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ABSTRACT

‘The development of Fe-Cr-spinels and 1lmenite mineralization in the

rocks of the Askos area is studied. Textural and mineralogical fea-
owed that these rocks have undergone reglonal metamorphism and recrys-
ition to upper greenschist-lower amphibolite facies. Meta-ultramafics are
ized by the minera’ assemblages: ant1gorite+Fe-Cr-
ilmeniterchloritestalcttremolite and traces of carbonates and quartz.
ve metasomali. reactron lones of chlorite-, talc-, tremoclite- and
lite-rich rocks have been developed between the contacts of the
ics and the countty rocks. Fe-Cr-zpinels ashioit usually 3 zona! texture
ing of: aluminiar chram:te core, ferritechromite intermecial2 zones and
tite rims. They are considered as the final product of a multistage
atic process  or primary ch-omite enclosed 1n tne Jitramafic protolith.
pcess started dur-ng the serpent-r:zation and advanced to the present
y. the regional metamo-phism overcrant

ZYNOWH

Meletatar 1 avanTtuln peTalhopoptan Fe-Cr-oniveErhlwy Kol LAPEVITN peod
BAoLKA TETpwpata TTE MEALOXTIE AJrou.  Ta o LCTOAOY LR 3L OPUKTOAOY LKA
PICTLvn £5f.%av oOTL 4uTa T3 TETSWUATZ £xius WTOOTE! YEVLKT UETQUOPQUON
KPUOTAMAMSCT]  JTTv  dvi  SPOSIYOSKIOTON LA KA-aTe  aug@lBOALTLKE  Bac ). fa
“UNEPBaC . ka KLAPURT S0 DLy T LnG T.0 MQPAyivEDE.(: aviiyoplIng+Fe-cr-
LOL* LW IEY (TR Y ALD LTS 2TOEADM T AL ATl avBHDRKLKWY Kal xahaZia.
EVEC Twvir MOLTiwy  C0FE ANaplIn,  TAAKT, TPEMOMITN KAl  BEPHLKOUNITH
TOV £youyv  avarTur8E.  and  LETQIWPATLREL  QvTIBPACELC OILC  EMAPEC  Twv
LTGV HE TQ yELTOViKG METpwpata. 0. Fe-({ - on.vekhhiol ouvhiBws mapouotalouy
Boun Mou AMOTIAL (TAl AN apyiAloun0 xOWULTLRG Tugnva,  EVDLAMECED  CWVEQ
XPWH (TT)  Wai  TEQL WP, Cr-pay vt (T, QEwpCUVTaL Wl TO TEAKS MPOLo, pLac
oU OTal 10w LETAOWLATLKWT,, ELES,adlae,  Tavw  JTCN  MPWTOYEVT APwU TN wou
otav QTly  unEpBLsiag : AUTT] © Sigpyad.a  dpxiog  katma  In
ITLviwdn sal TLORRSEE JTH Hopdh  ME TNy mpooBeTiRT Dpadn,  TNC
TG, HETUUOQGLOT) .

MIXAHATAHMT . ZIupnayi. peétadiogopia Fe 2r-3Im ol dv S AMEXETR OT8
PWUEVO UREPROILea FETSWLATA 777 MEL.ONTY. AJnwd,  Nopow  Czaoehosinmi, B
ﬂ!tot1e University af Thessalon =3, Dagarim 3f Mrneralogy-Petrology-
¢ Geulogy. 547 06 THEZSALTNIRI. Greece.
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1. INTRODUCT 0N ol
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The variation in composition of ch:hhiin spinels durirg

tegional = &n | Pregressy)

gio f and contact metamorphism of ultramafi¢ rocks has been studied b
Tn¥estigatons) (SPRINGER '1974; EVANS ang FROST 1875- FROST 1975 PINSEN |
/ _ 375 - 5. PINSENT

H..‘ " H ;
?IRST 1977, MATTHES and KNAUER 1981 and others). Besides the alterat .
' L ion

chromite to SErFftBCh]"UﬂTts andl gh ¢
| N (g} andl theéldeveln Fd
| h / f ( pment @f optically zaoned crysztals
¢ . - - ¢
cacted many :$£U0j95 up Lo now and diffe rentd views have been proposed tc 1
S A Lo exply

Lhe conditions of this transformatien (evguBOLDING and BAYLISS "968, BEESON as

JACKSON 1969; ENGIN and AVCOTT 1971; MITRA 1972; PETERS and KRAMERS 1of
: 13 MERS 1974

SPRINGER 1974 BLISS 1
and MACLEAN 1975; HAMLYN 1975, PINSENT and HISsST 1971 2 3¢, r . -H l . - F_ﬂ] : i =
; i . rmatlon eta-ultramaflc rocks [0 [Sedimenta sporits elsto
PARASKEVOPOULOS and ECONOMOU 1981;TAKLA 1982: MICHAT ) ! ° La ik Cenal
! =5 LIDIS 1982, 1990, ZAKRZEWSK youla group Bﬂru\itﬂ_- -:—_'_'-}\-’al!ov deposlts (Helacene)

1989 and others). The term "ferritchromit” was first used by SPANGENBERG r1g; et phebshls A couted
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chromite havi i :
ng Intermediate colour, reflectivity and chemistry between chromit
i Baoy  xo puAkG yapTou Zsxet "iET.R0.

and magnetite.

