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In the Solund area, west Norway, meta-hyaloclastite breccias associated with 
Ordovician pillow Javas still show some primary structures in spite of Cale
donian greenschist facies metamorphism and deformation. These structures 
and the association of the breccias with pillow Javas indicate that they are 
meta-hyaloclastites. The Solund meta-hyaloclastites are compared with 
Quaternary hyaloclastites and palagonite tuffs from lceland. 

The Ordovician pillows and breccias from the Solund area differ from the 
lcelandic examples in being practically devoid of amygdales and the breccia 
matrix characteristically contains globules - lavadrops and micropillows -
rather than shards. 

It is concluded that the pillow Javas and breccias from Solund probably 
formed in a depth of water such that the volatiles remained dissolved in 
the magma at the time of eruption. 
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The Solund district is located along the southwestern coast of Norway at 

the entrance to Sognefjorden, approximately 100 kilometres north of Bergen 

(Fig. 1). The district of more than 1000 islands and skerries of the Solund 

Islands consists mostly of Devonian sediments, making one of the six 
separate areas of Devonian rocks along the southwestern coast. However, 
in the western part of the area, erosion has removed the cover of Devonian 
sediments to expose a basement containing predominantly metamorphosed 
Ordovician volcanics and metasediments. This volcanic sequence is made up 
mainly of pillow lavas and massive greenstones. Within the pillow lava 
piles four main types of volcanic rocks have been distinguished: 

Pillow lavas per se. 
Massive greenstones. 

Greenschists with scattered pillows and epidote lenses. 

Meta-hyaloclastite breccias. 

The main purpose of this account is to describe the meta-hyaloclastite 

breccias, their occurrence in the field, microscopic features and possible 

mode of formation. The other volcanic types will only be discussed briefly. 

The Lower Palaeozoic rocks of the Solund area have suffered extensively 
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Fig. l. Geological map of Ytre Solund, west Norway. 
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from the effects of the Caledonian orogeny. Within the metasedimentary 

sequence in. the north of the area studied, at least two major phases of 
folding and a number of minor deformational events can be distinguished, 

and the rocks are metamorphosed in the lower part of the greenschist facies. 

Skjerlie (1969) has also shown that the Lower Palaeozoic rocks of the nearby 

Askvoll-Gaular area have suffered polyphase deformation during the Cale
donian orogeny. 

In the Solund area it is as yet not possible to date the deformational 
events more closely than pre-Middle Devonian. The Middle Devonian rocks 

Iie with pronounced stratigraphic unconformity upon the deeply eroded 
rocks of the Lower Palaeozoic sequence (Kolderup 1926, Nilsen 1968). 

Within the area the shapes of pillows, within the pillow lavas, are generally 

very well preserved and give good way-up evidence (Shrock 1948, Mac

donald 1953, 1967), which has been useful in establishing the existence of 

major fold cores in the area (Fig. 1). The detailed description of these 

structures will be discussed in a subsequent account. 

The massive greenstones which occur within the pillow lava pile are inter

preted as submarine lava flows which did not break up into pillows; these 

represent a large number of individual flows of variable thickness from 

approximately 30 cm upwards. Thin sheets of massive greenstone which also 
occur within the pillow lavas may be similar or could be intrusive sills, 

though no signs of intrusive contacts have been observed. In the first men
tioned case it could be expected that a central massive zone with pillows 

at the top, or both top and bottom, could have developed from such a flow 

(Walker pers. comm.). Indeed, in one example from the Solund area, the 
development of pillows at both the top and the bottom of such a flow has 

been observed. Further, at the top of one massive greenstone sheet approxi

mately 10 m thick, minor amounts of meta-hyaloclastite breccias have also 

been found. Greenschists with scattered pillows and epidote lenses are 

generally represented above the pillow breccias and on top of the sequence 
and may represent stratified hyaloclastites (Silvestri 1963). 

