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ABSTRACT

‘The Gamrie and Rhynie Outliers are the major outcrops cf 01d '
Red Sandstene in north-east Scotland. The stratlgraphy of these
dep081ts is rev1ewed and the Crovie and Flndon Groups recognleed at
Gamrie, whllst the Rhynie Group is proposed at Rhynie. The exist-
ing stratigraphical subdivision has been modified, expanded, and the
sediments described in detail. The resul%ing"stratigraphy allows
speculation as to the relationships between the numerous isolate
coastal outcrops, but does not as yet allow correlations between

the Gamrie and Rhynie OQutliers.

A sfndy ef the sedimentary faciesrfbnns a basis of the strat-l
igfenhy; and it is coneluded that the Gamrie Outlier existed as an
almost enclosed intermontain basin surrounded by relatively low -
mountains from which a variety of alluvial fan environments debouched
onto an extensive Piednent floodplain/Playa surface. Ephemeral stream
processes dominate the sedimentary record, with sheets of sediment
eventually splaylng out onto the floodplain surface which at times
supported temporary lakes.' The cllmate at thls tlHE was probahl
arld/seml-arld allow1ng the exten51ve accumulatlon of pedogenlc
carbonate in thlck calcnete proflles.

Cos N
Sedimentation trends indicate that following the develcpment
of the basin a period of fan recession and floodplaln aggradatlon
occurred, but renewed tectonism is ev1dent (thlmately causing thel
<M1ddle Old Red Sandstone unconformlty) and eventually caused re-
advance of alluv1al fans at a tlne when the 'Orcadlan Lake' to the

‘north was rapldly expand:ng. In the hlghest dep051ts of the Camrle

sequence, the Orcadlan Lake 1emporar11y extends 1nto the Gamrle

Outller.



Paleocurrent and source rock studies allow detailed source
area reconstruction and'help to confirm the above mentioned trends
and indicate that an early south east/south supply of granite-rich
detritus was evenfually'dominated by a south west/west supply of
slate material. - |

| ’At‘Rhyn§§, the picfure is cloﬁdéd by poor exposure, bu;yfhe.
'sédimentafibﬁ trends are analogous to the.early_éeriod‘éf‘fénvreeess-
ion at Gamfie,;e&ident ffom early sheetflood qoﬁélbhé#afeé being
réplaced bylbr;ided'stream and finally flobdplain éedihents. The
flocdplain sediments at Rhynie allowed the development of an exten-

sive, primitive land flora, now preserved in excellent detail in

fossil 'péats' of the Rhynie Cherts.

Paleocurrents and source area evidence strengthen the hypothesis
that the Rhynie Outlier drained northwards to the Orcadian Basin,

and not south to the Midland Valley as has been suggested. A probable

1link between the Rhynie and Gamrie Outliers is considered.

The Lower 01d Red Sandstone of both Outliers (originally conéid-
'ered 'Barren') offers a surprising collection of trace fossils including
possible lungfish or annelid burrows, insect traéks and worm burrows,
and helps to build up a more complete picture of the Lower 01d Red

Sandstone fauna and environment,

The clastic sediments have been studied by a vériety of tech-
~niques inciuding'reflected and transmitted light microscopy, scanning
electron microséopy and x-ray diffractiong theif chemistry by‘a
.combination of’atomic absorption, x-ray fluorescence and electron:
microprobe techniQues, whilst thermal/magnetic techniques have allowed

an insigtit into the location and genesis of iron oxides,



Overall, it is concluded that the climatic EOnditions vere
conducive to the formation of priﬁary red-beds, but the normally
accepted mechanism of formation are fegarded as incomplete. In
the present case, instead of biotitfé liberating iron by fhe;
accepted mechanism of in-situ chemical degradation, this study con-
éludes that biotité has in fact concentrated iron and liberated
clay siéed haematite priﬁcipally by the mechanical degradation of
-biotite in floodplain sites during transport. In-situ degradation

and remobilisation of iron is considered to be minimal.
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- GENERAL INTRCDUCTION -

This thesis is)primarily concerned with providing a detailed

‘ reappraisal of the stratigraphy of the sediments of the Gamrie and
Rhynie Outliers, and providing a comprehensive description of the
sequencesbtherein. The absence of any substantial fauna or flora
‘inecessitates the application Bf purely lithostratigraphical tech-
niques, and therefore a detailed suhmary'of the sediments (Chapters
1 and 2) ié complimenteq by a detéiled ihterprétation of the

sédimentology and sedimentary history of the deposits (Chapter 3).

A consideration of thehsource and diSpersal of the sediments
in north east Scotland (principally paleocurrents, Conglomerate
composifion aﬁd sandstone composition) is made in Chabter 4, where

an attempt is made to compliment the sedimentology with a regional

reconstruction of the Old Red Sandstone paleogeography.

A study of the fauna and flora of a sequence may provide valuable

evidence as to the nature of the environment. As the sediments con-
cerned are effectively barren a study of trace fossils from both
Outliers has been made in Chapter 5 as an alternative approach to

this problem,

;Pinally, the sediments themselves may‘provide further climatic
and paleogeograﬁhic evidence in the form of pedogenic carbonéfe
accumulationé (described in Chapter 7); and in red-beds (described
in Chapter 6). _Paleomagnétism has existedrfor many years, but its
wider applications have only been realised in recent years; The
use of palebmagnetic techniques in conjuncticn with Dp. P, Turner
has allovwed a detaiied study of red-bed genesis to be made during the
course of this study. Although not directly abpiicable to the main

theme of the thesis, this work has been included in Chapter 6 as



the conclusions reached are critical of accepted models of haematite

genesis in red-beds.

Although each chapter is intended to contribute to a single
aim, each chapter remains largely independent, and therefore all
discussion and conclusions have been restricted to within the chap-

ter concerned rather than being isolated within a separate section.



CHAPTER |




STRATIGRAPHY Or THE OLD RED SANDSTONE SEDIMENTS OF THE:GAMRIE OUTLIER

l.l‘(i) Introduction

In recent years several successful studies have been directed to-

. wards the Old Red Sandstone of the Crcadian Basin, the more recent

worP being carrled out on predominantly lacustrine and related facies in
Caithness and Orkney.’ In these ‘instances a working stratigraphy evolved,
leanlng heav1ly upon lithological crlterla, and often being substantiated
by blostratlgraphlcal ev1dence. The Gamrie Outlier dlffers Qthe
51gnlf1cant1y from prev10us studles in that the sedlments comprlsmg

the Outller are of 1nferred marginal position to the Orcadlan Ba31n and
as discussed at a later stage (Chapter 3) are 1nterpreted 1n.terms of

a varlety of’ailuvial deposlts; such areﬂnoted for rapid spatlal andl
teuporal facies variation. The absence of an abundant fauna or flora

~ preclude any biostratigraphical confirmation of stratigraphic interpret-

ation. =

DT

The following section’offers a resume”of past interest in the
geology of the Gamrie Ohtlier, in none of this past work was a detailed
study of the rocks attempted although some stratigraphlc relationshibs
were con31dered and establlshed without formal dlscussion or descrlpticn.
Anj attenpt to def1re ‘a stratigraphy for the Gamrle Outller is fraugnt
with problems : _ V‘ '

(i) 1lithological variation in many sequences prevents an

accurate characterisation of such sequences.

(ii) llmlted exposure prevents the study of 'equlvalent secticns‘

| and leaves many rock units fault-bounded and 1solated from
the'rcmalnder of the sequence.

(iii) 11tbolog1cal varlatlons on a large scale may be exnected

in sequences of alluv1al deposits in a tectonlcally active



)

j'érea, and cast doubts on any conclusions drawn, -’
- (iv) Dbiostratigraphical confirmation (or even assistance) is

conspicuously rare.

In many ways it is understandable that a formal stratigraphy has

not been attemptgd, a final blow probably.being that outsidé the realms

" of the Gamrie Outlier éuch a stratigraphy would have a limited practical
value. . Facies variation may be extreme and correlation within the
outlier may be the limit to which the stratigraphy may be stretched.
Nevertheless a sedimentologica; study of the Gamrie Outlier is desirable
in order to feconstruct the local 0l1d Red Sandstone paleogeography.and
fof éuch a‘study‘to be'fen@orally and spatially coherent a stratigraphy
must be fb}ﬁﬁlated, and must in this case rely totally upon’lifhosfrat-

igraphical criteria.

It is teﬁpfihé to become involved in circular arguments as to order
of merit, stratigraphy and sedimentology must work hand in hand, but
as far as poésible restraints have been applied in order to prevent
assumptioﬁs from pfomoting interpretations. The erection of a stratigraphy
has fequired‘the incorporation of many fields of work, from.the
sedimento;ogical stud& to a study of the structure‘of the area, and
includiné coﬁglomerate composition, sandstone composition, and paleocurrent
é@udies. All of these aspects have been combined to aid the interpretation
ané correlation of the short sequence of sedimen&s exposed at Gamrie and
it thereforeiseem;\unjust thaf the end product, a stratigraphy, be -

considered the basis of the remainder of the study.

M’Aécepfing that any stratigraphy must be erected on»lithostréti-
lgraphic grdunds the rocks of the Gamrie OQutlier have been studied and
considereq in:fefms'of their constituent lithofacies, a term proposed by

'Krﬁhbe}ﬁ and Sloss (1963) ",.. the physical and mineralogié Qnd peffle

graphic‘characteristics of sedimentary.rockS‘are e¥pressed in terms of



lithologic aspects which result in the delineation of lithofacies."
Any consistency of lithofacies composition has been considered a -

characteristic lithofacies association or more simply, facies association.

Such facies associations are presumably a record of distinct sedimentary
environments, and with adequate exposure would formlnappahle rock units.
On these grounds,wherever practical,this has formed the basis fovgthe
subdivision of the sequence into formations., Distinct lithological
,assemblages suffering significant restrictions in abundance or character
have been assigned the Member subdivision in an attempt to utilise the

resulting stratigraphy to characterise the sequence more fully. : .

1. 1 (11) Prev1ous Research

Very little attention has been directed towards a detailed study
‘of the rocks of the Gamrie Outlier in the past. The earliest recorded’
v1nterest is the discovery of foss11 flSh at Gamrie in 1826 by Messrs.
Chmstie and Docker ( 1826 ). Murchison (1829) was the first to draw
attention to the outlier announcing the d1scovery of fossil fish in the
Den of Flndon. Sedgwick and Murc ison (1835) were the first to direct
tattentlon to the geology of the outlier, but it was Prestwich in 1838
iwho flPSt con31dered 1ts stratigraphy. He examined the (Gardenstown)
coastal section where he felt he could trace red sandstone passing down
into schlstose ‘rocks. he assumed that the red sandstones were equivalent
in age to the Old Red Sandstone of England, and claimed that the conglo-
merates and fish bearing horlzon rested unconformably upon this sequence
of Sandstones, thus concluding that the fish bearing deposits "belonged
to the Carboniferous Series, and most probably to be the representative
of the Millstone Grlt or Mountaln leestone" Malcolnson (1839) was
qulck to challenoe these conclusions noting that no passage existed

(at Gardenstown) between red sandstones and conglomerate sequences. He

i lg

recognised the Gamrie strata as lithological and paleontoiogical equiva-



lents of the 0ld Red Sandsfdne exposed to the west, and had no hesitation
ih/referfing the Gamrie rocks to the 0ld Red Sandstone series. His
ébsepQéfions unfortunately‘on1§'refefred to the rocks of fhe western

part of the Outliér, and he was indeed correct to point out a lack of
npaséage‘into‘schistOSe rocks". Although an unconformity exists he was
also correct in pointing out that none is apparent at Gardenstown, yet
hié comments do impiy that he fhought that no unconformity existed
anywhere in the Outlier. In 1843 Prestwich's work was atfackéd yet
égainvby Hay Cunningham who rather unsuccessfully argued that'thé Gamrie
Outlier was not fault bounded but instead thaf 1t had been deposited
against large étéép cliffs. In 1860 Gregory briefly described fossil-
ferous 01d Red Sandstbne'iocélities of the region and noted the

' charaq?g;’of thekGamrie fish bearing nodules. Geikie in 1879 was the first
to offer details of the whole Oﬁtlier; his informafion eventually forming
the basis of the Geological Survey Memoir.' Geikie offered'details of’
the sequenées, noting tﬁe basal unconformity, and tﬁe fault-repéated‘
séqﬁences west of Dundarg Castle. He commented upon the similarity
between sequences at New Aberdour éeach and Couhtef Head, and that L
Meoo they may possibly be regarded as the same". ﬁe also suggested an
equivalence between the lower deposits at Gardenstown with those iﬁ}ther
-east. Geikie proposed a seven-fold subdivision of the Gardenstown
sequence (later adopted by the Geological Survey) and estimated a total
thickness of 1000 feet for the sequence. He suggested that the Gardenstown
slatg—rich conglomerate was equivalent to the conglomerate east of
Pennan, an opinion not supported by the present Qork.

Traquair (1896) illustrated and offered details of fossii fish fromi
Gamrig; from which direct correlation can be made with Middle 0l1d Red
Sandstone horizons of Caithness. ’ \
In 1890 the Geological Survey published explanatory Memoirs to sheets 86

and 97 but as noted the editions were largely based upon work by Dr. )



J. Horne which was carrigd out prior to 1890. Much of the information
provided by éhe ﬁemoif echoés the thoughts of Geikie, ... his succession
v‘is adopfed with but slight modifications in this Memoir" (Geological
Surﬁéy.Sheéf'aswp. 167). The survey mémoir did not extend the strati-
gréphj proposed by Geikie, bﬁt it did add valuable field observations

as to faﬁlf relationships etc. Inland exposures were noted, but little
detail foéred. The Geological Survey Menpir was the last work to
consiaer the stratigraphy of the Outlier, the’only othgr-consideration
Vbeing on the source of the sediments, an admirable approach carried out
by Mackié in 1925. Mackie carried out extensive work on local igneous
rocks enabling.him to track down several of the rock types commcn in the

Gamrie Conglomerates (see Chapter 4),

"1.1. (iii) Outcrop Distribution

fhe map shown in fig. 1.l. shows the location of the Gamrie Cutlier
and dez%xérjstrates the distribution of Lower and Middle 0ld Red Sandstone
stfétai :inland eﬁposure is very poor but extends southwards to Fyvie
near Iuﬁriff (see Fig. 1.1)." Along the 10 km. of coast between Gamrie
Bay and Quarryhead the 01d Red Sandstone sediments are exposed'in natural
fault bounded blocks, and for the purpose of the stratigraphic study
fhese fouf naturally occurring blocks of sediment will be discussed sep-
arately (their extent is shown in Fig. 1.2).

i.e. (i) The Western Coastal Section extending between the Afforsk

Fault and the western end of the Troup Head Fault.

(ii) The Central Coastal Section between the eastern continuation

of the Troup Head Fault and the Langlitterty Fault. .

(i1i) The Eastern Section between the New Aberdour Fault and the

basal unconformity at-Fleckies Meadow.

~(iv) The Quarnyhead Section, a small embayment containing a short

unconformably on Dalradian.

fault bounded sequence of Lcwer 01d Red Sandstone-resting.l"



Lower 014 Red Sandstone of the Gamfie Outlier

1.2 ' Western Coastal Section

1.2 (1) ' Introduction

- In their description of the Gamrie Outlier the early workers of
the Geological Survey reeognised a need for a two fold subdivision of
' the 0l1d Red Sandstone s‘equen.ce. Without reference to anvunconfor‘mit‘y,
upper and lower _divisions were termed Findon and Crovie Groups respect-
ively.‘ | " ' |
| The Findon Group was so named because of its occurrence in the
Den of Findon, the Crovie Group for its outcrop along the Crovie

foreshore to Gardenstown. Wholly on the basis of this Western Coastal

section the Geological Survey erected the following sequence (Table 1l.1).

Geological Survey

Bed Nunber

1. Conglomerate and breccia.

6. Grey and red c¢lay with limestone nodules, containing
fish remains, and lenticular grey micaceous shales,
yielding plant remains and some scales of fishes.

5. Coarse red conglomerate with some {ntercalations of
red sandstones with fish scales,

4, Frisble, bright red and mottled sandstone with scattered
pebbles and occassional tenticular bands of conglomerates

. . Red and grey sandy flags, shales and marls with ribs of
limes tone and calcareous nodules which have not proved
fossinerous.

2. ~ Dull red sandstone with calcareous concretions.

L4

. Conglomerate, faulted against the Macduff Growp.

*

Jable 1.1 Stratiqraphic Subdivision of the Gamrie Outlier outlined by

Cco1ogica1 Survey

During the course of the present survey a total of ten lithofacies
have been recognised along the western crastal section, and they have
been employed' to Subdivide and characterise the sequence. These lithofeci'es
will be detalled at a later stage, but a brief consideration of their

distribution will outllne the nature of the sequence and allow an insight ‘



into fﬁe bésis for the various proposed subdivisions. As ﬁoted earlier,
the basic unit recognised is the lithofacies, and.characteristic groups

of the lithofacies (facies association) have been recognised and assigned
Vafioﬁs stratigraphic status. TFigure 1.3 is a summary of the lithofacies
disfribﬁtion in the western section illustrating the presénce or absence of
lithbfacieé in rélation.to rélative,stratigraphic height; The diagrém

performs several useful functions:

(1) it illﬁstrates the basis from which the stratigraphy has been
| formulated.
(ii) the unique facies content of each stratigfaphic unit is
summarised
.(iii)' the lithofacies have ?een arranged in a finihg crder, and
therefore the initial fining trend is apparent and‘can be

seen to be superseded by a coarsening trend.

-Therefore in terms of facies associations, the following sequence is
recoéniéed along the Western Sectién, its spatial distribution being
illustrated in Figure l.4. In the following table (Table 1.2) numbers
refef to the original Geological Survey numerical subdivision noted in

Table 1.1

Geolegical Survay, Present Study Proposed Formation
Bed Number i Faclies Associaticn
5 coarse conglomerate findon Conglomerate
facies .,
Possenvensnse fau’t ——-

o 4 sandstone facies Castle Kill Sands tone
~ - ) N - LAl T2 T Y Y 12T 3 fa u] t LA L L L L 1 J L L] Sacewe
, ‘ 3 _Heterolithic facles  West Harbour
B 3 ' East Harbour

Sresnesonsae fa U] t hakaded
i .
3 S{1tstone facies Crovie Siltstone
2 Sandstone facies Crovie Sandstone
erconcncnnns fIYlt concvcacanace.- cane
[ . 1 - conglomerate factes  Crovie Conglomerate
cvemcemeave= fault r——ea - -~

Table 1.2  Comparison of Geolonical Survey Stratigraphy with

~ subdivisions proposed during present study




. In noting this sequence the Geological Survey offered few details, a
direct equiva;ence can confidently be made between their 1, 4, and 5 Beds .
and the fac1es assoc1at10rs listed above. Geological Survey Beds 2 and
3, betng gradatlonal sequences are difficult to locate from their brief
,‘descrlptlons but bed 2 is apparently equivalent to the sandstone fecleSV('

and part of the 511tstone facles.
¢ : : . '

i.e.  "... red and grey sandy flags, shales and marls with rlbs of limestone
' 1

and nodules whlch have not

proven fossillferous.".-

SILTSTONE FACIES

. SANDY FACIES

1
- During the course of this study, based upon the distribution of

lithofacies, it has been found necessary to further subdivide the Geological

Survey's bed 3. Details of this will be left until a relevant stage.

The Western Coastal éection exposes essentially two almcstqccnplete
sequences of Crovie Group sedlments. | | |
T(ij- between the Troup Head Fault and the Snook the Crovie swb
) sectlon | |
(ii) between the Snook and the Afforsk Fault, the Gardenstown suw
‘ - section - o |
For convenience these two sections will be dealt with separately;
as the faulting exposed at the Snook mars the cont1nu1ty of the sequence a

and introduces problems as to the continuity of the sequence, and particul—

arly the problem of strata removed due to faulting.

1.2 (i1) The Crovie Coastal Subsection

The lowest exposed strata of the Crovie coastal section belong to
the Crovie Group and are faulted against the Dalradian strata in the
middle of Crovie Village by the 055N trending Troup Head Fault (see Figs. .
1.4 and 1.5). The basic subdivision of the Crovie section and thus of

the lowest Crovie Group sediments is quite clear.



i.e. faulted against the Dalradian is a Conglomerate facies superseded by

a sandstone facies which passes ultimately into the siltstone facies.

i.2‘(ii)a Crovie Conglomeréte Formation (Conglomerate Facies)

| Faulted against the Dalradian by the Troup Head fault its position
in the sequenée remains conjectural. The restricted clast assemblage
©95% i&caliDalrgdian material) suggests a local supply of.detriéus and
hints fhafrfhe Crovie~Conglomerate may genuinely be a representative of
the eariiest sediment deposited in this area. The faulfing at the base

éf the sequence prevents an accurate éstimation of its thickness or true

position relative to an unconformable base. -

Characteristics A monotonous sequence of internally massive conglomerates
consisting of essentiélly local detritus interbedded

with thin, rare, medium to coarse grained sandstones.

Type Section The type section is that exposed between the Troup Head:
fault and the North Crovie fault in the middle of Crovie.

Equivalent section Nome

Lowest Stratum ‘Fault-bounded by the Troup Head fault bringing conglo-

merate and Dalradian rocks into juxtaposition.

gppermést Stratum The 055 N trending North Crovievfault bringing the
| ‘conélomerates4into confact with the éandstone facies.,
Thickness Impossible to determine; 30 m are exposed, but the
| section passesAffom the sea wall out(to sea. Consider-
ations of the structure of Gamrie Bay have lgad to
important conciusions relative to the fhickness and
" nature of the Crovie sequence (see later discussion,

page 23 ). : ' e

Nature of Outcrop A narrow stretch of rocky shore exposing a broken
. sequence of conglomerate. The orientation of the unit

is such that only a short strike section can be studied

(Figs 1.4 & 1.5)



General Stratigraphy .

The formation is comprised aiternations of the following three litho-
facies.
i.’ conglonerate ‘
i‘2; massive sandstone
3. flat bedded:sandstone
Corglomerate domlnates the ‘sequence (90 5%), belng very poorly sorted
and ranglng in grade from gravel to cobble 51zed clasts (plate 1. 1a)
Bedding is poorly_defined‘also butJhas been establlshed on‘tbe basis of |
‘variations of grain size, sorting and packing, visible from.a distance
as a crude planar.layering (plate'l.lb)t" |
Interoedded with the conglomerate are:
’ a) ~coarse to medlum gralned reddlsh bronn sandstones (3 5%) with
B flat beddlng._ The base of such units 1s frequently sharp but
may also be gradatlonal from sandy conglomerate,
b) Massive_units of sandstone with the above characters (6%) vhich

may be equivalent to (a) but lack apparent bedding. .

Exposure is‘neither adequate nor extensive enough'to'obtain sufficient
"data to summarise the formation in a tabnlar form. Conglomerate bed thick-
ness cannot . be accurately ascertained but variations‘{ntcharacteritf;e;“
w graln size, packing and sorting) suggest that conglomerate bed thickness
may be in the order of 15 to 60 cms. From these textural varlatlons it is
" apparent that multistorey conglomerate units are conmon,‘sandstones only

rarely occurring and often related to graded conglonerateknnits;f'

1.2 (il)b Crovie Sandstone Formation (Sandstone Fac1es)

The Crov1e Sandstone Formatlon is regarded as being dlrectly equiv-
alent to the lower portlon of the Geologlcal Survey's Group 2 beds
"ev. red and grey sandy flags, shales and marls with ribs of limestone
and nodules which have not oroved fossiliferous...", although the upper

part of their division now belongs to the Crovie Siltstone Formation



(i.e. "... farls with

11

ribs of limestone...")

The Sandstone Formation is faulted against the Crovie Conglomerété

to the north but is overlain conformably to the south 5y the Crovie

"Siltstone Formation; the majority is exposed to the north of Crovie

Pier.

Characteristics

A_éequeﬁce represehting gradual but rapid change

from the Crovie Conglomerate Formation through to
the Crovie Siltstone Formation. Alternations of

sandstone and siltstone with associated minér

conglomerates predominate. At higher levels silt-.

stones contain nodular carbonate.

Type Section

Equivalent Section

Lower Exposed Stratum

Upper Boundary
~ Thickness
Fossils

Nature of Outcrop

Crovie foreshore between the 'North Crovie Fault'
and 60 m south ofiCrovie Pier (see Figs. 1.4 and
1.5). |

None, but similar se&iments are eiposed at the Snook
and at Craigendargity (see discussion page 23 ).
Adjacent to the 55 N trending North Crovie fault
north of Crovie Pier.

To the south of Crovie Pier, the highest development
of trough cross stratified sandstones.

At least 45 m. The faulted base éomplicates‘an
accurate estimation of the total deﬁelopmenf.

Poorly preserved spores extracted from silty. bands
in upper part.

Easily accessiblé but narrow foreshore, no cliff
section but very poor exposure in the hillside énd
in the lower part of Braco Den.

Small faults are abundant.
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Ceneral Stratigraphy

1

The Crovie Sandstone Formation consists of cyclic alternations of

the following lithofacies:

1. Conglpmerate

2; Maséive sandsfone;

3. Flat bedded sandstone

4. Trqugh cross stratified sandsfones
. 5. Ripple cross laminated sandstones

6. Siltstone (modified by concretionary carbonate - lithofacies 9)

Lithofacies 1 - Conglomerate ranging from gravel to cobble grade, moderately

well sorted but pooriy stratified thick wunits, to thin sheets of well

sorted gravel occurring at the base of lithofacies 4 units (Plate 1.2a)

Lithofacies 2 - Coarse to medium grained reddish brown sandstones with no

‘detectable internal spructurek(Plate 1.2b). The true nature of lithofacies
2 is debatable - as they frequently occur related to lithofacies 2 or in
similar sites it may be that lithofacies 2 =-1ithofacies 3 with no
obvious bgdding (i.e. they ﬁay have been produced By the same physical -

process -'bedding is merely not apparent).

Lithofacies 3 - Coarse to fine grained reddish brown sandstones with

well developed internal flat bedding. The base of such ‘units is usually
sharp and may be slightly erosive - otherwise the base is sharply trans--

itional (Platé 1.2¢).

Lithofacies 4. - Medium to fine grained reddish brown sandstones showing

large scale trbugh cross-stratification (Plate 1.3a). The base of such
wmits is usually erosive, but may follow lithofacies 3 by sharp passage.
Erosive lithofacies 4 usually rests on lithofacies 6 and has a thin layer

of lithofacies 1 at the base. Units of lithofacies & are usually multi-

storey in that: | '
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a) tfough sets overlie one another to produce cosets of trough
cross stratification.‘
b) trough sandstone sets may have individval mud drapes.
Individual sets range from 15 cm to 25cm the.total.developﬁentfnever ,

exceeding four sets thickness,

Lithofacies 5 - Medium to fine grained red brown sandstone with internal

ripple cross lamination (see plate 1.2b). Lithofacies S.is usually
graditional from lithofacies 2, 3 or 4 and may commonly be interbedded with

1ithofacies 6.. Upper and lower surfaces are‘usually sharp but not erosional.

‘Lithofacies 6 - Brown siltstone, generally fine grade tending to mudstone,

generally strucfureless, but may contain thin sheets ofAIithofacies 5

and/or scattered lithofacies 7 (Plate i;sb and 1;3c).; Finest grade horizons
_ may show poorly developed flat or wavy bedding. -Higher deposits of litho-

. facies 6 show well developed symmetrical ripples and abundant desiccatlon

cracks (1.3c).

thhofacles 7 - Nodular carbonate, the occurrence of which is restricted

to lithofacies 6, more commonly to the upper portion (plate 1.3b). Two

»

'forms exist:
1. Large individuals arranged in sheets, red brewn, internally
| comparable with nodules of same size, shape and appearance dei-
cribed fromlNew Aberdour Shore.
2. Small irregular shaped nodules generally pale grey in colour.;
This variation shows no layered arrangements - i.e. randomly
-distpibuted and freqeently coalescing. Their size is smaller
than (1) size,shape and form is comparable with nodules found
" in the silts of the Quarryhead Section.
Fig., 1.6 shows selected field logs from lower, middle and upper portions'of
tﬂe Crovie Sendstone sequence, Fig., 1.7 shows a detailed summafy of the form

’

~of the sequence,



LITHOFACIES TOTAL T. | NO.| MCANT T.] MAX. T.| MIN. T. | PERCENT NO. | PERCENT i'.
[ m: m m m
Conglomerate 5.8 29 0.2 0.66 0.02 13 9.5
Flat bedded Sst. | 8.0 | 40| 0.2 0.68 ] o0.c2 18 13.3
Massive Sst. 3.8 [20f o0.19 o6s| 003 | . 9 - 6.3
Trough cross= 15.91 43 0.37 1.10 0.1 19.3 '26.1
stratified Sst.| 15.91 .1 43 0.37 1.10 0.1
Ripple cross- 5.04 42 0.12 0.42 0.03 18.9 8.3
laminated Sst. . ' ;
S{ltstone ‘ 24.48 48 0.51 1.80 | ° 0.06 21.6 ».5
TOTAL ' 63.03
- Table 1.3 Thickness Parameters of the Lithofacies in the Crovie Sandstone Fomationv

In coniunction Qith'the bed thickness frequency distributions shown
in Fig. 1.8, table 1.3 allows a summary éf the Formation to be made,
but care must be exercised in an& attempt to interpret the pooled data
in such a table as the sequence is non-stationary, i.e. the nature of
the sequence, the proportions of the individual lithofacies etc. are .

variable with stratigraphic height although the lithofacies present are

invariable.,

‘General Stratigraphy

. Fr0m Table 1.3 itis clear that overall the Sandstone Formation

.\consists of sandstones and siltstcnes in sub-equal abundance (sandstone

bging slightly more'cammon overall i.e. sandstone 63%). The bulk of

the sandstone part of the sequence consists pf cross bedded sandstones,

although numerically flat bedded sandsfone and cross laminated sandstone

are almost as common , reflecting the small units commonly developed in

the latter two lithofacies compared to the thick developments of cross

bedded sandstone.

The following section defines the Formation more specifically and takes |

.

into account the gradational nature of the sequence;

The thickness frequency histograms (Fig. 1.8) help to summarise the



character of the sequence, i. e;*Conglomerat~f0ccur" in'units np to’BG»cm
thick, but th1n unlts are most‘common ‘the: avurage belng 20 cm.’ ‘flat
bedded sandstone may form units as thick as the Conglomerate but t‘lese
are rare, most likely umlts will be thln, i.e. average 20 cm. Masszvev
sandstone averages 19 cm and has a similar range of‘thicknesses,‘and.?fﬁ.
therefore much of this lithofacies may actuallj-be flat bedded but.
beddlng is difficult to detect. Cross: stratlfled sandstone has the
largest unlt thickness of all sandstone fac1es average 37 cm and
ranging from 110 cm to 10 cm skewed towards smaller unlts ‘which 1s a.
reflectlon of the set s1ze, and the common.occurrence of multlstorey onlts-
of trough cross beddlng, 1 -e. set 31ze *is in the order of lO cm and Canta‘
often show only'four sets or lessrf The averagepbed thlokness is consistent
with this. Ripple cross laminated sandstone shons:a.strong tendencf-to =
only occur in thin umits 12 cm average. Cross laminated sandstones are'
w to 40 cm thick, thicker examples occurring iIn relationship with cross
stratified beds, the'bnlk of the cross laminated sandstone oocurrences

i.e. the thin beds are those occurrlng 1nterbedded w1th the siltstons
llthofac1es._ olltstone compxusesthe tnlckest 1nd1v1dual 11thofac1es G’vcm
~average with a max1mum development of 180 cnoagaln the dep031ts are

skewed towards smaller unlts.

Basis for Formation Subdivision

" The Sandstone Formation as defined contrasts strongly with the
underlying Conglomerate Formation, the former having 64% sandstone compared
to a mere 9.5% in the latter. New lithofacies are developed in the
Sandstone Formatlon' to llthofac1es 1, 2 and 3, the Sandstone Formation
adds cross stratlfled sandstone (llthofac1es u), cross lawanated sandstone
(llthofa01es §) and sxltstone (lithofacies 6) Inltlally, cross strat-fled
sandstone dominates(t ‘e sandstone portion of the sequence w1th only nanor

_amounts of lithofacies 6 siltstone. With 1ncrease in stratlgraphlc helght

- various changes occur in the abundance of the 1ithofacies which serve to



to demonstrate the gradational nature of the sandstone sequence and

illustrate its mid way position between conglomerate and siltstone Form-

ations.

i.e.

1.

‘Lithofacies 1 conglomerate is initially very abundant in thick units.

At higher levels the abundance decreases leaving only thin sheets of

' gravel and pebbles as légs at the base of cross stratified sandstone

units. A temporary return of cBnglomerate occurs towards the fop

" of the sequehce adjacenf'to the pier at Cfovie‘(Fig.‘i;Qa);

The decline of conglomerate is accompanied by»a'decline,of lithofacies

.3 flat bedded sandstone (Fig. 1l.9¢).

With deéreasing lithofacies 1 and Q;xan;‘incféaSe in thé{ébundance of

" lithofacies 3, 4, 5 and 6 are noted. Towards the middle of the

Formation cross bedded sandstone and siltstone are approximately equal

in . abundance (Fig. ;.gc\.,

_Towards higher levels cross laminated sandstone and flat bedded sand-

stone remain quite consistent in their abuhdance; but lithofacies 6
"siltstone increases dramaficallyvat tﬁe expense of lithofacies uTéfoss
‘stratified sandstone. The proportion of massive sandstone also accom-
paniés this increase. The proportion of cross laminatéh ééhdéiéne

remains constant but numerically the sbundance increases due to the

. presence of numerous sandstone sheets in the siltstone poftion of each

cycle at higher levels (Fig. 1.94).

Eventually the ‘decrease of cross stratified sandstone heralds the

‘incoming of the Mudstone Formation. The highest development of cross

- stratified sandstone being used to define the upper limit. of the

Sandstone Formation (compare Fig. 1.9d and 1.92),



The above details are illustrated schematically in Fig.1.9, a series

of facies profiles demonstrating the intermediate position of the

' Sandstone Formation. Fig. 1.9 also illustrates the prbblem mentioned

earlier of accurately characterising a sequence by listing the abundance

of the various lithofacies.

1.2 (ii)c The Crovie Siltstone Formation.

The Crovie,siltstone Formation is a natural contihﬁation of the

wwards fining seqﬁence initiated by the Crovie Conglomerate and continued

by the Crovie Sandstone Formation. The Geological Survey were vague in

defining their subdivisions but it is apparent that the Siltstone Formation

is equivalent to a large portion of the Geological Surveys Bed 3.

i.e. "... Red and grey sandy flags, Shales, and Marls with ribs of lime-

stone and caleareous nodules which have not proved'fossiliférous."

Characteristics

A sequence dominated by siltstones but with associated

regularly spaced subordinate amounts of sandsténe

occurring as thin sheets. Lower parts of the succession

s have wavybedded and laminated mud lithofacies.

Section

Equivalent Section

!

Lower Boundary

Upper Boundary

Thickness

Fauvna

South of Crovie Pier to the south end of Crovie Village.
None directly comparable but a relationship is suggested

between this formation, the East Harbour Formation and

" the New Aberdour Siltstone Formatior.

The base of the siltstone unit overlying the highest

'developﬁent of cross stratified sandstone used to

define the top of the Sandstone Formation.

" Faulted against sediments equated with the West Harbour
. Formation by the South Crovie Fault.

94 m exposed but the proportion removed by the South

Crovie Fault cannot be estimated.

Poorly preserved spores such as Dibolisporites and =
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various smooth walled azonate varieties.

Nature of Outcrop A low wave cut platform covered at most tides. Trans-

ected by many joints and small faults. Easily accessible.

" General Stratigraphy : o L

The Crovie Siltstone Formation consists of alternations of the

following four lithofacies. - . IR SR

Lithofacies 6 Red Brown Mud/éiitetone

Sandstone, rlpple cross lamlnated.

Lithofacies_s

"Wavybedded" f1ne Sandstone with Slltstone partlngs

[+ ]
I

Lithofacies

(Heterolithic Lithofacies)

Lithofacles 7 - Laminated Mudstone/Siltstone

thhofac1es 5 and 6 are recorded contlnuously since the Crov1e
Sandstone Formatlon llthofac1es 7 laminated mudstone/siltstone and litho-

facies 8 are newly 1ntroduced.'. e

(o

Crovie Siltstone Lithofacies

Red Brown Mud/811tstone - Thick wnits (generally) of s11tstone, frequently

coarse, but often as. fine as mud grade, red brown in colour (Platel.u )
Generally»stpuctuneless 1nternally except for rare developnents of mud |
as laminae“nfeser;ing‘an ipregulanrﬁwany" bedding. Bedding is also demon-
strated by 'internedded thin sandstones (c/cm). Muderacks are abundant
throughoufifinest horizons, and thin muddy lanellae show tne denelopment
of synmetrical (oacillation) ripples. Thin sandstones show linguoid
ripple development, This lithology is considered equivalent to lithology

6 of Crovie Sandstcne Formation.

. Sandstone - Thinly bedded drab sandstones of medium to fine grain size.
Always sharp based and also commonly sharp topped, although gradational
tops are recognised (Plate 1.4). Internally bedding is often obscured

by extensive carbonate cement but numerous examples have been found showing



19

the development of micro trough—cross—lamination or ripple drift - often
with mudstone veneers.  This lithology is represented by lithofacles 5
in higher parts of the Crovie Sandstone Formation but is more analogous
to interbedded sandstones in the lower East Harbour Formation and New

Aberdour Shore Siltstone Formation.

Laminated Mudstone - A new llthology not recognlsed in lower parts of

the sequence also -remains qu1te rare C<l%) w1th1n the Mudstone Formatlon.
‘Thinly developed unlts of no™ great lateral per51stence composed of thlnly

1am1nated grey mudstones. Frequently desiccated and rlpple marked.

The abnndance of these'four lithologies throughout the Formation is shoﬁn
in Tablel 4but as with sequences at hlgher levels 1t has been deemed ‘
necessary to subd1v1de the sequence further to allow a more accurateﬁlhyj”“
“portrayal of the succession. “

-

LITHOFACIES T0TAL T. | No.| rEan T. | max. 1. mIN. 7. | PERCENT NO. | PERCENT T.
~ m m .m m , A B

Siitstone | 1s5.3 |87} 233 | 5.7 | 003 | 53 - | o5

Sendstone | 4 |e67| o0.06 | 0.25| o.01. 4 2

Laminite ' 0.5 | 5| o0.05 0.11 | o0.01 T2 1

Vavy-bedded sand | 4.5 | 7| o.6a | voa| o237 | 4 TS

and siltstone . .
TOTAL . .| 194

" Table 1.4 ThicknessbParameters of Lithofacies in the Crovie Siltstone Formation

Basis for Formation

As w1th prev1ous Stratigraphic Unlts the de51gnation of strata to‘
‘the Mudstone Formatlon has been carrled out with the distribution of
:llthofac1es as a ba31s. The top of the Sandstone Formatlon was deflned
)as the hlghest occurrence of Trough bedded sandstone - this must also .

,serve as the base of the Mudstone Pormatlon. The ch01ce of this level

~as a stratigraphic boundary is supported by further lithological evidence.



Above the designated base of the Mudstone Formation.

(a) as stated - trough bedded sandstones no longer occur,

(b) flat bedded sandstone, and conglomerate no longer occur,

(e) new lithologies are introduced, . |
(i) Wavy bedded fine sandstone ..

.+ (ii) Laminated mudstone/siltstone, (laminite),

(d) ‘siitstone continues but in greater abundance, but suffers a
marked decrease in average unit thickness, i.e. from 51 em.

average in the Sandstone Formation to 30 cm. average in the

Lower part of the Mudstone Formation.

Basis for Member Division

Further consideration of the distribution and nature of the mentioned
lithologies also leads to the nece331ty for further lithostratigraphic ;"
subdiv181on. ' |
“i.e. (a) The newly 1ntroduced laminated mudstone and wavy bedded fine
- _sandstone lithologies cease to occur after approx. 20 metres

and during this 20 m. the Siltstone thickness remains con51stently
! -~ . quite low (Fig.'l.lo)._ | _ |
. (b) Above the level where the“iaminite'and wavy bedded iithofacies
disappear a rapid increase5in siltstone unit thickness occurs%
“and this continues to a stratigraphic height of approx 55 m.:"j
(Fig.llo))‘ e I
(c) Above 55 m. the’ siltstone unit thickness decreases»again.

These.features are illustrated in Fig. 1.10, a smoothed time trend :
anaiysis'of'siltstone bed thicknessidata showing a clearithree foid.sub-é
" division of the Mudstone Formation. Throughout these three members Fig.é
i.ll iilustrates that the percentage distribution of lithologies remains
fairly constant and for this reason they have‘been grouped into the

Siltstone Formation, divisions being allocated 'Member! status.
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Sunmary of Stratigraphy

Thus the Lower Siltstone Member consists predominantly of Siltstone,

but in quite thin units (average 30 cm.) interspaced with wavy bedded
‘11thofac1es in thick unlts (approx. 6u cm.) but with only minor arounts

e 4 PR

Vof lamlnated madstone and sandstone. (Flg. 1 12a, Fig. 1, 13)
Frequently an arrangement of fac1es exists such that finlng upward cycles
develop. - :
| (a) based by sandstcne, : » "
, (b)‘;succeeded by wavy bedded lithofacies,
(c) capped bj'ailtsrone, S
‘i(dj ‘occaaionali§ laterally impersistent laminated mudstones may
| fo;low. | | | o | R
A further phenonenon separating the lower member is the common_ occur-
rence cf calcareous ncdules in such cycles. They occur either as densely
packed small nodules, as in the Sandstone Formation, or as individual
sheets of isolate large nodules (c.f. New Aberdqur Shore).

Table 1.5 lisfs the lithofacies abundance data for the lower mudstone Member.

[

LITHOFACIES TOTAL T. | NO.| MEAN T. | MAX. T.| MIN. T. | PERCENT NO. | PERCENT T.
I : [ U I R m '} o S

Siltstone 1.7 |s1] 03 | wna] o.03 53~ .| .84

Sandstone | 1.6 34| 005 | 015) 0.01 | 35 9

Lamin{te 0.2 5| -0.05 0.11| o0.01 5 1

Wavy-bedded sand | 1.1 7] o648 | to0a) o023 | 72 | -6
and siltstone | :

TOTAL 18.6 .

;Table 1.5 Thickness Parameters of the Lithofacies in the Crovie Siltstone Fomration,
T . Lover temer | :

The Middle Siltstone Member composition is displayed in Table 1.6

oenonotratlng clearly that only two lithologies alternate, sandstone and
°11tstone. Siltstone thlckness is high, average 2.2 m., and is consist- -

ently so, ranging from 0.9 m. to 5.7 m. Sandstone thickness on the other



hand is always persistent laterally. Laminite and wavy bedded lithofacies
do nut-eacur, and in contrast to the Lﬂyer Member no calcareous nodules are

present. (Fig. 1.12b, Fig. 1.13)

-

LITHOFACIES TOTAL T. | %0.| #emn 7. | #aX. T.] MIN. T. | PERCENT No. | PERCENT T.
R n m m m

Siltstone e || 22 5.7 | 0.9 48 98

Sands tone 0.8 18 0.04 o.n 0.01 - 52 2

Laminite - |- -1 - -1 - .

Wavy-bedded sand T e - - - ‘e L e o -
siltstone . .

TOTAL 3.4

Jable 1.6 = Thickness Parameters of Lithofacies fn the Crovie Siltstone Formation,
Middle Fember

The Uppér<siltstone Member consists of the same lithofacies as

the Middle Member bpt has been distinguished on bed thickness data.

_(l) /Siltstone has decreased in mean thickness to 1.2 m. and
lsimilarlyithe total range has decreased to 3.4 m.at; 3em. ..

- (2) Sandstone on the other hand has marginally increased, both in
abundance and in average thickness (9 cm.) having a maximum
‘fhicknéss of 25 cm.'cdmpéfed to 6 cm. in fﬁé Midélé Meﬁbéri

Table 1.7 lists thé cbmﬁositién of the Uppéf Member.(seei?igs. 1;120, 1;13)

Teble 1.7 7 Thickress Parameters of Lithofacies in the Crovie Siltstone Formation,

Wpper Momber

LitHorActes . | TotaL T. | mo.| tEan T} vax. L) MIN. T nmmm;men.|
, m m m m ‘

$11tstone 2.8 |w]| e 3.4 | 0.03 56 93.4
Sands tone | 1.4 || o.00 0.25 | 0.03 a4 R
Leminite - SRR I B S - .
Wavy-bedded sand | = - - - - . - .

and siltstonre : R : ) : :
TotAL | 2.2

22



. 23

1.2 (ii)e Summary and Discussion

The wward fining trend and the gradatlonal naturebof the sequence

+ Crovie leaves little doubt as to the nature of the sequence, and order
.of stratigraphic units;w‘Problems do exist, and are concerned mainlvaith
the thickness of each Stratlgraphic Unit, and the nature of the sedlment

removed by faultlng.

_The orovie Conglomerate Formationnhas'an enposed'thichness of 30 m
but passes out to sea. - 45 m. of Crov1e Sandstone Formatlon strata outcrop
‘bnt the~unit has a faulted base. Equ1valent sectlons of strata analogous
to the Sandstone Faciesrand tentatively assigned to the Sandstone Formation
are exposed at Craigendargity, and at the Snook. Flg.l.l&illustrates the
main structural elements of Gamrie Bay, and shows the‘disposltion of the
Stratigraphic Units. | B | | -

Ld

'hue to the immature assemblage of detritus it may be true that the
‘Crovie Conglomerate:Formation represents the earliest sediment deposited
in the Western Section. -Nevertheless no evidence existsvto\allow thep»
nature or the thickness of sediment removed by faulting at the baserof the

sequence to be estimated.

The Crovlevsandstone contains conglomerate horizons at the base;.and
near the. top; and.inv both of these restricted developments the composition
of the detrltus is identlcal to that of the Conglomerate Formation, and
more signlflcantly the comp051tion of the conglomerate exposed at the o
Snook and at Cralgendarglty compares with that of the Conglomerate Form-
ation also. There is little doubt therefore that the Conglomerate
Fornatlon and Sandstone Formation are related, and it is tempting to assume
that the sandy developments at the top of the exposed Conglomerate'Formation
Sequence are related to the conglomerate developmentsiat the hottom of the
Sands tone sequence and, therefore to suggest “that only a small amount

of strata has been removed by the faultlng that connects the two sequences.,,



At first sight this appears reasonable,'and the writer is confident that
the two sequences are related, but the gap between Conglomerate and Sand-

3

stone Formations may be large.

The Conglomerate Formatioﬁ is comprised 30% Conglomerate, the Sandstone
Formation 19%.  Siltstone is immediately present-ip the Sandstone Formation
Sequence, but absent from the Conglomerate Formation. lTﬁe‘shéftiéeétibhs
exposéd at the'Sﬁook and étuCraigeﬁdargity are sandstone dominated, and about
90% of this ié_coarseand conglomeratic,:duife‘dissimilar to either Conélom—
erate or Sandstone Formafioné.' |
The problems are;- |

(1) -~ What is the true thickness éf the Conélomerate Formation?

(ii) Whatris the true thickness of the Sandstone Formation?

(iii) D§ the Craigendargity and Spookre#posures béioné‘tbna

sequence bf rocks originally befﬁeen the Congiémerate énd

Sandstone Formations?

A consideration of the struc£ﬁre of Gamrie Bay.allows some light to
be cast upon these problems. Fig. 1l.1% shows that the faulting between
Craigendargity and the harbour at the Snook follows a trend comparable
with that of the Troup Head and North Crovie faults, and the possibility
that these faults may be’related is not unreasonable. If such faults are
connected, then the exposure of Dalradian rocks in the bay at Crovie "Black
Stones" implies that the unconférmable base to the Devonian sequence may

exist beneath Gamrie Bay and if this assumption is correct then a normal

. sequence may exist up to the conglomeratic sandstones at either the Snook

or at Craigendargity. .

This consideration does not assist in an estimation of Conglomerate
and Sandstone Formation thickness but it does serve to suggest that the
thicknesses may be well in excess of those measured, and also, the

conglomerate sandstones at the Snook and at Craigendargity may belong to
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a sequence not represented along the Crov1e oectlon but originally
’enosn.ted between the Conglomerate and Sandstone Formations. The Crovie
Siltstone Forination may conelnue into the East Harbour Formation, this
.would i:e' acceptable, but remains unproven. Whatever the relationship -

-

no estimation can be made of the nature or thickness of sediment removed.

;In summary therefore the Crovie section displays fhe following:~

Faulted

- Crovie Siltstone Formation

Crovie Sandstone Formation

Pauited

Snook and Craigendargity
Sections

Faulted

Crovie Congldmeratek

Faulted

Dalradian

Unknown thickness of sediﬁent removed

S4 m. exposed

45 m. exposed, but thlckness may be well
1n excess of thlS

"It is suggested that a’furthef facies,
. poorly representated at present, may

exist at this horizon.

k:v30'm +, thickness may well exceed this value



1.2 (1ii) The Gardenstown Coastal Subsection

1.2 ( i)a Introductlon

The section of coastal exposure between the Snook and the Flndon‘
Fault completes the exposure of the Basement Group 1n the Western Sectlon,
and prov1des a reasonably continuous exposure of the hlgher dep051ts of
the Crovie Grdup sediments. Unfortunately, as elsewhere,'continuity of
exposure is marred by the incomplete nature.of the sequenee caused by
faulting. As was shoﬁn in Fig. 1.4 the section is bounded to the east
by the Findon Fault and to the west by the Afforsk Fault. It will be
apparent from this map that minor faulting conpiieates the section,

. frequently forming boundaries‘between proposed rock“stratigraphic”units:“

~ Along the section the following sequence is exposed, as defined‘>

earlier on page

5 ‘ f‘ o ‘Conglomerate facies

Afforsk Fault,
Y4 Coarse sandy facies o R
3 Sandy facies )
3 ‘silty facies

- . .. .. Findon Fault

Direct comparison can be made between the conglomerate and coarse
sandy- facles with the Geologlcal Survey s beds 5 and 4 respectlvely.‘ Again,
.the boundarles of the Geolog1cal Survey s bed 3 horlzon are obscure and
during the present survey it has been found necessary to sudevide the _"
sedlments lying between the definite bed 2 and bed 4 (presumably bed 3")
into two llthologlcal dissimilar unlts. The above broad grouplngs can .
be made without recourse to "11thologlcal-statlstlcal" means as "the four

divisions are lithologieally quite dissimilar, whiist at the same time

appear to Be gradational from one unit to the next.

As mentioned previously the Geological Surveys numerical notation



is obs olete and contravenes the proposed code of otratlgraphlc practlce
(Krﬁmbéin & Sidss 1963) and it is proposed to redefine the sequence on.

. a Formation/Member basis. -On these grounds the above sequence becomes::

5 Findon Conglomeration Formation ) . o
e e e e e e e e e e e - Afforsk Fault ) Middle 01d Red Sandstone
Y Castle Hill Sandstone Formation Ny

L ) :
3 West Harbour Formaflon o g Lower Old Red Sandstone
3 East Harbour Formation )
-- - \ e - Findon Fault )

. ¥

1.2 (iii)b East Harbour Formation (ér silfyffaéies)' o

The East Harbour Formatlon constltutes thn lowest exposed sedlments
‘of the Gardenstown sectlon ard is equ1valent to the lower portion of the
Geological Survey's bed 3'sediments. The naming of the unit is derived
from its total exposufé to the‘éééé‘éf G;;denStéﬁnkﬂérbbﬁr; fhéibasis for

further subdivision'wili_bé diséﬁéééd*late}'(pégé 33 )

Characteristics A sequence of repeti?ivgwupits of four distinct litho-
facies: |
1. Sandstone
2. Wavy bodded saddstone and 31ltstone
"3.: Slltstone . | , '
4, Lamlnated muds tone
The sequence is dominated‘by_facics42 andya;)thg‘prop-
,ortions being yariable throughout the sequence and
;;necessitating a further subdivisipn of the‘gequgncg;v 

Iype Section - The type section is the wave cut platform exposed

between the Snook and the east pier of Gardenstown
Harbour. This remains the only section available of.

. sediments of this character.

‘Lowest Exposed Siltstones outcropping to the west side of the Findon
Stratum ' : = » L S

Fault in the vicinity of the Snook (see Fig. 115 )v
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Topmost Exposed ~ The incoming of persistent sheets of cross laminated
Stratum ' ' o 4 ‘ S

fine sandstone occurring adjacent to the seaward
) extension of the eastern pier of Gardenstown Harbour
(see Fig. l 15)
Thickness - - A measured thickness of 94 m is exposed between the
defined boundaries, but the total extent of this unit

is unknown because of the faulted base, and faulting

in mid sequence.

Nature of Outcrop A broad wave cut platform'with:easytaccess"butjrequininé
low water. The section is backed by a sea wall and |
ii‘only'poor exposure is.available behind this in parts
of the heavily overgrown cliff.;tf'i
Faulting conplicates'the'otherwise simple structure
,’bj causing'minor'foldingwat'the base of the section;
" and by removing an unknown thickness of sediment from

the middle of the sequence.

General Stratlgraphz

The sequence 1s composed of sequences 1nvolv1ng the follow1ng four

llthofac1es, selected f1e1d logs are shown in Flgs. l 16 and l 17 (see also 1.18)

Lithofacies 1 -"Sandstone';"

(Plate 1.5 ) Thin laterally persistent, drab, fine’sandstone sheets, )
showing sharp, often slightly erosive bases. Ripple cross lamination
may be present but'most?commonlyithe sandstones are massive with occasionald
flat bedded ﬁnits'showing'parting lineations.' The tops‘of sandstone -
wits are always sharp, i.e. they occur as discrete sandstone units

rather than grading into higher sediments, and although latenally persist-d
ent, sandstpnes may show variation of 50% or more in thickness over

~ distances of the order of 20 m. Sandstone frequently occurs interbedded

i



within other lithofacies, or recording a change from one association

to the next.

Lithofacies 2 - Wavy Bedded Sandstone and Siltstone

(Plate 1.5 ) Alternations of thinly bedded impersistent sheets of
sandstone and silfstone forming‘thick,laterally pérsisteﬂt‘units. e
‘Lithofacies 2 always follows the previous facies by sharp-passage, but
may be gradational into suéceeedingAfaciestin a siﬁple fining sequence.
The base -of lithofaciés 2 units is never erosive, but lithofacieé 1
‘commonly,forms the base (55.3% of lithofacies 2 units are based by
lithofacies 1). Laterally the ;nits are persistent both in thickness.
and internal form.: Compared with this the interal bedding is frequently
obscure and impersistent, consisting of sharp,.often slightly erosive

based thin sandstones which rarely continue for more than 2 m, these .

grade rapidly into siltstones and very fine sandstones which are’ usually

of the same order of thickness, i.e. 1 to 3 cms. Internally the sands -..

and silts are frequently massive, but occasionally the sandstones show

a poorly developed ripple cross lamination which'is further reflected :.
by the overall wavy nature of the interbedding. The colour ranges fiom
buff (mainly sandstone) to brown (mainly siltstone). The,siltstdnes may
grade into mudstone in‘éome‘instancesfand in these.cases symmetrical
ribpled‘surfacés may be preserved.. Flasered lenses of sand;toﬂe may
also be found in the thicker units of siltstone. Lithofacies 2 is
commonly desiccated, %nd often at numerous levels within each unit.,:

Lithofacies 2 is commonly overlain by siltstone, but in several cases

thin lenticular units of laminated mudstone have been observed, but always

on the tops of the units and never within the units. Less commonly.fhe
following structureé are observed: |

Well develqped sheets of ripple cross lamination,

Weli developed sheets of élimbing ripple cross lamination,

Graded units,

RY



B21) and pillow structures,

Convolute beddiiiz..

Lithofacies 3 - Siltstone

(Plate l.St)k Thick units of siltstone or muddy siltstone occurring in
massive or finely.lamlnated units with a very low percentage of impersist-
ent'thin fine sandstone sheets. - Units of siltstone are persistent and
consistent laterally and usuallyldevelop by rapid gradation from the

'prev1ous unit, which is commonly llthofac1es 1 or 2 i.e. 329 and 40%

respectlvely. The rapldly gradatlonal base often incorporates thin flaser ‘

tyne sandstones'more typical of 1ithofacies‘2.' bnithe uhole'beddiné”is ;
‘obscure andﬁdenoted by thin'slightly coarser siltStone‘sheetsiorlnore'
rarely lenticles of very fine sandstone.' Mud veneers are commonly .
pfeéént in thin persistent sheets but éenérallﬁ.only occur touards the
top of’a.unit{c The ultimateksediment'ls‘usually elther laminated!
nudstone or‘reddish bronn mudstone., Thellaminated mudstone is similar to
those developed at'higher 1evels ite. in the West Harbour Formation,k
‘ and although uncommon, does occur in fairly per31stent levels. The mud-
stone is less common and occurs only as 1nf1111ngs of lentlcular hollows
in the top surface of the 31ltstone ‘or ‘laminated mudstone. The upper
surface ls alwa;s sharp, and may be de51ccated although de31ccatlon
cracks are rarely recorded w1th1n siltstone unlts.f The soft nature of’
such'unitsvusually prevents the'formatlon of beddlng plane surfaces -

3

rare egamplesﬂfound often show symmetrical ripple marks or trains of

linguoid ripples formed in thin sandstone sheets. The colour’of siltstone

units ranges from ' dark grey to reddish brown. Grey sediments dominating
the base{of the formation whilst brown and reddish brown siltstones

lncrease in abundance towards higher levels. In lower and nid nertion54
" of the sequence levels of isolated calcareous nodules are common in -~

thicker siltstone beds.
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Lithofacies 4 - Laminated Mudstone

e
. N,

'-\‘:\\' Thinly interbedded laminae of mudstone and siltstone,
usually gre& Enmeolswuugng~commonly of very restricted lateral persistence.
‘ Lamineted mudstone is uncommon in the sequence, bué when present always
occurs at the top of units of lithofacies 3 (never interbedded). Internal
bedding is developed on a mm.scale and of no great persietence but often

- having a micro-ripple appearance. .

Mndstone -'oééufé very infrequently end has nof beenbincluded as A'
characteristic lithofecies} Essentially very'thin units of reddish mud-
stone,"internally massive and always in laterally impersistent.lenticular
units.. Desiccation is abundant in these red mudstones. Small tubular -
infillings occur and may represent either rootlets or burfows,.comparable

to structures more abundant in the West Harbowr Formation. -

Table 1 8 is a summany of the 11thofac1es content for the East
Harbeur Formatlon, mudstone has been omltted as it comprlses much less

than 1% of the measured thickness.

LITHOFACIES | TOTAL T. | No. | MEAN T.| rax. T. | MIN, T. | PERCENT NO. | PERCENT T.
T m om n

n .
Siltstone w9 |s3 | oas| 21 | o0 25.9 42.4
Sandstone | 4.6 |57 | 0.08| o2 | o0.03 279 | a9
Lamfnated ° 69 |2 | 02| o7 002 | 127 | 1.3
Mudstone . '
Mavy-bedded | 426 |68 | o0.63] 20 | o1 | w3 | as3

sand-siltstone 4 . -

TOTAL 94.0 | | '

Table 1.8 Thickness Parameters of Lithofacies in the East Harbour Formation

[ o o e mer e e e -

o e A . [ o ——

'Lithofacies 2 and 3 (any bedded eandstoneisiltstone and siitstone)
ciearly dominate the.overell eequenEeiheving infnequent interbedded thin
units of lithofecies 4 - laninated nudstone,and also thin units of
lithofacies 1 -vsendStone;‘r(i;e; conpare tﬁickness percentages and

numerical abundance)
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Basis For the Recognition of the East Harbour Formation

- " The East Harbour Formaticn is the 1owest.group of deposits recognised
in <de Gardenstown section and comprises a sequence of sediments similar

~ in many respects to the Crovie Siltstone Formation, but differing signif- -
icantly from overlying deposits in the Gardenstown sequence. In contrast

to the Crovie sequence new lithofacies have been introduced (i.e. lithofacies
1l and u) and are the ba51s for the erection. of a new fornation rather

than a551gn1ng the sequence to the Crov1e Slltstone Formatlon.

'In terms of lithofacies abundance, the East Harbour Formation is a
gradational sequence necessitating a two fold division of the sequence.
As no new lithofacies are introduced or previous ones iost within either .
of the subdivisions proposed, it is felt more appropriate to'retaiq the
whole section as the East Harbour Formation but add an internal upper -
and lower subdivision on a member basis as the latter characterises the

gradational sequence more accurately than the one major grouping.

Fig.'l.ig illustrates the vertical profile constructed for total
data and compares it with profiles erected using partial data from the
proposed upper and lower subdivisions. The East Harbour Pault (Fig.1.15)
forms a convenlent mld p01nt d1v131on to the sequence, d1v1d1ng it into
an 1ncomplete 1ower 51ltstone rlch sequence and an 1ncomplete upper

sequence rlch in the wavy bedded 11thofac1es. Table 1 9 sunmarlses the

~appropr1ate 11thofac1es comp031t10n data for the proposed upper and 1ower

. members. . .. . L e

; - " ] Lower * | Unper

P . 7 7] Vember | Member

: Laminated mudstone 60| .2

: . ' i

' Siltstone : 59.4 1| 24.6 oot
. Hovy bedded Sst. Silts. | 2.8 | 483
.| sandstone ‘ 17 | 198 ;

Yable 1.9 _ Summary of Lithofacies content of Unper and

Lower E£ast Harbour Members
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It is clear from Table 1.9 that the Lower East Harbour Member
is siltsionc dominated (59%) whilst in‘comparison the:Upper Member shows
a considerable reduction in siltstone to 25%, ‘see‘Fiés. 1a9 and 121
This upward reductlon 1n flne llthologles belng accompanled by a concomltant

increase in wavy bedded and sandstone 11thofac1es (i.e. an increase in

. coarse sedlment).

A time trend analy51s of llthofac1es thlckness data (Flg. 1. 20)
shows a sllght change in form of the sequence w1th 1ncrease 1n stratlgraphlc
helght, a feature more clearly 1llustrated by the thlckness frequency
hlstograms (Fig. 1. 21) } thhofacles 2, 3 and u show a clear dlstlnctlon
in the thlckness dlstrlbutlons in upper and lower members, the upper member
in each case hav1ng a tendency towards thinner units. Also in general,

the standard deviation is lower for the bed thickness data of the upper

member.

A one way analysis of variance carried out on bed thickness data
- indicates that to within the 95% level of confidence no significant

correlation exists between the lithologies of upper and lower members:

Stratlgraphlc Summary

Lower East Harbour Member - Table 1. 10 summarlses the lithofacles compos--

ition of the lower member, clearly demonstratlng the predomlnance of
siltstone over wavy-bedded deposzts, both of whlch make up the bulk of

"the sequence.

¥

LITHOFACIES TOTAL T. | NO. | MEAN T.| MAX. T. | MIN. T, | PERCENT NO. PERCENT(T. ,
.om m mo " S : : ‘
Siltstone _ 25.9 24 1.12 24 0.3 42 59.4
Sandstone - | 0.53 | 1 0.05s| 092 | 003 | 19 | 17
Laminated - - 2,75 81 0,34 0.7 0,15 S L R - 6.05
‘udstone
Wavy-bedded 15.3 14 1.1 r | 0.2 . 24 32.8
sand-siltstone : . . .
TOTAL - 45.48

Yeble 1.10  Thickness Parameters of Lithofacies in the Lower East Harbour Member




The frequencey distribution of bed thickness data (Fig.1.21) -+

shows the predorinance of thick units of siltstone and wavy bedded

lithofacies, interspaced with thin infrequent laminite and sandstone.
: 3

‘Upper East Harbour Member - Table 1.1l lists the lithofacies éomﬁosition

of the upper menber.

" qable 1.11 _ Thickness Parameters of Lithofacies in the Upper East Harbour Member

LITHOFACIES TOTAL T. | NO. | MEAN T. | MAX..T. | MIN. T. | PERCENT NO. | PERCENT T.
n m m m
S{ltstone 12.96 | 29 0.45 2.02° 0.02 19.7 24.6
Sandstone - 4,13 46 0.09 - 0.22 - 0.05 3.3 -19.8
Laminated a7 |18 | o023 | o.a 0.02 12.2 7.2
Mudstone -, ’
Wavy-bedded 25.36 54 0.47 1.25. | 0.08 . 36.7 48.3
sand-silkstone ' '
10TAL 46.62

Clearly.the‘upper member consists of the same lithofacies, but..

it is characterised by:

(1) a decrease in the importance of siltstone, wavy bedded depc-

sits are most abundant, and sandstone increases markedly;

(ii) laminite thickness is marginally.lower;

(iii) siltstone range of thickness has varied very little but as

shown in the thickness frequency histograms the distribution.

is skewed towards smaller beds in the ﬁppér member;

(iv) the same is true in the case of the wavy bedded lithofacies;

(v) sandstone thickness has.increased, but most important the

numerical abundance of sandstbne beds has ‘almost doubled.

i

Fig. 1.19 illustrates the lithofacies composition of the Eaétv

Harbour Formation, and compares the form of upper and lower members.

1.2 (iii)e West Harbour Formation (sandy faciés)

Characteristics

A rhythmic sequence of coarse and fine beds with -
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Lower Bouhdagx

Upper Boundary

Thickness
2R1CRBCs2

Nature of Outérgg

3%

bedforms arranged in simple fining-upwards asymmetric

.cycles. A gradational sequence divisible into "upper"

and "lower'" members on the basis of the abundance of

individual lithofacies, and dominated.throughout‘by'

. ripple laminated fine sandstone and siltstone,

" The incoming of the first ripple cross laminated fine

micaceous sandsfone adjacent to the end of the east

pier of Gardenstown Harbour. (Fig.}l;IS)‘~'~- 

N.W.-S.E. trending fault.located 25 m. from West Pier,.
illustrated in Fig. 1.22

At least 45 m (logged thickness). A determination of
thicknéss'islﬁémpliéatéa by %aulting within the sequence.
An‘eééil§’accessibleTSeEtioh fbrméah5§ﬁa ib&vwé;éﬁéﬁt
plaffofm only exposed fully at low water. The section
isyﬁaéked by sea wall and offers no cliff exposure.

The generai strike is | Ddoeoe N | gip 35°NW although
this is complicatea by the Gardenstown Basin - a small

low'angle basin occurring on the seaward side of the

' foreshore. The strike of the beds parallels that of

' the East Harbour Formation sediments initially, but

rapidly bends to the west to form the 'basin'. Sediments

rest hori;ontally in the cgntré of'this strucfure, but
are transected by the West Harbour Fault - a fracture
which causes little disturbance on th; east side, bﬁt
éroduces steep dips and steeply plunéing minor folds
on the west. A small island of West Harbour Formation
sediment outcrops to the north and dips at - <4o°
to“fh;:Noffh‘*est. The sediments of thiéréu{crbp are
cidsely compérébie with thé Lower West Harbour Member.

The line of rocks known as Craigendairgity is sebafatéd



from the foreshore by a further fault apparently
parallel to the offshore fault just descrined. The
Upper lMemher outcrops to the nest of the West Harbour
Fault and is formed into a relatively steeply plunging
. syncline with several smali faults located on the fold
axis,
EquiValent A short section of sediments sinilar in many respects

Section
to the West Harbour Pormatlon outcrops to the south

o

of Crov1e Vlllage, fault bounded on all s1des (see page

43 )

General Stratigralan); ( P/ge“ /. ‘ 3 9 -0 - ")
‘ The West Harbour Formatlon consists of cycllc alternatlons‘of theﬁf
follow1ng six lithofacies: |
| l; ‘Cross-laminated sandstone
2. Flat-bedded sandstone;
3. Siltstoneg
- 4, - Laminated mudstone; . -
- 8§, : Mudstone;

. 6. Cross-stratified sandstone.

. 1. Cross-laminated Sandstone
Thln almost parallel units of fine to medium grained buff
- to red mlcaceous sandstone, generally sllghtly er081vely based. Rlpple

cross lamlnatlon domlnates the units, belng a mixture of rlpple drlft

(predomlnates) and climblng ripple cross lamination.

' 2. Flat-bedded Sandstone -

Either medium grained sandstone with flat bedding and

parting lineation .occurring at the base of cross laminated sandstone -

units, or, fine grained sandstone with flat bedding at the top of similar

units,
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3. Siltstone

| Massive red brown siltstone occurring in alternation with
sandstoﬁe'units, always passing gradationally from underl§ing sandstone.
' Immediately above the sandstqne the siltstone may contain thin sandstone

lenses. Siltstones are very rarely desiccated.

4, . Laminated Mudstone

A thin interbedding ;f siltétone and red mudstone in émall
'6.5 cm graded;coupiefs.]‘Dééicca;ién is quite common in these levels.
5. Mudstone

‘;Thin.déﬁelopﬁénts éf ihternaliy méssive red mudsfone, with
abundant desiééétidn and saﬁd fiiled‘burrowé or rootlets. Mﬁdstbne units
being thin tend ‘t.o be impefsistefirt ahd form in s£na11 channel shaped éhailow

depressions.

6. Cross-stratified Sandstone -

Thick developments_of fine to medium grained buff to red
micaceous sandstone. Generally units have an overall lenticular or channel

shape and have an internal cross stratification.

. Lithofacésyl to 4 are common in the lower member, whereas lithofacies

6 dominates the upper member as will be discussed later.

Basis for Proposal of West Harbour Formation

A significahtiy‘different aésemblége of litﬁsfaéies marks'ther
rapid tfapsition igfo the W;st Harbour Formation. The pré&iouély common
sandstone sheets and heterblithie faciéé are no longé£<fec§réed;'§hilst
éi]t:toue;'léﬁihité, ;nd red mu&sfone remain allowing some sense of
continuity to be envisaged. New lithofacies feplace those removed -

primarily fine grained micaceous sandstone with an abundance of.ripplé-.e

cross lamination. The form of the séquence alters with the above changes,

and instead of the simple alternations recorded previously, graded bedding .
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becomes common and characterises many lithological relationships.
Associated with the sandstone there is abundant evidence of scouring

and other -inor evosional features uncommon at lower levels.

Overall the % distribution of lithofacies, particularly those
retained differs markedly from that previously récorded, except in the

case of siltstone. For examplé:

Upper East Harbour Lower West Harbour
Member Member
T4 1% %
Laminated 7 19 27
Muds tone
Siltstone % | 23 22
Heterolithic 48 0 0
Facies
ripple laminated | O 58 50
¢ Sst.

Yable 1.12  Comparison of Lithofacies content of

Upper East Harbour tember and the

Lower West Harbour Member

. . Basis for Member Subdivisions

Of the six lithofacies comprising the Formation only four occur
in the lower division whilst all six develop at higher ievels. Of the
lithofacies éommon to all levels only lithology 3 remains‘relativély
unchanged; the remainder suffer marked increases or decreases in abund-
ance. Coarse member lithologies are drastically reduce@ but replacéd :

by a considerable thickness of cross bedded sandstone whereas fine

mcubers suffer an overall reduction in abundance.

The dependence of individual cycles upon coarse or fine member
thickness is considered in Fig, 1,23 where sandstone thickness is plotted
against cycle thickness and siltstone thickness. These graphs show

that in the lowest member sandstone thickness is related to cycle



thickness, but the trend is not close_to the 1 : 1 line as in the upper
member. - This inplies a far greater importance of siltstone in the lower
menmber. The second plot (Fig.1.23b) of sand v silt illustrates a clear :
separation of the two members either side of the 1 : 1 line of equal -
'abundance. Thus it is clear that the lower member is heavilf.dependent
upon siltstone whereas the upper.member is dominated by sandstone units.

A

This trend of 1ncrea31ng abundance of coarse sediment 1s continued‘

into the Castle Hlll Sandstone Formation "indeed a coarsening trend has
. !

ex1$ted since the East harbour Formatlon. In the Lower East Harbour

Formation s1ltstone occupied 59% of the succe551on‘reduc1ng to 26% by

the Upper East Harbour Member.% The Loner EastHarbourtMember con51sted of
23% whilst the Upper Member contained 7% and looking ahead temporarily
the Castle Hlll Sandstone conta1ns~<<1% ’ Thus a coarsening upward trend

exists and is a gradatlonal one but the rate of such gradation cannot be

. estimated due to the incomplete nature of the.sections involved.

A

The coarsening trend is also reflected in the bed thickness relation-

ships with height which serve to separate the upper and lower members

- further. Fig. 1.24 represents a 'smoothed' time trend analysis of the
thickness of sandstone beds for the West Harbour Formation,it 1s clear
that by the highest level in the lower member dep031ts 3ust east of the‘
West Harbour Fault an 1rregular1ty emsts in the othervuse regular

. dlstribution;of sand bed thicknesses. Beyond the West Harbour Fault thls
irregularity continuesbut is enhanced in a slow upward trend towardsx>

- _thidker deposits._ - " -

-

Thus, overall, several lines of evidence coincide to support the

erection of the‘Formation and its further two fold subdivision.

A further feature (but of less value) is the change in dominant
sandstone colour with increasing stratigraphic height. Essentially drab

beds are replaced by red at higher levels, red only being'dominantkin"‘
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the Castle Hill Sandstone Formation (see Fig. 1.25).

Lower West Harbour Member (fig. 1.26 and 1.27)

'Table 1.!3 summarises the lithofacies abundance data‘for the Lower

PN . -

West Harbour Member.

LITHOFACIES TOTAL T. | No. | MEAN T. | MAX. T. | MIN. T. | PERCENT nO. | PERCENT T.
m : m m [+ ]

si1tstone 2.1 16 013 | 0.3 0.08 22.2 224
Flat-bedded Sst 0.6 7 0.08 0.16 0,04 9.7 6.6
Rispple laminated 4.66 | 29 0.16 0.38 0.04 40,3 . 50.8

st . .
Laminated Mudstone | 1.79 | 20 0.89 0.18 0.04 27.8 19.5
Mudstone - - - - - - -
T0TAL _ 9.16

Table 1.13 Thickness Parameters of Litnofacies fn the Lowver West Harbour Member

W

Four lithologies alternate in simple fining upward cycles, an
alternation which is rigidly adhered to, i.e. although sandstone dominates
each cycle (57.4%), numerically, sandstone occurs in exactly 50% of the

‘recorded transitions.

Rlpple cross-laminated éandstone is the most abundant 1itﬁofac1es,
and forms the baee of every cycle.’ Units are laterally per31stent over )
- the whole foreshore, except in two instances where rlpple lamlnation
changes to planar cross stratlflcatlon. Vertically and laterally rlpple
cross- lamlnatlon may change into flat beddlng or more conmbnly cllmblng

ripple cross-lamination.

Ripple-laminated sandstone may be preceded by coarse‘gréined flat-
bedded sandstone in thin units, or superceded by very fine, flat-bedded
sandstone %n thin units. The fine portion of each cycle always rests

| gradationally upon the sandstone, gradation often being very rapid.

Siltstone is most abundant (23%) and may be rippled in the lower coarser



poftion, or flat-bedded, but at higheét levels massive siltstone is

most common.,.

With reduction in grain size the siltstone bed invariably shows

the development of thin reddened mud iaminae which soon élternaté with

silt laminae producing the very characteristic 'red striped"laminite

lithofacies.

Thickness frequency histograms for the lower member are shown in

Fig, 128 and clearly demonstrate that:

1. Ripple drifted (cross-laminated) sandstone has an average

thickness of 16 cm.

2, Siltstone ~~13 cm,

While:

3. Flat bedded sandstone and laminite are much thinner~8 cm -

and ~ 9 cm respectively.

Upper West Harbour Member (see Figs. 1.26 and 1.29) -

Table 1.14  Thickness Parameters of Lithofacies in the Upper Kest Harbour Member

Table 1.14 contrasts the upper member in that:

LITHOFACIES TOTAL T. | NO, | MEAN T. | MAX, T. | MIN. T. | PERCENT NO. | PERCENT T,
. m . [ ] . m . W, .o .

$11tstone 153 | 6 0.25 11 0.04 10.1 7.0
Flat bedded Sst 0.63 5 0.13 0.2 0.07 8.4 2.9
Rigp]e laminated 2,07 10 0.2) 0.48 0.03 169 9.5

st. L - : e
Laminated Mudstone 2.04 |18 o.n 0.22 . 0.03 30.5 9.4
Muds tone 2.01 4 0.5 | 1.2 0.15 6.7 9.2
Cross Stratified 13.25 |15 0.88 1.6 0.2 254 © 60.8

st.
TOTAL 21.78

1. New lithofacies ére'incléded, but none of those previouély

occurring have been lost.

2. Sandstone dominates the cycles 3%
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3. Mudstone is present.
4, The previous simple alternation of coarse and fine is no

longer typical.’

Alternation of sandstone and siltstone is still the characterisfié
feature of the upper member, but facies relationships have altered.
Graded units, although still present, are not typical of the sequence.
Instead of being dominated by simple cross‘laminated sandstone‘sheets
(the abundance of which has decreased to 9.5%) cross stratified sandstone

dominates the cycles (61%) with fine lithologies being reduced to 26%.

Unit thickness increases markedly as mentioned previously - cross
stratified sandstones average 1.6 m. in thickness. Ripple cross laminated
sandstones show a remarkable consistency in average thickness, beiﬁg
16 cm in the lower member and 16.9 cm in the upper."Plat bedded sandstohe
still occurs in thin sheets, whereas siltstone has doubled its average
thickness to 25 cm. ﬁore significantly its maximum thickness has
increased from 30 cm to 1.1 m laminité has only increased from 9 cm

average'to 11, the maximum values also remaining similar (i.e. 18 cm of
v22‘cm). Mudstone only occurs infrequently in the upper member, but tend
to form thick units (average 5O cm maximum 1.2 m).

As mentioned, facies associations differ betwecen the two mehbers:

'l. Graded cycles were typical in the lower meuber.

2, Craded cyclés c.zccur in the upper member but are overshadowed
in importance by the newly introduced cross stratified
sandstone 1fthofaciés, |

3. Sharp changes in lithofacies became more typical, and cyclés
became indistinct as erosive surfaces became more apparent
with increasing stratigraphy height, erosion removing the
fipal deposits ;f the preceding cycie,

4, Cross stratified sandstones may be internally graded, i.e.



~ cross stratification is often a form of channel infilling and

- the grainisize and éequence 6f bedforms often grades upwards
in a.similar.manﬁer to the deposits of the lower member - the
main difference being that the deposits of the uppér!membér are

not laterally persistent, i.e. they are restricted to channels.

- Crovie Equivalent Section

Sediments directly compérable to those assigned to the West Ha:bbur

Formation occur in a small fault boundediblock at the south end of Crovie
‘Village. _ . | The short sequence is directly‘comparable

to the Lower West Harbour Formation in terms of grain size, lithofacies;
and sequences of bedforms. The proportions of the various lithfacies are
1is£ed in the following t%ble (Table 1.15), and illustrated in Fig. 1.30

A close bomparison exists, but considération of bed tbickhess distributions
(Fig. 1.31) demonstrates that the lithofacies of the Crovie sequence-occur _
in mucb thicker units. The limited éxposure available prevents anything
but speculation as to the equivalent position of these sections, although
the nature of the Crovie section with the notable absence of large

‘scale crbss bedding suggests its probable equivaienberﬁith the Lower West
Harbour.Formation. Being a fault-contaiﬁed section this pbs;iblé correlation
is of little Véiue;‘otber than to suggest thit the South Crovie Fault has

a 1arge doWnthrow, possibly in an order of 100 m as no.representatives

of the East Harbour Formation are present. The fault brings the strata

into juxtoposition with the Crovie mudstone. . . . ' ‘
LITHOFACIES  |TOTAL T. | no. | mean 7. | wax. 7. | min. 7. | percent | percent
] m m m m NO. T.
Muds tone 3.08 | 8] 03 | 051 | o0.02 10 13.5
Laninated 5.94 |25 | 0.23 | 0.53 | 0.03 7 |2
$iltstone 319 | s | 063 | 150 | o0.18 5 4
Ripple-laminated .
sands fone 764 [® [ 009 | 130 | 003 | a2 | s
lat-tedded |
f o 296 [15 | 019 | 064 | 005 | 1 13
{To1AL 22.81.

Table 1.15 Thickness Parameters of Lithofacies in the West Harbour Formation
= Cruvic equivaloniT section.

L
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1.2 (iii)d Castle Hill Sandstorne Formafion

Introduction

In the western section the coarsening uﬁward trend initiated at
the base of the Gardenstown section culminates with the Castle Hill
Sandstone. Unfaﬂmnately the Castle Lill Sandstone Pormatign is
difficult to characterise primarily due to the inconsiétent nature of the
sedimentswbut also complicated by their soft nature, which has resulted
in much of the sea cliff dec;ying and becoming vegetated whilst the
wave platform shows dense sediment-trapping algae covering most of the
rock and\floprishing in the increasing volumes of untreated sewage
dispersed along this section in recent years.. Although much”of this
'damage' is of recent'origin, the Rev. John Pratts' thoughts when he
récalled Gamrie Bay.as a.".t. deeply inlaid detachedystrip“of mouldering
01d Red Sandstone" are probably more applicable today than in 1870 whep

* written (Pratt 1870). Lo e

Castle Hill Sandstone Formation

The Formation consists essentially fhe'Geological Sufvéys Bed 4
",... friable, bright red and mottled sandsfohe with scattered pebbles and

occasional lenticular bands of conglomérate."

Characteristics A sandstone dominated sequence consisting of fine

to coarse grained bright red sandstone with abund-
ant channelling and cross stratification. Higher
levels show the introduction of conglomerate in

small proportions and quite fine grades.

' Type Section Shore section west of Gardenstown Harbour up to
the Den of Findon. - R

Equivalent‘Section Bright red sandstones attributed to the Castle Hill

Sandstone Formation are exposed in a fault bounded

block south of Crovie Village'aﬁd also fault



R . : bounded between the Snook and Crovie (see Figs.

1.4, 1.5, 1.22).

Lower Boundary Red medium grained sandstone following fine mica-

ceous sandstone of West Harbour Formation.

Upper Boundary . Faulted against Middle Old Red Sandstone Conglomerate
' . in the Den of Findon by the Afforsk Fault, and
against Dalradiaﬁ by the Fin@on Fault. . ‘
Thickness o Impossible to estimate due_t? faulting, but at |
least d0om are present.

Tossils None

.Nature' ofVOutc'rop Continudus exposure exists aiong the\Gér;densfown
~ foreshore but its ééntinﬁity is rbna‘rrédk by fepeated
| féulting and the dense gfowtﬁ of s:edim’t’ant'-bi.nding
éigae. Majbrity" of the wave platform is obscured
' b& such weed leaving only narr;)w sﬁect‘i‘c‘ms viéible
adjacent to the beach. A‘ An irregﬁiar cliff forms
" the back of the beach but the soft nature of the
red sandsfoné has produced an:aimost "badland'
iftopography much of the cliff having collapsed,
the reméinder bgcorﬁing rapidly vegetated.

General Stratigraphy In the initial summary of the Gardenstown Section

the Castle Hill Sandstone Formation was described
‘as a coarse sandy facies. ;'I’ljis\ éerves to disting-
uish dir's,tirict' lithological assemblages, but

. lithostratigréphi'cally an internal two fold sub-

. division is apparent.

Upper Member ' Conglomeratic Subfacies

Castle Hill
- Sandstone
Lower Member T ' Sandy Subfacies L Formation




~ Basis for Formation Subdivision ‘ ; A

The Upper West Harbour Formation with its trough-shaped units of
ripple-cross—laminated sandstone is replaced rapidly by units of
coarser grained sandstone lacking the abundant mica of the West Harbour
Formation and totally lacklng the extensive developments of rlpple
cross lamination so common in the prev1ous group. The abundance of
laminite decreased upwards from the Lower West Harbour Formation and

is not recorded above the base -of the Castle Hill Sandstone. -

Basis for Internal Subdivision

The Gardenstown sectlon is noteable‘for its coarsenlngbuoward
rend in sedlmentatlon and as illustrated in the 1nit1al dlstrlbutlon

of llthofac1es th1s trend is continuous throughout the Castle H111
Sandstone Formatlon sediments. Of the nine llthologles maklng up the
Basement Group sedlments 2, 3, 4, 6 and 7 comprlse the lower portlon
'of the Castle Hill Sandstone while 1, 2 and 3 characterlse the upper.

The coarsening trend is truly gradational and a mixed assemblage of

these lithologies is preserved between the sandy facies and the . .

. conglomeratic facies. . - . . : B S S R

Lower Castle Hill S‘andstone" Member (Plate |.7 )

The flne micaceous rlpple lamlnated sandstones prev1ously(recorded
in the West harbour Formatlon gradually decrease in abundance‘and
are replaced by large broad trough shaped unltsdof coarser sandstone
; show1ng very llttle micaceous materlal. It is thls change that demarcates
the base of the lower Member of the Castle Hill Sandstone Formatlon, i.e.
the change from rlpple cross lamlnated f1ne micaceous sandstones to
cross bedded medlum sandstone devoid of rlpple lamination except in

iflnest portlons.

-

- The lower member is.characterised by a predominance of cross

stratified sandstones arranged in small fining upward units. Cycles

=
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are erosively based and begin with coarse sandstone, gravel or lags of
small pebblesf Flat bedded sandstone may replace conglomerate, but
rarely overlies it., Cross bedding is initially of trough cross bedding
for; replaced at higher level by planar cross stratified sets. Cross
bedding is overlaiﬁ by finer sahdstones with poorly developed small
scale cross lamiﬁation. The finest deposits recorded are réd mudstones
and brown laminated siltstones but unlike the previous formation their
" chances of preservation appear to be minihal, partiéularly with increa-
sing stratigréphic height (see Fig. 1.32 ). As mentioned the condition
of the exposed section is not conducive to the production of detailed
logged sections and therefore the abundance of the various lithologies
cannot be caiculafced with accuraéy. Perhaps the most sighificant‘
observation to arise is that with ihcreasing stratigraphic level plénar

cross-stratification is replaced by trough cross-stratification and

marks the change into the upper member.

Upper Castle Hill Sandstone Member (Plate 1.7 )

The coarsening upward sequence ends with the introduction of
conglomeratic sediments, only a short sequence is exposed beginning at
the Den of Findon. in contfast to the abundant cross stratified sand- B
stone and mudstone beds in the lower member, the u@per member consiété
.of laterally peréistent thin sheets of gravel and pebbles, frequentl;

- showing scoured surfaces to the otherwise.parallel units. Cross
stratification is minimal, although some cross bedding may be developed
in higher parts of rate channel sequences. ngrall sandstone grades
are coarser,.flat-and irregular bedding surfaces are common. Small
channel shaped conglomerates occur but infrequently. Examples of
field logs are shown in Fig. 1,32 and demonstrate clearly the above
mentioned features. Fig.1.32 demonstrates the large scale cross
stratified units common ag the base of the sequence, noting also the

depletion of fine grained sediment.



Fig. 1.32a and Fig. 1.32b show that the 19wer‘memb¢r is rich
in sandstone with large scale cross stratification whereas Fig.1l.32c
and Fig. 1.32d show a»predominanqe;of planar erosion ;urfaces, and
abundant ponglomerate in thé upper member, with a ¢cmp1ete»lack of

large scale cross stratification.

1.2(iii)e Summary and Discussion

" similar problems exist in the Gardenstown Section to those

mentioned at Crovie. Basically faulting has broken up the sequence and:

Vo
§

X

(1), Thg total.thickness of stgéta removed: from the base of the
' East Harbour Formation cannot be estimated. .
(11) * No clues'are available as to the strata remove& by fault-
ing in mid sequence of the same Fprmatiop.
(iii)‘ The WeSt Harbour Formation follows the East ﬁarbour Form-
| ation conformably but its upper and lower members are fault
separated. No evidence is available as to the ﬁagnifﬁde
" of this fault. Dissimilap seQﬁéhcé; are exposed either
‘side of such faulting. |

(iv) Faulting separates the West Harbour and Castle Hill Sand-

* stone Formations,.and faﬁlting within the Sandstone Formation

prevents an accurate estimation of its total thickness.

The relationship between the fining-upward Crovie sequence and
the goarsening-upwgrd Gardenstqwn séquencg islgn’importénF problem, to
whichﬂfh:réfis no conclusive answer. Many similarities exist between
fh;.highest sediment at Crovie, and the,lqwest sgdiment:at:Gardgnsthn,
so that avrelationship between the two sequences is hot unlikely, It
can 6nly ke concluded that these two'séquehcés'ére related,‘an& possibly'
continuous, but no evidence is available as to the nature or thickness

of sediment occurring between the exposed Crovie Siltstone Formation

and the exposéd East Harbour Formation. “Féulting (the Afforsk Fault)
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terminates the Castle Hill Sandstone sequence, bringing the conglom~
eratic upper membef into contact with the Mi@dle 01d Red Sandstone
Conglomerate. The amount of strata removed by this:fault is

unknown, the unconformity only being observed to the east near

Pennan where coﬁgl&meratic sandstones of a different provenance

to the Castle‘Hill seéuence are eroded.r.A knowledge of the_amqunt

and nature of the strata removed by faulting would be desirable,

as it would a;léw speculation as to the tectonic events dﬁfing' .

the Lower-Middle 0l1d Red Sandstone period.

Overall in the Western Coastal Section, the following

conclusiqns have been reached:

1. The term Cfovie‘chup has been retained for the sediments

exposed.tetween Crovie and Gardenstown.

2. The sequence of sediments described by Geikie and adopted by
the Geological Survey has been verified although further

subdivisions are necessary on lithostratigraphical grounds.

3. The lowest deposits expoéed belong to the Crovie Conglomerate
Formation and are believed to be not far above the oldest
sediments of the area. The'sequencebis’incomplete due to

faulting,

4. The Crovie Sandstone Fofmation-is believed to follow the
anglomerate Formépion unconformably., Faulting shortens'thisr

unit, there is no indication of the amount of sediment lost.

5. Conglonef&tes and sandstones exposed at Snook and Craigengargity
are believed to rest between Conglomerate and Sandstone Form- .
ations. The Crovie Siltstone Formation completes the Crovie

section, resting conformably on the Sandstone Formation.



6.

The Crovie Section is terminated by faulting.

The Gardenstown Section is initiated with the East Harbour
Formation originally part of the Geological Sunveys Group 3
and is believed to belong to a similar environment to that

responsible for the deposition of the Crovie Siltstone Form-

,ation;' No estimation can be made of the amount of sequence.

lost by faulting either at the base or within the sequence,

but the East Harbour Formation is believed to be a continuation

. of the Crovie Siltstone Formation,

8. .