In most of these studies chromian spine! constitutes ar :ess;g GICAL SETTING

mineral of the ultramafic protolith, It is associated with smal! SRBIAEE . Askos area (Fig. 1) belongs to the upper Vertiscos series of the
secondary mangetite which formed during the serpeat-nizat-on of toe -t icat jan massif (KOCKEL et al. 1971, 1977), which consists mainly of two
minerals (olivine, pyroxenes). Apart “from these cases massive magnet;= s and amphibolites alternating with gneisses to the west and an ex-
mineralizations, associated or not with chromite, are rarely ‘ound ir Alpind ce of amphibolites to the east. Intrusive magmatic Hogks oF
and dyhkes are

type ultramafics and have been described by few authors (COMPAGNONI e al 198 accompanied with pegmatite- and quartz-sills

GHOSE 1980, PARASKEVOPOULDS and ECONOMOL 1980: ZHELYASKOVA PANAYIOTOVA et & d in the studied area. Serpentinized ultramafic rocks form concordant
1980). elongated bodies within the gneisses. Their size ranges from 100m
This paper deals with the textural features, chemistry ard cr-3i0 an 1.000m along the longer ax1s and 50 to 200m along the shorter axis

Fe-Cr spinels and {lmenite 1n the massive mineralization cropping out withi between the rock units are always sharp and sheared. Thermal

the regionally metamorphosed ultramafic rocks cf the Askos area, MNorthef absent.

nsive metasomatic zones of chlorite-, talc-, tremolite-
lite-rich rocks have been developed at the contacts be-
tinite bodies and country rocks (DABITZIAS and PER-
90), or along sheared zones within the serpentinites.
layers, stringers or stocks and nodular massive bodies
inel and ilmenite mineralizations were found hosted in

tramafics.

Greece.
]

The interpretation of the P,T metamorphic conditions of the metd
ultramafics is also attempted on the basis of textural and mineralogica)l f@

tures,
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., as well as a retrograde secondary finegrained miperal (TROMMSDORF

5 1972; SPRINGER 1974). Tremalite forms prismatic megacrysts exceeding
or small acicular crystals. Tremolite crystals are intensely bent
rmation. In most cases tremolite formation seems to precede the for-
alc and chlorite (Fig. 3).

e-Cr spinel and ilmenite (Fe-Cr-T' oxides) mineralizations faorm

ssive bodies varying in size from some cm® to 0.01m* and show fractur-

ding and deformation. Besides, crystals of these minerals are sometimes

o _ s small stringers suggesting a kind of layering. Rhythmic layering of
Fig. 2 and 3. 2: Radiating crystals of chlorite (white] as a matrix i
of the oxide m1neral1zat10n (black), 3: Tremolite crystals (Tr) r-Ti oxides with the s31licate minerals 1s also usually seen. Fe-Cr
replaced by chlorite (C1) and talc (Tc). Transmitted light, // '
Nicols, X40. massive type mineralization usually exhibit optical zonation
EX ?- Kat ?. 2: Aktivutng Sratafne kpuotarlhol xrwpiTn (Reuks), we
KupLa _ucta ng uETaAXDwDQLGQ oEeldiwv (pavpo). 3: Kpuogrtaihot
TpEuo%lrn (Tr) extomiZeovralL ané xAiwpitn (C1) wWatr rtdikn (Te).
Arepxoueve gug, // Nicols, X40.

Four spinel phases were optically distinguised from reflectivity and
rences:

) altered chromite core.

~(c) ferritechromite zone - magnetite rim around the chromite (in
(b) and (c) zones are indistinguishable}.

3. PETROGRAPHIC AND MINERALOGIC DESCRIPTION

) individual magnetite crystals.
The ultramafic protoliths suffered hydrothermal metamorphism and  Al= ¢

; ; etite is the most widespread oxi1de mineral and appears 1n
pine regional metamorphism followed by solid-state deformation which produced

; : ; : ! anoblastic aggregates with nearly 120° triple grain boundaries (Fig.
massive to schistose antigoritic serpentinites. Excluding the relict chromité ¢ ggreg ¥ ple 9
; ) . ‘acteristic feature of recrystallizaticn during metamorphism. Chromite
cores 1n the zoned Fe-Cr spinels primary textures and mineralogical relics of

: ) | in magnetite crystals corstitute a remnant of the ultramafic
the protolith were not preserved. Besides, the mineralogy of the rocks has beal

1 : which survived metamorphism. These cores have characteristically
ocally changed as a result of metasomatism. The following minera! assemblage!

e " (Fig. 4) which indicates that the alteratien of primary chromite
are found within the studied meta-uit-amafics: antigor ite+Fe-Gl . ’

y . all directions.
spinels+iimeniterchloritettalcttremolite and traces of carbonates and guartl.

