CHEMISTRY AND GEOCHEMISTRY OF SOME COEXISTING
Ca - AMPHIBOLES AND Mg - BIOTITES *

BY
Dr. CONSTANTINE SIDERIS™

I. INTRODUCTION

The object of writing this paper is to demonstrate the distribution
of the major and trace elements between the coexisting biotites and
hornblendes separated from dacites and rhyodacites. These two minerals
are the only ferromagnesian silicate minerals existing in their host
volcanic rocks from West Thrace.

The geology and petrography of the above mentioned volcanic rocks
have been described by GEORGALAS (1925), LIATSIKAS (1938) and
RENTZEPERIS (1956).

The laboratory work was carried out at the Department of Minera-
logy and Petrology, University of Cambridge, and the Institute of Mine-
ralogy and Petrology, University of Athens.

II. METHODS OF CHEMICAL ANALYSES

(i) Major elements

The chemical analyses of the separated ferromagnesian minerals
were essentially based on the system of WASHINGTON, but TiO, and
MnO were determined colorimetrically, Na,O and K,O by flame photo-
metry and total water by the Penfield tube method. The method of
HUANG and JOHNS (1967) was used for the determination of the Fluo-
rine in the biotites.

(i1) Trace elements

The determinations of the trace elements were carried out by Mr.
R. S. Allen with the use of a Hilger - Watts spectrometer. The lines used
and the sensitivity for each element are published in NOCKOLDS and

ALLEN (1953).

* KQN. IIAEPH. — Xnuiwopog xat Feoynueia ovvunogydvieov tivav Ca - "Angifélov
xai Mg - Biotitov.

#* Address of the author :
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568 CONSTANTINE SIDERIS

I1I1. BIOTITES

Data of biotite chemical analyses are presented in the Table 1.
The structural formulae (Table 2) have been calculated on the basis
of 24 (O, OH, F) assuming the formula X,Y,Z,0,, (OH, F), where
X =K, Na, Ca but also Ba, Rb, Cs, etc; Y=Mg, Fe?+, Fe3*, Al, Ti and
Z=Si;_5 Al;_3 but perhaps Fe®* or Ti. Thus the general structure of a

TABLE 1
Biotite Analyses

L71BL L52Bi F20Bi F25Bi FS5Bi
810, 37.75 38.91 37.84 37.76 37.69

TiOs 3.41 3.41 3.57 3.51 3.45
Alp03  15.33 15.30  15.35 15.54% 15.74
Fep03 b,72 4,13 5.09 4,31 3.53
FeO 10.40 9.42 9.74 10.13 10.52
MnO 0.23 0.18 0625 0.18 0,11
MgO 14,53 15.79 15.31 15.64 15.97
Ca0 0.62 0.82 0.32 0.35 0.38
Nay0 0.76 0.72 0.71 0476 0.82
K20 7.98 7540 8.37 8.33 8.29
e 3.77 3.85 3.31 3.30 3.3C
Ol 0.14 0.06 0.00 0,03 C.06
Fa 0:16 015 0,27 0:25  0:23

99.66 100,12 100.13 100,06  100.03
O=EF 0. 06 0.06 0.11 0.10 0.09

LLELRSRIRTAL] e [RRIRTRIRELT] LLRIRTSINTAL] mrnnny

Total 99.60 100.06 100,02 99.96 99.94

Analyst: Constantine Sideris

mica is a composite sheet in which a layer of six-fold coordinated cations
(Y positions) is placed between two layers of linked tetrahedra made
by (Si, A1)O, in which the cations are four-fold coordinated (Z positions).
Large interlayer cations are lying between them in twelve-fold coordi-
nation (X positions) (DEER - HOWIE - ZUSSMAN, (1967).

The possible variations in the compositions of biotites and phlogo-
pites and their relations to muscovites are shown in the Fig. 1 (ibidem).
The chemical variations of the analyzed biotites expressed as the number
of the six-fold coordinated trivalent ions and the number of Si ions
are plotted within the double dashed area. Also the ratio 100 Mg :
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Ca - AMPHIBOLES  AND Mg - BIOTITES H69

(Mg + Fe+Ti-++Mn) and the summations of the positive and negative
charges are given in the Table 2. The participation of the major and
trace elements are given in the Table 3. In Fig. 2 the phlogopite-biotite
compositional fields are shown (after DEER - HOWIE - ZUSSMAN, 1967).

The chemical variations of the analyzed biotites are plotted within
the dashed area. The fair but definite superiority in the participation
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Fig. 1. Possible variations in the compositions of phlogopites and

biotites and their relations to the composition of muscovites after

Deer, Howie, and Zussman (1967). Analyzed biotites plot within the
double dashed area.

of Mg against its substitutes in the octahedral sites and the substitution
of the Si by the Al about the ratio 5.5:2.5 in tetrahedral are shown
in this Fig.

The interpretation of the variations in the chemical composition of
analyzed specimens is shown in the followed diagrams in which the total
number of ions in the group. ¥ is used as abcissa. The tetrahedrally
coordinated Z group of elements consists entirely of Si and Al; presu-
mably all the sites are occupied. Fig. 3 and 4 shows the variations of
the analyzed biotites expressed as the number of ions of each element in
four- and six-fold coordination, respectively, and the total number of
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Bh70 CONSTANTINE SIDERIS

ions in the Y group. Si falls and Al;, rises with increasing number of
cations in group Y. Also, T'i and Al,; rise fairly, Mg rises strongly but
the summation ( Fe®* 4 Fe?+ ) falls in the same direction. It is obvious
that the Mg is replaced by Fe mainly (DEER - HOWIE - ZUSSMAN, 1967).

