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EXSOLUTION LAMELLAE IN THE PYROXENES
OF THE THESSALONIKI GABBROS

by
BELIAS 8. SAPOUNTZIS* and CHRISTOS G. KATAGAR*>
{ Received 2/.6.7976)

Abstract: Exsolution lamellae in the pyrovenes of the Thessaloniki gabbros have
been studied opiically end anaiysed by electron micro-probe.

Micvoscopic observadion indicates that the lamellae included in orthopyrozene
are very fine {commonly 5u thick) and wsually oriented so that on the (070) plane
they are at an angle of about 69 upto 12% on either side to the c-crystallographic axis
of the host pyroxzene. The lamellae included in clinopyroxvene are broader and ori-
ented with thewr (100) crystal plane parallel to (he (100) plane of the hosi pyroxene.

The microprobe chemieal analyses of the wnmized phases show thet clinopy-
oxene contains hypersthene lamellae with a composition Cap(Meg.oF ey, and the
orthopyrozene conlains diopsidic augite lamellae CayeMyso.sF gy, these results
are in agreement with the optical identification of the phases.

The coexistence of both chno- and orthopyroxene with the mentioned unms-
wved phoses as cxsolution lamellae indicates thal the cooling of the magma was slow
and its temperalure at the time of intrusion was approzimately (700° C.

INTRODUCTION

Since the early work of Hess (1941) it has been accepted thal
the most important pyroxenes in igheous rocks belong to the quadri-
laterat composition area of the CaMgS8i0; - Ca¥eS1,04 - MgSi0; - FeSi0,
system. Pyroxenes of this system are divided into the Ca-poor and
Ca-rich groups of pyroxenes. In many plutenic igneous rocks both of
the cited above pyroxenes may show various types of exsolution of
one from the other, developed at subsolidus temperatures.

The exsolution phenomena in pyroxenes in different magmatic as-
soclations received much attention and have been the subject of many
investigations, because they provide a great potential for sioring in-
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formation on the phase relations and the genetic relations of the rocks
containing them.

Hess & Phillips {1938), Hess (1941), Fdwards (1942), Walker &
Poldervaart (1949) and Poldervaart & Hess (1951) studied the exso-
lution phenomena in pyroxenes from igneous rocks by means of the
optical method and interpreted them on the basis of the phase rela-
ttons of the CaSi0, - MgSi0, - FeSi10, system.

Bown & Gay (1959, 1960} and Morimoto & Tokonam: (1969) exa-
mined the exsolulion phenomena in pyroxenes by the X-ray techni-
ques. Most of their results confirmed those obtained by the optical
method. Since then, the phase relation between the Ca-rich and Ca-poor
pyroxenes and their lamellation have been widely studied by means
of electron microprobe analyser (Boyd & Brown 1969, Binns et al 1973,
Cawthorn and Collerson, 1974) and recently have heen published seve-
ral studies based on {TEM) Transmission Electron Microscopy (Chamsp-
ness & Lorimer, 1973 Boland, 1972, 4974, Buseck & ljimae, 1974 o t.c.).

The present investigation was undertaken in order to obtain more
detailed information on the exsolulion lamellae occurring in both clino-
and ortho-pyroxen of the Thessaloniki gabkros in the hope of throwing
some light on their genesis, identificalion and orientation and in fin-
ding their relation to the cooling history of the Thessaloniki intrusion.

It must be emphasized that in a work of this type on the pyroxenes,
the comhination of microprobe and optical studies is more valuable
than either alone.

GENERAL DESCRIPTION OIF THE PYROXENES BEARING ROCKS.

The pyroxenes with the exsolution textures described in this pa-
per come from different rock types of the Thessaloniki gabbros.

A general description of the above rocks is given by Sapounizis
(1969), but more recently a detailed account of their mineralogy, pe-
trology and geochemistry has been presented by Sapounizis (1973).

