

the various zones. 

Characteristic as well as more rare mineral assemblages are listed 

in Appendix I*. Relatively few samples of the commercial and calcium

rich types are included in Appendix I; the listed samples are biased 

in favour of the silica-rich type. The latter type was emphasized 

because it displays the most interesting (low-variance) assemblages, 

especially in zones (III-IV). These silicate assemblages are more or 

less comparable to those found in pelitic rocks of corresponding grade. 

Instead of quartz, however, corundum (diaspore) is always present in 

excess and hence the coexisting silicate minerals must be saturated 

with aluminium. Compared to the silica-rich type, the commercial 

samples contain less silicate minerals. Usually their silicate 

assemblages are sub-assemblages of those in the silica-rich type. 

The silica-rich samples with abundant FeMgAl-silicates have a signifi

cantly lower modal volume of FeTi-oxides than commercial samples. In 

several cases such samples also contain fewer coexisting FeTi-oxides 

than commercial samples, which invariably contain two or three different 

FeTi-oxides. 

The samples in Appendix I are approximately arranged in order of 

increasing grade. By means of the coordinates the localities of the 

*Appendix I is included at the end of Chapter 3. 
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Figure 3. Metamorphic map of Naxos, Greece, showing the regional 

distribution of several aluminous minerals in metabauxitic and meta

pelitic rocks. Metamorphic zones and isograds as in Figure 2. 
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The distribution of several aluminous minerals in metabauxitic 

and pelitic rocks is shown in Figure 3. No occurrences of these 

minerals have been omitted from the figure, except where the sample 

density does not permit the individual occurrences to be plotted on 

the scale. 

The mineralogy of the metabauxites throughout the various meta

morphic zones is schematized in Figure 4. Retrograde minerals and 

minerals that are typically present in trace amounts (e.g. apatite) 

are not included in the diagram. For the distribution of these minerals 

the reader is referred to Appendix I. 

2.7 DIASPORE-CHLORITOID ZONE (I) 

The metabauxite deposits in the zone consist for the greater part 

of thin discontinuous layers (.1-2 m thick) embedded in commonly 

schistose marbles. Several thicker lenticular bodies occur and some 

deposits are adjacent to carbonate-bearing schists. 

The typical mineral assemblage is diaspore-chloritoid-titanhema

tite-rutile. Similar ooidic-pisoidic textures as occur in non-meta

morphosed karstbauxites (cf. Bardossy, 1982) are observed in most 

deposits (Plate I). The Naxos ooids-pisoids are tectonically disturbed 

and in many cases strongly flattened. The AI-rich shells of the pisoids 

predominantly consist of fine-grained yellowish diaspore, the more Fe

and Si-rich shells consist of fine-grained hematite and chloritoid. 

Chloritoid is by far the most common silicate mineral; it commonly 

makes up 10-25 % of the rock. The only other FeMgAl-silicate occasion

ally observed is chlorite; it occurs in minor amounts and textures 

suggest that chlorite is a secondary alteration product of chloritoid. 

In the non-pisoidic textures chloritoid occurs in radiate clusters and 

as individual medium-grained lath-shaped blasts with rutile, titanhe

matite and diaspore as inclusions. Abundant polysynthetic twinning and 

pleochroism are diagnostic optical features. The textures in most 

specimens suggest a pre-tectonic growth of the chloritoid, in some 

specimens the chloritoid appears to be syntectonic. 
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Plate r. Ooidic-pisoidic texture in diasporite consisting of fine

grained diaspore, chloritoid, titanhematite, muscovite and rutile. 

Lower photomicrograph shows a detail of a deformed pisoid rich in 

chloritoid and diaspore. Sample 203A (zone r). Plane polarized 

light. Scale bar is .25 mm in upper and .10 mm in lower photo

micrograph. 
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Along the outer rims and locally also within the central parts of 

the deposits, the assemblage chloritoid-calcite-diaspore-titanhematite

rutile is found. At localities where the metabauxites flank paragonite

carbonate schists, the chloritoid is typically paragonitized (Plate II). 

Paragonite is the most abundant mica in the deposits of zone I, and 

microprobe and X-ray diffraction methods reveal the presence of musco

vite. In a few samples trace amounts of margarite were detected. 

Veinlets (1-15 mm in width) are present in most deposits. Euhedral 

prismatic diaspore, calcite, and platy chloritoid crystals are the 

constituents of the veinlets; these minerals range up to several cm in 

size and are usually free of any inclusions. Texture and mineralogy 

suggest a primary origin, M1-phase or M2-phase or both, of the veinlets. 

A striking feature of some marginal parts of thicker metabauxite lenses 

is cubes filled with limonitic hematite in a fine-grained matrix of 

diaspore and white mica. The cubes, which measure up to 15 mm in size, 

are pseudomorphs after pyrite. 

In the south of zone I, a few thin schistose deposits, which are 

relatively rich in silica and poor in total iron, contain kyanite and 

pyrophyllite in addition to diaspore. The pyrophyllite is fine-grained 

and shows a platy habit, the kyanite occurs as deformed coarse-grained 

porphyroblasts with inclusions of diaspore, pyrophyllite and rutile 

(Plate III). The observed textures indicate that pyrophyllite and 

diaspore are mutually exclusive; kyanite-pyrophyllite and kyanite

diaspore seem to form stable mineral pairs. 

2.8 CORUNDUM-CHLORITOID ZONE (II+III) 

The diaspore-corundum transition 

The beginning of zone II is defined by the first appearance of 

corundum. Corundum formed according to the following reaction: 

diaspore = corundum + H20 (1) 

Typically, the first corundum is found in dark-blue veinlets (1-15 mm 
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Plate II. Paragonitisation of chloritoid. Minor muscovite, titan

hematite and rutile are also present in the matrix. Sample B537 

(zone I). Plane polarized light. Scale bar is .25 mm. 

Plate III. Assemblage kyanite-pyrophyllite-calcite. The cloudy 

appearance of kyanite is due to deformation. The small hematite 

grains in the fine-grained pyrophyllite matrix are pseudomorphs 

after pyrite. Sample 138D (zone I). Plane polarized light. Scale 

bar is .25 mm. 
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in width) where it forms nearly monomineralic aggregates. The veinlet 

corundum is notably free of inclusions. In the outer (carbonate-rich) 

parts of the metabauxites the first corundum may occur as individual 

subhedral crystals. In thin sections corundum grains are seldom homo

geneously blue and mostly display irregular blue domains. Some corundum 

is completely colourless and sporadically the mineral is pleochroic from 

light-blue to blue-green. Lamellar twinning of the corundum crystals is 

not uncommon. 

There is a 1-2 km wide transition zone where the deposits contain 

both corundum and diaspore (Figures 2 and 3). Although the corundum/ 

diaspore ratio fluctuates considerably and irregularly within individual 

metabauxites, this ratio roughly increases with metamorphic grade and 

in the middle of zone II diaspore is no longer found as a primary phase. 

Minor amounts of secondary diaspore are locally found, however, in 

deposits of all higher-grade zones, most pronounced in the upper part 

of zone IV and in zone V. Retrograde diaspore occurs as thin fine

grained rims around corundum crystals and as coarse platy crystals in 

veinlets and fissures, where it is associated with other secondary 

minerals. The secondary diaspore is texturally distinct from the 

diaspore in zone I and transition zone. 

In the transition zone textural relations between diaspore and 

corundum appear rather complex. The overall textures suggest the stable 

coexistence of both minerals; commonly subhedral medium-grained corundum 

occurs in a matrix of finer-grained diaspore, in some specimens corundum 

and coarser diaspore form epitaxial intergrowths (Plate IV). Considering 

the textures displayed by individual diaspore and corundum crystals, 

however, textural evidence indicating the prograde path of reaction (1), 

i.e. relictic diaspore included in corundum or corundum pseudomorphing 

diaspore, is relatively sparse, while textural evidence indicating the 

reverse reaction, i.e. diaspore partly replacing and pseudomorphing 

corundum, is more common. Because M1-diaspore usually is much finer

grained than coexisting corundum, the rarity of prograde pseudomorphic 

textures may largely result from this difference in grain size. Further

more careful microscopic study of the numerous samples collected from 

zone I did not reveal the presence of minor corundum or any textural 
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Plate IV. Intergrowths of diaspore and corundum in a sample from 

the transition zone. Both diaspore and corundum are optically 

continuous. Coarse chloritoid is present in lower left corner. 

Sample 41-76 (zone II). Crossed polarizers. Scale bar is .10 mm. 

evidence for corundum ever having been present. It is concluded, there

fore, that the metabauxites of zone I did not contain corundum either 

during the M1- or M2-phase. Hence the corundum isograd is essentially 

interpreted as a prograde M2-phase isograd. 

The partial conversion of corundum into diaspore in the transition 

zone is considered to be a late M2-phase effect rather than a secondary 

alteration. The restriction of this diasporitisation to the transition 

zone may indicate that the late M2-hydration of corundum was due to the 

fact that the deposits there were still rather "wet" after peak M2

phase conditions, because some M1-diaspore and probably also substantial 

amounts of H 0 remained in the deposits. During subsequent cooling the
2

M1-diaspore may have provided nucleii for the crystallisation of M2

diaspore, and in this way have promoted the formation of the latter. 

Since most deposits in the transition zone thus contain varying 

quantities of M1-diaspore in addition to corundum and late M2-diaspore, 
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it is evident that the "smeared out" character of the diaspore-corundum 

transformation is mainly a result of the prograde M2-event, and that 

later on the M2-diasporitisation has been superimposed on it. 

There may be various reasons why the diaspore-corundum transition, 

in theory univariant, spreads out over a 1-2 km wide zone. 

(a) The presence of additional elements in diaspore and corundum, 

and variable partitioning of these elements among the two phases could 

have resulted in bivariant equilibrium. Microprobe analyses indicate, 

however, that both diaspore and corundum contain only minor and about 

equal amounts of Fe20 and Si02 (section 3.2 of Chapter 3). So solid
3 

solution of additional components in diaspore and corundum apparently 

was not the cause of the bivariant character of the diaspore-corundum 

transition. 

(b) The "smeared out" character of the diaspore-corundum transition 

may be due to a kind of internal buffering of PH20 by reaction (1). The 

degree of internal buffering of a volatile during metamorphism is 

chiefly controlled by bulk-chemical and mineralogical composition 

(buffer capacity), porosity and permeability of the rock (Kerrick, 1974; 

Rice and Ferry, 1982; Walther and Orville, 1982). Diasporites that are 

being transformed into emeries have a large buffer capacity for H 02
because diaspore is their principal constituent (40-80 volume %). 

Chemical studies of the Naxos metabauxites (Chapter 4) indicate that 

diasporites contain on average 9.46 wt% H20 and emeries 3.26 wt% H20. 

Since the low-grade metabauxites have a fine-grained and somewhat 

isotropic fabric, it is reasonable to assume that the rocks had a 

rather restricted permeability during metamorphism. Thus it is plausi

ble that the water generated by reaction (1) during the M2-event had 

difficulties to escape from the metabauxite deposits. The typical 

presence of the first corundum in veinlets and carbonate-rich rims of 

the metabauxite bodies supports this view, because it clearly suggests 

that in these places formation of corundum was favoured as generated 

H 0 could more easily leave the deposits and/or be diluted by other2
volatiles. 

(c) The diaspore-corundum zone may be a result of buffering of the 

metamorphic temperature by reaction (1). Recently, Rice and Ferry (1982) 
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argued that buffering of temperature by mineral reactions during meta

morphic events is probably more important than commonly recognized. 

Reaction (1) is strongly endothermic, and thermodynamic considerations 
3indicate that on average ~300 cal. heat has to be added to each cm

Naxos diasporite to convert it into emery at M2-conditions where 

diaspore is in equilibrium with corundum. This is a considerable amount 

of heat that, in the absence of reaction, would raise the temperature 

of the metabauxite by ~300 DC. 

The possibility that insufficient heat supply limited to a certain 

extent the rate of reaction (1) is not precluded, but the "smeared out" 

character of the diaspore-corundum transition is thought to be caused 

primarily by a discontinuous internal buffering of PH20 by reaction (1) 

over a temperature interval of ~40 DC. The internal buffering of the 

H20 pressure is mainly a consequence of the poor permeability, the 

substantial strength and the large buffer capacity for H 0 of the
2

metabauxite deposits. 

Given that the deposits contain 40-80 % diaspore in zone I, the 

dehydration of this diaspore to corundum in zone II will result in a 

solid volume decrease of 10 to 20 per cent for the deposits. As 

confining lithostatic pressures of 5-7 kb prevent rocks from having a 

high porosity, it is highly improbable that the deposits retained the 

solid volume decrease in the form of a high porosity. However, some of 

the available solid volume may have been used for the creation of vein

lets, widespread in the deposits of zone II. The veinlets, which 

contain inclusion-free corundum, chloritoid and sparse margarite, 

appear to be most abundant in the thicker deposits, where they tend to 

form a kind of network. The veinlets may well represent the avenues of 

escape from the reaction site for the H 0 liberated by the diaspore2
decomposition. The absence of regular gradients for the corundum/ 

diaspore ratio within the deposits suggests that the water escaped 

quite abruptly from the metabauxites and not by means of prolonged 

regular diffusion. Since the chemical composition (buffer capacity), 

and probably also the permeability, varies considerably throughout the 

metabauxites (Chapters 4 and 5), the internal buffering of H
2

0 may have 

been rather irregular in most deposits. Probably local overpressures 
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of H 0 were developed in the deposits with increasing M2-temperature,
2

and then substantial amounts of H 0 escaped by hydrofracturing towards2
the surrounding marbles. Because of their large buffer capacity with 

respect to H20, dehydration of the metabauxites may have occurred 

during several "explosive cycles", interrupted by periods during which 

the deposit (or part of it) essentially behaved as a closed system and 

had to rebuild the H20 pressure by means of diaspore breakdown. 

This idea is supported by the presence of different generations of 

synmetamorphic veinlets in some deposits. 

General petrology 

The typical mineral assemblage of the metabauxites in zones (II

III) is corundum-chloritoid-white mica-titanhematite-rutile. Chloritoid' 

remains by far the most abundant FeMgAI-silicate; chlorite remains rare 

up to the middle of zone III. Thin metabauxites that are relatively 

rich in Si0 and/or CaO contain in addition either kyanite, clinozoi2 
site/epidote or both minerals. The calcium-rich metabauxite will be 

discussed in the section on zone IV. 

The white micas may consist of margarite, muscovite and paragonite. 

No pyrophyllite was detected either by electron microprobe or X-ray 

diffraction. In thin sections margarite can easily be distinguished 

from muscovite and paragonite by its higher relief and lower 

birefringence, and sometimes by its typical sheaf-like habit. From the 

combination of optical, X-ray and microprobe methods, it is obvious 

that in zones (II-III) the modal amount of margarite increases with 

grade, that of paragonite decreases with grade, and that of muscovite 

slightly increases with grade. 

Textures in kyanite-bearing specimens suggest that some margarite 

formed at the expense of kyanite by means of the reaction: 

kyanite + calcite + H 0 = margarite + CO2 (2)2

The greater part of the margarite, however, formed at the expense of 

chloritoid as is suggested by partial replacement of chloritoid by 

49 



margarite and the concentration of margarite in and around areas domi

nated by chloritoid. Growth of margarite from kyanite and chloritoid 

is probably facilitated by the similar Si/AI ratios of kyanite, chlori

toid and margarite. The following generalized reaction is suggested as 

the main margarite-producing reaction in zone II: 

chloritoid + calcite + titanhematite + rutile 

margarite + Mg-richer chloritoid + Ti-richer titanhematite + CO2 (3) 

In the middle of zone III the replacement of chloritoid is more 

extensive (Plate V) and occasionally complete. Here the margarite 

formation can be approximated by the reaction: 

chloritoid + calcite + titanhematite = 

margarite + chlorite + corundum + magnetite + ilmeno-hematite + CO (4)
2 

An example of a similar pseudomorphic replacement of chloritoid 

by margarite and chlorite was reported by Frey et al. (1982) in upper 

greenschist marls from the Central Alps, Switzerland. Teale (1979) 

mentioned the replacement of chloritoid by aggregates of margarite and 

muscovite in rare corundum-bearing rocks from the Olary Province, South 

Australia. 

Up to the middle of zone III the FeTi-oxide assemblage invariably 

is titanhematite-rutile. In the middle of zone III the first magnetite 

is found, and the typical FeTi-oxide assemblage becomes magnetite + 

ilmeno-hematite ± rutile. This assemblage is also characteristic for 

the lower part of zone IV. Most deposits of zones (II-III) display 

deformed ooidic-pisoidic textures. 

In the southwest of zone III, a few metabauxites which are located 

in the proximity of the granodiorite contain contact-metamorphic andalu

site (see Figure 3). One of these deposits occurs at 1-2 meter distance 

from the intrusive contact. Despite the presence of free quartz in the 

intrusive rock, the metabauxite contains abundant corundum in addition 

to andalusite and Ti-rich M3-biotite. 
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Plate V. Replacement of chloritoid (CTD) by margarite, chlorite 

(CHL), ilmeno-hematite and magnetite. Sample B507E (zone III). 

Plane polarized light. Scale bar is .10 mm. 

Plate VI. Assemblage staurolite-chloritoid-biotite-corundum. Chlori


toid and biotite are fine-grained. Opaques are ilmenite. Sample 30-30
 

(zone IV). Plane polarized light. Scale bar is .10 mm.
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CORUNDUM-STAUROLITE ZONE (IV) 

Chloritoid-consuming reactions 

The first appearance of staurolite marks the beginning of zone IV. 

In a few metabauxites just beyond the staurolite isograd, staurolite 

coexists with chloritoid (Figure 3; see Plate VI). Chloritoid is not 

found at higher grades of zone IV, except as rare relictic grains 

included in corundum. Because chloritoid is by far the most abundant 

FeMgAI-silicate and Si-carrier in the metabauxites of zones (1-11-111), 

the mineral must be an important reactant in staurolite-for~ing 

reactions. The assemblages and textures observed in the chloritoid

staurolite rocks suggest that the first metabauxitic staurolite 

developed according to the following generalized reactions: 

chloritoid + rutile = 
staurolite + chlorite + corundum + ilmenite + H20 (5) 

And in muscovite-containing metabauxite: 

chloritoid + muscovite + corundum + rutile 

staurolite + biotite + ilmenite + H 0 (6)2

In the pelitic rocks of Naxos (Jansen and Schuiling, 1976), 

staurolite is a regular constituent in zone IV and biotite in zone III, 

as its first appearance defines the beginning of that zone. In the 

metabauxites no biotite was detected in zone 111*, and the first 

appearance of biotite coincides with that of staurolite. Chloritoid is 

relatively rare in the pelitic rocks of zones (1-11-111) and chloritoid

*Several samples from zone III contain brown pleochroic oxychlorite 

which can easily be mistaken for biotite, because of its optical 

properties (cf. Chatterjee, 1971, p. 188). Microprobe and X-ray studies 

of the mineral, which is always intergrown with green chlorite, 

consistently indicate that it is oxychlorite. The oxychlorite is 

presumably of secondary origin. 
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staurolite assemblages have not been found. Compared with their first 

appearances in the Naxos metapelites, staurolite comes in at slightly 

lower and biotite at clearly higher metamorphic grade in the meta

bauxites (Figure 3). 

In pelitic rocks staurolite generally appears to be more abundant 

in the amphibolite facies than chloritoid is in the greenschist facies 

(Hoschek, 1967). In the metabauxites of Naxos, on the other hand, 

staurolite is much less abundant in zone IV (amphibolite facies) than 

chloritoid is in zones (1-11-111) (greenschist facies). On the basis 

of all thin sections studied, the average modal amount of staurolite 

in zone IV is estimated to be in the order of 1-3 per cent, and that 

of chloritoid in zones (1-11-111) in the order of 10-25 per cent. 

Thus breakdown of chloritoid did not produce equivalent amounts of 

staurolite near the beginning of zone IV. In a previous section the 

production of margarite as a breakdown product of chloritoid is already 

mentioned (reactions 3 and 4). Taking into account the assemblages and 

textures observed in zone IV, other reactions leading to the disap

pearance of chloritoid are likely to be of the following generalized 

form: 

chloritoid + titanhematite + rutile = 
FeMgAl-silicate(s) ± kyanite + magnetite + (ilmeno-hematite 

or ferrianilmenite/hemo-ilmenite) + H 0 (7)
2

In zone IV the following FeMgAl-silicates are found: chlorite, 

biotite, staurolite, biotite + staurolite, and, more rarely, chlorite 

+ staurolite or chlorite + biotite (cf. Appendix Ij see Plates VII and 

VIII). Several samples from the zone contain all three FeMgAl-sili

cates, but on textural and chemical grounds the primary character of 

chlorite is questionable in most of these samples. Relatively minor 

amounts of corundum may take part in reaction (7), either on the 

reactant or the product side, and in the case biotite is formed 

muscovite must participate as a reactant. 

Given that the average chemical composition of the Naxos meta

bauxites is essentially similar in each zone, the following general 

petrological observations indicate that reaction (7) is the main type 
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Plate VII. Assemblage staurolite-biotite-kyanite-magnetite. Stauro

lite contains inclusions of corundum. Sample 24-15 (zone IV). Plane 

polarized light. Scale bar is .25mm. 

Plate VIII. Assemblage staurolite-chlorite-rnargarite-corundum. 

Opaques are hemo-ilmenite and magnetite. Sample 24-K4A (zone IV). 

Plane polarized light. Scale bar is .10rnm. 

54 



of chloritoid-consuming reaction: 

(a) Whereas kyanite is quite rare in zones (1-11-111), it is wide

spread in zone IV (see Figure 3). Kyanite may occur in large parts of 

the deposits in zone IV, as chloritoid does in the deposits of zones 

(1-11-111). However, kyanite was not always involved as a product in 

the chloritoid-consuming reactions, since it is only present in about 

half of the silica-rich, FeMgAl-silicate-bearing samples of zone IV. 

As discussed in Chapter 3 (section 3.2) the kyanite formed through 

chloritoid breakdown (M2-type) can be distinguished by texture and 

chemical composition from the M1-kyanite found in zones (1-11-111) 

and the lower part of zone IV. 

(b) Kyanite and FeMgAl-silicates commonly are closely associated; 

in many samples they are concentrated in distinct domains which may 

represent domains originally rich in chloritoid. 

(c) The first appearance of magnetite is found in the middle of 

zone III and coincides with chloritoid beginning to disappear. 

(d) The average amount of FeTi-oxides in zone IV seems to be 

higher than in zones (1-11-111). This trend implies that part of the 

iron that was incorporated in chloritoid in zones (1-11-111) is held 

in FeTi-oxides (mainly magnetite) in zone IV. The trend agrees with an 

observed decrease in the average amount of FeMgAl-silicates in zone IV 

relative to that in zones (1-11-111), and moreover is consistent with 

the much higher Mg/Fe ratios and much lower Al/Si ratios of the chlorite 

and biotite formed in zone IV compared to the Mg/Fe and Al/Si ratios 

of the consumed chloritoid. 

The chloritoid breakdown (reactions 3, 4, 5, 6, 7) is rather 

complex in the metabauxites. In fact, the actual reactions leading to 

the disappearance of chloritoid may even have been more complex than 

those proposed. For example, reactions that are combinations of 

margarite-forming reactions and reaction (7) are not unlikely to have 

taken place near the beginning of zone IV. The complex nature of the 

chloritoid consumption is chiefly attributable to the bulk chemical 

heterogeneity of the metabauxites, which compositionally controls the 

proceeding reactions. In particular, the MgO/FeO and Fe 0 /FeO ratios2 3
of the rocks, coupled with the composition of the intergranular meta
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morphic fluid (PH 0' Po ), may govern the kind and chemical compo
2 2 

sition of the FeMgAl-silicates and FeTi-oxides that are formed when 

chloritoid breaks down. Despite the complex and divergent nature of 

the actual reactions, chloritoid breakdown has gone to completion over 

a fairly limited temperature interval. 

General petrology 

The characteristic assemblage for zone IV metabauxites is corundum 

+ kyanite + staurolite + biotite + margarite ± anorthite ± mus90vite 

+ magnetite + (ilmeno-hematite or ferrianilmenite/hemo-ilmenite). This 

is a "maximum" assemblage found in a comparatively small number of 

samples; other samples contain sub-assemblages or partly different 

assemblages (see Appendix I). In the lower part of zone IV, ilmeno

hematite is the dominant hematite-ilmenite solid-solution phase and 

(ferrian)ilmenite is restricted to metabauxite that is very abundant 

in FeMgAl-silicates (e.g. the chloritoid-staurolite rocks). In the 

middle of zone IV, the assemblage ilmeno-hematite + magnetite ± rutile 

is replaced by (ferrian)ilmenite/hemo-ilmenite + magnetite. The latter 

FeTi-oxide assemblage is characteristic of the deposits in the upper 

part of zone IV and in zone V as well. 

The white micas are margarite and muscovite; paragonite was never 

found. The absence of paragonite in zone IV is not due to the fact that 

the upper thermal stability of the mineral is reached but is a conse

quence of the low Na 0 content and the relatively high CaO content of
2

the metabauxites (Chapter 4). At the grade of zone IV all sodium in the 

rocks can be incorporated by margarite, muscovite and anorthite, so 

that paragonite and albite only occur as solid-solutions in these 

phases. 

Margarite is a constituent of every metabauxite in zone IV. The 

amount of it (1-25 %) is quite variable and the margarite is irregularly 

distributed in the deposits. In many samples margarite coexists with 

muscovite; in abundance margarite usually exceeds muscovite. Margarite 

is primarily considered as a M2-mineral, but substantial amounts of it 
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formed secondary (M4-phase?). With increasing grade in zone IV, primary 

margarite gradually gives way to anorthite according to the reaction: 

margarite = anorthite + corundum + H 0 (8)2

The first anorthite is locally found in the deposits from the lower 

part of zone IV. In the middle and upper parts of the zone, anorthite 

becomes a regular constituent; it is particularly abundant in marginal 

parts of the metabauxite lenses. The anorthite typically occurs as 

coarse anhedral blasts displaying abundant polysynthetic twinning; the 

mineral is commonly rich in inclusions of corundum, FeTi-oxides and 

FeMgAl-silicates. 

Primary margarite is widespread up to the middle of zone IV; in 

the upper part of the zone it becomes less frequent and here most 

margarite is probably secondary. In zone V primary margarite is thought 

to be absent. Many deposits in zone IV thus contain primary margarite 

and anorthite; both phases are found in contact, but it is more common 

that they occur separately in various parts of specimens and deposits. 

Virtually all kyanite in zone IV displays partial replacement by 

margarite (Plate IX). Commonly, the pseudomorphic margarite is 

restricted to the edges and cleavage planes of the kyanite blasts, 

but occasionally the kyanite is nearly completely transformed to coarse 

margarite aggregates containing dispersed, optically continuous, 

kyanite granules. Limited replacement of kyanite by margarite is 

already observed in zones (II-III), in zone IV there is a clear 

tendency for progressive margaritisation of kyanite with increasing 

grade. 

Examples of similar pseudomorphic replacement of kyanite (or anda

lusite) by margarite in pelitic rocks were reported, for example, by 

Guidotti et al. (1979), Cooper (1980), and Baltatzis and Katagas (1981). 

These examples have in common that margarite developed relatively late, 

usually during the final stages of polymetamorphism, and that the marga

ritisation of kyanite is a very local feature. The textures in the 

Naxos metabauxites suggest that margarite developed predominantly 

during the later stages of the M2-phase. 
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Plate IX. Partial replacement of kyanite by margarite. Opaques 

are ilmeno-hematite. Sample 112A (zone IV). Plane polarized light. 

Scale bar is .10 mm. 

The common margaritisation of kyanite in the metabauxites, as 

opposed to the widespread muscovitisation of kyanite in greenschist to 

amphibolite facies metapelites, is understandable because the meta

bauxites have a high CaO!K20 ratio (Chapter 4). This and the fact that 

the deposits are always surrounded by calcitic marbles have resulted 

in a high activity of Ca relative to that of K, leading to the 

following reaction: 

2+ . +2 kyanite + Ca + 2 H 0 margarlte + 2 H
2

Assuming that the low, medium and high-grade Naxos metabauxites 

essentially had a similar CaO content during their premetamorphic 

stage, it is evident from the petrological as well as geochemical 

studies that part of the calcium carried in margarite and anorthite 

in zones (III-lV-V) was initially not present in the rocks and has been 

introduced from the surrounding marbles during metamorphism and retro
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gradation. Petrologically, calcium-introduction into the metabauxites 

at medium to higher grades is apparent from th~ fact that calcite and 

clinozoisite/epidote, the Ca-containing phases in the deposits of 

zones (I-II), are rather minor and local phases in their zones, whereas 

margarite (anorthite) is nearly always present and may be fairly 

abundant in the deposits of zones (III-lV-V). Chemically, the intro

duction of calcium is expressed in the average CaO contents of .29 wt% 

and .82 wt% for respectively diaspore-bearing (zones I-II) and 

corundum-bearing (zones II-V) metabauxites (Chapter 4)* 

Margarite veinlets are common in most higher-grade metabauxites 

(see the following section). These veinlets probably acted as channels 

for the introduction of calcium. The main part of the higher-grade 

metabauxite is only slightly affected by Ca-introduction. An extreme 

introduction of calcium occurred in metabauxite extensively pervaded 

by margarite-veinlets and also locally in the outer parts of the 

metabauxite lenses. These calcium-rich rims exhibit a diffuse 

Ca-metasomatism (see also the section on calcium-rich metabauxite). 

*In calculating the average CaO contents, specimens of the calcium-rich 

type (more than 5.0 wt% CaO) were excluded. Furthermore, specimens with 

abundant "veinlet margarite" and those showing distinct retrogradation 

were avoided during the sample selection. 
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Commercial metabauxite 

The commercial deposits of NE Naxos contain 50-80 volume per cent 

corundum. After corundum FeTi-oxides are most abundant, and considerable 

amounts of silicate minerals only occur in local domains and veinlets 

within the deposits. Margarite is their most regular silicate mineral. 

The commercial metabauxites either display a rather dense fabric, or a 

vague to distinct banding. The banding is due to alternation of layers 

and lenticular aggregates of corundum with thinner layers consisting of 

FeTi-oxides (Plate X). Both corundum and FeTi-oxides may show a 

dimensional preferred orientation, suggesting a syntectonic crystal

lisation. Most corundum grains are highly sieved with fine-gralned 

inclusions of rutile, hematite-ilmenite solid-solution phases, and 

occasionally with complex intergrowths of these oxide minerals. In many 

samples the inclusions form trails that are more or less continuous 

with the opaque layers outside the corundum domains. Silicate phases 

and magnetite are rare as inclusions in corundum. Relictic ooidic

pisoidic textures are regularly observed in zone IV deposits (Plate 

XI), though somewhat less frequent than in the metabauxites of zones 

(1-11-111). 

Some commercial deposits of NE Naxos contain nearly monomineralic 

kyanite veins (5-20 em in width). The kyanite forms conspicuous bluish

white fascicular aggregates, in which individual crystals may reach a 

length of 10 em. Subhedral to euhedral, barrel-shaped, patchy-blue 

corundum (1-20 mm long), anhedral anorthite, coarse muscovite and 

margarite flakes are occasional constituents of the kyanite veins. 

The rims of the veins are rich in anorthite, and locally abundant 

FeMgAI-silicates have formed in 10-20 em wide zones adjoining the 

veins. In one case quartz is encountered in the central part of a 

vein; the quartz is not in direct contact with corundum. The general 

lack of secondary minerals in the veins, the slightly deformed nature 

of some veins, and the occurrence of assemblages typical of zone IV 

(e.g. staurolite-biotite-anorthite) along the rims of the veins provide 

strong evidence that the kyanite veins originated near the peak of the 

M2-event. Apparently the mineralogy is caused by hydrothermal silica
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Plate X. Banded commercial metabauxite from zone IV consisting of 

corundum and FeTi-oxide layers. Corundum is sieved with fine-grained 

FeTi-oxides. Plane polarized light. Scale bar is .25 mm. 

Plate XI. Flattened corundum pisoids i~ commercial metabauxite 

from zone IV. Magnetite and ilmeno-hematite are concentrated in 

the pressure shadow of the large pisoid. Some margarite is also 

present. Plane polarized light. Scale bar is .25 mm. 
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rich fluids or small pegmatites which were desilicified due to reaction 

with corundum when they entered the metabauxites. 

Virtually all thick (commercial) emeries are traversed by veinlets 

filled with margarite. The density and number of veinlets is quite 

variable from deposit to deposit. The margarite veinlets range up to 

several centimeters in width; many are continuous over distances of 

meters and their subparallel orientation in most deposits points to 

a structurally controlled origin. The "veinlet margarite", which may 

form spectacular flakes (up to 5 cm in diameter), seems to be wide

spread in the emery mined in NE Naxos, but the amount of it is easily 

overestimated because the emery usually breaks along the margarite 

veinlets during the exploitation. 

