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Abstract

The Carboniferous Central Pennine Basin provides an ideal testing ground to
examine the effects of tectonic activity, climate variation, sea-level changes and
evolving bathymetric conditions upon continental to marine strata. During
deposition of the glacio-eustatically controlled Millstone Grit Group the bathymetry
of the area changed, tectonic activity has been invoked to explain basin-margin
unconformities and high frequency climate variations have been interpreted as a

driver of small-scale cyclicity.

Tectonic activity does not appear to have affected the stratigraphic character
of the Millstone Grit Group significantly. The inference of a major tectonic
unconformity on the northern margin of the Central Pennine Basin is re-interpreted
through recognition of an incised valley. The influence of active tectonics is minor

but tectonic lineaments provide loci for syn-depositional structural activity.

Facies analysis of Gilbert-type deltas within incised valley fills indicates a
highly variable flow regime. Contrastingly, Gilbert-type deltas during sea-level fall
are formed under constant, low flow conditions. This difference is tentatively linked

to variable monsoonal discharge.

Bathymetric differences combined with sea-level variations strongly
influence stratigraphic development. Shelf height is inferred as a control on valley
incision based on analogue modelling, detailed field investigation of the oldest part,
and literature review of the entire Millstone Grit Group. The deepest incised valleys
occur where fluvial systems incised into the highest shelf margins. Analogue
modelling indicates that deep incised valleys are associated with increased sediment
supply to the slope relative to incised valleys formed on lower shelf margins during
the same magnitude sea-level falls (in agreement with field data). Additionally,
lateral variations in shelf-margin height appear to have steered the positions of
fluvial systems, increasing the likelihood of valley incision in specific locations.
Integrating basin depth and basin-margin morphology in sequence stratigraphic
models as a controlling factor on the behaviour and position of fluvial systems
might thus improve insight into the position and size of incised valley systems and

associated turbidite lowstand fans.



Table of Contents
ACKNOWIBAGEMENTS. ... ii
ADSTFACT ...t bbb 0\
Table OFf CONTENTS .....c.viiiiie e %
LISt OF TADIES ... s IX
LIST Of FIQUIES ..ottt et esreesaeeneenne s X
1 THeSIS RALIONAIE ......ocuiiiiieic e 1
S 11 o T L1 T [ o SR PSPTURSRRP 1
1.2 TheSIS ODJECHIVES ....vecvviciieiiece ettt 2
1.3 THESIS SLIUCTUIE ..ottt e 4
2 Basin Depth as an Allogenic Control on Fluvio-Marine Sediment
PartitiONING ...oeeecc e nre s 5
2.1 ADSITACT ...ttt bbbt 5
2.2 INTFOAUCTION ...ttt nnees 6
2.3 METNOUS......eiieieiciee e 8
2.3.1 Experimental faCility..........cccoeiiieiiiiiiiie e, 8
2.3.2 Experimental proCedUre ..........cccivviiiiiiiiiiee e, 11
2.3.3 SCAIING....cciiiiiiceee et e 12
2.3.4 DALASEL......coiuiiiieeiie e 13
2.3.5 Grain-Size eXPEriMENTS.......cccorerireririeieeierie et 14
2.4 RESUITS ...ttt ettt 15
2.4.1 Experiment 1 -Basin 1 (E1_M1).....ccoooiiiiiiiiieiece e, 15
2.4.2 Experiment1-Basin 2 (EL_M2).....ccccooiiiiiiiiiiciieceee, 18
2.4.3 Experiment 2 - Basin 1 (E2_M1)....c.cccociviiiiiiiiieiiccec e 18
2.4.4 Experiment 2 - Basin 2 (E2_M2) .......ccccvviveiiiiiiecie e 21
2.4.5 Grain-Size eXPEriMEeNTS.......cccovirirererineeieie et 22
2.5 Controls on Fluvial Profile Shape and Fluvio-Marine Sediment
ParTITIONING ... 24
2.5.1 Basin depth.......ccocoiiiiiiiiiee 24
2.5.2 SUBSIABNCE ..o 27
2.5.3 SCAIBVEL ... 27
2.5.4 Water-sediment discharge ratio...........ccocvvvveneienc i, 29
2.5.5 AULOSLratigrapny......ccccceieiiiiiiiece e 30

2.6 APPHCALION ...t 31



-Vi-

2.6.1 Case study 1: Maastrichtian Fox Hill - Lewis shelf margin,

Southern WYOMING .....coovviiiiieiece e 31
2.6.2 Case study 2: Eocene Central Basin, Spitsbergen..........c...ccccueu... 33
2.7 CONCIUSIONS ...ttt sttt ste e sre e e 34
3 Allogenic Controls on Stratigraphic Architecture of the Carboniferous
Craven BaSiN .....c.ociiiiiee et 36
3.1 ADSIIACT ..o 36
3.2 INTrOTUCTION ..ttt nne e 36
3.2.1 Geological SEHHING......cccueiuiiieieee e 38
3.2.2 Structural frameWork .........ccoooverviieiieesieseee e 44
3.2.3 Stratigraphic Framework............ccocviiiiiiiiii e, 45
3.3 MBLNOUS.....cveciiiieie e e 52
B8 RESUILS ...ttt nre e 53
3.4.1 Location descriptions on Askrigg Block...........ccccocvviiiiiiennn, 53
3.4.2 Location descriptions Transition ZONE...........cccoevvevveieieeseariennin, 67
3.4.3 Location descriptions of Harrogate sub-basin ...........c.ccccceveiennen. 86
3.4.4 Location descriptions of Bowland High and Lancaster Fells
SUD=DASIN ..ot 90
3.4.5 Location descriptions of Bowland sub-basin..........c..ccccccoeveenen, 97
34,6 FACIES ..oveeieeee ettt nae e 106
3.4.7 Facies ASSOCIALIONS ......cueverierieiiiieiiesieee e e 120
3.4.8 Sediment volumes of stratigraphiC UnitS...........c.coovvvniiiiennenn. 122
TR I 1ol L1 o o ST 125
3.5.1 Depositional enviroNMENts ...........ccccceevveieiiieeieere e, 125
3.5.2 Sequence-stratigraphic interpretation of stratigraphic
AICHITECIUNE ... e 128
3.5.3 Intra-E1c1 unconformity .......cccceevveiii i 135
3.5.4 Tectonic activity in the Craven Basin..........cccocevvvieiveieseennnn, 139
3.5.5 Application of analogue modelling.........ccccoovviiiniiniiiienn, 140
3.6 CONCIUSIONS ......eiiiiiiie it 143
Chapter 4 Delta Front Character and Processes in the Carboniferous
CraVven BaSIN ......ooiiiiiieiieeie et 144
4.1 ADSITACT ... e 144
o 111 £ L1 o1 o] o ST 144
I |V 1= 1 oo ST 147
A4 RESUILS ...ttt ettt 147

4.4.1 Facies deSCrPLIONS .....ccveveeieiierieeie e seesiesee e see e aesae e nnees 148



- Vii -

4.4.2 FaCIeS aSSOCIATIONS .....ecvveveerieiiieiiieiesieesiee e seesieesee e eie e sreas 153
4.4.3 Statistical analysis of facies transitions...........c.ccvcevverieeieniinnnn, 163
4.4.4: Statistical analysis of depositional dip..........ccccccevvviiiiiiiiiiennn, 164
4.5 DISCUSSION ..c.veetieiieitiesieeseesiee e e e siee e te st e teeste s e ste e tesseesaeenbesneesreeeennes 166
4.5.1 Facies interpretation: delta front flow processes............c.ccccueuu... 166
4.5.2 Facies associations: delta front flow processes............cccccvevenen, 172
4.5.3 Hyperpycnal flow strength.........ccooevieiiiii s 175
4.5.4 Froude SCAIING .....coveiiiiiriieie e 178
4.5.5 Previous depositional models...........c.cccovevviiiiiieieiic e, 182
4.5.6 Hypothesis of climate forcing ...........ccoovvvvieieneniiiiiseeeeee, 185
I 0] o To] (11 o] o SR 191
Chapter 5 Overview of the Controls on Facies and Sedimentary
Architecture in the Carboniferous Central Pennine Basin...................... 192
5.1 ADSIFACT ....eee et nnes 192
5.2 INEFOTUCTION ...ttt 193
5.3 IMEENOUS. .. .ecteeieieie et nneas 195
5.4 RESUIS ...ttt nneas 196
5.4.1 Ej,- Exc zone (Pendleian; Fig. 5.28) .....cccooeeeeveeveciecece e, 196
5.4.2 Ep, zone (Early Arnsbergian, Fig. 5.2D).....ccccooiiniiiiiiiien 200
5.4.3 Ezp— Eyc zone (Middle to Late Arnsbergian, Fig. 5.2C).............. 202
5.4.4 Hi, — Hyp zones (Chokierian, Fig. 5.2C) ...ccovveveeveiievece e, 202
5.4.5 Hj, — Ryp (Alportian — Middle Kinderscoutian, Fig. 5.2d).......... 203
5.4.6 Rjczone (Late Kinderscoutian, Fig. 5.38, D) .......ccccocvviiiiiennnn. 204
5.4.7 Rya — R2p3 interval (early Marsdenian, Fig. 5.3C) ......cccccveevennen. 206
5.4.8 Ropd — Ryp5 interval (Middle Marsdenian, Fig. 5.3d) ................. 208
5.4.9 Ry interval (Late Marsdenian, Fig. 5.4a).......c.ccccovvnininiciinnnenn. 208
5.4.10 G14— Gyp interval (Yeadonian, Fig. 5.4b,C) ....ccoovviiviiiiin, 208
5.5 DISCUSSION ...vvivrerieetiesieeiesteesiae e steesieesaessee e eseesreesaeeneessaesseensesseessesnenssens 210
5.5.1 Shelf margin CONSIIUCTION ........ccccoiiiiirieieiee e 210
5.5.2 Large-scale shelf margin propagation.............ccccceevveviivevneineenne. 214
5.5.3 Effect of variations in basin depth on valley incision................. 217
5.5.4 Effect of basin depth on sediment volumes ............ccccceevivenenn. 221
5.5.5 Effect of lateral variations in basin depth on incised valley
POSTEION ..ttt 221
5.5.6 Effect of basin structure on incised valleys width ...................... 222

5.5.7 Effect of diSCharge ........ccovviiiiiii e 225



- viii -

5.8 CONCIUSTONS ... e e
LiSt Of RETEIENCES ... .o
Appendix 1: Borehole details ..o



-iX -

List of Tables

Table 2.1 Input parameters and boundary conditions of the experiments.
Parameters Q,, and Qs denote water and sediment discharge,
respectively. Parameters T and AT denote the duration of the

experiment and the interval between measurements...........ccccceeeveennnne.

Table 3.1 Description of main lithofacies and facies associations present

within the E;cl and E3c2 CYCIES. ...

Table 4.1 Exposures at which detailed measurements on foreset dip and
facies succession are obtained for Markov Chain analysis.
Depositional dip measurements in italic font refer to dip of intrasets.
Facies transitions indicated by ‘>’ are clear transitions, intervals
denoted by a comma show multiple alternations between different

TACIES TYPES. it

Table 4.2 Estimates for critical Shields stress, suspended sediment
concentrations and excess density of fluvial outflow. Note that
suspended sediment concentrations do not assume additional factors
that might influence the density difference between fluvial and

basinal water. See text for diSCUSSION. .......coov vt

Table 5.1 Ammonoid zone stratigraphy and mesothem zones of Waters
and Condon (2012). Inclusion of an Anthracoceras marine band
based on Hampson et al. (1996). Major cycles based on Martinsen et
al. (1995). Abbreviations for ammonoids B: Bilinguites, Ca:
Cancelloceras, C: Cravenoceras, Ct: Cravenoceratoides, E:
Eumorphoceras, H: Hodsonites, Hd: Hudsonoceras, Hm:
Homoceratoides, Ho: Homoceras, I: Isohomoceras, N: Nuculoceras,

R: Reticuloceras, V: VErNEUIITES.........ccevviiiiiiii e

.162

178



List of Figures

Figure 2.1 (a) System-scale static equilibrium (sensu Paola et al., 1992a)
is only obtained over geological timescales. The linear equilibrium
profile drawn here is idealized (cf. Postma et al., 2008) and will not
form in natural systems for multiple reasons but illustrates that all
fluvial accommodation space is infilled. (b) Development of fluvio-
deltaic systems on geological timescales. Progradation results in
aggradation of the topset and prevents these systems from achieving

system-scale static eqUIlIDIIUM. ........ccoooveiiiii i 7

Figure 2.2 (a) Top view of the experiment setup, consisting of two
mirror-image models. Sediment and water are added at the
sediment feeder. In the fluvial zone no tectonic movement occurs. In
the basin, 3 zones of distinct depth are formed. Dimensions (mm)
are indicated in regular font, gradients in italic font. (b) Side view of

the experiment, along transect P-P’ in (a). .........ccccccooevveveiiieci e 9

Figure 2.3 Input parameters. The accommodation space is given for the
deep zone of the basin, the intermediate and shallow zones of the
basin have an accommodation space of 2/3 and 1/3 of this value.
Note that in (a) E1_M1, and (b) E1_M2, the subsidence and
accommodation space curves overlay because base level is constant,

ON =Y G ) N0 2

Figure 2.4 Representation of methods. (a) Curvature of the longitudinal
profile (%) is calculated as the volume percentage of a triangle
connecting the upstream and downstream ends of the longitudinal
profile (the achieved gradient). High curvature percentages thus
imply that the system becomes less concave. Grade of the
longitudinal profile (%) is calculated with reference to an estimated
bypass gradient. See text for discussion of the bypass gradient. (b)
Sediment bypass is calculated as a percentage between the sediment
volume transported past the shoreline of the initial height model,
and the total sediment volume between two successive height
models. Note the overall increase in basin depth and basin geometry

INMOAEl EL ML, oo e 14

Figure 2.5 Experiment setup for Scenario 1 and 2. (a) Side view of

experiment setup. (b) Top view of experiment Setup. ......cccccvevvvvvereseenenn, 15

Figure 2.6 & 2.7 (a) Input parameters for E1_M1 and E1_M2.
Accommodation space shown for the deep part of the basin,
accommodation space in the intermediate and shallow parts is 2/3
and 1/3 of this value. (b) Rate of change in accommodation space, (c)
Basin depth (mm) calculated along the strike of the clinoform, (d)
Topset area, (e) Progradation rate, calculated between the shoreline
of successive height models, (f) Sediment bypass, see Fig. 2.4b, ()
Curvature of the longitudinal profile, see Fig. 2.4a. (h) Grade of the

longitudinal profile, See Fig. 2.4a. ......cccccveieiiiiiee e 16



-Xi -

Figure 2.8 Width-averaged transects through the shallow and deep parts
of each experiment. Transects mainly differ in the proximal part of
the basin (see Fig. 2.2a). Each line represents an increment of 8 h
=TI o TR T ) RS TR 17

Figures 2.9 & 2.10 (a) Input parameters for E2_M1, and E2_M2.
Accommodation space shown for the deep part of the basin,
accommodation space in the intermediate and shallow parts is 2/3
and 1/3 of this value. (b) Rate of change in accommodation space, ()

Basin depth (mm) calculated along the strike of the clinoform (d)

Topset area, (e) Progradation rate, calculated between the shoreline

of successive height models, (f) Sediment bypass, see Fig. 2.4b, (g)
Curvature of the longitudinal profile, see Fig. 2.4a. (h) Grade of the
longitudinal profile, see Fig. 2.4a. ..o 19

Figure 2.11 Topset morphology of E2_M1 during sea-level cycle 3. (a)
Highstand Normal Regression, the entire surface area of the topset
is frequently wetted. (b) Early Forced Regression, small interfluves
emerge that are regularly eroded, (c) Incised valley formation
during late Forced Regression initiates at the shoreline of the deep
basin, (d) Valley widening due to lateral migration of the incised
valley mouth during progradation (e) Transgression of the distal
topset, continued upstream erosion from previous sea-level fall
results in diachroneity of the sequence boundary.............ccccooviniiiiennn 20

Figure 2.12 Erosion-deposition maps for E2_M1. Blue and red indicates
respectively deposition and erosion; the intensity of the colours
represents its magnitude. Grey contour lines are spaced at 10 mm
vertical intervals and indicate topography at the end of the mapped
interval. Yellow contour line represents the shoreline. (a) Lowstand
1 (8 — 16 h), relatively minor erosion and rapid progradation into
the shallow basin. (b) Transgression 1 (16 — 24 h), deposition occurs
along the entire longitudinal profile. (c) Lowstand 3 (56 — 64 h),
erosion is more severe and has migrated far upstream. Less
progradation occurs than in lowstand 1 due to the significantly
deeper basin. (d) Transgression 3 (64 — 72 h), erosion related to the
previous sea-level fall continues updip during the entire sea-level
rise while the coastline is characterized by back-stepping lobes on
the lowstand Shelf. ... 22



- Xii -

Figure 2.13 Longitudinal gradients and downstream fining trends. (a)
Longitudinal profiles for Scenario 1 through time. The final profiles
overlay each other, implying full sediment bypass along a bypass
gradient. The dashed line represents initial bed height and position
of weir. (b) Sediment samples collected along the final longitudinal
profile indicate that the coarse-grained fraction (> 1 mm) is present
along the entire profile without a clear downstream fining trend. (c)
Grain-size samples collected below the downstream weir from 0 — 4
h are depleted of coarse-grained sand (> 1 mm), indicating
downstream fining. From 4.5 h onwards, input and output of coarse-
grained sand (> 1 mm) are roughly equal indicating that no
downstream fining occurs. The peak in coarse-grained sand (6.5 h)
might indicate progradation of a gravel front that accumulated
upstream during the earlier stages of the experiment. (d)
Longitudinal profiles for Scenario 2. Dashed line indicated by E
indicates sea level and initial bed height. Bypass gradient is equal to
Scenario 1. (e) Grain-size samples collected along the final
longitudinal profile indicate that the coarse-grained fraction (> 1
mm) is mainly retained in the steep, proximal part of the system (0 —
728 1 1) PRSP UR PSRRI 23

Figure 2.14 (previous page) Influence of basin depth on the longitudinal
grade of sedimentary systems. Gradients and curvature are
exaggerated. (a) In a system of fixed length equilibrium profiles can
develop in which the sediment input is equal to the sediment output.
(b) In sedimentary systems prograding into shallow basins, high
progradation rates lead to strongly concave longitudinal profiles in
which coarse sediment is largely retained upstream. (c) In deep
basins the longitudinal profile can grade closely towards equilibrium
because of low progradation rates, resulting in high sediment
transport rates to the coastline and limited downstream fining. (d)
Ramp basins will show a progressive grading towards equilibrium
conditions and a decrease in downstream fining. (e) Sea-level fall in
shallow basins or on a shelf. Rapid progradation will impede erosion
but sea-level fall will still lead to an increase in grade, sediment
bypass and reduced downstream fining. In exceptionally shallow
settings, grade and concavity can be reduced. (f) Sea-level fall in
basins of moderate depth leads to significant erosion and high
sediment supply rates during late falling stage and lowstand. (g)
Sea-level fall in deep basins will have the highest likelihood of
generating incised valleys during sea-level fall, leading to high
sediment bypass rates, and within the incised valley lowering the
bypass gradient. (h) Sea-level rise increases concavity of the
longitudinal profile and strong downstream fining, resulting in fine-
grained highstand systems aggrading on the lowstand shelf deposits....... 26



- Xiii -

Figure 2.15 (a) Clinothem succession of the Maastrichtian Fox Hill —
Lewis Shelf Margin, Southern Wyoming. Note that the
aggradational succession in Stage 1 (C1-C9) represents a relative
sea-level rise, and Stage 2 (C10-C15) a progradational succession
during relative sea-level still stand. Simplified from Carvajal and
Steel (2006). (b) Sand/shale ratios for individual clinothems.
Modified from Carvajal (2007). (c) Alternative interpretation of
sediment volume and grain size trends, with strongly exaggerated
gradients in which the differences in sediment supply and grain size
are attributed to the response of the longitudinal profiles to changes
in basin depth and basin development. ............cccccevieiiiiie v 32

Figure 3.1 Outline of main land, shelf and basinal areas at the end of the
Visean. Yellow arrows indicate the approximate direction from
which the Millstone Grit Group arrived at the Central Pennine
Basin during the Pendleian. Note that the northern Northumberland
Trough and Stainmore Trough-Cleveland Basins were largely
infilled with syn-rift deposits before the start of the Pendleian
(Redrawn from Waters et al., 2009). ........ccccooveiieieiiieieeie e 39

Figure 3.2 Map of the outcrop belts for the Pendleian Millstone Grit
succession in the Craven Basin, based on 1:50.000 geological maps of
the British Geological Survey. Borehole locations are indicated by
italic letters at the map, key outcrop locations are indicated by
numbers. Numbers in legend (e.g. [3879 4949]) refer to the
Ordnance Survey coordinates. Tectonic lineaments are redrawn
from Kirby et al. (2000). .......ccoiiiiiieiei e 41

Figure 3.3 (next page) (a) Chronostratigraphy for the Carboniferous.
Dating of Namurian sub-stages based on Waters and Condon (2012),
other ages are from Davydov et al. (2010). Major episodes of
tectonic activity in the Craven Basin are from Kirby et al. (2000).
Magnitude of Carboniferous eustatic sea-level fluctuations are based
on Rygel et al. (2008), dark blue boxes indicate individual periods of
major sea-level variation as recorded in the Central Pennine Basin
(Waters and Condon, 2012). (b) Lithostratigraphic column for the
Pendleian sub-stage, modified from (Kane et al., 2010a). ‘E’ refers to
Genus Zone Eumorphoceras. Distinctive thick-shelled ammonoid
horizons denoted in italics ‘C’ Cravenoceras, ‘T’ Tumulites. ................... 41

Figure 3.4 (a) Stratigraphic nomenclature compared to key references
for the Craven Basin, and (b) theAskrigg Block . See references
within these publications for older and local names. (c) Preferred
correlation of flooding surfaces between the Askrigg Block and
Craven Basin (see section 3.2.3). Note that if the Cravenoceras
malhamense Marine Band in the Craven Basin is correlated to the
Little Limestone on the Askrigg Block, higher limestones in the
Stainmore Formation cannot correspond to eustatic variations
recorded in the Craven Basin. Additionally, such correlation would
place the Crow Limestone in the same sea-level cycle as the Bearing
and Pendle Grits, which is considered improbable.............ccccoiinnnnn, 46



- XIV -

Figure 3.5 (previous page) (a) Locations and relevant features in the
Bearing and Warley Wise Grit on the Askrigg Block. Cross sections
D-D’ and E-E’ are presented in Fig. 3.6. Red dots indicate positions
where the rapid pinch out of the Bearing Grit channel belt complex
is observed. Fossil localities of the Blacko Marine Band are
indicated with symbol (L). Background is a 1:625.000 geological
map of the British Geological Survey. The Bearing and Warley Wise
Grit are not indicated on the map but form the basal part of the
Millstone Grit Group. Note the unconformable relationship between
the Millstone Grit Group and the Stainmore and Alston Formations
as indicated by the progressive absence of the Stainmore Formation
southward. (b) Section at the northern margin of the Askrigg Block
where the position of the Blacko Marine Band is unknown. The
erosionally-based channel belt observed west of Summer Lodge
Beck is tentatively correlated in the Bearing Grit (Modified from
Dunham and Wilson, 1985). Panel levelled at the top of the Great
Limestone cyclothem. (c, d) Sections along Waldendale and
Coverdale, indicating the eastern valley margin and lateral
occurrences of a heterolithic succession including coals and
palaeosols overlain by the Blacko Marine Band (Modified from
Wilson, 1960). Panels levelled at approximate position of the
Cravenoceras cowlingense Marine Band. .........cccccooeviiininniiiniceee, 56

Figure 3.6 (a) Cross section D — D’ (see Fig. 3.5a) is approximately
perpendicular to palaeoflow on the southern margin of the Askrigg
Block. (b) Cross section E —E’ is approximately parallel to
palaeoflow along the eastern outcrop belt. Individual sections are
described in Results (Section 3.4.1). Panels levelled at approximate
positions of the Blacko Marine Band. The Warley Wise Grit interval
of Pen-y-ghent is based on Martinsen (1990). Coalgrove Head Shaft
is based on Dunham and Wilson (1985). Bewerley Mines No. 1B
Borehole is based on Brandon et al. (1995). Crook Dike section
based on Wilson (1957) and Brandon et al. (1995). Summer Lodge
Beck section based on Dunham and Wilson (1985). Other sections
based on fieldwork and borehole drilling records (Appendix 1)................ 59

Figure 3.7 (a) Photo-interpretation from the Bearing Grit succession on
the SW flank of Pen-y-ghent. Channel storeys containing cross-
bedded sandstones (F8) indicated by yellow numbers. (b, )
Occurrence of large-scale foresets (F7a) at the base of channel storey
4 at Pen-y-ghent. Photo in (a) from
http://jameshandlon.com/2010/11/18/ascent-of-pen-y-ghent/
(cropped) and photo in (b) from
http://irlsey.wordpress.com/2013/05/18/pen-y-ghent-north-
yorkshire/ (cropped) because weather conditions did not allow
photos from sufficient diStancCe ...........ccccocvveiiiii i, 66




_XV_

Figure 3.8 Cross section F — F’ (see Fig. 3.2 for location) indicating
longitudinal differences in stratigraphy in the Craven Basin.
Sections 1 — 6 are levelled from a coal seam at the top of the Bearing
Grit. Sections 7 - 9 are correlated based on the occurrence of two
coal seams near the top of the Warley Wise Grit. Overall, the panel
is levelled from the inferred position of the Cravenoceras

cowlingense Marine Band. See Fig 3.2 for locations..........c.cccccvevevenennen.

Figure 3.9 (previous page) (a) Interpretation of west and south side of
Barden Moor (see Fig. 3.2 for location). Note the two stratigraphic
levels within the Bearing Grit at which Gilbert-type deltas occur.
The position of the coal seam above the inferred level of the Bearing
Grit (see section 3.4.2.8) is used as a correlation surface in for
sections 2 -5 in Figure 4.11. (b) Photo interpretation of the north-
west side of Barden Moor. Note the relative stratigraphic positions
of the Bowland Shales, Cracoean reefs, and overlying fluvio-deltaic
sediments of the Surgill Sandstone. The top of the Cracoean reefs
occurs near the base of the Surgill Sandstone, indicating shallow
water conditions near the northern flank of Barden Moor, rapidly
deepening southward as indicated by the thickening of the Pendle
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Figure 3.10 (next page) Outcrop character of the Bearing Grit at the west
side of Barden Moor indicates a close association of sediment-
gravity-flow deposits and deltaic Gilbert-type foresets. F6 indicates
sediment-gravity-flow deposits, F7B-D indicate various types of
Gilbert-type foresets discussed in Chapter 5, F8 indicates cross-
bedded sandstones. (a, b) Northward directed overview of the upper
level of the Bearing Grit taken from Potter Gap towards the Obelisk
(see Fig. 3.9). Tectonic dip is sub-horizontal and can be observed at
outcrop 6 at the right hand side of the figure. Steeper dips represent
depositional dip of large-scale foresets. At outcrop 1 (see c, d)
Gilbert-type delta foresets are erosionally overlain by sediment-
gravity-flow deposits. These sediment-gravity-flow deposits are
overlain by Gilbert-type deltas in outcrop 2 and 3, followed on by
sediment-gravity-flow deposits (see outcrop 3) and Gilbert-type
deltas (outcrop 4 and 5, see e, f). Outcrop 6 shows trough cross-

bedded sandstones, overlying the entire SUCCESSION. .......c.ccceevververireeerennn

Figure 3.11 Outcrop map at Skipton and Bradley Moor. See Fig. 3.2 for
location within Craven Basin. Thick turbiditic sandstones in the
Pendle Sandstones coalesce into a continuous sheet near the base,
higher up they are deposited in shale-encased small channels. The
position of the Bearing Grit is inferred from correlation with the

Low Bradley Borehole (see Sections 3.4.2.6 and 3.4.2.8). .........ccccceevvenenn.
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Figure 3.12 (a) Outcrop map for Bowland Knotts to Croasdale (see Fig.
3.2 for location within the Craven Basin). The Bearing Grit
succession is well-exposed at Bowland Knotts and can be traced to
White Greet (2), where it rapidly pinches out westward. A similar
westward pinch out is observed at Croasdale, where this succession
is overlain by the Blacko Marine Band. (b) Westward pinch out of
the Bearing Grit at White Greet. Note that overlying units are
continuous on top of the Bearing Grit but not visible due to
012 ] 0 1= o1 £ YT PR 92

Figure 3.13 Exposure at Faughs Delph Quarry in the Warley Wise Grit
[38199 43922]. (a, b) Overview of the quarry exposures, indicating
the contact between large-scale foresets (F7a) in white, and
overlying cross-bedded sandstones (F8) in yellow. (c, d) Western
quarry face exposing Gilbert-type delta foresets with topset
indicating steep tectonic dip. (e, f) Eastern quarry face exposing the
overlying multi-storey sandstone. Numbers indicate channel storeys
referred to in text (SECtion 3.4.5.3). ...ccooiiiieeeiiece e 103

Figure 3.14 (next page) (a) Turbidite channel exposure. Note the
lenticular nature individual beds of Facies 4: Thick Turbidite
Sandstones, and the debritic intervals (arrows) related to
disintegration of shale clasts. Witshaw Bank Quarry [4002 4548].
(b) Close up of amalgamation surface in Facies 4. (c) Close up of
debritic interval. (d) Internal laminations within a single bed of
Facies 4. Note coarser-grained lens at base of bed and parallel cm-
scale laminations towards top. Potter Gill, Skipton Moor [4025
4514]. (e) Erosional channel base of Thick Turbiditic Sandstones
into Facies 1: Shales. (f) Small channel near the top of the Lower
Slope association incising in shales. Cawder Gill, Skipton Moor
[4002 4502]. (g) Facies 3: Thin Turbiditic Sandstones alternated
with Facies 1 in Cawder Gill (h) Facies 3: Thin Turbiditic
Sandstones adjacent to a major turbidite channel containing Facies
4. Salterforth Quarry [3882 4448]. (i) Palaeoflow indicator at base
and (j) sinuous to linguoid ripples at the top (Tc) of a Thin
Turbiditic Bed, Cawder Gill. .........ocooviiiiiiiiei e 107

Figure 3.15 (a) Facies 7: Large-scale foresets overlain by Facies 8: Cross-
bedded sandstones, Rolling Gate Crag, Barden Moor [4001 4602]
(see Fig. 3.9). (b) Facies 7 and Facies 8 at Hardacre Quarry,
Farnhill Moor [4000 4467]. (c) Facies 6: Sediment-gravity-flow
deposits at the Triangulation Point, Bowland Knotts [3722 4603].
Note the lenticular nature of these deposits. Large scours indicate
approximate southward flow direction. Beds are typically metre-
scale based on normal fining trends but fracture patterns
occasionally obscure details. Photo is optically distorted, hammer is
25 cm. Scale bar (left) is 1 m. (d) Deposits directly above outcrop
(c), indicate northward-facing cross sets both in grain fabric and
weathering pattern that are interpreted as back sets. (e) Fining up
sediment-gravity-flow deposits with diffuse laminations at Potter
Gap, Barden Moor [3991 4584] (Fig. 3.10: OULCIOP 3)....cccvvrverrerrueninnns 112
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Figure 3.16 (previous page) (a) Facies 8: Tangential planar cross beds,
Obelisk Barden Moor [3993 4588]. (b) Non-tangential planar cross
bed (facies 8), overlain by Facies 9: Parallel-laminated Sandstones
and Facies 8 containing dewatering structures. Deer Gallows Ridge,
Barden Moor [4000 45556] (c) Facies 8 containing dewatering
structures, Deer Gallows Ridge, Barden Moor. (d) Facies 9:
Parallel-laminated sandstones, Hen Stones, Barden Fell [4082 4596] .... 116

Figure 3.17 Outcrop map for the Pendle Grit Member with thickness
estimates, flow directions and isopachs. Thickness estimates and
flow directions derived from both fieldwork and literature
(Aitkenhead et al., 1992; Baines, 1977, Brandon et al., 1998; Cooper
etal., 1993; Earp et al., 1961; Jones, 1943; Sims, 1988; Waters,
2000). For borehole abbreviations, see Fig. 3.2. .....cccoiiiinininiiee 123

Figure 3.18 Outcrop map for the Bearing and Warley Wise Grit with
thickness estimates, flow directions and isopachs. Thickness
estimates and flow directions derived from both fieldwork and
literature (Aitkenhead et al., 1992; Baines, 1977, Brandon et al.,
1998; Cooper et al., 1993; Dakyns et al., 1890; Dunham and Wilson,
1985; Earp et al., 1961; Jones, 1943; Martinsen, 1990; Sims, 1988;
Waters, 2000; Wilson, 1960). For borehole abbreviations, see Fig.
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Figure 3.19 (previous pages) (a) Structural template for the Askrigg
Craven area at the end of the Visean. (b) Deposition of the
Stainmore Formation on the Askrigg Block, varying between fine-
grained clastic and calcareous deposition on a shallow shelf, while in
the Craven Basin, the rift-topography was draped by the Bowland
Shales. (c) Deposition of the early Pendle Grit: the shelf margin
was fed by distributary feeder channels (Surgill Sandstones),
resulting in a progradational shelf clinoform with numerous small
channels. Growth-faulting occurred at the base of the Pendle Grit at
Jenny Gill Quarry, Skipton Moor above the Pendle Fault system.
Progressive sea-level fall and slowing progradation in increasing
water depths should lead to an increase in the efficiency of the
fluvial system, resulting in larger sediment volumes and coarser-
grained sediment deposited in the turbidite system. (d) Deposition
of a lowstand fan in the Bowland Basin. The lowstand fan was fed by
an incised river system of which the margins indicate that it drained
towards the Bowland Basin. Rapid deposition of a thick sequence of
turbidite deposits might have re-activated extensional faults along
the Bowland Line and resulted in growth-faulting, locally steering
the position and character of channels at Waddington Fells Quarry
(Kane et al., 2010a). Valley incision during sea-level fall results in a
highly efficient fluvial system, which corresponds with the very
coarse-grained nature of the Pendle Grit in the Bowland Basin. (e)
Deposition of Bearing Grit within the incised valley coincides with
the shut off of the Pendle Grit turbidite system. The valley infill is
characterised by a very coarse-grained succession of stacked
sediment-gravity-current fronted Gilbert-type deltas. Growth-
faulting is recognised in the succession at Flasby Fell above the
South Craven Fault. During the initial infill of the incised valley, the
updip fluvial system remains erosional and efficient resulting in a
very coarse-grained succession. (f) Transgression initially resulting
in deposition of in-valley coal seams, and eventually in deposition of
the Blacko Marine Band, a regional shale succession containing
Lingula sp. (g) The Warley Wise Grit was deposited as a shallow
water delta during the subsequent sea-level fall, forming a forced-
regressive succession. This fluvial system entered the Askrigg Block
in the same area as the Bearing Grit, suggesting the Bearing Grit
valley was underfilled. Growth-faulting occurred near tectonic
lineaments in the Harrogate sub-basin. Rapid, shallow water
progradation resulted in a lower efficiency fluvial system, resulting
in smaller sediment volumes and finer grain Size. ..........cocccevveviveiiecnnnenn, 132

Figure 4.1 Alternate bar model explaining large-scale foresets within 1 —
2 km wide distributary channels (from McCabe, 1977; featured in
Reading, 1996; Collinson et al., 2006). ........c.cccoveviiiiieiie e 146

Figure 4.2 Definition sketch indicating terminology used throughout the
CRAPTET ... 148
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Figure 4.3 (a) Facies 7A: Gilbert-type delta foresets at Noyna Rocks
Quarry, tectonic dip is perpendicular to the outcrop. Tectonic dip
and depositional angles are listed in Table 4.1. (b) Toeset of siltstone
and fine-grained sandstone. (c) Laminated siltstones in toeset with
rare bioturbation. (d) Shale and micaceous sandstones in the
parting between successive foresets at Faughs Delph Quarry (see
Fig.3.13; TabIe 4.1). ..o 149

Figure 4.4 (a) Transition from facies 7B at the base of the outcrop to
facies 7C above the yellow scale bar. Potter Gap (high) (Table 4.1;
see Figs. 3.9; 3.10 for locations). (b) Base of facies 7B foresets.
Coarser grained and thicker beds indicating larger grain flows
alternated with finer, thin beds. Rolling Gate Crag (Table 4.1, see
Fig.3.9 for location) (c, d) Facies 7B foresets cut out by sediment-
gravity-flow deposit. Foreset beds contain small pebbles and are
internally massive. The recessive intervals are finer-grained bed
tops. Location is near Rolling Gate Crag (Table 4.1). .......ccccoovvviienennne. 150

Figure 4.5 (next page) (a) Lord’s Seat, Barden Fell. Type 7B and 7C
foresets are recorded on the left side of the image, and overlain by
parallel-laminated sandstones (Facies 9) on the right side of the
image. Facies 9 gradually transitions into a massive deposit towards
the top (Facies 6). Note that the Facies 9 laminations on the right
side of image approximate tectonic dip and were previously
interpreted as large-scale foresets (Baines, 1977). (b) Base of
succession exposes facies 7B, followed on by facies 7C at ~1 m above
the ground surface. Note the erosion surface ~2 m above the yellow
scale bar. (c) Opposite view of B, note steep >50° combined
depositional/tectonic dip towards the right and the backsets dipping
at a shallower angle within the scour that is also observed in B (see
Table 4.1 for tectonic and depositional dips). (d) Laminar deposits
in the topset succession, tentatively interpreted as upper-flow-
regime structures. (¢) Map of Barden Fell, indicating outcrop
positions on Barden Fell and tectonic dip measurements of the
Simonseat Anticline. More comprehensive maps are presented by
Hudson (1937) and Baines (1977). (f) Facies 7C erosionally overlain
by facies 6 at Potters Gap, Barden Moor (see Fig.3.10c: outcrop 1).
(9) Facies 7C at Potters Gap (see Fig.3.10a: outCrop 2)......ccccevevevvevveennnnnn 151

Figure 4.6 (a) Alternation of facies 7B, 7C and 7D at Unnamed Crag 2
(see Table 4.1 for tectonic and depositional dips). Facies 7D occurs
in the shallowly dipping lower half of the outcrop, and facies 7C
occurs in the steeper upper half. The structureless intervals are
referred to as Facies 7B. (b) Close up of intrasets in outcrop
depicted in (). (c) Facies 7D, with very low angle foresets and
strongly-developed intrasets. Unnamed Crag 4 (low) (Table 4.1). (d)
Close up of intrasets in Unnamed Crag 4, indicating sheared and
sigmoidal intrasets. (e, f) Opposite sides of Unnamed Crag 4 (high)
showing a transitional form between facies 7C and 7D. Note
apparent shallow dipping backsets in (e), which are steeply dipping
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Figure 4.7 (a, b) Overview of Simon’s Seat, indicating cross beds (facies
8) at the base of the outcrop, overlain by a crudely cross-bedded
interval and sediment-gravity-flow deposits (facies 6), see Fig. 4.5e
for location. Green line indicates base of crudely cross-bedded
interval, red line indicates base of sediment-gravity-flow deposit (c,
d) Close up of cross beds. Note steep tectonic dip of 26°. (e, f) Close-
up of crudely-cross-bedded interval and overlying sediment-gravity-
FIOW DEPOSITS. ...ttt nne e 156

Figure 4.8 (next page) (a, b) Overview of Unnamed Crag 5 (Table 4.1;
Fig. 4.5e). Foresets occur on the left, and the right side of the image.
The occurrences are separated by a major sediment-gravity-flow
deposit. (c, d) Close up showing facies 7C, followed by 7D, of which
the tops are truncated by a sediment-gravity-flow deposit. Towards
the right, the sediment-gravity-flows follow the foreset surface and
deposits under relatively steep dips in the delta front (see also a, b).
(e, T) Close up of the right side of the figure (a, b): facies 7B,
overlain by another, more pebbly and structureless sediment-
gravity-flow deposit. (g, h) Close up of the erosion surface in (c, d).
Note that the sediment-gravity-flow deposits continue down-foreset
in the right hand side of the picture. .........ccccco e, 157

Figure 4.9 (next page) (a, b) Delta-toe sediment-gravity-flow deposits at
Rylstone Cross (see Fig.3.9 for location). (c, d) Parallel outcrop to
exposure in (a, b). Note the occurrence of intrasets on the left side of
the image and the transition into wavy bedforms towards the right
downdip of the backsets, interpreted as upper-flow-regime deposits.
(e, f) Close up of scour pool margin in (a, b). Note the steep contact,
which is characterised by a strong grain-size change and different
angle laminations. Inside the scour, laminations fade into a
dewatered zone. (g) Organisation of pebbles near the base of the
bed in small trains downdip of the scour, similar to e.g. S1
Structures (LOWe, 1982). ......cocoiiiiiiiieieie e 159

Figure 4.10 Directly exposed transitions between different facies for
which a Markov chain analysis was attempted. A strong relation
between facies 7B, 7C, 7D foresets and facies 6 sediment-gravity-
flow deposits IS @PPAFENT. ......c.eciii i 164

Figure 4.11 (a) Statistical analysis of depositional dip in facies 7A-D, and
intrasets within 7D, (see table 4.1). (b) One-sample K-S tests, ‘a’
indicates confidence interval, ‘h’ indicates whether Hy or H; is
accepted, and ‘p’ indicates probability (see text for further
TISCUSSION). .ttt bbbt bbbttt 165
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Figure 4.12 (next page) Process interpretation (a) Facies 7A:
Suspension-settling dominated delta foresets, which most likely
occurs during homopycnal conditions. (b) Facies 7B: Grain-flow
dominated delta foresets, which indicate a larger bed load
component than facies 7A, but do not require higher flow velocities.
(c) Facies 7C, indicating traction on the foreset reducing the angle of
repose. Traction is related to weak hyperpycnal currents exerting a
slight shear stress on the foreset. (d) Facies 7D, foresets containing
intrasets suggesting a hyperpycnal current of variable strength. The
relatively low angle foresets suggest higher shear stresses than in
facies 7C. (e) Facies 6 sediment-gravity-flow deposition, which
probably indicate higher flow regimes, and stronger hyperpycnal
currents than facies 7D. Strength of hyperpycnal currentsin (c —e)
is visualised by their thiCKNESS. ..........c.ccoevviii i, 167

Figure 4.13 (a, b) Well-developed intrasets in facies 7D at south side of
Rolling Gate Crag (Table 4.1). Numbers in (a) refer to described
stages in (c) of this figure. (c) Inference of intraset formation as a
function of variable strength of the hyperpycnal flow, resulting in a
variable angle of repose for the major surfaces. .........cccceevvievveieneennnn, 171

Figure 4.14 (next page) (a) Forces acting on grains on a horizontal
surface. Only water flow can exert a bed-parallel force on the grain,
resulting in sediment motion if shear stress is larger than the critical
Shields stress. (b) Forces acting on grains on a sloping surface.
Gravity (Fg) can be expressed as vectors bed-parallel and bed-
normal to the sloping surface. The bed-parallel vector reduces the
amount of shear stress required to surpass the critical Shield stress,
facilitating sediment motion. (c) At angle of repose, the bed-parallel
vector of gravity is equal to the critical Shields stress, implying that
the slope cannot become steeper. (d) Relation between foreset angle
and shear stress required to surpass the critical shield stress based
on equation 1 for Facies 7C and 7D. Black dots denote experimental
data from Kostic et al. (2002), coloured dots indicate field
measurements (see Fig. 4.11) (e) Definition sketch of a hyperpycnal
current, see text for discussion of parameters, (f) Estimates of the
density and flow depth ‘H’ of a hyperpycnal current, relative to the
foreset angle. Coloured markers are estimates for foreset types 7C
and 7D using the scaling approach of Kostic et al. (2002), lines are
constructed usiNg equUAtION 11..........ccoeiiiieiieiiie e 175
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Figure 4.15 (previous page) (a) Conceptual, simplified model of the
relation between deposition of the stratigraphic units, sea-level
variations, high latitude southern hemisphere insolation and low
latitude northern hemisphere summer insolation (see text for
discussion). (b) Palaeogeographical reconstructions indicating
approximate positions of Greenland, providing an estimate of the
updip extent of the Millstone Grit fluvial system (yellow star) and
the Craven Basin position (red star) (from: Cocks and Torsvik,
2006). (c) 65 kyr snapshots of spatial patterns of monthly
precipitation and wind directions based on a GCM model for late
Paleozoic (Sakmarian, ~290 Myr) palaeogeography (from: Horton et
al., 2012). GCM results indicate arid conditions in the entire
drainage basin during winter (map DJF), wet conditions limited to
the lower drainage basin during spring (map MAM), and wet
conditions throughout the drainage basin in summer and autumn
(MaPS JIA AN SON). ..o 187

Figure 5.1 (a, b) Yoredale cycle with deltaic deposition during sea-level
highstand and incision by Millstone Grit incised valley systems
during falling stage (modified from Tucker et al., 2009). (c)
Idealised Millstone Grit cycle in a shallow water setting. (d)
Idealised relationship between Yoredale and Millstone Grit
lithofacies assocations in a longitudinal section. Clastic depostion in
the Yoredale succession predominantly reflects fine-grained
highstand deposits. These systems are largely bypassed during
deposition of the coarse-grained Millstone Grit sediments in the
Central Pennine Basin during relatively low sea level. During
transgression and highstand, formation of Yoredale Limestones
indicates a switch-off of sediment supply that in the Central Pennine
Basin is reflected by highly condensed marine bands. .............cccccoue...... 194

Figure 5.2 (next page) Coastline reconstructions for (a) Late Pendleian,
incised valley margins (red dashed line) based on Chapter 3, (b)
Early Arnsbergian, red lines indicate area of minor valley incision,
(c) Middle Arnsbergian to Chokierian interval, red lines indicate
area of broad incision (d) Alportian to Middle Kinderscoutian, red
lines indicate position of major channel belt complex of Steele
(1988). Shaded area indicates the Millstone Grit Group outcrop belt.
Grey lines indicate (inactive) tectonic lineaments that defined the
structural template during the early Carboniferous. Numbers
indicate 1) Lake District High, 2) Askrigg Block, 3) Lancaster Fells
sub-basin, 4) Bowland sub-basin, 5) Harrogate sub-basin, 6)
Cleveland High, 7) Rossendale sub-basin, 8) Huddersfield sub-basin,
9) Gainsborough Trough, 10) Holme High, 11) Derbyshire Basin, 12)
Edale Gulf, 13) Goyt Trough, 14) Widmerpool Gulf, 15) East
MiIdIands Shelf..........co.o o 198
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Figure 5.3 Approximate coastline reconstructions for (a) Upper
Kinderscoutian, (b) Upper Kinderscoutian, red lines indicate
approximate area of valley incision in the Lower and Upper
Kinderscout Grits, (c) Early Marsdenian, blue arrows indicate flow
directions, and red lines indicate approximate valley position based
on Church (1994), black arrows indicate flow directions based on
Waters et al. (2012), (d) Middle Marsdenian, incised valley position
based on Jones and Chisholm (1997) . See text for discussion on
stratigraphiC INTErValS...........cccveeiiii e 205

Figure 5.4 Approximate coastline reconstructions for (a) Upper
Marsdenian, valley position based on Waters et al. (2008), (b)
Yeadonian, valley margin for lower leaf Rough Rock based on
Hampson et al. (1996). Depositional outline based on Hallsworth and
Chisholm (2008). (c) Yeadonian, valley margins for upper leaf
Rough Rock based on Hampson et al. (1996). See text for discussion .... 209

Figure 5.5 (next page) Schematic cross section of the Central Pennine
Basin and northward located shelf indicating the discussed
stratigraphiC INTErValS...........ccoeoviii i 211

Figure 5.6 (previous page) Effect of basin depth or clinoform height on
incised valley character. In each model, the same magnitude sea-
level fall is drawn. (a) Deep incised valleys occur at the margins of
deep basins. Shelf clinoform progradation is slow, resulting in
efficient valley incision. Sediment delivery onto the slope can cause
the formation of large lowstand fans. During sea-level rise, these
valleys are characterised by the occurrence of Gilbert-type deltas in
the specific case of the Central Pennine Basin, (b) Incised valleys in
shallower basin. Higher rates of shelf clinoform progradation results
in less efficient valley incision and smaller turbidite systems. (c)
Erosionally-based sheet sandstones. Sea-level fall does not trigger
shelf incision but forces a rapid progradation of the fluvial system,
causing a broad, shallow erosional surface. Potentially, upstream
variations in sediment or water discharge are more easily recognised
in such incised valleys and are drawn upper left corner. (d) If sea-
level fall does not reach below shelf edge, perched lowstand deltas
are formed that correspond to wide zones of limited erosion similar
to the sheet sandstones depicted iN (C)......ccccceevveviiiiieviie e, 220
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Figure 5.7 (previous page) Conceptual model of lateral variations in
basin depth. (@) In basins of limited or no variation, the position of
the fluvial system will be unaffected. (b) Progradation into zone of
lateral differences in basin depth. During sea-level fall, upstream
knick-point migration will be faster and more efficient in zones of
slow coastline progradation associated with the deeper segments
(Fig. 5.6) and result in the capture of additional streams by the
incipient incised valley (cf. van Heijst and Postma, 2001). In the case
of the Guiseley Grit and Roaches-Ashover Grit such process might
have formed an area of non-deposition next to the incised valley,
assuming that both areas were fed by the same river system. (c)
Valley incision focussed in the deep segment, forming a major
turbidite fan. Potentially, incised valleys are further confined by
bounding faults that define basin margins. (d) Subsequent fluvial
systems can remain confined within the former incised valley if
underfilled. Such process probably occurred during deposition of
the Pendleian Warley Wise Grit (Chapter 3), (e) Otherwise fluvial
systems are likely to seek the steepest longitudinal profile, focussing
fluvial systems in areas where the coastline is close by. During sea-
level fall, the presence of fluvial systems will favour incision in these
locations, particularly when these areas are deeper as well, resulting
in more efficient incision (Fig. 5.6). (f) Valley incision results in
localised progradation of the coastline, influencing subsequent
Periods Of dePOSITION. .......cccciviiiiiiece e 224



1 Thesis Rationale

1.1 Introduction

Sequence-stratigraphic methods are commonly used to study shifts in the
facies belts of fluvio-deltaic systems (e.g. Catuneanu et al., 2009; Helland-Hansen
and Hampson, 2009), and generally relate such shifts to changes in accommodation
space induced by sea-level fluctuations (e.g. Posamentier et al., 1988). One of the
most important aspects of sequence-stratigraphic models is the recognition that
periods of rapid sea-level fall are associated with the formation of incised valleys
(Posamentier and Vail, 1988; Blum et al., 2013). These entrenched fluvial channel
belt complexes provide a mechanism for fluvio-deltaic systems to traverse a shelf
and to deliver sand-grade sediment directly to the slope, supplying sediment to
turbidite fans. During subsequent sea-level rise, these incised valleys are typically
infilled by a sand-rich succession (e.g. Shanley and McCabe, 1994). Both incised
valleys and the correlative turbidite fan systems form important targets for
hydrocarbon exploration. There is scope to improve the understanding of incised
valley formation as sea-level fluctuations form only one of three external controls on
the patterns of sediment accumulation and preservation. Tectonic influences can
enhance the complexity of successions by steering the position of channels (e.g.
Kane et al., 2010a) or providing regional differences in subsidence, whereas climatic
changes can result in water and sediment supply variations that modify the

sequence-stratigraphic patterns (e.g. Rittenour et al., 2007; Bijkerk et al., 2013).

The Upper Carboniferous deposits in the Central Pennine Basin provide an
ideal testing ground to examine the relative influence of these three controls. This
period is characterised by high frequency and amplitude eustatic sea-level variations
related to the waxing and waning of ice sheets during major southern hemisphere
glaciations (e.g. Ross and Ross, 1985; Maynard and Leeder, 1992; Rygel et al.,
2008). Meanwhile, the Central Pennine Basin represents an area in which the basin
configuration altered drastically throughout deposition of its infill from deep
segmented sub-basins to an overfilled basin (e.g. Collinson, 1988; Waters and
Davies, 2006), providing an opportunity to examine the effect of sea-level

fluctuations on a single fluvio-deltaic system in various basin settings. Additionally,
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the Central Pennine Basin is located in an equatorial setting in which climate
variations might play a role, as has been inferred for both older (Falcon-Lang,
1999a; Wright and Vanstone, 2001) and younger Carboniferous strata in this basin
(Broadhurst et al., 1980). The Pendleton Formation forms the initial influx of the
Millstone Grit Group fluvial system in the northernmost area of the Central Pennine
Basin during the Pendleian regional sub-stage of the Carboniferous (e.g. Waters et
al., 2009), and is here studied in detail. No sequence-stratigraphic framework has
been presented since recognition of an additional transgressive surface in this
succession (Brandon et al., 1995), while recent sedimentological studies have
provided details on the turbidite succession and indicated the occurrence of syn-
sedimentary activity of major faults (Kane et al., 2009, 2010a; Kane, 2010). Thus,

both eustatic and tectonic activity is manifest in this succession.

One major challenge in the study of external controls on a regional scale is
that the effect of individual controls on a sedimentary succession is difficult to
establish and quantify. Therefore, their effects are also studied in the controlled
environment of analogue models. These flume experiments provide simple three-
dimensional models in which the effect of external controls on the stratigraphic
character can be studied in isolation and together through time, and with a known set
of input parameters such as the magnitude of sea-level fluctuations or the amplitude
of tectonic or discharge variations. Combined field studies and analogue models can

improve the understanding of long term evolution of fluvio-deltaic systems.

1.2 Thesis objectives

This thesis aims to elucidate and quantify the effect of external controls upon
the fluvio-deltaic systems of the Millstone Grit Group in the Central Pennine Basin.
This aim has been accomplished through consideration of the following specific

research objectives:

i) The effect of basin depth, and lateral variations in basin depth on fluvio-deltaic
systems. The Central Pennine Basin is characterised by pronounced changes in
bathymetry with deep depocentres developed adjacent to shallower basinal areas.

Analogue models are used to examine:
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a) If a recognisable link occurs between basin depth and the behaviour of the
fluvial systems in the analogue models.

b) If the behaviour of fluvial systems in the analogue models is affected by

lateral variations in basin depth;

¢) How basin depth and sea-level fluctuations combined influence fluvio-
deltaic systems;

d) How to define and quantify the effect of such basin-margin morphology

control on fluvio-deltaic systems;

e) Whether such changes can be perceived in the published literature.

ii) Detailed examination of the Pendleton Formation in the northern part of the
Central Pennine Basin and the adjoining shelf area. For this succession a regional-

scale framework was developed based on:

a) Stratigraphic correlation between the Craven Basin and Askrigg Block

based on field investigation and literature study;

b) Interpretation of depositional environments based on sedimentological

facies analysis;

c) Development of a sequence-stratigraphic framework, allowing for a

rigorous review of inferred controls on the succession from literature;

d) Testing of results obtained from analogue modelling.

iii) Sedimentological facies analysis has highlighted the occurrence of significant
variations in the character of Gilbert-type delta foresets in the Pendleton Formation.

The investigation focussed on:
a) Which variations occur within these delta foresets;
b) Which flow processes can generate these structures;

¢) What external control triggers can be responsible for such conditions.

iv) Application of developed concepts to the entire Millstone Grit Group



1.3 Thesis structure

Chapter 2 describes the results from analogue models in which the influence
of basin depth, and lateral variations in basin depth on fluvio-deltaic systems are
examined. The response of the fluvial system to variations in basin depth is
quantified through the efficiency of sediment transport to the basin margin and
measurements of the gradient and curvature of the fluvial longitudinal profile.
Additionally, the combined effect of sea-level variations and basin depth is
examined. Subsequently, two literature case studies of shelf margins are described to

illustrate applicability of the results to real world data.

Chapter 3 presents a sedimentological and sequence-stratigraphic analysis of
the Pendleton Formation from the Carboniferous Craven Basin. In this chapter,
stratigraphic sections through the Pendleton Formation are described for various
parts of the Craven Basin and adjoining northern shelf. These are used to construct a
palaeo-environmental model, based on lithofacies and a detailed sequence-
stratigraphic interpretation. The model is compared and contrasted with previous
examples and the results from the analogue modelling in Chapter 2.

Chapter 4 focuses on the detailed sedimentological character of Gilbert-type
deltas that occur in the incised valley fill of the Bearing Grit that described in
Chapter 3. These contain variations that can be related to flow conditions that
provide additional insight into the character of the Millstone Grit fluvial system. A
new depositional model is presented, which indicates a probable climate control on

the sedimentary succession.

