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Abstract

Planorbis to Turneri Zone sedimentary rocks were studiec at outcrops in
Skye, Raasay, Applecross, Ardnamurchan, Morvern and Mull. A proposed 1itho-
stratigraphy includes two Groups, four Formations and seventeen Members.
Increased faunal diversity in Mull and Skye reflects environmental stability
during the Angulata and Semicostatum Zones; low diversity in the Bucklandi
and Turneri Zones signifies lower stability. Species abundance in Mull and
their decrease in Skye during Angulata-Bucklandi Zone times signifies a
northward increase in environmental instability.

Smectites are present in the Planorbis-Bucklandi Zone shales. The
Semicostatum-Turneri Zones are composed of non expanding clays; the smectite
formed by erosion of previously exposed alkaline igneous rocks under warm,
alkaline, low rainfall conditions. Progressive transgression coverad the
source area and a change to more acidic conditions with higher rainfall also
promoted the formation of "ironstones" and chlorites.

The Angulata and Bucklandi Zones comprise bioclastic, oolitic, carbonate
and siliciclastic sediments signifying shallow marginal marine semi-enclosed
basins. Thin laterally impersistent beds of coarse,poorly sorted pebbles
signify an unstable hinterland; during the Semicostatum and Turneri Zones
fully marine conditions were established.

Ferruginous beds are oolitic in Skye. They probably formed as "mud
balls" and due to acid leaching of feldspars. Phosphatic nodules are calcium-

hydroxyapatite.

The limestone/shale "rhythms" are explained by a combined primary and
dizgenetic origin. The limestones consist of low-Mg caicite. Both ferroan
and non ferroan calcite are present. Tectonic stresses and diagenesis
deformed crystals and formed veins.

Sr*2 values show a declise as the carbonate fraction increases. Three
different ranges are distinguished for three facies and aces. Sr concen-
tration is bimodal and probably inherited from the original sediments.

The northern and southern basins evolved separately, sedimentation was
controlled by differential tilting, uplift and subsidence. Palaeoslopes were
gentia, to the wast-northwest and south-soutiwest. 'ocal tonograpt, (2.4
Central Z*rat» High) modified the slopes; no moveme, . occurred along & mai»
faults of the area. Sedimentaticn relates to the "taphrogenic rifting stacz"
proposed for the North Sea Mesozoic.



ABSTRACT

Lower Liassic (Planorbis-Turneri Zone) sedimentary rocks were studied
in the Inner Hebrides Basin of northwest Scotland. The main sections were in
Skye, Applecross and Raasay, located in the north of the Basin, and Mull,
Movern and Ardnamurchan in the south.

The nomenclature relating to the "Broadford Beds" is explainedand it is
proposed that they should comprise beds which overlie Triassic strata and
underlie a disconformity marking the late Turneri Zone.

A formal lithostratigraphy is proposed which includes two Groups, four
Formations and seventeen Members; twenty two different sedimentary facies are
recognised. The principal units are the Broadford Beds Arenaceous Group in
the north and the Broadford Beds Argillaceous Group in the south. The Milton

and Strath Formations correspond to the Lower and Upper Broadford Beds
respectively in the Skye area, while the latter are represented by the Loch
Aline and Leacach Formations in Morvern.

The already described ammonite fauna makes it possible to date each
Membér with respect to the standard zonal scheme.

Published faunal lists are presented with new quantitative data.
Increased faunal diversity recognised in both areas in the Angulata and
Semicostatum Zones is interpreted as signifying an increase in environmental
stability and "transgression" whereas decrease in the Bucklandi and Turneri
Zones signifies decreased stability and "regression". These results are
independently supported by sedimentary evidence.

The ammonite fauna shows a relative increaseﬁ%iZ$1¥Ke Planorbis to the
Angulata Zone in the southern area of study whereas it decreases in diversity
during the Bucklandi Zone. In the northern area no ammonites older than
Angulata Zone were found. A relative increase is seen from the Angulata to
the Bucklandi Zone which contrasts with the situation further south. This may

be due to increased environmental instability during the Angulata Zone in Mull
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whereas progressive deepening of the sea in the Skye area occurred. Ammonite
diversity in the north increases from the Bucklandi to Semicostatum Zone; this
together with other faunal evidence relates to two periods of transgression,
one during the Angulata Zone and the other during the Semicostatum Zone.

The relative abundance of faunal species in the Mull area and their
decrease in Skye during Angulata and Bucklandi Zones is interpreted as
signifying a consistent northward decrease in environmental stabiiity.

While the number of approximately 24-300/00 salinity tolerant species
increases from Mull to Skye during the Angulata Zong, the faunal salinity
tolerance is much lower and also decreases from Mull to Skye during the
Bucklandi Zone. In both areas euryhaline fauna decreases from south to
north during the Angulata and Bucklandi Zones, signifying consistently more
marine depositional conditions in the south.

The lack of cemented and boring bivalves in the Lower Lias indicate the
scarcity of firmly compacted sediments; "hardgrounds” are lacking.

Facies 6 and 8 of the Milton Formation are reminiscent of the
"reefal association" of Hallam (1976) whereas the beds of the Strath and Loch
Aline Formations characterise the "nearshore marine association". Parts of
the Strath together with the Loch Aline and Leacach Formations represent
"marine basinal associations". "Lagoonal associations" are recognised in the
Skye area where the oolitic facies 5 represents lower brachyhaline (ca. 16 -
230/00) conditions; upper brachyhaline (24 - 300/00) fauna is well represented
in the various facies of Skye, Ardnamurchan and Mull.

The shales in the  Milton and Loch Aline Formations contain up to 30%
smectites, whereas the Strath and Leacach Formations contain illite, kaolinite
and subordinate mixed-layer minerals together with chlorite. ?Rhaetic red
mudstones exposed in western Mull contain up to 10% smectites in contrast to
Triassic red mudstones which contain only il1lite. The smectite was probably

derived from the weathering of basic igneous rocks previously exposed in the

sediment source area. By the time the Leacach Formation was being deposited
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in the south and the Strath Formation in the north, the igneous source was
eroded/transgressed by the early Liassic sea.

Smectites probably formed under warm, alkaline climatic conditions with
low rainfall, which prevailed during Planorbis to Bucklandi Zone times. Little
kaolinite and a higher proportion of illite was deposited in the southern area
as compared to the Skye area signifying more offshore depositional environments.
The clay mineralogy of the Bucklandi Zone shales of Loch Aline signifies
fluctuating environmental conditions and possible near-shore deposition. In
Skye a higher kaolinite content coupled with other evidence signifies near-
shore deposition.

The onset of high rainfall, humid, acid climatic conditions from the
Upper Bucklandi to the Turneri Zone and an increased coverage of land areas
by sea was responsible for the abrupt decrease in smectites and the abnormal
rise in kaolinite content of the beds. The change of climate contributed to
the formation of iron-rich beds during the Semicostatum Zone.

Sedimentation took place in transgressive-regressive, shelf-shoreface
sequences during the Lower Lias. Three broadly defined "transgressive"
sequences were recognised whereas four showed regressive characteristics.

The sporadic erosion of small upstanding isolated but resistant blocks
of older strata produced local subaqueous conglomeratic debris flows in
southeastern Skye and facies 1, 2 and 3 developed. As the land surfaces in
the north were inundated by the transgressing (?Angulata Zone) sea, a lagoon-
barrier (?spit) complex developed (Facies 4, 5). Sediment was supplied from
southeast Skye for the development of the sandy body which effectively came to
jsolate an embayment with lagoonal mud to the northeast of Applecross. The
embayment was fringed on the landward side by a mixed facies and mud-flat belt.
With continuation of the transgression and reduced sediment supply, breaches
occurred in the "barrier" system. Shallow "tidal" channels with characteristic
oolite lobes developed and the barrier migrated landward to overlie the

lagoonal shales. The barrier was finally drowned and the sand was redistributed
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With the still continued transgression,marine conditions were established in
the northemarea and coral beds of Facies 6 came to directly overlie the
sands and oolites. Facies 7 indicates a rapid regression which affected the
Skye area. The result was a development of ?lagoons in the vicinity of
Applecross, which were actively protected by a sand body continuously supplied
by southeastern source areas.

Shallow subtidal deposition continued in eastern Raasay. The beds are

- bioturbated and Thalassinoides burrows have controlled the pattern of nodular

Timestone formation here. In southwest Raasay (Suisnish) and northwest
Strath (Sligachan), shallow water detritus-free carbonate deposition
continued. In Applecross oomicrites and lagoonal shales were deposited.
With the progressive transgression of the sea, oolite shoals and inter-
shoal muddy channels developed which were eventually overlain by skeletal
and sandy patches with a substantial development of oolitic sand bodies.
Continued rise in sea level drowned the embayment and Facies 8 containing

Thecosmilia martini succeeds Facies 7; the corals grew upward to compensate

for land subsidence or sea level rise.

Facies 9-12 represent a prograding shoreline sequence indicating a large
scale regression; the sediment source area was situated somewhere to the
north or northeast of Applecross. These beds are compared with conglomeratic
shoreline deposits and offshore (Facies 9), lower shoreface (Facies 10) and
upper shoreface (Facies 11 and 12) depositional environments are distinguished.
Although isolated rootletted horizons and thin coal beds were seen to overlie
beds of Facies 11 and 12 in northern Strath, the general features indicating
foreshore and backshore deposition are lacking and were probably represented
further to the northeast or eroded due to their low preservation potential.
The foreshore belt areas probably extended from Applecross to Skye and into
Ardnamurchan.

A large scale rapid transgression characterises Upper Bucklandi to

Semicostatum Zone sedimentation in the Skye area. The overall deepening of



of the water is also indicated by the existence of planktonic organisms
(calcispheres) in the beds of Facies 13.

The deposition of the different “cycles" of clay/silt/calcareous sand
in Facies 13 represent shallowing upward events. The Upper Bucklandi-Lower
Semicostatum sea which had transgressed the low lying land areas gradually
regressed (stepwise) until at the culmination point, iron-rich beds formed in
both areas of study (Facies 14 and 22). The ferruginous beds are oolitic in
Skye and Ardnamurchan whereas ferruginous mudstones developed in Mull and
Morvern.

X-ray diffractometry and powder photography shows that although the
minerals in the rocks of Facies 14 do not behave as the ideal "chamosite",
they show X-ray peaks typical of cronstedtite. It is proposed that the iron
silicates occurring on these rocks should be ascribed in general to the
chlorite group and the term "chamosite" should only apply to those beds which
show the definite existence of the septechlorite, cronstedtite.

Major elements of the “ironstones" were determined using X-ray
fluorescence methods and comparisons have been made with other Hettangian-
Sinemurian "ironstones" of northwest Europe. The hypotheses that have been
proposed for the genesis of ferruginous ooliths and pellets are discussed but
are inadequate to explain the early Liassic oolitic "ironstones" and
ferruginous mudstones of northwest Scotland.

A combination of feldspar kaolinisation and weathering under acid, warm
and humid climatic conditions together with erosion of previously formed
argillaceous sediment as "mud balls" can adequately explain their formation.

Phosphatic nodules contain as much as 22% P205; they are regarded as
resulting from a combined primary and diagenetic precipitation. The phosphorus
is in the form of calcium hydroxyapatite.

Facies 15 marks a minor transgression which covered the beds of facies 14
as a result of a rapid subsidence or sea level rise. The beds are charac-

terised by small scale shallowing upward cycles indicating a slow stepwise
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uplift (sea level fall). The general upward increase in the clastic components
of the beds together with cross lamination and increased trace fossil activity
indicates deposition in waters with periodic, gentle wave and/or current
activity; erosion surfaces were not found.

Facies 16, 17 and 18 exhibit an overall regression during the Turneri
Zone. The beds of Facies 16 resemble thin sheets of marine sand waves which
show an upward shoaling with increased current and wave velocities. The
depositional conditions of Facies 17 are not fully understood. They were
probably formed as sand waves and dunes in response to higher shoaling energies.

These sand bodies are cut by channels of coquinoid sandstones. The beds
of acies 18 indicate persistently recurring periods when deposition under
calm, deeper marine conditions gave way to shallower more turbulent
environments. The characteristics of this facies are similar to the lower
parts of shoreline sequences and also resemble offshore marine sand bodies
in their upward shoaling characteristics. They cannot be regarded as parts
of marine bar sands or barrier islands.

The extremely variable flow directions recorded from the various facies,
formed due to shallow marine processes involved in distributing the sediments
in shoal areas of shallow shelf seas.

It is argued that Towering of sea level combined with initial bottom
topography produced the observed features. The top of Facies 19 is marked by
a late-Turneri-early Obtusum disconformity.

Beds representing the Planorbis and Angulata Zones are absent from the
Craignure area (eastern Mull) but can be seen in western Mull and Morvern.

Facies 19 was deposited under less turbulent marine conditions in
western Mull (Wilderness) but further north near Gribun evidence of abnormal
salinity and crushed driftwood and plant debris suggest proximity of land
areas.

Facies 20 shows evidence of coalified plant fragments and mound-like

escape features (cf. Callianassaislagrande) which suggest muddy nearshore
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depositional environments. The beds of this facies are only seen in
Morvern.

Facies 21 suggests deposition under offshore-marine conditions and the
local presence of laterally equivalent facies is evidence for a larger
lateral extent of the sea during this time. The reddish-weathering calcareous
ferruginous crust on top of the beds of this facies (Leacach Ochrous Member)
signifies a major period of erosion during the Semicostatum Zone.

Facies 22 indicates deposition under marine conditions below effective
wave base and far from land areas. Ferruginous mudstones were deposited in
Mull while micaceous shales were formed in Loch Aline.

In the latter area, the top of these beds is shown by an erosion surface,
with the ?Brooki and Birchi Subzones absent, and marked by the Leacach
Pebble Member.

A combination of primary and diagenetic changes is preferred for
explaining the origin of the limestone/shale "rhythms" found in the beds under
study. Probably more CaCo3 was precipitated in shallower water sediments
(Skye) while in the deeper parts (Mull) the muds were secondarily enriched in
CaCO3. After deposition, the solution and reprecipitation of parts of the
1imestones began; CaCO3 segregated into thin beds of limestone within the
shales.

The Liassic beds under study were examined petrographically and the
following conclusions were reached:

i)  The stable diagenetic carbonate phase is low-Mg calcite; no aragonite

is present.

ii) The transformation of aragonite to calcite occurred early in diagenesis
and involved "wet" solution precipitation.

iii) Consolidation and compaction was completed early and resulted in the

loss of pore space; cement of both ferroan and non-ferroan calcite is present.
iv) During late stages of deep burial crystal enlargement occurred, which

has in places completely destroyed the primary sedimentary textures and
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produced a coarsely crystalline rock.
v) Tectonic stress and the weight of overlying sediments during deepest
burial caused the formation of stylolites, veins and bent twin lamellae.

2 2 +2 and Fe+2 content of seventeen selected samples from

The Sr+ 5 Mg+ s Mn
three different Formations were studied by Atomic Absorption Spectrophotometry.
The variation of Ca, Mg, Mn and Fe between the different samples is somewhat

concordant whereas the Sr+2

variations do not follow the pattern shown by
the other elements. The Sr+2 content of the samples shows a steady decline
with increased soluble fraction. While the average Sr+2 content of the
samples is in the region of 684 ppm and they show a more or less similar
diagenetic history, the three rock populations show distinctly different
ranges. The Sr+2 concentration is bimodal; a sequence of decreasing Sr+2
content may be seen from the deposits of the well aerated semi-enclosed,
nearshore environments to the relatively more "offshore", less aerated shelf
deposits. The bimodal distribution may be inherited from the original
sediments. The ﬁ#’ and Fézconcentrations are much Tower than predicted values.
This reflects post-depositional changes.

The Lower Liassic beds are considered within the framework of seven
sequences. During the Hettangian stage the areal extent of the sea was
minimal and the Lower Sinemurian marks a widespread transgression. The
northern and southern basins evolved separately. The pattern of sedimentation
was controlled by tilting, differential subsidence and uplift on the Skye-
Ardnamurchan, Morvern and Craignure Blocks. Although general slopes towards
the northwest, west and southwest were present in the northern area, continuous
subsidence of the Applecross area caused a thicker development of the
Milton Formation, the slopes are locally modified by the existence of the
Central Strath High. No evidence is present to suggest Liassic movement
along the Camasunary or Great Glen Faults although in Skye a marked

topographic difference (shallowing to the west) is seen across the Camasunary

Fault; a similar topographic change is seen in the Craignure area (shallow



towards the east) across the trend of the Great Glen Fault. The tectonic
style controlling the sedimentation pattern follows the "taphrogenic stage"

already proposed for the North Sea.
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CHAPTER 1

INTROBUCTION

1.1 Location of Sections

Lower Liassic strata are found as small, widely spaced outcrops in
two major areas of northwest Scotland, here termed the northern region
gBuckman
(Skye, Applecross and Raasay) (Leel, 1920; Hallam, 1959) and the southern
region (Mull, Morvern axd Ardnamurchan) (Lee and Bailey, 1925; Rhichey and
Thomas, 1930; Maclennan, 1953).
The location of each of the major sections is shown on Figure 1,1

together with the national grid references; other minor outcrops are

mentioned in the text and identified by their appropriate grid reference.

1.2 Previous Work

Observations on Scottish Mesozoic rocks have been recorded from as
early as the 16th century. These were mainly related to the discovery of
local seams of coal.

Coal was mentioned in the Sutherland Charter.

"In 1529 (22 April) Alexander Gordone .... sold to
John Terrell .... the sea coal found and to be found ..."

(Origin Parochiales Scotiae, Vol.2, Pt.2 - The Antiquities
Ecclesiastical and Terrestrial of the Parishes in Scotland).

Since Martin (1703) reported that the Isle of Skye .... "is very High
Land and there are seven high Mountains near one another", and that in the
Isle of Mull .... "there is a great ridge of Mountains about the middle of
the Isle, one of them very high", the whole of the western Isles of Scotland
have been extensively studied by numerous researchers who have ventured
. "in order to acquire from actual observation, a knowledge of the
mineralogy of the Scottish Isles" (Jameson, 1800).

Mesozoic strata were first recorded in the Hebrides by Pennant (1774)



who observed crushed ammonites in Trotternish, Skye during his tour. The
Jurassic rocks of the western Isles were first studied by Macculloch (1819)
and Murchison (1827) in their pioneering works.

The Lower Lias in this area has been studied mainly from a stratigraphic
point of view. Macculloch (1819) and Geikie (1858) gave the first detailed
descriptions for the Lias of Strath (Skye); however it is widely
acknowledged that the foundations for the Geological Survey Memoirs on
Lochalsh and southeast Skye (Peach et al., 1910), the pre Tertiary geology
of Mull, Morven and Ardnamurchan (Lee & Bailey, 1925) and the Mesozoic rocks
of Applecross, Raasay and northeast Skye (Lee & Bukmen, 1920), were set by
"The Summer Rambles" of Hugh Miller (1858) and the works of Wright (1858),

Tate (1873), Bryce (1873) and Judd (1873).

Judd separated the Liassic rocks into Infra Lias (sparsely fossili-
ferous) and Lower Lias. (with ammonites and Gryphaea of Bucklandi and
Semicostatum Zone time).

Later, Woodward and Wedd (Woodward, 1897, and in Peach et al., 1910)
divided the Lower Lias into the Broadford and Pabba Beds; the Broadford
Beds were divided into four divisions at Lusa and it was generally accepted
that all the Liassic Zones from Planorbis to Obtusum were present.

Buckman (in Lee & Buckman, 1920) and Spath (1922) were among the first
to contribute to the palaeontology and zonation of the Scottish Lias for
correlation purposes.

Although Judd introduced the term "Pabba Series", he designated a Tower
Middle Liassic age to them; however, according to Woodward's (1896 )
classification, they were deposited during middle Lower Liassic (Oxynotum-
Capricornus Zone) times. As the Oxynotum Zone (and parts of the Obtusum
Zone) are apparently absent from Skye, all the Liassic strata below these
levels were placed in the Broadford Beds, whereas those occurring above the

mentioned Zones were classified as Pabba Beds by Wedd (in Peach et al., 1910).



The same classification is used in Ardnamurchan, but since the Oxynotum Zone
shales are present together with the top parts of the Broadford Beds (which
are also shaly in nature similar to those of Skye), in a subsequent Memoir (Lee
& Bailey, 1925)the Semicostat. and Obtusum Zones were grouped with the Pabba Beds.
However, Richey et al. (1930) stratigraphically defined the Broadford Beds
according to "that applied in Skye, the type district", i.e. Planorbis to
Obtusum Zones.

Arkell's (1933) suggestion for the presence of the Planorbis and
Angulata Zones at Lusa were challenged by Trueman (1942).

The succession in Mull and Ardnamurchan, like that of the northern
region, has been described by many geologists. Lee and Bailey (1925)
described the Carboniferous-Cretaceous succession in Morvern. Scott (1928)
dealt mainly with the Carboniferous strata but recognized Liassic beds
resting unconformably upon Carboniferous. sandstones. Contributions have
also been made by Lee and Pringle (1932), MacGregor and Manson (1934) and
Richey (1935).

MacLennan (1953) followed Lee & Bailey (1925) and included the Turneri and
Obtusum Zones in the Pabba Beds at Loch Aline in Morvern. She recognized
intra Liassic periods of erosion and related the Mesozoic disturbances
along the west coast of Scotland to the north-south linear zone which was
involved later, in the Tertiary volcanic eruptions.

Hallam (1959) introduced the important twofold division of the Broadford
Beds in northwest Scotland. The Lower Broadford Beds (Planorbis-Bucklandi
Zones) were deposited under marginal marine, semi-lagoonal conditions
whereas during the deposition of the Upper Broadford Beds (i.e. Hallaig
sandstone of Buckman (inlee& Buckman, 1920)) fully marine conditions were
established. He also observed a band of oolitic ironstone at the base of
the Upper Broadford Beds.

Although Cheeney's (1962) work does not directly concern the Jurassic



strata, his two geological maps of the area immediately south of Loch Don
(Isle of Mull) are helpful in the study of this area.

Kalander (1974) found hitherto unknown outcrops of ?Liassic age silt-
stones overlying Triassic conglomerates at Loch Slapin, Isle of Skye; Steel
et al. (1975) related the presence of these siltstones to the basin-filling
processes operating in the area during the Triassic/Liassic times.

Oates (1976) made a detailed comparison of the stratigraphy and
palaeontology of the Mull and Skye areas, drawing attention to similarity
of facies among the English Blue Lias and Scottish Broadford Beds. He
excludes the Turneri and Obtusum Zone deposits from the Broadford Beds in
the southern region and the Obtusum Zone from these beds in the northern
region. Jurassic movements along the Great Glen Fault are also postulated.
Table 1-1 compares the nomenclature used for the northwest Scottish Lias

since 1819.

1.3 Purpose of Study

The Hettangian-Sinemurian outcrops of northwest Scotland are the
northwesternmost representatives of the European Lias, and mark the
fnitiation of important changes in the sedimentary regimes and climatic
conditions which were prevalent during the Triassic times.

The study of these strata, with due consideration given to recently
available information on the geology of the continental shelf off northwest
Scotland, will facilitate the identification and interpretation of the
mechanism and control of such changes in the context of plate tectonics.

The northern Scottish Liassic deposits together with their counterparts
in E. Greenland and eastern North America formed as a sedimentary response
to the movements which preceded the main phase of the formation of the
Central, Northern and Eastern North Atlantic; the study of these deposits

will provide important insights into the early history and evolution of



the Atlantic Ocean.

1.4 Methods

A total of 21 weeks were spent on the Lower Liassic rocks of northwest
Scotland during successive field seasons and standard field
techniques were applied for data collection, a combined Jacob's-Staff and
Hand-Level technique (Compton, 1962) was used together with tape-measure
pacing methods for measuring stratigraphic sections; some areas were mapped
geologically at a 6" to the mile scale.

A total of 620 samples were collected. These were obtained at regular
stratigraphic intervals with additional specimens being taken when pronounced
changes in lithology and lateral variations were seen in the field. Shale
samples (0.5 - 1.5 Kg) were taken at approximately 60 cm. (and shorter)
intervals, from a depth of at least 40 cm; they were placed and transported
in resistant polythene bags to avoid mixing and further contamination; the
top and bottom of each limestone or sandstone sample was marked in the field
before it was transported to the laboratory.

Altogether 488 indurated samples were cut with a diamond saw and 342
thin sections prepared; half of each slide was stained by various techniques
(Dickson, 1965, 1966; Friedman, 1959, 1971; Evamy, 1968) before covering.
Each sample was studied and point counted with the aid of a standard
petrographic microscope and point-counting stage, larger individual slabs
were polished and photographed.

In order to determine the clay mineral composition of the shales by
standard X-ray techniques, 132 shale samples were disaggregated in deionized
water by mechanical means; after removing the carbonate content of the shales
(Bodine and Fernald, 1973) a few drops of sodium hexametaphosphate were
added to prevent flocculation of the clay minerals; the <2um fraction of

this assemblage was then separated by centrifuging and subsequently mounted



on ceramic tiles following the method proposed by Shaw (1972), these were
dried in a desiccator.

For the purpose of SEM studies of the surface textures of quartz grains,
5 siltstone/sandstone samples were disaggregated in concentrated HC1 for
48 hours, the released quartz grains were then washed in distilled water,
dried and studied with a binocular microscope to determine possible surface
features, iron oxide was removed by boiling the grains in a stannous
chloride solution for 20 minutes. After selecting appropriate grains,
they were mounted on metal plugs with the aid of UHU fluid, the edges of
the metal studs were coated with silver paint for better conduction. The
samples were then coated with a gold-platinum alloy vapour in a standard
evaporator with a rotating tube (Krinsley and Doornkamp, 1973; Krinsley
and Donahue 1968).

A Perkin-Elmer 306 Atomic Absorption Spectrophotometer was used to
determine trace and some major elements of 20 selected samples, which were
dried in an oven, powdered by agate and ball spinners, washed, dried and
placed in separate polythene bags for later use.

A combination of colorimetric, titrimetric, flame photometric and
X-ray fluorescence methods was used to determine the major elements of
9 samples obtained in phosphatic nodules and 2 samples obtained from the
"Breakish" ironstone bed; these were powdered by agate and ball spianers,

dried, weighted and stored in a desiccator. See Appendices 3, 4, 5 and 6.



CHAPTER 2

STRATIGRAPHY

2.1 Nomenclature Problems

Although the presence of different but contemporary sedimentary facies in
an area, usually means that the application of stratigraphic terms must involve
a plethora of rather meaningless local names, there has been remarkable general
agreement over the application of two local names to the three divisions of the
Lower Lias of northwest Scotland. However, considerable controversy has existed
over the true Zonal limit of each division. This has been partly due to the
lack of a standard stratigraphic framework of reference in the past and also
partly because of the non-recognition of different but contemporaneous facies
present in the area.

The workspublished on the strata of the Scottish Hebrides beforc 1819 are of
little value to stratigraphy due to the fact that they are confined to systematic
descriptions of the rocks without a clear mention of the exact locality or the
establishment of a definite succession.

Even Macculloch (1819) had his doubts about the principles of correlation
and superposition of strata; nevertheless he distinguished the "Gryphite Lime-
stone"” from the "White sandstone (of Scalpa)" and gave the order of the whole of
the "Secondary Strata" as "gneiss, red sandstone, gryphite, white sandstone,
Timestone and shale" and although he does not attempt to place them in a
comprehensive stratigraphic order hemaintains that the "Gryphite limestones are
the Towest in the Lias series”.

Murchison (1827), comparing this succession with the oolitic formations of
England, defines them as "Lias limestone" which formed part of the members of
the "oolitic series of Scotland". Subsequently in 1829 he published a list of
fossil species and their localities in Scotland, comparing them with the

formations and localities in which the same species occur in England. He also



referred the strata in Mull to "the Oolitic Series".

Geikie (1858), placing the "Pabba shales" and "Scalpa" sands in the Middle
Lias, refers to the "Broadford Limestone" and "Breakish Shale" in the Lower Lias
and Wright (1858), while eséential]y disagreeing with him, published a useful
table in which English, French and German stratigraphic subdivisions were

compared and the stratigraphic levels of the Scottish strata were established

accordingly. Bryce (1873) and Tate (1873) refer to the Lower.Lias up to the
E. raricostatum Zone (cf. Wright, 1858, and Geikie, 1858) as the "Broadford

Strata" and to those from the Jamesoni to the Davoei Zones as "Pabba shales".
Judd (1878) divided the Lower Lias into Infra Lias (Planorbis-Angulata Zoes)and
namely
Lower Lias Beds (Bucklandi-Obtusum Zones, / the Lima or Bucklandi beds of England),

the Pabba Series (Oxynotum-Davoei Zones) and the "Scalpa Series" (A. margaritatus-

A. spinatus Zones).

Woodward (1896) coined the name "Broadford Beds"; in the Annual Report of
the Geological Survey for 1896, it is stated that "The Broadford Beds would

include the Zones of A. planorbis, A. bucklandi and A. semicostatus". However

in a subsequent Memoir (Peach et al., 1910) the Broadford Beds include the Turneri
and Obtusum Zones. No reason is given by Woodward for this,and the previous,
fourfold sub-division of the Broadford Beds is repeated. The 0. oxynotum and

P. davoei Zones are represented by the Pabba shales while the Scalpa sandstones

are of A. margaritatus and P. spinatum Zone age.

Lee & Buckman (1920) consider the Broadford Beds to comprise the "Lower Lias
Zones up to the Turneri Zone" (p. 3) whereas in page 7 of the Memoir it is stated
about the succession in Applecross that "These strata can evidently be referred
to the basal portion of the "Broadford Beds", a division of the Lower Lias of
Skye thus named by Mr. Woodward, which includes the Lower Lias Zones from that

of Psiloceras planorbis to that of Asteroceras obtusum", and on page 12 it is

stated that "The Broadford Beds of Skye range from the basement Beds, which

probably include the Planorbis Zone to the Obtusum Zone". The Pabba Shales and



Scalpa sandstones in the aforementioned Memoir have the same stratigraphic extent
as was given by Peach et al. (1910).

In the Mull Memoir Lee& Bailey (1925) state that the Broadford Beds are

Meeeen .regarded as equivalent to the Blue Lias limestone of
England. Which includes the zones of Psiloceras planorbis to
Arnioceras semicostatum and part of the Obtusum Zone. In the
present Memoir, however, on the score of local convenience,

all above the Semicostatum Zone is referred to the Pabba Beds".

Arkell (1933) followed the same scheme but referred to the sandy shales of
the Obtusum Zone of Loch Aline as the "Loch Aline sandstones"; this tem is
somewhat misleading and leads to their confusion with the Cretaceous greensand
beds which immediately overlie them.

Although MacLennan (1953) follows the subdivisions of the Lower Lias in the
Hebrides proposed by Lee and Bailey (1925), she includes the Semicostatum Zone
in the Lower Broadford Beds, the Pabba Beds comprise the shales of Turneri to
Obtusum Zone age.

Hallam (1959), adhering to the original suggestions put forth by Woodward
in Peach et al. (1910), further subdivided the Broadford Beds into the Upper
Broadford Beds and Lower Broadford Beds.

Oates (1976) made a detailed study of the stratigraphy and palaeontology of
the Mull and Skye areas, drawing attention to similarity of facies among the
English Blue Lias and Scottish Broadford Beds. He includes the Turneri and
Obtusum Zones of the southern region (Mull, Morverm and Ardnamurchan) in the Pabba
Beds whereas in the northern region the Broadford Beds include all the Zones
below the Turneri. According to Oates (1976), the Broadford Beds of the southern
region of the Scottish Hebrides are similar to the strata of the same age in
southern England, therefore the name Blue Lias may also be applied to them; also
the junction of "Blue Lias: Broadford Beds/Pabay Beds" is diachronous from north
to south, and is taken at the top of the Turneri in the northern area while it
is established at the base of the Turneri in the southern area. In the view of

the present author, the above two distinctions are inappropriate for the following



10

reasons:

i. The Broadford Beds in only two localities of the southern region are
equivalent in time and ?facies to the "Blue Lias" of England and even these
are 500 miles from the Dorset Coast; they are slightly more arenaceous in
places and their mineralogy is altogether different.

ii. According to Oates (1976), the Broadford Beds of Loch Aline (NM 694453)
differ palaeontologically from the "Blue Lias" of Somerset and Dorset in

that the giant species Schlotheimia pseudomoreana Spath which succeeds

the S. similis fauna is absent from the Scottish sections.

iii. The Turneri beds in both regions are products of the same process therefore
it would be only natural to include them in a common group of strata to
facilitate any palaeoenvironmental interpretations.

iv. Important evidence to be cited later, of a progressive offlap (from north
to south) due to a minor regression which affected the Hebrides during the
Turneri Zone times, will be lost between the northern and southern areas
of study, in the Broadford Beds.

v, Mere "local convenience" (Lee and Bajley, 1925) which formed the basis of
this subdivision, cannot be justified.

vi. The non-sequences which define the subdivisional boundaries in Oates' work
are of entirely different origin in the northern and southern areas

respectively, therefore they should not be used as stratigraphic markers.

As seen in Table 1.1 the Hebridean Lower Lias has been subdivided and named
differently by various workers since Macculloch (1819). This is mainly due to
the great variety of depositional conditions which is so characteristic of the
region.

The term "Broadford Beds" was originally applied to the alternating sandstone/
shale/1imestone divisions of the western Scottish Lower Lias. The principal
features of the type district are present in all of the sections in the northern

region and in Ardnamurchan of the southern region. However the beds which are



11

fully represented in Applecross, Raasay and Skye, are absent in Ardnamurchan.

In Mull and Morvern the Lower Lias is represented by a limestone/shale facies,
the similarity and stratigraphic equivalence of which to the Blue Lias of Dorset
has led to many comparisons since Judd (1819). However it would be inappropriate
to adopt the term "Blue Lias" to describe their equivalent strata in the Scottish
Hebrides.

The Lower Broadford Beds in this study denote those strata which were
deposited in northwest Scotland during the earliest Liassic Zones, up to
Bucklandi, as a major transgression inundated the southern (Mull) region during
the Planorbis Zone times,but which did not reach the northern (Skye) region
before Bucklandi Zone times.

The Upper Broadford Beds were deposited during a further spread of the
transgression (its maximum geographic extent being attained during Semicostatum
Zone times), together with those strata which were deposited as the result of a
minor regression, producing two non sequences in the northern (Skye) region at
the end of Turneri Zone times. Regressive-type sedimentation continued in the
southern region until the end of the Turneri Zone times.

The time is ripe for a precise lithostratigraphic nomenclature to be
proposed (attention being paid to the facies present) based on the stratigraphic
recommendations of the Geological Society (Harland et al., 1972). The
lithologies in each unit are described together with their fauna. Where relevant,
details of sedimentology and animal-sediment relationships are noted.

Correlation with the standard ammonite Zones is also shown in Tables 2.1 and 2.2
In this study, the Broadford Beds fall within the stratigraphic boundaries
applied by Woodward (in Peach et al., 1910), Richey (1930), Arkell (1933) and

Hallam (1959) except the Obtusum Zone.

2.2 Biostratigraphy

A combination of poor exposure and unfavourable facies impedes faunal
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collection for the purpose of an accurate zonal boundary determination for the
Broadford Beds. The zonal determination and correlation for these strata is
facilitated however, by collections made during decades of geological work, the
most recent of which are those of MacLennan (1953), Hallam (1959) and Oates
(1976).

The fieldwork for the present study was made according to the zonal
classification put forward by Hallam (1959). Later adjustments were, however,
made in accordance with the findings of Oates (1976). In the following section,
stratigraphically significant fauna recorded from the strata of each locality are

noted and their position within the sequence specified.

Applecross (NG 714434)

Ammonites found in the Broadford Beds of this locality are shown in Figure

2.1; these include a Schlotheimia sp. (Leeand Buckman, 1920) indicating the presence

of the Liasicus or Angulata Zone at the 18 m. level. At 46 m., Thecosmilia

martini which was considered by Hallam (1959) to be contemporaneous with those
developed in Ob Breakish (N. Strath) is seen. On the basis of the occurrence of

Schlotheimia sp. below the coral bed in Ob Breakish, Oates (1976) favours

Trueman's (1942) conclusion that the bed with Thecosmilia martini is within the

Angulata or near the base of the Bucklandi Zone and not within the Bucklandi as
Hallam (1959) suggested.

Coroniceras coronaris (Quenstedt) was found at the 51.20 m. level by Hallam

(1959), indicating the presence of the Rotiforme Subzone in this locality.

Further proof for its existence is Coroniceras hyatti Donovan which was reported

by Oates (1976). Therefore since the Breakish coral bed is of Hettangian age,
the Conybeari Subzone in this locality is very thin.

Hallam (1959) discovered Plagiostoma and Parallelodon cf. hettangiensis which

he tentatively accepted as evidence for the presence of the Johnstoni Subzone of

the Planorbis Zone in the basal parts of these beds.
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Among the fauna recorded by Judd (1878) is Coroniceras kridion (Zieten)

which is an Upper Rotiforme Subzone indicator. However it was not fourd in the
main section (i.e. Allt pnanBreugh NG/1954375), and the presence of this Subzone
at the topmost part of the section can only be inferred. Liostrea sp. occurs at
various horizons throughout the section; because of its limited stratigraphic
range and as it is not associated with Gryphaea, it may be concluded that it is

of Hettangian age (Oates, 1976).

Ob Lusa - Ob Breakish (NG 700250)

Detailed work on the stratigraphy of this locality was carried out by
Peach et al. (1910), Spath (1922a), Hallam (1959) and Oates (1976). The study
of Spath was based on the ammonites collected from the western Ardnish coast
where the establishment of a succession is hindered due to considerable faulting.

The occurrence of Isastrea murchisoni 2 m. above the base of the Broadford

Beds in Ob Lusa is in line with Trueman's (1942) intention that the base of the
Broadford Beds in Lusa is of Angulata Zone age.

The bivalve fauna of this bed and the one immediately overlying it, e.qg.
the bed with Cardinia cf. concinna indicates an Angulata Zone age. The occurrence

of Coroniceras aff. conybeari, which was reported by Hallam (1959) reported from the

9.55 m. horizon (Figure?2.2) signifies the Conybeari Subzone, the basal member of
Sinemurian stage.

The beds rich in Thecosmilia martini and Liostrea hisingeri are interpreted

as representing the Angulata Zone (or near the base of the Bucklandi Zone) at the

19 m. level; Oates (1976) found a single Schlotheimia sp. at about 3 m. below

one of the coral outcrops.

Gryphaea arcuata assemblages, together with Charmasseiceras and Arnioceras

spp. indicate the presence of a Semicostatum Zone age in the Breakish Peninsula; the

Coroniceras reported by Hallam (1959) indicates the Reynesi Subzone at 33 m.

above the base.
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Piarorhynchia juvensis (Quenstedt) is found together with Chlamys calva;

these and the ammonite evidence suggest a Semicostatum age for the oolitic iron-
stone bed (bed. no. 20-of Hallam) at the 33 m. level.
The sandstones and shalegkf bed 21 and 22 of Hallam at the 38 and 40.50 m.

horizons respetively, are full of Arnioceras aff. semicostatum, Coroniceras

reynesis and Coroniceras aff. parthenope. The Scipionianum Zone is represented

by a sandstone (bed 27 of Hallam) at the 60 m. horizon which yields Agassiceras

scipionianum .,

The sandstones which constitute bed 28 of Hallam (1959) have yielded

Euagassiceras resupinatum, which represents the Sauzeanum Subzone at the 60.50 m.

horizon.

