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ABSTRACT |

The Bonahaven Formation is a2 wedge of shallow marine
sediments overlying the late Precambrian glacial deposits
of the Port Askaig Tillite. = Siliciclastic back-barrier
sediments (member 1) are succeeded by a transgressive
quartzite (member 2). Probable glauconitized microfossils
are present at the top of member 1. Member 3 is aﬂmiied
dolomitic~giliciclastic unit representing both wave-dominated
submerged environments and tlde-domlnated sanﬁ flats.‘ﬂ
Stromatolites occur in both situations. Tnelsedlmentary

facies show very little evidence of cyclicity. The form-
ation of the penecontemporaneous dolomite relates to high

or fluctuating salinities, perhaps assisted by stromatolitic
aloae. Its chemistry implies relatively reduclng condltions.
The member 4 environment consisted of siliciclastic tidal
flats bordered by a dolemite-producing supra-tidal. flat.

A regression was followed by a transgression to the tidal
shelf environment which typified the succeeding Jura .
Quartzite.

Diagenetic and metamorphic textures are distinguished,
and microprobe analyses of the carbonate phases inter- -
preted. Cementing textures are rare, but a long sequence
of replacements, chiefly by calcite, dolomite, quartz and
albite, can be recognized. Characterization of zoned
dolomite crystals leads to clarification.of criteria for
distinguishing both cementing and reﬁlacive textures,
and open and closed diagenetic systems. Inclusion-ridden
quartz-albite mosaics seem to be a feature of deep burlal
of this mixed carbonate-clastic sequence. The syn-

tectonic solution transfer phenomena, notably lamination-



parallel veins in stromatolites, are clasgsified and
interpreted. Tke biotite present in semi-pelites and
sandstones is thought to be congruent with phlogopite
forming invmore calcareous and dolomitic rocks.

The NE-SW-trending shoreline of a NW landmass lay
within, or near to north Islay during deposition of the
Bonahaven Formation. Sediment provenance suggests that

the Dalradian basin was intra-cratonic.



CHAPTER 1: INTRODUCTION

1.1: Geological setting and the objects of research

The Dalradian Supergroup is a deformed assemblage,
primarily of sedimentary rocks of Precambrian to Lower
Palaeozoic age, which forms an important part of the Caled-
onides of Scotland and Ireland. Its place in plate tectonic
reconstructions (e.g. Dewey, 1969) depends in part on de-
ductions about sedimentary environments (e.g. Knill, 1963).
These are most reliable where detailed sedimentological
studies have been made, but such have only recently been
attempted (Spencer, 1971a; Anderton, 1974, 1975, 1976). The
most straightforward sections of the Dalradian lie in the
archipelago, whose main islands are Islay and Jura, situated
west of the SW Highlands of Scotland. Here the metamorphism
is at its lowest grade and the fold style is open. The
stratigraphic units repfesented here are shown in figuré 1=-1.

The LowerTDalradian (=Appin Group) has been subdivided
by Rast & Litherland (1970) and Basahel (1971), but has not
yet been studied sedimentologically in this area.

Anderton (1974) has provided a generalized palaeogeography
for the Middle Dalradian (in particular the Islay arnd Easdale
sub-groups). He described the evolution of the sedimentary
basin and discussed the detailed sedimentology of the Jura
Quartzite and higher horizons. Spencer (1971a) discussed the
glacial sedimentology of the Port Askaig Tillite and its import-
ance as a marker horizon throughout Scotland and Ireland. The
intervening Bonahaven Formation had not, at the start of my
research, been subjected to a detailed sedimentological
study, except for some work by Klein (1970a) at the base of

the sequence. It was chosen as the subject of this thesis
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because a stratigraphic framework existed (Spencer &
Spencer, 1972) and good exposures were availabdle.

The Bonahaven Formation consists of clastic rocks of
widely varying grain size, most of which are dolomitic;
in addition there are some fairly pure dolostones, some of
which are stromatolitic. It is at the chlorite grade of
regional metamorphism,and although penetratively deformed
shows only open folds in general. The fundamental questions
whnich this thesis attempts to answer are: how was this
distinctive sedimentary sequence deposited, and how has it
reacted to subsequent burial and tectonic stress?

Sedimentological studies need to be viewed in their
stratigraphic context in order to obtain the most information.
Therefore the major subdivisions (members) of the Formation
have been traced over the inland outcrops to reconstruct
their geometry. Sedimentary facies have been defined and
their lateral persistence studied in the well exposed
éoastal outcrops. Thus a picture of the vertical sequence
and horizontal distribution of the sedimentary environments
has been built up and the general palaeogeography compared
with the overlying and underlying Férmations.

The second main product of my work is a detailed petro-
graphic rock history of this low-grade metamorphic sequence, .
attempting to distinguish between diagenetic and metamorphic
processes. Rather more information is available in: the
literature concerning mineralogical transformations in
deeply buried rocks (Fuchtbauef,1974; Winkler, 1976) than
the textures which develop. In carbonate rocksAénd miner-
alogically mature clastic rocks such as those described

here few predictable mineral reactions occur., Thus the nature

of the described textures is the feature with potentially



Related to both the sedimentalogy and the subsequent
history are chemical congsiderations. The most useful data
obtainable were considered to be analyses of individual
carbonate mineral phases using the microprobe, rather
than whole rock analyses. This is because fhe partitioning
of some elements between the modal mineral phases is not
always clear from whole rock analyses. The rasults of the
microprobe analysis have been used to characterize the
depositional environments and, in conjunction with petro-
graphic observations, to decipher the post-depositional
history.

1.2: Organization of the thesis and nomenclature used

The order of treatment is set out in detail in the
tabie of contents.
Cross-references.

Cross-references to other sections of the thesis are
made by simply enclosing the section number in brackets
without other explanation, e.g. (7.2.4.), (4.3).

Figures

A separate numbering scheme for'figures in each Chapter
is used. Field photographs have a scale of either:
1. a hammer with 5cm markings or
2. a 6" (15cm) ruler ~or
3. a magnetic compass whose base is 1icm.

Microprobe analyses s
These are detailed in Appendix A, tables A4 and AS.

They are referred to in the text as analysis 2, analysis

27B etec.

Stratigraphic names
The first reference to the Bonahaven Formation was



in the Survey memoir (Wilkinson, 1907) which referred to.
'‘dolomitic beds' within the 'Islay Quartzite Series’'.
Bailey (1917) coined the name Dolomitic Group which per-
sisted until Spencer & Spencer (1972) proposed a modern
formal stratigraphic name, the Bonahaven Dolomite. The
lithological term Dolomite is suppressed in this thesis
because it gives a false impression of the lithological
diversity of the sequence; also dolostone is used instead
of the rock name dolomite.

Sectiong and bed numbers

The coastal sections are lettered as in Spencer &
Spencer (1972), {see Enclosures), except that their Section
E is here divided into the main Section E and a smaller
Section F (see Chapter 2). Stromatolites are referred to
to b& a letter (Section) followed by a number (horizon)
e.g. stromatolites in Section D are D1, D2, etc.
Roman numerals are used for Section B to emphasize that
these stromatolite horizons are not correlated with those
in the other Sections - see enclosures 2 and 3. Bed numbers
in member 3 are defined in Enclosures 2 and 3 and are referred
to by their number followed by the Section letter, e.g.
the lowest beds in Section D are 1D, 2D, 3D, etc.
Lithological terms

The rocks are generally described as they were before
deformation, but if noticeably deformed this is also mentioned.
Mud refers only to terrigenous material; (dolo-) micrite
is used for fine-grained carbonate. The term quartzite
is used as.a convenient field term»for gilicic arenites
lacking carbonate: many of these are fairly feldspathic (4.6).
Dolarenites consist largely of sand-sized dolomicrite
clasts. The suffix -toplic is used for diagenetic fabric
terms as suggested by Priedman (1965).



Sedimentary structures

Cross-stratification and cross-lamination refer to
cross-sets formed by megaripples and ripples respectively;
massive refefs t0 structureless. Other usage mostly conforms
with that of Reineck & Singh (1973), in particular their
bedding thickness nomenclature: medium laminated = O.3-1cn,
thick laminated = 1-3cm, thin o2dded = 3-10cm, medium

bedded = 10-30cm etc.

1.3: History of research into the Bonahaven Formation

1.3.1: On the map: the Geological Survey

At the turn of the century Islay was mapped over a period
of eight years by S.B.Wilkinson under the direction of
B.N.Peach for the Geological Survey (Wilkinson,1907).

This was a great advance oa previous knowledge, but the
account had deficiencies in the stratigraphic and structural
interpretation, which are discussed further in Chapter 3.

Peach was coavinced that the Bonahaven Formation was
to be correlated with the Cambrian succession of the NW
Highlands. The 'dolomitic beds' were taken to be equivalent
to the Cambrian Fucoid Beds and were said to contain worm
casts on the bedding planes. Furthermore, member 2 was
reported to contain 'worm pipes' like that of the 'pipe rock'
of the NW Highlands. It is clear now that the worm casts
are synaeresis crack casts (3pencer & ipencer, 1972) and tnat
no remotely convincing worm pipes exist.

1.3.2: Stratigraphy and li*hology

The subdivisions now known as members 1,2 and 3 (fig. 2-1)
were originally made by the Survey (Wilkinson,1907), who

also gave a brief lithological description., Allison (1937)



separated out'grey flags'at the top of the sequence

(member 4) and divided member 3 into a lower unit of
v'sandy'aolomite' and an upper unit of ‘'fine-grained dolomite’.
Spencer & Spencer (1972) defined the members, gave more
detailed field descriptions and numbered the stromatolite
horizons.

1.3.3: Structure

A survey of the literatﬁre relating to the structure of
the Dalradian of Islay is given in Chapter 3. The only
structural paper restricted in scope to the Bonahaven
Formation is that of Borradaile & Johnson (1973) who made
strain estimates in member 3.

1.3.4: Fossils and age determinations

The Survey reported no success in the search for Cambrian
body fossils in the Formation, a situation which has not
altered since; the trace fossils they reported in member 3
we now know to be inorganic structures. Klein (1970a)
figured a drawing of supposed burrows from member 1, but
I have been unable to confirm this: on the contrary the
constant undisturbed sedimentary lamination implies that an
infauna was not present.

legso & Pidgeon (1970) reported a Rb-Sr whole-rock
isochron (a revised estimate of that of Leggo et al., 1969)
of 570X20 m.a., from siltstones of member 1. They suggested
that this figure probably represents a diagenetic age.

Downie et al. (1971) rescorded acritarchs from member 3,
wnich could be late Precambrian or early Cambrian in age.

Peach & Horne (1930) were the first to mention the
stromatolite horizons in member 3 and expressed the hope
that they might be used in age determinations. Hackman

& Knill (1962) provided a limited account of the stromatolites.



Spencer & Spencer (1972) described the stromatolite horizons
in more detail and compared a columnar stromatolite specimen
with Juruéania which Russian workers regard as a character-
istic group of the Vendian (latest Precambrian). However
Jurusania is probably not an appropriate name for any of
the stroratolites in the sequence (see Chapter 4).

Anderton (1974) suggested that as the Lower Cambrian
succession in the NW Highlands records a transgreséion, the
time-equivalent rocks in the SW Highlands should show an
increasing depth of deposition at this time. The most
likely horizon.seems to be at the boundary of the Craignish
Phyllites with the Crinan Grits, several thousand metres
stratigraphically above the Bonahaven Formation.

In concurrence with the above weight of evidence,

Harris & Pitcher (1975) concluded that the Formation is
of Vendian age.

A.R., MacGregor of St. Andrew's University has recently
been studying member 3, particularly with regard to
stromatolite palaeoecology. Accordingly the stromatolites
have been given a less conmprehensive treatment in my work
than would otherwise have been the case.

1.3.5: Sedimentology

Klein (1970a) was the first to attempt a detailed sediment-
ological interpretation of part of the Bonahaven Formation.
Although this paper is ostensibly concerned with the
'Lower fine-grained Quartzite’ (Bailey,1917; =member 5
of the Port Askaig Tillite, Spencer,1971a) it mostly deals
with the member 1 outcrops of the Bonahaven Formation at
Caol Ila, but not at Bonahaven (gsee Spencer, 1971b). Klein

recorded sub-tidal and inter-tidal flat environments which




he related to a general model of inter-tidal sediment-

ation. The application of this model to the rocks in this

area is critically discussed in Chapter 4. -
Spencer & Spencer (1972) produced some sedimentological

information, but theirs was primarily a stratigraphic account.

1.4: Geogravhy and outcrop

Figure 1-2 shows selected geographic featuresg of
NZ Islay. A fertile low-lying area in the south of the area,
flanking the A846 Port Askaig-Bridgend road, is based on the
slates and limestones of the Lower Dalradian. Northwards
lie barren moorland hills with a shallow peat cover
occasionally penetrated by outcrops of the Port Askaig Tillite,
Bonahaven Formation and Jura Quartzite. The far eastern area,
as far north as Bonahaven, is farmland, mostly rough pasture
with reasonable exposure. Coastal areas are generally very
well exposed. On the east coast there is a narrow foreshore
and steep sea cliffs whereas on the north coast there is a
wider foreshore with excellent exposure on the cliffs of the
famous raised beaches.

A1l the exposures of the Bonahaven Formation are natural,
Detailed stratal sequences can be established by large
scale mapving of coastal exposures, the frequent Tertiary
dolerite dykes (Walker;1960) being very useful geographic
markers. Inland exposures are scattered on steep hillsides,
snall hillocks and in some stream sections. These inland
exposures are not only fragmentary, but biased as dolostones
and quartzites are very much over-represented compared with
the complete coastal sections.

The most accessible exposures are the coastal sections
at Caol Ila and Bonahaven which are within a few hundred

rmetres of the nearest road. lMost of the inland exposures
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are several kilometres from the nearest road, but here

are to e found the imost accessgsible exposures of the
dolostone in member 4 (fig. 2-1), north of Loch Cam. The ™
best exposures of members 3 and 4 are on the north cpast
which may be reached either on foot from Bonahaven, or by
small boat from Port Askaig or Caol Ila to Ruvaal Lighthouse
and thence on foot. Approaching Section C frow the east,
the most direct route is to descend the cliff by a steep
vath which commences at the point wahere the telegraph wire
passes over the cliff. IFurther west, the cliffs are lower
and access to the shore may be gained at numerous points.
The clearest exposures on both the north and east coasts
are near to or above High Water Mark; access is hardly

affected by the state of the tide at any point.
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CHAPTER 2: STRATIGRAPSY

2.1: Introduction .

In this Chapter the lithological units that make up the
Bonahaven Formation are introduced and important new
information regarding their geometry is presented. This
data will be used later in the palaeogeographic inter-
pretation.

The Bonahaven Formation is essentially limited to
northern Islay. Further north it is unexposed, lying
beneath the sea for a considerable distance until the main-
land is reached where its distinctive character is lost.
Further south on Islay it is largely faulted out by the
Beinn Bhan thrust (Basahel,1971). It emerges from this
fault line in only one locality: 1km.west of Beinn Bhan in .
central Islay where there are exposures on the banks of
a lochan (grid reference NR 393 562).

The Bonahaven Formation rests on the Port AskaigTillite
and passes up into the Jura Quartzite (fig. 1-1).

The Port Askaig Tillite has been given an exhaustive
stratigraphic treatment by Spencer (1971a) who divided it
into 5 Members. It consists of a series of mixtites and
some conglomerates, with interbeds of dolostones and quartzites.

The Donzhaven Formation wes defined and divided into
4 informal members by Spencer & Spencer (1972). The uge of
these members is retained here.

The Jura Quartzite (Anderton, 1974, 1976) in this area
consists of thick-bedded quartzite with rare beds of

conglomerate or mudstone.
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2.2: The lower and upper boundaries

The Dbase of the Bonahaven Formation is easily recognized
at two localities on the east coast. At Caol Ila -
(NR 4290 7020), the first of these, a series of thickly
bedded, rather massive quartzites (Member 5 of the Port
Askaig Tillite) pass sharply and conformably upward into a
series of cleaved silty mudstones with thin lenticular silt
Oor sand laminae. At the second locality, north of Con Tom
(NR 4237 7270), a similar situation exists, but strat-
igraphically intermediate between the quartzites and the
8ilty cleaved mudstones are 2m of thin parallel laminated
fine-grained sandstone and mudstone which is included here
with the Bonahaven Formation. The problems of establishing
the base of the sequence inland will be mentioned later.

ihe upper boundary of the Bonahaven Formation is well
exposed at several localities on the north coast (e.g.

NR 4150 7895) where cleaved mudstones containing occasional

" thin beds of fine-grained sandstone pass sharply upward

into quartzites of the Jura Quartzite Formation. There is
an intercalation of mudstone 2m higher in the Jura Quartzite.

In each case way-up criteria are presgsent in strat-
igraphically adjacent parts of the Bonahaven Formation

and indicate that the sequences are uninverted.

2.3: The coastal localities

The top of the Formation is absent from the east coast
exposures, whilst the bottom is unexposed on the north
coast (see enclosure 1). Spencer & Spencer (1972)
labelled five coastal sections A to E (a usage followed
here, fig. 2-2), and figured the sequence from each of

these sections. My more detailed work has shown their
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observations to be generally valid except for Section E,
where the presence of much minor folding and faulting

make it more ‘difficult to piece together the stratigraphy.
Their member 3 section is largely erroneous here; also they
apparently failed to recognise that there is a major fault
near the western end of the section to the west of which

the entire section from the base is repeated, although
cozplexly folded. This is discussed further in Chapter 3.
The extreme western section is here referred to as Section F
(fig. 2-2).

Figure 2-1 shows a generalized complete sequence of the
Bdnahaven Formatior based on sections A and B for the lower
part and sections C and D for the upper part. Detailed
lithological descriptions of the sequence are made in
Chaéter 4, The subdivisions ('units') of members 1 and 4
are made here for the first time. Spencer & Spencer (1972)
numbered the stromatolite horizons in member 3. Their
.usage in Sections C, D and E has been adhered to as far as
possible except where the new work has saown their correlations
to be in error. The stromatolites in Section B have been
re-numbered here with Roman numerals to emphasize the
difference between tnis section and those on the north
coast. In addition, all the beds in member 3 have béen
nucbered (see enclosures 2 and 3), one scheme applying to
‘Sections C, D and E together and another to Section B.

1}

2.4: Lateral variations

The thickness of two or more members of the Formation
can be estimated at a number of inland localities (fig. 2-2).
As exposure is relatively poor inland most of the columns

in this figure represent traverses along as well as across

ot <
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the strike in a given area. The inferred E-W changes in
the sequence are illustrated in figure 2-3.

The top of the PoftAskaigTillite varies in facies. The
east coast exposures at this horizon show a thick (200m)
sequence of massive, thick-bedded quartzites with only
thin boulder-bearing horizons (Spencer, 1971a). However
further west, between Loch Giur-bheinn and Cro Earraich,
there is usually a mixtite or pebbly quartzite several metres
thick at the top of the Tillite. Further west still, there
is a massive, slightly muddy sandstone with occasional
granite pebbles,

The thickest section of member 1 of the Bonahaven
Formation is at Caol Ila, where all five units are present.
At the northern coastal crop south of Bonahaven, the sequence
is fhinner and unit 3 is apparently not present. Iniand
to the west the member thins and is not exposed at all
west of a NNE-SSW line through Loch Giur-bheinn. It is
the lowest parts of member 1 that seem to be lost first as
the member is traced westwards. Thus in the Cro Earraich
section (fig. 2-2) and all other localities west of Loch
Staoisha, units 1, 2 and 3 are missing. Also, at the
westernmost exposure of the member, immediately east of
Loch Giur-bheinn, the sandstones and mudcracked mudstones
exposed here (lithologically like unit 5 of the coastal
outcrops) contain spherules (see Chapter 5) which occur
only at the the top of member 1 on the coast.

Member 2 is present throughout the area, but changes
from the massive, thick bedded quartzite of the east coast
to a ripple-marked and cross-stratified quartzite

particularly well exposed in Cro Earraich, the summit ridge




of Giur-bheinn and along the outcrop strips in the far
west of the area. Where member 1 is absent in the western
area it becomes impossible to prove that all of member 2
belongs to the Sonahaven Formation rather than with the
PortAskaig Tillite as similar quartzites do occur within

the Tillite. ‘The problems of establishing time lines at

the base of the Bonahaven Formation are discussed in Chapter 8.

Member 3, the characterisfic stromatolite-bearing
part of the Formation appears to be thickest at Caol Ila,
thinner to the HW and absent in the far western outcrop
strip from Loch Cam to Lochan Broach. Internally the
numbered succession of beds (enclosures 2 and 3) correlates
fairly well between Section E and Section C. However the
top 15m of Section D, geographically intermediate VYetween
Sections C and E,does not correlate nearly so well. The
fragments of the sequence which can be worked out in
Section F do not correlate with section E and may be rather
thinner. As mentioned earlier, individual beds are not
correlatable between Section B and the north coast.

Member 3 is poorly exposed in Section A, but seems to be
very thick (150-200m), sandstone beds forming a smaller
proportion of its thickness than in the north coast member
3 exposures. At Beinn Bhan in central Islay member 3 is
represented by thinly bedded doloﬁitic sandstones and
synaeresig-cracked mudstones.

Unit 1 of member 4 is seen to congist of a massive
8ilty sandstone at Caol Ila, NW of Loch Staoisha, and on
the north coast. On the north coast it is succeeded by
thinly bedded (phyllitic) sandstones and mudstones (unit 2).

Inland, exposures of unit 2 are poor, slates being
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seen occagionally below unit 3. At Beinn Bhan there are
thinly bedded sandstones and mudstones, ripple-marked
and mud-cracked, below unit 3.

Unit 3 of member 4, a distinctive creamy-weathering
dolostone is very well exposed on the north coast and in
extensive outcrops inland in the western area, Some swallow
holes also occur. Spencer & Spencer (1972) reported that
it is present a¥ the top of Section A (NR 428 714).

However the dolostone at that locality occurs north of

the fault upthrowing the Portaskaig Tillite to the north
and is interbedded with slate and quartzite stratigraph-
ically below the Tillite. In fact unit 3 is not exposed at
all SE of Loch Smigeadail, although no complete member 4
sections are seen. The nearest to a complete section is the
liargadale River sequence where less than 5m of the section are
missing, but the dolostone is very unlikely to belong in
the missing interval as even soft-weathering phyllites are
exposed in the stream. Thus it is strongly suggested that
unit 3 is abgent in the eastern area, as is depicted

in figure 2-3.

Heterogeneous phyllitic rocks (unit 4, member 4), prob-
ably originally thinly bedded sand and mudstone, are seen
in the Margadale River and the north coast and are succeeded
by slates with some thin sandstones (unit 5, member 4), seen
at several inland localities as well as on the north coast
immadiately below the Jura Quartzite.

The most significant lateral changes in the sequence are

depicted in figure 2-3. Note the overall thinning of the
sequence to the west, but the thinning to the east of

member 4, especially the absence of unit 3%,

{
H
A
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Figure 2~3: Schematic E-W palinspastic section of the
Bonahaven Formation. The inferred changes are:

1. The top of the Portaskaig Tillite shows facies variations.
2. Member 1 (composed of various clastic lithologies) thins
to the west by the wasting of its lower units and is
absent altogether in the western area.

3. Member 2, a quartzite,thickens s;ightly from Caol Ila
to the west (and NW).

4, Member 3, the distinctive dolomitic and stromatolite-
bearing part of the sequence thins to the west (and NW)
dying out altogether in the far western area.

5. Member. 4 thins to the east chiefly by the loss of the
unit 3 dolostone.
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CHAPTER 3: STRUCTURE OF NE ISLAY

3.1: Historical develovment

The Geological Survey (Wilkinson,1907) recognized the
broad structure of Islay as anticlinal and more or less
correctly interpreted the Dalradian stratigraphy from the
Bonahaven Formation downwards. However the Jura Quartzite
exposures on Islay were equated with‘those of Member 5 of
the Port Askaig Tillite leaving the Bonahaven Formation as
the stratigraphically highest rocks exposed. This necess-
itated a very complex structure in the north of the island
and isoclinal folding was frequently mentioned, although it
can never have been seen.

E.B. Bailey, in a brilliant work (1917), correctly
interpreted the stratigraphy and introduced the concept of
the Islay Anticline as it is accepted to-day. The discussion
of his paper shows that his views were not accepted by
many people at the time, although B.N. Peach (in Peach &
Horne, 1930) later conceded those parts of Bailey's arguments
that are relevant here.

