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MAGNETIC AND MINERALOGICAL INVESTIGATION OF 
REMANENT MAGNETIZATION CARRIERS IN SELECTED 
ANDESITES AND OLIVINE BASANITES FROM GREECE 

(Figs. 10, Tabs. 2) 

A b s t r a c t : B i o t i t e - h o r n b l e n d e a n d e s i t e (to andes i todaci te) f rom t h e 
K a m m e n o - C h o r i o locality (250 years B. C.) and b i o t i t e - h o r n b l e n d e py­
r o x e n e andes i te , both from t h e M e t h a n a peninsula , as wel l as olivine 
basani tes f rom Achil le ion (age: 3.0 m. y.), M i c r o t h e b e a n d P o r p h y r i o n 
(age: 1.5 m. y.) localities have been s tudied. N o n s t o i c h i o m e t r i c m a g n e t i t e s 
a n d t i t a n o m a g n e t i t e s of composi t ion (1-x) Fe: lO,, X Fe 2TiO'', w i th x » 0 . 1 
a r e c a r r i e r s of m a g n e t i s m in andes i t ic rocks. T i t a n o m a g n e t i t e s w e r e car­
r iers of m a g n e t i s m in olivine basani tes in t h e i r or ig inal s ta te however , 
they have been a l tered s ince t h e i r origin. According to t h e results of 
t r a n s m i t t e d and relfected — light microscopy, Môssbauer a n d X-ray 
microscopy, m i c r o p r o b e analyses and resul t s of C u r i e t e m p e r a t u r e m e a ­
s u r e m e n t s i l m e n i t e - h a e m a t i t e solid solutions, h a e m a t i t e s and r a r e m a g n e ­
t i te and m a g h e m i t e a r e c a r r i e r s of m a g n e t i s m in these rocks now. 

P e 3 i o M e : M3y>4eHbi SWUM (DMoraTOBO-aMcpMSojioBbM aHfle3MT {p,o aHAe3n-
TO-flamiTa) M3 oCjiacTH KaMMeHO-Xopwp (250 jieT RO H. 3.), 6HOTHTOBO-
-aM<J>n6ojiOBO-rrnpOKceHOBMM aH^e3HT — o6a n3 nojiyocTpoBa MeTaHa, OJIM-
BHHOBbie 6a3aHHTbi M3 oĎJiacTeň AxminewoH (B03pacT: 3 MJIH. JICT), MMKPO-
Te6e ii nopcbiipiioH (B03pacT: 1,5 MJIH jie-r). HOCMTCJISIMM MarHe™3ivia B M3y-
neHbix aHjje3MTOBbix ropHbix nopoflax HBJIHKJTCSI HeerexMOMeTpMHecKMe TMTa-
HOMarHeTMTbi M iviarHeraTbi cocTaBa ( 1 — x ) Fe:iO/, x Fe.,TiO> (x x 0,1). Ho-
CMTejiHMM MarHeTM3ivia B OJIHBHHOBMX 6a3aHHTax BUJÍM B HanajibHOM CTajiMM 
BepoHTHO THTaHOMarHeTMTbi. B TeneHMe BpervieHH OHM y>Ke M3MeHMjiMCb. Te-
nepb B Hiix HaxoAHTca reMaTHTOBO-MUbivieHMTOBbie TBepflbie pacTBOpbi, reivia-
TMTbi, Majiwe KOjniqecTBa MarHeniTa n MarreMiua. 3 T O KaweTca npaBMJib-
HbiM no pe3y^bTaTaM MMKpocKonMHecKMx, peHTreHOMeTpMnecKMX, Mecc6ay-
SPOBCKHX aHaJIM30B, aHajIM30B no MMKp030Hfle H M3MepeHMM TOMeK Kiopw. 

P a l e o m a g n e t i c i n v e s t i g a t i o n of t h e P l i o c e n e to Q u a t e r n a r y v o l c a n i c r o c k s 
f r o m t h e M e t h a n a p e n i n s u l a a n d s m a l l v o l c a n i c c e n t e r s in N W A e g e a n A r c i n 
G r e e c e h a s b e e n c a r r i e d o u t b y O r l i c k ý (1986). I n v e s t i g a t e d l o c a l i t i e s a r e 
s h o w n i n t h e F i g . 1. O b t a i n e d r e s u l t s c a n b e s u m m a r i z e d as f o l l o w s : 