North of the pier in Broadford Bay, at the headland of Rudhanan Eirennaich,

Hallam discovered Pararnioceras cf. alcinoe which indicates a Turneri age for

3 m. of cross-bedded micaceous sandstones which are exposed. Also in the over-

lying shales exposed to the west of the headland, Asteroceras margaritoides and

Promicroceras planicosta attest to the presence of the Obtusum Zone in this

locality.

Loch Slapin (NM 586184)

The Broadford Beds unconformably overlie the Ordovician Durness limestone
on the shores of Loch Slapin, On the basis of Hallam's (1959) finding of

Arnioceras in the Broadford Beds 3 m. above the base, the Loch STapin succession

is regarded as representing the Semicostatum Zone, with the ?Euasteroceras spp.

which is an Upper Semicostatum Zone indicator occurring towards the top (Figure 2.3).
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Loch Eishort (NM 625163)

The Broadford Beds are well exposed along the northern shore of Loch Eishort.
They are intruded by numerous dolerite dykes and faulting has disturbed much of
the strata. Based on ammonite collection, Hallam established a coherent section
identifying the various Zones which are present.

No ammonites have been found in the Tower,more arenaceous and calcareous
portion of the section. However, by comparison with the strata exposed in Lusa,
northern Strath, a Bucklandi Zone age may be sucgested for these.

Sandy micaceous shales with abundant Gryphaea arcuata and containing

Arnioceras aff. semicostatum, positively show the presence of this Zone at the

eastern Waterfall (NM 623163); the contact of these beds with the underlying beds
is obscured by a fault.

Although Hallam's beds 8-17 (56 m. thickness) have yielded ammonites
signifying the Semicostatum Zone, none are of the genera characteristic of the
Subzones.

The ammonites Euasteroceras sp. and ?Caenisites were found by Hallam (1959)

indicating a Turneri Zone age for bed 18, at the 12 4 m. level. This age is

confirmed by Oates (1976) who also found ?Microderoceras near the base of the

Turneri Zone sands.
The Turneri sandstones of Loch Eishort, 35 m. thick, are overlain by 7 m.

of sandy shale which yield Asteroceras margaritoides, Promicroceras planicosta

and Xiphoceras sp. indicating the Stellare Subzone of the Obtusum Zone (Hallam,

1959; bed 19). A specimen of Eparietites sp. found by Oates (1976) also

confirms the presence of the succeeding Denotatus Subzone. A non sequence is

evident from the lithological and palaeontological evidence. It possibly involves
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the top of the Turneri Zone and the whole of the Obtusum Subzone at this
locality.

This apparent non sequence was reported by Oates (1976) (see Figure 2.4).

Raasay (NG 595385)

The Broadford Beds here are disturbed by various intrusions, but faulting

is less frequent than elsewhere; on the occurrence of Liostrea irregularis var.

hisingeri in beds 6 and 13 of Hallam (1959) at the 12.72 and 26.15 metre

intervals respectively and by Tlithological comparisons with the Lower Broadford
Beds in northern Strath, an ?Angulata to Bucklandi Zone age may be assigned
to these beds which are up to 29.50 m. thick.

The base of the Semicostatum Zone is taken at 30 m. above the Lias/Trias

contact which is marked by two bands of Gryphaea arcuata (bed 17 of Hallam).

The succeeding bed (no. 18 of Hallam) is compositionally similar to the oolitic

ironstones found in northern Strath; it contains Piarorhynchia juvensis together

with ferruginous pellets. The presence of Arnioceras spp. in the succeeding

bed (no. 19 of Hallam, 1959) ascertains a Semicostatum Zone age whereas

Agassiceras scipionianum found in the bed immediately above it (no. 20 of Hallam,

1959) marks the Scipionianum Subzone. Hallam's bed 21 yields numerous

Euagassiceras resupinatum specimens which suggest a Sauzeanum Subzone here.

The Turneri Zone which is represented by beds 22 to 26 of Hallam (1959) is
26 metres thick, the base of which occurs at 71 metres above the base of

the section. Hallam's (1959) dating involves the occurrence of Euasteroceras

cf. brooki (bed 22), Euasteroceras aff. turneri (beds 24, 26) and Microderoceras

birchi (bed 26). Oates (1976) maintains however that

“the ‘randge of Microderoceras birchi probabiy extends far below
the Birchi Subzone, and the genus possibly even originated in
the Semicostatum Zone".

He also recorded a specimen of Euagassiceras 2 metres above the base of

the Turneri Zone established by Hallam and readjusted its thickness accordingly

(Figure 2.5).
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Arran

The Broadford Beds exposed in this island were dated as belonging to the
Planorbis Subzone of the Planorbis Zone by Trueman (1942) on the evidence of

Psiloceras planorbis. Tyrell (1928) found specimens of Schlotheimia ?angulata

in some higher beds, thus indicating the presence of the Angulata Zone.

Ardnamurchan

Mingary Pier (NM 493627)

According to Richey et al. (1930), the Broadford Beds exposed in this

Tocality, have yielded 'Ostrea' sp., 'Mytilus' sp. together with specimens of

'Cypricardia’ porrecta Dumortier which is a species belonging to the Planorbis

Zone in the Rhone Basin. Therefore a Planorbis Zone age for the strata exposed
here, can be tentatively suggested. It should be noted that bivalves are not

regarded as stratigraphic indicators (see Figure 2.6).

Mingary Castle (NM 506630)

In the Ardnamurchan Memoir (Richey et al., 1930), evidence for the
existence of the Bucklandi Zone near the south extremity of Rudha a Mhile was

very tentatively suggested based on the finding of Pleuromya sp. but the true

age of the strata immediately overlying the Trias in this area is still
uncertain and open to question, due to the lack of further detrimental évidence.
Based on the findings of an Ostrea of the group of O. érietis Quenstedt,
Richey et al. (1930) suggested that "it may be allied to an unnamed form from
the Angulatus Zone figured by Dumortier (1864)". The presence of Gryphaea
arcuata Lamark inthe strata on the shore south-east of Mingary Castle, probably
points to the presence of the Semicostatum or the top of the Bucklandi Zone
here. The section in this locality is extremely faulted and although good
faunal collections were made by 'Mr. Manson', no attempt except Richey's was

made to establish a definite section. The presence of Arnioceras in most of
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the sections points to the existence of the Semicostatum Zone at Mingary
Castle. The beds with arietitid of Obtusum Zone age which were reported by
Spath (19229 from this area were not found by the survey.

Oates (1976) succeeded in compiling a 6.50 m. section on the Castle

foreshore. These are beds with abundant Arnioceras sp. and Euagassiceras

sauzeanum, indicating the presence of the Upper Semicostatum Zone in the

vicinity. In general it is considered that beds containing Gryphaea - probably
represent the Bucklandi or early Semicostatum Zone in this area (see Figure

2.7).

SWORDLE (NM 539710)

1.  Ockle Point (NM 550717)

No fossils of definite stratigraphic value were found here. At the base

of the series Richey (1930) reports the presence of Modiola hillana J. Sowerby

and Perna infraliassica Quenstedt which he regards as representatives of a

Hettangian or Sinemurian age; however bands of Gryphaea arcuata (?Semicostatum

Zone) can be seen in the coastal cliffs which are inaccessible and cannot be
related to the section in any way. The total thickness of the beds in this
locality is 9 metres (see Figure 2, 8).

ii. Garbh Rubha (NH 536706)

a. At this locality the base of the Lias directly overlies ?Triassic
conglomerates and it is possible that a short period of erosion is also
involved at this junction. No significant fossils were found.

b. The fairly ubiquitous occurrence of Liostrea hisingeri in the 20

metre thickness of this section signifies a Hettangian age for it (see
Figure 2.8).
c. At the base of the section (NM 510710), at the 2 metre level,

Liostrea hisingeri suggests a Hettangian age; this is further authenticated by

Schlotheimia sp. found by Oates (1976) from the same beds. At a Tevel 15 m.
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above the base, a two metre thick bed crowded with Thecosmilia martini in

different horizons is found; this may be compared with the Breakish Coral
Member in northern Strath therefore an Angulata Zone age (?top Complanata
Subzone) may be inferred. This horizon of corals was first noticed by Richey etal

(1930). A horizon of crushed Pinna shells is seen at the 25.5 m. level

together with a horizon of large Plagiostoma gigantea at 26.5 metres and

another pinna bed at 27 metres; at 27.20 metres the first Gryphaea arcuata

bed is seen. Oates (1976) regards these occurrences as 'reminiscent' of his
beds +6 to +70 in the Morvern succession. They were dated as marking the

Conybeari/Ratiforme Subzonal boundary. He has also reported Gryphaea arcuata

occurring near the base of the Conybeari Subzone.

Craignure (NM 734313)

The basal part of the lower 6 metres of this section is unfossiliferous,

except for a bed full of Lisotrea hisingeri, found by the author (1976) at the

2.50 m. level. At about the 8-10 metre level, indications for the presence of
Gryphaea and Lima are seen (Oates (1976) believes the latter to be of

Plagiostoma gigantea affinity). Gryphaea beds become numerous towards the

10-12 m. level. The ?Schlotheimia thalassica fragments found by Spath (1922a)

as a possible evidence for the Bucklandi Zone, is the only definite Zonal
indicator found for this lower succession to date however.

At the 25 m. level, the Survey have reported the characteristic

Semicostatum Zone ammonites, Arnioceras bodleyi, A. hartmani and A. semicostatum.

Oates (1976) refers to a ?Coroniceratid at the 27 m. level which may be

referred to the Sinemurian. Above this level Arnioceras spp. signifies a Tower

Semicostatum Zone age, in the absence of higher Semicostatum Zone indicators.

Turneri Zone indicators such as Promicroceras planicosta ( 28 m. level)

Microderoceras (32.5 m. level), ?Caenisites sp. (44 m. level) have been
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reported by Oates (1976); in the Craignure succession he has also found

specimens of Promicroceras planicosta which is a valid indicator for the

presence of the Obtusum Zone at least for the top 6 m. of this section (see

Figure 2.9).

Loch Aline (NM 694453)
A11t Leacach

Lee and Bailey (1925) and MacLennan (1953) give accounts of the Liassic
stratigraphy of this locality. More recently the detailed stratigraphy of
this area has been worked out by Oates (1976, 1978); he recognised the Allt
Leacach_section to be one of the most complete of the Lower Lias sections
in Morvern. The lower 12.75 m. here (beds -39 to +37 of Oates) are assigned

to the Angulata Zone on account of the occurrence of Schlotheimia similis

from various horizons. On the basis of its relation to Schlotheimia (an

indicator for the presence of the Complanata Subzone), the presence of the
top parts of this Subzone may be assumed in this section. The succeeding 7
metres are assigned to the Bucklandi Zone (Conybeari Subzone) on account of

Vermiceras conybeari specimens found in the 5.62 m. level. The base of the

Rotiforme Subzone js taken at bed 70 of Oates (1976) 80 cm. above which he

has found a specimen of Coroniceras rotiforme. This Subzone is 3.85 m. thick

and Coroniceras kridion has been reported from its top and specimens of

Coroniceras rotiforme are found in various beds throughout the succession.

The Bucklandi Subzone of the Bucklandi Zone is 5.30 m. thick, the top of
which is very easily accounted for by a distinctly ironstained reddish
surface. The bottom is taken at the bed immediately overlying bed 97 of

Oates (1976); he reports Coroniceras latissulcatus from bed 98; Arnioceras

sp. (bed 118 at the 27 m. horizon) and Oxytoma inaequivalvis are also present.

Here the total thickness of the Angulata and Bucklandi Zones is 28.90 m.;

it should be mentioned that according to Oates the Sulciferites sp. (bed
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no-30) and Vermiceras sp. (bed -6) are unusually early representatives of

these genera which are normally associated with the Sinemurian Stage. At
the 12.95 m. level, beds full of Gryphaea occur. The first occurrence of

Gryphaea arcuata is recorded here and they are regarded as representing the

earliest Bucklandi horizon, following Hallam's (1960) description of the

English and Welsh successions. The only in situ specimen of Vermiceras

conybeari, which is the index species for the lowest subzone of the Bucklandi

Zone, was recorded by Oates (1976, 1978) in A11t Samhnachain (bed +61); in

bed +76 of the A11t Samhnachain quarry he recorded Coroniceras (Coroniceras)

of the Rotiforme group, therefore the Conybeari/Rotiforme boundary is taken
between these beds, the most Tikely position being at a horizon of condensed
shell material and ?ironstone (19.87 m. above the base of the section at
A11t Leacach.

A specimen found at the 23.90 m. interval is a fragment of a closely
ribbed ammonite which was also found by Oates (1976; bed 98) which he

considered to be a Coroniceras (Coroniceras); as the Arnioceras sp. (whose

earliest representatives are found in the Bucklandi Subzone) appear at the

27 m. horizon and the Oxytoma inaequivalvis only 50 cm. above them, it is

reasonable to consider these topmost beds in A11t Leacach as of Bucklandi
Subzone age.

Although in most of the sections here, the Bucklandi Zone beds are
directly overlain by Turneri Zone dark shales; the identification of numerous

specimens of Arnioceras sp. in the sequence WNW of 01d Ardtornish House (NM

686435) signifies the existence of horizons in the Reynesi Subzone of the
Semicostatum Zone (Oates, 1976). The ochrous-weathering bed
MacLennan, 1953) which separates the shales of Turneri Zone age from their
underlying Bucklandi-?Reynesi shales, is representative of a period of major
denudation and erosion as indicated by an irregular surface and iron oxide

concentration (MacLennan, 1953). However, Oates (1976) reports that in those
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sections other than the Allt Leacach one (i.e. A11t Mor and the shore WNW of
Ardtornish House) a small thickness of crinoidal Timestone ("biosparite") has

yielded arietitids of Coroniceras reynesi (Spath) type and Arnioceras

falcaries. He has recognised a difference in age between the shales

immeidately underlying this "biosparite" in Am Moidart, Al11t Mor and those on
the shore WNW of 01d Ardtornish House, hence he has attributed this to a
minor period of disturbance and the possible existence of a non-sequence at
this level, prior to the main unconformity which omits the Scipionianum,
Sauzeanum and even parts of the Reynesi Subzones in this area.

The strata overlying the ochrous-weathering surface have yielded
several specimens of stratigraphic value; these were reported by Oates (1976)
whose findings established that the 8.40 metres succession immeidately over-
lying the unconformity is not lower than the Birchi Subzone age on account of

the occurrence of Microderoceras birchi at the 1.80, 2.70, 4.30 and 6.90 m.

levels above the ochrous-weathering bed and Caenisites turneri at 0.50 and

3.00 m. Tevel. Promicroceras has been reported from throughout the section

except the lowermost parts and those overlying the Turneri beds. The top of
the Turneri Zone is established at the horizon 8.40 m. above the ochrous-
weathering bed on grounds of lithological difference. 0Oates reports an

Aegasteroceras specimen at the 9.40 m. Tevel and Asteroceras sp. (?A. obtusum)

at the 9.70 m. Tevel. Xiphoceras sp. (19.50 m. above the ochrous-weathering

bed) and Asteroceras obtusum 18.20 m. above the same bed occur in this section

as well.
There is no evidence for the presence of the Stellare and Denotatus
Subzones in the Morvern section. However, studying the various sections it is

evident that the total thickness reaches 50 m. (see Figure 2.10a, b).

Wilderness (NR 404287)

As reported by LeeadBa®(1925), this locality (together with that of Arran)
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is the only Hebridean representative of the Planorbis Zone which has yielded

the index ammonite Psiloceras planorbis. The strata here are10.50 m. thick

and succeed the Z2Rhaetic strata which are thought to be equivalents of the
Contorta shales of England. The contact cannot be seen in the field for the
Planorbis strata are found in a faulted block which lies adjacent to Triassic
red clayey siltstones and cross bedded sandstones.

At their base these beds are marked by a prominent oyster bed (Liostrea

hisingeri) well known from the Lower Hettangian of England and Skye. The

succeeding beds of limestone which have yielded specimens of Psiloceras

planorbis are indicated on Figure 2.11.

Carsaig (NR 540222)

At this locality, near Loch Buie, the Broadford Beds are extremely
faulted and are poorly represented. The only representatives of possibly the
stratigraphically higher portion of these beds can be seen at An Cuileim
(NR 588227) on the coast about a mile west of Glenbyre farm where highly

metamorphosed, vertically dipping strata show remains of Gryphaea arcuata

and crinoidal debris. (Plate 2.1la-c).

Rubha na Fear (NR 623194, 63152000)

The "Broadford Beds" here are exposed on the shore opposite Frank
Lockwood's Island. No ammonites were found in this section, however on the
basis of the occurrence of Gryphaea, together with the identification.of
Triassic strata below and Pabba beds above them, a tentative Lower Liassic

(?P1anorbis to Lower Semicostatum age may be assigned to them. (Plate 2.2a-c).

2.3 Non sequences

The non-sequences here are defined as any surface of erosion or non

deposition within a stratal sequence. It should also be borne in mind that
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some of these horizons only indicate very short periods (perhaps some not
more than a few thousand years) during which sedimentation was arrested; they
are identified in the field not only on the basis of changes in faunal content
and character of the sediment, but also by phosphatized shell beds, nodular
pebbles and glauconite-rich layers.

During the period between Planorbis and Semicostatum Zone times no such
non sequence can be recognised in the area of study. A major non sequence is
identified in the Leacach section of Morvern (Leéxgcﬂbyl%%), 28.90 m. above
the base of the section. Here, the topmost part of the Bucklandi Zone shales
and limestones is represented by a 50 cm. thick bed of ochrous-weathering
limestone with an irregular surface. This bed is at least 40 cm. thick in
places and the iron-stained weathering of its top penetrates a few centimetres.
It is underlain by four Gryphaea beds, each up to 12 cm. thick, with the
intervening shales not yielding any significant fauna. The gryphaea beds are
full of crushed shell material consisting of other bivalves; ?crinoidal
material and occasional broken shells of Pinna; coalified fragments and sand-
grade material are minimal. The Gryphaea beds form more calcareous units
within the shale. These are overlain by the iron-stained 1imestone bed.

The shales with Gryphaea beds are dated by Oates (1976) as high in the
Bucklandi Subzone and the shales which immediately overlie the reddish-
weathering limestone bed are considered to be of Turngri Zone age. These are
silty and micaceous in the basal metre, the silt content decreases upwards at
the expense of a clayey shale with 1imestone nodules (2 to 5 cm. thick); no
other evidence in the form of biogenic or sedimentary structures are
observable.

MacLennan's (1953) suggestion, that the sequence is transitional from
limestone below the reddish-weathering (Bucklandi) zone into "hard limey
mudstones in which there is a gradual disappearance of the fauna of the

Broadford Beds" cannot be supported. It is evident that the sediments of

Turneri Zone age lie non sequentially over those of the Bucklandi Zone.
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This non sequence involves in most cases the two upper Subzones of the

Semicostatum Zone with a small thickness yielding Arnioceras sp., considered

by Oates (1976) to represent a horizon in the Reynesi Subzone, present WNW
of 01d Ardtornish House (NM 686435).
It is also significant that the beds of shale underlying a 'biosparite'

bed, yielding Coroniceras reynesi and Arnioceras falcaries in Am Moidart,

A11t Mor and on the shore WNW of 01d Ardtornish House are each of a different
age (Oates, 1976), which may demonstrate minor periods of ?erosion and ?non
sequence before the one already mentioned; however the duration of this minor
period is uncertain and it almost certainly does not affect beds much earlier
than those of the Reynesi Subzone.

The section in Craigiure Bay (Mull) is extremely faulted and evidence of
any non sequence/erosion surfaces is also lacking. However QOates (1976)
indicates a top Semicostatum Zone unconformity in Figure 93 of his work. This
is not explained in his text and therefore its existence is doubtful, but due
to its proximity to the Loch Aline Tocality it may perhaps be correlated
with the major Semicostatum unconformity of that area. In the Mull area it

may involve only a minor thickness of the sediments of late Semicostatum age.

The Turneri Zone is marked with indications of contemporary erosion in
both the northern and the southern area. In Morvern the topmost 60 cm. 1in
the Birchi Subzone of Loch Aline is marked by a sandy bioturbated Timestone
with abundant angular fragments of micritic pebbles up to 3 cm. in diameter
which are phosphatic in places and abruptly overlie the shales underlying
them. The succeeding Obtusum Zone age beds are of an entirely different
character. This bed has been recognised by Oates (1976), but it is not
represented on his final diagram.

In the Ardnamurchan area, owing to the paucity of exposure and also the

discontinuous nature of the outcrops, it is not possible to distinguish
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periods of erosion and iron-deposition.

In the northern region, non sequences are developed near the top of the
Turneri Zone and can be seen in southern Strath (Loch Eishort) and Raasay
(Rubha nan Leac).

The Turneri Zone is represented in Loch Eishort by 39 metres of cross
bedded calcareous sandstones. Their contact with the overlying Obtusum Zone
sandy shales is reported by Oates (1976) and also identified by the author
(1975) as representing an erosional surface involving a short period of time
until 1t was inundated again by the bioturbated, carbonaceous shales with
sand lenses (flaser and lenticular bedding) of Obtusum Zone age.

The upper part of the Turneri Zone is reported to be possibly absent
with the Obtusum Subzone of the Obtusum Zone certainly missing (Oates, 1976).
This evidence clearly signifies a period of erosion and possibly emergence of
the Skye region during this time. At the topmost part of the sandstones
(Turneri) of Rubha nan Leac (Raasay), an unconformity embraces all of the
Obtusum Zone and the Birchi Subzone (Oates, 1976). This may be regarded as
the culmination point of minor periods of emergence and possible erosion
identified by the coarsening-upward cycles in the Turneri Zone sands, with the
top surfaces of each complete set marked by a sharp horizon of iron oxide
staining followed by the deposition of dark shales.

The significance of these erosion/non sequence periods will be discussed

later.

2.4 Lithostratigraphy

As previously mentioned, the "Broadford Beds" have been studied by
numerous geologists for well over a century. Their studies have normally
been concerned with the palaeontology and stratigraphy of these beds with
little detailed attention being paid to the facies present and depositional

environments which they represent.
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The major problems of facies analysis are:

a. Scattered exposure.

b. Intense baking and disturbances due to the Tertiary intrusions.
C. Frequent paucity of index fauna.

d. Marked lateral facies variations.

e. Many episodes of erosion and/or non-deposition.

The name "Broadford Beds" has referred to the sequence of Lower Liassic
sandstones, limestones and shales of northwest Scotland since Woodward (1896)
and geologists have been content to rely on this terminology, basing their
work mainly on chronological identifications. While ignoring the 1lithological
differences which exist within this unit, many have tried to adopt more
broadly based terminologies capable of being used over a much wider area.
Repeatedly the Broadford Beds have been compared with the Blue Lias of
England, but those recognising the local differences have refrained from
adopting a more generalized nomenclature. This may also be the reason why
the Broadford Beds have received only a cursory notice as far as facies and
environmental relationships are concerned.

It seems desirable in this thesis to introduce a series of local
lithological names to facilitate detailed facies interpretation while preserving
the term "Broadford Beds" for more general use.

A major hindrance to such a classification has been the lack of a refined
stratigraphic framework and control based on faunal occurrences.

Recent progress has Been made in the recognition of the standard ammonite
Zones represented by the Broadford Beds in northwest Scotland (Oates, 1976,
1978) and a formal Tithostratigraphic proposal can be set up along the guide-
Tines explained in section 2.1.

In the Minch Basin, during Lower Liassic times onshore/offshore sequences

recur in the Skye area while condensed argillaceous offshore sequences occur

in the Mull area.
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The nomenclature involves two groups, four formations and twenty two
members each of which has been correlated with the standard ammonite zone

(Dean et al., 1961) as shown in Tables 2-1 and 2-2.

2.4.1 I - Broadford Beds Arenaceous Group
12-140 m. Type section = Strath district, Skye.
The 'Broadford Beds', as originally defined by
Woodward (1896), are given a Group status.
I-a - Milton- Formation syn. Lower Broadford Beds

(Hallam, 1959) 47.30 m. Type section = Applecross
(NG 714434).

I-a-i - TorrMor Member (new name), 1.50 m. Type section =
TorrMor (NG 630164), northeast of Loch Eishort main

section(Fig.2.12).

This sequence is referred to in the Skye Memoir (Peach et al., 1910)
thus: "... inconsistent conglomeratic beds of quartz pebbles in a calcareous
and sandy matrix develop frequently in the Towest part of the Lias and are not
always easy to distinguish from the Triassic conglomerate ... the Liassic
limestone near Boreraig changes laterally into conglomerates of quartz and
sometimes of limestone". These Liassic conglomerates have subsequently gone
unnoticed; in this locality they are easily confused with the Triassic
conglomerates underlying them but may be distinguished on the basis of
Torridonian clasts of red arkose which exist in the Triassic conglomerates but
are absent from the Jurassic ones.

The Liassic conglomerates clearly overlie the orthoquartzitic sands of
?Rhaetic age and contain numerous fragments of minute shells of gastropods
and bivalves.

The matrix-supported conglomeratic beds are up to 0.80 m. thick and

contain angular quartzite fragments, up to 9 cm. in diameter, smaller chert
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fragments (grey) are also seen; sorting is very poor and the cement is mainly
blue limestone. The conglomerates alternate with lenses of cross laminated
pebbly calcarenites with shell beds and wavy shale partings. The size of the
pebbles decreases as the outcrop is traced laterally and also infrequent
coalified plant material is seen. Pebbles are frequent in the laterally
equivalent beds.

Age - Post Rhaetic - ?pre Angulata Zone time.

I-a-ii  Applecross House Member (new name) 6 m.
Type section: Southeast of Applecross House (NG 714434),see Fig.2.13,

This Member may be divided into three distinct types of beds.
Immediately overlying the Torm Mor conglomerate in the type section 1 - 1.5 m.
of cross bedded pebbly sandstones with shaly partings are developed; at
Applecross the conglomerates are not well developed but cross bedded pebbly
- calcareous sandstones occuf containing a bivalve and gastropod fauna together
with plant remains. These are succeeded by 5 metres of alternating shales and
pebbly calcareous sandstones; faint evidence of current activity is seen in
the sandstones which are lens shaped (their thickness varying from 20 cm. to
1.5 m.) and contain pebble bands. The shales, which are of a much greater
thickness than the correlative development in Skye, are dark grey with dark
black-brown, flame-like (wavy) features. They are moderately plastic and
mostly contain broken remains of thick-shelled bivalves. X-ray work on these
shales has shown them to be rich in smectite. There follow four metres of
grey-weathering oolitic calcarenites. These beds have been an important source
of lime in the past and can now be examined in the abandoned quarry (NE 759443).

Fauna: Limited; Antiquilima succincta, Parallelodon hettangiensis,

Liostrea sp.
Age: No ammonites, but evidence for a Hettangian age is based on
the existence of the following fauna: Liostrea sp.:(Hettangian); Lima

succincta, Parallelodon hettangiensis: (?Lower Liasicus Zone), See Fig. 2.13 .
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I-a-iii  Lusa Coral Member syn. Lussay Coral Bed (Woodward, 1896) 0.50 m.
Type section: Lusa Bay (NG 700250)
Corals are found in microsparite lenses 5 to 10 cm. thick and 25 to
30 cm. wide. The lenses are separated by paper-thin shales and in places the
corals seem to have been disturbed and inverted from their life positions prior
to lithification.

The nodular limestone comprises the compound coral, Isastrea murchisoni

and inconspicuous bivalves. The intervening thin (2 to 5 mm.) shales are too
altered for any meaningful clay mineral determination. The development of this
Member is seen at Lusa and elsewhere in the Strath district (NG 210648,

NG 210647). Tracing this bed southwards into Heast, it is replaced by beds

of blue Timestone with shale partings and can easily be confused with the
"Breakish Coral bed". It can also be seen in Applecross. See Fig. 2.13.

Age: Top Liasicus or basal Angulata Zone.

I-a-iv  Lower Sandstone Member (new name) cf. division 1 of Woodward (1896)
~18 m.
Type section: This Member represents three facies each of which show
lateral and vertical variations; a type section for each is given below:
I-a-iv-a  Applecross
I-a-iv-g  Lusa
I-a-jv-o0  Loch Eishort

I-a-iv-z  Raasay

I-a-iv-o  Applecross (NG 714434)
Type section: Applecross cf. beds 9-11 of Hallam (1959) 10.70 m.
The first appearance of shales overlying bed no. 8 of Hallam (1959)
at 13.60 m. above the base of the Triassic/Jurassic contact is considered to be
the first representative of this Member here; 1.5 m. of plastic, smectite-rich

green grey shale beds 20-30 cm. thick, interbedded with thin beds of sandstone

are succeeded by 2 m. of nodular oolitic limestone with very thin shale partings
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and sandstone beds. Most of the nodules are draped with clays. The shale
beds thicken towards the top and are overlain by a 1.20 m. development of
calcareous pebbly sandstones. The overlying six metres is a coarsening
upwards sequence grading from silty oolitic limestone at their base to marly
sandstones at the top.

The alternations indicated above are seen together with a high density -
low diversity faunal assemblage. Laterally impersistent, nodular beds of
oolitic limestone with thin shales and pebbled beds are frequent.

Thalassinoides burrows are also present.

Age: ?Lower Angulata Zone.

I-a-iv-B  Lusa (NG 700250)
Type section: Lusa Bay «cf. beds 3-8 of Hallam (1959) 11.75 m.
Immediately overlying the Lusa coral bed is a sandstone unit with
- mound structures of problematic origin together with thin parallel cross
laminated argillaceous beds containing scattered pebbles; these sheets of
sandstone are laterally persistent and show more or less sandy parts with a
high proportion of coalified plant material and broken shells. Some
sedimentary structures suggest the presence of ?rill marks.
The fauna consists of low diversity - high density assemblages of

Cardinia cf. concinna, Liostrea irregularis var. hissingeri together with

thin-shelled gastropods also present; previous reports of marine ammonites
(Hallam, 1959) cannot be confirmed as the present author was not successful
in obtaining any.

Age: No determination, ?middle Angulata Zone.

I-a-iv-0  Loch Eishort (NM 625163)
Type section: Loch Eishort cf. beds. 3-6 of Hallam (1959) 14 m.
Overlying the alternating calcilutites and sandy calcarenites of the

previous Member, these are poorly sorted calcareous sandstones. The top
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surfaces of the beddings are uneven and they are overlain by an alternating
development of wavy bedded sandy silty limestones; oolitic beds are also
common. The top metre consists of coarse orthoquartzitic sandstones with
calcite cement. These are all recognized in the field as very low ledges.

The succession is ripple cross laminated at its bottom portion with
tabular and trough cross laminations present, uneven surfaces are very
common and the cross laminations are lined with coalified material together
with brownish-oxidized material. Each bed with ripple cross lamination is
truncated at its top by a parallel laminated sandstone sheet; very small
pebbles are also found in the beds and on their top surfaces. The overlying
beds are faintly cross laminated in the sandstones but the limestones are
oolitic and show no evidence of current activity, no sedimentary structures
can be seen either; their contacts are wavy. The topmost white ortho-
quartzitic sandstone is strongly cross-laminated, with planar and trough
cross laminae present. The sediments are clean and wé]] sorted, showing no
evidence of biogenic activity or the presence of driftwood.

Age: 7?Angulata Zone

I-a-iv-z Raasay (NG 595385)
Type locality: Rubha nan Leac cf. beds 6-11 of Hallam (1959) 9 m.
The equivalent of the Lower Sand Member in this area is a succession
(up to 9 metres) of nodular calcilutites with shale partings and a minimal
sand or silt content. The nodular limestones here were produced by the

burrowing activity of crustaceans and resemble Thalassinoides burrows.

They comprise Hallam's beds 6 to 10; oysters and gastropods occur, the

common species is Liostrea irregularis var. hisingeri. Pectinids are present

and some are covered with encrusters.

Age: ?Top Angulata Zone.
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I-a-v. Ob Breakish Coral Member syn. Breakish Coral Bed, Woodward (1896)
0.60 m,
Type locality: Breakish (NG 682241)
Lithologically, these beds comprise up to 3 metres of blue
calcilutites and shale partings with a moderate smectite content. The
thickness varies from 10 to 25 cm. in northern Strath and the beds tend to
form impersistant lenses (Fig. 2.13 ). At Lusa, three units of limestone may be

distinguished containing the slender, branching coral Thecosmilia martini and

a well developed mollusc fauna including Ptychomphalus, Gryphaea arcuata and

Lima gigantea together with Isocrinus, Calcirhynchia calcaria and Zeilleria

perforata (Ha11am, 1959). The corals seem to terminate at their junction with

the shale partings.

Age: Top Angulata Zone (base of Conybeari Subzone).

I-a-vi. Upper Sandstone Member: Division 3, 'sandstones' of Woodward
(1896); Hallam (1959), beds 10, 11, 12
Type locality: Ob Lusa (NG 700250) 4.5m.
At the base a thin (15-20 cm.) moderately well sorted calcareous
sandstone is succeeded by a development of sandstone sheets interbedded with
silty limestone lenses. The sandstones contain abundant coalified wood
fragments and at the junction of the beds a peculiar ?coalified material
appears to "ooze" out. (See Fig. 2.14).

The Towermost sandstone beds are sheets with planar cross lamination
whereas towards the top the sheets become distinctively trough cross bedded;
ultimately they become a succession of wavy sandstone sheets.

Bivalves.and gastropods are very common and include ?Pinna sp.;

Thalassinoides is also seen in the Applecross section which shows the same

lithological development. In Loch Eishort however these beds are represented
by marl/nodular limestone alternations, the marls being replaced by sandstones

towards the top. In Raasay the same type of nodular limestone development is
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also seen.

Age: The report of Coroniceras coronaris, Coroniceras kridion and

Coroniceras hyatti by Oates (1976) together with Coroniceras rotiforme by

Hallam (1959) gives an Upper Bucklandi Zone (Rotiforme Subzone) age for this

Member.

I-a-vii. Breugh Pebble Member (new name) 0.5- 6m.
Type section: Al11t nan Breugh, Applecross (NG 714434)
At its type section this Member is a cross laminated sandstone with
a laterally variable thickness, consisting of well rounded pebbles of white,
pink and red quartz with chert; it grades upwards into finer calcareous
sandstones. (Fig. 2.14).

The bottom parts of these beds exhibit planar and parallel cross bedding
which develops vertically and laterally into trough cross bedding with the
troughs Tined with pebbles of variable sizes. As these grade upwards, they
are represented by ripple cross-laminated, well sorted yellowish sands. The
topmost 0.80 m. of this Member is represented by an intensely ripple cross-
laminated unit with poorly sorted but rounded pebbles. The fauna consists of
broken and reworked bivalve shells which are very scarce.

Age: Bucklandi Zone (Rotiforme Subzone).

I-b. Strath Formation (new name) syn. Upper Broadford Beds (Hallam, 1959)

98 m.

Type section: Strath district, Skye.

I-b-i. Lower Teampull Chaon Member (new name) Beds 8, 9, 10, 11 and part
of 12 of Hallam (1959) 21.50 m
Type section: Loch Eishort, on the shore east of the site of Teampull
Chaon (NG 622162)

The lithology comprises a series of alternating sand, micaceous shales



and sandy limestone couplets, each representing a coarsenin, upward cycle (fig.2.E
Towards the top of this unit sandy limestones develop at the expense of shales,
which are very micaceous and contain up to 20% silt size quartz, with a
carbonate content as high as 35%. The sandy Timestones contain up to 65% CaCO3
and 25% silt; this pattern fepeats itself throughout the sequence. The
thickness of the shale units at the bottom is up to 4 m. but the total
thickness of each decreases towards the top of this Member and a series of
ledges, each not more than 80 cm. higher than the previous one are seen. The
frequency of the coarsening upward cycles increases towards the top of the

sequence.

The fauna is varied consisting mainly of Piarorhynchia juvensis, Pinna

hartmani and Gryphaea; the trace fossils Diplocraterion, vertically regressive

Rhizocorallium and Thalassinoides are also present. Thalassinoides and

Diplocraterion almost invariably occur at the top while Rhizocorallium is

ubiquitous to the base of the cycles.
In the lower parts, beds entirely composed of Gryphaea shells sometimes
constitute the limestones but towards the top of the cycles they diminish.

The trace fossil Kulindrichnus langi (Hallam, 19609 is also seen with

replacive phosphatic material.

Age: Arnioceras aff. semicostatum; Coroniceras sp. and Coroniceras

reynesi Hallam (1959); Oates (1976) suggest a Reynesi Subzone age, but the

occurrence of Schlotheimia and Charmasseiceras in the 0Ob Breakish succession

of the same lithology suggests a Bucklandi Subzone age.

I-b-ii. Breakish Ironstone Member syn. Ardnish Ironstone bed (Hallam, 1959)
Type locality: Ob Breakish (NG 684246) 0.6 m.
Brown, reddish weathering,oolitic, nodular ironstone bed. The

various aspects of ironstone development are discussed elsewhere. The fauna

consists of Piarorhynchia juvensis and bivalves including Chlamys (?) calva.

It can also be traced in Loch Eishort (at the 58 m. level) and in Raasay
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(at the 60 m. level) where only washed-out ooliths can be found. (See Fig.2.15).

Age: Bucklandi Zone (Reynesi Subzone).

I-b-iii. Upper Teampull Chaon Member 42 m.
Type section: Loch Eishort, West of the site of Teampull Chaon.
This Member comprises marls, shales and sandy limestones; the marl
beds are never more than a few centimetres thick, while the shales are up to
60 cm. and the limestones at least 35 cm. thick. The shales are very micaceous
and in general all three lithologies are very sandy. The three together
constitute groups, the frequency of which increases towards the top of the
Member. (Fig. 2.15).

This grouping of the three Tithofacies constitutes coarsening upward
cycles, the existence of which is indicated by the upward increase in silt
together with changes in the trace fossil content. Some of the tup beds
(sandy limestones) are wholly made of broken shell material. The intensity
of the burrowing of these beds increases towards their tops and they

frequently show digested remains of various ?crustaceans. Kulindrichnus langi

is present and phosphatic replacement of the shells and other remains is very
common. The clay mineral content is comparable to that of the Lower Teampull
Chaon Member since it contains traces of chlorite, no smectites, a high
proportion of il1lite and very low amounts of kaolinite. The CaCO3 content
increases from the marls to the shales and into the micaceous sandstones.

Possible traces of Zoophycos are found in Raasay.

Age: ?Lower Bucklandi-Semicostatum Zone.

