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Introduction.

he alum shales of Bornholm and their stinkstones were mentioned
as long ago as by ORSTED & ESMARCK, though these authors
occupied themselves chiefly with the question of their practical utility,
their conclusion being that they are not so bituminous as to permit of
their being used for fuel in the burning of lime, as for instance the
shales of Vistergotland are still used today. (ORSTED & ESMARCK 1819).

ForcHHAMMER also refers to these alum shales and names a few
fossils, but his description of "the transitional formation” includes the
whole of the series that extends from Middle Cambrian to Upper
Graptolith Shales inclusive (FORCHHAMMER 1835).

It is only with JouNsTRUP thal there begins a more comprehensive
investigation of the fossiliferous Cambro-Silurian and an attempt at a
more exact division of it on a palaeontological basis, on the lines of
the stratigraphical surveys that were started at the same time in Scania
(JounsTrUP 1891).

But we obtain no closer knowledge of the stratigraphy and fossil
contents of this series. until GRONWALL and later POULSEN complete
their investigations (GRONWALL 1902, POULSEN 1923). Both authors, it
is true, describe a number of characteristic features of the rocks, but
hitherto there has been no systematic petrographical examination of
them; and as the present investigation has been able to elucidate still
more peculiarities in the development of the series, a more detailed
description of the various localities will be necessary.



Chapter 1.
Description of Localities.

A. The Series along the River Oleaa.

At the river @leaa the Middle and Upper Cambrian series are visible
along the stretch between Borggaard and Bjergegaard (fig. 1), and
it begins with the Exsulans Limestone.

Loeality 1. The Exsulans Limestone overlying the Rispebjerg Sand-
stone is visible for the first time just east of Borggaard. The surface
of the sandstone is considerably corroded and very uneven. In its
lower part the Exsulans Limestone is dark green, and it contains numer-
ous shell fragments, grains of glauconite and quartz as well as pebbles
of black phosphoritic sandstone of the types found in Rispebjerg Sand-
stone. Finally, there are nodules of dense, brown phosphorite. They
are often sharply angular and show but faint signs of wear and
rounding.

The single quartz grains (Pl 1, fig. 1) are of the same form and
dimensions as those of Rispebjerg Sandstone. Larger or smaller frag-
ments of brown phosphorite adhere to some of them.

Glauconite occurs in large quantities and always in the form of
irregular nodules, almost all of which along the edge have a border of
clear crystals of calcite which have penetrated more or less into the
glauconite and replaced it in the same manner as HADDING describes
from the Swedish glauconite deposits (HADDING 1932). There are re-
presentatives of all possible stages in this process, from large glauconite
nodules with a narrow margin of calcite to phases in which almost all
the glauconite has disappeared and been substituted by a group of
clear calcite crystals.

The shell fragments are from both Trilobites and Brachiopods.
The ground mass in this Exsulans Limestones consists of very fine
calcareous mud.
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Fig. 1. Outcrops along the Oleaa.

Locality 2. Just below the dam that is built across the river the
IExsulans Limestone again appears in the river bottom. Below it is
greyish green and contains numerous grains of quartz, glauconite
concretions and fragments of both chitinous and calcareous-shelled
organisms, both Trilobites and Brachiopods. Small pieces of phos-
phorite nodules and pebbles of black, phosphatized Rispebjerg Sand-
stone also occur in this part of the limestone.

Upwards the number of quartz grains and glauconite concretions
decreases, the greyish-green limestone being overlain by a light grey
fragment-limestone, and the pebbles of phosphoritic sandstone also
disappear.

The grey limestone consists of very fine, partly re-crystallized cal-
careous mud in which are many shell fragments, mainly of Trilobites,
a few small quartz grains and small grains of glauconite, but they
are much less frequent than in the greyish-green limestone. This grey
limestone has a thickness of 4 cm.
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Over this fragment limestone there is a black stinkstone. The
boundary between the two rocks is faintly undulating, but very sharp
everywhere. At some places on the surface of the Exsulans Limestone
there is a sandy stratum containing rolled grains of quartz, phosphorite
and glauconite in a matrix of fine calcareous mud. At other places
this sandy deposit is absent.

In several places the lower part of the stinkstone has a peculiar
stemmy structure (figs. 2 and 3) with long slender vertical crystals
of calcite having black feathery or fanshaped figures inside. Macro-
scopically the whole appearance recalls “cone-in-cone” structure. The
length of these crystals varies very considerably and attains to 1.5 cm.
At little above the base of the stinkstone the structure changes in
character. The crystals are no longer vertically arranged, they are
shorter and more rounded in outline, and the entire picture assumes
more the character of calcareous sand, of the same type as that shown
in pl. I, fig. 3, in which the sand grains consist of rolled fragments
of calcite crystals separated by a black organic or sulphidic mud.

On the stretch from the dam down to the channel carrying the
water from the farm water-mill the river bottom consists of stinkstone
in some places, in others of the greyish-green Exsulans Limestone. The
surfaces of the latter are quite covered with pebbles of black phos-
phatized Rispebjerg Sandstone (fig. 4). Here the stinkstone forms a
continuous layer, the surface of which is uneven and forms large,
slightly domed calottes.

The next stretch of the river bottom is formed of Rispebjerg Sand-
stone (KAJ HANSEN 1937 b).

Locality 3. Below the fence running west from the mill stream the
alum shale is to be seen in the left bank. In the bottom of the river
5 m below the fence are two stinkstone calottes which are very hard
and impervious to attempts to break them.

The alum shale is brownish-black with irregular stratification. In
thin section it is seen to consist of very small, sub-angular quartz
grains 0.015 mm in size, and numerous small mica lamellae, the whole
in a matrix of fine argillaceous material and black organic and sul-
phidic mud. An analysis of the rock made in the laboratory of Den-
mark’s Geological Survey gave the following result:

per cent
DA sutron/sesens) b e R, et NS e L 0.07
BeS8 | s adansmsdaeme o 5% 7 oo wE caiee 7.07
Inssluble it HEY o5 wess 00 sions te% Es 92.9

Catleny (G vaefastn solo s sanins 2.6
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Fig. 2. The boundary between
Exsulans Limestone and stink-
stone in Loc. 2 at the Oleaa.
Below, the Exsulans Limestone,

of which the upper part con-

tains some glauconite, shell fragments and is also phosphalized somewhat. Overlying it

is a thin band with clear, crystalline calcite, and uppermost the stinkstone with the long

narrow calcite crystals of “cone-in-cone” structure with the feathery figures. 7 X.
1 nicol. Slide 839.

Fig. 3. Detail of fig. 2, showing
more clearly that the “cone-
incone” structure is formed of
long, narrow calcite crystals.

11 X . Nicols + . Slide 839.
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This analysis shows that the greater part of the shale consists of
quartz, mica and clayed material, and that ferrous sulphide dominates
the organic mud.

Locality 4. On the northeast-southwest stretch of the river Rispe-
bjerg Sandstone is to be seen farthest to the northeast (KAs HANSEN
1937 b). Below this the river bottom consists of Exsulans Limestone
with the overlying stinkstone exactly as in Localities 1 and 2. The
strata dip 4 ° towards S 28 ° E. Along the greater part of this stretch

Fig. 4. Surface of the green Exsulans Limestone with phosphorite nodules.
Oleaa, Loc. 2. (After GRONwaLL 1902).

the greyish-green limestone with phosphorite nodules is to be seen
on the surface in the right bank, whereas the left bank consists of
alum shale.

Here too the Exsulans Limestone consists of a greyish-green limestone
at the bottom with the same development as described above. And
again the surfaces of this limestone are studded with pebbles of black
phosphatized Rispebjerg standstone.

The upper 4 cm of the Exsulans Limestone consists, as in Locality 2,
of a pale grey fragment limestone with many fossils. The calcareous
mud is more or less re-crystallized (pl. I, fig. 2). In most cases it forms
a mosaic of fine crystals of sizes round about 0.02 mm, but here and
there one finds more coarse crystalline areas and veins. The limestone
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also contains a number of small angular quartz grains and small grains
of glauconite.

The Exsulans Limestone is overlain by a black stinkstone with the
same structure development as in Locality 2.

GRONWALL (1902) states that the Exsulans Limestone is overlain
direct by stinkstone lying in calotte-shaped patches which are half
stinkstone lenses placed close together, making it all look like a con-
tinuous bed of stinkstone. This is scarcely quite correct, however. As
in Locality 2, the surface of the stinkstone forms large flat calottes,
but so flat that they cannot be spoken of as half stinkstone lense.
Here as in Locality 2 the stinkstone must be regarded as a continuous

Fig. 5. Section through the Middle Cambrian at Loc 4 in the Oleaa. Below, Rispebjerg

Sandstone (stippled). Over it Exsulans Limestone with phosphorite nodules in the lower

part. Uppermost, stinkstone (vertically hatched) with slightly domed surface. The height
ol the entire section is about 70 cm.

limestone bed with an uneven and domed surface (see fig. 5). Such
is the sequence in broad outlines, but on going more into detail it
will be found that there are several local deviations. At some places
there are parts with steely grey Rispebjerg Sandstone, of which the
surface reaches the same level as the surface of the stinkstone. This
can scarcely be interpreted otherwise than as shown in fig. 5. The
surface of the Rispebjerg Sandstone was so uneven that scattered small
hummocks of it remained exposed during the deposition of both the
Exsulans Limestone and the overlying stinkstone. It was only with the
deposition of the alum shale over the latter that these sandstone
hummocks were at last covered by a later sediment. But as the thick-
ness of the Exsulans Limestone was estimated at 25 cm by GRONWALL
and the thickness of the overlying stinkstone is scarcely more than
15—20 cm, it will be understood that the dimensions concerned are
quite inconsiderable.

The stinkstone is overlain by alum shale, the thickness of which
was estimated by GRONWALL at 0.8 m. No stinkstone lenses are
observable in the shale, but, as GRONWALL writes, it presents such
undulations that one must presume that it does contain some. In the
museum collections GRONWALL also found fragments of stinkstone
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lenses whose fossil content shows that they must be referred to this
occurrence of alum shale.

Locality 5. In the old limestone quarry below the Ringborgen there
is the following section (fig. 6).

Uppermost €. alum shale . «:..couiey aus v v s

d. Andrarum Limestone ......... 55 cm.
&: alumShale . 5 s amvis vkt phi ok 1 cm.
b. black limestone bed .......... 20 cm.