It is clear that the calcium (and possibly also the silica) 

required to form the "veinlet margarite" largely has been introduced 

into the metabauxites by hydrothermal fluids. For part of the "veinlet 

margarite" a secondary (M4-phase?) origin is obvious because margarite 

coexists and sometimes is intergrown with typical secondary minerals 

such as diaspore, tourmaline and Fe-chlorite. The metabauxite in the 

immediate vicinity of the secondary veinlets is retrogradated: corundum 

is rimmed by fine-grained diaspore and coarse diaspore occurs locally; 

silicate phases are chloritized and margaritized; and primary FeTi

oxides are strongly altered. 

For another part of the "veinlet margarite" petrological evidence 

does not directly support a retrograde origin because such veinlets 

are devoid of distinctive secondary (and primary) minerals. Furthermore, 

the metabauxite along these veinlets lacks, except minor margariti

sation, any alteration. Consequently, it is probable that such 

margarite veinlets are synmetamorphic. Textures and non-deformed 

nature of the veinlets suggest that they formed relatively late 

during the M2-phase. 
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Calcium-rich metabauxite 

Apart from the metabauxite that is high in calcium because of 

ubiquitous margarite veinlets, two other types of calcium-rich meta

bauxite can roughly be distinguished. 

The first type is locally found in the outer parts of (thick) 

metabauxite lenses in zones (IV-V). Petrological studies indicate that 

such 5-50 em thick rims have suffered extensive Ca-metasomatism, and it 

is obvious that the greater part of the calcium has been introduced 

during metamorphism. In the calcium-rich rims, kyanite, corundum and 

FeMgAI-silicates are largely replaced by margarite and/or anorthite. 

Textural evidence suggests that most replacement occurred during the 

waning stages of the M2-phase. 

The second type of calcium-rich metabauxite occurs in thin 

schistose deposits, locally found in both low-grade and high-grade 

zones. The high CaO content of such deposits, which are as a whole 

rich in calcium and commonly in silica and alkalis as well, is supposed 

to be largely of premetamorphic origin (Chapter 4). It cannot be 

excluded, however, that some metamorphic introduction of calcium took 

place into the thin deposits located in the higher-grade zones. 

The thin calcium-rich metabauxites contain the assemblage clino

zoisite/epidote + kyanite + margarite + muscovite + (titanhematite/ 

ilmeno-hematite) + rutile ± corundum in zones (II-Ill-IV). Additional 

constituents may be chloritoid and paragonite in zones (II-III) and 

minor amounts of other FeMgAI-silicates and magnetite in zones (111

IV) (see Appendix I). The rocks are often very rich in kyanite while 

their corundum contents are markedly low. In some samples corundum 

forms small grains in the mica-matrix but in many samples its occur

rence is restricted to rounded fragments enclosed in kyanite, clino

zoisite/epidote and chloritoid. The latter samples may contain quartz 

in the matrix. 

Most of the thin calcium-rich metabauxites have a pronounced 

schistose appearance due to parallel arrangement of clinozoisite/ 

epidote and kyanite blasts (and when present also of chloritoid blasts). 

These porphyroblasts lie in a groundmass of oriented white mica, 
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titanhematite/ilmeno-hematite and rutile (Plate XII). Crenulations are 

commonly present in the groundmass, especially in distinct layers rich 

in white micas. The pattern of titanhematite and rutile trails in 

clinozoisite/epidote and kyanite blasts indicates that the growth of 

both silicates predates the crenulation of the matrix. Undulose 

extinction, kink-folding and fragmentation of many clinozoisitel 

epidote, kyanite and chloritoid grains suggest that these minerals 

formed pretectonically. 

The following petrological observations lead to the conclusion 

that the clinozoisite/epidote, kyanite and chloritoid in the thin 

calcium-rich deposits of zones (II-Ill-IV) originated during the 

M1-phase. 

(a) These minerals crystallized pre-tectonically and early with regard 

to typical M2-minerals (e.g. staurolite, biotite, magnetite) which 

commonly are post-tectonic and in rare cases syntectonic. 

Plate XII. Deformed and partially replaced M1-kyanite and M1-epidote 

in a matrix of fine-grained margarite, muscovite, paragonite, titan~ 

hematite and rutile. The core of the kyanite blast is rich in corundum 

inclusions. Sample B610-5 (zone III). Plane polarized light. Scale 

bar is .25 mm. 
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(b) These minerals contain low-grade FeTi-oxide inclusions (rutile and 

titanhematite) and lack, except corundum, any typical M2-mineral as 

inclusion. The corundum inclusions are thought to represent former 

M1-diaspore inclusions (as present in the kyanite and chloritoid of 

zone I) which were dehydrated during the M2-phase. In zone II both 

corundum and diaspore may be present as inclusions in these minerals, 

even within the same grains. Some rims of zoned clinozoisite/epidote 

blasts have sparse inclusions of magnetite, chlorite or biotite. This 

together with evidence of post-tectonic growth suggests for such rims 

that they formed during the M2-event. 

(c) These minerals are progressively converted to M2-minerals with 

increasing grade: the kyanite to margarite; the clinozoisite/epidote 

to chlorite, green biotite, magnetite, margarite and anorthite; the 

chloritoid to margarite, ilmeno-hematite, magnetite and various FeMgAl

silicates (see the preceding sections). 

(d) The M1-kyanite is texturally distinct from the M2-kyanite formed 

by reaction (7). Furthermore, microprobe studies show that the M1 and 

M2-kyanite have a different Fe content (section 3.2). 

2.10 CORUNDUM-GREEN SPINEL ZONE (V) 

General petrology 

In the metabauxitic rocks, the beginning of zone V is not clearly 

marked by a specific mineral or mineral assemblage. For practical 

reasons the zone has been named after green spinel, which is present 

in trace amounts in nearly all deposits of the zone. In the pelitic 

rocks, Jansen and Schuiling (1976) have defined the beginning of zone 

V by the first appearance of sillimanite. They also have divided zone 

V in zone VA characterized by coexisting kyanite and sillimanite, and 

zone VB characterized by sillimanite without kyanite. Along the western 

side of the migmatite dome, additional andalusite may be present in 

zone VA and pelitic rocks contain here all three aluminium silicates 

in several places (Figure 3). 
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Careful microscopic examination, X-ray and microprobe analyses 

have failed to detect, however, any aluminium silicate in the meta

bauxites of zone V. So the sillimanite in the Naxos emeries (including 

the assemblage chloritoid-sillimanite) reported by Papavasiliou (1913) 

was not confirmed by this study. As margarite may form fibrous to 

radial aggregates which at first sight appear strikingly similar to 

fibrolitic sillimanite in thin sections (Plates VIII and XIII), it is 

thought that this type of margarite was misidentified as sillimanite, 

possibly due to the less sophisticated microscopes of that time. 

The cause of the absence of aluminium silicates in the metabauxites 

is thought to lie in the Ca-metasomatism and strong retrogradation that 

the deposits of zone V, which are rather thin lenses and layers, 

generally have undergone. Consequently, aluminium silicates present 

probably have been replaced completely by CaAI-silicates. This replace

ment may have occurred during peak M2-phase conditions when anorthite 

has been formed, as well as during cooling and retrogradation when 

margarite has been formed. 

The deposits of zone V entirely lack the ooidic-pisoidic and 

banded textures typical for many deposits in the other zones. In thin 

sections, the texture is defined by domains predominantly consisting 

of equidimensional subhedral corundum (.1-2 mm in diameter), which are 

transected by coarse aggregates of margarite and green chlorite (Plate 

XIII). In some samples, margarite and chlorite, which may be intergrown, 

form a network of veinlets; in other samples both minerals occur more 

scattered. Coarse equant magnetite, tabular (ferrian)ilmenite, anhedral 

anorthite and brown biotite are present as dispersed blasts. These 

minerals are largely concentrated in the corundum-rich domains and, 

like corundum, they are randomly oriented. The corundum grains normally 

contain less FeTi-oxide inclusions than the corundum of the other zones. 

Especially the outer parts of the grains tend to be fairly inclusion

free. The inclusions, which are more or less rounded, are similar to 

those described for the corundum in zone IV. Magnetite and silicate 

minerals remain rare as inclusions. Microprobe studies of the corundum 

(section 3.2) indicate that its Fe content compares to that of the 

corundum in zones (III-IV). This implies that the Fe of the disappeared 
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Plate XIII. Metabauxite from zone V consisting of corundum, chlorite, 

margarite, magnetite and ferrianilmenite. Note the fibrolitic character 

of the margarite. Corundum includes rounded grains of FeTi-oxides and 

a few relictic staurolite grains. Sample 127D. Plane polarized light. 

Scale bar is .25 mm. 

Plate XIV. Green spinel, corundum, biotite, magnetite and ilmenite in 

a matrix of anorthite. Sample 155B (zone IV). Plane polarized light. 

Scale bar is .10 mm. 
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opaque inclusions migrated out of the corundum crystals rather than 

that it became incorporated in the corundum lattice. The absence of 

ooidic-pisoidic and banded textures, the less poikiloblastic character 

of the corundum, and the roughly granoblastic-polygonal texture of the 

corundum-rich domains all evidence a more advanced recrystallisation 

for the deposits in zone V than in the other zones. The strong 

recrystallisation is brought about by the upper amphibolite facies 

conditions that have prevailed in zone V during the M2-event. 

Textures and mineralogies in virtually all metabauxites of zone V 

provide evidence that the deposits have suffered a subsequent hydrous 

retrogradation. This retrogressive phase, which probably can be .corre

lated with the M4-phase of Jansen et al. (1977), is not only obvious 

from the ubiquitous veinlets and aggregates with secondary chlorite and 

margarite, but also from the extensive retrograde alteration of primary 

silicates and FeTi-oxides. Corundum is partly diasporized, especially 

along the.chlorite-margarite veinlets, and coarse diaspore locally 

occurs in these veinlets. Anorthite is variably to completely converted 

to margarite and fine-grained clinozoisite. Secondary chlorite, some

times including sagenitic or coarse rutile, is by far the most abundant 

FeMgAl-silicate. Primary FeMgAl-silicates are relatively rare; only 

brown biotite and relictic staurolite are occasionally found. The 

biotite is strongly chloritized, suggesting that biotite originally 

has been much more abundant. Staurolite exclusively occurs as corroded 

blebs entirely enclosed in corundum; these inclusions must be considered 

as isolated from the system due to the non-reactive nature of the 

corundum. 

Trace amounts of translucent green spinel are present in most 

samples, in some of them the spinel is more abundant and may constitute 

up to 15 per cent of the rock. The octahedral spinel grains occur in 

the chlorite-margarite aggregates and enclosed in anorthite blasts. 

Green spinel is also a regular accessory in the upper part of zone IV, 

where it was observed in several samples that small grains of spinel 

locally have developed at the edges of embayed staurolite blasts. This 

feature and the roughly antipathetic relationship between the presence 

of staurolite and green spinel (Appendix I) suggest that most spinel 
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is an alteration product of staurolite. The invariable Zn-rich compo

sition of the accessory spinel (section 3.4) implies that spinel 

strongly concentrated Zn and apparently was stabilized by Zn. Its major 

Zn source probably was staurolite. 

For many of the spinel occurrences it is difficult to decide 

whether the mineral is primary or secondary. In zone V the spinel in 

the chlorite-margarite aggregates is likely to be of retrograde origin 

(M4-phase?), and may genetically be related to chloritisation and 

margaritisation of staurolite. The spinel enclosed in anorthite 

(Plate XIV) can be interpreted as primary (M2-phase) formed as a result 

of high-grade anorthitisation of staurolite, as was observed in 

marginal parts of deposits in zone IV. In addition, textures suggest 

a primary origin for spinel occurring as dispersed grains in staurolite

free samples of zones (III-IV). For the spinel locally replacing stauro

lite in zone IV, it is not clear whether the replacement took place 

during the M2-phase, waning stages of the M2-phase or retrogradation. 

Tourmalinized metabauxite and secondary minerals 

A number of metabauxite deposits in zones (III-lV-V) aretourmali

nized to varying degrees; in extreme cases the entire deposit has been 

affected by the boron-introduction and contains 10-30 per cent tourma

line by volume. The widespread diasporitisation of the corundum around 

tourmaline grains indicates that introduction of boron occurred during 

P-T conditions in the stability field of diaspore. Since tourmaline 

preferentially replaces FeTi-oxides, primary FeTi-oxides are rare or 

absent in the tourmaline-rich metabauxites and a secondary generation 

of coarse blocky magnetite and prismatic rutile has commonly developed. 

Although local boron-introduction is obvious in many high-grade 

deposits, all tourmaline in the Naxos metabauxites is not thought to 

have formed by means of introduced boron. Traces of tourmaline, occur

ring as dispersed tiny crystals and sometimes as inclusions in corundum 

and silicate minerals, are found in many deposits of zones III-IV-V 

(see Appendix I). This tourmaline may largely have formed with boron 
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initially present in the Naxos bauxites. It is remarkable that tourma

line could be discovered in only a few deposits of zones (I-II) while 

trace element studies (Chapter 4) suggest that the average B content 

of low-grade metabauxites is more or less similar to that of high-grade 

deposits containing traces of tourmaline. It is possible that in zones 

(I-II) tourmaline is yet more frequent in the metabauxites as extremely 

fine grains, or alternatively that boron is dispersed in major minerals 

at low grades. 

Veinlets and fissures containing secondary (M4-phase?) minerals 

are observed in many deposits of zones (III-lV-V). In zones (I-II) such 

veinlets are rare. Besides in zone V, the retrogressive veinlets are 

most widespread in metabauxites located in the upper part of zone IV 

in NE Naxos and along the southwestern side of the migmatite dome 

(zones III-IV). As a rule deposits with densely-spaced veinlets entirely 

suffered a strong retrogradation, so that they lack primary FeTi-oxide 

and silicate phases. The common constituents of the secondary veinlets 

are flaky margarite, platy (greenish) diaspore, green chlorite, black 

tourmaline, octahedral magnetite and prismatic rutile. In addition, the 

veinlets occasionally contain minor amounts of platy hematite, anatase, 

green spinel, clinozoisite, pyrite and chalcopyrite. Corundum was never 

found in the veinlets. Commonly, the veinlet minerals are coarse-grained 

and euhedral; in some cases they reach sizes of several centimeters. 

This section can be completed by mentioning another group of 

secondary minerals that formed during supergene alteration and 

weathering of the metabauxite deposits. These minerals are found in 

minor amounts along cracks and fissures, and as alteration products 

of primary and M4-minerals. They are present in all zones, and include 

gibbsite, kaolinite, goethite, limonite, rutile, anatase, carbonate, 

sulphur, malachite, turquoise and karphosiderite. Some of these 

minerals are fairly rare and have been observed in only a few deposits. 
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References for Chapter 2 are included at the end of Chapter 3. 
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3.1 

CHAPTER 3 

MINERAL CHEMISTRY AND PETROGENESIS 

INTRODUCTION 

This chapter deals with the mineral chemistry of the metabauxitic 

phases. Although all rock-forming minerals of the metabauxites will be 

discussed, the chemistry of some minerals (FeMgAI-silicates, kyanite 

and FeTi-oxides) is treated more thoroughly than that of others. The 

final sections of the chapter give a review of the mineralogical 

evolution of the Naxos metabauxites during M1-phase, M2-phase and 

retrogradation (M4-phase?), and discuss their petrogenesis in the light 

of experimental data on relevant mineral-equilibria. 

Coexisting minerals were analyzed by electron microprobe in 

polished thin sections of 53 specimens. Most mineral analyses were 

performed at the Department of Geology, University of Manchester, using 

a Link Systems Model 290-2KX energy-dispersive spectrometer attached to 

a Cambridge Company Geoscan electronprobe (Durnham and Wilkinson, 1978) 

Operating conditions were 15 kV accelerating voltage and 2-4 nA sample 

current. Some analyses, in particular of FeTi-oxides, kyanite and pyro

phyllite were carried out at the Department of Geochemistry, University 

of Utrecht, using a wavelength-dispersive, non-automated TPD microprobe 

(constructed by the Technological University Delft, The Netherlands). 

Operating conditions were 15 kV accelerating potential and a sample 

current of about 40 nA. Anhydrous silicate, oxide and metal standards 

were used appropriate to the mineral analyzed, and full ZAF corrections 

were made. 
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3.2 DIASPORE, CORUNDUM, PYROPHYLLITE AND KYANITE 

Diaspore and corundum 

Representative microprobe analyses of diaspore and corundum are 

given in Table A1. Both minerals have a fairly pure composition; only 

minor amounts of Fe and Si could be detected by electron microprobe. 

The Fe203 
content of corundum, ranging from .60 to 1.10 wt%, shows no 

systematic change with M2-grade. The absence of detectable Fe in the 

diaspore and corundum of sample 35-58 (Table A1) is thought to be a 

consequence of the iron-poor composition of the sample, in which minor 

titanhematite is the only Fe-phase (see Appendix I). 

Pyrophyllite 

Pyrophyllite is quite rare in the Naxos metabauxites. It is only 

found associated with kyanite in some schistose deposits in the 

southern part of zone I (see Figure 3 of Chapter 2). The occurrence 

of pyrophyllite seems to be restricted to ~etabauxite that is rich in 

silica and poor in iron. Pyrophyllite has been analyzed in two samples. 

Table A1. Microprobe analyses of diaspore and corundum. 

DIASPORE CORUNDUM 

Sample 328 1290 35-58 35-58 03C1 30-30 106-4 1558 143C 1270 130A 

Zone I/II I/II III III/IV IV IV IV/V V V 

Analysis l/e 12/1 11 12 8 37 12 12 9/2 22 21/2 

Si0
2 

.25 1.19 .37 .32 .26 .23 .23 .60 

A1 
2

0
3 

85.55 83.02 83.95 100.06 98.96 99.81 99.85 99.61 99.84 99.14 99.30 

Fe
2

0 
3 

* .67 .51 .94 .75 .68 .99 .86 .82 .79 

Total 86.47 84.72 84.32 100.38 100.16 100.79 100.53 100.83 101.30 99.96 100.09 

Cations based on 3 oxygens 

Si .005 .024 .007 .005 .004 .004 .004 .010 

Al 1.984 1.961 1.990 1.993 1.982 1.985 1.991 1.982 1.976 1.989 1.990 

Fe 3+ .010 .008 .012 .010 .009 .013 .011 .011 .010 

*al1 Fe as Fe
2

0
3 

; a dash (-) indicates below detection limit 
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The results indicate that the mineral has a nearly end-member compo

sition (Table A2). 

Kyanite 

Kyanite is a local and fairly rare constituent of the metabauxites 

in zones (I-II-III), and a regular constituent of many deposits in zone 

IV (see Figure 3 of ehapter 2). In zone V no kyanite was found. On the 

basis of texture and assemblage M1 and M2-kyanite are distinguished. 

The former is thought to have formed during the M1-phase, the latter 

during the M2-phase. It should be mentioned that kyanite in some 

samples from zone IV cannot be classified uniformly as M1 or M2-type, 

so that both types are possibly present in the same sample. 

The M1-kyanite is found in zones (I-II-III) and the lower part of 

zone IV. A texturally similar kyanite occurs in the diasporic meta

bauxites of the islands of Sikinos, los and Iraklia, and in the emeries 

of Paros (Table 1 of Chapter 2). The M1-kyanite forms coarse, usually 

deformed, poikiloblasts (.1-5 mm across) sieved with fine-grained 

corundum (and/or diaspore), titanhematite, rutile and, less commonly, 

white mica. In many kyanite blasts the inclusions are irregularly 

distributed and reflect pisoids-ooids and other textures inherited from 

the premetamorphic stage of the bauxite. The inclusions give the kyanite 

a notable cloudy appearance in thin sections and a dark grey to black 

colour in hand specimens. M1-kyanite typically occurs in thin silica

rich, and commonly also calcium-rich, metabauxite deposits (section 

2.9). In addition, M1-kyanite occurs in marginal parts of some thicker 

deposits. In comparison with M2-kyanite, the M1-type is less widespread, 

but when it is present M1-kyanite occurs in higher modal amounts and 

frequently is the dominant mineral in the rock. 

The M2-kyanite is commonly undeformed. Its occurrence is confined 

to zone IV on Naxos and a comparable type is found in the emery deposits 

of Paros. The M2-type developed during the M2-event by breakdown of 

chloritoid (reaction (7) in Chapter 2). Most M2-kyanite is medium

grained, shows a random orientation, and typically makes up 5 to 15 
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per cent of the rock. In some samples it is epitaxially intergrown with 

staurolite. M2-kyanite may contain, usually minor, inclusions of 

corundum, white mica, rutile, titanhematite/ilmeno-hematite, magnetite 

and biotite. 

Table A2 lists microprobe analyses of typical M1 and M2-kyanites; 

kyanites of disputed origin have not been analyzed. It is clear from 

the table that the metabauxitic kyanites show no pronounced Si-defi

ciency and essentially have an A12Si0 composition. Apart from Fe other
5 

minor elements could not be detected by electron microprobe in signifi

cant amounts. Table A2 also gives the observed range in Fe content for 

the kyanite, based on 4 to 15 spot analyses in each sample. 

Table A2. Microprobe analyses of pyrophyllite and kyanite. 

PYROPHYLLITE 

Sample 1380 B469A 

Zone 

Analysis 6 5 

Si0 64.12 65.55
2 

Ti0 .19 
2 

A1 0 27.72 28.80
2 3 

fl .12 F€203

CaO .17 .10 

Na 0 .10 2

Total 92.42 94.45 

Cations based 
on 22 oxygene 

Si 7.93 7.92 

A1 .07 .08 

A1 3.97 4.02 

Fe3+ .01 
Ti .02 

Ca .02 .01 

Na .02 

JJ. a11 Fe as Fe 0. ..2 3 

Ml-kyani te; M2-kyani te 

a dash (-) indicates below 
detection limit 

Si0
2 

A1 0
2 3 

Fe 20/ 

Total 

Si 

A1 

Fe3+ 

~ange 3+ 
1n Fe 

Sample 

Zone 

Analysis 

Si0
2 

A1 0
2 3 

Fe203~ 

Total 

Si 

A1 

Fe3+ 

~:ng:e3+ 

KYANITE 

1380* B469A· 133A* 133C'" 

II II 

8 

37.07 36.63 37.32 37.49 

62.84 63.23 63.26 63.14 

.08 - .79 .91 

99.99 99.86 

Cations based 

1.000 .990 

1.998 2.014 

.002 

.003 

150B** 116E* 

IV IV 

24 19/2 

37.37 37.35 

63.73 63.25 

.68 1.02 

101. 78 101.62 

Cations based 
.993 .995 

1.996 1.986 

.014 .020 

.012- .016

.016 .023 

101.37 101.54 

on 5 oxygene 

.996 

1.990 

.016 

.014

.018 

.999 

1.983 

.018 

.016

.019 

106-4** 

IV 

17 

24-W3** 

IV 

3 

36.58 

62.67 

.68 

37.72 

63.87 

.50 

99.93 102.09 

on 5 oxygene 
.990 .998 

2.000 1.993 

.014 .010 

.013- .010

.017 .015 

8610-5* 23-2* l05A* 

III III IV 

12 6 15 

36.95 37.14 36.70 

62.56 62.61 63.24 

.83 .93 1.29 

100.34 100.68 101.23 

.996 .998 .983 

1.998 1.984 1.997 

.017 .019 .026 

.016- .019- .019 

.019 .022 .026 

24-W3** 24L** 143C* 

IV IV IV/V 

39 52/2 4 

37.12 37.21 37.18 

62.72 63.14 63.06 

.71 .61 1.00 

100.55 100.87 101.24 

.998 .996 .994 

1.988 1.993 1.988 

.014 .012 .020 

.010- .010- .018 

.015 .014 .023 
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Inspection of Table A2 shows that, with the exception of the 

kyanite in rocks 138D, B469A and 143C (to be discussed later), M1

kyanite tends to richer in Fe than M2-kyanite. M1-kyanite contains 
3+.014 to .026 atoms Fe per 5 oxygens (.71-1.29 wt% Fe 0 ), whereas2 3

M2-kyanite contains .010 to .017 atoms Fe3+ per 5 oxygens (.50-.82 wt% 

Fe 0 )·
2 3 

In most samples the spread in Fe content for kyanite, M1 as well 

M2-type, is somewhat larger than would be expected from analytical 

error. This variation may reflect contamination of the analyses by 

submicroscopic inclusions (e.g. FeTi-oxides), or alternatively compo

sitional inhomogeneity of the kyanite with respect to Fe. 

Against the hypothesis of contamination are: (1) visible inclusions 

were always absent in the areas selected for analyses; (2) simultaneous 

analyses of Fe and other minor elements (e.g. Ti, Mg, K), by crystal 

spectrometer as well as energy-dispersive techniques, showed no corre

lation of Fe with any of these elements; (3) individual kyanite grains 

tend to have a range in Fe falling approximately within the analytical 

uncertainty, and the wider range reported in Table A2 mostly results 

from different Fe contents of grains in different parts of the thin 

section. 

Consequently, the spread in Fe is chiefly attributed to composi

tional inhomogeneity of the kyanite. Chemical studies of kyanites in 

metapelitic rocks also revealed inhomogeneity of the kyanites with 

regard to Fe, and irregular spatial variation of Fe within grains seems 

to be a common feature (e.g., Albee and Chodos, 1969; Chinner et al., 

1969; Rumble 1973a). Chinneret al. (1969) supposed that this lack of 

equilibrium was caused by diffusion control of chemical supply during 

growth. 

In comparison with the kyanite in metapelites the individual 

kyanite crystals in the metabauxites are less inhomogeneous with 

respect to Fe. This is probably due to the ubiquity of FeTi-oxides in 

the metabauxites, which has made it easy for kyanite to equilibrate 

with these phases during its growth. 

Chemical data for other metabauxitic kyanites have not been found. 

Therefore the Fe content of the kyanites in the Naxos metabauxites can 
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best be compared with that of kyanites in metapelitic rocks. Chemical 

analyses of metapelitic kyanites were reported by Albee and Chodos 

(1969), Chinner et al. (1969), Rumble (1973a), Grambling (1981), and 

many others. These studies show that most natural kyanites contain 

less than about .50 wt% Fe203. Kyanites with a higher Fe203 content, 

as much as 1.10 wt%, are found in relatively oxidized metapelites and 

quartzites. Chinner et al. (1969) studied kyanites from amphibolite 

facies gneisses from Glen Clova, Scotland. They found a clear relation

ship between the Fe203 content of the kyanite (ranging from .20 to 2.40 

wt%) and the Fe203/FeO ratio of their host rock, and concluded that 

"substitution of Fe for Al in kyanite is controlled by the oxygen partial 

pressure of the environment". With 2.40 wt% Fe 0 corresponding to2 3
, 

.050 atoms Fe3+ per 5 oxygens, the kyanites from hematite-bearing Glen 

Clova gneisses probably are the most Fe-rich natural kyanites reported 

so far. 

On Naxos, M1-kyanite formed at glaucophaneschist facies conditions 

while M2-kyanite formed at lower amphibolite facies conditions. Because 

the bulk-composition of most rock-types is unsuitable for stabilization 

of kyanite at glaucophaneschist facies grade, chemical data for kyanites 

comparable in grade with the M1-kyanite are rare in the literature. The 

Fe content of the M2-kyanite is similar to that of kyanite in relatively 

oxidized metapelites of upper greenschist to lower amphibolite facies 

grade (e.g., Rumble, 1973a; Grambling, 1981). In these rocks, kyanite 

is generally associated with FeTi-oxide assemblages (titanhematite ± 

rutile, titanhematite + magnetite) being indicative of fairly high 

oxygen fugacities. The greater part of the analyzed M2-kyanites of 

Naxos coexist and presumably crystallized in equilibrium with ilmeno

hematite + magnetite (see Appendix I and Table 1). Kyanite coexists with 

ferrianilmenite + magnetite in sample 143C, collected near the sillima

nite-in isograd and higher in metamorphic grade than the other samples 

studied, all coming from the middle of zone IV and showing a fairly 

uniform range in Fe for the M2-kyanite. 

M1-kyanite presumably crystallized in equilibrium with rutile and 

titanhematite containing less than 6 mole % FeTi0 in solid solution.
3 

During the M2-phase the FeTi-oxides adjusted their composition to the 
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higher temperatures, and M1-kyanite now coexists in zone II with rutile 

and titanhematite richer in FeTi0 component, and in zones (III-IV)
3 

with ilmeno-hematite ± magnetite ± rutile. Table A2 may suggest that 

the Fe content of M1-kyanite increases with M2-grade. This trend 

probably is accidental and not significant. The anomalously low Fe 

content of the kyanites in the two (pyrophyllite-bearing) samples 

of zone I (138D, B469A) results from the paucity of Fe in these rocks; 

titanhematite, the only Fe-carrier in the samples, occurs in trace 

amounts, so that kyanite is unbuffered with respect to Fe. Despite care

ful search, kyanite in equilibrium with titanhematite has not been found 

in the metabauxites of zone I. This assemblage has been found, however, 

in several diasporite deposits of Sikinos, los and Iraklia, which were 

subject to more or less identical metamorphic conditions as the meta

bauxites in zone I of Naxos. Microprobe analyses of samples from these 

deposits (Feenstra, unpublished data) indicate that the FeTi0 content
3 

of the titanhematite (3-8 mole %) compares to that of the titanhematite 

in zone I of Naxos, and that the Fe content of the coexisting kyanite 

(.015-.024 atoms Fe3+ per 5 oxygens) compares to that of M1-kyanite in 

zones (II-Ill-IV) of Naxos. These chemical data thus provide additional 

evidence that the M1-kyanite of Naxos has largely retained its initial 

Fe content during the M2-event; that is to say at temperatures as high 

as --580 °G. 

Langer and Frentrup (1973) and Langer (1976) experimentally 

studied the solubility of Fe2Si05 in kyanite at high pressure (20 kb) 

and temperatures (900-1100 °G) using the Mn20 -Mn 0 buffer. At these
3 3 4 

conditions, the maximum solubility of Fe2Si0 in kyanite amounts to 6.553+ .mole %, that is .130 atoms Fe per 5 oxygens. These experlmental 

results are not directly applicable to the natural Naxos kyanites, but 

it is interesting that Langer concluded from his study that increasing 

pressure is by far the most important factor enhancing the solubility 

of Fe3+ in kyanite, while a temperature rise from 900 to 1100 °G had 

no significant affect. With the aid of thermodynamic considerations 

Grew (1980) also arrived at the conclusion that increasing pressure 

favours the solubility of Fe3+ in kyanite. 

Extrapolated to (lower) pressures and temperatures relevant to 
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Naxos, the experimental results of Langer are consistent with the 

outcome of this study, for M1-kyanite, having the highest Fe content, 

originated at significantly higher pressures and lower temperatures 

than M2-kyanite. 

The role of the oxygen fugacity is more difficult to evaluate. 

Although coexisting FeTi-oxides indicate that M1-kyanite crystallized 

at relatively higher f than M2-kyanite (M1-kyanite must have formed
02 

above and M2-kyanite below f O conditions determined by the hematite
2 

magnetite bUffer), this is not necessarily true in an absolute sense, 

because the kyanite types formed at clearly different temperatures. 

In any case, relative to many kyanite-bearing metapelites, f during
02 

metamorphism of the Naxos bauxites was relatively high, which may 

explain the comparatively high Fe content of M1 as well as M2-kyanite. 

The microprobe data for kyanite are in accord with the textural 

classification in M1 and M2-type, with the exception of the kyanite in 

rock 143C. It is not quite clear why this M2-kyanite has a higher Fe 

content than the other- M2-kyanites, the more so as it coexists with the 

rather reduced assemblage ferrianilmenite + magnetite. Possible expla

nations are that the kyanite in sample 143C is in fact M1-kyanite, 

texturally misinterpreted as M2-kyanite, or that the higher Fe content 

is due to a temperature effect (sample 143C is highest in grade of the 

samples in which kyanite has been studied). 

Summarizing, the textural and microprobe investigations of the 

metabauxitic kyanites indicate that kyanite which originated during the 

M1-event persisted up to the middle of zone IV and largely preserved 

its distinctive Fe content during the M2-phase. Furthermore, the micro

probe data on M1 and M2-kyanite are in agreement with conclusions of 

other studies that oxygen fugacity and pressure are more determining 

factors for the solubility of Fe in kyanite than temperature. 
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3.3 FE-TI-OXIDES 

FeTi-oxides are ubiquitous in the metabauxites and commonly make 

up 10-30 volume per cent of the rock. Metabauxite rich in FeMgAl-sili

cates tends to be lowest in FeTi-oxides. Hartstra (1978) has carried 

out microscopic and electron microprobe studies of the FeTi-oxides 

in the commercial Naxos emeries. The following description is partly 

based on his work. 

Primary rutile is found up to the middle of zone IV; coarse 

retrograde rutile is locally found in the deposits of zones (IV-V). 

Rutile forms amber-coloured prisms and needles, occurring both in the 

matrix and as inclusions in corundum (diaspore) and silicate phases. 