— e s s e n t i a l m a g n e t i c c h a r a c t e r i s t i c s of t h e r o c k s a r e g i v e n i n t h e T a b . 1; 
- l a b o r a t o r y t e s t s c o n f i r m e d t h e d i r e c t i o n a l s t a b i l i t y of R M P for t h e r o c k s 

f r o m t h e e x t r u s i v e d o m a t i c b o d y of t h e loc. 1., l a v a f l o w s of t h e loc. 2 a n d 
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K-M-lc/i; 240; I I K-M-2cM; 150; I I 

K-M-3C/3; 15.0; I I K-M-5c/2; 75; I I 

Ach. J / I ; 240; I I Ach. 4 / 3 ; 2A0; I I 

Fig. 3. Photomicrographs of magnetite and haematite grains (and intergrowths) in 
andesitic rocks of the loc. 2 (along the road from Kammeno-Chorio to Methana); 
K-M-lc 1 — K-M-2c 4 sample numbers 2; Ach-1 4 — Ach-4 3 samples of olivine 
basanites from the locality Achilleion (loc. 3) — dispersed grains of haematites and 

magnetites. Other data see the explanation of the Fig. 2. 



INVESTIGATION OF VOLCANIC ROCKS FROM GREECE 4 9 5 

Micr. 2 / 2 ; 240; I I Micr . 4 / i ; 300; I I 

Porph. 2 / 4 ; 300; I I Pnrph. 3 / 5 ; 190; I I 

Fig. 4. Pho tomic rog raphs of haema t i t e gra ins in olivine basani tes of the localities 
Micro thebe (Micr. 1/3 — Micr. 1/4) and P o r p h y r o n (Porph. 2/4, 3 5). Other da t a see 

the exp lana t ion of the Fig. 2. 
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According to reflected light microscopy the most common magnet ic minera l 
in olivine basanite from the Achilleion locality (loc. 3) is magnet i te . Grains of 
magnet i te have the size mostly from 5X10~:1 t o 1X10" 2 m m . In olivine ba-
sanites from Microthebe and Porphyr ion magnet ic particles are usually compo­
sed of h a e m a t i t e and magnet i te wi th prevail ing haemat i te . Their size is from 
5X10" : ! to 2.5 X 10-" m m . These minerals are dispersed in very fine form in the 
rock samples (see Fig. 4). Limonite and iddingsite as secondary minerals have 
been detected in olivine basanites of all three localities. 

A thorough s tudy of magnet ic fraction by means of X-ray diffraction measu­
rements and Môssbauer spectroscopy have confirmed the content of following 
Fe and Fe-Ti oxides. 

Biotite-hornblende andesite to dacite, of t h e loc. 1: Fe:iO/i — as the dominant 
component, very small a m o u n t of a - F e 2 0 : 1 (Fig. 5, samples K-6, K-8, K-10) and 
small a m o u n t of i lmenite (Fig. 5, sample K-l). Fe;iO>, as the dominant component 
was identified also by Môssbauer spectroscopy (Fig. 7, samples K-l, K-6, K-8, 
K-10) and from 4, to 2 0 % F e 2 + and Fe : i + is in paramagnet ic fraction. Magnetite 
is in a different stage of unstoichiometry. 

Biot i te-hornblende-pyroxene andesite of t h e loc. 2: Fe^O/, and a small a m o u n t 
of a-FejO.) have been detected by X-ray spectroscopy (Fig. 6, sample K-M 4c). 
According to the results of Môssbauer spectroscopy Fe.tO/, in the sample K-M 4c 
(Fig. 7) has been detected also in t h e high-substituted stage. (Fe3* subst i tuted 
in the crystalline lattice of Fe.iCv, probably by Ti : i i). 

Olivine basanite of localities Achilleion (loc. 3), Microthebe (loc. 4) a n d 
Porphyr ion (loc. 5): 
Haemat i te as the dominant component, Fe-^TiO',, i lmenite and brookite has been 
identified by X-ray spectroscopy m e a s u r e m e n t in olivine basanites of the Mi­
crothebe and Porphyr ion localities (Fig. 6), Fe:tO/,, brookite and FeTiO.i in olivine 
basanite of t h e Achilleion locality. A m i x t u r e of haemat i te , m a g h e m i t e and 
high-substituted magnet i te have been identified by Môssbauer spectroscopy in 
olivine basanites of all three localities (Achilleion, Microthebe and Porphyrion) 
(Fig. 7). P a r t of Fe- f and Fe : ! + have been found also in paramagnet ic fraction 
of rook samples. 