TABLE =2
Structural formulae of biotites, recalculated to 24 (O, OH, F).
L71Bi L152Bi  F20Bi F25Bi F55Bi
Si 5.574 5.652 5.595 5.579 5.558
Al 2,426 2.348 2.405 2.421 2442

Al .236 .272 .259 .280 .288
Ti .372 . 366 .390 .382 .381
Fe?* .514 436 .550 462 +390
FeZ* 1,278 1,144 1.199 1.252 1.294
Mn .026 .017 .026 .017 .008

Mg  3.195 3,415 3.366 3,438 3.510

Ca 097 122 SOkl .053 .053
Na .213 .192 .195 .213 230
K 1.491 1,362 1.563 1,563 1,560

0 20.220 20.210 20.626 20.643  20.650
OH 3.709 3.721 3.250 3,251 3,244
F 071 .069 2k .106 .106

Z 8.000 8.000 8.000 8.000 8,000
Y 5.621 5.650 5.781 5.831 5.871
X 1.801 1.676 1.802 1.829 1,841
OR+F 3.780 3.790 3.374 34357 3.350

Mg

—_— b 66. 67.4
S Fortin 6347 68.1 65 5

PORILITE Lu.20  sk.19  LL.6L  hh.62 4463

Negative
charges L 22 L4 21 44,62 Ly, 64 L4, 65

The number of Si ions in the Z group is slightly higher and the number
of Al ions in the Y group greatly higher than the omnes mentioned by
NOCKOLDS (1947) for biotites associated with hornblendes (average
values of 18 analyses; 5.53 Si ions in the Z group and o.15 Al ions in the
Y group), but these biotites are belonging to holocrystalline rocks, except
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Ca - AMPHIBOLES AND Mg - BIOTITES

TABLE 3

Participation of elements in biotites (ppm)

L71Bi

184,32 x 103
84,72 x 103
21.34kx 103
34,48 x 105
84,41 x 103

1.85x 103
91.50x 10°
k.57 x 100
5.86 x 107
69.15x 10°

27
36

28
21
270
20

3500
12
1000
60

L52Bi

189,92 x 103
8L4,20x 103
21.22x 103
30.00x 10°
76.17 x 103

1.39x 103
99.04 x 107
6.07 x 107
5.48 x 107
64,25x 10

17

60

36
28
270
30
3500
10
180

z
z

A%

F20Bi

183.20x 10°
84,09 x 107
22.12x 102
36,86 x 107
77.73x 102

1.93x 103
95.60x 107

2.35x 100

5.41% 103
71.89 x 107

32

75

36

24
320
25

3500

140
25

F25Bi

182.87x 103
85.20x 103
21.76 x 10°
31.19 x 103
81.53x 103

1.39x 103
97.71 % 107
2.57x 102
5.78 x 103
71.64 x 107

27

75

28
21
320
20

3500
10
180

32

571

F55Bi

182.25x 103
86.31x 105
21.40x 107
25.52 x 107
84,72 x 103

.85x 103
99.76 x 10>
2.78x 103
6.23x 103
71.30x 107

32

75

k5

2k
420
30

3500

180
25
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Fig. 2. Phlogopite-biotite compositional field after Deer, Howie, and
Zussman (1967). Analyzed biotites plot within the dashed area.

L71 Ls2 F20 F25  F55
2500
Al;& _/____’_A——————
W
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Siy \1*#
5600 ' ' ' ' 5900

GROUP Ypj ——3
Fig. 3. Chemical variations of analyzed biotites expressed as the

number of Si and Al ions in 4-fold coordination and the total num-
ber of ions in Y-group.
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L71 L52 F20 F25 F55
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Chemical variations of analyzed biotites expressed as the
in 6-fold coordination and the total number of ions

in Y-group.
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Fig. 5. Chemical variations of biotites from
Greece, expressed as the number of Fe- and Mg-ions in
6-fold coordination and the total number of ions in Y-group.
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hT4 CONSTANTINE SIDERIS

one. The increased concentration of the Mg covering the elimination of
the Fe is mainly responsible for the total increase of the number of the
six-fold coordinated ious. The same variations between the number
of the Fe and Mg ions in biotites of volcanic rocks from the islands Cos

& ch‘in\ e g o <
RIS Ne B R
Fe l_\ 2,000
N[
1.000
5.000
//
) M
3.000 9
5.650 5.950

GROUP Y,

Fig. 6. Chemical variations of biotites from island Pat-
mos, Greece, expressed as the number of Fe- and Mg-ions
in 6-fold coordination and the total number of ions in

Y- group.
f\ 2.500 1
5 0
b e 200 1 ] .250
2.400 1 . & e T T =
(] z
) 100 4 \ 450
1 13 y ' ;
200 2s 00 1.400 1,700
Feg, - Ky ——
Fig. 7. Chemical variations of ana- Fig. 8. Chemical variations of
lyzed biotites expressed as the analyzed biotites expressed as
number of Al-ions in 4-fold coordi- the number of Ca-ions and
nation and the number of Fe2+-ions Na-ions v. the number of
in 6-fold coordination. K -ions.

and Patmos, Dodecanese, Greece (PECKETT, 1969) are shown in Fig. 5
and 6. The substitution of the quadrivalent Si by the trivalent Al in
tetrahedral sites results to a decrease of the positive charges in the Z
group. This substitution may be mainly balanced by an increase of the
total number of six-fold coordinated ions. There is not observed an
increase of the trivalent and quardivalent ions in the Y group; on the
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Ca - AMPHIBOLES AND Mg - BIOTITES Y

contrary, a strange negative correlation between the rise of the Al;, and
the number of the ions mentioned above is observed in the specimens
Fss5, Fz5, L71, and Lg52. There only rises Fe?t with the increasing
values of Ali,, as shown in Fig. 7. It is interesting to interprete into
the data of the biotites L52 and L71 in which the summation of the

Ky —>
i

63.00 6700 7100

\ 6.00
\

T 82.00 / 5.00

(Ca+Sr)y, —>»

2
T
v 81.00 L 400
o
L
80.00 t3.00
3.00 4.00
Ko —>

Fig. 9. Chemical variations of analyzed biotites and hornblendes
expressed as the participation of (Ca+Sr)-ions v. K-ious.

positive charges in Y group is lower than in the other specimens. Thus
in these specimens a decrease of the ratio O/OH,F and an increase of
the participation of the bivalent Ca are observed, in comparison with
the other three specimens. A definite negative correlation between the
number of Ca ions and the K ions is observed in the Fig. 8. (see also
correlation between the Ca 4 Sr v. the K in Fig. g).

The separated grains of biotites have been tested very carefully in
order to avoid impurities. In the same Fig. 8 there are shown the slight
variations of the Na with the increasing values of the participation of K.
At last the ratio Ca -4 Sr/K increases in relation with the ratio Mg/Fe
and the summation of the alkali earths rises towards the more Mg-rich
biotites (from the Table 3) (see also PANKHURST, 1968).