Occasionally thin lamellae of rutile are intergrown with titanhematitel 

ilmeno-hematite. With increasing grade the modal amount of rutile 

declines because coexisting hematite is progressively enriched in ss 
ilmenite component. Rutile is essentially pure Ti02 with small amounts 

of Fe, Si, Cr and V. The mineral is richer in V than coexisting titan

hematite (Schuiling and Feenstra, 1980). 

Hematite-ilmenite solid-solutions 

Hematite phases, forming tabular subhedral to euhedral blasts,ss 
occur up to the middle of zone IV. A coarsening of the individual 

grains is generally observed with increasing grade. Analyzed titanhema

tites from zone I contain less than 6 mole % FeTi0 in solid-solution,
3 

those from zone II have a FeTi0 component of 8-28 mole per cent
3 

(Figure 1, Tables 1 and A3). Ilmeno-hematite, i.e. a two-phase grain 

consisting of ferrianilmenite lamellae in a titanhematite host (Budding

ton et al., 1963; Rumble, 1976), is common in zone III and the lower 

part of zone IV. The bulk compositions of ilmeno-hematite grains 

79 



Table AJ. Microprobe analyses of hematite-ilmenite solid-solution 

phases and magnetite. 

TITANHEMATITE ILMENO-HEMATITE ILMENITE MAGNETITE 

Sample 57-29 1350 133C 8610-5 23-2 106-4 24-W3 B492 24-K4A 1270 139A 106-4 1270 

Zone II III III IV IV III/IV IV IV 

Analysis 11.2 12 10.3 12.2 21 27 22.2 8· 17 3f 

5i0
2 

.25 .30 .43 .23 .28 .34 .27 .21 .:p 
Ti0

2 
1. 74 3.75 5.25 11.40 14.73 18.51 15.10 52.76 44.39 47.56 54.11 .38 .22 

V0 
2 

.29 .22 .29 .43 .41 .93 .28 .28 

A1
2

0 
3 

.80 .23 .34 -/.40 .23 .23 .25 .32 .26 .81 

Cr
2

0 
3 

.25 .38 .24 .21 

Fe
2

0 
3 

++ 92.51 90.89 88.80 75.02 70.32 59.72 68.39 14.96 9.08 65.77 66.11 

FeO"· 1.87 3.62 5.28 10.76 13.78 16.77 14.05 46.95 40.14 41.32 45.68 29.82 30.67 

""0 .54 .27 .44 1.67 .43 

NiO .38 

Total 97.17 96.78 100.19 98.01 99.60 96.48 98.79 100.67 101.37 99.84 100.91 ~7.13 98.30 ' 

Cations based on 3 oxygens Cations per 4 a 

s, .007 .008 .011 .006 .008 .009 .007 .005 .009 

T' .036 .075 .104 .229 .291 .375 .300 .992 .838 .908 1.007 .011 .006 

V4+ .006 .004 .006 .008 .008 .017 .008 .008 

Al .025 .007 .Oll .012 .007 .007 .007 .009 .012 .037 

Cr .005 .008 .007 .007 
3·F, 1.689 1.831 1.757 1.508 1.389 1.212 1.360 .283 .174 1.956 1.938 

Fe 2+ .043 .081 .116 .240 .303 .378 .310 .982 .843 .877 .945 .986 .999 

.012 .006 .009 .012 .036 .009 

N' .012 

-hemo-ilmenitej -.Fe 0 and FeD calculated assuming ideal stoichiometry j a dash (-) indicates be1olol detection limit. 
2 3 

were determined by means of broad beam (20-40~m) microprobe analyses. 

The results indicate that ilmeno-hematite coexisting with magnetite 

initially contained between 26 and 40 mole % FeTiO in solid-solution
J 

(Figure 1, Tables 1 and AJ). Trace amounts of Si, V and Al are commonly 

detected in hematite (cf. Table AJ).ss 
Ilmenite ,commonly present as lath-shaped crystals, is found in 

ss 
zones (IV-V). In the lower part of zone IV, the occurrence of ilmenite 

is restricted to metabauxite that is rich in FeMgAl-silicates (cf. 

Appendix I). In the upper part of zone IV and in zone V, ilmenite is a 

constituent of virtually all samples. Many of the analyzed ilmenites 

have a nearly end-member composition but hemo-ilmenites may have as 

much as 16 mole % Fe20J component, particularly in silica-rich samples 

that contain in addition hematite and magnetite (Figure 1B, Tables 1 ss 
and AJ). Ilmenite may contain small amounts of Si, V, Al, Cr and Mn 

80 



(cf. Table A3). The mineral concentrates Mn and V relative to coexisting 

magnetite (Harststra, 1978; Schuiling and Feenstra, 1980; this study). 

Magnetite 

Magnetite commonly occurs as subhedral to euhedral equidimensional 

blasts (up to 3 mm across). The magnetite of zones (III-IV) is optical

ly homogeneous except for varying degrees of martitization. In strongly 

retrograded samples the martitization has resulted in nearly complete 

alteration of the magnetite to Ti-free hematite. Magnetite of zone V 

displays exsolution of hercynite granules and lamellae along (100) 

planes and of ilmenite lamellae along (111) planes. At their contacts 

magnetite and ilmenite form complex intergrowths with hercynite (only 

in zone V). Analogous microtextures of magnetite, ilmenite and aluminium 

spinel were described by Van Lamoen (1977). Magnetite contains trace 

amounts of Ti, V, AI, Cr and, in some cases, of Ni (cf. Table A3). 

Magnetite tends to be richer in Cr and Ni than coexisting hematite

ilmenite solid-solutions (Hartstra, 1978; this study). 

Evolution of the FeTi-oxide mineralogy with grade and the hematite

ilmenite solvus 

The compositions of analyzed hematite-ilmenite solid-solutions 

(Hartstra, 1978; this study) are plotted as a function of metamorphic 

grade in Figure 1A. The temperatures of the samples were estimated by 

extrapolation between the isograds. Each point in the figure represents 

the average composition of hematite (ilmenite ) in a single sample.ss ss 
In a few samples hematite (ilmenite ) differs by more than 4 mole % ss ss 
FeTi0 in various parts; in such cases the average compositions in 

3 
these parts have been plotted separately. The accuracy of the bulk 

analyses of ilmeno-hematite and hemo-ilmenite is estimated to be ± 2-3 

mole % FeTi0 component. Figure 1B depicts the changes in FeTi-oxide
3 

mineralogy with increasing grade. 
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•• 

The metabauxites of zones (I-II) are characterized by the assem

blage titanhematite + rutile. Most analyzed titanhematites from zones 

(I-II) have compositions which fall outside the region within which 

the hematite-ilmenite miscibility gap lies according to Lindsley (1973). 

Two samples from zone II, however, contain hematite that is much 
ss 
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Figure 1A. Compositions of hematite-ilmenite solid-solutions in meta

bauxitic rocks from Naxos, Greece. The diagram also shows the compo

sitions of coexisting hematite and ilmenite in metapelitic/amphiss ss 
bolitic rocks as determined by Westra (1970; W) and in metaquartzites 

as determined by Rumble (1973; R). L denotes the region within which 

the ilmenite-hematite miscibility gap lies according to experimental 

studies of Lindsley (1973). The actual location of the miscibility gap 

is still unknown. 
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ZONES I + II: 

• hem SS + rutile 

average Felli ratio of 
the metabauxites 

FeO 

ZONE III and lower part of ZONE IV: 

* hem + magnetite ± rutile (common)ss 

• hem + rutile (rare, chiefly in outer 
ss 

parts of commercial deposits) 

* ilm + magnetite (rare)ss 

Hematite 
FeO ~ Fe 2 0 3 

Upper part of ZONE IV and ZONE V: 

* ilm + magnetite (common)ss 

* hem S5 + magnetite (rare) 

o ilm + hem (rare, chieflyss ss 
as inclusions in corundum) 

? ilm + hem 55 + magnetite (rare, possiblyss 
present in a few samples from zone IV). 

L---"'-_"------"'-_"'----'L__~"_"_ _"_______"''____'_''', Hematite 

FeO Magnetite ! Fe 2 0 3 

Figure lB. FeO-Fe20 -Ti02 diagram depicting the changes in FeTi-oxide3
assemblages with metamorphic grade in the Naxos metabauxites. 
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richer in FeTi0 (26-28 mole %). These ilmeno-hematites could have
3
 

compositions near the solvus, and their ilmenite content agrees
 

reasonably well with that found by Westra (1970) for hematite ss
 
coexisting with ilmenite in pelitic and amphibolitic rocks from
 ss 
from SE Spain. 

Ilmeno-hematite + magnetite ± rutile is the common assemblage for 

the deposits in zone III and the lower part of zone IV. In this assem

blage rutile is typically present in trace amounts and it is rather 

difficult to judge if rutile is in true equilibrium with the other two 

FeTi-oxides. The ilmeno-hematites in the above assemblage contain 

26-40 mole % FeTi0 component. They plot within the region depfcted by
3 

Lindsley (1973) as an outer limit for the location of the hematite

ilmenite solvus while they are slightly richer in ilmenite component 

than the ilmeno-hematites (coexisting with ferrianilmenite) of Rumble 

(1973b). 

In the system FeO-Fe203-Ti02, the assemblage hematite + magness
 
tite + rutile is bivariant and behaves as an oxygen buffer at fixed
 

P and T. The hematite of this assemblage should show maximum solubiss 
lity of FeTi0 at the temperature (and pressure) of interest. Hence the

3 
points plotted in Figure 1A approximately indicate the position of the 

hematite side of the hematite-ilmenite solvus. It should be stressed, 

however, that the metabauxitic FeTi-oxides contain small amounts of 

other elements (Mn, Si, V, AI, Cr). This will result in a greater 

variance, so that it is an idealization to think of these minerals 

strictly in terms of the chemical system FeO-Fe 0 -Ti02 (Rumble, 1976).2 3
Hartstra (1978) studied several sample profiles across thick 

commercial metabauxite lenses in zone III and the lower part of zone 

IV. Whereas the cores of the lenses invariably contain the assemblage 

magnetite + ilmeno-hematite ± rutile, the marginal parts (10-100 cm 

thick) frequently lack magnetite, and contain titanhematite/ilmeno

hematite + rutile. The hematite of the latter assemblage has a signiss 
ficantly lower FeTi0 component than that of the former (cf. Figure 1).

3 
The observations of Harststra (1978) indicate that oxygen fugacities 

in the rims of these commercial lenses were higher than in their cores. 
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In zone III and the lower part of zone IV the assemblage hematite ss 
+ rutile was occasionally found in kyanite-rich samples (cf. Appendix 

I). Other deviating FeTi-oxide assemblages such as ilmenite + rutile, 

and ilmenite or magnetite alone, occur in silica-rich samples containing 

abundant FeMgAl-silicates (Table 1, Appendix I). These assemblages have 

not been plotted in Figure 1. 

The assemblage magnetite + rutile stands in reaction relation to 

hematite + ilmenite (see Figure 1B). The above reaction was experiss ss 
mentally studied by Lindsley and Lindh (1974) and their results indicate 

that the reaction curve lies at 600°C at 1 kb (magnetite + rutile on 

the low-temperature side). Below 10 kb the reaction is fairly insensi

tive to pressure (Rumble, 1973b), so that the experimental data may 

be applied to higher pressures. 

The phase-relations found for FeTi-oxides during the present study 

are in harmony with the results of Lindsley and Lindh (1974) and with 

most other natural occurrences of FeTi-oxide assemblages in metamorphic 

rocks (Rumble, 1976). In the Naxos metabauxites magnetite + rutile is 

common up to the middle of zone IV (--580°C) and was never found at 

higher grades. The high-temperature assemblage hematite + ilmenite ss ss 
is rare on Naxosj it is only found as inclusions in corundum from the 

upper part of zone IV and zone V. 

These mini-assemblages were sealed from the system by corundum, 

locally leading to Fe/Ti ratios that are quite different from the 

average Fe/Ti ratio of the metabauxites (shown in Figure 1B). It is 

probable that oxygen fugacities in these inclusions deviated from 

those in the bulk of the metabauxite body. The compositions of 

coexisting hematite and ilmenite in inclusions are on the hematite ss ss 
side of the solvus in agreement with the data of Lindsley (1973) and 

Rumble (1973b). On the ilmenite side they plot close to Rumble but 

outside the region for the hematite-ilmenite solvus proposed by 

Lindsley. 

Hematite + ilmenite + magnetite (Figure 1B) was observed in ss ss 
some silica-rich samples from the middle and upper parts of zone IV 

(see Table 1). Ilmeno-hematite and hemo-ilmenite form very complex 

micro-intergrowths in these samples, and it is not quite clear whether 
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all three phases were in equilibrium during peak M2-conditions. 

Ilmenite + magnetite is the common assemblage for the metabauxites ss
 
in the upper part of zone IV and in zone V. The maximum Fe 0 component


2 3 
of the ilmenite is 12 mole %. Most analyzed ilmenites have compositions 

approaching the end-member and some even show Ti in excess (only a few 

of these end-member ilmenites have been plotted in Figure 1A). Retro

gradation is obvious in zone V and nearly all ilmenites display signs 

of alteration. It is likely, therefore, that many ilmenites have lost 

their primary compositions. Such ilmenites, now having end-member 

compositions, may initially have been richer in hematite component. 

Textures for the coexisting magnetite suggest that this mineral initial 

ly contained ulvQspinel in solid-solution. 

The ilmenites analyzed from zone V plot outside the region depicted 

by Lindsley (Figure 1A). This may be a consequence of retrogradation, 

by which Fe 0 -rich ilmenites could have been altered, or may reflect
2 3

that the oxygen fugacities prevailing in zone V metabauxites (during 

M2) were always considerably lower than those for the assemblage 

ilmenite + hematite + magnetite (Figure 1Bj cf. Spencer and Lindsss ss 
ley, 1981). 

In conclusion, it is evident that with increasing grade (from I 

to zone V) relatively more reduced FeTi-oxide assemblages were developed 

in the metabauxites. The commercial metabauxite followed a prograde 

metamorphic path of more or less constant Fe/Ti ratio in Figure 1B. 

The path followed by silica-rich metabauxite may have been much more 

complex, because of reaction relations between FeTi-oxides and FeMgAI

silicates (Chapter 2). 

FE-MG-AL-SILICATES AND GREEN SPINEL 

The chemistry of FeMgAI-silicates was studied in detail. The mine

ral assemblages in the samples selected for electron microprobe analyses 

of these phases are listed in Table 1 (the given symbols will be used 

in subsequent figures). In most samples coexisting FeTi-oxides were 

also analyzed and their compositions are reported in Table 1. 
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Table 1. Mineral assemblages and compositions of FeTi-oxides in 

samples used for microprobe analyses of FeMgAI-silicates. Numbers in 

parentheses in the FeTi-oxide columns are mole percentages FeTiD] of 

hematite or ilmenite • ss ss 

Sample 
number 

ZONE I
 

B53?· 

ZONES II+III 

U5D 

133A 

133C 

I!lI B50?B 

•
J3C1 

28_1 

ZONE IV
 

+ 136F
 

0 B492
 

•• 
B492B 

30-30
 

0 113-3


•150B 

5 110E 

116F0 
106_20

• 106-4
 

.& 24-K4A 

24L"f:::" 24-W3
 

'V 24-15
* 1558
 
A
*"9*143C 

ZONE V
 

o 127D 

o 130A
 

0 1308
 

o 139A 

i I
 
tJ 

a 

.'
a 

.'.' .' .'

a 

X
 

X
 

X
 

x (A) 

a
 

x
 

x
 

X
 

a 

a 

X
 

x (0)
 

x
 

a
 

a
 

a
 

x (A)
 

x
 

x
 

x (0) 

X
 

X (X)
 

x
 

~ "' 
z 

~ 

x
 

x
 

2
And

a 

x
 

x
 

a 

x
 

x
 

a 

x
 

~ 

E~ i~ 
h ~~ 
~~ 
~~ ~~ 

a
 

x (7-9)
 

x (7-9)
 

x (9-12)
 

a
 

a
 

a (28-30)
 

a
 

x (2?-29) 

x
 

X (26-29)
 

0(-38)
 

? (40-45)
 

a (29-33) 

x (28-32) 

a
 

x
 

x
 

a
 

? 

? 

? 

a 

a 

a 

a 

a 

a 

a 

~ 
~ ~ 

;; ~ 

a 

a 

a 

a 

x
 

x A
 

a
 

x
 

A
 

A
 

x
 

x
 

a A
 

x
 

x
 

x
 

a A 

a
 

x
 

x
 

x
 

x
 

x
 

x
 

a (ant)
 

a
 

~ 

~ z "'" 

§ 8 
~ -~ "' § ~ ~ ~ 

~~ !:i ~ 
~c3 ~ i g I
~ I ~ 

C,x p. 

X
x (A) X
 " 
" a Aa X/P!! 

A" aa a 

x
x x a 

AaX a x 
2
 (cz) (0)x
 

X
 Ax
 

03 ax x
 

a apx x A• 3
 

x x a 0 

(0) x
 (A)a (0) x a 

(0) x
 Ax X x
 

c, x
 apa x 

.4
gb a x
 

AA gb X
 a a" 
(X)(X) aa 

a xx a 
5


A A !:lp,CcA Cb a 'p x
 

" (0) x
a a Cb 

Ax Cb a 

(0) x
(A) x a A (ho) 

a a x
 A 

a Aa a x 

.6 (X)3 (A) (0) ap(1:2) (X)a 

(c2)8 (X) X
(X) .7
 X
 

(0)(X) (C2) (0) 

(0) (X)3 0 (X) Crt 

() 99) 

( ) 99) 

(> 99) 

() 98) 

(82-8?) 

(84-86) 

(91-94) 

() 99) 

() 99) 

Minerals are: X'" major; 0 = minor; A = accessory; R ::: relict; ( ••• ) = secondary; ? = minor hema-ilmenite (1lmana-hematite) 

is present but it is uncert.!l.ln whether it is in equilibrium with the other FeTi-oxides in the sample; Pg '" paragonite; Gc = 

calcite; C2 = clinozoisite; And = andalusite; I9.p=' apatite; gb = green biotite; ep'" epidote; ho = hogbomite; ant = anatase; 

Grt = garnet; mineral abbrevation in capitals means present as a major conetituent. otherwise mineral is present as a minor 

or accessory constituent.
 

Notes: Coordinatee of sample locations are given in Appendix I; "'eample designatione beginning with B are from the collection
 

of J. Ben H. Jansen; 1. inclusions in kyanite and/or chloritoid; 2. H3-mineral; 3. partly altered to dark-brown oJl.ychlorite;
 

4. in biotite aggregates; 5. only in contact with anorthite, muscovite, biotite, corundum and FeTi-oxides; 6. inclusions in 

corundum; 7. in chlorite aggregates; 8. alteration product of anorthite. 
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Chloritoid 

Chloritoid varies in grain size from mm-size, lath-shaped porphy

roblasts to extremely fine-grained crystals in aggregates with diaspore, 

corundum and titanhematite. In veinlets the mineral may reach sizes of 

several centimeters. In most samples the modal amount of chloritoid is 

10-25 %, but some samples have chloritoid as the dominant mineral. 

Chloritoid has been analyzed in rocks from zone I, II, III and the 

lower part of zone IV (chloritoid-staurolite-bearing). Also included 

in the analyses was secondary (M4-phase?) chloritoid occurring in retro

grade chlorite-margarite veinlets in a deposit of zone V. Sa~ples with 

relatively large chloritoid grains were selected for analyses, because 

microprobe analyses of fine-grained chloritoid are easily contaminated 

by diaspore, corundum or FeTi-oxides. Furthermore, samples with coarser 

grains permit the study of possible chemical zoning of the chloritoid. 

Representative chloritoid analyses are listed in Table A4 and the 

variation in chemistry is illustrated in Figure 2. 

Table A4. Microprobe analyses of chloritoid. 

Sample 8537 8537 135D 133A 133A 133C 133C B5078 8507B 03el 0492 30-30 139A 

Zone II II II 11 II III III III IV IV V' 

Analysis 2a" 19/2-* 4a" 5··· 5" 2··· 12-· 4··· 1/1"· 14/t.. • .. 33"'·" 

SiO
Z 

23.46 23.66 24.71 24.57 24.69 24.37 24.54 24.91 25.07 24.67 24.02 24.72 24.49 

AI
Z

0 
3 

38.87 40.10 40.81 40.74 41.06 40.49 40.66 41.67 41.75 41.13 40.47 41.23 40.62 

F,O 27,77 27.56 21.52 24.08 22.43 26.50 22.76 21.86 21.46 22.86 25.79 24.45 27.80 

MgO 1.07 .63 4.06 2.95 3.79 2.22 3.66 4.20 4.66 4.17 1.47 1.89 .48 

MnO .27 .27 .60 .30 .29 .24 .27 .60 .60 .22 

NiQ .32 .34 

Total 91.4<1 92.22 91.70 92.96 92.60 93.82 92.11 93.24 93.54 92.83 91.97 92.29 93.39 

Cations per 12 oxygens 

S1 2.001 1.993 2.029 2.016 2.017 2.003 2.016 2.013 2.014 2.009 2.008 2.038 2.030 

Al 3.90B 3.982 3.950 3.941 3.953 3.923 3.959 3.968 3.954 3.947 3.988 4.005 3.969 

Fe 1.981 1.942 1.478 1.653 1.533 1.822 1.564 1.477 1.442 1.557 1.803 1.685 1.927 

M. .136 .079 .497 .361 .461 .272 .448 .506 .555 .506 .184 .232 .059 

Mn .020 .019 .042 .021 .020 .017 .019 .041 .041 .016 

N1 .021 .021 

S= 2.137 2.040 2.017 2.056 2.037 2.111 2.031 2.024 2.041 2.063 2.003 1.917 1.986 

Mg/(Mg+Fe) .064 .039 .252 .179 .231 .130 .223 .255 .279 .245 .093 .121 .030 

·core composi tion; ... composition of" inteMnediate part of" coaree grain; ···rim composi tion; IIretrograde ch1oritoid in secondary 

ch10ri te-margar i te veinle t6; a da6h (-) indicates below detection limit. 
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Figure 2. Chemical variation of chloritoid in metabauxitic rocks from 

Naxos, Greece; (A) Diagram showing composition of chloritoid in terms 

of Fe, Mg and Mn end-members (mole %); (B) Al versus Fe+Mg+Mn (cations 

per 12 0). Open symbols denote compositions of rims of grains, half

filled symbols compositions of intermediate parts of large grains or 

cores of smaller grains, and closed symbols compositions of cores of 

large grains. 
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Chloritoid is essentially a solid-solution of Fe2AI4Si2010(OH)4 

and Mg2AI4Si2010(OH)4 with minor MnO (up to .76 wt%). 2nO, NiO, CaO 

and alkalis are virtually always below detection limit. Most analyses 

show no detectable Ti02 , but in some cases relatively high Ti02 (up to 

.42 wt%) was measured. Since rutile is a widespread inclusion of the 

chloritoid, it is supposed that these Ti02 values are due to minute 

rutile inclusions and thus incorrect. The range in Mg/(Mg+Fe) for 

primary chloritoid is .04 to .30, which is common for natural chlori

toids (e.g., Halferdahl, 1961; Hoschek, 1967; Albee, 1972; Grambling, 

1983). Retrograde chloritoid (sample 139A) is highest in iron. The 

Mg/(Mg+Fe) ratio (=~g) of the metabauxitic chloritoid is not clearly 

related to metamorphic grade. In the metabauxites of zones (I-II), XMg 
chloritoid depends directly on the modal volume of the mineral and the 

MgO content of the rock, because chloritoid is the only important 

Mg-carrier. 

Chloritoids from zones (1-11-111) systematically show (Fe+Mg+Mn) 

somewhat in excess of 2.00, coupled with slight deficiences in Al 

(Table A4, Figure 2B). This trend probably indicates the presence of 

some ferric Fe substituting for AI, most likely in the M(1A) octahedra 

of the brucite-type layer (Hanscom, 1980; Halenius at al., 1981). 

Chloritoids from the chloritoid-staurolite rocks (zone IV) show no 

evidence of the presence of ferric Fe, as (Fe+Mg+Mn) equals or is even 

less than 2.00, and Al approaches the theoretical 4.00 in the structu

ral formulae. Chloritoids from zones (1-11-111) coexist with relatively 

oxidized FeTi-oxide assemblages (see Table 1), whereas chloritoids in 

zone IV coexist with the more reduced assemblage ilmenite ± rutile. 

Thus the ferric Fe content of chloritoid appears to be related to the 

oxidation ratio (Fe20 /FeO) of the host rock.3
It can be seen in Figure 2B that the medium to coarse-grained 

chloritoids occurring in zones (1-11-111) show a tendency to be higher 

in (Fe+Mg+Mn) in the central parts than at the edges of the blasts, 

suggesting that the central parts are richer in ferric Fe than the 

edges. On textural grounds (see also Chapter 2), chloritoid is prima

rily interpreted to be a M1-mineral*, and it is likely that the 

original M1-composition has partly been preserved in the central parts 
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of the blasts, whereas the edges reequilibrated and adjusted their 

composition during the M2-event. An alternative possibility is that 

the chloritoid grains acquired the zoning during M1-growth. The signi

ficant Mg-enrichment found for edges of chloritoid grains in direct 

contact with margarite (samples 1JJA, 1JJC, B507B; see Figure 2A) 

provides support for the first possibility because this enrichment is 

thought to have occurred during the M2-phase by means of the following 

continuous reaction (reaction (J) in Chapter 2): 

chloritoid + calcite (or introduced Cal + titanhematite + rutile 

Mg-richer chloritoid + margarite + Ti-richer titanhematite + CO2 

During the M2-event, M1-chloritoid thus partly recrystallized 

and adapted its chemical composition in zones (1-11-111). The chlori 

toid in the two samples from zone IV probably reequilibrated wholly 

during the M2-event. This may be inferred from the ferric iron-free 

composition of the chloritoid (resulting from equilibration with the 

relatively reduced ilmenite + rutile assemblage) as well as the regular 

Fe-Mg partitioning between chloritoid and M2-phase FeMgAI-silicates 

(staurolite, chlorite and biotite; see a following section). 

Assuming that chloritoid has the ideal structural formula
 
2+ ) J+. J+ J+ 2+ .
(Fe ,Mg,Mn 2(AI,Fe )AI

J
Sl2010 (OH)4' the Fe /(Fe + Fe ) ratlo for 

chloritoid from zones (1-11-111) can be estimated at .01-.06. This 

value is somewhat lower than for most chloritoids in other rock types. 

For instance, Halferdahl (1961, Table 8) obtained FeJ +/(FeJ ++Fe2+) 

ratios of .041-.095 for the ·chloritoids included in his new analyses, 

Liou and Chen (1978) gave ratios of .016-.096 for chloritoids in 

greenschist facies chloritoid rocks (magnetite-ilmenite bearing) from 

eastern Taiwan, and Grambling (198J) reported ratios of .05-.08 for 

*Though chloritoid is essentially considered as a M1-mineral, some 

samples show evidence of newly formed M2-chloritoid, occurring either 

as coarse undeformed crystals in veinlets or as small crystals in 

aggregates of M1-chloritoid. In general, M2-chloritoid is present in 

subordinate amounts with respect to M1-chloritoid. 
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chloritoids in lower-amphibolite facies pelites (magnetite-ilmenite 

bearing) from northern New Mexico. The comparatively low Fe3+ content 

of the metabauxitic chloritoid, in spite of its coexistence with rela

tively oxidized FeTi-oxides, may be a consequence of the Al 0 excess2 3 
of the metabauxites which maximizes AI-solubility in chloritoid. 

Calculated structural formulae (cf. Table A4) do not suggest, however, 

that any Al has entered the tetrahedral Si-site of chloritoid. 

Staurolite 

Apart from rare relictic staurolite as inclusions in corundum from 

zone V (section 2.10), the occurrence of staurolite is restricted to 

zone IV. Staurolite forms anhedral to euhedral (prismatic) crystals, 

which are markedly pleochroic from colourless to yellow. The mineral 

is randomly oriented without any signs of deformation and may contain 

inclusions of FeTi-oxides, corundum, biotite and white micas. The modal 

amount of staurolite is quite variable; commonly it ranges from traces 

to about 10 per cent, in extreme cases it may range up to 50-80 per 

cent. The growth of staurolite is often concentrated in distinct 

domains surrounded by corundum and FeTi-oxides. In these domains 

staurolite is associated with other silicate minerals. Textures and 

chemical data suggest that chemical equilibrium was attained on the 

scale of such a domain rather than on the scale of the whole thin 

section. 

Staurolite has been analyzed in 13 samples from zone IV. Repre

sentative analyses are given in Table A5 and the chemical variation of 

staurolite is illustrated in Figures 3-8. Staurolite displays a great 

compositional variation. It is rich in Fe and contains variable amounts 

of Mg and Zn (Figure 3). Mn and Ti are present in minor amounts (Table 

A5). The Mg/(Mg+Fe) ratio is between .07 and .26. 

The metabauxitic staurolite may contain up to 27 mole per cent of 

the theoretical Zn end-member (equivalent to 4.80 wt% ZnO). The Zn 

content is inversely proportional to the modal amount of staurolite. 

The highest Zn contents are encountered in samples in which staurolite 
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Figure 3. Chemical variation in terms of theoretical (Fe+Mn), Mg and 

Zn end-members (mole %) of staurolite in metabauxitic rocks from Naxos, 

Greece. The histogram (B) shows staurolite without detectable Zn. N is 

number of analyses. 
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Table A5. Microprobe analyses of staurolite 

Sample 8492 84928 30-30 113-3 1508 1015-2 106-4 24-W3 24-K4A 24-15 24L 119A 143C 

Zone IV-I· IV-l IV-l IV-m* IV-m IV-m IV-m IV~ rV-m IV-m IV-m IV-u· IV-u 

Analysis 22.1 3. 25 43 14 19 15 21 4b Ib 

27.22 26.96 26.90 26.79 25.83 26.85 27.77 27.88 26.03 28.32 29.40 27.59 27.72 

.27 .25 .41 .29 .29 .25 .27 .57 .18 .20 .~B 

55.06 54.98 55.62 55.90 56.05 53.81 55.93 55.71 54.42 55.97 54.93 55.84 55.27 

15.47 15.03 14.92 11.05 13.54 9.13 11.71 11.55 12.82 11,62 8.88 10.47 12.84 

MgO .85 .81 1.14 1.09 1.10 1.31 1.65 1.54 1.92 1.89 1.65 1.46 .74 

",,0 .44 .46 .56 .78 .30 .56 .45 .35 .23 

ZnO 3.10 .49 4.14 .50 1.07 .48 2.54 1.71 1.19 

Total 98.03 98.99 98.66 97.30 97.70 98.38 98.80 96.54 98.36 98.03 97.62 98.47 

Cations on the basis of 46 oxygene 

Si 7.53 7.50 7.41 7.41 7.22 8.00 7.61 7.63 7.33 7.73 8.03 7.61 7.64 

Al .47 .50 .59 .59 .78 .39 .37 .57 .27 .39 .35 

Al 17.47 17.54 17.48 17.62 17.70 17.59 17.67 17.60 17.40 17.73 17.69 17.78 17.61 

Ti .06 .05 .09 .06 .05 .05 .06 .12 .04 .04 .10 

17.53 17.59 17.57 17.68 17.76 17.59 17.73 17.66 17.52 17.73 17.73 17.82 17.71 

" 
Fe 3.58 3.50 3.44 2.55 3.16 2.12 2.68 2.64 3.02 2.65 2.03 2.42 2.96 

.35 .34 .47 .45 .46 .54 .67 .53 .81 .77 .57 .50 .31 

"" .10 .11 .13 .18 .07 .13 .10 .08 .05 

Zn .63 .10 .85 .10 .22 .10 .51 .35 .24 

S= 3.93 3.84 3.91 3.73 3.72 3.62 3.58 3.67 4.00 3.55 3.31 3.45 3.56 

1IIg/(Fe+Mg) .089 .088 .120 .150 .126 .203 .200 .192 .211 .225 .249 .199 .093 

·IV-l lower part of the zone, IV-m middle of the zone, IV-u upper part of the zone; a dash (-) means below detection limit. 

occurs in trace or minor amounts, while staurolite present as a major 

constituent contains no detectable or very minor Zn (cf. Figure 3 and 

Table 1). Staurolite strongly concentrated Zn, as indicated by the fact 

that Zn was never detected in coexisting minerals (except in green 

spinel). The Zn enrichment in staurolite is a consequence of the 

preference of Zn for the tetrahedral Fe site in the staurolite lattice 

(Griffen, 1981). 

The structural-chemical formula of staurolite is complex and the 

precise cation site assignments are not yet clearly understood (Smith, 

1968; Griffen et al., 1982; Ribbe, 1982; Donnayand Donnay, 1983). 

The complexity is mainly due to the presence of vacancies, both 

in tetrahedral Fe and octahedral Al sites, and the variable H 0 content2
of staurolite. Determinations of H 0 in staurolite indicate that the

2
OH content ranges from about 2.0 to 4.5 per unit cell of 48 oxygens. 
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For instance, Lonker (1983) studied staurolites in pelitic rocks from 

various metamorphic terrains in the U.S.A., and found OH ranges between 

1.79 and 3.57 (per 48 0). 