Sandstone
I-b-iv. Dun Boreraig\Member syn. Hallaig Sandstone, Lee: Buckman (1920)  35-
Type section: Below Dun Boreraig, Loch Eishort (NM 625163). 2o m
The succession consists of varicoloured calcareous sandstones, reddish,
medium bedded at the base, medium-fine grained, which are well sorted, and

contain bioclasts in places. A greenish massive unit on top with bed
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thicknesses up to 1 m. is seen containing glauconitic grains and ferruginous
nodules, some with oxidation rings. This lower unit is succeeded by reddish
lenses of calcareous sandstones with beds of pebbles and coquina. The upper-
most unit comprises fine grained yellow calcareous sands with colour banding.
Coalified material are common and the beds show a characteristic sugary
weathering surface.

This unit is parallel cross laminated at the base and planar cross
laminated in the middle part. The greenish unit however shows only faint
indications of cross laminae and so do the reddish lobes; at various horizons
the latter show beds full of broken, reworked, silicified shell fragments.
The top of the unit is characterised by abundant trough and large scale
festoon cross lamination. (see Fig. 2.16).

These beds show a number of ?erosion surfaces and the trace fossils

include Chondrites, Thalassinoides and horizontal Rhizocorallium, together

with indistinct vertical and horizontal burrows. The topmost unit of this
Member exhibits coarsening upward cycles which consist of mottled
limestone (linsen and flaser structures) in the lower part with a moderate
clay content. The clastic content increases in proportion, with the maximum
grain size increasing also towards the top which is marked by bands and
surfaces exhibiting ferruginous oxidation.

The fauna consists of bivalves and gastropods while Spiriferina walcotti

is particularly common together with various oyster beds.

Age: The presence of ?Caenisites brooki, ?Microderoceras and

Euasteroceras establish the presence of the Brooki Subzone. The unconformity

here involves the whole of the Birchi and Obtusum Subzones.

II. Broadford Beds Argillaceous Group syn. Broadford Beds (Woodward, 1896)

Type section: Mull and Morvern.
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I1-a. Loch Aline Formation

Type section: Loch Aline (NM 694453)

IT-a-i. MWilderness Shale Member Blue Lias type 1 of Oates (1976) 10.50 m.

Type section: Wilderness (NR 404287)

The 1ithology is alternating dark shales (25 - 50 cm.) and yellowish-
brown weathering Timestones 20 - 30 cm. thick. Pyrite is present, replacing
most features. Smectite is abundant and the CaCO3 content of the shales is
very low (5-10%); the Timestones, on the other hand, have up to 75% CaC03.

No sedimentary structures are seen, except for a collapse structure in
bed 3 (Fig. 2.17).
The trace fossils are Ophiomorpha-like features which have their tubes

infilled with pyrite together with Rhizocorallium which is abundant in the

lowermost marly bed; Liostrea hisingeri is also present in the mentioned beds.

Age: Planorbis Subzone of the Planorbis Zone.

II-a-ii. Leacach Nodular Member (new name) Blue Lias type 2 at lower parts
and type 3 at top (Oates, 1976)
Type section: Al1t Leacach, Loch Aline (NM 694453) 28.37 m.
Nodular limestones alternating with shales are seen; the thickness
of the Timestone units, which are invariably packed with thick-shelled
bivalves (in the upper 75 cms.), increases towards the top of the unit while
in the lower parts the shale units are up to 35 cm. thick and contain various
shells, mainly Gryphaea (Fig. 2.18).
The silt content is minimal and these beds are readily comparable with
the 'Blue Lias' of Dorset. At the base of this Member, escape structures are
seen together with coalified plant remains. The fauna consists of abundant

Pinna sp., Cardinia ovalis and less abundant Liostrea sp., Pholadomya sp. and

Modiolus sp.
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) Sulciferites
Age: The lowermost 12.28 m.: Angulata Subzone ) Schlotheimia
) Vermiceras
The following 7 m.: Conybeari Subzone ) Vermiceras conybeari
The following 3.87 m.: Rotiforme Subzone ) foroniceras rotiforme
) C. bridion
The following 4.29 m.: Bucklandi Subzone ) Arnioceras

II-a-iii. Leacach Ochrous Member (new name) Top of Blue Lias type 3 of
Oates (1976) ~0.50 m.
Type section: Al1t Leacach, Loch Aline (NM 694453)
These are mostly limestones with ochrous weathering and uneven
surfaces; regarded as a significant marker of an erosion period (Fig. 2.18).

Age: Top Bucklandi, ?lowermost Semicostatum Zone.

II-b. Leacach Formation

Type section: AT1t Leacach (NM 694453) 88 m.

[1-b-i. Ardtornish House Member discovered by Oates (1976) variable thick-
ness, up to 1 m.
Type section: Ardtornish House (NM 686435)
Lithology: Limestone and silty shales, occasionally overlain by a
small thickness of crinoidal biosparite, with a sparse fauna of the Bucklandi

Zone.

Age: Reynesi Subzone (Arnioceras sp.), however the shales beneath this

bed are of a different age in different localities therefore a minor period

of erosion is inferred (Oates, 1976).

I1-b-ii. Leacach Shale Member 4-7 m.
Type section: Allt Leacach (NM 694453)
Occurs immediately overlying the Leacach Ochrous Member as black,
silty, indurated, fissile and moderately micaceous shales with bands of

nodular limestone up to 2 cm. thick. These nodular bands are laterally very



40

persistent and become thin towards the top; they weather with a reddish
colour. The silt content is minimal, but the lower metre is somewhat silty.
The shales are of very low lime content and contain approximately 3%
smectite, 40% illite and 25% kaolinite. The fauna consists mainly of
gastropods and brachiopods, with occasional crinoid stems (Fig. 2.19).
Age: Turmeri Zone no later than Birchi Subzone (Oates, 1976); based on

the occurrence of Caenisites sp., Promicroceras, Microderoceras and Caenisites

turneri.

IT1-b-iii. Leacach Pebble Member 0.80 m.

Type section: Allt Leacach (NM 694453)

Abruptly overlying the previous Member is a bed of silty shale with
numerous micritic and phosphatic, angular pebbles which are up to 6 cm. in
diameter. They show similarities to the nodules that are present in the shales
and do not show signs of extensive reworking.(Fig. 2.19).

Age: Oates (1976) maintains that the abrupt transition up into this bed
is probably a non sequence; this view is accepted here and the bed is placed

at the base of the Obtusum Zone.
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2.5 Local correlation

2.5.1 Milton Formation

The Miton Formation and its representative Members are found in
all of the principal outcrops of the northern area. It can be seen that in
Figure 2.20, this Formation progressively thickens from the southwest to north-
east, the sections at Raasay and Applecross being those with the maximum
thickness.

Only a rough correlation may be established between the individual members,
due to the lack of stratigraphic marker horizons. However, the basal and
topmost conglomerates, together with the two coral beds are of invaluable help
in this region.

i.  TorrMor Member: This member and the overlying cross bedded calcareous
pebbly beds are wholly or partly present in all sections except in that of
Raasay. The total thickness increases towards Applecross while the pebble
content and size decreases. Cross bedding is only observed in the sandstone
beds of TorrMor and is faintly present in the Ob Breakish section. Coalified
plant fragments are present in all localities and are best preserved in
Applecross. The shale beds which alternate with the cross bedded sandstones
in TorrMor are not seen in Ob Lusa, but in Applecross they are thicker and

the sandstone interbeddings lose their cross lamination. In Applecross towards
the top of this unit, beds of sandstone which were so well developed in Torr
Mor (and to some extent in Breakish) are replaced by oolitic calcarenite. The
total thickness of this Member changes from 1.5 - 3 m. in TorrMor to 1.20 m.
in Breakish and 1.6 m. in Applecross.

ii. Lusa Coral Mem.: This Member is particularly well developed in Skye and
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Applecross, but it is hard to estimate the variation of its thickness mainly
perhaps because of its original patchy development. In Loch Eishort a
particularly well developed oolitic, skeletal calcilutite is seen at the same
stratigraphic level, but there is no indication for the presence of this
coral bed. It occurs however, in various localities in central Strath

(NG 64852090; NG 64612010).

iii. Lower Sand Member: Not only does the thickness of this unit increase
from southern Strath to Applecross, its composition varies as well. The gap
observed in the section at Applecross may or may not represent strata of the
same type. In either case, the thickness of this Member is greater at
Applecross. In the Loch Eishort section it is represented by a ripple cross
laminated unit which grades up into a distinctly cross bedded, white, very
fine siltstone. However, its equivalent at Ob Lusa is a brownish parallel
laminated, thin bedded muddy calcarenite with abundant coalified plant remains
and ?rill marks. Laterally these grade into nodular oolitic, sandy
calcarenites with shale partings at Applecross, where their sand content
increases towards the top of the unit.

iv. Breakish Coral Member: Well developed at Applecross and Breakish, this
Member is particularly valuable in this northern region since it represents
the first member of the Applecross Formation which can be used as a relatively
accurate local marker horizon. As previously indicated, it may be placed at
about the ?Angulata-Bucklandi Zonal boundary. However, its use here is
restricted to very local correlations within the northem area.

v. Upper Sand and Breugh Pebble Members: The Upper Sand and the Breugh
Members, while representing the Conybeari and Rotiforme Subzones of the
Bucklandi Zone respectively, show an overall, gradual increase in thickness
from the northeast to the southwest (i.e. 12 — 13 —12.25 m.), but a decrease
in the Breugh Pebble Member's thickness to zero may be followed along the
same trend (i.e. 1.8 -2 - 0.5 - 0 m.).

It is hard to establish confident correlation horizons among the members



of the Milton Formation present in Raasay and those of the other localities.

The presence of Liostrea hisingeri suggests the existence of the Hettangian

stage and the lowermost 10 metres of silty limestone with shale shreds
together with 1imestone and shales may be equivalent to the TorrMor, Applecross
House and the Lusa Coral Members present elsewhere. The succeeding Members of
the Milton Formation are represented here by a 15 metre thickness of
nodular limestone which is only interrupted by 2 m. of oolitic limestone.

Any correlation would be extremely tentative and approximate. The
Milton Formation decreases in thickness from Applecross (64 m.) to Loch

Stapin (0 m.) (Fig. 2.20).

2.5.2 Strath Formation

i.  Teampull Choon Member: As represented in Figure 2.21 a good bio- and
lithostratigraphic correlation can be established within this Formation. The
Breakish Ironstone is particularly well developed in the Ardnish peninsula
and its equivalent beds may also be traced in Raasay and Loch Eishort, where
however, these are not as well represented. Also horizons rich in phosphatic
nodules occur at roughly similar intervals above the ironstone. The total
thickness increases from the west (Loch Slapin, 8 m.) to the east (44 m.),
although there are no representatives of this Formation to be found in
Applecross (possibly due to erosion), the thickness changes from south (Loch
Slapin and Loch Eishort) to north (Raasay, 53 m.) with a maximum thickness 1in
Breakish (55 m.). The top Bucklandi Subzone is represented in the lower 8
metres of the Breakish section. It is not represented in any other section
and the Reynesi Subzone predominates in all others. In Breakish, however,
the thickness of the Reynesi Subzone beds varies from place to place. Within
the northern region, in Breakish it is 41 m., in Loch Eishort 44 m. and in
Raasay it attains the thickness of 48 m.

In Loch Slapin the Reynesi Subzone is represented by only 1 m. of silty



shales. The succeeding two subzones are not represented in Loch Eishort,
but being present in other sections, the thickness varies from 5 m. in Raasay
to 5.5 m. in Breakish and 6.5 in Loch Slapin; a possible overall increase in
thickness from the north to south of the region can be invoked if the 9 m.
gap above the succession in Loch Eishort is believed to represent (at least
in part) the Reynesi Subzone of the Semicostatum Zone.

ii. Dun Boreraig Member: Although well developed in the southerm region,
this member is poorly represented in localities other than Loch Eishort in
southern Strath and Raasay to its north. It is considered to represent the
Brooki Subzone of the Turneri Zone, the top of which is marked by a
disconformity involving possibly the Birchi and Obtusum Subzones. The unit
is 57 m. thick in Raasay and 48 m. thick in Loch Eishort. The basal 9 metres
of silty, bedded, micaceous shales.may be correlated with the lower 5 m. of
thin bedded fine grained sandstones of the basal Turerni in Loch Eishort and
the 2.5 m. of northem Strath (Rubha nan Eirreannaich). It is difficult to
correlate the succeeding 17.5 m. of even bedded, finely cross laminated
greenish calcareous sands of Loch Eishort with any other succession in the
immediate vicinity. The seven metres of bioturbated, yellow, calcareous
sandstone lobes with coalified material in Raasay is represented by 9 metres
of purplish, cross laminated, calcareous sandstone of the same type which are
cut by at least two beds 30-35 cm. thick of coquina limestone full of pebbles.
The succeeding 45 m. of coarsening upward cycles of silty carbonaceous shales
and calcareous sandstone couplets in Raasay are represented by 14 m. of
coarsening upward cycles of mottled, carbonaceous calcareous silts/festoon

cross laminated calcareous sandstone components in Loch Eishort (Figure 2.22).

2.5.3 The Southern Region

Due to the lack of proper exposure, it is difficult to establish a

satisfactory local correlation for the various members of the Broadford Beds
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Argillaceous Group in the Inner Hebrides.

2.5.4 Loch Aline Formation

i. Wildemess Member: Exposed along the shore of Aird na h-Iolaire

(NM 405285), this Member may be correlated with the 4.50 m. succession of
?Planorbis Zone age directly overlying the Triassic conglomerate at Mingary
Pier (NM 479636). As the age of the latter succession is based on the

identification of Ostrea sp., Mytilus sp. and Cypricardia porrecta (Richey,

1930), none of which are fauna of index value, this correlation is at the
best tentative (see Figure 2.23).
ii. Minor Exposures: Within the Ardnamurchan area, many isolated exposures
of the Lower Lias exist; these are sparsely fossiliferous and lack definite
zonal index fossils, however, on the basis of lithological and general faunal
similarity to other Liassic exposures in the immediate neighbourhood, they are
regarded as representing the Loch Aline Formation. As it will be shown Tlater,
these minor exposures are of true importance to a palaeoenvironmental
interpretation.

In the Loch Mudle locality (NM546660),
sandstones containing coalified wood fragments, representing the Loch Aline
Formation, directly overlie Moinian schists. This succession also contains
a 70 cm. limestone bed which shows impressions of ?Isastrea which, if present,
might represent the Lusa Coral Member of the Broadford Beds Arenaceous Group
( Milton Formation) in Ardnamurchan. The total measured thickness of this
succession is 8 metres (see Chapter 7).

In the Ben Hiant area, Lower Liassic rocks of the Loch Aline Formation
partly overlie Moine schists and partly Tfaissic conglomerates. At the
11.50 m. level a limestone bed containing impressions of the coral

?Thecosmilia martini were found. The pebbly sandstone beds of the 16-17 m.

horizons provide good means for correlation with the pebble beds found in
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the succession at Garbh Rubha Bay. At Garbh Rubha (east), Port an Eilean
and Ockle Point, the representatives of the Loch Aline Formation directly
overlie Triassic conglomerates. Fauna representing a definite age is lacking

from these rocks and Pleuromya, Modiolus and ?Liostrea are the main faunal

elements.

At the western edge of Garbh Rubha (NM 539710) a 5.50 m. thickness of
cross bedded calcareous sandstones containing large pebbles, coalified wood
remains and strongly abraded bivalve shells cannot be successfully fitted in
with the other Lower Liassic exposures in the area, and based on the lithology
alone the suggestion of Oates (1976) that they "pre date higher parts of the
Semicostatum Zone" in this area cannot be supported.

As shown on Figure 2.19, the Leacach Ochrous and Leacach Nodular
Members of the Loch Aline Formation are well represented in Loch Aline, and
also on a very local basis in the various streams in Loch Aline, to the extent
that minor thickness variations may be recorded. This pattermn does not exist
in the Lower Lias succession of Craignure Bay (NM 730360), where it is not
possible to define the Members of the Loch Aline Formation which are so well
represented only 8 kms. to the northwest of this area.

In general it can be seen that the Loch Aline Formation attains its
maximum thickness (28 m.) in the type area whereas in Mull it attains a total
thickness of 10 m. In Ardnamurchan it is represented by 42 m. of strata.

The Leacach Nodular and Leacach Ochrous Members of this Formation can
only be found in the Loch Aline district and local minor thickness variations
may be established among the exposures of Al1t Leacach (NM 693459), Allt
Smahnachain. (NM 694460), Larachbeg (694486), Loch Aline Lime Kiln (NM 693973),
Aoineadh Achad Rainich (NM 700466) and Al11t Buaile (NM 693455). The total
thickness of each section is uncertain due to vegetation cover and faulting.

Based on the occurrence of Coroniceras kridion Oates (1976, Fig.64) has shown

that the total thickness of the Leacach Nodular Member below the C. kridion
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horizon is greatest at Allt Leacach (5.44 m.) and least at Allt Buaile
(5.08 m.). The thickness of the strata between the Loch Aline Ochrous Member
and the C. kridion horizon also varies, with a maximum development at Al1t na
Smahnachain (10.77 m.) and a minimum developed at Larachbeg (3.19 m.).

Identification and correlation of Plagiostoma and Pinna-rich horizons together

with beds of 'ironshot' Timestones is less reliable but nevertheless, are
used by Oates (1976) to demonstrate a progressive thinning of laterally

equivalent beds from 1.7 m. at Larachbeg to 10 cm. in Allt Leacach.

2.5.5 Leacach Formation

The total measured thickness of this Formation varies from 8.8 m. in
Morverm to approximately 38.50 m. in Craignure Bay. The Ardtomish House
Member together with tis topmost "crinoidal biosparite” bed is of variable
age and thickness in Morvern, furthermore it is not possible to demonstrate
the true thickness of this Member and its local variation.

The thickness of the Leacach Shale Member and the overlying lLeacach
Pebble Member changes from 8.40 m. in Al1lt Leacach to 5.30 m. in Allt Mor.
The correlations established among these Members in Loch Aline and their
equivalents of Craignure Bay are extremely tentative (Figure 223).

It is significant that the Birchi Subzone is absent from the Strath
Formation in the northem region (the whole of the Dun Boreraig Member is of
Brooki Subzone age), whereas it forms almost the whole of the Leacach
Formation.

During this time a progressive offlap from the northem to the southern
region can be recognised in Figure 2 .23.

j.  Obtusum Sandy Shales: In Figure 2 .23 the Obtusum shales and sandy
shales are seen to overlie the Broadford Beds Arenaceous Group in Loch Eishort
and the Broadford Beds Argillaceous Group in Mull and Morvem.

The north-south thickness variation of these beds is remarkable, the
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whole of all three Subzones of the Obtusum Zone are regarded as being present

in the northern region whereas the 9.50 m. succession of Loch Eishort

represents the Denotatus and Stellare Subzones, the Obtusum Subzone is omitted
due to a minor disconformity. The maximum thickness reached by these beds is
50.40 m. in Loch Aline (Al1t Mor NM 700435), where its thickness varies
considerably on a local basis; it is represented by 21 m. of sandy bioturbated
shale in the Allt Leacach section (NM 694453). The relation between the already
described Members and the different facies (described in Tlater chapters) is
shown in Fig. 2.24.

In Mull the Obtusum Zone sandy shales are exposed on the eastem flank
of the Craignure anticline (NM 730360) and according to Oates (1976) on the
eastern shore of Duart Bay northwest of Torosay Castle (NM 722359).

The sequence above the Turmeri Zone sandy shales, as exposed on the flank
of the Craignure anticline, is 20 m. 'The thickness of these beds cannot be
determined with much certainty due to Tertiary disturbances and the presence
of a stratigraphically long ranging ammonite fauna. In Morverm the Obtusum
strata are ca5 m. thick.

Particular mention should be made of a sequence of sandstones exposed on
the shore of Duart Bay which stratigraphically overlie the Obtusum sandy shales
but are separated from them by a craignurite sill. This sequence comprises
a lower faintly cross laminated unit with an interference-rippled top surface

showing Gyrochorte-1like trace fossil markings (Plate 2.3 and 2.4). A 6 m.

thick ripple cross laminated calcareous sandstone unit with very large

calcareous doggers overlies this unit; Lee and Bailey (1925) considered them

to be equivalents of the Scalpa Sandstone beds, but they have been considered

to be of late Obtusum to early Raricbstatum lone age by Oates (1976) for the

following reasons:

a’. The immediately underlying shales are probably of Obtusum Zone age.

b. Large sandy doggers are seen in the top of the sandy shales of Morvemn.

c. None of the lowest Scalpay Sandstone sequences seen in Abhainn Lirein
(NM 718326), Port Donain, or Carsaig Bay resemble that seen at Torosay.

d. Beneath the Raricostatum Zone shales of Carsaig Bay at least 2 m. of
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ripple marked sandstones with large calcareous doggers have been
recorded and almost certainly correlate with a similar unit in the

An Garradh section.

. Jamesoni Zone shales of normal (but baked) 1ithology were revealed in

the slopes of Maol nam Uan in 1975 only 1 km. to the west.

The above reasons cannot support the suggestion that the sandstone

sequence is of ?Late Obtusum Zone age, the following reasons are given by

the present author:

a.

b.

There is no fossil evidence for establishing even a tentative age.
Faulting is very common in this locality.

The sandy calcareous doggers of Morvern arelin no way like those of
Torosay, they are not cross bedded and lie within silty shales.

The Scalpa Sandstones of Port Donain do not resemble these due to the
fact that although they are of the same age, the Port Donain succession
represents a lagoonal facies while the Torosay beds represent a tidal

inlet delta facies (McCallum, 1971).

In addition to the above reasons, it would be logical to expect a thinner

development of the Obtusum Zone in the Mull area due to the palaeotopography

of this region which will be further discussed in later chapters.
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CHAPTER 3

SEDIMENTOLOGY

Description and field occurrence of rock types

3.1 Limestones

For the purpose of nomenclature and classification of carbonate rocks,
a number of effective and meaningful schemes have been proposed (Folk, 1959,
1962bgDunham, 1962; Embry and Klovan, 1971). For this study?termino]ogy has
been sought which explains both particle type and depositional or diagenetic
texture; thus compound abbreivations are constructed which combine grain
composition with textural nouns (cement type) (Folk, 1959). This name is
then followed by one of Dunham's (1962) appropriate terms to depict the
textural arrangement (packing). The minimum number of categories sufficient
to depict the major differences are used in this classificatory system and
although the nomenclature is undoubtedly cumbersome, its usage is advantageous
in that it relatively accurately delineates the microscopic characters of the
rocks.

For example, silty oobiopelmicrosparitewackestone has the advantage of
depicting:
i.  Size of the quartz grains.
1i.  The presence of bioclasts.
1ii. The type of calcareous grains present (in order of abundance).
iv. Type of carbonate cement.

V.  Packing arrangement of the rock constituents.

In this study the following definitions are followed in describing the

constituent particles.
3.1.1. Terrigenous constituents (Folk, 1959, 1962b)

These include all particles which are formed at sources other than their

basin of deposition (e.g. quartz, silt, sand, clay minerals, feldspars and



heavy minerals).
3.1.2. Allochems (Folk, 1959)
Refer to grains formed within the basin of deposition which have been
little transported.
i. Intraclasts (lithoclasts of Folk, 1959)

These are somewhat large clasts which are formed by dessication,
breakage or burrow disruption of penecontemporaneously deposited carbonate
sediments; those lithoclasts which are derived from older lithified rocks
(outside the basin of deposition) will be indicated separately.

ii. Ooliths

5]

These are spherical, multiple coated particles; the coatings show either

radial or concentric structures.

Proper ooliths
These are defined as a mineral or organic grain surrounded by at least
two concentric layers (Carozzi, 1960); the nucleus is enveloped by calcite

or aragonite with a more or less finely concentric or radial texture.

Multiple ooliths
These are defined as ooliths which are cemented together and surrounded
by a common envelope, building composite individuals of variable shape and

size (Cayeux, 1935).

Superficial ooliths
Grains with only one layer of coating (radial or concentric) are

referred to as superficial ooliths in this study.

Pseudo-o00liths

See section 3.1.2.1v on pellets and peloids.

Asymmetric ooliths

These are characteristic of less turbulent environments and show
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protruding nuclei and oolitic rings which abut against them; they are poorly

sorted and have low to moderate sphericity (Freeman, 1962; Davis, 1966).

Pisoliths
These are concentrically laminated particles of CaCO3 ranging from
1 - 10 mm. in diameter (Blatt et al., 1972). Their origin is considered to
be similar to that of algal oncoliths (Dunham, 1969b). Pisoliths in the
Applecross Formation do not show inverse grading or polygonal boundaries of
the grains, therefore are not considered to be of diagenetic origin.
Sediment particle inclusions are seen within the pisoliths which are
attributed to adhésion resulting from the rolling of ?algal mud on a silty
floor. This algal mud may or may not form as a coating around a nucleus,
depending upon the availability of detrital particles and the amount of

winnowing activity.

iii. Bioclasts

Fragments of tests and shells of fossils, for the identification of
which standard works (Johnson, 1951; Horowitz and Potter, 1971; Hudson, 1962,
1968) are used, will be referred to as bioclasts.
iv. Pellets and peloids

In this study pellets refer to rounded, spherical to elliptical or
ovoid aggregates of microcrystalline calcite (micrite) which show no internal
structures (Wilson, 1975). Peloid refers to all grains that are composed of
an aggregate of cryptocrystalline carbonate irrespective of their origin

(McKee and Gutschick, 1969).

a. Faecal pellets

These are rounded, spherical, elliptical or ovoid elongate bodies of
microcrystailine calcite (micrite) without any internal structure; they range
in size from 0.03 mm. - 0.15 mm. (most common sizes are in the range of

0.04 - 0.08 mm. (Hatch, Rastall and Greensmith, 1973)). These are also



reported from present day environments; fresh faecal pellets contain an
ill-sorted aggregate of fine particles of various kinds (I1ling, 1954)

which change with time to a uniform micrite (Purdy, 1963a). It should be
noted that fossil faecal pellets must have been rigid bodies because their
shapes were maintained after burial (Bathurst, 1971), contrary to terrigenous
mud faecal pellets (micritic pellets, peloids) such as those described by

Moore (1939).

b. Micritic pellets of unknown origin

These are roughly sphaeroidal or irregular peloids (Bathurst, 1971);
they are referred to as "Pseudo-ooliths" by Cayeux (1935). The term oolith
carries certain connotations regarding the structure, morphology and mode of
origin of grains none of which are seen in what Cayeux (1935) called "fausse
oolithes". The term peloid refers to grains which may be micrite-replaced
skeletal particles (Purdy, 1963a; Bathurst, 1966); the pelsparites in which
peloids merge and produce a flocculent structure (Beales, 1956) are common
in the Miltoh Formation. These are what Cayeux (1935) termed "structure

grumeleuse"; such coalescing peloids show patches of spar among the rocks.

V. Grapestones
Grapestones (I11ing, 1954) or aggregate lumps are cemented clusters
of peloids and ooids which may be coated (Wilson, 1975). Usually limited

numbers of grains become firmly cemented together (Taylor and I1ling, 1969).

3.1.3. Orthochems (Folk, 1959)

Orthochems are generally considered to encompass all essentially
normal precipitates which form within the rock itself, i.e. cements (both
diagenetic and primary) and diagenetically formed particles. Two different
types of cement are recognised within the rocks:

i. Micrite (microcrystalline ooze of Folk, 1959)

Carbonate muds are inorganic precipitates or products of organic
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breakdown formed of grains 1 - 4 um in size. In modern sediments most
carbonate mud is composed of individual crystals of aragonite (average
dimensions 3 ym length and 5);m width). It is presumed that the aragonite
needles which form the carbonate muds of today represent the direct analogue
of the microcrystalline components which constitute the cementing material

of ancient carbonate rocks (Blatt et al., 1972; Bathurst, 1971).

ii. Sparry calcite cement

These are cements (or neomorphic spar) with calcite grains 10 x4m in
diameter, they include "microspar" and "pseudospar" (Folk, 1959, 1962b, 1965).
Microspar is referred here to a neomorphic crystal mosaic with crystal
diameters of 4 - 10 um,

It should be noted that differentiation between the three various sizes
of orthochem cements is very subjective in borderline cases, as pointed out
by Folk (1959); in such cases the relative clarity is used as a distinguishing

feature.

3.1.4. Micritic limestones

Pure micritic limestones are very rare in the two Groups of the Broadford
Beds. Biomicrites and silty biomicrites are found in the lowermost beds
(?Rhaetic) of the two areas of study. In the southern area it is difficult
to distinguish among the micritic limestones and those with microsparite
cement. The limestones of the northern region mainly consist of sparitic
cement, while those of the southern region mainly consist of microsparitic

cement; therefore the occurrence of micritic limestones are found but not

.confined to the Ardnamurchan and Mull areas.

3.1.5. Lithoclastic, bioclastic and oolitic 1imestones

Sparitic and microsparitic limestones frequently occur throughout the
various Members of the Milton Formation. Coarse grained (sparitic)

limestones are less common and confined to purely oolitic beds together with
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cavity fillings and body replacements of the coralliferous beds. The oolijtes
are most common in the Milton Formation and although they also reportedly
occur in a limestone bed of the Leacach Formation (Oates, 1976) in Loch Aline,
they are absent from the southern area of study. The various types of oolite
are present and respective environmental conclusions will be suggested in the
text. Oolith sizes range up to 0.4 mm., with 0.25 - 0.35 mm. average size.
The oolith nuclei consist mostly of detrital quartz but shell fragments also
commonly form their centres. Large (1 - 1.5 mm.) rounded objects with faint
oolitic (concentric) structures, showing possible algal remains are referred
to as pisoliths. These occur only in Applecross and in

the corresponding oolites of the Milton Formation in Raasay. Bioclastic
limestones (Lumachelle, shell hash (Fliigel, 1972) or Coquina ) are seen at
various horizons in the limestones of the two Groups of the Broadford Beds.

They are exclusively composed of worn, abraded, bijvalve shells in the
Milton Formation whereas the coquina of the Strath Formation and those
occurking in the southern area of study, are mostly composed of echinoid and
brachiopod debris.

Lag grainstones (Wilson, 1975) composed of mixed resistant particles of
blackened, phosphatized and iron-stained lithoclasts and peloids together with
worn, resistant, echinoid and bivalve shell fragments are seen at various
horizons within the beds of Milton and Strath Formations.

The Dun Boreraig Sandstone Member (Turneri Zone) shows pebble-lag beds
consisting of haematite and crushed, banded, crenulated diagenetic
?chalcedony pebbles.

Biomicrosparites containing totally altered shell material showing no
obvious signs of extensive abrasion, floating in a calcite cement, are common
in the Strath and Loch Aline Formation. The beds of the Strath Formation are
very silty whereas their silt content diminishes in the Mull and Loch Aline
areas.

Micritic subrounded to rounded pelletoids are ubiquitous in the Timestones
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of the Broadford Beds Groups; these pelletoids are up to 2 mm. in diameter
and frequently show an oolitic rim. Algal borings on the surfaces are also
seen mainly in the Milton Formation.

These pelletoids could also be micritized debris of calcareous organisms

as described by Purdy (1968).

3.1.6. . Microsparites

The term 'Microsparite' was first used by Folk (1965) and is used here
for describing calcite crystals with diameters ranging from 4 - 10}pm. or
even up to 30 um. These normally form crystal mosaics in the limestone beds
of the Strath and Loch Aline Formations.

Silty biomicrosparites are ubiquitously found in the Lower Sinemurian
shales of the Broadford Beds Arenaceous Group. They occur as broad undulose,
nodule-like beds 15 - 25 cm. thick, but ranging up to 45 cm.; determination
of the insoluble residue in 21 samples taken from the Semicostatum Zone
shales and limestones of the Strath region shows that some limestones contain
between 65 and 74% CaCOy whereas the shales contain 19 to 44% CaCO3. In the
Mull area limestone/shale alternations are seen to persist throughout the
period of Broadford Beds Argillaceous Group depoéition.

The 1imestones of the Wilderness Member are considered as argillaceous
biomicrosparites in this section and wet chemical analysis shows a CaCO3
content of 48 - 54% whereas the shales contain as Tittle as 3% CaCO3 in places.
The Leacach nodular Member consists of silty biopelmicrosparite beds with up
to 80 - 85% CaC03; it is difficult to trace the exact amount of clay present
in these rocks since it is obscured by the fine crystal mosaic of the
calcite ; coarse calcite forms fine ("drusy") rims around originally
aragonitic molluscan shells and also occurs as coarse (hlocky) replacement
of shells and as patchy developments throughout the rocks. In these beds

(together with those of the Strath Formation) shelly material (molluscs,
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brachiopods, echinoderms) is usually inhomogeneously distributed and in the
microsparitic beds of this Member, grains of glauconite are found. 1In the
Leacach Formation, the entire thickness of the Leacach Shale Member is
composed of micaceous calcareous shale with 20 - 30% CaCO3 content, alternating
with 1 - 3 cm. thick beds of laterally contiguous (Tenticular in places)
lTimestones with 85 - 90% CaC03; these beds show no evidence of hioturbation
and are devoid of fossils. In both northern and southern areas, pyrite is
present in small quantitites forming:

a. Finely disseminated particles.

b.  Framboidal pyrite clusters.

c. Well defined cubic crystals.

d. Patches of non distinct form.

Bituminous matter is seen occasionally and is more common in the shale
beds. The existence of these minor rhythms or cycles of limestone and marl in
the studied beds raises the question of their primary sedimentary or secondary
diagenetic origin. This problem has been amply reviewed and discussed by
Hallam (1960b, 1964, 1971c); the application of his arguments to the strata of

the Broadford Beds Argillaceous and Arenaceous Groups are presented later .

3.2 Sandstones

Sandstone nomenclature and classification has been subject to dis-
agreement and debate for decades. Krynine (1948) adopted the method of
classification based on plotting the mineral composition of sand size grains
in a "sandstone" within an equi]atera] triangle. The use of such "triangular"
classifications in which the principal minerals are chosen to represent the
poles together with an arbitrary internal subdivision of the triangles has

amply been reviewed by Klein (1963) and Okada (1971).
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Sandstones occur both in the Milton and the Strath Fo-mations in the
northern area of study. Calcareous siltstones also occur in tne Leacach
Formation of the southern region. In the Milton Formation, beds of
cross laminated fine-medium sandstones occur, the lowermost
calcareous sandstone bed contains abundant coalified plant material and
consists of finite medium poorly sorted subrounded quartz grains, the cement

is calcite spar and the grains consist of up to 10% polycrystalline quartz.

In southern Strath, white, well washed cross Taminated siltstone beds
with up to 88% quartz consistuents occur. Sandstones with calcareous cement
also succeed the Breakish Coral Member.

In the Strath Formation, the Dun Boreraig Sandstone Member comprises
prominent, cross laminated, varicoloured sandstones which in many cases contain
up to 75-80% quartz grains. These beds contain fine to medium grained
moderately sorted, subrounded quartz grains. Bioclastic fragments in the form
of fenestral echinoderm plates are common and the sands are not well sorted in
places. In contrast to the sandstones of the Applecross House Member, the
beds of the Dun Boreraig Sandstone Member are seen to overlie beds representing
younger beds. In Raasay and northern Strath these sandstones transitionally
overlie the shales of the Strath Formation, whereas in Loch Slapin and Loch
Eishort (southern Strath), the Semicostatum/Turneri contact is faulted.
Sandstones as defined above do not occur in the Mull area, and in Ardnamurchan

their occurrence is confined to the lowermost Rhaeto-Liassic beds.

Chert rich sources are present in the area of study (Durness limestone)
and the grouping of chert and quartz together places
constraints on genetic interpretations; therefore, where present, chert is
plotted and/or mentioned separately.

The presence and variability of the amount of polycrystalline quartz,
number of crystals per grain and undulosity of the quartz grains in the various

beds has called for the use of single diamond diagrams (Basu et al., 1975;
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Young, 1976) to enable the identification of plutonic Tow and high rank
metamorphic sources.

It should be noted that the somewhat different interpretation of poly-
crystalline quartz which was given by Voll (1960) enables the identification
of two types of metamorphic origins for polycrystalline quartz.

. Polygonized quartz -
Component crystals of the grains show straight and polygonal
bodies which meet at 120° angles.

i. Polycrystalline quartz -

Component crystals of the grains show sutured boundaries.

The above two varieties may be of importance in northwest Scotland
where polygonized quartz characterises the Western Highlands and the sutured
quartz is typical of the Moine thrust and much of the Dalradian.

Blatt and Christie (1963) demonstrated the broad overlap in character
of undulosity of plutonic and metamorphic quartz; Blatt (1967a) pointed out
that there are great differences between the proportion of polycrystalline
quartz in the detritus derived from the source rocks and those of reworked
sandstones, this discrepancy is also seen for undulatory quartz. Such
differences were attributed to the mechanical instability of polycrystalline
and strained quartz by the mentioned workers; the above criteria suggest that
undulosity in quartz together with the determination of polycrystalinity are
of 1ittle value in the identification of source rock and provenance for
deposits older than those of the Recent, nevertheless such observations on
the constituent grains of the strata, will provide meaningful results when
used in conjunction with other geological data.

Blatt et al. (1972) maintained that the average number of crystal units
in sand-size grains (in this study grain refers to a clastic fragment which
may be composed of one or more crystals of quartz) varies depending on the

source rock. Basu et al.(1975) demonstrated that the number of crystal units
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in polycrystalline quartz is useful only in identifying contributions from
low rank metamorphic sources. The conclusions of Basu et al. (1975) are

valid in studying the medium sand fraction of "first-cycle", single-source,
erosional products. The presence of a multicomponent source system, providing
the Lower Liassic depocentres of northwest Scotland with both primary and
"recycled”, weathered detritus casts doubt on the reliability of the
conclusions reached solely on evidence provided by the above mentioned
technique.

The studies of grain size distribution by Mason and Folk (1958), Friedman
(T961, 1967), Moiola and Weiser (1968), Visher (1969, 1973), Visher and.Hoélaéj)
Tillman (1971), Middleton (1973), Moiola et al. (1974) and Sagoe and Visher
(1977) are thought to be of value for the interpretation of sedimentary
processes in modern sedimentary environments, but the validity of such data
is questionable in tho® ancient rocks which show evidence of diagcnetic
alteration (e.g. leaching of feldspars together with etch surfaces and over-
growths on quartz grains). Well cemented sandstones are difficult to dis-
aggregate and therefore may not yield reliable grain size distribution curves
due to the production of "fines" in the process of disaggregation (Blatt et
al., 1972).

The major assumption made in the interpretation of grain size
distribution plots, is that they reflect processes and/or physical character
of a specific depositional environment; the grain size distribution curves
obtained from Recent environments are then matched with those obtained from
ancient rock samples (Visher, 1969), the inherent assumption is that there is
a "typical" curve for each of the sedimentary environments leading to the
conclusion that "if your wife does not precisely resemble Laura Antonelli,
she is not a real woman!" (Folk, 1977); for relevant discussions see Freeman
and Visher (1977), Picard (1977), Folk (1977), and Steidman (1977). Ruzyla
(1977) has in addition, shown that size analysis studies on Holocene beach

sands produce a strong contrast depending on where and when the samples were
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The sandstones of the Lower Lias in northwest Scotland are:

. Well cemented with 5-30% calcareous and ferruginous cement.

i . Quartz grains are diagenetically altered.

i Exposures are scattered and patchy, therefore the sampling
procedure is mainly dependant on the size, surface-weathering,
shape and location of the outcrop. Hence the precise relation
of the samples to cross bedding, truncation surfaces, flat:
bedding, limestone lithosomes ... etc. cannot be given in

all cases.

