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Droplets of rapidly quenched, silicic tholeiite glass are described, which are relatively unaltered except 
for the absorption of about 6% H2O. The glass is variolitic and contains minor olivine, chromite, 
clinopyroxene and plagioclase of various habits, whose relationships to cooling history may be deduced 
in the light of experimental data and whose compositions are reported. It is suggested from this recon-
naissance study that the Troodos Upper Pillow Lavas have most probably formed at a spreading centre, 
perhaps a back-arc environment, rather than an island arc. 

K. A. }fbrgensen and C. K. Brooks, Institute of Petrology, (')ster Voldgade 10, 1350 K{bbenhavn, 
Denmark, February 25th, 1981. 

Introduction 

The Troodos ophiolite complex, Cyprus, is gen­
erally considered to be the best investigated 
ophiolite complex in the world (Coleman, 1977). 
Nevertheless, its origin has been the subject of 
much debate with several authors (Gass, 1968; 
Gass et al., 1975; Hynes, 1975) defending a mid­
ocean ridge (MOR) origin against the volcanic 
arc hypothesis proposed by Miyashiro (1973, 
1975). More recently, Smewing et al. (1975) and 
Smewing and Potts (1976) have convincingly 
advocated a MOR origin on the basis of rare 
earth element data. Geochemical conclusions 
have been greatly hampered by the altered 
nature of most of the Troodos extrusive rocks. 

The main purpose of the present work is to 
demonstrate that fresh glasses are to be found 
among the Troodos lavas and to describe one 
example which provides an excellent natural 
example of textures produced experimentally 
under various cooling conditions. The glassy 
sample is not unique, (Cameron et al. 1979), and 
the authors' collection has recently been consid­
erably augmented by further glasses which it is 
hoped can contribute towards a solution of the 
above controversy. 

Geological setting 

The investigated sample comes from the upper 
part of the Upper Pillow Lava member of the 

ophiolite complex (Gass and Smewing 1973) in 
the area of Kalavassos. It was collected near the 
top of the section described by Searle and Vokes 
(1969) from the north side of the Vasilikos river 
valley opposite the Hellenic Mining Company's 
offices. At this locality, just above the prominent 
picrite sheet flow overlying deep-sea sediments 
(Searle & Vokes, 1969, fig. 2) there is a thin 
horizon, in which glassy micropillows or balls 
occur in a fine grained hyaloclastite matrix. These 
balls apparently represent rapidly quenched lava 
droplets. Several of the horizons of this profile 
are relatively fresh and are worthy of further 
study 

Sample description 

The investigated sample is a micropillow of 
about 3 cm diameter, which typically consists 
largely of isotropic glass (59.4 vol%) with olivine 
phenocrysts (3.9%), spine! microphenocrysts 
(0.25% ), abundant feathery aphenilites or var­
ioles (32.4%) and minor alteration products 
( 4.1 % ) . The modal values given in brackets are 
based on 2036 point counts. 

The glass is isotropic, transparent and struc­
tureless, but has a distinct greenish tinge, unlike 
the colourless or brownish colour found in recent 
basaltic glasses. It is transected by curved, 
branching palagonite veins; which are up to 0.1 
mm thick and occur with a density of about 2 per 
cm. Numerous fine, almost submicroscopic
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Toble 1. 

Analysis of glass from Kalavassos. 
Average o CIPW norm 

S i 0 2 52.57 .57 Qz 9.28 

A l 2 0 3 14.86 .16 Or .74 

T iO , .41 .04 Ab 12.79 

FeO 6.99 .36 An 35.59 

MnO .12 .03 Di 19.43 

MgO 7.25 .09 Hy 20.10 

CaO 11.42 .16 Mt 1.41 

N Q J O 1.44 .06 II .82 

K 2 0 .12 .02 Ap .05 

P2Os .024 .019 

Sum 94.90 

x) based on 9 microprobe analyses, 

xx) calculated with F e ^ ^ / F e O O . 15, (Brooks, 1976). 

cracks radiate from these veins out into the sur­
rounding glass. Larger areas of palagonite and 
calcite often occur around the larger olivine 
phenocrysts and within the largest glass inclu­
sions in these. 