The structural formulae of the metabauxitic staurolites were 

calculated on the basis of 46 oxygens (assuming 44 0 + 4 OH). This 

normalization assumes a "maximum" hydroxyl content for staurolite, 

and probably leads to slight overestimations of cations in most of the 

analyses. A variable OH content of the metabauxitic staurolite can only 

explain to some extent the displayed compositional variation, and it 

seems unlikely that this uncertainty has a dominating effect on the 

following discussion. 

An approximate chemical formula for staurolite is: 

2+ VI
(Fe ,Mg,Zn,Mn,D) 4( AI,Ti,D) 18(Si Al8 )0 (OH)

-- - x -x 48-y y 

The Si content of the metabauxitic staurolite ranges from 7.22 to 8.12 

atoms per 46 oxygens. The tetrahedral Si site is fully occupied (Smith, 

1968; Ribbe, 1982) and enough Al is assigned to that site to total 8.00 

atoms. The remaining Al (=Altotal+x-8) is termed VIAl, although a minor 

part of it is probably sited in the tetrahedral Fe site. The bivalent 

ions Fe, Mg and Zn are mainly in the tetrahedral Fe site, and to a 

minor extent in the octahedral Al sites (Ribbe, 1982). Mn is arbitrari

ly included with the bivalent ions and Ti with VIAl; it is uncertain 

for these elements whether they are in IV- or VI-fold coordination. 

However, Mn and Ti generally occur in minor amounts (less than .18 and 

.14 atoms per formula unit, respectively) and will not much influence 

the compositional trends shown by the staurolite. (Fe+Mg+Zn+Mn) ranges 

from 3.14 to 4.18 atoms and (VIAI +Ti ) from 17.31 to 17.91 atoms per 
VI46 oxygens. The Al content of the metabauxitic staurolite falls on 

the high-AI side of the range found by Griffen et al. (1982) for 82 

staurolites from the literature. The high VIAl content of the meta

bauxitic staurolite is a consequence of the bulk composition. 

Figure 4 shows the variation of Fe, Mn, Mg and Zn with Si in the 

metabauxitic staurolite. The Mn, Mg and Zn contents are unrelated to 

the Si content, while Fe shows a weak negative correlation with Si. 

A plot of (Fe+Mn+Mg+Zn) versus Si (Figure 5) indicates that the sum 
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of the bivalent cations shows a better negative correlation with Si. 

This inverse trend clearly argues against a substitution of the type 

IVAI + VIAl = IVSi + (Fe,Mg,Zn) as a mechanism for balancing the intro

duction of Al into Si sites, the more so as VIAl is essentially uncor

related with Si (Figure 6). The inverse relationship between (Fe+Mn+Mg+ 

Zn) and Si suggests that the high charge of Si-rich staurolite is 

counterbalanced by a vacancy substitution of the type 2IVSi + [] = 
IV

2 AI + (Fe,Mg,Zn). A plot of Si versus the sum of cations in the 
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staurolite (Figure 7) provides further support for the above substi

tution because it gives a good correlation with a slope that is only 

slightly steeper than -0.5, the figure to be expected for the above 

substitution. 

Figure 6 shows that (VIA1 +Ti ) is rather constant in the meta

bauxitic staurolites. Some Si-poor staurolites are relatively low in 

(VIA1+Ti ), and there is a slight overall tendency for (VIA1+Ti ) to 

increase with Si (see also subsequent section) 

The Si content of the staurolite is more variable. Staurolite 

tends to be highest in Si in samples containing relatively silica-rich 

assemblages (involving kyanite, clinozoisite/epidote, anorthite; see 

Table 1), suggesting that the silica activity of the rock was an 
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important factor determining the Si content of staurolite. In some 

samples (e.g. 150B and 106-2) the Si content of staurolite differs 

significantly in various parts of the thin section. This may indicate 

that on the scale of a thin section gradients in Si-activity existed 

during metamorphism. Individual staurolite grains are fairly homogeneous 

in composition and their chemical variation (Figures 3-8) largely falls 

within the analytical error. 

Figure 8 is a plot of (Fe+Mn+Mg+Zn) versus (VI AI +Ti ) in the 

staurolite. It is evident from the figure that for a constant Si 

content there is a strong correlation between (VIAI+Ti ) and the sum 

of bivalent cations. The slope of the correlation line spproximates 

-1.5, as would be expected for the substitution 2VI AI + 0 =3(Fe,Mg,Zn). 

The above correlation was found by many workers on staurolite 

(e.g., Griffen and Ribbe, 1973; Griffen et al., 1982; Grambling, 1983; 
VIWard, 1984). It clearly suggests the substitution 2 AI + 0 

3(Fe,Mg,Zn), probably taking place in the octahedral Al sites of 

staurolite. It should be noted, however, that for fixed Si (and IVAI) 

content and omitting Ti and other minor elements, the above correlation 

follows from charge balance requirements (introduced during normali

zation of the microprobe analyses to oxygen) and hence will only be 

significant if the variation displayed by the staurolites exceeds the 

analytical uncertainty. This is the case for the staurolites in the 

plot of Figure 8. 

All analyzed Naxos staurolites coexist with corundum and are thus 

saturated with AI. Variations in the activities of other components 

(Si, Fe, Mg, Zn) must therefore have governed the compositional 

variation of the staurolite. Besides the Si-activity, the Fe2+-activity 

may have exercised an important control on the chemical composition of 

the staurolite that was formed in the metabauxites. Comparison of 

Figure 8 and Table 1 shows that for staurolites with Si less than 

~7.70 atoms, (Fe+Mg+Zn+Mn) in staurolite shows a relationship with 

the oxygen fugacity that has prevailed during metamorphism (reflected 

in the coexisting FeTi-oxide mineralogies). Staurolites with a high 

sum of bivalent cations (and commonly also high in Fe alone) tend to 

coexist with relatively reduced FeTi-oxide assemblages (ilmenite ± 
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Figure 8. Fe+Mn+Mg+Zn versus VIAl+Ti in metabauxitic staurolites from 

Naxos (cations per 46 0). Symbols as in Figure 3. 
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rutile, (ferrian)ilmenite/hemo-ilmenite + magnetite) whereas those with 

a low sum of bivalent cations (and commonly relatively rich in Mg) tend 

to coexist with more oxidized FeTi-oxide assemblages (ilmeno-hematite + 

magnetite, magnetite). All silica-rich staurolites (Si greater than 

~7.70 atoms) coexist with ilmeno-hematite + magnetite, and this may 

explain their comparatively low (Fe+Mg+Zn+Mn) and high (VIA1+Ti ). The 

relationship thus suggests that the substitution 2VIAl + [] =3(Fe,Mg,Zn) 

is dependant on oxygen fugacity, i.e. at relatively reduced conditions 

the incorporation of Fe2+ is promoted in staurolite, whereas at more 

oxidized conditions staurolite becomes enriched in VIAl. 

In a synthesis of chemical data for 82 natural staurolites, 

Griffen et al. (1982) used the negative correlation between (Fe+Mg+Zn) 

and VIAl to derive a generalized chemical formula for staurolite that 

is dependant on one variable 

(Fe,Mg,Zn)25.6_1.25xA11.5X_8.2Si16.2_0.5x048H~4 

where x is between 16.58 and 18.61. 

The metabauxitic staurolites do not fit the formula of Griffen et 

al. (1982). The validity of their formula was tested by variation plots 

for other staurolite analyses (including the ones used to derive the 

formula). The results indicate that staurolites which satisfy the 

generalized formula of Griffen et al. (1982) are rare in the literature, 

and it is believed that the staurolite formula of Griffen et al. is 

incorrect (due to "closure" of their data). 

Biotite 

Biotite is locally found in many deposits of zones (IV-V). The 

biotite typically forms medium-grained undeformed flakes; occasionally 

it has a porphyroblastic habit. Fe-rich biotites generally display 

brown pleochroism, while the greater part of the Mg-rich biotites are 

pleochroic in shades of green. Biotite has been analyzed in 10 samples 

from zone IV and in one contact-metamorphic sample (28-1) from zone III. 

Selected analyses are presented in Table A6. Ca, Na, Mn, Ni and Cr 

occur in amounts that are commonly less than the detection limit of 
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Table A6. Microprobe analyses of biotite. 

Sample 136F 30-30 113-3 1508 116F 24-1113 24-15 24L 24L 1558 143C 28-1 

Zone IV-I@ IV-l IV-m@ IV-m IV-m lV-. IV-m IV-m IV-m IV-m IV-u@ IIIII 

Analysis 18.2 18 47 15 36 2. 17 63· 17 14.2 

33.70 33.75 34.13 35.12 37.56 36.66 36.24 34.97 37.62 34.50 34.55 31.90 

1.21 1.42 2.04 2.15 .85 1.90 .17 1.32 .22 1.95 2.19 3.26 

22.20 21.20 20.26 19.40 19.91 20.85 20.71 20.43 20.34 20.15 20.20 21.73 

24.78 21.73 17.69 17.81 11.22 14.80 13.07 14.40 9.63 14.89 22.01 26.47 

MgO 4.09 7.10 9.45 8.83 14.21 11.15 14.25 12.33 16.87 12.35 6.46 1.92 

MnO .22 .77 

NiO .39 

K
2
0 8.79 8.74 9.63 9.53 9.37 8.71 9.40 9.41 9.59 9.71 9.16 9.22 

Total 94.77 93.94 93.42 92.64 94.28 94.07 93.84 92.86 94.27 93.55 94.57 94.50 

Cations per 22 oxygene 

Si 5.26 5.25 5.28 5.45 5.54 5.46 5.40 5.33 5.49 5.25 5.35 5.09 

A1 2.74 2.75 2.72 2.55 2.46 2.54 2.60 2.67 2.51 2.75 2.65 2.91 

A1 1.35 1.14 .97 .99 1.00 1.13 1.04 .99 .98 .86 1.04 1.17 

Ti .1. .17 .24 .25 .09 .21 .02 .15 .02 .22 .26 .39 

Fe 3.24 2.83 2.29 2.31 1.39 1.85 1.63 1.B3 1.17 1.90 2.B5 3.?3 

Mg .95 1.55 2.1B 2.04 3.12 2.48 3.17 2.80 3.67 2.BO 1.49 .46 

Mn .03 .10 

Ni .05 

Sum 5.68 5.79 5.71 5.59 5.75 5.67 5.B6 5.77 5.B4 5.7B 5.64 5.55 

1. 75 1.74 1.90 1.BB 1.76 1.66 1.79 1.83 1. 79 1.BB loBI 1.87 

Mg!(Mg+Fe) .227 .368 .4BB .469 .693 .573 .660 .605 .75B .596 .343 .114 

@IV-l == lower part of the zone, IV-m == middle of the zone, IV-u = upper part of the zone; Ilcontact-metamoIllhic 

rol3-bioti te; -biotite contacting calcite and anorthite in calcium-rich part of sample i a dash (-) indicates below 

detection limit. 

the microprobe. Analyses of zone V biotites yielded no reliable results 

due to chlorite contamination, suggesting that partial chloritisation 

of biotite is ubiquitous in zone V. 

Structural formulae for biotite have been calculated by normalizing 

to 22 oxygens and assuming that all iron is ferrous. It is likely, 

however, that the biotites contain some ferric iron because they coexist 

with magnetite and hematite-ilmenite solid-solution phases (see Table 

1). On the basis of stoichiometry, it is diffucult to estimate accurate

ly the amount of ferric Fe in biotite as the mineral exhibits vacancies 

in both octahedral and interlayer sites. An additional complication is 
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that biotite may have a variable H 0 content due to oxy-substitutions23+ 2- 2+ -)(e.g. Fe + 0 = Fe + OH • Consequently, no attempt has been made 

to estimate ferric Fe. It is believed, however, that the assumption of 

all Fe as ferrous will not affect too much the discussion that follows. 

The effect of taking all Fe as ferrous, while some iron is in fact 

ferric, will be that the contents of all cations are slightly overesti

mated in the structural formulae. 

The variation of octahedral cation contents in the biotites is 

depicted in Figure 9. It can be seen that the metabauxitic biotites 

show a great spread of Mg/(Mg+Fe) values (.10-.78), and that (VIAI+Ti ) 

decreases with Mg/(Mg+Fe) ratio (=~g)' As discussed later, the latter 

trend largely results from an inverse relationship between Ti content 

and XMg • In the (Fe+Mn)_Mg_VIAI diagram (Figure 9B), Mg-rich biotites 

plot near and Fe-rich biotites above the siderophyllite 

K2(Fe5AI)(AI3Si5020)(OH)4-eastonite K2(Mg5AI)(AI3Si5020)(OH)4 join. 

This decrease in VIAl with ~g may partly be caused by differences 

in ferric Fe contents, since it is plausible that the Mg-rich and 

intermediate biotites are somewhat higher in ferric Fe than the Fe-rich 

biotites, because the former coexist with relatively more oxidized 

FeTi-oxide assemblages (cf. Table 1). 

It is evident that the siderophyllite-eastonite-annite-phlogopite 

model, which is based on complete Fe-Mg exchange and the AI-Tschermak's 

substitution IVSi + VI(Fe2+,Mg) = IVAI + VIAl cannot account for all 

the observed variations in biotite chemistry, because the biotites have 

excess VIAl (Figure llA), are deficient in K (Figure 10C), and contain 

significant Ti (Figure 10D). 
VI

The biotites have .15-.60 atoms Al in excess over the amount 

required by the AI-Tschermak's substitution (see Figure llA). The 

charge excess due to this additional VIAl may be compensated partly by 
VI

interlayer deficiencies. Another part of such excess Al is most 

likely incorporated in biotite by means of a dioctahedral-trioctahedral 
. . VI VI VI 2+. .Substltutlon 2 Al + [J = 3 (Fe ,Mg) WhlCh can be vlewed as a 

muscovite-component in biotite (cf. Dymek, 1983; Labotka, 1983). 

Like most natural biotites, the metabauxitic ones are slightly 

deficient in K (Figure 10C). The K content appears to be unrelated to 
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x , contrary to the findings of Guidotti et al. (1977), and Mohr and 
Mg 

Newton (1983). These workers found a negative correlation between K 

(or K+Na) and ~g in aluminous biotites from medium- to high-grade 

pelitic rocks. The K content of the metabauxitic biotite is related, 

however, to the presence or absence of muscovite; biotites in muscovite

bearing samples tend to be higher in K than those in muscovite-free 

samples (Figure 10C and Table 1). The present study does not confirm 

the observation of Labotka (1983) that biotites in muscovite-bearing 
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Figure 9. Compositional variation in the octahedral sheet of biotite 

in metabauxitic rocks from Naxos, Greece. 
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rocks contain more dioctahedral Al-component than biotites in muscovite

free rocks. 

The Si content of the metabauxitic biotites falls within the range 

of 5.02 to 5.54 atoms per 22 oxygens (Figure 10A). It is lower than 

that of biotites in virtually all other rock-types, but biotites with 

a comparable Si content are sometimes found in medium- to high-grade 

pelitic rocks, where such biotites generally coexist with Al-rich 

minerals such as Al-silicates, staurolite or cordierite (e.g. Guidotti 

et al., 1975, 1977; Dymek, 1983). 

Figure 10AB illustrates that Si increases with ~ , and that both 

Altotal and IVAl (=8-Si) decrease with XMg • All biotit~s analyzed 

coexist with corundum and are thus Al-saturated. Hence, the cause of 

the different Al contents of the biotites (in samples of similar grade) 

must be sought in variations in the activities of other components 

(Fe, Mg, Si) which indirectly may control the Al content by means of 

crystal-chemical and charge-balance constraints. A similar inverse 

correlation between XMg and IVAl has been found in studies of Al- and 

Si-saturated biotites from pelitic rocks (Guidotti et al., 1977; 

Labotka, 1983). These authors supposed that this inverse trend is 

strongly controlled by crystallochemical factors counterbalancing 

distortions in the structure of Al-rich biotite (see also Hewitt and 

Wones, 1975). Experimental work on synthetic Fe-Mg-Al-biotites (Hewitt 

and Wones, 1975) also showed that the magnesian end-member has a lower 

solubility for Al than biotites with intermediate to iron end-member 

compositions. 

In pelitic rocks the Ti content of biotite coexisting with Al-rich 

minerals and a saturating Ti-oxide phase (e.g. rutile, ilmenite, titan

hematite) generally increases with increasing metamorphic grade 

(Guidotti et al., 1977; Dymek, 1983; Labotka, 1983). In addition, it is 

commonly found that in rocks of similar grade and containing comparable 

assemblages, the Ti content of Al-rich biotite is inversely correlated 

with the Mg/(Mg+Fe) ratio of the mineral. Guidotti et al. (1977) argued 

that this inverse trend results from crystallochemical control, i.e. 

that the Mg/Fe ratio of biotite exerts constraints on the solubility 

of Ti in the biotite crystal lattice. 
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The inverse relationship between XMg and Ti is clearly reflected 

in the compositional variation displayed by the biotites from the 

middle of zone IV (Figure 10D). With the exception of sample 24-15, in 

which biotite coexists with magnetite, the analyzed rocks contain 

hematite-ilmenite solid-solution phases (see Table 1), so that biotite 

is saturated with Ti. Despite their relatively low XMg values, biotites 

from the lower part of zone IV (samples 136F and 30-30) are poorer in 

Ti than biotites from the middle of zone IV. This different Ti content 

may be attributed to the difference in metamorphic grade. M3-biotite 

was studied in one sample (28-1) collected from a metabauxite deposit 

located at a few meter distance from the granodiorite. Although this 

biotite does not coexist with a Ti-oxide phase, it is highest in Ti 
IV

(and Fe and AI) of all biotites analyzed, supporting the view that 

this contact-metamorphic biotite formed at distinctly higher tempera

tures (and lower pressures) than the M2-biotites in zone IV. 

Ti-substitution in biotite is problematic, and various substi

tutional mechanisms have been suggested for Ti4+ in biotite (see Dymek, 

1983, for a recent review). Two main types of Ti-substitutions can be 

distinguished. The first type involves coupled substitutions in VI- and 

IV-fold sites: 
VI( Fe2+ M) + 2IVS·1 VIT· + 2IVAI,g = 1 

VIAl + IVSi VITi + IVAI and 

The second type involves direct substitutions of Ti on octahedral sites: 

4VIAI = 3VITi + VI[] (3) 

and 2VI (Fe2+,Mg) = VITi + VI[] (4) 

The microprobe data for the metabauxitic biotites point to substi

tution (4) as the dominant type of Ti-substitution. A plot of Ti versus 

VIAI+Mg+Fe+Mn (Figure 11B) gives an excellent correlation with a slope 

of -0.5, suggesting than an octahedral vacancy is formed for each Ti 

that enters biotite. Plots to test coupled substitutions (1) and (2) 

lent them little support. It is concluded, therefore, that in the meta

bauxitic biotites Ti-vacancy substitutions on octahedral sites predomi

nate over ones in which Ti is balanced by tetrahedral AI. Dymek (1983), 

and Labotka (1983) reached similar conclusions regarding Ti-substitu

tions in AI-rich biotites from medium- to high-grade pelitic rocks. 
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Chlorite 

Primary chlorite is found in zones (III-IV). Secondary chlorite is 

a common retrograde alteration product of biotite and staurolite. 

Aggregates of coarse retrograde chlorite are widespread in the upper 

part of zone IV and in zone V. 

Representative analyses of primary and retrograde chlorites are 

given in Table A7. The chemical variation of the chlorite is shown in 

Figure 12. The Mg/(Mg+Fe) ratio of chlorite ranges up to .65. The 

greater part of the secondary chlorites are rich in Fe and Al. Their 

~g is usually less than .20, and they are pseudothuringites according 

to the chlorite nomenclature of Hey (1954). 

Table A7. Microprobe analyses of chlorite. 

Sample B507B 8492 8492B 116E 24-W3 24-K4A 155B 127D 130A 130B 139A 

Zone III IV_Ill IV-l IV_mil IV-rn IV-m IV-m V V V V 

Analysis 10 5b 13.1 I. 15" 8" 22.1+ 8' 3.' 

SiO 25.71 22.15 22.37 24.72 24.95 24.07 24.56 18.77 21.37 20.12 21.73 z 
A1 0 24.60 24.37 23.49 24.36 24.24 22.88 24.12 27.28 24.15 23.94 24.18 

2 3 
FeO 18.73 30.69 32.80 27.50 20.66 19.79 22.36 39.19 36.76 40.88 40.30 

MgO 18.65 7.45 7.98 10.77 15.85 16.81 15.47 .72 4.97 1. 78 3.05 

MnO .49 .22 .61 .26 .29 

NiO .37 

K 0 .16
2

Total 87.69 84.66 86.64 88.37 85.70 83.77 86.51 86.57 67.51 87.01 89.26 

Cations per 28 oxygens 

Si 5.20 5.00 4.99 5.22 5.23 5.17 5.15 4.38 4.83 4.71 4.89 

Al 2.80 3.00 3.01 2.78 2.77 2.83 2.85 3.62 3.17 3.29 3.11 

Al 3.07 3.47 3.16 3.29 3.21 2.96 3.11 3.87 3.27 3.31 3.31 

Fe 3.17 5.79 6.12 4.86 3.62 3.56 3.92 7.64 6.95 8.00 7.58 

Mg 5.63 2.50 2.65 3.39 4.95 5.38 4.83 .25 1.68 .62 1.02 

Mn .09 .04 .12 .05 .06 

Ni .06 

K .04 

Sum 11.87 11.76 11.93 11.73 11.78 11.94 11.86 11.88 11.95 11.99 11.91 

Mg/(Mg+Fe) .640 .302 .302 .411 .578 .602 .552 .032 .194 .072 .119 

Il rV_ 1 ;: lower part of the zone. IV-m = middle of: the zone; "retrograde chlorite 
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Primary chlorites are commonly richer in Mg than the secondary 

ones. Following Hey (1954) most of them are ripidolites. The primary 

chlorites have a rather uniform IVAl content (Figure 12B), ranging 

from 2.75 to 3.05 atoms per 2B oxygens. Their IVAl content falls on 

the high-aluminium side of the compositional variation displayed by 

chlorites in metapelitic rocks (Miyashiro, 1973; Fig. 7B-5). The 

VIAl content of the metabauxitic chlorites is more variable and, like 
VI

the metabauxitic biotites, they have Al in excess (Figure 12B). 

Green spinel and hogbomite 

As discussed in Chapter 2 (section 2.10) green spinel shows 

various modes of occurrence. It may be present as: (1) dispersed grains, 

(2) a decomposition product of staurolite, (3) inclusions in anorthite, 

or (4) a constituent of retrograde margarite-chlorite veinlets. 

Representative microprobe analyses of the last three spinel types 

are given in Table AB. Green spinel is a solid-solution of hercynite 

(FeA120 ) and gahnite (ZnA120 ) with minor spinel (MgA120 ). Irrespect4 4 4
ive of the fact that spinel may be primary or secondary, spinel present 

in trace amounts is consistently rich in gahnite-component, whereas 

spinel that occurs in higher modal amounts (2-15 %) contains less than 

3 mole per cent gahnite-component. Calculated formulae indicate that 

spinel contains negligible to minor Fe3+. Although the secondary spinel 

in the chlorite-margarite veinlets tends to be highest in Fe/Mg ratio, 

the microprobe data do not allow to make a clear compositional 

distinction between primary and secondary spinels. 

Hogbomiteisa very rare secondary mineral. It was found in trace 

amounts in only a few deposits, all located in the upper part of zone 

IV. Since the occurrence of hogbomite is directly related to green 

spinel, the mineral is discussed in this section. Hogbomite forms 

honey-brown to dark-brown, weakly pleochroic crystals and is typically 

present along grain boundaries of gahnitic hercynite. Apparently the 

Naxos hogbomite formed by partial replacement of gahnitic hercynite, 

while the titanium for it was supplied by adjacent ilmenite. In meta
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Table A8. Microprobe analyses of hogbomite and green spinel. 

HOGBOMITE GREEN SPINEL 

Sample 155B 155B 155B 155B 113-3 127D 130A 130B 

Zone IV IV IV IV IV V V V 

Analysis 10/1 11/1 3' 5' 7/3** 1 *** 24' 7/b*** 

Si0
2 

.47 .22 .38 .33 .30 .29 .32 .25 

Ti0
2 

4.57 4.42 

A1 
2

0
3 

60.00 59.68 58.77 58.65 58.08 58.22 56.66 55.73 

Cr
2

0 
3 

.20 .22 .20 

Fe203~ .51 .95 .69 .70 .17 3.42 4.01 

FeOll 19.22 20.27 18.72 18.38 18.28 12.88 35.28 38.67 

MgO 2.40 2.69 3.11 2.73 1. 75 .99 2.98 .92 

MnO .28 .24 .26 .37 .38 .26 .31 .28 

ZnO 11.94 10.47 19.18 20.41 22.06 29.68 .78 .63 

Total 99.59 98.94 100.42 101.56 101.55 102.49 99.97 100.69 

Cations baaed on 4 oxygens 

Si .013 .006 .011 .009 .009 .008 .009 .007 

Ti .096 .094 

Al 1. 972 1.974 1.989 1.976 1.976 1,988 1,912 1,901 

Cr .004 .005 .005 

Fe3+ .011 .020 .015 .015 .004 .074 .087 

Fe2+ .448 .476 .449 .439 .441 .312 .845 .936 

Mg .100 .113 .133 .116 .075 .043 .127 .040 

Mn .007 .006 .006 .009 .009 .006 .008 .007 

Zn .246 .217 .407 .431 .470 .635 .016 .013 

Sum 2.897 2.906 2.995 2.995 2.995 2.996 2.996 2.996 

Fe
2 

+/Fe
2 

+ +Mg+Mn+Zn .559 .586 .451 .441 .443 .313 .848 .940 

Mg/Fe
2 

+ +Mg+Mn+Zn .125 .139 .134 .117 .075 .043 .128 .040 

Mn/Fe
2

++Mg+Mn+Zn .009 .008 .006 .009 .009 .006 .008 .007 

Zn/Fe
2 

+ +Mg+Mn+Zn .307 .267 .409 .433 .472 .638 .016 .013 

llFeO and Fe 0 calculated according to ideal stoichiometry, for both hogbomi te and spinel
2 3 

it is assumed that (Al+Cr+Fe 3+ +si) equals 2.000; ·enclosed in anorthi te; **decomposi ticn product 

of stauroli te; *·*present in retrograde margari te-chlori te aggregates or veinlets; a dash (-) 

indicates below detection limit. 

bauxites, hogbomite-spinel intergrowths were described in the Samos 

diasporites, and disseminated hogbomite and hogbomite rimming peri

clase (?) in emeries and diasporites of the Menderes-Complex (see 

Table 1 of Chapter 2). In both the Samos and Menderes metabauxites 
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hogbomite appears to be a more regular accessory than in the Naxos 

metabauxites. 

Microprobe analyses of hogbomite in sample 155B are listed in 

Table A8. Compared with published hogbomite analyses (e.g., Wilson, 

1977; Zakrzewski, 1977; Coolen, 1981), the Naxos hogbomite is rich in 

Al and Fe, poor in Ti and Mg, and unusually rich in Zn. Structural 

formulae, calculated according to the generalized hogbomite formula 

proposed by Zakrzewski (1977), do not suggest the presence of 

considerable amounts of ferric Fe. The Zn content of the Naxos hogbo

mite (10.4-12.0 wt% ZnO) compares to that of the most zincian hogbo

mites reported in the literature: hogbomite from the USSR with 11.1 

wt% ZnO (Moleva and Myasnikow, 1952); and hogbomite from Manitouwadge, 

Ontario (Canada) with an average ZnO content of 10.43 wt% (Spry, 1982). 

The Zn-rich composition of the Naxos hogbomite is believed to be 

inherited from the gahnitic hercynite at the expense of which hogbomite 

has been formed. 

Fe-Mg partitioning 

Figure 13 shows the Fe-Mg distribution between coexisting FeMgAl

silicates. Plotted points are based on compositions of grains in direct 

contact. In general, there is a regular Fe-Mg partitioning, suggesting 

that equilibrium was reached in the samples. 

Chloritoid is slightly richer in Mg than staurolite. This finding 

is consistent with studies of coexisting chloritoid and staurolite in 

pelitic rocks (Albee, 1972; Grambling, 1983). 

Coexisting primary chlorite and chloritoid were analyzed in only 

two samples. Surprisingly, the Fe-Mg distribution between retrograde 

chlorite and retrograde chloritoid in a sample from zone V (139A) plots 

near the line for the primary Fe-Mg distribution. 

(Mg/Fe)st/(Mg/Fe)chl appears to decrease with grade in zone IV. 

(Mg/Fe)st/(Mg/Fe)bi shows no relationship with metamorphic grade. It 

can be seen from this plot that in some samples Fe-Mg equilibrium 

between staurolite and biotite was attained in local domains. Initial 
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Figure 13. Fe-Mg partitioning between staurolite, chloritoid, chlorite 

and biotite. Symbols as in Figures 3, 9 and 12. 

differences in bulk Mg/Fe in various parts of the thin section are thus 

reflected in different Mg/Fe ratios of the staurolite and biotite in 

these parts. Zn-rich staurolites fit the general K trend, suggestingD 
that Zn does not preferentially substitute for either Fe or Mg (cf. 

Grambling, 1981). The Naxos value of .18 for (Mg/Fe)st/(Mg/Fe)bi is 

slightly lower than that found by workers on s~aurolite-biotite pairs 

in metapelitic rocks. Holdaway (1978) found .26, Novak and Holdaway 

(1981) found .21, and Lal and Ackermand (1981) found .22-.26 for the 

above K •D
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3.5 WHITE MICAS AND CA-AL-SILICATES 

Although white micas have been analyzed by electron microprobe in 

34 samples covering the metamorphic interval on Naxos, these minerals 

as well as CaAI-silicates are only briefly discussed in this thesis. 

The mineral chemistry of paragonite, muscovite, margarite, anorthite 

and clinozoisite!epidote, the Ca-Na-K partitioning amongst them, and 

other relevant phase-relations in the system CaO-Na20-K20-AI203-(Fe203)

Si02-H 0-C02 will be treated in a forthcoming paper.2

Paragonite 

Up to the middle of zone II paragonite is fairly common in the 

metabauxites. Then the paragonite content diminishes because of the 

income of margarite, incorporating substantial paragonite-component 

in solid-solution and in this way depleting the metabauxites in parago

nite. The last paragonite is found in the middle of zone III; thus at 

higher grades all sodium in the metabauxites apparently could be 

included in margarite, muscovite and anorthite (note that the meta

bauxites have a high CaO!Na20 ratio, Chapter 4). 

A few representative paragonite analyses are listed in Table A9. 

Analyzed paragonites have less than 11 mole % muscovite in solid

solution. Paragonites in margarite-free samples contain less than 3 

mole % margarite-component, but those coexisting with margarite (zones 

II-III) may be higher in margarite-component. The latter paragonites 

are difficult to analyze, however, because both micas commonly form 

small-scale intergrowths that are hard to resolve by electron microprobe 

techniques. Hence the accuracy of such analyses is questionable and 

chemical data for paragonite-margarite pairs will not be given. 

Paragonite is a common (minor) constituent of the Naxos meta

bauxites in zone I and of the diasporites of Iraklia, los and Sikinos 

(Chapter 2; Table 1). This fact and textural evidence suggest that most 

paragonite is of M1-origin. Paragonite in zones (II-III) of Naxos, 

which became involved in margarite-producing reactions, probably 
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adapted its composition partly during the M2-event. 

Muscovite 

Muscovite is found in all zones. Representative microprobe analyses 

are given in Table A9. The muscovite may contain up to 24 mole % parago

nite-component; no margarite-component has been detected. Muscovites 

from the lower-grade zones are usually higher in paragonite-component 

than those from the higher-grade zones. 

Table A9. Microprobe analyses of paragonite and muscovite. 

Sample 

Zone 

Analysis 

PARAGO

8537 

7b 

NITE 

35-58 

III! 

