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ary phase of eruptions of a certain type. As will be more clearly
seen later there is every reason to pay especial attention to this type
of volcanism when studying the volcanism of Iceland. Yet, it must be
kept in mind that these conglomerates, interpreted as moraines, have
played a dominant role in Icelandic geology for a long time. We shall
therefore have tCl consider directly some well-known localities of the
supposed moraines.

6. HVAlFJORDUR

This area in S.W. Iceland presents many interesting and important
features. Above all the conception of a non-glacial origin of the grey
conglomerates can here be put to a very hard test, perhaps the
hardest test it is likely to be out for.

Here, at the head of Hvalfjorour, near to the farm Botn are to
to be found two of Pjeturss' classical localities of "Early Quaternary
Moraines". They were discovered and described by Pj eturss in
190421 ).

In these localities the morainic nature of the described conglom­
erates is, it seems, especially convincing for the reason that not only
did Pjeturss find striated stones in them, but the conglomerates in
Austurgil and at Glymur, he reports, rest on a very clearly striat­
ed floor of basalt.

We shall now pay special attention to the sections which contain
these interesting conglomerates. I had no difficulty in finding' either
of these sections from Pjeturss' description.

The section in Austu1'Uil. Below a thick pile of grey fine-grained
porphyretic basaltic lavas we have the section shown in Fig. 3 (c.f.
Pjeturss' Fig. 6, I.e.).

The section is as follows:
1. Dark amygdaloidal basalt.
2. A dark conglomerate in an advanced state of decomposition.
I could not find any glacially striated stones and I think that in

this state of the conglomerate it is impossible with any safety to de­
cide upon glacial striation of the contained rounded stones.

Pjeturss reports that striated stones are easily found, which is
contrary to my observation and I cannot accept his interpretation of
this conglomerate as a moraine.
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3. A lava of amygdaloidal basalt.
4. Conglomerate with rounded peb­

bles of basalt, not larger than a fist, in
a brownish matrix. This conglomerate
is not a chaotic mass but some­
what stratified and there are alter­
nating layers of conglomerate and thin
stratified layers of fine-grained brown
tuff. Pjeturss asserts that striated
stones are easily found in this con­
glomerate, yet I could not detect any Fig. 3. - Sediments in Austul'-
stones with clear glacial striae. gil. Explanation in the text.

Scratched stones may be found, but
certainly they do not prove the cong'lomerate to be a moraine.

The matrix of this conglomerate, in thin sections (362 a) and
(362 c), is seen to consist mainly of yellow faint polarizing glass
although there is also an abundance of minute fragments of unde­
terminable crystals, and worn grains of basalt and opaque glass are
scattered throughout the matrix. The yellow glass does not consist
of distinguishable fragments but appears as a compact cement. The
strata of tuff intercalated with the conglomerate consist of rounded
grains of opaque glass and of grains of an extremely fine-grained
lava in a rather sparse groundmass of a brown amorphous substance.

The stratification as well as the composition of this conglomerate
seems to fit in very badly with the hypothesis of a moraine and as
already stated, I could not find glacially striated stones in it.

This composite conglomerate is directly covered by:
5. Many thick layers of brown tuff or mudstone, greenish coarse

sandstone, and at the top a coarser brown tuff.
All these strata consist to a high degree of fragmental trans­

lucent glu'1s. The lower brown tuff (363) consists of small rounded
grains of a tlack fine-grained lava, separate crystals, so large that
they were no doubt originally phenocrysts, and yellow glass.

The green sandstone (364) consists mostly of rounded and sub­
angular grains (average diam. 0,3-0,4 mm) of greenish palagonite,
dark glass, and separate crystals of augite, olivine and plagioclase,
obviously phenocrysts from the glass. No lava fragments are seen in
the slide. The grains are cemented by palagonite, zeolites, and cal­
cite. The topmost layer of brown tuff (365) differs from (364) by
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coarser grain, angular shape of the glass fragments, and the pre­
sence of worn grains of lava. It is the dominating brown palagonite
that determines the colour.

These sediments are covered by a number of grey, fine-grained,
porous lavas of basalt.

These strata as a whole do not suggest a glaciation. They are
simply a volcanic series like those described in the previous chapters.
A striated floor of the conglomerate (4) can hardly change that
conclusion. Yet, we shall consider this striation closer.

The surface of the lava (3) is very clearly filed as stated by
Pjeturss, elongated grooves and striae are unmistakable and there
is much resemblance to a glacially filed surface. Also, there is no
doubt that this surface goes under the conglomerate.

On the other hand the conglomerate does not lie directly on the lava
surface (cf. Fig. (4) which is a section at right angle to the striae).
The surface of the lava is covered with a 1 cm thick layer of soft
yellowish clay. Then comes a loose mass of fragments of a hard
brown amorphous or glassy substance, evening out the grooves of
the lava surface. The lower surface of the conglomerate that rests
on this loose mass consists of the same amorphous substance.

Fig. 4. - Lower contact of grey conglomerate in Austurgil. See text.

I cannot see any possibility of accepting this as the contact of a
moraine and its floor. On the other hand the interpretation of this
contact is far from being clear. This much is clear that the grooves
of the lava-surface were filled up before the deposition of the con­
glomerate and it seems most probable that the high temperature
of the mudflow, which in my opinion, the conglomerate represents,
metamorphosed the underlying sediments.

The section at Glym1Lr. Fig. (5) is a reproduction of Pjeturss'
Fig. 4 (1. c.) showing the section at the waterfall Glymur. It shows
a series of alternating basaltic lavas, brown tuffs, and conglomer­
ates. Only the highest part of the section is accessible to close ob-
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servation and here the main
interest concentrates on the lay­
ers f, g and h. According to
Pjeturss g is a grey conglomer­
ate containing worn and striat­
ed stones and resting on the
striated surface of the lava f,
and it is hence assumed to be an
especially clear case of a mo­
raine.

Now in a thin section (374)
from the bottom of this con­
glomerate the hard groundmass
is seen to consist mainly of
angular fmgments of isot1'opic
b1'own glass, only occasionally
altered. Fragments of olivine,
augite and plagioclase are pre­
sent, probably phenocrysts, as
they also occur as such in the
glass fragments. The brown Fig. 5. _ The gorge of Glymur (After
stratified tuff h (375) which Pjeturss, 1. c. Fig. 4.)
rests directly on the conglomer-
ate consists almost exclusively of small fragments of yellow glass,
only very few fragments of crystals being seen.

These layers are certainly no ordinary products of a glaciation and
a very strong evidence would be needed to prove their morainic
nature.

As to glacially striated pebbles I cannot endorse Pjeturss' state­
ment that these are easily found. There are scratched, rounded
stones which, however, prove nothing. In a mud flow, as e.g. in an
avalanche, the pebbles might be scratched like this.

There is, however, the striation of the surface of the lava f, which
might be a strong evidence of glaciation.

This striation is very clear, but it is not of any great magnitude
as the original flow structure of the lava surface is at many places
clearly seen al.ld it is further of interest to note that the flow
direction of the lava was the same as the direction of the striae.
The surface is in spite of the filing rather rough and there is only
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a remote resemblance to the polished surfaces left by the late Quater­
nary glaciation in this country.

If this lava surface was filed by a glacier, that glacier must have
been thin or ineffective and to assume a general glaciation of the
country on account of such glacial work is in my opinion impossible.
But there is a further fact to be taken into account which is decis­
ively against glacial action. This is the extra-ordinary contact of the
conglomerate and the lava. The conglomerate does not touch directly
the lava surface, but there is left an open space of 4-5 mm between
them. Out of the conglomerate protrude small pebbles and on these
as on innumerable pillars rests the conglomerate.

This peculiar contact is hardly
that of a moraine and its bed­
rock, but it is on the whole not
easily understood. It seems the
most probable theory that an ori­
ginally high temperature of the
mud might in some way be the

Fig. 6. - Lower contact of conglome-
rate at Glymur. See text. cause (a layer of steam?).

Thus, as far as I am able to
see, Pjeturss' interpretation of these conglomerates in Austurgil and
at Glymur is not convincing. The interpretation pays no attention
to the composition of the matrix of the conglomerates or to the accom­
panying volcanic products, or the peculiar contacts. On the other hand
it stresses too far the occurrence of scratched pebbles as indicative of
glacial action. And as to the striated floor, other possible agencies
such as wind erosion, the erosion of a volcanic blast (note that at
Glymur the flow direction of the lava is that of the striae), and of
the mudflow itself, are left out of consideration.

There is no conclusive proof of glacial action; on the contrary,
there are many factors against such an interpretation.