Due to the above (and previously mentioned) Timitations, no attempt has
been made at an exhaustive granulometric study of the Bkoadford Beds Groups
sandstones.

Rock composition and grain size distribution data were obtained by point
counting ( >500 grains per thin section) following the Glagolev-Chayes method
(Galehouse, 1971). It has been shown that sufficient correlation exists
between various techniques of grain size analysis (Friedman, 1958; Kellerhals
et al., 1975).

Due to the above mentioned uncertainties, the samples cannot be regarded
as "true representatives" in absolute terms, therefore the statistical
treatment of the data would prove to be meaningless. (See Appendix 1).

In this study the term orthoguartzite refers to sandstones with more
than 75% quartz grains; the roundness scale of Powers (1953) is followed.

The heavy minerals zircon and epidote are present in the sandstone beds;
they are both well rounded. The study of these accessory minerals (for
summary see Pettijohn, Potter and Siever, 1973) would be of least value and
their selective diagenetic elimination renders mere presence-absence data for
these species uninformative; they constitute less than 0.1% of these rocks.

A semiquantitative, nonstatistical approach is followed with emphasis mainly
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given to the relative abundances of these two species of heavy minerals
(Hudson, 1964; Blatt et al., 1972; Hallam, 1975).

Surface texture and diagenetic features of quartz grains in the sandstone
beds were studied by scanning electron microscopy; certain types of surface
features were identified and interpreted. The SEM photomicrographs are
presented as Plates 3.1 to 3.6 . together with their
interpretations which fo]]ow the works of Krinsley and Donahue (1968),

Krinsley and Doornkamp (1973), Pittman (1972), Baker (1976) and Marzolf (1976).

3.2.1 Cross bedding

The sandstones and sandy lTimestones of the Broadford Beds Arenaceous
Group in the Skye and Ardnamurchan areas are cross bedded; some of the
oolitic limestones are also cross laminated.

The lowermost beds of the Arenaceous Group are cross bedded in Torr Mor.
The sandstones at Loch Eishort together with the sandstone/limestone beds
which overlie the Thecosmilia Coral Member and in Applecross, the Breugh
Pebble Member are cross laminated; cross bedded strata are also represented
in Ardnamurchan. The Dun Borreraig Sandstone Member is also distinctly cross
bedded; it can be seen that except for a few localities, the rest yield
polymodal distributions in the form of simple, bimodal opposed pattermns to
complex nonsymmetric pattems. In such cases methods of analysis devised
for unimodal vectoral data (Reiche, 1938; Curray, 1956) cannot therefore
statistically be applied to the problem.

The bimodal, opposed patterns are analysed by a modification of the
Tokey X2 test proposed by Middleton (1965; 1967). Complex polymodal
distributions are analysed by a method developed by Tanner (1955). Apart
from the one Member which shows unidirectional palaeocurrents (viz. the
Breugh Pebble Member), the palaeocurrents obtained from the Broadford Beds

Arenaceous Group should be considered in terms of the types of currents
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operating in the modern shallow marine environment which are semipermanent,
tidal and meteorological (Swift, Stanley and Curray, 1971). Such a
consideration is consistent with the overall conditions of deposition of the
Broadford Beds Groups. It should be noted that due to the variable nature of
the currents in shallow marine environments each palaeocurrent direction
reading may represent a unique affect, therefore the clustering of data in
order to produce statistically meaningful results would most probably
obliterate the imprints of the various minor processes which were operative,
and thus the palaeocurrent data are also considered individually. Due to

the faulted nature of most of the Jurassic outcrops and their possible
tilting, all palaeocurrent data are corrected for post-depositional re-
orientation following the method proposed by Potter and Pettijohn (1963). (See
Appendix 2).

3.3 Conglomerates

This lithology is least represented in the Lower Liassic deposits of
northwest Scotland. The beds in question are consolidated, poorly sorted
deposits with mean sizes in the range of granules, pebbles and cobbles.

Conglomerates of the cobble size range occur at the base of the Miton

Formation; these are matrix supported (calcareous), and thin out
laterally forming thin beds of rounded pebble conglomerates. Elongate clasts
are not common, so that clast imbrication is almost impossible to determine.
These may be termed paraconglomerates (maximum clast size 9 cm.) (Blatt et
al., 1972).

Pebble conglomerates form the topmost beds of the Milton Formation
in the Skye and Ardnamurchan areas. These are clast-supported, fine upwards
and contain some calcareous matrix. In both regions, clasts are rounded and

imbrication is not determinable.
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3.4 Argillaceous Beds

j. Shale - In the present study this term is applied to those argillaceous
sediments which show some fissility and are not plastic; it is qualified by
"micaceous", "silty", or "calcareous" according to the composition of the
subsidiary components.

ii. Clay - This terms is applied to unconsolidated, plastic, argillaceous
sediments. Their carbonate content is low and they can be carved by a knife.
jii. Mudstone - Refers to argillaceous sediments which are not plastic or
fissile; these may be "micaceous", "silty" and/or "calcareous".

The different varieties of shale occur in the Strath and Leacach
Formations; shales of a higher silt content which are very micaceous comprise
the beds of the Strath Formation. The CaC05 content of the shales of thé
Strath Formation is comparatively higher than those of the Leacach Formation.

Shales of both areas contain a marine fauna and clays are only found in
the Mitton  Formation in Applecross; they are interbedded with thin
calcareous sandstones. Mudstones are common in the Loch Aline Formation in
the southern area of study. Clay mineral analysis of the argillaceous beds
shows smectites to be the main constituents of the mudstones and clays,
whereas illite and mixed-layer clay minerals are dominant in the

micaceous shales.

3.5 Ferruginous Beds

Iron-rich beds are only of local importance in the Lower Lias of north-
west Scotland. They occur as thin horizons within the Strath and Leacach
Formations and their study will hopefully provide a greater insight into the
palaeoenvironmental conditions which prevailed during the formation and deposit-
ion of the beds of the Breakish Ironstone. The mineralogy of the "BreakishIron-
stone" together with the "iron rich" and phosphatic beds of Craignure Bay

(Leacach Formation) and Ardnamurchan are presented and discussed in Chapter
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9.2; the presence of beds with appreciable amounts of iron in the Lower
Liassic succession of Mull(Leacach Formation)were hitherto not recognised and
in view of their lateral equivalence with the Breakish Ironstone Member, the

different facies represented by the described Members will be considered

together.

The ferruginous strata which occur in the lowermost beds of the two Groups
of the Broadford Beds are confined to the Strath and Leacach Formations.
The examination of these iron-rich beds both in hand specimen and thin
section, reveals considerable heterogeneity in terms of textural and
mineralogical detail. Therefore a total of 33 thin sections were prepared

of numerous samples taken from the ironstones.

i. Classification and nomenclature

The classification of Welsh ironstones used by Pulfrey (1933) was based
on their textural attributes, i.e. the presence and absence of ooliths or
pisoliths; the mineral composition of these constituent grains was also
taken into account. The present classification not only accounts for the
mineralogical composition of the grains, it also takes into account the
mineralogy of the rock as a whole.

Taylor's (1949) original system of nomenclature is modified here and
following Weinberg (1974), the major mineralogical components of the rock
matrix are given in adjectival form while those forming the ooliths are
mentioned in substantive form.

A rock consisting of ooliths of chlorite and goethite set in a matrix
of siderite would be described as a sideritic chlorite goethite oolite. The
presence of different sizes of quartzitic material in the rock is indicated
by the addition of adjectives such as silty or sandy; the presence of clay

grade quartz is indicated by the term quartzose.
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Spherules of different diameters are termed ooliths if they show
characteristic internal concentric features while those without such
features are termed pellets. Pisolith size grains (diameter >2 mm.) (Twenhofel,

1950), are absent in these beds. As in the classification of limestones
in the two Groups of the Broadford Beds, the relative abundance of the
mineral and rock constituents ordains the arrangement in which the adjective
or noun is given.

The terms chlorite and chloritic used in this study refer to iron
silicates but this does not preclude the possibility that they may be
septéchlorites. The mineralogy and precise nature of the closely related
green, ferrous silicates present in various forms in these ferruginous beds
creates a problem. . Chamosite was named after the type locality
before the techniques of X-ray diffraction were well established (Tschmak,
1891; Orcel, 1927; Hallimond, 1938; Orcel et al., 1949). Since then
"chamosite"” has been restricted to describing an iron-rich septechlorite
(Deer et al., 1966) having basal X-ray reflections with a 7R periodicity.
Chlorite minerals are chemically similar to chamosites but show 14R basal
reflections. As the type mineral is now known not to be a "chamosite"
(Weinberg, 1974), the green iron silicate minerals seen in the Strath and
Leacach Formations are ascribed to the chlorite group throughout this study
and the general term “"chlorite" is used except where a more precise usage
is specified.

In recent years the name chamosite has been used to describe different
materials with neither chemical nor structural similarities, thus it is widely
used to refer to a very poorly defined mineral. As no conclusive data were
obtained from X-ray diffraction work carried out during the course of this
work, it is not possible to state whether the several varieties of iron
silicates of different shades of green seen in these rocks have chamositic

or chloritic affinities; for this reason these iron silicates which are



chemically similar to the chamosites and chlorites described in the
literature (Foster, 1962) are all referred to as chlorites, thus re-

lating to a large group of minerals rather than to any one species in

particular.
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CHAPTER 4

CLAY MINERALOGY

Although the Lower Liassic strata of the Milton Formation in
northwest Scotland were mostly developed in different carbonate and
siliciclastic depositional environments, significant amounts of
argillaceous sediments were laid down during the development of the
Strath, Loch Aline and Leacach Formations. A systematic investi-
gétion of the type of clay minerals present in the argillaceous strata
of the two Broadford Beds Groups was carried out in order to obtain
further clues related to the depositional and/or diagenetic conditions
responsible for their formation.

Standard X-ray diffraction techniques were employed, the details
of which are given in appendices 3 and 4.

4.1 Previous Work

The clay mineralogy of Lower Liassic shales of England, Scotland
and Wales has been investigated by various workers (see review by
Perrin, 1971). In virtually all cases they are reported to be
dominated by illite with subordinate kaolinites and chlorites are
also present. Hallam (1960b) determined the clay mineral content of
nine samples of insoluble residues obtained from different parts of
the Blue Lias succession in Dorset and Glamorgan. A1l of the speci-
mens contained between 90 and 100% i1lite and up to 10% kaolinite,
four samples contained traces of vermiculite and only one showed
faint traces of smectite.

Sellwood (1970) found that il1lite was the predominant clay
mineral in the shales found in the Lossimouth borehole (80.4m to
19.8m depth). Lewis (1972) using whole-rock powder mounts, found

the Liassic shales of the Mochras borehole to contain mainly illite



together with subordinate kaolinite and chlorites. Cosgrove and
Salter (1966) show the development of appreciable quantities of
mixed layer minerals and i]lﬁte-smectites in the Lias of southwest
Ehg]and, but their results should be regarded with some scepticism
due to uncertainties of analysis and quantification. In a subse-
quent work (Cosgrove, 1975), the White Lias was found to mark the
incoming of kaolinite to establish an illite-kaolinite-chlorite
suite which persisted in the Lias and into the higher beds.  Sub-
stantial amounts of smectites were found in the Liassic shales of
northwest Scotland together with illite, kaolinite, mixed-layer
illite-smectites and subordinate chlorites by the present author
(1977; see also appendix4v).
4.2 Present Work and Results

A total of 132 specimens were obtained at approximately 1m
intervals in all major sections of both Broadford Beds Arenaceous
and Argillaceous Groups, with additional samples being taken to de-
termine local variations of lithology. Diffractograms obtained
from the samples showed that in the northern area of study, shales of
the Strath Formation contain only illite and kaolinite with some
chlorite minerals; 1in contrast 26 analysed samples from the
Milton Formation contain in addition to i1lite, kaolinite and
mixed-layer illite-snmiectites, smectites in substantial quantities
of up to 39% (see Table 4.1). Although the beds of the Milton
Formation in Raasay are not represented in Figure 4.1, they also con-
tain up to 26% smectites.

In the southern area of study, 82 Liassic samples were analysed;
31 samples from the Loch Aline Formation contain up to 39% smectites,
together with abundant quantities of illite. Mixed-layer illite-
smectites and kaolinite are also present in variable quantities.

Detailed investigation of the clay minerals in shale specimens of

the Leacach Formation shows an abrupt and substantial reduction of
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the smectite content to less than 5%, above the Leacach Ochreous
Member. Il1lite remains the dominant clay mineral, kaolinite and
mixed-layer illite-smectites increase in relative abundance and some
chlorite is also present.

Additional samples were obtained from the sandy shales
(Obtusum Zone) overlying the Leacach Pebble Member.

Samples obtained from red mudstones (?Rhaetic) of Wilderness
(NR 404287) contain up to 40% kaolinite and 30% mixed-layer illite-
smectites, illite comprises 19% of the clay minerals, whereas smectite
is present up to 10%.

Depending on the variations in the chemistry of smectite, its
air dried 001 peak position is obtained at intervals between 12-14R
(Millot, 1970); the basal spacings also vary with atmospheric
humidity (Grim, 1953). The detailed chemistry of the clay minerals
found in this study has not been investigated. Clay minerals that
show 12-148 peaks which expand to 188 upon glycolation and collapse
to 10R after heating up to 550°C, are generally referred to as
smectites. The illite (103) and kaolinite (73) peaks are not effec-
ted by glycolation but heat treatment(SSOOC)destroys the 7R peaks
while the 108 peak remains and is sometimes enhanced due to the large
proportion of mixed-layer illite-smectites present.

4.3 Discussion

Smectites are known to form at present by the weathering of
basic igneous rocks in an alkaline environment in the presence of
Mg (Millot, 1970).

Because of the presence of Tertiary basic igneous intrusions
which might be expected to weather to smectite, the possibility of
weathering contamination of the adjacent shales must be considered.

A relatively unweathered doleritic sill Im thick occurs about

50m above the base of the Lias at Applecrosss and a deeply weathered
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doleritic sill was observed 2.50m above the Lias/Trias contact at the
same locality (NG 725447).

Although a characteristic colour zoning (Hournung and Hatton,
1974) was absent, a yellowish-brown weathering friable core surrounded
by a concentric layer of grey sandy shale-like material could be recog-
nised in the latter locality. Igneous and metamorphic rocks which are
weathered 1oca11¥ to depths as great as 40 ft. are known in many parts
of Scotland (Fitzpatrick, 1963). Such deep weathering has been re-
lated to weathering during the preglacial period, the altered rocks have
mostly rotted to a sandy material which can be easily dug into. The
mineralogy of the products of such weathering however, depends on the
composition of the intrusion and the prevailing climatic conditions
(Mitchell, 1955; Basham, 1974; Kabata-Pendias, 1975; Dare-Edwards
and Livsey, 19765 Millot, 1970; Ragg and Ball, 1964).

The clay mineralogy of samples taken progressively outwards
from the core, representing the rotten remains of an olivine basalt sill
which was intruded into the shales in Applecross, shows a systematic de-
crease of smectite and the formation of mixed-layer minerals outwards
from the core; kaolinite is absent from the core itself.

The smectite content of the core is a product of in situ weathering
and partial alteration of the dolerite to clay minerals. The epi-
genetic reworking of the erosional products by meteoOric waters may have
caused the breakdown of smectites in surface Tayers and the eventual
formation of illites; illite-smectites develop in the intermediate
stage (Roberson and Jonas, 1965; Hower and Mowatt, 1966; Suda and
Shimoda, 1977). The enrichment of a thin zone underlying the two sills
in Applecross in terms of smectites could therefore possibly be re-

lated to recent weathering contamination.



72

Although in the past 620,000 years highly silicic ash ejected
from the Icelandic or Jan Mayen volcanoes has been deposited in sedi-
ments over an area of several million square kilometers in the North
Atlantic (Ruddiman and Glover, 1972; see also Bain and Tait, 1977),
the vertical mixing of the ash falls and their alteration to smectites
(Millot , 1970), could not have affected the samples; the ash falls would
only form thin veneers and could seldom penetrate the rock to depths of
more than a few centimetres. Likewise, it is improbable that Tertiary
volcanic ashfall covers together with the impact and alteration of
volcanic emanations were responsible for the uniform occurrence of
smectites in these rocks (only fresh, unaltered samples taken from at
least 50cm depths were analysed).

Thermally induced chemical transformations in the immediate
vicinity of igneous intrusions into shales are directly related to the
composition of the intrusion and are the most complex sources of error
in the determination of their mineralogy. Correira and Maury (1975),
have shown that due to the intrusion of a basaltic dike into French
Toarcian marls, mineralogical changes around their periphery (up to
60cm) include the disappearance of kaolinite, diminution of illite
with the increase in relative 002/001 peak intensities, and the dis-
appearance of mixed Tayer illite-smectites. Sauvin et al. (1975)
show that chlorite, kaolinite and mixed-layer illite-smectites in
shales are transformed into well crystallized illite-chlorite in the
vicinity (up to 1.50m) of doleritic intrusions.

The heat to which the shales are subjected is also an important
factor in the process; an association of quartz + albite + paragonite
+ muscovite + chlorite, is neoformed in smectite-bearing shales under
controlled T/P conditions (Althaus and Johannes, 1969). In cases where
fluids other than connate waters are introduced into the sediments,

K A
under 700°C T/1000"° P, dissolution of silica occurs (remobilized from



the transformation d mixed-layer clays to illite and chlorite). The
silica is reprecipitated in various forms above the sill roof as the
temperature drops to 400°c.

Short-lived high temperature gradients present at the time of
emplacement can create over pressures due to dehydration around the
periphery of the sills. The result tends to be fissure emanations,
and haphazard contamination of sediments above the intrustions; dikes
with no surface impression are also potential sources of error.

With regard to the Liassic beds under study, a systematic
disappearance of kaolinite together with the diminution of mixed-layer
illite-smectites near the intrusions (Correia and Maury, 1975; Sauvin
et al. 1975) was not observed.

Chlorite and interstratified chlorite dioctahedral smectites
(Blatter et al. 1973) are totally absent and no evidence of metasomatic
alteration is seen above and below the sills in Applecross. The
overall clay mineral distribution pattern is persistent throughout the
stratigraphic sections and there is no systematic enrichment of the
sediments in certain minerals with respect to their distance from the
intrusions.

This more or less uniform distribution of smectite in the
Milton and Loch Aline Formations, whether intrus_ions are present or
not, and its total absence in the Milton Formation with a corres-
pondingly abrupt, substantial reduction in the Leacach Formation, calls
for an explanation genetically related to the early Liassic depositional
environment.

Two schools of thought dominate the interpretation of clay
mineral data. Weaver (1958a, b) and Riviere (1953) consider the clay
minerals present in Argillaceous rocks as reflecting the character of

their source area and that they are only slightly modified in the



depositional environment (these may be termed inherited or detrital

(Millot , 1970)). Grim (1953, 1958), Millot (1953, 1957}, Keller
(1956) and Hilterbrand et al. (1973) on the other hand believe
that some clay minerals may suffer considerable diagenetic alteration,
the extent of whiqh depends upon the environment of deposition. The
ease with which these transformations take place is not believed to be
the same for all varieties of clay minerals and varies both with the
nature of the environment of deposition and the material brought into
it (these may be termed neoformed clays (Keller, 1970)).

Clay minerals may also reflect their source rocks rather than
climate, relief or diagenetic effects (Morton, 1972; Potter et al.
1975; Parker, 1974; Latouch, 1975; see a1so Shaw and Bush, 1978).

Explaining the lateral trend found in the clay minerals of
bottom sediments off the mouths of many rivers around the world has
also renewed a controversy for years. To explain the lateral trends
in the clay minerak of bottom sediments, two possible mechanisms
apart from chemical alteration (Grim, 1968) have been offered, these
are as follows:

i. Differential flocculation (Snowden and Forsthoff, 1976;

Whitehouse et al. 1960; Shiozowa 1970; Krone, 1962;

Edzwald and 0'Melia, 1975).

11,Size segregation (Gibbs, 1977).

Lateral trends found in the clay minerals of the Lower Liassic
shales of northwest Scotland will be indirectly investigated in this
chapter, but it should be mentioned that although the effects of chemical
alteration can be determined more or less, it is impossible to determine
whether the lateral clay mineral changes in ancient sediments have been
formed due to differential flocculation or size segregation.

It is considered here that the clay mineral distribution in
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sedimentary sequences results from a combined effect of the above
mentioned processes; the probTem of distinguishing among them in each
case still remains (Millot , 1970).
4.4 Smectites

The possible origins of smectites have been adequately discussed
in the literature (Perrin, 1971; Millot , 1970; Keller, 1970;
Bradshaw, 1975). According to Brown et al, (1969) smectites may be
formed through the dissolution of silica from opaline sponge spicules
or flint, removal of alkalis and alkaline earths from glauconite,
micas or feldspars and the dissolution of CaCOB.

Although feldspars are present in the Milton and Loch
Aline Formations of northwest Scotland, together with mica, there is
no trace of flint or sponge spicules and glauconite is rare.

Kounetsron et al.(1977) found that smectite formation in Togo verti-
sols developed on biotite-gneiss amphibolites.

"Smectites may form by the post-depositional diagenesis of de-
graded micas in the presence of waters of low ionic strength (Perrin,
1971); this process may possibly be effective in porous sandstones but
it has no relevanceto the low-porosity shales and limestones of the
Milton and Loch Aline Formations.

Smectites may form by the terrestrial and sub-aqueous alteration
of basic volcanic material (Ross and Shannon, 1926; Brindley, 1957;
Slaughter and Early, 1965; Hallam and Sellwood, 1968; Biscaye, 1965;
Millot , 1970; Jeans et al. 1977; Perrin, 1971; Bradshaw, 1975).
The presence of glass shards is the most direct and convincing evidence
for the association of smectites with such igneous activity, and is
reported from some Recent sediments (Millot , 1970). In the marine
environment volcanic glass undergoes hydrolysis to give rise to
smectite (Keen, et al. 1976), and the excess silica produced by such

a reaction may appear in the sediment as cristobalite (Bridley, 1957),



remain amorphous or combine with alumina and alkaline earths to form
zeolites. X-ray analysis of whole-rock samples has not revealed the
presence of any of the above minerals in the two Liassic Groupsj only
3.22R and 3.26R peaks have been recorded which are generally considered
to be characteristic of sanidine. If present, sanidine may be related
to acid volcanic activity and their corresponding tuffs, but more evidence
is needed to confirm this mineral's presence in the studied strata.

It should be noted that several authors have reported that potash
feldspars are generated diagenetically while Pacific volcanogenic
sediments partly alter to smectites Based on the near-uniform
distribution of smectites in all the sections, its low degree of
crystallinity and the high proportion of illite-smectite mixed-Tayering
present the possibility of the existence of true bentonites was re-
jected previously by the present author (Amiri-Garroussi,1977).

Modern sediments derived from basic volcanics e.g. off the north-
west coast of Cyprus (Millot, 1970; Blatt et al. 1972) contain up to
90% smectites in their clay fractions.

The Milton and Loch Aline Formations contain up to 30% smectites
and the intrusion of Tertiary doleritic sills has not affected the
smectite content of the shales. The presence of smectites may be re-
lated to the genetic environment of the shales. Older strata with
considerable smectite content are absent .from the region but it should
be noted that Rhaetic mudstones taken from the Mull area contain up to
10% smectite; also Rhaetic sediments in south Devon show smectite con-
tents of up to 20% (Henson 1973; Michael Mayall pers. comm, 1978).
Rhaetic-Liassic sandstones in northeast Scotland and England also con-
tain expandable smectitic clay minerals (David Jones and Andrew Hurst,
pers. comm. 1978).  Although Watts (1976) found smectites in the
basal Permo-Triassic beds of Gruinard Bay (NG 900929), his investi-

gation shows that smectites increase in the <0.2um fraction and
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are up to 95% in abundance at the base of the 90cm section; they
decrease to <50% at the top. The decreased aridity of Permo-Triassic
climatic conditions (e.g. formation of cornstones) would explain the
formation of poorly crystallized smectites in the Upper Triassic-
?Rhaetic calcretes and red beds of northwest Scotland (see Steel, 1974;
Watts, 1976).

The lack of episodic, pulse-like increases in the-smectite con-
tent (cf. Bradshaw, 1975) or more direct evidence of igneous detritus
eliminates contemporary volcanism as a likely source. Smectites may
form by the erosion of exposed basic 1gneous rocks under ineffective
leaching conditions in alkaline environments where Mg+2, Ca+2, Fe+2 and
Na' are retained (see below).

A climaticchange to more acidic conditions (increased rainfall,
and humidity) accompanied by the more widespread coverage of exposed
land areas by advancing seas could adequa_tely explain the absence of
smectites in the Strath and Leacach Formations; the formation of
ironstones in the above mentioned beds supports this intrepretation
" (see Chapter 9).

The geological environment of primary stage smectite was given
by Keller (1970) as follows:

2 +2

i Retention of Mg*e, Ca*?, Fe'?

and Na* .
a. Evaporation > precipitation as semi-arid c]imate.
b. Ineffective leaching
Stagnant water and waterlogging
Ash in lakes and marine basins
Low effective permeability of rocks
c. Alkalinity
d. Fe'Z not combined with 072 or 72

e. Silicates characterized by:
High Specific surface as volcanic ash
High susceptibility to hydrolysis
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i Retention of silica

a. Flocculated by Ca+2, Mg+2 and other cations

b. Ineffective leaching

c. Clay size cristobalite

il Retention of parent texture and mineralogy.

a. Shards or flow

b. Igneous-type minerals

Ample sources of basic igneous rock of various ages are present
in the vicinity (e.g. Devonian volcanics in Oban) and may have been
eroded under the suitable conditbns mentioned above, to provide the
Milton and Loch Aline Formations with smectites. In view of the
discussion put forth by the author (1977; and Chapter 12 in this study)
the possibility of Permo-Triassic volcanic activity in the form of
minor sills and dykes cannot be ruled out. The possibility of such
volcanic activity in northwest Europe is only recently being investigated
and 'few and far between' occurrences have been reported (Faerseth et al,
19765 Klingspore 1976; Dr. I. Printzlau pers. comm, 1977). It may also
be of interest td note that the large alkaline volcanic centre of
Rosemary Bank in the northern Rockall Trough has a palaeomagnetic in-
clination consistent with an early to middle Permian age; the errors
on this result are such that the date could 1ie between late
Carboniferous and early Triassic (Scrutton, 1971; Dr. D. K. Smythe
pers. comm. 1977).

The numerous doleritic sills and dykes which frequently disturb
the normal sequence in the sedimentary rocks of northwest Scotland are
summarily thought of as representing Tertiary volcanic events; detailed
relative age determination of these minor igneous intrusions may prove
interesting differences. Kalander (1974) reported: 'two doleritic
sheets cut the Durness Limestone and the Triassic conglomerates but

they seem not to cut the Jurassic, one of them seems to become thicker
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near the Jurassic rocks' in the area of Camas Malag (NG 18655942) in
Skye.
4.5 Mixed-layer Clay Minerals

A significant proportion of the clay minerals in the beds under
study consist of mixed-layer illite-smectites.

I11ite-smectite commonly forms from smectite through burial dia-
genesis (Kossovskaya and Drits 1970; Pollard, 1971; Sudo and Shimoda
1977; Ebrel, 1978). The nature of the constituent layers and the way
in which they are stacked in mixed-layer minerals is not known and an
arbitrary method of identification is followed (Weir and Reiner, 1974).
Models for the constituent layers and interlayers of interstratified
minerals are usually constructed by analogy with known mineral species
(mica, smectites, vermiculites, chlorite) and modified in the 1light
of the measured compositions of naturally occurring minerals (Hower
and Mowatt, 1966) or analogues produced in the laboratory (Rich, 1968).

The suggestions of Bloss (1966), although useful could not be
followed because of quantification uncertainties.

It should be mentioned that the diagenetic conversion of
smectite to illite under conditions of deep burial was proposed by
Burst (1959, 1967) who was followed by Powers (1957, 1959) and
Weaver (1960, 1961); together with Perry and Hower (1970), Dunoyer de
Segonzac (1970), Weaver and Beck (1971) and Van Moort (1971) they
maintain that dépth of burial and not stratgraphic level controls the
proportion of expandable material present. Burst (1969) has since
reinterpreted his data and concluded that smectite is compositionally
unchanged by burial; the structural conversion involves only dehydra-
tion to one water layer (Perry and Hower, 1970).

The Liassic shales were studied at surface outcrops and there
is no systematic change in the relative proportion of the clay minerals

relative to the base or top of the sections and any such smectite -
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mixed-layer conversions that may have taken place were probably in-
deﬁendent of burial depth. It is readily seen that the above mentioned
process could provide the studied beds with an original smectite con-
tent of up to 70%.
4.6 Illites

The term 'il1lite' was originally proposed as a general term re-
ferring to clay minerals belonging to the mica group (Grim et al. 1937);
thus it is not a specific: mineral name and many processes may lead to
its formation (Keller, 1967, 1968) .

I11ite is widely distributed in different environments through
space and time_(Weaver, 1967 Muller 1967; Keller, 1964;
Grim, 1962; Millot, 1970). It is found in the present-day marine
environment.

Considerable controversy exists over the question of posibie
illite formation from smectites in the marine environment. The
question is complex and the results are rather inconclusive. Keller
(1970) explained that in the present-day environments little illiti-
zation of smectite takes place at or near the depbsitiona] interface
of marine sedimentation. After deep burial following marine deposition,
geologically large amounts of illite have been formed from smectites;
the conditions leading to such a conversion have been studied and re-
ported by many workers (Hower and Mowatt, 1966; Kastner and Bada,
1974; Heller-Kallai, 1975; Eberl and Hower, 1976) .,
Smoot (1960) showed that the distribution of clay minerals is’essen—
tially contemporary with deposition; the origin of different clay
mineral zones in the sediment is related to the rate of sedimentation
and the environmental conditions. The weathered minerals which were
deposited slowly, migrated far out and were transformed by recryéta]—
lization into illite, which thus becomes the well cnysta]]ized mineral

that one finds offshore,



Devine et al. (1973) found that illite increases away from the
mouth of the Rio Grande river but maintained that it was not necess-
arily a marine indicator.

In the Atlantic Ocean, Biscaye (1964b)found that illite is the
dominant mineral which constitutes more than 90% of the clay fraction,
a similar pattern was observed by Griffin and Goldberg (1963) in the
Pacific; it was regarded that the general smaller size of the illite

particles as compared to the other clay minerals was the cause of

differential setting which in term influenced the clay mineral distribu-

tion. Illites are normally associated with sediments of marine
origin in ancient strata (Krumm,1963; Millot, 1970). This explana-
tion may adequately elucidate the occurrence of illite in the Lower
Liassic shales of the study area.

The high proportion of i1lite found in the Semicostatum beds
of the northern area may indeed indicate a greater marine influence
than for any of the other Zones; the illite content of the shales of
Angulata Zone age in the southern area is much higher than the shales
of the same age in the northern area (see frequency percent diagrams
of Fig.4.2).
4.7 Kaolinite

In recent marine environments, kaolinite is generally restricted
to the nearshore areas (Griffin and Goldberg, 1963; Biscaye, 1964b;
Griffin et al. 1968; Brooks et al. 1976). A large increase in
kaolinite (to >50%) is seen in sediments adjacent to the large tropical
rivers of Africa and South America. A similar pattern was observed
by Griffin and Goldberg (1963) in the Pacific and by Devine et al{1973)in
the Deep Gulf of Mexico where kaolinite is mostly concentrated in the
nearshore environments, near the mouth of the Rio Grandé river.

Griffin (1962) and Griffin and Parrot (1964) also regarded kaolinite
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as a nearshore indicator. Kaolinite is a valid indicator of proven-
ance at least in Recent sediments,(Keller, 1970).

Kaolinite in sediments may be derived as a product of weathering
and soil formation in all rocks including volcanic ashes under strong
leaching coﬁditions. Its abundance relativeto other clay minerals
tends to increase with intensity of removal of silica and cations
and increasing temperature; it decreases with the conservation of
cations in arid soils (Perrin, 1971). Krumm(]9635 found that kaolinite
was associated with terrestrial coal-yielding beds in the Rhaeto-
Liassic beds of east Franconia, Germany. Kaolinite is normally pro-
duced by the weathering and transportation of acid igneous rocks.

In contrast to mica, kaolinite is not affected by prolonged
transport in waters of low ionic strength so that the kaolinite entering
a basin of deposition, is essentially the same in type and amount as
that Teaving the terrain which is being eroded. The low surface
charge of kaolinite causes it to remain unaltered when entering normal
sea-water and its relatively large particle size accelerates its
segregation from other clay minerals by differential flocculation and
settling, thus it becomes concentrated in shallower water sediments.

But it should be noted that abundant kaolinite is frequently reported from
deep sea and oceanic sediments where it is most abundant in tropical
regions (Blatt, et al. 1972). Kaolinite is not considered to be neo-
formed in sea water. Its stability in the marine environment

appears to continue after shallow burial and it has been suggested that

it may even be further formed at this stage (Larsen and Chilingar, 1967).

With regard to the two Groups of the Broadford Beds, it can be
seen that two broadly defined kaolinite suites can be recognised. The
kaolinite content of the Milton Formation seldom exceeds 11% which
contrasts the values of up to 47% obtained from the beds of the Loch

Aline Formation. Ample sedimentological evidence is available for the



nearshore deyelopment of the cross-bedded calcareous sandstones and
oolitic limestones of the Milton Formation. The general low
amount of kaolinite in the shale beds may have been caused by one of
the following factors:

i. Source area

ii. Offshore deposition

iii. Chemical and climatic conditions

i. Source area

Difference in source area(s) is an important factor in the concen-
tration and distribution of kaolinite in the beds studied. Potential
kaolinite-producing areas (e.g. metamorphic terrains) show a much greater
outcrop area in the southern region of study than in the nortHern region.
In some places the Liassic beds directly overlie Moine schists and have
developed in the proximity of different Lower Palaeozoic Tithologies
which may have had an even more widespread outcrop during the Lower
Liassic times and served as rich, kaolinite-producing source areas. In
the northern area of study, the Miiton Formation mostly overlies
Triassic conglomerates, Precambrian quartzites and limestones and in some
places Torridonian sandstones, none of which are significantly rich in
kaolinite.

Although there is some evidence for a metamorphic provenance of
the clastic quartz fragments (strained and polycrystalline quartz),
they may have been of a recycled origin, in which case progressive
winnowing could effectively have removed the kaolinite flakes.

ii. Offshore deposition

Although some shales in the Milton Formation were deposited
under restricted, nearshore marine conditions, most beds are indicative
of periods of marine incursion. In contrast to the northern area where

clastic~carbonate deposits characterize a turbulent depositional

environment, uniform mud deposition in the southern area of study typifies
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quiet-water depositional conditions. Thus although clastic carbonate
shoreline and offshore deposits prevailed in the northern area of study,
muddy shorelines developed in the southern area (these deposits are most
probably direct reflections of the bed-rock types and their weathering).
iii. Climatic conditions

As previously mentioned, warm acid climates favour the formation of
kaolinite. The geological environmenta]_conditions necessary for the
primary formation of kaolinite are given by Keller (1970) and presented

as follows:-

2

2 +

A. Removal of Ca’ s Mg+2, Fet s Na* ,K

a. Precipitation exceeds evaporation
b. Permeable rocks.
c. Percolating waters.

2

d. Oxidation of Fe'¢ to Fe 0, or Fes

2 2

B. Oxidation 0fl++
a. Fresh water.
b. Acids
sulphur compounds
carbonic air and soil atmosphere
organic, living and dead organisms

C. High AT 3:sit

a. Removal of Si+4
Na® and K silicates
Organic complexes

b. High concentration of AT+3

A1*3 in acid solution
A1-0H polymers
Although there is no direct evidence to suggest the development of

climatic or chemical zones in northwest Scotland during the Lias, the

slight increase of kaolinite in the Loch Aline Formation as compared to the
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Milkon Formation (Fig.4.2-4.7) may not only be a function of distance from
the shoreline but also more favourable chemical and climatic conditions
in the southern area of study. '"Ironshot' limestones are found in the
Loch Aline formation together with pyrite whereas pyrite and iron
compounds are rare in the Milton Formation.

The substantial increase in the kaolinite content of the Leacach
and Strath Formations at first sight seems to contradict the shallow,
nearshore interpretation of the occurrence of kaolinite. It should be
noted that although the Strath and Leacach Formations were deposited
under fully shallow-marine offshore conditions, the intense acid leaching
of low-1ying schist and gneiss terrains under warm climatic conditions
probably not only inhibited the further stability of smectites in the
environment (see section 4.4), it enhanced the abundant formation of
kaolinite and its transportation into the environment. Chlorite also
becomes a minor constituent of the clay minerals of the Strath and
Leacach Formations.

As explained earlier (iii.C)» aluminium released by acid weathering
of clay minerals in soils, is often deposited as complex hydrated ions
in the interlayer spaces to form chlorite . The increase
of chlorite and cohcomitant decrease of expanding minerals in the iron-
rich sediments of the Strath and Leacach Formations therefore probably
resulted from acid weathering in the soils of the subdued Precambrian
and Palaeozoic land areas. In this weathering regime iron would be rapidly
mobilized and then transported either in solution or as oxide coatings
on abundant kaolinite and other clay particles (Carroll, 1958). The
diagenetic formation of kaolinite may occur in porous sandstones
(Shelton, 1965; Perrin , 1971; Almon, et al. 1976; Hancock and Taylor
1978; Wilson and Pitman, 1977) but its formation in low porosity

limestones and shales is doubted.
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4,8 Chlorites

Although not ubiquitous, chlorites occur sporadically in the beds
of the Strath and leacach Formations. Chlorites found in a sedimentary
rock may be derived from one or more of the following processes (Perrin,
1971).

i, Ch]oritization of biotite in igneous rocks -

This process is unlikely to have been responsible for the
chlorite in the studied beds because such an origin necessarily
produce uniformly distributed chlorite within the Tlithologically
simi]ar beds; furthermore biotite is rather scarce in the
studied beds.
ji. Partial weatheringof biotite and other ferromagnesian
minerals in soils of temperate, cool or cold climates where
leaching is restricted; this process may have been responsible
for the formation of chlorite in the studied beds (although no
direct evidence of climatic conditions is present).

iii. Erosion of chlorite-bearing schists and older sediments

may well have been a source of chlorite in the Lower Liassic
beds of northwest Scotland.

iv. Neoformation in basins rich in magnesium and perhaps
ferrous iron may also have been a potential source of

chlorite.

v. Diagenesis of 'chamosite' in some iron ores (see Chapter Q)
may also have been a contributing source.

vi. Diagenesis of degraded micas, smectites, vermiculites, or
associated mixed-layer minerals and kaolinite are also important
sources of chlorite in the studied beds.