A precise identification of Fe and Fe-Ti oxides can be carried out by de­
termining the Curie t e m p e r a t u r e s of magnet ic constituents. We have applied 
measurements of change of x dur ing heat ing of powdered sample. The results 
are i l lustrated in the Figs. 9 and 10. 9 samples of bioti te-hornblende-andesite 
from the loc. Kammeno-Chorio and two samples of bioti te-hornblende-pyroxe­
ne andesite from t h e loc. No. 2 show Curie t e m p e r a t u r e s (T c) very near t o 
that of T c of magnet i te (around 585 °C). In the samples No. K-3 6, K-5/7 and 
especially No. K-4 also h a e m a t i t e has been identified. In t h e samples K-M/'4c 
and K-M-5c 1 (loc. 2) t i tanornagneti tes wi th T c a round 500-520 °C have been 
confirmed. There is present also t i tanomagnet i te with low T c =; 400 °C in the 
samples K-M-4c and K-M-5c 1. 

Fig. 5. Result of X-ray spectroscopy; K-l-K-10, K-M/4c — see the explanations of 
the Fig. 2, and Fig. 3; M — magnetite, H — haematite, IL — ilmenite, PB — pseudo-
brookite. 
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Fig. 7. Mossbauer spectra of magnetic fraction from the rocks of extrusive domatic 
body near by the Kammeno-Chorio village (K-l-K-10) and andesites of the loc. 

2 (K-M 4c). 

Haemati te as the dominant magnet ic component has been detected in pow­
dered rock samples of Achilleion, Microthebe and Porphyr ion (Tc as 700 °C, Fig. 
10). Evident decreasing of T c and increasing of x magnet ic minerals have been 
identified in powdered olivine basanites of the Microthebe and Porphyr ion 
locality using results from continual heat ing up to the 750 °C and cooling from 
750 °C to the laboratory tempera ture . 

Conclusions and discussion 

Magnetic minerals of investigated rocks with measured magnet ic propert ies 
have been studied using t ransmit ted and reflected - light microscopy, Môss-
bauer and X-ray spectroscopy, microprobe analyses and the method of Curie 
tempera ture measurements . 

Obtained results confirm that the carriers of remanent magnetizations are 
as follows: 

- Ti tanomagneti tes (1-X) Fe 3 0 4 XFe-jTiCv,, with X « 0 . 1 are present in biotite-
-hornblende-andesi te to dacite of the loc. Kammeno-Chorio and in biot i te-horn-
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Fig. 8. Môssbauer spectra of magnetic fraction from olivine basanites of the localities 
Porphyrion, Microthebe and Achilleion. 

blende-pyroxene andesite of the loc. 2. Ti tanomagnet i tes with a higher content 
of Fe.,TiO/, have been confirmed in some samples (KM-4c, KM-5c 1) on the basis 
of T c m e a s u r e m e n t s and Môssbauer spectroscopy results. I lmenite lamellae have 
been detected in t h e sample K-10 4 by microprobe analysis. 

Identified t i tanomagnet i tes are supposed to be of a pr imary origin. They are 
mostly in the single domain state wi th the uniaxial anisotropy, considering the 
shape of the y.-t curves on the Figs. 9 and 10 (according to R a d h a k r i s h n a -
m u r t y et al., 1982). 

— An explanat ion concerning the carriers of magnet i sm in olivine basanites 
of the localities Achilleion, Microthebe and Porphyr ion is more complicated. 
The results of T c m e a s u r e m e n t s have shown the presence of haemat i te — mainly 
in the mul t idomain state (Fig. 10, samples Ach. 2 3, Microthebe 2, Porphyr ion 2) 
Haemat i te has been confirmed also by m e a n s of optical, X-ray, and Môssbauer 
spectroscopy analyses, besides magnet i te (or maghemite) in olivine basanites. 
Haemati tes are t iny and dispersed. Both i lmenite and brookite have been de­
tected by X-ray spectroscopy, and other Ti-oxides by means of microprobe 
analyses. The presence of i lmenite was detected by O r l i c k ý (1986) on t h e 
basis of conspicuous increase of magmat ic susceptibility (*) wi th increasing 
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<#t/#25 K - M - 2 c / 6 K - M - 3 / 2 K - M - i c K - M - 5 c / l 

Fig. 10. Magnetic susceptibility versus temperatuse curves. 
Explanatory notes: K-M-2c 6 — K-M-5c 1 — powdered samples from the loc. 2 (along 
the road from Kammeno-Chorio to Methana); Ach. 2 3, Mier. 2. Porph. 2 — samples 
of olivine basanites from the localities Achilleion, Microthebe and Porphyrion; a — 
curve of xt/x25 -• f(t) during heating, b - during tJhe cooling from 750 °C - to'room 
temperature. Other symbols see the Fig. 9. 

t e m p e r a t u r e of the olivine basanite a comparison of x before and after heat ing 
to over 750 °C and cooling to the laboratory t e m p e r a t u r e . A conspicuous in­
crease of x of powdered olivine basanites from the Microthebe and Porphyr ion 
localities follows from t h e results of T c m e a s u r e m e n t s (see Fig. 10, the curve 
of cooling of the sample). The lower Curie t e m p e r a t u r e following t h e tempera­
t u r e t r e a t m e n t of the sample is related to this process too (see Fig. 10, Micro­
thebe 2, Porphyr ion 2). 