Gene1'Ctl aspects of this Mea. The mountains at the head of Hval­
fjor(5ur are, if we leave for the present Hvalfell and Botnssulur out
of consideration, eroded out of an extensive plateau, built up of
slightly eastward dipping layers. This plateau is built up of al­
ternating layers of grey fine-grained, porous porphy:ritic basalt la­
vas, beds of glassy tuffs, the glassy fragments sometimes showing
no sign of longer transport, sometimes being probably wind blown,
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Fig, 7. - Section of Hvalfell from the south, show­
ing the mountain as a remnant of a thick COVel' of

stratified tuffs.

and a few beds of
conglomerates of vol­
canic origin. Hvalfell
and Botnssulur are
two immense piles of
brown tuffs or brec­
cias resting on this
composite series. The
thiclmess of these
piles is well over 300
m both in Hvalfell and in Botnssulur. Especially in Hvalfell there is
a 'clear stratification, with the same general dip as that of the
composite series below. It is clear, that both mountains are only
remnants of an extensive cover of pyroclastic material and it seems
also clear, that this cover was laid down before the tectonic period
which is evidenced by the general dip. In both mountains these tuffs
are covered with lavas of ophitic dolerite which is entirely different
from the lower basalts. These lavas of dolerite probably covered ori­
ginally much larger parts of the main layer of brown tuffs.

Above the edge on the western side of Botnssulur at a height of
about 900 m there is what appears to be a relatively recent flow of
fragmentary brown glass, flowing out over the present edge of the
mountain. The tuff is of very fresh appearance and clearly distinct
from the tuffs of the mountain itself. In a thin section (380) this tuff
consists of fresh angular fragments of pale yellow sideromelan of
1-2 mm diameter. These fragments are highly charged with
phenocrysts of plagioclase and some olivine (20 - 30 % crystals).
The fragments are embedded in a rather sparse groundmass of
comminuted sideromelan and its phenocrysts. There is no indication
of porosity of the glass. (379) is a grey tuff below (380) from the
main mass of the mountain. It is similar to (380), the main dif­
ference being a slight porosity of the glass and a few fragments of
porous dark glass.

A brown tuff (378) lower than (379) is perhaps more typical of
the main mass of the mountain. It differs from (380) by the fact
that every fragment of sideromelan is lined with a narrow brown
rim of palagonite and the fragments are completely cemented by this
palagonite and an appreciable amount of zeolites. Phenocrysts are
fewer than in (380) and there is some porosity as in (379).
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There is no indication of a notable transport of these glass frag­
ments. Further, the absence or low degree of porosity seems to indi­
cate that these tuffs are not the result of explosive eruptions. Most
probably they either represent lava flows consolidating entirely as
glass and crumbling into pieces on cooling or, what seems more
likely, they are streams of a mixture of glass fragments - erupted
sandflows.

The dolerite on the top of the mountain in hand-specimen closely
resembles the dolerite of Reykjavik as remarked by Thoroddsen. In
thin section (391) it is practically identical with the ophitic dolerite
of Reykjavik.

There remains to be mentioned an interesting feature in the
mountain slope some 100 m east of Austurgil. This is a stream of
breccia running down the slope. It consists of dark lava fragments
of distorted forms and a matrix of brown matter of varying percent­
age. In thin section (369) this matrix is seen to have orginally
been a somewhat porous unfragmented mass of sideromelan contain­
ing a few phenocrysts of olivine. A great deal of the glass is now
altered into faintly birefringent palagonite, only scattered patches
of unaltered sideromelan being left. This is clearly a lava flow con­
solidating partly in a fine-grained form and partly as massive glass,
and as far as I can see this flow ran down the present side of the
valley and should thus be relatively recent.

7. MIDDLE NORTHERN ICELAND

The high mountainous area on both sides of Eyjafjor(5ur was
earlier considered to be built up of a Tertiary Basalt Formation.
According to Pjeturss' system, however, the higher reaches of these
mountains consist of Quaternary rocks, as we have already men­
tioned in the introductory remarks. It has often been stated, among
others by Paijkull, Kjerulf, Thoroddsen and Pjeturss that the basalts
crowning these mountains are light-coloured and porous and very
similar in appearance to the basalts of Southern Iceland, but it was
not until Pjeturss' discovery of grey conglomerates of morainic
appearance in the basalts of the North, 1. e. at an elevation of about
700 m in the mountains of Fnj6skadalur, that a Quaternary age
was assumed as for the rocks of Southern Iceland.
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But quite apart from the question of age which according to our
previous discussion of the grey conglomerates in the South cannot
with certainty be based on a glacial interpretation of the conglomer­
ates, it seems nevertheless a sound assumption that there is a close
relationship between the volcanic series of the South and that form­
ing the highest reaches in the mountains of Middle Northern Iceland.
In fact, the volcanic plateau which we have studied from Tindafjoll to
Flj6tshverfi is not only continued in the region of Hreppar, to the
west, but also without a disturbance of any notable magnitude to
the north between Hofsjokull and Tungnafellsjokull, to the high
ground of Middle Northern Iceland. The country is essentially a
slightly inclined plateau with an elevation of about 4 - 500 m in
Southern Iceland, 6-700 m south and east of Hofsjokull, 7-800 m
north of Hofsjokull, then rising almost imperceptibly to 11-1200 m
around Djupidalur and Fnj6skadalur (here heavily dissected), at­
taining its greatest height of about 1500 m. around Glerardalur near
Akureyri. Thence it declines again down to about 1100 m or lower
around Olafsfjorour and Flj6t. The rocks forming the uppermost
part of a thickness of several hundred meters of this large plateau
are the same in the south as in the north and there is no reason why
they should not be considered as parts of the same formation. -We
shall now consider several sections in Northern Iceland.

Head of Eyjafjor~u1" In the eastern, about 700 m high slope of the
valley of Eyjafjorour opposite Hafrardalur I could distinguish 4
or 5 separate layers of brown tuff alternating with banks of basalt,
but I have had no opportunity to make any closer study of these
layers. On the opposite side of the valley, in the gully of the river
Hafra, there are just above an elevation of 340 m, i. e. below a pile
of at least 700 m of basalt lavas, two layers of brown tuff, the higher
one being 30-40 m thiclc In the alluvial cone of the river we find
an abundance of pebbles of tuff which no doubt are derived from
these layers. In a thin section (592) of one of these pebbles we find
worn grains of dark porous glass, yellow translucent glass, a few
separate crystals of plagioclase which clearly are phenocrysts of the
glass, and a few grains of basaltic lava in a predominating ground­
mass of birefringent palagonite. The vast majority of this rock
is worn, probably wind-blown sideromelan, now a great deal altered.

Sta~a1'bygg~arfjallon the eastern side of Eyjaforour just south of
Akureyri has a height of 1200 m. It is almost entirely built up of
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lavas (of basalt) but we find also two layers of brown stratified
tuff (when ascending from the farm Uppsalir). The lower at 680 m
above sea level is 5-6 m thick. A thin section (400a) is nearly identi­
cal with (592), described above, but the alteration is still more ad­
vanced in (400a). (400b) from another substratum shows an abun­
dance of large worn crystals of plagioclase (diam. 1-2 mm), a few
crystals of olivine, several grains of dark glass enclosing large pheno­
crysts of plagioclase - all in a yellow faintly birefringent altered
groundmass. Judging from their size the separate crystals are no
doubt phenocrysts from the glass, either from the dark variety 01'

the sideromelan which must have been the mother substance of the
groundmass.

Somewhat higher, at 700 m, there is the second layer, 12-15 m
thich. There are many separate substrata of different coarseness, and
some enclose worn fragments of scoriae, but in other respects the
material is the same as in the lower layer. Slide (401a) is very sim­
ilar to (400a) but unaltered sideromelan occurs in addition. (401b) is
also very similar to (400a) and (401c) must be described as identical
with (592).

Ki1'kiufell at Oxnadalul'. (Ascending a large gully near the farm
EngimYri). A composite lava of columnar and block jointing and
breccia of dark basalt cubes in a brown glassy matrix of the usual
kind we have often described occurs at an elevation of 500 m, i. e.
below a pile of 800 m. From an elevation of 450 m to about 800
m the section consists of fragmental material, either tuffs or breccias
and conglomerates of a very heterogeneous appearance. It is likely that
they are mostly of purely volcanic origin and that they may be caused
by a type of volcanism represented by the British necks. But here
we cannot enter into a discussion of these large and complicated
masses. Only a few features may be mentioned. The dark-brown
matrix (416) of the above- mentioned breccia consists of a granular
mass of faintly polarizing translucent glass with phenocrysts of
plagioclase, augite, and olivine. The larger glass fragments ,show
flow structure but the smaller ones usually do not.