IV. HORNBLENDES

Data of the chemical analyses are presented in the Table 4. The
high content of Ca in the analyzed specimens is obvious. The structural
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576 CONSTANTINE SIDERIS

formulae (Table 5) have been calculated on the basis of 24 (O, OH) assu-
ming the formula AX,Y,Z,0,,(OH), where X = Ca, Na, K; Y = Mg, Fe*+,
Eet, Al, Ti, Mn and Z = Si, Al. Thus the structure contains talk-like
strips made up by five cations in the sites M,, M, and M, (Y positions in

TABLE 4

Hornblende Analyses

L71Ho L52Ho F20Ho F2SHo F55Ho

Si0p 45,02 6,24 46,93 4742 47,87

Ti0, 1.53 1.48 1.32 1.16 1.01
Al;03 10,59 9.74 g.68 8.66 8.65
Fe03 b by 4,15 b bp .63 2.8%
FeO 8.40 8.58 8.54 9.18 9.83
MnO Sl .49 43 48 .54
Mg0 14,50 14,99 15,26 15,16 15,06
Cca0 11,26 11,09 11,87 10,97 11.00
Nas0 1.51 1.35 1,15 1.35 1.31
K50 .54 W4l .37 .35 . 3h
OH} 1.53 L.49 1.50 1.39 1.37
OH3 .05 Ol .06 .06 .06

e M fraTtnn e e

Totel 99.81  100.0k 99.58 99,78 99.88

Analyst: Constantine Sideris

six-fold cordination) placed between two bands of tetrahedra (Z positions
in four-fold coordination). The larger cations are occupying the M, sites
(X positions between six- and eight-fold coordination) and in some cases
the A positions (approximately in ten-fold coordination). The latter ones
are occupied by alkali only when more than 2 (Ca, Na, K) ions are pre-
sent at the M, sites which are preferentially occupied by Ca (DEER -
HOWIE - ZUSSMAN, 1967). Only Na but probably not K may replace Ca
in the A position (PHILLIPS, 1963). As it is in general accepted the A
position-cations are incorporated to the X-position-cations in the given
structural formulae. Thus any excess of alkali ions above that one cor-
responding to the completion of 2.000 ions of X position must be regar-
ded as the number of alkali ions in A position. The ratio 100 Mg: (Mg +
Fe+Ti+Mn) and the summation of the positive and the negative char-
ges are given in the same Table. The participation of the major and the
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Ca - AMPHIBOLES AND Mg - BIOTITES 571

trace elements is given in the Table 6. The chemical variations of the
analyzed hornblendes expressed as the numbers of (Al + Fe®t - Ti)

TABLE ;5
Structural formulae of hornblendes, recalculated to 24 (O, OH)

L7tHo L52Ho F20Ho F25Ho F3bHo

5i 5.610 6.750 6.871 6.943 5.998

AL 1.390 1.250 1.129 1.057 1,002
Al 428 SV . 364 421 473
Ti L167 .158 L1140 .123 .105
Fedt 476 38 Lk . 387 .298
Fel* 1,023 1.0k 1.036 1.117  1.194
Mo . Ol .052 .052 .052 .061

Mg  3.168 3,256 3,321 3,300 3.275
ca 1.763 1.729 1.695 1.707 1.721
Na Jh23 .368 .316 +369 . 368

K .088 . 070" .052 052 .052

0 22.518 22.561 22,542 22.645 22.666

OH 1,482 1.439 1,458 1.355 1,334

Z 8.000 8.000 8,000 8,000 8.000

5.306 5,365 5.387 5.400 5.406

2.274 2,167 2.063 2.168  2.141

OH 1.482 1.439  1.458 1,355 1.334

Mg . 8

Vg-Feiln 67.2 67.9 68.0 67.9 67,

PORLtive iguo  ue.sh 46,52 46.63  146.65
Negative .

cl%arges 46,51 46,56 Ls, 54 L6, 64 46,66

and Al;, atoms per formula unit are plotted within the dashed area of
the Fig. 10 (after DEER - HOWIE - ZUSSMAN 1967).

The tetrahedrally coordinated Z group of elements entirely consists
of Si and Al; presumably all the sites are occupied, as in the biotites.
Figs 11 and 12 show the variations of the analyzed hornblendes, expres-
sed as the number of ions of each element in four- and six-fold coordi-
nation, respectively, and the total number of ions in the group Y. There
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Participation of elements in hornblendes (ppm)

L71Ho

214,24 x 10

Si
Al 57.05x 107
Ti 9.29 x 10°
Fedt 31.84x 107
Fe2t 66,46 x 107
¥n 3.17 x 103
Mg 89.02 x 107
Ca 81.90x 10>
Ka 11,35x 103
K 4 48 x 103
Cr 100
B¢ 200
La -
Co 36
Zr 100

i 60
Y 170
Cu 36
v 270
Ga 15
Sn -
Fb -
Ba 100
Sr 100
Rb -
i 32
Cs -

CONSTANTINE SIDERIS

TABLE 6

L52Ho

219.28 x 105
52,28 x 10°

8.99x 10°
29,4k x 103
67.62x 107

3.79x 107
91,74 x 107
80.40x 103
10.16 x 10>

3.40x 10

22
125

28
120
17
170

F20Ho

22L,01x 103
46.83 x 10°
8.03x 10%
31.47 % 107
67.70x 10°
3.33x 107
93.85x 107
79.18 x 10>
8.67x 10>
2.07 x 10>

45
200

e

260

e}

F25Ho

226,34 x 107
46,57 x 107

7.01x 107
25.80x 10”2
72.52 % 107

3.71x 107
92.94 x 107
79.40x 103
10.2%x 103

2.90x 103

45
200

;5
130
25
220
k5
270
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F55Ho

227.28 x 10%
46,46 x 100
6.11x 107
20,14 x 107
77.57 x 107
4,18 x 10>
92,22 x 100
79.83x 10>
9.86x 10>
2.82x 103

27
125

75
22
100
18
320
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is observed also, a close correlation in substitutions of the Fe3*, Al.;, Mg,
and Fe?t though the value of (Fe?* -} Fe3*) is constant. Ti shows a fall

T ———— —
22 I
Pargasite Tschermakite
20 f—————{ —
!
el / o
16} / // B
/ -/
s.a | -
! /
an Edenite
10 [
/ %
o8/ v —
/ Ve
osly / _
i /|
o.
4 // ~
ot ;Y emolits 4
o™ nditd

=t i 1 L | S — N
O G2 04 06 08 10 12 14 16 18 20 22 2.4 28

{ [AI]" Fe"Ti Jatoms

Fig. 10. The chemical variations of the calcium-rich amphiboles

expressed as the numbers of (Alvi+Fe3++ Ti) and Aljv atoms per

formula unit after Deer, Howie, and Zussman (1967). Analyzed
hornblendes plot within the dashed area.