Green (1924) proposed that Islay had a synclinal structure
and equated the Port Askaig Tillite with the Bowmore Sand-
stone, considering that they were unconformable on a geries
o rocks which included the Sonahaven ~ormation. This was
refuted by Bailey and others in discussion and later by
Gregory (1928)., Allison (1933) vinditated Bailey by the use
of way-up structures in the Bonahaven Formation.

Basahel (1971) mapped a large part of southern Islay
and produced a structural interpretation. He suggested

that the major folding on Islay was the second phase and
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recognized the presence of slides developed during the
folding. However Roberts (1974), in his overall view of
the structure of the SW Highlands of Scotland regarded the
formation of the major folds on Islay as the first tectonic
event (f1). This formed part of his 'primary deformation'
during which the rock mass was penetratively deformed, with
four separate phases of folding recognizable on the main-
land. On Islay, there was movement to the HW (during
formation of the Islay Anticline) along the line of the
Loch Skerrols thrust which bounds the Dalradian outcrop

to the west. Roberts correlated the late-stage, minor
crenulation cleavage on Islay with similar structures on
the mainland which form the second of four fold phases
which constitute the 'secondary deformation'.

An attempt to quantify the amount of deformation was
made by Borradaile & Johnson (1973). They estimated
finite strain in thinly interbedded dolomitic sandstones
and silty mudstones of member 3 by the degree of rotation
of sandstone contraction crack casts toward parallelism

with the main cleavage.

%.2: Structural outliane

The structure is illustrated on the maps and section
forming Enclosure 1 at the back of this thesis.

Althouzh the rocks are penetratively deformed, the only
significant folding is on a large scale. In the SE of the
area, the beds dip uniforrnlyaevthwards, their outecrop
being determined by two major NE-SW trending faults.
Proceeding westwards, there are a series of gentle folds
followed by a tighter anticline with a faulted, near

vertical,western limb,



16

CHAPTER 3: STRUCTURE OF NE ISLAY

3.1: Historical development

The Geological Survey (Wilkinson, 1907) recognized the
broad structure of Islay as anticlinal and more or less
correctly interpreted the Dalradian stratigraphy from the
Bonaghaven Formation downwards. However the Jura Quartzite
exposures on Islay were equated with'those of Member 5 of
the Port Askaig Tillite leaving the Bonahaven Formation as
the stiratigraphically highest rocks exposed. This necess-
itated a very complex structure in the north of the island
and isoclinal folding was frequently mentioned, although it
can never have been seen.

E.B. Bailey, in a brilliant work (1917), correctly
interpreted the stratigraphy and introduced the concept of
the Islay Anticline as it is accepted to-day. The discussion
of his paper shows that his views were not accepted by
nany people at the time, although B.N. Peach (in Peach &
Horne, 1930) later conceded those parts of Bailey's arguments
that are relevant here.

Green (1924) proposed that Islay had a synclinal structure
and equated the Port Askaig Tillite with the Bowmore Sand-
stone, considering that they were unconformable on a geries
of rocks which included the Sonahaven Formation. This was

refuted by Bailey and others in discussion and later by
Gregory (1928). Allison (1933) vinditated Bailey by the use
of way-up structures in the Bonahaven Formation.

Basahel (1971) mapped a large part of southern Islay
and produced a structural interpretation. He suggested

that the major folding on Islay was the second phase and



recognized the presence of slides developed during the
folding. However Roberts (1974), in his overall view of
the structure of the SW Highlands of Scotland regarded the
formation of the major folds on Islay as the first tectonic
event (f1). This formed part of his 'primary deformation’
during which the rock mass was penetratively deformed, with
four separate phases of folding recognizable on the main-
land. On Islay, there was movement to the MW (during
formation of the Islay Anticline) along the line of the
Loch Skerrols thrust which bounds the Dalradian outcrop

to the west. Roberts correlated the late-stage, minor
crenulation cleavage on Islay with similar structures on
the mainland which form the second of four fold phases
which constitute the 'secondary deformation'.

An attempt to quantify the amount of deformation was
made by Borradaile & Johnson (1973). They estimated
Tinite strain in thinly interbedded dolomitic sandstones
and silty nrudstones of member 3 by the degree of rotation
of sandstone contraction crack casts toward parallelism

with the main cleavage.

3.2: Structural outline

The structure is illustrated on the raps and section
forming BEnclosure 1 at the baciz of this thesis.

Althouzh the rocks are penetratively deforzed, the only
significant folding is on a large scale. In the SE of the
area, the beds dip uniformly nevthwards, their outcrop
being determined by two major NE-SW trending faults.
Proceeding westwards, there are a series of gentle folds

followed by a tighter anticline with a faulted, near

vertical,western limb,
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Stereographic projections of poles to vedding and
cleavage are shown in figure 3-1. Readings taken east of
Loch Giur-bheinn across the Giur-bheinn anticline (fig. 3-1a)
indicate that this fold is cylindrical, with axial planar
cleavage and a plunge of 14% to 036°. 1In contrast the
Section D anticline on the north coast (fig. 3-1b) has an
axis plunging 9° to 214°. Section E contains a number of
folds (with wavelengths of a few or a few tens of metres)
which plot out similarly (fig. 3-1c¢), although cylindrical
folding is less clearly demonstrated here. The southerly
plunge of the fold hinges on the north coast, although
claimed to be a local effect by Borradaile & Johnson (1973),
is matched by southerly plunging bedding-cleavage inter-
sections to the north in the Garvellachs (data of Spencer,
1975a).

The strike of the slaty cleavage varies irregularly from
030° to 060° throughout the area and is fanned (fig. 3-1d)
from a moderate NW dip on the east coast, through the vertical
west of Loch Staoisha to a SE dip west of the line of the
Giur-bheinn anticline. An anomalous area with non-Caledonoid
trend is discussed in section 3.5.2..

In more highly deformed banded quartzite and phyllite
(units 2 and 4, member 4) in various localities cleavage
was developed parallel to bedding rather than in the
regional orientation. The bedcding in such cases is fairly
uniformly dipping, although with minor buckles.

A second, crenulation cleavage, intermittently present
in slaty lithologies throughout the area, dips at a moderate
angle to the .east in the SE area, and dips NW on the north
coast, but is more variable here, It is axial planar to

some minor folds of the first cleavage. It is possible
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Figure 3-1: Stereographic projections 0f bedding and slaty cleavage
poles. a. Giur-bheinn anticline (cleavage 19 readings, bedding 25
readings), b, Ssction D anticline (cleavage 24 readings, bedding 80
readings). c. Section B includes many folds of wavelength 10-100m
(cleavage 9 readings, bedding 125 resdings). d. Slaty cleavage
meagurements from four different areas in NE Islay.(shown on inset map).

Humber of readings: I(97), II(64), III(19), IV(24).
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that its change in orientation was determined by the
fanning of the first cleavage, crenulations being more
readily developed with axial planes at a high angle to the
first cleavage.

Henceforth the main cleavage is referred to as 34
(velonging to deformation Dy ) whilst the crenulation
cleavage is termed So (formed during deformation DZ)'

Most of the %aults in the area aré regarded as post-
tectonic, but one, here named the Bolsa fault, possesses
some characteristics which suggest that it may have formed
during Dy. The line of the Bolsa fault was mapped by
Bailey (1917) from near Dun Chollapus in the south of the
area, as far north as Loch Smigeadail. I haﬁe recognised
its_qontinuation to the north coast, giving a total length
of 11km. On the north shore, the fault zone is very complex
so the map (Enclosure 1) is almost certainly an over-
simplification. However, there is clearly a major break
separating Sections E and F with downthrow to the east. On
the cliff-line the Section F strata show only a gradual
steepening of their dip to the west away from the fault, but
on the lower shore they are tightly folded, becoming
vertical near the fault-line where there is much shearing
and quartz veining. Inland the fault line can be closely
fixed, although unexposed in the stream section Allt Mor
and then is displaced 200m to the west by an E-W fault,
before continuing southwards. In the' SW area in particular,
it is noticeable that the structure is approximately a
sirike fault, the bedding on either side of it varying from
a steep normal to steep reversed dip, constantly younging
to the west. Near Dun Chollapus it does cross-cut the

bedding, truncating members 4 and 3 successively to the south.
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As it is intimately associated with a2 zone of deformation
much more intense than anywhere else in NE Islay away from
the Loch Skerrols thrust, and cuts a long path parallel to
the strike of a belt of near vertical rocks, I propose
that the Bolsa fault was formed during Dy . However, the
fault plane itself is not clearly folded, so the evidence
is largely indirect. Basahel (1971) recognised three
faults developed during the main folding in southern Islay
with which the Bolsa fault may be analogous. The Beinn
Bhan thrust is important here as it cuts out the Bonahaven
Formation in central and southern Islay.

Other faults belong chiefly to two sets (NNW-SSE & WNW-ESE)
and have a normal movement sense as deduced from exposed fault
planes and mapped fault lines. At the eastern end of Section
E, a major fault of the NNW-SSE set is offset by, and is thus
probably earlier than, a minor fault of the other set.

These faults seem to post-date the folding.

J:3: The Islay Anticline
The concept of the Islay Anticline, as illustrated in

cross—-section by Bailey (1917), is in accord with the work
presented here, but it is felt that some clarification is
required. Bailey did not show the line of the trace of the
axial surface on his map and this has been the source of
confusion later. The disposition of Lower and Middle Dal-
radian on Islay (fiz 1-1) suggests at first 3ight a NNE
plunging anticline reaching the coast near Bonahaven

(fig. 3-2b; Roberts,1974). However the outcrops in the
Port Askaig-Bonahaven district are largely determined by
faulting, the rocks being mainly uniformly dipping.
sorradaile & Johnson (1973) show the axial trace of the

IslayvAnticline as joining the Section D anticline with the
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Giur-bheinn anticline (fig. 3-2a). However the stereo-
grams (fig. 3-1) show the fold axes to have low plunge and
a constant azimuth of 035° which does not fit this line.

The trace of the axial surface of the Islay Anticline
runs NE from Laggan Bay on the west coast of Islay through
crucial, but poorly exposed ground. The Loch Skerrols
thrust lies close by to the NW in this area. Rast &
Litherland (1970) regarded the Islay Anticline in central
Islay as an overturned fold with a moderate or steep
northeasterly plunge. Basahel (1971) claimed that it is
isoclinal, but presented no convincing evidence for this
suggestion.

Following the trace of the axial surface NE towards
the east coast of Islay, the strata on this line are
unfolded, but to the NW folding does occur, the most west-
erly anticline clearly facing up to the NW as was the
situation in central Islay. This implies that as the
Islay Anticline is traced to the NE it becomes an en-
echelon structure, each individual axis of the anticlinorium
dying out to the NE, as depicted in figure 3-3, The
stereograms (fig. 3-1a, b) thus represent cylindrical
portions of an overall non-cylindrical structure. According
to the definitions of Campbell (1958) the en-echelon
arrangement is sinistral, but there is insufficient evidence
to decide whethervthe structure is of the zig-zag type
with doubly plunging folds or the elliptical type where all
the folds have the same plunge. If the latter is the case
the southerly plunge on the north coast could be explained |
a8 a transverse warping of the whole folded sheet.

The inferred en-echelon arrangement could be related to
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the non-Caledonoid (N-S) trend of the Loch Skerrols thrust
in northern Islay. The axial region of the Islay Anticline
(fig. 3-3) appears roughly parallel to the thrust here,
although the individual fold axes making up the anticlin-
orium were NE-SW, presumably perpendicular to the overall
direction of shortening. This is consistent with the
suggestion of Roberts (1974) that the non-Caledonoid trend
of the Loch Skerrols thrust meant that the Port Askaig-
Bonahaven district was relatively protected frdm deformation
and so has a NW dipping cleavage, rather than the SE dip

that is the nofmal case on Islay.

3.4: The Bonahaven Fault

Islay is divided into two by the line of the Loch Indaal-
Loch Gruinart transcurrent fault. Durrance (1976, and in
correspondence) postulated, in discussing the results of a
gravity survey of Islay, that the Bonahaven fault might
also possess a transcurrent component. This would explain
the bend in the Loch Indaal fault as the Bonahaven fault is
nearly in line with the SW extension of the former (fig.1-1).
However the Loch Skerrols thrust is apparently no% offset
along the line of the Bonahaven fault, and the latter's
vesterly downthrow is in opposition to the 1000m+ easterly
downthrow of the Loch Indaal fault (Dobson et al., 1975).
Also the evidence in the Bonahaven region does not support
this hypothesis as the fault clearly bifurcates and
rejoins south of Bonahaven, the sum of the downthrows of
the twin faults being approximately the same (450m) as
the downthrow of the undivided fault. Clearly in this
area there is only a vertical component of displacement and

S0 no adjustments are required along the fault line when
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reconstructing the palaeogeosraphy of the Bonahaven

Formation on. either side of it.

3.5: Strain indicators and strain history

Field observations of the inclination of bedding and
cleavages described earlier indicate a major deformational
event (D1) duriné which the bedding was folded and the ma2in
cleavage formed, and a later, minor episode (D2) forming
crenulation cleavage in places. HMore information as to
the deforiational history is supplied by observations on
deformed o0dids and sandstone dykelets, the microscopic
nature of the cleavages and the orientation of pressure
fringes. This section is concerned with the orientation of
tectonic fabrics rather than with deformation mechanisms
which are treated in section 7.5. In the following
discugsion X, Y and Z are the principal axes of the finite

strain ellipsoid, where X>Y>Z.

3.5.1: Deformed o0dids

06ids in o0dlitic dolostones in member 3 show much
variation in deformation partly because some of them show
sore replacement by quartz, but even comparing dolomicrite
00ids there is undoubtedly some heterogeneity in the degree
of deformation. Bed 54D disnlays prolate o8ids (axial ratios
1.5:1:1; fig. 3-4) and beds 54E and 60 exhibit a similar
degree of deformation., However obids in beds 27B, 54C and
425 seem to be nearly undeformed (fig. 3-5).

The orientation of long azes of quartz grains and odids
in five dolostones is shown in figure 3-6. Four lie within
the range of cleavage orientations whilst all are at a

hign angle to the bedding-cleavage intersection. This
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Figure 3-4: bed 54D, photomicrograph in plane polarized light
of thin section cut perpendicular to cleavage. 06ids (some
partly replaced by quartz) and quartz clasts are considerably
defornmed. ’
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Figure 3-5: bed 42E, photomicrograph in plane polarized 1light
of thin section cut perpendicular to cleavage. Quartz clasts
and odids appear nearly undeformed.

+long axis of deformed odids

Pigure 3-6: Orientation of long axis of deformed ooids from
the north coast compared with the cleavage orientation.
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is a similar pattern to that shown by lineations described
in section 3.5.4. There is clearly a lot of scope for
strain determinations using odids in both the Bonahaven

formation and the Islay Limestone.

2.5.2: Cleavage and deformed sandstone dvkelets

The main cleavage is defined by a penetrative preferred
orientation of white mica (phengite) ;hd, as seen in thin
sections cut perpendicular to the cleavage, by elongate
quartz clasts and occasionally pyrite grains. Qualitatively
the cleavage shows variable development, being weak in
nember 1 in Sections 2 and B (except at the base), most
- strongly developed in member 4 sediments on the north coast
anq t0o a variable and intermediate extent in member 3
sediments throughout the area. The poor development of
cleavage beneath member 2 suggests that this unit may have
acted as a shield during the deformation as do epidiorite
sills elsewhere in the Dalradian (Anderton, 1975).

Borradaile & Johnson (1973) reported a lineation in the
cleavage, taken to be the finite extension direction,
visible (in the field) on the north coast, but not at
Bonahaven. I could not detect such a lineation in the
field, although a weak lineation is visible in thin sections
cut parallel to cleavage (7.5).

That there was considerable flattening normal to the
cleavage is beyond doubt. Borradaile' & Johnson (1973)
quantified this by assuming that the cleavage plane= XY
and then deriving the strain ellipsoid by measuring how far
sandstone contraction (synaeresis) crack-fillg within
dolomitic mudstone (sandstone dykelets) had rotated towards

parallelism with the cleavage. They concluded that there



was a shortening normal to the cleavage of 33-66% and
an extension within the cleavage of 25-157%. Because the
method is subject to considerable errors these results
do not imply that the deformation was this heterogeneous.
The authors tentatively extended their results to the whole
of the Formation indicating that present thicknesses are
only 50-70% of those before deformation. However, the many
competent sandstones and quaftzi%es in the sequence may
have suffered much less penetrative deformation. Also
members 1 and 2 on the.east coast appear nearly undeformed.
Observatipns on cleavage and deformed sandstone dykelets
at the west end of Section D (fig. 3-Ta) show that there
is an anomalous area here as the dykelets are orientated in
a non-Caledonoid direction (fig. 3-7c). In this area the
bedding dips uniformly west or WSW at an angle of 12-18°,
Approaching the anomalous area from the east, the dip of
the cleavage and deformed contraction-crack casts swings
round from SE to southerly (fig. 3-7a,b). Further SW, the
dykelets dip SW whilst the most conspicuous cleavage dips
SE (fig. 3-Tc, 3-8). Thin section study shows that in the
anomalous area the most conspicuous cleavage is not, as
elsewhere, a penetrative slaty cleavage, but a discrete
spaced cleavage that crenulates a pre-existing mica foliation
(fig. 3-9). The latter, only indistinctly visible in the
field, has a similar orientation to the deformed contraction
crack fills. The spaced cleavage is mot Sp because it in
turn is crenulated, by a NW-dipping cleavage (=S, fig. 3-10).
West of this area, member 4 sediments lacking sandstone
dy<elets occur; they have a penetrative Caledonoid-trending
cleavage (fig. 3-7d) with no hint of an earlier fabric.
In this small anomalous area then, the main deformational

episode seems to have been composite. Most of the finite
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Figure 3-7: Anoaslous area with non-Caledonoid trending deforsmatioa,
western end of Section D. Bedding 4ips uniformly ¥ or WSV at 12-18°
throughout the area. a) map, with Rational grid (prefix NR omitted).
b,0,4) atereographic projections.



Figure 3-8: Cleavage and
deformed sandstone dykelets
at the western end of Section

D. The most conspicuous
cleavage in the area (S1b)
is visible in the lower half
of the photograph, parallel
to the hammer. Deformed
sandstone dykelets (deformed
towards S1z) dip in the
opposite direction (visible
in the upper half of the
photograph).
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Figure 3-9: Photomicrographs under crossed polars of a sample
from near the location of Figure 3-8. &) polars N-S and E-W;
a penetrative cleavage (S1a) runs from top left to bottom
right. b) polars NW-SE and NE-SW; same view as a); S1b is
seen as a series of mica-rich microlithons running vertically
in the photograph. Rotation of micas has occurred within

the microlithons.
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strain of the rocks was accomplished in a non-Caledonoid
direction leading to the formation of a cleavage (844)
towards which the sandstone dykelets rotated. It was only
at a late stage that the Caledonoid-trending cleavage (S1b)
became established everywhere; in the anomalous area S1b
adopted a spaced crenulation character as Sia was already
present. There seems no obvious reason why this area should
exhibit this complex history as no nearby rigid blocks or
syn-deformational faults have been recognised.

All the cleavages described above are considered to
belong to the primary deformation of Roberts (1974). The
secondary deformation is represented by 82, described in

sections 3.2 and 7.§.

3.5.,3: Deformed sedimentary stiructures

The sandstone dykelets ﬁentioned in the last section show
the effects of the deformation especially well as they are
set in an incompetent medium (dolomitic mudstone). How-
ever over-steepened cross-lamination and cross-stratification
also occur, and bunched ripple form-sets (fig. 3-11) and
stromatolite domes showing an elongation in plan parallel
to the cleavage trace (fig. 3-12) can be seen. Quant-
ification of the degree of deformation would be very difficult.
However some discussion is needed on the validity of the
palaeocurrenis derived from the cross-strata.

rfor the member 1 and 2 cross-etra?a, there is little
petrographic évidence of deformation in adjacent mudstones,
let alone in the competent dolomitic sandstones and quartzites
in which the cross-strata occur. Figure 3-13 purports to
show that there has been negligible deformation of cross-

strata in this part of the sequence. Note that this is not
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Figure 3-10: photomicrogravh, crossed polars (same thin section
as fig. 3=9).An S, fold of S1b microlithons is seen.

Figure 3-11: Bed 65D, showing

e bunched ripple form-sets (1),
| deformed sandstone dykelets (2),
| small loads (3) and a sand-

datolite domes parallel

+to the hammer. As this is
parallel to the cleavage
itrace, 1t is thought to

4% be due to deformation

feature.
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easy to prove because as the cleavage is not steeply
dipping, the cross-strata may be flattened or steepened by
the deformation, depending on their azimuth. In figure
3=13 both cross-strata and cleavage are plotted ﬁith the
dip of the bedding removed by rotation about the bedding
strike. The dataare plotted as hypothetical lineations
(currents) down the dip of the cross-strata. If we post-
ulate é null hypothésis that the cross-strata have suff-
ered a measurable amount of deformation (pure shear) tending
to make them rotate towards coincidence with cleavage then
we would expect the dip angles of the cross-strata to show
a degree of scatter which would be reduced to a minimum
(with average dip 25-30° assuming all are avalanche sets)
when the appropriate deformation had been removed.

The arrows on each measurement show how its orientation
would change if we remove a hypothetical deformation increment.
However, most of these arrows point away from the range
25—30o dip for a given azimuth. Therefore even removing a
small hypothetical amount of deformation increaseg the
scatter of the results. The scatter will increase more,
the further the points are rotated. It can be concluded
that the null hyvothesis is invalid and that the dip angles
of the cross-strata tend to show the best clustering around
25-30° if we consider that they are undeformea.

In menmber 3, deformation is more noticeable genefally,
but the variation in the dip of the bkdding make it more
difficult to perform the same exercise as above. Only near
the top of Section D are dominantly oversteevened cross~strata
the rule (dips of 35-40° being common). Bunched ripple
form-sets, deformed loads and some small-scale folds also

occur here. Plotting all the cross-strata from member 3
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Pigure 3-13: Deformation and mﬁabor 1 cross-strata. . The latter are
plotted as lineations down the dip of the crosa-strata(= currents).
Discussion in the text suggests that the cross-strata are undeformed.
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together (fig. 4-37) there is no overall preferred orien-

tation, yet bimodal distributions in various drientations
occur at individual localities. It is considered likely
that the strike of the cross-strata have not been altered

more than a few degrees from their original orientation.

3.5.4: Presspre fringe lineations

Lineations are defined by the orientation of elongate
quartz and calcite within pressure fringes, principally
around pyrite cubes and in bedding-parallel veins in strom-
atolites (figs. 3-14, 3-15 & 3-16).

Fringes around pyrite (e.g. Pabst, 1931; Spry, 1969) and

detritus occur in a number of lithologies, principally
dolomitic mudstones and some calcareous sandstones. For
fringes around pyrite and bedding-parallel mica they are
best developed on pyrite crystal faces which are normal to
the cleavage trace, in sections pervendicular to the cleavage.
(fig. 3-1S). The orientation of the long axis of the
fringe in three dimensions defines X in a coaxially accum-
ulated deformation (Elliott, 1972) and this was always
observed to be parallel to the cleavage trace in sections
perpendicular to the cleavage.

In the field, stromatolitic bedding is generally displayed
by veins, here called seams, of quartz and calcite, which have
closely similar textures to the pressure fringes around
pyrite: a similar origin is proposed (7.4). Growth
was either in a single direction, or in two diverging
directions away from a central parting. The mineral
lineation may be at any angle to the seam walls (fig. 3-15b,
%3-16; cf. Durney & Ramsay, 1973). Curved crystals (sense of

Shearman et al. 1972) occur in some seams (figs. 3-15c,



Figure 3-14: negative print (x1) of
domal stromatolite with quartz seams .
(within seanms quartz is black and
calcite light coloured).Calcite veins
are also present.
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Filgure 3-15: Some geometrical relationships of seams and pressure fringes
(see Chapter 7 for a discussion of their genesis).