A thin vein (418) of brown matter traverses the fragmental mass­
es below this breccia. It consists of a compact mass of palagonite en­
closing broken crystals of plagioclase and augite and scattered frag­
ments of poiphyritic opaque glass.

Atan.elevatioh of 600.m there is an apophysisJ423) of.a. compact
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faintly polarizing palagonite containing again fragments of crystals
and dark glass which in some cases is very heavily charged with
phenocrysts of plagioclase.

These occurrences of brown translucent glass can, I think, in no
way be connected with glaciers, and also in another respect they are
of great interest.

They show that sideromelan is found down to the lower parts of
the basalt plateau, but the higher parts of the plateau enclose Terti­
ary lignite and petrified tree trunks. A short distance to the east of
Kirkjufell, at Glerardalur, these fossils are found in the basaltic
series at an elevation of 1050-1100 m, and here, in the ridge be­
tween Reith6lar and Hlil'5arskal, I found several separate layers of

. sideromelan tuff in the series directly underlying the fossils. Thus,
all'eady in Tertiary times, pel'haps ecwly in that period, sidel'omelctn
was formed in Iceland.

Lj6savcdnsskar(J. In the 800 m high northern slope of the pass of
Lj6savatnsskarl'5, following the brook neal' Sigril'5arstal'5ir, we have
the following layers of brown tuff which is probably mainly wind­
blown sideromelan.

Brown tuff.

Brown-yellow tuff.

4. - 615

5. - 650

6. -710

3. - 580

1. At 500 m, thickness 10 m.

2. - 540 several meters. In a thin section (464) we
find perfectly rounded grains of trans­
lucent yellow glass mostly altered, opaque
glass, and a few rounded grains of lava
and crystals of plagioclase, all cemented
by a yellow birefringent alteration pro­
duct.

several m. This tuff rests on a fresh lava
surface with very clear flow structure ­
an indication of the rapidity with which
the series was built Up22). A thin section
(466) of this tuff is very similar to (464)
except that no lava grains occur.

Yellow mudstone.
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The material of these tuff layers is clearly transported, probably
produced by explosive eruptions occurring somewhere else during the
piling up of these series of basalts. But primary sideromelan may
also be found here, i. e. eruptions of such a material also occurred
in this area.

At an elevation of 260 m I found a narrow vein of brown matter
traversing a basalt lava, this being no doubt of igneous origin. Yet, in
a thin section (450) it is seen to consist of perfectly worn grains of
translucent yellow glass, dark glass, and some crystals of plagioclase
and grains of lava, also rounded.

The similarity of this matter and the stratified tuffs in Sta5ar­
byg<5arfjall, Hafrardalur and those higher in the present section is
so great that one may feel some hesitation as to the secondary posi- .
tion of these sediments. They might certainly be derived from a
material that was erupted in the worn condition.

At an elevation of about 420 m in our gully we find further primary
material. This is a 10 m thick dyke of the same compact brown
matter as that of the described vein. From this dyke apophyses are
sent into the walls sometimes surrounding blocks of basalt breaking
from the walls (Fig. 8). Towards the top the brown matter is
horizontally stratified and this part has probably been carried into
the fault from above. A thin section from this part is very similar

Fig. 8. - A dyke of glass fragments in north side of Lj6savatnsskar5.
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to (400b), containing grains of glass and worn crystals of plagioclase
and olivine. (457) from the dyke itself is somewhat different. We
find a considerable number of rounded grains of opaque glass in a
yellow translucent, faintly polarizing granular groundmass. But
it is difficult to discern whether this groundmass was originally
compact sideromelan or not. It is not possible to find sharply­
defined grains of sideromelan. The separate rounded grains
of opaque glass show that no ordinary hot lava was erupted
but either a colder fluid or perhaps more probably a wet mixture of
glass fragments.

In the southe1'n slope of Lj6savatnsska1''6 we find also, as might
be expected, several layers of brown glass intercalated between the
basalt lavas, but here we find also layers of the usual grey conglo­
merates. They have been mentioned earlier and interpreted in the
traditional way as "obvious signs of glaciation" 9).

There are also other features of interest to be found here,
I ascended to the edge of St6radalsfjall at Kambur, the edge being

at about 850 m above sea level. A litle east of Kambur I found the
following section at the edge of the escarpment, Fig. 9:
1. Lavas of grey fine-grained basalt.
2. Wind-blown sand and gravel.
3. Grey basalt.
4. Sediments, 4-5 m thick.
5. Grey dolerite.

The sediments (4) consist of brown
mudstone at the top, then brown tuff

Fig. 9. - Sediments in south
and at the bottom greyish conglomer- side of Lj6svatnsskaro.
ate with large boulders of basalt on
,which I was not able to detect any striae. The matrix of the con­
glomerate consists of worn grains of basalt and fine basalt debris,
but no distinct fragments of glass are seen in the slide (438a). The
tuff (439) consists of perfectly rounded grains (at least down to a
diameter of 0,1 mm) sparsely cemented by palagonite. The grains are
of opaque glass, basalt, and yellow translucent glass in that order
of abundance and this material is most probably wind-blown.

Of interest is the fact that the conglomerate is traversed by a
number of more or less vertical veins of brown matter of a thickness
of several centimeters. These veins (slide 438b) which obviously
are ofvolcanic nature consist. of a structureless mass of minute frag-

Origin of the basic tuffs of Iceland 4
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ments of brown translucent glass, opaque glass, and a relatively few
very small fragments of crystals.

As to the coarse struetureless conglomerate I can see no reason
why it should necessarily be interpreted as a moraine, although at
a glance it looks like one. In my view it is most probably a
volcanic product, extruded as a mixture of fragmental material and
it reminds us of the British necks.

We now follow the edge of the escarpment eastwards to a point
a short distance east of the highest point of the escarpment.

The interesting section here found is most probably the one ob­
served by J. Lindal (l.c.). Beneath several basaltic lavas there is the
following series of varied sediments of a total thickness of about
40 m. (Fig. 10).

Fig. 10. - Main sediments in southern side of Lj6svatnsskaro.

1. Fine-grained brown breccia. The thin section (443) is very
interesting. It shows large fragments of brown sidel'omelan, heavily
charged with phenocrysts of plagioclase and olivine, and a great
abundance of microlites. These fragments are embedded in an abun­
dant base of compact, somewhat fractured sideromelan of a lighter
colour and, remarkably enough, this glass is wholly devoid of pheno­
crysts and microlites. It is clear, both from the fractured condition
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and the fresh appearance of the brighter sideromelan and the ab­
sence of phenocrysts, that it is not an alteration product of the darker
glass. This layer simply represents a magma that flowed out on the
surface and consolidated as glass and was very heavily charged
with an "older generation" of somewhat different glass.

The difference in colour is very clear and the limit sharp. But the
margin of the darker colour is not the same as that of the respective
area containing phenocrysts and microlites. These crystals also occur
in a sharply limited zone with the lighter colour around every dark­
er fragment. In this zone the crystals are sometimes arranged paral­
lel to the margin whereas no fluidal structure is seen in the darker
glass. In this zone even olivine is unaltered. This zoning has clearly
nothing to do with alteration but the fragments of the older glass
were laterally melted and changed in composition.

We shall not here discuss the significance of this relation of glass
within glass which I have found at several places. But it may be
pointed out that the magma or fluid that was extruded can hardly
have been kept fluid by high temperature but more probably by a
high content of gases which on rapid escape left a highly viscous
mass, unable to crystallize.

2. Brown tuff or sandstone attaining the coarseness of gravel at
the bottom. The main mass (444) consists of a chaotic mixture of
minute grains of opaque glass, brown glass, and crystal fragments
and on the whole it is closely similar to the vein (438b). On the other
hand this is very unlike a sandstone as the separate grains are in­
distinctly limited. I think it most likely that the layer was formed by
extrusion of a type represented in the above mentioned vein.

3. Conglomerate of grey clay with scattered well-worn pebbles.
This is a structureless ll}ass of morainic appearance, although, in my:
view, it is not a moraine. Scratched pebbles may be found but they
do not prove a morainic nature of the conglomerate. The grey ground­
mass (445a) consists of rounded grains of basalt, opaque glass and
basalt debris. Translucent glass may be found but it is extremely
sparse. A peculiarity of this conglomerate is, however, large and
s.p1all patches of a pink homogeneous amorphous clay of very ir­
regular boundaries, often with long protuberances into the surround­
ing mass. This layer is in my opinion a volcanic mud flow.
_A. _Conglomerate.