In many of the accounts of pillow lava sequences, associated volcanic 
breccias have often been referred to as agglomerates. This has in fact led to 
needless confusion, as many such rocks undoubtedly represent hyaloclastites. 
Much confusion has also existed in the literature conceming the distinction 
between pillow lava and pahoehoe, and criteria have been sought to separate 

the one from the other (Macdonald 1953, 1967, Jones 1968, 1969, Johnston 

1969). Pahoehoe may in fact show many of the same features as true pillows, 

for example, a glassy marginal skin, radial jointing, spheroidal concentration 

of vesicles, cavities within the body with a horizontal floor and a roof that 

tends to follow the shape of the outer part of the body, etc. Thus there may 

be doubt in some instances about what to call rocks with such structures, 

i.e. either pillow lava or pahoehoe. However, pahoehoe is always very vesi

cular due to the degassing of the lava. The pillows too can be either vesicular 

or non-vesicular, depending on the depth of formation (Moore 1965). The 
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pillows within the Solund area sequence are practically free from amygdales 

and there is no reason to believe that they were once vesicular. They are 

therefore considered to be true pillow lavas formed at considerable depths. 
For this reason the associated breccias cannot be considered as agglomerates 

but as true hyaloclastites, a rock type genetically related to the formation of 
pillow lava. 

Pillow lava sequences are well known within the Lower Palaeozoic strata 

of west Norway, especially within the Støren Group of the Lower Ordovi

cian in the Trondhjem region (Vogt 1945, Torske 1965, Roberts, Springer 
& Wolff 1970). Greenstones similar to those of the Støren Group have been 
recognized further south in the Sunnfjord area where they have been assigned 

to the Stavenes Group (Skjerlie 1969). The metasediments and volcanic 

rocks of the Solund Islands are a continuation of the Cambro-Silurian strata 

of the Sunnfjord area and the pillow lava sequence is apparently strati

graphically equivalent to the greenstones of the Stavenes Group. In his 
account of this group in the Askvoll-Gaular (Sunnfjord) area, Skjerlie (1969) 

discusses the partial preservation of 'primary structures such as pillow 

structures, and amygdaloidal and ophitic textures'. The present author has 
made an extensive study of the greenstones in this area, and confirms that 
they form a thick pillow lava sequence. During this work, breccias of possible 

hyaloclastite origin have also been discovered south of Stavfjorden, though 
no detailed work has yet been done on them. Work in progress in the Bergen 
area in collaboration with Professor B. A. Sturt has established the presence 

of a thick sequence of pillow lava in the Lower Palaeozoic rocks of the 

Major Are of the Major Are System within rocks previously mapped as 

saussurite gabbro by Kolderup & Kolderup (1940), and, further to the 
south, well-preserved pillow lavas occur in the Ordovician strata of the 
Bømlo area (P. Songstad pers. comm., A. Kvale pers. comm.). 

The pillow lavas of the Støren group in the Trondhjem region are under
lain and overlain by fossiliferous strata of Arenig age. The exact placement 
of the pillow lava sequences of the other regions, however, has not been 
possible on a palaeontological basis, though it seems fairly clear from a 
correlation of the lithostratigraphic successions that they are the equivalents 

of the Støren Group. A wider correlation of the Lower Ordovician pillow 

lavas of west Norway can be made with the Scottish Caledonian area where 

thick sequences of pillow lavas are found in the Girvan district, within the 

Highland Border Series, and the Tayvallish lavas of the uppermost Dalradian 
(Craig 1965). On palaeontological criteria from Girvan and the highland 

boundary fault region it would appear that there is a good stratigraphic 

correlation between these rocks and Norwegian examples discussed in this 
account (see Dewey, Skevington & Ricards 1970). The author has also 

examined the pillow lava sequence of the Girvan district and the breccias, 

which occur at Ballantrae and were previously described as agglomerates, 

also appear to be hyaloclastites. 
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The occurrence of pillow breccias in the field 

Types of pillow breccias 

There are a number of occurrences of distinctive volcanic breccias in the 
Solund area (Fig. l) which are generally intimately associated with pillow 

lavas, and a genetic relation is considered by the author to exist between 

the two. Traditionally such breccias in the greenstone formations in Norway 
have been considered to be agglomerates, though Oftedahl (1968) in a dis

cussion of the greenstones of the Trondhjem region writes: 'Many indistinct 
pillow lavas look like greenstones with scattered boulders. These have 

traditionally been called agglomerates, but it is now natura! to think of 
gradual transition from the pillow lava to hyaloclastites, a phenomena 
studied in Sicily, in the first place by Rittman (1958).' On the map compiled 
for the present study, meta-hyaloclastite varieties have not been differen

tiated. They are mapped as meta-hyaloclastites, the term hyaloclastite being 
used in a genetic sense. It has been possible to distinguish between two 

main types of breccias: 

Isolated-pillow breccias. 

