SEDIMENTOLOGICAL STUDIES OF THE BLLER BECK EED
AND THE LOWER DELTAIC SERims IN
' HORTH-BAST YORKSHIRE

By

Re We OB, KNOK B.8S0, (Newcastle)
Departaent of Geology
University of Cambridge

NEWCASTLE UNIVERSITY LIBRARY

e e e R

Sene st e e ade s seee SeSe Geee e St e e e e S S TGS Ghe e O WS Saab e wmee fewe Seme Sute

Thesis subaitted for the degree of Doctor of Failosophy

UNIVER- 17! OF MEMCASTLE UPON TINE DICEIGER 1969



PAGE
NUMBERS
CUT OFF
IN THE
ORIGINAL



COBRTENTS

S4BT TRACT
ACHNOVLEDGEHINTS
FREFACE

INTRODUCTION

i Stratigraphical nosenclature
11 ilistory of research

111 Metiod of prssoat vesearch

CHAPTER I LITHOPACLES TYPES

I Distrivutary channel facies

Il Interdistributary facies

i1z g:l‘::'haﬂp Letwoen distributary and interdistributary

CHAPTER II THE DBLTA

i [Hstory of the delta

1l Sedimentary structures and the direction of transport
111 Souree of sediments

10
50

€5

%
83



CHAFTER 111 PETROGRAPHY
I Sendstone
i1l “hale and siltstone
Iil Ironstone

LSTRODUCTION

CHAPTER IV THE IRONSTONE USIT
I Stratigrephy

II Petrography

111 Gonclusions

CHAPTER V THE ZHALE UNIT

I Stratijgrephy
il Petrography
I1iI Depositional environment

CHAPTER VI THE SASDOTORE UBIT
1 Stratigraphy

il Petrography

il Depositional Environwent

g 3

100

103

143

152
164



CHAPTER VII THE WINTER OILL OOLITIC IRONSTONE

1 Introduction

i1 Petrography

i1l Origin

IV Diagsnesis ,

V  Depositions]l environwen: of the sandstvone unit

CHARTER VIII °TRATIGRAPHICAL CORCLUZIONS

CHAPTER IX GENWERAL CONCLUYIONS

I GOrein cise anslysis of sandstones

I1 Distribution of ironstens

I1XI Cheudstry of diagenesis

IV Summary of history of sedimentation

V  Influence of tectonies on sedimentation

I Sections of the Eller Beck Bed
II laboratory methods

REFERERCES

a7
256
263



In this study of the lower Deltaic Series emphasis has been
placed on the field relationships and characteristics of the various
lithofaeles types and thelr correlation with the observed facies of
the present day deltaic environment, mumuum..
levee, and interdistributary mersh environments have been recognised.
The delta is though to have advanoed very rapidly across a surface of
Dogger sediments which were near or even atove sea level, Three
eycles of channelling are believed to be related to phases of uplift
in the hinterland. Analysis of directional data indicates transport
from the north and west in the vest and from the north and east inthe
sast, This pattern probably reflects the local distribution of main
distributaries to the sast and west, vhile the ultimate source is
belioved to have been a Scandimavian landmass,

The Eller Beck Bed transgression spread from the southe-sast, along
an E¢SeBs = W.NV, axis of maximus subsidence, The fauna indicates
that fully marine conditions prevailed during deposition of the basal
ironstone and of the lower part of the shale, Upward passage Crom
shale into sandstone appears to represent gradual readvance of the
delts, culminating in the colonisation of the top of the sandstone by
plantse Suvsidence along the trough axis appesrs to have produced a
clastic trap, so that to the south much of the sandstone {s represented
by shale. Upatanding sand-banks developed in the shale unit provided
local environments suitasle for the formation of chemesite ocoliths.



The ooliths from the Winter Gill ircnstons indicate formation under
very gentle current conditions.

The petrography of the sediments has been studied with emphasis
carried out and the results interpreted in terns of the hydrodynamic
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The purpose of this work is three-fold:

1, To study the sedinents of the lower Deltaic Series and their
mtmuﬂuhmhﬂthm‘
present day delta facies;

2. o study the sedisents of the Eller Beck Bed and their vertical
and lateral distribution in onder to relate them to the marine
tranagression and regression that this bed represents;

3. To consider both formetions together in order to determins the
factors which influesced the general pattern of sedimentatione
Mach of the emvironmental reconstruction has beon carried out as

@ result of field observation but laboratery techniques, particularly

the study of thin seetions, have been used to deteraine both the

originel constitution of the sedimants and the effects of diagenesis.

Following the threeefold division given above this theals is writtem

in three parts: Fart I deals with the lower Deltaic Saries, Fart II

vith the Eller Beck Sed, and Part LI with those aspects of the study

shich involve both formations. 4 list of sections of the Eller Beck

Bed and accounts of laboratory techniques used are givem in the

ippendices.



PART OKE
THE LOWER DPELTAIC SERIES



INTRODUCTION
A__STRATICHAPHICS Jo BOUENCIA LR

The subdivision and particularly the nomenclature of the Middle
Jurassio strata of northeeast Yorkshire have underzons several
changes in the history of the geclogieal investigation of the area.
The subdivision was origimally twoefold, with an upper and a lower
group of sandstone, shale, and coal separated .y the Grey lisestone
Beds, Subsequently 8 three-fold division was set up in vhich the
old lover division was subdivided at the horison of the Millepore
Bed, In opder to standardise the nomenclature of the none-sarine
beds Fox-strengwsys (1880, pe3) introdueed the terms Upper, Hiddle,
and lover Rstusrine Series. 4 detalled acecunt of the earlier
nosenclature is given in Fox-Strangways (1892 pp. 197,217,252), and
only a 1ist is given balow of the terminclogy relevant to the beds
under conslderation:

lover Carvoniferous Seriss - Villiam Saith
muwua:‘m) (see ¥i1liamson,1837 p229)
Sanistons Shale and Cosl - part 1822 Yousgand Bipd
(between the Dogger and Grey limestone) PelO?
Coal FPormation - 1826 Sedgvdok
et S8 Mies and Seliuinge ek -
Lover Shale and Sandstons 1829 Millips p.33
lover Sandotone and Shale 1837 ¥illismgon p.235
Lover Sandstone and Shales - part 1860 Wright p.30
(botween the Dogger and Grey lLimestone) -
The lover “hals and Sandstons 1874 Hudleston p,306
lover “atuarine “eries wn-aw,,,

Mmmmaumr—mw



for some time, although it becase cleay that the beds were non-marine
and had been deposited under deltaic rether than estuarine conditiovs.
In 1949, hovever, Hemingwy proposed that the Estuarine Series should
be remmmed the Deltaic Series. At the sane time he propossd that
the boundary betueen the lover and middle divisions should be drawn
st the Elley Dock Ded and not the Mllepore 3ed since the former was
traceable over most of the outorop, and the latter very restricted in
outerop. The Middle Deltais division ws separated into an upper
Gristhorpe Sub=series and & lover Sycarhan Subeseries for areas in
vhich the Mllepore Bed or its equivalents vere developed., Pollowing
this fylvester-iradley (1949) proposed locality sames for every none
sarine division suggosting, in addition t¢ Femingwmy's sub-series
nases, that the Uppar Deltalc Series be termed the Sealby Reds and
the Lover Deltaic Series the Hayburn Sedss No nace was suggeeted
for the Middle Deltale Series uhere the itlllepore Bad is sbeent,
Bate (1959, pelSi) uses a combination of nomemclatures but later
(1967, pell8) uses Heainguay's olassificstion in a slishtly modified
fors in that the terss lower and Upper Mlddle Deltaic Series arve
used in place of the Sycarham and Gristhorpe Beds respectively,

The tera Lover Dalteic feries 19 used here as 1t ic in current
asage. It is, hovever, sppreciated that geogrephionl locstion
naves would be required if the nmosonclature should be revised to
coulors to the code of the American Coanission on “tratigraphic
Bomenclature (Ashley ot ale, 1933)s With specific refarence to
the lowey Deltele Series, however, the tera Hayburn Seds is not
considered to be sultable, Sylvester-iiradley's choice of rane is

'



based on the occurrence of & plant-bed at Hayburn Vyke, wvhere as, in
the code referred to above, completeness of exposure should be the
sost important festure of the standard locality. On this basis the
tern Hawsker Beds would be more suitable sinee the vhole of the lover
Deltaic Series including the upper and lower bounderies are clearly
displayed in the cliffs east of Hausker,

AL _BICTORY OF BESBARCH

Ao BLLID ELATICNCHIES
All of the early authors describe the umasual variability of

the non-oarine strata but there 1o little attempt at any specific
description.s The erosional nature of the base of the thick sandstone
lenses was first appreciated by Simpson (1868, p.39), but no detalled
deseription of the sandetone bodies appeared until the papers by
Hepworth (1923) and Hlack (1928). Hepworth describes contortion of
strata boneath a sandstione channelefill vhich ho ascribes to earth-
quske shocks while Blagk, deseribing somsvhat sinilar features,
considers them %o be due to bank collapse and compactional effects.
Black was also able to trace along the foreshore the msandering
forn of some channele in the Upper Deltaic Serles (1929, fig. 2),
Erosion at the base of the lower Deltaic beds affecting the Dogger
and the top of the iias had been mentioned earliar (Pox=“trangways,
18925 ppelSi=163; Rastall, 19055 vpe450, 452; Tonks, 1983, p.30).
The presorvation of Equbsetum in vertical sttitude was noted
4t an early date but Marehison (1832) wes firet to appreciste that
such beds represented growth in place, The presence of abundant



rootlets is frequently referred to, but of particular interest are
the suppossd tree roots preserved in the Dogger (Kendall and Vroot,
19241 pe 402)s  FPreservation of dinossur footprints in mud surfaces
overlain by thin sandstones are recorded in Kendall and Wroot

(pp 349=350) from both the lover and Upper Deltaie Series, and sinilar
beds are sald to exhibit sun-crackinge

Although the sandstones sre frequently referred to as being
false-bodded or currentebedded there is no detailed description of
the internmal structures of these M Crosa=bedding and
rippleemark orientation was, hovever, studied by Sorby (1852).

Ra il QUi

fractically every publication on the Middle Jursssic of this
region deseribes the abundant flora, ledent work, with accurate
localities and descriptions, which includes the lower Deltalc flora,
is that of lane and Ssunders (1909), T™emas (1913a, 1913b, 1915),
and Harris (194253, 1952, 1953). Harris (1953) discusees the
palasoscology of the flora.

The founa of the non-sarine beds 18 very restricted, [Freshwater
bivalves have been recorded frou the Upper Deltaic “ories, and these
often occur in growth position (Leckenby 1864, 75; Hudleston
1874, 318-319)s A pimilar ocourrence is recorded by Mall}ﬁ%iot
Pe35l) from the "footprint' bed at Jaltwick. The position of this
ved wves dlscovered by Kendall, but fallen blocks with dinosaur
footprint casts on the lower surface were discovered by Brodrick
(1909). Footprint beds are also known from the Upper Deltaic Series



and Wroot
1924; pp¥LO=350). Ho ostrecods are known from the

non=anarine bedse

Sa BETOGRAREX
Idttle work has beea puiliched on the petrography of the non=

marine beds, and only the heavy wiuersl assemblages have besn stadied
in any detall, Rastsll (1932) commented on the ssall sumber of
aineral specieo present and on the absencs of wetasmorphic nineralse
Saithson (1934, 1937, 1939, 1941) describes the heavy sinerals and
thelr distribution, fe aleo describes cartographic methods of
representation, A sumary of his results (1942) includes a discussion
of the possible source of the sediments and the offects of poste
depositional selution on the heavy zineral acssatlages.

A study of the drift-bedding and rippleesarks led Sorby (1852)
to conclude that transport had been from the northenorthevest, This
wms scceptod by PoxeOtranguays who also pointed out that the nonw
marine etrata wvere coarsest and sost avemscecus in the north-uwest,
Kendal and Woot (1924) eonsidered that a far northerly source was
prodeble, tut Black (1934) thought that the delta emcroached from the
east vith sinor amounts of saterfsl being derived from the weste
mithson (1942) considered that sost of the sedinent caze from the
northvest vith minor asounts from the east and vest.

Conclusions as Lo the palssogeography ave first fousd in

fr



Ra BEVLCQUSRIT QL IREQCITION
The non-marine beds have besn varicusly described ss wrine,

lacustrine, estuarine and deltaic in erigine Early workers,

(Young end Bird 1822, pe296) considered that sltercation of freshe
wvater and marine beds wae impossitle and 1t wae Murchison (1832)

who firet clearly states that the beds vere deposited in froshuater
vith subsorial phases during vhioh plant eolonimation took place.
Marchison also describes the land sarfaces as being buried under the
scoumulstion of an estuary. Vright (18505 pe30) desorides beds
containing Jiglg @2 being lacustine, The first clear represcatation
of conditions is that of Simpson (18585 pe39) in uhich he compares
the deposits to those of a delts with sandefilled distrilutary channels,
Pailiips (18795 pe110) describes the beds as river sciisents but etill
refors to them as estusrine. Fox-Otranguaye (18923 pe393) having
introduced the ters Bstusrine Saries, describes the bsds as forming &
land surface with mach standing vator and with meandering river ocourses.
It appears that the tern Estuarine Soriss was used not sc much through
fignorance of the conditiorns of accwsulation as through niemse of the
word ‘estuarine’, Even Nemdalland Wroot (152%) although clearly
stating the beds to de the deposits of & delta atill frequontly use
the word ‘estumrine' in a descriptive sonse (e.ge pe309)s Hapvorth
(1923) and Black (1928) stressed tho deltaic ordgin of these beds end

finslly Sn 1949 Heuingwvay proposed his revised nomsnclature to elarify
the situation,
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S LALISHORK
The area over which the lower Deltaic Series has deen studied

is shown in figure l.1, The degree of exposure is very variable and
the extensive exposures on the coast permit an approach to research
that is entirely different to that vhich is possible for the inland
exposures, In particular the coastal exposures consist of both fine-
grained and coarse-grained sediments vhersas inland exposures are almest
always confined to the more resistant sandstone bodies,

The full thickness of the lower Deltalic “erdes is visible for much
of the Whitby to lobin Hoodd Bay cliff section while to the north and
south the lower and upper paris respectively are best exposed., Naturel
inland exposures other than sendstone bluffs are found in some of the
dale heads, especially thoge of Great Fryupdale and Rosedales. Several
eluz quarries along the northern escarpaent provide good exposures of
the lowest beds and their relationshdp to the underlying marine strats,
but the only quarries of any lmportance at a higher level are the
building-stone quarries of Alslaby.

The méthod of study has been to observe gencral features, such
as current-bedding directions and chaunel distribution, over the whole
ares and %o confine detalled petrographical studles to the Leds
exposed on the const, The fev comprehensive inland sections indicate
that the facles represeated differ in no wy {rom thoss of the coast,
muthmmumtnmmnahnnpiAtthnu
11%tle Goubt that all ldthologles and sedimentary associstion types
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are represented, The beds are so variable that a stratigraphical
sequence vithin the Lower Deltaic Series ecanmot usually be detected,
and the mature of thess beds is represeated hare by illustrating
exanples of all the prineipal lithofscies types and thea commenting
on any trends that might be preseat ia their dlstributiocm.
BaJABORATRAL ACSK

The beds have besn stuiied primarily with regard to their field
relationships but the ssndstomes and irenstenes have been studied
under the wicrosespes Nechanical amalysis of ssnistones was also
arried out, and a brief stuly mede of the heavy mineral contenmt,



CHAFPTER I LITHOPACIES TIPES

A RLTELTAX CIRMNRA RALLS
Ao CiilielCALR SIOHGA T CAKD BOUID

These include units ranging from & fev inches to about twenty
feot in vidth, There appears to be & falrly distinet natural
division between these and the more comson larger-scale sandstone
bodies, On the basis of cross-sectiomsl form groups may be

These have been observed on a very small scale in a thin coaly
horison lying between two clay siltstone units (fige le2)e The
sand occurs in tiny lenses which are all well separated and vhich in
part lie within tie coal sesm, Ko roots are present below the eoal
and 1t is cleerly of drifted type. The biconvex cross-section of the
sand bodies has resulted from losding at the base and by compaction
of the surrounding sediment. On a larger scale truly symaetrieal
sand bodles are mot developed, This is due to cheannel migration and
to the develdpment of marginal facies which pses into the surrounding
fine=grained sediments and which are aluays developed unequally om
either side of a chamnel.

The sandstons unit shown in figure 1,3 {5 of this type. Zrosion



FIG. .2 SMALL-SCALE NON-EROSIONAL
CHANNEL WITH LOADING AT BASE

FIG.1.3 SMALL-SCALE SYMMETRICAL EROSIONAL
CHANNEL SANDSTONE

FIG. 1.4 SYMMETRICAL EROSIONAL CHANNEL



of the base is exaggersted by loadinge Sandstone-filled channels
oceurring within sandy horisons are generally of this type (fig.l.d).
The lack of marginal sedimentation allows the sandstons to retain the
syametry of the origimal ercsion channele.

o ASLRTLACA L LIk NEGELIS IVE MNLLS

These generally occur at one end of a series of horizontally
bedded sandstone which pacses in the opposite direction into silts.
They are characterised by an initial {lat base vhich then transgresses
upvards and becomes of an erosiomal mature. The top of the unit
roughly persllels the bese, producing a usit which im section is
slongate at an angle to the horisontally bedded strats (figs.l.5,1.6,
1a7)e

These are sisilarly asscciated with sandy horisonss at one side
the passage into more silty veds occurs vhils on the other a small
ascunt of ercsion may occur (fig.le8,1+9)s ZErosion of the sase is
not promounced, but loading may occur (fig.l.s).

Tae sandstone im all types may be mmssive (fig.1.7)s ore
comaonly horizontal bedding or erossebedding is Jeveloped, Crosse
bedding 1s usually of a distinctive loweangle type in which the
foreset dip is perpendicular to the sand vody axise The bedding
dips tovards the erosiomnl side o7 migrating channels and shows both



FIG. L5 SMALL-SCALE SIMPLE ASYMMETRICAL TRANSGRESSIVE
CHANNEL SHOWING TRANSVERSE CROSS-BEDDING (RISLABY QUARRY)



FIG. I.7 TRANSGRESSIVE EROSIONAL SANDSTONE



FIG. .8 ASYMMETRICAL NON-TRANSGRESSIVE SANDSTONE , TRANSVERSELY CR0OSS-BEDDED

FIG. 1.9 ASYMMETRICAL NON-TRANSGRESSIVE SANDSTONE WITH LOADING AT THE BASE



horigontal and vertical accretion when the channel igself shows
vortical migration, The laminse are laterally extensive and reflect
only ainer differences in grain-size so that the sandatone veathers
out as a single wass as in figure l.5. 4 Mhmn—bdddun
say constitute the whole mass, but smell units chowing reversal of
dip are cosmon in the upper parte In one case sssllescale crosse
bedding was developed within the iadividual beds of the lowangle
unit such that a section parallel to the sand body axis showed a
soerios of climbing ripples. This proved that current low was
perpendicular to foreset dip of the loweangle beds. Hormal down-
atream croassebedding, which is described later in relation to large-
senlesmnd bodles,is rare,

All structaral types may suffer deformation by loading at the
bage of the sandstone., The scale of the loading is ususlly sasll

and seperation of loaded masses has not Lesn observed. The loading
oecurs only on non-groslonal surfacess

it is clear that in all cases the sandstone hes been deposited
io smell distributaries. In some cases erosion of the underlying
strata has not occurped and the sand is bullt up from a level base,
in such cases finer sediments are deposited ean one or both lanks of
the main sandstone depending probably on vhether the distributary
possessed & meandering or & stralght oourse respectively. The
predominence of mﬁ-MuI sadimentztion suggests that meandering
of streaams was common. in some cases after perhaps an initial flood



which delineated the margin of sediment accwmulstion, the distributary
adopted a fixed course which was saintained until choked with sediment,
In other cases & somewhat longer life is Indiested, during which a
certain amount of lateral incision took place, accompanied by deposi-
tion on the inner meander margins which 18 represented Ly the lowe
angle cross=bedding.

The unusuel sand-body shown in figure 1,7 may have had & different
origine Jand deposition eppesrs to have taken place in relatively
quiet current conditions aﬁor the ialtisl phase of erosion since the
bedding planes parallel the erosionsl surfece. The sand may have
been introduced by currents flowing laterally into the srocion hollow.

These differ from the zbove only in that the distributaries were
sufficiently long-lived as to show comsiderabls vertical migration.
In rigure 1.10 a compect association of channels of =imilar type is
illustrated while in figare l.11 & more variable group is shown which
indicater lese stable current conditionse The iaternal structures
are similar to those associated with the slaple sandstone bodliess
The searcity of smullescale composite sandatons bodies reflects the
ephemeral nature of the smsll streass {rom wvhich the ssell-scale

units were deposited,
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FIG. .10 SMALL -SCALE COMPOSITE SANDSTONE
BODY WITH TRANSVERSE CROSS-BEDDING IN PART

FIG. I.Il SMALL-SCALE COMPOSITE SANDSTONE BODY
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The small channel-I1ll sandstones have been deseribed in detail
because they appear to represeat in minlature form the nnture of the
larger sardstone bodies. However, vhere large distridularies have
developed short lived phases were apperently rare and simple channels
therefore are not seen. The couposite nature of these chansnels is
varisbles in some oases & unidirectional lateral transgre:sion is
involved, giving & compact sandstone bedy, while in other cases the
comlexity reflects a sore varied hlatory.

The sandstone shown ia figure 1,12 is of & relatively simple
character, OJtrong srosional features ccour at the southessastern
sod and to & lesser extent at the base. Fartings are preseant at the
northevestern end and these all dip to the south, isdieating that
sccumnulation took place in that direction, presumably concomaltaat
vith erosion aleng the southern margine At the top the Leds vecome
more thinly bedded and show smallescale cross-pedding; silty
partings sre present, To the south thin-bedded sa:dstones extend
beyond the channel itself and fora & thisn horisontally-vedded sandy
horison which extends intc the interdistributary deposits,

A wmore complex series is shown in figure 1,13 uhich shous part
of & channel horizon which extends for over 1000 yards along the
Hawsker Cliffs. Sandstone distribution may be obtained in three
dimensions in Aielaby quarries (fig.1.14) in which the principal
channel dicection is from east to west,

Jome channel sandstones shoy a composite nature on & small

4
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FIG. .12 LARGE-SCALE SANDSTONE BODY WITH EVIDENCE OF LATERAL ACCRETION
(STOUPE BROW)

FIG. 113 LARGE-SCALE COMPOSITE CHANNEL SANDSTONE
(HAWSKER)



m.uﬁmm&«mmmuum. The
sandatone at Mallyan Spout &s remarkable for its grest thickasss and
apparent homogensity., The sandstone is at least 55 feet thick and
unusaally sessive; horisontal hedding planes are seen at the bHase.
To the south the saxdstone secomes flaggy with partings of silty
shale and locally a conglomerate of angular silty shale fragments is
present at the base,

in addition to the sandstone at Mallysn Spout a large sandstome
body 1s developed at Thomason Fées ia Eller Heck which is at least
85 feet thick, the base veing obscured, This sandstone 1s less
homogeneous than that of Hallyan Spout and comprises bedding unite
of up to ten feet thick separated by thinner-bedded and sometimes
pebbly. partingse  The topuost beds oonsist of fifteen feet of
horizontally bedded flaggy ssndatones with silty shale lamimae, dan
upvard and & lateral pessage iate thin-bedded sendstone with silty
partings is eharacteriastic of all channel zandstones. This sandstone
appears to represent a comtinuous phase of depesition since no
substantial silty rartings are rresent.

Another thick sandstone developasnt occurs in the West CLIPf of
Whitbye This is seen to comprise a complex serise of sandstone bodies
ard is particularly interesting for the development of laminated beds
to the side of the main channel sandstone (see po 26 )o Ia this
case & definits phase of wedimentation of fineegrained sediments
occurs between the two msin phases of sandstone deposition, though it
#ay be of only a locsl mature.
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al omal srczionand iis elfects on sroded sediasnis. in many
channels the erosion of the side walle has produced a reletively
smooth surface. .in othar csses pronounced irregularities may oceur
vhich are someiimes related to the litheloegy of the wall sediments
(rigelel5) but which more often appear to be & reflection of warlation
in current strength. The irregularitiss often assume a step~like form
vhich may Le rounded or very sharp (fig.lel6 ).  For smsll distances
the wall say be nearly vertical, but overhanging walls have not been
observed.

The pature of the contact appears to depend on two factors: the
degree of lithification of the wall sediments prior to erosion amd
the time-lapse between ercsion and sand deposition. In most cases
the steepnese of the contact indicates that compsciion has been
considerable and in the example illustrated in figare 1,16 erosion
appears to postedats the formation of esiderite nodules in the shale.
This latter example also serves to illustrate the importance of the
time factorjy it is ususual in that the contact is very sharp and
angular fraguends of the eroded sediment oeccur in the adjacent part
of the channcl-fill sandstone. In contrast a fev examples have been
observed in which the sediments have Leen too unconcolidated to fora
an upstanding erosion surface, In figure 1,17 silty shales are seenm
to have slumped downwards,dislocating lumps of sand in the process;
nuncwotmﬂnaotpnu.hml,mieh:nmhm
sandetone, were incorporateu margisally,

M. 4 charecteristic feature of many cheanel
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ssndstones with flat erosive bases is the pressuce of elongate
erosiomal scours. These are developed when the sandstone overlies
poorly bedded silty elays, They have a smooth outline and are
always straight; in erossesectioz they vary from Veshaped to U-shaped
and comnoaly shov some degree of asymmetry. The scours range froem
& fevw inches to several feet ia wddth but are generslly ia the order
of six inches to one foot across. The scours have never been observed
for more than sbout three feet along their length, dut their constaney
in these ex osed portions iaplies considerable lomgitudinal extent.
They are always parallel or subeparallel vith the sides of the over-
lying channel where observed and in any one group shov little
variation in direction. 4 typieal set of scours is shown in eross-
seetion in figure 1,18, shoving the shape of the ssours and thely
proximity to one snother,

The £il1l of the secours shows some variatioa. In come cases they
are massive and rather coarser-grained than the remainder of the
sundstone; horisontsl bedding may be seen and a horisontal parting
is often present separating the scour fill from the overlying sande
stone, Horsal downstream crossebedding is never present, but ia
soue sendetones the grooves show lateral fill (fige.l.19).
sl Jdaguold Cluks oastae Theee have been observed at only one locality
where they are asso-iated with erosiomal scours (fige.l.20). They
are arranged inm a narrov sone runaing parallel to the channel axis
and from the current bedding direction in the overlying sendstons it
is clear that the nmarrow end points upsteam, Individuals reach abeut
two foet in vidth and have a relief of three to four imches.
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FIG.1.1I8 SECTION OF SCOURS AT BASE OF CHANNEL (SALTWICK)
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4l lcad castae loading is not a common feature of the base of large
channel sandstcaes,presusably because erosion exposes compacted deds.
Ucoasionally irregular loading at the dase does occur inm the margimel

parts of the chammels. iore comsealy loeding ocours within compesite
units in vhich silt interealstions separste different sand phases.

In one case the load casts resch 1ft, Jin. by 2 feet in arose-section,
and appear to show a commonly oriented elongation; these are believed
to have been initliated as erosionsl socurs whose sandy fill has
foundered fato the little-compacted silty interdalstion. The
separation of between 2 and 12 fest compares with that of scours,

8l Cross-ueding. The description of cross-bedded uaits was first
stendardlsed by ¥cKee and Weir (1953) and their classification wes
expanded to cover all distinguishable types of crossestratification
by Jelele 21llen (1963), The mature of the crossebedding in the
sandstones studied here is restricted to perhaps five large-scale and
two smallescale types on Alleds classificstion. Since &llen's types
are clearly defined and illustrated they provide a useful reference
for structures observed in the field and they have therefore been
used in the following discriptions.

Cross-bedding is a common feature of many but by no means all
channel-{ill sandstones. Often vhere it does occur it is only a
subsidiary structural typs. Ia some of the larger sand bodies crosse
bedded units of up to 3 feet in thickness are comson and occasionally

units of 8 and even 12 feet are present, lore cosmonly the uniis are



varisble in thickness and less than 3 feet thick, with very irregular
outlines due to erosion by succeeding uaits.

Trough cross-bedding (pi-type) is the commonsst fors, the troughs
varying between one foot and several feet in width., Typical cosets
are shown in figures l.,2la and 1.21b which represent sections
perpeadiicular to and parallel to the gesneral flow direction respec-
tively, Considerable ercsion of individual units is characteristic.
Figure l.21b illustrates a feature found in the upper and lateral parts
of many sandstone bodies which is the .evelopment of planar upits
(beta=type)s These units are usaslly thin and show progressive
downstress and lateral thisnings They are clearly seem to climb at
a low angle and this climbing ef’ect 1s accentuated by the development
of extensive 'bottom sets' at the expense of the '"foresets', until
finally & flat laminated unit results, Thee flat laminae, however,
thenselves develop = smsllescale cross=be/ding (lambdaetype).

Ia some sandstones troughe are developed on a larger scale,when
they are few in nuaber and ocoupy & single horiszon. These generally
range in width from 3 to 6 feet and in depth from 6 to 1I inches, but
occasionally horizons of larger seale troughs reaching twenty feet
scross (fige 1.22) are present. Figure 1,23 illustrates more couplex
large-scale trough beddinge

Solidary trough eross-bedded units (theta-type) have been
observed cutting down into both Clatebedded and crossebedded units.
These range in width from 5 feet Lo over 50 feot and the meximus
erosionsl depth observed is 18 feet. The mandstone 7ill shows charse

oteristie bedding in which all units thicken towards the axis of the
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trough (fige 1e24)e

Flanar cross-belding is found rarely in grouped sets (emikron~
type) vut generally occurs as solitary veds at the base of large
chansels (slpha-type)s Such Leds may attain thicknesses of over
ten foet and ia one essze a sdhlbomtnodda‘thtm
strike for two hundred feset. As mentioned above thin tabular sets
may ocour in the uppermost part of troughebedded cosets.

Low angle cross-bedding of the type deseribed on page /| is
found to & limited extent in the largor channels, It is in
particular developed throughout a large asuber of the composite
channel at the base of Zast Cliff, Whitby, which will be described
later. A large musber of channel sandstones, though thickly bedded,
display no internal structure. i'rcmbli the =and zust have been
laid doun in lasines although lack of grainesise varistion and a
constant current regime may produce & homogeneous bed. The most likely
form of bedding to shov this feature is the low angle lateral type,
singe this cisplays a more constant grein size than normsl cross-
beddinge

Smalleseale crossebedding is developed extensively at the top
of channel sandstones and, together with silty interealstions, may
form up to fifteen feet of thin-pedded sandstoss. The cross-bedding
is sometimes of the lasbda-type but is more ususlly of the kappaetype.
Cecasionally smallescalé ecross-bedding is developed in the main part
of & sendstons body and is thea ususlly of the maetype. Individual

troughs ususlly messure cetwesn three asd twelvae inches across with
depthe up to one inch,
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bl iactiag JMosation (Frimery curreat Jiasatien). Farting linestion

is very rere, baving been observed in only ons case, where about one
foot of flat-laminated and parting-linesated sandstone was overlaia
imzediately by small-scale muetype trough eross-bedding.

) Horisonisl Ledding. This is of cowsom occurrencge in the upper snd
lateral parts of channsl sandstones but is rerely cbserved aslsewvhere,
it occurs at the Lase of ons large sandstone body wvhich shows &
dowmwvard passage inte flat-laainated sandy ciltstone.

d) Inclined decdinge Inclined bedding may be distinguished fros
cross~bedding in that it iuvolves the cediaentary uanits themselves.
Where these are developed they genmerally run at a moderate angle

from the top to the base of a chanasl ssndetone and sppear to strike
arsllsl to the channel elongatione In the Hast Cliff sandstone
{(fige|b) and in & chssnel on & sismilar horison st Zettlemess inclined
planes can be ssen in individusl eend bodies and in fact the sand
vodies themsslves show & siailar relationship to one asother. The
probles of the origin of such beds will ve dealt with later (p. 32 ).
More usuxlly the inclined beds may aske up part of normal chennel
pandstonse (Fige.1.12,1.25)

2l Sresden sucfagese Istersal erosion surfaces are a feature of all
composite sand bodies, Where a smell tlme imterval of non-deposition
is represented the erosion surfeces are within a single sandstone
body and usuasily die out repldly downvards sand laterslly. in other
capes the erocsion is of & more extessive nsture and & period of
laninated silty sand deposition =y have occaurred during a teaporary
migratlon of the maln channel [lows Nrosion surfsces into silty



intercalations may shov all of the botton structurss slready
described; those iato earlier sandstone beds have a swooth general
sutline vith loosl irregulsritiss. Ferraginous comcretions and
woody detritus are coamcnly associated vith the tase of the sand
above the crosiom surface. The erosionm ia many cases is haphasard
but wvhen developad on a relatively large scale a trend may usually
be observed vhich rdlects progressive migration of the main channel
flowe The erosion planes sometimes appear to represent successive
stages of bank inocision, generally accompanied by slow vertical
sigration (figele25)s At other times & series of erosion surfaces
ocours on the accumulative side of a channsl, In figure 1,27, for
example, erosion curfacss closely parellel the sedimentation surfaces
and serve to asccentuate them. Some of the prominent partings in the
channel shown in figure 1,12 are also slightly erosive. Such
erosion surfaces are in fuct a gulde to the nature of the originmal
sedimentation surfeces in chansels vhose sandstome fill ie othervise
apparently structureless, and add furiher support to the suggestion
that some of the "massive' sandstones say have been deposited by
lateral accrotion (ses page 3/ )e

£1 Esbblea. In a fev cases fraguests of laminated silty sediment
are associsted vith erosion surfaces, These are often angular and
appesr to be very loeally deriveds They have only been observed im
mazaive or inelined-bedded sandstones The oanly occurrence of &
thick bed amounting to & elay-silt conglomerate is in the latsral
pert of the lowest beds expossd of the Mallyan Spout sandstons, Feboles
which appear 1o represent ironstone coneretions derived from the



F16.1.27 EROSION ACCENTUATING INCLINED BEDDING PLANES
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F16.1.29 DIAGRAM OF LATERAL PASSAGE FROM CHANNEL
SANDSTONE INTO OVERBANK SILTSTONES , DIP PRODUCED BY
COMPACTION OVER EARLIER CHANNEL LENS (WHITBY W.CLIFF)



swrounding sediaent are concentrated aloag bands, ususlly erosive,
in some chanael deposits., These ususlly have disasters of sbout
one inch and rarely oxceed three inches. Minute pebules have beea
observed along foreset boundaries in one eross-bedded uait, more
usually sparsely distriluted along any one plane; these pebbly planes
tend to oceur in particulsr channels vhile in sany sandstones they
are absent, Uceaslomally larger ferruginous nodules occur; these
are usually bighly weathered and contain much silt snd Mne send in
laminee, In some cases they are sesn Lo Bave rather diffuse
boundaries and sre believed to represent replacement of fimewgrained
seiiment after incorporation inte the sandstone.

£l logse logs are widely distributed in channel sandstones, The
largest, vhich may reach two feet in diameter, are ususlly found at
the vase of the ercsion channels. They are often asscclated with
elongate seours and thair own relstionship to the underlying beds
iaplies that they lay on the chamnal botiom and scted as loci to the
development of seouring (fig.l.28)e Alternatively logs may occur in
dlsoriented macses at the bese of ercsion plames vhich are usually
internsl and of little extent, The fragments are variable though
rather smell in sisze and appear %o have been deposited rapldly with
little sutsequent sorting,

bl Ristcibution of frog. The highly ferruginous nature of some
sandstones and the localised distribution of the iron minersls 1s
very striking, The irom oscurs as a hydrated oxide and variee
between chocolate brown sad dark o4 in colour, The distribution



of the iroa oxide is never haghasard, uut shows relationship to
bedding and is highly selective. farticulsar sandstone units may be
affected while surrounding usits are mot, and within a single unit
n&ﬁnuamﬂwo&hin@m& T™he forssets of
cross-dedded units may show iantermal variation in the form of &
gradation in iron coatent frow ome surface to the othery usmlly the
lover part is most fer: s tut reversals are not uncosmon., In
low angle croso-bedded units a downward decrease in iron content
appears to be more common, snd this sleo applies to large-scale
lateral bedding unitss The sandatone occurring above local erosion
surfaces iz often ironerich, especizlly whers it is yubbly due %o
the presence of stems and logas.

in a large soale it sppears that only & relatively small
proportion of channel fill sandstonss show this feature, sod only
rarely are large masses of candstone affecteds On both the large
and the smell seale coarse grained sandstone, having & relatively high
poresity, sppears to be selected., There say also be sose reglonal
eontrol on the ocourrence of iroa=rich sandstons since they are mostly
found on ths coast north of Whithy. leaching may sccount for their
absence inland but this is improbable, since ferruginous sandstones
in the Tller Beck Bed, though often highly westhered, retain their
iron in the oxide form.

“1l charnel sandstones, toth large and smallescale, shov a
eertain amount of lateral passage into finer greined sediments, As



& general rule these beds contain & considersible proportion of sand
proximally with salslilary amousts of intorbedded and interlaninated
shaly siltsionse The proportien of silt and clay to sand increases
avay from the channel and this 1s normally occompanied by a slow
decreese in thickness.

The nature of thess ceds may vary to some exteat. The lateral
pas age in some cases is confined to the top of the chsnnel; this
occurs in chanmels in vhich the sa.sive sandstone is replaced upwards
by iapersistent bede of [laggy sandstone, often shoving smallescale
cross-dedding, with silty iantercalations. This top facles cosmonly
spreads over & wide area in the final stages of deposition.

dnother form of paesage weds is rether rare but always developed
on & large veales, This consists of well defined and continuous beds
of sandstone and =11ty shale which are seen to thicken by swelling
of sandstone beds towards the main channele The laminsted veds at
the vmse of the West Cliff, Whi:iby are of this type, and zimilar beds
have been ouserved in ‘ogedels, Unfortunately in both cuses the
relationship o the channel sandstons is not elesarly seen.

The Whitiy teds are seven to possess & moderate dip to the vest,
but this is belleved to be due to compuction sround the sandsione mass
developed st a lover horison to the east. The beds &re seen in the
east a8 lamineted silty shales with sandy rivs in the lower part;
the basal veds become dominantly sandy, with ripple drift and finally
pass into mepssive Leds with some current-bedding. The overlying
beds have become sandy with rippls drift in the lower part and these
in turn appesr to pass into more messive sandstones. The uppermost



beds remain silty or shaly. The passage from fine-grained laminated
beds to wassive and cross-becdded sendstones i3 represented
dlsgransatically in figure 1.29.

The laminated beds shov a variety of delicately preserved
structares. The lamination is semetimes interrupted by minor scours
and a fev larger channels (f1g.1.30)s load strustures are also
developed, possibly associated with scouring (figs, 1.31,cis D),
Vertieal sendstone bodies occur along cortain horisons and im plan
form & polygomal pattern (fig.l.3Z28). There is alvays s parting
between the baze of the sandstone fill and an underlying sandstone
whers prnﬁt (rige 1.32b), and usually the top is confluent with &
sandstone bed orlamimae (fig. 1.32¢)s These features, together vith
horisontal internel laminae in some cases, suggest sandfilled
des:ication cracks rather then sandstone dykes,

The interbedded silty shale and sandstone series in Fosedale is
on an even larger scale, but a similar thickening of first the lower
eandy beds and then the upper is seen with the devalopment of thick
sandstone units vhich ars flat-bedded with only miner cross-beddinge
Coe horison in the upper part is characterised by the developaent of
very large irregularly shaped load casts penetrating the underlying
shales to a depth of up to three feet, In one series of flaggy

sandstones marginal to & more massive development structures resesbling

bivalve resting burrows are preseat along one horiszon.

A third lseterel facles type aluo consists of laminated sandstone
sad wllty shale but the interbedding is geaerally on a ssall seele
with diffuse boundariess Units of this mature are associated \dth



FIG. 1.3I* SOLITARY LOAD CAST FIG. 1.31®* LOADED CROSS - BEDDING

FIG.1.33 CONTORTIONS IN LAMINATED SANDY SILTSTONE



both smell and large schannel ssvdstones, In the former the channel
sandolone Lreaks up into lasiusted veds on one side which thesselves
pass laterally into inereasingly shaly sedizentss Small irregulari-
ties of vedding are common and sometimes wore pronounced contortion
of bedding is developed (fig.1.33). Carvonacecus material and
carbonised plant fraguents are often present in the finer grained
laminae.

Jeds of siallar lithology are assoclated with larger channelsj
thece aay reach ten feet in thickness vhereas those agscciated with
sasaller channels rarely exceed three feet in thiciness. Another .
striking feature of these largerescale units is the development of
high cepositional dips in the proximel part, which gredually
dec:ense avay from the channel untll flat-bedding is attalned, with
thinning aod with an increase in the proportion of fine grained
sedimeate These units are developed om only one side of a channel
ihase which corresponds to the side of maximua srosion, or the
direction of aigration of the channsls Wheve the chamsl shows
little composite nature the passsage into sandstons and silty shale
sy be preserved (fig, 1.34) but vhere the chamnel is of = composite
nature ercsion of the dipping veds is often shown (fig.le35).
Uwing to the composite nature of most channsls such erosion is common.
the exanples in Clgures 1.36 and 1437 sre unusual in thst &
continuous dipping series has developed during wore than one channel
phase; wore commonly the dipping umits appear to belong to one
phass only.

The sedlmenta ila these dipping units show very poor overall
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FIG. .34 LATERAL PASSAGE OF CHANNEL SANDSTONE INTO
SILTSTONE/SANDSTONE UNIT SHOWING INCLINED BEDDING
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FI6. .35 EROSION OF INCLINED BEDS DUE TO LATERAL
MIGRATION OF THE HOST CHANNEL

F1G.1.36 INCLINED BEDS SHOWING A)MIGRATING CHANNEL
BOTH FEEDING AND ERODING THE UNIT; B) DEPOSITION INTO
EROSION HOLLOW

FEET

FIG 1.37 CHANNEL SANDSTONE AND ASSOCIATED INCLINEDBEDS
SHOWING AN EROSIONAL CONTACT WITH EARLIER INCLINED BEDS



4T

sorting but individusl beds and lsainae are better sorted, Flant
miumum:umrumhd-oum.
sxanple along The Sear at Whithy, s.n-mhtmuu'-u
sometimes folding is cosmon; downslope movement is indicated,
the faulting being both normal and reverses The dip of the
lasiase noramslly reaches 25 or sosetimes 30 degrees. In examples
mmhmp“ummmmtu-muuna
the uppermoat part of the main sandstone body, or one of its
‘yinu. it also appears that the units develop on the erosiomal
side of migreting channels. These two factors account for the

common erosion of the unit by later chamnel phases.

The most obvious compactional effect asscolsted with channel
sandstones is the relative compaction of the fineegrained sediments
which ususlly lie to either side of the sandstone bodyes The mature
of these effects will depend largely on the degree of compaction of
the beds into which eroeion hae taken place, The shape of the
sandstone body will also infiuence compaction, The large-scale
sandstone bodles are characterised by a moderately low channel retio
and by a tapering rether thas abrupt latersl terminstion. The time
inwlved in t:e formation of these sandstones sppears to have Leen
sufficleatly great for compaction of the underlying beds to be
fairly complete even vhere loading st the very base of the unit
indicntes that the topmost sedimentis were unconsolidated at the
initistion of sandstons deposition. In most cases the mature of



the bassl erosion iniicates & considersble degres of compacilon.
43 & result severe compuctional disturbances seldon ocour. \here
the merginal sedisents are products of early lateral deposition
by the chsanel itsell coampaction may se more evideat, snd disturbance
of bediing in the dipping unit shown im figure 1,38 1s believed to
be the result of compaction between iwo ssndetone units,

Severe compactionsl ¢ffscts have also Duwen obgerved agsociated
with the small-scale compcsite channel illustrated in figare 1,10,
it consisis of reverse fault vhich indicates that the upper msrginsal
beds have been forced dovn the ehamel sargin (figeled®)e The
faulting results rom the ~brupt nature of the channel margin, and the
developaeni of & reverse rather than & norssl fault appeers to be
dus to the shape of this msrgin, which 1s imwerdly inclined. Zome
horigontal movement paralisl to the chamnel axis is indicated sinee
the beds on eilher side of the thrust are not of the same thickness.

The affects of compaction on a larger scale may be ssen in all
cases. The shape of wort channels in crossessction is inevitably
lensiform and the thickest, central part displaces eroded atrata wvhich
may be pressat Leneath the thianer lateral parts, Cince there 18
more compactable sediment beneath these lateral parts subsidence
oocurs, with the result thet the upper surface of the sand sody
becomes ourved, aad the crossesection biconvex. This outward dlp
at the top of channsl sandstones camnot be original in view of the
mature of deposition, I t is noticeable that where troughs are
developsd in sandy teds or where chasnels are filled vith fineegrained
sediment (ses po ~° ) that the apper surfece is flat, end the lover



FIG. 1.38 CONTORTED BEDDING IN INCLINED BEDS DUE
TO COMPACTION BETWEEN TwWO MASSIVE SANDSTONES
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FIG. 1.41 SPION KOP,WHITBY : THICK SERIES OF INCLINED BEDS
CUT INTO BYLATER SERIES,WHICH PASSES INTO SANDSTONE



surface strongly curved, These probably reflect the original cross-
section of 1l sedisentefilled chennelse

An attempt has besn sade in figure le 4] to reconstruct eriginal
channel fors by redresdng the present dimension assuming = flat
upper surface, A good emuple of compaction of beds over & channel
is provided by the interbedded sandstons and shele unit of West Clirr,
Whithy (rigels 29) these Leds dip down towverds their host sandstons
since they rice up over the top of an earlier chamnel. The repdd
thianing of these beds over the earlier sandstome ma; indicate that
compaotion had produced some surface reliefl at the time of their

deposition, and 1t may be this very effect whien is responsible for
the sudden shift in chasnel course the® appears to have taken plage

frequently ia theee Ledse

The deposits associated with the dlatriiutary sandotoncs ean for
the most part ve ziouced imto seversl facles Yypes representing the
alepoesnvironments vhich are known from precenteday fluviatile
depositse This is mede possible by the fleld distridution of the
facies types and by direct comparison vith the recent sediments.

With onme excertion deposition in the large-seale channels
appears to have been precoeded by eroszlom of the previously deposited

strats., The depth of srosion varies considerably and is diffioult
to estimete owing to compactionmal offects and to later erosion

QU
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during lateral migration of the chanmel « Frobably initial erosion
occurred to & sdximum depth of 15«20 fest. 4 small amount of
depoeition involving pebbles and large loge may take place at this
stage. ummmunnmummmmewu
scours may represest a period of less violent erosion, 4 lag
deposit of medius to eoarse sand may ocour within these scours and
in the lowest few imches of the maia sandstone.

The principal structural type associsted with chamasl bottos
depoaition is trough eross-bedding. This is believed to have
developed through the migration of trains of large-scals and smalle
scale ua-ctrhnl ripple-aarks vith M'm ocrests
(Allem, Jefiele 1962, p,110)s Both Allea (1966, p,183, Table 4) and
Simons and others (1961 p.59) consider the ripple-sarks to have
formed under the tranguil flow regime. Simons and others (Fig.22)
relate the distinction betwsen smallescale and large-scele foras to
water depth and velocity; 4llen considers hydreulic roughness or
smoothness to be the critical factor. Wmm.how
crosa-bediing and in & few it is extensively developed, but it is
significant that & great deal of the sandstone in the chasnel fills
are totally devoid of ecrossebedded units. Fossibly this lack of
structure is das to very rapid deposition from suspension but in some
cases, at least, it appears to be the product of lateral aceretion,

Farting lineation, aseribed to the upper flow regime, is rare,
but an interesting featurs observed in one case was the upward change=
over {rom horizontal bedding with parting lineation to smell-scale
trough cross-bedding with no aagular suift inm orientation, On



Allea's hypothesis this represents & direct swites Irom rapid flov
and hydrealic roughnese to tranguil flow end hydreulic smeothness.

, ; he dalievia on ke, Welr wellersitg

 large-scale nu;uz plenar eruss=becded uslts are m by
Allen (1963,p.100) %o bullding of solitery banks wiih smooth or
curved leading edzes above slipeoll faces, C(ross-bedding produced
by this process is deseribed Lrom ceach sand bars (Ihompson, 1937;
of this type is Lrageable for over 200 feet aloag the foreshore. = It
shovs & maximum dip of 30 degrees to the morth and is overlain oy
trough ¢ross-bedded unite ludicaiing flow to the west end northe
weste Tue steep loresel dip dlstinguishes this unit Mom
which show foreset dips perpendiecular L0 the channal axis (ses ,,\\ )
and which are believed to be polnt bar deposits. Ore (p.10) states
that the engle of dip of the benk forsets represents the angle of the
rest of whe sandyuhercas oross-bedolng produced by lateral aceretion |
of polat bers show dips correspeniing i0 the angle of inclinetion of
point bar surfaces which (Allen, Jefieke 1966, p.177) ia lover then
She angle of the rest of the sediment.

Wil ih,"
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M POIET BAR AEAGGLGET . :
~low-angle crossevediing of two principal Yypes is observed in

the chennsl sandstones feee—fige—— )~ The more delicate type is

conlined mostly to samllescals chaunels Lul has been observed in

J L



larger ones. Such units sppear to represent & single phase of
nigration of & ssall streanj both latersl and vertical components
aey be evident. The delicate naturs of the lamines, their uniformity
and the low contrast in graia sise vetwveen laminse suggests deposition
under very stable conditioms. Such channel phases are provably
short-lived. Where streanm development is more persistent a composite
body may be built up of such waits (fig.le10).

T™e second type of low-angle bedding is on a larger scale, esach
inclined unit neasuring between a fev inches and several feet, with
no visible internsl structure. Sometimes & certain degree of
grading is present within each inclined unit, and this is often of
the reversed type. Flanes of ercsion sometises acosntuats the
partings and represent successive limits of the channel sides

indicating progressive latersl accretion; only the last erosionm plane
on the non-depositional side is preserved,

L 10k ESVIRQuMEsT
Foint bar sediments often pass laterally in the upper part iato
thin-bedded sandstones with silty sheale intercalations. The sandstone
ribs are generslly discontinucus and msay shov ssallescale shannelling
at the uase. OJmallesoule cross-bedding ia common together with
horisontal lasinsation. Similar beds are found at the top of the whole
sand body though they may be preceeded Ly more substantial ssallescele
¢ross-bedded sandstones. Small ironstons nodules are often developed,
These top channel deposits may extend laterslly beyond the limits of
the sain sandstone indicating the last stages of channal fill, wvith



expansion of the depositional srea onto the surrounding sarsh
sediments, footlets are commonly presente In a few cases
cessation of sand deposition has been more abrupt, and thick-bedded
sandstone is overlain directly by fine=grained sediments.

The laterally cdeposited sandstoness are ideniified by inclined
bedding planes, sometimes accentuated by eroslon. At other tises
sandstones that ers principally massive possess fnclined erosion
planes only and in soas sandstones eveu these are avsent, This
suggests that all suoh sandstones, l.e. most of those that do not
show normal cross-bedding, may have accumulated by lateral aceretion,
The occurrence of bedding planes and erosion plases is sufficieatly
irregular es to indicate thet they are by 10 2eans necessary

feetures of latural acerstion.

This facies is perhaps the most difficult to identify. This is
due partly to lack of rrevious records from fossil sediments and to
the lack of any detailed work on the latermal structure of nnn-g
levess. The following description of the sediments composing leveees
s given by J.iele Allen (1965, pe571) and is the most detailed teo
appear in the literature:

“The typliesl levee deposit is a layered one of alternating
poorly to moderately sorted very fine sand and browm to grey claysy
eilt vith plant shreds. The sand layors gensrelly miesceous and with
plant shreds, persist lsterally for long distances in the river banks

od

and may reveal either even laalnetion or smallescale crossestratificatiom,



Flant rootlets snd enimel burrows give rise to ;premounced mottling
bordered by re-brown oxidised rims. -The leves deposits [ine awmy
from the river channels until at the toes of the levees clayey silts
with rootlet mottlinge become predominant.”

This deseription is take: from the levees of the Higer delta,
but corresponds clossly with the .eseription of those from the
Missiseippl celta (Fisk, 1944, p.18; 1952, pu76) and from the
Comneticut Valley (Jahns, 1947, pp.48 and 49). Records of recent
flood deposits (Mmasfield 1938,pp,70R-722; Johus,1947,p88)
consisting of interbedded milts aud ine sands of a few inches in thick-
ness, show close correspondence with the deseriptions of levee depositse

The lithology of the alternating silt and sand inclined-bedded
unite (pe 25 ) shows & striking similarity to the above deseription,
and this lmplice a levee orizine Furthermcre the inclined units are
found on the non-depositional side of the chaansls and in receat rivers
levees are n0st prominent oa ths coavex bends of msandering rivers
(Fisk,1944y peld)e

The Mis«loalppl levees vary between 10 and 35 foet in helght
(Fisk 1944 pel?) and the widest levees are mssociated with the widest
channelse From maps of the delta (Flsk,1952) sany of the secondary
streams are seen to possess levees of only a few Bundred yards in
widthe The patural levees of the Ghone delta (Kruit, 1955, p.378)
renge in width from 2 to 4 kilometers and in height from 4}
to 1 metres Those of the Miger Delta are described by J.".L. Allen
(1965, pe370) as marrov levees resching two metres im height.
Oving to eresion the inclined units are rathor varieble in thickness



bat it is estinated that in most cases the origimal maximua thickness
was between 5 and 10 feets The inclined beds may persist laterally
for & hundred feet or zore, vith gradually decreasing dip. The
extent of the late-lying distal part is difficult to judge owving to
the gradusl peesage into silts and olays, but the laminated bHeds are
ususlly distinguishable for & hundred yards or more. A possibtle
exception to these general Jimensions 1s the thick series of silty
sandstones developsd at Spion Eép, Whithy, (fig.| ) 0)s Excert for
ummuasnmmnw.mmmuw?ummﬁy

ssaller unitse The totsl vertical thickneass 1 W
tfhe.ot, but alﬁugh this appears to exceed that of M:lssinip levees
sanaasOscaascadasaadonscesesnoudochaoationdaedopdc 1t has tesn pointed

out by Flsk (1944, p.19) that subsidence of levees is & comson feature
snd that the total thickness of sediment may be much greater tham that
suggested by the topogrsphiecal festure produced, The sandy mature of
practically the whole vertical sequence at this losality implies that
& aejor distributsry 1s represented and largeescale levee deposits
sight therefore be expected.

if thess unlis can be aseribed to levee deposits then some
explanation must be found for thelr luternal structure. 4sa
general rule the units ars sssociated only with sandstones which do
not show & great desl of erosion at the tase, and which presusably repe
resent shallow streams, CSuch streams might e expected to Le more
prone to overspill than those in deepsr chanmels, Where the leves
structure is not destroyed by later chansel migration (fig.1.34) the
maxizus thickness {s seen to osour a short distance avey from the
channel margin and up to this point truncation of the islined bedding
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appears to indlcate ercaion. Iamediately adjacent to the chamnel
are flat-lying beds which pass into the main sandetons body., This
relationship 1s belleved to represent erosion of the inner levee
margin during tlses of “lood while deposition occurred on the outer
levee margin, During recession of the flood finewgr:ined msterial
would be deposited on the sloping inner levee margin and would pass
inte the sand being deposited on the stream bed itself, The time
relationship must bave veen somewhat distorted by coapaetion and an
atteapt hss been made to correct for this (figel.4l) by assuming en
original rlat channel surface (see pe29)e

The steep dip of the beds in the proximal part must be due to
repid initisl sedimentation, and vhere leves developasnt haa
continued for some time, & gontiler depositionsl slops is developed
which more closely resembles those observed at the present day,
Unfortunately no informstion is available in the literature which is
concerned with the large-scale imternal structure of levee deposits.

Since leves deposits are prineipally associated with the outside
of meanders lateral =i ration of streams Rends to destroy 4he
the proximal part of previously formed levees, The example
illustrated in Uigure 1,36 is usnsusl in this respect since the
channel has algrated over the inclined beds with little ercsion and
is even conflusnt with one sendy unit. This appears %o have resulted
from ﬁo early development of & shallow erosional channel parsllel
to and possibly rslated to the maln sandatone-filled chanael, The
levee deposits have in this onse not built up as a bank but have
filled this trough. Ueposition within the trough accounts for the
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limited extent of the unit, The sandstone channel is very shallew
and it appears that during flood stages some dedload sediment has
bmminummmmugmw
and thick unitss The lack of relief of the levee deposits has permit-
tod lateral migration of the channel with little or no erosiom belows
The rate of deposition of thiwe units is not clesr, but it is
significent thet rootlaets are not present in the proximal inclined
portiona, which may again indicete rapld initisl accumulation.