" a) Fringes (principally of elongate quartz) occur around dolomicrite
pebbles, large mica flekes (clasts) and pyrite grains. For the latter
crystal elongation is perpendicular to the growth surface; fringes do not
develop on surfaces at a low angle to the extension direction.

b)sketch of a quartz seam such as those commonly found in stromatolites;
arrows indicate growth directions. (A pronounced crystal elongation is
not always present - see Chapter )

c)seam with curved crystals indicate changing orientations of incremental
strains.

d)seams in domal stromatolite only occur on the side of the dome more
nearly perpendicular to the extension direction., The same structure is
shown bx peams containing unelongate crystalns,
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3-17)which indicates variation in the incremental strain
with time (Durney & Ramsay;1973). A crystal elongation is
not always present within the seams (see 7.5). The
geometry of domal stromatolites sometimes requires that
seams grow on one side of the domes only (fig. 3-15d). Thus
where an internal fabric is absent, the direction of
extension can be deduced approximately by the digtribution
of seams in domed stromatolites.

Por some hand specimens, observations have been made in
two planes using sawn surfaces and thin sections to work out
the three-dimensional orientation of the pressure fringe
lineation. Similar observations were taken on stromatolites
in the field, although curved crystals cannot be detected
here. The results are shown in figure 3-18a,

‘Orientations of quartz lineations from seams and pyrite
fringes lie within the same field supporting the inter-
pretation of these as analogous structures. The results
show congiderable scatter, part of which can be explained
as a result of the wvariable orientation of the cleavage.
Thus the pressure fringe lineations from Section D show a
progressive change from southerly or easterly plunge
through to westerly on reaching the aromalous area, parallel-
ing the change in strike of S1a from NE to SE. Thus the
bulk of the extensions lie in the cleavage orientation of the
slatier lithologies, with hizh, southerly angles of pitch
in general., This constant relationsh%p of the bulk of the
points indicates that the incremental strains which they
represent do parallel X,

Can the relative age of the fringes with respect to the
folding be established? This is not easy to demonstrate

becaﬁse the bedding only dips at low angles as a rule.
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Figure 3-16: Photomicrographs of quartz-calcite seam in
stromatolitic dolostone (D4); a) plane polarized light

b) crossed polars. Note central parting of dolomicrite
(this continues as a stylolite at the end of the seam
outside the field of view). Crystal size increases away
from the central parting. Calcite (cleaved) only occurs
near the seam margins. Crystal elongation is oblique to
the seam walls. For a discussion of genesis see Chapter 7.

Figure 3-17: Photomicrograph, crossed polars of quartz seam

with curved crystals (stromatolite C8). Increase in crystal
size downwards suggest growth was from top to bottom in the

photograph.



However, the data voints show a less dispersed diétribution
when plotted in their present orientation (fig. 3-18a)

than when plotted with the dip of the bedding removed

(fig. 3-18b). Also the points show a much more consistent
relationship to the change in cleavage strike in figure
3-18a. This suggests that most of the folding was accomp-
lished before the fringes were formed., The presence of

some curved crystals might indicate that the bedding was
being rotated as the structures formed (Wickham & Anthony,
1977), but the sense of curvature is usually opposed to this.
Bedding plane slip during folding might produce a different
sense of curvature, but there is no other evidence that this
has occurred. The suggested relationship of extensional
veins developing after folding, but within the same stress
Tield, has been recognised elsewhere.(Phillips,1975).

hat the mineral lineation represents growth during only
part of D1 is suggested by:

1. the apparent bedding rotation before the lineation formed
2. the presence of curved crystals in some, but not all,
samples

3. the variable direction of curvature

4. the presence of some lineations which depart considerably
from the overall clustering of points on fig. 3-18a.

The incremental strains were thus to some extent variable
in orientation, although not so much that X was not clearly
defined by the bulk of the preserved Pineral lineations.

Lineations are also defined by elongate nodules dipving
at moderate angles to the SW for the most part. Their origin
is uncertain because their orientation is different from that

of nearby deformed 00ids or mineral lineations in most cases.
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Figure 3-18; Orientation of mineral lineations in seams and pyrite fringes
a) iu their present orientation and b) with the dip of the bedding

removed. The lineations shov a leas dinperned and more readily

explieable distributivn in a).



3.5.5: Summary of strain history
The rocks suffered nearly all their finite strain during

the primary deformation which produced folds (and probably
the Bolsa fault), with movement to the west producing the Loch
~ Skerrols thrust (Roberts, 1974). The deformation seems rather
inhomogeneous, but increased in intensity overall from the
east to the north coast, and westwards along the north coast
(evidepce from degree of development of cleavage and presence
of pressure fringes only sporadically on the east coast).

The slaty cleavage represents the XY plane, within which
the X direction may be expressed by a mineral lineation.

- Pressure fringes and deformed odids from the north coast show
that extensions here generally pitched in the XY plane at
angles of 35-85° from the bedding-cleavage intersection in a
southerly sense. This contrasts with the northerly plunge

of X in the northern Loch Awe district NE of Islay, where the
fold axes are also sub-horizontal (Borradaile, 1973). On

the north coast of Islay, there is some evidence that the
incremental strains were variable in orientation from time

to time (curved crystals).

The folding may have been inhibited after an early stage
by the fact that much deformation was being achieved by
solution transfer, the tangible results of which are the
mineral lineations (see section 7.5).

Penetrétive deformation was not in a Caledonoid direction
near the western end of Section D at the start of the
primary deformation, but by its conclusion a Caledonoid-
trending cleavage was egtablished over the whole region.

The secondary deformation contributed 1little to the
finite strain, being manifested as thin crenulation bands

scattered sparsely across the area.



CHAPTER 4: SEDIMENTOLOGY

4,1 Pre-Bonahavenvgedimentologz

Consideration of the sedimentology of the higher parts
of the Port Askaig Tillite will provide a useful intro-
duction to the sedimentation history of the Bonahaven
Formation.

Spencer (1971a) considered the Port Askaig Tillite of
Islay and the Garvellach islands to consist essentially of
a series of grounded-ice tillites (mixtites) with interbeds
of shallow marine sediments. He provided evidence for the
origin of the latter in the higher parts of the Tillite
(Members 3,4 and 5) by citing the abundance of 'white sand-
stones' (quartzite) and cross-stratification with poly-
modﬁl or radial distribution of azimuths, and the presence
of ?beach conglomerates and wave-generated ripples (with

NE-SW crestlines).

4.1.1: Lithological description

4.1.1.1.: Caol Tla road cutting
In the Port Askaig district moat of the interbeds are

rather massive quartzites which yield 1ittle sedimentological

information. However a new road cutting (made since 1971)
at Caol Ila in Member 4 of the Tillite, is more helpful
(tig. 4-1). Here 17m of sandstones are seen, without any

mixtite contacts. They are fine to medium grained, thick

bedded and feldspathic, showing either no internmal structure

or parallel lamination. Groups of parallel silt laminae
also occur and there is a tendency to fine upwards into a
2-10mm mudstone lamina, which commonly forms the top to a

bedding plane. These mud laminae are seen to be composite
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Figure 4-1: Caol Ila road cutting. a) locality map with
the National Grid. All sediments are within the Port
Askalg Tillite: Member 4 to the east of the fault and
Member 5 to the west. b) stratigraphic section through
the road cutting. These sediments are absent from the
nearby shore section where only mixtite is exposed. It
is not clear whether this is an originél feature, or due
to faulting. c¢) summary of current directions deduced

from current ripples.
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in thin section, i.e. they are made up of several thinner
mud laminae. The former presence of bedforms is shown by
some mud laminae which exhibit a series of regularly spaced
rounded undulations, varying from 0.5m spacing and 3cm
height to 3m spacing and up to 40cm height. The sand under-
neath such mud laminae is structureless. In addition,
ten bedding planes show straight crested ripples which have
wavelengths of 5-7cm, height of 5mm and an asymmetry (symmetry
index 2.5-6) which indicates a current, rather than a wave
origin.
4.1.1.2: Member 5 of the Port Askaig Tillite

Some 200m of fine to medium grained pure sandstones

(quartzites) with only thin mixtite or conglomerate horizons
form the highest beds in the Tillite in the Caol Ila and
Bonahaven districts (Spencer, 1971a). The sandstones are
thickly bedded, usually massive, but sometimes parallel-
laminated. There are rare bedding plane undulations similar
to those described in the last section, rare mudstone
laminae, wedge-shaped beds and wave-formed ripples.

Inland mixtite and especially pebbly sandstone occur at
the top of the Tillite as was described in Chapter 2. Their

significance is discussed in Chapter 8.

4.1.2: Environmental interpretation

The interbeds in the higher parts of the Tillite (Members
3,4 and 5) show none of the characteristic features of
€lacial outwash in braided streams or lakes described by
Church & Gilbert (1976) and Gustavson et él- (1976).
Although the sediment supply may partly have been fluvially
derived from a nearby glaciated land surface, i1t seems

likely that the interbeds formed during inter-glacials



(Spencer 1971a) and in a marine situation.

The cross-étratification recorded by Spencer (1971a)
appears similar to that in the Jura Quartzite (Anderton,1976)
deposited as dunes and sand waves in a tidal sea. Klein
(1970a) regarded the parallel-laminated quartzites of
Member 5 as forming in a shallow sub-tidal, tide-dominated
situation, and suggested that the bedding plane undulations
are modified dune bedforms. The latter do seem to be con-
structional rather than erosional bedforms because they are
smoothly rounded, regularly spaced and constructed of medium
sand which would have been non-cohesive originally.

Internal lamination is not recognizable because of the purity
of the sand and lack of carbonate cement. The undulations
could have been produced either by wave action (Clifton et al.,
1971) or by tides (Klein,1970b), but the nature of the small
fining-upward sequences with a thin, often composite mud
layer is more in keeping with tidal processes (Reineck, 1967)
than with wave or storm action (Reineck & Singh,1972). The
current ripples also suggest tidal processes, perhaps forming
during emergence of an inter-tidal sand bar (although
superimposed ripples might be expected here). As they are
low in the hierarchy of possible bedforms it is not thought
that the orientations of the ripples are directly related

t0 overall tidal flow directions.

4.,1.3.: Conclusions

Although much more work could be done on the interbeds

in the Port Askaig Tillite as a whole, the higher interbeds
seem to have been deposited in a shallow marine environment,
under tidal influence. Glacial sediments are totally

subordinate in Member 5 in the east coast sections.
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4.2: Bonzahaven Formation: members 1 and 2

These sediments, which are more heterogeneous than those
lower in the sequence, represent a range of sub-environments
within a general very shallow marine setting.

4.2.1: Tithological sequence

Comparative sections through members 1 and 2 at Caol Ila
(A) and Bonahaven (B) are illustrated in figure 4-2. The
environmental intefpretations made there may be compared
with Klein's (1970a) model for the sequence (fig. 4-3).

Unit 1 consists of silty mudstones (slates) with sharply
defined thin laminations of silt and fine sand which are
strictly parallel and traceable for a metre or more to the
limits of the exposure.

Unit 1 grades up through lenticularly bedded sand and
mudstone t0 a series of very fine-grained sandstones (unit 2),
commonly rippled, and containig delicate anastomosing thin
8ilty mud laminae (fig. 4-4). Characteristically sand laminae
less than 2mm thick alternate with bundles (up to 4mm
thick) of mud laminae individually 50-300um thick. Thicker
sand layers develop straight-crested ripples, wavelength
about 8cm, displaying an indistinct low profile with no
narked asymmetry. The orientation of their crestlines is
dominantly NW-SE (fig. 4-6a). Internal cross-lamination is
marked by mud flasers in some cases, but is usually difficult
to discern. However transport seems to have been both to
the NE and SW (fig. 4-5). Two bedding planes have super-
imposed ripples (interference ripples of Klein, 1970a)
orientated NE-SW and NW-=SE which, if one or both of the sets
are current ripples, is suggestive of sub-aerial exposure.
All the ripples in unit 2 are rather indistinctive (it is

not clear from their form whether they are current or wave-~
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ENVIRONMENT:

High Tidal Flat.

FPigure 4-3: Klein’s (1970a)
model of inter-tidal sediment-

ation as applied to Member 5
of the Port Askaig Tillite
and members 1 and 2 of the

Low Tidal Sand Flat
or

‘\FQ(%;

'\___ Intertidal Sand Bar.
B

Bonahaven Formation.

Facies 1

Tide-dominated,
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Figure 4-5:
bed. Ripple is seen to be composite with transport in two
Klein (1970a, fig. 4) termed this structure a

directions.

Figure 4-4: photomicrograph,
' plane polarized light,

unit 2. Very fine-grained
sandstones with thin silty

zws;t“ﬁﬁait‘w

)
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mud laminae.

unit 2, member 1; cross-section through rippled

dune, but its wavelength is much too small for a dune,
Parallel laminae below the ripple probably formed by lamina

by lamina accretion, like that of fig.4-4, rather than
being upper-flow regime laminations,
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generated ripples) and have probably been degraded soon
after their formation.

Unit 3, exposed only at Caol Ila, rests erosively on
silty mudstone in a small exposure on the modern shore;
the erosion surface is overlain by a very coarse pebbly
feldspathic sandstone. In an exposure on the cliff there is
a conglomerate of tightly packed mudstone fragments with
interstitial coarse sand. Granite fragments like those in
the Port Askaig Tillite occur. These lithologies pass
upward into parallel-laminated medium-grained sandstones,
then to a dominantly cross-strétified sandstone, with
erosional tabular sets 5-~15cm in thickness. Most of the
bed tobs are planar however and are capped by a mud lamina
(fig. 4~7). An intervening set of cross-lamination (Klein,
1970a, fig. 4-3) is by no means always present. The mud
laminae are commonly composite, consisting of several, one
millimetre thick,laminae. One set of cross-strata is over-
turned which, considerinéi%extural maturity and environmental
setting of‘these sediments, indicates contemporary earth-
quake activity (Allen & Banks, 1972) rather than overhead
passage of a dense slurry (Hendry & Stauffer, 1975). The
orientations of the cross-strata (fig. 4-6b,c) show much
variation, but in the 35-37m interval are clearly bi-modal
north-south, suggestive of a tidal origin. Occasionally upper
set boundaries are rounded and compare'with re-activation

surfaces (Klein, 1970b).
The dominant lithology at the base of unit 4 is a purplish

t

mudstone with lenses of greenish sand and silt. Some of
the lenses have internal cross-laminae marked by concentrations
of heavy minerals. Thinner silt layers grade up into

mudstone. Interbedded with these sediments are well-sorted,

very-fine grained sandstones (50-1OQFm grain size) with



5@

cross-strata: € cross -strata:
unit 3 : unift 3
28-32m 35-3Im (t=37-38m)
€ low-angle cross-stratn f cross—strata
d ripple crestlines:units 4&5 unit & unit 5 (lawer part)

G

Q cross-strata unit Slupper) h cross—strata

i unit 5 and i
ﬂc"dd '“Iz“be“ 2: member 2 : | ripple crestines,
a Bonahaven . member 2

Filgure 4-6: Palzeocurrents from members { and 2.

36A



368

Figure 4-7: Unit 3 (36m) Caol Ila. Cross-stratified
sendstone (quartzite) overlain by a planar mud lamina,
An intervening set of cross-lamination may be present.’

Figure 4-8: Heavy mineral lamination in unit 4 sandstone
(photomicrograph, plane polarized light). Opague grains
are magnetite; clear grains,quartz;and turbid grains,
sericitized feldspar. This is the only level in the
Bonahaven ?ormation where clastic textures are so well
rreserved in very fine grained sand material.



parallel heavy mineral laminae (fig. 4-8). The fine grain
8ize of these sandstones coupled with the excellent sorting
indicates that these parallel laminae formed under upper
flow regime conditidns. There are also erosional co-sets
of cross-lamination (set thickness up to 4mm) marked by
heavy mineral laminations. No palaeocurrent measurements
could be obtained on these. These various lithologies are
shown in figure 4-9, where a small irregular erosion
surface overlain by silts occurs, perhaps suggestive of

sub-aerial exposure.

The 45-50m interval within unit 4 at Caol Ila (fig. 4-2)
consists of the parallel laminated very fine grained sand-
stones which are arranged into a series of wedge-shaped
cross-gsets (fig. 4-10), each set being of height
10-50cm and lateral extent greater than 10m. The dip angle
of the lamination is in the range 6-16° with a wide scatter
of dip azimuths (fig. 4-6e). Klein (1970a) apparently
mistook the heavy mineral laminae for mud laminations,
concluding that the unit was dominated by 'tidal bedding'
(Reineck & Wunderlich, 1968). Small scours within, and at
the bagse of the sets of low angle cross-strata are filled
initially with medium sand or crogs-laminated fine sand,
grading up to very fine sand (fig. 4-11). One level
shows structures which compare with large loads (Brenchley
& Newall, 1977) consisting of concave upward bulbs 0.5-1m
wide separated by cusps. Small scale loads, with maximum
renetration of gbout 1cm occur frequently in unit 4.°

The top 5m of unit 4 at Caol Ila consgists of thickly
laminated to medium bedded mudstones and parallel
laminated very fine-gfained sandstones. The mudstones are

almost invariably mudcracked, sometimes with two orders of

Polygons (fig. 4-12). Eroded mud fragments in the sands
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Figure 4-9: sketch from tracing of polished surface of hand
specimen, unit 4 (42m) from Caol Ila. Sand layers are stippled.

Figure 4-10: Unit 4, Caol Ila (50m). ILow angle cross-sets:
the topmost set dips to the left with a slightly irregular
set base. The central set dips to the right forming a
wedge thickening to the right. The lowest 'set' represents
horizontal parallel lamination.
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Figure 4-11: Unit 4 (48m) at Caol Ila. Scour in very fine
grained sandstone overlain initially by medium grained

sand, fining upwards.

A
P L0 Ve

—

Pigure 4-12: Unit 4 (50m) at Caol Ila. Mudcracks, with
two orders of polygons visible.

Flgure 4-13' Unit 5 (40m) at Bonahaven. Interbedded
dolomitic sandstones (smooth weathering), the lowest of
which is parallel laminated, and conglomerates of dolostone
fragments (rough or holey weathering). Many of these
fragments are secondary replacements of mudstone clasts.
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are visible in thin section, although not in the field.
These observations indicate that the mudcracks have a
sub-aerial origin, rather than being sub-aqueous synaeresis
cracks as postulated by Spencer (1971b) and Spencer &
Spencer (1972), although genuine synaeresis cracks do
occur in member 3. Symmetrical wave ripples are also
common near the top of unit 4; they have wavelengths
averaging 3.2cm (10 readings), creétlines being orientated
NE-SW (fig. 4-64).

Unit 5 is readily distinguished from the lower units
by the presence of dolostone clasts and dolomitic sand-
stones. At Caol Ila it is dominantly medium-grained
sandstbne, but at Bonahaven it contains mudstone beds.
The base of the unit at Caol Ila has an irregular erosion
sufface with relief up to 10cm. In both areas the sand-
stones are parallel-laminated and cross-stratified, fine
to medium grained and dolomitic., The parallel laminae are
marked by concentrations of mud clasts or by variation in
the quantity of intergranular dolomite. The cross-strata
form sets up to 15cm thick, similar to those seen in unit 3
at Caol Ila. Two examples of climbing ripples dccur,
featuring gets 1.5-2cm thick and angles of climb varying
from 5 to 20°. Wave-ripple form-sets (3 readings) average
less than 3cm in wavelength. The sandstones bear mudstone
and dolostone pebbles, scattered throughout, but also
concentrated at some levels. At Bonahaven there are
abundant mud beds, mostly mudcracked; some are now only
represented by horizons of mudstone pebbles. Some show
internal gilt laminations with low angle truncationms,
probably resulting from deposition on gently undulating

surfaces. The uppermost mud beds bear spherules (Chapter 5)



which are thought to be microfossils. In the field

dolostone beds appear to be present, but on laboratory
examination these invariable prove to be dolomitic sandstones
or tightly packed conglomerates of dolostone fragments

(fig. 4-13). C(Craded sequences a few cm thick, from sand

or silt to silt or mud, are common, followed upward by an
erosion surface overlain by a dolomitic sandstone or
conglomerate. Thus many mud beds are partly or wholly
eroded (see Chapter 5, figure 5).

Member 2 consists of medium grained pure sandstones
(qQuartzites) which contrast with the dolomitic sandstones
beneath. There is a basal 2m croas-stratified interval
of erosional tabular sets each up to 25cm thick. At Caol
Ila, although not clearly at Bonahaven, current directions
from these cross-strata show a bimodal pattern (fig. 4-6g,h).
Some parallel laminae marked by coarse sand occur a metre or
80 higher in the section. Most of member 2 is structureless,
but can be parallel laminated or more often thickly bedded
by joints. Thus it is lithologically very similar to
Member 5 of the Port Askaig Tillite. Inland to the west
(Cro Earraich) member 2 shows abundant wave rippling
(fig. 4-6i) with 3-6cm wavelengths and NE-SW crestlines.

In the far western area it is commonly cross-stratified

(15cm thick sets) and wave rippled.

4.2.2: Interpretation !

Klein (1970a) worked on Member 5 of the Tillite and
nember 1 of the Bonahaven Formation, interpreting them
purely in terms of tidal processes, and proposed a simple
regressive model (fig. 4-3). Two such regressive sequences

were recognised by Spencer (1971b): tidal flat deposits



(units 1 and 4) succeeding shallow sub-tidal and inter-
tidal sands (top of Port Askaig Tillite and units 2/3).
Klein has demonstrated the importance of tidal processes
in these rocks, but his model is not particularly appropriate
for this sequence.

The re-interpretation below (summarized in figure 4-2)
is based on'the vertical sequence and sedimentary sequences
of the east coast exposures and will be expanded in Chapter 8
when discussing the consequences of the wedging out inland
of member 1.

Unit 1 of member 1 probably does not represent tidal
flat deposition as envisaged by Klein (1970a). Instead,
the regular plane silt laminae and lack of mudcracking and
channelling indicate a sheltered, permanently submerged
environment, either lagoonal, or some way offshors.
Bowever the gradational relationship to unit 2 which is
interpreted below as inter-tidal/very shallow sub-tidal
supports a lagoonal origin for unit 1.

Unit 2‘is coarser, indicating an overall more energetic

environment. The regularity and fineness of the mud

laminae suggests they originated by repeated slack-water
deposition (i.e. tidally influenced, Reineck, 1967) rather
than during calm water episodes during storms (Reineck &
Singh,1972), although Raaf et al. (1977) show that flaser

bedding can form in wave-dominated sequences. The inter-

pretation that the sands were deposiﬁed from tidal currents

is supported by the orientation of ripples in unit 2
which are at right angles to definite wave ripples found
in the Port Askaig Tillite and numerous levels in the
Bonahaven Formation, which implies that they are current

ripplea. The prevalence of such bedforms indicates very

Shallow water which may have been inter-tidal at times

40
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judging by the occurrence of superimposed ripples.

Unit 3 is a coarse deposit which has an erosional
(probably channeled) lower boundary, resting on mudstone.
The basal congiomefate represents a lag gravel of local
and exotic fragménts followed upward by the cross-stratified
sands deposited by reversing (tidal) currents. The rare
sets of cross-lamination (Klein,1970a) cannot be regarded
as proof of exposure (}epresenting late stage run-off)
because it cannot be demongtrated that their orientation is
at right-angles to that of the cross-strata as Klein claims.
The cross-lamination could well represent ripples produced
by rather weak flow in one part of the tidal cycle in an
inter-tidal or sub-tidal situation. The mud laminae which
overlie the cross-laminae or cross—strata are generally
Planar. Thus the mud, and underlying sand were not deposited
during a single tide (cf. Klein,1970a), but there was an
interval during which the bedforms were wiped out, The
fact that some of the mud laminae are too thick to have
been deposited during one slack tide was shown by McCave
(1971) and is confirmed by the composite nature of the mud
laminations in thin section. Thus they were deposited from
a series of slack water episodes, probably during neap
tides. i

qut 3 obviously represents a tidal channel of some kind
in an estuarine, deltaic or tidal flat situation (Straaten,
1954b, Oomkens, 1974), a tidal delta (Hubbard & Barwis, 1976)
or an inlet in a barrier island (Terwindt,1971; Kumar, 1973;
Kumar & Sanders, 1974). Although very large bedforms
(sand waves) are present commonly in the lower reaches of
a tidal inlet, the resulting sets of cross-strata may have

thicknesses of only about 10cm (Kumar,1973) similar to that

A



of unit 3. Parallel lamination only occurs in the shallower
(4-5m depth) parts of the inlet described by Kumar (1973),
but occurs at the base of the channel ét Caol Ila, suggesting
that the latter cannot have been deeper than about 5m,
shallower than a fully-fledged inlet would be. The channel
certainly must have been the site of relatively high

current velocities: compare unit 3 with the deposits of low
discharge channels in tidal flats described by Evans (1965)
and Bridges & Leeder (1976). Sucha channel could occur in a
variety of settings but the interpretation of back-barrier
sedimentation iﬁ unit 4 (see below) implies that unit 3 is
likely to represent part of a tidal delta or temporary
inlet. The mudstone in the poorly exposed central part

of unit 3 probably indicates that two separate channel
seéuences are present.