Broken-pillow breccias. 

The former consist of irregular but whole unconnected pillows in a tuffa

ceous matrix, and constitute only a small part of the total bulk of breccias, 

while the latter consist mainly of pillow fragments of various sizes in a tuffa
ceous matrix. All transitions from one type to the other occur, and further

more, the thicknesses are usually small. The best locality for the study of 

meta-hyaloclastites in the field is on the western part of Oldra, where the 
outcrop extends for l km along the whole length of the island. 

The greatest thickness, 50 m, is reached in the south, and diminishes 

gradually to the north where the rock finally merges into pillow lava. This 

breccia seems to be one of the least deformed in the area, and the best for 
studying primary features. Most of the material discussed in detail in the 
present account comes from this occurrence. The most common thicknesses 
of the other breccia occurrences are between 3-20 m with a lateral exten
sion of 20-150 m. 

Isolated-pillow breccias 

Isolated-pillow breccias consist of whole pillows in a tuffaceous matrix and 

have been found about 100 m W of the innermost part of Humrevåg, and 

on the SW and NW parts of Oldra. The breccias which have a thickness of 

about 1-2 m occur above normal pillow lava, and pass gradually into 
broken-pillow breccia (Fig. 2). 

The pillows have a very irregular form (Fig. 2A) and possess an intense 

though irregular jointing. The most prominent joints occasionally have a 

nearly radial pattem, which is also found among close-packed pillows. The 
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Fig. 2. (A) shows the development from pillow lava to isolated-pillow breccia to broken 
pillow breccia at Humrevåg, Oldra. (B) shows isolated-pillow breccia from the NW-part 
of Oldra. (C) shows a schematic profile from the same locality as (B) indicating a 
similar development as in (A). The arrows in (A) and (C) indicate the younging direc
tion of the pillows. 

joints are not observed to pass into the surrounding tuffaceous matrix, or 

into the regional joints pattem of the area. The pillows are often broken 

apart along such joints and the parts separated by up to l cm of tuffaceous 

matrix. This indicates that the joints must have formed before the consoli

dation of the breccia matrix. Unlike the close-packed pillows of a normal 

pillow lava, they tell nothing about the way up of the rock body within 

which they occur, and their highly irregular shape can be explained by the 

fact that they did not have the underlying pillows to form against, the tuffa

ceous matrix behaving as a viscous medium which was unable to control 

their shape. This also yielded irregularity. The largest pillow in Fig. 2A 
seems to have been bent, evidently while it was still in a plastic condition. In 
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a loose breccia the pillow would also have been protected to some extent 

against the direct chilling by water, and hence kept longer in a more plastic 

condition. 

Matrix 
Macroscopically the matrix between the pillow consists of a grey-green 

slightly foliated tuffaceous rock. On cut surfaces one can see oval forms or 

globules varying from 0.25 to 1.5 cm along the longest dimension. They 

are thought to be micropillows. 

Microscopic studies show that the matrix consists of the above-mentioned 

globules and some shard fragments in a groundmass rich in chlorite, epidote 
and albite. There are innumerable irregular hands and round bodies of 

leucoxene, which sometimes occur as chains built up of small leucoxene 

bodies, and vary from less than 0.05 mm up to 0.25 mm in diameter. Some

times the leucoxene encloses a core of light green, almost colourless chlorite. 

These bodies may be primary features, either small amygdales or varioles 
formed in the chilled margin of pillows. If the latter, they could have formed 

by immiscibility in the magma near the crystallization temperature (Carstens 

1963, Rogers 1970). 

Many of the globules are zoned, the zones being approximately parallel 

to the margin. They are most easily seen in plane polarized light, and are 

alternately light and dark. The light zones consist of almost colourless 

chlorite. It was impossible to distinguish the mineral or minerals which form 

the dark bands because of the extremely fine grain size. Some of the globules 
have a marginal zone consisting of a mixture of albite, quartz, small idio

morphic calcite crystals (about 0.05 mm long) and slender needlelike crystals 

of actinolite (about 0.05 mm long). The outermost part sometimes has a 

heavy concentration of leucoxene. 