MUSCOV

8537 

6a 

ITE 

1350 

II 

11 

133A 

II 

3b 

03Cl 

III 

23-2 

III 

11 

84928 

IV 

4a 

113-3 

IV 

106-2 

IV 

143C 

IV/V 

10/1 

139A 

Ia 

45.69 

39.25 

.55 

.18 

6.91 

.73 

93.31 

46.03 

38.79 

.31 

6.22 

.94 

92.29 

44.81 

34.66 

2.15 

.45 

.81 

9.61 

92.49 

45.77 

35.58 

2.16 

.53 

10.02 

94.06 

45.77 

35.89 

2.35 

1.37 

8.91 

94.29 

45.90 

35.50 

2.56 

.80 

9.58 

94.34 

47.19 

.21 

34.18 

2.87 

.71 

.98 

9.27 

95.41 

44.61 

36.91 

1.41 

.30 

1.61 

8.52 

93.36 

44.17 

.54 

35.14 

3.04 

.48 

10.28 

93.65 

44.71 

33.89 

2.88 

.55 

.45 

9.89 

92.37 

44.91 

.56 

34.05 

2.41 

.48 

.63 

10.02 

93.06 

45.'30 

.21 

36.07 

3.93 

.26 

10.71 

96.48 

Cations based on 22 oxygena 

Si 5.96 6.04 6.15 6.17 6.14 6.17 6.28 6.02 6.03 6.17 6.15 6.03 

Al 2.04 1.96 1.85 1.83 1.86 1.83 1. 72 1.98 1.97 1.83 1.85 1.97 

Al 4.00 4.04 3.76 3.83 3.82 3.80 3.63 3.89 3.69 3.69 3.65 3.70 

Ti .02 .06 .06 .02 

F. .06 .25 .24 .26 .29 .32 .16 .35 .33 .28 .44 

M. .09 .14 .06 .10 .11 .10 .05 

Sum 4.06 4.04 4.10 4.07 4.08 4.09 4.11 4.11 4.20 4.13 4.09 4.21 

Ca .03 .04 

Na 1.75 1.58 .22 .14 .36 .21 .25 .42 .12 .17 

.12 .16 1.68 1.72 1.53 1.64 1.57 1.47 1.79 1.74 1.75 1.82 

Sum 1.90 1. 78 1.90 1.86 1.89 1.85 1.82 1.89 1.79 1.86 1.92 1.82 

Cal (Ca... Na+K) .014 .024 

Nal (Ca+Na+K) .922 .886 .114 .075 .190 .113 .138 .222 .064 .088 

K/(Ca+Na...K) .064 .086 .886 .925 .810 .887 .862 .778 1.0 .936 .912 1.0 

a dash (-) indicatea below detection limit 
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It is evident that the aluminous bulk-composition of the meta

bauxitic rocks inhibits the muscovites from having a high phengite 

content. Their Si contents range from 5.98 to 6.28 atoms per 22 oxygens. 

Muscovites from zones (I-II-III) are on average more "phengitic" than 

those from zones (IV-V); the former have Si between 6.10 and 6.28, the 

latter between 5.98 and 6.24 (cf. Table A9). Muscovites are commonly 

highest in Si in relatively silica-rich samples (e.g. in 23-2; see 

Table A9 and Appendix I). 

In zones (1-11-111) muscovite is the only mineral bearing appreci

able K20, in zones (IV-V) muscovite and biotite are the main K-carriers. 

There is evidence, both from the displayed textures and the chemical 

data, that muscovite is largely of M1-origin in zones (1-11-111). 

Microprobe analyses of muscovites from the diasporic metabauxites of 

Iraklia, los and Sikinos (Feenstra, unpublished data) substantiate this 

view as they indicate that the muscovites of these islands are similar 

in "phengite" content to the lower-grade Naxos muscovites. Although some 

M1-muscovite is probably preserved in zone IV of Naxos, most muscovite 

in the higher-grade zones, in particular that with Si values less than 

6.10, is thought to be of M2-origin. Bulk-chemical studies (Chapter 4) 

show that the average K20 content of the higher-grade metabauxites is 

higher than that of the lower-grade ones, suggesting that some K 0 has2
been introduced into the deposits at the higher grades during the 

M2-event. So it is likely that part of the M2-muscovite formed by means 

of introduced potassium while another part formed by recrystallisation 

of M1-muscovite. Note that muscovite became a reactant in biotite

producing reactions in zone IV, so that M1-muscovite may partly have 

disappeared from the rock in this manner. 

Margarite 

Margarite is the dominant white mica in the metabauxites. In many 

samples it coexists with muscovite and in zones (II-III) it may be 

accompanied with paragonite ± muscovite. Texturally, the margarite can 

broadly be divided in two types. 
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The first type consists of fine-grained matrix margarite, which is 

often crenulated. The type is found up to the middle of zone IV and it 

is the most common type for zones (II-III). In paragonite-bearing 

samples (zones II-III) "matrix margarite" is often intergrown with 

paragonite lamellae and sometimes with muscovite lamellae as well. 

Such fine intergrowths of white micas are difficult to analyze by 

electron microprobe. Margarite in samples lacking paragonite, on the 

other hand, can be analyzed more easily because margarite and muscovite 

tend to form more or less monomineralic aggregates. Textural evidence 

clearly indicates that "matrix margarite" is a M2-mineral and it is 

believed that margarite was unstable during the M1-event. 

The second type of margarite is medium-grained and post-tectonic; 

it forms sheaf-like and irregular veinlet-like aggregates. The "aggre

gate margarite" is widespread in zones (IV-V) and is occasionally 

present in zones (II-III). Most margarite aggregates are monomineralic, 

some contain minor interleaved muscovite and chlorite. Textures for 

the "aggregate margarite" mostly suggest that it formed late with 

respect to "matrix margarite" and other typical M2-minerals (e.g. 

margarite replaces M2-kyanitej section 2.9). The absence of retrograde 

minerals around the vast majority of the margarite aggregates does not 

argue, however, for a general retrograde origin of the type in zones 

(II-III-IV). Therefore, "aggregate margarite" is chiefly considered as 

a late M2-mineral formed during the waning stages of the M2-event. 

A retrograde (M4?) origin is likely for all margarite in zone V (see 

Chapter 2), and in the other zones for margarite that is closely 

associated with secondary minerals or seems to replace anorthite. 

Table A10 gives representative microprobe analyses of primary and 

retrograde margarites. The microprobe data provide no evidence that 

"matrix margarite" differs clearly in chemical composition from primary 

"aggregate margarite". Primary margarite contains substantial amounts 

of paragonite in solid-solution (up to 35 mole %) while its muscovite

component is generally low (less than 3 mole %). Margarite in direct 

contact with muscovite has a similar K20 content as other grains. The 

rather variable paragonite content of the margarite is not clearly 

related to metamorphic grade and may have been controlled chiefly by 
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Table A10. Microprobe analyses of margarite. 

Sample 135D 133A O3C1 507B 136r B492B 116E 106-2 24-K4A 119A 130A 139A 

Zone II II III III IV IV IV IV IV IV 

Analysis 4.2 9a 21 4a 21.2 2a 10.1 16· 2b· 

31.68 32.87 32.80 30.00 30.72 32.45 30.11 30.53 32.63 32.39 32.00 30.33 

49.57 47.46 48.52 SO.02 49.31 48.03 50.47 50.40 46.15 49.45 48.71 51.65 

.44 .74 .86 .83 1.41 1.07 .68 .68 .73 1.01 .44 .62 

MgO .28 

CaO 12.08 9.19 10.37 12.16 11.60 9.61 12.34 12.26 8.80 8.62 11.66 13.86 

.82 2.08 1.74 .73 .98 2.09 1.04 .81 2.38 2.59 .42 

.33 .21 .17 .18 .15 .16 .28 .29 

94.92 92.55 94.46 93.74 94.20 93.40 94.80 94.68 91.25 94.06 93.52 96.47 

Cations based on 22 oxygene 

S1 4.22 4.46 4.37 4.05 4.14 4.38 4.03 4.08 4.49 4.32 4.30 3.99 

Al 3.78 3.54 3.63 3.95 3.86 3.62 3.97 3.92 3.51 3.68" 3.70 4.01 

Al 3.99 4.04 4.00 4.02 3.97 4.01 3.99 4.02 3.98 4.11 4.03 3.99 

Fe .05 .08 .10 .09 .16 .12 .08 .08 .08 .11 .05 .07 

Mg .06 

Sum 4.~ 4.12 4.10 4.11 4.13 4.13 4.~ 4.10 4.12 4.22 4.08 4.06 

Ca 1.72 1.33 1.48 1.76 1.68 1.39 1.77 1.76 1.30 1.23 1.68 1.95 

Ne .21 .55 .45 .19 .25 .55 .27 .21 .64 .67 .11 

.06 .04 .03 .03 .02 .03 .05 .05 

1.99 1.92 1.. 96 1.95 1.97 1.96 2.07 1.97 1.99 1.90 1.84 1.95 

Ca/(Ca+Na+K) .865 .696 .756 .902 .854 .708 .857 .893 .655 .648 .913 1.0 

Naf (Ca+Na+K) .1M .~5 .229 .~ .130 .n9 .1~ .1~ .321 .352 .060 

K/{Ca+Na+K) .028 .019 .014 .016 .013 .013 .024 .027 

*retrograde margari te; a dash (_) indicates below detection 1imi t 

bulk-composition (e.g. the Na 0/CaO and Na20/K 0 ratios of the rocks).2 2 
The most sodic margarites are found, however, in the upper part of 

zone IV, and this probably reflects the increasing solubility of para

gonite in margarite with increasing grade. Virtually all primary marga

rites are Si-deficient, i.e. they contain less Si and more Al than 

required by the coupled substitution: Ca + Al = Na + Si (cf. Table A10). 

In the metabauxitic rocks of Naxos margarites are higher in paragonite

component and poorer in Fe, Mg and Ti than coexisting muscovites (cf. 

Guidotti et al., 1979; Baltatzis and Katagas, 1981; Frey et al., 1982). 

The composition of retrograde margarite approximates that of the 

end-member; it contains less than 10 mole % paragonite and 3 mole % 

muscovite in solid-solution. Some analyses of secondary margarites gave 

relatively high muscovite contents, as much as 9 mole %, but these are 
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thought to be caused by contamination of the analyses with intergrown 

muscovite. In contrast to the primary margarites of Naxos and most 

other natural margarites (Frey et al., 1982), the secondary margarites 

are not Si-deficient. Furthermore, they tend to be poorer in Fe than 

the primary margarites. 

Anorthite 

The occurrence of anorthite is confined to zones IV and V. 

Anorthite is a typical M2-mineral; it formed at the expense of marga

rite and, more rarely, clinozoisite/epidote. Representative analyses 

of anorthite from zone IV are presented in Table A11. Analyses of 

Table A11. Microprobe analyses of anorthite and epidote/clinozoisite. 

ANORTHITE EPIDOTE/ CL.INOZOISITE 

Sample 1508 106-2 24-K4A 24L 24-\113 1558 133A 23-2 23-2 l10E 24L 

Zone IV IV IV IV IV IV II III III IV IV 

Analysis 21 34.1 lOa@ 22 22 20 3' 2" 20.1 ** 30.1·· 

SiO 43.88 43.28 45.52 45.47 44.50 43.74 37.28 37.92 37.18 38.25 37.48
Z 

A1 0 35.73 36.05 34.66 34.33 36.00 35.95 24.62 24.75 25.81 25.82 24.482 3 
1lfe 0 11.10 11.50 9.96 10.18 12.16

Z 3 
F'eO Il .38 .33 .26 .28 .23 

MnO .57 

C.O 19.70 19.94 17.73 18.46 19.60 19.61 22.51 23.95 23.28 23.82 23.55 

NSZO .42 1.39 .99 .67 .36 

K 0 .10 .10 .10 .10
2

Total 99.79 100.12 99.56 99.63 101.00 99.66 95.51 98.12 96.23 98.64 97.77 

Cations based on B oxygens Cations based on 25 oxygens 

Si 2.036 2.008 2.107 2.106 2.040 2.030 6.02 5.99 5.95 5.99 5.96 

Al 1.954 1.972 1.890 1.875 1.945 1.966 4.69 4.61 4.87 4.77 4.59 
31

fe 1.35 1.37 1,20 ].20 1,46 

fe2+ .015 .013 .010 .011 .009 

Mn .08 

Ca .979 .991 .879 .916 .963 .975 3.90 4.05 3.99 4.00 4.01 

Na .038 .125 .089 .060 .032 

.006 .006 .006 .02 

Ca/ (Ca+Na+K) .994 .957 .875 .906 .941 .968 
fe3+ 

Na/(Ca+Na+K) .037 .125 .088 .059 .032 .223 .229 .198 .201 .241 

K/(Ca+Na+K) .006 .006 .006 (Fe3 ++Al) 

@calcic bytownite; *core composition; *·rim composi tionj IJ.total Fe is g5 yen ss FeO for anorthi te and as fe 0 for epidote/
2 3 

clinozoisi te; a dash (-) indicates below detection limit. 
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zone V anorthites yielded low totals and structural formulae show 

calcium in excess. This is probably a result of retrograde alteration, 

since partial replacement of anorthite by margarite and fine-grained 

clinozoisite is obvious in zone V (cf. section 2.10). 

Plagioclase contains negligible amounts of K and usually has an 

anorthite content greater than 90 mole per cent. Therefore the meta

bauxitic plagioclase has been termed anorthite in this thesis, although 

it is actually calcic bytownite in a few samples (e.g. 24-K4A, Table 

A11). In most samples plagioclase has a fairly homogeneous composition; 

notable variations in anorthite content (An81 -An ) were found only
95 

in some epidote-bearing rocks. In general, the Ca/(Ca+Na) ratio in 

metabauxitic plagioclase is higher than in coexisting primary margarite. 

In their study of margarite-bearing rocks in the Central Alps, Bucher

Nurminen et al. (1983) also found that in quartz-free rocks plagioclase 

has a higher Ca/(Ca+Na) ratio than coexisting margarite, whereas in 

quartz-bearing rocks plagioclase is consistently lower in Ca/(Ca+Na) 

than margarite. 

Clinozoisite/epidote 

Clinozoisite/epidote is a local constituent of the metabauxites 

in zones (I-IV). The mineral occurs especially in marginal parts of 

deposits and in thin deposits rich in calcium and silica. Fine-grained 

clinozoisite is a common retrograde alteration product of anorthite. 

Clinozoisite/epidote characteristically forms medium-grained subhedral 

to euhedral blasts, many of which are optically zoned. Most crystals 

display simple zoning with poikiloblastic cores riddled with titanhema

tite, rutile and corundum/diaspore while the rims are fairly free of 

inclusions. Optical and chemical data indicate that the cores are 

richer in Fe than the rims. 

Microprobe analyses of the cores often gave low totals (83-88 wt%), 

particularly in samples containing clinozoisite/epidote in small 

amounts. Because wavelength-scans revealed the presence of rare earth 

elements (REE) in the cores, semi-quantitative microprobe analyses 
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were carried out for these elements*. The results showed that the cores 

may contain up to 4.90 wt% Ce, 2.40 wt% La and .40 wt% Y, while REE are 

below detection limit of the microprobe in the rims of the same grains. 

Measured traverses across zoned clinozoisite/epidotB crystals demon

strated that the transitions from allanitic cores to REE-free rims 

are abrupt. Clinozoisite/epidote occurring as a major constituent 

contains in most cases no detectable REE, but is also frequently zoned. 

Table A11 gives some representative analyses, mainly rim composi

tions, of REE-free clinozoisite/epidote. The Fe3+/(Fe3++AI) ratio 

ranges from .18 to .24 (equivalent to 54-73 mole % pistacite-component). 

As discussed in Chapter 2, clinozoisite/epidote is regarded to be 

chiefly of M1-origin on textural grounds. Some new M2-clinozoisite/ 

epidote probably formed in the outer parts of high-grade deposits 

suffering Ca-metasomatism. REE partitioned strongly into clinozoisite/ 

epidote, and it is possible that they promoted early growth of the 

mineral by stabilizing it. It is clear, however, that REE-free clino

zoisite/epidote could also form during the M1-event. The generally 

sharp contacts between allanitic cores and REE-free rims suggest 

that there may have been a break in the growth of clinozoisite/ 

epidote when the REE were used up. Textural evidence timing the 

growth of the rims of zoned crystals is not uniform; in some cases 

it suggests that the rims formed during the later stages of the M1

event, in other cases there are indications that clinozoisite/epidote 

continued to grow during the M2-event and that the usually thin rims 

formed then. Although additional microprobe work is required to 

decipher in more detail the zoning patterns of the clinozoisite/ 

epidote, the generally decreasing Fe/(Fe+AI) ratio from core to rim 

is consistent with a prograde growth zoning (cf. Raith, 1976). 

*REE analyses were carried out by Dr. C. Kieft at the electron micro

probe laboratory of the Instituut voor Aardwetenschappen, Vrije 

Universiteit Amsterdam. 
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3.6 SUMMARY OF THE PETROGENESIS AND RELEVANT EXPERIMENTAL STUDIES 

Table 2 summarizes the mineralogical evolution of the metabauxites 

during M1-phase, M2-phase and retrogradation (M4-phase?). 

Figure 14 shows approximate P-T conditions on Naxos during M1

and M2-phase (see Jansen and Schuiling, 1976; Jansen et al., 1977; Van 

der Maar and Jansen, 1983). Also shown in this figure are experimentally 

determined reactions relevant to the metabauxitic mineralogy. 

Corundum was not stable during the M1-event, so M1-conditions were 

limited to the low-temperature side of reaction (3). The absence of the 

assemblage pyrophyllite-diaspore in the Naxos metabauxites suggests 

that, during both M1- and M2-phase, P-T conditions were on the high

temperature side of reaction (1). The assemblages kyanite-pyrophyllite 

and kyanite-diaspore are found in silica-rich deposits from zone I, 

implying that metamorphic conditions were near reaction (2). Textures 

in these deposits often suggest that pyrophyllite formed at the cost of 

M1-kyanite (cf. Plate III of Chapter II). This may indicate that most 

pyrophyllite is of M2-origin and that these rocks experienced conditions 

above reaction (2) during the M1-event. 

Experimental and thermodynamic studies in the system CaO-AI 0 
2 3 

Si0 -H 0 (Chatterjee, 1976; Perkins et al., 1980) indicate that the
2 2

assemblage zoisite-kyanite is an indicator for high pressures (see 

Figure 14). The M1-assemblage clinozoisite/epidote-kyanite is locally 

preserved in the metabauxites up to the middle of zone IV. The meta

bauxitic clinozoisite/epidote has a considerable pistacite-component, 

which will lower the stability of the assemblage mentioned above to 

lower pressures than in the pure system CaO-AI 0 -Si0 -H 0. Never
2 3 2 2

theless, the coexisting clinozoisite/epidote and kyanite in the meta

bauxites may suggest fairly high pressures for the M1-event. 

Reaction equilibria between chloritoid and staurolite, and other 

staurolite-producing reactions, have been extensively investigated, 

because chloritoid and staurolite are key minerals in metapelitic 

rocks. Most of these experimental studies have little significance for 

the metabauxites because they involve excess quartz and other minerals 

not present in the metabauxites. Figure 14 shows two reactions relevant 
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Table 2. Formation of minerals in metabauxitic rocks from Naxos during 

M1-phase, M2-phase and retrogradation (Mi.-phase?) • 

RetrogradationMinerals M1-phase M2-phase 
(M4-phase?) 

corundum X
 

diaspore X 0 X
 

kyanite X X
 

pyrophyllite X X
 

titanhematite/
 X* X
ilmeno-hematite
 

(ferrian) ilmenite/
 X
hemo-ilmenite 

magnetite X 0 

rutile X 0 
0$chloritoid X 0
 

staurolite X
 

chlorite X 

paragonite X 0
 

X
 

biotite X
 

green spinel X X
 

hogbomite X
 

muscovite X X
 

clinozoisite/epidote X 0 X
 

calcite X
 

margarite X X
 

anorthite X
 

tourmaline 0 0 X
 

X ~ major growth; 0 ~ minor growth and/or partial adaption of composi

tion; '~contains less than - 8 mole per cent FeTi03 component; 
$
only 

found in one deposit in zone V. 
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Figure 14. P-T diagram showing experimentally determined mineral 

equilibria pertinent to the mineralogy of the Naxos metabauxites. The 

stippled area denotes approximate P-T conditions during the M1-phase, 

the crosshatched area during the M2-phase (see Jansen and Schuiling, 

1976; Jansen et al., 1977; Van der Maar and Jansen, 1983). Roman num

bers refer to metamorphic zones (see Figures 2 and 3 of Chapter 2). 

Equilibrium curves are: 1. pyrophyllite + diaspore kyanite + H20 

(Haas and Holdaway, 1973); 2. pyrophyllite = kyanite + quartz + H20 

(Haas and Holdaway, 1973); 3. diaspore = corundum + H20 (Haas, 1972); 
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4. Fe-chloritoid + kyanite = Fe-staurolite + quartz + H 0, QFM buffer
2

(Hoschek, 1967; Richardson, 1968; Rao and Johannes, 1979); 5. chlori

toid + 02 = staurolite + magnetite + quartz, MH buffer (Ganguly and 

Newton, 1968); 6. margarite = anorthite + corundum + H 0 (Chatterjee,
2

1974); 7. dashed line indicates lower pressure stability of the 

assemblage kyanite + zoisite according to thermodynamic calculations 

in the system CaO-A120 -Si02-H 0 (Perkins et al., 1980); stability
3 2

fields of the AI-silicates are average values of Althaus (1967) and 

Richardson et al. (1969), see Jansen and Schuiling (1976), and Jansen 

et al. (1977). 

to the metabauxitic composition. Reaction (4) was included because the 

assemblage chloritoid-kyanite is found in zone III deposits, and 

reaction (5) because the reactions leading to the disappearance of chlo

ritoid and the formation of staurolite occured in most cases at rela

tively high oxygen fugacities in the metabauxites (only slightly lower 

than oxygen fugacities determined by the magnetite-hematite buffer as 

suggested by the FeTi-oxide mineralogies). Reactions (4) and (5) sug

gest temperatures of __ 540°C for the staurolite isograd. 

The dehydration of margarite to anorthite and corundum was experi

mentally determined by Chatterjee (1974; reaction (6) in Figure 14). On 

Naxos, the first occurrence of metabauxitic anorthite is found at much 

lower conditions (just beyond the staurolite isograd) than indicated by 

experimental results of Chatterjee for reaction (6). As reflected in the 

presence of both margarite and anorthite throughout a large part of 

zone IV, reaction (6) is at least bivariant in the metabauxites. The 

greater variance is partly a consequence of the paragonite and albite 

components of margarite and anorthite, and probably also results from 

variations in X • Chatterjee (1976) showed that reaction (6) is dis
H20 

placed to considerably lower temperatures with decreasing X 0. The 
H2 

typical presence of the first anorthite in marginal parts of the meta

bauxite lenses probably indicates that in these places formation of 

anorthite was favoured due to dilution of the H 0-rich fluid in the
2

metabauxite with CO from the surrounding marbles.
2 
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Appendix I. Mineral assemblages in metabauxitic rocks from Naxos, 

Greece. 

Sample Coordinates 

number Latitude Longitude 
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Appendix I. (continued) 

=====:;:::::==--===;:= --
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Appendix I. (continued) 
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f,'otes: '£sample designations beginning with S "nd B are respectively from the collections of R.D. Schuiling and J.Ben H. Jansen; 

*H1-kyanite and Hl-epidote/clinozoiaite (see tell:t); $microprobe analyses of uuderlined minerals are given in Tables A1_A11 of 

Chapter 3; 1. predominantly muscovite; 2. predominantly paragonite; 3. probably mixed-layer margarite-paragonitej 4. inclusions 

in kyanite and/or chloritoid; 5. inclusions in calcite; 6. inclusiona in kyll.nite, epidote (and chloritoid); 7. conT.ains lamellae 

of dark-brown retrograde oxychlorite; 8. conT.act-metamorphic H3-mineral; 9. only in contacT; with anorthite, biotite, muscovite, 

corundum and FeTi-oxides; 10. altera't1on product of anorthite; 11. inclusions in corundum. 
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CHAPTER 4 

GEOCHEMISTRY OF DIASPORE AND CORUNDUM-BEARING METABAUXITES FROM NAXOS, 

GREECE. PART I: MAJOR AND TRACE ELEMENT CHEMISTRY, AND GEOCHEMICAL 

EVIDENCE OF A JURASSIC STRATIGRAPHIC AGE 

A. Feenstra and Z. Maksimovic * 

4.1 ABSTRACT 

The karstbauxites of the island of Naxos (Cyclades, Greece) have 

been subject to Late Alpine regional metamorphism of medium-pressure 

type. The metabauxite deposits vary in metamorphic grade from lower 

greenschist facies in SE Naxos to upper amphibolite facies in the 

central part of the island. With increasing grade they show the 

following characteristic mineral-assemblages: diaspore-chloritoid, 

corundum-chloritoid, corundum-staurolite and corundum-green spinel. 

Whole-rock chemical and trace element data are presented for the Naxos 

metabauxites and are discussed in the light of the mineralogical 

composition of these AI-excess rocks. The chemical studies indicate 

that higher-grade corundum-bearing metabauxites (emeries) are poorer in 

H 0 and slightly richer in CaO and K 0 than lower-grade diasporic meta
2 2

bauxites. With regard to other elements emeries and diasporites are not 

significantly different. The much lower H 0 content of emeries is due
2

to progressive dehydration of the metabauxites with increasing grade, 

the slightly higher CaO and K 0 contents of emeries are believed to be
2

a result of minor, commonly local, metamorphic introduction of Ca and 

K into the higher-grade deposits. The present chemical study as well as 

petrological studies of the metabauxites provide strong evidence that 

metamorphism of the Naxos karstbauxites was essentially isochemical. 

*Faculty of Mining and Geology, University of Beograd, Yugoslavia. 
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With respect to trace and major element composition, the Naxos 

metabauxites closely resemble Jurassic karstbauxites in Greece and 

Yugoslavia while they are clearly different from Triassic and Creta

ceous karstbauxites in the Balkan region. It is supposed, therefore, 

that the stratigraphic age of the Naxos deposits is Jurassic. 

Chemically and mineralogically, the Naxos metabauxites are very similar 

to the metabauxites of the Menderes-Complex (SW-Turkey), supporting 

the view that the Naxos and Menderes deposits are stratigraphic 

equivalents. 

4.2 INTRODUCTION 

The island of Naxos, located in the Aegean Sea, Greece (Figure I), 

is well known because of its corundum-bearing metabauxite deposits, 

which occur as irregular lenses in marbles. The metamorphosed karst

bauxites are locally found throughout almost the whole metamorphic 

complex that occupies the greater part of Naxos (Figure 2). The meta

morphic rocks on the island have been affected by several successive 

Alpine metamorphisms. Of these the regional M2-phase, which reached 

peak conditions about 25 Ma ago, was the most important. During the 

M2-event the metamorphic pattern of Naxos was formed and the bauxitic 

rocks experienced metamorphic conditions ranging from lower greenschist 

facies in SE-Naxos to upper amphibolite facies in the central part of 

the island (see Figure 2). Over most of Naxos, the bauxite deposits 

were transformed into dense rocks containing corundum as the dominant 

mineral (emeries), only in SE-Naxos they remained diaspore-bearing 

(diasporites). Diasporites pass into emeries in a 1-2 km wide 

transition zone where primary diaspore and corundum coexist in the 

deposits. 

In this paper the results of a geochemical study of the Naxos 

metabauxites are reported. The major, minor and trace element data for 

these AI-excess rocks are discussed in relation to their petrology, and 

are used to distinguish possible changes in chemistry with metamorphic 

grade. Furthermore, the Naxos metabauxites are geochemically compared 
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Figure 1. Distribution of metabauxites and Mesozoic karstbauxites in 

the Southern Aegean, SW-Turkey and Central Greece. The metamorphic map 

of the Cyclades (inset) is from Van der Maar and Jansen (1983). 

Abbreviations are: dia = diaspore-bearing metabauxitesj cor = corundum
bearing metabauxitesj Cret = Cretaceous karstbauxitesj Jur = Jurassic 
karstbauxitesj Jur + Cret = Jurassic and Cretaceous karstbauxitesj 
Mes = Mesozoic karstbauxites of which the exact age is unknownj PK = 
Parnassos-Kiona zonej AC = Attic-Cycladic Complexj B = pre-Alpine 
basement; 1 = M1 glaucophaneschist facies metamorphism; 2a = M2 green
schist facies metamorphism; 2b = M2 amphibolite facies metamorphism; 
2c = M2 migmatitej 3a = M3 granodiorite; 3b = M3 contact metamorphismj 
V = Pliocene volcanism. 
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Figure 2. Generalized geological-petrological map of Naxos, Greece, 

showing the distribution of metabauxite deposits, metamorphic zones 

(roman numbers) and isograds. Geology after Jansen (1973), metamorphic 

zones and isograds (updated) after Jansen and Schuiling (1976) and 

Jansen et al. (1977). Also shown are the locations of four metabauxites 

that will be discussed in part II of the paper. 

Zone PeEtic rocks Bauxitic rocks Isograd (Temp) 

I chl-ser zone dia-ctd zone 
------ + CORUNDUM (-420 DC) 

II chl-ser zone cor-ctd zone 
------- + BIOTITE (-500 DC) 

III bi-ctd zone cor-ctd zone 
+ STAUROLITE (-540 DC) 

IV ky zone cor-st zone 
- - -- + SILLIMANITE (-620 DC) 

VA ky-sil zone cor-sp zone 
------ KYANITE (-650 DC) 

VB sil zone cor-sp zone 
------ + MELTPHASE (-670 DC) 

VI migmatic zone not present 

chI = chlorite; ser = sericite; dia = diaspore; ctd = chloritoid; 
cor = corundum; bi = biotite; ky = kyanite; st = staurolite; sil = 
sillimanite; sp = green spinel; Temp = estimated temperature of the 
isograd (see text); solid horizontal lines indicate the rock 
compositions in which the isograds were mapped. 

with non-metamorphosed karstbauxites of Mesozoic age in Central Greece 

and Yugoslavia, and with metabauxites occurring in the Menderes-Complex 

(SW-Turkey) and SE-Mongolia. 

Part II of this report* deals with chemical and mineralogical 

variation within individual metabauxite lenses. Sample traverses across 

four representative metabauxites of different metamorphic grade have 

been studied petrographically and chemically, to examine in particular 

whether vertical trace element patterns shown by virtually all karst

bauxites formed in situ can still be recognized in the Naxos deposits 

after metamorphism. 

*Chapter 5 of this thesis 
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The mineralogy of the metabauxitic rocks throughout the various 

metamorphic zones is schematically given in Figure 3. The diagram is 

based on thin section studies, and additional microprobe and X-ray 

data, of about 640 specimens (Chapters 2 and 3 of this thesis). 

Accessory and retrograde minerals are not included in Figure 3. 
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Figure 3. Diagram summarizing the mineralogy of metabauxitic rocks 

in the metamorphic complex of Naxos, Greece. 
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The highly aluminous and iron-rich character of the metabauxites 

is expressed in the fact that with very few exceptions corundum 

(diaspore) and FeTi-oxides are present in excess. Only the most silica

rich metabauxites contain little or no corundum. The rock-forming 

minerals for the metabauxites can be grouped as follows: AI-oxides 

(diaspore, corundum); AI-silicates (kyanite, pyrophyllite); FeTi-oxides 

(hematite-ilmenite phases, magnetite. rutile); FeMgAl-silicates
ss 

(chloritoid, staurolite. chlorite, biotite); white micas (muscovite, 

paragonite, margarite); and CaAl-silicates (margarite, anorthite, 

clinozoisite/epidote). This terminology will be used in referring to 

the petrology. For members of the hematite-ilmenite solid-solution 

the classification of Buddington et al. (1963) will be followed. 

The Naxos metabauxites can roughly be divided in three main types, 

usually already recognizable in the field. Continuous transitions exist 

between the types, however, so that intermediate samples are sometimes 

difficult to classify. The following three metabauxite types are 

distinguished: 

(1) Commercial type. It is made up largely of corundum (diaspore) 

and FeTi-oxides, and contains less than 20-30 volume per cent silicate 

minerals. The type is characteristic for the main mass of the larger 

deposits and constitutes the greater part of the metabauxite resources 

on Naxos. 

(2) Silica-rich type. It is rich in FeMgAl-silicates, kyanite, and 

occasionally also in muscovite. Corundum (diaspore) and FeTi-oxides are 

present in lesser amounts than in the commercial type. The silica-rich 

type is locally found in thick deposits (e.g. in their marginal parts) 

as well as in thin deposits, which as a whole tend to be fairly high in 

silica. The type represents a minor part, estimated at 15-25 per cent 

of the total amount of metabauxite on Naxos. 

(3) Calcium-rich type. It is rich in CaAl-silicates and in zones 

(I-II) in calcite. Kyanite, white micas and FeTi-oxides are important 

additional constituents. In most samples corundum occurs in moderate 

amounts. The calcium-rich type is locally found in the outer parts of 

thick deposits and throughout thin deposits. It represents a subordi

nate part, estimated at less than 5 per cent of the total amount of 

metabauxite on Naxos. 
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The Mesozoic karstbauxites of Greece and Yugoslavia 

The Mediterranean karstbauxite belt stretches from Turkey to 

N-Spain along the northern periphery of the Mediterranean Sea. The 

bauxites are predominantly of Mesozoic age but Cenozoic bauxites are 

also found in several regions within the belt (Bardossy, 1982). In 

Spain and France the deposits are mostly of Cretaceous age. In Yugo

slavia (and Albania) karstbauxites formed during several periods in 

the Mesozoic and the Paleogene (e.g., Grubic, 1975; Maksimovic, 1977; 

Bardossy, 1982). The Mesozoic bauxites of the Dinarides range in age 

from Middle Triassic to Upper Cretaceous. 