5. Grey conglomerate in every respect similar to (3).
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6. Conglomerate and breccia. At the top the stones are rounded,
but with increasing depth they become more and more angular and
increase in size and at the bottom the breccia merges into

7. a basaltic lava. There is clearly a genetic relation between the
lava and the conglomerate, the latter probably resulting from the
breaking up and weathering of the lava.

8. Many strata of brown tuff with beds of greater coarseness.
9. A coarse breccia, large boulders, somewhat worn.
10. Brownish stratified tuff.
11. Again a coarse breccia. Large boulders, very little worn, in a

grey structureless matrix (447), which consists of rounded grains
of basalt, dark glass and translucent yellow glass. I suppose this
groundmass is an erupted mud flow such as represented by the vein
(438b), which flowed over the lava (12) whose surface was already
broken up into large blocks. So the blocks were incorporated in the
mud.

13. Palagonite breccia: blocks of dark basalt in a brown matrix
and it is clear in the field that this is a primary volcanic product. A
thin section (448) of the brown matrix shows this nevertheless to
be composed of granular brown translucent glass, some grains of
opaque glass and moreover some rounded grains of ophitic olivine­
dolerite, and a few worn crystals of plagioclase. This breccia results,
it must be assumed, from the outpouring of fragmental material.

We shall lastly mention an important section near Klcwnbrasel.
The Langavatnshei5i east of Langavatnsdalur in Jlingeyjarsysla is,
a part of a volcanic plateau rising about 180 m above the floor of

Fig. 11. - Section at Klambrasel showing a dyke of coarse fragmental material.
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the valley. It is of the same character as the plateau we have been
considering and is no doubt a part of the same plateau. A short dis­
tance south of the farm Klambrasel a brook has opened a section of
this series, Fig. 11.

Resting on the lowest visible lava is a conglomerate, about 2 m
thick, consisting almost exclusively of porous, scoriaceous stones in a
very sparse cement. This is probably a directly erupted material.
It is covered by a conglomerate of well-worn pebbles in a grey matrix
which has some horizontal jointing as seen by its form of weathering
and its breaking into flakes. Beyond that, the mass is entirely with­
out structure and of the common moraine-like appearance. I could
find no striated stones and in a thin section (528) the matrix is seen
to consist of large and small fragments of porous opaque glass,
small fragments of brown translucent glass, fragments of very
fine-grained lava, and a brown amorphous palagonite filling all
interspaces and it is at least doubtful whether this palagonite is an
alteration product and not of a primary origin. This conglomerate
thus has all the appearance of being a volcanic product and not a
moraine.

Higher in the section there is a similar grey conglomerate of a
thickness of 5-6 m. The relatively few stones it contains are not
larger than 10-15 cm. but mostly much smaller. The groundmass
(534) consists again of rounded grains of a very fine-grained basalt,
opaque glass and a few grains of brown translucent glass.

A short distance below this layer the basaltic lavas are traversed
by a "dyke" whiCh is seen in both walls of the gorge. Its thickness is
about 1 m and it consists of a chaos of worn and angular blocks of
basalt of a diameter up to % m. The grey matrix (533) is of sub­
ordinate abundance and consists of rounded grains of a very fine­
grained basalt - also fewer grains of a coarser basalt - opaque
glass, and sideromelan, the glass being of a high percentage. Thin
apophyses extend into the walls of the fault and the dyke is beyond
doubt of volcanic origin.

Although this material is coarser than the grey conglomerate higher
in the section, it is typical of the grey conglomerates, both as concerns
the condition of the boulders and the composition of the matrix, and
the dyke renders perhaps the clearest proof of the volcanic nature
of the conglomerates.
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8. THE YOUNGER BASIC TUffS

In the Tindafjoll complex we observed a pile of brown tuffs and
breccias covering the main· plateau of alternating lavas and layers
of fragmental material. Obviously this pile is a remnant of a more
extensive thick cover. At Hvalfjor(5ur we similarly found that Hval­
fell and Botnssulur represent remnants of a very thick pile of brown
fragmental material, directly covering the series of composite com­
position.

Similar masses of palagonite tuffs are of great extent in other
parts of Iceland and, in fact, form the main mass of the Palago'nite
Formation. The whole mountain range from Cape Reykjanes to Lang­
jokull is mostly built up of this material. Furthermore Hofsjokull
is a similar pile resting on the composite plateau which we described
as running from Southern to Middle Northern Iceland. The same
may be said of all the separate mountains to the north of Vatna­
jokull: Dyngjufjoll, Her(5ubrei(5, Her(5ubrei(5arfjoll, B1:ifjall, Sellanda­
fjall, Gresafjoll, Lambafjoll, and last but not least the vast pile of
H6lsfjoll covering an area of about 3500 km 2 • At many places it is
seen that this thick cover rests on a series of alternating lavas of
grey, mostly fine-grained and porous porphyritic basalt, and layers
of brown glassy material.

On a great many of these remnants there is, as on Botnssulur, a
relatively thin covel' of ophitic olivine-dolerite. In many cases also
the craters which produced this dolerite are still preserved, even in
a ·fresh condition, and in one case, on Skri(5a, I have found that the
last flow from such a crater consists entirely of glass, mainly sidero.
melan.

It is clear that at least a part of these fragmental masses are very
young and large parts of them are demonstrably separated from the
composite series by a long interval, as the tuffs of H6lsfjoll and the
breccia masses of Ing6lfsfjall among others which rest discordantly
on the lower series. We may therefore distinguish this thick covel'
as the Younger Tuffs of relatively late origin. In Snrefellsnes a thick
pile of tuffs overlies beds with arctic molluscs as found by Pjeturss
and we may assume that the Younger Tuffs are mostly or wholly
of Quaternary age.

In spite of this their origin need not be directly connected with
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glacial chilling and in fact the arguments found against that theory
are partly derived from observations of these younger masses and
are equally valid for them as the older tuffs. But it is probable that
some of the youngest tuffs were extruded beneath ice-sheets.

The younger tuffs deserve a detailed treatment but it would carry
us beyond the limits of this work. Here only a few features can be
described.

Skri'Oct is a 1006 m high mountain north of Laugarvatn in S.
Iceland. The surrounding country is about 600 m high and above this
the mountain is in its steep slopes seen to be built up of fragmental,

Fig. 12. - The mountain Skrioa. Loose brown tuff and breccia covered by lavas
of grey basalt.

mostly glassy material up to the edge at about 850 m. Here we find
several lavas of fine-grained grey porous basalt, forming a gently
sising shield in the centre of which there is a large and deep crater.
This crater has no doubt produced the basaltic lavas, but what is
of more interest is that its last eruption produced a stream of pure
sideromelan. As shown in Fig. 13 the coarse, brown, largely stratified
layer of tuff which extends from the edge of the inner crater, has
overflowed the eastern and northern rim of the outer crater from
which it spread out over the eastern slope of the gentle dome, in just
the same way as
would a usual lava
flow. I think it is im-
possible to escape the ~

conclusion that this
material also flowed
calmly from the cra-
ter out over the
dome, either as a
magma which con­
solidated as glass, or m
as a wet mixture of ~ r{'ow Of glass h~ctg?72e.r'2lfS'

glass' fragments. In Fig. 13. - A sketch of the crater on Sluioa.
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thin section (198) we find a number of angular fragments of fresh
sideromelan enclosing phenocrysts of olivine, in a predominating
groundmass of comminuted sideromelan. The glass fragments are
rather porous and there is flow structure in some of them which is
absent in others. On account of this slight heterogenity and the
abundance of comminuted matter I think it is clear, that the tuff
did not reach the surface as a fluid magma, but as a calmly flowing
wet mixture of glass fragments.

H6lsiJ'oll. Of wide occurrence in the vast masses of fragmental
material occupying N. E. Iceland between Melrakkasletta and Vatna­
jokull is a peculiar whitish tuff. Thoroddsen mentions this and also
points out the occurrence of a similar variety in the Fiskivotn area.
The mountain Haugur is largely built up of this tuff and from that
area I have studied a thin section (83). It consists of grains of brown
translucent glass enclosing a number of phenocrysts of plagioclase.
All interspaces between the grains, the contours of which are seldom
clearly seen because of the advanced state of alteration, are filled
with white zeolites and some calcite which causes the whitish appear­
ance of the tuff.

Another slide from the top of :Pj6Ofell (68) consists of fragments
of porous yellow glass, enclosing a number of phenocrysts of plagio­
clase and olivine. The glass shows mostly flow structure and is very
much altered and mostly birefringent. There is also one fragment
of opaque glass. The vesicles of the glass and the interspaces are
largely filled with calcite. The heterogenity and whole appearance of
the slide indicate an explosive eruption of this matter, or more
generally, an eruption in the solid fragmental state. Slide (71) from
the top of Kjalfell, west of the farm Mo5rudalur, is of nearly the
same composition as (68) except that augite also occurs as a pheno­
cryst and that the alteration of the very porous yellow glass has
proceeded much farther, only a very few fragments being wholly
isotropic.