The glass (table 1) is a silicic, low alkalic 
tholeiite with a Thornton-Tuttle index of 22.8 
and an FeOtot/MgO ratio of 0.96. Its silicic 
nature combined with the high MgO and a rather 
low Ti0 2 content are features reminiscent of 
boninites (Shiraki et al., 1978) as suggested by 
Cameron et al. (1979). Some modification may 
have taken place during variole formation and 
the low sum and colour of the glass indicates that 
hydration has also occurred (to the extent of 

Fig. 1. a) Equant olivine with spinel inclusions, b) Radial olivine, c) Radial olivines, one with spikes, transitional to swallow tail type 
drawn from photographs, d) Group of equant clinopyroxenes and varioles with nucleii. Bar 100 iim. 
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about 6% H20 (microprobe analysis by differ­
ence)) and this may have influenced the alkali-
silica relationships. However, the fact that 
MgO+FeO are apparently in equilibrium with 
olivine (see below) suggests that any modifica­
tions after quenching have been minor. 

The glass is devoid of vesicles and glass inclu­
sions in the olivines do not contain vapour bub­
bles larger than can be explained as a result of 
differential thermal contraction between liquid 
(glass) and olivine as described by Andersson 
(1974). Quenching has thus taken place at suffi­
cient depth to retain in solution any magmatic 
gases, as would be expected from the general 
setting. 

The olivines show a wide range of morpho­
logies, all of which can be closely matched with 
those observed by Donaldson, (1976) in olivines 
produced experimentally by different degrees or 
undercooling, and his nomenclature is therefore 
adopted here. The most conspicious types are 
large (up to 2.5 mm) euhedral individuals with 
well formed faces and generally somewhat elon­
gated in the c direction, (Fig. la). These euhed­
ral olivines, which broadly correspond to 

Selected mineral analyses from the Kalavassos glass. 

cpx cpx 

olivine spinel euhedral feathery 

S i 0 2 39.60 .10 50.87 50.22 

A l 2 0 3 .05 17.74 3.52 6.25 

T i O , .07 .31 .22 .51 

FeO 12.02 20.81 6.17 7.06 

MnO .15 .36 .19 .13 

MgO 46.36 12.52 18.59 16.15 

CaO .22 .02 17.63 19.01 

N a 2 0 .00 .00 .09 .18 

C r 2 0 3 .13 45.00 .24 .20 

Sum 98.60 96.86 97.52 99.71 

N o . of oxygens in formula 

Si 

Al 

Ti 

Fe3 + 

Fe2 + 

Mn 

Mg 

Ca 

Na 

Cr 

4 

.996 

002 

.002 

-
.253 

.003 

1.738 

.006 

-
.003 

32 

.03 

5.38 

.06 

1.29 

3.20 

.08 

4.81 

.01 

-
9.16 

6 

1.893 

.154 

.006 

.046 

.146 

.006 

1.031 

.703 

.006 

.007 

6 

1.844 

.270 

.014 

.021 

.196 

.004 

.884 

.748 

.013 

.006 

Donaldson's polyhedral type, may be overgrown 
by skeletal spikes, which protude from the cor­
ners and edges. 

Another olivine type consists of a variety of 
hollow, skeletal olivines, which range in size up 
to 0.3 mm and show combinations of corner-
edge growths giving rise to double arrows, 
anchors, lanterns and similar shapes. These cor­
respond to Donaldson's hopper morphology. 

Smaller equant crystals (size order 0.05 mm) 
have four gently curving fibres extending from 
the edges and similar fibres may occur on the 
edges of the hopper crystals. These are swallow­
tail types of Donaldson. Of similar size order are 
radial aggregates of 4-6 pointed twinned indi­
viduals (Fig. lb,c). In the varioles, chains of H-
shaped olivine individuals, with a size of up to 
0.01 mm - 0.1 mm are common as nuclei for the 
arching, feathery pyroxene fibres, which consti­
tute the major part of the variole. 

The olivine is forsteritic (table 2) ranging in 
composition from Fo882 to Fo866 based on 19 
analyses of all morphological types) with a max­
imum normal zonation of 1.2% Fo. The mic-
rophenocrysts are slightly less magnesian than 
the phenocrysts. 