The occurrences of Mesozoic bauxites in Greece are shown in 

Figure 1. The most productive bauxite district of Greece is the 

Parnassos-Kiona zone. From the Triassic to the Late Cretaceous, the 

zone was characterized by platform carbonate sedimentation, which has 

been interrupted several times by an emergence of the zone accompanied 

with bauxitisation (Celet, 1977; Clement, 1977). Three principal 

bauxite horizons (b1, b2, b3) are in general distinguished in the 

Helikon-Parnassos-Kiona-Iti Mountains (Bardossy and Mack, 1967; 

Maksimovic and Papastamatiou, 1973; Combes, 1977, 1979; Mack and 

Petraschek, 1978). The oldest horizon (bl) has a Middle to Upper 

Jurassic age, the b2-horizon an Upper Jurassic, and the b3-horizon 

was formed during Middle Cretaceous times. The b1-horizon is also 

developed NE of the Parnassos-Kiona zone in the adjacent Pelagonian 

zone (s.l.). In this zone Cretaceous karstbauxites (--b3-horizon) are 

known from the Eleusis area, NE of Athens (Maksimovic and Papastama

tiou, 1973) and from Central Euboea near the village of Kimi (Robert, 

1971; Kiskyras, 1978). In the northeastern part of Euboea island, minor 

bauxite occurrences of Jurassic age are found (Guernet and Robert, 

1973). Papastamatiou (1963) described bauxites, probably of Cretaceous 

age, from the island of Skopolos. Unlike the other bauxites in Greece, 

which are always underlain by carbonate rocks, part of the Skopolos 

bauxites rest on tuffites. Mesozoic karstbauxites also occur more to 

the north in the Pelagonian zone in the surroundings of Volos, SE-Thes

saly (Tataris, 1971; Ferriere, 1977). The Thessalian bauxites, of which 
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the stratigraphic age is not precisely known, are slightly metamorphic 

like those of Skopolos. 

Except minor bauxites of Eocene age in the external Gavrovo

Tripolitza zone, all Greek bau),ites have Jurassic and Cretaceous ages. 

Paleozoic bauxites are in fact absent, not only in Greece but in the 

whole Mediterranean bauxite belt. The only exceptions are metabauxite 

deposits in the Taurus Ranges (S-Turkey), some of which contain minor 

corundum. These deposits are thought to be of Permian age (Onay, 1949; 

De Peyronnet, 1966). 

Bardossy (1982) explained the absence of Paleozoic bauxites in the 

Mediterranean region in terms of the continental drift theory. He 

pointed out that in the Paleozoic the geographic location and geologi

cal conditions were climatologically and geotectonically not favourable 

for intense chemical weathering and bauxitisation. This fact already 

implies that the Naxos metabauxites and other Aegean metabauxites are 

metamorphosed equivalents of Mesozoic karstbauxites in the Eastern 

Mediterranean. A Cenozoic stratigraphic age of the Central Cycladic 

metabauxites can be exluded since the bauxites were suffering blue

schist metamorphism (Ml-phase) at a crustal depth of about 30 km 

during the Eocene. Geochemical evidence in support of a Jurassic age 

of the Naxos metabauxites will be provided in later sections of this 

report, in a comparison with the karstbauxites of Central Greece and 

Yugoslavia. 

4.3 MAJOR ELEMENT CHEMISTRY 

Analytical procedure 

In order to study the major and minor element composition of the 

Naxos metabauxites, especially in relation to metamorphic grade, and 

to obtain chemical data for a comparison with non-metamorphosed karst

bauxites, 87 metabauxite specimens of Naxos were selected for chemical 

analyses. The specimens studied are from large and small metabauxite 
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deposits scattered over Naxos and comprise commercial, silica-rich and 

calcium-rich* types. In metamorphic grade the specimens span the M2

interval on the island. 

About half of the whole-rock analyses (43 samples) was carried out 

at the "Service Laboratory" of the Institute of Earth Sciences, 

University of Utrecht. A single solution method as proposed by Shapiro 

and Brannock (1962), and Shapiro (1967) was employed. This method uses 

various analytical techniques depending on the element to be 

determined: Si0 Ti0 A1 0 Fe 0 (total Fe) and P 0 by solution
2

,
2

, 
3

,
2 2 3 2 5 

spectrophotometry; MgO, CaO, MnO, Na 0 and K 0 by atomic absorption
2 2

spectrophotometry. FeO was determined by a potentiometric titration, 

CO gas-volumetrically by the method of Scheibler, and H 0 by the
2 2

Penfield-method. To estimate the influence of H20 on total water 

content, H 0 was determined in 8 samples, some of which contained
2

relatively high total water. The results indicate that H 0 was less
2

than 5 per cent of total water in these samples. The quality of the 

analysis was monitored by inclusion of international standard samples 

in the analytical program. 

Whole-rock analyses of 46 samples were carried out at the Centre 

de Recherches Petrographiques et Geochemiques, Vandoeuvre les Nancy 

(France) using automated plasma-atomic emission spectroscopy (Govinda

raju et al., 1976). For this group of samples, FeO, H 0 and CO were
2 2 

not determined separately; hence total iron is given as Fe 0 and2 3 
(H 0 + CO ) as loss on ignition (l.o.i.). There is good agreement

2 2
between the analytical results obtained in Utrecht and Nancy. 

General 

The averages, standard deviations and ranges of major and minor 

elements in the Naxos metabauxites are given in Table 1. The variation 

for the different elements is depicted in histograms (Figure 4). 

*Specimens with abundant margarite-veinlets and specimens showing 

distinct retrogradation were avoided during the sample selection. 
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Table 1. Chemical composition of the Naxos metabauxites (in wt%). 

mean 
- - @(m-B)-(m+B) range 

mean 
diaspori tes 

mean 
emeries 

number of 
samples 

78 78 78 22 56 

810
2 

10.14 2.66-17.61 .20-32.75 10.35 10.05 

Ti0
2 

2.88 2.34- 3.43 1.64- 4.48 2.80 2.92 

A1 
2

0
3 

56.39 47.47-65.30 33.90-83.50 55.34 56.80 

Fe203 * 
MnO 

23.02 

.11 

15.49-30.55 

.05 .16 

3.70-56.00 

<.01 .31 

20.50 

.10 

24.01 

.11 

MgO** .45 .20- 1.00 .04- 1.62 .36 .49 

CaO** .61 .16- 2.32 .04- 5.00 .29 .82 

Na20** .05 .01 .26 < .01- 2.44 .03 .06 

K
2

0** .13 .02 .88 < .01- 4.03 .03 .23 

P205** .09 .04 .22 .01 .62 .06 .11 

H20*** 5.01 1.63- 8.38 .17-13.77 9.46 3.26 

(mean - standard deviation)-(mean + standard deviation); 

*tota1 Fe given as Fe 0 ;**MgO, CaO, Na20, K 0 and P 0 are considered as
2 3 2 2 5 

logarithmic distributions, hence logarithmic mean and (;-s)-(;+s) are given; 

***H20-value may include minor CO 2 , see text. 

In order to test if there are any significant chemical differences 

between the diaspore-bearing and corundum-bearing mptabauxites, the 

average compositions of both groups were calculated and are also given 

in Table 1. 

As the calcium-rich type forms a subordinate part of the Naxos 

metabauxites and may differ strongly in chemical composition from the 

bulk of the metabauxites, a total of nine samples having a CaO content 

between 5.0 and 13.0 wt% was arbitrarily excluded for the calculation 

of the averages in Table 1. In addition these samples are not shown in 

Figure 4. The calcium-rich samples will be discussed in a later section. 

Because FeO was not determined in the samples analyzed in Nancy, 

iron has been expressed as Fe 0 in all samples to obtain the average
2 3 

Fe
2

0
3 

content given in Table 1. The Utrecht analyses indicate, however, 
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Figure 4. Whole-rock histograms for major and minor oxides in 78 meta

bauxite samples from Naxos. Ordinate: number of samples, absciss: oxide 

wt%; for oxides that are considered to be distributed logarithmically, 

the numbers in parentheses are corresponding oxide wt%%. The shaded 

-4.00 -2.00 0 2.00 
(.02) (.14) (lOO) (7.39) 
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area represents the samples (22) with diaspore as major constituent, 

the blank area the samples (56) with corundum as major constituent. 

In the Na 0 histogram, 9 diasporite and 12 emery samples, and in the
2

K 0 histogram, 6 diasporite and 5 emery samples, are not shown because
2

Na 0 and K 0 were respectively below detection limit. Mean and standard
2 2

deviations of all oxides are given in Table 1. 

that the Fe 0 /FeO ratio is highly variable in the Naxos metabauxites.
2 3

The lowest Fe 0 /FeO ratios are typically found in silica-rich samples
2 3

that are abundant in FeMgAl-silicates. In these samples the main Fe 

carriers are the FeMgAl-silicates, which incorporate iron mostly as 

bivalent. In commercial samples iron is largely in FeTi-oxides, so that 

these minerals essentially govern the Fe 0 /FeO ratio of the rock.2 3
Although in the commercial type the Fe 0 /FeO ratio may differ2 3
considerably for samples of comparable metamorphic grade, this ratio 

tends to decrease (reduction) with increasing metamorphic grade, 

a trend that is consistent with the changes in FeTi-oxide mineralogy 

with grade (cf. Figure 3). 

In the samples analyzed in Nancy loss on ignition (l.o.i.) has 

been determined, whereas in the samples analyzed in Utrecht H 0 and 2
CO were determined separately. The Utrecht analyses do show that CO

2 2 
is below detection limit in all samples from zones (III-lV-V) and that 

samples from zones (I-II) may contain up to 2.0 wt% CO due to the
2 

presence of minor calcite. Hence it is assumed that l.o.i. for the 

emeries of the Nancy analyses almost exclusively consists of H 0, and
2

that the average H20 content for the diasporites (Table 1) may include 

minor CO2 , 

It is obvious from Table 1 and Figure 4 that there are no signifi

cant differences between diaspore-bearing and corundum-bearing samples 

for all major oxides except H 0. The pronounced difference in H 02 2
content between diasporites and emeries is not unexpected. The dominant 

constituent of the first type is diaspore, which contains about 15.0 

wt% H20, whereas the dominant constituent of the second type, corundum, 

is H20-free, so that in emeries water is only in FeMgAl-silicates and 
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micas. Most intermediate values for H 0 (Figure 4) are for samples from
2

the diaspore-corundum transition zone, which have been classified 

microscopically as one of the types on the basis of whether diaspore 

or corundum is most abundant. Occasionally minor secondary diaspore is 

found in the deposits of zones (III-lV-V) and this diaspore may slight

ly have enhanced the H 0 content of some emery samples.
2

Of the minor oxides, the averages for CaO and K 0 are higher in2
emeries than in diasporites, while the averages for Ti0 MnO, MgO and

2
, 

Na20 are approximately similar in both types (see Table 1 and Figure 4). 
Although premetamorphic compositional differences cannot be ruled out, 

it is most likely that the higher CaO and K20 contents of emeries 

result from progressive metamorphic introduction of these elements into 

the metabauxite deposits with increasing M2-grade. Retrogressively 

altered samples, for example, those containing veinlets with secondary 

margarite, chlorite and muscovite, were avoided during the sample 

selection. Nevertheless, retrogressively introduced calcium and potas

sium may also have increas~d to some extent the averages for these 

elements in emeries, since retrogradation is most pronounced for the 

deposits in zones (IV-V). Small groups of samples are quite rich in 

K 0 and Na 0 (cf. Figure 4). However, these high values do not have a
2 2

dominating effect on the calculated averages (Table 1) because these 

elements, and in addition MgO, CaO and P205' are considered to be 

distributed logarithmically. P 0 is slightly higher in emeries than
2 5 

in diasporites. As P 0 is positively correlated with CaO, both
2 5 

elements may have been introduced concomitantly. In the metabauxites 

phosphorus is principally hosted in apatite. 

To illustrate the variation in major element chemistry, the 

analyses have been plotted on an AI203-Si02-Fe203 diagram (Figure 5). 
It is evident from the figure that the main chemical variation is 

displayed by Al 0 relative to Si0 , while Fe 0 is rather constant.
2 3 2 2 3 

With other words, the bauxitisation process, i.e. removal of silica 

(and Ca, Mg, Na and K) and relative enrichment of aluminium (and Ti) 

and, to a lesser extent, of ferric iron, is clearly reflected in the 

diagram. Following the bauxite classification of Bardossy (1982, 

Figure 65), the Naxos analyses grossly cover a compositional field 
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Figure 5. A1203-Fe203-Si02 diagram showing the variation in major 

element chemistry of the Naxos metabauxites and the average composi

tions of various metabauxites and karstbauxites (cf. Table 2). 

1. Naxos samples containing less than 3 wt% CaD; 2. Naxos samples 

containing more than 3 wt% CaD. Large symbols mean average composi

tions of: 3. Naxos metabauxites (this study); 4. Menderes rnetabauxites, 

SW-Turkey (Alkanoglu (1978) in Schreyer et al., 1981); 5. Menderes 

metabauxites, SW-Turkey (Onay, 1949); 6. Jurassic karstbauxites of 

Montenegro, Yugoslavia (Cicmil, 1981); 7. Jurassic karstbauxites of 

Central Greece (Kiskyras, 1978); 8. Cretaceous karstbauxites of Central 

Greece (Kiskyras, 1978); 9. Triassic karstbauxites of Montenegro 

(Ci emil, 1981). 
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from bauxite and iron-rich bauxite (less than --10 wt% Si0 ) through2
clayey bauxite ( --10-20 wt% Si0 ) up to bauxitic clay (more than

2
--20 wt% Si0 ). This comparison is, however, only approximate because

2
Bardossy 'S classification is mineralogical, whereas that of Figure 5 

is chemical. The transition between the distinguished commercial and 

silica-rich metabauxite types lies at about 10 wt% Si02 , 

A small group of samples occupying the area indicated by a dashed 

line in Figure 5 is rather rich in iron and falls, according to the 

bauxite classification of Bardossy (1982), in the field of iron-rich 
bauxite. Most of these samples were collected from the outer parts of 

the metabauxite lenses. The iron-rich metabauxite tends to be poor in 

Si02 ; magnetite or titanhematite or both are present in high modal 

amounts. Since the majority of Mediterranean karstbauxites contains 

5-15 per cent iron-rich bauxite (Bardossy, 1982, p. 117), the iron-rich 

character of the Naxos samples is regarded to be of premetamorphic 

origin. 

Calcium-rich samples 

Samples with more than 3.0 wt% CaO are denoted in Figure 5. It can 

be seen that most calcium-rich samples are high in Si02 and that some 

of them are unusually low in Fe20 • In addition K20 and/or Na20 are
3

relatively high in many of the samples. Two types of calcium-rich 

samples can roughly be distinguished; samples from thin deposits which 

as a whole tend to be rich in CaO and Si0 ; and samples from local2
metasomatic outer rims of thick deposits. The former type, which may 

include samples from the tapering outer parts of thicker metabauxite 

lenses, is locally found in both low-grade and high-grade zones, 

whereas the latter type is nearly restricted to zones (IV-V). 

Syngenetic and diagenetic calcite, as dispersed grains and fissure 

fillings, occurs in many karstbauxite deposits covered by carbonate 

rocks (Bardossy, 1982). Calcite is virtually the only Ca-carrier in 

these non-metamorphosed equivalents of the Naxos metabauxites; its 

modal abundance is commonly less than a few per cent, but higher 
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amounts (20-30 %) are locally present in thin deposits and marginal 

parts of thick deposits. 

On account of the petrological evidence and their occurrence in 

each metamorphic zone of Naxos, it is believed that calcium is largely 

of premetamorphic origin in the thin calcium-rich deposits. The high 

calcium contents of these metabauxites may result from either incom

plete chemical leaching of calcium (and silica and alkalis) during the 

bauxite genesis, or diagenetic to epigenetic introduction of calcium 

into the bauxite from the surrounding marbles. The former alternative 

is favoured for most deposits, since they are in addition rich in 

silica and alkalis. Considering the pure composition of the marbles 

in the immediate vicinity of the metabauxites, it seems unlikely 

that they could have supplied sufficiently silica and alkalis for 

the bauxites. The increasing impermeability of karstbauxites after the 

deposition of hanging-wall sediments also argues against substantial 

diagenetic and epigenetic introduction of elements. 

It is known from the petrological studies of the metabauxites that 

calcium, sited in calcite prior to metamorphism, still is predominantly 

in calcite in the deposits of zone I and lower part of zone II. At 

higher grades of zone II and in zone III calcite has reacted with 

silicate minerals present to form margarite. In zone IV margarite 

gradually dehydrated to anorthite with increasing grade (cf. Figure 3). 

So in medium and high-grade metabauxites calcium is mainly in CaAl

silicates, and calcite only occurs along their contacts with the 

marbles. 

For the calcium-rich rims of thick deposits, the restriction to 

the high-grade zones (IV-V), together with petrological evidence for 

excessive calcium-metasomatism, argues strongly for metamorphic intro

duction of calcium. The calcium-rich rims, typically 5-50 cm thick and 

only of local significance around the deposits, are very abundant in 

CaAl-silicates and often in muscovite as well. The observed textural 

relationships indicate that margarite and anorthite formed largely as 

replacement products of other minerals such as kyanite, corundum and 

FeMgAl-silicates. All but one of the calcium-rich samples with 

anomalously low Fe 0 contents (Figure 5) are from rims of deposits in2 3 
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zones (IV-V) .• Their depletion in Fe 0 may indicate that calcium was
2 J 

introduced at the expense of iron. 

Apart from the local metasomatic rims that are strongly enriched 

in calcium during metamorphism, minor metamorphic enrichment in cal

cium appears to be common for many of the deposits in zones (III-lV-V). 

Chemically, the Ca-enrichment is apparent from Table 1 and Figure 4; 
mineralogically, it is reflected in the fact that margarite and 

anorthite are more abundant and regular constituents of the emeries 

than their Ca-precursor calcite is of the diasporites. 

Comparison with Menderes metabauxites and Mesozoic karstbauxites in 

Central Greece and Montenegro 

In Table 2 the average chemical composition of the Naxos meta

bauxites is compared with that of the metabauxites from the Menderes

Complex (SW-Turkey), and furthermore with that of various Mesozoic 

karstbauxites from Central Greece and Montenegro (Yugoslavia). 

In addition, the compositions of these metabauxites and karstbauxites 

are shown in Figure 5. As there is a considerable difference in H 02

content between metamorphosed and non-metamorphosed bauxites, all
 

averages have been recalculated to a H 0 or l.o.i.-free basis in2
Table 2. 

The chemical composition of the metabauxites in the Menderes

Complex, especially that determined by Alkanoglu (1978), is close to 

that of the Naxos metabauxites. The average for the Menderes meta

bauxites calculated from the analyses of Onay (1949) is higher in 

A1 0 and lower in Si0 • Onay probably has selected rather commercial
2 J 2

specimens for his chemical study. 

The average compositions for the Jurassic and Cretaceous karst 

bauxites from Central Greece were calculated from data of Kiskyras 

(1978), those for the Triassic and Jurassic karstbauxites from Monte

negro were taken from Cicmil (1981). Kiskyras included samples of all 

major bauxite districts of Central Greece in his analyses, i.e. 
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Table 2. Comparison of the average chemical composition of the Naxos 

metabauxites with that of the Menderes metabauxites (SW-Turkey) and 

various Mesozoic karstbauxites in Central Greece and Yugoslavia. 

M E T 

Naxos 
Greece 

References 1 

number of 
76samples 

Si0 10.66
2 

Ti0 3.03
2 

A1 0 59.40
2 3 

cr20 3@ .04 

Fe 0 24.25
2 3 

MnO .11 

MgO .47 

CaO .64 

Na 0 .05
2

K 0 .14
2

P205 .10 

A B A U X I T E S 

Menderes-Complex 
Sill-Turkey 

2 3 

11 ** 7

12.70 5.76 

3.40 3.49 

55.60 66.44 

.03 
27.09	 22.60 

.06 .04 

.66 .13 

.50 1.11 

.10 .74 

.20 .34 

•13 b.d • 

TRIASSIC 

Montenegro 
Yugoslavia 

4 

16

24.75 

2.92 

53.07 

.01 

16.72 

-
-
.46 

-
-
-

J U R A S 

Montenegro
 
Yugoslavia
 

4 

45

6.05 

3.33 

67.50 

.04 

20.30 

-
-
.66 

-

-
-

S	 I 

Central 
Greece 

5 

57

7.63 

3.00 

64.43 

.05 

24.39 

-

-

.33 

-
-

-

C CRETACEOUS 

Central 
Greece 

5 

69

4.73 

3.01 

63.96 

.17 

27.59 

-
-
.34 

-
-

-

average composition recalculated to 1 ..0. i.-free basisj -- average composition recalculated to 

H 0-free basis, average CO content is .28 Wt%iOtotal Fe as Fe 0 ;b.d. = below detection2 2 2 3 
limitj a dash (-) means not analyzed. References: 1. this paper; 2. analyses of Alkanoglu 

(1976) in Schreyer et a1. (1981, table 6); 3. Onay (1949, tables 6 and 6); 4. Cicmil (1961, 

table 19); 5. Kiskyras (1976, tablea 2 and 3). 

the Parnassos-Kiona-Helikon area, the Eleusis area and Central Euboea 

(Figure 1). Although slight differences in Si0 and Fe 0 contents also
2 2 3 

seem to occur between the Jurassic and Cretaceous bauxites in Greece, 

the only trace element determined, chromium, is most distinctive since 

the Cretaceous bauxites contain about three times as much Cr
2

0 
3 

than 

the Jurassic ones. 

It is obvious from Table 2 that on the basis of all major oxides 

as well as Cr203 the Naxos metabauxites closely resemble the karstbau

xites of Jurassic age in Central Greece and Montenegro. Compared with 
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the Naxos metabauxites the Triassic karstbauxites of Montenegro are 

much richer in Si0 and much poorer in A1 0 • In addition they have a
2 2 3 

very low Cr 0 content. Note that the Ti0 contents of the metabauxites2 3 2 
and karstbauxites listed in Table 2 are fairly uniform. 

It should be emphasized that compared with karstbauxite analyses 

from the literature, which mostly involve ore-grade bauxites, the Naxos 

analyses show a greater variation in chemical composition. This results 

mainly from the fact that the present study not only deals with samples 

of commercial grade, but also incorporates many silica-rich, poorly 

bauxitized, samples. Thus, the average chemical composition of the 

Naxos metabauxites (Table 1, Figure 5) should not be considered repre

sentative for the commercial Naxos emeries, which are certainly richer 

in A1 0 and poorer in Si0 • In fact, their average chemical composi
2 3 2

tion may be very similar to that of the Jurassic karstbauxites from 

Central Greece and Montenegro. 

Distribution of major elements in minerals 

The petrology of the metabauxites and the chemical compositions 

of all important metabauxitic phases are fairly well known (Chapters 

2 and 3 of this thesis). In this section the whole-rock chemistry of 

the metabauxitic rocks is discussed in the light of the petrographic 

and mineral composition data. 

Si0 is in a wide variety of minerals; in Al-silicates, FeMgAl2 
silicates, white micas and CaAl-silicates (cf. Figure 3). The most 

siliceous metabauxites containing more than 20 wt% Si0 are typically
2 

richer in kyanite than in corundum. 

Up to the middle of zone IV, Ti0 is largely in rutile and titan
2 

hematite/ilmeno-hematite. With increasing grade modal rutile diminishes 

as titanhematite is progressively enriched in ilmenite component. In 

zone I the FeTi0 -component of titanhematite is less than 6 mole %,
3

in zone II it ranges from 8 to 28 mole %, and in zones (III-IV) the 

ilmeno-hematite coexisting with magnetite contains between 26 and 40 

mole % FeTi0 in solid-solution. At the higher grades of zone IV and
3 
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in zone V, TiO is principally in ferrianilmenite/hemo-ilmenite. Magne
2 

tite always contains very minor Ti0 • Of the FeMgAl-silicates and
2

micas only biotite accommodates significant Ti0 (up to 2.30 wt%).
2 

With the exception of FeTi-oxides and calcite all minerals listed 

in Table 3 contain considerable amounts of A1 0 • As is expected when
2 3 

free corundum (diaspore) is present, minerals are highly aluminous 

(see Chapter 3 of this thesis). 

As discussed in a previous section Fe is essentially distributed 

among FeTi-oxides and FeMgAl-silicates. In addition, some ferrous iron 

is held in green spinel and some ferric iron in clinozoisite/epidote. 

In the lower grade metabauxites MnO was commonly detected in 

chloritoid, at higher grades it was detected in staurolite and green 

spinel, and more rarely in chlorite and biotite. The MnO content of 

all these minerals does not exceed .80 wt%. Of the FeTi-oxides ilmenite 

strongly concentrates Mn. In a rim sample from a deposit in zone IV, 

ferrianilmenite present in trace amounts contained as much as 13.2 wt% 

MnO. An inverse relationship between Mn content and modal percentage 

of the mineral was not only found for ferrianilmenite/hemo-ilmenite 

but also holds for the FeMgAl-silicates. 

Mg proxies for ferrous Fe in FeMgAl-silicates and green spinel. 

Minor Mg is contained in calcite and muscovite. Note that there is a 

larger variety in FeMg-minerals at high grades than at low grades 

where chloritoid is nearly the only Mg-carrier. 

Na 0 is largely in paragonite up to zone III. At higher grades
2

Na 0 is no longer in a separate phase; since the Na20 content of the
2

metabauxites is rather low the available sodium in the system could 

entirely be incorporated in solid-solution in margarite and muscovite 

as paragonite component, and in anorthite as albite component. 

K 0 is chiefly in muscovite and biotite. Paragonite usually con
2 

tains an appreciable muscovite component while the K 0 content of both
2

margarite and anorthite is always insignificant. The distribution of 

CaO, P 0 and H 0 in minerals was already discussed in previous
2 5 2

sections. 
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4·4 TRACE ELEMENT CHEMISTRY 

A number of 19 trace elements have been determined in 46 specimens 

to study the trace element chemistry of the Naxos metabauxites. The 

selected samples span more or less the range in M2-grade on the island. 

The analyses were performed at the Department of Geochemistry, Univer

sity of Beograd, using a high dispersion emission spectrographic tech

nique with germanium as internal standard (Maksimovic, 1976a). The 

accuracy of the analysis was monitored by inclusion of international 

rock standards in the analytical program. 

The average trace element contents of the Naxos metabauxites 

together with standard deviations and ranges are presented in Table 3. 

Although statistical analysis indicates that most trace elements can 

best considered to be distributed logarithmically, the arithmetic means 

are given for comparative purposes. For all trace elements listed in 

Table 3 it is tentatively concluded that there are no pronounced 

differences between their averages in diasporites and emeries. There 

are three reasons why this conclusion is tentative. First, only a 

limited number of samples were studied. Second, the trace element 

studies were slightly focused on low-grade samples (zones I-II). 

Third, many elements vary strongly in concentrations; for some of them 

(e.g. B, Co, Cu, Pb) the mean nearly equals the standard deviation 

(see Table 3). As will be discussed later a wide compositional range 

with respect to trace elements is common for non-metamorphosed karst

bauxite deposit groups. 

In addition to the elements presented in Table 3, Mo, Sr and Ba 

have been analyzed. The Mo values were below the detection limit of 10 

ppm in all samples. The Sr values display strong fluctuations. In the 

vast majority of the samples Sr is below 30 ppm, but the Sr contents 

of calcium-rich samples, particularly those from the metasomatic rims 

of deposits in zones (IV-V), are much higher, exceeding 100 ppm in 

most cases. In general, carbonate rocks contain several hundreds ppm 

of Sr (Wedepohl, Ed., 1969: Handbook of Geochemistry). Chemical 

analyses of wall-rock marbles of the Naxos metabauxites indicate that 

they contain 76-850 ppm Sr (Feenstra and Maksimovic, part II of this 
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Table 3. Average trace element abundances (in ppm) of Naxos, Menderes 

and Mongolian metabauxites. 

N A X 0 S, G R E E C E SW-MENDERES, TURKEY SE-MONGOLIA 

this paper 
this A1kanog1u, 

1978*paper 
this 

paper 

number or 46 st.dev. range
samples 

4 11 5 

B 40 35 (10- 150 49 - 10 

Be 3 2 0 7 7 - 1 

Ga 45 17 19 88 34 - 31 

Cr 286 139 116- 700 201 187 245 

V 227 69 86- 385 211 - 436 

Nb 109 44 40- 220 88 - 53 

Ni 196 89 10- 385 165 168 155 

Co 21 15 <1 65 31 - 51 

Cu 29 30 0- 130 6 16 115 

Zn 429 270 60-1025 685 71 212 

Mn 960 528 ::10-2300 953 620 1921 

Zr 356 139 125- 660 295 - 54 

Sc 26 13 8 70 24 - 12 

Y 49 33 <3- 142 78 160 <3 

La 63 40 <10- 170 74 - <10 
Pb 21 16 <3 76 61 - 20 

*in Schreyer et a1. (1981, table 7); st.dev. standard deviation; a dash (-) means 

not analysed. 

paper). These Sr values are in fairly good agreement with the Sr-range 

of 90-405 ppm found by Schuiling and Oosterom (1967) for Naxos marbles. 

So the Naxos marble is generally much richer in Sr than the meta_ 

bauxite. This, the positive correlation of Sr with calcium, and the 

observation that high-grade metabauxites tend to be richer in Sr than 

low-grade ones, suggest that high Sr concentrations of Naxos meta

bauxites are mainly due to metamorphic introduction, concomitant with 

calcium, from the surrounding marbles. 
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The barium pattern is also irregular. In the greater part of the 

samples Ba is below the detection limit of 3 ppm; in the remainder Ba 

is mostly below 20 ppm, but some samples are anomalously high in Ba 

(up to 240 ppm). The latter samples are commonly rich in K 0, which is
2

chiefly held in muscovite and biotite. Although it could not be 

confirmed by electron microprobe work, Ba probably substitutes for K 

in these micas. In most cases, it is difficult to decide whether high 

Ba contents are premetamorphic or result from later introduction of 

Ba. For those samples in which K °was introduced during metamorphism
2 

or retrogradation, contemporaneous Ba-introduction is likely to have 

taken place, whereas in samples that were originally rich jn K 0, the 
2

high Ba content is probably of premetamorphic origin. 

Sr and Ba are largely removed from the source material during 

bauxite genesis as is evident from their comparatively low abundances 

in bauxites. For this reason and those discussed above, Sr and Ba are 

regarded to be little distinctive of (meta)bauxitic rocks, and there

fore will not be included in geochemical comparisons made in following 

sections between the Naxos deposits and other metamorphic and unmeta

morphosed karstbauxites. 

Comparison with Menderes and Mongolian metabauxites 

In Table 3 the average trace element contents of the Naxos meta

bauxites are compared with those of the Menderes and Mongolian meta

bauxites. Although based on few samples, the average trace element 

abundances of the Menderes metabauxites determined in this study are 

in good agreement with those reported by Alkanoglu (1978). Only the 

average for Zn of this study is much higher than that of Alkanoglu. 

It is evident from Table 3 that the Menderes metabauxites are similar 

in composition to the Naxos metabauxites with respect to nearly all 

determined trace elements. 

The Mongolian emeries show marked geochemical differences with 

the Naxos deposits. Surprisingly, they are poor in many of the elements 

(Zr, 3c, Nb, B, Be, La, y) that are fairly resistant to chemical 



leaching and thus are commonly enriched in bauxites. On the other hand, 

the Mongolian metabauxitea are relatively rich in V, Cu and Mn. 

According to Pinus et ale (1981) the deposits were metamorphosed about 

850 M.Yr. ago, so that their depositional age is at least Late Precam

brian. Obviously these Precambrian metabauxites cannot be compared 

directly to the Naxos metabauxites because of their much older strati

graphic age and different geographic situation. Furthermore, the 

genesis of the Mongolian deposits as karstbauxites is still a matter 

of debate (Pinus et al., 1981; Slukin, 1981) and probably differs from 

that of the Mediterranean karstbauxites. Therefore it seems not 

surprising to find a distinct difference in trace element chemistry 

between Mongolian and Naxos metabauxites. Perhaps the Mongolian 

deposits fall somewhat beyond the scope of this paper; yet they have 

been included as they are one of the few metabauxite deposit groups 

outside the Aegean region with corundum as a major constituent. 

Comparison with Mesozoic karstbauxites in Central Greece and Yugoslavia 

During the last decade it became known from detailed trace element 

studies that the Mesozoic karstbauxites of Greece and Yugoslavia 

display a more or less systematic change in trace element chemistry 

with depositional age. In particular, the Cr, Ni and Co contents of 

the bauxites increase strongly from Triassic through Jurassic to 

Cretaceous deposits (Maksimovic and Papastamatiou, 1973; Maksimovic, 

1976ab). The diversity in trace element abundances throughout Mesozoic 

time stems essentially from differences in the chemical composition of 

the parent material of the karstbauxites. 