The West Harbour Formation conformably overlies the East Harbour
Formation but is also shortened by faulting. - Sediments equiv-

alent to the lowest West Harbour member are exposed in a .’

:  faulted block at Crovie and given an idea of the magnitude

10.

1l.

12,

of the South Crovie Fault, . :

The Castle Hlll Sandstone Formation completes the Gardenstown

3

Sectlon, restlng comformably upon the West harbour Formatlon.

Con51derable faulting compllcates any estination of its total

€

' thickness. Red Sandstones analogous to lower and middle

members of the Castle Hill Sandstone are exposed between Crov1e

and the Snook but are extremely broken by faultlng. They never-

theless allow an estlmatlon of the extent of“faultlng in that

vicinity, i.e. most of the West Harbour Formation has been removed,

The sequence described represents a fining upwards trend to the

Siltstone Formation followed by a coarsening upwards sequence

towards the Castle liill Sandstone Formation,

The top of the sequence is not exposed, only faulted relationshlps
exist between known middle and lower Old Red Sandstone dep031ts.
Crovie Group sediments have yielded spores suggesting but not

proving a Lower 01d Red Sandstone age.

=N



1.3 ‘Central Coastal Section

1.3 (1) lntroduction

'The Central section extends almost from Downie Shore at a point..
south ofVCowper?s éraig to Langlitterty in the east. !The Troup head -
Fault bounds the section in the west, the Langlitterty Fault in the
east. 01d Red Sandstone is faulted against Dalradian Metasedlments
in both cases. -Fig. 1. 33,{ﬁ1ustrates the dlstrlbutlon of 01d Red

Sandstone sediment along this section.

- . Middle 0Old Red Sandstone conglomerate occupies much of the section
particularly between Cowper's Craig and Pennan Villaée, andvalthoughi
difficult to confirm inland, most of the'sea cliff is capped by Middle
01d Red Sandstone slate-rich conglonerate as illustrated in Fig. 1,33y L34 .
Lower Old Red Sandstone is unconformably overlain by Middle 014 Red
Sandstone in Sldegate and Meal Glrnel but is not contlnually exposed

' until further west. On the east side okaaudy Haven Lower 01d Red Sand-
stone is faulted agalnst Mlddle Old Red Sandstone conglonerate, the
Middle Old Red Sandstone unconformlty belng present but obscure hlgh

in the cliff. Lower Old Red Sandstone is contlnually exposed between Sandy

Haven and Pennan but the Sandy Haven to 'Quarry'¥ section remains inaccess- ‘

ible. Between the Quarry and Pennan Village Middle 0ld Red Sandstone is
in an inaccessible,position at the top of the sea cliff, its base. |
approximatlng to the 100 m. contour. bAlthough accessible, the Lower 014
Red Sandstone of most of the Quarry to Pennan section is difficult to
observe. Access is by means of a narrow 'boulder' base to the Cllff

and only negotlable at low tides, low swell and preferably offshore w1nds.

The cliffs are very friable preventlng access from above cr be ow, their

N
v

" #The embayment here referred to as the 'Quarry' is not recorded on
published maps, but is locally known from its former days as a quarry
for millstones.- ; r : T S
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- vertical or even overhanging nature often preventing observation from

the narrow vantage poinf close to the cliff base.

7Because of these restriétions oniy a minor porfion of the section
has been studied, the remainder ﬁeing observed from the seé. Numerous
gaps are present with regards to details of sedimentology, logged
sections cover Sﬁly a minbrity of the"outc£op and are by no.means'

representative sections. S

Due to these inadequacies the wfitef considers that an attempt
to formalise a stratigraphy as c§rried'out elsewhere ﬁould be sonewhat
contemptible. Instead, five faciés associations have been reéogniéed
on lithological and sedimentological grounds‘and will be described as

such, These are:

5. Pennan Sandstone Facies Association
"4, Pennan Conglomeratic Sandstone Facies Association
3. Need Haven Congloﬁerate Facies Assogiation_ |
2. Pennan Head Conglomeratic Sangstone Facies Association

1. Sandy HKaven Conglomeratic Sandstone Facies Association

of theée fivévféciesrassocigfioﬁ, foﬁéicéu;d tenééfively'be,pegarded
as having Formation status having an apparent internal litholigicrhomo-
geﬁeity, the‘fifth, the Sandy Haven Conglbmeratic Sandétoné Facies
Association has not been obsepved direct}y and 1ittle’informatipn can

be provided.

of thé Facies Associations listed ébove only 2, 3,’and 4 are
observed in sequence. The Pennan Sandstone Facies Association is
fault bounded on all sides, whilst the Sandy Haven Sandstone Facies is
faulted on two sides, one against Middle 0l1d Red Sandstone, the otﬁer‘
again;t tbe Pennan Head Conglomeratié»Sandstone Facies Association.

Fault relationships such as folding adjacent to faulting suggests that



<t
w

the east Sandy Haven Fault is a normal fault dropping Middle 0l1d Red
Sandstone against Lower 0ld Red Sandstone, similarly the east Quarry Fault
has a normal downthrow to the west implying that.the Sandy Haven sequernce

is older than the Pennan Head sequence. -

on these perhaps shaky grounds the apparent sequence is as llsted
above, although the position of the Pennan Sandstone Formatlon at the

top of the sequence is without 3ustif1cat10n other than cons1derat10ns'

of 1ts compositlon whlch will be dlscussed later. '

1.3 (ii)a Sandy Haven "Conglomeratic" Sandstone Facies Association

Apparently the oldest identifiable Lower'OId Red Sandstone of
the Central Section'but unfortunately occurring along an inaccessible
section of coast. ‘Viewed from the sea, but not at close range, the?
sequence appears to be conglomeratic, but of a fine nature. - In many
respects the sediments look similar to the Dundarg Castle sequence i.e.
lateral impersistence of bedding and apparent abundance of gravel., The
presence of feldspar gravel would, in the lack of pebble data, suggest

that a granitic source area was present.

1.3 (i) b Pennan head Conglomeratic Sandstone Facies Association (Plate I.B,I.Q)

Fault bounded to the east, in juxtoposition with the Sandy Haven
sequence, the conglomerates and conglomeratic sandstones forming Pennan-
Head bear several dlstinct 51mllar1t1es with both the Sandy Haven
sequence and the Dundarg Castle sequence. Approximately 150 m to 200 m
of sedlment are exposed between 'The Quarry and a p01nt west of Pennan
Head where the Need haven Conglomerate reaches the shore.‘ Faultlng
complicates the sequence leaving a small amount of uncertainty as to the

total thickness.‘

The sequence is comprised alternations of conglomerate, conglom-
eratic sandstone and sandstone. The conglomerate occurs as laterally

persistent sheets of moderately well sorted pebble and cobble grade
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detritus, malnly of granlte and felsite, but with large amounts of

Lower Dalradlan Metasediments. Feldspar gravel is an 1mportant constit-
uent ef both conglomerate matrix and conglomeratic sandstone horizons.
 The conglomerates occur in thin parallel fairly persistent non-erosive
sheets, they are often well packed and frequently show well developed
clast imbrication. Conglomerate occurs interbedded with conglomeratic
sandstones. Feldspar gravel is abundant in such unlts but perhaps not
as rlch as in the Dundarg Castle sequence. A crude flat parallel
horizontal bedding is discernable but again no marked erosieﬁ has been
recorded. Sandstone is a minor constituent in the observed sequence and
generally occurs in relationship with the conglomeratic sandstone

rather than conglomerate. At higher levels in the succession it appears
that conglomerate and conglomeratic sandstone occur in thick parallel
units up to 10 m in thickness in alternatien with conélomeratic‘sand-
stones and sandstones in similar units but up to 1.5 m thick. The
‘sequence passes rapidly into the Need Haven Copglomerate, but not without

suffering significant changes.

The upper portion of the sequence is readily accessible below
' Pennan Head and demonstrates that although the overall nature of the
sediments and their interrelationships remain generally as described,

the following trends are apparent with increasing stratigraphic height:-

1. conglomerate bed thickness increases (fig. 1. 353,
2. sandstone bed thickness decreases (Flp. 1.3§ ),
3} maximum clast size increases (Fig. 1.35);
4. feldspar gravel decreases;
5, the proportions of certain clast compositiens alter,
(i) granite becomes scarce
(i1) felsite temporarily becomes abundant

(iii) vitreous quartzite becomes very common;



6. an increase in clast roundness and sphericity accompanies
- these changes;
7. with the increase in bed thickness, packing becomes closer,
sandstone becomes scarce and erosion becomes readily apparent
with accompanying cross stratified gravels and multistorey

cross bedded conglomerate units.

This coarsening upward trend culminates in a quartzite-rich congl-
omerate sequence virtually devoid of sandstcone, i.e. the Need Haven .

Conglomerate.

1.3(ii)c The Need Kaven Conglomerate Facies Association = ( Phtl:l‘j).

A thick, uniform development of quartzite—dominated conglomerate.,

" The sequence is characterised by a marked lack of sandstone, either~as
matrii-or individual sandstone beds. The conglomerates display a high
packing den31ty, being framework-supported throughout, minor proportions
" of sand and gravel occur as infilling to this framework Being dominated
by quartzite the values of roundness and spheric1ty appear much hlgher-
while clast 51ze is variable, the quartzite also prov1des large clasts.
Bedding is 1ndistinct but when apparent it is usually thicker than )

adjacent conglomerate sequences.

The Need Haven Conglomerate is observed to rest directly upon-the
Pennan Head Conglomeratic Sandstone - a rapid tran51tion being recorded.
The sediments of the Quarry section contaln s1m11ar conglomerate but in
thin units only, faulting prevents an accurate location of these deposits
in the sequence. The Need Haven Conglomerate is present from a position

west of Pennan Head dipping moderately to the south west until finally

descending into Need Haven and the small ridge to the east. :

Just .as the Need Haven Conglomerate occurs by reduction of sand

detritus from the Pennan Head Conglomerate so it passes into the

Pennan Conglomeratic Sandstone by a reverse of this process. Towards

e

914
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the top of the unit sand becomes more abundant and bedding planes
L'cceme more persistent until discrete conglomerate/sandstone units

are present. . Accompanying this development we find:- (see Fig. 1.26)

1. éongloﬁefate'bed thickness decreases;
2."séﬁdst6ne bed thickness increases;

3. clast éize aecrééSe§§ '

4. faldspar gravel returns;

5. ‘quartzite decreases markedly;

6. slate detritus is introduced.

1.3(ii)d The Pennan Conglomeratic Sandstone Facies Asséciation' ( Plate 1. 10)

A thick, Butllargely inaccessible sequence of'pebbié to cobble
érédé congiémefates and interbedded sandstones. : |

- The previous paragraphbdétailed tbénchanges occﬁringlwith increas-
ing (F§g.i ;;}‘ R stratigraphicvheight, and‘ip doing{so<summa:is¢d
the important characters of this facies. The sequence is disfinct in
its abundant sandstone, thin laterallg‘persistent fine conglomerates
and abundance of slate det;ifﬁs (see chapter 4 ). Feldspar gravel is

" present, but not in large quantities.

High in the cliffs to the east of Pennan the sequence can be seen
to vary with height becoming sandier, or more conglomeratic, in thick
sequences. Unfortunately none of this material is accessible and thus

conglomerate composition etc. cannot be studied.

. .The Pennan Conglomeratic Sandstone Facies is faulted against the‘ .
Pennan Sandstone‘racies, but there is no indication of fining to confirm
that the sandstone facies actually sits on top of the conglbmeratic

sequence.,



1.3(ii)e The Pennan Sandstone Facies Association (Plake (-18)

Immediéfely east of Pennan Village the final deposifs of the
Central Section are exposed, faulted against Middie 01d Red Sandstone
Conglomerete in the Harbour, and 600 m east also faulted against the
Pennan Head Conglomerate Sandstone.Facies. The relationship of this

facies to pfeceding deposits is unéertein due to this faulting. The
Penpaﬁ Sandstone is the highest deposit in the sequence being uncon-
fermably oveylain by Middle 014 Red Sandsfdne Conglomerate high,in

the cliff to the east of Pennan.

The Pennan Sendétone rests almost horizontal, dipping to the
S.S.E. at 5°, Approximately 30 m are exposed, and ovefall the sandstone
remains quite uniform, only one conglomerate horizon is recorded high
in the c}iff.‘ Internal bedddng is poorly developed, jointing implies
small cross stpatified sets in the order of 30 cms. in thickness;

- although larger trough cross-stratification is locally developed near

the foreshore. Within the cross bedded sets bedding is rarely shown,

Thin dull red brown silt and mud veneers are occasionelly
developed between cross sets and may show extensive small scale polygonal
desiccation cracks. Discoidal mudclasts are common, but not as well
developed hqrizons,»instead merely scattered throughout. 6ccasionally _

bedding may be discerned by thin gravel strings.

" It has been imﬁlied (Geikie.1879) that the sediments to the eest
of Pennan are eqﬁi&alent to these at Gardenstown. The unconfbrmity exp-
osed to theleaét of Pennan refﬁfes any correlation between fheSé sediments
and‘tﬁe Middle 014 Red Sandstone at Gardenstown, whilst grain.size,

colour, and composition contradict any attempt to correlate the red

sandstones of Pennan with those of Gardenstown.

»

With the abundance of conglomerate in the 01d Red Sandstone sequence
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mineralogical studies of the sediments have not been made in bulk.
Prelindnary studies do, however, show that a distinct difference exists
between the non conglomeratlc Pennan Sandstone and the eastern and western

sedlments of a 51m11ar grade (see Flg. J 37 )

1.3 (iiij Discussion

' Because of the problems mentioned the CentralCoastal Section poses -
some of the greatest difficulties in evaluatlon of the local and reglonal
stratlgraphy. An attempt has been made to formulate a sequence,‘and at

present no improvement can be made on this proposal. It is of great

interest to determine:-

(i) the mlative age of the sediments in comparison to the
“eastern and western sections; -

(ii)  the nature and relationships of the Sandy Haven Conglom-
eratic Sandstone Facies to the rest of the sequence;"

.(iii)v the relationship of the Pennan Sandstone Facies to the.;

lower deposits.

From the study of sediment'dispersion (Chapter 4) it has been con-
cluded:that the Central Section,sediments are probably related to the
coarsening portion of the Lower 01d Red'§andstone sequence exposed at
Gardenstown, but a more specific,correlation is beyond the realms of the
.present information. The position of the gennan Sandstone is conjectural,
it is assumed to foiion the Pennan Head Conglomerate although the amount
of strata removed by faulting is‘unknown. JApproximately'30’m of'Pennan_
Sandstone are vis;ble against the conglomerates, and as both are over-
lain by Middle Old Red Sandstone'conglomerate the situation does confirm
the pre Middle 0ld Red Sandstone tectonic event produc1ng folding and

faulting of the Lower 01d Red Sandstone sediments.



et
o

l.4. Quargzhead'

1.4 (i) Introduection

. Approximately 1 kﬁ east of Dundabg Castle (see Fié.l.l ) a small
outlier of 01d Red Saﬁdétbﬁeroccﬁrs in Quarryhead Bay and although of
very restrlcted development this small sectlon serves to 1llustrate the
nature of the 0ld Red Sandstone Dalradlan unconformlty. The outller
is fault—bouhded to‘the wést, and résfsluhcoﬁfbfmabiy oh Dalradian grlts
to the east. No inland‘expoéhfe-is avéiiéblé. Thebreétriétedmdevelopment
and‘iéteral impersistaﬁcé of the sediments (i.e. great lateral variation)
makes a formal stratigréﬁhic sdbaivision impraéfical; Thf;eifaéiéé '
associations are distinguished:-; R | |

P sy %
J .

"1, 'Conglomeratic facies association,
2. Sandstone facies association,

'3, Siltstone facies association.

These three facies assoclatlons probably correspond to dlstlnct

sedlmentary env1ronments to be’ dlscussed later (Chaptev 3). Six litho-

~ facies make up the three facies

....l...'k...l)

A. Nodular Carbonate ‘
' )

B, Fine sandstone/siltstone.....) _Facies 3

e R I XXX IRE

)

D. GravelS.ecesessssssssssssesss) Facies 2

C.. Sandstone

Q..l‘..‘...)

)

* F. Very coarse conglomerate.....) Facies 1

E. Cobble conglomerate

It is important to note that in the Quarryhead sectlon the facies
divisions are at any horlzon laterally interchangeable and thus fac1es
'boundarles are purely lithostratlgraphlc, no chronostratigraphic impli--

, cations aré 1ntended



Nature of Outcrop A sheltered Bay (albeit in the flight path of an

R.A.F. offshore bombing range!) with easy access
.+ and almost complete exposure at all but high tides,

(Fig.1, 38 ).

\

Base of Formation An irregular plane of unconformity between very .

coarse conglomerate and Dalradian metasediments.

Top of Formation Faulted junction between sandstones and andalusite

schist towards the western edge of the Bay..

Thickness . :° 28 m are exposed.:
Fawma .- . . None found (but possible trace fossils have been .

recorded and are discussed in Chapter 5).

General Stratigraphy' (F{abs . ") ‘,:2) .

As noted previously six lithofacies occur in the Quarryhead sec-

tion.

A,

C.

D.

Nodular Carbonate Grey green to red brown coalescing nodular

%

carbonate in thick units, always 'modifying lithofacies B.

Fine Sandstone/811tstone Deep red brown and generally massive :

to poorly horizontally bedded' 1solated gravel, granule or coarse

sand strlngs may clarify bedding

Sandstone Reddish brown occuring either as thick massive sheets

adjacent to lithofacies D and E, or as poorly sorted thin beds in

higher parts of the succession. Internal bedding is rare, flat

bedding belng commonest and show1ng well developed parting line-

ations. At a few levels a shallow trough cross bedding is evident, .

but its occurrence 1n solitary sets may a531gn this bedding to
scour and flll rather than true trough cross—bedding. Pebble and
gravel strings are present but uncommon,

Gravel Generally medium to coarse grained sandstone with a very

high percentage of coarser.grained'material of granule*tozgravel

60



grade, Bedding is irregular, flat and impersistent. ‘No cross
bedding has been recorded although”minor scour structures are
present. Bedding ooctrs in approximstely 1 cm wmits (3 em

maximum).

1T .
i
R

E. Cobble Conpglomerate Conglomeratic sandstone with ¢lasts wp to
small cobble gfade=commonly srranged in sheets‘bdf often as
isolated 'floating' fragﬁents.

.F. Very Coarse Conglomerate Coarser than cobble grade and usually

vell into the boulder class. The maximum clast size récorded is

4 m 1n length.’ Thls 11thofac1es is characterised by poor sortlng,

lack of well defined beddlng and lateral impers1stence.

within the 28 m exposed at Quarryhead the se§uehce.finés upward
from predominantly‘veny coarse-grained conglomerate at the base to
siltstones and sandstones at the tog. The basal unconformity is Qell
exposed and demonstrates a considerable basemen; relief, frequently ‘
steep sided and downcueting in the order of 15 m over §er§rshort dist-
ances.' a | ?heblower 15 mrof sediﬁent may be traced aloog
the strlke and demonstrates the great lateral variation present. Fig.
1. 38 shows the dlstrlbutlon of 014 Red Sandstone sediment at Quarryhead
while Fig. 1,37 and Table 1.16 allow the dlstrlhutlon of lithofac1es

to be studied,

ithofactes | A° B8 € E F
. Section %% i
i
1 32 3%.5 8.5 4.5 205 0 |-
-; 2 0 0 N4 o 2.3 672"
| 3 6o o0 o0 0 285 NS5
4 o o o o 0 100 |
_— j

Table i.le Distribubion o{ Hko-?«ucs al. Quavnlhul
&Ms of ch.\#ou "f‘-"‘ b fg‘ 31)

61
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The northernmost extent of the exposure is comprised the con-
glomerate facies and is entirely lithofacies F. Progressive sections .

towards the south (illustrated in F{gs. 1.3? and 1.39 ) demonstrate:

a) much of 11thofac1es F is rapidly replaced by lithofac1es E,
b) lithofacies. F continues to decrease accompanled by a -

-

decrease in lithofacies E but'lntroductlon of lithofac1es C.

. At the south of the Bay lateral exposure is not available, but

the sequence is completed by:

c)vlthe absence of lithofacies F,
d)_‘enly small amounts ef lithofacies ﬁ are\present,
- e) . large ahounts of lithofacies D and B, with the introduction
of lithofacies A,

f) lithofacies C remains very low.

Thus in vertical terﬁs the conglomerate-facies fines thrccgh
the sandstone facies to the siltstbne facies; If thls were 31mp1y the
case the erection of stratigraphic units, would be relatlvely simple.
As it is, the sequence also fines laterally; the irregular basement
depressions being.infilled by coarsest detritus, whilst sandstone
occupies a lateral'poeiticn, resting on high-spots of the Dalradian
basement. The lowest members of the siltstone sequence are laterally
equivalent to both sandstone facies and conglomerate facies sediments.
Fig. i.40 is an attempt to sumparise the Quarryhead facies relation-
ships and serves to demonstrate the diachronous nature of the units,
particularly the sandstone facies, Fig. 1.40 also holds the suggestion
that upper and lower sandstone deﬁelopments may be regarded as one

facies,

The® reconstruction is very generalised and lack of adequate exp-

osure prevents certain details being proven,
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l. The continuity of the conglomerate facies cannot be proven.
Laterally to the south sandy conglomerate rests upon the Dalradlan
Basement. i o

2."The sandstone fac1es may~not connect as 1mp11ed in Flé l.40 ,
i.e. they nay in fact be two separate sedimentary env1ronments.;
Paleocurrent dlrectlons suggest that the upper and lower sections
of the sandstone fac1es may have slightly dlfferent source direc-
'tions,‘and clast comp051tion does support this.

5{ The siltstone facies is continuous but cannot be accurateiy

| related.to similar grade carbonate bearing sediments further west,

. (Counter Head, New Aberdour Shore and Crovie).

Relationshlps to AdJacent Sequences

No fauna has been extracted from the sediments at Quarryhead
and therefore the age of the sediments cannot be confirmed.“’They? .
rest directly upon the .Dalradian Basement and compare ' favourably with

the sequence recorded a few kilonetres to the west at Fleckies

Meadow which is confidently regarded as Lower 01d Red Sandstone age.

Correlation betueen the ma1n outlier and Quarryhead is not
difficult but may be open to crltic1sm. Clearly the basal conglom—y{
erates at Quarryhead and at Fleckies Meadow occupy analogpus situations
and lithostratigraphically must be regarded as equivalent. At Quarry-p_
head the fining sequence is very short compared to the Dundarg Castle-
New Aberdour Shore section. Correlation within this fining sequence
is difficult and direct equivalence cannot be stated between the finer
conglomerates at Quarryhead and the conglomerates of Dundarg Castle;

in fact the composition of conglomerate fragments contradicts such an

idea,

As discussed later (Chapter 7) the nodular carbonate ‘developed

in the siltstones at Quarryhead has been identified as a pedogenlc



dééélopment'ana shéh calcretes ére commonly considered to have wide
.iatéral‘exteﬁté and‘Afe related to drastems, periods of slow aggrad-
ation in an alluvial envifonmenf; In the main sequehceiat Dundarg’
C;stlé aﬁd Gardenstoanonly‘6né‘such dévelopnent of calcrete is
récognised and'it seems reésdnable fo assume'thatfthe‘Quérryhead .
calcrefe is'COmpaﬁable Wifh this horizon, If this assumption is correct
the 15 m of sediment belowAthe/Quafnyhead calcreteiafe equivalént”to
'éﬁprox. 200 m of sediment in the west., Three possible‘implications

of this are:

1. the correlation is‘invalid,'
2, Quarryhead Bay contains a condensed sequence,

3. sedimentation at Quarryhead began at a later stage.

Assuming correlation:ig va;id,‘and from paleocﬁrrent étuéies
discussed later (Chapter 4) it is evident that the regional paleoslopek
was towardé theﬁeast and soﬁth¥éésf;'éombining tﬁis with tﬁe sediment-
ologiéal inferpretation'of the‘Quérnyhead sequence (Chapter 3) as
colluvium or éimiléf,thé suggestion éhat!thé'dﬂéfnyhead sequence

accumulated at a later stégé than lithéldgically similar sediments in

the wesf is réasonable. _Furthermore if the environmental interpretation

is valid then the basin margin at Quarryhead would receive little
@etritus compared to more easterly regions; a 'condensed' deposit would

therefore also be likely.



1.5 Eastern Coastal Section

- 3.5 (i) Introduction

The tastern Coastal Section extends between Fleckles Meadows
in the east to a point below Little Kipp at the west end of New
Aberdour Shorer(see Fig. 1.4l ).» 014 Red Sandstone sediments rest
unconformably upon Dalradian metasediments in the east whereas they
are faulted'againt balradian Andalusite Schists in the west.(by the
- New Aberdour Fault). As noted with sequences elsewhere, the trend
"is for finer sediments to occur at higher stratigraphic-levels; this
fining trend is displayed between Fleckles Meadow and Counter Head -
where it is termlnated by faulttng, the sequence belng repeated |
vbetween Counter Head and New Aberdour Shore. -

Overall four facies assoc1atlons have been recognlsed in a

manner analogous to that employed further west.

4. Siltstone Facies Association
3. Sandstone Facies Association
2, Conglomerate Sandstone Facies Association

1. Conglomerate Facies Association

The Geological Survey offered no details of this section but

recognised a basic three-fold subdivision of the sequence.

i.e.’

3. Red sandstone, slightly conglomeratic, with shales and -
' calcareous clay bands,

2. Red sandstone, partly conglomeratic. :

.1, - Coarse conglomerate. -

P
e

addlng that "below Dundarg Castle the same sectlon 1s repeated" 1mply-

ing that they elther derlved thelr sectlon from Quarryhead (wh:ch



they do not mention), or that their section originated from New - -
‘Aberdour Shore. The present reclassifications would appear to-

compare favourably nith‘that of the Geological Survey except that
the basal conglomerate has been glven a deflnlte separate identlty

during the cours€ of thls study.

As with sections already dlscussed a formal class1f1cat10n on

a Formatlon Member basis allows the follow1ng sequence to be proposed:

Facies Association ‘ Formation
Siltstone Facies ' " New Aberdour Siltstone Formation
Sandstone Facies : . Dundarg Castle Sandstone Formation

Conglomeratic Sandstone Facies | Dundarg Castle Conglomerate Formation

Conglomerate Facies. .. . Fleckies Meadow Conglomerate Formation

A consideration of Fig.l'ul 7 1nd1cates that due to faultlng repeating
much of the sequence the sectlon may. be easier con31dered in terms
of:

- 1. Dundarg Castle - Counter Head subsection,

2. New Aberdour subsection.

1.5(ii) The Dundarg Castle/Counter lead SubSection '

This short coastal strip illustrated in Fig. l.41 represents
the most important section'for internretation of.sedimentation in
the east of the Gamrie Outlier. The sequence exposed is incomplete
due to inevitable faulting, but it is felt that no major omissions
occur. Sediments are exposed from the repeat ofﬁtne basal conglom-
erate,resting‘upon Dalradian of Qnarryhead section, up to the Siltstone
facies @f the Counter liead Silstone Formation. Lithological homogen-

eity is the prime concern -in the stratigraphic subdivision of the

GG



67

sééiinnNand again in the Dundarg Castle Sandstone Formation it has
been necessary 1o employ a facies concept to separate stratigraphic
" units.,

The following sequence is exposed in the sub-section:

’CouhfervHead Siltstone (regarded as equivalent to the New

o | Aberdour Siltsfope Pormetion)
Dunderg Cestle.Sandstone o o o
Dundarg Castle Conglomerate

Fleckies Meadow Conglomerate Formation -

N

1. 5 (u)a -Fleckies Meadow Conglomerate (Platc 1-13)

The lowest exposed deposits of the Eastern Sectlon; oompafe very
favourably w1th conglomerates exposed at Quarryhead both in lithology
and marked angular unconformlty with underlylng Dalradlan metasedlments.
The fooks’ma&‘be equivelent to the Geologioal Surveys Bed 1 .;;;;
"CoarseConglomerate" but from thelr veny brlef descrlptlon thls |

cannot be conflrmed.

Characteristics * A sequence of poorly-bedded, generally poorly-

sorted coarse.conglomerates.
Section . East side of Fleckies Meadow (east of Dundarg
Castle) towards Pike Rock (see Fig I. 41 .

Equivalent Section Lithologically similar sediments exposed -in

Quarryhead Bay and are suggested to be facies

- equivalents of this sequence.

Lower Boundary - Irregular angular unconformity with Dalradian.
Upper Boundary =~ Introduction of well-bedded sandstone and finer
. ' * conglomerates.

Thickness 0O to 40 m at least
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Fossils -~ Nomne -,

Nature of‘Outcrop Easily accessible broken cliff bounding the east

side of Port an Doon enbayment, accessihle'at all

tides.

General Stratigraphy

) Retalning the facies concept and terminology employed at
Quarryhead only one facies is 1dent1f1ed at Fleckles Meadow, i,e. a

conglomeratic facies which has been dlrectly a331gned Formatlon status.

The conglomerate is varlable throughout the vertlcal proflle
but shows llttle lateral change unllke the dep051ts of Quarryhead.
Inltlally coarse, anoular, poorly-sorted blocks (up to 3 m in length)
w1th1n a flne, almost muddy matrlx rest upon the Dalradlan Basement
represented by coarse psammltlc rocks and 1nterlayered mlcaceous
Andalusite Schlsts. Eros1on is apparent to a depth in the order of
40 m with local steep, cllff-llke terraces up to 5 m high (Plate | 13 ).
The ‘coarse conglomerate 1nfllls these hollows but shows no internal
stratificatlon. At higher 1evels the conglomerate grade decreases.
and is accompanied by an increase in sand percentage. rLaterally
where the Basement terrain rises to its maximum original height the -
coarse conglomerate is absent,:being replaced by the finer conglom
erate, and in places even by sandy-conglomerate and conglomeratic-
sandstone. Bedding is poorly developed in these higher levels,
indicated only by sheets of cobbles etc, = no sedimentary structures
or erosion being apparent (although exposure is,very'restricted at. -
these high levels). Using the previous notation (see Quarryhead) the
lonest 30 m show the development of lithofacies F with approximately

10m of‘llthofacies E above - no lateral interchange of E and F,

and no evidence of lithofacies A, B, C or D are recognised. No .
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extensive carbonate cement is developed in the conglomerates either.

: 8.5
1.5{id.. Mndarg Castle Conglomerate Formation (Platzs I- 14, 115, 3.1,3.2,33 34

The Dundarg C.z:tle Conglomerate Formatlon is difficilt to
~locate in the Geological Survey nomenclature, and may therefore be

equivalent to either their Bed 1 or Bed 2, i.e. "coarse'¢ongldmefate'”

- Bed 1" or "Red Sandstone partly conglomeratic - Bed 2v,

Two sequences are exposed and both are complicated by faulting

i.e,
(i) from Fleckies Meadow towabdspcdﬁntef ﬁeaa, a'&efy‘ehoft
but well expoeed section in which the lowest deﬁosi%s
of the facies a=sociation oufcreﬁw(ofé ﬁm‘in length).
(ii) faulted agalnst the prev1ous sectlon, a duplicate section
}_t \ . of the conglomerate facies exp031ng all but the lowest
o sediments occurs from Counter head to New Aberdour Shore
(0.8 km in lengfh). o
Characteristics | A sequence of interbedded conglomerate, gravel
and coarse sandstones’showing e#treme lateral
and vertical‘variatiqns in grain-size bedfores
and teitures.
Type Section Two sequences exposed between Fleckiee Meadow
and New Aberdour Shore separated by the Counter
Head fault. Both sequences demonstfate_the
highest sediments, but only the Dundarg Castle
section exhibits the lowest deposits of the
formation,
Equivalent Section None directly comparable although as noted in |
. the discussien at the end of this chapter,

sediments belonging to the Central Coastal



Section below Pennan Head may be equivalent .

to the Dundarg Castle Formation.

Lowest exposed Stratum The Dundarg Castle Conglomerate Formatlon is

observed to restldirectlyvupon the,Dalradian

' Basement on the eastiside of Fleckies Meadow to
the sonth ot the Bay whilst to the north the
Fleckies Meadow Conglomerate Formation infills
nollows<within the Dalradian Basement and forms
a baee to the sequence, Exposire of the
Fleckies Meadow Conglomerate is not continuous

‘and therefore its relationship>with the Dundarg

' Caétlezéonglomerate Formation cannct be

observed.
Uppermost Exposed . Lateral impersistence is a characteristic
Stratum : : e :

- feature of sediments belonging to the Conglom-
erate Formation - the upper boundary being
the introduction of finer grained sediments

. belonging to the Sandstone_Formetion.r The
) junction is marked by:
i) finer sediments,
'ii;"latenallj perEietent stretom,xshow in
'plate 1.16
Thickness O~ 9oﬁ1meéeured at Dundarg Castle
w400 m to New Aberdour. See later discussion’
(page 95 ).
Fossils' i ﬁone’
Nature of Outcrop A broad wave-cut platform readlly acce351b1e"v

at most tldes but transected by numerous fault
and ]01nt controlled gullies frequently prevent-

ing continued access to long sections except



. at Jow tides.

General Stratigraphy

The Conglomerate Formation ééﬁsists of conglomerates, pebbl&-
sandstones and sandstones, and characteristically has a complete lack
of fine-grained éedimént. A few levels of éonglqﬁerate are very
.coarse, reaching sizes common in the basal congiomerate, but on the
whole grain-size is reduced as part of the upward fining trend and

much more sandstone is present in the sequence.

" Seven lithofacies combine to make up the Conglomeraté Formation
and have been defined mainly on the basis of structﬁre;‘but alsoff

"including grain size sorting and texture,

l.e.

_Lithofacies 1 - Chamnel Fill Conglomerate (Plate IIS = )- ‘Coarse

grained Ehannel shaped iﬁfills with variable grain size5!rénging from
- boulder to gravel grade and generally poorly sorted. - Units of chamnel
~fiil conglomerate are often graded both vertically and laterally;~~/
lateral grading resu;ting_oftgn in the feplacemeﬁt qf lithqfacies 1

ﬂby lithofacies 2.

Lithofacies 2 - Inciined Bedded Conglomerate (Plate S ) - Uéuélly
‘oceurs laterally adjacent to Channel fill conglomerate, in:thé shallower
parts of channel bodies. Grain size is lower than lithofacies 1 énd_
sorting is better, Grading is again common and may take place either
perpepdiéular to bedding, or parallel to bedding, or both. Matri# |

is more abundant, and therefore packing density is reduced.

Lithofacies 3 - Single Sheet Conglomerate (Plate 145 )  Follow planar

‘erosive surfaces which may bear isolated scours. Internal bedding is

‘absent, but units may be either normally or reverse graded.” The
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conglomerateis finer graired than the channel variety, and poor
sorting is common although the deposits are usually well packed.

Generally single sheet conglomerates are leterally very persistent.

Lithofacies 4 - Multiple Sheet Conglomerate (Plate®.2 ) As the

name implies, a multitude of thin laterally impersistent fine grained
poorly’sorted conglomerates. Lithofacies 4 follows all previous-
dep031ts by gradation. Small scour aﬁd £i11 structures may be pres-

erved, but no. large scale bed forms are developed.

L1thofac1es 5 - Small Scale Cross Stratlfled Gravel (Plate 3.5 i )

' Occurs in hlgher parts of flnlng sequences, and consists of moderately

¢

well sorted sandy gravels dlsplaylng a shallow trough Ccross stratlf- )

¢
$
.4 . . .
St N [ : . - . :

1cat10n.

i

Lithofacies 6 - Large Scale Cross Stratified Cravel (Plate 3.5 )
Generslly occurs in higher levels of channel shaped deposits, and
. consists of moderately well sorted sandy gravel with large scale trough /

cross stratification. Pebbles are commonly present along foresets.

Lifhofaciesl7 - Sandstone (Plate 3.1 ) . A rare addition to the
sequence, sandstone generally is medium to coarse grained, and
lateraily impersistect due to erosion by overlying 1ithologies. The
sandstones are fairly well sorted but usually show no -internal struc-

ture., -

It is difficult to characterise the Dundarg Castle Conglomerete‘
seouencé by construcfingiithobfofiles and.fabulaticg lithofacies
abundsnce ddfe, as ve?fical and lateral variation is extreme. ‘Bj"
rigidly adhering to one vertical line of section Table.1,18 has been
constructed and illustrates lithofacies.abundance in that section.

Local variations may show fining-trends, coarsening-trends, or



dlstlnct lateral changes in 1ithofac1es._ With this in mind Table

summarlses the lithofacies abundance, but selected field logs (Fig. l.-42,
1;43) should be noted,.as well as the facies relatlonshlps recon~

structed in Fig,.

" LITHOFACIES TOTAL f. NO. | MEAN T. | MAX. T, | MIN, T, | PERCENT NO. | PERCENT T.
" L mn .. . m - m o . m . R
Channel Fill 10.78 17 0.64 | 1.35 0.25 . 8 28.6
Conglomerate . S IR C ' ' : - '

Inclined Bedded 195 | 5| 03 | 105 | o0 | s3 5.1
- Conglomerate ) ) )

Single Sheet 1.43 7 0.20 0.53 0.10 11.6 3.7

. Conglomerate . / . .

Multiple Sheet 6.3 |15 | 109 | 3. 0.22 | 2 43.1
Conglomerate : : AP o R
Small Scale 2.12 6 0.35 0.55 0.30 18 . 5.6

: Cross-stratgravel - ) ’ 1 o

Larger Scale 2.67 .| s 0.53 . 0.7 |-o0.40 | . 83 .
Cross-stratgravel| .

Sandstone 2.5 | 5. 0.5 1.0 0.15 © 8.3 R 7Y

TOTAL - .37.9

. -
o Table 1.18 Thickness Parameters of Lithofacies in the Dundarg Castle Conglomerate Formation

S Certair'geheralisations may be made from Table i.ls; the sequence
is dominated by lithofacies 4 (multiple cooglomerate‘sheets), both
numerically and in thickness, while lithofacies 1 (chamnel fill
conglomerate) follows close behind., Channel-fill conglomerates are
laterally restricted ahd.therefore a 29% thicknese result rather over
estimatee the volumetric importance’of such conglomerate., The
remaining lithofacies occur in approximately equal abundance, except
for.the single sheet conglomerates which are'numerically moreiebundant,'

but constitute a small total thickness, clearly demonstrating their

small overall size,

A cons1deratlon of conglomerate bed thickness and sandstone
bed thlckness does not show any 31gn1f1cant trend w1th 1ncreaaed

stratlgraphlc helght, although the frequency of occurrence of lithofacies



1 decreases markedly at highest levels being replaced by fine o

grained lithofacies 4,

f_ The above details have been extracted from both of the ment-
ioned sequences. Sedimentologically the sequences are regarded aé
cémpafable, but provenance studies~demonstrate that only the Dundarg
sequence %ontains the lowest sediments of the cohglomerate sequence,

Faulting in Fleckies Meadow shortens the succession by an indetermin-

able amount.

Between Counter head and New Aberdour Shore a much longer
sequence of conglomerétes\égg)exposed, and faulting again complicates
any estimation of the total thickness of this sequence., Many of the
faults are minor normal faults, and will only have caused minimal
extension., The lack of marker hérizons, or distinctive conglomerate -
compositions prevents the evaluation of faulting in Boat Shore and

Little Haven, two localities where faulting may be of greater magnitude,

1.5(ii)c Dundarg Castle Sandstone Formation ( Plate (.[b )4

Characteristics A sequence of élternating coarse and fine members
- fine sandstone being the finest commonly

occurring sediment. The Formation represents

al

the passage from coarser thglomerates in the
lower part of the succession ihto the siltstonés
and mudstones of the Counter Head Siltstone .
Formation and ié characterised by laterally pers-

istent bedding surfaces.

Type Section 20 m west of the small peninsul;\ on which Dundarg

Castle is sited - continuing west for a further
. 40 m, .

.Equivalent Section West of the Central Sandy Bay of New Aberdour

Shore an incomplete section.
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Lower Boundary Sharp passage from laterallj impers1stent congl—

omeratic sandstones, see plate ?

Upper Boundary Incoming of red brown siltstone..
Thickness = 30 m.
Fossils - None, Rare trace fossils of "Plugged pipe" form

have been found (see Chapter 5).

Nature of Outerop Fairly narrow wave platform with poor exposure in

cliff behind. Easily accessible and not apparently

4

compllcated by faultlng.

General Stratigraphy ' . L | E
The Sandstone Formatlon overlies the Conglomerate Formation,
the passage belng very sharp. The Sandstone Formation is separated
from adjacent sequences 1n that: |
1. A marked reduction in conglomerate occurs, and is associated
with a decrease in erosive contacts, and an inorease in
lateral persistence of lithofacies., |
2. Nem_lithofacies are introduced, particularly fine grained
| ;sediments.
3. The base is sharply defined and laterally persistent, as
is the top. |
4, The litnofacies composition of the proposed stratigraphic

wit is distinct, and differs markedly from adjacent sequences.,

The sequence is oharacterised by the distinct alternation of
coarse and fine members, five fine members and four coarse members,
varying in thickness from 1 m to 10 m (fine members), 2 m to 9m
(coarse members)., These alternations are distinct in the following

respects:



Fine Members

1, Cluranterised by sharp con- .

tacts between lithofacies,
- but erosive contacts rare and

minor.

2.'Cradational contacts common
but vertically. |

3.wrine gradé sediments predom-
inate. I

4, Conglomefate rare, and usually
not céarser than gravel,

5.'Uﬁits are laterélly §ery‘

'péfSistent.

Coarse Members

1.

Gradational changes common

- - both vertically and horizon-

2,

3.

4.

Se

tally, sharp contacts commonly
erosive,

Lateral gradation common.

Coafse sediment, often conglom-
eratic predominatés.
Conglomerate abundant and up
to cobble grade.

Units are laterally very imper-

sistent,

The above details summarise the criteria (other than lithological)

used to separate merbers, similar criteria also serve to demarcate the

base of the Formation, as the coarse members are in many respects

comparable to the preceeding Conglomerate. Formation.

‘The fine members are made up of the following lithofacies:

L; Wavy-bedded fine sandstone

2. Cross-laminéted sandstone

3. Coarse sandstone

4, Very fine sandstone
5, Fine ééndéf?ﬁe

6. Flat-bedded sandstoné

7. Massive sandstone

" 8. "Interbedded granule and sandstone

9. Planer cross-stratified sandstcne

10. Trough cross-stratified sandstone
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Lithofacies 1 - Wavy-bedded Fine Sandstone

Fine moderateiy'well sorted sandstone with an internal lenticular
v wavy cpnearance due to ripple development. Ripple cross:lamination
is only rarely developed, but rare occurrences verify this inter-

pretation. Very fine sandstone veneers separate lenticular units.

Lithofacies 2 - Cross-laminated Sandstore

Fine red sandstone with well developed ripple cross-lamination.

Lithofacies 3 -~ Coarse Sandstone
Coarse, poorly sorted, and generally massive units of red coarse

sandstone.

Lithofacies 4 - Very Fine Sandstone

Red very fine sandstone in thinly laminated units, and resting .

grédationally on previous lithofacies.

Lithofacies 5 - Fine Sandstone

‘Red fine sandstone may preceed lithofacies 4; and occurs in relatively‘
thick units éhowing an internally flat-bedded or more commonly

massive appearance.

Lithofacies 6 - Flat-bedded Sahdstone

Thin units of flat bedded medium grained red sandstone often forming

a base to erosive cycles, the flat bedding displaying primary current-

lineation on bedding surfaces.

Lithofacies 7 - Massive Sandstone

Poorly sorted medium grained red sandstone, in thin units and often

containing 'floating' granules or gravel.

Lithofacies 8 - Interbedded Granule énd Sandstone Sheets

Thick units of granule and gravel grade material interbedded with

medium to fine grained sandstone, No internal erosion is apparent.

P
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Lithofacies 9 - Planar Cross-stratified Sandstone

One occurrence recorded of planar cross-stratified fine sandstone,

laterally impersistent.

Lithofacies 10 - Trough Cross-stratified Sandstone

Small, shallow trough cross-bedded fine sandstone

Table 1.19 summarises the abundance of these lithofacies, and

"demonstrates clearly the contrast between conglomerate and sandstone

© formations.

Tablel19  Thickness Parameters of Lithofacies in the Dundarg Castle

Sandstone formation - rine jknbers

LITHOFACIES TOTAL-T.| NO.[ MEAN T.] MAX. T.{ MIN. T.{ PERCENT{ PERCENT
m m m m NO. . .
Wavy-bedded 7.05 22| 0.32 0.85 0.06 | 29.3 40.6
fine sandstone : S P . '
Cross-laminated 106 | 9 02 | o0.24 | 0.03 | 12 6.7 |
sands tone ;
Coarse sandstone 1.60 7 0.22. 0.47 - 0.05‘ 9 9.2
Very fine 0.96 10 0.09 0.21 0.04 13 5.5
sandstone
Fine sandstone 2.38 4 0.59 0.84 0.08 5 13.7
Flat-bedded 1.45 | 9 0.16 0.32 0.04 12 8.3 |
sandstone - . : ) i
Massive sandstone 0.32 51 0.06 0.21 0.03 |. 7 " 1.8
Interbedded granule 1.84 6 0.30 0.85 0.08 \ 8 10.6
and Sandstone
Planer cross- 0.14 { 1] 0.4 | 014 | 04| 1 0.8
stratified sandstone : ’ :
Trough cross- 0.45 2| 0.22.| o.28 0.16 3 2.6
stratified sandstone .
ATOTAL 17.35

The fine members are clearly characterised by wavy-bedded fine

sandstone, and fine sandstone,

Logged sections through the fine

members show that a vague cycle may develop which consists of:

»

1. Slight erosion

2. A coarse lag or string cf granules

w8



3., Coarse sediment
4, Wavy-bedded fine sandstone

" 5, Very fine sandstone possibly silt.

‘Generally such a cycle is dominated by the wavy-bedded sediment,
the coarse sediment being quite variable - lithofacies 3, é, 7,18,
or 10 may be present. Méssive sandstone, and inferbe&ded gravel
and sandstone éommonly occur in lehtictlar, channel-shaped bodies
and are associated with cross-stratified sand§tones; Ripple cross-
lamination may develop in relationship to éithef coarse basal sedi-

ments or wavy-bedded deposits.

The coarse members within the Sandstone Formation comprise:

1. ‘Wavy-bedded fine'sandstoné
2, Fine sandstoné |

3. Massive sandstoné

4, Cross-étratified sandstone
5, Cross-stratified gravel

6. Flat-bedded sandstone

7. Flat-bedded gravel

8. Massive gravel

S. Conglémeratic'sandstone

Lithofacies 1, 2, 3, 4, and 6 are equivalent to similar develp-
ments in the fine members. Lithofacies S, 7, 8, and 9 are distinet

and reflect the‘conglomerate Formation, the titles are self explanatory.

The following table summarises the lithofacies content of the

coarse members,
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MEAN T,

MIN. T.

LITHOFACIES TOTAL T. | NO. MAX. T. PERCENT | PERCENT

. m 1] m m NO. T,

Wavy-bedazd 0.6 | 3 | 008 | 012 | 006 | 7.7 | 1.9

fine sandstone ‘ E

Fine sandstone 0.67 | 3 | 0.22 0.27 0.18 7.7 .| 5.

tassive 1.53 | 8 | o0.19 0.3 | 0.08. | 205 | 1.6

sands tone )

Cross-stratified 1.37 3 | 0.5 0.52 0.40 7.7 10.4

sands tone ‘ . ) : ‘

Cross-stratified | 2.23° | 3 | 074 | 095 | 058 | 7.7 | 16.9

gravel ) ) ‘

Flat-bedded 0.52 5 | 010 | 0.16 0.06 12.8 3.9

sands tone .

Flat-bedded- 1.83 s | 0.3 | 0.40 0.08 12.8 13.9

gravel L

Massive 1.81 6 | 0.3 0.48 0.10 | -15.4 13.7

gravel .

Conglomeratic 300 |3} w0 | e | ooez | 7.7 | 229

sands tone ‘

TOTAL 13,24 | | o

Tablel,20  Thickness Parameters of Lithofacies in the Dundarg Cast1e Sandstone

ronnahon - Coairse lTemoers

Table 12001eariy demonstrates fhe ﬁredominance'of cearse lithb-

facies in the total compoéitidn of the profile, whilst at the same

time- showing the abundance of structures pertaining to higher energy

regimes, for instance flat- bedded sandstone and cross-bedded gravel,

and therefore clearly contrastlng the coarse and flnc nenbers. ‘

Along the New Aberdour Shore the previously noted facies

associations 2, 3 and 4 are exposed.

equivalent sections, facies association 3 is incomplete,:

2 and 3 are regarded as

Facies

association 4 (the Siltstone Facies Association) also outcrops at ...

Counter Head where it is incomplete due to faulting.

At New

Aberdour Shore the Siltstone Facies Association is well exposed, and

although.aleo terminated by faulting, is considered the type section,



1.5(iii) New Aberdcur Shdre Subsection

)

1.5(iii)a New Aberdour Siltstone Formation ( R(aézs (.17 J /'18)

The New Aberdour Siltstone Formation completes the exposed .

sequence in the Eastern Coastal Section and is largely equivalent

to the Geological Survey's Bed 3, i.e:

{

"Red sandstone slightly C6ﬁglomératick | with shales and cal- (

Characteristics

Type Section

thivélent Section

Lower Boundary

Upper Boundary -

: c;reous élé& bands -

|

|

{ SILTSTONE FORMATION
A siltstoné:dominatéd Sequenﬁeiwifh‘subofdinafé
developments of thinly bedded sandstone and silt-
stone érr&hged‘fhythmicaily;
Thé westérn'eﬁdvof New Aberdour Shoré.(Fig.La5u5)
The western end of Counter Head - Dundarg Castle
section. ?fhié ié éﬁégeéted as bging a lateral
équivalenf,'but/may ?epresent deposits‘lOWer iﬁ
fﬁe Séquence thén tBbée‘of New Abéfdouf Shore,
fadl%ihg caﬁSeé both sec%ioné to be incompletely

‘ (
represented.

The lower bdundary is complicated by faulting and

_over majority of the section mentioned siltstone

is faulted directly against the previous Sand-

" stone Formation sediments. Further towards the

sea, as illustrated in Fig. !{-45 , the conformable

junction between siltstone and sandstone Formations

"may be observed although the succession continues

to be complicated by féulting. The'baée of the

' Formation is defined as the inéoming of siltstone.

The Siltstone Formation is faulted against the
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Dalradian andalusite schists at the western-
moét endbof New Aberdour Shore at a point below
'St..John'leelli(Fig.|-45' Y

- Thickness ‘ Clearly the section is incomplete due to‘faulting.

89 m of sediment have been logged along the type

section without recognis?ble repetition. Although

the sequence.cpnsists ofjmqnot§nous repetiﬁions
of thick siltstones ‘and very thin sandéthés;
each cycle has gufficient character to allow its’
repetition to-be recognised. |
Fossils ‘Poérly preserved spores, such as Dibolisporites
| and Qarious smdbth-waliedﬁazonété'Variéties. Plus
trace'fossils\interpréted as pdssible Dipnoan

burrows (see Chapter5 ).

Nature of Outcrop A ;ow, broad‘yavefgpt platform with‘v_ery_ke‘asyt
access. The séft nétu?e>of the sediments éng
pumeroﬁs fault planes haye producgd numerous
low afgas crossing the foreshore imposing a very

low .tide restriction on the section. ..

General Stratigraphy

- The Siltstone Formation is composed of alternations cf coarse
and fine members, theiseqhénce being compfiéed the following litho-

facies:

a) Siltstone

Thick, massively beddeq; fing‘toiéoarse siltstones, red-brown to
brown-grey in colour. Some horizons preserve sheets of isolated
calcareous nodules whilst others record thin mﬁd'laﬁiﬁée; Desiccation
cracks are uncommon but ﬁaj be developed at the top and bottom of

siltstgne units,
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b) Interbedded Sandstone and Siltstone

An assoclatlon of sedlments characterlsed bv the alternatlon of
ist nct sandstone and siltstone sheets in approx1mately equal
proportlons and equal thlcknesses; 'The unlts are thtnly bedded
.and may 1ncorporate thin mud veneers. Rlpple cross-lamlnatlon is
common in the sandstones while de31ccatlon cracks are abundant in
the s1lts. The siltstone portion of the -unit may be replaced by '

dark'grey laminated muds (although quite uncommon) showing the -

development of symmetrical ripple marks.

c) Mudstone
Thin alternations of dark grey mudstone, fine sandstone ‘and levels'
of reddened mudstone. Such deposits are desiccated at numerous

o AP
. levels. N

The previously mentioned coarse- flne member rhythm is repeated
along New Aberdour Shore at least 25 t1mes, see Flg. [ 4$ (others
have suffered minor faultlng and are therefore 1ncomplete) C Flg.

l. 1F7 111ustrates the reconstructed vert1cal proflle for an average
cycle and 1nd1cates the relative dlmen31ons. On average 31ltstone

ck

comprlses approx1mate1y 69% of cycles whllst interbedded sandstone .

-

" and siltstone make up 31%. Average cycle thickness is 2.6 m with
an average of‘i.é‘m}siltstone and 0.8 mlinterbedded sandstone and
siltstone, Detailed measurements of the coarse members show that
interbedded sandstone and siltstone occur in roughly equal prop-

ortions, 55% sandstone, 45% siltstone, Similarly the thickness

of the interbedded units is comparable:

Average sandstone thickness 6.6 cm Range 5-10 cms

AéﬂAverage‘siltstone thickness 6.0 cm  Range 2-11 cms

 The cycle or rhythm described has been defined on the following



grounds:

1. Sandstones are sharp based, or even slightly erosive
2. Sandstones may ofteg_grade upwards into siltstones
3. The complete coarse member commonly grades‘into the

. fine member'by means of sand flasers and lenses.

From tbis it is implied that coarse and fine members are related
as no significant break occurs between them, whereas a sharp passage

exists between fine and oyerlying coarse members,

Basis for the Erection of the New Aberdour Siltstone Formation

The subdivision has been applied on the basis of the restricted

+

and markedly different llthologlcal assemblage displayed by the
Siltstone Fac1es Assocn.atlon ( compare Flg. LAT with I‘lvk;o)

Although the 'New Aberdour Shore section is.bngest, the short Counter
Head equivalent section does display the base of the Formation,
demonstrating that a sharp change in lithofacies does occur, 'Primarily
the imtroduction of siltstone defines the base of the Formatiom,

and is accompanied by the loss of all praviously recorded lithofacies.‘
Although well esposed, the basal portioh of the Siltstone‘Formation

is con31derably modlfled by pedogenlc carbonate, preventlng observa—

tion of detalls of structure (Chapter 7).

-

Siltstone Facies:-- Coarse Member -

At the extreme west end of New Aberdour Shore the Siltstone
Formation rapidly coarsens upward into a thin sandstone development,
~aﬁd form of this coarse member is illustrated in Fig.l.aq « The
hlghest exposed deposits of the Slltstone Formatlon show the develop—
ment of very thlck s1ltstone domlnated cycles, the uppermost cycle
is abruptly terminated by 1nterbedded red sandstone and 31ltstone

which eventually results in the development of coarse sandstones
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with large scale cross-stratification. The coarse nature of the
sediment, the large scale bedforms, and the thick sedimentary units
" aala this horizon quite distinct. A thick unit of siltstone sharply
overlies the coarse member before the sequence is truncated by the"
New Aberdour Fault. Although very distinct, the significance of
this coarse member is ooen to question, as it mey record the
uppermoSt limit of the Siltstone Formation, or it may simply record
an isolate coarse sediment incursion into the otherwise siltstone °

dominated sequence. Due to the location of the New Aberdour Fault

this problem cannot be solved.

1.5(iii)b’ Counter Head 'Equivalent' Section

Although the maximum development of the New Aberdour Siltstone
sequence occurs along New Aberdour Shore an 1ncomplete but 1mportant
'equ1valent' section of siltstones are dlsplayed on the foreshore at

Counter Head. :

3

éssentially, tne seouenees are similar, but at Counter Head a
rapid’ (but conformable) passage is apparent from the underlying
Dundarg Castle Sandstone Formation. Few observations on the nature of
the sequence can be offered for this portion of the succession as
exéensive accumulations of pedogenic carbonate (see Chanter 7)>mod—
ify mejoritylof the sedinents. Nevertheless, the imbortance ofwthe
sequenoe remeins in its conformable relationship nith underlying

sandstones.

l.S(iv) Summary and Discussion

As with sequences exposed to the west, the succession of sedi-
ments in the eastern coastal section is largely a simple fining
upward sequence. The nature and order of the stratigrapn;c units
is clear, the only complicafions being the amount of shorfening or

extension caused by the abundant faulting present within the sequence.
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; Studies of conglomeratelcomposition (Chapter 4) demonstrate
clearly that the Dundarg Castle sequenceécontains the lowest strata
of fhe Dundarg Castle Conglomerate Formation;.while at the same
time, the uppef_boundary té this unit is cleariy‘exposed,:iBetween‘
the base and top of the sequenée at Dundarg Céstle,‘9O m of sed-
iment are exposed, while in the equivalent sequence from Counter
Head to New Aberdour Shore as much as 400 m may be exposed. |
Faulting within Port an Doon maybshortén the sequence, but no'estimf

ation of the original thickness can be made.

B Thus in conclusion, the following points may be summarised

for the Eastern Coastal Section:

1. The sequence is based by the Fleckies Meadow Conglomerate, a

facies equivalent of the Quafnyhead Conglomerate.

2. The Dundarg Castle Conglomerate follows, locally resting directly

upon the Dalradian basement.

3. The lowest depoéits of the Dundarg Castle Conglomerate Formation

are those exposed at Dundarg Castle.

4, Faulting may extend the apparent thickness of higher deposits
- to the west, or shorten the apparent thickness to the east,
although at the same time a westward (basinward) thickening

woulq not be unreasonable.

5. The Dundarg Castle Sandstone Formation and New Aberdour Siltstone
Formation follow conformably,

¢

6. The New Aberdour Siltstone Formation regarded to be a facies

equivalent of the Crovie Siltstone sequence of the Western

Coastal Section.



7.
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Overall, the Eastern Coastal Section is considered a facies
equivalent of the fining portion of the Crovie Grdup sediments

of the Western Coastal Section., The temeCrovie Group is

therefore applicable to the sediments of both the Eastern

Coastal Section and Quarryhead.



Middle 01d Red Sandstone of the Gamrie Outlier

1.6 ., Middle 01d Red Sandstone Uncoﬁformity

Strata of Middle'Old Red Sandstone age have been reeognised
from the Gamrie Outlier since the establishment of a fauna from
the Findon Fish Bed by Traquair (1896) which resulted in the com-
parisoniof this horizon with the Ancﬁanarras horizon of Caithness
and 1ts numerous equlvalents (plac1ng the horlzon near or ]ust 5
below the Eifelian - Givetian boundary). The relatlonshlp between
these Middle 01d Red Sandstone sediments and strata assigned to the
basement group‘hae oniy been considered by Westoll (195() whov
suggested a Lower 01d Red Sandstone age for the local Basement
Group sediments on the basis of an unconformity between the two
sequences.’ This unconformity.has remained.undescribed and in fact
as mentioned previously some doubt initially existed as to its
presence. During the present study the relationShips'befweeh
Middle 0ld Red Sandstone and Basement Group sediments have been

observed at several more localities, i.e.:
1) 200 m west of Coral Haven, and in Coral Haven
2) Black Hill east of Pennan Village
3) Along the sea cliff between Pennan Head and Sandy Haven
4) Meal Girnel and Sidegate

5) West of Strabackie

6) West of Langlitterly

The dlstmbutlon of these outcrops is shown in Fig. l 33 1.34

The above mentioned sections have been studled in order to provide
a more complete plcture of the “elatlonshlps between the two rock

groups. Particular attentlon has been pa1d to the form of the

erosion surface and the time and duratlon of any such er031on.

Flnally, although 1mp11c1t in the term unconformlty the nature of
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tectonic events responsible must be sought.

With respect to the above points, the cliff section 3 km to
the west of Pennan (1océlity 1 above) offers evidence on all counts,
it is also the only readily accessible outcrop of the unconformity.

Two sections are exposed:

"a) Coral Haven

b) An un-named embayment 200 m west of Coral Haven beneath

the 'Lodge'.

(a) Coral Haven '

Poor, restricted exposure, mostlyrcovered by ‘loose blocks
on the foreshore. Below the unconformity, qonglomeratic.sandstones
dip steeply to the north at about uS° while above the unconformity,
slate rich conglomerate appears flat, with no.surface irregulafities
or major erosive depressions. Laterally no great variation in_
the inclination is apparent in the cbnglomerate, whereas the dip
of the conglomeratic sandstones decreases over 15 m until only a
small angular discérdance.exists between upper and lower groups,
suggesting that at least a minor amount of folding has taken place

prior to erosion.

(b). ~ Below 'The Lodge'

A very well exposed accessible section again showing sandy
conglomerate, flat layered with mud drapes betweén strata in the
finer sand poftions, occasional widely-spaced oscillation ripples ’
with mud drapes, the whole sequence'being commonly affected by.
sand injection phenomena and penecontemporaneous minor faulting.
Above these, coarse conglomerate and ilate breccia rest with marked
erosive unconformity. Plates 1.19‘2':nd 1.20 show: the almost

horizontal lower group overlain by a moderately inclined'upper group.

Tracing the unconformity to -the west only a matter of 25 m shows



a marked steepenlng of the dip of ‘the lower group whilst the upper
group remains unchanged (platel_lg ). Also in this part of the
outcrop further faultlng is apparent, only of minor downthrow but
clearly predatlng the upper group conglomerate. VThle section of

~ the unconformity gives valuable evldence as to the nature of the

‘events 1eeding up to the unconformity:

‘l; Sediment below the unconformity contains possible.evidence of
tectoniso in tﬁeﬁform:of eend lnjection structures.

2., Variation in inclination otlthe lower group eediments points

to afpre4Middle 01d Red Sandstone tectonic event. (folding).

'73. 'Faultlng, although on a minor scale, is of ,pre-upper group age,

thus supportlng the tectonic event of 2. -

4, The erosion serface is irbegular and channel like with hollows
infilled by derived second cycle conglomerate claets; Thls
suégests‘that erosion of the lower: sediments occuffed ouite4'
early, almost predating extensive lithification. o

5. Steep channel sides suggest partial cementation orza.steteiof
'wet’eand'.whereby the sediment resisted slumplng.;'

6. Plate l.lqﬂlllustrates minor rotational faulting, a feetufe'
common to channels in unconsolidated recent sediments (Heming-
wa&, pers. comm. and Reineck and Singh, 1973). The important
feetureﬁin.this lnstance ishthat the sense of rotation is of

"a reversed nature. The mechanism was therefore not one of
slumpiv& But”pfobebly differential‘compaction. Given that such .
" structures’ requlre a soft sedlment, (Relneck and Singh, 1973),
~ * this reverse ‘rotation would imply that some degree of loading
occurred prior to cementation (i.e. the upper group was deposited

onto relatively unconsolidated sands and gravels).

.
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The remaining exposures'(localities 2-6) of the unconformity.. :

occur to the east of Pennan Village‘and are mostly inaccessible,
all can be viewedifrom.the sea, nut little evidence can be added
fron the land Tne exposnres'in Sidegate and in Meal Girnel.

nay be observed dlrectly, Meal Glrnel offers difficult access from

land, but Sldegate is only access1ble by sea.
¢

East of Pennan the first outcrop of the unconformlty occurs

high in the Cllff below Black Hill (locallty 2) where the red Pennan‘ a

Sandstone is overlain w1th marked angular unconformlty by slate

rich breccia. This outcrop is totally inaccessible particularly

following recent cliff erosion and may only be observed with binoc-

ulars.

From‘tne‘sea'the:caﬁning'of breccia is notable between Pennan
Head and Sandy Haven w1th exceptlon of the lower cliffs of Buckies
Pad., Most direct ev1dence exists in the large blocks of slate |
rich breccia which litter the foot of these cllffs and confirm thely
presence of the Middle.bld Red Sandstone eonglomerates in the oliffs
hlgh‘above. All of these sections are dangerously inaccessible and

may only be observed at a distance from the sea.

‘The 1mnortant feature of these sections is that they show the
npper sedlments with unlform 1nc11natlon towards the east,
usually at a very low angle, almost horizontal. In contrast the
lower sediments have a variable dip and-denonstrate further the pre-

upper group folding. AThis feature is illustrated in plates
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1.7(i) Middle O1d Red Sandstone Outcrop \Di;‘;tribution C Plates (,zolzl)zz)
Although the presence of Middle.OId Red Sandstone strata has

long been recognised, no detailed appraisal has beén made as to

tﬂe natufe ér extent of the sequence, _The Geolégical Survey noted

the Middle Old Red Sandstone of the Gard?nstowp‘section, referring

it to the Findon Group with a three foid subdivision:

7. Conglomerate and breccia |

6. Grey and red clay with limestone nodules, containing
fish remains, and lenticular grey micaceous shales,

yielding plant remains and some scales of fish.

5. Coarse red conglomerate .with some intercalations of red

'sandstone with fish scales.

Unfortunately, tﬁe conglomeratic natufe»qf the Middle 01d Red
Sandstone sequenée appapgntiy lead the early workers to compare this
sequence with that of Pennan Head concluding an equivalence between
;hé two sections. From studies of conglomerate provenance; and
from observations to the east of Pennan Head along sections only
_acceséible by'sea'the ﬁfeéent.study concludes that such interpret-
ations wére:incorrect, the Pennan head sect;on being of Basement

or Crovie Group egquivalence,
‘Sediments of Middle 01d Red Sandstone age aré‘epréed:

1. ‘in higher par£$ of the Den of Findoﬁ where thé three

: Geological‘Sufvey divisions afe devglopéd;
.2. at the Snook, where lowermcsf Middle Old Red Sandstone
. conglomerate‘ig faulted against é.variety of Lower 01d

Red Sandstone sediments;



3. between Licns Head and Pennan Village;

4, between Pennan and Langlitterty.

Exposure of the Middle 01d Red Sandstone sequence is‘far
from“adequate,-and comhined'with the monotonous nature of the con-
glomerate sequences precludes the establishment'of a rigid stratie
graphy. On lithologlcal grounds the orlglnal Geologlcal Survey
subd1v1s1on has been retalned but the problems 1nvolved w1th
adjacent sequences prevent any correlatlon and therefore form.
naming of the various sequences,.serv1ng no pract1ca1 value; has

been avoided, -

. Den of Findon (Plate 1. 22)

At present exposure is very poor, and con31derat10n of the

Geologlcal Survey comments (1890) suggest that condltlons had

| deterlorated by then in comparlson to the exposures referred to .

by Horne in 1890 but from earller work. In the Den of Findon

the follow1ng sequence is exposed'

Upper Findon Conglomerate -
Findon Fish Bed

Lower Findon Conglomerate

The Flndon Fault brlngs uppermost Crorle Group‘sedlments
of the Castle hlll Sandstone Formation into contact with the Lower
Findon Conglomerate' - ~. above the confluence of the Findon and
Afforsk burns.> As far as can be estimated approximately 25-30 m
of the Lower Flndon Conglomerate remaln, but are poorly exposed
in thlS sectlon. The conglonerates are poor to moderately well
sorted and range in grade from small boulder s1zed fragments to
gravel. ‘Gravel and pebble ‘grade conglomerates predomlrate the

detrltus being mostly slate (see Chapter 4).
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Consideration of the Middle 0ld Red Sandstone conglomerates
at other localities indicate that immediately overlying the
unconformity a zone of reworked detritus exists up to 5 m in thick-
ness. .Over.the'whole of the scant exposure‘in the Den of Findon:
there is no evidence of such a zone and therefore -it'must be con-- -
cluded that the Findon Fault has shortened both Crovie and Findon

| Group seduences. Mlnor, 1mpers1stent, thln sandstones are present

w1th1n the sequence, but constltute a very small proportlon of

_the exposed seqnence. No further 11thofac1es have been recognlsed

- The Findon Fishb3ed outcrops high in the east side of the
Findon Ravine, and at present.is in a very poor state cf preservation
" (and rapidly worsening). Minor'excavation demonstrates that the
fine gralned sediments comprlslng this unit rest conformably upon
the Lower Flndon Conglomerate, gradlng rapldly from it. The follow-
1ng sect:.on is exposed in the type and only sectlon avallable ( Gmt R(.F

NJ 76 746636 ) dlpplng at approx1mately 8° to the north east.

- Upper Findon Conglomerate

Red mudstone + small red carbonate nodules 60 cm

Grey Mudstone . C o - . - 30 cm

Laminated grey mudstone and fish-bearing nodules 110 em
- Pale grey soft plant-bearing mudstone = 40 em

-Red siltstone, locally sandy.and gravelly ot .- 10 em

Lower Findon Conglomerate

The Lower Plndon Conglomerate fines rapldly to be replaced
by the red sandy 51ltstone of the Flndon FlSh Bed whlch flll
depre331ons in thp conolomerate surface. Pale grey mudstones

sharply overlie this level and have ylelded spec1nens of Ptilophyton



(Geological Survey, 1830). Present exp03ure does not permlt
examlnatlon of the relationships of th1s horlzon with the overlylna
flsh-bearlng mudstones,'but Prestw1ch's orlglnal work 1mp11es that
the lower deposits (as recorded above) may be absent, and locally
replaced by red micaceous sandstones, and in places the fish-bearing

mudstones rest dipectly upon conglomerates.

The‘fish—bearing horizon dominates the'FindOn Fish Bed, and
in many respects is 31m11ar to the underlylng grey mudstone, dlffer-
‘1ng sllghtly in the presence of flne graded lamlnae and the abund—
ance of calcareous nodules, Although exposure is restrlcted,
the nodules can be seen to be arranged in sheets rather than randomly

distributed.

The lamination characteristic of‘fhe fish—bearlug‘mudstone
disappears rapldly, returning to the grey mudsrones‘comparable' |
to the lower plant bearing horizon. By gradatioh’the grey mudStones
become‘red, and show the derelopment of clusters of red calcareous

nodules comparable to calcrete'developments in the Crovie Group.

The relationship ofrthe uppermost mudstones to the overlying
Upper Findon‘Conglomerate‘is vague at‘present,yso cm’of muds tone
are'esposed, and appear to bekcoﬁformabl§ overlain b&lthe upperd
conglomerate without indication of marked erosion. ' Present expos-
ures'only display 70'cm of Upper.Findon‘Conglomerate; attempts"
to locate the flsh—bearlng horlzon using portable drilling equlpment

‘verlfled that at least 8 m of Upper Conglomerate are present.

Prestwich (1838) recorded outcrops of the‘fish bed in the
Pishlin Burn, where he also records 38 feet (l2lm) of the Upper
Conglomerate, these are no longer exposed; The Geological Survey

(1830) also record grey mudstones in the Cushnie Burn, and in a



small ditch near South Cushnie. The former location is no longer
exposed, but plant bearing greybmudstones have been sampled from

the latter.

The'Fihdon Fault may be traced as far as the Snook, whére
‘Middle 0Old Red Sandstone Coﬂglomerate,is faulted against a variety
of Crovie Group sediments., At this locality the conglomerates
are very coarse, and for the first 5 m have a mixed assemblage
of.detritus analogous to that observed immediately 6verl&ing the
Middle 01d Red Sandstone unconformity at Pennan,'and in£erpreted
as reworked detritus. On these grounds the'loﬁeét exposedidepoéits

-

although the lowest deposits have been removed.

The effect of the Findon Fault'appears to vary along its
outcrop. Very little deformation is apparent in the Den of Findon,
but at the Snook the'Cpovie Grdup sequence is folded against the
fault,.an& the findon Group Conglomerdteé are dipping sfeeply

60° to 80° to the south (Fig. 115 ),

Some sandy horizons are present in the lowest conglomerates
at the Snook, but these are rare and the rapid increase in slate

detritus is accompanied by a decline in the amount of sandstone,

As mentioned the dip ranges from 35° +to 80‘ s the exposed
thickness being Soom$ although the amount of strata removed by

faulting cannot be reliably estimated.

The Findon Fault splays as it rounds the Snook, one branch
‘skirting the base of the high cliff between the Snook and Crovie
Village, eventually running inland to meet the Troup head Fault

near Crovie. These relationships are illustrated in Fig. L1

at the Snook are considered to be close to the basal unconformity,
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Fig. I'34 demonstrates that the Middle 0ld Red Sandstbne:cohglom-
erates are faulted against Dalradian metasediments at the western‘:
end of the Central Section and outcrop betweeh Downie Shore and
Pennan Village.f The cliffs are inaccessible between Downie'éhore
and Lions Kead, but from the sea they are observed to consist of
almost horizontal slate rich conglomerate. Ne‘sandstone is observed
~in the\eequence. The cliffs‘fell verticell&yto tﬁe sea and thus

expose 65 m of unbroken conglomerate.

" The conglomerates are accessible at Lions Head, Cullykhan,
and Mill’Shore,~and traced in'this direction increase in dip to
about 30° at Mill Shore. No change in charactér is recognised.
Between Mlll Shore and Pennan the dlp steepens to approx1mate1y
450, the lower portlon of the conglomerate sequence belng exposed

resting unconformably on Lower 0ld Red Sandstone sediments.

At the east of Pennan Vlllage, Middle 01d Red Sandstone
slate conglomerates are faulted against red sandstone of the Pennan
Sandstone fac1es, and are not accessible east of this until Meal

GCirnel and the Quaynan. (Plate 1.20)

Middle 01d ﬁed‘Sandstoee sedimenfs are faulted down to sea
level in the east side of Sangy Haven, haQing Seen pfeeent at-
about the 100 m contour along most of the cliff top‘east of Pennan
Village. The Quaynan offers the first readily accessible vantage
point, and along hith‘the slightiy more‘arduous Meal Girnel
display a monotonous seQuence of conglomerate.' The cbnglomeretes
are coarser grade, up to cobble and small foulder sizes are common,
and alfhough slate rich they are strongly influenced by gfenite,"

psammite, and quartzite, - Sand is present in large quantities in

7/
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the congldmerate matrix making these”deposits‘even more of a
contrast to the slate rich deposité fﬁrther west. Thin sahdsfoﬂes
are rare, (less than 1%) reaching a magimum‘thickneés of 40 cm; ‘
oéher than this, bedding is aé pooriy_defiqed as in.the sigte.

conglomerate,

In the Quaynan the conglomerates dip slfghtly'towards due
Qest, tﬁe'dip increasing in the vicinity.of the Sandy Haven Fault.
The stratigraphic horizon of the Quaynén coﬁglomerates is uncertain,
but by\comparison to those exposed in Meal Girnel of knownprox-
imity to the unconforﬁity it is apparent that the Quaynan examples

are also quite.low in the,MiddlevOld Red Sandstone sequence,

Further exposures of Middle 01d Red Sandstone sediments are

accessible from the sea in the three bays of: = -

| i)  sSidegate
ii) Strabgckie_ B

iii) Langlitterty

The basal unconformity is readily visible in Sidegate and

may be observed with difficulty in Langlitterty.

The conglomerates exposed in Sidegate and Langlitterty are
identical to thosé of Meal Girnel in grain size and coﬁposition
(see Chapter 4), although slightly more sandstone is present in-
the loWest-déposits.f‘In Strabackie the conglomerates'are exposed *
over 127lm of‘inaccessible cliff, although the slight dip to thé
east dbes allow slightly higher conglomerate to be studied. The
higher conglomerates are notably finer in clast size, and are com-
positionally comparable to the deposits at the Quaynan. Sand-
stone is absent in the higher deposits, leaving at least 100 m

[ ]
" of montonous conglonerate,
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In the middle of Langlitterty the Middle 0ld Red Sandstone
is faulted against Dalradian metasediments, and although reported
further ¢asf by}the Geadlogical Survey no exposure is avaiiable at
the present day. Neverthéless the observatiqn by_fhe S?ryey that
this.conglomérate restgd upon brown siltstones Qith qaicareous “
nodules comparéble to those exposed én New Aﬁerdoup_Shorerdoes’
have very important implications, and méy ailow estiﬁgtions ¥§ be

- made of pre Middle 01d Red Sandstone faulfingé3v- |

1.7(ii) Sﬁmmagz

Stratigraphicallyvthe Middle Qld Red Sapdstone sediménts
propose an insurmountable problem due tonfoof exﬁosure and the
lack of distinctive marker ﬁorizohs. The prééenf étuﬁy suppér;s
the‘Geological Survey's proposed 3‘fold subdivisioﬁ at Gardeﬁsto;ﬁ;
and confirms that Middle 0l1d Red Sands;oné conélomerate outcrops
to the east of Pennan - recognising several previously unrecorded
exposurés of the unconformity between Loﬁer and Middle 014 Red

Sandstone.-‘
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1.8 Stratigraphical Synthesis

1.8(i) Lower 01d Red Sandstone

Following the General Stratigraphy of each of the six sections
described an attempt was made to interpret the naturebof the séQﬁénée,
its continuity, and related problems. Very few problems exist as
to the nature of these sequences, but the assembly of the coastéiﬁig
sections into.a vertically and 1atera11§ coherent picture is ver&

'difficglt, priméfily due to the §£é§ioﬁsly nehfiopéd probléms;bf -
lack of marker horizons and the distinct possibiiifylof fa;ies;
variation., - - B |

‘

The proposed stratigraphic correlation is'illusfratéd in

Table »l.2l'but'in order to justify this revision several points R

must be considered.  Basically the problem is the interrelationships f

of iéolated and fauit-béunded sections, i.e:

i
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The New Aberdour and Counter Head sequences contain indent-: \?
ical congiomerate, sandstone, and siltstone facies, and little
" doubt exists as to their direct equivalence,

At Quarryhead the sequence also fines up into siltstone,

-

and as at Fleckies Meadow is resting unconformably on Dalradian
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rocks. Such a basal unconformity is no criterion for chrono-
stratigraphical correlation, and meither are the basal conglomerates,
they remain only facies equivalents., Both sequences fine ipwards,
and both have pedogenic de&elopments of carbonate nodules in the
basaliportion of the siltstone sequence (Chapter 7). Calcretes

are known to be well déveloped in certain regidns énd characterised
by‘slow aggradation, ané.afé'fréquently*of'ﬁide laferéi eXtént.

In all the sequences at Gamrie only one zone of calérefe dé#elop—
ment has been recognised, and it may théfefore follSﬁ that the
Counter Head and Quaffyhead sequenées can be equated on the basis
of this horizon of calcretes., Thié'hgsé'remaiﬁ conjectural, as

certain dissimilarities exist between the calcrete sequences (see

Chapter 7).

If the correlation is valid, sedimentation is either.condensed
at Qparryhead or started at a much later time, The latter explan-
ation’is acceptable, as palaeocurrentevidencé suggests an east or
south-east palaeoslope, and sediment would be expecﬁed to thin in

this direction.

At Crovie, New Aberdour, Counter Head and Quarryhead a fining-
upward sequence is developed, and as stated, the New Aberdour
sequence is equivalent to the Counter Head seguence'and possibly
the Quarryhead sequence. ;The fining-upward sequence may also suggest
a broad comparison of‘the Crévie sequence with those to the east,
but a major problem is tﬁat none of the lower sediments are .

directly comparable, only the siltstone facies are equateable.

Equivalence of the siltstone facies across the area may be

further supported by the developments of calcrete in the upper

.

portions of the Crovie Sandstone Formation,.and the lower member
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of the Crovie Siltstone Formation. kEence correlation of the out-
crops of the lower portion of the fining upward sequence would

appear to be:

Crovie Siltstone Yow Aberdour — . founter Head Quarryhead .

————— Siltstone ~— Silistone ~ ~ _ " Siltstone
' " Dunderg Castls tgandatone’
Crovie Sandstone . Sandstone
'
Came e ¢ .. .. . Dundarg Castle - Yconglomerate®
Crovie Conglemerats ’ .Con.glo:aorato )
Flaclkies ¥eadow = . ‘conglomerate' .
Conglomerate e AT

NN~ T

P L o o PRI

" In the eastern sections exposure is terminated at the level
of the Siltstone Facies and therefore no correlation can be made

with the coarsening upward sequence in the west,

Hdﬁevef; thétéreatesf problem still‘rémainé infattémpfihg to
locate the relative strétigraphié position of the sediments of
the Centra;vcdééfai'Sécfién.4 The sequence is almost %ofally
conglomer§tic, the 1owest_accessibie rqck;rhaving a_conglomerafe
compositiop.similar‘to‘that,of’the Dundarg Castlevconglomgrates
(Chépter u), At’highep levels; a quartzitefrich conglomerate
prevails and is unlike any so far recorded inthe area.ihThej
_highest conglqmeratés observed become gléte-pich, and afe;thus
comparable‘tq_the.conglomerates of the western section. Several

possibilities thus exist:

1. That the lowest conglomérates may be‘cohparablé with the Dund-

arg Castle and Countér licad conglomerate sequences;



2,

3.

That the upper slate-rich conglomerates may reflect a relation-

ship to the western conglomerate Sequence, either in the:

a) lower fining portion

b) upper coarsening portion;

That the quartzite-rich conglomerates may have no ccmparable

facies or conglomerates of the same composition.
This leaves at least two alternatives:

That the lower.chglomerates of the Central Section are compar-~
able with those further east, whilst at the same time higher
conglomerate levels are influenced by the westerly Crovie

slate-rich conglomerate sources,

This would produce a situation illustrated in Fig. i51R where

the deposits of the Central Section exist beneath the main siltstone

development:

B. If the slate development in the upper conglomerates of the Central

Section is equivalent to the coarsening portion of the Gardens-
town sequence then the central section sediments would be above

the main siltstone development.as shown in Fig.[-518 ,

Petrographically the Pennan Sandstone formation does not

compare with rocks of either east or west sections following either

of the above methods of correlation (Chapter 4, and this Chapter,

page 37 ), but being quartz dominated may belong to a similar

source area to the quartzite-rich Pennan Head Conglomerate. If

this is so, then the sequence of sediments in the Central Section

may be considered a fining-upward sequence, in which case the

sequence would be anlogous to the lower fining-upward trend in

»

eastern and western sections and alternative A outlined above would
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be favoured. At the present state of knowledge, alternative A
appéars most favourable, but alternative B canmot, as yet, be over-

looked.

1.8(ii) Middle 01d Red Sandstone

As mentioned, correlation within the Middle 0ld Red Sand-
stone is impossible, and a reconstruction of the stratigraphy is
oﬁt of the question, The unconformable relationships have been-
described, and from the various 1evels‘of strata encountered
by the unconformity it is readily apparent that considerablefu
éectonism and faulting occurred during the period of this uncon-

formity..



\
1.9 Regional Setting

The Devonian sediments of the Narth'East of Scotiand; being
'largely coarse cla;tic'sequenceé, pose as yet unsolved prbblems in
the determination of their relative ages;v Lithbstratigraphical
correlation over the large distances involved is to be avoided
considering the nature of most of the sediments., Nevertheless ihe
regional éetting must be considered, as the 0ld Red‘Sandstone of
North East Scotland has several important'féafurés;bnly'recéntly
épparent following the recognition of Loﬁef and Middle 01d Red
Sandstone stréta in several of the butlierékpreviddsiyhébnéidered

to be entirely of Middle 0ld Red Sandstone age.

By comparison of spore assemblages from‘the'Basement Group
of Scétland with those ‘of other British Lower Devonian sequences,
Richardson (1967) suggested that a Lowerungvonian age was likely
for the Basement Group. Westoll (1951,’;969) had already noted the
ﬁnconformity betﬁeen known Middle 014 Red Sandstone and Basement
Group in Noffh East Scotland and suggested that thé Basement Group
was in fact of L;wer Qld Red'Sandstone age. He also postulated |
a Basement Group equivalence for the depositsvof-the Rhynie Outlier
(Westollz‘ggigi;:). Spores extracted from fhe iowér depésits of
silts and shales and also from'fhe'chert in the Rﬁ&nie sequence
have yielded po§r1y preserved;'azohaté,fsmooth ahd apicﬁlate épores

of the genera Retusotriletes and Apiculiretusisporé (Richardson,

1967), and are thus compérablé with assemblages from the Ousdéie
Mudstones both in type of sﬁore and the lack of vériety compared

with other Devonian assemblages;‘ The main difference is that the

Ousdale assemblage contains undoubted épécimens of Emphanisporites

whereas, the Rhynie Outlier has to date only offered"fafe'sﬁecimens
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possibly of the same genus (Richardson, op cit.). From Strathpeffer

the assemblage suggests a'range of possible age from upper Lower, '
.Devonlan to. lowermost Middle Devoniun, the former belng most

likely (Rlchardson, op. cit.). Although the spores from the Rhynie
Outlier do not show a level of complex1ty equ1valent to those seen
in the Middle 01d Red Sandstone, neither are they comparable with
the Baserhent Group assembléges from Strathpeffer (Ri.che'r'ds‘on; ¢§.
cit.). Rlchardson explains this as belng a reflectlon of the 1n
situ flora and thus no 1nd1catlon of the total spore spectrum at
that time. However, he continues, the Rhynie spores resemble e
forms from the Basement Group at Ousdale prov1d1ng at least sone
evidence to suggest that the Rhynie deposits are of Basement Group '
Age, Fufthermore, the size;range of the Rhynie sbores,oomoares
‘more favourably with Midland Valley,assemblagesithanvwith those
from the Middle 0ld Red Sandstone, and as the Midlandbvalley-
assemblages are brobably Siegenian to Emsian in age there is some
evidence for a Lower Devonian age for the Rhynie deposits. Recent

work (pers. comm. to Westoll, 1975 from Richardson) implies that

-a Ehegenian age is more llkely for the Rhynle sedlments.

- During the course of this study acid-insoluble residues from
dark fine grained sediments belonging to the Crovie. Siltstone, and B
New Aberdour Siltstone Formations have been studied, and poorly

preserved spores extracted. Only Dibolisporites’and various .

smooth-walled azonate spores have been.recognised, no apiculate |
examples being present. This work was cafried out in conjunction '
with Mr.'A; Collins, in whose opinion the assehblage suggeSted‘an
Emsian to Eifelian age for the Basement Group, and althongh.not as
conclusive as would be desiredkitidoes to a large'extentlsupport‘

‘Westoll's (1951, 1964) ideas of a Lower 0ld Red Sandstone Basement



Group at Gamrie.

To the weut of Rhynle lte restrlcted developments of coarse '
clastlcs at Cabrach and Tomlntoul. As yet these outllers have not
been studied in deta11 and only the Cabrach Outller can be related
to strata of known age and then only tentatlvely on the presence
of th1n lava flows comparable to those at Rhynle, in the lower
portlons of botn sequences.‘ The Tonlntoul sequence offerskno mea s
of correlatlon, but its locatlon close to Cabrach and thnle does
not preclude a Lower 0l1d Red Sandstone age, although the %eplacement'
‘of Lower 01d Red Sandstone by Mlddle 01d Red Sandstone along tbe S
Moray Firth coast does cast doubt on guessesl as to the age of .

such dep031ts. RER R I

‘ Along the Moray Flrth coast to the west of Gamrle several
small outcrops of Old Red Sandston > orlglnally recorded as Mlddle
Old Red Sandstone 1n age ex1st.

i.e, At Sandend Bay, Cullen and Buckle

The valldlty of this Mlddle 01d Red Sandstone age is open

to question. ' Peacock et al (1968) have recently supported this 7'
date suggesting that at Ruckie the 'Buckie Beds' are of Middle Old
Red Sandstone age. They offer no explanation as to the nature or
31gn1f1cance of this unconformity. If such an 1nterpretatlon is-

alld 1t would dennnst”ate a marked thlnnlnw of the Lower 01d
Red Sandstone westwards, from at least 300 m at Gamrle to zero o

: bl eeviewen,

v at Sucklel) Reacock s;get-al/ 1?63?.aruuvent cannot Le accepted
without question, but in the‘lightvof oonovan s (1975) dlscu531on.
o of a Mlddle Old Red Sandstone marglnal lacustrlne llmestone in

North Calthness, a 31tuatlon ex1sts whlch may be analogous to

that at Buckle, and would allow for the whole of the Buckle sequence

30%



to be regarded as Middle 0ld Red Sandstone in age. Although
the sequence has not‘been’stndiec in detail the present author
has observed theJ'calcereous deposits'ycomprising the Buckier
Beds and fcllowing the reccgniticn of algal cr similar sfrnctures
o regards the similarity to Donovan's
(1955)1descrintion:as being highly likely; and thus it is consid-
ered that the conclusions.reached_by Peacock et al (that the
Buckie Sequence is of Middle 01d Red Sandstone age) are likely .

to be correct.

At Cullen and at Sandend Bay short sequences (10 m) of
coarse clastic sedlments are exposed but offer very 11ttle 1nfo“m-
ation'as to their relative age. Both sequences are of local
cerivation preventing an assessment of their age in terms of |
conglomerate provenance. At Sencend Bay a remarkable unconformity
exists between>01d Red Sandstone end Dalradian Limestones resulting
in the development of a 'fossil karst‘ structure, (see plate 1.23)

' Whether such a structune is indicative of less arid
climates than those implied further east is open ‘to argument, but
must remain dcuntfclvgnounds-on which to ‘date the Outlier. The .
only useful evidence which may be employed in paleogeographic
reconstnuction is the N.W.-S.E. trend of irregularities in the

basement, and imbrication suggesting a N.W. direction of transport.

_ The dlstrlbution of Middle 0l1d Red Sandstone sedlment in N.E.

Scotland is of great 1mportance, particularly as the common presence
of a reliable fauna allows correlation of the isolated sequences.

At Gamrie at least 200 m of Middle Old Red Sandstone slate-rich

conglomerates are recognised and when traced to the west of the Outlier

Middle 01d Red Sandstone sediments are noted to o&erlap the Lower
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Qld Red Sandstone deposits to eventually overstep onto the Dalrad-
ian and Moine basement. Even accepting the doubtful position of
the Buckie Beds no Lower 01d Red Sandstone strata are reéognised‘_
west of fhé RiverASbey, vhilst Middle 01d Red Saﬁdstpne deposits
are relatively common, the five fdldvdivision_applied byvthe
Geolpgical Survey tqtalling at ;eésf 900 h of seéiment in the

Nairnside-Inverness area.