The latter indicated that these rocks are medium-grained gabbros
which exlended over an area of 30 km? and are essentially composed
of gabbronorite, olivine gabbronorite and normal gabbro: Chemical
data for major and trace elements C.I.P.W. norms, modes and many
other indexes and refationships of the cited above petrographic Llypes
and thelr constituenl minerals are also given in that paper; it is suf-
ficient to slate here that they consist essentially of four cumulus mi-
neral phases, i.e plagioclase (Ans to Ang), olivine (Fo, to Fog), cli-
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nopyroxene as a persist mafic phase throughout most of the petrogra-
phic types and orthopyroxene which commonly coexists with clinopy-
TOXene.

DESCRIPTION AND OPTICAL DATA.

Clino- and orthopyroxenes are the most abundant minerals in the
Thessaloniki gabbros and they have a tholeiitic character (Sapountzis
1973).

Clinopyroxene is an Important constituent in all rock types but
especially in normal gabbro it may reach up to 47%,. In hand specimens
and separated grains the examined clinopyroxenes are brown-green to
black-green in colour whereas in thin sections the grains are colourless.
They belong to the diopside-augite field with a narrow composition
ranging from CapMg,Fe, to Ca,Mg,Fe, and contain low amounts of
Al, Fe*+ and Ti, as 1t is shown in Table 1. The #-refractive indices of
the analysed clinopyroxzenes ranging from 1.692 to 1.700 increase with
their iron content.

Orthopyroxene is present in only small amounts in the normal
gabbro but it becomes abundant locally, especially in gabbronorite
where it comes wp to 259%.

In hand specimens and mineral erushes orthopyroxenes are brownish
to bronze in colour, whereas in thin sections they show faint pleochroism
from pale pink fo pale green but sometimes are colourless. They belong
to the brongzite-hypersthene group with a composition ranging from
CasMgpFe to Ca,MggFey. Their analyses and catlion contents are also
presented in Table 1.

The cited above clino- and orthopyroxens oceur commonly as clo-
sely intergrown independent subhedral crystals and both contain nu-
merous fine, closely spaced lamellae, that are visible best under cros-
sed nicols and a relatively high magnification. In a few large clinopy-
roxene crystals the lamellae can be distinguished from the host in pa-
rallel nicols by their pale pleochroic colour and sometimes by the cracks
which are perpenticular to the lamellae elongation (Fig. 1B).

The lamellae vary in thickness and generally they are more thick
within the clinopyroxene than the orthopyroxene.

Lamellae and certain patches of one pyroxene within another, once
thought to be inclusions or replacement tectures. Since the work of
Hess & Phillips (1938), Hess (1941), and Poldervaard and Hess (1951)
these textures have been attributed to exsolution phenomena in the
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solid state. However, there are some disagreement by Guimaraes &
Brajuikov (1948), Guimaraes (1952).

Exsolution textures in Ca-rich may be lamellae of orthopyroxene
or pigeonite and in Ca-poor pyroxene lamellae of clinopyroxene.

TABLE |
Electron microprobe analyses of pyroxene from the Thessaloniki gabbros.
1 2 3 4 3 &
(Py) (844} {301} {P,) {344} (301}
Clinepyroxenes Orthopyroxenes