: ; o idral megacrysts (blasts) of magnetite (octahedrons) up to 5cm
Massive antigorite serpentinite consists of feathery to Ccoarse

i ; : e ) id in a chlorite matrix.
fibrolamellar fringes of antigorite. An obvious 'ayering 1s produced by the

: ) K- etite is characterized by the absence of lamellar ilmen-te ox1da-
centration of talc flakes at sites of the rock near the metasomatic ZONES

s. However, composite grains of magnetite+ilmenite are observed

Chlorite forms massive aggregates of coarse platy to elangate crystals. In

Ixs

i It of intimate 1ntergrowth. Incipient mart-tizattoct s discersnible

cases radiating clusters of the mineral are found as a matrix of the m:aeralid

; ' . : iin boungaries ar2 along lasvage plades. The martite lamellae are
tion (Fi1g. 2). Talc 15 cbserved as a prograde metamorphic mireral forming cO3fs
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of investigation.

nles were collected from different sites of the meta-ultramafics and some 50 of them were studred
aphic and the ore microscope. k-ray powder diffraction patterns were obtained for 10 samples to
pentine “polymorphis)™ and ta atd 1n the 1dentif:cation of frre-gratned minera! phases.

ve analyses of the mineral assemdlages 1n the meta-uliramafics were performed 1n a CAMECA CAMEBAX
obe at the GeoTogical depariment of the Manchester University, England. Cperatirg conditions were
ing potential and 3nk beam c.rrent. Natura) minerals or pure metals were used &s standards, Element
gve been calculated with a IAF-4/FLS software

g in study exnibit usually an optical zoning (see previous section). Besides, cryptic zoning was
on the spinel crystals. For this reason step scanning analyses were carried out to show the
on of both optically and cryptically zomed Fe-Cr spine's.

ifsts were recalculated to structural forrulae assuming perfect spine’ storchiometry (RO:RrQa=t]

n ; Was 3ssumed 1o be storchiometric and calzulated from the microprabe analyses on the basis ¢f 4
{

much Fe?* converted to Fe’* as is necessary 1o bring the axyges total to 6, In the resulting

ulae Fel*, Ni and Ca are combined an¢ represent the timenite componert, Magnesium and Mn represent

Fig. 4 to 7. 4: Zoned Fe-Cr spinel consisting of a chromite col
(Ch) a ferritechromite (Fch) 1ntermediate zone and a magnet
(Mt) rim. 5: Polygonal grancblastic aggregates of magnet
(grey white) showing martite Jlamellae (white) // to (1
nlanes. 6&: Magnetite crystals (grey white) with incipient
t}tjzat1on (white), partly converted to goethite f(gray). 7:
menite (grey! as an interstitial phase between magnetite crys
tals (grey white). Incident light, o1l immersion, X150.

and pyrophan:te components respective’y. The combined Fe'*, Cr and Al represent the heeaiite com-
analyses of amphiboles were recalculated for the estimation of Fel!* and Tef* cations using the

cations except Ca, Na and K (1JeCKE).

Ix. "4 wg 7. 4: Zwvadne Fe-Cr-gmiverALoc Mou aQmoTEMNELTAl !
XPWHLTiKO nupnva (Ch), evdiaueon Zwuvn gldripoxpuuitn (Fch)ik
EEutquﬂé meptBuplo paywynTiTn (Mt), 5. Toluywvika oLgoWLATWHE
KDUOTAAAWY  LayvnTiTn [(Te@pOAEuke) pe ehdoparta aitpatiTn (AEUK
// ata (111) enineda, 6. Kpugtarrol payvnTiTn (Teeporeuxo)
QPXLKN  WapTITiwon (Aeuxd) nou Exouv Uepikwe peTatpamel s
yralTiTn {(Teppo), 7. IhueviTng (Te@po) we Stakpuatariikn 9d
HETAEU Twv KpUuoTariwy HAYVNTITN (TEQPOREUKO). AVOKAWUEVO
ehalokataduon, X150.

CHEMISTRY
Eﬁactron microprobe analyses performed on the main minerals of the
nafics from the Askos area are tabulated in Tables 1,2 and 3 in the

npositional range limits.

predominantly oriented parallel Lo the (111) planes :Fig. 5) of the spinel. jal decrease in Crz03, Al203, Mg0 and increase in FeOtota1, Ni0O was

netite from weathered outcrops 15 usually partly converted to goethite [Fig.; ed from the chromite core to ferritechromite-magnetite rim in the