AL Al IINNSINATE 5 b farin o000 B s ke e

The lower alum shale (a) forms the bottom of the river and
represents the same deposit that was found overlying the Exsulans
Limestone and its stinkstone in Localities 3 and 4.

The stinkstone bed (b) belongs to the zone containing Paradoxides
davidis (GRONWALL 1902). Its structure varies somewhat from place
to place. At some points the lowest part consists of a dense, dull, almost
quite- black limestone with few or several crystalline and lighter-
coloured areas, and elongated, horizontal, brassy-yellow areas of
pyrites. In thin section this part of the limestone consists of re-crystal-
lized calcareous mud of almost the same structure as that in the
Fxsulans Limestone. Various foreign bodies are present in this ground-
mass. (PL II, fig. 1). GRONWALL says that it contains phosphorite
nodules, but fewer than in the corresponding horizon in the Lesaa.
The structure of the nodules will appear from figures 1 and 3 on pl. 1I.
As a rule they are quite black and opaque, and only in very thin
sections is it possible to see that they are interspersed with veins of
calcite (the white in the figures; see p. 22), but otherwise consist of a
phosphorite, considerably debased by black sulphidic and organic mud.
If a piece of the limestone is laid in diluted hydrochloric acid the lime
dissolves and the phosphorites remain in the form of black concretions
of a leathery and spongy consistence. Small rolled quartz grains occur
in this part of the limestone bed either diffusely or crowded together
in the Brachiopod shells (pl. II, fig. 2).

The limestone is also rich in shell fragments of both Trilobites and
Brachiopods. The thickness of this part of the limestone bed varies
somewhat from place to place, but in this locality nowhere exceeds
7 cm. Overlying it is a black, glistening, crystalline limestone. The
boundary between the two is very uneven and contains numerous sharp
cavities. At one place the lower dull limestone is entirely missing, and
the crystalline part of the limestone begins at the base with a thin
belt with cone-in-cone structure.
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The upper and much the thickest part of the limestone in this section
reveals a structure similar to that shown on pl. I, fig. 3. It is built up
of grains of calcite, in rather differing shapes and sizes. Most frequently
each grain consists of a single crystalline individual, but in a few

Fig. 6. The limestone quarry at the Oleaa, Loc. 5. The area between the two
white lines is Andrarum Limestone.

cases they are composed of several cohering crystals. The grain size
varies from 0.1 to 1 mm. Almost all grains contain some fine black
mud inside. At times this forms feathery figures like the cone-in-cone”
crystals in the stinkstone overlying the Exsulans Limestone. The
margins of the grains are sharp in most cases. Often they lie close
together, but in other cases they are separated by black opaque mud.
Presumably this rock must be taken to be a lime-sand limestone, in

which the sand grains consist of rolled crystals of calcite (see below,
p. 38).



16

The alum shale (c) is of a type similar to that in Locality 3, but
somewhat finer in the grain.

The Andrarum Limestone is a dense or fine-grained, darker or lighter
grey limestone, fairly homogeneous throughout its whole thickness. It
consists of very fine, more or less re-crystallized calcareous mud with
numerous shell fragments (pl. III, fig. 1). In some places it contains
subordinate regions of more coarsely-crystalline limestone (pl. 1V,
fig. 2). In thin section it is found that these crystals have formed in
association with shell fragments: along the sides of a shell fragment
there has developed a row of closely placed palisade-formed calcite
crystals, all with the same optical orientation and with their longi-
tudinal axis at right angles to the surface of the shell. During the
continuation of the crystallization process some of these crystals have
grown more than others. As moreover the calcareous mud tends to
crystallize as pure calcite, without foreign bodies, the black impurities
in the calcareous mud are, gradually as crystallization advances, con-
centrated more and more in the interstices between the crystal individ-
uals (KAISIN 1926) and furthermore have the effect that some of the
latter are inhibited in their growth. As the crystals all have the same
optical orientation, they will all eventually have the appearance of one
large crystal pervaded by irregular, winding smears and with a
flocculent outline. It is possible that later on there was some re-
crystallization. Besides shell fragments there are isolated grains of
glauconite and quartz as well as a little pyrites. This development is
also encountered in other stinkstones and can be followed step by
step when the various thin sections are compared.

The uppermost alum shale (e) is hard and coal-black and cleaves
into thin laminae. It is much finer in the grain than the alum shale (c)
and that in Locality 3. The content of quartz grains is also much
lower than in these shales, whereas the clayey, micaceous material
and the black organic and sulphidic mud are more preponderant.
GRONWALL states that it contains lenses of coarsely crystalline stink-
stone, and THORSEN (1931) confirms this. In 1937 and 1938 there were
no stinkstone lenses to be seen, nor does POULSEN mention any; but
at several places there are large lenticular cavities in the face of the
shale, of the same shape and size as the stinkstone lenses elsewhere.
At 2 m above the Andrarum Limestone POULSEN found a poorly
preserved specimen of an Agnostus, possibly Agnostus pisiformis
(POULSEN 1923).

Andrarum Limestone was formerly used in the manufacturing of
cement. THORSEN states that it contains so much clay that it was once
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cmployed for making Roman cement. An account of the local manu-
facturing of cement in former times is also given by THORSEN (1931).

Loecality 6. From the quarry the river continues southwest along
an almost straight line. Here in the river bed one sees first Rispebjerg
Sandstone, then IExsulans Limestone, and finally the stinkstone
overlying it. The river then bends sharply to the south and we now
see in the right bank alum shale overlain by a limestone bed of the
Davidis Zone with its phosphorite nodules. The section has a length
of aboult 2 metres. Farthest south the thickness of the limestone is
35 c¢m, but northwards it seems to thin off to nothing. The phosphorite
nodules form an almost horizontal level, farthest south lying 22cm
above the base of the bed, but at the north end just over the base.
The part of the limestone bed that lies below the phosphorite horizon
consists of lime-sand limestone of a type similar to that referred to at
the same level in Locality 5. The grain sizes are rather heterogeneous
and seem to be largest in the lower part, though the explanation of
this may be that recrystallization may have taken place there later.
The phosphorite nodules lie in a rather fine-grained limestone. Above
the nodules is a very fine-grained black limestone. It is almost im-
possible to decide whether this is a fine-grained lime-sand limestone or
merely re-crystallized fine calcareous mud.

At the south end of this section the river turns sharply west again.
In the left bank at the bend we see again the limestone bed of the
Davidis Zone with its phosphorite nodules, and in the river bottom
in front of it is alum shale with two stinkstone lenses below it. These
lenses are so hard that it was impossible to break them. Here the
phosphorite nodules lie lowest in the bed and are overlain by a grey,
fossiliferous limestone which in turn is overlain by a thin bed of black
finely crystalline limestone of the same type as that described above.
The grey fragment-limestone consists of fine calcareous mud with
numerous shell fragments and small phosphorites, some of them
fragmentary.

— — — — e -_— @ —m 2w GEs amn s emm -
— —
st S — 1S
—_ — —— = = —
RN e —

Fig. 7. Stratification in Loc. 6 at the Oleaa. Above, the limestone bed of the Davidis
Zone with the phosphorite nodule horizon. Under this alum shale with stinkstone lenses.

2
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The apparently curious circumstance that in some places the phos-
phorite nodules lie just above the base of the limestone bed and in
others higher up is explained by the fact that, as shown in fig. 7, the
lower bedding plane of the limestone is not flat, but follows the domed
surface of the underlying shale with ils stinkstone lenses. The phos-
phorite nodules form an almost horizontal level, and where this level
is above the lenses in the alum shale, where the limestone bed is
thinnest, it lies just above the base of the bed, whereas above the
intervals between the lenses, where the bed is thickest, it lies some
distance up in the bed.

From here the river runs west again, and in the right bank the alum
shale is to be seen lowest, overlain by the limestone bed of the Davidis
Zone, easily recognizable by its phosphorites. The bed is then overlain
by a thin deposit of alum shale and this again by Andrarum Limestone.

Loeality 7. Right in the bend the bottom is formed of Andrarum
Limestone, of which the surface is rather rich in pyritic segregations.
A little farther down the river there is a little alum shale in the left
bank. Just before the river turns south again there is a 1.20 m section
of alum shale in the right bank. The strata dip 4° towards S 70° E.
Here POULSEN found specimens of Agnostus pisiformis.

Locality 8. In the right bank of the river is a section in alum
shale, about 50 m long and about 1.20 m high. At the south end are
a few stinkstone lenses, and a little more to the north the shale lies
in flat undulations, where presumably there are other stinkstone
lenses. The shale contains Olenus (POULSEN 1923). The shale is coal
black and hard and cleaves in fairly thick laminae with almost flat
cleavage planes. Under the microscope it has almost the same com-
position as the alum shale uppermost in the section in Locality 5.
The bedding planes are often yellow with segregated sulphur. Of the
anthraconite lenses only the upper part could be sampled. They
consist of long stemmy crystals jumbled together, 2.5 cm long and
about 0.4 cm thick and vertically arranged. In thin section the crystals
contain black, narrow, forked or cup-shaped figures. The cross-section
varies in the different crystals. Some are fairly regular, whereas others
have narrow crests in their longitudinal direction. In thin section one
sees numerous black thin winding smears with no regular concentric
arrangement (pl. IV, fig. 1).

Just to the north (POULSEN loc. 13) is a pit in alum shale 4 m
deep. Small Brachiopods are found in the lowest part, though infre-
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quently. About 2.4 m above the bottom of the pit are scattered
specimens of Agnostus pisiformis. At 3.6 m up are large numbers of
Brachiopods in a shale bed 0.5 m thick.

Locality 9. In the right bank of the river there is a section in alum
shale, about 25 m long and about 3.70 m high, with stinkstone lenses
at several levels. The shale is coal black and friable and cleaves into
very thin laminae with flat, bright yellow cleavage planes. About
0.25> m above the river POULSEN found considerable quantities of
Homagnostus obesus, and a little lower down the section a few small
Brachiopods (POULSEN 1923). The stinkstone is coal black and rubs
off readily. The lower and middle parts of the lenses are finely crystal-
line and thinly stratified, whereas in some of them the upper part
is coarsely crystalline and stemmy, with the caleite erystals obliquely
on the surface. Uppermost in the section are numerous stinkstone
lenses of fist size. These are finely crystalline all through, with no sign
of stemmy structure.