In Recent depositional environments, the distribution of chlorite

in sediments in the Atlantic ocean is nearly reciprocal to that of
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kaolinite (Biscaye, 1965).  Chlorite is relatiyely concentrated at high
Jatitudes and diminishes at lower latitudes, In the north Pacific
chlorite increases with increasing Tatitude in nearshore sediments
(Griffin and Goldberg, 1963). It is known that provenance is exceed-
ingly important in the distribution of chlorite in the modern sediments
(Keller, 1970). However, chlorite and chlorite-1ike minerals might
form from smectites transported to the ocean. This may be carried

2 3

out by miXing of smectites with Mg+ or ATF

solutions which are
suitably alkalinized (Keller, 1970). It is thought that the latter ex-
planation is probably the most 1ikely origin of chlorite in the beds of

the Strath and Leacach Formations.



CHAPTER 5

FAUNA

The stratigraphy and palaeontology of the two groups of the Broadford
Beds is well known and the extent to which the Lower Liassic strata of
northweSt Scotland have been studied for stratigraphic purposes was pointed
out in previous chapters. Among the faunal lists available, those of
Hallam (1959) and Oates (1976) are sufficiently ordered to yield signifi-
cant palaeoecological and palaeoenvironmental information (Tables 5.1a, b,
c; 5.2a, b, ¢). Meaningful quantitative analysis of these data is
greatly hampered by limited exposure and the inconsistencies resulting
from the comparison of data obtained by more than one worker; this results
from errors due to differential observational ability (Palmer and Palmer,
1977).

Microfaunal studies on the two Groups were undertaken by Clark (1969),
apart from a few palaeonenvironmental inferences, his study was concerned

mainly with stratigraphic conclusions. Of the 67 ostracod species
comprising the Scottish Lias, 35 are restricted to the Planorbis to

Obtusum Zones; the species Cytherella inaquata (Angulata Zone, Al1lt

Buaile) is abundant, four species of Ektyphocythere are stratigraphically

of more importance due to their restricted occurrence, these are:--

Species Zone Locality
Ektyphocythere morverniensis Ob tusum A11t Buaile
Ektyphocythere intermedia Turneri A11t Buaile
Ektyphocythere Tuxuriosa Semicostatum Ardnish (Skye);

' Al11t Buaile (Loch Aline)
Ektyphocythere glabra Bucklandi Applecross
Ektyphocythere glabra Angulata Applecross

Although the majority of the ostracod fauna in the Scottish Lower Lias is
associated with other marine faunal elements, in two instances, i.e.

Larachbeg Burn (Loch Aline) and the borehole at Lossimouth, non-marine
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ostracods have been found (Clark, 1969), these are:

LOC&Ht! ‘Fauna _/:\_93 Environment

Larachbeg Burn Lymnocythere Rhaetic-Liassic  Freshwater, mesohaline
(?oligohaline) in Recent
times.

" " Allocythere c¢f.
combrookensis Rhaetic-Liassic -

" " Cytherella S
(single valves) Rhaetic-Liassic  Recent salinity toler-

ance 25% ; marine
(Sohn, 1964).

Lossimouth Darwinula
Ektyphocythere
€V acutocostata ?Sinemurian Marine

The palaeoecology of the benthic macrofauna in the Broadford Beds Arenaceous
and Argillaceous Group is outlined in Tables 51b, c, and 5.2b, c. The
majority of the genera listed are suspension feeders; present day forms of
suspension feeders are most common in sandy or firm mud bottoms whereas
deposit feeders are typical of soft muddy substrates (Rhoads and Young, 1970).
Tables 5.1b and 5.2b are based mainly on Hallam (1960b,1972), Hudson (1963),
Barthel (1969), Kauffman (1969), Nichols (1969), Stanley (1970), Rudwick
(1970), Fiirsich (1974), Townson (1975) and Hudson and Palmer (1976).

The data obtained ffom the faunal lists and Tables 5.1b and 5.2b
are presented in percentage form in Tables 5.7c and 5.2c; these data are
graphically represented by Figures 5.1 to 5.4 showing variations in taxonomic
abundance (diversity) together with their regional changes.

The relative abundances and regional changes in ecological groups
are also represented (Figures 5.5 to 5.19). The Liassic Zones of north-
west Scotland are suitable for such comparative studies. Although accurate
density (individual abundance) parameters are impossible to obtain, their

palaeontology and much of their stratigraphy is well known. The Broadford

Beds Arenaceous Group is characterized by trace fossils such as Chondrites,

Thalassinoides,Diplocraterion and Rhizocorallium which are associated with




90

a rich and varied shelly benthos; the Broadford Beds Argillaceous Group

contains Thalassinoides and ?Rhizocorallium trace fossils and the shelly

benthos tends to be more restricted in variety and are composed of smaller
sized individuals.
5.1 Diversity

Diversity in a biota is commonly indicated by the number of different
species that occupy a particular area (Ross, 1974); many theoretical
generalizations are proposed in order to explain the diversity phenomenon
(Sanders, 1968; Bretsky and Lorenz, 1969), two of which are as follows:
i. Heterogenous physical environments contain more niches, and therefore
can support more complex and diversified biota.
ii. Stable climates and physical environments result in narrower niches
and more srecies.

The debate over Jurassic biotic distribution and its various causes
has been long-standing (Neumayr, 1872, 1883; OCrtmann, 1896; Arkell 1956;
Imlay, 1965; Stevens, 1967; Fleming, 1967; Hallam, 1969a,1971¢,1975, 1976).
Diversity can be analysed at any taxonomic level and may be interpreted in
terms of the theories of diversity control. Various hypotheses have been
proposed explaining diversity patterns (Fisher, 1960; McArthur, 1975;
Pianka, 1966; Valentine, 1967, 1968, 1969, 1971; Sanders, 1968; Bretsky
and Lorenz, 1969; Scott, 1975). Hallam's (1972) discussion of Jurassic
diversity gradients is also applicable to the beds presently under consider-
ation. The general, but sometimes slight, northward reduction in the
diversity of the ammonites together with the other fossil groups in the
strata of the two Groups of the Broadford Beds are taken into account.
During Bucklandi Zone times, three brachiopod species are found in the Leacach
Nodular Limestone Member (Mull), whereas contemporaneously deposited beds
of the Lower Sand Member of Skye (see Tables 5.1a and 5.1b) contain two.

The concept of environmental stability (Sanders, 1968; Bretsky and
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Lorenz, 1969; Woodwell end Smith, 1969) may also be applied here. Modern
marine faunas show an increase in diversity from nearshore, shallow-water
unstable environments to offshore deeper-water areas which have a high
degree of environmental stability. Similar increases in diversity off-
shore from regions of environmental instability have been recorded

recently in the Ordovician, Devonian and Cretaceous of the U.S.A.

(Bretsky, 1970a; Walker and Laporte, 1970; Sutton, Bowen and McAlester,
1970; Stevens, 1971; Scott, 1975). This pattern is known to occur in
the Lower Lias of northwest Scotland but has not been documented before.
sanders (1968), has shown that individual species diversities in the modern
oceans diminished in an order of decreasing environmenta]ystabi1ity and
predictability in terms of fluctuating temperature and salinity. Physical
stresses (energy levels), water depth and turbidity are among other influ-
ential factors. Faunas in the unstable environments are subject to

high stress and accordingly restricted to eurytopic organisms of compara-
tively low diversity. Stenohaline taxa of cephalopbds, brachiopods,
echinoderms and gryphaeid oysters are excluded from the beds of parts of the
Milton Formation; this, together with sedimentological data obtained,
indicate salinity variations and fluctuating physical energy levels. It
has been shown that diversity changes in response to increasing stress
conditions (Parker, 1974), these conditions may be in the form of reduced
salinity and/or resources in an environment.

Data obtained from the Baltic Sea (Sergerstrale, 1957) indicates
that species diversity is reduced from the Kattegat (35%), to the Baltic
Sea (25-30% salinity), which clearly demonstrates the effect of salinity
changes.

The Lower Liassic faunal patterns of northwest Scotland may be
explained adequately in terms of modern ecological concepts by postulating

a northward reduction in environmental stability from the Mull area to the



shallower waters of the Skye area, into which at least one river debouched
from the north or notheast. The sedimentary facies patterns indicate the
influx of ?freshwaters from the northen or northeastern lands, which would
effect some degree of salinity reduction close to the coast. An important
factor may have been the general reduction in water depth since an exten-
sive sheet of relatively shallow wa.er would be subjected to greater and
more unpredictable variations in factors such as salinity, temperature and
possibly the content of dissolved oxygen than the deeper waters further off-
shore (Hallam, 1972). The increase of faunal density inshore, has been
generally accounted for by suggesting an increased food supply. Ryther
(1963), showed that phytoplankton concentrations are higher in the inshore
zones, although in such case§ more phytoplankton is expected to reach the
bottom, this explanation fails to account for the fact that densities may
reach extremely high values in the most marginal environments, i.e.
hypersaline lagoons (Hallam, 1972).

Studying the faunal distribution pattern observed in the Sinemurian
of Sao Pedro de Muel, Portugal (Hallam, 1971c), an explanation based on
postulating contrasted adaptive recruitment strategies of benthonic popu-
lations in stable or unstable environments termed K and r selection
’respective]y (McArthur and Wilson, 1967), was given (see also Hallam, 1972).

This phenomenon may possibly be applied to the Hettangian-Sinemurian beds

of northwest Scotland, where the first marine beds overlie less fossiliferous,

Triassic-?Rhaetic strata containing a low diversity, high density bivalve

and gastropod fauna. This gives way up the succession to a higher diversity

fauna (Fig.5.1) but the density diminishes.  Such changes may indicate
the replacement of the fauna of a slightly hypersaline, semi-enclosed
marginal marine environment, by one of a shallow, extensive sea with near
normal marine salinaties.

Since diversity can be analysed at any taxonomic level, and as the
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number of genera at any given time interval during the Lower Lias seldom exceeds
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2 or 3, although generic data are thought to be more reliable (Hallam,
1971¢, 1976; Stehli et al. 1967), speties data is used in the plotting of
various diversity patterns. Diversity patterns in species and genera
differ Tittle from one another (Stehli et al. 1967; Hallam, 1976) so no
essential data is lost in the analyses by considering only species
distinctions. In Figures 5.14 to 5.19, the numbers of species of gastro-
pods, bivalves and ammonites (expressed in%) known in each area, are plotted
to form a north to south diversity profile for the Angulata and Bucklandi
Zones. The absence of strata of the Planorbis Zone in the Skye area

and the lack of data for the Semicostatum and Turneri Zones br the Mull
area prevent construction of lateral diversity profiles for the two regions
during these intervals. It can be seen that during the Angulata and
Bucklandi Zone times:

o Faunal diversity of ammonites, brachiopods and

bivalves decreases from the Mull area (south) to the

Skye area (north), while no appreciable change is seen

to occur in the gastropod diversity pattern.

i, Euryhaline species, together with infaunal biota

are more abundant in the southern area of study than in

the northern area. While upper brachyhaline organisms

also show the same diversity pattern during the Bucklandi

Zone times, the reverse is true for the Angulata Zone organ-

isms.  The regional diversity pattern for epifaunal species

remains constant for both areas during the Bucklandi Zone

whereas they form a larger proportion of the fauna of the

Mull area during the Angulata Zone.

i The distribution pattern of attached, sessile, active,

deposit and suspension feeding organisms is altogether very

similar during the Angulata and Bucklandi Zone times. A

greater diversity is seen in the southern area (Mull) whereas
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the fauna in the northemarea (Skye) are less diverse in terms
of life and feeding habits.

iv. While the strata of the Mull area show an overall higher
faunal content, the diversity pattern of both areas seems to
change in a similar fashion (Fig.5.1). The Angulata and Semi-
costatum Zones show diversity 'highs' whereas low diversity
values are recorded for the Turneri and Bucklandi Zones. This
pattern is repeated for the bivalves and euryhaline fauna to-
gether with the infaunal biota (Figs.5.3, 5.11, 5.13).

Vi Although the diversity of the ammonite fauna in the Mull
area shows a 'h%gh' during the Angulata Zone and Tows during the
Planorbis (and ?Bucklandi) Zone(s) in the Skye area, their
diversity increases from the Angulata to the Semicostatum Zone
which is followed by a Turneri low.

vi. In the Mull area, the diversity pattern of the gastropod
spcies.present shows an increase during the Planorbis-Bucklandi
Zone period. | In the northern area, the diversity pattern remains
constant during the Angulata and Bucklandi Zones and is lowered
during the Semicostatum and Turneri Zones.

vii. Attached fauna progressively increase from the Planorbis
to Bucklandi Zone times in the Mull area. This pattern is also
seen in the Skye area where the diversity of the attached fauna
increases from the Angulata to Semicostatum Zone times and de-
creases during the Turneri Zone (Fig.5.5).

viii, Sessile fauna show an increase in diversity from the
Planorbis to Angulata and to Bucklandi Zone times. In the
northern area (Skye) the diversity of sessile fauna progressively
increases from the Angulata to the Semicostatum Zone times,

they are less diverse 1in the Turneri Zone (Fig.5.6)



ix. The 'active' fauna of the Mull and Skye areas in-
creases during the Bucklandi and Semicostatum Zone times; their
diversity remains constant for the Skye area during the Angulata-
Bucklandi Zones and decreases during the Turneri Zone (Fig.5.7)
X, The deposit-feeding fauné become progressively more
diverse from the Planorbis to Bucklandi Zone times in the Mull
area and also for the Angulata and Semicostatum Zones in the

Skye area (Fig.5.8); they diminish in the Turreri Zone of

Skye.

Xi. While the suspension-feeding fauna became more diverse
during the Planorbis to Bucklandi Zone times in the Mull area, a
‘pronounced decrease in their diversity (from the Angulata-
Bucklandi Zone) is seen in the Skye area; in this latter region,
the Semicostatum Zone shows a marked high diversity of suspension
feedfng organisms which diminish totally during the Turneri Zone
(Fig.5.9).

xii. ~ The epifaunal organisms show periods of high, diversity in
the Angulata Zone (Mull) and Semicostatum Zone (Skye); the
Bucklandi and Turneri Zones are periods of low.epﬁaumll diversity
(Fig.5.10).

Xiiis Although upper brachyhaline organisms are present in the
strata of both regions (Skye and Mull) they show a marked decrease

in diversity during the Bucklandi Zone (Fig.5.12).

5.2 Interpretations

Understanding the nature.of control on the temporal and regional
changes exhibited by the various faunal characteristics of the Lower Lias of
Scotland will greatly facilitate an overall palaeoenvironmentsl interpre-
tation. The ecological significance of the bivalve fauna is of great im-
portance, although these have not been dealt with comprehensively. It 1is

impossible to establish a relationship between the different types of

organisms and the sediments of the Broadford Beds Groups since some species
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are ccmmon in all the various lithologies.  In such cases it is more
instryctive to consider associations of sediments with trace ard bocy
fossils (for example see Hallam, 1971b, 1576), Following Hallam (1975 ),
the fcllowing points are considered:

i Liostrea usually occurs in high density, low diversity

assemblages and is especially characteristic of very shallow

 water, marginal marine environments. Thus the presence of

Liostrza in the beds of the Milton Formation in the Skye and

 mm——————

Ardnamurchan areas together with the basal beds at Craigrure
Bay indicate marginal marire, shallow water conditions, vwhereas
+ne Loch Aline Formation shales represent & relatively deeper
water facies as evidenced by the presence of stenotopic fauna
such as ammonites.  The occurrence of Liostrea at the bzse of
the Angulata Zone at Loch Aline (bed nc.-31 of Cates, 1976)

immediately below a bed yielding a specimen of Sulciferites sp.

is either an error or an unusual occurrence of this tivalve 1in

association with stenotopic organisms. Liostrea irregularis var.

hisingeri has also been reported in association with ammonites

in the Skye area (Hallam, 1959 ), beds containing Liostrea sp.

also occur at tne base of the Liassic section (immediately over-

lying tne Triassic beds) at Craignure Bay (Mull).

. Gry-hzea is more characteristic o7 slightiy desper weater,

more open marine environments wnere armorites also cccur.

Tne above general pattern of bivalve distributicn js z1s0 sean in the
Broadford Beds Groups although sedimentolcgical evidence for the existence cf
hypersaline 'lagoonal’ conditions is totally lacking. The foliowing
ecological control factors seem to have been of importence in the cistri-
butior, of Lower Liassic fauna; although as Hallam (1575) pointed out, the

most important influences might have involved a combination of fluctuating

factors.
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5.3 Substrate

Cemented or boring bivalves are rare in the Lower Lias of north-
west Scotland, indicating that a firm substrate of rock, shells or firmly
compactgd sediment was either not available or scarce. The latter
suggestion is favoured since attached fauna are present in both of the
studied groups (Tables 5.1b and 5.2b); a slightly firm, muddy substrate
would be needed for infaunal or semi-infaunal species. Interstitial
cementation or moderate sand or silt admixtures in the clay coufd result
in such a firmness. Although a 'soft and soupy' substrate was limiting
to most suspension feeders (cf.Rhoads and Young, 1970), it is seen that
in Figure 5.9 the suspension feeding fauna show an increased diversity in
a north-south direction, during the Angulata and Bucklandi Zones, thus
indicating the probable existence of harder substrates in this latter
region.

Their low diversity in the northern area (Skye) is thought to be
mainly a function of water turbulence and the instability of substrate
(oolitic sands, sand waves, etc. as revealed by careful sedimentological
considerations) rather than its non- firmness. The general distribution
pattern of north-south epifaunal and infaunal orgénisms also suggests that
during the Angulata Zone the southern area (Mull) supported a larger popu-
lation of epifauna (? harder substates) than the northern area (Skye),
where infaunal organisms are better represented. This situation can be
accounted for by considering substrate firmness and stability in the
southern area and its instability in the Skye area, together with the en-
vironmental food-supply mechanism. Durihg the Bucklandi Zone, the firm
substrate became more similar in both regions (Fig. 5.10) and was able to
support the same number of epifaunal organisms. The infauna is practically
negligible (<10%) in the northern area and becomes rather significant in
the southern area. Figures 5.14 and 5.15 indicate that during the

Angulata Zone most of the food was available probably in the form of



98

suspension, whereas during the Bucklandi Zone it was mostly available in
the form of fine detritusin the bottom sediments. The abundance of both
types of available foods increased from the northern area of study (Skye)
to the southern area (Mull).
5.4 Turbidity

The effects of turbidity are hard to disentangle from those of
the substrate and (indirectly) salinity fluctuations near shore. It was
possibly effective for reef dwellers and probably for some of the larger
suspension feeders (Hallam, 1976).
5.5 Salinity

Possibly some genera could tolerate some abnormalities or fluctu-
ations in salinity of a few parts per mil. (e.g. Liostrea of the Loch Aline
Formation). There is a sharp diversity reduction at about 30% and
brackish water genera are absent. Figures 518 and 5.19 show the regional
changes in salinity tolerance for the fauna of the Broadford Beds Groups.
It can be seen that while the relative abundance of the euryhaline species
increases from north to south during the Angulata and Bucklandi Zone times
(indicating possible slight salinity reductions of the waters of the
northern area due to freshwater ?stream influxes), this area (Skye) supports
a greater (24-30%) salinity tolerant fauna than the southern area (Mull)
during the Angulata Zone; this pattern is reversed during the Bucklandi
Zone times.
5.6 Temperature

The water temperatures were consistently high in northwest Scotland
during the Lower Liassic times, probably comparable to the present-day sub-
tropics (Hallam, 1972; 1975 ), this is born out by evidence provided by
ostracods and corals. It should be realized that the (ostracod) palaeo-
temperature inferences are mainly based on extrapolation from the conditions
in which present-day ostracod species survive (Sohn, 1962). Therefore,

this assumption was the basic premise that the habitats of these genera
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have not changed over the past millions of years. Kronicker (in Sohn,
1964) suggests that with gradual decrease in temperature, the ostracod

Cytherella could acclimatise to new extremes of temperature. The tem-

perature'ranges given by Sohn (1962) for Recent and Upper Cretaceous

Cytherella are 4-9°C to 32°C (depth <1-675 fathoms), for Cytherelloidea

he suggested a maximum temperature of 10°¢C (depth 1-46 fathoms); these
temperatures may apply to the Liassic species of these genera but they
shoulq not be accepted without a more direct method of checking, i.e.
5180 analyses in order to ascertain if these genera have adapted to
new extremes of temperature during the Lias and Cretaceous. Bowen (1961b)
gave temperatures of between 23.8 and 31.7° ¢ for?g;g1ish Upper Lias,
with the suggested 1imits of Sohn (1964) for the two genera; although
- these are close to the temperatures apﬁ\icab]e.to the Scottish Lias
direct comparisons must await further geochemical investigations. From
the ostracod data it may be tentatively suggested that the Liassic water
temperatures were bethen 20-26°C with depths up to 46 fathoms.
5.7 Oxygen content

Oxygen deficiency was a restriction for most bivalves during the
Lower Lias, although a number of genera were able to tolerate oxygen
gtarvation for long ﬁeriods (Hallam, 1976); perhaps on account of having
‘a respiratory pigment in the haemolymph.
5.8 Ecological associations

Some of the major associations identified for bivalve groups by
Hallam (1976) may also be identified in the Lower Liassic strata of north-
west Scotland. Naturally, intergradations exist among the various groups
and each rock formation does not contain all the faunal elements cited
by Hallam.
i.  'Reefal' associations

In the Lower Liassic rocks of northwest Scotland, although beds

of lenticular coralline rock are present and are enveloped in bedded



biosparites, biomicrites and oosparites, the characteristic high diversity,
large-sized, ornamented and/or thick shelled bivalve fauna representing a
distinctive ecological association cannot be identified. The coral beds

consist of Isastrea and Thecosmilia and the fauna associated with them is

confined to: Plagiostoma, Cardinia cf. concinna, Gryphaea arcuata, Zeilleria

perforata, Calcirhynchia calcaria; the gastropod Ptychomphalus expansus

and other indeterminate gastropods, echinoid and Isocrinus debris are

commonly found in them. The possible environment of deposition was one of
Jow stress and high predictability, with warm, shallow seas within the
photic zone, high oxygen content, low turbidity and the existence of some
firm and hard substrates. Although the coral beds in the Broadford Beds
Arenaceous Group can hardly be termed 'reefs', facies 6 and 8 of the
Milton Formation are reminiscent of the 'reefal association' described.
ii. Nearshore Marine Associations

The Strath Formation (excluding the Dun Boreraig Member) in the
Skye area fits quite well into the framework proposed by Hallam (1976)
for this type of association. The Tithology consists of sandy shales,
bioturbated sandstones with. subordinate oolitic and fine-grained ironstones
to fine and coarse-grained limestones with some associated maris.  The
Loch Aline Formation presents evidence for the existence of suchvan
association in the southern area of study. The relatively high diversity
bivalve fauna includes many large and small sized epifaunal and infaunal
suspension feeders (see Figs.5.10, 5.11 and Tables 5.2b,c). The bivalves
are dominant over the other invertebrate fauna which are generally

characterized by a variety of other marine groups of lower diversity,

e.g. ammonites, brachiopods, gastropods and crinoids. Trace fossils include

Diplocraterion, Rhizocorallium and Thalassinoides. A warm shallow~water

generally well oxygenated environment is suggested which was periodically

subjected to storms and to slightly fluctuating salinity and temperature

because of its nearshore situation. The substrate ranged from firm to
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moderately soft,  The genera present in the Scottish Lower Lias repre-
senting this association are:-

Mytiloids: Modiolus, Pinna
P_teroids: Oxytoma, Camptonectes, Chlamys, Pseudolimea, Plicatula,
Plagiostoma, Gryphaea, Liostrea

Venetoids: Cardinia, Mactromya, Astarte

Pholadomyoids: Pholadomya, Pleuromya

The relative abundance of burrowing infauna during the Semicostatum

Zone times in the Skye area (Fig.5.11) indicates the prevalence of a muddy

substrate; this can also be seen for the Angulata Zone of the Skye and
Mull areas. The predominance of epifaunal elements over infaunal
organisms during the Angulata and Bucklandi Zones in the northern and
and southern areas (Figs. 5.18 and 5.19) indicates a firmer, less muddy
bottom environment.
iii. Marine basal associations

One of the two categories mentioned by Hallam (1976) can be
recognised in the Lower Liassic strata of northwest Scotland; these are
the non-bituminous bioturbated clay or 'marl' category. The predominant
lithology is calcareous shales and richly fossiliferous limestones,
together with dark, laminated, compact shales and calcareous clays.
Parts of the Strath Formation (Upper Teampull Chaon Shale Member) in
Skye, together with the Loch Aline and Leacach Formations in Mull may
be regarded as representing this association, which contains a relatively
more varied fauna. There is no definite distinction with the clays of
the near shore association and most of the fauna are found among both
strata.

The nuchids are relatively less important among the burrowing

infauna; this includes such genera as Pholadomya and Pleuromya.

Semi-infaunal and epifaunal byssate cemented or reclining genera

include Modiolus, Chlamys, Plagiostoma, Pseudolimea, Plicatula, Gryphaea,

and Liostrea; the specimen of Parallelodon cf hettangiensis reported
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by Hallam (1959) from the lower most Liassic beds in Applecross was found
in shallow water clastic sediments and cannot be regarded as representing
parts of a 'marine association.'
iv. Lagoonal associations

The dominant facies representing this association is alternating
clays and fine-grained argillaceous limestones. These patterns become
more arenaceous in the Skye area where bioclastic, oolitic and micritic
facies dominate together with (? freshwater) plastic clays. The bivalve
fauna is characterized by low diversity and high density with monotypic
(or almost monotypic) shell beds (oysters) becoming very frequent, the
shells are generally small, perhaps because the species are small or
because of a high proportion of juveniles. The fauna are mostly a
mixture of infaunal suspension and deposit feeders, the shells of which
tend to be smooth and thin with 1ittle to no ornamentation.  Hudson
(1963) related bivalve associations to salinity regimes, following his
work and that of Tan and Hudson (1974), an attempt is made here to relate
bivalve associations tentatively to salinity regimes; although it should
be realized that based on palaeontological and isotopic data, Liostrea
hebridica inhabited waters with a wide range of salinities (Tan and
Hudson, 1974; Hudson and Palmer, 1976). and the principal diversity
limiting factor may have been mostly the fluctuations rather than actual
levels of salinity (Hallam, 1976).

Mesohaline (Ca. 5-10%) fauna are totally absent from the Lower
Lias stréta of northwest Scotland, this may be a reflection of preservational
and outcrop conditions, and more probably due to environmental conditions.

Lower brachyhaline (Ca. 16-23%) fauna are represented by Liostrea
sp. found in Applecross (oolitic Facies 5).

Upper brachyhaline (Ca. 24-30%) fauna consist of Liostrea,

Camptonectes, Cardinia and Modiolu%which are well represented in the
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various facies of Skye, Ardnamurchan and Mull.

The other invertebrate fauna comprises a low density assemblage of os-
tracods and some gastropods; stenohaline groups such as corals,
brachiopods, echinoids and ammonites are absent or extremely rare.
The environment in which the above mentioned invertebrate associations
flourished were evidently those in which high stress conditions were
operative with variably fluctuating levels of salinity; on sedimentary
evidence, other movements were substantial and the substrate varied from

soft to firm.



"We must rely upon the records of rocks
and vestiges of the past to infer that all
these changes should have taken place in
very very long times and under unknown

conditions of cold and heat”

Abu Rayhan Al-Biruni
2th A.D.
Ikhwan Al-Safa

(The Epistle of the
Brethren of Purity)
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CHAPTER 6

FACIES DETERMINATION AND INTERPRETATION

In this section detailed descriptions of the rock types are given
together with other data relevant to a palaeoenvironmental interpretation.
The facies represented by each Member are depicted and their sequential
arrangements discussed (both in vertical profile and lateral distribution).

Two major phases of sedimentation are recognised; a transgressive
phase followed by a short regressive pulse, each comprising variable facies
with marked differences. Examples will firstly be described, then fitted
into general sedimentation models. Relationships among the various Formation
Members and the facies to be described are shown in Tables 6.1 and 6.2; Fig.224.
Although the beds concerned have been previously measured and described
(Hallam, 1959; Oates, 1976), sections have been measured independently for

the purpose of internal consistency.

6.1 Torr Mor Member (NG 630164) 3 m.

This member is best exposed in southern Strath, 1 km. to the northwest
of the Liassic section of Loch Eishort; it is not well represented in the
other outcrops of the Broadford Beds Areanceous Group of this area. It may
be divided into three facies from base to top. The total thickness of this
Member cannot be determined accurately and the thickness of each unit is
given at the individual 1oca1itjes.

As the beds of this Member represent the lowest unit of the Jurassic
of northwest Scotland, marking pronounced changes of depositional conditions
from those prevailing here during the Triassic, it has deemed important to

investigate the nature of their contacts with the underlying strata.
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6.2 Basal contacts
i. Applecross (NG 44757265)

The Triassic/Liassic contact may be seen at the northern bank of the
stream running southeast of Applecross House (NG 44757205). Here Triassic
red mudstones, siltstones and conglomerates are overlain by a 1 m.
development of whitish, grey-weathering calcilutites with variable

compaction and uniform (15-20 cm.) bedding.’ Opaque material is present as

linings of some recrystallised shells and as rounded pellets. Rounded,
micritic 1imestone pellets are present together with rounded,.fine sand grade

quartz (Plate 6.1).

ii. =~ Northern Strath (0b Lusa) (NG 700250)

The Triassic/Liassic junction is difficult to determine here. The
typical Liassic silty bioclastic limestone beds over]ié 2.50 m. of beige-
yellow, light-green weathering silty maristones which contain abundant
rounded limestone pebbles. In places these are indurated and contain broken
shell fragments together with coalified plant remains. The lowermost beds
are bioturbated, poorly sorted, moderately sandy biopelmicrosparites with
few shale partings. The top surfaces of these beds'show structures hitherto
not reported from the Triassic beds of northwest Scotland, and which are
also absent from the ?Rhaetic of the Skye area. These surface markings
consist of a sub-spherical to spherical calcareous centre (3-5 cm. in
diameter) with slender, outward radiating arms (15-20 cm. long, 10-15 mm.
thick), composed of yellow-weathering limestone, which frequently branch
out away from the central sphere, forming an interconnected network in

places (Plate 6.2).

iii. Southern Strath (Loch Slapin)  (NM 586184)

The Liassic exposure at Loch Slapin has long been regarded as a good

example of an angular unconformity where Jurassic rocks overstep the
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previously formed strata to rest directly onto Lower Palaeozoic limestones
(Peach et al., 1910; Hallam, 1959).

Kalander (1974) reported a number of previously unnoticed Mesozoic
rock outcrops over the Durness limestone and the Torridonian sandstone of the
southwestern Strath area, and provided a full description of each locality
supplemented by detailed maps. The main interest here is in the two
successions reported from the Camas Malag area (NM 58701864 ) at his locality
14 (NG 584186)., See also Steel et al. (1975, Fig. 3, Tocality 5).

The two successions are found as patches of very steeply dipping (up
to 800), bedded finely Taminated dark grey indurated silty shales with
lenses and wedges of cross bedded coarse, angular sandstones (paraconglomer-
ates of Steel et al., 1975). The shales also contain thin (1 cm.) layers
of rippled orthoquartzitic angular pebbles (Plates 6.3 and 6.4a).

Thin sections of the two parts shows the cross bedded coarse sandstones
to be composed of angular polycrystalline quartz; the black indurated silty
shales consist of silt-size angular quartz with wavy extinction, mica flakes
are present and are aligned parallel to the fine laminations; a few
echinoderm fragments are seen. Kalander (1974) reports the presence of
tension fissures and minor (micro) faults cutting across the rock. The
presence'of aggregates of Durness limestone boulders in the "pelite" itself,
as claimed by Kalander, cannot be supported here. These beds appear to form
a thin cover over the Durness limestone and in most cases seem to fill the
many irregularities in these lower Palaeozoic beds. The dark indurated
"pelites" are regarded as being of definite Jurassic age by Kalander (1974)
from echinodermal evidence and their vertical and lateral relationships with
the surrounding strata.

In this locality certain outcrops are found which consist of Durness
limestone boulders up to 1 m. across enclosed in a carbonate matrix which
is referred to by Oates (1976) as a "grey, crinoidal micritic Lias matrix".

This limestone paraconglomerate (Steel et al., 1975) overlies the Durness
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limestone in some places and is seen to interfinger with the dark quartzitic
silty shales. The paraconglomerates are composed of quartzitic fragments
together with Durness limestone clasts in a carbonate matrix and occupy
fissure systems within the Durness sequence (Steel et al., 1975).

The cross stratified, orthoquartzitic angular pebble wedges within the
dark shaly siltstones show a dominant transport direction towards the south
west. They appear to have been deposited concurrently with the indurated
shales, as evidenced by the presence of lenticular shale clasts contained
within the "orthoconglomerate" and also by the presence of micro "flame
features" (Conybear and Crook, 1968), composed of finely crushed quartzite,
ét the interfaces of the two 1ithologically different beds. It can be seen
that superficial layers of semiconsolidated, well crushed quartz fragments -
have been pulled up from the surfaces of the "orthoconglomerate", forming
distorted lobes and wavy strings within the dark mudstone. Undoubtedly
these structures were formed due to the drag effect of the movement of a
sediment-laden current on a semi-consolidated surface. Probably while an
extremely turbid immature sand mass was carrying its load down a steep slope
it gradually dropped it, and while moving, this load deformed the hydro-
plastic to quasiliquid surface over which it moved by plucking up and
streaking-out the upper layers. This process is seen to occur in flume-
simulated turbidity currents (Kuenen and Menard, 1952).

The relative ages and significance of the conglomerates and dark shales
are of considerable importance in this area. Steel et al. (1975) suggested
that the two types of conglomerates and the shales are lateral equivalents

of one another and are at least partly of Jurassic age for the following

reasons:
a. The paraconglomerates locally overlie the dark silty shales.
b. The orthoconglomerates and paraconglomerates interfinger with the

shales.
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The above suggestions are supported here, based on personal observation
and collection of field data. It is evident that the silty shales partly
forming the matrix and surrounding the wedges of cross bedded ortho-
congiomerates are of definite Liassic age, however, the cross laminated
- orthoconglomerates themselves have a more ?Rhaetic affinity as evidenced by
similar clast composition and lack of fossils.

Fine grained pebble conglomerates, the matrix of which contains
echinodermal debris, can be found to overlie Triassic conglomerates only a
few hundred metres to the southeast of Camas Malag (NG 585181). Here the
Milton Formation is overlapped by the Strath Formation along a short
interval (from NG 58401850 to NG 58881835, along the line indicated on
Fig. 6.1); this shows that the Strath Formation directly overlies the Durness
Limestone (at 1east‘in most parts) along thé shore of Loch Slapin, and the
Triassic conglomerates immediately inland. This finding differs from that
of Hallam (1959), who suggested that the 'Lower Broadford Beds' (Milton
Formation) "wedge out completely" towards Loch Slapin. However it is
acknowledged that the Strath Formation (Upper Broadford Beds) becomes
thicker towards the southwest at the expense of the Milton Formation
(Lower Broadford Beds) in the Strath area.

It should be noted that the 5 metres of paraconglomerate reported to
unde;lie the Strath Formation along the course of Allt nan Leac and to the
east of the road to Suisnish (NG 58101864), is regarded by Dr. Steel as
being unmappable and hard to define (pers. comm., 1975); careful examination
in the field by Professor Hallam and the present author (1976) only
revealed the existence of Durness limestone beds underlying the Liassic
strata containing Gryphaea along the course of A11t nan Leac. No comment
is added here, on Kalander's Figure 3.21 (1974).

Probably the interstratal solution of the carbonates of the Durness

limestones produced a modest palaeokarst landscape during early Liassic
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times; this was preserved as "buried karst" (Quinlan, 1972) when inundated
by the turbid waters of later Liassic seas. Eroded surfaces of upstanding
Durness limestone "pillars” within the Liassic (Strath Formation), dark
shale matrix (together with some Durness Limestone fragments) would appear
as paraconglomeratic beds containing lenticular and rounded clasts.

The formation of "rock" as a result of tropical karstification (Blaszcs,
1968) together with pseudostructural fissure caves (Jackus, 1977) as a
result of surface rock slides and the collapse of large blocks may also
produce the features observed here.

In view of the existence of Liassic conglomerates and pebble éong]omer-
ates both at the base and top of the Milton Formation at Loch Eishort,
Ob Lusa and Applecross, the existence of conglomerates at Loch Slapin is
not regarded to be unusual. It will be shown that the Mitton Formation
thins out considerably in Loch Slapin and is partly but not completely
overlapped by the Strath Formation; the silty shales with orthoquartzitic

lenses at Loch Slapin may be partly related to the Breugh Pebble Member.

v. Skulamus (NG 665205)

The nature of Torridonian/Jurassic contacts here 1is uncertain; on the
Geological Survey 1" and 6" maps, the Liassic strata are shown to be in
fault contact with the immediately underlying Torridonian sandstones. In
places their relationship in the field is unconformable, the Mijlton

Formation immediately overlying the Torridonian sandstones.

V. Loch Eishort (NG626162)

Along the northeastern shore of Loch Eishort, lower Cambrian quartzites
are, in places, directly overlain by Liassic biomicrosparites containing
subangular quartzite pebbles (?dropstones) up to 3 cm. in diameter. In

this area the blue limestones of Liassic age appear to be "welded" (Peach



et al., 1910) onto the quartzite.

vi. Raasay, Rudha nan Leac (NG 595385)

The basal facies of the Torr Mor Member is not represented in Raasay.
These have probably been faulted-out. However the Triassic/Liassic contact

at Rudha nan Leac is not faulted.

6.3 Conglomeratic Facies 1

At Torr Mor (NG 630164) a 50 cm. thick unit of coarse, poorly sorted,
matrix-supported, polymodal, unstratified, ungraded conglomerate with an
unordered fabric (Plate 6.5) directly overlies the ?Rhaetic orthoquartzitic
sandstoqes and Triassic conglomerates; in places, they overlie the Cambrian
quartzites exposed in this area.

These conglomerates are regarded as distinct from the underlying

Triassic conglomerates for the following reasons:

1. They do not contain clasts composed of Torridonian sandstones.
1. ©  The cement contains minute bivalve and gastropod shells.
i1y, They overlie white coarse grained sandstones which are regarded

as being ?Rhaetic elsewhere in the northern region.

The clasts vary from ca. 1 mm. to 9 cm. and are mainly composed of
angular quartzite fragments and subangular cherts; the clast composition of
this bed is given in Fig. 6.2.

Laterally these beds thin towards the north and northeast until they
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wedge-out at NG 639170. At Torr Mor this facies is seen to overlie 10-15 cm.

of blue micritic limestone.

6.4 Pebbly Sand Facies 2

The total estimated thickness of this facies is 1-2 m.; it overlies

the Conglomeratic Facies 1 and consists of pebbly sandy limestone lenses
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(up to 5 cm. wide, 25-45 cm. long). These lenses are interbedded with very
sandy shales 2-6 cm. thick containing occasional subangular
quartzite pebbles. The sandy limestone lenses show sharp contacts with the
sandy shale interbeddings and show wavy (?rippled) tops together with trough
cross laminations which are in places lined with pebbles. The cross laminae
are mainly straight and the surface beneath each set is non-erbsiona].