The basal part of unit 4 is not a regressive continuation
of unit 3 sedimentation as neither tidal flat deposits
(tidal channel model) nor spit platform deposits (tidal
inlet model) are present. The basal mudstones may instead
be an abandoned channel-fill deposit.(Goodwin & Anderson,
1974).

The mudcracks in the top part of unit 4 indicate an
intermittently exposed situation for at least part of unit 4.
The best clue as to the nature of this situation comes from
the parallel laminated very fine grained sandstones, rich in
heavy minerals, which are characterigtic of unit 4. The
mere presence of heavy mineral laminae is not diagnostic
of any particular environment as they occur in beach sed-
iments (Clifton,1969), washover sands (Schwartz, 1975) and
deep sea contourites (Bouma & Hollister, 1973). It seems

that any heavy mineral-rich sediment acted on by a sorting
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pfocess will exhibit heavy mineral laminations.

Kumar (1973) described parallel-laminated channel
deposits of medium sand with a heavy mineral-enriched silt
fraction occurring at depths of about 4m in a tidal -inlet.
However these sediments are of limited occurrence in the
inlet sequence, so the sheer abundance of parallel-laminated
sediment at Caol Ila rules this out. The arrangement into
low-angle cross-sets, the occurrence as i%bated medium beds
in mudstone, the absence of associated cross-stratification
and thin mud laminae argues against a tidal origin for
the unit 4 parallel-laminated sediments.

Sediments showing parallel lamination arranged in low-
angle cross-sets have been described in beach, washover and
shoreface situations. . Although the sediments are finer
than usual for such environments, suitable analogies are
furnished by Davies et al. (1971).

The type of stratification and dip angles of the low-angle
cross-gets are consistent with beach sedimentation (Hayes
et al., 1969), although the large range in orientation of
the Caol Ila sets (fig. 4-6e) would not be expected.
Shoreface sediments deposited on sub-aqueous bars exhibit
landward and seaward-dipping low-angle cross-sets, horiz-
ontal lamination, co-sets of current ripple laminae, wave
ripples and lenticular bedding (lower and middle shoreface;
Davies et al., 1971; Davidson-Arnott & Greenwood, 1976).
However the presence of desiccated mud beds is a major
difficulty in either of these interpretations.

A viable alternative is provided by washover sedimentation
which characterigstically produces parallel-laminated sands
(Andrews, 1970; Schwartz,1975). Individual washover (hurri-

cane) events produce thicknesses of sediment from a few cm

\!
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to 1.5m (Schwartz,1975) with a sharp scoured base (Andrews,
1970) comparable with the unit 4 sandstones. The.lamination
tends to have very low landward dip, although can be
variable (Schwartz,1975). Andrews (1970) records seaward-
dipping lamination produced during the storm ebb.

On the washover interpretation, the lower part of unit 4
would represent back-barrier bay sediments (silt and mud)
with permanent water cover, interfingering with the diétal
end of a washover fan.(parallel-laminated sands). The central
part of unit 4 would represent slightly more proximal
parts of the fan, reverting to distal in the upper part
where the interbedded mudcracked, intefnally unlaminated
mudstones would be deposited in ponds which eventually
dried up (Andrews,1970). Tidal re-working of washover
seaiments would form the sets of ripple lamination (fig.
4-9). Wave action between hurricanes in back-barrier ponds
or flats (Barwis,1976) would form the wave-generated
ripples, whose very low average wavelength (3.2cm) suggests
a very restricted fetch (Tanner, 1971) as one would expect
in such a situation (e.g. Hobday & Horne, 1977).

Unit 5 is consistent with a continuing record of back-
barrier sedimentation. At Caol Ila, being dominantly
crosé—stratified sands with intraclasts, it probably repre-
sents the deposits of a tidal sand flat (Klein, 1970b;

Hayes et al., 1969), possibly as a tidal delta (Hubbard &
Barwis, 1976). The climbing ripple lamination caused by
rapld sediment fall-out from suspension, and the graded
sequences in the Bonahaven section could form on the flood
tide following a storm (Aﬁderton,1975)- The preserved wave-
generated ripples are, as in unit 4, of very small wave-

length suggestive of restricted wave fetch. Remnants of



mud flats are represented by the desiccated mud beds at
Bonahaven. Some pure dolostone was being formed in the
area, but is preserved now only as clasts; it could be
that it was forming close to H.W.M. and so was likely to
have been eroded.

The base of member 2 is similar to the unit 5 sandstones,
except that the former is not dolomitic. The tidal origin
of this cross-stratified material is not in doubt, but the
significance of the somewhat thicker sets is not clear.

The higher parts of member 2 compare with the top of
the Port Askaig Tillite: a similar high energy sub-tidal
environment seems most likely. Another possibility is a
washover deposit, but its thickness and uniform lithology
over a wide area argue againgt this. Given a sub-tidal
origin, then a transgression over the whole of northern

Islay is indicated. One would expect to see the passage of

a surf zone preserved (Fischer, 1961): there are some parallel

laminations of coarse sand fairly low in the member which
could represent beach deposits, but this is not conclusive.
Shallower water in the western area may be indicated by

the more diverse sedimentary structures here compared with

the east coast exposures.

.2.33 Conclusions .

Following deposition of the high-energy sub-tidal
sediments at the top of the Port Askaig Tillite there is
a regression at the start of Bonahaven times with the
inferred emergence of a barrier island offshore. All
the member 1 sediments are consistent with a back-barrier,
commonly inter-tidal situation, although direct evidence

for the existence 0f a barrler only comes from unit 4.
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Y



There is no cyclicity (cf. Klein 1970a), rather a vertical
sequence of sub-environments are seen, which are not
repeated. Member 2 records a transgression, returning the
area to the type of sedimentation characteristic of the

top of the Port Askaig Tillite.

4,.3: Member 3

There is an abrupt‘change in sedimentation type from
the pure sandstone at the top of member 2 to the distinctive
sedimentary assemblage which constitutes member 3. The
latter is constantly dolomitic and contains large numbers of
pure dolostone laminae and beds, some of which are clearly
stromatolitic. Stratigraphic logs of member 3 in Sections
B,C,D and E are illustrated in Enclosure 1. Three sedimentary

facies are recognised, and are described below.

4.3.1: Introduction to the facies

The layered facieg consists of thickly laminated to thin

bedded very fine to medium grained dolomitic sandatones and
muddy dolostones. The latter range in composition from
pure dolomicrites to silty, slightly dolomitic mudstones.
This is considered to be a primary feature.

Three sub-facies are designated as follows:

The standard sub-facies has abundant contraction (syn-
aeresis) "cracks and wave-generated cross-lamination.

The lenticular-graded sub-facies exhibits lenticular
and/or graded bedding.

The marginal sub-facies is characterised by frequent
irregularly-topped dolostone beds, often with pockets of

edgewise dolostone flakes within sharp depressions on the

bed top.
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The gandstone facies consists of individual beds (0.2-3m
thick) of cross-stratified, medium grained dolomitic
sandstone, commonly bearing 00ids. There are abundant
dolostone clasts and laminae and thin beds of dolostone
showing contraction (probably desiccation) cracks.

The stromatolite facies refers to stromatolite bioherms

and biostromes.
Table 4-1 shows the relative abundance of the various

sedimentary structures in the sandstone and layered facies.

TABLE 4-1

Percentage of beds of the layered and sandstone facies which show
varioug gedimentary and other structureg

structure symbol 'sta.ndard Ilent—gradlmarginal sandstone |
layered facies facies
Lenticular bedding P 0 75 0 0
Graded bedding G 20 54 25 0
Wave-generated .
WL
ripples and cross- 72 14 43 35
lamination
Dolostone conglom- <>
erates or pebbles reeet 20 14 23 72
Nodules o 28 46 25 12
Loads el 8 11 32 6
Contraction cracks Y v.87 25 T 17
Scoured fdesiccated W
dolostone 13 21 46 0
Flake pockets S/ 7 46. 0o
Cross-stratification] 2N 8 4 0 73
Low-angle bedding O~ o 11 0
Small erosion: Seoes? ‘
surfaces . 0 ° 7 -
Silicified sand- SiL o
stone matrix 0 0 8
061litic ool 3 0 o] 27
Parallel lamination = 3 o} 17
Maggsive (structure-
M 0 0 0 19
less)




4.3.2: The layered facies

This facies makes up most of the thickness of member 3.
Its various attributes are described below.

4.3.2.1: Mineralogical composition of the sub—facies
Figures 4-14, 15 and 16 show the variation in mineral-

ogical composition of each sub-facies, based on visual
estimates, and some point counts, of abundance of minerals
within homogeneous domains in thin sections. The thin
section examination was carried out independently of
considerations of the sub-facies to which each sample

might belong and so the diagrams should not show any
systematic bias in this respect i.e. are accurate, although
imprecise.

The standard sub-facies shows a wide range in comp-
osition with few points in the cornmers of the triangle
indicating availability of sand, silt and clay as well as
conditions appropriate for the precipitation of carbonate.
In addition, many of the finer laminae are noticeably
carbonaceous., In contrast the lenticular-graded sub-facies
containg on average less quartz, and tends to be dolomitic.
The marginal sub-facies is notable for its paucity of clay:
most of the fine-grained laminae here are very dolomite-
rich.

Thus the designation of facies primarily by sedimentary

structures also carries with it a distinction in terms of

mineralogical composition. ‘

Most beds can be readily assigned to a given sub-facies,
although there are some cases, usually where a bed is
poorly exposed, where this is more difficult. Intermediate

cases do occur however indicating that the subfacies are

to gsome extent gradational.

L8 -
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"Pigure 4-14: Composition of individual laminae within the lonticulare
graded sub-facies (mostly 2rom visual estimates in thin section).
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Figure 4-15: Composition of individual laminae within the marginal
sub=facles (mostly from visual eatimaties in thin peation).
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Pigure 4-16:

&) CARBONATE
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Composition of individual laminae within the standard sub=-

.fncles (mostly from visual estimates in thin section). .

Plgure 4-17:

Bed 37/90; croas-lamination from wave-generated ripples.
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4.3.2.2: Rivpples and cross-lamination

Cross-lamination in the layered facies is characteristic-
ally composed of wavy laminations, symmetric or asymmetric
(£ig. 4—17),associated with preserved form sets. These
pPreserved ripple marks range in wavelength from 2.5 to 22cm
and have a ripple index (wavelength/height) of 10.
Crestlines are straight to slightly sinuous with occasional
tuning fork junctions (Tanner, 1967), and are either symm-
etric or asymmetric with ripple symmetry index (stoss length
over lee length) of less than about 2. This indicates that
the ripples are wave-generated. The cross-lamination
compares with the wave-generated cross-lamination described
by Raaf et al. (1977).

The orientation of the ripple crestlines is dominantly
ENE-WSW (fig. 4-18). This direction can be taken to be
perpendicular to the prevailing winds and to lie roughly
parallel to the shoreline (Hobday & Horne, 1977) or at least
within 65° of the shoreline orientation (Davis, 1965).
Asymmetric wave ripples indicate shoaling waves with a net
translation which is dominantly onshore. In member 3,

8 wave ripples are asymmetric to the NW and 3 to the SE
which suggests the shoreline lay to the NW. Some ripples
with a symmetry index greater than 2 occur; they show
diverse transport directions (fig. 4-19). Several ot these
may be true current ripples, but they are unimportant in
comparigson to the wave-generated ripples.

Tanner (1971) has devised an empirical numerical method
for estimating the fetch of the waves producing a given
ripple-mark field, based on the argument that if ripples
are preserved which show a wide range in wavelength and have

a stable average value for the wavelength, then this
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Pigure 4-18: Crestline orientations of member 3 wave-
generated ripples. " (total 62 readings).

Figure 4-~19: Current directions from member 3 ripples
with ripple symmetry index greater than 2 (10 readings).
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Flgure 4-20: Wavelengths of ripples used in wave fetch
estlmates (56 readings).



average represents the product of 'average' wave conditions.
The (onger the fetch of the waves, the greater will be the
wave height under 'average' conditions and the average —
wavelength of the resulting ripple marks. Komar (1974)
indicated shortcomings in estimates of wave parameters of
ancient rocks if oceanic rather than very shallow water
conditions prevailed: the result is that values of water
depth and fetch, if inaccurate, are underestimates,

In member 3, 56 ripple marks are available with symmetry
index 1.5 or less to estimate ancient wave parameters.
They show a wide range in wavelength (fig. 4-20) so that
the above conditions are met, although the number of
readings is somewhat low. The results (Table 4-2) indicate
an order of magnitude water depth of 80cm and a fetch
definitely in excess of 100km. Thig length of fetch pre-
cludes there having been a sub-aerial barrier nearby

offshore.

: TABLE 4-
Estimates of ancient water deoth and wave fetch from member 3 ripples

INPUT: 56 measurements

Average wavelength= 7.5¢nm

Average grain size= 1Sme
OUTPUT: 1."simplest” method of Tanner (1971)
Wave height= {17cm
Vater depths 80cn
Fetch= 224kn.

2., other estimates of fetch, solving pairs of equations
from . Tanner 1971 .

equation
17 18 1
21 180 1400 160 (note: equation
equation 20 50 220 140 17 tends to
10{52-T4 204-276 | 142-170] under-estimate)

fetch),

CONCLUSION: Fetch 18 in excess of 100km
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Superimposed and interference ripples occur at three
horizons: both sets in bed 9D are wave-generated, of large
wavelength and probably contemporaneous with one another:
they are probably sub-tidal (Tanner, 1960; Davis, 1965).
Those in bed 6D are of indeterminate origin, whilst in bed
63C both sets are current ripples: extremely shallow water
can be inferred here.
4.3.2.3: Lenticular and graded beddin

Lenticular bedding is characteristic of the lenticular-
graded sub-facies and indicates a shortage of sand-sized

detritus (as seen in the compositional triangle of figure
4-14) leading to the formation of lensing sand layers.

Graded bedding is linked with this in that it is most
conspicuous in very thin lenticular sand layers (fig. 4-21)
of the lenticular-graded sub-faclies, although also occurs
in the other sub-facies. In the graded lithologies the
coarsest grain size is very fine to medium grained sand
which grades up over a few nillimétres to a (mﬁddy)
dolostone (1-Scm thick) with some quartz silt. Graded
units on this scale in shallow water environments could be
generated by slackening of tidal currents or by the waning
of a storm., Tidal slack-water laminae were noted in units
2 and 3 of member 1: as the tidal cycle is short, the
laminae are very thin there. Storms are much less fréqueﬁt
80 a relatively thick inter-storm deposit would be expected.
Thus the dominance of wave-generated ripples over current
ripples in this facies and the relatively thick and un-
divided nature of the fine-grained layeré indicates that
storms were responsible for the graded bedding. Exposed
(proximal) areas would receive much sediment falling out
rapidly to give the sinusoidal ripple lamination character-

istic of the standard sub-facies, whilst more sheltered
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Figure 4-21: Bed SOE; graded bedding. Abundant quartz-
calcite nodules also visible.

ﬁi‘ﬁwﬁf{‘

Figure 4-22: Conglomerate of dolostone pebbles and flakes;
bed 64/5C. A liquefied sand layer occurs higher up.

Figure 4-23: Bed 18D; dolostone with wavy top surface and
probable desiccation cracks changing laterally to a
conglomerate of dolostone pebbles,
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(distal) areas would receive only a thin, often lenticular

sand layer which would grade up to muddy dolostone.

4.5.2.4: Parallel lamination and crogs-stratification —

Parallel lamination, probably of the upper-flow regime

because of the absence of mud, and cross-sets up to about
8cm thick occur occasionally in the layered facies. The
crogs-gtrata, by analogy with the sandstone facies (4.3.3)
were formed from tidal currents, whilst the parallel lamin-
ation formed from high energy wave action or swift tidal
currents. This evidence, together with the few current
ripples present indicates a certain amount of tidal activity
during deposition of parts of the layered facies. However,
apart from beds 61C and 61E which seem to show intermediate
characters, all beds can be confidently assigned to the
wéve—dominated layered facies or the tide-dominated sand-
stone facies.

4.3.2.5: Low-angle bedding

Beds 70C and 72C, belonging to the marginal sub-facies,
show low-angle (5°) cross-bedding of thin silt laminae in
dolostone, changing laterally to horizontal bedding by
thinning of the dolostone. This superficially resembles
point-bar deposits of inter-tidal creeks of low discharge
(e.g. Bridges & Leeder, 1976). However cross-sets do not
truncate one another, so the structure is essentially
accretional rather than erosional. Dolomite formation was
apparently inhibited in localised areas, perhaps due to
local variations in ?tidal flow velocities. The structure
could form inter-tidally or sub-tidally (P.Bridges pers.comm.).

4.3.2.6: Conglomerates and breccias of dolostone clasts

These lithologies occur in three geometrical forms

(in addition to the breccias in the sandstone and



stromatolite facies).

1. thin, fairly continuous beds 2-40cm thick

2. lenses up to 20cm thick, which have a lateral persist-
ence of only a few metres.

3. as edgewise flake pockets (see 4.3.2.8).

1. The thin beds have a lateral persistence of less than
100m up to several hundred metres or more and most are less
than 10cm thick (fig. 4-22). They are composed of fine

to coarse-grained quartz sand, dolomicrite pebbles which
are usually fairly well rounded, and occasionally centi-
metre sized dolomicrite flakes (aspect ratio of 2 to 20).
The sand and rounded dolostone pebbles were probably
derived by storm transport of sandstone facies material.
High energy is indicated by an occasional edgewise arrange-
ment. Some of these conglomerates could actually be thin
representatives of the sandstone facies, but are too thin
to show the characteristic cross-stratification. The small
flakes of dolostone were presumably derived by rip-up

of ?desiccated dolostone layers (see also 4.3.2.8).

2. The less continuous conglomerate layers are probably
all storm-generated deposits; they contain more angular
flat dolostone clasts than the more continuous beds so
were presumably less transported. Some are clearly
generated by the break-up of desiccated dolostone beds
(fig. 4-23), One conglomerate lems occupies a sﬁall channel
(a few centimetres deep) in bed 73E, but other lenses
appear simply to fill up local depressions with only

minor erosion. Scour following storms is probably also
responsible for the small channels a couple of centimetres

deep which occur in the marginal sub-facies at the top of

Section C;



4.3.2.7: Dolarenites

Dolarenites occur in beds 413, 46B and 68-TOE. They
contain a high prOportion of fine to medium-grained sand-
sized dolomicrite fragments, often associated with
flakes of dolomicrite which have an aspect ratio of usually
4-5, ranging up to. 40(20mm x 250pm). The flakes were
rresumably generated by erosion of a desiccated dolostone
surface and were abraded to the sand-sized fragments
(peloids). ©Peloids occur sparsely in many sandstones in
member 3 and were probably more abundant than can now be
seen because of the effects of compaction and recrystalliz-
ation. The occurrence of dolarenites near the top of
Sections B and E reflects the abundant of dolostone, often
desiccated, at this level. The generation of intraclasts
there was much more important at‘times than the influx

of terrigenous detritus.

4.3.2.8: Flake pockets and irregularly-topped doloetone beds

Many dolostone beds have an upper surface which displeys
relief of 2-5cm, exceptionally up to 15cm. Some of these
are clearly the result of loading of an overlying sand
layer (see 4.3.2.10), but others are characterised by
rounded convex-up areas separated by sharp downward points
which could not be the result of loading. Often dolostone
flakes rest in the downpoints, having an edgewise arrange-
ment because they are in a confined space: these structures
are here called flake pockets (figs. 4-24, 25 and 26).and
are very common in the marginal sub-facies.

Flake pockets are considered to have resulted from a
combination of scouring and desiccation. Desiccation
was certainly a contributory factor because in bed 70E,

the only locality where these structures are seen in plan,
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Figure 4-25: Bed 20B; two well-developed flake pockets.
Deflection of sedimentary laminae around pockets is due
to compaction.

Figure 4-26: Bed T70E; flake
pocket showing clear edgewise
arrangement of flakes. The
pocket connects with the sand
layer at the 9cm mark on the
ruler. Higher sand layers

are graded, but the lowesﬁ one
shows indistinct sinusoidal
ripple lahination.

ShA;
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the flake pockets form a linked network of large polygons

(diameter 20cm). Flakes are concentrated in the furrows
(pockets) at the margins of the polygons and have their
length parallel to the edges of the polygons. However the
present form of the dolostone upper surface is not simply
that of mudcrack profiles, so some erosion must have taken
place. Probably the flakes were generated locally by
spalling of desicéated flakes and transported a short
distance to rest in erosively modified desiccation cracks.,
There are however no exposures showing flakes preserved in
the process of being formed.

Where an irregularly-topped dolostone bed does not
have flake pockets, desiccation need not have been involved,
merely scouring of a soft sediment surface. This is
indicated By examples in beds 70C (fig. 4-27), 16B and 53D
where small contraction cracks occur orientated uniformly
at right-angles to an irregular surface presumably produced
by scouring. The distribution of the contraction cracks
indicates that they must have post-dated the scouring,
which therefore must have been on a water-rich,i.e, non-

degiccated, surface.

.2.9: Contraction cracks

Spencer & Spencer (1972) showed that sand-filled
contraction cracks are common in member 3 and attributed
them all to synaeresis, operating sub-aqueously. The
present study confirms the presence\of synaeresis cracks,
although it seems that desiccation cracks are present at
at least one horizon,

The cracks are up to 4cm deep by a few millimetres wide,
with a variable degree of linking in plan view. In sections
at a low angle to cleavage they show a parallel-sided, but
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sandstone

dolostone

[
i

10cm

Figure 4-27: Bed 70C; top of dolostone bed showing an irregular (scoured)
surface and contraction cracks which appear to post-date the irregular
surface because their orientation varies with the dip of this surface.
Bedding in the dolostone is undisturbed showing that no element of loading
is involved. (Traced from photograph with the aid of a field sketch.)

Figure 4-28: Bed 36/9C; synaeresis cracks in plan view; no camplete
polygons are formed. '

Figure 4-29: loose block from bed 43D; well-developed synaeresis cracks
show some ptygmatic (compacted) forms and some rotation towards the cleavagse.
The host lithology for the cracks is carbonaceous dolomitic mudstone.
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ptygmatic, form caused by differential compaction of sandy
crack-fill and host muddy dolostone. Restoring the cracks
to their original length gives a relative compaction -
factor of 2.3, a result similar to that of Shelton (1962).
In sections perpendicular to cleavage the structures are
more nearly linear and parallel to one another as a result
of deformation (fig. 3-11, fig. 4-29, Borradaile & Johnson,
1973).

Evidence for a synaeresis, rather than desiccation origin
is summarized below.

1. Iﬁ crogs-section they are parallel-sided, rather
than strongly tapering (White,1961).

2. They have relative compaction factors grater than
those of desiccation crack-fills in member 1 (hence the
shrinkage process was not as efficient at expelling water

as desiccation).

3. They are not associated with mudflake breccias or
clasts.

4, A few examples of upward-terminating cracks occur
indicating injection, which is more likely for synaeresis
structures (Spencer & Spencer, 1972), but passive infilling
from above is the general rule.

5. The incomplete polygonal structure in plan view
(fig. 4-28) tends to indicate a sub-agueous, rather than
sub-aerial origin (Straaten,1954a, b). However, there is
no indication of a parallel alignment of cracks such as that
described by Donovan & Foster (1972).

One common effect in cross-section is an upturning of
mud laminae next to the cracks; this superficially resembles
desiccation mud curling, but in this case is clearly the
result of comﬁaction and tectonic deformation.