Two sandstone bodles are described here which are unique as far
as present exposures are concerned., One of these consists simply
of a set of inelined strata vhich lies discordantly on horisemtally
bedded stratey (figel.42). The bedding of the discordant beds is
parallsl to the eroslon plane which dips at an angle of <0 degrees.
Individual beds are of very uniform thickness., The section is
obscured to the north of this exposure but it seeas probvable that
the dip of the upper beds flattens out and that no corresponding
erocion surface is present that might suggest a zimple cheannel,
Erosion might have been produced by lateral migration of a streaam
but the bedding in the sandstone is unlike any observed in other chane
nels, 2ud appears to have accumulated by vertical seccreticn in a
stending body of water,

The second structure is better exposed but mors complex. It a
appears to consist besically of a'trough cut into horisemtally
bedded sandstonss (fig.lei3)e Two sides of this trough are seen and
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their dips are perpendicular to one another, indicating that rapid
closure muat tzke place near the present outerop. On one limd
the base of the channelefill deposits consists of massive sandstone
with grooves indicating a current running parallsl to the strike of
the liab, This 1z succeeded by &« unit showing rippls drift ,
bedding which iz of roughly uniform thickness throughout, The ripple
drift indicates deposition from a current which affected both limbe
similarly, with the rosult that on one limb the ripples were migroting
dowa the slope and on the other limb, along the slops, The
succeeding beds comprise flat-bedded ssndy silts. 4 trough appears
to have beea eroded and a thin lag sand deposited, Iater currents
flowing disgonally across the trough introduced sand vhich formed
elimbing rippless The direction and nature of the sand transport
must be respon:ible for the uniform thickness of the unit. Subse-
mtmm-mauuumaannmmmmw,
and conaists of a fiming upvard sequences

Bo CHANNEL ASTOCIATION

The section in the West Cliff, Whitby 1llustrates the association

of the variocus channel facles and at the same time illusirates the
matusl relationships of several channel bodies which may represeat
coniinuous distributary sedimentation. No other coastal section
shows such a complets development of sandstone throughout the vertical
sequence and it is therefore believed to mark the site of zn
important distributary.



The history of the channel developsent may be determined from
the nature of the channel contactss The sandatone bodies have been
pumbered in thelr probable order of forsation (fig.l.49, asd each
susber is alse applied to the respective lateral facies sedisents.

The Dogger is exposed on the foreshore only at the lowest tides
and when the besch is at a low level,and it is not known whether
sendstone is developed directly on top of the marine beds or not.
The approximate level of the Dogger has besn included in the diagraam.
The earliest sandatone (1) conslsts of largemscals cross=bedded
units; the beas is not seen but the top is sharply defined and
strongly convexe DIy comparison with other sandstone bodles this
convexity sey indicale cimnnelling into fine-grained sediments rather
than deposition direct outo Dogger sedimente. 4 sasll sxposure of
shale is preserved to the sast. Come degres of compaction of the
sediments below the channsl sandstone sppears to have occurred before
the next phase of sandstone deposition since the overlying beds show
pronounced thinning towerds the axis of sandstone.(l)e

Sandstone (2) conelsts of magsive and large-scale cross-bedded
sandstones in the lower half but in the upper half consists of thieck
ucits of fine-greined sandstone with elimbing ripples. The ripple-
bedded sandstones extend westwards snd show considereble thinning
over sandstone (1) These lateral beds ere in turn overlais by
thin-bedied ripple-sarked sandstone wvith considerubls ercaion et the
contacte The thinebedded sandatone is overlain by siltstone with
sandy ribs in the lower parts These Leds spreseant the lateral
deposits of sandstone (3)s The thinebedded sandstones thicken

49
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yapidly awsy from the axis of sandstone (1) and pass into cross-bedded
sandstone (M. The lower part of the overlying silstowe develops
sandstone ribs which thicken to the west and also pass into thick-
bedded sendstone (35)e This last sandstons is overlain by a dippiug
laminated siltstone and sandstone levee deposit vhich passes esstwards
ioto siltetones and this in turn is overlain,with some erosion,uy
thickebedded sandstone (3c)s Candstones (2) and (3) and their latersl
deposits dip awey froam the axis of channel (1), and the dip increases
upverds indieating that compaction beneath thie channel continued
throuzhout.

The sandstones described s0 far seea %o form & closely associated
group and it is interesting to observe the control of sandstone (1) on
the losstbon of sandstones (2) and (3)s Sendstone (3) consists of
three visible phases; the {irst two represeat westward migration while
the last represents a minor eastward migration, preceded by the
developaent of & amall levee deposit. The siltstone and shale
deposited after sandstone (3) apposars to be less locslised than the
previous beds, and culminates in the development of & coal seam. It
is not certain vhether this represents & complete cessatlon of
distrivutary eedimentation in this ares or lateral migretion of the
channele The thick development of sandstons (3) in the sxtreas west
may indicate migration ia this direction with & coal seam being
deposited locally to the sast.

Sandstone (4) is a widespread poorly-bvedded sandstone with &
strongly erosive bese, The tisme interval between this and the
anderlying beds may be judged to some extent by the lack of relatione



ship of the irregularities at the base to the underlying sandstones.
The equivalent of this sandstone on Spion Kop appears to be the
dipping laminated sandstone unit which itself develops sandstone
lenses in the lowest part. The thickness of this unit relative to
any other exposed is indicative of the amount of overbank deposition
that must have been associated with this particular channel, A final
sandstone phase (5) appears to have transgressed over this dipping
unit with some erosion at the base. Before deposition of sandstone
(5) a channel, twenty feet deep at the axis, was eroded into the
laminated beds: this appears to have run almost parallel to the
sandstone channel (4)s This channel has been filled by vertical
sedimentation with sandstone at the base and siltstones and shales
above. Sandstone (5) is succeeded by the Eller Beck Bed, sometimes
with a thin shale bed between.

In general these beds are characterised by an unusual amount of
overbank sedimentation, Their lateral extent cannot be determined
but massive sandstone occurs a few hundred yards to the west, and some
or even a gpajor part of the distributary sandstone may be obscured in
the west by slipping boulder clay.

24 JHE SCARZ WHITBY
This sandstone association is apparently unique, and is

described because of the several problems vhich are associated with
it, The section i represented in figure 1,48, It comprises a series
of thick sandstones with beddiéng planes dipping to the south-east.
Sedimentation appears to have proceeded from the northewest
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t0 the south-sast a5 may be seen from soms of the erosionsl contacts,
Two msin phases may be distinguished, the first of wvhich constitutes
the greater part of the sandstone masse The early sandstons does
not sppeer to be strongly ocrosional at its northevestern end and
the bedding in the underlying silts is perallel to the base of the
sandatones The upper part of the sandstone at this end passes
laterally into silty sandstones, The sain sandstone body is made
up of a series of units of varying thickness and definition, all of
which dip gently to the southesast. The uppsr surfuce at the south-
eastern end of the sand body shows a similar #ip and ie overlein by
horisontally bedded laminated sandy siltsiores.

The shales which pass under the first sendstone at the northe
vestern end thin out slovly sothwards and Tinally the sandstone rests
directly on the Dogger, The thickness of the Dogger varies
considerably even beyond the limit of the sandstons, and at the base
of the sandstone a thin pebble bed is loerlly developed, containing
phosphatie pebbles derived from the Dogger.

The siltstones and the lowest purt of the sandstone are strongly
eroded byfhe sandstone of the second phases From thie point southe
vards the {irst phese is entirely sbeent,

The sandatone rests directly on the Dogger snd to the southe
cast cubs through to the Alum Shale. At the northewestern end
glltstone fragments occur within the sandstone at the base of the
steep erosion surfece. (n this swrfece an lronstone nodule, which
formed part of & baund of modules within the siltistones, was seen to
project into the ssndstons, indicuting that nodule formation



preceded the srosion. The second sandstone 1s less homogeneous
than the first, and costalns one horisontally bedded siltstons imter-
ealation in the early part and several thin intercalations in the
later part whose bedding parsllels that of the sandstone beds.

Silty laminae become increasingly common in the later sandstonee,
especislly at the top, and the bedding becomes thimner, The First
sandstone of the second phase is very massive westhering but close
examination reveals that a fine lamination is present throughout
whose dip s almost parallel to that of the upper and lower surfuces
of the sandy bodye This sesembles the lowanile crosc=lamination
characteristic of smsll-scnle channslae

4 pebble bed of varying thickness is developad at the base of the
gecond phase sandstones. It appears to Le associated with the base
of the finely lamimated sendstone and 1t is not croded by the later
veds. The psbble bed and the base of the sendstose are tough and
possess & calcereous matrize iIn the extrese south-east the sandstone
shows loweangle crossebedding dipping to the sorthewest. The coarse
sandstone and underlying pebble bed can be traced ‘urthsr to the southe
sast than any other of the sandstone units, The overlying sandstones
appear to thin to the south-easty this secns to be & prisary feature
though to some extent accentuated Ly erosion.

At the scuth-eastern extremily of the coarse sandstone a well
defined thrust plane is developed (fig, (.47 )., This brings Dogger
sandstone end crushed Llas shale on top of the sandstons, The top
of the Poggesr and shale slice are eroded and a thin band of dlstorted
pebbles of slderitic sandstome lies on the eroded shale surface.



Sinee the Dogger is absent bLeneath the pebble bed the thrust =must
have bad a horizontal sovement of at lemst ten feet, and az the
Dogger in the slice is & foot thick the movement may have Leon cone
sldersbly greater. The lDogger - Idas contaot is itsell thrasted
and the bottom end of the Dogger rests on & llas nodule, The
Dogger is overlain by a thin developuent of the pebuly sandstone
folloved by lanipated sasdstones with thin pertlags of «Alty shale
in which the be.ding is nearly verticals These lazinated Leds
reach a maxisun of seven feet thick, and show & gredusl decrease in
dip to the southeeast. This dipplag unlt has sll of the charecters
of the supposed levee deposits described eariier, and the near
vortical sttitude of the beds at the western end are presumabl: due
to oversteepening by the thruste In the southegast the laminated
beds vecome [lner gruined and rest without asrosica on lfte.iine of
Doggere The beds dip towsrds the thrust z0z¢ on Loth sides, but
the Digger oa the southe-ssstern side 1e 8t & level several fest Lelow
that on the north-western sides

Several featurss cistinguish thils sandetone associ-tion froam all
others observed in the [ower Deltale serles:
(i) Sendistone deposition developed at an esrlier stage ihan otserved
slsevhores
(11) fendetons developed over on area in shich the Dogger underweat
conglderable erosion which was not associated with chamnelling.
(140 Sormal cross-bedding types are sbsest; all sandstone uuits have
been deposited by lateral accretion procesding from north-vest to south-
sast, wvith the exception of the lowest pebbly sandstons.
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{iv) long periods of vertical accretion of flnsegrained sediments
separated some sandstone unlts '
(v) Esch successive unit represents the subajusous bank of the
depositing stream, but thep® is no trace of &n opposite bank until
the developuent of levee Coposits at an apparently late stages
(vi) The developuezt of the thrusts after ieposition of the sandstone
but before deposition of the overlying coaly shele,
(Wi ) 4 possible associstion with the present axis of the Whitby
synclines

All of these points appsar to be signdficant «ith regard to the
reason for the development and peristense of sandstone deposition at
this partioular point, Ztem (v) suggeets the presence of some sort
of mmm»uu;m.mnm.uuaw-mnmo
or no deposition was taking places The leves unit and 1ts latersl
eguivalente %o the southeenst rest directly ou the Uogger, but in
the thrust sone & thin representstive of the pebble bed is soen on
top of the Dogger. The first sandstone phage at least is mol
represented aund yet reaches fhftesn feet in thickness tvwo hundred
feet away; the pre-sandstone sheles are similsrly not reyrecented.
This trough could not have been produced oy erosion since the Dogger
is thinly developed in parts and the chocolate mudstone nocule
horizon at the top of the lias is ususlly present, local dovammrping
with an axie @ short distence to the northevest of the present
gynelinel axls seems more prodebles In support of this the abundance
of U-tubes penetrating the top of lhe Idas beneath the sandatons usmits
indicates some localised control on asedimentetion and eeology even in
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pre=Dogger timess U-lubes are nol seen elsewhere on the cosst at
the bases of the Doggers

 ‘Mds trough could have acted as & focus for influxes of freshe
water causing considersble erosion of the Dogger, and followed by
deposition of non-sarine mucse Subsequent phases of increased
water flow seen to bave favoured & similar ¢ou » and this hae
usually been sccompanied by erosion of the muds fellowed by cand
tranasport and deposition with interaittent quieter phases, The
developaent of levees would prasumably oceur only when sedimentation
begen to overtop the trough marging =nd apart from slight moiifieation
through thrushing and erosion the preseat sandstons body wast reflect
the shape of the origisal trough, whieh may be reconztructed as in
figure |UD . e final phase of water flov occurred befors guies
water deresition of coaly shale and must bave been respondbls for
erozion following the theustiing.

Sand a pears to have been dsposited by lateral scerstion
throughout, bat 1% is not clesar why Jdeposition should always have
been on the sase sldes This may be related to the ersssesectiionsl
shepe of the trough, of sinuosity of the trough (possibly reseadling
that of rivers), or of continued sub:ldence vith migration to the
south-sant, Mo entirely ssilsfaciory explesstion can be offered here.

The development of the thrust 1s clearly related to the tectonie
and sedimeniary conditions that preceded ite A foreshortening of
porhaps tuenty feet is lavolved which may have beea produced Ly
reneved tectoale movement or by superficisl movesent of the non-marine
sadisentss Once again conclusive evidence for any one mechariss



cannot be found, A faotor that mmy be important is that the
present axis of the Whitby ayncline colncides with the estimsted
lower liait of the thrust flexures If the syacline vere preduced
by compression thrasting could possibly have been developed in the
saperficial sediments, but it could also have developed as a result
of gravitational sliding of the sedisents down the lisbs of the
syncline,

Internal faulting is very evideat in the lasineted sandstone
unit and from the mature of these faults it would appesr that the
novezent of the unit has to & large extent besn rotatiomsl, resuliing
in the detstohsent of s portion of Dogger and lias and its being
cerried up to 2 higher level and suffering subssquent erosion. lwst
of the latersel relative movement involved appears to have taken
place on this sides There is, however, ovidence of moveuent on
the other lizdj at the base of the siderite mudstone nodule layer
at the top of the Liss one or two planes of brecciation are
developad. There is evidence of wmovement slong these planes ia that
the Uwtubes which descend from the bass of the Dogger are truncated
by the planes and in gome cases disdocation of the U-tubes indicates
a southegastunrd movesent of the overlying beds. This movement
hes probebly been accompanied by incompetent movement of the shale
and mey be responsible for the uplift of the downthrust side of the
fault,

In conclusion the sandstone developed at this locality may owe
its origin and many of its unusual Teatures to minor sarth movenmants
of a very localised mature which appear %o have been clogely

o

(9 9)
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associated with vhat is novw the axis of the Whithy symcline, AL
sovement sppears %o have ceased before the fineegrained coaly beds
mhﬂ«uumum';ﬂiu



Although many dilferent lithological types way be distinguished
in the fleld, lateral and vertical gradation of one type iato
A\nounx- is so prevalent that it is impossicle to Lreak the series down
into welledefined categories. In the following descriptions the mors
distinet lithologicel types have Leen considered separately and the
remainder considered as a zingle, bighly variable group.

The most unifors and recurreat lithological type consists of pale
to dark grey tough clay siltstones. Wing ls either poor or absent
and the rock wsually weathers to small irregular fragments. The
econstituent grains rasge froam fine sand to clay, forming & n&c or lese
unsorted assoclations Small mica flakes, showing only slight vedding
orientation are sometises coaumon and inely dlvided carvonised plant
waterisl is usually present, Hootlets, preserved as vertical
carbonaceous stireaks occur in seny beds and are locally abundant.
Since rootlets may be absent, however, it is clear that they are not
respcnsible for the lack of veddinge This would seez to be a primary
feature and not produced by vegetation or burrowing sctivity sinee in
the coarser slltstones fine sandy laainae are sometises present and
these show no disturbance of vedding. Colour variation is common
within the siltstone units, the coarssst-grained beds being light
grey and the [inest dark grey or nearly tlscke The variation follows
the bedding and slthough inversion or repetition is often observed



the usual upwerd sequence is from coarse pale-grey siltsone to fine
dark siltstone. JMmcroscopic plant saterial is more coamon in the
darker siltstones but the colour appears to be due to much aore
finely divided material, presumably of organic origin. The top of
the dark tuufcnco is usually carbonasceous, and thin impersistent
bands of bright cosl may be present. This ideal upward passage is
not alwvays complete; the coaly siltstones often have a sharply
defined base which in some cases is seen to be erosional. Rootlets
sometizes occur in the beds beneath the coal, but in wost cases they
are avsent.

4 second type of upward passage is fros grey siltstone to very
pale unbedded sandy siltstone which commonly develops small, welle
separated lenses of less silty white sand. Rootlets are usually
abundant and show sharp truncation at the top of the unite A coaly
.ahnlo often overliea these units and may represent local plant growth
At.houah evidence of redistribution is usually present. The sand
lenses way shov a little chaannslling.

The base of the grey silt units sometimes passes down into
alternating siltatone and fine-grained sandstone of a lithology very
similar to that of the levee deposits described earlisr. These beds
show very delicate lamination which in the sandy layers often shows
small-scale convolution (fig.le49)s The base of these units is
sharp and sometimes mildly ercosive. OSmall channels mey occur within
the unit and the channel fill is of a siamilar lsainated lithology.
in one such channel the top is illed with a grey shale in vhich a
thin bed crowded with plant materisl is presente The plants comprise
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entire leaves and fronds which &re in a musmified state, having
retained & considerasble amount of elasticity. In the cliffs east
of Hawsker & thick unit is present a short distance above the
Doggere This consists of thin bedded laminated sandstone which

may possibly be occupying & channels It is of particular interest
in that it coatains horizons with abundant lamellibranch reating
‘burrows and & fev bedding planes crowded with glg. The sholls are
preserved in siderite audstone vhen articulated or as a ferruginous
film on @ sand cast when disarticulated.

The usual order of thickness between sharp Jjunctions in the
fine-grained sedimentary series is from 2 to 4 feet., Some siltstone
units may reach 15 fseet, especially in sections in which large
channel sandstones are absent. The sandy developments are of a
local mature and very variable in character., .= The siltstones, axcept
where they develop sandy horisons are more uniforam, but many instances
of éiscontinuity and erosion within the asllistone have been observed.

These fora proainent tntﬁr« in the siltstone series by virtue
of their resistance to weathering and their continuity. They are
charscteristically fine-grained and vell sorted and they usually occur
in unite of up to one foot in thickness vhich mre separated by thin
intercslations of shale and in some cases of siderite mudstone,
Internally they may be structureless but commonly display smallescale
plenar crogs-bedding, Erosion of undeilying beds is rare, but
isolated load casts may occur and are ususlly on & large scals.



These beds occur at all levels and are tracesble for several
bundireds of yards in most cases « They die out laterally through
thianing and do not show passage horizontally or vertically into the
fins-grained beds except oy intercalation.

Une of these horizoms is of particular interest since it is
the bed from which Jnlo kendsill and dincsaur footprints were
obtained (pell- ) In the present study seversl other features have
been noteds Firstly the sandstone rests on a grey laminsted shale
which is of a lithology very uniike that of the normal fine-
greined secdimentss At the base of the sandstone and sometlaes in
the middle a thin sideritic siltstone is often developed. Siltstone
partings may occur and the unit may comprise one, two, or three beds
of sandstone. The maximum thickness is three feet; the minimum is
ten inches. Climiing ripples are characteristic, but the basal part
may be structureless.s The bed is ususlly <0 to 25 feet above the
Dogger. :

A% Saltwick the bivalve Uplo keudalll occurs on the lower surface
of the iromstone layer vhich typdeally weathers reddish and showe
strong polyzonsl jointing on a mmall scale, A beansiitzlean
fructification was aleo obgervod. in addition, structures
resembling prod =marks ocour within the ironstone; these consist of
narrov vertical sandy sheets which are continuous with the overlying
sandstone, (fige1.50)s They show & ulunt snd a tapering end in
plen view and they form & sharp ridge on the lower surface of the
ironstones Thelr origin ies not clear, but they may represent

laneliibranch resting burrows which, owin; to the unconsolidated
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FIG.1.50 ?LATERALLY COMPRESSED
CASTS OF RESTING BURROWS IN
IRONSTONE AT BASE OF UNIC BED

FIG. .51 REPTILIAN FOOTPRINTS AT
BASE OF UNIO BED SANDSTONE (N
PEAK ALUM WORKS
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mture of the sediment, have become compressed on evecuation., They
are rather deep relative to their length and breadth to be prode
marka,

This horizen has been traced, with variation in thickness and
interbedding, to the east and west of Saltwicks It is traceable to
the vest as far as the Fast Cliff, 79 the south-sast it is more or
less continuous, apart from occeasional erosion by channels, until
Hawsker, Specimens of ipig are found in places on the btasal surface
and sometimes on the lover surface of the upper unit vhere s silty
parting is developed. Ironstone is often not developed and the
sharp groove structures penetrate the laminated shale, but sre not as
deep as those in the ironstone. This may result from subsequent
compactions In the Peak ilum Works & sandstone occurs on a similar
horison. Ircnstone is not present and the sendstone is impersistent
end loeally ovedain by s silty variable sandstone, Charp grooves are
present at the base but so lamellibranchs have beea found. Dimosaur
footprints are present (see Figel.51) and the smsll drainage rumnsle
indicate that the mud must bave been moist but mot umder water,
Shellow suncracks have also been seen. The bed has not been
fdentifiod south of the reak Faulte

Ripple marks at Saltwick indicate flow towards south-vest and
the shap grooves show corresponding aligmment with their blunt ends
upowrrent,s This say feflect the orientation of the shells in their
resting burrows: The bed is referred to as the Unlo Bed in the
WM.



Examples of sro.ion surfaces within siltstone series have been
mentioned on page 5L o In the example deseribed oa page 27
the fill is of levee-lype sediments and a similer feature is scen 4n
the Hawsker Cliffs (fig.1.52). The steeply dipping unit becomes
asore sandy to th! south-east and is associated with a large channel
sandstone., The small plantebearing channel described on jage
is shale-filled in the upper part.

The sost striking example of & siltstone and fine-grained
sandstone channel £111 is seen in Splon Kop, Whitby (figel.53).
Channelling has occurred to & depth of twenty feet into steeply
dipping laminated sandstons. !hnlgpitial 111 consists of sandstone
with bedding subeparallel to channel wells and in viich each bed thickens
toserds the axis. The gand has built ap to a fairly level surface
on which siltstones with thia sandy ribs have been leid down. The
siltstones pass upwards into dark siliy shules, The chunnel runs
along the strike of iha dipping unit and is parallel with the axisef
the main sandstone body to the vest. The channel shous 'a great contrast
in shape to the ssndotone=-rilled chascels in that the top is flat
and the ercslonel surface stroaygly convex. This is ascribed to the
atsence of the e¢ffects of relstive compaction that are sesen here

pandistons bodles occur among shelses,

n £ 4 if P :i,‘;
Coal scams in these beds are tuis and imporsistent and coaly

nateriel wsually occurs as thin bends i{n dark carbonaceous shale,



FIG. .54 EARLY DIFFERENTIAL FIG.155 DOGGER (SIDERITIC SAND-
COMPACTION OVER SIDERITIC STONE) OVERLAIN BY SIDERITIC
SILTSTONE CONCRETION SANDSTONE WITH CORL PARTING
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These shales often have a sharp base and do mot appear to be
&ssoclated with underlying rootlet beds. Une of the wost persistent
coaly horisons is found in the eliffs between Saltwick bay and
Haveker where about three feet of silty shale with one or two thin
coal seams liec immediately on Dogger sandstone. Coal of more limited
extent is often assoclated with the top of the thin beda which occur
between a channel sandstone and the leveo deposits, as in the Sear
section of Whithy.

Eo ELANT BEDS
Flant accusulations occur in several types of environment, byt

in most cases there is little evidence for growth in situ. The
plant-beds have not Leen studied in detail as it is clear that &
thorough knovledge of both the macroscopic aad microscopic properties
of the plants involved would be necessary in order to evaluate the

. growth conditions of the various flores. Sedimentologically the plant
beds consist of the following types:
(1) laterally persistent horizons, generally in shale or silty shale,
in which small fronds are preserved on many bedding planes. The
plants are probably locally derived and deposited under quiet conditions
(eeg. Hayburn Wyke plant bed).
(11) Small sandstone channels containing well preserved large fronds
at their base. These may be preserved as carbonaceous material or
less commonly in siderite mudstone, ia vhich case the whole mass is
provably derived.
(111) larger channels containing abundant logs in association with



local erosional hollows. [Flants may occur in flat-bedded sandstone
in the lateral parts; in one instance fronds of jaeirfa occurred in
moderate concentrations in the troughs of ripple-marks,
(iv) Small plant fragsents assoclated with the fine-grained laminae
of levee ceposits, (s.g. Whitby plant bed).
(v) Very localised smallescale channels with finee;rained sediment
£ill; preservation may be extreasly good with little or no carbonation,
(see pe 52 )
(vi) ™e only undoubted evidence of im situ plant growth is afforded
by beds contaiming vertical Egulssiuge Ffreservation is in the form
of cylindricel sandstone moulds with a carbonacecus iuprint of the
plant on the outer surface., Rootlet beds occur Leneath the stea=-
bearing bed. “everal examples of fguisgtus beds are known and in
some cases they appear to be associated «ith distal levee sediments.
The lithology of these beds is however somewhat peculiar. The stems
are typically preserved in fine grained sandstone with delicate lami-
nation produced by thin filas of micaceous silty shale. Thin shales
of cosl may be present. A typloal sequence is givem below:
laninated sandstome with vertical Equisetum stems t‘;.. 1;.
lack ealy shale vith semproseed Bpsiontan
Grey sandy siltstone
Dark silty shale with sandy rootlet casts passing
down into blacky grey siltistone

This probably represents more than one phase of growth; the plants
of the earlier phase rotted and collapsed and may have been transported

W
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vhereas the later plants vere preserved through inundation by sand,
A different mode of preservation is found in which the steas, or
at lesst their lowest parts, are preserved in coaly shale. The upper



parts of the stems which escaped burial were apparently removed by
currehts which intpoduced the sand in which the base of the stems are
caste Compaction of the shale has led to crumpling of the stem
casts. A section of this type of fguisgium bed 1s given below:

tt. 1[1.

Grey unlaminated clay siltstone

Dark carbonmceous shale, coaly at top, 9
wvith sand-{illed steas

Tough white sandstome with rootlets

Dark carbonaceous shale, sand laminae
in lower part; sand-{illed stems

Tough white laminated sandstone with
rootlets.

Grey siltstone

Dark silty shale, coaly at top and at
base, with compressed stems.

Tough white sandstone with rootlets

Lo JRORSIQIE
Ironstone ocours in three prinicipal foras comprising sideritic
sandstone, siderite amudstone, and sphaeroaiderite,
1. Zideritic sandstons
Some of the very thin sandstone horixons have a pinkish or

N e
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brownish colour which on ¢close exazinationis seen to be due to the
presence of abundant saall siderite erystals. 4 siailar feature 1:
seen in sandy lenses jeveloped within silty horizons suggesting
selective siceritisation of the coarser grained rocke The ironstone
vends developed in the jpig bed are of siailar type, but are
extensly sideritic; this appears to be a reflection of the finer
grain of the origiml sediment which may have been more prone to
replacement.

Hodules of & silty or sandy nature are developed in siltatones
and sandy siltstones, These usually have asmooth regular outline
and show sowe internsl lasinationi Relative cospadtion of the



surroundiing sediments is not great unless the replaced material
constitutes a loeal coarse-grained lens. This situation is seen in
figure |0/} and has resalted in smellescale faulting which appears
to have preceded deposition of the overlying veds.

1, Siderite Mudstons
Siderite mudstone nodules are usually dark grey in colour with

e reddish weathered sone. The outline is commonly irregular and
shows little relsaticaship to bedding unlike the sandy nodules
described avove., Another distinguishing festure is thet the sandy
concretions cosmonly contain rootlets when they are present in the
surrounding siltstones, while the siderite sudstone nodules do not.
The nodules are usually s=all, and seldoz exceed thres inches in
disseter. The dlstrivation of the nedules rarely follows any
gensral rule, but they are usually associated with silty shales.
The distribution is related to bedding in & geueral way; in that a
whole bed or part of a bed is chermcterised Ly scattered nodules
showing nogreference for any particalar bedding plane. In a few
cases large isolated nodules ocour along a particular horizon, Abune
dant nodules are generally found in the silty iatercalations that occur
in the channel-top thin-be ded sandston:s and in the thinebedded
lateral facies.
2a Sphaeroalierite

Sphaerosiderite is a common, though sinor comstituent of the sheles.
Three varieties may be distinguished:
(1) large discrete concretions of spherulitic siderite are occasionally

developed on & particular horizon. The concretions are roughly



equidinensional and reach ome foot ia diameter; they may be
separated by distances up to ten feet. The outer boundary is sharp
and the surrounding shales show no spherulitic bodies. TNootlets may
be present as in all forms of sphaerosiderite. Compactiomal features
are strongly developed around the concspetions, usually with the
developaent of slickensiding.

(11) Siderite spherulites occur dissesinated throughout some poorly
bedded shale horisons. Separatioa of individual spherulites may be
considerable tut in other cases they coslesce to form loose clayey
aggre;ates. Sheh aggregates ocour in the middle of shale beds,
and their margine are always diffuse. The aggregates are usually
percistent for a few feet laterally, and occur at interwals along &
particular horisomn.

In one or two cases there is strong evidence for spherulites
being washed out of such horisons and subsegueatly being redeposited
Thin sandy ephaerosiderites which lack a clay matrix and which overlie
sphasrosideritic shales appear to have been formed in this way. The
spherulites in such beds are partially oxidised and do mot show
interlocking relationships.

(111) Occasionally sphasrosiderite occurs in more continuous beds
vhich may reach two fest in thickness. The spherulites are set in
a white clay matrix and the whole ded is distinot from those above and
belowe Such beds have been observed at Iron Scar and in Winter Gil1,
and it may be significant that in both cagses they occur at or near She
top of the non=marine beds.
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Studies on interdistributary sediments of recent rivers and
deltas (Fisk, 1948, 1947, 19533 JeRelebllen, 1965) indicate that the
predominent sediment type is fine greined and poorly laminated or
unlasinated. The sediment is deposited froz suspension during floods)
the water is both transported into the area and drained off along &
network of shallow channels, soms of which may follow old distributary
courses (Fisk,1947 ped3)e The anmusl increment is very ssall judging
by dats obtained from yecest floods (Jahms, 1947) in vhich an averege
of less than 0.5 inches are deposited in each flood away from the
levass, mmmummmumu
s true delta enviromment.

The bulk of the shales and siltstomes described above cowpare
closely to the descriptions of the modern sediments, wvhile the coarser
laninated beds prodally represent the distal parts of levees.

The thin shest sandstones appear to represent deposition in sous
sort of lake, The laminated shale vhich underlies the Unio Bed
indicates that an area in vhich one or more lapr§e distributarjes were
sormully presest vas receiving only the finsst sediment, vhich unlike
the Tine sediment previocusly deposited showed delicate laminetion,
This seems to indicate slow deposition ia an area of widespread
shallov water. Colonisstion of the muds by freshwater bivelves was
videspread tut with increasingly shallov .ater conditions these must
bave died cut. PFimlly the surface muds became sufficiently dried
out to support the weight of smll reptiles, whose footprints shov that
the mai wvas moist and conesive, Occasional sun-crecks are evidencs
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of the dessication of the mud flat surface. The overlying sandstone
m.m.mm-ennm&.u-uum
capable of transporting fine sand. loeal rewersicn to suddy bottem
conditions are iniieated, together with remsved coloalsation by
lanellibranche.

The Unio Bed and similar sendstones sesn to represent perieds
in vhich sedimentation has besn reduced to s minimum, with only the
finest muds being deposited, followed by a period of reintroduction
of coarser sedimentse One other horisom bearing footeprints has been
observed in the uppermost fev inches of the charnel top sediments in
s section in Danbydale; sun~cracks are also present, Inferences that
say be dravn as to the physiography of the delta surface during these
ocessiomal incursions by reptiles are considered later.

Saallesoale sandstone chennels and abandioned chennsls which are
essociated uith the more regularly bedded fime-grained deposits probsbly
represect the channel metwork present in modern Lackswaap areas. The
large channel shown in figure |.53 probably represents & flood-wnter
distributary cutting through the earlier leves deposite and may there{rc
Wimmmmohuw‘mnnﬁmw
and subsequently filled by normal levee ani floodeplain depositse
The small sandstone chunnel fills may represent small sediment distri-
tutaries vithin the interdistributary areas, vhich functioned only
during tises of flood; altermatively they could represent winnowing
of coarser detritlus during dreimage of loodse The discordant nature
of many of the siltatone and shale contacts mey represent erosiom
mtﬁohﬂhtdﬂu‘uﬂuv.mwwm“
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Although rootlet-besring horizons are common a large muaber of norsal
shltstone and shals horisons show 2o signs of plant growth in plaee.
Siailerly many of the sanistone horisons are dewoid of rootlets,
Rootlets are best developed in upward coarsening siltstone sejuences
vhich generally culainate in fise-grained silty sandetons horisons,
often with sinor chamnellings Equisetum beds in wvhich the steas are
pressyved in an upright position are assocciated with sedinent types
not found in other associations.

e lack of laximation in many silty beds may be a primary festure
or it ocould result from bloturbetion dus to small animals or even louly
plants such as the mossese The records of unlasinated Leds in modern
deltas come from heavily vegetated regions sad so it is not clear
wnu-mm&-@m !h-h-nctmmﬂ
many horisons im the Yorikshire delta does, hovever, indicatedthat
oconditions vere adverse to the development of dense vegetsticn. Two
factors ocould acvount for thist repid sedimentation and sediment redis-
tribution or the presence of large subnerged areas in which only
specialised plant types eould flourishe Bvidence obtained from modern
delta environments indiocates that sedimentation is very slow in the
interdistributary areas and is therefore very unlikely to smother
plant growthe

The presence of a wter cover over parts of the interdistribvutary
aress is more plsusitle, and the pressrvation of Equisetum in growth
position favours the presence of such conditioms, Sub-aerial conditions
are iniicated by rootlet beds from which the associated plants have
been removed and, since these are associated with relatively coarse



may have been sufficiently rapid
as to bring the sedisent surfece neer to or above water level.

The praence of fronds of planks vhich are believed to have had
a land-dwelling habitat indieates clearly that subaerial coniitions
prevailed in part and the subaquecus emvironment was provably
restricted to those areas furthest from active distributaries.

Tvo principle types of cycle may be detected. The upwerd coarsening
cycle which ends ia the development of allty sandetones has been
suggested above as indicated ineressing sedimentation leading to the
developzent of plantecolonised surfacess The second typs consists
of an upuard decrease in grain sise coupled with an increase in the
amount of earbonaceous mtter and sosetines culminating in a cosl seam.

The common absence of rootlets and the impure nsture of the coaly
horizons indicats that the consituent plant matter is of drifted origin.
A decrease in detrital sediment supply is indicated together with an
increased supply of plant material in & finely divided state. The
rhythaic nature of the siltstone snd shale sedimentetion must clearly
by related to the distribtution and tature of the distributary channels
and the correlation between the two wvill be considered inm the next
section,
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In the preceding section some conclusions have been reached zs
to the immediate depositional enviromment of the finew-greined
sediments but their relationships to the associated channel sandstones
have not yet been discussed. A guide as to the relative proportion
of channel sandstone to interdistributary sedizents may be obtained from
inspection of the cliffs between Whitby and Hawsker Bottoms {see
enclosure)y Generally speaking on these coastal exposures channel
sandstones constitute 15 to 20 percent and interdistributary sandstone
about 15 percent of the total, with fineegroined sediments saking up
the remaining 65 to 70 percent.

The relatively high proportion of fine-grained sediment can be
accounted for in two ways:
{1) ™e sediments are deposited looally by the sssocisted distributaries
vhich are sither long-lived or deposit flood sediment at a high rete.
Most of the channsls observed do mot show signs of having been long=
lived sinee lateral migrefion ocours only on a small seals and vertical
migrationi s not common. Nelther 19 & rapid rate of sedimentstion evie-
dent since very fov fineegrained deposite are clearly seen to be
acsoclated vith channels. Compaction may have distorted the rield
relstionships to some extent, but those deposits flanking channel
sandstones and which do not show an incresse in sard content towards
the channel cannot have been deposited by overbank flooding from
that channels The sediments vhich are certainly the product of overbank
deposition associated with adjacent channels constitute less than five

1



percent of the total.

(11) The sediments are deposited by a fev large and persistent
distributary channels with only subsiciary amounts being derived from
the many short-lived and mainly erosiomal channels. Since most of

the channels are observed to make only sm:1ll contributions to the
fine-grained sedimentary facies it 1s possible that the latter represent
the deposita of relatively widely spaced major distribuaries, which sight
be expected to be represented by a complex sandstone body extending
through the whole veritical sequence. Thick sandstone sequences are
developed in Eller Beck, at Mallyan Spout, in Dambydale, lLofthouse Beck
and in the West Cliff, Whitby. Unfortunately the lateral facies of
these sandstones and thefr relationship to the fine-grained sediments
ia surrounding areas are seldoa visible:. The West Cliff sandstone
complex, however, shows the developwent at more than ome level of thick
ssndstone units which clearly pass laterslly into finer sediments. ;t
zust be pointed out, however, that even these sandstones a;pear to
bhave developed after the deposzition of deltaic shales and siltstones.
Erosion may bring the base down to the Degger but, with the possible
exception of the channel on The “car, large-scale sandstone deposition
does not appear to have taken place in the earliecst phase of deltaiec
sedimentation. It is therefors possidle that elthough the sbove-
mentioned sandstones represent relatively persistent distributaries
they may theaselves have been subordinmate to an even higher order of
distribefary chamnel, If this hypothesis is correct then the mature
of the lesser dhtuhériu and their nhtiouﬁp to the delta
framcwork as & whole has to be determined, This, together with other



conclusions as to the general mature of the delta, is discussed in the
next chapter.



CEAPTER II THE DELTA
Ao L2 102X O THE DLLIL
aa LA LION OF DLLZA QQURILIQN

South of the Feak Fault the Dogger is overlain by dark silty
shales with sand greins, In a section close to the fault this shale
is thin, and is overlain by one foot six inches of coarse sandstons
current-=bedded from the north and penetrated at the top occasiomal
Uwtubess This is followed by more silty shale, To the north of
the fault the contact is exposed in seversl disused quarries where it
is extremely variable. In the Stoupe Brew Alum Works the Dogger is
representsd by a pebble bed of between 7 and 15 inches in thickness
which is overlain by a thin grey sandstone vith carbomacecus partings.
To the southessst, in Feak Alum Works the petble bed is thin and
overlain by 4 ft. 6in. of grey sandstons, penstrated by U-tubes at
the top, which contains silty laminae, especially at the base.
Further to the south-east the pebble bed thickens and develops into
a pebbly sideritic sandstons with U-tubes at the top which ls
overlain by grey silty sand with occasional Ustubes. The sideritic
sandstons reaches & maximum thickness of 4ft. 6in, when it is so
crowied with U-tubes as to produce & colummar structure; the overlying
groy sandstone shows slight thinning., In this entire section the
upper greoy sandstons is overlain by black silty shales vhich are sandy
at the bease. A% one point the sideritic sandstonme is overlain by a
local thick sandstone sequence from which a poorly preserved
Toressiys was obtained, The section reads:
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Tellow sanistone, penstrated rootlets 10
wamuumzma

mxistone ribs 2 9
Sandstons, reddish wea i

:
:
:

In Howdale sideritic sandstons is overlain by carbonacecus
siltstones wvhich ave sandy st the dass. The Dogger waries greatly
in thickness betueen Howlale and Havsker Bottoms ubere the Dogger
yesppenys in the cliffe (Restall and Hemingway 1940 peld3d)e In the
eliffs east of Havsker the Dogger varies in thickness from 3 to 6
fost and is overlain by a thin grey sandstone vhich locally reaches
1f%, Jins, in thickusss vhere it shows interdigitation with coaly
mterial {rig.2.55)s This grey sanistons is overlain by a thin
ocal followed by shales with another coaly horisom sbove. Rootlets
do not occur in the sandstons. Near Black Jad the following
soction wms recorded:

8114y shale with coal at top, cocsmsiomal

ey =

bm penetrated by

rootlets 5 B

fts 1ne

penstrated by rootlets 3 8

At Saltuick the Dogger is again looally pebbly at the top;
elpsvhere massive sideritic sendetons is overlain by grey olay with
local small-scale channellinge m-uua-u:uwun
Dogger is panetrsted by large roots filled with carbonésous silty
materisl and is loeslly removed by erosios.(see-pe—Js

In practieally all of the sections described the Dogger appears



to show signs of reworking with the deposition of sandy beds of
similar appearance to the erigiml Dogger but less sideritic,
Ths occurrence of U-tubes and even a lamellibranch in the Peak
iAlum Works indicates saline conditions but the silty and
carbonacecus laminae and partings reflect the influx of terrestial
sediment. In the north roots and rootleta indicate colonisation of
the Dogger surfacs by plants but subsequeat erosion, which is mot
associated with channel sandstones, has removed much of the Dogger
in places and at Black lad Dogger materizl appears to have been
redeposited as soft psbbles on an eroded surface with truncated
rootlets, Some fluctuation im conditions is indicated, with the
ponemarine influence most pronocunced im the north,

North of Whitly the Dogger is again variabdle, comprising
omwtnmutmmm,.mhnrdﬂa
is commonly fossilifercus. The upper block passes northwards
into shales with rows of siderite mudstons nodules and the bese of
the non-marine beds is difficult to define, Further north a thia
sideritic sandstone overlying a pebble bed is overlain directly by
non-marine silty shale, The sandstone finslly thins out altogether
and only the pebble bed remeins and this is oftea incoherent,
having a shaly matrix, Although sandstone channels sometimes cut
down to near the pebbls bed it is clear that thoy are not responsible
for any erosion of the Dogger that might have taken place, The
thin pebble bed is said by Sastell and Hemingway (1940 p.195) to
have developed on a low submarine ridge.

From Cat Beck northwards non-marine shales rest conformsbly onm



the Dogger, but local washouts are responsible for desp erosion of
the Dogger as in Boulby Alum Werks. In the morthern escarpment
exposures are poor but in the Guisborough region dark mon-sarine
shales rest directly on marine shelss. A% Roseberry Topping the
age relationship of the Thinnfeliia Flant Ded to the overlying beds
is not elear; though it is overlain by typical non~smrine sheles.
A sandstone cuts rapidly down to the south and may be seen resting
directly on Alua Shale. On the amin escarpment the Dogger is
represeated by a rotten shelly limestons with & pebble bed at the
base and an ironstons at the top; this is sisilar to the develop-
ment near Elldale. These beds are overlain by tough silty shale
vhich passss wp 1nto dark grey siltstons ith sandy lasines and ride
()2 fest) vith a rootlet=bearing sandstone &t the top. 4 further
eight feet of siltstone lies above this sandstone and bacomes
laninated at the top vith some partings crowded wvith smll doliocate
bivalves, These are probably fresh~wter forms and so do not appear
to represent an interdigitation of marine and non-wsrine oconditions,
but the lowest shale may belong to the surchisonas beds. Elssubere
in the north-western excarpment the ironstome and limestone appears
to be absent and non~marine shales or sandstones rest on the
murchisonas beds.

Exposures in the dales tend %0 be very limited in extent snd the
large-scale nature of the marine - non-marine comtact is not cleap.
In all eases, however, the Dogger is overlain by sheles or fine-
grained sandistones and eroaion of the Dogger ia not evident,

The non~marine beds are therefore for the most part concordant

el



on the Dogger vhere it is developed although a certain amount of
redistribution of sediment may have ocourred in the present

coastal region before and during the initial non-marine sedimsntation,
Colonisation of the Dogger sediment by plants is evident between
Whitby and Black Fab and probably preceded the erosiomal phase.

In the extreme north and west the gurchisonag shales are developed in
nost places with occasional developaents of carbomates below. The
variation between sections in this region appsars to be due bbi‘w
nature of the eroded surface of lias shale, a feature wvhich is more
promounced to the south (Black, 1934 pe273).

4 striking feature of the basal contact over the vhole area is
the development of typical interdistribulary deposits directly oato
the marine beds vhether or not erosion has occurred, This indicates
that the Dogger surface was either exposed or covered wdth very
shallov water, so that no delta foreset Leds ecould be built up.

BaSlia LA00 CHX OF THE DRLTA SEQLMENIS

As far as can be determined from avallable sections the first
non-parine sediments to be laid down consisted of horisontally
bedded shales or siltetones with occasiomal sandstones. Coarse
sand grains derived from the Dogger are commenly present in the
lowest few inches. With the exception of the Soar section sast of
Whitby channelling does not appear to have occurred until several
feot of fineegrained sediment had been laid down, although the
associated erosion may remove the Dogger eatirely., It is clear
from the comstal exposures and from many inland exposures that



extensive chennel development took place affer sbout ten fest of
shale and siltstone had been deposited. As previcusly mentioned
1ittle secdimentation of fine-grained sediment appears to be
associated with these chasmels but beds of siltstone and shale
often pass over the sandstone bodies with apparent continmuity.

In the Whitby to Hawsker Bottoms seotion these channels occur within
s limited vertioal range and the Unio Bed is developed with little
interruption throughout, and even extends to the Feak Alum Works.
Above the Uaio Bed channels were not developed until nearly ten feet
of sediment had been lald down, although as wvith the Dogger the
Unio Ged {s oceasionally removed by erosioa at the base of the
channels. Again these channels appeer 0 occur within e limited
vorfical rangs. The highest beds are not contimwcusly exposed but
are better displayed in the section betuesn Hayburm Wyke and Peak.
mmmammum“muum
in figure 1.5t vhere two phases may be distingulshed,

It appears that phases of relatively wvidespread interdistributary
sedimentation vere interrupted hy severel phases of channel erosion
and sedizentation, appareantly with 1ittle overtank depositions The
channels must represent offshoots from larger, more permanent
distributaries, since the coarseness of the detrital fragments and
the presence of large logs indioates that they eannot represent
drainage courses within the interdistriiutary areas During several
distinet episcdes the large distribuatries appear to have developed
numsrous short=lived subsidiary channele, Several factors might
affect & previously stable distributary reginme;



{1) tncreased rulafell in the drainnge areat this would result

ia incressed run-off and inersused erosion of the hinter\lend, As
& result of the high discharge ersvassing would probebly develep
along the distridataries, with the development of subelilary channelse
(11) sustatic lovering of sea level: this would be expected to result
only in the inslsion of pre-existing ehannels.

(444) Uplire of the hinterland: this would result in inoreaped
erosion end runoff rstej 4t could also cause the incressed reinfall
suggested in (i1). Sinos the chammels are largely erosiomsl and
nonedepositional some relative uplift of the delta area iteslf i

- indicuteds

(iv) If the uplift phase were followsd by contimued norssl subsidencs
then chaznel sedimentation would incresse yepidly while the rus off
would decrcase as croaion of the hinterland procesied., Finally the
pre=channelling conditions would sgain beoome established,

It ssems likely, tharefore, :hat ehamnelling phases romilted from
elimstic changes in the hinterlani end that these changes ware
tectonlcally controlleds In contrast, ocondifions of lovw h!nterland
relief appear to be reprssented by the developasat of lakes between
the channel phases. lov sediseniciion rates reflected Ly the fine-
greined laninated shales suggest that even the major distribuberies
shoved & cousideruble decrease in oppecity. In the case of the Unlo
Bed the lake was cloarly extensive and of sufficient depth to permit
colonisation by bivalves but prevent growth of plants. A gredual
drying of the clisate 1s infiioated by the pressnce of dessication

cracks locslly. It is also significant that physiographical conditions

e o1



were suitable for the migretion of small reptiles across the ares,
indicating that no major distribuarics prevented their moveaent
from the more stable land surface vhich they presumaibly occupled
during the active delta phases.

The developuent of lakes at intervals within the the interdist-
ritutary areas is only an extrams form of the general rhythuic variation
wvhich ooccurs in the fine-greined sedisent, As mentioned on page
this comprises upward coarsening and upvard fining sequences, the
formey oulamineting in a sandy rootlet beds These rhythas presumably
mtun-iuhmuu-mmmmmu
-Mwu«nugyccmmum The wpwrd fining
sequences sces O represent phases of decreasing sedinentation reats
producing fine-gralned muds rich ia orgenic material, The upward
coarsening nejuences reprsssat phusss of incressing sedimentation
rate resulting in the repid builld-up of interdistributary sediments
to such a high level that eonditions suitable for plant colonisation
were attainad, The pleat grovth would presumatly continue for
some time since until comtimued subsidsace came inte effect
subsequent flood stages would be unlikely to incroase the newly estabe
iished sedimsnt level by significaal ascants,

umtwuudmmm.tﬁ::mmwhm
2393 %0 be due to srosien followed by deposition of fine-grained
material, Ercsion in these ca0es presusaily occurred during fload
phase2 or during the recescion of floods, Consziderabls looal
varistion may occur on horisens 'hieh are devoid of channel sandstones
and 1t cannot therefore be attributed io mutwal interference of
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overbank ssdiments originsting from different chaunesls,

Considering the region as & vhole, variation in the proportics
of sandstone to the fine-grained beds Lis not very evicdeant, Howsver
in the vesternmost dales end in the western escarpment an almost
continuous sandstone sppears to Le present near the base, The
sandgtone characteristically lacks normal cross-bedding and i
elther massive or displays lowsangle lateral oross-beddinge

Sa i OF DELTA SERLMGIIATIGN
The upper boundary of the deltaic beds and thédr ocontact withthe

Bller Beck Bed 1s such wore unifora than the lower boundary.
Generally spesiing the upperuost Lade are fres of chacznel sandstones
end this is well illustrated in tae Hayburn Wyke to Feak asetion
(£1g.1.56) ia vhich channels are reve ia the top forty feet. Horth
of the Peak Faull ¢iamnel sandstones ocour mot fur below the Eller
Back Bed but the maxiumum level of channelling is about twealy feet
belov the contacts Saadetons does occmsiomslly underiie the Eller
Beok Bed, as in Kilton Seck and Dasshydals but probably a phase of none
deposition oueurred over these channels vhich compaction and
sedinentation of shales occurred to wither side, The Danbydale seotion
inddicates desclication of an upstanding channsl ridge) sun-oracks are
Wu:mamuﬁmmumawm
lasinated sandstons which fnsediately underlies the marine beds. Fine
mmumuth“mmuﬂuﬁmtmm
oxidisation of iron. Repiilian foolprints are associated with the
sun-crack horisen,
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Elsevhere the uppermost sediments comprise shales and silty
shaleses These are poorly bedded for the most part but ia southe
vestern districts are laminated and charecterised by the presence of
Baeirie, On the ccast south of the Feak Fadlt the usuel grey silty
Mnmabcat.uﬁowthuuhhh consist of a thick
clayey sphucrosiderite overlain by buff lamimated shale with
comainuted plant material and occasional lesves. The leaf, which
has not been identified, is foumdd in the Eller Beck shales in the
same ares and also in Rosedals, A thin grey shale with a sharp
lover contact 1s loeally developed beseath the marineironstone at
Iron Scars This bas been included in the Eller Beck Bed by Sste
(1967, pel3l), but the thin impersistent ironstone referred to in
that paper appears to result from burrowing at a higher horizon.
Marine foseils which are common at the base of the true Eller Beck
Sed shale, are absent, and since the shale is softer than the marine
shale and conteins carbonaceous material 1% 1s here included in the
deltalc bedss It may represent a local brackish water pool vhich
preceded the main imcursion, Spherulitic shales are quite commonly
developed in the uppermost beds in inland sections,

Ap far as can be determined channel activity seems to have
ceased for some time before the sarine transgression and the extensive
fine~grained sediments have probably been deposited by widely spaced
distributaries, The Whitby distributary may still have been active
at this time but probably the deposits are related to the iigher order
distridutaries referred to previously (p. 66 )e
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i) Cross-Beiding. With the exception of & fev planar units which
way represent latersl migration of sand bars the cross-bedding is
believed to reflect the downstiream current direction at the time of
deposition, Owing to the coumon absence of cross-beiding -nd to the
inaccessibility of the greater part of meny sandstone bodies the
mwotmdmtwwmmtmomlm. The maxinia mim-
bey obtained was sixteen, but more commonly as few ag four to six
readings are obtainable, Measurements wers made only on umite
exceeding one foot in thickness; thinner units are often extremely
variable in direction and in weny cases represent units vhich have
been eroded down to the bottom-sets, #0 that the angle of dip is low,

Variability of eross=beiding within any one sandstone may be of
two types. One reflects the variablility produced by a current with
a constant asimuthal mean, the other reflects variation of the mean
1tself as well as variation around the wean. Hamblin (1958, fig.28)
found standard deviations of modern streams % vary between 20 and 30
degrees, de ending on the degree of meandering, and compared these
values with those obtained froa Cambrian sandstonss. The variability
in geveral lower Deltaic sandstones is represented in figure 1.57 by
roge diagrems and Ly the standard deviation velue. The cross-
bedding generally lies with_in a 100 to 200 degree sector and the
standard deviation varies from 26 to 66 degress, though most walues
are below 40 degrees.
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The standard deviation values cannot uafortun=tely be directly
compared with those of sodern stresas as recorded by Hanblin, The
modern streans vere seasured along their leagth, tafs including
seanders, while in this study measuresent has been made in a vertical
cross-sestions The crossesection would be expected to present s lover
variability than the plan, sspecizlly if the section is perpendicular
to the ehannel axis. FHowever, meanders say be reprecented as a vertical
or latersl chenge in direction in some sandstome bodiles, Another
diffioculty is the small nusber of readings obtzinable for any one
channels in figure 1.57 ¢, for example, variability is greatly increased
by a single reading wiich has a profound effect on the standard
deviation value.

It would appear that although crosse-bedding in these sandstunes
may be significant ia relstion to the reglonal transport direction it
io of litile value in determining the neture of the stresms, Ina
few oases, hovever, meaniering is definitely suggested. The sandstone
represented in figure 1,57 g possesses am upper and & lowsr portion
memummm.mnmwwwm
another, 4 similar change in directioa is saggested in madstone (2)
of the West Cliff section es showa ia figure 1,58 where the ecrose-
bedding directions in channels (1) and (3) are aleo represented.
Channel (3) vhich as earlicr steted is believed to be more long-lived
than the others shows the greatest variability.