Beside the above-mentioned minerals the globules are charged with small 

rings of leucoxene. In the less-deformed breccias the globules are elongated, 
their parallelism giving a slight foliation to the matrix. However, as the 

amount of internal strain increases within the rock, the globules eventually 
become so deformed that they can no longer be distinguished with certainty. 
The outermost zone of the globules shows microboudinage in some cases. 
The shards that occur in the matrix also show zoning, but this is generally 

not so clearly demonstrated as in the globules. Round aggregates with a di
ameter up to 0.7 mm may possibly represent former amygdales. They also 

occur occasionally within very irregular fragments that may originally have 
been shards. The aggregates consist of chlorite and epidote, the latter as 

radially oriented needles, which increase in thickness outwards. These 

aggregates may possibly be pseudomorphous after zeolite. The rest of the 

material that surrounds the globules and shards comprises a dense mass of 

almost colourless chlorite and albite, with minor amounts of quartz, crystals 

of almost idiomorphic epidote, and also aggregates of leucoxene, the latter 

mineral occurring either as rings, aggregates of rings or completely irregular 
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hands. In the matrix the shards seem to be less abundant than globules. 

How can the formation of the globules and the shards be explained? Carlisle 

(1963) describes globules from British Columbia as solidified lavadrops and 

regards the shards as pieces of lavadrops formed by fragmentation after the 

temperature in the outer part reached the temperature of the surrounding 

matrix, but while there was still a significant temperature difference between 

the inner and outer parts. Hence there will exist a thermal stress that will 

cause fragmentation of the lavadrops. 

As already mentioned, in the Oldra example the globules predominate 

over the shards. This may be expected if one imagined that the lavadrops 

were not subjected to immediate chilling in cold water, but that their sur

roundings were a warm tuffaceous mass. The cooling would therefore have 

been slower, and the temperature difference between the outer and inner 

parts of the lavadrops small. 

The initial material of the globules and shards probably consisted of fresh 

basaltic glass - sideromelane - and the alteration products of this unstable 

material could explain the zoning observed in same of the globules and 

shards. The sideromelane will, in variable degree, alter to the mineraloid 

palagonite, which is characterized by its high content of secondary water 

and a high oxidation state of iron. Peacock (1926) divides palagonites into 

the following two types: 

Gel-palagonite: a yellow bright isotropic material which borders, or re

places completely the unaltered sideromelane. 

Fibro-palagonite: a fibrous yellow-brown to greenish material with low 

birefringence which occurs as a narrow irregular zone on the outer part of 

some of the gel-palagonite zones. 

With an altemation of these two types one may get zoning, and indeed 

traces of such zoning survives in the Solund rocks in spite of the meta

morphism (lowest greenschist facies B. 1.1). The concentration of leucoxene 

as hands around same of the globules and shards is probably due to Ti
bearing solutions separated from sideromelane during palagonitization. 

Broken-pillow breccia 

This is the commonest type of meta-hyaloclastite and is made up of a 

mixture of whole pillows varying greatly in size, fragments of pillows, and 

completely irregular fragments of greenstone. All transitions are found from 

breccias consisting almost entirely of fragments to those where pillows 

predominate. The latter might hetter be called 'pillow-lavas with a breccia 

matrix'. 

Whole pillows 
Very irregular, jointed, but still whole pillows are very common. The smal

lest are as little as 5 cm in diameter and are almost round. The larger ones 
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measure up to 70 cm in diameter and have a more irregular form. There is 

usually a chilled margin about 2-5 cm thick which is intensely jointed 

(Fig. 3). 

Same of the smaller pillows about 5-10 cm in diameter, sometimes show 

a chilled marginal variolitic zone on cut surfaces (Fig. 4). 

Fig. 3. Whole pillow in broken-pillow breccia. 