Lithostratigraphic correlation is out of the question, but
comparison may be made between the faunas of the many fish beds of
these Middle 01d Red Sandstone deposits. At Gamrie, Traquair

(1895) listed the following species from the Findon Fish Bed:

Diplacanthus striatus

Rhabdinacanthus longispinus

Cheiracanthus murchisoni

Cheiracanthus latus

Pterichthys milleri

Pterichthys productus

Glyptolepis leptopterus

Coccosteus decipiens

Cheirolepis trailli

Diplacanthus tennistriatus

Diplopterus agassizi

Osteolepis macrolepidotus

Gyroptycnius microlepidotus

From this assemblage the Findon Fish Bed has long been equated

with the Achanarras horizon of Caithness. More specifically it allows

correlation between Gamrie, Tynet Burn, and the Nairnside fishbeds

at Clava, Nairn and Lethen Bar and also north to the Cromarty fish

beds, Edderton Burn, and as far north as Orkney (Sandwick Fish Bed)
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and Shetland (Melby Fish Bed), thus allowing coﬁsiderable paleo-
geographic speculation as to the nature and extent‘of the

Orcadian Lake dufing both Lower and Middle 014 Red Sandstone times.
Aifhouéh the age of these horizons was initiaily based on verte-
brate faunas (see.Westbli, 1951, Miles andiWeStdll, 1963) it

has since been confirmed on palynological data (Richardson, 1968,1967).

As mentioned this correlation has important paledgeégraphic
implications, indicating that whilst the general region of maximum
lacustrine sedimentation probébly existed in the offshore Caithness-
' Ofknéy region, the baéin itself was exfendiﬁg in a N.E,-S,W, form, |
o@ersteppiﬁg Lower Cl14 Red Sandstone sediments to the south-west,
Eventgaily of course overlap occufred to the north, west, south and
south-east. As well.as having important paleogeﬁgraphic significance,
this evidence has recentlyibeen employed by Donovan, Archer, Turner
and Tarling (1976) to confirm magnifudes and timings of Great Glen
Fault activity. Attemﬁts have been made to support o¥ refute the
Lower 01d Red Sandstone age suggested by field relationships and
supported by sparsé palynological evidence. Attempts *o obfain a
K-Ar, age date from the volcanic deposits at Rhynié (although not
assisting the dating of the Gaﬁrie Outlier) proved impossible due
to the state of decay of the feldspars (Mitchell, .pers.‘cbmm.).
ﬂagnétic studies (Turner and Archef, 1975) do give some support to-
wards a Lower 0ld Red Sandstone age by comparison of pole posifions
with known Lower 014 Red Sandstone positions, in contrast with

Middle 0ld Red Sandstone positions,
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. CHAPTER 2 - STRATIGRAPHY OF THE RHYNIE OUTLIER

2.1 Introduction

- The Rhynie OQutlier consists of a narrow faulted strio of Lower 0l1d
Red Sandatone occupylng the valley of the"Water of Bog;e' and other trl-

butaries of the Rlver Don. The locatlon of the Outller relatlve to the

Gamrie Outlier.is shown in Flg. 2.1.

The sedlments enclosed w1th1n thls small Outller rest unconformably
on a range of Dalradlan rocks along the eastern margin, but are termlnated

to the west by a series of major faults (Flg. 2 2).

2.2 History of Previous Research

Although the Rhyhie Outlier is widely known for its plant bearing
depnsits, the overall geology and stratipgraphy have received little
attention later than tﬁe brief description offered by Hinxman (1888) and
the Geologlcal Survey (Granf) Wilson and Hinxman, 1830) in their description -~
of Sheet 76 4 Thelr wofk offers ghe only oLtllne of the sedlmentafy
sequence and is 1tse1f based on work prcv1ously carrle* out and noted
by Celkle in hlS major pulecatlon in 1878 wHe“e he made a six fold SLb-

' d;v1s1on of the sequence:‘
f-‘(G)v Greenish grey shales, with beda of -flagstone. Dryden
(5) Thick group of hard pale grey and reddish or purplish sand-
stones, with occa51onal pebble becs and numerous plpes,.
galls'; and lrregular veinings of red clay. Rhynle Quarriee,‘-
Burn of Cralg | | S

(u4) rBand of Diabase Porphyrlte, seen between Contlach and

Auchlnd01r Manse.
1

(3) Very soft and crumbling, grey and red, pebbly sandstones and
conglomerates of well-rounded pebbles, with bands of red
ehale, seen below CGlenbogie where the valley is cut out of

this soft series.
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(2)..Red shales, with calcareous red nodules seen in small ravine
to east of Glerbogie.

(1) Band of red and yellow conglomerate and breccia, sometimes
with calcareous cement. This lowest deposit immediately
underlies the shales at the last named locality and reéts

on the crystalline rocks. .

Realising the difficulty in‘tracing units 1atebally with the often
boor exp03ure;‘the Géblogiéal'Survey used the term 'zones' fof‘areas of

the Outlier showing similar deposits. Only five zones were recognised:

Dryden Flagé and Shales

Zone 5 -

‘Zone 4 - Quarryhill Saﬁdéfoné'

Zone’3 - Tillybrachfy Sandstones with Volecanic Zone’ o
Zonev2k- Lower Red Shales with Calcareous bands

Zohe 1 - Basal Breccia and Conglomerate

The term 'zone' brought together the numerous outcrops available,
and the Ceological Survey considered that these 'zones' were "generally

persistent thréughbut the greater part of the basin",

[

They commented briefly on the structure of the area, and drew '
attention to the existence of a very small outlier of presumed 01d Red

Sandstone in the bed of tﬂe:River Don at Towie (see Fig. 2.2).

In re@ucing the'subdivision to five they acknowleage Geikie as having.
successfully demonstra?ed that the 'diabase-porphyrite' was interbedded
with deposits of the upper Tillybrachty Sandstones. They thps_included
the lava in their zone 3, along with the more exfensive lavas qccurring

in the north of the Outlier.

The Rhynie Cherts (a restricted facies developed within the Dryden
Flags and Shales subdivision) have received most attention. They were

discovered in 1914 by Mackie and immediately aroused heated discussion
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Mackie regarded the deposits a; ‘older‘tﬁan the Ol@ Red Sandsfone of

the Outlier'., 'The deposits were subsequently studied by Horne et al in
1916 who concluded that“thé‘sequence was in fact of 01d Réd Sandstone'age.
‘ Ip\lglj, Kidston and Lang published the first of their classic papers

on the flora of the Rh&nie Cherts identifying Rhynia Gwynne-Vaughanif’

and subsequently (1921) Asteroxylon Mackiei. Kidston 'and Lang (1917)

considered the sequence "... cannot be younger than Middle Old Red
Sandstone in age". Hirst (1923) recorded the presence of small arachnids
in the chert and thus greatly extended the field of interest, and Scour-

field (1926) offered detailed descriptions of Lepidocaris Rhyniensis

a small c.rustacean also found in the cherts. Hirst and Maulik (1926)
added details of arthropod remains found in the cherts. Vgry'little ;
attention followed until 1959 when Créft and George remarkably identified
(petrologica;ly;) three species of blue green algaerffom thin chips of |

chert.

A wealth of botanical information has since been extfacted from
the cherts, and interest has even extended to a study of the hydrocarbons

presenf (Dungworth and Schwartz, 1971).

Westoll (1951, 1964) drew attention to the presence of two sub-
divisions in the 0l1d Red Sandstone of north east Scotland separated by an
unconformity. The upper division was reliably dated as being of Middle

- 01d Red Sandstone age, while the lower was until quite recently regarded

V\—

as 'barren'. Westoll (op. cit.) suggested that the lower division was
probably of Lower 01d Red Sandstone age, and fufther suggested, on
paleobqtapical eVi&ence, that the Rhynie deposits were probably of the
same age. Richardson (1967) offered the first direct evidence to support
Westoll's views by‘comparing spore assemblages from the Rhynie deposits
wwith spores‘ from other Basement Group deposits. He concluded that the

Rhynie deposits were probably of Seigenian to Emsian age, recent work



(Richardson pers. comm.) supporting a Siegenian age.

2.3 Stratigfaphy

Durlng the present study, the great 1acP of outcrop in the Rhynie

Outlier (many of the original localltles hav1ng dlsappeared) prevents

any extensive elaboratlon on the stratlgraphy proposed by the Geologlcal .

Survey. Itvls suggested from the‘present study that the 'zonal' sub-
division erected by tﬁe Geological Sufvey>is as good as can be achieved
from the limited evidence available, and with further outcrop it is
presumed that these zones would confidently be raiéed to the Formation
status,‘but at the present state of knowledge zones 1, 2, 3 and 5
cannot be observed in sufficient detail to warrant such a move. - (In
the following’discussion nunbers in parenthesis following localities

refer to fig.'2.2):ﬁ

2.3 (i) Basal Brécéié and Conglomerate
| The Geological Survey (1890) record "brecciated'congldmgrate"
forming a locﬁl base to the sequence with a maximum thickness of 50 feet.
Initially this basal dep081t was exposed in:
(1) the bank of the Rlver Don at Mllltown of Klldrummy (27)
(i1) the Llnthaugh Burn (24)
(1) the éarllnden Burn (23)

(1v) the Slughallen Burn (20)

- Local residents confirm the first locality, but indicate that it
was 'removed by the river many years ago'. Similarly the‘remainihg P
three outcrops no longer exist, but augering in the Linthaugh and
Carlinden Burns has confirmed the presenée of a dark, pebble/gravél rich

conglomerate largely composed of local Dalradian fragments.

There remains no direct evidence to confirm the basal unconformify,

or indicate its magnitude and form.
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"2.3 (ii) Lower Red Shales with Calcareous PRands

‘According to the Geological Survey, 'red shales with calcareous
bands' follow all of the above sections and are particularly well exposed
in a deep uavine known as the Corbiestongue (21). They describe "..o red,
greenish, and purple sandy. shales uith intercalated calcareous sandstoues

and layers of oval flattened concretions".

buring thé.puesent study small excavations in the Corbiestongue
have provided rad and purple sandy shales with numerous non-laminated, red
brown calcareous nodules. ' No grey calcareous deposits have been obaarved.
This latter poiut isvof great significance as Hinxman (1888) and Grant
Wilsou and Hinxmau (1890) record the presence of 'fish remains' in grey

limestone nodules from this horizon.

Similar deposits have also been found during the present study in
the Carlinden Burn where red-brown siltstones intercalate with thin ' .-
sandstones, but very little detail could be extracted from this temporary

exposure (a farm ditch) as the rock head was deeply weathered.

:Thin‘sections of the calcareous nodules (see Chapter 7) lead to
their interpretation as oroducts of the development of calcareous soil
profiles, such calcrete horizons being common in 1owep portions‘of the
Gamrie Outlier, and clearly fish remains would not be expected in such
nodulea.',Rather than contradict  these authors A on negative evid-
ence it must be pointed out that the mudstones overlylng the Findon Fish
Bed at Gamrie are in fact reddened and calcrete nodules although small
'~ are abundant. However, the Gamrle depo>1ts are of Mlddle 01d Red Sandstone

age. |

If such deposits are fish bearing it is of great importance in the
1mpllcatlon of a Lower 01d Red Sandstone connectlon to a major lacustrlne

development. From the present study of the Gamrie Outller it is concluded

[
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thaf such a development in the Orcadian Lake did not extend south until
ﬁi&&le 01d R=d Sandstone times, and Lower 0ld Réd Sandstdne sédiments
contain no record of anything lafger than shallow ephemeral lakes. It
is thus tempting to assume that Hinxman (1888), and Grahf Wiison'and;
Hinxman (1888) were in error in‘théif observation, particularly as
Westoll (pers. comm.) having'étudfed ail the'Moray Firth fiéhrb;afing“
nodules regards them as unlike anything he has observed from the lower

deposits at Rhynie.

2.3(iii) The Tillybrachty Sandstonesp(Piate 2.1)

The Tillybfachty Sandstones are‘fegardéd by'the Sdrvej'aé following
the loﬁer red shaies, althdugh nbApaSSage‘can at présené bé'gbsefved. As
noted 5y fhe Survey théy;ére Weeo c0mpéséd of soff; crumbliﬁg incoherent
sandstones", | ' o | | ‘ e

The sequence is best exposed in the Corbiestongue and the banks of

the River Bogie in the Craigs of Tillybrachty (19) south of Rhynie with
similar deposits observed at Millwréfm (17), Auchinleath (22).én&tin

the road side south of Kildrummy Castle (30).

(a) Corbiestongue - Smélliexpésures of vefy soft Conglomérafic sandstone

~ occur in the Cérbiestongue in close pfoximity to the previously
mentioned red nodule rich siltstones. ‘The conglomerates and sand~
stones are coarse (up to'largekcobble grade)vénd occur in relatively - .

thick units (ub'fo'O.S m).

(b) Craigs of Tillybrachiy,- This series of outcrops, cut into by the
River Bogie,'gre largely obscured by sand washed'from the crumbling
surface of the poorl& cemented sandstone, Nevertheless, the crags

’ do demonétrate the dévélopment'of thé Tillybrachty’sandéfone;/and

their passage almost into the Quarryhill Sandstone.

In the lowest part of the sequence the Tillybrachty Sandstones consist
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of peddish congloﬁeratic sandstones and thin impersistent pebble . -
and cobble érade conglomerates. Erosion surfaces are common, and
extend over long distances although sandstone features frequently =
changé raﬁidly."Bédding is largely obscure in these lowest deposits.
Two thin siltstone horizons have been observed but are laterally

impersistent due to erosion by overlying conglomerate,

~In the uppermost part the Tillybrachty.Sandstones show a marked

reduction in grain size and unit thickness. Conglomerates are res-

tricted to small pebble lags overlying numerbus scoured surfaces. -
Siltstone‘films occur but are raré, mudclasts present on foreset
laminae atteétito the presence of fine grained depdsits elsewhere
at_this'ievel.‘ Cross-étratificatibhvis pafchilyvae§élbpedﬁand -

laterally impersistent.

Figs. 2.3 and 2.4 compare. the sequences exposed in the upper and

 lower parts of the crags. Note the development of apparently large

channelled surfaces.

* © Clearly a reduction in grain size and unit thickness, plﬁs the intro-

duction of siltstone and mudclasts heralds the close proximity of the

overlying Quarryhill Sandstones. The Tiilybréchty Sandstones differ

... from the Quarryhill Sandstones principally in:

1, Their higher conglomerate and pebbly sandstone content

** 2., Their lower siltstone content and absence of discrete developments

(cj

of intraformational conglomerate.

3. Units are still laterally quite impersistent

Mill Farm, Auchinleath and Kildrummy - In these localities exposure

is extremely poor, but considered adequate to identify the sediments

exposed as belonging to the Tillybrachty Sandstone sequence.

‘At Mill Farm a heavily overgrown exposure of poorly conglomeratic



red sandstone with mudclasts occurs, and is regarded as belonging to
the upper portion of the Tillybrachty Sandstone unit. They are in
fact overlain in Craig Burn quite nearby, by sediments assigned to the

_Quarrjhill fandstones by the Geological Survey.

At Auqhinleath; coarse conglomerate occurs in é farm ditch and
although the Qeological Survey record clasts of two»feet in diameter
_only pébb;e and cobblé grade sediménts'now ?emain. Although difficult

to allocate dué tollack of apparent structure, the sediments are
cgnsidered from this study to belong to the middle or lower part of

the Tillybrachty Sandstone sequence.

Near Kildrummy, conglomeratic sandstones can be excavated from road-
side‘cutﬁings, the maximum clast size is quite small; and the occurrence
éf’mﬁdclasts would suggest a high position in the sequence,,”The
r depqsits ip these roadside:outcrops are overlain quité closely by

the Quarryhili Sandstone outcrops in the quarries below Kildrummy

Castle.

2.3 (iv) Interbedded Volcanics  (Plates 2.3, 2.40

Geikie (1876) noted the presence of a band of "diabase?porphyrite"
‘near Contlach (18) and Auchin@oir Manse, and later'the’Géolpgicé; Survey -
includéd these depoéitsAin their zone 3 (the Tillybrgcﬁty Sandstongs).
The Geologiqal Survey also dréﬁ atteqtion to similar depogits outcropping
in the Q;gn bf Cﬁ;tg (3), ard in the northern prolongaﬁipn of the Outlier
near Gartly,(2). /Unfortunately, the Survey introduced an element of
cohfpsion by not conformipg tqytheir zoné system (used for the main part
of fhe Outlier) when they described the northern bortion_of the Outlier
outcropping in the area of sheet gs . Eésentially, the volcanic deposits
of the main part of the Outlier were considered to follow the basal zones
conformably, and were considered to occur at the base of the Tillybrachty

Sandstone sequence, (i.e. zone 2). In the Glen of Cuits, the numerical
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subdivision is retained, but the zonal arrangement is abandoned, hence
.fhe lava rests on "red sandy shales" assigned to a group 3 but apparently
equivalent to zone 2 further $6ufh. It would therefore appear‘from‘the
Geological Surveys evidence that the lavas described in these two -

localities are either one and the same, or closely comparable.

Bpréure is extremely poor, and the only guide available remains
the field evidence provided by'thé‘Ggological Survey. They note outcrops
;f'threé'hain:lpéalitiésE

(1) Contlach (18) - BN

"(i1)  Glen of Cults (3)

('ii) Near Gartiy (1 and 2)

(a) Contlach o o , L
Thg Geo;ogica; Sdrvey obsérved a hard, fine graingd, b;ui;hfblack, :

_ diabase poiphy?y whichAthey interpreted as thé inner portipn of arlaQa

flow.L They¥§fferedrn?_further details, and none can be addea from the
ﬁresent study as the original small quarry at Contlacﬁ has now been infiliéd.

Only loose debris could be sampled

. ?rom‘informatiqn brovided onvoriginal Survey field sliés it is
-gppafgnt that the lava outcropping at Contlach also belongs to the
Tillybrachty sequence, but does not appeaf to be anywhere near the base
df‘tﬁié ééqﬁencé.= Lava certainly existed dufing early %illybrachty
Sandstone deposition as fragments of purply-brown vesicular lava are

included in the lowest exposed conglomerates of this unit.'

(b) Glen of Cults .
.. In the neighbourhood of the Glen of Cults the lava is notably.
vesicqlgr, and is‘;ocally termed 'the cork rdck'.(:As mentioned, the

Survey haye_pieced together fragments of exposure and indicate thatvthe
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Alava rests upon red sandy shales. In this locality the lava is regarded
as occurring at the base of the Tillybrachty Sandstone sequence, and
was deécfibed as a 'slaggy; écid-andesifé'. Dﬁring the pfeéént study
ho'outéroﬁ Qas fouhd in tﬁé Glen of éults;ubut thin sections of loose

debrisiare illustrated‘in'plate 2.3:

(c) Gaftlz

Thg survey note a purplish slaggy lava outcropping near to Gartly,
and observed it‘resting upbn both red shales and red sandstones. The
initial roadside exposures have been lost, but small outcrops are still
available to the extreme north of the Outlier where road_improvement
schemes have not océurred. Further expésure has also been noted during
the'bresent stud§ oﬁ the western side of Gartly Village where a small’
qﬁarry!ﬁaé been uéédﬁas a foad’gravel dump{‘ Here thé laQaﬂié a'ﬁoh-:‘
vesicular bluisthléck variety. Similar butcrops have béén éoﬁmentéd on
by thé Sufvey‘whb desCribé& the lava ".:.‘as a compact dafk'gféénﬁdlivine

basait/oiivine andesite".

A

);:From the Surveys field siips the lava is glearly sonewhat local in .
its outcrop, its‘thigknesé is difficult to assess as the Survey do stress
that boundaries aré conjectural, nevertheless the development would appéaf
to be in the ordér of 10 to 20 metres. Also, from the position of the

Contlach lava at least two horizons are pfobable.

2.3 (v) The Quarryhill Sandstones (Plate 2.2)

The Quarryhill Sandstones are perhaps the best exposed‘deposits

© of the Rhynie'dufliér due to their pasf exploitation as a iécéi buildiﬁg
Sfone. They»afé'primarily exposed in a éeries of quarriesion_the sduthv‘
éést4éidé of anrryhill (10, 11, 12), other exposures bccdrring at‘
ﬁroadley (2?), Kildrummy Castle (28) and in the banks of the éﬁrn 6f
‘Cfaig (14; 15, 16). The Geological Survey record "... good séctiéné“

in the Mossat Burn near Wester Clova (east 6fNLumsden) although thése‘



are no longer apparent.

The total exposure of the Quarryhlll Sandstones comprises alter-":
natlons of ‘the followlng seven 11thofac1es' é
1) cross-stratified sandstone
‘(ii) flat-bedded saodstonel . ; - : | {
(iii) massive Sandstone EATRE R ;
C(iv) cross-laminated sandstone
" (v). mudflake conglomerate o
‘t;(vi) congiomerate |

\7”-(vii) siltstone

2.3 (v)a Quarryhill

| At Quarryhill a series of quarries have worked sandstone at three
prineipal horizons. TBachAhorizoo shows distinct lithologioal feathes,g
and although there is no indication of intermediate horizons the lower,
middle and upper quarries are regarded as adequately showing’the'devel-
opment oftthe'QuarryhillASandstone sequence. The exposure at Quarryhill

is very much incomplete; only middle and upper portions of the Geologicai‘.
‘Survey's soﬁevutare exposed.

Lower Quarry

' Fig. 2.5(a) illustrates graphically the nature of the sequence
exposed in the lower quarry, the details of lithofacies abundance and

thickness are,summarised.in Table 2.1.

:“fThe 1ower portion of the Quarryhill Sandstone sequence is clearly
composed of large amounts of flat bedded and massive sandstones, but also
has signifioant amounts of cross- stratlfled sandstone and nudflake,"
»conglomerate. The average thlckness of these units is generally high
»and reflects the nature of the uppermost Tlllybrachty Sandstones both

in thlckness and lithofacies content. The sequence is distinct from the



LITHOFACIES | TOTAL T, | No. | meAn T. | mAx. T. | wIn. T. | PERCONT No. | PERCENT T.
- mn m n " . .
Cross-strat. Sst. 265 |2 | 133 1.6 1.05 5 13
siltstone 0.5 | 6 | o0.03 | o0.02 | 0.0 15 7
Massive Sst. 649 Jw0 | 065 | 2m | o040 | . 25 | 3
Mudflake |25 | 7] o036 | os | o0a2 | 18 o2
: conglomerate ) ; . : ;
Cross-laminated | . 0.59 | 2 | 0.3 | 035 | 028 | s | 3
: Sst. - N ’ : ’ - ;
Flat-bedded Sst: |1 8.45 |13 | o0.65-; 28 |-0a |- 33 | 4
Conglomerate : - N T - : - ’ -
TOTAL 5 ‘2088 | 40 o

Table 2.1 Thickness Parameters of Lithofacies in the Quar}yhill San&stones,_

"~ Lower Quarr

from the Tillybrachty Sandstones in the relative abundance of siltstone,

the presence of cross-laminated sandstone, and the absence of conglomerate

- horizons.

The sequence at this horizon still retains a significant amount
of distinet channel-shaped horizons, frequently overlain by cross-stratified

sandstone, but often infilled with thick poorly sorted mudflake conglom-

‘erate. Much of theé sequence is problematical, bedding is never distinct

 and it is considered quite possible that the thick wnits of flat bedded’

sandstone are in fact Vény low angle crosé-strafificétidn. Similarly,
truiy massive sandsfones afé rare in nafﬁre tending to be‘restricted to
finer sediment gfades or the products of density currenté. The abundant
ﬁéésiveyuﬁits in this sequence are therefore présumed to be lacking

apparent structure.

' The lower quarry contains the first of the recbrdéd trace fossils

‘preseht>at Rhynie which here - occur as thin but densely packed red mud

filled tubes originating in siltstone units overlying thick sandstone

horizons.



.

Middle Quarry

Fig. 2.5(b) illustrates parts of the logged sequence, lithofacies

data are summarised in table 2.2

4

LITHOFACIES TOTAL T. | NO. | MEAN T. | MAX. T. | MIN. T. | PERCENT NO. | PERCENT T.
: m m m m
Cross-strat. Sst. - - .- - T - -
Siltstone 0.23 2 0.12 | 0.15 0.08 . 8 3
Massive Sst. 3.17 8 0.40 0.70 0.14 33 43
Mudflake 1.66° | 5 0.33 | 0.60 0.16 21 23
- conglomerate - ‘ . :
Cross-laminated -| 0.24 3 0.08 0.12 0.06 | 13 3
Sst. B : v L
Flat-bedded Sst. |- 2.06 | 6 | 031 | 0.75 | 0.10 5 28
Conglomerate - - - - - - .-
TOTAL 7.3 24

: . Table 2.2 Thickness Parameters of Lithofacies in the Quarryhill Sandstones,

Middle Quarry.

Invfﬁe middle quarry massive and flat—bedded'éandstones are abundant,
;ﬁé'most_striking feature being the frequent thick mudflake conglomerate
ﬁni@stijurthermore the absence of cross-stratified sandstones makes the
seqﬁence quitegdistinct.

féz’vfhé ﬂatﬁ;;;of the 1ithofacies assemblage is similar to that describéd
fgr the lower quarry except for mudflake conglomerate which occurs as
léfge‘chéhﬁél infills. Mudclasts are large, often reaéhing 40 ém. in
dimension. Siltstone is a relatively small component of the sequence,

but often occurs as thin drapes over individual sandstone horizons.

““Rootlet horizons (mud filled tubes) described in more detail in
chéﬁter 5 are also a common feature in the middle quarry, 6ccufring in :

the upper portions of most sandstone units overlain by siltstonme.
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Upper Quarry

Fig. 2.5(c) illustrates the form of the sequence exposed in the
\ . .
'gpper quarry. This upper level appears to have offered the most useful

building material as the quarry is the largest of the three.

The upper quérny also shows two distinct levels of working, and
thus the summary of lithofacies abundance has been listed separately in

tables 2.3 and 2.4.

LITHOFACIES TOTAL T, | KO, | PERNT. | HAX. T. HIN. T. | PERCENT NO. | PERCENT T.
Cross-strat. Sst. | 1.96 | 7 | 0.8 | 0.3 ,°°‘5‘ 5 19
Stltstone | o092 |13 ] o055 | o0.08 | 0.0 27 B
Massive Sst. = 1.65 7 0.24 0.45 0.08 15 ) 8
ﬁudflake R B - - - L B s
conglorierate o '
Cross-laminated ~~ | . 2.82 11 | 0.26 0.85 . 0.03 23 28 -
Sst. . : )
Flat-bedded Sst. 279 .| 8 | 0.35 | 0465 | 0.3 17 . 28
Conglomerate | 0.4 | 2z | 0.7 .| o030 | o0.08 3 |
e | 1w0.08 |8 j

.Table 2.3 Thickness Parameters of Lithofacies in the QuargyhilllSandstone, Upper Quarry

{dower portion). o g | .

LITHOFACIES TOTAL T. | No. | wean 7. | max. T. | wIN. 1. | PERCENT No. | PERCERT 1.

. : m n o m m _ .
Cioss-sirat. Sst. 0.2 1 - 0.2 0.2 0.2 - .2 v 2
Si1tstone | o3 | 7] o0s | o008 | 0.2 oo 3
Massive Sst. 6.69 |13 | 0.5 1.9 0.07 s | e
Mudflake - - - - . I

conglomerate .
c}gsi-1am1nated 18 |9 0.02 | 0.4 | 0.0 @ | wu

s L . .
Flat-bedded Sst. 1.3 | 7| o2 | o039 | o.02 W o )
Conglomerate - - - - - . -
TOTAL 0.38 | ¥

Tablg 214 Th1ckness Parameters of Lithofacies in the Quarryhill Sandstones,
Upper Quarry (upper portion),




In many ways, the upper quarry is a reflection of the lower quarry,
and therefore suggests that the sequence exposed in the middle quarry .is
anomalous. The upper sequence dlffers in that although massive sandstone
s still qulte abundant flat bedded sandstones are diminished while
cross-stratification is increased. Cross-lamination is significantly
. higher, and most distinctive - mudflake conglomerate is not recorded

forming distinct horizons (mudflake being only recorded on bedding planes).

»

A surpr1s1ng feature of the upper sequcnce is the relative':
pauclty of 311tstone. The Quarryhill Sandstcne is overlain qulte close
to the upper quarry by the Dryden Flags and Shales, and a higher proportion

of 31ltstone would be expected to accompary this transition. The

v

12

3

development of the Dryden Flags and Shales nust therefore be either rapid, .

2 - L]
or have been formed in a sub-facies of the environment producing the Y

’ ' $
Quarryhill Sandstone. In the latter case ma]or changes in lithofacies

<

abundance would not need to preceed what would in fact be only a temporary

facies change.

The upper quarry shows the greatest development of trace fossils occurring ;
. at Rhynie. Rootlet horizons burrows and locomotion trails all occur

 in thls upper level.

2.3 (v)b Kildrummy Castle Quarry (Plate 2.2)

Approximately 20 m. of sediment are exposed in the small quarry
hehind Kildrummy Castle,‘the quarry itself having‘now been converted into
an)admirabie ornamental garden. The base of the quarry wall has been
built up ‘and 1andscaped and houses an extensivc collection of Alpine
plants. Much of the quarry wall is covered by an attractive but rock

obscuring follag

- Nevertheless, the sequence clearly consists of:

(i) . cross-stratified sandstone.

=

.



ii)
(1ii)
(iv)

126
massive sandstone

thinly bedded fine sandstone and siltstone

thin gravel-grade conglomerates-

_ In many ways the sequence is comparable to the upper deposits of the Tilly-

brachty Sandstone sequence. The most prominent features are:

(i)

(ii)

the listed lithofacies occur in thick indivisible units com-
parable with sequences in the Tillybrachty Sandstones,
true siltstones are absent, but fine sandstone/siltstone

levels break up the sequence and distinguish the deposits

- from those of the Tillybrachty Sandstones,

(iii)

(iv)

conglomerate is present in the sequence, but the units are
small and the grade is small. Their presence makes»fhe
sequence more comparable with the underlying Tillybr;chty‘
Sandétones than the overlying sandstones exposed in the
Quarryhill sequence. It is concluded fherefore that the
sediments exposed at Kildrummy are perhaps close to the

upper boundary of the Tillybrachty Sandstone,

a further feature indicating that the sequence is close‘to

the fillybrachtj Sandstones is the lack of mudflake conélom— -

erate, and the lack of rootlet horizons so common in the

deposits at Quarryhill,

2.3 (v)c Broadley

Several small quarries exist near the farm of Broadley, but all

are partially infilled at present. Thick units of massive and cross-

stratified sandstone occur in these quarries and gravel strings occur

frequently at the base of sandstone units and along foresets. Mudflakes

occur on foresets, bpt are uncommon. The presence of thin siltstone veneers

implies that the sediments genuinely belong to the Quarryhill Sandstene



sequence, and are probably higher in the succession than the previously
'con51dered Kildrummy Castle quarry deposits, yet lower than the Quarryhill

sequence itself.

2.3 (v)d Burn of Craig

Small exposures of thickly bedded gravel rich massive sandstone
occur in the banks of the Burn of Craig, but it is only the presence of
thin siltstones (veneers) which allow this series ofvenposunes to be
regarded as Qnarryhill‘Sandstone and not Tillybrachty Sandstone. The
Geological Survey initially regarded these exposures as belonging to the

Quarryhill Sandstone zone.

2.3 (vi) Dryden Flags and Shales

The Dryden Flags and Shales are a poorly exposed but important
sequence of sedlments as they include the well known and botanically imp~

ortant Rhynie Cherts.

' The sequence follows the Quarryhill Sandstones and is so named from
small exposures in farm ditches at Dryden Farm (7, 8) where thinly bedded

dark grey micaceous siltstones outcrop.-

Theimost extensive ontcrop occurs in-the Den of Wheedlemont (9) and
consists of a short sequence of thinly interbedded sandstones and laminated
grey brown micaceous siltstones and mudstones. The nature of the sequence:
is 1llustrated in Fig. 2.6. Poorly preserved plant remains are quite
‘common in the grey mudstones, and poorly preserved spores have been

extracted from the mudstones and micaceous siltstones. :

2 3 (v'i) Chert Bearlng Dep031ts (Plate 2 53

In the early part of this century deposits belonging to the Dryden

Flags were studled to the west of Rhynie. Mackie (191?) studled a series
of rocks consisting of cherts, silicified grits, conglomerates and a

'silic1f1ed rhyolit » and concluded that the deposits (whlch included the
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© famous Rhynie Chert) were older than the Lower 0ld Red Sandstone forming

the Outlier.

Subsequent investigation by Horne et al (1916) includ2d a study of ' “L
the plant bearing cherts,resulting in the conclusion that:
| (i) the plant bearing cherts are of 0ld Red Sandstone age
(ii) the plant bearing chefts-are interbedded in the Dryden

Flags and Shales;

The plant bearing chert§ were intially studied in a geries of
trenches dug in fa;m fields south of Windyfield (4) near Rhynie.
Exposures also existed in the roadside adjacent to this fiéld. and in
the nearby Easaiche Burn (5, 6). At present no exposures are apparent

in the Easaiche Burn, road improveﬁents haQe removed the foadside'e§posures.

and the éfehchgs by necessity are iohg-infilled. Kateriallfor the present
study has come solely from debris in the field. Clearly this is an
important section,'but unfortunately the only sections available aré those
lbgged during early studies and a section contributed by Dr. Lyons - a
botanist and owner of the chert deposit. These sections have beepwredpawn

and are compared in Fig. 2.7.

Quite cleérly from this figure the sequences comprise sandy
cherts/cherty séndstdneé and clays, with relatively thin but quite pure
iﬁtervening dark chefts. Both the'cherts and sandy cherts have been
;bserved during fhis study, bﬁt only from loosermatérial occurring near
‘previous trench sites. The 'clays' and any other interbedded fineAgrained
non-siliceous éepdsité could not be sampled, and apparently were not
sampled even during the mére recent trenchings (Lyons pers. comm.).‘ This

latter point is unfortunate, particularly as Hornme et al (1916) in desc-

*/

ribing the sequeﬁce of Dryden shales exposed along the Rhynie-Cabrach

roadside noted the presence of at least four 'ashy' horizons (see Tig.

2.4). Generalisations about the origin and remarkable preservation of



129

material within the Rhynie Chert frequently invoke contemporaneous volcanic
actfﬁity which result in the silicification of local peat swamps. The
presence of tashy' bands would certainly assist such a concept, and

samples of these horizons may in, future prove fruitful.

An attempt was made during this ;tudy to sample at least part of
the chert sequence, using a 'Packsack’ p;rtable drilling rig. The hard-
neés and brittleness of the chert caused the-project to be abandoned at
the expense of several diamond impregnated bits. In several hours only
8 inches of chert were penetrated! Hopefully, at some later date the
trenches will be re-opened and geologists (other than paleobofanists)

will be invited to study or at least record and sarple the sequence fully.

Much of the chert material collected is of a brecclated nature and
shows no clear structure. Small samples have been observed with clearly

preserved plant material in growth positions.

For the purpose of this stratigraphical study, the clay.horizons
confuse the evaluafion of’the sequence. Horne et al (op. cit.) certainly
record ashy bands, but other‘logs simpiy refer to the presegceﬁof clay
vbands, making no distinction between recent clay and weathered shale and
mudstone. The clays have generally been reported aé being grey clays,
and drilled portions of Dryden Shales certainly proved to be grey micaceous
siltstones - perhaps these could easily weather to produée the mentioned
grey clays. Unfortunately Lyons (pers. comm.) has observed in a recent =

trenching that the chert appears to stand proud and is sﬁrrounded by
recent clay (the nature of which is unrecorded). It méy also be possiblé

therefore that the grey clays are simple infillings of recent material.

2.4 Relationships with Adjacent Sequences

The Rhynie cherts have ylelded the famous flora Rhynia, Asteroxylon

Mackiei, and Horneophyton ete. plus numerous invertebrate species such as
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the arachnid Paleocharinus rhyniensis, the crustacean lLepidocaris rhyniensis,

the Merostome Crania rhyniensis, plus primitive insects Rhyniella praecursor

and Rhyniogratha misti (also including early but less well documented

finds of Pachytheca from lower deposits in the Glen of Cults). Although
this fauna and flora appear somewhat rich it was the palynological studies
‘made by Richardson (1967) that strongly indicated that a Siegenian age

for the deposits in place of the original belief that the deposits were of
ﬁiddle Old Red Sandstone age. As mentioned in Chapter 1, the present study
has obtained poor palynological evidence to suggest (but not confirm) that

the lowermost deposits at Gamrie are of Emsian age.

Chronostratigraphically,vtherefore, the two Outliers may be closely
comparable; but Lithostratigraphically no comparisons can be made. This
how;vef must not be taken as evidence against correlation, as in such
marginal alluvial environments (Chapter 3) extreme facies change would be

common, and sediment composition closely controlled by local supply area.

It seems reasonable that the deposits of the Rhynie Outlier, being
amongst the oldest 0l1d Red Sandstone in North East Scotland, is equivalent
in age to the lowest deposits at Gamrie, and is also a close equivalent
to the small deposits further west at Cabrach and Tomintoﬁl althoﬁgh it
is unlikely due to the coarse nature of the deposits of the latter two
Outliers that confirmation of this view will be possiblg. The possibilitiés
of a more significant relationship between the Gamrie and Rhynie Outliers
is discﬁssed further in Chapter 4, where, although largely specu%ation, an
attempt is made to draw together paleocurrent, sedimentological, and

structural evidence in order to produce a paleogeographic reconstruction.



2,5 Summary and Conclusions

1.

2,

The stratigraphical subdivisions empléyed by the Geological Survey

ape'retained.

. The séquence is of Lower 014 Red Sandstone age, and belonging

to the Basement Group of north-east Scotland, it is probably comp-
arable (a facies equivalent) to the Crovie Group sediments to the
nor%h. In the absen?e.of direct evidenée of such an equivalénce,
the term Rhynie Group is proposed for the sediments of the Rhynie

Outlier.

131



CHAPTER 3




13%

CHAPTER 3

Facies Analysis of Sediments of the Gamrie and Rhynie Outliers

PART 1 - Gamrie Outlier

3.1 Introduction

The subdivision of the sediments of the>Gamfié'$dd Rﬁynié
Outliers on a Férmétioh/Ménber'basis (Chaptefs i’and é) relied on
iithostratigrapﬁical.techniqueé, and thevsubdivisionSproposed are
SQdimeﬁtologicaliy impéfféﬁt. A sfudy ofvthe facie§J§résént and
their ihtefrelationships has been undeftaken, primarily to assess
objectively, and illustrate, the differences between the stfatigraphic
subdivisions, and hence provide ju;tification for the stfatigraphy.
For this purpose a continuous fieid fecord of lithology,)colour,

grain size and sedimentary structures has been made.  Facies content

and variation within stratigraphic units have been largely considered

by constructing facies profiles as described by Selley (1968), a
technique allowing large amounts of data to be summarised, and
providing a useful means of illustrating differences betwaen strati-
graphic levels, Facies profiles represent the graphical display

of large amounts.of field data, and must be.considered-in conjunction
with field logs and bed-thickness histograms. It is.essential,
thefefofe,vtﬁaf much of the foilowing discussion be complimented with
data ihcorporated in fﬁé freviously discussed stratigraphy (Chapters

1 and 2).

Vertical relationships are an important consideration in any
attempt to evaluate the genesis of sequences of sediments, and the
recognition and interpretation of cyclic and rhythmic sequences

may often be of crucial importance. Several authers have outlined
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ways in which such relationships can be«obSectively assessed (see
Duff and Walton (1962), Duff (1967), Krumbein (1967), Potter and
Blakely (1968), Allen (197qg, Selley (1970), Anderson and Goodman
(1957), Readi;:L Doneton (1971). Vhere possible the techniques
employed by these authors have been kept in mind during evaluation
of sequences, but unfortunately most sequences in the present stndy
and either too short, or show complex latoral variation, or are
vertically gradational, prevanting wide application of ;uch tech-
niques. Only is Subfacies C2 have such techniques proved to be of

practical value in assisting to characterise a complex sequence

more fully (see page 202),

As ontlined in Chapter 1, the Gamrie Outlier consists of
three time related but 1ithologically dissimilar coastal sequences
which show an initial upward fining Megacycle followed by a coarsenlng
Megacycle. The: coarsening trend continu@s to the Middle 01d Red
Sandstone unconformity, and is followed by very coarse Middle 0ld Red

Sandstone conglomerate. ' These Megacycles are regarded as consisting

.

-

of sediments belonging to four major'facies or environments, here
termed Megafacies. The succession is wholly ccntinental in origin,
and is interpreted as deposits in an almost enclosed Intermontain

Basin including the following four Megafacies:

A, Alluvial Fan Megafacies
B. Braided Stream/Wadi Megafacies
C. Piedmont Floodplain/Playa Megafacies

D. Lacustrine Megafacies

These subdivisions are regarded in the broadest sense only,
and are intended as working terms to essist in the description and
evaluation of the facies of the study area. Fig., 3.1 is an attempt

to illustrate and interrelate the Megacycle/Megafacies and strati-



graphy concepts briefly me_entioned above,
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3.2 Alluvial Fan Megafacies (A)

3.2(i) Introduction

During the litlmostratigr'aphical evaluation of sediments

rbelonglng to the Alluv1al Pan Megafacieu, three subfacies were

separated:

Subfacies Al - Colluvium/regolith
Subfacies A2 -~ Alluvial Fan s.s., (Lower 01d Red Sandstone)

Subfacies A3 - Alluvial Fan - (Middle 014 Red Sandstone)

3 2(11) Alluvial Fan Subfacies (Collunum/regolith) (Pldms l i, 12 13)
7 Sedlments assigned to thls groupmg outcrop in two sequerces
at Quarryhead and at Fleckies Meadow, and in both instances rest

dlrectly on Upper Dalradlan metasedlments with a marked unconformity.

In both localities Old Red Sandstone/Basement relatlonshlps
are complex but serve to dennnstrate that at least 45 m of relief
occurs locally, w1th steep-sided gullies up to 15 m deep and oO m

wide. Fleckles l’eadow shows 5 m cliff-like terraces.

A strong relationship exists between deposits of subfacies
Al and this basement relief, the coarsest deposits being essentially
restricted to the gullies and cliff-terraces.

*

3.2(ii)a Facies Description

A variety of lithofacies are displayed at Qusrryhead and -
Fleckies Meadow, details have already been considered in Chapter 1.
The general relationships, both spatial and temporal, are illustrated
~in Fig. 3.2 (a reccnstruction of interrelationships found at -
Quarryhead).

Basement depressions or gullies are infilled by very-coarse

very poorly-sorted conglomerate (Fig. 3.2A ) which is always
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confined to such situations, being replaced laterally by finer often
non-conglomeratic deposits. The coarse conglomerate consists entirely
of 1ocal rock types suggesting that transport has been minimal.

‘ For example, the Upper Dalradian sequences at both Quarryhead and
Fleckies Meadow are closely comparable, being made up of psammltic-
schists, meta—conglomerate pelitic-schists and andalusite mica-
schists. At Quarryhead psammitic—schists’dominate the conglomerate
with minor additions of meta-conglomerate., - At Fleckies Meadow -
psammitic-schists again predominate, but andalusite-schist is only

a minor accessory. These two accessory pebble types are restricted
to locations where the rock types occur in the immedlate basement
sequence. Andalusite—schist is notably unstable, being recorded

only in the conglomerates elose{to the basement outcropiof andalusite;

schist,

The deposits are clearly prox1mal a conclusion supported by

E

)

the very poor rounding oi all rock types, and also by their very poor
sorting. The size of rock fragments ranges from gravel to boulders
up to 3.5 m in length, and set in a matrix ranging from sand to mud. .
In no instances in the main conglomerate units has winnowing tahen :

place, and no internal-bedding is apparent.

At higher levels the Quarryhead sequence showsithe‘development
of wedge-shaped conglomerate units (Fig. 3.2@ ), Sorting is J
still poor, although maximum clast-size is reduced. Adjacent to
these higher conglomerates, wedges of well-sorted conglomerate'occur
(Fig. 3.2¢) apparently being re-worked sediment from the main e
conglomerate units., .The highest conglomerate units are carbonate o

cemented,

3.2(ii)b Spatial and Temporal Relationships

In both localities coarse conglomerate rests directly upon‘



the Dalradian Basement, and is replaced laterally and vertically by

finer deposits.

Coarse conglomerate is intially confined to gullies (at
Quarryhead) or occurs adjacent to small cliff-like terraces (at

Fleckies Meadow).

Exposure is restricted at Fleckies Meadow but at Quarryhead
higher levels of conglomerate occur as thick but internally-massive
units of poorly-sorted conglomerate having an overall wedge-shape

"

or lobate form. The units are non-erosive.

) : ;‘t -
In general corglomerate grade deereases with height at both
localities, ‘and sorting improves (although large blocks, often

isolated are still present in higher deposits - see plate |‘2- Y.

Laterally the conglomerates at Quarryhead are replaced by
. conglomeratic sandstcnes, sandstones, and eventually by siltstones

and mudstones (see Fig. 3.2E), TSI

3. 2(ii)c Interpretation

The coarseness, poor—sorting, poor rounding, poor packing, and
compositional immaturity of the deposits are features suggesting a
near-source deposit and are commonly attributed to alluvial fan |
sediments (Sharp and Nobles 1953, Blissenbach 1354, ﬁluck 1967, Miall

1970).

The small scale of the deposits and their intimate relatione
ships with basement topography precludes an 1nterpretation in terms
of normal alluvial models. The general restriction of coarse conglonr
erate to gullies inplies that these basement features probably acted
as conduits, channelling coarse detritus onto a floodplain surface.
These features, plus.poor stratification are typical of slope deposits

(for example colluvium, talus and scree). Movement of detritus
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in such env;ronments has been given much attention by gcomorphologlsts,
and several classifications have arisen (see Varnes 1958 and Leopold
et al, 196u). A recent simplification by Cooke and Warren (1973)

based on the cohtrolling processes outlines three general modes of

deposition:

(1) -  gravity-controlled slope deposits,
(11) = debris-controlled slope deposits (where mass movement
of detritus is characteristic),

> (1i1) wash-controlled slope deposits.

The conglomerates.at Fleckies Meadow are regardec‘ as having
formed essentially under the influence of gravity, with no subsequent
movement of debris being apparent.  Orientation studies of blocks in
this conglomerate (see Chapter Q).suggeot an accumulating slope
inclined at about 21° toiDairadian cliff-like terraces. Melton
(1965a, b) considered slope ‘deposits in Arizona, and found that slopes
were inclined at 12 to 37.g° for granitic rocks, cnd from 17,5 to 34°

. . C e

for volcanic rocks. Both had a mean slope of approximately 26°,

closely comparable to the present example.

The deposits at Quarfyhead are clearly more complex. It is
‘presumed that gravity-deposits have been 'funnelled' into pre-existing
gullies, a phenoﬁenon common in present day Scandinavian slope-deposits“
(Rapp, 1963). They have subsequently been modifed by "debris-
controlled"slopo processes such as infiltration of fine sediment,
and perhaps even re-mobilisation as mudflocs or less miscous debris=-
flows (see Leopold et al, 1964) Such an interpretation would be |
consistent with the restriction of conglomerate to gullles, and aleo
with the lobate form and sharp boundarxes of higher nonveroxlve |

conglomerate units ( see Fig.3.25 ).
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fhe transition from 'debris-controlled' slope deposits to
'wash-controlled' slope deposits is”regarded as being recorded in
tne small bodies of re—norkedhconglomerate adjacent to the previously
mentioned lobate deposits. Further evidence for this interpretation
lies in the fact that although the gully debouched onto a piedmont
floodplain, the coarse conglomerate is surrownded almost in delta
fashion by a local sand;apron on the playa surface, (such features
are very\common in modern nlaya environments - see Cooke and Reeves,

1976).

The gull:.es clearly did not accommodate channelisedflow and
perhaps perlodlc sheet-floodlng repreoents the maximum transfer of .
sedlment onto the floodplaln surface. Transfer of detritus onto the
floodplain was clearly minimal-ae the rate of accumulatfon kept pace
with laterally'eeﬁiﬁalent siltatones’and mudstones in which extensive

' calcretes confirm long periods of non-deposition,

+

Carbonate cenentatuxxls extensive in the conglomerates later- -
, alJy adJacent to calcretes, and although a connectlon is implied,

the lack of extensive studles (see Lattmann, 1973) of carbonate
cemented coarse-clastlc materlal precludes detailed 1nterpretatlon;
although Stalder (1975) has described rapid phﬂeatic’and vadose
cementationrin‘coarse;claetics in the'Oman Mountains. At Quarryhead
thevconglomerates have‘an extensiveynicritiebmatrikAcement, but

show none of the structures and textures noted by these authors,

Both aﬁthorsGrecorded laminated horizons, and Stalder (op cit)
in particular detailed"driPStone'.or 'atalactiCa-aaymmetric' micro-
crystalline vadose cemente. The ekistence of’eiteneive microcryStallinee
carbonate cement probably‘sﬁggeSts a vadose origln- and Pettijohn et
kal (1972) regards the macrltic cement in such a locatlon as suygesting

a rapid development. o S | T
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3.2(ii}) Alluvial Fan Subfacies A2 (Sheetflood Conglomerates)

3.2(iii)a Facies Description .C'dekl."')
Subfacies‘includes the lowest exposed strata in the west of .
the outlier (Crovie conglomerate) and consists of an alternation

of three lithofacies, i.e:

(1) conglomerate
(ii) massive-sandstone

(iii) flat-bedded sandstone

| Reddish-brown slate conglomerate dominateé‘the sequence,
being very poorl&-softed and ranging in grade from cobbles (8410 cms
diameter) to silt or mud-grade matrix. Bedding is ‘allwa“ysﬂpoofly-’
defined, sequences being typicallyimaésive’or'showing'only vague and

discontinuous internal textural changes.

'Exposure is poobnahd repeatedly broken by hinor faulting; yet
as’ far as can be observed conglomerates existAin laterally-persistent
thick tabular-units. Erosion surfaces are not evident in the conglom
efates, nor‘the‘éand§£§nes. Bedding is more reliably displayed by
the rare interbedded red sandstones which may be ;nternally‘massiQe
or flat-bedded, and range from medium to coarse.grainéd,rmoderately
well-sorted sandstone, Sandstones commonly overlie a graded portion
of conglomexate, and are seemingly related to;underlying conglomerate

depositional phases.

Not all conglomerate units have sandstone tops,_fiﬁer—grained
gradedjconglomcrgtes éommonly do. Significant changés‘in clast
'size, packing and fabric havevbeen noted and are considered to be
a record of_individual depositional events., Individual horizons fend’
tq«bg gn{form inkterms of grain-size and fabric, but these parameters

may vary Qonsiderably between successive horizons. Packing has been
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considered to be open or close depending on the presence or absence
of a supportlng framework of coarse partlcles. The conglomerates
show1ng the poorest packing thus show the least well developed frame-
iwork and,v1ce-versa. Sinilarly poor—packing is displayed in poorly-
‘sorted deposits. In no cases is a purely fine gralned matrix “
developed, and clasts are never recorded floating in fine gralned
>matr1x.' Framework supported conglomerates show the greatest tendency

to be graded.

Clast shape enrichment‘is‘noted in better—sorted deposits,'
disc-shaped fragmentskbeing more abundant in:well-sorted framework-
supported conglomerates. Shape enrichment is an important problem .
to be considered, but the predominance of disc-shaped slate clasts

introduces great problems to such a study in the present case., -

Imbrication has not been observed, but poorly-sorted conglom—
'erates show disc-shaped clasts Wlth long axes oriented parallel to

bedding surfaces;

3. 2(1ii)b Interpretation

The coarseness, poor ‘orting and compositional immaturity
suggest that the sediments are relatively proximal deposits. The
lack of fine-grained deposits and lack of erosive surfaces precludes |
an origin by the more normally accepted fluvial processes of high,k

and low sinuosity streams and braided streams.

Mlall (1970) describes 51milar coarse poorly—sorted conglomerates
with little clast orientation and poor pebble-framework interpreting ,
‘them as debris-flood dep051ts of an alluvial fan, Poor—sorting,
poor stratification, and loose packing are features commonly.attrib-
uted to;alluvial'fan sediments (see Sharp and Nobles 1953, Blissembach
1954, Bluck 1967, and ﬁiall 1970) while at the same time Blissenbach |

(op cit) also notes that such features are not consistently found in
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stream sediments,

In modern alluvial fans, sedimentation is quite variable; The
processes in operation being a function of climate, source~rock .
type. and, more important, the location within the fan complex. From
fan-head to fan-toe an increase in depositional processes exists,

with erosion being more common. towards the fan-head (BulllSG4)

- The sedlments of subfacies A2 clearly 1ack the erosive prop-
ertles attributed to fan head eedlments and therefore more distal

situations must be considered,

At lower levels on alluvial fans sedimentatlon occurs by means
of a spectrum of processes with v1scous mudflows at one end (i e.
a medium of low Reynolds number nith insigniflcant turbulence. Black-
welder 1928, Blissenbach 195u Sharp and Nobles 1953). and aqueous
deposition at the other (Hooke 1967). Three mechanlsns dominate the
aqueous processes: | |

a) sheetflood

b) streamflood

e) stream-channel

)

Each of these processes may grade into the next (sheetfloods
verging towards mudflows at high sedlment loads) but the mechanisms
characteristic of each process lead to distinct types of deposits.
Although a single depositional process may characterise one position
on the fan, Blissenbach (1954) notes that vertical sections may
frequently show an intimate interbedding of sedlments produced by all

- of the above processes,

The vertical and lateral lithological consistency of subfacies

A2 suggests that the sediments originated by only one of these pro-
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cesses, and not a mixture as observed by Blissenbach. A detailed
consideration of the sediments allows some speculation as to this

process.,

The frequent faiiﬁre of cdngldmefaté ﬁofizons to‘erode_eithef
sahdsfohe or conglomefate‘is ;nomaloﬁs; pafticularly as Hjulstrem
(1935)'from theoretical.cOnSiderétions,fand Fahnstock (1963) from
field dbserfétions deduced that Q normal stbeém éapable of trahsébrting
fragments in the order of 10 cms diameter could erode material -uﬁ

to 4 cms diameter.

Aé‘mentioned thisilack of eroéion‘suffééeé, and the lack of
fiﬁe-érainéd.depbsits, precludetéh origin by normal fluvial ppbcésses :
;of.cﬁéﬁnel éhd floodplainyéharacter? and‘alsd excludé'the stream-
flood and stream—channel mechanisms common to alluvial fans, as
these are‘typified b& marked erosion, . The lack of channelling, and
the lateral persistence of the units implies that instead of being
confined to a channel, flow was deployed quite uniformly over a
broad piénar—surface in a manner similar to that described by looke
(1967). At the same time, although the process responsible‘was;
capabie of transporting a largé volume of coarse detritus, it was
incapable of eroding previously deposited sediment, and therefore
must either have been loaded to capacity or water rapidly infiltrated
into the poorly-packed substrate'producing a 'seive-deposit! (see
Hooke 1967). Such unchannelled surfaces and laterally -extensive
beds are produced during sheetflood episodes (Davis 1938) but not

during streamflood and stream-channel phases (Blissenbach 1954),

Although few in number, sandstone horizons do punctuate the
conglomerate sequence at several levels, commonly following a graded
conglomerate unit., Such an apparent relationship to the conglomerate

is useful in evaluating flow conditions, the above mentioned profile
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implying that flow decreased in competence during later stages in -
the flood episode. Blissenbach (1953) is not alone in noting that
in modern sheetfloods a similar interbedding of coarse and fine
deposits may result, a relationship considered due to late-stage run-
off following a main flood episode, (see also Sharp and Nobles 1553,
Fahnstock 1963, Bluc? 1967) such run—off frequently being a wore

persistent event than the 1nitia1 sheetflood (Blissenbach 0p c1t) '4"

. Such sandstones that do occur are moderately well-sorted and
may develop flat-bedding, they are considered to record a greater
degree of reworking, and certainly a higher fluidlty allowmg the ‘
velocity gradients necessary for the establishment of upper flow—

regime conditions and the development of flat-bedding.

. Clast packing, as mentioned, is very variable and‘may.either be
a record of separate dépositional events; or variations or pulses
“within a single flow. Fisher (1971) notes that velocity pulses are
a common feature of modern sheetfloods._ Although temporally variable
the clast fabric tends to be laterally consistent,vwhich may imply
that processes were fairly constant for any one horizon, and that
conglomerate fabric formed in response to physical conditions whichr
varied thh time but not space. This property adds further support
to the concept of a more viscous type of flow such as a sheetflood
or debrls-flood. The conglomerates clearly did not develop through
the action of highly viscous mudflow processes as pure fine-grained
matrix and floating clasts are not recognised, but’are regarded as

typical of such'high density deposits.

Dy

There is some evxdence in the w1de varlation in sorting and

packing that a range of sediment concentrations and flow duratlons

- must have existed.  The more viscous flows would result in poorly-



' sortedvdeposits, and would be of rather short duration (Fisher 1371).
Conversely tﬂe better‘sorted deposits were probably muéh less viscous
and of longer durgtion allowing increased winnowipg of finé.material;
a ﬁotiéeable feature of the well sorted conglomerates is.tﬂe marked'

depletion of sand-grade material,

. Framework supported conglomerates .also show the greatest tend-
ency to be graded, and thus support the notion that they were deposited
from a more turbulent flowing medium in which competence could vary

with time.v

The common orientation of disc7shaped clasts ﬁarallel to bedding
in poorly-sorted deposits confirms their origin from more viscousi»t
sources, Fisher (léil) observed this phenomena iﬁ higﬁ ;iécosity"’
flows and attribgted it to the ?evelopment of lamiﬁér fl&wfcqﬁditions

common in highly concentrated dispersions.

}.The.clast-shape‘enrichmgpt recorded earlier is difficult to_w.
;iﬁferpret, as the clast lithqlogy (pelite) preferentialiy proﬁuces
disc-shaped clasts. Nevertheless, the decrease ofvdisg-shaped
clasts relative:to equant shapes in better sorted deposits does reflect
a'higher fluidity in the better sorted deposits where fhe“seftling

_velocity of blades and discs is lower due to their much lower

effective settling sphericity (Sneed and Folk, 1958),

. In summary thevdeposits are‘attributed to sheetfloqding on an
’ alluvial fan and although the immature clast assemblége suggésts.
a prpximal deposit, the lack of erosion within the seqﬁénce imélies
that the sediments formed in a more disfalyposifion, beyﬁnd’thé

region of fan-head incision,

The predominance of sheetflooding over any other depositional

process is perhaps unusual and may reflect either climatic control



where precipitation‘nas an‘intense but rare event, ngthe absence

of sand, having’leftka porous surface of fairly’open conglomerate,
causes nater to infiltrate rapidly as in the’éeneration of seive

deposits (hooke,1967) thus leaving little or no surface run-off

for the development of channelled flow.

3. 2(111)c Comparison with Recent Deposits

Much of the limlted work carrled out on alluv1al fan sedlments
has been referred to in the previous interpretation, futher comments

may be relevant and help to confirm the interpretation.

Davis (l938) studied sheetflood nrocesses in’the Mojave Desert,
he noted their short duratlon, and observed lamlnar non-erosive flow
of the heavily-laden flood medlum. Analogous poor—sorting and
absence of cross-stratification has been referred to by Chawner
(1935), Sharp and Nobles (1953), Fahnstock (1963) and Bull (1964).

Bluck (1967) considered alluvial fan sedinents, and for sheet-
flood deposits he found that maximum clast-size and bedfthickness . |
had a positive correlation. - As particle size is known to increase
towards source he concluded that bed-thickness must increase towards

the source also and therefore sheetflood deposits must be wedge-shaped

(this has been demonstrated by Sharp and Nobles,!1953, Bull, l964).

3 2(iii)d Sedlmentation Trends

A vertical profile through the conglomerate sequence may
prov1de useful information as to fan processes with time. Unfortunately
such a sequence'is not exposed but the overlylng sandstone facies
. does have mlnor conglomerates towards the base of the succession,
The gradual depletion of conglomerate is regarded as a continuation

of the above mentioned distal thinning (a wedge-shaped deposit),
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the decrease in particle size .(although small) is also recorded and
confirms that with time, fan deposits contribute less and less

sediment to the piedmont surface., This in turm imples that either:

(1) the source-area was reduced significantly,

(ii) ,climatiﬁ conditions were unfavourable for fan construc-
tion,, .

(iii) the fan was only a small local deposit which rapidly

equilibrated with its surroundings.

A reduction in source area cannot be confirmed, although the
Lower Old Red Sandstone sequence does show a major.fining trend
which would be expected if relief were reduced and’sedinent supply
caused fan fecession. Climatic conditions were apparently semi-arid,
allowing calcrete development at higher levels; whether climate
changed or not also cannot be confirmed as calcrete distribution would
also be environmentally sensitive to a large extent., If the fan was
a small localised deposit it would be expected to mafure rapidly,
and eventualiy equilibrate with supply of detritus, If no further
relative elevation of relief occurred, then fan advance would cease.w
The lack of channel deposits may indicate that fan slope was too steep
to allow any other than sheetfloods, if so, this may confirm that the
fan was only of local extent; smaller recent fans being widely
observed to have steeper slopes (gckis 1928, Melton 1865a, b).
Unfortunately, yet again this cannot be confirmed as fans derived
from fine grained rocks are often 35-75% steeper than fans of

similar area and derived from coarse rocks (Bull 1964),
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3.2(iv) Alluvial Fan Subfacies A3 (Sheetflood conglomerates) .

y I.‘La)
Subfacies A3 con31sts of the slate-rlch Mlddle Old Red

3. 2(iv)a Fac1es Descmpton C Plo.te l 20

hSandstone conglomerate sequence outlined in Chapter 1. Although
probably in excess of 300 m in thickness, the monotonous nature of

the conglomerate sequence prevents any further subdivision.

’The?conglomerates of subfacies A3 are dominated by'local
Macduff Slate detritus, the only significant variation occurring
immediately above the Middle 0ld Red Sandstone unconformity where -
considerable reworking of the Lower 0Old Red conglomerates has con-
tributed granitic detritus to the otherwise slate-rich sequence,

The conglomerates are generally poorly-sorted with detritus ranging
from fme sand to cobble grade. Discrete un1ts of sandstone are
extremely rare, and fine gravel rather than sand tends to form a

matrlx for the abundant pebble and cobble grade material.

‘Bedding is always poorly defined, and displayed only by vague |
internal textural changes., Erosion surfaces are practically non-

existent, only two having been recognised in the whole sequence.

- Texturally the conglomerates are regarded as very immature in
that although a framework of coarser material may deVelop,klarger
clasts are normally supported in gravel matrix. This apparent 2
textural immaturity is also supported by a structural immaturity in
. which clasts show no apparent preferred ormentatlon in vertical and
bedding plane sectlons. In these features the conglomerates closely
resemble the slate-rich subfacns A2 conglomerates of the Crov1e
Conglomerate sequence. The most signifxcant dlfference 1s that the
conglomerates of subfaces A3 show occasional distlnct structural

«

and textural features not recorded in the subfaczes A2 conglomerates.



These features include improved sorting/clast size enrichment,
whereby a reduced pebble assemblage generally occurs supported by a
well sorted gravel matrix. Such horizons are occasionally associated
with improved packing and distinct developments of imbrication, clast

orientation, and crude cross-stratification,

Anomalous horizons have been recorded show1ng vertlcally-inclined

fragments, these will be discussed in a folloW1ng section.

Although the conglomerates clearly show a greater diversity than .

in subfacies A2 indicated earlier, erosion surfaces are rare, only
one dlstlnct channelled surface has been recorded the other erosion

surface observed was related to cross-stratified conglomerates.

An exception from the norm occurs in the v1cinity of Mlll Shore,
near Pennan where conglomerates commonly show the development of
zones of vertically oriented clasts extendlng for uwp to lm horlz-
ontally and UO cm vertically. In all 1nstances a moderate amountr
of clast-size enrlchment is apparent with pebble 51zed clasts occu-
rring in well packed conglomerates but still retaining a 31gnif1cant

fine gravel matrix (see Plate (.atd),

3.2(iv)b Spatial and Temporal.Relationships

The failure to establish a detailed stratigraphy based on -

either sedimentological criteria or conglomerate composition prevents

a specific consideration -of such variations.

In general, variations in conglomerate composition and form

are most apparent in the lower deposits of subfacies A3 only.

’Immediately overlying the Middle 01d Red Sandstone unconformity, the
: composition of the conglonerates strongly suggests that much of the

material 1nvolved has been derived from Lower 01d Red Sandstone

conglomerates. In these conglomerates sandstone horlzons are common

1490



and the conglomerates themselves quite well sorted. Plate

shows perhaps the most accessible of these conglomerates at The
Snook near Gardenstown where there is a strong indication that
detritus was moved as a series of shallow braid-bars. Whether snch
conditions prevailed into the slate-rich conglomerates cannot be .
decided with confidence although in the previous discussion the

evidence was regarded as being weighted against this possibility..

The lowermost'conglomerates are not well exposed,rbut where
present'they do tend to reflect the conditions apparent at The Snook
both in the development of braid-bars, and in the strong«re-workedi

component,

3.2(iv)c Interpretation

The overall coarseness, poor-sorting, compositional immaturity,
lack of fine grained deposits, and virtual ahsence of erosional
surfaces precltudes the majority of fluvial environments and suggests
a relatively proxlmal deposit. Alluvial fan deposits have been
discussed in some detail in the prev1ous section under subfac1es A2
(Crovie Conglomerate), and in many ways “the conglomerates of subfacies,
A3 are comparable in that the lack ‘of erosion precludes streamflood
and stream-channel env1ronments, whilst a gross vertical and 1ateral
lithologlcal con51stency implies that sedimentation was dominated

by one general mechanism for long periods of time.“

By analogy with arguments put forward during consideration of
subfacies A2, a sheetflood mechanism would again recéive strong -
support for the poorly-sorted texturally immature conglomerates of

subfacies A3,

During sheetflood processes, flow would be deplowed somewhat

uniformly over broad planar surfaces, and lack of erosion ddriné this



k event is generally taken to indicate that the depositing medium

was either loaded to capacity or else”water‘rapidly‘infiltrated

into fhe‘bpen"substrate producing 'sieve deposits' (Hooke 1967).

In such instances a well de§eloped fabric woﬁld not be expected.

‘The development of framework supported fabrics and improved sorting
imply increased fluidity of thetdepositing medium, and sufficient
energy available to transport and winnow the coarse sediment. The
poorly defined bedding implies that such conditions were occasionally
persistent, and changed slow;y, thus preventing the development

of distinct'breakshand erosion surfaces, These implieations contrast
quite strongly with the normal eoncept of flow eonditiqns during
sheetflood episodes, as periods of high fluidity are normally late
stage run-eff events follewing a main»fleod., Late stagerrun-off i;.
generally accepted as a less competent phase ef sheetflooding and
responsible for finer sedimen;s often inteﬁbedqed with sheetflood

conglomerates.

' The lack of interbedded sandstones at first detracts from tﬁis
possibility, but as the conglomerates are der;ved‘fpem local pelitic ‘
schists and PettijohnA(1975)'considers that gfain'si%e ...."isf[i
inherited from parent rock™ and that the breakdown cf sucﬁ parent
rock eese "will lead to the liberation of particles from an earlier
phase of primary production” - sand would probably not have been
available in subfacies A3 for such a late stage run-off episode.
Instead the abﬁndant fine gravel may fecofd peribds of‘winnowihg during
late stage run-off, when, due to a reduced traction carpet caused by
lack of sand in suspension an increased bed shear—sfbess woﬁld)make
considerable energy available for crosion of thevfinest—grédetof
sediment. The reduced bed-thickness, regerded by Bluck (1967) as

indicative of reduced water depth would also aid such a pfocess.



A consideration of graphs relating velocity and particle
size to erosion, transport, and deposition (e.g. Hjulstrom, 1835) also
would indicate that erosion and deposition of ccarse sediment are
separated by only a small velocity change. Slmilarly, high velocity
flows are capable of eroding and transportlng a broad spectrum of
sediment grade making theoretical considerations of transportation

open to question.

PO

Alternatively, the abundance of‘crnde horizontal bedding may
fit into a proximal braided-stream model where a predominance of
longitudinal bars would typically produce such bedding. Unfortunately
a high suspended load would reduce the critical shear-stress and
favour bar development, but.en the other hand the paucity of sand in
the present example would not favour thls. Also, low-stage dlssection
of such bars would be likely and would result in extreme lateral
diseontinnity - a factor normally regarded as aiding reeognition’
of braided-stream envirenments, but lacking within subfacies A?.; sed-

iments,

The only major erosive surface recorded in subfacies A3 shows
steep downcutting of 1.6 m and could quite easily be a single rare
stream-channel episode more common in proximal alluvial fan environ-

ments.

It is conciﬁded thet although interpretation is complicated by
a strong possibility that a restricted sediment grade would modify
‘normal concepts of conglomerate depositien; the conglomerates are
comparable to those described in the literature and interpreted as
Alluvial Fan sheetfloed'conglomerates: The relatively common levels
of imbrication and well sorted conglomerate may attest to larger

run-off episodes, or they may be a result of the scarcity of fine

sediment. Perhaps the lack of fine sediment may even modify distal-



fan environments and allow braided environments to develop with

very broad shallow channels and low longitudinal bars.

At hlgher stratlgraphlc levels variation in comp031tion and
form are not readlly apparent, and even when the Alluv1al Fan environ-
ment was overstepped by the Lacustrine development in the region of
the Den of Findon (subfacies D1), no advance warning of this.exists
in the Lower Findon Conglomerates, and no differences are apparent
in the overlying Upper Findon Conglomerates. The'Lacustrine advance
has interdtgitated with the Alluvial Fan environment without signif-

icant gradation, the change occnrring over as little as 25 cm.

Verticallyepacked sediments as noted earlier have been described
from numerous environments ranging from offshore'marine (Greensmith
and Tucker,;lgéé, 1969), to Estharine'(weidemann, 1972) and marine
and Lacustrine beaches (Mii, 1957, Sanderson and Donovan, 1974- Dionne,
19715 In these instances the action of low energy waves on disc and
blade shaped fragments is regarded as belng responsible for the prod-
uction of such textures. Clast shape enrichment is prominent, but
unfortunately this cannot be confirmed in the present situation as
Vblade and dlsc-shaped slate fragments predominate overall. Documented
examples also record a high degree of size-sorting, with very littie
fine matrix present - this feature censtrasts with the vertically-

packed congiomerates of subfacies A3,

The occurrence of such an unusual texture is of interest, but
its interpretation is difficult in this instance as no direct evidence
exists to indicate that low energy waves may have acted upon the |
conglomerates.' The rapid replacement.of the fan environnent by
Lacustrine conditions in the Den of Findon may offer slight support

by demonstrating the ease by which such conditions could develop,

and also the lack of influence they had on the fan environment both
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before and after the change. It may be possible therefore that the
Orcadian Lake remainéd close to the éresent liddle 0l1d Red Sandstone
outcrop and at'times even interdigitated with fan conglomerates with-
- out leaving significanf record other than these ﬁqésible re—wqued

beach deposits.

Although specific interpretation is difficult, the general form
of the éonglomeraées does in many ways fit into the criteria outlined
by Bull (1964) for the recognition of Alluvial Fan environments.

In particular, Bull stressed that each horizon is commonly a record
of a unique set of hydraulic conditions which ‘determine such pfoperties
as grain-size, bed-thickness, clast érientation,,and the presence or
absence of erosion. As the bulk of fan deposits are deposited as
sheets or iobes, these coﬁdifions generally prevail éver distanceé

in excess of most outcrops, thus bedding in fan deposits is frequently
observed to be 'laterally conéistent'. Variationsin bedding are

most distinct when differing mechanisms have contributed to a seqdence
of sediments, for exémple interbedding of sheetflood - debris flood

- and mudflow deposits. Laterally, bedding is probably most distinct
in water-lain deposits, but even here thickness is a fun;tiqn of
relief getween Shallow-channels and low sars and erbsigpai and pest-
depositional modificétiop. Bull also indicaped‘that.efhemeral
conditions ﬁay contrisﬁte_£hin clayeyvgré§éls>dpring the waning stages
of flow, the less wellAsorted finér grained horizons may rep;esent such

conditions,
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3.3 Braided Stream/Wadi Megafacies (B)

Introductlon

Sedlments regarded as belonglng to Megafac1es B follow
'Megafac1es A alluv1a1 fan sedlments in the east of the Outller (Dundarg
Castle Conglomerates and Dundarg Castle Conglomeratlc Sandstones),

'and include the whole of the sequence access1b1e in the Central
jCoastal Sectlon - here interpreted as being laterally equivalent

to the Megafacies B.sedirments in the east. Megafacies B type -
 sediments are not developed in the lower part (the fining megacycle)
of the Western Coastal Section, but dominate the upper coarsening

megacycle in this section.

The megafacies is subdivided into the following three broad

. subfacies:

Subfaoies‘Bl - ephemeral-etream/wadiLenrironmentirepreeented B;'
‘ Subfacies Bla - Dundarg Castle Conglomerate Formation
'Subfacies Blb - Pennan Head Conglomerate
qufac1eﬂ Ble -~ Pennan Corglomeratlc Sandatone
Snbfacies B2 - predominantly fine-grained braided-stream environment'
’ at times ephemeral flow, represented by:

Subfacies B2a - Castle Hill Sandstone Formatlon

Subfacies B2b - Pennan Sandstone

Subfacies B3 =~ coarse-grained braided-stream environment represented by:

. Subfacies BSa = Need Haven Conglomerate R

s

é.é(i)- Braidedestream/Wadi Subfaciee Bla
*3,3(i)a  Introduction

In contrast to the western portion of the Outller, the lower

sediments of the east are coarse and completely lacklng in flncr



grades of sediment so common in the Crovie section, The Dundarg .
Castle Conglomerate Formation overlies the coarse bésal conglomerates
(Subfacies Al) ponformably and in places oversteps these lowest
deposits to rest unconformably on the Dalradian Bagement. - Although
no unconfirmity necessarily exists between these two lower sedimentary
units a great dissimilarity exists in sediment tyﬁe and consequently

in presumedvenvironment of origin.

The transition from the basal congiomerate (Subfacies Al) to
Subfacies Bla is exposed between Fleckies Meadow and Dundarg Castle

and involves:

(1) an ovefall decrease in the predominant grain size
component with a concowitant increase in the percentage
of sandstone,

(i1) an increase in the proportion of coarse matrix and
“gravel size sediments,

(1ii) an increa;e in well defined bedding surfaces accompanied

| (by a"ma'rkéd devel.opment) of eros’ifon‘al feafures an‘d internal
sfratification, o
‘(iv) | a mafked.increase in‘clastbroqndnéss,‘and

(v) a marked changé in clast composition,

"The majority of the subfacies is exposed between Fleckies Meadow
and New Aberdour Shore, although the sequence is complicated by -
faulfing at Counter Head. The subfacies consists essentially 6f
conglomerates, pebbly-sandst;nes and sandstones, and characteristically
a total 1ack of fine-grained sediment. A few levels of conglomerate

are as coarse as the basal conglomerate, but the majority are much

finer and more sandstone is present in the sequence,

The facies has been subdivided into eight lithofacies mainly



on tﬁé basis of structure, but also includihg grain size, sorting, ‘ ',
and texture, Fig. 3.3 is an attempt to reconstruct the relation-

ships between these lithofacies and is compiled from numerous field

logs. .Lateral and vertical variation is very significant and

therefore this reconstruction is by no means definitive, it is merely

an apparent relationship of lithofacies as exposed.‘

3.3(i)b Facles Description  (Plates 3.1 & 35) .

Lithofacies A - Channel Fill Conglomerate °

. Channel shaped erosion surfaces are abundant and;may rangé in
siée from a mere 40 cm wide to large ;hannels 1.5 m deep and over‘
20,m wide. The nature of channel infills is as variable as are the
dimensions mentioned. Smaller chamnel forms are inQariable infilled
by moderately well packed céarse conglomerate, whilst larger channels;
tending to be asymmetric in shape, have cbarse conglomeratélsituated

Iin the deeper, more sfeeply eroded portion of the hollow.

vStep-like low relief terraces ffequently occur on the steeper
edges of'large channels and may correspond to structural differences
within the channels themselves. Lateral migration of channel deposits
is evident in many secfions, but primarily by distinct and discrete
movements of position (Fig. 3.4 ) rather fhan by gradual lateral
migration as is common in modern and ancient high sinuosity systems.
In a few instances migration has taken place along a.horizontal piane 
(Fig. 3.4 ), wheréas in the majority of situations adjustments -
occur in height also and the#éfore are even less analogous to

lateral accretion described elsewhere (Allen,mS-,b).

A salient feature of channel conglomerates is their abundance
throughout the stratigraphic unit, scattered examples occur in most

of the short coastal sections available, but it is only at restricted
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horizons that developments of channels are abundant. It therefore
appears that stream development in any one area may have been somewhat
ephemeral, a problem discussed 1afér when channel infilling is con-

sidered (see pageléZ ).

Channel fill conglomerates ape'always coarse grained infills
roughly increasing in gradé with increasing channel size (see Fig. 3-6' ).
Sorting is generally poor although excgptions do exist (mainly at
smaller channel sizes)., Packing density is high and results iﬁ a
'predominantly 'grain' supporfed fabric., The matrix may often be
fine gfained, and relativeiy well sorted, although in many cases a-
gravel mode is.present. ' Gravel abundance appears to be strongly
related to the amount of matrix present, whilst at tﬁe other end of
the scale when matrix is very low, very céarse gravel énd small pebbles
may occur in thé matrix cavities. Grain size within channels shows a
lateral grading towards finer deposits in lateral ﬁositions, partiéul-
arly towards thé shél;low edge‘where replacement by lithAofacies B |
bedded éongiomerate may occur., Verfical fining.occurs andvis rapid,
éhannel depési¥s méy frééuentiy be replacedrby single thin sheets of‘
conglomerafe which éyerlie planar erosion surfaces.‘ A ;atefal decrease
of grain;size occﬁrs/iﬁ such instances, the conglomerate being replacéd
Sy'gravel with irregularly bedded coarse and fine portions., -Fihing
in a similar manner has been described by Smith (1974) from longitudinal-
bars in a braided outwash stream aﬁd is analogous to coarsening upward
| sequehces described by several authors, and regarded as beiné due to
the downstream migration of iongitudinal—bars'éllowihg coarser bar-head
gravels to overstep the finer bar-tail sediments, suéh structures are -

commonly related to erosion structures at Gamrie.

It is notable that the lower finer portion of such bars shows
a better degree of sorting than the poorly sorted upper deposits, Ore

(1964) included such evidence in his criteria for the recognition of



braided-stream deposits.

Lithofacies B - Cross-stratified Conglomerate

Inclined bedded coﬁglomerate sheets occupy the shallower portions
of many channel shaped depressions and grade into both channel fill
conglomerates and the single and multiple sheet varieties. The conglom-
erates are characterised by finer grain sizes generally, and a low to:
moderately steep inclined bedding with grain size vapiations both
parallel and perpendicular to the inclined laminae such that individual
laminaa fine upwards perpendicular to the bedding and also fine upwards
along the 1nd1vidual lamlnae (see Pig. 3. 3 ). Sorting is modefate
and increases away from the channel base, and away from the channel
fill conglomerate. A higher proportion of matrxx is present, reou]ting
in significantly lower packing densities, franework supported fabrics

are rare, but not totally absent.,

These conglomerates may pass sharply into single sheet canglom-A
erates, 6r multiple sheet conglomerates, the latter aase being by far
less common, such passages occurring in a direction away from the
channel, Within the channel area Lithofacies B conglomerates are
often - overlain by either irregularly bedded gravels, or cross-stratified

gravels,

Lithofacies C - Single Sheet Conglomerate

Single sheet conglomérate occurs immédiately overlying a planar
erosion surface which is sometimes cut by deep conglonnrate filled
scours, Single sheet conglerrates are characterlsed by a lack of
internal bedding, but often show either flning upward or more 1nte;est-
ing reverse grading. The conglomerates are frequently finer grained
than many of the channel varieties and show a relatively low packing

density, although still generally higher than Lithofacies B. Poor

sorting is typical although graded portions show a variation in this



parameter, finer portions being better sorted than the coarser, -
Sorting within the coarse mode of Lithofacies C is better than in the

previous examples,

Lithofacies C 1s’always erosively based and always overlain
by irregularly bedded gravels or multiple sheet conglomerates. Later-
ally such sheets may persist for tens of metres and become lost due to -
lack of exposure; many cases demonstrate a clear relationship to

channel deposits where a lateral decrease in grain-size is apparent

1

" away from such a channel,
o FF
: &

e

Lithofacies D =.Multiple Conglomerate Sheets

TMultiple conglomerate sheets with restricted lateral extent
occur in laterally persistent thick wunits, Such conglomerates fdllew"
allﬂprevioua deposits by rapid gradation, but never erosively. Internal
bedding is poorly developed and generally of no great lateral persist-r
ence, although small scour and fill structures are common, as is very

low inclined planar cross-stratification.

‘Clast size 1s small, but well sorted with regard to the coaree
mede. Overall scrtlng is poor, the matrlx generally containlng abun-
vdant gravel, No apparent relationship exists between unit thickness
and maximum clast size, although this is dlscussed at a later stage

(pagelbs ).‘fLithofacies D includes the bulk of subfacies Bl sediment.

Lithofacies Eand F Cross 6&@&‘.,&.‘( - Gravel.
Lithofacies E and F are related in that both occur in the higher,
finer portions of fining-upward units and also frequently occur at -

similar horizons,

In areas overlying channel deposits a 1ou crosa-stratiflcatlon
; is deve10ped w1th grouped sets up to 20 cm ceep and l m wide common.j

Laterally these may become larger and often solitary sets uwp to 60 cm
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_ deep are found, Such forrns are several metres wide and tend to become
more planar in form. Such cross—stratified sets develop in gravels
ranging from poor to well sorted, the larger varieties.occurring in
the.better sorted sediments. Pebbles do occnr in foresets, but are

uncommon constituents in such deposits. .-

ILithofacies G - Sandstone ‘

Sandstone is rare within these deposits:and when present is <
rarely persistent for any great distance. The grain-Size'ranges from .
medium to coarse, the sediment being moderately well sorted. No -

internal bedding has been recorded from such deposits.

Variations

Certain variations do occur, but tend to be strnctural variations
rather than the introduction of a new grade of detritus, for example,
as a final channel infill, the multiple-conglomerate or gravel sheets
may develop as curved surfaces mirroring "the original channel shape,
and causinc an infilling of the channel form in which the final channel
form is deflected towards the deeper portion of the original channel
(see Fig. 3. 4 ). Fig. 3.4 also shows that coarse poorly-sorted
conglomerate may occur in positions adjacent to the channel flll :

*

varieties appearing as 'bars' overlying planar erosion surfaces.,

‘3.3(1)e Interpretation

Structural Variability within Subfacies qu;
Within the conglomerate facies‘channelling'is uwbiquitous, and a
maximum recorded depth of 1.5 m may be a reasonable approxination of

maximum channel depth. More ccmmonly channels are less than 1 m deep,

with widths in the order of 25 m, giving an average width/depth ratio

_ in excess, of 25:1. Erosion surfaces change in form laterally and may

commonly pass into non-eroded ]unctlons and illustrate the restricted
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extent of many charmels, drawing attention to the frequent proximity
of erosion and deposition, (the latter being an important factor
which must be taken into account when bed thickness is used as a mea-

sure of capacity or competence, See pagell5').v

Abundant scouring exists indlcating that channelling is important
(Moody Stuart 1966) while low rellef terraces indicate successive
marglns of shallow channels cut dur1ng the falling stages of stream
flow (see also Krigstrom, 1962 Doeglas, 1962, and Williams and Rust,
1969). Channelu appear’to‘migraﬁg by distinct steps rather than by grad-
ual changes, and therefore latera; accretion deposits are unimportant.
Altndugh not directly cnmparable,"Moody—Stuart (1966) concluded that
a signifiqant.featu:e of low sinuosity stream systems was the develop-

ment of channel fills by vertical accretion rather than by lateral

migration and accretion,

Coarsening upwards and fining upwards\units do.onnun and’may
record periods of increasing and decneasing'nompetence of flow during
accumulation, - Coarsening upward units are commonly found in close
proximity to channel conglomerates and occur within short vertical
distannes of planar erosion surfaces. Laterally these sequences grad-
uéliy fine and are replacen by'irregularly bedded gravels and coarse
séndstones; often with a lon internal cross-stratification. Internal
bédding is rarebin'all noarsening npward units, but when recognised
is always of very iow nngle. Such relationships may record the
-dbwnstreamrmigrationrof longitudinal bars, (Doeglas, 1962, Leopold
and Wolman, 1957, Bluck, 1971). Longitudinal bars have a downstream
reduction in grain size and consequently their downstream migration
results in the‘npvement of coarse sediments over fine (see'Bluck, 1971,
and émith, 1974). It is interesting to note that in dealing with the .

problem of paleocurrents around longitudinal bars Rust (1972a) illustrates

a model of bar and channel section showing many features typical of
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sections recorded at Gamrie (see Fig. 3.5 .). During high flood stage
coarse detritus is transported and dumped at certain sites, any initial
grouping of such tends to preserve the concentration and promotes the
formation of a gravel bar (Leopold et al 1964 and Raichlen & Kennedy \
‘1975) At lower flow stages water movement is concentrated 1nto

channels and slight lateral adjustment is likely, presumably the stage
nhen'terracing occurs;‘ Accompanyingvthis lateralbdivergence of flow,

finer sediment accumulates.at bar margins and builds outuard to form

sets of high-angle cross-stratay(Rust;’l§72 Smith ;197u).\ Rust“ !

(op c1t) gpes on to describe ultimate stages of rlpple development | ¥
and suspen31on fallout, the latter he adds occurs rarely or never

in active channels. Such dep031ts are never recorded in subfacies Bl
deposits.v Similarly Schumm (1961) found that in streams with ephemeral

flow aggradation may begin at localised points, and asvthe channel

. fills the zone of major deposition migrates up stream causing two

distinct deposits, (a) coarse sediment overlying fine upstream, and

(b) fining sequences downstream.

Thus’it seems possible that channel development may be related
to bar developnent, or simply ephemeral stream flow. Trough cross-
stratification is limited in all cases to Small restricted exanples
within finer gravel fllls to channels. Larger examples occur.but are
very rare, thus suggesting a preponderance of longitudinal bars over
transverse bars as the latter would be expected to produce significant
contributions of‘either trough bedding or planar cross-stratification
recording avalanching down lee faces of migrating curve or straight
crested dunes., Such a dominance of longitudinal bars implies a

proximal site of dep051tlon with associated implications of higher

paleoslopes.

Smith (1970) substantiated Ores (1964) conclusions that braided



patterns are created mainly by accretion of longitudinal bars, and f

dissection of transverse bars, noting that coarser poorly sorted sed-

iments favoured the development of longitudinal bars. |

Lithological Variability within Subfacies Bla

13

V The coarse nature of the conglomerates plus their common
internal planar bedding is indicative of high velocity competent flows
(Nevin, 1946. kelley, 1969; Fahnstock, 1963). A direct evaluation
of current flow cannot be made (but Eynon and Walker, 1974 demonstra-
ted that with certain assumptions an order of magnitude may be deter—
mined), although data from modern streams suggests that larger "
clasts may only be moved durlng flood conditions. Leopold et al (1064)
suggest that even so large floods may be incompetant at mov1ng large
clasts and that small surges may be more effective or the 1nit1al ‘

and falling stages of major flood.

A large amount of coarse detritus is present in the facies °
described implying that the environment was probably quite proximal
and of relatively high slope. Floods must have occurred frequently
being controlled by the high slopes and vegetation deficiency (Schumm,
196(), Kigh flow conditions are verified in the presence of cross- |
stratified conglomerates (Simons et al; 1961). " Pebbly sandstones -

and sandstones retain a horizontal or massive stratification in most

instances ‘and may record lower flow velocities (Helley, 1969, Fahnstock,

1963) but only -if a source of coarse detritus was always present;’as
pebbly lithologies interbed with coarse conglomerates a coarse clast
source is assumed to have always been present,  Siltstone is notably
absent ekcept at the very highest levels (in the overlying sandstone
facies) at a position where the transition 1nto the Siltstone Fac1es-
is initiated. In braided river systems on alluv1al fans 81ltstone 1sf

only recorded 1n low energy areas (Doeglas, 1962), normally beinv



removed by the lateral migration of channels and bars (Krigstrom, 1962).
In the present situation the lack of siltstone is probably a function
of non-deposition on originally high paleoslopes rather tpan(deposition
and subsequent removal, as the evidence at hand does not indicate that
the channel systems suffered major lateral shifting in all but a few

cases.,

Textural Variability within Subfacies Bla

Seyeral aspects of conglomerate bedding and textures nave recently
been stndied oy Bluck{(1967) in an attempt to evainate more precisely.
the genesis of alluvial conglomerates, In the Camrie Outlier outcrop
prevents the nidespread application of such technidnes, but»reasonable
exoosure of the Subfacies Bl seqnence allows such a study to be made.
Primarily; Bluck (op cit) attempted to evaluate flow-power and'discharge
by conSidering easily measured parameters such as bed thickness and
grain size, Several authors (Nev1n 1346, hjulstrom, 1039, Fahnstock
1961) have already used values of maximum particle_Size as an
enpressionion ninimum flow velocity, and hence competence (Fahns tock
op cit). For example, tractive force, recorded by the relationship
between maximum particle size and ground slope was considered by
Lustig (1965) as}an alternative measure of flow velocity. In Blucks
(1967) studies maximum particle size was considered in'relation to be
thickness; a parameter regarded as indicative of the discharged 5
sediment load, (this assumption must be supported by field observation
with evidence of the lack of erosion and reworking, before bed thick-
ness may be regarded as recordingvthe magnitude of a depositional

‘event).

Fig. 3.6 illuntrates the data obtained from Subfacies Bl. No&
significant correlation is apparent, The distribution compares favour-

ably with Blucks (1967) figure 8, - fluvial channel deposits, a situation
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where neither maximum clast size or bed thickness are regarded as

reliable indicators of competence or discharge.