Chapter 5 provides an overview of the development of the Millstone Grit
Group of which the Pendleton Formation of Chapters 3 and 4 forms the basal
succession. The character of incised valleys throughout this group is analysed based

on published data, and related to the findings in previous chapters.



2 Basin Depth as an Allogenic Control on Fluvio-Marine Sediment

Partitioning

2.1 Abstract

Fluvio-deltaic systems tend toward an equilibrium state at which the
longitudinal profile does not change shape and all sediment is bypassed. In
progradational systems the longitudinal profile remains in disequilibrium because
progradation requires constant aggradation along the length of the fluvio-deltaic
profile. Here, four analogue models of sedimentary systems are examined to better
understand the effect of downstream allogenic controls (basin depth, subsidence and
sea-level variations) upon longitudinal patterns of sediment distribution that
eventually determine large-scale stratigraphic architecture. Basin depth affects the
curvature and gradient of the longitudinal profile: fluvio-deltaic systems prograding
into deep basins are characterized by slower progradation than those draining into
shallow basins. This lower progradation rate generates less concave and steeper
longitudinal profiles and results in enhanced sediment bypass volumes to the
shoreline and decreased downstream fining. Glacio-eustatic sea-level variations
modulate the effects of basin depth on the longitudinal profile, which is closest to
equilibrium during falling sea level and early lowstand, resulting in efficient
sediment transport towards the shoreline at those times. Additionally, the strength of
the response to sea-level fall differs dependent on basin depth. In deep basins, sea-
level fall causes higher sediment bypass rates than in shallow basins and generates
significantly stronger erosion. This results in an increasing probability of incised
valley formation and can significantly alter shelf clinoform style. Basin depth thus
forms a first order control on sediment partitioning along the longitudinal profile of
sedimentary systems and the shelf clinoform style. It also forms a control on the
availability of sand-grade sediment at the shoreline that can potentially be
remobilized and redistributed into deeper marine environments. Key findings are

subsequently applied to literature of selected field areas.



2.2 Introduction

Understanding source-to-sink sediment transport and sediment partitioning
between the fluvial, deltaic and marine environments on geological timescales
presents a major challenge in sedimentology and sequence stratigraphy (e.g. Bourget
et al., 2013; Covault et al., 2011; Martinsen et al., 2010; Semme et al., 2009).
Sediment transport and its consequent distribution through the fluvio-deltaic system
is largely governed by the concept of ‘equilibrium’ or ‘grade’ (e.g. Muto and
Swenson, 2005). Equilibrium implies that all sediment is conveyed through the
system without net erosion or deposition. All fluvio-deltaic systems evolve towards
this state; (parts of) systems at too shallow gradients for sediment transport aggrade
until they become capable of full sediment bypass, while (parts of) systems at a too
steep gradient cut down until they are only energetic enough to bypass their
sediment load. This concept is used in sequence-stratigraphic models to define
whether a system is in a net erosional or depositional state (e.g. Catuneanu et al.,
2009; Posamentier and Vail 1988; Shanley and McCabe 1994).

Sea-level fall can cause the lower reach of the longitudinal profile to become
above grade resulting in net erosion and efficient sediment transport to the river
mouth. During sea-level rise the fluvial system is below grade and becomes
aggradational, resulting in reduced sediment transport to the shoreline. Upstream,
away from direct influence of sea-level variations, the grade of systems is
determined by changes in discharge, sediment supply, and tectonic regime (e.g.
Bijkerk et al., 2013; Catuneanu et al., 2009; Hampson et al., 2013; Holbrook and
Bhattacharya, 2012). Fluvio-deltaic systems thus respond to the combined effect of
upstream and downstream allogenic forcing mechanisms and tend towards a graded
state through continuous adjustments of the longitudinal profile. These adjustments
shift sediment partitioning between the fluvial, deltaic and marine environments of a
sedimentary system and therefore determine the large-scale stratigraphic

architecture.

Variations in the grade of entire fluvio-deltaic systems can occur on
geological timescales (Paola et al., 1992). System-scale static equilibrium is here
defined as a state in which sediment input and output in a sedimentary system are
equal, implying that the shape of the longitudinal profile does not change over such
a period (Fig. 2.1a). This type of equilibrium differs from morphological definitions
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of equilibrium (e.g. Mackin, 1948) that do not necessarily represent equilibrium
conditions on geological timescales but focus on short term periods and small
segments of a fluvio-deltaic system (Schumm and Lichty, 1965). Analogue and
numerical modelling shows that systems approach system-scale static equilibrium
conditions asymptotically through time (Postma et al., 2008). Systems that are far
removed from equilibrium approach this state rapidly using a large percentage of the
sediment load for aggradation of the fluvial system (Postma et al., 2008). Systems
that are close to equilibrium conditions grade towards this state more slowly using a

small percentage of the available sediment load: most sediment bypasses to the

downstream endpoint of the longitudinal profile (Postma et al., 2008).

Equilibrium (sensu Paola et al. 1992a)

B

Progradation resulting in aggradation (sensu Muto and Swenson 2005)

Figure 2.1 (a) System-scale static equilibrium (sensu Paola et al., 1992a) is only obtained
over geological timescales. The linear equilibrium profile drawn here is idealized (cf.
Postma et al., 2008) and will not form in natural systems for multiple reasons but
illustrates that all fluvial accommodation space is infilled. (b) Development of fluvio-
deltaic systems on geological timescales. Progradation results in aggradation of the

topset and prevents these systems from achieving system-scale static equilibrium.
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In many natural systems, sediment bypass through the fluvial system leads to
progradation of a delta- or shelf-clinoform, resulting in a continuous lengthening of
the longitudinal profile (Fig. 2.1b). This lengthening implies that system-scale static
equilibrium can be reached only when sea level falls at the correct rate to extend the
fluvial profile such that neither aggradation nor degradation of the fluvial profile
occurs and the coastal trajectory is exactly an extension of the equilibrium profile
(Helland-Hansen and Hampson, 2009; Muto and Swenson, 2005). Such conditions
are not met in systems with a constant relative sea level, or a sea level that rises
gently over geologic time due to subsidence. In such occurrences, a part of the
fluvial sediment load is required for aggradation of the fluvial domain. This
represents a departure from the system-scale static equilibrium profile (Voller and
Paola, 2010) that is linked to the progradation rate and relative sea-level variations
of that system. The magnitude of the departure is set in a feedback loop in which
departure from system-scale static equilibrium determines fluvio-marine sediment
partitioning, thereby setting the progradation rate, which has a feedback in

determining the departure from system-scale static equilibrium (Fig. 2.1b).

As yet, it is unknown how basin depth, basin subsidence, and eustatic sea-
level fluctuations govern the behaviour of this feedback mechanism and so produce
the common stratigraphic patterns described by sequence stratigraphy. Three-
dimensional analogue models are used to examine this concept in a controlled
environment. Additional two-dimensional models are generated to study its effect of
downstream fining. Subsequently, literature case studies of ancient natural systems

are used to validate these findings.

2.3 Methods

2.3.1 Experimental facility

The results of four analogue models are described. The experimental setup
consisted of a dual-basin configuration and allowed generation of two scenarios
simultaneously: Model 1 (M1) and Model 2 (M2) (Fig. 2.2). Both models had a
1.6 m wide rectangular duct serving as a fluvial zone that was connected to a
subsiding basin that deepened away from the shoreline with discrete shallow,
intermediate and deep zones (Fig. 2.2). Sediment and water entered the experiment
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diffusely through a pebble basket along the width of the fluvial duct. Before an
experiment, each model was set to a downstream gradient of 0.01. The models had
different subsidence scenarios, but reached the same basin shape and depth at the
end of the experiments (Fig. 2.2; 2.3). Subsidence is generated with vertical
adjustment of hexagonal blocks underneath the experimental set-up. Rows of these
blocks are connected by overlying boards to generate smooth, rather than serrated,
subsidence zone boundaries (Fig. 2.2). An adjustable overflow controls base level
during these experiments. All models are executed with quartz sand of a narrow

grain-size distribution (D1 = 146 pum, Dsp = 217 um, and Dgp = 310 pm).

2500
2600 Shallow zone: 40

— Intermediate zone 80

e Model 2
8 Fluvial zone
— —

—

~~Rubber sheeting
— ~Coversand
—= i ~ Rubber sheeting

Fluvial zone Subsiding basinal zones

Figure 2.2 (a) Top view of the experiment setup, consisting of two mirror-image models.
Sediment and water are added at the sediment feeder. In the fluvial zone no tectonic
movement occurs. In the basin, 3 zones of distinct depth are formed. Dimensions
(mm) are indicated in regular font, gradients in italic font. (b) Side view of the

experiment, along transect P-P’ in (a).
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In Experiment 1 - Model 1 (E1_M1), the effects of basin depth is tested (Fig.
2.3a). In Experiment 1 - Model 2 (E1_M2) the joint effects of subsidence and basin
depth are tested (Fig. 2.3b). In Experiment 2, sea-level variations are also included
with different subsidence and discharge regimes for Model 1 (E2_M1) and Model 2
(E2_M2) (Fig. 2.3c, d; Table 2.1). InE1_M1, E1_M2, and E2_M2 water discharge
and sediment input were constant at 1 m*h™ and 0.004 m*h™, respectively. In
E2_M1, these rates were 1.5 m*h™ and 0.004 m®h™ (Table 2.1).

A) Experiment 1 - Model 1 (E1_M1) B) Experiment 1 - Model 2 (E1_M2)
120 120
T 807 E g
£ O] £%3
] .
£ 407 & 407
® ] Q ]
E O j—m——— — — — — g 0 _————
s ] S ]
e e e e I e s e e ey s s | el s s s s B e L B
0 16 32 48 64 80 96
Time (h)
C) Experiment 2 - Model 1 (E2_M1) D) Experiment 2 - Model 2 (E2_M2)
120 120
E g E o]
£ %3 £807
n . P ]
g 407 & 40
s I/, — / T
S 04 "N~/ T/ T~ § 07
N B R
A1 "7 T T T T
0 8 16 24 32 40 48 56 64 72 0 8 16 24 32 40 48 56 64 72
Time (h) Time (h)
Legend:
— — Sealevel ... Subsidence Accommodation space

Figure 2.3 Input parameters. The accommodation space is given for the deep zone of the
basin, the intermediate and shallow zones of the basin have an accommodation space
of 2/3 and 1/3 of this value. Note that in (a) E1L_M1, and (b) E1_M2, the subsidence
and accommodation space curves overlay because base level is constant, (¢c) E2_M1,
(d) E2_M2

Before Experiment 1 started, the basin of E1_M1 was subsided to its final
configuration. Therefore, this system experiences only a spatial increase in basin
depth as it progressively enters the shallow, intermediate and deep zones of the basin

(Fig. 2.2; 2.3a). In E1_M2, the fluvio-deltaic system progrades in shallow water
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during the first half of the experiment, whilst the basinal area subsides at a rate of
2.5 mm h™ during the second half. This results in subsidence-controlled
accommaodation space on the delta plain, and both temporally and spatially

increasing water depths (Fig. 2.2; 2.3b).

The subsidence rate in E2_M1 is continuous throughout the experiment,
resulting in the creation of accommodation space on the delta plain and progradation
into increasingly deeper water (Fig. 2.3c). In E2_MZ2, the entire basinal area is
lowered 15 mm to accommodate sea-level lowstand 1 (at 16 h) before the
experiment starts (Fig. 2.3d). Subsidence at different rates for the shallow,
intermediate and deep zones starts after 24 h (Fig. 2.3d). Additionally, three
asymmetric sea-level cycles of 24 h period and variable amplitude are modelled
during Experiment 2: cycle 1 starts with a 40 mm fall, followed by a 30 mm rise;
cycle 2 has a 20 mm fall and rise; cycle 3 has a 30 mm fall, followed by a 40 mm
rise, returning sea level to the initial level (Fig. 2.3c, d).

Qw (m3h) | Qs (m3h?) | T(h) | AT(h) | Boundary conditions varied

E1_M1 1 0.004 96 8 Basin depth

E1_M2 1 0.004 96 8 Basin depth and subsidence

E2 M1 15 0.004 79 8 Ba§|n.depth, subsidence and sea-level
variation

E2 M2 1 0.004 79 8 Baslln.depth, subsidence and sea-level
variation

Scenario1 | 5.5 0.007 8 0.5 Basin with constraining weir, no progradation

Scenario2 | 5.5 0.007 8 0.5 Shallow water progradation (3 cm)

Table 2.1 Input parameters and boundary conditions of the experiments. Parameters Q,, and
Qs denote water and sediment discharge, respectively. Parameters T and AT denote

the duration of the experiment and the interval between measurements.

2.3.2 Experimental procedure

The fluvio-deltaic systems were allowed to prograde to the basin margin
during a start-up period prior to the actual experiment, so that experiments
commenced with a self-adjusted fluvial profile that reached the basin margin at O h
(Fig. 2.2). Sea level during this period was 0 mm. Time-lapse photographs were

taken at 3 minute intervals to record the morphology of the fluvio-deltaic system.

The 96 h duration of EL._M1 and E1_M2 was subdivided into 12 intervals of 8
h (Table 2.1). Subsidence was applied to E1_M2 between these 12 intervals while
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the experiment was paused. Digital Elevation Models (DEMSs) were measured with a
laser scanner before and after subsidence to accurately constrain sediment budgets.
The 72 h duration of E2_M1 and E2_M2 was similarly subdivided in 8 h intervals.

Sea level was adjusted at 20 min intervals (Table 2.1)

2.3.3 Scaling

The response of natural systems to external forcing and the resultant
stratigraphic character depends on the ratio between timescales of forcing (T+r) and
reactive timescales inherent to the system. For stratigraphic architecture, this
reactive timescale has been termed the equilibrium time (Teq) (Paola et al., 1992a).
The ratio of T/ Teq has proven to be effective for the simulation of stratigraphic
response to glacio-eustatic sea-level variations over geological timescales (Bijkerk
etal., 2013; Paola et al., 2009; van Heijst and Postma, 2001).

Modern natural systems have equilibrium times in the order of 10° — 10° yr and
are dominated by 100 kyr glacio-eustatic sea-level variation (cf. Castelltort and Van
Den Driessche, 2003). E1_M1, E1_M2 and E2_M2 have an estimated equilibrium
time of ~100 h, based on the length of the longitudinal profiles at the start of the
experiments, the width of the fluvial system and the water discharge. For E2_M1,
the higher water discharge results in a shorter equilibrium time of ~72 h. The 24 h
sea-level cycles thus approximate a quarter or third of the estimated equilibrium
time: ratios representative of natural systems with glacio-eustatic sea-level
variations. The sea-level cyclicity in Experiment 2 therefore represents high
frequency, high amplitude glacio-eustatic sea-level variation and is expected to force
the system away from equilibrium during sea-level rise, whereas low frequency sea-
level variation might allow a sedimentary system to remain near equilibrium (Paola
etal., 1992a).

Because glacio-eustatic sea level is mimicked, an asymmetric curve is
generated in which the duration of sea-level fall is twice as long as sea-level rise.
This is similar to the ratio observed in Pleistocene sea-level records (e.g. Lisiecki
and Raymo, 2005); the slow accumulation of ice caps results in a slow eustatic sea-
level fall, whereas rapid ablation of these ice caps at the glacial-interglacial

transition causes fast eustatic sea-level rise (Oerlemans, 1991).
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2.3.4 Dataset

Analyses are based on DEMs and supported by time-lapse images. DEM
analyses are focused on the curvature of the longitudinal profile, the grade of the
longitudinal profile, and the percentage of sediment input that is transported past the

shoreline.

The curvature of the longitudinal profile is determined by the ratio between the
volume below the sediment surface, and the volume below the achieved gradient.
The latter is here defined as a straight line between the most proximal point of the
DEMs and the rollover point (Fig. 2.4a). The grade of the longitudinal profile is
calculated in a similar fashion but uses an approximation of the system-scale static
equilibrium gradient instead of the achieved gradient (Fig. 2.4a). This gradient is
characterized by full sediment bypass and based on the longitudinal profile of
E2_M1 at 16 h, when the system achieved a near-linear, steep slope, and 100%

sediment bypass over a 8 h period, implying system-scale static equilibrium.

The gradient at which a longitudinal profile achieves full sediment bypass is
dependent on the ratio between water discharge and sediment discharge (e.g. Postma
et al., 2008). High water to sediment discharge ratios results in low gradient
longitudinal profiles, and vice versa. In E2_ML1 this ratio is higher than in the other
models. Therefore an adjustment is made based on the comparison of the
longitudinal profiles of E2_M1 and E2_M2 at 0 h. These profiles indicated that the
gradient of E2_M1 was 1.2 times steeper than that of E2_M2 while discharge in
E2 M1 is 1.5 times higher, suggesting that the slope in these experiments has an
inverse square root dependence on discharge (cf. Postma et al., 2008). In E1_M1,

E1 M2, and E2_M2 full sediment bypass is thus considered to occur at a 1.2 times
lower gradient than in E2_M1. The bypass gradient in these models represents a
theoretical datum that is used to determine how closely a system approaches
equilibrium conditions. Relative differences in longitudinal grade between E1_M1
and E1_M2 and E2_M2 can be compared since their upstream input parameters are
equal (Table 2.1), but care should be taken when comparing the grade of E2_M1 and
E2_M2 because the comparison depends on the validity of the above assumption.

Additionally, DEMs are used to calculate the ratio between sediment volume
used for progradation and the total sediment volume, quantifying the efficiency of

sediment transport to the shoreline (Fig. 2.4b).
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................... bypass gradient
_____ achieved gradient

Volume under DEM
Volume under achieved gradient

Volume under DEM
Volume under bypass gradient

x 100% = Curvature of longitudinal profile (%)

x 100% = Grade of longitudinal profile (%)

Volume bypassing shoreline
Total Volume between DEMs

x 100% = Sediment bypass (%)

Figure 2.4 Representation of methods. (a) Curvature of the longitudinal profile (%) is
calculated as the volume percentage of a triangle connecting the upstream and
downstream ends of the longitudinal profile (the achieved gradient). High curvature
percentages thus imply that the system becomes less concave. Grade of the
longitudinal profile (%) is calculated with reference to an estimated bypass gradient.
See text for discussion of the bypass gradient. (b) Sediment bypass is calculated as a
percentage between the sediment volume transported past the shoreline of the initial
height model, and the total sediment volume between two successive height models.

Note the overall increase in basin depth and basin geometry in model E1_M1.

2.3.5 Grain-size experiments

Two distorted-scale models (Peakall et al., 1996), Scenario 1 and Scenario 2,
were run in a 0.48 m wide, 12 m long rectangular flume to examine the effects of
longitudinal grade on downstream sediment fining (Fig. 2.5). In Scenario 1,
progradation is limited by a weir that allows aggradation up to the system-scale

equilibrium gradient. Scenario 2 resembles shallow water progradation in 3 cm
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water depth. Both models start as a 4 m long horizontal plain and run for 8 h with
sediment and water input at 0.007 m*h™ and 5.5 m*h™, respectively (Table 2.1; Fig.
2.5). The approximate equilibrium time at the start of these models is ~14 h. At half
hour intervals, five point-measurements along the width of the flume were made at
0.25 m intervals to obtain a width-averaged longitudinal profile (Fig. 2.5b). In both
experiments, grain-size samples of the final longitudinal profile were taken at 0.5 m
intervals after the experiment finished. Additional grain-size samples were taken
behind the downstream weir of Scenario 1. Settings were chosen such that average
water depth on the fluvial topset was sufficient to prevent preferential transport of
coarse grains (cf. Vollmer and Kleinhans, 2007). This resulted in the formation of
current ripples but enabled assessment of the relation between downstream fining
and topset curvature. Quartz sand with a bimodal grain-size distribution was used
with peaks at 216 pm and 420 pm (Dsp = 285 pm). The coarse tail with a diameter
of >1 mm (7% by weight) was used to assess downstream fining.

§ Qs
e Water surface
Qw Initial bed profile | 0.03m
||
| 1 : |
0
| 40m ‘ 1.5m
T+ F F F F F ¥ F + + + + =
+ .+ P T + +
+ + + + + + + + + + + + + + < 0.48 m
. i N M .
1 2

1) Wide upstream weir, accelerates water flow before longitudinal profile is reached
2) Rough cloth to prevent scouring behind the upstream weir
3) Downstream weir (Scenario 1) or initial shoreline (Scenario 2)
4) Recirculation of water
+ Measurement points
Additional measurement points during progradation (Scenario 2)

Figure 2.5 Experiment setup for Scenario 1 and 2. (a) Side view of experiment setup. (b)

Top view of experiment setup.

2.4 Results
2.4.1 Experiment 1 - Basin 1 (E1_M1)

E1 M1 developed in a pre-formed basin with constant sea level and results in
progradation of a delta-shelf system into increasing water depths (Fig. 2.6a - c; 2.8a,
b). The curvature of the longitudinal profile increases from 91% to ~96% from 1 —
56 h and subsequently decreases to 94% (Fig. 2.4a; 2.6Q). The grade of the

longitudinal profile starts at 76% and increases to 92% from 1 — 56 h, after which it
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remains constant (Fig. 2.4a; 2.6h). These trends correlate well with the sediment

bypass pattern, which starts at ~24% of the sediment input volume and increases

towards a maximum of 50% from 56 — 64 h. Subsequently, it decreases to ~43%

(Fig. 2.4b; 2.6f).
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Figure 2.6 & 2.7 (a) Input parameters for E1_M1 and E1_M2. Accommodation space

shown for the deep part of the basin, accommodation space in the intermediate and

shallow parts is 2/3 and 1/3 of this value. (b) Rate of change in accommodation space,

(c) Basin depth (mm) calculated along the strike of the clinoform, (d) Topset area,

(e) Progradation rate, calculated between the shoreline of successive height models,

(f) Sediment bypass, see Fig. 2.4b, (g) Curvature of the longitudinal profile, see Fig.

2.4a. (h) Grade of the longitudinal profile, see Fig. 2.4a.
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Average clinoform height, measured along the strike of the clinoform,
gradually increases from 25 — 96 mm during the experiment and correlates with the
sediment bypass percentage and the longitudinal curvature and grade as well (Fig.
2.6¢, f - h). The progradation rate decreases from 14 —9 mm h™* (Fig. 2.6e) and
results in a gradual increase in the topset area from 2.6 — 6.1 m? (Fig. 2.6d).
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Figure 2.8 Width-averaged transects through the shallow and deep parts of each
experiment. Transects mainly differ in the proximal part of the basin (see Fig. 2.2a).

Each line represents an increment of 8 h (see Fig. 2.6a).
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2.4.2 Experiment 1 - Basin 2 (E1_M2)

E1_M2 forms in a shallow ramp setting with constant sea level that subsides
from 48 h onwards at a rate of 2.5 mm h™* (Fig. 2.7a, b). Shallow water conditions
allow for rapid progradation during the first half of the experiment. During the
second half, tectonic subsidence results in accommodation on the topset and
deepening of the basin, which reduces the progradation rate (Fig. 2.7c - e; 2.8c, d).
At the start of the experiment, sediment bypass is 5% of the sediment input and
increases to ~16% at 40 — 48 h (Fig. 2.7f). The initiation of subsidence reduces
sediment bypass to 8% (Fig. 2.7f, 48 — 56 hour) after which it steadily increases to
24% at the end of the experiment (Fig. 2.7f, 88 — 96 hour). The curvature of the
longitudinal profile starts at 86% and increases rapidly towards 92% at 64 h (i.e.
becomes less concave) at which point it becomes approximately constant (Fig. 2.79).
The grade of E1_M2 initially remains low at 74% and gradually increases after the

initiation of subsidence (Fig. 2.7e, h).

Sediment bypass is low in the rapidly prograding system and coincides with a
strongly concave, low-gradient longitudinal profile (Fig. 2.7e - h, 0 — 48 hour). After
48 h, the basin subsides rapidly and a significant sediment volume is captured for
topset aggradation, decreasing the sediment bypass rate (Fig. 2.7e - h, 48 — 72 hour;
2.8c, d). However, towards the end of the experiment this rate increases to its
highest levels (Fig. 2.7c, e, f, 72 — 96 hour). This coincides with slow deep-water
progradation and corresponds to an increased grade and decreased concavity of the

longitudinal profile (Fig. 2.7e - h).

2.4.3 Experiment 2 - Basin 1 (E2_M1)

Throughout this experiment, subsidence is continuous and sea level mimics
three glacio-eustatic cycles of constant frequency and variable amplitude (Fig. 2.9a).
This results in three regression — transgression cycles (Fig. 2.8e, f) that are reflected

in the cyclicity of the measured parameters (Fig. 2.9¢ - h).

The style of deposition and erosion changes significantly during a sea-level
cycle and varies between cycles as well (Fig. 2.11; 2.12). During normal regression,
the entire delta top is frequently active (Fig. 2.11a). During forced regression, two

modes occur: small parts of the delta topset become inactive, generating short-lived
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9) Experiment 2 - Model 1 (E2_M1)
Time (h)

10) Experiment 2 - Model 2 (E2_M2)
Time (h)
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Figures 2.9 & 2.10 (a) Input parameters for E2_M1, and E2_M2. Accommodation space

shown for the deep part of the basin, accommodation space in the intermediate and

shallow parts is 2/3 and 1/3 of this value. (b) Rate of change in accommodation space,

(c) Basin depth (mm) calculated along the strike of the clinoform (d) Topset area, ()

Progradation rate, calculated between the shoreline of successive height models, (f)

Sediment bypass, see Fig. 2.4b, (g) Curvature of the longitudinal profile, see Fig.

2.4a. (h) Grade of the longitudinal profile, see Fig. 2.4a.
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interfluves in cycle 1, 2 and the start of 3 (Fig. 2.11b). During sea-level fall 3, an
incised valley forms that focuses much of the water and sediment discharge along a
narrow section of the delta topset, generating long-lived interfluves (Fig. 2.11c).
Focused discharge through the incised valley results in significant progradation
focused at the deep basin, after which the valley mouth shifts towards the shallow
basin at a later stage (Fig. 2.11d). During transgression, small lobes step back onto
the lowstand shelf while in upstream locations discharge is still focused in the

incised valley (Fig. 2.11e).

49h 42m |I3] 55h 33m 59h 45m |[B) 63h 27m 71h 42m

Figure 2.11 Topset morphology of E2_M1 during sea-level cycle 3. (a) Highstand Normal
Regression, the entire surface area of the topset is frequently wetted. (b) Early Forced
Regression, small interfluves emerge that are regularly eroded, (c) Incised valley
formation during late Forced Regression initiates at the shoreline of the deep basin,
(d) Valley widening due to lateral migration of the incised valley mouth during
progradation (e) Transgression of the distal topset, continued upstream erosion from

previous sea-level fall results in diachroneity of the sequence boundary.

The curvature and grade of the longitudinal profile, and sediment bypass show
close correspondence to relative sea-level variations. The highest bypass rates are
observed during late sea-level fall and lowstand and coincide with increasing
curvature and longitudinal grade percentages (i.e. longitudinal profiles become less
concave and steeper; Fig. 2.9f - h, 8 — 16, 32 — 40, 56 — 64 hour). Low sediment
bypass occurs during the sea-level rise and coincides with a decreasing curvature
percentage and decreasing longitudinal grade (Fig. 2.9f - h, 16 — 24, 40 — 48, 64 — 72
hour). Intermediate rates for sediment bypass, curvature and grade of the
longitudinal profile occur during sea-level highstand and early sea-level fall (Fig.
2.9f—h, 0-8, 24 — 32, 48 — 56 hour).
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During late sea-level fall in cycles 1, 2, and 3 the sediment bypass rate is 102,
63 and 126% of the sediment input, respectively (Fig. 2.9f). Sea-level fall 3 is
smaller than sea-level fall 1 (30 vs. 40 mm) but results in incised valley formation
and significantly higher sediment bypass (Fig. 2.9f). Valley incision coincides with
an increased basin depth and a decreased concavity of the longitudinal profile (cf.
Fig, 2.9¢c, f, 8 — 16 hour & 56 — 64 hour). Interestingly, it also coincides with a
reduced longitudinal gradient in comparison with the first sea-level fall (cf. Fig.
2.9h, 16 hour & 64 hour), indicating that erosion within the incised valley occurs at
a lower gradient than the estimated bypass gradient for unconfined flow along the
entire width of the fluvial system.

Erosion-deposition maps also show that during sea-level fall 3 significantly
more erosion occurs on the delta topset than during sea-level fall 1 (Fig. 2.12a, c). In
the case of sea-level fall 3, erosion migrates upstream and results in significant
erosion that persists until the end of the subsequent sea-level rise (Fig. 2.12d).

2.4.4 Experiment 2 - Basin 2 (E2_M2)

The input parameters of E2_M2 differ from E2_M1 in two ways. Firstly, water
discharge is 1 m®h™ instead of 1.5 m®h™* (Table 2.1). Secondly, the system progrades
on a shallow, non-subsiding ramp during sea-level fall 1, resulting in the very

shallow water conditions at lowstand 1 (Fig. 2.10a, b, 8 — 16 hour).

Sediment bypass shows a similar response to sea-level variation as in E2_M1
but less sediment is bypassed overall, and the longitudinal profiles are more concave
(cf. Fig. 2.99 & 2.10g). Another difference is that the curvature and grade of the
longitudinal profile decrease during sea-level fall to lowstand at 16 h, whereas in
E2_ M1, these values increase (cf. Fig. 2.10g, h & 2.9g, h, 16 hour). This is related to
the very high progradation rates that result from the shallow water depth of < 5mm
(Fig. 2.10c, e, 8 — 16 hour).
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Figure 2.12 Erosion-deposition maps for E2_M1. Blue and red indicates respectively

deposition and erosion; the intensity of the colours represents its magnitude. Grey
contour lines are spaced at 10 mm vertical intervals and indicate topography at the
end of the mapped interval. Yellow contour line represents the shoreline. (a)
Lowstand 1 (8 — 16 h), relatively minor erosion and rapid progradation into the
shallow basin. (b) Transgression 1 (16 — 24 h), deposition occurs along the entire
longitudinal profile. (c) Lowstand 3 (56 — 64 h), erosion is more severe and has
migrated far upstream. Less progradation occurs than in lowstand 1 due to the
significantly deeper basin. (d) Transgression 3 (64 — 72 h), erosion related to the
previous sea-level fall continues updip during the entire sea-level rise while the

coastline is characterized by back-stepping lobes on the lowstand shelf.

2.4.5 Grain-size experiments

The distorted-scale models indicate that the curvature and grade of the
longitudinal profile are both dependent on the rate of progradation. A weir
obstructed progradation in Scenario 1 and resulted in a steep and nearly linear
longitudinal profile that did not aggrade significantly after 5.5 h (Fig. 2.13a). In
Scenario 2, the length of the fluvio-deltaic system increased from 4 to 5.5 m and
resulted in a significantly more concave longitudinal profile (Fig. 2.13d).
Additionally, the achieved gradient in the experiment with fixed length is
significantly steeper than in the experiment with progradation ([1:107] vs. [1:180]),
although sediment and water discharge were the same in both experiments (cf. Fig.
2.13a & 2.13d; Table 2.1).
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Figure 2.13 Longitudinal gradients and downstream fining trends. (a) Longitudinal profiles
for Scenario 1 through time. The final profiles overlay each other, implying full
sediment bypass along a bypass gradient. The dashed line represents initial bed height
and position of weir. (b) Sediment samples collected along the final longitudinal
profile indicate that the coarse-grained fraction (> 1 mm) is present along the entire
profile without a clear downstream fining trend. (c) Grain-size samples collected
below the downstream weir from 0 — 4 h are depleted of coarse-grained sand (> 1
mm), indicating downstream fining. From 4.5 h onwards, input and output of coarse-
grained sand (> 1 mm) are roughly equal indicating that no downstream fining occurs.
The peak in coarse-grained sand (6.5 h) might indicate progradation of a gravel front
that accumulated upstream during the earlier stages of the experiment. (d)
Longitudinal profiles for Scenario 2. Dashed line indicated by E indicates sea level
and initial bed height. Bypass gradient is equal to Scenario 1. (¢) Grain-size samples
collected along the final longitudinal profile indicate that the coarse-grained fraction

(> 1 mm) is mainly retained in the steep, proximal part of the system (0 — 2 m).
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Grain-size data collected below the downstream weir (Fig. 2.5) indicate that
after 4.5 h significant volumes of coarse-grained sand bypassed the weir, while
samples along the final longitudinal profile do not indicate a downstream fining
trend (Fig. 2.13b). In Scenario 2, coarse-grained sand is preferentially retained in the

relatively steep, upper reach of the longitudinal profile (Fig. 2.13e).

2.5 Controls on Fluvial Profile Shape and Fluvio-Marine Sediment

Partitioning

2.5.1 Basin depth

With constant sea level, prograding systems cannot achieve system-scale static
equilibrium (Fig. 2.6f, h; 2.14a - d; Muto and Swenson, 2005). In shallow water
conditions, such as occur at the start of EL_M1 and E1_MZ2, fluvio-deltaic systems
require limited sediment volumes to prograde rapidly. This results in strongly
concave profiles at significantly lower gradients than the bypass gradient (Fig. 2.7f,
h, 0 — 48 hour; 2.14b). Such systems transport sediment inefficiently and deposit the
bulk of their sediment load in the fluvial domain (e.g. Fig. 2.7, 0 — 48 hour). The
progradation rates in deep basins are significantly lower and allow the longitudinal
profile to aggrade to a steeper gradient (i.e. approach the bypass gradient; e.g. Fig.
2.6e, h, 48 — 96 hour). Such systems transport sediment more efficiently and
partition a significantly larger percentage of their sediment load to the shoreline
(Fig. 2.6f, 48 — 96 hour; 2.14c).

Progradation will gradually slow in fluvio-deltaic systems that build into a
spatially deepening water body (e.g. Fig. 2.6c¢, e) and allow the longitudinal profile
to become steeper and less concave (Fig. 2.6g, h; 2.14d). This increases the
efficiency of sediment transport and enhances sediment transport to the shoreline
(Fig. 2.6f; 2.14d). Therefore, a shift in the longitudinal sediment partitioning can be
expected in spatially deepening basins, over time depositing a smaller percentage of
the sediment load in the fluvial and delta top systems and more in the progradational
delta front and slope clinoform sequences (Fig. 2.6f; 2.14d). This process provides a
potential mitigation mechanism for autoretreat (Muto, 2001; Muto and Steel, 2002a)
that is further discussed in the autostratigraphy paragraph.
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Downstream sediment fining occurs in both gravel- and sand-bed rivers and

is mainly dependent on selective transport, although abrasion processes are also

important in gravel-bed rivers (Frings, 2008; Paola et al., 1992b). Selective transport

is ineffective in static equilibrated longitudinal profiles: fine-grained sand is more

quickly transported than coarse-grained sand but the latter will arrive as well,

removing the downstream fining trend (Fig. 2.14a). However, if a profile is below

system-scale static equilibrium, selective transport as a result of downstream

decreases in bed shear stress (Knighton, 1999; Rice and Church, 2001) or a

downstream decrease in capacity to transport the coarse grains by suspension

transport (Frings, 2008) can result in stable downstream fining trends in the rock
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Figure 2.14 (previous page) Influence of basin depth on the longitudinal grade of
sedimentary systems. Gradients and curvature are exaggerated. (a) In a system of
fixed length equilibrium profiles can develop in which the sediment input is equal to
the sediment output. (b) In sedimentary systems prograding into shallow basins, high
progradation rates lead to strongly concave longitudinal profiles in which coarse
sediment is largely retained upstream. (c) In deep basins the longitudinal profile can
grade closely towards equilibrium because of low progradation rates, resulting in high
sediment transport rates to the coastline and limited downstream fining. (d) Ramp
basins will show a progressive grading towards equilibrium conditions and a decrease
in downstream fining. (e) Sea-level fall in shallow basins or on a shelf. Rapid
progradation will impede erosion but sea-level fall will still lead to an increase in
grade, sediment bypass and reduced downstream fining. In exceptionally shallow
settings, grade and concavity can be reduced. (f) Sea-level fall in basins of moderate
depth leads to significant erosion and high sediment supply rates during late falling
stage and lowstand. (g) Sea-level fall in deep basins will have the highest likelihood
of generating incised valleys during sea-level fall, leading to high sediment bypass
rates, and within the incised valley lowering the bypass gradient. (h) Sea-level rise
increases concavity of the longitudinal profile and strong downstream fining, resulting
in fine-grained highstand systems aggrading on the lowstand shelf deposits.

record (Fig. 2.14b, c). In Scenario 1, a nearly linear longitudinal profile develops
after ~5.5 h. Longitudinal profiles at successive time steps overlap this profile,
implying that the system has aggraded to an approximate bypass gradient (Fig.
2.13a; 2.14a). This approximately coincides with the arrival of coarse-grained
sediment at the downstream weir in similar quantities as in sediment input (Fig.
2.13c). Downstream grain size sorting has thus become ineffective, which is further
confirmed by the grain size distribution along the final longitudinal profile (Fig.
2.13b; 2.14a).

In Scenario 2, a progradational system developed with a low gradient, concave
profile (Fig. 2.13d; 2.14b). Here, coarse-grained sand is retained in the steep upper
reach of the fluvial profile, indicating that the transport capacity at lower gradients is
insufficient to transport the coarse-grained sand fraction. The difference between
both experiments suggests that the downstream fining rate correlates with the
concavity and grade of the longitudinal profile (e.g. Wright and Parker, 2005a,
2005b) that in turn depend on basin depth. Changes in basin depth thus influence the
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depositional character in the fluvial to marine domain and form a downstream
allogenic control on the volume and grain size of available sediment that can
potentially be remobilized and distributed into deeper marine environments (Fig.
2.14b - d).

2.5.2 Subsidence

E1_M2 examines the effects of basin depth and subsidence. Shallow water
progradation during the first half of the experiment allows for high progradation
rates in comparison to E1_M1 (cf. Fig. 2.7¢c, e & 2.6¢, e). This results in a concave,
low gradient longitudinal profile (Fig. 2.7g, h) and results in low sediment bypass
volumes (Fig. 2.7f; 2.14b). From 48 h onwards, rapid subsidence results in much
slower progradation and low sediment bypass rates (Fig. 2.7e, f). It also initiates a
continuous increase in the grade and decrease in the concavity of the longitudinal
profile (Fig. 2.7g). From 80 h onwards, sediment bypass into the subsiding basin
increases to higher levels than bypass into the shallow basin before subsidence was
initiated, even though the high subsidence rate is maintained (Fig. 2.7, f).
Subsidence therefore has two counteracting effects: subsidence upstream of the
shoreline requires additional sedimentation and potentially increases the concavity
of the longitudinal profile (Sinha and Parker, 1996). However, it also reduces the
progradation rate by increased deposition on the topset and by an increase in
clinoform height, allowing the fluvio-deltaic system to grade towards equilibrium. In
this experiment, progradation across a rapidly subsiding basin (from 48 h onwards)
was more efficient in bypassing sediment to the shoreline than the static shallow-
water system (from 0 — 48 h) due to this increase in basin depth (Fig. 2.7f; 2.8c, d;
2.14d).

2.5.3 Sea level

In E2_M1, glacio-eustatic sea-level variations influence sedimentation in a
basin that subsides at a constant rate (Fig. 2.9a, b). High-frequency sea-level
variations form a strong additional control on the grade of the longitudinal profile
(e.g. Blum and Hattier-Womack, 2009). As a first order approximation, a sequence-

stratigraphic interpretation based on sea-level variations alone provides a good
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explanation for the stratigraphic stacking pattern (Fig. 2.8e, f). During sea-level rise,
the downstream reaches of the fluvio-deltaic system are aggradational and step back
on the lowstand shelf (Fig. 2.11e). Sea-level rise predominantly raises the lower
reach of the longitudinal profile, resulting in strongly concave profile, shifted away
from the bypass gradient (Fig. 2.9g, h; 2.14h). During falling sea level, the lower
reaches of the longitudinal profile are eroded while deposition continues upstream of
sea-level influences (e.g. Fig. 2.12a). This generates a nearly linear profile that is
close to the bypass gradient (Fig. 2.9¢g, h) and results in efficient sediment transport
to the coastline (Fig. 2.9f; 2.14e, f). However, a sequence-stratigraphic solution
based solely on sea-level fluctuations cannot explain why an incised valley only
formed during the moderate sea-level fall 3 (30 mm, Fig. 2.12c, 48 — 64 h), and not
in the larger sea-level fall 1 (40 mm, Fig. 2.12a, 0 — 16 h).

Coastal incised-valley initiation requires deep local erosion, and is typically
triggered by relative sea-level fall (Strong and Paola, 2008). This occurs when a
system locally becomes significantly above grade. These experiments indicate that
the significant basin depth results in a low shoreline progradation rate (Fig. 2.6c, €)
and a longitudinal profile that is close to equilibrium (e.g. Fig. 2.6h; 2.14c). This
leads to a steep descending shoreline trajectory (Helland-Hansen and Hampson,
2009) during sea-level fall, which may cause the longitudinal gradient to become
above the bypass gradient, triggering incised valley formation (Fig. 2.11; 2.12;
2.14g). After incised valley inception, discharge is funnelled through a narrow
section of the fluvial system. This results in a lowering of the bypass gradient (cf.
Fig. 2.9h, 16 & 64 h), causing increased and prolonged erosion (Fig. 2.9f; 2.14q). In
the sea-level fall 3, erosion migrates upstream and persists till the following sea-
level highstand (Fig. 2.12d). Erosion has thus decoupled from sea-level fall and is
maintained by the lowering of the fluvial gradient within the incised valley, allowing
for an increased diachroneity of the sequence boundary (cf. Fig. 2.12b & 2.12d;
Strong and Paola, 2008). Conversely, in shallow basins, the gradient of rapidly
prograding systems is further removed from the bypass gradient. Additionally, a
similar sea-level fall will result in a more gradual descending shoreline trajectory
due to the higher progradation rates. Therefore, the rate of sea-level fall needs to be
much more dramatic to steepen the longitudinal profile sufficiently to cause it to

become above grade and trigger incision. Basin depth thus strongly modulates the
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sensitivity of the sedimentary system to the formation of incised valleys during sea-
level fall.

Furthermore, the incised valley of E2_ML1 initiated in the deep zone of the
experimental basin (Fig. 2.2; 2.11c) and it is speculated that this is the most likely
position, rather than lateral positions in the shallow to intermediate depth zones (Fig.
2.2). In basins with lateral depth differences, the deep segments will require
relatively longer time spans of fluvial activity to infill. Additionally, the avulsion
frequency might be reduced in such segments because it appears to be partially
controlled by the lengthening of the distributary channels (Edmonds et al., 2009).
Therefore, it is likely that channels are present at positions feeding into the deepest
part of basins for prolonged periods, enhancing the probability of incision at such
locations. Such control on the lateral position of incised valleys within basins is
thought to be relevant mainly in systems with large lateral variation in basin depth
along short distances such as rift basins.

In E2_M2, the longitudinal curvature and grade are more strongly affected by
the rapid progradation rate than by the relative sea-level fall from 8 - 16 h (Fig.
2.10e). This causes the fluvio-deltaic system to move away from equilibrium,
whereas in other occurrences equilibrium is approached during sea-level fall (Fig.
2.10g, h). The former scenario might occur in shallow basins or on wide shelves
where sea-level either does not fall below shelf-edge or before it falls below shelf
edge. In such cases, the reduction of the longitudinal gradient might result in
aggradation rather than incision of the fluvio-deltaic succession even during sea-
level fall (Ethridge et al., 1998; Petter and Muto, 2008; Prince and Burgess, 2013;
Swenson and Muto, 2007; Wallinga et al., 2004).

2.5.4 Water-sediment discharge ratio

The ratio between water and sediment discharge forms an additional control on
sediment transport and valley incision (Bijkerk et al., 2013) that is highlighted by
the differences between E2_M1 and E2_M2 (Fig. 2.8; 2.9; 2.10). An increased water
to sediment ratio results in more efficient sediment transport at lower gradients (e.g.
Simpson and Castelltort, 2012). In E2_M1, the water to sediment ratio is 1.5 times
higher than in E2_M2. This results in a ~1.2 times lower longitudinal gradient and

between 1 to 1.5 times higher sediment bypass rates during sea-level fall, implying
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significantly more deposition in the delta front (Fig. 2.8). Additionally, higher water
discharge results in shorter equilibrium timescales (e.g. Paola et al., 1992a), which
implies that a system can adapt more quickly to changing conditions such as sea-
level fall. In E2_M1, the high water to sediment ratio resulted in low concavity and
approximate equilibrium conditions during sea-level fall 1 (Fig. 2.9g, h). During
sea-level fall 3 more favourable basinal conditions eventually triggered valley
incision. In E2_MZ2, the longitudinal profile remained significantly more concave,
resulting in lower sediment transport rates to the coastline indicating deposition on
the topset (Fig. 2.10f, g). Therefore, the sedimentary system has not approached
equilibrium closely, making it less prone to significant erosion and valley incision.
Note however that relative sea-level fall is more modest as well which further limits
the probability of incised valley formation (cf. Fig. 2.9b & 2.10b).

2.5.5 Autostratigraphy

Autostratigraphic principles (Muto et al., 2007) state that sedimentary systems
influenced by constant discharge and a constant rate of relative sea-level rise may
transition from initial normal regression, where sediment supply is still in excess of
the accommodation creation, into transgression or “autoretreat”. This is due to the
increasing budget required to aggrade both slope and topset of the sedimentary
system (Muto, 2001). At the autoretreat break, the increasing size of the system
reaches a tipping point at which sediment supply cannot support further
progradation, and 100% of the sediment load is partitioned to the topset. A
subsequent increase in the topset area due to landward onlap can cause the system to
autoretreat (Muto and Steel, 2002a).

The present results reveal an autoretreat mitigation mechanism. Relative sea-
level rise implies progradation into increasing water depths, resulting in a slowing of
the progradation rate. This leads to an adjustment of the grade and curvature of the
longitudinal system and an increasing efficiency of sediment transport to the
shoreline, thereby increasing the part of the sediment that is used to aggrade the
slope, and decreasing the part of the sediment that is used to aggrade the topset. This
mechanism of increasing fluvial transport efficiency during progradation into a
deepening basin is well-illustrated in E1_MZ1. Here, the partitioning of sediment to

the basin doubles during progradation into a basin of increasing depth (Fig. 2.6c, 1),
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despite a twofold increase in topset area (Fig. 2.6d) (note that relative sea level is
static and the basin depth increase refers to a spatial increase). In E1_M2, a constant
subsidence rate from 48 h onwards initially slows the progradation rate, which leads
to an increased grade and decreased concavity. This results in increasing fluvial
efficiency and increasing sediment bypass towards the end of the experiment (Fig.
2.7). Whilst not excluding the possibility of autoretreat, these results indicate that
enhanced fluvial efficiency as a consequence of increasing basin depth may counter

or delay its occurrence.

From 56 h onwards, both the curvature and grade of the longitudinal profile
remain constant in E1_M1 (Fig. 2.6g, h). This suggests that the fluvial system does
not increase its efficiency of routing sediment to the shoreline anymore. The
increasing topset area (Fig. 2.6d) requires increasing amounts of sediment, as is
reflected in the slow decrease in the sediment-bypass percentage (Fig. 2.6f)

implying that autostratigraphic principles apply in a straightforward manner.

2.6 Application

2.6.1 Case study 1: Maastrichtian Fox Hill - Lewis shelf margin,
Southern Wyoming

The Maastrichtian Fox Hill - Lewis shelf margin of Southern Wyoming is a
well-studied shelf-margin succession that can be used to test the concepts from
analogue modelling in a setting that is not influenced by high-amplitude, high-

frequency glacio-eustatic variation, analogous to Experiment 1 in this study.

Over a period of 1.8 Myr, rapid shelf-margin accretion resulted in the
formation of 15 clinothems (Fig. 2.15a; Carvajal, 2007; Carvajal and Steel, 2009;
Carvajal and Steel, 2006) that can be subdivided into two stages. The first stage is
deposited in a rapidly subsiding basin and is represented by clinothems C0-C9 (Fig.
2.15a). Based on the gradually rising shoreline trajectory, an overall deepening from
~250 to 600 m is recorded. Subsidence is directly linked to tectonic activity in the
source area; Stage 2, represented by clinothems C10-15, initiates when thrusting and

uplift in the source area ceases (Fig. 2.15a). These clinothems form a progradational
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succession in a basin of constant depth, as reflected by the horizontal shoreline
trajectory (Fig. 2.15a; Carvajal and Steel, 2006).

1.2 Stage 1 Stage 2
1.0 [
0.8 | _
— — - Basin Floor
(0 e e A E A N i Slope
Topset

e
'

All Compartments

Sandstone/Shale ratio

o
()

| 1 | 1 1 1 1 J
123 4567 8 9101112131415
Clinothem number

Stage 1 ! Stage 2 !

Figure 2.15 (a) Clinothem succession of the Maastrichtian Fox Hill — Lewis Shelf Margin,
Southern Wyoming. Note that the aggradational succession in Stage 1 (C1-C9)
represents a relative sea-level rise, and Stage 2 (C10-C15) a progradational succession
during relative sea-level still stand. Simplified from Carvajal and Steel (2006). (b)
Sand/shale ratios for individual clinothems. Modified from Carvajal (2007). (c)
Alternative interpretation of sediment volume and grain size trends, with strongly
exaggerated gradients in which the differences in sediment supply and grain size are
attributed to the response of the longitudinal profiles to changes in basin depth and

basin development.
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The average sediment supply rate calculated for Stage 1 is ~747*109 m*®/ 100
kyr; the progradational succession of Stage 2 has a slightly higher sediment supply
rate of 845%109 m*/ 100 kyr during a period of tectonic inactivity (Carvajal, 2007).
Carvajal (2007) considers the increase in sediment supply counter-intuitive since the
cessation of thrusting in the source area is expected to correspond to a decrease in
the sediment yield. The increase in sediment yield is therefore linked by Carvajal
(2007) to modest uplift due to isostatic rebound of the source area. Additionally, the
basin floor and overall sand/shale ratio increase over time, which has been ascribed

to erosion of increasingly sandy source rock (Fig. 2.15b; Carvajal, 2007).

As an alternative hypothesis, it is suggested that both the increase in sediment
volume and the increase in sand/shale ratio can be explained by the progressive
increase in basin depth during Stage 1 and the cessation of relative sea-level rise at
the transition from Stage 1 to Stage 2. The sea-level stillstand allows the
longitudinal profile to grade closer towards equilibrium (Fig. 2.15c). This enhances
the sediment bypass rate and allows transport of coarser-grained sediment into the
basin, which increases the sand/shale ratio in both the basin floor, and overall (Fig.
2.15b).

2.6.2 Case study 2: Eocene Central Basin, Spitsbergen

The Eocene Central Basin of Spitsbergen provides several outcrops of well-
preserved shelf-margin clinothem complexes. Sea-level cyclicity is estimated at
~300 kyr duration (Crabaugh and Steel, 2004). Two contrasting shelf-margin types,
Type I and |1, developed simultaneously within the region (Plink-Bjoérklund and
Steel, 2005) and demonstrate the influence of basin depth and progradation rate on

incised valley formation.

Type | shelf margins are characterized by severe erosion in the falling stage
shelf-edge deltas, accompanied by the formation of significant basin floor fans that
are fed from across a disrupted slope (Plink-Bjorklund and Steel, 2005). Shelf
margin accretion occurs mainly during the late lowstand and in water depths of 300
— 350 m (Plink-Bjorklund and Steel, 2005; Steel et al., 2007). Type 1l shelf margins
are characterized by the absence of a basin floor fan and accrete with an
amalgamated succession of falling stage, early and late lowstand deltas. Falling

stage deltas are notably highly progradational. Of Type Il margins, only the
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Reindalen clinothems (numbers 26-27) show complete exposures including the
clinothem top. In these clinothems, water depth is estimated at ~200 m (Plink-
Bjorklund and Steel, 2002; Plink-Bjorklund and Steel, 2005; Plink-Bjoérklund and
Steel, 2007).

Both clinothem types are coeval, and sea level is interpreted to fall below the
shelf edge in both shelf-margin styles (Plink-Bjorklund and Steel, 2005). Therefore,
the different character is dependent on other inherent characteristics of these shelf
types. Plink-Bjorklund and Steel (2005), suggest that higher rates of sediment fallout
at the shelf-edge and upper slope during the falling stage in Type 11 shelf margins
dampens incision and prevents deep channeling at the shelf edge. Alternatively, the
shallow water depth of Type Il clinothems facilitates high progradation rates,
impeding incision due to the resultant low gradient of the descending shoreline
trajectory (cf. Fig. 2.7e, f, 0 — 16 hour; 2.14e; Holbrook et al., 2006). Deeper basins
in which Type I clinothems form are characterized by slower progradation rates,
resulting in a steeper shoreline trajectory with the same rate of sea-level fall. This
causes the longitudinal profile to become above grade and allows for sufficient shelf
incision to generate incised feeder channels (cf. Fig. 2.7e, f, 48 — 64 hour; 2.14g;
Strong and Paola, 2008). Consequently, the likelihood of shelf incision during sea-
level fall increases with basin depth, resulting in the different development of Type |
and Type Il deltas. Dependent on the depth of the receiving basin, both the timing of
shelf margin progradation differs and the gross architecture of basin infill is altered.

2.7 Conclusions

Analogue modelling is used to examine the impact of basin depth, subsidence,
and relative sea-level variations on the temporal development of sedimentary
architecture, focusing on the relationship between the grade of the longitudinal
profile and the sediment partitioning between the fluvio-deltaic system and the
basin. Fluvio-deltaic systems grade towards a longitudinal equilibrium gradient, at
which the full sediment load is bypassed through the system thereby maintaining a
static longitudinal profile. Progradational systems cannot achieve this state because
lengthening of the longitudinal profile lowers the longitudinal gradient unless the

fluvio-deltaic system aggrades. Therefore, this generates a departure from system-
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scale static equilibrium that is governed by the progradation rate. Basin depth,
subsidence, and sea-level variations act as allogenic controls on the migration of the
shoreline. This affects the development of the longitudinal profile and therefore

controls fluvial to marine sediment partitioning.

Shallow basin depth results in rapid lengthening of the sedimentary system.
Therefore, the longitudinal profile has a low gradient, which results in significant
deposition in the fluvial domain and strong downstream fining of the sediment load.
In deep basins, progradation rates are significantly lower, allowing the longitudinal
profile of sedimentary systems to steepen and approach equilibrium more closely.
This results in high sediment supply to the shoreline with limited downstream
fining. Increasing basin depth leads to a shift in the partitioning of sediment between
the fluvial and marine domains. Basin depth thus influences the sediment
partitioning of sedimentary systems and forms a first order control on the
availability of sand-rich sediments that can potentially be remobilized and

redistributed into deeper marine environments.

Subsidence has a dual effect: it can increase the concavity of the longitudinal
profile and increases deposition on the topset, thus limiting sediment transport to the
coastline. Counterintuitively, the resultant slow progradation rates allow the fluvio-
deltaic system to grade towards equilibrium, eventually increasing sediment

transport rates.

Sea-level variations rapidly alter the fluvio-deltaic longitudinal gradient. In
deep basins, low progradation rates result in steep descending shoreline trajectories
during sea-level fall, generating significantly greater erosion than in shallow basins.
Deep basins therefore result in higher sediment yields at the shoreline and an
increased probability of incised valley formation. The latter can alter the timing of
shelf margin progradation and its gross morphology and therefore affect the transfer
of sediment to deep marine sinks. The experimental results indicate that, during
glacio-eustatic sea-level cyclicity, the longitudinal profile is closest to equilibrium
during falling sea-level and early lowstand. This results in efficient sediment
transport towards the shoreline, explaining delivery of increased sediment volumes
of increasing grain size to lowstand systems tracts as a sea level and basin-depth-

controlled parameter.
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3 Allogenic Controls on Stratigraphic Architecture of the

Carboniferous Craven Basin

3.1 Abstract

Sequence-stratigraphic analysis is applied to two sea-level cycles of the
fluvio-deltaic succession on the Carboniferous Askrigg Block and in the adjacent
Craven Basin. This provides field validation for a concept derived from analogue
modelling: that sea level and basin-margin morphology influence the sediment
volume and grain size of deltaic deposits through variations of the gradient and
curvature of the fluvial longitudinal profile. Field and literature study has revealed
the presence of a slowly prograding deep water shelf margin, incised by a major
valley and associated with a large turbidite deposit during the initial sea-level cycle.
This succession is differentiated from an overlying regressive shallow water
succession during the successive sea-level cycle. Isopach-map-derived volumetric
estimates and grain-size trends for these stratigraphic units indicate a four times
larger sediment volume in the deep water cycle as well as substantially coarser grain
size, indicating a consistency with the analogue modelling results. Lateral variation
in basin depth during deposition of the turbidite system is thought to have steered
the position of the incised valley laterally towards the deepest sub-basin.
Additionally, the current sequence-stratigraphic interpretation challenges the

concept of tectonic uplift of the southern Askrigg Block at this time.