Locality 10. Right in the bend of the river there is shale with
Homagnostus obesus in large quantities on the bedding planes. The
shale is coal black and hard and cleaves with almost flat planes into
laminae about (.5 em. An analysis made at the laboratory of Denmark’s
Geological Survey gave the following composition:

per cent
Pl oomma s 2o s immorm o mcem 6 st o 1 0.69
Ivon PYites sas sarssens samns swsis 14.31
Undissolyed 1 HUL «.wvicms cmms o 94.6
Carbon (G) “vicuie summe wivme smmcs cio 8.2

Locality 11. In the right bank is a low section, below with alum
shale overlain by a bed of stinkstone 30 cm thick. In the structure
of this bed strata with shells of Orusia lenticularis alternate with
almost shell-free strata. The shelly strata are usually lighter in colour
and consist of immense quantities of Orusia shells lying in finely
crystallized calcareous mud, where the crystals form a normal crystal
mosaic. Some of the shelly strata are double, in that the two parts
are separated by a thin, darker band with fewer shells, along the
surfaces of which is a row of small, long calcite crystals of the same
shape and with the same black figures as those in the shell-free
deposits, but smaller. The latter have a cone-in-cone sitructure as
shown in pl. I1I, figs. 2 and 3, and consist of several layers of narrow,
elongated crystals, inside which are black forked figures. These
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crystals are more developed in the outer zones of the limestone beds,
whereas in their interior they become shorter and broader (pl. III,
fig. 3); the length may reach 3 em. The limestone also contains
numerous crystals of barite.

Loeality 12. In the left bank is a little alum shale; no fossils have
so far been found.

Loeality 13. In the river bed is a low shale bed, in which POULSEN
found Orusia lenticularis.

Locality 14. In the river bottom are two stinkstones lenses, one
finely crystalline all through, the other having a marginal zone that
is coarsely crystalline. In this POULSEN found a few fragments of
Leptoplastus stenotus.

Loeality 15. This is JESPERSEN and JOHNSTRUP'S old locality for
Green Shales (KAJ HANSEN 1936).

Loeality 16. In the left bank of the river is a slinkstones lens
and below it some alum shale lying almost horizontally. The lime-
stone is deposited in thin beds, is coal black and rubs off readily.
In thin section it is clearly stratified, entirely black areas of crypto-
crystalline lime strongly mixed with black mud alternating with thin
strata of more coarse crystalline lime. The coarser crystalline beds vary
considerably in thickness, but the average is about 1 mm. Sometimes
they widen out to one side or the other. In thin section they mostly
resemble the veins of calcite seen in other limestones, in which the
calcite forms a crystal mosaic of relatively large crystals (0.5 mm).
Here however the crystals are full of black mud, which forms quite
a network in them.

The black parts also consist of calcite crystals, though these are
much smaller than in the veins, and the content of black organic mud
is much higher in these strata, which have an average thickness of
2—3 mm.

B. The Series along the River Lzesaa.

Locality I. (Fig. 8). The series along the Limsaa begins with a
calcareous, highly arenaceous deposit which GRONWALL calls grey
clay, and over this lies a pyritic conglomerate. GRONWALL considers
the clay to be weathered Exsulans Limestone (GRONWALL 1902). This
assumption was later questioned (Kaj HANSEN 1937b', but it has since
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Fig. 8. Outcrops along the Lesaa.

proved to be correct (POULSEN 1942). Both the sandy deposit and
the pyrites have already been described in detail (GRONWALL 1902,
KAs HANSEN 1937). The pyritic conglomerate is overlain by alum
shale of exactly the same type as that in Locality 3 at the Oleaa.

Locality II. The alum shale in Locality I continues in the right
bank a few metres down the river and is then overlain by a bed of
stinkstone that can be seen both in the right bank and for a distance
out in the middle of the river bed (fig. 9). At the bottom this limestone
bed consists of black crystalline limestone, this part of the limestone
represents the Paradoxides davidis Zone and has a thickness of 25 cm
(GRONWALL 1902). Here the zone has a development similar to that
along the @leaa (pl. 1, fig. 3) and in this case too must be regarded as a
lime-sand limestone. The size of the grains varies a little, as coarse and
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fine strala alternate. In the finer strata the majority of the grains have ¢
size of about 0.1 mm, but in the coarser ones it is 1 mm. As at the Oleaa
the zone conlains a phosphorite conglomerate (fig. 10). Right in at the
steep bank this lies lowest in the limestone bed, whereas out in the
river it is much higher. The reason is (as at the @leaa) that the
thickness of the lime-sand limestone varies as a consequence of the

Fig. 9. The limestone bed in the Davidis and Forchhammeri Zones in Loc. II at the
Lasaa. a. Lime-sand limestone of the Davidis Zone. b. Andrarum Limestone.

domed surface of the substratum. The phosphorite nodules were
previously described by DEECKE (1897), but his description is difficult
to reconcile with the present writer’s observations, due no doubt to
the fact that DEECKE treats together several things that should properly
be kept apart.

PlL. 11, fig. 3 is a thin section of one of these phosphorite nodules.
The white areas consist of clear, crystalline calcite in the form of
reticulated calcite veins. Here the crystals are somewhat coarser than
in the ground-mass of the conglomerate. The grey areas look brown
in the thin sections and are not double-refractive. As a consequence
they probably consist of phosphate of lime. The same applies to the
black areas, which also conlain considerable quantities of black organic
material.
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A few of the nodules consist of more homogeneous, dense brown
phosphorite without calcite veins.

The ground mass in the conglomerate consists of grey crystalline
limestone of the same lype as that shown in pl. 1I, fig. 1. It contains

Fig. 10. Phosporite nodules in the stinkstone bed with Paradoxides davidis Leesaa
Loc. II. (After GroxwarLr 1902).

numerous shell fragments and here and there small quartz grains.
The nodules contain 22 per cent. P,O,. GRONWALL estimates the thick-
ness of the Davidis Zone at 25 cm. (GRONWALL 1902), which must
be the maximum. Vertical calcite crystals or faint “cone-in-cone”
structure occurs in the upper part of the zone, but somewhat rarely.

Over the lime-sand limestone of the Davidis Zone lies a shelly con-
glomerate, which has a thickness of 5cm. GRONWALL describes this as
the transitional deposit between the zones containing Paradoxides
davidis and Paradoxides forchhammeri. The conglomerate consists of
an accumulation of shell fragments, large and small mixed together.



Fig. 11, The section
Orusia Icnticularis, B

in Loc. VIIT at the Lesaa, after PouLsen 1993, A = Zone with
= Wwith Eurycare latum, C = wjp Eurycare angustatum, D —
with Ctenopyge flagellifera, E = with Ctenopyge tumida, F — with Peltura searq-
baeoides, G — with P, scarabaeoides anq Paraboling longicornis.

¥G



25

In addition, there are a few local accumulations of small quartz grains.
Pyrites occurs in the form of brassy-yellow nodules and cubic crystals.
Barite is also present in rather considerable quanlities, somelimes inter-
spersed with the calcite in exactly the same manner as the quartz
and felspar in the graphic granites (pl. 1V, fig. 3). “Cone-in-cone”
structure occurs here and there. GRONWALL states thal the fauna in
this conglomerate includes a mixture of the fauna in the Paradoxides
davidis Zone and that in the Paradoxides forchhammeri Zone. Over-
lying the shelly conglomerate is Andrarum Limestone, with a thick-
ness of 45 cm. As at the @Oleaa it consisls of finely re-crystallized cal-
careous mud with shell fragments. The colour is black or grey and
raries somewhat from place to place, lighter and darker deposits
allernating irregularly. The shells, too, seem to be irregularly distri-
buted. Pyrites occurs rather frequently in the form of brassy crystals,
accretions or thin smears. In the upper part especially there are large
nodules of pyrites as well as pure white calcite. GRONWALL states that
this limestone also contains gypsum crystals 3—4 cm long, as well as
irregular round nodules of phosphorite or of a highly phosphoritic,
impure limestone.

Over the Andrarum Limestone lies alum shale with large lenses of
stinkstone. These are very hard and almost unbreakable. The marginal
zone is coarsely crystalline, in some places with a stemmy structure,

in others with large normal ground-rhombohedra. This alum shale is
of the same lype as those over the Andrarum Limestone at the Oleaa.
The strata dip 107 towards 10° W,

Locality III. Just above the bridge is a black shale cleaving into
rather thick laminae with almost flat planes. No fossils have hitherto
been found here. The strata dip 10° towards S 14”7 W.

Locality IV. Just below the bridge is a hard alum shale with flat
cleavage planes showing numerous impressions of Olenus. A few metres
farther down the river there is a limestone bed about 40 cm thick in
the river bed. This limestone bed consists of finely crystalline black
limestone. The surface is uneven and domed, the explanation no doubt
being that immediately over the limestone and merging with it lie two
stinkstone lenses consisting of coarsely crystalline stemmy calcite. In
the left bank at a slightly higher level are two calcareous lenses which
are also coarsely crystalline in their upper part and show ’cone-in-
cone” structure. These lenses lie in alum smale with Olenus.
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Locality V. Just before the bend in the river below Locality 1V
there is black alum shale in the left bank. At some places the shale
lies in flat undulations, suggesting that it contains stinkstone lenses.
POULSEN (1923) found Homagnostus obesus in this shale.

Loecality VL. In the next bend there is again alum shale with small
barite concretions of the size of a fist. In almost every case they consist
of black crystalline barite, which forms long narrow crystals radiating
to all sides from the centre of the under side of the concretion.
POULSEN writes that here he found badly preserved specimens af Orusia
lenticularis (POULSEN 1923).

Locality VII. In the bed of the river are four stinkstone lenses
having a maximum horizontal axis of about 1 m. They consist entirely
of finely crystalline limestone.

A few metres lower down there is a bed of slinkstone in the left
bank. At the base it consists of a very thin stratum of black limestone
with “cone-in-cone” structure. Over it is again black, thinly-bedded
crystalline limestone with numerous Orusia shells. This group has a
thickness of 3 m. Overlying it is from 6 to 10 ecm of finely crystalline
limestone, though al the base it is a little coarser but without “cone-in
-cone” structure. The upper 2—3 cm contains immense quantities of
Orusia shells. Thus the total thickness varies somewhat from place to
place, owing to the fact that the surface of the limestone bed is not
plane, but covered with semispherical limestone humps. In this bed too
there are numerous small crystals of barite.