Fig. 4. (A) microphoto of variolitic structure from the marginal zone of a small 
pillow. Note that the varioles occur as individual bodies in the outermost part of the 
pillow, and as polygene aggregates inwards. (B) same as (A), but with greater magnifi
cation. 
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Pillow fragments 
That the fragments of this kind of breccia really are pillow fragments can 

be deduced by the form or partial development of chilled zones. Some frag

ments show a convex side, commonly chilled, and represent fragments 

derived from the marginal parts of pillows. Others with a completely ir

regular form lack chilled zones, and are assumed to have come from the 

interior of pillows (Fig. SA). 
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Fig. 5. (A) typical broken pillow breccia with angular pillow fragments. The matchbox 
lies on an irregular whole pillow. On this outcrop the degree of deformation is very 
low and foliation of the matrix is hardly visible. (B) broken pillow breccia with ir
regular whole pillows and pillow fragments of various sizes. The pillows, fragments 
and tuffaceous matrix have a prominent foliation. (C) strongly foliated and flattened 
broken pillow breccia. (D) isoclinal folded small pillow with axial plane cleavage. 
Note the chilled margin all around the pillow. (C) and (D) are from the same locality, 
i.e. about 100 m east of the mouth of Humrevåg, and close to the axial plane of the 
antiform running across the western side of the island of Oldra. 
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Fig . 6. Banded jasper from the SE side of the island of LundØy. 

Fragments of jasper 
Among the pillow lavas in the mapped area, jasper is more or less a common 

constituent either as a filling of interstices between the pillows or as layers 

of jasper. In some places the layers show a primary alternation between 
clear red coloured jasper and thin hands of almost pure haematite (Fig. 6). 
The jasper has probably formed from the reactions of seawater with the 

erupting volcanics. On the islands of Lundøy and Storøy, where jasper 

is locally very abundant among the pillow lavas, it also occurs in minor 

amounts as angular fragments and lenses within the adjacent pillow breccias. 
The sizes of the fragments vary from some mm up to 10 cm. 

The jasper must have been in a semi-consolidated or consolidated condi

tion when the lava flow took place, the lava breaking up the jasper layer(s) 

and carrying it as xenolithic inclusions. 

Matrix 
The tuffaceous matrix in the broken-pillow breccias is quite similar to the 

matrix in the isolated-pillow breccia. Around the marginal parts of some of 

the pillow fragments there is a high concentration of shards which are closely 

packed, and indeed almost fit together into one unit, i.e. they represent the 

detached outermost part of the marginal chilled zone (Fig. 7 A). This means 

that the fragmentation which caused the formation of the shards cannot 

have been of an explosive nature, but that the short-lived thermal system 

which the pillow fragments represent has been in disequilibrium at the rapid 
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chilling, i.e. that the difference in temperature between the marginal and 

ioner zones has been great. Hence the contraction of the outer zone has 

caused an intense fragmentation of the glass. No suitable name has been 

found in the literature for these thin breccias (up to about 5 mm thick) con

sisting of shards. Almost identical breccias of mm size have been recognized 

in modem hyaloclastite breccias from lceland, and in this case they seem 
to occupy the outermost zone of bigger shards (Fig. 7B). As far as the author 

is aware no special name has been given to them. In this account, however, 

as a descriptive term the Solund example of this kind of breccia will be 

called micro crackle breccia, a term proposed by Walker (pers. comm.). 

The formation of hyaloclastites 

In Iceland, pillow lavas and hyaloclastite breccias are very common among 

the products of Quatemary basaltic volcanism. The eruptions in lceland have 

taken place under glaciers where the melt-water has given a subaqueous 

environment. Sigvaldason (1968) states: 'Strong evidence indicates the gener

ation of a systematic rock sequence in subaquatic volcanic structures. These 

sequences are made up of two very distinct units: Pillow-lavas at the base, 

Fig. 7. (A) microphoto of 'micro crackle breccia' from the southern part of the large 
breccia on the western part of Oldra. (B) microphoto of a modern hyaloclastite breccia 
from lceland showing the same features as in (A), but in this case the 'micro crackle 
breccia' represents the detached outermost part of a bigger shard. 



398 H. FURNES 

and breccias and glassy tuffs resulting from explosive fragmentation of the 

basaltic material higher in the sequence. 

Occasionally the whole is covered with subaerial tuff and lavaflows. In 

some instances a strong resemblance between the petrographic character of 
all the structural units indicates that the different units were formed during 

a continuous volcanic eruption, which in the initial stage gave rise to a quiet 

outpouring of lava consolidating subaquatically as pillows, then became 

explosive producing pillow-breccias and tuffs, and during the final stage 

resumed quiet outpouring of the subaerial lavastreams.' 