3.2 Introduction

Sequence stratigraphy describes longitudinal shifts in facies-belt stacking-
patterns of delta or shelf clinoforms as a function of sediment supply and
accommodation space (Van Wagoner et al., 1988). Eustatic sea level, tectonics and
sediment supply are generally considered as the major controls on such facies-belts
shifts (Schlager, 1993). During periods of glacio-eustatic sea-level variations,
accommaodation-space changes are a rapid, large, and generally dominant control on

the sequence-stratigraphic signature. During sea-level rise and highstand, fluvio-
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deltaic systems tend to deposit relatively fine-grained sediments over wide areas.
During falling stage and lowstand, the specific response of the fluvio-deltaic system
is strongly dependent on the relative longitudinal gradients of the fluvial system and
of the exposed shelf and slope: extension and aggradation of the fluvial profile is
likely if the shelf and slope gradient is shallower than the fluvial gradient, whereas
erosion and incision occur when the shelf and slope gradient is steeper than the
fluvial gradient (e.g. Posamentier et al., 1992; Shanley and McCabe, 1993, 1994;
Posamentier and Allen, 1999). This difference in response can also be related to the
larger sediment storage capacity of steep shelf margins close to the delta front,
which results in relatively slow progradation rates and thus a more steeply
descending fluvial profile or shelf-edge trajectory (Helland-Hansen and Hampson,
2009). As a result, ramp-style basins are more likely to record a rapidly prograding
shallow marine wedge (e.g. Plint, 1988; Hunt and Tucker, 1992), whereas fluvial
systems at margins of a deep basin are prone to valley incision (e.g. Ritchie et al.,
2004).

Analogue modelling indicates that deep basin margins allow a fluvial system
to grade closer towards equilibrium conditions (Paola et al., 1992a), therefore
becoming more efficient at transporting sediment while becoming more sensitive to
erosion and subsequent valley incision (Chapter 2). Incised valleys efficiently
transport sand-grade sediment to narrow sections of the shelf edge (Chapter 2, Blum
and Tornqgvist, 2000; Blum et al., 2013) where it can be further distributed in the
marine domain in correlative lowstand fans (e.g. Posamentier and Vail, 1988;
Posamentier et al., 1988). Therefore, understanding the controls on (loci of) valley
incision can thus help predict the gross stratigraphic architecture of fluvio-marine

sedimentary systems (Chapter 2).

In the absence of other forcing mechanisms acting on the river positions, the
results in Chapter 2 suggest that valley incision aligns to the deepest basin margin
areas when basinal bathymetry varies significantly. In tectonically active settings,
such as rift basins, bathymetric contrasts regularly occur over short distances but
fault systems and tectonic lineaments might also steer the position and direction of
both fluvial (Leeder and Alexander, 1987; Hickson et al., 2005; Kim et al., 2010,
Blum et al., 2013) and deep marine channels (Kane et al., 2010a). In the fluvial case,
this can eventually also steer the position of valley incision (Wroblenski, 2006; Plint
and Wadsworth, 2006; Deibert and Camilleri, 2006; Holbrook and Bhattacharya,
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2012). Post-rift basins might preserve these bathymetric contrasts while active
tectonics are subdued, thus providing an ideal tectonic setting to test the results from

analogue modelling presented in Chapter 2.

This chapter provides a sequence-stratigraphic reassessment of fluvio-deltaic
successions on the equatorial Carboniferous Askrigg Block and Craven Basin (Fig.
3.1) for the stratigraphic interval between the Cravenoceras malhamense (E;.1) and
Cravenoceras cowlingense (E2,1) Marine Band. The outcrop belts for this interval
span from a trunk channel belt at the northern margin of the Askrigg Block to basin
floor deposits in the Bowland sub-basin (Fig. 3.1; 3.2). The area provides an
opportunity to study both the lateral and longitudinal facies changes of a shelf
margin, adjoining a basin that reaches a depth of several hundreds of metres and to
examine the relative effect of different forcing mechanisms, such as sea-level

variation and basin-margin morphology on the sedimentary succession.

3.2.1 Geological setting

The Craven Basin (Fig. 3.2) forms the northern sub-basin of the Central
Pennine Basin that was infilled during the Namurian, and is part of the larger
Pennine Basin that also includes the Askrigg Block, Stainmore Trough, Alston
Block and Northumberland Trough in a northward direction (Fig. 3.1; Waters and
Davies, 2006). The entire basin province probably formed in response to late
Devonian and early Carboniferous north-south extension (Fig. 3.3a; Leeder, 1982;
Leeder and McMahon, 1988; Gawthorpe, 1987; Fraser and Gawthorpe, 1990, 2003;
Kirby et al., 2000) resulting in a series of grabens and half-grabens that are separated
by intrabasinal highs (Fig. 3.1). Many of the block and basin margins are thought to
reflect reactivation of pre-existing basement lineaments from a previous Caledonian
orogenic phase (Moseley, 1972; Fraser and Gawthorpe, 1990; Soper et al., 1987;
Gawthorpe et al., 1989). Alternative tectonic models additionally invoke strike-slip

or escape-tectonics related to the Variscan Orogeny in the south (Dewey, 1982;
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Craven
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BH - Bowland High, BT - Bowland Through, CLH - Central Lancashire High, DH - Derbyshire High, EG - Edale Gulf,
GT - Goyd Trough, HdB - Huddersfield Basin, HS - Hattern Shelf, RB - Rossendale Basin, WG - Widmerpool Gulf

DF - Dent Fault, FHF - Flamborough Head Fault, KF - Kendall Fault, NCF - North Craven Fault, PF - Pendle Fault,
PnF - Pennine Fault, SCF - South Craven Fault, StF - Stockdale Fault

Figure 3.1 Outline of main land, shelf and basinal areas at the end of the Visean. Yellow
arrows indicate the approximate direction from which the Millstone Grit Group
arrived at the Central Pennine Basin during the Pendleian. Note that the northern
Northumberland Trough and Stainmore Trough-Cleveland Basins were largely

infilled with syn-rift deposits before the start of the Pendleian (Redrawn from Waters
etal., 2009).
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Borehole locations

A= Aldfield 1 [42405 46810]

AS = Ashfold Side Beck No. 1[41160 46615]

B = Boulsworth No.1[39268 43479)

Bl = Blacko, Craven Water Board [38495 44183]
BM = Bewerley Mines No. 1B [41070 46623]
CC = Croft House, Cononley [39871 44701)

CH = Croft House, BGS [41982 48883]

CS = Coal Grove Head Shaft [40318 46703]

E = Ellenthorpe No.1 [44227 46705]

GR = Grimwith Reservoir 15 [40576 46424)

GR = Grimwith Reservoir LP18 [40612 46384]
H = Holme Chapel 1 [38608 42878]

L = Low Bradley 1 [40195 44786]

M = Moor Park Farm [42540 45330]

R = Roosecote 1, Barrow-in-Furness [32304 46866)
S = Sawley 1 [42451 46502]

T = Tholthorpe 1 [44682 46689]

W= Whitmoor 1 [46315 35874]

We = Weeton 1 [42980 44638]

Fault names

BL = Bowland Line

BF = Bamoldswick Fault

CAF = Clitheroe-Abbeystead Fault System
DF = Dent Fault

KF = Kendall Fault

MCF= Middle Craven Fault
MoCF = Morley-Campsall Fault
NCF = North Craven Fault

PF = Pendle Fault

PL = Pennine Line

StF = Stockdale Fault

SCF = South Craven Fault

ThF = Thornley Fault

WhF = Whitewell Fault

WF = Winterburn Fault
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Outcrop locations:
Askrigg Block

1) Summer Lodge Beck, Swaledale [39715 49537] 31) Nick O'Pendle Quarries [3772 4386]

2) Fossdale Gill, Swaledale [3879 4949]
3) Waldendale [40023 48098]

4) Coverdale [40123 47949]

5) Angram [40242 47603]

6) Kettlewell, Wharfedale [39972 47312)
7) How Stean Beck [4055 4728]

8) Coalgrove Beck, Yarnbury [4025 4663]
9) Hole Bottom, Hebden Beck [4025 4644]
10) Pen-Y-Ghent [3836 4730]

11) Whernside [3737 4813]

Transition zone

12) Threshfield Moor [3968 4622]
13) Barden Moor [3985 4588]
14) Barden Fell [4074 4582]
15) Flasby Fell [3957 4550]

16) Skipton Moor [4012 4504]
17) Bradley Moor [3999 4492]
18) Farnhill Moor [4009 4468)
19) Cononley Moor [3981 4475]
20) Threapland Gill [3996 4594]
22) Eastby [4029 4547)

Harrogate sub-basin
23) Beamsley Moor [4099 4524]

24) Harlow Carr Park [4276 4543]
25) Almscliff Crag [42680 44901]

Bowland sub-basin

26) Salterforth [3882 4448]

27) Noyna Rocks Quarries [38965 44264]
28) Faughs Delph Quarry [3819 4392
29) Rathmell [3804 4599]

30) Whelp Stone Crag [37649 45949]

32) Little Mearley Clough [37874 44116]

33) Wiswell Quarries [3753 4370]

34) Waddington Fells Quarries [3716 4478]

35) Leeming Quarry, Longridge Fell [36827 44057]
36) Tootle Height Quarry, Longridge [3616 4381]
37) Salesbury Hall, Longridge [3677 4359]

Lancaster Fells sub-basin

38) Bowland Knotts [3731 4609]

39) White Greet [3698 4599]

40) Far Costy Clough [36948 45952]
41) Croasdale [3673 4573]

42) Whitendale [3653 4569]

43) Baxton Fell Quarry [36815 45642]
44) Quernmore area [3490 4612]

Insert maps (red boxes)

Fig 3.5a: Askrigg Block

Fig 3.9a: Barden Moor

Fig 3.11: Skipton Moor

Fig 3.12: Bowland Knotts to Croasdale

Correlations (green lines)
D - D': Correlation Fig. 3.6a
E - E": Correlation Fig. 3.6b
F - F": Correlation Fig. 3.8

Figure 3.2 Map of the outcrop belts for the Pendleian Millstone Grit succession in the

Craven Basin, based on 1:50.000 geological maps of the British Geological Survey.

Borehole locations are indicated by italic letters at the map, key outcrop locations are

indicated by numbers. Numbers in legend (e.g. [3879 4949]) refer to the Ordnance

Survey coordinates. Tectonic lineaments are redrawn from Kirby et al. (2000).

Figure 3.3 (next page) (a) Chronostratigraphy for the Carboniferous. Dating of Namurian

sub-stages based on Waters and Condon (2012), other ages are from Davydov et al.

(2010). Major episodes of tectonic activity in the Craven Basin are from Kirby et al.

(2000). Magnitude of Carboniferous eustatic sea-level fluctuations are based on Rygel

et al. (2008), dark blue boxes indicate individual periods of major sea-level variation
as recorded in the Central Pennine Basin (Waters and Condon, 2012). (b)

Lithostratigraphic column for the Pendleian sub-stage, modified from (Kane et al.,

2010a). ‘E’ refers to Genus Zone Eumorphoceras. Distinctive thick-shelled ammonoid

horizons denoted in italics ‘C’ Cravenoceras, ‘T’ Tumulites.
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Coward, 1993; Maynard et al., 1997), or E-W extension related to rifting of the
North Atlantic (Haszeldine, 1984, 1989), although this rift phase is commonly
inferred to take place during the Cenozoic. During the late Brigantian, the Craven
Basin transitioned from a syn- to post-rift tectonic phase (e.g. Gawthorpe, 1987;
Kirby et al., 2000; Fraser and Gawthorpe, 2003) and thermal relaxation subsidence
became the dominant structural control on basin evolution (Fig. 3.3a; e.g. Leeder,
1982).

During the Namurian, the Central Pennine Basin was diachronously infilled
by the Millstone Grit Group, commencing with the Craven Basin (Ramsbottom,
1966). The Millstone Grit Group was deposited by a continental-scale coarse-
grained fluvio-deltaic system (Gilligan, 1919) that was sourced from Laurentia-
Baltica in the north-east (Hallsworth et al., 2000), draining an area including
present-day East Greenland (Morton and Whitham, 2002). Thick clastic deposition
in the Craven Basin occurred during the Pendleian and Arnsbergian regional sub-
stages (Fig. 3.3) and coincides broadly with Glaciation C1 (Fielding et al., 2008;
Waters and Condon, 2012). The onset of the Millstone Grit river system has been
related to a major rerouting of the East Greenland fluvial system (Morton and
Whitham, 2002), with a marked increase in water discharge (Cliff et al., 1991) and
with a transition from a greenhouse to icehouse setting (Fig. 3.3a; Waters and
Condon, 2012).

Eustatic sea-level fluctuations resulted in the highly cyclic character of the
Millstone Grit Group (e.g. Ramsbottom, 1977a, 1979; Ramsbottom et al., 1978;
Holdsworth & Collinson, 1988, Martinsen et al., 1995). Major sea-level rises with
approximately 100 and 400 kyr periodicity (Waters and Condon, 2012) resulted in
the deposition of marine mudstones, with pelagic faunas dominated by thick-shelled
ammonoids (e.g. Holdsworth and Collinson, 1988). These fossils have been used to
identify individual sea-level cycles, thus providing an excellent control for
stratigraphic correlation. The exact timing of these maximum marine conditions has
both been correlated to maximum transgression, as maximum flooding surfaces
(Waters and Davies, 2006) or to peak highstand corresponding to the best
connection to the open oceans (Martinsen et al., 1995). At low eustatic sea level, the
Central Pennine Basin was an interior sea with tortuous connections to the open

oceans, resulting in brackish or fresh water conditions (Eagar et al., 1985;
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Holdsworth and Collinson, 1988) and limited development of waves and tides (e.qg.
Aitkenhead and Riley 1996; Brettle et al., 2002, Wells et al., 2005).

Radiometric dating and marine band occurrences indicate that the period of
eustatic cyclicity during the Pendleian and Arnsbergian interval is approximately
100 kyr (Fig. 3.3; Waters and Condon, 2012). Here, two of these cycles are
examined: the lower cycle initiates at the Cravenoceras malhamense Marine Band
(E1cl), the second cycle initiates with the Blacko Marine Band (E1c2). At the top of
the succession the Cravenoceras cowlingense Marine Band (E2,1) indicates the top

of the examined interval and the start of the Arnsbergian sub-stage.

3.2.2 Structural framework

The northern margin of the Craven Basin is flanked by the Askrigg Block, a
large, north-tilting rift block (Fig. 3.2) that is underlain by the Wensleydale Granite
batholith (Bott, 1961, Dunham, 1974). The Askrigg Block remained a shelfal area
during the Visean and Serphukovian and underwent only minor tectonic
deformation. It is separated from the Craven Basin by the Craven Fault system (Fig.
3.2). Near the Lancaster Fells and Bowland sub-basins, the Middle Craven Fault
trends NW-SE and accommodates most displacement (Fig. 3.2; Kirby et al., 2000).
From the western margin of the Bowland sub-basin eastwards, the Craven Fault
system splays and starts to interact with intra-basinal faults (Fig. 3.2). The North
Craven Fault trends E-W and merges with the Middle Craven Fault near Grassington
(Arthurton et al., 1988). The South Craven Fault continues along a NW-SE trend
and forms the NE-boundary for the Central Lancashire High, which forms a SE-
tilted intra-basinal tiltblock-high (Fig. 3.2). The Central Lancashire High was
emergent and tectonically active up to the Visean but was drowned during the
Pendleian (Kirby et al., 2000). The triangular area between the North and South
Craven Faults, and the northward extension of the Pendle Fault is referred to as the
Transition Zone (Fig. 3.2; Kirby et al., 2000). This area contains numerous
southward-throwing normal faults creating a stepped morphology (Arthurton, 1984).
The Pendle Fault forms the bounding fault for the NW-side of the Central
Lancashire High (Fig. 3.2). Parallel to this trend, the Bowland Line defines the crest
of the Bowland High, a NE-tilted intra-basinal high that separates the Lancaster
Fells and Bowland sub-basins (Fig. 3.2; Arthurton et al., 1988; Kirby et al., 2000).
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The eastern area of the Craven Basin is referred to as the Harrogate sub-basin (Fig.
3.2; e.g. Kirby et al., 2000). During the Visean, it probably formed a northward-
dipping halfgraben, bounded by the North Craven Fault, separating it from the
Askrigg Block in the west and the Cleveland Basin in the east (e.g. Fraser and
Gawthorpe, 2003). Internally, the Harrogate sub-basin is dissected by numerous
WSW-ENE-trending faults that form en-echelon with the northeastward
continuation of the Pendle Fault. The southern margin of the Harrogate sub-basin is
poorly resolved due to limited seismic and borehole data (Cooper and Burgess,
1993; Kirby et al., 2000) but is flanked by the Market Weighton Block (Fig. 3.1;
Fraser and Gawthorpe, 2003).

During the Namurian, active extension had largely ceased and the arrival of
sediments of the Millstone Grit Group infilled the inherited rift-formed bathymetry
(Fig. 3.3a; Kirby et al., 2000). However, active uplift of the southern margin of the
Askrigg Block has been invoked to explain the intra-E;c1 unconformity surface at
the base of the Pendleian Millstone Grit Group on the Askrigg Block (Chubb &
Hudson, 1925; Rowell and Scanlon, 1957a; Dunham and Wilson, 1985; Gawthorpe
et al., 1989; Brandon et al., 1995), an interpretation that will be challenged later in
this study. In the Craven Basin, a simultaneous period of tectonic activity is also
inferred (e.g. Arthurton, 1984; Kane, 2010; Kane et al., 2010a).

3.2.3 Stratigraphic Framework
3.2.3.1 Transgressive surfaces in the Craven Basin

In the Craven Basin, transgressions and highstands during the Pendleian are
associated with goniatite-bearing marine intervals in an otherwise unfossiliferous
succession (Fig. 3.3b; 3.4a; Bisat, 1923; Ramsbottom et al., 1962, 1978;
Ramsbottom, 1974; Brand, 2011; Waters and Condon, 2012). The base of the
Pendleian occurs in the Bowland Shale Formation and is defined at the level of the
Cravenoceras leion Marine Band (E1;1), which consists of three closely-spaced
(metre-scale) intervals containing goniatites (E;,1a-c) separated by barren
mudstones (Fig. 3.4; Waters and Condon, 2012). The Cravenoceras brandoni Marine
Band (E1pl) forms the next marine surface and is followed by two transgressions
indicated by Tumulites pseudobilinguis (E1p2 a-b) bearing shales (Fig. 3.4; Waters
and Condon, 2012).
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Figure 3.4 (a) Stratigraphic nomenclature compared to key references for the Craven Basin,

and (b) theAskrigg Block . See references within these publications for older and

local names. (c) Preferred correlation of flooding surfaces between the Askrigg Block

and Craven Basin (see section 3.2.3). Note that if the Cravenoceras malhamense

Marine Band in the Craven Basin is correlated to the Little Limestone on the Askrigg

Block, higher limestones in the Stainmore Formation cannot correspond to eustatic

variations recorded in the Craven Basin. Additionally, such correlation would place

the Crow Limestone in the same sea-level cycle as the Bearing and Pendle Grits,

which is considered improbable.
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The Cravenoceras malhamense Marine Band (E;.1) forms the base of the
studied interval. Above this marine band, coarse-grained clastics of the Millstone
Grit Group enter the Craven Basin (Fig. 3.4). The next transgression is recorded by
the Blacko Marine Band (E1c2) (Fig. 3.4), which lacks a goniatite fauna but contains
the bivalve Sanguinolites and the brachiopod Lingula sp. (Brandon et al., 1995).The
base of the Arnsbergian is defined by the Cravenoceras cowlingense Marine Band
(E2al) (Fig. 3.4; Stephens et al., 1941; Dunham and Stubblefield, 1945). The
Cravenoceras leion (Ej,1), malhamense (Eic1) and cowlingense (E2,1) Marine Bands
have been proposed as higher amplitude flooding phases reflecting a long-period
eccentricity forcing (~400 kyr) based on the areal extent of the goniatite fauna in
these marine bands (Waters and Condon, 2012).

3.2.3.2 Transgressive surfaces on the Askrigg Block

On the Askrigg Block and in the Stainmore Trough further north, C. leion is
recovered from the Great Limestone (Alston Formation) and C. cowlingense from
the Corbridge Limestone (Stainmore Formation), enabling a correlation between
these limestones and corresponding transgressive surfaces in the Craven Basin (Fig.
3.4c; Wilson and Thompson, 1959; Johnson et al., 1962). In between these two
limestones a complex succession occurs, containing both limestones and clastic
sediments with brackish fauna that resulted from sea-level fluctuations, local delta
lobe development and tectonic influences (e.g. Elliot, 1975; Leeder and Strudwick,
1987). The absence of biostratigraphically-useful fossils has hindered correlation

between both areas.

The Great Limestone forms a succession of tens of metres of limestones and
cherts that show a cyclic 8*%0 patterns with three peaks (Tucker et al., 2009;
Gallagher, 2011). This is followed by a deltaic succession (Dunham and Wilson,
1985; Tucker et al., 2009) with brackish fossils (Fig. 3.4c; Brand, 2011). Overlying,
the Little Limestone forms another major limestone that occurs throughout the
northern part of the Pennine Basin (Dean et al., 2011). On the Askrigg Block, the
Little Limestone is generally thin (~1.2 m) but directly overlain by the thick
Richmond Chert of up to ~30 m thickness (Dunham and Wilson, 1985). Above the
Little Limestone, the Faraday House Shell Bed indicates a marine interval within the

overlying clastic succession (Fig. 3.4c; Scanlon and Rowel, 1957b; Dunham and
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Wilson, 1985; Dunham, 1990). This succession is followed on by the Crow
Limestone and Chert, which form a widespread calcareous succession up to ~23.5m
thick (Dean et al., 2011). On the northern Askrigg Block, the Crow Limestone is
overlain by the laterally discontinuous Lower Stonesdale Limestone (Brand, 2011)
consisting of three cm- to dm-scale limestones over a total thickness of 0.6 m (Fig.
3.4c; Dunham and Wilson, 1985). This succession is overlain by the Upper
Stonesdale Limestone that records two similar limestone beds of total thickness 0.3
m. Locally, the Hunder Beck Limestone is recorded at an intermediate level in an
expanded succession (Brand, 2011; Dunham and Wilson, 1985). The Upper
Stonesdale Limestone has been correlated to the Belsay Dene Limestone northward
(Brand, 2011) and the Blacko Marine Band southward (Brandon et al., 1995).

On the southern Askrigg Block, the Blacko Marine Band occurs at an
intermediate level between the Bearing and Warley Wise Grits, two Pendleian-age
Millstone Grit Group channel-belt-complex deposits (Fig. 3.4b). This succession is
overlain by a marine interval containing C. cowlingense including the Mirk Fell
Ironstone that overlies the Mirk Fell Ganister palaeosol in the Stainmore Bain
(Rowel and Scanlon, 1957b), and the Cockhill Marine Band on the southern Askrigg
Block (Dunham and Stubblefield, 1944). Both marine intervals are correlated with
the Corbridge Limestone, a major limestone throughout the northern part of the
Pennine Basin (Dean et al., 2011; Brand, 2011).

3.2.3.3 Craven Basin to Askrigg Block correlation of transgressive surfaces

It is here considered that particularly the higher amplitude sea-level
highstands in the Craven Basin (i.e. the Cravenoceras leion, malhamense, and
cowlingense Marine Bands; Waters and Condon, 2012) resulted in a significant
flooding on the Askrigg Block shelf that produced extensive limestones. Similarly,
minor eustatic flooding (at 100 kyr periods) produced relatively extensive deposition
that contrasts with locally developed units produced by autocyclic processes like

delta lobe switching

The three §'%0 cycles in the Great Limestone (Tucker et al., 2009; Gallagher,
2011) can be interpreted as glacial-interglacial variation in ice-volume (e.g. Miller et

al., 1991), which would support the interpretation that the Great Limestone
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resembles the three successive transgressions recorded by the Cravenoceras leion
Marine Band (E;,1a-c).

The overlying major limestone (i.e. the Little Limestone) has previously
been correlated with the Cravenoceras malhamense Marine Band (Ec1) (e.g.
Arthurton et al., 1988; Brand, 2011) based on an occurrence of C. aff malhamense in
shales above this limestone (Johnson et al., 1962). These goniatite specimens
resemble C. malhamense in most characteristic traits but include characteristics of
C. cowlingense as well. Such correlation would imply that the E;,1 and Ejp2a-b
transgressions in the Craven Basin are represented by the indistinct marine horizons
between the Great and Little Limestone (cf. Fig. 3.4c). Meanwhile, the regionally
extensive Crow Limestone, the Faraday House Shell Bed, the Lower Stonesdale
Limestone and the Hunder Beck Limestone would not be represented by a basinal
marine band, implying that they do not correspond to a sea-level rise or that this sea-
level rise is not recognised in the Central Pennine Basin (cf. Fig. 3.4c). This entire
interval would have formed between the transgression recorded in the Little
Limestone and deposition of the Bearing and Pendle Grit sandstones during the
following sea-level fall. The subsequent minor Upper Stonesdale Limestone has
previously been correlated to in the Blacko Marine Band and thus would have a
basinal equivalent, as well as the overlying Corbridge Limestone (Cravenoceras
cowlingense Marine Band; cf. Fig. 3.4c)). Such alternating pattern in which
transgressions are either clearly recorded on the Askrigg Block or the Craven Basin
is considered an indication that this correlation is incorrect.

Here, a correlation between the Cravenoceras malhamense Marine Band
(E1cl) and Crow Limestone is preferred. This correlation implies that each high-
amplitude flooding surface in the Craven Basin is correlated to a major limestone on
the Askrigg Block (the Cravenoceras leion Marine Band (E1,1) with the Great
Limestone, Cravenoceras malhamense Marine Band (E;c1) with the Crow
Limestone and the Cravenoceras cowlingense Marine Band (E2,1) with the
Corbridge Limestone (Fig. 3.4c). The Cravenoceras brandoni Marine Band (E1p1)
would then correlate with the marine indicators in the succession between the Great
and Little Limestone (Fig. 3.4c) while the two transgressions indicated by Tumulites
pseudobilinguis (E1p2 a-b) correlate with the Little Limestone and the overlying
Faraday House Shell Bed (Fig. 3.4c). A correlation between the Cravenoceras

malhamense Marine Band (E;c1) and Crow Limestone implies that transgressions
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result in a relatively consistent pattern on both the Askrigg Block and the Craven
Basin. In neither correlation scheme, the dm-scale Lower Stonesdale Limestones
and Hunder Beck Limestone have an equivalent flooding surface in the Central
Pennine Basin and these might have resulted from different mechanisms than marine
transgression, such as high frequency climate variation. For the similar Upper
Stonesdale Limestone, no marine flooding surface is inferred in the preferred,
second scheme. Based on mapping presented in this chapter, the correlation of the
Blacko Marine Band with the Upper Stonesdale Limestones (Brandon et al., 1995) is
challenged later in this chapter (Fig. 3.4c). A further implication of the preferred
scheme is that C. aff malhamense above the Little Limestone is an earlier form than

C. malhamense.

3.2.3.4 Lithostratigraphy

A recent lithostratigraphic classification has formalised and replaced a large
number of local stratigraphic names, and places the entire Pendleian part of the
Millstone Grit Group in the Pendleton Formation (Fig. 3.3; Fig. 3.4a, b; Waters et
al., 2009). The Pendleton Formation thus includes the Pendle Grit, Bearing Grit and
Warley Wise Grit referred to in this thesis. Within the Pendleton Formation only the
Pendle Grit is formally assigned a Member status (Fig. 3.3; Waters et al., 2009).
However, because the current study requires a higher resolution framework, an
informal lithostratigraphic scheme is proposed below the order of Member (Fig. 3.3;
3.4) that follows protocols commonly used by the British Geological Survey (BGS)
and includes e.qg. the Bearing Grit and Warley Wise Grit. In Figure 3.4a and 3.4b the
current terminology for the Craven Basin and the Askrigg Block is compared with

previous schemes.

On the Askrigg Block, the Blacko Marine Band (E;¢2) occurs between two
channel-belt-complex deposits, previously referred to as the Grassington Grit (Fig.
3.4; Dakyns, 1892; Martinsen, 1990, Brandon et al., 1995). This succession
represents the full Pendleton Formation on the Askrigg Block. The lower channel-
belt complex, the Bearing Grit (Philips, 1836) is erosionally based, and cuts out
progressively older strata towards the south (Fig. 3.4; Dunham and Wilson, 1985).
The upper channel-belt complex, here referred to as Warley Wise Grit, is closely

overlain by the Cravenoceras cowlingense Marine Band (E,1) or equivalents (Fig.
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3.4). Formerly, the Bearing Grit (Philips, 1936) has only been used on the Askrigg
Block. The name was derived from the numerous ore-bearing veins that are present
in this coarse-grained sandstone or grit. The Warley Wise Grit was formerly only
used in the Craven Basin and its type section is at Warley Wise, Colne [3942 4438].
In this study both names are used on the Askrigg Block and in the Craven Basin
(Fig. 3.4).

In the Craven Basin, the base of the studied interval is formed by the
Cravenoceras malhamense Marine Band (E1c1). This marine band is located in the
Bowland Shale Formation, which is overlain by the Pendle Grit Member of the
Pendleton Formation (Fig. 3.3; 3.4; Dakyns et al., 1879; Waters et al., 2009). The
Pendle Grit Member is subdivided in several informal units: the Whitendale
Sandstone occurs locally at the base of the Pendle Grit Member and is characterised
by debritic and turbiditic beds (Sims, 1988; Brandon et al., 1998). The Pendle
Sandstone forms a sand-rich succession characterized by predominantly channelized
turbidite sandstones (e.g. Sims, 1988; Kane et al., 2009; 2010a), resulting in a ~500
m succession of mainly coarse-grained sandstones in its Pendle Hill type area (Fig.
3.2; Earp et al., 1961). Other areas, such as Skipton Moor (Fig. 3.2) show
alternations of small channelized sandstones and shales (Baines, 1977; this work).
The Pendle Siltstone is a siltstone-dominated slope succession that occurs towards
the top of the Pendle Grit Member (Fig. 3.3; 3.4). The Surgill Sandstone occurs at
the top of the Pendle Grit Member, and is interpreted as feeder system to the
turbidite succession (Fig. 3.3; Baines, 1977; Sims, 1988, Brandon et al., 1998; Kane,
et al., 2010). The formerly used Surgill Shale is here retained solely for the shale
interval (Earp et al., 1961) that includes the Blacko Marine Band (E1.2), and does
not include the Pendle Siltstone, or Surgill Sandstone (Fig. 3.3; cf. Brandon et al.,
1998; Kane et al., 2010a).

In sections near the margin of the Craven Basin, the Pendle Grit Member is
overlain by the Bearing Grit, the Blacko Marine Band and finally the Warley Wise
Grit. In more distal locations, the Bearing Grit is absent. Locally, the Bradley Flags,
a fine-grained delta top facies is developed stratigraphically above the Warley Wise
Grit (Baines, 1977; Waters, 2000) prior to transgression and deposition of the

Cravenoceras cowlingense Marine Band (E2.1) (Fig. 3.3; 3.4).
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Initially, the entire Pendleton Formation was interpreted as a single
progradational turbidite-fronted delta fed by the Pendleton Formation on the Askrigg
Block (Baines, 1977). A subsequent model suggested that the fluvial feeder for the
Pendle Grit Member turbidite system came from the northwest, after which it
avulsed onto the Askrigg Block resulting in a progradational succession on the
Askrigg Block and in the Craven Basin including both the Bearing and Warley Wise
Grit as defined here (Sims, 1988; Martinsen, 1990, 1993). Recognition of the Blacko
Marine Band (E1c2) resulted in a correlation between the Bearing Grit on the
Askrigg Block with the Pendle Grit Member in the Craven Basin below the Blacko
Marine Band (Brandon et al., 1995). Above this horizon, the Underset Grit (here
referred to as Warley Wise Grit; Fig. 3.4) on the Askrigg Block was correlated with
the Brennand Grit in the Craven Basin (the Bearing and Warley Wise Grits of this
study; Fig. 3.4a) (Brandon et al., 1995). The latter correlation is based on the
occurrence of the Blacko Marine Band overlying turbiditic strata belonging to the
Pendle Grit Member in the Blacko Borehole (Fig. 3.2).

In this study, the Blacko Marine Band (E1.2) is considered to occur between
the Pendle Grit Member and Warley Wise Grit at distal locations in the Craven
Basin (sensu Brandon et al., 1995). However, in the proximal Craven Basin, the
Blacko Marine Band (E1c2) is thought to occur between the Bearing Grit and the
Warley Wise Grit (Fig. 3.4a).

3.3 Methods

Results are based on extensive stratigraphic and sedimentological fieldwork
in combination with literature study. During fieldwork, stratigraphic sections were
logged and correlated based on e.g. marine band occurrences, landscape features,
thickness patterns and coal seam occurrences providing a lithostratigraphic
framework constrained by marine band occurrences that represents quasi-
chronostratigraphic surfaces. Additionally, logged sections were subdivided into
facies and facies associations and combined with more detailed sedimentological
studies on sand-grade outcrops in which also palaeocurrents were recorded, enabling
reconstructions of palaeogeographic environment. Borehole records have been

studied in areas where outcrops are of poor quality or absent. A total of 11 facies,
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and 5 facies associations are recognised and described in Section 3.4.6 and 3.4.7
(see Table 3.1). Data sources for the boreholes are provided in Appendix 1.
Additionally, thickness variations of the Pendle Grit Member, Bearing Grit and
Warley Wise Grit based on literature and fieldwork have been collated. These values
are used to construct isopach maps and estimate the sediment budgets during
deposition of these units, allowing for a comparison between deposition in the

Craven Basin and the analogue modelling results in Chapter 2.

3.4 Results

The Sections 3.4.2 to 3.4.5 are organised by structural domains indicated in
Figure 3.2. The domains contain several sections for which the entire stratigraphic
interval is described. Sections are numbered on Figure 3.2 or more detailed maps.
Section 3.4.6 describes and interprets commonly observed facies throughout the
field area and Section 3.4.7 provides an environment interpretation based on these
facies. Section 3.4.8 describes the thickness trends of the stratigraphic units, the
limitations to this dataset, and the resultant sediment volumes.

3.4.1 Location descriptions on Askrigg Block

3.4.1.1 Swaledale

Description
In Swaledale on the northern side of the Askrigg Block (Fig. 3.2; 3.5a, b),

coarse-grained to pebbly cross-bedded sandstones referred to as the Lower Howgate
Edge Grit occur in a N-S trending, erosionally-based channel belt complex. This
complex is ~12.5 km wide and up to 50 m thick between Fossdale Gill [3879 4949]
and Summer Lodge Beck [39715 49537] (Fig. 3.2; 3.6; e.g. Dunham and Wilson,
1985; Sims, 1988, Brandon et al., 1995). At Fossdale Gill, the channel belt complex
contains two sandstone intervals, separated by a shale interval. The lower sandstone
interval is incised into the Crow Limestone. At the top of the succession an
Arnsbergian-age coal is observed (Dunham and Wilson, 1985). Laterally, this
channel belt complex is replaced by the Mirk Fell Ganister, a palaeosol, overlain by

the Cravenoceras cowlingense Marine Band (E2,1) (Rowell and Scanlon, 1957b).
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Northward in the Stainmore Trough the Lower Howgate Edge occurs asa 26 m
thick cross-bedded sandstone interval above the Upper Stonesdale Limestone at
Wetshaw Fourth Whim [3980 5024].

Interpretation

This fluvial channel belt complex is overlain by the Cravenoceras
cowlingense Marine Band and is thus of Pendleian age. Incision into the Crow
Limestone suggests an E; age (Fig. 3.c) but the succession cannot be related to
either or both the Bearing or Warley Wise Grit because marine fossils are not

reported.

3.4.1.2 Coverdale

Description

Wilson (1957; 1960) describes a SW-NE oriented cross section along
Coverdale in which cross-bedded sandstones are focussed along two stratigraphic
levels (Fig. 3.5d). The sandstones that are present near Providence Mine, Great
Whernside in the lower level of the Pendleton Formation pinch out abruptly west of
Lords Gill, north of Little Whernside [4019 4784] (Fig. 3.5, Section C-C’; Fig. 3.6).
In Lords Gill, and in Hindlethwaite Gill 4.5 km NNE [4056 4807], this succession is
replaced by a ~15 m succession containing predominantly fine-grained and
argillaceous sediments, including multiple laterally discontinuous coals overlying
palaeosols (Fig. 3.5; Wilson, 1957). This succession is overlain by a shale
succession that contains Lingula sp. (Wilson, 1960; Brandon et al., 1995). Cross-

bedded sandstones of the upper stratigraphic interval overlie this marine interval.

Interpretation

The succession that pinches out near Lords Gill is assigned to fluvio-deltaic
channels in the Bearing Grit. The laterally occurring heterolithic strata probably
represent as an overbank setting deposited during the E;.1 sea-level cycle. This
succession is overlain by the Lingula sp. containing Blacko Marine Band (E;1c2),
implying that the overlying, laterally continuous fluvio-deltaic sandstones belong to
the Warley Wise Grit.
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3.4.1.3 Waldendale and Penhill

Description

Waldendale exposes a similar succession as Coverdale (Fig. 3.5, Section B-
B’). The lower cross-bedded sandstone level has a 25 m maximum thickness, thins
rapidly towards the northeast and disappears on the west side of Fleensop Moor
[4008 4812] (Fig. 3.2; 3.5; Wilson, 1957). On the north side of Fleensop Moor,
several coal seams occur in the lower part of the succession (e.g. Coal Gill and Back
Dyke, Wilson, 1957). At Melmerby Moor (Penhill) [4055 4859], the lower part of
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Figure 3.5 (previous page) (a) Locations and relevant features in the Bearing and Warley
Wise Grit on the Askrigg Block. Cross sections D-D’ and E-E’ are presented in Fig.
3.6. Red dots indicate positions where the rapid pinch out of the Bearing Grit channel
belt complex is observed. Fossil localities of the Blacko Marine Band are indicated
with symbol (L). Background is a 1:625.000 geological map of the British Geological
Survey. The Bearing and Warley Wise Grit are not indicated on the map but form the
basal part of the Millstone Grit Group. Note the unconformable relationship between
the Millstone Grit Group and the Stainmore and Alston Formations as indicated by
the progressive absence of the Stainmore Formation southward. (b) Section at the
northern margin of the Askrigg Block where the position of the Blacko Marine Band
is unknown. The erosionally-based channel belt observed west of Summer Lodge
Beck is tentatively correlated in the Bearing Grit (Modified from Dunham and
Wilson, 1985). Panel levelled at the top of the Great Limestone cyclothem. (c, d)
Sections along Waldendale and Coverdale, indicating the eastern valley margin and
lateral occurrences of a heterolithic succession including coals and palaeosols overlain
by the Blacko Marine Band (Modified from Wilson, 1960). Panels levelled at
approximate position of the Cravenoceras cowlingense Marine Band.

the succession contains Lingula sp. interpreted as the Blacko Marine Band within a
shale at Rowantree Holes [4048 4849] (Wilson, 1960; Brandon et al., 1995). The top

of the succession is dominated by cross-bedded sandstones.

Interpretation

The lower sandstone-dominated succession is interpreted as a fluvio-deltaic
setting in the Bearing Grit, and pinches out towards the northeast. The adjacent fine-
grained succession containing several coal seams at Fleensop Moor represents an
overbank setting deposited before the transgression that resulted in deposition of the
Blacko Marine Band, implying deposition during the E;.1 sea-level cycle. The
sandstones overlying the Lingula sp. containing shale interval are interpreted as the

fluvio-deltaic Warley Wise Grit.
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3.4.1.4 Angram

Description
Crook Dyke [4026 4760] is located on the NW-side of the Angram Reservoir

(Fig. 3.2). At the base of the section, the Underset Limestone is exposed. This level
is overlain by a shale- and siltstone-dominated succession containing several
palaeosols and coals (Fig. 3.6; Brandon et al., 1995) up to the Blacko Marine Band.
Between this Lingula sp.-containing interval and the higher Cravenoceras
cowlingense Marine Band, several sandstones are observed belonging to the Warley
Wise Grit level. Nearby, the Angram Dam section [4033 4763] formed an N-S
oriented trench that records a rapid northward thinning of the lowest Millstone Grit
sandstones (Tonks, 1925).

Interpretation

The sections in Crook Dyke and at the Angram Dam are closely-spaced and
differ significantly. The Angram Dam section indicates a rapid pinch out of the
lowest sandstones of the Millstone Grit Group. These are probably part of the
Bearing Grit, based on its outcrop pattern updip in Coverdale and Waldendale
(Sections 3.4.1.2 and 3.4.1.3), and downdip in How Stean Beck (Sections 3.4.1.5).

Because of this close-by pinch-out of the Bearing Grit, it is probable that the
shale- and siltstone-dominated interval in the Crook Dyke section above the
Underset Grit and below the Blacko Marine Band represents a overbank succession
that is broadly time-equivalent to the main Bearing Grit succession (e.g. Brandon et
al., 1995).

3.4.1.5 How Stean Beck

Description
How Stean Beck (Fig. 3.2; 3.5) is a tributary to the River Nidd on the SE-side of the

Askrigg Block near Stean and Middlesmoor that lies ~3 km south from Angram and
provides exposures from the base of the Bearing Grit to the top of the Warley Wise
Grit [4082 4744] to [4053 4725]. The base of the succession is exposed in a
waterfall where the Three Yard Limestone of the Alston Formation is overlain by
cross-bedded sandstones [4081 4743]. Exposures indicate a lower cross-bedded

sandstone level of ~15 m, overlain by a ~3.5 m argillaceous interval with abundant
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carbonaceous material and another ~6 m thick cross-bedded sandstone (Fig. 3.6).
Sets have a thickness of 0.45 — 1.3 m and contain medium-grained to granular
sandstone, where granules are located at the base of beds. Cross bedding is
developed as planar tangential cross beds mainly, with trough cross bedding
occurring towards the top of the succession. A pebble lag at 7.4 m with 2 cm pebbles
suggests that the lower sandstone level contains at least two channel storeys. Flow
directions in this succession are ~E (Fig. 3.6). Along How Stean Beck, regular
exposures of the top of the second sandstone level, and patchy exposures in
argillaceous sediments overlying this succession occur. At the confluence of Strait
Stean Beck and Great Blowing Gill [4055 4728] the top of the second sandstone
level is overlain by a well-exposed heterolithic interval. This interval contains
carbonaceous silty shales containing cm-scale plant fragments at its base and
coarsens up to fine-grained sandstones, intercalated with thin shales and siltstones
over 4.5 m. The siltstones and fine-grained sandstones are strongly bioturbated.
Sands towards the top of the coarsening-up succession show current ripples. The
overlying succession is formed by predominately micaceous shale and is poorly
exposed, but has yielded Lingula sp.. A 13 m thick channelized sandstone
succession sharply overlies this shale succession in exposures surrounding Strait
Stean Beck [4054 4727]. Beds are 0.4 — 1 m, contain medium- to very coarse-
grained sand, and show planar cross bedding indicating E — SE flow directions (Fig.
3.6). This channelized sandstone contains at least two storeys and is overlain be a
thin coal seam. Poor outcrops continue upstream of a rain gauge at [4053 4726]. In
Backstean Gill, a nearby tributary of How Stean Beck, the heterolithic succession
above the upper channelised sandstone has been interpreted as a deltaic environment

and overlying shales yielded C. cowlingense (Martinsen, 1990).

Previous descriptions by Dunham and Wilson (1985) and Martinsen (1990)
indicate a well-developed coal above the basal channelised sandstone, and a thin
coal seam above the second sandstone interval. Neither is observed but might well
correlate with the carbonaceous shales that are observed at both positions (Fig. 3.6).
Additionally, Martinsen (1990) also describes the occurrence of Lingula sp., as well

as palaeosol development on top of each sandstone level.
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Figure 3.6 (a) Cross section D — D’ (see Fig. 3.5a) is approximately perpendicular to

palaeoflow on the southern margin of the Askrigg Block. (b) Cross section E —E’ is

approximately parallel to palaeoflow along the eastern outcrop belt. Individual

sections are described in Results (Section 3.4.1). Panels levelled at approximate

positions of the Blacko Marine Band. The Warley Wise Grit interval of Pen-y-ghent

is based on Martinsen (1990). Coalgrove Head Shaft is based on Dunham and Wilson
(1985). Bewerley Mines No. 1B Borehole is based on Brandon et al. (1995). Crook

Dike section based on Wilson (1957) and Brandon et al. (1995). Summer Lodge Beck
section based on Dunham and Wilson (1985). Other sections based on fieldwork and

borehole drilling records (Appendix 1).
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Interpretation

The occurrence of Lingula sp. indicates the level of the Blacko Marine Band
(E1c2) within the heterolithic unit. This places the succession below this level in the
Bearing Grit, and the overlying succession up to the Cravenoceras cowlingense
Marine Band (E2,1) in the Warley Wise Grit (Fig. 3.6). Both the Bearing and Warley
Wise Grit consist mainly of fluvio-deltaic channel deposits. Deposits overlying both
sandstone-dominated intervals are deltaic and probably reflect sea-level rise prior to

deposition of the marine bands.

3.4.1.6 Providence Mine & Great Whernside

Description

Approximately 5.5 km east from the section at How Stean Beck, exposures
occur along the flanks of Great Whernside [3993 4744] (Fig. 3.2; 3.5a). Only
sandstones are exposed, but the succession can be related to a continuous section in
the Providence Mine (Dakyns, 1892; Dunham and Wilson, 1985).

Near Caseker Crag [39921 47432] ~15 m of coarse-grained planar cross-
bedded sandstones are exposed overlying the Three Yard Limestone, indicating flow
directions to the south (Fig. 3.6). At the SE-side of the outcrop, this succession is
overlain by ~8 m of trough cross-bedded sandstone that is occasionally very coarse-
grained to pebbly, also indicating southward flow directions. These sandstones are
overlain by a ~20 m unexposed interval containing a coal seam, which is inferred
from pits along this level in the Hag Dyke area (Fig. 3.6). On top of this unexposed
interval, a poorly outcropping 10 m thick cross-bedded sandstone is exposed south
of Caseker Crag [39918 47387], and near Hag Dyke [39960 47291] (Fig. 3.2). The
section in the Providence Mine has been reported by Dakyns (1892) and is
reproduced in Dunham and Wilson (1985). It exposes 28.6 m of sandstone at the
base, overlain by a ~7 m shale succession. On top, a 0.6 m coal seam is overlain by a
17 m heterolithic unit. The upper sandstone interval contains 9 m sandstone overlain
by a thin coal and shale interval in which Dunham and Wilson (1985) infer the
Cravenoceras cowlingense (E2,1) Marine Band (Fig. 3.6).
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Interpretation

The sections at How Stean Beck and at Great Whernside are very similar in
that both record a lower cross-bedded sandstone interval of similar thickness
overlain by a coal seam and shale, followed by an upper sandstone level (Fig. 3.6).
The heterolithic interval at Great Whernside is slightly thicker than at How Stean
Beck, whereas the upper channelized sandstone is thinner. Outcrops on the flanks of
Great Whernside are too limited to assess the depositional environment in the fine-
grained interval or the upper sandstone. However, based on the overall similarity in
sandstone patterns, it is considered likely that the shale interval corresponds to the
Surgill Shales, and that the upper sandstone level belongs to the Warley Wise Grit.

3.4.1.7 Yarnbury area

Description

Yarnbury is located ~7 km SSE from Great Whernside and provides another
section through the Bearing and Warley Wise Grit (Fig. 3.2). A basal cross-bedded
sandstone level, overlying the Middle Limestone is well-exposed along Hebden
Beck between [4022 4665] to [4024 4661]. The thickness of this sandstone
succession is approximately 30 metres although its top is only intermittently
exposed. Cross sets range from 0.2 and 1.5 metres, recording flow directions to the
SE and S. The succession contains coarse- to very coarse-grained, planar tangential
cross-bedded sandstones at its base, and transitions to predominantly trough cross-
bedded sandstones, coinciding with an overall coarsening of the succession.
Sandstones are coarse-grained to granular and contain abundant quartzitic or
limestone pebbles of up 5 cm. The upper part of this sandstone contains planar
tangential cross sets in medium-coarse to granular sand, and contains only small
pebbles (Fig. 3.6).

At Green Hill, north of Yarnbury [4008 4676], the unconformable relation
between this sandstone level and the underlying limestones can be observed (cf.
Baines, 1977). Green Hill exposes the Middle Limestone (Alston Formation) while
within 30 m SE, sandstones are exposed at a lower topographic level. The slight

tectonic dip (~5 degree to the SE) cannot explain their relative positions, and
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indicates that this sandstone is deposited in an incisional channel at this location,

which might also explain the downdip occurrence of limestone pebbles.

A ~10 m unexposed interval occurs above the previously described
sandstone level, on top of which another ~10 m sandstone interval is developed.
This sandstone is best exposed at a disused quarry along Coalgrove Beck [4025
4663], but can be traced southward to Hole Bottom (Fig. 3.2). The base of the
quarry exposes a 3 m thick succession of medium-grained tabular beds of 0.2 — 0.5
m thickness that show horizontal or low angle lamination. Individual beds are sharp-
based and amalgamate laterally with other beds. The top of this interval is incised by
medium-coarse planar cross-bedded sandstones. The top of the quarry exposes
coarse-grained trough cross-bedded sandstones, containing pebbles up to 0.6 cm.
Flow directions are SE to S in the cross-bedded strata. The Cravenoceras
cowlingense Marine Band (E2,1) has been reported from a nearby trial pit at Bolton
Gill [4031 4654] (Dunham and Stubblefield, 1944), indicating that the full

Pendleton Formation is present.

A section from Coalgrove Head Shaft [40318 46703] described by Dunham
and Wilson (1985), describes a similar succession to that observed at Yarnbury, with
a thick lower sandstone and a thin upper sandstone, separated by a fine-grained

interval containing a coal seam (Fig. 3.6).

Interpretation

The thickness of the lower sandstone interval at Yarnbury is similar to How
Stean Beck and Great Whernside, as well as the occurrence of a coal seam within
the argillaceous interval between the lower and upper sandstones. Presumably, the
shale interval again corresponds with the Surgill Shales, implying that the lower
sandstone is the Bearing Grit, whereas the upper sandstone belongs to the Warley
Wise Grit. The Bearing Grit is erosionally-based and cross-bedded, suggesting
deposition in fluvio-deltaic channels. The upper part of the Bearing Grit interval is
poorly exposed and gradually becomes finer-grained. The base of the Warley Wise
Grit differs from the previously described exposures; the plane bed deposits at the
base are interpreted as a mouthbar deposit overlain by deltaic channelized
sandstones, although the exposure is too limited for a full understanding of the

depositional setting.
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3.4.1.8 Hole Bottom

Description

Hole Bottom (Fig. 3.2) is located 2 km south from the outcrops at Yarnbury
along Hebden Beck and provides a rare exposure close to the North Craven Fault
that can be correlated to the Yarnbury area. The lower sandstone level is cross-
bedded and has a total thickness of approximately 30 metres. Cliff exposures are
inaccessible but indicate that this succession consists of at least 3, probably 4
channel storeys. Overlying this succession is an unexposed interval of
approximately 15 metres, containing a significant coal seam, based on the
occurrence of a line of coal pits. An upper sandstone level can be traced towards the
Warley Wise Grit level in the Yarnbury area although at Hole Bottom only loose

boulders of cross-bedded sandstone are preserved.

Interpretation

Based on the correlation with the Yarnbury area, the lower sandstone in
interpreted as a multi-storey fluvio-deltaic channel succession in the Bearing Grit.
The upper sandstone is correlated to a channel exposure in the Warley Wise Grit.

The unexposed interval probably contains the Blacko Marine Band.

3.4.1.9 Grimwith to Greenhow

Description

Along the margin of the Askrigg Block, exposures of the Bearing and
Warley Wise Grit are limited. Several boreholes however provide a W-E cross
section through the succession from the Grimwith Reservoir to Greenhow (Fig. 3.5a;
3.6). Grimwith Reservoir 15 Borehole [40576 46424] was drilled near the top of the
Pendleton Formation (Fig. 3.6). It forms a crude record through nearly the entire
formation, containing two pebbly sandstone successions at the base of the
succession overlain by a shale interval containing a coal seam (Fig. 3.6). On top of
this succession, medium-grained sandstones form the upper part of the sequence.
Grimwith Reservoir Borehole LP 18 [40612 46384] provides a more detailed section
through the lower two pebbly sandstones, and indicates the presence of a coal seam

between the two pebbly sandstones (Fig. 3.6).
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Bewerley Mines No. 1B Borehole, Greenhow [41070 46623] has been
described by Brandon et al. (1995) and contains the Blacko Marine Band at
approximately the same stratigraphic level of the shale interval in the Grimwith
Boreholes, near Hole Bottom and at Yarnbury (Fig. 3.6; Section 3.4.1.7; 3.4.18).
Additionally, another marine horizon is observed slightly below the Cravenoceras
cowlingense Marine Band that is interpreted as an initial flooding surface (Fig. 3.6;
Brandon et al., 1995). The basal part of the Bearing Grit succession is poorly
developed and consists of a heterolithic succession of fine-grained sandstones,

palaeosols, coals, silt- and mudstones.

Ashfold Side Beck 1 Borehole [41160 46616], shows a similar succession
east of Bewerley Mines 1B Borehole. The Cravenoceras cowlingense Marine Band
is recognised, with a marginal marine band slightly lower in the succession. The
basal part of the Bearing Grit is a heterolithic succession containing thin coal seams,
palaeosols, and thin sandstones. The Blacko Marine Band is not exposed, but at its
approximate stratigraphic position based on the Bewerley Mines No. 1B Borehole, a
medium- to coarse-grained sandstone is observed. This sandstone probably forms an
amalgamation of the Bearing Grit and Warley Wise Grit, or a thick development of
the Warley Wise Grit sandstones (Fig. 3.6).

Interpretation

The Grimwith Boreholes provide a similar succession to that observed at
Yarnbury, which based on thickness suggests that the Blacko Marine Band occurs in
the shales on top of the lower two pebbly sandstones. A correlation of the Grimwith
Boreholes with the Bewerley Mines No. 1B Borehole by Brandon et al. (1985), also
suggests the occurrence of the Blacko Marine Band at this level, providing a
consistent horizon for the Blacko Marine Band within the succession. Additionally,
a correlation of the Grimwith Boreholes with the Bewerley Mines No. 1B and
Ashfold Side Beck 1 Boreholes, suggests that the pebbly sandstones in the Bearing
Grit are replaced by a heterolithic succession eastward, similar to the eastward pinch
out observed in Waldendale and Coverdale (Section 3.4.1.1; Fig. 3.5).
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3.4.1.10 Pen-y-ghent

Description

Extensive outcrops occur of the Pendleian succession occur on the western
flank of Pen-y-ghent [3838 4734 ] (Fig. 3.7), located in the south west of the
Askrigg Bloc. Access to part of the outcrops was limited due to adverse weather

conditions during visits.

On the SW flank [3836 4732], a multi-storey channel belt is recognised (Fig. 3.5;
3.7a). The basal storey is embedded in underlying shales and reaches ~10 m high but
has a limited width of ~100 metres. The overlying storey is ~ 6 m thick, contains
abundant pebble lags and cross beds record eastward flow. The third storey is ~8 m
at the SW flank of Pen-y-ghent and records flow directions to the WSW. It pinches
out within 500 m in a northward direction and is here replaced by predominantly
fine-grained sediments. The upper storey also pinches out rapidly in a northward
direction and is best exposed on the south flank (Fig. 3.7b). Sandstones are medium-
to coarse-grained and pebbles are absent. At the base of the highest storey, ~5 m
high Gilbert-type foresets are observed that are overlain by trough-cross-bedded
sandstones, indicating WSW flow directions [38367 47305]. Outcrops in the
overlying succession have not been observed. Martinsen (1990) however, describes
a 15 cm shaley coal in the 5 m thick overlying shale interval, followed by two
coarse-grained ~ 8 m thick trough cross-bedded channelized sandstones with
palaeosol development at their tops, indicating westward flow directions. This
succession is overlain by a heterolithic succession containing thin channelized
sandstones interpreted as crevasse channels (Martinsen, 1990). Dunham and Wilson
(1985) also record deposition in a deltaic complex, with marine incursions indicated
by Lingula sp. fauna, although a precise stratigraphic position of these fossils is not
given. Additionally, Dunham and Wilson (1985) infer the Cravenoceras
cowlingense Marine Band (E,1) at the top of the here described succession (Fig.
3.5).