Oxide weight vercenlage
810, 52.71 51.97 52.69 55.34 34.93 55.89
Ti0, 0.18 0.42 0.14% 023 0.23 0.06
51,0, 2.22 2,49 1.97 147 1.42 1.58
Fe, 04 — — - — — —
FeO 4.90 5.22 4.62 12.28 1312 11.50
MnO — 0.24 0.1% .47 0.51 0.28
MgO 17.56 16.68 16.52 30.22 29.80 30.54
Ca0 23.49 22.5% 21.67 0.75 0.72 1.01
Na,O 0.12 — 0.1 — — —
Cr, 0 - 0.28 0.91 .11 0.08 0.4
Total 16118 99.8% 98.13 16G0.87 100.81 101.00
Atomic proporlions on the basis of 6 oxygens
Si 1.914% 1.914 1.960 1.950 1.945 1.957
Al (.086 0.086 0.040 0.050 0.055 0.043
Al 0.009 0.022 0.046 ¢.011 0.004 0.022
Ti 0.005 0.012 (.004 0.006 (¢.006 0.002
Gr — 0.007 0.006 0.003 0.002 (¢.004
Fet+ — — — — — —
Fe*+ 0.149 0.161 0154 0.362 0,389 0.337
Mn — 0.007 0.006 0.014 0.015 0.008
Me 0.901 (¢.916 0.916 1.587 1.573 1.594
Ca 0.915 0.891 0.86% 0.028 0.027 0.038
Na 0.008 —- 0.009 — - —
Total 3.987 5016 3.995 4.011 1014 4.005

V7 2.000 2.000 2.000 2.000 2,000 2.000
{WXY) 1.987 2.016 1.995 2.011 2.014 2.005
Ca 4717 £5.11 44.78 1.42 1.36 1.92
Mg 45.85 46.37 47.47 79.70 78.49 80(.62
Fe 65.98 8.52 7.75 18.88 20.15 17.46

Owing to their thinnes it iz not always possible to 1dentity them
optically, however, some warkers suggested that the distinction bet-
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Fig. 1. A) Hypersthene lamellae (Hght) in augite (dark). B) Hypersihene lamollae
in augite; note the cracks perpenticulur fo the lamellae elongation. The numbers
on both figures are refered to the analysed spols. Crossed nicols X 7120.
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ween pigeonite and orlhopyroxene lamellae would be possible on the
basis of their orientation; orlhopyroxene lamellae are exsolved pa-
rallel to (100) plane and pigeonite lamellae parallel to (001) plane of
the augite host (Poldervaart & Hess, 1951, Brown, 1957: Deer et
al., 1983).

Microscopic examination of the Thessaloniki clinopyroxenes whows
that the enclosed exsolution lamellae are usually beautifuly developed
and consist of relatively evenly spaced broad sheets up to 10 p thick
(Fig. 1A+B). They show, as the hypersthene in the matrix, pale-pink
to pale-green pleochroic colour, have straight extinxtiou, and higher
refractive indices and lower birelringence than the host clinopyroxenes.
They are oriented with their (100) lattice plane parallel to Lhe (100)
lattice plane of the host augite. Thus, according to the cited above
optical characters and to their orientation we believe that the occu-
ring in the form of lamellae exsolved phase is orthopvroxene.

The Thessaloniki orthopyroxene, coexisting with elinopyroxene
contain very fine (up to 5 p thick) exsolution lamellae or blebs which
are always visible under crossed nicols especially in (010) sections (Fig.
2A4-B).

Although they are too thin to allow asccurate measurement, in
suitably oriented sections-parallel to (0M0) plane-and when the host
crystal is in extinction they are best observed because their extinction
angle is clearly defferent from that of the host. The lamellae are colour-
less, not pleochroie, and are approximately parallel to (100) plane; they
exist with two optic orientations extinguishing symmetrically at angles
between 6' and 12 on either side of te (100} symmetry plane ol the
host as determined from a (010) section.

These optical characlers suggest that the exsolution lamellae obser-
ved in the orthopyroxenes are of a clinapyroxene phase of the augite

type.

ANALYTICAL METHOD AND CHEMISTRY.