11) Bicnlasmarks. Ripple-marks are seldon sasily measured in these
beds. Where they oocur in ¢loss asscciation with the chaznel sand
they show rough downstress orientation, but oftenm with & pronounced



lateral coaponent. Ripple-anrks in overbank marginal facies bear
1ittle relationship to the directions obteined from structures within
the assoslated sandstone.
111) Elensate scours and logs. As described esriier scours and large
logs commonly ocour together at the base of some sandstones, Smeller
logs ocourring at levels within sandstome bodles are genarally
digoriented, but the large basal logs shov good preferred orimmtation
which ocor:responds to that of the sssociated eroslon:l scourse The
large logs aluays appear to be oirlented along, rather than across,
the channel axis, Figure 1457 illustrates the relationship between
sevars end logs in & single chamnal, Migures 1.60a, b illustrute
the relationship of scours and logs o current bedding iu the over-
lyting sandstone} the two dirsetions are roughly comparabdble ia the
second but not in tha first, It i probuble that in such ceses the
bottom structures are o more reliable guide to ths channel direetion
than the gross-bed ing cince they reprecent a relatively long period
of areslomnl flov vhich presunably took place in & rather straight
chennal, “ubsequent cross-bediling, repressnting ths depouiticmal
phase, iz more likely te be affected by amcandering, 28 sppsers to be
the case in figure 1,60 a,
BaDIRECTION OF IR6LZPOET

Crospebeddiing end other directional structarcs have bee: plotted
on to & Schaidt stervogrephic net for varicus regions and Tor the
sholo spen (05g.4,59 a-f), The dip, and not the pols of the dlp,
of sach reading is plottod so that a rose diagr=n of log and scour
orientation may be incorporated in the middls. COCurrent directions
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FIG.1.58 VARIATION IN RANGE OF FIG.1.59 COMMON ORIENTATION
CROSS-BEDDING DIRECTION WITHIN & OF LOGS (STIPPLED, |0 RDGS.) &
BETWEEN CHANNELS (SEE FIG. 1. 45) SCOURS (BLACK, 5)AT CHANNEL BASE

A () (8)

FIG. .60 COMPARISON OF ORIENTATION OF LOGS AND SCOURS
WITH ORIENTATION OF CROSS-BEDDING IN OVERLYING SANDSTONE
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Carrent directions obtained from trough axes and ripple-sarks are
showvs along the msrgin of the stereograa,

T™he two coastal seciions shov similar patterns; the northern
part showvs a higher proportion of currente from the west, uhich is
partly due to the lowest sandetones in the West ClIff section. The
lover Zeicddale sugion and Rossdale also indicate currents from the
north and east but in Upper Eskdale ths curreant direction becouss
more variuble, being on averags from the morth but including transe
port o the east and to the weste This varlability increases to
the vest and north wdth transport predomibmstly to the cast. The
masber of resdings im the east far excesds those from the other
regions =0 that 2 summary of curreats (Pig.1.6)r) iirestions
indieates trans ort predonisantly fros the aorth and northeeast.
Thiz is due mot only to the Letier axposures on the coast as compared
with the inlaad reglous bat appareatly %o the predoainmance of low
angle creas-badding or lack of directiomml structures in cany of the
sandstonss in the morth and west. The rogion domineted by transport
%o the coth and cast mey be of similer (imensions as that in which
transport cppears to have been to the south end west, but conditions
of sedim-ntetion in the forser npprars not o have favouared the
developrent of normal downstream crosswbed inge

The cross-bedding readings are shoun as rose-dlagruns in thedy
regioml setiing in figure 1,60 A discussed aarlisr structures at
the base of channels, since they ere asgoclsted uith the initial srosion
phase, are more likaly %o refleet the (rus direciion of water flow
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vhich say be masked by me:sndering in the depositional phase. Ona
regional seale erosiomel structures will tead to rum perpendicular
to any surface slope and therefore give a true reflection of the
palacoslope ulich could otherwvise only be obtained by a large nusber
wemmmmmmummaq;‘-m.
Roge diagrams for individual localities within the region are shown
in figure 1,62 and show remarimble lack of variability, In the sast
and south the two lines of evidence correspond closely but divergence
betwesn the tuwo increases to the west oving to the increased
variability of the crosc-bedding orientation and to the intermittent
exXposure.

The crossebedding or ‘drift bedding' was investigated by Sorby
in 1852, snd his results have often been quoted in subsequent work.
Ho concluded that: "...the drift bedding indicated that the curremts
had been from points varying from E.M.B. to W.N.W,, the mean being
from N.N.M, to N, The direction indlcated hy the ripple-maris
varded from BB, by B, to NN, by Ve, the mean belng fron N, to N8N,
Whenoce the moun darived from these two sources combined is W.N.W.",
The moan of readings in the Iswer Deltalc sandstonos in this study
14es botween rorth and east, but had exposure been nmore vaifora the
noan would probdably have desn botween the north-west and north-sast,
Since Sorby's readings were obtained from the entive ranse of the
foolitic sandstone® & more balanced sample may have been possible.

The transport direction as inferred by Suitheon on sircon grain
size throughout the deltaic beds corresponis closely vith the cross-
bedding data for the lowss Deltalc Series, His conclusions have been
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oriticised (Rastall, 1942) in that the grein sise uight be a
reflection of conditions of deposition rather than indicating
downstresn attrition. Comsiiering the distances involved this seems
mmmmmwmmm?mmmc
mmmmtmmvuénmmm
Chaznels which are as short-lived as most of those exposed appesr to
have bosn might de expected to show strong sise grading with dumping
at tho end near the major distributary.

A SQURCE B LD LRI

As outlimed im the iatrc uction soveral hypotheses have basa
put forward a8 to the coures of the Mlidle Juwrasalo sodlments and as
o tbe pelusogsogsaply of the surroundlng raglone The preseat study
has indicated that curreats flowed 1nto $he ares of the pressat outorop
fron the north, east,and vest and dzalned off %o the southe This flow
rattern Lo well defined in the sroslomal stagss of chamnsl formatien
and theralore probably reflecis aa origimal aleps. “uch a :lope
oould have bese producad in two wayes
i) by tectonic subsideace of central part of ths area
11) Dy tectomls wplift of hlaterland
1i1) by low sadimentatios im the ceatyal part as comparad vith the sargins.

if teotonlsc subsiience vere the coatrolliag factor it -would be
supected thet & greater thickness of ssdiment wouléd have secumulated
in the oealrel ares of maxisun subildenee then 3% the zarging. The
vortical distance betwoen the Dogger an? the Eller Beck Bed has deen
estimsted by moens of an Aboey level at several inlend sectionse On



the ccast of Whithy the lower Deltaic beds are just over one
hundred feet thick, and a siallar thickness wes estimated for Iittle
Becke In Rosedsle and Grsat Fryupdale, however, the thickeness is
reduced to about sighty fest, uhile it again weaches one bundred
foot at Burton Howe on the western sscarpment: The beds therefore
become thinner towards the santre of the cuteorep and relative uplift
rather than subsidence is iniicated,

The preferred orientation of streans could have been a
reflection of the distribution of the source outerops; 4if slopes
ware sufficiently steep to produce fast-flowing and straight streans
oriented at right angles tc the cuterep boundary the oriemtation
wight be retained in the delta area, In épder that such & proncunced
convergent strean pattera eould cccur ia such a samll area this would
reguire that the same cutesops lay very close to the xargins of the
present ares. This has besn suggested by Smithsou (1942, rig.1$),
but recent mspping of the bed of the North Sea (Denovan 1968, rig.l)
has indicated that Jurassic strate extended castwards for at least
fifty ailesy Dbdeyond this linit they have been cut out by the Cretacecus
unconforaitye

The distributary pattern of the present cutorop is best oxplained
as resulting from the ccourrance of sajor distributariss running on
elither side of the region in en approximatsly mortesouth direction,
If these large rivers undervent little change 1s sourse thea an intere
distridbutary area would becoms establighed botween thea, The beds
preserved in the present outerop are believed to have occupled &
eentral position im this interdistributary area, 80 that in times of



increased run off secondary distributaries would enter the area from
both the east and west, the convergence being due partly to the
distribution of the large rivers and partly due to the relatively low
slevation of the interdistributary area. On reaching the centre of
the interdistributary area the streanms would then have turnsd southe
vards to flow down the regiomal slope which controlled the direction
of the larger rivers,

Close proximity to land is therefore not required in & palaco-
geographical construction. The siallarity i the sediaents and ia
the mature of the lowest and aighest beds over the whole area favours
derivation from & single source. ‘Saithson's work on heavy minerals,
however, indicates that garnet is present in the western outcrops but
not in the easts This 1s sttributed to interstratal solution, in
the central and eastera psrt, of garnet Which was originally deposited
over the vhole area, If, however, the presence of garnet in the vest
vere in fact & primary festure it could have been introduced by small
WM:MPWMuManMhMu
to the proposed western deltaic distributary,.

If the immediate source of the Yorkshire sediments is the sajor
deltaic distributaries in the area the ultimate source has to be further
afield. It is probable that this source lay somewhere between norbh
and esst of the present ocuterope The general north-south flow
indicated by current-bediing readings only represents local flow
direction which may have resulted from the deflection of rivers fros
the sast against the ScottisheFennine landmass. Ar& (1933 pe59%
and “path, quoted in Smithson, 1942 p,50) agree that & connection with
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an Arctic thnbmwuufjthmmtatMM
Fennine landmass during the lower and Upper Jurassic, and therefore
the existence of a northem land-mass &8s proposed by Kendal and Wroot
(1924 pe311) is improbable, The nature of the heavy aineral
assenblage vhich consists essentially of the statle ainerals Zireon,
rutile and gouranline together with various opague sinerals indieates
derivation from pre-sxisting sedimeats. Smithson (1942,p.48)
compared the composition and grain sise heavy aineral assemilages of
the Middle Jurasaic sediments with those of the Carboniferocus,
Peraian, and Triss of northern Hngland and, on the assuaption that
garnet had undergone subsequent solution, eoncluded that Carboniferous
sediments could heve supplied most of the assemblage, with amall
additions from the sediments of the other two systems. Whether
these results could be applied to possible ssurce beds to the east is
not certain, but the Carbomiferous heavy sineral assesblages might be
axpected to be fairly constant over an area such as the northern
pert of the North Sem.

The most probable palasogeographical reconstruction would there-
fore involve & Scotilsh landmsss with & probsble low lying southward
extonsion into the Feanine area, and & substantial landmsss to the east
or north-eagt of Hritain in which the surface rocks belonged to
sedimentary formaticns, possibly of Carbonifercus age. Thie
eastorn landasss would have been dreimed Ly & river or rivers which
flowed into the low lying area formerly occupied by the sea, and
built up a delta whiech sxtended right scross to the landmass of

porthern Britain. The western limit of such & Seandinavian landmss



esnnot be deterained but the area coversd by the dolts was probadly
lasrge. If coniltions preseding delta formation over the whole
area wers like thoss in Yorkshire, vilh shallov water or even
emsrgencs, a delta could bulld up extreuely repidly from & river of
moderate sizoe. ;
The suggestion that a Seaniinavian landsacs provided the deltale
sedimeats 18 in sccordance with the conclusions of most recent workers,
including Arkell (1923, pa$96), Black (1934, pe2?9) snat Wills (1952).
Bate (1967, p.137), on the other hand, follovs Saltheon in proposing
an arcuate land =assz to the west, norih, and east of tho srea and very
close to the liasita of the present outerep.



CHAPTER 1II PETROGRAPHY
A SARITORE
faGuball Ll SNALLILS
The laboratory method in preparing samples for mechanical
analysis is described in Appendix ?a ,
i) The parameters which are
here used to represent the grain sise distributien are:

Hean Orain Size M = 16« ¢50» da4

Standard Deviation o¢ = “.g.&
—

The more comprehensive formulae used by Folk and Werd (1957) fer
standard deviation and skewness are not used, eince, owing to the high
percentage of material finer than 4.750, the 95th perceantile wes aot
reached in any of the plots sbtaineds = Per the sane ressca kurtosts
could not be determined., The use of arthmetical probability paper
allows the distribution to be checked for log nmorsality. In this
and in later sections the log norsal part of the cusulative curve has
besen treated separately and given its own parameters, distinguiashed
by the suffim 1 :

M, 83 o d
in addition to these stendard parameters the percentage &t which
the inflection of the curve ocours 1s recordeds ‘This is inown aa
the Inflection Fercentage and is represented by the syabol 15,
i1) Besulss. The mechanical anslysis was carried out omn gpecimens
of varying grsin sise and structural festures. The results obtalned



mmum;.x. Soue of the cumulative curves from which these
results vere obtained are shown in figure 1,68, {
:.)M(auuuu)mn.ux.ﬁnﬁmm
of the three coarse sandstones (15 %0 17) These last three were each
collected from the base of a channel sandstons which rests directly oa
the Dogger amndstone, and contsin grains considersbly coarser than any
found in other parts of the lover Deltaic succession. Since the :
Dogger sandstone frequently contsins very coarse grains, it is thought |
that the coarss sand has deen incorporated into these channel sandstones
as & lag deposite 16 and 17 ave unimedal, and 13 bisodal, perbaps g
peflecting & mixtare of the lag and normal bedelosd popalstionss On "
the mandur of amslyscs svailable, the oanly other sigaiticant featare

1z the zlightly ccarser average 2ean graln size of the styustureless
sandstonss (group D) relative o the crozi-bedded sasdstonss (growp B).
11) Stasdand Deziation is varis:le but on aversge differs littls

from grour to yioupe

$1.) Skewvnagg chove more significant variation thas coes standard deviatien,
The average valus for group E 1s particularly bigh (0357), while the
remeinder, in decreasing order of averege velues, are: group 4, 0.42;
group Oy 0393 grouwp B, Gu3l; group By 0.9

iv) Jallsctian Esrasaiazi shovs o8 average sigeificant varistion between

groupst ‘ 784
3038

D 8

= 8%

Since the cumlative curves are log-oormsl at the ocarse end, the
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STRUCTURE [NO[M¢ |o¢ |xd |I%
A SMALL-SCALE| | |275 |045 [0-33 | 81
CROSS-BEDDED| 2 | 393 | 0'83 | 050 | 75
" |3|252]|083|039 |80

4 | 258 |0-35 |014 | 88

B LARGE-SCALE | 5 | 288 | 055 | 036 | 87
CROSS-BEDDED| 6 | 283 |055 | 010 | 85
7 | 288 |060 | 046 | 84

8 | 1'72 [065 [ 038 | 87
'CCURRENTLINE | 9 |275 [0:83 | 039 | 80

liol 182 |[083 |005 |89
(11178 |o70 | 029 | 85
D.STRUCTURELESS| 12 | 207 | 043 | 000 | 92
13| 278 | 055 | 010 | 88
4 | 225 | 040 | 000 | 90
E SANDSTONES|I15 | 1-67 | 1105 | 024 | -
WITH DERIVED |16 | 140 | 1-83 | 070 | 66
DOGGER GRAINS [17 | 123 | 1140 | 057 | 70

—

TABLE I.I STATISTICAL PARAMETERS OF LOWER
DELTAIC SANDSTONES




value of skewness is entirely dependent om the nature of the fine end
of the curve, or sore precisely, on the poiat at wiich the curve ceases
to follov a log normal course, together with the angle of imfllection.
When the logenormal curve continues to any extent above the 84th
percentile, the skewness wvill equal O. Skewnees incresses rapidly
vith the distance et vhich the termination of logenormality lies below
the inflection.

anpmunmmn(m.wxnmmvmm*-e
umm«mmummmmuu-umunnw
percentage. The latter apparently reflects the decrease in curvature
more &ccurately than the point at which the curve ceases to be logenormal,
which does not reflect the rate of change of curvature. The plot of
& against If shows a definite relationship, the small scatter being the
result of the varying slopes of the fine ‘*tail' of each curve, The
mmtmmmtwumﬂoto{«mtuuﬂunhﬁt
influence of the slope of both sections of the ocurve.

Froa the above observations it may be concluded that wiile the
mm#.cfuﬂufunntwhumtdamtutunﬂth
curve, 8 more informative series of parameters would comprise &4,0‘.¢
(memn grain sise and standard deviation of the log mormal part of the
curve), the inflect percentage, and some measure of the sorting of
the fine section of the curves The memns by which these parameters
may be obtained are dealt with below,

Curve Semration is carried cut by & method based on the aszsumption
that a log normal distribution is the most superior that a sediment

moy attain, Devistlons [rom the logenormsl distribution would
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therefore refleet & lack of uniformity in the conditions of accumila-
tion of & sediment, This assumption, as stated by Tanner (1964,
Pel57), has no theoretical basis, but 1t has been adopted here in
viev of the ubiquitous tendency towards log-noraslity inm the sediments
studied, and iy virtue of the significance of the ssparated log-normal
curve found as & result of the study.

Curve separation has cesn earried out Ly a cuick graphical method
in vhich the non~cumulative paroentage of each sise fraction is plotted
on arithactical probability paper to fora a sise frequency curve.
The trace of the log-normal part of the curve is then produced towards
the fine end of the sonle so that & symmetrical log normal curve is
produced. The sumericsl values of this curve are then read off at
the usual ¢¢ intervals and reeslculsted to 1008, The £ ne fymction
is ainilarly trested, and both fractions plotted as separate
cumilative curvess The method 1s cutlined ia figures 1465 aybe

Owving to the high percentage of very fine material the plotied
pert of the fine fraction rarely reaches the 50th perceatils, and
paremetors have not been obtained for these curves. It is obvious
mmmxgmuxmmdct—vwm
curves that & sharp upwayd inflection must take plsoce ia the unseen
portion of the curve, probably im the region of clay sised particles.
It is concluded in the following sestion on aicroscopic petrogrephy
that auch of this clay may e secondary, in which oase the mature of
the fine separeted curve would be conaiderably altered from the
original, Certsinly the sorting of these curves is extresely poor
when compared with those derived from analyses of similar sands fros
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present day nuum? environsents (sse for example Visner, 1965,
peleb)e !

The rezults obu.ild from curve separation are shown in table 1,2
vhere they are compared with those odtained from the original eurvest
The nev values reduce both mean grain size and standard deviation
sumerically, and considersbly reduce the variability of the standard
deviation in the group as a whole. The oy values for the structureless
sandstones are less variable and, on average, higher than those for
the current bed.ed sandstones. mwxm«mmm.
in particular those of o’y 0. will be considered in Fart ILI, vhen the
interpretation of cumulative curves in a broader sense 1s discusseds

) Graln comuesition

1) suacts is the dominant grain type and ususlly makes up over ainetye
five perceat of the grains . In a fev ssndetones some other grain
type shows loeal concentration and the proportion of cuarts 18 therefore
reduced. The original outline of the grains is very such obscured
by latergrenular solution and by sesondery growth. The best gulde
as to the original surface features is the 8ghost' surface which is
accentuated by inclusions bencath authigenic overgrowths vhich are
clesrly not deriveds Such relict surfaces indicate that the grains
vere origimally of moderate sphericity and sub-rounded.

11) Esldsger is normally a minor constiiuent of the sandstone, meking

up between one and five percent of the ireins. Both potash feldspar

and plagloclase feldspar are Present, but the forser is more



M M |Ood | O
275 | 2260 | 045 [ 025
393 | 353|083 |038
2-52| 218 | 0:83 | 0-50
2-58 | 248 | 035 | 028
2-88 | 260|060 |030
283|273 | 055|048
288|260 | 060|038
|-72 | 1-128 | 065 | 030
275 | 260 | 083 | 030
o |1-82|1-65| 053 | 038
1mli78 | 145 | 070 | 040
D STRUCTURELESS| 12 | 2207 | 205 | 043 | 045
13|278 | 260 | 055 | 035
4| 225 | 2118 | 040 | 035
'SANDSTONES |15 | |'67 - 105 | -
WITH DERIVED |16 | 140 | 020 | 1-83 | 033
DOGGER GRAINS |17 | 1:23 | 050 | 1'40 | 050

<
o

STRUCTURE

A.SMALL-SCALE
CROSS-BEDDED

B.LARGE-SCALE
CROSS-BEDDED

VIODNdOO & OIN -

IC.CURRENT LINZ

TABLE |.2 COMPARISON OF STATISTICAL PARAMETERS
OF SEPARATED AND UNSEPARATED CURVES



abundant, The feldspar grains are fresh for the most part, but the
plagioclase in particular ma; shov varying degrees of sericitisstion.
The original surfece form of the grains is destroyed in the ssme way
as that of the quarts grains.

111) Bock fragaents in most sandstones consist only of compound quarts
greins, and fors only & smll proportion of the grains, The comstitueat
quarts particles are usually very tightly interlocking and the grains
appesr to be of metamorphic origin. Sendstones whose Lase hease scoursd
the Dogger ocontain grains, and sometimes petbles, of phosphatic
saterisl which in some cases includes colithse

iv) Acesasary minerals vhich are observed in most sandstones include
auscovite, sireon, leucomene, rutile, and tourssline, in order of
decreasing abundance, Muscovite §s never very common and the other
minerals are conspicuocus only vhen they are concentrated along oertain
laaione,

v) Jotraclasts ave rere. The only grains wvhich appear to have Leen
derived froa previously deposited non~sarine beds are entire or
fragaented siderite spherulites, and other sideritic or limonitie
grains. These are locally abundant and usually oocur in lag deposits
at the base of channels.

vi) Flant Cragasnts isclude various csllar sarbonised saterial;
larger fragnenbs may show the development of shrinkage crecis.
alratrix Cesposition

1) Slag is the normal metrix constitueat. it wswally oceurs as
rendos aggregates of orystals vhich renge between 5 and 10 mieroms in
diczeter. These orystals are often seen to consist-ef stacked sheets

i Y
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in & vermicular habit and in some cases larger veraicular crystals
oceur which may reach 50 mierons in length, The crystal habit
suggests that the clay consists prineipally of kaolinite and this
hae bDeen coufirsed Ly xeray diffractometry (see Appendiix 2B, no, { ).
i1) Siderite ocours in many sandstones in association with a clay
satrixe When unweathered it is seen (o consist of clear yellow
brown crystals with welledeveloped rhomb faces; thess may ocour as
isolated individuals, as clusters, or as sore continuous interstitial
aggregates., Come crystals occur as overgrovths on what are
apparently detrital grains. Jome of these shown in figure 1(:‘“
pronounced soning which say incicate wore than one phase of reworiking.
Usually the original structure cf the siderite is obscured by oxidation
which causes & consideratle amount of redistriiution of ironj
rhoablc outlines can, however, often he sade cut in some of the
limonitic metrices.

111) Calcite is confined to the basal part of the channel in the Sear
section at Whitby, and to a fev interdistributary sandstones. The
Calcite, as shows by stadning (see Appendix2C, no. i ), 1s ususlly
ferroan, * occasionnlly noneferroan calcite is developed at the
sentpe of the cemented interstices. The eslcite 1s clear and often
poikilitic.
¢) Rlassasads
1) Zandetones wiib & clay matrix

The most pronounced diagsnetic feature 1s the reoganisation of
the origiansl grain framework by intergranular solution. This leads
to the development of tishtly interlocking clusters of grains from



which all interstitial space has beem excluded;the grain contacts
vary from straight to rether irregular. VWhere a grain has penetrated
another deeply & rounded orystal shape may be developed; this is
appsrently due to selective solution and mot to overgrowth.
Peripheral overgrovth, with the development in some cases of sharp
erystal faces, i present; in particulsr it develops se as to fill
interstices wvithin the grain clusterss The larger interstitial
areas betwesn the grain clasters are clay-filled. The absence of
smll Serrigencus grains together with the relatively large sise and
vermioular fors of the kaolinite indicstes that the clay is diagenstic
and is the product of direct precipitation rather than recrystallisstion.
Grains which line these clay patches shov ragged surfeces, even uhere
overgrovths have develeped. The propertica of clay matrix varies
but may reach twenty peroent; values such as this are not uncommon
in channel sandstones, but interdistritutary sandstones often shov more
intense suturing with consequemt reduction in the proportion of matrix.
It appears that after depositicn of the sandstons sclution and
redepositiond siliea hes taken place throughout the roek. This process
is somevhat loonlised and may have been most promounced vhere graias
vere originelly soet tightly interlocking. Such areas would be expected
to be subject to greater pressure than thoss im wbick the grsins vere
more loosely packed. After the pressure solution had taken place
conditions appear to have been present inm the pere sclutions under vhieh
silica chemically umstable, resulting in corrosion of the graias.
cwumuumuanmnm-nuum
tine.



Mobilisation of iron is a coamon feature in the sandstones.
The resulting siderite precipitstiion takes two for:s depending on
wiother the interstices were voldal or filled with en origimal clay
mairixe Is the first case siderite develops as clear rhomiie
erystals or groups of crystalsj pensetration of sand grains by the
siderite is common and euledral faces are developed en both replacive
and drusy surfaces. Siderite may be replacing elay in iaterstises
but in 20st cases in these snd the marine beds sbove, kallinite seess
to have been deposited subsequent to siderite formation. The
lack of intergramular solution in sandstones with alsost entirely
sideritic cesent supports this viev, since it indicates that siderite
cencntation was probably one of the first diagenetic processes,

Fine=greined interdistributary sandstones commonly possess a
matrix of clay and silty wvhen siderite occurs in these bads &
spherulitic and not a rhoatiec habit is developed (fig. 1.67). The
spherulites are very small, ranging up %0 sixty alcrons, At the centre
of eech spherulite is a grain of translucent amorphous reddish browm
saterial; the outer surface is cuite sharply defined and commonly
shows rounded protruderances, Sometimes larger sasses of siamilar
appearance occurj these show contimuous rims of radiating siderite
erystals, The nature of these nuclei is not clear but they appear
to be detrital; whether they represent flocculated particles or
reworked ferruginous and oxiiised siderite crystals is not certain.
mnmaa«turmmocwumum.mm-m
boundaries in the same way as norssl spherulites (p. T ). Siderite
has apparently replaced much of the original mstrix and the sand
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grains show varying degrees of surface erosion.

amm-whmuuummmuo.
Mascovite flakes sometimes show curvature, apparently due to intergranular
coupaction. Another feature common in sideritic rocks is the
developuent of small siderite erystals along some cleavage planes,
foreing adjacent flakes apart. Ia one saaple a rounded tourmaline
grein wvas observed to have a large overgrowth, but it is not clear
uhether or not the entire graia i3 derived.
i1) Jepdstones with s calcareous matrlx

In these sandstones the calcite cement makes up about thirty
percent of the rock. Grain contacts are fyequently seen, but no
suturing has ocourreds The graine ususlly have & smeoth outline
but at the same time may show deep indentetions wvhich appear to be
the result of solution. Feldspars are very susceptible to replacement
by oalecite; this proceeds along cleavage planes acd results in the
formation of skeletal crystals.

The absence of grain suturing indicates that caleite, in the
same way as siderite, is an early cement.

T SHALES AND SILTITONES
dttle petrographic vork has been carried ocut on these beds.

Some of the normal interdistributary siltstones vere examined by Xeray
diffrectometry for theircley mineralogy content. The results (see
appendix 16 mobe Vi ) indicate that kaolinite is the dominant clay
minerel; similayr results vere obtained from insoluble residues of
siderite wudstones (nok. W ).



Tk IRGE TONES
The siderite madstone nodulespresent few features in thin

section. The rock consists of a homogeneous mass of cryptocrystalline
or microcrystalline turbid elderite with occasional small mica flakes
and plant fregments. Speulitic ironstone is more variable; the
variation occurs in the proportion of siderite to clay matrix and

in the sise and intermal arrangment of the spherulites. In the most
clayey, uncohesive types spherulites of similar size are developed
Wﬁ.dﬂtMnm&Mﬁﬁthm. in

the tougher, modular types, however, spherulites of similar diaseters
are sccoapenied by a groundmass of sicrospherulitic siderite (fige 1.68)
The microspherulites which range up to 100 microns in dismeter are
in close contact with one another, so that interstitial clay is
abseat.

The contact surface between spherulites is straight or gently
curved, the curvature being convex towards the larger individual.
Finely divided opagus materisl is concentrated along these boundariesy
internally the spherulites consist of radially oriented fibres of
siderite wvhleh is mostly yellowish browm ud slightly turbid, The
centre of the spherulites is however occupied i‘ ﬂﬂnsm
strastureless sene of eryptosrystallise siderite. Blebs of syrite
my occur in this central sone and often form an irregular ring along
its margin. This central zone never contains any treces of detritsl
grains but in the surrounding fibrous sone siltesised grains are
sometimes presentj these grains are most common im the outer parts

of the fibrous zone, In many cases the included grain has been



replaced by siderite in optical continuity with adjacent fibres;
larger grains retain thelr originmal composition. A crude conoentriec
soning is present in the fibrous sone with s tendency for an increase
in turbldity and depth of colour outwarde. _

The satrix in the sparsely spherulitie rocks consists of little
altered silty clays V¥With increased sideritisation and rediction in
interstitial area a development of wvhite aica becomes apparent,
Where replacenent by large spherulites is almost complete the interstices
are crowied vith mieca flakes.

The development of sphasrosiderite sppears to consist of erystal-
lisation of sliderite at a large number of points and subsequsnt growth
from these centres. Replacesent must have taken place Lut insoluble
organic saterial and the larger detrital greins may resist replacement.
There are iniicatiorns % at insoluble particules are pushed outwards by
the grovth of the spherulites. The concentration of mice in interstices
seens to represent diagenetic crystallisation and not physical
concentration of previocualy scattored flakes. The mica must represent
in part the clay expelled by sideritisation. In the more coapact
varities an acceleration of asiderite corystalilsation is ismplied by
the development of interstitial mierospherulites,

The origia of the structureless zone at the centre of the
spherulites is not certain but 1t 19 probably an origimal feature.
The only clear alteration of spherulites & the reerystallisation of
groups of {ibwes to produce larger crystals comprising four or more
sectors of the spherulite.



FART TWO
THE BELLER BECEK BED



100

Ao SRV QU L LSS

The tera 'Sller Beck bed' was latroduced by Barrew (1877) to
include a thin series of sarine strata intercalated within the none.
marine 'lover Zstuarine' vedas The smarine bed comprises three
units vhich in upward sequence are ironstome, shale, and sandstone.
The name 18 Jerdved from the section at Walk Mill Force in Sller
Beck, nesr Goathland, In the paper referred to above, Barrow gave
details of exposures along the coast south of Whithy and in southeran
and central Eskdale, Theee locslities were adied to in the subsequent
Memoirs of the Geological Survey (FomeStrangweys and Barrow, 1382;
Fox-Strangvays %eld and Barrow, 1885; and Barrow, 1388), and a
complete summary is given in Fox-Strangways (1892), The sections
described are with rare exceptions availavle st the present day,

The Eller Seck Bed ironstone had been mentioned in the litereture
prior to the publication of Barrow's paper. Jarley (1857, p.202) gives
a section of the ironstone at the Ingleby Manor Mines of whlch he sayss
"From the above scction it will be seen that a third seam comes into
viow for the [irst time as & vorking sess, and is higher geologically
than the seas called the top senn of Cleveland and, therefore, 1 have
called this seam the ‘Inglety' top or third sesn,” He later
recognived the sean in Fangdale Seck (Marley 1858, p.158).

The ironstone wes traced over a much wider srea by .Bewlck (1861),
vho recognised the bed on the comst south of Whithy, through much of
Eskdale, and in the north near Skelton.



101

A previoucly unrecorded section in lewholme Beck is mentioned
by Heminguay (1951,p.120), and the clay mineralogy of the iromstone
at Eller Beck has boen investijsted (Hemingway and Brindley, 1952)/

The Eller Beck Bed has rocently been uriefly studied by Bate (1967),
vho was chiefly concerned with soning the Mldile Juressic stratcof
the area Ly means of ostrecods. The Hydraulic limestone was deted
as belonging to the [yperliccerss disciies sone, and the Zller Beck
Bed, though ylelding no ostracods, \as assumed to belong to the same
sone as the limestone, The palacogeogrephy of the time was alsc
considered,

Although a few small querries have been opensd into the Eller

Beck Bed sandetone, probably lor saterisl for dry stomes walling, the
only deposits which have been of any economic importancs are the
ironstonese The ironstone ualt appenrs to have been mined by the
somans at Klling iite (Beulok, 18613 pe99) mesr Goathland, vhere it
is known ss Julisn's line (Pax-Strengways, 18692 F.l97). Of &
similar dabe are the bell pits at Holey Intake which bave been sunk
into & local ferruginous development of the sndstone unite In
modern times the irometon: hes been tested mear Grosmont, im Winter
0111, near Ingleby Greeshow, and on “nilesvorth ¥oor (Fox-"trangways,
18923 Fu450)s The dinter G4ll ironstone is snother local develope
asnt within the sandsiome unite Although the ironstone is commonly
very rich in iren, weriation in thickness and in chareéter is too
grest for it to have been of any great importance in mocdern times
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(Beulek, 1861 ; p.f7, and Poxetrangways, 1892; pe430).

Sa ALN OF IESEalCH
1) To trmce the Eller Beck Bed in the fleld over the whole of the

area studied,

2) To stady the lithological variation within each of the three
main sedimentary units. and, briefly the variation in faunsl
assemblages.

3) To evaluate the conditions of deposition of the ssdiments of sach
unit, and to trace their diagenetic history.

4) To determine as far as possible the mature of the marine transe
gression and regression, together dth the palasogeography of the

With the help of seversl nev sections it has been possible to
extend the ares of known outerop as given by the Geologicel Survey.
The probable complete cutcrop is given im figure 2,1, together with
the proved outecrop and all localities. The nusbhered localities refer
to the section given in Appendix 1. Availabllity of outerop varies
conziderably over the areas The coast sestion and the dale heads
south of the Ssk provide the most numerous sectlons. North of the
Esk sxposures are rere, due to the lack of deep dissection of the
moorland as is found in the south. In the west of the srea ocuterops
are sgain poor due to the dip carrying the Eller Beck Bed up to a
high level on the moor top.
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CHAPTERIV THE IRONSTONE UNIT

Except in the north, where it becomes impersistent, the ironstome
unit is & consploucus though thin member of the Eller Beck Bed. The
ironstone itself is comsenly underlain by a shelly sandy siltstens
vhich 1s so elosely associated with the ireastone that it has besa
included in the same unit,

On the coast between Iren Sear (1) and Whithy (5) the irenstome
unit comprises an colitic siderite mudstoms, with coliths and terrie
genous greins concentrated alemg laaimse, A% Irom Scar the ironstons
is characterised by extremely abundant ironstons=filled burrows vhich
extend from the base into the underlying nonesarine shales. Scattered
shells are preseat, and are entire. At several peints along the
section the ironstone has undergone erosion and the associated features
will be described in detail st the end of this section., From Irea
Sear northwards the ironsctons becomes thicker, although loeally
resoved by eroeloa, while the associated burrows become increasingly
rare. loeally & second block of iromstons is developed above the
sain block and both have a similar Iithologw

it Hawsker the ironstone is abseat but the surface of the mone
marine shale is peanetrated by scattered ironstone-filled burrows,
locally (Section 3) even these burrows are absent where a broad trough
has out down to & maximus depth of about two feet (fige 2,51), and ia
whithy Zast C14ff (5) erosion has again removed the ironstons and the
top of the nonemarine shale, except vhere loeally the ironstone is

o
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preserved and reaches a thickness of eight inches, In the West Cliff
(6) the ironstone is greatly reduced in thickaess with & maxisus of
two inches. The ironstone is a finely temtured siderite mudstone
with rare ocoliths and shell fragments, contresting with the shelly
oolitic ironstone of the Zast ClAff. DBurrows are not present at the
base and two inches of dark saady siltstone underlie the ironstone,

At Hinderwell (3) the ironstone and burrows are absent but in
Nevholae BSeck (7) a fine textured pale siderite mudstone with abundant
shells is present, overlying siltstone with local ironstone develop-
ments} burrows are preseat at the base, Specisens of shelly iresstons
collected from Cat Beck, Kettleness though out of place vere clearly
nodular in type and it seems likely that the iromstone recorded by the
Geological Survey (FoxeJtrengways, 18923 pe195) is the sane, and net
the true basal ironstome, In Kilton Beck (9) the iroastome and thin
siltstone are impersistent and locally show loading into the under-
lying sandstone, This sandstomne is penetreted by irregularly
distributed siltefilled burrove (provably Isanidiug) in the tep foot,
and paspes down iato normal deltaic sandstones, The remaining sectien
north of the Zsk is at Commondale (27) where the unit is represented
by & laminated silty shale pasaing up inte shelly siltstone; shale-
filled burrows ocour at the base.

The sost sasterly section south of the Bsk is at Iittlebeck (10);
the lowest marine unit 4is a thin dark siltstoms with shell easts, but
no burrovs at the base, This is overlais by 2%, 3in, of pale
fossiliferous shale which becomes silty wpwards and pasees into a shelly
silty sandstone, Near the base of the sandstone is & horison of



isclated dark grey fossiliferous ironstone masses, very similar in
appearance to the basal ironstone of lower Eskiale, It is probable
that the lower part of the section represents an early scour fill
sequence and that the current involved was active throughout the
deposition of the ironstone unit, The upward passage into shale
suggests that these conditions continued into the shale unit. The
ironstone masses may represent unconsolidated material derived from
some nearby area of more normal deposition: this is suppeorted by the
usususl laninated nature of the ironstone and the absence of large
shellse At Eller Beck (11) very shelly silty iromstome is developed
overlying shelly siltstones with siltefilled burrows at the hase.
Comminuted shell material is abusdant in the upper part and larger
complete shells are more coumon in the lower part, including wud
dwellers in growth position. The Aironstone is similarly developed
vith ainor thickness varistions throughout Mark Esk (12,14) Wheeldals
(13), Egton Grange (15) and Glaisdale (16, 17). To the north, ia
Crunkley Gill, Busce Beck (20) and Stomegate G411l (19) the ironstone
becomes siltler with a saall amount of fragmentary shell saterial;
it attains its greatest thickaess in this area.

in Great Fryupdale the ironstone is mostly cut out (21) but is
locally preserved (22) vhere it Ls very shelly and calcareous, and
rests directly on nomeaarine beds with a fev ironstone-filled burrous.
In Denbydale (24), Parndale (31) and along the Ingleby Sscarpment (29,
30) the silts are slallarly absent, as are burrows at the base; the
ironstone is thin and becomes less shelly to the south and west, In
Blow G411 the ironstone appears to be absent, but this easnot be
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osrtain until intermediste sections have been studied, In Nattersby
Crags (28) a siderite mudstone occurs benesth a thick sandetone and
may represent redistributed saterial from the ironstone unit, 4
sandstone is locally developed beneath the ironstone which is burrowed
by Teenldius., The sandstone differs from that of Kilton Beck in
having & sharp lover contact with non-sarine shales, and appears to
be associated with the merine transgression although fossils are
absent.

In fowedale (32, 33, 34, 36) the ironstone unit is represented by
s thick siltstons which is shelly in the north, and & thin impersistent
irenstones Burrows penetrate the underlying beds in northern
Rosedale exeept where removed by local scouringe In Harteft Beck the
ironstone resembles that of lower Eskdale, with abundant fregmentary
shell ssterial and with burrows at the base. 4 thin colitie layer
ocours at the top, in which shells are rarej this very msuch resesbles
the ironstone of southern coastal districts.

The total thickness of ironstone and silt at each locality is
given in figure 2.2, and isopachyties have been drawn to show the general
trends, Figure 2.,) shows the distribution of siltstone vithin the
ironstone uait.

The lroastone gensrally appears to be of & rather unifora nature,
but where continuous sections are evallabdle on the coast eonslderable
local varistion is obeerveds At Iron Scar (1) the ironstone thickness
varies dus to erosion before shale deposition, resulting in the shale
resting on 8 thin ironstone or on & surface of hurrowed nonemarine
shale, The burrows are ususlly ironstonefilled but are locally silte
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9. 2.
filled, indicating an earlier phase of erosion. In one (a":o'(auhnu

trough has been sroded which is mostly siltefilled but includes & large
mass of slightly colitic iroastons with few fossils except for stem
ossicles of [anfascinus and Dnrritalls neither of waich oceur in the
adjacent ironstone, A second example involves & larger area of scour
(f4ge2+5 ) 4n vhich a sass of ironstone is present in & curious tited
fashion) the tilting appsars to result from differential compaction in
the underlying nonemarine beds in which irenstone is locally developed.
it several othar polnts the ironstone unit is removed and replaced by
very silty shale vhich passes up into normel shales 4 tendency for
the siltefilled burrows $o be shorter and less abundant than the iron-
stone~filled burrows is attributed to erosion having removed the tep
fov inshes of the burrowsd surface, thus eliminating the shorter
burrouse Compaction around the ironstone has brought the eroded
surfsce up to around the level of the original surfaces The age
relations of the burrows %o the non-ssrine shale are to some extent
shown by the development of alickensiding on ironstons filled burrows
and by crumpling of sili~filled burrows, At Hawsker (3, 4) & somevhat
sinilar festure is seen in the mergins of the eroded trough, vhere the
purrovs are silt=filled; elsewhere they are preserved in ironstone
although the ironstone bed has been removed throughout. :
The festures described above will be discussed later with respect

to the dlagenesis of the ironstone and its relation to the erosion
wmumlodmnua.
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Ba dALALRRTOLONX
The same basic faunal elements are present in varying proportions

over the vhole ares, All are found in central and lower Dskdale while
to the north, west, south and to some extent to the esst, the faunal
variation becomes reduced. The preservation of fossils as casts or
moulds makes identificetion diffieult, and for the purpese of this study
the faune has been considered in ecologloal groups rather than as
individual genera or speclies,
. lemellibranchs constituts a large part of the fauns. Sessile forss
include an abundast small oyster, Jiggires, together with larger foras
such as Geryillis, Modiala, and [lppae Active forss are an abundant
anell saballs, ireuasarols loliends, Muculang. and several other genera.
The burrowving lasellibranchs [RQlleEus =»d LISURQRUA ere characteristi-
eally found in vertical living position, and their distribution is
showa in figure 2,6, Gastropeds are represented saialy by & ssall
forn of Dazxitallae Other classes of molluse, together with brachiow
pods, are absest. Ostracods have been observed in & few samples, but
are probably widespread sinece they are comsonly seea ia thin section;
alteration appears to make them difficult to distinguish from the matrix,
In eentral and lover EZgkdale shells are sbundant and all of the
known forms are represented, Commimuted shell material is abundant,
especially in the upper part, while burrowing foras may cocur at any
level, On the const south of “hithy only larger complete shells are
present, and smell forms are rarej burroving foras ocour in the Zast
ClArr of Whithy but are not seen to the south, vhere the faums as a
whole is reduced in numbers, In the West CLIFf shells are rare and
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fragmentary and to the north distribution of shells is patehy, with
oysters being sbundent and burrowing forms sbsent,

In Rosedale the ironstone contains small and fragmented shells but
in the morth the siltstone is very fossiliferous and contains the fauss
charecteristic of the ironstone in Lskdule, including burrowing foras.
This contrests vith the siltstone of other sreas uhich contains emly
scattered oysters, and suggests that these :11ls are equivalent to the
ironstone of Eskdale, In Oreat Pryupdale shells sre very sbundant
while to the north oanly small forms ocourj %o the west larger entire
shells are present but becows imcreasingly rare o the southevest vhere
oysters become predoaminsat.

in addition to the shelly fsuna the ironstone unit is charscterised
by the presence of burvows, particularly at the base. Thess are
preserved in siltetome or ironstome depending on the maturs of the
overlying sediment and are usually consploucus in thelr nonemarine
shals settings Burrows are most sumerous and abundant at Irom Sear
vhere six types have been distingulshed:

(1) Vertical Ustubss with spreiten; large, 4in. byfin. in crosse
section, and about Jia. long (Carophieddes).

(11) As above, but tubes imclined or horisostal and up to at least 6dn,
long (Ghisecoralliua)

(1%) Vertical Uetubes with spreiten; swall, $in, by #in. in crosse
section and up to 8in. long (Qialesraterzien).

(iv) Hortsental or gently inclined Ustubes; small, 2in, by #in, in crosse
ssction; length wseertaln  (Unlsecorallium)

(v) Horisontal anastomosing tubes wvithout spreiten, diameter between



#a and 1} tn (Znalasaisoldss).
(v) Horisontal tubes without spreiten, diaseter sbout jin. (set

identified)s

All but type six bear seratch marks on the surface, indicating
erustacesn activity (see under Rhisocorallima, Moors, 1962 p.w211),
The interpenetrating relationships of the variocus types enasles &
rough order of colonisation %o be drawa wp!

) end (11)

v)
and (iv)

To the north of Irem Sear the variety in type is greatly reduced, and
throughout the greater part of the ares oaly types (141) and (iv) are
present, The distribution of these burrows is shown in flgure 2,7,
Ia the extreme northerz and northeessstern localities the burrove
desorived are not developed, tut in Ellton Beck Jnapidine occurs in
the top mom- marine sedisentsj it also occurs at Hattersby Cregs.
Over the whole ares the ironstome and siltstone mey shov smmllescale

burrovdng by haalrliss.
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The sediments of the ironstons unit cemprise siderite mudstone

and in sany localities an underlying siltstone or sandstone. The

latter are incoherent and ususlly weathered, and have not been studied
in detail, They conmsist of terrigencus greins wvith a ssall smount of
clay matyix together with cavities which appear to represent coliths
and shell material vhich have bees removed by selution. The irene

m-mm,‘nuwu--—mumu
& fresh state suitable for the preparstion of thin sections, and 1% is
vith the ironstone that this chapter will be primarily comcerned., The
ironstoms comprises three major consfituent types: a matrix composed
wainly of siderite, terrigencus silt,asd ssnd graine, and allochemiesl
grains derived from vithin the basin of deposition imcluding celiths,

shells, and intraclasts, These constituent types are dealt with bdelow,
o MATRLL

dalldarite

The grain size of the siderite matrix varies betvesn 3 emd 50
microns, but crystals betwsen 5 and 15 microns in disseter are most
commone The crystals are ashedral or ocessionally subhedral and
usually appenr to be tightly interlocking. Normally the ecrystals are
squant or slightly olomguted but in some burrews large subhedrel
W‘hloﬁ“w\hnot.u!#mm. The eryetal size
vithin any one speeimen is often unifers but cccasiomally the sudstones
contain laminse of contrasting crystal sise vhish clearly reflect an
originel sedimentary fabric. Areas of mud enclosed by shell material



or oecurring as burrow infillings generally differ im erystal size froa
the gensral matrix,

A charscteristic featurs of every sample studiied is the preseace
of small, apparently diserete, particles withia many of the siderite
erystale (fige248)e Haoh particle ocouples a central position withia
& single slierite orystal or, ocoasionally, within a group of crystals,
and wvill be referred to as a ‘core’s The cores are eguant to losenge
shaped with a rounded cutline; the elongation of the core usually
corresponds to that of the host crystal, but is very rarely perpendiculay
to ite They vary in length between 2 and 5 mleroms, but are ummlly
more uniforn in sise in any ome section, the size of the core being
independent of the sise of the eneloslng crystal (fige2.14).

The cores may be translucent but are usually opaque. When viewsd at
high magnification the core boundary ls generally sharp, but cccasion-
ally the outer part or even the whole core is diffuses On a small
scale the distribution of cored crystals relative to uncered crystals
may vary comsiderably, the percentage of cored erystals ranging froam
sero to perhaps eighty. In some rocks in which the erystals appesp
to be uncored the weathered soms produces dark brown turbid inner senes,
which may represeat cores that have been origimally clear or vhich have
besn recolved into the surrounding crystal (fige2,12).

In addition to the normal developuent of & single core within each
erystal, relatively large core=like bodies may shov radial developaent
of several orystales This is oceasiomally scea in coarser matrices
(rige249) but generslly ocours in finely erystalline siderite withia
phosphatic cement, Amother type of siderite development is found
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within the sandy laminee of the siderite sudstone of Battersby Crags.
in the associated mudstone the crystal sise varies between 5 and 20
microns and the larger erystals which are oval in shape, show large,
opaque cores. Cored orystals of identical appsarance are found
wvithin the sandy lamines vhere the smaller orystals are absent, and
these shov euhedral rhembic overgrowths of clear siderite (£ige2.10),
Overgrowvths also ocour on a few siderite grains of a type not found
within the associated mud; these are elongate greins with rounded
cores enclosed within relatively turbid siderite, and the overgrowths
consist of clear siderite of euhedral rhombic habit. The overgrowths
are unususl in that the c-axes of the rhoubs are perpendicular to the
elongation of the host erystal, and two or msore rhosbs make up the
overgrovth (fige2.1l)e Both types of overgrovth cccur only where the
matris comprises drusy molinite, and are absent in the presence of a
slderite mudstone matrix, |

The nature of the siderite matrix shows regional wariation to
sone extent, Finely erystalline satrices are charscteristic of asorthe
eastern localities, and two matrix types say be distinguished, In one
type the matrix is turbid aod extresely fine-grained, the turbldity
being due to abundant opaque bodies identieal to the cores already
deseribed (fige2.13); 4in the other the siderite is clearer and slightly
more coarsely crystalline, while cores are less sbundant and less distinet
than in the turbid mstrix, The boundary betwesn the two types may be
gradational or sharp, and may fellow distinet sedimentary structures,
such as laminse, shells,or burrov margins, or may be related te the
outline of the ironstone surface, 4 charscteristic feature of the






turbid siderite matrix is the developaent of a very fine network of
septarian eracks (see ps 117)s More cosreely crystalline say ocour
loeally in these finely crystalline mudstones, the principle sites
being shell interiors and burrow fafillingss The former may contain
& coarse gramular mossic of cored or uncored erystals; the latter genere
ally include elongate crystals reaching 50 microns in length wvhich are
set in a matrix of elay (fige2.dd)e

In the coastal sections south of Whitiy Harbour the matrix
comprises equigramular clear siderite crystals with dismeters botween
10 and 15 microns, and with only oceasional coress The intermal
sould of a /holadonys in growth position collected from the Zast ClAfY
of Whithy, however, consisted of pale coloured fine greined mudstons
in vhich several siderite erystals are clustered around each core.
This mudstone later proved to be phosphatie (pell5)s In Zakdale the
matrix consists of rether turbid equigranular siderite ¢rystals in
vhich cores are falrly abundant and well defined, Cored crystals of
subhedral habit occur in the ironstons of Hartoft Beck, vhere the
erystals are not interlocking im parts due to an interstitisl clay
matrix (fige2415)e The ironstons of the southevestera loealities is
too Mghly weathered for the preparation of thin sections.
PR

The matrix of the ironstons as observed in thin section usually
consists entirely of siderite, and Hartoft Beck is the only locality
in which & clay matrix is visible apart from in burrow infillings.
Clay constitutes 10 percent of the rock and locally as much as 60 per-
cent in burrows. It conaslsts of slightly turbid greenish grey

¥ =N
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chamosite with scattersd epaque dusty imclusions, and under crossed
nicols is seen to comprise a disoriented mass of fine, flaky crystals
vith low or very lov birefringence. The chamosite is loeally
replaced by ssall coleurless kmolinite sggregates. Oimilar clay cceurs
iaterstitially to siderite in burrov infillings ia sorthesastern
localities.

4 small asount of kaolinite appears to be present along siderite
crystal boundaries in the most sideritio matrices, since & kaoliaite
peak is obtained on x-ray diffraction traces of the hydrochloric secid
insoluble residues, This clay is sleo encountered in the preparation
of acetate poels, when some ironstomes, particularly the finely
erystalline pale coloured types yield a large amount of finely divided
clay on stched surfeces. Varistions in clay content on & ssell gsesle
are detected in this way, as where the ironstone is lamisated or
burrowed,
da.ilospbalis

fhosphate 13 & mejor constituent ia only & few sasples frow northe
sastern localities, and may be assoclated with the general satrix or with
specislised local savironsments such as burrows and the phosphatic shell
mould already mentioned (pelli)s The phosphate comprises isotrople
brownish homogeneous material which 1s interstitial to siderite erystals
when developeds The siderite erystals are usually in the form of
poorly defined aggregates (fig.2.,16). Fhosphate may constitute es much
as 50 percent of the metrix in some burrows, aand in a fev cases siderite
may be absent (fige2,17)s Chemieal amalysis (Appendix 2, D) was
carried out on the phosphatic internal shell mould and on the surrounding
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ironstons and the results are given below?

ls Shell mould 17,863 F; 05

1, Normal ironstons 1208 Py 05
The figure of nearly 18 percent is equivalest to about 30 percent of
calcius phosphate a figure vhich agrees with the estimated bulk
percentage of phosphatic matrix, The figure of 1.2 purcent corresponds
to those given for comparsble siderite mudetones (FoxeZtrangways, 1892j
PPeddd=iSl)s The shell interior has clearly acted as the locus for a
considerable concentration of phosphate, The phosphate appears te be
in the form of collophans throughout,
basiziia

Fyrite occurs in disseminmated fora as smsll irregular patches wvith
the siderite sudstone in coastal seotions. It is commonly, dut not
always, assoclated with local concentrations of grains (fig.2.18)s The
pyrite consists of anhedral erystals about “ive microns in disseter wvhich
may fors aggregates or even larger areas of ‘sassive' pyrite in wvhich
alaost total pyritisation of the rock has taken place (fiz.2.19),
dalalolie ‘

mmumu-mmhmm
edlearecus ironstons of Grest Fryupdale, The cement is rare and is
developed only withia algal borings inte shell fragments and in cavities
procuced by shell fracture during diagenesis.
6+ kepesitienal Faicis

The ironstone is for the most part homogensous, but in inland
sections vertical varistion in shell and sand content is common, In
the Vest CLIFf of Whithy the mud is lanminmated wvith contresting types of
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siderite matrix, and to the south of Whithy the predominantly muddy
ironstone contains ooliths and terrigenous greina conceatrated along
laninae.

Lo iauiedenoaitlonsl Faicis

alBuczouse In thin section caly ome type, possibly Chendrites, is
prominent) the burrows appear circular or oval, depending on the
section, with disaeters warying between 250 to 500 mierons, The
burrovs are distinguishavle by their coatrast to the surrounding metrix,
and gensrslly show a high clay or phosphate contents

bL Micre-sepiarian Structure. This term has been applied here to the
netvork of very fine cracks which are charscteristic of the dark fine-
grained sudstons facles (fig.2,20)s The cracks seldom exceed 10
sicrons across and are filled with siderite vhich is clearer and &
1ittle more coarsely crystalline than the surrounding matrix,

&) leptacian Structurs. This is developed in several ssaples ia vhich
the siderite satrix is finely crystalline. Two varieties may be
distinguished:

(1) One type is characterised by the irregular sature of the
fissure walls and by the rapid *plnching out' of the ereacks. These
eracks are ussally mssociated with shell fraguents (fige2.21) and %o &
lesser extent with other grains. The shell surface may act as the
plane of parting but sore often a thin layer of sud lies between the
shell and the orack; this layer is left uasupported when shell
solution takes place and often suffers Lreakage. Tae saxisus width
of the eracks is about 350 microns and they extead for asarly the
entire length of the shell; short end rapidly Sapering transverse
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eracks may develop and at the ends of a shell a highly irregular
ranifying metwork of eracks is developed usually with a prominent
trangverse member (fige 2422)s Where the septarian sturcture is net
related to & grala it is usually developed as & series of short eracks
arranged in ochelon, The crecks possess a ria of drusy siderite and
the central portions are filled by kselinite. In Newvholse Beck where
the structures are uest developed these septarian structures couprise
four percent of the volume of the rocks

(11) The second type is characterised by smooth and relatively
extensive fractures which cut serocs all previous structures, including
shell fragments and the first type of septariaa crack together with the
drusy siderite rims, (fige2+23)s These cracks lack siderite rims but
are filled by kmolinite which is apparently coatinucus with that of
the other septarian structures,
Sadlagenctia dlatory

Since the siderite crystals eseen to replace chamosite mud in
Bartoft Seck are identical to those of some othar localities it is
probable that the original sedinment wes a shamositic wud throughout
and has been replaced by siderite during disgenesis. The umusiilly
finely erystalline matrix of the iromstone in northesnstern loocalities
is sttributed to tne presence of interstitisl phosphate which appears
to have been an early diagenefic minera) which has inhibited growth
of siderite erystals., In the ease of the shell mould deseribed on
page 11 the mad vithin the meuld is sandy and colitie and alsost
certainly had the same origimal composition as the surrounding wadstone,

The siderite matrix shows little cubsequent alteration; the



relatively coarsely erystalline alderite in some matrices may be a
product of reerystallisation but the presence of single sharp cores ia
sach crystal suggestis that the crystal sise is an origimal feature,
In some coastal sections the matrix shows loeal patches of partisl or
total pyritisation which appears to be of fairly late formstion, The
developuent of septarian structures presumably occurred immediately
before final lithification; they are devaloped only vhere the iromstons
is rather nodular in charecter and aust be the result of shrinkage of
the matrix within & resilient outer sones The fractures are of two
generations, one preceiing the farmation of drpsy siderite rims and
the other later than this; beth occur before deposition of drusy
ksolinites During the first phase of erecking the mud appears to have
had slight plastiocity while in the second phase the mud has fractured
in such & way as to suggest nearly complote rigidity. Oiderite was
deposited between the two phases and keolinite at & later stage, vhea

shrinkage was complete.

Ao ounosliion
The terrigencus grain fraction of the ironstone conzists almost

entirely of simple quarts grains, with less than five percent of other
types, which include compound quarts grains, feldspars, and micas.
The feldepars include sodie plagioeclase, orthoclase, and microcline,
all of wihich are very freshe The sicacesus greins are mostly
muscovite, though & little eb_lerite may be present,



Gaddatidiuidag.

Percentages of terrigenous grains were determined by pointe
counting, flve bundred counts per section being made to allow fer
inhemogensity of the sedimsant., Feglomal wariation in these percentages
is shown in figure Be24e T™he ironstons in Dunbydale, Paradale and
@long the lngleby searpment, though highly weathered, may be seen to
bave a lov proportion of terrigencus grains, At Commondale and in
‘osedale the ironotone 13 absent or impersistent, but at the former
the unit has & high clay content, The two figures for Hartoft Beck
rvefer to the upper and lowver parts of the ironstone. From the
distridution map a clearly defined coastal strip say be cbserved in
which & low percemtage of greins is presents In such of Hskiale a
consistently high proportion of greins occurs, which probably increases
to the south but decreases to the west amd morth. The upper part of
the ironstone in Hartoft Beck has affinities vith the southern coastal
developueut, while the lowsr past resesiles the Zskdale Lronstons.
daiiadi calanghars.