Interpretation

The lower succession of cross-bedded sandstones is interpreted as a multi-
storey fluvio-deltaic channel deposit. This interval is assigned to the Bearing Grit

because Lingula sp. has been recorded in the overlying succession, indicating the
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Figure 3.7 (a) Photo-interpretation from the Bearing Grit succession on the SW flank of

Pen-y-ghent. Channel storeys containing cross-bedded sandstones (F8) indicated by
yellow numbers. (b, ¢) Occurrence of large-scale foresets (F7a) at the base of channel
storey 4 at Pen-y-ghent. Photo in (a) from
http://jameshandlon.com/2010/11/18/ascent-of-pen-y-ghent/ (cropped) and photo in

(b) from http://irlsey.wordpress.com/2013/05/18/pen-y-ghent-north-yorkshire/

(cropped) because weather conditions did not allow photos from sufficient distance

position of the Blacko Marine Band. The occurrence of a Gilbert-type delta at the
top of this multi-storey fluvial succession records a coastline position on top of
previous fluvial deposits, indicating an overall transgression that can also explain the
overlying coal seam. The exact stratigraphic position of the Lingula sp. is unclear
though and could occur either within the argillaceous succession above the Gilbert-
type delta Grit as suggested in Figure 3.6, or slightly higher. The occurrence of
Lingula sp. suggests the presence of the Blacko Marine Band (E1c2) at an
intermediate level within the succession and thus places the higher cross-bedded
sandstone level(s) in the Warley Wise Grit.


http://jameshandlon.com/2010/11/18/ascent-of-pen-y-ghent/
http://irlsey.wordpress.com/2013/05/18/pen-y-ghent-north-yorkshire/
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3.4.1.11 Whernside

Description
Whernside [37348 48034] is located on the southwest Askrigg Block at ~13

km NW from Pen-y-ghent (Fig. 3.2; 3.5a). Here, no marine fauna has been observed
in the Millstone Grit succession, which makes stratigraphic correlations debatable.
At this location, a Lower and Upper Howgate Edge Grit have been mapped
previously, where only the Lower Howgate Edge Grit is correlated to the Pendleton
Formation; the Upper Howgate Edge Grit is of probably Arnsbergian age based on
BGS mapping (Hicks, 1957; Dunham and Wilson, 1985; Martinsen, 1990). The
Lower Howgate Edge Grit is a coarse-grained, trough cross-bedded sandstone
containing pebbles of up to 2 cm (Fig. 3.6). The entire succession is approximately

18 m thick and records S to SW flow directions.

Interpretation

The Lower Howgate Edge Grit is a fluvio-deltaic channel succession
belonging to either the Bearing or Warley Wise Grit. Based on a correlation of
incised valley fill margins in the Bearing Grit both up and downstream of
Whernside, it is considered likely that the Lower Howgate Edge Grit of Whernside

correlates with the Warley Wise Grit (see discussion).

3.4.2 Location descriptions Transition Zone

The Transition Zone forms a small part of the Craven Basin adjacent to the
Askrigg Block. Its boundaries within the Craven Basin are defined by the SE-
trending South Craven Fault and the SW-trending continuation of the Pendle Fault
(Fig. 3.2).

3.4.2.1 Hamerton Hill Syke, Threshfield Moor

Description

Hamerton Hill Syke is a small stream along a NW-SE dextral fault, located
on the downthrown side of the North Craven Fault, ~ 7.5 km SE of Yarnbury (Fig.
3.2, 3.5). The Bowland Shale Formation is intermittently exposed from [39726
46154] to [39693 46179]. At 15 m below the base of a cross-bedded sandstone level,

laminated fine- to medium-grained, carbonaceous sandstones are observed in 2 -5
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cm beds. The overlying cross-bedded sandstones occur at two levels of respectively
~15 m and ~20 m, separated by a thin fine-grained interval containing a 0.9 m coal
seam (Fig. 3.6; 3.8; Arthurton et al., 1988). In the lower level, coarse- to very
coarse-grained sandstones containing abundant <5 cm pebbles form metre-scale
trough cross beds, indicating flow directions to the southeast. The upper channel
level contains medium- to very coarse-grained sandstones with pebbles of up to 3.5
cm, and is also exposed in quarries on Boss Moor [39563 46194]. Here, beds are
both planar and trough cross-bedded in sets of up to 1.3 m, indicating flow towards
the south mainly. This succession is overlain by a ~20 m unexposed interval.
Arthurton et al. (1988) recorded a thin coal, coaly mudstone and planty siltstone at
the base of this interval. At Dolmire Hill, this coal seam has also been reported
(Baines, 1977). The overlying sandstone is poorly exposed and only fine- and
medium-grained sandstones have been observed in a small quarry [39659 46222].
Arthurton et al. (1988) suggests a ~20 m thickness of this sandstone based on feature
mapping, and observes coarse-grained or pebbly sandstones at this stratigraphic
level at other locations. The succession is presumably overlain by a shale succession
(Arthurton et al., 1988).

Interpretation

No marine bands are observed in the area, which makes a correlation of the
fluvial strata to either Bearing or Warley Wise Grit tentative. It is considered likely
that the two coarse-grained channelized sandstones represent a continuation of the
major Bearing channelized sandstones on the southern margin of the Askrigg Block.
These occasionally also develop two pebbly sandstone levels separated by a coal
seam (Fig. 3.6). The higher coal seam, overlain by ~20 m shale succession likely
corresponds to the Surgill Shales, in which case the upper level with fine- to
medium-grained sandstone corresponds to the Warley Wise Grit (Fig. 3.6).
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Figure 3.8 Cross section F — F’ (see Fig. 3.2 for location) indicating longitudinal

differences in stratigraphy in the Craven Basin. Sections 1 — 6 are levelled from a coal

9 are correlated based on the

seam at the top of the Bearing Grit. Sections 7

Grit. Overall, the panel

occurrence of two coal seams near the top of the Warley Wise

is levelled from the inferred position of the Cravenoceras cowlingense Marine Band.

See Fig 3.2 for locations
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3.4.2.2 Raven Nest Crags, Threapland Gill to Thorpe Fell: Barden Moor

Description

Raven Nest Crags [40085 46086] is a location on the northern side of Barden
Moor (Fig. 3.2; 3.9). The base of the section starts at the contact of a poorly exposed
shale succession of ~50 m that onlap Cracoean reef mounds (Fig. 3.9b; Black, 1958;
Rigby and Mundy, 2000). At the top of the shale succession Raven Nest Crag forms
a quarry exposure revealing ~10 m of medium- to very coarse-grained sandstones,
with rare 1 cm pebbles. Beds range from 0.2 up to 2 metres. Cross bedding is
observed in some of the beds, indicating eastward flow. Most beds appear massive,
although this might be related to outcrop quality. The successive interval of 30 m is
unexposed and overlain by ex-situ boulders of Millstone Grit sediment that are
positioned at the stratigraphic level of Rolling Gate Crag [40008 46020] (Fig. 3.9).

Threapland Gill [39962 46011] forms a stream section along the NW-side of
Barden Moor that can be correlated with Raven Nest Crags (Fig. 3.8; 3.9). The
stream exploits a small fault resulting in a rare, but disturbed exposure of the Pendle
Grit Member at close proximity to the North Craven Fault. At the base of the
succession, turbiditic limestones are overlain by an unexposed succession on poorly-
drained terrain that probably contains the Bowland Shale Formation. Mapping
indicates rare shales outcrops laterally that agree with such interpretation (e.g. Fig.
3.9). The contact between the Bowland Shale Formation and overlying sandstones is
marked by a prominent change in the topographic gradient. Turbiditic sandstones are
intermittently exposed from this level upward along a stratigraphic thickness of ~30
m (Fig. 3.8; 3.9). Individual turbidite deposits are generally less than 1 m thick but
reach up to ~4 m in one example. Beds generally show fining upward sequences
from (very) coarse-grained sandstones containing abundant granules and <3 cm
pebbles at their base, to medium- or fine-grained sandstones at their top. Pebbles at
the base of beds are generally horizontally aligned, suggestive of traction carpet
deposition. Quartz pebbles are common but lithic and granite pebbles are observed
as well. Above the turbidite succession an interval of ~15 m is unexposed, on top of
which a ~26 m thick sandstone succession is observed. The lower part is poorly
exposed and appears partially rotated due to landslip on the SW-side of Threapland
Gill [39972 45999]. Cross-bedding is observed in the upper 10 m of this succession,
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indicating S — SE flow directions in coarse-grained to granular sandstones with ~2
cm pebbles.

The successive ~20 m are unexposed, overlain by a major sandstone level
that is exposed on either side of Threapland Gill. Northward, Rolling Gate Crag
exposes a ~20 m sandstone succession (Fig. 3.8). The top is formed by 4 m of
trough cross-bedded sandstones, overlying Gilbert-type foresets that reach a
maximum height of 16 m, showing E - SE flow directions. Grain size in this
succession is medium to granular, containing abundant pebbles of up to 4 cm. At the
base of these deltaic foresets, metre-scale structureless and faintly-laminated
deposits are observed, interbedded with medium- to coarse-grained toe-set
sandstones of the Gilbert-type delta. On the southern side of Threapland Gill, The
Crags [39967 45964] expose a similar succession (Fig. 3.9). A feature representing
this stratigraphic level can be traced in the landscape providing a reliable correlation
to more southern outcrops at Barden Moor (Fig. 3.9). The successive 25 m forms an
unexposed succession and is presumably fine-grained. It is overlain by a sandstone
succession exposed at Bartle Crag [40018 45999] and Peter’s Crag [39986 49559],
which are similar in grain size as the stratigraphically lower Rolling Gate Crag (Fig.
3.9). At Bartle Crag only a thin succession is exposed containing trough cross-
bedded sandstones. This interval also forms a landscape feature that can be traced
southward towards the Obelisk. Maps from the Coal Authority indicate the presence
of a coal seam approximately 10 metres higher in the succession (Coal Authority,
2012). On top a coarse-grained sandstone is poorly exposed (Fig. 3.9).
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Legend

Warley Wise Grit

Surgill Shales (inferred)
Bearing Grit (IVF)
Fine-grained stata within Bearing Grit interval
Surgill Sandstone
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Bowland Shale Formation
Carbonates

Cracoean Reef knolls

Coal seams

Coal mining shafts
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Location numbers

1) Elbolton Reef [40067 46154] 22) Coal pits [39922 45714]

2) Stebden Hill Reef (40023 46082]  23) Waterfall Gill [39855 45676]

3) Raven Nest Crags [40085 46086] ~ 24) Unnamed stream east of Embsay
4) Rolling Gate Crags [40008 46020] Reservoir [40056 45468]

5) Bartle Crag [40018 45999] 25) Witshaw Bank Quarry

6) Threapland Gill [39962 46011] [40017 45483)

7) The Crags [39967 45964] 26) Embsay Crag [40051 45509)

8) Peter's Crag [39986 49559] 27) Deer Gallows Ridge[39998 45562]

~ | 9) Thorpe Fell Top [40085 45969] 28) Coal Pit and shafts [40015 45578]
| 10) Unnamed Crag at Thorpe Fell ~ 29) Fine-grained quarry (39925 45580]

(40055 45995] 30) West Harts Hills [39929 45609]
11) Thorpe coal shafts 40058 45997] 31) East Harts Hills [39973 45602]
12) Hen Stones [40082 45919] 32) High Stone Ridge [40022 45645]
13) Crag below Upper Barden 33) Stoneridge Quarries [40061 45640]
Reservoir [40217 45750) 34) Heugh Gill Bowland Shale
| 14) Sharpber [39930 45995] [40176 45478)
15) Brownshaw [39837 45888] 35) Studfold Crag [40296 45476]
16) Unnamed quarry in Bearing Grit ~ 36) Low Crag [40340 45504]
(39859 45899] 37) Eastby Crag [40226 45491).
17) Watt Crag / Obelisk [39931 45882] 38) Halton East Quarry [40302 45517]
18) Potter Gap[39909 45849] 39) Heugh Gill coal shafts
19) Water Crag [39972 45844] [40181 45525]

20) Gutter Stones [39986 45812)
21) Rylstone Cross [39825 45760]
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Figure 3.9 (previous page) (a) Interpretation of west and south side of Barden Moor (see
Fig. 3.2 for location). Note the two stratigraphic levels within the Bearing Grit at
which Gilbert-type deltas occur. The position of the coal seam above the inferred
level of the Bearing Grit (see section 3.4.2.8) is used as a correlation surface in for
sections 2 — 5 in Figure 4.11. (b) Photo interpretation of the north-west side of
Barden Moor. Note the relative stratigraphic positions of the Bowland Shales,
Cracoean reefs, and overlying fluvio-deltaic sediments of the Surgill Sandstone. The
top of the Cracoean reefs occurs near the base of the Surgill Sandstone, indicating
shallow water conditions near the northern flank of Barden Moor, rapidly deepening

southward as indicated by the thickening of the Pendle Grit turbidites.

Interpretation

Marine bands are not observed in the area, which makes correlations
tentative. The cross-bedded sandstones at Raven Nest Crag overlie the Bowland
Shale Formation and are considered part of the Surgill Sandstone of the Pendle Grit
Member. This interval can be correlated to the cross-bedded sandstones in
Threapland Gill, where this interval forms the top of a turbidite-fronted delta system
in water depths of several tens of metres. The turbiditic facies are assigned to the
Pendle Sandstone (Fig. 3.3; 3.9).

The succession from the Rolling Gate Crag level up to the coal seam is
tentatively correlated to the Bearing Grit and this correlation will be discussed in
Section 3.4.2.8. This stratigraphic interval consists of two stratigraphic levels at
which Gilbert-type delta foresets occur, suggesting a delta front environment, in
which the structureless metre-scale deposits in the delta represent sediment-gravity-
flow deposits. The overlying coarse-grained cross-bedded sandstone probably

corresponds to a fluvio-deltaic channel setting in the Warley Wise Grit.

3.4.2.3 Brownshaw to Obelisk section: Barden Moor

Description

This section is located on the western side of Barden Moor (Fig. 3.8; 3.9).
Brownshaw [39837 45888] forms a large landscape feature at the base of the
succession that suggests the presence of sandstones in the lower 60 m of the Pendle

Grit Member, based on a correlation to Threapland Gill (Section 3.4.2.2). Only
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blocks of massive sandstones with shale clasts are exposed along the base of the
landscape feature, suggesting a turbiditic origin.

The basal Bearing Grit level, correlating to Rolling Gate Crag (see above) is
exposed in an unnamed quarry [39859 45899] and forms a feature on the crest of
Brownshaw. The unnamed quarry exposes three metre-scale, structureless, normally
graded, pebbly deposits. Pebbles of up to 3.5 cm in diameter occur at the base, while
the maximum grain size at the top of beds is granular. Mud clasts are concentrated
towards the top of the bed. The second level of the Bearing Grit, correlating to
Bartle Crag (Fig. 3.9) is well-exposed from the Obelisk southward and is ~35 m
thick. At several outcrops, such as at Potter Gap [39909 45849] large-scale foresets
are observed, closely associated with erosionally-based metre-scale structureless
deposits becoming faintly laminated towards the bed top (Fig. 3.10). The succession
is overlain by trough cross-bedded sandstones [39935 458772] (Fig. 3.10).
Generally, sandstones are coarse- to very coarse-grained, with occasional granular
beds. Pebbles range up to ~4 cm in size. Both the large-scale foresets, as well as the

overlying trough cross beds indicate flow directions towards the E and SE.

Figure 3.10 (next page) Outcrop character of the Bearing Grit at the west side of Barden
Moor indicates a close association of sediment-gravity-flow deposits and deltaic
Gilbert-type foresets. F6 indicates sediment-gravity-flow deposits, F7B-D indicate
various types of Gilbert-type foresets discussed in Chapter 5, F8 indicates cross-
bedded sandstones. (a, b) Northward directed overview of the upper level of the
Bearing Grit taken from Potter Gap towards the Obelisk (see Fig. 3.9). Tectonic dip is
sub-horizontal and can be observed at outcrop 6 at the right hand side of the figure.
Steeper dips represent depositional dip of large-scale foresets. At outcrop 1 (see c, d)
Gilbert-type delta foresets are erosionally overlain by sediment-gravity-flow deposits.
These sediment-gravity-flow deposits are overlain by Gilbert-type deltas in outcrop 2
and 3, followed on by sediment-gravity-flow deposits (see outcrop 3) and Gilbert-type
deltas (outcrop 4 and 5, see e, f). Outcrop 6 shows trough cross-bedded sandstones,

overlying the entire succession.



No scale bar is provided because of perspective between outcrops
Distance between outcrops: 1>2:25mE, 1> 3:50 m SSE,
1>4:290mNNE, 4>5:50mESE, 1>6:460 m NNE

Interpretation

The Pendle Grit succession is very poorly exposed but forms a major
landscape feature. Therefore, it is considered likely that locally a sand-rich
succession is present. The overlying basal part of the Bearing Grit consists entirely
of sediment-gravity-flow deposits, suggesting a more distal delta toe position with
respect to the correlative Gilbert-type delta foresets and sediment-gravity-flow
deposits at Rolling Gate Crag (see Section 3.4.2.2; Fig. 3.9). The upper Bearing Grit
level features Gilbert-type delta foresets alternated with sediment-gravity-flow
deposits.
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3.4.2.4 Barden Moor: south side

Description

The south side of Barden Moor forms the northern flank of the Skipton
Anticline. The succession is highly faulted, making lateral correlations and thickness
estimates difficult (Fig. 3.9). The Bowland Shale Formation is best exposed at
Heugh Gill from [40167 4545] up to [40176 45478] (Fig. 3.8; 3.9). Above this
location, cm- to dm- scale, fine-grained turbidite beds are observed in a heterolithic
succession. Toolmarks on sharp-based, thin turbiditic sandstones indicate SE — SW
flow directions. This succession is faulted against a ~ 15 m thick medium- to very
coarse-grained sandstone containing pebbles up to 1.5 cm that correlates to Eastby
Crag, a cross-bedded channelized sandstone (Fig. 3.9; cf. Hudson and Mitchell,
1937).

The base of the Pendle Grit Member is best exposed at an unnamed stream to
the east of Embsay Reservoir [40056 45468] (Fig. 3.9). It exposes a succession of
thin turbiditic sandstones, interbedded with shales and siltstones indicating SE — W
flow directions. Higher in the Pendle Grit Member, NNW and ENE-oriented quarry
faces in Witshaw Bank Quarry [40017 45483] expose a turbidite channel (Fig. 3.8;
3.9). Laterally persistent beds occur in the ENE face and strongly lenticular beds in
the NNW face, suggesting SSE flow directions. Approximately 25 m is exposed in
metre-scale, erosionally-based coarse-grained to granular turbiditic sandstones with
1 cm pebbles. Most beds are structureless and show no grading or slight normal
grading. Some beds show S2 type banding, alternating cm-scale coarse- and
medium-grained layers (Lowe, 1982). Lines of mud clasts are frequently observed
as well as pods of disintegrating shale rafts that result in metre-scale debritic

intervals.

Above this turbidite channel, a ~35 m thick succession is unexposed on top
of which a ~3 m thick coarse-grained, massive sandstone is exposed, containing
some shale clasts. Embsay Crag [40051 45509] exposes two crudely-bedded
channelized sandstone bodies that are closely overlain by a cross-bedded sandstone
succession, representing a succession similar to the western side of Barden Moor
(Fig. 3.9). Embsay Crag is characterised by lenticular, coarse-grained to granular
sandstone beds that contain abundant <4 cm pebbles. These beds contain crude cross

beds or vague laminations. Notably, shale clasts or intermittent shale or siltstones
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are not observed. Directly above this level, cross-bedded sandstones are observed at
[40085 45533] that correlate to the cross-bedded sandstone levels at Deer Gallows
Ridge [39998 45562] towards the west, and Eastby Crag towards the east [40226
45491] (Fig. 3.9).

Above Deer Gallows Ridge, coal shafts and a coal pit occur in a generally
unexposed succession [40015 45578]. Laterally, fine-grained sandstones flagstones
and massive sandstones are exposed in a small quarry [39925 45580]. This
succession is overlain by small outcrops at West and East Harts Hills [39929 45609]
[39973 45602], which expose a 2 m succession medium- to very coarse-grained
trough cross-bedded sandstones, containing pebbles of up to 1 cm. At a slightly
higher level, High Stone Ridge, and Stoneridge Quarries [4004 4564] expose a5 m
thick succession of medium- to coarse-grained cross-bedded sandstones without
pebbles. Tectonic dips are erratic, which makes it difficult to estimate the thickness

of the intermittent succession.

Eastby Crag to Halton East Quarry forms a nearly continuous outcrop in
cross-bedded sandstones (Fig. 3.9). At Halton East Quarry Crag, the base of the
succession is formed by sub-horizontally deposited 0.1 - 0.3 metre thick massive
beds. The contact between successive massive beds is marked by <4 cm laminated
sandstone intervals showing bed-parallel or ripple cross lamination. This succession
is overlain by large-scale planar cross beds of up to 7 m height, indicating flow
directions to the east. Above, metre- and decimetre-scale trough cross bedding is
observed over a ~8 m interval that transitions to planar cross bedding upwards.
Pebbles are mainly located at the base of this succession and range up to 3 cm. Flow
directions are towards the SE to SW. A coal seam is probably present above Eastby
Crag at the head of Heugh Gill [4018 4553], based on maps of the Coal Authority
(Coal Authority, 2012).

Approximately 60 m below the level of Halton East Quarry, several
sandstones are exposed (Fig. 3.9). The highest sandstones form a relatively
continuous feature for ~2.5 km, from [4026 4549] to [4049 4553] that thickens to
~15 m at Low Crag [4034 4550]. This level exposes metre-scale cross bedding at the
top of outcrops indicating SE- SW flow directions, whereas lower beds are

predominantly massive (Fig. 3.8; 3.9). Grain size is medium to very coarse sand, and
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pebbles range up to 3 cm. This level is assigned to the Surgill Sandstone, similar to
exposures in Threapland Gill and Raven Nest Crags (see section 3.4.2.2).

Stratigraphically lower exposures (between 35 — 80 m lower) occur near
Studfold [40259 45473] to [40312 45479]. At Studfold, blocks that are probably in-
situ show massive, coarse-grained to granular, generally pebbly sandstone beds with
floating pebbles of up to 5 cm. Shale clasts as well as decimetre-scale log imprints
are occasionally observed. The outcrop has a height of ~30 m, and a probable width
~500 m. An additional outcrop at this level occurs at Little Hare Head [40527
45529]. Here a small quarry exposes 5 metre of 0.5 -1 m beds in medium- to coarse-
grained sandstone with occasional <1.5 cm floating pebbles. Some beds show wavy

laminations at the base that transition into massive sandstones upwards.

Interpretation

The south side of Barden Moor provides a faulted but complete stratigraphic
succession of the Pendleian succession. The Pendle Sandstone consists of thick
turbidite channel and heterolithic deposits exposed at Witshaw Bank Quarry and
nearby locations. Eastward, Low Crag indicates the top of the Surgill Sandstone as a
cross-bedded interval, suggesting progradation of the coastline up to at least this
position during the deposition of the Pendle Grit Member. The channelized
sandstones that occur at slightly lower stratigraphic level do not feature cross-beds

and might represent very proximal gravity-flow deposits in the Pendle Grit.

The metre-scale sediment-gravity-flow deposits at Embsay Crag occur at a
higher stratigraphic level than the Surgill Sandstones and are similar to the
sediment-gravity-flow deposits at the base of the Bearing Grit on the west-flank of
Barden Moor. The overlying succession that is exposed directly above Embsay
Crag, at Deer Gallows Ridge, Eastby Crag and Halton East Quarry forms a thick,
laterally continuous, cross-bedded succession containing Gilbert-type delta foresets

in the latter location, consistent with a correlation to the Bearing Grit.

The subdivision between the Bearing and Warley Wise Grit is based on
mapping because of the absence of marine band control, and is taken in the
persistent unexposed interval containing a coal seam, similar to the west-side of

Barden Moor.
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3.4.2.5 Flasby Fell

Description

At Flasby Fell (Fig. 3.2), the Cravenoceras malhamense Marine Band is
observed within the Bowland Shale Formation (Arthurton et al., 1988), placing the
overlying succession in the Pendleian. The overlying Pendle Grit Member is poorly
exposed. However, several channelized sandstones can be inferred based on the
occurrence on landscape features. At an unnamed stream, [3968 4539], thin bedded
turbidites are formed, occasionally containing debritic caps containing numerous
mud clasts. The overlying succession is well-exposed along a ridge line at Crag
Wood [3962 4544] to [3955 4552]. It consists of lenticular sand bodies containing
crudely-bedded and massive, coarse-grained to granular sandstones, with shale
clasts of up to 10 cm width and abundant pebbles of up to 2.5 cm. In some beds,
pebbles are aligned along backsets dipping towards the northwest, indicating SE

flow directions.

These outcrops occur in the hanging wall of a NW-SE-oriented fault zone
and dip up to 32° NE. At Sharp Haw, on the footwall of this fault, the base of this
succession occurs at a 40 - 60 m higher topographic level and is dipping 12° NE.
This suggests that the extensive outcrop of Crag Wood might be deposited in a
growth fault (cf. Mundy and Arthurton, 1980) although an absence of continuous

overlying strata at either side of the fault makes this inference inconclusive.

At Rough Haw [3963 4559], similar structureless and crudely-laminated
deposits are observed. Here, trough cross-bedded sandstones are observed several

metres higher.

Interpretation

The Blacko and Cravenoceras cowlingense Marine Bands are not recognised
at Flasby Fell, making stratigraphic correlations unreliable. The Pendle Grit Member
is poorly exposed but several small channels are inferred based on landscape

features.

The structureless and crudely-laminated sandstones of Sharp Haw and
Rough Haw probably represent sediment-gravity-flow deposits that are closely
overlain by cross-bedded sandstones. This suggests a delta front environment similar

to that observed on the western side of Barden Moor. This similarity and the
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occurrence directly above strata assigned to the Pendle Grit Member (Arthurton et
al., 1988) suggests that these strata belong to the Bearing Grit. The steep dip of
deposits at Sharp Haw is probably related to growth-faulting in the delta front.

3.4.2.6 Skipton Moor, Croft House borehole and Low Bradley 1 Borehole

Description
At Skipton Moor (Fig. 3.2; 3.11), the boundary between the Bowland Shale

Formation and Pendle Grit Member is well exposed. Deposition of the Pendle
Sandstone turbidites occurs over a stratigraphic interval of ~220 m. The basal
sandstones coalesce into relatively continuous sheet sandstone, whereas
stratigraphically higher channelized deposits of several hundred metres width are
embedded within fine-grained deposits (Fig. 3.11). Basal surfaces of individual
channels are sharp and generally erosional. Channels sandstones have a gross
thickness of approximately 5 — 15 m and individual beds are generally up to 1.5 m.
Grain sizes are poorly sorted (medium — granular) but rarely contain pebbles.
Outcrops are generally small and strongly weathered, which impedes a detailed
analysis of sedimentary structures, or changes between the base and top of the
succession. Sandstones frequently show a surface texture where horizontal lenses
form, up to 5 cm high and ~1 metre wide, resembling ropy lava flows, and referred
to as ‘ropy weathering’ (Baines, 1977), which has been interpreted as a primary
structure (e.g. Sims, 1988). On adjacent, typically less exposed rock faces,
weathering patterns are typically massive or blocky. At the top of the quarries,
sandstones are typically fractured in similar patterns as the ropy texture described
above, regardless of facies or tectonic dip. It is considered likely that this structure is
secondary and related to the significant weathering of these natural exposures. In a
small quarry exposure occurs near Snaygill [39954 44995], the same pattern is
preserved in the fracture pattern but no differences in grain size is observed that

could explain the ‘ropy weathering’ as a primary structure (Fig. 3.11).

Except for Jenny Gill Quarry [4006 4599] and Potters Gill [4025 4514] at the
base of the Pendle Sandstone, and outcrops along Cawder Gill at the transition from
the Pendle Sandstone to the Pendle Siltstone [39970 44989] to [40064 45052], good

outcrops are absent (Fig. 3.11). Within the exposed channelized bodies, sandstones
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are predominantly structureless, high density turbidite facies, rarely exposing

internal

noceras cowlingense
Marine Band

:

1 km N
| I B I B
| |
end 1 Jenny Gill Quarry [4006 4599] 7 Horse Shoe Hill [40108 45016]
Bradley Flags A 2 Potter Gill (4025 4514] 8 Millstone Hill (40134 45023]
Warley Wise Grit fine grained/cross bedded 3 gyream at Nor Hill 40231 45126] 9 High Bradley Crag [40029 44954]

E Eeag{‘gsﬁ["tgfa""y flow/fine-grainedcross bedded s gnay il Quarry [39954 44995) 10 Cleaves Top [40006 44930]
T Pe" dle sl stone 5 Cawder Gill [39970 44989] to [40064 45052] 11 Feature above Cleaves Top [40022 44936]

endle Sandstone 6 Standard Crag [40117 45049] 12 Bradley Quarry [40018 44887]

[ Bowland Shale Formation

[ Carbonates
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Figure 3.11 Outcrop map at Skipton and Bradley Moor. See Fig. 3.2 for location within
Craven Basin. Thick turbiditic sandstones in the Pendle Sandstones coalesce into a
continuous sheet near the base, higher up they are deposited in shale-encased small
channels. The position of the Bearing Grit is inferred from correlation with the Low

Bradley Borehole (see Sections 3.4.2.6 and 3.4.2.8).
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structures. Thin fine-grained turbiditic beds are occasionally observed in metre-scale
successions towards the top of channels. At Jenny Gill Quarry, the basal flows were
erosive, based on the occurrence of a metre-scale shale raft that is still partially
attached to the underlying shale facies. Additionally, a SE-dipping growth fault has
been suggested by Sims (1988). Tectonic dips of turbiditic strata in Jenny Gill
Quarry are approximately 20° S while both overlying and underlying strata dip at

approximately 30 -35° S, suggesting the presence of an unexposed growth fault.

The top of the turbidite succession at Skipton Moor is characterised by the
Pendle Siltstone that forms a slope deposit dominated by siltstones with rare
turbiditic sandstones and shales.

The Pendle Siltstone is overlain by structureless sandstones at Standard Crag
[40117 45049] of which ~3 m is exposed. These deposits are typically very coarse-
grained, occasionally conglomeratic with abundant 1 cm pebbles. Standard Crag is
overlain by a ~20 m unexposed interval, on top of which cross-bedded sandstones
are deposited. Discontinuous cross-bedded sandstone bodies occur at several levels
in the overlying succession, where for example Millstone Hill [40134 45023] forms

an intermediate level (Fig. 3.11).

Cleaves Top and its lateral equivalents [40044 44970] to [39973 44844]
form a prominent escarpment near High Bradley of which ~5 m is exposed. At the
base of the exposure, 1 m thick cross sets are observed, overlain by sets of several
decimetres. Sandstones are coarse- to very coarse-grained, with frequent granules.
Lags frequently contain 2 cm pebbles, and occasionally reach 3 cm. Common planar
cross bedding, and rare trough cross bedding indicates flow directions towards the S
- SW. The 0.6 m thick Bradley Coal overlies this escarpment succession and has
been mined extensively, providing a marker horizon at Skipton and Farnhill Moor.
The Bradley Coal is overlain by another 10 — 15 m thick, cross-bedded sandstone
(Fig. 3.11; Baines, 1977; Addison, 1997). This succession is followed by a 21 m
silty mudstone containing a thin coal at its base and marine fauna near its top in the
Croft House Borehole (Addison, 1997; Waters, 2000). On top, the Bradley Flags
form a fine-grained delta abandonment facies, best exposed at the Bradley Quarry
[40019 44886], which is overlain by the Cravenoceras cowlingense (E2,1) Marine
Band (cf. Baines, 1977; Waters, 2000).
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The Croft House borehole [46540 44701] at Cononley Moor indicates a
marine horizon within the proximal Craven Basin (Fig. 3.2; cf. Riley, 1996;
Addison, 1997). Outcrop maps indicate that the top of the borehole is located
slightly below the Cravenoceras cowlingense Marine Band (E2,1) (Addison, 1997;
Waters, 2000). The borehole provides a record through a 13.7 m succession of fine-
grained sandstones that correlate to the Bradley Flags. The underlying shale and
siltstone succession contains a coal seam at its base and a marine Sanguinolites
facies towards its top, similar to the facies described for the Blacko Marine Band
(Riley, 1996). However, a correlation of this marine horizon with the Blacko Marine
Band would suggest an absence of the entire Warley Wise Grit. Additionally, nearby
borehole occurrences of the Blacko Marine Band at Elsack Moor [3937 4484] 4 km
to the west (Brandon et al., 1995) exclude the possibility of the Blacko Marine Band
above a significant succession of cross-bedded sandstones. Alternatively, Riley
(1996) proposes that this marine horizon is an initial flooding surface of the
Cravenoceras cowlingense Marine Band that is locally separated from the maximum

flooding by the Bradley Flags.

The Low Bradley 1 Borehole, on Bradley Moor is drilled within the Bradley
Flags at [40195 44786] and provides a continuous succession down to the Bowland
Shales (Fig. 3.2; 3.8). Above the Bowland Shales, a sand-rich succession with
subordinate shales is present that gradually transitions in a silty shale-dominated
succession with subordinate thin sandstones. Overlying this succession are two coal
seams, approximately 15 m apart in a silt-dominated succession. Approximately, 90
m higher the succession becomes sand-dominated and contains two additional coals
seams, approximately 22 m apart. This succession is overlain by a sandstone-

dominated succession near the top of the borehole equating to the Bradley Flags.

Interpretation

The base of the succession in the Skipton Moor and Low Bradley 1 Borehole
is similar in both thickness and character, and interpreted as a slope succession with
numerous minor turbidite channels, within a heterolithic succession containing
shales, siltstones and thin turbiditic sandstones. This succession is interpreted as the
Pendle Sandstone and is overlain by a sand-poor succession interpreted as the

Pendle Siltstone in both occurrences.
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The top of the succession in the Low Bradley 1 Borehole can be correlated to
the outcrop section at Skipton Moor via two coal seams at the approximate levels of
the Bradley Coal and the coal below the Bradley Flags (Fig. 3.8). The two coal
seams that occur ~90 m lower in the Low Bradley 1 Borehole correspond broadly to
the stratigraphic level of Standard Crag and the overlying cross-bedded sandstone in
the Skipton Moor succession (Fig. 3.8; 3.11). These coals indicate peat-
accumulation and thus a sub-aerial delta top environments near the base of the
fluvio-deltaic succession. It is considered therefore considered likely that this

occurred during the E;c1 cycle and is associated with the Bearing Grit.

The marine fauna exposed in the Croft House Borehole probably represent
an initial flooding surface of the Cravenoceras cowlingense Marine Band, based on
occurrences of the Blacko Marine Band in nearby boreholes (cf. Brandon et al.,
1995; Riley, 1996). This suggests that the Warley Wise Grit occurs below this level,
which on Skipton Moor equates to the Millstone Hill and Cleaves Edge levels.
Additionally, it suggests that the fine-grained Bradley Flags formed during

transgression.

3.4.2.7 Farnhill Moor

Description

Farnhill Moor [4008 4470] is located south of Skipton and Bradley Moor
and can be correlated to these locations via the Bradley Coal and the Cravenoceras
cowlingense Marine Band (Fig. 3.8). The basal sandstones in the Warley Wise Grit
are exposed near Jubilee Tower [4006 4471] and are structureless, coarse- to very
coarse-grained metre-scale beds with some granules. A gap of ~15 m separates this
succession from the overlying cross-bedded facies that is best exposed at Hardacre
Quarry [40090 44679]. Here, large-scale foresets of 7 — 8 m height are overlain by
cross-bedded sandstones, indicating SE-flow directions (Fig. 3.15b) . About 2 m of
the overlying cross-bedded succession is exposed at the top of the quarry but
additional exposures indicate that this succession reaches an approximate thickness
of 18 m, and records SE-SW flow directions. This succession is overlain by the

Bradley Coal.
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Interpretation

The correlation of the Bradley Coal between Skipton Moor and Bradley
Moor suggests that the large-scale foresets exposed at Hardacre Quarry are part of
the Warley Wise Grit. This implies that both the Bearing and the Warley Wise Grit

contain large foresets that are interpreted as Gilbert-type delta deposits.

3.4.2.8 Correlation of Transition Zone area

At Threshfield Moor, Barden Moor and Flasby Fell marine flooding surfaces
have not been observed, while this area records large differences in the
sedimentological character at the block to basin transition (cf. Fig. 3.6; 3.8). Here a
tentative correlation is made between these areas, and with areas with marine band

control.

On the Askrigg Block, the Bearing Grit is frequently split into two sandstone
levels, separated by a coal seam. An additional coal seam occurs at the top of the
Bearing Grit in a shale interval of 10 -20 m thickness that also contains the Blacko
Marine Band. Above the Warley Wise Grit, another coal seam is occasionally
observed (Fig. 4.6). Additionally, although both the Bearing Grit and Warley Wise
Grit are frequently granular or pebbly, maximum pebble size in the Bearing Grit is
consistently larger, ranging up to 5 cm in diameter, whereas the Warley Wise Grit

typically contains pebbles of up to 2 cm and rarely reaches up to 3 cm.

Threshfield Moor lies close to the North Craven Fault and exposes a thick
coal seam (Skirethorn Coal) deposited between two levels of very coarse-grained,
pebbly cross-bedded sandstones. A thinner coal seam is observed at the base of the
overlying ~20 m shale interval (Section 3.4.2.1). It is considered likely that the
lower coal seam corresponds to the coal seam within the Bearing Grit on the
Askrigg block, while the upper coal seam at the base of a 20 m shale interval is
considered to correspond to the top of the Bearing Grit (Fig. 3.6). The maximum
pebble sizes for the Bearing Grit on the Askrigg Block and at Threshfield Moor are

similar in this correlation, supporting this correlation.

At Barden Moor, only one coal seam is known. It is worked extensively near
Waterfall Gill and Thorpe Fell (Fig. 3.8; 3.9) and overlies two stratigraphic levels at
which Gilbert-type deltas and sediment-gravity-flow deposits with pebbles of up to
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4 —5 cm occur. This coal seam is tentatively correlated with the thin upper coal
seam on Threshfield Moor. Flow directions at Threshfield Moor indicate that
channels flowed towards Barden Moor implying that deposits are likely deposited

by the same fluvio-deltaic systems (cf. Fig. 3.2; 3.8). In this correlation, the two very
coarse-grained, pebbly channelized sandstones at Threshfield Moor correspond to
the two levels at which pebbly Gilbert-type deltas occur on Barden Moor. The
Warley Wise Grit at Threshfield Moor is variably fine-grained to pebbly and might
fit well with the sandstone level above the coal seam on Barden Moor that is
occasionally pebbly as well but relatively finer-grained than the two levels at which
Gilbert-type deltas occur (e.g. at Hart Hills and Thorpe Fell; Fig. 3.9).

At Skipton Moor, the entire Pendleian succession has significantly expanded
in thickness, indicating a significant step in the basin morphology (Fig. 3.8). Here,
the Bradley Coal forms an abundantly worked coal seam at an intermediate level
within the Warley Wise Grit. Another thin coal seam occurs between the top of the
Warley Wise Grit and Bradley Flags. The Low Bradley 1 Borehole indicates two
additional coal seams near the base of the fluvio-deltaic succession (Fig. 3.8) that
correlate with the approximate level of the Standard Crag and are here associated
with sub-aerial conditions at the stratigraphic level of the Bearing Grit (Fig. 3.8). In
this case, the sediment-gravity-flow deposits at Standard Crag resemble the same
stratigraphic interval as Embsay Crag on Barden Moor, although the precise
boundary between the Bearing Grit and Warley Wise Grit is unclear in the absence
of the Blacko Marine Band.

3.4.3 Location descriptions of Harrogate sub-basin
3.4.3.1 Beamsley Moor

Description

Beamsley Moor is positioned at the boundary between the Transition Zone
and the Harrogate sub-basin and presents a broadly similar succession as Skipton
Moor (Fig. 3.2). The basal contact between the Bowland Shales and the Pendle Grit
Member is not known precisely but the lowest channelized sandstones within the
Pendle Sandstone are observed in Kex Beck [40807 45261]. The transition from the

Pendle Sandstone to the Pendle Siltstone occurs at the confluence of Kex Beck and
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Howgill Sike [40921 4539], above which only minor sandstones occur. In
comparison to Skipton Moor, the thickness of the siltstone- and/or shale-dominated
Pendle Siltstone increases significantly from ~90 to ~280 m. Overlying this
succession are massive bedded, coarse-grained to granular sandstones with rare 1 - 2
cm floating pebbles that form the prominent Beamsley Beacon escarpment [4097
4524]. This escarpment is similar in character to Standard Crag at Skipton Moor.
Based on the scale of the landscape feature, at least 30 m of predominantly
sandstones are present although only the top ~7 m are exposed. Beds are strongly

weathered and frequently show a ‘ropy weathering’ style.

Cross-bedded sandstones, exposed in small quarry exposures near the
triangulation point at [40997 45241] and near Little Crag [4101 4529] to [4102
4534] are observed at ~20 m above this level and indicate southward flow
directions. This interval is ~10 - 15 m thick and is overlain by an unexposed interval
of ~40 m, presumably containing mainly siltstone and argillaceous sediments. This
is followed on by another cross-bedded sandstone succession of which up to 5 mis
exposed at Trundle Stones [40984 45188], and High Combs [4111 4538]. These
outcrops contain both planar and trough cross-bedded sandstones in beds of ~0.5 m,
indicating S — SE flow directions. Grain size is medium- to very coarse sand, with
pebbles up to 2 cm. A 5 — 10 m unexposed interval separates Trundle Stones from
micaceous flagstones that are very poorly exposed in old workings east of Beacon
Hill House [40985 45176].

Interpretation

The successions at Beamsley and Skipton Moor have very similar
sedimentological and stratigraphic patterns. Therefore, the Beamsley Beacon
escarpment, and directly overlying cross-bedded succession is included in the
Bearing Grit. The Trundle Stones and High Combs succession overlying the ~40 m

unexposed interval is assigned to the Warley Wise Grit.
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3.4.3.2 Harlow Carr Park section

Description

The Harlow Carr Park section lies on the northern limb of the Harrogate
Anticline and provides a relatively continuous, near-vertical section along a tributary
of Oak Beck from the Harlow Carr Gardens northward (Fig. 3.2). The section
exposes the contact of the Bowland Shale Formation and the Pendle Siltstone at the
first occurrence of siltstones and sandstones at [42777 45219]. Up to [42763 45434]
approximately 160 - 170 m of alternating dark siltstones and sandstones are
exposed. Sandstones occur in packages of less than 8 m thick. Individual sandstones
are 0.2 - 0.5 m thick and typically fine- to medium-grained. Sandstone packages are
separated by siltstone-dominated successions of up to 50 m that occasionally contain

cm-scale turbidites.

From [42763 45434] up to [42757 45437] a ~70 m interval is dominated by
interbedded carbonaceous and micaceous siltstones and fine-grained sandstones that
are interpreted as a delta slope and delta mouthbar environment (e.g. Cooper and
Burgess, 1993). At the top of this section, parallel-laminated, medium-grained
sandstones are observed that represent a mouth bar type setting. Laterally, cross-
bedded sandstones are observed at this stratigraphic level at [4272 45447],
indicating SE flow directions in a heavily overgrown, ~4 m high outcrop.
Sandstones are medium to coarse grained, and contain rare pebbles of up to 2 cm in
diameter. A ~20 m unexposed interval separates this succession from a laterally
continuous sandstone interval starting at [42755 45443]. These cross-bedded
sandstones are typically coarse-grained and contain pebble lags with 1 cm pebbles.
The thickness of the succession is difficult to reconstruct due to limited exposures
and decreasing tectonic dip but is estimated at ~ 70 m. The Cravenoceras
cowlingense Marine Band is observed just above the succession (Ramsbottom,
1974).

The nearby Moor Park Farm Borehole at [425749 453199] is located at the
base of the Warley Wise Grit (Fig. 3.2). To a depth of ~43 m, the borehole contains
a cover succession of sand and soft brown clay. From 43 m to 61 m the borehole

contains shales, with coal and fireclay bands (a type of fine-grained palaeosol).
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Interpretation

The Blacko Marine Band is not observed in the Harrogate sub-basin. This
makes correlations debatable but it is considered likely that the lower cross-bedded
level represents the Surgill Sandstone, while the upper cross-bedded sandstone level
represent the Warley Wise Grit. The inference of the Surgill Sandstones is supported
by the occurrence of palaeosols below the base of the Warley Wise Grit in the Moor
Park Farm Borehole and implies coastline progradation into the Harrogate sub-basin

during deposition of the Pendle Grit Member.

A correlation of the overlying sandstones with the Bearing Grit is unlikely,
considering the eastward pinch out of the Bearing Grit on the Askrigg Block (Fig.
3.2; 3.5). The current interpretation also fits with the finer grain size of this
succession in comparison with the Bearing Grit on the Askrigg Block and the

Barden Moor areas.

3.4.3.3 Almscliff Crag and Weeton 1 Borehole

Description

Weeton Borehole 1 [429808 446384] and Almscliff Crag [4268 4490] occur
on the southern limb of the Harrogate Anticline (Fig. 3.2). Almscliff Crag forms a
prominent exposure, resulting from a local thickening of the succession due to
growth faulting (e.g. Chisholm, 1981; Sims, 1988). About 40 m are exposed in the
growth-faulted succession. The overlying succession is ~65 m thick but largely
unexposed. The regional tectonic dip is approximately 20° S, whereas tectonic dips
within the growth-faulted succession are 20° to 30° E. Within the growth-faulted
succession, strata are disturbed with occurrences of minor syn- and antithetic faults.
Sandstones in the growth-faulted succession are generally coarse- to very coarse-
grained with rare granules and ~1 cm pebbles. At multiple levels metre-scale log-
prints are observed, typically associated with shale clasts at the same horizons. Most
of the lower part of the succession consists of parallel-laminated sandstones,
occasionally alternated by low angle cross laminations or sigmoidal cross sets.
Towards the top of the growth-faulted succession, trough cross-bedding becomes

dominant, indicating flow directions towards the SW.
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In Weeton 1 Borehole (Appendix 1), a marine horizon is observed at 50 m
depth that probably corresponds to the Eumorphoceras bisulcatum Marine Band
(E222) and is underlain by the Arnsbergian Oatlands Sandstone. The top of the
Pendleian sandstones probably occurs at 245 m. Very carbonaceous shales with
marine fauna belonging to the Bowland Shale Formation are observed at 350 m and
indicate the likely occurrence of the Cravenoceras malhamense Marine Band. This
suggests that the Pendle Grit succession is 105 m thick. Sandstone intervals reach up
to 8 m maximum and are alternated by micaceous siltstones and shales. The Bearing

and Warley Wise Grit are not observed.

Interpretation

Based on similar reasoning as for Harlow Carr Park exposure (Section
3.4.3.2) it is considered likely that the Bearing Grit is absent. This implies that the
growth-faulted succession at Almscliff Crag corresponds to the Warley Wise Grit,

which is consistent with the observed grain sizes.

The Weeton 1 Borehole suggests a thin development of the Pendle Grit and
an absence of the Warley Wise Grit. The latter implies that the Warley Wise Grit has
pinched out between Almscliff Crag and the Weeton 1 Borehole, suggesting that
growth faulting at Almscliff Crag probably occurred in a delta front setting.

3.4.4 Location descriptions of Bowland High and Lancaster Fells sub-

basin
3.4.4.1 Bowland Knotts and White Greet

Description

Bowland Knotts [3727 4605] and White Greet [3698 4599] lie near the crest
of the Bowland High tilt block that separates the Bowland and Lancaster Fells sub-
basin (Fig. 3.2; 3.12). In this area, the Pendle Grit Member has an approximate
thickness of 450 m and consists of mainly fine-grained and argillaceous deposits,
alternated with occasional sandstones. On Hasgill Fell [3718 4598] and Crutchenber
Fell [3732 4599], the succession is largely covered in peat and till but stream
sections indicate the presence of minor sandstone bodies (Fig. 3.12). Along the
River Hodder, sandstone packages of up to 3 m thickness are seen from [37083
45895] to [37023 45899]. Individual beds are mostly dm-scale, but range up to 1.1
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m. Grain size ranges from fine- to coarse-grained sand, and some beds contain rare
granules. Shale clasts occur frequently. Rare toolmarks indicate flow directions
towards the SW.

The top of the Pendle Grit Sandstone on Crutchenber Fell occurs at Cat Knot
Well [37227 45983] (Fig. 3.12). Here, sandstones are coarse- to very coarse-grained,
contain rare granules, 1 cm diameter pebbles and abundant shale clasts. These
outcrops appear to correlate to Green Knots [37309 46038] located 1.3 km ENE
through a faint landscape feature. Green Knots occurs stratigraphically ~40 m below
the scarp-forming sandstones at Bowland Knotts. It contains very coarse-grained to
granular sandstones that occasionally form conglomeratic beds with <3 cm pebbles.

These sandstones are structureless, planar laminated or crudely cross-bedded.

The crestline of Bowland Knotts is formed by a ~50 m thick succession of
massive and crudely-bedded sandstones. Individual beds reach up to 6 m thickness,
are typically normally graded and contain pebbles of up to 4 cm. At some levels,
<15 cm shale clasts are observed. At the triangulation point [37222 46030] (Fig.
3.15c¢, d) and an unnamed outcrop at [37290 46065] the lenticular nature of these
beds is seen. At both locations winged scours incise into underlying sandstones;
scour fills show crude laminations towards the base of the scour and become
massive upwards while pebble size decreases both upwards and towards the scour
wings. Flow directions, derived from the scour orientation suggest SW and SE flow
directions. At the triangulation point, backsets are observed in the medium-grained
to granular sandstone bed overlying the scour fill, indicating flow directions towards
the south east (Fig. 3.15d). Facies strongly resemble the sediment-gravity-flow
deposits observed at the base of the large-scale foresets at Barden Moor and Flasby
Fell.

The succession is overlain by ~80 m unexposed interval, on top of which a
~9 m thick trough cross-bedded sandstone is exposed at Foster’s Crag [37250
46080] and Cold Stone [37109 46075]. Grain size is coarse to very coarse sand, with
rare pebbles reaching up to 2 cm. At the base, foresets are metre-scale, decreasing in
height upward. Flow directions are southward.

Both the level at which sediment-gravity-flow deposits are observed and the
cross-bedded facies can be traced southward to White Greet (Fig. 3.12). At White
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Locations

1) Bowland Knotts [3727 4605] 11) Far Costy Clough Quarry [36948 45952]
2) White Greet [3698 4599] 12) Reeves Edge [3685 4575]

3) Hasgill Fell [3718 4598] 13) Saddle Hill [3694 4575]

4) Crutchenber Fell [3732 4599] 14) Bloe Greet [3694 4586]

5) Cat Knot Well [37227 45983] 15) Great Bulls Stones [36747 45765]

6) Green Knots [37309 46038] 16) Little Bulls Stones [36785 45776)

7) Triangulation point [37222 46030]

8) Unnamed outcrop [37290 46065]

9) Foster’s Crag [37250 46080 | BMB) Blacko Marine Band [36553 45811]

10) Cold Stone [37109 46075] CMB) Cravenoceras cowlingense Marine Band [36878 45923]

Figure 3.12 (a) Outcrop map for Bowland Knotts to Croasdale (see Fig. 3.2 for location
within the Craven Basin). The Bearing Grit succession is well-exposed at Bowland
Knotts and can be traced to White Greet (2), where it rapidly pinches out westward. A
similar westward pinch out is observed at Croasdale, where this succession is overlain
by the Blacko Marine Band. (b) Westward pinch out of the Bearing Grit at White
Greet. Note that overlying units are continuous on top of the Bearing Grit but not
visible due to perspective.
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Greet, the lower level forms a ~80 m thick deposit that rapidly pinches out towards
the northwest over a distance of 800 m along the river Hodder (Fig. 3.12b). The
upper level forms a landscape feature than continues westward. On the other side of
the River Hodder, this interval is partially exposed along Far Costy Clough where a
quarry [36948 45952] exposes 12 m of very coarse-grained to pebbly, metre-scale,
wedge-shaped massive sandstone beds, with abundant shale clasts. This is overlain
by a ~50 m unexposed interval. On top, a~40 m thick planar and trough cross-
bedded succession from [36928 45947] to [36917 45951] indicates S to SSW flow
directions. This succession comprises coarse- to very coarse-grained sandstones,
occasionally containing pebbles of up to 2 cm in diameter. At the base of the

succession foresets of up to 3.5 m height occur, overlain by smaller sets.

Interpretation

The Pendle Sandstone in this area consists of relatively small sandstone
channel features, similar to the succession at Skipton Moor. The correlation of
Green Knots in the Surgill Sandstone with Cat Knot Well at the top of the Pendle
Sandstone through a landscape feature suggests the progradation of a shelf
clinoform (Fig. 3.12). A sand body with a similar clinoform structure has been
mapped one kilometre further east at Halstead Fell [37398 45998] (Arthurton et al.,
1988).

The succession that forms the crestline at Bowland Knotts is assigned to the
Bearing Grit and probably represents a delta toe setting, based on the similarity of
the crudely-laminated sandstones with those observed in the delta toe at Barden
Moor and Flasby Fell. This correlation to the Bearing Grit is further supported by
the recognition of the Blacko Marine Band in Croasdale, and a correlation to this
area (see Section 3.4.4.2). The overlying cross-bedded succession at Foster’s Crag
probably corresponds to the Warley Wise Grit.

3.4.4.2 Whitendale and Croasdale

Description

Along the Whitendale River the basal ~50 m of the Pendle Grit is exposed
from [36536 45590] to [36560 45680] and is included in the Whitendale Sandstone

(sensu Sims, 1988; Fig. 3.2). Features in the Pendle Sandstone occur over the
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successive ~150 m and are generally laterally discontinuous. Outcrops are poor and
typically limited to stream sections. They consist of thick turbidite beds in packages
up to ~30 metres thick. A good exposure occurs at Baxton Fell Quarry [36815
45639]. Here, the lowest 5 m contains predominantly 0.1 - 0.3 m thin, coarse-
grained to granular sandstone beds with abundant pebble lags containing pebbles of
up to 2 cm. This succession probably represents a phase of sediment bypass and is
overlain by a 21 m succession of medium-grained to granular, normal graded
sandstone beds with rare shale clasts. Beds reach up to 2 m thickness but are
lenticular and pinch out laterally. Most beds are massive but on some occasions cm-
scale banding is observed towards the top of beds. Rare tool and scour marks at the

base of beds indicate SW flow directions.

In the headwaters of Whitendale River, Brandon et al. (1995; 1998) infers
the presence of the Blacko Marine Band based on the occurrence of Sanguinolites in
a 6 m thick, burrowed siltstone succession at [36553 45811] that forms part of a 75
m thick fine-grained succession (Fig. 3.2; 3.12). Eastward, a large but poorly-
exposed sandstone level of over 100 m thickness has been mapped below the Blacko
Marine Band that correlates to the sandstones at Reeves Edge [3685 4575], Saddle
Hill [3694 4575], and Bloe Greet [3694 4586] (Fig. 3.12; Hughes, 1987; Brandon et
al., 1998). This sandstone level is generally pebbly and structureless and has
previously been assigned to the Surgill Shale Member of Brandon et al. (1995;
1998) or the Brennand Grit of Arthurton et al. (1988). Southward, along Whitendale,
this level is recognised at the Whitendale Hanging Stones [36437 45645] and
Brennand Hanging Stones [36399 45586] (Fig. 3.2). Here, these deposits are very
coarse-grained to conglomeratic, metre-scale, structureless and faintly-laminated
sandstones with pebbles up to 4 cm. These sandstones are deposited in crude troughs
of over 10 metres wide, similar to deposits observed at the Bowland Knotts crestline
(see Section 3.4.4.1).