This model, apart from the later-formed subaerial products may be com

pared with the submarine pillow lava-meta-hyaloclastite sequence in the 

Solund area. 

Unfortunately, in this metamorphic area it is impossible to map the 

individual eruption units. It is therefore very difficult to say with certainty 
which were the initial and final products of a lavaflow as it entered the 

chilling medium. It would appear, however, from an inspection of Fig. 2, 
that if the pillow lava and the breccias were derived from the same eruption, 

the following sequence occurred: 

Pillow lava as the initial product. 

Isolated-pillow breccia. 

Broken-pillow breccia as the final product. 

Indications of quiet periods between the submarine lavaflows are given by 

layers of jasper (maximum thickness about l m). On the eastem side of 
LundØy the sequence shown by Fig. 8 occurs. Supposing that the sequence 

mentioned above is derived from the same eruption the following has 
happened: 

Pillow lava as the initial product. 
Hyaloclastite breccia above pillow lava. 
Fine-grained subaquatic tuff as the final product. 

According to Sigvaldason (1968) what happens when a submarine eruption 

takes place is as follows: Upon the system (an individual pillow is regarded 

as a system) there are two main forces that are acting. 

1 2 3 4 

�-----about 100m-------+ 
Fig. 8. Schematic profile across the eastern side of LundØy. l. Layer of jasper (about 
l m thick). 2. Pillow lava (the arrow shows the way-up). 3. Meta-hyaloclastite breccias. 
4. Subaquatic meta-tuff. 
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The outer hydrostatic pressure which tends to prevent the expansion of the 

system. 

The inner gas pressure which tends to expand the system and thus explode 

the pillows. (The gas pressure in the pillows depends upon the amount and 

solubility of water and the volatiles in the melt.) 

Regarding eruptions which take place at depths where hydrostatic pressure 

is greater than inner gas pressure, the pillows (the systems) keep their forms. 

As the lava masses build up, hydrostatic pressure continuously decreases 

and finally the inner gas pressure exceeds the hydrostatic pressure. Hence 

the pillows explode and breccias form instead of pillows. The volatile con
tent in the lava will probably to some extent vary greatly changing the gas 

pressure within the pillows. This variable gas pressure may explain the 

occurrence of whole pillows in the breccias. 

This view of formation is not fully accepted by Walker (pers. comm.) who 

puts forward the following four possible modes of formation: 

Fragmentation of chilled lava is due to stresses set up by relative movement 

between it and the still fluid lava, whether this movement involves lateral 

flow of the lava body or a general expansion of the body by injection of 

more lava from below. 

Fragmentation is the result of the copious generation of steam when hot 

lava meets water. 

Fragmentation is caused by thermal shock when hot lava is quenched by 

water. 

Mechanical breakage of the hot lava takes place when it collapses down a 

slope. 

On looking at the map (Fig. l) one can see that the occurrences of the brec

cias are not restricted to the top of the pillow lava sequence only but occur 

anywhere associated with pillow lava. Therefore the mechanisms suggested 
by Walker seem to give a better explanation for the scattered breccia occur

rences. 

Environment of eruption 

For purposes of establishing their genesis, the meta-hyaloclastite breccias 
have been compared with undeformed and unmetamorphosed hyaloclastites 

from Iceland, Sicily and the Azores, and indeed, they show many striking 

similarities in hand specimens, thin sections and field occurrences. However, 

apart from the deformation and metamorphism which the Solund examples 

have suffered, two marked differences exist: 

The content of vesicles. 

The content of shards. 

Both the pillow lavas and the fragments of pillows within the associated 

breccias from the Solund area are practically devoid of amygdales, while the 
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compared examples and pillow lavas from the above-mentioned places are 

mostly very vesicular. 

Apart from the occasional occurrences of 'micro crackle breccia' around 

some pillow fragments, the matrix of the meta-hyaloclastite breccias from 

Solund predominantly contains globules rather than shards, while in the 

compared examples shards are the main constituent. These two differences 

are thought to be due to the depths of formation at which the respective 

eruptions took place, and the general lack of amygdales and shards may be 

explained by either of the following: 

The lava has erupted at such a great depth that the volatiles remained dis

solved in it. Moore (1965) has established a relationship between the depth 

of formation of pillows and their content of vesicles (Fig. 9). From this 

diagram one can see that the vesicularity of pillows is negligible when pil

lows form a depth in the order of about 4 km. 