The grains were messured along linesr traverses using a manually
operated moving stage, care being taken to cover ag large an area of
the section as possible, Frastically all grains belong to the cearse
silt and very fine sand classes, but the northers and eastern sections
show the ;resense of & coarse fraction whioch is superimposed on the
modsl glasse Although this coarse frection decreases the serting,
the average grain slse is still lower then in Sskdals, vhere the modal
class is cosrser than on the cosst, The sise freguency distridations
of the ssctions are included in figure 2,50,
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The graine frequently have sn irregular cutline dus to etching
(see later) and commonly show a low sphericity, with elongation exceeding
134 in some cases, Where etching has not occurred the graing are
angular,
bassclacancat of arts and Feldsiax
&lilderite, Replacenent of quarts grains by siderite is éifficalt
to detect since a small amount of siderits is comsonly superisposed on
the margin of the quarts graia owing to the thicksess of the section,
Many grains, however, have highly irregular margias which sre clearly
not sectioning effectse The irregularities consist of projections and
deep indentations, often with a rether ssooth outline, and the siderite
grains which are in contact with the grein mergin are brownish, turbld,
and often cored, and are indistinguishable from thoss of the aatrix
(fige 2426). A great deal of corrosion of quarts and feldsper grains
uamm.muﬂtmmithhwo
therefore, have takes place before the fiual crystallisation of the
siderite matrix,

Mors definite evidence of replacement by siderite is seen vhen
Quarts grains are penetrated by clear and often euhedral siderite cryee
tals, casily distinguishable from those of the matrix, The origimeld
outline of the grein may be seen in the boundary between the satrix and
the replacing siderite, Juch replacesent is not conmon,

Bl Calgitge In the caleareous facies of Grest Pryupdale quarts graine
are sometimes partly replaced by ferroan ealeite, Cospound grains ia
particular are affected, the replacesest being initiated along the
intergranular sutures,
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4) _jeplacesent of Miceceous Minersls

Hascovite and ocensionally chlorite and chamosite flakes are often
the site of growth of siderite, pyrite, or dolomite crystalss In all
cases & small amount of replacement has taken place but this is
gensrally insignificant in comparison with the amount of crystal growth,
8)lildexita. This is associated with mlen flakes in two wayst

(1) between cleavages flakes of the original grein, which say
result in a considerable sepsration of the constitusnt parts of the
greing

(11) outside the grain, producing a fringe of clear pale browm
siderite erystals vhich lack cores and are readily distinguishable
from the matrix,

The internmal grains often shov a strong preferred orientation,
wvith o-axes perpendicular to the mioa cleavage. DBoth types may be
seen in £ige2427, "

Rllxziige This occurs either alome or with siderite, and is developed
only along internal cleavage flakes. The pyrite is in the form of
small anhedrel or subhedral bodles vhich may coalesce to form more
continuous bands.

aliolopiige in the calearcous ironstone dolomite is assoclated with
sics and chamosite flakes, to the exclusion of siderite and pyrite.
Dolomite shows either intermal or external development, and shows a
such greater lateral expansion than either asiderite or pyrites The
dolomite often growe 50 &8 to fors a lens shape, whose width depende
on that of the associsted flake, Ixternally the doloaite particularly
tends to occupy concave surfaces (fig 2.28)s The crystals genemally



| 2.

grow into the matrix, but where the mica flake has been in contaet wvith
@ shell grovth may take place into the shell saterial (fige2.29); iren-
free caleite shells only are affected, The growth does not seem to
take the form of simple replacement as the delomite is often not ia
contact with the caleite but is separated from it by fregments of the
siea flake, Penetretion may extend for mearly the whole \idth of the
shell, with the mies flake being thrust deep imto the shell,

All three types of replacexent are often lapersistent aleng the
length of the grain, and the mica may be deformed into & nstwork by
the irregular displacement of its cleavage flakes,

S dacsaside Glatauy

Terrigencus grains, belsg om the wvhole stable, are mabject to
1ittle diagenetic alteration, Conmsidersble etching appears to oceur
before the crystallisation of the siderite matrix, vhile later replace=
seat by siderite iz only on a winor seale,

% Seplacesent of muscovite flakes, and the aceompanying overgrowths
cannot be satisfactorily dated, but may have taken place befopre Mull
1ithifieation of the matrix, in the case of delomite, st least, it is
clear that conslderaule pressure solution of resiliesat material cceurs,
Apparestly due to pressurs of growis of the jolomite, This seems to
Frovide clear evidenee of foree of erystallisstion seting ia maech &
Wiy &5 %0 cause bollly movesent of cne grals and solutien of snother,



Aaddasciasion
Coliths are presest in the ironstone unit over the greater part

of the area but are absent in the westarn and soutbewsstern cuterops.
They are nost consploucus in hasd cpecimen in samples fros the cosst
south of Whitby Harbour, where they are concentrated aleong laminae and
roplaced by white clay. The coliths, however, comprise only two
percent of the total rock. In lower Bskdale ocoliths are preseat in
similer emall amounts, and are ren ered less censpicucus by the
presence of abundant fragmental shell material preserved in similar
vidte elayes Oolithe are present in Glaisdale, but are absent in
Great Fryupdale and ia localities to the wests, I the south coliths
are rare except in Hartoft Heeck vhere a thin, slightly colitic ironstome
overlies the uswal shelly iromstone. The-distsibution-of colithe 1o
sunmnrisedin Slaure 235

Sa iRl sMEbachesd
T™e average maximus diasster of the coliths is greatest ia the

coustal sections south of Vhithy Harboure In the north 1t is somevhat
and & regular decrease is seen as the Lronstons 1o treced veste

less
-2,30
-:‘(ﬁ\ sc)-unhudhrl:m.nmthmﬂi—“

regularly vhen traced inland. The distributien appears to be unimodal
in all cases, Sise frequency diagrams (fig.2.50) show all of these
features, The shape of the coliths cannot be directly determined in
thin section but mexisus elongstion of coliths determined from four
viiely spuced localities is about 2:l. The wide sestier from this
sazisum will be dus to sectioming sway from the centre and %o disorieniation



of the ocoliths from the horiscntal, either as a result of deposition
or burroving ectivity.
daCoupoaltion

The ooliths may be divided Linto two main mineralogical groupss
kaclinitic coliths and chemositic colithe, The chamositic ooliths
show the usual tangential orieatation of erystals within the envelope,
but the kaolinitic ooliths show almost total loss of structure and are
therefors considered to be the result of alteration of chemosite ocoliths.
The chamosite of the unaltered ooliths varies in colour from neutral to
greyish green, and shovs grey interfevence colours. In ordimary light
the colitic lamination often sypears rether diffuse, and the chamosite
tarbid, but under crossed nicols the tangentiel orientation of [lakes
is ssen to have bsesn retained,

Buclel occur in less than five percent of the oolithe, They
generally consist of quarts grains, but also include graine of lrom
oxide sad tubular chasosite crystals (fige2.31)s The latter ave
brownish green and shovw interference colours up to firet order yellow,
in contrest to the very low birefringent chamositic envelopes.
Cleavage is generslly parallel to the elongation of the eryutal, but
is ocoasionally transverse. The corners of the crystals are rather
rousded,
ba_snlacanent |
al Jaolinite. The 'structureless’ ooliths already described consiet
of rather cloudy colourless saterial usually very fine grained and
prectically isotropice FHeorystallisation is not uacoumen, hovever,
and leads to the development of small "books' of flaky erystals,
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belisved to be kaolinite, The distribution of larger crystals is very
patehy and appears to bear no relatiocnship to the cutline of the oolith,
Faint lines of inclusions reflect the original concentric structure of
the oolith in a few cases (fige 2.32) and nuelel, where present, oceupy
& central position,

l2Opele A common feature of many coliths is the presesce of dusty
inelusions, In kaolinitised coliths these have an irregular distribution
(fige 2433), but in lanimated coliths the cloudy saterial follows broad
concentric bands in which it is clearly superimposed on well laminated
tangentially oriented chamosite flakes (fige 234)s  In reflected
light the cloudy material gives a strong white reflection, The
mineral has besn described here as opal, as this has been the conclusion
of others working on similar material (Whitehead ot als 19525 p.24).
¢) Siderite, feplacement by siderite is also & feature of sost coliths
The replacesent say oceur in two wayss

(1) sarginal replacement, which is prastically always develeped,
leads to the formation of & "rind' of siderite along the periphery of

the oolith (Fig. 2.35)¢ The thickness of sach rind is generally
constant, but the average thickness of riads commonly varies from
ssuple to sample, ranging from 60 miorons $o being thin and Lmpersistent.
o relationship between the rind thickness and the nature of the
surrounding satrix could be deterained, Foorly developed rinds are,
however, characteristic of coliths in which the structure is retained,
The rinds are composed of a large musber of rather slongated radially
oriented erystals, each erystal generally extending through the total
thickness of the rinds The Lmner sargia of the rind is geserslly
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smooth in appesrance at low magnification, but is seen to consist of
a veries of projecting orystal termivations et high magnification,
The siderite is browalsh and uswally of a colour similer to that of
the matrix, from which 1t is elearly dlstinguished by the redial

orientation, and by the lack of erystal cores.

(11) internsl replacement, vhich is rerer than margisel replacee
ment, leads to the development of irregulsr clusters of siderite
erystals, some of which say show rhomb faces (fige 2,36). The
erystals are brownish in coulour, uscored, and are generelly in the
order of 50 microns in length, Such replacemsnt generally occuples
t contral poeition but in some cases the orystals appear to grow from
the inner margin of the siderite rind, from which it is distinguishable
by a colour difference and & fine line of opaque inclusions, In such
eases total replacessnt of an oolith coumonly takes place (rig, 2.37)
and the inner siderite consists of elongsted crystals with redial
orientation, but which are most strongly developed perpendicular to
the saximus diameter of the ocolith, A fime, irregular line of
inclusions commonly follows the maximum diameter.

Very rarely internal replacement consists of & eryptearystalline
slderite aggregate in which the lamination of the colith £4 to some
extent preserved (fig. 2.38).
d)izdte. feplacemsnt of coliths by pyrite is linited to soms of
the constal sections vhere small areas of pyritisstion of both matrix
and graine are present, The pyrite consists of irregular aggregates
of pyrite erystals, 15«20 microns in diameter, vhich may coanlesce to
forn massive pyrite. [Exoept wvhere pyritisation of the matrix is
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couplate, the slderite riands are genarally unaffected vhile the
enclosed portion say be partially or completely replaced (fige 2.39).
Where partial replacewmsnt has occurred the pyrite is densest near the
ioner margin of the siderite rind, The uareplaced material couprises
gresular clay similar to that found in associated ocoliths which are
unalfected by pyritisstion, In sose cases the oolithe are pyritised
only wvhere the matrix is cospletely replaced, but in others the coliths
are replaced independent of the degree of replacement of the matrix,
in one ssaple the matrix is pyritised in & narrov wzone around each
oolith, while the ocolithe theamselves are wunaffected,

allphalacitge Replacement by sphalerite is aleo restricted to
sections on or near the cosste The ephalerite forms amhedral or
subhedral erystals which say occupy a part or all of the area within the
siderite rind (figs 2.40); the rind itself is unaffected. The
unreplaced material conzists of gramlar clay.

£d ihoacbalge hosphatised coliths have been observed only in the
phosphate shell mould previously referred tos The coliths are pale
oresge browa in colour vith oocasionsl clearer patehes vhich shov very
weak birefringence is contrast to the bulk of the phosphate which is
Lsotroples Neplacement i3 complete, sxcept where & quarts nucleus is
present, snd sargisal sideritisation ia abssnt (fige 2e41)e The
phosphatised ooliths are scattered and adjecent ocoliths may be

unaf ected and chou couplete sideritisetion.

S daluticn
In a few loealities in the northeeast of the ares the part of the

colith enclosed by the siderite rind may be vold, Intermal replacenent
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minapals such as siderite and sphalerite may occupy some of the space,
£aLeforsation

The only deformed coliths are those in the upper part of the
ironstons is fartoft Beck, which have undergone spastelithisation
(Rastall and Hemingway, 1940; pe265). Deformation has cccurred as a
result of plastic flowage of the ocolitic eavelopes, w ich are lacking
siderite rindss The spastolithisation is apparently haphasard,
showing no relation to bedding and no particular lines of deformation
(Pige 2e42)e
Zeliaceuetle Jdatory

In the Fskdale localities the coliths have undergone relatively
little diagenesis while at localities along the coastal ares they have
undergone total reorganisation. It is probable that all of the coliths
originally had a lamineted chamositic envelops, but in many eases this
has been destroyed, the prineipsl processes .eing the development of
siderite rinds and replacement by ksolimite, There are two ways in
which the kaolinite wmight have formed:

(1) by total solution of chemoiite, with subsequent deposition of
kaolinite from solution within the cavity;

(11) by alteration of chamosite to kmolinite in place. In most
ooliths there is little evidence to support elther mechanisa, but the
occasional presence of concentric asones of inclusioms, together with
mmmsmd.mm.um'mmmdm
ooliths, favours the second,

The development of siderite rinds clearly represents the replace-
nent of the oolith from its outer margin inwards, and the similarity



13¢C

of the siderite within the riasd to that of the surrounding satrix suggests
that the matrix has a strong influsnce on the replacessat, The rinds
are poorly developed around chamositic ooliths, but are well developed
vhere the ooliths have been couverted to kaolinite. Siamilarly replace-
mont by pyrite, sphalerito and internmally by siderite is associated with
ksolinites This either suggests that the oceliths were at an early stage
replaced by kmolinite, wvhich was in turn susceptible %o replacessnt by
other minerals, or that the kasolinite may have been intreduced later,
the association of the replacing minerals simply refleeting the
instahility of the chamosites The siderite rinds st least seea to
precede the keolinite. Ina fev rare csses isternal (and therefore
alucst certeinly later) replacesment sy siderite retalns a erude concen-
tric structure, The jresence of voids within the rinds st some localities
isplies early rind formation, the alternative seing replacement of
chamsosite by kmolianite, sarginal replacement of kaolianite by siderite
and finally total solution of kaolinite.

isolinite therefore appears to be & late replacemeut minersl,
wileh wme introiuced subsequent to siderite and perhaps sphalerite
replaconsnt, The development of solution ecavities ia a few localities
sty have occurred near the time of kaolinite replacesent slsevhere,
Fyrite yeplacenent is also difficult to dete, but it is clearly later
then rind formation and may have occurred after kmolinite replacement
as a result of liberation of irven, The only remaining replacement,
phosphatisation, appears to be very early, since in phosphatised
ooliths siderite rinds are thin or absent.

Spastolithisation in the Lronstone at Hartoft Seck say have



occurred either before or after sideritisation of the matrix, but
einos no other samples showv deformation of colithe 1t may be that
incomplete sideritisation has led to the development of local stresses
during compactions The lack of siderite rinds may have been a
further factor.

Asdilasuasion on orizinal alseralogy
The original character of the shell materisl is alsost totally

lost axcept in the caleareous shelly Lronstose of Great fryupdale,
In thie irosstone the shells fall inte two groups which are distinguished
by their structure and by staining methods, The stain used distingui-
shes Lronefres calcite from ferrcan caleite (see Appendix 2E). In eme
group the shell is composed of ironefree caleite, and the structure
which comprises fibrous laminated and cecasionally prissstic elements
is perfectly preserved. The other group ls charecterised by total or
partial loss of structure, and the shell materdal is ferromn salcite
vhose texture clearly indleates repliacesasat) any structure that is
retained is of a regular laminated types These features suggest that
the first group comalst of origimsl ealeite shells (lncluilng aysters
and ostroscods) while the segond comeist of shells that were originally
aregonitice

in the non-caleareous ironstone this distinction 1s seldos possible
and shell types of kmown composition, such as ostracods and gastroppds
are useful as guldes. Ia the following sections an attempt will be
sade to refer to the origimal nature of the shell as far as posaidle.
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dazzanic pexloration of shalls
The shell material is oftea highly fragmented and the ironefree

ealeite shells show extensive boring wvhich affects both original and
broken surfaces, The perforation may be so intense as to reduce the
shell to a mere skeletal framevork, The structure is virtually
invisible is an unstalned section, but is brought out well by stalaing
singe the perforations are filled with a cement of ferroan caloite.
Two types of boriag may be distinguieched (fige 2443)1

(1) diaameter 0+5 to 1+0 microns, and rether stralght

(1) dtameter 4°0 to 4°5 microns, and slightly slnuous
The firet of these and possibly the second, may be aseridable to
filanentous algae (Cayeux , 1914) The outline of the shells is
Mlghly irreguler vhich gives the impression of replacemsat by the
matrix, but it is apperestly the result of these perforations,
Siailar structures are assumed to be presest in the ferrcan calcite
shelle, but cannot be brought out by staining.
e lsplaceasal
sl lezroan caloitge The caleite which replaces aragonite shélls is
pale brown, and when stained is blue or purplish blue, Crystal sise
is variable but each shell is composed of & large musber of orystals,
whose alse is roughly proportiomal to the slse of the shell, The
crystals may fora an irregular mosalc but in some shells the origimal
lasination has controlled the crystal boundaries, thereby preserving
She besle elements of the shell structure,

Urtyrtte, Chells replaced by ferrosn caleite often shov pertial
replaceaent by pyrite. Oecasionally the pyrite 1s in the form of thin
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sheets of constant orieatation, but it generslly ocours as a sone of
dusty inclusions near the shell margin, In both ccses the pyrite
appears to reflect the original structure of the shell, and shows no
relationship to the calcite mosaic.

ia the non-caloarecus ironstone pyritisation has often been
followed by total solutionof the remeining shell material, leaving
only & thin fila of residual pyrite (fige2edd)s 4 similar festure,
munmmuu-ummmm
vhich have undergone pyritisation, and so shells represented by
prritic films vere probably origimally aregositic. Fyritised shells
soen in hand specimen are all arsgonitic forms.
Sadidaritse Fartial or total replacement of shell material by
siderite is common in the nonecalearecus ironstone, The origimsl
uinerelogy of the shells is difficult %o assess but probably both
caloite and aragonite forme are affected, The replacing siderite is
reddish browm and apperently eryptecrystallines The internsl
structure of the replaced shell is preserved, and even the fine detell
of algal perferations may be visible (fige2.45)e Vhere partial
replacenent has ocourred the remainder of the shell has been removed
by solution, and the sideritisstion is clearly seen to have progressed
along interlaminar boundsries.
fa SusEize & fenture wvhich is cosmon in original caleite shells but
abgent in ferroan oaleite shells is the development within the shell
of overgrowths from quarts grains with which the shell is in contact,
Each overgrovth is in optical contimuity with its respective detrital
quarts grain and consists of one or more suhedral prejections, (fig.



2.46)s Inclusions are present within the overgrowths and reflect the
structure of the replaced shell material., The overgrowthe may extend
from one side to the other but never pass beyond the limits of the
shell,
o) Sphaleritee Originmal caleite is very warely replaced by large
erystals of sphalerite, Where quarts overgrowths aleso oecur they are
unaffected by the sphalerite.
4alolatlon

Fartially sideritised nad pyritised shells have already been
deseribed as having undergons solutions Ia the first emse solution
generally leads to the development of & eavity which is later the site
of deposition of drusy fillings, while in the second ease the matrix
has been able to accomodate the volume lose, leaving no eavity,
internediate situations occur vhere the shell outiine shows 'pinch ead
swell' in vhich the matrix has moved into the cavity to varying degrees
along the length of the shell, Some cavities may have forwed without
any prior replacement, but wost possess & thin wall of sideriti sed
shell, Shell cavities may be voldal ia part but gensrally they are
filled vith one or wore minurals vhich have been deposited from
solution, These minorals are comsidered belowe

daavity il

el lldsxiie, Fvery shell cavity possesses & ria of siderite, though
the thickness may be very ssall in some casess The siderite is

developed as clear slightly srownish crystals growing at right angles
to the cavity wall, Opdinerily the rimis of even thickness in any one
cavity and has & ssooth outline, but in soms eases the thickness of the



rim varies on opposite sides of the cavity.

Siderite riss are seldos affected by deformation or breaikage.
¥here differential solution has produced pinch aad swell the siderite
ria follows the irregular outline of the sculd wll, In suddy rocks
vhich show septarian shrinkage cracks around the larger grains more
complex structures are produceds These cracks develop either along
the surface of a shell or a short distance away froa ity so that a
thin fils of mud say remain attacheds On solution of the shell an
extrenely fine lamina of rediish brown materisl marks the margin of

the shell and this appareatly remains unbroken, even though support
1s totally lacking (fige2.47)s Ri= depositon them occurs on either
side of the film, into the shell and shrickage cavities, ‘Vhere sud
bas resained on the shell surfuce the fila is less easily distinguished,
The nature of this fila is uncertaln, but its extreme thimness and
streagth suggests that it may Le the conchiolin periostracus of the
shell, In many of the spparently sideritissd shells similar fine
laminae are visible and are responsible for the preservation of the
shell structure, and it is possible that the siderite inm such chells is
not replacive but fills cavities between the conchiolin layers, In
prismatic shell saterial the structure is agaln supported by a frame-
vork of thin reddish brown laminas, with alderite rims developed on
both sidese This does not eliminate slieritisstion as & process
since in many shells the siderite is clearly mot a ria development,

Although this fils, together with the siderite rims, often shows
remarkable resilience, ureakage does occure. In some cases the film
has been ruptured prior to the development of the siderite rim,



| PI0, 247  Film of mtrix suspesded betwesn ssptarian
i miwmm (x70)

FI0. 2,48  Buckled siderite rims enclosed in
kaolinite (x40)
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wille in others the siderite rim itself is broken. Rupture of the
fila prior to the ria deposition only occurs vhen & layer of sud is
present and appears to be dus to shrinikage of the mud pulling apart
the whole layers Yo gravitational breakage sesms to be lavolved,
Ffractures affecting the ria, on the other hand, appear to be the
result of foreshortening slong the shell, This mey occcur wvhere a
double rism is uasupported, or a normal rim not assoclated with shrinke
age cracks may be affecteds The latter oase is shown in figure 2448
vhere, since both rime are affested, grevity 1s clearly not a controle
ling factor,

Siderite rime seldom extend far into a cavity, but are usually
followed by farther cavity filliag by siderite and kmolinites. The
later siderite can be distinguished from the rim siderite since it
dovelops ss well formed rhowhe which are scattered and patehlly
distributed,
bl lnelinite and Blokiie, The ianer parts of shell eavities are almost
iavariably Filled vith solourlese clay minsale The graia sise is
uswlly too fine for optical teste to be earried out, elthough the
ainaral is clearly of the kmolinite family, Ieray diffrection of clay
ainerals from shell csvities has proved that two forms may be present,
kaolinite and dickite (see Appendix 2P )¢ Dickite has been recorded
previously from the ironstone at Eller Beck (Hemingway and Brindley,
1952), and has now been proved o oceur im such of lower Lgkdals - at
mmmwnmm Along the coastal area
knolinite is developed, The clay aineral clearly postedates the
giderite rims end vhere fracture of the rias has occcurred the clay is
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undisturbed and shows no variation ia grais sise that eould be related
to such movements. Opal is often developed within the clay mineral
vhen the associated coliths are opaline, The opal has & random
blotehy distribution,

8l Galcilge Txceptionally, in the phosphatic specimen from Whithy
the cavity within the siderite rim is caloite~filled, This comprises
a single crystal of clear ferrcan calcite which extends for the
complete length of the shell,

SaLelommation.

Several festures of breakage and pressure solution are developed
in the ironstone, Thoos relating to solution cavities have alreedy
been dealt with, Breakage occours where thin shells have been compacted
against resistant grains vhich way include quarts greins or even other
shell fraguents, In the calcareous ironstone the breakage can be
roughly dated, sinee in some instances the fracture is filled by
siderite matrix, and in others by ferrcan calecite cement, Foste
depositional breakage is not a comson feature, in prismatic shells
alip may be observed between the constitusat prisms, and is sccentusted
by displacemsnt of internal bandinge

Fressure solution affects original aragonite shells,  Where some
structure is retained, as for instance vhere pyritic laminee are
present, it shows plastie deformation by an intruding grain, wvhile the
assoclated ferroan ealeoite shows volume loss by solution. The
intruding grain is asually quarts, but oconsiomslly a shell may
peneirate another when it is 4in contact with it end on, Calcite
shelle penetrate aragonite shells in this way and ocensionally an



aregonits shell penetrater another aragonite shell,
Lo dacanatds dlatorx

The first alteration to take place is pyritisation, which
spparently affects only aragonite shells, This clearly precedes
alteration of aragonits to ferrcan calcites Fyritised saells seea
to have been particularly prone %o sarly solutlon siuce in the cale
mmmm.uwm-m'wc
complete solution of aregoanite prior to replacemeant by ferrean calclite,
vhile the nonepyritised shells ceen to have retained thelr origimal
cutline, In the nonecalesrecus ironstone shells are comsonly
reprosented by a thin lamina of pyritic residue vhile associated
shells show eavity producing solution, It is not eclear wiy this should
by the case,

In order to éate other processes with respect to the alteration of
aragonite, the ecalearevus shelly ironstomes of Great Fryupdale will be
considered first. The distinet contrast betwesn the effects of
presgure by JuArts grains on original calecite amd original aregonite
shells is very marked, The fact that the former bave reacted iy
replacenent and the latter by solution implies that the solution, at
least, oceurred before aregonite was converted to ferrcan caleite,
when the aragonite shells would be aore soluble than the assoclated
caloite shells, The development of overgrovths, howvever, implies &
dirferent phase of disgenecis and may have occurred after conversica
of aregonite, the selective replagement of original calcite shells
belng due to the greater solubility of non-ferroan csleite compared
vith ferroan caleite, This difference in solublility is clearly seea



on examination of an etched surfece of a thin section, where none
ferroan caleite shows deep etching while the ferroan caleite is
apparently only little affected, Sphalerite replacement of irone
free calcite shells postedates the formation of quarts overgrowths
and is probably the last chemical alteration to take place. Breakage
of shells under compaction appears to have occured at twe stages)
sarly breaks are filled with siderite matrix, and later ones with
ferroan ealeite vhich is provably deposited during or after aragonite
replacenente

in the non-calearecus ironstones there is little to distinguish
aragonite from calcite shells. Fartial sideritisation appears to
affect both types and this is followed by solution of resaining
ealcium carbomates The solution is followed by siderite deposition
vithin the cavities, which are finally filled by elay nineral or,
sxceptionally, calcite,

The probable dlagenetic sequeace in nomwcalcareous and calearecus
ironstones are compared in fige 2.49%

S JUIRALLACIS
The term 'iatraclast?!, though originally spplied to limestones

(Polk, 1959; pe’ ), has been adopted here to cover fragmentsl grains
which appear to have been derived from vithin the basis of depositien,
exclasive of shells and colithss The intracalsts though mot abundant
shov aignificant regiomal variation.

haoapesiilan
In coastal districts south of Whithy harbour the intreclasts conmim



NON-CALCAREOUS IRONSTONE CALCAREOUS IRONSTONE
CALCITE ARAGONITE CALCITE ARAGONITE
PYRITE REPT PYRITE REPT
SoLvuTioN SOLUTION
SIDERITE REPT ? PRESSURE SOLUTION
SOLUTION IFERROAN CALCITE REPT!
SIDERITE CAVITY FILL QUARTZ R’ (QUARTZ)
KAOLINITE,(DICKITE, AND
CALCITE CAVITY FILL
SPHALERITE R!

FIG.2.49 DIAGENESIS IN SHELL MATERIAL IN CALCAREOUS AND NON-CAL-
CAREQUS IRONSTONE
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three typest

(1) frageents of similar sise to the coliths, or a little larger,
and with a slightly irregular outline, The presence of sand greins
soaetines serves to distinguish the greins from coliths, bat often
identification is difficult.

@) larger fragments of shale occur in the lover part of the irone
stone valch sre apparently derived from the underlying non-marine shale,
The clay minerals show a strong preferred orientation which appears to
be prisery fabric.

(114) siderite spherulites occur both in the siderite matrix and
in the shale intraclasts, They are generally associated with sandy
laminae and although they are unaltered and show little abresion they
do not =ppear to have growa in place, The underlying non-marine
shale is & probable source since it is locally spherulitic,

in Zskdale the intraclasts are smaller, with a maximus diaseter
of about 300 sderons, and are similar in sise to the assoclated ocoliths,
In all cases they ecomprise greenish isotropic chamosite mudstonme,
commonly with includéd quarts grains., FRare phosphatic intreclasts are
present, sometimes showing partisl replacement by siderite,
Zagplaccaonk
al Slderitas On the comst many intraclasts have developed siderite
rinds identical to those of the associated coliths, and internal replace-
ment is common, leacing, in the phosphatic mudstone, to total replacement
in some onses, Vhere the intraclasts are chamositic replacesent by
siderite is confined to the margin and is on & small seale,

bl lsclizite and Ouale Total intermal replacement by kmelinite and

_—
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opal occurs in intraclasts on the coast in & manmmer identical to that
of the associated ocoliths,

sl ivitge Shale fragments in coanstal districts ocessiomally show
replacenent by bladed pyrite crystals.

4l Calgiia. In the caleareous ironstons intraclasts which are
physically similar to those of adjacent Sskdale localities are replaced
by ferroen caleite,  Oseasionally replacement is incomplete, and the
original materisl is seen to be chamosite,
dadolutdon sod Lavdly 2illing.

In phosphatic siderite mudstone siderite rind formation is
aceompanied by solution, leaving internal cavities vhich may be filled
by a single caleite crystal in the same way a® the accompanying shell
materiale.
balinssictde Jdatory

The fragaents of non-marine shale which are found in coastal
localities have undergone little diagenetic alteration, feplacesent
by siderite and pyrite is loeally developed, and both have probably
occarred during early diagenesise Ciderite spherulites appear to be
unaffected. The remainder of the intraclasts were probably origisally
chemozite zudstone fragmentas In Zskdale they are unaltered axcept
vhore replaced by caleite in the calearscus iromstone of Great Fryupdale.
Ou the gosst, however, & sequence of replacesent identical to that of
the associated coliths has occurred, with sicderite replacesment followed
by recrystalliostion of mud to kaolinite, or in phosphatic mudstones
by solutios of aud and later drusy filling by ealecite,

fhosphatic intraclasts appear to represent esrly replaceasnt of



14;
partially sideritised mud, similar to that observed in the matrix of
the undisturved phosphatic mudstones.

Ba BALCAL S RWER
Grains are ocecasionally seen in the ironstone wvhich have an ovel

or oblon: outline and .hich possessa diffuse ilntermal structure
resultiag frow the transverse orientation of numerous slighily eloagate
opaque bodliese Apart from these bodles the greins conslst of dark
brown turbid eryptocrystalline siderite. These gralas are similar to
those of faecal origin observed in other formation except for the faint
internal structures They seasure between 300 and 500 microns in
length and betwesn 150 and 250 mierons in widthe The pellets shovw mo
sign of replacement in either the ealcarsous or monecalearscus iron-
stoness Simllar greins occur in the sandstone unit in ‘osedale and
these vill be desorived and figured laters



dainuusocs
The firet manifestation of marine or brackish conditions is the

colonisation of the uppermost freshwater clays by various burrowing
organisas, particularly the small forms of Diplocraterion, These
burrovs are presest over much of the area, but become infrequant and
die out to the north, west, and southwest (fige 2.7)¢ The absence of
burrovs in these areas msy be due to low salinity or te insufficient
water coverages In central and southern districte the sarliest marine
sedinent consists of & soft silty sandstone or ssndy siltstone which is
aleo the infilling material of the underlying burrovs, (fige 2,3).
This is suceeeded for the most part by siderite mudstone which extends
over practically the vhole arems In the south, however, the ironstone
is rather lmperistent and silt and sand deposition continued throughout,
2a Souzee of couatitasnl mateclels

a8l Elaxe The clay fraction of the ironstone appears to have been
chamositice The fev examples of cheamosite which have not been
replaced, however, are dirty in appearance and may contain s propertion
of terrigenous clays The impurity of the shamosite as compared with
pure chamosite mud from other ironstones suggests that the chamosite
say be derived, and not have been precipitated in place, If this is
the case, there is 1ittle evidence as to the source of the chamosite,
but it may well have been introduced with the coliths (see below).
k) fexcigeucus gradnge These are wost abundant in central and southern
parte and show variation not only in abundance but ia sorting and grain



8430 as may be seen from the size frequency diagrams (fig., 2.50).
Ia central Zskidale a single mode is present and the sorting goed,
To the west, north, and sast this wode becomes finer and the probable
source of these grains therefore lay to the souths In northern and
eastern distriets, hovever, coarser grains are also preseat which
result in & long coarse tall in the size frequency distributions.
These gralas, being coarser in part than any found inland, must be
derived from an easterly source.

4l 0olithae The sise frequency disgrams for coliths are comparable
in some respects to those for sand grawnse In eastern localities
the ooliths are large and poorly sorted, while the sorting shows a
progressive lncresse vestvards together with a decresse in grain aise,
Cplith abundance 1s variable and low in sastern end central districts,
and in the vest ooliths are absent, 4s with the coarse terrigenous
gruins an easterly source is again provable,

¢l ihellae Shell material falls into two distinet catagories) over
the whole area entire shells are present to varying degrees while in
central and southers areas fragmentary ciell saterial is abundant,
Most shslls have probably undergone some transport with the exception
of those forms vhich are fousnd in vertieal growth position, whose
distribution is given ia figure 2,6, The fragmsentary shelle are
probably derived locslly as there is no evidence of thelr having been
introduced from surrounding parts,

al inizaginaiae Intrecluste may comprise very locally derdved
fragaents of sediaent ae in the onse of the large clay fragaents and
spherulites ia some comstal districts, but for the most part they

b
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appear to comprise particles of chamosite muds, The chamosite in
these intraclasts is very pure and comtrasts strongly with the
chamositic mud relies in the matrix of some localities, The sise of
these intraclasts usually corresponds with that of the associated
ooliths, and a similar sasterly origin is proposed.
daluniionseat of Jspeadidon

o) Dralcal Eavizoncsate The factors considersd to be of most
importance in elucidating the physical conditions under which the

ironstone heas formed are as follows:

(1) the lateral persistence of the ironstone despite its thinness,
and the significance of variations in thickness of ouly a few inches
with relation to the regional distribdution (fige2.2);

(14) the poor oversll sorting of the sediment, with & falrly high
proportion of greins showing wad supporty

(111) the abundant though rether restricted faunaj

(iv) the fragmentation of shells in central parts of the areay

fv) the transport of bulk of terrigescus grains from south, and &
few terrigencus grains together with ooliths and lautreclasts from the
8 te

The first of these requires an extyemely flat initisl depositional
surface followed by wicespread deposition under relatively low energy
eoniitlons, with regular accusulation and little or no contemporaneous
srosion, The second factor similarly implies accusulstion under low
energy conditions.The presence of an abundant fsuna precludes stagmation
of water, hovever, and the fraganentation of shells in the upper part of
the ironstone in central Yskdale suggests a certain amount of reworiking
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of the sediment in this area, Although sccumulation clearly took
Place under quiet conditions the transport of grains into the ares
sust require a certain degree of current sovement., The terrigencus
grains of central and southern regions may have been brought inte the
area during the transgresgion, by wave actiom, but the other components
from the east may have beem drifted in during temporery phases of
higher energy conditions,

Figare 2,50 illustrates the nature of sand graln and colith
distributions in the ironstone from HEskdele and from morthern and
coastal districts. The distribations have been plotied on arith-
setical probability paper rather than om & logarithasic scels in order
to accentuate the variation which primeipally occurs st the coarse
end (this 1s provably the effect of sectioning). The followlng features
say be seen:

(1) Oolithe are poorly sorted in the emst and morth and in Mller
Back while to the west the sorting improves rapidly as a result of the
diminution of the cocarse "tall's At the same time the modal grain
sizse decreasss.

(11) Sand graine show a similar trend to the coliths as regards
sorting, but the modal grain sise in Zekdale localities is very
constant and the two most northerly sections show similar modes. In
the sast and southeeast the modal grain sise is finer than to the west
and north but is accompanied by coarse "tail' which cocasionelly is of
consiieraule length.

(144) When the ocoliths and sand grains are considered together
they are better sorted relative to one another in Zskdale than on the



coast as may be seen by the incressing proximity of the two curves
fron the east to west,

This implies & stable enviromment of accumulation in EZgkdale,
vhile on the cosst the grailn sseesblages represent temporery phases of

higher eunergy conditions,
It 1s difficult to socount for the thickness wariation of the

ironstone unit; 4t aay in part reflect variation in the pre-depositiomal
surface, or it say represent slight dowavarping of the ceatral area,
This will be considered again in relation to the entire Eller Seck BDed
thickness variation, In the abeence of any adjecent sections the
unusual developaent near idttledbeck cannot be explained ia termue of the
known sections to the sast and west, waless it lies on the site of &
shallov channel which was the site of deposition which persisted through
into the lower part of the shale unit,

k) Chesleal Invironneuie The chemical conditions of deposition must
have boen cuch as to allow stability of chamcaite and yet support an
abundant fauna, It is probabls, therefore, that slightly exidising
conditions prevailed, The stabllity of chamosite under such conditions
is discussed later in Part Ill, The salinity say be estisated to some
extent froe the faunaj this 1s rather restricted in type, belng
confined to lamellibranchs, gastropeds, and ostracods, The nusber of
genera found throughout the ironstons smounts to about rifty, and so
the faunal assemblage is not of very restricted type such as is
associated with oruckish water conditionss It is probable that the
environnent possessed open and shallow connection with the sea to the
south but that as influx of fresh water from the morth salstsined a

4
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salindity slightly below normal,

dellsgenetic distory
The dlagenetic histories of the iadividual constituent types of

the ireastone vhich have already been considered ia detail will now be
combined to give & broad outline of the diagenesis of the Lronstone as
& wvhole,

Sideritisation of the originmal clay is the most fundasental change
that the original sedisent has undergons, and in practically all
localities replacemsnt is complete, The replacement is clearly an early
diagenstic process but when clay is the principal erigisal couponent
conpaction is of partisular importance and may be virtually complete
during early diagenesis, The slderite may grow in the mud in two wys:
ocrystals may grov into the interstitial cavities before compacilon, or
they may grov after compaction by replacement of the clay. In Hartoeft
Beck the slderite is clearly replacing a fairly well compacted
chasosite mud and if this relationshly may be extended Lo cover the
rest of the ironstoms then siderite replacesent may oe assuned to
oceur after the initial rapid compactiocs bee taken place.

There are seversl features which suggest that compaction was not
complets, Where chamosite has not been complotely replaced the
aszsociated ooliths shov a considersile smount of distortion and this
is believed to result from strain during differential coapsction of
sideritic and chamositic patches within the rocke Another feature
is the development of vertical slickensides on sideritic burrows at



the bmse of the Lironstone which proves that even the underlying ahale
undervent compaoction after sideritisation; in monesideritic burrows
this is reflected in & slight erumpling of the burrows.

Another early diagenetic mineral is phosphate which in some northe
enstern localities is clearly seen as an interstitial minersl in some
siderite mudstonss., The phosphats generally appears to be more or
less contemporaneous with the siderite but oceasiomal patches occur in
which siderite eryetals are rere, and vhich may therefore have preceded
sideritisation.

feplaceasnt of grains mostly occurs after sideritisation of the
mtriz, The etohing of quarts grains, however, appears to have
oocurred either within the original mud or even during trenspert,
though the highly irregular nature of soms grains makes the second
mechanien seea unlikely. Sideritlsation of shelle, coliths,intraclasts
and terrigenocus grains is probably closely associated with sideritisstion
of the matrix, though it aay not begin until the latter is complete,
Fyritisation and sometimes solution of aregonite shells on the other
hand probably took place in the original mud, Seolutlon of shells and
intreclests followed partial siderite replacement vhile ooliths apparen=
tly were umaffecteds In the calcarecus ironstone no such solutien
takes place and the principal festure is the replacement of aragonite
shells, intreclassts and quarts greins by ferrcan ealcites The datesof
these replacemsats are uncertain, but later replacements sees to be
..o.-putdb:antmmnduuhtumtqh
roughly equivalent in time to solution in the other ironstones.

The solation cavities in non-caleareous ironstones are filled by



siderite and later, kaolinite. A certaln amount of shrinkage,
represented by septarian craciks, and compaction occurred Letween the
deposition of siderite and that of imolinite, Farely, calecite may
take the place of siderite and imolinite, In coliths chamosite is
replaced by kaolinite, probably at the same time as kmolinite is
baing deposited in cavitises. Fyrite and possibly sphalerite appear
to be the latest replacement minersls, the pyrite occurring in patches
in which matrix and greins undergo partial or total replacement,
Laidigaical Lavitogasat

In order to save repstition the chemlcal eavironmeat in which
diagenetis changes have taken place is discussed in a later chapter,
in which the other Eller Beck Seod sediments are also considered,

S ERCIIGH
On the coast at Iren Sear the ironstone unit has suffered local

erosien wvhich appears to have occurred in two distinet phases:

(1) before sideritisation of the matrix; the nonemarine shale is
penetrated by unsideritised burrows, and overlain Ly silty shale;

(11) after sideritisation of the matrixy the non-marine shale is
penetrated by sideritic burrows, and overlain by shale,

The first type of ercsion ocours &8 very looal scours only & few
feot across or as slightly larger sonle features some tens of fest
scross, The limit of the siderite mudstone is always sharp and no
gradual disimution in thickness occurs towards the scours The silty
shale wvhich fills the ercded troughs may contain nodular irenstone
(figse 244, 2+3) vhich is distinet from the adjacent sedded irenstone,



The second type of erosion produces gredual thiming of the
ironstone unit with occasiomal total resoval, and is rether videspread
in its effect, Although the sideritisation of the matrix must have
takea place before erosion lithification was presusacly not coaplete)
this is implied by the smooth and relling ercalon surface and by the
lack of pebblese

At Haweker erosion again appears to have ocourred in two stages,
in the firet & Strough about two fect doep ws eroded into the andere
lying non=sarine shalese On the margine of this trough bucrrows are
preserved in nonesideritised silty clays. At a later stage erosion has
affected the whole area removing the iroanstone coapletely, but with the
preservation of irenstone~filled burrovs im the nonwsarine shale,
This later phase of erosion 1s aleo seen in the Yast CLALL of Whithy.
it may even by of slightly later date sinoe the erosion is rsther
irregular, leaviag patches of ironstons up to eight inches thick ia
places, while slsevhere erosion haz cut down iato the non-sarise shale,

The development of the two phases of erosion is valusble in deter-
aining the time of siderite replacesent relative to the deposition of
the original sud and to the deposition of the overlying shale., The
lack of sideritisation of the sediment ia burrows underlying esrly
erosional surfaces shows that sideritisation had not comvenced, even at
the base, ustil depositon was complete, The precence of the second
erosional surfece shows that a sufficlent length of time elapoed for
sideritisation to occur before erosion and deposition of the overlying
shale,
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CHAFTER V THE S HALE Ux1iY

PERIRITIINT S
A EAGKRS RISTRIMIIRN
The shale unit is usually easily recoguisable throughout the
arcas It comprises dark grey laminated shale and silty shale which
sommonly contains iyonstone comeretioms. Its lower boundary with
the ironstone wnlt is sharply defined but its upper bouandary is more
arbitrary sinee there 18 a gradation upvards from shals imto finew
greined sandstons with lasinse of silty shale, The shales becons
Lineressingly silty upwards and near the top contaln wispe or
cegasiomally thin ribs of fineegrained sand, The overlying thine
bodded sandstons cemmonly shows e similarly slow iocresss in graln-
sise, with a gradusl upward reduction in the sumber of partings of
silty shale, The boundary between the dominantly shaly beds sad the
doulnantly sandy .eds is, hovever, ususlly quite sharp asd may be
readily ploked out oa veathered surfaces,
in the section fros iren Scar (1) to Nevessear (2) the shale is

devaloped in its typical fora as ocutlined above, although ironstone
coneretio s are virtually ssseat, Fosalls are present in the lower
part, 4t Hawsker (3,4), a8 described in the section on the ironstoss
unit, the base of the shale cuts down threugh the iroustons legviag
only the burrowed nom-marine surface. locally the sase culs down
Wm.mwemzmﬁu—m(ma.m
This trough is ocoupled at the bese by a fev laches of tough white



sand with shaly partings vhich contains sbundant small ironstone
sodules in the lateral parts, and finally passes into shale with
large unfossiliferous fine-grained ironstone nodules. Elsewhere
the shale lies directly on non-sarine beds. In the Zast CLIff of
¥nithy (5) there is further evidence of erosion at this level, since
the ironstone is very irregularly developeds [lHxcept where patohes of
ironstone have resained the Lase of the shale is below the level of
the Lase of the ilronstone unit, sometimes to a depth of over aine
inches (fig. 2.52).

The shale at Hawsker is fineegrained at the Lase but becomes very
silty and carbomceous in the upper part, and is tough and rather
coarsily lasinmated, The silty shales pass upwards inteo fine grained
silty sandstones, but the passage is sarked by less interlamination
than in other more typical sections. Iin the vieinity of the eroded
trough at the base of the shale unit the shale shows features which
are not seen elsewhere, and vhich are apparently limited laterslly
to about 100 feet of the section., Ia the lower, fine-grained part
the shale contains scattered cross-laminated lenses of sand, appsrently
isclated ricples., The sand is fine-grained and very tough, and shows
suell scale loading at the base. In the upper part refts of cealy
material are very abumdant, These msasure up to 2 feet ia width and
up to about 2 inches in thickness,

In Vhitoy East CLACP (5) the shale is of more typical aspeet, but
foseils are again absent, Along the vhole coastal section so far
described the shals is relatively unifora in thickness, belng between
4 foot and 4 feet 6 inches, Is the West CLiff (6), however, the
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shale thickness drops to 2 feet, though thers is little lithologieal
change and fossils are still sbsent, In Newholme Beck (7) the shale
is still quite thin, The section iz the waterfall is unwesthered
and the upper boundary mot distinet, since the eoverlying thin-bedded
sandstones contain sbundant silty partings end sppear dark dus to the
ndst conditions. In the similar section ia the cliff near Hinderwell
(8) the veds are weathered and the distinction Letween the sandy and
shaly beds is such clearer. At Hinderwell the shale is oaly 1 4.7 la.
m&.uzmmmmmwmm

in Kilton Beck (9) the shale is very fine-greined throughout and
does not shov the usual upward paseage into :andstone. The base of
the sandstone is sharp, and since the lowest few inches contaln flakes
of shals it is probable that the upper part of the shale unit has been
resoved, In comparing the grain sise of the shale with that of other
sections it is possible that as auch as two feet of shale, in which the
upward passage into sandstone would have been present, may have been
resoved, Alternatively the shale may have Leen finee-grained throughout
and srosion at the top only on a small seals, The overlying sandstone
does not comtain silty laminee and it is possible that the lower part
of the sandstons is equivalent to the silty shale and thin-bedded
sa:xdstone as developed to the south,

it Comsondale (28) the shale unit is again thin, and shows an
unusual development, The shale is very finsigrained, splitting te
thin lasimme, Lut Lo interbedded with ribs of dark urrowed asdiume
grained sandstone, The upper contact with the sandstons unit is sharp
but the lower part of the sasdstons contains abundant partings of silty



shale and 1s sismilar in lithology to the sandy ribs withia the shale
unit. Shell casts are very rare in the shale,

In the section near Little Beck (10) the shale horison is partly
cocupled Ly a sandy facles, Above the horizon of ironstons nodules is
a bed of pale coloured silty sandstone which is poorly bedded and
contains abundast carbonacecus. and micscecus laminse. Shells,
chiefly oysters, are abuniant locally, Above this sandy unit the
normal shale is developed, being only 2ft, 6in, thicks The shale is
silty and contdins abundant lamings of fine sand in the lower parte
The contact with the overlying sandstons is quite sharp and the sande
stone is free from silty shale laminse although it is very thin-bedded.

Elsevhere in lover Lskiale the shale is typlcally developed as
far vest as Glsisdales The shale varies in thickness but shows the
upvard passage into sandstone: shell casts are present inm the basal
‘parts The shale is about 4ft. 6in, thick in Eller Beck (11), but
thickens to the west to about six feet (Seetion 12). This thickness
is reduced in Igton Grange (15) and in the west of Wheeldale G411 (13)
by chamnelling Crom above,

In ¥inter G411 (16) & thin shale development overlies the irone
stone unit, comprising fine grained shale with no silty or sandy
laninas, This shale is overlain by a pebbly sandatons with abundant
wood Pragments which passes upwvards into a limestone composed almost
entirely of shells, This, in turn, passes iato a calearecus sandstone
wvhich is overlain by alternations of sandstone and pale grey fine-
grained, unfossilifercus siderite mudstone, The lover beds show
cross-bedding from both a northerly and scutherly direction, there
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being no apparent preferred orientation, The sandy veds are overlain
by labbnated shaly micaceous siltatone shale with oceasional shelly
beiding planes, which passes quite repidly into thin-bedded sandstone.
The sandstone does not coatain silty partisgs acd Lecowes unbedded in
the upper part, Leing a fine-grained, white, unfossiliferous, sandstone.

The limestone and calcarsous sandstone almost certainly represent
part of the shale unit and the upper sandstose probably belongs to the
thinwbedded sandotons subeunit (this is discussed later, p. 1/5).
Since there is no section to compare with tais, hovever, the aicaceous
siltatone uight belong to either of these two groups, and as it
contains shelly bands it caunot be correlated with the norsal upper
shale developaent., As the lower boundary is sharp and the upper
gredational these silts are teatatively ascribed to the sandistone unit,
the presence of shelly bands being supporting evidence for this.
(aleardous sandstounes overlain by shelly, thinebedded sandstones oceur
in Great Pryupdale, and these may be anslogous to those of Winter G411,

In Glaisdale Head (17) the normal facles is preseat with ealy
four fest of shale present, This thickens to about five feet in
Birk Wath Decks In Busco Besk (20) the shales are 6ft. 9in. thick
and show the usual vertical lithologieal variation. They are,
however, eapped by & thin fine-greined sandstone vith a sharp basal
contact, Although the sequence above this is still shaly ia part
the base of this sandstons is taken as the upper limit of the shale
uait, Ia Ttonmegate Gill the shale is 7ft. thiock.

At the head of Great Fryupdale (21) the shals horison is cevupled
by ferruginous green shelly sandstone, but passing westwards to The
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Sear (22) the sendstone becomes more variable. In the most southerly
exposure a foot of pale coloured silty shale ocours above the irone
stone unit) this is overlain by & thin greenish pebbly sandstons and
then a tough caloareous sandstome., These sandstones are in turn
overlain by 2%, 6in. of normal silty shale which passes upwards into
thin=bedded shelly sandstone. When traced morthwards the lower sand-
stones thicken by cutting down through the underlying shale and irone
stone; at the same time the top of the sandstone rises and the
overlying shale and oven the lover part of the thinebedded sandstone
shov progressive cutting out against the sandstone surface. The
lover sandstons reaches a maximum thickness of seven feet, and as it
becomes thicker cross-beided units are developed with coarse-grained
shelly horisons. The variation along this section is shown
diagrammtically in rigure 2.53.

In Danbydale the sandy development is maintained in Old Hannah's
Eick (23) where seven feet of sandstons is owerlain by 1ft, éin, of
silty shale with sandy laminae, Near the head of Danbydale the
sandstons has brokem up into thln units separated by siltstone and
silty shale, The lowest bed is a soft pale shelly ailtetone which is
possibly equivalent to the pale silty shals of Great Fryupdale (22).
Near the top of the exposed beds is a thin colitic ironstons with
Occasional shellas.

In Dattersby Crags (28) the shale unit is absenst, apparently due
to erosion, but to the south in the lnglehy escarpment it is again
doveloped, In Rud Sear below Burtom Howe (29) the iromstome unit is
overlain by shelly siltstones at the top of which is 1ft, 6in, of
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colitic ironstone. The total thickness of these beds is 5ft. 4in.
conpared with 5ft. 10in, betwosn the ironstone unit and the top of the
oolitie ironstone in Desbydale. In Bluebell Trough (30) the siltatones
are reduced to 20t, 8in. and the ironstons to 1ft, 2in. in Faradale
they have thinned further, to 1ft. 6ln. and eight inches respectively.
In the last twe localities the siltstones are shelly, and pale in
colour vith a purplish tiat, being similar to the lovest units in fud
“car and Dunbydale,

The overlying bdeds are not exposed in fud Zcar, but in Bluebell
Trough seven feot of finewgrained unfossilifercus lazinated shale are
present, which in Farndale has thissed to 5ft, 9in. The section in
Blow Gill, to the southevest shows 2f%, 9in, to 3ft. Jin. of colitic
ironstone overlain by twelve feet of shale,

in Rosedals the shale reaches a saximum thickness of 7ft. &ia,
(Section 32) and shows the typicel development of sandy lasisae in the
upper part. Benesth the shale is a thick series of siltsbnes with a
thin colitic ironstone near the middle. To the east (33) this irone
stone is four inches thick with ten inches of allty shals below, while
the overlyiag shale 1s silty with ribs of sandstone locally. The uait
is exposed at several localities in Northdale in which the shale is
about 4ft, 6in, thick, The oolitic ironstone is developed thinly in
the south but dies out northwards vhile the underlying silty shale
thins from 1ft. 6in, to less than one foot thick, In Rosedale Cragse
(34) the sideritic sandy beds which may represent the ironstone unit are
overlain by dark, poorly-bedded fossiliferous silty shale which is
capped by a thin slightly oclitic irconstons, The overlying shale is
soven feet thick and contains sandy laminee in the upper part. The



thin colitic ironstons may be traced into Hartoft Deck where it over-
1ies a thin shale in which a thin shelly ironstone is developed

locally.

Ba RASLABITICY OF LSQUCSTONE CONCIETIGND
Concretiomry ironstons in the fora of siderite mudstons nodules

s fairly common though seldom sbundant, The nodules are practicslly
alvays small, up to about six inches in leagth, but under special
circumstances larger concretions and even coantinuous concretionary
bacds are developed., Ordinary nodules are avsent between irom Soar
and Nawsker but are present in the ast CLAff of Vhithy snd in seetions
to the north,

In Zskiale isclated nodules oceur within the shale and in Eller
Beck and Hev Wath “ear lines of concretions are developed, vith a
locally contimuous shelly ironstone in the forwer locality, Ia
northern ‘ogsedale small concretions are quite abundant locally, but
are rere in the south, Ironstone comcretions are totally absent in
Farndale and in Sluebell Trough.

Umusual concretiomary developments are seen in the coastal
sections, One of these which occurs near the top of the shale at
iron Scar is assoclated with a compressed log (figs 2.57), but the
remainder are assoclated with ercsion of the ironstons unit, “ome of
these have already been described (figs, 2.4 and 2,5), wvhile the
remainder consist of large isclated nodules which ocour & short distance
above erosion surfaces in wiich siltefilled burrovs are preseat (fig.2.54)

At Havsker large isolated nodules are developed above the erosioa
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surface on the margins of the trough (fige 2,51), vhers silterilled
burrows are again present, These nodules die out vhen ironstone-
filled burrows appear and at the same time & contimuous ironstome band
is developed at a higher level about one foot from the base of the
shale, A similar band occurs in the Hast CLLFL of Whithy (fig. 2.52)
at a saximus helght of 1ft, 6in. from the base of the shale; this
band thins and becomes dlscontimmous over patches of unercded basal
ironstons, The ironstons band is absent in the West CLIfF, where the
basal ironstone is not eroded, but reappears at Alnderwell though it is
not centinuoua.