The analyses of the Thessaloniki pyroxene lamelae presented here
were carried out in the Department of Geology, Manchester Univer-
sity, England, using a Cambridge Gioscan II model electron micropro-
be. Operating conditions were; accelerating voltage of 15 KV, heam
spot size less than 2 w and specimen current of 5X10-* amps. Standard
used were pure metal for Fe, Cr and Mn. Other standards were as fol-
lows, Si, Ca, Mg-diopside; Al-anorthite and Ti-rutile. Corrections for
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Fig. 2. A) A typical orthopyrowene of the Thesseloniki gabbros; nole the fine
exsolution lamellae of the Ca - rich pyroxene phase, B) Bronzite - Hypersthene with
fine scale excolution lamellae and blebs of clinopyrowene parallel to (700) of lhe
st Crossed nicols X 50.
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absorption, atomic number effects, counter dead time and instruments
drift were made.

Individual grains with Ca-rich or Ca-poor lamellae which are
easily detectable optically on polished thin sections and their host py-
roxenes from each of the (P,), (344) and (301) samples were analysed
in this manner. Complete analyses for 11 spots and partial analyses
for 8 spots, as well as their cation contents are presented in Tables 2 and
3. The analysed spots on the lamellae and the host pyroxene are shown
in g, 1 (A+B).

All the analysed lamellae enclosed In clinopyroxenes are rich in
magnesium and iron, and poor in caleium (less than .83 wt % Ca0).
The 8i0, is relatively high, compared with that contained in clinopy-
roxene, and fairly constant, whereas no significant differences in the
minor constituenls {ALQO;, MnO, TiO,, Cr,Q,) has been noticed (Table
2). The lamellae contain slightly less aluminium than the host clinopy-
roxene; the manganese content is low, tending to increase with the
amount of Si0, in host mineral and coexisting lamellae, whereas tita-
nium exhibits a reverse trend. Chromiun is invariable in both minerals.
The same relationships between the minor constituents in coexisting
separate orthopyroxene-clinopyroxene pairs have been found by Sa-
pountzs (1973).

Although quantitative analyses ol all the lamellae enclosed in
orthopyroxene have not been possible due to their small size, ana-
lyses of some thicker lamellae and blebs give valuable informalion a-
bout their chemical composition (Table 3).

The high amount of caleium and the relatively low magnesium
and iron contents make them members of clinopyroxene (Ca-rich se-
ries).

The wvariation in the principal cations Ca, Mg, Fe, is best seen by
reference to Table 3. The lamellae always contain more aluminium and
titanium and less manganese than does the Ca-poor host. This relations
has also been found in co-existing separate clino-and orthopyroxene
pairs {Sapounizis, 1973). These data suggest that the lamellae in hy-
persthene are clinopyroxene of the diopsidic-augite field.

Generally the composition of the orthopyroxene lamellae enclosed
in clinopyroxene 1s almost identical to that of separate hypersthene
host and the composition of the clinopyroxene lamellae in hypersthene
is very close to that of the separate clinopyroxen host. This relationship
shows that subsolidus equilibrium was maintained over a substantial
period during cooling.
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DISCUSSION.

The formation of exsolution lamellae in pyroxenes 1s a sub-sohdus
phenomenon related to the PT conditions and composition of the magma.

The lamellation has been considered by Hess and Phillips (1938)
as due to an inversion of pigeonite to orthopyroxene, with the segre-
gation of diopside in ihe form of an intergrowth, orthepyroxene being
able to hold CaSiO; in solution to the extent of about 9 per cent, but
unmixed on further cooling.

Edwards (1942) observed similar intergrowths of diopside and hy-
persthene and considered it as due to exsolution of clinopyroxene at-
tending an inversion of pigeonite to hypersthene.

The lamellation has been also attributed by Hess (1941), Walker
and Poldervaart (1949), and Poldervaart and Hess (1951) Lo exsolution
in the solid state. Howerer, the origin of lamellar intergrowths in or-
thopyroxenes, pigeonites and monoclinic pyroxenes has beer congide-
red by Guimaraes and Brajuikov (1948) and Guimaraes (1952) as a
result of alferation which was called by them «Enstenitization».