Throughout Subfacies Bla clast packing and sorting are as
variable laterally.and verticaliy as are grain size and structure,
indicating that the processes of winnowing and lagging clearly operated
to quite different degrees on closely associated sediments. The
common occurrence of moderate to good clast pa;king associated with
some imbricate develépments suggests the attainment of a moderate
degree of textural maturity (Bluck, 1967), but a comparison with many
associated horizons clearly demonstrates that such procesées were
limited in their distribution. Thé preSencé of poorly;sbrtéd conglom-
erates implies that a whole range of sediment grade was available for
tranéportation at times, and thé preservationbof such é sﬁeéfrﬁmﬁof
detritus may suggest that deposition in such sites was répi&. Rapid
reductions in flow velocities are typical of many ephemeral streams
where high percolation causes floods to be of short duration (Leopold
and Miller, 1956). Size sorting is variable in both conglomerates
and sandstones and is indicative of diverse depositionai envirdnﬁents.
At times the stream system had the potential for considerable reworking,

while at others it could not separate sand and gravel grades.

A reconsideration of Fig. 3.6 A with the groupiﬁg of data with
regard to clast packing, sorting and shape of the depoéit leads. to

the clear distribution of Fig. 3.6B.

Good correlation is observed only iﬂ the conglomerates of
group A, singlé sheet conglomérates. The depoSits are diéfinguiéhed‘on
'the-groundé of their iateral persistence but only‘mihor associated ..
erosion. - Bed thickness is very restricted, but clast size showsAé‘
great spégad. Claét?sdrting is poor overall, but good within tﬁé |

coarse-mode, Packing is variable, moderate to good..



Group B conglomerates, channel conglomerates, are distinct in
the association of erosive units, coarse grain sizes, poor sorting, but

good clast-packinrg.

Group C,.multiple-sheet conglomerates, are also distinct in
their small clast size, very poor overall sorting, but good sorting of
the coarse mode, lack of erosion, internal bedding and very poor

clast-packing.,

In single~sheet conglomerates A bed thickness correlates w1th

average maximum partlcle size 1mply1ng that coarser detritus may only
be transported during larger flood events when stream power is high
enough. Unit thickness correlates with stream competence suggesting

that either more powerful flood events discharged larger volumes of

detritus or that the more competent flows were more persistent events.

Texturally two separate modes‘exist, a coarse tractive-mode
and a finer-mode presunably transported w1th1n the tractive-mode and
‘also in suspension (Bluck 1967) In comparison to the channel dep031ts
considerable suppression of the coarsest mater1al occurs, and is
enhanced by the distrlbution of max1mum clast sizes being skewed
towards finer grades. The competence of the system must have been
such that restricted coarse mode transport was pessible, and was
associated with considerable transport and deposition of sand-gradeh
detritus while at the same time winnowing of fine sediment was only

" localised,

3ed‘thickness is notably'reduced, and.may provide.information as
to the flow depth as Bluck considers that reduced wuter depths cause
a reduction in the thickness cf the traction carpet and hence a reduct-
ion in conglomerate thickness.' The sparce framework developments point

to periodic reworking of fine detritus as competence declines,  The



168

magnitude of the fine population is normally high, and high concentra-
tions of sand would reduce the critical shear on the bed (Bluck, 1967);
this would serve to enhance the smaller pebble grades as much of the

streams' energy would be occupied in sand transport,

Bar top environments (see Eynon and Walker, 1974) provide suitable
conditions for the development of such depcsits, having reduced
water-depth and also, being inundated during flood episodéé only, they:
provide a situation where suspended load is high also. ‘Normal and
reverse grading have been noted, reverse grading being a common feature
of the downstream migration of coarse detritus over fine in longitudinal

bars.

Channel conglomefates B show a less well-defined corfelation

between competence and diéchérge presumably due to the failuié of one
or both parameters (i.e, méximum clast size and bed thickness) to i
record competence or disch;rge.‘ Understandably, thicknes; relates fo
total channelhdepth, and not to individual discharge events, whereas
maximum clast size will give some idea of competencé althougﬁ seléctive
. removal‘of finer grades will enhance this value. Competenﬁe is thus

recorded as the maximum competence over a long period of time,

Framework supported congiomerates are patchily developed, and
demonstrate that deposition Qas pulsatory, with féwbr&ing taking place
during depositional pauses (Jopling, 1964), Augﬁstinds éndiReizébos‘
(1971) recofd similar yariétiops iﬁ outwash pléin deposits, whilé
Bluck (1971) describedeell-packed conglomerates from depdsits of

meandering streams.

~ As particle size correlates with bed thickness, and bed thick-
ness generally indicates channel magnitude, the evidence would seem

to imply that channecl magnitude would increase towards source, as
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particle size is regarded as increasing towards more proximal locations.
This inference is considered false, thus pointing to the invalidity of .

one or both of these parameters.

Efosion suffaces form the base of channel units, and may be
traced laterally and ame“obsefved to be equivalent to adjacent cﬁamnel
erosion surfaces. To scme extentithis suggests that a network'cf
channeliised flow was operating. Bralded streams are known to funct1on
on alluv1a1 fan surfaces (Hoppe and Eckman, 1964), generally in
distal p031tions. The present 51tuatlon appears to be one of a netmork
of low-relief channels separated by lamgeilonéitudinal bams overf‘
which sedimentvwas distcibuted only during flood events. Flow may
have been more permanent‘in channel areas allowing‘winnowing and |

reworking to continue; flow was of greater competence overall,

presumably due to increased flow depth. Poorly sorted channel conglom-

erates may record sudden depositional events, for example, percolation
of water into the smbstrate is a common phenomena in ephemeral streams,
and results in the rapid deposition of pooriy—sorted conglomerate.

In contrast, reworking would occur in such channel areas when lower
flow powers prevailed due to the transition from braided to meandering

stream systems during low-discharge phases (see Fahnstock, 1963).

Multlple sheet conglomerates C show no relationship between

maximum clast size and bed thickness, and therefore one or both of
these parameters must not approximate to competence or dlscharge. To
a large extent clast size is considered to reflect competence, but

the internal bedding within such conglomerates records periodic'
lagging, due to reworking of finer grades, and thus bed thlckness
records a sequence of depositional events and not simply one dlscharge.
Local developments of good clast-packing copflrm limited reworklng

as the :large fragments resist movement whilst fines are winnowed.
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The slight bias in the maximum clast size distribution towards coarser
deposits does addlfurther evidence to the notion of winnowing of smaller
pebbles, Bluck.(1967) noted that during periods of high discharge
streams pick up large’amounts of sand from the stream bed in preference
to coarser grades, The more sand eventually in suspension,lthe more
energy expended in transportion of this load, and thus by reduction of
the critical shear Stress acting‘on the bed only efiner érains can be
moved. ThlS phenomena would explain “the abundance of sand and finer
gravel, and the well-sorted nature of the coarse mode. The euppressmn
of coarse detrltus may thus be due to decreased competence magnltude

of suspended load etc.

Environmentally the multiple'sheet conglomerates are ¢considered
to represent a lower energy environment, although their‘common assoc-
iation with cross-stratified gravels does suggest relatively high flcw
powers,  Multiple conglomerate sheets probably record what is effectively
the 'braided stream floodplain', being inundated only during large
floods, but not forming an active migrating part of the braided stream
system. The sequence accumulates principally by vertical accretion,
and may be analogous-to either side-channel or shallow braided
environments described by Eynon and Walker (1974), Low-angle planar -
erosion surfaces, with impersistent granule and gravel lags, also
bear features similar to deflation structures (McAlpine, 1978), and
may support the notion that these deposits are formed on an inter-

channel area, exposed for long periods.

Overall the structure and textures descr1bed imply frequent
_attalnment of high velocity flows which in turn imply that d°p031tlon |
took place on or near to steep slopes, (Leopold and Wolman 1957
Chien, 1961 Brice,. 195H) and support the 1dea that these streams;
braided at tlme, operated on alluv1al fans ad]acent to the Caledonlan

Yountain front.
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The poor-sorting recorded in many of the conglomerates méy be
a result of rapid aggradation and bar and channel migration éommonly
found in modern braided systems (Doeglas, 1962, Fahnstock, 1963, -

Shantzer; 1951, Chien, 1961, Krigstrom, 1962).

3.3(i)d Summary and Discussion

The sediments are red, coarse;grained, and have textures and
structures including cross-stratification énd channelling of fluvial
type. The presence of poorly-sérted coarse érained deposits with
abundant high velocity structures implies deposition mainly of bed-load.
material from strong turbulent traction currents (Sundborg, 1956) and
probably on a modératgly high slope (Fahﬂstock, 1963, Rust, 1972a).
Paleocurrent data is sparse and cannot be used to imply unimodal
sediment transport directions although the sparse data available does
suggest‘a fathef limited spread (Chapter 4). Fluvial systems belong
to a series‘(Schumm; 1963) the end members of which are high and low
sinuosity streams (see Brice, 1964), the low sinuosity member often
being braided. Different physicél conditisns operate in these end
member situations and it should therefore be possible to characterise
the two different types of deposit and thus determine the streém
type dominant in the rogks,described, compare Doeglas (1962), Wiiliams
énd Rust (1969), Smith (i970), with Frasier and Osan%ck (1961), Harms
et al (1963), McGowen and Carner (1970), Bluck (197i). Deposits of
subfacies B2 show a marked lateral'gnd vertical variability of
1ith§logy, texture, and sfructufes indicative of a stream‘systeﬁ capable
. of responding rapidly to changes in flow conditions such as water depthl
velocity relationships, competence and discharge. The great variability -
of grain size implies that not only were such fluctuating conditions
frequent, they were also extreme and spatially ana‘temporally highly

variable, Lateral and vertical changes in textural maturity confirm

the variability of the system, inferring a varying capacity to rework



the sediment, Such features are typical of modern low-sipuosity

streams in which great velocity fluctuations are recorded with similar
variations in competence.and discharée (Krigstrom, 1962, Doeglas, 1962,
Williams and Rust, 1959, Smith, 1970, Collinsen, 1970) but are typical
of the.high—sinuosity stream t&pes with their quasi-cyclicxsequences of
sediments and relatively uncommon fluctuations in velocity and discharge

which rarely reach extreme values,

 Perhaps due to the complexities intolved "the braided model is
poorly developed" (Eynon and Walker, 1974) and examples tend to relate
specifically to 1ndiv1dual cases, Generalisations are restrlcted to
the follow1ng 1nd1cators of proxlmal pos1tlons. Proximal deposits
‘have a very low proportlon of flne-grained sedlments partially due to
thelr non deposition on hlgh slopes but also related to thelr low
preservation potentlal amldst the actlvely mlgratlng channel and bar
systems. Coarser grain sizes are more abundant in more proximal
’s1tuations whllst horlzontal stratiflcatlon also predomlnates over

cross-stratificatlon more typical offdistal reaches,"

Longitudinal bars dominate over transveree bars in proximel
situations and the bed relief index increases towards the source,
’(Eyoon and Walker, 1974, and see Kiigstrom, l962, Ore, 1964, Williams
and Rust, 199, Collinson, 1970, Smith, 1970, Rust, 1972), The marked
leck of overbank sediment alonelhas been used to imply low sinuoeity
braided systems (Doeglas, 1962, Williams.and Rust, 1969, Smith, 1970)
where, due to higher slopes, coarser material is transported and‘>
fine overbank depoeits are inhibited. Yeakel (1962) points out that
‘meandering streams suffering only slow eggradation'may comb acfossv
‘their floodplains and thus remove fine grained deposits. Sequences
of bedﬁdﬁms are grossly dissimilar in such meandering deposits (Smith,

1370) and the lateral variation alone in the present examples precludes
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such a mechanism,

As detailed in later chapters the sediments studied are inferred
to have a marginal pos:.tion in the Orcadian Cuvette and were thus in
close proximity to the rising Caledonian Mountain Chain. Alluvial fan
deposits would therefore‘be expected in such a situation and have
- been recorded from other marginal sites (Mykura, 1975 pers comm.,

Stephenson, 1972). As prev1ously considered alluvial fan processes

are characterised by three dominant mechanisnsof deposition, i.e.
debris flood, streamflood, and sheetflood Subfacies B2 deposits are .
‘attributed to more fluid type of process than the debris flood and
sheetflood mechanism described for subfacies A2 at Crovie. The abund-
ance of channel forms and broad erosion surfaces suggest that processes w
operating vere more permanently established. The fluid nature of the
processes is evident from the abundant record of w1nnowing, reworking
and various transport processes involved. The complex structures and
lateral relationships exhibited by this facies are more consistent

with stream channel and stream flood deposits rather than sheetflood
processes (Blissenbach 1954, Bluck 1964 1965) but the predominant
vertical accretion and re-activation strongly implies that such stream

flood events were of an ephemeral nature.

3.3(ii) Subfacies“ Blb | (Plahs l?} l‘])

3.3(ii)a" Introduction

" Subfacies Blb, represented by the Pennan Head Conglomerate, is a
relatively thick sequence of conglomerates, conglomeratic sandstones, -
and sandstones. As noted in Chapter'l much of the Central Coastal
Section is quite inaccessible and in this instance only the upper
portion of Subfacies Blb can be observed in any detail and therefore
it must be stressed that much of the following facies description is

somewhat generalised,
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3,3(ii)b Facies Description

Throughout the sequence five lithofacies have been recognised:

(i) poorly-sorted conglomerate,

(ii) moderately well sorted conglomerate,
(iii) well sorted conglomerate,

(iv) conglomeratic sandstones, .

(v)  sandstones.

The sequence of conglomerates and sandstones in nany uays‘resenbles
the dep051ts of Subfacies Bla in that a wide range of sediment grade is:

present show1ng an equally wide range of sorting and texture.

Poorly-sorted conglomerates are most abundant in the lower portions
of the sequence, they show the widest range of sedlment grade and occur
in thick laterally 1ncon51stent units.’ Sedlment grade ranges from fine
sand to cobble grade, with grain size being skewed toward finer sizes
1eav1ng coarser detritus generally floating in a matrlx of sand and
gravel, The conglomerates are impersistent laterally, and frequently
show features such?as erosion surfaces and poorly'developed cross-
stratification. lhese'are the most variable deposits of the subfacies,
but being predominantiinlthe&lower portion of the sequence they are
unfortunately the least well exposed.

Moderately well sorted conglomerates occur in quite thin sheets,
and are laterally persistent. Small scours may be present on the basal
surface, but larger erosion features have not been observed, other than |
the probability that very broad discontinuities ex.st between adjacent
conglomerate sheets, When such conglomerates are abundant in the
sequence, discontinuities are more readily apparent. The moderate
sorting is apparent as a separation of the coarse and fine modes,

" with each mode being relatively well sorted. The fine mode comprises
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sand with a high proportion of gravel, while the coarse mode is restricted

to pebble and cobble sized fragments.

Well sorted conglomerates occur in the highest parts of the
sequence, and occur due to a considerable reduction in the.finevpobul-
ation. The conglomerates show an abundance of pebble grade material
forming a framework to the conglomerate and supportlng a falrly abundant
cobble population. Sand and gravel, although considerably reduced are
still present., Well sorted conglomerates only occur in relatively
thin sheets, they show no apparent erosive relationships to adjacent
.sediments (or, erosion has occurred over broad planes in each instance),

and ‘individual conglomerates are laterally persistent and consistent.

Conglomeratic sandstones are recognised as fairly thick units -
of medium and coarse sandstone with frequent impersistent conglomerate
strings, and an abundance of gravel grade sediments. In many respects
the conglomeratic sandstones of subfacies Blb are very simllar in
appearance to the 'multlple conglomerate sheets' of subfac1es Bla .
Such a similarity nay be significant as the deposits most commonly occur '
in association with poorly-sorted conglomerates also quite similar to

the conglomerates of subfacies

Sandatones aremalwaya thin; coarsevgrained;~and generally 1aoking
in structurer Thef are most.frequent in association with conglomeratic
sandstones and are either internally massive or show a crude noriiontal
' bedding. Sandstones usually appear to grade from underlylng conglomerates

rather than showing distinct break in sedlmentation.

3. 3(ii)c Interpretation

As mentioned, the sedlments of Subfacies Blb are closely comparable
to those of Subfacies Bl and are thus interpreted in a simllar manner.,

A comparison is con31dered as follows:

»
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Lithofacies 1 - comparabie to some channel and single sheet conglomerates '
of Subfacies Bl,

Lithofacies 2 - closely comparable to single sheet conglomerates.

"Lithofacies 3 - comparable to conglomerates in the’overlying Subfacies

Lithofac{es ur- veryﬂciosely‘comparable to‘tbe‘multiple‘sbeet:conélom-

Xerates‘of Subfacies Bl,

Thus Subfacies Blb is comprised deposits formed in bar-top and
: ephemeral stream channel env1ronments, wlth progressive 1ntroduct10n of
Subfac1es BS conglomerates representlng more permanent bralded stream
eplsodes.

‘Thus in summary the deposits of Subfacies Blb are considered to

have formed due to the vertical accretion of longitudinal)bars ina

 shallow braided stream environment.

v3.3(:)1i:|'.) Subfactes B2a ’ (Pla#ns %C) 37,38) N

3.3(iii)a  Introduction -

| " Subfacies B2a (the Castle Hill Sandstone Formation) outecrops to
the west of Gardenstown Village towards the Den of Flndon. The sequence
is gradational being sandstone domlnated overall but increasing 1n ’

sedlment-grade with rlsing stratlgraphic level.
‘The. sequence has been divided into two members:

a) a lower member dominated by cross-stratified sandstones,

b) an upper member dominated by conglomeratic sandstones.

3. 3(1i1)b Facies Descrlptlon

The lower member conprlses thlck xed sandstone units resting with

: sharp erosive bases, initially on brown siltstones or red mudstones,

but more comnonly (and particularly with rising stratlgraphic level)
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upon previous sandstones, The sandstone units attain thicknesses in
the order of 200 cm max., with cross-stratified portions in the order of

70 cms.

The sharp sandstone bases,are'generally smooth channel-shaped
surfaces and may occasionally show small pebble-filled scours. This
surface is commonly overlain by coarse sandstone or medium sandstone
contalnlng pebbles, cobbles, and often abundant red and brown mudflakes.
Rarely, the basal sandstone portion may sho; flat bedding.

The main portion of the sandstone member con31sts of fine to
medium grained cross-stratified sandstone. Trough and planar cross-ry.‘_s;
stratification have been identifled. Occasional clay drapes occur in
the cross-stratified portions, but generally grain size shows no reduc-
tion until at highest levels where wavy or poor cross-lamination develops.
Rarely, ripple-lamination or climbing-ripple lamination may be preserved
in these highest,‘finest portions. Small scours'infilled by coarse’
detritus have also been recorded in the highest parts of cycles: In many

instances particularly at higher levels in the sequence, convolute-bedding

is common in the cross-stratified portion of the cycle.

| ln the.lowestgportion of the sequence cycles are capped-by red
mudstone or brown siltstone, these deposits being ﬂenerally quite n3331ve,
Desiccation cracks have not been recorded and in contrast to the coarse
fine sediment alternations of Subfacies Ch4 carbonate nodules are

conspicuously absent. At higher levels in the sequence*such fine deposits

no longer occur,

The upper menber contrasts strongly with the 1ower member 1n

many ways; principally, coarse sedlment predominates w1th red medium-

grained sandstones occurring in laterally per51stent sheets and cont-

ainlng’abundant pebble grade conglomerate sheets and lags overlylng
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frequent scoured surfaces.

Cross-stratiflcatlon is rare, being only preserved as planar or
'avalanche front' cross-stratlficatlon infilling deep scours. Beddlng
is in most cases only apparent as pebble and gravel strings, the remainder

appearing massive or irregularly bedded.

Although fine sediment is totally absent from this part of the

sequence, mudflake conglomeratesstill occur, and often with abundant
mudclasts, ( Plates 3.6, 3.7). ,, T

Deep channelling has been observed in one instance displaying

steep cut banks and collapsed, re-worked bank material. C P‘ab 3 s "-)

Interpretation

-

By comparison with modern - alluvial sediments (see Allen, 1965)
the deposits are regarded as being fluviatile in origin, and although
. the existence of '‘cycles' is based on a small amount of evidence, the
apparent fining upwards sequences with coarse and fine-members in
alternation may record the establishment of some kind of channel system
(coarse unlts) and its subsequent burial beneat‘l a floodplain (fine |
units). Such cycles have been considered by many authors and attributed
by Allen (19622 1965;2: Allen and Tarlo (1363), and Allen and Friend

(1968) to factors intrinsic to the fluvial regime, i.e, the autocyclic

factors of Beerbower (1961&).

.The thick sandstones with large scale cross-stratification probably
record the establish'nent of channelled flow with associated basal
'scouring and overlying coarse lag deposits. The sets of large scale
cross-stratificatlon preSumably represent the deposition of bedload
. sediment by migrating subsqueous dunes durma the main flood episode,
while clay drapes and interbeddod ripple-lammated sediment represent

deposition during low flow stages. Ponded-water conditions would
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be necessary for the deposition of thick siltstones and mudstones in

the lower part -of the sequence. Such a situation compares favourably

with that described by Harms and Fahnstock (1965) from recent fluvial

sediments.

Several 1mportant features must be noted with regard to the inter-

pretation of these deposit5°

1.

2,

3.

Initially (lower member) the sandstones occupy distinct channel-

'shaped bodies, no lateral accretion is apparent. Upward fining of

grain-size is not gradual, but cross-stratified sandstones are
overlain by finer ripple-laminated sandstones. For this reason,

the system was prcbably of low sinuosity, and initially comparable

- to the system described in lithofacies association C5 (the West Harbour

Formation). _Where sediment is considered to have been distributed -
by a series of shallow ephemeral channels which eventually choked

to be overlaln by finer 'floodplaln' sedlments.

.

'ﬁith rising stratigraphic level, ripple-laminated sandstones and

siltstones become scarce, and the sequence becomes dominated by
cross-stratified and massive sandstones, At this lewvel, the sequence
is considered to represent the replacement of low sinuosity'ephemérai f
channels by more ncrmal braided channels. There is insufficient

evidence to indicate whether such a system was also ephemeral, but

i,a consideration of succeedlng and preceeding (ephemeral) deposits

would suggest that these also were,

In the uppermost part of the sequence (the upper member) cross- --
stratification is very rare and the sediments show many features
comparable to those of Subfacies Bl, particularly the multiple . .

conglomerate sheet type of deposit. Small 'choked' channels confirm

.
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the local periodic transport of sediment and indicate the ephem
eral nature of such channels, The environment is considered
closely comparable to that of Subfacies Bl where shallow low-'
sinuosity ephemeral stream channels crossed a distal alluvial
fan surface, at times choking and splaying sediment ln sheets

across large 'bar-top' or interchannel areas.

3.3(iv) Subfacies B3 ( Platn |. Q)

3.3(iv)a Facies'Dcscription

Subfacies B3, the Need Haven Conglomerate; succeeds a nreviously
considered Sunfecies Blb.in the Central Coastal Section by rapid
ventical gradation. The subfacies is unlque in the sequence in that
although it is not extensively developed it is domlnated (99%+) by

quartz1te-rich well sorted conglomerate.

- The well sorted conglomerate apparently occurs in one thick
unit, only two thin sandstone units have been observed breaking up
the sequence, The sediment ranges from small boulders to sand, but -
is dominated by conble-grade material.' The paucity of fine grades
ensures that a framework is developed throughout, and this framework
has a minimum of sand and gravel as matrix filling giving the conglom-

erate a high packing density.

As nentioned beddingdis indistinct as sendstones are
extremely rave in the sequence and conglomerate grade, sorting and
texture do not vary appreciably through the short sequence, ‘The
subfacies develops as an extension of subfacies Blb by rapid increase
_in the content of well sorted quartzite-rich conglomeretes common
in the upper portion of subfacies Blb Similarly the subfacies declines
very rapidly and is replaced by suBfacies‘Blcby replacement of the

well sorted conglomerates by less well sorted granite-rich conglom~
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erates and conglomeratic sandstones (further consideration of the

significance of these composition changes is given in Chapter 4),

3, 3(1v)b Interpretatlon‘

Interpretatlon of such coarse gralned deposits is generally
quite dlfflcult as most prev1ous studles of fluvial conglomerates
have concentrated upon systems transporting flner grades of sedlment.
Recent environments in whlch coarse detritus has been transported have
been descrlbeo by cDonald and Banerjee (1971), Martinl and Ostler
(1973), Gustavson (1974), and Boothroyd and Ashley (1975), and it is
readily apparent from such studies that a major difference between
rivers carrying coarse rather than fine loads is the failure of
systems carrylng little sand to develop dlscrete bedforms. In pebble/
gravelly systems longltudlnal bar formation is predomlnant w1th g
coarse loads transported in deeper channels (Boothroyd and Ashley,
1975), while deposition takes place oner bars where competence is
reduced due to a reduction ih water depth.‘Such iongitudinal bars are
large features; but of iow amplitude and therefore result in very low
depositional dips; The lack of apparent bedding in the conglomerates
of subfaoies B5 is consistent with suoh en»origin, as bar development
occurs by clast by .clast accretion, fines neing eventually trapped
or filtering into the small matrix cavities, .Clast supported caonglom-
erstes weculd be expected from such environments, and.the mechanism of
bar development would not be conduéive to the developnent'of e well
defined internal bedoing unless other processes such as lon-water

accretion or flood stage fluctuations in velocity occurred.

The overall consistency of the oonglomeretes of subfacies BS
suggests that flow conditions remained uniform for long‘perioas of -
time, and even when rare conditions permittedvthe deposition of thin
sandstone units a return.to conglomerate deposition apparently mesntr

a return of previous depositional conditions. Such interbedded sandstones
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are presumably a result of low-water accretion processes. Miall

(1977) has noted that a mﬁltitude of 'subfacies' may develop during
low-water stages. Most of these would involve modification of the

baf surface and would consequently leave a record of such in suspension
deposits, minor chénnel developments, bar front accretion, or react-
ivation surfaces. . Smith (1971, 1972) described the development of

low amplitude sand waves forming in shallow watef over bars and
resulting in the development of almost horizontally bedded sands.

The thin sandstone developnents are présumed’to be of such an origin,

3.4 Piedmont Floodplain/Playa Megafacies (c)

3.4(1i) Introduction

Three subfacies comprise the Piedmont floodplain/Playa Megafacies

and are represented by:

%

Subfacies Cla - Crovie Siltstone Formation

Subfacies Clb -~ New Aberdour Siltstone Formation

East Harbour Formation

Subfacies Clc

Sﬁbfacies c2 Cfovie Sandstone Formatioh

Sﬁbfacies'CS

West Harbour Formation

Subfacies Ch - Dundarg Castle Sandstone Formation

Subfacies Cla, b and ¢ are closely comparable in form and
interpretation, but occur widely separated; Cla and Clb separate in
distance, Cla and Clc separate - in time. In the following section
subfacies Cla, b and ¢ have been considered as one broad subfacies,

with specific details added where relevant.

In recent environments, the Piedmont floodplain/Playa situatioa
may be very complex in form, a feature also reflected in the present
examples. 6 Subfacies Cl is considcred to represent the Piedmont flood-

- plain sensu-stricto being quite distinct and remote from the adjacent .




but distant alluvial fan complex. Sufacies C2,'C3 and C4 are complex
in that they are cqnsidered to represent marginal floodplain sites
an@ bridge the gap between true floqdplain and allgvial fanvdeposits.
These latter two‘subfaciesmare regarded in many ways to be similar ,
to modern 'Oueds' (ephemeral stream(chaﬁnels)'and represent the
transport of sediment from the distal alluvial fan on?g/the marginal

floodplain surface,

3.4(ii) Subfacies Cl (la, 1b, lc) ( Platns !.“u)‘?l-s, a1, 1 l&)
Throughout the three représentétives of subfacieSICI, the

sequences are comprised alternations of the fbllowing‘lithéfacies:

(1)  Siltstone,
(ii) Sandstone,
(iii) Lahinated Mudstone,

(iv) 'Wavy-bedded' Sandstone and Siltstone

3.4(ii)a Vertical Facies Relationships

Lateral persistence of lithofacies is perhaps the most striking
feature of Subfacies Cl, a feature which makes evaluation of vertical
sequences quite a simple matter. As shown in the lithoprofiles of
the representative sections (Figs.3.7, 3.3, 3.9 ') the sequence consists
essentially of alternating coarse and fine members. In the Crovie
and New Aberdour examples (subfaciés‘CIa and Clb) the coarse member
consists entirely of interbedded Sandsfones and siltsfoﬁés‘alternéting

with relatively thicker siltstone units,

At Crovie,.the sequence (being gradaticnal from the underlying.
_ sandstone-dominated subfacies C2) initially contains a large amount
of thin sandstone units, whereas at higher levels, namely the Middle

and Upper Crovie Siltstone Members (shcwn in Fig.l.12 ) the litho-

logical content of the sequence is reduced to simple alternations of
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two lithofacies, siltstone and thin sandstones.

Figs. .12, 1§,17,4¢ are typical field-logs from the three
sequences, and they demonstrate that siltstone units are wholly
nassive and very thick. Thin siltstones are rare, but may occur in

alternation w1th thin sandstone developments. Sandstones are flne

grained, grey, micaceous, and always have sharp or slightly erosive

bases. Internally, rlpple cross-lamlnation is conmmn, but may be'

replaced latcrally or vertlcally by massive or flat-bedded sandstones.

Flat—bedding may replace ripple-lamination in graded f1n1ng upward
unnts. Tbe 1n1t1al phase of ripple-lamination may also be replaced
rapldly by clinblng-rlpple/lamdnatlon, again generally in fining

upward units.

The basal porticns of siltstone units frequently contain very
thin sandstone sheets or lenses comparable in form to lenticular
bedding described by Reineck and Wunderlich’ (1968). Desiccation
‘features are abundant w1th1n these deposits and can often be casily
dated as occurring between successive events depositing sand, and
also followzng the deposition of the thin sand sheets or lenses in

the siltstone units.

Although the siltstone portions cf the sequences are regarded
as forning thick units (i.e. 90 to 570 cm in the Middle Crovie Silt-
stone Menber) the removal of part of the gravel beach at Crovie due
to storms indicates that on freshly scoured surfaces internal
bedding is readily discernable, being picked out by either subtle
grain-size changes, or» desiccation events. Individual silt units

were measured to range from 1.5 cm to 21 cm, averaging 5.6 cm, and

are probably a record of individual flood events,
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3.4(ii)b Sedimentation Trends

Subfacies Cla

Lithological Trends

18

The litholgical trends already/ noted for subfacies C2 continue ??

into subfacies Cla., Towards the top of subfacies C2 siltstone is

noted to continue at the expense of declining amounts of croéé-stratified
sandétone'units. In the lower part of the subfacies Cla sequence
siltstone dominates and occufs in conjunétion with minor amounts of
'wavy-bedded' sandstone and siltstone, and small amounts of sandstone
and laminated mudstone. With rising stratigraphic level the wavy-
bedded sandétone and siltstone and laminated mudstone deposits cease

to occur, '

Thickness Trends

Only siltstone units show any significant variation in thickness
with time.  In the lower portion of the sequence average siltstone
thickness is low (c. 30 cm), upon removal of wavy-bedded sandstone
and siltstone and laminated mudstone from the mid and upper parts of
the sequence siltstone thickness increases’dramatica;ly to c. 220 cms.

before declining again to ¢. 120 cm at thé-top of the sﬁccession.

Subfacies Clb

Lithological Trends

In subfacies Clb no vertical lithological trends are apparent
aléhough fhe introduction of cross—strgiified sandsfoﬁes towards the
top of>the sequence does indicate that the Piedmont pléiﬁ inay fxave
. been repeatedly fréversed by smali but persistent channels, The
development of a thick dark laminated mudstone also suggests that

temporary lakes may have developed in more distal floodplain sites,
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Thickness Trends

Temporal variations in lithofacies thickness are not distinct
in the major portion of. the succession (Fig. .10 ) although at
highest levels a sudden increase in siltstone thickness occurs

temporarily.

Subfacies Cle

1ithological Trends

Subfacies Cic shows no temporal changes in lithofacies content
although signifigant changes in abundance of lithofacies does occur.
Principally,'the sequence suffers a coarsening upwérd treﬁd in
which siltstone, initially abundant (59%) is gradually replaced by
increased amouﬁts.of wavy-bedded sandstone and siltstone, and sandstone,

i;e. wavy-bedded sandstone and siltstone 33% to 48% and sandstone

2% to 20%.

Thickhess Trends

The above noted variations in lithofacies content are accompa-

nied by:

(1) a decrease in thickness of siltstone units, .
(ii) an increase in the number and thickness of bpth‘wavy--
bedded sandstone and siltstone, an& sandstone beds,
(iii) siltstone bed thickness decreases from c. 112 cm to
4S5 cm,
(iv) sandstone increases from c¢. 5 cm to 9 cm,
(v) wavy-bedded sandstone and siltstone decreases in thick4

ness from c. 110 em to 47 cm.

The increase in abundance of wavy-bedded sandstone .and siltstone
combined with its decreased bed thickness is accompanied by an overall

increase in its frequency of occurrence.



187

3.4(ii)c Interpretation ($¢¢ Fa,s 3.7, 3.3, 37)

Above the conglomeratic and sandstone sequences in both east
and west sections fine grained sediments dominate and the available
evidence suggests that accumulation took place predoﬁinantly by
processes of vertical accretion. The facies is distinct in the
significant lack of erosive surfaces, the marked depletion of sand .
and coarser grade detritus, the lateral persistence and consistence

of individual horizons, and the predominance of low-energy bedforms.

Subfacies Cla, Clb and Clc are clo°ely comparable to modern
floodplaln sediments distant from a main channel (Pisk 1944 Allen,
196%2 Coleman, 1967), partlcularly in the lowest por¢ions of such
sequences where calcrete developments are a common feature (Chapter 7).
Similar associations of sediment have been described by Allen (19¢6),

a

Allen (197Q) and Allen and Friend (1968) and attributed to overbank

flooding of fluvial channels,

Consideration of tﬁe magnltude and geometfy of the‘seduence
leads to the conclusion that although the sediments may have originated
by processes analogous to those operating on modern floodplains, fhe
lack of channel deposits suggeéts that the sequence may be more
analogous to the less well described but more accomodating Piedmont
plain situation described ey williams (1970, 1973). ' Similar depesits
have been described by Leeder (1972) and observed by Horne (Irish

Geol. Survey pers. comm, 1975) both of whom now favour the latter

explanation.

Basically the fine grain size, low energy bedforms, and evidence
of repeated exposure suggest that deposition largely took.place in
an area quite remote from a main distributary channel. The predom-
inance o% fine grained sediment in poorly-bedded, often graded units

indicates that deposition in the finer portion of each cycle was
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essentially from SuspensiOn fallout (Allen,/%Sa), The interbedded
coarse and fine sediment indicates that the grain size of the
deposits ranges acrossuthe suspended end bed load fields‘of Sundborg
(1956) whilst their intimate interbedding probably indicates the
combination of deposition of suspended load vie a bed load phase.

‘ Ripple-bedding is the most common structure and p01nts to relatively
low 1nten31ty lower flow-regime currents carrying suspended sand
wnile fluctuations in either suspended load or flow velocity at
times leed to the development of a climbing—ripple bedding, or
uashed out ripples. At tlmes current veloc1ty was high, upper flow
regime conditions being suggested by flat-bedded sandstones with

parting 'lineations.

In the coarser members, tne occurrence of mud-veneers over
ripple-laminae record frequent cessation of bedform movement andpl
subsequent suspension fallout from shallow ponds‘or.lakes. ‘Erosion
of such laminae prior to desiccation confirms that flow was |

pulsatory within coarse members.

Sandstones are poor to moderetely well sorted, graded units
being less well sorted than rippled'units. Graded units are also
massive, indicating that nigh"sediment loads mayihave been'dispersed
uwpon the floodplain area, graded massive units being analogousﬁto
turbidity current deposits, although Kuenan (1967) has produced .
sequences shouing‘erosion - current ripple ~ climbing ripple -

silt from the deceleration of experimental suspension currents,

In the present case it appears that sediment laden floodwater
was probably dispersed rapidly in lerge quantities, but was'equally
rapidly ponded. Coarse detritus fell from suspension as a graded
deposit, followed by the suspended silt detritus. Such graded units

are always desiccated as a couplet rather than as individual layers



as may be common with rippled sandstone sheets,

A variety of ripple forms has been identified, ranging from
straight crested asymmefricto linguoid forms, and dembnstrates a
variability of flow conditiohs, but all well within the ibﬁer flow
regime, Oséillation-ripples record periods of shélloﬁ péndéd-'
water, and are frequently preserved in the finest grade sediments,
suggesting that shallow ponded water conditions'may hﬁﬁe prevailed
at times, but the restricted lateral extent of fine deposits.
indicates that.such.areas may have been very small indeed. A

flood event may thus be recorded in several ways:

(1) the flood surge may at times have been a r;pid‘sediment
laden event céusing graded units which were later
desiccated as one couplet, confirming their origin by
one depositional event. Rapid deposition is partially
confirmed by the close association of graded units,
and convolute.hofizons;

(ii) flat-bedded sandstones with parting lineations frequently

| initiéte sandstone units indicating that some flood

events had an initial high velocity, but being spread

out over a wide lateral extent‘the inéreased resistance

to flow caused a reduction of this velocity allowing

suspension fallout and ripple development. This plane
bed to ripple transition has been recorded by McKee et

al (1967), Allen (1971) and Stanley (1968) from modern

flood deposits., Pulses in flow'are evident with repeated

sand-silt alternations, the silt or even mud being

only a thin vencer verifying that fallout from suspension

. was only a temporary event. Climbing-ripple bedding

is uncommon, but does record periods of increased
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suspension fallout, possibly confirming flow variatiohs.
Sandstone and siltstone may alternéte, but may not
“always be related to the same flocod event, as sandstone
ahd'siltstone may be ‘desiccated individually;

(iii) thick siltstone units show evidence of wavy or slight
“ripple-bedding confirming thét'af times suspension
‘fallout was from slowly moving floodwater. Thin mud
lamellae may record stilling of tﬁi; flo;dwater. Thus
\Aeither _repeated flood events, or repeated floéd surges
may be recorded in such thick siltstone deposits. Such
~units are desiccated, but their soft nature prevents

the detailed dating of such desiccation events.

The di;iﬁate prbcésé of desiccation often produced polygonal
crack patterns, aithougb more commonly a small scale ifreéulé;
pattern is evident suggesting that desiccation was édvanced (c.f.
Donovan and Archer, 1975). Frequent desiccation verifies that periods
of submergénéé'and deéicéatién‘alternated. The enQironmental inter-‘
pretation of such deposits wilirpfobably bé clearer with the following

comparison of recent and ancient examples.

3.4(i1)d Comparison with Recent Deposits

Sediments analogous to those described here have been described
. a
by Allen (1966), Allen (197Q), Allen and Friend (1968), and Leeder
(1972) and attributed to overbank flooding of fluvial channels, and

modern floodplains distant to the main stream channel contain similar

. a .
sediments (Fisk, 1944, Allen, 1965/, Coleman, 1967, Coleman et al, 1964).

Although sequences of sediments directly éomparable to those described
are not available in the floodplain literafure, some comparisons may

be made.-

'Floodplain deposits' is a term initially broposed by Allen
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a
(196%0 to separate that sediment deposited beyond the confines

of a channel by a process of overbank flow from the all embracing
term 'alluvium', which is generally accepted to include all aspects

»

of fluvial_déposits.

Initially Happ et al (1940) separated alluvial deposits

into six genetic types:

1. 'vertiéal-accrétion depésits
2:: channel~fill deposits

3, ¢revasse—sp1ay deposits
4, 1ateral-accretion>deposits
5. ,chénnel-lag deposits

6, colluvium deposits

and Fenneman (1906) first summarised these environments and

indicated a major two fold grouping, i.e:

1., lateral-accretion deposits

2, vertical-accretion deposits

(see also Wolman and Leopold, 1957)
a. , i
Allen (lgsﬁp‘snmmarised the literature and strengthened the
above subdivisions and with regard to vertical accretion deposits

_ he recognised:

1. ievee
2. crevasse-splay’
and 3. floodbasin environments,
adding a further depositional site responsible for 'undivided

topstratum' or simply}overbank deposits. A wealth of information

has eyolved since the early pioneers Mansfield (1938), Happ et al
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(1940), and Fisk (1944, 1947) directed their attention towards

Afloodplainydeposits.

Le&ee débosits aré recognised as highly variable‘sediments;
tending to fofm'prismatic‘units parallel to the stream channel. They
are'probabiy the coarsest overbank deposits, a reflection of their '
proximity to active streémichéﬁhels. Fisk (19“4,‘1§47)7notedythat
leQee sediments of the Mississiﬁpi were interbedded cdérée and fine,
:generally éanéy silts being fhé coarseétrsediment; " The scale of
interbeddiﬂg is a functi6ﬁ of flood magnitude, period, and the nafure
of the channel. Suspended load tends to Qéry downstream. Fisk
) (igu7) noted’a~downstream{degrease in sedimenﬁ grade and scale of
interbedding. :ngvall inﬁthe Mississippi alluvial valley inter-
bedding ranges from inéﬁes‘to one foot. A similar scale and t§pe
of interbedding is also described by Anderson (1961). Such a rapid
interbedding'of coarse and fine sediment is widel& reborted; (see
Allén1196é5 and féken ésrﬁhafﬁctefistié of levee tjpé éediments
(see Anderson, 1961, Lattman, 1960, Fisk, iguu, 1947, Shepard, 1956,
Allen 196'42 19652;’.b Sedimentary structures in ievee deposifs are
usually low eﬁergy bedforms, Allen (19611‘: 1965‘/:)“re.cox;ds. sméll scavle
cross-stratification and even laminafion} Levee sedimehts contain :

abundant desiccation cracks;'as aggradatién is'usuélly sloﬁ, levéé

areas being inundated only infrequently.

The interbedded sandstone and siltstone, and the wavy-bedded
or heterolithic lithofacies may be regardea és closely comparable
with sequences of levee deposits in many ways, except in the lack
~of lateral &ariation. In the East Harbour Formation almost 100 m of
sediment contain wavy-bedded developments, and apart from vertical
thickﬁéss Ehéhgés no suggestion of éreater or lesser:proxiﬁity to

an active channel is suggested,
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Flood basin deposits occur in more distal floodpléin sifes,
and represent the long continued accumulation of suspended fine
material from floodwaters. Depoéitiqn is slow, and characteristically
consists of the finest grained detritus available, Fisk (1944, 1947)
describes clayey silts and silty ciays'from the Mississipﬁi flood~-
basins, while Glenn and Dahl (1959) record saﬁéy siité,‘but mainly
silty clays from the Missouri., Many other authors confirm these
findings (sge Bgrnard et al, 1963, Lapp et al; 1940, Andersqn, 1961,

Lorens and Thronson, 1955).

Anderson (1961) described alluvium of the Rufuji River, and
noted two groups of sediment, a coarse deposit of sandy silt and a
fine group 6f‘éilty.clays, which may be comparable to the present

situation.

Floodbasin deposits rafely‘show strong beddiﬁgifeatﬁrés, Fisk

k (19u7)'obsePVed 'thin lamiﬁétions', but Happ et al (1340) cbﬁmehted
that Stratificétién was mainly due to the interbedding 6f crevasse-~
splay sands. Although Anderson (1961) noted a bimodal gréiﬁ—size,
he only detailed thin'sandy 1ayérs; and pointed out that floodbasin
sequences u;;‘to 2 m had been obsérved'with no prbnounced lithological
contrastélr‘siﬁilarly Bernard et al (1963) obsgrved little variation
in’detrital'lithologies in the Brazos River floodpléin; Other |
than the lack of internal stfafifidation repeated exposuré mayvcéuse
extensiyé desiccation of such deposits, particularly in more arid
régioné where calcrete p?ofiles may also develop. Present day
analogies are éomewhaf restricted, as vegetation frequently compli-

cates the significance of any comparisons.

The thick siltstone units characteristic of the Crovie Siltstone
sequence, and commonly recorded in the New Aberdour and East Harbour

sections may be ascpibed to environments similar to alluvial flood-



basins. Interbeddedusahdsfohé“sheets may record the interdigitation
of adjacent coarser environments, for example crevasse-splays, as '
recorded by Happ et al (1940). Sheets of calcareous nodgles,
considered to be a form of palcrefe are common at New Abe£dour and
in the East Harbour sequence, and may be compared with similar
-developments deécribed from recent deposits (Alien,l!&h«, Steel,J'

1974).

Deposits occurring environmentally between levee and fiood—‘
basin or backswamp were termed undiv1ded topstratum deposits' by
Allen (lgsaé-see also Allen and Fpiend, 1968) whep sgch Qverbank.
deposits accumulate in unrestricted areas, 1;e. areas of‘floodplaih

with low relief,

B

. Deposits falling into this cafegory have been describéd\by
Happ et al (1940) from the Rio Crande, by Mansfield (1938) from -
the Ohio River, and Jahns (1947) descrlbed two flood episodes of
the Connecticut River, Other examples worthy of inclusion are:
the Kansas River (Carlson and Runnels, 1952), the Brandywine Crnek
(Wolman, 1955), the Klaralven River (Sundborg, 1956). Ig»several of
these examples, topstratum deposits are fine grgined, but Mansfieid
oﬁ’cit; Jahns (1947), Sundborg (1956), and Wolman (1955) all record
large amounts of fine sand or sandy silt. 'J;hns (19#7) obserQéd

" sediment up to gravel grade interbedded with fine grained detritus.

A repeated interstratification of ébarse and fine sediment is
characteristic of topstratum'deposits formed on topographically

unrestricted flbodplains, where floodwaters are not impeded.

Interstratification similar to that observed in sequences
~ described here has been observed by Mansfield (1938), McKee (1939),
Jahns (1947), and Schumm and Lichty (1963), although the example

quoted by McKee is coarse sedlment dominated.
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The dominance and scale of coarse or fine detritus is related

to several factors, mainly:

~a) proximity to channel
b) flood duration
'c)' flood magnitude

’d) flood load caiibre

For example, coarse units dominate in the Cimmaron River while
fine units dominate in the Connecticut River (Jahns, 1947). Sequences
of bedforms are variable but commonly include small—scale ripple-
bedding asymmetric-ripples, erosive based sand units and desiccation,

all of which are common in the sequences described here.

» Little information is available as to the nature of crevasse-
splay deposits; Happ et al recognised their importance in floodplain
areas, Russel (1954) offered a geomorphological observation, while
good descriptions are given by Coleman (1969) from the Brahmaputra
River. With the lack of comparative information it is difficult to
snmmarise tne deposits, but channellised fiow, andithe introduction
of coarse detritus into fine floodplain sequences may be expected.
Allen (196‘;2 interprets thin sandstones interbedded with siltstones
as distal crevasse-splays, while Singh (1972) describes channel
infilis from the Gomti River crevasse-splays. Considerable proximal-
distal changes are to be‘expected, in the more distal sites the
crevassefsplay mechanism contribuies to the topstrarum deposits, and

may be an integralbmechanism in the production of such deposits.

In areas where channels are rapidly migrating, velocities of
'overbank flow may be rapid, Leopold and Wolman (1957) record velocities
up to 40 to 50 cms. per second, In such circumstances it is apprec—

iable that even thin sheets cf sediment may show the development of -

vpper flow regime bedding, whilst also enabling large amounts of sand



19¢

to be lntnoduced into an otherwise fineigrained‘environment. In‘
such cases interbedded sand and silt has been attributed to crevasse-
splay or levee modes of origin (Allen, 19645 as noted above.

- The repetition of coarse and fine‘beds typical of many over-
bank situations has been widely observed; and attributed to fluct-
uvations in flow during individual floods (Allen, 19553;h

Small;scale’bedforms are typlcal thronéhout,.horiiontal and

“fipple bedding‘are regarded as typical by Allen (19655; McKee (1939)
noted that 80% of the'floodplain sediment of the Colorado Delta was
composed cof cllmblng-rlpple lamlnatlon, the Indus River being. S
similar (McKee, 1966), whllst the Bijou Creek (Colorado) displayed ";‘
over 90% horizontal bedding (McKee; 1967)., McKee (1966) also noted*’”a:u .

eonvolute bedding in floodplain deposits, : N 'y

R S . : E ‘

~Jahns (1947) believed that floods of large magnitude were
rare events (see also Dury, 1971) and that interbedded sandstones in

otherwise fine deposits were a record -of such events, '

It is clear from thls brzef rev1ew\thatvthe siltstone facies
assoc1atlons have features in common w1th nbdern overbank sediments.
Whether such a comparlson is valid is open to question, and warrants
fnfthem‘discusslon.‘ . | |

In all of the recent examples cited, and in ancient analogues
there exists a cause and effect relationship between vertieal and
lateral accretion deposits. Allen.(lgeéb noted that flcodplain |
deposits may be well developed in some cases, poorly developed in
others, but 'lateral accretion depcsits however are common to all *
floodplalns'. In the present example, sediments considered to be

vertically accreted are exposed for an unbroken thickness of 100 m,

- ‘\



and stratigraphical interpretations suggest that this may be up to
180 m or even more. A cqnsideratipn of ancient examples (e.g.
Alieq, 19645 shows flqodp;ain developmentsvconsi;tently under 10 m
iﬂrthickness, and recent analogues only extend this value to about
30 m. Clgarly, thegefore, although the sequence of sediments, |
bedforms and interrelatioqships may be comparable to an origin by
mechanisms common to theyfloodplain envirpnment, the interpretation
must cease aF the méchapism; and a qomparable eﬁvirqnment must be
soughf els.ewhere'. | ; .

The'undéflying deposits iﬁ'eQStern and Qestérn ;ections are
considered to berof alluvial fan origin, and the absence of laterally
accretinglfluviai processes pecessitates thaé our attentions be

directed towards an environment related to such fans., ..
ST T : _ . : S e \\

‘Williams.(L970, 1873) describes two similar regions, one in
Nor£h Africa, the othgr in Austraii;, where thick fine-grained
sequences occur beyond‘al;pvial faps, The climate is semifarid to
arid resglting”in‘predominantly ephemeral processes; braided streams
and debris flowsIhave‘qonstructed the alluvial fans under conditions
of brief high rainfa11.  Inrhis-Australian eiampler(wil}iams, 1975)
Lake'Torfens is the focal point of an internal drainage system, and
beyond the coarse alluvial fan sediments aeolianites (predominantly
seif—duhés) occur aé'aApassage into a thick sequence of éilts;‘ |
clé&s; laminated silts, with local sandy developments. Borings -
(Johns, 1968) have ppqved that at least 80 m of this sediment are
present yet sti;l‘within_lo km of the alluvial fan apex. Calcrete
profiles are recorded in a situation adjacent to the distal alluvial

fan (fan toe).

A more complete description of a similar situation is given by

williams (1970) concerning the Biskra region of the Algerian Sahara.
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A broad Piedmont alluvial plane exists having aggraded by braided
stream and.debrls flood processes, again during periods of high

but impersistcnt.rainfall. .Today extensive alluviation is taking
place in distal portions of the plain by means of sudden flooding.
Sediment is initially carried across‘more proxinal reaches by oueds,
ephemeral strean‘channels. Floodwaters spread out over the Piedmont
plaln surface, often up to 6 m of floodwater may occur, and deposit
thlck’sllts, muds and thin rlppled sands tone sheets. Borings have
Jndlcated that at least 400 m of such fine grained sediment is

present, and st111 qulte close to the alluv1al fan area.

v Fig. 3. ll is a reconstructlon of proflles measured by Williams
(1970) in the Blskra reglon, and these are compared with profiles

measured at varlous stratlgraphlc levels w1th subfac;es Cl.

3.4(ii)e Significance of Sedimentation Trends

i}

Subfacies Cla is considered to record the establishment of

a Piedmont floodplain environment, channellised flow being replaced

initially bf-thin sandstone sheets and units of wavy-bedded sandstone

and siltstone due to channel widening eventually causing floodwater

e

to be deployed in sheet form over the Piedmont surface.

The decllne of wavy—bedded sandstones and s11tstone deposits
probably corresponds to the more dlstal Piedmont plain 'flood basin'

s1tes beyond the reach of the bedload lad°n floodwaters.

Slltstone thlcknees is 1nitially low, because at the top of
subfac1es C2 sequence flow was channellised and therefore 1nundatlons
‘of the floodplaln surface were less frequent in such areas. In the
lower parts of subfac1es Cla sequence, the wavy—bedded sandstone and
31ltstone depos1ts (probably analogous to levee dep031ts) indicate

that floods spread over greater lateral extents and hence although
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flood frequency need not have changed, areas subjected to flooding
are increased and therefore in profile flood frequency is more

apparent.

Due to a small floodplain relief, amall areas of ponded water

. allowed the development of laminated mpdstones, but these decline
at higher levels as the sequence eventually represenfe more and

mofe distal sitaationé where floodplain relief would be much smaller.
In.such regiona, beyond the 1imit-of bedload traﬁsport, siltstone
accumulates in thlck unlts w1th coarse dctritus being introduced

only by very 1nfrequent floods of exceptlonally large magnltude.

Within sﬁbfacies'Clb the interpretation of trends would be
51mllar to above, w1th 1n1t1al prox1mal 31tes belng replaced at
hlgher stratlgraphlc levels by more and more distal floodplain sites.
The development of calcrete is most distinct in subfacies Clb, and
fits well into the above picture. In both Subfacies Cla and Clb
calcrete occurs ln lower parts of the succession, in positions
con81dered here to represent more proximal locations in the floodplain
env;ronment. In such locations condltlons would in fact be more
concucive fo extensive calcrete development (see Williams, 1870).

, At oigher levele only isolate sheets of nodules occur, recording the
more pefmanenfly developed water table rather than the fluctuating

water table to be found in marginal situations.

In sobfacies Clc a much different and_very significant development
is recorded in the sedimentation trends. The increase in abundance
of coarser lithofaciea is considered to herald the decline of the
Piedmont floodplain ehvironment and the subscquenf advance of prox-
imal faciesvover the more distal floodbasin environments. éventually

this trend is completed by the overstepping of the floodplain by -
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“alluvial fan sediments of subfacies B,

Such trends are considered to be recorded in the increase in
sandstone and wavy-bedded sandstone and siltstone deposits, and in

the upwards decrease in siltstone thickness,

| Why wavy—bedded sandstone and s1ltstone units should be
thlcker but less abundant in lower parts of the sequence in situations
con31dered to represent distal floodplain env1ronments remains
problematlcal. ThlS may ‘be partlally explained because of the
.tendency for wavy-bedded dep051ts to equate w1th 1nterbedded sands

and silts in such dlstal 81tes as in subfacies Cla and Clb.

.

Further conflrmatlon of the aggradlng nature of the profile
is prov1ded by the very rapld decllne in the presence of calcrete

' nodules with 1ncrea51ng stratlgraphlc level in subfaczes Clec.

3.u(iii)?‘Subfacies c2

34(111)a Facles Descrlptlon (Plabs (-2 l'3)

Subfac1es C2 occurs faultlng agalnst subfac1es A2 in Crovie

Vlllage, and is comprlsed alternations of sandstone and siltstone.

Slx llthofac1es make up the sequence, 1.e.

v(i)« t conglomerate | )
»(iij flat bedded sandstone ;
‘ (iid) massive sandstone ‘4‘ | ; Sandstone Member
(iv) cross stratlfled sandstone ; »
o L
3 .

(v) cross lamlnated sandstone .
s S Siltstone Member

S N

’ (vi) 51ltstone~

© It was noted in Chapter 1 that subfacies €2 (or the Crovie

Sandstone Formation) is in fact a gradational sequence in which the

‘relative abundance of the above lithofacies is quite variable, and
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for this reason it is difficult to characterise the sequence (although

in Chapter 1 an attenpt has been made in Fig. -9 ).

‘Brief details of the above lithofacies have been given in
Chapter 1 but more specifically the sandstone siltstone alternation
may be as follows: sandstone'units‘are ‘commonly erosively based,
and in lower parts of the seouence may be initiated by relatively
coarse moderately well sorted slate-rich.conglomerate. Such conglom—
erate usually infills erosive hollows, and in isolated examples
shows the initiation of a crude cross-stratification. The erosive

sandstone bases may preserve step~-like erosion surfaces.

‘In the majority of cases the conglomerate portion of each unit
is no ‘more than a thin gravel 1ag overlylng an erosion ‘surface, and
at hlgher levels such lag conglomerates often include cornstonc frag-
ments. Red and green mudclasts are a’ common constituent at most
levels.. Flat—bedded or massive sandstones may occur in thin units
overlylng conglomerate or erosion surfaces the flat-bedded portion
has been observed to preserve partlng lineations of ‘upper flow regime
orlgln, whllst the 1nt1mate assoc1atlon of flat -bedding and massive
‘sandstone may suggest that at times high sedlmentation rates allow

the development of sandstone horlzons with no internal bedding.

The bulk of most sandstone horizons is made up of cross-stratified
'fine to medium grained candstones. The poor exposure almost always
prevents a three dimensional form to be established for this cross-

"stratlllcatlon, but in cheral instances planor and trough forms

have been recognlsed Cross-stratal sets occur as multistorey units,_

i

'and may or ray not be 1nter,paced by siltstone veneers. Gravel and

nud flakes are common addltlons to foresets., Finally a sandstone

unlt‘may.become finer in grain sire, or simply develop ripple ovr

lower flow regime horizontal bedding. Sandstone units are notably
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of asymmetrical channel form, being erosively based, and flat topped,
and laterally show a marked thinning and replacement of cross-~

stratified sets with cross laminated sandstones.

»éiifstones sharpiy everlie'sandstone.units, and may often -
eontaln thin massive or ripple laminated sandstones, Altﬁougﬁ
511tstones are generally massive, a crude horizontal 1amination may '
be created by thin mud laminae, Where mud laminae are most persist—r
ent extensive desiccationfis apparent, and may often be superimposed

upon symmetrical ripple developments. ' -

Calcareous nodules develop throughout the sequence in these

siltstone levels.,

3. 4(#11 )b Vertical Facies Relatlonshlps (Su fj 3. IZ)

As noted in prev1ous paragraphs a s1mple alternation of sand-
stone and 51ltstone typlfies the sequence while 1nternally the
sandstones may fJne or show common sequences of bedforms. Subfacies
C2 1s one of the few sequences at Gamrie suitable for the application
of statlstlcal technlques, and these have been applied, initially

in an’attempt to cnaractenlse4the sequence objectively.

. The tally matrix presented in Table 3.1 shows the number of

upward lithofacies transitions in subfacies C2,

Lithofacies 1 2 3 L 6
1 0 ) 7 5 i 0 22
2 7 0 2 3 11 7 30
3 6 5 0 0 Y 3 | 1s
4 1 1 3 0 12 W 37
5 1 5 3 6 o 16 31
6 8 5 ° 4 22 5 0 m
23 31 13 36 33 | uo 1862

Table 3.1 Subfacies €2 - Tally Matrixn
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The corresponding transition probability matrix is illustrated

in Table 3.2.

Lithofacies | .1 ' 2 K 4 5 6
1 o - 41 .32 .23 .05 0
2 .23 o 08 | W1 | 3 .23
3 33 | .27 0. 0 .22 .16
y .03 .18 .08 0. .32 .37
5 .03 .16 .03 .19 0 .52
6 .18 W11 .09 .5 J11 0

Table 3.2 Subfacies C2 - Transition Probability Matrix

To avoid compllcation, transitlons were only recorded between
dlfferlng llthofacles, i,e. transitions from one 11thofac1es into
itself were not recorded, and this accounts for the zero elements>
in the main dlagonal.- Tran51t10ns of thls nature do occur, but only
w1th1n the cross—stratlfled and siltstone lithofacies. Justificatlon
for‘onlttlng these transitlons is felt to be that although within
the cross-stratlfled sandstones silt veneers may separate cross stratal
sets, this is not always the case, and many cross-stratified sandstone
units may simply be multiple cross stratal sets. Similarly many of
, the siltstones at hlgher levels have been shown to be composed not
of massive sequences, but th1n desiccated units of siltstone which
iﬁ most instances would be?inpossible to log as facies‘transitions;
either due to exnosure or the degree of desiccation rendering them

effectively thick massive units.

The following‘diagran is a facies rclationship diagram constr—
ucted from table 3.2 and shows those transitions having a probability
of greater than 0.2. The starting state of the diagram is facies |
and it can be seen‘that a variety of paths lead back to the same
facies state, indicating clearly that the overall lithofacies

arrangement is cyclic, . .



. ,I Cleefly-the vertical organisation of lithofacies may be complex.

In order to 1nd1cate where variation in the facies transitlons lies,

a predlcted data array and re51dua1 data array were calculated (Table

33and34')

to be conatructed, representlng tran51t10ns whlch are most llkely

These allow a corrected facies relationship dlagram

cess been random.

- to occur after allow1ng for those tran51t10ns expected had the pro-

04

_Lithofacies 1 2 3 i 5 "6
1 2,78 3,74 2.29 4,35 3.98 4,83
2 3,79 5.1 3.13 5,93 5,4y 6.59
3 © 2,27 3,06 1.87 3.56 3.26 | 3.95
y 4,67 6.3 . 3.23 7.31 6.7 8.13
5 3.91 5.3 3.24 6.33 5.62 . | 6.81
6 5,56 7.5 4,59 8.7 7.97 9.67
Table 3.3

Subfacies C2 = Predicted Data Array



. The corrected path diagram shows essentially two basic sequences

Lithofacies 1l 2 3 ) 5 6
1 -2.78 +5,26 +4,71 + 0.6 -2.9 -4,8
2 +3,21 -5.1 -1.13 - 2,93 +5.56 +0. 4
3 - +3.73 - | +1.94 | -1.87 | - 3.56 | +0.74 | -3.59
u -3.67 . | +0.7 -0.23 - 7.31 +5.3 +5.87
5 -2,91 -0.3 -0.24 - 0.13 -5.62 49,19
6 +2.44 | -2.5 -0.59 | +13.3 -2,97 | -9.67
. Table 3.4 Subfacies C2 - Residual Data Array
Corrected Path Diagram ’
4 ——=5 3 \\\\\\A
6 — - > ) > 2 N5
R _/

one loop -from siltstone through cross-stratified sandstone, cross

laminated sandstone back to siltstone; the other from siltstone into
conglémérate flat and massive sandstone into cross laminated sandstone

and then back to siltstone. These two loops are believed to repre-

sent:

N

i) sections through central portions of channels where cross-

stratified sandstone is typicai, and

e
2o
S

sandstone alternates with siltstone,

ey

| - .
sections through marginal sites where cross laminated

Although certain cycles may thus be detected from the lithofacies

relatiénship diagrams, it does not tell us whether the controlling

process was of an independent trials or Markov type. This has been

achieved by applying a )C2 test as described earlier.. Thé»tally

matrix was treated as a contingency table, and yielded a'7(2.obs. of



130.2 against a 7(2 0.05 of 35.17 with 23 degrees of freedom. The
null hypotheéis of an independent trials process was therefore
strongly rejected. Consideration of the sequence as a regular trans-
‘ition matrix with fixed spaced intervals was not attempted in the .
light of Turners' (1974) conciusions that although similar ends may
be;reaéhed, the l%tter method may create large positive diagonal
eleﬁeﬁté leading to considerable variation and unréalisfically large

.2 obs, values.

3.4(iii)c = Sedimentation Trends

Lithological Trends

It was noted in thé étrafigraphical descriptiﬁn of this sub-
facies kchaptef 1) thatAlitﬁofaciés composition varied with stratig-
raphic height. ‘This variatidn was suﬁmabised in Fig. 19  and
) demonéfrétéd clearly‘thét tﬁe foilowing trends occurred with rising

stratigraphic level:

1) | coﬁglqmerate rapidly thins and becomes only a minbr
‘cohstituént. ’
'iijb " flat-bedded sandétbne also declines in abundance,
iii): massiéé—sandstone; cross-stratified sandstone, cross
l;minated sandstbnevand éiltstoneAincrea§e‘in abundance
-téwérd the middle of the sequence,
'iv):‘ cfoss!laminatéd éandééone remains uniform in abundanée‘
 while at higher levels cross-stratified sandstones
rapidly disappear,
v) “'tﬁe decline of cross-stratified sandstone is accompanied
| by 5 marked increase in the proportion of siltstore,

vi) toward the top of the sequence conglomerate makes a

temporary return in several quite thick units,



Thickness Trends ‘

" "-Variations in bed thickness are indistinct in subfacies C2.
As mentioned, conglomerate thickness declines rapidly, but apart from
this neither sandstone nor siltstone show arysignificant temporal

variations.

3.4(iii)d - Interpretation -

-~

Thé simple statistical tests applied to the succession indicate
that a Markov 1 type process contrélled the vertical arrangemenf of
lithofacies, with cycles éssentially comprised a simple alternation
of sandstone and siltstone units in a fining upward order. The "~
1ithofacies content, and their interrelationships comﬁare favourably
with certain aspects of modern and ancient alluvial sequences (see

a C , )
Allen;~196§2, the coarse and fine interrelationship being interpreted

as channel and topstratum deposits respectively.

The erésive sandstone‘bases often shewing ﬁarked downcutting
are cénsiéefed equivalent to the écoured surfacesAofthllen (l?Ggé
19655 éﬁd williams (1968) and are ascribed to erosional processes
operating in the scour pools of stfeam channels (Arnborg, 1958). .

A variable thickness of conglomerate may follow this erosion'Surface,
and discoidal shale and mudclast are often common accessories.  The
coarse grain-size of the sandstones indicates that the streams were
bedload streams (Sundbofg, 1956), the mixture of basal lag conglom-
erafé;(Sundborg op cit, Arnborg, 1958, Williams, 19€8) being a record
of fhe'céarsest bedload available and in transport (Suncborg, 1956, °
‘Happ et al, 19;0). The silt and mud clasts are of intraformational
origin and confirm erosive processes suéh as bank caving and channel-
floor erosion (Happ et al, 1940, Fisk, 1947, Lugn, 1927, Pettijohn
and Patter, 1963) all of which are appareﬁt at lower levels in the

sequence as step-like erosion surfaces, i.e, reactivation surfaces



: e
(Picard and High, 1973 ), providing a record of periodic rejuﬂtnation

ofrefoéion,perhaps as renewed flood-surges. At higher stratigraphic |
levels floodplain erosion is confirmed by the inclusion of cornstone
fragments (Alien, 1960) in the basal lag deposits.

| 'vThe poorly sorted hatﬁfé of sdmevbf‘the thicker)E§sal-éonglomerates
may suggest that in a similar manner to the éhéet;flobd deposits of
‘Eﬁﬁfacieé A2; fhé flbddwatervﬁas HéaQilQ iaden, and tﬁu§ uﬁable to Sort
éhdﬁerode;‘fdcéésiohgily croés;étratified conglomerate forms a base
to cdarée members, recording very high flow-powers (Simons,st al,
1961).”¥Further evidence‘is available as to the bedload character of
these streams, in that the cross-étratified major portion of each
unit was deposited under conditions of net-depositionjbut modérately

a

high flow-powers (Allen, 1968) by migrating subaqueous straight or
curve-crested sand dunes (Ailen op cit.), the lag gravels in many
instances ﬁay,be concentrated due to.backflow in the lee of sich dunes
(Wwilliams, 1968) and not due to declining flow-power. At times sed-

imentation was apparently high, resulting in gravity shearing of

dune foresets (Simons et al, 1961 ,1965)

Sedimentation is often ihitiated with flat-bedded sandstone,
rapidly being replaced by croés-stratifiea sandstones and fiﬁally. |
cross laminated sandstoneg. Such an upward sequenc§<of bedforms
indicates a graduél decline in flow-power from upper flow-regime
conditions responéible for the deposition of traction-load sediments
' .in flaf sheets (Allen, lgséz, or even cross-stratifigd conglomerate,
to bedload deﬁosition and dune migration in the uppef part of the
lower flow-regime (Allen op cit.), prior to the final ripple-migration (‘
‘upon a surface undergoing net deposition at low flow-powers (Allen ’

op cit,). Such an interpretation of declining flow-power is particul-A

arly applicable as no significant decrease in grain-size occurs in



many of the cycles., Breaks do occur within the éandstone’paft of each
cycle,ﬁand are represented by silt-veneers bétween bfbss-Stfatél

sets. At times flow must have béén fépid, but easily béhded‘ik order
to allow susbénéiéh'fallout directly onto the ﬂtneéypfior to a resurge
or following flood event. Some of these silt-veneers have been .
‘desiccated, and the seqhence of: ceésation of flow -  suspension
falloﬁt - desiccation - flood repeat - must be a record of af

least some ephemeral-flow within these channels, .
. M /

' Above ééch éandstoné unit a thick massive siltsténe"uhitiéééhrs,'
its'sharp-bésé Suggestihg a significant‘ﬁreak in sedimentation between
coarse and fine}membérs.. in grain-size the'siltstohekdééoSits ;ange
across the Sﬁspeﬁdéd and bedload fields_(Sundbbfg, 1956) énd?are
fhus C6m§éfable Qith'modérh floodpiain topsfbatuﬁ deposits (Woiman
énd Leopoid,'i§%7)i Lower flow-regime and reiafivélyilbw flow-intensities
are implied and the,tbibk uni form silts have an appearance sim%lar to
‘backswamp silts of the Mississippi described by Fisk (1944). The
lack of desiccation cracks is a problem, but the general absence of

- structure may be due to alternate wetting and drying (Brewer, 1964).

A ;‘Sandétoné and siltstone thickness in any cycle bear no r&%ﬁ}ion-
‘éhip:foseach otﬁer (see Fig, 313 ), and it nayAféilo§ th§t a cause
and éfféct félafionship does not exist. éiitstoﬁe dﬁifs élways re#t
sﬁaféiﬁyﬁ;onbséndstoneé, and are never gradatiéhal from them. Thin
rifpie?iaﬁinated Sahdétohes occur interbedded within the lowef‘pértion
of many of the siltstone units, but no desiccation has been directly
recérded, although it may be inferred from the laék of structure
within the siltstones. Remnants of a thin graded-lamination are
commonly present in the siltstones but never extensively developed.

At higher étratigraphic-levels siltstone units cbmmonly show an gxteﬂ-

sive development of calcareous nodules believed to be the result of



the development of calcareous soil profiles in a semi arid environ-
ment (see Chapter 7). A slowly aggrading soil-profile is implied,
with frequent desiccation.  The inferred ephemeral nature of the

stream system fits well into this type of environment.

Laterally, asvwell as vertlcally, lafge scale cross-stfatiflcation
may be replaced by smaller low-energy bedforms, prlncipally rlpple
cross- lamlndtlon. Sandstone unlts persist laterally for up to
-10 metres, and are notably channel-shaped, with broad, symmetrical,
gently erosive'lower-surfaees, and planar 'horizontal' upper surfaces,
Smaller channels may be infilled by smaller bedforms, whereas
larger channels paés‘laterally-into smaller forms and eventually
may wedge ou; and be replaced by thin impersistent sheets of
ripple—laminated sandstone, the notable feature being the absence

_ of such deposits immediately overlying channel type deposits.’

The mecg;nisﬁ;of chenne;iinfilling appeefs te be oge of pfe-
dominantly veféical;accretien‘ceesed by declining flow-powers,
No evidehce exlsts to suggest that the channels undeiwent lateral~
migration of eny great significance, although the sequence of bedforms,
indieating a declining flow-regime is comparable to.that‘proposed
by Allen (1963) for high-sinuosity stream systems which are regarded
as accreting princiﬁally by lateral-migration. For channel-shaped

sand bodies to develop principally by vertical-accretion weuld

also require that flow in the channels was of an ephemeral nature.

The overall form and relatlonshipe suggest that fﬁe eeﬁosits
are fluv1al in origin, con51sting of both channel and floodplaln
depe31ts repeatedly formed in one section., The shape of the
sandstone bodies, iheir eventual decrease in grain-size-and sequence
ef decreasing-energy bedforms implies a gradually choking stream-

© channel, Migration was probably by avulsion rather than lateral- -



migration, although temporary periods of shspension—fallout
indicate that gphemeral'flow conditions were common, sand’sediment-
ation and avulsion ﬁere not continuous processes as in braided-
séream systemé.v‘Low-sinuosity streams suffer such processes,
but are commonly braided, their deposits being markedly different
to those described."Moody—Stuarf,(lgsé) describes deposits of
low-sinuosity streams with a non-braided form and characéerises

them by:

'a). ;£anneilshaped sand bodies,
b). horizontal tdps to channel units,
th é),.upward-fining nature,
- d) ‘upward decrease in energy implied by bedforms, and
e) typically a lack’of evidence of lateral-migration as .
‘;migration is essentially'downstreém (see also Doeglas,
1962,’Krigstrom, 1962,* Williams and Rust, 1969, Smith,

21970, Collinson, 1970), ..

In such a system, levee-deposits are only ~déveloped laterally
to cﬁannei bodies, and would not be predicted above a channel
.séndétone‘in vertical-profile as they may in high-sinﬁosity stream
deposits. In the present situation the wedging out of channel.
sandstoneszand their replacement by impersistent sheets of ripplé
crgés-laminated sahdstone'is probably ; representation of 1evee7
type deposits forming adjaéent to a single channel.. Interbedded
cross-laminated sandstones occurring within siltstone units may
represent levéé deposit$~of adjacent éhannels developed .at later

stages.

-+ Levee preservation is normally quite rare in low-sinuosity
- stream deposits due to the common development of a high braiding-

“index (Doeglas, 1962, Fahnstock, 1963). The fine sediment is



deposited evenly by spreading across the whole surface, and thus
silt rests upon horizontal upper channel surfaces, channel avulsion
having occurred by widening and shallowing of the channel by
aggradation., Such widening and shoaling would lcad to a suite of
structﬁres representing declining flow-regime comparabie to that
propoéed by Allen (1963). The evidence therefore combines to _:
suggest that subfacies C2 represents a sequence of sediments depos-
ited by the action of small, low-sinuosity, essentially non-braided,

ephemeral-streams.

- The high proportion of fine-grained sediment suggests that
the deposits, although initially conglomeratic and possibly influenced
by aliuvial-fan stream~floods of subfaciés A, were in fact deposited
upon a'surfacé of relativel& low-angle, allowing the fofmation and
preéervation of flood deposits. Similar sequences of deposits
although on a larger scale have been described by Leeder (1972) who

proposed a mechanism of crevasse-splay or crevasse-flooding.

The development of channel and floodplain deposits may be
analogous to that described by Schumm and Lichty (1963) in whigh‘
channel widening oécﬂrs.instead of.channel degradation during early
high-peak discharge; floodplain construction by overbank flow is
performed instead of marked channel-aggradation during later phases
of discharge. -Discharge is considered to be brief, and the above
mechanism would allow initial dune-migration, followed by the
spreading out of ripple-bedded sandstone over larger areas (a model
also largek; éohfirmedvby Williamsg 1970, observations).

- Fine-grained floodplain bank material is known to encourage
channel deepening and vertical aggradation in rééent streams (Schﬁmm

and Lichty, 1963,7w°1man and Brush, 1961), and therefore it follows

-



that the streams traversing the distal fan-slope must have been
of short duration, carrying large amounts of coarse detritus; and
net having time toequilibrate with surroundings. Schumm (1961)
confirms this notion, concluding that ..."the ability of streams
to adjust to varying and ehanged conditions does not apply‘fo
ephemeral streams in channels that are being rabidly aggraded."
Channel—widening in the rapidly deposited non-cohesive sana ﬁeuld

occur instead of éhennel-deepening in the cohesive floodplain-silt,

. The notion that the coarse members in subfacies C2 are
flood deposits, and therefore were not in equilibrium with their
surroundings, may be further apparent from studies made by‘Schumm
(196é2b1968) from which he concluded that the type of sediment
transported‘by a stream influences the character of that sffeam.
Eésentiaily, in fine-sedimenté channelsrwill be deep and hefrow

iﬁﬁébmparisonyto coarser deposits where wide shallow chanhels pre-

vail,

- Schumm (1968) went on to classify stream systems in a manner
enalegous to Sundborg (1956) and concluded that during the long ..
prevegekation period sediment would have been provided at high

rate and bedload-channels would be abundant in many locations.
Fluv1al Systenp would not suffer channel conflnement as in vegetated
terralns, but would be free to,'spread across Piedmont areas' (also
see Stokes, 1950).

3.4(iii)e . Comparison with Recent Deposits

Recent deposits of this nature have been described by Russell
(1954) and Coleman (1969), In the present case a compafisen'with 4
these examples is unlikely as no evidence is available for the

pfesence‘or even proximity'ef a major channel system which would



be capable of carrying such coarse bedloads. The conglonerates
present are quite immature and are closely comparable to those of
the adjacent conglomerates of subfacies A. There is no evidence
of increased transnort, and no evidence of an increased area of

provenence as would be expected with a larger river system.

Conglomerate is comnon et‘several horizons tnrougnont‘the
‘sequence, and“such an abundaneexwonld require freqnent tapping of
the'coarse bedload of a major channel whereas Dury (lé?l)vpoints
out that floods of exceptlonal magnltude are rare events in
modern rlvers and therefore such a mechanlsm would probably be

uhcommon,

A better recent analogue to the present example is the
channel and floodplain deposits of an alluvial fioodplain in Algeria
described by W1111ams (1970) where a gently sloplng dlstal fan
surface is traversed by numerous moderate to low sinu051ty non-braided
shallow ephemeral stream channels which transfer floodwater and
detrltus beyond the fan slope (Leeder pers comm, NOW con31ders thls

a viable mechanlsm for at least some of the Border Group sedlments).

The system is in several ways analogous to the crevasse-splay
mechanism but instead of a major river breaking its retaining bank,
the distal fan surface is traversed by numerous shallow channels
which perlodlcally transfer floodwater dlrectly from more proximal
sites on the alluv1al fan beyond the fan slope, and onto the flood-

basin beyond. -

Such a mechanism would be quite applicable to the interpret-
ation of the present deposits as the evidence available suggests

that relatively large volumes of detritus have been released periodJ
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icaily,’and often onto floodplain or flood basin siltstones.

In many insfaﬁces the medium was so loaded with'detritﬁsithat
erosion couid‘not take place. Floods were prebébly short events
(thin:units, and qurly sorted conglomerate) ahd ahy suceeeding
rﬁnoff was‘incapéble ef any further modification to the conglem-
erate. Fig. 3'3 relates conglomerate and sanestone thickness to
siltstones, and no relationship is apparent. It ie suggested,m
therefore, that the conglomerates of‘fécies asspeiation B are a
logical continuetieﬁ of those in facies association A, which are
probably,eomparable’with the alluvial fan deposits described by
W}lliams (op cit.), }.e. "the gently sloping distgl‘fan surfece".
- The minor channel systems associated with such an environment are

probably recorded in the sandétone‘members of each cycle.

é;u(iiiSf LSignificanceiof'Sedimenfation Trends

uAs noted previously, the presence of conglomerate at‘the baee
of the subfacies c2 sequence may be regarded as’indicatien Qf a
peletionship with adjacent alluviel‘fan deposits. The lithofaciee
abundance trends are censidered to add furtherksupport to the
concept that subfacies C2 environmentally belongs to a situation'
partlally related to an alluvial fan, and partially to a Pledmont

: floodplaln..

The initial presence of conglomerate indicates‘e dee}ipingyy
influence upon sedimentation by alluvial fan processes. The
subsequent restriction of congloherate to channels clearly indicates
that uheetflood processes were replaced by chamnel processes.

The sequence records the lncrea51ng 1mportance of channelled flow
with abundant cross-stratified sandstones. Flow was ephemeral, and

the abugdance of siltstone in alternation with sandstones demonstrates



that slopes were elther gentle enough to allow large scale ponding
of floodwaters (see Williams, lQK)) or sandstone deposition caused
an irregular floodplain relief which allowed ponding of floodwater
in depressions. Eventually, siltstone deposition predominates and
records the establishment'of a more permanent, less proximal flood-

plain environment.

The changes listed‘end'discussed above areAdisplayed'in the
steeply dipping Crovie Sandstone Formatlon at Crov1e, and belng
'steeply dlpplng, the changes recorded are v1rtually vertlcal changes
in facies., Thus the replacement of alluvial fan processes by g
Piedmont floodplain processes in vertical sequence demonstrates
that the alluvial fan (an environment laterally adjacent to the
Piedmont floodplain) was in fact receding and being overstepped
by theirapidly aggrading floodplain, whi¢h was gradually increasing

in area.

Further confirmation of this opinion is provided by the.
distribution of calcrete wiéhin subfacies C2. The developments of
calcrete are considened in more detail in éhapten:7; where a five.'
fold genetic.sequence is'recoénised. The distribution of these
genetic types is illnstraced in Fig. 304 whefevtne fcllowing

points are displayed:

i) immature calcrete is predominant in lower parts of the
sequence,
ii) mature calcrete predomxnates in the mlddle of the

sequence , and

e
e
[ odd
~

isolated nodules in sheets occur in highest parts of

the sequence,

.

The presence of immature calcrete in lower parts of the succ-



ession relate to the areas strongly influenced by alluvial fan
processes where.either run-off or aggradation was in excess of
that requlred for maturation of the calcrete profile. The flood
events of the mid portion of the sequence cover a'greater area of
floodplaln, and therefore aggradatlon is.reduced.’ The area is
frequently prov1ded w1th floodwater, assistlng in generatlng a
fluctuatlng water table necessary for mature calcrete formatlon.
In hlgher 1evels, more dlstal floodplaln sites are represented.
'Here;'fioodﬁater wohld be held for longer periods, and the water
table would be more stable, this environment could only generateet

the laterally persistent sheets of isolate nodules.:

A

Thus several lines of ev1dence converge to support the envir-.
onmental 1nterpretatlon env1saged and help to conflrm that the vertlcal
proflle was generated solely by autocyc]ic processes (Beerbower,

1964)

3.4(iy) Subfacies C3

3.1)

3.4(iv)a Facies Description ( Plates I { ) 3-9, 3-!0'
Sediments grouped into subfacies C3 are exposed only in the
Western Coastal Section at Crovie and Gardenstown (i.e. the Vest
Harhour Formation)., Details of the nature of thcse‘sediments have
" largely heen considered in Chapter 1, ﬁhere a two‘foid snbdivision

ofithe sequence was proposed.

‘Essentially, subfacies C3 consists of cyclic sequences comp-

rising the foliowing six lithofacies:

i) - cross-laminated sandstones,
ii)  flat-bedded sandstone,
'iii) siltstone,

- iv) laminated mudstone,

217



v) ° mudstone,

vi) cross-stratified sandstone.

The lower member is typified by an abundance of fine/very
fine micaceous sandstone in alkernation with siltstone and laminated
mudstone. C§c1es are laterally persistent, with.littlg change
occurring éver 15 m. The units are comprised minor fining upward-
cycles, sharp based sandstane units resting with slight erosion on

previous mudstones.

The cycles may be based by thin intraformational conglomerates,

but generally consist of ripple cross-lamina%ed_fine sandstones
with abundant developments of climbing ripple-lamination. Ripple
develépment varies from well developed asymmetric‘r;ppleé to
ripple-drift, washe& out ripples and climbing ripples. Ripple size
is generally quite consistenf, but may vary with level within

sandstone units, increasing towards the top.

Vertical changes between ripple forms usually occur quite
rapidly, as do changes between lithofacies, for example, sandstone
grades rapidly into siltstone, and mudstone rapidly replaces silt-

stone,

Fig. 315 shows the general form of the sequence, and
illustrates the common interrelationships of lithofacies., Fig.
3.6 allows comparison of the Upper Member. The major differences
are increased unit thickness, and the development of distinct
channel—shape& bodies rather than the laterally persistent levels

common in the Lower Memberp.

3.4(iv)b Vertical Facies Relationships

The most striking feature of subfacies C3 is the simple alter-

nation of coarse and fine units, particularly apparent in the

i8



219

deposits below the West Harbour Fault, and demonstrated in'Fig.

| Although no signiticant relationship exists between coarse. -
and fine unit‘thicknesses, each coarse unit is related to the over-
lying flne unit by gradatlon, coarse and fine units formlng couplets
and belng approx1mately equal in total thlckness in the lower
section (57% sandstone : 43% flnes).A |

313, 34k - , o
" Figs *'A: illustrate “the 'composition' of upper and lower

portions of the sequence and also serve. to illustrate the common

facies relationships involved.

R §

' . The sharp or erosive base, may or may not be overlain by
intrafovmational conglomerate. Approximately 5%'of transitions
1nvolve such mudflake brecc1as in the lower portlon of the sequence,
whereas in the channel-shaped sandstones of the upper portlon of
1tnersequence 80% show tbe presence of mudflakes. Isolated mudflakes
are‘common 1n the lower sequence: nhereas dense mudflake conglomer—

ates are present at hlgher levels.

ﬂ"Flatfbedded sandstone may follow.the mudflake level or the
basal'surface;.but'agahmthis is rare (less than 5%). The most
common deposit in either portion‘of the sequence is ripple—laminated
sand"tone (51% and 61% in lower and upper portlons respectlvely)
Ripple- drlft cross-lamlnatlon 1s by far the most common, and
often aSsoc1ated w1th exten51ve developments of cllnblng-rnpp]e
cross-lamlnatlon (most commonly developed toward the top of sandstone ' }
units).f Occasionally, climbing ripple-lamination appears to cons-
titute the whole'coarse member, but careful examination nsually
indicates a lower sheet of ripple cross-lamination, and either

parallel lamination or further ripple-lamination towards the top.
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Ripplé size has been noted to increase upwards, but lateral
changes in form are most common. The most common variaticns are
changes from ripple-drift lamination to climbing ripple-lamination,
although several examplés show ripple-lamination changing to small

tabular cross-stratified units.

With céntinued fining of sediment grade, ripple-lamination
is commonly replaced by flat-bedded very. fine sandstone and silt-
stone. Climbing ripple—laminétion coften develops a shallower

angle of climb, and ripples may continue into the siltstone portion.

The lowest portion of siltstone units may show ripple-lamination,
but largely shows the development of an irregular flat-bedding.
Thin sandstone lenticles may develop, decreasing in abundance vert-

ically-

Thin rippled sandstone sheets are common in thg lower
siltstone portion of ;he cycles and mimié the major units in ha§ing
éharp bases}but graded tops. In the upper third of the siltstone
portion sand is absent, the siltstone showing a very fine flat .
parallel-lamination, and Qith incre%sing height thé,fingst mud-
1am511ae show a red coloration. Initially such mud-lamallae may
be isolate, but rapidly become more abuhdaﬁt until they eventually

- equal the laminite in importance.

!
The laminite horizon shows abundant desiccation cracks, but

none of these originate from within the laminite unit, all are

infilled by red mud or sandstone depending on the overlying deposit.

Red mud, where present, is the final Capping.té a cycle, but
tends to be rare at lower levels and gererally is restricted to
impersistent lénticular_units. A summary of these relationships

is given below:
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' red mudstone
laminite /

siltstone

flat bedded siltstone »rippled siltstone
washed out ripples.
flat bedded sandstone ..k__h____~_‘-progre351ve stoss side erosion

‘—“___,,cllmb;ng ripple lamination
‘increasing stoss side preservation

fgﬁ\\\\‘-flat bedded sandstone

The vertical elements in this summary are regarded'as the most

ripple laminated sandstone

common transitions, oblique lines represent less common variations.

3.4(iv)c Sedimentation Trends

A

Lithologicai Trends

" Overall, six {itﬁofacies comprise subfacies C3, but és nofedr
in Chapter i mudstone and cross—stratified‘sandstone only occur
- in the upper portibn of the subfacies. Numerically, the occurrence
of siltstone decreases with increased‘stratigraphic level, as does
cross-laminated Sénéione. ‘Laminated mudstone remains fairly con-
sistént throughout the sequence, but mudstone and cross-stratified

sandstone increase with increasing stratigraphic level.

Thickness Trends

Fig. 3.18 shows thickness variations of sandstone units
ihroughout thé seéuenge,4anh demonstrates that in the lower member
where cross-laminafion’pfevails, unit thickness is‘reaSOnably |
consistent. Towards the.top of the Lo&er Member and thr&ughouf

the rest of the sequence considerable variation exists but is asso-

ciated with a general thickening of sandstone units,

3.4(iv)d Interpretation

éubfacies C3 supercedes the previously interpreted flood-

plain deposits in a coarsening upwards sequence at Gardenstown,
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The facies is distinct in the abundance of fine grained micaceous
sandstone with ahundant ripple bedding. Consideration of sequences
Of lithofacies, and arrangements of bedforms leads to the conclusion
that the deposits represent channelled~distribution‘of sediment

‘laden floodwater as a sequence of ephemeral events.

The sequence is characterlsed by a dominance of fine gralned
sedlment (fine sandstone, s11tstone, and mudstone) w1th abundant
sedlmentary structures, malnly small-scale or rlpple cross-lamlnatlon,
. horlzontal lamlnatlon, mudcracks and burrowsib The sedlment and
‘cross-stratal types are 31m11ar to those of modern river sedlments,
‘dep081t10n from tractlon loads be1ng suggested by many structures
(Sundborg, 1956) in the coarser portlons (e.g. flat-beddlng, with .
parting lineations) while the overlying finer sandstones are char-
acterised by structures,indicative'of;deposition from'suspension,
e.g. ripple-lamination. - Such a bipartite mode of sedimentation -
is typical of many}fluvial systems in which segregation of grain-
sizes takes place on the depositional surface as a response to
varying flow conditions, The fine gralned °andstones, occurrlng
1n dlstlnct laterally pers1stent sheets, show only sllght lateral
varlablllty and thelr occurrence in alternatlon w1th 51ltstones
and mudstoncs closely resembles modern floodplaln sedlments 1n
posse351ng proof of repeated submergence and emergence of the
sedlmentary surface, (indlcated by the red colour and abundant ’
ev1dence of subaerlal de81ccatlon condntlons) and alsovev1dence~

of sedlment deposxtlon malnly from suspenslon.

' Close comparison can be made here with deposits described

by Jahns (1947), Happ Rittenhouse and Dobson (1940), McKee (1939, 1938)

McKee,’Grosby and Berryhill (1967) and Shantzer (1951).
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-Further indications of the depositional environment can be
obtained from a consideration of the dominant ripple and climbing
ripple laminated structures. Ripple—lamination forms only under
-relatively weak hydrodynamic conditiors, climbing-ripples developing
when large quantities of suspended sediment are available for
deposition (McKee, 1966°, Allen, 1970k 13971). Ripple-lamination
forms in many modennenvironments but climbing ripple-lanination has
aomewhat more specific implications. McKee (1966) notes that river
floodplains and areas of overbank flow are especially favourable
for the development of such depos1ts as they are capable of »l
providing the considerable sediment supply necessary. As examples
MoKee quotes the.Colorado, Misslseippi and Indns Rlvers.

Although an initial consideration of the available ev1dencef
suggests that the dep031ts considered may be assigned to-an origin
due to overbank flow upon a floodplaln of some nature, a further,
more detailed consideration of the evidence must be undertaken

in order to characterlse this environment more fully.