Clusters of tiny, transparent, red-brown to 
opaque microphenocryst of chrome spinel are 
commonly found as inclusions in the polyhedral 
olivines (Fig. la), but may also occur as discrete 
crystals forming nuclei for the varioles. These 
crystals have a size of around 0.02 mm. There 
seems to be a transition from translucent crystals 
in the centres of the large polyhedral olivines to 
opaque ones in the rims and matrix glass, but 
this is not reflected in their compositions as the 
intercrystal variation is extremely small, imply­
ing an absence of subsolidus reactions. They are 
titanium-poor chromites with a minor ferric 
component as judged by their stoichiometry 
(Table 2). 

Clinopyroxenes occur in two distinct habits: a) 
rare, equant, colourless, perfectly euhedral indi­
viduals up to 0.1 mm in size, which often show 
sieve texture due to numerous glass inclusions, 
Fig. Id and b) abundant feathery, branching 
aggregates which constitute more than half of 
the varioles. This second type is often inter-
grown with plagioclase of the flabelliform type 
illustrated by Bryan (1972, Fig.. 2a) and is 
characterized by strongly undulatory extinction, 
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> F e 2 + 

Fig. 2. Compositions of pyroxenes in terms of Ca-Mg-Fe2+. 
Filled circles: euhedral crystals, open circles: feathery crystals 
from varioles, fields A & B are the quench and normal trends 
of Smith and Lindsley (1971). The inset shows the location of 
the larger diagram and orientation of the clinopyroxene-
olivine tie-line which is clearly different from the observed 
data spread. Stippled field: Troodos pyroxenes from Cameron 
et al. (1979). 

whereas the euhedral type may show hourglass 
zoning. The euhedral microphenocrysts are 
endiopsides (Table 2) of variable composition 
characteristic of rapidly crystallized groundmass 
pyroxenes (Smith and Lindsley, 1971) with an 
average of around Ca38Mg54Fe8. The feathery 

pyroxene of the varioles (Table 2) is more 
alumina- and iron-rich (max. Ca41,Mg44,Fei4) 
than the microphenocrysts and clearly plots off 
the trend defined by these (Fig. 2). 

As already mentioned, plagioclase occurs in 
intergrowths as a minor constituent of the var­
ioles along with clinopyroxene. Some varioles 
are of monomineralic plagioclase with cores of 
the swallow-tail type as illustrated by Måkipåå 
(1978, Fig. 10b). All plagioclases are too fine­
grained to permit analysis. 

Cooling conditions 

From the interrelationships of the different 
phases and their different morphologies, the 
crystallization sequence shown in Fig. 3 can be 
deduced. In addition, by comparison with 
experimental systems (Donaldson, 1976; Hill 
and Roeder, 1974; and Lofgren, 1974) the 
approximate cooling rates for the different mor­
phologies can be deduced as summarized in Fig. 
4. 

The olivine morphologies are dependent on 

Liq. 
temp. 

•c i> 

1 2 0 d -

1 1 8 0 -

1 1 7 0 -

1 1 6 5 -

KALAVASSOS 

S p i n e l 

t r a n s p a r e n t 

opaque 

O l i v i n e 

p o l y h e d r a l 

hopper 

s w a l l o w - t a i l / 
r a d i a l 

cha in 

s p h e r u l i t e 

P y r o x e n e 

equant 

b r a i d e d 

s p h e r u l i t e 

P l a g i o c l a s e 

s w a l l o w - t a i l 

s p h e r u l i t e 

EXPERIMENTAL SYSTEMS i 

O l i v i n e ' 

p o l y h e d r a l 

hopper 

s w a l l o w - t a i l 

chain 

f e a t h e r 

3) 
P y r o x e n e 

equant 

a c i c u l a r i 

d e n d r i t i c ; 

s p h e r u l i t e 

P l a g i o c l a s e 

t a b u l a r 

a c i c u l a r / 
s e e l e t a l 

s p h e r u l i t e 

S u p e r ­
c o o l i n g 
A T ' C 5 ? 