Sapling Crag [36487 45693] in the Whitendale valley exposes coarse-
grained to granular sandstones over a ~15 m interval at a slightly lower stratigraphic
level. This outcrop contains plane bed lamination with 1 - 3 cm pebbles at its base

and clear trough cross bedding towards the tops, indicating S to SW flow directions.

In Croasdale, the Blacko Marine Band is overlain by the Warley Wise Grit
that reaches a cumulative thickness of ~145 m. It contains three channelized
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sandstone levels, of which the lowest is well-exposed and thickens at the outcrop of
Great and Little Bulls Stones [36747 45765], indicating the presence of a larger
channel fill (Fig. 3.12). The outcrop reaches a total height of ~ 18 m, including a ~2
m unexposed interval that presumably contains a mudstone. The outcrop is trough
cross-bedded at the base, and planar cross sets with tangential toe sets are observed
towards the top. Sandstones are medium-coarse-grained to granular, with <2 cm
pebbles occurring at several levels. At the base of the outcrop, cross sets of up to 3
m are observed, decreasing in height upwards. Flow directions range from SE to W
and are primarily directed towards the SW. The Cravenoceras cowlingense Marine
Band is not observed with certainty in this area, but at a tributary of Far Costy
Clough [36878 45923], Crossdale Beck [36847 463461, and Middle Gill [36671
461371], Sanguinolites sp. and other marine indicators occur within metres of the
top of the Warley Wise Grit. These suggest a marine transgression above the Warley
Wise Grit corresponding to the Cravenoceras cowlingense Marine Band (Brandon et
al., 1998).

Interpretation

It is here considered that the major sandstone level below the Blacko Marine
Band at Croasdale correlates to the structureless sandstones at White Greet and
Bowland Knotts northward, and with the succession at Brennand and Whitendale
Hanging Stones southward (Fig. 3.12). Because of its occurrence directly below the
Blacko Marine Band, the succession belongs to either the Surgill Sandstone or
Bearing Grit. Due to the scale of this sandstone body, and the sedimentological
character that is similar to the sediment-gravity-flow deposits at Flasby Fell and
Barden Moor, it is considered likely that this interval represents a Bearing Grit
incised valley fill. Placement of this stratigraphic level to the Bearing Grit also
complies with the observation that this stratigraphic level occurs below the Blacko
Marine Band (E12) (Brandon et al., 1998), while reflecting the character of the
Brennand Grit of Arthurton et al. (1988) in the Settle District to the east (Arthurton
et al., 1988). The rapid westward pinch out of this sandstone level at White Greet
[36920 46035] (see section 3.4.4.1) and Croasdale [36608 45779] is interpreted as
the western margin of the incised valley. Previously, this succession was interpreted
as a shelf edge or slope channel in the Surgill Sandstone during sea-level fall
(Brandon et al., 1995). However, the multi-kilometre width (limited by eastward
outcrop extend), the updip continuity of these deposits at the top of the Pendle Grit
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Member (Fig. 3.12a), and its 80 — 100 m thickness (Fig. 3.12b) do not fit with such
origin, especially since other Surgill Sandstone deposits are substantially thinner and

smaller (e.g. Fig. 3.9).

The sandstones occurring at slightly lower stratigraphic level: i.e. at Sapling
Crag in the Whitendale valley and Green Knott near Bowland Knotts (Fig. 3.12) are
thought to represent the Surgill Sandstone and form the feeder system to the Pendle

Grit turbidite system.

3.4.4.3 Rathmell and Whelp Stone Crag

Description

Rathmell is a village ~7 km east from Bowland Knotts (Fig. 3.2). Several
stream sections in its vicinity expose parts of the Pendle Grit Member, which has a
cumulative thickness of approximately 490 m. Sandstones are generally
discontinuous and primarily present in the lower 150 m of the succession, for
example along Long Gill [37831 45839], and several quarries in the Gisburn Forest
at [37558 45761] and [37527 45784]. Sandstones are typically medium- to coarse-
grained and massive. This interval is overlain by a 300 m thick siltstone-dominated
succession. Towards the top of the succession, some small channelized sandstone
deposits are exposed at Hesley Beck [37949 45994] to [37945 45995]. Here, the
succession contains primarily dark grey siltstones with fine-grained dm-scale
turbidite beds with E-W-oriented toolmarks. Rare flutes at adjacent locations
suggest westward flow directions. A small, medium- to coarse-grained channelized
sandstone exposure of 3 m height is also observed, and consists of beds of up to 0.5

m.

Whelpstone Crag [37612 45925] and Scoutber Crag [37756 46027] expose
the overlying succession (Fig. 3.2). The base of this succession is exposed on
western side of Whelpstone Crag near the triangulation point at [37601 45926] and
at [37631 45953]. Approximately 8 m of massive and crudely planar laminated
sandstones are observed; individual beds are lenticular and can reach up to ~4 min
thickness. Grain size ranges from coarse-grained to granular sandstones and pebbles

reach up to 4 cm in diameter. In massive beds, floating pebbles occur throughout the
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entire bed. In the structured beds, pebbles are organised along diffuse horizons.

Shale clasts occur at specific horizons and reach up to ~ 10 cm.

The top of the preserved succession is exposed in a small quarry on the
eastern side of Whelpstone Crag. It exposes large-scale foresets of ~5 - 6 m height
of coarse-grained sandstone that contain <3 cm pebbles, overlain by decimetre-scale
trough cross beds of similar grain size. Flow directions within the large foresets are
SE-oriented whereas the overlying succession indicates flow to the SW to SE. The
thickness of the entire succession is estimated at ~30 m, which suggests it forms part
of the Bearing Grit, based on the thickness of the successions in Croasdale and at

Bowland Knotts.

Interpretation

The succession in the Rathmell area strongly resembles the Bearing Grit
succession at Bowland Knotts, except for the occurrence of a Gilbert-type delta. The
occurrence of this delta fits well with the interpretation of a delta toe setting for the
massive and crudely-laminated sandstones at Whelpstone Crag, and similar deposits

at Bowland Knotts and Whitendale and Brennand Hanging Stones.

3.4.5 Location descriptions of Bowland sub-basin

3.4.5.1 Blacko Borehole

Description

The Blacko Borehole [38496 44184] as described by Brandon et al. (1995)
provides a key section (Fig. 3.2; 3.8). It was drilled at the base of the Warley Wise
Grit outcrop belt that is well-exposed at Noyna Rocks Quarry, Foulridge [38966
44263] to the east, and Faughs Delph Quarry, Newchurch in Pendle [38199 43921]
to the west. From ~60 m depth, the borehole exposes flaggy sandstones under a
thick cover of alluvium. From 72.70 m and 94.18 m, the Surgill Shale is exposed as
a silty mudstone. Marine fossils, such as gastropods, Sanguinolites sp., ostracods
and fish debris are observed between 78.94 m and 94.18 m in dark grey, silty
mudstone (Brandon et al., 1995). This succession is underlain by dm-scale
ganisteroid sandstones at 96.49 and 97.84 m depth. Down to 147.52 m, the

succession is dominated by dark silty mudstones, alternated with thin sandstone
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beds. This succession is underlain by a medium- to coarse-grained sandstones
interpreted as the Pendle Grit Member.

Blacko Hill is located 1 km east from the Blacko Borehole and poorly
exposes sandstones at three levels. A basal lenticular sandstone is exposed in small
quarries at [38602 44224] and [38557 44207] and consists of structureless pebbly
deposits. This is overlain by an unexposed, depressed interval on top of which a
cross-bedded sandstone is observed at [38595 44213]. The top of the succession
consists of thinner sandstone bodies and occurs in small diggings at [38593 44194].
Based on the structural dip, and the depth at which the Blacko Marine Band occurs
in the borehole record, it is probable that the entire Blacko Hill succession is
deposited within the Warley Wise Grit.

Interpretation

The Blacko Borehole suggests that the Warley Wise Grit directly overlies the
Pendle Grit Member, implying the absence of the Bearing Grit.

3.4.5.2 Salterforth & Noyna Rocks

Description

Between Barnoldswick and Foulridge, the Pendle Grit Member forms a
broad outcrop belt that is rarely well-exposed (Fig. 3.2). Features indicate that the
lower 250 m of the Pendle Grit Member consists predominantly of sandstones with
impersistent thin interbedded, fine-grained or argillaceous sediments. Outcrops are
rare and most information on this succession is obtained from old quarries that
contain sandstones in faces of up to 30 m height. Remnants of ~25 m high quarry
faces can be seen at Upper Hill Quarry [3883 4447] (currently Dalesview Holiday
vacation park). Metre-scale, erosionally-based turbidite beds are observed with
occasional shale clasts. Access to the quarry face was not allowed, precluding
detailed observations. Park Close Quarry [38824 4447] exposes the top of the
Pendle Sandstone (Fig. 3.8). The SW face exposes an ~8 m amalgamated
channelized deposit that pinches out in a NE-direction on perpendicular quarry
faces, suggesting S to SSE flow direction of the channel. The SSW corner of the

quarry exposes the top of a lower channelized sandstone. Individual beds are
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normally graded, medium- to very coarse-grained with frequent granules at the base
of beds, and reach up to 2 m thickness.

On the SE quarry face, thin-bedded sandstones are exposed adjacent to the
channelized sandstones. These 5 — 30 cm thick turbidite beds are typically fine- to
medium-grained and separated by subordinate shale and siltstone layers. The thicker
beds frequently contain large shale clasts that are not observed in the channel axis.
Flow directions from toolmarks at the beds bases indicate southward flow directions,
whereas ripples at the bed tops indicate eastward flow directions (Fig. 3.8). These
deposits are interpreted as channel margin deposits, and related to channel overspill.
The shift in flow directions from base to top of individual beds probably represents a
channel overspill-effect where the toolmarks at the base of the bed records the early
high velocity flow regime, parallel to the channel axis whereas the ripples at the top
record the flow direction of a low concentration turbulent cloud that does not
necessary correspond to the channel direction (e.g. Kane et al., 2010Db).

The overlying, predominantly fine-grained succession between this location
and Noyna Rocks is approximately 220 m thick, estimated via tectonic dips of the

succession.

At Noyna Rocks, near Foulridge, coarse-grained sandstones that overlie the
Pendle Siltstone are exposed at several levels, separated by unexposed, presumably
fine-grained intervals (Fig. 3.2; 3.8). The lowest interval consists of coarse-grained
to granular structureless sandstones and includes 2 - 3 cm diameter pebbles. Where
these deposits are thickly present, the outcrop belt forms a prominent ridge, such as
at Noyna Hill [39010 44274] to [38937 44269] where the landscape feature suggests
a thickness of ~60 m for these sandstones. These deposits are separated by a ~25 m
thick, well-developed topographic depression, suggesting deposition of shales. This
succession is overlain by a second sandstone level that is exposed in Noyna Rocks
Quarry. On the north quarry face [38965 44263], a single set of large foresets is
observed that transition into a bioturbated, siltstone and fine-grained sandstone
bottomset. Foresets are at least 7 m high, are concave up with depositional dips of
~14° at the base, and 20° degree at the top, and indicate WSW flow directions. The
siltstone and fine-grained sandstone toeset dips at an approximate angle of 5° and
shows bioturbation. On top of these large-scale foresets, erosionally-based channel

deposits occur. This succession is overlain by a 40 m unexposed interval, on top of
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which a successive ~40 m interval exposes at least three minor sandstone levels,
indicating SE to SW flow directions, separated by unexposed intervals of

presumably fine-grained sediments.

Interpretation

The Pendle Sandstone succession exposed between Salterforth and Noyna
Rocks has not been logged in detail but appears significantly more sand-rich than
sections closer to the Askrigg Block, which is similar to previous interpretations
(e.g. Earp et al., 1961; Sims, 1988), and features larger channels or channel

complexes than observed at locations closer to the Askrigg Block.

Considering the close similarity of the successions at Noyna and at Blacko
Hill along the same outcrop belt, it is considered likely that the succession overlying
the Pendle Siltstone belongs entirely to the Warley Wise Grit. The lower sandstone
level consists of structureless sediment-gravity-flow deposits and is separated from a
single set of large-scale foresets interpreted as Gilbert-type foresets by an
unexposed, presumably fine-grained succession. The base of these foresets is
transitional in a bioturbated, siltstone-dominated bottomset suggesting a low energy
environment, unlike that for the Gilbert-type deltas in the Bearing Grit (see Chapter
4). The lowest cross-bedded sandstones overlie the deltaic foresets erosionally and
are followed on by a heterolithic succession containing multiple single storey cross-
bedded sandstones that probably correspond to a high-accommodation delta top

environment.

3.4.5.3 Pendle Hill & Faughs Delph

Description

At Pendle Hill, the Pendle Grit Member is ~400 m thick (Fig. 3.2). The basal
succession at Pendle Hill is characterized by hybrid-event beds and debritic deposits.
Approximately 20 m is of this succession is exposed at Little Mearley Clough from
[37874 44116] upwards. Below this point the Bowland Shale Formation is
frequently exposed (Fig. 3.8). The basal two beds of the Pendle Grit Member are
poorly-sorted sandy debrites of ~1 m thickness that contain limestone clasts and
sandstone clasts. Several of the overlying beds also contain debritic intervals,

indicated by abundant shale clasts and friable sandstones. Tool marks indicate S to
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SW flow directions. Stratigraphically higher exposures in the Pendle Sandstone
indicate the succession consists mostly of sandstones, although outcrop quality is

Very poor.

Approximately 65 m of the upper part of the Pendle Sandstone is well-
exposed in Nick of Pendle Quarries from [37717 43862] to [37725 43842] in two
successive channelized bodies, separated by a poorly exposed heterolithic interval.
The channelized sandstone beds range up to 3 m thick at the base of the channel, but
are typically ~1 m. Beds are normally graded, ranging in grain size from medium to
very coarse sand, and appear internally structureless. Beds are amalgamated,
resulting in very rare argillaceous or siltstone breaks in the succession. Shale clasts
are also rare, but do occur in concentrated layers. Sandstones overlying such layers
are frequently horizontally laminated and carbonaceous. Flow directions from rare
toolmarks in the lower channel indicate WSW currents. In the intervening
heterolithic interval, predominantly 0.2 — 0.5 m thick, fine- to coarse-grained
sandstones are exposed, separated by siltstones and shales. The upper part of many
beds is dominated by shale clasts, frequently coinciding with large scour surfaces
(cf. Sims, 1988; Kane et al., 2009). Arenicolites burrows are observed on some
surfaces. Scours, toolmarks and primary current lineation indicate S to SW flow
directions (Fig. 3.8).

The upper part of the Pendle Sandstone is also exposed in Wiswell Quarry,
~2 km downdip from Nick of Pendle Quarries (Fig. 3.2). Here large exposures are
present over a stratigraphic interval of ~90 m [37532 437013] to [37547 43696].
Beds are typically between 0.5 and 1 m and are tabular for the length of exposure
(maximum of ~20 m). They are generally ungraded or normally graded. Grain sizes
range from fine- to coarse-grained sandstone, and rarely become very coarse-grained
or granular. Beds typically occur in 8 — 16 m thick packages that typically become
more amalgamated upwards. The top of amalgamated intervals is typically strongly
scoured with ‘megaflutes’ (cf. Kane et al., 2009). These scour surfaces are lined
with mm — cm thick veneers of very well-sorted very coarse-grained to granular
sandstone and generally incise into, and are overlain by shale-clast-bearing intervals.
In the less amalgamated parts of the succession, sandstones are generally thinner and
slightly finer while the interbedded fines increase in thickness. In the lower part of
the succession [37535 43704] flow directions are typically SSW although eastward

flow directions are observed on one bed, based mainly on large scour features and
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rare toolmarks. In the upper part of the succession [377545 4398], toolmarks, flutes
and ripples in heterolithic strata also indicate S to SW flow directions (Fig. 3.8).

In the Pendle Hill area, the Pendle Siltstone is very thin or absent as the
Pendle Grit Member is separated from the Warley Wise Grit by a thin shale

succession, presumably containing the Blacko Marine Band.

The Warley Wise Grit is exposed along the Clitheroe — Sabden road [37751
438805]. Here, two partially exposed channel storeys display very coarse-grained to
granular trough cross-bedded sandstones over a 5 m stratigraphic interval, indicating
E to SE flow directions. At Faughs Delph Quarry at Newchurch in Pendle, the
Warley Wise Grit is well-exposed [38199 43922] (Fig. 3.2; 3.8). The western quarry
face exposes concave up large-scale foresets of ~8 m, representing a Gilbert-type
delta (Fig. 3.13). Foresets are formed in medium- to coarse-grained sandstones with
rare 1 — 2 cm pebbles top and indicate flow towards the south. Contacts between
individual foreset beds are micaceous, and occasionally show millimetre-thick shale
intervals. Burrows are also observed at this level. The erosionally-based cross-
bedded succession overlying these foresets is over ~14 m thick and consists of 5
storeys (Fig. 3.13e, f). The contact with the underlying large-scale foresets is
exposed in the northern and western quarry face (Fig. 3.13c, d). The cross-bedded
succession itself is best exposed in the eastern quarry face. These sandstones are
generally coarse-grained to granular, with abundant pebbles throughout storey 3 and

at the base of storey 4. Cross beds indicate eastward flow directions.

Interpretation

In the Pendle Hill area, the entire Pendle Grit Member is sand-rich with only
subordinate heterolithic intervals. The transition in sedimentary character from Nick
of Pendle Quarries to Wiswell Quarries represents a change in depositional
environment from turbidite channels to a more proximal lobate setting, in which
case the amalgamated packages represent lobe elements. The scour surfaces or
megaflutes occur near the top of the amalgamated packages and might record the
closest position of the channel mouth, before switching to a different position (Kane
et al., 2009). Unlike the other areas discussed above, deposition of turbiditic
sandstones continues up to the transgression by the Blacko Marine Band, suggesting

a highly active, sand-rich feeder system to this area of the Craven Basin.
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Figure 3.13 Exposure at Faughs Delph Quarry in the Warley Wise Grit [38199 43922]. (a,
b) Overview of the quarry exposures, indicating the contact between large-scale
foresets (F7a) in white, and overlying cross-bedded sandstones (F8) in yellow. (c, d)
Western quarry face exposing Gilbert-type delta foresets with topset indicating steep
tectonic dip. (e, f) Eastern quarry face exposing the overlying multi-storey sandstone.
Numbers indicate channel storeys referred to in text (section 3.4.5.3).
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The Warley Wise Grit consists of a similar succession as at Noyna Rocks,
Foulridge (Section 3.4.5.3). A single set of Gilbert-type deltas is overlain by an
erosionally-based, coarser-grained fluvial succession, suggesting that it represents a

fluvio-deltaic channel that was deposited at a later stage than the deltaic foreset.

3.4.5.4 Waddington Fells

Description and interpretation

Waddington Fells Quarry [37183 44772] (Fig. 3.2) is an active quarry that is
described in detail in Kane et al. (2010). It exposes a major multi-storey, multi-
lateral turbidite channelized deposit in the Pendle Sandstone. Sandstones are
medium to very coarse grained, and regularly contain pebbles up to ~2 cm in
diameter, which has led to a misinterpretation as Warley Wise Grit (cf. Earp et al.,
1961; Sims, 1988). The quarry exposes a ~40 m high, and 650 m wide succession of
turbidite channelized sandstones perpendicular to flow. Within this succession,
lateral accretion of channel deposits is controlled by growth faulting along a major
tectonic structure (Kane et al., 2010a). A NE-SW trending syn-sedimentary normal
fault is inferred on the NW margin of the quarry, resulting in thalweg flow pattern
parallel to the fault trend. The growth-fault follows the trend of the Bowland Line, a

major syn-rift tectonic lineament (Fig. 3.2).

3.4.5.5 Longridge Fell

Description

Both the Pendle Grit Member and Warley Wise Grit are exposed at
Longridge Fell (Fig. 3.2; 3.8). The Pendle Grit Member is estimated to have a
thickness of 475 m (Aitkenhead et al., 1992). The basal part of the succession
consists of interbedded turbiditic sandstones and argillaceous deposits. The middle
part is well-exposed in several quarries, notably Leeming Quarry (active) [36828
44058] and quarries near Turner Fold [36880 44061] and [36886 44051] (Fig. 3.2).
In these locations, the succession is dominated by sandstones, resulting in up to 20
m high quarry faces. Sandstones are deposited in tabular 1 — 4 m thick packages,
separated by laterally continuous shale breaks of up to ~ 1 dm. Within these

packages, individual beds are highly amalgamated, and range in height from ~0.15
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m to 0.60 m. Amalgamation surfaces are generally picked out by lines of shale clasts
or slight changes in grain size. Beds are normal graded, and grain sizes range from
very coarse to medium sand. In sliced blocks at Leeming Quarry additional
amalgamation surfaces are recognised, as well as internal structures such as dunes or
antidunes that are not apparent from conventional outcrops. Flutes and toolmarks
indicate that palaeoflow was towards the S to SW at all locations (Fig. 3.8). These
sandstones are probably also deposited in a lobe setting, where the amalgamated
packages represent individual lobe elements, separated by thin argillaceous or

siltstone interlobe elements (e.g. Prelat et al., 2009).

At Tootle Height Quarry [36196 43840] to [336142 43787] (Fig. 3.2),
extensive exposures are present although poor accessibility and measures to stabilise
the quarry face have limited the outcrop quality. The base of the succession consists
of tabular packages similar to other quarry exposures on Longridge Fell. Towards
the top of the exposed succession, more channelized deposits occur over a thickness
of ~10 m. This channelized succession is underlain by a continuous shale clast
conglomerate along the length of the exposure. The overlying sandstones are slightly
coarser-grained and contain 1.5 cm pebbles at the base of some beds. Although
unclear from the present exposure, old photographs of the quarry face show large-
scale, unidirectional, erosional stepping within a laterally accreted sandstone body,
which has been interpreted asa laterally migrating, single storey channel (Sims,
1988; Kane et al., 2010; Photographs by A. Sims and provided by I. Kane).

The Pendle Grit Member and Warley Wise Grit are separated by a ~60 m
mudstone-dominated succession. A relatively continuous 190 m-thick section occurs
in the River Ribble near Salesbury Hall from the top of the Pendle Grit Member
[36790 36310] to the top of the Warley Wise Grit [36756 43586] (Bridge, 1988;
Aitkenhead et al., 1992). At the base of this mudstone-dominated interval,
Sanguinolites is observed (Brandon et al., 1995), indicating the likely position of the
Blacko Marine Band. The Warley Wise Grit contains three sandstone-dominated
intervals over a total thickness of ~120 m, separated by fine-grained deposits. Only
the upper level contains clear cross bedding. The lower two intervals consist of
structureless sandstones interpreted as sediment-gravity-flow deposits (Aitkenhead
etal., 1992; Bridge, 1988).
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Interpretation

The gradual transition from heterolithic, to lobate and eventually channelized
deposits in the Pendle Grit Member on Longridge Fell is thought to represent the
evolution from a basin floor to slope setting and thus an increasing proximity to the
sediment source. Similar to the Pendle Hill area, the succession remains sand-rich to
the top of the Pendle Grit Member, indicating an active feeder system. The Warley

Wise Grit is thought to represent an overlying fluvio-deltaic system.

3.4.6 Facies

The rock types described in the above section range in grain size from
mudstones to pebbly sandstones, and are deposited by a variety of processes. Eleven
facies and five facies associations are recognised, and are used to interpret the
depostional environment and develop a palaeogeographical reconstruction.

3.4.6.1 Facies 1: Shales

Description

Shales occur throughout the outcrop area, and are described in boreholes
records and observed in some stream sections. Shales are dark grey to black, mm-
scale laminated sediments that form a mixture of clay- and silt-sized particles (Fig.
3.14e, f, g). Generally, shales are barren of fauna except for certain thin beds in
which marine fauna is observed; so-called ‘marine bands’ that indicate periods of

fully-marine salinity.

Interpretation

Clay-size particles can only settle from suspension in low energy
environments, which can occur in a several depositional settings. Shale successions
that are continuous over stratigraphic intervals of tens of metres without the influx
of coarser-grained sediments suggest a distal position relative to sediment sources.
This occurs during the deposition of the Bowland Shale Formation and during
deposition of ‘marine bands’. Shales also occur interbedded with siltstones and
sandstones and carbonaceous fragments, in which case the depositional

environmental interpretation is derived from these deposits (e.g. Fig. 3.14e, f, g).
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These vary from a slope setting in combination with turbiditic sandstones, to an
overbank setting on the delta top succession.

3.4.6.2 Facies 2: Siltstones

Description

Siltstones form light grey, laminated deposits that are exposed in stream
sections, and occasionally adjacent to quarries. Parting planes within the siltstones

frequently show mica flakes and carbonaceous material.

Interpretation

Silt-size particles can be transported by suspension but settle more rapidly than
mud-size particles when entering low energy environments, frequently resulting in a
gradual transition between these facies. Similar to shales, siltstones are observed
throughout the entire field area in several environment settings where they are
generally observed in close association with coarser sediments. In these cases, the
occurrence and sedimentological character of these deposits provides the
environmental interpretation, which can vary from a slope to delta top setting. Trace
fossils occurrences from the Pendleian succession in the Craven Basin, frequently
observed in siltstones, have been used as an additional indicator for depositional
environment (Baines, 1977; Eagar, 1985).

Figure 3.14 (next page) (a) Turbidite channel exposure. Note the lenticular nature
individual beds of Facies 4: Thick Turbidite Sandstones, and the debritic intervals
(arrows) related to disintegration of shale clasts. Witshaw Bank Quarry [4002 4548].
(b) Close up of amalgamation surface in Facies 4. (c) Close up of debritic interval.
(d) Internal laminations within a single bed of Facies 4. Note coarser-grained lens at
base of bed and parallel cm-scale laminations towards top. Potter Gill, Skipton Moor
[4025 4514]. (e) Erosional channel base of Thick Turbiditic Sandstones into Facies 1:
Shales. (f) Small channel near the top of the Lower Slope association incising in
shales. Cawder Gill, Skipton Moor [4002 4502]. (g) Facies 3: Thin Turbiditic
Sandstones alternated with Facies 1 in Cawder Gill (h) Facies 3: Thin Turbiditic
Sandstones adjacent to a major turbidite channel containing Facies 4. Salterforth
Quarry [3882 4448]. (i) Palaeoflow indicator at base and (j) sinuous to linguoid
ripples at the top (Tc) of a Thin Turbiditic Bed, Cawder Gill.
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3.4.6.3 Facies 3: Thin Turbiditic Sandstones

Description

Thin Turbiditic Sandstones are generally sharp-based, cm- to dm-scale, fine-
to medium-grained, fining upward sandstones that are interbedded in shale and/or
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siltstone successions (Fig. 3.14g-j). They are occasionally observed in association
with thick turbiditic sandstones towards the top of turbidite channel or lobe deposits.
Thin Turbiditic Sandstones provide palaeoflow indications from rare flutes and

frequent tool marks at their base, as well as linguoid ripples at their tops.

Interpretation

Thin turbiditic sandstones are interpreted as (partial) Bouma sequences that
were deposited by low density turbidity currents (sensu Lowe, 1982), or turbidity
currents (sensu Mulder and Alexander, 2001). These deposits form from flows in
which sediment was fully supported by the fluid turbulence implying a low (<9%)
sediment concentration during deposition (Bagnold, 1962). Where these thin
turbiditic sandstones are deposited adjacent to turbidite channels, it is likely that

they formed from the overspill of larger channelized flows.

3.4.6.4 Facies 4: Thick Turbiditic Sandstones

Description

Decimetre to metre-scale, medium- to very coarse-grained, non- or normally
graded sandstones with <2 cm pebbles near their base are frequently observed in the
Pendle Grit turbidite system (Fig. 3.14a). Beds rarely show internal structures at
outcrop, although in rare clean surfaces such structures are frequently present. They
include small coarse-grained lenses, (anti)dune-like structures and cm-scale grain
size banding (Fig. 1b, d). Clean surfaces also indicate that sandstone-on-sandstone
amalgamation surfaces of successive flows are more common than appreciated in
most quarry or natural exposures. In the latter cases, amalgamation surfaces are
recognised by sudden shifts in grain size, or lateral changes in a bed contact: e.g.
when a siltstone or shale layer is cut out laterally, resulting in a sandstone-on-
sandstone contact. Palaeoflow indicators are rare apart from the basal beds of
sandstone-dominated intervals that incise into shales (e.g. Fig. 3.14a, ). Beds
frequently contain cm- to dm-scale shale clasts, typically towards or at the top of
individual beds. Additionally, metre-scale pods of shale clasts aggregates occur in
which chaotically-structured sandstones are mixed with cm- to dm-scale shale clasts,

locally resulting in intervals of debritic character (Fig. 3.14c).
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Interpretation

These facies are interpreted as arising from deposition from high-density
turbidity currents (sensu Lowe, 1982), also referred to as concentrated density flows
(sensu Mulder and Alexander, 2001). Observed coarse-grained scour fills are similar
to the S1 facies, grain size banding is similar to as S2-type banding, and
structureless graded or non-graded beds represent S3 or Bouma Ta facies, all of
which are characteristic for high-density turbidity currents (Lowe, 1982). Based on
the abundant amalgamation surfaces and the frequent occurrence of shale clasts, the
currents that deposit these sandstones are capable of erosion, which also fits this
interpretation (Mulder and Alexander, 2001). High-density turbiditic currents are
thought to have transported the bulk of sand-grade sediment transport during

deposition of the Pendle Grit turbidite system.

3.4.6.5 Facies 5: Debritic Sandstones

Description

These sandstone beds range from dm- to m-scale, are poorly sorted and
generally have a chaotic internal structure. These sandstones generally contain some
silt, small shale fragments and shale clasts.

Interpretation

Debritic sandstones are mass-flow deposits originating from cohesive flows,
capable of frictional freezing during which all grain sizes are deposited
simultaneously resulting in a chaotic deposit (Mulder and Alexander, 2001;
Haughton et al., 2003).

3.4.6.6 Facies 6: Structureless and crudely-laminated sandstones

Description

Erosionally-based, moderately sorted, coarse-grained to conglomeratic
sandstones occur in beds up to 10 m thick and contain pebbles up to 5 cm in
diameter (Fig. 3.15¢, d, e). These beds typically show normal grading, with
abundant large pebbles embedded in very coarse-grained to granular deposits

located near the base of the bed, decreasing in both abundance and size upward. The
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top of beds are typically coarse-grained and contain rare granules but no pebbles.
Commonly, crude diffuse parallel or cross-cutting laminations occur towards the top
of the beds. Local areas of distinct weathering, with circular depressions and
unsorted sediment are thought to resemble dewatering structures. Structureless and
crudely-laminated sandstones occur in several settings. They are observed on top of
cross bedding strata and both under- and overlie large-scale foresets. At Stone Man
Crag, Barden Moor [3982 4576], 4 m high backsets are recognised within these
deposits. Smaller backsets are recognised at Crag Wood, Flasby Fell [3959 4548],
and the Triangulation Point, Bowland Knotts [3722 4603] (Fig. 3.14d).

Interpretation

These sandstones are interpreted as sediment-gravity-flow deposits. Gradual normal
grading on a metre-scale in mainly structureless beds suggests gradual deposition.
This excludes slumps, slides or cohesive flows as a depositional mechanism. The
occurrence of laminations towards the top of beds might reflect a decrease in the rate
of deposition or a decrease in the sediment concentration, and reflect the waning
phase of a high density turbidity current (Cartigny et al., 2013). Additionally, the
occurrence of backsets provides indirect support for the interpretation of high
density turbidity currents, because such flows are typically supercritical (Cartigny et
al., 2013). Backsets form when a supercritical flow decelerates and becomes
subcritical via a hydraulic jump. A hydraulic jump causes rapid deposition directly
downstream of the event, resulting in updip migration of the hydraulic jump and
backset formation (Massari, 1996; Nemec, 1990, Postma and Roep, 1985).

There are several differences between Facies 4 and 6. The latter are generally
several metres thick, whereas metre-scale beds are relatively rare in the thick
turbiditic sandstone beds (Facies 4) of the Pendle Grit Member. The pebble size in
structureless and crudely-laminated sandstones is significantly larger (5 vs 2 cm),
and shale clasts are much rarer. Additionally, internal laminations are much more
clearly developed in Facies 6. More importantly, Facies 6 is observed on top of
trough cross-bedded strata interpreted as fluvial channelized sandstones as well as at
the toe of 10 m scale Gilbert-type foresets, suggesting it can occur in the delta top

and front environment, whereas thick turbiditic sandstones occur in a marine setting.



Figure 3.15 (a) Facies 7: Large-scale foresets overlain by Facies 8: Cross-bedded
sandstones, Rolling Gate Crag, Barden Moor [4001 4602] (see Fig. 3.9). (b) Facies 7
and Facies 8 at Hardacre Quarry, Farnhill Moor [4000 4467]. (c) Facies 6: Sediment-
gravity-flow deposits at the Triangulation Point, Bowland Knotts [3722 4603]. Note

the lenticular nature of these deposits. Large scours indicate approximate southward
flow direction. Beds are typically metre-scale based on normal fining trends but
fracture patterns occasionally obscure details. Photo is optically distorted, hammer is
25 c¢cm. Scale bar (left) is 1 m. (d) Deposits directly above outcrop (c), indicate
northward-facing cross sets both in grain fabric and weathering pattern that are
interpreted as back sets. (e) Fining up sediment-gravity-flow deposits with diffuse
laminations at Potter Gap, Barden Moor [3991 4584] (Fig. 3.10: outcrop 3).
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3.4.6.7 Facies 7: Large-scale foresets

Description

Large-scale foresets are here defined as foresets with minimal set height of 5
m (Fig. 3.15a, b). The maximum observed height of large-scale foresets is 16 m
(Rolling Gate Crag, Barden Moor [4001 4603]). Several types of large-scale foresets
are distinguished that differ in grain size, overall geometry, internal structures and
facies association. Their deposition is discussed at length in Chapter 4. Large-scale
foresets can occur in medium- to very coarse-grained sediment containing pebbles
of up to 4 cm in diameter. Individual foresets can be concave up or straight and
range from 8° - 29° in depositional dip.

Interpretation

Foresets of more than 5 m height are interpreted to record the steep bar front
of Gilbert-type deltas through a variety of depositional mechanisms (Chapter 4). The
height of 5 m is used as a cut-off value for regular bar and dune foresets observed in
fluvio-deltaic outcrops, as such heights are rarely achieved in braided fluvial

systems of similar scale (e.g. Bristow, 1988; 1993a).

3.4.6.8 Facies 8: Cross-bedded sandstones

Description

Both planar and trough cross-bedded sandstones are observed in the field
area (Fig. 3.16a, b, c). Beds containing foresets are frequently up to ~2 m high and
rarely reach 3 m. They occur in medium- to very coarse-grained sandstones
containing granules and pebbles of up to 5 cm in diameter. Planar cross beds are
bounded by tabular bounding surfaces resulting in the development of relatively
continuous beds. Foresets are generally tangential but in rare occurrences non-

tangential examples are observed. Pebbles occur at the toes of foresets.

Trough cross-bedded sets are bounded by either one or two curved bounding
surfaces. The basal bounding surface is typically an elongated scour that is infilled
with tangential foresets. Grain sizes are frequently slightly coarser than in planar
cross-bedded examples while pebbles frequently occur through the entire bed. Water
escape structures are occasionally observed and tree log impressions occur regularly

in trough cross-bedded strata.
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Interpretation

Cross-bedded sandstones are interpreted as dune deposits from unidirectional
currents that transport sand under traction, saltation and suspension in braided river
systems. Non-tangential, planar foresets form when most of the sediment avalanches
along the lee side of a dune or bar, and form the deposits of straight-crested dunes.
Tangential, planar foresets also form from straight-crested dunes when abundant
suspended or saltated sediment is deposited at base of the lee-side of a dune. This
causes foresets to approach the bottomset laminae asymptotically, resulting in
tangential foresets (Boggs Jr, 2006). The occurrence of a separation eddy on the lee-
side of a dune can also result in tangential foresets (e.g. Collinson, 1970). Trough
cross bedding forms the deposit of sinuous or isolate dune bed forms. These infill
scours that from in front of the prograding dune or bar due to the increased strength

of the separation vortex.

The coarse grain size and general absence of non-tangential planar sets
suggest that saltation and suspension transport of coarse grain sizes is common,
implying relatively high flow rates. The slightly coarser grain sizes, occurrence of
pebbles throughout trough cross beds and more frequent log imprints and
dewatering structures suggest higher flow rates in comparison with tangential planar

cross beds.

3.4.6.9 Facies 9: Parallel-laminated sandstones

Description

Laminated sandstones are characterised by cm-scale parallel laminations and
occur in coarse- to very coarse-grained sandstones (Fig. 3.16b, d). Laminated
sandstones with abundant pebbles are observed within a trough cross-bedded
succession in beds of up to a metre in thickness. Additionally, isolated outcrops of
parallel-laminated sandstones of up to 3 m thick are observed, in which pebbles and

granules are absent (Fig. 3.16d).
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Figure 3.16 (previous page) (a) Facies 8: Tangential planar cross beds, Obelisk Barden
Moor [3993 4588]. (b) Non-tangential planar cross bed (facies 8), overlain by Facies
9: Parallel-laminated Sandstones and Facies 8 containing dewatering structures. Deer
Gallows Ridge, Barden Moor [4000 45556] (c) Facies 8 containing dewatering
structures, Deer Gallows Ridge, Barden Moor. (d) Facies 9: Parallel-laminated
sandstones, Hen Stones, Barden Fell [4082 4596]

Interpretation

Bed parallel laminations can occur during lower and upper stage plane bed
deposition. These deposits record bed aggradation via upper stage plane bed
deposition, because coarse sand is not transported during lower stage plane bed
deposition. Upper stage plane bed lamination develops at higher flow conditions
than dune cross-stratification in similar grain sizes, thus suggesting an increase in

flow velocity in comparison with cross-bedded sandstones.

3.4.6.10 Facies 10: Coal

Description

Coals are rare and their thickness ranges from a few centimetres to ~1 metre
within the Pendleian Millstone Grit Group successions of the field area. The thicker
coals appear relatively continuously and have been mined extensively. Their
thickness and position are generally well-documented in old mining records, and
their position in the field can be determined from the presence of old pits. In field

exposures, coals are generally interbedded with carbonaceous shales.

Interpretation

Coal seams record the accumulation of organic material in peat mires and
suggest prolonged waterlogged conditions within the fluvio-deltaic domain (e.g.
Falcon-Lang and Dimichele, 2010; Jerrett et al., 2011). Coal seams are here
considered relatively reliable correlation surfaces when marine band control is

absent or landscape features cannot be traced.
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3.4.6.11 Facies 11: Palaeosols

Description

Hard quartzitic, well-cemented sandstones or rooted horizons are observed at
the top of cross-bedded sandstone intervals. Frequently, they are overlain by organic

rich shales or coals.

Interpretation

Palaeosols record prolonged soil formation, indicating the abandonment of
the channel on top of which the soil formation occurs. Rooted horizons indicate the
presence of vegetation of a former channel location. Quartz enrichment of these
horizons might result from faster weathering rates of the feldspar component of the
Millstone Grit within soils, while the quartz cements in ganisters form from

dissolved silica derived from plant opal and thus reflect the prolonged vegetation.
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Facies Lithology Facies interpretation Relationship Fig
Low energy environments
Dark grey to black, mm-scale with mud-settling on a Variable. dependent
laminated mud- and siltstone, basin floor, slope or delta - Cep 3.14e,
1 Shales L . : : on depositional
barren or containing marine top setting. Marine fauna settin f,g
fauna. indicate marine incursions g-
during high sea level.
Light grey laminar deposits at Low energy environment Variable. dependent
9 Siltstones mm- to cm-scale. Parting planes | allowing for the deposition on de oéitioﬁal i
frequently contain mica flakes of silt on the slope, delta settinp
and carbonaceous material. front or delta top. g-
Sharp-based cm- to dm-scale Interbedded with
. fining upward beds in fine- to . . facies 1 and 2.
Thin medium-grained sandstone Deposits from low density Occasionall 3.14
3 Turbiditic Frequent?y contain flutes an.d turbidity currents on the observed ngar top h. s
sandstones scours at base and linguoid upper and lower slope. of turbidite channels
ripples at top of beds. filled with facies 4.
Medium- to very coarse-grained, .
normal graded, dm — m scale, }2:;?;261(1 d2e d3W|th
sandstones with < 2 cm pebbles. De osité d yin.
Thick Mostly structureless, rare grain- Deposits from high density ch:nnels and 3.14a,
4 Turbiditic size banding, coarser-grained turbidity currents on the L b, d, e,
: turbidite lobes on
sandstones | lenses, or dune-like structures. upper and lower slope. the lower slope f
Bed amalgamation common. Rarel obserSed on
Contains cm- to dm-scale shale u eryslo e
clasts. PP pe.
Decimetre to metre-scale beds Debris flow deposits Occurs at base of
" with chaotic sedimentary fabric of . posi turbidite succession.
Debritic . . resulting from frictional
5 poorly-sorted sediments, ranging . o Also occurs when 3.14c
sandstones . freezing, depositing all
from muds to granular sediment I large shale rafts
- grain sizes en-masse. Y
and containing shale clasts. disintegrate.
Erosionally-based, moderately
sorted, normal graded, coarse- 3.15c¢,
Structure- | 9rained to conglomeratic . . Closely associated a8
sandstones in <10 m beds with Sediment-gravity-flow . .
less and ) N with facies 7B, 7C, 4.6c,
<5 cm pebbles. Crude diffuse deposits in the delta top
6 crudely- . 7D, 8, 9. Delta front
! parallel or cross-cutting and delta front 47,
laminated laminati icall . . and delta top
sandstones aminations typically occur in environment. setting 48
upper part of beds. Dm- to metre- ' =
scale backsets occur locally. 49
Shale clasts are rare.
Concave up >5 m foresets in
fine- to coarse-grained sand, rare
granules and pebbles. Foreset Delta front. Closel
beds internally massive, 0.3 — 1 Gilbert-type deltas formed associatioﬁ with Y| 3.15b,
Large-scale | m thick. Rare, faint foreset- by suspension settling
- cross-bedded 3.13,
7p | foresets parallel laminations at top of under homopycnal sandstones and
foreset. Foresets transitionintoa | conditions. siltstones 43
bioturbated siltstone toeset. '
Foreset beds separated by
micaceous siltstones.
Foresets (>5 m), coarse-grained -
to granular sand with <4 cm S”iﬁ:ggz deerl]tiis f;r:?ed Delta front. Closely
Large-scale | pebbles. Individual foreset beds | - pening associated with
7B ; . subsequent collapse at the . 4.4
foresets are internally massive and range facies 6, 7C, 7D, 8,

from 3 - 20 cm with poor normal
grading.

top of the foreset under
homopycnal conditions.

9.
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Facies Lithology Facies interpretation Relationship Fig
Foresets (>5 m), in coarse- .
grained to granular sediment, G|Ibe.rt-type deltas Delta front. Closely
i . overridden by a . ) 3.153,
7C Large-scale | with frequent <4 cm pebbles. hvoerovenal current associated with
foresets Individual foreset beds are yperpycr i facies 6,7C,7D,8, | 45
. resulting in traction :
strongly laminated and reach 9.
. structures on the foreset.
thicknesses of <2m.
Foresets (>5 m) in coarse-
grained to granular sediment,
with frequent <4 cm pebbles. Gilbert-type deltas
Individual foreset beds show overridden by a strong Delta front. Closely
D Large-scale | foreset-bed (sub-) parallel (relative to 7C), and associated with 46
foresets laminations and reach variable hyperpycnal facies 6, 7C, 7D, 8, '
thicknesses of <2m. Within bed- | current resulting in traction | 9.
parallel laminations small dm- structures on the foreset.
scale dunes migrate (obliquely)
down the foreset.
Observed in delta
Coarse- to very coarse-grained top. Rarely
\ . ’ Fluvio-deltaic channel observed in at the 3.16a
Cross- straight planar, tangential planar denosits containing both top of the Uoper -10d,
8 bedded and trough cross-bedded p ining P Ppe b, ¢,
. . straight- and sinuous- slope association
sandstones | sandstones, including granules . 47
crested dune bed forms. where interpreted :
and 5 cm pebbles. .
as sub-aerial shelf-
edge channels.
Parallel- Cm-scale Iammgted coarse- to Upper.stelzgel plqln bed Observed in the 3.15b,
. very coarse-grained sandstones | deposits indicating a d
9 laminated ith | d<3 hiaher f ime th delta top
sandstones | "ith granules and <3 cm igher flow regime than environment.
pebbles. facies 8. 4.5a,d
Observed in the
Organic-rich deposits, frequently | Coals record the delta top
10 | Coals interbedded with shale, silt and accumulation of organic environment,
fine-grained sandstones. material in peat mires. typically above
palaeosols.
Hard quartzitic, well-cemented .
; . Observed in the
sandstones or rooted horizons Palaeosols develop during delta to
typically at the top of cross- prolonged abandonment a‘op
11 | Palaeosols environment,
bedded sandstones and and frequently precedes toicallv below
frequently overlain by organic- minor coal seams. ypically
. coals.
rich shales or coals.
Facies Associations Facies Formations Figures
1 Lower slope 1,2,3,4,5 Pendle Grit Sandstone
2 Upper slope 1,2,3,4 Pendle Siltstone
3 Gilbert-type deltas with fine-grained 27A.8 Bganng gnd Warley 37,343
toesets Wise Grit
4 Gilbert-type _delta with structureless 2,6,78B,7C, 7D, Bearing Grit 310
sandstones in toeset 8,9
1,2,6,8,9, 10, Bearing and Warley
5 Delta top 1, Wise Grit 3.7

Table 3.1 Description of main lithofacies and facies associations present within the E;.1

and E;.2 cycles.
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3.4.7 Facies Associations
3.4.7.1 Facies Association 1: Lower slope facies association

The lower slope facies association contains shale, siltstone, thin turbiditic

sandstones, thick turbidite sandstones and debritic sandstones.

Before deposition of the Pendle Grit Member, deposition in the Craven Basin
is characterised by the Bowland Shale Formation, suggesting a quiet but not
necessarily a deep marine setting as this shale succession also onlap the Askrigg
Block (e.g. Black, 1950). Towards the basin centre, the Bowland Shales probably
represent a basin floor setting while a slope setting is more likely towards the basin
margins. This is further supported by the occasional influxes of sand-grade sediment
within this formation, such as the Hind Sandstone that is interpreted as a slope

deposit (Fig. 3.3) and slope failures in the Bowland Shale Formation (Kane, 2010).

In the Whitendale and Pendle Hill areas (Fig. 3.2), the base of the Pendle Grit
Member is characterised by debritic sandstones (Facies 5) that are assigned to the
Whitendale Sandstone. These deposits have been related to the onset of turbidite
deposition and grading or smoothing of the longitudinal slope profile (Kane et al.,
2010a). These are followed by the Pendle Sandstone, a heterolithic succession in
which shales (Facies 1), siltstones (Facies 2) and thin turbidite facies (Facies 3) are
common, interbedded with packages of thick turbiditic sandstones (Facies 4). In
locations close to the basin margin these sandstone packages of thick turbiditic
sandstones (Facies 4) are frequently erosionally-based, strongly amalgamated and
discontinuous perpendicular to flow (Fig. 3.14a-c, e, ). Laterally, these packages are
replaced by heterolithic fine-grained facies in both directions (e.g. Fig. 3.11)

suggesting deposition occurred predominantly in channels or channel complexes.

In locations further removed from the basin margin, thick turbiditic
sandstones (Facies 4) occur in sand-rich packages as well (e.g. Wiswell Quarries and
Longridge Fell; Fig. 3.2). Here, these packages are less amalgamated, and individual
beds are more tabular, suggesting that the depositing currents are generally less
erosional and less confined. Beds near the tops of such packages do record large
scour surfaces or ‘megaflutes’ that are associated with break of slope (Kane et al.,
2009), suggesting these deposits are formed on the proximal basin floor and near the

base of the slope.
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3.4.7.2 Facies Association 2: Upper Slope facies association

The upper slope facies association occurs stratigraphically above the Lower
Slope Facies Association, and contains predominantly siltstones (Facies 1), with
subordinate shale (Facies 1), thin turbiditic sandstones (Facies 3) and rare small
channel deposits containing thick turbiditic sandstones (Facies 4). Shales occur
mainly towards the base of the association that becomes siltier upwards. Similarly,
thin turbiditic sandstones and small turbidite channelized sandstones become
increasingly rare upward. Due to the fine-grained nature of the upper slope
sediments, exposures are rare. The field expression of the Upper Slope Facies
Association is generally a featureless vegetated slope, underlain by feature-forming
turbidite channels of the Pendle Sandstone in the Lower Slope Facies Association.
Baines (1977) reports abundant trace fossil fauna in this succession suggestive of a
slope environment. The Upper Slope Facies Association coincides with the Pendle
Siltstone.

In some locations, channelized sandstones occur at the top of the Upper
Slope Facies Association (Sections 3.4.2.4; 3.4.3.2; 3.4.4.1; 3.4.4.2). They are
predominantly massive, with cross bedding (Facies 8) occurring towards the top of
the channel exposures. These sandstones are assigned to the Surgill Sandstones and
are interpreted as the shelf edge feeder channels to the turbidite channels in the

Pendle Sandstone.

3.4.7.3 Facies Association 3 and 4: Delta front facies association

The Delta Front Facies Association occurs in the Bearing Grit and Warley
Wise Grit and contains large-scale foresets (Facies 7), structureless and crudely-
laminated sandstones (Facies 6) and cross-bedded sandstones (Facies 8). Siltstones
(Facies 2) occur in this depositional environment as well but are rarely exposed. The
position of the delta front is defined by the occurrence of Gilbert-type delta foresets
(Facies 7). In Chapter 4 a further distinction is made between different types of
large-scale foresets and between two types of delta front facies associations: a
regular Gilbert-type delta facies association and a sediment-gravity-flow-dominated

Gilbert-type delta facies association.
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3.4.7.4 Facies Association 5: Delta top facies association

The Delta Top Facies Association occurs in the Bearing Grit and Warley
Wise Grit. In this facies association, shales (Facies 1), siltstones (Facies 2), cross-
bedded sandstones (Facies 8), coals (Facies 10) and palaeosols (Facies 11) are
observed. Additionally, in the Bearing Grit, parallel-laminated sandstones and
sediment-gravity-flow deposits are observed. Within the delta top facies association,
successions range from sandstone-dominated to heterolithic. Heterolithic
successions generally contain fine- to medium-grained sandstones, interbedded with
shales, siltstones, coals and palaeosols and are interpreted as an overbank
environment that is rarely exposed at outcrop but are frequently recognised in

boreholes.

The sandstone-dominated successions are generally formed by (very) coarse-
grained cross-bedded sandstones (Facies 8) that are organised both in multi- and
single-storey channels. Single-storey channels consists of multiple levels of cross
beds, typically fining upward overall and decreasing in set height. Multi-storey

channels consist of several stacked channel stories.

3.4.8 Sediment volumes of stratigraphic units

Isopach maps have been constructed based on the stratigraphic thickness
patterns of the Pendle Grit Member, Bearing Grit and Warley Wise Grit, and flow
directions measured in these successions. Sediment volumes have been estimated
from these maps by multiplying the areal extent of each interval with stratigraphic
thickness (Fig. 3.17; 3.18). Sediment volumes are not corrected for compaction or

tectonic shortening and so represent an order of magnitude estimate.

Based on the known occurrence of the Pendle Grit Member, a volume of
~900 km? is estimated (Fig. 3.17), which is probably an underestimate because, at
the southern outcrop limit in the Bowland sub-basin, the Pendle Grit is still ~400 m
thick (Fig. 3.17). Additional sediment volumes might also be present at depth in the
Rossendale and Huddersfield sub-basins that are located south of the Central
Lancashire High (Fig. 3.1). On the (drowned) Central Lancashire High, the Pendle
Grit succession is ~270 m thick in the Boulsworth 1 Borehole, and ~300 m in the

Holme Chapel 1 Borehole, but the southward and eastward extent and thickness of
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the formation are largely unknown (Evans and Kirby. 1999; Chadwick et al., 2005).
At Heywood 1 Borehole, 20 km south of Holme Chapel 1, a ~60 m sandstone

succession probably corresponds to the Pendle Grit Member.

A sand-rich turbidite succession is present in the north-western Lancaster
Fells sub-basin (Quernmore area; Brandon et al., 1998) that might indicate an
additional sediment pathway along the N-S trending Dent and Kendal Fault systems
(Fig. 3.2; 3.17). The onshore area has been included in the volume calculation but a
potential continuation in the Irish Sea has not. Pendleian strata are not reported for
the Irish Sea Basins (Waters et al., 2011) making large sediment volumes from the
Pendle Grit Member in this area unlikely.

I I 1350 I I I I I I I

e

B Pendle Grit Member -
KM

— — —
| | | | | | | | | |

100 Thickness estimates of the Pendle Grit Member in specific areas (metres)
100 Isopachs of thickness estimates (metres)

Pendle Grit volume. 900 km3

Figure 3.17 Outcrop map for the Pendle Grit Member with thickness estimates, flow
directions and isopachs. Thickness estimates and flow directions derived from both
fieldwork and literature (Aitkenhead et al., 1992; Baines, 1977, Brandon et al., 1998;
Cooper et al., 1993; Earp et al., 1961; Jones, 1943; Sims, 1988; Waters, 2000). For

borehole abbreviations, see Fig. 3.2.
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In the east of the Harrogate sub-basin, an additional depocentre is considered
unlikely based on the position of the incised valley on the Askrigg Block, and the
sand-poor character of the Pendle Grit Member in the northern and western part of

the Harrogate sub-basin

The Bearing Grit occurs entirely within in the outcrop area and inaccuracies
will be based on the paucity of data mainly. Its volume is estimated at 100 km? (Fig.
3.18).

100: Thickness of Bearing Grit (metres)
100: Thickness of Warley Wise Grit (metres)
==sss+ « Incised valley margins trend (high/low certainty)
- Lowstand coastline of E1c1 and E1c2 cycles (high/low certainty)
. Valley margin positions

Bearing Grit volume: 100 km3
Warley Wise Grit volume: 250 km3

Figure 3.18 Outcrop map for the Bearing and Warley Wise Grit with thickness estimates,
flow directions and isopachs. Thickness estimates and flow directions derived from
both fieldwork and literature (Aitkenhead et al., 1992; Baines, 1977, Brandon et al.,
1998; Cooper et al., 1993; Dakyns et al., 1890; Dunham and Wilson, 1985; Earp et
al., 1961; Jones, 1943; Martinsen, 1990; Sims, 1988; Waters, 2000; Wilson, 1960).

For borehole abbreviations, see Fig. 3.2.
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The Warley Wise Grit is estimated at 250 km*® in volume and is largely
contained within the outcrop area (Fig. 3.18). The Warley Wise Grit thins rapidly in
the Lancaster Fells sub-basin and is not present in the Whitmoor 1 or Roosecote
Boreholes. In the Harrogate Basin, it occurs at Almscliff Crag (Fig. 3.2) but has
probably pinched out or thinned substantially in the Weeton 1 Borehole to the
southeast (Fig. 3.18). In Tholthorpe 1 Borehole a thickness of 33 m is suggested
(Sims, 1988), suggesting a substantial eastward thinning (Fig. 3.18). In the Bowland
sub-basin and on the Central Lancashire High, the formation thins from ~200 m in
the Boulsworth borehole to ~80 m in the Holme Chapel 1 Borehole (Riley and
McNestry, 1988); a trend that coincides with the southward thinning in the Bowland
Basin (Fig. 3.18).

The above estimates indicate that during the E;c1 sea-level cycle
approximately 4 times more sediment was deposited than during the E;.2 sea-level

cycle.

3.5 Discussion

3.5.1 Depositional environments
3.5.1.1 Pendle Grit Member

The Pendle Grit Member is associated with the lower and upper slope facies
associations. In proximal areas, close to the Askrigg Block margin (e.g. the
Transition Zone and lateral equivalents; Fig. 3.2), the Pendle Grit is relatively sand-
poor and characterised by small sand bodies in comparison to the more distal
deposits in the Bowland Basin, suggesting a downdip transition in its depositional
character.