(Red 45D)
At one horizon}there are definite desiccation cracks.
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These form polygons up to 25cm across with cracks 2cm wide
in a partly eroded dolostone lamina with some intraclaats.
Complete polygons on a smaller scale are fairly co;n::\nl‘; bwit
is difficult to rule out a desiccation origin for these,
although they are much smaller than both the structures just
described and the modified desiccation structures represented
by the flake pockets.

In conclusion, most of the cracks in the layered facies
appear to be of synaeresis origin.

The most likely cause of synaeresis is an increase
(Burst, 1965) or a decrease (White,1961) in salinity. The
cracks are ephemeral (White,1961), so that periodic influxes
of coarser sediment are needed to preserve them (Donovan &
Foster, 1972)., Sporadic introduction of storm-derived
sediment enabled the preservation of the member 3 cracks.

Cracks in pure dolostone present a problem in that a
content of flocculated (White, 1961) or swelling (Burst, 1965)
clay thought to be necessary for synaeresis to occur, is
absent. However a process of osmotic dewatering (Fuchtbauer
& Tigljar, 1975) caused by salinity increase in overlying
water seems feasible. Mukherji & Young (1973) also
postulated that certain contraction crecks in micrite were
of aynaeresis origin. Experimental work to verify this
suggestion would be useful. Certainly the fact that
spectacular loads can form on dolostone beds (see next
section) indicates that the dolostones were very water-rich

originally and so had good potential for forming shrinkage

cracks.

4.3.2.10: Loads

Loading of coarser into underlying finer sediment with a

penetration of 1-4cm occurs at a number of levels. This'



demonstrates that the underlying layer was plastic and
presumably water-saturated. The most spectacular example,
with very deep penetration (fig. 4-30) and occasional
development of load balls,is in the marginal sub-facies.
Although loads can occur in an inter-tidal setting (Schwarsz,
1975) they do net occur in supra-tidal sediments, thus
a supra-tidal origin for the marginal sub-facies is ruled
out. |
4.3.2.11: Nodules ,

A.R.MacGregor (1975, talk at B.S.R.G. meeting).suggested.

that quartz-calcite nodules in member 3, especially notice-
able in the uppermost 20m of Section B, represent replaced
anhydrite nodules. He cited their 'cauliflower' margins
and incipient ‘'chicken-wire' texture where two or more
nodules occur together to support this idea. The occurrence
of pyrite-rich rims in some noduleé might also indicate
the former presence of sulphate (Milner,1976). Originally
the nodule-bearing rocks would have been buried beneath
a supratidal sequence, which was subsequently eroded, with
more abundant anhydrite nodules.
In Section 7.4.5 the nodules are discussed in detail
and it is concluded that, contrary to MacGregor's
hypothesis,the nodules seem to be of secondary origin.
4.3.2.12: Summary of the significance of the layered facies
During deposition of the layered facies, influx of

sand-grade detritus was only interm%ttent and thought to
be related principally to storm action. Where sufficient
sediment was supplied wave-ripple lamination was generated,
otherwise lenticular and/or graded sand laminae were

formed. Tidal currents were unimportant.
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Very shallow water is indicated by evidence of desiccation

in some beds. However desiccation seems to have been the
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exception rather than the rule even in these beds. The
abundant synaeresis cracks present in most of the layered
facies strata indicate a permanent water cover. The absence
of birds-eye vugs (Shinn, 1968) tends to confirm this view.

Varying salinities are indicated by the synaeresis cracks
and a high salinity or varying salinity is indicated by the
presence of dolomite (see Chapter 6). However the wave
fetch seems too long for there to have been a nearby
sub-aerial barrier to have caused this situation.

This discussion is continued in Section 4.3.5.3 when
the other facies and the vertical transitions and lateral

persistence of beds have been described.

4.3.3: The sandstone facies

23.3.1: Bed geometr

The beds of this facies are fairly continuous, many
being correlatable across the 2-2.5km distance from Sections
C to B with very little change in thickness (Enclosure 3).
Only in one case was it possible to observe the lateral
margin of one of these beds: bed 34D passes laterally into
marginal sub-facies by a gradual decrease in sand content
and increase in continuity and thickness of dolostone beds
until the sand layers become only a few centimetres thick
and are no‘longer cross—-stratified.

Thig sheet-like geometry with inter-fingering lateral
margins argues against any strongly channelised forms being
present. Indeed erosion at their bases seems minimal, at
most a few centimetres.

The facies has a bimodal composition of medium~grained

sand and micritic material. Sand grade material is mainly



quartz with some microcline, dolomicrite odids and
intraclasts. 00ids are locally extremely abundant (e.g.
beds 54C, S4D, S54E, 25B), but were not generated in their
present location because 00litic coats on siliciclastic
detritus are extremely rare: the o00ids have a micro-
crystalline core in general.

Thick laminae and thin beds of dolostone are common.
The triangular diagram (fig. 4~31) shows these beds to be
remarkably pure, i.e. clay-free. Dolostone laminae drape
over bedforms (figs. 4-34 and 4-35) and hence formed during
periods of little current activity.

4.3.3.3: Sedimentary structures of the sandstones

Parallel lamination, crosg-stratification and cross-

lamination occur commonly in the sandstone facies. Most
of the cross-lamination is related to the generation of
wave ripples which have very similar characteristics to
those in the layered facies. Their orientations are included
in figure 4-18. Parallel lamination is restricted
t0 well-sorted medium-grained sandstones and so is regarded
as a structure of the upper flow regime.

Crogs-stratification is the commonest structure, set
thickness (fig. 4-38) ranging up to 20cm with a mode of
about 5cm, The palaeocurrents (see next section) and the
pure (siliceous) nature of the original sands indicate an
origin from tidal currents. The sets of cross-strata are
erosional and tabular, although the laminations are typically
tangential at the set base (fig. 4-32). The cross-strata
are marked by variations in the proportion of intergranular
dolomite and sometimes by dolostone pebbles lying on the
foresets (fig. 4-33). Some distorted (liquefied) cross-
strata occur (e.g. bed 29D), probably indicating contemporary
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Pigure 4-30: Bed 73B; load casts, soxze nearly detached from the source bed.

MUD (mica)

DETRITUS EY non-detrited
(excluding mud) ' CARBONATE

Figure 4-31: Mineralogical composition of individual laminne within the
sandptons facles (moatly from visual estimates in thin pection),
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Figure 4-32: Bed 21D; dolomitic sandstone, cross-stratified
in the lower part with erosional tabular sets which are
tangential at their bases. Current directions are unimodal
within the area photographed, but see Enclosure 2 for
summary of current orientations in this bed. The upper part
of the photograph shows more cross-lamination including some
wave-generated ripple form sets and a dolostone lamina with
contraction cracks. '

Figure 4-33: Bed 46D; cross-stratified dolomitic sandstones
with dolostone clasts on the foresets, especially noticeable
in the set which runs from left to right just above centre.

- T ————
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earthquake activity, but are uncommon.

The shape of the cross-sets, and the tangential nature
of the lamination at the set base, suggests deposition
from moderately straight-crested bedforms under relatively
high current velocity with much sediment in suspension
(Beek & Koster, 1972, Goodwin & Anderson,1974). Reactivation
surfaces can be recognized occasionally (e.g. beds 60D,
62D) indicating the intermittent nature of the tidal flow.
In bed 68E, none of the cross-sets is thicker than 3cm:
here the deposition seems to have been from current ripples.
In all other beds the set thickness is almost invariably
greater than 3cm, too thick to have been deposited from
current ripples. Bedforms of suitable size are preserved
in three cases:

" 1. On the top of bed 62B (at 39017825) occur preserved
straight crested, fairly symmetric bedforms of wavelength
60cm, Their form has been at least slightly modified by
later superimposed wave ripples. Even so, the wavelength
and symmetry of these bedforms would be rather unusual if
produced by unidirectional flow, so they could be of wave
origin.

2. A preserved dune in profile is seen in bed 21D (at
404678863 fig. 4-34) draped by a dolostone lamina; its
wavelength is 120cm (stoss 90cm, lee 30cm) and is 11cm high.

3, In bed 60D (at 39987866) there is a preserved flat-
topped bar (fig. 4-35). ;

Comparison with modern shallow tidal areas (e.g. Klein
1970b) suggests that asymmetric dunes like that of figure
4-34 were responsible, on migration, for the production of

most of the cross-stratification in the sandstone facies.
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Figure 4-34: Bed 21D; a preserved dune is visible to the right of
the hammer-head and is capped by a dolostone lamina.

Figure 4-35: Bed 60D; preserved flat-topped bar. Note the wave
ripples below the lower surface, composite nature of the cross-
stratification, dolostone pebbles on foresets, backflow eddies

and the dolostone lamina draping the whole structure (dolostone
shown in black). Cross-strata are oversteepened due to deformation.
Drawn from a photograph and a field sketch.

Figure 4-36: Bed 68E; dolomitic sandstone with dolostone laminae
which show anbundant contraction (desiccation) cracks leading to the
break-up of laminae in places e.g. on the right hand side of the
lowest dolostone lamina.,

61A §
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4.3.%3.4: Dolostone beds

The dolostone beds formed during periods of low
current velocity as can be judged from their draping over
bedforms. They generally show no internal lamination.
They commonly display contraction cracks which form linked
polygons up to 15¢m across. There are a2ll transitions
from continuous dolostone beds, through broken-up beds
(fig 4-36), to horizons of dolostone pebbles and isolated
pebbles, quite well rounded in some cases., The pebbles
- were somewhat plastic as they are occasionally slightly
bent, but brittle fracture occurred on more severe bending.
A fe# pebbles of o6litic dolostone occur, demonstrating some

|
early lithification.

The dolostone beds seem to have formed by steady accretion
by precipitation of carbonate. They were easily fragmented
because they were thin, underlain by an unconsolidated
sand layer and dissected by contraction cracks. The size
and complete nature of the polygons formed by the con-
traction cracks and the brittle nature of the pebbles
(ef. Fichtbauer & Tisljar, 1975) suggests an origin of the
c¢racks by desiccation.
4.3.3.5: Palaeocurrents

Current directions from the cross-strata are shown on
Enclosure 2. At any one locality the croass-stratal
distribution within each bed often shows two widely spaced
modes (e.g. beds 21D, 29D, 62D, 68E? or is multi-modal
(beds 21D, 60D, 62E), demonstrating the action of reversing
tidal currents, rather than unidirectional currents.
Considering the palaeocurrents as a whole (fig. 4-37),
there ig a very wide spread of current directions. The

vector mean is 253° with standard deviation +121° and the
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Pigure 4-37: Summary rose diagram of the palseocurrents from cross-
strata of the sandstone facies in member 3 (18! measurements). Dotted

line represents the equivalent uniform distribution of aziputhe.

number of
ohservations

301
25]
201
15 X

5 ‘

s set Mhickness L 2 cm

Figure 4-38: Cross-stratification set thickness, sandstone facies, member 3,

62A
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magnitude of the vector is 10.7%. This vector is statistic-
ally significant (Rayleigh Test) at the 90% level, but not
the 95% level (method of Curray, 1956) or not significant _
even at the 90% level (method of Mardia,1972). The overall
di stribution is thus best regarded as random.

The extreme local variations in current directions are
well shown in bed 21D where, proceeding eastwards a N-S
bi-polar distribution is replaced by a probable quadrimodal
N-S-E-W distribution, thén by a bi-polar E-W current system.

4.3.%3.6: Environment of deposition

The sheet-like geometry of each bed with'very little
erosion at the base, the erosional sets of cross-stratification,
and absence of metre-sized fining-upward cycles suggests
deposition in very shallow, poorly confined channels.
The manner of deposition would have been analogous to a
braided stream (Allen,1970): a marine origin in this case
being clearly shown by the palaeocurrent distribution.
The dolostone beds formed on the equivalent of braid bars.
The desiccation cracks which they contain implies an inter-
tidal situation, at least at times. The situation is thus
similar to a tidal sand flat (Straaten,1954b, p!13; Klein,
1970b), although the size of the bedforms and resulting
sets of cross-strata was rather smaller than in modern
examples described. This could be due to a asmaller tidal
range in the member 3 environment. As for other tidal flats,
its existence would have depended on some sheltering effect
from wave action (Reineck,1969), thought in this case to be due
to a sub-aqueous bar (see 4.3.5.3). A mud flat was apparently
not formed in the area: practically no detrital argillaceous

material seems t0 have been available in the depositional

environment.
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The current directions were very variable because they
would have been controlled by minor, local variations in
topography. This may ultimately be relafed to an extremely
irregular configuration of the coastline. The currents
were apparently not separated into ebb and flood channels
as unimodal distributions within one bed are rare. No
deductions as to the overall trend or position of the coast-

line can be made from the palaeocurrents.

4.3.4;: Stromatolite facies

Spencer & Spencer (1972) have described and illustrated
the geometry of the stromatolite beds in fair detail and
described some general features of their internal lamination.
The new information here clarifies their use as stratigraphié
markers (Chapter 2 and enclosures), enables deductions to
be made regarding the relationship of their form to environ-
mental and algal growth factors,and explains the nature and
significance of their microstructure.

The literature on stromatolites is becoming vast and is
not reviewed systematically here. General summaries and
a glossary of terms appear in Walter (1976).

4.3.4.1: Macrostructure

The form that stromatolites take can be fashioned both
by the paysical environment (Logan et al., 1964) and by algal
growth factors (Walter, 1972), In particular the isolation
of the algal mat into discrete masses can occur by severance
by wave action (Logan et al.,1964) or by the preferential
growth of algal clones (Monty;1967; Golubic, 1973; Gebelein,
1974). Columnar types have been used as bio-stratigraphic
indicators in various parts of the world (Walter, 1972, 1976),
possibly indicating a degree of biclogical control on

column form.
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When stromatolites directly overlie layered facies
sediments (which were deposited under relatively quiescent
environmental conditions) they formed either a stratiform -
lamination or low domes (e.g. horizons D2, D3, D4, C8).
Domes developed where the algal mat draped over dolostone
pebbles or an irregular sediment surface (e.g. D4) or perhaps
where there was lateral growth expansion of the mat. The
process of preferential sediment trapping on high points
seems not to have operated as the domes commonly give way
upwards to cryptalgalaminites (e.g. D3; D4,fig. 4-39; E4,
E8, BI, BIII). In some beds there is an influx of medium-
grained sand, that is increasing energy of the environment
after the mat has been established. Thig results in the
geverance of the continuous mat leading to the growth of
discrete columns (C8, D8; figs. 4-40, 4-46) and/or the
production of a breccia of stromatolite flakes (e.g. C9).
When stromatolite growth commenced in an already high energy
environment (e.g. BIII, D5, D7) the structures formed were
irregular in shape. In two cases (D5 and BY) the mat
subgsequently became continuous, but with a very ragged
structure of small domes reflecting a high sediment influxz.
Thegse observations show that there is an empirical relation-
ship of stromatolite form to environmental energy as seen
for modern examples in Shark Bay, Western Australia (Logan
et al. 1974).

On the other hand, there are many isolate stromatolitic
masges forming oblate spheroids and ellipsoids (BYXI, D5 upper,
¢s, E5, D6, E6, E7, C9, E9, fig. 4-41) encased in layered
facies sediments. These forms cannot have been induced by
physical separation of the mat under harsh environmental

conditions. Instead it seems to be a growth feature of
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Figure 4-39: Stromatolite horizon D4; stromatolitic lamination
doming over irregularities in the substrate (dolostone) passes
upwards into cryptalgalamlnltes overlaln by sandstone

Figure 4-40: stromatolité ,
horizon D'8'; cryptalgalaminite
vfollowed'upward by columnar
stromatblité with medium

between the columns. These
‘are overlain by a purplish
silty sandstone.

Figure 4-41: Stromatolite horizon E9; oblate spheroidal
stromatolite bioherm, in detail consisting of many small
linked domes; lamination is overturned on the bioherm, PERORL Ttsn

“ L
LA 'l~ .
A L b

margins. R
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the algae. The bioherms show a structure of concentric
layers with small laterally-linked domes or columns within
each layer and vertical, or overturned bedding on their -
margins. This is apparently a common form of sub-tidal
stromatolite bioherms in the Precambrian (Serebryakov, 1976).
Another point is that even where the algal mat was separated
by environmental factors leading to the development of
discrete columns, these columns have a definite shape
which may be of taxonomic significance (see 4.3.4.3).
4,3.4.2 Microgstructure

The interpretation of the microstructures of ancient
stromatolites is difficult (Hubbard,1972; Bertrand-Sarfati,
1976) because of their susceptibility to post-depositional
alteration (Bathurst, 1971) and because of the polygenetic
origin of laminations in Recent stromatolites (Monty, 1976;
Park,1976). In member 3, the lamination defining the strom-
atolites occurs in nine modes described below, only the
first four of which are 'primary'.

1, Clagtic layergs. There may be discrete layers of

clastic material up to millimetre scale thickness. The
detritus is mainly silt- or very fine-grained sand-sized
quartz, microcline and mica, although dolomite peloids
sometimes occur (BY, E9; fig. 7-13). The detritus usually
occurs in fairly even layers, independent of the slope of
the surface, suggesting that it was agglutinated by the algal
mat. In some cases medium-grained sand is concentrated in
hollows or inter-stromatolitic areas, suggesting that it
was only the finer material that was bound into the strom-
atolite. (Frost, 1974). In other cases this detritus appears
to be uniformly scattered throughout the stromatolite
without forming distinet layers. Sediment-rich layers,



where they do occur, would have been deposited when suspend-
ed sediment was particularly abundant, e.g. following a storm.
They are analogous to the sand layers in the layered facieg,
Commonly stromatolitic lamination is truncated by scour
and healed over by later growth.

2. Dolomite grain size alternmationg. Nearly all the strom-

atolites show an alternation of finer and coarser-grained
dolomite on a scale from 100pm to several mm (£ig. 4-42).
Such a structure is very common in ancient stromatolites
(Henderson, 1975; Horodyski, 1976), but no general statement
as to its significance has been made. In member 3, the
finer mode, in different cases, lies in the range 3—5QPm
whilst the coarser mode ranges from 5-10 to 125ym, It is
thought that the finer end of these ranges are closest to
the original grain sizes. The coarser domains often contain
a variable amount of detritus ranging from silt to very
fine-grained sand. This detritus is low in concentration
compared to the dolomite, but it is not clear whether this
is an original feature, or whether some of the detritus
has been removed diagenetically. Thus the coarser laminae
are, broadly speaking, clastic. The finer laminae, on the
other hand, appear to be the product of early precipitation
of carbonate. Evidence for this is best seen in a sample
from BYI (figs. 4-43, 4-44) which shows the development of
rounded masses of fine-grained dolomite, occasionally
coalescing to form more continuous bands. This structure
seemg identical to early calcified areas in stromatolites
from Baffin Bay, Texas described by Dalrymple (1966) and
also recognized in ancient stromatolites by Leeder (1975).
In the Baffin Bay examples, bacterial decay of organic

matter in algal-rich layers forms ammonia which induces
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Figure 4-42: Photomicrogfaph,
plane polarized light,
stromatolite horizon D2.
Stromatolite consists of a-
dolomite mosaic with scattered
terrigenous silt. Stromatolitic
lamination is shown by
alternations in the grain

size of the mosaic (dark=
fine-grained) and by bedding-
parallel stylolites (black
lines e.g. just above centre).

Figure 4-43: Photomicrograph, plane polarized light,
stromatolite horizon BY¥I; shows rounded coalescing magses
of (dark) fine-grained dolomite interpreted as pene-
contemporaneous calcification of the stromatolite. ILight
areas may all be fenestrae, but this is only certain when
their centres are of calcite (see 7.1.1), as in the arrowed

area, rather than of dolomite,
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carbonate precipitation. Cathodoluminescence (fig. 4-44)
shows that detrital material (microcline) is absent from
the fine-grained domains. Other, poorer examples of this
texture occur in beds BITI, D2 and D4.

3, Fenestrae. Associated with microstructures exhibiting
clear early calcification are discrete patches of dolomite
and calcite microspar which are interpreted as fenestrae
(7.1.1). They are either equant, 100-300pm in diameter,
or elongate (fig. 4-43), paralleling the stromatolitic
lamination defined by grain size variations and clastic
layers. Such fenestrae could originate as sheet cracks
formed by removal of organic matter, or by desiccation
(Fischer, 1975; Bertrand Sarfati, 1976) or by lateral growth
expansion (Monty, 1976). Because these fenestrae occur in
bioherms which are considered (4.3.4.1; 4.3.4.4) to be
sub-tidal, and because early calcification would have provided
a relatively firm framework, it is thought that the most like}y
explanation for the formation of the fenestrae relates to
decomposition and removal of organic matter. The voids were
maintained by the early precipitation of fine-grained

carbonate. y

4. Radial-calcite lemingae. Within domes in the calcitic

stromatolite BIII occur discrete laminae of calcite with
a pronounced preferred dimensional and optical orientation
of individual crystals perpendicular to the lamination
surface. They are very smooth and continuous and display a
poorly defined median line with small calcite inclusions.
They are certainly pre-~-tectonic because they are cross-cut
by quartz seams (see 9, below).
The laminse compare with the radial-fibrous-célcite
laminae described from the Middle Proterozoic by Horodyski
(1975) which he ascribed to early calcite precipitation j
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immediately beneath a living algal mat. This would explain
the smooth, continuous nature of the laminations reflecting
the uniform conditions beneath the mat, compared with the
more variable conditions within the mat as exemplified by
the patchy nature of within-mat calcification (fig. 4-43).
The presence pf inclusions only along a poorly defined
median line may indicate that the calcite has a displacive
mode of growth.

5. Calcite-dolomite alternations. Parts of stromatolite
horizons BITI, BI¥, BY, C9 and D6 show an alternation of

calcitic and dolomitic laminae on a millimetre, or finer,
scale.(fig., 4-45). Such a structure has been interpreted
by Gebelein & Hoffman (1973) to be related to original
altermations of calcium carbonate detritus and organic
layers, the latter being preferentially dolomitized because
of the capacity of blue-green algae to concentrate Mg
relative to Ca in their sheaths. Whilst this might help
to explain the dolomitic nature of the stromatolites in
member 3 as a whole, the calcite-dolomite altermations
a8 now seen are not thought to relate directly to
original structure. The original detritus was originally
dominantly terrigenous, not calcitic so the calcite layers
are not simply clestic layers. The calcite forms a coarse
mosaic within which no lamination is preserved, so it
is thought to be a diagenetic replacement after dolomite
(see also Chapter 7). The exception is BIII which does
show some grain size variation within calcite laminae as
well as exhibiting type 4 (radial-fibrous) laminae: the
calcite here may well be primary.

6. Stylolites. Low relief stylolites, concentrating

mica and other impurities, occur frequently parallel to
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stromatolitic lamination, as seen elsewhere by Henderson

- (1975). Altrhough largely opaque in transmitted light they

are yellowish in reflected light and so are not to be con-
fused with bituminous films (representing remains of algal
mats: Laporte,1967; Hofmann,1975a) which do not occur in
the Bonahaven Formation.

7. Clay-rich bands. Bands of rearly pure mica occur

parallel to bedding in domal stromatolites. They may, like
the stylolites, signify solution of carbonate.

8. OQuaritz-albite bands More common than 7. are bands
of secondary quartz and albite (30—15qu) at ZOQPm to 2mm
intervals, especially in domal and columnar stromatolites.
They do not seem to represent a transformation of original
detritus because they never contain microcline (see also 7.4).
Where they are diffuse, however, they may not always be
distinguishable from detritel layers: thus it is not always
possible to recognize the nature and distribution of orig-
inal contained detritus in the stromatolites.

9. Quartz-calcite seamg. The most spectacular demon=-
stration of the mobility of quartz and carbonate in the
stromatolites are the ubiquitous tectonic quartz seams
by which the stromatolites are usually recognized in the
field (see also Chapters 3 and 7). Similar structures occur
in Proterozoic stromatolites of the Transvaal Series of
South Africa (Buttom,1973).

There is no evidence from the microstructures of a
differentiation of algal communities to produce different
growth forms as all the primary microstructural types
(except 4) occur in all of the macrostructural types.

Entire laminae are generally smooth in the Bonshaven
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Formation. This is a distinctive microbiological feature in
the Recent (Logan et al., 1974), but may not be so for
fossil sfromatolites (Bertrand-Sarfati, 1976).