In Table 4 the average trace element contents of the Naxos meta

bauxites are compared with those of various Mesozoic karstbauxites in 

Central Greece and Yugoslavia. In Figure 6 the karstbauxites listed in 

Table 4 are plotted in a Cr-Ni variation diagram. The Cr-Ni diagram 

was introduced by Schroll and Sauer (1968) in order to characterize 

bauxites and their possible source rocks. Although the Cr-Ni diagram 
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0' 
I\)	 Table 4. Comparison of the average trace element abundances (in ppm) of the Naxos metabauxites with 

that of various Mesozoic karstbauxites in Central Greece and Yugoslavia. 

METABAUXITE T R I ASS	 I C J U R A S S I C C R E T A C E 0 U S 

yCentral	 Central Celltra1 u g 0 s 1 a v i a 
Greece Y u g 0 S 1 a v i a Yugoslavia Greece Greece Greece	 Grebnik Western Vlssenica 
Naxoa Montenegro Bosnia Montenegro bl-horizon b -horizon b -horizon Kosovo Serbia Bosnia2 3

References 1 2	 3 2 4 4 4	 2 3 2 

number of 
46 46	 12 56 14 33 62	 28 18 26samples 

B 40 98 270 110 -  - 125 226 95 

Be 3 9	 9 7 -  - 4 7 7 

41 28Ga 45 43 40 41 32 29 24 43 

Cr 286 72	 72 304 323 197 991 3860 1980 409 

V 227 90 112 282 230 203 303 430 223 201 

Nb 109 109 - 96	 68 - 106 - 91 

Ni 196 61	 77 238 210 257 781 1082 509 477 

Co 21 8 29 38 16 23 35 112 27 51 

Cu 29 65	 57 82 56 82 29 25 23 67 

Zn 429 42	 45 424 -  - 135 115 112 

Mn 960 464	 527 945 248 1168 394 609 1068 521 

Zr 356 579	 380 421 276 297 314 539 318 431 

Sc 26 26	 23 36 20 18 19 48 21 36 

Y 49 82	 76 86 47 79 30 74 94 145 

La 63 71 65 75 97 

Pb 21 

94 118 132 120 175 

69	 57 117 101 60 53	 78 80 69 

References:	 1. this paper; 2. Maksimovic, 1976; 3. Maksimovic, unpublished dataj 4. Maksimovic and Papastamatiou, 1973. 

a dash (-) indicates not analyzed 



appears to be quite distinctive for bauxites, the use of this ratio 

encounters one difficulty. Whereas Cr is rather immobile during the 

bauxitisation process and therefore is distributed more or less homoge

neously throughout karstbauxite deposits, Ni is more mobile and partly 

migrates, leading to a downward Ni-enrichment in karstbauxites, usually 

culminating just above the carbonate footwall. In nearly all karst

bauxites formed in situ, not only Ni but several other trace elements, 

particularly Co, Cu, Y, La, Be, Zn and Pb, are also found to be 

enriched towards the deposit's basal parts (Maksimovic, 1976b, 1978, 

1979; Feenstra and Maksimovic, part II of this paper). In karstbauxites 

the distribution pattern of these trace elements, termed "mobile" in 

the present paper, differs from that of "immobile" elements such as Cr, 

B, Ga, V, Nb, Zr and SCi the latter tend to be distributed homogeneously 

throughout the deposits. In part II of the paper we will demonstrate 

that similar trace element patterns exist in the Naxos metabauxites. 

It is self-evident that samples collected from the basal parts of 

the Naxos metabauxites and showing anomalously high values for "mobile" 

trace elements are little representative for the bulk of the Naxos 

metabauxites. Therefore these samples have been omitted in determining 

the average trace element composition of the Naxos deposits. This was 

also done in the trace element studies of the Mesozoic karstbauxites 

given in Table 4 for comparison. 

The Naxos and Menderes metabauxites together with the Jurassic 

karstbauxites form a coherent group between Triassic and Cretaceous 

bauxites in the Cr-Ni variation diagram (Figure 6). Triassic karst

bauxites from Montenegro and Triassic lateritic bauxites from Bosnia 

are very poor in Cr and Ni, and in addition in V, Co and Zn (Table 4). 
They were formed from intermediate volcanic rocks, mostly spilite

keratophyre, and have trace element abundances corresponding with 

these parent rocks (Maksimovic, 1976a, Trubelja and Maksimovic, 1983). 

The geochemical studies indicate that karstic and lateritic Triassic 

bauxites, having originated from the same source rocks, show no 

differences in trace element abundances. 

Cretaceous bauxites display large fluctuations in Cr and Ni 

contents, but are significantly richer in these elements than Jurassic 
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Figure 6. Cr-Ni variation diagram for Naxos and Menderes metabauxites, 

and various Mesozoic karstbauxites of Central Greece and Yugoslavia 

(cf. Table 4). 1. Naxos, Greece; 2. Menderes-Complex, SW-Turkey; 

3. Montenegro, Yugoslavia; 4. Bosnia, Yugoslavia; 5. Montenegro, 

Yugoslavia; 6. b1-horizon, Central Greece; 7. b2-horizon, Central 

Greece; 8. b3-horizon, Central Greece; 9. Grebnik, Kosovo, Yugoslavia; 

10. Western Serbia, Yugoslavia; 11. Vlasenica, Bosnia, Yugoslavia; 

for references see Tables 3 and 4. 
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deposits. They also tend to be richer in Co and poorer in Zn and Ga. 

The high Cr, Ni and Co contents of Cretaceous bauxites of Central 

Greece and Yugoslavia result from the fact that weathering products 

of ultramafic rocks (ophiolites) accounted for a variable, though 

important, portion of their source material (Maksimovic and Papastama

tiou, 1973; Maksimovic, 1976ab, 1979; Kiskyras, 1978; Mack and Petra

schek, 1978; Maksimovic et al., 1983). The introduction of ultramafic 

weathering material during the Cretaceous, occurring in most bauxite 

regions of Yugoslavia and Greece, makes the trace element chemistry of 

the Cretaceous bauxites clearly different from that of the Jurassic 

and Triassic bauxites. 

The parent rocks of the Jurassic karstbauxites in Montenegro and 

Central Greece are still obscure. In a comparative study of rare earth 

element patterns in karstic red bauxites and igneous rocks of Montene

gro, Vukotic and Dragovic (1981, 1982) supposed that the source mate

rial for the Jurassic and Triassic bauxites of Montenegro could have 

originated from igneous rocks of a predominantly intermediate charac

ter. If igneous rocks indeed supplied the parent material in Montene

gro, the Jurassic bauxites were derived from more basic rocks than the 

Triassic ones (cf. Table 4). Vukotic and Dragovic (1982) arrived at a 

similar conclusion on the basis of small differences in Eu/Sm ratio 

between Jurassic and Triassic bauxites. 

The trace element composition of the Jurassic karstbauxites in 

Greece and Yugoslavia argues against an important contribution of 

ultramafic rocks (ophiolites) to their source material. This is 

consistent with the geodynamic models for the Hellenides-Dinarides, 

as it is generally accepted that the tectonic emplacement of Alpine 

ophiolites began in the Late Jurassic (Lanphere et al., 1975; Vergely, 

1976; Celet and Ferriere, 1978; Durr et al., 1978; Bonneau, 1982). 

Hence ophiolites were probably not yet exposed to weathering when the 

Middle to Upper Jurassic bauxites formed. 

Most geologists who have studied the bauxites of the Parnassos

Kiona zone in Central Greece (e.g. Mack and Petraschek, 1978; Combes, 

1979) suppose that the principal parent material of the bauxites was 

not the weathering residues of Mesozoic carbonate rocks from the zone 
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but the weathering products of various types of aluminosilicate rocks 

in the Pelagonian zone. In paleogeographic reconstructions of the Late 

Jurassic-Early Cretaceous situation these authors indicate that the 

Parnassos-Kiona platform was bounded on the southwest by the Pindos 

trough and on the northeast by the partly emerged Pelagonian zone. 

Weathering material of the Pelagonian landmass was transported south

westwards and deposited on the Parnassos-Kiona platform, where it was 

collected and bauxitized in karstic depressions during the periods 

when the platform emerged. For the Middle Cretaceous karstbauxites 

(b3-horizon) the geochemical and geological data obviously indicate 

that the ophiolitic rocks tectonically emplaced from the east (Vardar 

zone) on the Pelagonian series, furnished an important part of their 

source material. For the Middle to Upper Jurassic karstbauxites (b1 

and b2-horizons) the character of the parent rocks is less clear, and 

clayey weathering products of all kinds of aluminous rocks, sedimenta

ry as well as crystalline, may be considered as potential source mate

rial. Furthermore, the weathering residues of Mesozoic carbonate rocks 

in the zone may also have contributed in varying degrees to the source 

material. 

Both argillaceous sedimentary rocks and aluminous metamorphic and 

igneous rocks (e.g. pelites, marls, gneisses) vary widely in trace 

element abundances (Wedepohl, Ed., 1969: Handbook of Geochemistry). 

This and the likelihood of a mixture of various rock-types hamper a 

geochemical approach of the parent rock problem of the Jurassic karst

bauxites. Nevertheless, Jurassic karstbauxites from Montenegro and 

Central Greece are very close to the Naxos and Menderes metabauxites 

with regard to most distinctive trace elements for bauxites (Cr, Ni, 

Co, V, Zn, Ga). It is impossible, of course, to think of one single 

source material of Jurassic bauxites and metabauxites for the whole of 

this extensive region, but their uniform composition with respect to 

trace elements as well as major elements suggests that metabauxites 

and Jurassic karstbauxites formed from a fairly similar parent mate

rial and probably in a comparable paleogeographic environment. 
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Inspection of Table 4 shows that the Naxos metabauxites are poor 

in Pb, Cu, La, B and Be relative to Jurassic and most other karst

bauxites, and that the Cu and La contents seem to match better those of 

Cretaceous than Jurassic karstbauxites. A metamorphic depletion in Pb, 

Cu and La cannot fully be excluded but their rather similar concentra

tions in diasporites and emeries are in favour of a premetamorphic 

paucity of these elements in the Naxos bauxites. With respect to B, 

hosted in tourmaline, it should be mentioned that only samples without 

visible or with very minor tourmaline have been used in the chemical 

study. Tourmalinized emeries, locally occurring in zones (III-lV-V), 

were avoided because it is obvious from the mineralogy and textural 

evidence that boron was later introduced into these deposits. 

Manganese seems to vary greatly in karstbauxites (Table 4). The 

Mn content of the Naxos metabauxites is close to that of the Jurassic 

bauxites of Montenegro and the b2-bauxites of Central Greece, and also 

to that of the Cretaceous bauxites of Western Serbia. The Serbian 

karstbauxites differ, however, dramatically in other trace elements. 

The Middle Jurassic b1-horizon of Central Greece, deposits of which 

were studied mainly in the Pelagonian zone by Maksimovic and Papastama

tiou (1973), is lowest in Mn of all karstbauxites compiled in Table 4. 
With regard to most other trace elements the b1-bauxites are comparable 

with the other Jurassic karstbauxites and Naxos metabauxites. 

The Naxos values obtained for many trace elements, especially for 

the "mobile" ones, cover a fairly wide range (see Table 3). This varia

bility of "mobile" trace elements is also common for unmetamorphosed 

karstbauxite deposit groups and not only stems from inhomogeneity of 

the source material but also results from the behaviour of the elements 

during bauxite genesis. As discussed in part II of the paper, "mobile" 

trace elements partially migrate downwards during karstbauxite forma

tion. They are thus enriched in the basal parts and partly leached 

from the upper and central parts of the bauxitizing material, resulting 

in an uneven distribution of these elements throughout individual 

karstbauxite deposits. The progress of this leaching process is 

dependent upon a variety of factors, so that the extent to which the 

elements have been mobilized may differ from deposit to deposit. 

167 



It is possible, therefore, that karstbauxites derived from a chemical

ly similar source material eventually differ in "mobile" trace element 

concentrations. This implies that comparative trace element studies of 

karstbauxites should be handled with care and that a large number of 

trace elements, including both "immobile" and "mobile" ones, should 

preferably be considered in these studies. 

Distribution of trace elements in minerals 

Many of the determined trace elements, especially tho~e which 

show no strong tendency to concentrate in particular phases, could not 

be localized in minerals by means of electron microprobe and petro

graphic studies. Of the trace elements listed in Table 3, Be, Ga, Nb, 

Co, Cu, Zr, Sc and Pb were in all cases below detection limit. 

As mentioned B is hosted in tourmaline. Cr and V are commonly 

detected in FeTi-oxides. Magnetite and rutile may contain up to .60 

wt% Cr 0 and both minerals tend to be richer in Cr than coexisting2 3 
hematite-ilmenite phases. At lower grades V is preferentially incorss 
porated in rutile over coexisting titanhematite, at higher grades V 

is enriched in ferrianilmenite and ilmeno-hematite relative to 

coexisting magnetite (Schuiling and Feenstra, 1980). Ni was only 

occasionally detected in minerals. In some samples it was found in 

magnetite (up to .48 wt% NiO), in others in chlorite, chloritoid, 

biotite or staurolite. The Ni-bearing FeMgAl-silicates contain less 

than .40 wt% NiO and are in all samples present in minor or trace 

amounts. 

In zones (1-11-111) Zn was not detected in any mineral, in zones 

(IV-V) Zn is strongly concentrated in staurolite and green spinel. The 

ZnO content of staurolite ranges up to 4.8 wt% and that of green spinel 

up to 29.8 wt%, corresponding to 63 mole per cent gahnite in solid 

solution. The most zincian staurolite and green spinel invariably 

occur in trace amounts, and an inverse relationship as noted for Mn 

and Ni clearly exists between the Zn content of these minerals and 

their modal abundances in the rock. Since the whole-rock analyses 
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indicate that low- and high-grade metabauxites have on average a 

similar Zn content, Zn must be partitioned rather evenly in minerals 

at low grades, as opposed to its behaviour at high grades. Up to 2.40 

wt% La and .40 wt% Y were detected in the cores of clinozoisite/epidote 

blasts from marginal parts of metabauxites. 

4.5 DISCUSSION AND CONCLUSIONS 

The stratigraphic age of the Naxos metabauxites 

The trace and major element composition of the Naxos metabauxites 

closely resembles that of Greek and Yugoslavian karstbauxites of Juras

sic age, while it is clearly distinct from that of Triassic and Creta

ceous karstbauxites in the Balkan region. In Greece, the Naxos meta

bauxites are geochemically similar to the karstbauxites of the Middle 

to Upper Jurassic b1 and b2-horizons in the Parnassos-Kiona zone and 

nearby Pelagonian zone. Unfortunately, geochemical data are not availa

ble for the Jurassic karstbauxites of N-Euboea and the bauxites of SE 

Thessaly and Skopolos island (Figure 1), so that no comparison can be 

made with these deposits. 

As discussed previously the Mesozoic karstbauxites of Greece and 

Yugoslavia vary systematically in trace element concentrations (speci

fically Cr, Ni, Co, Zn, V, Ga) with stratigraphic age. This chemical 

variation during Mesozoic time results essentially from changes in the 

parent materials of the karstbauxites, which are related to the Meso

zoic geotectonic evolution of the Balkan region. The relation between 

stratigraphic age and trace element composition is fairly consistent 

throughout the Balkan region, and it is reasonable to assume that this 

relation also holds for the Naxos metabauxites. Since there is no 

positive evidence that metamorphism has clearly changed the premeta

morphic trace element abundances, we conclude that the Naxos meta

bauxites most likely are metamorphosed equivalents of Jurassic karst



bauxites. The Jurassic stratigraphic age is consistent with the occur

rence of an Upper Triassic Foraminifera-Fauna in marbles of SE Naxos 

(Durr and Flugel, 1978). 

Chemical studies of the metabauxites on other Central Cycladic 

islands (Figure 1) are missing. Mineralogically, the metabauxites of 

Paros, Iraklia, los and Sikinos are, however, very similar to the 

Naxos deposits of corresponding grade (section 2.3 of this theis). 

Furthermore, there are striking geological similarities, for example 

in lithological constitution, between these islands and Naxos (Robert, 

1982; Van der Maar et al., 1981; Van der Maar and Jansen, 1983). It is 

likely, therefore, that all Central Cycladic metabauxites are more or 

less stratigraphic equivalents and are of Jurassic age in analogy with 

Naxos. Trace element studies of the metabauxites could further support 

this assumption. 

The metabauxites of the Menderes-Complex show clear geochemical 

and mineralogical similarities with the metabauxites of Naxos. Qnay 

(1949) and Durr et al. (1978) already correlated Menderes and Naxos 

deposits, and their view is thus confirmed by the chemical data of the 

present study. According to Durr et al. (1978) the marble envelope of 

the Menderes-Complex is of Triassic to Cretaceous age; metabauxite 

deposits occur in the main and upper part of this thick neritic carbo

nate sequence. A Jurassic age for the Menderes metabauxites as supposed 

from geochemical comparison with karstbauxites in the Balkan region is 

thus compatible with the stratigraphic interpretations. 

In a paper on the structural geology of Samos, Papanikolaou 

(1979) mentioned that marbles stratigraphically directly above a 

diasporite deposit on E-Samos contain traces of Rudists being indica

tive of an Upper Cretaceous age. The fossils thus suggest that the 

diasporite formed during Middle to. Upper Cretaceous times. This age of 

the Samos diasporite seems to be in contradiction with the inferred 

Jurassic ages for the Cycladic and Menderes metabauxites. The Rudists 

are poorly preserved, however, so that misidentification seems not 

impossible. An alternative explanation is that the diasporites of 

E-Samos are not comparable with the Central Cycladic and Menderes 

metabauxites and resemble, for example, the Cretaceous karstbauxites 
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of Amorgos. The latter occur in different, probably higher, tectono

stratigraphic units than the metabauxites of the Central Cyclades 

(Minoux et al., 1980). 'The fact that the Samos diasporites are found 

in one of the higher tectonic units of the island (Papanikolaou, 1979) 

argues for correlation with the Amorgos diasporites, whereas the 

mineralogical similarity with low-grade Menderes and Central Cycladic 

metabauxites suggests that the Samos metabauxites are comparable with 

the latter. Trace element studies of the Samos deposits could probably 

contribute to solving this discrepancy. 

The number of metabauxite horizons on Naxos 

Papastamatiou (1951) already supposed that the great number of 

metabauxite deposits in the Naxos marbles could be explained by just 

a few stratigraphic horizons which have been repeated by folding and 

thrusting. This view was confirmed by the structural investigations of 

Bonneau et al. (1978) and Hecht (1979)*. Hecht (1979, 1980 pers. comm.) 

concluded from his geological mapping of NE Naxos that the metabauxites 

in the northern and central part of the mapped area probably belong to 

one stratigraphic horizon while those in the southern part of the area 

belong to one or two other horizons. Bonneau et al. (1978) stated that 

all the Naxos metabauxites are part of just one stratigraphic horizon. 

We disagree with this view and consider the widespread occurrences of 

the metabauxites as evidence of several (2-3) different stratigraphic 

horizons. The existence of several horizons is also supported by our 

geochemical data, which indicate that there are slight, but probably 

significant chemical differences between the various horizons, 

especially in A1 0 !Ti0 ratio and Ni, Cr and Mn contents. The number 
2 3 2 

of samples included in this study, however, was not enough to establish 

unequivocally the exact number and stratigraphic sequence of the meta

bauxite horizons on Naxos.This will probably need a geochemical study 

of several hundreds of metabauxite samples collected from deposits all 

"section 2.2 
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over Naxos, in addition to a detailed structural and stratigraphic 

study of the whole island. Even then the outcome may be not conclusive 

as the metamorphic complex of Naxos is a tectonic assemblage of several 

units rather than a single stratigraphic sequence (Jansen, 1977; Hecht, 

1979; Van der Maar and Jansen, 1983). 

Concluding remarks 

Excluding tourmalinized and calcium-rich metabauxite, the chemical 

composition of the Naxos metabauxites differs only in volat~le content 

from unmetamorphosed karstbauxites. Apart from a considerable loss in 

volatiles, mainly H 0 with minor CO , there is thus no evidence of
2 2

extraction of elements from the metabauxites during metamorphism. 

Comparison of the average compositions of corundum- and diaspore

bearing metabauxites of Naxos indicates that emeries are poorer in H 0
2

and slightly richer in CaO, K 0 and P205 than diasporites. With regard
2

to all other major and minor oxides both metabauxite types are not 

significantly different. The difference in H 0 indicates that H 0 was
2 2

progressively lost during the M2-event; a major loss is associated 

with the diaspore-corundum phase transformation. The higher CaO, K 0
2

and P 0 contents of emeries are attributed to metamorphic introduction
2 5 

of these elements into the deposits of zones (IV-V), mainly taking 

place by means of syn- to late-metamorphic veinlets now predominantly 

filled with margarite. The main mass of the higher grade metabauxite 

is only weakly affected by this introduction, but marginal parts and 

metabauxite adjacent to major margarite veinlets locally suffered a 

strong Ca-metasomatism. 

For the analyzed trace elements, it is ~oncluded with some reserve 

that, with the exception of Sr and possibly Ba, their average concen

trations are not markedly different in low-grade and high-grade Naxos 

metabauxite deposits. Hence there are no indications to suppose that 

the bauxitic rocks were considerably enriched or depleted in trace 

elements during metamorphism. The abnormally high Sr and/or Ba contents 

of some emery samples are interpreted to have resulted from local meta



morphic introduction of these elements into the metabauxites in zones 

(IV-V). The introduction was probably concomitant with that of Ca 

and K. 

Virtually all reactions that occurred in the Naxos bauxites during 

progressive metamorphism have released H 0, whereas the fluids that
2

attended metamorphism of the surrounding carbonate rocks probably were 

predominantly CO -rich. Minerals recording H 0-rich fluids (e.g. marga
2 2

rite, chlorite, biotite and clinozoisite/epidote) are widespread in the 

metabauxites and primary carbonates are absent in the higher grade 

deposits, indicating that the metabauxites remained H 0-rich during
2

metamorphism and apparently were not infiltrated by CO -rich fluids
2

from the adjoining marbles. The fluids generated in the metabauxite 

deposits during metamorphism, besides being H 0-rich, were relatively
2

oxidized as suggested by the FeTi-oxide assemblages and the general 

absence of graphite and primary sulfides in the deposits. Both this 

geochemical study and petrological studies lead to the conclusion that 

Naxos metabauxites were essentially closed systems during metamorphism. 

Little mass transport occurred between metabauxite and adjacent marble, 

and the composition of the metamorphic fluid was internally controlled 

in the metabauxite. Mass transport also appears to have been rather 

restricted within the metabauxite deposits since they still possess 

many small-scale chemical and textural characteristics of non-meta

morphosed karstbauxites (part II of this paper). The petrological data 

also point to a restricted mobility of elements during metamorphism. 

Individual deposits and metabauxites of comparable grade may contain 

a variety of mineral assemblages and many minerals show a wide range 

in composition, reflecting the fact that the chemical inhomogeneity of 

karstbauxites has been preserved during metamorphism. 
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CHAPTER 5 

GEOCHEMISTRY OF DIASPORE AND CORUNDUM-BEARING METABAUXITES FROM NAXOS, 

GREECE. PART II: THE EXISTENCE OF PREMETAMORPHIC TRACE ELEMENT PATTERNS 

IN AMPHIBOLITE FACIES METABAUXITE LENSES AND THEIR USE AS GEOCHEMICAL 

TOP AND BOTTOM INDICATORS 

A. Feenstra and Z. Maksimovic 

5.1 ABSTRACT 

Karstbauxites regionally metamorphosed at conditions ranging from 

greenschist to upper amphibolite facies on the island of Naxos, Greece, 

have retained characteristic premetamorphic distributions of trace 

elements. These vertical trace element patterns, formed during karst

bauxite genesis in situ, consist of a downwards enrichment, culminating 

just above the carbonate footwall, of "mobile" trace elements such as 

Ni, Co, Cu, Y and La, and a homogeneous distribution of "immobile" 

trace elements such as B, Ga, Cr, V, Nb and Zr in the karstbauxite 

deposits. 

Chemical and petrological studies of vertical sample traverses 

across four metabauxite lenses from Naxos, three bearing corundum and 

one diaspore, show that all four deposits possess primary trace 

element patterns which must have been conserved during the various 

phase-transformations occurring during metamorphism. In two of the 

metabauxites the contents of "mobile" trace elements increase upwards, 

indicating that these deposits are in overturned position; for the 

other two the trace element data indicate a normal structural position. 

Apart from the trace element patterns, other characteristics of karst

bauxites such as bulk-chemical heterogeneity, positive AI-Ti correla

tion, and pisoidic and banded textures have been preserved in the 

Naxos metabauxites, implying that trace and major elements have 
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5.2 

redistributed themselves locally among the growing minerals during 

metamorphism. Thus the mobility of elements is fairly restricted in 

karstbauxites undergoing amphibolite facies metamorphism and large 

scale migration of elements apparently does not occur. 

INTRODUCTION 

As already outlined in part I of the paper, geochemical studies 

of vertical profiles through karstbauxite deposits clearly indicate 

that these deposits display a downward enrichment, culminating in a 

marked concentration at the base (above the carbonate footwall) of a 

particular group of "mobile" trace elements. This distribution pattern 

appears to be most prominent for Ni, Co, Cu, Y and La, but in many 

karstbauxites Be, Li, Mo, Zn, Mn, Sr, Pb and Ba show a similar enrich

ment trend. On the other hand, trace elements that are quite resistant 

to chemical leaching, such as B, Ga, Cr, V, Nb, Zr and Sc, do not 

exhibi t the downward enrichment and tend to be distributed homogeneously 

in karstbauxites. 

The main purpose of this study is to test whether or not these 

syngenetic trace element patterns exist in the Naxos metabauxites after 

metamorphism, and possibly use them as a geochemical top and bottom 

indicator. In addition, the whole-rock chemical and mineralogical 

variation within individual metabauxites will be examined. Vertical 

sample traverses were collected, from hanging-wall to footwall marble, 

through four metabauxite lenses ranging in metamorphic grade from 

greenschist facies (--420 ec) to upper amphibolite facies (--650 ec). 

The sampled profiles have been analyzed for major, minor and trace 

elements, and were also studied petrographically. Before discussing 

the results of the studies of the four metabauxite lenses, it is neces

sary to give a succinct review on the occurrence and origin of trace 

element distribution patterns in non-metamorphosed karstbauxites. 
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5.3 TRACE ELEMENT DISTRIBUTION PATTERNS IN KARSTBAUXITE DEPOSITS 

Progressive enrichment of Ni, Co, Cu, Y, La, Be, Li, Mo, Zn, Mn, 

Sr, Pb and Ba towards the bottom has been observed in numerous karst

bauxite deposits of Greece, Yugoslavia and Southern France (Combes, 

1969; Maksimovic and Papastamatiou, 1973; Caillere et al., 1976; 

Maksimovic, 1976abc, 1978, 1979; Maksimovic and Roaldset, 1976; 

Maksimovic and De Weisse, 1979). Identical trace element patterns exist 

in the Miocene-Pliocene karstbauxites of Jamaica, which are not covered 

by sediments and probably still in a stage of formation (Maksimovic, 

1978) . 

On the basis of the geochemical, geological and mineralogical 

evidence, Maksimovic (1976b, 1979) has demonstrated that these trace 

element patterns, shown by nearly all karstbauxites formed in situ, are 

syngenetic and thus have developed contemporaneously with the bauxiti

sation of argillaceous material accumulated in a karstic environment. 

The enrichment of "mobile" trace elements in the lowermost parts of 

karstbauxites is essentially attributed to the role that the carbonate 

footwall played as pH-barrier for the solutions (rain water) that 

percolated downwards during the bauxitisation process. Concurrent with 

Si, Mg, Ca, Na and K, "mobile" trace elements were partially leached 

by the weathering solutions from the upper and central parts of the 

material that was being transformed to bauxite in the karstic depres

sion. Unlike Si, Mg, Ca and alkalis, which are largely lost from the 

clayey source material during the bauxite genesis, most "mobile" trace 

elements could not easily escape from the deposit as they were in vary

ing degrees precipitated from the descending solutions in the basal 

part, where the solutions became more alkaline due to interaction with 

the carbonate of the footwall. During this process most "mobile" trace 

elements probably were not removed to a great extent from the bauxiti

Zing material; they are still enriched in the bauxite relative to the 

source material whereas this has been strongly depleted in Si, Mg, Ca, 

Na and K. The trace elements Sr and Ba are also readily mobilized and 

largely lost during bauxite formation. 

It is generally recognized that bauxite genesis is a complex 
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chemical process controlled by an interplay of climatologic, geologic 

and hydrologic factors (Norton, 1973; Lelong et al., 1976; Hemingway, 

1982). The form in which the "mobile" trace elements have been 

transported by the weathering solutions is not well known and may 

differ from element to element. Hydroxides, (hydro)carbonates and 

various types of (organic) complexes are the most likely possibilities 

(Lelong et al., 1976; Maksimovic, 1976b). The problem is complex, 

however, and is beyond the scope of the present paper. 

For different karstbauxites and deposit groups, the downward 

enrichments of "mobile" trace elements vary strongly in magnitude and 

pattern, because their ultimate distributions throughout deposits 

depend upon many variables such as chemical and mineralogical composi

tion of the source material, thickness of the deposit, duration of the 

bauxitisation process, and climatologic and hydrologic conditions 

affecting the mobility of the elements. In about half of the studied 

karstbauxites, it has been observed that some "mobile" trace elements 

are not only concentrated.in the basal parts but also in the upper 

parts; occasionally one or two "mobile" elements are even higher at the 

top than at the bottom of the deposit. In all karstbauxites geochemi

cally studied so far, the majority of "mobile" trace elements, however, 

shows a more pronounced enrichment downwards than upwards. Additional 

enrichment of trace elements at the top of karstbauxites is also 

regarded to be of syngenetic origin, and probably results from incom

plete chemical leaching in the upper part as a consequence of rapid 

deposition of the hanging-wall sediments, or from precipitation of 

elements from capillary rising solutions in dry seasons (Maksimovic, 

1976b) . 

Trace elements, such as B, Ga, Cr, V, Nb, Zr and Sc, that are 

quite resistant to intensive chemical leaching, and thus are enriched 

strongly in karstbauxites, do not migrate as the "mobile" elements 

during bauxite genesis. In most karstbauxites the "immobile" trace 

elements are distributed fairly homogeneously but in others their 

contents fluctuate widely if the parent material of the bauxite was 

heterogeneous in composition, for example, as a consequence of the 

variable introduction of weathering products and detrital minerals 
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from strongly constrasting rock-types. For most "immobile" elements an 

affinity to either Al or Fe is not very obvious; only Ga, Nb and Zr 

tend to correlate positively with Al 0 and Ti0 contents in many
2 3 2 

karstbauxites. 

The above-described trace element distribution patterns are found 

in karstbauxites, irrespective of their mineralogical and chemical 

composition, stratigraphic age and structural position. This implies 

that these primary distributions were generally not much affected by 

subsequent diagenetic and epigenetic processes (e.g. deferrization) 

and have been frozen in the various phase-transformations occurring 

in the karstbauxites after the deposition of the hanging-wall. 

Deformation also appears not to have disturbed the distributions 

as they are present in steeply dipping deposits that have been covered 

by thick sedimentary units, and even have been found in an overturned 

karstbauxite deposit of Southern France (Maksimovic and De Weisse, 

1979). This aspect is interesting for the Naxos metabauxites because 

the structural studies of Naxos (Bonneau et al., 1978; Hecht, 1979; 

see section 2.2 of this thesis) indicate that the marble-schist series 

of the island are partly in overturned position. Consequently the trace 

element distributions in the metabauxites may possibly be used as a 

geochemical top and bottom indicator. 

5.4	 DISTRIBUTION OF MAJOR AND TRACE ELEMENTS IN PROFILES 

THROUGH METABAUXITE DEPOSITS OF NAXOS 

The four metabauxite lenses selected for the study are about 3 

meter thick (the average thickness on Naxos) and appear relatively 

undisturbed by deformation and metasomatism. Sample traverses through 

these deposits were collected from hanging-wall to footwall. The 

samples were taken along a line perpendicular to the average bedding 

of the marbles immediately surrounding the deposit because the average 

strike and dip of the adjoining marbles approximately defines the plane 

in which the flat metabauxite lense lies. The locations of the four 

selected metabauxites are shown in Figure 1 of part I of this paper. 
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co Table 1. Chemical analyses of sample traverses across metabauxites AF 158, 149, 154 and 140. Oxides in 
o 

wt% and trace elements in ppm; a dash (-) means below detection limit. 