Ilmenite forms anhedra! grains which are usually found as an interstitial phi " spinels (Table 1). The MnO content in the altered chromite cores is

betweer, the Fe-Cr spinel crystals (Fig., 7). Discrete grains of the mineral @ y very high (2.47-3.51%), it is higher in the ferritechromite zone

also found n & 5ilicate matrix, but decreases in the magnetite rim (0.53-1.64%). The Ti0z content
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T T T T %n |ocI: T T T T -ji
Table' 1. Elet tran m¥crobrove ‘analyses (range 1imits) Fe-Cr-spinels from the “
‘Askos area. o
7 o Io
f wmq = ILveAl.'na-.g LE MAZKTOOWL KO L xoBavaAUTA !ﬁaw}:uuwunc) Fe=Cr-anivehAluy "' '31
: ang“tnv udu)xﬂ fAax z --------- i ; Ao} ¢
s ) Chromite core | Ferritchromite zone Magnetibe rim Hagnetite crystals ! (g
] j(1§1%, ] A B0y (129 (35)* &
5._[0;_, 0.28-0.57 0.28-0.40 p_,.pu-g.,u 0.08-n.58 ,-/ « g)
. ﬁ% Dh13-0. 22 3.09-0.53 Geo-0. 53 0.03-1.00 —d 1 NCT o
. 203 4.74-7,31 0,01-1.53 100140, 22 0.03-0.20 o
'z:rzo3 52.33-%6, 11 18.07-49,45 7.30-14.58 1.06-13.24 e
Fe_ﬂ i 4,.58-2.78 16.58-50.08 53.17-80.77 54,91-F7,48 "
Fed 25.43-27.66 26.36-28.48 28.27-29.31 28.34-30.46 T weer i
MnQ 2.19-1.5] 3.25-4,2% 0.53-1.64 0.08-1,24 ]
Mg 1.10-3.07 0.77-1.30 0.43-1.01 0.15-0.92 :
Nif 0.10-0.46 3.30-0.94 0.30-0,53 0.24-0.% a
a0 0.02-7.05 0.01-0.11 0.05-0.14 0.01-2,17 5 2ar ]
Total 100,00 100,00 100,00 10008 ¥
£
T Numper of analyses-AovBudc avarlogwy.
**istimated from total dran by &ssumng perfect spinel stoichiomesry-Ynokoylutnse B0 s; 4} :; o 900 n; n; 4; i; o
ond tov oAukd oiSnpo BEwodvioc T omivErALo UE TEAELO OTOLXELOUETOID. .." %100 / Mg+Fe2t Mgmioo / MgeFeZt

Variation of: (a) Crx100/(Cr+A1) vs MgX100/{Mg+Fe?+} ang
*X100/Re®* wvs MgX1DO0/(Mg+Fe?’ ) ratios of the Askos area
pinels. Dots are for chromite cores, open circles for
.echromites ano stars for magnetites. Fields for chromian
8 from alpine (solic 1ine) and stratiform {dotted 1line)
es after IRVINE and FIMDLAY (1972) are also given.

shows almost the same range Timits 1n the three areas of the zoned spinels with
an abundance up to 0.53%. The Crz03 content of the discrete magnetite crystals

being very high (1.06-13.24%) shows always a decrease from the core to the mar- ”Hhaokﬁ Twy Aéywv: (@) Crx100/(Cr+Al) npog MgX100/(Mg+Fe? )
(8) Fel*X100/Re’* mpoc MgX100/(Mg+fe?* ) artouc Fe-Cr-
AN loug Tne Neproxng  Aokou. O TEAEIES Elval vylia Toug
oUg  nUpTVES, OL KUKhOo yig Toug oudmpoxpup lTEC waL ol
0L ¥la TOoug payvmTITEC. Livovial emiong Ta nedia

TWY XPup L OUYWY OTTIVEAK LWy ané alNixou (OUVEXNS yYpauut)
HaToueppou (ypauun We Tekeiec) Tumou OUUTAEYHaTa kKatad
INE and FINDLAY (1872).

gins, while the Ni0 content (0.24-0.96%) shows usually an opposite trend. The
MnO content is relatively lower than in magnetite of optically zoned crystals
(0.08-1.22%), while Ti0z content was found between 0.02 and 1% {only on

analysis 1,84%). ) ) R
. trivalent cation projection (Fig., 9) the chromite cores plot within
Compusitional variations of chrome spinels are best <1]lustated by projections i ¥ : ;
of aluminian chromite, ferritechromites within the ferrian chromite
within the spinel prism, accarding to IRVINE'S (1965) method (Fig. 8 and 9). . ,
mian magnetite while magnetites within the chromian magnetite field.
the Cr X 100/(Cr+A)) vs Mg X 100/(Mg+Fe2+*) face of the spinel prism (F1g.

the studied Fe-Cr spinels plot ocutside of both the compositional fields . . .
al composition of the studied ilmenite confirms that the mineral
towards the low Mg/Mg+Fe?* side. In the Fe3*x100,/3%* vs M3x 100, (Mg+Fe?*) diagra ) )
] ‘@ solid solution of the end members FeT10s (ilmenite), MgTiO:
(Fig. 8b) the chromite cores 3huw Fe?*R¥3* ra*ios  lower than 0.10. Fe ] o . o
f 1) and MnTi0s (pyrophanite). Ilmenite compositions are variable within
ritechromites show Fhigner than 0.0 wWith 4 “ end “uwWw: 3o “he ragnetite compus

g&qu)d1fferent mineral associations (Table 2).