Locality VIII. In the right bank of the river there is a section in
alum shale and stinkstone lenses, measuring about 60 m long and
about 10 m in height. As fig. 11 shows, these lenses lie arranged in
rows with a faintly southerly dip. The dimensions are quite consider-
able. The horizontal axis sometimes reaches a size of 1.5 m and the
thickness about 0.5 m. The stratigraphy of this section was described
by POULSEN in 1923 and represents the upper part of the zone with
Orusia lenticularis, the zone with Eurycare and Leptoplastus, the zone
with Ctenopyge and a part of the Peltura Zone. The lenses are all
entirely black, rub off readily and consist mainly of finely crystal-
line limestone with a very high percentage of black sulphidic and
organic mud, which forms black winding bands between the crystals
and sometimes gives them a very irregular form. Here and there are
somewhat coarser crystals, but stemmy structure occurs only uppermost
in the Peltura Zone. The coarser parts of the other lenses seem
chiefly to be in there upper part, whereas the lower parts are often
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thinly bedded and display a fairly gradual transition from the shale
to the limestone.

The shale is coal black, laminated with flat cleavage planes which
are entirely covered with a yellow powder. Here they contain numerous
small folious gypsum crystals and fusiform crystals of barite (CALLISEN
1914).

Moraineclay.

——

m 2, Orlhoceratite l.imestone.
0,12 — - Phosphorite conglomeraje.
0,58 { } Subzone b.l
Dictyograptus Shale.
1,05 Subzone u.l

Olenus Shale with stinkstone lenses,
(lowest wilh Parabolina acanthura).

Tolal 6,50 m Sl . =g

Fig. 12. Scction through the sediments at Limensgade Loc. X. (After PourLsen 1922).

Loeality IX. Just in the bend of the river below the high section
there are five stinkstone lenses in the river bottom; they have a
coarsely crystalline peripheral marginal zone, but no stemmy structure.
Somewhat lower down the river in the right bank is a small section
in alum shale, about 1.2 m high, with Peltura scarabceceiodes (GRONWALL
1902, PouLsEN 1923). Along the whole stretch of the river bed down
to the Ortheroceratite Limestone there are several stinkstone lenses
with coarsely crystalline marginal zones but without stemmy structure.

Locality X. The stretch from Locality IX down to Limensgade is
occupied by deposits belonging to the Ordovicium. The Upper Camb-
rian does not reappear until we reach the bottom of the old slate
quarry at Limensgade (fig. 12). Here low down are some large stink-
stone lenses, and overlying them non-fossiliferous alum shale which
POULSEN (1922 and 1923) places to the Acerocare Zone. The stinkstone
is dense or finely crystalline in the central parts, where it contains a
few large pale calcite crystals in the form of phenocrysts. Upwards the
limestone becomes more and more coarsely crystalline and stemmy,
and uppermost it consists of large calcite crystals arranged in parallel.



Chapter II.

Stratigraphy and Fauna.

The stratigraphy of Bornholm’s Middle and Upper Cambrian was

described by GRONWALL (1902) and POULSEN (1923), and there is
nothing new to add to their conclusions. The various zones are divided

according to the following table.
Zones Sub-Zones Lessan | fSiean
Loc. Loc.
6. Acerocare Zone 1 Unfossiliferous shale.
| Parabolina acanthura X
5. Zone with Peltura, Parabolina longicornis VIII-IX
g Sphaeroptalmus and | Pellura scarabaeoides | VI
= Ctenopyge ‘ Ctenopyge lumida VIIL |
§ Ctenopyge flagellifera ‘ VIII
e —— T RN B S
.. | 4 Eurycare Zone Eurycare angustatum ‘ VIII 14
E \ Eurycare latum ?
= | 3. Orusia Zone Parabolina spinulosa and | VI-VIII | 11 & 13
Orusia
2. Olenus Zone ‘ Olenus and Homagnostus 14Y ‘ 8§—10
| obesus
1. Zone with Agnostus | Agnostus pisiformis ‘ 11 T
pisiformis ;
= | 4+ Laevigata Zone Lejopyge laevigala ‘ IT [ 5
il Rl . i iaail = l— - =y
E 3. Forchhammeri Zone | Paradoxides forchhammeri \ II 5 6
=y R Bl . Teu T h L il = | !
o 2. Davidis Zone Paradoxides davidis IT 5 6
2| 1. Tessini Zone Bailiella aequalis I 4 &5
o= Hypagnostus parvifrons 3—4
= Clenocephalus exsulans I 1—4

Compared with Andrarum the series is rather incomplete. In the
Middle Cambrian there are large lacunae. The zone with Paradoxides
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olandicus is missing, and GRONWALL already drew attention to the fact
that in this particular period Bornholm at times lay emerged, at other
times submerged, and in this he is supported by POULSEN (1942).
The other two sub-zones of the Tessini Zone differ somewhat in their
development at the Laesaa and the ©Oleaa, and both faunistically and
stratigraphically this part of the series is very different from the series
at Andrarum. GRONWALL drew up the folowing comparative table.

Andrarum Oleaa ’ Leesaa
Sub-zone wilh Bailiella Sub-zone with Sub-zone with
aequalis Bailiella aequalis Bailiella aequalis

Sub-zone with &0!1({![[()[)!]{]878.1‘ ] 7‘
Sub-zone with Triplagnostus

P Sub-zone with Hypag-

— nostus parvifrons ‘

Sub-zone with FEodiscus

scanicus |

It is thus evident that in Bornholm there cannot be the same fine
zonal division as at Andrarum; at the @leaa the fossils of the three
lower sub-zones are mixed together, and therefore GRONWALL places
them to one sub-zone with Hypagnostus parvifrons. At the Laesaa we
know of no fossil that is characteristic of this sub-zone (GRONWALL 1902),
and presumably its equivalent is the pyritic conglomerate overlying the
Exsulans Limestone.

In the Upper Cambrian the series is more complete, with no lacunae.
On the other hand the fauna is distinetly poor in species, compared
not only with Scania but also with the other Swedish localities. This
is especially so in the Orusia Zone, where there is an almost total
absence of Trilobites; and almost the same applies — but to a less
marked degree — to the Acerocare Zone and the zone with Agnostus
pisiformis. This may be due to the fact that fossils preserve better in
limestone than in shale, and the two last-named zones in Bornholm
are relalively poor in stinkstone lenses. However, it is not quite certain
that this explanation is the correct one; for an examination of the fossil
horizons in the section at Locality VIII at the Leesaa shows that the fossil
frequency in the shales and in the limestone lenses is very nearly the
same, and al Locality 10 at the Oleaa the shale is crowded with
fossils (Homagnostus obesus). As regards the Acerocare Zone, only
its lowest sub-zone with Parabolina acanthura can be divided off with
certainty, and this is overlain by unfossiliferous shale. On the other
hand, there is nothing in the sediments to suggest an interruption of the
sedimentation.



Chapter III.

The Mode of Sedimentation.

In an endeavour to visualize the conditions under which a series of
sediments was laid down, as many as possible of the characteristics
of the sediments must be taken into consideration and the cause of
their presence must be discussed thoroughly. Likewise, a systematic
examination of the particular series at the chosen spot, combined with
continual comparisons with developments in the nearest areas where
the same series occurs, will be necessary in order to establish continuity
in these developments and in order to fit them into their proper place
in the whole. As regards the Bornholm Cambrian this principle has
previously been followed for the Lower Cambrian group (KaJ HANSEN
1936, 1937), and therefore our present account may begin with the
sediments of the Middle Cambrian group.

a. Middle Cambrian.

After the deposition of the Rispebjerg Sandstone Bornholm lay above
the sea level, or at any rate just at the surface, and formed the south
coast of part of the Baltic Sea. The upper, partially phosphatized part
of the Rispebjerg Sandstone was thereby exposed to a certain amount
of erosive action, which broke down the more friable parts but did not
remove much of the loosened material. As a consequence the surface
of the sandstone became very uneven and full of pits and hard
summits. The height difference between the lowest and the highest
levels was sometimes about 40 cm. On this uneven surface the Exsulans
Limestone was then deposited (see fig. 5).

The clastic components of the Exsulans Limestone originate almost
entirely from the underlying or surrounding Rispebjerg Sandstone, or
from organisms that lived in the environs. There is no reason for
assuming that the material was transported from any great distance
away.
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~ It is more difficult to form an opinion as to whether the glauconite
is autochthonous or allochthonous. In any case, its occurrence in the
form of irregular, soft accretions suggests that it was freshly precipi-
tated and soft when it was deposiled, but it is hardly probable that it
was precipitated on the spot, as the environment there does not seem
to have been favourable for glauconite precipitation. It should rather
be assumed that it was formed farther out in somewhat deeper water
and was carried into the shallow water by tidal currents or wave
action.

As the Exsulans Limestone now presents itself it is a pale grey finely
crystalline or dense limestone; but it is very difficult to decide whether
this structure is primary or due to later re-crystallization. In order to
judge the conditions under which the Exsulans Limestone was deposited,
it will be necessary lo examine somewhat more closely the conditions
for calcium carbonale precipitation in the sea at the present time.
This may have taken place either 1) biogenetically or 2) abiogenetically.

P1a divides the biogenetic precipitation of calcium carbonate into
two groups (P1a 1933):

Organic precipitation,
Physiological precipitation.

To organic calcium precipitation Pra places reefs and eupelagic
calcium deposits, i. e. deposits consisting of the hard calcareous skeleton
or shell of the organisms. Of these two groups the latter may be dis-
regarded at once, as the clastic components of Exsulans Limestone makes
it evident that it was deposited in very shallow water near the coast.
Cambrian alga reefs are known in North America, it is true, but
nowhere in Scandinavia, and in fact there is nothing in the structure
of the Cambrian limestone in Bornholm to recall Archaeocyatus or
calcareous algae such as those illustrated by WaLcoTT (1914, 1916) or
SCHUCHERT & DUNBAR (1933, 1934). However, WALTHER (1885) dem-
onstrates that such alga-calcium reefs are readily deprived completely
of their original structure and are converted into quite structureless
limestone. But the slight thickness of Exsulans Limestone and especially
the high content of clastic material in the lower part make it very
difficult to regard it as a reef limestone.

Of the physiological calcium-carbonate-precipitating processes the
only ones that can come into consideration in a discussion on the origin
of Bornholm Ilimestones are those proceeding in collaboration with
micro-organisms, particularly bacteria. This precipitation may take
place under various conditions,. but it is very closely associated with
stagnant water containing large quantities of decomposing organic
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material accompanied by the generation of hydric sulphide. It is
difficult to imagine such conditions during the sedimentation of the
Bornholm Exsulans Limestone, but perhaps during the deposition of
the stinkstones (see further p. 35'.