158-2 158-3 158-4 158-5 158-7 lSS-8 158-9 149-1 149-2A 149-28 149-3 149-4 149-5 149-6 149-7 149-8 154-1 154-2 

5i0
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13.~ 

4.00 
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.~ 

25.18 

1.BB 

~.07 

2.97 

16.21 

3.57 

15.96 

7.22 

17.00 

2.25 

17.64 

5.20 

17.45 

5.48 

13.~ 

6.46 

1.16.. 25.95 

10.33 

"gO .27 1.17 .50 ~ .U .10 .21 .D .U .~ .42 .58 .~ .43 .40 ~ .U ~ 
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.03 

." 
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.~ 

2.44 

.07 

2.19 

.14 
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.~ 

.14 

~ 

.U 

~PZOS .02 .02 .M ~ .~ .01 .06 m .~ .~ .03 .08 ~ .08 .04 .11 .~ .10 

"20 

CO 
2 

11.35 

7.50 

10.00 

.43 

9.91 

1.03 

10.62 

• 
11.M 

~ 

13.08 10.29 

2.64 

.30 

~.M 

3.~ 3.~ 2.67 6.64 2.n 2.10 2.34 7.~ .~ 

~.60 

2.~ 

Total 99.71 100.03 M.99 l00.~ l00.~ 99.74 97.96 101.17 99.49 99.58 99.27 99.91 99.79 99.47 100.30 99.08 100.15 96.56 

AI20/Si0
2 

19.0 3.33 4.83 3.28 3.56 87.8 34.5 6.14 10.6 6.01 17.8 4.95 4.98 5.54 18.0 1.42 9.0 

A1 
2

0 
3
/Ti0

2 
22.8 20.7 21.8 22.8 20.5 20.5 18.7 17.1 21.6 19.8 23.0 21.2 21.8 19.5 20.4 19.9 24.9 

Fe
2

0
3

/Feo .14 .65 .46 .29 QO 13.4 10.8 4.54 2.21 8.0 3.39 3.18 2.15 2.23 2.51 

Trace elements 

490 140 45 50 78 68 68 58 45 10 100 

B. 27 

Go 28 28 33 30 V 60 31 50 53 53 47 72 52 80 43 47 

Cr 195 132 180 155 140 315 200 225 280 280 310 320 240 250 250 52 600 

118 270 360 265 160 225 230 170 215 240 200 240 240 280 170 50 370 

Nb 150 113 115 115 220 175 65 140 130 210 110 56 90 66 130 90 
Ni 300 250 190 195 61 14 10 16 450 300 320 210 220 220 210 175 37 320 

Co 33 33 30 2B 15 230 BO 15 14 23 15 14 14 

Cu 45 22 16 49 180 190 230 45 100 86 75 45 10 14 

Zn 65 960 680 560 450 60 125 750 400 230 200 650 SSO 400 160 115 400 

"" 4300 2050 1500 1560 1480 52 29 200 1800 660 1500 1100 800 1100 620 1100 2100 720 

2r 420 340 340 520 365 605 205 380 450 250 450" 250 400 210 380 95 370 

Sc 32 28 30 16 11 10 33 20 30 35 30 42 35 30 10 28 

37 72 61 37 30 62 45 40 40 2B 20 60 40 90 30 45 100 60 

La 46 142 170 35 26 39 90 85 25 76 95 42 35 30 47 56 

Sr 13 76 30 30 i6 850 

Pb 45 14 19 14 11 25 49 40 32 55 30 12 40 210 110 10 230 10 

Ba 18 20 70 10 11 56 240 230 210 64 



Table 1. (continued) 

154-3 154-4 154-5 154-6 154-7 154_8 154-9 154-10 140-1 140-2 140-3 140-4 140-5 140-6 140-7 140-8 140-~~ 140-11 
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The distribution of the 7-10 samples in each profile is given in 

Figures 1-4. Also given in these figures are the average strike and 

dip of the marbles surrounding the metabauxite. 

The chemical analyses of the samples in the profiles are listed in 

Table 1. Major and minor element oxides were determined at the "Service 

Laboratory" of the Institute of Earth Sciences Utrecht, and trace 

element analyses were carried out at the Department of Geochemistry, 

University of Beograd. The employed analytical procedure was the same 

as described in part I of this paper. It should be mentioned that 

comparison of the analytical results with the petrographic studies 

suggests that some ferrous iron was probably oxidized to ferric during 

the sample preparation. Therefore the Fe 0 !FeO ratios given in Table 1
Z 3

may be slightly too high. 

Metabauxite AF 158 

Although this metabauxite is located on the corundum-isograd, the 

mineralogy and pisoidic textures are still characteristic of the 

deposits in zone I. Diaspore, titanhematite and chloritoid are the 

main mineralogical constituents of the deposit while rutile, calcite, 

corundum, paragonite and muscovite are present in minor or trace 

amounts. The variation in major element chemistry within metabauxite 

AF 158 is depicted in Figure 1. The figure shows that the deposit is 

highest in SiO in the main central part and that the bottom is
Z 

relatively enriched in iron. The top sample is lowest in iron and is 

fairly rich in calcium held in calcite (Table 1). The large differences 

in Fe 0 !FeO ratio in the metabauxite (see Table 1) are related toZ 3
highly variable proportions of titanhematite and chloritoid. In the 

top and bottom parts, both poor in SiO ' not much chloritoid could
Z 

form, so that in the marginal parts of the metabauxite iron is 

essentially contained as ferric in titanhematite. In contrast, the 

silica-rich central part of the metabauxite has abundant chloritoid, 

which includes iron largely as ferrous, and consequently the meta

bauxite has a low Fe 0 !FeO ratio there.
Z 3
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Figure 1. Major and trace element variations along a profile through 

metabauxite AF 158. Maximum temperature reached by the deposit during 

the M2-metamorphism is estimated at - 420 °c. 
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Of the trace elements behaving as "mobile" in karstbauxite 

deposits, Ni, Co, Zn, Mn, Y and La increase gradually in abundance 

towards the top of metabauxite AF 158, while Cu, Pb and Ba reach 

maximum values at both sides of the profile (see Figure 1 and 

Table 1). On the other hand, "immobile" trace elements such as Ga, Cr, 

V, Nb and Zr display a more or less homogeneous distribution throughout 

the metabauxite analogous to that observed in its non-metamorphosed 

equivalents (Table 1). In general, the trace element pattern throughout 

metabauxite AF 158 is thus consistent with that shown by karstbauxites. 

The only exceptions involve the distributions of Sc and Be. In 

karstbauxites Sc is commonly found to behave as "immobile" but in this 

metabauxite Sc follows the enrichment trend upwards of the "mobile" 

trace elements. Be, tending to be "mobile" in karstbauxites, is highest 

in concentration in the lower part of the deposit. It can be seen in 

Table 1 that bottom sample AF 158-9, with 4 ppm highest in Be, is in 

addition anomalously high in B (490 ppm) whereas B is below detection 

limit in all other samples of the profile. In the Naxos metabauxites 

B is contained in tourmaline and careful microscopic examination of 

bottom samples of metabauxite AF 158 proved the presence of minute 

tourmaline grains. Bardossy (1982) notes that minor quantities of 

clastic tourmaline are widespread in many karstbauxite deposits. It is 

conceivable, therefore, that the high B at the bottom of the deposit 

was initially in residual tourmaline. A detrital character of the meta

bauxitic tourmaline could not be confirmed microscopically. 

In conclusion, the distribution of trace elements in metabauxite 

deposit AF 158 is generally comparable with that in non-metamorphosed 

karstbauxites formed in situ, implying that the primary trace element 

pattern has been preserved in the deposit after blueschist facies 

(M1-phase) and greenschist facies (M2-phase) metamorphism. Moreover, 

the overall enrichment upwards of "mobile" trace elements indicates 

that the deposit is undoubtedly in reversed position. Unfortunately, 

detailed structural data are not available for the part of Naxos where 

the deposit is situated, so that the outcome of the geochemical top and 

bottom indicator cannot be verified against structural interpretations. 
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Metabauxite AF 149 

This metabauxite, which is in almost horizontal position, is 

located just above the stauro1ite-isograd in zone IV. Mineralogically, 

the deposit is composed largely of corundum, ilmeno-hematite and 

magnetite. Kyanite, green biotite, muscovite, margarite, staurolite 

and rutile may be present in variable amounts. Apatite and tourmaline 

occur in trace amounts. Locally some retrograde diaspore is observed, 

usually as thin rims around corundum crystals. Figure 2 illustrates 

that the upper part of the metabauxite is rather rich in iron; 

mineralogically, this is expressed in high amounts of titanhematite! 

ilmeno-hematite. Both the A1 0 !Si0 and Fe 0 !FeO ratio fluctuate
2 3 2 2 3

considerably in the deposit (Table 1). Its iron-rich upper part is 

comparatively oxidized while more reduced metabauxite is found in the 

central and lower part. The most reduced samples (AF 149-4 and 8) 

contain magnetite as the principal FeTi-oxide phase and appear to have 

the highest A1 0 !Si0 ratios expressed as very high corundum contents
2 3 2 

in the profile. 

In comparison with other metabauxites of Naxos, deposit AF 149 is 

rich in K 0 (cf. part I of the paper). K 0 is highest is the central
2 2

lower part of the deposit containing 2.19-2.44 wt% K 0 (samples AF
2

149-5, 6 and 7; see Table 1 and Figure 2). Here the K 0 abundance is
2

mineralogically marked by an increase of modal muscovite and biotite, 

which become the major Si-carriers. The lack of petrological evidence 

of K-metasomatism suggests a pre-metamorphic high K 0 content of the
2

deposit rather than metamorphic infiltration of potassium into the 

deposit. The fairly normal CaO content of the deposit also points to 

an initial K 0 abundance as it is common for metabauxite metasomatical
2

ly enriched in potassium to be enriched concurrently in calcium. 

Figure 2 shows that the "mobile" trace elements Ni, Co, Cu, Mn and 

La are clearly enriched in the uppermost part of the metabauxite. Zn is 

irregularly distributed but its highest concentration is in the top 

sample. Y fluctuates without tending to concentrate in any part of the 

profile. Be is anomalously high (27 ppm) in sample AF 149-3. Unlike its 

apparently "mobile" distribution in deposit AF 158, Sc is distributed 

as an "immobile" element in this metabauxite (Table 1). 
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Figure 2. Major and trace element variations along a profile through 

metabauxite AF 149. M2-temperature of the deposit is estimated at 

--540°C. Shadings as in Figure 1. 
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Metabauxite AF 149 is comparatively rich in Ba and Pb, especially 

in the central-lower part (samples AF 149-5, 6 and 7) which was also 

characterized by the highest K 0 content. It is well-known that Ba
2

replaces K in micas. Substitution of Pb for K is less well documented 

but on account of the similarity between the ionic radius of Pb 

(IR of XIIpb2+= 1.49 A) and that of K (IR of XIIK+= 1.64; Shannon, 

1976) it may be assumed that Pb is able to substitute for K in micas. 

Unfortunately, electron microprobe studies of muscovite and biotite 

from the deposit failed to detect Ba and Pb owing to their fairly high 

dectection limits. 

The difference in K 0, Ba and Pb between upper and central-lower
2

part of the metabauxite and, more conclusively, the distributions shown 

by "mobile" trace elements throughout the deposit are suggestive of 

formation of the metabauxite in two successive depositional stages. 

A good example of a multi-stage karstbauxite is the Lower Creta

ceous Dionice deposit in Montenegro (Maksimovic, 1976c). This deposit 

consists of three distinct parts, each displaying downward enrichment 

in "mobile" trace elements and Si0 . The contents of "mobile" trace
2 

elements are, however, on average highest in the lowermost part of the 

bauxite. Maksimovic (1976c) supposes for the Dionice deposit that 

bauxitisation took place in three successive stages alternating with 

periods during which bauxitisation of the argillaceous material ceased 

due to a rising water table or .partial flooding of the karstic basin. 

The geochemical data for metabauxite AF 149 suggest that it 

formed, analogous to non-metamorphic examples, during two stages. 

First, the part of the deposit above sample AF 149-5 (initially the 

lower part of the bauxite) has been formed. Then, bauxitisation may 

have ceased and new source material abundant in K, Ba and Pb (e.g. 

containing clay minerals of the illite group) has been supplied to the 

karstic depression. During subsequent bauxitisation of this material, 

K, Ba, Pb and, to a lesser extent, Si were not effectively leached, 

resulting in the relatively high concentrations of these elements in 

the central-lower part (initially upper part) of the metabauxite. When 

the transition from lower to upper bauxite is taken between samples 

AF 149-4 and 5, the distributions of Be, Ni, Co, Cu, Zn, La, Pb and Ba 
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along the profile all support the two-stage bauxitisation model. These 

trace elements then increase in abundance upwards in lower as well as 

upper bauxite (Figure 2). Similarly, the Fe 0 /FeO ratio increases
2 3

upwards in both parts of the deposit (Table 1). In chemical composition 

the lower bauxite appears to be higher in iron and calcium, and poorer 

in silica and potassium than the upper bauxite; of the "immobile" trace 

elements, only the Nb content differs significantly in both parts of 

the metabauxite (Table 1). 

Though the two-stage bauxitisation model explains quite well the 

observed chemical variation along the profile through metabauxite AF 

149, it should be considered as hypothetical. Whether or not the model 

is accepted, however, the distribution patterns of "mobile" trace 

elements, none of which is concentrated at the base of the metabauxite, 

obviously indicate that deposit AF 149 is in overturned position. This 

is in accord with the structural view of Hecht (1979) who interpreted 

the deposit as part of the overturned limb of an anticlinal structure. 

Metabauxite AF 154 

This deposit, located in the higher-grade part of zone IV, is made 

up principally of corundum and magnetite with minor amounts of ilmenit~ 

anorthite and staurolite. Minerals that are present in trace amounts 

include brown biotite, muscovite, green spinel and apatite. Secondary 

diaspore, margarite, Fe-rich chlorite and tourmaline are locally 

present in the deposit. 

Figure 3 shows that the entire metabauxite is rather poor in Si02
 
and that both the top and the middle are comparatively rich in iron.
 

The bottom sample (AF 154-9) has the highest Si0 content in the2 
profile and is in addition rich in calcium chiefly contained in calcite 

(see Table 1). The fact that calcium is held in calcite and the absence 

of evidence of metamorphic calcium-introduction suggest that the high 

CaO content of the bottom sample originates from a primary gradational 

contact (--15 cm wide) between metabauxite and marble. Table 1 indi

cates that the Fe 0 /FeO ratio is fairly constant throughout the2 3
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depcsit; the ratio ranges from 1.93 to 2.51 and approximates that of 

pure magnetite (Fe 0 !FeO = 2.22), the principal iron-phase in the
2 3

metabauxite. 

The basal part of the metabauxite is significantly enriched in the 

"mobile" elements Co, Cu, Mn, Y, La, Pb and Be (see Figure 3). Ni shows 

an unusual maximum in the central part of the deposit which is relati

vely high in (FeO+Fe 0 ), MgO and Si0 as well. Zn is enriched in more
2 3 2 

or less equal amounts on both sides of the profile. For the other 

elements that increase in abundance on both sides of the profile (Co, 

Pb, Mn), the bottom of the deposit is more enriched than the top. Like 

in metabauxite AF 158, Sc follows the pattern of "mobile" trace 

elements (Table 1). 

On the basis of the distribution of "mobile" trace elements within 

the profile, it is evident that metabauxite AF 154 is in a normal 

stratigraphic position. This disagrees with the structural investi

gations of Hecht (1979) who considered the metabauxite as part of the 

overturned limb of a km-scale anticlinal structure (Mqichaira anti

cline). Bonneau et al. (1978) interpreted the Maichaira-structure, 

however, as a syncline and according to these authors metabauxite 

AF 154 should be in a normal position. 

Metabauxite AF 140 

This metabauxite, which is in a nearly vertical position, is 

located in zone VB and is one of the highest grade metabauxites found 

on Naxos. The mineralogy is dominated by corundum and magnetite. In 

addition the deposit contains minor amounts of ferrianilmenite and 

anorthite while brown biotite, muscovite, gahnitic hercynite and 

apatite commonly occur in trace amounts. Minor secondary minerals have 

formed in veinlets, where they are coarse-grained, and as decomposition 

products of primary minerals. They include diaspore, Fe-rich chlorite, 

margarite, clinozoisite, tourmaline and rutile. Figure 4 shows that 

the top of the deposit is very rich in iron, predominantly held in 

magnetite, and that the basal part is rich in silica and calcium, 

190 



11 

.UJ: ~/1 0 

f-. 
"X· 7 

.........	 3
 

......	 2
 
1 20 40 60 80
,,',f cum. wt % 

AF 140 
65°-75°SE 

cm 

100 

200 

100 

, 
Mn!(x1/1D) 

,IlZn(x 1/1D) 4 
\ 
\ 
\ NiCo	 \ 

·6; ..... .8e	 .. ' 
5
4 . .	 

.. ~~~~~\.:.. 
.. . ".". "." ..... .....• ........•
. ~ 

1 I III	 III I t IIIL-_----.JL---'_~~~~-'--'-,L,____---..L---'-----'---L--'--L.J..._'__'_:,____---'----'-----'---'---'--'--'-u 

10	 100 1000ppm 

Pb
 

6
 

5 
4 

---- ...~ 
1 ~_--'---'---'-~~I~I_ll~	 '-"1LI__ __~_----'_L-"---,~~1~IJ...I~_----'~~~~--'---'-L.I

10 ppm 100	 1000 

Figure 4. Major and trace element variations along a profile through 

metabauxite AF 140. M2-temperature of the deposit is estimated at 

~650 °C. Shadings as in Figure 1. 

191 



largely hosted in anorthite and secondary margarite and clinozoisite. 

The petrographic studies indicate that metasomatic introduction of 

calcium has taken place in the basal part. The comparatively high Sr 

content of the basal part is thought to result from contemporaneous 

metamorphic introduction of Sr. The Fe 0 !FeO ratio of the deposit
2 3

ranges from 1.00 to 2.52 and is on average lower than in metabauxite 

AF 154 (see Table 1). 

An interesting petrographic observation involves the complete 

absence in the metabauxite of pisoidic and banded textures characteris

tic of the metabauxites in zones (1-11-111) and also regularly observed 

in the deposits of zone IV. These premetamorphic relict tex~ures are 

not only lacking in deposit AF 140 but in all metabauxites of zone V, 

which display only metamorphic textures (commonly granoblastic-poly

gonal). This and the observation that corundum grains contain corroded 

and much less FeTi-oxide inclusions than in the other zones indicate 

that the metabauxites in zone V including deposit AF 140 have under

gone a strong recrystallisation due to the upper amphibolite facies 

conditions that have prevailed in the zone during the M2-phase. 

Wi th the exception of Be and Mn, "mobile" trace elements increase 

in concentration towards both top and bottom of the metabauxite. For 

most of them (Ni, Zn, Y, Pb), however, the enrichment is most marked 

in the basal part of the deposit; only Co and Cu reach their maximum 

values at the top while the La content at the base equals that at the 

top (Figure 4 and Table 1). Be is exclusively enriched downwards and 

Mn is concentrated neither at top nor bottom. Although Sc is highest 

in the bottom sample, its distribution is less "mobile" than in meta

bauxites AF 158 and 154. 

Of the four metabauxites studied, AF 140 is highest in M2-grade. 

In consequence the deposit has presumably experienced the most profound 

metamorphic recrystallisation as is also concluded from the displayed 

textures. The metabauxite shows rather irregular variations in major 

element chemistry, especially in the lowermost part, which probably may 

be ascribed to metamorphic remobilization. The chemical pattern and the 

petrological evidence suggest that in the deposit's basal part high

grade metamorphic introduction of calcium was accompanied by diffusion 
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of silica, possibly along with some iron, over distances of 10-30 cm 

towards the contact with the footwall-marble where abundant anorthite 

has developed. 

The irregular distributions of some trace elements, particularly 

Zn and Mn, in the basal part are likely to result from concurrent 

remobilization of these elements. The distribution patterns of other 

"mobile" trace elements (e.g., Ni, Co and Y) and most "immobile" 

elements, however, are fairly regular and similar to those in non

metamorphosed karstbauxites, suggesting that these elements remained 

quite immobile and did not migrate over large distances during the 

upper amphibolite-facies recrystallisation the deposit has undergone. 

Additional enrichment of "mobile" trace elements at the initial top is 

in deposit AF 140 more marked than in the other three lower-grade 

deposits. This may be accidental, however, and does not necessarily 

mean that "mobile" trace elements have migrated towards the contact 

with the overlying marble during metamorphism, the more so as the upper 

part of the deposit appears to be affected only weakly by Ca-metasoma

tism. Since many non-metamorphosed karstbauxites are enriched in one 

or more "mobile" trace elements at the top and, for example, low-grade 

metabauxite AF 158 also shows this feature, it is thought that the 

trace element pattern of the upper part of AF 140 is rather of pre

metamorphic than of metamorphic origin. However, it is difficult to 

support this assertion by incontestable evidence, mainly because the 

precise premetamorphic properties of the Naxos deposit are unknown, 

of course, and cannot be deduced either from comparative studies of 

karstbauxites, since each deposit has its own, more or less unique, 

chemical pattern. So the possibility that some trace elements have 

been partly redistributed during metamorphism in AF 140 cannot be 

excluded. 

JUdging from the distribution of "mobile" trace elements, the 

majority of which is enriched most pronounced in the basal part of the 

metabauxite, it is probable that deposit AF 140 is in a normal strati

graphic position. The metabauxite is situated just outside the area 

included by Hecht (1979) in his geological mapping of NE Naxos. If the 

geological structures shown on the map of Hecht are extrapolated a few 
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hundred meter southwards then metabauxite AF 140 should be in a normal 

stratigraphic position, which is consistent with the outcome of the 

the geochemical study. Bonneau et al. (1978) indicated on sketchy 

E-W profiles of the structural situation on Naxos that the marbles 

containing metabauxite AF 140, which are located immediately east of 

the migmatite dome, are entirely in overturned position. This 

structural interpretation is thus inconsistent with the normal strati 

graphic position of metabauxite AF 140 inferred from the geochemical 

evidence. 

5.5 DISCUSSION AND CONCLUSIONS 

In all four metabauxites studied there is a close correlation
 

between A1 0 and Ti0 contents (see Figures 1-4). Positive A1 0 -Ti0

2 3 2 2 3 2 

correlation is typical of karstbauxites, indicating parallel enrichment 

of both elements during th~ bauxitisation process (Combes, 1969; 

Valeton, 1972; Bardossy, 1982). It is very likely, therefore, that the 

Naxos metabauxites inherited this geochemical feature from their 

bauxitisation stage. Although the A1 0 /Ti0 ratio is thus fairly
2 3 2 

constant in an individual metabauxite, the ratio may differ in value 

from deposit to deposit. Metabauxites AF 158 and 149 have distinctly 

lower A1 0 /Ti0 ratios than metabauxites AF 154 and 140 (see Table 1).
2 3 2 

Since the ultimate A1 0 /Ti0 ratio of a bauxite is strongly dependent2 3 2
 
on the value of the ratio in its source material, the different
 

A1 0 /Ti0 ratios of the metabauxite lenses probably reflect original
2 3 2 

compositional differences in their source materials. 

The observed variations in major element chemistry (Al, Si, Fe) 

are not very uniform in pattern in the four metabauxite profiles. 

Deposits AF 140 and 154 are richest in Si0 at the bottom and AF 1492 
and 158 in the central part. None of the metabauxites is thus relative

ly enriched in Si0 at the initial top. With the exception of AF 149
2 

the metabauxite lenses exhibit an Fe-enrichment at their initial tops. 

Although there is certainly a tendency for karstbauxites to be 

highest in aluminium in their central parts and to pass into more 
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clayey (Si-richer) bauxite in lower and uppermost parts, many karst

bauxites display other irregular changes in Si and Al contents (e.g., 

Valeton, 1972; Bardossy, 1982). Furthermore, the major element 

chemistry not only varies in vertical direction but also in lateral 

direction in most deposits. Hence it is difficult to compare in detail 

the chemical variation in the four metabauxite profiles with that shown 

by non-metamorphosed karstbauxite deposits. However, there is little 

evidence to suspect that the chemical patterns displayed by the Naxos 

deposits would not largely represent the premetamorphic situation. 

Substantial metamorphic migration of major elements (Ca, Si and Fe) 

is only likely to have occurred in the basal part of high-grade meta

bauxite AF 140 (cf. the preceding section). 

With regard to the distribution of iron in karstbauxites, Bardossy 

(1982, p. 220) states that the total iron-mineral content (and thus 

also total Fe) declines as a rule near the top of the deposits. This 

decrease in iron is thought to be caused by diagenetic removal of Fe 

from the upper part, taking place under reducing conditions (e.g. in a 

swamp or lagoon environment). During the process the remaining Fe is 

partly reduced and minerals like chlorite or pyrite are formed, 

especially in the upper part of the deposit. Bardossy's statement does 

not hold true for entirely oxidized bauxites which contain virtually 

all Fe as ferric in hematite and goethite. 

The Naxos deposits probably belong to this catagory as none of the 

studied lenses is depleted in iron at its initial top. In contrast, 

three of the four metabauxites are relatively enriched in Fe (and B) 

at the initial top, which is in all three cases the most oxidized part 

of the profile. Likewise it is apparent from part I of the paper that 

the Naxos deposits are quite unaffected by deferrization. Inspection 

of Figure 5 in part I shows that the iron content is fairly uniform; 

only few samples (most of which suffered Ca-metasomatism, cf. part I) 

show the abnormally low Fe contents being indicative of late diagenetic 

depletion in Fe. 

It is supposed, therefore, that before metamorphism the Naxos 

deposits consisted essentially of oxidized bauxite predominantly made 

up of AI-hydroxides, hematite, kaolinite and anatase. The initially 
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oxidized character is still recognized in the commercial metabauxite 

of the lower grade zones, which generally shows a very high Fe 0 /FeO
2 3

ratio. As mentioned in part I of the paper, the Fe 0 /FeO ratio of
2 3

commercial metabauxite tends to decrease with M2-grade as a result of 

metamorphic reduction of Fe. This trend is also reflected in the 

average Fe 0 /FeO ratios displayed by the four metabauxite lenses
2 3


included in the study (see Table 1). Only the low-grade deposit AF 158
 

is abnormally low in Fe 0 /FeO in its central silica-rich part.
2 3

A reduced character, however, is common for silica-rich metabauxite 

that is abundant in FeMgAl-silicates (chloritoid in zones 1-11-111; 

staurolite-biotite-chlorite in zones IV-V). Although such metabauxite 

shows considerable scatter in Fe 0 /FeO ratio, it is on average clearly
2 3

more reduced than the commercial type metabauxite. 

To form chloritoid-rich metabauxite from an oxidized, hematite

rich precursor requires considerable reduction of Fe 0 to FeO during
2 3 

late diagenetic and/or early low-grade metamorphic stages. In the Naxos 

deposits this reduction must have taken place extensively because 

chloritoid is much more widespread than the compositionally similar 

assemblages for more oxidizing conditions, pyrophyllite-hematite

diaspore or kyanite-hematite (Chapters 2 and 3). The chemical data 

suggest that there is no systematic change in Fe 0 /FeO ratio with
2 3

M2-grade for metabauxite rich in FeMgAl-silicates. This together with 

the petrological observations lend support to the view that such 

metabauxite primarily has undergone reduction during late diagenesis 

and/or early metamorphism whereas its Fe 0 /FeO ratio remained more or
2 3

less unchanged during later higher grade metamorphic stages. The 

reduction may be contemporaneous with the formation of chloritoid 

(e.g. from hematite, kaolinite and diaspore) but may as well have 

preceded chloritoid growth and have involved other ferrous phases 

(e.g. chlorite) which have been consumed completely in the chloritoid

producing reactions. 

Figure 5 shows for the most important "immobile" trace elements 

the variation in their contents with A1 0 content. Ga and Nb display
2 3 

a weak positive correlation with A1 0 . The Zr and Sc concentrations
2 3 

show little relation to A1 0 content. Cr and A1 0 appear to correla
2 3 2 3 
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• •• 

te positively in metabauxites AF 158 and 149, and negatively in meta

bauxites AF 154 and 140. A plot of Cr vs. total Fe (Figure 6) illu

strates that Cr-Fe and Cr-Al correlations tend to be opposite in signs 

for each of the four metabauxites. The plot also shows that the two 

higher-grade deposits (AF 154 and 140) are on average richer in 

chromium than the two lower-grade deposits (AF 158 and 149). B contents 

are inversely related to Al 0 contents (Figure 5) but B is, in common2 3 
with V, positively correlated with total Fe (Figure 6). 

Although Ni, Co and Mn display an affinity to iron in many other 

rock-types, in the metabauxites they do not follow clearly the pattern 

of iron and show considerable scatter in concentrations (Figure 6) . 
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Z 3

Mn even tends to be correlated negatively with (FeOtFe 0 ). Similarly,
Z 3 

it is apparent from Table 1 that La and Y do not correlate with calcium 

in the metabauxites whereas these trace elements often follow calcium 

in other rock-types, because they are capable of substituting in 

calcium-minerals (Wedepohl, Ed., 1969; Shannon, 1976). The unusual 

chemical characteristics described above are common, however, for 

karstbauxites formed in situ, and reflect the fact that "mobile" trace 

elements behaved more or less independently from major elements (e.g. 

Fe and Cal during the bauxite formation. 

The distribution of both "mobile" and "immobile" trace elements in 

the Naxos metabauxites is thus quite similar to that in non-metamorpho

sed karstbauxites formed in situ, strongly supporting a premetamorphic 

origin of the trace element patterns. Only the Sc distribution differs 
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in two metabauxites from that in most non-metamorphosed equivalents. 

This is not regarded to be due to metamorphic remobilization of the 

element, but probably indicates that the behaviour of Sc is transitional 

between "immobile" and "mobile" during bauxite genesis. 

One may consider, of course, alternative interpretations that 

might explain the trace element patterns exhibited by the Naxos meta

bauxites. The possibility of significant introduction of "mobile" trace 

elements (apart from Sr) into the metabauxite's marginal parts from the 

adjoining marbles seems highly unlikely because carbonate rocks are 

generally poor in nearly all the bauxitophile elements (Wedepohl, Ed., 

1969; for wall-rock marbles of the metabauxi tes see Table 1). One may 

also anticipate that those trace elements that migrate downwards during 

bauxite genesis are also during metamorphism more mobile than typical 

"immobile" trace elements, and consequently could have partly migrated 

towards the marginal parts of the metabauxite lenses during metamor

phism. Such metamorphic redistribution could have occurred, for example, 

concomitant with the diaspore-corundum phase-transformation when large 

amounts of water must have left the metabauxites. Two lines of reasoning 

argue, however, against this redistribution. First, all four metabauxite 

lenses studied display overall enrichment of "mobile" trace elements 

only on one side of the metabauxite. A metamorphic process that would 

concentrate "mobile" trace elements only on one side of the deposit 

is difficult to imagine, the more so as the enrichment is in two cases 

at the bottom and in the other two cases at the top. Second, it would 

be very coincidental that the very same trace elements behave as mobile 

during both karstbauxite genesis and metamorphism of karstbauxites. It 

is concluded, therefore, that the trace element patterns shown by the 

Naxos metabauxites are essentially primary, acquired during the bauxi

tisation stage and preserved during metamorphism. The existence of the 

trace element patterns proves, of course, that bauxitisation took 

place in situ and hence precludes the possibility that the Naxos 

deposits are sedimentary or redeposited bauxites. 

Most of the trace elements considered are not in a separate phase 

but are substituting for major elements in the rock-forming minerals 

of the metabauxites (cf. part I of the paper). Trace and major elements 
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must of course have redistributed themselves among the growing (new) 

minerals during the course of metamorphism. The petrological studies 

(Chapters 2 and 3) indicate that most chemical components were internal

ly buffered in the metabauxitic rocks and that the metamorphic redistri

bution of elements commonly occurred on a local scale. In many samples 

homogeneous chemical equilibrium was only attained in domains of up to 

a few centimeters across. These domains have behaved as separate 

systems during metamorphism and may have been closed for nearly all 

chemical components. The petrological data, together with the results 

of the present study which clearly indicate that the Naxos deposits 

still posses many chemical characteristics of non-metamorphosed karst

bauxites (e.g. trace element patterns, bulk-chemical heterogeneity, 

positive Al-Ti correlation) may be taken as strong evidence that major 

and trace elements remained fairly immobile in the metabauxites during 

metamorphism. The widespread occurrence of premetamorphic relict 

textures such as pisoids and banding (up to zone V) also argues against 

large-scale metamorphic diffusion of elements. The limited mobility of 

elements during metamorphism probably arises from the dense and 

impermeable character of the metabauxitic rock. 

The positions of the metabauxite deposits as inferred from the 

geochemical data are not always in accord with the structural inter

pretations. The conclusion of this paper that metabauxite AF 149 is 

in overturned position is consistent with the findings of Hecht (1979). 

In the two cases (AF 154 and 14.0) where the geological structure of 

the area around the metabauxite was reported by both Hecht (1979) and 

Bonneau et al. (1978), the structural interpretations are contra

dictionary, so that the outcome of the geochemical top and bottom 

indicator agrees only with one study; for AF 154 with Bonneau et al., 

and for AF 140 with Hecht. This discrepancy may indicate the complexity 

of the structural geology of Naxos. 
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