At proximal locations, such as Skipton Moor (Section 3.4.2.6; Fig. 3.11), the
lowest part of the Pendle Sandstone forms a laterally amalgamated succession of
small channelized sandstones consisting of thick turbiditic sandstones (Facies 4) that
probably resemble a turbidite-fan apron near the base of slope (Fig. 3.11). This is
followed by a ~200 m thick succession that contains numerous small channels
consisting of thick turbiditic sandstones (Facies 4), embedded within a heterolithic

succession (Facies 1, 2, 3) interpreted as a lower slope setting. Small, coarse-grained
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turbidite systems require relatively steep slopes, implying that the ~200 m thick
slope succession coincides with a significant progradation of the shoreline (Fig. 3.8)
to maintain a sufficient angle for sediment transport. This inference fits well with
the observation of cross-bedded sandstones in the Surgill Sandstone on the south-
side of Barden Moor directly updip of Skipton Moor (Fig. 3.2; 3.8; 3.9). The Surgill
Sandstones form the feeder system to the Pendle Grit in locations close to the
Askrigg Block margin and probably resemble entrenched distributary channels on a

prograding shelf margin.

The Pendle Siltstone, which occurs stratigraphically above the Pendle
Sandstone is interpreted as an upper slope environment in these proximal locations
but is poorly exposed. However, recognition of clinoform structures at Bowland
Knotts and Halstead Fell is consistent with this interpretation (Fig. 3.12). The sand-
poor nature of this upper slope environment relative to the contemporaneous lower
slope environment is probably related to the generation mechanism of turbidity
currents: slope failures, and successive transformation into a high density turbidity
current capable of depositing thick turbiditic sandstones (Facies 4) requires time and
run out length and will thus not be present on the upper part of the slope. In this
interpretation, the facies in the Pendle Grit succession in proximal locations form a

prograding shelf clinoform.

In the Bowland Basin (Fig. 3.2), the Pendle Sandstone is relatively sand-rich
and deposited in major channel complexes at Pendle Hill and Waddington Fells that
correspond to a slope environment, consisting mainly of Facies 4 besides Facies 1,
2, and 3. It is noted that quarries mainly expose Facies 4 — the target of quarry men —
and thus results in a bias towards the sand-rich environments. In more distal areas,
such as Longridge Fell, the base of the succession records poorly exposed
heterolithic strata, probably representing a base of slope or basin floor that
infrequently received sand-grade sediment (Fig. 3.8). These deposits are succeeded
by lobate sand bodies, interpreted as break of slope deposits, and are eventually
overlain by channelized sandstones. These downdip transitions in depositional
environment are thus thought to represent different longitudinal positions along the
shelf clinoform. The stratigraphic transition from a basin floor to slope setting at
Longridge Fell probably records an increasing proximity to source during deposition
of the Pendle Grit Member.
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3.5.1.2 Bearing Grit

The Bearing Grit is associated with both the delta top and delta front facies
association, and is characterised by cross-bedded sandstones (Facies 8) and parallel-
laminated sandstones interpreted as upper stage plane bed deposits (Facies 9) in the
delta top (e.g. Fig. 3.7; 3.10). In the delta front, large-scale foresets are interpreted as
Gilbert-type delta foresets (Facies 7) and structureless or crudely-laminated
sandstones are interpreted as sediment-gravity-flow deposits (Facies 6). On the
Askrigg Block, the Bearing Grit consists of a channel belt complex with a strongly
erosional contact at its base, and a sharply-defined eastern margin. In the Craven
Basin, a sharply-defined western margin is preserved at White Greet and at
Croasdale. Laterally, overbank succession containing multiple palaeosols and minor

coals are preserved within the same sea-level cycle.

The Bearing Grit is interpreted as an incised valley fill, based on the large
preserved thickness (up to 80 m), which contains both stacked Gilbert-type deltas
and multi-storey channels, the strongly erosional contact at the base of the Bearing
Grit, and the clear lateral margins. Additionally, the multiple coals and palaeosols
that occur adjacent to the Bearing Grit indicate a probable development of
interfluves. A basinward shift of facies belts is observed on the Askrigg Block,
where multi-storey channel deposits of the Bearing Grit overlie shelfal limestones,
which can be interpreted as a Type 1 sequence boundary. In the Craven Basin, the
precise position of the sequence boundary is more difficult to establish precisely. It
is placed below in-valley Gilbert-type deltas as these probably formed during sea-

level rise.

3.5.1.3 Warley Wise Grit

The Warley Wise Grit consists of a delta front and delta top facies
association and is characterised by cross-bedded sandstones (Facies 8) and large-
scale foreset interpreted as Gilbert-type deltas (Facies 7) (e.g. Fig. 3.13).
Structureless sandstones (Facies 6) do occur at a distinct lower level but are
separated from the Gilbert-type foresets by an thick unexposed interval, which
makes it impossible to relate these deposits. The relative coarser grain size of these
lower deposits suggests that they do not form part of a contemporaneous

depositional system with the Gilbert-type deltas.
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The Warley Wise Grit is deposited over a wide area, and is not associated
with the occurrence of interfluves or a rapid pinch out of its channel deposits
laterally. Fluvial channels are typically sharp-based but the Warley Wise Grit
consistently overlies the Blacko Marine Band both on the Askrigg Block and in the
Craven Basin. This suggests regular fluvial erosion and does not indicate significant
incision associated with a Type 1 sequence boundary.

At Hardacre Quarry, Faughs Delph Quarry and Noyna Rocks Quarry, the
deltaic foresets are significantly finer-grained than the overlying cross-bedded
succession. This suggests that the overlying succession represents a later
depositional period associated with an abrupt basinward shift in facies belts. This
surface can be interpreted as a generally non-erosional Type 2 sequence boundary
that is onlapped landwards by the overlying Bradley Flags. In such interpretation,
the Warley Wise Grit is deposited during sea-level fall and represents a forced

regressive succession.

3.5.2 Sequence-stratigraphic interpretation of stratigraphic architecture

Stratigraphic and sedimentological observations on the succession between
the Cravenoceras malhamense (Eic1) and Cravenoceras cowlingense Marine Bands
(E2al) have led to an alternative depositional model to previously proposed models
(cf. Baines, 1977; Sims, 1988; Martinsen, 1990; Brandon et al., 1995).

3.5.2.1 Early Pendle Grit — Early Falling Stage Systems Tract (Fig. 3.19c)

Deposition of the Pendle Grit Member commenced after the Cravenoceras
malhamense Marine Band, during sea-level highstand or early sea-level fall (Fig.
3.3). Flow indicators in the Pendle Grit close to the Askrigg Block — Craven Basin
boundary indicate that sediment was derived from a northerly direction across the
Askrigg Block (Fig. 3.8; 3.17). Deposition of the Pendle Grit Member during this
early stage occurred along a wide front, ranging from the Harrogate sub-basin in the
east, to the Morecambe Bay area in the west, where it is proven in the Roosecote
borehole (Fig. 3.17; Rose and Dunham, 1977; Colin Jones, personal
communication). In proximal positions in the Craven Basin, the Pendle Sandstone is

characterised by numerous small turbidite channels that record deposition of several
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tens of flows at most, and are encased in argillaceous sediments (Fig. 3.9; 3.11;
3.19). The occurrence of numerous small turbidite channels along the entire width of
the Lake District High and Askrigg Block suggest sediment delivery along a wide
front, indicating that the fluvial system was not incised into a valley, which would

narrow the area of active deposition.

In areas close to Askrigg Block - Craven Basin transition, the top of the early
Pendle Grit Member is represented by the Surgill Sandstone. This interval contains
cross-bedded channelized sandstones, which are interpreted as sub-aerial shelf-edge
channels, suggesting progradation of the coastline from the Askrigg Block edge into
the proximal Craven Basin during early sea-level fall (Fig. 3.8; 3.9; 3.12; 3.19c).

When upstream erosion from shelf edge channels connects directly into a
deltaic channel, it starts to receive enhanced volumes of water and sediment
discharge, allowing increasing erosion rates and development into an incised valley,

while adjacent gullies will become sediment-starved (van Heijst et al., 2001).

3.5.2.2 Late Pendle Grit — Late Falling Stage and Lowstand Systems Tract
(Fig. 3.19d)

During progressive sea-level fall (late falling stage systems tract?) the fluvio-
deltaic system to Pendle Grit became incised. The eastern margin of an incised
valley is well-exposed on the Askrigg Block (Fig. 3.5; 3.6; 3.19d) and the western
margin is exposed in the Craven Basin at White Greet and Croasdale (Fig. 3.2; 3.12;
3.18). This incised valley routed significant sediment volumes towards the active

shelf edge at the Bowland sub-basin and the submerged Central Lancashire High.

At the base of the turbidite succession in the Bowland sub-basin, large
mudstone clasts are observed that have a terrigenous origin, suggesting an erosional
character of the fluvial feeder system (Kane et al., 2010a). Turbidite channels in the
Bowland sub-basin (e.g. at Pendle Hill and Waddington Fells Quarry, Fig. 3.2) are
significantly larger than those that formed in locations close to the Askrigg Block
during early sea-level fall (e.g. Skipton Moor; Fig. 3.2; 3.11; 3.19c, d). This
probably reflects the character of the incised fluvial system, which will have been
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Figure 3.19 (previous pages) (a) Structural template for the Askrigg Craven area at the end
of the Visean. (b) Deposition of the Stainmore Formation on the Askrigg Block,
varying between fine-grained clastic and calcareous deposition on a shallow shelf,
while in the Craven Basin, the rift-topography was draped by the Bowland Shales.
(c) Deposition of the early Pendle Grit: the shelf margin was fed by distributary
feeder channels (Surgill Sandstones), resulting in a progradational shelf clinoform
with numerous small channels. Growth-faulting occurred at the base of the Pendle
Grit at Jenny Gill Quarry, Skipton Moor above the Pendle Fault system. Progressive
sea-level fall and slowing progradation in increasing water depths should lead to an
increase in the efficiency of the fluvial system, resulting in larger sediment volumes
and coarser-grained sediment deposited in the turbidite system. (d) Deposition of a
lowstand fan in the Bowland Basin. The lowstand fan was fed by an incised river
system of which the margins indicate that it drained towards the Bowland Basin.
Rapid deposition of a thick sequence of turbidite deposits might have re-activated
extensional faults along the Bowland Line and resulted in growth-faulting, locally
steering the position and character of channels at Waddington Fells Quarry (Kane et
al., 2010a). Valley incision during sea-level fall results in a highly efficient fluvial
system, which corresponds with the very coarse-grained nature of the Pendle Grit in
the Bowland Basin. (e) Deposition of Bearing Grit within the incised valley
coincides with the shut off of the Pendle Grit turbidite system. The valley infill is
characterised by a very coarse-grained succession of stacked sediment-gravity-current
fronted Gilbert-type deltas. Growth-faulting is recognised in the succession at Flasby
Fell above the South Craven Fault. During the initial infill of the incised valley, the
updip fluvial system remains erosional and efficient resulting in a very coarse-grained
succession. (f) Transgression initially resulting in deposition of in-valley coal seams,
and eventually in deposition of the Blacko Marine Band, a regional shale succession
containing Lingula sp. (g) The Warley Wise Grit was deposited as a shallow water
delta during the subsequent sea-level fall, forming a forced-regressive succession.
This fluvial system entered the Askrigg Block in the same area as the Bearing Grit,
suggesting the Bearing Grit valley was underfilled. Growth-faulting occurred near
tectonic lineaments in the Harrogate sub-basin. Rapid, shallow water progradation
resulted in a lower efficiency fluvial system, resulting in smaller sediment volumes

and finer grain size.




- 133 -

strongly erosional during valley incision and will have transported large amounts of
sediment to the Bowland sub-basin, rather than distribute sediment along a wide
front such as occurs during deposition of the early Pendle Grit (Fig. 3.2; 3.19c, d).
At distal locations in the Bowland Basin, such as Longridge Fell, the lower part of
the Pendle Grit Member is relatively argillaceous, followed by sand-rich lobate
deposits. Only towards the top of the succession major channels reach the area,
which probably indicates that channels might only have arrived here after substantial

progradation on the shelf and slope.

3.5.2.3 Bearing Grit — Incised Valley Fill: Transgressive Systems Tract (Fig.
3.19)

During early sea-level rise, sand supply to the turbidite system was halted
and valley infill is recorded by the Bearing Grit in the proximal Craven Basin, and
on the Askrigg Block (Fig. 3.19¢). The Bearing Grit is characterised by the
occurrence of stacked Gilbert-type deltas with sediment-gravity-flow deposits in the
delta toe at Barden Moor and Barden Fell in the Transition Zone at the eastern side
of the incised valley (Fig. 3.10; Section 3.4.2.3). This provides an indication of the
position of the coastline during sea-level rise (Fig. 3.18). On the western side of the
incised valley in the proximal Craven Basin, a Gilbert-type delta is observed only at
Whelpstone Crag (Section 3.4.4.3). At other locations such as Far Costy Clough and
Bowland Knotts, the Bearing Grit consist entirely of sediment-gravity-flow deposits,
which are typical of the Bearing Grit delta front succession and suggests that the

delta front was located slightly further upstream (see Chapter 4).

In Coverdale and Waldendale on the Askrigg Block, the eastern valley
margin is clearly observed by the rapid pinch out of the Bearing Grit sandstone (Fig.
3.5; Wilson, 1957; 1960; Section 3.4.1.2). Adjacent, a relatively thin heterolithic
succession containing multiple palaeosols and coals is observed that is overlain by
the Blacko Marine Band, for example at Crook Dyke (Fig. 3.6; 3.19d; Wilson, 1957;
1960; Brandon et al., 1995). This succession probably corresponds to the Pendle
Grit feeder system during early sea-level fall prior to valley incision. At How Stean
Beck (Section 3.4.1.5), the Blacko Marine Band is observed overlying the Bearing
Grit but a clear valley margin is not observed. Flow directions in the Bearing Grit at

this location are due east, which suggests that the valley margin is located further
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north and east (Fig. 3.6; 3.18). Near the North Craven Fault, several boreholes along
a W-E oriented transect indicate the pinch out of the Bearing Grit eastward near
Greenhow (Fig. 3.6; 3.18; Section 3.4.1.9). Laterally, channelized sandstones are
replaced by a heterolithic succession containing several thin coals and palaeosols,
representing interfluve deposits (Fig. 3.6). A southward continuation of the eastern
valley margin suggests that the pebbly successions at Barden Moor and Barden Fell
represent the Bearing Grit in the Craven Basin. Further east the presence of the
Bearing Grit is unlikely (Fig. 3.18; 3.19a, €). A northward continuation of the
eastern valley margin trend implies a correlation with the valley margin near
Summer Lodge Beck in Swaledale on the northern margin of the Askrigg Block
(Fig. 3.5; 3.6; 3.18; 3.19d). This inferred incised valley has important implications
for the correlation between the Blacko Marine Band and the Upper Stonesdale

Limestones and will be discussed in Section 3.5.3.

The western incised valley margin is poorly constrained as it is only exposed
at White Greet and Croasdale in the Craven Basin, and near Fossdale Gill,
Swaledale on the Askrigg Block (Fig. 3.5a). If these positions are connected, then
the incised valley would include Pen-y-ghent whileWhernside is placed outside the
incised valley. This would explain the observed differences in thickness and
sedimentary character between these locations (Fig. 3.5a; Fig. 3.6a). At Whernside,
a multi-storey channel is exposed in a relatively thin succession, which, if placed
outside the incised valley, belongs to the Warley Wise Grit (Fig. 3.6). At Pen-y-
ghent, a much thicker succession is present, internally subdivided by the Blacko
Marine Band, suggesting that both the Bearing Grit and Warley Wise Grit are
present (Fig. 3.5; 3.6). Additionally, a Gilbert-type delta is recorded at the top of a
multi-storey channelized sandstone in the Bearing Grit at Pen-y-ghent. This
indicates an overall retrogradation of the coastline from the Craven Basin onto the
Askrigg Block during deposition of the Bearing Grit, which fits well with the

inference of an incised valley fill (Fig. 3.19f).

3.5.2.4 Warley Wise Grit: Falling and Lowstand Systems Tract (Fig. 3.199)

During the subsequent sea-level fall the Warley Wise Grit prograded into the
Craven Basin. The Warley Wise Grit appears to have entered the Askrigg Block in

the same position as the Bearing Grit fluvial system, suggesting that the Bearing Grit
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incised valley might not have been infilled completely (Fig. 3.18; 3.19). In
underfilled valleys, rivers tend to occupy the original valley, whereas in (over)filled
valleys, the successive fluvial system avulses to a position on the floodplain (Strong
and Paola, 2008, Martin et al., 2011). The Warley Wise Grit has been deposited
from the eastern Harrogate sub-basin to the western Lancaster Fells sub-basin
implying a wider distribution than the Bearing Grit (Fig. 3.18). In the Bowland
Basin, progradation of the Warley Wise Grit occurred in relatively shallow water
and was fronted by Gilbert-type deltas observed at Noyna Rocks Quarry and Faughs
Delph Quarry (Fig. 3.8; 3.13). Foresets of these Gilbert-type deltas transition
gradually into a siltstone bottomset. At lower levels in the Warley Wise Grit,
sediment-gravity-flow deposits are observed, but evidence for the close association
between Gilbert-type foresets and sediment-gravity-flow deposits similar to that
seen in the Bearing Grit is not observed (e.g. Fig. 3.10). No evidence for valley
incision is observed in the Warley Wise Grit. Therefore, these deltas are interpreted
to have formed during forced regression and are erosionally overlain by fluvio-
deltaic channels (Fig. 3.19). The multi-storey character of the overlying channel belt
might reflect high progradation rates, resulting in some aggradation during sea-level
fall and lowstand (Petter and Muto, 2008), and reflect aggradation of the fluvial
system during lowstand. Subsequently, sea-level rise and maximum transgression
are locally recorded by the Bradley Flags and the Cravenoceras cowlingense Marine
Band (Ezal).

3.5.3 Intra-E,.1 unconformity

An important difference between the stratigraphic model proposed here and
previous models is the recognition of a large incised valley on the Askrigg Block
that is responsible for significant erosion at the base of the Bearing Grit. In previous
models, this erosional contact is referred to as the intra-E;.1 unconformity and has
been related primarily to a period of tectonic activity (Hind, 1902; Chubb &
Hudson, 1925; Rowell and Scanlon, 1957a; Dunham and Wilson, 1985; Gawthorpe
et al., 1989; Brandon et al., 1995). In the current model sea-level induced valley

incision is considered the primary cause for this unconformity.

The inference of a tectonic unconformity is mainly based on the relatively

continuous outcrop belt ranging from Swaledale, along Waldendale and Coverdale



- 136 -

to Wharfedale and the southern Askrigg Block margin. However, this transect falls
entirely within the incised valley and would therefore also record an increasing
influence of sea-level incision (Fig. 3.5). Additionally, the Askrigg Block forms a
large northward tilting area during the Visean, which results in a ~4.5 times thinner
succession towards the crest of the Askrigg Block at its southern margin than at its
northern margin at the Stockdale Fault (Fig. 3.2; 3.5; Collier, 1991, Dunham and
Wilson, 1985; Fraser and Gawthorpe, 2003). This pronounced thinning has led to a
condensed Alston and Stainmore Formation on the southern margin of the Askrigg
Block, which can greatly enhance the appearance of a major angular unconformity
with limited erosion since the erosional contact is characterised by the age of the

underlying strata, rather than the (unknown) removed thickness.

The strength of erosion, based on the age of underlying strata, is reduced
outside of the incised valley as defined in this chapter. At Whernside located
westward of the incised valley fill, a deltaic sandstone belonging to the Little
Limestone cyclothem (the Uldale Sill) is present below the Warley Wise Grit (Fig.
3.4; Dunham and Wilson, 1985). Within the incised valley, Bearing Grit sediments
lie directly on top of the older Great Limestone (e.g. at Dodd Fell and Waldendale;
Fig. 3.4; 3.5). In Coverdale and Waldendale erosion also appears to decrease outside
the incised valley (Fig. 3.5) but because these sections trend NE, the decreasing
amount of erosion could also relate to thickening of strata produced by the
northward tilt (Fig. 3.5). At the southern margin of the Askrigg Block, erosion
decreases slightly along an E-W trending transect from the Yarnbury section to
Ashfold Side Beck 1 Borehole (Fig. 3.6). The pattern in which erosion decreases
both in a westerly and easterly direction is difficult to explain by tectonic movement
but it fits well with a valley incision hypothesis. However, the Three or Five Yard
Limestones underlying the siliciclastic succession at Bewerley Mines 1B Borehole
and Ashfold Side Beck 1 Borehole belong to the Alston Formation, suggesting a
significant hiatus outside of the inferred incised valley as well (Fig. 3.6). This
unconformity can be explained by tectonic uplift but could also relate to erosion at
the base of the braid plain that fed the small turbidite channels in the early Pendle
Grit Member (Fig. 3.19c¢), or non-deposition of the Stainmore Formation along the

southern margin of the Askrigg Block.

Detailed tectonic-unconformity models struggle to explain the stratigraphic
patterns documented here. Prior to deposition of the Crow Limestone Martinsen
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(1990, p 19; 1993) infers that a period of northward tilt resulted in erosion on the
southern margin while creating accommodation space for the Crow, Lower, and
Upper Stonesdale Limestones on the northern margin (Fig. 3.4). During the
subsequent period in which the Bearing and Warley Wise Grit are deposited, the
Askrigg Block tilting is reversed to a SSE direction to explain the occurrence of a
the Mirk Fell Ganister palaeosol as a condensed sequence while in a SSE of the
Askrigg Block a ~60 m thick multi-storey channel succession is formed. This
implies a highly active, variable and “wobbly” tectonic pattern of the Askrigg Block
over very short durations, which is unlike previous tectonic periods during which the
Askrigg Block behaved as a consistently northward-tilting half-graben. Additionally,
the model fails to explain how the combined Bearing and Warley Wise Grit
succession thins eastwards from Yarnbury towards Ashfold Side Beck 1 Borehole
(Fig. 3.6).

Brandon et al. (1995) suggests that the E;c1 unconformity formed after
deposition of the Lower Stonesdale Limestones but before deposition of the Upper
Stonesdale Limestone by uplift and erosion of the southern margin of the Askrigg
Block (Fig. 3.4). The Blacko Marine Band is thought to onlap this unconformity
from the south while the correlative Upper Stonesdale Limestones are thought to
onlap the unconformity from the north. This would explain the absence of the Upper
Stonesdale Limestone at the same locations as the Lower Stonesdale Limestone but
occurring above, instead of below the unconformity. This implies that the previous
zone of maximum uplift on the southern margin Askrigg Block is overlain by a ~30
m multi-storey sandstone and is transgressed during deposition of the Blacko Marine
Band while the unconformity on the northern Askrigg Block remains sub-aerially
exposed. Additionally, the Bearing Grit pinches out along the Bewerley Mines
Borehole - Angram - BGS Croft House Borehole transect (Fig. 3.2; 3.5). This
(northward) pinch out is thought to imply that the channel belt complex exposed at
the northern margin of the Askrigg Block (Section 3.4.1.1) has to correlate with the
Underset Grit (here referred to as Warley Wise Grit). In turn, this implies that the
Blacko Marine Band occurs at a lower stratigraphic level, suggesting a correlation

with the Upper Stonesdale Limestone.

The Brandon et al. (1995) model infers tectonic uplift of the southern margin
of the Askrigg Block during deposition of the Bearing Grit (between the Lower and
Upper Stonesdale Limestone), which is difficult to reconcile with the thickness
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pattern of the Bearing Grit: it is considered unlikely that significant tectonic uplift
occurs simultaneously with deposition of a ~30 m thick Bearing Grit succession
along southern margin of the Askrigg Block. Additionally, it requires a highly
active, variable tectonic arrangement so that the zone of most significant uplift (the
southern margin of the Askrigg Block) is subsequently flooded during the Blacko-
transgression while the zone of mild erosion near the northern margin remains sub-
aerially exposed, and is onlapped by the Upper Stonesdale Limestone from the
north. This contrasts with the previously interpreted behaviour of the Askrigg Block

and is considered unlikely during the overall post-rift tectonic regime.

Rather than a northward pinch-out of the Bearing Grit as suggested by
Brandon et al. (1995), the Bewerley Mines — Angram — BGS Croft House Borehole
transect is here considered to record the pinch-out of the Bearing Grit at the eastern
incised valley margin. The Swaledale ‘Lower Howgate Edge Grit’ channel is
thought to represent the trunk channel of the Bearing Grit (Fig. 3.5; Fig. 3.19¢). This
implies that the correlative horizon for the Blacko Marine Band occurs at a higher
stratigraphic level that the Lower Howgate Edge Grit (Bearing Grit) at Swaledale,
and does not correlate to the Upper Stonesdale Limestone (see Section 3.2.3.3). In
this model, the Upper Stonesdale Limestones would not have a correlative marine
flooding surface in the Craven Basin, similarly to the Lower Stonesdale and Hunder
Beck Limestones (Fig. 3.4c). Note that this does not exclude the correlation between
the Blacko Marine Band and the Belsay Dene Limestone in the northern part of the

Pennine Basin.

Sea-level-induced valley incision can more parsimoniously explain the
thickness and erosion patterns in the Bearing and Warley Wise Grit than tectonic
inferences. Additionally, a sea-level-induced incised valley can explain the
continuation of the valley feature in the proximal Craven Basin as observed
Croasdale and on White Greet (Fig. 3.2; 3.12), and stacked Gilbert-type deltas on
Barden Moor that are considered to represent an incised valley fill near the eastern
margin (Fig. 3.2; 3.9; 3.10). Similar stacked deltas have been observed in other
incised valley fills in the Millstone Grit Group of the Central Pennine Basin
(Hampson, 1997; Jones and Chisholm, 1997). Northward, the incised valley
probably correlates with the N — S trending Rogerley Channel on the Alston Block.
The Rogerley Channel can be interpreted as a compound incised valley succession
of which the lower level incises into the Crow Limestone and of which the upper
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level incises into the Corbridge Limestone (Dunham, 1990; Waters et al., 2014).
Therefore, the lower level is probably time-equivalent to the Bearing/Warley Wise
Grit succession and likely represents a continuation of the inferred Bearing Grit
incised valley fill. The upper level of the Rogerley channel probably corresponds to
the Marchup/Red Scar Grit incised valley (Waters et al., 2014).

3.5.4 Tectonic activity in the Craven Basin

Indications for tectonic activity have also been observed in the Bowland sub-
basin and the Transition Zone during the late Pendleian. In the Bowland sub-basin,
Arthurton (1984) suggests that the Catlow and the Sykes Anticlines of the
Ribblesdale Foldbelt were active during the formation of the intra-E;c1
unconformity. This is based on a thickening of the Pendle Grit on either limb of the
Catlow Anticline, and a folded expression of the Pendle Grit, whereasthe Bearing
Grit is relatively unaffected. A detailed depositional model (Kane, 2010) proposes
that slope instability recognised by syn-sedimentary slumping, and injectite
formation in the Hind Sandstone (Fig. 3.3) are related to growth of the NE-SW
trending Sykes Anticline, a structure parallel to the Bowland Line (Fig. 3.2).
Additionally, at Waddington Fells Quarry in the Bowland Basin a major syn-
sedimentary normal fault is observed that trapped large turbidite channels along a
similar structural trend as the Sykes Anticline (Kane et al., 2010a).

At Flasby Fell in the Transition Zone, an angular unconformity between the
Pendle Grit Member and the Bearing Grit was suggested between the Pendle and
Bearing Grit (Mundy and Arthurton, 1980; Arthurton et al., 1988). Firstly, this
inference relies on the dip of landscape features in the Pendle Grit Member, which is
considered insufficient to prove the presence of an angular unconformity
(Martinsen, 1990). Additionally, growth faulting is observed in the Bearing Grit on
Flasby Fell, which can result in an angular contact with the underlying Pendle Grit.
Finally, sediment-gravity-flow deposits such as observed on Flasby Fell are
observed at relatively steep depositional dips on Barden Moor (see Chapter 4).
These observations undermine the notion of a tectonically-caused angular

unconformity at this location.

The structural activity of the Catlow and the Sykes Anticlines in the

Bowland Basin can support a minor active tectonic phase. However, indications of
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structural activity are mainly observed during periods of rapid sedimentary loading
over major pre-existing (syn-rift) faults. This implies that structural actively does not
necessarily rely on tectonic activity. Differential loading and compaction might
result in growth faulting and in an extreme case might result in reactivation of major
fault structures. Such process could explain the broadly contemporaneous
compressional regime at Sykes Anticline and extensional regime at Waddington
Fells Quarry along the same tectonic trend (Kane, 2010; Kane et al., 2010a).

In the Transition Zone (Fig. 3.2; 3.19), growth faulting has also been
observed at Jenny Gill Quarry on Skipton Moor in the Pendle Grit Member (Sims,
1988) along the trend of the Pendle Fault (Fig. 3.2; 3.11; 3.19¢). At Sharp Haw,
Flasby Fell growth faulting in the Bearing Grit (Mundy and Arthurton, 1980) occurs
along the South Craven Fault trend (Fig. 3.2; 3.19¢). In the Harrogate Basin, growth
faulting at Almscliff Crag (Chisholm, 1981) occurs in the Warley Wise Grit along a
nearby syn-rift normal fault (Fig. 3.2; 3.19¢; Kirby et al., 2000). In each location,
faulting is associated with a phase of rapid coarse-grained sedimentation overlying a
fine-grained succession above a tectonic lineament. In the Ashover Grit growth-
faulting is also observed in an area close to transition between the Derbyshire High -
Widmerpool Trough, potentially indicating a correlation with underlying tectonic
lineaments as well while an active tectonic control is not considered in this system
(cf. Chisholm and Waters, 2012).

3.5.5 Application of analogue modelling

Analogue modelling (see Chapter 2) indicates that the efficiency of sediment
transport to the coastline is strongly affected by basin depth and sea level. In deep
basins (relative to shallower basins) progradation rates are slow, which allows the
fluvial system to grade closer towards equilibrium. This strongly increases the
sediment volume and grain size that is transported towards the shelf edge while sea-
level fall further enhances this effect on fluvial efficiency (Chapter 2). Based on the
sequence-stratigraphic interpretations, sediment volumes and grain sizes, a

comparison is made with the experimental results from Chapter 2.

After the E;c1 maximum transgression, the fluvial feeder to the Pendle Grit
Member reaches the field area, which results in progradation of the coastline into the

Craven Basin at least up to the south-side of Barden Moor (Eastby; Fig. 3.9), and
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Bowland Knotts (Fig. 3.12; Arthurton et al., 1988). Subsequent incised valley fill
deposits of the Bearing Grit are exposed at Barden Moor and pinch out near Skipton
Moor (Fig. 3.2; 3.8; 3.11). The deposits at Barden Moor and Skipton Moor provide
an estimate of 8 to 15 km progradation from the Askrigg Block margin during the
Eic1 cycle. Delta top deposits of the Bearing Grit near the western incised valley
margin are most distally exposed at Whelpstone Crag, suggesting a similar
progradation estimate of ~9.5 km (Fig. 3.2). During the E1.2 sequence, the Warley
Wise Grit prograded at least up to Longridge Fell (Fig. 3.2), after which the
formation is lost in the subsurface. Based on the above estimated lowstand shoreline
during the Ej.1 cycle, this suggests a further ~30 km progradation of the lowstand

coastline during the E;.2 sea-level cycle (Fig. 3.6).

Both sea-level cycles are thought to have a ~111 kyr duration (Waters and
Condon, 2012), implying that the progradation rate and sediment volumes during
these cycles differed significantly. During the E;.1 cycle, the Pendle Grit Member
(900 km®), and the Bearing Grit (100 km®) were deposited, while during the E;c2
cycle, only the Warley Wise Grit Mb (250 km®) formed, indicating that ~4 times
more sediment arrived in the Craven Basin during the former cycle. This difference
in sediment volume is here related to the substantially larger basin depth (up to 3
times deeper) and slower progradation rates during deposition of the Pendle Grit (~3
times slower; Fig. 3.17; 3.18; 3.19c¢, d).

Grain-size variations also correspond with the inference of changes in fluvial
efficiency (Chapter 2). Maximum grain size increases progressively during
deposition in the Pendle Grit Member, from granules in proximal small channels at
Skipton Moor up to 2 cm pebbles in major channels in the Pendle Sandstone at
Waddington Fells and Longridge (Fig. 3.2). This might be related to the gradual
increase in basin depth from tens of metres near the Askrigg Block (e.g. Threapland
Gill, Section 3.4.2.2 ) to ~400 m in the Bowland sub-basin over a distance of ~15
km (Fig. 3.8; 3.17) (based on the thickness of the Pendle Grit Member but not
correcting for isostatic loading or compaction). This will have slowed progradation
substantially and facilitated valley incision: both increase the efficiency of the

fluvial system.

During the following sea-level rise, sediment supply to the Pendle Grit

turbidite system was halted. In the analogue models (Chapter 2), upstream erosion in
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the incised valley continued during sea-level rise suggesting that high efficiency of
the fluvial system was temporarily maintained upstream of the transgressed area.
Such a time-lag in the response of the fluvial gradient implies that the fluvial system
will have remained close to equilibrium and efficient at routing sediment towards
the coastline. This could explain the large volume and coarse-grained nature of the
Bearing Grit incised valley fill that includes 4 — 5 cm pebbles (Fig. 3.19). An
additional influence of discharge variability on this succession is described in
Chapter 4.

The Blacko Marine Band (E1¢2) reflects maximum transgression and will
have significantly reduced the gradient of the fluvial system and therefore its
efficiency (Fig. 3.19). During highstand, siltstones and shales are deposited both on
the Askrigg Block and Craven Basin. No coarse-grained sediment is transported into
the shallow basinal environment of the study area; it is probably retained within the
upstream fluvial system and might be vacated during subsequent periods of sea-level
fall.

During the subsequent sea-level fall and lowstand, shallow water conditions
on the shelfal area will have allowed rapid progradation of the Warley Wise Grit to
the previous lowstand shoreline (Fig. 3.18; 3.19g). Due to deposition of the Pendle
Grit Member, basin depth is much reduced, resulting in a rapidly prograding shallow
water wedge fronted by Gilbert-type deltas. High progradation rates during sea-level
fall will have inhibited fluvial incision and steepening of the fluvial gradient
significantly. This is reflected by the substantially smaller volume of the Warley

Wise Grit, and the reduction in grain size.

Previously, the evidence for active tectonics during the late Pendleian has
been discussed and it is here considered unlikely that active tectonics have steered
fluvial pathways on the Askrigg Block towards the Bowland Basin. Here, the
position of the incised valley is considered to have been controlled (in part) by the
relatively deep depocentre in the Bowland sub-basin. Fluvio-deltaic systems
draining into deep basins prograde more slowly than those in shallower basins. This
enhances the efficiency of shelfal incision, increasing the likelihood of valley
incision at these positions in comparison to adjacent shallower segments. During
valley incision, the fluvial system is probably graded to near-equilibrium conditions.

This leads to the bypass of (nearly) the entire sediment load of rivers to the shelf
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edge, and might explain the exceptionally large sediment volume in the Pendle Grit
Member in the Bowland sub-basin (Fig. 3.17; 3.19) as well as its sand-rich and
coarser nature in comparison with minor turbidite channels in the proximal Craven

Basin.

It can also be argued that these differences in grain size, and sediment
volume might be explained by differences in the magnitude of sea-level fall, or
upstream tectonic events, while the position of incised valleys can be random. These

hypotheses require comparison to additional areas and are considered in Chapter 5.

3.6 Conclusions

A reinterpretation of the stratigraphic succession following the Cravenoceras
malhamense (E;c1) and Blacko (E;.2) Marine Bands of the Carboniferous Askrigg
Block and Craven Basin area is proposed based on a combination of extensive
fieldwork and literature study. In the current model a prograding deep water shelf
margin, characterised by numerous minor turbidite channels, is recognised. This
succession is incised by a large valley, forming the fluvial feeder system to a major
turbidite fan system. The eastern valley margin is recognised on the Askrigg Block,
and the western valley margin is observed in the Craven Basin. Near the incised
valley mouth, stacked Gilbert-type deltas are observed in the valley fill, indicating
deposition during sea-level rise. Valley incision can explain the intra-E;c1
unconformity at the base of the fluvial E;c1 succession on the Askrigg Block and
challenges the importance of a previously suggested period of tectonic reactivation

during the late Pendleian.

A comparison of the volumes and grain sizes of the turbidite and incised
valley system during the E;.1 cycle, and the successive shallow water delta during
the E1c2 cycle fits well with modelling results described in Chapter 2. During the
E;ic1 cycle four times more sediment of significantly coarser grain size was
deposited than during the E;c2 cycle, which is here interpreted as a response of the
fluvial system to the substantially deeper basin. Additionally, valley incision is
focussed at the deepest area of the Craven Basin, which supports the modelling
prediction that valley incision is most likely at the deepest areas in basins if

significant lateral variation occurs in basin-margin morphology.
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Chapter 4 Delta Front Character and Processes in the

Carboniferous Craven Basin

4.1 Abstract

Sequence-stratigraphic analysis of the Pendleian succession in the Craven
Basin suggests that large-scale foresets represent Gilbert-type deltas developed on a
forced regressive delta front and as incised valley fill, in contrast to an earlier
distributary channel bar model for these deposits. These large-scale foresets contain
enigmatic structures that are poorly described in existing literature. Detailed facies
description and process-based interpretation of these deposits resulted in
identification of four different Gilbert-type foreset styles: (1) homopycnal
suspension-dominated foresets, (2) homopycnal grain-flow-dominated foresets, (3)
hyperpycnal internally-laminated foresets, (4) hyperpycnal foresets with
superimposed bedforms or ‘intrasets’ that migrated down-foreset. Sediment-gravity-
flow deposits, derived from within the fluvial system are closely associated with
foresets types (2), (3) and (4), suggesting a river-flood-dominated system with
incrementally higher fluvial flood stages resulting in progressive development of
foresets deposited under homopycnal, then hyperpycnal conditions through to
sediment-gravity-flow deposits. For foreset types (3) and (4), an observed reduction
in foreset angle is related to enhanced shear stress on the foreset and used to
estimate excess density of fluvial outflow. This suggests low excess densities during
such flood events. The sediment-gravity-flow-dominated Gilbert-type delta type
occurs only in the incised valley fill and is tentatively linked to heightened

monsoonal river flood activity during deglaciations.

4.2 Introduction

Sedimentological structures result from both depositional and erosional
processes and can be used to interpret palaeo-environmental settings. In the
Carboniferous Central Pennine Basin (Fig. 3.1), process-based interpretation of

sedimentological structures dates back to the 19™ century (Sorby, 1859; Gilligan,
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1919), with, for example, cross bedding (“false-“ or “drift-bedding”) in coarse-
grained sandstones of the Millstone Grit Group being explained as the depositional
product of uni-directional currents. This led to the early palaeo-environmental
interpretation of a deltaic setting fed by a large northerly derived river (Gilligan,
1919; Walker, 1955). Subsequent research has significantly advanced the
understanding of the Millstone Grit fluvio-deltaic system (e.g. Holdsworth and
Collinson, 1988; Martinsen et al., 1995; Waters and Davies, 2006); the long history
of research has also resulted in multiple reinterpretations of sedimentological

features over time.

Large-scale foresets are one of the most enigmatic facies in the Central
Pennine Basin and can reach up to several tens of metres in height. They are
recognised in some of the larger fluvio-deltaic successions: the Lower Kinderscout
Grit (e.g. Collinson, 1968; McCabe, 1977; Hampson, 1997), the Roaches-Ashover
Grit (Jones, 1980; Jones and Chisholm, 1997), and the Bearing and Warley Wise
Grits (Chapter 3; Baines, 1977; Sims, 1988). Initially, Collinson (1968) interpreted
such large foresets in the Lower Kinderscout Grit as a Gilbert-type delta (sensu
Gilbert, 1883; 1890; Bates, 1953). This model was subsequently challenged because
the sedimentological complexity and facies association of these deposits was
considered unlikely for deltaic deposits. An alternative model of deep distributary
delta top channels was proposed in which these large-scale foresets were deposited
as large-scale alternate fluvial bars (Fig. 4.1; McCabe, 1975; 1977). The same model
was also adopted for the Bearing and Warley Wise Grit (Baines, 1977), the
Roaches-Ashover Grit (Jones, 1980; Jones and McCabe, 1980) and is featured in
some textbooks (e.g. Reading, 1996; Collinson et al., 2006). A sequence-
stratigraphic reinterpretation of the Millstone Grit succession (Martinsen, 1990;
1993; Read, 1991; Maynard, 1992; Church, 1994; Church and Gawthorpe, 1994,
1997; Wignall and Maynard, 1996; Reid, 1996; Hampson et al., 1996, 1999; Davies
et al., 1999) also resulted in a reinterpretation of such large-scale foresets as Gilbert-
type deltas at the mouth of incised valley fills (Hampson, 1997; Jones and Chisholm,
1997). An in-valley occurrence of these large-scale foresets could explain the
relatively narrow belts in which they occur, as well as the stacking of several sets of
Gilbert-type deltas, due to increasing accommodation space during sea-level rise
(Hampson, 1997; Jones and Chisholm, 1997).
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Figure 4.1 Alternate bar model explaining large-scale foresets within 1 — 2 km wide
distributary channels (from McCabe, 1977; featured in Reading, 1996; Collinson et
al., 2006).

In Chapter 3, studies of the initial infill of the Craven Basin by the Millstone
Grit Group during the Pendleian are described. The wide outcrop belt in the Craven
Basin (e.g. Fig. 3.2) and the high resolution chronostratigraphic framework in this
area (e.g. Fig. 3.4) have allowed for the distinction between two sandstone
successions containing contrasting styles of Gilbert-type deltas. In the Bearing Grit,
stacked Gilbert-type deltas occur in the Transition Zone of the Craven Basin. These
are interpreted as an incised valley fill deposited during sea-level rise (Fig. 3.19a, e).
A single set of Gilbert-type deltas at the base of multi-storey channel deposits in the
overlying Warley Wise Grit of the Bowland sub-basin is interpreted as the delta
front of a progradational succession deposited during sea-level fall (Fig. 3.19a, g).
The multi-storey channel deposits probably reflect the subsequent lowstand and

early sea-level rise.

The Bearing Grit Gilbert-type deltas are closely associated with facies 6:
structureless and crudely-laminated sandstones (e.g. Fig. 3.15; 3.10) and frequently
contain small-scale cross beds migrating down-foreset, a phenomenon that is
apparently not described in the modern sedimentological literature on deltas.
Descriptions of similar structures in the Lower Kinderscout Grit (Collinson, 1968)
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predate modern literature on Gilbert-type deltas (e.g. Nemec, 1990), or consider a
fluvial origin for these large foresets which strongly influences the inferences
regarding depositional processes (McCabe, 1975, 1977; Baines, 1977; Jones, 1980;
Jones and McCabe, 1980). This chapter describes these large-scale foreset facies and
facies associations in the Bearing and Warley Wise Grit and evaluates the flow
processes that resulted in these deposits. Additionally, an attempt is made to link the

different Gilbert delta types to climate and sea-level forcing.

4.3 Methods

On the basis of their outcrop characteristics, facies 7: large-scale foresets
(Chapter 3) were subdivided into 4 subtypes (A-D). Additionally, facies transitions
were recorded and depositional dip measurements were taken on three-dimensional
outcrops and corrected for tectonic dip using the Stereonet8 program (Allmendinger
et al., 2012; Cardozo and Allmendinger, 2013). Additional measurements were
taken from photographs that were oriented dip-perpendicular. Because of the general
absence of shale and siltstone-exposures, tectonic dips were mostly estimated from

cross-bedded deposits.

A Markov chain analysis was attempted to test whether statistically-
significant relationships are present between different Gilbert delta sub-types and
associated facies. Differences in the depositional dips for different Gilbert delta sub-
types were statistically examined using one-sample Kolmogorov-Smirnov tests (e.g.
Chapman McGrew Jr. and Monroe, 1993). Differences in foreset angle of facies
types 7C and 7D were used to estimate the critical Shields stress exerted on the
foreset surface, and have subsequently been combined with Froude-scaling of
experimental data (Kostic et al., 2002; Kostic and Parker, 2003a, 2003b) to relate
these Shields stresses to fluvial conditions following the approach of Kostic et al.
(2002).

4.4 Results

Four types of Facies 7: large-scale foresets are described in detail. Other
facies mentioned in this chapter are described in Chapter 3 and are tabulated in
Table 3.1.
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4.4.1 Facies descriptions

4.4.1.1 Facies 7 Type A (7A): Concave up Gilbert-type delta foresets

These large-scale foresets have a minimal set height of 5 m (Fig. 4.2; 4.3),
occur in fine- to coarse-grained sandstone and contain sparse granules and pebbles.
Individual beds are between 0.3 and 1 m thick, with granules and pebbles occurring
at the base while foreset beds are otherwise ungraded. Foreset beds are concave up
and transition into bioturbated siltstones in the toeset (Fig. 4.3a, b). The angle at the
top of foresets reaches up to 23°, while at the base of the foreset angles are
approximately 15°. Bioturbated siltstones in the toe of the delta are observed at a
depositional angle of 5° (Fig. 4.3c). Generally foreset beds are internally massive
but faint laminations, (sub-)parallel to the bed surface have occasionally been
observed towards the top of the foreset. Micaceous siltstones and shales are
observed between individual foreset beds (Fig. 4.3d), resulting in sharply defined
beds.

L g

intrasets

foreset bed thickness

set height: >5m

backsets

toeset

¢

Figure 4.2 Definition sketch indicating terminology used throughout the chapter.

4.4.1.2 Facies 7 Type B (7B): Structureless Gilbert-type delta foresets

These large-scale foresets have a minimal set height of 5 m and typically
form in coarse-grained to granular sandstone, with frequent <4 cm pebbles (Fig.
4.4Db; c, d). Foresets appear straight in outcrop although fully exposed foresets have
not been seen anywhere. Depositional dips range from 10° - 27° suggesting that
beds might be concave up over longer distances. Individual foreset beds are
internally massive and range from 3 — 20 cm, and generally show poor normal

grading. Coarsest sandstones occur in the lower half of the foreset beds. Contacts
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between individual foreset beds are made of medium- to coarse-grained sandstone.

Where multiple 7B type foreset beds are observed in succession, individual beds are
well-defined, resulting from more significant weathering of the finer-grained top of
the bed (Fig. 4.44, c, d). Decimetre-scale structureless intervals that are interbedded
with foresets of facies 7C or 7D are also assigned to facies 7B. In these occurrences

the fine-grained top of the foreset bed is absent.

Figure 4.3 (a) Facies 7A: Gilbert-type delta foresets at Noyna Rocks Quarry, tectonic dip is
perpendicular to the outcrop. Tectonic dip and depositional angles are listed in Table
4.1. (b) Toeset of siltstone and fine-grained sandstone. (c) Laminated siltstones in

toeset with rare bioturbation. (d) Shale and micaceous sandstones in the parting
between successive foresets at Faughs Delph Quarry (see Fig.3.13; Table 4.1).
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Figure 4.4 (a) Transition from facies 7B at the base of the outcrop to facies 7C above the
yellow scale bar. Potter Gap (high) (Table 4.1; see Figs. 3.9; 3.10 for locations). (b)
Base of facies 7B foresets. Coarser grained and thicker beds indicating larger grain
flows alternated with finer, thin beds. Rolling Gate Crag (Table 4.1, see Fig.3.9 for

location) (c, d) Facies 7B foresets cut out by sediment-gravity-flow deposit. Foreset
beds contain small pebbles and are internally massive. The recessive intervals are
finer-grained bed tops. Location is near Rolling Gate Crag (Table 4.1).
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Relative to the 7A-type, 7B-type foresets beds are less concave, substantially
coarser grained and thinner, while pebbles occur at higher levels within the bed. In
7A-type foresets, the boundaries between individual beds are formed by shale or silt
veneers, whereas in 7B-type foresets these intervals contain cm-scale intervals of

medium- to coarse-grained sandstone.

4.4.1.3 Facies 7 Type C (7C): Laminated Gilbert-type delta foresets

These large-scale foresets have a minimal set height of 5 m and typically
form in coarse-grained to granular sandstone, with occasional pebbles up to 4 cm in
diameter occurring throughout the bed (Fig. 4.5). Individual foreset beds are straight
or slightly concave up. Their thickness ranges from several decimetres up to ~2
metres with dips between 11° and 29° (Fig. 4.4a; 4.5b; 4.6a). Internally, these
foreset beds are laminated at a cm-scale with slight variations in grain size that
define foreset-bed-parallel laminations (Fig. 4.5e, f). Backsets of 0.5 m thickness are

observed in a scour-fill near the base of one outcrop within Facies 7C (Fig. 4.5b, c).

Figure 4.5 (next page) (a) Lord’s Seat, Barden Fell. Type 7B and 7C foresets are recorded
on the left side of the image, and overlain by parallel-laminated sandstones (Facies 9)
on the right side of the image. Facies 9 gradually transitions into a massive deposit
towards the top (Facies 6). Note that the Facies 9 laminations on the right side of
image approximate tectonic dip and were previously interpreted as large-scale foresets
(Baines, 1977). (b) Base of succession exposes facies 7B, followed on by facies 7C at
~1 m above the ground surface. Note the erosion surface ~2 m above the yellow scale
bar. (c) Opposite view of B, note steep >50° combined depositional/tectonic dip
towards the right and the backsets dipping at a shallower angle within the scour that is
also observed in B (see Table 4.1 for tectonic and depositional dips). (d) Laminar
deposits in the topset succession, tentatively interpreted as upper-flow-regime
structures. () Map of Barden Fell, indicating outcrop positions on Barden Fell and
tectonic dip measurements of the Simonseat Anticline. More comprehensive maps are
presented by Hudson (1937) and Baines (1977). (f) Facies 7C erosionally overlain by
facies 6 at Potters Gap, Barden Moor (see Fig.3.10c: outcrop 1). (g) Facies 7C at
Potters Gap (see Fig.3.10a: outcrop 2).
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4.4.1.4 Facies 7 Type D (7D): Gilbert-type delta foresets with ‘intrasets’

These foresets form in coarse-grained to granular sandstones with occasional
<3 cm pebbles. Individual foreset laminae appear straight, and individual foreset

beds range from several decimetres up to 2 m in thickness, measured perpendicular
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to the foreset angle (Fig. 4.6). Internally, foreset beds typically show bed-parallel
laminations at ~5 - 10 cm-scale, with deposition dips of 9° to 23° (Fig. 4.6a).
Between these bed-parallel laminations, low to high angle cross laminations occur,
dipping obliquely or directly down the foreset (Fig. 4.6b, c, d). These structures
were previously termed ‘intrasets’ in the Lower Kinderscout Grit (Collinson, 1968).
Frequently the topsets, foresets and toesets of these ’intrasets’ are preserved (Fig.
4.6d). The foreset angle of these intrasets ranges from 19° - 35° depositional dip.
Intrasets occasionally show a sigmoidal or sheared shape (Fig. 4.6d). The thickness
of individual intrasets can range up to 30 cm but typically ranges from 5 - 10 cm.
Transitional forms between Facies 7C and 7D also exist, in which low angle to near-

parallel laminations downlap on the foreset surface (Fig. 4.6e, f).

4.4.2 Facies associations
4.4.2.1 Facies association 3: Gilbert-type deltas with fine-grained toesets

Facies 7A is observed in both the Bearing and Warley Wise Grit. In the
Warley Wise Grit it occurs at Hardacre Quarry, Farnhill Moor (Fig. 3.15b; Table
4.1), Noyna Rocks Quarry, Foulridge (Fig. 4.3a-c; Table 4.1), and Faugh Delph
Quarry, Newchurch in Pendle (Fig. 3.13; Table 4.1). In all these occurrences, the
succession is overlain by cross-bedded sandstones (Facies 8). The overlying
sandstones are typically coarser-grained than the foreset deposits, suggesting that
these deposits are not deposited coevally, but represent later channel deposits that
erosionally overlie the foresets (Chapter 3). At Noyna Rocks Quarry, the toeset
contains fine-grained sandstones and bioturbated siltstones (Fig. 4.3c). At Faughs
Delph Quarry, fine-grained intervals between successive foreset beds can be
observed (Fig. 4.3d).

In the Bearing Grit, 7A foresets occur at Whelpstone Crag, Bowland High
and at Pen-y-ghent, Askrigg Block (Fig. 3.2; 3.7; Table 4.1). At both locations, these
foresets are overlain by cross-bedded strata. At Pen-y-ghent, they are underlain by
deposits from a lower cross-bedded channel storey (Fig. 3.7). At Whelpstone Crag
the underlying interval is not exposed.



Figure 4.6 (a) Alternation of facies 7B, 7C and 7D at Unnamed Crag 2 (see Table 4.1 for
tectonic and depositional dips). Facies 7D occurs in the shallowly dipping lower half

of the outcrop, and facies 7C occurs in the steeper upper half. The structureless
intervals are referred to as Facies 7B. (b) Close up of intrasets in outcrop depicted in
(@). (c) Facies 7D, with very low angle foresets and strongly-developed intrasets.
Unnamed Crag 4 (low) (Table 4.1). (d) Close up of intrasets in Unnamed Crag 4,
indicating sheared and sigmoidal intrasets. (e, f) Opposite sides of Unnamed Crag 4
(high) showing a transitional form between facies 7C and 7D. Note apparent shallow
dipping backsets in (e), which are steeply dipping foresets in (f).
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4.4.2.2 Facies association 4: Gilbert-type delta with structureless sandstones in
toeset

Facies 7B, 7C and 7D occur in the Bearing Grit and are frequently observed
in close association with each other, with cross-bedded sandstones (Facies 8),
structureless and crudely-laminated sandstones (Facies 6; Fig. 3.15 c-e) and parallel-
laminated sandstones (Facies 9: e.g. Fig. 3.10). Frequently, the base of the
succession is formed by structureless or crudely-laminated sandstones ranging up to
several metres in thickness. These deposits are interpreted as sediment-gravity-flow
deposits that occasionally cut out 7B, 7C, 7D type deposits (Fig. 4.4c, e; 4.5f; 4.6¢).
Type 7B deposits are frequently observed towards the base of individual outcrops
(Fig. 4.4a; 4.5b). Overlying foreset beds more frequently belong to facies type 7C,
interbedded with type 7B or 7D deposits (e.g. Fig. 4.4a; 4.5b, c; 4.6a).

At Simon’s Seat, the base of the outcrop exposes cross-bedded sandstones
(facies 8) dipping at ~26° tectonic dip towards the northwest (Fig. 4.7a; 4.5¢). This
succession is overlain by an interval of crudely cross-bedded sandstones that

transition into a sediment-gravity-flow deposit (Fig. 4.5e; 4.7c, e).

At Lord’s Seat, type 7B large-scale foresets are exposed at the base of the
outcrop (Fig. 4.5¢; Table 4.1). When correcting for tectonic dip obtained at Simon’s
Seat, these dip at ~20° and are overlain by a thick succession of type 7C foresets
dipping at ~25° (Fig. 4.5a, b, c; Table 4.1). Within these foresets, backsets occur in a
~0.5 metre deep scour (Fig. 4.5b, ¢). This succession is overlain by sub-horizontal,
dm-scale, planar-laminated, coarse- to very coarse-grained sandstones, containing
abundant pebbles that are separated by thin intervals of medium-coarse-grained
sandstones (Fig. 4.5d). This succession becomes structureless towards the top of the

outcrop and transitions into a metre-scale sediment-gravity-flow deposit.

At Unnamed Crag 5 (Fig. 4.5¢; 4.8; Table 4.1), the top of Type 7C foresets is
exposed, dipping at approximately ~17-19° followed on by Type 7D foresets
dipping at ~16 -18° (Fig. 4.8c, g). These deposits are overlain by the sediment-
gravity-flow deposits that truncate the top of the foresets (Fig. 4.8a, c).
Subsequently, these beds are deposited on the delta front with a similar depositional
dip (up to 13°) as the foresets (Fig. 4.8a). A thin interval overlying the sediment-
gravity-flow deposit is unexposed after which progradation continues with Type 7B

foresets, dipping at 23 -27° (Fig. 4.8a, €). This succession is overlain by a
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Figure 4.7 (a, b) Overview of Simon’s Seat, indicating cross beds (facies 8) at the base of
the outcrop, overlain by a crudely cross-bedded interval and sediment-gravity-flow
deposits (facies 6), see Fig. 4.5e for location. Green line indicates base of crudely
cross-bedded interval, red line indicates base of sediment-gravity-flow deposit (c, d)
Close up of cross beds. Note steep tectonic dip of 26°. (e, f) Close-up of crudely-

cross-bedded interval and overlying sediment-gravity-flow deposits.
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structureless pebbly sediment-gravity-flow deposit (Fig. 4.8¢), indicating a repeated
alternation between deposition of foresets and sediment-gravity-flow deposits at the

delta front.