The lava erupted on land and then flowed into the sea by which time it had 

lost most of its volatility. In this case the lava will form deltas of pillow 

lavas and breccias (Jones & Nelson 1970) with only small amounts of 

vesicles both in the pillows and the fragments. But these kinds of deposits 

will always be associated with vesicular pillow lavas. 

Of the two, the first is preferred, because all the pillows in the Solund area 

are non-amygdaloidal or almost so. Thus the two main differences between 

the Solund rock and the examples used for comparison from Iceland, Sicily 

and the Azores may be due to the depth of formation. 
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Fig. 9. Change in bulk specific gravity, volume percent vesicles, and average diameter 
of vesicles with depth for basalts of the east rift zone of Kilauea (after Moore 1965). 
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The volcanic and metasedimentary rocks within the area have been both meta

morphosed and deformed during the Caledonian orogeny. The whole se
quence has been folded into a series of large-scale tight to isoclinal folds the 

presence of which can be demonstrated from a consideration of the younging 

direction of the pillow lavas (Fig. 1). The metamorphic grade within the area 

is of the lowest greenschist facies (B.l.1 of Winkler 1967). However, the 

degree of deformation varies to some extent and becomes stronger toward 
the east. The !east deformed breccias and hence the best for studying 

primary features are found in the western part. The matrix of the breccias 

seems to be very susceptible to deformation and a graduated series of 
specimens can be studied from the least deformed, where some primary 

features are still visible, to the most strongly deformed examples where the 
primary features have been completely destroyed. 

The obvious signs of deformation within the pillow lavas and breccias are 

as follows: 

The development of foliation. 
The flattening of pillows. 
The flattening of varioles such that they are extended normal to the max
imum principal stress axis. 

Dislocation of varioles in the direction of their extension. 
More or less flattening, extension and parallrlism of the fragments to the folia

tion of the matrix. 

The main penetrative foliation developed in the breccias and the other rocks 

within the area can clearly be demonstrated to be the result of the first de

formational events, which resulted in the large-scale anticlinal and synclinal 

structures shown on the geological map (Fig. 1). This can best be demon

strated by studying the tight to isoclinal folded pillows and pillow fragments 
in the breccias which have a markedly penetrative axial plane cleavage pas
sing into the main foliation (Fig. SD). 

The flattening of the least deformed pillows can best be demonstrated by 
comparison with undeformed pillows. Statistical measurements of unde
formed pillows from Iceland and Cyprus show that the majority are approxi
mately spherical when the diameters are about 0.5 m or less (Fig. 10). 

In the marginal zone of a small almost undeformed pillow in the large 

pillow breccia from the western part of Oldra, variolitic structures are well 

preserved. The varioles range from 0.05 mm to 0.3 mm in diameter and are 

approximately spherical. Fig. 4 shows microphotos of these varioles and in 

Fig. 11, field A shows the axial ratios VfH, which are approximately 1:1. 

In more deformed pillow fragments from the same breccia the varioles can 

be observed to have undergone flattening as part of a general deformation of 

the originally vitreous fragments, whereby the spherical varioles have been 

drawn out into elongated lenticles. Fig. 12 shows microphotos of these de-
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Fig. 11. Change in the axial ratio V/H as deformation increases. (A) shows the field 
of almost undeformed varioles in a small pillow from the SW part of the large pillow 
breccia on the western part of Oldra. (B) shows the field of deformed varioles in a 
pillow fragment from the SE-part of the same pillow breccia. 
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Fig. 12. (A) deformed varioles from the marginal part of a pillow fragment. (B) disloca
tion of flattened varioles by cross-cutting strain-slip cleavage. 

formed varioles and in Fig. 11, field B, the axial ratio VJH is shown. This 

indicates a marked departure from an approximately 1:1 ratio to a 1:2.2 

ratio. 

Shear planes run through certain fragments and can be observed to dis

locate varioles (Fig. 12B). 

Foliation of the breccias produced by the flattening, extension and 
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parallelism of the contained fragments is very variable, and depends upon 

the geographical location of the breccias. In the breccias of the western part 
of the area, foliation is very slightly developed and is hardly visible in some 
places (Fig. SA). 