L71 L52 F20 F25 F55

\R 1400
A3

1000

NI

N
72000 /
//

."
Shw

6.6001 —
5300 5350 5.400
GROUP Y,,——>

Fig. 11. Chemical variations of analyzed hornblendes
expressed as the number of Si- and Al-ions in 4-fold
coordination and the total unmber of ions in Y-group.

with the increasing values of group Y. In Fig. 13 there is shown a defi-
nite negative correlation between Ca and Mg. In Fig. g there is shown
the correlation between Ca 4 Sr v. the K. In general the number of the
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cations in Y position is less than the same number in the case of the
corresponding biotites. The same correlation is observed in recalculated
analyses of coexisting biotites and hornblendes from the quartz diorites
and granites at Ben-Nevis, Scotland (HASI.AM, 19g68) and from the vol-
canic rocks of Kefalos peninsula of Cos island, Dodecanese, Greece
PECKETT, 1969).

The substitution of the quadrivalent Si by the trivalent Al in the
tetrahedral sites results to a decrease of the positive charges in the Z

L71 L52 F20 F25 F55

30
4 Fe T ]
400 BN
.300
] 500
-+ 3
AL, e S g 400
1550
Fe'sFe®™ ]
0o 1.450
3.3 ——
2.// \
Mg
J/
1.200
3.100
—4 Fe" ———/'/
200 1.000
' [ +——T7* |
100 T
5,300 5.350 5.400

GROUP Y, ———»

Fig. 12. Chemical variations of analyzed hornblendes
expressed as the number of ions in 6-fold coordination
and the total number of ions in Y-group.

group as it is observed in the case of biotites. This substitution must be
mainly balanced by the increase of the number of the trivalent and
quadrivalent ions in Y group and an increased entry of alkali in the A
sites. Thus Fig. 14 shows the variations of the analyzed hornblendes
expressed as the number of Al ions in tetrahedral sites and the summa-
tion of (Al.i 4+ Ti 4+ Fe®*t) ions in Y group and shows also, how the Al;,
rises with the increasing values in the number of trivalent and quadri-
valent ions in octahedrally coordinated sites. It must be underlined that
in the analyzed hornblendes there is an excess of alkali ions and a partial
occupation of the A sites might be assumed. The recalculated analyses
give more than 5.000 ions in the Y position and would be possible that
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charge deficits may be balanced also by ‘this excess. The substitution
of the Ca by alkali which is shown in Fig. 15 also results to a decrease

1.400
T 3300 1 . : T 1.300 1
(4 -
T
g P
< 1200 ;
3200 +
) 1100 {
1.700 1.800 900 ' 1300
CcHo _— —_—(AIV\I*Fea‘l*ﬁ)HO —_—>
Fif. 13. Chemical variations of Fig. 14. Chemical variations of ana-
analyzed hornblendes expressed lyzed hornblendes expressed as the
as the number of Mg-ions v. the number of Al-ions in.4-fold coordina-
number of Ca-ions. tion and the number of trivalend and
quatrivalent ions in 6-fold coordination.
1.400

T 1.300
1 . 1.800 T

o

)I 1 2 o
P . 200 &
. s 3

1 i 1.700

’ 1400 -

1.000 a

-

300 400 500
’ (K+Na)y——>

Fig. 15. Chemical variations of analyzed horn-
blendes expressed ans the number of Alje-ions
and Ca-ions v. the summation of (K +Na)-ions.

of positive charges. The charge deficit may be balanced, as in the case
of Siiy < Al}' substitution. However, it is obvious that a corresponding
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582 CONSTANTINE SIDERIS

correlation between the alkali ions and the summation (Al + Ti-} Fe?t)
might be assumed. Moreover the variation of the number of the more
than 2.000 ions in the A sites is not in linear correlation with any of
the substitutions mentioned above and it would be possible that the
charge deficits are preferentially balanced by charges of six-fold
coordinated ions.

V. RELATIONS BETWEEN THE COEXISTING BIOTITES
AND HORNBLENDES

: . Sin : :

The rise and the fall of the ratio AT with the increasing values

in the total number of the six-fold coordinated ions in the hornblendes
and biotites respectively results into the charge deficit mentioned above.

T 2
T 7
, 5400 . g 7
> ° o
2 G Yy, b3
5 20,30 o
3 5300 a G Yy, [ 68 ° P
Q =
o 8 .
| | g e
5.600 5.800 |
GROUP Y~ 62 64 66 68

H . . . —— 100 Mg :(Fe+Mg+Mn)  —=
Fig. 16. The distribution of the g :(Fe+MgeMn),,

total number of jons in Y-group Fig. 17. The distribution of Mg bet-
between the analyzed ferromagne- ween the analyzed ferromagnesian
sian minerals. minerals.

In respect with the balance of this charge deficit it is interesting to
deal with the distribution coefficient of the total number of ionsin Y

Yo
GYsi
(Fig. 16), which means that there is a great capacity in the biotites to
undergo variations in the number of the six-fold coordinated ioms, at

least, in the specimens analyzed. Then in the biotites in which there
A

exists the ability mentioned above and the ratio i;;; falls with the
increasing values in the number of the six-fold coordinated ions, the
charge deficit is mainly balanced by the increase of the total number of
the octahedrally sited ions. On the other hand in the hornblendes in

groups of the two coexisting minerals. Thus is equal to o.30
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i
ALt
of the six-fold coordinated ions, the charge deficit is balanced mainly
by the increase of the trivalent and quadrivalent ions in the Y positions
and the number of the alkali ions. Also, the linear positive correlation
of the total number of ions in the Y groups of the two coexisting mine-
rals, may indicate that the increase of the ions depends on the same
cause of the particular conditions during the crystallization order of the
different magmatic liquids.