Similar facies alternations are observed at Potter Gap, at Barden Moor (Fig.
3.10). At a low exposure (Fig. 3.10a, b: outcrop 1), Type 7C foresets, dipping at
~25° are erosionally overlain by several sediment-gravity-flow deposits (Fig. 4.5f)
on top of which a thin unexposed interval occurs (Fig. 3.10a). A higher exposure at
Potter Gap (Fig. 3.10b: outcrop 2; Fig. 4.4a) records the transition from Type 7B to
7C foresets, corresponding to a substantial increase in foreset angle from 15° at the
base of the succession in type 7B to approximately 25° at the top of the succession
in Type 7C foresets (Table 4.1). Laterally, this succession is replaced by type 7D
deposits, overlain by sediment-gravity-flow deposits (no accurate dip obtained) (Fig.

3.10b: outcrop 3, the same outcrop is shown in Fig. 3.15¢).

Unnamed Crag 2 (Table 4.1) is located south of the Obelisk (corresponding
to outcrop 4 in Fig. 3.10b). This succession starts within one set of type 7C foresets,
erosionally overlain by another set of 7C foresets, both at a relatively shallow dips
of ~22°. Successive foresets laminae gradually decrease in angle to ~16° and
develop Type 7D foresets with intrasets dipping obliquely down the foreset. Metre-
scale intervals of 7D-type foresets are alternated with dm-scale massive intervals of
type 7B foresets (Fig. 4.6a, b). Subsequently, the succession steepens to an angle of
~28° and transitions to Type 7C again (Fig. 4.6a). This interval is overlain by cross-
bedded sandstones (Fig. 3.10e, f).

Figure 4.8 (next page) (a, b) Overview of Unnamed Crag 5 (Table 4.1; Fig. 4.5e). Foresets
occur on the left, and the right side of the image. The occurrences are separated by a
major sediment-gravity-flow deposit. (c, d) Close up showing facies 7C, followed by
7D, of which the tops are truncated by a sediment-gravity-flow deposit. Towards the
right, the sediment-gravity-flows follow the foreset surface and deposits under
relatively steep dips in the delta front (see also a, b). (e, f) Close up of the right side
of the figure (a, b): facies 7B, overlain by another, more pebbly and structureless
sediment-gravity-flow deposit. (g, h) Close up of the erosion surface in (c, d). Note
that the sediment-gravity-flow deposits continue down-foreset in the right hand side
of the picture.
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At Unnamed Crag 4 (low), Type 7B foresets, dipping at ~15 -20° occur at
the base of the succession. They are overlain by Type 7D foresets with strongly
developed intrasets (Fig. 4.6¢; Table 4.1). On the northern side of the exposure, this
succession is overlain by Type 7C foresets. Traced southward the entire foreset is
cut out by a ~7 m thick sediment-gravity-flow deposit with sub-horizontal

laminations that become more prominent upwards.

At the SW flank of Barden Moor, several large-scale outcrops occur in
which structureless and faintly structured sandstones are observed (Fig. 4.9). This
succession is overlain by an unexposed, presumably fine-grained interval, on top of
which Gilbert-type deltas occur (e.g. Unnamed Crag 4 (high), and High Bark (Table
4.1). In the lower succession, both faintly-laminated and structureless sediment-
gravity-flow deposits are observed. At Rylstone Cross, these deposits are accessible
and show an amalgamation of numerous, metre-scale, fining-upward deposits. Some
beds show shale clast imbrication indicating E to SE flow directions, which is
similar to that of the Gilbert-type deltas (Fig. 4.9e). Towards the top of the outcrop
at Rylstone Cross, the longitudinal profile of a large scour fill is recognised in two
parallel-orientated outcrops (Fig. 4.9a, c, €). Downdip of the scour, the bed is faintly
laminated and contains abundant, aligned pebbles (Fig. 4.9a, g). The backwall of the
scour dips steeply upstream and is internally onlapped by shallower dipping
laminations that transition updip into a very pebbly, structureless, dewatered interval
(Fig. 4.9e). Backsets form the main scour fill and dip at ~15 - 23° to the northwest.
The overlying succession shows faint laminations and gradually fines upward to

coarse-grained sandstone (Fig. 4.9c, d).

Figure 4.9 (next page) (a, b) Delta-toe sediment-gravity-flow deposits at Rylstone Cross
(see Fig.3.9 for location). (c, d) Parallel outcrop to exposure in (a, b). Note the
occurrence of intrasets on the left side of the image and the transition into wavy
bedforms towards the right downdip of the backsets, interpreted as upper-flow-regime
deposits. (e, f) Close up of scour pool margin in (a, b). Note the steep contact, which
is characterised by a strong grain-size change and different angle laminations. Inside
the scour, laminations fade into a dewatered zone. (g) Organisation of pebbles near
the base of the bed in small trains downdip of the scour, similar to e.g. S1 structures
(Lowe, 1982).
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Grid . Facies . . . . Facies
# Name Ref Tect. Dip above Facies below | Facies | Depositional dip order
Pen-y-ghent [38364 | _ 1718171816 20
T 1 (south) 47304 | 0 F8 F8 (p) A 1415 A8
Rolling Gate 7B 1918191920
Crag [40013 7B>7C>
2 130/8 E F8 F6
(north)Barden 46029] 7C 2022 22 23 20 21 8
Moor
Rolling Gate [40000 B 141114
3 Crag (South), 46009] 130/8 E - - D 991213/ 25 24 7B>7D,B
Barden Moor 3021353324 23
Unnamed
4 Crag 1, (south 235999058? 120M1E | F8 - 7C 20 21
of The Crags)
7B 26 26 7B>6
Obelisk, [39930 F6 & toeset of
7B>7C
7B 2125
222326 26 25 26
Unnamed 7C
6 | Crag2 (south 5359896295] 1657E | F8 . 282929 7g>7D'B
of Obelisk) 101417171618 |’
7D 12421233228
28
Unnamed (39919 | 165/7E 7C 232423
7 Crag 3 (south 45863 - - 7D>7C
of Obelisk) ] )] 7D 20161717/ 21
Potter Gap 165/7 E .
8 | (ow) Barden | 139909 F6 Unexposed: | 7. 272624 7C>6
M 45851] (?) below F6
oor !
Potter Gap (39911 165/7 E 7B 1515182222 22
9 (high), Barden 45846 F6 7B>7C
Moor ] (7 7C 242325252524
78 151520191819
19181818
2118 18 (north) ;gi?
Unnamed C
11 (south) (north)
10 Crag 4 (low) [39861 10012E | F6 Unexposed,
(south of 45780] below F6 17192321/ 32
Potter Gap) 323132303332 7C>7D>
7D (north) 6 (south)
20202018/ 34
34 33 (south)
7B 1920 7B>7C>
1" Unnamed [39897 10012E | F8 Unexposed, 7C 1717202018 20 &
Crag 4 (high) | 45807] below F6 1215725 26 25
® 34 7B>7D
High Bark, [39826 Unexposed,
12| Barden Moor | 4572 | 0/20E | F9 below F6 c 171812
Sub-
Quarry at horizontal 1210
) [40305 structureless
13 E;gsqbcrag’ a5517) | 114N | F8 tabular beds | '°
y with rippled

bed tops
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Grid . Facies . . . . Facies
# Name Ref Tect. Dip above Facies below | Facies | Depositional dip order
7B 192118
320/26 N
Lord’s Seat [40841 | (based 202523272326 7B>7C
ord’s Seat, i 2628 >
4 | BardenFell | 45988] | on F9-F6 c -6
Simon- (backsets 57 4)
t
seal) 7Cl6 | 244452
320/26 N B 232627 7C>7D>
Unnamed 7C/6
Crag5, (west | [40848 | (based 7c 171919 (wes!)
151 of Lord's 45996] | on F6 -
Seat) Simon- 7D 1618/2829 7856
seat) 6 11913 (east)
7B 21181624 20
(6 | LongCrag, | 140827 | oo | Unexposed, | 7C gg g? gg gg fg gg 7B>7D,B
Barden Fell 45886] below F6 >7C
915119/2221
& 1922
Carncliff Crag, | [40723
"7 | BardenFell | 45838] - - ©o|%
Earl Seat, [40702 | _ Unexposed,
8 | BardenFel | 45849] | 0 F8 below F6 c 18
Trunckle
[orr7 |, ) ) )
19 | Crag, Barden 45931] 7C
Fell
Whelpstone
21 | Crag (east), | B78%0 | os7e | R8s |- | 1713121217
45947] 7
Holden Moor
Unexposed,
Hardacre [40088 later?l}éd d 1817 23 1719 21
interbedde
22 | Quary, sapgy) | 1007E | F8 siltstones and | 1819159 10
Farnhill Moor . .
fine-grained
sandstones
Noyna Rocks
[38965 . 181618202118
23 Quarry, 44264] 180/15S | F8 Siltstones 7A 2216 15 15 19
Foulridge
gi‘;?:‘ys Delph 136199 21161521168
24 Newchurchin | 43922] 145/40 S | F8 - 7A 1; 1210121315
Pendle

Table 4.1 Exposures at which detailed measurements on foreset dip and facies succession
are obtained for Markov Chain analysis. Depositional dip measurements in italic font
refer to dip of intrasets. Facies transitions indicated by ‘>’ are clear transitions,

intervals denoted by a comma show multiple alternations between different facies

types.
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4.4.3 Statistical analysis of facies transitions

A Markov chain analysis was attempted to test whether statistically
significant relationships are present between different Gilbert delta sub-types.
However, the dataset (54 vertical transitions between 6 facies) is too limited (Fig.
4.10); a minimum of ~180 transitions is recommended for a statistically valid
analysis between 6 facies (Swan and Sandilands, 1995). Although not validated by
statistical analysis, fieldwork observations suggest several common transitions
between different facies based on the facies transitions in outcrops listed in Table
3.1 and in additional minor outcrops on Barden Moor and Barden Fell:

e Type 7A foresets are overlain by cross-bedded sandstones and transition into
a fine-grained toeset (e.g. Fig. 3.13; 3.15b). These 7A foresets occur at
separate locations from 7B, 7C and 7D type foresets and no sediment-
gravity-flow deposits are associated with facies 7A.

e Type 7B, 7C, 7D foresets occur together and are closely associated with
sediment-gravity-flow deposits: sediment-gravity-flow deposits can truncate
the foreset top, overlie the foreset, and occur downsteam of the foreset in the
toeset succession (e.g. Fig. 3.10; 4.4c, d; 4.6c; 4.8). Cross-bedded sandstones
can overlie these foresets as well (e.g. Fig. 3.10).

e Successive 7B Type foreset beds, separated by finer-grained caps are only
observed near the base of outcrops (Fig. 4.4c, d). At higher positions within
individual outcrops, type 7C or 7D foresets are more common. The latter are
coarse grained throughout, which might make them less prone to weathering
and favours their exposure in natural outcrops (Fig. 4.4a).

e Structureless intervals, assigned to facies 7B occur interbedded with facies
7C and 7D (Fig. 4.6a).

e Type 7C foresets generally occur at higher angle than Type 7D foresets when
both are exposed in the same outcrop (Fig. 4.6a).

e Sediment-gravity-flow deposits record events that have flowed down the
foreset, in which case the outcrops record the actual shoreline position at
time of deposition. Foresets underlying these sediment-gravity-flow deposits
generally consist of Type 7C or 7D deposits. (e.g. Fig. 4.6¢; 4.89)
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e Sediment-gravity-flow deposits are commonly overlain by further sediment-
gravity-flow deposits or an unexposed interval after which foreset deposition
resumes (e.g. Fig. 3.10; 4.8).

8 1 6
Cross > Sediment-gravity
beds flow deposits

5
/1\ 6 3 A2 \3\
7A 7D
Tangential Foreset with| Legend
foreset intrasets _
v Facies (F): 6
7 /(6 Transitions: 54
6

7B 7C Statistics:
Massive »—Laminated Required transitions
foreset foreset 5*F =180

Figure 4.10 Directly exposed transitions between different facies for which a Markov chain
analysis was attempted. A strong relation between facies 7B, 7C, 7D foresets and

facies 6 sediment-gravity-flow deposits is apparent.

4.4.4: Statistical analysis of depositional dip

Detailed measurements of foreset dip for facies 7A, 7B, 7C and 7D, indicate
significant differences (Table 4.1; Fig. 4.11a). Relatively shallow dips occur in
Facies 7A (mean: 16, std: 3.7) and Facies 7D (mean: 15.6, std: 3.7). Intermediate
dips occur in facies 7B (mean: 18.9, std: 3.7). Steep dips occur in facies 7C (mean:
22.5, std: 3.7) and in the intrasets of facies 7D (mean: 27.6, std: 4.9) (Fig. 4.11a).

The form of the distribution of the range of foreset dips is assessed using a
one-sample Kolmogorov-Smirnov test (K-S test) (Fig. 4.11b; Chapman McGrew Jr.
and Monroe, 1993) to test whether foreset types are centred on a specific dip-range.
The K-S test serves as a goodness-of-fit test and compares the Cumulative
Distribution Function (CDF) of the dataset with a standard normal CDF with the
same mean and standard deviation as the sample set (Fig. 4.11b). The null
hypothesis (ho) assumes a standard normal distribution, while the alternative

hypothesis (h;) rejects this assumption at a 0.05 significance interval. The null
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Figure 4.11 (a) Statistical analysis of depositional dip in facies 7A-D, and intrasets within

7D, (see table 4.1). (b) One-sample K-S tests, ‘a’ indicates confidence interval, ‘h’

indicates whether H, or H is accepted, and ‘p’ indicates probability (see text for

further discussion).
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hypothesis could not be rejected at this significance interval for any of the facies,
although the small probability value in facies 7B and 7C cast doubt on the validity
of the null hypothesis. For example, with a 0.14 significance interval the null-

hypothesis would be rejected for facies 7B (Fig. 4.11b).

A visual comparison of the CDF of facies 7A, 7B and 7C suggest a relatively
good agreement with the standard normal CDF, implying that these facies probably
correspond to a specific range in depositional dip. The CDF of facies 7D and facies
7D: intrasets however strongly differs from a standard normal CDF, which suggests
that the distribution is not associated with a specific dip angle (Fig. 4.11b). It can
occur on a wide range of relatively shallow dips for facies 7D and a wide range of
relatively steep angles for the intrasets in facies 7D (Fig. 4.11a). The reason that the
null hypothesis is not rejected is probably related to the small sample size providing,
unreliable test results (Table 4.1; Fig. 4.11a).

4.5 Discussion

4.5.1 Facies interpretation: delta front flow processes
4.5.1.1 Facies 7, Type A (7A): Concave up Gilbert-type delta foresets

Facies 7A is interpreted as a Gilbert-delta foreset in which sediments appear
to have been deposited predominantly from suspension settling resulting in a gradual
transition from sand-grade foreset to silt-grade bottomset (Fig. 4.3; 4.12a). Gilbert-
type deltas generally form when sandy to gravelly, fluvio-deltaic channels drain into
a relatively deep body of standing water (e.g. Bates, 1953; Leeder, 1999).
Homopycnal conditions result in a rapid deceleration of an inertia-dominated jet at
the channel mouth, resulting in deposition (e.g. Leeder, 1999). In this case, a
significant part of the sediment appears to have been deposited from suspension
settling, which corresponds with the relatively fine-grained nature of these deposits
and results in foresets at lower-than-repose angles. Towards the top of some
individual foresets, faint foreset-parallel laminations are observed. These indicate a
minor contribution of bed load transport on the steepest parts of these foresets,

probably resulting from grain flows (Fig. 4.12a).
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The occurrence of (bioturbated) fine-grained sediments in the toeset, and
between individual foresets indicates relatively low rates of deposition when

compared to the other large-scale foreset facies (Fig. 4.3c, d).

4.5.1.2 Facies 7, Type B (7B): Structureless Gilbert-type delta foresets

Facies 7B consists of coarse- to very coarse-grained, structureless, poorly
sorted foresets (Fig. 4.4, 4.12b). This facies probably result from grain-flow
avalanches on the Gilbert-type foreset. This suggests that the delta is characterised
by bedload sediment transport that is primarily deposited at the top of foresets,
leading to oversteepening and collapse of the foreset, triggering grain-flow
avalanches. This depositional model is consistent with the coarse-grained to pebbly
nature of these sandstones that in fluvio-deltaic channels is probably transported as
bedload, the relatively thin foreset-bed thickness indicating that only minor volumes
are associated with individual collapses, and the occurrence of successive facies 7B-
type foresets indicating repetitive oversteepening and collapse (Nemec, 1990). The
medium- to coarse-grained sandstones separating individual 7B foreset beds might
reflect the tops of grain flow-avalanches but could also reflect a minor contribution
of suspension settling between successive foreset collapses (Fig. 12b).

Figure 4.12 (next page) Process interpretation (a) Facies 7A: Suspension-settling
dominated delta foresets, which most likely occurs during homopycnal conditions.
(b) Facies 7B: Grain-flow dominated delta foresets, which indicate a larger bed load
component than facies 7A, but do not require higher flow velocities. (c) Facies 7C,
indicating traction on the foreset reducing the angle of repose. Traction is related to
weak hyperpycnal currents exerting a slight shear stress on the foreset. (d) Facies
7D, foresets containing intrasets suggesting a hyperpycnal current of variable
strength. The relatively low angle foresets suggest higher shear stresses than in facies
7C. (e) Facies 6 sediment-gravity-flow deposition, which probably indicate higher
flow regimes, and stronger hyperpycnal currents than facies 7D. Strength of

hyperpycnal currents in (c — e) is visualised by their thickness.
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suspension settling

hydraulic
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4.5.1.3 Facies 7, Type C (7C): Laminated Gilbert-type delta foresets

Facies 7C consists of internally-laminated foresets, deposited at steep angles
(Fig. 4.5; 4.12c). The thickness of laminated foreset beds makes deposition from
discrete flow events, such as proposed for Facies 7B, unlikely. Because of the
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different range in depositional dip in Facies 7B and 7C, and the close association of
these deposits with Facies 7D, the presence of a weak traction current exerting a
shear stress on the foreset surface is considered likely (Fig. 4.12c; Table 4.2). In this
case, shear stress would provide a continuous impetus for a thin layer of sediment
transport on the foreset. Similar to sediment transport on a sub-horizontal surface,
coarsest sand grains are probably least affected by the exerted shear stress and will
be least mobile, resulting in their deposition near the base of the laminae, providing
a sorting mechanism that could result in the observed laminations. Such a gradual
process over a longer period can explain both the internal laminations as well as the
metre-scale thickness of the individual foreset beds.

Backsets are observed near the base of Type 7C foresets at Lord’s Seat (Fig.
4.5b, c). Backsets form when a supercritical flow decelerates and becomes
subcritical via a hydraulic jump, which typically occurs at a reduction in the slope,
or another disturbance of the flow that reduces its velocity. The hydraulic jump
causes rapid sedimentation directly downstream of the position of the hydraulic
jump, shifting its position upstream, which is recorded by the formation of backsets
(Massari, 1996; Nemec, 1990, Postma and Roep, 1985). The formation of backsets
(Fig. 4.5¢; 4.12c) thus suggests that supercritical density currents override these

foresets and decelerate near their base.

4.5.1.4 Facies 7, Type D (7D): Gilbert-type delta foresets with ‘intrasets’

In facies 7D, thick foreset beds occur at relatively low angle in comparison
with facies 7B and 7C (Fig. 4.12). These beds are internally laminated, and contain
small cross sets termed ‘intrasets’ between successive laminations (Collinson,
1968). Frequently a toeset, foreset and topset are preserved, suggesting that the full
small-scale bedform is preserved (Fig. 4.6). Full preservation implies that these
structures do not resemble a truncated, more steeply dipping foreset (e.g. Facies 7C)
but are small superimposed structures on the major foreset surfaces that build up

(obliquely) downward.

Collinson (1968) proposes that a jet exiting the channel could result in a
separation vortex such as occurs during the formation of dunes (Collinson, 1970). If
the separation vortex reaches to the base of the foreset this would result in the

formation of updip-directed cross bedding similar to countercurrent ripples
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(Collinson, 1970). If the vortex is only present near the top of the foreset,
downward-oriented intrasets are thought to form. During periods of high flow the
separation vortex would disappear due to plunging of the river outflow

(hyperpycnal), reducing the foreset angle (Collinson, 1968).

The interpretation of updip-oriented foresets as countercurrent ripples on
dunes is considered unlikely because it requires an extremely strong separation
vortex to transport coarse-grained to granular sand onto a foreset slope of such
height. Formation of backsets, as described above, is a more likely process for these
structures. The occurrence of downdip-oriented intrasets is enigmatic, and apart
from Collinson (1968) no interpretations for such structures within Gilbert-type
deltas are known. However this interpretation is considered unlikely: the re-
attachment of the flow to the foreset below a small separation vortex impinging high
on the foreset slope would require excess density, while inference of a separation
vortex itself suggests a high velocity jet exiting the channel mouth under homo- or

hypopycnal conditions.

It is here considered that the intrasets form in response to a variable shear stress
exerted by hyperpycnal current (Fig. 4.13) that is stronger than that responsible for
facies 7C because of the lower foreset angle in facies 7D (Fig. 4.11, Table 4.2).
Subtle variations in the strength of the hyperpycnal outflow are common (Best et al.,
2005; Alexander and Mulder, 2002; Mulder et al., 2003; Lamb and Mohrig, 2009;
Lamb et al., 2010) and the resultant variability of the shear stress might provide the
possibility for small-scale sets to develop (Fig. 4.13). Periods of increased shear
strength will reduce the angle of repose of the major foreset surfaces, creating space
for a downdip thickening intraset (Fig. 4.13c, 1). A further increase might result in
‘washed-out’ intraset structures (Fig. 4.13c, 2), or structureless intervals (Fig. 4.13c,
3). Subsequent periods of lower shear stress would result in a steeper angle of repose
for the major foreset surfaces, resulting in a downdip thinning intraset (Fig. 4.13c,
4). Obligue downward migration of these intrasets could be related to a position
relative to the plunge point of a hyperpycnal flow. A lateral position would record a
spreading of the plunging current on the foreset surface and experience a current

acting obliquely on the foreset.
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Figure 4.13 (a, b) Well-developed intrasets in facies 7D at south side of Rolling Gate Crag
(Table 4.1). Numbers in (a) refer to described stages in (c) of this figure. (c)
Inference of intraset formation as a function of variable strength of the hyperpycnal
flow, resulting in a variable angle of repose for the major surfaces.
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Overall, Facies 7D suggests rapid and continuous progradation of the
foresets beds without breaks in coarse- to very coarse-grained sedimentation for
several metres. This is further supported by the occurrence of sigmoidal or sheared
intrasets (Fig. 4.6d). Sigmoidal intrasets indicate high rates of bed aggradation in
which the topset is preserved, and are associated with near-upper stage plain bed
conditions and suspension-laden currents (Rge, 1987). Shearing of the intrasets
might be related to the combination of a high angle of deposition and the shear stress
of the overriding current, as well as high rates of deposition, causing deposition of

poorly compacted and dewatered sets (Fig. 4.6d).

4.5.1.5 Facies 6: Structureless and crudely-laminated sandstones

In Chapter 3, these structureless or faintly-laminated, erosionally-based,
metre-scale beds are interpreted as sediment-gravity-flow deposits. This is based on
the fining upward trend within beds, containing pebbles up to 5 cm in diameter near
the base and only rare granules near the top. This structure implies rapid but waning
flow conditions that can also explain the typical occurrence of laminations towards
the top of the bed. Rare observations of backsets in the delta toe suggest these
deposits form from flows that are supercritical.

4.5.2 Facies associations: delta front flow processes
4.5.2.1 Facies association 3: Gilbert-type deltas with fine-grained toesets

The inferred dominant process of suspension settling for facies 7A suggests
relatively low energy settings in comparison with the other foreset styles and is in
good agreement with the observed bioturbated siltstone toeset, and thin interbedded
fines between foreset beds (Fig. 4.3; 4.12a).

4.5.2.2 Facies association 4: Gilbert-type delta with structureless sandstones in

toeset

This facies association only occurs in the Bearing Grit and contains
structureless and crudely-laminated sandstones (sediment-gravity-flow deposits,

facies 6), facies 7B, 7C, 7D foresets, cross-bedded sandstones (facies 8), and
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horizontal laminated sandstones (facies 9) that form from an array of flow processes
at different flow strengths.

Facies 7B is interpreted as a Gilbert-type delta formed by sedimentation
from an inertia-dominated jet under homopycnal conditions. This is similar to Facies
7A and probably records similar flow strengths (Fig. 4.12a, b). The difference
between these two facies is thought to relate to grain-size range: the coarser grain
size in Facies 7B results in a dominance of bed-load transport over suspended load.
This triggers grain-flow events related to oversteepening and collapse at the top of
the delta foreset (e.g. Nemec, 1990) instead of the continuous suspension-settling
process such as inferred for facies 7A. The coarser grain size and higher rate of bed
load transport in these Bearing Grit facies with respect to the Warley Wise Grit is
probably related to the differences in efficiency of the fluvial system as a function of

basin configuration (see Chapters 2 and 3).

Additionally, the Bearing Grit records higher energy flow regimes, as
indicated by the traction currents in facies 7C, 7D and facies 6 sediment-gravity-
flow deposits. The laminations in Facies 7C and 7D are most likely related to a shear
stress exerted on the foreset thus implying a foreset-overriding current that is likely
related to a hyperpycnal river outflow (Fig. 4.12c, d). Typically, rivers that produce
hyperpycnal currents on the delta front do so during high flow stage conditions such
as during spring melt, after storms or during monsoonal rains. Suspended sediment
concentrations tend to increase during flood stages and might temporarily raise the
density of fluvial outflow such that hyperpycnal currents can occur on the delta front
(Mulder et al., 2003; Morehead et al., 2003; Milliman and Kao, 2005; Dadson et al.,
2005). The alternation between facies 7B, and facies 7C and 7D suggests variable
(excess) density of fluvial outflow (e.g. Fig. 4.4a; 4.6a; 4.8), and therefore facies 7C
and 7D are thought to resemble high flow stage deposits.

Additionally, metre-scale sediment-gravity-flow deposits (Facies 6) are
common in this facies association (Fig. 3.15; 3.10; 4.4c, d; 4.6¢; 4.8; 4.9). In
general, sediment-gravity-flow deposits are a common feature of Gilbert-type deltas,
and typically develop as slope failures within sufficiently high foresets (e.g. Postma,
1990). In this facies association, sediment-gravity-flow deposits are typically several
metres thick and occasionally reach similar thicknesses as the height of the adjacent

foreset. They are normally graded overall, show laminations in the upper part of the
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bed and occasionally feature backsets, which has led to a high-density turbidity
current interpretation (see Chapter 3). These deposits might be related to a slope-
failure mechanism. Such failures would imply a very rapid transition from the initial
slope failure to a turbulent current because of the 5 - 16 m foreset height, and have
been suggested in slightly higher foresets (e.g. Falk and Dorsey, 1998). This
mechanism is not preferred because intermediate stages in the evolution of the slope
failure, such as slides or slumps are not observed. Additionally, the slope failure
mechanism would imply that these deposits can only be recorded in the lower part of
the foreset, while they are also observed near the top of foresets. Finally, the
thickness of these gravity flow deposits of up to ~8 m is difficult to reconcile with

collapse of a foresets of similar height and transition into a turbulent current.

It is more probable that these sediment-gravity-flow deposits are derived
directly from the fluvial system, and result from higher flow stages than Facies 7C
and 7D. The inference of a river-derived origin for these sediment-gravity-flow
deposits is supported by the occurrence of such deposits within the fluvio-deltaic
topset succession at Simon’s Seat (Fig. 4.7), Lord’s Seat (Fig. 4.5a-d), and Unnamed
Crag 5, on Barden Fell (Fig. 4.8). These outcrops suggest that the sediment-gravity-
flow deposits are present within the Bearing Grit fluvial system, and probably record
higher sediment concentrations and thus flow velocities than facies 7C and 7D (Fig.
4.12e). However, coarse-grained sand was still deposited at >10° angles (e.g. Fig.
4.8a), which implies that the excess density was insufficient to maintain sediment
transport of coarse-grained sand in an unconfined and shallow gradient delta toe
setting, resulting in rapid deposition (Fig. 4.12e). A thick succession of sediment-
gravity-flow deposits in the toeset of the Gilbert-type deltas is exposed at the
Rylstone Cross at Barden Moor (Fig. 4.9), where the overlying Gilbert-type deltas
are exposed ~15 metres stratigraphically higher at High Bark (Fig. 3.9) . Within this
sediment-gravity-flow dominated toeset, most beds show a lenticular nature and
contain crude laminations. At the top of this succession, a scour fill containing 4 m
high backsets suggest that these flows may have transitioned from a supercritical to
a subcritical state, with the implication that the deceleration occurred in the delta toe
(Fig. 4.9, 4.12e). Other occurrences of this toeset facies are exposed at Flasby Fell

on the western side of Whelpstone Crag and at Bowland Knotts (Fig. 3.15c, d).
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4.5.3 Hyperpycnal flow strength

The Carboniferous Central Pennine Basin was an intra-cratonic basin, and is
thought to have had reduced salinities or fresh water conditions related to poor
connections to the open oceans during low and intermediate sea-level stands (e.g.
Collinson, 1988). This setting increases the likelihood of hyperpycnal currents
because the reduction in salinity reduces the excess density of the basinal water
(Felix et al., 2006). Therefore, low suspended sediment concentrations in the fluvial
water can become sufficient to surpass the density of the basinal water. Still,
hyperpycnal flows have rarely been inferred to account for deltaic (Collinson 1968)
and slope deposits in the basin (O’Beirne, 1996; Jerrett and Hampson, 2007; Waters
et al., 2008). The above inference of hyperpycnal currents forming type 7C and 7D
delta foresets provides a unique opportunity to estimate their strength via
measurements of the depositional angle, and thus provide a quantification of
whether hyperpycnal flows might play an important role in sediment transport into
the basin.

Figure 4.14 (next page) (a) Forces acting on grains on a horizontal surface. Only water flow
can exert a bed-parallel force on the grain, resulting in sediment motion if shear stress
is larger than the critical Shields stress. (b) Forces acting on grains on a sloping
surface. Gravity (Fg) can be expressed as vectors bed-parallel and bed-normal to the
sloping surface. The bed-parallel vector reduces the amount of shear stress required to
surpass the critical Shield stress, facilitating sediment motion. (c) At angle of repose,
the bed-parallel vector of gravity is equal to the critical Shields stress, implying that
the slope cannot become steeper. (d) Relation between foreset angle and shear stress
required to surpass the critical shield stress based on equation 1 for Facies 7C and 7D.
Black dots denote experimental data from Kostic et al. (2002), coloured dots indicate
field measurements (see Fig. 4.11) (e) Definition sketch of a hyperpycnal current,
see text for discussion of parameters, (f) Estimates of the density and flow depth ‘H’
of a hyperpycnal current, relative to the foreset angle. Coloured markers are estimates
for foreset types 7C and 7D using the scaling approach of Kostic et al. (2002), lines

are constructed using equation 11.
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Transport of sand-grade sediment implies that individual grains experience a
critical Shields stress of at least ~0.04. On a horizontal bed, such as in rivers,
sediment motion results solely from the shear stress exerted by the flow of water
across the bed (Fig. 4.14a). Such a shear stress is not required for angle of repose
foresets because the bed-parallel vector of gravity (Fgp) is sufficiently large to result
in sediment transport (Fig. 4.14c). At lower-than-repose angles, the bed-parallel
vector of gravity is insufficient for sediment motion (Fig. 4.14b). However, when an
additional shear stress acts on such foreset, for example due to a hyperpycnal
current, their combined force can surpass the critical Shields stress, resulting in
sediment motion (Fig. 4.14b). Weak shear stresses reduce the foreset angle slightly
while stronger shear stresses can lower the foreset angle substantially, implying that
the strength of the overriding current can be derived from the observed foreset
angles (Kostic et al., 2002).

The well-developed laminations in foreset types 7C and 7D suggest a
traction current on these foresets. The strength of the shear stress exerted by this
traction current can be estimated via the difference between the angle of repose and
the angle of deposition (Fig. 4.11a; 4.14d; Kostic et al., 2002). Using an estimate for
the critical Shields stress (~0.004) and angle of repose (35.7°), Equation 1, below,
(Equation 10 of Kostic et al., 2002) is used to quantify the relation between foreset
angle and shear stress exerted by an overriding current (Fig. 4.14d). The 35.7° angle
of repose is observed in the experiments of Kostic et al. (2002). It corresponds
closely to the maximum depositional angle of 35° observed in the type 7D intrasets,

indicating that such angles do also occur in the Bearing Grit.

tan 8, = tan 0, (1 - T—b) 1

cosOq T

In this equation 0, denotes the foreset angle, where 049 indicates the foreset
angle without additional Shields stress. Parameter 1y, indicates the shear stress
required for the onset of sand motion in the presence of an overriding turbidity
current, and e indicates the critical Shields stress on a (sub-)horizontal bed. For
Facies 7C, a mean reduction of the foreset angle of 12.5° is estimated with respect to
the maximum observed angle of 35°, corresponding to a required bed shear stress of
~0.0157 (Fig. 4.14d; Table 4.2: column Ty). For Facies 7D the mean foreset
reduction is 19.4°, indicating a bed shear stress of ~0.0236 acted on this foreset (Fig.
4.14d; Table 4.2: column Ty,).
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# 0. To (C)p: field Density Excess density
3 3
Mass concentration (kg/m’) (kg/m’)
(kg/m?)
Max. 35.7 | 0.0000 0 1000.0 0
F7C | M+1 Std 26.2 | 0.0113 1.645 1001.0 1.02
M 225 | 0.0157 2.286 1001.4 142
M-1 Std 18.8 | 0.0199 2.898 1001.8 1.80
F7D | M+1 Std 19.3 | 0.0194 2.825 1001.8 1.76
M 15.6 | 0.0236 3.436 1002.1 2.14
M-1 Std 11.9 | 0.0277 4.033 1002.5 2.51
Parameters Exp.1 (m) | Field (p)
Flow depth (Hy) (in 0.0155 7.25* | *Based on an estimated 0.4 m dune height, an
m) estimated dune preservation of 0.33 (Leclair,
2002) and a dune height/water depth relation
0.167 (Leeder, 1999)
Bed load grain size 0.422* 1.5* | * medium-grained sand, ** coarse- to very
(D) (in mm) coarse-grained sand
Grain size 0.0218* | 0.0517** | *fine silt,
suspended load (in **coarse silt (established by scaling medium-
mm) . .
grained sand to coarse-/very coarse-grained
sand)
Mass Concentration 55.6 - | Concentration of suspended sediment before
(C)m (in kg/m?) plunge in experiment 1 (Kostic et al., 2002)
Specific density (-) 1.036 - | Specific density of water with suspended
sediment with a concentration of 55.6 g/L in
comparison to ambient water in experiment 1
(Kostic et al., 2002)

Table 4.2 Estimates for critical Shields stress, suspended sediment concentrations and

excess density of fluvial outflow. Note that suspended sediment concentrations do not

assume additional factors that might influence the density difference between fluvial

and basinal water. See text for discussion.

4.5.4 Froude scaling

In laboratory experiments Kostic et al. (2002) measured the reduction of

foreset angle in response of hyperpycnal flows while recording the sediment

concentration and excess density before plunging. Subsequently, Froude-scaling has

been used to apply these results to field scenarios (Kostic et al., 2002). The
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following equation is used to scale the effect of bed shear stress on foreset angle
between experimental and field data (Kostic et al., 2002).

= (1) () 2p) 2

(TpIm

In this equation, T, indicates the bed shear stress that is required for the onset
of sand motion in the presence of an overriding turbidity current for respectively the
model (m) and upscaled prototype (p). Lambda (A) indicates the ratio between the
model and prototype for the following parameters: flow depth on the topset (Hy),
sediment concentration (C), and grain size (D). When substituting these ratios with
the original parameters for experimental and prototype (field) data, Equation 2 can

be rewritten to estimate sediment concentrations.

() HDp\*C [ (©p [ @)\ 1
(rT:)Z= ((H:):L) (<c):;) ((D)Z) 3
(C)p = — (COm - 4
({2l 2™ (22
5/6
© = ©n(522) (Go2) (@2) 5

Using Equation 5, suspended sediment concentrations are estimated for the
shear stresses in facies 7C and 7D derived via Equation 1 (Fig. 4.14; Table 4.2). The
model case (Eg. 5: m-values) is resembled by the original measurements by Kostic
et al. (2002) ((Tp)m = 0.0084; (C)m =55.6; (H)m=0.0155; (D), = 0.422). For the
prototype case (EQ. 5: p-values) bed shear stresses derived for Facies 7C and 7D are
used (Fig. 4.14; Table 4.2: column Ty) in combination with flow depth (H), and
grain-size estimates (D), of 7C and 7D foreset types (Table 4.2).

The above scaling method suggests that the shear stress exerted on the 7C
and 7D foresets corresponds to suspended sediment concentrations of 1.6 — 4.0
kg/m®, which equates to fluvial outflow densities of 1001.0 — 1002.5 kg/m® when
assuming that the ambient water has a density of 1000 kg/m* (Table 4.2). Such
suspended sediment concentrations and associated densities can be obtained in
nearly all modern rivers, particularly during flood events (Mulder and Syvitski,
1995). This indicates that the inference of a hyperpycnal flow as a cause for the

foreset angle reduction in facies 7C and 7D is realistic.
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The above estimates provide a useful insight in the strength of hyperpycnal
currents that is required to reduce the foreset angle. However, the upscaling of the
experimental results relies heavily on the flow depth estimate on the topset
(Equation 5). This is difficult to establish in most ancient deposits. Dune heights,
such as used here, are an imprecise method of establishing flow depth that depends
on the fraction of a dune that is preserved (e.g. Leclair, 2002) and the relation
between the dune height and water depth, which are both highly variable (e.g.
Leeder, 1999).

A different method to estimate suspended sediment concentrations uses a
relation in which bed shear stress is expressed as a function of the density and height

of a gravity current on a specific gradient.

= prrg *Hys* S 6
1 _ Pf_Pa
9 == 7

Here, 1, represents the bed shear stress, g’ represents the reduced density that
consists of the density of a gravity current (ps) and the density of the ambient water
(pa) (Fig. 4.14e). The height of this current on the foreset is given by Hs, and the
gradient of deposition by S (Fig. 4.14e). Inserting Equation 7 into Equation 6 allows

for simplification.

Tb=pf*%*Hfs*S 8
f

Tp = (Pf — Pa) * Hps * S 9
Tp, = Ap*Heg*x S 10
[Ap*HfS]z%’ 11

Equation 11 states that the foreset gradient (S) and bed shear stress (1) are
dependent on a multiplication of excess density (Ap) with flow depth (Hs): high

excess densities imply a shallow flow depth and vice versa.

Because both the bed shear stress and foreset angle are known parameters,
Equation 11 allows for additional insight into the relation between flow depth and
excess density in foreset types 7C and 7D. Foreset angle is plotted against density
for the shear-stress estimates using several flow depths (Fig. 4.14f). Suspended

sediment concentration are based on the assumption that the excess density of the
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turbidity current is caused entirely by suspended sediment and a density of 1000
kg/m? for basinal water.

Figure 4.14f highlights that the Froude-scaling approach in Kostic et al.
(2002) assumes that the 7.25 m flow depth estimated for the fluvial system (Hy) is
similar to the flow depth of the hyperpycnal current (Hs; Fig. 4.14e, f). This
assumption probably indicates a slight underestimate of the hyperpycnal flow depth
Hss) because hyperpycnal currents are probably thicker than the flow depth in the
fluvial channel because of dilution at the plunge point and at the contact between the
hyperpycnal current and the ambient water (Lamb and Mohrig, 2009). Note that the
maximum measured foreset height of 16 m sets an upper limit to the thickness of the
hyperpycnal currents. Additionally, these plots highlight the low suspended
sediment concentration and densities of these currents. A 7.25 m or thicker
hyperpycnal flow on the foreset (Hss) corresponds to river outflow density of
~1002.5 kg/m® and suspended sediment concentrations of 4 kg/m?® or less for the 7D
type foresets (Table 4.2; Fig. 4.14f). If shallower fluvio-deltaic channels are
assumed, hyperpycnal flows could be thinner and thus denser as well (Fig. 4.14f).
However, even a thin hyperpycnal flow of 2 m is relatively weak with densities of
up to 1.009 kg/m?* corresponding to a suspended sediment concentration of ~15
kg/m®. For reference, high density turbidity currents have a minimum sediment
volume concentration of ~9% near the base of the flow (Lowe, 1982), corresponding

to ~238 kg/m? suspended sediment concentration.

The densities and suspended sediment concentrations calculated for facies
7C and 7D (e.g. Fig. 4.5; 4.6) should be considered as order of magnitude
estimations rather than accurate values (Table 4.2). Both the critical Shields stress
on a sub-horizontal bed, and the angle of repose without shear stress related to an
overriding current are end-member assumptions that might slightly affect the
outcome but could be improved by detailed grain-size analyses. More importantly,
the flow-depth estimate (Table 4.2; Fig. 4.14f) is crude and strongly affects
outcomes, although densities and suspended sediment concentrations of the
hyperpycnal currents remain relatively low even if hyperpycnal currents are
substantially thinner than expected (Fig. 4.14f). Additionally, the estimates assume
that density differences are entirely dependent on suspended sediment concentration
(Kostic et al., 2002). In the Craven Basin, dissolved load and cooler temperatures of

the fluvial outflow as well as salinity of the basinal water could affect the excess
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density (e.g. Felix et al., 2006). Furthermore, a mean density of the river water
underestimates the potential for plunging flows as it assumes that the entire flow
depth has the same density. Channelized flows are typically stratified with the
suspended sediment concentration decreasing logarithmically with height above the
bed (Rouse, 1937; Felix et al., 2006). In such a case, near-bed suspended-sediment
concentration might be high and result in a plunging flow, whereas low densities at
the top of the fluvial water column results in a homo- or hypopycnal outflow (Felix
et al., 2006).

These estimates are here interpreted as confirming the Millstone Grit river
system as a coarse-grained sand-dominated fluvial system with limited suspended
sediment (e.g. Mulder and Syvitski, 1995). This corresponds well with the
occurrence of Gilbert-type deltas because these require relatively deep basins with
respect to fluvio-deltaic channel depth (Bates, 1953; Leeder, 1999). Large volumes
of mud- or silt-grade suspended sediment would result in a shallowing of the basin
near the channel mouth, impeding the formation of Gilbert-type deltas and
facilitating the formation of a mouth-bar deltas type. Additionally, the shear stress
estimates indicate that the observed reductions of the coarse-grained foreset angle
require only weak hyperpycnal currents. Because these deposits maintain >10
degree depositional dip, it is considered unlikely that these currents are capable of
significant transport of sand-grade sediment into the marine domain at substantially

lower gradients.

4.5.5 Previous depositional models

The progradational delta front model (Collinson, 1968; Sims, 1988) is here
inferred for the Gilbert-type deltas in the Warley Wise Grit and the incised valley fill
model is here inferred for the Gilbert-type deltas in the Bearing Grit (Hampson,
1997, Jones and Chisholm, 1997). The alternate channel bar model is here rejected
(Fig. 4.1; McCabe, 1975, 1977; Baines, 1977; Jones, 1980; Jones and McCabe,
1980). This model envisions a Mississippi-size fluvial system with deep deltaic
distributary channels of ~1 - 2 km wide and up to ~30 m deep, containing alternate
bank-attached bars. During low flow stage, the river would flow along the thalweg,
while during high flow stage the alternate bars would become mobile and migrate

downstream. These bars are thought to form large-scale foresets on the slipface;
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preservation of large alternate bars would occur when the channel is abandoned
(McCabe, 1977).

In the alternate bar model, large-scale foresets of up to 40 m height in the
Millstone Grit Group are considered analogous to 30 m high alternate bars such as
occur in deep distributary channels of the Mississippi river (without
slipfaces/coarse-grained foresets), suggesting that the Millstone Grit Group was
deposited by a Mississippi-size river (McCabe, 1977). However, comparison of the
sediment volume estimates in Chapter 3, with the current sediment flux in the
Mississippi (Hovius, 1998) indicates that the Millstone Grit drainage system is at
least an order magnitude smaller. The total sediment volume during the Pendle and
Bearing Grit deposition times is estimated to have been c. 1000 km® over a sea-level
cycle of ~100 kyr (26.5 Mt/yr; Fig. 3.17; 3.18), whereas the current suspended
sediment load at the mouth of the Mississippi is 400 Mt/yr (Hovius, 1998). This
suggests that the Millstone Grit Group is deposited by a significantly smaller river
system in which, therefore, such deep and wide distributary channels are unlikely to

have occurred.

At Barden Moor, large-scale foresets occur in up to 500 m wide outcrops
along two stratigraphic levels that extend for at least 3 km perpendicular to flow
(Fig. 3.9). In the alternate bar model, these discrete levels would represent two
vertically stacked km-scale channels. Alternatively, these discrete levels are
interpreted as two pulses of coastline progradation in which the individual <500 m
wide outcrops represent the Gilbert-type delta fronts fed by deltaic channels of
corresponding scale, alternated with intervals of fine-grained deposition between
distributary channels and Gilbert-type deltas. Such depositional scales are
considered more appropriate for the sediment volumes and system scale estimated
for the Bearing and Warley Wise Grit (Fig. 3.17; 3.18).

Besides the discrepancy between sediment loads and river size, Mississippi
and Millstone Grit river types strongly differ as well. The Mississippi is a mud-rich
system implying it has high bank stability, thus promoting the occurrence of deep
distributary channels (Gouw and Berendsen, 2007). Coarse-grained fluvial systems
such as the Millstone Grit sediments generally form shallow, braided channels belts
and numerous periods of deposition within the Millstone Grit Group conform to this
model (e.g. Bristow, 1993a; Martinsen, 1993; Martinsen et al., 1995; Waters et al.,
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2008). Large-scale foresets, for which the alternate bar model was proposed, only
occur in the Bearing Grit (Baines, 1977), the Lower Kinderscout Grit (McCabe,
1975; 1977), and the Roaches-Ashover Grit (Jones, 1980). Unlike most other
Millstone Grit Group sandstones, these three systems are associated with the infill of
deep basins, making these successions more prone to valley incision than shallow
water deltas (Chapter 2; Chapter 3). This leads to an alternative interpretation for the
formation of large-scale foresets as Gilbert-type delta fronts in incised valley fill
successions (e.g. Fig. 3.19e; Hampson, 1997; Jones and Chisholm, 1997). A fourth
occurrence of Gilbert-type deltas in the Warley Wise Grit (Sims, 1988; Chapter 3)
can straightforwardly be explained as a Gilbert-type delta front in a progradational

succession (Fig. 3.199).

Modern braided systems probably form a better analogue than the
Mississippi river due to the similarity in grain size and associated fluvial style. This
raises the question, however, of whether large-scale foresets may also develop as
part of intrachannel bedsets in such rivers. For example, large-scale, 8 m high
foresets have been described for a mid-channel bar in the Jamuna River, Bangladesh
(Ashworth et al., 2000; Best et al., 2003). However, these foresets form a bar margin
slipface that only occurs on the tail of the bar. This implies that even if the channel
is abandoned and thus the bar tail is preserved, such foresets are limited to a very
small part of the deposited bar, while the majority of the bar is formed by a stacked
succession of dunes (e.g. Reesink and Bridge, 2011; Reesink et al., 2014). This is
unlike the outcrop character of the large-scale foresets in the Millstone Grit where
the large-scale foreset forms the entire bar. Additionally, these 8 m high foresets
occur in one of the world’s largest rivers with an annual sediment load of >500 Mt
and a depth of 40 m, suggesting that this river might feature significantly larger
structures than most braided rivers (Best et al., 2003). Even large rivers such as the
glacial-stage Rhine (Siegenthaler and Huggenberger, 1993), and the present-day
Brahmaputra do not reach preserved dune heights of over 6 m (Bristow, 1993b)
while dunes in the Carboniferous Rough Rock do not reach over 4 m (Bristow,
1993a).
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4.5.6 Hypothesis of climate forcing

It has been suggested above that facies 7A in the Gilbert-type delta with fine-
grained toesets facies association represents a low energy fluvial flow regime,
whereas the alternation between facies 7B, 7C, 7D foresets and sediment-gravity-
flow deposits in the Gilbert-type delta facies association with structureless
represents the depositional products of increasingly energetic fluvial flow regimes
(Fig. 4.12). It is here further suggested that the differences between flow regimes in
the Bearing and Warley Wise Grit can be related to the periodic occurrence of high
magnitude river floods and might correspond to different climatic conditions during

sea-level rise (Bearing Grit) and fall (Warley Wise Grit).

Radiometric dating suggests that marine band occurrences during the
Namurian are within the 100 — 400 kyr eccentricity range, with a dominant 100 kyr
cyclicity during the Pendleian and early Arnsbergian (Waters and Condon, 2012).
The 100 kyr periodicity suggests that Southern Hemisphere ice sheet growth and
decay during the Pendleian may have been similar to the last 900 kyr of the
Pleistocene (e.g. Rygel et al., 2008). The 100 kyr sea-level cycle during the
Pleistocene results from rapid ablation of ice sheets during peak summer insolation
at high latitude, broadly aligning with strong eccentricity-modulation of precession
and with strong obliquity (Fig. 4.15a; Oerlemans, 1991; Ruddiman, 2006).

Meanwhile, the equatorial position of the Craven Basin and Millstone Grit
drainage system suggests that there is a potential for the development of monsoonal
climate from the Asbian onwards (Fig. 3.3; Vanstone, 1996; Wright and Vanstone
2001; Falcon Lang, 1999a, 1999b). This is similar to inference of monsoonal climate
along the western margin of low-latitude regions of Pangaea from the Asbian
onwards (e.g. Poulsen et al., 2007; Tabor and Poulsen, 2008; Allen et al., 2011).

Monsoonal climate variations occur in equatorial regions during periods of
strong seasonality. Rapid warming of the continents relative to the oceans during
summer results in strong moisture-laden landward winds, resulting in heavy rains
and high fluvial discharge, particularly in mountainous areas. During winter

monsoon, weather patterns reverse, resulting in a drier climate. This alternation can
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Figure 4.15 (previous page) (a) Conceptual, simplified model of the relation between
deposition of the stratigraphic units, sea-level variations, high latitude southern
hemisphere insolation and low latitude northern hemisphere summer insolation (see
text for discussion). (b) Palaeogeographical reconstructions indicating approximate
positions of Greenland, providing an estimate of the updip extent of the Millstone Grit
fluvial system (yellow star) and the Craven Basin position (red star) (from: Cocks and
Torsvik, 2006). (c) 65 kyr snapshots of spatial patterns of monthly precipitation and
wind directions based on a GCM model for late Paleozoic (Sakmarian, ~290 Myr)
palaeogeography (from: Horton et al., 2012). GCM results indicate arid conditions in
the entire drainage basin during winter (map DJF), wet conditions limited to the lower
drainage basin during spring (map MAM), and wet conditions throughout the

drainage basin in summer and autumn (maps JJA and SON).

result in variable sediment transport, which is recorded in the stratigraphic record
(Postma et al., 1993; Weltje and de Boer, 1993; Goodbred and Kuehl, 2000;
Bookhagen et al., 2005; Clift et al., 2008). The strength of monsoonal climate is
closely related to precession, which had a ~19 kyr period during the Carboniferous
(Berger, 1989). Precession determines whether a hemisphere is in perihelion (closest
to the sun) or aphelion (furthest away) or intermediate position during summer and
thus controls the strength of seasonality (Ruddiman, 2001). Because the difference
between perihelion and aphelion is dependent on the ellipse-shape of earth’s orbit,
precession is strongly modulated by eccentricity with the strongest influence of

precession and strongest monsoonal conditions during maximum eccentricity.

The influence of eccentricity on deglaciations at high latitude, and on
monsoonal strength due to modulation of precession implies a coincidence of both
events: monsoonal conditions are strongest during deglaciations (Fig. 4.15a; e.g.
Rossignol-Strick, 1983).

The Millstone Grit drainage system derived sediment from Caledonian
uplands located to the north of the equatorial Craven Basin in present day Greenland
(Morton and Whitham, 2002), which was located between ~10 and 20° latitude (Fig.
4.15b; Cocks and Torsvik, 2006; Blakey, 2008). This implies that the drainage
system had a length of ~1000 - 2000 km and was located in the (seasonal) tropics
and is likely to have received variable (monsoonal) precipitation throughout the
year. Global Circulation Model (GCM) studies of late Paleozoic (Sakmarian, ~290
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Myr) palaeogeography (Horton et al., 2012) indicate that continental, low latitude
Northern Hemisphere climate during strong eccentricity is characterised by large
variations in mean annual precipitation at precession time scales: the wettest
configurations are associated with summer in perihelion and the driest
configurations are associated with summer in aphelion. At weak eccentricity values
this half-precession time-scale variation in precipitation is nearly absent. This
indicates that during glacial periods (low eccentricity), monsoonal conditions are

nearly absent, while they are large during the deglaciation (high eccentricity).

Map images of long term (65 kyr) monthly precipitation averages of the
GCM indicate that the Millstone Grit drainage area was characterised by a highly
seasonal precipitation regime throughout a year (Fig. 4.15c; Horton et al., 2012).
Such long term average includes both periods of high and low eccentricity and thus
averages the wet and dry seasons at half-precession period. However, it does provide
insight into the spatial discharge patterns throughout a year. During winter, the
entire drainage area of the Millstone Grit river system is arid (Fig. 4.15c, map DJF).
During spring, mainly the lower reaches of the river system are characterised by a
high precipitation regime (Fig. 4.15c, map MAM), whereas during summer the
upper part of the drainage basin experiences high precipitation (Fig. 4.15c, map
JJA). During autumn, the zone of high precipitation is again located in the lower part

of the Millstone Grit drainage system (Fig. 4.15c, map SON).

Combining the temporal precipitation trends at eccentricity time-scale with
spatial trends in mean annual precipitation, it is considered likely that high
amplitude river floods occur in the Millstone Grit drainage basin when summer
occurs in perihelion at periods of high eccentricity. Such seasonal river floods are a
common discharge pattern for modern monsoonal climates (e.g. Kale, 2002), and are
increasingly recognised by distinct sedimentological patterns in fluvial settings (e.g.
Alexander and Fielding, 2006; Fielding et al., 2009; Allen et al., 2011, 2013).

Carboniferous deglaciations are related to the Southern Hemisphere (SH)
warming and thus coincide with SH summer in perihelion (i.e. highest SH summer
insolation, Fig. 4.15a; Horton et al., 2010). The subsequent Northern Hemisphere
(NH) summer in perihelion (i.e. highest NH summer insolation) occurs half a

precession cycle later (~10 kyr). This implies that strong monsoonal conditions in
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the Millstone Grit drainage system should occur when sea-level rise has already
progressed significantly (Fig. 4.15a).

The Bearing Grit is interpreted as an incised-valley fill and its deposition
thus broadly coincides with sea-level rise (Fig. 4.15a; Chapter 3). More precisely,
the in-valley occurrence of Gilbert-type deltas (Chapter 3) suggests that sea-level
must have risen several tens of metres to generate sufficient accommodation space
within the incised valley (Fig. 3.19¢). These deposits are interpreted as river-flood-
dominated systems based on traction currents in facies 7C and 7D (Fig. 4.5; 4.6),
and river-derived sediment-gravity-flow deposits (e.g. Fig. 4.7; 4.8), which fits with
the hypothesis of strong monsoonal conditions during deglaciation.

At Pen-y-ghent on the Askrigg Block (Fig. 3.2; 3.5), a facies 7A Gilbert-type
delta is recorded at the top of Bearing Grit incised valley fill (Fig. 3.7). This outcrop
suggests that the coastline has transgressed substantially, and thus indicates
continued sea-level rise. These deposits are substantially finer-grained (medium-
coarse-grained sandstone) and do not show indications of river floods. The change
from sediment-gravity-flow-dominated facies association at lower levels in the
Bearing Grit to the Gilbert-type delta with fine-grained toesets association near the
top of the Bearing Grit is thought to represent a reduction of monsoonal activity that

might occur towards the end of sea-level rise (Fig. 4.15a).

Only the Gilbert-type delta association with fine-grained toesets occurs in the
Warley Wise Grit. Facies 7A does not include sedimentological structures that
suggest the presence of hyperpycnal currents, and is not associated with river-
derived sediment-gravity-flow deposits either. Therefore, no evidence is observed to
suggest the activity of flood events during deposition of the Warley Wise Grit. This
succession is interpreted as a forced regressive shallow water succession, thus
coinciding with the construction of a large southern hemisphere ice sheet. Such
periods corresponds to relatively low eccentricity forcing and thus in a weak
modulation of precession (Fig. 4.15a). This implies small differences between
summer in perihelion and aphelion, resulting in only limited seasonality during
which monsoonal conditions might either be weak or entirely absent. This fits well

with the observations in the Warley Wise Grit.