The controls on microstructure appear to be variation
in the rate of sediment'influx perhaps coupled with seasonal
differentiation of the algal coenose (Bertrand-Sarfati,1976).
The first co;trol leads to the formation of clastic laminae
following storms under layered facies-type conditions or
typically a more scattered and constant influx of sand under
sandstone facies conditions. The second control refers to
different species becoming dominant in the mat at different
times of the year; these different species may have different
sediment trapping and carbomate-precipitating abilities
vhich could produce a seasonal lamination. As was noted for
the macrostructure, both environmental and algal growth
parameters are potentially important in determining the

microstructure.

4.3.4.3. Clagssification |

The nomenclature, classification, or taxonomy of strom-
atolites is still much in dispute (Walter, 1976). EHofmann
(1975b) doubted the accuracy of three-—dimensional reconstruct-
ions and many amthors have questioned the criteria used to
assign names to stromatolites. Colummar stromatolites in
C8 (fig. 4-46), D6 and D8 are named here according to the
classification of Cloud & Semikhatov (1969). These have
smooth walls, maximum column diameter of about 5em, show
bifid parallel'branching with some expansion of the columns
Just below a branch. The laminse are moderately to strongly
convex. Successive laminae envelop one another at the
column margins, so the name Jurusania given to these strom-
atolites by Spencer & Spencer (1972) is inappropriate.
However the group name Gymnogolen fits the description just
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Figure 4-46: negative prints of
veels of polished surfaces of
stromatolites (x1).

2) well developed columnar strom-
atolites from horizon D'8',

Thin quartz seams occur and
larger nodular areas.

b) columnar stromatolites from
norizon C8; flake breccia

between columns is well shown.
Quartz seams and one nodular area

(top) occur.

o
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given. This group is restricted to the Upper Riphean according
to Cloud & Semikhatov (1969) and Krylov & Semikhatov (1976),
although Hofmann (1973) allowed a Vendian age, which would
be more appropriate here. I cannot take this clessification
entirely seriously however until the effects of depositional
environment on stromztclite form have been fully elucidated.
4.3.4.4: Environmental deductions

There is no clear evidence of sub-aerial exposure from
the stromatolites. The rare fenestrae do not seem to be of
the 'birds-eye' type; the stromatolite flake breccias can
easily be generated underwater (lonty, 1967; Gebelein,1969),
and there are no polygonal forms like those of Kendall &
Skipwith (1968). Rather the conclusion of very shallow water
conditions comes from study of the associated sediments.
In the case of the biohermal types a minimum water depth
equal to the height of the bioherm (which is 3m in parts of
E9) is indicated. This will apply also to the layered facies
sediments deposited between the bioherms. '

The relationship between stromatolite form and environment
was outlined in section 4.3.4.1.

4.3.4.5: Controls of development of stromatolite beds

There is no overall cyclicity or set pattern in the
development of the stromatolite beds. It is considered in
the next section (4.3.5) that there is in fact only weak
evidence for overall cyclicity in member 3.

The reasons why stromatolite growth was instigated at
each horizon is not clear: there is certainly no constant
sedimentological factor. Ome is forced to appeal to unknowns
such as the supply of nutrients (Monty, 1973) or other
rarameters that are not directly determinable from the
sediments., Cessation of growth might be influenced by the

same parameters, but there is evidence for a sedimentological
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factor a2lso. It might be expected that an influx of.
coarse detritus might cause cessation of growth. Although
this is so at horizon D3, this is the only horizon where
this occurs. At other horizons (e.g. D5, BIIT) stromatolite
growth took place under sandstone facies conditions.
Rather, in many cases the lithology immediately overlying
the stromatolites is a lamina of coarse silt or very fine-
grained sand, weathering slightly purplish, contrasting
with the yellow-orange of the stromatolites. Thus a
relatively severe storm bringing in an abundance of choking
fine sediment into the erea caused deposition of a sediment
layer sufficiently thick for the algae to be unable to

move through it to re-establish a mat at the sediment

surface.

4.3.,5: Facies and sedimenta environment

4.3.5.1: Lateral facieg variation

There seems no correlation between Section B‘and t+he north

coast sections. Along the north coast, Enclosure 3 shows
that most beds of a given facies persist throughout the
extent of the outcrop. The variations in stromatolite
bed geometry laterally are generally related to the develop-
ment of bioherms which do not have any relation to environ-
mental changes, as was discussed in ‘the last section.
Sandstone facies beds 5D; 44C,E; 56E; 58E and 68E are
missing from adjoining sections; 19E appears as standard
sub-~facies in Section D,and bed 34D changes laterally to
marginal sub-facies by a process of smooth transition. The
average lateral persistence of the sandstone facies beds
is greater than %km as all such beds in Section C can be
matched in Section E; the limited evidence available

suggests that vhere they do wedge out, they pass by transition



into marginal sub-facies sediments,

Lateral transitions between the sub-facies of the layered
facies occur in beds 17, 35, 38, 45, 56/9, 65 and 68 on the
north coast, but are not actually observed in continuous
sections. The closest is bed 35D which changes from lenti-
cular~graded to marginal sub-facies in less than 300m. The
existence of different sub-facies at the same time in the
same area is therefore indicated. Conversely, most of the
beds show no change and so have a lateral persistence in
terms of kilometres.

Stromatolite horizon 9 and the marginal sub-facies
sediments above it are absent from Section D. Presumably
this area had a slower rate of subsidence than to the
east and west. The thin dolostone conglomerates, particulerly
the one at the top of member 3 are the only possible
evidence for an actual hiatus in sedimentation at the top
of Section D. It is unlikely that the member 3/member 4
boundary is diachronous to any extent because member 4
sediments could not be lateral equivalents of those of
member 3 on sedimentological grounds.
4.3.5.2;: Vertical facies transitions

The sequence of vertical facies changes in the north
coast outcrops of member 3 have been examined using a
transition probadility matrix (Table 4-3a) where each
element Pij represents the probability of the transition
of the facies in row i to the facles in column j occurring.
(The numbers in brackets are the actual numbers of transitions
involved).

As there is no objective criterion such as well-developed
bedding planes for subdividing units of one facies, trans-

itions must be from one facies or sub-facies to another, thus

A



the main diagonal consists of zeroes. Schwarzacher (1975)
has shown that this way of structuring the matrix cannot

be objectively tested against an independent random

process. The only alternative would be to record the facies
present at fixed interval throughout member 3, but this
assumes that the sedimentation rate was the same for each
facies which is probably not the case. In fact all geological
sequences which have been analysed quantitatively are
non-random (Schwarzacher, 1975) but they may or may not

show cyclicity. As the amount of data is limited and the
rroof of cyclicity is difficult, no statistically rigourous
observations can be made here.

Nevertheless, it is useful to calculate the 'trial matrix!'
(Table 4-3b; Gingerich,1969) which gives the expected
trangition probebilities allowing for the fact that some
facies occur more frequently than others. Each element is
obtained by dividing the number of transitions in column }J
by the total number of transitions in all the columns
except i. The differences between Tables 4-3%a and b are
shown in Table 4-3c (=differences from random). Although
not proving that any particular cyclicity or preferred
arrangement of beds occurs, it does indicate where un-
expectedly large or small numbers of transitions occur
and thus limits the hypotheses which can be put forward.

There does not seem to be any overall cyclicity in the
sequence, although preferred transitions do occur,

Stromatolite beds are more likely to be preceded by
lenticular-graded sub-facies sediments than followed by
them and vice-versa for standard sub-facies sediments.

This can be taken to mean that stromatolite beds are

more easily established when sediment influx is low



TABLE 4-

Iransition matrices
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(2) Transition probability matrix (transition frequency matrix

in brackets)

St Sa S L M
st |o 0.47(12.5)|0.15(4) |0.23(6) |0.15(4)
Sa | 0.46(13) |0 0.13(3.5)[0.33(9.5)]0.08(2)
S |0.50(6) {0.25(3) 0 0.17(2) |0.08(1)
L [0.37(6.5){0.43(7.5) {0.20(3.5)|0 0
M 10.50(2) |0.25(1) 0.25(1) |0 0

(b)

(c) Differences

Independent random matrix

Sa S

L

St

0

0.40(0.20

0.29

0.11

Sa

0.4340

0.19

0.27

0.11

S

0.%36(0.3210

0.23

0.09

L

0.39[0.3410.17

0

0.10

M

0.34]104300.15

0.21

0

from random (x100)

Sa S L M

St +7 -5 ) +4
Sa 0 -6 +6 -3
S +14} =7 | O -6 | -1
L +9 | +3 0 -10
M +16] =5 +10} =211 O

Abbreviations:

St= standard sub-facies

Sa= sandstone facies

S= stromatolite facies

L= 1lenticular-graded sub-facies

M= marginal sub-facies
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(lenticular-graded sub-facies) and more ezsily killed off
by influx of abundant suspended sediment (standard sub-
facies).

Sandetone facies beds tend to be bounded above and below
by stromatolite beds less often than in the ‘'random' case
and are bounded above and below more often than random
by lenticular-graded sub-facies sediments. The interpret-
ation of these observatians remains obscure: the difference
from 'random' is anyway rather small.

The preferred associations of the marginal sub-facies
are uncertain because there are only a few of these beds.
Although they are not found vertically adjacent to the
lenticular-graded sub-facies at all, a lateral transition
between them occurs in bed 45D. In aeddition it is some-
times difficult to assign a bed to one or other of these
sub-facies, which suggests that they are gradational.

Overall, explanation of vertical facies varietion in
terms of sequential changes in the overall environment,

rather than cyclic superposition of laterally equivalent
'facies,seems most appropriate.

4.,3.5.3: The member 3 environment

Klein (1970a) suggested that member 3 might represent
an inter- and supra-tidal flat assemblage such as those
described by Laporte (1967), Schenk (1967), Kahle & Floyd
(1971) and many others. However Gebelein (1977), working
on modern sediments in Florida states that the supra-tidal
analogy may have been over-played and that very little of
the sediments described by Laporte and others is really
supra-tidal. Indeed the mere presence of dolostones
(Zenger, 1972; Hoffman,1975) or stromatolites (Hoffman,1972)

says nothing sabout water depth or general environment.

The depositional environment envisaged for member 3 in

S .
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the present work involves a generally shallow sub-tidal
setting with occasional emergence in the marginal sub-facies
and perhaps more widespread inter~tidal conditions during
deposition of the sandstone facies.

In the layered facies, synaeresis cracks imply

changing salinities,and a high salinity, at least at times, is

1
suggested by the abundant fine-grained (dolomitic) carbonate.
Therefore a general 'lagoonal' environment is postulated, i.e.

a fairly permanent water body to some extent isolated from

the open sea. The word 'lagoonal' is piaced in inverted commas
because there was clearly a great deal more sediment movement
even in the layered facies, than in a completely isolated lagoon.
In fact there was no sub-aerial barrier nearby off-shore because
the wave fetch was so long,as was deduced earlier. However

there may have been a submerged barrier, possibly an obid shoal
to judge from.the occasional presence of o06ids in the layered
facies and their common occurrence in the sandstone facies.
Salinity increases would have been caused by evgporation, sal-
inity decreases by influx of sea water, especially during storms,
by rainfall, and possibly by fluvial influx, although there is
no direct evidence for rivers draining into the area.

Thé dominant depositional processes in the layered facies

were storms alternating with quiet water carbonate and clay !
deposition, tidal currents being unimportant. Most beds are
continuous along the north coast, but cannot be correlated

with Section B.

The standard sub-facies was deposited under a permanent water
cover during conditions of fairly abundant supply of terrigenous
detritus (abundant wave-rippled sands, Table 4-1) and frequent
salinity changes (abundant synseresis cracks, Table 4-1).

The lenticular-graded sub-facies represents deposition

elther in areas more remote from sediment influx, or, to o
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judge from the considerable lateral extent of these beds,
at times when wide areas of the 'lagoon' were receiving
less sediment. Table 4-1 shows that wave-rippling and
synaeresis cracks are low in proportion compared with the
other two sub-facies suggesting conditions of uniform
salinity and fairly quiet water.

The marginal sub-facies is characterized by a lack of
fine-grained terrigenous detritus and indications of
occasional emergence. It would have been deposited in
shoaling areas within or at the margins of the 'lagoon’.

The sandstone facies contains cross-stratification
generated by tidal currents as well as wave ripples. The
dominance of tidal currznts here indicates a slightly
different palaeogeographic situation from the layered facies
a8 tidal currents were unimportant in the latter. Most
beds of the sandstone and layered facies are continuous !
along the north coast, but cannot be correlated with Section B.
This suggests that discrete depositional areas'existed,
although it is not clear to what extent they were gradational.
This may be related to an extremely irregular coastline
or perhaps to shoaling areas of little subsidence separating
depositional areas. Although lateral passage of sandstone
facies into marginal sub-facies was observed in one case,
it is not possible to say whether sandstone facles deposition
in e.g. the north coast area was contemporaneous with, say,
standard sub-facies deposition in e.g. the Bonahaven area.
That is, it is not possible to prove whether a vertical
transition from sandstone facies to lenticular-graded or
standard sub-facies reflects merely a geographic change of
local significance or whether large stretches of the

Dalradian coastline was affected by a change, perhaps in

tidal range. However the apparent decrease in the number



of sandstone facies beds from the north coast to Sections
A and B (Chapter 2 and Enclosure 2) favours the former
alternative.

The conclusions of this section are combined with
information on sediment provenance (4.5) and palaeogeog-
raphy (8.1) to produce some palaeogeographic cartoons
(figure 8-2), which illustrate fhe environment envisaged.

4.35.5.4: Modern and ancient analogues of member 3

Comparison with modern coastal environments, made more
difficult because of the abundant bioturbation in modern
sediments, reveals some analogies, but no environment
exactly equivalent to member 3.

The Laguna Madre-Baffin Bay area of Texas (Rusnak, 1960;
Behrens & Land, 1972; Miller, 1975) shows salinity fluctuations,
absence of diurnal tidal activity and some formation of
dolomite,which compares with some features of the layered
facies. However, as the Laguna Madre has a sub-aserial
barrier separating it from the ocean, the effects of wave
activity are confined to the production of washover fans
and the winnowing of sediment on the landward lagoon shore,
which clearly does not tally with the layered facies.

The Trucial Coast of the Persian Gulf (Kendall & Skipwith,
1968; Purser & Seibold, 1973; Purser & Evans,1973; Loreau &
Purser, 1973) displays a shoal/barrier island system, linked
in places to the mainland and associated with o0litic tidal
deltas. Similarities with member 3 include the presence of
dolomite, the prevalence of sub-tidal sedimentation behind
the barrier (over hundreds of square kilometres in any one
area) with only narrow tidal flats and the regional import-
ance of both waves and tides, but the abundant bioturbation

obscures any further similarities. Algal mats are restricted
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to highly saline, inter-tidal areas because of predation,
but this would not have applied in Precambrian times. The
rresence of a sub-aerial barrier along much of the shoreline
and the abundant odid-coated detritus are two significant
differences. |

The Shark Bay area of Western Australia (Hagen & Logan,
1974) may pr;vide a closer analogy to member 3 sedimentation,
and on an areal scale perhaps ten times larger than the
present-day outcrops of member 3 (excluding Beinn Bhan).
Restricted circulation and hyper-saline conditions are
produced by the growth of sea~grass banks (Read,1974) at
the ehtrance to long indentations in the coastline.

Although a micro-tidal area (less than 2m tidal range,
EaYes & Kana,y1976), tidal currents are important around the
margins of these indentations due to shoaling of water and
restriction of flow (?= sandstone facies). In the centres
of the indentations (basins) the bottom sediments are
usually only disturbed by storms (?= layered facies).
06ids develop nearshore (Hagan & Logan,1974) as in the
Laguna Madre (Rusnak,1960), but this is not thought to be the
case in member 3 because of the extreme rarity of coated
detritus. Well differentiated stromatolites develop in
shallover water (Logan et al., 1974). A more detailed
corparison does not seem to be warranted because of the
bioturbation in the modern environment and the lack of
information on the basinal sediments.

In ahcient sedimentary sequences, barrier-lagoon models
are frequently developed in the literature (Truswell &
Eriksson, 1975; Button,1976; Rees et al., 1976; Kendall, 1969;
Bridges, 1976; Akhtar & Srivastava,1976). The first three

of these compare closely with member % in that a sub-aqueous
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barrier was proposed in each case. Storm-generated rudites
(Rees et al., 1976) or ripple-marked dolostones (Truswell &

Eriksson,1975) may be present, but wave action seems much

less noticeable ov¥erall, than in member 3. Marginal muddy

tidal flats are a feature of many of these models, but are

not present in member 3.

Finally a‘comparison may be made with another Vendian
dolostone sequence, the Porsanger Dolomite of Norway (Tucker,
1977), which occurs immediately beneath a Tillite sequence.
The Porsanger Dolomite is mostly sub-tidal, although some
is inter-tidal as demonstrated by desiccated dolostone beds;
other similarities include the presence of abundant strom-
atolites, dolostone conglomerates and odéids. However, there
is no terrigenous mud in the Porsanger sequence and there
are more differentiated stromatolite horizons and several
metre thick flakestone horizons. Tucker attributes the
presence of dolomite to a hot climate and lack of terrigenous
influx (apart from wind-blown sand): presumably restricted
circulation in the depositional area would also have to be
involved. Cyclic sequences are present which Tucker
attributes to progradation by tidal flats and periodic
eustatic sea level changes. In member 3 of the Bonahaven
Formation no such cyclic sequences are.recognizable except
that the sandstone facies-layered facies alternations could
be regarded as cyclic in some sense. The subtle geographic
changes invoked to explain these alternations could also

be controlled by eustatic sea level changes, although local

fault-related tectonism (e.g. Beukes, 1977) may be more likely.

81



4.4: Member 4

This member is generally rather deformed and some rocks
possess true metamorphic textures. As a result sedimentary
structures are less well preserved than lower in the sequence,
The five sub-divisions of the member introduced in Chapter 2
are represented at each of the north coast sections (fig. 4-
47). Featur;s of sedimentological interest are described

below.

4,4,1: Unit 1

The change from dolomitic sedimentation of member 3 to
dominantly terrigenous deposition in unit 1 of member 4
is sharp. The carbonate-poor nature of units 1, 2, 4 and 5
is clearly shown in figure 4-48. Much of unit 1 appears
in the field as a massive, poorly cleaved silty sandstone.
Sedimentary structures are recognizable in places (fig. 4-47).
Wave~generated ripples show similar orientations to those ¥
of member 3 (fig. 4-49), with slightly smaller dimensions
(average wavelength 6.3cm, range 3-10cm). Cross-strata
occur in one quartzitic bed in Sections D and E and are also
similar to those in member 3, The presence of two, widely

spaced current orientations (fig. 4-50) suggests a tidal

origin for the cross-strata. In thin section, much of the
massive silty sandstone is seen to consist of fairly well- !
sorted coarse silt and very fine-grained sand with thin mud

wisps which are thought to be primary flaser laminae.

There are silt-sized heavy minerals which define trains

bounding sets of cross-lamination (?current-ripple lamin-

ation). Thicker (cm size) mud laminae are common at some
horizons, for example at the base of the unit in Section C,

80 that lenticular and 'tidal' bedding.are formed.,

A very minor part of the unit is dolomitic. Mudcracks
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with derived muddy dolostone clasts were seen in one
specimen. The dolomite ig ferroan and thus resembles that
of member 3, rather than that of the massive dolostone,
unit 3 of member 4.

4.4.2: Unit 2

Unit 2 contains similar lithologies to unit 1, but with
a higher proiortion of mudstone and lenticular bedding:
most lithologies are clearly heterolithic in the field.
Mud clasts were seen in one specimen.

At Beinn Bhan in central Islay, there is no clear
distinction between units 1 and 2. The sediments at this
horizon show wave-generated ripples and well-developed
desiccation cracks.

4.4.3: Unit 3
Unit 3 is remarkable in that it is a relatively thick

depdsit of pure dolostone bounded above and below by muddy
terrigenous sediments. In Section F however, dolostone
appears to be interbedded with terrigenous sediments at the
base of unit 4 (fig. 4-47).

The dolomite matrix is homogeneous and non-ferroan,
5-3OPm in grain size. In addition there are other features,
notably silt and sand sized quartz grains and diffuse
quartz-calcite-albite nodules and veins, some of which
mark the bedding (fig. 4-51). However the latter appear
to be secondary in origin.

A sedimentary lamination is defined in a Beinn Bhan
sample by variation in the proportion of floating quartz
sand grains. In other samples too, quartz sand does appear
to be original detritus. The purity, fine grain size and
chemistry of the dolomite are probably also ofiginal.
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Pigure 4-48: Mineralogical composition of individual laminase within

sanples from member 4 (most points are from visual estimates of abundance
in thin .ccgion).

Pigure 4=49: Crestline orientations of wave~generated ripples, member 4.




Figure 4-50: Palaeocurrents from cross-strata, unit 1,
membexr 4.

Figure 4-51: Dolostone, unit 3, member 4 from Beinn Rhen.
The most obvious structures are secondary veins, many of
which are parallel to bedding. Lamination by variation in
the concentration of scattered (aeolian) quartz can be seen
in thin section.
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4.4.4: Unit 4

Unit 4 shows quite strong metamorphic alteration and is
characterized by laminated mica-rich and mica-poor domains
(fig. 4-52) which were probably inherited from a heterolithic
sediment showing sand-mud alternations.

4.4.5: Unit 5
Unit 5 is dominantly mudstone with thin sand beds (fig.

4-53) the latter showing some internal structure in places
(fig. 4-47). Contraction cracks were seen in profile,
but without any mud clasts.

4.4.6: Interpretation

The flaser bedding and cross-stratification by tidal |
currents in unit 1 suggests a very shallow tidal environment |
with fine sediment being deposited in slack-water periods. !

In addition, abundant wave action ig indicated by the

-,

pPreserved ripple form-sets. Emergence at one level is
demonstrated by the fragmented mudcracked muddy dolostone
lamina. The change from member 3-type sedimentation could
be related to the development of a freer circulation
(hence the scarcity of dolomite formation) caused by the
breakdown of the barrier system.

The finer, heterolithic nature of unit 2, coupled
with the presence of mud clasts suggests a mid-tidal flat

situation (Klein,1971). The other possibility of an off-
shore situation with storm-deposited sand layers (Reineck |

& Singh, 1972) seems unlikely because of the absence of

graded bedding like that of member 3. Unit 4 is probebly
similarly a tidal flat deposit.

Unit 5 could be regarded as high-tidal flat on the model
of Klein (1971), but current ripples and mud clasts are

absent. There seems more to commend a sub-tidal origin
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Figure 4-52: Het
microfolds, unit 4, member 4, Section F.

Figure 4-53: Section F; unit 5, member 4 forms the lower
rart of the sea stack and is sharply bounded above at the
arrow by the Jura Quartzite,



similar to that of the fine facies in the overlying
Jura Quartzite, described by Anderton (1976). The sand
layers would represent distal storm surge deposits. The
occurrence within the sands of parallel lamination, wave-
generated ripple lamination, graded bedding and a set of
cross-stratification (fig. 4-47) is entirely consistent
with this view. The contraction cracks could be due to
synaeresis because of the lack of associated breccias.
Synaeresis cracks are common in the fine facies of the Jura
Quartzite (Anderton, 1974, 1976). |

The evidence from units 1, 2, 4 and 5 therefore suggests
that member 4 represents a regressive-transgressive cycle,
with the peak of the regression represented by unit 3.
This is also suggested by the apparent restriction of unit 3
to the westward (originally landward) part of the area of
outcrop of the Bonahaven Formation (see Chapter 2).

Stratigraphically then, the unit 3 dolostone could be
regarded as broadly supra-tidal in origin. This is
supported by its pure carbonate nature i.e. it is a chemical
depogit. The only terrigenous material appears to be
scattered sand grains which could well have been derived
by deflation of a nearby aeolian terrain. The absence
of other positive indicators of a supra-tidal origin such
as evaporites and fenestrae is attributed to the deform-
ation and metamorphism (see also Chapter 6).