 As each fining upward cycle has a..lower coanse-member preceding
a fine-member it may follow that each cyclothem records‘the estab~-
lishment of some kind’of channel system and itS~ultimate‘abandonment
and burial under floodplain sediments.* As repeated’ cyclothems are
developed such a constnnction‘hust have been repeated many times
at a given site, The restricted thickness and great lateral extent
of majority of the sandstone horizons does not favour the above
concept in the lower part of the sequence, buf may‘be‘applioable
within fhe upper member where channellised flow does occurs Instead,
for the lower member, tne persistent sheets of sandStone.imply thaf
deposition occurred over wide essentially flat aneas with a’complete'

lack of channel erosion., The initial fining of the sediment,



plus the record of flat-bedding changing inta ripple-lamination is
evidence of varying flow conditions recorded as a change from: :
deposition often within the upéer~f;ow—regime (Ailen,/"? ) to
fdéposition by m&derate flow-powers within the lower flow-regime
(Simons et al, 1965 ), and implies that floodwaters may initially
have been of quite high energy in many cycleg but that flow
rapidly diminisﬁed as deposition from traction loads gave way to .

deposition from suspension.

The éandstone units fine upwards and grade into the siltstone
and mudstone portions of each cycle, no breakéiin this fining
sequence have béen recorded impiying that each fining cycle is-

a record of a single flood event. 'Althougﬂ the- tendency is for
cycles to fine upwards, very thin sandséone sheets within the

lower siltstone portion record the presence of temporary surges,

perhaps repeated flood peaks at a late stage (see Wolman and Lecpold,

1957).

Ripple size remains fairly constant throughout the sandy
portions of graded members, however an upwérd increase in ripple
size.has been de%ectgd in several instances, suggesting that flood
coﬂditipns, although remaining uniform during depositicn of the
majority of the sand‘units, suffered a rapid change toward the
top of the coa;se portion, The upward increase of ripple size
implies that sand deposition may have imposed a restriction on ..
water depth, shoaling of the water resulting in incfeased current
strength and hence larger ribples (McKee,1857,1660).Alternatively
shoaling may be externally éontrolléd, for example, fléodwaters
having poured into a floodbasin.may not become poﬁded and as a
result would rapidly shoal as the waters migrated across the flood- .

basin.” The latter idea is less likely in the present instance as



overlying siltstones record continued deposition from suspension,
whilst laminite and mud sheets record continuing suspension fall-
out from ponded waters.. An increase in current strength as a
result of rejuvenated activity from the sediment source, for/
example repeated flood surges would also cause larger ripple

bedforms. This is also unlikely in the present case as a retro-

gressive sequence of bedforms would be expected in such an instance..

Thus a decrease in water depth due to suspen31on fallout
durlng waning flood conditions is most likely.' Water depth w1thin
the flood ba51n would remain fairly con31stent but relative depth
would be decreased due to sedlmentation in the v1c1n1ty of local
'fluVial delta‘splays' Laterally 1n—phase ripple lamlnae haue
been observed to develop 1nto climblng ripple—lamination suggestlng

rincreased current strength with associated suspension fallout, . :

(Jopling and Walker, 1968 ).

Sheets of ripple laminae have been noted to transformvinto
short impersistent normal planar.'foreset"beds. ‘Such foresets
may be produced as a result of a downstream increase in water
depth, perhaps downstream of a sediment mound. Effectlve bed shear
stress is thus reduced as the rapidly moving waters impinge on .
the slower moving deeper portions causing sediment to be dumped

as foresets (Reineck and Singh 1973) Seueral such'examples

have been noted w1th varying angles and basal contacts of foresets,'

all of whlch vary in response to 1ocal flow-powers (Relneck ‘and
Singh, 1973). ~ Such features as deepening of floodwater would be-
expected‘at the termination of Splayvtyperdeposits where a lindt‘;
exists to the capabilities of sediment transport as ripple sheets,
and would produce sheets of sediment moving as tongues across the

LY

floodplain.
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. The transition of ripple laminae to horizontal laminae again
probably“fornw in ?espdnse to extensive sheocaling of water depth,
:esuiting in a change from lower to upper flow-regime conditions
and a resultant modification of suspension fallout in moderate to
low currents to £ransport‘qf'sediment as a traction load in
deerately high flow;powers. Such trapsitiona are not normally
followed by axteasivelsuspension déposits, and this aapports the .
proposed interpetation. . Such a transition'from>small ripples
to plane bédbpbase ;pf the upper flow-regime usually -involves
a phase'of'magafripples;‘{he generation of mega-ripples apparently
requires a significant water depth of several decimetres to one

metre (Singh, 1972) and the by pa331ng of this large scale bedform

may ‘be some 1ndlcat10n of the shallow water depths 1nvolved.

Vertical changes in cross-lamination within sandstone portions

of ‘each cycle are commonly as follows:

‘a) trahgh éross-iamihafion characterised by incamﬁiéfé'
:breSefvationAof'the ripplé fbrm,‘ |
"to b) cllmblng ripple cross- lamlnatlon wlth tabular form and 1
no preservatlon of stoss 31de lamlnae, - |
fo ¢)  climbing ripple cross- 1am1natlon w1th conplete preserv-

atlon of both stoss and lee-31de lamlnae. o

The final stage (c) is frequently absent, presumably replaced
by the graded portion of the sandstone unit ana;recordiﬁg the{

cessation of sediment supply from suspension.

From considerations of the significance of cross-lamination,
the above menticned sequence is important in its record of increasing
net sediment deposition from suspension which in turn lends credance

to the notion of sedimént laden floodwaters pouring onto a broad,
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relatively flat, floodplaih surface and rapidly depositing their
suspendedbsediment, probably in close proximity to their origiﬁ.
Deposition was probably rapid, many of the cross-laminated sets
examined show the development of straight crested asymmetric
ripples. Bxperimental evidence suggests that straight-crested
ripple-drift structures may have such a form because of the
transitory nature of the flow in which they formed (Raichlen and
Kennedv, l965). The rapld burlal of cllmblng-rlpples could have
preserved the stralght crested morphology preventing the full
development of more complex forms - linguoid etc. (Middleton, 1970).
The ahgle of cllmb of’climhlng-ripple lamination freduently
decreases towards the top of a sandstar:unlt, and as "... the rate
a mov1ng rlpple surface bullds up 1s dlrectly proportlonal to the
rate at wh1ch sedlment is depos1ted on it from an external source"

(Allen, 1971) thls decllne probably records a decllne in fallout
from suspen31on elther due to a genulne lack of suspended sedlment
or an increase in flow-power.y The latter 1s unllkely as such |
portions are commonly gradatlonally overlaln by 51ltstone. Slltstone

depos1t10n was effected 1aflally 1n slowly mov1ng water, although

Ti, b

during later stages thls may have been ponded Mlnor surges took
place cau51ng the temporary 1ntroductlon or remobilisation of sand

into thin rippled sheets,

The dep031tlon”of lamlhlte also records the dep051tlon‘of.the
finest grade sedlment in thin graded units., The numerous sharp
hased 1amihae withih;each bed suggest’that hottom scour and depos-
ition occurred in small discrete episodes, a suitable model being:
a succession of minor ebbs and surges during the course of a major

flood episode. ~ A useful analogue is provided by Larrabee (1962)

s



in his record of the flood deposits of the Shenendoah and

Potomac Rivers, He records over 100 thin laminae 0.1 to 0.5 cms
thick which were deposited in 'not more-than 12 days of flooding'.
The laminife deposition was accomplished prior to any drying out:
of the sediment,'as desiccation always postdates the whole laminite

unit. -

Thus in summary the lower sequence of sediments records a

sequence of:

a) sudden.lncur31on of sedlnent laden floodwater mov1ng
with hlgh flow-power alloulng dep051tlon of tractlon
;loads, - -

b)ﬁ dep031flon‘of sand from suspen51on as rlpple lamlnae,

:c) 1ncreased suspen31on fallout due to reduced veloc1ty

- of flow caualng cl;nblng rlpple lamlnae to develop,

;d); shoallng of water cau31ng 1ncreased rlpple 31zes,

Ve)v con51derab1e decrease of flow-power allow1ng total ‘Sus-

pen31on fallout 1n (at the most) slowly mov1ng water,

! L

) with m1nor temporary surges,

1

-

f) bloturbatlon, exposure ox1datlon, de31ccat10n, and

- g) ‘repetltlon of the above sequence.

* In the case of the upper sequence of sediments of subfacies
C3 sand and siltstone units still alternate, but deeply erosive
contacts and multistorey sandstone units dominate at the expense

of much diminished fine sediment (Fig, D7)

The thick sandstone members represent channel infill deposits,
the elongation of which is only rarely apparent but is confirmed
by the unidirectional paleocurrent data.’ The observed channels

are quite small (50 cm deep, 15 m wide) and are essentially symmetrical
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in form, (see also Stbkés; 1961 ), sediment gfédé;‘ahd”ihférﬁalz
strudfﬁfés.“ Channélé fapéf out'laferall} and'vertiéal waiié’iw
representing cut banks are not observed. Such observations,
togethgr'with the lack ofﬁheterglithic epsi}on cppssfstrgtificétion
(Ailgn, 19655 suggegtzthat'deposition‘of thg qoarée sediment’did
not ocgup‘in channeis with;létepally migrating pointqbarsh(Moody-wv_
Stuart,,;gss) and implie; a lack of high ginuosity meandering

streams but supports the notion of modefatelyflow sinuosity streams.

Channels with an'oQé%all lateral symmetry:brobably'migbated
by:évuiéibh rather than byiéonfihﬁal'shifting.’ Measured channel
sections have a widfh de§th ratio of at least 25:1 and are thus
typical:of'mgdern low s&ﬁuosity eph¢m¢ral streamsj(Leopo;q’andnili
Miller, 1956, Schumm,1961, écﬁgmm‘ggd, Lichfcy, 1963), 1ea
§ituatiqn whgrg)phanpel;pfd?%le pemain§ a‘functigpvpf‘bank stab%l%ty,

confirm that the channels were anabranghes

KA

No evidence §x§st$lto
of aqbraidedusystém,ain fact the mechanism of channelvinfilling‘
cqptra¢ict${$uch a pqt%op;jeven ég this does notfpréélude the
possibility that,flpy Qiﬁhin thglchéﬁnelg may havéAbeeanraided at
times (Leopold and Miller, op cit.), The abundance of desiccation
strﬁctgres;;nd mud\}amipae bet@een hgny:of:the‘gﬁgnng; depdsits, |
confirms the ephgm?ralrgatﬁre of the flow within sﬁch channels.
Sedimehts were subject to desiccation prier to further infilling,
implyiﬁg fhat'chaﬂﬁéi”infiliingmwas éffectéa 5yfquité dié;inéé'i
- and sepérété"flooa episédes‘foiléwed'byypériéds of nérfiéﬁ;’;ﬁafér
must have bééh-ﬁondéd'éé a'finaltSt;gé inléediménéatibﬁ, to allow
tﬁe‘dééééiéioh of mudstones. . | |

Alt_hough cha\f;nel infillings are usuélly confused by the .. .
erosiye'nature of overlying_;hanne; deposits/severai‘exampleé’are

comp;ete epough to confirm’the existence of similar profiles to . :



those developed in the lower section; instead of laterally persist-
ent sheets the sediments are restricted to the broad confines of

channels, s L S

Channel‘symmetry and the concentric infilling together with
the absénce of steep channel walls iﬁplies that channel forms
'wepe_put prior to the depositional phase, The abundance of reddened
siltstone clasts ;lyiﬁg above fhe erosive bases is evidence of the
destruction of cohesive channel floor and walls. Erosion is slight
whep based by mudstone, but quité deep when cutting a sandstone
unit clearly illustrating the ease of which the fine sand could
be eroded in cémparison to the cohesive mud-based channels. -

“Chénhei mérgins‘ére sm;oéh aﬁd‘{apé;iﬁg, éffonély‘suggeéfing
:fhat%thé béhk‘ﬁatérial possessed little reéistance to erosion
. (compare with Leopold andvhiiler, 1956, Arroyos of south west U.S.A.)
spch a”phenomena is typical ;fihigh‘width-depth ratio streams
(Schumm and Lichty, 1963) but is very unusual with regard to the.
high proporfion.of silt and mud forming many of the banks (Schumm,
1960).‘ The réaéon for this is uncertain, but maybbe related to
the epﬁemeral nature of the flow, (i.e. flow duration waé probably
too short for the stream system to.appréach equilibrium with the

environmental controls).

- As channel deposits have a maximum ;hickness of |+4 m they
‘prdbably reflect the lack of significant relief on the floodplain
surface (a feéture implicit in the laterally persistent sheets

of sediment common in the lower sequence). Vertical sequences

. 1
of grain size and bedforms closely follow the nature of the lower

sequence and confirm a decrease in competence and flow-power with

time and suggest that the two sequences of deposits may in fact

be related. - Overall the upper sequence with higher energy structures



appears to be more proximal than the relatively non erosive sheets
of the lower sequence. 1t may folloﬁ,'therefore, that the deposits

are environmentally lateral equivalent facies.

3,4(iv)e Recent Analognes

The nature of recent flnodplain'sediments has been discussed
on pages {90 to!9% and clearly deposits of the magnitude and struc-
ture noted here are notfcommon. The only floodplain environment
contribufing such deposits is thaf wifhin the‘crevasse-splay
cafegory./ Recent descfiptions of floodplain sediments commonly :.
restrict their details of crevasse-splay deposits to purely ..
mdrphological aspects.  Singh (1972) offers the only detailed study
of such a recent deposit, and a'consideration of his results are

D .

of great interest here.

The situétion Singh-describeé consists of a meandering river
subject to seasonal‘flooding.,;Convenienfly for this comparison,
overbank floods provide 'fine sand to silty fine.sand with a very
high proportinn of mica' (compare the sandstones of facies assoc-
iation D - very fine to fine sandstones with a very high percentage

" of mica).

Slngh notéd sandstone units in the order of 20—30 cms thlnkness
,assoc1ated w1th 10-20 cms of 1am1nated mud and up to 5 cm of mud.
Small scale cross beddlng;>c11mb1ng rlpple lam1na+1on and horlzontal
beddlng are abundant. In a number of locations the floodplgln

is transected by channels cutting across the levee. These channels
serve to drain extra water intc floodbasin areas during high water
flood periods, and during flood recession eventually choke with .
‘channel fill cross bedding' (Singh op cit,)as abundant sediment

falls rapidly from susbension, and is combired with a medicum of

bed load. The resulting laminae conform to the shape of the channel
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producing trough shaped channel fills., Such structures may remain
as relative topographic lows and continue to serve as channels
during future floods allowing limited erosion and subsequent

- development of multistorey channel fills,

f ’Sihgh noted further'features interpreted in a similar manner
here in subfacies C5, he considered tﬁat the alternatign of
horizontally laminated sediment and ripple cross lamination recorded
pulsatory conditions of flow., He also regarded upward change from
smalllripple to upper flow-regime plane bed conditions feasible in
very shallow water when:it séems @hat_the mega-ripple phase may be
by-passed. . If fhe analogy with facies association D is close, it
may thus allow an esfimation of water depth, as Singh regards 'very

shallow' as being in the order of 'several decimetres to one metre',

Although McKee et al (1967),Allen\(197i), and Stanley (1968)
recorded plane bed to ripplevtransitions-in modern floodplain deposits,
much of the lower horizontal laminated fine sandstone recorded at
Gardenstown, lacking in parting lineation and showing abundant mica
on bedding planes, may be explained by Singh's suggestion that they
originéfe in sites of feaﬂcéd turbulence és sﬁépension»féliout,
pérﬁéps'ffém sﬁépéhsion cléddé as noted S§ Reineck and Siﬁéﬁ (lé?l).
Tﬁe Séduence ?‘erosidﬁ'- cﬁfrent ripple - climbiﬁg ripple -
silt - has been produced by Kuegg;‘(1967) by the deceleration of

experimental suspension currents..

" The comparison:nofed sbove is feharféﬁlyjéloéé;zéhd may ailow
further intérprététion. It seemé'reasonéble:fhafithe’ioﬁéi hériz-
onfailylbedded units are dépoéited>inilower'éne;gy condiiionénana
ﬁay'recdfd the rapid ihfroddctioﬁ:of %léodwaters. Thevsugéeqﬁentl
deQelopmentvof ripple'éﬂd climbing fipplé‘lémiﬁatién ﬁéy thus record

the flood stage containing the maximum concentration of suspended



load, a stége reéognised to frequently lag behind the maximum water
or bankfull stage (Wolman and leopold, 1957). This consideration
thus allowé bias towards the coﬁcept that flow velocity and sus-
pended load were both variable parameters rather than pne)vanying

at the expense of the other.

3.u(iv)f Sigﬁificance of Sedimentation Trends

In the interpretation of subfacies Clc¢ the re-advance of
alluvial fan processes was considered.to be'recérded‘in thelinitiation
of(a coarsening trend.throughout the subfacies;‘subfacies Clc was
considered to rgcord more and mofe proximal floodplain ehvipbnments
with Higher stratigraphic level. Subfacies C3 continues this trend,
coérsening upward by.means of increésing predominance of fine sand

detritUS."j‘

In the lower part of the sequence, small fining upward units
of sandstohé“predominate and record 'fluvial delta splays' of sand
debouched from a distal alluvial fan surface onto the margin of .

the Piedmont floodplain.

In the upper part of the sequence, the deposits are more
proximal in that the channelled surface is recorded from which the

more distal splays originated.

The developmént of a channel system would introduce a sign-
ificant relief upon the flocdplain surface, and‘may accouﬁt for
the introduction of mudstone deposits by allowing shallow ponded
water conditions to be more persistent than in the more distal
regions. Such areas of ponded water would be more persistent, and
also would be less likely to receive thé repeated inputs of sedim-
ent laden floodwater which produced the laminated mudsfones in more

distal sites.,



- 3.4({v) Subfacies Cu .

3.4(v)a Facies Descriptien ( Plakgs 3“2 3'l3)

Subfa01es 04 (The Dundarg Castle Sandstone Formation) outcrops
exclusively in the east of the Outller and forms part of the fining
Vmegacycle, being 1ntermed1ate between the coarse braided stream
subfacies Bl and f1ne playa subfac1es Cl. o

Subfacies Cu_is.distinct frem its underlying ephemeral
braided strean sediments in that a marked reduction in coarse sed-
'iment is'anparenr; The sequence is comprlsed an 1nterd1g1tatlon
‘ of fine and coarse r"embers (flve fine members and four coarse |
nenbers), see Flg; 3 ‘ﬁ | | R

.-Details of subfacies C4 have already been considered in

Chapter 1, where it was demonstrated that:

i) - 'fine members' are dominated by wavy-bedded finefsand- C e
: stones and‘massine or flat-bedded fine sandstone.-;
Sharp-based units are commen, but erosion is ninimal;<~f
Graded units are common, parficularly in gravel rich
sediments, and overall - sedimentary units shew,great
lateral persistence;
ii) coarse unlts are a direct reflectlon of subfac1es Bl1,

'and need no further detalled con31deratlons.

With subfacies Ct several forms of cycle are commonly repeated

in fine-members, these are:

i) . desiccated very-fine sandstone or siltstone
.. wavy-bedded fine sandstoneﬁ,;
‘-;-, massive sandstone

lag-deposit of granules or gravel -



“slight erosion, *

i1) - desiccated siltstone
cross-laminated fine-sandstone
cross4stratified medium sandstone
| Verosion -
iii) gravel rlch coarse sandstone (floatlng gravel)

massive coarse to medlum gralned sandstone

sharp non—eros1ve base

‘ Lateral persistence is a common feature of subfacies Ch
sediments in all cases except cross-stratified units, which show
the development of broad shallow channels. A flnal type of depos;t,
also belng of channel form, is of ma831ve sandstones w1th abundant

'floatlng gravel and granule grade materlal._'

: Throughout the sequence, cycles are thin and laterally pers-"
istent. - Rlpple-lamlnatlon is the most frequently observed structure,
formlng within wavy-bedded: f1ne sandstone units, These wavy-bedded
sediments are comprlsed up to u cm. unlts of crudel& ripole-drifted
fine sand, culminating with very thin veneers of very fine sand or

51ltstone (see Flg. ER 2° ) Occa51onally symmetrlcal rlpples,

w1th 311t veneers, are preserved w1th1n these wavy—bedded unlts.

Gravel and granule strings‘up to 2 cm. thick are common
throughout the sequence, often persisting laterally for up to

4 m.” Small erosive scours may be present in such units.:

[

3 H(Q)b Interpretatlon »4
| The reduced grain 81ze low energy bedforms and ev1dence
of exposure and de51ccatlon comblned w1th the 1ack of ev1dence of
exten51ve channelllsed flow and eroslon suggest that deposxtlop“

: occurred in areas remote from dlstrlbutary channels. The pre-



dominance of fine-grained, often graded sediments, and the abundance
of ripple-drifted units with fine sediment veneers suggest that.

. _deposition occurred largely from out of suspension,

jl The predominaﬁcevof low eﬁergy, bedload, transport structures,
points to abundanf low intensity, lower flow-regime currents carrying
large amounts of bedload sand probably fer reasonang lengths of
tine., Eventualmfine veneers confirm suspeqsion fallout from ponded
‘waters, Sevéralwéxamples of thicker silts imply more extensive
.but still ephemeral water bodies,'as_the silts are invériably
desiccated. Oscillation ripples record periods of éhal;ow'wate?.i
e The sediments éfe.inmﬁéﬁy ways anélégdﬁégto the:éédiﬁénté of
subfaéies Cle ; énd'éfe‘coméa}éblévt§iéedimenté deééribed.by mdny |
‘authors (Allen, 1966, Allen, 19702 Allen and Friend, 1968, and
:Léeder, 1972) and interpreted as overbank deposits. Modern flood-
plains do;qohtgiﬂMsuch sedimepts,sbut,generally in levee pésitioné
‘(Fisk; 194y, A;;en,:lges, Coleman, 1969, Coleman et al, 1964);
pages }ﬂfitthﬂ?‘havgwa;ready cqnsidered‘%p'dgtail\somg aspe¢ts

of such environments,

[

’V'fﬁrohghdut the sequehce Small channels are in‘évidencé,’but.‘
are rééarded as being too small to ke éolely respoqsible for thick
itlevee' type deposips.§ A detailed consideration of such channels
iﬁdiéétéglthaéiiﬁ ;;rlybétages of development higﬁ energy'bedformé
iafé ﬁresehf, Sﬁt are rapidly replaced by lowienergy ripple-lamination.
Thus, just as ih subfacies Bl, chaﬁnels only transborted ephemeral
flood‘evepté.éndvqéfe eventua1ly choked with sediment. At times
f;ood events'Qerevapbarently,heavilyAladen with sediment, channels
being infilled with very poorly-sofped’gravel-rich sandstone, the

gravel occurring floating in medium grained sandstone and indicating

236



a distinct lack of feworking, and certainly the absence of a trac-
tional phase during deposition. It is prcbable that such deposits.
result from thehrabid deposition from suspension from highly :

concentrated sediment dispersions.

{
It is considered .that the ephemeral flood events recorded in

subfacies Bl eventually reached the Piedmont floodplain/Playa

and spread out almost in delta.fashion as an apron .of sand around .
the distal portion of the alluvial fen (a feature commen'in modern
playa environments, see Cooke and Reeves, 1976). .On the whole/e
floods dispersed as sheets of sediment laden Qater depositing éhick
units ofvwavy—bedded sediment in proxiﬁal positiqne.u Occasional
channels served to transfer much of this water and sediment into
more distal locations, and probably choked with sediment during each

event. ;

Ih‘fhis:ﬁanﬁer the vertical accretion deposits of subfacies
C4 are logical predecessors of the rippled sand sﬁeets common in'
floodplain sedimenfs,ef subfacies Cl,and in particular Clb which
record the eventual transfer of floodwater to more distel flood-
plain sites where suspended sediment.predominates over bedload

material, ¢ -,

3.5 Lacustrine Megefécies D

3.5(i) Subfacies D1

3.5ti)a. Intreductioﬁ

| ‘The Flndon Flsh Bed of Mlddle 0l1d Red Sandstone age,
feéresents the only “true Lacustrlne incursion 1nto the Gamrle
Outller.: Its undoubted faunal correlatlon w1th other horlzons
regarded‘as 'Achanarras leestone' equlvalents.makes 1t presence

one of great 1mportanee.



Paleogeographically, the Findon Fish Bed provides evidence |
of the exten51on{of the Orcadlan Lake durlng earLy Mi ddle Old Red

. (’311 ,
Sandstone times/, but the nature of the flsh-bearlng sedlments

implies that a marginal site in this lake is most‘probably at.

Camrie,

3.5(i)b bacies Description”

" The Findon Fish Bed, as its name suggests,.outorops'prlmardly
in the steep east side'of.the Den of Findon (Plate 1122 ), At
present this outcrop is heavily vegetated and rapldly worsenlng.l
In1t1ally Prestwich (1838) was able to trace this outcrop into
. the nearby Pishlin Burn, whilst the Geological Survey (1890)
recorded grey mudstones in the Cushnle Burn and near South Cushnle;
Of these latter localltles only very weathered plant—bearlng grey
mudstones have been extracted from a farm dltch at South Cushnle

during the present study.

The nature of the Flndon Fish Bed sequence is 1llustrated in
Flg.'B 2J « An 1rregular surface of the Lower Flndon Conglomerate
forms the base of the sequence, with irregularities up;to 45 cms
in depth infilled by greenish silty gravels, and red siltstones'
(Plate‘-ilci) Ma331ve grey mudstones follow the initial coarse
dep031ts (Plate !115 ) and in places rest dlrectly upon the Lower
Flndon Conglomerate. These grey mudstones are 1aterally per81stent
and‘conslstent ln.forn; but are overlain.locally by a thin massive
grey-green plant»bearing mudstone. Overvmost ot the outcrop the

,grey mudstones are overlain bypmudstones with’a'poorly developed
fine lamination, which in thin section proves to be composed of
2organic rich carbonate-clastic laminae. At this same horlzon,
nodules become abundantly developed, ranging from 3 em to 40 em in

dlameter. They are generally oval in shape, and often contain fish

2 5 enles
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remains. Other concretionary forms ex1st, generally long tubular
forms up to 50 cms in length and up to lO cms in dlameter. The

latter forms "are apparentlj unrelated to specific organlc remains,

The lamination poorly preserved in the host sediment is
excellently preserved within all nodules at this horizon, although
generally expanded and often deformed by extensive carbonate re-

crystallisation and development of cone-in-cone structures (Plates’

The nodules are arranged along specific levels, rather‘thanb

being randomly disposed within the sediment,

.The abundance of nodules decreases upwards, and the presence
of lamination in the mudstones disappears. The laminated mudstones
are reblaéed by maSSlVe‘grey;green hudstones, which over much of
the outcrop have subsequently been exten51vely reddened below the
overlylng Upper Flndon Conglomerate. Wlthln this reddened sedxment

alcareous nodules are abundant, and in thln sectlon the carbonate
shows dlspla01ve textures comparable to nodules developed in lower
’parts of the Crov1e Group sedlments and 1nterpreted here as belng

calcrete developments.

The Findon Fish Bed is sharply overlain by the Upper Findon
Conglomerate, which oyer_the small outcrop available shows consid-

erable downcutting relationships.,

H

3. 5(1)c Integpretatlon

€

The sequence, although quite short, shows significant

phases in its development. These phases are illustrated in Fig.

‘é.Zl‘,"and clearly record:



i) rapid establishment of marginal Lacustrine sediment-
ation initially incorporating alluvial gravels and

local plant debris;

ii) Lacustrine cénditions became better established with
the development of grey siltstones and the eventual
'typicai' ;arbonate-organic-clastic léminites forming
in deeper water, now best preserved in fish-bearing

' noduleé§ | | |
iii) the Lacustrine environment was subséquently ébandoned,

~ the siitstones being extensively oxidised and reddened
in thé upper portion of the sequence. Existingygarbon-
ate material was re-mobilised at this sfage and assisted
in the develépment'of nodular calcrete;

'iv)  alluvial fan sedimentation returned to the area.

{‘”Throughout tﬁe:ﬁoféijirth Basin anrexpansion of the drcadién
Lake dﬁring_Middle Oiq Red Sandstone times is evident. A major
extension of the‘lé#e érea is appareﬁt at fhe»'Achanarras' horizon
‘when the area qoverea by the lake extended certainly from Gamrie
;fo:fﬁe Bléck Iéle, through Caithness, Orkney, and at leaét into

Shetland.

., During this expansion, two major types of sediment developed,

(Donovan pers. comm.):

i) - dark grey 'deep water' carbonate laminites,

"and ii) - grey and greenish grey 'shallow water' flagstones.

Outside Qf.Caithness the Tarbet Ness and Clava regions appear
to have suffered the greatest inundation, bearing record of deep

water Lacustrine laminites.
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Infrequent inundations are more likely to have occurred in
Shetland, Edderton Burn, Tynet Burn, and at Gamrie, as laminated
deep water sediments are not evident. Lamination does exist to
some extent at Gamrie, but not to the extent of the true deep

water laminities of Caithness

A striking feature of such inferred marginal sites‘is the.
common development of abundant, and often@qulte’largei_carbonate
nodules, At Gamrie, the bulk of the Findon F1sh Bed is non-lamlnated
but a distinct carbonate-organlc—c1ast1c lamlnatlon is well
developedvln fish bearlng nodules and also poorly;developed in

:surrounding;‘sediments. (i-u. Plakr - l4-) '

»

It would appear from the presence of such 1am1n1tes that
perhaps deeper water condltlons than at flrst apparent were 1n
existence at Gamrle. Paleogeographlcally, such a conclu51on would
hold great 31gn1flcance, and 1t is therefore most 1mportant that
the diagenetic history (particu1arly the early diagenetic processes)
be considered as a neans of preserving or destroying such organic

laminae.

4Thu or1g1n of the Lacustrlne lanlnated sedlments hasvbeen
con31dered in some detall by Rayner (1963) and Donovan (1972), who
‘concluded that w1th deepenlng of lake waters, permanent stratlf-
icatlon would develop, allowlng an upper layer (eplllmnlon) warmed
by the sun to separate from a lower, cool, dense layer (hypolimnion),
The epilimnion is photic and life supporting, whilst the hypolimnion

is darker and oxygen depleted.

‘Carbonate dep051t10n is 1nduced in the eplllmnlon by photo-

synthe31s1ng algae w1th seasonal algal bloows 1ead1ng to increased



photosynthesis, 'a rise in pH, and carbonate precipitation. Upon
death, the algae sink and accumulate as organic matter on the lake

floor along with a continual or sporadic influx of clastic material,

In the warmer lake margin sites an ipcreased activit& of
photosynthesising algae would be expected, and greater'amounts of
carbenate would be produced than in the cooler, darker, deeper off-
shore waters. In Caithness, lake margin limestones may in fact
reach 3 ﬁ. in thickness (Donovan pers. comm.);

The absence of a hypollnmlen in sucﬁ eites is attested by

T4

the absence of organlc lamlnae, and the frequent destruction of

any orlglnal lamination by birdseye structures formed by gas
bubbles resulting from the decay of organic matter.
In the Gamrie Fish Bed and other nodular fish bearing horizons

of the Orcadian Basin, vertebrate organlc materlal 1s generally

preserved with excellent and often three dlmensmnal detail.

. For the excellent preservation of organic matter in sediments,

the organism must have been introduced very rapidly into a reducing
environrent; - Perhaps at this very early stage a hypolimion may
have been developed at Gamrie, or, tﬁe sediment/water interface
elosely corresponded to the 0y/H,S interface of kreici—Graf (1963),
providing enough oxygen for algae to flourish above the sediment,
but'etill allowing organic material to be rapidly introduced into

a reducing environment within the sediment.

Oxygen would be rapidly depleted within the sediment whilst
the amount of CO, would increase due to energetic bacterial activity

(Strakhov, 1969, Berner, 1968, Lalou, 1957 and Sisler, 1962) support

this notion of carbonate precipitation assisted by the action of

42
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sulphatelreducing bacteria. and note the early development of

sulphide minerals.

There is at least some support for this hypothesis at Gamrie

in that early diagenetic pyrite and marcasite have been recorded.
’ Galena hasibeen recorded by

. Prestwich (1 833-) s nut has not been identified during
'thisvstndy. Marcasite crystallisation would reguire apHh 17,
lower than pyrite, and pre carbonate precipitation. Berner (1969)
fegards mancesite es a late'forming mineral, certainly post carbon-
ate. In the present instance its displacement of laminae is fegarded

- S, ) & g -' . .
as evidence of a pre-compaction origin,

Overall, within the sediment, C02‘accumulates and calcium
is retained as a bicarbonate. There is some contention over the
release mechanism of such carbonate. Increase of temperature or
decreasing pCOy could help te liberate CaCO3, but in the vicinity
of decaying organic matter thevliberation of ammonia or amines
would allow .a local pH increase. This wouid then allow either
direct precipitation of calcium carbonate (Strakhov, 1963) or
the formation of calcium fatty acid salte which could then at ai
later stage be converted to calcium carbonate ( Berner, 1971).
Studies in recent environments have shown that the pﬁ may be increased-
to approximately pH 8 within 6 months, with the formation of

adipocere (a calcium fatty acid) within as little as 10 years.(Weeks 1957).

The local enrichment of calecium carbonate would lead to

the rapid accumulation and crystallisation of calcite with further

carbonate rich interstitial fluid diffusing towards the organic

remains.
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The nodules in the Findon Fish Bed frequently show an internal
septarian fissuriﬁg implying that the outer\regions crystallised .
flPSt, the crystalllsatlon and contractlon of the inner materlal
occurrlng sometime. later, ThlS mechunlsm would allow good pres-
ervation of organlc remalps by prov1d1ng 1mmed1ate protection

against compaction (whllst also supportlng the adlpocere replace-

ment concept).

Hence a mechanism for the preservatlon of both vertebrate
remains and finely dlspersed organlc matter seems feaSLble but
wholly dependent in thls 1nstance on the early dlagenetlc env1ron—

ment. .

- The crucial question which canndt be answered from the present
study is whether organic laminae can develop significantly in
marginal sites, ofvwhether in fact they may commonly develop but
are not usually preserved, An answer tc this question will allow
greatef speculatioﬁ as to water depth and area of fhekdrcadian |

Lake,
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PART B - Rhynie Outlier

3.7(1) Introduction
| Although the sed;mentologlcal 1nterpretatlon of the Lower 014
Red Sandstone sedlments of the Rhynle Outlier would be an 1mportant
‘contrlbution towards the reconstructlon of the early Devonlan paleo-
geography of north eastern Scotland, such an evaluatlon 1s considerably

_hampered by 1nadequate‘exposure.

"~ The remainder of this chapter is an attempt to summarise and
interpret the sedimentology of the Rhynie Outlier. As the available
’ev1dence is prov1ded by an extremely small portion of the total
sequence, the resultlng conclu31ons must be open to speculatlon.

In many casesdlnterpretatlon has been made by comparlson w;th sed—

1ments of the Gamrle Outller where greater exposure has allowed a

more reallstlc comparlson w1th recent llterature.

- In comparison with the previous analysis of the sediments of

‘the Gamrie Outlier, the Rhynie sequence has been subdivided into

the following five subfacies (tabulated in stratigraphic order):

Dryden Flags and Shales Subfacies C§

Quarryhill Sandstones: - - Subfacies Bu-

" Tillybrachty Sandstones Subfacies Blc

BT Lower Red Shales . .. Subfacies Cl1d
' Basal Conglomerate Subfacies Au4

3. 7(11) Subfacies A4 : Basal Conglomerate

A}

As 1nd1cated 1n Chapter 2, the basal conglomerate is not
exposed naturally in the Rhynie Outlier although minor excavation
and augering have provided small samrples and confirmed its presencc.

In all of the few available sites, the Pasal Conglomerate has



consisted of a pebble/gravel grade conglomerate comprising essentially
very local Dalradian senﬁ-pelitié énd psammit%c schist.: Very

little sand grade material is pfesent within the conglémerate,'

and in appearance the deposits are closely comparab}e to much of
subfacies A2 and A3 (érovie Conglomerate.and Middle 01d Rgd Sand—
stone Conglomerate) at Gamrie., The Gamrie deposits have been
interpreted as alluvial fan sediménfs;'deposited essentially by
‘sheetflood processes. It is possible that the basal deposits at
Rhynie are also of this hature, but the limited evidence available

prevents a more specific interpretation,

3,7(iii) Subfacies Cld (Lower Red Shales)

The deposits of Cld are assumed to follow subfacies A4 in all
parts-df the Outlier, but as with subfacies Al they are at pfesent
vefy poorly éxposed. Minor excavations have also provided.much
less evidence.than’for @4. As far as can be established, subfacies
c1d cons}sts largely of reddish brown éiltstones, with occasional
quiteAcoarse structureless sandstones. The Geo;ogical Survey
recprd calqareous nodules, and one excgvation du:ing the pfesent

study has produced small reddish-brown calcareous nodules.

Clearly on such scant evidence interpretation is difficult,
but in geperél form the sediments are comparable to parts of
subfacies.Cla and Clb at Gamrie. If such a comparison is reasonab;e,
. the sedimgnts‘qf subfacies Cld may represent a relatively stabie
Piedmontufloodplain, occasiongily inundatea by ephemeral sheet v
floods, but generally with a low ;ccretion rate conducive to the

deVelopment of calcrete nodules,

3.7(iv) Subfacies Blc (Tillybrachty Sandstones) °

4G
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3.7(iv)a Description ( ﬁjs 2.3,2.4: Plate 2") '

The Tillybrachty sandstones (see Chapter‘2),'although only
poorly‘e#posed over a short sequence, displéy many‘feafurés compar—
‘able with those already included in the considefation of subfacies

Bla (The Dundarg Castle Conglomerate) in the Gamrie Outlier.

The‘sediments are coarse, with cobble‘grade conglomerates being

- common iﬁ lower portions of the sequence. Lateral and'vertical‘
facies variations are significant and although poor exposure prevents
the chapacterisation of the sequence iﬁ terms of specific lithofacies,

many distinct features are apparent.

-

' Erosion surfaces are distinct and lateraily persisténtkand'
small chamnels are evident, infilled by cobble/pebble/gravel grade
.detritus. . The bulk of the sequence is made up of poorly bedded

thick pebble/gravelly sandstones.

At higher étratigraﬁhic 1eveis, the conglomerate‘cdmponent
declines and is replaced by abundant cross-stratified sandstones
with thin mudflake conglbmerates. Siltstone veneers may occur

locally, but are never persistent.

3.7(iv)b‘ Interpretation

The predominance of coarse grade sediments, fbéquerit erosion
‘surfaces, butflack of distinct stratification makes the lower part
of the Tillybrachty;sequence quite comparable in form fo'Subfaéies
Bla in tﬁe Gamrie Outlier. The environment is envisaged as one
where small, péssibly ephemeral channels, crossed a distal alluvial
fan surface. The coarse sediments accumulated primarily by verfical
accretion in interéhannel areas as thin 'sheet flood' episodes |

submerged the majority of the fan surface.

Unlike subfacies Bl at Gamrie which is considered to grade intoi



‘adistal fan Piedmont plain, the Tillybrachty sandstopes show the
presence of more permanent, relatively high energy processes within
higher levels, Clearly, although ephemeral evenfs maj have
existed during the earliest history of the deposits, they were
certainly nét maintained. Instead, the increasing abundance of
cross-stratified sandstone units, although initially small, confirms
the existence of an environment where large quantitiesléf sand weré
.transported as small subaqueous dunes, Even sd, flow was clearly
variable as thin silt veneers indicate periods when fine sediment
was deposited from oqt 6f suspension, The presence of even small
aﬁounts of mudflake conglomerate suggest that the river system was'
aétively re-working its floodplain, a feature very common in modern

braided stream environments.,

The interbedding of vesicular lava and sandstone noted in
Chapter 2 implies that contemporaneous volcanic activity existed
within the Caledonian Highlands and poured thin lavas onto the

Piedmont plain.

The apparent introduction of sediment transport as subaqueous
dﬁnes mixed with evidence of channelling strongly suggests that
the fluvial system was becoming more permanently established, and
possibly shallow and braided in form. Such an environment would
occur in felatively distal alluvial fan regions. The intimate
relationships between such a system and volcanic rocks may imply »

that transport occurred axially along a valley or depression,

flanked possibly by subfacies A4 and even Cld, and also thus within

easy reach of Highland volecanicity.

248
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.3.7(v) Subfacies B4 (Quarryhill Sandstone)

‘3. 7(v)a Deocmgtlon (-ra, 2. b : P(“b X~7s)

Due to its former use as a bulldlng sione, the Quarryhlll
Sandstone provides quar;y.éxpOoures at several 10ﬁa11t1es and
levels within its seqﬁence. These are detailed and summarised in
Chapter 2. The sequence shows significant changes throughout its

. development, which may be summarised asffollows:

‘ (ij § The lowest dep051ts are dominated by thlck ma351ve

{‘and (more - rarely) cross-stratlfled sandstones w1th
Occasional fine Séndstones and thin gravels, Channelling
is apparent, but on a large scale (up to 1.7 m deep

“and at least 30 m wide).

(ii) . :At higher levels, distinct persistent siltstone horizons
occur and show rootlet horizons and bufrows. The
éandétones no‘longer éhbw éistinct channel forms,
ekcept when deép erosion occurs with a subseQuént'infill-
‘ing of coarse mudflake conglomerate. |

(iii) Towards the top éf the sequence cross-stratification
is qﬁiteAra;e, bed thickness is much feducéa, and

massive sandstones predominate.

3.7(v)b  Interpretation

. The lowest portion of subfacies Biis a direct reflection of
the trends apparent in subfacies Blc and interpreted as showing the
developmehf‘of éhaliow braided cﬁannels. In the Quarryhxll Sandstone
sequence, such braldlng could have existed as the dep031ts are comp-
arable to recent braided syotems diSﬂussed 1n'nore deta11 1nl

Chapter 3.

.Unfortunately, the destruction of floodplain material is often .



regarded as typical of braided stream systems (Dceglas, 1962),
and althduéh the lowest deposits show very little fléodpléin se&-
iment, (buf do contain mudflakes as confirmation of erosion of
floodplain or bank material) the higher deposits do show well

developed floodplain sediments.,

In highest deposits, efosion of floodplain material is
*occasionaliy.exérémé; but overall with increasing level the chapces
QfAfloodp;ain pregeryation are very good, and in most instances
flo;dﬁlain sites were coﬁducive to thévdevelopment of a substantial
fauﬁa and flora (see Chapter 7). |

A

* An alternative model must therefore be sought in place of
a éimplé braided system, and an anology with Moody Stuart's (1966)

low sinuosity non braided model is considered more likely.

Basically, it is considered that the channel sandstones ma&
have formed énalogsus to common braided stream sandstone units,
but fhembraidiné‘waé probably confined to a broad major zone or ::
‘channel thus allbwing develbﬁment of floodplain deposits in
ladjaéeﬁt areas. The accretion rate was probably quite high, but
each braided unit was able to overlie floodplain_without:marked
erosion, exéepf in rare instances when a form of crevasse-splay
breached portions of floodplain close to the main channel system = °

and fbrmedlthe thick mudflake conglomerate depbsits} 

" As noted earlier, the Rhynie sediméntary basin.méy ﬁavé been
confined withih a narrow depression within the Caledonides with
transport axially along such a 'valley'. Such a restriction would
assist in the deQelopment of a low sinuosity non-braided model by

concentiating deposition within a small area.



The reduction in thickness and amount of cross-stratified
sandstone is assumed to be an indication that the system declined
in magnitude, and was eventually replaced by more typical flood-

plain deposits - eventually subfacies C5 - Dryden Shales. - : -

3.7(vi) Subfacies C5 (Dryden Flags and Shales)

SRS

3.7(vi)a Description
' As 1nd1cated in Chapter 2, the Dryden Flags and Shales are
very poorly exposed at Dryden and in the Den of Wheedlemont. AA

logged proflle of the main exposure 1n the Den of Wheedlemont 1s
ilinstrateditn Flg.Js-é: and clearly 1nd;cates that the sequence
is dominated.By siltstones and thin sandstones; The siltstones
are reddish brown to grey, micaceous and generally internally *°

massive, although where poorly developed horizontal bedding is

preserved, plant fragment may occur on bedding surfaces.:

The‘thln sandstonesrare rarelchoarser‘than flne sand grade
and most commonly are pale grey to buff and hlghly mlcaceous. Rlpple
lanlnatlon, ma531ve beds, thlnly flat bedded sandstones and lenses
of sandstone are most common.‘)Er031on is rare, generally confined
to,scouring at the base of ripple laminated units, Erosion on a
greater scale is implied by relatively large mudstone intraclasts
~within a single sandstone unit showing a low angle cross-stratification.
Surprisingly, the sequence shows no evidence of desiccation or the

development of burrows or rootlet horizons quite commdn in lower

parts of the Rhynie succession.

3,7(vi)b -Interpretation

‘In an earlier section (Chapter 3, page 190) the common features
of floodplain deposits were reviewed in some detail, and many of the ~io

conclusions are relevant here,
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The sediments of the Dryden Shaies'are"conéiAéred to have
been{depoéited in-a floodplain environment as the available evidence
suggests that accumulation was predominantly by vertical accretion
of low energy bed-fdrﬁg. Calcrete nodules are absent, and probably
indicate a rélativély high acecretion rate. Many authors (see page
(90) have described similar sequghces of sediments, and have

attributed their origin to overbank flooding of fluvial channels.

In the earlier discussion about subfacies Cla, Clb and Clc
in the Gamrie Outlier thick sequences and large volumes of silt-
stone were taken to imply that the site of deposition was perhaps

a Piedmont floodplain or Playa environment.

Insufficiént evidence ié available from Rhynie to give strong
support to suéh‘cohclusions, and furthermore although low energy
bed-form predbmiha{e much larger proportions of ripple laminated .
sandstones ére present, and‘although agaiquthere is no evidence
of channel deposits, the sediments are much more cbmpar;éble to
- levee or topstratum deposifs (s¢¢ Allen, 196540 than to Piedmont/Playa

deposits (see Williams, 1970).

| It is therefore concluded that the deposits of suﬁfﬁcies C

' probably repfesent the local and somewhat_exteﬁsive ﬁréservation
of floodplain deposits, in an area adjaceﬁt’to a more:permanent
channel system (perhaps subfacies B, the’Quarryﬁill'Saﬁasfones;’
although as mentioned the available evidence déés:sﬁggest that with

time this subfaciés was declining in magnitude).. -

~ Perhaps the most interesting deposits of the Outlier, the
* Rhynie Cherts, occur within the Dryden Shale sequence, and as noted

/l (Plake 2.5),

~ in Chapter 2 are renown for their well preserved fauna and flora
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Published sections through the Rhynie Cherts[}ndicate that N

sandstones, cherty sandstones, mudstones and cherts make up the

sequence but have unfortunately been logged by early Geological f
. " ‘{

Survey geologists or botanists. In consequence, no detailed

~ structure of the sequence is available,

During the present'study only loose, waste. debris, from
early trench sites could be studied, but nevertheless, significant

points do arise,

The sandstones and cherts contain abundant organic material,
and most important is extremely well preserved in the chert hor-
izons where plant material is often preserved in a growth position.
In thin section, preservation of plant material is most striking.
Plant cross-sections occur undeformed, cell structure is preserved

in excellent detail, and spores and sporangia are quite comnon. (Plate 2-5) '

Generally, the cherts consist of microcrystalline, crypto-
crystalline and opaline silica showing broad regions of undulose

extinction, and cracks and pores infilled by opaline silica.

The formation of the cherts Qould appear to be a relatively
simple procedure, as the mechanisms are generally agreed. Most
silica is considered to be transported in solution as‘ﬁuSio2
(Krauskopf, 1967), and the production of a supersturated solution

of silica may rapidly lead to the formation of a colloid.

Silica precipitating from a supersaturated solution aggregates as

small SiO2 molecules which are rapidly surrounded by a lyosphere

of water molecules serving to stabilize the charge on the SiO2
aggregates. This results in a colloid where the silica, the
dispersed phase, is surrounded by water molecules, the continuous

phase.
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Dehydration of such a colloid would simply reduce the
continuous phase and lead to the formation of a gel which would

eventually crystallise an amorphous silica.

Such a standard mechanism of chert formation would easily

allow:

(i) the rapid producfion of a S_iO2 gel cépable of support-
ing the plant structure in growth position,

(ii) preservation of excellent cellular detail, as the
resulting SiO2 is cryptocrystalline,

(iii) 'the colloid/gel would easily support dispersed organic

" matter and ferruginous staining common within the

cherts,

(iv)  dehydration would give shrinkage cracks and allow
eventual infills of opaline (hydrated Si02) silica,

(v) shrinkage would also cause é certain amount of dis-
tortion causing the slight undulatory extinction

recognised in some cherts,

Although there is probably nothing unusual about the mechan-
ism of chert formation, the major problem remaining (és with most
cherts) is the origin of the silica, and its concentratioﬁ to
supersaturated levels, Most chert studies have a convenient source
of silica from microorganisms (diatoms, sponge‘spicules etc.), In

the present instance no such assistance can be called upon.

The presence of volcanism in the lowest deposits of the

' Rhynie Group may be significant, as volcanic activity is often
'considered to elevate the SiO2 content of ocean waters and allow
chert precipitation. At the present stage no conclusions can be

made, except that the lavas produced by the early volcanism were
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tertainly not acidic, and no evidence of hydrothermal fluids have
been recorded in the vicinity, whether the latest stages of the
Caledonian Orogeny could have generated silica rich fluids must

remain open to speculation.



CHAPTER 4




. SOURCE AND DISPERSAL OF SEDIMENTS OF THE GAMRIE AND RHYNIE OUTLIERS

PART A - PALEOCURRENTS

4.1 Introduction

During the course of this study an attempt has been made to establish
the depositional environment of the sediments with an eventual aim to
reconstpucting the local 01& Red Sandstone paleogeography. . With this in
mind it is important to recognise the source of detritus, both as an indic-
ation of source area composition and regional paleoslope. Temporal changes -
in paléoslope may thus be recorded and pf;videﬁuééful infofﬁation ag tél

the initiation and heirarchy of tectonic events.

Previpus studies of Orc;dian sediments have relied mainly on sediment-
ary structures and detrital minerélogy for evaluating spurce area. In the.
present study, sedimentary struétures are only locally abundant, and in no
way can bé regarded as fully adequate. Use ﬁas therefore been made of all
p0831ble 1nformatlon 1nclud1ng sedlmcntary structures, conglomerate conpos-

ition and detrltal mlneralogy.

4.2 Paleocurrents in the Sediments of the Ganrie and Rhynie Outliers

~ Sediments of the Gamrie and Rhynie Outliers range in g;ain size from
coarse‘boulder-grade conglomerates to mudstones, and show a similar wide
_rangerf sedimentary structures from which evidence ﬁay be derived as to

the direction of transport of sediment and hence local paleoslope.

3

The restricted exposufes,kand lack of laterally equivalent sections,
pfevent the analysis of paleocurrents by conventional statistical techniques
and hence many of the results presented here lead to conclusions which it

must be acknowledged are tentative, particularly in an environment where a

high degree of spatial and temporal variation may be expected;

Ceologlsts have long recognlsed the value of sedlmentary structuﬁee

in the 1nterpvetatlon of flow dlrectlons since the early work of Sorby (1859)

L
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when small-scale cross-bedding structures were recognised as being the pro-

duct of ripple migration. - IR

étructures involved in this study lnclude both symmetrical and
asymmetrical ripple marks, small and large scale cross stratifications;
'scour marks, and parting lineation. In the conglomeratic sequences paleo- .
current evidence is'sparse and attenpts have been made to employ clast

orientation to assist in the study.

Recently Barret (1970) considered fluv1at11e paleocurrentvlndlcators;
noting the rellablllty of certain structures. Rellablllty was con31dered
in terms of: | |

) ease of measurement of a structure

(ii) the efficiency ofAthe depositing system invgeneratlng a struc-

ture, © - S {, 55‘ T

(iii) 1local variations in current variation related to a structure

He ranked the structures he used in order of decreas1ng rellanlllty;
Partlng current 11neatlon, 1n1t1ally taken to 1mply flow parallel to the
llneatlon (Sorby 1859, 1908) and later establlshed by Allen (léégs from
flume studles to develop durlng flow in the lower part of the upper flow
reglne was‘con31dered to be of highest reliability belng easy to measure;-
and belng derlved from high veloc1ty currents suffered very little 1nternal
variation. Parting current lineation unfortunately is rare in the Gamrle

sediments, being most commonly developed in the flat-bedded sands tones

occurring within the finer parts of the sequence.:

Ripple'cross-lamination was considered of high reliability, but
ranked lower than parting current lineation because of the difficulty in
obtaining measurements. Sorby (1859) recognised such bedding as being the
product of ripple migration, the mechanics of formation being evaluated by

b
Simons and Richardson (1961), Allen (19622,’and McKee (1965) who confirmed

Sorby's views and established that such structures orlglnated in the lower



part of the lower flow regime. A greater variability in flow occurs, and
this combined with the difficulty in accurately measuring such structures

lead Barret to rank them lower than parting lineation. .

Rlpple cross-lamination is abundant in the flner gralned eedlments at
Gamrle both symmetrlcal and asymmetrlcal forms being‘developed These two
broad groups of ripple form are frequently used by geolog;sts w1th the
notion that the former records wave actlon, whllst the latter records
current direction; even thoughéMcKee (1965) demonétrated that both wave and
current action could produce symmetrical and asymmetrical forms. During
the present stpdy ripple-marks used as paleocurrent indicators were only

measured on bedding plane surfaces, ripple cross-sections being used in as

many instances as possible only to record symmetry or asymmetry.

Larger scale cross-stratlflcatlon was rated low by Barret, fiow |
varlatlon is greater, and outcrop d1ff1cult1es increase the error preseotvnr.
in obtalnlng accurate results.' Such bedforms are rare in the Gamrle sedl-
ments, and in the majority of examples recorded accurate results were
1mp0331ble due to the nature of the outcrop. Well developed planar
cross-stratification hasrin'seteral cases only confirmed the 'quadrant'
from which currents originated. Reliable results were only considered from
well;erpoaed pianar foresets, or when trough or scour axes could be

- measured.

~ Of lowest reliability, Barret considered slump folds and drifted

'material, both of which are of very restricted development at Gamrie.

. The recognition of such a hierarchy of bedforﬁs.is an important step -
in eGaluatingxthe significance of paleocurrent results, but the author -
feels that other factors must be taken into consideration,  that is to say,
the significance of the paleocurrent trends must bte considered in terms of
the sedimentary environment.« Ripple cross-lamination hay reliably record

local flow directions and hence local paleoslope, but in floodplain sites



may offer no 1nformatlon relevant to rcylonal paleoslopes. iﬁ contrast,
vectors means of cross- stratlflcatlon data from coarse nnrbers 1a1d down :
by meandering and bralded streams are cons1dered a rellable estlmate of
paleoslope (Bluck 1971, Williams 1969). Slump folds are present at Camrié,
“and although Potter.and Pettijohn (1963) consider that such structures
reflect paleoslope, the slope concerned‘is probably of very local signif-.

icance only, for example, point bar or dune foresets.. :. ;;lneaf

Slmllar structures of restrlcted value have been consldered by Donovan
and Archer (1975) who recognlsed relationshlps between mudcrack patterns
and slope, slope frequently belng no more than floodplaln undulatlons.
Wave rlpples were also cons1dered by these authcrs who obsnrved that although
’wave formed symmetrlcal rlpples commonly were rellable 1nd1cat10ndof prox-‘
1m1ty of shore llnes (1 e. symmetrlcal rlpples formed parallel and close to
the shore) under more intense condltlons, such as stronger w1nds osc1llat10n
rlpples were’frequently perpendlcular to w1nd dlrectlon and hence unrelated

»to shorellne and paleoslope. Slmllar phenomena have also been recorded bj

Sy g :
Wb

the present author in other recent shallow lakes. B

DR

4.3 CGamrie Paleocurrents

4.3 (i) Eastern Section . .
_In the lowest deposits of the eastern section the coarse nature a“d~%~f
mode of origin of the sediments prevents the development of bedforms useful

for paleocurrent studies. '

" At Fleckles Meadow an alternatlve approach has been attempted
lnvolv1ng measurement of the orlentatlon and 1nc11nation of large blade and
dlSC shaped blocks (nomenclature of Zlngg 1935 and‘correspondlng to an
elongation index of Johanssen 1965 greater than 2).,LThe ‘deposits havembeen

interpreted as forming purely under the influence of gravity (Chapter 3,"

page|37), and similar although finer grade deposits have been observed
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by the author and Donovan (pers comm) who conclude that clast orlent-
ation in such dep051ts is largely blmodal. A domlnant mode almost parallel
to the accreting slope was found with a minor mode dlpplng 1nto the

slope at a low angle. Clast orlentatlon generally reflects maximum slope.

- . The results of the present study are illustrated in Fig. 4.1, a
stereographic projection of clast orientation and inclination in which the
data has been corrected'for,tectonic dip. A major mode is developed with
a corrected mean orientation of 290° N and a mean inclination of 21°. A’
minor mode inclined at 7° 1nto thlS slope occurs towards 116 N almost
dlametrlcally oppos1te. By comparlson w1th the recent analogues the

major trend is 1nterpreted as recordlno the dlrectlon of dlp of the 'scree'

v

belng also conflrmed by the m1nor mode. The 1nc11natlon of the blocks is
approx1mate1y 15 and thls may beAa rellable estlmate of the order of the
slope of the orlglnal conglomerate surface. The low angle of spread of
the data is 1nterpreted as conflrmlng a wedge shaped scree rather than a |
.cone shaped fan at th1s locallty, a detall perhaps conflrmed by the 200 N
strlke of the Cllff llke burled landscape at Fleckles Meadow, 1 e perpend-

1cular to the computed max1mum slope (200 v 290 )

At Quarryhead; conglomerates are observed to wedge out to the south,
but as only .one section is available, and as the‘original shape of the -
deposit is unknown, no inference can be made. At higher levels at Quarryhead
fluv1al dep031ts do develop, and llmlted cross- stratlflcatlon and partlng

11neatlon suggests an easterly or north easterly orlgln for paleocurrents,

L becomlng south easterly in origin at hlghest levels. These results are

1llustrated in Fig. 4.2 but the very 11m1ted data avallable nrevents the

change in source from belng rellably regarded as a trend.

The overlying Dundarg Castle Conglomerate sequence offers very little
paleocurrent’evidence, figure 4.2 summariseS'theﬂsparse.data available.

Although several authors have attempted to relate pebble orientation to
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dimection of stfeam transpont, as a paleocurrent tool‘the idea has numerous
drawbacks. Nevertheless due'to the lack of an alternatiue, orientations of
pebbles were measured on beddlng plane surfaces at several points throughout
the conglomerate sequence. Well-sorted conglomcrates were chosen; |
presumably hav1ng been longer in the transporting system, and in particular,
poorly packed conglomerates ‘where adjacent particles exert less 1nfluence

on each others' orientation. . In all cases the long axes of 50 pebbles from

each site were measured.

Recent studies of fluvial pebble fabrics have demonstrated that a

- bimodal dlstrlbutlon of long axes is common, interpretatlons of thlS bimod-
allty are‘controvers1a1 Essentlally the orientations are taken to be
parallel and perpendlcular to flow (demonstrated by Carver (1971) from
theoretical considerations, and confirmed experimentally by Johanssen 1965).
Ruchin (1958) and Sengupta (l966) resolved the problem into one of stream
gradient, high slopes were claimed to result in the orientation of long

axes parallel to flow low slopes allowing the alignment of long axes

" perpendicular to flow. The interpretation of the Dundarg Castle Conglomerate
sequence as a distal alluvial fan deposit places them within the low gradient
class where a dominant mode would be expected perpendicular to flow. |
The results of the present study (Fig. 4.3) do show such an arrangement,

_if the limited cross-stratification data available suggesting a south

easterly source is reliable.

More recently, evidence provided by Gustavson (1974) from Alaskan
glacial outwash fans contradicts the notions of-Ruchin (op’cit) and Sengupta
'(op cit) demonstrating that of twenty seven clast fabrics measufed, all
showed clasts oriented with their long axes perpendicular to flow even at
steeper stream gradients. Similar observations have been made by Lane
and Carlson (1954), Doeglas (1962),,and Boothroyd (1872). With this wealth

of evidence arguing against the 'stream gradient' concept it is concluded

O
<
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that irrespective of the accuracy of the present environmental interpret-
ation, the orientations recorded do confirm the limited cross-stratification
evidence in showing a consistent dominant mode implying a general north-

. . . '\

west/south-east axis of flow, cross-stratal sets and trough axes indicating

- a south easterly origin.

In the overlying fine grained sequence a mixture of mainly symmetrical
and asymmefrical ripples occur, associated with rare parting lineationé'and
very rare largé scale cross-stratifications. Fig. 4.2 illustrates this
combination of paleocurrent indicators, asymmetrical ripple mérks,»and a
thin fluvial incursion with common trough cr§ss-stratification confirming
that the passaée of the sediment laden floodwaters still essentially

originated from the south east.
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4,3 (ii) Western Section

- Data for the western section are illustrated in Figs. 4.4 and 4.5.
No information is available for the lowest deposits, the Crovie Conglomerate,
but thé Crdvie Sandstone Formation has been interﬁréted as a distal’répres-
entafion of‘fhe congloherate and sparsé‘cross;béddiﬁé iﬁdicétes‘é southeriy

origin for this sequence (Fig; 4.4).

The Crovie Siltstone sequence (Fig. u.4) continues to reflect this
southerly origin although data is not abuhdant, tﬁe evidence displayed
in Fig. 4.4 being a combination of syhﬁetrical~and asymmétricél ripple

. marks.

%imilér implicatiéns from similar structufeé ére ftr;hér supported -
Ey directions obtained from the East Harbour Formétion; Sét fhe‘limited
é&idence avaiiaﬁie implies that a wide‘spfead 6f”§aléocdrrentffténds
éxisted throughbut the séquencé; possibly a refléétién'of‘tﬂeiflo;dpléin’

‘type of environment in which sediments were deposited.

Unidirectional paleocurrents are not recognised during these finer
graiﬁea deﬁbsits uhfil fhé introduction of thick'ripplé éfoss lamiﬁafédl
sandstones in thetWest Harbour formétion. Fig..urs'iligstrates the south
é;lsbﬁtﬁ eésférly 6figih for sediments of the lowérVWesk Harbour Membe;‘whiié'
hiéhef depoéitsiof tbiévFormation (Fié.bu.s) show a swihg to the south west.
This éWing'fo‘the south west is accentuated by cross-stratification in
the highest deposits of the western section, the Castle.Hill Sandstone
.Formation, where planar cross-stratification in thé lower portion is
derived from west of south, becoming more biased'to the west at higherolevels

with the introduction of trough cross-stratification.

4.3 (iii) Central Coastal Section |
Although the sediments of the Central Coastal Section appear to be

one of the most controversial portions of the Gamrie sequence due to their

‘nique facies content and unique conglomerate composition (see page:. 273 . Ty,
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they provide little in the way of paleocurrent indicators to confirm any

+

. 3
hypothesis about sediment origin.

The majority of evidence is crude, coming from parameters such as
pebble imbrication and lag deposits. Cross-stratification is only rarely
developed, and as the sea cliffs rarely offer such structures in three

dimensions assessment of flow direction must be made with caution.

v e
R

< OVerall, a southerly origin is apparent, with very little indication

of any strong east or westerly influence.

#

4.3 (iv) ‘Middle Old Red Sandstone AR R

"~ .The abundance of conglomerate throughout the Middle 01d Red Sandstone -
sequénce preéiudes the development of abundant and reliable paleocurren:
indicators. Névertheleés;»sone portions df_thé’séqﬁenceWpéfticularly“near
Mill Shore do show poorly:developed‘cross-stratification and imbrication
.supported by frequgnt lag gravels in the leérof‘largerhclasts. iEven'so

the evidence is sparse, and illustrated in Fig. u.5.

The results show a considerable spread, bﬁt sigﬂificantly.a marked
swing toﬁards‘weétern‘quadrants is apparent, é featﬁre wﬂich‘sﬁppérfs
the ‘similap trend developed beneath the Middle 01d Red Sandétone’unconforﬁity,
and also supports evidence presented later during conglomerate source area

reconstruction.

Tt A

4.3 (v) Sumﬁary and Conclusions (Gamrie Outlier) “1_4

- bfaleocurrent eyi@eﬁ;e sﬁggests thatviﬂ:ﬁany fesp¢¢t§ tbé Gam@ié‘*
Outlier was an‘intermqntain basin during.Lowef dl& Red Sands?onélfimgs;
with ¢rain§g§ originéting'from the east, south and westerﬁ’quadraﬁts af

various times throughout the history of the Outlier.

. In the- eastern section a local easterly source was rapidly over-

, taken by drainage from a general south easterly direction.



Analogous sediments in the west show a south to south westerly origin
and may be comparable to the southerly trends observed in tﬁe Central
Section, although as noted later conglomerate composition stroﬂgly suggests
that tpe sedlments‘of the Central Section are in fact stratigraphically
much higher than the Crovie or Dundarg Castle seouences.*'A westerly swing
in dralnage is apparent with ascending stratigraphic level, culminating
in the Middle 01d Red Sandstone congloﬁerates which show a strong_ﬁesterly

derivation.

vIn the east,paleocurrentqtrendsuare relatlvely stable above the basal
:conglomerate, suggestlng that thls initial upward varlatlon&was not a
‘gradual change, but instead was the result of a more vigorous south easterly
supply actually overlapping the initial localised basal copglomerate
‘supplied direetly from the east;”'(The'interdigitation of theltwo\faeies
- does confirm this view - Chapter‘sy);“‘y" .

Tpe.81ltstoaeifac1es at hew Aberdour only prov1des ev1deneelfrom“ ‘
.symmetrlcal rlpples, asymmetrlc rlpples and occa31onal partlng llneatlons,
zand although Barret (1970) cons1dered the two to be rellable paleocurrent
‘1nd1cators the 51gn1f1cance of the paleocurrents themselves in floodplain
facies (see Chapter 3,‘fv‘,} ) must be open to questlon. The sedlments.
have been regarded closely"comparable to modern floodplain sediments and the
movement of floodwater over such sites may bear no relation to regiohal o
paleoslopes except in the very broadest sense. Fortunately, a fluvial
«1ncur31on is recorded at the top of the Siltstone sequence exposed at New
Aberdour Shore, and confirms that drainage was still originating from the

‘south ¢ east, although the admlttedly scant evidence does suggest perhaps a

more southerly source.

From the seml-radlal pattern of paleocurrents it has been assumed that
an intermontaln basin 31tuat10n exlsted during Lower 0l1d Red Sandstone tlmes.

At hlgher stratlgraphlc levels a westerly source becomes more and more



apparent in the coarsening-upward profile. Sedimentological considerations
suggest that sediments at higher levels belong to more proximal locations,
and together with paleocurrent evidence may combine to suggest that during
the Lower 0ld Red Sandstone perlod tectonic events were 1n1t1ated which

led to the development of a paleoslope to the west or south west, strongly
influencing the Crovie Group sediments.. The perpetuation of,the‘westerly
source into the Middle 0ld Red Sandstone may also imply that the initial.
tectonic events uere merely the precursors to those eventually causing
uplift and deformation.of the Lower 01d Red Sandstone sequence prior to the

advance of the major Middle 0l1d Red Sandstone alluvial fans.

*

u u (1) Rhynle Paleocurrents

As w1th most aspects of the geology of the Rhynle Outller, the
souroe and transport of its sediments is difficult to ascertaln due to
tery poor enposure . Of the major stratlgraphlc groups recognlsed durlng
this study the Basal Conglomerate and succeedlng Red Shales etc. plus the
Dryden Shales offer no paleocurrent information of any form. The Tlllybrachty
Sandstones}offer only three cross- stratlfled unlts which suggest that

1mmed1ately prlor to the deposition of the Quarryhill Sandstones at least

'some transport was from south-east quadrants.- .

The majorlty of the 1nformatlon at present avallable comes from the
Quarryhlll Sandstones, whlch durlng ‘the present study have prov1ded 1nform-

; atlon from the follow1ng sources:

(i) ' ’channel axes,

(ii) : ﬁasymnetric ripple—marks,
'(iii) ’jAsummetric’ripple-narks.
(iv) . cross~-stratification,
(v) parting lineation,

(vi)  drag or tool marks,
(vii) mudclast imbrioation,

(viii)  mudcrack orientation.



The.results from these sources are illustrated in Fig. 4.6. Perhaps
the most significant point to arise is that the general direction of
transport’iswffoﬁtsouth,to northerly quadrants, as'indicsted by chsnnel
axes aod confirmed by cross—stratification andlasymmetric ribplevyarks.y
Unfortunately, though patting lineation and dpag<marks wouldvsorpal}y .
be expected to add support to these:conclusions, no»support is given byr
the present results. Only two sets of symmetrical ripple marks have been
observed, these are of no value to the present study partly due to the
small huﬁber of readings, bdt élsois§mmetficalifipple“ﬁarks éfé'azﬁéofc
“indicator of‘paleoslope‘(DooOVah and Archer 1975).‘zMudcrack“ofientation
offefswfuftheo sﬁpport”of‘the prevailing direction of channel axes, the
hsjor'cracktdirection‘beingiabbroximateiy*nofth'south with minor cracks at
_ 70° to this. In feceht4fioodpieic ﬁuds Donovan and Archer (1975) recognised ~
the preferentdal orientstioqvof mUdcracks parallel apd per@endiculer to. |
the localdpaleoslope. ‘A major crack pattern was developed‘along the!strike
of the slope with mlnor cracks developed perpendlcular to thls. It is
con81dered that the crack patterns recognlsed at Rhynle probably conform

to this arrangement.

‘4.4 (ii) Summary and Conclusions (Rhynie Outlier)’

, C;early,.the amount of evidence obtained from-the,sediments of‘the
Rhynie Outlier is far from adequate.r It 1s considered that the only
neanlngful conclu31ons that can be drawn from tbe present study are that
the rlver systems transportlng the majorlty of the Rhynle sedlments were
tlowtogmto general»northwardsvtowatd the tprcadlan Ba31p'5 snd more)s;gn-

ificantly not towards the Midland Valley Graben.
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- PART B - SEDIMENT CCMPOSITION

4,5 Introduction

"’ In order to achieve a more conpletefpalaeogeogranhic reconstruction,w
evidence must be sought which aids not only the delineation of the basin
of dep051tion, but also the 11m1ts and size of the source area 1nc]ud1ng

where p0351ble 1nformatlon on the relief and climate.

Many attenpts have been made to utllize detrital mineralogy as a guide
to provenance (see Blatt and Christie 1963, Blatt 1967a, b, Connolly 1965 and
Pittman 1963).A Both light and heavyAminerals have been applied;to;tnis:
end, but mest workers/outlineva complexity of problens includingAreécycling
of grains, intra-stratal solution, and the effect of different:relief and

climate upon the resultant mineralogy.

In the Gamrie Outlier conglomerates are abundant 1n both LOWcr and
Middle Old Red Sandstone sequences, and have been studied 1n detail in an
attempt to provide more 1nformation‘to supplementrthe preViously discussed

palaeocurrent evidence and aid source area reconstruction.

Detrltal mineralogy has been looked at 1n less detall for several ‘
'reasons. Primarily, when an abundance of rock fragments exist in tbe
sediments sandstone petrography can hardly add further evidence as to
SOurce—arealconnosition. Also;'the najority‘of‘tne seduences in the Outlier
show'very significantfchanges in grain-siZe with'ascending stratigraphic
level making an'analysis of netrographic composition very much open to
criticism. A‘brief consideration'of the distribution ofrheavy minerals
occurring in thewbasement_in the immediate yicinity of the outlier demon-
strateskthat‘tne mostkresistant species could easily be derived from all ;»
around’the area. . The less resistant,vbut more useful‘varieties such as
kyanite, andalusite, and cordierite either have not been in tne‘source
area‘(wnich is highly unlikely) or diagenetic processes have:reduced’their

chances of survival to a minimum.



4,6 (i) - Conglomerate Composition (Gamrie Outlier)

A varlety of rock types characterlse the conglomerates of the Gamrle
Outller, and durlng the present study thlrteen rock types have been 1dent-

ified.

4.6 (ii) Total Pebble Assemblage

l; énénité_- A vanlety of gnanltlc‘rockAtypes’oeeun; most conmon

belng an equ1granular feldspathlc granlte. Porphyrltlc granite and
mlcrogranlte have been observed, but‘thelr abundance does not warrant
individual classes for these rock types. Several‘specimene‘of a foliated
granite have been identified, but these ere also'ektrenely rare.
Granitic fragments usually occur highly weatnered and corroded, making a

subdivision into specific types a difficult and undesirable proposition.

2. Felsite - A reddish orange felsite,'freduently containing large
quartz or feldspar phenocrysts, forms a resistant and readily identifiable
rock type. Granite and felsite dominate the igneous components of all

conglomerates studied.

3. Andesite - A rare and always highly weathered constituent. Andesite
pebbles tend to be very small, and of a purple vesicular variety.

i &

L. Dolerite - Several specimens of an apparently fine grained basic
igneous rock presumed to be a dolerite have been observed, but being highly‘
weathered this is difficult to confirm. The abundance of this material |

'is also so low as to make its presence somewhat insignificant. -

:5. ‘f-Gabbre’— As w1th dolerite, severel highly‘weethered enec1mens Af

a garnetiferous gabbr01c rock have been found, hav1ng a similar appearance
to weathered Gabbro/Norite in the vicinity of Huntly. Although confusing
when deeply.weathered; the igneous rock types are'somewhét easier to 

classify than the metamorphic rock types which dominate all conglomerates.

For this reason metamorphic rock fragments have been allocated to seven
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groups during this study.

3

6. 'Pure' Quartzite - A variety of clean 'vitreous' quartzite, occurring

in well rounded resistant easily identifiable pebbles.

7. Granular Quartzite - A dark granular gritty looking quartzite. ...

‘8: . Ve1n Quartz - Ve1n Quartz is a common addition to all conglomerate

sequences, ‘and occurs as white and mllky varletles. “

9.4, Psammite -~ A large proportlon of metamorphic assemblage consists of
grlts, quartzose and feldspathlc flags, and psammltlc and seml-psammltlc
schists. An apparent spectrum of rock types fall into thls category,;
and it is felt that without sPecialist knowledge of these rock types

further subdivision would possibly prove meaningless or even misleading.

10. Pelite--lAApale grey variety of semi-pelitic schist, very similar
to the local Dalradian Macduff or Banffshire slate, occurs in many sequences

as small elongate fragments.

11. Andalusite Schist - A semi-pelitic schist with abundant large

andalusite and cordierite porphyroblasts. Andalusite schist is restricted .
in its occurrence in conglomerates, and tends to occur either as very

large, or small angular, fragments.

l2., ‘Mica Schist - A rare addition, alwaps in extremely small fragments,
and possibly are of the above andalusite schlst with no readily apparent -
prophyroblasts. .. This is certainly not always the case, as some specimens
are clearly’more psammitic~varieties than any true andalusite schist that

has been cbserved.

13. Meta-Conglomerate - A varlety of metamorphosed gravel common in the‘

local Dalradlan basement, and characterlsed by abundant blue gravel sized

vquartz‘gralns and abundant feldspar.



4,6 (iii) Pebble Suites

' Of the thirteen pebble types recognised, a maximum of five form the
bulk of most’conglomerates,ii.e; granite, felsite, quartzité; psammite
"and pelite. “The remainder occur only as mincr additions. ‘Although
'individual rock types may provide valéable evidence as to the source area,
a considerétion ofhfigure 47 I shows that many of the rock
types listed virtually surround the Outlier.  For this reason it is consid—

ered more important to look at the distribution of assemblages or suites

of rock types in the conglomerates.

A éonsideratign’pf Figs, 4.8, 9, 10 allows the sepabatioh of at,
least five éebblelqssemblages or suites,
1. ,A Psammitic suite
\‘2. A Graﬁitic suite
3. A Quartzitic suite“
o A Slate suite’(A)
5. A Slate suite.(B) .
Both the‘grahitic sﬁife énd‘the 51até suite (B) may be subdivided
further, but fqr’simpligityAthis has beén avoided, instead’such‘subdivisions

will be discussed_later;‘

1. " The Psammitic suite is dominated by qu?rtzéée and feldspathic
‘psamﬁitic"metasediments, with minor additions of andalusite schisf'and"
meta-conglomerate. The assemblage is totally restricted to the Qﬁarmyhead
‘and Fleckies Meadow series of outcfdps, and thus only includes the scree,
talus, and gully fiils‘imﬁeqiately overlying the Dalradian Basement. The
very nature of these deposits, and the sensitivify of the composition of °
the coﬁglémgfatesfto the local basement composition confirms the close

proximity of the conglomerates to source.

2. ', The Granitic suite is dominated by psammitic, pelitié;‘and semin

pelitic schists, but contains an abundant supply of granite and felsite
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pebbles plus a vast.amount of feldspar gravel. . The distribution of the
granitic suite is restricted to:
éi) The bundarg Castle to New Aberdour coaéféllsettion;“p
| (ii) Parts of the Central Coastal section, ngﬁuéést and west Sf

Pennan.

The Dundarg Castle Conglomerate granitic suite sequence offers the

most ¢ompléte conglomerate sequence in the Outlier, and demonstrates some . .-

interesting features, .

) The conglomerates of fhis seduence are initially dominated by

psammitic, pelitic and semi-pelitic schists and perhaps should ideally be ‘
separdted as a separaté 'sub-suite'. Porphyritic felsite is introduced

first, initially in small quantities and associated with a small amount

of feldspar grayel.>~The amount of feldspar gravel iﬁcreases dramatically,

and then granite is introduced. .Both granite and felsite increase in

abundance rapidly before continuing relatively unchanged throughout the

remainder of the sequence. Initially the size of both granite and felsite

pebbles is small, the size increasing with increasing abundance.

In the Central Coastal section, the Sandy Haven Conglomerate (although
inaccessible - see Chaper 1, pages §1~5% ) appears.to be rich in feldspar
gravelQ and is presumed to be granitic in composition. The overlying Pennan
Head Conglomerate has a composition closely resembling the granitic suite
exposed in the east, but the uppermost conglomerates of this section, the
Pennan Conglomeratic Sandstone sequence, is essentially of granitic suite
composition, but with a significant admixture of grey slate strongly -
resembling the slate rich conglomerates exposed in the west, and presumed

to be Macduff or Banffshire Slate,

To the west of Pemnan, the conglomeratic sandstones beneath the

Middle Ol1d Red Sandstone unconformity are agein of a granitic composition,



but significantly lacking any of the grey slate.

3. The Quantzitic suite contains large amounts of a clean 'vitreous'

quart21te and 1s entlrely restrlcted to the Need Haven Conglomerate 1n

‘the Central Coastal Sectlon to the east of Pennan;k Several 1mportant
features are assoc1ated w1th thlS conglomerate, flrstly, the pebble
assemblage is quite unlque in its hlgh content of quartz1te, the varlety of

» quartzite is uncommon 1n all other conglomeratlc sequences, granltlc materlal
is rare, and flnally as dlscussed in Chapter 3 (pagelto ) a 51gn1f1cant
change in facles’takes place‘w1th the tran31t10n‘1nto the Need Haven

Conglomerate.

4. "Slate suite (A) occurs only in the Crovie Conglomerate and overlying

Crovie sandstone sequence, and it is almost entirely composed of grey slate
similar to the local Macduff or Banffshire Slate. Granitic and felsitic

detritus is absent from this suite. '

5. Slate suite (B) is also dominated by the same grey slate as in

suite (A) but in addltlon a small but s1gn1f1cant amount of granlte and
felslte is present in thls assemblage. Slate sulte (B) is first recognlsed

in the coarsenlng portlon of the Lower‘Old Red Sandstone 1n the west of

the Outlier 1n the Castle Hlll Sandstone sequence. Conglomerates of’ai

very 31m11ar comp051tlon occur in the 1mmed1ately ovenlytng Flndon Conglom—
erates of Mlddle Old Red Sandstone age, and also in the Mlddle Old Red *h
Sandstone conglomerates further to the east. The slate sulte (B) conglomerates
of the east are slightly different in that much higher proportions of
granitic,‘felsitic;and the metamorphic rocks ' common to the granitic suite

are present in the assemblage.

The 'mlnor constltuents‘ prevnously mentloned tend to strengthen the

above sub d1v181on, for example. o o N

(i) Metafconglomepateﬂls\only abundant in the conglomerates
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belonglng to the psammitic suite. Isolated fragments are
found in the granitiec suite, but always in amounts much less
<« than 1 percent? -
“(ii) Andalusite schist occurs only in small duantities; and is
bessentially;restricted to the psammitic suite. ~Again, isolated
fragments do occur in the granitic suite, but andalusite schist
only oceurs in abundance within a few netres of the basal
’unconformlty, and even then only 1n 31tuatlons where such
rocks are abundant in the Dalradlan basement. ~
- (iii) Gabbro and Dolerite have only been found 1n thedNeed Haven
| Conglomerate i e, Quart21te sulte: ”
’(lv) Andeslte hasvonly been observed in a rather mixed assemblage
. at the base of Slate suite (B) conglomerates immediately
'onerlying the Middle 0l1d Red Sandstone unconformity.: (This
mixed assemblage also probably deserves the status of a separate

suite, but for the sake of simplicity this has been avoided.

-(v) - Mica-schist has only been recorded in the granitic suite.

(vi) ' -Two major var;etles of quartzite have been observed; a dark
granular variety common to the granitic suite, and a clean
vitreous variety restricted to the quartzite suite.

(vii) Vein quartz is ubiquitous, and.therefore of no value in the

N

present’study.

4.6 (iv) Spatial Distribution of Conglomerate Assenmblages

-~ It is clear from Figures 4.8, 4.9 and 4.10that the pebble assewblages-
just listed are not vertically and laterally consistent. .Two completely

dissimilar sequences exist during Lower 0ld Red Sandstone times.: In the

-

east, the lowest conglomerates rest-directly upon the Dalradian basement and

strongly rellcct the immediate basement comp051tlon. thtle transport has

\«

' L/
taken place, resultlng in a very 1mmature assemblage of detrltus, the

~
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psammitic assemblage. Although these loweet conglomerates are overlapped
by sandstones and conglomeratic sandstones, the conglomerate composition
does not alter initially (other than a decline in unstable endalusite
schist'fragments). With ascending stratigraphic level, granite is
introduced, then felsite, plus a new assortment of pelitic ard psammitic

schists, forming the granitic assemblage.

in the west, all conglomerate occurrences in‘the fining upward
portion of the sequence are slate rich, no granite, felsite or the metamor-
phic aesemblages common in the east are reoorded. In the coarsening
part of this sequence, slate still predominates, but minor additions of

granite; felsite, quartzite and vein quartz are common.

Tne 1mp11catlons are therefore that:
1. vthe earllest sediments were locally derlved a phenonena conflrmed
‘by sedlmentologlcal con31deratlons. “
2. the major part of the sequence in both east and west is derived from
difrferent and contrasting source areas. ',In the east a granite/felsite
ricn, psammitic metemorphic terrain provided detritus, whilst in the .

west pelitic rocks predominate in the source area.

3. these results are consistent with the basic results of the paleocurrent

study. S R

u 6 (v) Source Area Reconstructlon

At present North East Scotland is domlnated by a d1verse assemblage

of Dalradlan metasedlments. Bounded to the west by hlghly deformed Moine,

rocks and penetrated at numerous points by granltlc and gabbroic 1ntru51ons,.

the region may be loosely considered as a synclinal arrangement with the
Gamrle Outlier in the centre, flanked by Upper Dalradlan which itself is

-

surrounded by Lower Dalradlan *tasedlments.

The present day outcrop may not be an accurate representatlon of

the Devonlan rock type dlstrlbutlon but 1t muat remain the only gulde to

&
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the evaluation of the Devonian source area and paleogeography.\ An

attempt has been made in Fig. 4.11 to summarise the geology of north east
Scotland and to indicate the nresent day :distribution of rock types
'encountered in the Old Red Sandstone conglomerates.’: In most. cases these
maps demonstrate that similar rock types may be obtained from past distri-
bution, then many of the rock types may be of little value in source area

reconstruction.

Even so, with this in mind, the Moine far to the west could provide
little detritus of the nature of that preserved at Gamrie, being composed'
of very 'high grade' metamorphics, granulites, schists’ migmat;tes, and
widespread calc-silicates (Anderson and Owen 1968). The limited paleocurrent
evidence helps to reduce the source ares possibilities, but can probably
do no more than indicate that the depositing currents in the east are

biased towards the east of south, whilst those in the west are biased to

west of south. ”

Mackle (1925) carrled ont exten31ve, detelled work in the’north east
of Scotland and fortunately he applled h1s great experlence to the problem -
of 1 the orlgln of the conglomerates in the Gamrle Outlier. Hls conclu51ons
.were 51mple but to the p01nt, “... sandstones and granltes prov1ded pebbles"
the sandstones (presumably Dalradlan metasedlments) he felt were no 1nd1cation
of the source area. He con51dered granltes to be of great value,’and
clalmed p051t1ve 1dent1flcat1on of the follow1ny types'

1. Rublslaw granlte (more spec1f1cally he clalmed Rublslaw granlte from

-

Donmouth near Aberdeen)
2. Correnle granlte.
3. Bennachie granite.

4, .Vein material from the Correnie massif.

‘5. Garnetiferous norite comparable to that of Battle Hill near Kuntly.

. -The location of these sites are shown in Fig. 4.12, Unfortunately.i



the stratigraphic horizons of these samples are unknown, the only real
assumption that can be made is that due to the lack of granite in the
Middle 01d Red Sandstone conglomerates his samples must have been derived
from Lower 014 Red Sandstone conglomerates. There is some implication
from Mackie's report that they may have been derived from:the’conglomerates

of the Central Coastal section.

Mackie's results would clearly indicate an origin of detritus fron

a south or south east quadrant. Unfortunately, Mackie also collected

severai sphene bearing granitesvwhich he considered were‘derdved from‘the

Abriachan or Helmsdale granites, end the Inchbrae granite;' Both(of tnese

granites are sdtuated far to-the west, and are actually 5eyond'the Grest

Glen Fault zone. Although Mackle had great experlence of local geology

it is felt that the latter 1dent1f1catlons are eroneous as:

1.. Recent work (Stephenson 1972, and Mykura pers. comm.) alongjthe Great
Glen suggests that the fault was act1ve durlng Lower Old Red Sandstone
Atlmes, the area belng a graben with sediments derlved from north west
and south east. Such a sttuation would prevent transport of detritus

' acroSS‘such a rift towerds Gamrie. s |

2, rNo Moine detritus has been recognised at Gamrie, but would be expectedv
to accompany any'granite derived from west of the’GreatiGlen.

3. The Lower 01d Red Sandstone congiomerates at Gamrie are rich in feldspar
‘detritus, suggesting that grandte was unstable under the existing.
conditions. Also ephemeral flou conditions prevailed in tne lower
granite rich sequences, and hence detritus would not be'expected to be.

- transported over such great distances.

In conclusion, therefore, although it may appear 'convenient' for
the purpose of the‘present study, the westerly source implied by Mackie is

rejected, but his evidence supporting a south east source is retained.

From megascopic comparisons the author has noted avdistinct‘similarity
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between the granite clasts and the local granites of Peterhead and
Correnie, but variation within such granites is large and casts doubt on

"the value of such visual comparisons.

Fig. 4.11 is a series of maps illustrating the present day distribution
of the major rock types in north east Scotland, and a consideration of
this map and the five defined conglomerate assemblages allows the fcllowing

conclusions to be drawn.

1. The granitic assemblage could theoretically be drawn from east, south

or western quadrants (Fig. u.li), but the occurrence of andalusite schist
tends to favour én easterly or southerly source. The southern outcr6p§

of andélusite schist are intimately associated with gabbro and garnetiferous
norite which would have presumably been transported with such schist had
these regions been in the catchment area. Séhistose and quartzitic grits
occuf in both east, wést, and south. The southern exposures were probably
 beyond the watershed supplying the Midland Vélley with detritus instead,
while the western exposﬁres would presumably supply Banffshire slate.

(Slate of this nature ié never recordeed.in the granitic assemblages) Thus
an east or south easterly source of detritus would allow a pebble assemblage

comparable to that of the granitic assemblage to accumulate.

2. The slate assemblage (B) is comprised largely of Banffshire slate

(Fig. 4.11) and supports the paleocurrenf evidence suggesting its derivatiﬁn
from the west of south. Some mixing of granitic detritus with slate

detritus had occurred but feldspar gravel is very restricted in its abundance,
and granite fragmeqts are very small, ‘Both of these observations may

combine to suggest that granitic materi;l was either re-worked, tr%nsported

over large distances or very rare in the source area.

3. A loca) supply of detritus is envisaged for slate assemblage (A) as

no extra material is added to this conglomerate. Paleocurrent evidence

from adjacent sequences suggests that fluvial channels may have originated



from the south.

oy

4, The Psammitic assemblage is again of local origin, and consists of

., detritus which may originaté‘frbmlfhe Dalradian basement immediately to the

east. Paleocurrent evidence supports this. . ..

- 5. The quartzitic assehblage'is slightiy more problehatiéa; in that it

could theoreficaily be derived from east, west or south of thé/pfééenf
outérop. Paleocurrent eVidéﬁée.impliéé {ﬁat itskderivationlWasffromkfhe'
south, aﬁd the well rouﬁded aﬁpééf&ﬂce‘of the ffégménts suggésté that
transport may have beén“édnsideraﬁli.‘nTﬁé iadk‘bfﬂg}énité and local éiéte
detritus precludes east and wesézgﬁéﬁlieéixand most:of theAquaffzifé"
outercpping in the south waé‘probéblyAwithin“thé'éatchméntiof‘the Midia;a/
Valley sedimentary basin. Similar quartzites do océ;rﬁintiﬁethyhie‘
conglomerates'aésqciated with small amounts of schist; ’itvﬁésvbeénléén—
cluded that the RhYnieicbnglomerates'may‘ﬁéve been derived from west or
south westerly éourcés.(see page26] ) and also thét<a”¢oﬁﬁecfionybéfQéen
the Rhynie‘andfGémri‘tﬂéVOﬁtliefs is ndfvunlikélgr (see paéé: 3‘6'])‘.'L‘it; méy
therefore be péssible,fhatrthe‘QQaftzife asSembiage has been(¥fanSpbfted

from well SOﬁth of'theroutlier;“perhap;'éven‘frém béyénd thé‘Rhynie‘Ohtliér:

4,6 (vi) Discussion and Interpretation

The psammitic suite is clearly of local derivation, and of very
restricted ‘local extent. A marked change in pebble composition between

. the Fleckies Meadow (psémmitic):congloméfate and the oﬁeriyiﬁg Dundérg

Castle (granitic)lconglomerate confirms the earlier paieocurrent implicatidns

H
of changing source areas. The change is not regarded as Leing a.

teqtoni;ally activatedrchange, instead, local screes and gully fills having
been oversteppe@gby‘thg mofe rapidly advancing 'granitic' fans frbm the south
east. The lowermost Dundarg Castle conglomerate initially lacks granitici
‘detritus and felsite, 5ut ;ons{sts of the samé‘ﬁetéerbﬁié rock ffégﬁeh%éf‘

v

as the highéf‘granité Eearing-éohglomeréfes} The introduction of féiéite,

C



then felsite plus feldspar gravel, and finally felsite plus granite plus
abundant feldspar gravel is regarded as being a record of the progressive

unroofing of the granitic source area to the south east.