This tuff of Kjalfell is of interest for comparison with other alter­
ed tuffs. Thick masses (up to 300 m) of green tuffs occur down to
the lowest visible horizon of the basalt plateau of Esja and in the
old basalts in Su5ursveit in Eastern Iceland. A slide from Esja is in
many respects very similar to (71) only more altered and it is
difficult to decide whether this alteration product is derived from
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sideromelan. But the comparison with (71) makes it very likely.
It is probable, therefore, that sideromelan was found among the
oldest rocks of the country.

I have described the younger tuffs of Hvalfell and Botnssulur as
remnants of a wide cover. In the same way plateaus as Gagnhei5i,
Armannsfell, Laugarvatnsfjall, Mibdalsfjall and the base of the ice­
cap Langjokull are clearly parts of one or more larger plateaus.
The same is true of the separate plateau mountains of NE-Iceland.
It may be tempting prima facie to assume that there was
originally a continuous cover of tuffs over large parts of the country.
Yet, such a plateau cannot at present be reconstructed with any
certainty and the possibility remains that there were originally
several separate plateaus of tuffs. In that connexion the youngest
group of tuffs and breccias is of interest.

This group occurs as very young heaps of fragmental material
which have been piled up on volcanic vents or as narrow ridges built
up along volcanic lines. Of the former type are the tuff heaps in the
valley Hitardalur in Smefellsnes, of the latter type are J arlhettur,
and Fagradalsfjall, at Langjokull. Along the same volcanic line occur
the more isolated heaps Kalfstindur, HognhOf5i and Rau5afell. Of
the same nature are Klukkutindar, and probably also Kalfstindar,
and many smaller heaps along the western main fracture line of
Hengill,such as Reykjafell. A small flow of such material some 3 km.
south of Kolvi5arh611 is of post-glacial age. The central part of Vifils­
fell is a large body of fragmental material thrust up in a half-fluid
state. Eldey and most of the Westman Isles are also of this origin.

In the examples mentioned the internal flow structure and often
the original smooth streamlined surface of the heaps are seen and
it is clear that these masses were thrust up to the surface as a very
viscous body of fragmental material.

Sometimes the heaps have very steep and even overhanging sides
and it seems difficult to account for this except by the aid of an
ice-wall. The elevated structures, on the other hand, seem hardly
compatible with subglacial conditions.In the tuffs heaps near the
farm Hitardalur I found glacially striated stones which are clearly
foreign to the tuffs, and the tuffs rest on a perfectly fresh glacially
striated floor. These facts indicate that the tuffs in this case were
extruded beneath an ice-sheet.
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In the same way as the youngest tuffs are produced by large bodies
of fragmental material directly erupted the somewhat older "plateau
tuffs" are at least partly built up of immense floods of such material.
There may then have been several separate plateaus of this kind.

9. SUMMARY AND GENERAL CONCLUSIONS

For a full understanding of the Palagonite Formation the general
geological structure of Iceland is of importance. The picture here
given is partly gained through the here described studies, partly
as far as new conceptions are concerned, it had to be based on stu­
dies which ar,e intended to form the subject of a separate paper. This
picture is as follows:

The fundament of Iceland is an extensive thick plateau which has
suffered considerable disturbances, its surface lying at different
levels in the various parts of the country. East of BarlJardalur as
far as Vopnafjorour it has an average height of 200-400 m. At
Baroardalur there is a major dislocation, as first pointed out by
Thoroddsen, yet it is only marked in the north. West of Baroardalur
as far as Skagafjorour the plateau lies much higher, 900-1500 m.
Yet in the southern part this area, it dips gently to the south and
rUns uninterruptedly to Southern Iceland, where it terminates ab­
ruptly in Hreppar.

In Western Iceland the plateau has a height of 1100-1200 m in
Skarosheioi, declines gently towards the east, reaching a medium
height at the head of Hvalfjorour.

The higher parts of this plateau are built up of basaltic lavas,
almost exclusively a grey, fine-grained porphyritic rather porous
basalt, and layers of brown glassy tuffs and breccias, and an occasion­
allayer of grey conglomerate. As a further feature of the lavas must
be added that their vesicles are very often filled with a loose mass
of sideromelan fragments.

Near Akureyri, Tertiary lignite and petrified trees are embed­
ded in these higher parts of the plateau series. The lignite at Illuga­
staoir in Fnj6skadalur and at Arb&r in Skagafjorour also occur in
these higher reaches and most probably a number of other known
localities for lignite are situated in the higher parts of the plateau.

Glassy tuffs and breccias with sideromelan as the main constitu-
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ent were thus formed early in the geological history of Iceland ­
long before the Quaternary period. Volcanic tuffs are also found on
the lowest visible horizons in the fundamental basalt plateau as e.
g. in Esja and in SUQursveit in S. E. Iceland, and it is at least
probable that these altered tuffs contained sideromelan.

Wide areas of this plateau are covered with a thick layer, up to
500-600 m, of brown tuff and breccia, mainly consisting of sidero­
melan, but also of opaque glass and scoriae, and very fine-grained
blocks of lava. These piles of fragmental material are only erosional
l'emnants of a wider cover, which certainly was originally of a far
greater extent than to-day.

Many of these remnants of the old cover carry a layer of ophitic
dolerite lavas. Often there are fresh craters in these lavas. At Bu­
landshOf5i, in Smefellsnes, a thick pile of brown tuffs and breccias
rests on beds with arctic molluscs.

We have therefore a good reason to assume, that the main cover
of fragmental material is of Quaternary age, probably Early Quater­
nary.

Still younger are the fresh flows of tuff on Kaldbakur and Skri5a
and the heaps of fragmental material piled up on vents and fissures
ranging even into post-glacial times.

We must at this stage point out the main difference between this
conception of the geological structure of Iceland and that of earlier
authors, especially that of Thoroddsen.

Thoroddsen speaks of Middle Northern, North Western and East­
ern Iceland as "Basalt regions" in which brown tuffs and breccias
sporadically also occur, intercalated between the lavas. Southern
and Central Iceland, on the other hand, is a "Palagonite region" in
which basaltic lavas occur intercalated between the brown tuffs
and breccias, the higher percentage of fragmental material in South­
ern Iceland than in the "Basalt regions" thus leading to a splitting of
one and the same plateau series. Thoroddsen found that the Pala­
gonite Formation is younger than the Basalt Formation; What he
really discovered was, that the thick cover of fragmental brown
material is younger than the composite basaltic masses of Middle
Northern Iceland and the Eastern fjords, i.e. it is younger than our
composite series, but thereby he does not prove, that the composite
series of Southern Iceland is younger than that of e. g. Middle North­
ern Iceland.
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We have tried to make it clear that the composite plateau of North­
ern Iceland extends with a gentle dip, but without any notable break
to Southern Iceland and that the composite series at both places
are the same.

It follows from this, that the large gap in the "Basalt plateau"
right across the country which Thoroddsen assumed, and which should
be filled by the Palagonite Formation does not exist. The dislocation
of Bar5ardalur does not reach far into the 'centre of the country, it
is already imperceptible far to the north of Ki5agil. We may also
state, although we have not considered the Eastern Fjords in this
paper, that only parts of this area are separated from the rest of the
plateau by dislocations. The composite plateau has a medium height
from Central to Eastern Iceland.

A "Palagonite Formation", filling a major gap between blocks of
of a "Basalt Formatation" is therefore a conception which must dis­
appear from Icelandic geology.

But also the term Palagonite Formation should either disappear
or its meaning be entirely changed. In the first place there is in
principle no difference between the composite rocks of the "Pala­
gonite area" and the upper parts of the series of the "Basalt areas".
They are only at a somewhat different level. The old distinction be­
tween Basalt and Palagonite areas must therefore be dropped in the
usual sense.

And secondly the thick masses of pyroclastic material which no
doubt are responsible for this devision into two formations, do not
only occur in the "Palagonite area" but are found also in the other
areas, e. g. Esja, Trollafjall and Hli5arfjall near Akureyri, and Dyr­
fjoll in Eastern Iceland.

We therefore cannot distinguish a "Palagonite Formation" in a
certain area, but instead the general picture is, that Iceland is essen­
tially a part of a larger plateau built up alternately of basaltic lavas
and basic pyroclastic material.