La ZALAZQIISINL
The fauns of the shale unit coaprises lamellibranchs and gastropods;

ostracods are also seen ia a few places. In shale the fossile are pre-
served as compressed woulds, ocoasionally with & thin pyritie filey in
the calecarecus sandy beds they are yreserved in caloite or as uncrushed
soulds, Idestifiable forms include Jeryillls, Irisonis, [lsucoszs,
Seladomm and Juzxitella, 21l of which are found in south-sastern
coastal districts and in northern Rosedale, As in other areas the
fossils occur chiefly ia the lowest part of the shale. In Sskdale
fossils are rare, and on the coast at Haweker and the Zast CLLLY of
Vhitby they are absent, In Farandale and in the Ingleby Tscarpment the
shale is completely unfossiliferous except vhere a few intercalations
of pale silty shale occur at the base.

loeal goncretionary ironstones may be very fossiliferous, as at
Eller Beek where gastropods are particularly abundast. The sandy
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deatzss and Dlopse The limestonss and sandstones of Vistergill and
Great Fryupdale are characterised by oysters, though other undeber
alnable lasellibranchs are also abundant and a few cstracods have been
cbserveds In the sandstone ribs and beds of lanbydale and Commondale
show evidence of burrowing. The colitie ironstoms at Danbydale
containe Ixiganis, dodlals, lioaizes, and several other small lasellie
branchs, and is extensively burroved, A sisilar fauna cccurs to the
south and south-vest.

in southern districts particularly a smell leaf is common withia
the shale unit. The leal which reaches about one inch in leagth has
not been identified,

Ra L Sl LH

The shale unit is usually easily correlated om its lithalogy bdut
the development of siltstone and sandstone at some localities introduces
several problems, At Littlebeck the silty sandatones appesr to have
developed during and after the depositien of the ironstons unit., The
thinness of the overlying shale suggests that the sandstone formed an
upstanding bank although initially & scour may have occurred on the
site (ps104)s

The sandstones and limestones of Winter 041l and OGreat Fryupdale
cleoarly postedate the initiation of shale deposition and the base of
these veds are clearly srocional te some extent. No dating for the
Winter G411l beds can be msde, except that in the absence of ang
developuent of typical shale, accumulation of sand may have ocouwrred



until the end of norsal shale unit deposition. The sandy siltstone
overlying the sandstons is over seven feet above the iroustone uait and
since in the neighbouring Glaisdale Head section the shale unit is only
four feet thick it is probable that the sandy silistone belongs to the
sandstone unit.

in the Egton Urange section the shele is sluilarly eroded and
overlain by four feet of rather coarse pebbly and shelly sandstons with
iapercistent Leds of slightly oolitis siderite mudstoss which are
probably equivalest to the Winber GLLl beds. The overlying finer-
grained sandstones are typlcal of the sandstone umits In Great
Fryupdele and Danbydale the sand aceumulation has clearly begun after
the initistion of shale deposition, but in the ares of The Sear, at
least, has ceased early enough to alleow deposition of over two fost of
overlying shale, The shale preserved bdealow the sandstone is unusually
pale and silty and is probably of the sase age as the basal siltatone
of Danbydale. The remainder of the siltstones snd sandstones appesr
to be equivalent to the sandstone of Great Fryupdale, Near the top of
the section 1s = thin oolitic iromstons which ia its general setting is
similar to that of the south-westers localitles, and it iz here
suggested that the oolitic i{ronstone is conmtimuous throughout, It is
also traceable throughout ‘osedale and into Hartoft Seck. The undere
lying beds thin %o the east and in easters fosedale and Hartoft Jeck are
represented by mbout one foot of shale; ia this case the ironstons and
underlying beds are probably equivalest to the lowest foot of shale in
the sections to the north-sast. The distribution of these beds is

represented ia figure 2.55.
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The ironstone clearly incresses in thickness to the south-west,
and probably correlates with the thick ironstone developed in Blow
G411 (38)s iIr this is the case the ironstone dewelops into a major
unit to the southevest and had the area stucied been extended in this
direction, the ironsione aml associated beds would have warrsnted
separation into & separete uaits The ironstome will be referred to
in this text as the 'Ingleby lronstone' which follows Marley's
nosonclature for the ironstone of “md Sear, although that included the
thin represcatative of the ironstone unit,.

The shale at Haweker is sufficiently different to that of other
areas to suggeet a different mode and possibly time of deposition.
The basal scour is clearly posteironstone unit in age and the leading
at the tese of the sandstons indicates lack of shale consolidstion
which suggests that deposition in this region ves later than elsevhere.
Deposition would have Leen more rapid and this is alse suggested by the
relatively poor sorting of these shales., &4 regime of water flow which
resoved the lroanstons unlt sppears to bave continued during shale
deposition which was retarded in this area until rapid deposition
brought the level of sedimentation up to that of surrounding aress.

Flgare 2456 represents the distribution of the shale unit excluding
the Ingleby lronstone and the ssscciated silts, lumbers ia btrackets
represent thicknesees which have bees reduced by erocsion, and the
thickness for Gresat Fryupdale is takea from Sestion 22, vhere the
sandstons bed is thisnest.
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The shale has not been studied ia thin section, but exasimstion
under a binocular microscope has provided the following ocbservations
on the texture and grain-gise of this deposit. At the base of the
uait the shale is fine-grained but contains thia laminas of silty
(excoptionally the basal fow inches are very silty dus to erceion of
the ironstone wait.) The silty laminee become thicker and mere
abundant upuards, and in the upper part of the unit thin vhitishe
weathering laninae of silt and fine sand develop, while the assoclated
shals becomes rather silty., The top of the shale is charecterised by
abundant laminae of silt and fine sand and ocsasiomally thicker ribs
of sand may cceur: the unit then grades rapidly upvards into the bhase
of ths sandstone unit which comprises fine sandstone with thin laminae
of silty shale. Although the term 'shale’ has been used for fisld
description the dalk of the sediment probably comprises clayey siltstons.

The clay saterial vas ldentified by means of X-ray diffrectien
(Appendix 2 B iv) and proved to consist entirely of ksolinite. The
bulk of the grains consist of quarts sand and silt together with a
lttle fineegrained ades., Ooliths are apparently absent and the oaly
allochemical constitusnts of any importance are shells,

Sedimeuntary structures are usually confined to horisontal laminatien
but oscasional ripple-marked lenses of fine sand occur. Where these
&re in the fimer grained shale, as at Hawsker, omallescale load casts
Wy be developed at the base. larger load caste, generally of &
Smooth nature, mey ocour at the base of thick sasdetone ride at the top



of the unit and occasionally, as in Hevholme Beck, thess may characterise
& particular horison. Organic structures are confined to a few
localitiess at Eller Beck indistimet horisomtal trace fossils are
present and in southern cosstal sections verticsl sand-filled eylindrical

tubes of srenicollles ocour.

R L0t caiiaTian

Concretionary ironstons may develop at any level vithin the shale
unit. Genmerally the distribution is haphasard, but in several cases
the ironstone is clearly related to some other feature, such as shell
beds or wmsheouts, These more specialised developsents will be
desoribed first, |
(1) A% Iren Sear irenstons nodules ocour withis silt«filled chanmels
on the horizen of the bedded Lronstones The siderits matrix is very
similar to that of the assocciated ironstone, comprising & grasular
mosaic of erystals averaging 15 microns in diaseter, seme having opaque
cores, Terrigesous guarts grains are more abundant totalling sbout
twanty percent of the rock, and ape poorly sorted dus to the abundance
of very fine grains., Scattered coliths and a fev shell fragaents ave
present, together with fragments of woods The saall washeouts in
walch these nodules occur are believed to have occurred before siderite
isation of the bedded ironstone (p.150)s The channel-fill is therefore
likely to be resorted mud from that horisos, and this 1s borne out by
the presence of coliths and the similarity of the matrix to that of
the eroded iresstome. The nodules may therefors have formed at the
Sane time as the ironstone unit became sideritised.

i
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(11) The section at Sller Beck is charecterised by & rether
persistent ded of coneretiomary ironstome. The satrix consists of
finely erystalline siderite (J to 5 microns) with ocoasional rether
diffuse coresy silt grelans are abundant, comprising fifty perceat of
the rocks Burrows are present which in contrest to the bulk of the
ironstone are almost sili=free, and the siderite is very [ine-grained
(2 mlerons)s Shell saterial is sbundeut, and shows jartial sideritisa-
tlon and clay mineral cavity filling sisilar to that already described
for the ironstone unit. This irounstone eppesrs to have forued as e
normal nodular ironstone, its continuity belng dus to a shelly
horison having acted as the nucleus for siderite precipitation, The
tine of rformation predates shell solution and compression as is seen

in the surrcuniing shale.

(111)  In Hew Nath JSecar snother rather persistent ironstons horisen is
present which has sany features in common with the basal ircustone uwnit.
The matrix consiste of clear siderite erystals (10 microns in diaseter)
vith sbundant well-defined corese Terrigenous grains form less than
five percent of the rock and shell ssterial is rere., Chamosite coliths,
2000 of which possess quarts grain sucled, are present in small nusbers
together with intraclasts of chamosite mud, The low percentage of tere
rigenous grains and the jresence of chamositic ooliths end intraclaste
Suggests that, like the iroustone unit, this horizon represcnts the
sideritisation of a chamositic sud. The chamositic environment must
have been very localised since the ded eannot be traced laterslly inte
G&djecent localities, it is ualikely that the oeliths are ‘erived from
& wore distant source sinee ia the known ocolitic horizons the colithe
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ironstones possess rather finely crystalline siderite satrixes (2 to 5.
w“microns) im which cored orystals may or may not be preseat.
laaination is present, and is chiefly due to varistion in the proportion
of tersigencus grains which range in grein size from conrse silt to very
fine silt. These concretions clearly result from sideritisation of
the norsal shales The relative compaction in the adjacent shalse is
usually less than thirty peroent, indicating that siderite has developed
in the later stages of compaction., The comcretlons clesrly represent
redistribution of iron fros withis the shale, but the sxact sature of
this process is difficult to assess. It is, however, lateresting to
tote that the contismous iroastome bands and nodules which fors above
the areas of erosion of the uderlyin ironstone occur at some distance
above the erosion planes Where the erosion appears to have preceded
slderitisstion of the vasal mudi, seattered nodules occur & few ilaghes
Above the erosion plame (figs.2.52 and 2,54), while where the erosion
bas post-dated sideritisation more continuous ironstons bends oceur wp
to 1ft, 6in, above the erosion surface. Such contimuous bands are
Soon st Haweker, the Jast Cliff of Whithy,and Hinderwell; where
remnants of the ironstone unit remain the band Lreaks up imto nedules
(fige2.52), At Iren Sear such bands are not developed, even though
the Lronstone is eroded at several polats along the «liff, The clear
rolations:ip of these bands with the underlying beds suggests that
the migration of iron may be in an upward direction and considering the
Particular setting, the large smount of iron required to foram such
%aads may be derived from the origisal basal mud wvhich might have
renained to some extent disseaimated throughout the lower part of the
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shale unit., This lsplies that migration of iron in the shale must
occur soae¢ considsrabls time after depositien,

The districution of concreticaary ironstons other than that
related to the basal ironstone umit sust be related to the iron content
of the deposited mude It shows significant regiomal variation as wll
as local variastion, as may be seen from figure 2,98, The deposition
and postedepositional migretion of iron will be considered more
gonerally in chapter IX.

S SBLL Ship RORLLT

The upper part of the shale 1s almest invariably charecterised by
laninae and lenses of fine silty sand; the following examples are
considered in detall as they show more distinctive features.
(1)  In the upper part of the shale in the section st Blusbell Treugh
(30) small leases of coarse silt ocours These may show crosse
lamination and always show clear evidence of loading, with the mapgin
of the leas completely overturned (fige 2.59)s Ia thin section the
grains, vhich sverage 50 mierons in dismeter and are very well sorted,
show streng suturing in patches throughout the rock, Between these
patches & clay matrix is pwesent, These bodles appsar to represent
isolated rippleemarks vhich have foundered iate the underlying shalej
they may be derived from near the top of the ualt since they are very
Similar to the overlying silty sandstones,

(14) 4t Haveker (3) rare sandy lenses oceur near the aiddle of the
shale unit in the regiom of the erosiomal trouch, In handespecimen
these lenges are derk and tough; ia this section the dark colour is
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Seen to be dus to abundant interstitial dusty pyrite and the toughness
to intense grain sutuping (£1g.2.,60), The sand grains aversge 150
#icrons in length, but wany resch about 250 mierons, Heawy minerals
are fairly common, zircon and leucoxens seing the chief constituents
vith very subordisate toursaline and rutiles A broken chasosite
®olith wvas alse ovserved, These sand bodles appear to represent small
lag deposits within what is othervise a fimely silty shale.

(114) 4t the base of the channel referred to sbove, & thin sandstone
is developed, In thin section the sandstone is very siailar ia grein
5120 and texture to that described sbove; it does, however, lack the
dntarstitial pyrite and is charscterised by comsiderable coscentrations
of heavy minerals slong cortain lamimee (fig.2.61)s The heavy ainerels
&gein comprise sircon and leucoxens with minor amounts of rutile and
Soursaline, but in addition slightly exidised and fragaeated siderite
Spherulites are present, iIxeluding siderite, the heavy minerals
Gonstitute over § percent of the total rock and in some lasinae as wuch
84 25 percent. This also clearly represents a lag deposit, the
Waterial sedng derived from the ironstone unit and the underlying

Don-sarine hedse
This constitutes one of the two areas of large-seale sandstons
Socumulation within the shale unit. Its areal exteant is unknown sinee

ltun.hahwouh.nin it 19 absent et Glalsdale Head
b6t say be represented by the lower part of the sandstone in Igton
Urange, wilch is rather coarseegrained and contdins oysters and intree
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clasts. In both Egtom Greange and Winter GAll the sandstone has an
erosional base, 1ft, 10in, of shale being preserved in the foraer and
Ifts 4ine in the latter.

in Vinter G411 the lowest beds show rapid lateral wariation; in
the downstreaa sectlon they coaprise hizhly weathered cross-bedded
ferruginous sandstones overlying & thin rubbly bed, with shells, weod
fraguents and intraclasts, while upstream & sheily limestone is preocent.
The shelly limestons passes upwards into & caloarecus shelly sandstone
vhich is locally ocolitic and flaslly into sandetons with thin beds of
slderite audstone,

Tse basal limestone rocks owe their highly eslcarecus nature to the
sbundasce of shells and to ealecite censntation; ne origimsl culearecus
mud is present, Apart from shells grein types inelude terrigencus
sand, intreclats end seattered ocoliths. Ia many respects the petrow
graphy of the limeutone resemoules that of the saloareous ironstons of
Grest Fryapdale (pe150), to which reference will be made in order to
avold repetion. The Winter Gill limestons difTers ia having sperry
cenentation, comprising as sarly siderite ria followed by a ferrcan
caleite cowent which has filled the resaining voids. The overlying
sandatone is calcareous st the tase, but for the moetl part has a sperry
siderite ceuent,
halessicengua sralaa
al listribation and Cosuasiiian At the base of the limestone terri-
genous graine sake up as little &3 five percent of the rock, but this
increases upvards to about sixty percent. The average grain sise
decreases upwarde and this is due to the presence in the basal units



of a bimodal distribution of which the coarse mode decresses rapidly
upvards (fige2.62)s The coarse mode is believed to represent s lag
depoeit mariing the initial stages of the agitated conditions which
must have prevailed in order to produce such a sand body, The fine,
mznzm.muwmmumm“
the basal lag deposit is derived; it is well defined and persists to
the top of the sandstoms without any significant change in grain sise.
In view of the fact t at the nature of the deposit changes considersbly,
from a shelly limestone with a small amount of sand to & samdstone
interbedded with siderite mudstons, it would sesm that the constaney
of the mode is & reflection of the nature of the source material or
of the transport mechanism rather than of the depositiomal enviromment.
Rkl oiagensals. In the Winter Gill limestons ihe sand grains show
little replacement but some grains, particularly compound grains, show
veining by ferroan ealeite which is spparently assoclated with creacking
since a fewv greins have apparently undergone disintegration in place
(f1gs2,63), Fracture and displacement is clearly the principal facter
in the production of these features since fragme:ts of the same origiml
grain shov varying positions of extinctiohs The crack may wedge out
rapldly into the grainy the grain then shows different extinetion onm
eéither side of the croack but vhere the crack dies cut the grein shows
streined extinetion which is transitional between the two, These
vedge-shaped oracks in particulsr are assoclated with the points of
contact of quarts grains in vhich one grain has acted ss & faleorus in
the ureskage of the other. The strained portionof the brokea grein
apparently represents recrystallisstion under pressure and very

G
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commonly the two grains themselves show total fusion st the point of
contact (fige2.64)s Ffadiating cracks may develop from the point of
contact and it sesns likely that all cracks are nssoclated with grain
contacts, the type of fracture depeniing on the immediate structurel
environseat of the grains concerned, There are two mechanisss by
whioh these fractures aight be developed;

(1) by open fracturing under compection preasurej

(WVMW&N”WQM&MV
erystal growth which ceuses fragmentation of the grala,

Since a calcite vein consists of a single erystal vhich is inm optical
continuity with the adjecent satrix it 1s probable that the fracture
wes an open orvack, produced by compaction, which has been filled with
caleite st the same time as the origimal voids. The association with
grein contacts also favours grain fracturing. Siderite rims (see
later) are broken by the cracks and the occasiosal crystals of siderite
occurring within the fractures appesar to have fallen in. Fracturing
of quarts grains is confined to the lovest nine inches of the limestone
and does not ocour in the overlying more sandy beds, Breakage seems
to result from pressure of overburden and is probably favoured by the
inhosogeneity of the rock, vith scattered resistant grains and a large
original void space.

4 gertain degree of replacesent of quarts grains by calcite does
ocour, and this often takes the form of lomg veln=like protrusions
from the matrix which do not cause frescturing o displacement of the
graine lovolved, Replacesent may have taken place along iucipient
fracture lines, In the non=calcareous horiszons quarts grains show
umm-m-lmmsnmu&nu-. Feldspar graine



to that of the calomreous facies of the ironstone unit including
pyritisation of eragonite shells and replacement of original caleite
shells by quarts (fige2,65) and, rarely, dolosite (fige2.66), The
original structure of the replaced shell material is preserved in
detall in the quarts overgrovths except in the outermost sone, where
the quarts is elear, Wuarts replacement post-dates siderite rim
formation, since ghosts of the rim may often be seen, and pro-dates
shell fraguentation, sinee the overgrowths may be dislecated from
thelr host grains, The dolomite orystals are associated with &
flaky sineral as in the basal ironstone; the example figured is
particularly striking for the sharpness of the contact of ealcite and
dolomite wvhich appears to reflect the exact path taken by the margin
of the mlneral flake., The dolomite crystals also show delormstion
of slderite rims and are in opticul continulty with the adjecest
calcite matrix, It appears that the dolomite has grown after siderite
ria formation and after calcite cementation: pressure on the flaky
uineraly produced by the orystal growth, has caused solution of the
caleite shell and prossure on the siderite ria has osused solution
of the calelte matrix,

A small smount of sideritisation of non-ferroan csloite shells
aceomyanies the formation of siderite rims; this is represented
by & thin layer of dark brown eryptoerystallise siderite which
ocoasionnlly projects into the shell. In the upper beds, where a
ealeites matrix 18 absent some sholls are replaged by phosphate
comprising e disoriented aggreguate of finaly acloular erystals
reaching 10 microns in length, and vhich show slight birefringence.
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Juiging by the nature of the siderite rims and the presence of sones
of replacement, phosphatisation appears to have affected both
aregonite and caleite shells after the forastion of siderite rias,
Fhosyhatised shells also shov internsl replacesent by siderite rhombs.
The tendency for phosphatised shells to occour iz suall groups indicates
that replecement has oocurred in placss

slislukigne In the upper beds, where the caleite ceoment is absent,
all but the phosphatised shells have been dissolved, and are represented
only by siderite rims and, vhere present, inner replacesecat sones.
No subsequent sparry filling has occurred except possibly the
development of Guarts cvergrowths which form elongated yrisas free
from inelusions except whers they pass through siderite rims. Singe
eiailar overgrovihs are developed into primary voids subsequent to
slderite rim forwation, it is probable that the quarts is not replacive
in these bedse Iin & thin sone tetween the limestone and the upper
leached beds solution of aragonite shells only has taken place, and
the voids so formed have been later filled with sparry lerrosn caleite
coment, together with the primary voidss The eriteria by whieh
replacive and drpay ferroan caleite may be distinggished are discussed
in the secilon on cementation.

dllsformaiian A feature confined to ferroan calcite shells is
penetration by quarts greins as & result of pressure solution. The
most distingtive deformation however, is shell fragmentation. This

is developed most strongly ia the very shelly liassstons vhere as was
pointed out vith relation to fracture of quarts greins, the
inhouogoneitly of the rock has led to considerable streina the



couponent grains during compections The breakage may involve aimple
frectures but often leads to complete shatSering of the shell (rig.2.67).
In the limestone the fracturing of originally aregonitic shells can
only be seen by displacement of the shell margin and by slight colour
wrm.umummmm- othervise the cementing
ealeite tends to blend into the replacive caleite. Breaksge also
affects the siderite rims vhich may remain attached to the shell
surfece or may separate from its Guarts overgrowths may be affected
by shell breskage, as way be seen from thelr extinetion whioh is no
longer in continuity with that of the host erystal) in rere cases a
fracture in the shell penetrates & Juarts overgrowth for a short
distance causing slight dislocation and them dies outs In the line-
stone fractures are filled with ferrcan caleite cement, but in the
upper beds siderite rime sre contimuous arcund disgenetic fracture surfaces,
which are, however, rare.
de0lliina

Goliths are a minor constitusnt of both the limestons and the
sandstone, comprising four percent of the roek at & maximum, They
vary in shape fifom being alightly to woderetely elongate (rig.2.73).
In the limestone they show partial or complete replaceaent by ferroan
caleite which may ocour as & single erystal or as a mosaic. Unreplaced
chamosite in recrystallised form may ocour a8 thin bands within the
ecalcites In the nonwgalcareous beds the ocoliths are unaffected by
caleite, and consist of brownish chamosite with & rather diffuse
eoncentrie structure vhich may be sccentuated Ly dusty epaljp
tangeatial orlentation of the chamozite is seen under crossed nicols.
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In the intersediate sone of arsgonite solution and caleite
preciritation the chasosite coliths are aimilarly unaffected by
calelte replacement,

in the limesions lntraclasts consist of phesphatic peboles,
irregular sasses of chamosite mud and rare siderite spherulites.
The PPStphntic pebbles consist of siliy mudetones replaced by
collophane, The chamosite intraclests conalst of greenish lsotroplec
sud in vhich abundant opaque bodies are present (fige2.68); each of
these particlea is enclosed Ly & smull anhedral or subhodrel siderite
erystals 1o a reflection of the shape of the opaque inclusions, which
are in all respects similar to the 'cores' desoribed from the matrix
of the ircastons unite 'he distribution of these particles is
haphazard and they are quite varisble in shape; the aversge sisze varies
betwesn intraclasts and sometimes within & single intraclast. The
chamosite intraclaste show less rounding than the remainder. Intreclasts
of unknown original cosposition which have been replaced by ferrcan
celeite are aleo presents In the non-calcarecus beds intraclasts come
prise large sidecrite mudstone fregments and phosphatised fragments in
vhich the phosphate has the same acicular habit as in the associated
shells,
dafldaxite Comenk

Throughout the depoeit all greing have been the site of siderite
drusy rim formstioa, The rims are about 40 microns thick, and in the
moat shelly limestones where the original vold space must have been
very high the siderite conetitutes nearly forty percent of the rock,
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This percentage generally deersases upwards owing to decreasing
shell content and to increasingly good packing of the grainsg
percentuges still remain high in the non-calosreous beds aince the
thickness of siderite rims is greater (up to 60 miorons) vhere the
voids are sufficiently large and the sicerite tends to fill prectioslly
isn-runwm-nm-. The siderite riss are of tw types. In
one type the siderite comprises a dark inner sone, probebly replacive,
folloved by a thicker sons of redially oriented siderite ecrystals.
These orystals are thin prisms about 30 microns long and up to 5 microns
wide: tPap are browm ot thelr proximal end and become sloarer
outwardse Such rims are confined to surfaces of non=ferroan caleite
shells and vhen the caleite 1s compoeed of well defined orystals the
siderite rim is in optical comtinuity with the adjacent culecite erystals
in the cass of an echinodera fragnent the wvhole rim extinguishes at
oence and the siderite crystals show preferred rather than radial grewth,
In ihe second type, whelh affects all grains other than non-ferrean
ealeits grains, the rim conglets of a series of rhosbie crystals wp
to 20 microns serces, which are sometimes cored, and vhich show litlle
preferred orientation. himmhthuﬂummﬂm,
vith tightly interloeking erystals, and superficlally reseable those
of the first typep at other times the rhombs are very asparsely
distributed, in a shell which comprises both Yypes of caleite, the
two types of rim ars developed and are sharply delincated (fig. 2.69).
The contrast between the development of rims on non={erroan and
originally aregontic shells implies one of two mechanimms of formation:
(1) rim formation precedes replacement of aragonite by ferroan caloite
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and seeding of siderite erystals occurs more readily on the calcite,
having a rhombohedral crystal structure, than on the orthorhombie
aragonite;

(11) rim formation follows replacement of aragonite and the seeding
ocoure . more readily om the non-ferroan caleite owing to its greater
solubility compared with the ferroan caloite. :

The first sechanisa is favoured by the development of rime wvhich
are in opticsl contimity with the adjacent non-ferroan calcite
erystals, & feature vhich 18 never on ferroan caloite shells despite
the fast that they comprise large, welleformed erystals. This
suggests that the ferroan ealcits had not been introduced at the time
of rim formation; 4t 1 much sore likely that the replacesent of
aragonite occurred at the same time as the ferroan calcite cementation
which followed siderite riam formation,

iIn the basal lag deposit the siderite rims show severe breakage
under compsetion, while in the overlying beds, including the upper
part of the limestone, siderite rims are continous around disgemetiec
fracture surfaces.

6. Calolte Consal

The limestone is characterised by the presence of ferrcan caleite
cement which fille im all depositiomal voide remaining after siderite
ria formation and also the volds produced by frecture. COrystal sise
is ususlly in the order of one to three millimeters bLut in the thin
zons of arsgonite solution the cementing cryetals rench twenty
millimsters in lengths The erystals are highly poikilitic and
included ferroan calcits shells are in optical continuity with the
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cement. Heplacive caleite may be distinguished from cementing esleite
by its brownlish colour and by the purplish blue stain compared with
the clear blue of the cement; preservation of structure may, of course,
be an additional festures I1G is on this basis that the aragonite
shells of the intermediate zons are thought to bave been dissolved and
lster cementedj the very large crystal sise of the cement may be o
reflection of the lsek of replaceabls grains (removed by solution)
which has reduced the number of seeding points. In all cases the
seeding appears to have been extreamecly sparsej there is no developzent
of a finely erystalline outer ris of calecite and each discrete cavity
is filled by ome or perhape & fow relatively large eryestals, The
oalcite matrix forms between 12 and 20 porcent of the rock, averaging
about 15 percent. Replacemssnt by ferrvan caleite is presumably
associnted with cementation and the fwo processes probably mark the
fimel diagenetic changes within the rocks

Zeliazencide Higiorye In order to outline the dimgenetic history of
this deposit ithmhmwu‘a. comprising four sones.
T™he firet of these comstilutes the basel lag deposit, about one foot
in thiockness, in which the development of quarts overgrowths, the
penstration of aragonite shells by quarts, and the formation of the
siderite rim all precede the main phase of gompaction. The first
two of these must have taken place under mild pressure, but the iatense
fracturing of shelle snd quarts greins which followed siderite rim
formation represents the smain phase of cemetation, by ferroan calcitej
this is a parently sceompanied by replacemsnt of ooliths, some intre-
elasts and cccasionally noneferroan calcite shellss Dolomite has



probably formed at 2 later stage, but there is no other evidence for
post=cementation changes., The overlylng limestone shows & sisilar
series of events but breaksge, which is only on a small scale,
precedes siderite rim cementation. In the beds overlying the iron-
stone the siderite cenesnt is similarly later than the shell breakage
and is succeeded hy shell solution. Some shells and intraclasts
replaced by phosphate and therefore not dissolvedj the presence of
the two types of siderite rim indicates that phosphatisation oceurred
after siderite cementation. Spert frem solution little change

took place after siderite cementation with the possible sxception of
quarts overgrowths into original and shell solution cavities, Ooliths
are umltered, In the basal few inches of these beds solution has
affected only the aragonite shells and subsequently all voids have been
filled by large ferroan caleite erystals. JNo replacesent by ferrosn
eslcite seems to have taken place.

The marked difference in the relative time of frecturing and
siderite cementation between the Lassl bed and the resainder is attributed
to the difference in rate of accumulations The slov deposition of
the basal lag deposit allowed the early chemical changes to take place
vithout any substential overburdesjy the subsequent more repid deposition
would have caused compaction ins the baeal bed and then in the successively
higher beds which hed not yet undergone the early siderite cementation,
The dovelopment of  uarts overgrowthe replacing shell material are confined
to the basal some and seem to prefler conditions of prolonged gentle
coupaction within unstable structures, With more rapid deposition
the main phase of compagtion oceurs at an early stage and the loeal

~NJ
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strains in the strueture are delieved by breakage and reorientation
of grains, so that by the time that the chesicel conditions suitable
for quarts overgrovths have set in the structure is relutively fpee
of local stress points, esjeclally after siderite cementation had
strangthened the compacted frameworks The developuent of replacive
overgrovthe in the calcareous facles of the ironstone unit would
similarly sppear to have occurred under conditions of slow conpretion
under little overburden. :

The combination of shell solutiom im the wpper part and caleite
cenentation in the lower suggests that the calcium earbonate ia the
coment might be derived from solution of shells, To check this the
average percentage of ferrcan calelite in the cesent and in replaced
ooliths and intraclasts of the limesions, multiplied by a thiockness
factor of 2, was coupared wilth the average parcentage of shell volds
hthoumhdanlupudw;mm.@:tordh An extmmely
close correspondence was obtained which though probably to some extent
spurious indicates that the solution of shells in the upper part
could have provided the calelte for cementation of the basal beds,

The probable diagenetic sequenos in the four zonss is shown in

fl‘m 24704

This sandstons body cecupies a horison similar to that of the

Winter Gill sandatone, but the sedinents are more variable then at
that loeality. In Yew Grein and in part of the southern section of
The Soar the sandstons is shelly, pebbly and non-calcarecus with a
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clay matrix, Along The Scar these beds give way to a ealcarecus
sandetone vhich comprises Serfigenocus greins and rers shells in a fer-
roan ealeite cement. Further to the north ferruginous, pebbly,
oross-bedded celearecus sandstones ocoupy much of the lowest part of
the scctions In thin seotion this sendstone is seem to comprise
shells preserved in ferroen and mon-ferrocan caleite, muddy intreclasts
and abundant uarts grains, vith early siderite ria cementation and
later cementation by ferroan calcite, The siderite rims show
vontrasting development on ferroan and noneferroan calcite shells;
and the non~ferroan shells show no quarts overgrowth replacement but
occasionally show partial replacemsnt by fer-can caleite, sspecially
in erimoid fragments, Although the slderite riss are rather thin
(20 miecrons) the rock is petrographically very sisiler to the upper
sandy lisestone of Winter Gill. The gredn sise digtributionof
terrigenous grains corresponds olosely to that of the Wiater Gill
sandstons and limestone, exclusive of the basal lag deposit (fig.2.71).

Ra Dl L Do sl il Al LR
The lover part of the sandstone of the Zgton Grange section ig
believed to be stratigrephically equivalent to the Wiater Gill sande
stone body. Petrographieally the rock differs esonsidersbly from the
Winter Gill samples in having abundant eoliths which are distorted and
act as & satrix in jart, no caleite or siderite. The mtrix comprises

& thin rim cesentation o f very linely acicular crystals which are
oriented perpendiculerly to the grain surfaces, and which are coloure

less to gresnish and shov very low birefringence, This mineral bas
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not been identifieds A later drusy filling by kmolinite heas cccurred
in parts. Shells are represented Ly cavities into which protrude
abundant quarts overgrowths in vhich the original shell structure is
proserved, Oconaional prismetic overgrowths occur which do not
econtain inclusions and which appear to be later drusy growths, In
hand specimen the early replacive crystals sre brownish and squat,
vhile the drusy crystals are clesr and slongate, Intraclasts of
shale and chamosite mud are present together with abundant siderite
spherulitess The grain size distribution is similsr to that of the
Wiater G411l sandetone, even to the presence of a bimodal lag deposit
at the base (fig.2,71), and it is probable thorefore that this sande
stone is the lateral equivalent of the Winter G411 bedss The disgenetis
sequence appears to have been as follows: (1) replacive quarts over-
growths) (11) compmetion and spastolithismtiony (111) rim cementation;
(iv) shell solution; (v) drusy quarts overgrowthay and (vi) ksolinmite
eavity Tilling.

S LS Dol LU0 DR
Although the whole wmdt includes nearly six feet of siltstone in

places the sections are so veathered that the ironstone seanm is the
only mseabsr which is suitable for thin seetioning, Although the
satrix is mostly limonitised the constituent grains are readily
distinguishable, Terrigenous greins are not abundant, reaching e
maximum of 10 percent in Hartoft Beck, the most sasterly exposure, while
elsovhere they mwake up less than 5 perceat. The wodal grain sise,
however, is oaly about 75 microms in the oast and increases to 150

LN
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ulcrons at Danbydsle and 175 nicrons at Rud Scar. Ooliths are most
abundant in the west, constituting between 10 and 30 percent of the
irvonstone at Rud Scar, and less than 5 percent in lMartoft Beck, They
are fairly large, averaging 400 aicrons in leagih and show little
variation in size and shape between different looslities (fig.2.72)
vhich is a useful feature in coafirming the correlation of the
isolated outsrops. [he concentric structure of the coliths is always
retained, and the envelope conslsts of chamosite with oceasional opel;
thin siderite rinds are developeds Shells are sot sbundant; 4in the
vest they comprise ocossional smell shells while in Hurtoft Beck
atundant very ssall shells, probably ostracods, &re present. The
shells may be replaced by siderite but more often ocour as solution
volds or kaolinite castse The siderite matrix is warisble. In
Hartoft Seck 1t resembles the dark eryptoerystalline matrix of the
ironstone unit (pe 113 and shows emall seale irregular septarian cracke
ing, FElsevhere the satrix ls more ccarsely crystalline uith well
defined coreo.

This ironstone is distinguiched from the basal ironstone in
having & lower terrigemous graln coatent and in belag more oolitie,
™e ooliths are quite large and elongate and the distribution of
coliths and terrigenous greins diffors from that of the vaml

ironstone.
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Over much of the area the ironsione unit o wucceeded by deposition
of claye In the extrems esst a certals asount of shallow erosion
took place indieating that some interval cccurred Letween the deposition
of the two unitss, in the south-vest coarser sedisents sccumulated
vhich passed gradationslly into the shales to the north and ssst. A1l
deposition was probably in shallow water but whils in the north and
east the firet sediments were probtauly deposited ia relatively quiet
wateor in the southewest currents must have besn active bringing inm
silt and sand from the weste The silt deposition wes then followed
by the accusulstion of fine muds, probably shamcsitic,which appear
to indicate & return to guiet conditlons, since they are overlain
by filne-grained shale.

locally in central Eskdale accusulation of thiek deposite of
wollewashod sand oscurred apparentily after the deposition of asilts
to the southewest but for the most part before the deposition of
colitic muds, This suggests rapld aceuwsulation which must have occurred
either in s channel o o & benk, Although the emsionsl bese may
favour the former meshanism the preseonce of opposing northesouth
surrent-bedding directions comcined with sspt-vest elongation makes
& bank seem more plaansible, 4 channel would have to have developed
at a late stage in the shale deposition, & possibility which is
precluded by the correlations with the oolitlie ironstone to the south-
west, wvhich ig overlain by a thlck sheles The sandstones appear
to represent accousulation on a tank or banks Lmwediately after depositionm,
vith an sarly phase of scour and lag accumulation, The sand end



probably much of the shell materisl is iatreduced, sut some of the

lag constituents such as spherulites and coliths may Le loeally
dorived, The ocoliths from the basal lag deposit of Wianter Gill and
also of the overlying beds are coapared with those of the basal
ironstone unit and of the lagleby ironstone in figure 2.73; their
elongation indieates derivation from the tasal ironstone ualt with

the large ocoliths from the lag deposit representing selective
retention of the largest celithse Slderite spherulites could easily
be ostalned by the erosion of the top none-marine beds which in Winter
Gill at least are highly spherulitice The only probable source of
sand is from the southewest or west since norsal successions are
developed in all other directionse The send may have been sorted from
the silts during agitated conditions und banked up . . om the
original mortheran limit of silt deposition or may have veen introduced
independently by loageshore currents. Whils the Fryupdale sandstone
deposition ceased during shale deposition the Winter G4ll bank may
have continued till the end, since no normal shale is developed abovej
thers is also & strong poesibility that the sandstone bank has affected
deposition of the overlying sandstons unit which is norsally

developed in Oreat Fryupdale.

Apart from these local developments the deposition within the
shale unit wes fairly unifors. The whole sequence i of & laninated
nature with thin silty laminse in shale in the lower part and sandy
lasinae in silty shale in the upper parte This implies a certaim
degree of sorting throughout shale deposition and the shale was
probably deposited s& a compact mud, especlially ia the upper saundy
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part. The influence of terrigencus grains on the depositional
coapaction 1» reflected in siderite mudatone nodules which in the
upper part shov practically no shale compmeticn around them, while in
the lover part relative compaction reaches about fifty percent. The
source of the terrigencus material in the shale appears to be to the
east since in western, southevestern,and northern localities the shale
is fine-grained throughout and the contact wvith the sandstone unit
relatively shapp. The only exeeptional shale development is that
of Hamiker whare in the reglon of the srosion at the base of the shale
unit the shale itself shows unusual features, being mostly silty end
poorly laminated with abundant commimuted plant material, A persistent
offeghore current appears to have preveiled throughout the shale unit,
probably froa the emasts Relatively slow deposition with winnowing of
sand into saall lenses apparently continued for much of the time followed
by rapid deposition of poorly sorted silts and plant debris ss is
indicated by the heavy losding at the base of the overlying sandetone.
The chemicsl environment of deposition ip diffioult to evaluate in
these rether variable badse The Ingleby ironstone and underlying
shelly siltstonss appear to have accumulated under conditions simdlep
to those of the basal iromstone wnit, The sandbanks of central Eske
dale must have accumulated under oxidising conditions but under
conditions too vigorous to permit the developaent of a fauna; the
shell debris, wvhich includes crimold remmins, suggests fully marine
conditions, but may be derived from cutside the limite of the preseant
outerop, In the shale the presence of a benthonic fauma throughout,
though very sparse in the upper part, indicates oxygenated conditions



;-m-aumm.uammmmnhum
and near the top at Eller Beck, indioates fully sarine conditions,
Fossils are common only in the lower part of the shale in the southe
vest and elsevhere are scarce or avseat, especially in the upper
part. This scarcity of benthonie forms may be due to too geeat a
uwa»ﬁnumnmmm.uauummmm
boitom coniitions. Even traces of butloving forms are rare, and
protably rapid deposition caused the fauna %o be oo restricted. loeal
shelly herisons such as at Eller Seck must represent local pauses in
deposition which allowed a flourishing fauns to develop for & short
time, The total absence of sny fauna im the lineegreined shale of
southewestera localities is probably a reflection of deeper water snd
deposition of very fine mud unsuitable for senthonle colonisation,

- RIS
Diagenetic faorics of the various aembers of the shale unit have
already been described, and the implications as to the chemieal

environments involved are discussed in Chapter (X.

()



CEAFPTER V]I THE SANDSTONE UNIT

A S TARAIR
& FACLES DISTRIBUTICN
The sandstone unit is generally divisible, in the field, imte
two partss

(1) Upper division: mediumegrained sandstone; bedding units between
#ix inches and several feet thick; horisontsl
lamination or sometimes cross-bedded; fossils

rare or absentj mun top by rootletas,

(11) Lower Division: Cine-grained sendstome; bedding units ususlly
less than six inches thick; Iintercalations of
silty shale, espeeially in lower part; horizontal
lamination or ripple-marked; foseile locally
ecundant.

Lotween ironm Toar (1) and Ravenscer (2) the lower division is
very fine grained, comprising lenses of lsainated sandstone separated
by more persistent siliy shale partingej the upper part is still
rather fimeegrained and s ows occasional ripple-marked vedding planes,
but no silty intercalations, Ispersistent beds of pale gray silty
élderite mudstone are develoied, especially in the lover part. CThelly
bedding-planes oocur in the lover divislon, and rare U-tubes in the
upper divialon.

it Ilron Scar the nsormal thinebedded sequence is laterrupted by
& emall channel, the top of vhich is just below the base of the upper
division und which is about four feet despe The sides of the channel
are steep and the width probably not sreatj the present outorep



(£1ge2.74) appears to represent the bifurcation of a single channel
in an easterly direction, The channel fill consists of msssive
fine-grained sandstone with shale flakes and pebbles of ironstone
sinilar to those in the eroded beds, This channel appears to be an
isolated featurej; no others have beem observed although exposures
are good ia adjacent areas.

in the oliff et of Hawsker (3) the sandetons hae an erosional
base (fige 2451) and fills a series of small chennels which rum northe
sast to southewest, These channels are accentusted by loading into
the shales At this polnt the sandstone 19 divigible into two units,
an upper rather massive sandstons and a lover division of variable
thickness vhich is thinebedded except in channels. When traced
northwards the upper divisfon thins and dies out while the lower unit
thickens. The upper sandstome is heavily loaded into & thin silty
ahale which separates the two divislons, In the most northerly
accessible section the chammelling and loading is less pronocunced and
fiselly dies outs The sandstone is overlain throughout by = siltstons
and & thin sandastone penetrated by rootlets; both of these units are
persistent and may reprosent the top of the sandstone unit sinee the
maln sandstone below is unusually thin and lacks the usual penstration
by rootlets.

In East ClLff (5) the sandstome i more normally developed, wibh
a eloar two=fold division; the Vest Cliff (6), however, shows a
rapid change to a thick series of thinebedded ssndstone, while the
top of the unit is not seens In Nevholme Beck (7) both divisions

are again visible; trough cross-bedding is developed at the base of
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the upper unit which is rether massive and has probebly out down imte
the thin-bedded sandstone. At Hindervell (8) the bedding is more
regulare In Klton Beck (9) the two=fold divisionis misaing; the
sandstone is flat-bedded bpt laminstion is poor and silty shale inter-
ealations absent. The base rests sharply on the shale unit and flakes
«mhmudmnmwpnd.mmam,mmnu
& phase of erosions At loftue rootlets occur within the sandstone
at several levels,

South of the Zgk at Idttlebeck (10) the sandstone is thin, flat
bedded and extremely thinly bedded at the base, with no silty laminae,
In Eller Beck (11), New ¥ath Sear (12) and much of Wheeldale the sand
stone is thicker and exhibits a elear tvoofold division. Flat
bedding is present throughout wvith occasiomal ripple-marked bedding
planes, Fossils are rare, mootly comprising U-tubes, but shelly beds
occur loeally, especially in Wheeldsle, ideritic sandstone is
developed at several levels in the upper sandstone of New Wath Secay
and Whealdale Gill; ooliths may be present, particularly in the west.
In the western inlier of the Eller Seck Bed in Wheeldale GI11 (23)
the sandstone unit is represented Ly a channel sandetone which
removes the vhole of the normal sandstome succession and much of the
underlying shale, The channel fill comprises unfossiliferous and
non-sideritic sandstone, with oceasiomal cross-bedding. To the west
the base rises slovly, revealing flatebedded shelly sandstone of the
lover division. mmumhﬂs)m-mmmw
part is believed to bslong to the shale unit and the upper part to
belong to the sandsione unit and comprises non=ferruginous sandstone.

=ady
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the top of which is apparently mot seen, In Winter G411l (16) the
developuent of the sandstome unit beers no resemblance to that of
surrounding sections, As suggested earlier (p. 156) the grey sandy
silgatone overlying the limestone-sandstone body may belong to the
sandstone unit and be equivalent to part of the thinebedded division,
The overlying white fine-grained sandutone probebly belomgs to this
divigion as well since the overlying beds are strongly sicderitic and
highly ocolitic and would therefore appear to be equivalent to the
sideritic and oolitic upper dividon of the sections to the east,
The ocolitic ironstone is overlain by a thin series of variable beds
and finally a sandstome penstrated by rootletas

The correlation of the oolitic ironstone wAth the slderitie
sendstone to the east is supported hy the presence of strongly
sideritic sandstone in a section in the left bank of Winter Gill about
a quarter of a mile from the outorep, and by the abundance of
fragments of very sandy lamincted ironstome in the spoil heap of the
Winter G411l mine. This sandy materisl is probably derived from
the region of the air shaft vhere the ironstone is reported (o have
been thirteen feet thick and warisble in charecter (Pox<Strangways,
1892; po198)e This correlation invives a rapld lateral varistion
in thickness and in lithology and the probable reason for this is
discussed in the next chapter. Figure 2,7.5 shous the proposed
correlation of the Zller Beck Bed sections in this region.

At the head of Glaisdale (17) the thin-bedded sandatone is
normelly developed with a poorly exposed massive non=lerruginous
sandstone above, and & similar sectionis seen inm Birk Wath Beck (18).
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To the morth ia sections close to the Lak the sandstoms is variable
in thickness. In Stonegate Gill (19) it is 3ft. 9in. thick and pene-
trated by rootlets at the top vhile in Buseo Bock (20) the normal suce
cession is entirely lacking and thin sandstones interbedded \dth
siltstone and shale with a total thickness of five feet represent both

divisions of the unit, Fossils are absent apart from occasiomal bdurrows

in the sandstomes uhich are loonlly sideritiec and slightly colitic.
In Gruniley Gill the sandstome unit is more mormally developed, though
still yather thin, and is sideritic and slightly colitics The Busco
Beck section may represent quiet weter deposition in an eroded channel
vith some of the coarser msterial belng derived from some adjacent
more normsl sequence. At $ho base of the unit is o thin tough vhite
sandstons with low angle cross-laminme aleng hich heavy minerals are
concentruted; 48 1o cinilay to the sandstone at the basoe of the
channel in the shale unit et Hawsker and probably represents & lag
deposit derived from erosion of the shales Thin rootlet beds in
the upper part of the sequence indicate frosh-wnter conditions for at
lenst a part of the tine.

Erosion of the sandetone unit and subsequent filling iy finee
M&tumnlmcﬁulml.&gvummnmd
of New Wath Seare The upper sandstone divicion hes & rolling top im
this area, with & maximum thickness of twelve feet, ut i: loeally
reduced to 2ft. 6in. by erosionin the form of & wide trough vhich is
filled with fineegrained laminated dark grey shele wvhich contains
ocoasionsl conecretions tut Lo unfossilifercuss The shale becomes
sandfew at the top and pasces into allty sandstone.

£



To the south of Glaisdale the sandstone 1s seen in Harteft Beck
(37) where 1t 1s only about six feet thick with thinebodded sandstone
and shale partings in the lower part and more massive sandstone of
varisble thickness in the upper part, Ironstone Lands occur in the
thinebedded sandstone and resemble those of Iron Sear. In Northdale
(36) the unit has thicikned again and the lower division is particularly
well developed, being finely lamimated at the base with shale intere
calationss In this basal part very shelly bedding planes are present,
The remainder of the lower division consists of shelly sandstone which
is unlaminated due to intense burroving. Ocessionnl large rather
sp herical caleareous comeretions occur in this upper part, The
overlying sandstone contains scattered coliths and baris of sideritie
sandstone with ooliths and shell fragments, Loeslly the coliths are
abundant and beds of sandy oolitic ironstone occur whidh may be
associated with siderite mudstones At oms polat a shallow trough
has removed the top of the sandstone and is filled by siderite
wudstons, shale and at the top & thin sandsione vith shells at the
base.

In Great Fryupdele (21,22) the lover divisbn is similer in
lithology and fauna to that of Northdale, In the unburrowed
laninated sandstome caleareocus shelly bads up to two inches thiek
are present vhich shov small-secale erosion at the base, The upper
sandstone is mostly flat-bedded but near the top shows lov angle
erose-bedding loeally. Also within two feet from the top a thin
band of redeweathering ferruginous sandstone is developed, The
total thickness of the sendetone unit is 27 feet, but for some



distance along The Scar the basal part of the thin-bedded sandstons
cuts out against the underlying sandstone of the shale unit.

In Danbydals the sandstome is poorly exposed but in the west
(25,26) very ferruginous red-weathering sandstone develops in the
upper unite Ooliths occur seattered throughout the sandstone and
also as loosl concentrations im very thin beds. Chells and wood
fragments are found at the base of small washouts within the sandatones
The lover division of the unit is thin-iedded with silty shale partings;
shells are not common. At Comsondale (27) the sendstone is thinly
and irregularly developed throughout. The base 1s sharp and the lowest
sandstone is derk and silty with abundent shells and nodular sandy
ironstone bands; & more persistent sandy ironstons with groups of
large shells, posaibly in growth position, ocours at the top of these
lower beds. The overlying beds are noneferruginous and unfoesiliferous.

In Stockdale Beck a series of greenish sandstones of rether
uniform lithology are developed; they contain occasional shells and
include & thin shelly siderite mudetome band., In Battershy Crage (28)
the sandstone unit is thick and apparently rests om an erosion plane,
Sideritic sandstone with occasiomal shells is developed on two horisons.
In vestern fosedale the sandstone 1s again not typically déveloped;
in Reeking G111 (33) a ohannel is present with well-developed trough
cross-bedding indicating a current from the north-emst. In the
Castle Crag section (32) only the base of the sandstone unit is seen
and it is again spparently erosional though not of the same type as
in the previous section; the sandatone is flat-bedded or ripple-marked
vith shale fragmeants, shells and burrows, In south-west Rosedale



(34, 35) the sandstone is very massive in the upper part and thimner
bedded st the base though shale laminae are absent.

In the Ingleby escarpuent (30) and Parndale (31) the entire unit
is represented by a thin tough fine-graimed sandstome vithout fossils,
The sandstone in Blow G111 (38) is of similar lithology and thickness.

R BileioniongX

The fauns of the sandstone unit is very restricted. Although
shells are locally abundant in the thinebedded sandotones they comsist
almost entirely of Jigairen and iviculonsgten. In the upper sandstones
the few identifieable shells belong to the same two groups. The
shells are generally comcentrated in thin bands and are disarticulated
indicating that they have undergone & certain degree of transport and
sorting, though the transport is probably mot over any great distance,
in Great Fryupdale the shelly sandstone bands have slightly erosiomal
bases vhich clearly out across the horisontel lamination of the
preceding non-shelly bedss The shells are ususlly preserved as casts,
but in Great Fryupdale they caloium carbonate has not undergone solution.
In the bed of slderitic sandstone at Commondale & different founs is
developed eonsisting of Jarvillia and Modigla, end the shells occour
in clusters vhich suggests that they are in position of growth. Shells,
gonerally fragmentary, are found practieslly to the top of the sandstome
but are usually visible only in sideritic sandstone vhere the vhide
clay of the shells contrast with the dark matrix. Shells are absent
in the north and in the southewest.

In the lover sandstons division trace ®esils are loeally sbundaat.



In Eller Beck and at New Wath Scar horizontal U-tubes are present in
mqwumm.umumomtmuamuu
characterised by two forms probably irenlcaliliss snd Inenidlum, In
the upper division Ustubes are found at seversl levels in many of the
Eskdale sections and in Hosedale; these consist of the vertical form
Gorophiodes and an imelined form of similar character. 4 characteristic
feature of the sandstome is the presence of rootlets in the topmost
bede; 1in a fov sections thoy are absent due to eroszion while in the
extrene southewest thelr absence appear to be originel. In lofthouse
Deck the sandstone contains rootlets at more than one horison within

the unit,

Ga CORRLLATICH
In most of the area the sandstone unit consists of the twe

divisions already mentioned, and it ls probable thet each division

was laid down at about the same tinme in these areas., Since the base
1s gradational, however, passage of thinebedded sandstone inte shale

is quite possible, and this may mccount for the very high shale uait
to sandotone unit thickness ratio ia the south west. At several loecae
lities the two=fold division is absent and unless lateral passsge has
ocourred the sandstone must represent both divisions. In Kiltom Beck
and at Battersby Crags, where the base of the sandstone is erosiomal,
it is possible thet the lower division has been removed before deposition
of the upper divisions The sideritiec and oolitic sandstones developed
in several areas appear to be local facles varieties of the normal

sandstone and are not of a different age.
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The total thickness of the sandstome unit is represented in an
isopachyte map in figure 2,76.

S TRSFI CHI NS SR

The sendstone unit is characteristically flatebedded and
horisontally laminmated. Ripple-marks are developed on some bedding
planes, chiefly in southern cosstal districts but also in localities
in eastern Egkdale and in Rosedale. These ripple-marks vary in crosse
section from wavelength 3} in, and smplitude § in. to vavelongth 4} in,
and amplitude § in, Although slight asymmetry way be detected in
these ripple marks mo significant preferred direction is present and
they appear to be of oscillationttype. The orientation of ripple
marks at any one locality is very constant with a variance of less
than 40 degrees. The regiomal variation in ripple-sark orientation
is shown in figure 2.77. In the southern coastal localities the
ripple-marks have sometimee parsisted during deposition and when

Slight lateral migration has occurred cross-lamination is produced,
The ripple-marks generally indicate a break in deposition and in the
upper division the troughs may be filled with silty siderite mudstone,

Cross-bedding is rere in the sandetone unit but is seen in Great
Fryupdale where the uyper part of the upper division locally consists
of small disoriented cross~bedded units, Deformation structures
are rerej at Haweker the sandetome unit shows heavy loading at the
base and internally but elsevhere loadecsst structures are isolated
and on & very small scale, |
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Erosion of the sandstones is prectically confined to the top of

the unit. At Iron Scar, however, the lover division is ereded by a
steep sided chanmel vhich apparently bifurcates to the ssst., In
Wheeldale Gill a much larger structure cute out the whole of the
flat-bedded sandstone development; the chammel is very shallow
compared with its width vhich probably exceeds 500 yaxdise The
contral parts of the channel consist of structureless sandstoms with
oceasionnl trough=like partings while to the west cross-bedding and
cross=lamination are developed and indicate a northerly source. In
Reeking Gill, Rosedele, the sandstone unit is again replaced by o
channel sandstone which 18 probably not very wide, The ssndstone
displays well developed trough cross-lamimation throughout; the
individual troughs measure about 9 inches scross and 2 inchea deep and
shov & remarikably constant orientation, indicating a current from the
north-sant.

In other localities such as New Wath Sear and Northdale the top
of the sandstone is locally eroded and the erosionsl troughs filled
by fine-grained sediments. These include shale and mudstons with
lithologles similar to the underiying marine beds. In the absence
of any indigenous fauns these Leds cannot be defimitly described as
marine but are clearly not typical nonemarine deposits. The shales
and siltstones vhich couplotely replace the sandetons usit in Busco
Beck my be of & similar origin, being deposited after erosion of the
sandstone unit. Complete erosion of the unit in this area is not
improbable since the sandstone in Stonegate Gill is only thinly developed,



The sandstones may be divided into two main petrographic groups,
those with and those without a siderite matrix and these will be
desoribed separstely below. In addition to the sandotones, rocks
are locally developed in which terrigenous graine are & minor constituent,
and the various types will be considered under separate headingas,

A J =0 AL LG Sl DAL

PPN
a) Chamosite. In most ssaples of sandstone this 1s seen as a greene

grey to golden brown aggregate of minute flakes which forms a filn
around all greains. The film is relatively thick ia larger interstices
but doea not necessarily £i11 the whole cavity. The erystals may be
disoriented but commonly show alignment parallel to the grain surface
which results ia the film showing spectral extinction. The birefringence
of the chamosite probably resches first order vhite but 1s generally
masked by body colours Chemosite of similar appearance is seen in
some sideritic sandstones and rarely it forms smell spherulites, about
60 microns in diameter, which contain congentric bands of inclusions,
In the upper sandstone division some of the imterstitisl chamocite is
derived from intense spastolithicstion of coliths. Iincipient replace-
ment by reddish-brown siderite rhombs in seen in some cases,

Rl sclinite and Pigkile. In cases where chanoslie 1s absent or enly
partially £ills interstices the remsining space is filled by colourless
clay minersl, generally imolinite but occasiomally dickite (see



Appendix 2B ),

The distribution of these nminerals varies considerably between
samplos but the general structure is elmiler in all cases, T clay
is thinly distributed throughout much of the rock but is locally
concentrated in jatoches; this feature is illustrated in figure 2,78
vhore both chasosite and kaolinite have besn accentuated by iron
oxide staining in the westhered sons of the samples The weathering
also accentuates the thin filw of chasoaite which ocours along intere
granular sutures, and vhich ls difficult to detect in the unweathered
roeitse The porcentage of umatrix in these sandstones varies between
10 and 20 parcente
S adld
al femicsnoke sxaduge The composition of the sand greins is similay
to that of the graine im the other units, with quarts comprising over
90 pevcent of the totals, The gralns show the affect of pressure
solution with the developuent of a tightly imterlocking aggreguts of
sutured graimsy at the same time, however, intorstices develop which
are clearly larger than the origimsl depositional interstices aust have
boon (fige2e78)s The sutured gruin surfaces are generally sacoth but
quite often one grein penctrates into snother. Uradn surfeces which
line interstices may shov cubedral overgrovins in opilcal conilnulty
with the host cryetal, with a fuint line of inclusions warcing the
origlasl outline of the graine Ouvcnglonally tae overgrowtihw wmy take
the form of small priamatic crystals projecting into the Luterstices.
in all cases the overgrowihs postdate the chamoslte vime
Rlihelige These are locelly & mojor constituent ia the lower sandstone
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division and in Greaet Fryupdals the shells are preserved in caloium
carbonate in the section along The Scar. The shells show some of the
feantures already described for the other uaits (ppe 131, 17,)
including replacement of sragonite shells by ferroan caleite and
replacenent of origimal caleite shells by overgrovths from adjacent
uarts grains, The replacemtnt of caleite sholls by ferrcan caleite
which 1s seen to & small extent in the VWinter Gil)l limestone is more
prominent, however. The replecement affects crinoid fregments and
lamellibranch shells other than those of the oysterss Ia erinold frage
mants replacement has occurred with no loss of the origimel single-
crystal etructures The shells, on the other hand, are replaced by
structureless oryptocrystalline ferroan caleite which in hend specimen
has & chalky appearance, and vilch ls porous snough to take up an irem
" oxtde staining internallye. Heplacesent clearly post-dates quarts
overgrowth formetion since replacive overgrovths are sbundant and the
inelusions retain the originsl shell structure., Overgrowths are less
Sbundant in the oysters. The replacement by ferroun caleite is assoelated
vith cementation Ly the same mimeral, In similar beds which lack the
caleite cement the shells are preserved as voldal or clay-filled casts
vhich often show abundant replacive (uarts overgrovths in which the
shell structure is preserved; these may locally have entirely
roplaced the shells.