The upper boundary of the Bonahaven Formation records
a trangition from the fine to the coarse facies of Anderton
(1976), representing a down-current transgression of the

sandier high current velocity areas of a tidal sea. Fine

facies sedimentation briefly resumed a couple of metres

above the base of the Jura Quartzite before the coarse facies

become the dominant mode of sedimentation in northern Islay.
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4.5: Detritus

Characterization of the detrital matter is complicated
by diagenesis and metamorphism: many of the finer lithologies
have lost their detrital textures and contain abundant
secondary albite. In member 1, the original detrital grains,
especially %n units 3 and 4 are readily determinable, but
above this level fairly pure (quartzitic) lithologies are
the only ones in which the nature of original detritus,
particularly feldspar, can be accurately assessed. This
has been done by point-counting thin sections stained for
feldspar which allows the ready distinction of potassium
feldspars (stained yellow), plagioclase feldspars (etched)
and quartz (unetched). The results are shown in figures
4-54 and 4-55.
4.5.1: Provenance

The detrital material in the Bonahaven Formstion
originates from three sources.

Firgtly, clasts of mudstone and dolostone clearly are
intraformational and very local in origin. 006ids too
were formed in the contemporary sedimentary environment,
although in an area where quartz sand was absent (the
postulated 06id shoal) as in the example of Beukes (1977).

Considering the terrigenous material: chess-~board albite,
magnetite and apatite are characteristic of the tillites |
and most of the interbeds in the Port Askaig Tillite
(Spencer,1971a); microcline and green tourmaline are a
feature of the Jura Quartzite (Anderton,1974), and quartz,
albite-oligoclase, zircon and brown tourmaline occur in
both Formations.

Chess-board albite is the chief feldspar of the 'nord-

markite' pebbles which are the dominant extra-basinal clasts
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in the Port Askaig Tillite and is the dominant plagioclase
feldspar in the Bonahaven Formation. Figure 4-54 shows
that above member 1 of the Formation plagioclase never
constitutes more than 3% of the detritus in sandstones,
and is usually absent. Chess-board albite is conspicuous
in the granite pebbles of unit 3 of member 1 in Caol Ila
and of course in the underlying Tillite. Magnetite, besides
occurring in the Tillite is conspicuous in heavy mineral
laminations of unit 4, member 1, but is not common above
member 1. The source of this matérial, which is common to
many tillite occurrences iﬁ the Caledonides was tentatively
suggested to be in north-central Europe by Spencer (1975)
in "g gsouthern extension of the Gothide plain". Likewise,
Kilburn et al. (1965) regarded the absence of Lewisian-type
pebbles in the Tillite as evidence for derivation from the
SE rather than the NW. In the non-glaciogenic sediments,
the presence of chess-board albite and magnetite is due
to reworking of glacial deposits exposed on the sea floor.

Microcline was reported by Spencer (1971a) in the interbeds
within Member 3 of the Tillite, but does not occur in any
of the other interbeds, nor in any of the tillites.
At the top of Member 5 of the Tillite, microcline is sub-
equal in proportion to chess-board albite and becomes the
dominant feldspar above member 1 of the Bonahaven Formation.
(fig. 4-54). The source terrain for this material seems to
have been a terrain of high-grade igneous and metamorphic
rocks to the NW of the depostional area (Anderton,1974, 1976).
Uplift of a NW block periodically from Port Askaig times
onvards resulted in erosion of microcline-bearing sand .
from a fault scarp.

There remains the question of the manner in which the

sediment entered the depositional area. Evidence (4.4)



from the dolostone, unit 3, member 4, suggests that some
sand at least derived from a nearby aeolian terrain. In
member 3 also, the near absence of silt and clay-sized
siliciclastic debris in the sandstone facies could be
expleined if the terrigenous sand was derived from nearby
aeolian dunes, mixing with precipitated carbonate (Kendzll,
1969; Loreaﬁ & Purser, 1973) as has been postulated in other
ancient sequences (Beukes, 1977; Tucker,1977).

The silt and clay in member 1 and the member 3 layered
facies would ultimately have had a fluvial source, but the
Present outcrops do not allow us to say whether or not
there was a major river draining into the north Islay area.
Much mud may well have been transported out into the shelf,
then brought back inshore by storm action. The ébsence of
mud in the marginal sub-facies and the sandstone facies
could be due to a situation most remote from the fluvial
(or storm) sediment input. More coarse sediment was
available than in the lenticular-graded sub-facies because
of supply of sand from nearby aeolian dunes, presumably not
availzble during deposition of the latter sub-facies.
4.5,2: Feldspar abundance

Figure 4-54 shows considerable variation in feldspar
content in various 'quartzites' in northern Islay. The
original sediments ranged from very pure quartz arenites to
sub~arkoses and rare arkoses (using the classification of
Pettijohn et al., 1973, p158).

Two factors are believed to account for this variation.
Firstly, whenever plagioclase is dominant over microcline,
that is whenever there is a substantial contribution of
glacial detritus to the sandstone, feldspar is abundant,
Presumably reflecting a lack of chemical weathering of

this material.
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Secondly there is a grain size control. Figure 4-55
shows that the finer sandstones invariably have much
feldspar, whereas the coarser sandstones usually have relat-
ively little feldspar (particularly when the samples in
which glacial debris makes a substantial contribution are
disregardedz. This is due to the relative ease with which
feldspar is abraded relative to quartz, and has been

recognized elsewhere on a large scale (Odom et al.,1976)-



CHAPTER 5: PHENGITE SPHERULES FROM MEMBER 1:

GLAUCONITIZED MICROFOSSILS?
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CEAPTER 6: DOLOMITIZATION

The dolomitic nature of most of the strata in the
Bonahaven Formation is so distinctive a feature, having led
to the use of stratigraphic names such as Dolomitic Group
(Bailey, 1917) and Bonahaven Dolomite (Spencer & Spencer,
1972) that i£ demands an explanation. The subject is
therefore dealt with here in some detail, bringing in
etratigravhic, petrographic and chemical arguments. The
conclusions bear not only on the local problem, but to sore

extent on Precambrian dolomite in general.

6.1: Qutline of dolomitization mechanismsg

Partial summaries of the voluminous literature on dol-
omite and dolostones were provided by Friedman & Sanders
(1967), Zenger (1972), Bathurst (1971), Fichtbauer (1974), ﬂ
Folk & Land (1975) end Wilson (1975). No attempt is made
to emulate these authors here, but some discussion of our

present state of knowledge is required.

Dolomitization can occur at various stages in the history
of a sediment. Although these stages may have rather |
arbitrary limits, it is useful to distinguish four general
categories:

1. Dolomite forming as & primary precipitate in a sedim-
entary environment (primary dolomite) e.g. Behrens & ILand
(1972), Borch & Jones (1976). It is very difficult to demon-
strate primary precipitation of dolomite in Recent sediments
and no proof of an ancient dolostone formed by this process
has been made. Folk & Siedlecka (1974) regarded certain
dolomite rhombs in cavities within Upper Paleozoic dolostones

a8 being formed due to salinity changes in the depositionzl



waters; these could be regarded as primary, although not
all authors would agree with this usage.

2. Penecontemporaneous dolomite, formed by replacement
of CaCOB, more or less at the sediment-water interface
(e.g. Muller et al., 1972; Illing et al., 1965). Here
belong +the modern supra-tidal and lacustrine dolomite
occurrences.‘ The dolomite is very fine-grained and the
boundary of dolomitization lies parallel to bedding.

3. Early diagenetic dolomite (pre-lithification),
formed by downward pevcolation of a dolomitizing brine
(Deffeyes et al., 1965; Miller & Tietz, 1966) or by mixing
of solutions of high and low salinity (Hanshaw et al., 1971;
Badiozagg, 1973; Folk & Land, 1975). The boundary of dolo-
mitization may or may not cross-cut bedding and the dolomite
may be fine-grained, or somewhat coarser in for example
cavity fillings.

4, late diagenetic dolomite (post-lithification), e.g.
Lovering (1969). There is no relationship between the bound-
ary of dolomitization of dolomite and the bedding; the
dolomite is coarse-grained.

The formation of dolomite in general is a complex process
because there are a number of physical, chemical and miner-
alogical considerations involved. Although sea water is
approximately saturated with respect to dolomite (Blatt et
al., 1972), this mineral apparently does not form under
normal open marire conditions. This is because the hydration
of Mg ions in solution (Lippman, 1973) and the alternating,
energetically similar layers of different cations in the
dolomite lattice (Goldsmith, 1953) render dolomite formation
a very slow process. The precipitation of aragonite or
Mg-calcite is favoured instead. This applies even in waters

of higher salinity where the condition of super-saturation
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makes more rapid nucleation likely, unless the Mg/Ca ratio
of the solution is also raised (Folk & Land, 1975). This
latter condition is realized if calcium carbonate or gypsum
are first precipitated (Illing et al., 1965; Muller et al.,
1972) in a hyper-saline lagoon, supra-tidal flat, lake, or
in the sediments beneath a downward percolating brine. The
'dolomite’ pfecipitated is generally non-stoichiometric (Ca
is present in excess), with poor ordering of the lattice, |
and is termed protodolomite (Goldsmith & Graf, 1958),.
With time and increased temperature the Ca-excess decreases
and ordering increases; nevertheless non-stoichiometric
dolomite is common in the geological record (Goldsmith &
Graf, 1958; Badiozami, 1973; Young, 1973).

It was formerly maintained that all sedimentary dolomite
formed from brines (Friedman & Sanders, 1967), but it is
now clear that dolomite can form in dilute solutions. It A
is favoured by higher temperatures (Lovering, 1969) and a F
high K¥g/Ca ratio of the solution (Muller et al., 1972).

It seems that dolomite can form with molar ¥g/Ca ratios as

low as 1:1 at earth surface temperatures provided that the
crystallization rate is slow enough.(Folk & Land, 1975; Boer,
1977), but a dynamic fluid with a large supply of Mg ions is
needed (Hanshaw et al., 1971). Geological evidence in
favour of dolomitization by relatively dilute solutions is
provided by Badiozaﬁ? (1973), Lend (1973) and Folk & Sied- ;
lecka (1974).

Although a high lig/Ca ratio will facilitate dolomite
formation, it will not be over-ridingly important unless
the dolomite forms by replacement of CaCO3 by solid-state
ion exchange, which seems unlikely (Bathurst, 1971; Badio-
za.m:{, 1973). A high alkalinity, which is favoured by local

e e N Bt e
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002 withdrawal by photosynthesis may be of considerable
importance (Bathurst, 1971; Davies et al., 1975). If
Mg-calcite is present, it will be highly susceptible to
dolomitization (Muller et al., 1972; Gebelein & Hoffman,
1973).

As the mere presence of dolomite does not demonstrate
high salinitfes, or any particular environment of formation,
are there any petrographic criteria which are diagnostic
in this respect? Folk & Siedlecka (1974) and Folk & Land
(1975) stressed that clear ('limpid') dolomite rhombs in
cavities indicate slow crystallization in dilute solutions.
Similerly coarse-grained cavity-fillings were a feature of
the meteoric water dolomitization described by Land (1973).
Conversely, it has been claimed that an association of

fine-grained dolomite with nodular evaporites indicates

supra-tidal dolomitization (Folk & Siedlecka, 1974). How=- ’
ever, evaporitive-type dolomite can form sub-aqueously
(Miller et al., 1972; Fichtbauer, 1974). Fine-grained
dolomite was thought by Folk & Land (1975) to indicate a

rapid crystallization rate (promoted by high salinities, or
photosynthetic co, withdrawal). However the grain size of the
dolomite may be controlled by the nature of the material it
is replacing, as examples are known where dilute inorganic
dolomitization leads t0 the pseudomorphing of acicular
aragonite (Thrailkill, 1968) or to the formation of dolo-
micrite after micrite (Asquith, 1967, cf. Badiozaﬁﬁ, 1973;
Land, 1973; Fischbeck & Muller, 1971; Miller et al., 1972).
It may therefore be very difficult to deduce the environment
or mechanism of dolomitization by petrographic means alone.
Consequently it is vital to assemble as much information

as possible regarding the sedimentary environment and burial



history of the sediment to deduce the mechanism of dolo-

mitization,

6.2: General features of dolomite in the Bonahaven Formation

In the Bonahaven Formation there are three separate
important developments of dolomite (in members 1, 3 and 4)
which are sho;n here to have different origins. However there
are two features which are common to each of these occurrences.

Firstly the dolomite is stratigraphically restricted (as
was shown in Chapter 4) which indicates an early diagenetic
origin at latest. In contrast, some dolostone in the Islay
Limestone is associated with post-tectonic faulting and so ise
clearly late diagenetic in origin.

Secondly, the dolomite is non-stoichiometric in the sence
that it contains excess calcium (fig. 6-1). (It is also
noh—stoichiometric in the sense that there is Fe and Mn
substitution for Mg), Figure 6~1 shows that the average of
the Ca analyses of member 3 dolomite (54.6 mole % CaCO3)
and member 1 dolomite (53.7%) are both rather higher than
the average of the two analyses of member 4 dolomite (51.2%).
The dolomite appears to be fairly well ordered (01.5 peak
is nearly as high as the 11.0 peak; Badiozaﬁa, 1973). They
are protodolomites, but unlike many modern protodolomites
there is apparently no disordering beyond that required by
the excess Ca in the structure. Although common in the
geological record, it is worthy of note that,in the Bonahaven
Formation, calcium-rich dolomite has survived chlorite grade
regional metamorphism.

A description of the individual dolomite occurrences now

foliows in order of increasing complexity, which happens

to be the reverse stratigrephic order. Aspects of diagenesis
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Figure 6-1: Microprcbe analyses of calcium in dolcmites in
the Bonzhaven Formation. ZXach bar represents one analysis.

For member 3 dolomite, r= rhombic dolomite, the rest being
fine-grained dolonite.
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Figure 6-2: Photomicrograph, plane polarized light. Dolomite

mosaic, unit 3, member 4.



subsequent to dolomitization in each case are dealt with

in Chapter 7, unless important in reconstructing the

original form of the dolomite. Accordingly, rhombic dolomite
in member 3 is described there as its formation does not
involve a pervasive dolomitization, whereas all dolomite in
member 1 is treated in this chapter because it involves

congiderable chemical changes.

6.%: Member 4

The characteristic development of dolomite in member 4
is unit 3, which is an interval up to 10m thick composed
entirely of cream-weathering dolostone. Some thin dolostones
and dolomitic lithologies occur in units 1, 2 and 4, but
these resemble those of member 3 and are not discussed further.
6.3.1: Petrograph

The unit 3 dolostone consists of a mosaic of dolomite
vwhich is xenotopic and 5-30Fm in grain size (fig. 6-2).
Large and small crystals are juxtaposed throughout, suggesting
that there has been aggrading recrystallization of an orig-
inally finer mosaic. Samples variously exhibit combinations
of the following: scattered silt-sized subhedral albite and
8ilt and sand-sized quartz; groups of crystals of quartz,
calcite and albite, occasionally berging to form irregular
nodules or veins parallel to bedding (some of which mey be
syn-tectonic) and stringers of phlogopite. That some of
the quartz sand was originally defritus was deduced in
section 4.4.3} There is also incipient calcite replacement
associated with calcite veins and wvug-linings: these are
post-tectonic (7.8). Before this calcitization, dolomite
vas the only mosaic-forming carbonate present. However

lamination is never defined by variations in the grain size
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of the dolomite mosaic.

There is no doubt that this unit has, like the rest of
member 4 suffered considerable metamorphic alteration: a
good deal of silt and possibly sand-sized detritus, as well
as other penecontemporaneous structures may well have been
obliterated. The nodules are too diffuse to be straight-
forward pseudomorphs of evaporites, but so much alteration
has occurred that the original presence of evaporites cannot

be ruled out.

6.3.2: Chemistry

No chemical zoning was detected in the dolomite mosaic;
the uniform dull red luminescence is consistent with this.
The Mn and Fe contents (fig. 6-6) are distinctly lower then
those of member 3 dolomite, explaining the cream-coloured
weathering compared with the deep yellow-orange of member 3
dolostones. Atomic Absorption amalysis of one sample
showed 134 ppm Sr and 630ppm Na. (A discussion of the sig-
nificance of minor elements in carbonates is given in
section 6.4.2).

6.3.3; Discussion

The unique stratigraphic occurrence of this dolostone,
its inferred originally very fine crystal size, and, before
late calcitization, its totally dolomitic nature throughout
the thickness and areal extent of unit 3 (see Chapter 2),
suggests a very early stage of dolomitization. Further, it
was suggested in section 4.4.6 that unit 3 was supra-tidal
80 a penecontemporaneous evaporitic origin should therefore
be considered.

Supra-tidal dolostones are well documented in the strat-

igraphic record (e.g. Laporte, 1967; Braun & Friedman, 1969),

but their importance may well have been over-estimated.

it



98 .

(Zenger, 1972). The presence of sulphate evaporites or
absence of fossils would be evidence in favour of a supra-
tidal origin, although the converse is not true. The absence
of a fauna cannot, of.course, be used as evidence in these
Precambrian rocks, but it may be significant that Downie

et al. (1971) recovered no microflora from this dolostone,
although acritarchs were found in member % dolostones.
Evaporite pseudomorphs have been recognized in the Dalradian
(Anderton, 1975; Llewellyn, in Spencer, 1969), but their
comparetive rarity could be used as evidence for a humid
climate there as in the present-day Bahamas (Illing et al.
1965; Beukes, 1977) which could explain the absence of evap-
orites in member 4. On the other hand, the fact that the

dolomite is much more nearly stoichiometric with respect to

TE AL KT M IGT

Ca than the member 1 or member 3 dolomite is evidence in

o

favour of an evaporitic origin for the member 4 dolomite

(Goldsmith & Graf, 1958; Marschner, 1968, Lippman 1973).

T T en v A

A high Na value, as analysed, would also.be expected in
evaporitic dolomite (Veizer et al., 1977), but many more
careful analyses would bé needed to confirm this. If an
evaporitic origin is acceptable, then the absence of evaporites:4
needs to be explained: remobilization of evaporites, or
their pseudomorphs by the metamorphism could well have
cccurred.

The low content of Fe and Mn and coarser graiﬁ size of “ ;
member 4 dolostones compared with member 3 could be regarded
as evidence for alteration by meteoric water after burial
(Folk & Siedlecka, 1974) for member 4 dolostone. However,
member 4 is more altered metamorphically than member 3 and so
would be expected to be coarser-grained (Brown, 1972). Also

the chemical differences between the dolomite of the two members

can be explainéd in primary terms: see section 6.4.3. . ) '”f
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6.4: Member 3

6.4.1: Petrogravhy

Most dolostones, stromatolites and odids consist of a
fine-grained mosaic of dolomite. Stromatolites may contain
detrital mud, silt and sand impurities and there are contin-
uous transitions from non-stromatolitic dolostones to
dolomitic mudstones and dolomitic siltstones. The textures
of dolomite in dolomitic siltstones and sandstones are
described in section 7.2.4.

The texture of some pure dolostone mosaics was invest-
igated by microscopic study of ultra-thin sections (5pm
thick, see Appendix B3). Figure 6-3 shows the boundary
between fine and coarse laminae of a stromatolite (BII)

with well-developed microstructure. The grain size of the

e i Y

fine leyer is fairly constant, averaging 3.1ym; it grades
to the coarser lamina with grain size 2QPm or more. The .‘
fine layer is thus a true micrite (Bathurst, 1971). It ;
wvas not possible to draw‘the grain boundary junctions '
accurately, but the shapes of the grains, particularly the
smaller ones, are clearly seen to be fairly simple, commonly
polygonal.

Figure 6-4 shows a dolostone (bed 69E) thought to be
fairly typical of the apparently non-stromatolitic dolostones.
The mean grain size here is rather coarser (10.4Pm) than
in the stromatolite of figure 6~3. However the fabric has
been tectonically affected: an analysis of long axes of
erystals in this figure shows that there is a preferred
orientation (parallel to elongate quartz elsewhere in the
section), which is statistically significant up to the 99.9%
level by the Rayleigh Test (Mardia, 1972). ‘It thus seems
likely that diagenetic and metamorphic processes have led

to an enlargement of crystal size: the original dolostones : §
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were thus probably originally true dolomicrites. Muddy
dolostones are no finer than pure dolostones; this contra-
dicts the findings of Bausch (1968) on pure and impure
limestones.

The only other form of dolomite which probably relates
to the original dolomitization process is ZO-SQPm dolomite
with crystal faces projecting into former cavities in some
fenestral stromatolites, and flake and grainstones of dolo-
micrite fragments (see 7.1.1).

Concerning the timing of dolomitization, evidence from
dolomicrite o6ids suggests that dolomite was not their
original mineralogy. Although they exhibit a pseudo-
uniaxial cross under crossed polars (fig. 6-~5), the individual
crystals which make up the 006id have no shape orientation.
Therefore the crystallographic orientation must have been
inherited, presumably from an earlier carbonate which grew
in such a way as to have a radial or concentric dimensionel,
and hence crystallographic preferred orientation as in )
Recent 0dids (Bathurst, 1971). By enalogy dolomite in
dolostones and stromatolites is probably replacive too.
There is no doubt that the dolomite precursor was primary
because thére are primary pure carbonate beds from which
intraformational pebbles have been derived. The carbonate
(dolomite as now seen) was strictly stratigraphically
controlled. The original carbonate must have been fine-
grained because:

1. the finer the size of terrigenous material present,
the more carbonate occurs.

2. carbonate laminae drape over, and thus preserve,
bedforms (figures 4-34 and 4-3%5) and so must have formed
when the depositional water was still.

There is no evidence as to whether the original carbonate

100

{
¢
i
|
E
!
)
{
[
'



Figure 6-5: Frnotcmicrogracn, crossed polars. Dolomicrite ooid (partly
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precipitated on the sediment surface or within the over-
lying water column.

Dolomitigzation is complete and therefore no lster than
early diagenetic. This is not contradicted by the likelihood
of some extant calcite in bed 25B pre-dating the dolomit-
ization as this forms discrete laminations in a single bed
(4.3.4.2). There is & clear contrast with the variable
degree of dolomitization found in diagenetic dolostones
within single beds, even when the distribution of dolostone
is related to former basin margins (e.g. Schwarz, 1975).

6.4.2: Chemistry

The Fe and In content of fine-grained dolomite in member 3
lie within extended, but coherent limits (fig. 6-6). Some
specimens showed considerable variation in composition within
a few tens of microns, whilst others showed a very constant
compcsition, There is much more variation in iron than
manganese content. There seems no correletion between chem-
ical variability and stratigraphic position or geographic
location. Sr and Na were near the detection limit on the
probe. Using Atomic Absorption, one sample had 177ppm Sr
and 310ppm Na.

The incorporation of trace elements into solids is
governed by partition co-efficient theory (McIntyre, 1963).
If a very small amount of solid, in which a trace element
substitutes for a carrier major element, precipitates under
equilibrium conditions from a relatively large solution res-
ervoir in which the concentration of the trace element is
low in proportionto the carrier element then:

nTr/mCr (solid) = K. mTr/mCr (solution)
where nTr and mCr are the molar concentrations of the trace
and carrier elements and K is a temperature-dependent

constant, the partition co-efficient. Known values of K

101,
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with respect to common minor elements are shown in
figure 6-7.

The value of K for Sr in dolomite indicates that
at 250°C dolomite precipitated in equilibrium with sea
water should have 600ppm Sr, which may also be valid at
earth surface temperatures as the Sr partition co-efficient
with respect to dolomite is not strongly temperature
dependent. The values for dolomite in members 3 and 4,
although only a quarter of this value, are very similar
to other ancient dolomites and dolostones (Graf, 1960;
Weber, 1964). The fact that primary textures are still
often preserved in such dolostones indicates that Sr is
rather mobile dﬁring diagenesis as is clear from the work
of Al-Hashimi (1976).

Only divalent Mn and Fe can be incorporated into carbonates
by solid solution; therefore the partition co-efficient
refers to the amount of reduced Mn and Fe in the formation
waters. Thus ferroan calcite was considered to form from
reducing solutions (Evamy, 1969). However, the concentration
of cations in the reduced state need not be very high, as
is shown below.

No partition co-efficiente are available for Mn and Fe
in dolomite. However, calcite considerably concentrates
these elements (fig. 6-7) and there are grounds (see below)
for supposing that dolomite will concentrate Mn and Fe to
a much greater extent. However, the exact value of K will
depend on the process of crystallization (that is whether
dolomite is simply precipitating from solution, or simul-
taneously precipitating and replacing say quartz or calcite)
and the temperature.

The ionic radii of FPe (0.74A) and ¥n (O.SOA) in
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Figure 6-7: FPartition co-efficients for calcite and dolomite.