The disturbance of this plateau as well as the different stages of
destruction of the main layer of fragmental material in different
parts of the country are the main reasons for obscuring this simple
picture. It may be concluded that the formation of the vast masses
of pyroclastic material is in no way connected with a major sinking
of the central part of the fundamental plateau.

The F01'mation of the Basic Tuffs and B1'eccias. The observations
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described in this paper lead to a certain conception of the formation
of the volcanic rocks in question. They definitely point to a certain
type of volcanism which only in later years has been recognized and
has hitherto not been considered in studies of Icelandic volcanism.
On account of the general acceptance at present of the view that the
Icelandic pyroclastic masses are inherently linked with sub-glacial
conditions, it has, howev;er, been neccessary to devote much space to
a discussion of that theory in order to demol1strate its failure to
explain the observed facts. We shall now put together the main facts
which either weaken or directly contradict that theory.

There is first the interpretation of the grey conglomerates as
moraines which we have rejected on the following grounds:

1. The glacial striae of boulders embedded in the conglomerates
are at least in some cases of secondary origin.

2. Primarily striated pebbles are certainly very rare, conspicu­
ously rare for the conglomerates to be interpreted as moraines.

3. The series as a whole in which the conglomerates occur do not
suggest a glaciation.

4. The matrix of the conglomerates consists largely of glass frag­
ments, also when resting on a floor of crystalline lavas.

5. In the cases of a striated floor, it was seen that the striation
is hardly or not of glacial origin.

6. A dyke of the same material as that which makes up the con­
glomerates was found, as well as several volcanic veins of material
containing worn grains of glass and lava, and it was pointed out,
that the volcanic necks of N-Britain, the Faroes and Schwaben con­
sist of a similar chaotic, worn material as the Icelandic grey con­
glomerates, and have in some cases great resemblance to moraines.

7. The conglomerates form a part of a volcanic series, built up
without any notable interruptions of denudation, and are most natur­
ally understood as a link in the series and not as a break of it.

8. The composite series in which the conglomerates occur en­
closes lignite and petrified trees and the conglomerates are no doubt
of Tertiary age.

On the basis of these points we interpret the conglomerates as
being entirely of volcanic origin - mudflows either directly erupted
by volcanic vents or formed as a secondary product of certain erup­
tions. This conception applies to all the conglomerates mentioned
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in this paper, among which are found classical, and some of the
most convincing cases of Pjeturss' "moraines".

The real moraines of Iceland are, as far as known to the present
writer, not in any way connected with the sideromelan of the com­
posite plateau series. They might and probably do occur with younger
glassy masses, but such cases have no influence on the interpretation
of our observations..

With the rejection of Pjeturss' interpretation of the grey con­
glomerates the glacial theory of the formation of the pyroclastic
masses loses its main support. But the most direct evidence against
the theory is that observation fails to reveal facts which decisively
point to an ultra-rapid cooling, whereas we find many facts pointing
to the reverse: Thick masses of compact sideromelan, sideromelan in­
fillings of vesicles in lavas and patches of this glass in the middle
of very thick lavas, among other evidences.

The common occurrence of microlites, especially of plagioclase, in
the sideromelan is also a fact which should be noted, as it not only
shows that there has been no "ultra-rapid" cooling but also that the
"separation of opaque ores" is generally not so facile as assumed by
Peacock.

The observations indicate that we are concerned with that type of
volcanism which is characterized by low temperature of the magma,
high viscosity and high water content. Extremely thick fine-grained
and partly glassy lavas are the clearest indication of high viscosity
and as to the other factors they are evidenced by the general porosity
of the rocks and their porphyritic texture, the phenocrysts often be­
ing of very high percentage.

It is pretty clear that a magma may be fluid enough to flow in a
large mass, yet, at the same time be too viscous to crystallize markedly
in the time at disposal, and in that way masses of glass would be
formed. This is, for instance, clearly evidenced by the post-glacial
lavas of obsidian in Iceland. These lavas have spread out with con­
siderable fluidity, yet, without any sign of an exceptionally rapid cool­
ing, they have solidified as glass.

Crystallization in a melt becomes extremely slow when the vis­
cosity is higher than 10 4-10 5 c.g.s. But the melt then flows with
ease. Glass is blown at a viscosity of 10 7 and even at a viscosity of
1010 a thick mass flows perceptibly. Take for instance a layer of the
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thickness of 50 m on a slope with the inclination 100. Let h be the
thickness, y the distance of an element of the fluid from the bottom, v
the velocity of this element, 7] the viscosity, Q the density of the melt,
and g the acceleration of gravity. Then we have by steady flow, dis­
regarding the influence of walls

dv
Qg(h-y)sinl0° = 7]- Pi'

ely

V = -~ y (h-y/2) sin 10°
7]

and at the surface of the flow

With the figures assumed we find vmax = 23 m per hour. With a
viscosity of 10 8 the velocity is 2,3 km per hour, but crystallization
would be imperceptible unless the melt was kept at a constant tem­
perature for a very long time.

But the water content of the lava is a factor which determines
some main characteristics of this type of volcanism and it is easily
seen how it favours the formation of glass.

Qualitatively the effects of the gas content in a magma on its
viscosity are well-known. Quantitative data are, however, scant and
such directly relating to our basic magmas are not available. Data
on melts of other composition are, however, significant and may
suffice for the present purpose. Dry melts, the one of composition
Na2SiOs and the other of Na2Si05 have been compared in the
Geophysical Laboratory of the Carnegie Inst. of Washington with
the same melts under a steam pressure of 200 Atm. In the first case
the liquidus was lowered by 1750 C and in the second by 1650 C, on
account of the absorbed water content. 2S ) Transferring these figures
into viscosities we might expect that the basic magmas would under
similar conditions. retain fluidity at 100-200°C below the corre­
sponding point for a dry magma.

The temperature interval of crystallization for a melt of the com­
position of e.g. augite is only 30-40°C and it is hardly very different
for the here considered magmas. Our wet magmas will then be able
to retain fluidity at a temperature far below that interval. When
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the steam pressure is such a magma is suddenly lowered during ex­
trusion the magma will become too viscous to crystallize. This glassy
consolidation may be effected before or during extrusion or it may
occur after some flow on the surface of the earth, depending on the
temperature. In this way we may understand that in some cases
streams of glass fragments are extruded and in other cases a vis­
cous magma which comes to rest on a steep slope or builds ex­
ceptionally thick layers, partially or wholly glassy.

To this picture must be added the factor of explosiveness which
will prevail in such cases where the pressure of the magma is releas­
ed very suddenly. Explosive eruptions will then result and the magma
is thrown up into minute pieces of glass. Deep explosions will in
some cases tear away pieces from the wall of the volcanic funnel
and a mixture of glass fragments and blocks, more or less worn off,
may be extruded to produce a mudflow of morainic appearance.

It has been shown by G. W. Morey24) how extreme vapor pres­
sures may be developed in a relatively cold and viscous magma. When
such a magma absorbs water, rapid crystallisation will be inaugurat­
ed on account of the lowering of the viscosity, but thereby the vapour
pressure is enormously increased and devastating explosions may be
the result.

In this way the terrific volcanic blasts of the Peleean type have
been explained. Allen and Day20) explain the explosive activity of
the Lassen Peak as due to a high vapour pressure in a cold and viscous
magma. It is assumed that surface water reached a very viscous
magma mass and was absorbed in it. The resulting decrease in
viscosity would cause a sudden onset of crystallization through which
the vapour pressure was increased. The pressure would continue to
increase until the roof of the magma chamber yielded. Then the
magma would be thrown up as fine-grained ash.

Eruptions of this· type would reasonably be expected to have oc­
curred in Iceland, and we pointed out in an earlier chapter that to
them must probably be ascribed the striation which is found in a
few places in connexion with the conglomerates, and some of the
sheets of conglomerate may also reasonably be explained as mud­
flows .caused by such volcanic blasts. And even to-day such eruptions
occur'in Iceland.

Beneath two of Iceland's ice-caps ate buried very active volcanoes;
Katla in the Mytdalsjokull, 'and Grimsvotn in .Vatnajokull. Inhoth

Origin of the basio tuffs of Ioeland 5
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cases the eruptions solely produce ashes (disregarding possible great
amounts of water) and cause devastating floods of meltwater( ?),
generally known as "jokulhlaup". The eruptions occur at roughly
regular intervals, especially in the case of Grimsvotn, where the peri­
od is about 10-12 years. It appears to have been generally assumed
that the ice sheet is the direct cause of the peculiarities of these
eruptions, especially that the splitting up of the magma into minute
pieces of glass (sideromelan) is caused by the contact of the magma
with ice or meltwater. And in turn this "sub-glacial" origin of
sideromelan has been thought to illustrate the origin of the Palago­
nite Tuffs. But this is really a very unlikely assumption, and more­
over directly contrary to observation. The effects produced when a
lava flows over swampy grounds or into a lake are pretty welllmown.
The resulting material is either a heap of scoriae or pillow lavas.
A splitting up of the entire mass of lava into minute glass particles
does not appear to be on record. In the case of Grimsvotn we might
understand that a heap of scoriaceous material was piled up around
the vent and a small percentage of the magma split up into ash part­
icles. But to explain by the chilling influence of the ice how the
magma is in fact totally split up into ash does not appear to rest
on rational foundation.