The relation of the distribution of the Si in the two coexisting
ferromagnesian minerals, as shown in Tables 3 and 6, suggests that in

which the ratio rises with fairly increasing values in the number

T o’ 8

0.014 1 7/ A
: N
o 7/
s ° Z °
5 7
s  0.010 S/
’I:) // °
s /
* 4
= A
< 00064 ,
c
b3

J o
0.002

0004 0.008
—Mn :(Ti‘FeoMg‘Mn)Bi——>

Fig. 18. The distribution of Mn between

coexisting biotites and hornblendes (B=from

volcanic rocks of Aegean sea, A —from
gneisses of N. W, Quebec).

the biotites and the hornblendes of tlhese volcanic rocks, equilibrium
with respect to Si is unlikely to have been attained. Thus the difference
between the maximum and the minimum number of the Si ions in Z
positions is equal to 0.094 for the biotites and 0.388 for the hornblendes.
A comparison of the Tables 3 and 6 shows also that the contribution of
the elements Ti, Al, Fe and Mg is greater in the biotites than in the
coexisting hornblendes. Similar relations in the distribution, but lower
values in the biotites, are observed in the cases of the Al and Ti.

Thus the small variations of the contribution of the Al and the Ti
in the biotites in comparison with the hornblendes and the lower values
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of the Fe in the latter are shown in the same Tables. The distribution
of the Mg in the coexisting ferromagnesian minerals is expressed by
the usual ratio 100 Mg: (Fe -+ Mn -+ Mg) (Fig. 17). As shown, the sub-
stitution of the Mg extends to wider limits in the biotites than its asso-
ciated hornblendes and a linear correlation of this substitution is obser-
ved between the coexisting minerals. The distribution of Mn is shown
in Fig. 18 (curve B) in respect with the ratios Mn: (Ti + Fe 4+ Mg -+ Mn)
of the coexisting minerals from the volcanic rocks of W. Thrace and two
other known cases from Kefalos peninsula of Cos island (PECKETT, 1969).

Qe
40 N Sl*‘\\\ 60
N

Total Fe 80 60 40 20 AlLO,
as FeQ

Fig. 19. Ternary variation diagram showing relation between the
contents of MgO, total Fe as FeO, and Al,0; in the analyzed ferro-
magnesian minerals (small dots represenn biotites).

In the same Fig. 18 the distribution of the Mn between the coexisting
biotites and hornblendes from the gneisses of N. W. Quebec is represen-
ted by the curve A (after KRETZ, 1959). The distribution of this element
between biotites and hornblendes obeys Nernst’s law at low concentra-
tions but shows a departure at higher concentrations which may indicate
that the equilibrium was not completely established (DEER - HOWIE -
ZUSSMAN, 1967). It is very interesting to observe the similarity of the
distribution of the Mn between the coexisting minerals though either
the host rocks or the conditions of the crystallization are so different.
Fig. 19 shows the distribution of the total Fe as FeO, MgO, and AlO,.
The general direction of the tie lines connecting the hornblendes and the
biotites proves that the ratio FeOr : (FeOr-}MgO-+ Al,0,) decreases in
the biotites. Small variations of the Na in the biotites and the K in the
hornblendes are shown in Tables 3 and 6. Also, the biotites L5z and L71,
in which a high proportion of Ca has been determined, are coexisting
with hornblendes in which the higher proportion of this element has
been observed among the analyzed specimens. In Fig. g there is shown
an opposite correlation between biotites and hornblendes in the varia-
tions of the summation (Ca 4+ Sr) v. K.

Wneoiakn BiBAI0BrKkn "OedppacTog” - TuAua Mewloyiag. A.MN.O.



VI.

Ca - AMPHIBOLES AND Mg - BIOTITES

MINERALS AND THEIR HOST ROCKS

ot
P
o

CHEMICAL RELATIONS BETWEEN THE FERROMAGNESIAN

The data of the chemical analyses of the volcanic host rocks and
the participation of the elements in ppm are given in Tables 7 and 8

Fe3+
Fea+

Mg
Ca

P

Rock
position

510,
TiOp
Al0z
Fe203
FeO
MnO
Mg0
Ca0
Nax0
K>0
P20s5
cn
OH>

Total

L71

298.47x 10°
2.47x 10°
94,99 x 107

z

21,54 x 107
8.93 x 103

.30x 10°
13.75x 10°
30,08 x 107
23,66 x 103
28.80x 103

«61x 103

+8.4

TABLE 7
Host volcanic rocks Analyses

L71 L52
61,81 66,20
W57 Lo
17,38 15.52
2.99 2,04
1.12 1.71
. Ok .05
2.21 1,88
4,08 4,63
3.09 3.17
3.36 2.35
.14 .15
1.64 1.23
1.67 .67
100.10 100.00

F20

67,94
W53
16,0k
.55
1.04
. Ol
1.55
b h2
2.96
2.33
.12
1.09
1.19

IR RN

99.80

TABLE 8
Participation of elements in host volcanic rocks Analyses

L52

515,44 x 107
2.39x 107
83,72 x 107
14,47 x 107
13,52 x 107
.38 x 107
11.52 x 107
33,66 x 103
23,96 x 10
19.84x 10
.65x 10%

+7.9

F20

525,65 x 107
3,23 % 100
87.00x% 10°
3.91x 10°
8.23% 103
.30x 107
9.5%x 10°
32,37 x 103
22.47x 103
19.75x 10°
.52 % 107

+8,6

F25 F55
€446 60,59
.56 «59
16,56 17.48
1.67 2.83
1.52 1.97
.06 .08
2,02 2.69
4,60 I, 58
2.95 2.98
2 bk 2.52
.12 .12
1.85 2.6%
1.12 1.02
e i
99.93 100,11

F25

310,77 x 107
2.41x 100
90.33 x 10°
12.03x 10°
12,12x 10>
A6 x 107
12.54x 100
33,87 x 105
22.55x 107
20.83x 107
.52 x 10%

+7.8

F55

293,71 x 107

3.65x 10°
95.89 x 10°
20,49 x 107
15.85x 10

61x10°
16.76 x 10°
33,87 x 105
22,92 % 10°
21.66 x10°

.52x10°

+6.8
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respectively. In the latter the values of the function ('/, Si + K)—{(Ca +
- Mg) X 107! for each host rock are given in order to present the «posi-
tion of the rock» by a modification of the Larsen’s method (NOCKOLDS
and ALLEN, 1953). The values range between + 6.8 and -+ 8.6. It is
interesting to observe that these values proved to be in positive correla-
tion with the respective values for the biotites and the hornblendes, as
it may be calculated from the Tables 3 and 6. The total number of ions
in octahedral sites (Al;, -+ Ti + Fe®+ 4 Fe?t -} Mg -+ Mn) tends to be in
negative correlation with the increasing values of the «rock position».