The cross laminae of each set are discordant with respect to the lower
bedding surface and are lithologically homogeneous. These may be termed
"Alpha-cross-stratification" (Allen, 1963). The pebbles which line the
cross laminae are sometimes as large as 6 cm. in diameter. The outcrop of
this facies was followed to the northwest laterally and at two successive
stations (Fig. 6.3) palaeocurrent measurements were taken; these are
represented in Figures 6.4 and 6.5 (details of all palaeocurrent data obtained
together with the method followed are given in Appendix 2). Further inland,
along the eastern outcrops of the basal Liassic beds, immediately overlying
?Rhaetic, Triassic or Torridonian strata (from Heast to Skulamus), this
facies is represented by faintly cross laminated sandy limestones with very
thin beds of rounded, sorted pebbles up to 4 cm. in diameter. The pebble
composition of these beds was determined at different stations (for the whole

of the Lower Liassic outcrops of Strath) and are presented in Fig. 6.6.

6.5 Calcareous Sandstone Facies 3

The estimated thickness of this facies is 2-3 m. (NG 637190). This
unit is composed of faintly tabular cross Taminated sandy Timestone lenses
with wavy sandy shale partings; the partings occasionally contain rounded
quartzite pebbles (ca.4 cm. in diameter). The cross laminated beds show
non-erosional wavy lower contacts with the underlying strata. The cross
laminations have a discordant relationship with the lower boundaries of the

beds.
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The three facies of this Member are not fully represented at each of
the main sections of the Milton Formation, however they may be
conveniently separated from the other Members by establishing an upper 1imit;
for this case this upper limit is represented by the Ob LusaCoral. Member H which

the coral Isastrea murchisoni 1is present. The blue micritic limestones of

the Ob Lusa Member are present at Applecross and Lusa; further inland towards
Heast, the coral limestone is also present and can be observed at two
localities as previously mentioned. In the Strath district, a blue micritic

Timestone containing the coral Isastrea murchisoni succeeds the Torr Mor

Member at various localities, the base of the blue limestone was taken as the
“upper limit of the calcareous Facies 3 and its lateral extent followed. In
general the exposure is very poor and complicated due to faulting; in many
places the sequence can only tentatively be ascribed to the Torr Mor Member
or, at timesseven the Milton Formation, the criteria for this distinction
in this latter case being an upper 1imit of calcareous shales and limestones

containing beds of Gryphaea arcuata and a lTower 1limit overlying white ortho-

quartzitic cross bedded sandstones of ?Rhaetic age (where present) and
Triassic orthoconglomerates.

As mentioned previously it is difficult to establish a complete
succession throughout the lateral exposures of the various pebble beds as
determined and presented in Figure 6.7.

Considerable variation (except for a few cases) exists among these beds;
significant lateral differences among the various outcrops are also seen in
thin section. Although no attempt has been made to quantify the differences
(due to uncertainties of exposure) a pronounced change is seen in terms of
clast composition among these beds in Central Southern Strath from locality 6
to 14 (Fig. 6.7). It is seen that in southwest Strath (localities 10-14)
this Member (and others of the Miiton Formation), although distinctly

different from those of the Strath Formation, becomes more compact and the
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gastropod, bivalve and echinoderm content increases; lithoclasts are totally
absent and also the quartz sand is mostly composed of normal rather than
polycrystalline grains. Mud pellets present, are mostly elongated due to
pre-lithification compaction and the oolith content is considerably

diminished, while the limited amounts present are reworked and washed-in from
other environments (P1.6.6) . The carbonate content decreases toward the top
of these beds and so does the amount of superficial ooliths and pellets; the
topmost bed is a calcareous sandstone (wakestone) with grains mostly in the
fine sand rénge 2 - 3 ¢.

In Applecross (NG 44757265), beds representing the conglomeratic facies
erosively overlie ~ 90 cm. of greyish, silty dismicritic limestones of
?7Jurassic age This facies is represented by a 1.30 m. thick
succession of pebbly calcareous sandstones alternating with fine
grained friable sandstone sheets containing abundant plant remains.

The pebbles are mainly up to 4 cm. in diameter and composed of pink quartz
fragments, although chert is also present. The beds are 30 - 35 cm. thick,
poorly sorted, show grading and undulose erosive lower contacts, the three
alternating, plant-bearing friable sandstones transitionally overlie these
beds and are each 15 - 20 cm. thick. These are beige-coloured, greyish
weathering, laterally impersistent beds which assume a sheet-1ike form in
places; they also contain mud pellets and iron oxide stains are common.

The total pebble and sand- content decreases from the base to the top of

this facies in Applecross.

6.6 Interpretation

i. Conglomeratic Facies 1

The polymict, matrix supported nature of the beds of this facies,
together with the other characteristics mentioned, suggests the presence of

subaqueous sediment gravity flows (Middleton and Hampton, 1973). Debris
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flows and (in rare cases) grain flows being the main transporting mechanism.
The existence of bivalve shells within the calcareous cement, lack of mud
and scarcity of plant remains together with the progressive fining upwards
("dilution”) of these beds, rules out the possibility of a subaerial origin
for the conglomerates. Debris flow is taken here as meaning a rapid flowage
involving clasts of various compositions in a viscous medium. Larger clasts
moved in a matrix of finer particles and ?water, with the finer components
(pebbles and coarse sand in bluish carbonates) probably acting as a single
fluid with high viscosity. The inverse grading (Fisher, 1971) reported from
such debris flows was not seen here. There is also a lack of horizontal or
imbricated orientation and graded bedding (Bull, 1972). The larger clasts
are distributed uniformly throughout the thickness of the flow. It is
generally considered to be the product of a highly viscous flow with a
laminar mode. In such masses the clasts are generally carried by a watery
mud matrix. The mass moves slowly and when the downslope pull of gravity no
lTonger exceeds the shear strength of the debris it will stop; in this manner
no current structures will develop within the flows (Collinson et al., 1977).
Megabreccia (Mountjoy et al., 1972) and debris flows represent marginal
facies of basins bordered by carbonate banks and shelves or reef compliexes.
The occurrence of these deposits in the ancient record has been summarised by
Mountjoy eta¥1972), Cook et al. (1972) and Srivastavaet al.{19/2).. Some of the

characteristics of these beds, as given by Mountjoy et al. (1972) are as

follows:

a. They occur immediately adjacent to carbonate (or any other) buildups.
b. They form thin sheets (3 - 12 m. thick) and some lenses and channels.
C. Most coarse clasts are subangular or angular.

d. The matrix around the clasts is dark 1ime mud containing intermixed

microfauna (and lamellibranchs).
e. Clast size variation is between silt and cobbles 15 - 20 cm. across

and are subangular to angular.
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f. Clasts were somehow mixed with Time mud and silt.

g. The deposits were derived and transported under subaqueous shallow
marine conditions,

h. Although palaeoslopes cannot be reconstructed for the Liassic debris
flow conglomerates, Mountjoy et al, (1972) found that in such beds
transportation was as follows:

a. Clasts were transported down slopes of very low angles (1—30 or
less); these were derived from buildups or banks with Tow relief.
There is only circumstantial evidence for the existence of Tow
angle slopes during early Liassic times, nevertheless, the above
evidence is regarded to be sufficient.

b. The clasts were transported considerable distances into a shallow
marine basin containing Time mud and very fine grained Timestones.

c. The clasts were transported as a single event (indicated by the

lack of bedding, stratification etc.).

The main genetic problems of studying such deposits was adequately
discussed by Mountjoy et al. (1972) a summary of which follows:
1. Detachment of clasts |

Subangular and variable sized clasts suggest the lack of prolonged
reworking and relative proximity of the source. Several mechanisms have
been suggested for clast detachment, e.g. earthquake shocks, storm waves,
gravity acting on an oversteepened bank margin. Overburden created by the
movement of Targe reptiles may also contribute towards the detachment of
Toose blocks,so are the simple mechanical erosional effects of day versus
night temperature differences.

It is not possible to determine which of the above was the main
contributor and/or if a combination of mechanisms was involved. It is
probable that the detachment occurred due to earthquakesacting in concert

with the effect of gravity (together with other factors). This effectively



116

created an instability of the seaward margin of the upstanding quartzite and
Durness Limestone blocks which existed during the Trias in central Skye
(Steel, 1974; Steel and Wilson, 1975) and which may have extended into the
Lias.
2. Initiation of movement

The initiation of movement in submarine masses is poorly understood.
The allochthonous deposits must represent submarine mass movements responding
to gravity forces which were responsible for the mixing and transport of the
debris somehow. Factors which reduce either the shear resistance between
particles or blocks and the substrate or the concentration of solids will
help to initiate movement (Cook et al., 1972). Important factors in this
case are, increased pore pressure, instability of buildup margins, flooding,
storm or wave activity, tsunamis (Coleman, 1968) and earthquakes .

Submarine gravity movements were divided into four categories by
Dott (1963). A more theoretical interpretation of the transport mechanism
of these sediments is also given by Bagnold (1954b,1956, 1965, 1968). The
beds of Facies 1 represent a type of "mass flow" as evidenced by:
a. Disarticulated clasts surrounded by calcareous matrix (paracong]omerate
texture) are seen.
b. Wide variation in size of clasts exists.
c. Boulders and blocks are predominantly angular to subangular.
d. Complete mixing of variety of clast types during transportation has
occurred.

e. Lack of stratification and sorting.

f.  No disruption of underlying strata was observed.

3. Mode of deposition
The deposition of these beds took place as a unit rather than as a
gradual upward deposition, as indicated by the virtual lack of traction or

internal shearing features within the beds and lack of normal grading,
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parallel laminations or current ripple lamination that could be formed when
turbidity currents gradually deposit thin debris. This would be
characteristic of deposition from a grain flow in the viscous regime. The
beds of facies 1 are massive, poorly sorted and always non-graded, all of
which are suggestive of deposition as a single sedimentation unit.

Features observed in these submarine debris flow deposits are also
characteristic of viscous, subaerial mud flows (Blackwelder, 1928; Shreve,
1968, Broscoe and Thompson, 1969), but the presence of disarticulated
bivalve shells strongly rules out this possibility. Johnson (1970) suggests
that in such deposits the flow is laminar and the shear stress within the
flow is very low.

Although the lack of fine grained clayey material in the beds suggests
that "olistostromes” (Abbate et al., 197Q) are not
present, the obvious age difference between the matrix (Lias) and clasts
(derived from Cambrian quartzites and Timestones) remains and justifies the
use of this term. Northwest pointing palaeocurrent data (scarce) together with
thinning of these beds towards the north and northwest provide a picture in
which a viscous clastic body built its way subaqueously (to the west and
northwest) into a shallow basin while progressively losing its “shear"
strength and larger clasts due to the aqueous dilution effects, becoming
finer grained. Lack of adequate exposure precludes the further study of the
morphological features of these beds. Comparisons may be made with alluvial
fan deposits (Davis, 1925; Blissenbach, 1954; Allen, 1965b; Hook, 1967, 1972;
Wasson, 1974), the abundant debris supply being provided by the rapid
dissection of highland areas which were separated from the lowlands by a
break in slope (probably a fault scarp). Ephemeral flooding due to flash
storms may have been the main transporting agent, carrying the sediments on
slopes which were unable to support much vegetation.

Alluvial fans are produced and preserved as marginal facies of the

basin of deposition (Reineck and Singh, 1973). Conglomerates of this facies
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are not found elsewhere in the northern or southern areas of study and only
Facies 2 and 3.are well developed and represented-(Fig.-6.8). This isolated
occurrence of facies 1 type deposits eliminates the possibility of extensive
alluvial fan building processes operating during early Liassic times in
northwest Scotland. In the Skye area sediment was carried from source areas
in the east, northeast and™north along gentle slopes into a main depocentre
situated off northwest Raasay. This uniform pattern was interrupted by the
existence of relatively small, isolated but resistant blocks of upstanding
Precambrian quartzite (to the east) and Durness Limestone (centre), the
rapid erosion of which produced channels that were subsequently infilled by
minor subaqueous debris flows. Outcrops of Torridonian sandstones did not
contribute much sediment to the depocentres (see later sections).

Immediately underlying the conglomerates of the Torr Mor Member the
existence of whitish 1imestones with a pelleted mudstone microfabric (of
?birdseye origin) together with a very limited fauna suggests
the formation of very shallow, cut-off ponds and lagoons in which very fine
muddy sediment accumulated (Wilson, 1975). These sediments are commonly
pelleted with rounded micritic grains showing internal cross-partitioned
structures of ?algal origin which suggests derivation from environments
where algae thrived; the fenestrules (?birdseyes) contain crystalline calcite
with a void-filling pattern which may have resulted from their desiccation
(Shinn, 1969) best found well developed in areas of tidal flats where
persistent inundation and exposure are experienced (Fischer, 1964). The
absence of any other indication for the existence of tidal flats, the obvious
features being stromatolitic structures, mudcracks, linsen and flaser bedding
with megaripples, herringbone cross stratification etc., (Reineck and Singh,
1973; Raaf and Boersma, 1971; Reineck, 1972) rules out the above
possibility. As these beds overlie those of the Rhaetic and underlie

definite Liassic conglomerates, their stratigraphic position may be
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tentatively chosen as that of ?infra Liassic; these beds probably form the
main source for abundant rounded brown micritic pellets which are found in
the succeeding strata of facies 2 and 3. These Facies are represented by
silty limestones and calcareous shales in eastern Raasay, and contain a
minimum content of pebbles. The existence of outcrops of Durness Limestone
during Lower Liassic times provided an ample source of CaCO3 which formed

the matrix of the strata of Facies 1; this also contributed to the micrite
content of small, shallow subaqueous coastal ponds into which coarse, poorly
sorted quartzitic fragments built, forming paraconglomeratic masses. Periodic,
short-1ived phases of instability in the hinterland (possibly in the form

of earthquakes) initiated the movement of these debris-laden paraconglomeratic
masses which while responding to gravity forces, moved down relatively low
slopes and built-out tow;rds the basin of deposition.

The paraconglomerates of Facies 1 abruptly become calcareous pebbly
sandstones, shaly sandstones with minor pebbles of quartzite, chert and
Timestone towards their tops and adjacent to Facies 2 and 3. The lenses of
calcareous shale which become apparent towards the top of Facies 2 and 3,
are seen mainly in areas where beds of these facies directly underlie those
of fFacies 3 and 4 (cf. Applecross). The dominantly clastic sediments were
deposited by northwest and westward flowing currents in a belt extending
eastward (inland) from the edge of palaudal and semi-enclosed lagoonal areas
near the sea to a relatively higher hinterland and in places (e.g. Applecross)
beds of facies 2 and 3 can be seen to underlie the ?lagoonal Facies 4 and 5;
here they overlie Triassic-Rhaetic strata whereas in Torr Mor they overlie
Cambrian quartzites. The pebbly cross laminated sandstones of Facies 2 and
3 resemble "coarse member deposits" reported from ancient alluvial sediments
(reviewed by Collinson et al., 1977), but the presence of echinodermal debris
etc. rules out any possible subaerial transportatioﬁ and deposition. The

sedimentation pattern of Facies 2 and 3 clearly indicates deposition under
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highly turbulent conditions and deeper normal wave base which, together

with the presence of reworked oﬁen marine fauna indicates transportation
under turbulent, wave dominated conditions which mixed the faunas derijved
from further offshore positions with clastic sediments derived from near-

shore areas.

ii. Facies 2 and 3

Overlying the conglomeratic beds of Facies 1, the presence of sandy
limestone lenses showing alpha cross stratification (see Allen, 1963 for
review) may indicate that these units were constructed in shallow water by
the building of solitary banks with "straight or curving leading edges
above slip-off faces".  This mode of origin can be seen to occur at the
present day. In modern braided rivers solitary banks are common, they also
form in estuaries, on beaches and in shallows just off beaches (Allen, 1963).
The presence of very thin impersistent beds of rounded quartzitic pebbles
within the sandy limestone may reflect conditions of intermittent uplift
and erosion operating in the hinterland, providing the depocentres with a
non-permanent source of supply. The influence of wave motion in sands may
be inferred by the recognition of long-crested ripples with rounded profiles.

The formation of combined flow ripples and wave ripples of Facies 3
indicates that the sandy limestones formed in an environment where currents
and waves coexisted (Harms et al., 1975). As a response to an imposed
oscillatory motion, the ripple crests have become longer, more sinuous and
the profiles are rounder, though still asymmetric as compared to current
ripples (Harms, 1969). The stratification produced by such ripples
would be inclined in the downcurrent direction, the laminae are tangential
to lower bounding surfaces and are not distinctly trough-shaped. Also,
asymmetric, rounded ripples with a consistent migration-direction develop
under shoaling wave action, wave ripples indicate that wave motion related

to wave oscillation is dominant and current drift is negligible (Harms
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EE”il°’ 1975). Regarding the dynamics of transport and deposition, the
incipiently tangential contacts of foreset laminae suggest relatively higher
transport velocities and bed shear stress, with a greater proportion of the
particles carried in suspension, beyond the lee surface and deposited in the
form of bottomset and topset (Jopling, 1965b; Reineck and Singh, 1973). The
existence of tangential units with gentle dips suggests a high "depth ratio"
(ratio of the depth of stream flow to the depth of the basin of deposition
(Jopling, 1963, 1965b)); the indices of foreset laminae (Jopling, 1966) are
useful guides in demonstrating the relatively high current strengths which
were operative during the deposition of Facies 2 and 3.
a, Maximum angle of dip of foreset lTaminae is less than the static angle
of repose (about 200).
b. The character of contact between foreset and bottomset is mostly a
tangential shape.
c. The foreset laminae are less sharp and distinct, i.e. there are little

textural contrasts between adjacent laminae.

Although conclusive evidence is lacking, Facies 2 and 3 may be
regarded as representing the development of an incomplete submarine discharge
system, building out into very shallow ?off-beach environments of an open-
circulation shelf-lagoon (Facies 4). (See also Fig. 6.9).

The result of pebble composition determination and counts for these
facies shows that the clasts have their origin in very local relief.
However, this contrasts with their high degree of roundness maturity

., which suggests distant source areas or, alternatively, longer periods

of reworking. The latter explanation is preferred. It is likely that the
pebbles represent reworked redistributed deposits of previously formed facies
and may be termed "relict" (Swift et al., 1971). The occurrence of
quartzitic pebbles (and pink quartz) together with chert fragments in the

underlying facies, indicates derivation from exposed sources with quartzitic
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sands and cherts. Large pebbles form a relatively small proportion of these
beds, therefore the term "conglomerate" cannot be applied to them. Of the
various pebbles found in the Breugh Pebble Member, only a few may be

recognised in these beds.

1. Quartz

a. Metamorphic

Some of the pebbles found in these beds show a quartzose mosaic with a
simple equiangular texture, with the uniform extinction typical of quartz.
This pattern was referred to by Macgregor (1952) as a "tessellate mosaic".
Most however, show elongated sutured grain boundaries and undulose extinction
of quartz. These features were shown by Macgregor (1952) to be characteristic
of the Moine thrust belt and the Core Schists of the Morar Anticline. Quartz
pebbles with elongated sutured grains are very common in the ?Rhaetic beds
of this area as well; the presence of such pebbles in the sandstones of the
Great Estuarine Series is regarded as good evidence that Moinian Schists
were exposed in the source area (Hudson, 1964.). The existence of such a
source area is also postulated during the Lower Lias (?Rhaeto-Hettangian)
times in 1ight of the evidence given above. Some pebbles with even-grained
mosaics are also found. Pure quartzites are more common in the Dalradian
than in the Moinian (Hudson, 1964). The evidence for this is not conclusive
and Phemister (1960) mentions that quartz veins in the Moinian may have a
deceptive similarity to quartzites. In the absence of accessory muscovite,
zircon, epidote and apatite the true origin of these pebbles may not be

recognisable. The intense elongate suturing suggests high-stress metamorphism.
b. Orthoquartzites

Pebbles with rounded quartz grains of a recognisably detrital origin
and variable size are seen; silica cementation has not occurred and the

outlines of grains are clearly visible. These pebbles resemble the Basal
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Cambrian of northwest Scotland and may have been derived locally from their

outcrops.

C. Vein quartz

The quartz in these pebbles contain bubbles (Hudson, 1964, first reported
such ?2fluid inclusions in the quartz pebbles found in the Great Estuarine
Series) and are Ftrong]y deformed as evidencedby undulose extinction and
granulation of the crystal boundaries. The presence of these pebbles in the
beds is somewhat insignificant as far as the determination of source is
concerned, since they may have come from any of the Scottish metamorphic

rocks previously exposed in tne area.

2.. Chert

These pebbles are mostly dark grey and appear as being very carious.
In thin section their main constituent is pale brown granulo-chalcedony
(Smith, 1960) with an apparent grain size of 5-10 um; within this cement are
areas of finer grained and darker chalcedony which may represent replaced
pellet and oolith structures Some of these cherts may be
compared with those of the Durness Limestone and those reported from the
Great Estuarine Series (Hudson, 1964) which were supplied by the same source
material. The chert pebbles are almost certainly of silicified
pellet (?00litic) limestone. The pellets are of fine grained brown
chalcedony in a matrix of clearer chalcedony which coarsens away from the
pellets. This phenomenon has been observed in the cherts of the Great
Estuarine Series (Hudson, 1964), the conclusion being that the pellets were
silicified before cementation; this texture is reported to occur in parts
of an oolitic chert from Division I of the Durness limestone (Hudson, 1964).
Many other textures have been identified in the cherts of the various
divisions of the Durness limestone (Hudson, 1964; Kalander, 1974). Their

occurrence in the Broadford Beds Groups has not been met with and although
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direct comparison has proved to be difficult, the Durness [imestone seems to
be the most probable source for the cherts found in the beds representing
Facies 2 and 3. The conglomerates of the Torridonian also contain a
significant proportion of chert (Teall, 1907) and may have been a possible
source, but the absence of reddish chert (jasper) which commonly represents
the cherts of the Torridonian, together with the lack of pink quartz and
reworked, rounded, red arkoses (typical of Torridonian arkosic sandstone
pebbles found in the Triassic conglomerates underlying the Lower Liassic
beds) in the beds representing this facies, indiéates either subdued
Torridonian topography during this time or the total disintegration of the
arkosic pebbles prior to their deposition. The former explanation is
favoured here since although the disintegration of the arkosic fragments
would provide the necessary detrital quartz fragments, it would also release
a considerable proportion of reddish ?iron oxide pigmentation of the beds
together with pink quartz and jasper which would have remained within the

basin along with the other constituents.

3. Source

The existence of the Moine rocks (metamorphic source) of the Northern
Highlands as a source area is indicated for most of the pebbles, with major
contributions of orthoquartzites which may have come from the Cambro-
Ordovician rocks. Cherts from a Cambro-Ordovician (?Durness) source area,
although a minor constituent within these beds, significantly points to the
existence of Durness source rocks. No Lewisian and/or Torridonian fragments
were seen in these beds and the rocks which do occur, are medium grained,
siliceous and well cemented, i.e. possess properties which would render them
resistant to chemical weathering. As pointed out by Hudson (1964), this may
explain the absence of the Lewisian but cannot explain the surprising
absence of the Torridonian clasts; the arkoses were most probably broken down

during the process of weathering.
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6.7 Applecross House Member
Two Facies are recognised within this Member:

i. Shaly Facies 4

ii. Oolitic Facies 5

i. Shaly Facies 4

The total thickness of this facies is 3.70 m., its lower 2.30 m. consists
of dark grey sandy fissile shales which are partly altered at their base By
the: intrusion of a sill. These beds are very finely laminated in their
topmost parts and they contain a high proportion of muscovite. The CaCO3
content is moderate and as shown in Fig. 6.10 there is a high proportion of
smectites present among the ciay minerals. When fresh, the topmost parts of
these beds is olive-green in colour and appears to be very plastic. The
top parts are also laminated, with the laminae compced of layers of muscovite-
rich silt, high in CaCO3 content. These layers laterally grade into lensoid,
micro concretionary-like masses composed of muscovite, silt and calcite.
Broken-down, coatified material is abundant, especially in the topmost 20 cm.
layer where shaly micaceous siltstone layers underlie the immediately succeeding
sandstones.

They also contain minute, broken-up ostracod shells. At the 1.40 m.
level, a 70 cm. thick bed of shelly Tlimestone occuré, with several thin silt
interlayers showing undulating contacts. This is a matrix-supported silty
biopelsparite (up to 47% quartz), with plagioclase feldspars. Glauconite is
present but not very common, and bivalve shells are common.

Above this band occurs a greenish-yellow, plastic clay unit about 40 cm.
thick, which contains a thin bed of black calcareous shale containing remnants
and fragments of thick-shelled bivalves; it contains less mica than the

surrounding shales and occurs as horizontal, wavy forms within the plastic

clays. Succeeding the shales is a 15 cm. thick bed of limestone followed by
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another bed of clay of the same characteristics as the previous one. These
beds are followed by a shaly calcareous siltstone containing abundant coalified
material; their contact is undulose. The relationships described above are
shown in Figure 6.11. It is also interesting to compare the clay mineralogy.

The smectite content markedly decreases in the dark, flame-like features,
and the kaolinite content becomes significant. The opposite is true for the
plastic clays, both smectite and kaolinite form a low percentage of the top-
most shaly calcareous siltstones.

The topmost beds of this facies are 1.60 m. thick, and comprise massive
calcareous sandstones with somewhat large sub-rounded quartz pebbles (1-1.5 cm.
in diameter) on their top surface. The limited exposure of this bed along
the stream does not allow a detailed description and only wavy, low-
amplitude sheet-like features were seen. In composition, the bed is a silty
bio-oopelmicrosparite packstone with < 14% silt (3,4,5¢). It is almost
entirely composed of broken, rounded bivalve shells with a thin micrite
coating. Asymmetric ooliths are also present together with rounded limestone
pebbles and geopetal structures are common.

This facies contains a fauna of Cardinia sp. and thick shelled Liostrea

are seen in the shales.

ii. 0Oolitic Facies 5

In Applecross, the total thickness of these beds is 6.40 m. (Hallam's
beds 6, 7, 8). At its base this facies consists of 1.60 m. of dark olive-
grey brownish weathering, faintly laminated clays containing a moderate
proportion of CaCO3 (15-20%) and a minimum sand content. These are followed
by a 4.70 m. development of oolitic limestones which are entirely composed
of shell fragments in places. At the base of this unit a 0.50 cm. thick
bed crowded with Liostrea sp. shells was reported by Oates (1976). The
oolitic beds are grey and indistinct in the field, but some differences among

the successive beds may be distinguished in thin-section. The basal parts
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(7.90 m. above the Lias Trias contact, Plate 6.1 ) is a poorly sorted
(bimodal) oomicrosparite packstone/wackestone. The matrix is microsparitic
and does not contain opaque material. The ooliths are perfectly rounded

(3¢ maximum diameter, 4¢ minimum diameter) and composed of micrite, although
no concentric or radial structure is obvious they consist of a nucleus of
quartz (mostly strained) or broken sheil fragments (mainly very thin and
delicate bivalve shells). Commonly second generation ooliths are seen; these
contain a perfect oolith (Carozzi, 1960) with an indistinct nucleus but
definite concentric and radial structures surrounded by a thick, round
coating of micrite. Evidence of compaction is seen and veining is
common.

Beds 8.50 m. above the Trias/Lias junction (bed 6 of Hallam, 1959) at
the Towest part of Al1t nan Breugh (NG719543%), are 1.40 cm. thick and
composed of bluish-grey oolitic limestones with a beige undulating, weathered
top surface.

Abundant calcite-filled hair-thin veins are also seen. Beds are up to
25 cm. thick and in thin section the Tower parts are matrix supported
bio-oosparites with the ooliths mostly in the size range of <2¢ and with

strained quartz nuclei. Most ooliths show concentric banding along which
?coalified and other opaque material has been lined. Quartz fragments
commonly show superficial oolitic coatings and are sometimes clustered with
others to form multiple ooliths (?grapestones). Most ooliths have a second
generation origin and echinodermal debris is commonly scattered throughout
the rock; compaction is not uniform. Laterally the composition of these
Timestones varies considerably. A sample ( Apc 2) taken from these beds

is an oobiomicrite/sparite, the ooliths occur in isolated pockets which
contain a microsparite cement, whereas elsewhere the limestone matrix is
micritic with no sparite present. The ooliths show both concentric and
radial structures and the concentric laminations show evidence of borings

(?algal). Ostracods are present and the ooliths are mostly in the size
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range of < 2¢ (Plate 6. 8).

In places these beds are of an entirely different character (lateral
variation within 2.3 m.). They become silty oobiopelmicrosparites with quartz
fragments (< 4¢ ) and the bioclasts mainly 3.2¢ . High spired gastropods
are abundant and echinodermal debris is also seen together with some ?algal
material (Plate 6. 9). As the higher parts of this unit are reached
(Hallam's bed 7), they become matrix-supported biosparites (1.25 m. measured
thickness), composed of totally recrystallised, large rounded bivalve
shells (up to 1 cm. long) and echinoderm debris} these are mostly lined with
opague ?carbonaceous and coalified material most of which is scattered
throughout the matrix. Gastropods with micritic fillings are also seen.

The topmost 1.80 m. of the oolitic facies in Applecross (Hallam's bed 8)
is a regularly bedded (15-25 cm.) oolitic limestone with undulose contacts
(3-5 cms. amplitude). In their lowest parts, they are normally packed
oobiosparites (matrix-supported) with 80% superficial ooliths, their nuclei
being mostly bivalve shell material and a few whole gastropods. Most of the
quartz fragments are present as polycrystalline grains; some micritic patches
are present containing ooliths which suggest an original oobiomicrite.

Size ranges are 2-1¢ and in some higher parts within this facies
(Apc 6) these are partially altered oobiopelmicrosparites (normally packed,
matrix-supported). The matrix is again micritic in patches, the ooliths are
concentrically laminated and are mainly 2¢ in diameter. It should be noted

(Plate 6.70).
here that the ooliths within the micritic patches only show radial structures./

The t0pmosf beds of this facies are matrix-supported oobiopelsparites
(Plate 6.11). Most of the bioclasts are totally recrystallised and are coated
with a = . micritic rim (Plate 6.12 ).

Although not fully represented, the equivalents of these two facies are
also found in Raasay. Hallam (1959) recognised a variety of lithologies

representing the Milton Formation (Lower Broadford Beds) in the bay to
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the northwest of Rubha nan Leac (NG 594386). Careful examination by the
present author suggests that the lowermost parts of this Formation reported
by Hallam (1959) as beds 1, 2, 3, 4 together with beds 8 and 9 underlie a
6.90 m. development of nodular limestone. The oolitic bed (bed 11 of Hallam,
1959) directly overlies thisnodular limestone/shale succession and in thin
section resembles the basal parts of the oolitic facies of Applecross. This
oolitic bed is in turn overlain by a 70 cm. thickness of dark indurated
calcareous shales with 5-10 cm. limestones with echinoid spines.

The beds overlying these are nodular limestones with thin shale
partings. These are exposed only in the lower cliff (NG 59503815) where
their total thickness is estimated to be 7.10 m. (the topmost part is obscured
and definitely faulted). The shore section here is faulted and covered by
large fallen blocks, making it impossible to draw up a complete section.
Beds 14, 15 and 16 of Hallam (1959) were not seen in the field and a 6.90 m.
gap separates the nodular 1imestones froh the overlying sandy shales which
contain beds of Gryphaea.

In Raasay the shaly facies of the Applecross House Member is probably
represented in the shales and sandy limestones of the lower 3.40 m. of the
Liassic exposure immediately overlying the Triassic conglomerates in Rubha
nan Leac. The lowermost beds here are composed of brown-weathering fine-
grained dark coloured, veined echinodermal biomicrites with some brachiopod
remains (2.30 m.) and with 1-1.5 cm. thick sandy shale partings containing
Liostrea. These partings are undulose and their 10-20 cm. spacing becomes
less as the higher parts of these beds are reached. In thin section, the
Timestones become poorly sorted silty biomicrosparite packstones towards the
top of the sequence and a high proportion of ostracod shells together with
gastropods is seen.

Elongate, rounded bivalve shells with thin micrite veins are very
abundant. This pattern is more or less repeated above the sill (Hallam's

beds 1 and 2), but a well sorted calcareous sandstone (3¢) overlies the
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echinodermal biomcirites here. At the 7.50 m. level a 10 cm. silty bio-
pelsparite bed with fragments of inoceramids and glauconite is seen to occur
within a 1 m. thickness of fining upwards silty micaceous shales.

One metre of baked calcareous shales containing abundant oysters together
with beds of broken shell material are seen at the 10.70 m. level (Hallam's
bed 4). The CaCO3 content of these shales increases towards the top (bed 8
of Hallam) and they are overlain by a massive Timestone which is sandy and
contains occasional irregular shaly partings which become abundant towards
the top of this 1.70 m. interval (bed 9 of Hallam). The limestone is a silty
biopelsparite and contains fragments of echinoderm plates; bivalve shells are
mostly altered and can only be recognised by their remaining micritic coating
which in most cases contain opaque materials and patches of ?organic origin.
These beds are overlain by 20 cm. of calcareous shales with abundant fragments
and whole shells of pectinids and oysters.

The upper part of this facies in Raasay is represented by 6.90 m. of
thin to medium bedded nodular limestones alternating with calcareous shales.

It is apparent that elongate, cylinder-shaped burrows (?Thalassinoides) which

branch in many cases, have contributed to the formation of this sequence
(Plates 6.13, 6.14). The nodules appear to be horizontal tubes (4-5 cm.
in diameter), and show the following characteristics:
i. they radiate outwards from a central, slightly enlarged sphere 5-8 cm.

in diameter.

ii. they have bifurcating arms.

The tubes are not internally laminated and are composed of calcilutites
and crushed shell debris. The interbedded shales contain Liostrea and other
small bivalves. These and the nodular limestone beds contain appreciable
amounts of sulphur (?jarosite) although pyrite is not common in them.

The nodular limestone is present up to the base of the succeeding facies.

These contain the least amount of quartz grains and pebbles are altogether
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absent.

a. Raasay

At the base, this facies is represented by 1.90 m. of dark bluish
weathering oolitic limestones. These are matrix-supported oopelsparites
with a bimodal size distribution. The largest ooliths are .5-8 mm. in
diameter whereas the smaller sized ooliths, together with the micritic
pellets do not exceed.2=:3 mm.; most to all of these are composed of micritic
mud, their nuclei being broken bivalve shells, gastropods and rare
echinoderm fragments. Few multiple ooliths are also seen. The ooliths show
a second generation origin since most of the'nuclei show inner brownish
organ%c remains whereas their outer coatings are of "clean" micrite without
other inclusions. Evidence of pressure solution is also seen and definite
lamination is lacking in the oolitic coatings. This bed is only found along
the shore in Rubha nan Leac (bed 11 of Hallam, 1959) and may be traced into
the lower cliff where it clearly overlies the nodular limestones of the
previous facies. Overlying this oolitic bed is a 70 cm. thickness of
calcareous shale, the CaCQ3 content of which increases towards its top where
it is overlain by 7.10 m. of compact nodular limestone with shale partings.
The nodular limestones overlying the oolitic bed are different from those
underlying them, being compact and closely spaced. Their morphology is
consequently less readily recognisable. The limestones show no internal
structures and are petrographically similar to the calcilutites of the lower
nodular beds. Although no systematic determination was carried out for
sulphur, its presence in the shales and calcilutites of this facies is easy
to recognise in the field due to the strong odour released by the freshly
broken specimens. The shales of this facies contain up to 25% smectites
and their clay mineral content is similar to those found in the same facies
in Applecross.

It should be noted here that the variety of lithologies representing the
Milton Formation in other parts of the northern study area are not

represented here in Raasay. Beds 14, 15 and 16 of Hallam (1959) cannot be



132

recognised in the field and all fall within the nodular limestone group. It
is possible that higher Members are also represented in parts of the nodular
limestone succession. On the other hand in view of the faults present, it
is possible that the representatives of other facies have been faulted and
are now covered by scree and vegetation, creating the 6.90 m. gap between

the Milton and Strath Formations here.

b. Northern Strath (Ob Lusa)

The beds of this facies are exposed above the greenish weathering
?infra Liassic beds at Ob Lusa, and are considerably thinner than their
counterparts exposed elsewhere in this northern region. Their relation to
this facies is inferred due to their occurrence beneath the Lusa Coral Member.
At their base they occur as a grey creamish-green weathering, thin

bedded (5-10 cm.) silty marlstone. Thalassinoides are seen at different

stages of their development. Petrographically these are matrix-supported
silty sparites with at least 40% subrounded, sorted quartz fragments. The
quartz are mostly strained and the low feldspar content is mainly plagioclase.
The bed thickness is at Teast 1.20 m. and the succeeding 35-40 cm. bed is a
well indurated calcilutite with an undulose lower contact. It is a matrix-
supported, silty oobiopelsparite, the sorting of which is not complete but
bimodal with one mode (60%) occurring at the 2.2¢ diameter range and

another (40%) which mostly comprises the pellets and ooliths, occurs around
the 4¢ diameter range. Asymmetric ooliths are common (Plate 6.15) and
consist of both concentric and radial structures. Quartz pebbles are very
rare but polycrystalline quartz grains are present together with well rounded

epidote grains.

c. Loch Eishort

The lower and upper Timits of the Applecross House Member cannot be
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clearly defined at this locality. The Lusa Coral Bed (Hallam, 1959) which
serves as a local marker horizon, is absent and no other faunal correlation may
be drawn. The calcareous shale beds are also absent and petrographically these
beds are related to the oolitic facies.

The Towermost 1.20 m. (Hallam's bed 1) of this Member forms a series of
small ledges under a prominent sill which is exposed along the first prombntory
(shown in Fig. 6.12). These beds can only be examined at low tide and their
lower contact with the Torr Mor Menber cannot be seen.

The beds here are a series of interbedded, silty micaceous biosparites and
silty biomicrites. The calcarenite beds are mostly in the 4¢ range and are
matrix-supported, containing echinodermal fragments together with opaque
material which often forms thin shreds and brownish rims around the quartz
grains~- the quartz is moderately sorted and subrounded. The biomicrites
contain 6% silt particles and are veined (hair-thin), they contain thin brown,
?ostracod shells. Patches of sparry calcite have developed in these and give
it a "birds-eye" appearance (Plate 6.16 ).

Above the prominent sill, 6.80 m. of oolitic limestone and calcareous
marlstones are seen, at the base of which abundant quartz pebbles occur
(Hallam's bed 2). At their base, these beds are silty biopelsparites, the
quartz grains are in the 2¢ diameter range and comprise less than 4% of the
total and are mainly strained.

In many cases superficial ooliths are formed due to the thin micritic
cover of these grains. Shell fragments are reworked and show a superficial
oolitic rim. 0Ooliths do not show a definite nuclei and are mainly.made of
concentric laminations although radial lamination is also present.

At the 4.70 m. level a distinctive, dark blue calcilutite bed with re-
crystallised delicate shells is seen which shows sparry calcite patches and has
a "birds-eye" appearance. In thin section, these are seen as oo(bio)pel-
micrites with abundant patches of sparry calcite (Plate 6.17 ). Large re-
crystallised bivalve shells are scattered throughout the rock and the size
variation of the ooliths is not great (0.2 - 0.3 mm.). These show both

concentric and radial laminae. Most ooliths consist of a large centre
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(shell fragment or quartz) around which two or more "oolitic" layers are
arranged. In places the matrix is microsparite and the micrite appears to
be isolated clusters of small pellets.