Abiogenetic calcium carbonate precipitation in the sea is due to an
increase in the concentration of dissolved CaHCO, as a result of 1)
evaporation, 2) loss of CO, to the almosphere owing to changes in the
atmospheric carbon-dioxide tension, 3) loss of CO, to the atmosphere
owing to an increase of the sea-water temperature.

If abiogenetic calcium carbonate precipitation is to take place at all,
it is furthermore necessary that the sea water at the spot should be
saturated with dissolved bicarbonate of calcium. JOHNSTON & WIL-
LIAMSON assume that this is the case with the surface water in the
warm seas, whereas in the deeper layers and in the polar regions as
well as in cold streams the water is not so saturated, on the surface
or deeper down (JOHNSTON & WILLIAMSON 1916). VAUGHAN subscribes
to this assumption on the basis of many experiments at the Tortugas
Laboratory (VAUGHAN 1917).

Calcium carbonate precipitation in the sea as a result of evaporation
plays a very subordinate role and can take place only in the immediate
vicinity of coasts with a very warm and dry climate. BEHREND & BERG
(1627) as well as CLARKE (1924) state that when rivers with a very high
content of dissolved calcium carbonate reach the sea at places where
thero is active evaporation, there will be a supersaturation and some of
the calcium will be precipitated off the mouths of such rivers and along
the coast for some distance along either side. To this, however, JOHN--
STON & WILLIAMSON object that a fairly considerable part of the dem-
onstrable calcium carbonate content in river water is not transported
in a dissolved state but in suspension, and that at the river mouth there
is therefore a coagulation of the calcium carbonate as well as of the
other colloids. The final results, i. e. a calcium carbonate precipitation,
will however be the same in both cases.

Calcium carbonate precipitation as a consequence of changes in the
CO, tension of the atmosphere is credited with great importance by
e. g. JOHNSTON & WILLIAMSON as well as VAUGHAN, whereas others like
Pra seem to consider it quite subordinate. P1a raises the further
objection against JOHNSTON & WILLIAMSON’S conclusions that they are
merely theoretical possibilities which have not been confirmed by
observations in nature (Pra 1933).

Caleium carbonate precipitation caused by sea water giving off part
of its CO, content as a result of heating seems to be the most important
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of the abiogenetic calcium precipitation processes. JOHNSTON & WIL-
LIAMSON say that if cold bolttom water comes up to the surface under
such conditions that it is thereby heated, it will throw off part of its
CO, content, and thus there will be a possibilily of a supersaturation
of calcium carbonate, whereby some of it will precipitate. In deep
water this precipitated calcium will sink down into colder strata con-
taining more CO., where it will again be dissolved so that under such
circumstances the calcium carbonate completes the cycle. But if the
ascending water is driven into shallow water at the coast or over
submarine banks, there will at these places be an abiogenetic calcium
precipitation on the sea floor. BLAack states for instance that by the
increase of temperature of the waler that is driven from the Gulf
Stream in over the Great Bahama Banks, where the depth of water is
nowhere more than 6 m, 6.23°g. of solid CaCO, is precipitated per
cubic metre of water, which corresponds to a layer 0.0338 m thick of
aragonite mud in the form of fine acicles (Brack 1933).

There is actually no reason why the Bornholm Exsulans Limestone
should not have been formed by such an abiogenetic calcium precipit-
ation in shallow water near the coast.

Finally, there is a last possibility, viz. that the calcareous mud was
transported in a state of suspension and was simply sedimented in the
form of very fine ooze in places where the water was sufficiently calm.

The high content of coarse grains of quartz and the phosphorite
nodules on the surface of the green limestone show that the calcareous
mud very soon after sedimentation must have hardened so much that
it was able to prevent these clastic components from sinking down
through it. It is difficult to say whether this hardening proceeded above
the water surface or under it; but it may be recalled that on Andros
Island in close association with the sedimentation there proceeds a
fixation of the calcareous mud by the aid of algae which permeate
the mud with their filaments (BLACK 19‘33), just as at certain places
in the marsh along the South Jutland West coast the filaments of the
Cyanophyceae help to retain the ooze deposited by the tidal streams.

The suggestion has been made that the salinity of sea water in
Cambrian times was different from that of today, both as to con-
centration and as to composition (DALY 1912, CLARKE 1924, P1a 1931),
the salt content having become steadily higher. PIA maintains that in
fresh water the precipitation of calcium, as a result of the reduction
of CO, in the water due to the assimilation of carbon dioxide by the
plants, plays a much greater role than in the sea, but that there has
not always been this difference, as many palaeozoic marine alga lime-

3
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stones can be compared only with the physiological alga limestones
which one meets with in fresh water nowadays, and which were formed
in the manner described above.

Bornholm Exsulans Limestone seems more likely lo have been formed
by abiogenetic calcium carbonate precipitation or by the sedimentation
of suspended calcareous mud carried by tidal streams or by wave
action over a shallow, flat sea floor very close to the coast, perhaps
on a bench or shore-face terrace (JounsoN 1919). This breaks the
waves a good distance out from the shore, and the water over the
terrace becomes relatively smooth while at the same time the trans-
portation of material proceeds in towards the land.

The thin sandy deposit with small grains of quartz and glauconite
and accumulations of shell fragments encountered now and then on
the surface of the Exsulans Limestoné, together with the always very
sharp boundary between that limestone and the overlying stinkstone
al the Gleaa, indicates that the Exsulans Limestone had hardened and
its upper part had been exposed to some erosion before the stinkstone
was deposited. With the deposition of this stinkstone an extraordinary
change took place in the surrounding conditions. Whereas the Exsulans
Limestone was deposited in relatively fresh and highly oxygenous
water, the whole of the overlying part of the Cambrian was laid down
under stagnant conditions.

These stagnant conditions in the water may have been due either
to a marked and constant rise in the specific gravity of the water
from the surface down towards the bottom, whereby convection cur-
rents and with them the deferation of the lower layers would be
inhibited or entirely prevented, as in the case of the Black Sea today
(ANDROUSSOW 1897, MURRAY 1900, ARCHANGUELSKY 1927, STROM
1936), or to the presence of overwhelming quantities of putrefying
organic material as in the case of the Russian limans, the bay at
Hapsal and on Osel and in the marshes and coastal swamps. In both
cases considerable quantities of sulphuretted hydrogen develop. In
deeper waters like the Black Sea the processes are capable of being
visualized according to the following schema (TWENHOFEL 1926).

The sulphuretted hydrogen is formed at the bottom 1) by the
decomposition of various proteins with the aid of decomposition
bacteria, a process which is promoted by the exclusion of oxygen and
the presence of peptone (HARDER 1919); 2) by the reduction of sul-
phates by means of anaerobic desulphurating bacteria. The sulphur-
etted hydrogen thus formed diffuses up through the water, where it
serves as a nutrient for the sulphur bacteria. These bacteria, which
either are aerobes but adapted to a low oxygen pressure, or anaerobes,
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Sea surface

!

Oxygen diffuses from the air down into the water.

|
Limit of optimum conditions Tfor sulphur bacteria and for
the formation of sulphur and sulphates.
I
Sulphur and sulphates sink towards the bottom and
sulphuretted hydrogen diffuses up through the water.

M
Near the bottom and in the bottom sediment live desulphurating
and sulphuretted-hydrogen-forming bacteria.

P

as they can procure the necessary oxygen from the assimilation of
carbon dioxide (BAVENDAM 1924), in the Black Sea occur at a fairly
limited level so situated that sufficient oxygen and light can penetrate
from above and sufficient sulphuretted hydrogen from below. The
sulphur bacteria oxidize the sulphuretted hydrogen to sulphuric acid,
which in turn combines with the sea water’s Na, K and Ca salts to
sulphates, which sink to the bottom where they are attacked by the
desulphurating bacteria, which reduce them to sulphuretted hydrogen.
As a result of the decomposition at the bottom there are formed —
besides the sulphuretted hydrogen — large quantities of ammonia;
this ammonia combines with the CO, in the water and forms ammonic
carbonate, which further react with the sulphates and forms calcium
carbonate, which is precipitated on the sea bottom. In deeper water,
and in places where the supply of terrigenous material is very small,
the chief result of the stagnating process is thus a precipitation of
calcareous mud, whereas the sulphur passes through a complete cycle.
Accordingly, on the bottom of the deepest parts of the Black Sea,
where the supply of terrigenous material is practically nil, and where
also the annual addition of organic material is relatively small and
originates solely from the year’s production of plankton, we find a
pure white calcareous mud with thin black bands of organic substance.
Nevertheless the stinkstones contain considerable quantities of iron sul-
phide and accordingly were not formed under conditions such as those
prevailing in the deeper parts of the Black Sea. If the sulphur is to
evade the cycle the water must contain such dissolved components as
will enter into indissoluble combination with the sulphuretted
hydrogen, for example iron and copper (SCHNEIDERHORN 1923). In
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that case part of the sulphuretted hydrogen goes towards the formation
of sulphides. However, seawater’s content of ferreous salts is very low,
so that the iron must be brought in from the outside, either in the
form of terrigenous material containing iron or originaling from
organisms.

Actually we know very little about the processes whereby iron is
freed from the ferric silicates. Doss’s explanation of the presence of
ferrosulphide in the sediments is that the iron is freed by the breaking
down of ferreous minerals or by cellulose fermentation, and then
transported by the streams lo lagoons etc. as Fe(HCO;),. There it is
precipitated either directly as a colloidal ferrosulphide as a result of
reaction with sulphuretted hydrogen, or as ferrihydroxide precipitated
by iron bacteria. The ferrihydroxide is then reduced to ferrosulphide
(Doss 1912). On the other hand, SCHUCHT’S investigations show that in
the Elbe all dissolved iron disappears already in the brackish-water
zone and that practically none of it is carried out to sea (SCHUCHT
1904). HARDER believes that the ferreous sulphide is formed in two
different ways. 1) By means of bacleria, which reduce the sulphates,
and 2) by reaction between the sulphuretted hydrogen and dissolved
ferreous salts (HARDER 1919). In any case, it would seem that the
formation of ferreous sulphide is conditioned by the supply of ter-
rigenous material, which no doubt in most cases will consist of ferreous
silicates. As regards the Cambrian sediments it is presumable that a
large part of the finer terrigenous material was transported from
regions of red continental sandstone. By means of chemical and bact-
erial processes in the precipitated mud these originally red iron oxides
would be converted into black ferrosulphides. This agrees with the
fact that the content of ferreous sulphide as a rule is higher in the shales
than in the limestones. A determination of the FeS content, made at
the laboratory of Denmark’s Geological Survey, gave the following
result:

Fe$ &
per cent.
Peltura Zone’s calcareous lenses . .......... 2.85 8.1
Orusia Zone's limestone bed . .sqwsvmesonss 2.91
Orusia Zone’s alum shale ................ 14.45 8.2
Davidis Zone’s limestone bed .............. 1.32 24
Lower alum, shale &.:.uusommsssnssnmssamss 7.07 2.6

FFrom what has been said above it appears that in stagnant water
there is a production both of sulphuretted hydrogen and ammonia and
of sulphates, and these, together with the ammonia produced at the
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bottom, cause the formation of the calcareous mud. In deep walers
like the Black Sea the sulphuretted hydrogen and the sulphates are
produced each at its own level a considerable distance apart. In
shallower waters, such as the limans and in the littoral zones of the
open sea, the two levels are much closer together, the sulphate being
produced just in the surface of the mud, whereas the sulphuretted
hydrogen and the ammonia are produced deeper in the mud. Ac-
cordingly, the mud in the Russian limans contains up to 33.21 per
cent. calcium sulphate (the Kuljanik liman) and up to 38.30 per cent.
calcium carbonate (the Dnjeper liman) (GOEBEL 1857).