In Fig. 19 in which data of the chemical analyses of the biotites
and the hornblendes have been plotted on the basis MgO -+ Al,O, +

7 . . I:e()r
-+ FeOr = 100, the general trend shows that the ratio FcO+MgOTALO,

in biotites definitely increases in the passing from the more basic to the

TABLE g9

Trace | Major-elements ratios for biotites

L71B1 L52Bi F20.B1 F25Bi F55B1

Gax 105/A1 .23 .35 .29 .23 3
Lix 103/Mg .65 .32 .26 .32 .25
Nix 107 Mg .30 .36 .37 .28 45
Cox 103/Mg .39 .60 .78 .77 .75
Felt g .92 .76 .81 .83 .84
Nix102/Felt 33 &7 46 L 3h .53
Cox 107/Fe?t  Lu2 .78 .97 .92 .89
Scx 107 /Fe2+ - - - - -
Felt/Fed ™ Lo .39 L6 .38 .29
Crx103/Fe3t .79 .56 .88 .87 1.28
Vx 103/Fe3~ 7,94 9.00 8.88 10.32 16.00
Sr x 103/Ca 2.66 1.66 - 4,00 -
Sr x 103/Ca+K .16 L1k - 1.36 -

Bax 102/K 50.72 54,68 49,29 49,29 49,29
Bax 107/Ca+K 47.9% 50,00 47,94 47,94 47,94
Rbx 103/K 14,49 2.81 1.97 2.53 2.53

. . AlO, .
more acid rocks. On the other hand the ratio FeOT—f—MgO—l-AIEOR fairly

increases in hornblendes in the same direction. Also, the ratio Fe?+/Fe?+
(from the Tables g and 10) rises in passing from the more basic to the
more acid rocks. This was confirmed by an interpretation of some chemi-
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cal analyses of these minerals from rhyolites of the island Cos, Dode-
canese, Greece (biotite analyses by PECKETT, 1969) and also, from grani-
tes and quartz-diorites of Ben-Nevis region, Scotland (biotite and horn-
blende analyses by HASLAM, 1968). Thus the increase of the ratio pro-
ved to be in harmony with the theory that the ratio Fe,0,/FeQ in the
magmatic rocks, rises during the course of the magmatic differentiation
(GOLDSCHMIDT edit. by MUIR, 1970). At last the Fer tends to become

TABLE 10

Trace / Major-elements ratios for hornblendes

L71Ho L52Ho F2CHo F25Ho F55Ho

Ga x 103/A1 .26 .28 .32 .32 .22
Lix 107 Mg .35 .35 an .27 .27
Vi x 103/Mg .67 .18 .23 .30 .23
Co x 103 /Mg e .30 .38 .48 -
Fel*t Mg L7k .73 .72 .78 .83
Nix103/re2t g0 .25 .32 .38 .28
Cox 102/Fe2t 54 A1 .53 62 -
Jcx 10°/Felt  3.03 1.86 3.28 2.77 1.62
Fe?T/rel + L46 43 L6 3k .25
Crx103/Fe3tT 3,22 .75 1.45 .18 1.35
Vx10%/Fedt 8,70 7.58 7.09  10.80 14,00
srx 105 /Ca 1.23 .81 82 .18 .30
Srx 107/Ca+k  1.17 .78 .79 .18 .29
Ba x 103K 22,72 13,23 226,66 89,65 6.42
Ba x 103/Catk 1,17 .5k 8.29 3.20 .22

Rb % 105/K - - - - -

higher while the Mg tends to become lower in passing from the more
basic to the more acid volcanic rocks of W. Thrace both in the biotites
and the hornblendes (except F20Ho).

The variations mentioned above were confirmed by an interpreta-
tion of the chemical analyses of biotites and hornblendes from the volca-
nic rocks of Dodecanese (PECKETT, 1969). The reverse phenomenon
takes place in the granites and the quartz-diorites from Ben-Nevis
(HASLAM, 1968). HASLAM suggests that a constant high partial pressure
of oxygen is likely to be the significant factor to the enrichment in
Mg of the ferromagnesian minerals during the differentiation course in
Ben- Nevis. Also, it is mentioned by MUAN and OSBORN (1956) that the
magnesioferrite phase is enriched in Fe during the equilibrium cooling
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in a closed system of MgO - FeO - Fe,O, - SiO,, but in reverse the same
phase is enriched in Mg when oxygen pressure is constant. WONES and
EUGSTER (1965) found, by the use of experimental results, that the ratio
Fe/Mg slightly falls during crystallization in the system biotite - sanidine -
magnetite - melt, if the partial pressure of oxygen is preserved constant.
Thus the constant partial pressure of oxygen seems to be the critical
factor to the enrichment in Mg of the cases mentioned above. On the
other hand, the reverse trends are observed in the Fe and the Mg of the
coexisting ferromagnesian minerals of the volcanic rocks of W. Thrace
(near the north coast-line of Aegean sea) and Dodecanese (south Aegean
sea). Unfortunately data for the conditions of the crystallization course
are not available for the volcanic host-rocks of the W. Thrace; while, a
definite fall of the oxygen partial pressure with temperature and diffe-
rentiation have been determined in volcanic rocks from Dodecanese by
the use of coexisting magnetite and ilmenite (PECKETT, 1969). Thus
departure from a constant partial pressure of oxygen may be again a
critical factor to the rise of the Fe and the fall of the Mg in the coe-
xisting liornblendes and biotites in the passing from the more basic to
the more acid volcanic host rocks of the Aegean sea. HASLAM (1968)
suggests that the presence of hornblende coexisting with biotite and
magnetite is also critical in causing the unusual reverse trend in Ben
Nevis plutonites. This view sould be neglected for the case of the
volcanic rocks of W. Thrace wherein magnetite is also observed.

VII. TRACE ELEMENTS (Tables 3 and 6)

For biotites and hornblendes the following schemes of substitution
are possible: APt <« Ga®t, Fedt «— V3+ Cri+ Mg?t Fe?t <« Zrtt Ni?t Sc?t
Lit Co?t, Fe!t <« Cu?t (?), Ca?t <« Y3+ Sr?t, K*t <« Sr?+ Rb* Ba?*.