However, in the isolated-pillow breccia at Humrevåg, SW-Oldra, foliation 

in the matrix is especially noticeable dose to the isolated pillows and where 
the ratio of matrix to pillows is about 1:1 or less. Invariably the foliation 
conforms with the surface of the pillows, following each embayment or 
bulge, and it is squeezed together in narrow areas between pillows; away 

from the pillows it levels out to conform closely with the attitude of the 

breccia unit as a whole, though in some places it may be very indistinct 
<Fig. 2). 

Metamorphism 

The rock sequence within the mapped area has been affected by regional 

dynamothermal metamorphism. The sedimentary rocks (metagreywacke and 

phyllite) intermingled with and overlying the volcanics, as well as the vol

canics themselves, are within the lowest part of the greenschist facies meta

morphism (Winkler 1967) the quartz-albite-muscovite-chlorite subfacies 
(B.1.1). These metasediments, however, do not occur within the geological 
map (Fig. 1) enclosed in this paper and details of their petrography will 

not be considered here. The common mineral parageneses of the green
stones (pillow lavas and massive greenstones) as well as the matrix of the 

breccias are as follows: Albite, epidote, chlorite, actinolite, leucoxene with 

occasional minor amounts of quartz and stilpnomelane. 
A consideration of modem unmetamorphosed hyaloclastite breccias from 

Iceland and the Azores indicates that three principal types of fragments may 
be distinguished: 

Shards consisting almost entirely of sideromelane with only narrow zones 
of palagonite surrounding them. 

Shards completely altered to palagonite with the formation of zones which 

follow the shape of the shard. 

All transitions between the two types can be found and the shards may 

contain various amounts of vesicles and crystals such as basic plagio

clase, augite and olivine. 

Totally opaque tachylytes, without any attack of palagonitization due to 

the solution or separation of magnetite. 

The matrix of the metamorphic breccias within the Solund area probably 

once consisted of the same material as the hyaloclastite breccias from lee

land and the Azores even if a difference in their mode of formation is sup

posed. Where the breccias have been comparatively little deformed, and 

despite the greenschist facies metamorphism, it is still possible to recognize 

possible relics of the primary alteration of sideromelane to palagonite. Such 
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Fig. 13. (A) alternation of light and dark zones in a completely palagonitized shard 
in hyaloclastite breccia from the Azores. (B) zoned globule from the matrix of the 
large meta-hyaloclastite breccia on the western part of Oldra. 

relics are indicated by alternating light and dark zoning in globules and 

shards (Fig. 13). The zoning may be restricted only to the outer part of the 

globules and shards, or may occupy them completely. The greenstone frag

ments, which can be compared with the opaque tachylytes in the unmeta

morphosed hyaloclastites, never show this zoning. The very irregular dis

tribution of chlorite, epidote and actinolite surrounded by more or less ir-
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regular hands of leucoxene can be explained by a comparison with the 

shards in unmetamorphosed breccias. As already mentioned these shards 

consisting of sideromelane and palagonite may contain various amounts of 

basic plagioclase, augite and olivine. This original mineral assemblage, if 

subjected to the lowest greenschist facies metamorphism, will change to 

the minerals chlorite, amphibole, epidote, albite and leucoxene to be in 

equilibrium at the new physical chemical conditions. However, where the 

degree of internal strain has been low, it is possible to observe structures and 

textures in the metamorphosed hyaloclastite breccias of the Solund region 

which are almost identical to these described in the literature from recent 
breccias which have not undergone subsequent deformation and meta

morphism. 

Conclusions 

It has been demonstrated in spite of the strong deformation and low-grade 

metamorphism related to the Caledonian orogenic movements in the Solund 

area that breccia deposits associated with the Ordovician pillow lava se

quence are in fact hyaloclastites. These meta-hyaloclastites of the Solund 

area show strong similarities to hyaloclastite breccias described in the 

literature from a variety of unmetamorphosed terrains. They do show certain 

differences in detail which appear to be a reflection of the depth at which 

submarine lava extrusions occurred. The application of the criteria employed 

by Moore (1965) indicates that very considerable depths, which obtained 

during the period of submarine eruptive activity, have had an important 

bearing on the palaeogeographical interpretation of the region. 
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