This unit becomes silty towards its top where it is a silty limestone

with shaly partings.

6.8 Interpretation of the Applecross House Member
i. Facies 4

This facies represents a period of deposition in a semi-enclosed, open
circulation, shallow, coastal lagoon, under mixed (cal m./agitated) energy
conditions. Examples of modern coastal lagoons are widely described in the
literature (Warme, 1971; Reineck and Singh, 1972; Phieger and Ayala —
Castanares , 1971; Oertel, 1973). In these the several aspects of lagoonal
sedimentation control are considered to be influential for the deye]opment
of the numerous depositional units (e.g. barrier beaches, tidal inlets,
tidal delta, tidal channels, ponds, tidal gullies ... etc.). This is not
the case with ancient sediments where only parts of the unit may be recognised
and described. The dark shales with thin intercalations of silt and
muscovite which frequently form micro-lensoid features in this facies are
comparable to what Masters (1967) has described from the Mesaverde Group
shales of the U.S.A.

It is not possible to derive environmental evidence from the bivalves

(Parallelodon hettangiensis and Antiquilima), for their salinity tolerance

and life habits are not well known (see Chapter 5), but their epifaunal,
attached, suspension feeding habits may be an indicator of the existence of
firm substrates and calm waters with an adequate nutrient content.

The relatively high i1lite content of the more plastic, olive-green
coloured clays indicates a constant marine influence whereas the flame-like,
dark kaolinite-rich shale bodies together with abundant coalified driftwood

indicate deposition from the erosion of nearby lands (see Chapter 4).



The occurrence of a 70 cm. thick bed of shelly limestone with silt
interlayers and occasional quartz pebbles on the top surfaces of the beds
amongst the shales may represent coastal dune and beach sand, reworked in a
shallow marine environment, mixed with broken rounded shell fragments and
deposited as thin, lenticular beds. Such beds represent sediment bodies
which rapidly migrated into the sea, prograding the coast and building-out
into deeper water. Such deposits have been described in Recent environments
(Shinn, 1973C)and have also been reported from the Lower Ordovician Platform
composed of shallow shelf and intertidal deposits surrounding the Cambrian

shield of North America (Wilson, 1975). Although this may be true for the
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Tower sandy beds of this facies it should be noted that the significant points

considered by Shinn (1973C)for distinguishing sediment accretion

along the southeast coast of Qatar peninsula of the Persian Gulf are as

follows:

a. Absence of freshwater fauna.

b. Absence of clay layers.

c. Steep planar accretion dips which show similarity to aeolian bedding
and have a uniform dip direction.

d. Upward increase in grain size.

e. Lack of channel deposits.

f. At the foot of the accretion slopes where the exotic quartz sands
mix with indigenous carbonate muds, extensive burrowing especially
by echinoids occurs, also drifted seaweed and other marine detritus

accumulates.

It is evident that not all of the above criteria can be recognised in
the beds of this facies, furthermore the calcareous sandstone beds are found
in dark shales and not "marine carbonates". Thus although a similar process
as that proposed above may be invoked for the silty calcareous bed of Facies

4, a model depicting the progradation of a carbonate coast by migrating
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quartzitic sand dunes which were moving into the sea, partially but not wholly
satisfies the evidence found in the rocks.

Bioclastic and lithoclastic packstones and wackestones containing organic
debris have been reported to form due to growth on top of slopes and mounds
(Wilson, 1975), thence accumulating in wavy, foreset beds on depositional
slopes. Much of such bioclastic debris are broken and coated; geopetals
are common and sediments of various generations of deposition and consolidation
are intermixed with finer, exo_tic debris. Considering the association of
Facies 4, 5 and 6, the beds of this facies may be considered as the 'flanking
beds' (Wilson, 1975) of small coral groupings (?"mounds") of Facies 6.
Although the arial arrangement of the Facies (4, 5, 6) cannot be determined
théir vertical arrangement suggests that they are closely comparable to those
described from around the swells formed by salt-dome islands in the Persian
Gulf; three types of bathymetric highs and their related sediment
distribution pattern have been described by Purser (1973), of which the
"intermediate homocline highs" show a sediment distribution pattern comparable
to that of the association of Facies 4, 5 and 6.

The "intermediate highs" vary in diameter from several hundred metres
to more than 50 kms. They are either submerged below wave base, show crests
which remain temporarily above the wave base or are totally emergent. The
common feature among these is that they are surrounded by relatively shallow
water, varying in depth from 36 m. on the outer parts of the "homocline" to
less than 9 m. near the coast. Well developed "reefs" fringe the permanently
"emergent highs" (on their windward side) and sediment produced by the
continual breakdown of these will be distributed downwind as a series of
"sediment tails" which accrete to the "highs" and probably begin to form
during times of lower sea level (Purser, 1973); these may be traced some 10
kms. downwind in the Persian Gulf.

Although synchronous deposition is difficult to ascertain, the fine

sandy limestones ( Am 25) containing broken shell debris, alternating with
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micritic limestones with "birdseye" features, ?calcispheres and very fine
grained ? ostracod shells (Am 26) exposed at the base of the succession in
Loch Eishort (NG 615162) represent the shallower water equivalents of this
facies in Applecross.

The intertidal (and supratidal) origin of "birdseye" voids (Loferites,
fenestral pores) was proposed by Fischer (1964) and confirmed by Shinn (1968&).
Although a frame building agent for the birdseye limestones cannot be
recognised here, the fine shells and other material are set in a matrix of
micrite with planar and spherical birdseye structures (fenestral structures)
filled with sparry calcite. The birdseye limestones (Laporte, 1967),
Loferites (Fischer, 1964) and laminoid fenestral fabrics of Tebbut et al.
(1965) are considered partly synonymous, and intergradational fabrics occur
in parts of the lower limestones of Facies 4.

It is known that vugs form during the dessication of supratidal carbonate
muds and gas bubble migration (Shinn, 196&); the birdseye structures are
formed due to the formation of rims of carbonate cement around the vugs and
their subsequent infilling by sparry calcite (Shinn et al., 1969). Although
parts of the overlying and laterally equivalent beds of this facies represent
deposits analogous to those found where marine strata merge with non-marine
strata, no evidence is provided by the regional setting for the development
of tidal flats and no feature suggestive of the periodic action of flood and
ebb tides is seen. Although the sequences forming Facies 4 are silty and
dominantly muddy, the following features normally regarded as characteristic
of tidal flat sedimentation were not seen.

a. Flaser and lenticular bedding (Reineck, 1960b) which

are characteristic of present day North Sea tidal flats.

b. Small channels with low angle muddy and silty lateral accretion surfaces
which are characteristic of the lower parts of tidal flats (Walker and

Harms, 1975).

c. Reactivation surfaces, bipolarity of current flow, or features indicating
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tidal emergence runoff (Klein, 19703).

d. A fining upward succession is established, and broken coalified fragments
a very common. But there is no similarity whatsoever to the
expected sequence from a modern regressive tidal flat in which sand
flats pass upward through mixed flats, mud flats and supratidal salt
marsh deposits (laterally persistent coal beds are entirely lacking from
this facies; Evans, 1965, 1975; Reineck, 1972, 1975; Straaten, 1954b).
Thus it is seen that the sediment assemblage does not provide enough

evidence of tidal influence during deposition.

The "birdseye" Timestone found in Applecross and southern Strath may
represent periods of emergence although strictly speaking a "supratidal"
origin cannot be established. Desiccation structures such as polygonal
mud-cracks and sheet cracks are absent; these together with the Tack of
authigenic dolomite, gypsum and anhydrite or calcite pseudomorphs thereafter
suggests that evaporation never exceeded precipitation. Pellet limestones
with cryptalgal and fenestral fabrics represent tidal flat facies (Read,
1975); they have been described from tidal flats in Shark Bay, western
Australia (Hagan and Logan, 1974; Logan et al., 1974; Read, 1974). Fine
laminoid-fenestral fabrics are seen to form beneath smooth mat communities
in the lower intertidal zone while irregular fenestral fabrics are developed
beneath pustular mat communities in middie and upper intertidal zones. Read
(1975) maintained that in cyclic carbonate units, the first occurrence of
cryptalgal and fenestral limestones capping the cycles, defines the approximate
position of sea level during cycle deposition and represents a sea level
datum; the evidence of a lithofacies below this datum closely approximates
the water depths where sedimentation occurred under stable conditions. No
distinctive facies of the type noted by Read (1975) have been recognised in
Facies 4.

The birdseye limestones cannot be considered diagnostic solely of the

emergent (supratidal) environment. They may also be produced by the releasing
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of gases by organic decay, which would occur in limestones rich in algae
(Zamarreno, 1975); thus Facies 4 may represent low intertidal to subtidal
environments.

Although modern examples of these beds have been reported from Florida,
the Bahama Bank, the Persian Gulf and Shark Bay, disrupted
laminations, dark micritic laminations suggestive of algal mats and rip-up
clasts, further suggesting a shallow intertidal or supratidal origin, are
not observed. Of the three types of fenestrae observed by Read (1975) 1in the
Shark Bay tidal flats (which are characteristics of the overlying algal mats
present, the type of mat being controlled by position within the intertidal
and supratidal zones) only the type showing irregular fenestrae (middle and
upper intertidal) occur; the lack of associated definite subaerial features
rules out a supratidal or intertidal origin. One may however describe them
as beds representing deposition near a strand line. The lack of features
indicating subaerial exposure and the absence of cycles (Read, 1975) in beds
representing Facies 4 suggests little change of sea level or considerable
reworking. If sea level fluctuations occurred, they were of short duration
and left 1ittle or no evidence in the geological record. The equivalents of
the beds of Facies 4 in Raasay are fine grained biomicrites (Plate 6.18)
containing echinoid debris, probably representing deposition under relatively
calm, deeper water conditions; they are interbedded with coarse grained poorly
sorted calcareous sandstones which are probable equivalents of the

sandstone interbedding in Applecross. The development of pebbly sandy

marlstone of this facies is only seen in Ob Lusa and sedimentary structures

other than calcite-replaced slender branching tubes (Plate 6.2; ?Thalassinoides)

are absent; a mixed sediment derived from the breakdown of quartz-rich material

and some echinoid debris has also developed. The presence of echinoid

debris in the sandy limestones indicates a marine derivation for these beds
and the feldspar content and polycrystalline quartz grains present, suggest

derivation from granitic and metamorphic rocks in nearby areas. The absence
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of cross-laminae and other features indicative of sediment movement suggests
relatively calm waters. The same alternations are seen in the Raasay section
(Rubha nan Leac) with the exception that the micritic beds contain large
fragments and are full of mud-coated, calcite-replaced bivalve shells
together with ostracod shells and ?calcispheres.

Although it is not possible to determine the transportation direction
it is possible that the lower sandier beds (Apc 41) are representatives of
the "sediment tails" building out into quiet waters and settling on the muddy
bottoms accompanied by the influence of kaolinite-rich waters which drained
the nearby lands. The finely reworked, coated, bioclastic material was
derived from further offshore areas as the result of transportation and
breakdown of shell materials associated with areas of possible organic
buildup. The derived material forms the bioclastic-1ithoclastic packstone
found comprising the limestone bed of Facies 4, which built into a relatively
calm shallow muddy basin; the presence of well rounded epidotes together with
scarce quartz pebbles indicates the existence of recycled detritus within

the basin.

ii. Facies 5

The oolitic limestones of Facies 5 were probably deposited under moderate
energy conditions comparable with those of the modern subaqueous environments
(Bahama Banks, Persian Gulf, Shark Bay); although near-normal marine conditions
are indicated by the fauna, the dominance of Liostrea life assemblages in the
basal outcrops reflect a slight restriction of the environment; the dominance
of oysters may also indicate the shallowness of the water (Kauffmann, 1970).

The occurrence, development and growth of sand bodies, particularly
oolite shoals along shallow carbonate bank margins have been widely
recognised from the Bahamas and south Florida (Bathurst, 1971; Hine, 1977);

they also occur in marginal seas which lack "shelf edges" comparable with
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those of modern Caribbean carbonate provinces (see Purser, 1973).

It should be realised that in present day environménts,oo]itic
sands are common featdres of the platform edges, there is a reported
occurrence of oolitic sand forming today on the edges of the Florida Platform.

The oolitic sand belt lies between two distinctly different environmental
areas, i.e. between the deep Florida Straits and the shallow, broad Great
Bahama Bank in the Cat Cay area (Gray-Multer, 1971). Here, a discontinuous
belt of oolitic, cross bedded lenticular sand can be found in the process
of formation.

The oolitic facies (Purdy and Imbrie, 1964) is typified by an abundance
of ooliths and an extremely low skeletal content. The analysis of constituent
particles of samples from south Cat Cay-Brown's Cay area revealed an inverse
correlation between depth and the abundance of oolitic grains. The absence
of ooliths in the shoal-water bottom deposits of the east and west coasts of
Andros Island and the west coast of Bimini shows that other factors beside
depth should be investigated; the influence of increased tidal current
velocity and bottom agitation in the direction responding to the decrease in
depth from the marginal escarpments to the barrier rim of Cays and shoals
is the main oolite-forming factor (Purdy and Imbrie, 1964).

Ooliths are reported to occur in many different, agitated environments
in the Persian Gulf (Loreau and Purser, 1973). Most of the ooids are seen
to constitute tidal deltas associated with coastal barrier systems, others
are formed in tidal bars situated in wide channels between islands and the
adjacent shoreline and on open tidal flats and beaches in exposed embayments;
in addition ooliths forming within lagoons and in the less agitated lee
coast Qatar peninsula have been reported. As seen in Plate 6.1 , the size
and shape of the constituents of the beds of the oolitic Facies 5 differ
markedly from each other, in the form of lateral equivalents etc. The
evidence provided by each sample is compared with that provided by studies on

recent oolitic rocks in order to propose an appropriate ‘genetic explanation.
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In general, in the Recent environments of the Persian Gulf, aragonite seems

to be associated with organic matter in the cortex of ooliths (Loreau and
Purser, 1973). These are tangentially orientated with respect to the nucleus
in agitated environments and are tightly packed and coalescent whereas in the
more protected depressions the aragonite in the outermost layer of the cortex
have haphazard or radial orientation and the fabric is loose; in protected
lagoonal settings the radial orientation is well developed and the ooliths are
often unusually large and irregular in shape.

The principal difference between the ooliths of the Persian Gulf and
their counterparts of the Bahama Bank is in their regional distribution, in
the former ooliths accumulate along the continental shoreline far from any
platform edge and some form in quiet water tidal flats. In the beds'of
Facies 5, the presence of poorly sorted oopelmicrosparite packstone/grainstones
(Apc 45) poses some problems of interpretation. The well rounded character
of the grains suggests prolonged periods of transportation while the bimodal
nature of the sorting (clearly illustrated in Plate 6.7 ) is suggestive of
limited agitation and winnowing action. The larger well rounded micritic
grains are up to 0.5 mm. in diameter and show Qery fine concentric lamination
which in places display a fenestral character and is perhaps of algal origin.
The grains do not contain any form of opaque material but occasionally
display a polycrystalline quartz nucleus. The'sample is essentially a non
skeletal oolite, the ooliths of which show poorly developed tangential laminae;
most of the interior of the larger ooliths consists of cryptocrystalline,
micritic calcite coatings. Although tubiform and fenestral features are present
in the coatings, there is no proof that algae were responsible for the
formation of all the coated shells. Although the well rounded ooliths indicate
prolonged periods of formation their association with smaller sized,
rounded micritic pellets and poor sorting points to a period of limited
agitation.

The nuclei are composed mainly of micritic pellets; the lack of quartz
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and other terrigenous grains is probably the result of the distance of the
oolith-forming environment from the shoreline. This situation is akin to
that described from eastern Abu Dhabi (Purser and Loreau, 1973) where in the
vicinity of a coastal barrier (tidal delta, beaches and associated aeolian
dunes), isolated by lagoons from the adjacent continent, the oolith nucleus
is generally in the form of a carbonate pellet and the rareness of quartz,
feldspars and detrital grains is attributed to the ineffective nature of
transport towards the sea- in that area.

Although it is impossible to establish the existence and recognise the
morphology of any of the above mentioned environments for the basal beds of
facies 4 in Applecross, a similar mode of formation for the ooliths may be
invoked. In eastern Abu Dhabi, the (tidal) delta itself is a complex éystem
of banks and channels the morphology of which indicates that its oolitic
sands are constantly influenced by a complex system of multi-directional
currents. The lack of any indication of current activity in the basal beds
of Facies 4 is considered to be mainly due to post-depositional diagenetic
changes coupled with poor field exposure. However, the bedding surfaces of
the beds representing Facies 4 are modified by ripples of varying dimensions.

Two suites of sediments were defined from the Abu Dhabi coast which may

also be found in the Liassic section in Applecross (see Plate 61 and 6.8 ).

a. Localised within the tidal delta, a suite of pure oolitic sand with
> 90% ooliths within any sample is seen with ooliths of sizes up to 2 mm;
these are found along the edges of the (delta) axial channels.

The ooliths decrease in size towards the outer fringes of the delta and

are progressively diluted with pelletoidal grains (cf. Plate 6.1 ).

b.  Mixed ooid-pellet-bioclastic grains (Plate 6..8), containing 10-90%
00ids occur both on the outer eges of the delta at depths of 2 - 5 m., within
the axial channel and especially as beaches and (aeolian) dunes on a coastal

barrier complex. The ooid fraction varies, being relatively high within the
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beaches and dunes, but is strongly diluted by coarse bioclastic debris within
the channels.

The oolite of sample Apc 45 may be regarded as one which was formed
towards the outer fringes of a ?delta. The silty oobiopelmicrosparites of
sample Apc 1 with 34% ooliths and only 6% bioclasts can be regarded as being
formed within the outer margins of carbonate dunes and beaches. It should be
noted that the total absence of argillaceous material in Facies 5 may be due
to either the progressive transgression of Facies 4 and the establishment of
a relatively offshore carbonate-dominated environment, or due to the formation
of a sedimentary body which had effectively cut off the supply of argillaceous
material. The former explanation is preferred here since the carbonates are
free of argillaceous matter; the mixed clasts are mostly covered by a rim of
micritic material with tubular features and although the classic asymmetric
ooliths (Freeman, 1962; Davies, 1966) are not observed, their depusition under
partially protected environmental conditions is favoured. The presence of
at least 2% quartz (strained) with superficial micritic rims indicates that
the relatively calm environments were either proximal to land areas or were
protected by sedimentary bodies of similar composition (? spits or bars).
Careful study of the ooliths indicates their dual origin. Plate 6.19 shows
ooliths with concentric layers of at least two generations; the inner (first)
generation contains opaque material (?finely powdered coalified material)
scattered throughout the tangential laminae whereas the outer oolitic layers
of the cortex, essentially showing a radial arrangement of the calcite
crystals, contain no opaque substances. The ooliths formed in a relatively
turbulent environment with an abundant supply of allochthonous material. They
WEre then transformed to an environment with relatively less allochthonous
debris and turbulence.

It should be noted that the globular and tubular forms seen in the
various layers of the oolitic laminations resemble algal borings (Lebauer,

1965; Johnson, 1964).
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Although samples Apc. 1 and Apc. 2 were taken from positions immediately
adjacent to one another, it can be seen that sample Apc. 2 clearly shows
fundamental differences from Apc.1. It may be classified as an oobiomicrite
with the development of sparite pockets containing the main body of the
ooliths. The ooliths (16%) are mostly of second generation and also show
both tangential and radial arrangement of calcite crystals. Quartz is rare
but some grains act as nuclei of ooliths. These sediments represent poorly
sorted ooliths with well developed internal structures. Their size varies
from 0.22 to 0.5 mm.; such an association indicates textural inversion
(Folk, 1962b). These beds normally contain a high proportion of skeletal
debris and were probably also affected by the activity of burrowing organisms.
Such texturally inverted sediments occur as very thin sheets among the beds
of facies 5 and are analogous to beach and storm deposits described by Ball
et al. (1967), Hayes (1964) and Imbrie and Buchanan (1965). Their presence
may be interpreted as signifying deposition on‘high tidal or supratidal flats
by high velocity water movements (Wilson, 1968b). The fine silt size (0.02 -
0.04 mm.) quartz grains of succeeding beds (Apc. 3) clearly dominate the
bioclastic constituents; it should be noted that » the
bioclastic constituents are mainly composed of broken brachiopod shells, coral
debris together with echinoderm fragments and gastropod tests indicating a
dominantly marine derivation. These beds may be interpreted as products of
complex erosional processes which intermixed offshore bioclastic debris
derived from biological buildups with clean quartz clastic material
(? aeolian) derived from onshore environments. Such complex inter-relation-
ships are common in the present day environments of the Persian Gulf (Purser,
1973). The presence of coral fragments in the samples together with bivalves,
echinoderms and gastropods confirms the above notion. The position of these
beds underlying the beds of Facies 6 does not show characteristic features of

(reef) "talus" (Purdy, 19743 Heckel, 1974), therefore it is questionable
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whether any offshore xoral "banks" (Heckel, 1974) stood much above the
surrounding deposits. The amount of bioclastic debris in these beds together
with the presence of ?algae contributing to the formation and boring of the
ooliths (of the lower beds) suggests deposition under relatively shallow water
conditions with a constant supply of land-derived quartzitic
material. The beds of skeletal debris (biosparite) immediately overlying the
siltstones and laterally equivalent to them are probably representatives of
interbank areas where skeletal debris accumulated and was well washed by
variable currents. No definite cross lamination indicating direction of
transport can be seen. The configuration and morphology of these areas was
of very shallow wide-channel types. Fine sandstones with up to 45% calcareous
cement form the lateral equivalents of the beds of Applecross in Ob Lusa.
The high percentage of polycrystalline quartz in the specimens may be
regarded as evidence for a metamorphic origin; in sample Am 62 the poly-
crystalline quartz grains with 2 to 3 crystals are of a higher percentage
(3%) than those with more than 3 crystals per grain, therefore a high-rank
metamorphic source may be envisaged as a probable sediment contributor for
the mentioned strata (Basu et al., 1975; Young, 1976). These may have been
derived from extensive Moinian outcrops of northwest Scotland, expsed during
Liassic times.

The strata are thin-bedded and do not contain fossils or other fragmented
biogenic material. The lack of coating on the quartz grains together with
the homogeneity of the rock indicates a well-washed environment of deposition.
The moderately sorted, subangular nature of the grains may be attributed to
their formation in and transportation from source areas proximal to the
nearshore depocentres.

Grains in the overlying beds show asymmetric coatings

(Freeman, 1962; Davis, 1966) indicating quiet-water, protected depositional
conditions. It should be realised that the asymmetric coatings on the grains

are either
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composed of micritic mud or tangentially arranged calcite crystals, therefore
the energy gradient may be thought of as being higher than in those
environments where only the formation of calcite crystals around undefined
nuclei form ooliths. Poor sorting, subangular quartz grains and the
existence of asymmetric ooliths suggest poorly agitated waters. The lack of
coalified material and relative scarcity of micritic carbonate constituents
may be regarded as evidence for a partially enclosed environment where most
of the "impurities" eventually found a way out of the system, alternatively
they were never introduced into the environment due to its increased distance
from land, lack of sufficient vegetation and combinations of climatic
conditions which prevented the land-derived material from reaching this
environment.

In Applecross the beds underlying the development of Isastrea corals,
while stratigraphically equivalent to those beds of Am 102 and 103, exhibit
different characteristics. Sample Apc 5 is a normally packed oolite with
mostly well-formed, mutliple-coated (two different generations), spherical
grains. The nuclei are composed of echinodermal and bivalve fragments (long
and rounded) with occasional ostracod shells, quartz grains and multiple ooliths
'are, present. The cement between the grains is blocky calcite and is
probably of late diagenetic origin (implying meteoric waters in the phreatic
zone).

In the present day depositional environments, well-formed ooliths are
found mainly in tidal bars (Wilson, 1975; Purser and Loreau, 1973; I1ling,
1954; Purdy and Imbrie, 1964). They are always cross laminated and
the individual ooliths are commonly 0.5 to 1.5 mm. in diameter.

The beds found in Applecross are not cross laminated and the relatively
higher proportion of well rounded micritic pellets and also multiple pellets
of rounded oobiomicrites suggests that these beds formed near active currents
but at the same time possibly further out from the central axis of the

channels where currents are more active and the process of particle breakdown
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and oolith formation more vigorous. There is no evidence for the possible
reversibility of the currents which were operative during the formation of
these oolites. It is apparent that most of the oobiomicrite pellets are
relict and were derived from previously formed beds and as there is no
evidence depicting the’possible morpholcgy and/or orientation of this oolite,
it is hard to decide upon the environment in which it formed. It is also
puzzling that the corals of Facies 6 directly overlie calcareous sandstones
with asymmetric ooliths in northern Skye whereas in Applecross they succeed
biopelsparites with ~ 1% rounded, silt size quartz grains and rounded
recrystallized micritic pellets together with bivalve shells coated by
micritic mud (with ?algal tubes). The lack of definite oolitic coating on
the various fragments and grains of sample Apc 6 suggests moderate agitation-

It is possible to explain this by postulating the existence of extensive
mud-banks fringing shallow, coastal embayments (faunal evidence for postulating
truly lagoonal conditions is lacking). The micritic mud pellets and rounded
pelletoids were eroded from the mud banks and transported into the coastal
embayments. Finely crushed shell material was also caught up in the micritic
mud, transported and formed calcareous sand bodies within the environment
probably similar to those found in the present day coastal embayments and
lagoons of the Persian Gulf (Loreau and Purser, 1973; Purser and Loreau, 1973).
The pelletoidal gastropod sands characterising the "intertidal zone" of the
Jebel Dhanna lagoon are represented in Facies 5 by the shallow, extensive mud

and pellets
banks (?intertidal) which in places contain oobiomicrites, the ooliths/being
mostly relict and derived from previously formed environments, giving the
rock an "inverted texture" (Plate 6.20 and 6.21).

The "lagoon, infratidal zone (muddy pelletoidal gastropod sand)"
environment received the reworked elements of various channels which are now
represented by beds from which sample Apc 4 was taken. Mixed bioclastic
elements (gastropods, echinoderms, bivalves, brachiopods) and rounded micritic

pellets with black (coalified) inclusions are found in a clean, coarsely
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crystalline cement; the crystals of the recrystallised shells are mostly coated
with pyritic material. These environments were probably protected from open
marine activity by coastal spits and calcareous quartz sandstone bodies,

parts of which are seen in Ob Lusa. Shallow channels with vigorous current
activity (sample Apc 5) linked the coastal embayments with open marine waters.
Evidence for the existence of the shallow mud banks is also found in Loch
Eishort (samples Am 40, 42, b28).

The above mentioned relationships are illustrated in facies maps of
Figs. 6.13, 6.14 and 6.15 from which a progressive transgression is also
observed to have taken place from west to east as the corals of Facies 6
approach their present positions.

It should be noted that other than the evidence found in northern Skye
(Ob Lusa) there is no indication of quartz sand bodies forming laterally
accreting spits from the assumed shorelines. On the contrary, samples taken
from Applecross seem to portray the formation of bioclastic sands. This may
well have been the case as the conditions were becoming favourable for the
full development of organic and coral buildups of Facies 6 in this area.

The distinction made between bays and lagoons along the Texas coast by
Fisher and Brown (1972) is applied to the sediments representing the
different facies in the beds of the Milton Formation. Bays are regarded
as representing the lower reaches of drowned valleys and as such, their Tong
axis forms at a high angle to the strand. Lagoons are bodies of water trapped
behind. barrier islands and therefore have their long axis parallel to the
strand-line.

The characteristic facies and depositional conditions representing each

of the above environments are summarised as follows (after Fisher and Brown,

1972):
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Lagoons Bay
(restricted bay) (open bay)
Sediment influx Low High
Water exchange and influx Low to non High
Distinctive sedimentary Non Bay-head delta
features
Fauna Low density - low High density - Tow
diversity diversity e.g.
oyster reefs
Salinity Hypersaline Near-normal, low,
fluctuating
Sedimentary character Laminated mud Burrowed, reworked,
inter-reef mud
channels
Sediment origin Mainly windblown, Terrigenous, storm
washover fans generated

6.9 Lusa Coral Member

In the northern area of study, the beds of this Member are represented
by Facies 6. It occurs in two of the principal sections (Applecross, Ob Lusa)
and as previously explained, may also be laterally traced inland from northern
to southern Strath. The total thickness of this bed in Applecross and Raasay
does not exceed 0.50 m. It consists of lenticular beds (3 - 6 cm.) of the

compound, massive coral Isastrea murchisoni (Plate 6.22) which alternates

with very thin (5 mm.) beds of calcareous shale. In this coral bed no trace
of individual epithecal walls can be seen and the septa from separate
corallites are confluent. In places ?cemented oyster shells directly rest
on top of these beds. The corals terminate at the shale/limestone interfaces
in Ob Lusa. The shales are considerably altered and show illite to be the
main constituent, with trace amounts of smectites present. The shale beds
are not present in this facies at Applecross.

Petrographically these beds are biomicrites. The epithecae of the

corals are entirely recrystallised and consist of sparry calcite whereas the
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matrix is microsparite in places. The matrix consists substantially of
recrystallised bivalve shells in northern Strath whereas in Applecross these
beds are partly biomicrites and partly biopelmicrosparites. They show
extensive signs of reworking and burrowing. Beds representing this facies
were not found in Raasay. In southern Strath (Loch Eishort) it is possible
that these beds are represented by a 0.70 m. coarsening upward bed which
consists of a 0.30 m. marlstone with thin dismicrite beds at the base (Plate
6.23) and a matrix-supported silty biopelsparite (quartz 7%) at its top.
Close examination of the relatively thin, lens-shaped features of the coral-
bearing beds shows that stylolites are common and the coral structure is only
well preserved within the outer few mm. of the thin beds where interstitial
sediment fills the corallites, the interiors of which appear as masses of
sparry calcite with a saccharoidal texture to the naked eye. Under the
microscope, original skeletal material (?aragonite) is seen to be replaced
by coarse textured sparry calcite which shows an increase in size towards
the inner parts of the corallites. Dog-toothed drusy rim crystals are less
common probably due to the existence of more than one cycle of diagenetic
alteration. The matrix sediment is micritic to microsparitic limestone with
scattered recrystallised shell fragments and 1ittle echinodermal material;
also with a small percentage of silt and sand grade detrital quartz. Noneof
the three grades of progressively more complete preservation of coral
structures identified by Talbot (1972) from the Oxfordian Coral Rag of
southern England could be identified in the coralline beds of the Broadford
Beds Arenaceous Group. The coral structures show deformed, elongate
inclusions and the preservation of the coral can possibly be related to
Talbot's type 3 preservation with micritic calcite replacing the original

aragonite in places.



6.0 Interpretation of the Lusa Coral Member

The maximum width of the beds containing Isastrea corals is 5 - 10 m.,
with thicknesses up to 20 cm. (Ob Lusa). The texture of the beds is mostly
destroyed during diagenesis but in various areas evidence for vigorous
bioturbation and mechanical destruction is seen. Immediately
underlying these beds in Applecross transported, reworked and mixed shell
fragments are seen in the samples whereas the corals directly overlie
‘calcareous sandstones in Skye.

Internally the coral beds are not homogeneous, showing various
irregularly arranged ?burrow channels and clay sheets which are not necessarily
parallel to the bedding surfaces ; pectinids occur on the surfaces
of the corals in places. In the absence of evidence for possible relief
(e.g. skeletal talus), the term "Bank" (Heckel, 1974) may be used for their
description. The corals overlie beds consisting of skeletal calcarenite
which are oobiomicrites in places. These do not reseﬁble "talus" deposits
and it is possible that they originally formed as accumulations of organic
material, progressively contributing to the moderate buildup of substrate.

The shallowness of the water, however, limited the growth of the buildup

and with possible changes of water depth, the corals grew both 1atera11y and
vertically. The very thin shale seams interbedded with 2 to 5 cm. thick coral
beds indicates that the sediment was able to spread over the coral beds due
to a steady rise in sea level or periodic storm events, thus inhibiting their
growth by possibly "choking" them. Continued growth would therefore be
established in patchy areas where the corals were not totally covered by
clayey material or where they were able to remove the sediment from their
surfaces. Modern corals show an ability to remove sediment from their
surfaces (Hubbard and Pocock, 1972). Discontinuous bottom subsidence (or

sea level rise) and the rapid influx of terrigenous sediment disturbed their

steady growth; also it is probable that the buildup stopped because its



breadth, height and slope relations retarded upward growth to the point that
it Tagged sufficiently behind bottom subsidence (or sea level rise) and was
eventually covered by the sediment influx (Heckel, 1974). The existence of
encrusting oysters on the top of some beds indicates that the surfaces of
the growing buildups required wave resistance to continue developing within
turbulent surface waters (Stanton, 1967a) indeed the beds of Facies 6 may

have formed large resistant bodies in places. (See Fig. 6.16).

6.11 Lower Sand Member

In the northern area this Member is present above the beds which

contain the coral Isastrea murchisoni . As indicated on Table 6.1, two facies

represent this Member at each of the three main sections.

i. Sandstone Facies 7aj

This facies is exposed along the shore at Loch Eishort, as indicated on
Fig. 6.17 (Hallam's beds 3, 4 and 5). The total thickness is 12 m. and the
beds are mainly composed of cross-laminated calcareous sandstones. At their
base here, a 1.20 m. sandy limestone containing disarticulated shell fragments
together with wavy sandy sheets are seen. These sheets show no internal
structures and appear to be less calcareous than the surrounding rocks.
Petrographically the limestones are matrix-supported silty biopelsparites
with 5% quartz; an indeterminate opaque material (< 2%) is also present.
Shell fragments are mostly reworked and are coated with a thin micritic
rim. Towards the top of this unit, subrounded quartz fragments (2 - 4 mm.)
are seen. Transitionally overlying this unit, are grey medium bedded, cross
laminated sandstones 3.10 m. thick; this unit shows wavy bedding towards its
top whereas at its base, the beds are more even. The wavy beds (uneven, up
to 15 cm. thick in places) are laminated and show erosional contacts with
the cross Taminated sandstone lenses and wedges (20 cm. thick, 86 cm. long).

The sandstone lenses show long, curving toesets (convex downwards) and at
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their base, coalified driftwood and iron oxide accumulations are seen.
Rounded quartz fragments (2 - 4 mm. diameter) also occur within the laminae
which dip up to 25° (Fig. 6.18a).

In places, faint trough cross laminations are formed which are non-
erosively overlain by faintly laminated beds (Plate 6.24a-c; Fig. 6,18), 5-7 cn.
thick; the above mentioned bedforms are frequently overlain by small-scale

?oscillation ripples . The cross bedding orientation data obtained
from these beds (Figs. 6.18aand 6.18) show that while a polymodal orientation
is present, the majority of the readings point in the 260-320° region. The
laminated sheets show a predominant mode in the 180-190° region.

Petrographically these beds are moderately sorted, well rounded grain-
supported calcareous sandstones. The quartz is mostly (27%) composed of
polycrystalline grains (> 3 crystals per grain) and the feldspars are mainly
plagioclase with size ranges in the region of 3-2¢. Towards the top, these
beds become matrix supported silty biope1sparités with polycrystalline quartz
making up to 12% of the total rock. The grain size decreases towards the top
of this unit and the beds become poorly sorted; the polycrystalline quartz
content of these beds remains constant throughout (10%). Rounded quartz
grains 3-4 mm. in diameter are seen at the top of this unit.

The "sandy limestone" unit (Hallam's bed 3) overlies the cross-bedded
sandstones with a sharp contact, the total thickness is 6.14 m. and it
consists of medium bedded finely indurated silty limestones with abundant
shell fragments alternating with oolitic limestone beds. These beds have
undulose contacts, show very faint evidence of cross lamination and are
15-20 cm. thick; overlying them is a 50 cm. thick, white, cross laminated
siltstone bed. The cross lamination data obtained from these beds is
represented in Fig. 6.19 and it is evident that two modes are present, one
in the 10-40° region and the other in the 60-100° region. Both tabular
(Plate 6.25) and trough (Plate 6.26) cross laminated beds are present.

Petrographically these are orthoquartzitic siltstones with 2-3% plagioclase
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and <5% polycrystalline quartz. The grains are 48 in size, well sorted

and subangular (Plate 6.27).

jj. 0Oolite/Sandstone Facies 7a2

This facies is represented by a 4.40 m. development of thin bedded
10-12 cm. thick, faintly cross laminated oolitic limestones alternating with
10-12 cm. thick calcarenites with undulose contacts and recrystallised shell
fragments .

Petrographically the oolitic limestones are matrix supported oosparites,
the ooliths, which are in the 2¢ size range and medium sand sized, mainly
consist of multiple generation coatings, the second generation being
represented by a single superficial oolitic rim around "normal" ooliths.
Quartz fragments are not common as nuclei and ooliths mostly contain a micritic
pellet or shell fragment for nucleus. Polycrystalline quartz (2-3¢ , fine
sand) are common, and are mostly coated by a pseudo-oolitic rim of micrite;
the matrix is well washed, with no indication of organic matter or other
opaque material, long ooliths are not common and compound ooliths are mostly
composed of not more than two individuals (Plate 6.28).

These beds are interbedded with matrix supported, silty oopelsparites
which contain a high proportion of pseudo-ooliths (18%); superficial ooliths
are also present (10%) and small pellets of micritic mud are common (Plate
6.28). Recrystallised, long, rounded shell fragments with thin micritic rims
are common. The quartz content of these beds (17%) is higher than that of
the oosparite beds, and the grains are mostly covered by a thin pseudo-oo0litic
rim of micrite.

The quartz content of this facies increases towards the top and poly-
crystalline quartz dominates over normal quartz. The beds become thicker
(20-25 cm.) and interbeddings of very poorly sorted silty biosparites are
seen, in which intraclasts of oolitic limestones identical to those under-

lying them can be found.
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The grain size is that of fine sand and it should be noted that towards
the upper parts of this unit superficial ooliths become dominant, with
0.14 mm. nuclei mostly composed of micritic rounded pellets and a single

oolitic rim.

iii. Limestone/Oolite Facies 7b]

This facies is exposed in northern Strath at the Ob Lusa section (beds
4, 5 and 6 of Hallam). The total thickness of this facies is 12.30 m., at
the base of which is a prominent calcareous siltstone bed crowded withCardinia
cf. concinna (P1.6.29)with well sorted subangular quartz grains 3-4¢ in size.
This bed shows a wavy top surface and is overlain by a thinly bedded calcareous
siltstone (1.20 m. thick). The lowermost beds show very faint cross
laminations and at least two bands of broken, unsorted bivalve and gastropod
shell fragments are seen in the basal 50 cm. beds. Mound-like features with
an average height of 10-12 cm. and a diameter of 25-26 cm. occur, also large
coalified plant remains can be found on the top bedding surfaces. The beds
of this facies are thin, undulating, laterally impersistent (in places),
alternating sandstones and limestone, the quartz content of which increases
towards the top of the facies. Petrographically these consist of more or
less silty oobiopelsparites. The following samples were taken progressively
towards the top of this section.
Am 109 - Totally recrystallised oobiopelmicrite, the patchy development of
the clusters of ooliths, pellets, silts and the distribution of the matrix
can  be seen _ ; the quartz grains are <4% and poorly sorted.
Am 110 - Poorly sorted, rounded calcareous siltstone (matrix supported).
The size distribution is bimodal with one mode (30%) at 3¢ and one (80%) at
4¢; rounded epidote grains occur.
Am 111 - Well sorted matrix supported silty oobiopelsparite (Plate 6.30).
The ooliths are mainly superficial; here and covered by a

substantially thick layer of radially arranged calcite crystals; the ooliths
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are mainly 3¢ in diameter whereas the quartz fragments are mostly in the 49
size range. Asymmetric ooliths are also present.