In & thin calearecus sandstone locally developed at the base of
the upper division i Northdele aragonite shells are preseat wvhich have
undergone total solution with partial collapse of the cavities and
subsequent fill associated vith the general ferroan caleite cementation,



¢) Golithes The coliths are generally not replaced though extreme
distortion commonly takes place. In onloareous sandstone from the
upper division they show replacement by single crystals of ferrcan
caleite, gemerally vith abundant inclusions of elay which preserve
the original concentric structure.

e LU SR I

Ml
The chanosite matrix deseribed above may show partial replacement

by siderite in the form of reddish brown rhombs. This replacement
say cause complete sideritisation of the matrix and such sideritie
sandstones are developed within the upper sandstome divislon over much
of the centrel part of the sreas Mich of the matrix in these sande
stones consists of reddish-brown siderite which forms & rim around
each grain but in some cases drusy siderite in the form of oleay
colourless subhedrel .rhombs grove off the replacive rime Oceasionally
even the drusy siderite has not completely filled the imterstices and
the remaining woids are filled by kmolinite,

The replacive siderite rim gener:lly consists of a layer of
interlocking erystals of regular thiciness but ocessionally the
siderite shows a more distinotive habit. The normal siderite rim
nay be sccompanied by large prismatic erystals of rediishebrown sldarite
which reach 200 microms im length and vhich project into the interstices
(fige2.79). The later colourless siderite rhosbe grov off the sides
of the prismatic erystals in such a way that the owaxes of the two erystal
forms are parallel, 4 second varlety of rim type includes small



N
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spherulites of dark reddish-brown siderite in vhich colour somes and
concentric bands of inclusions are present (fig. 2.80), The centre

of the spherulites are often vold or may contain an isotropie or

very low birefringent minsral aggregate apparently of clsy sinepsl,
vhich may be anologous to the spherulitic chamosite which 1s cccasiomally
developed in the matrix., In other cases the siderite has developed

- a8 & thin layer on vhat must bave originally been & spherulitic minersl
aggregate bdut vhich has subsequently been dissolved. The dark red
sandstone of Danbydale contaims sbundant interstitial oxidised siderite
and also uareplaced chamosite,

The matrix of these sandstones contrasts with that of the nom-
slderitic sandstonesrot only in mineralogy but in its proportion of
the rock; in all omses it comprises between 40 and 45 porcent as
compared with less thanm 20 percents
SaJaxzigencus Gradnge The ssnd grains are similar in composition
to those of the nonesideritic beds but differ considercbly in thelr
fabrice (Grain suturing is absent and all grains are separeated by
siderite except at ocoansional points of contact, fsplaceaent by
clear siderite, sometimes of primmatic form, occurs in some grains,
3. 00lithae The coliths mey show & small amount of marginal replace=
ment by siderite, but are othurvisse unreplaced or replaced by keolinite.
The uareplaced chamosite is usually partislly recrystalliced with lose
of definitiond the concentric lamimme in ordinmery light; this i»
usually accompanied by a little distortion, but it is not extrens &s
in the non-sideritie cendstones.

4. Shell Taterial, Since sideritic sandstome only occurs in the
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upper, poorly fossiliferous group, shell material is rarely seen in
thin section, It 1s represented by voids or kaoclinite moulds,

Sa RDLGRIECLS OF T CANOCTIUS
The two types of sandstone clearly have a different diagenetic

history but they probably differed little at the time of deposition.
The development of siderite may have been related to chemiosl conditions
or more probably to higher chamosite mud content. The contrest in
amount of matrix betwsen the two types,must, hovewer, be due largely
to diagencsise The siderite vhich forms redilsh browa rims is
formed by replacement of chamo:ite and therefore chamosite was
presumably an original matrix constituent inm all of the sandetones.

The chasosite rims mey have been derived by pereolation of wud
or by diagenetic chemicel precipitation, The occurremce of rims
consisting of either disoriented or tangential oriented crystals
suggests that mud percolation is the more liksly, forming rims of
disoriented erystals vhich have later adopted a tangemtial orientation
possibly under compactiomal stresses, w recrystallisation
to & spherulite habit has Ssken place.

Where cideritisation has not ocowrred compaction has led to &
profound reorganisstion of the rock, with solution of chamosite rimes
and the devolopmant of sutured intergramular contacts together with
occasional quarts overgrovths. Chamosite rims are preserved in
scattered interstices but elsevhere chamosite oceurs only as & thin
fila along intergramular sutures, ‘ideritisstion of chamosite has
occurred before compaction since the grains show oaly = loose packing
end as & result the sideritic sandstomne shows nome of the solutlonm



offects described above, Siderite rim replaceasnt may be followed
by growth of drusy siderite which gemerally rills all remaining voide,
but occasionally kaolinitic elay ocours at the centre of some
intersticess The clay is more common in the nomesideritic sandstones.

Ra MECH SIS L ANALLLLS QF THE SANCCIGE]

An ageount of the laboratory method used in these smalyses is given
in Appendix 2i: the statisticsnl parsmeters used have already been
described (pess )o Samples have besn studied from five localities,
wvhich do not provide a complete coverage of the grain distribution
over the uhole srea, but vhich provide examples of the principal types
of vertical succession., Section 4, New Wath Sear, represents the
typical succession of thinebedded sandstome passing up into thicker
bedded sandstons. Jection B, .sgtom Grange, represents & succession
in vhich the lower part is wnusually coarse and has an erosional base,
vidch suggests affinities with the sandstone bodles of the shale unit,
Seetion C, Battersbhy Crags, represents another more uniform sandstone
vith an erosional base and which ocoupies the wvhole Eller Beok Bed
succession., Jection D represents the flat bedded sandstons of the
northernmost outcrops.

The cusulative curves are shown in figure 2,81 and the velues for
the statisticel perameters obtained from these curves are given in
table 2,1,

Ao Maun Jxaln ilze

In some sections tho mean grein sise shows some relationship to

the vertical succession. In section 4 samples 1 to 3, representing
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TABLE 2.1 GRAIN SIZE PARAMETERS,
SEPARATED AND UNSEPARATED CURVES
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the lower sandstons division shov a steady upwerd inoresse in mean

20

grain size from 422 phi %o 3,70 phi. In the upper division, in which

the average mean grain slze is 2,85 phi, a slight overall increase
ocours, with & sharp inerease from the underlying division, In
sections B (aversge 2.63 phi) and C average 2,73 phi) the grain sise
is fairly uniform, with slight upward fining in section B, Seetion

D (average 3.4 phi), is variable,

fallanderd Jevlation

Standard deviation shows little relationship to the vertiecal
succession, but does show variation botween sections:

Seotion 4 1 = 31 range
A 4=8

Section B

Section C

Seetion D

663 « 0,885 aversge 0,73

0ad5 = 090
0s33 = 0,53
0e40 = Oud5
0:35 = 0,70

0472

Cod
Oed3
0.70

Section 4 shows a high aversge and an inorease in varlability from

the lover to the upper division.
low average and lowv varlability.

daliomens

This is highly verisble and shows no relation to vertical

Sectlon B shows a sigaificantly

succession or geographical location.

batallsciion Jodat

The above results suggest that as in the case of the lLower
Deltaic sandstone analyses (ps 90 ) the variation iney andocf may ve
for the wost part a reflection of the position of the inflestion point
vhich, in 1tself, also shows no relation to the location of the semple.



Curve separstion has therefore been carried out (see p. 00 ), The
values of the parameters of the separated curve for the coarse fraction
are given in table 2,1, vhere they are compared with the values for
the unseparated curves and the inflect percent. The curves reprosenting
the log-nermal freotion of the sendstomes are shown in figure 2,81,

3 tien Graln slse of leg-norsel fraciion.

The figures for this paraneter differ froa those of the mean
grain size of the unseparated ourves ia having & lower numerical value,
reflecting the relative coarsenses of the logenormslly distributed
grains, and in heving a lover varlability, Vertieal variation is

slightly modified,

fo Slandard Deviatian of loz-normal Curvese
Standard deviation is clearly reduced numerically and at the

same time the variation 1s greatly reducede The nev values also
show some relation to the vertical sucoession, The thinebedded sande
stones of Jestlon 4 show extremely good sorting and the overlying
sandotones show uniform valuss, In Section B the sandstones show more
varisble ¢, values reflecting the rather varisble lithology in this
section.

The velues for My ¢ ando; ¢ are showa in figure 2,82 vhere they
are related to the vertical sequence im sections 4,8 and D, and
compared with M ande'd, The parsmsters for the logenormal curves
elsarly shov more relation to the vertical sequence than those for
the unseparated curves, Since the parsmcters of mean grain sise
and standard deviation are intended to represent the orizimsl grein
sise distribution and hence the conditions of deposition, the values



of Mg and o ¢ would appear to be of greater significance than those
of ¥ and s ¢e

The general lack of vertical trends in M,¢ and 0/ ¢ suggest rela-
tively uaifora conditions of deposition, except im the lower part of
Section A vhere the thinebedded sandstones show & general inerease in
grain size and very lov standard devistion walues. The topmost
samples of sections 4, B, and C shov slightly higher  f than the
remainder vhich may reflect a depoaitionmal emviromment vhich is
closer to that of the fluvistile sandstones whoss S ¢ values (Peble)1.2)
are mostly higher thaa those of the marine sandstonss. These top samples
correspond to & bed of somevhat coarcer sandstons which csps most of
the sandstone sequences in Zskdale.

Mechanical analyses have not been oarried out for the whole area
but field observation clearly indicates that the finest-grained beds
oceur in the extreme south and the coarsest im the north.

dadlll DAL
In msany sections beal deposits of relatively non-sandy character
are developed, These sre extremely variable in charscter but are all
characterfsed by being strongly ferruginous, The Winter Gill colitie
ironstone falls into this category but on account of ite partiocular
interest has been dealt with im & separate chapter,

doldderite Mudstons Dends
The lower divicsion of lron Sear and Hartoft Beck contsins thin

bands of silty siderite sudstone. In thin section these are seen
to conaiat of terrigencus grains totalling about 30 percent, set in



& matrix of very fimely erystalline siderits mudstone. Mascovits
flakes are abundant generally showing poor horisontal oriestatiom,
The ironstone pebbles from the channel at Irem Scar are similer
petrographioally.
£aQther Sidarila Mdaionss

At Commondale the shelly sideritie bed proved to be a sandy
siderite mudstone in vhich the shells show partial sideritisation.
Scattered ooliths and intraclasts of chamositic composition are
prevents A thin sideritic bed in Busco Beck consisted of siderite
mudstone with very poorly sorted terrigenous silt and sand gralns,
As in the other sudstones terrigencus graims constitute about 30
percent of the rocks Ooliths are common and show replacemsnt by
kaolinite with a few residusl chamosite leminae. In & third mudstone
from a ferruginous colitic sandstone in Northdale sand greins ocour
dispersed in a eryptoerystalline siderits matrix, There is little
lemination and the sand greines which constitute between 50 and 75
percent of the rock, ere regularly disporseds Vhere the sand grains
are least abundant heavy minerals make up 40 percent of the greins
(£1ge2483)s
da Chamosldie llie

A thin band from the red sandstons of the Danbydale quarry
section conslets of about 30 percent of chamosite ooliths and nearly
20 percent of siderite matrix with scattered sand grains, The high
percentage of ooliths is due to very good packing which has
resulted from the lattening of the ocoliths im the horisontal plane,
often with more irregular distortion (fige2.84)s The chamosite is
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greenish and well erystallised with relatively high interference
colours, Most of the coliths have mud muelel, though sand grains
occasionally oceurs The siderite matrix is highly weathered but
consisted of clusters of smell rhosbs, and therefore seems to have
been & cement rather than an originmal mud,

ba_tallch audaicnes

In Northdale sideritic muddy rocks ave developed at several levels
vithin the sandstone unit, which are charmcterised by the presence o
pellet-like bodles consisting of cryptoerystalline siderite. The
pellets are of two Yypess The first type has been observed in a
sandy wudstone from the base of the diviglony the pellets here are
similar to those of the ironstome unit in resching about 750 micrens
in length and conalsting of slightly elongated opacue bodies (up to
10 by 5 microns in size) set in brown translucent oryptoerystalline
siderite, The opaque bodies varyimg considerably in density of
distribution and often show a tendency towsrds grouping hto erude
trangverse lasinae (fige2.85)e The rock is laminated and shows
variation in percentage of pellets and terrigencus greins betvaen
the lasinae,

The second type of pellet has been observed in two mudstones,
one from & shallow trough in the top of the sandstone and the other
from the midile of the sandstons at a locality where it is very
ferruginous and oolitie, The two mudstones have identical
lithologles, comsisting of pellets, about 500 microms im diameter,
of pale to dark brown strutureless eryptoerystalline siderite set in
& pale brown eryptocrystalline siderite matrix (rig.2.86),



Terrigenous grains constitute less than 5 percent of the rock,
except for muscovite flakes which are abundant and vhich ocour in
& disoriented manner. The similarity of the pellets to the matrix
sake pointecounting very difficult but the pellets provably make up
over 70 percent of the rock. In one case commimuted plant tissue
is abundant,

e distribution of the pellets suggests deposition under
vinnowing currents for the first type wvhile in both occurrences of
the second t,pe sorting is practically sbeent. The pellets in both
cases are probably of faeeal origin but there 1s no indication of
the identity of the organisms by vhich they might have been
produced.

214
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As wvith the other units the chesmical enviromment of deposition is
considered separmtely in fert 3. In this oase the physicsl
conditions under which the sends accumulsted ars also dealt with later,

The Winter Gill ironstome which is to be described in the next
chapter is Lelieved to be of considerable importance ia deducing
these conditions, and the discussion 1s therefore left until the end
of the next chapter,



CHAPTER VII THE WINTER QGILL
QOLITIC IRONBSTONE

The correlati-m of the Winter G411 ironstons :dth the more
norael sandotone wit development has been discussed on page 195,
It is interesting to note that this unique developuent of the sande
stone unit wvhich may be confined to a very small ares is associated
vith the development of sandetone in the underlying shale unit, and
the posaible implicetdons of this assoclation are discussed later,
This chapter is primarily concerned with the description of the
unususl petrographic Peatures of the ironstone but the petrogrephy
of the assoclated beds in Winter G111 is also dealt with briefly,

F‘B



A ETRGRAL

40 SIDERAIE JATRIL

The matrix throughout the ironstone consists entirely of siderite.
A great variety in erystal hebit and grain sise is dlsplayed, each
type belng of localised oceurrence in the vertical succession, 4
namber of specimens eollected from the apoil heep have provided
additionsl matrix types not found in the present outorope  Although
the siderite is very variable several distinotive matrix types way be
distlaguiched, '
(1) In ssaples of leminated sandy ivonstons frow the spoll heap and
in the ironstone fyrom the top of the present outerop the siderite
consists of a mosaic of equigranular anhedrel oryetals, This wosaic
ineludes & rim of a dark reddish brown colour which ls developed
around all greins and which is ebout 2050 wicrons thick, asd an
interstitisl mosaic of pale clear ¢ ystals. In the samples from the
outerop and in the least sandy laminae of the other samples the matrix
constitutes about JO percent of the roek.
(11) e erystal sise of the siderite ineresses from the top of the
ironstone downwerds until crystale of betwesn 50 snd 150 slorons are
presants At the ssme tine the erystals become lese equigranular axd
lsclated larger crystals are present which ghow f-int soning in the
fora of lines of inclueion: and sltermations of colourless and browm
siderito. The rime of darker giderite are no longer developed,
The matrix asain consititutes about 30 percent of the roek.



$44) At lover levels in the ironstome further changes take place.
The development of relatively large isclated somed erystals is more
pronounced, and while the crystal sise of the genaral matrix varies
between 25 and 50 microns these large orystals my reach 600
aicrons in lengths The smller crystals which are reddish brown and
turbld may themselves show a little soning.

The large soned erystals, of vhich examples are shown ia figures
2,87 and 2,88, are seen under highamgnification to be of complex
structure. The outer margins of the somed crystals are irregular
due to inclusion of colighs and other grains, and to the irregularity
of the contacts with other crystals. The clongation varies, reaching
& maxious of about § to 2, Except in sections perpendicular to the
elongation the sones show a hexsgonsl form, in which two sides are
relatively longe Zoning is produced by colour veristion of the
slderite, and both the dark and the pale siderite may contain lines
of inclusionse In general colourless clear siderite predominates
in the central party, while a poorly somed arss of brown siderite
ocours on the outsides Adjecent gralns often protrude inte this
outermost sone but never into the imner part. Considerable varistion
in the sonal sequence has been observed but it is very comstant in
any one sample,

In addition to the concentric soning the crystals ars divided
into four sectoral sones which are well defined im the centrel parts,
This produces a structure rather like an hour-ghass except that the
sector boundaries are rectilinear, and weet at the centre of the
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erystal. These are best developed in the laterel sectors, vhere
two sets are present; in the end sectors only one set is present,
The-ar-angensnt—of these lines tu showdafiuse 2489, Extinction
waries through the crystal and is to some axtent speotsal, indicating
partial redial structure, The medial crystallisstion is further refe
lected in the curved eleavage planes vhich are concave towards the
orystal centro., The slongation of the crystal lies in the obtuse
angle of cleavage intersection, In some cuces the outer scne of
brown eiderite is formed by four distinet orystals vith irreguler
boundaries which conforam roughly to the major and ainor axes of the
erustal, and in such cases the spectrel extinetion is confined to
the inner sones of the crystal,

(1v) In ome specimen small soned siderite crystalsof the type
described above have acted as nuclei for truely radial erystallisation.
inclusions are confined to the imner part, but colour soning, which
becomes poorly defined cutwards, ls developed in the redial part,
9ince the inmer crystal is elongated the whole aggregate is not truly
spherulitie, but the erystal fibres in the outer part show true
tangential orientation.

(v) In rocks showing the redially erystallised metrix described sbove
Saall patohes are sometimes present which show slight wariation from
the surrounding matrix, They may themeelves vary, but all have the
following features in common: & riz of alightly turdid reddish brown
siderite is present om all graina; the remsinder of the mtrix is
Pale and free from inclusions; the grains are closely packed with



the matrix constituting 30 percent of the rock. The turbid rime
may be continmous and of even thickness like those described in
type (1) but in some cases they consist of disorete sulhedral
erystals. In all cases the rims are in optical continuity with
the spherulitic matrix, The percentage of matrix contiusts withtat
of surrounding reck which contains between 40 and 45 perotut,

(vi) More perfectly spherulitic siderite has been observed from o
thin band near the sidled the outerop (fige 2,90). These redisl
aggregates show very strong oconcentric soning both by colour variation
and by bands of imdusionse As in the other soned forss the somes
become nore widely spaced and more diffuse towards the margine, Vhere
two spherulites are in contact with one another they shov the typleal
curved surface of contact vhich is convex towards the larger
individual, There isno visible core to thess spherulites anmd the
contre 1s in fact void vith the firet sons of siderite having &
mooth imner surface. The voids are hemlspherical and vhen the rock
49 broken end viewed under & binocular microccope the volds are
alwye seen to be situsted on the surfoce of & grain with the
sdderite sones extending outwards from this point in all possidle
direotions, The dismeter of the volds reaches 250 microns, while
the vhole aggregate may reach 500 aicroms in diameter.

In the highly variable siderite metyrix of the ironstone two
distingt types may be distinguished which do mot differ in arystel
habit alone. In one case the mtrix constitutos between 30 and 35
Poreent of the reck and consists of & rim around all grains together
uu¢m.wuwormcmm»maenutmm



inclusions, and in vhich soning is of & very diffuse mature. The
second type constitutes between 40 and 45 percent of the rock ond
couprises rot .er turbid reddish browm siderite whdeh often includes
large soned erystals which in eome cases at lesst grow directly off
the grain surfaces. ‘hare both types oocur in the one sample
m«mnnmuﬁ--nuwmmmum
matrix has a dirtier appearance dus to the presence of inclusions
(rig 2.91)e

PP AT REATED G0 )

daRiacdbutden and dredn Cla

In the ironstone at outerop the percentage of terrigenous grains
varies betvesn 3.5 and 7.5, vhile in samples from the spofl heap it
varies between less than one and about sixty. There is apparently
no relationship between the percentage of terrigenocus grains and the
vertieal sequence. The grain sise is relatively constant in all
samples vith a persistent mode at ebout 200 to 225 aicrons (rigs.
2,92 a~£) but in the top fev inches ot outerop the sand is coarser,
vith a piymodal distribution and an average grain siae of 350 aiorems,
(rigee2492¢ gyh)e
sa.loopoaliion

Simple quarts jreins are dominant with minor compound quarts
and feldspar grains, Heavy ainerals are occasionally seen and
mostly comprise mireon, tourmaline, and opaque minerals,
daaduiidon

A characteristic feature of msny sand greins is o highly
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irregular but rounded outline, Thisis also seenh grains vhich
have acted as muclel for colith formations The irregularity of
the greins suggests that the roundingis the result of sclutiom, and
not abrasions

heloulacsusnl

&) Sieritee The sand grains usually show margimel corrosion by
the siderite matriz, The replacing siderite crystals are in
optical continulty wvith those in the adjacent matrix, but are paler
and free of inclusions (fige2,93)e FReplacenment may also take the form
of long tomgues of siderite which penetrate the ;reln, presumbly
along lines of wesimess, and which my coupletely fracture a grain,
often with separation of the fraguents.

In the top fow inches of the ironstons and in several samples
from the spil heap the terrigencus grains are replaced iy clear
colourless exryotals vhich comsonly show well-defined rhibad faces and
wbich say reach 0.1 mise in lengthe feplacenent begine at the
grain margin (£ige2,94) and msy procecd to cospletion. The siderite
is commonly associmted wvith euthigenic feldspar (see below).
hllizite. Replacesent of sand greins by pyrite ocours throughout
the ironstone but L swet common in the lower parts The pyrite may
oceur in disseminated form as a dusting along theaiter part of &
grein or along grein sutures in compound greins. More commonly
larger cubedral grains vhich sometimes shov stristions are assoclsted
with the mergine of sand greins and replsce the matrix and, to &
lesser extent, the host grain.

~NJ
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Sl hosphats Mosphatisationof sand grains 1s cuite comson in

the lover part of the ironstone. Compound quarts grains in
particnlar are affected and the phosphate replaces along intergrenulay
sutures forming & network of irregular bands about 10 microns wide,
Marginal replacement ulso ocours and affects simple quarts graina,
In the intergremular sutures the phospbate occurs as structuroless
brown isotropic collophane, but cccasiomally colloform habit Lo
developed. Individusl graine or components of compound grains
shov fiternel replacement by fine needles, fcplacencnt also affests
sand gralns which have acted as muclel to the sssociated coliths,
d)lZeldspar. <uarts grains sowetizes show replacesent by feldspar
(£4g42,95) wbich i confined to the top fev inches of the ironstens
and is associated with margimel replacesant by sutedral siderite
erystals, Usually the feldspar ocours as aggregates of small
tabular crystals but oceasionally isolated orystals ocour within the
quarts groins; the feldepar is clear and free from inclusions,

Sedimaon
These are rare and form less than one percent of the voek and
include phosphatised mud grains,very vare grains of structure-less
chemosite mud, and chamocite cpherulites which are the most
Sbuadant,

deRiaspbaids zining

These are usually larger than the associated coliths and reach
lame in diemeter, The phosphate is orenge-brown and consists of
minabe sphorulites often with dark, epague corege



&aShosoniia corililes
sl Conposiiione These are cheracteristic of all sasples studied and

are found both as free grains and as oolith muclel (fige2.96), The
former are usually very rounded vhile in the latier sharp projections
my be present on the surface, The chemosite isin all cases of a
mddy turbid appearance with sbundant minute opaque inelusions, and
is totelly Leotropie. The basic strusture consists of mdlating
fibres with or without a structureless core. In some cases the
radial pattern 1o proiuced by & series of bunshes which Saper
invards giving & petaloid appearance in thin section. In most cases
normal radiating fibres are associated vith the bunches; oconsionally
tw or three bunches alone are present and virtuslly consist of
tabular fibrous aggregates whioh pinch out towarde the centre of the
spherulite. The structure ie wuch less regular than that of
slderite spherulites observed in this studye Vhere the spherulites
act as oolith nuclei chamosite mud way be presence in concave
surfaces,

bl Bsulagegent Prectically all of the free spherulites shov some
degres of phosphatisation, and similar replacessnt occurs in
spherulitic muclel to & lemser extent, The replacing phosphate is
dlstinguished from the chamosite by being transparent and pale
arange-browvn in colour. The phosphate replaces along the chasosite
fibres and iteelf takes on & fibrous form with fibres readhing 75
nlcrons im width, Fach fibre conslsts of a line of spherulites vhose
lateral growth is interrupted by the fibre margine The residusl
chanosite Lo often very dark green and stractureless, Oiderite



in the fors of crystal aggregates may replacs the spherulites, and
shows no relation t0 the radial structures In the top fev inches
of the ironstone large erystals of siderite ocour, often assoclated
vith feldepar which may shov & crude redial orientation,

) Oigin of eohoruliiege The muddy appearance and close assoclation
of these bodies with the ironstone suggests that they have formed
suthigenically within an original chamosite sud in the same way as
slderite apherulites are believed to develop. They are, however,
not directly analogous to siderite spherulites vecause cach fibre
conprises & microorystalline a gregates

Ra JIELL M TSRIAL
Ouing to sclution of ealeium carbomate chells apre represented
by cavitles vhich are partially filled by early replacing ninerals,
Fhosphate of similar cheraeter to that replacing intraclaste is
common and may shov some relation to the origimal shell strusture,
In the uppermost fewv inches of the colite phosphate is aboent byt
large siderite crystals assoclated with feldspar mey bo present,

RaCONCENTRIC QOLITHS

Tdo ters Ls applied to coliths vhose nuclel ave situated
centrally withis the oolitic envelope and has been used in order to
élstinguish thess normal coliths from & small musber of coliths in
viich the envelope is eccentric to the muoleus, and vhich are here
tormed teecentrie coliths's These eccentric ooliths will be
described at the end of the petrography ssction,

N



dallse and shane

OGoliths were separated from two samples and one hundred from each
measured along all three axes. In practically all cases the colikhg
proved to be discoidal with two nearly equal long axes and one much
shorter axie, The shape of the coliths is summsrised in figure
2,97 in vhich the upper and right-hend margine reprecent dises and

& &b ratio

rods respectively. hm—wmaolﬂﬁﬂl-
astomtiowms P 11, The length reached a saximus of 600 mierens
and o uinisun of 320 nicrons with an average of 500 microns; the
thickness (¢ axis) reached & maximan of 400 mierons and ainimum of
140 microns with an average of 250 mderons, Ooliths measured in
thin section maturally showed very varisble sheps perameters, but
the maximun elongation obsarved sas J ¢ 1 as in the separated
ooliths, The size frecuency curves for long exes of coliths msesupred
in thin section are included in fige 2492
SaDiatcition

In the ironstons at outerop the mroportion of colithe varies
from batween 55 and 63 porcent in the top fev inches %o between 46
and 53 percent in the remsinder. In specimens from the spoll heap
the proportion varies between 45 and 65 percent except in sandy
ironstones in which the proportion may drop to around 30 percent,
Coonsionmally the sendy iromstones conalst of laminae which may ve
Ficher or poorer in coliths than the roak as a vhole,
dafigemalocy

The coliths vary considersbly in e;pearancs in thin section as
will be described belows. Xeray photographs of two coliths of very
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vith the liges for ferrous chamcsite (see Appendix 2e)« Magnetite
1s not present, although the rock has been desoribed as & magnetite-
ehanosite colite by Hellimond (1925; pe76)s When the rock is
erushed, hovever, some fragments are affected by & megnet, and .
~'h-nmwmm¢~“huw; the
0oliths are non-megnetie, Siderite from other cedimentary rocks
and from hydrothermal veins was trested similarly end inm all ceses
the siderite fragnents vere affected by & usgnet,

A llrugturg

Each oolitic envelope comprises several eoncentric scones whilch
are distinguiched from ome saother by veriation in colours The
colour of the chamosite varies from pale green, through olive green
%0 brown, Except in oblique sections these eclour sones have sharp
boundaries and they fora eomvenient unite for deseription of the
colitic envelopes. BHach sone consists of lazinae, varying between
©e5 and § microns in thickness, vhich show colour variation smemg
thensalves,

The inter-laminar colour variatione are asscelated with
Varistion in the structure of the lasimse. The lighter clearer lam-
inie are composed of mimate tangentially ordented flakes, and under
erossed nicols show firet opder vhite, The darker lanimee are
S%ructureless and isotropie) the exyetal size say be swaller than
that of the tangentially oriented chamosite but the lack of birefrin.
§onoe mny Lo due to the disorientation of the erystalse The finest
lauinge of the oriented type are about § microms thick, and many of



the thicker laminae can be seen st high magnification to be
conposed of iner sibdivisions in the dder of 5 microms. The
difference in colour between oolitic somes is due to variation in
the proportion of the Swo types of laaina,

The distridution of the components of the colitic envelope
vill be desoribed by using the momenclature adopted by Chowns (1968)
for similar discold chamosite colithse The relatively flat surfaces
of the dise are descrided as the polar surfaces and the curved
elreular surface as the equatorial surface (fige 2498)s Since the
flattening in the ooliths under consideretion is quite considerable
the polar and equatoridl surfooces are distinguishable in practically
every section.

The early ocolitic layers are disposed around the mucleus in
such a way as to repldly inercase the roundness snd spherielty of
the originel nucleus, vith eszch band thickening into coneave
surfacos and thisning or even becoming discontimiowns over convex
surfaces and projections, Thick layers of the dark structurelvss
chamosite form & hizh proportion of the early colitie deposite,
Onee the nuclews is completely enveloped the oolitie layers become
more regular, but despite this most somes and muy laminie are seen
to vary in thickness, sometimes to the extent of Leing discontimuocus,

The variation in thiciness msy oceur in four ways.

(1) Relative thickening over the equatorisl surface is the most
common form. (£12.2.99). Both light and dark sones show this
feature but 4t is particularly proncunced in the dari senes wvhich
are often discontinuous over the polayr surfsess, A ecloser exanination

N
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of both types of sone shows that the thicknwess varistion is largely
due to variation in the structureless laminee, In addition the
dark sones may develop relatively thick 'lenses' of structureless
chamosite which are sufficiently localised a8 to produce slight
irregularities which are best seen in equatorial sections.
(11) In seny ocoliths the equatorisl surface itself shows slight
variations in thickness of somes and lamimse, lasimse are often
confined to ome side, &s seen in thin section, but thls preferential
deposition normally affects both sides to an oqual extent, so that
the sone as a vhole Lo fairly gyumetrically developed. Ixceptiomally,
preferentisl deposition on one side involves a serics of laulmae or
even a complete sone, in vhich case the envelope becomes eccsnirie
relative to the mucleus. Such coliths are described more full on
page 2/5.
(114) Relative thickening over the polar surfwces - (fige2.100),
resulting in an inercase in sphericity in contrast to the moreml
process vhich, exéept poseibly in the earlliest sons, resulis ina
decrease in sphericity,
(iv) An inerease in thicimess over ome polar surface relative to the
othor may occur aa & variation of type (844), but in sany coliths Rhe
individusl laminae are discontinmous over one poler surface though
sinoe both surfeces are affected to an equal emtent the somsl
distribution 1 s normal, In contmmat to the sones and laninae of
type (111) this type of discontinuous lanine shows the ususl equatorial
thickeninge

Of these four types of unsqual deposition the one which has the



most profound effect on all coliths is that imvolving relatively
thick equatorial depositioms. From the earliest steges the oolith
ineressos in width relative to thickness and in many coliths &
otage is resched where polar deposition is entirely lacking (fig.2.1)
This may be followed by & late stage of renewsd polar deposition,
Ocoselonally, vhere the micleus is particularly large, the oolith
has grown purely by equatorial sceretioms In both cases the polar
doposition in individual ocoliths is somehow dependent on the growth
of the solithe Measuremente in thin seotion of the leagith of the
short axis in &ll coliths showing polsr momedeporition have been
mads in order to discover vhether the axie lasgth or thicimess of
the oolith could be the controlling factors (nly sections which
pacesd through the nuclews were considered but obligue sections could
atill give an exsggerated length, s0 only the minisun velues are of
any oignificances In both normal coliths and those with umusuelly
large cores polar desposition occurred until the minor axis reached
at least 120 nicrons, If the diameter of the nucleus exoveded this
velue then equatorial deposition alons would have occurred, but it is
possible that this minimum valus doss not apply in all eases,

In & fev coliths the equatorial axis showe o sudfen change in
orientation at an intersonal contact, and all the rubsequent oolitie
layers are deposited according %o the newly eetabliched oquatorial
plane (fig, 2,102)s In such cases the later set of sones may be
somevhat egoentric to the earlier set and to the musleus,

Ja.S0lith sucled
Host of the maalel conalst of material vhich is found as loose



graing vithin the ironstone. They include the fellowdng types;
sl lncrissucus coainge These consist of quarts with minor quartsite

sad yare feldspars The greins aye genemally smaller than the assoclatey

froe oand grains (fige2.103) but have a similar shape.
hlShemcalie sad sininge These constitute about 75 percent of the
suclel, The chamosite 12 in the form of green %o brownishegreen
structureless c:yplo=ciystalline isotropic and. The outer margin of
these grains is often rather diffuse and merges into the swrounding
oolitiec suvelopes The gralns are highly rounded and have a
woderete to high sphericiiye

alliadial chasoclis sganazatage These sre simllar to the radiel
bodles found as disorete grains but are generally smaller, The ocutep
margin say be ssocch but ls comacnly Lirregulsr due to projection of
radial fibrese The oolitic laninae show the same relationship %o
these grains as they do to muclel vhich are definitely of detritel
origin, and ia 2o instances have projections bean seen to transect
the encloslag laminae.

Al eesraiallioe chamalie uninge ™ese are distiact from
those described above 4n being relatively elear and bright green in
colour; thay generally show sicrospherulitic hatits: They are cone
sidered to result from replacessat of other grein types and are cone
sldored more fully later,

alihall Lragasotse In soae ceses vhere & nucloas is represented
by & void the cutline is such as to suggest fragmented shell materisl,
) roken colithss These consiet of ocoliths, similar in character
to the remeinder, which have usually been broten parellal to the
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short axis or slong sone boundariess
LS TTO LT
¢) Sldexitge Ooliths show partial replacement by slderite in all
samples studled, and the various forms in which the siderite
cegurs are deseribed below.
(1) In & fow samples the dominsnt form of replacemsnt consists of
marginel rinds of turbid yellow brown siderite, (rige2.104)s At high
magnification redislly oriented fibros less than five alerchns acromss
may be distingaished, Under orcssed nicsls the rind is seen to
oonslet of enly slightly clongated roughly radial crystals whieh
have irregular matual bounderiss amd vhich are in opticsl continuity
with adjacent siderits erystals in the mirix, even uhen these conalst
of lazge somed eryetals with spesctrel extinctions The sidarite
rinde do not emoeed 50 microns in thickness and ere generelly
equally developed around the oolithp rometines the thicimess varies
and the rind may be discontinuous, but in neither cape doow the variae
tion in thicknoss shov any relation to the cutline of the colith,
Most rinds follow the oolitic layering bub a few transsot the
laminaes

Bands of siderite identiesl to the rinds may ocour internally
and in all such oases the cutarwost some of durk turbid chemosite
ie replscw’ while & thin layer of alser groen chenosdte llew outside
the siderite and is completely vmmffected, Yhare the outer leyers
ol an oolith have bvean partially removed by breslmge the underlying
exposed layers sre repleced by the rind which mey extend laterslly
bensath the part of the cuter layer that has not been removed.

N

N






ropr ™ 901°C

P

.

prag < = o S




N

(Al

(11) Vhore the first type of marginal replacenent Lo prevent only
about & half of the coliths are affected, but & second type is devele
oped which oocurs in the resainder of the ocoliths and which 1o
oconslonally superimposed on the first type. Where woth are present
the siderite rind is developed as described above, though rether
thinly, and the sscond type occurs within the inner margin of the
rinde In this second type the slderite ococcurs as pale brown to
colourless subhedrsl rhombs about 25 microns acrosej where the
crystald are clocely pacied they are clongate and parallelesided
and are orionted at a high angle rather than perpendiculsrly with
respect to the colitie layerings This eiderite 1s patehdly
dlstributed and rarely continmousy 4in each pateh the erystals
usually have & common extinetion, btut in larger patehes two or more
extinetion groups are present vhich are aleo distinguishod by abrupt
changes in orientation. The orystal teruinetions ususlly preduce
& mwetooth innor margin. The siderite mey occur anyvhere within
an colith but in wost cares it is best developed on the polar
surface of the ooliths (fige 2,105)s This loculimtion is mot
related to the orieantation of the colith vith respect to the bedding
or to the relations of an oolith with the adjecent coliths.
Oocaslomally siderite of a similar habit occurs along the interfuce
betwesn & quarts grain mucleus end the envelope.

The cocurrence of this type of siderite is accompanied by
considereble distortion of the adjacent colitic laminme, which show
conalderable thimning out over projections of slderite, At the
lateral extrenitics of the slderite patches the oolitiec laminae are



clearly truncsted but this appears to be largely a displacesent
affect sinee all sonss and most of the lamimse of the cuter sone
can bo traced froa one end of & pateh %o another. The siderite
shows & sisilar relationship %o bLroken coliths as in the preceding
type but agein the siderite appears to have displaced rather than
roplaced the oolitiec material whose place it ocouples.
(111) ™is type of margiml replacesent is confined to the ironstone
vith a traly spherulitio matrixe It is very Lrvegularly distributed
and eonslste of ‘dirty' brown siderite erystals which ere in optioal
contimity vith adjacent orystals in the matrix, and therefore
shows speetral extimction} soning, although prominent in the matrix,
is absent, The most Lirregular siderite masses are asccospanied Ly
extreme dlstortion of laminee, and as in type (i1) the thickness of
the siderite emceods that of the chamosite replaced (fig.2,106),
fiderite of & similar matare 1s developed intermally around the
nucleus in some ooliths. Vhere the nucleus i chamositie it showe
partial or complete replacement and ‘uarts greins show slight
replaconent, The aiderite shovs spectrel extinetlon end can sometimes
be matohed with a large spherulite in the surrounding mstrix, The
coubination of intermal and margims) elderite may lead %o total
replacenent of an oolith,
(iv) Another fora of margimel siderite affects only recrystallised
coliths (page 207 ), and may pesult in total replacement, The
slderite ocours as clear crystals, often slightly reddened, and between
50 and 150 atorons in length, They pase with little change into
erystals of the matrix but the origiml cutline of the oolith is



reflected in & line of reddish inclusions (Fige 2,107),

) Intermsl replacesent unsocompanied by eny fora of mrgimel
replacesent affects colithe in the top few inches of the iromstone,
Shells and intreclasts ave simllarly affecteds The siderite is in
the forn of anhedral erystels Letween 100 and 300 microns in

length, Replacement is aluays from the centre cutwards, affecting
toth the meoleus and the swrounding colitie materisl, The elderite
has a rather dirly ajpearance except where it replaces certain macled,
“here colitie layers are replaced by large crystals lines of inelusions
may vemain vhich correspond to the dark sones of the coliths, e
only other siderite replscenent to cceur in thess beds is of type (iv).
(vi) In samples uhich shov total reerystallisation of the matrix to
poorly soned redial siderite aggregates (see type (1v) pe219 ) total
replacensnt of ooliths way ccours The siderite 1s in the form of
large enhsdral orystals which show spectral extinction, being im
optical contimuity with spherulites in the matrixs Abundant
inclusions represeating replaced lsminse are present and any unreplaced
chanosite is very much dirkeneds CUconsiomally rinds of type (1)
ars seon around lece replaced colithsy these may shov radial crystal
orientation but have commonly recrystallised into optical contisuity
with the matrixe Iype (iv) replacenent may sleo ocour with the usml
digraption of laminne,

kl ihoschale

(1) Rare coliths are seen which heve been entively replaced by
colourless to dark brown collophane, Almost total loss of ocolitic
structure has resulted and shrinkage cracis developed,

(A
(%,



(11) At one level in the ironstome colithe are replaced by jale
orange brown slightly birefringent microspherulitic phosphate,

The colitic structure is well preserved and often accompanied by
regularly speced opaque specks in soms somess Replacesent may not
be gomplete in vhich omse sones of tangeatially oriented chamosite
remsin, The opsque spocks are absent in thess unreplsced sones, and
seen to be associated with phosphatisation of somes in ubich the struce
turelees lasinee are dominant, The phosphatised ooliths may be appa=
rently Lsolated or may ocour in groups, often associated with shell
fragmentss The phosphatised coliths are umaffoected by siderite
replacenent,

(144) Oolith phosphatisation of a slightly different type is
developed on one partloular horison of the iromstons, It differs
from type (11) in being more twrbid and in having & desper coloury
it is genorally Lsotropics  The struoture of the replaced colitie
materdal 1s retained but not with the same perfoction ss in type (11),
The phosphatismtioncsours in a horison in vhich & late stage of thick
polar aceretion of clear chamosite lanimae is coumonly developed, and
this outer szome s wmifected by the replacement,

Slivzitee ™e centrel part of an colith is cocasionslly replaced
by macsive pyrite tut some coliths vhich have bemn replaced by
collophane are also replaced by dissemimated pyrite sither im dusty
form or as smell euhedral erystalse

4l Zeliammy Osliths chow replacenent by feldspar in the uppermost
fev inches of the ironstens, The feldspar occceasliomally cccours as
large solitasy erystels, but is wore commonly in the fors of
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aggregates of disoriented emeller orystaless Thess smller crystale
range from squant t0 highly alongste (fig.2.108). Replacement
affects both the nucleus and the envelope and in some cascs the outer
part of the colith is umaffected vhen the feldepar crystals cen be
sesn protruding into and cutting the colitic lamimse,

In a fov colithe the nueleus is replaced by & single clear
feldspar crystal and thismay possoss overgrowths of ‘dirty' felde
spar, crowded with inclusions, vhich 1¢ peplacing the colitie envelope,
The overgrovths aay have a smooth outer mergin or may be highly serrated
(£1242,109) and in & fov cases are whedral (fige2.110)s The
inclnslons may be arranged in conmcentrie bande, reflecting the
origimel structure, The sermated erystals cccur vhers inclusions
are most abundant end since ocoasionally further noneserrated growh
has cccurred, the serrated portion represents a very impure chamosite
sones In the feldspar aggregates the inclusions are concenirated
interstitially, Bxcept in rere cases vhere the feldeipar erystal
boundaries eorrespond to the origimsl ocolitie layoring the feldsper
tends %o be suhodrel to chasosite, Feldspar cvystals are also
echodral t enelosing replacive siderite orystals, Though partial
slderitismtion of the feldepar Lis common feldespar eryetals not
oceurring as overgrovths may show albite twvimming and the Xeray
diffractonetor trace of the inscluble residus of the feldspathie
ironstone (Appendix 2 B (vil)) also indicates albite as bedng the
me jor constituente
2) (Qnscsdte recciatallimidans A feature of a fou coliths which
ocears throughout the ironstons involves complete reoryanisstion of
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the chamosite in the envelope and in the mucleus, if chemositice
Thie results in the development of green %o brown structursless
lsotropie eryptoerystalline material resewbling chomosite mud (fig.
2,111), and the greins could be classed as pseudowcolites (Carossi,
1960,pe238)s Thelr colitic origin is shown by the coeasional
pregence of cuartsegrain nucled, by concentrie lines of inclusions
sometimes by a feint tangential orientation of the crystals,

Ocoasdonally the structureless chamosite extende bayond the original
linit of the oolith and forme & bridge %o an sdjecent colith, Bands
of inclusions Mhen present show distortion which inilceates that the
material has been extruded from within the oolithe Sometimes thece
recryetallised ocoliths ocour in groups, with mutuel flowage of msterisl
and these groups act as & single body to siderite replaceneat.

Lo SCURUIRL J0LATL
The normal concentric coliths are eccompanied in all samples

by ooliths in which the eavelope hes developed eceentrically %o the
nucleus (for terminology see figure 2,98)s Thess eccentric coliths
are also characterised by possessing discontinuous sones and laainae
which terainate abruptly with strong angular discordance agsinst the
surfucs of the nuclsus (fig. 2,112). This feature cannot be
attributed to a sectioning effect on concentric ooliths,

The constitution of thees colithe in terms of mineralogy and
of structure of the envelope is ldentical to that of the asscelsted
conosntric oolithas The distinguishing feature lies not in the
relationship between oolitic laninae themselves but between the
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lzainae and the muclsuss This relationship 1s described in detail
belowy the teras "early' and "late) are used to aid the deseription
on the assumption that the lnnerscst lasinse were lald down first,
he limits of the first colitic sone along the periphery of the
aucleus are sharply defined, snd concave surfaces lying outside
these limits remain uncovered (fige 2,110 This contrasts strongly
with the initlal layer in concentric coliths (fige2.113b) which
tends to fill in depressions anyvhere on the surfsce of the mucleus
and to be thin or sbsent over all projections. 4 further contrasting
feoature in sccentric coliths is the tendengy for reduction in
sphorielty resulting from & strong outuard grovth componente  The
description of subsequent growih stages vill be alded by figure 114
in vhich ocoliths observed in thim section are represeated and placed
in approximate order of maturity.

The second zone ls supsrimposed comcentriecslly on the first,
and its cuter surface extends along the periphery of the nucleus by
an amount depending on the thiskness of the sons (figs. 2114 & = ),
Freferantial equatorial deposition is usually developed and the ejqustoe
rial deposition ie usually developed and the squatorial plane of the
oolith is therefore established et thils stages The oolith incremses
in slse by superiaposition of successive sones, with progressive
reduction ia the area of protrusion of the nucleus (rige2.l4 g « 1),
In some colliths the accretion process has stopped before the nucleus
bas bedome entirely covered while in others, vhen & polnt has Leen
reached vhere only & small part of the micleus remaina sxposed,
contimmum somos have bon 1aid down of & type Lndlstingulshable



¥ig. 2.113 Relationship of first lamina to nucleus

in a) eccentric oclith b) concentric oolith.
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Fig. 2.114 Zone distribution in observed eccentric

ooliths in approximate order of maturity.



from those of concentric coliths (figs2lli m « o)s The initisl
eontinucus sone thickens inte depressions and thins over projsctions
on the surface of the eccentric colith as if the latter vere acting
as & normal maoleuse

The relationship of szoning to the eccentric nucleus as seon
in section varies considersbly, the princippl forms being represented
in figure 2,115 all gredations are found between these end typess
Types (1) and (41) are rare, type (111) uncomson and only type (iv)
sbundant, Types (111) and (iv) are cheractericed by the displace
meat of the nucleus from both axes; types (1) and (11) probably
reprosent equatorial sections of wuch coliths, Typs (1i1) sections
differ from type (iv) only in having a more extreme displacemtesof
the mucleus from the minor axis, and the nuclel concerned are usually
olongate, It is probable, therefore, that these eccentric coliths
all possess muclel vhich are displaced from the centre slomg both
the ainor axis and tho equatorial plame, with protrucion of the
nucleus through the lover polar surfuce and ocoasionally through
one slde of the equatorial surface.

Bections of type (111) and (iv) shov several features im addition
to those already desoribed, Barly sccretion is conlined to & relate
ively small ares on the surfuce of the nucleus, and in relation to
_ the fully developed envelope this area generally corresponds to the
Junetion of the upper polar surface with one side of the squatorial
ourface, With further deposition the colith expands upwards and
outwards and each successive sone iranagressee farther along both
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the upper polar surface and eouatorial surface of the mucleus, In
8ll of these early stagee the sones sbut aguinst the nucleus st &
bigh snjes In type (111) sections deposition is more or less limited
to the upper polar surfece and one side of the egmatorial surface.
in type (iv) sections transgression continuss along the polar surfuce
and on to the equatorial surface on the side opposite than on which
aceretion was initiateds On the latter side the sones may pess under
the macleus, vhere they abut ageinet the surface at a low angle (fig.
2,114 1) & sitention also found in some sections of type (114),

The deposition of disecontinuous sones may have oessed at any utage
during the transgrossion of the surfece of the mucleus, but there is
& falrly definite limit of mexisus tesnspreseion, This lsdt is
renched vhen the zonss have covered alaost the entire ojuatorial surface
(140, both sides ss seen in sestion) and part of the lover surface of
the mucleus., Zones laid down affter this lisit has been reached are
of concentrio type (fige 2,014 n = 0)s The ssyumetyy of the colitie
envelope relative to the nucleus is due meinly to veristion in the
nusber of leminae prosent on either side of the nucleus, but alse
results Cfrom preferential equatorial thickening of the bands on the
side of initisl deposition. In early stages of aceretion the upward
growth component may eousl the lateral component, but with inoreases
in sise there is generelly ¢ decresse in the asount of upward grovlh
ralative to lateral growthe Ovonglomslly deposition i absent on
the upper polar surfuce in the latast stagese The normal concentrie
rones which are frequently superimposed om eccentiric ocoliths



gonerally further increase the clongetion of the whole colith by
thick equatorial and thin polar doposition, Folar deposition may
oven bo lacking

The ecoentricity of the envelope relative %o the mucleus
suggests ¢ process of formmtion which differs at least in sooe
respects from that of the associated coliths with centrel muclel,
The pfocesses by which initial deposition pould be restricted in
areal axtent may be placed into two main categories)

1) The entire s.rface of the nucleus is availeble for deposition,
but some control is opavating which restricts the area over
which deposition ocourse fimce the nuclei appear to differ in no
way from those of normal coliths, thie comtrol is unlikely to be
related to surface features of the nucleuse The probability that
an externel control has had such an influesce on acerstion mplies
that the mwoleus mist have been lmacbile,

2) Acoretion is inhibited over that part of the nucleus vhich does
 not receive colitie depositions

A process of he first type may have been responsitle for the
developusat of s fev coliths vhlch show omewsided equatorial
depositlon (fige2,117)s In these rere omses the strong angulap
disoordance betwen z0mes and nucleus is not always obsarved. The
true eccentiric coliths, however, appear to have besn produced by &
process of the second type. The sharp turning in of the discontimuous
sones along thelr outer margin can only be attributed to the presence



iy 2,116  Goncentriec oolith showing smallescale
diseontinuities of laminae (x140)

FiG, 2,117 Golith showing late oneeaided deposition
on earlier concentric colith (x140)
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of o woll defined barrier limiting the extent of the somes. Further-
more the progressive overlap of succeseive zonee against the muclsus
indiertes & steady reduction in the ares of inmhibited deposition.
The only possible inhibiting medium which might show these features
would be fineegrained sediment in vhich the mucleus is partially
buriede The barrier $o colitic acoretion preosented by thie sediment
could be steadilly lovered by curreat wimnowing so that each oolitie
sone would extend further over tthemmoleus than the preceding sone
(£1542018)s The fineegrained sediment in which the mucleus is
buried would presumably conslst of chanosite muds The high angle
at vhich the colitic sones abut against the mucleus suggests that
the outer surface of sach sone is turned in sharply st the base
vhere it hes been in contact with the sediments The lower polar
surface of the sones would be expected to parellsl the sediment sure
face, and since the equatorial plame parallels the lower surface, the
coliths are thought to have developed with their equators horisontal,

I this is the cuse the contrast in dowmard extent of the
m-wum-tﬁ-pmmmm.
correnponding veriation in the sediment level on opposite sides of
the colithe This veriation may be explained by the winnowing
hypothesis, since currents are known %o esuse ppeferential scouring
around obotacles. Where the obstacle is & pebble on & sandy besch
the scouring is greatest on the dowcurrent side (Twenmhofel, 1932;
pe668), but the beach slope, which permits graviiational movesents
of grains, and the partially cubserial conditions maike this a

specialised environments Under more mormal couditions of unidirectional

)



<«— current direction

Fig, 2,118 Relationship of eccentric oolith to sediment surface at several stages of oolith formation,
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current action along a relatively horisomtal swrface, excavation

of the sediment i groatest on the upourrent side of an cbstacle,
producing a creccentic depression or moat (Potter and Pettijohg
19633 pel2l)s (o this basis the side on vhich the sediment, and
therefore tho oolitio deposition, is lover represents the upourrent
sAdes In many esses the somes which comprise the lower polar surface
are convex downwards, which is probably a reflection of the crocse
section of the upcurrent moat.

The encroachment of the base of the mucleus by late scnes must
represent the undermining of the mucleus, snd the point at which the
deposition of discontimuous sones ceases is interpreted as
representing the dislodging of the grein from the mads In many
cases subsequent growth has o courred by deposition of normal
congentrie somes, to vhlch the ecceniric colith has acted as a nuoleus,
vith supression of the irregularities on its lowver swrfuce, The abrupt
change froa eccentric to gonventrie deposition bears no signs of abreoe
lon, breaksge, or change in minerulogy, and is therefores believed
%o have taken place with little or no breakin time, and with no
change in chemical conditionse

The curvent which is responsible for the wimmowing of sud around
groving ooliths is also apparently & controlling factor in the
deposition of the colitic somes. In most of the cbserved coliths
the side which has been interpreted here a8 being upourrent is also
the side on vhich equatorial thickening of individual sones is most
apparent, Occasiomally the coliths reach a stage vhere the sones
do ng pass over the upper polar surface, in vhlch case deposition



is entirely confined to the upcurrent side, Non-deposition on
the polar surfeces is & common feature in the later stages of
concentric coliths,.