* 2 

- 5 

- 2 0 

- 5 0 

- 1 0 0 

E x p l a n a t i o n : 1) e s t i m a t e d l i q u i d u s t e m p e r a t u r e s f o r t h e n a t u r a l sys tem, adopted from H i l l and Roeder 

(1974) . 2 )averaged morphology change from Donaldsson ( 1 9 7 6 ) . 3)and4)pyroxene and p l a g i o c l a s e morpho­

logy change as a f u n c t i o n of s u p e r c o o l i n g a f t e r Lofgren ( 1 9 7 4 ) . 5 )degree of s u p e r c o o l i n g averaged 

from t h e e x p e r i m e n t a l sy s t ems . 

Fig. 3. Crystallization sequence compared with experimental systems. Liquidus temperatures estimated from the natural system 
based on Hill and Roeder (1974) olivine morphologies from Donaldson (1976), experimental pyroxene and plagioclase mor­
phologies after Lofgren (1974) and degrees of supercooling averaged from these experimental systems. 
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At 

100 

rim 10mm core 
Fig. 4. Distribution of olivine morphologies in the pillow ver­
sus degree of supercooling averaged from the experimental 
systems (Donaldson, 1976; Hill and Roeder, 1974). Width of 
dashed wedge indicates relative abundance of relevant mor­
phologies. R: radial olivines. ST: swallow tail morphology. 

the distance from the pillow rim (Fig. 5), in 
accordance with observations from larger pillows 
(Kirkpatrick, 1978; Swanson and Schiffman, 
1979), indicating that the cooling rate decreased 
away from the rim allowing for the appearance 
of more morphologies. The twinned radial 
olivines are important in this connection, as they 
are very rare in nature, the only other descrip­

tion being from the Taiwan coast ophiolite 
(Liou, 1974). They apparently form under very 
restricted conditions, as also evidenced from this 
study, where they only occur between 4 and 7 
mm from the rim. According to Donaldson 
(1976) they only form at supercooling around 
20°C, indicating this magnitude of supercooling 4 
mm from the rim immediately after the magma 
flow had stopped, thus explaining the concentric 
occurrence. The random occurrence of hopper 
morphologies, on the other hand, indicates flow 
at this supercooling (5 to 10CC). 

The pyroxene microcrysts occur somewhat 
more orderly, indicating that the magma flow 
stopped, when the supercooling was between 15 
and 20°C. The asymetric distribution of varioles 
(Fig. 5) is due to the heating effect from underly­
ing pillows. 

The compositions of coexisting olivine and 
glass can be used as a geothermometer (Roeder 
and Emslie, 1970; Roeder, 1974 and Bender et 
al., 1978), provided that they are in equilibrium. 
One possible test of the equilibrium is provided 
by the Mg-Fe distribution coefficient, KD: 

FeO Y //MgO_\liq 

K „-( \ M g O , 

which should have a value of close to 0.30 
(Roeder, 1974). For the Kala vassos sample KD 

= 0.305 for an assumed Fe203/FeO ratio of 0.15 
which is taken to indicate that the olivine-glass 

pm 
100 

80 

4 

2 

40 

30 

20 

10 

av. var ."size ' . ' . ' ' 
« * • • 

- * • * * -
• ' . . • . • -

I 1 1 1 1 * pr/voWivar. ' ' ' ' _ 

i i i i i 
i . i i „ i i 

vol%var. * • * • * • * 
• * • • • * 

• • 
• * • • • 
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Table 3. 

5 10 15 20 25 mm 
Fig. 5. Cross section through the pillow, showing distribution 
of varioles expressed as vol % (based on 121 points/1.7 mm2), 
number of varioles/vol % and average variole size. 

Olivine-glass equilibrium temperatures for the 

Kalavassos sample in C . 

R&E 

RMgO 

RFeO 
RMnO 
RMgO/FeO 

A 

1171 

1182 

1190 

1171 

--

B 

— 

1256 

1236 

— 

1198 

Based on equations of A: Roeder and Emslie (1970) 

(R&E) and Roeder (1974) and B: Bender et al . 