Thus the bulk of Ga, V, Cr, Zr, Ni, Sc, Li, and Co is believed to
substitute for major elements in six-fold coordinated sites although
some Ga may substitute for Al in four-fold coordination (DODGE - SMITH -
MAYS, 1969). Y, Sr, Rb, and Ba must probably substitute for eight- and
twelve-fold coordinated ions in hornblendes and biotites respectively.

Trace elements determinations in the specimens analyzed showed
the following results. Sc, Zr, and Y were found in the hornblendes only,
while Rb in biotites only. Cr and Cu are lower in the biotites than its
associated hornblendes, while Sr, Co, V, Ga, and Ba are higher. Ni and
Li are about equally distributed between the coexisting ferromagnesian
minerals. The ratios of certain trace elements and associated major
elements can be contrasted between the biotites and hornblendes, (see
Tables g aud 10, as in NOCKOLDS and ALLEN, 1958). Thus the ratios
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Co/Mg, Ni/Fe?t, Sr/Ca 4 K, Ba/K, Ba/Ca + K, Rb/K, and Sr/Ca are higher
in the biotites than -its associated lhornblendes while the ratio Sc/Fe?t
is lower. The ratios Ga/Al, Li/Mg, Ni/Mg, Cr/Fe3*, and V/Fe®* tend to
be the same in the coexisting ferromagnesian minerals.

Some interesting aspects on the determined trace elements are
mentioned in the following lines. In Fig. 20 there is shown the distri-
bution of V between the coexisting biotites and hornblendes from the
volcanic rocks of W. Thrace and the gneisses of S. W. QUEBEC (KRETZ,

V,
A —2=1p
£ VBi
8
v,
400 B —=0.8
VBi
’ |
> °°
200 1

100 300 500
Vgiﬁpbm

Fig. 20. The distribution of V between coexisting
biotites and hornblendes (B :=from volcanic rocks
of W. Thrace, A —from gneisses of N. W. Quebec).

1959). The Ni ion having the same radius and the same charge as Mg is
believed by MASON (1966) to be camouflaged by the latter ion. Y, pro-
bably replacing Ca in six-fold and eight-fold coordination (VILASOV,
1g66) is found only in hornblendes in which the latter ion is found in
the coordination mentioned above. According to the heterovalent iso-
morphous replacement Ca?+ 4 Mg?t 4 (Si)'t < Nat 4 Zr't 4 (Al, Fe®t)
proposed by KAKHARENKO et al. (VLASOV, 1966), Zr rises with the
increasing values of the ratio (Al 4 Fe)3* /Si*t, in the hornblendes ana-
lyzed. On the other hand it is mentioned by MASON (1966) that the
combination of high charge and comparatively high radius (0.79A°) set
Zr apart from any of the major elements of the igneous rocks. Thus by
DODGE, PAPIKE, and MAYS (1968) it has been observed that the small
quantities of Zr may merely represent small amounts of zircon included
in the hornblendes. Also, the ratio Al**/Si't tends to rise with the
increasing values of Sc in the analyzed hormnblendes in harmony with
the heterovalent isomorphous replacement (VLASOV, 1966) (Fe, Mg)*t -+
+ Sitt <« Sc?t + A1+, Rb which can replace K only is found in the
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biotites only. Also Ba can substitute for K only (MASON, 1966). However,
Ba is determined both in the biotites and the hornblendes, but in great
concentration in the former (3.500 ppm) and small in the latter mineral
(an average of 220 ppm). At last the ionic radius of the Cu (0.72A°) is
comparable with that of the bivalent iron but its electronegativity is
very high (1.8 or 2.0). Thus such elements as Mg?*t, Fe?* or Mn®*+ with
lower electronegativity (1.2, 1.6, and 1.4 respectively) are preferentially
incorporated because they form stronger and more ionic bonds than Cu.

There are observed the following relations between the trace ele-
ments of the coexisting ferromagnesian minerals and their host volcanic
rocks from W. Thrace.

Biotites: The following ratios, only tend to increase in the passing
from the more basic to the more acid rocks, Li/Mg and Rb/K ; while the
following tend to decrease Ga/Al, Co/Mg, Ni/Fe?t, Cr/Fe?+, Co/Fe?*.
The ratios Ni‘Mg, Ba/K, Ba/Ca + K, Sr/Ca, and Sr/Ca+ K remain fairly
constant.

Hornblendes: The following ratios tend to increase in the passing
from the more basic to the more acid rocks, Li/Mg, Sc/Fe?t, Sr/Ca 4+ K,
Ba/Ca + K, and Y/Ca; while the following ratios tend to decrease in the
same direction Cr/Fe’t, V/Fe®+ and Co/Mg. The ratios Ga/Al, Ni’Mg,
Ni/Fe?t and Co/Fe®t remain fairly constant.
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IIEPIAHVYIZ

‘H nagoloa uekétn dvagéostar eig v ynuuily odotaoy xal thv yewyn-
ueiav xegooTAfdv xal frotttdv cuvumagyoviwy o¢ TdV povadindv cdnoopayvr-
LoV WV dourTdV BVvIOg OElYUdTWV TQaloTELon®dY RETQWUAT®Y &% Thg AvTixiig
Oodxng. Aidovrar al ynuwxal dvarioeig, ol ynuixol timoL xal fij cvupetoyn TV
dtagdpwy otougeiwv Eic ppm, TV Gvarvdéviov deyudrov. ‘H petaforn tg
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TEQLEXTIXOTNTOG €i¢ TG OLdooa OTOLYELD OLEQEUVATOL ouvapTioEL ToU ouvohou
1oV oviov s Y duddog.