Wneiokr BiBAI0Brkn "€ Aoylgg
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ftrun microprobe inalyses and molecular percentages 'rande limits] af §lman, tes
m the Askos area - d1fferent s1licate matria.

MioELC pE nAEkTOUNLEG pLoKOGVOAYTY 0L Loplokfn ovoAsviEc (R0.0 <lumvItgl LAuEvi-

¢ gnd tnv MEQLOxf AoRGU, 0P BLOPODETLRR AuplD LAQD MUELT.Hww.
L Antigarite matr:v Chlgrite matriz  AntiooritesChiortte matris Chlarite+Trema 1 te
" [§: 00 L7)* Gliad 1121*
0.20- N.47 0.0D- 0,28 N.1z2- D.ac 022
- 4 51.30-53.40 52.57-53.78 52.40-%3.58 ;PN
- 0.00- .08 0.40- 0,22 AER 1. T O 1,007
0.12- 0.47 a,1%- 0,37 £f.25
0.00- 2.5¢ i
34,25-35.08 16, 58-38,33"~ b - TR B M R
9,47-10.55 4,28 4.8f L ¥ ot R 5,95
0.59- 1.80 3.18- 4,38 1o11= 2,97 4,05
0.00- 0.32 0.il1- 0,34 N..8- 1.6% 0.n0- 1,39
FEXSPINEL 0.00- 0.11 - - VRIS
99.35-].00.99 39.09-599.90 99, 54-100.75 99 31-103,33
Malecular percentanes
CR-SPINEL 92.17-99.72 92.81-98, 11 94,55-99, 68 39,90-36.59
- 73.72-74.85 74.97-79,06 77.03-81,9E 5d,43-£9.11
20.28-23.03 9.06-10.37 I1LH-10.64 MR S L
Cr Al 2.28- 6.01 il.88-16.08 4,.00-9.40 12.82-25.30
e . o
0.¢8- 7.23 toe9- 7L 10 0,37 -5.15 2,010
Fig. 9. Distribution of the Askos area Fe-Cr spinels in the Cr=/

Fed* triangular classificaticn of STEVENS (1944). Explanation |

symbols as for fig. 8. S = ApLBudg avahuoswy

) ) B ~ DALkdg oudnpog wg Feld.

Ix. 9. Katavopn Twv Fe-Cr-omiverliwv Tng TMeEproyng Adgkou
TPLYWVLKO Bldypappa Cr-Al-Fe?* rtaflvounong tou STEVENS (1944
ZUNBOAIOPGG ONMwe oTo oxnda 8.

Figures 10a-b illustrate the compositiopal range of 1lmenite expressed | y the partitioning of elements between coexisting mineral phases

a) ternary percentages of (Fe, Ni, Ca) 7103, MgTi03 and MnTi0s molecules and into the attainment of chemical equilibrium by the mineral as-
terpary percentages of (Fe, Ni, Ca} TiOz, MgTi03s and (Fed*, Cr, Kf: BLE 1979). The partitioning of elements between ilmenite and mag-

molecules,

Different groups of ilmenites can be distinguished on the basis of tite and ilmenite grains in the same rock sample and adjacent to

MgTi0s and MnTi0s component contents (Fig. 10a)., Ilmenites associated! to compare the substitution behavior of the elements into these

chlorite or chlorite+tremolite show the highest MgTi0z component content, From Fig. 11a to d results that:

those associated with antigorite the lowest one. On the contrary i1menitesd , is a preferential concentration of Mg0 into ilmenite (note the 1:1
. ) ) e i i NCKNEY
the highest MnTi0z component content in association with antigorit@ . This behavior is consistent with the experimental data of PI

chlorite+tremolite and the lowest 1n chlorite. WYnoiakr BIBAI0BNKN "Oed¢ ﬁ'xﬂill) and the observations of GASPAR and WYLLIE (1983).
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Wik Crz03 in M1

d
3
£
=]
9 £ % 100 L z
2} 10 20 o 0 :
Mg Ti 0, (FeCr.Al), 04 ;u
00 02 O
Fig. 10.

Ilmenite composition of the Askos area expressed as
nary percentages of the molecules: (a) (Fe,Ni,Ca)Ti0s - MgTi
MnTi0s and (b) MgTi0s - (Fe,Ni,Ca)TiOs - (Fe3+ Cr,A1)z201.

are for Jlimenite 1in a matrix of antigorite, circles

chlerite+tremolite, stars in chloritetantigorite and triangl
in chlorite.

Wit MnO in im Wit NIiD in Im

Distribution of: (a) Mg0, (b) Crz0s, (c) MnOMi?d 221 i;g

tween coexisting ilmenite (Im) and magnetite ( iven for

area meta-ultramafics (ratio lines are 9

4 son).