One-glded equatorial deposition has already bean deseribed
from & fov reare cxamplos, and ean presumably alse be attributed to
carrent influences The only difference in these cmses is that the
aucleus appesrs never to have been lodged in the sediment, but must
have rested on the sediment under the inluence of curreats
insufficiontly strong o cause msovenent of the grein. Twe length
of the polar axis may be the eritieal factor in produciag one-aided
doposiiions In appears that wvhen thic diameter resches a certain
value deposition no longer takes place on elther the upper pelar
sarfece or the downcwrrent side of the equatorisl surface, the
polar dianmeter of the comeentric velith which hms acted as & nmucleus
to one sided deposition (fige2.116) hes spparently exceedad this
limite ‘

Tho pessible vays in vhich eurrent could inflnence colitle acores
tion will now be considereds Deposition of colitic material may result
from & physieal, physicowchemical, biochemical or blophysical process,
or from & combination of tw or more of these,

(1) Mysical deposition would be produced by particles carvied in

suspension adharing te the oolith when Lwuht into comtaet with it

by the curronte If such & process were doainant, maximun deposition
would be expeeted to coour immediately above the sediment, where the
suspension ie most concentrateds
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(11) Puysicomchenical deposition would comprise direct procipitation
of chamosite from solutioms If precipitation were eurremt influenced,
maximm scoretion would be expected on the upourrent side of the
equatorial surface, and Af 1% vere not ourrent influenced &n even
 covering would bo expected to form over the expossd surfuce. In
fact, most sones exhibit equatordal thickening on the upeurrent side
mumhmwmamwmatm
is aleo present, although the sediment level 1s being progressively
lowered, |

(141) Diochomieal precipitation might result, dlrectly or iadirectly,
from the aetivity of organisms such as becteris or algaes In this
onge the thiskness of sach layer should be proportioml to the rate
of growth of the organimmse The growth rate might be expsoted to
be highest ubere the current implnges on the oolith since this will
bo the rogion of muxlmwm mutritionsl supplye Other factors such as
1light, current drag lmmediately above the sedimeni, and concentration
of suspended sediment night favour an upward component of srowih,
(iv) Blophysieal trapping of muspended material by organisss would
result in saximum acerstion wvhere organie growth rete is at & saxioum
and vhepe there is & sufficlent supply of suspended material,

It 48 probeble that no one of these processes is alone responsible
for colith formation., The occurrence of lasinse of oriented and
disoriented chamosite suggests that elther two mechanisms are involved
or one mechanism is operating under warying conditions, The upwmad
growth component, coamon in the early stages of formation, indlcates
an attenpt to reach an optimus level of acaretions 1he later
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tendengy for polar deposition to beoome thimner or even abgent
anst indicate the attainment of this level, This fecture could be
related to the growth of orgatfisus, the level of water saturation,
and the conowntration of suspended material, Although the limit
of upward aceretion is variable it is in the opder of 150 microns.
Organie growth i» mot likely to be so limited, and such & fine
demsycation of choalcal saturation 1s improbabls, exoept possibly im
aboolutely still wmter, Conditlons of steady gentle vimmowing
currents, howevar, night well produce a suspension of very limited
height sbove the sediment surfuce, If suspended naterial is an
impootant factor in the development of thess coliths the lemgth of
the polar diameter eould be limited in thie way. Myeical sceretion
slone csanot be responaible for the developmant of the ocalitic
envelopes, however, cince the lovel of maximm aceretion wuld be
expected to become lover as the gediment is vinmoved cuts This
while the upper limit of acereiion may depend on the maximun height
of suspension, the level of meximua sccrotion i s prodably under scme
organie control,

From all the above cbeervations the following deductions may
be mede;
(1) e ooliths developed around stationary mucled;
(11) T™e meled were partially esbedded in mul during the developmeat
of the colith, although oceasioonlly the nucled appesr to have rested
on the sediment marface, with the developmant of ome~sided deposition}
{111) e oolitic layers were dsposited under conditions of gentle
current action, strong enough to winnow sedisent from arcund the developlfs



coliths By inereasing the exposed surface area of the nucleus
available for deposition, the vimowdng results in progrescive
overlap of the colitic layers. The fact that successive zones always
shov overlap suggests that wimnowing of the sediment may be an essen~
tial factor in the formation of these coliths, especially since
accretlon appears to result from the trapping of suspended material
wirdoh oould be derived from such winmowinge
(iv) Initial deposition and mmximum deposition take place on the
upourrent oide of the mcleus,
(v) Aceretion 1s strongly influenced by eurrente, probably through
soms organic agenoy. Nonwdeposition om the upper polar surfuce in
later stages reflaoctes a limit to upward growth which say be related
to the maximun height of suspension above the sodiment surface.
(vi) & change from discontimmous to mormal contimacus laxinse warks
the dislodging of the eccentric ocolith as & result of winnowing,
(vii) The delieate laminetion and smoothness of ocutline exhibited by
the suvelope of eccentrie ocoliths L» a primary feature of acoretion,
not sodified in sny way by volling or abrasions

These conclusions as to the mode of formation of scosantric coliths
correspond clossly with observations on quiet water ealearsous ooliths
forulng at the present time (Freemen, 1962), Sose of these calcarcous
ooliths show a atriking resemblance to the chasosits coliths described
above. Thay are forming in a suddy envi-onment which 1s heavily
colonised by marine grass, and in vhich water flow is insufficient
to eause rolling of grainse

(8¢



Froeman attributes the protyusion o f muclel to stationary growvth om
a muddy floor, end ocbserves that lamineo of tangentially oriented
and digoriented crystallites are developed, neither of which can

be related to rolling or abrasions Organic mstarial separated fron
the coliths suggests that grovith is somehow comnected with organiems,
Some of the oollths show smooth outlines and a tendency towards
flattening, while others have a sere irregular shape but are more
spherical,

Mpart from mlnerelogy, therefore, the quiet water calesrecus
colithe and the ecosniric chamosite ooliths differ only im shape.
Since current appears to be a controlling factor in the development
of shape of the chamculte coliths, the more mymmetriesl distribution
of ‘egquatorial' deposition in the celoareous coliths may be related
to & more variable current direction, perhaps under the influence
of tides. In gemersl, hovevar, the nature of the physical environe
mental conditions under which thess csleareous coliths are forming lehds
support to the proposed conditions of formation of eccentiric chamosite
ooliths,

Ha SQiaRdc G B ECCOLILAC QOLILIE NATH CONCENIC QLITE.

The constitution of eccentric coliths differs in no vay from
that of concentric ocoliths, except in the distribution of the sones
relative to the nucleuss The nature of the ocolitic sones is
slailar in both types as is the distribution of sones relative to
oneanother. Folar deposition is relatively heavy on the upper



rurface of tho eccentric colithe vhile in the contentrle coliths
polar deposition s thinmer but iz developed o= both sides, The
total length of the misor sxis i3 similar in both types. In
early sonos of concentric ooliths deposition almost equalas the
equatorial deposition, dut 1% becomes progrossively loss and is
commonly absent in later sones. An optinum leval of acaretion ig
again implied and seems to diffor little from that of the ecesntrie
coliths, MNuelel vhose diameter normal to the equatorial plane
equals or exceeds the average polar axis length suffer littde or no
polar deporitions Fluetustionsin this level are indlcated in some
colithe in vhich phages of entirely equatorial depocition ave
folloved by reneved polar deposition,

The few coliths with protruding nuele! vhich have hoen separated
from the colite have the rame discoldel form as the eccentrie coliths,
In thin section they are on average smeller and nore sphericel than
the associated concentric colithe, This is belloved to de a
reflection of the mode of formation, in wiich the eceontric colithe
become dislodged before they are fully grown, and therefore caly
those which receive subsequent concontric deposition are likely to
attain the average ocolith size,

¥any of vhat appear superfiecially to be mormal concentric ocolilhs
ere soen at high sagnification to possess laminee or somes vhich are
discontinuous over one or other of %t e polar surfaces and which very
in thickness around the equator (fig. 2,116), Normslly these
variations are cn & small scale and are of random dlstributiong



this results in an overall gymsetzys Bach polar dlscontinuity is
interpreted as representing a phese of grovih in which the oolith wae
not overturned by the eurrent, though horisontal moveuent miy have
ocourred, Variation in equatorial thiockness indicates Sruly

stationaly phages in vhich the provailing current could affect the
direction of groi th of the envelope; 4in & fev cases such conditions

bave been sufficiently prolonged to produce large-scale eccentricity
in the envelope (fige 2,117 )¢ men, during & statiozary phace an
oolith gomes to rest at an angle to the sediment surface & new
oqatorisl plane will be established (figed,102), This engular
shift of the equator is seen only in early stages vhen presumbly
the relstively high spherieity of the oeliths permits an oolith to
romain stable oven vhen in & tilted position, It 1o never seon in
later stages, vhich suggests that it results purely from deposition
and not by interference of other grains on the cediment surface.
These features oll indicate thet the concentrie coliths grew
in much the same wvay as the ecgcentric coliths, and in similar quiet
wter conditions, The anchorage afforded by the nuclel of the
scoentric coliths i sufficient to prevent the frequent twrning over
experienced by the consentric oolitha, Onee dlslodged from the
sediment the egcentrie coliths set as muclei for coneentric deposition
vith no signs of & change in conditions. 4 feature wiich indicates
that slightly wore agitated conditions may have oceurred towmrds the
end of the pariod of collith formation ia the presence of an cuter
sone of relatively thick polar deposition i colitha from the top
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faw inches of the ironstoms. The correaponting squatorisl dsposition
fo thin and this suggeste that eur-ent conditions may have hecome suffie
clently agitated to koep the ooliths in ecomtimmous motion for much of
the time, The same fexture is loss wsll developed at lower leveld
vithin the ironstone and may represent acerction undar relatively
egitated conditions as the ooliths neared the outer limit of colith
formmtion,

" he presence at all levels vithin the irenstone of both concentrie
end eccentric ooliths In verfous stages of growth suggests that the
two typee wers developing together. The ooliths appear to have
formed during, end possibly as & result of, vimnowing of chemosite
sud under gentle currents, with all exposed or partially expoosd
grains acting as muoled, In both cawes the equatorial plane sppears
to have developed parallel to the sediment surface and since except
in & fov cases the plane remalins constant throughout it is probtable
that 1t vap & wd surface and not & ecurfuce of previcusly deposited
ooliths, In the case of & cccentric oolithe a sad murface vas
certainly present vhile for comcentric ooliths to develop on top

of othor ooliths seeme unlikely for the following reasohet

(1) Potontial nucled would tend to lodge in interstices betwoen the
colitha and be unable to move around during acerotion.

(11) In wore fully developed oolithe tiltiag, refleoted by a shifting
equatordal plane, should be comson,

(111) Stationary growth stages should reflect mutual interference by
adjecent ooliths,
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The ooliths are visualised here as forming under qulet
conditions or a wuddy Tloor and suffieiently soattered %o prevent
mutoal interference ia growth, Although the structure of the colitie
envelope has not been studied in sufficlent detail for the eamet
mothod of socretion t0 be assessed suspended mud end organisns aye
thought to have been Lmvolved, The formation of both types of
oolith may therafors depend on the existence of & chemosite mad and
its subsequent donowinge This is supported by the prosence of
abundant inlerstitisl mud, sabsequently replaced by siderite, and
by the pressnce of muclei vhich are almost certainly the product of
asthigenieo recrystallisation within a chasosite mud,

A BELGSICITAL NS L OOLLAIY FORMATION
I' chasosite ocolith formation depends on the winnowing of &

chasoeite mud surface it is clear unless some other factor is
invelved the surface will soon becoms covered with colithe, Since
onewsided depoailtlon i¢ dlsplayed in the statiomary esceentrie ooliths
the ocurrents amst have beeu predosinantly unidirectiomal; under
such condltions the Cree concesntric coliths valeh undergoe periodic
overturning dll migrate swsy from e aite of formations Eventually
the ooliths will acousulate, while more coliths are foralng in en
wpourreat dlrections In this way, provided that conditions remain
atable, oolithe will be ceatinucusly produced and deposited, and
the sature of the colith assemblage at the site of depositieon will
vesain fairly coustant,



Ao GOREE ASIOCIATED AT THE XIXTRSQLLL INCHTITONE

Ia the Winter G411 cuterop a pale gray slderitic zandstons warks
the dase of the fervaginous beds, The sand grains, though in grein
contavt, are rathor loosely packed bdut patohily distributed grain
clusteoring has resulted fa the loosl devalopaent of asutured eontaots,
4 fev chusosite ooliths ars prosant bt aps highly Alstorted; they
&rs lvown in colour and chow 1ittle replacsessnt., Shell fragnents
ehow sideritisstion along lasimae and sny material uot veplaced has
undergone solution, Tiderite occurs a8 a rin cemsnt on all shell
watarial and Intreclasts, The rism consliots of fine radially
crisated fibrous erystels whils tangential colouy soning is rrecent
vidch conalots of an inner derk brows sese, & miidle oolourless sone
end an outar Lrown sone, Postedepositional shell Lyeainge slso
effects the rims In the ressinder of the rook the siderite scours
ez small sphoralitie btodles adout 150 wievens in dlametsr and showving
sondng «luilay to that of the rimsy &t the centrs of each spheralite
is a dlptinct opague some zhout 75 misrons In diascter,

The celitic iromstone is overlain by & serles of thin beds wbich
chov & gradation upwards into randstone, The lowest ded s oolitic
with oolithe loeally sbundnnt in some lomseej thare 1s however, &
gharp break at the top of the iropstone s far os the send grein te
oolith ratio is concerned, Interetitis) chumorite mud 1s reesent
which shovs partisl replscoment by reddidhehresm sidarite vhich ccours
e rime around £l greins, Ocoasionally large prismetio orystale
extend from the rim into the intorstices, Whers aud i3 sbeent clear



sldorite orysinle line tho cavitiss. 4% kigher levels ooliths are

sure and shov exteme distortion due to penstration by send greins,
Sideritic oolitic mandetons 1s found in en outerop further

2orth and thie contains s mtrix of siderite ecryetals up to 200

alcrons in leagth which show spoctml extisction and feir colour soning,

Ocliths show total replacement.
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The mtrix of the true ironstome 1o entirely sideritic sxoept

in rere patches vhore several ocolithe havs recrystallised to structure-
lecs chanosite, mud vhea the interstitizl matrix 1s aloo chamositie,
At the base of the ovarlying bods chamosite mud is agein present as

a matrix though psrtially replaced by siderite along grain boundaries,
It seems probable, therefore, that ae in the basel ivenstone (see p, 118)
aluost total sideritimtionof an origimal chamoaite mud matrix has
taken place, VWhile most of the siderite would appeer to represent
an original oud matrix in & fov cases it is spparently a drusy cement,
since & fev samples shov chareaters which are distinet from those of
the bulk of the samplesi

(L) In apperently muddy rocks inclusions are abundant along intee
erysialiine boundaries and sre an important feature in the somation
of radial crystal aggregatesj where ocoliths form at least 90 parcent
of the grains the matrix constitutes between 40 and 45 percent of the
rock; included ocoliths always shov margimel replacsensnt uith or wvithout
internel replacement; phosphate and pyrite occur in ssall amcunts,
(44) in apparently mudefres rocks siderite is free frominclusionse
exoept where treces of earlier crystals are present along grain
surfeces; the matrix constitutes betwesn 35 and 40 percent of the
rock; incladed coliths never shov margimal replaceuent, but intermal
roplacesant is always developed and ig frequently totaly feléspar



my ocour as & replacive mineral wvhile phosphete and pyrite are
absent; drusy cavities may ocour,
s xala

The proportion of sand to coliths varies from sample to sample;
the sand usually constitutes less than 10 percent of the greinms but
becomes dominant in the outer parts of the ironstome vhich represent
passage into sendstone. The slze of the sand grains relative o
that of the associated ooliths also varies considersbly (fige.2.92);
this is mostly due %o variation in sand grain size, but the sverege
oolith alae aloo vardes.

The general lack of relationship betuecn the sand graln and
oolith sisen suggecis separate sourses for the w0 gruln Yypes wvith
deposition under conditlens viich were mot sufflciontly agitated to
produce better rorting. In the ssady laalnsted ssaples sorting s
Bore ovident vithin lasinae, but the balk rock resaine poorly sorted.
The only exceptions are the two samples from the tp of the ironstons
outorop (Plgee2.72 g,h)jinthese the two sodes diow roughly equel
specing which eorrosponds with thet of the moiss for & ssmple of sideri-
tic colitis sandetone frow New Wath Scur, Odnee the top of the iron-
stone wes apparently sud free and the ooliths wers well packed it is
probable that current sorting will have taken place, and thai the
obsarved sand - colith sdze selalicnshlp Lis ons of hydrodynaule
significance, and this is certainly the cage in tho ssndstoms in vhich
both sard greins and ooliths have undergons transport. The gonepel
lack of relationship imdicates thet the present ocutcrop 1s close t



the sits of oolith productien,

The average modal slse of the sand gralas compsres closely
vith that of sand greins from the upper sandotone division in
ed jucent arces but there 19 a relatively high proportion of
eoarser greins, apperently reflecting concentration due to slow
accumalation and jerhaps selactive solution of swaller greins,
The aversge grain sise for send grains seting as nuclel is
slightly less then that for the free greins, indicating that
only the finer greine were introduced into the aren of colith
formetion,  The nodal sl2e of coliths varies to some extent, the
highest values belag found in the samplss from outerop with the
excoption of the top fov inehes, where the mcdal slse falls off,

In all of the asmples studled the cand grelns were ssiller than
the agroclated colliths, even vhere hydrodynsalc equivalence lhas Leen
resched, Since chamosite hes & higher specific graviy (3=35)
then quarts 1t aight be axpeoted that coliths should be much smaller
thae the aand grailna, eepeclally since they possess low sphericity,
T™his ddetrivation sy reflect the seareity of larger sand greine and
smuller ooliths, but 1t ls probable that at the time &' transport the
density of the colithe \as mueh reduced Ly 2 high content of wier
or organic mmtordal, In contrest Hllimond (19235 p.26) statec that
coliths are aluays smaller then the acoompanying sand gralns,

Ra LU0 ST CORDLLIGNS

The conditions of formation of coliths have been dlscussed
earlier with the conclucion that they fora under geatls, persistent

)
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current conditions, and that these currents oarry the coliths to the
site of deposition. The mu'‘dy matawe of the ironstone at the precent
outerop suggests deposition under relatively quiet conditions, though
interaittent phases of stronger agitation must have produced the
oross=bedding seen in & few sampless “ince ooliths are found to

the north, east, and south of Winter G411l it would appear that the
prevalling current was from & westerly direction,

Co LLSONMENTAL SESTING
he most significant feature of the Winter Gi1l iromstone is

that it constitates a body of muddy and slmost sandefres asdiment
wbioh s incorpor-ted within a unit that is otherdos enllrely candye
Thers are two powaible relutionchdpe vhleh could mccouni for Whils
sdtuctiong
(1) & ouell srem of the sediment surfece wes in come vay kept free of
terrigenous sediment vhile sand wae belng deposited elsevhors,
(14) the Lrensteme has been depocited iu a channel as propesed for
some of the colitic ironstome in Fosadale sad Bilsdale (Rsstall and
Hemiagway; 1949y paT6)e

The mochenisza propoced here for the formation of eoliths could
kave procecded in elthor capge, bdut thers are seversl festures vhich
do not favour sccuselastlon im & late channels In particular the
latersl paossage of the ironstone 8% oolitle sideritic sandstone
fndienton that the two fucles are of the same oge, 4lse the general
lask of good grein pecking and the lack of any #ise relationsily
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betwoen sand gralue and ooliths dletingulehes ls ivonsicus from
those whleh are kaown to oveur in chaanelss

The neture of the localised muddy euvircossnt can only bs &
wmptar for conjecture b 18 is algniticant that even at the pressnt
um.thutWtummtmaﬂdﬂdhot
coldth formetlion, the nine fesl of ooelitle sideritic sandetons found
to the euot are represunted Yy 3%, 94n of ircustone. If omo partie
culer site wae supplying mud snd coliths throughout this time then
thie intorval should eithor Le represented by & thin horison of
wudstone or not be represented &t alle The only way in vhich this
situstion could occur would be 4f the ooliths were foruing an
vubstential bunk, and the wmeusl thickness of the underlying beds
suggents thet this wey have beon the cses, In coaparicon with the
Wype eres the shalo nult end the lower divicion of the ssudsione wndt
bave thickemed from between 9 and 10 feet to acerly 19 feete This
ie dus to the sendstons body forming the upper part of the shele
unit ead to the thick unlsninated sandctome of the lower sendsions
diviglons The lssediate cnuce of the task could bave besn the
thickening of ke lover sandstone divislon but this may bave developed
68 & recult of the underlying sandstone baving soted as o sediment
trep during the strong relstive comaction effects which must heve
coourred ageinet the surrounding shalse  Alterzatively the come
conditlon that produced the firet sand body may have been re-initisted
in the sane leocallly, mt in viev of the conirest betwen the sandstones
this sevus Lo Lo the less likely process.



At the site of colith formation the thickening of underlying
beds must have been even more pronounced. If the concept of
coliths foruing from winnowing of wud is correct then a phase of
mud deposition muet have occurred between the two sandstione divisions,
The very large quantity of mud involved suggests one of three
poasibilitias;

(1) large souree area

(1) thick original deposit of mad

(141) slternation of phases of wud deposition with phases of winmowing
and oolith formatlon,

The evidence is insulliclent to favour anmy one of these, but it 1

unlikely that & large soures arss was iavolved,

ihe relatively fine-grained nature of the beds cverlying the ivone
stono 4t the cuterop suggests that cessation of colith formation was
2ot dus to fleoding of the socurce sred by sand, It may bave been
brought about Ly changs in chealenl conditione ¢r by the exdheustien
of the supply of the necespary materiels., The cloan~veched neture
of the top of the {runsteas together wvith the partial oxidetion and
sxtenslve yoplacenont of gralne suggoote that & pauce in deposition
wty have occwrved al thle lovel,

ihe muture of theae depoaits indiontes that they were nmot
ancer the ialluenco of weve acdloa and were not exposed at lev tide
dovels. Olnoe they apre aear the top of ths marine bed, houever, the
dopth of water al the later atagos cannol have bean great,

Parsuginons end oolitio developaanta aze found locully to the
south ani eaus of Vinter GAll and to & lessar extent % the north,

O
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The prevailing cur ents uhich are thought to have produced one=
eslded depoaltion in ooliths verc therefors provably from the veste
Although exposures are poor 1% wuld appesr thet & socomd ases of
oolith and cheamsocito mud formmtlon exlsted in the reglon of
Danbydale, In this esse ouly slightly colitle but strougly siderie
tio medotone ls exposed but & thim parting of praciicully sende
free oolitlie ironstons hao been obasrved at one losslilye It ds
slgnificant that this ferruginous facise aled occurs above an area
of sendstone development vithin the shale units The lover sendsatone
divizion 1s not soen 0 be alfectad Yy thls early sendstons whiech in
Great Fryupdale had consed before the end of chale depositien, It
ie poscible thet alsevhere in thls reglon the sand accumiletion
continued until the ond of the shalec unit amd that & sinsilsr gituation
to that of Vinter G411 zdght exiet.



263

N _DIAHEELE

be previouuly dlascuesed the originel zatrix of the Lrenatome,
svhere precent, wo bolleved to have been chamositic. There (s litkle
evidenge by wihick the aldevitiestion eovld be dated dut lack of any
oompectionn]l Teatures and coupswison with the siterite mdstone of
mmmaw:&tmhmutnanrb.‘ The slderde
tlzed matrix differs frow that of the ivomeitome unit in large fibrous
erysta) sggregates set in & velatively finely syretalline grounisssss
These large oryatale eould have origimated in tuwo wayny elther ly dire
oet replncenent of chanopite roprosenting mn Initisl phase, or by
reerystalilsafion of siderite, The Tact that vardation of & vexy
local nature oocures in both the somation snd the fora of these aggroe
goten Laolles that this is a fentare of early Skgpemesls, Tham la,
howaver, & alogo sinilarity betusan the oryslal hebit of sideritas
conent and the elierite mateix vhare both are seon in the semoe comples
This may indieate that the matrix has anlerstone partial recrystallisetien
duriag eryatallistion of the sper, but 1% is equally posaibls Uimg
the erystal hahit of the matrix hes Influenced that of the later spar,

Diarenstic changes in the grein Yypes mootly lwvelves roplucounent,
but at s very carly stage & fou ocoliths or groupe of colithe have
wniergone recrystaiiismtion to strueturslesg finoly erystalline
chamosite and this alteration s clearly ocaslisr than Aderitizatien
slnoe & pingle siderite rind s presant around each recry:%:111:8d mmae,
The development of elderite rinds aroumd colithe and of merginel
yeplacaneat of sand greime im eonfined to those rosks believed to
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have been origimally muddy and is totally absent in the clean

washod beds. Marginal replacesent is never interrupted by any

other form of replacement and appears to be en early disgenetic
feature probably closely associated with sideritisstion of the matrix,

Intermal replacesent by relatively coarsely erystelline siderite

vhich may begin in the middle of the colith is probably wuch later,

The fact that intermel orystale are sometimes in optieal contimuity

vith soned fibrous aggregates in the metrix may further indicate that

thege aggroegutes represent reorystallisstion of the siderite matrix
during s second phase of sideritisstions

In originslly mud free rocke the internal replacesent alone is
developed, which again may be in optieal continuity with the cement,

It appears that siderite was introduced at two stagest

(1) early, with replacment of chamosite mad by gremular mossic (and
posaibly by somed aggregates, and margimal sideritisetion of
oolithe and send greine.

(1) late, wvith depositiond spar in interstices, intersal veplacesent
of ooliths and sand graine, and probubly recrystallisation of the
sdderite matrix,
in carly phase of sper deposition, represented by ‘ghosts' of

rino and euhedral erystals, ocourred in some of the mud free ironstone

and this may correspond in age to the sideritisstion of chamosite mudy
Replacesent by siderite is ublcquitous and it is therefore a
convenient standard by which the age of other replaceszents may be

Judgeds FPhosphatismtion occurs only in originally maddy rocks and

varies to some extent from sample to sample. Two main categories smay



be clearly distingulsheds

(1) graine phosphatised before deposition

(11) graine phosphatised after deposition

The firet category includes a fev caliths and probably shell materisl.
The second, distinguished by its cccurrence in patches within the
rock and by the delicate preservation of structure, affects ooliths
and sand grainge The source of the diagenetic phosphats is
probably from solution but in some cases phosphatisation has affected
oolithe which surround shell fragments vhich themselves shov some
signs of phosphatice.ion often superceded by siderite roplacemtmt,
These shells may have acted as fool for phosphate deposition or may
thenselves have provided the phosphate. Siderite rinds are absent
or thin around phosphatised coliths and phosphatisation s thersfore
assumed to be of & slmilar age as marginal sideritisstion or slightly
earlier, The phosphate may in fact have besn mobili. sed during sdderie
timtion of the matrix,

Fyrite is chiefly associated vith send grains and is often
associated with phosphatisation, There i mo evidence vhich might
perait the pyritisstion to be duted. ™he only other diagenetic minceal
is feldopar vhich is sbundant in the uppermost few inchos of the
ironstone, This appears to be earlier than the associated replacive
siderite wvhere the feldepar laths are included within siderite
crystals, vhile in soms cases the two minerals are mutuslly intergrewn.
The feldspar which sometimes affects sand gralus is assumed to be of
a similar ages The feldopar is iteell replaced in a fov coliths
by flbrous chamosite.
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Deforsation of coliths is principally associated with siderite
_replacement though occasional spagtolithisation, which does not affect
the siderite rind, is observeds Distortlon of lanminse occurs
eround internal replacement crystals and around the more irregulayr
sarginal replacemsnts, and is belleved to result directly from this
replacement, The chemioal conditions of deposition and disgenssis
are considered in Chapter L.
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Several features of the Winter Gill Ivonstone suggest thet it
sccumulated under very gentle current conditions, That eimilay
conditions accompanied deposition of the sandstone is indicated by
the horisontel lamination and the presence over a ¢onsidersble aree
of & suddy satrix. Mpple-marks are most comson in the extreme
mmmtmwumdmwmnw;u-m.m
probably in the foram of oscillation. Urossebedding is loeally
developed in the top=aost beds, perhaps indicating wave action,
The presence of burrowing forms indicates that sedimentation was
woderatoly slow and bottom conditions stable,

Depth of water is not easy to estimate, but & rough maximun
figure oan be calculated from the maximum sandstone thickness.

The sandstome unit represents the transition from chale to & sudbaerial
colonised surfuce and since compaction in sand after deposition of the
whole unit ls not likely to be very great the maximus thickness of 18
foet muet represent & water depth of less than 25 feets The
thloknoss verlation in the sandstone unit has already been attributed
to some extent to differential subsidence, The maximum thickness
of sandstone is therefore probebly related to maximum subsidence and
the maxisun depth of water aight therefore have been less than 20 fest,
Thin sandstone successions (esge Hartoft Beck) wvhich cannot be
related to early introduction of sand sust reflect shallower water
and 1little subsidence. Slight uplift may even hawe taken place



looally. Thicimess variagion in the ¥Winter G411l Ironstone indicates
an upstanding bank of sbout 12 fest relif at its highest polnt)
possibly two or three fest of sediment mey exist above this giving
& total thickness of about 15 feet, Since sediment in the bank
should have been well compacted before ironstons formation them a
fairly sccurate maximum depth of about 15 feet is suggested during
the deposition of the upper eandstome diviasion,

The restricted faums probably indlcates slightly lowsred
salinity, and not yapid deposition, The Winter G411 ironstons which
represents loeal slow deposltion is totally develd of fauns in
contrast to the highly fossilifercus colitic ironstones of the
Cleveland Ironstone “erles for exaaples

o
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CRAPTERAVIRIISTRATIGRAPHICAL CONOLUSZIONS

The variatios in thickmess of o sarine intorcalation such as the
Ilier Beok Bed way Lo dus to ssveral factopst
1) Ieregmlarity of the underlying suwrfece)
{11) Mow transgression and for regression resalting in relatively
rapid landward thirning)
(110) Variation in the level of sedimentation in the topaost sodisents,
althor prinary or resaliing from eroziong
{1v) Rapld Cecies chenge with (ifferentiel coupaetion
(v) Varlation in tectonis wcwesenise
ummcummuwanm*
otone surfece which bas besm oclonisel by plants over practieally the
whole ares with the eseeptios of the axtrome soutimuest whors s thin
csrbonacecus bed is, however, snresetle This, togeiher with the even-
badded nature of the sandstons, suggests that selatize 8o the eative
toansgrossion this upper surface representsouly & emll time intervel,
Slellarly the uniforadty of the bassl bode and the £asnese of grain in
both the ssrine and nonecsring streta suggests & ssall tisze interval,
On this Losls transgre-slon and pegresalon ayposr to MAVe Lees repids
This i supported by the fuct thami although thiskness varlation doss
ocour, the thioknoss ia the northesast differs 11ttlo from that im the
southewveat despite the tilckness weristion within the iniividul unitse,
The mature of the ugper aad lower contacts alsc rules cut itess (1),
(341) and (iv) as csusing sejor thlcknese varlations though loeally

they 7 ‘e Taportant, The Ssopachyte sap for the whole of the Hlley
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Bock Bed (fige 2.119) clearly indicates that tectonic dowsmeping
produced a well efined northevest to south-east trough wvhich
broadens and possluly Lifureates to the south-cast.

In individual units thickness veriation 1o due to several causes.
In the irongstone unit it is ssasured only in inches and such a thin
deoposit is lkely to be sensitive to irregularities in the surface of
the underlying mon-sarine beds, The continulty of the ironstone
indicates a virtual lack of any such irregularities, The isopachytes
for tho ironstone unit iandicate a generel north-west to south-sast
trond with clear evidence of thinning to the north, The distribution
doos mot sonfora to that of the vhole &8 the Eller Bock Bed in that the
sone of maximum Shickness is shifted further north. It doesy however,
appear that the unit thine out to the scuthwest and the ovemall pleture
is there 'ore sinilar, Differences may stem from the fact that the
total Shickness of sediment is greatly influenced by the clastic sodi-
ments of the eandetons unit, and the ircnstone unit, bLeing in part of
ehestoal origin, might not be expected to show the same trend, In fact
the Lronstone unit ls dominantly elastic in the region of mamimus overall
sedisentation and the relative thinness may be due to the £ ne sedimaid
baving been vimnowed away. If, as interpreted on page /45, the slderite in
the mudstons is the result of early pre-compactionmal diagenesis then the
thicknoss may be exaggereted with respect to the clastic sediments, The
problen still reusing however that in Danbydale the ironstome Lo thin
and relatively sand=Cree although lying along the trough of meximun
overall thickness. In this case relative compaction of the underlying beds
may be inwived since the ironstone rests directly on a thick sandstone
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channel, VYesunal slouents follow the thickness trend guite closely.
The burrowing organicss at the base conform to the thickest part
of the lronstone unit except where they contimus o the scuth-east.
This suggests that the central ares was under the influence of
bracikish or merine wter while outliying areas rensined unsultable for
colonisation, Jarine conditions aypesr to have besn introduced froa
the south~sast probebly because this wae unxder the influence of both
the general trensgression from the south a-d the downwarping of the
troughs The water at this tine may have bean very shallow o even
contained only within the sediment, There is no evidence of marine
sediaents being laid down before colonisation, The overlying
ironstone appears to heve beea deposited in shallow water snd once
agaia the central region corresponding to the axis of the trough, is
distinetive in having the sost abundant fauna; also the upper part is
full of commlnuted shell waterial which suggests that wave action Jms
been active in this region, The lack of shell bresiage in surrounding
arens is due either to the sedisment lying at two great a depth or to
the water being too shallow to perait the formation of wves, In view
of the previcus conclusions the latter seoms more probable, The
ironstone ufilt secas therefors to have sccumulsted under extremely
shallow wabe:s vhich with the possible axception of the lowest adlty
part was fully marine,

The boundary between the shale unit and the ironstons unit is in all
cages sharp, sometises ercsiomsl, and 4t is probable that thio is not
simply & Sature of surface weathering of & gredational cofit®cte,
Exoept wvher: crosion of the ilronstone hae taken place the tesal shale is

¥



sbuniant in the south asd southwsast where some forws indicate fully
sarine conditions, The sudden change from mudatone to shale must
re;vesent & depening of the water and the sharpness of contect may
represent an intermediate phase in which the previcucly deposited
sedinent was exposed to vave sction, The shale would then have
started to accumulate ao coon 88 the vater depth became sufficieat to
allov sediment to remain unilstusbed.

Froa this time on the sequence appears to represent a gredusl
£illing of the sea, and this is accompanied by incressing coarsencse
of sadiment, The maximun thickness of ihe sandstons unit is about
20 feet and since the sand has been deposited relatively slowly with
good sorting it is probable that lttle compaction has taken place,
The seximum possible water depth at the end of shale deposition ie
therefore about 25feet but taiding continued subsldence ito account the
actunl depth was probably less than thiss, The presence of oscillation
ripple marks within the sandstone undt at all levels iniicates relatively
shallow vater, poeeibly just under the iafluence of wave action,

The chele facies changes little but the developuent of sandstone
boddes is significantly confined to the area of maximmm thickness,
suggesting that the sand had been transported along the alight topo-
graphic low produced uy subsidence. The scurce of the sand would
probably be the north-west. The sandstone is more variable but it is
significant that along the line of maximum overall thickness the wmnd-
otone shows maximam thicluess, greatest abundance of trece fossils and

shelly fauna, and developuent of ferruginous and colitic bedss This



axis of sviimentation is alse significant in that it separates off &
northern and eatern provises of rlatively high sandstone - shale retic
from s southers provinos of low patlo.. This s prodused by both
tadokening of the shale and Shinning of the ssndstone, The axis of
uaxizum gubsicenve appears to have acty as & slsestic trap until a
Mmmuumm-cmwmm
thioning of the unit Letwess the Pryupdale regiom and ibe Farndsle
ingleby veiicn eannot be otherulase a-souabel for. L steady regression
of this type should otherwise proiuce s sasdstone of syaal thiskndes
or one shilch thine regularly awy from the sowrces "rom the Bluobelld
Trough seotion to Hlow GL11 there 1s s0 ehange in thizknoes snd this
sres is presssaily sot ander the laflusawe of the troughs The upper
part of the ehale in this reglon Lo thought €0 Ls equivalent to the lower
part of the saniutons (o tho zorth and the lack of grodation between the shele
and gundatons 10 twken €0 indicate & repdd fecles shange ones the gand
usnaged to be tranaported Lejond the trough.,

In the sxtese orth of the aren She sanisiome, Shough probably
deosited uncer the sssa conitions, Wadupvent oceasioral phases of
smergenee asd colomisotion by plantss The saniestone 1s less well
laninated than %o the south, prebably <us to deposition in extrevely
shallow watar, and 1% clomely resesbles the uppereost bed of the central
sreas which iz aleo eslonioed by rootlets aad pejressnts the fimel
£21l4ng i of the Slier Deok Ded ses. Foth the shell and the burrowing
fauns ere totally avsent in the northe

e salindty of the wter during deposition of the Eller Beck ed
ean be laferred to soms extent by the fobddls. ™ irongione sees: W
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have boen deposited undes fully marime conditions and the same applies
to the lower part of the shale in couthers distrietse The upper part
of the shsle is virtually wnfosclilifercus except for the nsoluler irome
stone et Eller Sook in which fully wavine forms are sgain present,

T lower ssndstome division coustalns & locally sbumdant feuns vhilech is
sestetoted in typs whils in he upper diviaien the seme fossils osear
but ere sare and sre absent af the tope AL Commondale, on the othar
hand, & fause io found, in position of growth, wiich suggests Pully
marine eonilitlonms It wuld appear that fer the most part the shale
and sandstons unite were 1aid dovs under not guite fully mrise
MMM&&“&MM‘QMG.&&
developaont o £ & restrictsd feuns, The two excepiions mentioced above
are dicficult to explaia since they are @0 losulised, The most protable
foctor involved in provesting the atteinment of fully marine conditions
is an influx of fresh water causing reduction in salinity.

T™he Tller Heok Jod thorelore sewms to veprosent s short lived
sarine jhase iz en ares of pradosinatly deltealc sedisentation, The csuse of
this tremsgression will be discussed in Fapt (Il, The initisl trassgression
elearly axteaded some leianee beyomd the mo. ther: and esetern bouniaries
of the present cuterep, although Lt is Lo thess directions that lacd
eppears to have lain, Althoush the thicknuss and facles distridution s
o come axtont valmable in assecsing the direction of the shoreline
sedimeniary structures csn alee provide ianforsation of this dnd, In
this ense thess structures are linited %0 osclllation ripple marks and
wvashwouts, The former arc belleved 1o have Leen formed by mve
sovesent of the overlylng -ater acd wight therefore e sxpocted to



refloct the distribution of water depth st the time of deposition,
This relationship has besn ovserved in recent sediueats (Vause 1959
PeS61) and in fossil sediments (e.ge Greiner 1962 p,232). In the
recent sedisents atudled by Vause the oscillation ripples oceurred

at Jepths of between about 12 and 50 feets These structures contvast
with those of tidal flats (Ve Streaten 1953, fig. 7; MNeKee 1957,

£ig. 28) which are always asyssentrieal rippies wilch may or may not
parallel the etrend line, This lends further support to the hypotheais
that deposition was not intertidel, ®videnve for the trend of the
eotrand line from chanmd directions 15 not very relicble; the exact
course of these channele is neldos known owing to the lack of internal
directional structures, The only certain direetion is that of the
channel in Reekdng G411, Roseduls, whave very eonsistent smellescale
trough csess-bedding inilcates a scuthescuthewesterly flowe The
channsle developed &t vardous lovels on the cosst trend from betwoen taste
vost and northesustesouthevest and the flow 1s assumed to have been to
the west and gouth.

The distribution of sediwentary structures iz sumsarised in
figure 2.770gnd the conslstent mature of the trends is believed to
indicate that the ghore-line lay to the north and east of the preseat
area, though its examct position mey heve changed considerably during
the entire marine intesval, The asture of the shore line o the vest
cannot be deterained; the sediments thicken %o the southewest wnile
the amount of transgression to the northewsst probably depends on the
influence of the troughs .

The area stadied does not extend into the region in which the



Hydraulic ldmestone is developed but nolules and & bed of ferrugineyg
argillacious limestone were cbserved in & section in Blow Gill less
than a mile dounstreas from the measured section, The limestone 14 ,
uu-wuummnmmdmmmam:\”
vith occasional ironstons nocules, The bedded ironstons vhich reache,
3%, 6in, thick upstress is net axposed but presusably lies below thy
calearious horison,
mmcuummmuwmum.vdwhm.".
the mone of Jyper loceras disciiss oo the assumptlon of stratl rephig
equivalence to the fydreulic Limsstone, and his propoesal is fully
accepted here, It 1s clear that the ironsiome unit and possibly %o g
greater extent the shale and sandstone units extend some distance
boyond the prosent outerope Un thisbasis 1t is donublul whether o
palacogeographical asp such as that proiuced hy Date (1967) figed pelyg)
could ever be significantly acourete and 4t is thought that the treng
showa in the isopachyte maps already considersd are of more value,
The natare of the sediments doos, hovever, suggest that deposition
ocourred in some form of lagoon rather then along & coupletsly opan
shore cad this would Llavolve enclosursio the west, north, and sast ag
proposed Ly Bate, The absonce of the ironstone and the rapdd thimmin,
«mmm;nummommtmtmw
we clogest to the preseat oustcercp in this regions |







CHAPTER X GEBERAL CONOLUSZIORS

In Parts I and 11 the cusulative curves obtalasd from the
wechanicel anslyds of both Eller Deck Bed and lower Deltaic sandstones
vere representod by the three paraseters mesn grala size, standard
deviation, and skewness, There was little correlation between the
paraseter values and the everonsent of depomition &s aszsessed in the
fisld, It was pointed out that in the cumilative curves studied the
valuos of standard deviation and skewness depended on the poslition of
the inflection point relative to the 84th percentile and, to a lesser
extent, to the slope of the fine tall,

It would seon therefore that the inflect percentage alone is of
equal significance to skewncss and standard deviation, though the alepe
of the fine tail should algo be taken ints account, A msesure of the
grein sise and sorting of the log=norsal section of the curve together
vith the in’lect percentage and measures of the distritution of the
fine materisl would provide an accurate method of recording every
feature of the ourve, In this study the logenormal curve has been
soparated and represented by ¥, 4 and ,6/and If 4% remf23 o beseen
%o vhat extent they reflset the depositiomal enviromsent. Plgures
3.h.bmmummmuaorn.£..lmuutumm
Bed sandetone ssotlons 4 and b, Theredis no relationship to be
seen within the sections, though as indicated on ps 210 there is
a contrast Letwsen the ssctiona, The inflect percentages are on
average higher in ssaples '2-12 (833) than in A48 (801), and this
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may reflect the higher ensrgy conditions that field cbservations
wuld suggest prevailed during depositien of Sestion B, While the
sandstones of Section 4 are principally horisontally laminated,
Bection B includes crossebedded and structureless sandstones,
Infleet percentege may therefore be related to structure and heace
depositional environment.
bMﬂc“MmMﬂNMhMﬁu

hypothesis since they have been considered throughout as structural
groups, The average inflect percentages for each group are as
follows (the number of sasples is given in brackets)

“mallesesle cross=badded 785 (2)

large-scule cross-bedded 85 (6)

Current-lineated 804 (1)

Structureless o  (s)

The structureless sandstones are seen to have higher 1laflection
percentage than the remaining groups, ll of which show some degres
of lamination. This suggests a possible relatioaship between 1%
and degree of lamination, The tvo smallescale cross~cedded samples
Anumumowmmmlm-hmmot
lamination than sample 2 vhich corresponds to thelr If values -
&lm’n'rnpuunlq.

T™he dependence of 1% on degree of lamination can slso be seen in
8 re-sxamination of the Eller Seck Bed data. Ag alresdy pointed eut
Section A comprises horizontally laminated sandstones of lower average
inflect percentage than the predoainantly cross-bedded or structure-
less sandstones of Section B, Within Section A _itself the same



27

feature way be seen in the form of extremely low inflection percentages
of the samples A2 and A3 which sark the dowvnwar! passage of laminated
sandstones into lamlnated silts,

A low inflection point reflects the presence of a high percentage
of fine grained material in addition to the coarser logenorsally
distributed ssndstons. The diotict separation of the fine material
from the remsinder is unlike the product of simple lack of sorting snd,
in view of the relstions:ip observed between inflection percentage and
degres of lamication, the fine *tail' is here interpreted as
ropresenting the grain sise dletribution of fine lawinmae interbedded
vith the domimmnt cearse fraction.

Intercalation of {inoegrained laninse must result from veriations
ia curreat strength, snd such variations would 50 expected to reduce
the sorting of the ssndstone, A graph of If ageinst 0,4 hae been
drava (fig.3.2) to lavestigate this poseibility. Although the musber
of samples i3 low, there appears to bo & crude inverse relstionghip
betwesn inflection pereentage end stendard deviation vithin any one
structural groupe In samples shoving a high degree of loaination
the sorting of the log-normsl fraction is relatively poor. Tuis
indicates that a current whome competence frequently dreps to & level
at which fine materisl may acousulate is of variable strength at
higher rates of flow, Inspection of the esumulative curves for these
samples shows that in genersl those with low inflestion points have
diffuse inflections which probably result from the frequent trensition



between the low and high energy conditioms. This is particularly
evident in the current lineated sanple (9) in vhich the leminae

show less contrast in grain size than those of erosse-stratified samples.
Carves with high inflsotion points (10,12,14) shov & relatively sharp
break in slope, and tend to show less skewness at the coarse end,

_ In figure 3.2 the siructureless mandstones possible show a tremd
eiailar to that of the other groups but, as in the eross-bedded grouwp,
one saaple shows an snomolously high Oy tli welue., It is possible
that the fine matorial in the structureless sandstones does not owe
its origin te interlamination. [Frocesses such as trapplag of Cine
sedinent on the depositiocnal surface or postedepositional filtering
could produce a fine tail, Sueh processes almost certainly

operate to some extent in all fluviatile sandy sediments, but wvhether
they eould result in the incorporation of 10 to 15 percent of fine
materisl is not certein,

It 18 clear from inspection of flgure 3.2 that the smallezcale
and large-scale cross-bedded and structureless sandetones fall inte
ressonably distinet categories. The structureless samples, though
having higher inflection percentages that the large-scals erossebedded
sandstones, do not lie on the projection of the trend line of the cross
bedded smmples. This indleates that they do not represent the limit
of reduction of number of interlaminations of fine material in crosse
bedded sends, and that they have therefore been dsposited under
different hydraulic conditions.



Lo SEOGRX OF LITERATUZE
While a consideraile amount of work has been published which

deals with the uethodology of representing grain size distribution,
fev authors have atteapted to eveluate the significance of the detail
of the sise frequency curves obtained.

Tenner (1964) dealt with the problem im a general mefmer,
considering the possible ways in which sedinentary proce:ses could
modify & supposed origimal logenormal distribution, On this basis
the type of curve obtained im this study could be produced by the addi-
tion of fine material to a logenormally distributed Praction by some
form of mixing.

A dotailed insight into the possible mechanlsms which might
produce such mixing is providel by Moss (1962,3). He distingglshes
thros popdations vhich are usually present at any one tims during the
tranoport of sandy sediments, these beingt

At Gralne moving by ssltation

Bi Gralns moving in suspenszion

€4 Graine moving by velling and ereeping.
The separationof A and B in teras of grain sise dspends on current
etrength and tuwrbulence, When & curront is flowing et & partioulay
speod gralns of a corresponding sise range are moving by saltation.
At moderate and high ocurrent spseds ths current required %o trensport
grains is similar to that required to bring grains into motion, amd
rats of acoumilation of greins is therefore slowve Oreins of
population B for the most part remain in suspension but clmnoce laniings
cause some grains to be incorporsted wvithin the interstices between



4 population grains, Fach sedisentary lamine appears to be
charnctoriced by a cingle population Ae

4t lov veloeities, whem only small grainms are beding brought
in (or vhere only small grains are availsble) the erosional veloelty
of the grains begins to lnerease rapidly relative to the depositional
velocitys Beyond a certain limit saltation will not be able to
oceur and deposition vill be direet from suspemsion. The smllest
populstion A grain sise measured by oss wes §.07 mm (equals 3.834).
mm.p.m)mmummmmmc\um
cumalative curves (not, however, plotted om arithastical probability
paper)e In some suggested curve forms for single laminee the bulk
of the dlstribution was alotted to population i, the fine tail to
population B, and the coarse tail to population C, Fopulation B wme
represented as varying from less that 5 percent to 20 percant of the
total, Homs suggests later (peI71) that ".eeeit appears that sorting
measures oould be more successfully applied to individual populations
than to whole sediments”, This has, in offect, beon carried out in
this study,by assuning log-normal distribution for the population 4
which is however only an average of a large nusber of populations for
individusl laninaes

Moss's classification of transported sediment into three popule-
tions was adopted by Visher (1965) and used to interpret grain slsze
frequency curves sizilar to those obtained in this study, Visher
found that the grein sige distribut. ons from both recent nnd ancient
fluvial sandstones shoved resarkable similarity, This led hia to
auppose that the slope of the curve segsents and the position of the



inflection point may be genstically related to transport dynamics.
The curvee could be represenied by wo loge-normal frections which
overlapped one another in the reglion of inflections

The distributions of a hundred samples were treated by factor
amlysie using the following variables: 1,5,50,95 percentiles;
Folk and Vard (195) values for mean, sorting and skewnoss; grain sise
at inflection point; angle between curve segments; and & measure of
the aixing of the two populations. Four classes were obtained and

2) Curvent laminated

3) Busiiegcale trough oross-bedded

4) Samllegoale Grough crogselsainated

Intergredetious oseurred, but groups 1) and 4), and groups 2) and

3) were always separatos Class L)is interpreted ss resulting from
fatorlasination of populations 4 and By Clase 2), conaisting of altere
nabing coarse aid fine laalnee shous tuo distinetly scparate log-aormal
seguects, Ia oluse 3) the flner populetion i¢ less distinet, and is
faberprotoed se resulting froa tho estrapnent of fine perticles (of
Moss's populatios B) Lan the intarstlcss of the ecarser population.
Glase 4) 1o conaidered as an witpowe ond sesber, with the eatire
distribution cemposed of lhe Mooy, or muspension population,

Wus's populalions Lave been cdopled, bubt with elightly different
eonslaslons to these of Vishap, The wejor log-noreal segeeat is



interpreted as representing population A, JFopulation C when
present produces & slight positive skewness at the coarse end of the
curve, Many of the cosrser sandstones (other than the coarse basal
sandstones) shov negative skewness, or truncation, at their coarse
sad vhich is interpreted as indicating depletion of population A
probably due to lack of avallable grains of that size,

The grain sisze at the fine end of the A population may be
determined by resding off the polnt at which the inflection curve
meets the roughly log-normal distribution of the fine tail, Values
range from 1.55¢ to 3.854« The vhole range of values for both
mwmmmomu-*umuwu-u.u‘
gram (fg.3¢3)s The fine Mait (3.854) corresponds closely with
Moss's value of 0.07 (3.834) for the finest A population grains
measured,

This clearly suggests that the coarser log-normal fraction
represents Moss's A populations In samples whers the log-norssl
section approaches this limit the fine tail must therefore represent
the B populations In the coarser sandstones the fine tail ecould
represent the B population or both 4 and B populations. This probsbly
depends on the time imvolved in the deposition of & fine lamima, If
the lamine results from & sudden decrease in current then the grains
probably represent the dusping of the mspension populationof the
previous current regime. If, howver, a longer time interval is
involved the fine laminae may include A populstion grains corresponding
to the new lower current veloeity. It is very difficult to generalise
on rates of deposition of lamimae (Jopling 1966), but since ia thin
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section the fine laminae are seen as a gradatiomal decrease in grain
sise with no apparent change of sorting, they probably represent
changing populations 4 and B,

The large-scasls crosse-bedded sandstones appear to consist of a
coarser population 4 fraction with a finer fraction consiating of
populations 4 and B which belong to finer grained laminse. The
current lineated sandstons, which shows & diffuse infleotion point,
probably consists of o large number of populations A, varying from
lanise to lamina, and some grains of population B which may well be
eniirely interstitial,

The smallegeele crossebodded sand:tones are considersd to have
& make-up siuilar to the large-scale crossebedded omes. This is
contrary to Visher's conclusion that they conaist entirely of grains
deposited from suspensions The limit of the log normel portion of
the curve in these samples corrssponds with that of the other
structural groups, and is here considered as representing the A
population, The very nature of cross=bedding impliee deposition
from populations A or C since particles are continually moving during
ripple migration, The fine tall consists of population B, prebably
in both lsminee and interstitial sites.

In the structurcless sandstones most of the graine belong to
population 4, The f neegrained meterial is presusably not related
to lamination, and is therefore interpreted as occupying interetitial
sites vithin the A population. The percentage of fine material veries
within the limits implied in Mosa's suggested single=lamina grain sise
distributions,



The saaples have only been analysed down to the finest sleve
mesh. As pointed out earlier, however, the curves must show an
upvard inflection towards their fine end, eince at the silt grades
the curves are almost horisontal. This implies a secondary mode
in the clay grade, A problem arises here in that 1t is diffieult
to determine whether the clay component is primary or secondary or
a comuination of the two. Fetrographic evidence suggests that the
elay in its present form is disgenctls, being either a cement or a
product of the recrystallisation of detrital clays,

A comparison of the cusulative curves with Vigher's curves for
recent ‘luviatile sandstones suggests that the clay 1s to some extent
secondarye, In the two curves representing curreat laminated sandstones
the slope of the fine segwents suggest that the finmest greins preseat
(at lemst in appreciable quantities) have diaseters between 5,5 and 6
$s Sample 9 of this study, hovever, shos an initially steep slope
wiich falls off rapldly around 4e25fs Sy producing the inmitial slope
a fine limit of about O¢ is obtained, and at this grein sise about
2 percent of clay remains umsccounted fore Coneidering the probable
high flov regime origin of eurrent laasinated sandstones it 1s unlikely
that wuch elay would be imcorporeted into the sediment, and the 2
perceat of clay is therefore interpreted as being suthigenio,

in the cross-bedded and crosselaminated samples the fine seotion
of the curve does not show this initial stecp slope, but tends to level
off at the 90 to 95 pecrcentiles. If the amount of suthigenic clay
corresponds to that in the current lineated sandstone this implies &
primary origin for a clay content foraelng from 10 to 20 perecent of



the total, Visher's recent festoon-bedded sample does not, however,
show signifieantly higher clay content than the current laminated
saapless

if & second mode is present in the prisary clay fraction it may
be related to the limiting grain sise of population A, Jaltation does
not oscur in apprecisble amounts below & certaln grais sise, probably
at about J.85¢, and bayond this limit particles are deposited direct
from suspension. Since erosional velooity inereases rapidly with
respect to depositional velocity beyond this limit it 1s probable that
the finer clay-sised grains are more likely to stay put, once deposited
than coarser siltesised grains.

T™e slight relative deficieney in siltesized particles, wilch
corTespords huwtuhu-;nlm (Pettijohn, 19573 ped7),
may therefore be related to the limit of substantial saltation, JFarticles
of grain size immedistely below this limit probably tend to remain in
suspension and would be deposited under relatively quiet water
conditions,

This limit to saltation probubly also determines the limit to
formation of ripple marks, since such structures cammot form without
the development of an A population, Although some authors (e.ge Kindle +
Busher 1919 p.633) have pinted out that ripple marks do not form ia mud
the exact eritical grain size has apparently not been deterained.
Both this problem and that of the clay fraction could be solved by
flume experiments on homogensous end helerogenscus sediments,



Both the lower Deltale Series and the Eller Beck Bed show a
moderately high proportion of ironerich sedisents, & feature vhich
algo characterised the Dogger and the Cleveland Ironstone Series.
In the non-marine beds iron is represented in the shales by siderite
nodules and sphaerosiderite and in the ssndstones as an intergramular
cement. It 1s, however, not represented in sany of the siltstone
horisonse The Eller Beck Bed is characterised by the development
of one or more bedded ironstones at the base, and of nodules within
the shales, The sandstone is genmerally not ironerich, but in some
localities a part or all of the upper division has a siderite matrix
which appears to be related to the development of ironstone near
Vinter Gill and at other places, Occasionally bends of ironstone
are associated with silty beds wvithin the sandstome. The overall
distribution of iron may be sumsarised as follows;

1. In warine beds as contimuous (or, oceasionally, loonlised)
beds of sideritised chamositie ironstones;

2, As segregations within shales;

).uwot-um-uhhmgm
within sandstone units}

4e As a cement in some non-sarine sandstones,

The presence of ironstone in the non-sarine beds is to be expected
since siderite concretions are charscteristic of most fossil delta
top deposits. The presence of siderlte in the sandstones in large

amounts is relatively uncommon., It is clsarly of disgenetie origin



and often ocours in such quantities that onrichment from some
outside scurce must have taken place, The channel sandstones of
this delta differ from those of, for example, the Carboniferous in
that they are laterally inextensive; a8 a presult the sandetone 1o
always in close proximity to the sufrounding shale and siltstone,
The siderite is often accompanied by kalinite, which in some sande
stones makes up twenty percent of the rock, and it seens probable
utmwmmumu-mdnuﬂm-m'
procuced during disgenesis of the shales or siltstones.