The presence of a granitic suite of pebbies in the conglomerates of
the Central Coastal section implies that the piedmont plain/playa facies
overstepped by slate (B).conglomerate suite in the west is oversteppéd
by a granitic suite of pebbles in the east gnd central sectiéns, as the
highest conglomerates (the Pennan Conglomeratic Sandstones) show a signi-
ficant influx of Banffshire Slate which'is consistent with the advancing
slate fans of the west (see gégg 44})- This conclusion has significant
implications as at present there is no evidence of sedimentation after‘the
piedmont floodplain/playa facies in the eastern section. It would seem
therefore that the extensive si'ltstone deposits ‘were probably overlain
by granitic conglomerates and sandstones in a coarsening upward sequence
.in a, manner similar to that occurring in the western séctions{ Furthermore;
the presence of Middle 01d Red Sandstone conglomerate restinquirectly’ﬁﬁon
the siltstone facies and obseryed by the Geological Survey wouid imly

v , -
that a considerable amount of erosion was related to the development of this

wunconformity.

The presence of a granitic suite of pebbles beneath the unconformity
at Pennan implies that considerable downcutting also occurred in this‘region, '

removing the uppermost slate rich granite suite conglomerates.f

In a later section (see page 310 ) the detailed paleogeography of
the northern portion of the Gamrie Outlier is discussed, and with reference
to this section many aspects of paleocurrent trends and conglomerate

composition can be explained.

The eastern Coastal Section stands as outlined above, but the Western
Section could easily (from Fig. 4.11 ) have had a simple local supply

area from the south which was eventually encroached upon by detritus from



and including the unroofing of the nearby Longmanhills Granite. The
present. day outcrop is small, and presumably an even smaller Old Red

Sandstone outcrop would only provide minor amounts of granite whlch are in

fact present in the sequence.

In the Central Coastal Section it was concluded that the quartz1t1c
assemblage was most llkely derived from quite long dlstances to the south.
The probable llnk with the Rhynle Outller (page 309 ) assists this con-
clusion whilst the detailed paleogeography illustrated in Figs, 4'13’/?3/€Dd,245
would also explain how the varying influence of east and westerly f::}ns. -
could promide conglomerates;in the Central Section with either granitic
or slate rich comp031tlon. The eventual predominance of westerly derived

‘slate in the hlghest conglomerates of this’ sequence is also consistent e
w1th the view that the source area swung to the west in late Lower Old

Red Sandstone tlmes. Such a conclu81on has further reachlng implications
in that 1t does suggest that the conglomerates of the Central Section do °
in fact belong to the coarsenlngiportlon of the Megacycle fully ev1dent

only in tne w stern Sectlon. Thus conglomerate comp031t10n may assist

stratlgraphlc datlng of at least small portlons of the sequence.

4.7 Conglomerate Com0081tlon (Rhynle Outller)

As already mentloned conglomerate comp031tlon is regarded as
prov1d1ng the most 81gn1f1cant ev1dence for source area evaluatlon.‘ Thef
‘sedlments of the Rhynle Outller unfortunately offer only a small amount REr

-

of such ev1dence.

The basal Conglomerate would normally be expected to show significant
local variations in composition due to variations in. Basement composition,
but only one outcrop has been located, and in this the basal conglomerate

comprised only pelitic and semi-pelitic detritus.

The Tillybrachty Sandstones contain the most conglomerate material

but even so this is still unsufficient. In the lower portion of the |



sequence one_major conglommerate horizon exists with.a total assemblage of:
(i) vein quartz
(ii) porphyritic felsite
(iii) quartzite
(iv) pelitic schist
(v) psammitic schist

(vi) vesicular and amygdaloidal andesite

At higher levels the abundance of coarse detritus declines markedly,
and the scant evidence provided by these levels must be viewed with caution

as it may represent a simplified resistant residual population.

The significance of the Tillybrachty Sandstone detritus is considered

as follows: .

(i) no granite detritus is readily apparent

‘(ii) a clear-quartzite is abundant and comparable to that recorded
in the Central Coastal Section of the Gamrie Outlier

(iii) a purple vesicular and amygdaloidal andesite is quite common

in the lowest conglomerates

Tﬁe lack of granite is difficult to understand as abundant gréﬁite
is pfesént virtually all around the Outlier except in western quadrants.
If sediment was initially derived from the western quadrants, then as well
as containing little or ﬁo granite material, the sediment would be expected
to contain large amounté of quartzite, schist, and gneiss. As indiéated
above, the conglomerate of the Tillybrachty Sandstones contains a large
amount of quartzite and schists of varicus forms. Thefefore although evid-
ence is scant, it does seem possible that a small amount of evidence does
exist to support the notion that sediment was derived from fhe west or south

west.

The presence of vesicular andesite at the base of the Tillybrachty
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Sandstone sequence adds further information to the timing of the extrusion
_ of this lava. The Geological Survey initially indicated that the andesite
occurred w1th1n the Tlllybrachty Sandstone sequence, but added that it was
in fact 1nterbedded w1th the upper dep031ts of the Tlllybrachty uandstones.
The evidence provided by conglomerates at the base of the Tlllybrachty
Sandstone seqﬁgnce cdnfirm that within the catchmént at that time (rdg;rded
’ earlier in this cdapter to lie to the south or south west) ;ndesitic 1avas.
were extruded»and eroded during early Tillybrachtiy Sanddtone times, and

_ therefore the'lavas may possibly have been extruded onto the fldodplain

areas developed during the deposition of the Lower Red Shales.

"Latér in this chapter the possibility of a connection between the
Rhynie and Gamrie Outliers is considered. From the study of conglomerates

in the Camrie Outlier, it was concluded that quartzite rich °°n810mepate§”-'

.
- -,

" within the Central Coastal Section were probably derived from areas to, *.

[ 3

S
the south of the present outcrop. If such a link existed between the yﬁo-:

_ Outliers then clearly, the quartzite rich conglomerates of the Rhyniei

Outlier could cleérl&_have provided or shared a source of detritus for the ‘

deposits in the Central Coastal Section at Gampie: This is discﬁséédr

further in later sections (see page Ji0 Y. e



4,8 Sandstone Classification

4.8 (i) Introduction

Okada\(197l) reviewed the greatrvariety of schemes available for
the‘classification of sandstones, and indicated that as the proportion of
matrix (important»in many schemes) increases with decreasing grain size,
Folk's (1969) concept of textural maturity is not applicable. ke also
convincingly deﬁooetrated that mineral composition was a function of grain
size, and therefore sandstone composition data should always be accompanied
by grain size data. Although only briefly considered, the claeeification
schemehpfopoeed byiokade (op. cit.) Hes oeen adopted here. It has a thfee
fold organisation: o | ) |

(d) gfain size
(ii) cléy‘matrix’aod cemeotH

"(iii) composition of framework constituents

‘The sandstones are divided into wackes and arenites depending on
whether they have more or less than 15% matrix. The subdivisions of arenites

and wackes are illustrated in Fig. 4.14,

Generally,the object of cla531fy1ng sedlments is to prov1de a basis
for the study of reglonal and stratlgraphlcal varlatlons in comp031tlon. As
mentloned already, durlng the present study conglomerates are abundant and
regarded as a better 1nd1cation of source: rock composition than detrital
mineralogy. Nevertheless, detrital mineralogy has been considered briefly
in order to support, if possible, the conclusions already drawn from the
study of conglomerate composition. . For this purpose some modifications have
- been made to Okada's.basic echeme, -Basically, as Okada demonstrated that
mine?allconposition varied with mean grain size, and the sediments of the
study area offer a whole range of sediment grades, sandstone composition has
been evaluated from a restricted grain size range.  Only medium and fine

grained sandstones have been considered. Furthermore, as the present study
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is only concerned with source area implications, the abundance of matrix

(either clay or cement) is not regarded as relevant and has therefore

been omitted from the comp031tion diagram.

4.8 (ii) Sandstone Composition (Gamrie Outlier)

The results of the present study are illustrated in Fig. 4.15 and
4,16, and are considered to offer reasonable support to the evidence

provided by analysis of conglomerates.

v”In the eastern coastal~section, the low feldspar content of the
rQuarnyhead sandstones compared to the Dundarg Castle sandstones and sand-
:stones w1th1n the New Aberdour Slltstone sequence is a direct consequence
of the lack of granite in the source area of the Quarryhead sediments.
The predomlnance of quartz reflects the abundance of psammitic meta-
sediments and the‘weakness ofvthe pelitic schists.failing to produce
rock fragments in any great quantity. The greater abundance of feldspar
in the Dundarg Castle sediments indicates the strong influence of the
granitic source area, while the apparent reduction in the New Aberdour
Siltstone sequence is considered largely related to differences in grain
size of the samples. The apparent increase in rock fragments in the
New Aberdoup sedlments is directly related to the abundance of mica (A
clear 1nd1catlon of the 1nfluence of even the 1mode of dep031tion on

sediment composition within the same basin).

In‘the nesternbcoastal section similar conclusions may be drawn.
The Crov1e °edinents are def1c1ent in feldspar, und lack granitic mat-
erial in their conglomerates. At higher stratwpraphic levels, with the
intnoduct:on of granltlc detritus, feldspar content 1ncreases. More
significantly in this instance, the increase of feldspar content during
the East Harbour sequence confirms the presence ‘of granitic material in
the source “area long before conglomerates occur in the sequence to

offer direct evidence. Again, the inerease in rock fragments in the



East Harbour sediments is directly related to the abundance of mica.

‘Iﬁ the‘Central Coastal Séction, sediﬁenfs of the Pehnan Head and
Penﬁan Congioméfate seqﬁencés demonstraté a granitic influence by their
feidspér ﬁbhtenf, but do not show any changes related to the inéreasing‘
ébuhdaﬁce\of pelific deffitﬁs in the higher sediments. Théy do;ihbwever,
c;hfraét sfrongly\with the'Pennan éandstones, which, being domihated by
only qﬁartiite‘clasts show éﬁ almost monomineralic composition. Two
points complicate this latter observation. Firstly, conglomerate is rare
in the Pennan Sandstone sequeﬁce, quartzite being stable would be
" expecteé in preference to other rock types. Secondly, the occurrence
in the sequencg of iron/manganese rich hofizons or 'pans' (see chapter 7 )
may indicate abnormal early diagenetic conditions which may have proven

unfavourable for the preservation of feldspar minerals.

On the whole, detrital mineralogy is considered a useful addition
to conglomerate analysis in the study of source area composition, the
nature of ité usefulness being demonstrated in the detection of granitic
influence in the East Harbour sediments too fine to offer conglomerate

evidence.

. As will be discussed in the following section, the value of detrital

mineralogy alone is considered very limited.

4,8 (iii) Detrital Mineralogy
. Three broad mineral grgups have been considered during the present
‘study. The abundance and details of mineral types have been observed in
an attempt to evaluate the possible shpport detrital mineralogy can give
towards source area reconstruction. The mineral groups considered are:
(a) quartz
(b) feldspar

(¢) mica



287

4,8 (iii)a Quartz R ST
Throughout the sediments studied a variety of quartz types oceur

and the proportions of strained, unstrained, and composite grains have _

been estimated.‘ In all cases the sediments are dominated by monocrystalline

, quartz, the proportlons of stralned and unstralned var1et1es varying

throughout the succe531on and tendlng to support ‘the interpretatlons

made from ana1y51s of conglomerate clast comp031tlons.

As mentioned, grain size plays an important role in studies of
detrital mineralogy, in the case of detrital quartz, coarser sediments;
were observed to have higher proportions of polycrystalline fragments
vthan equ1valent flner-gralned sedlments, and 31m11ar1y, strained quartz
gralns were more abundaﬂt in coarser dep031ts than in their finer grained

counterparts.

*

Inc1u31ons are common 1n quartz gralns throughout the total sequence,
and therefore are unllkely to be of value 1n source area reconstructlon.
Fluid gas 1nc1u51ons are most common rutile, chlorite and

muscovite also hav1ng been recognlsed '

Quartz grains are commonly attacked by carbonate cement and are

heavily fretted.

- In the past many attempts have been made to relate the nature of
quartz type to its igneous or metamorphic precursor.: Blatt and Christie
(1963) v1rtually ended such studies by concludlng that the nature of
quartz extlnctlon was an unreliable crlterion for source determlnatlons.
Part of thelr argument wasAbased on the argument that undulatory extinction -
could only be successfully evaluated by study with a universal stage.
Furthermore, they pointed out that most rocks were capable of supplying
strained quartz grains, and only certain volecanic extrusives were reliable

sources of unstradned grains. Polycrystalline fragments are possibly

of greater value, but even so, much work is still required in order to



characterise the various optical criteria such as suturing, inclusions,
grain shape, and crystal size (Potter et al 1972 ). Blatt (1967)
attempted this suggestlng that crystal size and morphology may help to

dlstlngulsh gne1551c and granltlc polycrystalllne quartzes.

In the present examples, polycrystalline quartz varieties are

reasonably common and three distinct forms have been found to be most

common: .. S S o .

Type I .. Large composite fragments showing marked undulose extinction
and interlocking sometimes sutured grain boundaries, crystal
size is generally large,

Type II = Large composite fragments with strained or unstrained ext-

. inction and sharp, straight crystal boundaries. : Crystal size

- is again large, and inclusions are abundant.

Tyoe‘lII Smaller comp051te fragments w1th small 1nternal crystal size
‘:and polygonal boundarles produc1ng an interlocking mosaic
fof falrly unlform 51zed crystals. This latter grouping may

show some sllght elongatlon and suturlng of crystals but not

on any marked scale,

The first variety of quartz (Type I) is more abundant in the lower
portion of‘theVDundarg Castle Conglomerate Formation and is considered to

correspond to the higher proportion of metamorphic rock fragments present.

( o -
The second variety (Type II) dominates the majority of the sequemnce

in the east and equates with abundant granitic detritus in this portion

}

of the sequence.4

The third variety (Type III) is common throughout, but mestly in

- lower parts of the sequences, related to grits and psammitic schists.

Although this relationship has not been studied in any great detail
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a series of diagrams (Figures 4.17 and 4.18) summarise the general

distribution of'quartz types'throughout the Outlier.

"In the easfern’coastol section at Quérryhead (Fig. 4.17) unstrained
quartz is uncommon, a significant point considering the strong metamorphic
influence of the source area. The hiéh proportion of oomposité grains is
éttributed to'the abundant psaﬁﬁific metasedimehfsfin the'souroé area.
Coﬁpoéité gféins are frequentiy attribﬁfed‘to igneous sources,’buf in
this instance the‘fragménts are of tYpéé I and IiI; éufuréd grain boundaries

oonfirﬁihg the metamorphic origin.

In the Dundarg Castle sequence (Fig. 114217) composite g,rainskar'e‘
less.frequentg‘monocrystalliné strained grains‘predohiﬁéiing; This’
feature would be éxpécted‘from the plﬁtonic igneous rocks of thé source
area, bﬁt'the apparénf fréhdvtowards highef proportions o%hunotréined
grains at highér sffatiéféphio ievelé (Fig;'u.17 ) is &ifficuit“to eiplaiﬂ*
aé*cohglomerate:evidénce doeé;nof‘ihdicate‘any significaﬁt cﬁanée in the
source area. Several factors must be considered:

(i) Granite detritus would intially rapidly produce:éfrained
qﬁértz grains. | )
(1) ' Felsite being more durable would produce quartz grains

‘lmore'slowly,védding-mofe unstrained gréins,in distal sites.

ki

(iii) Felsite would therefore produce a'greéfer‘proportion'of
| slightly stroiped or ot_least less strained quartz grains in
» @isfal sites.
. (iv) It-is.also possiblo that the inevitable decrease in grain -
size in the higher deposits (distal'sites) means that strained
grains»will be less apparcntlin thin section. Also, it is
lwoll_known that gtpained end compocite grains are less . .
7,durablovand would therefore be expected to decrease in abundance

_in more distal sites.



In the eastern coastal section it is concluded that quartz type
can compliment the evidence provided by conglomerate analysis, but this
rglies more on specific typing of the polycrystalline or Somposite var-

ieties.

_;In‘the western céastal section (Fig., 4.16) a similar trend exists,
but as felsite is not presént in any great quantity it cannot be respomsible
for the trend towards higher proportions of unstrained grains in the East
Harbour‘Formation. It is concluded that such a trend is due to the

overall finer grain'size of these deposits.

In the Central Coastél Section (Fig. 4.17) evidence is sparée, buf
the Pennan Head and Pennan Conglomerates have a composition refle;ting
their granite rich source area. More specifically, the composite grain
type I is é@ﬁn&ant!ahd reflects this granitic soufcef At higher -
strat{éraphkéﬂlevéls ﬁélitic material is introduced into the éonglonerates,
but this trend is not reflected in the quartz gfain types. In the
higheét‘deﬁosité; %he Pennan Sandstonés;'the distribution of quartz types
is éimiiaf‘to”the'uhderlyiﬁg grénite rich seduencé;'yet‘thé Pennan Sandstones
are QﬁArtzifé*rich."A'¢6hsideration of composite grain types resolves
this pf@blem in_that the = type III grains are most abundant and reflect this
.quartzite,source rock. Suprisingly, although quartzite has ﬁade a sigﬁi-

_ficant contribution to the Pennan Sandstone composite grains are quite rare.

In éumﬁéfy;thé‘ovgrall’vaiué of quartz type in the evaluationféf
‘séurcé'focks appéarsréd be quite‘restricted, its'greatest'pdtential being
bin"thé éfﬁdyiof varieties of composité grains (a region very close to the
:study‘of rock ffaéménts themselves!), It would appear that quartz type
is very"sensitive to grain size variations in samples, and possibly also
'té'degreé of transporf. If the complex variables can be résolved,’then
'perhapétQﬁéftz type may be of greater value. In proximal environments

'such as in the present study, the technique is regarded as too sensitive



to many variables.

4.8 (iii)b FeldsE
'Orthoclase feldspar is the most abundant feldspar throughout the

succession, occurringin a wide range of weathering states from complete
'ghost' grains to slightly seriqitised'forms. Numerous grains show simple
twinning. Microcline is a common constituent and demonstrates its

greéfer resistance to wéatﬁering by:its fféduent lack of alteration.: Many

feldspar grains show perthitic intergrowths.

; Feldspgf content is:quite,vqpiable, ranging from 47% in the
Dundarg Castle éonglomerate sequence to zero in the PennanvSandstone ngm—
atioﬁ.< '

The pdtaséium feldspafs"oﬁéerved are cloudy, generally twinned
orthocl;se féldspare;-Plagi§clase feldspars are mostly albife andw‘
andesine compositions,‘they‘are qu%te uncommon, but show'very’little‘
alteratign when presgnty;uggesting that their absence is lack of‘avail-

i

ability rather than subsequent destruction. Untwinned plagioclas_lféldspars,

-

although easily confused with quartz, are uncommon, »

Feléépér'is a pbtentialiy valuable tool in squréé rock evaluation,

for exémplé; acid plﬂtohié{igneoﬁévrbcké’should provide’a.léfge émduntfsf
éimpie‘éarisbad twihﬁgd orthoclase feldspar (pdssibly zoned) along with
a‘variety of twinned plagioclase‘feldspars. ‘This contrasts sharply with
metamorphic sources which supply unzoned orthoclaée and untwinned plag-
iqclase (Blatthet al 1972);‘ Because 6f the’wideArange of temperature/pressure(:
‘conditions prévaiiing, metamprphic ?ocks theorgtically_provide somewhat
di;tinctiveiplagioclaée feldspar assemblages. For‘example Blatt et.al

(op. ¢it.) regard‘feldsparskwith compositions An 0-7 to be ;ow‘grade,
greenschist-facieg,'An 15-30 to be épidote—amphibolite facies,vwhilst‘ -

the range An 8-14 i; absent or low in medium grade schists. Plagioclase



of this latter range is regarded as abundant in granites. Granulites
show small amounts of plagioclase with a composition.in the An 30-40
range and are frequently associated with perthitic orthoclase feldspars.
Orthoclaseishouldgpredominate.ouer microcline in high grade metamorphic

facies e#cept migmatites.

. In the present situation, in the light of such comments, feldspar
would certainly appear‘tO’be of very little value. Orthoclase feldspar
is in many cases.abundant, certainly dominating microcline and occasionally
zoned, Perthitic intergrowths are frequent, but never abundant.
Plagioclase feldspar has been studied only briefly, and without the use of
the uniuersal stage, and shows compositions ranging between An 10 and An

us w1th values 1n the order of An 35 being mos't common. The majority

.

of plagloclase feldspars are tw1nned

Clearly the orthoclase feldspar could suggest that-derivation was

. from a granitic.source or a high grade metamorphic source. The plagioclase
1mp11es p0331bly high grade metamorphlcs but such rocks (Granulltes) would
prov1de a lot of perthlte and the proportlon of perthlte is certainly ’
not high The pauc1ty of plagioclase w1th low An values does not support.

.the 1dea thatgranlte was a major contrlbutor yet in the Dundarg Castle

Conglomerate sequence where granlte pebbles are abundant, the values of

plagioclase composition would not appear to support their presence!

A con51deratlon of the 1nmed1ate and most probable source area
adds further confu31on in that plutonlc igneous rocks, a range of meta—

e

morphlc rocks and p0381ble mlgmatltes all may have contrlbuted to the
sedlments at any-one tlme. Clearly, in such an assembly (apart from
true mlgmatltes, an assembly hhlch 1s supported from clast conp031t10n)
a whole range of feldspars would be ubiquitous (see also Pettijohn et al

1972) Therefore although the present study has indeed only been br1ef

the value of feldspar as an indicator of provenance 1s regarded as belng



low, particulafly in regions such as the Scottish Caledonides where the

' feldspar producers' offer fairly wide but similar ranges of composition.

.Perhaps the most valuable, but again restrlcted type of conclusion

R e

to arise, is that the total absence of more calcium rlch feldspars
implies.that the few basic intrusions possible in the source area did
not confriﬁufe detrifus in any great magnitude. The restriction to such
a'conclusionvie unfortunately a severe one - calcium rich feldspar is
eﬁtremely ﬁﬂseable'relative to other plagieclase feldspars, and would not

be expected to survive even mild soil forming processes.

4.8 (iii)c Mica

' Alfheugh the preportien of muscovite, biotite, and chlorite
present within the sandstones has contributed to the 'rock fragments'
component'of the eaﬁdstone classification diagfams, the interpretation
of the signifieenee'of these minerals is quite difficult as no major'

. studies have been made of the relationship to source rocks.

In general, granites are considered to produce mainly biotite
with shallérﬂemoﬁhts of muscovite. Pegmatities probably offer the reverse.
Metamorphlc rocks nay offer all three, but in the present instance the
local source area would be expected to contrlbute mainly muscov1te and

chlbrite;

- Folk (1974) con51ders that many factors may 1nf1uence the avallabillty

of mica 1n sedlments, and for thls reason 1t is con51dered that mlca is
of little value in source area reconstruction. Folk (op. c1~.) p01nts
out that blotlte 1s probably the most abundant mica 1n source rocks, yet,
in eedlments muscovite 1s_on average four times more abundant, The abung—
ance of the three micas is dependent upon: | .

(i) i their differing durability

(ii)  their differing chemical stability

(iii) their differing depositional characteristics due to their



'shape making them act hydraulically differently to other - ;

minerals, , , : S ' i

(iv)  the possibility of the early introduction of authigenic i

mica,

In the pfesent,instance, biotite and.chlorite have suffered
extensive.hemapisation;_whilst muscovite remains relatively unaltered. %
The size of'biotite and muscovite grains is quite variable, but in
general biotites occur in larger flakes than do muscovite. Chlorite

'alwayé §ccurs in very small flakes only; No authogenic micas have been

observed.

. While ;argekbiotites have been Qbserved in sediments such as the
Dundarg Castle'sequence which have a known granite rich source area, large
Siotitgs have also been found in the Crovie Sandstone sequence, a sequencé
containing no granite material{ In the iatter instance, large biotites
‘have(béen observed in composite quartz grains of type I, regarded as

being of metamorphic origin.

‘_Whileibiotites may not directly assist source area r?constructidn,

'(Eiiﬂﬁy give indirect evidence.  For example, in the West Harbour and Castle

Hill Sandstone Formations, biotite is abundant, often in quantities

greater than {he>n6fmaily dominant muscovite. Granitic material is

uncommon in‘Sedimenfs of this part of the sequéncé, bﬁt fhé relative
‘abuhdancé'of biofite'may indicate that.granitic materialihaé been rapidly

destroyed to liberate thé high quantities of miéa, aﬁdlthérefore fhét |

granite may have been a far more imporfant component in the soﬁrée aréa

than at first éppérentjfrombé.;fudy of'cbnglomerates alone. Uﬁfor{ﬁﬁately

very little'coﬁélcmgrafé material exists to allow a study of the possibility

of a metamorphic source of the biotite to be considered.

Overall, in the present study, mica is regarded to be of little

value in source area reconstruction being variably susceptible to many



different factors. If such factors can be evaluated and allowances
made, biotite may offer information in addition to conglomerate evidence
(such as the example in the'previous paragraph) but alone is probably

of little value.

4.9 (i) Sandstone Composition (Rhynie Outlier)
Figure 4.18 summarises the results of the present study, again

analysis has been restricted to medium and fine grained sediments,

Tﬁé earliest sediﬁents répreséntéd in Fig. 4.19 afe from the lower
red shales. Compos;tiong;ly, these lowesé deposits are distinct in their
high rock fragment component; being comprised of a variety of pelitic,
psammitic and schistose metasediments, with an even larger component of
quartgitic fragments. . On top of these 'genuine' rock fragments, the
total rock f?agment component in the figure is boosted by quité a large
‘ amount of mica - predominantly muscovite and chlorite, no biotite having

- been observed.

Orthoclase is conmon, but 'simple' untw1nned orthoclase _is common,
Rkttt e S it —_—
no mlcrocllne or perthltehave been observed In addltlon, much of the

orthoclase appears as large strained grains.

. The overlying Tillybrachty Sandstones have a high quartz content
presumably in direct response to the high quartzite contént of the
conglomerates. The‘rock.fragment:component is low, du; to the virtual
absence of any. form of‘mica; Although quartzite contributes significantly
to the conglomerates, rock fragments are uncommon in the sandstones, those
present are regarded as being of quartzitic origin as they sﬂow highly

sutured composite quartz forms.

Plagioclase is quite high, but orthoclase still predominates with

large amounts of mircrocline and perthite being present.

b
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The Quarryhill Sandstones are quite comparable with the underlying
fillybrachty Sandstones, but differ in a higher feldspar content, with
notably hlgher plagloclase., Rock fragments are boosted by a large mica
content. In partlcular a vast increase in the proportlon of blotlte. |

Rock fragments sensu stricto are very rare. -

The Dryden Shales again compare very favourably with underlying
sediments, but differ in a lower feldspar content and a high rock fragment

component due solely to the abundant mica present.

4,9 (ii) Discussion and Conclusions

The ‘detrital mineralogy of the Rhynie sediments is considered to

. offer ' little information of value towards source area reconstruction. A
major point of interest however has been the presence in quantity of
strained orthoclase feldspars in the lowest sediments. This evidence,
comblned w1th quart21tlc comp031te quartz fragments comblnes with a
dlstlnct 1ack of mica to suggest that earller 1nd1cat10ns that the sedlnent
may have been derlved from the west or south west could have some support
in the detrltal mlneralogy. Flrstly, the strained feldspars could have
been derlved from earller forceful granltlc 1ntrusxons which may have
suffered further deformatlon durlng later stages of the Caledonlan Orogeny,
or, secondly; the stralned feldspars may have been derlved from gneisses
“or mlgmatltes. Early perm1881ve granltes occur both east and west of the
present outcrop of the Rhynle Outlier as do mlgmatltes but the western
reglon could prov1de both mlgmatltlc material, early Caledonlan granite
and quart21te. Such ev1dence therefore although hardly conclu31ve does

add at least some support to the views made earller.
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PART C - PALEOGEOGRAPHIC RECONSTRUCTION

4,10 (i) Introduction

infrecgn@ years much work has been carried out on the sedimentology
of the Orcadian Basin (see Donovan 1971,‘Foster 1973, Plimmer 1974,
' McAlpine 1978), but to date no aftempt has been made to reconstruct
thé"palédgedgraphy of the basin as a whole. This omission is partly due
to the‘probléﬁs'inyolVed in the interpretation of paleoslopes in

marginal and distal lacustrine sediments.

The object of this section is to attempt to delineate more precisely
the limits and'paleogeography of‘the Orcadian sediments of the south
eastern Moray Firth, and to place these deposits into some regional

context. .

- Broadly speaking the Lower 0ld Red Sandstone sediments of the
_Gamrie Outlier were’deposifed in a seriés’pf continental alluvial environ-
ments ‘marginal to both the Orcadian Lake ?pd~thé 'Caledonian Mountain
Massif'. .Deposition was initiated by Alluvial Fan coarse clastics, but
with sﬁcceésive deposition aggradaficn of the alluvial depositional
surface resulted in fan recession and the establishment of a broad pied-
mont surface which was stable for long periods of time. In many places
ééé£ad§fion was slow and extensive calcrete profiles developed. ﬁérth‘
movgmenfs tqwards the end of the Lower 0l1d Red Sandstone times caused
anrad§an¢e Qf‘rejuvenated fans across this piedmont plain, and heralded
fhe initiation of earth movementé which eventually caused tge folding
and faﬁlting of the Lower 0ld Red Sandstone sediments prior to the’
depositidn of thick Middle 0ld Red Sandstene congl§merates."The Middle
01d Red Sandstone deposits of the area confirm that alluvial pfoceéseé
were renewed, and rapidly dominated the scene. Some evidence suggests -
that these fan deposits may have flanked a lacustrine environment, and

toward the top of the exposed éequence the southernmost extent of the



Orcadian Lake is apparent in the Findon Fish Bed.

The previous considerations of sedimentology, paleocurrent trends
and conglomerate composition concluded that the Gamrie Outlier existed

essentially as an intermontain basin open to the north.

4.10 (ii) Cause and Timing of Uplift

Dewey (1969 and 1971) and Dewey and Pankhurst (1970) provide
details of the Caledonian Orogenic events, including envisaged cross-
sections through morth Britain up to and including the Devonian period.
They demonstrate a hypothesis that the initiation of a Bennioff zone,
and eventual closure of the Lower Paleozoic 'proto-Atlantic Ocean'
(Iabetus) resulted in the Caledonian earth movements responsible for
the uplift of what eventually became the 0ld Red Sandstone continent.
Bott (1964, 1965) had previously provided a working hypothesis for
basin origin, recently applied by Leeder (1972) in his outline of Border
Paleogeography, largely based on the presence of crustal tensional

v

stress set up during upper mantle flow northwards towards this newly dev-

eloped Benioff zone.

The orthotectonic zone of the Scottish Highlands remained relatively
stable, and bears evidence of a long and involved thermal history, during
which time rising magmas ascended from the underlying Benioff zone.

This rise of magma is well demonstrated by the abundant 'newer granites',

and contemporaneous volcanic outpourings of the Lorne lava plateau.

Post-tectonic activity has been dated by Brown et al (1968) based
on granite crystallisation dates. He concluded that the period of
maximumn intrusion was 400 - 330 m.y. ago, although the range of events
covers the period 430 - 370 m.y., and peints to the long term availability
of granitic magmas. Brown noted that the climax of granite emplacement

was some 20 m.y. after the regional metamorphic country rock was 'closed'

W
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to argon, concluding that magma remained at depth until the end of the
main tectonic event, after which they permeated to higher levels simply due -

to isostatic processes.

Modern petrographic and structural'analysis of the Scottish Dalradian
has resolved the Caledonian orogenic event into a number of episodes of
deformation and re-crystallisation, the culmination being migmatisation
(Sutton 1965).  Recent K - Ar dates suggest that radiogenic Argon was
- accumulating by 470 m.y. and hence the Dalradian metamorphic peak was pre
470 m.y;'ago (Harris et al 1965). Harpen (1967) recognises accelerated .

" cooling of Dalradian metasediments between 450 and 430 m.j. and relates

" this to post-metamorphic uplift and folding. This uplift was associated
nith the intrusion' 5% 'forceful' granites such as those of Kennethmont, .
Auchedly, Ben Tirrel etc. (Pankhurst 1970) and followed at around 400 m.y.
by the introduction of'the'Aberdeenshire newer granites - for example
‘Peterhead Aberdeen and Bennachie (about 404 m.y.). These late permissive

1ntru31ons form the bulk of the Gramplan intrusions and demonstrate the

exten31on of deep seated thermal act1v1ty 1nto the Devonlan.

In the Midland Valley of Scotland sedimentatien began in the CGedinnian
(Friend 1967) or slightly earlier (Westoll pers. comm.) and thick sediments
accumulated there -are proof of the significant downwarp relative to ad-
jacent areas. Thin sediment accumulation on bounding blocks4associated

with thin lava flows confirm the relative uplift of these areas.

"_ Rlchardson (1967) has prov1ded valuable palynologlcal ev1dence
relatlng to the tlmlng of Old Red Sandstone sedlmentatlon north of the
mldland Valley Graben.» The Dryden shales containing the Rhynle Cherts
are now con31dered to be of late slegenlan age (Rlchardson pers. comm.),
p0351b1y early nmsian whllst an Em51an age for the otrathpcffer sediments
is proposed (Rlchardson 1967) Emsian ages have been suggested on similar

grounds by Collins and Donovan (1978) for the Ousdale Mudstones of south N



‘Caithness; and as mentioned previously an Emsian age has been suggested
(Collins pers. comm.) from poorly preServed spores extracted from lowermost

deposits of the Crovie Group at Gamrie.

It seems, therefore, that the Old Red Sandstone sedlments began to
accumulate in the post Caledonlan orogenlc eplsode as early as late |
.Sllurlan in the more rapldly downwarplng Mldland Valley Graben whereas
to the north the dep031ts at Rhynle appear to have lagged untll at least
late Slegenlan tlmes, or even later at Gamrle. At Rhynle and at Gamrle
the thlckness of the sequence is much reduced in comparison to that of the
Midland Valley (estimated to exceed 10,000 m). Rhynie and Gamrie may
thus!represent condensed deposits,kCalcrete development doesdindicatea
long periods of slow'aggradation'in both areas, but probably not sufficient
to accommodate some 10 to 20 m.y. It does'seem'likely on these grounds
that sedimentation began somewhat later in areas north of the Midland

Valley.

Towards the mlddle of the Crov1e’Group sequence the f1n1ng upward
trend reversesvand progress1vely coarser sedlments approach from the west.
As calcrete developments are abundant 1n the lower Crov1e Group‘successlon
: thls portlon may be regarded as occupylng longer tlme than the rapldly

accumulatlng coarser upper portlon. Tectonlc events caus1ng th1s coarsenlng
probably occurred durlng late Em51an tlmes; andveventually caused upllft
vand foldlng of the Lower Old Red Standstone sequence. Although sedlment-

ologlcal ev1dence suggests that Mlddle Old Red Sandstone dep051tlon

followed shortly after, the tlme gap cannot be estlmated The thlckness

of the conglomerate follow1ng is uncertaln, certalnly in excess of 400 m,

but accumulatlng up unt11 late Elfellan tlmes when an extensxon of the :
Orcadlan Lake allowed dEPOSltlon of the Flrdon Flsh Bed There 1s no
ev1dence at Gamrle to suggest that depos1t10n contlnued for any 1ength .

————

of time 1nto the leetlan.
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fu.io (iii) Limits of Sedimenfar& Basin

| ‘As dentioned‘previqus;y (page2£4e) paleocu?rent‘and sedimentoligical
etudies conclude that the 01d Red Sandstone of the Gamrie Outlier was
essed%ia;ly derived from the Caledonian Continent immediately to the
eouth. it is important that the limits of this basin are ¥ecognised in
order.te reconstfuét a regipnaI:paleogeography,rand in particular to
evaluate the relationships between theAsediments of the Gamrie Outlier
end‘those‘further easf. A more important problem is the relationship
betweenvtde eestern Moray Firth sediments, and those of the'Midland Valley

Graben. -

) The;eastern limit qf\fhe Gamrie Outlier probably extended little
furthep to the eest thandthe present day outcrop, although the south
eaeterly derived alluvial»fans may have extended further into the
Caledoniad H%ghlapds in the south east of the area. The general southern

derivation of Lower 0l1d Red Sendstone detritus indicatee that closure
occurfed to the south, whilst the extent of sedimentation to the west
remaine difficult to estimate. - Ashcroft and Wilson (1976) consider that
the western edge of the basin may have been controlled by the influence
of the Longmanhill Granite, they suggest a degree of fault control, and
in particular that the Afforsk Fault was active during Lower 01d Red
Sandstone sedimentation. The evidence used in support of‘this claim,
slumped beds in the Castle Hill Sandstone Formation, is here regarded as
invaiid.' The slumping present in these sandstones is of two forms:
(1) slumped foresets cn the lee side of subaqueous dunes, and (2) bank

caving in higher parts of the sequence. Neither of these phenomena

301

require tectonic instability for their development. In fact Pottér and Pettijeﬁn

have used slump folds as a paleocurrent indicator (1963),
Nevertheless, the present study concludes that in the west of the Outlier
sedimentation was controlled by an increasing westerly influence. The

~ conclusions reached were that the Macduff Slate material, ijkially locally



derived in the lower part of the sequence was eventually superseded by a
restricted assemblage dominated by slate,‘but with additional small amounts
of granitic material. With the increasing coarse nature of the sequence

a greater westerly‘influence is recognised until eventually Middle 01d

Red Sandstone‘fans dominate. Faulting may have influenced this development
but movement along the Afforsk Fault cannot be conflrmed and cannot be
supported from the nature of the sediments adjacent to thls fault in the

Den of Findon.

. It is concluded from the present study that the Gamrie Outlier was
terminated quite close to the present western margin, and as slate rich
alluvial fans may be up to 75% steeper than those derived from coarse
grained rocks (Bullg 1964 ) it may be reasonable that the Longmanhill’
Granite did form the western boundary to the basin. If this point is valid
the influence of this granite was clearly minimal as granite content is

: small.“

‘ A more detailed appnaissl of the local paleogeography is not so
easy, Friend (1%7) considered criteria such as sediment thickness and
grain size parameters of 01d Red Sandstone sediments in the Midland Valley
Grahen, and was able to evaluate relative uplift of the source area. - He
was able to indicate the felatively small uplift of the Southern Uplands
in comparison'to the Grampian hHighlands, and from sediment thickness trends
he cOncluded’that the order of uplift in the Crampian Highlands was .

greater towards the north east.

Kennedy (1948) probably opened a path to the further evaluation of
the nature and magnitude of the Caledonian Highlands by pointing out that
the Highland metamorphic zones were arranged in a major 'southwestward
plunging thermal anticline' in which hydrous zones (chlorite and biotite)
give way reg:onally to kyanite towards the 1nter10r, and 1nd1cate a

greater depth of overburden towards the northeast. In northeast Scotland

»
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 anda1usite characterises the Buéhan assemblage and is regarded as coeval
withlky?nite developmenf (Chiﬁner 1966) representing high gfadé metamorphism
at higher crustal levels. -Thus by such means it may be possible to
interpret the regional form of the Caledonides and hence predict the

genéral form of the early Orcadian Basin.

Dewey and ééﬁkhurst {lﬂ7°) esfiméte a 12 km mean deptﬁ fofvthe

ﬁigh levéi Bucﬁén{assémblages, and Qp to 20 km’forﬁBarrOQian éséémblagés.
The aﬁfhors add fhat appea;s‘to‘fectonic overpressures could not reduce
these depth estimétes significantly, although Fyfe; (1967) re-estimation of
the position of the triple point may reduce the estimates by half, Fig.
4,20.illustrates the disposition of the metamorphic isograds, and if they
‘can reasonably be assumed to reflect pressure'and temperature relationships
then their present day exposure may be regardedAas a measure of burial and
hence topography. As mentioned some confirmation of this exists in -
Friend's conclusions that increased sediment thickness to&ards the northeast
of the Midland Valley reflect'gréater ﬁplift in the adjacent northeastern
portion of the Grampian Highlands.

'TFurther support for>this comes from the distribution of -the older_
forceful granitic intrusions of the region, the location 6f which will be
a reasonable guide to regions‘of uplift. - Migmatitesn also follow a .
similar distribution, and are reasonable evi&ence of deep seated processes

(Turner and Verhoogen 1%0) - and may thus be taken as representing greater

thicknesses of”crust, and hence possibly topography.

Tlos L i v

' aRecently; much attention has been focused on potassium-argon
“dating of Highland metamorphic rocks. Radiometric dates relate to time
«and tempefature during‘cooiing and records the cessation of difquibn S

of radiogenic nuclide out of the system (Moorbath 1967).,'

Harper (1967h) considered that in general Phanerozoic K~Ar égesv

could be interpreted in terms of orogenic processes, in that féllowing
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.metamorphic re-crystallisation retentive minerals begin to accumulate‘
radiogenic argon and with further cooling higher level metasediments
accumulate radiogenic argon earlier than lower level metasediments (Harper
1967a). = Dewey and Pankhurst (1970) illustrate the concept of argon
fixing in terms of pressure and temperature relationships, and thus
demonstrate that radiometric ages determined from argon measurements may

be a rellable 1nd1catlon of pressure and temperature at a certaln tlme,

but more 1mporta1t they may allow speculatlon as to depth of burlal.

Itgthié5concept is acceptable, then old dates will indicate meta-
sediments which'cooled.early and were therefore siallowest. Younger agesv '
would belong to deepest metasedinents, having cooled latest. This concept
’has been termed the 'uplift cooling hypothesis'
and is regarded by Fitch- Miller and Mitchell (1970) as being demonstrated
"beyond reasonable doubt" in some cases. - As examples they refer to the
British Caledonides, the Western Alps, Eastern Alps, Appalachians, Westerm

U.S.A., New Zealand, and the Grenville Province of the Canadian Shield.

The 1dea is further.supported and adequately summarlsed by Harper

‘ (1967) who con31ders that the spread of K—Ar ages in any one area is
specifically related to the post metamorphic cooling history, and such ages
actually date a time of cooling related to uplift such that the constituent
minerals of higher level sediments accumulate radiogenic‘argon earlier

than those of lower levels. -

Figure 4. 21 is a reconstructlon of the dlstrlbution of the 'chrontours'

(KrAr age dates) produced by Dewey and Pankhurst (1970). The age dates clearly
support the 1mp11catlons of the metamorphlc-lsograds, namely that the ¢

north eastern Gramplans suffered relatlvely nore Lpllft than the south west

1

portions. The 1mp11catlons are in full agreement though that the maximum

overburden appears to have been in the Inverness reglon, a reglon where

early dep031tlon of Old Red Sandstone is known to have occurred.
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In relation to the present study, the metamorphic isogréds combine

with thé‘K—Ar‘daté evidence to indicate that the Gamrie and Rhynie Outliers

- were located within and on the axis of the chlorite metamorphic zone, and

are surroundedmby'successivély highér zones implying the presence of former

mountain roots.

This evidence is significant in that:

(1)

(ii)

(iii)

It adds support to the earlier view that the Gamrie Ogtlier
was in fact an enclosed basin open only to the north.'

It proyides_evidence for the possible topographic high loc-
ated to the immediate west of the Qutlier and apparent inr

the sedimenfs of the Gamrie Outlier as a swing of paleocurrents
tbward; the west atﬂthe end of Lower 0l1d Red Sandstone times,
It addshsupport to the ideavthat the Gamrie and Rhynie
Outiiers belonged to the same intermontéiﬁe b&sih, and that
the Rhynie Outlier probab;y diq not drain towards the’ .
Midland Valley.‘ Tbisllattep point would normally be-apparent
from pgleocurrgnt:trends, bgt in the present case data is

sparse and acts only as a guide to paleoslope.

The relativeiélavation'impliéd from such evidence also allows certain

»

other broader'péinté to be raised:

(

1

)

From the implied elevation of the Gfémpiéﬁs in the north east
it would.séem'uﬁlikély‘ihéf a simple connection with the '
Midland Valley Graben could béApbsSibié.'h(Sﬁch a connection
is'ihplied in receht geoiogical maps produced by the Geological
Survé&) Cheshire (pers. comm.) supports this conclusion and
indicates that there is evidence to show that paleocurrents in
the 01d Red Sandstonme of the Midland Valley initiélly show a

derivation frbm the Grampian Highlands,vbut>fowéfd$’the north

east a strong axial component is present implying closure of
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the Craben to the north east.

(ii) The reletive high regionbin the Inverness-area was probably
weakened by the early movement along the Great Glen Fault;
Stephenson (1972) and Mykura (pers. comm.) record Lower 0ld

Red Sendstone sedimentation into the axis of the depression o
eroded along this fault zone, sediment being‘transported from
both‘north and south of the fault;

(iii) Sucn a weaknessdwas presumably responsible for.the iocalised
Lower 01d Red Sandstone basins in that region, for example -
Stfethpeffer, where the only tru;y lacustrine conditions
pnevailed duringitnese early times. it must be noted that
such minor ba31ns are in fact actually off the ax1s of the
fault zone, the Gneat Glen Fault zone did not act as a major
ba31n of dep031tlon until Middle and Upper 01d Red Sandstone
tlmes,‘

(iv) The occurrenee of‘Lowep Old Red‘Sendstone on thersouthern

| margln of the ba51n combined w1tb a con51derable gap 1n tlme

before 1nundat10n by the Mlddle Old Red Sandstone Lacustrine
development 1s problematlcal, particularly as Mlddle Old Red
Sandstone 1acustr1ne deposits flank the northern exten31on of
nhe‘H;ghlands_lnto Caithness, Thls may be related to the
leteVCeledonian/early Lower Old Red Sandstone phase of
'dsostaticf readjnstmens.wheneb§ nnmerous permissine‘granites
wereemplaced. The Grampian region eppearsrto have been the

" leading plate margin, and has suffered greatest permeation
of acid magmas. ' It would therefore be expected to suffer

~ greatest isostatic elevation during this late orogenic episode.

It is'thefefore'possible that Lower 01d Red Sandstone sediments,

;“were contlnually flushed from the Grampian Hlyhlands in

‘response to such repeated ad]ustments and as ev1dence from

the Gamrie Outlier shows in its rejuvenated‘fans’overlying |
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" Piedmont Plain deposits. On the other hand intense -
adjustments to the north may be enpected and thus Lower 0l1d
Red Sandstone sediments would be buried and overstepped by
‘Middle 0ld Red Sandstone as the sedimentary basin‘subsided.
1th is suggested therefore that at least some of the apparent'
difference in elevation of the deposits of the Orcadian
" Basin may be due to differential subsidence in the post
“orogenic epieode.ﬂff -
(v)  The extension of the 'chrontours' beyond Caithness would imply
~ pelative topographic highs to the west of Orkney, and in fact
such a feature is conflrmed both 1n this reg;on and further
north in Falr Isle and 1n Shetland where the author has
‘observed a looal) ba81n margln to‘the west on the Isle of
FOUla.. Coai _ N
(yi) ‘Perhaps a more reglonal 1mp11cat10n to arise from the‘present
o | study 1s that as the Rhynie and Gamrie Outllers dralned to
the north and thls nould leave onlyaa very thin strip of
the Caledonldes to supply the Midland Valley Graben. This
‘?portlon ‘of the Caledonides is regarded as having suffered
maximum nplift, and in fact provided as much as 15,000 m. of
" sediment to the northern end of the Graben. For the Caledonides

to have such a relative elevation, it would seem to imply that

"the Rhynie and Gamrie Outliers were probably 'perched' basins.

Thus 1n bummary, 1t would appear that the Orcadlan Ba81n consisted of

D

a suh51d1ng elongate b331n flanked by Caledonian Mountalns which were
e
: broken by the Great Glen Fault, and probably SLb31d1ng slightly in the
north. Sediment was deriyed from these highlands, transported northwards
from the Grampian region and east/northeast from the North of Scotiand.

A major disagreement is the Mykura (pers. comm.) considers that the

lacustrine environment existed to the north, and cediment derived from the
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.highlands and the Great Glen were transported eastwards along a broad
alluvial plain. From the present study the elevation of the region to

the -west of the Gamrie Outlier is regarded to be a significant topographic
feature, and would prevent the existence of a broad easterly paleoslope
from Inverness. The small outcrops of Old Red Sandstone along the south
of the basin add sllght support to this in that they appear to indicate
that sedlment transport was elther northerly, or blased to the west

‘(the ev1dence in support of thlS must be stressed as belng very weak!).,

It is therefore con31dered that the more logical conclusion is that these

regions supplled the northerly Orcadlan Lake more dlrectly.

« Sediments began to accumulate at a very late stage of the Caledonian
Orogeny when periods of prolonged stability allowed extensive calcrete
development. Movement along the Great Glen Fault was also an early event,
§ediments to the north of the zone having yielded Seigenian spores (Mykura
. pers. comm.). As the trends of the Creat Glen and Gamrie and Rhynie-
boundary faults have a somewhat common dlrectlon 1t may be p0831ble that

the faults or1g1nated durlng the same perlod of stress.

. Toward the end of Lower 01d RedVSandstone time, tectonism was rejuv-
enated, causing folding and faulting of Lower 0l1d Red Sandstone sediments
and a swing in source area to‘the west. This period of deformation may
be analogous to the event which caused extensive folding in the north of
the basin in the Walls Formation of Shetland (regarded as being of late
Lower or very early Nlddle 0ld Red Sandstone age), and also the compre881ve
;eplsode respon31ble for the development of the Struie Thrust near Inverness

(also regarded as belng of the same age as the Walls deformation).
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4,10 (iv) Possible Connection Between The Gamrie and Rhynie Outliers

‘ Althoug1paleocurrent evidence is weak (particularly from the Rhynie
Outlier) it has been concluded from the present study that both the Gamrie
‘and Rhynie Outliers drained in general to the north toward the 'Orcadian

Lake' or its Lower 0ld Red Sandstone precursor,

ﬁécenf geophysical evidence proviged by Ashcroft and Wilson (1956)
(discussed in more detail on page 10 ) indicates that the Gamrie Outlier
is largely fault controlled on both east and west margins with’major
020° faults papalleling the regional Dalradian strike. The authors
consider that such faults are 01d Red Sandstone'in age, and may therefore
have -been syndepositional. This major fault trend is similar in both
Outliers, and although Ashcroft and Wilson did not extend their stﬁdy

as far as the Rhynie Outlier it may be possible that similar Old Red

Sandstone faults also governed the shape of the Rhynie basin.

Mére recent studies by Ashcroft and Muir (1378) draw attention to
the similarities between fault trends at Rhynie and Gamrie. If late
cleavage trends are included in the consideration and taken to indicate
late Caledonian”sfructure,'then they would indicéte that both Outliers
could easily have a common axis paralleling the axis of the Boyndie
Syncline and perhaps even inflﬁended by the 'younger basic' suite of

intrusions. These latter pbints are illustrated in Fig. 4. 22

Although no direct evidence éxists, it méy be pertinent to consider
the Cabrach and.Tominfdul.Outliers in relation to the present study area.
It has been indicated that the source area for the Rhynie Outlier may
have lay to the west or south west of the present outcrop, it is suggested
from the present study that a consideratién of the composition of these
outliers may provide information relative to the possible connection of
these with the Rhynie Outlier. George‘(lgss) considered that much of the

Grampians initially had a covering of 01d Red Sandstone, it is possible '



that the remalnlng outcrops simply represent the roots of ma]or depre831ons

in ex1stence at that time.

4.10 (v) - Detailed Paleogeography of the Northern Part of the Gamrie Outlier

3190

Sedimentological studies assisted by analysis of detrital mineralogy
and paleocurrent evidence are regarded to indicate a somewhat restricted
2 272 regarded ‘
sedimentary basin closed on all but the northern side. Throughout the
present study similar trends in facies development have been -noted in
different parts of the Outlier, but significant differences in composition
of detritus have served to isolate such similar facies from each other.

Sedlmentcloglcal evidence could provide no answer to the problems of the

1nterrelat10nsh1p between the three coastal sections at Gamrle.

. Fortunately, Ashcroft and Wilson (1976) carried out a detailed
geophysical study of the Gamrie Outlier and were able to provide evidence

which in many ways supports the conclusions made during the present study.

ﬁssentieily, it would appesr from the geophysical evidence that
both the Strichen and Longmanhill granites may have influenced the local
Devonian paleogeography, and also, several major faults have been identified
running almost parallel with the present outcrop. These faults serve to
step down the margins of the Outlier in Graben style and allow up to 1 km

of sediment to accumulate in the axial regions,

In the north of the Outller Ashcroft and WLlson (op. cit. ) indlcate
a bssement structure which could concelvably have had a strong influence
on the 0l1d Red Sandstone paleogeography. The authors were able to combine
several lines of geophysical evidence to indicate that the simple Graben
like structure of the southern portion of the Outlier became more complex
to the north, neing replaced by a series of interrelated faults modifying

.

the trend of the axis of the basin. The structural interpretation of the

2
basin as indicated by Ashcroft and Wilson is reproduced in Fig. 14}" gnd



'Accepting‘the influence of the two granites on sedimentation, the Strichen
granite‘providing abundant granite rich debris to the eastern section
while:the less well exposed Longmanhill Granite merely provided a topog-
raphic high in the Macduff Slate‘alloming a slate rich supply to the west.
The deeper axis provided by Asheroft and Wilson would provide a solution
to the prev1ous mentloned problems by providing a means of channelllng
detrltus from the south of the Outlier into the Central Coastal Section.

A possible reconstruction of the reglon summarising the evidence of the
present study, but largely assisted by the basement evidence'provided

by Ashcroft and Wilson is illustrated in Fig. 4.24.

4.10,(vi) Destination of Drainage

- Three major areas of Lower Old Red Sandstone sedlmentatlon are
apparent from the present outcrop:
(1) Sarclet region (Caithness)
(ii) = -Strathpeffer region (near Inverness)

(iii) ' Gamrie region (north east Scotland) - L

At’Strathpeffer, alluvial fan conglomerates rapidly give way to

hlghly bltumlnous lamlnated lacustrune limestones. Donovan (1971 and

311

pers. comm.) con31ders the north east transport of large amounts of sedlment

1n the Sarclet Group and the replacement of this fac1es by playa lake
facles towards the north east, as evidence supportlng the hypothesis of
a Lower 0id Red Sandstone 'Orcadlan Lake' under the present Moray Flrth
north east of Calthness. W1th thlS hypothe31s, Strathpeffer exists as

an early but very locallsed lacustrlne development,

It must be concluded from the present study that although the

Gamrle and Rhynle Outllers drained in general to the north the ultimate

destlnatlon cannot at this stage be conflrmed.
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Sedimentological considerations (chapter 3) ' probably raised
an impertant issue. The lowermost deposits indicate that ephemeral rivers
debouched onto a piedmont floodplain. Initially this may have been
their ultimate destination, as the evidence suggests that floodwaters
.were commonly ponded in this region. In the later part of the Lower 01d
Red Sandstone at Gamrie, the mechanisms of sediment transport were of
greater magnitude and persistence. Perhaps at this time a link may hane

been developed with an 'Orcadian Lake' to the north.

4.10 (vii) Climatic Conditions
Theyinterpretation of extensive carbonate"developments in various
parts of the sequence (chapter 7) as calcretes is probably the best

climatic indicator available in the sediments studied.

Calcretes at present are a world-wide feature of arld.and semi-arid
reglons, and Goudie (1972) has noted that Tertlary/Quaternary calcretes
:are also largely restrlcted to semi- ar1d reglons. Even so, care must be
taken. Goudle (1972) draws attentlon to the fact that "... caution needs
to be exerc1sed in the use of calcrete as a paleoclimatic indicator..."
".;. for cllmate is but one of the factors in its development...:.
As con31dered in chapter 7 R prec1p1tatlon run-off, relief, and temperature
are 1mportant factors in calcrete development, and contribute to the
dlfflcultles in evaluatlng cllmatlc condltlons. Nevertheless, it is
probably reasonable to assume the vague implications of recent caierete
distributions; i.e. that a dry climate existed with periodic‘rains;r
These implications hold for the lowermost 0l1d Red Sandstone of the
Gamrie Outlier, and are supported in part by the nature of the sediments
in-which the calcretes are developed. Invchapter's ’ the sequences
conprising.this }ower fining upward sequence‘were interpreted as largely‘forming by
'ephemeral events, allowing slow aggradation of floodplain areas. Flood -

events were regarded as infrequent, but possibly large in magnitude. This
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'hypothe31s would tend to support the suggestion of 'a dry cllmate with

perlodlc ralns'

"In the upper portien.of thekLower 01d Red Sandstone at Gamrie the
: sediments‘are interpreted ae recording significant changes in both magnitude'
and pereistence ef depositional pfocesses. Aggradatlon became qulte rapld
and 31gn1f1cantly, calcretes are absent from the coarsening portion of the
sequence. he 1mportant questlons whlch must be considered arvre:

‘l. Does thls coarsenlng seqﬁence record cllmatlc change.

>2. Or, Could such changes by purely a response to greater catchment

'area?,

L]

These are difficulf questions to answer. Certainly the cearsening‘
portion of the Lower 0ld Red Sandstone sequence as exposed is derived from
a more westerly and hence different catchment aree, but whether this

: ceuld be solely responsible for the change in sequence is difficult to
evalﬁete. - The ccnclusiens of the present study are that the ephemefal ’
streams predoﬁiﬁant in the iower sequence are incompatible with the
apparently 'more permanently established streams"of the upper sequence;
and may thus reccrd at‘leest some increased precipitation. Mykura (pers.
comm. ) hae noted’that‘certainly in the Middie 01d Red Sandstone a greeter
icatchment and run-cff is indicated. It may follow that climatic changes
initiafed dubing the Lower OldJRed Sandetone times became well established
during MiddleVOld Red Sandstone Sedimehtation end were an importanf

factof in the vast expansienyof the Orcadian Léke. This expénsion was

" initiated during late Lower 0ld RedkSandstone times, reaching e climax

at the Achanarras'herizoc durirg the Middle 0ld Red Sahdstone.

..This appafent change may in fact be the initiation of a cycle of
change whlch ultimately culminated in the certainly more humid Carbonlferous

Perlod.‘
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TRACE FOSSILS IN THE GAMRIE AND RHYNIE OUTLIERS

5.1 . Introduction

The recognition of several apparent forms of trace fossil
is regarded as important, being at present the only clue to the Ler:
013 Red Sandstone fauna in Noxth Eastern Scotland. Five structural
forﬁé have been recognised, three of which are confidently regarded as
of bibgéhid origin. The fourth and fifthyremaiﬁ problematical.
. ‘(i) Large scale vertical and horizontal-meniscus-filled §tructufes.
(ii) “ émali scale inclined "bufrowsﬁ.
(iiijﬂ émall scalé surfacé markinéé..'
(iv) Mud-lined vertical "tubes". V

v) Branching carbonate~filled "tubes".

5.2 Vertical and horizbntal méniscus-filled structures

5.2.(1) Introduction .

) Unusual vertical cylindrical and horizontal pipe-like meniscus-
filled sedimentary structures have been observed in the siltstone and
gandstone members of the New‘Aberdour Siltstdne Formation, and the West
Harbour Formation. Allen (1961) described structures similar to thcse
described here ffom a number of iocaiitiéé‘in the VWelsh Borders.‘ He
feferied foythése struetures as ”saﬁaﬁtone pluggéd‘pipés" and éuggegted
ﬁhat thef formed pﬁrely as a iésult of phyéical processes. From the
péesent!stﬁdy'a biogenic’oriéih is stronély févoured, buﬁ throughoﬁt the
diééussibn the term “"sandstone plugged pipe" has been retained (for

descfiptions) and is intended to have mo>rphological implicatibns only.

5.2, (11) Descrintion

At Gamrie two forms of structure have been differentiated on the basis



313

of their attitude and internal structures.
(1) Vertical structures, here termed cylinders,
(11) Horizontal and inclined pipes,,
The general form and relationships observed are schematically illustrated

in Figure 5.1,

Cylinders

Cylinders are restricted to sandstone horizons and show little diversity
in general'form.‘ They'are inclined normal to bedding and show aicircular
to sub—circular section (Figure 5.2a) with'occasional minoxr swellings
along their length. The sediment infilling is similar to that of the host
sandstone except for rare silty films parallel and close to the vertical
walls which suggest minor adjustments of shape and size during formation
of the structure. The cylinders always cut the host sandstones cleanly
and haye never been observed to branch. Unfortunately the upper term-
ination;of such cylinders have never been observed, the lower termination
being seen only in two‘cases where it consisted of a smooth, rounded
concave upward sandstone projection into the underlying siltstone. - ln

one of these examples the lower termination had a short horizontal side

projection (Figure 5. 1)

The cylinders are commonly isolated, widely spaced and in thicker
sandstone units, but at Counter Head (Figure 5 3, locality D) they
frequently show interlocking relationships (Figure 5. 2a), suggesting
slight lateral migration of their position. Less commonly they are cut
by horizontal pipes, or, as shown in Figures 5.1 and 5. 2a, pipes appear
to originate or terminate at the sites of cylinders. The dimensions of

cylinders from Gamrie are listed in Table 5.1, As no cylinders have been
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. Table 5.1  Summary of physical dimensions of ‘plugged pipe® type structures from the present

~study, and from the recent literature.
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observed to traverse the thicker interbedded siltstones the maximum
length is probably c. 60cms (i.e. maximum sandstone thickness). However

. the maximum observed length is 24cms.

Horizontal and inclined pipes -

These have a similar surface form to the sandstonelolugged pipes
descrihed by Allen (1961), but differ significantly in section. In the
Gamrie forms an internal layering or meniscus fill is developed, consisting
of sharp alternations of sandstone and equal or greater thicknesses of silty
sandstone, the latter being commonly laden with angular siltstone clasts,
@igure_5,3). A comparison of Figqure 5.liwith Allen's (196l) rigure 5
shows that at Gamrie the:surfaoe form of long pipes with colinear curved

features is much shallower than thosekof the Welsh borders.

The greatest numberof pipes occur as individual horizontal struotnres,
although quite a large number show a tendency to coalesoe (Figurezs.éb) |
A small number of pipes are related to cylinders, apparently originating
or terminating at such sites. (Figure 5.2a). It may be fortuitious that |
this latter relationship is seen; pipes may predate cylinders which were

sited coincidentally at the ends of pipes.

The dimensions of pipes may'show slight variations along the length
and although it is difficult to observe and quantify, pipes may also become
gently inclined along their length (Figure 5.2¢) but to what degree and

over what distance is impossible to estimate from the exposure available.

The curved internal bedding 1llustrated byfigure”5}3show no.
preferred sand grain orientation, although siltstone clasts do occur with

their longer axes parallel to the curved internal bedding.



The inclination of each set of 1nternéitbedding sﬁrface§ is variable
within a pipe (F;gure 5;3).At the base the bédding suffaces‘aré
tang;ntial to the erosive lower surfacg of the pipe‘but the inclination
increases with increasing height withiﬁ a pipe until at # p$sition
near to the top of the pipe the bedding surfaces stand vertical or may
even beioverturﬁed by hp to 15° from vertical. Occasionally, as shown 15
(Fiéufé‘SJSa).the internél bedding surfaces when overturned may be packed
by the next unit, bénding double before being covered by the next unit,

giving a sense of direction during formation.

[

The inclination of the internal bedding shows no preferred orientation

gxcept where the pipes are connected to cylinders, or where they are
inclined. 1In the former case the sets are inclined such that they dip
tpwakds é connecting cylinder whilst in the 1attér instance the dip is
alﬁays "up thevpipe". Significantly, each internal bed continues to the

roof of the pipe and efféctively seals the conduit. As internal bedding

_appears related to the position of a cylinder, and as the latter never cut .

pipes butvmay themselves be cut by pipes, a genetic relationship between
pipes and cylindérs is proﬁable. Contrary to this genetic sequence is the
evidence Aisélayed>in Figure 5.2a where a cylinder, apparently related to
a pipe, ié cut by a later cylindef; thus proving that cylinders may in

fact post date pipes.

At Counter Head (Figure 54 1locality D), the sandstone host to the
pipes énd cylinders 1s extensively subaerially desiccated, but in none of

the examples studied does this desiccation post-date these irregular

surface markings, except in that desiccation cracks originate from cylinders

and pipes (Figure 5.2a). Major desiccation fcatures do not traverse the

»

17
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structures. In all ~cases the pipe structures cut the host sediment
cleanly and in the majority cf cases do not modify it in any way.‘
However at Counter Head beddino adjacent to pipes may be curved slightly

below the pipe (Figure 5 2d), aggesting that compaction has occurred

during the production ofvthe structure,

| "5.2.(i1i) Distribution

The pipes and cylinders in the Gamrie Outlier occur throughout a
wide variety of lithologies and a total thickness of about 150 metres
within which isolated pipes are only found at a few horizons. They are
particularly abundant at one horizon and their marimum density of
occurrence is restricted to 3m of sediment, laterally of quite variable -

1ithology.‘

:vAt Gardenstown (locality A, Figure 5.3) and Crovie (locality B, Figure 5.4)
only about ten pipes (no cylinders) have been noticed in a sequence of fine
grained,;very micaceous, sub-arkosic, ripple cross laminated red and buff
sandstones commonly less than 40cm thick which fine upwards into flat
laminated siltstones and eventually into laminated red muds with abundant

desiccation cracks. A few infilled casts resembling small worm burrows

have been recorded from this sequence. (See S. 3, page 327).

" At New Aberdour'Shorer(locality C) the host lithology is markedly
different, consisting of iZOcms of medium to coarse reddish sandstones -
showing abundant small trough cross stratified sets with numerous¢grave1
lags and pebble strings. Pipes and cylinders occur'here(in abundance
showing§no'obvious preference for sediment grade or bedding type except that '

their development is in the upper 60cm and greatest on the top surface

of this unit,

#*
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At Counter Head (locality D), siltstones with a considerable
development of pedogenic carxbonate are owerlain by thin flat yellowish
buff, fine grained sandstones, which pass up into thin interbedded-sand-
stones and siltstones. The thinly bedded sandstones (c. 3cm units) show
a very dense development of all forms described, and also illustrate
the'greatest variation in interrelationships. The thicker basal.unit
shows the development of horizontal pipes.and cylinders only in the.
upper~10cms, by far the greatest development occurring in the thinly

interbedded sandstones and siltstone units.

' 5.2. (iv) Other Occurrences

The distribution of plugged pipes has received little attention other
than Allen's description (Allen op cit); casual reference has been made to
their presence only in the Old Red Sandstone of Spit%bergen iDineley 1960,
Friend 1965) where structures similar to those described here occur in
comparable sediments (Dineley and Friend pers comm). An individual 6cm -
pipe has been recorded by McAlpine (pers comm) in floodplain sediments of

the Upper 0l1d Red Sandstone of Dunnet Head.

Horne and Gardiner (1973) describe isolate, tubular, radially symmetrical

structures 6cm to 12cm in diameter in reddish micaceous siltstones and

medium sandstones at several levels in non marine late Devonian or early
Carboniferous sediments of south west Ireland. Although apparently uncommon,
they also record associated "elongate burrows and trails of a similar
size{to.tne circular structures. They conclude that a biogenic origin

is likely and prefer an interpretation as dwelling burrows rather than
feeding or escape burrows. Seilacher (pers comm to Horne and Gardinei)

suggests that burrowing coelenterates are a most liPely organi More

precently Ridgeway (1974) has described problematical' trace fossils from
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the New Red Sandstone of South Devon. In many ways the structures
described are very similar to those described here, particularly,in shape,
size and internal form and cross cutting relationships (Ridgeway op qit
plate 173,B, Figure 1) plus the ability to pass through coarse clastic
sediments. Diametefs up to 11.0cm compare favourably whilst maximum
lengtﬁs‘of 170cnm and depth of 40cm are very close. Unlike mény of thé .
-;ther ekamplesicitéd, the South Devon exaﬁples also include inclined

forms. Ridgewayiéuppérts a biogenic‘origin but réjects annelids and
arthropods in favour of a reptilian origin. It is interesting to note that

lungfish and hagfish were considered as possible sources.

The presentwauthor has observed plugged pipesAinrthe Upper Middle 0Old
.Red séndstone on thé Islevof Mousa, Shetland, where numerous pipes‘oqqur,
in'a shallow wate:blgcustrine fac;esisimilar to{that éescgibed in the
Orcadian Basin by DQnovan and ngﬁer (1971). Subaqueous shr;nkage cracks
are abundant,‘suggesting quiet water conditiqns with fluctuating salinity
kDon?van & Fo;ter, op. cit.). The absence of large desicca;ion polygons

suggests that droughtconditions were never as far advanced as at Gamrie.

Small, vertical; cylindrical, internally massive, sand fiiled structures
have been described from the Permian and Carboniferous of the U.S.A. andf
attributed to the diverse species of aestivating dipnoan fish which evolved

rapidly during the Palaeozoic era.

- T

. ‘ "” _\\
Carlgon(iQSS)describes a Permian lungfish and offers details of\?heir‘) ’

. 4
— E

aestivatiop burrowslwhich are_comparable to the st;uctures described here.
He records cylindrica}lbqrrqws 1 - 10cms in diameter (45cms max. lenéth)
with well defined walls and a hemispherical b?se often extending into the
shale beloy. Majbrity are vertical and many sh§w concentric internal

’ «®

meniscus structure (cf. Figure 5.1) and commonly burrows occur closely

packed (cf. Figure 5.2a).



Romer and Olsen (1954) describe aestivation burrows of Permian
lungfish in the Arroyo Formation of New Mexico., They repcrt verticai
cylinders with smoothly reunded lower terminations. Their dimensions
of 5.5 to 1Ocms compare favourably with the Scottish eramples and those

of the Welsh Borders.

The Lower Permian of north west Mexico exhibits vertical or slightly -
inclined circular cylinders of 4,5 to 6.5cms diameter and up to 23cms
Jength. Vaughn (1964) describes these and notes that the louer termination
may bend to the horizontal. His examples were not true cylinders, their .
tops being dilated and with a bulbeus base causing a flask-shaped appearance.
Vaughn suggests that the lack of fossil remains in most burrows is
explaineé because firstly the conditions necessary for aestivation by
lungfish woula be unfavourable for the preservation of bone, and secondly
beeause.lungfish were probably highly successful in survival by
aestivation. Modern examples have been estimated to be eapable of
survival for periods in excess of 18 months (Smith, 1931). vaughn thus
contemplates an "environmehtal calamity" as the cause of the high bone
contents in the chinders of the Texas and New Mexico Arroyo Formation,
concluding that the iack of skeieten parts" «+» does not seem to be
strong evidence that these fish were not there, when it is remembered that-
the remains of lungfish are exceedingly rare even in the Arroyo Formation
of Texas" The Carboniferous of the Michigan Coal Basin has yielded
1arge, essentially straight cylinders of c. 15cms dilameter and 4lcms length
with spiral patterned sides caused by tail movement of the fish (Carroll, 196€5).
Carroll suggests that the earlier Dipnoi burrowed and remained straight -

rather thah'haVihg'the'coiled tendenciés of modern examples.
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Woodrow and Fletcher (1968) feport cylinders 5 ~- lSdms in diaméter
from the Upper Devonian of North East Pehhsylvania. In section the
stru;tures are subcircular to ovai ana have tﬁéir long axes normal to

- bedding. The bottoms of the cylinéérs a?e younded and concave upwards,
and, as in the present study, fhe éyliﬂders only o&cur_in the top 1.5ft
(450ms)vof Sediment units. They may occur grouped or separated by sever;I
feet. AN; fisﬁ'remains'have been found associated with the cylindgrs,
although'bone'has.béen found in ;nterbedded.lithologies. ,Tﬁe environment
o% éeposition of the host sediments is interpreted by Woodrow and_Fietcher
as beiné a broadlfluvial plain or estuarine region with a development
of pedbgenicléérbonatef'subjected to seasonal drought dur;ng which ;img

the Dipnoans burrowed into the exposed river mud to aestivate.:‘t

Although a number of structures comparable to the vertical cylindrical
forms described here have thus been noted, no horizontal or bipe like

structures ever relate to these examples..

Gevers et al (1971) describe a Devonian trace fossfl from Victoria Landg,
s —————— N

Antarctica, and although they.do not offer detailed sections their

_descriptions and photographs prove very coméarablé to those described

here. \Thektrace fossilsthey describe has been named Beaconites antarcticus,
and typically may show a éiguous’surfacé }orm, with Eﬁrved internal

bedding br sept; as desci;ﬁed‘fxém the‘é;eséﬁt‘éxaiple. Branched forms

are common, as are)inclinéd fé;hsf~‘fﬁey fénge‘iﬁbsiié from 2.7 to 10, 3cms,
7.7 to 10.3 being fhe most commoh;v;nd gréwthus‘;éfyfcomparable to the

- Gamrie pipe structures. »Steepi& iﬁciined or vertical burrows were noted,
but few details offered that would alloﬁ Compafisohs with the cylindrical

- forms desc;ibed here, Although Viaid; (1962) initially :ecoggised these
Antarctic,forms he waé undecided as to their origin. GeV?EE\fE/iia(QR.ElE)/

express little doubt in interpreting the structures as either surface or
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shallow annelid feeding burrows. Rolfe (pers comm. 1975) and Pollard
(pers comm and 1976) have observed similar surface forms from Lower O.R.S
of Dunbartonshire and the Tor ﬁay breccias in South Down and consider them
comparable to those described by Gevers et al (op cit), but created as

locomotion or temporary resting traces of amphiblans or reptiles.

" 5.2.(v) Interpretation

Allen (1961) considered:several possible modes of origin for the»
sandstone plugged pipes of the Welsh Borders: (1) A bhiogenic origin he
felt was unlikely because of the large size of the structures, the
absence of skeleton remains, and that the structures appeared to be
unlike any attributed to organic processes. (2) He rejected the notion of
injection of sand and silt lubricated with water because of the shape and
interrelationships of plugs and also the lack of associated sand veins -
and stringers. (3) Allen sugcested that "the most consistent explanation

L

was that rising water initiated tubular ducts in the unconsolidated

sediment - choking of the ducts occurring when the velocity of the water

fell below the settling velocity of any suspended detritus.
R A R P .

A physical origin for the Old Red Sandstone plugged pipes described
here is unlikely because:= -
(a) The internal curved bedding is seen to seal the pipe completely and .

thus would prevent further movenent of water.

I}'

(b) The pipes and cylinders cut through a wide range of lithologies but __—

~ their morphology is not controlled by grain size as might be expected
~1f they were formed‘by moving water.(
’(e) :They are restricted to the upper surfaces of thin sandstones and upper
portions of thicker sandstone units. |

(@) Pipes may repeatedly coalesce.



(e)’
r(f) -

(g)

(h)

(1)

(3)

(k) -

]

Pipes appear to be genetically related to cylinders.

No change of form exists at the end of each pipe.

Cylinders have circumferential silt films and show evidence of

slight lateral migration and size adjustment.

The lower terminations of cylinders project downwards into the
siltstones below i.e. the cylinders originated from above, and not
from below. »

Sedimentary structures in clastic sediments attributed to dewatering
phenomena are usually folded rather than fragmented such as to allow

the release of angular siltstone fragments into any released fluid.

: The transport of large siltstone clasts and coarse sand in a

" restricted pipe would presumably cause a significant rounding of the

clasts. In fact the clasts are angqular,

lhe~sides of cylindersAand pipes are vertical, a phenomenon typical
of damp rather than saturated sand. If the structure acted as a
condult for any length of time presumably collapse would occur as the
sides became wet.’ Silt films parallel to the sides of cylinders

suggest that the structure has witnessed several stages of develoPment -

in none of the examples studied is there any evidence of collapse

or winnowing of the sides of the cylinder.

A biogenic mode of origin for the pipes and cylinders is a little easier

to support. The lack of variation of size and form of the pipes even in

differing lithologies uggests that they may not be produced by a hydrodynamic

process which would presumably produce different sized pipes depending on

the grain size of the host sediment and water velocity within ‘the pipe. -

'Pipes frequently pass through a variety of grades of sediment along their

length, and no cha@ge\in size or form of the pipes is produced. This
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;suggests that the mechanism producina the pipe‘was independent of the
“physical properties of the sediment. A burrowing organism would produce
a burrow of fairly consistent dﬁnensions irrespective of the nature of

'the sediment.

Similarly, a burrowing organism may pack sediment, secretions or
~excrement into a burrow sealing the tube behind it, and whilst in the
.process of burrowing or feeding could easily_transport silt from the

surface into the pipe. The pipes and cylinders are confined to the upper
portions of sand units. They do not originate from below but instead.
from the silts above, suggesting entry from above. In the two examples

of cylindersishowing a lower termination the sand‘also projected down into
'the underlying siltstone.: The sand lamellae of the pipes are wedge—shaped
r(Plate 5.1) thinner at the base than at the top where the sand may be
'overturned. This could have resulted if a burrowing organism packed ‘the

sand into sheets by 'bulldozing‘ it along the pipe.

- Modern examples of lungfish burrows show clearly the presence of a
macous lining to the 'cocoon', it is conceivable that the vertical silt
films recorded in the cylinders from Gamrie are a vestage of such a lining,

now only recorded by the presence of entrapped silt.

. As previously,mentioned, the sediment had undergone at 1eastvsome
,desiccation prior_to the development of the pipes and cylinders. This fact
may add further support to the suggestion that the cylinders are in fact
burrows.' The sand and silt was clearly in a state of partial or total
-desiccation over the general period when the structures were produced, and
;thus could have been produced by organisms trapped in ponded water on the
ifloodplain. This is the environment at present day causing lungfish to

”‘aestivate, and although unrecorded, it is possible that the pipe 1ike

structures are a retord of such an organism attempting to move through



partially desiccated silt. TI'rom work on Gambiah lungfish, Jchnels and

. Svenson (1955) observed that modern lungfish 'awakened' by being placed
compiete with burrow in a tank of water left their "nests", but returned
pericdically for protection for up to 6 = 7 hours before resuming a

normal free ewimming life. If the silt had been totally desiccated the
pipes may represent feeding trials initiated durihg a subsequent flood ‘
but this is unlikely to Sé the case as cylindricel aestivation burrows
would not be produced ;n such a situation. iThe absence of cylindrical
structures on Mousa may also be ascribed to the absence of advaﬁced desic-

cation if the structures are correctly interpreted as aestivation burrows.

Several cylinders sﬁow radiating desiccation cracks and thus
suggest that the silt and sand was conly partially desiccated (Figure 5.2a).
Donevan and Archer (1975) have‘shown that natural or artificial
inhomogeﬁeities in desiccating mud can have a significant control on
desiccation crack patterns. Thus it appears quite possible that eﬁe silﬁlx
and sand was actually undergoing desiccation and that the structuies

described were in fact produced in response to this drying invironment.

5.2, (vli) Discussion and Conclusions

The evidence compiled seems favourable for the interpretation of the
cylindrical structures as burrows. The pipe structureslpresent a greater
problem in that there is only one record in the literature of similar

structures directly attributed to burrowing or feeding organisms.

The majority of p;pes are surface forms, occurring on the sand-silt
interface and therefore may represent feeding trials rather than burrows.
A discussion on the feeding habits of Devonian fish and other large aquatic
organisms is beyond the scope of thie paper, particularly as the sediments
considered are devoid of Skeleten fossil'remains thus offering no clues as

to the identity of a suitable organism. (To date only one fish scale of

~

<



Porolepis a mid-water Crossopterygian, has been extracted from the entire

Orcadian "Basement Group"

Several of the major groups of fishes in existence could have

offered individuals of the required size and bottom feeding habits
(Westoll,,pers, comm.) but none has been noted to produce feeding structures -
-similar to those described..,In the Gamrie'outlier no evidence exists of

any flora or fauna available in abundance to support a bottom feeding

biota. iParrington (1958)‘suggested that the Anaspids and Heterostracans fed -
head down, steeply inclined to the bottom, and that the action of the
hypocercal tail -'elevating the snout during swimming (Kermack, 1943)'actually
served initially to enahle the fish to plough through the bottom sediments |
rin search of prey. Such a mechanism may be a source of structures similar

Zto;those described here.

" In an attempt to simulate the above feeding process, wet silt covered
sediment'was‘proddedvat a steep angle by an 8cm wide blunt nosed object.
‘It was found relatively easy to produce surface expressions similar to the
:pipes described, ‘and also comparable'Sections of internal bedding. This
Tapparently simple method of producing pipe like structures has several |
kdraubacks.
~(a) Such a process cannot easily produce inclined pipes, and many of the

horizontal pipes examined at Gamrie do become inclined along their

length. | |
(b) »If the cylinders genuinely represent aestivation burrows, and the
' relationship between cylinders and pipes is not fortuitous, why do

other examples of aestivation burrows not show the pipe like trails? -



{(c) ARestivating Dipnoans are not recognised as feeding by the method‘
,'described by Parrington.~~*:“ |
r(d) The organism responsible would be feeding immersed in water and not
desiccating sediment as the-evidence suggests. v . L0 o f a",’~~~
t(e) The organism would need a mechanism of moving in a reverse direction.
‘ Unfortunately, however there is a complete absence of any surface

' markings attributable to pectoral fins or tail markings.

.on the other hand>the‘suggested mechanism of formation of the pipe |
structures would strongly favour an origin similar to Beaconites. Gevers
et al (op cit) suggest that annelids feeding in the nutrient rich surface
sediments ingested and consequently excreted large volumes of sediment.
The animals regularly pushed this bulky excrement, the product of . ; ..
rhythmic defecation, backwards to produce the curved Bipe £illing "as a

result of peristaltic motion".

The environmental interpretation, and the timing of development of

)

Pavi

such structures would iavour a similar interpretation, although Pollard (1875)

supports Ridgeways (1974) argument that defecation back packing is

L

unlikely due to 1ow organic content and coarse angular nature of the
sediment.

:in conclusion, Ridgeway (1974), favoured a tetrapod origin for, the
"structures,’ a mechanism also strongly supported by Pollard (1976) for the

Permo-Triassic examples. ' Rolfe :(pers. comm.) favours a comparison with

Beaconites for the Old Red Sandstone examples he has observed.
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Clearly} due to the age of the sediments concerned, a tetrapod
origin is highly unlikely' Many of the features may be e&nlained by
comparison with Beaconites, but the strong rejection of this mechanism
by Ridgeway (1974) and Pollard (1976) must be consrdered.. The interpretation
of the structures as lungfish burrows, although having many drawbacks,
may be valid and»possibly.the plpe structures are analogous to
Pollarde(l976) consideration of tetrapod burrows as "...temporary restiné(

or locomotion burrows ..;... .
Although:two bcesiﬁle‘ﬁcdes ef‘origic have been‘ccﬁsidered, the‘acthor
cohsiders that et‘the present state of knowledge the problem must largely
remain open. Many probiems remain, and will do'so until further light
ie.thrown onto tﬁe complex feeding:habits of the available Devonian fauna.
with this in.mind, new faunal evidence from the many new localities dis-
playiné such structures may be forthcoming as eﬁen if annelid forms were

PO

responsible, chitinous jaws and teeth may have been left in the sediment.

5.3 small Scale Iﬁclined Burrows (;Pla.b 5-')

. - Trace fossils of this nature are uncommon in the area considered:
examples being restricted to the Quarryhill Sandstone Formation at -
Quarryhill near Rhynie. The strtcturee occur at numerous levels within
the higher part of the Quarryhill Sandstone Formation,.being concentrated
in fine séndstones interbedded with siltstones, interpreted as recording

a proximal floodplain environment.

The burrows are quite consistent in shape, size and form, ranging
in size from 3 to 7mm diameter and 10 to 25ﬁm length. In cross section they
are circular to subcircular, maintaining approximately the eame diameter
dcwn tova gently rounded base. 'The structures are always sand filled, usually

somewhat crowded but rarely in contact, and slightly inclined to the
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bedding. No examples have been observed to bfanch. Mahylbf the burrows
appear to be smooth walled, and several examplés (see Plate 5.1) show
features suggesting that the burrow was activély, rather than passively v

infilled.

Thé aone stfuétﬁrésmare qﬁité coﬁ%idently inté?éretedvas bﬁrrowsw
and probably wormAburibws. They‘bear-a é;iiking‘resemblénce to
s tructures broadl§ iﬁterpretéd aé Scblithés‘WOtm?Sdf¥ows fioﬁ-thé“
Upper 0l1ld Red Sanasténe éf thé Elgin district (Péacock pérs. ébmm. and
feaéock et al i96§5.; | | o

.

' 5.4 Small scale Surface Markings

Three forms of surface markings have been recognised, all from within
floodplain sediments of the Quarryhill Sandstone Formation at Quarryhill

near Rhynie. Brilefly these surface forms are:

(1) - curved positive relief features
0 (11) smooth surface trials

(1ii1) sharp surface impressions



5.4(1) Positive relief features have been observed in thin
sandstones of floodplain origin. Plate 5.2a illustrates the form of

. \
these markings, the original sample being an undersurface. A xruvbber cast

(plate 5.2b) shows the true positive form of these features.

The markidgs are restricted to the surface of the sediment, and are’
up to 2cm in maximum length.-vPlate15.3 illustrates clearly the almost
straight to tightly curved shape of the markings, and demonstrates the: .

occurrence of these markings in close proximity to the previously described

burrows, and to trails to be described later.

Although difficult to ascertain, no overall preferred orientation of

_these markings is apparent other than pos:iole association separated

Lot

in Plate 5. 3 and oiscuosed later.

N . . ] H . ,

Interpretation poses several problems, the greatest being that the.
traces are totally positive relief features and not depressions on the .
ibedding surface;' ihis latter point is regarded as significant in excluding
crawiing organisms and probably also fish tail‘markings {although the

tightness of many of the curves probably would exclude the latter).:

e

Recent‘aiscussion“with.N.j?remin indicates that example of this form
are unknown in sediments of the Orcadian Basin, but have been observed in:
recent ‘sediments, produced by worms in shallow water.  Effectively, the
worm is partially supported by the water preventing normal locomotion.
Instead sideways movement‘of its body ploughs minor amounts of sadiment
into small lateral ridges, maximum ridge height correspondina to the
maximum sideways disPlacement of the worm. ln the light of this squestion,

a reconsideration of the traces on Plate 5.3 allows the separation of




several grcups of traces, based on either relative age or size.
Plate 5.3 illustrates the result of such a consideration, and adds

'éﬁpport to éhdhia éropoéed‘origin;'

‘Structures éﬁ absimilar’shape and sizekhave been inclgded by y

Hantzschelﬂ(1975) and aséribed to a type of insect track. VUnfor#unately,

) althoughksqch an interpretatiép‘wqgléibe aéceptable in the present case,

‘significant differences‘do'éxi§£; the majo; difference being the pogitive

_ relief of thoselstrpc£uresIQescribéd ﬁere, but a;so those strucﬁu:es |
~detailed by Hahﬁzsqhel;[oé;cit) tend_in all cases to show cémplete lines
of curved trackéé‘r;ther than the isolated portions observed in the present
example. The strbngést support for Trewin;\isuggestion comes from the
identification by Moussa (1970) of Eocene Nematode trails. In his = -
‘interpretation he draws attention to the significance of water depth, e
indidatingrthét‘tﬁé éffects of surface tension in shallow films of water
may,eithérrserve to inc;egse’the effect;ve weight‘of the creaturew(thin‘ L
£ilms), or in the case of thicker filﬁs surface tension is ineffective

and the creature isAessentiaily bouyant. Thus Moussa pointstout tﬁag inf
o shailoﬁrwaéer;filmﬁ sgch‘creatures‘may indeed producg‘distinct tga;ls,k

whilst increasing water depth reduces this likelihood.

" It may be possible that the Rhynie examples represent a situation where
"a 'worm like' creature was supported enough by the water film to prevent
. it‘cauéihé significant trails to be formed. Instead, its movements were

- bnlywable to produce lateral displécement features.

_ As traces of this form have no previous record, interpretation is
’ difficultfh The suggestion that the trails have been produced by worms in
. shallow water seems mechanically féasible, and has at least some support

~in the closé proximity of'worm burrows (previously described), and in the -

trails to be described in the next section which are regarded as being

"of a 'similar origin.



On the other hand, a recent experiment involving desiccated 'algal mat'
demonstrates a further possible means of production of such surface features

without recourse to invertebrate assistance.

Plate 5.4a, b illustrates the results of the total desiccation of a
thin algal iéyéi overlying a finegsediment film. Well documented features
such as -micro desiccation nolygonsj‘and curled mudflakes develoPed, but more
important, with repeated wetting and drying the curled edges of flakes rolled
tightly to nroduce.small curved 'positive relief features' incorporating large
amounts of the underlying sediment. lItvis particularly interesting thatlthese
'accidentallY' éroduced structure§ shoy_many features closely comparable to those
found in'thewéuarryhill‘Sandstone.

Plate 5. 4a shows clearly the comparable size of these experimentally produced

structures, and also concentric curved features - (Plate 5.4a R), and circular forms

(Plate 5.4a, A) Both of these features are also apparent in the Quarryhill Sandstone~?g

example (Plates 5.2 and 5.3).