All are experimentally determined and refer to molar proportions
except the value for Fe in calcite which was deduced by Velzer
(1974) and defined by weight (Veizer, 1977a). Once the composition
of the solution changes, an assumption has to be made as to
whether the crystals precipitated from the solution become zoned
(Doerner-Hosking distribution) or unzoned, but continually
adjusting their composition by diffusion (Nernst distribution),
The latter seems appropriate when slow relief of supevsatuvotion of
a non-agitated solution occurs (McIntyre, 1963) but the
Doerner-iloskins distribution seems more generally appropriate
(Bodine et al., 1965; Katz et al, 1972),
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rhombahedral carbonates are closer to that of Mg (0.664)
than Ca (0.994) and so Fe and Mn will substitute more easily
in the Mg layers of dolomite, tham in calcite. Iron
partitions between co—existing metamorphic calcite and
dolomite by a factor of 5 in favour of dolomite at 557°C,
increasing to 8.5 at 400°C (calculated from equation 5 of
Bickle & Powell, 1977) and much higher values at lower
temperatures. Although these arguments are indirect, the
implication is that dolomite has the capacity to scavenge
iron from its formation waters to a much greater extent
than calcite. |

A typical composition of member 3 dolomite is 1.5% Fe and
0.15% Mn. Calcite with this composition would precipitate
from a solution (with the Ca't composition of sea water)
having 0.75ppm rett and O.1ppm Mt (after Veizer, 1977a).
Therefore a solution with similar Ca'’t concentration would
require concentrations of iron and manganese considerably
lower than 0.75ppm Fe' and 0.15ppm Mn*™ to be in equilibrium
with member 3 dolomite. For comparison, present day sea
water has 1.9ppb Mn and 3.4ppb Fe (Turekian, 1968) or 2ppb
Mn, as Mn*t or MnS0,, and 10ppb Fe as suspended Fe(OH)3
(Goldberg, 1963).

6.4.3: Discussion

The previous description indicates that member 3 dolomite
- is replacive: it now remains to be shown whether this .
replacement was penecontemporaneous or diagenetic,

Penecontemporaneous formation by evaporitive capillary

precipitation is ruled out by the evidence from sedimentary
structures that there was only intermittent sub-aerial
exposure.

Penecontemporaneous formation under a standing water body

18 a major possibility, either close to the sediment-water



interface (Miller et al., 1972; Folk & Land, 1975), or
beneath the sediment, under the influence of refluxing
brines (Muller & Tietz, 1966). The latter seems unlikely
because of the lack of preserved evaporites needed to raise
the Ig/Ca ratio and density of the brine (Deffeyes et al.,
1965; Bathurst, 1971) and the low permeability of many of

the layered facies sediments.

Syraeresis cracks in the layered facies indicate that the
environnent was subject to fluctuating salinities. Environ-
ments suffering extreme variations of this sort were termed
schizohaline by Folk & Siedlecka (1974) and thought to be an ]
ideal place to form dolomite by Folk & Land (1975).
Dilution of marine water with 70-95% of fresh water may A
produce a situation where the solution is undersaturated with |
respect to calcite, but still supersaturated with respect
to dolomite (Badiozaﬁ@, 1973)., Alternatively some, or all £
of the dolomitization could have been at higher salinities
than this (Behrens & Land, 1972), but with a solution with
high Mg/Ca ratio (Miller et al., 1972; Folk & Land, 1975).
However, the absence of evaporites suggests that the
salinities were never yery high, although they.could have
been precipitated, then dissolved when the solution became
diluted. '

An additional factor may be the presence of algae in
the depositional waters. Not only can carbonate precipitation
be promoted be extraction of 002 from the water by their
rhotosynthetic action or by bacterial decomposition of their
organic matter (Lippman, 1973), but the algae have the
ability to preferentially concentrate Mg++ in their sheaths
which makes the precipitation of Mg-calcite and ultimately
dolomite likely (Gebelein & Hoffman, 1973; Davies et al.,
1975). The possibility then arises that the dolostones
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could in fact be cryptalgal. There is no pronounced
clotted texture, thought %o be characteristic of non-
laminated cryptalgal structures by Aitken (1967), but the
PoOssibility remains that a coccoid-dominated algal community
played more than an indirect role in the formation of the

apparently non-stromatolitic dolostones.

The possibility that the dolomite formed diagenetically

should also be considered. The lack of evaporites again
Precludes a circulating brine. However the formation of
dolomite in the zone of mixing of meteoric and marine

waters has been shown to be important by Badiozaéﬁ (1973) i
and Land (1973)-» However in both these cases there is a

veriod of uplift and sub-aerial exposure in order that
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fresh meteoric water can flush through the system, There
is no evidence for such an uplift within or following the
sedimentation of member 3. Alternatively, it is possible &
that a lens of fresh water at shallow depth extended some ;
distance seaward as is found off the present east coast of
Florida (Manheim, 1967). Dolomite could be formed as the
sediment passed, on burial, through the brackish layer over-

lying the fresh-water lens. However the fresh water would

need to be capped by an aguiclude to enable the seaward

extension of the lens to take place (Manheim, 1967). In

the case of the Bonahaven Formation, the only likely system

would be an aquifer represented by member 2 sands, possibly
extending down to the Port Askaig Tillite, capped by an

aquiclude of layered facies member 3 sediments. However

this system seems unlikely to produce such stratigraphically
restricted developments of pure dolostone, and it does not

seem possible for the member 3 gediments to be simultaneously

an aquiclude and to be sufficiently permeable to allow




rassage of sufficient volumes of water to allow complete
dolomitization. Thus an origin of the dolomite essentially
before burial is indicated.

There is one remaining difficulty in the penecontemporan-
ecus hypothesis: this is the high Fe and Mn content of the
dolomite. This would be readily explicable if the dolomite
had formed after burial because, under the water table,
reducing conditions would allow the maintenance of Fe and ln
in solution in their reduced states, thus allowing their
incorporation in precipitated carbonates (Oldershaw & Scoffin,
1967; Bvamy, 1969). The possibility then arises therefore
that if the dolomite was originally penecontemporaneous as is
concluded above, it may not have been ferroan originelly,
but iron may have been introduced by a later recrystallization
episode. This suggestion is thought highly unlikely because:

1. there is a distinct chemical difference between member
3 and member 4 dolostones.

2. recrystallization on the massive scale required could
not have preserved the fine grain size of the dolomite. This
is clearly shown in member 1: where later dolomite replaces
dolomicrite, the later dolomite is much coarser.

The precipitation of Fe and Mn-bearing carbonates near
the sediment surface could occur even under conditions as
oxidizing as they are to-day if:

1. the depositional water was stagnant and therefore
reducing (Katz, 1971). However, abundant evidence of current
activity is apparent in member 3 sediments.
or 2. +the activity of bacteria just below the sediment
surface created reducing conditions: Fe and Mn would be in
their reduced states and could be precipitated in carbonate

if sulphate is excluded (Curtis & Spears, 1968). However

in a pure carbonate sediment such as the member 3 dolostones
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which were analysed, there does not seem to be a source
for these elements because clays, which could carry Fe and
¥n (Berner, 1971), are absent. Fe and Mn in an oxidized
state would travel in suspension rather than solution and
€0 must have been absent, along with the other suspended
cediment, from the pure dolostones.

It therefore seems that Fe and Mn must have been taken
Tfrom solution in the depositional waters in their reduced
states, which implies a more reducing atmosphere than at
present, although quantification of this is very difficult.
In support of this suggestion is the proposal that the oxygen
content of the atmosphere in late Precambrian times may have
been less than 1% of its present level (Holland, 1972).
Also, as previously discussed, dolomite probably has a very
high partition co-efficient with respect to Fe and Mn so
that, at any one time, the depositional waters need only
have had very small quantities of reduced Fe and Mn. These
would be replenished by reduction of Fe(OH)3 and MnO, to
maintain equilibrium, a process called regenerative capture
by Altschuler et al. (1958, p84). One contrary factor is .
the production of oxygen by algal photosynthesis in the
depositional environment. The complexity of the chemical
system (Sillén, 1965, 1966; Stashchuk, 1972) precludes further
evaluation of this problem by the present author at the time
of writing.

The higher Fe content of member 3 compared with member 4
dolomite can be explained by the build-up of Fe and Mn in
the partially barred 'lagoon' of member 3 +times. Rivers
draining into the area would have led to concentrations
of Fe and Mn relatively higher than in the open sea (Fruth
& Scherreicks, 1975). The relétively constant level of

Fn compared with Fe in the dolomite suggests a more constant
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supply of the former. DMember 4 dolomite, on the other hand,
would have been deposited adjacent to a more open coast
where fluvial influx was not concentrated and so did not
incorporate so much Fe and Mn. This idea was put forward
by Button (1976) for the Proterozoic Malmani Dolomite of
South Africa; dolostones formed in this author's 'barred
basin' have similar Fe content to member 3 dolomite, whilst
other dolostone in the sequence are intermediate between
member 3 and member 4 dolomites.

The idea that the changing oxygen content of the atmos-
phere mwight be matched by inverse changes in the Fe and Mn
content of carbonates was suggested by A.W.Joliffe (in
discussion of Graf, 1962). For dolostones, one would
want to be sure that the dolomite formed in equilibrium
with sea water and that analyses were made of dolomite
without impurites of other minerals. Figure 6-8 illustrates
some suitable available data., All are analyses of dolomite
except figure 6-8A which represents Fe0 and MnO analyses of
pure dolostones. Although the data suffer markedly from
biased sampling, it is clear that there is a tremendous
range in composition at any one time. Eriksson et al.
(1975) attributed highly variable Mn/Fe ratios in their
Proterozoic sequence to primary causes. Considering

figure 6-8A and B, part of the variability can indeed be
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explained (Button, 1976; herein) as being due to precipitation

of some of the dolomite within restricted water bodies.

The extreme range 6f values in figure 6-8C-F may indicate
secondary elteration of many of these dolomites. However
dolomite in figure 6-8A which Eriksson et al. (1975)
suggested have been recrystallized have intermediate Fe and
Mn contents between the chemistries of the 'open coast'

and 'barred basin'! dolomites. In the Bonahaven Formation,
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Figure 6-8: Iron and manganese contents of dolomite of verious ages.

A) Data (Eriksson et al., 1975) are all whole rock analyses, but the

- dolostones are fairly pure. They include analyses from the stratigraph-
ically equivalent lialmani Dolomite (Button, 1976). 1In addition, Young
(1973) reported 5 microprobe analyses (not blotted gbdve) from the
Espanola Formation (2100-2500 m.a.) of Canada which show 6-13 wt.% Fe.
B) Thig study; members 3 and 4. C-F) Dolomites separated from "primary"
dolostones. This is a re-ordering of data from Weber (1964) who was

concerned only with the differences between primary and secondary dolomite

rather than with any differences with age.
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the member 3 and 4 dolomite analyses, and their constant
difference in weathering colour, seem to be distinct enough
to indicate that the difference between them is an original
one.

Regarding the general aspects of figure 6-8, a general
downward trend of Fe and Mn content with time is hinted at,
but no definitive statements can be made until more data
is available; Member 3 seems anomalously high in Fe content
compared with the Transvazl dolomite considering that the
partial pressure of oxygen in the atmosphere should have
increased in the meantime. However Young (1973) recorded
much higher Fe contents (6-13%) than in the Bonahaven
Formation from early Proterozoic dolomite in strata above
tillites in Canada. Also values comparable with member 3
occur in younger strata (fig. 6-8F). lManganese in member 3
does seem to be intermediate between the average of early
Proterozoic, and the Phanerozoic values, but again there is

considerable overlap.

6.5: Member 1

There are three basié petrographic types of dolomite
in member 1.
IYPE 1: fine-grained, ferroan (>1%Fe003). This is found in
some dolostone and sandy dolostone pebbles at the top of
unit 5.
IYPE 2: inclusion-bearing, chemically zoned dolomite
(fig. 6-9). Zoning may aléo be defined by variation in the
number of inclusions. Early-formed crystals, and cores of
larger crystals are non-ferroan, later zones are ferroan
(>1%Fe003). This type replaces pebbles of various fine-
grained lithologies and occurs as intergranular material

in sandstones and conglomerates of unit 5. These sandstones
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and conglomerates are now so dolomite-rich that they
resemble pure dolostones in the field.
IYPE 3: intergranular, ferroan, inclusion-free. This is
found in unit 5 sandstones, and unlike the other types, in
sone sandstones in units 3 and 4.

The different types and the various petrographic forms of
type 2 make a comvlicated story, so Table 6-1 has been
compiled to summarize the interpretations of the relative

age of the dolomite and to aid the description which follows.

TABLE 6:1 Internretation of time relaticns of member | dolomite

refer to{Type 1 Type 2 _ Type ?
section |(early)| low Fe/kin stage| nigh Fe/Im stage|(late

Samples from the top
of wnit 5:

2 (equant, n.gr., 6.5.2.2. (reen———)
replaces mudstone)

27A (patchy f.gr. & = e—— y—-.)‘

6
equant m.gr.) 6
27¢ (equant m,gr. 6

replaces type 1)
27E (m.gr. inter-~ 6-50203- e mnm—)
granular)
27D (c.gr. replaces 6.5.2.2, =3 ey
rudstone)

278 (clean inter- 6.5.3.
granular)

-

28A (patchy f.gr. & 6
equant m.gr.) 6

28C (c.gr. inter- 6
granular)

285 (c.gr. replaces 6
muéstone) 6

28D (c.gr. inter- 6
granuler & pseudo-|6
vug £111)

. g

2o *_--1_2, '-A‘b-3ﬁ(.4.'._‘.’ ‘-5-*

. b 3 |¢—5-9=3 (10-15~ncecs)y

29 (c.gr. inter- 6
6

granular) t=13-18)f=w {Quarase)

Ps
-
1
-
W
v

Various samples from _
units 3 & 4 and the 6.5.3
base of unit 5 raes
{clean intergranular)

-~

W

p——TDME AXIS Y

Dolomite in each sample can be assigned to one or more of the four stages
in the columns above.

Numbers/letters at left are analycis numbers (see Appendix A), used for
description in this chapter.

Numbers to right are zone numbers (see Table A5 and various figures in
this chapter),

For zoned dolomite, within a single hand specimen zones can be correlated
between different petrographic forms of zoﬁed dolonite, but the zoning is
different in different specimens.
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6.5.1: Type 1 dolomite

This consists of a 5—1§Pm mosaic which makes up the
whole or part of pebbles of dolostone and sandy dolostone.
It luminesceé a uniform very dull red and stains as ferroan
dolomite. Mostly it is present only as patches within coarser
zoned (type 2) dolomite (figure 6-10). The latter is
interpreted to be a replacement of the former simply on
the grounds that in general coarser dolomite forms later
than finer dolomite. Microprobe scans across material like
that of figure 6-10 (analyses 27A, 28A; figure 6-17) show
a very inhomogeneous (bi-modal) distribution of Fe and Mn:
most of the coarser dolomite is low in Pe and Mn, although
there are some areas a few microns across which are high in
Fe and ln; in contrast the fine dolomite is predominantly
rich in Fe and Mn, comparable with member 3 dolomite., It
is possible that the low-Fe-Mn areas which do occur in the
finer dolomite could represent incipient replacement by
type 2 dolomite.

Type 1 dolomite thus resembles member 3 dolomite in
chemistry and grain size, but in member 1 no undisturbed
dolomicrite beds occur, only pebbles. The dolomite (or its
precursor) in the sandy dolostone pebbles was probably
Originally in the form of sand-sized micritic greins
or possibly a micritic infiltrated sediment. This is
because the dolomite makes up over 50% of the pebbles,

too much for it to have been a micritic cement.

6.5.2: Type 2 dolomite
6.5.2.1: General features

Zoned dolomite is characteristic of the uppermost 5m

of member 1. It shows a variety of petrograpﬁic forms (fig.’
6-9): equant, polygonal mosaics, intergranular crystals,

and forming zoned fringes that resemble vug-~linings. The
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Figure 6-9: Petrographic varieties of type 2 dolomite

as seen in plane polarized light.

a) pebble containing patchy fine-grained (type 1) and
equan%, inclusion~rich medium-grained (type 2) dolomite.
b) 2s a), but replacement by type 2 dolomite is complete.
c) spherule-bearing mudstone clast with patchy replace-
ment by inclusion-rich, equant (type 2) dolomite.

Lower margin of clast has elongate spherules (= des-
iccated margin.

d) as c), but complete replacement by equant dolomite
has occurred, except along the desiccated margin. Grain
boundaries are dark because of the presence of impurities.
e) zoned dolomite replacing mudstone. The early zones
are surrounded by a black impurity-rich ring and are
thought to be type 2 dolomite, whereas the overgrowth
beyond this ring is thought to be type 3 dolomite.

f) coarse-grained intergranular dolomite (type 2).

Later growth is inclusion-free,

&) medium-grained intergranular dolomite (fype 2).

Later growtﬁ'is inclusion-free,

h) coarse-grained intergranular dolomite passing out
into a zoned fringe to the left which resembles the
£illing of a former cavity (= pseudo-vug-fill).
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dolomite is certainly pre-tectonic, because pressure fringes
occur around some zoned crystals in mudstone pebbles.

A notable feature is the presence of successive inclusion-
rich and inclusion-poor zones, generally rhombic in shape.
The inclusions are generally 41pm in diameter (fig. 6-11)
and are known to be fluid-filled because Brownian motion
of a2 gas bubble in a liquid medium is seen at very high
magnification within each inclusion. Most inclusions
are smoothly rounded, circular or elliptical in section,
but some are negative crystals. The significance of the
Presence of fluid inclusions is not certain, but might
relate to the speed of growth of crystals (7.2.4).

Larger crystals display undulose extinction, lattice
curvature being up to 10° in two dimensions. The fact that
this undulose extinction is much more abundant than twinning
indicates that the undulose extinction arose during crystal
growth (as can be inferred from the dolomite cements of
Scherer, 1977), rather than being of tectonic origin.

The growth history of this dolomite was deduced by a
combination of petrographic means together with cathodo-
luminescence and microprobe analysis. All the type 2
dolomite shows chemical zoning. The growth zones are
different in all but the most major respects between samples,
but within samples the different petrographic forms show
2 zonation which can be correlated.

6.5.2.2: Replacements of mudstone and dolomicrite pebbles

Dolomite replacing mudstone clasts occurs as large
optically zoned crystals (fig. 6-9e, fig. 6-12) or an
equant polygonal mosaic (fig. 6-9¢c, d; fig. 6-15). 1In
the samples studied, the latter was only found as replace-

ments of spherule-bearing mudstones (see Chapter 5),

Whereag the former was restricted to normsl mudstones.
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Figure 6-10: Pnotomicrograrph,
Dolostone pebble with patches
(dolomicrite) within coarser,

vein is post-tectonic.

g R A i, S A A TP
F QAR T LT MR
.‘0‘ £ Wo . A s :ﬁ ’
" - & N. .'t &’ . ‘
o ‘. s T e = . - ,b & R
L . . F ’» » ¢
oo N5 a® %, - - o” v
(5" Sc inia .t : 87 &
.3 : = .m F ’3. ¥ o ¢ . P .)‘3 » .
- V', Oavln crlg Ay O W
¥ "" ; a"‘ . ‘ o ! ”
!;..Q “."J;?‘ 3 e % - . .- %C ."‘ $ Ce " f 10pm 1
g ° 0.~ ot ,,. ' . ; . gt
o R ey
IR IGN o SR
¢, _. "f o ¥ -,"ﬁ
- : .%. :
ohy &
& .5t ,
- % °

Figure 6-11: Pnotomicrograph, plane polar
Fluid inclusions in type 2 dolomite.
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Presumably the number of nucleation sites was greater in
the spherule-bearing mudstones.

Zoned rhombs replacing mudstones generally have rather
irregular external boundaries compared with the euhedral
internal zones. There is generally an approximately rhomb-
shaped opaque line near to, or at, their periphery, which
seems to represent a concentration of insoluble matter that
was not dissolved as the dolomite crystal grew. Some rhombs
have an anhedral portion beyond this ring of insolubles
which is in optical continuity with the inner part of the
crystal. This later growth has no dark rim and seems
similar to the dolomite in figure 6-13, which is ferroan
and encroaches onto a mudstone clast around its margins.
This type of growth is considered to be of type 3 dolomite
(6.5.3).

The luminescence and chemistry of zoned rhombs replacing ‘
mudstone was found to be different in the two samples b
analysed (fig. 6-14), although the same within each sample.
Analysis 27D shows rhombs constantly higher in Fe and Mn,
whereas analysis 28B shows earlier zones poorer in these
elements. There is clearly no relation between the
vresence of inclusions and any particular chemistry.

Where eguant polygonal dolomite replaces hudstone it
forms a mosaic 30-50pm in esize, rich in fluid inclusions
and may show a partial or complete replacement (fig. 6-9c, 4;
fig, 6-15). There is a concentration of insoluble matter
(mica and indeterminable material rich in Fe, Si and Ti)
along grain boundaries which are dark as a result (fig. 6-15).
This is equivalent to the dark rim around the zoned rhombs
replacing mudstone (fig. 6-9e; fig. 6-12a). In a conglom-

~ erate of spherule-bearing mudstone fragments, one pebble shows
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Figure gi1é¥ by
zoned dolomite. a) transmitted Wght; b) Juminescent light.
Early rhomb-shaped zones are type 2 dolomite whereas the
non-luminescing dolomite (arrowed) beyond the cark line
is thought to be type 3. Probe scan lines (analysis 26B)

Partial répiécement of ﬁudstbﬁe pebb

les

=T

run NE~SW across the rhomb.

e

Pigure 6-13: Photomicrograph, plane polarized light.
Fludstone pebble partly replaced by dolomite around its
margins. No dark rim occurs around the dolomite, which
is thought to be type 3.
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Figure 6-14: Characteristics of zoned dolomite replacing mudstone; a) anal-
six 27D; b) analysis 28B, scan lines shown on figure 6-12. The graphs of
lumineacence and inclusions run from the earliest growth zenes on the left
to the latest zones on the right. A high position on ihese graphs refers to
either bright luminescence or the presence of many inclusions. Growth zones
are numbered as shown (see also Table 6-1). The chenical analysis of each
zone is shown by a cross where the zone is of fixed composition, a horizontal
or vertical line where the composition of ome of the elemenils plotted is
variable, a sloping linc where both of the elements vary in a corrclated way
and a largce cross where both elements vary without correlating with one
another. Where a composition changes smoothly from one zone to the next, an
arrov indicating the trend is drawn on the line.
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slide 2. a) transmitted lignt; b) luxrinescent light. Concen-—
tration of insolubles along the (dark) grain boundaries is
visible in a). Internal rhombic zones visible in b).

i
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Ficure 6-15: Equant polygonal dolormite replacing dolomicritz
T

e ¢ o vt >

slide 27. a) transmitted light; d) luminescen%t light.
Edse of replaced vebble is lower left. Extensive linking of i
the rhombic zones is visible in b) with one area (arrowed) ;

containing only very late zones.,



complete replacement by dolomite except along one margin
which appears identical to presumed desiccated margins in
nearby unreplaced mudstone pebbles (fig. 6-9d). Perhaps
these margins were not revlaced because they were slightly
more compact, that is less permeable. However there seems
no obvious reason why unreplaced, partly replaced and com-

Pletely repliaced pebbles occur in the same thin section.

Equant, polygonal dolomite similarly partly or completely

replaces dolomicrite pebbles (fig. 6-9a, b; fig. 6-10;
fig. 6-16). The grain boundaries are clean as there is
no insoluble matter. In some cases there is a definite

inclusion-rich (rhombic) core, with an inclusion-free rim.

Under luminescence, all examples of equant dolomite show

rhomb-shaped zones. In figure 6-15b the nucleation sites

seem to have been fairly regularly distributed because many

" crystals do not meet until a fairly late stage. Crystals
were euhedral until they met when compromise boundaries
were formed. Zones link from one crystal to another
showing that each zone was grown everywhere at the same
time. Other equant mosaics with less regular nucleation,
show more extensive linking of later zones (fig. 6-16).
Probe analyses of equant dolomite are showﬁ in figure
6-17. All the scans show a lower level composition with
little Fe and Mn together with a number of Mn or Fe-Mn
peaks a few microns across, which may be similar in comp-
osition to the type 1 dolomite. The general Fe-Mn-poor
composition can be compared with the inner zones of the
rhombs of analysis 28B. Thus one can generalize and say
that growth started under conditions<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>