Dunham et al. (1972) reported that simple diffusion theory can
explain the magnitude of exsolution lamellae observed in natural rocks
from the earth and the moon. The dominant diffusion process must
have been the movement of calcium. After the experimental work on
the solvus within the system MgSiO,-CaMgSi,0, by Boyd and Sch-
etrer (1964) it is assumed that no diffusion takes place below 800°C.
(Dunham et al 1972).

The Thessaloniki pyroxenes have heen formed from a cooled body
of magma and show, as a resull, evidence of having exsolved lamellae
of Ca-rich and Ca-poor pyroxenes at subsolidus temperatures. Textural
velationships in the Thessaloniki gabbros show that the clinopyroxenes
from which hypersthene lamellae have been exsolved, originally cry-
stallized in equilibrium with orthopyroxene rather than pigecnite. Hy-
persthene evidently separated from Ca-rich clinopvroxene below the
temperature where orthopyroxene-bronzite, hypersthene- 1s the stable
caleium poor pyroxene phase. Similar situations in igneous rocks py-
roxenes, from the more common usually tholeiitic magma types, were
described by Hess (1949), Brown (1957), Bowwn and Gav (1960), Best
(1963) Brown and Vincent (1963) e.t.c. In such intrusive magmas a Ca-
rich clinopyroxene and a Ca-poor phase, both exhibiting exsolution
lamellae crystallize together in the early and middle stages of differen-
tiation. However, the difference in the Thessaloniki pyroxenes is that
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whereas in most cases the sccompanying independently crystallized
Capoor pyroxene 18 pigeomite-which may subsequenlly invert to or-
thopyroxene- the coexisting pyroxene is an orthopyroxene with no
evidence that it was al any time a pigeonitic pyroxene. The same re-
lationship has been observed in Guandalupe igneous complex by Best,
and Mercy (1967).

The intergrowth of diopsidic lamellae In hypersthene foun in co-
existence with Ca-rich pyroxene in the Thessaloniki gabbros gives a
valuable geologic thermometer. The inversion temperatures of pyro-
xenes of this composition {Ens) has been determined experimentally
by Hess (1941) as been about 1100* G. Furthermore, the diffusion
theory-as has been reported by Dunham et al. (1972)-when applied
to the relatively thick lamellae ohserved in the Thessaloniki pyroxenes,
implies that these lamellae could be formed only if the diffusion of Ca
had taken place at a temperature of approximately 10000 C.

Therefore, rhe coexistence of Ca-rich and Ca-poor pyroxenes in
the Thessaloniki gabbro both containing subsolidus exsolution textures,
indicate that they crystallized in the early stage of differentiation. The
chemistry and thickness of their lamellae suggest that the magma
has been cooled slowly and had a temperature of about 1100° C at
the time of intrusion.
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OEPIAHRYIE

[TAAKIATA ATAMEIZEEQZ TON IITPOEENQN EK
TQN PABBPQOQN THEZ OEZZAAQNIKHE

T

HATA . ZAIIOTNTZH?* xal XPHETOT KATAT A**

Aemta mhaxtdia (lamellae) éx Siwzpsifewg Evidg 1év mupokivey &x Thv
vaBPpwv tHe Bea vixng, wehetivrar dntinde xel ynwixds Sid Tol fhexteo-
wrol pixpooveiutol.

¢ A A o f o A I 3 M =~

Ob putpooroninds mapatnehosig deviouy 6Ty o dyxexhetopéver, EvTig THY
bpBomupolévev mhaxidie, elvat mord kemtd (ouvifiee mdyous 5 w.) nel mpoow-
vaToMOpEVE etk TowiToy Toémoy dete dmi dmmédou (010) vi eynpatifouy
Tebte ywviay mepimon 6° £wg 12° pé 1év wpuotarhovpapndy dEove -¢ ol Ee-

s ! A 1 A o~ r b4 2 I3
vilovrog mugokévou. Td 2vtdg téhv rhwomupobévey dyxexheiopéve mhaxtdia
E'S _ bt ! ! A ) 1 3 ? 3 ~ ‘_‘E Y
Eyouv oysTindc peyeidTepoy mwayoc xel o (100) inimedov odtdv elver mapdi-
Amhov mete o (100} éninzdov tol Zevilovroc mupofivou.