On the Gr. Bahama Bank in the West Indies the depth of the water
is nowhere in excess of 6 m, in most places only 2-—3 m. The sea
floor consists of an incoherent white calcareous mud which whirls
up at the slightest movement in the water. BAVENDAM and BLACK draw
the exceedingly important conclusion that not the open sea
but shallow lagoons, gulfs and mangrove swamps
with bluish-grey mud sulphuretted hydrogen
containing large quantities of organic detritus,
are the principal seats of microbiological pre-
cipitation of calcium carbonates. A contributory
cause of this precipitation is a whole series of groups of bacteria, of
which the ammonia-producing and the decompositing bacteria play
the greater role, whereas denilrifying bacteria and those which break
down organic calcareous salts as well as the desulphurating bacteria
are more subordinate (BAVENDAM 1932, Brack 1933). From this it
would appear that in the present day besides in deeper water a very
active precipilation of calcium may proceed in lagoons having a high
salinity and in the littoral zone of the open sea. The intimate mixture
of calcium, ferreous sulphide and black organic matter in the Born-
holmian limestones shows that they were deposited in water no deeper
than that wave action was able to keep the superficial layers in
constant motion.

After this examination of the chemical and bacterial processes that
give rise to a precipitation of calcium carbonate, we may return to the
stinkstone bed overlying the Exsulans Limestone at the Oleaa on
Bornholm.

As was stated in the above, the surface of the Exsulans Limestone
must have been hardened and exposed to some erosion prior to the
deposition of the stinkstone, and this might suggest that the stink-
stone is to be regarded as a transgressional deposit laid down in the
littoral zone through the precipitation of calcareous mud under
stagnant conditions. As was stated on page 10 one encounters spor-
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adically in this stinkstone bed a curious fine stemmy “cone-in-
cone’’ structure (figs. 2 and 3, p. 11), and in those parts of the limestone
bed where this structure has not developed there is a structure
reminiscent of that shown in pl. I, fig. 3, with larger and smaller
sub-angular grains of calcite in a ground-mass of black organic mud. It
has been shown earlier (KAs HANSEN 1938) that the “cone-in-cone”
structure here must be regarded as a peculiar form of crystallization in
the calcite, and that this may possibly be due to the effects of sulphates
in the solution from which the calcite crystallized. It was also shown
that for this to take place, this crystallization must have proceeded in
immediate association with the bacterial precipitation of calcium
carbonate in black mud containing sulphuretted hydrogen, where as
was mentioned above there is also a production of sulphate at the
surface. If the necessary concentration of the sulphates was to be
attained, crystallization must have taken place in a lagoon with a high
salinity or in pools on the surface of the littoral zone.

If we imagine that these elongated crystals of calcite were formed
on the surface of the littoral zone during low lide, some of them would
be liable to be washed loose and broken up when at high water the sea
again flowed over the surface (negative sedimentation, HADDING 1927),
whereafter the fragments would be transported and deposited in the
form of calcite grains of the same habitus as the grains of calcium
carbonate in the other part of the limestone bed. Accordingly the latter
might be regarded as lime-sand limestone deposited in or over the other
part just outside the littoral zone. It must be observed, however, that
Professor HADDING of Lund informs me that according to his exper-
ience in the study of a large material of Swedish stinkstone, the
formation of calcite crystals with curved planes and on the whole
with the same habitus as those shown on pl. I, fig. 3 is due solely to
the presence of enormous quantities of black organic impurities which
inhibit the growth of the crystals. The fact is that calcareous mud
has a tendency to crystallize into pure calcite without impurities. In
this manner the black impurities concentrate more and more between
the calcite crystals gradually as crystallization proceeds (KAISIN 1926).
If the impurities are present in very large quantities they will eventually
prevent the calcite individuals from growing together into a crystal
mosaic of the type found e. g. in Exsulans Limestone (pl. I, fig. 2).
This does not quite agree with what we know of Bornholmian stink-
stones, as the calcareous lenses in Bornholmian Upper Cambrian contain
many more impurities without having these peculiar structures. The
littoral character of the stinkstone is made more probable by the
fact that at the Leesaa its equivalent is a pyritic conglomerate con-
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taining quartz grains, fragments of Rispebjerg Sandstone and of Green
Shales (GRONWALL 1902).

After the sedimentation of the stinkstone bed there was an increase
in the supply of fine terrigenous mud, which must have been deposited
in very calm water and presumably at a somewhat greater depth. The
limestone no longer occurs in the form of continuous beds but as
calcareous lenses. Conditions in Locality 6 (fig. 7) show that these
calcareous lenses must have been solid and must have assumed their
present shape prior to the sedimentation of the limestone bed in the
zone with Paradoxides davidis, for the latter’s underside is concordant
with the unevennesses in the underlying shale surface due to the
lenses and the intervals between them.

If we imagine that the black calcareous mud and the black terri-
genous mud formed co-ordinated belts on the sea floor, with the
former belt lying nearer the shore (an assumption that seems plausible
partly because of conditions today at Andros Island. and partly because
at Oland and in Vistergotland conglomerates and other signs of littoral
sedimentation always lie in close association with coherent continuous
limestone beds), these two belts of course will not be sharply delimited;
one must be prepared to find larger or smaller local patches of cal-
careous mud in the inner part of the terrigenous mud belt. As the
boundary between the two belts of course is in a constant state of
displacement to and fro, these patches of calcareous mud wherever
they are will continue te exist for a time only, and then disappear,
to be followed by new patches elsewere. It is therefore easy to imagine
that these patches of calcium carbonates would form the nucleus of
the calcareous lenses in the alum shales. This of course does not
preclude the possibility that later on, at any rate in some cases there
has been an additional secondary accretionary growth of these lenses
and a re-crystallization of their marginal zone (see also p. 49). The
shales with the large calcareous lenses were in reality deposited in
rather deeper water and at a greater distance from the coast than the
continuous limestone beds and represent the border zone between
limestone and mud facies.

In the zone with Paradoxides davidis the deposition of fine lerri-
genous mud ceases and the precipilation of calcium carbonateagain
becomes predominant. Here again the limestone bed has almost the
character of a lime-sand limestone (pl. I, fig. 3), formed outside of
the littoral zone by the deposition of more or less rolled fragments
of washed-out and broken elongated calcite crystals with cone-in-
cone”’ structure from the littoral zone.
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This off-shore and shallow-water nature of the limestone beds of
the Davidis zone is also pointed out by GRONWALL (1902) and is made
more probable by its phosphorite conglomerate. As this conglomerate
contains scattered rolled quartz grains, but no fragments of phosphorite
sandstone, it would seem that these quarlz grains must originate from
the breaking down of the sandy Exsulans Limestone, so that their
presence suggests that there was a land surface not very far away
with exposed areas of Exsulans Limestone.

As was stated in a previous work (Kar HANSEN 1937 b), the phos-
phatization itself does not provide us with much information as to
the conditions under which the beds were deposited, though one may
presume with ANDERSSON and HEDSTROM that it happened within the
shallow sea region (ANDERSSON 1895, HEDSTROM 1896). A number of
the phosphorite nodules are undoubtedly strongly phosphatized calcar-
eous mud, whereas others (pl. II, fig. 3) must rather be regarded as
small lumps of excrement whose components are cemented together
with calcite. Presumably the phosphorite precipitation itself was partly
connected with the destruction of corneous-shelled organisms, especi-
ally Brachiopods, which lay washed together in small heaps on the
sea bed and possibly were further concentrated by negative sedimen-
tation.

The transitional bed between the zone with Paradoxides davidis and
that with Paradoxides [orchhammeri at the Lzesaa must presumably
be regarded either as a shelly bank or a high tide line, as at the
@leaa its place is occupied by a thin band of alum shale (see the
discussion on the importance of the fossil concentration p. 43). As it
contains elements of the fauna of both the Davidis Zone and the
Forchhammeri Zone, the first group of these elements must presumably
lie in secondary position or have been concentrated by negative sedi-
mentation. Its content of quartz grains and glauconite, like the phos-
phorite deposit in the Davidis Zone, seems to have originated from
broken-down Exsulans Limestone, and the much broken shell fragments
may actually also be regarded as clastic elements, washed out from
unhardened calcareous mud in the Davidis Zone elsewhere and trans-
ported in the form of sand grains. The presence of “cone-in-cone”
structure would seem to indicate littoral conditions of sedimentation,
and it is not impossible that the region actually was a beach. But,
as will appear from the foregoing, there are several possible inter-
pretations.

The Andrarum Limestone was considered by GRONWALL to have
been deposited in relatively low water under conditions similar to
those prevailing during the deposition of the limestone bed of the
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Davidis Zone (GRONWALL 1902). Probably this is correct, but during
this deposition no arenaceous material was transported from elsewhere,
neither in the form of quarlz grains, glauconite nor lime-sand.

With the commencement of the period with Lejopyge laevigata the
supply of fine terrigenous mud again increases. GRONWALL believes
that these shales were deposited in fairly deep water, and in this he
is undoubtedly right. Here the calcareous lenses were presumably
formed in the same manner as those in the lower alum shales, and
they signify the border zone between calcareous mud facies and the
terrigenous mud facies.