All presented results have shown t h a t t h e carriers of R M P in olivine basanites 
were t i tanomagnet i tes in the original state of t h e rocks. But t h e y have been 
altered since their origin. While a wide range of mineraloglcal changes is pro­
duced by al terat ion processess, our concern is only wi th t h e changes affecting 
the original magnet ic phase, t i tanomagnet i te , and other minerals whose altered 
products are likely to be ferr imagnetic. 

In basic igneous rocks magnet ic particles usually have an average composition 
between ulvospinel (Fe2TiO/,) and t r u e magnet i te (Fe30/,). Both these minerals 
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T a b l e 2 

Microprobe analyses of Fe-Ti oxides 

Designat ion N u m b e r of analysed 
of the s ample posit ions 

K - j 3 4 

K-LO 4 

K-M-3C 4 

K-M-5C/2 

Achil loion ' 3 

Micro thebe 2 2 

Mict 'otheue 4 1 

5 

FeO (%j 
(average) 

min . m a x . 

T iO, (»„) 
(average) 

min . m a x . 

88.51 5.74 
86.54 90.63 4.51 8.21 

35.39 
82.89 87.84 

, 54.03 
^ 53.92 54.23 

6 

6 

1 

1 

3 

1 

3 

4 

31.73 
74.39 88.59 

35 25 
82.47 97.72 

7:! 83 

45.62 

73.81 
59.2 39.66 

43.44 
41.83 47.96 

90.44 
89.46 90.91 

46.86 
43.22 48.99 

4.96 
3.99 6 63 

40.18 
40.03 40 33 

6.37 
0.91 10.69 

S.35 
4.87 11.54 

14.22 

41.92 

12.0 
0.0 26.15 

45.26 
43.43 46.24 

0.05 
0.01 0.09 

42.72 
40.15 45.84 

Besides the results mentioned above, microprobe analyses of Fe-Ti oxides in selected 
samples of rocks have been carried out — results are given in the Tab. 2. 

have a cubic crystal s t ructure which allows for a complete solid solution of 
end members the t i tanomagnet i te series. The change in composition from mag­
netite towards ulvospinel is marked by an increase in size and distortion of the 
cell, also by a change of magnet ic characteristics. The Curie t empera tu re (Tc) 
of the Fe-iTiCv, is cca - 200 °C, of F e 3 0 4 is 585 °C. Tc gradual ly increases from 
- 200 °C to 585 °C with decrease of Fe2TiO/, within the solid solution of t i ta ­
nomagneti te . Ti tanomagnet i te particles are often preserved in basic rocks if 
they cooled rapidly and their composition is close to either Fe^O/, or FeoTiO^, 
(T a r 1 i n g, 1974). In more slowly cooled rocks, however, an exsolution takes 
place resulting in in tergrown crystals of magnet i te and ulvospinel. Petrological 
studies of these intergrowths suggest tha t the major i ty of this exsolution takes 
place while the rock is still cooling, but exsolution can also take place very 
gradually at normal tempera ture . Timing of this exsolution is of fundamenta l 
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importance to palaeomagnet ic studies since it results in t h e acquisition of che­
mical r e m a n e n t magnet ic polarization (CRMP). 

Final products of the al terat ion of original t i tanomagnet i tes in investigated 
olivine basanites are mostly haemat i tes and ilmenites, in addition to small 
a m o u n t of magnet i te and maghemite . ILmenite is not stable under n a t u r a l 
conditions. It is usually oxidised and hydrated : hydra ted i lmenite -» arizonite 
(Fe>. 3TÍO2) -* leucoxen — ruti le (anatas or brookite). This is t h e reason why 
also Ti-oxides have been identified as products of a l terat ion processes in ques­
tion. 

An influence of secondary alterat ions of basaltic rocks on t i tanomagnet i te 
propert ies is evident. It means that t h e magnet ic minerals are of secondary 
origin and r e m a n e n t magnet ic polarization is also the secondary one of chemical 
origin (CRMP). 
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