Ob dvaddoelg Sud tob Ahentpovinol pupoaveiutol Tév Sapety Bévray pd-
gewy dzikvdouy B1i ol xhwvormupdlevol mepEyouy Dregobeving mhuxidie cuoTd-
ozwg Cay Mgrs.aF e xel of dp0omupbievor mhaniSia Siodndied abyitou ou-

A N A > -~ 2 3 A t f » ! ’
ordoews Gage. Mg sFege T dnoreréopate adra eholonovrar &v cuugpovie
HE TOV mooodiopopdy TAY Thextdlov Tobtwy Sua the dntudg uebodou.

‘M guvbnapic dpeotéomy xhwo-xal splomugobévay pt tag mpoovagpep-
Dzicoc Hmd popehy Aemtdy mhouSlov gdozie Sustizog, Beubovy 1 1o
piyuo &x 1ol dmolou mpoixsuday &bdyln Beadiwe xal &1t tolto ebpioneta
wata Tov ypbvov Thg Sieteddoewe slg feprorpuciov megimov 11000 C.

* "Beyuothpov "Opustodoying wat Iletpovoupiae 100 [Tavemornuion Qsovixme.
** "Epvyaothproy Tewhrovlag wob avemomuion [Hetpéiv.

WnoeiakA BiBAI0BAKN Ogd@pacTog - TuAua MewAoyiag. A.MN.O.



CONTENTS

8. 5. Kararagris: Heavy Metal Tolerance in Agrostis Tenuss Sibth. by

Adaptation on Aeriai Pollntion 3
J. Beumvas: Reducibility -Similarily te, - blmllanly ol D][Ference EquaLl-

ons o 13
J. Q(JHINA‘-‘ Rv tI‘l(‘h'\re bt&blllLy of D]ll’erence Equallons . 2
J. SBanaros: A Bolution of Radiation Pattern Synthesis of :\rbltrary An Len-

nas . e e e e e e e e 31
Yan. A, GOlelDOU cmd G LI\’ADAS Frost Penelration into the Soil

at Lhe Meteorclogical Statmn of the Aristotlelian University of Thessaloniki

(1930-1974) 51
A, A. Frocas: Conlribution to the Study of Frequency Distribulion of

warm and cold months at Thessaloniki (1892-1973) and Larissa (1899-1973) 65
GnoreasorouLos and J. Schixas: Conditions lor Reciprocality of w-Perio-

dic Linear Differential Syslems e 73
8. Diowistou-Kovivrzi: Scaltering Processes and Carrier Mobility in Se-

miconductors, e 83
G, €. Livapas, A. V. }(0\,4\1‘513 aud J (‘hr Bararovris: Measurements

of 80, Concentirafions al Thessaloniki-Greece . 107
V. Fraxcon: Fonelions [’lunbousharmomquea et Va]eurs Deflctentes de

Nevaplinna . . . 129
G. Bovrios: (_conlrlbullon al Ltud'\ Ilydrogeologlque de la \Tappe Allu‘

viale de SBauteyrargues (Héraull-France) . . . 135
K. Micuaris: Beitrag sur Kenntnis des Ohoochaetenfauna Thesballens Lo 153
Chr. J. Bavarouris: Cooling Power during lhe Warm Season at Various

Flevations in Northern Greece . . . . . . . . . . . . . . . . .. 169
. 5. Ssarovnrzis and Chr. G. Karacas: Exsolution Lamellae in the Py-

roxenes of lhe Thessaloniki Gabbres . . . . . . . . . . . . .. . . 187

WYnoiakn BiBAI0BAKkNn ©OedppaocTog - TuAua MewAoyiag. A.l.0.