Ix. 10. EIUoTaon Tou LAEVITNH TNG  MEPLOXTS ACKOU EKQPAOUEVT O
TpLadika Biaypdupata popLakwyv avaroylov: (a) (Fe,Ni,Ca)TiOs
MgTi0s -  MnTiC:  xat (8) MgTi0s -  (Fe,Ni,Ca)TiOs
(Fe3* ,Cr,A1)203. OL Ttedeiec eivalr vyiLa LhUeviTn o0 kuplLa pal
QvTLYOPLTN, oL KUKAOL O XAwp (TM+TPEUCAITN, oL aoTepiokol
XA ITN+HAVTLYOPITT KAL Ta Tpivwva OE xhwpitn.

3 {&la: a. Mg0, (8)
T ¥ MEPLEKTLKOTTTAC OTA oEE L (
; K?ﬁ?VO;EO T]gnd (&) N0 petabu L§uev{rn {Im) Kat uayv:ztzg
"ou oUVUTApXoUY OTTv TEPLOXT AOKoU {SivovTalL OXECELQ ¥
ykpLam) .

inerals
{b) there

is a preference of Mn for the ilmenite structure as it is als

stated by NEUMANN (1

ite (Table 3) is slightly §102-rich and MgO-poor compared to the ser-
(1974), HAGGERTY (1976) and GASPAR and WYLLIE (1383). Ilmend A

formula, owing to its alternating wave structure (WHITTAKER and WICKS
e e TAGTELILS, (even. in cases uhere monf : £HI et al. 1987; PEACOCK 1987). It is also characterized by relatively
S e e an neeenent rﬁ contents up to 2.46%. The Crz0a and Ni0 abundances in the mineral
preference shows that Mn as well as Mg fit better into the :lmen-te, than

0.14-0.41% and 0.15-0.31% respectively.
the magnetite structure,

) : J=
ites forming the matrix of the oxide mineralization have the compos
; . 3 . The
(€) on the contrary N1 and Cr show a preference for the magnet-te lattices Yinochlore-pennine according to the classification of HEY (1954)
This regular partitioning of the elements confirms an at leact local chem

itions occupied by Si (tetrahedral sites) vary between 6.11 and 6.39,
cal eguilibrium in .

the meta-ultramaf-cs during te metamorphic recrystalls

ratio Fe(tota1)/FetMg of these chlorites varies between 0.065 and
o Wneiakr) BiBAoBrkn "O¢ vhoyiag. A.M.O. i,
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RPHIC EVOLUTICHN OF THE META-ULTRAMAFICS FROM THE ASKOS AREA.

metamorphic evolution of the Serbo-Macedonian massif has been

pen others by +OCKEL et al. (1977) KASSOLI-FOURNARAK] (1981),

fablen 3, Migroprobe analysef of silicate minerals from Askos area

- ) RAKI et al. (1985) PAPADOPOULOS and KILIAS (1985), DI%ON and
(range- Vimits

£ s ) r B § (1987), SAKELLARIOU (1988).
Mivarac 3ENAvakige gl nAekTpovLkd ULKPOOYEAUTA TUPLTLEDY GPUKTOY {' :

- amofriveneloxn Aoxol (6oia wjifadont ) grade metamorphism was found to extend between upper greenschist to

Antiqorite (8)* Chiorite (13)* Talc (5)* Tremolite (10}* ibolite facies for the main lithologies of Serbo-Macedanian massif.

510, 42.03-43.54 31.15-33.10 61.20-62,78 54 24-56.77 JARAKI et al (1985) on the basis of plagioclases' and amphibcles’
o WLADEIEMR iGN, DIB: 0.5 120N imated a P=2-4Kb and T=600-630°C for th hibolit hile KOUROL

. ed a P=2- and T=600- r the ampnibolites, while ;
T1{)2 0.01- 0,10 0.11- 0.13 0.04- 0.08 0,01- 0,14 i ’ " !
Cry0,  0.14- 0.41 0.22- 0.51 0.12- 1.15 0.03- 0,727 jon) using the garnet-bictite geothermometer and the plagioclase-

] " LTy B = i

Eely A= 908 R7=3i48 1.36- 2,44 340 735 scovite-garnet geobarometer found T=450-550°C and P=5Kb as conditions
Mno 0.07- 0.25 0.12- 0.29  ,0.05- 0.09 0.26- 0.63 |
Mgl  36.68-38.23 32.79-36.11  28.95-30,06  19.35-20.88 Al assemblages equilibration for the mica schists of the Serbo-
NiQ 0.15- 0.31 0.16- 0,49 0.09- 0.22 0.03- 0,34 ssif.
Cal 0.01- 0.15 0.10- 0.19 0.02- 0.04 10.96-12.01 - . : i ; h
Na 0 €6.20 6L e 1 T RLE use of coexisting magnetite and ilmenite pairs in the meta-
K50 2 0.01- 0.11 = C.01- 0.09 s from the Askos area, for the deduction of the metamorphic conditions
Tetal 84.01-87.28 86.75-88.07 94.25-94,98 95.91-97.95 the proposed models of BUDDINGTON and LINDSLEY (1964), SPENCER and