Most of the finer grained siltstones and shules are characterised
by the development of siderits nodules during dlsgenesis, vhereas
uost of the » ltstones are devold of conoretionss This may suggest
that the coarser beds lose thelr mobilised irou by migration into
sandy beds, [orosity could be the controlling factor, with the
high clay content of the finest beds permiiting only looal migration,
Alternatively the lack of coneretiomary iron in the slltetones may
reflect an originally lov iron content; this wouldimply & complex
process of iron redistribution in the shales,

In the Eller Beck Bed the iron is chiefly asscciated with bedded
ironstones at tho base and vith loonlised ironstones assoclated with
the dendstone unit, Siderite nodules are moderately common, but not
ebundant and are rere or absent in the extreme south, This variation
in nodule content must represent oither an origimal veriation in iren
content of the shale or different degrees of mobilisation of the iren
preasnt, As the shale shows no other difference it sesms probeble



that the original iron ccutent was higher in the northe The bedded
ironstones seea to have been origisslly chamositio mude with little
other material in some casese The chamosite appears to have been
prissry or halmyrolitic, whereas the siderite is thought always to
be secondary. :

In order to understand the dlstribution of iron in the sedfments
it is necessary Cirst to comsider in what fors the fron was introe
Guced, The principel wechsnisas of transport vhich have been
Mmumn
(1) Transport in the solid state;

a) As a ferrie hydroxide hydrosol stabilised by organie cellodds,
b) As & surface coating on clay minerals.
(10 In aguecus solutions

Transport in association with orgealc collolds has been suggested
by several workers, and has been supported Ly experisenial resulte
(Moore and Maynard; 1929, pe277)s Evidence from matuvel stresa waters,
however. appears %o be lacking, and this wochaolwa hes 0ot been
referred to in recant work as belug important in the transportstion
of iron. Trassport in the form of iron oxide coutinge on clay
uinerale is considersd to be the prineipal mecheniss Ly meny recent
workers and hes besn considered in detadl by Carrell (1958)., The
sarzying of iron in solution wes for ¢ long time believed to be of
11tile importance, but Fuber and Gavels {(1953) have shown that under
certain matarally ocourring conditions, both marine and non~asarine,
iron may be dissolved in eufficlent quaniities as to have formed
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sedimentary ironstone depositss The mature and distribution of
iron in the Lower Deltaic Series and Eller Beck Bed suggests that
iron was transported in more than one form,

The sbundanve of disgenetic lronstons in & sediment must be
related to the amount of iron deposited with the sediment and to
the degree of mobilisation of the iron, assuaing that there has
been no dmrichnent from outlying sources. The concretions in the
non-marine shales are either small, welledefined siderite mudstone
nodules or larger, diffuse areas of sphaerosiderite.s These seem
to be of two ages; the nodules vhich are never penetrated by
rootlets and vhich show strong compactional femtures around thea
eppear to be early, whereas the diffuse sphaerosiderite bods are
gradational into the shale and appear to bave developed after
compaction, The nodules eppear to represent local redistribution
of 4ron and generally show a relationship %o one or more horisons
vithin any bed; the spheerosiderite developments appear to involve
the vhole bed and are usually situated around the middle of the bed.
The formation of sphaerosiderite involves & high degree of replace-
ment of the detrital constituents of the rock wheress in the nodules
& large amount of quarts and clay minerals is retained, It would
therefore seem that the nodules were forwed essentially Ly early
interstitisl cementation by slderite and subsequent altevation of
the included greins, vhereas the sphacrosiderite has formed mostly
by replacement, This later mobilisstion eould heve been accompanied
by sigration of iron into sandstonsse



Although iron is conspleucus within the pon-marine sediments
it 1s dirficult % compare the amount wWith that in other fossil deltas
sach as thoss of the Carbondfercus. This iz not the case wAth
the marine bede in uhich irom is clearly much more sbundant to the
extent that bedded ironstones sesn to replace the limsstone of the
Carboniferous cyclese

The nodular sefregations in the marine beds may be of a simtilay
origin to those of the nonwmarine beds. They are, howver, charace
teristicslly regular in form, in contrast to the men-marime mocfules,
wvidch may reflect somevhat later formation. Sometimes the ironstone
is rendom, at other times, as in Eller Beck shelly horisons have
been selected, The developmnent of nodules in the north, bdut not ia
the south prosents & problems If the awailable irom was in
eolution £ ¢ daplies that either iron wne searecer in the south than
in the north, or that conditions were not suifable for precipitation,
if the irom was conted on grains then again eithar 1%t wo scarcer
in the south or mobilisation or precipitation vere wsble to take
place, In the second case it is prodable that origioal distribution
of iron would be falrly unifora and also that solution of iron
oxide would take place during diagenesis, The remainiry possibilities
a1l imply veriation in the cheulcal properties of the sea water or
pore water fvom north to south, fuber and Oarrels (1953, £ig.17)
congidered that 3 parts per million of iron could remein in solution
in sea water under intersediate Th conditions at sny mstural pH,

In fresh wator vith pH valuss betwosn 5 and 6 dron may be earried
in solution even in well oxygenated waters. Deficiency in calcius



carbonate favours the low pH valuece.
Several axplenctions may mow be put forwerd for the
distribution of noduless

(1) Ses water approximately neatral in north, but alkeline in
south due to presence of dissolved calcium carvomate, If

salinity was lowered in the north by inrluxes of caleiune
free fresh water mildly acid conditions may avem have
provailed,  Dissolved iron trapped in the mud in the northern
part would be precipitated as reducing conditions set in, as
long se the pore water remained acid. The cheamistry of the
dlagenshis could, of course, be more complex, but in the south
no iron would be available for precipitatiom,

(11) If the iron were introiuced with the detritus mobilisation
could only ocour under oxidising meld or roducing alkaline
conditions. 4 either cane 1t 1o 4L7PulE to see vhy there
should be any comtrest in the chemistry of the diagenssis in
the sore or less uniform shales unless it wes & reflection of
an original chemical variation in the sea wter as suggested
ta (1).

The distribution of nodules f» therefore attributed to variation
in pH of the sea water, probably ecsused by variation in ealeiuas
carbonate concentration, The separationof the calciun deficient
water fron thet $0 the south corresponds to the southern limit of
the subsiding trough, and water flow down this trough may, %o some
extent have prevented mixing of the waters, The contrast in iron
~content becomes prouounced above the level of the bedded ironstones
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at the buse of the marine beds, The development of the Hydreulic
limestons to the south indicates that the contrast in caleium content
was dus both to the incursion of caleiumerich water from the south
83 wll s calcius-poor water from the northe The general absence
in the north of ealcium earbonate supports this hypothesis, The
only occurrences of caleiuws ecarbomate are in Winter Gill and Great
Fryupdale, and are associated with sandbanks and shell concentrations,
The presence of shell material in large amounts in the sandstone
unit soems to have set up a local chemioal enviromment in vhich, ee
long as free circulation vith the sea vas maintained, caleium
ecarbonate was precipliated despite its lov condemtration, The Great
Fryupdale sandbank ws cemented at first by siderite but later by
caloite. This may have resulted from the bank builiing up to near
sea~=lovel and permitting concentration of cnlclum carbomste by
evaporations The Winter Gill sandbank eppeers (o have undergone
early csmentation by siderite only, and ths later calcite cement sppears
to be only @ reogeniesiionof calcius carbonets derived from shells,
Elsevhere in the Eller Beck Bed shell material is invariably replaced
by siderite or ksolinite or reprecented by volds, indicating that
conditions during diagenssis favoured solution of caleite,

The conditions of formation of chamosite are still very much in
doubt as lttle is known of the relationships of iron silicates to Fh
and pi (Maber and Garrels 1953, pe357)e The dlscovery of chamosite
in recent sediments (Porrenga, 1967) may yield some inforustion.

In the precent study chamosite is believed to have accumlated on
the cea floor, and not be of diegenetic origin. Dlagenesis clearly



w«-mmumm The following mechanl sns of
foruation are put forvard for diseuscions

(1) Pysicowchenlcal precipitation from solution;

(11) Biochemical nalmyrelitic precipitation froa solutionj
(1) balmyrolitie elteration of terrigencus wud,

In the preceding paragrephs it wao saggested that Elley Beck
Bed sediments were influsnced by the prevence of ealelumerich and
calciumepoor waterse In the shale unit those apparently reaanined
separated to some extent, perhaps as & result of the prescance of the
docper waber trough. This trough say not have been so aciive
during ironstone deposition and & more thorough mixing of waters could
bave cansed precipitation of iron in the form of cimsouite. This
mechanism is not, however, applicabls to the Wincter Gill lrenutone,
Both the bedded ironstones and the Winter GAll ironsions seean to
indicate that & low rate of sbdimentation 49 necesssry for chasosite
formmtlon, Since the sandotone undt is believed W have
accumalated under conditions of reduced selinity thie doss not seem
to have been & controlling factor; nelcher does the presencs of &
shelly fauss, A low rate of sedisentation does wot seem to be the
only factor sinee the fine gralned shales are also the product of
low sedinentations The occurrence of chamosiie at the base and at
the top of the sequence suggest that relatively shallow witer i
aleo rejuired,

If a depth control is opurating this suggesis that organie
activity e in some way imvolved in chamosite formaticn, The



scarcity of fine=groined terrigenous msterial vhich i3 particularly
pronounced in the Winter G111 ironstone 1p either a primary or a
secondary featurs., The presence only of rather large corroded sand
greine suggeets that the finer constituents have beon removed by |
solution, Similar features are seen in the Ingleby Lronstone sean,
but introduction of send and silt and probable reworking hes
apparently destroyed this relationship in mueh of the tasal ironstons
sean, Provided iron was available 1t could, therofore, have been
concentruted by removal of the terrigencus constituents,

The origin of the iron must now bde comsldered, IU was either
derived from solation or from the sediment, Cerrell (1958)
discucses the transport of iron by elay mine ala, and considers
(pe23) that sufficient iron oxide may be present to form chanosite
by comiination with alusine snd siliea of the elay mimerals, Thiel
1s quoted as having shown that removal of alumina and siliea 4o
incrcased by a factor of five in the presence of bacteria, Uxecess
silica and alunina would nead to be removed from the clay minmerals,
and resoval of silica 1s also indieated by the sbsexce of all bub
mm,mmmnf}-ﬂ.m«mm The
formation of chamouite by combimation of iren and elay minerals was
proposed by Hallimond (1925, p.%8) end 1s sccopted here, It ia
also thought probable that emganic setivity wvas responsible for
setting up & chemlcal enviromment in which this reorganisation might
take place.

The Iller Deck Bed ironstonss inveriebly show replacemsat by
siderite, vhich is believed to have taken place during very early



R
)
N

diagenesis, The conversion of chancalte to slderite involves &
change in iron content from shent 30 pereent to 48 percent, The
 sideritieation of & chamosite wad thersfore lnvelves a considerable
enrichuent in irou. ﬂulm-.vmm'dfm-oluMnfm
clay minerals in swrounding beds, but the Wister Gill ironstons is
not associated with clayerich stralas There 1s aleo cvidence that
sideritisetion of the basal ircnstone may have preceded shale
deposition to a large extent (pe 15)), although the sediment was
mumuuau.'muuuqm-mmm.mu.
introdyced from the ovorlying water, asd sust have eceurred in
solutdon, The concentration of iren in ths selizent 18 visualised
as precipitation of siderite either ae a pore Filling or as a
replaconent of chawosite, Continued precipiiation would set up
& gradient vhersby ferrous fons would be contlmuously migreting
froam the suaewater into the interstitial water and fluslly to the
site of precipitation, The enrichment ia iron preswmsbly resulted
not only from the instability of the chaussite but possibly
liberation of sarbon digexide, together with sultaile Fh and pHl cone
ditions, favoured silerite formation.
Sideriteasation in these beds ha: been very axtensive, In
other formations this is not alwayes the eage and aven in these bdeds
the ooliths have generslly resisted totel replacesent, The degree
of gideritisation probebly depends on the mete of acousmlation;
rapid depogition wuld cut off the free clrculation with the s
water and prevent iron anrichment and aleo ,- perhaps the formation of
available carbon dioxiie. “eme other fuds¥ must also oporste I the



conclugion as to the original the Winter G111 ironstone are correct.
This supposed thet colith formation was preceded by mad formations
sideritisation of the mud 1s, howver, bellieved to have taken place
after i%s redistribution.

Further enrichuent of the ironstone may ocour after burial,
The distribution of concretionary ironstone in the shale unit on the
cosst s clearly related to the distribution of the tesal fronstone.
Conoretions are sbeent whers the basal ironstone is present and are
present vhere it is abgent, The basal ironstone seeas to have
attracted mobilised ivon from the lower part of the chale, and this

has probably resulted in total lithificidion, probably accompanied
by replacemsnt of terrigenous grainse These processea appear to
have occurred before burial in the Winter G4ll ironstome which ig
believed to have remained exposed for relatively long time before
burial Leneath subsequent sediments.

The chenistry of ironstone formation is clearly complex, and
cannot be determined fromme or two examples, The folloving
generalisations are howvevar believed %o be applicable to similay
ironstoness
(1) 1ron was introduced both in solutlon and a® grein contingsp
(11) chamosite wud may be formed under conditions of verying

salinity and slow sedimentation, probably by combimation of

clay minerals and sssociated free iron, Deficiensy in lime
and organie activity are probably necessary.

(130) sdderite is alwaye secondaryj; where the rate of selimentation
excesds that of iron nobilimtion siderite is formed by



redistribution of iron within the sodiment; at low sedimentation
rates chamosite is forwmed and siderite is foramed by ion exchange
with the overlying water,
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Add_CHUMATTEX OF DIALLIELIS

In previcus individual sections the chemical aspects of
diagenesis have not been considered as it was thought that less
repetition would be iavolved if the subject vere treated in a
section of ite own. The relationship of the various iren sinerals
to one another has been considered in the preceding section, and so
they are now considered only in their relationship to other minerals,
The exact stablility flelds of many of the minerals are not fully
known and the following discussion is therefors arrived at identifying
trends in the chemieal diagenesis.

in general terms the basic soquence of diagenetic mineral
formation in both marine and non-marine beds ie:

(1) FPrecipitation of iron carbomate - siderite

(£4) Precipitation of clay winersl = kaolinite (ravely dickite).

The firet stage may involve two phases reprecented the mon-
marine beds by &) nodule formation and b) sandstone cementation and
perhaps sphacrosiderite formstion, and in the marinme beds by a)
precipitation of siderite as bedded or concretionary mudstome b) ris
cengntation.

The full sequence of diagenesis shown by the non-caloarecus
sarine ironstone will be considered in detail, This seguence
appears to be:

(1) Fyritisation of aragonite shells in part
(11) Sclution of arsgonite shells in part
(14) Precipitation of siderite as finely erystalline matrix



(iv) Sclution of aragonite and calcite shells

(v) Precipitation of drusy siderite

(vi) Precipitation of clay mimersl in remsining rocks, and replacesent
of chamosite

(vit) loeal replacement by pyrite.

This sequence may be related to the Eh and pH changes vhich are
characteristic of the sequence of deposition and burial of modern
sediaents (Pairbridge in larsen and Chilingar 1967, pe27) except for
the early phase of pyritisation. The first agents in promoting
diagenetic changes in fine-grained sediments are the asrobie bucteria
vhich attack organic naterial snd use up all of the available oxygen
in the prece:s, Thelr action results i meutral and slightly
reducing conditions,

Under such conditions ioth aragonite and calcite might be expected
to undergo solution but in most cases only partial sclution of arego-
nitho shells occurs before phase (141) siderite precipitation, Sinee
further solution of shell material cocurs after sideritisation of
the matrix 1t is possible that siderite is precipitated very rapidly
relative to a slov continuous shell solution process, The ecritieal
point is probably dependent on the ¥h, pH and the production of large
amounts of CO, by bacterial actions The large amount of iron
required must be extracted from solution; this irom may result from
solution of oxide filas on elay particles to form nodules , but in
the bedded ironstones wust be derived from chawosite and from the
sea~yater iteelf, OSiderite precipitation may be expected to take
Msﬁomummmmu-mmuuummumm



wvater 1s more alialime than the sea water,provided that mo
impervicus clay cover is deposited such as would prevent the diffusion
of iron ions into the sediment. Deposition of siderite must have
contimied until a fairly dense erystalline aggregate was produced anmd
dehydration, indicated by shrinkage crabks preceded the main phase
of shell solution, This phase of solution imvolved both caleite and
aragonite, and the interstitisl water must still have been neutral
to mildly alkaline at this stage. The shell voids and shrinkage
eracks usually possess a rim of siderite vhich is only of limited
thickness, probably reflecting & depletion inm the supply of irem op
carbon diexide.

All remaining voids have been subsequently filled by authigenie
knolinite or, rarely, dickite, These clay winerals were probably
formed under continuing alikaline conditions., Cavity fill 4s
eccompanied by replacenent of chamosite by kmolinite., The fimal
phuse appears to be pyritisation, representing the meximum in
reducing conditions produced by becterial. “phalerite may also form
ot this stage.

In the non-marine beds kesolinite sisilarly alwaye follows siderite
in order of precipitation, This suggects elther some 4ifference in
conditions of precipitation for the two minerals or sinilay conditions
with varying rates of attainzent of saturation of the minersls, As
discussed earlier, a probable source for the siderite and kaolinite
in the deltale sandstomes lies in the sarrounding shales, The iron,
Af introduced as irom oxide on clay particles, would be readily liberated
into solution under the reducing and acid conditions that usually



provail in vajpted back-swmp areas, With copaction thess Lrone
bearing solutions would rend to pass imto the porous sandstons bodies
whose interstitial water would probably be of lover acidily, csusing
precipitazion of iron. hholmm»hm. on the
mm,wumwauhnmmw
hydrolysis of fine-grained feldspar unier aeld conditions, 4
variation in the ease, and thervefore, rate of formation of irom and
clay-bearing solutions may well account for the ubiquitous precedence
of kaolinite hy siderite,

The marine beds show a2 fevw local variations from the usual
sinsral aseenblage. In some places phosphate appears to have been
an sarlyeformed minersl, possibly replacing chamosite mud both
before and during early stages of sideritisstion, Phosphate is
partioularly associsted with burrouse The formstion of phosphate
is believed %o take place under aecid and slightly reducing conditiems
(Fairbridge, opecite pe74)e This indicates sarly seaefloor reaction
before bacterial action has begun %o raise the pH and lowwr the Ih,

T™e Eller Beck Bed also shows loesl calsarsous developments, a
particularly in Oreat Fryupdale and Vinter 0111, In the Cormer oase
the development of & sandstome lens in the shale wunit seems to have
caused the local caleoareous environsent since although the associated
ironstone and sandstomne units shov all of the normal charactsristics
excopt that shell material has not been leached cut, snd a caleite
cement i8¢ present in the sandstone, The sandetone lens bas a
predominantly caleite cement, though & thin rim of early siderite
cemont,is present,



This would seen to indicate precipitation of irom im & mildly
alkaline reducing cavironment, The change to caloite must therefore
reflect a change to more alkaline conditioms when perhaps the
availsble carbon dlexide was preferentlally taken up by ealeite and
the iron incorporsted into the esloits lattise (the dlagenstic
caloite is inveriably ferroan). The sand lensy appesrs to have
beon sufficiently large for it to have maintained its calcarecus
conditions and to affect the overlying sandstone uait, I3 may be
Amportant in this respect that the iks lens is locelly overlain direce
tly by thinebedded sandstones, so thet 1t was never sealed off by
an impervious shale layer.

Features agsoclated with the calcsreous facies include
replaceaent of aragonite by ferrcan ealoite which is sdwply &
transition from & metastable to a stable form, Harly replacement
of caleite by quarts seems %o indloste an inifisl phase of relatively
lovw pii. Dolomite is locally formed and appears to be controlled by
the oceurrence of chlorite or chamos te which presumbly supplies
the msgnesium required, or at least acts as focus for erystellisstion,

The Winter G111 sandstone lens 15 superficially similar to that
of Great Fryupdale. Slderite is, hovever, wore abundant and in the
basal part at least its precipitation i s separeated fyrom that of
ferroan caleits by & phase of shell fracture, It 1s quentitatively
possible that the caleite cement in the lower part of the sardetone
is derived by leaching of the shells in the upper part under
sdsultaneous conditions of high and low pH respectively,

The caloite cement in these cases sesms to Gake the place of
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kaolinite in other beds, FPerhaps the Eh and pil conditions ave
sinilar in both cases but the sand banks have been able to maintain
open connsction with the sea water to allow concentyration of caleite
in the msmner proposed for siierite precipitation.

One other interesting phenomeanon remeins to be considered,
mnely the occurrence of suthigenic albite at the top of the Wintep
Gill Ironstons, It occurs as a replacement of chamosite and quarts,
and its restriction to the top few inches of the ironstons indicates
sea=loor alteration at & time of non deposition, The formation of
feldepar presumsbly requires an alkmline euvironment and it may be
that the sodium has been introduced by prolonged contact with ses
wvater, This process has been suggested in other cases of euthigenie
feldspar (Crovley 1939).

In sussary it would appear that the yate at which an impervious
clay layer is developed over gbody of sediment undergoing diagenesis
is extremsly significant as regards the nature of the fimsl product,
In this particular study isclation of & porcus body in shale results
in the introduction of clay bearing solutions, vhereas if an open
cornesction 19 meintained with overlying wter precipitation of
carbonates takes place.

looking at the sediments as & whole it would appear thet &
conniderable amount of siderite has been precipitated, In the onse
of the marine beds much of this siderite appears to have besa derived
from solution in ses water., Siderite alwys wecedes calcite as a
conenting material, and the calcite is aluays ferrcan. In sediments
of similar depositional character but of other forustions siderite
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s often rare or absent. Conversely caloite is more abundant, bobh .
as & diagenetic osnent amias & primery precipitate. These contms~
ting features suggest that the Eller Beck Bed ses contained an
umusually low proportion of caleiun carbomate which would in 1tself
favour a greater concentration of iron in solution,
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Deposition of the Lower Deltaic beds appears to have been
proceded by local reworking of Dogger sediments in the easte In
the north and west there 1o 0o evidence of this and inme exposure
esase of Rosoberry Topping the contact appears to bo gradational.
This is particularly interesting since at foseborry Topping itself
and on the adjacent escarpment the [innfaldis plant bed ls developed
and the Dogger absent, This seoms to indicate that & Domger shore-
line eould be reprecented here, The field relationship of the
plant bed to the Dogger might well be disocovered by ewcavating the
base of the Deltale Bods along this eacarpmente

e Dogger surface must have been st or nesr mea level uhen the
noneaaring sediments were first introduced Mo the ares since shales
or siltstomes oscur lmsediately above the Dogger, Sedimentation of
the deltaic beds was prineipally of interdistributary type, resulting
in the formation of sucosssive beds of shale, siltstone, end thin
sandotons, [Fxoept at the base and top these beds are mostly of
gnall lateral extont, and eyosion due to drelnage sesas to have
been provaleat, At three main levels sandstone-filled chanmels are
doveloped; these are mostly strongly erosiomal into the underlying
beds, and little overbank ssdimentatlion appeers to be associated
vith thems They probably bad & somevbat meandering fors but lateral
iasision s not extencivoly developed and the stresns appesr to have
boan shortelivedy One or two localities display sandstones vhich
appear to represent almost continaous deposition, and these are
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thought to mark the site of relatively large distributaries, FBven
theoe ars not developed at the extrene bage and at the top of the
series and the sediments as » vhole are thought to have been laid
down between large permanent distributaries to the east and west.
The close of on~delis sedimentation 1s marked by widespresd and
uniforn siltstone which loeally passes up into shale, The top of
these beds s extensively burrowed by marine organisms and appears
%o have become inundated Ly the sea with 1ittle or no erosion,
Subsequantly the deposlton of mad, probably chamositic, becawe wide-
spread and a lanelliivanch fauns became established, The deposition
of these basal muds wee prodably alow but influxes of sand and =41t
appaar to have occurred throughouSs The upper contact with shale
appears %o be sharp and this may represent inereased influx of silt
and clay, with more rapld depositions Shele deposition contimued
for & long time in some aresd but in the extreme north and northeast
sard began to spread in. This incursion of sand must have been
quite rapid but 4id not get into extreme south and southwestern
distriets until late; the subelding trough appears to have scted as
a trap for the sand, The sea was probably very shallow throughout
vith the saximum depthe occurring along the axis of subsidence,
The sandetone deposition appears to have deen relativaly vepid and
resalted in the Milling up of the marine basin, At the same time
salinity appears to have besn reduced, as indicated by the sparse
fauns in the sendstono and in the equivalent shale in the axtreme
southewsst, The faune is chiefly developed along the subsiding trough,
along whdoh & flow of fully merine wvater my have been mintained,



posaibly besath a cover of less saline water, Shelly sandbanks
ooccur in a sisilar position in the shale unit, snd the presence of
erinoid remains indicates more fully marine conditions than ave

indicated by the fauna elsevhere,

The sandstone appears %o have built up to wter level and over
m08t of the aree was colonised by plants, Some pause in deposition
appears to have occurred before the first nonemarine bads wvere laide
downj these consist of shales and siltstones as at the base of the
Lover Deltaic beds.

Although the Eller Beck Bed sandstome represents a regression
of the sea, and the readvance of the Jdelta, transport appears to
have been along the depositional striks slthough the bulk advance
ws southwerd, The sand is probably derived from an advancing
me jor distributary vhose sediment i1: belng transported along the shore
after having been latroiuced into the sarine enviromment, It is
therefore essentially a 'marine’ deposlt and onee sel=level heas been
reached the flne-groined interdistributary sedisents advance over
the sand surfece. Mo subsidiary chennels sre developed at this
stage, except on & very smmll scale.

The base of the lower Deltslc beds cannot be directly sompared
with that of the Middle Deltaic badss The former represents the
initiation of deltaic conditions +hile the latter repre:ents a
re-ostablishuent of theso conditions. Although the Dogger surface
has acted in & almilar way to the Vller Beck Bed sandstone surface
the sediments thesselves represent o cospletsly distfot phase of
sodimentation, Tun facles distribution besrs no relationship to



that of the Fller Beck bed and the time span is far greater, ranging

fyom the Ludwigia murchisonae zone to the Lioceras opalinum zone.
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The probabls role of sarth movements in affecting sedimentation
of the lower Deltale beds has alvesdy been discussed (p, 74)
Slight uplift and very gentle folding may have ooccurred before the
opreading in of on-delta conditions. In the Scar section near
Whithy locslised dowmwarping appears to have provided an early strean
course in which the candy sediments appear to have alid during
subpequent movements, Jeveral rather poorlydefined cycles may be
detected vithin the deltaie beds, consisting of four phases of
interdistributery sedisentation and three of erosional channel develop-
mont, The fine-grained sedimeats are belleved to have besn deposited
between widely speced distributaries duwing fairly stable Sectonic
phares; the channsl horisone are belisved to repressnt wplift of
the hinterland and to some extent of the depositiomal area itself,

The on-delta sedimentation finished with a phase of unintervupe
ted subsidence during vhich uniforaly fine-grained beds vers laid
down, and the upper part developed lsmimated shales in places. The
topmost beds are overlain with appapant conformity by merine mudstones
and slltstones. The marime transgression oould have resulted from
en inerease in the vate of regiomal wbeldence, Altermatively it
may have resulted from lack of hinterland uplift producing a reduction
in river activity; Af subsidence continued at its norasl rate
recossion of the delta would take place. These two mechunlsms might
be expected to have a slailay offect on the dlstritution of nolgy.ine
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and marine bedse One feature, however, indicates that subsidence
did not contimue entirely as before; the nonemerine beds are \
thinnest in the centre of the region wiile the overlying marine |
beds are show thelr thickest development. mwm.mj\,
ummmm,ummqnummaw{
related %o the large-scale interdistriimtary ares belioved to cover |
the vhale regione

ds may be seen from the lsopschyte maps in figure Juthe Slle
Book Bed thicknesses reflect subsilence along & northewsst southe
east trough. The ironstome wndt shows alight thickening into the
trough and the isppachytes are sufficlently regular in charecter
for the thickening to be ralated to subsidence rather than %o
irregularity of the drowned delts purfaces OShale unit thickneeses
vary to a amall axtent over such of the areans The thisnlag in the
axtrene north and esst seens to reflect relatively little subsidence
on the marging of the basin but at the same time sedimentation of
sand mey have begun earlisr in these avemss The axis of the trough
seens to have been the site of ceoasional accusulations of coarse
shelly detritus whloh bullt up as benks though possibly origlually
of a chasnelling nature. felative subsidence L8 partisularly
olearly reprecented by the thickness variation of the sandstons
unit, although the base of the sandstone way to & lluited extent
by diachronouse The aresas of maximm subslicence seen to contain
the moat abundant fauna, The subsiding trough appesrs to have hed
& profound effect on sedimentation to the southesast, Not ouly does
the sandstone §,in in this direction, but the trough sppears to
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have aoted az & trap for deiritus treasported as Ledelosd so that
the sandetone wnit is %o & large extent represented by shale,
Sand sppears %o have epresd south-sastwrds only when {illing of
the trough was virtuslly ofmplete, The limited flold evidence
peems o indicate relatively uniforn thicknecses in the extreme
southeenst, and this preswmbly refleets uniform subsidence,

The readvance of the delta indicates & lessening of the
subsidence rate and presumably & return to & tectonie environmant
sinilay to that under vhich tho enrlier non-marine beds were
depositede

It has beon suggeoted that movement along the Peak Fault wag
conteuppoancous with sedinentation (Wilson 1948, p.di) in order to
explain the striking differance in thicknens of the beds of either
alde of the fault, This was later sacribed %0 trenscurrent
movement (Hauingwey in Howarth 1962) widch crought togethor successions
from aress of differing degrees of subsidence, There iz no ovidence
from elther the nonesayine or the warine beds thet throws emy light
on the metter, There is no evidence of contemporaneous erczion op
of postwdopositional distrubeices associstod with the fault,

A sinilay thicknese verdstion may be seen in the Eller Beck Bed
on either side of the Whithy fault (Pigee2e2, 2,5). The shale unit
is four feet thick on the south side and only two on the ncrth side.
On either side the thicknesses sre saintained for some several miles,
The lower sandstone division is thicker to the north, while the
ironcione unit showe wvariation in feclss, with only rare ooliths and
shells in the north, Thare is agaln no o gn of contemporanecus



erosion of a subaqueous feult scerp and unless transcursent wovew
sont bad ocoured there seems to be little reason for & change of
facles, Although in the non-sarine beds rapid lsteral vardation
is common, 4t is striking that the Haet ClIff section is partie
cularly free of sandetoms vhile it is such a short distance fvem
the large distributary represented in the West Clirf,

The seanty evidence availsble saggests that tanssurrent
wovement may have taken place on the Whithy feults The ivonstone
unit 4n the Hast Cliff vesches o maximum of elght inches, and
sines this exceods any other thickness on the coast it protably repe
ressnts sodimentation in the axis of the trough. This would fmply
sinlotoul movenent, wuch as would have oceurred 1§ the Peak Fault
wire transcur:ent, Certain joint patterms and horlzontal rlichkote
sicing observed in vome lalend sardatome outorops oould slso poiut
th the precence of transcurrent fauliss It is possidle that the
striking difference between the Ellor Beck Bod scctions at Buttershy
Crags and Ingleby may be partly dus to transcurrent faulting,
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APPERDIX I
b idicidh st sl LAl

The following sections are accompanied by their respective grid
- ®e ferences, but their approximste locations mey be determined from
figure 2,1, Total section thicknesses are givea to the nearest
three inches.

de JRGN Scau (5968
Flat-bedded sandstone with ripple-marked partings 5 6
Thin-bedded candstone with intercalations of silty
shale and beds of impersistent silty iromstons)
oconslonsl shelly bands 6 0

Thin-bedded laninated sandeione interbedded with
silty shale and ironstone 1 ¢

941ty shale vith laminee of fine sand in upper
part; shell emsts in lower part 4 0

Ironstons, slightly ocolitic siderite mudstone with
scattered fossils. Abundant ironstone-filled
burrows at base, penetrating the underlying beds Ow3

Silty shales, buff coloured, laminated (non-marine)

TOTAL 1 9

Sa BATENCCAR (990014)
Flat-bedded laminated aandstone [ 0

Thin-bedded laminated sandetone, with intercalations
of allty shale and silty ironstons near the base 7 0

bRty "SR UEBE Py A th Laminae of Fine sand; 3 6

Lronstone, colitic siderite mudstone vith seattered

fossils, Ironstone-{illed burrows at huc SOnL "E'—-;



W
ft.
1

Sandstone, penstrated by rootlets ’3’
Grey sandy oarbomscecus silt 2 0
Flat-bedded sandstone, loaded at base locally 5 o
Grey silty shale )
Sandstone vith channelling base; loaded at Lase

internally =4
Grey shale well lamimated and fissile in lower part,

o LT
a-:.m.. :ﬂ and fineegrained, with partings

W 310
Grey silty shale (nomemerine) UL ol O
ha HARGE (SOLTE) (230866)

3ilty sandotone, with reotlets 1 o
2ilty chale 2 3
Sandetone, thin bedded; thicker unit at top 5 0
Shale, with silty laminse in upper part 3 ©
Ironstons, unfossiliferous fine-grained siderite

muds tone Lyl
Shale 1 6

Ferruginous sandy silts (nonemsrine) penetrated hy
burrows filled wdth alighily ocolitic ironstone
TOTAL o, 12 &



SaHIDEX = EAST CLIFE (9G2214)
Sandstone

Ianinated sandstome, thinebedded with oconsiomal
thicker units with chasnelling bases

Silty shale with sendy laminae
Ironstone nodule horizon

Ilaninated sandstone, geusrally flat-bedded but with
some shallow trough cross=bedding ' min,

Soft Wandstone with lasinee of silty shale
Silty shale '

Ironstone, imperistent; siderite mudstome wdth
sand greins and rere ocoliths

Soft dark silty sand wvith occasionnl small nodules
of siderite mudstons

Silty shale (non-~marine)

5

2

<
maxe
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2o NSHQLIE RECK (63000)
Sandstone, rather thin-bedded vith suslleseale trough
cross~-pecding 7 0

Thin=bedded Cine-grained laminated sand:tones with
abundant partings of silty shale and ccossional
iromctone nodules 5 3

Impersisteat iromstone, unfossiliferous pale grey
siderite mudstone =X,

Shale, #Alty in upper part 2

Ironstone, shelly pale grey siderite mudstonej
irregularly bedded max, 4

Poorly bedded silts, loomlly thick with developments
of shelly siderite mudstoney ailtefilled burrowe

at tase 37

B Sl L (BQIGE)
laminated sand:tone, blocky weathering 4 0

Thinebedded laminated sendstone with siliy
::mmu-mmuuu-m“

Ferruginous sandstone, impareistent WX,

Silty shale

Ironstone, unfossilifercus fine-grained siderite mdstone max,

Shals, siliy at base with sand grains) occchsiomml shell
casts in ower part 1 5

811ty shule (nonesarine) TOTAL Y

N W N W
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Qo KLLIOH BECK (706277)
Sandstone, erosionsl base 3 0

Sandstone flat-bedded with occasiomal silyy partings;
shale flakes at base 7 6

Shale, wvith sharp contect wvith sandstone abovey pale
grey siderite mudsions nodules 2 3

Ironstone, impersistent, pale grey siderite mudstone
with small shells and soattered ooliths, thin wilty
sand at base AKX, 2*

Soft sandstone with irrvegular burrows, filled with
silty shale, to de of 1 foot; Occasiomnlly Ssodules'
of vesthered te mudetone near top with rether
- haphasard distridvutlion.

TORAL cu.13 0

A0. LITTIE RRk (S87049)
Sandstone, very thinebedded at base 4
Shale, wvith sandy laminse in lower part 2 6

Foorly bedded silty sandptone with scattered shells

and occusional lenses) shele flakes and

garbonacecus me present. Masses of ironstone

(34n. m.)ummmmrmm..muy

siderite mudistone, 2 6

Sandy elltatone passing down into pale silty shale;
shell essts pumtﬂum 2 3

Soft dark silt with shell cuets
Buff silty shales (noowserine)

ML .on ‘




Ao BLlis Sick (832022)
Soft, thinebeddod sandstone (noneasrine)

Flat-bedded sandstone, thin bedded at base; occanional
ripple marks; U tubes and rare shell casts 10 [

Thin=bedded laminated sandstons with partings of silty
:hmmmmmmm- ’
base &

Ironstone, impsroistent, siderite mudstone with
abundant fossdls; ty in lower part maxs 10

8ilty shale vith ribs snd laminae of fine send, greding
dowvanverds into shale; ocessional nodules at bace 3 3

Unbedded soft grey clay 1
Shale | 4

Lrons mu mud stone
s} - h‘-‘:l mtorial at up:,

mwxmm-ummmum
position, 9

Dark fos:iliferous sandy silt with mmall siderite nodulesj
silt=rilled burrous at the ase penetrate underlying 8
beda

Soft grey shale (nonemarines) TOTAL % 9

d2a N HATH SCAR (B18004)
Flatebedded sandstons locally sideritic Gl

Thin-bedded lamimated sandstone with partings of =iliy

Sof't unbadded grey clay
341ty shale with unfossiliferous modules of sliderite mudstons
Soft wmbedded grey clay
841ty shale with fine sand laminae 3

Ironstone, nodular fossiliferous siderite mmdstone a8Xe
Moooooo

v W = W 8 O



Shale
Soft unbedded grey clay

Shale 1
Ironstone, shelly siderite mudstone |

w‘:“ -:L:m. with 8ilt=filled burrows penstrating

ua-nop

B

Buff grey silty shales (nonemurine) WL 23O
Ao il GILL (7382300

fandstone, poorly Ledded, thin bedded at base 10 0
Chals 1 5
Ironstone, siderite mudstons 'dth ocemsional shells 3
Ironstone, shelly siderite mudatons, with much commdnuted

shell msterial; cilty at base 10
Dark sandy silt with silt=filled burrows penetrating

underlying beds 4
Pale grey silty sheles (nonmmsrine) oL 12 A

dha CHADL BECE (RO0T)

Perruginous sandatome wvith scattered shells b ; 0
Ironstone, siderite mudstone with plant material 8
Thin-bedded sandetone, with oceasional shelly layers,

fine grained near besc 5 &
laminsted silty shales with ribs of fine greained

sand in upper part 1 0
Shele 5
Ironstons modules, weathared mex. 1
Jhale, tough and =11ty nesr top 5 4
Ironstons, shelly siderite mudstone, silty &t base 3
Park senfly silts wvith smll Ustubes at base
Buffegrey shales (non-marine) fOTAL 20 §

3
P
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dda Za20n Guanas (TLGRs)

Flat-bedded sandstone, fine grained at the Lass, win, 6 &
modiun gruined sbovey top not seen

MM, medium grained occasionally eross—
shelly and a«t base and scattered
beds of erite mudstone
Shale 1 b 4]
Ironstone, shelly siderite mudsione

Fossiliferous silty ‘nud.lg down into sandy siltstone
with smell Ustubes at

Buffegrey siltstone (aonesmrine) ar——

dbaiizan Slid (759020)

Mossive sandstome, pmwtrated Ly rootlets 2 é
Dark laminated eandstone 7
Dark sof't sandy silt 2
Black eclitie Lronstone | s 9
Thinebadded pale gray sandstons, shelly 1 10

Mosaive vhite sendstone, thin bedded at base) é ¥}
scatiored rare foszlle

o

o

Laminated micacwous silis, with shelly bands 3 3

Sandstons interbedded with siderite mudstons passing
down into @alearecus sandsione

Shelly and sandy sideritle limsstone 'dth scattered 1
coliths

o

Very sholly imestens u
Sandy shelly silts with wood fragmemts 4
Shale, with unfossilifercus siderite madstone modules at top 1 4
Ironstone, shelly siderite mudstone 6 6
Dark sandy silt, with Ustubes at base 4
Fale grey silty shale (mon-marine) omL a7 &



e SLALIRALL JIRaR (2400050
Thick-bedded sundstone
Thin-bedded sandstome with silty partings 1 0
Zhales with ocoasional slderitic nodules 4
Ironstons, shelly siderite madstons 7
Dark sandy silt 5
Soft grey shale, weathered (nom-marine)

e JALE e L LK (04088)
Flatebedied sandstone, pather mtssive in upper part 8
Thinwbedded suadstone
Shale, silly and fosolliferous in basal 3 in,
Ironstons, weathered
Gresnish silts, fossilifercus
Buff silty shales (noneuarine) vonr 18O

A2 SONESATE QUL (720822
Dark laminated shale e 7 o
¢ grey silty shale with reotlsts (non-aarine) P T

Sandstone, thin and flat bedded vith a fov ripple~
marked suwrfaces; penstrated by rootlete at top. 3 9
Inslined Uetubes 10t, 6in. from base

Shale, with oconsional ironstone nodules) silty laminee

and sandy ribs at top, ressing repidly into overlying
sandstone 7 0

Ironstone, tough and dark with soattered shells and
ooliths

e » o o ©

10

S4lty shale 2
Ironstone, soft and silty with oconsionsl sasll shells
and no coliths 4

CORTsosnssns



Shaly silt wvith i{ronstone nodules at passing L. in,
down into silty shale with occasiomel fossil casts 6

Fale grey shale with plant remains (noneasrine) MWL 18 &

40 BUCC HECK (759063)
Sands tone 7 o
Fale grey clay 4
‘Dark laminated carbonmesous silt with wood fregnests 4
Fale grey laminated silt (non-marine) . A

Grey silty sandstone (c.8in) penetrated by rootlets
and pasoing down iato soft silts with Lrregular burrows 1 1

Soft sideritie silts, penstrated by rootlets, with
burrows in lower part} ocossionnl mmall oolitic lenses 9

S8ilty sandotone vith wod fragments, penetrated by mums
pasaes down into laminated shals

Ironstome, noiular, with carbonmcsous fragments max, 4
Tough white fine-grained sandstone with burrowe at
the top 6
smnmmm«.mmxmww
fine-grained sandstone 9
Ironstone, silty siderite mudetons; small shells 1
Derk sandy silt, with Ustubas at the bage 2

Fale groy clay (monemarine) TOTAL 50



ke QEBAT FRXUFDALE. JHd GRAMN (78018)
Sandstone messive, ferruginous in part, unfossiliferous

Flatebod ‘ed sandstone with ocensional vertical burrows
espoecially in the lower part; ooccasiomal shells

Thin-bedded sendstone uith
v shelly layers; irregular

Thinebedded mndstone with silty micacesus

2.
w v
4 3

i 7

sone badding planes crowded with shells wa, 2 3

Gap « probably very small

Greenish ssndstone, unfosslliferous uing 2 6

Thinebedded sandstone with greenish clay matrix,
pebbly at tops shelly

Soft pele grey clay (nonsmarine)
Blue-green silty sandotone «dth rolling base
White to grey silty clay with plant material TORAL

2. GEEAT FRXUFDALE = THE SCAR. (2230230
Maosive sandstons, flat-bedded
Sandatone vith abundant burrows and shells
Thin-bedded sandstome 'dth thin shell-bads
8114y shales with lanisas of fino sand

Tough homogenecue grey sandstone
Sandotone with clay matrix and osensional
shellag at base

Fale grey silty chale
Shelly ironstone with smmll Ustubes at base
Poorly-bodded pale grey silty clay (nomemmrine)  TOTAL

NN oo B
o o a4 9 ©
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&2s DANBYRAIE = QLD BONNAN'S JUCK (70036)
5, in,
Flaggy sandstone min 7
Soft sandstone 2

841ty shale with laminee of fine white sand, and
occasional lenses of close-grained greenish sandstone 1 &

Sandstone, ferruginous at top, wiih occesional shells 7 O
Gap - max. 2 (+)
Grey carbossceous silts (mon marine)

Rha DAIRXRAJE = JEL Q00 (628CRT7)
Soft greenish sandsions, thinebedded min, 2

Shelly ocolitic irons fino~grained siderite
oudstone with green ths; burroved

Green shelly sandstons with occasional Ustubes
S41te and sandy silts with occasional shells
Ferruginous silty sandstone

Greem shelly sandstons, silty im lower part
Greenl sh~brown ssndstons, fosalliflerous
Foorly bedded shelly silts, pale purplish tint in perts 1
Chelly ironstone, fine=grained siderite mudstone

Seft sendotome with reddish stained lsmimae (nomemsrine)

Thin-bedded sandstone with sunecrack and footprint horhaz
4]

g
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Ala DANEIDALE = SANREIGHL il i3 (6840200

Sandatone, thick-bedded 3

Flatebedded ferruginous sandstone wdth seattered

green ocolithe
Masaive sandstone with ooensional rubbly
bande wod fregmente and shell casts 3

Thin-bedded ferruginous red weathoring sandetons

vith lenoes composed of shells and wood fraguents
bage mildly ercsional ‘ 2

hmaﬁ%‘ "Ma
-rnm-ncmz
Flat-bedded ferruginous sandstons with shells

Thin-bedded ghelly sandstione ala, 1

Sha MESTEIDALE ST (GTAGRE)
Sandstone b §
Flaggy sandstone, reddishebrown, with green ocoliths 2
Thin-bedded sandstons 2

Dark red flaggy sendstone with ooliths and shells,
Mwﬁ:w; more massive in lower part 2

Thinebedded sandstone vith partings of silty shale min,l
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Sha R TUCIEX CLAGS {605063)

ft. 1in,
Flat-bedded sandstone, thin bedded in lover )
fov sidoritic horizons with seattered sh max, 18 O,

Soft pale grey siderite mudstone with sandy '
laminase max, 1 )

Sands' impersistent, with irregular silte
ﬂn:‘hrm maxXe 2 [+]
Pale silty shales (nonemarine)
grey W sk T

Ironstone, shelly oolitie siderite mudstome, highly ooliu;
at top

Silty shale
Ironstone, miosceous silty siderits mudstone, fossilifercus

Soft shelly silts with purplish tint, and tough dark gray
shelly silty shals at base . oy

Ircnstons, fine-grained shelly siderite mndstone

{8 EE e



300 L FRCALENGETL = BLLEELL L0 (GOR020)
Coaly shale (nonemarine)
Wummw
n:: silte rapidly dounmwards into

tead vith intermally 2 6
m-mux:unmwm
Shale, finely lamine unfossiliferous apart
m;ggh':'mwmu::
vith pale purplish silty shale @ith shells 4 6

Ironstone, shelly colitic finewgrained siderite
uudatons 12

alderli mum"&&‘&qwm 2 8
Ironstone, shally Cinewgreined slderite mudstono 3
O eitemacicte Lenoes aeur wp (mirtis) | BnlWT

Ao ThALE (G2600R)

Tough flopegreined thinwbedded sandstone, unfossilie
ferous min, 1 6

Vissile dark gray shales, silly at Sop, s o
unfonailiferous

Ironstone, shelly colitle fineegrainad siderite
Madsone

Soft unbedded pale purplish shelly silte 1
Ironstons, sholly fineegreined siderite mudstone 5
Soft grey silts with Jagdcla and vootlets (monemarine)

&4'4



vith rare to 4Aft. 9in, from base 7
Dark silty shale with shells (2ft%, 8in) down
into poorly~bedded grey-gresn silts 3
Sof't shelly silts with ironstone, ghtly colitie
siderits mudstone (I) at topp Ustubes a2t base 2

N J2E0AL = IEELUD QAL (692007)

Sandstone with smallescale trough from NE;
unfossiliferous, penetrated by rootlets at top 13

Dark silty chale with sand laninae passing down
iate shals

Ironstons, pale grey unfossiliferous slderite mudstone
Shelly sandstone

Grey esilty shale 1
Sandstons, silty in lower part
Shale, silty laminae in upper psrt 1

Unbedded silty shals with unfossiliferous siderite
mudstone 3 in from tep

Ironstone, pale grey shelly and slightly eolitic slderite
mudstone (I)

Grey silty mieacecus shele (7in). passing down into soft
pale fosuilifarous silts

ironstone, fossiliferous siderite mudstone (3)

Seft grey unbedded s=ilt with oconsionel nodules of pale
grey siderite mudstonej shelly

Tough mieaceous earbonaceous ailt with wood frogments and
ocensional shells

> 9 N N N W

[+ P—



Soft grey shale with plant ssterial (non-marine) TOTAL 'z‘i 6

e BOSIRAE GO0 (T1967)

denum. o8

Dark grey shale wvith lamines and small lenses of sand
near the topy rare ironstone nodules 7 ©

ocolitic siderite mudstons
m Eg-u-uhd-ﬁu(:) 5
Dark, poorly-bedded fossiliferous silty shale 1l 0

Gray ferruginous silyy sandstons, soft and
m“ru-aumm in upper part vith

o senaded TOML H

3% BOSEDALE MINRS (3ae) (728245)
Sandstone, massive weathoring, panetrated by rootlete 0 o

Dark grey silty shales with sandy laminee, passing
dowmards into shale

Ironstone, shelly and slightly colitie
Poorly-badded sandy shelly silts

Massive sandsione, penetrated by rootlets 4 ©

Flatebedded forruginous sandstone with ogosslonal shells
slderitic and oolitic developnents common at sy level & O
Thinebedded sandatone vith fossiliferous bands; bedding

may be destroped by extensive burrowing 5 9
Dark grey shale, with sand lasinae in upper part and
Wmmw'hﬂm«u.ulmudt 6

Ironstone, impersistent fossiliferous slightly ocolitic
siderite mudstone WA o 3

8il4y shale, fossilifercus, with poorly-bedded silt at base 6«18
Contecsssesse



£

Shelly unbedded silts wvith impersistent foszilifercus ironstons
at tops amll Ustubes at base H
TOBAL .

A4 JARIOT GECK (757260)

mmwumzmsuﬂku
::lucultmuub-u. 1«4 non~-shaly sendstone at

Shale, silty in upper part) wscattered ironstone nodules e 5 o
Horison of laterally extensive siderite mudstons nodules b

Sof't dark poorly-beddad edlty shale with fossils; abundant
small burrows 6

Slightly colitic siderite madstons vith occasiomsl shells (I) =3
Soft silty shale 13
Soft allty siderite mudstone wvith shells, chiefly gastropods

larger
in grovth position. tent nodular
Mdﬁ‘m ths at teop 8
Soft grey silty dhale with plant remadins

AW BLOL G (530940)
Sandstone, f ne-grained and flaggy 3
Shale c.l2
In-\.a‘d\nldvqhwmmm
siderd at besej sbundent Ehdedonive and
in vertieal poai % o 3 &
Dark silty shale with shell casts; pebbles st base 1 4

TOTAL 2 0



da el sl

(1) fample is broken up by light hamumering and is then orushed
gently in a pestls and mortar, the disaggregsted mterial being
sleved off from time to time, Crushing is continued until all
greins are disaggregated.

(11) e disaggrogated msteriel is then transferred to & crucible
and heated with 508 HOl, to resove iron carbomate and oxide, and
caleite,

(111) ™e materisl is then filtered and washed thoreughly and
sived on a 230 mesh zleve by means of a Jet of water.

(1v) T™he sand retained on the siwe 1s dried and transferred to a
stack of sieves ranging from 23(mesh to the largest mesh required,
and 1s sieved on a sieve shaker for § hour, _

(v) saterial vhich passed through the 230 mesh sieve in stage 3 is
washed on successively finer sieves and the several fractions dried
and weighed, The suspension vhich passed through the 400 mesh
sleve vas dried andwilghed., Size aralysis was not carried out
beyond the liait of sleving,



R A=l DACIRACTIZL

The material to be analysed was ground % & fine powder with
an agaje postle snd zortar, and the powier trensferred into &
beaker of water and stirred into suspension. The suspension wes
then allowad to settle for ebout an hour so that the larger and
heavier particles settle outs A gliss slide was then placed
horizontally within the remaining suspension and left until a thin
coating of clay hed accumulateds Te liguid wes then pipetted off
as rapidly as possible and the slide removed and dried,

The Xeray traces of soms of the clay semples examined are given
in figare 4,1, FPigure 4,2 shows the comparison of the diagnostie
poaks of dickite and imolinite, Hm»)ﬂmﬁomm:l‘
foldspar was confirmed fyrom the Winter G411 ironstons, The kay/the
 trece mumbere s as followss

(1)
(11)
(114)

(av)

(v)a
b

Interstitisl elay from chammel mandstone (kmolinite)
Clay from non-aarine shele (molinite)
w‘;mmmmm

Clay froa marine shale,{kaolinite).

Enolinite, basal ironstone, Iron Scar
Sictintes hesth Soomtune; Rgton Sungt.
Dickite sandstons unit, Gredn Beck

Diokite with kmolinite, sandstone wdt, New Wath Scar,

(vidi) Albite with quarts (insoluble residus), tep of Vinter G411
Ironstonse



VWP ~ PO 87
.l
+sl
e
[ &
»
» =
e
o
o~
Ziavnd = d
41 FLINOISOM - W
AUNITOYM = M
-
'—
3 D m [ rveu




&b

FIG. A.2

¢/ 24

oY

LLE

vz0

TG E

oz e

"Wz

ya
SNY3d
¥vYdSa13d

[14

o584

£

o84

FIG.A.3



S JeBAY PHOTOVEARE
Xeray photogrephy wae carried cut on two single coliths froa the

Vinter G411 ironstonse Those were obtained by crushing the rock and
exacining it under & bLinocular microscope in order to select coliths
vhich showed the least amount of margimal sideritimmtion, The aA
valuos obtained and the 1ine intensities are given bolow and
compared with valuos given Ly Brindley (1951) for orthogonal 78

chanosite,
BRILEY (1951) OBTTRVED
I(awe) nd als) lt‘ alr)
? w 2
- B r @
k] 002 34513 3 352
I W e
T @8 -
48 g:& " 213
)% 3:‘. u 1.77
2 A0 1,70
P B
i % .
az 204 147 W Le47
062 1.420 W L4
g 005 1.405
2 %mu w 1342
u AGL 1,320 W 1.3

o impurites could be detected on the photographs snd it would seem
that the 144 1ine is & feature of the chawouite iteelf. The 003 sefe
lection of chlorite is not developed and it would therefore appear
that, in part, the chasosite has & L4A structure as deseribed by Ven
Eaglehardt (1942)s The diffuse nature of the 201 yeflections suggests
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& certain amount of disorder as desoribed by Yousll (1955),



RaET GHESICAL JMETIQD 007 RHOCEREATE DETUUURATICN

| About 4 gu rock powier i weighed out into & crasitle and
15 coe conoe HOL and 5 cos conce N0y added; this mixture Lo then
eveporated Lo drynesse Bvaporation is repeated tulce vith small
quantities of conce 40, to decomposs fluorides. 4 fev drops of
ammoniun nitrate are added befors the fimal eveporation to aid in
driving off i¥,

When completely dry the crucible is beated ustil the contents
becoms byown, and then ccoleds The crust is molstened with Moo,
184 N0y and the Liquid gently bolled for @ fov simites, The liguid
is then filtered (No.40) into & 250c0. beaker, The crucidle is
raiosed and the filter washed six times with some varm dilute seld,
making sure that the bulk of the liguid doss not esseed 5%,

About 250 ansoniue nitrete solution (340 gne/l.) 1s added and
the 1iquid hested to boilings A hot mizture of 20 coe each of
amnonius wolybdate solution (30 ga./500ce warm water) and 113 nitrie
acld is added with constant etirrings The liquid is filtered and
the llirate tested with wore a.sonium molybdste and any precipitate
filtered off. This process is repeated ustil no further precipltate
comes downs The precipitate in the filter is then washed with e
Lilil solution of ammonius aiirste N0, and water, washing down the
mﬂmmwywu-ormumm
no permanent precipitationin a fev drops of filtmate placed in & watoh-
glass, About SOoe of washing mixture should euffice.

The filter paper Lo fllled with lel NN 0N snd put the dfssclved
precipitate into the origimal beaker, Ammoniun hydvexide is add @
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until solution is completes 10 0o magoesia nixture is added,through
the same filter, to the solution in the beaker and stirved vigorously
to profuce & oryotalline precipitate, The beaker o allowed to stand
for 12 hours and the contents then filtered though a ssall paper,
the material adhoring to the aldes of the beaker being rubbed off,
The precipitate is wched woll in 3% assonis golution,

The filter paper and its contento are pluced in & welghed
erucible, earbonised and then igaited at bright red hest, Te
weight of the yellow precipitate multiplicd by & factor of 0,638
gives the welght of K203 present in the original sasple.



340

Ra SZRNG JLLNCD FOR CAIBQUAZES LN JHAN SECIION (modirfied from

Dickson, JeAWDe (1965), Nature, 205, p,587.)

PRERTAY

A1 solution O,2g alisarin red 8 per 100s.ce 1.5% HOL.

Bi solution 2,05 potassium ferricysnide per 100c.c. 158 HC1,
C: solution 1.0 alizarin red 5 per 100s.ee watoer.

Solutdons A and B are mixed in the ratlc A = 312, The thin
section 1s imnersed bn tide mixture for 20 seconds, and 18 then e
resoved and vashed gently. Staining is carried out for o further 5
%o 10 seconds in solution U, and folloved by & seeond vsshings

Stehing of the slide before staining wes nob carried out as this
causes u very proncusced relief Letween minerals of contmsting
solubility, vhich leads to fooussing difficulties in photogrephy of
the thin sections, espoeially et high mgnificetion, Incipient
eracking of the blue staln seens to be commony the second stage of
the staining is therelore carried out im @ queous, rather than acid,
solnidon, in order to provent sccentustion of this crasking by

effarvesconco,.
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Sectioning of colitic ironstones subsequent to the preparation
of much of this thesis threw soue light on the feature previously
ageribed to the presence of finely divided opel (pages 126, 137,60, ).
In order to avold oxidation of the siderite matrix some sections were
coverwalipped quickly and st lov temperature, using Canuda Balsaw,
Goliths, which in previous sections of the same rock hed appeared
clear, were to a large extent ojeque, and whlte in reflocted light,
On heating aud the old Canada lelsan Lelug sonangl Qff and replaced
with fresh materiel, the opacity disappesred, After several experie
mente it was decided that the opacity was csused by sinute particles
of air being trapped vithin the porous chamosite envelopos because at
the time of cover-slipping the balsan had not become sufficiently
fluid to displace the air. The effect of Strapping of air 1s similar
to that seen vhen the section is exazimed dry, prior to cover-slipping,
Sections should therefore be left on the hot plate wvith the balsam until
all opneity is seen to have disappeared, Alternatively [ULLING A
%‘urridwtltbvwmmuhmtm%“u
Caedax or Depexs There is, hovever come indication thut the Depax

reacta vith the lakeside mounting wedium as some ooliths cracked and
tended Go float up out of the plane of section,
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