The structures produced in the laboratory formed in response to the deVe10pment
of a thin layer of green algae in shallow water overlying a layer of coarse siltstone.
The algal layer produced abundant gas photosynthetically, causing the develoPment of

small floating bubbles or 'blisters' Evaporation of the water film resulted in

s ediment being bound to this algal layer, this occurring most abundantly at the edges

of bubbles or 'blisters where the algae was thickest and remained moist longest.
These regions of thicker algal material eventually became boundaries to larger
desiccation features (see Plate 5.3b B, A) which ‘with advanced desiccation produced
. curled edges, ultimately producing tightly curled features on the sediment surface
(Plate 5.3b c). | |

Clearly, .this mechanism could have produced the‘randomly oriented, uniform
sized positive relilef features on a floodplain surface; ‘It would‘appear that the

important factor,is not simply the development of a floating algal mat, but the

production of gas blisters immediately prior to total evaporation of the water layer.
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-5;4(11) Smooth Surface Traces An isolated surface trace preserved
as'é réddish brown mud £ilm has been observed in sediments adjacént\;ow.
thoséAcohtaining the traces above. fﬁe trace is illustrated ih Plaﬁe‘S.S

and reaches a maximum length of 5cms with a width in the order ofio.Sch.i
In appearance the trace is very plant like, showing a definate branched
appearance. ﬁnfortunately only one example has been recorded, severely

restricting a detailed appraisal of the true form of such traces.

NeVeftheleés, unless the traces are actually of plant origin they':‘
compare reasonably with traces described by Hantzschel (1975) and inter-

preted as collapsed worm burrows (e.g. compare with Chondrites a possible

marine anologue.)

'5.4(iii)i"Sharp Surface Impressions A series of sharp, circular,

pit iiké depréssions have been recorded adjacent to the previously described
examplés in floodplain sediments at Quarryhill. Again, restricted
 evidence pfevents a full understanding. The impressions are illustrated
in Plate 5. . The rows can only be traced for approximately 1Ocms, but

\ ,

clearly'cdnsist of two pairs of parallel rows of simple pits approximately

1 to 1l.5cms apart, the rows separated by about 4cms. .,

Many variaﬁés of this form of structure have been described and .
1nterpreted‘§s invertebrate walking tracks. 1It'is reasonable that such
an interpretation be‘applied here as numerous invertebgate species have
been recqrded‘frbm the Rhynie Cherts occurring in the sedimenﬁ 1ﬁmediately
above the Quarryhill Sandstone Formation. The cherts are known to bontain:-‘

Arachnids, Crustacea, Insecté\and Eurypterids.’
Y i



, 334

Trewin (1976 pers comm) has observed similar tracks in siltstones
of the West Harbour Formation at Gamrie and attributes them to a similar

origin; possibly an arthropéd.' At this séme locality Trewin has also

observed Isopodichnus (see Trewin 1976) a trace fossil of wide distribution

in the Orcadian sediments, and interpreted as an arthropod walking trail,

@

5.5 Mud-lined Verﬁical Tubes

Small scale structures tentitively interpreted as plant rootlets have
been observed both at Gamrie in the West Harbour Formatién, and ét‘Rhynie

in the Quarryhill Sandstone Formation.

At Gamrie, small scale vertical or steeply inclined smocoth walled
structures are commonly'obéerved‘in fine sandstones of the West Harbour
Formation, and range ip éize from 0.4 to lecm diameter and up to 12§ﬁ>‘
length. They are always circular to sub-circular-1n'section,‘and-filiéd with
sandstone but lined with reddish mud. At Crovie the structures>aré ;ﬁboth
walled, whereas inAthe West Harbour Férmation the walls show irregular
sharp outwardly protruding 'dimples'. Although often steeply inclined,
the structures in the latterIIOCality also show frequent sharp obtuse
bends, bpt never appeat branched. vThe structures in both localities show
little ghangevin dimensions over their length, although in the West
Harbqur’FQrﬁa;;on lower terminations have not been recorded. At grovie,
a'marked thinning leads t? a‘sharp base to the structures. 1In ﬁoth
localities the structures occur in types of flpodplain sed;ment, and
generally appear‘tq postdate the sedimentary unit in which they occur,
originéting from the upper surfaces of sandstone units overl#in by floodplain

silts.



At Rhynie, floodplain sediments within the Quarryhill Sandstones
sequence contain similar structures, but generally in greater abundance

and with larger dimensions (see Plates 5.8, 5{7&).

The Rhynie examples are illust;ated in plate 5.8 and clearly occur
denseIY,packgd, but still always ;solate and never cross cutting or
branchedt ‘The structurgs extend to considerable depths, up to 60cms,

. aiways or;ginéting within the floodplain sediments and extending well into
the‘thickrunderlying sandstopeg. Plate 5.8 also demonsérates the close
relationship between the tube development and Channel development within
sandstohe units. It would abpedr from this example that the tube structures

developed at times in floodplain sites adjacent to active channels.

Interpretation is again @ifficult, but, the shape, form and‘
in;g;relationships seemrto preclude anvanimal o?igin {e.qg. lack of cross
cu;ting relationships), and although details of the habitat of Devonian -
flora'has not been studied in grgat‘§eta11, it may be possible that these

mud lined 'tubes' are rootlet horizons.

L

' . ) . 5- 9‘ .
5.6 Branching Carbonate Filled Tubes (Platels.lO)

" In the basal deposits of the Gamrie Outlier at Quarryhead this
foﬁrfh giouphof éroblématical structures is abundant1§ displayed. As
‘the title implies, the structures are tublar and carhonate filled, but
there'isilittlelevidencg to allow speculation as to their 6r1gin, even

thelr description as 'Trace Fossils' must remain uncertain.

" The carbonate filled tubes occur in a variety of lithologies at



337

Quarryhead, ranging from boulder conglomerate to fine §andstone, but
- excluding finer siltstones which dominate certain vertical and lateral
situatioqf.!

4

" Two diééinct size fahges are devéloéea, fﬁe larger'formé ranging
ffém 0.5 io 2:8cm diametéf‘being gehéiéilyncircular or oval in section,
and up to 45cm in length although more comﬁonly they range between 10 .
and 25cms. The smaller varieties rarely exceed 0.2cms diameter and range

between 0.5 and 4cms in length. .

Aiimvérieﬁies Bf‘thberare‘obsefved to branch>febeatédly, the léfgér -
forhérbranching.often iﬁ'fﬁxéé diﬁéhsions; ﬁhilst thé émallér'fétmsbiénd
tbjbetiéétrictéd tb bédding suiféces kthis lattef‘feature‘ié difficuit
to cbn%irm aﬁé £6 thé7restricted size of dévelopmeht). The nature of
this branching fends‘to be fairly specific in that large and small forms
both may show 'Y' or 'T' junctions, but the larger varieties only may
;show 'Y' branches in any,séhse of direc;ion. The side branches appear
to‘occurirandpmly, the side fube aiways being of a smaller diameter than
the main or original tube. The smaller fo;ms\typically show multiple
‘changekinkdirection,-often acutely, and qften in response to obsﬁacles.
The larger forms do not show maibr directional changes, but their cross
secpion is often modifiea 5y an oﬁstacle (i.e. flattenigg often occurs

against pebbles).

.f’iThéré'ié iittléaévidencékas to'the'origin:of4theSe structures. Théir
mechanism of origin is difficult to ascertain as the beginning and ends of
Suéh tﬁbésjéaAnét be locatéd with confidencel Thére is hb appaf;htiiining
fé fhe‘tﬁﬁeé; and althoughvthe'occasi;néi ékample'may shoﬁ severalupérioés
of/éémént or have an uncementad coré, no sediment infilling or floor

deposits have beenvrecognised.
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The shape and interrelationéhips of the sﬁructﬁres are considered

| to 5uppo;t a biogenic erigin; fog example, the relative uniformity of

the tube systems and Fheir branching forms combinea with the relationships
between tubes and obstacles are regerded as features providing more

support to a biogenic oriéin than against.

The distribution of the tﬁbes remains a"souice of concern, as the
‘coarse sediments and calcrete hofizonsjwould seem to be a somewhat -
hostile environment for any form of life. Plant evolution is certainly
not regarded as being adequate:tb'enable colonisation of such environments,
whilst at the same time if f?e st;gctgree are considered to be‘burrows,

: the‘environment (inclﬁding’the implied aridity)‘would appear to fail to

provide a food source.

Fursich and Palmer (1975) have described similar structures from
Bathonian.sedimenes and interpgeted thep as crustacean burrows. They
~also regard a relatiepehipitq‘ereee of calerete developmenfs as being

significant in thetvthe system qould remain open during vadose cementation.
Presﬁﬁably such burrows mayvheve‘been more common than is apparent as
suchvcementation would be eh 1deal guarantee of preservation without which
coilepse and'destruction‘wpu;d_be relatively easy. These‘authors aisq .
regard it possible that theﬂburrows were cemented eariy due‘torqrganic
material (e.g. mucous lining) servihg as a nucleus for calcite precipitation.
Furthermore, they do not consider theAproblems mentioned above because
ceea"It isvdiffieult tolmake;inferences about the ecologyAbflfhe animals
respeneible'for ehe bﬁr:qu} as their recent counterparts exhibit a wide
rrange of behaviegr, partieular;y with regard to feeding." (Fureich and

Palmer op cit). . e : R c '

»
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5.7 Other Examples

Little information has been published on 0l1d Red Séndstone trace

fossils in Scotland, Trewin being perhaps the leading worker in this

field& (see Trewin 1976), Isopodiehnus has been recorded from many
1ocalities in Northern Scotland (Trewin op cit) and although not identified
' during this study, rare examples have been found in the siltstones of

the West Harbour Formation (Trewin pers comm). This record adds further

evidence to the invertebrate fauna of the Orcadian Basin, Isopodichnus

being interpreted by Trewin as an arthropod walking trail.;
™ s Le oA

Trewin has also recognised structures bearing a strong resemblance

to those described here as walking trails, from the West Harbour Formation.

5.8 Conclusions

" The remarkable’scarcity of fossil remains in the‘majority of the
Old Red Sandstone of‘North East Scotland, in part;cular the virtual
absence of a fossil ;ecord in the Lower ﬁed.Sandstone sequences, restricts
attempts at detailed environmental reconstruction. Attempts have been‘
m@de in this thesis te evaluate the local paieogeography of the region
- dyring 61& Red Sahdstone times, end it is felt that many of the conclusions

reached may have been supported had fossil evidence been available.

" A substantial flora has been extracted from the Rhynie Chexrts, and
also a restricted fauna established - including species of arachnids,

cxustacea, insects and eurypterids.

A specialised knowledge of these species may allow further detailed
“interpretation of the trace fossils to be made. At present the value of
such traces 1is still considerable in demonstrating that not only was the

Lower 01d Red Sandstone less 'barren' than perhaps at first envisaged, but
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also that many environments generally regarded as arid/semi-arid on
sedimentological evidence were in fact capable of supporting a sparse

but varied population and of course its' (unrecorded) food source.



CHAPTER 6
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THE ORIGIN OF RED BEDS IN THE GAMRIE AND RHYNIE OUTLIERS

v6.1 Introduction’

The origin:of the colour in red beds has been a controversial
subject for many years and the problem is far from resolved. Essentially
two strong different lines of argument have developed. Krynine (1945)
and Van Houten (1961, 1968) argued that erosion of iron oxides from npland
red soils (traditionally from warm, moist; tropical or sub trooical
climates) resulte d in the deposition of potential red rocks, the reddening
being completed by the "ageing" of the iron hydroxide to hematite. Such
arguments have been supported by many authors, although controversy .
exists.about theﬂexact physico-chemical conditions necessary for the

ageing process. (see discnssion‘page 370)

. More recently Walker (1967a, 1967b) Walker et al (1967) and Walker and
Honea (1969), postnlated the derivation of iron oxide (and clay)'frcm the

3

in~-situ early diagenetic breakdown of iron—bearing silicate minerals.
- IEEAE I . .

Walker s argument involveslthe decomposition of iron silicates into an
iron—rich montmorillonitic clay, with a later redistribntion‘of;the ironJ

oxides by oxygenatedipore waters; No direct climatic imnlications are.
involved by thlS theory. Friend (1966), utilising earlier theories,

suggested that sedimentological controls rmaintained certain Eh—pH conditions
and determined whether iron hydroxides were ox discd to hematite (in floodplain
areas) or reduced and removed in solution (in channel areas). Friend's

hypothesis provided an explanation for the red drab differentiation

commonly mentioned in red bed descriptions, but was not concerned with the



origin of the pigment.

. This chapter is:concerned with the origin of the colour of the
Devonian red bed sequence exposed in North East Scotland, in an attempt
to determine the source of the pigment (transported or authigenic),

the conditions of its formation, and any climatic inferences.

6.2 Field Evidence

At Gamrie, red beds dominate the succession, and overall cannot
.be assigned to a particular range of sediment grade. However, locally
in‘the East and West Harbour Formations, and the rocks at Rhynie, the

coarse members of cyclothems are commonly drab, while the fine members

are red or brown. At Gamrie many sequences exist with a coarse-fine inter-

relationship, but only rarely does this equate with colour changes. . One
such case is where drab sandstone overlies siltstone, then a thin zone

of reduction may occur, as noted by Friend (1966).

D R T

Many sandstone undts at:Gamrie;rand Rhynie show weiiedeveioéed
intrafornetional mudflake conglomerates which may consdst of red,
brown or green mudflakes set in a red or drab sandstone matrix.. Red mud-
flakes are most common in red sandstones while drab sandstones normally
contain brown or green mudclasts. Reduction zones are common around
the edges of red mudclasts preserved in drab sediments, whilst brown silt-
clasts may be reddened at the edges when occurring in red sediments.-

Green mudclasts were only recorded in drab sediments.
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In the West Harbour Formation laminated mudstones are common and
consist of graded laminae (3 - Gmm thick) of silt fining into clay.
The silt portion is drab to brown in colour, while the clay is bright
red and frequently opaque in thin section due to the abundance of

pigment (see plate 6.1la).

. In the New Aberdour Siltstone Formation desiccation of siltstones -

o
and mudstones is common. The desiccated surfaces and part of the crack ;:>
. — s \

are commonly reddened but preceeding and succeeding sediment is grey

in colour.

At Rhynie climbing ripple lamination shows the development of -
reddening as spots of pigment associated with concentrations of biotite
-micabon the lee‘faces of ripple laminae, the host sediment being drab
to pink in colour (Plate 6.2). Reduction spots are abundant‘in the Castle Hill
Sandstone Formation at Gamrie. Siltstone and mudstone clasts transected by
reduction spots show an absence of intense reddening and biotite flakes
similarljdtransected in red sandstoneido not show hematised cleavages

(plate 6.1b).

Many of the earliest red-bed sequences at Gamrie and at Rhynie

contain abundant calcrete developments (see Chapter 7).

The drab - red; coarse ~ fine relationship has been noted by
rriend (1966) and taken as evidence for the sedimentological control
of reddening, i.e. fine—grained sediments deposited on overbank floodplain
areas where oridising conditions probably persistedrforra long pericd in

contrast to the reducing environment more typical beneath the water table



and in channel sandstone deposits. In addition the oxidation of
floodplain sediments would probably continue long enough to complete the
ageing of amorphous iron hydroxide to hematite, whilst at the same time
breakdown of iron-bearing detrital silicates would be possible. ‘The -
'less oxidising' or very mildly reducing channel enrivoment would not

be as favourable for such long oxidation, neither would the sandstones be
~as rich in Qetrital iron bearing clays."Thus the red - drab grain.size
Arelationship in part suggests a diagenetic origin but one partly

influenced by sedimentological controls and partly by clay content.

nudflake conglomerates support the notion of environmental control
plus the importance of fine grained clay. The fine detritus, reddened
in an overbank environment remains red if oxidising conditions persist,
but probably becomes reduced inrnon—oxidising channel enviroments

responsible for non-red sandstones.,

Laminated mudstones stress‘therimportance of fine-grained materials
in the genesis of red beds.. Reddened laminae are frequently only millimetres
thick and laterally persistent, they do not correspond to desiccated
surfaces. Local Eh - pH controls cannot be invoked (cf. Friend 1966 for
Channel and overbank sediments). The evidence supplied by the laminated
mud suggests that although lithological/diagenetic controls may decide
which sediments become red and remain red, it is the availability of a,

hematite precurser that decides the nature or ease of reddening, and this

precurser may exist within the fine grained portion of the sediment.
' \



The evidence from desiccation cracks at New Aberdour supports the
need for suitable environmental conditions in that grey mudstones have

the ability to be reddened, but only when oxidising conditions persist.

" Reduction spots are regarded as local areas of sediment, perhapsf?
rich in organic matter, where oxidising conditions did not develop;
siltstone clasts have thus been reduced, i.e. hematite removed, and

biotites have not suffered secondary hematisation.

6.3 Petrographic Evidence

6.3a ,Location of Pigment

In all cases studies the colour of the red beds is due to a fine

particulate pigment which may occupy a variety of textural sites. (platess 3a b)
(a)J\jMost common to all red sediments are particulate grain
‘ F:Oa,f._:u:,gs frequently appearing as finelywcrystalline (c-%/o,
‘ hexagonal red translucent particles. This pigment'is
conspicuously absent from drab and grey rooks.i. |
Y(Plates 6.4a - 3 and 6. Sa - f).,
(h)ij Large irregular patches of hematite up to O. 4mm in length
| occupy intergrainvpositions. ~These are clearly of post—
‘depositional origin. iPlate 6.6)

(c) Large, dense patches of pigment may occupy areas of grain

contact or embayments on grain surfaces. (Plate 6,6f)
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In most cases particulate grain coatings completely envelop all

grains (but in poorly compacted sediments this may be of no significance}
However, some grain contacts may show a lackrof pigment at the contact

point (élate 6.5) suggesting that the pigment formed post depositionally

(a feature noted by Miller and Folk 1955 and Glennie 1970). A post
depositional origin is also indicated by continuous pigment lining

cavities' created by grain contacts (plate 6.5L Point contacts on the
other hand are not always devoid of pigmentation (plate 6.5) and may imply
that pigment was available during deposition,’or that compaction
,occurred later than pigmentation. The large patches of pigment also

indicate that at least some hematite, or its precursor, originated post-
depositionally in that such patches appear to be a replacement of

argillaceous matrix (iron-rich clay?) in some cases with gradational margins.
Other examples being sharply defined may represent post—depositionally remobilised
detritial grains as discussed by Picard (1965).’ Fine-grained (bp,to 29/L)

red translucent hexagonal crystals may occur individually or in small clusters
on grain coatings or on biotite and chlorite surfaces and cleavages

(plate 6. 3a, b) their delicate nature being a clear indication of their post
| depositional origin. Friend (1966) showed that nuch of the red pigment of the
" Catskill red beds consisted of fine grained hexagonal‘crystals of this type.
uaugh (1967) also demonstrated‘that the pigmenting agent in the fenrith
Sandstone was this type of hematite, Dense patches of finely.crystalline
hematite may also occupy quartz grain embayments and areas of grain
contact and are further suggestion of post depositional crystallisation.

(plate 6.6f)
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' The generatibn of hematite in the distorted cleaVages of compacted

detrital micas is considered in more détail later, buf indicates thaf

at least some 6f the reddening is post-depositional in origin.

6.3a Textural Relationships

Several stages of cementation can be recognised in the red

sandstone of the Gamrie Outlier, the primary cementing agents being

authigenic clay associated with calcite and minor amounts of silica cement,

A combination of textural evidence from all thin sections studiegs gives

the following sequence:-

(a)

(b)
(c)
(@)

(e)
(£)

Sand grains are coated by hematit; pigment or its precursor
either pre- or post-depositionall& or goth.

Quartz overgrowth (plate 6.7a, c,e and 6;8a, b;e)

Minor pigmentation

Pore filling by authigenic kaolinte (plate 6.7a, b,c,d,
plate 83, £ and éb) | |
Inclusion of pigment and authigenic silica.

Calcite cementation with accompanied local destruction of

clay cement. (plate 6.7a, b)
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Reduction Spot Host Sediment
% | 0 | . . 0.36.
™ | o2 | oss
Fe*re® | 369 | . 038
wo | oss .| w0
mo | 009 | 005
k0 | 23 2.10
o | a7 . | aos

TJable 6.1 Chemical analyses of a ‘Reduction Spot*

~ area 1n comparison to the host (red)

sandstone

T

Two important points_arise:- ’
1. Some pigment)is of posf—deposit;pnal origin, and
2, Silica oyergrowthvoccurs at an early stage and:may be gelated
~to ggneration pf kaolinitg.
Authigepic kaolipitg,vthe dominant‘cement, shows good‘crystal form and
frequen;ly enve;ops '?loéting' detrita; quartz grains, suggesting that
;he,crystallisation was early and probably pre—cqmpaction. ~Since
p;gmen;atiqnbis largely pre—crystallisation of kaolinite, this indicates
Aan earlier formation for the piémentation. - The crystals form (i.e. “books
and worms") suggests that the kaoclinite may be the Qariety dickite, which
may ofigiﬁ&te’from pot;ssium feldspar by:-
K feldspar ———a= Dickite + Si02 (Smithson and Brown 1954)
,éuCh authigénié dickite is élﬁayS‘éssociatéd with lafge volumes 6f authigenic
siliéé, ahd‘iéibélieved to be of Qety éafly diagénétiélorigin (Smithséhvand
Brown op.cit). The occurrence of such éﬁthiéenié cié&vis 6f'great:in£erest
if’it is truly dickite. Harms (1975) notes that dickite is traditionally
- thought to be a high temperature mineral, Butralso records authigenic

dickite in marine Permian sediments., More recently, Hancock and Taylor
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(1978) and Blanche and McD Whitaker (1978) have reported fairly
extensive early dlagenetic Kkaolinite cementation in the Brent Formation
(Middle Jurassic- North Sea). Calcite in all cases examined appears

to be pre-compaction (evidence from floating grains).

The occurrenceeof reduction spots in sandstones otfers some:interesting
petrographic evidence, both biotites and mudclasts have heen recorded
transected by reduction spotsA(plate 6.1b). - In such areas, hematisation
has not taken place, biotites are fresh and mudclasts if present are
drab. Outside the reduction sports hematite genesis is normal. Are
" reduction spots areas of hematite reduction and dissolution, or are they
areas of‘non-oxidation?' Chemical analysis of reduction spots and their
host rocks (Table 6.1) suggests that they are 'non-oxidisation' areas as
total iron is constant, but ferrous iron predominates. Thus for various
reasons, presence of organic matter or whatever, reducing conditions
prevailed in such areas whilst oxidatioh occurred elsewhere. They are
not considered areas of post-reddening reduction, and they confirm
(hematisation of biotites and mudclasts) that post-depositional
hematisation did occur. (As opposed to reduction of hematite post-de-

positionally).

6.4 Magnetic Evidence

There is some controversy over the interpretation of palaeomagnetic
data from the Scottish O0ld Red Sandstone, (see Donovan, Archer, Turner and
Tarling 19276, Turner, Archer, Tarling and Donovan 1977), but it is only

TN

recently that an attempt has been made to understand the diagenesis and v



magnetisation of these sediments (Turner and Arxrcher 1975, 1977).

;Palaeomagnetic stndies‘of red beds(Baag.andAheisey 1974,»Coilinson 1974)
have shown that in many cases the magnetisation was carried by hematite
pigment, and acquired shortly after deposition, because secular variation
has been preserved in the magnetic record. They inferred therefore that

pigment generation was very early.

Recent magnetic studies ofAthe red sandstone of the Gahrie Outlier
(Turner and Archer 1975)concluded that the production of pigment with a
stable.magnetisation was necessary for the preservation of Devonian pole
positions. The preservation of two or more antiparallel directions in
the pigment indicated that pigment production must have been continuous
during diagenesis to accommodate normal and reversed magnetic periods.

Reversals may involve periods of the order of lO OOO years.ﬂ

Remagnetisation was considered to be a result of long term processes
completing the alteration of magnetite to hematite
i. e. magnetite—> maghemite —-) hematite
and demonstrating that red-bed processes continued for a veryilong tine
after burial, in.this tase culminating during Permo-Carboniferous times."

6.5 Detrital Opaqué Oxides ,,,fﬂ -~

Van Houten (1968) demonstrated the importance of the nature of
opaque oxide suites in the evaluation of the history of red beds. His work
indicated that detrital grains were predominantlyrmagnetite, ilmenite, maghemite
and hematite, and the abundance of ilmenite and magnetite were noted to e

decrease relative to hematite in older red beds. Drab beds showed an



overall depletion of the opaque suite due to reduction and dissolution. -
The implications of Van Houten's'conclusions are that diagenetic processes
may control the iron minerals present in red beds for a very long period -

after deposition.

Turner (pers. comm.) has observed that drab sediments (in this case -
reduction zones) in the Triassic St. Bees Sandstone contain an opaque oxide

assemblage dominated by anatase, whereas corresponding red beds are

dominated by iron-titanium oxides, principally hematite.
Polished specimens of red and drab sandstones, plus polished-
separations of heavy mineral suites have been studies in an attempt to

identify the iron oxides present and to study their textural relationships.

Polished specimens of red sediments confirm the presence of
hematite as grain coatings and a matrix constituent, as well as a direct
replacement of phyllosilicates (Plate 6.10, ll). Drab specimens are

characteristically lacking in hematite grain coatings and hematite matrix.

Separations of heavy minerals from red beds proved that the opaque
iron oxide suite was composed of hematite, magnetite, chromite and

leucoxene. Hematite, including hematised magnetite dominated all separations,

RED DRAB

Sample P.5 G.7 6.25 | G.13 G.11

Hematite |15 12 15 | 13 21

Magnetite 2 0 0 -0 0
Chromite 1 0 o}|.0.. 0
Leucoxene 6 4 4 7 3
Maa:;;{%:; 76 84 8 &0 76

Table 6.2 Modal analyses (100 gqrains each) of the

opaque oxide suite of 3 red and 2 drab

sandstones



magnetite and chromite being recorded in only one sample whilst leucoxene
»formed a minor constituent to all separations (Table 6 2). On average
about 80% of hematite grains counted displayed an internal polycrystalline
appearance (Plate 6.11 and Table 6.2) i.e. martitisation textures due

_to the hematisation of magnetite along (lll) partings (Thompson 1970,
Edwards 1947). Those hematite grains showing no polycrystalline appearance
‘showed varying degrees of secondary alteration in the form of anastomosing
corrosion pits and channels kPlate 6.11 ) similar in all respects to those
described and illustrated by‘Thompson (1970) and Turner (1974). Similar
relationships were found to exist between'the opaque oxides in both

‘red and drab sediments, the main difference being that the total opaque
‘suite was depleted in drab beds. Magnetite and chromite, being recorded
invonly one\specimen are not significant in the present example, although
-tne common occurrence of leucoxene, an amorphous titanium oxide, suggests‘

the alteration of ilmenite both in red and drab sediments.

Previous studies or red beds have reached similar conclusions namely
that the detrital iron oxide suite has largely been altered. (Cf Miller and
Folk 1955, Thompson 1970, Van Houten 1968, Turner 1974). Although this
‘conversion process'may have been initiated during transport, deposition,

‘and early diagenesis (Van Houten 1968) its'activity may have'continued
for'allong time after deposition (Turner‘1974). Such ‘a long term oridisation
of magnetite, or periodically rejuvirated oxidation; is a factor‘recently
considered in connection with palaeomagnetic dating ot the sediments of

the Gamrie outlier (Turner and Archer 1975) and in particular theirf

acquisition of Permo-Carboniferous pole positions.



| Turner and Archer (1977) offer’some verification ofythe above
results in that measurements of a number‘of different grain size separations
of opaque oxides recorded only hematite Curie points, with no indication
of magnitite in any of the samples studied. This largely also confirms
Van Houteng:\(l968) conclusions.'

A

6.6 Replacement of Iron Silicates

A consideration of conglomerate composition in the sediments of the

S

Gamrie Outlier (see Chapter %E ) allows a prediction of detrital

mineralogy to be made, and of’the irdn bearing silicate minerals, an
assemblage of olivine, hornblende, pyroxene, and.biotite would be expected.
Olivine, hornblende, and pyroxene were not recorded in this study

although Mackie (1923) does refer to rare examples of hornblende and pyroxene.

Biotite occurs, often in profusion, and with chlorite forms the only iron-

bearing silicates detected.

 Hematisation of magnetite has been considered by many authors in the
ﬂpast,,but recent magnetic experiments (Turner and Archer 1977) have’
' demonstrated‘a new textural site for hematite,.a site which the author
considers important in relation to recent models of hematite genesis

(Walker 1967). .

Olivine,.hornblende and pyroxene are notably unstable, -and would not
be expected to be common in sediments of this age; their absence may
support Walkers (1967) contention that in~situ degradation of iron-bearing

" silicates releases iron and assists in red-bed formation, but unfortunately



‘their absence can also be explained simply in terms of the mineral

instability with sediment age (Van Andel 1959),

Biotitesvandvchlorites shou several stages of replacement by fine
igrained, red, translucent oftenihegagonal-shaped pigment. Detrital
grains.range from totally fresh, to opaque specimens almost totally
replaced by pigment (see Plate 6.12). Initially plgment crystallises .
on the grain margins before attacking cleavages (Plate 6.12c).

Cleavages are first'altered in the vicinity of compaction and distortion
where cleavages are split (Plate 6.12c and 4), or at the ends of flakes
where similar splittirg occurs. Random crystallisation of pigment
occurs first, later replaced by sheets of pigment which ultimately
obliterate the whole grain. A sequence of thin-section photographs is
presented in Plate 6.12 to illustrate this phenomenon and Figure 6.1 is a
schematic reconstruction of the process: The total replacement of
phyllosilicate grains is easily recognisable because the original grain
outline is preserved, and individual cleavage traces are frequently
easily discernable (plate 6.12f).  The preservation of distorted cleavages
(Plates 6,124, e), and the initial attack of such sites suggests that
‘alteration took place post-depositionally.-

Silicate grains altered in thisimanner are common throughout the
ksediments of the study area and the occurrenoe in any one section of
biotites and chlorites with varying degrees of alteration suggests that

although alteration appears to be post-depositional, reworking of

numerous floodplain sites may have caused the resulting mixture of

<t



weathering products. Such a phenomenon was reported by Friend et’al-
(1963) and Friend (1966) proposed that a mixing of variously-weathered
detritus'may‘have been responsible. However this need not imply’a"‘

derivation from‘upland red soils.

During the course of this study the nature of the hexagonal
crystalline alteration product has received close attention, thin section
evidence being complimented by a scanning electron microscope (SEM) study

utilising energy dispersive X-ray analysisi(EDAX). .

A selection of biotite flakes with varying degrees of alteration were

carefully split'to‘expose cleavage surfaces '(Plate 6.13a).

‘ Relativel§ unaltered biotites showed a fairly smooth surface."The
initial hematite crystallisation (Plate 6. 13b, c and 6 14a, b) produces
a regular, often coalescing,_pseudofhexagonal relief, The dimensions of these
crystals are comparable to tnose observed in thin section, ranging from
O 25/u to 2%# in unrestricted areas, cleavage traces more commonly being
cluttered with %/L to s/* crystals.‘ EDAX analysis of these areas (Plates €.14
and 6. 15) demonstrates a progressive iron enrichment, ‘at the expense of silicon,;'
magnesium, and aluminium, when compared with the background. With increasing
hematisation, the surface relief increases in intensity without increase
in crgstal'dinensions and this is frequently associated with the’ |
separation of pseudo—heragonal flakes (Plate 6.13 c, d). “Plate 6.15
sunnarises the apparent stages in deuelopnent,‘illustrating the

separation of flakes (Plate 6.15a), their coalescence (Plate 6. 15b), and



final pseudomorphing of a biotite (Plate 6.15¢).

'In an attempt to confirm the composition of these clay sized flakes,
EDAX was applied to separations of clay from disaggregated micas made
under gravity in a strong magnetic field. The results were inconclusive,
numerous specimens were identified as iron oxides were identified as
iron oxides, while others of the same size and shape were alumino-
silicates. If the pigment was genuinely hematite, it must be concluded
that the clay fraction obtained was strongly contaminated by kaolinite

(although kaolinite has not been recorded with a red colouration (Robb 1949 )
and therefore may not be the'red hexagonal crystalsnon all biotites). The
presence of kaolinite within the biotitepcleavages is not regarded

unusual, consideringxthe discovery of'other minerals during a study of
'biotites from the Upper 014 Red Sandstone of Caithness, and Silurian

red sandstones from the Ringerike Group of Norway in which authigenic

albite was found to be present in a cleavage site. (see Plate 9d).

. Separations of detrital iron oxide, 'hematised' mica and grain
pigment have been studied with reference to their magnetic properties
(Turner and Archer 1977), and the conclusions indicate that the magnetic
properties of the altered mica were consistent with those of hematite
pigment, rathei than those of specularite. It appears therefore that
hematite crystallisation has occurred in the biotites and chlorites, |

although EDAX analysis and x-ray diffraction failed to detect this

mineral._
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Many authors have_recognised that iron is liberated during the
oxidation of biotite (Wilspn 1966, Rice and Williams 1969) and Farmer ‘ :>’

et al (1971) considered to mechanism of oxidation in detail.

" Iron occupies an octahedral site in biotite, but as noted, hematite

crystallises in an inﬁerlayer cleavage position. Normally the iron is in

a ferrous state, but oxidation converts the iron to the ferric state. A
reversible loss of protons, and an irreversible loss of octahedral iron

is thought to accompany this change, and to compensate for the change in

valency.(Fa;ﬁer et al 1971).

2 14 SN 24 3+
(513A10]°)Fe3 + (DH)ZK + E 02 '——>.(513A1010)Fe Fe,” + OzK + HZO

0SS OF HYDROXYL PROTONS
| (Sj3A10]0)Fe3 + (9H)2K1+ z 02 +~z H,0 T§>k($13A]0]0)Fe2 (QH)ZK,+,F¢9ﬁ

LOSS OF OCTAHEDRAL IRON

‘The brocess of electron transfer from octahedral‘Fez,+ is probably
mediated chrougﬁ a hydroxyl or oxide ion. Initially the transfer of =

hydroéen‘atoms from a OH group to the oxidant takes place while Fe2+\

ions are coordinated to oxide ions, electrons may transfer directly

from oxide ions to oxidant or indirectly through bridging water molecules.
2+ _ 2+ 2 4+ 2 2- 5+

In this manner-the (F'e3 Fe 02) grouping is converted to (Fe3 * O2 )
the resultant local concentration of +ve charges being unstable and a

IR L
(Fe3 022 ) grouping is ejected thlough hexagoral holes in the silicate

sheet into an interlayer (cleavage) space.



Fafmér et al (1971) showed that this interlayer oxide was either
amorphous iron hydroxide or a crystalline phase of f3 -FeOOH. Both of
these could readily be converted to hematite (<>{-Fe203) with continued

6xidation.

A.number of authors have sﬁudied the»losé of iron during biétite
weathering, Wilson (1966) noted a decrease from 15.5% to lQ’S% in weathered
mica erm well-drained scils. 1In sﬁch sitesrthere is evidencenﬁherefore
that complexing and redué;né aéeﬁts can extréét fhe‘ejected fe3+ ions.
Rice and Wiliiams {1969) found tﬁat iron sféining and disintegration of

biotite was associated with loss of Fez+ from octahedral layers. -

it Appears therefore tﬁat‘thé process of breakdown of biotite and
hematite development without input of iron is understood, x-ray diffractograms
of selected biotite flakes, fresh and hematised were compared, and
demonstrate an increase iA the spacing of the 00l layer (Figure 6.2)

corresponding to the loss of re?t

(i.e. from the 10 A octahedral layer).
In the present case, in all-flakes studied, iron has crystallised as
hemati;e, and has not been leached to contribute significantly to the
grain pigment. Therefore it mus£ be concluded that although other iron
silicates may have contributed to the iron content of the red beds, and
biotites may have released‘iron in other depositional sites, the in situ

breakdown of biotite is not solely responsible for redbed genesis in the

Gamrie outlier.:

inkﬁhe lightwqf this eviéénce it would appear\that the irreguiarities
'recofded in the S.E.M. pictures may represent breakdown of the biotite |
lattice, and gradual fixing of hematite in interlayer positions. Release
of hematite does not occurwuntil the biotite structure has been ieached
sufficien%ly to destroy Fhe original lattice, leaving the interlayer |

- hematite, and in ultimate cases hexagonal flakes of kaolinite (see also



Chillingar and Larson 1967).

6.7 * Clay Mineralogy

6.7a Ihtroduction:

In'certain circumstances clay mineralogy has proven‘tb be a
valuable tool in the characterisation of environhents,’séurce areaé,&
and depositional conditions. The clay miheralogj of the red-bed sequence
at Gamrie has been studied with an aim tc clarifying the enVironmeﬁt,;n

which the sediments were transported and deposited.

Appendix IIoutlines the approach used by the present author to the’

analysis of separated ciay fractions.

WExamples of X-ray diffractograms are sho@n in Figures 6.3 and 6.4,
thg major clay minerals present in the sediments consisting of thg 1
following types:

1. Muscovite Group Minerals

2. Chlorite Group Minerals

3. Kaolinite Group ﬁinerals

These three gtoups of minerals form the geologicaiiy'importanﬁ ;iays |
found in both recénf.aﬁd ancient sediments. Expanding'ciays‘(e.g.‘mént-
moriilonite) may often be an addition to certain sediménté; and have in°
fact/been isolated by Donovan (1971) from the Safclet.BaSemeht Gfoup

| south of Wick, and noted by Wilson (1971) to occur in smallVQuantities‘in

Caithness sediments. Duting the present survey, however, no expanding

. clays were detected.

Reesman and Keller (1967) noted that one of the most profound effects
L ; y . . ‘
on clay minerals in a given environment% was the production of mineralogical
' {

simplificationlof the original assemblages. Hence, the restricted
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assemblage found in the Gamrie sediments may reflect such a simplificaticn.

6.7.h Results
1. Muscovite Group Minerals recorded range from the true
muscovite ordered lM and 2M polymorphs, to the disordered lMd polymorph
(illite) " Muscovite was recognised by the Ool basal reflection at 10A 2
(8.9026) and subsidiary peaks at 17.8 20, 26.7° 20. The sharpness of
many of the peaks suggests that the muscovite is largely of the 1M or.
‘ 2M polymorph_wlth good crystal forn,1a<feature supported by the‘abundant ‘

detrital muscovite recorded in thin sections.

Disordered 1Md illite is also abundant, being further snpportiof
silicate breakdown during weathering. Thin sections show notevidence'
of authigenic muscovite, and it isvconcluded,that the ordered lM or M
' polymorphs recorded are purely of detrital origin, and not due to the
recrystallisation of 1Md disordered varieties. The nature of the
source area (see Chapter !; ); an igneous-metamorphic terrain would also

subport the primary, first cycle origin of muscovite.

2. Chlorite Gronp Minerals were distinguished by a 14A

OOl.reflection (6.26 26) olns an integral series of reflections at 73,2
3.5& etc., for second and third order reflections. The 75 002 reflection -
is complicated by the 73 001 kaolinite peak. ‘This problem may be. . ‘
,‘resolved by heating the sample to 560 C during which time the kaolinite

“ structure collapses to X—ray amorphous meta-kaolinite (Carrol 1970).

Dnring the present study an alternative approach was used in the
identification of chlorite and kaolinite, based on the 145 reflection

and the slow-scan separation of the 3.54& chlorite and 3.58& kaolinite

peaks (see Figures 6.3 and 6.4).
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The chlorite p:esent notably has suppressed 001, 002, 003 and 005
réfiéction;, with stronger 002 and 004 peaks indicating that the chlorites
are iron-rich (Brindley 1961, Carrol 1970))'a phenomenon.comhoA éo étﬁer
ancienf red-bed sequences (Turner 1974). Furthermore the diffractograms
suggest a éood crystal form to the phlorite, and cémbihe4with fhih section
evidence to suggest that the chlorite may largely be 6f detritél 6rigin,va

feature also expected from source area considerations.

33 -Kaolinite Group Minerals have been récogniséd as menfiéned
above by the 001 7A peak, and separated from chlorite by idenéificatiéﬁ of
the 3.58A peak at slow scan speeds. The kaolinite present is generally only
abundant in red sediments, in particular red sandstones. The diffractograms
shéw:strong sﬁafp peaks, and cqmbine with thin section evidence to confirm
a good crystal form to the ké§;1ﬁite, this time exclusively authigenic in

origin,

 6.7.c. Relationship of clay mineralogy to colour

. . Friend (1966) studied the clay mineraloéy of the Catskill red-bed
facies and found that chlorite, kaolinite, and illite were predominant.
‘ Sandstones were noted to be richer in chlorife and kaolinite, thlst siltstones

were richer in illite. No relationship between clay mineralogy and rock

-

colour was appazeﬁi. Thompson (1970) detected illite and chlorite but no
kaolinite in the Juniata and Bald Eagle Formations and recognised that
élthqugh red and drab sandstones showed a predominance of illite in the red

portion,‘thétg was no variation in total clay content between red and drab

sandstones.,



6.7.4. Discussion

Figure 6.5 summarises the results of the present study and demonstrates
that:
(1) - Illite is present in all sediments, of all grain sizes, but is

most abundant in finer grained and redder deposits. (cf. Thompéon 1970)

(i) Xaolinite is present in brown.silﬁetones and red sandstones, the
greatest abundance being recorded in the redder coarser deposits.
Kaoiinite is virtually absent from all mudstones and grey, fine

grained siltstones and mudetones;

 (ii1) Chlorite is most abundant in darker finer grained sediments, and
is common in most fine grained rocks, particularly brown siltstones.

- Chlorite is of low pereentage in tne‘reddest deposits, coarse or fine.

It'anpears that some colour differentiation exists, particularly between
chlorite and illite in fine grained rocks, although grain size of the host
rock appears to have an important control on the clay mineral assemblage as
shown by Figure 6.5 and 6. 6. These Figures show that the coarser grained

deposits are richer in kaolinite but poor in both chlorite and illite.

Thin-section evidence (page3H53 demonstrated that the kaolinite in all
cases 1s authigenic whereas chlorite and particularly illite are detrital.
From this evidence it may be pertinent‘to exclude the kaolinite from the

initial consideration and conclude that the clay mineral abundance is essentially

related to colour and that\illite dominates redder sediments.
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Theoretically the weathering products of feldspathic detritus may

be potassic clay (illite),'smectite, kaolinite or gibbsite, depending
: lergely on the intensity of weathering processes and their duration. 1In--

‘moistptropical soils, or environments where metal cations ere freely
V'aveilable, illite and smectite remain in the soil, but with increasing
intensity and duration of weathering leaching of metal cations increases
allowing‘sodium and oaloium to be stripped'from‘interlayer positions in
'smectites, andvpotassium to be removed from similar locations in illite =
resulting in kaolinite rich soil profiles. The generation of authigenic
, aolinite requires several critical factors - the Si and Al ratio must be
low in order that alumina,_being more susceptiblexto flocculation, is
relatively enriohed. hetal cations must be depleted by extensive leaching,
or in the cese of:ferrous iron,oxidising conditions are neoessary for its

effective removal in the Fe3f state (Ross;l943). Acid oxidising conditions
are therefore favoured (Grim 1953) The timing of this genesis is critical
to the present study as the kaolinite-rich sequence in intimately associated
with calcrete developments, which as Walker 1967 recorded, belong at the
opposite end of the(climatic) spectrum, kaolinite being more common in moist

tropioel climates compared to the relatively dry semi-arid calcrete

environment (Goudie 1973).—~

e ‘ ‘
Hematite genesis in the Sonoran desert? (Walker 1967) takes place at a
N v! N
pH consistantly above 8. Significantly kaolinite is of minor importance.

J
In contrast, sediments of the Orinico basin, a moist tropical setting{have
\
high kaolinite clay contents (Walker 1967b). Walker concluded that hematite
genesis is taking place within the vadose zone, with acid oxidising

conditions existing above and below the water table.
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Péﬁtijohn et.al (1973) considered that kaolinitisation took place
i —

from meteoric water "within a few hundred feet of the surface" (also see
Millot_l963). Kaolinitisation of the porous sandstones therefore probably
Qccur;ed during an early diagenetic episode, but not in response to
‘prevailing‘c;imatic condit;ons. Calcrete development occurs virtually
syndepositionally, and the high availability of Ca during this'period
wou;@:éffectively inhibit kaolinitisation (Grim 1953). The good
vcrystallinity/well-defined shape of the kaolinite:suggests its post- .
depgsitional Q:igin and indicates that precipitation probably occurred
directly from soiution'(Mankin et_al 1970). The appearance of the kaolinité
strongly suggests that many of the "books" and "worms" of ¢1$§ ﬁéy béf{J
authigenic dickite; whichkmay readily develop frém‘poféééiﬁﬁ'féldépaf;':
'(Smifhéoﬁ‘and Brown 1954) whilst liberating subsfahtial amdﬁhféfof siliqé, .
and béliéved to be of early diagenetic origin (Smifhsoh ;hdlBtAango;c%f);
The séquence\of events during cémentation indicate§ tﬁ&iwcalcite'wﬁg ;he'
‘1as£ phase‘to develop,'and én overﬁhelming amoﬁnt'ogne;idence has been
produced in recent years notingAthe frequent eariy éiagenetic qéqurrence

of calcite in sandstones (Glover 1963, Pettijohn 33_55‘1973) although

Siever (1959) described its occurrence at a later stage than silica overgrowth.

Tﬂué in édnélusion\;'alﬁhbugh kaolinite‘doﬁinaféé the ;éﬁdgfonés; tﬁé4k
véhvirb@ﬁént;l inferencéé from'Such‘é mineralogy are néﬁsvaiid, sincéuéhéyt
_élay is authigenic and although early diagenetic it formed later than
calcrgte development. The latter is a more reliable indicator of the

paleoclimate.

S
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6.7.e. Eignificance of Cla§ Mineralogy

“The study of clay mineral suites in sedimentary rocks nay allow a
relationship to be established between them and ervironment, source and
depositional processes (see Beaven 1966, Neiheissel and Weaver 1967,
Porrenga l967, Weaver 1967)., Care must be taken with such interpretations
as diagenetic modification may pose great problems i as mentioned, diagenetic
simplification of diamorphic clay minerals is probably the most common
effect (Reesman and Keller 1967) and is apparent by the simple three fold

division of the clay minerals extracted during this study.

Kaolinite is authigenic, its enwironmental implications are therefore
laxgely invalid,ialthough hristarain (1970) does record kaolinite development
in calcrete profiles;F Kaolinite isrnormally accepted as being the
product of weatheringAOfvalumino-silicates where metal cations are removed
by intensive leachino;”wet climates are invoked to facilitate repeated

leaching, under oxidising and acid conditions (Grim 1953).

Illite in siltstones would require adequate supply of silica, and an

" abundance of Ca, Mg, and Fe ions, alkaline conditions would thus be

favoured, and leaching could not be extensive as much potassium must be
available‘in;solution. Alternate wetting and drying favour illite presexvation.

Occurrence of illite in floodplain sediments suggests a not-so-well drained.

site.

6.8. Chemical Analysis of Red Beds

Forty samples of red, drab and brown sediments were analysed by a

combination of atomic absorption and colorometric techniques discussed in
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Appehdix II.-,The-grain size of these sediments was estimated to the
nearest Wentworth grade, and the colour noted by comparison with standard
charts kGoddard 1951). Analyses, in all cases, were made in duplicate
and the results averaged. - The samples were separated into three colour
groups, red (SRjand lOR),'brown (5YR and 10YR), and dradb (¥, G, N, etc.).

The iron contents of these groups are listed in Table 6.3.

2+ 3+ 24, 3+
Fe j Fe™ % | Fey . % | Fe“ " /Fe
Red | 0.4 112 3.7 0.36
Brown | 1.1 | 1.3 5.4 | o0.88 .

Tab]é 6.3 Summary of iron analyses of red, brown

and drab Sediments

Total iron is lower‘in the red beds, but as discussed later this
is ¢rongly infiuenced by grain size. Ferric iron is more‘abundant in red
and brown beds, while ferrous iron is most abundant in dfab beds. The
influence of grain size upon totai iron content is demonstrated in Figure 6.7
where a strong correlation exists(0.8), finer sediments having greater
total iron. The effect of this variation can be partially offsct by

consideration of the 'oxidation ratjio! (Fe2+ Fe3+); red and brown beds are
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gimilar in their low ratio compsred to the much higher Fe2+/Fe3+ ratio

in drab beds. Furthermore the brown and drab beds are similar in grain
size yet show little difference in totél iron. The latter supports the-
idea of Fe3f enrichment in red beds without variation in total iron.
Figure 6.8 is a sequence of'graphs illustrating the relationships between

3+

Fe2+/ Fe~ and Fe tot. ‘for the three colour groups. Table 6.4 lists the

correlation coefficients calculated for these grpahs.

Red Brown |. Drab

(7=40) | (n=20) | (n=20)

Fe3* v Fe?* | o0.44 | 0.32 | -0.85
’ | S s
rett v Fe?t | 0.35 | 0.17 | 0.19
, L rettyre® | 091 | 0.9 | 0.4

Table 6.4 Correlation betweeh'Ferric, :

Ferrous and total iron in red, .

brown and drab Sediments .

These results demonstrauathat Fe3f represents a high proporﬁiéﬁ of the
total iron in all'sed;ments. .The strong negative correlation ( - 0.85)
bet;een Fe2+ and Ee3+ in drab beds is dué to the primary nature of drab
silts, muds and sandstonés, aﬂd also secondarily reduced drab sediments

, ' +
which still retain a high Fe3‘ content of specularite. Hence drab sediments



tend to be either Fe?f rieh or Fe3¥ rich causing a reeiprocal relationship
between Fe2+ and Fe3+. Graphs of Fe2+ and Fe3+ against grain size show a
moéerate negative correlation of Fe2+ and grain size ( - 0.36) but a strong
negative relationship between Fe3+vand grain size ( - 0.71) indicating

. that Fe'3+ is related to finer'grained sediment, perhaps directly related

to clay.

The results of the chemical analysis have been grouped using the
Weighted Pair - group\¥ethod with arithmetic averages. The Q-mode
dendrogram is showntin Figure 6.9, the R-mode dendrogyems have beeé computed
for red and drab rocks and are shown in Figure G.ié.‘ Tﬁe.cluster‘anaiysis

was carried out using the computer program CLUSTER described by“Davis4(1973).

The Q-mode dendrogram (Figure 6 9)*an be subjeciively partitioned
into four lithologically and chemically discrete groups. -:‘~ f““»'
1. Red sandstones from the Castle Hill Sandstene;}erﬁaﬁien'wifh
Significantly high Fe3+ and K2O but low Fe2+ aeé iow Ca0 .
2. Red Sandstones from the lower portion of the Crovie Group with
Higher Fe2+ and lower Fe3+(£herefore less oxidised‘MgO and

Ca0 higher but Kzo’legs."°

3. Drab mudstone high Fetot,'MgO, X0, and Ca0, highest Fezt
4. Red siltstones, highest FetOt, and highest Fe3+, K.0,

2
high MgO and CaO.

. The significant features of these results are
a) significantly higher Fe3+ in red beds.
b) significantly higher FetOt,'in fine beds.

c) significantly higher K20 and MgO in fine beds.

30
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Overall, fine deposits are enriched in iron and oxides related to clay

minerals, It is suggested'from this‘that either iron and thus hematite

may have been generated.from the breakdown of'iron—bearing silicates and

clays (cf walker 1967, Walker, Ribbe and Honea 1967, Walker and Ribbe

1967,’Turner and Archer 1975) or iron and hematite may be enriched

through okidation of iron-bearing detrital clays (Walker and Honea 1969).

ideas in that: o

1. Red Beds (a)

(b)

ThelR: mode dendrogram (Figure 6.10) adds further support to these

_.Total iron is related to KQQ, perhaps located in

) ﬁotassic clay. Illite is abundant in red beds,

and is known to have the ability to absorb and

“transport iron.
Ferric?iron is related to Mgb) nerhaps in the

form of chlorite. The general lack of chlorite

in red beds detracts from this possibility unless
the absence is due to chlorite breakdown. Such

breakdown would also assist in causing ferric-iron

enrichment.

These relationships may also be connected with biotite

breakdown, as EDAX analysis of hematised biotite

demonstrated that the hematite carries significant

‘amounts of magnesium, presumably derived from the

biotite lattice. (Plates 6 14, 6. 15) Ferrous iron

is also significantly related to MgO, and again this

may imply a link between iron, and either chlorite

or biotite.
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2. Drab Beds (a) Ferrous and ferric iron are significantly related, and
(b) both are related to MgO and KZO

(c) - total iron is related to both (a) and (b).-

It may also be pertinent to consider clay mineralogy in the light of
these chemical analyses.
1. The red bed groups are generally enriched in kaolinite,

particularly the coarser deposits - these deposits are also -

- notably depleted in K20, MgO, CaO. -

2. Drab beds lack kaolinite but have higher chlorite and illite -

notably K o, MgO Ca0 are high

J'Chemicalﬁanalysis may be directly related to clay content, OR lack
of metal cations in red beds may have assisted kaolinite development, but
the enrichment of K, Ca, Mg, may have inhibited kaolinite development

in finer beds while at the same time enriching chlorite and illite.
© - 6.9 ' Summary

Chemical analysis demonstrates ferric-iron enrichment in red beds,:

70

which may be due to the introduction of amorphous ferric hydroxides concentrated

in muds and silts.’ This is further supported by fine beds having higher
total iron, and fine beds being Fe3 enriched Drab beds may have been
selectively reduced by post depositional reduction and solution (Miller and
Folk 1955) or the in-situ oxidation of iron-rich silicates and iron-bearing
clays may have occurred (Walker and Honea 1969). The'comparison of brown
(red) and drab fine-grained sediments suggests that little difference exists

in total‘iron;‘and therefore selective enrichment in Fe3+ is not supported.
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Variations in Fe2+ and Fe3+ support a mechanism of oxidation and/ox
reduction of the total iron population. Post-depositional reduction
and dissolution (Miller and Folk 1955) is not favoured. Support is
greatest for Walker and Honea's (1969) hypothesis of post-depositional

oxidation, in this case of detrital iron rich clay.

 The enuironment‘of deposition and Subsequent reddening mustvbei
considered in ordervto evaluate?the causes ofbreddeningl sedinentoiogical
studies'(éhapter 3) suggest thatrepheneral'conditions‘prevailed in hany
of thelrivers depositing thebsandstones. vCalcrete deuelopments uerify
the arid semiarid nature of the climate uhere!precipitation‘was(exceeded
by eVapotranspiration. ‘heddened siltstones and'mudstones are abundantlf
desiccated and‘mudflahes (resultiné from desiccation) are comnon in“

sandstones.

Previous discussion suggested that iron may have been introduced into
the sediments as iron-rich clays. This would probably correspond to
the amorphous iron hydroxide approximating to Fe(OH) considered by Krynine
(1949) and Van Houten (1968) to be the hematite precursor. Unfortunately
the recognition of such a source of iron is not enough, much argument
has taken place as to the ability and conditions under which such an iron
hydroxide may 'age' to hematite. Essentially the problem is, can limonite age

~ to hematite, and can it do so in the presence of water?

The genesis of hematite in sediments has been argued principally from
two fronts. (i)'_ that under suitable pH and Eh conditions hematite may
n - form below the water table (Walker 1957 ), and
(11) hematite cannot form in the presence of liquid water

(L.e. below the water table (Schmalz 1968).



There is little doubt that abundant moisture is essential to the chemical
weathering of iron—beafing‘rsék—forminé minerals, and although these
ferrosilicates may release their iron.under anhydrous conditions the rate
of release is so low, evenrby geological.standards, as to be negligible.:
in moist climates iron-rich soils form rapidly on suitable substrates
even where temperatures are low throughout the year  (Schmalz 1968 ):-.at
this stage of hematite genesis high‘temperétures are unimportant although
they would of course accelerate the weathering process. @ Under moist
 oxidising conditions the principal iron-rich weathering product is an
amorphous ferric oxyhydroxide  (approximately ferric hydfoxide)‘which
recrystallises very rapidly to goethite (HFeOz).~ Either of these phases
may impart a characteristic yellow, yellow = brown colour to the sediment.
Séhmalz (1968)~argues ﬁhat the characteristic red pigment hématite may .
form.from these initial weathering products (amorphous ferric hydroxide

or goethite) by three possible reactions:-

¥ (,)“fﬁ 2Pe(og)3 ;:;a Fe203 + 3529 | B
D 2Fe(0ﬂ)3 == 25RO, + 28,0 = Fo,0, + 3E0
3) ’ 2HFe0 ¥= TFe 0, + E0° ‘ :

2 23

The substantial amounts of waﬁer liberated fiom these.reactions lead
§chmalz to conclude‘that the formation of hematite mustlbe considered as
ithe'dehydrétion of the primary»waathering products qf;iron-rich minerals,
and also that a dry c;imape was essential for its forﬁation. vFurtbe;,*
schmglé argued that on thermoéynamic grounds amorphous fe;:ic hyd:oxide ‘
would spontaneously recrystéllise to geotﬁite plps’waterratAZSOC'and 1l

atmosphere total pressure.
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.h(m93s=e TPe0

For this reaction he quotes a Gibhs free energy of - 4.69 K cal/mol., thus
indicating that it could take place below the water table. The more
critical question, can hematite ox goethite.be the stable ferric oxide
phase under standard conditions (25°C 1 atmos.), Schmalz attempted to
answer from thermodynamic data. For the reaction - {(3) above Schmalz
quoted a Gibbs free energy between O. 2 and +2, 2 Kcal/mol (hematite)

and conciuded from the positive free energy that the reaction (under
standard conditions) will move spontaneously to{the left, and therefore
hematite cannot formistabiy in the presencelof liduid water.k-Furthermore
"Schmalz contested Waiker's;contention that hematite might form below the
water table under suitable Eh - pﬁ conditions by re-examining the stability
fields of hematite and geothite. That the ﬁh - pH charactexistics of

near surface groundwaters generally lie within the “hematite" field of
Garrels (1960) Garrels and Christ (1965) and within the "ferric hydroxide"
field of Hem and Crooper (1959), Schmalz (1968) claimed such a basis for

Walker s (1967) hypothesis is inappropriate on several counts.

(i) Ferric hydroxide is unstable relative to goethite,

(ii) Ferric hydroxide is yellow—brown and not red,

(iii) The hematite field of Garrels and Christ (1965) assumes the presence .
of pure iiquid waterg(i;e; aHéo = 1.0) under such conditions hematite is
unstable'relative.to goethite. Garrels‘(1960) acknowledéed that{hematite
nay not be the stabie phase but assumed that (op.‘cit) the hematite |

stability field in water is essentially the same as goethite. But as



Schmalz (1968) has shown (eqn 4) the stability relations of hematite and
goethite are independant of Eh and pH, and equilibrium at standard

temperature and pressure depends only on t&e aH 0 (water activity) in -

2
the system .ecceesvsse0.. @ parameter not included in the Eh/pH plot.

Thus - the stability field "hematite" of Garrels and Christ (1965) and Garrels
(1960)" represents an approximation of the’ stability field of goethite -

a yellow brown pigment.

“In summary Schmalz (1968) defined some possible conditions for -
formation of red beds.
(1) ‘ léufficient moisture;toifacilitate rapid deep chemical
| - . weathering and‘the release of iron from parent minerals.

Also preferably warm.

(11) Absence (or reduced activity) of water to promote dehydration

of these primary weathering products.

Berner (l968i has produced’experimental evidence,to indicate that
goethite could recrystallise to formbhematite‘plus water-and that this
‘could occur in the presence of,liquid water;. such oontradietions serve
to illustrate that with such uncertainty aboutlthe variable inVOIVed»*
in arguments of this nature - evidence of this nature will at present offer

little assistance in interpreting the process.of hematite formation.

V‘ﬁalker (l§67a; 1967b) investigated the origin of hematite pigmentation
‘in a serles of immature arkosic sediments in the region of Baja California.
He concluded that the iron oxide pigment in red sandstones was formed by
xhe redistribution of iron outwards from the decomposing grains by‘oxygenated
pore waters during diagenesis, and that climate during deposition.of the

sandstones -may be irrelevant to the formation of the red pigment.

3



Several lines of evidence from the present work indicate that a
varlety of processes and factors combine to produce the reddening of
the sediments, and to create the red-drab differentiation. As recorded
.by earlier authors the red colouration is caused by finely-crystalline
hematite present as grain' coatings and within the clay ﬁatrix.\ The
crystal form and textural sites occupied by this hematite clearlj indicate
Lthat at least some crystallised post;depositionally, although the variety
of hematised biotites in many samples suggests that this process of
hematisation was probably active in numerous floodplain sites prior to

final deposition. Hematisation of phyllosilicates ‘continued long after

deposition, and demonstrates the range of time involved in hematite genesis.

oy

Consideration of source area and sediment compositiohs suggests that
breakdown of iron-rich.silicates‘(hornblende and pyroxene) may”have been
d contributory factor in freeing of Fe from the lattices, but theyin-situ
breakdown of such minerals as suggested by Waiker (1967e,‘b)7and Waiker
‘et al‘(1967) is not evident in the Gamrie Outlieri In fact the study of
biotite morphology in red beds in the study‘drea ( and others) has demonstrated
that although biotite weathering may liberate free iron oxide, the presence
of hematitelin bilotites and chlorites indicates that the phyllosilicates
were ecting as a 'trap' recipient for iron rather than e’source. As
hemetisetion of micas was initiated during transport itiis very likely f
that mechanical disintegration of corroded biotite would liberate substantial
quantities of iron into the system, to be dissolved and redistributed, or
transported and incorporated in stdiments as an iron-rich clay. Micaceous
sediments at Rhynie dewonstrate that the in situ breakdown of phyllosilicates

" is possille but the outward migration of iron is very limited in this
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- instance.

-Thus, the ig_glgg_oxidation‘énd liberation of free iron oxides from
- detrital iron-bearing silicate grains is possible, not directly by in situ
breakdown, but by breakdown>within the sediﬁentary basin yith subsequent
redistribution of the weathe;ing products. As such, the author believes
that this prelimingry conclusion supports the concept of W;;ke; (;967a, b),
Walker and Honea (l969)_although»ip many Fespects is may be apglqgous‘ .

to Van Houten's and erXhine notion of derivation from 'upland' red soils.

The production of red or drab sediments at Gamrie and Rhynie is
probablyfa dangérous arguménﬁ as the normal red;drab; finé;céarée ”
relationship is only locally developed; ' The sedimeﬁtoloéiéal control R
invoked 5y Friend£1966iand supported by Tﬁrner (1974) caﬁ be uéednto
ekpléi@ the ied—dﬁab differentiation.noted in tﬁe pfeéent study;‘althoﬁgh
fielé evidence and petrographic evidence févour an alternative mode of

origin. In many examples redness is a function of grain size, so that

under su;table‘conditions'thg iron present in fine graineq ;ediment is
oxidisgd té produce rea_bedsf rThis iﬁplies tha; any f;ne gra;ngq sedLment
ba#hthe ability to beqome reddened, but it ig ;be envi;ogmental or diagenetic
qonditions which trigée: the prqbessf Chemical apa}ysis cqnfi:ms thi;;,'
red andgrey'si;tstongs baveicomparabLe to;a;_iron ;qnteht;, put differépt

2+ 3+
Fe A?nd Fe contents suggesting that it is the conversion of Fe2+ to Fe

3+

3+

thatcpntrolsthe‘reddening. Figure 6.11 is a graph of Fe2+ v Fe

incorporating grain size and colourf ‘The distinguishing liné in the. present
' 2+ 3+ + '

;nalys;s is Fe % ='”Fe s greater Fe3 allows»red beds, greater Fe2+ -

drab bedsf- This conclusion:is irrespective of grain size. Field and

petrographic evidence confirms this idea. Sandstones may become reddened,
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but in the vicinity of reduction spots no hematite pigment is or has
been generated. Mud clasts incorporated in reduction spots are drab |
in the spot but red outside suggesting that the hematite precursor was '

initially available, and not introduced at a later stage.

Ié'is concluded from the present study that hematite pigment crystallissd
post-depositionally, and was derived from the oxidation of iron-rich
detritalrclay derived from an uplahd area. Breakdown of~detrita1 iron-rich
silicates probably also liberated iron, but this cannot be proven gé_éigg
in any but one case. Iron may have been attached orAipcorporated
within‘clays either derived from iron-silicate breakdown_in’flobdpla;nw
sites, or from sourée rock di;integ:ationrin the Caledonian Uélasqsf Thé
ultimate control of reddening was an‘environmentaqune, the pge#en;e h
or ab;ence of oxidising conditions decided whether iron hydroxideé would

'age' to hematite.

Carroll (1958) recognised that as well as the chemical transport
of iron a mechanical‘method existed as.iron ma& be cgrried intp the deéositional
'basiﬁ either'incorporated within the elay shructu;e( ;r by adhering to the
clay surface. The importance of clay minerals in the transport of iron
was stressed by her work, iron oxides were recognised as being responsible
for the colouration of red soils but, more important,'these ircn o;ides
were always associated with clay minerals. Analysis of clay fractions
demonstrated éhat iron was mainly associated with the finest fractions -
pr?bably in relation to the very large surface area of finer particles

(see also Baver 1956). Most important is Carroll's (op. cit.) note that

the iron attached to clay minerals was in an easily removable form. .
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Analysis quoted by Carroll indicated that as mgch as 10% ferric oxide may
. be transported in modern élays. Carroll summed up the importance of clays
by notipg that they may accumulate ===-=-- " a considerable quantity of

¥ron and the mechanism is certainly of geologiéal importance in the

movement of iron".

~ Although a discussion of ﬁhe physicoQChemcal controls of hematite
genesis is beyond the scope of the present project it is interesting to
note thaﬁ the combination of evidence, (i.e. implied semi-arid conditions,
plus development of calcrete profiles developing before, at, or near the
time of hemafite gePesis) might suggest that hematite crystallisation occurred -
ab§vé the water table, and the subsequent burial beneath the water table
probablyballowed the early crystallisation of kaolinite directly from

meteoric groundwaters.

If such an argument is valid then iron-silicate breakdown and
redistribution of liberéted iron would probably not be feasable. Hematite
.would be generated in a relatively dry enviroﬁment, the lack of
water élso preventing ﬁobilisation of any iron liberated by disinteération

of iron si;icates.
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CHAPTER 7 -~ PALEOSOIL HORIZONS IN THE GAMRIE AND RHYNIE OUTLIERS

Introduction

Within the Gamrie and Rhynie Outliers two forms of mineral
concentration have been recognised and interpreted as having formed

as a result of soil forming processes.

The first and most extensive of these deposits consists of

large accumulat1ons of carbonate materlal within floodplaln sedlments,

and Has been 1nterpreted by analogy with modern calcrete or callche

developments in arld and seml-arld env1ronments.

The second form is much less extensive, and occurs in sand-
stones and conglomeratlc sandstones of dlstal alluv1al fan reglons,
and con31sts of the concentratlon of iron and manganese rlch miner-
;ié; Such concentratlons are agaln conszdered to be the result of
3011 formlng processes in a manner analogous to the development

of ’hardpans';

”PART A - Calcrete Horizons

7.1 Introduction

Carbonate-rich horizons are present within the lowest sediments

of the Lower 0Old Red Sandstone sequences at: -

f(i) Crov1e and Quarryhead,
(li) New Aberdour Shore and Counter head,

- (1ii) Rhynle, in the lower red shales 1n Corblestongue,
‘> and in Mlddle Old Red Sandstone sediments in:

(iv) the upper portlon of the Findon Fish Bed.

From the stratlgraphy cutllned in Chapters 1l and 2, it is

-

clear that such developments are w1dely dlSLPlbuted both in area

and in tlme. The development and interpretation of such deposits
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is regarded important due %o both the climatic implications, and

the time and tectonic stability required for their formation.,

'7;2‘ Terminologx

| ‘Inbrecent years, many studies have been made on both recent
and ancient calcretes, and an abundance of terminology has developed.
buring this study, the terms calcrete andlcaliche have been used in
'reference to pedogenic accumilations of.cérbohate; wheré calcrete

implies an indurated deposit whilst caliche refers to recent

|

~—r

'powdery' deposits (c{f. Aristarain, 1970, Lamplugh, 1907, and

James, 1972).

Mogt récent deécriptions of calcfetes employ; qﬁite réasonably;
tefminology derived by soil scientists; In keeping with this trehd,
several soil terms are also ﬁsed during this study, and the readér
is peferred to Brewer (1964) and Gile et al (1966)‘for a full

description of these terms.

Unfortunately, the terminology is very much oﬁen to misuse, .
and although Brewer (1964) draws attention to ‘a confusion in termin-
ology’ over nodule/concretion terminology, the collective term
glaebule has still recently found great use‘in‘place of the highl§
épécific terh“nodule:, Thevtéfm glacbule has therefore been aQoided
during’this discﬁssion, aé in all cases fhe"glaebules' concérned;‘

can be readily indentified‘as nodules (see Brewer, 1954, p. 258).

7.3 Calcrete Developneﬁts in the Gamrie Outlier -

7.3(1) Quarryhead/Crovie Type Profile

7.3(i)a Description (see Plates 7,1 to 7.3)
. Concentrations of carbonate material commonly occur as irregulér

: o . ,
fbeds between 9 and 65 cms thick in which calcite nodules lie
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unevenly scattered through a groundmass of red-brown siltstone/
mudstone. The nodules are generally knobbly or tuberose in shape
and rarely exceed 45 - cms in diameter. The nodules are always

quite hard and crossed by several stages of calcite veining.
Several stages of nodule development are recognised:

Stage T The host sediment shows the development of small (5mm
"to 30 mm) prismatic or eoiumnar peds with a strong
vertical element and distinct polygonal or rectangular

cross-section.

Stage 11 Caleife precipitanes both in the matrix of these peds, and
also in the voids between the peds developed during Sfage
.~ "I, This produces initial weak nodule developments and
occa51onall§ predomlnant ca101te velns. Theee Qeins are
con31dered to be the 'crystallarla' of Brewer (1964) and
‘may,become‘so extensive nhat a pseudo-breoolatlon fabrlc
ddereiope.ijeormally, Stage II gradesAddrectly into éfage
'Stage III Wirh'entensionﬂof‘pne caicitecementation initia;ed,during
| | 4‘Stage II, nodnles“develop in abundance but rarely egceed
>20 mm in. dlameter. Wifh inereasing maturity ae increased’

den51ty of nodule development is apparent, but wlthout v

notable increase in size,

Stage IV vA marked 1ncrease 1n nodule den31ty 1s apparent, w1th the
inltlal prlsmatlc fabric often exertlng a strong 1nf1uence
on the site of calc1te prec1p1tat10n., Thus durlng Stage

'IV as nodules begln to coalesce, crude plpe-llke structures

develop.



Stage V Extrgme coalescing of nodules, but never to the extent
. that distinct carbonate sheets develop; Nodules become
densely packed, eventually only separated by thin skins

or films of host sediment.

7.3(i)b Miscroscopic Description (see plates 7.7, 7.8)

Compositionally, the nodules are always quite simple, the
non~-detrital component consisting of microcrystalline calcite.
Generally, the structureless host sediment (the s-matrix of Brewer,

1964) shows various development of calcite cementation.

During‘Stége I, cementation is not readily apparent, the
host sediment is relatively unconsolidated, and no fretting of

detrital grains or exfoliation of mica is apparent.

; Stagé Ii cementation shows the replacement and/or displaéemént
of the original host sediment (the s-matrix of Brewer, 1964) by
‘microcrystalline calcite; coarser microcrystalline calcite fills

voids between peds'(the crystallaria of Brewer, 1964),

Stage III shows intehsification of this cement and‘thevtrue‘sl
development of a fairly continuous undifferentiated crystic-plasmic-
fabric (i.ef a mosaic of‘microcrystalline calcite). During this
stagé, detri;al grains become widely separated and although exfoliation
of detfit;l'Quartz grains (as fiéured by Allén, 1974) is not apparent,

exfoliation of detrital mica is a distinct and common feature.

Stage IV shows further expansion of areas of undifferentiated
crystic-plasminfabric as dense fine mosaics of microcrystalline
calcite, with quite numerous small calcite crystallaria. rAlthough

nodule size is relatively large, agglomeratic fabric is also recog-

382

nised (consisting of oval and sub-circular areas of microcrystalline calcite

with coarser calcite in between), The crystallaria at this stage
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show complexdrelationships suggesting that several generations ofA
crystalli;ation have occurred, crystallaria frequently show complex
cross-cutting relationships, and some of the latest phases show the
development of crudgly laminated crystallaria (also observed by

Allen, 1974),

7.3(i)c Interpretation

The developmenthf the Quarryhéad/Crovie type of carbonate is
fegarded«és having been a éradual but complexrevent. Plates 7.1
to -7:3 show the stages in the dévelopment_of a mature profile, .
and many features illustrated are closely comparable to those found

in younger calcretes.

The featufes‘noted in the previous section ére'cloéely compar-
ébiéyfo'fhoée'detaileé'byASeveral authors. Freytet (1373) described
.similar calcafeous nédules'associated with prismatic host-gedimept‘
fractures, and noted the dccurrence of the more mature 'colgmnar'
type of nodule, Similar nodules and in similar profiles are also
noted by Chapman (1974), Reeves (1970), Allen (1974), Gou?ier(1973),
and Steel (1974) and have been interpreted as calcrete. In particular,
the observed sequénce fits very well into the morphogenetic sequence
of Gile et a1“(1956)‘whiéh‘perhaps forms the basis of many recent
studies of such deposits. Gile et al (op cit.) out}ine a four stage

development closely comparable to that detailed on page 38! :

Preceat Stuly ‘ tile ot al. (1968)

I Pormatior of primary peds

ix Precipitation of caleite 1 Thia disoontinuous coativgs
i{n the s-zatrix
1II} Dovelopment of nodules I Fow %0 cczaon podules
w Incroased density of nodule III | Many nodules and intornodule
’ development °* Tillings :

] Coslescirg of ncdules I¥ | Increcsing carbonate inmprecnation

Leninar borizon overlying
= ) plugeed horisoun

Tadle 7.1 Comperison of the otegos of carbonate accuzulation observed at Cruvie l

and st Cuarryhead,  vith thoss outlined by Cile ot &l (1¢3€) -




- In making this comparison, the major difference is only in the
absence of the mature stage IV deposits of Gile, and as discussed
later, this is perhaps a stage which would be most likely to be

absent (see page40).

4The evidenceinrovided by thinksectionsrstrengthens such
comparisons. ‘Siesser (1975), Nagtegaal(lgsg), and Steel (1974)
note the characterlstlc micrite pore-filling of calcrete nodules,
and the 1n1t1al local development of such micrite 1nf1111ng followed
by'its extension to a 'continuous crystic-plasmic-fabric' (termin-
ology of Brewer, 1964) .was noted by Gile et al (1966) in their -
definition of the K-horizon (a soil-horizon of carbonate accumul-

ation characterised by such 'contlnuous crystic-plasmic-fabric'

a term shortened by them to K—fabric)

Furthermore, the maturation and development of such a K-fabric
is a complex polyphase’eventaas indicated by-the‘numerous‘phases;
of cross-cutting crystallaria traversing the basic Kéfabricicalcite.
Similar conclusions were reached by Freytet (1973) and Gile et
al (1966) who describe 'crystallaria' and 'stellate noidsi as
retraction features caused by shrinkage during periodic desiccation
of the profile. Similar features have been observed by Chapman
(1974), Swineford et al (1958), Reeves (1370), Steel (1974) and

Sehgal and Stoops (1972).

Although it was noted earller that the sequence lacked the

mature Stage IV of Gile et_iiﬂgigss), the presence of lamlnated

crystallaria may be an early form of such a mature stage. Bssentlally,

the mature Stage 1V of Glle et al (l966) is characterlsed by

e et e R

:dlstlnct Jaminar subhorlzon° at the top of the main carbonate

'
¥

hori zon. Such subhorizons are generally accepted to be the result

¥



of 'plugging' of the prcfile by extensive carbonate crystallisation
causing a very much reduced permeability. In the present. instance,
‘the eventual close 'packing' of the nodules during late stages of

. development would also feduce permeability and leave retraction
fissures‘as the only route for the downward migration-of caroonate
laden water. Such conduits would then be in a sﬁitabie position

to belpfime sites for carbonafe deposition as iaﬁihae or ééétinés

on the walls of the fissures or cracks (see also Flach et al, 1949,

and page 38}, ). ’

Thus in summary the development of the Quarryhead/Crovie type

of calcrete is considered to involve:

v P

(i) desiccetion’of the host-sedimenfvaﬁd fhe producfion of A

prlsmatlc peds (see also Freytet, 1973),

- calcite crystalllsatlon 1nf1111ng sedlment pores (see
also Siesser, I975, Nagtegaal, 1969, and Steel, 1374).
Such micrite develops the characteristic K-fabric of
Gile et al (1966) first as isolate zones, and then

,coalescingkas nodules grow and begin to merge; .

v (iii) carbonate development varies 15 intensity, in all cases
some primafy s-matrix is retained, but.separation of
detrital grains occurs by the expénsion of‘the micrite

- cement., This eventually causes the destruction of
the primary fabrics leaving only variable amounts of

. iosepic and asepic plasmic-fabrics (see also Nagtegaal,
'1969 Sehgal and Stoops, 1972), and flnally,

"(iv) de31ccatlon causes retraction flssures in whlch ooarse
| grained mlcrlte crystalllses to form the crystallaria

of Brewer (196u) and stellate voids of Freytet (1973)

(11). the prismatic pedg become the 51te of 1ocallsed micritic
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noted earlier. Such void infills appear to post-date
" the main K-fabric development as crystallaria clearly

invade the crystic s-matrix.

~The primany] fissures forming the prismatic peds probabiy'
initially allowed the rapid fransfer of water through the host-
.sediment. Cépilliary aétion‘would not only elevate pore water above
the water table,'but‘woﬁld also draw moiéture within the peds
‘themselves., Nodule formation would thus initiate from within such
peds. Carbonatgtwould_continue to accrete towards such centres and
‘ éven;ually‘ﬁrdauce elongate nodules as prismatic peds becamé téfally
'caléified (Freytet, 1973, describes a similar mechanism which he
calls 'radiﬁtlar aspifation', and Fléch et al,lﬁé? , offer a’similar=' \
mechanism of nodule growth whereby nodules’are regarded as zones
of restricted hydraulic conductivity serving to funnel carbonate

saturated solutions to previously uncemented regions).,

‘7.3(ii’§ .C§unter Head/New Aberdour Shore Type Profile (Plates 7.4, 5,5)
The segond type of profile recognised in the Gamrie Outlier

outcrops exclusively in the New Aberdour Siltsfone Formation at‘

Counfer Head (and to a lesser extent at New Aberdour Shore itself);

'The profi1e develoﬁed ét Counfer Head is a modification of the

ldhermoét poftion of the siltstohe’sequencé and the upperﬁost

portion‘of.the Dundaﬁg Castle Sandstone Formation sequence, The

complete sequénce is illustrated in Fig. 7.1, and is comprised the

following carbonate 'morphological types (letters refer to those in e

Fig. 7.1 ):

1. Discontinuous thin-sheets of carbonate interdigitating with

thin sandstones and siltstores. Symmetrical-ripples and desic-

.

cation cracks are often preserved within such carbonate. This

form is only well developed in the lowest portion of the prdfile



2,

3.

5.

6.

. in sediments considered to be margiral to the true Piedmont

Floodplain/Playa facies (Fig. 7.1A ).

Similar discontinuous thin-sheets of carbonate to those above, -
but with much reduced interbedded clastic material (Fig. 7.1B ).
ThlS form is restrlcted to lower portions of the 811tstone

sequence, and appears to replace the previous type A carbonate

in more distal sites where the clastic component is very much

reduced.

Isolate, often large, reddish-brown to green carbonate nodules
occurring along distinct and laterally persistent horizons.

Along such horizons nodules occur widely spaced and always

separate (Fig. 7.1C ).

Clustered nodules oocur within siltstones in higher and mid
bortions of the profile and are in all ways comparable (except
in 51ze) to the nodules already described from Crovie and
Quarryhead. The dimensions of nodules ranges much larger at
Counter Head, where individual nodules may reach 15 cm. This
form of carbonate is again restricted to fairly persistent
horizons, although as illustrated on Fig.' ; 1 the intensity

of nodule development may vary considerably laterally, and in

particular in.the vicinity of underlying dense carbonate 'knolls'

(Fig. 7.0, E ).

Continuous but thin siﬁgle sheets of red-brown ou pale grey-green
internally massive fine-grained carbonate occurring in mid ani
higher parts of the profile within thick, massive, brown
oilfstones. Frequently, such carbonate developments weéther

orange (Fig. 7.1F ).

Single, laterally'persistent; thick sheets of fine pale red-brown
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or pale grey-green carbonate oécurring within finest sediments

~ in the profile, and althougﬁ'latéraliy persistent they may |

 thicken rapidiy to form dense carbonéte 'knolls' (Fig.?.l"G  ).

_Thick relatively impersistent units of massive fine-grained

carbonate. Generally such units are pale-grey to pale-green

in colour, but very commonly weather orange, and in particular

~ the uppermost portions of such units frequently weather an

intense orange. These thick units may develop as thickenings

of the previously mentioned sheets of carbonate (see Fig. 7.1

R, J ) or they;méyqdevelop as isolated 'knolls' of carbonate.
. Where bedding is distinct in the host sediment, such as in

lower parts of the profile where sands and silts interdigitate,

the edgés“of‘such 'knolls! may'ihfefdigifaté with the‘bosf .

' sediment, elsewhere the units are sharp'mérginéd;"Theidevélop-

‘ments of 'knolls' of carbonate are fréquently'fepéated aiong

"Ja'éingle'horizon,‘With units'hp'to 70 cm thick‘repéated along

" one horizon at distances of approximately 10 m. 'Knolls' of

ncérbénaté fréquently influence the development of carbonate

immediately above, generally reducing the intensity of develop-

L ment,in,such sites. A common feature of 'knolls' is forLthe:it

~upper portion of dense units to be brecciated and recemented, .

. the resulting breccia weathering the most intense brange

- (Figs, 7.1 K, Ji)s .

ﬁié(ii)b< Microscopic Description (Plates 7.7 to 7.13)

(page‘b%O). Types C, D, E, F and G are almost identical, being -

of the morphological types of carbonate previously described,

vmajorityaare relatively simple and in many ways directly reflect '

the carbonate developments described from Crovie and Quarryhead |
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composed of a continuous microcrystalline calcite cement. As with

the carbonate at Crovie and Quarryhead the Counter Head varieties

show features such as replacement/disnlacement textures, fretting

of detrital quartz grains and intense exfoliation of detrital

blotlte flakes. Several Stages of carbonate development are again

apparent but are less dist1nct than in the prev1ously mentioned
xamples. The Counter Head varieties show the III, IV and V

stages mentioned earlier, but not the early development of prismatic
fahpiqs. Similarly, the Counter Head examples show the development |

of many phases of crystallaria, although laminated crystallaria

kave not been observed in type C and E forms. Type C carbonate

most commonly shows crystallaria of septarian forms. -

.'ovefall;(low magnesium carbonate predominates, but iron-rich -
ealeite and ferroan dolomite occur in orange-weathering zones.
Wost commonly, the ferroan dolomite occurs as a replacement of
eaplier mieritic calcite and shows relatively large rhomb- shaped

erystals, Where brecciation has occurred, recementation generally

eeccurs by means of ferroan dolomite,

The most distinctive cementing fabric occurs within types A
and'B carbonate where the prev1ously detailed continuous 'K-fabrlc'
totally invadea the host sedlment but due to the frequent occurrence
ef sheet-cracks numerous elongate. volds occur which have been
infilled by sparry calcite, and in places by fibrous ferroan dolo-

mite.

The majority of these cavities show pseudo—concentric, largely
substrate parallel patterns defined by inclusions and colour banding
within the sparry calcite, and furthermore, frequently show the

development of predominantly dcwnward growing, gravity, or dripstone

microstalactitic caleite, Such downward growth appeafs most frequently



from protuberances on the roofs of sheet cracks and fenestral
voids. More rarely, cavities may show the presence of crudely

bedded sediment infills.

The ihtercrystalline boundaries within the sparry ‘calcite
are unrelated to the pre§iously mentioned inclusion patterns, and
thus indicate a iater origin for the sparry cement. .The inclusion
patterns vary in extent, being thicker iﬁ regions where blocks of

s-matrix are in contact, or where cracks penetrate into the s-matrix.

In the upper portions of type A and B carbonate profiles, where

orange weathering is distinct, fibrous dolomite may occur as a final
infilling to sheet cracks, infilling cavities lined by 'drusy'

sparry'ealcite.

7.3(ii)ec Ipterpretatlon

The predomlrance of fine- grained floodplain sedlment cemented
by a contlnuous mlcrocrystalline cement showing extensive dlsplac1ve
relationships, exfoliation of detrital micas, plus features such
_as crystallaria and the accumulation of carbonate as thick laterally
extensive often nodular horizons, leads to a general interpretation.
of the Counter HeadAprofile in a similar manner to the previously
described Quarryhead and Crovie profiles, That is, having formed
as a result of the. epigenetic accumulation of carbonate in the Cca.

zone of floodplain soils.

Nevertheless, some variations worthy of note do exist, pért-

icularly within carbonate forms A and B.

Several generations of cement are appareht within these
formé. Flrstly, the floodplaln sediment appears to have become

ndurated by mlcrocrystalllne calc1te forming the dlstlnctlve

'k-fabrxc'. Althougﬁ largely dlsplac1ve, this phase of cementation
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was also accompanied by shrinkage allowing the development of

many sheet-cracks and fenestral voids.

A seeond phase ot cementatlon 1nvolves<the coatlng of such
rolds by the tufa-llke mlcrostalactltlc cav1ty l1ning. The
abundant sub-parallel inclusion patterns present in these coatlngs
are comparable to those descrlbed by Kendall and Tucker (1973)

7and considered to represent impurities within former cements, and

now recording growth stages in the original cement,-

Several llnes of ev1dence comblne to suggest that these early

stages of cementatlon took place above the water table'

"(i) E the development of 'K-fabric' is probably a grain
‘. contact cement formed by evaporatioﬁhpf capilliary
'jnnisture;} | | '
(ii) shrinkage cracks and fenestral cavities were probably
open and subject to vadosekfluids allowing only the
'developmeht of the fufa/travertine like cavity linings,
“'(iii) 'the presence of sediment infills also strongly supports
' ‘a vadose orlgln for thls stage of cementatlon, l
,(19) ‘che thickenlng of the cav1ty linings in regions where
- craeks terminate or where large fragments of s-matrix
are in'close'cohtact-is probably a large scale analogy
" of the meniscus cement commonly referred to as typical
‘of vaaose cementation, (Dunham, 1971, James, 1372,

Land, 1970),

‘The final infilling of such cavities by sparry calcite, and
the recrYstaliisation of the earlier cements represents a later
diagenetic eyent, probably related to the transfer of the profile

'intthhe phreatic zone of groundwater, Whether such a change
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occurréd due to elevation qfithe water tzble or depression of the
sédiment profile_canpot be asceptained. The presence,of a»late
infi;ling of sparr}'palcit; asspciéted with brecciation and re-
.cnystallisatién of’earlier cements and ultimately followed by a
phase of ferroan dolomite crystallisation, may in some way relate
to the ultimate 'plugging' of thé'prbfile by the early)phféafic 8

cement.,

Once the pfofile beéame‘relativélY‘impermedble,"any fluid
above‘thé'maih carbonate lévgl would tend to concentrate by
éVapoféfion;fgraduaily increasing the Mg/Ca ratio as low magnesium
célcitejpfecipitatéd‘és'd?USy‘sparite; Tﬁe‘brécciation noted
earlier in more distal situations may also relate to such a pond- =
ing of subsurface moisture, as fhé later phase of sparry?ééménfx“m
binds“the‘breééiated‘fﬁagméﬁté and céﬁses.some'recrystaliiéatipn of
the”ffimafy 'K-fabric'.  Folk and Land (1975) note that subsequent
dilution of high Mg/Cé‘brinés is a feasible mechanism for the |
pre01p1tatlon of dolomlte, as the dllution by fresh .water serves

to maintain the hlgh Mg/Ca ratio but reduces the sallnity..

Thus the interpretation of petrographic evidence may be

. summarised as follows:

1. kééply cgﬁéntat%ényof flpodplain sediment by the evaporation of .
. capilliary moisture;
2, “dévelopﬁenf of ;avity’linings as a vadose cement, plus séme
‘sedimentbdepqéitiqn‘upon cavity floors;
3.. brecciation‘ofregrlier cemenfgd floodplain sediment followed
_lbyvpreqipitation,of phreatig drusy sparry calcite, plus
vextensiye rec?ysta;;igatiqn of earlier cemeﬁts;
Q, Vcogtinueg prgqipitafigq Pf drusy sparry calc;te as trapped water

- evaporates. Eyentually an elevated Mg/Ca ratio is producedf»
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allowing the‘precipitatién of dolomite 1argely as a final
fibrohs cavity infilling, but also as a microcrystalline

cement within some breccia horizons.

The major differences between the Countqf Head and Quarryhead
" types of carbonate profile are attributed largely to the facies of

the host sediment.

At Quarnyhead and Crovie, marginal floodplain environments
~ probably suffered localised intense floods and relatively higher
rates pf sedimen;ation being somewhat closer to the base of the
alluviél fan. ;Furthermore such a locatidnvwould also be well
situated to receive moisture traveliipg down gradient having seeped
into the porous fan surface duriné'flood episodes (see also Eugster
and Surdam, 1973). ZThése factors‘would ébmbiﬁe to reduce the effect
of the Cca pedological zone, by providing: .
: a) too much sediment; » |
“LS) " a broad zone of wetting'wifhin the soilj; and

‘”é) a means of removal of carbonaté laden water down slbpeq

towards the floodplain s.s.

At Counter Head, in more distal floodpléin situations, both .
the effect of floods and sedimenf disper;ion would be spread over
‘'wider areas. The water table would be more stable,.and the zone of
wetting and drying‘would probably be more consistent(allowing:l
intense carbonate accuﬁulation to occur. The lack of extensive
floodplain relief would prevent gradients developing that would
allow the migration of sub-surface moisture. Because of these féctors,
the concentfétion'of carbonate would be more intense, as periods
of stability would exist f§r longer periods, and solutions would be
capable of concent:ation and evaporation toiallow the production of

dolomite (the distribution of dolomite in the calcretes also tends
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to support this view in its total restriction to the Counter Head .

type profile, and in particular, only to portions of this profile
considered to represent more distal floodplain sites).

The absence of extensive calcretes from higher portions of
‘the sequence is probaBiy due to such distal sites being wettest,

bp0531b1y even supportlng small 1mper31stent lakes.‘ The environ-

‘ment is somewhat analogous to the situation descrlbed by w:Lll:Lamst

(1970) and_already discussed in Chapter 3 (pageXi4 ), Wllllams
notes thé presence of calcretes in distal-fan marginal floodplain

sites, but indicates their absence in the more distal positions

('the chotts')‘where water is frequently ponded and commonly evapor-

" ates to produce extensive salt deposits.