The eruptions of Grimsvotn are, on the other hand, easily under­
stood on the same basis as those of Lassen Peak. They are caused
by the water which the ice-cap or more directly the large crater lake
gives off to the magma chamber. This water leads, in the way men­
tioned above, to an extremely high vapour pressure which after hav­
ing gathered force for a sufficient lapse of time results in an explo­
sive eruption and a splitting up of the entire magma extruded into
minute pieces of glass.

Thus these modern eruptions point to the same mode of formation
of basic glass as the studies of the ancient tuffs. They are not
produced by a chilling agency but result from certain physical pro­
pel'ties of the magma itself, namely low temperature and a large
content of water.

On this basis the tuffs and the accompanying porphyritic fine­
grained basalts may now be classified genetically as proposed below._

1. The temperature of the magma is so high that with the per­
centage of gases it still retains it is still fluid after extrusion.
The resl1lt is the ordinary fine-grained porphyritic grey lavas.
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2. The temperature is lower and the melt is very viscous, at least
after having reached the surface of the earth, in spite of the gas
it. still retains. Yet, it has still fluidity enough to flow in a thick
stream. The decrease of pressure from bottom to surface in the flow,
local differences of gas content, and the continued loss of gases from
the lava mass may have conspicuous effects on the mode of con­
solidation. A composite lava is formed, consisting of three more or
less distinct, roughly parallel zones, viz. columnar, very fine-grained
lava, a lava of block jointing, and pure, mostly fragmental glass. The
predominance of one zone or another varies from case to case, and
all degrees of variations from an entirely crystalline lava to pure glass
will be possible. Most often the columnar zone is at the top and the
glass at the bottom, but the order may be the reverse.

3. The melt, probably after losing some of its gases and while still
losing gases flows on the surface in a thick, very viscous flow and be­
comes entirely glassy. Somtimes a compact, although more or less
jointed mass of glass is formed, more often, however, the glass, on
cooling, crumbles into a mass of porous fragments.

4. At a still lower temperature the magma consolidates to glass
already on its way up to the surface on account of the loss of gases,
and a mixture of glass fragments and gases flows out of the volcanic
vent. A typical exemple of this is the flow on Skrioa (p. 55). and it
seems to have a modern representative in the sandflow of the Valley
of Ten Thousand Smokes. 25 ) The young heaps of fragmental material
(Jarlhettur, Hitardalur etc.) are also of this type.

This phase might also be explosive and was probably often so. The
main volume of the Younger tuffs in Iceland is probably of type 4,
especially sandflows and breccia flows.

5. Deep explosions and a tumultuous whirling of glass fragments
and pieces from the wall rock produce a mixture of worn glass frag­
ments and more or less rounded blocks and pebbles. This mixture
seems to flow rather quietly to the surface of the earth, the blocks
then getting scratched and even faceted as was the case in Swa­
ben. iS ) On extrusion this porridge may have considerable mobility
thus giving rise to layers Of grey conglomerates which are of
markedly morainic appearance.

In some cases, as in the dyke in the north slope of Lj6savatns­
skara (p. 48) and in the veins in the southern escarpment of that
pass, foreign blocks are absent, and we get mainly rounded grains
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of glass. Many of the horizontal layers in these mountains as well as
in those of Eyjafjorour may have resulted more or less directly
from such eruptions. In the dyke of Klambrasel (p. 53) on the oth~r

hand the percentage of foreign blocks is high, which is also often the
case with the sheets of conglomerates.

This type is clearly characterized by a very low temperature of the
magma and is therefore closely related to the Peleean type of vol­
canism which may also be expected to have occurred and may reason­
ably have had such effects as the striation sometimes observed in
connection with the grey conglomerates.

6. A separate type is represented by the layer (1) of Southern
Lj6savatnsskaro (p. 50) and a similar layer of Leirhafnarfjoll (not
described in this paper) and (257) of Voroufell (p. 18). The melt
extruded contained a great amount of fragments of porphyritic
sideromelan of an earlier generation. Here the temperature. most
probably was very low and fluidity was maintained by a high content
of water.

POSTSCRIPT

After finishing the manuscript I had access to the detailed report
of a part of the studies of Dr. N. Nielsen and A. Noe-Nygaard, re­
ferred to in this paper: Sub-glacial Volcanic Activity in Ancient and
Recent Times (Studies in the Palagonite-System of Iceland. No.1).
By Arne Noe-Nygaard. Kobenhavn 1940. (Folia Geographica Danica.
Tom. 1. No.2). The subject of this paper is "the form-complex within
the system which we assume to be the result of sub-glacial volcanic
activity" and which "plays a vital role quantitatively". The paper
thus treats of the same main question as the present one but with
a different outcome as its author firmly believes in the "sub-glacial
extrusion hypothesis".

In the main text I have pointed out the flaws in this hypothesis
and as far as I can see they are still inherent in the new paper. Yet
it may be useful to comment specially on this paper.

Noe-Nygaard believes that to explain the formation of sideromelan
the assumption of ultra-rapid chilling is inevitable. We have seen
that this is not so and that the assumption does not conform to cer­
tain observations. Noe-Nygaard's paper, in my view, contains such
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observations: "The intrusive dykes in the breccia are parti­
cularly frequent in the cliff wall behind Kirkjubrejarldaustur. These
dykes, which are very winding and irregular in their course, are coat­
ed with thick skins of sideromelan" (p. 36). But basic instrusives are
usually not coated with sideromelan and this therefore rather speaks
against ultra~rapid cooling as a vital factor, unless the ultra-rapid

. cooling of these intrusives is explained by some special hypothesis.
The question of the moraines is treated as usually. A number of

cases is mentioned where the volcanic products are connected with
moraines (tillites). But the interpretation of the hard conglomerates
as moraines rests entirely on their macroscopic features, which are
misleading. In one case Noe-Nygaard reports the microscopic char­
acter of a tillite. He finds that "the finer material comprises various
more 01' less opaque particles and small pieces of mineral such as
olivine, pyroxene, plagioclase, and zeolites" (p. 41). Stratified clay
in the tillite "contains considerable quantities of sideromelan grains."
This conforms well with the composition of the conglomerates which I
assume to be of volcanic origin. Another case of a tillite mentioned
in the paper is noteworthy:" Along the lower contact the matrix of
the tillite is somewhat bleached, and the globular basalt directly
adjacent to the tillite has a distinct glassy layer" (p. 14). We are
thus expected to believe that a Quaternary ice-sheet crept over the
loose "globular basalt" and deposited a moraine of some 3 m thickness
without even scratching the glassy surface of the basalt. Moreover
"besides its ordinary stones, the tillite includes large and small frag­
ments of basalt-globes, often with areas of the glass coating pre­
served" (p. 14). Thus Noe-Nygaard seems to assume that the presence
of striated stones proves the morainic nature of the structureless
conglomerates, even in the face of strong evidence to the contrary
and it is therefore certainly questionable whether he is right in his
interpretations.

The assumption of ultra-rapid chilling and of a connexion of the
eruptives with moraines represents the main basis on which the "sub­
glacial extrusion hypothesis" rests. But some weight is also laid by
Noe-Nygaard on a supposed sub-glacial eruption in Vatnajokull
in 1934, as indicated by the breaking up and subsidence of a part
of the glacier and by a great flow of water in the river Djupa. As
to the river the best local authority, Hannes Jonsson of Nupssta5ur,
confirmed to me, what is otherwise known, that the river is often
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very swollen during the summer and he had not the impression in
the summer 1934 that the river was so unusually swollen as to
warrant the assumption of an eruption in the glacier at its source.
I believe that so long as no attempt has been made to parallelize the
flood of the river with a cold weather period it has little bearing
upon a supposed sub-glacial eruption.

Another fact that should be taken into account is, that if at the
source of the river the extrusion of the loose masses of a palagonite
breccia took place accompanied by the production of a great body
of melt water, we might expect that the river carried away and
deposited along its banks a perceptible amount of these eruptives.
But nothing of the kind has been observed.