Ot Brotital apovartdfovw dodevi GAla cagi Umegoyxny tob Mg Evavr t@v
UTOXOTAOTAT®Y Tov eic tag Oxtaedoixdg Véoerg évd) 10 Si Vmonadictatar vmo
10U Al eig gvaloylav 5,5 : 2,5 eic tag tetoacdoinde 9éoeg. “H tmoxardotooig
ol Si Uno tov Al eig tag terpasdoinag Yéoeig dmuioveyel EAAewppa Jetxdv
@ooTiwv 10 6molov xarvmteton O Tig magatnoovpévie adifoewg tolU Guviiou
10v Wvtov g Y Ouddog, un dragyoveng aviroewe thg ovuuetoxilg toolevay
A tetpacdevidv Woviwv the Ouddog tavtng. Eig ta deiypara LO2 xai L71 10
clvohov TV detindv poptiov thg ouddog Y elvar wngdtegov tdv dhhwv deryud-
tov ral olitwg magarnmesitar wlo alnoig tHg dvakoylag O: OH,F =xal tijg
ovppetoxfic tob Ca eig tv X Opdda. “Amodetwvieton 1) cUGTNHATIAT CURPETOYY
100 Ca eilg 10 nouotadrdhixov miéyua tdhv Botidv dv éfetacéviov dewyndrwv
dua tiig oagols Gvrimadntxiic ayfocws 1) 6rola Umdoyer uetaty Ca xai K dg xai
Ca + Sr nal K. "H oyxéoic Mg: Fe xal 10 obvorov t@v drxahindv yadv adlid-
veL mp0g Tovg mepuocdtegov Mg- Plotitac.

Al xegootilfar magovordlovv peydinv ocvupetoxnv Ca xal xatatdocoviul
elg tag Ca-nhovotas towavtag. Mia otevy oyéoic mapatrnoeital eig Tag Umoxata-
otdoel; tol touodevolg Fe, tov Mg, 10U Sioilevolg Fe xai tov Al eig dxrae-
downag Véoerg. Mia dvtimadntn oxéowg Umdoyer netatl Ca xai Mg. ‘H imo-
rardotaots 10U Si Um0 tob Al elg tetpaedoixag Véoeg dnoveyel xal elg v
neglntwowy v xegooth v FAkenpy Jetndv @ogtiwv. To FAleupa tolto »arv-
atetal da thg abEioewg Thg ovnuetoyiic TV tolodevdv nal tetpacdevdv idviwy
1fis Y ouddog xai t@v Ghxariov eic tac A dtosc. “Onwodnmote 1 ocvupetoxn
nepisootépmy TV 2,000 ioviwv g tie A Déceg dév aprdtal dmd tdg peta-
fokag thc ovuuetoyiic Etéowv 1ovtwv xal elxdletar St 10 EAkewupa tdHV Poptimv
*x@AUTTETAL %atd TQOTiMNGLY Vo ctovyelwy Ti)g Suddog Y.

Eis tovg Buotitag magatmoeitar pie pueyohvidoa Gvoyn eic Thv ustoforiy
t0¥ doriuol v ovimv ths Y 6uddog év cuyxoloer ueta tdv ovvumapyovodv
7£000TIABOV xal oltwg fgunvevetar 6 ddgogog tedmog ralpews tdv EMAeiyemy
@ogtimv petaly tdv douxtdv tovtwy. ‘H yoauuwxdy oyéolg 1 émola dgiotatat
UeTatly TV ovvoromv TtV Wviwv v Y OSuddov tdhv xegooTABOV xai Blotitév
detuvier 8tv 1) aliEnolg thg ovupetoyxfs TV WOviwy eig v Y Sudda #Eaotdrtal
éx tiig lag altiag t@v eldudv cvvinudv TdV dnuioveyoupuévwy ®atd TV ToQElay
tiis nouotalldoswg TV daiowy PayHaTxdV tTHyudTwy.

Ilagatneeitar tdowg avEfoewg 10U Ghixod Gouduol tdV dviov elg TV
Y 6udda tdv odngopayvneiolywv Souxtdv ovvagticel thc Pacwdtnrog TV
TETQWUATMV.

‘H peraPorn 1hg avahoylag ovpuetoxiic tob towsdevodg Fe #vavil tod
dodevols eig T ovvumdoyovia dountd &x TV Pacixwtéowv mEdg T OEwdteon
astpdpata, svploneton eig aguoviav petd thg dewolag tig adtfoswe tijg ovuue-
toyiis 1ot Fe, O, &vavit 100 FeO nata v didoxeiav 1h)g paypnatilg diagogo-
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movjoews. EE dhhov magatneeital tdolg PELDOEWS Thg cuuuetoyis tol Mg Evavr
THc avriotolyov 100 Fe elg td &Eetacdévra douxta xatd v mogeiav éx Tt@V
Pacuwtépmv meog T OEvitEQe meTtoduata xal 7 6moia dmodidetan i TV pelw-
ow thig uepLnic mécewg 10U OEuydvou ouvaptnoer tijs #Eehifewg tiig Siagogo-
moufoewg #ai tiig mrdoewe i Yepuoxpaciac.

*Iyvoctolgeio Bviog v Protit®@v xal tdv xepocTAdv.

Sxavdov, Zignoviov xal “Yrirgov mpoodiwegiodnoav udvov eig tdg xego-
otirfag v Poufidiov eig tolg Protitag. To Xodwov xai 6 Xakxdg evploxovial
elg uxgotégav dvaroyiav vidg t@v flotitdv Evd td otoyeia Ztedvriov, Ko-
BdAtiov, Bavddiov, I'dhhoy xai Bdapwov eic peyahviépav &v ouyxoicer modg tdg
ovvunagyovoag xegootirfas. To Nuxéhiov xai 10 Aidwov dvevpionovrar eig tag
idlag meplmov dvaroyiag. Ilapetnendnoav Evdiagpégovoar oyéoelc €ig tag ouppe-
o3¢ tv otowxetwv elg Txvn. To “Yrirowov 1o dmoiov dmoxadiotd 10 *Acféctiov
elg tetpaedounag 1) oxtacdonag Véoeig mpoodiwoeiodn udvov sig tdg xegootirPag,
elg tag omolag 10 devtegov stoyeiov tomodeteitan eig Gvriotoiyovg Héoeg. “Avii-
Jétws 10 PouBidiov 10 O6molov dmoxadiorg 1o Kdhiov dveveéddn eig tovg Bio-
titag. ‘H ovppetoyny 100 Zigroviov eig tag xegootirfas adfdvel ouvaptioel Tiig
avaroylag (Al 4 Fe)*t : Sitt eig dvuotoyiav peta tiig £regosdevoig icoudogov
vnonatactdoews Ca’t 4 Mgt 4 (Si)*T < Nat 4 Zr*+ 4 (Al, Fe)*+. "H ovp-
uetoyt} tob xavdiov aldbdver dvakdyws tiig oyéoewg AlPT @ Sitt Ev Gouovig peta
il £tegooevobs ooudopov droxatactdoews (Fe, Mg)?t - Sit+ <« Sci+ -+ Al¢+.
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