From this account of the development in the Bornholm Middle
Cambrian it will be seen that continuous limestone beds here always
occur in conjunclion with conglomerates or sandy deposits, and under
such circumstances that they must be regarded as littoral or neritic
deposits, that is to say in shallow water and relatively near the coast,
whereas the shales represent the deeper parts of the sea floor. This
is quite in conformity with what is found elsewhere in the Scandi-
navian Cambrian, e. g. in Oland (see p. 63) and in Vistergotland (see
p- 65). The same transpires from a comparison between the series in
Bornholm and in Scania, where il is much more complete and of
greater thickness. There the shale facies definilely predominates over
the limestone facies. However, there is one exception from this rule
in the Andrarum Limestone, which in Scania too forms a continuous
limestone bed, with no other sign of littoral sedimentation. The fact
must therefore be borne in mind that the conditions for the formation
of pure limestone deposits are really quite independent of the depth
of the water, but in the first place is conditioned by the deposition of
fine terrigenous material on the spot being very slight. This may be
due either to the calcium carbonate having been deposited under such
conditions that the fine terrigenous material was unable to precipitate,
or to the land behind having been so low and having had so little
relief that this, in conjunction with climatic conditions, has caused
the supply of terrigenous material to the sea to be very small. As
continuous limestone beds occur everywhere in Scandinavia in the
zone with Paradoxides forchhammeri, the latter alternative seems to
be the more acceptable for this zone.

b. Upper Cambrian.

In the Upper Cambrian part of the series the shale facies clearly
predominates over the limestone facies. Continuous limestone beds
occur at only two levels, viz. the zone with Olenus and that with
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Orusia lenticularis. The terrigenous components in the shale are much
finer in the grain and play a more subordinate réle in relation to the
bituminous substance than in the Middle Cambrian alum shales.

The fauna is rather poorer than in Scania and, as everywhere in
Scandinavia, is somewhat uniform in character, consisting as it does
almost exclusively of Trilobites and Brachiopods. Whereas the Trilobites
are represented by several genera the Brachiopod fauna consists of
very few species. This apparent uniformity may of course be due to
various causes.

It must be remembered first and foremost that the fossil content
of a sediment provides only an incomplete picture of the original
fauna, as for the most part it is organisms with shells or other hard
parts that are preserved. Only exceptionally, such as in the famous
Burgess shales at British Columbia, does one encounter well-preserved
impressions of both worms and other organisms with no solid skeletal
parts. There can scarcely be any doubt that both worms and algae
formed an essential element among the organisms in the Cambrian
Sea in Scandinavia, and that to a great extent the algae supplied the
organic material whose decomposition aided in the formation of both
sulphuretted hydrogen and calcium.

A curious explanation of the uniformity of the Cambrian fauna
considered as a whole was earlier given by DALY (1907, 1910, 1912).
He considered that the water of the pre-Cambrian Sea was almost
free of calcium, and that it was only in the Cambrian period that
there was just sufficient dissolved calcium carbonate in the sea water
for the Trilobites to form a calcareous-kitin armour and the Brachio-
pods a shell of phosphate of lime. It was not until Ordovician times
that the calcium content in the sea water became so high that purely
calcareous-shelled organisms were enabled to appear. Sometimes
DALY’s theories seem rather fanciful, and he has apparently overlooked
the fact that in both pre-Cambrian and Cambrian times in North America
there are large reefs of calcareous algae and coral-like organisms such
as Archaeocyatus (WALCOTT 1914, 1916, SCHUCHERT & DUNBAR 1933,
1934). On the other hand, as was stated on page 33 both Pra and
CLARKE, from quite different presuppositions, maintain that the salinity
of the sea water in Palaeozoic times was different to what it is today.

It might very well be, however, that the monotony of the fauna was
primary and due to oecological causes. Examples from present-day
seas show that in regions with a low oxygen content, for instance
Phaseolina mud in the Black Sea, where furthermore the sulphuretted
hydrogen is beginning to assert itself, one finds a rather monotonous
fauna but one that is particularly rich in individuals and consisting
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of forms that are more resistant to the low oxygen pressure and the
toxic effects of the sulphuretted hydrogen. As the competition for food
with other species is therefore quite minimal under these conditions,
these hardy forms occur in countless numbers of individuals, whereas
in other places they are forced well into the background.

Another peculiarity of the Upper Cambrian fauna is that the fossils,
much more than in the Middle Cambrian, occur concentrated in thin
horizons separated by thicker beds of almost unfossiliferous shale.

The meaning of these fossil concentrations and pronounced strati-
graphical zones has been much discussed, especially during the past
decade, and several different theories have been presented. Originally
there was it seems an inclination to see in this a sign that there had
been repeated mass-extinction of the whole fauna as a result of
poisoning, followed by new immigrations. We know from Walvis Bay
on the west coast of . South Africa of such mass-extinction and
total destruction of all animal life (CLASSEN 1930, KAISER 1930). From
the Norwegian fjords MUNSTER STROM stales that the phenomenon
sometimes occurs when salt water from the sea flows in over the
threshold and down along the bottom, whereby the fresher water there,
containing sulphuretted hydrogen, is lifted up (STRoM 1936). These
mass extinctions also take place periodically in the Kara-boghaz Gulf
in the Caspian. As regards the Hunsriick Shales GURICH explains the
fossil concentration and zone formation by the theory that the water
as a whole was poor in oxygen and rich in sulphuretted hydrogen,
and that the organisms developed on the border of the possibility of
animal life on the whole. Periodically the formation of sulphuretted
hydrogen becomes predominant, whereby all fauna is destroyed. This
state continues for some time; but if uplifts occur, or through other
causes fresh water gets down to the bottom, a new fauna may im-
migrate and live for some time until stagnation again gets the upper
hand (GUricH 1931). Against this view RICHTER (1931) objects that
such a mass-extinction would affect both adults and young animals,
whereas in the fossil concentrations of the Hunsriick shale there
are fully grown animals only. In Bornholm’s Upper Cambrian,
however, one often encounters Trilobites in the young stages (POULSEN
1923', so that RICHTER’S objection does not apply there.

We find a somewhat similar view expressed by ULricH (1911). On
the other hand WEIGELT (1923) gives another explanation. In the low
fen cliffs of Amrum there are also thinly bedded accumulations of
shells separated by beds of unstratified shell-less clay. The fauna in
the various shell horizons is often very monotonous and often consists
of a single species. It is a fact, however, that all individuals in the
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same stratum are more or less of the same order of size. In the shallow
waters below these cliffs he now finds shells of the same forms as
those forming the shelly strata in the cliff, lying distributed in zones
parallel with the coast and also in such a manner that the different
zones contain very few species, but with all individuals of about the.
same order of size within the zone. This phenomenon is due to the
sorting action of tidal streams. Through the medium of the continuous
alluvion the various zones are thrust in over one another, thus giving
rise lto the strata in the sections. On the background of conditions in
the North Sea WEIGELT examines the conditions under which durable
fossil deposits can be formed, and comes to the conclusion that they
are favourable to seaward of the shallow water region proper and
also to landward as a result of alluvion. Between these two belts we
find built up fossil-free, or rather fossil-poor, sediments. If this area
distribution is projected in time, we shall, as a consequence of the
constant displacement of the various zones on the sea floor, see them
lying vertically one over the other in the sections.

Working from WEIGELT’S theories WASMUND points out that when
in a section a bed of fossils with large specimens is followed by another
with small specimens of the same species, this does not necessarily
mean that such changes have taken place in environmental conditions
that dwarf forms are now produced, as we are not concerned here
with two societies of living animals (Biocoenose) but of two societies
of dead animals (Thanatocoenose), and this separation into large
specimens in the one horizon and small ones in the next may simply
be due to a mechanical sorting of the dead organisms according to
size. If in the same manner in a series of sediments we find a constantly
alternating fossil content, this will not always mean that there has
been an  extinction of an older fauna and an immigration of a
younger one, as it may be the result of a simple working up and
assortment of dead material (WASMUND 1926). JESSEN (1932, a, b) also
treats the same phenomena according to the same principle.

After studying the Lias sediments in Germany FREBOLD (1925, 1927)
arrives at the conclusion that the fossil concentrations - form the
termination of a sedimentation cycle and that they were formed at
the close of an uplift period, or rather immediately prior to the
beginning of a new sinking (special undation in STILLE’S terminology).
Later FREBOLD combines these conclusions with WEIGELT'S theory
for the interpretation of the fossil concentrations in the Scandinavian-
Baltic Cambro-Silurian, mainly on the basis of erratic boulders in
North Germany. He points out at once that in these sediments there
are two types of fossil concentrations. In one the entire block is full
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of the heads or pygidae of a single form, whereas other parts of the
armour are lacking. As examples he mentions stinkstone with Agnostis
pisiformis, stinkstone with Peltura scarabaeoides and stinkstone with
Orusia leniticularis. The other type is represented by Tessini Sandstone
from Oland. In this case only the surface is covered with remains of
Trilobites; but in contrast lo the former type, besides head and py-
gidium we find other parts of the armour, but mainly as fragments of
every possible size. Mention is also made of transitional forms between
the two types, especially those which, in addition to Agnostus pisi-
formis, contain Olenus truncatus, and others which, in addition to
Peltura scarabaeoides, contain Sphaerophthalmus alatus, and boulders
with both Orusia lenticularis and Parabolina spinulosa.

FreEBOLD mnow holds that such fossil concentrations are always
formed under the influence of forces which move the bottom layers
of the water. The fauna alternation may either be purely mechanically
conditioned or be due to a decrease of the waler depth and changes
in the conditions of life connected with such decreases, here too in
conjunction with a mechanical sorting of the dead animals. He also
believes that the Scandinavian concentrations of Trilobites were formed
in shallow water. As both Agnostus and Peltura, besides in the special
strata where they are strongly concentrated, also occur in the under-
lying parts of the series — but there in conjunction with other forms
and, like the other faunistic components, more sporadically — he
assumes that at any rate there is a possibility that in those strata
where they occur in immense numbers there prevailed conditions of
life particularly favourable to one species, which was thus enabled
to spread at the expense of the others. In this he sees a sign that
there were changes in the water depth from deeper to more shallow.
However, as both Agnostus pisiformis and Peltura scarabaeoides
disappear in the strata overlying the fossil concentrations, FREBOLD
is now after all inclined to believe that it was rather a question of a
mass-extinction than of a mechanical sorting of dead animals.

FREBOLD’S demonstration of the fact that there are several types of
fossil concentrations is important, in that it shows that we must be
cautious about generalizing too far, and thatl it is necessary to treat
the various parts of the series separately.