As to the subsidence itself, it extends, according to Dr. Nielsen, in
his book Vatnajokull, over a zone 10 km long and a couple of km
broad. It lies along the very active volcanic line of Grimsvotn and it
occurred about 2 months after the great eruption of Grimsvotn in
1934. It might therefore be supposed that this disturbance of the
glacier was in some way connected with the great eruption, without
necessarily being caused by a sub-glacial extrusion, and when we
learn from Nielsen's book that the disturbance extended right down
to the margin of the glacier where nevertheless no signs of an
eruption were seen, it would seem that the sub-glacial extrusion
hypothesis is inadequate. On the other hand it seems a more simple
explanation that earthquakes caused a slight run-off of this part of
the glacier which lies on a sloping ground. By thorough studies it
might have been possible to decide upon the cause of the disturbance,
but unfortunately observations are scant and we are left to guess
the best hypothesis.

This disturbance of the glacier is at any rate no proof of a "slow"
subglacial extrusion and it can still less be used as a basis for a
theory according to which the basic tuffs of Iceland are largely
formed by "slow" sub-glacial extrusion.

Noe-Nygaard reports that he found the products of recent sub­
glacial eruptions, i. e. globular basalt. But his deduction of this
result is not convincing. First he shows clearly that in earlier post­
glacial times the Vatnajokull was smaller than to-day. Thereupon he
states that a globular basalt, which he assumes to be of recent age
and lies outside the present margin of the glacier is of sub-glacial
origin. Then we learn that "following the globular basalt in a



ORIGIN OF THE BASIC TUFFS OF ICELAND 71

southerly direction we find that it passes smoothly into a basalt
without globular structure, but with pronounced columnar structure
(irregularly orientated columns)" (p. 57). Then, a part of this lava
might well be of sub-aerial or intrusive origin, and then, why not
all of it? In short, the sub-glacial origin of this particular globular
basalt is not derived from observations of the case itself, it is simply
assumed on theoretical grounds, moreover, it would seem, in spite
of the local observations.

Thus, all the main assumptions on which the sub-glacial extrusion
hypothesis rests, are certainly disputable, and some are beyond
doubt untenable.

In conclusion I may add that my critique of course in no way
touches the valuable descriptions of rocks, we find in the paper. I
might, however, point out some differences of terminology and con­
ception between this paper and mine. What I term a lava with block
jointing Noe-Nygaard seems always to call a globular basalt, and
when he speaks of a breccia with basaIt-globes which are more or less

.broken into pieces, I speak of a breccia with basalt blocks. By this
terminology Noe-Nygaard is, it seems to me, emphasizing his belief
that the primary form is always or mostly a globe or a pillow. Yet,
in the facies I have described, the globular structure was nowhere so
apparent as to be characteristic and there is no doubt that Noe-Ny­
gaard overemphasizes the occurrence of the globular structure.

This may be understood when it is considered that the pillow
structure is generally thought to be the structure of subaquaeous
lavas and Noe-Nygaard believes that the rocks in question were form­
ed under the influence of meltwater.

This naturally raises the question whether the pillow structure is a
weighty argument for the sub-glacial extrusion hypothesis, as ob­
viously assumed by Noe-Nygaard.

Most writers seem to assume the sub- aquaeous origin of pillow
structure, but it should nevertheless be kept in mind that other ex­
planations have been put forward and the theory of J. Volney Lewis
seems well worth considering (Origin of pillow lavas. Bull. Geol.
Soc. ArneI'. XXV, 1914, 591-664). According to Alb. Johannsen in
A Descriptive Petrography of the Igneous Rocks, Vol. III, p. 278,
"Lewis thought that neither the presence nul' the absence of water
can be predicted as partjcularly favorable to the fOl'mation of pillows.
Heassumed ..fi.rsJ tha,t the lava wa,sfree-fIQwing andviscous,.a.nd
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that the supply of lava was not great, so that there was practically
no movement. Under these conditions the front of the flow would
cool, cracks would be formed at the front and sides, and from these'
new lava would come forth and form bulbous masses, which would
cool with the formation of a tough membrane at the surface, and
this would stretch by the pressure of the lava within until the in­
creasing rigidity stopped it. Continued pressure would cause the
formation' of new "buds," and new lava would flow through a suc­
cession of pillows connected by short necks or necks of no appreciable
length."

Now, the conclusion which I have arrived at in my paper, is that
the magma from which the Icelandic rocks in question are derived,
was relatively cold, and often very viscous and in that case the condi­
tions required by Lewis were found. It seems to me that the Icelan­
dic pillow lavas may be satisfactorily explained by Lewis' theory,
and at any rate I think it will be admitted that the pillow structure
is no conclusive evidence of a sub-glacial origin.

Of interest for comparison with my results is a paper by M. G.
Hoffman on "Structural features in the Columbia River lavas of
Central Washington (Journ. GeoI. 1933. P. 184-195).

He describes lava structures which are quite similar to those de­
scribed in my paper: "Throughout the Moses Coulee area many
different kinds of basalt structures can be seen. Columns are thick
and thin, have parallel walls or wavy outline, and few or numerous
horizontal fractures. Many of the flows are not columnar, but massive
and broken by widely or closely spaced joints. Some are irregularly
fractured throughout and broken' into odd-shaped blocks 6 inches to
1 foot in diameter. Several exhibit spheroidal weathering. Still others
are largely or entirely ellipsoidal, and a few contain a large per­
centage of shattered basalt glass" (p. 184).

"All structural types grade into one another, some gradually and
some abruptly. Hel'eand there a lens of columnar lava is'included
within ellipsoidal or scoriaceous basalt. In a few places ellipsoidal
lava grades upward into columnar basalt.

Four structural types were found which are gradational from
ellipsoidal basalt to basalt breccias" (p. 188).

"Fuller. . . assumes that all the ellipsoidal lavas in the region were
formed underwater.. ~ .. Neither the studies of Lewisnbr field
evidence substantiate this assumption" (p. 191). -Hoffman rejects
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the hypothesis of a subaquaeous origin of the pillow lavas and brec­
cias and other structures found here and concludes that these struc­
tures were formed without the chilling influence of water, which
agrees with the results arrived at in my paper.

At last a remark on the difference between tachylyte and sidero­
melan may be made. It is clear that it is not caused by a different
rapidity of cooling. I wonder whether it is not a sufficient explanation
that tachylyte seems always to have been formed under the direct
influence of free oxygen, either from the air or from groundwater,
with a resulting rapid formation of magnetite, whereas sideromelan
is formed without contact with free oxygen.
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EXPLANATION OF PLATE I.

Fig. 1. Breccia of PVel'lll'llllpur. Slide 286, X 2.3. The two largest
fragments are mostly opaque glass, the others are siderom­
elan. Text p. 24.

Fig. 2. Same slide, X7.1. Illustrating the breaking up of the glass
in situ.

Fig. 3. Same slide, X7.1. Illustrating the same as Fig. 2.
Fig. 4. Breccia at Kirkjubrejarklaustur. Slide 282, X2.3. Frag­

ments of unworn sideromelan. Text p. 25.
Fig. 5. Tuff of Kerlingardalsheioi. Slide 290, X14.5. Text p. 23.
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EXPLANATION Of PLATE II.

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Slide '150, X7.1. Vein of worn gTains, mostly of glass. Text
p.48.
Slide 443, X7.1. An example of older glass fragments
within younger compact glass. Ljosavatnsskar<>. Text p. GO.
Slide 369, X7.1. Originally compact glass now much altered.
Fresh patches are still left. Hvalfjor<>ur. Text p. 44.
Slide 198, X7.1. Flow of glass fragments from the crater at
Skri<>a. Text p. 56.
Slide 380, X7.1. Breccia of fresh sideromelan in Slllur. Text
p.43.
Slide 379, X7.1. Breccia in Sulur with marginally altered
larger grains and completel~' altered smaller grains of sirl­
el'omelan. Text p. 43.
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EXPLANATION OF PLATE III.

Fig. 1. Slide 438b, X7.1. Vein of brown tuff in L.i6savatnsskaro.
Text p. 49.

Fig. 2. Slide 444, X7.1. Brown tuff in L.i6savatnsskaril, probably
extruded mud. Text. p. 51.

Fig. 3. Slide 448, X7.1. Matrix of a brown breccia in L.i6savatns­
skaro. Text p. 52.

Fig. 4. Slide 374, X7.1. Matrix of conglomerate at Glymur. Text
p. 41.

Fig. 5. Slide 362a, X14.5 Matrix of the main layer of conglomerate
in Austurgil. Text p. 39.

All photograps in ordinary light.
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