. ; . B1) unfortunately is not reliable. Both minerals deviate in composi-
*Number of analyses - ApLBudc avahiloewy,

ially from the system FeQ-Fez03-Ti0z. Magnetite is characterized by
203 content and ilmenite by very high MnO content. This results in a

The Crz20a and Ni0 contents in the studied chlorites vary between 0.15&-0.@' afnty in the calculation of T and foz conditions, even if we use the

(On the average 0.3:3%} and 0.16-0.52% (On the average 0.31%) resDBCtiVe‘y- . ” hy POWELL and POWELL (19??)_ Besides, as stated b‘j’ RUMBLE (19?6)

Chromian chlorites are considered as a usual mineral associated with fer ~ilmenite geothermometer and oxygen gecbarometer is severely

ritechromite. However, 1in our case it 1s clear that Cr liberated from & its usefulness in low- and intermediate-grade metamorphic rocks. In

chromite to ferritechromite alteration enters the magnetite lattice and not th

composition of natural magnetite remains fixed at FesO« and unable

of chlorite. apreciable FeTi0« in solid sclution. Magnetite 1in study has

Analyzed amphiboles are characterized as tremolites according tc LEAR vs lower than 2.5% in solid solution.

(1978) nomeclature, with Si 1n tetrahedral sites varying between 7.60 and I; afore, we made use of the silicate mineral assemblages for the in-

and the ratio Mg/(mg+FeZ*) varying between 0.91 and 0.98. on of the metamorphic conditions in the Askos meta-ultramafics. These

Talc analyses show only little systematic chemical variation. Alz0s is & antigorite serpentinites containing the assemblages: antigorite + Fe-

and ranges from 0.10 to 0.18 and FeO from 1.56 to 2.44%wt. +1lmenitetchioritestremolitestalctcarbonatessquartz, whereas brucite,

Wneoiokr BiBAIoBnkn " )hoyiag. A.M.0.
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diopside afdy 811vine are ab 4 - '
e sent,~ pThe PT.metamorphi€ conditions can be discygg ss and MACLEAN 1975; PINSENT and HIRST 1977; MAHLBURG KAY 1983 and

in terms of reaction
> curves and thermodynamic data of the multisystem Mgo-gig stite results from iron liberated from primary silicate minerals

H20, (¥Ca0zA 12 0aF 0% CO2).
! ! : : pyroxenes) during the hydration process (ASHLEY 1375; ECKSTRAND 1975;

The PT-stabi i '
stability conditions of the studied mineral assemblages lie b . MACFARLANE and MOSSMAN 1381). As stated by SPRINGER (1974), BLISS

tween' those 'defined by the ¢ ’ i= ' =
/ 7 ¥y reactions: Ant+Di=Fo+Tr+Hz0(1) and ANt=Fo+Ta+tHz 0 N (1975) in antigorite serpentinites produced by regional metamorphism

The .1 ct | = = 2
The .first reaction takesS place at 486°C for Preva1=P(H20)=2¥b and about 522 aen upper greenschist to amphibolite, magnetite rims react with

Por i B . B — .
or 4Kb (OTERDOOM 1978 p. 134, fig. '5), 'The second reaction corresponds tog es to produce Al- and Mg-poor ferritechromite zones. The stable

upper stability Tlimit of antigorite (513°C for 2Kb and about 550°C for 4§ 4n antigorite serpentinites is Al-poor magnetite, cr-mangetite or

EVANS et al. 1976, p. B89 fig. 4). Actual temperatures were probably slight omite depending on the local Cr/Fe3+ ratio in the rock (EVANS and

lower because of dilution of metamorphic fluids by COz.
Tremolite + olivine is stable at temperatures between 450° 25
PR tyasn 4507 andAgy Lorigin of the Fe-Cr spinel and ilmenite massive mineralization in

at Pt=P(H20)=5Kb (JENKINS 1983). Tremolite could have formed sclely within ta-ultramafics is related to the complex evolution of the ultramafic

I3

antigorite stability field. .
the studied area the following series of events can be proposed:

Aluminous serpentine minerals could ' ]
ou occur in place of chlorite ' tectonic emplacement of the ultramafic protoliths (serpentinized

there is an extensive solid solution between chlorite and serpentine o
p at g during their transport from middle oceanic ridges towards the

(FAWCETT and YODER 1966). Experimental work in the system MgO-A1203-S10;
(VELDE 1973) has shown that below 450°C the 7A lattice str f pent
e structure of serpen (b) alpine regional metamorphism resulting in the antigorite serpen-

is stable over much of the compositional range between serpentine sensu tJ
¥ o d the formation of the fFe-Cr spinel and ilmenite mineralization.