Structures similar to the 'reefs' and 'knolls' of carbonate
have beeh described from many recent caliche profiles; 'pseudo- .

anticlined'  being noted by Price (1975), Jennings and Sweeting

'(1961), 'buckle-cracks' by}Reéves (1970), and 'expansion-structures!

. ~ b
by Bretz and Horberg (1949), and Gile et al (1966), Allen (197§é

. . "/ .
1974) also describes antiform structures from calcretes in the
British Lower 01d Red Sandstone, whilst much literature is avail-

able on similar but subtidal and peritidal 'tepee' structures

(Smith, 1974:’;§d Assareto ét:al{ 1977).

Ail‘of the above cases‘(except tidal/peritidal) occur witﬁin
métore'caliche/calcreie horizons and have dimeosions similar to
those described here, In-oévéfal of the recent ekample§5 Aﬁé
Allen (op cit.) the structures are observed in three dimensions

‘and demonstrate a megapolygon form.

There is general agreement that the genesis of such structures:

is closely related to the exoansion of the host sediment, deep
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seasonal wetting producing a 'patterned ground', the displacéd sed-
iment later réﬁlaced and strengthened by carbonate precipitation
(Allen,‘1973, 19743. This is vagﬁely accepted by Jemnings and
Sweeting (1961) for Australian caliche pseudo-anticlines, but they
place more emphasis on high temperature and aridity, whilst Paton
(1974) who also considered Australian 'gilgai' and related structures .

concluded.that they probably originated due to differential loading

of sediments.

Ne?ertheless, the welght of support is for a 'displacive/
replac1ve' origin as summarlsed by Allen (1973). Assereto\gs\ 1
(1977), whlle con31der1ng perltldal tepee antiforms discuss the
various mechanlsms proposed and conclude that they form by a com-

bination of:
/

1. deéiccatioﬁ and thermal contraction of tﬁe host‘sediment,
"2, enlargement of fractures during wetting phases,
3; further enlargement qf fractures by carbonate crystall-
‘ isation,
4, further enlafgement of fractures by hydrolysis of minerals

(clays).

In making these suggestions, they also suggest that caliche
soil structures are probably a dry end member of a subtidal-peritidal-

continental series of structures.

It would seem reasonable that the structures observed at
Counter Head afe comparable to those noted from the literature,
particulérly in the comparable size and regular spacing of the
Counter Head varieties suggesting that the coastal section may be
a cross-section through a polygonal type of patterned ground as

a,b
detailed by Allen (1973, 197HP.



Why carbonate precipitation shouid be'so intense in the
anticline regions’may also be answered by Allens' (1973, 1374) com-
parison of the structures with patterned ground or 'gilgai’,

: Although Allen (op cit, ) compares the antlform structures w1th
'gllgal' Paton (1974) p01nts out that 'gllgal' are in fact the
depre531ons between such structures, the term being an aborlginal
one for a water hole. If such a patterned ground were to develop
on a floodplain and malntaln water for even a short length of

' tlme, evaporatlon would probably be most intense in marginal
regions actually in contact with the anticlinal structure. These
areas would therefore be expected to witness most intense carbonate

- precipitation.

ﬁven‘Withont continualvponded water, areas above such anti-
clinal strnctures would probably be more open and porous, and a
pore-moisture gradient would exist between the open anticline
region and the less porous 'gilgai' area, allowing further preferential
crystallisation of carbonate in the anticlinal regions (see also
Stuart and Dlxon, 1973, and Aylor and Parlange, 1873, for ;
con31derat10n of the effect of capllliary actlon on carbonate\‘

prec1p1tat10n). ' ' .

7.4 Origin of Calcrete

Calcrete and caliche appear as a world-wide feature of many
\present day arld and seml-arld reglons, and 51milarly, calcretes
have been recorded from numerous Plelstocene and Quarternary arld
and semlearld reglons and are belng frequently descrlbed from
sediments deeper in the stratigraphic record, Calcretes hire been

o*)

descrlbed from the: Brltlsh 01d Red Sandstone (Allen, lgﬂx Burgess,

1961) and the Triassic (Steel, 1974),

[



Many theories have in the past been offered to explain their
origin, and although perhaps no single mechanism has universal

application,'nanyhave now been disregarded., Theories range from:

1. Chemical and biochemical deposifion in surface waters, such
as the removai of COz from surroun§ing water by Charophyte
algae to coat stems and reproduqtive'bodigs with CaCO3, An
increased pH aliows the precipitatioﬁ of CaC03 on the floor
of ponded-water (Dévis, 1801, and later reconsidefed by Friend

and Moody-Stuart, 1970).

2. 'Deposition by groundwater principally by capilliary-rise and
evapotranspiration in the zone of capilliary-rise from a

~ relatively high water table.

-

3. Deposition within the Cca zone of soils by both evapotranspir-
ation of éapilliary water and introduction of CaCO5 laden

water from dissolved airborne carbonate-rich dust.

The first hypothesis ma§ be valuable in explaining the form-
ation of some lacustrine marls, but cannot be applied to the present
alluvial fan slopes and marginal floodplain environments (in fact
carbonate is virtually absent from distal floodplain sites vhere

‘temporary lacustrine conditions are most common).

Similarly, the second hypothesis has limited application,
particularly in accumulating the large amounts of carbonate, and

in generating the morphological-genetic sequences already recorded.

Most of the features recorded can be easily accommodated by

*the third hypothesis, and in fact many of the features detailed

have beén recorded from present day pedocal soils,



This last hypothesis has been considered in detgil by several
* authors (seé Bretz and Horberg, 1949, Brown, 1956, Price, 1958,
Gile'et'al, 1964, 1966, and Ruhe, 1967) who, in general, agree

that the most likely source of CaCO3 is from windborne dust and
carbonate rich rain-water within the soil. 1In principal, the
mechanism they propose entails the soaking of floodpiain soils
during wet episodes, and the‘concentration of CaCO4 by evaporation

during subsequent dry periods.

As noted previouély, they consider that initial carbonate
precipitation occurred interstitially, with the maximum impregnation
»oécurring within the 'zone of mest frequent wetting'. Plugging
of the profilé, they consideréd, would pond ﬁater above the main
.horizoﬁ and further evaporation would produce the lafinar horizons

common in many recent and ancient calcretes,

'That such an interpretation is in essence correct is strongly
suppbrted by both chemical analysis and by radiometric dating of
the'genefic sequences. Ariétarain.(1970).considered'the distrib-
ution of major elements in the upper portions of Recent caliche
profiles, and concluded from the concentration of Ca, C, O and Hy:
that additions of these elements were made from above, resulting
in the enrichment of dnderlying sediments rather than the simple
evaporation of capilliary water drawn up from the water table...
Similarly, rédio-carbon dating has shown that within the morpho-
genetic sequence outlined by Gile et al (1966) the higher laminae

‘are younger than the underlying nodular developments.,

One feature stressed by many descriptions of calcretes is
the re-deposition of silica initially put into solution during
the elimination of much of the detrital framework of the host

sediment, This silica tends to be re-deposited as chert, but to
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date, no secondary silica in any form has been detected within

the sequences at Gamrie,.

In summary, the following factors are reoarded by most authovs

as 1mportant in controllxng calcrete development-

1, time: long enough to allow carbonate accumulation without -

influence of tectonism or excessive sedimentation; -
2, an adequate Supply of carbonate to the profile;
3. a surface temperature high enough to maintain evaporation of
- sub-surface moisture; and .

4, sufficient addition of water to carry carbonate down into the

- sediment, but not too much to cause leaching df‘;och material.~
Goudle (1973) has generalised these factors and notes that

extreme aridity would prevent soil leaching, mobilisation, and 'i
eventual accumulation of calcium carbonate, whilst on the other
hand too much moisture would tend to leach out most of the soluble
material required for calcrete. formation. In gemeral it is consid-
ered that thick, mature calcrete developments required suitable semi-
arid/arid environments for their formation, althougy Reeves (1970)
indicates that calcretes may still develop in wetter climates,
provided that the temperature is high enough to maintain the

necessary evaporation rates.

7.5 Significaﬁce of the Distribution of Calcrete in the Gamrie

- and Rhynie Outliers

- As already discussed in some detail, calcrete horizons are
very restricted in their distribution in these Outliers. The -
broad distribution is considered of some value in the interpretation

of the sedimentary history of the area, in particular, that of the
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Gamrie Outlier.,

The concentration of calcrete in the lower.or fining upward
par; of'the'Lower'Old Réd Sandstone sequence suggests by comparison
with recent analogues that the environment was pr@baﬁly;semi-arid/
arid, and that floodplain aggradation was also pfnbébl& quite slow,
Furtﬁermére, and surprisingly, although the caicrétéé aevelop in
sediments quite close to the base of the sequence aﬁd therefo;é
belong to the very early history of basin developmen;,.tecfonic
Astébility is generally considered a prerequisite for calcrete
formation, (inétability is usually assumed to generate either

large amounts of sediments or cause erosion).

: As sedimentation continued, more and more distal fipies
are fepresented in the profile, and as diécusééd earliér, ihe absence
of calcrete in such locations is pfobably not sufbrising as sﬁch
distal sites would most likely be the wetteét; too wet fof,extén-

sive carbonate accumulation.

At higher lévels, coarser sediment is introduced, and paleo-
current treﬁds indicafe that renewed tectonism caused a shift in
source area. The renewed activity and advance of alluvial fans is
récordéd in the absénce of calcrete from the coarsening portion of
the seéuence; the new sedimentation rates were clearly too high

for carbonate accumulation.

‘During the deposition of the Middle 01d Red Sandstone conglom=
erates, calcretés we%e present within the area, as calcrete nodules
have been found as a detrital compénent in these conglomerates, .
Further confirmation comes from the calcretisation of the upper
portion-of the Findon fish Bed; evidence supporting fhe Vi¢§ that

the . semi~arid climate probably did continue well into the Middle
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Oid Red Sandstone.

7.6 Time of Development

Ciearly, throughouf the sequences described two events are 3
involved; firsflj the deposition of floodplain,detfitus, and theﬂ
a phase of progressive soil development. From Chapter 3 it is
concluded that deposition of floodplain sediments was a rapid buf
probably raré'event. A further consideration of the rate of devei—

v

opment of the calcareous profiles serves to strengtheh this view,

\Steel'(lgfﬁ)-notés that.thé acceptance of 'cornstone' as an
indicator’sf pedogeneéis sﬁggéétsithat fléodplain ;édimentatipn
was‘ephemeral,’a view éupported by numerous recent radiometric
datings of Quatefnary and Tertiafy célcretes (such as those qarried.
out by Gile et al, 1966, Gile and nawley, 1966, Williams and Polach;
51969, 1971, Williams, 1973). Gile et al (IQEE>sthed that the | :>%f
laminar stage alone (Stage IV) may involve periods‘of up to 10,000
years per inch of éérbonate, and a mature profile.may represent up
“ to one million yeafs. _Gardiner (1372) by perhaps less quantitative
means derived ages of between 400,000 and b.s;miliiop years,
Leeder'(1974) has recently summarised much of the a#ailable'evidence,
~and he outlines a‘séries of ages which appear to.be bréaaly equiv-

‘alent to Stages I to IV of Gile et al (1966), i.e: >>_

Stage I 1000 - 4500 years
Stage II 3500 - 7000 years |
Stage III 6000 - 10,000 years

Stage‘IV l0,000+ Years

~Although Gile and Hawley (1966) managed to relate the time
' fequiréé for calcrete development to the nature of the host rock '

(essentially higher permezbilities allowed faster development rates),
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Leeder also con81dered the importance of floodplain accretion rates.

He noted that the Stages I to IV of Gile et al-.(1966) probably

required progressively lower accretion rates for their development.

'As it is considered that the sequences descrlbed here are
commorly equlvalent to Gile et al's stage II and frequently stage
I1I (p0331b1y even borderlna on stage iv), a con31deratlon of the
time'of'deVelopment confirms that the calcareous ‘soil profile must
have béén'étable for very long periods of time, and as discussed
earlier;'such a condition would necessitate: (i) a slow accumul-
ation rate on the floodplain‘surfece;n(ii) sE5511£{§ of»the marginal

fan facies, and most sdgnificantly (iii) tectonic stability.

7.7 Summary and Conclusions

\\In summgrzf the 51m11ar1ty between the morphogenetlc °equences
derived from the present work and that outllned by Gile et al (1966)

o
is ;Egarded very close and\it\is co;;idered‘tﬁat the prev1ously

\ .

descrlbed mechanisms were probably respon31ble for carbonate
acéuﬁulation in the sequences'described; The veriationhin type of
proflle and the dlver51ty of carbonate types developed is 1argely

con51dered to be 1nfluenced by host rock fac1es.

. PART B - Iron/Manganese Concentrations

i

7.8 Introduction

" Within the buﬁd&fg CaStie'Cohglorerate and Pennan Sandstone
seqdences, an unusual form of sandstone.cementation is recognised"»
and consists of extensive grain coatings of an iron oxide, combined
with pore fillings of psilomelanevand kéolinite.r Although not
recorded from Recent or}ancient Hardpans,,the present.examples are
consddered primary cements probably formed as 'soil' horizons in

an intense oxidising environment,
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7.8 Description

- Several regions of such cementation occur, rare occurrences
haﬁe been observed in the Dundarg Castle Conglomerate Formation
beneath Dundarg Castle, but the most extensive developments occur
within the Pennan Sandstone sequence.,’ Essentially,'areas of such
cementatlon consist of deep reddlsh brown sandstones w1th dlstlnct
almost black parallel zones of p51lomelane, commonly in the order
of several cms in thlckness. Such zones are substrate parallel,
and in the Dundarg Castle sequence are cut by eros1on surfaces,

‘ conflrmlng thelr prlmary rather than late dlagenetlc orlgln.

In thin section;‘a distinct paragenesis of mineral develop-
ment is readily apparent. Within the host sediment, haematite-
pigmentation occurs on detrital grains as datailed in Chapter 6 for
the commonly occurring red beds. ' In areas where psilomelane occurs;
. extensive.coatings'of authigenic silica occur, often showing very'
distinct euhedral faces (plate 7.1u4b). Following the period of
quartz overgrowth precipitation of very thlck pellicles of iron-
oxide around grains and infilling small cavities occurred. This
iron oxide has a fibrous form, and occurs as botryoidal pore linings.
Major cav1t1es and pores are subsequently 1nf111ed by a mixture of
p31lonelane and authlgenlc kaolinite, It would appear that kaollnlte

ry°talllse%early durlng th1s later phase as many of the large

crystals are expanded and inflltrated by p31lomelane. '

"Many of the quartz grains within these zones show a distinctive
fracturing (see plate'7.1u;d,e)Plate 7.1% shows the typical form
of such fracturing which occurs as sub—parallel flaking of the
upper portions of quartz grains, the flaking also being parallel
to bedding. The development of this flaking predates the development

of both theiron oxide and psilomelane, but as the flakes are infilled
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by kaollnlte, it would appear that the crystalllsatlon of this

clay occurred contlnuously rather than belng restricted to locatlops
w1th1n the.p51lomelane.5‘Nevertheless, the most exten31ve phase of |
| iaplinite crystallisetiop does appear from the bﬁlk of ciay'within%

fhe psilomelane to have been a reletively late event.

'PetrOIOgicélly,.the identifieafion of the major mineral |
phases pfevedﬁdifficult, . As mentioned the iron oxide grain coating
shows fibrous form in»fréﬂémitted light, and frequently shows a
botryoidal cavity lining appearance ( a;featﬁre shown clearly in
electron micrographs shown in plafe.s.gc ). The iron oxide coatingé
appearvdeep reddish brown in transmitted light, whereas the psilom-
elane is opaque, Pelished blocks of such ceﬁents show that ;he
ﬁain eavity infillings'(psilbhelanes are isotropic and have a ﬁean
reflectance of 23,9%, whilst the éavity linings show a reddish
brown infern;i?réfleetion and a mean reflectance efwls%.. Psilomelane
has afrefleet;nee ip'tpe 23 fe‘25% renge, end goe{ﬁite (arposeible
eaVify lininé)%hes'a'refiectance'in.the order of 16 to 18%, whilst
héemétite, eiéeja-poésible lining has a much higﬁer:refieetanee of

between 25 and 30%.

- The probability that the main cementing agent was psilomelane
was first realised from X-ray fluorescence measurements of separated
fragments of cement which indicated that the mineral was barium -
manganese rich, Measurepents of the d-spacing derived from X-ray
powder photographs have since confirmed this view, the results are

listed in the adjécent table:



Fineral . . ' : d-spacing . l intensity
Pyrolusite ﬂnO2 . Z.44 2.41 L"SB 100 S50 SO
Birnessite (Ha7Ca )Im70‘4 2.82,0 | 7.27 2,44 1.4 100 70 170
Pyrochroite (oa) : ) 4473 245,183 | 100 40 25
Manganite ano3 HZO 3.40 2,64 2,28 '!OQ 60 50

"+ Hydrohausnannite  (knMn)ing0,0F | 4.65 250 2.78 100 60 50
Beusmannite Mn304 2.48 2,75 -1.57 100 63 SO
Psilomalane (Batl o)z.xnso10 . 241 2,19 3.48 100 .85 60
X-ray powder photosraph D : 2,40 2.19 7 3.45 | 100 15 S0

Table 7.2 Comparison of d-spacings for ereas of cement presumed to be~Pailome1ano,

vith d-spacings for other common manganese rich mincrals,

/

Identification of the cavity lining mineral proved impossible

as relatively pure seperations'could not be made, Separations of
the psilomelane cement were easily achieved as the mineral is
vnaffected by hydrofluoric acid.

A further study of the cenents us1ng an electron microprobe
adds further support, 1nd1cat1ng tnat the proposed p51lomelane
pcrtlons heve the required proportion of manganese, but the barlum-
content is low (uresumably due to the barium content being related

to the hydration state of the mineral,ie.(BaH20)2 Mng ). The

%10
cavity lining suggested as goethite showed much less total iron
than expected, but again goethite is a hydrated mineral and the

addltlon of only 3 or 4 water molecules to the structure would K

reduce the total iron content to the amount detected during thls

study.

The results of these analysis are listed in the following
table, figures in parenthesis are values derived from theoretical
pure minerals, and disregard the influence of hYdration.f'

(see also plate 7.15 for summary) -
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.-+~ DPercentage
Sample
Ba M - Fe - T Vg
Gosthite (?) 6 2.5 41 d
' (70)
- p L ‘ : - « 07 ; e
Psilomelane 12.7 44 35 o4 07
(23) ~ (46) - o

Table 7.3 -  Results of electron microprobe analysis of

the two cementing phases, - Figures in parcnthesis

., refer to thooretical, pure, mnineral specles. '\

",It is cdnclgded from the present study that the lower reflect-
ing cavity lining phase may be goethite, but that this cannot be
confirmed. The higher reflecting phase is confidently indentified -

as psilomelane..

7;101 Interpretation’

At first, the mineralisation was considered to be secondary
accumulation. Several factors combine to suggest that the develop-

ment is in fact authigenic:

(i) -zéﬁéévof minefal cehentétion are present in suﬁéfrate
‘parallel bands;

(ii) . such zones épe always transected by erqsion surfaces;
.and

- (iii) ‘'sheeted' or 'exfoliéted' quartz grains also occur in

substrate parallel zones within the cement,

The development of 'sheeted"quartz grains is of interest, and
may be analogous to the common preéence of shattéféd pebblés'and
sheeted bedrock in modern arid and semi-arid regions (Cooke and

Warren, 1973; Glennie,'l§70, Oilier, 1969),’a1thoﬁgh no details are

given of such featﬁrés on a microscopickécale. In the geological
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record such phenomena are rare, Tucker (1974) has described

exfoliated pebbles and sheeting within the Triassic of South Wales,

'Bl'ackwelder (1925, 1933), and Gm'.gga (1936) i)roduced exper-
Vimentavl evidence to démonstraté that physical processes aloae couid
not produce such dlsn.ntegratlon w1thout the assmtance of chemlcal
weatherlng. Fractured quart21te and fllnt pebbles descrlbed by
Bosworth (1922) and Olller (1963) would on the other hand appear to

conflrm that insolation alone may be qu1te effective.

‘Allen (197€§ records the presence of corroded and exfoliated
detrital fragments from Siluro-Devonian limestones ﬁe interprets as
calcrete, and thus it would seem reasonable to conclude thatthe
bresent examplés'probably also formed in a semi-arid environment that
was known to exist and was producing calcretes in laterali& equiv-

alent situations.

A sourca of both barium and manganese is as yet ﬁnknawn,
_although in North East Scotland barytes veining is not uncommon,
and Wallace as early as 1919 noted concentrations of 'low grade'
manganese rocks near the Middle 01d Red Sandstone unconformity

south of Clava near Nairn.

Krauskbpf (1957) and later Hem (1972) considered factors
relating to the availability.of both iron and manganese in sediments.
In general their conclusions were that both iron and manganese
were relatively insoluble in oxygenatad neutral or midly alkaline
water (Hem,fgp‘cit.), and that inorganic processes should always

i 2
concentrate iron from solution before manganese (Krauskopf, op-:cit.).
Krauskopf also concluded that a suitable mechanism for such a

separation and concentration was by the addition of alkali to a

solution in contact with atmospheric oxygen,



7.11 Summary and Conclusions
It woﬁld therefore be reasonable to conclude that in an area

wheré calcrete horizons’are not uncommon, the occurrence of sheeted
quartz grains may repfesent a paleosoil horizon. If such a horizon
was in fact witnessing evaporation of groundwater and capilliary
water as is common in semi-arid soils, then the increasing alkal-
inity wbuld provide an ideal meéhanish for the separation of.an iron
oxide first cément followed by the precipitation of psilomelane. |
This may be even more probable as the microprobe analysis.indicates

‘that the early iron oxide cement does in fact have a lot more than

trace amounts of both barium and in particular manganese.

408



ALLEN,

ALLEN,

ALLEN,
ALLEN,
ALLEN,

ALLEN,

ALLEN,
. ALLEN,

ALLEN,

. ALLEN,

ALLEN,

* ALLEN,

J.R.L.

J.R.L.

J.R.L.

J.R.L.

J.R.L.

J.R:L.

J.R.L.:

J.R.L..

J.R.L.

-J.R.L.

J.R.L.

1960

1961

1962(a)

1962(b)

1962(c)

1963

196u(a)

1964(b)

1965(a)

1965(b)

1966

1968(a)

BIBLIOGRAPHY

Cornstone
Geol., Mag. 97: u3-48

Sandstone-plugged pipes in the Lower 01d
Red Sandstone of Shropshire,. England.
Jour, Sediment Petrol, 31: 325-335

Lower 0ld Red Sandstone of the southern
British Isles: a facies resembling the
Alpine Molasse.

Nature'V\;Qq)u821, P.1148-1150
Petrology, origin, and deposition of the
highest Lower 0l1d Red Sandstone of
Shropshire, England.

Jour. Sediment Petrol., 32: 657-697

Intraformational Conglomerates and
scoured surfaces in the Lower 0ld Red
Sandstone of the Anglo-Welsh Cuvette.

J. Geol. 3, 1-20

The classification of cross-stratfied
units, with notes on their origin.
Sedimentology 2: 93-11u4

Studies in fluviatile sedimentations
six cyclotherms from the Lower 01ld
Red Sandstone, Anglo-Welsh Basin.
Sedimentology 3: 163-198

Primary current lineation in the Lower
01d Red Sandstone (Devonian) Anglo-
Welsh Basin.

Sedimentology 3: 89-108

A review of the origin and characteris-
tics of Recent alluvial sediments.
Sedimentology 5, No. 2.(Special Issue)
: 89-191 S : :

Fining upward cycles in alluvial succ-
essions.
J. Geol. 4, 229-246

On bed forms and paléocurrents.
Sedimentology, 6: 153-190

Current Ripples
North Holland, Amsterdam 433 pp.



ALLEN,

ALLEN,

ALLEN,

ALLEN,

ALLEN,

.ALLEN,

ALLEN

ALLEN,

ALLEN,

ALLEN,

J.R.L.

‘J.R.L.

J.R.L.

J.R.L.

J.R.L.

J.R.L.

, J.R.L.

J.R.L.

J.R.LI

J.R.L.

1968(b)

1970(a)

1970(b)

1971

1973(a)
1973(b)

1974(a)

1974(b)

1974(c)

AND FRIEND, P.F. 1968

ALLEN,

J.R.L.

AND TARLO, L.B. 1963

On the character and classification
of bed forms.
Geologie en Mljnbouw, 47: 173-185

Studies in fluviatile sedimentation:

a comparison of fining upwards cyclo-
therms, with special reference to coarse
member composition and interpretation.
Jour. Sediment Petrol., u40: 298-323

A oﬁantitati§e model of climbing ripples
and their cross-laminated dep031ts.
Sedimentology, l4: 5-26

Instantaneous sediment deposition
rates deduced from climbing ripple
cross-lamination.

J. Geol. Soc. London, 127: 553-561

A classification of climbing-ripple’
cross-lamination.
J. Geol. Soc., 129: 537-541

Compressional Structures (Patterned
Ground) in Devonian Pedogenic Limestones
Nature, 243: 84-86

| Sedimentology of the 0ld Red Sandstone

(Siluro-Devonian) in the Clee Hills
Area, Shropshire, England.
Sed. Geol., 12: 73-167

Studies in fluviatile sedimentation:
implications of pedogenic carbonate
units, Lower 01d Red Sandstone, Anglo-
Welsh outcrop.

- J. Geol., 9: 181-208

Geomorphology of Siluro Devonlan alluv-

ial fans.- N
ﬂ_Nature 249/5458, 64U4-645
st oo

Deposition of the Catskill fac1es,
Appalachian region: with notes on some
other 01d Red Sandstone Basins.

In: G.Dev. Klein (Ed.), Late Paleozoic
and Mesozoic Continental Sedimentation

" northeastern North America.

Geol., Soc. Sp. Paper, 106: 21-74

The Downtanian and Dittonian facies
of the Welsh Borderland.
Geol. Mag. 100: 129-155



ALLMAN, M
AND LAWRENCE, D.F. 1972

ANDEL, TJ. H. VAN 1959

ANDERSON, B. 1961

ANDERSON; J.G.C.
AND OWEN, T.R. 1968

ANDERSON, T.W.
AND GOODMANN, L.A. 1957

ARISTARAIN, L.F. 1970
ARNBORG, L. 1958

ASHCROFT, W.A. «
AND WILSON, C.D.V. 1976

ASHCROFT, W.A.
AND MUNRO, M. 1978

ASSERETO, R.L.A.M.
AND KENDALL, C.G.St.C.
1977

AUGUSTINUS, P.G.E.F.
AND REIZEBOS, H.T. 1871

AYLOR, D.E. :
AND PARLANGE, J.Y. 1973

BAAG, C.H.
AND HELSLEY, C.E. 1974

Geological Laboratory Techniques
Blandford: London 335 pp.

Reflections on the interpretation
of heavy mineral analyses.
Jour. Sediment/Petrol, 29: 153-163

AN
The Rufiji Basin, Tanganyika, VII
Soils of the Main Irrigable Areas.
FAO Rep. to Government of Tanganyika,

125 pp.

The Structure of the British Isles
Pergainan Press

Stafistical inference about Markov
Chains..
Annals. Math. Stats., 28: 839-110

e [

Chemical analysis of caliche profiles
from the High Plains, New Mexico.

J. Geol. 78: 201-212

The lower part of the River Angermanalven
Publ. Geograf. Inst. Univ. Uppsala

1: 181-247

A geophysical survey of the Turriff basin
of 01d Red Sandstone, Aberdeenshire,
Jour. Geol. Soc, 132: 27-u43

The Structure of the Eastern part of

the Insch Mafic Intrusion, Aberdeenshire. ~

Scott. J. Geol, 1u4: 55-81

Nature, origin and classification of
per1t1dal tepee structures and related
breccias.

Sedimentology, 24: 153-210

Some sedimentological aspects of the
fluvioglacial outwash plain near
Soesterberg (The Netherlands),
Geol. Mijub, 50: 3ul-3u8

\
Vertical infiltration onto layered
soil.
Proc. Soil Sci. Soci An., 37: 673-676

Evidence for penecontémporaneous magnet-
isation of the Moenkopi Formation.
J. Geophys. Res, 79: 3308




BARRET, P.J. 1970

BOWER, L.D. 1956

. BEAVEN, P. 1966
BEERBOWER, J.R. 1964
BERNARD, H.A.

AND MAJOR, C.F. 1963

BERNARD, H.A,
LE BLANC, R.J,
AND MAJOR, C.F. 1962

BERNER, R.A. 1968
BERNER, R.A. 1969

BERNER, R,A. 1971

BLACKWELDER, E. 1925
BLACKWELDER, E. 1928

BLACKWELDER, E. 1933

Paleocurrent analysis of the mainly
fluviatile Permian and Triassic Beacon
Rocks, Beardmore Glac1er area,
Antarctlca.'

. Jour. Sediment -Petrol, u40: 395-411

Soil Physics
Wiley: New York

Clay Mineralogy and geomorphology in’
the Carribean Islands.
Clay Miner. Bull., 6: 371

Cyclotherms and cyclic depositional
mechanisms in alluvial plain sediment-
ation,

In Merriam (Ed ), Symp031um on Cycllc
Sedimentation, Vol. I, Kansas Geol Survey,
169, 31-42

Recent meander belt deposits of the
Brazos River: an alluv1al "sand" model
(abstr.)

Bull. Am. Assoc. Petrol. Geol., 47: 350

Recent ané\p}eistocene geology of
southeast Texas.

Geol. Gulf Coast and Central Texas and
Guidebook of Excursion.

Houston Geol. Soc., 175-224

Calcium carbonate concretions formed
by the decomposition of -organic matter.
Science, 159, 195-197

Geothite stability and the origin of
red beds.
Geochim. Cosmochim, Acta, 33 267-273

Principles of Chemical sedimentology.
McGraw-Hill, 240 pp.

Exfoliation as a phase of rock
weathering.
J. Geol, 33: 793-806

Mudflow as a geologic agent in semi arid
mountains.
Geol.Soc.Am.Bull, 39: p.u65-483

The isolation hypothesis of rock
weathering.
Am J, Sci, 26: 97-113 -



BLANCHE, J.B.

AND McD. WHITAKER, J.H.

1978

BIATT, H. 1967(a)

BLATT, H. 1967(b)

BLATT, H.

AND CHRISTIE, J.M. 1963

BLATT, H.
MIDDLETON, G.
AND MURRAY, R. 1972

BLISSENBACH, E. 1954
BLUCK, B.J. 1964

BLUCK, B.J. 1965
BLUCK, B.J. 1967
BLUCK, B.J. 1971

BOOTHROYD, J.C. 1872

BOOTHROYD, J.C.
AND ASHLEY, G.M. 1975

Diagenesis of part of the Brent Sand
Formation (Middle Jurassic) of the north-
ern North Sea Basin.

J. Geol. Soc., 135: 73-82

Original characteristics of clastic
quartz grains.
Jour.Sediment Petrol., 37: u0l-u2y

Provenance determinations and recycling
of sediments.
Jour.Sediment Petrol., 37: 1031-10u44

Undulatory Extinction in Qtz. of Ign.
and Met. rocks, and its significance
in provenance studies of sedimentary
rocks.

Jour.Sediment Petrol., 33: 559-579

Origin of sedimentary rocks.
Prentice Hall: New Jersey, 634 pp.

- Geology of alluvial fans in semi-

arid regions.-
Geol. Soc. Am. Bull, 65: 175-190

Sedimentation of an alluvial fan in
Southern Nevada.
Jour.Sediment Petrol, 3u4: 395-400

The sedimentary history of some Triassic
conglomerates in the Vale of Glamorgan,
South Wales.,

Sedimentology, H: 225-245

Deposition of some Upper 01d Red Sand-

stone conglomerates in the Clyde area:

a study in the significance of bedding.
Scott. J. Geol., 3: 139-167

&mmmumnthmﬁm”mngr
Endrick.
Scott. J. Geol, 7: 93-138

Coarse-grained sedimentation on a
braided outwash fan, North eastern Gulf
of Alaska.’

Massachusetts Univ. Amherst, Coastal

Research Center, Tech. rept. 6, 142 pp.

Process, bar morphology, and sedimentary
structures on braided outwash fans,

North eastern Gulf of Alaska.

In: Av. Jopling and B.C. MacDonald (Eds.)

"Glaclofluvial and Glaciolacustrine

Sedimentation”
Soc .Econ.Paleontol. Mineral. Spec. Publ.
23: 193-222




BOSWORTH, T.O. 1922
BOTT, M.H.P. 1964

BOTT, M.H.P. .1965(a)
BOTT? M.H.P. 1967(b)

BRETZ, J.H.
AND HORBERG, L. 1949

BREWER, R. 1964

BRICE, J.C. 1964

BRINDLEY, 1961

BROWN, C.N. 1956

BROWN, P.G.
MILLER, J.A.
- AND GRASTY, R.L. 1968

BULL, W.B. 1964

BURGESS, I.C. 1961

CARLSON, X.J. 1968

Geology of the Tertiary and Quarternary

Periods in the North western part of Peru.

(MacMillan, London, 1922)

Formation of sedimentary basins by
ductile flow of Bostatic origin in the
upper mantle,

Nature, 201: 124-9

- Formation of oceanic ridges.

Nature, 207: 840

Terrestrial heat flow and Mantle
convection.
Geophys. (J.R., 1lu: 413

S

Caliche in south western New Mekico.
J. Geol., 57: 491-511

Fabric and Mineral Analysis of Soils
Wiley, New York, 470 pp.

Channel patterns and terraces of the

Loup Rivers of Nebraska.
U.8. Geol. Surv. Prof. Paper., 422-D

Chlorite minerals.
In: G. Brown (Ed.). The X-Ray Identif-

ication and Crystal Structures of Clay
Minerals...

Mineralogic“Soc, London, pp.489-516

The origin of caliche on the north
eastern Llano Estacado, Texas.

J. Geol., 64: 1-15

Isotopic ages of late Caledonian
granitic intrusions in the Brltlsb
Isles.

Proc. Yorks. Geol. Soc., 36: 251

Geomorphology of segmented alluvial
fans in western Fresno County, Calif-
ornia.

U.S. Geol.Surv. Prof Paper, 352E, 89-129

Fossil soils of the Upper 0l1d Red
Sandstone of South Ayrshire.
Geol. Socl Glasgow, Trans., 24: 138-153

The skull morphology. and Estivation
Burrows of the Permian Lungfish,
Gnathorhiza Servata.

J. Geol, 76: 641-663




JARSRE

CARROLL, D. 1958

CARROLL, D. 1970

CARROLL, R.L." 1965

CARVER, R.E. (Ed.) 1971

CHAPMAN, R.W. 1874

CHAWNER, W.D. 1935
CHIEN, N. 1961

CHILLINGAR G AND =
AND LARSON =~ 1967

CHINNER, G.A. 1966

- CHRISTIE

AND DOCKER 1826

COLEMAN, J.M. 1969

COLEMAN, J.M.
AND GAGLIANO, S.M. 1964

COLLINS, A.G. :
AND DONOVAN, R.N. 1977

Role of clay minerals in the trans-
portation of iron. :
GCeochim Cosmochim Acta, 1u: pl-27

Clay minerals, a guide to their X-ray
identification.

Geol.Surv.America Spec. Paper, No. 126, 80 pp.

Lungfish burrows from the Michegan
Coal Basin.
Science, N.Y., 148: 963-964

Procedures in sedimentary petrology.
J. Wiley & Sons, Interscience, N.Y.

Calcareous duricrust in Al-Hasa, Saudi
Arabia.
Geol.Soc.Am.Bull. 85: 119-130

Alluvial fan flooding,the Montrose,

- California, flood of 193u,

Geog. Rev., 25: 225-263

The braided stream of the lower Yellow
River. 77X
Scientia Sinica X: 734-754

A

Diagenesis in Sediments.

- Developments in Sedimentology 3 8
Elsevier 3 Amsterdam,

Distribution of pressure and temper-
ature during Dalradian metamorphism.

Q. J.'. Geol. Socl.Lond, 122: 159- 181

Included in Murchslonflgzg. )
Supplementary remarks on-the strata
of the Oolitic Series,

Trans. Geol. Soc. London, Second Serles .

Vol. 11, p. 363

‘Brahmaputra River:.Channel processes ;

and sedimentation.
Sed. Geol, 3: 129-239

Cyclic sedimentation in the Mississippi
River deltaic plain.

Gulf Coast Assoc. Geol. Soc. Trams.,
14: 67-80 :

The age of the two Old Red Sandstone
sequences in Southern Caithness.
Scott. J. Geol., 13: 53-58




COLLINSON, D.W. 1968
COLLINSON, D.W. 1969
COLLINSON, D.W,., 1974

COLLINSON, J.D. 1970

COOKE, R.U. : :
AND REEVES, R.W. 1976

COOKE, R.H. -
AND WARREN, A. 1973
CROFT? W.N.

AND GEORGE, E.A. 1959
DAVIS, C.A. 1901
DAVIS, J.C. 1973

DAVIS, W.M. 1938

DEWEY, J.F. 1368

DEWEY, J.F.

AND PANKHURST, R.J. 1870
DEWEY, J.F. :

AND BIRDy J.M. 1971

DINELEY, D.L. 1960

DIONNE, J.C. 1971

An estimate of the haematite content
of sediments by magnetic analysis.
Earth. Planet, Sci. Letters, u4: 417

Investigationé into the stable remanent
magnetization of sediments.

Geophys. J, 18: 211

The role of pigment and speculafitézin

~ the remanent magnetism of red sandstones.

Geophys. J.R. Astron. Soc., 38: 253

Bedforms of the Tana River; Norway .
Geogr. Annlr., 52A, 31-56

Arroyos and environmental change in
the American South-west.

Oxford Research Studies in Geography

Geomorphology in deserts
Batsford, London, 1973

Biué-green algae from the Middle
Devonian of Rhynie, Aberdeenshire.
Bull., Brit. Mus., (N.H.), 3: 339-353

On the natural history of marl.

J. Geoll, 9: 491-506

Statistics and data analysis in Geology
Wiley & Sons Inc, New York, 550 pp.

Sheetfloods and streamfloods
Geol. Soc. Am. Bull, 49: 1337-416 -

The evolution of the Appalachian/
Caledonian orogen.

~ Nature, 222: 124-129

The evolution of the Scottish Caledonides
in relation to their isotopic age pattern.
Trans. Roy. Soc. Edinb, 68: 361-389

Origin and emplacement of ophiolite
suite., Appalachian ophiolites in
Newfoundland.

J. Geophys. Res, 76: 3179

The 014 Red SandStone of Eéstern Ekman-

- Geol. Mag, 97:%18-32

Vertical packing of flat stones
Can. Jour. Earth Sci, 8: 1585-1591




'DOEGLAS, D.J. 1962

DONOVAN, R.N. 1971

DONOVAN, R.N. 1973

'DONOVAN, R.N. 1975

DONOVAN, R.N.
AND ARCHER, R. 1975

' DONOVAN, R.N.
'ARCHER, R
TURNER, P.
AND TARLING, D.H. 1976

DONOVAN, R.N. _
AND FOSTER, R.J. 1972

DOVETON, J.H. 1971
DUFF, D. 1967

DUFF, D. .
AND WALTON, E.K. 1862

DUNGWORTH G. PN
AND SCHWARTZ A. (\371 '

The structure of sedlmentary deposits
of braided rocks.
Sedimentology, 1: 167-190

The Geology of the coastal tract near
Wick, Caithness.

Univ. Newcastle upon Tyne, Ph.D. Thesis
(unpubl), T87O PP

|
Basin margln dep081ts of the Middle ‘
01d Red Sandstone at Dirlot, Calthness.
Scott. J. Geol., 9: 203 211

Middle Devonian Limestones developed
at the margin of the Orcadlan Ba31n,
Caithness.

J. Geol. Soc, 131: 489-510

Some sedimentological consequences of a
fall in the level of Haweswater,
Cumbria. ’

Proc. Yorks. Geol. Soc, 40: 547-562

Devonian paleogeography of the Orcadian
Basin and the Great Glen Fault.

Nature,!259: 550~551

Subaquedus shrinkage cracks from the
Caithness Flagstone Series (Middle Dev-

onian) of North East Scotland.
Jour. Sediment Petrol, 42: 309-317

‘An application of Markov Chain analyses

to the Ayrshire Coal Measures succession.
Scott. J. Geol, 7: 11-27

-Cyclic sedimentation in the Permian

Coal Measures of New South Wales.
J. Geol. Soc. Australia, 1l4: 293-308

A statistical basis for cyclotherms:

A quantitative study of the sedimentary

succession in the East Pennine Coalfield.
Sedimentology, l: 235-255

Kerogen isolates from the Precanbrian
of South Africa and Australia.

g\£\\Analysis for carbonised micro-organisms

and pyrolysis-gas-liquid-chromatography.

In:. Advancesg in Organic Geochemistry 1871 -

(Eds.) Von Gaertner, HRV, and Wehner H.

~ Pergainon, 1972‘1699 PP




DUNEAM, R.J. 1971

DURY, G.H. 1971

ECKIS, R, 1928

EDWARDS, A.B. 1947

EUGSTER, H.P.

AND SURDAM, P.C. 1973

EYNON, G.

AND WALKER, R.G. 1974

FAHNSTOCK, R.K. 1963

FARMER, V.C.
RUSSELL, J.D.
McHARDY,

- NEWMAN, A.C.D.
AHLRICHS, J.L.
AND RIMSAITE, J.Y.H. 1971
FEUNEMAN, N.M. 1906

FISHER, R.V. 1971

FISK, H.N. 1944

Meniscus cement.

In: D.P. Bricker (Ed.)
Carbonate Cements
Johns Hopkins Press
Baltimore, p. 297-300

Hydraulic geometry
In Chorley, R.J. (Ed.)

Introduction to fluvial processes

146-156, London

Alluvial fan of the Cucamonga dlstrlct,

Southern California.

Jour. Sediment Petrol., 21: 147-150

Textures of the ore minerals and their

significance.

Australian Inst. of M1n1ng and Metallurgy

Melbourne, 166 pp.

Depositional environment of the Green

River Formation of Wyoming:

inary report. -

p

A prelim-

- Geol. Soc. Am/Bully, 8u 1115-1120

Facies relatlonshlps in Pleistocene
outwash gravels, southern Ontario:

a model for bar growth in braided rivers.

Sedimentology, 21: 43-70

Morphology and hydrology of a glacial
stream, White Rlver, Mount Rainer,

Washington.

U.S. Geol.Surv.Profess.Pap, 422-A: 1-70

Evidence for loss of protons and.octahed-

ral iron from oxidised biotites and

vermiculites. .
Min. Mag/, 38: 121-137

N

Floodplaiﬁs produced without floods.

Features of coarsé—grained, high conc-

~Geol. Soc. Am. Bull, 38: 89-91

entration fluids and their deposits.
Jour. Sediment Petroyﬂ 41: 916-927

Geological 1nvest1gat10n of the

alluvial valley of the lower MlSSlSSlppl

River.

Miss. River Comm, Vicksburg, Mlss, 78p

/\

C



FISK, H.N. 1947

FITCH, F.J.
MILLER, J.A

AND MITCHELL, J.G. 1970

FLACH, K.W,

" NETTLETON, W.G,
GILE, L.H.

AND CADY, J.G. 1969
 FOLK, R.L. 1974

FOLK, R.L. - -
AND LAND, L.S. 1975
FOSTER, R.J. 1972
FRANKS, P.C. 1969
FRASIER, D.E.

AND OSANICK, A. 1961

 FREYTET, P. 1973

FRIEND, P.F. 1965

FRIEND, P.F. 1966

Fine-grained alluvial deposits and their
effects on Mississippi River activity.

Miss. River Comm, Vicksburg, MlSS, 82p

Aimnew approach to 1sotop1c datlng in
orogenic belts.

. In: Time and Place in Orogeny,

firo=
Pedocementation: induration by silic
carbonates and sesquioxides in the
Quarternary.

Soil Seci., 107: 442

London, Geol Soc.

Petrology of sedimentary rocks.
Hemphill Publ. Co., 182 pp.

Mg/Ca Ratio and Salinity: Two controls
over crystallization of Dolomite.
Bull. Am. Ass. Petrol’/Geol, 59: 60-68

"\

The Solid Geology of North-East Caithness

Univ. Newcastle upon Tyne, Ph.D. Thesis
(unpubl), 334 pp.

Nature, origin, and significance of
cone in cone structures in the Kiowa
Formation (early Cretaceous), North

" Central Kansas.

Jour. Sediment Petrol, 39: 1438-1454

Point bar deposits, 01d River Locksite,
Louisiana.

Trans., of the Gulf Coast Assoc. of Geol.
11: 121- 137

Petrography and paleo-environment of
Continental Carbonate Deposits with
particular reference to the Upper Cret-
aceous and Lower Eocene of Lauguedoc
(Southern France).

Sed. Geol, 10: 25-60

Fluvial sedimentary structures in the

. Wood Bay Serles (Devonlan) of Spltz-

bergen.
Sedlnentology, 5: 39 -68

Clay fractlons and colours of some
Devonian Red Beds in the Catsklll i

‘Mountains.
Q./JP ) Geol. Soc. London, 122 273 92

.
N6y

14



FRIEND, P.F. 1967

&

FRIEND, P.F.

AND MOODY STUART, M. 1970

FURSICH, F.T.

AND PALMER, T.J. 1875

FYFE, W.S5. 1867

GARDINER, R.G. 1972

GARRELS, R.M. 1960

GARRELS, R.M.

AND CHRIST, C.L. 1965

GEIKIE, A. 1879

GEOL. SURVEY 1890

GEORGE, T.N. 1965

GEVERS, T.W.
FRAKES, L.A.
EDWARDS, L.N. |
MARZOLF, J.E. 1971
GILE, L.H.

AND HAWLEY, J.W. 1966

Tectonlc implications of sedimenmtation
in Spltzbergen and Midland Scotland.

In: Oswald D.H. (Ed.)

International Symp081um-on the Dalradlan

System.

Alberta Soc. Petro[

el

...a

._-m T

Geol., 2: 703-710

Carbonate deposition on the river flood-

plains of the Wooq'Bay Formatlon

(Devonian) of Spitzbergen.

Geol. Mag., 107: 181-195

Ny

Open Crustacean burrows associated with

hardgrounds in the Jurassic of the

Cotswolds, England.

Proc. Geol. Assoc., 86: 171-181

Stability of the Al,SiOs polymorphs.

Chem. Geol, 2: 67-76

Clark County, Nevada.

‘Origin of the Mormon Mesa Caliche,

Geol. Soc. Am. Bull, 83: 143-156

Mineral Equilibria at low temperature

and pressure,
Harper: New York -
(Harper Geoscience Series)

A/?Jf7,f?

"Solutions Minerals and Equilibria"

450 pp.
Harper & Row, New York

On the 0l1d Red Sandstone of westerm

Europe.

Trans. Roy. Soc. Edinb., 28: 345-452

Description of Sheets 86, 96

Mem. Geol. Surv. Scotland

In: The Geology of Scotland

G. Craig). L '°~)*
Oliver and Boyd,,p. 1-48

Trace-fossils in the Lower Beacon

;Ed.

=

*

sediments (Devonian), Darwin Mountains
Southern Victoria Land, Antarctica.

J. Paleontol, 45: 81-94

Periodié sédlmentation and soil form-
ation on an alluvial fan Piedmont in

southern New Mexico.

Proc. Soil Sci. Soc. Am, 30: 261-268




GILE, L.H.
PETERSON, F.F.

AND GROSSMANN, R.B. 1965

o)
GILES, L.H,
PETERSON, F.F.

AND GROSSMANN, R.B. 1966

GLENN, J.L.
AND DAHL, A.E. 19

59

GLENNIE, K.W. 1970

GODDARD; E.N. 195

GOUDIE, A 1972

GOUDIE, A. 1973

GRANT
WILSON, J.S.

1

32;

HINXMAN, L.W. 1890

GREENSMITH, J.T.
AND TUCKER, E.V.

GREENSMITH, J.T.

AND TUCKER, E.V.

GREGORY 1860

CRIGGS, D.T. 1936

GRIM, R.E. 1953

- 1968

1969

The K-horizon: a master soil horizon
of carbonate accumulation.

Soil Sci, 99: 74-82

Morphological and genetic sequences
of carbonate accumulation in desert
soils.

Soil Sci., 101: 347-360

Characterisitcs and distribution of
some Missouri River deposits.

- Proc. Iowa Acad. Sci, 66: 302-311

Desert sedimentary environments

‘"Developments in sedimentology - 14"
-Elsevier, Amsterdam —

- 4
Rock colour chart

- Geol. Soc. Am., New York

On the definition of calcrete deposits.
Zeitschrift fur Geomorphologie,

16: L64-468

Duricrusts in tropical and subtropical
landscapes.
The Clavénden Press, Oxford,

Research Studies in Geography, 174 pp.

The Geology of Aberdeenshire (central)

"Mem. Geol. Surv. Scotl.

Imbrication structure in Essex off-
shore shell banks.
Nature, 220: 1115-1116

The origin of Holocene shell deposits
in the Chenier plain facies of Essex
(Great Britain).

Marine Geol, 7: 403-425

Notes of fossiliferous localities
of the 01d Red Sandstone of the East
of Scotland.

The Geologist, Vol. III, p. 1lu46

The factor of fatigue in rock exfoli-
ation,
J. Geol., 44; 781-796

Clay Minefalogy
McGraw-Hill Book Co. Inc., 384 pp.




GUSTAVSON, T.C. 1974 .~ Sedimentation on gravel outwash fans,
' Malospina Glacier Foreland, Alaska.
Jour. Sediment Petrol, uu4: 374-389

HANCOCK, N.J. S Clay mineral diagenesis and oil migr-
AND TAYLOR, A.M, 1978 ation in the Middle Jurassic Brent
Sand Formation.
J. Geol. Soc.,, 135: 69-71

¢

HANTZSCHEL, W. 1975 - Trace fossils and problematica
In: R.C. Moore (EQ4)
Treatise on invertebrate paleont-
ology. : ' '
Geol. Soc. Am, Part W, p W177-W249°

.

HAPP, S.C. o } Some aspects of.accelerated stream u
RITTENHOUSE, G. - and valley sedimentation.

AND DOBSON, G.C. 1940 - U.S. Dept. Agr. Techn. Bull,

/ |  695: 1-13%

HARMS, T.F. 1975 Lithium in unconsolidated sediments

and .plants of the Basin and Range
Province, Southern California and
Nevada.

Prof. Paper U.S., Geol. Surv, 918: 23 pp.

HARMS, J.C, Stratification, bed forms, and flow
AND FAHNSTOCK, R.K. 1965 phenomena (with an example from the
. Rio Grand). .
In: Middleton G.V. (EQ)
"Sedimentary structures and their
hydrodynamic interpretation".
S.E.P.M. Spec. Publ., 12: 84-115

HARMS, J.C. Stratification in modern sands of
MACKENZIE, D.B. : the Red River, Louisiana.

AND McCUBBIN, D.G. 1963 J. Geol, 71: 566-580

HARPER, C.T. 1967 The geological interpretation of

potassium-argon ages of metamorphic
rocks from the Scottish Caledonides.
Scot. Jour. Geol, 3: uUE6~-66

HARPER, C.T. 1967(b) On the interpretation of potassium-
argon ages from Precambrian Shields
and Phanerozoic orogens,

Earth. Planet Sci. Lett, 3: 128-132

HARRIS, P.M. : Potassium-argon age measurements on
FARRAR, E. two Igneous rocks from the Ordovic-
MACINTYRE, R.M. ian system of Scotland.

YORK, D. - Nature, 205: 352-353

AND MILLER, J.A. 1965



HAY :
CUNNINGHAM 1843

HELLEY, E.J. 1969
' HEM, J.D. 1972

HEM, J.D.
AND CROPPER, W.H. 1959

HINXMAN, L.W. 1888
HIRST, S. 1923

HIRST, S.
MAULIK, S. 1926

HJULSTROM, F. = 1939

HOOKE, R. LeB 1967

HOPPE, G.
AND EKMAN, S.R. 13864

HORNE, J.

MACKIE, W.

FLETT, J.S.

" GORDON, W.T.

HICKLING, G.

KIDSTON, R.

PEACH, B.N.

AND WATSON, D.M.S. 1916

Geognostical account of Banffshire
Trans., High. Agric. Soc. Scotland
Vol. XIV, p. 467

Field measurements of the initiation
of a large bed particle motion in

Blue Creek, near Klamath, California
U.S. Geol. Surv, Prof. Pap, 562-G, 1-19

Chemical factors that influence the
availability of iron and manganese in
Aqueous systems.

Geol. Soc. Am. Bull, 83: u443-450

Survey of ferrous-ferric chemical
equilibria and redox potentials.
U.S. Geol Surv. Water Supply Paper
1459-A, 31p.

The geology of the country between
Huntly and Kildrummie Castle.
Trans. Inverness Sci. Soc. and Field
Club, 3: 419

On some arachnid remains from the 01d
Red Sandstone (Rhynie chert Bed,
Aberdeenshire)

-‘Ann., Mag. Nat. Hist., 12: u457-474

On some Arthropod remains from the

Rhynie Chert (0ld Red Sandstone)
Geol. Mag., 63: 69-71

Transportation of detritus by moving
water.

In: .B.D. Trask (ed)

Recent Marine Sediments, p. 5-31

Bull, Am, Assoc. Petrol. Geol.

Processes on arid-region fans
J. Geolo, 75: "’38-’460

A note of the alluvial fans of
Ladtjoragge, Swedish Lapland.
Geogr. Annlr, U46: 338-342

The plant bearing cherts at Rhynie
British Assoc. Ann. Rept., 1916




HORNE, J. 1916

HORNE, R.R.
AND GARDINER, P.R.R. 1973

JAHNS; R.H. 1947
JAMES, N.P., 1972.

JENNINGS, J.N.

AND SWEETING, N.N. 1961
JOHANSSON, C.E. 1965
JOHNELS, A.G.

AND SVENSON, G.S.O. 1954

JOHNS, R.K. 1968

JOPLING, A.V. 1964

JOPLING, A.V.
WALKER, R.G. 1968

KENDALL, A.C.
AND TUCKER, M.E. 1973

KENNEDY, W.Q. 1948

. Description - of sheet 96
- Geol. Survey Scotland

A new trace fossil from non-marine
Upper Paleozoic Red Beds in County
Wexford and County Kerry, Ireland.
Geologie en Mijnbouw, 52: 125-131

Geologic features of the Connecticut
Valley, Massecheusetts, as related
to recent floods.

Wat.-Supply Irrig. Pap. Wash. 9396

Holocene and Pleistocene calcareous
crust {caliche), Profiles: criteria
for subaerial exposure.

Jour. Sediment Petrol, u42: 817-836

Caliche pseudo-anticlines in the
Fitzroy basin, Western Australia.
Am. J. Sci, 259: 635-639

Structural studies of sedimentary
deposits.

Geol. Foren Fordhandlingen) 87: 3-61
Stockholm.

On the blology of Protopterus annectens
(Owen).

‘Ark. Zool., 7: 131-164

Investigatlon of Lakes Torrens and
Gairdner.

Geol. Surv, South Austr. Rep. Invest.
31: 90p., Adelaide

Laboratory study of sorting processes
related to flow separation.
J. Geol. Res, 16: 3403-3418

Morphology and origin of ripple drift
lamination, with examples from the
Pleistocene of Massachusetts. ‘
Jour. Sediment Petrol, 38: 971-984

Radiaxial fibrous calcite: a replace-
ment after acicular carbonate. '
Sedimentology, 20: 365-389

On the significance of thermal struc-;
ture in the Scottish Highlands.



KERMACK, K.A. 1943 The functional significance of the
, hyopcercal tail in Pteraspis.
J. Exp. Biol., 20: 23-27

KIDSTON, R. On Old Red Sandstone plants showing
LANG, ‘W.H. 1917-21 : structure from the Rhynie Chert-
: Bed, Aberdeenshire.
Parts 1-5, Trans. Roy. Soc. Edinb.
Vols. S1 & 52

~ KRAUSKOPF, K.B. 1957 . Separation of manganese from iron in
sedimentary processes.
Geochlmlca Cosmochimica Acta, 12: 61 -84

KRAUSKOPF, K.B. 1967 Introductlon to Geochemlstry
McGraw Hill, 721 pp.
KREJCI Organische Geochemie
GRAF, K 19863 ' Naturwiss, Rdsch, 16: 175-186
KRIGSTROM, A. 1962 ' Geomorphological studies of sandier
. ' plains and their braided river in Ice-
land.

Geogr. Annlv, 4u4: 328-3u6

KRUMBEIN, W.C. 1867 Fortran IV computer programmes for
o Markov Chain experiments in geology.
Kansas Geol. Survey, Computer
Contribution, 13: 38 pp.

KRUMBEIN, W.C. : Stratigraphy and sedimentation

AND SLOSS, L.L. 1963 Freeman: San Fransisco, 660 pp.
KRYNiNE, P.D. 1949 The origin of red beds

Trans. N.Y. Acad. Sei, 2: 60-68

S ] '
KUENAN, Ph. H. 1966 Experimental turbidite lamination
L ‘ in a circular flume.
J. Geol., T4: 523

LALOU, 1957 Studies on bacterial precipitation
‘ of carbonates in seawater.
Jour. Sediment Petrol, 27: 190-185

LAMPLUGH, G.W. 1902 Calcrete
' Geol. Mag, 9: 575

LAND, L.S, 1970 - Phreatic versus vadose meteroic
diagenesis of limestones; evidence
from a fossil water table.
Sedimentology, lu4: 175-185




LANE, E.W.
AND CARLSON, E.J. 1954

LARRAREE, E, McM. 1962
LATTMANN, L.H. 1960

L
LATTMAN, L.H. 1973

LATTMAN, L.H.

AND SIMONBERG, E.M. 1971

LEEDER, M.R. 1971

LEEDER, M.R. 1872

' LEEDER, M.R. 1975

LEOPOLD, L.B.
AND MILLER, J.P. 1956

LEOPOLD, L.B.
AND WOLMAN, M.G. 1957

'LEOPOLD, L.B.
WOLMAN, M.G.
AND MILLER, J.P. 1964

LORENS, L.B.

AND THRONSEN, R.E. 1955

Some observations of the effect of
particle shape on movement of coarse
sediments.

Trans. Am. Geophys. Union, 35: 453-462

Ephemeral water action preserved in
closely dated deposits.
Jour. Sediment Petrol, 32: 608-609

Cross-section of a floodplain in a
moist region of moderate relief.
Jour. Sediment Petrol., 30: 275-282

Calcium carbonate cementation of
alluvial fans in southern Nevada.
Geol. Soc. Am. Bull, 84: 3013-3028

Case hardening of carbonate alluvium
and colluvium, Spring Mountains,
Nevada

Jour. Sediment Petrol., u4l: 274-281

Initiation - of the Northumberland
Basin.
Geol. Mag., 108: 511-516

Upper 01d .Red Sandstone - Tournasian
sedimentology and the initiation and
origin of the Northumberland Basin.

Univ. of Reading Ph,D., Thesis

Pedogenic carbonates and flood sedi-
ment accretion rates: a quantitative
model of alluvial arid-zone lithofacies

Geol. Mag, 112: 257-270

Ephemeral streams - hydraulic factors
and their relation to the drainage

net.

U.S. Geol. Surv. Prof. Pap., 282-A: 1-37

River channel patterns, braided,
meandering, and straight.
UoSa Geol. Surv. me. PdR-’ 282-8: 39‘8“

Fluvial processes in geomorphology
San Fransisco: W.H. Freeman and Co.
522 pp. T

Geology of the fine-grained alluvial
deposits in Sacremento Valley and their
relationships to seepage.

In: H.O, Banks (Ed.) Seepage Condit-
ions in Sacremento Valley - Rept.

Water Proj. Authority Calif.,

pp. Al-A26




LUGN, A.L., 1927

LUSTIG, L.K. 1865

MACKIE, W. 1899
MACKIE, W. 1914

MACKIE, W. 1825

MALCOLMSON 1839

: / .
MANKIN, C.J. 1970

MANSFIELD, G.R. 1938

MARTINI,I an )
AND OSTLER, J. 1973

MELTON, M.A. 1965

MELTON, M.A. 1965

An observed origin - of some mud
pebbles.
Proc, Iowa Acad. Sci., 34: 2u9 -251

Clastic sedimentation in Deep Springs

-Valley, California.

Prof. Paper, U.S. Geol. Surv.
352 I: l3l 192

The sands and sandstohes of eastern
Moray.
Edin. Geol. Soc. Trans, 7: 148-172

The rock series of Craigbeg and Ord
Hill, Rhynie, Aberdeenshire.
Trans. Edin. Geol. Soc., 10: 205

The principles that regulate the
distribution of particles of heavy
minerals in sedimentary rocks, as
illustrated by the sandstones of =

. the north-east of Scotland.

Trans. Edinb. Geol. Soc., 11: 138-164

On the relations of the different

parts of the 0ld Red Sandstone.

Proc. Geol. Soc. London, Vol. III, p.lul
also Quart. Jour., Geol. Soc., Vol.

XV, 1859, p. 336

Introduction to symposium papers
on environmental aspects of clay
minerals.

Jour. Sediment Petrol., 40: 788

Flood deposits of the Ohio River,
January-February, 1937 - a study
of sedimentation.

Water-Supply Irrig. Pap. Wash.,
838: 693-733

Ostler lenses: possible environmental

indicators in fluvial gravels and -
conglomerates. ' '
Jour. Sediment Petrol., u43: 418-422

N

The geomorphlc and Paleoclimatic
significance of alluvial deposits
in southern Arizona.

J. Geol., 73: 1-38

Debris covered hillslopes of the south-
ern Arizona desert - consideration of
their stability and sedlment contri-
bution.

J. Geol.,, 73: 715-729



MIALL, A.D. 1970

MIALL, A.D. 1970
MIALL, A.D. . 1977

MIDDLETON, G.V. 1970

MII, H. 1957
MILES, R.S.

AND WESTOLL,.T.S. 1963

MILLER, D.N
AND FOLK, R.L. 1955

MILLOT, G. 1970

MOODY-STUART, M. 1966
MOORBATH, S. 1867

- MOUSSA, M.T. ' 1970

Continental marine transition in -
the Devonian of Prince of Wales Island,

- North-west Territories.
- Canadian Jour. of Earth Sciences,

i 125-14u

Devonian Alluvial Fans, Prince

~ of Wales Island, Arctic Canada.

Jour., Sediment Petrol., 40: 556-571

A review of the braided-river depos-
itional environment.
Earth Sci. Rev., 13: 1-62

Experimental studies related to -
problems of Flysch sedimentation.

" In: Flysch sedimentology in N.

America.
Geol. Ass. Canada, Spec. Paper 7,

- 253-272-

Peculiar accumulation of drifted
shells.,

Saito Ho-on Kai Mus. Res. Bull, 26: 17-24

Two new genera of Coccosteid Arth-

rodira “from the Middle 0ld Red Sandstone
of Scotland, and their stratigraphic
distribution. .
Trans.Roy. Soc. Edinb., 65: 179-210

Occurrence of detrital magnetite

and Ilmenite in red sediments; new
approach to significance of red beds.
Bull. Amer. Assoc. Petrol Geol., 39:
338-345

" Geology’of clays

Springer: New York

High and low sinuosity stream deposits
with examples. from the Devonian of
Spitibergen.

Jour.\Sediment Petrol., 36: 1102-1117

Recent advances in the application
and interpretation of radlometrlc age
data.

" Earth Sci. Rev., 3 111-133

Nematode Fossil Trails from the Green
River Dormation (Eocene) in the Uinta
Basin, Utah.

J. Paleontol, u44: 304




MURCHISON, R.I. 1829

McALPINE, A. 1978

McDONALD, B.C.
AND BANERJEE, I. 1971

McGOWEN, J.H. ,
AND GARNER, L.E. 1970
McKEE, E.D. 1938

McKEE, E.D. 1939

McKEE, E.D. .1857

McKEE, E.D. 1965

McKEE, E.D. 1966

" McKEE, E.D.
CROSBY, E.J.
AND BERRYHILL, H.L. 1967

- NAGTEGAAL, P.J.C. 1969

Supplementary remarks on the strata
of the Colitic Series.

Trans. Geol. Soci.London, 2nd Ser.
Vol. 1I, p. 363

The Upper 01d Red Sandstone of Orkney,
Caithness and neighbouring areas.
Univ. Newcastle upon Tyne, Ph.D. Thesis

(unEubl )

Sediments aﬁd bedforms on a braided
outwash plain.
Canadian Jour. of E. Sei., 8: 1282-1301

Physiographic features and stratif-
ication types of coarse-grained point
bars: Modern and Ancient examples.
Sedimentology, 1l4: 77-11l1

Original structures in Colorado River
flood deposits of Grand Canyon.
Jour. Sediment Petrol., 8: 77-83

Somé types of bedding in the Colorado
River delta.
J. Geol., u47: 64-81

Primary structures in some recent
sediments. -

Bull. Amer. Assoc. Petrol. Geol.,
4l: 1707-1747 -

Experiments on ripple lamination.

In: Middleton G.V. and Briggs L.I.(eds.)
Primary sedimentary structures and
their hydrodynamic interpretation.

Soc. Econ.Paleontol. Mineral. Sp. Publ.
12: 66-83

Significance of climbing ripple struc-
ture.

Prof. Paper US Geol. Survey, 550 D
D34-103

Flood deposits, Bijon Creek, Colorado,
June, 1965.

Jour. Sediment Petrol., 37: 829-851

Microtextures in recent and fossil
caliche.
Leid. Geol. Meded., 42: 131-142




NEIHEISSEL, J.
AND WEAVER, C. 1967
NEVIN, C.M. 1946

OLLIER, C.D. 1963

OLLIER, C.D. 1968

OKADA, H. 1971
ORE, H.T. 1964
PANKHURST, R.J. 1970

PARRINGTON, F.R. 1958

PATON, T.R. 1974

PEACOCK, J.D.
BERRIDGE, N.G.
HARRIS, A.L.,

AND MAY, F. 1968

PETTIJOHN, F.J. 1975

PETTIJOHN, F.J.

AND POTTER, P.E. 1964

'PETTIJOHN, F.J.

..'POTTER, P.E.

- AND SIEVER, R. 1972

Transport and deposition of clays in
the south-eastern United States.
Jour., Sediment Petrol., 37: 1084-1116

Compefency of moving water to trans-
port debris.
Geol. Soc, Am. Bull., 57: 651- 674

Insolation weathering: examples from
Central Australia.
Am. J. Sci., 261: 376-387

Weathering
Olliver and Boyd, Edinburgh

Classification of sandstone. Analysis
and proposal.
J. Geol., 79: 509-525

Some criteria for recongition of
braided stream deposits.
Univ. Wya. Publs. Sci. (Geol.), 3: 1l-1u

The geochronology of the basic igneous
complexes.

Scott. J. Geol., 6: 83-107

On the nature of the Anaspida in
"studies on fossil vertebrates".
Ed. Westoll, T.S.

The Athlone Press, London

Origin and'terminology for Gilgai
in Australia.
Geoderma II: 221-242

The Geology of the Elgin District.
Mem. Geol. Surv. Scotl., Edinburgh

Sedimentary Rocks
Harper, 628 pp.

Atlas and glossary of primary sediment-
ary structures.

Berlin - Gottingen - Heidelberg -

New York: Springer, 370 pp.

Sand and sandstone
Berlin ~ Heidelberg - New York: Springer,
618 pp.




PICARD, N.D. 1965

DANE PICARD, M.
AND HIGH, L.R. 1973

PITTMAN, E.D. 1963
PITTMAN, E.D. 1970

PLIMMER, R.S. . 1974
POLLARD, J.E. 1976

PORRINGA, D.H. 1967

POTTER, P.E. | |
AND BLAKELY, R.F. 1968

POTTER, P.E.

AND PETTIJOHN, F.J. 1973
POTTER, P.E,

PETTIJOHN, F.J.

AND SIEVER, R. 1972 °

PRATT, J.B. (Rev.) 1870

Iron oxides and fine grained rocks of
Red Peak and Crow Mountain sandstone

“members, Chugwater (Triassic) Formation

Wyomlng.
Jour. Sediment Petrol., 35: u64-479

Sedimentary structures of ephemeral
streams.
Developmenﬂ in Sedimentology, Vol. 17,

. 223 pp., Elsevier.

Use of zoned plagioclase as an
indicator of provenance.
Jour. Sediment Petrol., 33: 380 386

Plagloclase feldspar as an indicator
of provenance in sedimentary rocks.
Jour. Sediment Petrol., 40: 591-598

The Sedimentology and Stratigraphy of
the Middle 01d Red Sandstone Rousay
Group of the Orkney Islands.

Univ. Newcastle Upon Tyne, Ph.D. Thesis

" (unpubl.)

A problematical trace fossil from
the Tor Bay Breccias of South Devon.
Written discussion of paper taken as

© read.

Proc. Geol. Ass., 87: 105-109

Clay mineralogy and geochemistry of
Recent sediments in tropical areas.
Stolk-Dort, Dordrecht, Netherlands,

145 pp.

Random processes and lithologic
transitions.

~J. Geol., 76: 154-170

Paleocurrents and basin analysis

Academic Press, New York, NY, 296 pp.

Sand and sandstone.
Springer, Berlin , 608pp.

'Buchan’

Arthur -~ King and Co.," Aberdeen -




PRESTWICH, 1838

PRESTWICH, 1840

PRICE, W.A. 1925

PRICE, W.A. 1933
PRICE, W.A. 1958

RAICHLEN, F. .
AND KENNEDY, J.F. 1965

. RAPP, A. 1963
RAYNER, D.H. - 1863
READ, W.A. 18969

REESMAN, A.L.
AND KELLER, W.D. 1967

REEVES, C.C. 1970

Observations on the Ichthyolites of
Gamrie in Banffshire, and on the
accompanying Red Conglomerates and
Sandstones.

Proc. Geol. Soc. London, Vol. ii, p. 187

On the structure of the Neighbourhood
of Gamrie, Banffshire. '

Trans. Geol. Soc. London, 2nd Ser.,
Vol. V, p. 139 .

Caliche and pseudo-anticlines
Bull. Ame. Assoc. Petrol Geol., 9: 1009-17

Reynosa problem of S. Texas and
origin of caliche.
Bull. Amer. Assoc. Petrol Geol.,

51: 1939

Sedimentology and Quaternary geomorph-
ology of South Texas.

Trans. Gulf. Cst. Assoc. Geol. Soc.,
8: 41-75

The growth of sediment bed-forms from
an initially flattened bed.

Internat. Assoc. Hydraulic Res.

11th Internat. Congress, Leningrad

Paper 3.7, 8 p.

The debris slides at Ulvoadal, western
Norway. An example of catastrophic
slope processes in Scandinavia.

Slopes Comm. Rep., 3: 195-210

The Achanarras Limestone of the
Middle 014 Red Sandstone, Caithness, "
Scotland. : ‘

Proc. Yorks. Geol. Soc., 34: 117

Analysis and simulation of Namurian
sediments in Central Scotland using
a Markov-Process model.

Mathematic Geology, 1l: B 9-219°

Chemical composition of illities
Jour. Sediment Petrol., 37: $92-596

Origin, classification, and geological
history of caliche on the south-eastern.
High Plains, Texas and Eastern New Mexico.
J. Geol., 78: 352-362




REINECK, H.E. .
AND SINGH, I.B. 1975

- REINECK, H.E.

'AND WUNDERLICH, F. 1968

RICE C.M. .

AND WILLIAMS J. M. 1869

RICHARDSON, J.B.. 1965
RICHARDSON, J.B. 1967

RIDGEWAY, J.M. 1974

ROBB, G.L. 1949 .
ROMER, A.S.
AND OLSEN, E.C. 1954

RUCHIN, L.B. 1958

~ RUHE, R.V. 1967

RUSSEL, R.J. 1954
RUST, B.R. 1972(a)

RUST, B.R. 1972(b)

' SANDERSON, D.J. .
AND DONOVAN, R.N., 1974

Depositional sedimentary environments
Springer-Verlag, Berlin, 434 pp.

Classification and origin of flaser
and lenticular bedding.
Sedimentology, 11: 99-104

A Mossbauer study of biotite weather-
ing.

Min. Mag., 37 210—215

Middle 014 Red Sandstone spore
assemblages from the Orcadian Basin,
North-east Scotland. .

Paleontology, 7: 559-605

Some British Lower Devonian spore
assemblages and their stratlgraphic
significance.

Rev. Palaeobt. Palynol., 1l: 11-29

A problematical trace fossil from the
New Red Sandstone of South Devon.
Proc. Geol. Ass., 85: 51I-517v

Red bed colouration
Jour. Sediment Petrol., 19: 99- 103

Aestivation in a Permian Lungfish
Breviora, 30: 1-8

Grundzuge der Lithologie -
Berlin: Akademle-Verlag, 806 pp.

Geomorphlc surfaces and surficial
deposits in southern New Mexico.
New Mexico State Bureau of Mines and

~ Mineral Resources, Memoir 18, 66 pp.

Alluvial morphology of Anatolian
rivers.

Ann. Ass. Am. Geogr., 49: 363-391

Structuref and process in a bralded
river.
Sedlmentology, 18 221 245

Pebble orientation in fluv1a1 sedl-
ments.

Jour. Sediment Petrol., u2 384-388

' The‘vertlcal packlng of shells and

stones on some recent beaches,
Jour. Sediment Petrol., L4: 680-688




SCHMALZ, R.F. 1959 : A note on the system Fep03-H50
Jour, Geophys. Res., 64: 575-579

SCHMALZ, R.?. 1968 Formation of Red Beds in modern and
- ancient deserts. Discussion, .
Geol. Soc. Am. Bull., 79: 277-280

SCHUMM, S.A. 1960(a) = The shape of alluvial channels in
relation to sediment type.
U.S. Geol, Surv., Prof. Pap., 352-B: 17-30

SCHUMM, S.A. 1960(b) The effect of sediment type in the
: shape and stratification of some
modern fluvial deposits.
Am\J. Sci., 258: 177-184 /
SCHUMM, S.A. 1961 Effect of sediment characteristics on *“
~ erosion and deposition in ephemeral
stream channels.
Geol.Surv. Prof. Paper., 352 -C: l-70

SCHUMM, S.A. 1963 : Slnu031ty of alluvial channels on
' the Great Plains.
Geol. Soc. Am. Bull., 74: 1089-1100

SCHUMM, S.A. 1968 River adjustment to altered hydrologic
- regimen - Murrumbigee River and paleo-
channels, Australia. - '
U.S., Geal Surv., Prof. Paper, 598: 65 PpP.

‘SCHUMM, S.A. Channel widening and floodplaln
AND LICHTY, R.W. 1963 construction along Cimarron River
T , in South Western Kansas.
" U.S. Geol. Surv. Profess. Papers 352D:
71-88

SCOURFIELD, D.V. 1926 . On a new type of Crustacean from
- the 01d Red Sandstone (Rhynie chert
bed, Aberdeenshire). Lepidocaris
rhynieusis gen et sp. nov.
Phil. Trans. R.Soc.B, 21u4: 153-187

SEDGEWICK - The structure and relations of the
AND MURCHISON, R.I. 1835 deposits contained between the Prim-
v = ary Rocks and the Oolitic Series in
the North of Scotland.
Trans. Geol. Soc. London, ond Serles
- Vol. iii, p. 125

SEHGAL, J.L. » Pedogenic calcite accumulation in arid
AND STOOPS, A. 1972 . and semi-arid regions of the Indo-Gaugetic
: : alluvial plain of erstwhile Punjab

(India) - their morphology and orlgln.
Geoderma ‘8t 59-72




SELLEY, R.C. 1968
SELLEY, R.C. 1970
SENGUPTA, S.

1966

SHANTZER, E.V. 1851

'SHARP, R.P.
AND NOBLES, L.H. 1953
SHEPARD, F.P. 1956
SIESSER, W.G. 1975

SIEVER, R. 1959

SIMONS, D.B.

AND RICHARDSON, E.V. 1961 -
SIMONS, D.B.

RICHARDSON, E.V.

AND NORDIN, C.F.

1965

SINGH, I.B. 1972

- Libyan Tertiary shoreline deposits.

Facies profile and other new methods
of graphic data presentation: appli-
cation in a quantitative study of

Jour. Sediment Petrol., 38: 363-372

PR R

Studies of sequence in sediments using
a simple mathematical device.
Quart. J. Geol. Soc. London, 125: 557-581

Studies on orientation and imbrication
of pebbles with respect to cross-
stratification.

Jour. Sediment Petrol., 36: 362-369

Alluvium of river plains in a temperate
zone and its significance for under-
standing the laws governing the

structure and formation of alluvial
suites.

Tr. Inst. Geol. Nauk Akad. Nauk S.5.S.R.
Geol. Ser-, 135: 271 pp.

Mudflow of 1941 at Wrightwood,
Southern California.
Geol. Soc. Am. Bull, 64: 547-560

Marglnal sediments of the Mississippi
delta.

Bull. Am. Assoc. Petrol. Geol., 40'
2537 2623

Diagenetically formed ooids and intra-
clasts in South African calcretes.
Sedlmentology, 20: 539-551

Petrology and geochemistry of silica
cementation in some Pennsylvanian
sandstones.

In: 'Silica in sediments'

Soc. Econ. Paleontologists and Mineral-
ogists, Spec. Publ., 7: 55-79

Forms of bed roughness in alluvial :
channels.

Proc. Am. Soc. Civil Eng., J. Hydraulics
Div., 87: 87-105

Sedimentary structures generated by
flow in alluvial channels.
Soc. Econ., Paleontologists Mineralogists

Spec. Publ., 12: 34-52

On the bedding in the natural levee

"and the point-bar deposits of the

Gomti River, Uttar Pradesh, India.
Sediment. Geol., 7: 309-317




SISLER 1962

SMITH, D.B.
SMITH, H.W.
SMITH, N.D.

SMITH, N.D.
SMITH, N.D.
SMITH, N.D.
- SMITH, N.D..

SMITH, N.D.

_SMITHSON, F.

AND BROWN, G.

SNEED, E.D.

AND FOLK, R.L. 1958

SORBY, H.C.

1874

1931

1970

1971(a)
1971(b)
1972

1972

1974

1954 -

1859

Microbiology and biochemistry of
sediments and overlying water.

In: Cloud P.E. (Ed.) Environment

of calecium carbonate deposition

west -of Andros Island, Bahamas.

U.S. Geol. Surv. Prof. Paper, 350: 6u4-69

Origin of tepees in upper Permian
shelf carbonate rocks of Guadalupe
Mountains, New Mexico.

Bull. Am. Ass. Petrol Geol., 58: 63-70

Observations on the African Lungfish

Protopterus Aethiopieus, and on evol-

ution from water to land environments.
Ecology, 12: 164-181

The braided stream depositions environ-

ment: Comparison of the Platte River
with some Silurian clastic rocks.
Geol. Soc. Am. Bull,, 8l: 2993-3014

Pseudo-planar stratification prod-
uced by very low amplitude sand waves.
Jour. Sediment Petrol., 41: 69-73

Transverse bars and braiding in the
Lower Platte River, Nebraska.
Geol. Soc. Am. Bull., 82: 3407-3420

Flume expefzhents on the durability

of mud clasts.
Jour. Sediment Petrol., 42: 378-383

Some sedimentological aspects of
planar cross-stratification.
Jour. Sediment Petrol., 42: 624-634

Sedimentology and bar formation in
the Upper Kicking Horse River, a
braided outwash stream.

J. Geol., 82: 205-224

s D)
‘The petrography oi\d1clc1tic sandstones .

in North Wales and Northern England.
Geol. Mag., 91: 177-188

Pebbles in the lower Colarado ﬁiver,

. Texas, a study in particle morpho-

genesis.
J. Geol., 66: 114-150

On the structures produced by the
currents present during the depos-
ition of stratified rocks.
Geologist, 2: 137-147



SORBY, H.C. 1908
STALDER, P.J. 1975

STANLEY, D.J. 1968

STEEL, R.J. 1974

STEEL, R.J. 1974

STEPHENSON, D. 1972

STOKES, W.L. 1950

STOKES, W.L. 1961

STRAKOV, N.M. 1969

STUART, D.M.

. AND DIXON, R.M. 1973

~ SUNDBORG, A. 1956

On the application of quantitative
methods to the study of the structure

. and history of rocks.

Quart. J. Geol. Soc. Lond., 64: 171-232

Cementation of Pliocene-Quaternary
fluviatile clastic deposits in and
along the Oman gguntains. 4
Geologie en Mijubouw, 54: 148-156 )J
\
Graded bedding - solemarking - greywacke
assemblage and related sedimentary
structures in some carboniferous flood
deposits, eastern Massechusetts.
Spec. Pap. Geol. Soc¢. Am, 106: 211-239

Cornstone (fossil caliche) its origin,
stratigraphy and sedimentological
importance in the New Red Sandstone
Western Scotland.

J. Geol., 82: 351-369

New Red Sandstone floodplain and ‘
piedmont sedimentation in the Hebridean
Province, Scotland.

Jour. Sediment Petrol., ul4: 336-357

Middle Old Red Sandstone alluvial
fan and talus deposits at Foyers,
Inverness-shire.

Scot. J. Geol., 8: 121-127

Pediment concept applied to Shinarump
and similar conglomerates.
Geol. Soc. Am. Bull,, 61: 91-8

Fluvial and eolian sandstone bodies

in Colorado Plateau.

In: J.A. Peterson and J.C. Osmond (Ed.)
Geometry of sandstone bodies (A sym-
posium)

Bull. Am. Assoc. Petrol. Geol, Tulsa, Okla.

pp 151-178

Principles of lithogenesis
3 Vols. S "
Oliver & Boyd Lfvabe7£\

' Water movement and caliche formation

in layered arid and semi-arid soils.

2 Proc. Soil Sci. Soc. Amer., 37: 323-324

| The River Klavalven - a study of fluvial

processes.

- Geogr. Ann., 38: 127-316

=y

resiasesin, 4o &




SUTTON, J. 1965 Some recent advances in our understanding
: of the controls of metamorphism.
In: Controls of Metamorphism /fkainﬂ ﬁq’,g

Edlnburgh.

SWINEFORD, A. | ~ Petrology of the Pliocene pisolitic
CONARD, A.B. limestone_in the Great Plains
AND FRYE, J.C. 1858 Bull., Geol. Surv. Kansas, 130: 97-116
SWINEFORD, A. ‘ Petrography and genesis of the Ogallala
FRYE, J.C. 'algae' limestone in Kansas and adjacent
AND LEONARD, A.B. 1956 states.

: ’ Jour. Sediment Petrol., 26: 786
SWINEFORD, A. ‘ Petrology of Pliocene pisolitic
LEONARD, A.B. limestones in the Great Plains.
AND FRYE, J.C. 1958 . Bull. Kansas Geol. Surv., 130: 97-116
THOMPSON, A.M. 1970 Geochemistry of Colour Genesis in Red

Bed sequence, Juniata and Bald Eagle
Formations, Pennsylvania.
Jour. Sediment Petrol., 40: 599-615

TRAQUAIR, R.H.. 1896 The extinct vertebrate fauna of the
o ' Moray Firth area.
In: J.H. Harvey-Brown & T.E. Buckley
(Eds.) Vertebrate fauna of the Moray
Firth.,, Vol. 2, Edinburgh,

TREWYN, N.H. 1976 Isopodlchnus in a trace fossil assem-
‘ blage from the 01d Red Sandstone.
. Lethaia, 9: 29-37

TUCKER, M.E. 1974 Exfoliated pebbles and sheeting in
‘ : the Triassic
Nature, 252: 375-376

TURNER, P. 1974 Origin of red beds in the Ringerik
Group (Silurian) of Norway.
Sed, Geol., 12: 215-35

TURNER, P. ‘ Magnetisation history of Lower 0ld

AND ARCHER, R. 1975 Red Sandstones from the Gamrie Outlier,
Scotland. ‘

Earth. Planet. Sci. Lett., 27: 240-250

TURNER, P. The role of biotite in the diagenesis
AND ARCHER, R. 1977 of Devonian Red Beds' from Northern
Scotland.

Sed. Geol., 19: 241-251

TURNER, P. , ' : The paleomagnetic argument concerning
TARLING, D.H. . post-Devonian displacement along the
ARCHER, R. , : Great Glen Fault,

AND DONOVAN, R.N. 1976 Geol. Mag., 113: 365-370




TURNER, F.J.

AND VERHOOGEN, J. 1960

" VAN HOUTEN, F.B. 1961

VAN HOUTEN, F.B. 1964

VAN HOUTEN, F.B. 1968

VARNES, D.J. 1958

VAUGHN, P.P. 1964
VIALOV, 0.S. 1962

'WAUGH, B. 1967

WALKER, T.R. 1967(a) °

' WALKER, T.R. 1967(b)

WALKER, T.R.
AND HONEA, R.M. 1969

" Interscience Publishers N.Y.

Igneous and metamorphic petrology.
McGraw—Hlll 694 pp.

Ferric ox1des in red beds as paleo-
magnetic data.
Jour. Sediment Petrol., 31: 296-300

Origin of red beds. - some unsolved
problems: ‘
In: Nairn, A.E.M. (Edit) "Problems
in palaeoclimatology"

705pp.

Iron oxides in red beds
Geol. Soc. Am. Bull., 79: 399-416

‘Landslide types and processes. =~

In: Eckel E.B, (Ed.) Landslides and
engineering practice.

Highway Res. Board, Spec. Rep.,

29: 20-47, Washington DC

Evidence of aestivating lungfish

from the Sangre de Cristo Formation,
Lower Permian of Northern New Mexico
SCI. Contrib. Los. Ang. Co. Mus, 80: 1-8

 Problematica of the Beacon Sandstone

at Beacon Heights West, Antarctica.
N. Zealand Jour, Geol. Geophys.
5: 718-732

Environmental and diagenetic studies
of the Permo-Griassic clastic and
carbonate sediments of The Vale of

‘Eden.

Unpubl. Ph.D. Thesis, Univ. of Newcastle

Upon Tyne, 309 pp.

Formation of red beds in modern and
ancient deserts. ‘
Geol. Soc. Am. Bull., 78: 353-368

Recent sediments in tropical Mexico,
a contribution to the origin of red
beds.

Geol. Soc. Am. Bull., 78: 917-920

Iron content of modern deposits in

the Sonovan Desert: a contribution
to the origin of red beds. ,
Geol. Soc. Am. Bull., 80: 535-5uy

el e




WALKER, T.R.

AND RIBBE, P.H. 1967

WALKER, T.R.
RIBBE, P.H.
AND HONEA, R.M. 1967

WALLACE, T.D. 1919
WEAVER, C. 1967

WEEKS, L.G. 1957

WESTOLL, T.S. 1951

WESTOLL, T.S. 1964

-

WIEDEMANN, H.V. 1972
WILLIAMS, G.E. 1968
WILLIAMS, G.E. 1970
WILLIAMS, G.E. 1973

WILLIAMS, G.E.
AND POLACH, H.A. 1969

i e b bt

Formation of iron-rich authigenic clay
by intrastiatal aleration of horn
blende in an arid climate: a contr-
ibution to the origin of haematite
stained matrix in red beds.

Geol. Soc. Am. Spec. Paper, 101:

Abstr, for 1966, p. 233

Geochemistry of horn blende alteration
in Pliocene red beds, Baja California,
Mexico.

Geol. Soc. Am. Bull., 78: 1055-1060

A new localit& for manganese
Trans. Geol. Soc., Ed., 11l: 135-137

Variability of a river clay suite

Jour. Sediment Petrol., 37: 971-974 '

- Origin of carbonate concretions in

shales, Magdelena Valley, Columbia. ;
Geol. Soc. Am. Bull., 68: 95-102 - !

-

The vertebrate bearing strata of - _
Scotland.
Rept. Int. Geol. Cong., 18th Session

Gt. Britain, pt. 11, 5-21

The 01d Red Sandstone of N.E. Scotland
Advan. Sci. 20 (87), uu46 (Summary)

Shell deposits and shell preservation
in Quaternary and Tertiary estuarine
sediments in Georgia, U.S.A.

Sedimentary Geol., 7: 103

Formation of large-scale trough cross-
stratification in a fluvial environ-
ment.

Jour, Sediment Petrol., 38: 136-140

Piedmont sedimentation and late
Quarternary chronology in the Biskra -
region of the northern Sahara.

Z. Geomorph., 10: 40-60

Late Quaternary piedmont sedimentation,
soil formation and paleoclimate in
South Australia.

Z. Geomorph., 17: 102-125%

The evaluation of 1u4C ages for soil
carbonate from the arid zone.

Earth and Planetary Sci. Letters,
7: 240-242




WILLIAMS, G.E.
AND POLACH, H.A. 1971

WILLIAMS, P.F.
AND RUST, B.R. 1969

WILSON, M.J. 1966
WILSON, M.J. 1971
WOLMAN, M.G. 1955

WOLMAN, M.G.
AND BRUSH, L.M. 1961

WOLMAN, M.G.
AND LEOPOLD, L.B. .1957

WOODROW, D.L.
AND FLETCHER, F.W. 1968

YEAKEL, L.S. 1962

ZINGG, G.T. 1935

Radiocarbon dating of arid-zone
calcareous paleosoils.

. Geol. Soc. Am. Bull., 82: 3069-3086

The sedimentology of a braided river.
Jour. Sediment Petrol., 39: 649-679

The weathering of biotite in some
Aberdeenshire soils,

Min., Mag., 35:. 1080-1093

Clay mineralogy of the Old Red
Sandstone (Devonian) of Scotland.
Jour. Sediment Petrol., 41: 995-1007

The natural channel of the Brandywine
Creek, Pennsylvania.
U.S. Geol. Surv. Prof. Paper, 271, S6p

Factors controlling the shape and

size of stream channels in coarse non-
cohesive sands. '
U.S. Geol. Surv. Prof. Paper, 282G:
183-210

River floodplains: some observations
on their formation.

U.S. Geol. Surv. Prof. Paper, 282G:
87-109

Upper Devonian aestivation tube
casts.

(Abs.) Geol. Soc. America Spec. Paper
121: 383-384

Tuscarora, Juniata, and Bald Eagle

paleocurrents and paleogeography in
the Central Appalachians.

Bull. Geol. Soc. Am., 73: 1515-1539

Beitrag zur Schotteranalyse
Schweitz. Min. u. Pet. Mitt. Bd.

15: 39-140

g F