(1978) with assumed FejOg/FeO^. 15 in A, 

total FeO in B and olivine Foo7 3. 
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pair is in equilibrium. Care must however be 
taken as Takahashi (1979) showed that KD was 
dependent on liquid composition. Olivine crys­
tallization temperatures range from 1171°C to 
1256°C though the temperatures around 1180°C 
(Table 3) are considered most likely. 

Palaeotectonic environment 

Though it is difficult to determine the palaeotec­
tonic environment from a single sample compos­
itional evaluations of the single components con-
stituing the sample may together give an 
environmental indication. 

.6 .4 
Mg/(Mg+Fe2+) 

Fig. 6. Compositions of spinels from various environments. 
Diamond; Kalavassos spinels (5 analyses); spotted fields; Mid-
Atlantic Ridge (Sigurdsson and Schilling, 1976), cross 
hatched; Iceland alkalic basalts (Thy, pers. com., 1980), Gre­
nada field (Arculus, 1978), filled square; Niuafa'ou, Tonga 
(Reay et al., 1974), trend line 'H'; Hawaii (Evans and Moore, 
1968; Evans and Wright, 1972); trend line 'C; East Island, 
Crozet (Gunn et al., 1970) and trend line 'E'; pre-Etnean 
tholeiites, Etna (Tanguy, 1978). Compare with similar diagram 
in Cameron et al. (1979), fig. 3. 

The glass composition:itself, though high in 
silica, is reminiscent of many abyssal glasses, 
with its low K20, Ti02 and A1203, (Schweitzer et 
al., 1978). 

The olivines and clinopyroxenes from the 
Kalavassos glass are not diagnostic, but are gen- ' 
erally more common in MOR environments 
(Schweitzer et al., 1978) than in island arc envi­
ronments, (Ewart, 1976). 

The Cr-spinels (Fig. 6) are slightly more chro-
mian than generally found in MOR basalts 
(Sigurdsson and Schillings 1976), but falls within 
the field known from oceanic islands (Evans and 
Moore, 1969; Evans and Wright, 1972; Gunn et 
al., 1970; Thy, pers. comm., 1980), while typical 
island arc spinels have a considerably larger 
spread (Arculus, 1978; Tanguy, 1978) and boni-
nite spinels in general are much higher in Cr 
(Cameron et al., 1979). 

The overall tendency, however, seems to be a 
strong resemblance to rocks from back-arc 
spreading centres (Saunders and Tarney, 1978; 
Gill, 1976) or similar environments (Reay et al., 
1974; Johnson and Arculus, 1978) although the 
Troodos sample is remarkably low in Ti02 for 
both glass and minerals, and in general invites 
comparison with boninites (Shiraki et al., 1978) 
as noted above and also suggested by Cameron 
et al., (1979). However, Nesbit and Sun (1980) 
shows that the boninites have a distinctly diffe­
rent Ti/Zr ratio indicating anomalous genetic 
conditions, while the ratio for Troodos lavas are 
"normal" with regard to MOR and flood basalt 
volcanism. Wood, (1979) further showed that 
dynamic partial melting of a plagioclase lherzo-
lite source could reproduce all observed REE 
patterns in the Troodos without involving the 
presence of hydrous phases generally accepted 
as necessary for the production of boninites. 

Conclusions 

The present reconnaissance study of a single 
sample of unaltered basaltic glass from the 
Troodos ophiolite complex has defined the 
magma composition, the cooling conditions and 
the quenching temperature. It lends some sup­
port to the idea that these rocks were formed in a 
back-arc spreading environment but not to the 
island arc hypothesis. 
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Dansk sammendrag 

Dråber af tholeitisk glas beskrives. De er forholdsvis uomdan-
nede på nær ca. 6% absorption af vand. 

Glasset er variolitisk med små mængder af olivin, chromit, 
clinopyroxen og plagioklas. Mineralerne viser varierende 
habitus, som kan tolkes i forhold til afkølingshistorien på bag­
grund af experimentelle data. På grundlag af dette forløbige 
studie foreslås de, at de øvre pudelavaer fra Troodos sandsyn­
ligvis blev dannet ved et spredningscentrum, måske bag en 
øbue og ikke ved selve øbuen. 
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