and amesite. Serpentine and Al-rich serpentine form a solid solution | SeR :
g ring serpentinization manganese rich fluids affect chromite enclosed

Above 450°C this breaks down and an end member 7L serpentine coexists with & - i
ifics as an accessory mineral, or as thin layers and massive

chlorite, as happens in the studied meta-ultramafics. " ; ; ; :
as. This resulted in the alteration of chromite, its transforma-

Therefore, the silicate mineral assemblage 1n the Askos m ) i ;
oan one in a first stage and consequently to ferritechromite -

ultramafics denote metamorphic conditions of T=450-550°C, and P=4Kb corresf ; :
{te (MICHAILIDIS 1990). This transformation was a volume for

ing to the transition from upper greenschist to lower am hibolite facies.
B matic process as described by BEESON and JACKSON (1969), actually a

 diffusion” in which Fed+ substitutes for Al (and Cr) and Fe?® and

7. DISCUSSION AND CONCLUSIONS . :

Ni) for Mg. Therefore, ferritechromite is considered as an inter—

cal step in the transformation of chromite to Cr-magnetite and may

Serpentinization of an ultramafic rock yielding a mesh-tes b . .
pure magnetite. This means that once primary chromite has been al-

lizardite-bastite serpentinite commonly produces & magnetite rim arouuﬂ'

sory chromite, as well as minute discrete magnetite crystals and aggregati v
Wneiakn BiBAIoBAKN G. AMN.O.
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rered fo fermitechromite, =it is still suscept B8 to further transfcnmat1on a) primary magmatic segregations (HAGGERTY 13876). Magmatic ilmenite,
B

cr is Drﬁgreﬁslvely replaced by Fa3+, pushing the composition towards is connected with basic rocks or the pyroxene rich members of

that '
magﬂbtite sensuy stricto (F;g sb and 9). 5. The normal sequence of oxide crystallization is chromite, followed

followed by titanomagnetite. In alpine-type peridotites, however,

As stated by HARKER (1974) the diffusion of ions and consequent1y

metasorat id jptddess fsi -promoted alengywith the increase of pressure and te 'f:r;re1y found as magmatic segregations. Besides, no textural evidence

ture pbnd1t1ons. Therefofey regional metamorphism in the studied area has pla, "external granule exsolution” of ilmenite from a wulvospinel-

a_ key role as to the acceleration of therchromite alteration. solid solution (BUDDINGTON and LINDSLEY 1964).

The transformation of chromite to ferritechromite has released A} | exsolution lamellae in chromite (RAMDOHR 1969, p. 928, fig. 550a),

Mg inte surrounding serpentine which was transformed to Al-serpentipe  netamorph1sm suffered seperate recrystallization. However, relict
£

finally to chlorite. Gradual transformation of ferritechromite to ‘es do not contain any exsolution bodies of {lmenite.

Cr-mangetif

has liberated more Cr and Mn. Chromium was red{stributed mainly in chlorfl a result of the reaction rutiletspinel+serpentine (or

which contains up to 0.52% Cr203, while Mn was fixed mainly in the i) = chloritetilmenite + Fe-Cr spinel as stated also by COOK (1973)

anit

structure,

975).

The following observations confirm the above processes: last case of formation is considered as the more probable, be-

(a) the relict chromite cores in the zoned Fe-Cr spinels was found as discrete mineral grains and exsolution lamellae in

{b) the high Cr - content of magnetite crystals and the decrease o m the Gomati area chromitites, of Serbo-Macedonian massif (SCARPELIS

the element outwards 1978; CHRISTODOULOU 1980}.

c) the relatively high Al - content of antigorite and the common. as tremolite-, chlorite-, talc-rich zones being connected with the

sociation of chlorite with the Cr-magnetite massive mineralization. . zones suggest that the changes in mineralogy are a consequence of
The chemical inhomogeneity of the zoned Fe-Cr spinels. being fouf ~and not the result of original bulk compositional differences, Cal-
only 1n the massive type mineralization, 1is explained by the incomplete 81 were added to the ultramafics via an infiltrating fluid phase
libration of primary chromite and secondary magnetite during the metamorphi i} The adjacent country rocks and mainly the gneisses and the acid
recrystallization (FROST 1975; PINSENT and HIRST 1977). Densely packed chromi! e were a significant source of the elements which take part in the
1n the massive bodies has smaller amounts of solid and fluid phases with metasomat ism.
to react (LIPIN 1984). 2 zones were formed before or at least late in the thrusting event

The Ti02 contents of the relict chromite cores do not exceed 0.52% ai by the intensively bended tremolite megacrysts.

they are the same in ferritechromite and magnetite zones, Therefore, the form
tion of the discrete ilmenite grains cannot be attributed to the transformati
of chromite. : The author would Tike to thank Prof. J, Iussman, Head of the Dept. of Geolcgy, Umiversity

i very kindly made available the necessary facilities far electron microprobe analyses.
G. A.lN.O.

Imenite formation can be explained by the following processes:
Wneiakn BiBAioBrkn "€
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