As was stated above, fossil concentrations are not particularly pro-
nounced in the Bornholm Middle Cambrian; only in the transitional
stratum between the zone with Paradoxides davidis and Par. forch-
hammeri does one occur, and this is described above p. 40. In it are
shell fragments of every possible size, and there has never been any
mechanical sorting. In the lower alum shales the fossil content is
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somewhat higher in the calcareous lenses than in the shales. The same
thing has been observed elsewhere, and the view has sometimes been
expressed that the poverty of the shales in respect of fossils is due to
the fact that they preserve better in the limestone; however, examples
in Bornholm and also in Swedish localities show that in some places
the shales are extremely rich in fossils, and that from the shales the
fossil horizons continue in through the calcareous lenses, at both places
in the form of very thin bands with the same fossil frequence.
The presumption is rather to be assumed that if somelimes the
calcareous lenses are more fossiliferous than the surrounding shale, it
is a primary character that may either be due to their representing
patches on the bottom of the sea where life conditions have been
favourable, e. g. in the form of more favourable supplies of nutritives,
or that there have been local accumulations of dead shells through
the action of the water.

In the Upper Cambrian, fossil concentrations separated by unfossili-
ferous shale are much more pronounced, as already stated. In the
zone with Agnostus pisiformis, in that with Olenus and that with
Homagnostus obesus all the specimens are fairly whole and more or
less of the same size. In each of the two Agnostus levels there is only
one species, whereas in the Olenus Zone one finds several species
together. On comparing the development of the Olenus Zone in Born-
holm with that at Andrarum in Scania we observe an interesting
difference. At Andrarum the zone has a thickness of 10 m, and the
various species af Olenus occur each at its own level, whereas in Born-
holm they lie all together in a single thin band. This merely shows
of course that sedimentation was slower in Bornholm than in Scania;
there is no reason for taking it to be a sign of mass-extinction or
the sorting action of tidal streams.

There is another noteworthy difference in the vertical distribution
of Homagnostus obesus in Bornholm and at Andrarum such as we
see it in the two sections in Stora Brottet (WESTERGARD 1922).

Frequency of Homagnostus obesus
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Homagnostus obesus is also traceable al a still higher level, as near
Andrarum it was found in erratics together with Protopeltura aciculata.

Thus we see that at Andrarum Homagnostus obesus begins
faintly to appear in the lower part of the Olenus Zone; it attains
to its maximum and numerically greatest development somewhat
higher up, whereupon it disappears very gradually. In Bornholm, on
the other hand, it occurs only al one particular level, one that lies
slightly above the Olenus level. This of course is capable of several
explanations. It might simply be that the shales are so crowded with
Olenus fragments that the Agnostus fragments are wholly concealed
by them; but as these strata were very thoroughly examined by
POULSEN this explanation will hardly do. Next it might be imagined
that the stagnation in the deepest parts of the marine region, that is
to say in Scania, had become so intense that all animal life became
impossible out there, for which reason the fauna moved to shallower
water. When conditions again improved Homagnostus obesus moved
out again to the deeper water in the period covering Parabolina
and Orusia. But as over the upper occurrence of Agnostus at Andrarum
we find shale with Olenus scanicus, which is missing in Bornholm,
this explanation does not seem very probable either. Then there is a
third possibility, viz. that there was a mechanical sorting of dead
animals by tidal streams, in such a manner that forms living side by
side at Andrarum, in Bornholm lay at two separate levels according
to the WEIGELT principle. As this sorting means that the smaller
specimens lie to landward and the larger to seaward, a negative change
of level would cause the smaller forms in a section to lie above the
larger ones. This is just what is the case in Bornholm with Olenus
and Agnostus, so that this distribution would suggest that there had
been a regressive movement of the sea in the Olenus period. This also
agrees well with the fact that the lwo youngest forms af Olenus, Olenus
attenuatus and Olenus scanicus, are unknown in Bornholm, and that
also in other parts of the border zone of the sedimentation region
(Viistergotland, Ostergotland and Oland) there are signs of negative
displacements of the coast just in this period; and finally, in the
Olenus Zone in Bornholm there are continuous limestone beds, whereas
in Scania there are some flal calcareous lenses, a sign which, compared
with the distribution between limestone facies and shale facies in the
Bornholm Middle Cambrian, also indicates fairly neritic sedimenta-
tion.")

1) It should be remarked here that an examination of WESTERGARD's sections shows
that the above instance is the only one to which WEIGELT's explanation has been
found to apply.
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In its middle region the zone with Orusia lenticularis contains a
continuous limestone bed with “cone-in-cone’ structures and a very
monotonous fauna consisting almost exclusively of Orusia lenticularis,
whereas Parabolina spinulosa occurs only very rarely at the Leesaa
and not at all at the Oleaa.

As was stated when dealing with the Middle Cambrian sediments,
the limestone bed and the “cone-in-cone” structure suggest littoral
conditions of deposition, but the monotonous fauna seems difficult
to explain by this alone, as the Orusia Zone of both Vistergdtland and
Oland is partly conglomeratic and was laid down under littoral
conditions, but at the same time contains a Trilobite fauna that is
somewhat richer in species. The circumstance that Bornholm’s Orusia
Zone consists almost entirely of a single Brachiopod species almost
seems to indicate that in this period there prevailed special oecological
conditions which were unfavourable to the Trilobites, whereby Orusia,
having thus no competitor for their food, were enabled to propagate
in such immense numbers.

There does not seem much reason to suppose that the stagnation
and the content of sulphuretted hydrogen were much more pronounced
in Bornholm than in Scania, whereas it is imaginable that the salinity
was particularly high. If the limestone bed in the Bornholm Orusia
Zone was deposited in a shallow lagoon with a narrow and shallow
affluent which at times was perhaps entirely blocked, the salinity of
the lagoon would very soon alter both in concentration and composi-
tion, in which case unfavourable conditions for the Trilobites might
be created. As was mentioned in an earlier work (KaAJ HANSEN 1938),
“cone-in-cone” structure might possibly be due to the influence of
sulphates on the shape of the calcite crystal, and in a lagoon of this
kind the sulphate content may very easily become higher than in the
open sea. Calcium precipitation would also be promoted by an increase
of the sulphate concentration. Further support for this view lies in the
fact that the limestone bed itself conlains no small quantity of barite
(Locality VI), and in the overlying shales small crystals of both gypsum
and barite are exceedingly numerous (CALLISEN 1914). The barite
lenses are probably genuine concretions formed by the precipitation of
solutions containing barium. It is true that barium sulphate is slowly
soluble in pure water, but in even very weak saline solutions its
solubility increases and soon reaches the same order as calcite (TRENER
1908), and thus the barium in solution is able to permeate the sediment
after deposition. Nevertheless, we also know of barite concretions
formed on the sea floor (JONES 1883, BoGGILD 1916).
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In the zone with Eurycare and Leptoplastus and in the lower sub-
zone of the Peltura Zone a shale facies again predominates and lime-
stone occurs in the form of rows of stinkstone lenses. Here the fossils
are concentrated in very thin bands separated by unfossiliferous shale;
but there is no indication of a mechanical sorting according to the
WEIGELT principle.

The calcareous lenses contain more sulphidic and organic material
than the limestone at any other level (see table p. 36}, but nevertheless
consist of an almost normal crystal mosaic, of which the individual
crystals are interspersed by thin winding smears of the black mud.
In these calcareous lenses there are no sub-angular sand-like crystals
such as those found in the limestone bed of the Davidis Zone. This
further seems to confirm the assumption that the sand grains in the
Davidis Zone must be regarded as lime-sand, and that they did not
acquire their abnormal development on account of the impurification
of the calcareous mud with black organic and sulphidic material.
Faintly developed “cone-in-cone” structures are sometimes seen in the
calcareous lenses, but the crystals are very small and they have no
common orientation. As moreover the calcareous lenses contain barite
crystals, and as both gypsum and barite also occur in the surrounding
shales, it is possible that these “micro cone-in-cone” structures may
be associated with the influence of sulphates on the shape of the calcite
crystals.

As to the origin of the calcareous lenses themselves, the same may
presumably be said about them as about the calcareous lenses in the
Middle Cambrian. There is nothing here at all to suggest subsequent
concretions formed after the deposition of the shales. In places the
transition between shales and calcareous lenses is almost insensible,
and the shales present no ltrace whatever of pressure or other
disturbance as a consequense of pressure during the growth of the
concretion. Furthermore, these calcareous lenses are quite devoid of
the coarsely crystalline, sometimes stemmy marginal zone that other-
wise is fairly common. The fossil horizons continue from the shales
right through the calcareous lenses, with the same fossil frequency,
and there is no indication whatever that the lenses represent separate
accumulations of shell fragments which might be imagined as being
the starting point of the accretion. CORRENS (1923) discusses the origin
of very similar calcareous lenses in the Middle Devonian Odershiuser
limestone in the Rhenish shale mountains, and arrives at the conclusion
that these lenses must have originated primarily on the spot in the
form of calcite concretions and at the same time as the deposition of
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the surrounding shales. This, CORRENS thinks, may take place in two
ways: 1) as a kind of embryonic reef-building from growths of algae
or corals. The original structure would then disappear through re-
crystallizations. Level changes, e. g. in the form of increased supplies
of mud, stopped the growth of the reefs before they had attained any
great development. 2) Local accumulations of dead organisms on the
sea bottom brought about a more intense local calcium precipitation
in association with the processes of decomposition, possibly with the
aid of bacteria. The latter possibility comes very close to what was
said on p. 39 and seems well applicable to the origin of the calcareous
lenses in the Bornholm alum shales. CORRENS also advises that if we
are to understand a sediment properly, we should as far as possible
reconstruct the geographic constellations for the period when the
sediment was formed and for both before and after — a claim that
is also made by PoMPECKJ (1914). CORRENS now shows how the
Devonian Odershéuser limestone was in fact formed in the border zone
between shale facies and limestone facies from southeast to northwest.

If we compare this with conditions in the Scandinavian Cambrian
we see that everywhere in the border regions (Oland, Viistergotland)
where we have shallow-water sediments we find continuous limestone
beds in association with them, i. e. distinct limestone facies, whereas
in the central parts of the sedimentation regions (Scania, Oslo area)
it is shale facies that dominate, and the same is the case in the border
regions where there are deeper water sediments. In these border
regions, however, the shale facies contain many large calcareous
lenses, lying more or less close together, whereas in the central regions
of the sedimentation basin, for instance Scania, the lenses are much
smaller and are more scattered. Accordingly, the sediments over the
zone with Orusia lenticularis were laid down during a regression period
which lasted more or less without change right into the Ordovician.
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Palaeogeography.
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