Am 112 - A grain supported silty biopelsparite. The compaction is mainly
diagenetic and due to the secondary growth of the matrix spar. OQoliths are
very common (26%), but most (22%) are superficial, with asymmetric ooliths
also occurring. Pellets are present (10%) and together with the ooliths have
a diameter of 0.16 mm. The bivalve shell fragments found here are mostly
recrystallised and rounded, with a thin micritic coating (samples Am 113, 115,
116, 117, 119).

Towards the top, 12.50 m. above the Lusa Coral Member, beds of this
facies become well packed silty biopelsparites with abundant shell fragments
which do not show any type of coating. Micritic limestone pellets are present
and the silt content seldom exceeds 8-10%; these are £ gin diameter and smaller
than the rounded micritic limestone pellets which are ~0.1 mm. In some
sections larger pellets are seen exhibiting evidence of ?algal boring activity.
In some cases the limestone pellets seem to exhibit very small scale cellular
structures of possibly algal origin. These beds commonly contain coalified

plant and wood remains .(Plate 6.31).

iv. Sandstone/0Oolite Facies 7b2

Overlying the beds of Facies 7b, in Ob Lusa, is a 5.50 m. development of
interbedded limestones and sandstones. The lowermost 2 m. is composed of
thin (2-3 cm. thick), bedded yellowish weathering grey calcareous sandstone
sheets. These are laterally persistent and show wavy contacts. Petro-
graphically the calcareous sandstones are matrix supported, poorly sorted
with some subangular grains of quartz (strained and polycrystalline). The
feldspars present are hostly or;hoclase with a size range of 2-3p. These
beds become thicker bedded with less wavy contacts towards the top of the
unit. Bed surfaces at the lower parts of this facies show markings which are

up to 50 cm. lTong, irregular, meandering and V-shaped resembling channels



with upturned edges.

Towards the top of this unit the.sandstone beds are interbedded with
limestones. In their lower parts, the Timestones are matrix supported silty
oobiopelsparites, moderately sorted and contain up to 10% quartz fragments
which are commonly unstrained (3¢ size range). Ooliths are rare but super-
ficial ooliths are seen (8%); rounded micritic pellets constitute up to 21%
of the rock (size >38). At the top of this facies the limestones become more
common at the expense of'sandstones, i.e. the limestone/sandstone ratio
increases.

Ooliths constitute up to 10% of the total rock and the quartz grains are
mostly polycrystalline; rounded micritic pellets are common together with
asymmetric ooliths; quartz grains are in the 24 size range. It should be
noted here that the topmost part of this facies immediately below the "Coral
Facies 8" is composed of a medium bedded, matrix supported silty oosparite
with very large (0.32 mm., <2¢) grains of polycrystalline quartz (> 3 crystals);
quartz constitutes 5% of the total rock. Ooliths are common and pseudo-
oolitic micrite rims were formed around the rock constituents. Micritic
patches are also present suggesting that the rims are merely by-products of
diagenetic alteration. Most ooliths are not "normal" and are formed by a
single oolitic rim around a nucleus.

Although epidote and ?zircon are common in this facies (and those
occurring below it), they rarely serve as nuclei for ooliths perhaps due to

insufficient to and fro motion necessary for oolith formation.

v. Shale/0Oolite Facies 7c]

This facies is exposed in Applecross (Hallam's beds 11, 12, 13). Here,
a Tower sequence of black shales followed by oolitic limestone is overlain
by a unit consisting of black shales at the base and calcareous siltstone

above.

The base of this facies is represented by the shales immediately overlying
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the "Coral Ffacies® " at Allt nan Breugh. These are 90 cm. thick, show up to
seven nodular calcilutite beds in Applecross (each 6-12 cm. thick) and are

strongly bioturbated exhibiting Thalassinoides patterns, The

shales are dark and micaceous with a low proportion of CaCO3 (10%); flattened
bivalves are common. The shales are somewhat silty ( <5% silt) and contain
up to 38% smectites.

The overlying strata are 2 m. thick and consist of calcareous micaceous
shales. The oolites are matrix supported and contain reworked micritic
fragments which are mostly 1-2¢ in diameter. The ooliths are mostly 2 gin
diameter and rounded shell fragments with a micritic rim are present. The
oolitic limestone beds are silty oobiomicrites at their bases (immediately
overlying the thin shale beds). Organic matter is common forming the films
around the ooliths and other constituents. The bioclastic material is crushed,
and coalified plant material is common. The ooliths are mostly second
generation and coalified material is commonly present in the first generation
coating; scarce, very poorly sorted compound ooliths are also seen. In

- the field , very small scale mound-1ike
features are séen, the surrounding hollows being infilled by crushed shell
fragments and finer material. The top parts of the limestone beds contain
micritic pellets of the lower portion containing ooliths, some of these
parts appear as shale beds in the field. Close examination however, shows
that they are entirely composed of oolithsin a micrite;matrix (Plates 6.32,
6.33). ..

The overlying beds are composed of 1.50 m. thick calcareous (35%) light
grey shales with up to 33% smectites. These do not contain fossils but have
concretionary beds, becoming more sandy and micaceous towards the top.

The concretions are mostly calcareous siltstones with up to 47% CaCOy;
they are very fine grained (3g) and contain rounded limestone fragments of
the same size. Muscovite is common but not abundant. The 1 m. calcareous

sandstone bed representing the top of this facies is a packstone (silty
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oobiopelmicrosparite) with ~48% calcareous matrix, and contains (12%) rounded
limestone pellets.
It is bioturbated and poorly sorted; rounded quartz grains (up to 3mm.

in diameter) occur and coalified plant material is abundant.

vi. Limestone/0Oolite Facies 7c2

Beds representing this facies in Applecross are 5.90 m. thick and composed
of oolitic limestone at the base. These are thin bedded (8 - 10 cm.) and are
interbedded with sandy/marly beds towards the top of the succession where they
also become progressively siltier. The beds identified by Hallam as
"Ferruginous Oolite" (bed 14) were not found.

Beds 17, 18 and 19 of Hallam (1959) are difficult to follow in the field
because part of the section is faulted and consequently some beds are
repeated. In the lower 0.80 m. of this facies there is a limestone unit
containing large (1) ooliths with thick micritic coatings. The lithology
is matrix supported oobiomicrite/microsparite.

Most of the ooliths have a second generation origin, the later generation
being represented by a thin oolitic coating, showing a distinct textural
difference from the original structure. Shell fragments
are present, contributing to the formation of the more elongate ooliths
(16%) (most of the ooliths are well rounded); the matrix contains very fine
shell debris as well (Plate 6.34).

The top parts of this basal limestone unit is a matrix supported, poorly
sorted silty biopelmicrite (Plate 6.35), containing totally recrystallised
delicate bivalve (8%) and gastropods (2%) together with abundant ostracod
shells (10%) and a few echinoderm remains (2%). These show a sequence of
interbedded calcareous sandstones and oolitic pelletoidal Timestones. The
sandstones are silty oobiopelsparites and show moderate packing; rounded
limestone pellets comprise 9% and quartz silt grains, 17% of the rock.

Gastropod and echinodermal debris is present but not frequent. Most
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shells show a dark micritic rim around them and muscovite is scattered
throughout. The oolitic pelletoidal Timestones are poorly sorted silty
biopelmicrosparites with 1arge bivalve and other shell fragments. Large
rounded pellets of micritic limestone (3 mm. in diameter) are seen and most
bioclasts show a thick micritic coating. The beds become poorly sorted,
matrix supported oobiopelmicrosparites towards the top. Multiple and second
generation ooliths are very common, their maximum sizes reaching 1-2 mm.

The matrix contains 3% silt together with reworked, fine shell material

(Plate 6.36).

vii. Facies 7D

This facies is present in Raasay and is thought to be represented among
the nodular limestones with shale interbedding which have already been

described.

6.12 Interpretation of Facies 7

This facies represents the re-establishment of shallow, restricted marine
conditions over the northern area of study following the open marine conditions
which produced Facies 6. Although its development is somewhat similar to
that of facies 5, some differences (namely source of supply, agitation and
proximity of mud flats) can be recognised. The term "marginal marine" in
this study refers to nearshore environments such as bays, sounds, lagoons
and estuaries which may share parts or most of the following characteristics:
a. Relative concentrations of the principal constituents of sea water are

not constant or predictable.

b. Detrital sediments are actively transported and deposited.
c. Boundaries of environmental zones are sharp.
d. Organic production and benthonic fauna are most probably affected by

seasonal changes in river discharge and biological activity .
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j. Facies 7D - (nodular limestones)

The beds of this facies are represented in Raasay by blue nodular
limestones with alternating shales » which are taken to be
equivalents of Facies 4, 5,6 and 7 elsewhere in the northern area. The
nodular limestones representing Facies 4 and 5 are separated from the higher
beds representing Facies 5 and 6 by a bed of oolitic limestone (Ra 9, 10)
which is identical to those found in Applecross (Apc 45) and regarded as
parts of shallow channels which represent fFacies 5. The nodular 1imestones
below the oolite are identical with those of Facies 7D therefore they are
both considered in similar contexts here.

The nodular beds almost certainly owe their origin to the presence of

abundant burrows of the ichnogenus Thalassinoides (Plate 6.14). The

occurrence, relationship to facies, bathymetry and diagenetic history of

the trace fossil Thalassinoides has been dealt with by Firsich (1973a, 1976)

who related the formation of nodular limestones in the English Upper
Oxfordian limestones to this trace fossil and suggested a mechanism for
nodule formation based on the activity of burrowing crustaceans. In modern

environments, Callianassaburrow networks which bear the most resemblance to

Thalassinoides have been reported by various workers (Shinn, 1968a;Farrow,

1971; Braithwaite and Talbot, 1972); the burrows of lobsters and crabs such

as Nephrops norvegicus (Lamark), Genophax rhomboides (Lamark) (Rice and

Chapman, 1971) together with those of Alpheus (Farrow, 1971; Shinn, 1968a)
also show a similar morphology. The mud-linings characteristic of these
burrows are not seen in the beds of acies 7D; the absence of vertical shafts
in the burrow systems of this facies may be explained in line with Fursich's
(1973a)interpretation.

a. The Liassic burrows were probably situated near the sediment/water
interface, eliminating the necessity for vertical shafts,Ai.e. the entrance

tunnel to the burrow penetrating the sediment obliquely (cf. burrows of
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Gonephax rhomboides and Nephrops norvegicus (Rice and Chapman, 1971)).

b. The thin linings or their absence may have caused the obliteration of
the vertical shafts.

c. The vertical shafts are characteristic of hardground associations
(Kennedy, 1975), their absence indicates the limited or non development of

hard surfaces.

The presence of branched nodules and their cylindrical shapes allows

their interpretation as cemented infillings of Thalassinoides networks;

irregular nodules are also seen with cylindrical tubes (4 to 5), radiating

from a central, enlarged lensoid body which are clearly cemented infillings.
Interconnected dwelling structures made by hemisessile suspension

feeders, with distinctly smooth, well constructed walls were also reported

by Howard & Dorjes (1972).Such features which resemble Callianassa major

burrows are equally common in offshore and nearshore sediments, being
especi(aa]g]yz)characterised by thick pelletoidal burrow walls. ‘Howard and
Dorjes/realised that such burrow walls were absent in laboratory-simulated
experiments. An explanation given for this was that such thick, pelletoidal
walls were an adaptation for combating loose, shifting sediments in the

natural environment, and was not required in quiet waters and stable substrates.

This may be true for the Thalassinoides burrows seen in this facies. The

Tack of burrow linings signifies either of the following:

a. Original substrate was stable.

b. Lack of turbulence.

c. Post depositional diagenetic infilling, replacement and growth of the
burrows (Fiirsich, 1973a) with the consequent removal of the original

shell wall features.

In this facies, the burrow systems consist of horizontally connected
cylinders (with only occasional vertical shafts) filled with predominantly

argillaceous (?carbonaceous) sediments. The Y-shaped branching patterns are
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typical of these beds and the burrows surfaces do not show any indication
of scratch marks (or ridges). Although the sequence was well studied, no

indication for the presence of other burrow systems were seen. Thalassinoides

dominates the trace fossil assemblage; some evidence for the presence of
encrusting bivalves is seen but there is no evidence pertaining to their
association with the development of hard substrates (hardgrounds). The
burrow tubes and cylinders constitute whole limestone peds which alternate
with smectite-rich calcareous shales and contain a high percentage of organic
matter. The limestones are micritic and commonly show reworked,
broken bivalve shell material together with whole shells assimilated within
them. The shales are crowded with bivalves and are disturbed by the
development of the limestones in p]aces; The predominance of a horizontal

Thalassinoides network over the vertical elements also indicates their

formation in "soft" rather than "hard" grounds (Kennedy, 1975).

Thalassinoides is a poor facies indicator and although it is known to

occur in littoral and sublittoral deposits (Cruziana facies of Seilacher,
1967), it is found in a variety of rocks ranging from mﬁddy calcarenites to
oolites, siltstones and fine sandstones; it is also of restricted bathymetric
value (Bromley, 1967).

A variety of Thalassinoides species are found in the Jurassic 1limestones

of Europe, which mostly resemble alpheid traces described by Farrow (1971).

In contrast to the Lower Liassic Thalassinoides burrows of Raasay, those

reported by Kennedy et al. (1969) and Sellwood (1970a) are packed with
faecal pellets.

Although compositionally different, the beds representing Facies 7D
resemble to some extent the beds of the Osmington Oolite Series (Middle
Oxfordian) found at Bran Point (Dorset). The oolites of the Corallian
sequence in southern England signify an intertidal and partly supratidal
environment according to Wilson (196b). They are preceded and followed by

slightly deeper water facies represented by the "Nodular Rubble" (Arkell,
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1936) and the "Littlemore Clay Beds" (Arkell, 1927) respectively.

The nodular Timestones of Facies 7D represent muds deposited in slightly
deeper, more tranquil conditions than the underlying oolites; the nodular
appearance may be explained as being due to intense bioturbation which caused
the mixing of the various abundant shells. The pattern was enhanced during
later stage diagenetic segregation of CaCO3. A quiet, shallow subtidal
environment of deposition may be envisaged for the nodular beds of Facies 7D,
the relative sparsity of the macrofauna suggests slightly unfavourable Tiving
conditions, but this did not affect the trace fossil-forming organisms.
Although the lateral extent of the beds is difficult to establish it is
possible to suggest that they were Taid down in channels and lagoons between

patchy coral "banks" (see Fig. 6.20 and 6.21).

ii. Facies 7(a, b, c)

The development of cross laminated, wavy bedded calcareous sandstones at
the base of this facies in southern Strath (samples Am 46, 47 and 48) and at
Ob Lusa (samples Am 106 and b 66) is regarded as representing a quartz-sand
body which actively protected areas situated toward its eastern and north-
eastern sides against open marine conditions. The size ranges of the
sandstones varies from very fine to fine sand in southern Strath to very fine
sand at Ob Lusa. No indication is seen for the development of this sandstone
body in Applecross where oomicrites and lagoonal shales were being deposited
(samples Apc 10, 11 and 12). The presence of coalified material lining the
cross laminae in southern Strath together with the presence of coalified plant
?stem fragments in the succession of northern Strath indicates
the proximity of vegetated land areas while the high proportion of poly-
crystalline and undulose quartz grains may be regarded as indicators of a
predominantly metamorphic source area. The palaeocurrent directions obtained
from the beds of southern Strath show a dominant flow direction towards the

northwest. Frequently the cross laminae are overlain by thin beds of parallel
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laminated sandstones (Plate 6.24c)which show predominant flow directions
towards the south (Fig. 6.18).

Although the depositional conditions in northwestern and southwestern
Skye are not known during this time (due to the lack of exposure), it is
probable that deeper marine conditions prevailed (Fig. 6.20, 6.21). A
possible interpretation for this facies is the formation of a "spit" which
may have formed due to the abrupt landward turn of the coastline. The
littoral currents which followed the coastline and held their course, -passing
from shallow to deeper water (Gilbert, 1890; Evans, 1942; Kidson, 1963),
formed what may be regarded as an extension of a beach .
It should be pointed out that no feature indicative of definite subaerial
exposure was seen in the beds of Facies 7a]. The presence of features such
as those which are interpreted as ?rill marks together
with the existence of well preserved coalified plant fragments
cannot be held as evidence for the probable emergence of the concerned beds.

The sands also contain a high proportion of ooliths and

rounded micritic limestone grains; grain size decreases markedly from Loch
Eishort to Ob Lusa.

The term "“offshore bar" or "barrier sand" (Price, 1951) cannot be
applied to this sand body for the following reasons:
a. Although the sands were deposited subaqueously, the external morphology
of the body is not determinable and an elongate form characteristic of "bars"
is not seen.
b. Barrier islands are normally separated from the shore by a coastal
Tagoon; although evidence for a restricted depositional environment is seen
in Applecross (eastward of the Skye outcrops), there is no such evidence in
southern Strath.
c. The various criteria for the recognition of barrier environments (Davies
et al., 1971) and "intertidal sand bars" (Klein, 1970a) are mostly absent and

do not fit into an overall framework.



Spits are free forms which are attached to the coast or an island at one
point (King, 1972); they grow in the direction of predominant longshore
sediment drift and are often a continuation of the beach that is adjacent to
the coast (Komar, 1976).

It is difficult if not impossible to distinguish between littoral sandy
deposits formed as bars and spits in the fossil record; this is because the
structures and the processes forming them are almost alike. The features
. of the bayward side of the offshore bar or spit consists of layers of short,
steeply inclined foreset laminae interstratified with layers of long, gently
inclined top-set laminae which also dip bayward (Thompson, 1937). The above
situation may be seen at Loch Eishort where cross lamination dips of the
individual beds are 20° and 30° in most places; also beds with horizontal
stratification with laterally traceable individual laminae are seen.

It should be noted that because these beds are most probably tilted due
to various movements (minor faults, dyke intrusions ... etc.) it is hard to
establish with Certainty, a horizon which was horizontal at the time of
deposition; such high angle stratification occurs on both the upper and lower
foreshore of modern beaches (Hoyt, 1962).

The landward migration of sand bodies in nearshore beach environments
is indicated by steeply inclined foreset laminations dipping shoreward,
produced at the shoreward edge of the sand body as it migrated (Hayes, 1972;
Wunderlich, 1972; Komar, 1976). Although the external morphology of the sand
body of Facies 7a] in Loch Eishort is not clearly known, the exposed parts
show that the succession was formed by the association of medium-scale cross
stratified units alternating with remnants of flat bedded deposits. The
possible mode of formation of such beds is hypothesised by Reineck (1960a,
1963a) who mainly formulated it to account for the preservation of this type
of cross laminated unit within the interiors of intertidal beach bars.

Medium to large scale ripples are built up on the bar whilst the tide is high;

the ripples advance towards the land with high-angle stratification (25-350)
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and form erosional cross-laminated sets beneath themselves. With the ebbing
of the "tide" off the "bar", the ripples become planed down and the hollows
of the beds are filled up with gently inclined or flat strata. The repetition
of this process, i.e. the unsteadiness of the flow system at any rate (Allen,
1968) would be responsible for the creation of the above mentioned sand body.
Fluctuating energy conditions may be envisaged during the formatijon of the
sand body of Facies 7a]. However, it should be stressed that the palaeocurrent
data from the steeply inclined cross laminae suggest currents flowing towards
the northwest, which according to the Reineck (1960a, 196%&) hypothesis should
indicate the existence of land areas to the northwest; this is not consistent
with the facies pattern observed in Applecross and Raasay. In the vicinity
- of modern coastal sand bodies a tripolar or quadripolar current system is to
be expected depending on the relative strength of the various currents
(Al11en, 1968). This is evident in Fig. 6..B3dwhich displays the palaeocurrent
data obtained from the rippled, calcareous sand bodies of this facies. A
continuous outcrop of sandstones from Loch Eishort to Ob Lusa overlies the
patchy development of the beds with Isastrea. This may be due to an original
bar-1ike, elongate morphology along the eastern edge of the synclinal outcrop
of the Broadford Beds Arenaceous Group in the Strath area. Although the
above discussion mainly concentrates on nearshore bars characteristic of
beaches with tidal ranges, it is realised that King and Williams (1949)
pointed out that barred beaches typical of tideless seas are very common in
"the Mediterranean and Baltic seas. They distinguished bars with two
different patterns:
a. Several parallel bars (not more than four), comparatively straight and
forming parallel to the water line.

b. Sand "crescents" with inshore facing points.

In both of the above cases, the "bars" were considered to be permanently
submerged below a relatively constant sea level. Such "bars" have been

observed in the Caspian Sea, Sea of Azov and the Gulf of Baykal (Zenkovitch,
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1967) and the western Black Sea (Zenkovitch, 1969).

Although the external morphology and occurrence of these bodies is well
documented, details of their internal structures are less thoroughly dealt
with.

McKee and Sterrett (1961) investigated the effect of bottom slope, wave
intensity and sand supply on longshore "bars". According to their work these
features are produced at the point of wave-break. After establishing a close
similarity between the beach structures formed during their laboratory
experiments and those formed on modern beaches at several localities, they
found that large parts of modern longshore "bars" were formed of strata
dipping shoreward at 16° - 20° whereas in both actual and experimental beaches
the strata dip gently seaward with long, even slopes. The structures produced
on laboratory-simulated, modern shoreface terraces show strata dipping 27° -
319 seaward (these dips are somewhat greater than those formed in nature).

This experiment was carried out under deep water conditions
(steep floor slope) with strong wave action and continuous feeding of
sediments at the base of the shoreface terrace intended to create conditions
of sand introduction by longshore and rip currents. Under the resulting
conditions, advancing waves moved the sand shorewards to meet other sands
carried seaward by backwash, and a Tandward-thickening wedge was formed
comprising shore-derived sands (dipping seaward at 12° - 150). Seaward of
this feature, newly introduced sands advanced landward forming a complicated
ripple, scour and fill structure; this deposit would build-up as rapidly as
the sand supply permitted. The new sand is also carried shorewards ultimately,
contributing to the construction of foreset beds as the backwash redeposits
this sand in the form of a shoreface terrace.

Experiments carried out under deep-water (steep floor) and moderate wave
action conditions with the sand supply cut off, produced a sand body with a
thick series of top set beds which together with the foreset beds show

relatively steep dips of 11° - 13% and 28° - 31° respectively. As the
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infofmation from the sandstone beds of Facies 7a] does not permit detailed
morphological observations (e.g. shape, height and width), suggestions towards
its mode of formation can only tentatively be made through comparisons with
the data provided by modern environments. The relative high proportion of
land-derived material (broken, coalified plant remains, polycrystalline

quartz fragments and rounded micritic sand grains) together with very well
rounded heavy minerals (probably relict) supplied by offshore areas,
considered with the cross lamination and minor sedimentary structures seen

in Ob Lusa, seem to indicate conditions akin to those operating while
sedimentation was taking place in a quiet to moderately agitated, subaqueous
environment. The sand supply from the onshore areas (onto a steep floor
slope) was moderate and some mixing with offshore-derived, "relict" material

is common; no evidence is seen for the existence of an onshore prograding sand
body in the lower parts of these beds. The variation in grain size from

0.2 - 0.1 mm. in Loch Eishort to 0.083 mm. in Ob Lusa should be noted, together
with the occurrence of low-energy asymmetric ooliths (Freeman, 1962) in the
sandstones of the latter locality. Present day stretches of beach demonstrate
systematic variations in grain size in the longshore direction (Bascom, 1951;
Carr, 1969, as well as across the profile (Krumbein and Griffith, 1938;
Krumbein, 1938; Miller and Zeigler, 1958; Greenwood and Davidson-Arnott, 1972).
It is impossible to show the latter in the beds of Facies 7a], nevertheless

a reasonable measure of certainty can be achieved by considering the former
situation. A roqgh]y north northwest to south southeast trending sand body
may have existed between Loch Eishort and Ob Lusa. The variation of wave
energy along its length would have been reflected in the form of a progressive
change in particle size, the finer sand accumulating in the low energy,
sheltered areas existing further in the north. Examples from modern
environments are provided by the Halfmoon Bay, California (Bascom, 1951)

which shows longshore sorting due to longshore variations in the wave energy

level. Although there is no proof to show the existence of protective
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headlands in the vicinity of northern Strath, in order to refract onshore
waves and to reduce their energy, this may have been achieved by the combined
effect of relative local deepening and abrupt change of the coastline in
northern Strath. It should be noted that the equivalent beds of the Miiton
Formation examined at Sconser (NG 520320) and Suisnish, Raasay (situated to
the northwest of Ob Lusa), are entirely composed of blue Timestones crowded
with broken, fragmented shells of gastropods and bivalves. The absence of
terrigenous sediments in this case may signify very shallow, unstable
conditions under which terrigenous material could not accumulate. The well
washed tabular cross laminated, white siltstone beds marking the top of these
beds, may represent partly wind-transported material due to their very fine
grained nature (true aeolian features such as concave downward laminations
(McKee, 1966b) and reactivation surfaces are totally lacking). The mentioned
wedge-shaped, cross laminated sets may also be regarded as characteristic of
high energy environments; they possibly signify the action of partly
longshore-driven currents which transported the sediment towards the north
and northeast in general (see Fig. 6,19 for palaeocurrent orientations).

Typical low-angle, seaward-dipping, wedge-shaped sets of evenly
laminated fine sand were described by Howard and Reineck (1972a) from the
upper shoreface (beach) environment (0 - 1 m. depth). Beach surfaces dip
gently seaward with long, even slopes; the measurements of McKee (1957b)
and McKee and Sterret (1961) showed that the angle of dip of beach laminae
range’from 29 to 5° on the Texas Gulf Coast and from 7 to 10° on the coasts
of California. Laminae in the beds under consideration here (top of Ffacies
7a;), mostly show dips of 20° to 30°.

Longshore bars often develop along the foreshore; these are made up of
wedge shaped layers with tabular cross laminae which dip shoreward at angles
of 10° to 30° (Thompson, 1937; McKee and Sterret, 1961; Hoyt, 1962; Bigarella,
1965; Psuty, 1966). Although trough shaped units were reported to be absent,

Reineck (1963a) observed festoon-shaped cross bedding associated with
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megaripples on the longshore bars; the megaripples were oriented at an angle
to the bar and the shoreline. Moreover it was reportéd that to the landward
side of a longshore bar, a channel (trough) was present in which megaripples
and/or small current ripples would originate, oriented in the direction of
flowing water more or less at right angles to the shoreline (Reineck and
Singh, 1973).

Although the exact morphology of the beds under consideration is not
well known and as further detailed information was unobtainable from the
outcrop, it may be inferred that the top beds of Facies 7a] represent a part
of an incompletely developed longshore bar.

The sandstones of facies 7a] show bedforms and sedimentary structures
commonly reported from barred coasts in shallow water wave dominated
environments of the Kouchibougac Bay (Davidson-Arnott and Greenwood, 1974,
1976) and may be compared with the sequence found in the "trough" and "beach-
face" zones; the terminology follows that of Clifton et al. (1971).

Although any interpretation can only be tentatively suggested due to the
lack of proper exposure, it can be seen that the beds of Facies 7a] resemble
those found in the "seaward slope" and "bar crest" facies described by
Davidson-Arnott and Greenwood (1976). The unit underlying the top planar
cross laminated beds consists of two possible principal types namely ripple
and plane beds which are mainly generated by shoaling waves.

The seaward slope facies of the inner and outer bar systems in the
Kouchibougac Bay are characterised by sets of small scale ripple cross
laminae which dip predominantly landward interbedded with seaward dipping,
Tow angle, plane bedding; the above association was shown by Davidson-Arnott
and Greenwood (1976) to form composite bed sets (described by Campbell, 1967)
as "plane-to-ripple" bedding.

The exact determination of the direction of flow in the beds under study
is not possible, but in general, bedforms representing the "bar crest" facies

are much better developed than those of the "seaward slope" facies.
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The basic representatives of the ?"bar crest" facies are represented in
Plate 6.2%c; the principal bedforms are "plane beds" and what Clifton et al.
(1971) termed "lunate megaripples”. Small scale oscillation ripples which
may have been generated during periods of low wave activity are present on
top of the above mentioned bedforms, These bedforms were
probably controlled by wave action breaking on the bar but were also
influenced by the interaction of waves with currents flowing seaward across
the crest.

The above mentioned characteristics of the lower parts of Facies 7a]
fit in well with those of the "bar-crest facies"; they consist of sub-
horizontal plane beds developed in somewhat coarser sediments interbedded
with cross stratified sets possibly produced by the migration of lunate
megaripples. The individual sets of plane beds do not exceed 10 cm. in
thickness but show a considerable lateral extent. Davidson-Arnott and
Greenwood (1976) indicate that the dip of these bedforms varies from gently
seaward to gently landward which is controlled by the bar slope at the point
of deposition. The "plane beds" under study were probably formed under
northerly flowing palaeocurrents (Fig. 6.18).

The ?"lunate megaripple cross stratified" units are 15-20 cm. thick and
extend up to 86 cm. laterally, the long curving toesets and wedge-shaped
units characteristic of this type of cross stratification
(Clifton et al., 1971; Davidson-Arnott and Greenwood, 1976) are also seen.

The directional data obtained from these units probably
reflects the effects of a wave-dominated environment where a seaward flowing
(northeast-southwest) unidirectional current is superimposed on the pattern
produced by other, wave generated currents. Some of the individual foreset
laminae are lenticular and probably reflect a pulsating sediment supply
and/or lateral transport under very turbulent conditions (Davidson-Arnott
and Greenwood, 1976). These fluctuations in wave strength and seaward/

landward flowing currents would result in a complex interbedding of landward
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and seaward dipping sets in the present day environment, hence it is hard
if not impossible to interpret the current orientation data obtained from
fossil rock examples in the absence of proper, three dimensional exposures.

Probably the regional coastline faced obliquely into east-northeast
winds with its associated waves and surface currents; this area of the palaeo-
coastline may have been partially exposed to the activity of maximum fetch
due to the combined effect of palaeowind directions and the position of
emergent areas (probably to the west of present day Liassic outcrops) which
only effectively protected the areas north of Loch Eishort. These factors
may have combined to make this area one of maximum water agitation and
effective longshore transport; the development of longshore sand bodies is
thus hampered as the result of non-uniform conditions along the coastline.

In Ob Lusa (Facies 7b]), very fine calcareous sandstones (0.083 mm.
diameter) are seen. These are moderately rounded and contain the minimum
amount of coalified (land-derived) material. The quartz fragments are mostly
composed of metamorphic grains with undulose extinction. The decrease in
grain size together with the relatively well washed nature of these beds
(samples Am 106, b 66) indicate a progressive winnowing, also the presence
of trace amounts of epidote in the Ob Lusa area is suggestive of a localised
occurrence. The hiomicrite sample Apc 12 (from Applecross, Facies 7c])
contains gastropod and bivalve fragments. The ooliths are undoubtedly
derived from areas with greater turbulence and the rock shows an inverted tex-
ture (Folk & Ward 1957); they were probably derived from extensive oolith shoals
which probably formed in lesser protected areas further north.

The biomicrites may represent the existence of a micrite-mud channel
separating the sand bodies (Facies 7a]) in the southwest from ooid shoals
to the northeast (Facies 7cy) shown in Fig. 6.20. The existence of bored
micrite pellets in the samples taken from Ob Lusa (Facies 7by; Am 108, 109)
together with mud-coated quartz grains with undulose extinction is taken to

signify the proximity of muddy land areas. A sand body built out from the
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southern Strath area towards Ob Lusa under the influence of longshore currents
which distributed sediments probably supplied by a large river draining
extensive metamorphic lands situated to the south of Loch Eishort, humid
climatic conditions most probably facilitated the breakdown and disintegration
of bedrock. The presence of ooliths in biomicrites of the Applecross area
(Apc 12) is probably due to the proximity of oolitic shoals which existed
Jandwards of the sand bodies. "Barrier bars" of large dimensions seaward of
oolith shoals have been recognised in the Pleistocene deposits near Miami,
Florida (Halley et al., 1977); as no "barrier bar" features are known to be
associated with young, Bahamian Holocene oolith deposits (except in Joulters
Cay), . . they concluded that these features probably represent
later aspects of oolith-shoal development, i.e. given favourable conditions,

a maturing oolith-shoal complex will develop a significant seaward "barrier".
The broken gastropod, ?ostracod fragments are probably products of prolonged
winnowing in the shoal environment (some ooliths contain gastropod nuclei)

and their transportation into the main "muddy" channel via minor intershoal
channels is a possibility (Fig. 6.20).

The pattern of sedimentation which developed during the formation of sand
bodies offshore of oolitic shoals ceased to continue through time, as
evidenced by the formation of extensive bioclastic calcarenite sand bodies
and oolites in the Skye area with mixed oolith/quartz/mud pellet and ?algae
coated grains in Applecross. -

The sand body (?"barrier bar") was probably submerged along with the
“back barrier" semilagoonal, muddy channels. In Loch Eishort, sandy bio-
pelsparites (Am 49) with rounded micritic grains are seen with elongate, mud-
coated, rounded bivalve "ghosts". The quartz fragments show undulose
extinction and are mostly polycrystalline. It is possible that the sand body
shown in Fig. 6.20 receded to the position shown in Fig. 6.2] due to its
rapid submergence which also partially drowned the fringing, "mixed"

depositional belt; as a result normally packed ooliths with mostly well formed
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multiple-coated spherical grains formed in southern Strath (Loch Eishort;
Am 50). The ooliths are medium sand sized (0.32 mm.) and the nuclei are
composed of echinodermal fragments with rounded micritic pellets and undulose
quartz (< 5%), thus open marine deposition on shoal areas is invoked. 1In
present-day environments such well formed ooliths are found in tidal bars but
there is no morphological or physiographical evidence for the existence of
such features in Facies 7. The presence of rounded micritic grains and mud-
coated, stretched ?pisolitic grains (Plate 6.38) is probably due to the
proximity of mud-flat areas. Second generation ooliths are present with
micrite-coated oolitic nuclei indicating increased environmental turbulence.
In the Ob Lusa area, poorly sorted silty oobiopelsparite wackestone (Am 111)
are seen with asymmetric ooliths the single-layer radial (often
asymmetric) coating of the micr{te—covered nuclei together with the poorly
sorted nature of the sample, signifies poor winnowing. The oobiopelsparites
of sample Am 112 represent deposition under moderately turbulent conditions;
some asymmetric ooliths are present but most are in the process of transforming
into proper ooliths. Samples Am 113 to 116 represent a complex system of
skeletal, pelletoidal sand bodies which were constantly reworked in a
turbulent environment. Skeletal sand bars are strung along the inner edge
of the Great Pearl Bank in the central parts of the Trucial Coast on the
southern shores of the Persian Gulf (Purser and Evans, 1973).

Although there is no evidence for the presence of barriers in the beds
of facies 7b] (Fig. 6.21) it is possible that such sedimentation took place
on the submerged tops and along the landward edges of the previously
existing ?barrier; the presence of coalified wood fragments with preserved
cellular structures (Plate 6.31) indicates the relative proximity of vegetated
land éreas. The pelletoidal limestones with coarse skeletal debris (samples
Am 117, 119, 120) thus represent channels which swept across the bioclastic
bodies (forming on top of the submerged ?barriers). These may have been

transported by onshore moving currents which considerably broke down and
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mixed the shell material with micritic pellets derived from previously formed
Timestones or locally eroded mud banks. The skeletal grains are not coated
and it is evident that they were not extensively winnowed. Sample Am 121
represents the development of mixed calcarenite-bioclastic-oolitic bodies.

In Applecross, a very shallow, poorly winnowed environment developed.
Probably the bioclastic channel deposits of Ob Lusa were swept into the quiet,
possibly lagoonal environments around Applecross. Such processes are
operative today in-the Persian Gulf area where, as sediments are swept across
the Great Pearl Bank barrier they spill into the Khor Al Bazm lagoon forming
steep accretion slopes or small deltas at the end of channels. In Applecross
the pelbiosparites of Apc 13 contain a high proportion of large rounded,
micritic pellets and reworked, transported ooliths. These are overlain by
poorly sorted biopelmicrites with rounded grains and bioclasts mostly composed
of echinoderm plates and high spired gastropods. Bivalves including some
?inoceramid fragments are entirely coated by micritic mud with ?algal linings
present; most grains show dark, opaque ?organic coatings and patches (Apc 14).
It is possible that the bivalves and gastropods were reworked in the wholly
muddy environment of a nearshore lagoon; thick coatings of ?algal mud
developed around them while echinodermal debris was washed into the
environment, barely having the chance to acquire a substantial mud coating.

As a result of the availability of siliciclastic erosion products in the
environment, thin beds of very fine (0.08 to 0.1 mm. in diameter) calcareous
sands are seen (Apc 17); the presence of pockets of ooliths indicates the
possible reworking of these beds. Coalified ?wood fragments associated
with other scattered, dark particles points to possible proximal terrigenous
sources while abraded echinodermal debris indicate an open-marine connection.
The mud-coated bivalves become frequent towards the top of the beds and
micrite pellets are abundant (Apc 18). These beds are possibly of mixed
origin, the quartz being transported into nearshore, subaqueous environments

possibly due to wind action which brought them into the lagoon where clay
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deposition was already under way. The presence of cross laminated siltstones
(0.06 mm.) in Loch Eishort (Am 51, b 32) at this level, may be analogous

to these beds in Applecross; the cross laminated, well washed nature of

these beds in the former area points to strong bipolar currents (Figs. 6. 18a
and 6./9). As previously mentioned, there is no evidence pointing to
transportation under aeolian conditions (although ?reactivation surfaces may
be seen in the polished hand specimen of Am b 32); the sediments were
transported by vigorous aqueous action probably induced by wind. Possibly"
the main source of the silts was the development of patches of wind-
transported material; beach berms and dunes in the present day are mostly
typical of arid regions and they seldom develop under humid conditions

similar to those prevailing during the Liassic times in northwest Scotland.
Towards the top of the beds of Facies 7 (a2, b2, c2), shallower yet less
‘agitated conditions of deposition are encountered in the northern area of
study. The development of extensive beds of faintly cross laminated sediments
with ?rippled tops in Loch Eishort containing grains of superficial ooliths
and mud-coated particles indicates the lack of prolonged agitation (samples

Am 52, 53); rounded micritic grains indicate the presence of areas with
exposed limestone beds or the reworking and redeposition of lagoonal muds
which existed in the Applecross area (Fig. 6.21& 6.22). Poorly rewo<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>