In Chapter 3, a higher sediment transport efficiency was inferred for the

Pendle and Bearing Grit, relative to the Warley Wise Grit. This might provide an
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alternative explanation for the occurrence of hyperpycnal and sediment-gravity-
flows deposits in the Bearing Grit. The larger sediment volume in the
Pendle/Bearing Grit fluvial system suggests that rivers carried larger sediment loads
and might thus reach hyperpycnal conditions more frequently. It is considered likely
that an increase in fluvial efficiency would also increase the relative ease with which
the Bearing Grit system can trigger hyperpycnal currents and sediment gravity
flows. However, the frequent alternations between low and very high fluvial flow
regimes suggest the frequent occurrence of major flood events in the Bearing Grit
(e.g. Fig. 3.10; 4.8), which is not explained solely by fluvial efficiency and fits with
a monsoonal climate hypothesis. Additionally, peak monsoonal conditions might
result in a heightened sediment flux for a period of a few thousand years, which
could explain the significant pulse of progradation associated with the deposition of

the in-valley Gilbert-type deltas.

So far, field studies in the equatorial Pennsylvanian succession at the western
margin of Pangaea have broadly indicated a strongly seasonal or monsoonal climate
during several periods, including the Pendleian (E1 zone of Allen et al., 2011; 2013)
in which flood-dominated deposits are recognised (e.g. Gibling et al., 2010). In the
Carboniferous successions in the UK, cyclical climate variation has also been
suggested for the older Visean successions (Falcon Lang, 1999a, 1999b; Wright and
Vanstone, 2001) and for younger Westphalian succession (Broadhurst et al., 1980).
The variation in deltaic style between the Bearing Grit incised valley fill and Warley
Wise Grit regressive succession provides a further suggestion of monsoonal
conditions at the eastern margin of Pangaea during the Pendleian, and provide a
differentiation between climatic conditions during sea-level rise and sea-level fall
that has been predicted based on climate modelling of the Carboniferous (e.g. Peyser
and Poulsen, 2008; Horton et al., 2012) but whose expression in outcrop has not, to

date, been recognised.
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4.6 Conclusions

Detailed facies descriptions of a coarse-grained fluvio-deltaic system in the
Carboniferous Craven Basin, England, distinguish four different Gilbert-type foreset
styles: (1) homopycnal suspension dominated foresets, (2) homopycnal grain flow
dominated foresets, (3) hyperpycnal internally-laminated foresets, (4) hyperpycnal
laminated foresets with superimposed bedforms or ‘intrasets’ migrating down-
foreset. The formation of foresets with superimposed ‘intrasets’ are related to
variations in shear stress and thus in the excess density of the river outflow.
Estimates based on the reduction of the mean foreset angle in the hyperpycnal
foreset types suggest relatively weak excess density for the fluvial outflow. Facies
associations indicate that homopycnal suspension-dominated foresets occur in
separate settings; the others occur together and are frequently associated with
sediment-gravity-flow deposits. Sediment-gravity-flow deposits are observed in the
fluvial domain, on foresets and in the toeset of the Gilbert-type deltas, and have been
interpreted as derived from within the fluvial system rather than delta front failures.
The alternation between these different foreset types and sediment-gravity-flows is
interpreted to record different, incrementally higher fluvial flood stages. The
occurrence of the sediment-gravity-flow-dominated Gilbert-type delta facies
association is limited to an incised valley fill, whereas the suspension-dominated
type occurs both at the top of the incised valley fill and within an overlying
regressive succession. Based on the equatorial position of the Craven Basin and the
location of its drainage basin in the seasonal tropics, the sediment-gravity-flow-
dominated Gilbert-type delta association within the incised valley is tentatively

linked to monsoonal river flood activity.
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Chapter 5 Overview of the Controls on Facies and Sedimentary
Architecture in the Carboniferous Central Pennine Basin

5.1 Abstract

The relative importance of external controls on the stratigraphic character of
a sedimentary system depends strongly on the temporal and spatial scales at which it
is evaluated. Methodologies presented in earlier chapters are applied to the Millstone
Grit Group of the Carboniferous Central Pennine Basin in entirety. On a large scale,
the Millstone Grit Group can be defined as a glacio-eustatically-influenced shelf
margin that is predominantly controlled by long-term sea-level variation, major
avulsions and long-term variations in subsidence rates. On short timescales, the
interplay of bathymetry and sea-level fluctuations forms the most important control
on stratigraphic development, which corresponds well with the hypotheses
developed through analogue modelling and field study of the Pendleton Formation.
Water depth in the receiving basin partially controls the depth of valley incision
during sea-level fall, probably through more efficient incision on of the shelf
margin. The deepest incised valleys are associated with the infill of the deepest
depocentres within the Central Pennine Basin, and correspond to large turbidite fans.
Shallower incised valleys occur on lower shelf clinoforms, and correspond to
relatively small turbidite systems, qualitatively supporting the inference of variations
in the efficiency of sediment transport. Broad erosional sheet sandstones result from
rapid extension of the coastline during sea-level fall when the Central Pennine Basin
is fully infilled, and occur as feeder systems to perched lowstand deltas; in both
cases the fluvial system cannot incise into a shelf margin. The position of incised
valleys is likely controlled by lateral variations in bathymetry and previous phases of
deposition. Fluvial systems abandon former sites of rapid progradation and focus in
areas where the shelf margin is located further upstream, promoting valley incision
in these locations during subsequent sea-level falls. Lateral variations in the basin-
margin morphology might form an important predictor of incised valley positions in

settings similar to the Namurian Central Pennine Basin.
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5.2 Introduction

Incised valleys are a common feature of the Millstone Grit Group of the
Carboniferous Central Pennine Basin. Their character ranges from deep incised
valleys containing Gilbert-type deltas near the valley mouth and fronted by major
turbidite systems (e.g. Chapter 3; Hampson, 1997; Jones and Chisholm, 1997;
Hampson et al., 1999), to more regular incised valleys filled by braided channel
deposits (e.g. Martinsen, 1993; Church and Gawthorpe, 1994; Wignall and
Maynard, 1996; Waters et al., 2008; Hampson et al., 1999), to very wide and
shallow valleys or sheets filled by braided channelized sandstones (e.g. Maynard,
1992; Hampson, 1996; Hampson et al., 1999). In general terms, these incised valleys
are related to sea-level fall but the variation between different valley types has not

yet been explained consistently in terms of variable depositional circumstances.

From the Pendleian up to the Alportian, the Millstone Grit Group in the
Central Pennine Basin is developed coevally with the Yoredale carbonate and
siliciclastic cycles on the shelf located north of the Central Pennine Basin. Although
a general northern provenance of the Millstone Grit fluvial system has been
established for a long time (e.g. Sorby, 1859; Gilligan, 1919; Morton and Whitham,
2002), the relationship between the Pendleian - Alportian Millstone Grit fluvial
system and the Yoredale system was not elucidated. Recently, Pendleian and
Arnsbergian incised valley fills of the Millstone Grit Group have been recognised
within the Yoredale succession (Chapter 3; Waters et al., 2014), providing a clear
indication of the relationship between the Yoredale and Millstone Grit facies
associations. The Yoredale facies are thought to form a highstand shelf - delta
system, while the Millstone Grit forms a downdip lowstand shelf to shelf edge delta
system that is fed while the Yoredale depositional area is bypassed and presumably
emergent (Fig. 5.1). Simultaneously, small northward-draining fluvio-deltaic
systems of the Morridge Formation (cf. Waters et al., 2009) shed sediments from the
Wales-Brabant High into the southern parts of the Central Pennine Basin (e.g.
Morton et al., 2014).

Within the Millstone Grit succession of the Central Pennine Basin ~50
goniatite marine bands occur, representing high amplitude maximum flooding

surfaces. However, substantially fewer incised valleys are recognised, indicating that
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Figure 5.1 (a, b) Yoredale cycle with deltaic deposition during sea-level highstand and
incision by Millstone Grit incised valley systems during falling stage (modified from
Tucker et al., 2009). (c) Idealised Millstone Grit cycle in a shallow water setting. (d)
Idealised relationship between Yoredale and Millstone Grit lithofacies assocations in
a longitudinal section. Clastic depostion in the Yoredale succession predominantly
reflects fine-grained highstand deposits. These systems are largely bypassed during
deposition of the coarse-grained Millstone Grit sediments in the Central Pennine
Basin during relatively low sea level. During transgression and highstand, formation
of Yoredale Limestones indicates a switch-off of sediment supply that in the Central
Pennine Basin is reflected by highly condensed marine bands.

they do not occur during each sea-level cycle or have not yet been recognized as
such (e.g. Chapter 3; Waters and Condon, 2012). Typically, several sea-level cycles
describe an increasingly sand-rich succession with incised valleys occurring in the
higher cycles of such succession (e.g. Waters and Condon, 2012). This idea is

encapsulated in the mesothem model (Ramsbottom, 1977a) and the major cyclothem
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model (Martinsen et al., 1995). The mesothem model noticed increasingly sand-rich
deposits during successive sea-level cycles on the Askrigg Block and Craven Basin,
and linked this to the occurrence of major faunal renewals (i.e. new goniatite
species) at the top of these sand-rich intervals. This indicated that major regressive
events were followed by major transgressive events (Ramsbottom, 1977a). Flaws of
this model have been debated in detail by Holdsworth and Collinson (1988), but in
short indicate that the correlation of faunal renewal and major regressive events is
not consistent. More recently, these major faunal renewals have been related to long-
duration non-glacial periods (Waters and Condon, 2012). The major cyclothem
model defines major cycles as bounded by the occurrence of long duration shale
intervals, separating longer duration sequences in the Craven Basin for the Pendleian
— Chokierian interval (Martinsen, 1990, 1993; Martinsen et al., 1995).

This chapter aims to elucidate the relative importance of additional controls
besides sea level on the character of incised valleys based on the ideas developed in
this thesis and available literature. The successive sub-basins of the Central Pennine
Basin provide several deep depocentres separated by shallower segments, providing
a repetition of similar basinal conditions that can be used to test the consistency of a
basin depth control on the behaviour of the fluvio-deltaic system. Additionally, a
comparison of the activity and sedimentary character is made between the Millstone
Grit Group in the Central Pennine Basin, the Yoredale succession on the shelf, and

the Morridge Formation in the southern part of the Central Pennine Basin.

5.3 Methods

The evolution of the approximate lowstand coastline in mapped on
approximate mesothem-scale based on published literature and 1:50,000 geological
maps of the British Geological Survey. This is combined with thickness estimates of
the sedimentary succession, and the occurrence and character of incised valleys.
This provides a framework in which the large-scale changes in character of the
Millstone Grit Group can be discussed, as well as the hypotheses developed from
analogue modelling (Chapter 2) and observations in the Pendleton Formation in the
Craven Basin (Chapters 3 and 4).
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Additionally, the character of the deposition in the Central Pennine Basin is
compared to time-equivalent deposition on the Yoredale Shelf. The depositional
character in this succession should reflect changes in the Central Pennine Basin,

since they likely reflect different parts of a single depositional system.

5.4 Results

5.4.1 E, - E;c zone (Pendleian; Fig. 5.2a)

This interval presents the lower part of major cycle MC1 (Martinsen et al.,
1995) or mesothem N1 (Table 5.1; Ramsbottom, 1977a). This subdivision of
mesothem N1 or major cycle MC1 results from the significantly further
progradation of the coastline in the Bowland sub-basin during the E;. period relative
to subsequent sea-level cycles during the E,, interval (cf. Fig. 5.2a and 5.2b).

In the Central Pennine Basin, the initial stage of infill by the Millstone Grit
Group is associated with the Pendle Grit turbidite system during the E;c1 cycle. The
Pendle Grit system extended the lowstand coastline into a rapidly deepening basin
that reached depths of ~300 m after the feeder of the Pendle Grit Member prograded
~10 - 15 km (Chapter 3; Fig. 5.2a). Subsequent valley incision resulted in a <500 m
thick sand-dominated turbidite succession in the Bowland sub-basin, indicating
substantial deepening southward (Chapter 3). The infill of the incised valley is
referred to as the Bearing Grit and reaches a thickness of ~30 m and a width of 12
km on the northern side of the Askrigg Block, widening to >40 km downdip and
obtaining thicknesses of ~85 m (e.g. Fig. 3.5; 3.8; 5.2a). Near the incised valley
mouth, the Bearing Grit contains stacked Gilbert-type deltas, indicative of
deposition during sea-level rise. Updip, the Bearing Grit incised valley probably
extends in the Rogerley Channel on the Alston Block (Dunham 1990). Waters et al.
(2014) suggest that the infill of the Rogerley Channel consists of two stacked incised
valley fills, the lower of which incises into the Crag Limestone and could represent a
feeder to the Pendle and Bearing Grits.

During the subsequent E;c2 cycle, the Warley Wise Grit was deposited on

the Askrigg Block and in the Craven Basin where it formed a relatively shallow-
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Table 5.1 Ammonoid zone stratigraphy and mesothem zones of Waters and Condon (2012).
Inclusion of an Anthracoceras marine band based on Hampson et al. (1996). Major
cycles based on Martinsen et al. (1995). Abbreviations for ammonoids B: Bilinguites,
Ca: Cancelloceras, C: Cravenoceras, Ct: Cravenoceratoides, E: Eumorphoceras, H:
Hodsonites, Hd: Hudsonoceras, Hm: Homoceratoides, Ho: Homoceras, I:

Isohomoceras, N: Nuculoceras, R: Reticuloceras, V: Verneulites

Figure 5.2 (next page) Coastline reconstructions for (a) Late Pendleian, incised valley
margins (red dashed line) based on Chapter 3, (b) Early Arnsbergian, red lines
indicate area of minor valley incision, (c) Middle Arnsbergian to Chokierian
interval, red lines indicate area of broad incision (d) Alportian to Middle
Kinderscoutian, red lines indicate position of major channel belt complex of Steele
(1988). Shaded area indicates the Millstone Grit Group outcrop belt. Grey lines
indicate (inactive) tectonic lineaments that defined the structural template during the
early Carboniferous. Numbers indicate 1) Lake District High, 2) Askrigg Block, 3)
Lancaster Fells sub-basin, 4) Bowland sub-basin, 5) Harrogate sub-basin, 6)
Cleveland High, 7) Rossendale sub-basin, 8) Huddersfield sub-basin, 9)
Gainsborough Trough, 10) Holme High, 11) Derbyshire Basin, 12) Edale Gulf, 13)
Goyt Trough, 14) Widmerpool Gulf, 15) East Midlands Shelf
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water deltaic system. The lowstand coastline prograded ~30 km into the Bowland

sub-basin while in the Harrogate- and Lancaster Fells sub-basins the coastline

shifted approximately ~7 km (Chapter 3; Fig. 5.2a).

In the Yoredale facies, this level coincides with the interval between the

Great Limestone and the Corbridge Limestone (Brand, 2011). Besides the Rogerley
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Channel infill (e.g. Elliot, 1976; Waters et al., 2014), the Rothley Grits represent an
Eic incised valley fill in the Northumberland Trough (Young and Lawrence, 1998;
Waters et al., 2014). Additionally, an incised valley fill succession is recognised in
the Northumberland Trough at Howick (e.g. Farmer and Jones, 1969; Lemon, 2006).
In the south of the Central Pennine Basin, the turbiditic Minn Sandstones are
deposited during the E;p to Ey, interval (Morton et al., 2014).

5.4.2 E,, zone (Early Arnsbergian, Fig. 5.2b)

This interval coincides with the upper part of mesothem N1 or major cycle
MC1 (Table. 5.1; Ramsbottom, 1977a; Martinsen, 1993; Martinsen et al., 1995).
During the early Arnsbergian (Eza), deposition of the Millstone Grit Group was
mainly restricted to the Askrigg Block and Craven Basin (e.g. Martinsen, 1993).
Prodelta and distal delta slope deposits might have reached the northern side of the
Gainsborough Trough (Steele, 1988).

In the Craven Basin, deposition of sand was focused in the western Lancaster
Fells sub-basin and eastern part of the Harrogate sub-basin. In the Bowland sub-
basin, sediment supply was limited and the coastline stepped back substantially (e.g.
Martinsen, 1993). In the Lancaster Fells sub-basin, the Roeburndale Member is
deposited on top of the previously deposited fluvio-deltaic Warley Wise Grit over
multiple sea-level cycles (Ezal — E2,3; Table 5.1; Brandon et al., 1998; Waters et al.,
2009). It consists mainly of delta-slope siltstones and interbedded turbiditic
sandstones, but also contains subordinate pro-delta mudstones and impersistent
delta-top sandstones. The delta-top sandstones contain palaeosols, indicating
emergence during successive sea-level lowstands. They occur in proximal locations
at several intermediate levels, and are separated by tens to hundreds of metres of
slope sediments, indicating high subsidence rates and resulting in an overall
aggradational stacking pattern during this period (Brandon et al., 1998).

On the Askrigg Block, the Roeburndale succession is represented by the
Upper Howgate Edge and Tan Hill Grits (Martinsen, 1993). The Upper Howgate
Edge represents a minor incised valley fill on the western part of the Askrigg block
and is characterised by relatively isolated erosionally-based channels. The overlying
Tan Hill Grit represents a widespread, erosionally-based sheet sandstone (Martinsen,
1990).
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Basinward, the Roeburndale Member consists entirely of slope facies and
reaches thicknesses of 450 m (Aitkenhead et al., 1992). In the outcrop area of the
Lancaster Fells sub-basin, the Roeburndale Member is entirely overlain by the
fluvial Ward’s Stone Sandstone (E2,3). The latter unit probably represents an incised
valley fill (Brandon et al., 1998; Waters and Condon, 2012) that extends beyond the
outcrop belt. The potential downdip equivalent of the Ward’s Stone Sandstone is
unknown.

Laterally, the Roeburndale Member is not defined but in the Bradford area, a
90 — 240 m thick succession of similar lithology is reported below the Marchup Grit
(Waters, 2000). The Marchup Grit (E22) forms a major fluvio-deltaic sandstone
deposited in the Harrogate sub-basin (Cooper and Burgess, 1993; Waters, 2000) and
correlates to the Sapling Clough deltaic sandstone, an intermediate level within the
Roeburndale Member (Brandon et al., 1995). In the Harrogate sub-basin, no
sandstones are present at the stratigraphic level of the Ward’s Stone Sandstone (e.g.

Martinsen, 1990, 1993; Cooper and Burgess, 1993; Waters, 2000).

Brandon et al. (1995) correlate the Ward’s Stone Sandstone of the Lancaster
Fells sub-basin with the erosionally-based Red Scar Grit and Pickersett Edge Grit on
the Askrigg Block, implying the occurrence of a major incised valley draining
towards the Lancaster Fells sub-basin. However, currently ongoing mapping on the
Pateley Bridge Geological Sheet 61 in the western Harrogate sub-basin suggest that
the Red Scar Grit of the Askrigg Block might be correlated to the Red Scar/Marchup
Grit of the Harrogate sub-basin (Waters, personal communication) as is also
suggested in Cooper and Burgess (1993). Updip, the Red Scar Grit of the Askrigg
Block potentially corresponds to the upper part of the Rogerley Channel (Waters et
al., 2014).

Within the Yoredale facies, the E; interval coincides with the Corbridge and
Thornbrough Limestones (e.g. Brand, 2011; Waters et al., 2014). In the
Northumberland Trough, the Thornbrough Limestone is incised by the E,, Shaftoe
Grits incised valley fill succession (Young and Lawrence, 1998; Waters et al.,
2014).

In the south of the Central Pennine Basin deposition of the turbiditic Minn

Sandstones up to the E2,2 subzone (Morton et al., 2014).
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5.4.3 E,, — E, zone (Middle to Late Arnsbergian, Fig. 5.2c)

This interval coincides with the N2 and N3 mesothems (Table 5.1,
Ramsbottom, 1977a) and major cycle MC2 (Martinsen et al., 1995). The lower part
of the E2p zone (N2 mesothem) is shale-dominated and the upper part is only
associated with the deltaic Nesfield Sandstone that is deposited in the Harrogate sub-
basin (Martinsen, 1990; 1993; Cooper and Burgess, 1993; Waters, 2000). During
this period, limited sediment supply reaches the Central Pennine Basin. Upstream,
this period is correlated with the occurrence of the Newton and Styford Limestones
in the Northumberland Trough (Brand, 2011; Waters et al., 2014). At the southern
margin of the Central Pennine Basin the Hurdlow Sandstones present a minor influx
of turbiditic sandstones that are time-equivalent to the Nesfield Sandstone (Morton
etal., 2014).

In the Harrogate sub-basin, the E,. zone (N3 mesothem) is capped by the
deltaic Lower Follifoot Grit/Middleton Grit and corresponds to an erosionally-based
fluvial sandstone on the Askrigg Block (e.g. Martinsen, 1993; Waters and Condon,
2012). Laterally, the Silver Hills deltaic sandstones are deposited in the Lancaster
Fells sub-basin (Arthurton et al., 1988; Brandon et al., 1998). In the Lancaster Fells
sub-basin and the eastern part of the Harrogate sub-basin the maximum extent of the
lowstand coastline falls outside of the outcrop extent and cannot be determined. In
the western part of the Harrogate sub-basin, the sandstone steps back with respect to

the Marchup Grit coastline that was formed during the Early Arnsbergian.

The E,c — H; period is not associated with Yoredale Limestones (Waters et
al., 2014) and appears absent or corresponds to a condensed section (Dunham and
Wilson, 1985; Dunham, 1990).

5.4.4 Hy, — Hy, zones (Chokierian, Fig. 5.2¢)

This interval coincides with the N4 mesothem and major cycle MC3 (Table
5.1; Ramsbottom, 1977a; Martinsen et al., 1995). It is capped by the Brocka
Bank/Upper Follifoot Grit deltaic sandstones (Martinsen, 1993; Cooper and
Burgess, 1993; Martinsen et al., 1995; Waters, 2000; Waters and Condon, 2012).
On the southern Askrigg Block, the Upper Follifoot Grit overlies marine mudstones
and is associated with the development of pedogenically modified lateral interfluves

(Martinsen, 1993), suggesting that this sandstone represents a minor incised valley
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(Waters and Condon, 2012). In the western part of the Harrogate sub-basin, the
coastline retrogrades slightly or aggrades vertically with respect to the previous
Lower Follifoot Grit coastline, while the coastlines in the Lancaster Fells and
eastern Harrogate sub-basins cannot be determined due to the outcrop extent. In the
Gainsborough Trough, a major shallow water delta system arrives from a north-
easterly direction during the Arnsbergian-Chokierian period (Fig. 5.2c; Steele,
1988), although chronostratigraphic constraints are too limited for detailed

correlations to the Craven Basin.

5.4.5 H,, — Ry, (Alportian — Middle Kinderscoutian, Fig. 5.2d)

This interval coincides with the N5 — N7 mesothems (Table 5.1;
Ramsbottom, 1977a) and has not been defined according to the major cyclothem
model (Martinsen et al., 1995). The N5 mesothem (Alportian, Ha, — Hap) is not
associated with sandstone deposition but is solely defined on the occurrence of the
Hudsonoceras and Homoceras goniatites (Table 5.1). In the Gainsborough Trough
however, the Alportian period probably corresponds to the deposition of a large
turbidite-fronted delta system (Steele, 1988), fed by an E-W trending, >10 km wide
channel belt complex that probably represents an incised valley (Fig. 5.2d). This
coincides with the occurrence of the fluvio-deltaic to turbiditic Cheddleton
Sandstones on the southern margin of the Central Pennine Basin (Morton et al.,
2014).

The overlying N6 mesothem (H. — R1a) is characterised by some sandstones
at intermediate levels in the Lancaster Fells and Garstang areas although their
precise position with respect to individual marine bands is ill-constrained (e.g.
Brandon et al., 1998). In the Yoredale area, this period broadly coincides with
deposition of the Dipton Foot Shell bed (R1, — Ri1c) (e.g. Brand, 2011; Waters et al.,
2014). In the southern Central Pennine Basin, the Kinderscoutian (R1, —R1c zone) is
represented by the fluvio-deltaic to turbiditic Kniveden Sandstones (Morton et al.,
2014).

During the N7 mesothem (R1p,), the succession becomes increasingly sand-
rich, which is represented by the Libishaw Sandstone on the Askrigg Block, and the
Addlethorpe Grit in the Harrogate sub-basin (Cooper and Burgess, 1993).

Potentially, this succession correlates to the Knott Copy Grit in the Lancaster Fells
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sub-basin close to the Askrigg Block margin, which would imply a basin wide
sandstone occurrence of this deltaic system (Fig. 5.2d; Arthurton et al., 1988;
Brandon et al., 1998). Additionally, in this approximate stratigraphic interval an
unnamed <85 m thick proximal turbidite channel succession is formed in the
western part of the Harrogate sub-basin, near the transition to the Central Lancashire
High and Bowland sub-basin (Waters, 2000). Formerly this unnamed interval was
referred to as the Addlethorpe Grit (Stephens et al., 1953).

5.4.6 Ry zone (Late Kinderscoutian, Fig. 5.3a, b)

The late Kinderscoutian coincides with Mesothem N8 and forms a period of
large sediment input in the Central Pennine Basin (Table 5.1; Ramsbottom, 1977a).
During 5 sea-level cycles, 4 major sandstones successions are deposited in the
Central Pennine Basin, resulting in a ~70 km southward shift of the coastline over a
period of ~ 1 Myr (Fig. 5.3a, b; Waters and Condon, 2012).

The fluvial Addingham Edge Grit occurs in the western part of the Harrogate
sub-basin and the proximal part of the Bowland sub-basin (Fig. 5.3a; Waters, 2000).
This stratigraphic level is associated with substantial progradation of the coastline
into the Rossendale sub-basin. It is correlated to the turbiditic Parsonage Sandstone
that crops out in the Rossendale and Huddersfield areas and to the areas west of the
Central Pennine Basin (Fig. 5.3a; e.g. Earp et al., 1961; Waters, 2000). In the central
part of the East Irish Sea Basin (offshore), turbiditic sandstones equivalent to the
Parsonage Sandstone occur, overlain by argillaceous deposits equivalent to later
Kinderscoutian deposits (Waters et al., 2011).

This succession is followed by the Long Ridge Sandstone (R1.3) and the
Doubler Stones Sandstone (R1c4) in the western Harrogate sub-basin (Fig. 5.3b;
Waters, 2000), which southward form the Lower Kinderscout Grit, and are
correlated to the turbiditic Todmorden Grit in the Rossendale sub-basin (Fig. 5.3a).
Hampson (1995, 1997) interpreted two major incised valleys within the Lower
Kinderscout Grit succession (LKG sandstone 6; LKG sandstone 8) and these might
correspond to the above sandstones. LKG sandstones 1 -5, and LKG sandstone 7
occur below these incised valley fills and represent clinoforms fronted by a turbidite
system that indicate substantial progradation prior to valley incision (Hampson,

1995, 1997). They are here considered similar to the Surgill Sandstones of the
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Pendle Grit system (Chapter 3). LKG 6 forms a prominent incised valley that fed a
lowstand turbidite fan (i.e. the Mam Tor and Shale Grit turbidite systems; Hampson,
1997). The infill of this valley is associated with the occurrence of stacked Gilbert-
type deltas and reaches into the Edale Gulf. The LKG8 incised valley extends
further downdip into the Edale Gulf. Both incised valleys rapidly increase in
thickness downdip. In LKG6 and LKGS8, the incised valley fills reach thicknesses of
up to ~150 m and ~55 m, respectively (Hampson, 1997).

In the western Harrogate sub-basin, the succeeding sea-level cycle is
characterised by the High Moor Sandstone, which is equivalent to the Upper
Kinderscout Grit (Waters, 2000). The Upper Kinderscout Grit forms another incised
valley fill in the Huddersfield — Edale area (e.g. Hampson, 1997), and onlaps the
Derbyshire High. It is correlated to the turbiditic Longnor Sandstone in the Goyt
Trough and western margin of the Widmerpool Gulf (Fig. 5.3b; e.g. Collinson,
1988).

On the Askrigg Block, in the Lancaster Fells sub-basin, and the eastern
Harrogate sub-basin, marine band control is too limited to allow a correlation of
individual sandstones. However, fluvio-deltaic sandstones are deposited throughout
these areas during the Late Kinderscoutian (Fig. 5.3b; e.g. Cooper and Burgess,
1993; Brandon et al., 1998).

In the Northumberland to Stainmore Trough, the Dipton Foot Shell bed is
generally overlain by intermittently developed Millstone Grit type sandstones,
indicating that the Millstone Grit has replaced the Yoredales as the dominant
lithofacies (Waters et al., 2014). The Millstone Grit sandstones of Kinderscoutian
are coarse-grained fluvial sandstones with sharp bases but are generally not marked
by major erosional surfaces. They form a succession of several 10s of metres and are
typically referred to as the First Grit (e.g. Waters et al., 2014).

54.7 Ry, — Ryp3 interval (early Marsdenian, Fig. 5.3c)

This interval forms the lower part of Mesothem N9 (Table 5.1; Ramsbottom,
1977a). During this period, sediment supply from the Millstone Grit fluvial system
shifted from a predominantly northern source to a more easterly route (e.g. Jones
and Chisholm, 1997; Waters et al., 2008).
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At the base of the N9 mesothem (R2,1) the Alum Crag Grit turbidite system
is deposited in the southern part of the Bowland sub-basin (Brettle et al., 2002).
Deposition of this turbidite system occurs on top of the Kinderscoutian Todmorden

Grit turbidite system and downdip of the late Kinderscoutian coastline.

During the successive Ryp1 cycle, the Readycon Dean Flags and erosionally-
based East Carlton Grit form a single fluvio-deltaic succession (Brettle et al., 2002)
that probably corresponds to the turbiditic Howells Head Flags (Wignall and
Maynard, 1996).

A subsequent major sandstone interval occurs during the R,,3 sea-level
cycle. During this period, three major sandstones bodies with distinct flow
directions, the Midgley Grit, Fletcher Bank Grit and Heyden Rock Grits are
deposited (Fig. 5.3c; Waters et al., 2012), resulting in the creation of a marked
erosional surface that has been interpreted as an incised valley system (e.g. Wignall
and Maynard, 1996; Brettle et al., 2002). Outcrops in the Bowland — and
Huddersfield sub-basin indicate a west to southern flow directions (Fig. 5.3c;
Church, 1994), resulting in the formation of a ~100 m correlative turbidite fan
deposit that is deposited on top of the Alum Crag Grit turbidite succession (Fig.
5.3c). This is based on a section in the Blackburn Sewer Tunnel (Collinson et al.,
1977).

On the Holme High a different succession is deposited (Fig. 5.3c; Waters et
al., 2012). Here, the Fletcher Bank Grit forms a coarse-grained sandstone, deposited
by a south-eastward flowingfluvio-deltaic system that occurs in the Bowland and
Huddersfield sub-basins and pinches out on the western part of the Holme High
(Fig. 5.3c; e.g. Earp et al., 1961; Waters et al., 2012). The Midgley Grit was formed
by a southward flowing fluvio-deltaic system (Waters et al., 2012) and records a
downstream fining to fine-grained turbiditic strata that occur at the base of the
succession in distal locations. The Heyden Rock forms a coarse-grained to pebbly

sandstone formed by a westward flowing fluvio-deltaic system (Waters et al., 2012).

The Marsdenian succession in the central and southern part of the Irish Sea
Basin is ~360 m thick and might (in part) correspond to this period (Waters et al.,
2011), indicating substantial westward progradation during the Marsdenian period in

general.
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5.4.8 R4 — R,5 interval (Middle Marsdenian, Fig. 5.3d)

This interval forms the upper part of the N9 mesothem (Table 5.1;
Ramsbottom, 1977a). The Rap4 cycle is not characterised by sandstone deposition in
the Central Pennine Basin. During the Rop5 sea-level cycle, the Roaches -Ashover
Grit in the Widmerpool Gulf (Fig. 5.3d; e.g. Jones and Chisholm, 1997) and the
Guiseley Grit in the northern part of the Central Pennine Basin form time-equivalent
sand bodies separated by a small area along the outcrop belt lacking sandstones (Fig.
5.3d; e.g. Waters and Davies, 2006; Waters et al., 2008). The Roaches-Ashover Grit
forms a major SE-NW trending incised valley fill succession characterised by
stacked Gilbert-type deltas in the Widmerpool Gulf, and fronted by a sand-rich
turbidite fan up to 375 m thick (e.g. Jones and Chisholm, 1997). The time-equivalent
deltaic Guiseley Grit (e.g. Waters, 2000) forms a shallow water succession deposited
on the former Kinderscoutian and Marsdenian shelf areas (Fig. 5.3d). During the
R2,5 cycle, the southerly-sourced Brockholes Sandstone represents a shallow water
deposit that interdigitate with the Roaches Grit (Morton et al., 2014).

5.4.9 R, interval (Late Marsdenian, Fig. 5.4a)

This interval coincides with the N10 mesothem (Table 5.1; Ramsbottom,
1977a). No sand bodies are known for the initial R,:1 cycle. During the subsequent
R2c2 cycle, the Brooksbottom Grit and Huddersfield White Rock form major deltaic
sandstones that are deposited in large parts of the Central Pennine Basin (Fig. 5.4a;
Waters et al., 2008). This is incised by the Chatsworth Grit, a major incised valley
fill that drains towards the southeast of the Central Pennine Basin (Fig. 5.4a; Waters
et al., 2008). This valley reaches dimensions of ~30 m depth and ~20 km width in
proximal locations and ~55 m depth and ~33 km width downstream (Waters et al.,
2008). The downdip equivalent of the Chatsworth incised valley fill is located

outside of the outcrop area and is therefore unknown (Fig. 5.4a).

5.4.10 Gy, — Gy interval (Yeadonian, Fig. 5.4b,c)

This interval coincides with the N11 mesothem (Table 5.1; Ramsbottom, 1977a).
The lower part of the succession consists of the Lower and Upper Haslingden Flags
in the west of the Central Pennine Basin while all other areas are typically

represented by a thick mudstone-dominated succession. The Haslingden Flags form
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relatively fine-grained, elongate deltaic sandstones deposited during relatively high
sea-level conditions (e.g. Collinson and Banks, 1975; Maynard, 1992; Hampson et
al., 1996), and have a distinct westerly provenance (e.g. McLean and Chisholm,
1996). The Upper Haslingden Flags are followed by a coarse-grained, lower interval
of the Rough Rock Grit in the western part of the Central Pennine Basin (Fig. 5.4b;
Bristow, 1988, 1993a; Hampson et al., 1996) and has been interpreted as a shallow
and wide N-S trending incised valley (Hampson et al., 1996). During the subsequent
cycle, the upper part of the Rough Rock forms another broad and shallow incised
valley system, supplied mainly from a northerly river system. An additional, smaller
incised valley system is present on the tectonically-influenced East Midland Shelf
that is supplied by an easterly river system of northern provenance (Fig. 5.4c;
Hampson et al., 1996; Church and Gawthorpe, 1994; Hallsworth and Chisholm,
2008). Potentially, this easterly branch also contains some sediment from a southern
provenance (Morton et al., 2014). Notably, the wide and shallow incised valley fills
from the northerly fluvial system thin down dip, whereas downstream thickening is

a more common pattern for incised valley fills (cf. Hampson et al., 1996).

Northward, in the Northumberland Trough and on the Alston Block, this system
is typically referred to as the Second Grit and forms a similar succession as the First
Grit (Waters et al., 2014).

5.5 Discussion

The relevance of individual external controls on the stratigraphic character of
a sedimentary system strongly depends on the duration and strength of forcing
mechanisms, as well as the scale at which a system is analysed. First, the large-scale
patterns in the Namurian succession are discussed, before focussing on the relative

importance of external controls on incised valley formation.

5.5.1 Shelf margin construction
During the Early Carboniferous the area located north of the Craven Fault

System behaved differently from the Central Pennine Basin to the south. In the
Midland Valley, Northumberland Trough, and Stainmore Trough (Fig. 3.1),

sedimentation rates were sufficiently high to maintain shallow water conditions
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during the syn-rift phase of the Carboniferous extensional province in southern
Scotland and Northern England. Meanwhile, carbonate ramps in the Central Pennine
Basin gradually drowned at various stages during the Early Carboniferous, after
which slow hemipelagic sedimentation resulted in a progressive deepening of the
basin up to the Late Pendleian (Fig. 5.5; e.g. Evans and Kirby, 1999; Waters and
Davies, 2006; Waters et al., 2009). The difference between the Central Pennine
Basin and the northward located areas has been related to the occurrence of granite
intrusions in the Alston and Askrigg Blocks that might have increased their
buoyancy and integrity (Fig. 5.5; e.g. Bott, 1961; Leeder et al., 1989) but might also
be related to the general northern provenance of clastic sediment, implying that
these northern areas regularly received clastic sediment while the Central Pennine

Basin was starved of clastic sediment (cf. Fraser and Gawthorpe, 2003).

From the Asbian up to the Late Pendleian, the Midland Valley to the Craven
Fault System can be defined as a shelf, rather than separate basins as relatively thin,
continuous limestone and clastic intervals (i.e. Yoredale cycles) are deposited
throughout this area. Shelves form an integral part of shelf margin systems and can
be defined morphologically as shallow marine platforms adjacent to deeper basin of
hundreds or thousands of metres depth, separated by a slope of substantially steeper
gradient than the shelf (Porebski and Steel, 2003; Helland-Hansen et al., 2012). A
recent classification subdivides between structural shelves, in which the shelf-edge
is a structural feature; sedimentary shelves, resulting from differential sediment
supply that triggers a progradation of the break of slope close to the coastline; and
combined sedimentary — structural shelves in which a shelf is constructed as a

structural shelf and propagated as a sedimentary shelf (Helland-Hansen et al., 2012).

Following the above classification, the Carboniferous succession in northern
England can be described as a combined sedimentary — structural shelf. During the
Asbian — early Pendleian, the shelf edge was maintained at the Craven Fault System
(Fig. 5.5). Deposition of the Yoredale Group did not propagate the shelf edge but
did infill minor shelf topography resulting from differential subsidence.

Figure 5.5 (next page) Schematic cross section of the Central Pennine Basin and northward

located shelf indicating the discussed stratigraphic intervals.
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North of the Craven Fault System, the shelf extended at least to the northern margin
of the Northumberland Trough, suggesting a minimum shelf width of ~160 km,
parallel to SSW flow directions. Notably, the Southern Uplands that form the
northern boundary of the Northumberland Trough transitioned eastward into a
shelfal area (e.g. Fig. 3.1; Waters et al., 2009), implying that offshore Scotland the
shelf might have extended further northward. Crude estimates place the highstand
coastline (i.e. above which no marine influences are observed) near the northern
margin of the Midland Valley (Cope et al., 1992), suggesting a maximum shelf
width of >250 km orthogonal to the Craven Fault System parallel to SSW flow

directions.

Such wide shelves are difficult for fluvial systems to traverse unless sea level
falls below shelf edge (Muto and Steel, 2002b). If sea level remains above or at the
shelf break, the rapidly increasing length of the fluvial system would make it less
efficient at transporting sediment (Chapter 3), while increasing volumes of sediment

are required to maintain progradation of the coastline (e.g. Muto et al., 2007).

During the Asbian —Brigantian period, sea-level variations were limited: 10
— 50 metres (Wright and Vanstone, 2001) or less than 30 m (Rygel et al., 2008;
Davies, 2008). Incisional channels in the Yoredale succession of this stratigraphic
interval are rare (Burgess and Mitchell, 1975), which suggests that sea level
probably did not frequently or significantly fall below shelf edge, and might explain
the rare entry of siliciclastic sediment on the northern margin of the Central Pennine
Basin.

The Pendleian coincides with the first major phase of Gondwanan glaciation
on the Southern Hemisphere (e.g. Davies, 2008; Waters and Condon, 2012). At this
stage, sea-level fluctuations reach higher amplitudes and estimates range from 60 -
100 metres (Rygel et al., 2008), or 65 £ 15 m (Crowley and Baum, 1991). Such sea-
level variations are capable of lowering sea level significantly below shelf edge,
resulting in incised valleys. In these valleys, the fluvial system is confined and
maintains a steep fluvial gradient, facilitating sediment transport across a wide shelf
into the Central Pennine Basin. This does not exclude the inference of tectonic
changes in the source area (Morton and Whitham, 2002), or changes in sediment

yield due to increased precipitation in the source area (Cliff et al., 1991) as a cause
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for the origin of the Millstone Grit Group, but enhances the likelihood of sediment
transport to reach the Central Pennine Basin.

On the multi-million year timescale of shelf construction and propagation
into the Central Pennine Basin, regional tectonics and long term evolution in the

magnitude of sea-level variations are considered as dominant forcing mechanisms.

5.5.2 Large-scale shelf margin propagation

During the Namurian, the shelf edge propagated southward, fed by the
sediment supply of the Millstone Grit fluvial system during periods of low sea level.
This system infilled successive sub-basins diachronously, resulting in a ~115 km
southward shift of the lowstand coastline over a ~13 Myr duration of the Namurian
(Fig. 5.5; Ramsbottom, 1966), which is similar to the rates seen in many small shelf

margin systems (e.g. Carvajal et al., 2009).

In cross section, the succession in the Central Pennine Basin can be
subdivided into two major phases: the Pendleian — Alportian and the Kinderscoutian
- Yeadonian. During the Pendleian, a major influx of sediment supply entered at the
northern margin of the basin, after which during the Arnsbergian to Alportian
period, deposits of successive sea-level cycles stack in an aggradational or
retrogradational pattern (Fig. 5.5). Notably, the poorly-constrained data of the
Gainsborough Trough indicates that the coastline did prograde during the
Arnsbergian — Alportian period eastward of the outcrop belt in the Central Pennine

Basin, indicating marked lateral differences.

A second major phase of sediment input occurs from the Late
Kinderscoutian up to the Yeadonian. During this period, deposits in successive
cycles form a predominantly progradational pattern (Fig. 5.5). The Late
Kinderscoutian phase forms a period of high sediment input during which the
coastline is rapidly shifted southward (Fig. 5.5). On the shelf area where initially the
Yoredale cycles were formed, this phase of progradation is reflected by the
widespread deposition of Millstone Grit Group sediments of several 10’s of metres,
referred to as the First Grit (Waters et al., 2014), representing the topset of a shelf

clinoform.



- 215 -

The Marsdenian succession follows continuously on the Kinderscoutian
succession in the Central Pennine Basin but is characterised by a shift in the inflow
direction of the fluvial system (Fig. 5.5). The Pendleian to early Marsdenian
deposits were derived from a north to north-easterly river system and resulted
mainly in a southward shift of the coastline. During deposition of the Late
Marsdenian succession sediment supply is shifted to a dominant easterly fluvial
system, resulting in a westward progradation of the coastline (Fig. 5.3c, d; 5.4a).
Notably, the easterly river system has a similar provenance to the northerly system,
suggesting that this shift represents a major upstream avulsion and not an entirely
different fluvial system (e.g. Chisholm and Hallsworth, 2005: Waters et al., 2008).
Additionally, increasingly active fluvial systems start to supply sediment from
southern source areas as well (Chisholm and Hallsworth, 2005: Waters et al., 2008).
During the Marsdenian, the remaining basinal areas, such as the Widmerpool Gulf
and areas west of the main Millstone Grit outcrop belt were infilled (Fig. 5.5). On
the onshore section of the Yoredale Shelf, the Marsdenian succession is largely
absent (Dunham and Wilson, 1985; Dunham, 1990) implying that the fluvial system
was located further eastward.

The Yeadonian succession follows continuously on the Marsdenian
succession. The main river system reverts to a northern route while an additional
fluvial system of northern provenance enters through the Widmerpool Gulf (Fig.
5.4b, c; Hallsworth and Chisholm, 2008). Notably, the Lower and Upper Haslingden
Flags indicate a distinct, western or southern source (McLean and Chisholm, 1996)
implying that basinal areas in these directions were infilled and spilling into the
Central Pennine Basin. At this period the entire Central Pennine Basin is
characterised by shallow water conditions, implying that no shelf clinoform is
present anymore (Fig. 5.5). On the Yoredale shelf area, the Yeadonian interval
broadly coincides with the deposition of a sandstone-dominated interval that is

commonly referred to as the Second Grit (Waters et al., 2014).

During the Namurian, three major glaciation periods, C1 during the
Pendleian — Middle Arnsbergian; C2 during the Chokierian — Alportian; and C3
during the Late Kinderscoutian — Westphalian period occurred (Waters and Condon,
2012; cf. Fielding et al., 2008). The Late Arnsbergian and Early to Middle
Kinderscoutian represent periods of minor sea-level fluctuations and sea-level

highstand. The Pendleian — Middle Arnsbergian is associated with the infill of the
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Craven Basin, followed by deposition in the Gainsborough Trough during the
Chokierian and Alportian. From the Late Kinderscoutian onwards, the remainder of
the Central Pennine Basin is infilled. During the intermediate periods, only minor
amounts of clastic sediment are supplied. On the Yoredale shelf area this is indicated
by the Middle Arnsbergian (Ep) Styford and Newton Limestones, and Early to
Middle Kinderscoutian (R1a — R1p) Dipton Foot Shell Bed (Waters et al., 2014). In
the Central Pennine Basin, these periods are characterised by the deposition of thick
shale successions. Periods of high sediment input of northern provenance are
mirrored by the smaller systems along the southern margin of the Central Pennine
Basin. This suggests a basin wide control on sediment input, which is most easily

explained by eustatic sea-level variations.

Large-scale avulsions in the position of the Millstone Grit fluvial system
between a northerly and easterly route forms an additional major control on the infill
of the Central Pennine Basin. Tectonic reorganisations in the fluvial domain
upstream of the shelf area are unknown and cannot be ruled out as a controlling
mechanism. However, during the Namurian the shelf itself was dominated by
gradual thermal subsidence during the upper part of the Namurian (e.g. Johnson,
1984) and tectonic activity is limited to local strike-slip faulting near the boundary
between the Southern Uplands and the Northumberland Trough in the Canonbie area
(Chadwick et al., 1995; Waters et al., 2014). This makes a tectonic cause for these
avulsions unlikely, since modelling of lateral tectonic tilting suggest that significant
tectonic movements are required, particularly in highly mobile braided systems
(Sheets et al., 2002; Hickson et al., 2005; Kim et al., 2010). It is here suggested that
these large-scale shifts in the position of the fluvial system do not necessarily reflect
an external control but might simply result from aggradation of the fluvial systems.
Deposition of the First and Second Grit successions will have resulted in several
tens of metres of regional aggradation in the position of the channel belt complexes.
Presumably, the rates of deposition outside these braid belts is less substantial,
which would lead to super elevation of the channel belt and subsequent shifts in
their position. Recent modelling of channel stacking patterns (e.g. Straub et al.,
2009; Wang et al., 2011; Straub and Wang, 2013) might provide further insight into

the large-scale organisation of such channel belts.

Finally, subsidence rates appear to have reduced during the Namurian. In the
Bowland and Lancaster Fells sub-basins, subsidence rates during the Pendleian —
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Arnsbergian phase appear substantially higher than during later periods (cf. Kirby et
al., 2000). This is also apparent from the large thickness of the Roeburndale
Member, which is deposited on top of the former Warley Wise Grit delta top
(Brandon et al., 1998). Such high rates might have prevented progradation of the
coastline due to the creation of substantial accommodation space on the topset,
resulting in an aggradational to retrogradational stacking pattern. Subsequent lower
subsidence rates are well-illustrated by the relatively thin succession between the
Late Arnsbergian Lower Follifoot Grit and the Chokierian Upper Follifoot Grit,
which are separated by a 12 — 45 m thick succession (Cooper and Burgess, 1993;
Waters, 2000) while probably representing a period of ~4 Myr (Waters and Condon,
2012).

5.5.3 Effect of variations in basin depth on valley incision

In Chapter 2, the curvature and gradient on the fluvial profile are related to
basin depth and sea-level variations, and considered responsible for changes in the
efficiency of sediment transport of both coarser-grained sediment, and larger
volumes. Additionally, the efficiency and likelihood of incised valley formation is
coupled to basin depth. Chapter 3 documents valley incision in the shelf margin of
the Bowland sub-basin after progradation of the shelf clinoform into water depths of
>300 m, resulting in the formation of a ~550 metre thick lowstand turbidite fan
deposit (the Pendle Grit), and an incised valley that reaches depths of ~85 m and

contains Gilbert-type deltas near its mouth.

The style of incised valley infill in the Bearing Grit is similar to the Lower
Kinderscout Grit (LKG 6 and LKG 8; Hampson, 1997) and the Roaches-Ashover
Grit (Jones and Chisholm, 1997). These systems are classified as ‘Valley fill
sandstones with giant foresets’ (Hampson et al., 1999) and contain Gilbert-type
deltas near the valley mouth where the incised valleys reach depths of (~55 - 80 m).
These incised valleys correlate downstream with large turbidite fans indicating that
the shelf had a substantial height (Fig. 5.6a). For the incised valleys in the Lower
Kinderscout Grit and Roaches-Ashover Grit these turbidite successions reach
thicknesses of ~570 m and ~360 m. respectively (Waters et al., 2009).

Hampson et al. (1999) also define “Valley fill sandstones’. These systems

form thinner valley fill successions (30 — 40 m) that are frequently wider (<30 km)
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than the ‘valley fill sandstones with giant foresets’ (Hampson et al., 1999). This
group is thought to include valley fills such as the Ward’s Stone Sandstone, Upper
Kinderscout Grit, Midgley Grit, and Chatsworth Grit. For the Upper Kinderscout
and Midgley Grits, the valley incised in a shelf edge of 100 -250 m height and
supplied sand directly to the slope, resulting in minor turbidite deposits (Fig. 5.6b).
For other systems, the downdip systems are not exposed but it is considered likely

that these systems incised into a shelf margin.

During the Yeadonian, ‘sheet-like sandstone’ incised valley types are
deposited, characterised by a very wide belt of channelized sandstones that extends
across the Central Pennine Basin (Maynard, 1992; Bristow, 1993a; Hampson et al.,
1996; Hampson et al., 1999). At this time, no areas of deep water conditions remain
in the Central Pennine Basin, thus fluvial incision cannot be related to incision of a
shelf margin (Fig. 5.6¢). Read (1991; 1992) suggests that the Lower Follifoot Grit
might represent a similar situation to the Rough Rock. In the Lower and Upper
Follifoot Grit, and probably the Tan Hill Grit, broad zones of erosion occur in the
fluvial system on the Askrigg Block, corresponding to perched lowstand deltas

formed on a submerged shelf (Fig. 5.6d).

The subdivision of different incised valley types as defined by Hampson et
al. (1999) can be applied to the hypothesis of a basin depth control on the
development of incised valleys. The deepest incised valleys are infilled by ‘valley
fill sandstones with giant foresets’ and might coincide with the highest amplitude
sea-level falls. However, because this valley type occurs solely during the initial
infill of the various sub-basins of the Central Pennine Basin, and coincides with
incision in the highest shelf margins, a basin depth (or shelf height) control on the
incision depth is considered more likely (Fig. 5.6a). The ‘valley fill sandstones’
category (Hampson et al., 1999) is associated with incision into a shallower shelf
edge in cases where the down dip system is observed (the Upper Kinderscout Grit;
the Midgley Grit). In such circumstances, higher progradation rates of the shelf
clinoform are likely, resulting in a less efficient process of valley incision (Fig.
5.6b).
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Figure 5.6 (previous page) Effect of basin depth or clinoform height on incised valley
character. In each model, the same magnitude sea-level fall is drawn. (a) Deep
incised valleys occur at the margins of deep basins. Shelf clinoform progradation is
slow, resulting in efficient valley incision. Sediment delivery onto the slope can cause
the formation of large lowstand fans. During sea-level rise, these valleys are
characterised by the occurrence of Gilbert-type deltas in the specific case of the
Central Pennine Basin, (b) Incised valleys in shallower basin. Higher rates of shelf
clinoform progradation results in less efficient valley incision and smaller turbidite
systems. (c) Erosionally-based sheet sandstones. Sea-level fall does not trigger shelf
incision but forces a rapid progradation of the fluvial system, causing a broad, shallow
erosional surface. Potentially, upstream variations in sediment or water discharge are
more easily recognised in such incised valleys and are drawn upper left corner. (d) If
sea-level fall does not reach below shelf edge, perched lowstand deltas are formed
that correspond to wide zones of limited erosion similar to the sheet sandstones

depicted in (c).

During the formation of the incised valleys of the Rough Rock, shallow
water conditions occurred throughout in the Central Pennine Basin, implying that
sheet-like sandstones do not reflect incision of a shelf margin. Holbrook and
Bhattacharya (2012) suggest that such wide, low relief erosional surfaces can form
through numerous avulsions of the individual channels when, during a sea-level fall,
the fluvial profile is extended along a (shelf) profile of similar gradient (Holbrook,
1996). Such process results in a wide, smooth, shallow incised surface similar to
those described for the Rough Rock incised valleys. Potentially, incision might be
further enhanced by discharge variations such as inferred for the Bearing Grit
incised valley fill (Chapter 4). Such variations can alter the gradient of the fluvial
profile (Fig. 5.6¢; e.g. Holbrook et al., 2006; Bijkerk et al., 2013) and would affect
the updip parts of incised valleys most strongly, suggesting that the incised valley
should become deeper in upstream directions while the sequence boundary becomes
more irregular (Holbrook and Bhattacharya, 2012). For both the lower and upper
Rough Rock incised valleys a downstream thinning of the valley fill is reported (cf.
Hampson et al., 1996), but further investigation is required before such a hypothesis

can be validated.
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During formation of the incised valley of the Lower Follifoot Grit, sea level
did not fall below the shelf edge based on the occurrence of correlative deltaic
sediments deposited on the shelf that formed during deposition of the earlier
Marchup or Warley Wise Grit. This suggests that these incised valleys fed perched
lowstand delta on a shallow water shelf (Fig. 5.6d). Similar to the sheet-like
sandstones described above, incision related to sea-level fall is probably limited in

such cases, resulting in wide but shallow valleys.

5.5.4 Effect of basin depth on sediment volumes

In the previous section, incised valley types are related to differences in shelf
height. Whether these different valley types also have an effect on the sediment
volumes has not been tested quantitatively. Depositional systems are generally too
poorly constrained in the outcrop belts of the Central Pennine Basin to calculate
sediment volumes such as performed for the Pendle, Bearing and Warley Wise Grit
(Chapter 3). Additionally, sediment supply to the Millstone Grit Group appears to
have varied substantially at several timescales (see discussion above). Sediment
supply variations due to long term changes in sea-level variations, (e.g. Waters and
Condon, 2012), pulses of tectonic rejuvenation (e.g. Holdsworth and Collinson,
1988), and/or large-scale avulsions of the fluvial system (e.g. Martinsen et al., 1995)
make quantitative testing of the hypothesis of sediment volume dependence on basin

depth impossible.

Further testing of this hypothesis should be executed in a better constrained
field area. In Chapter 2, the experiments and the literature case study on the
Maastrichtian Fox Hill - Lewis shelf margin of Southern Wyoming both suggest
increases in sediment bypass to the shelf in the order of 10 — 30 per cent. Therefore,
the fourfold increase in sediment volume estimated in Chapter 3 suggests that
additional processes also play a role in this system.

5.5.5 Effect of lateral variations in basin depth on incised valley position
Lateral variations in the height of the shelf margin are inferred as a control

on the position of the fluvial system, and consequently on the position of incised

valleys (Fig. 5.7; Chapter 2, 3). During the Pendleian E;;1 cycle, the Bowland sub-
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basin represented the deepest depocentre along the Pendle Grit coastline. In this area
a large turbidite lowstand fan was deposited, fed by a major incised valley (e.g. Fig.
5.7a, b, c). Deposition of this turbidite fan substantially reduced the water depth for
subsequent successions, allowing rapid progradation during successive sea-level
cycles. The Warley Wise Grit is thickest and most sand-rich in the same depositional
area as the Bearing Grit incised valley fill, which is probably related to underfilling
of the incised valley during the subsequent transgression (Fig. 5.7d; Chapter 3). This
steered deposition towards the Bowland sub-basin, resulting in substantially further
progradation of the coastline in the Bowland sub-basin than in the Lancaster Fells
and Harrogate sub-basins (e.g. Figs. 5.2a; 5.7d; Chapter 3). During the subsequent
Arnsbergian period, deposition focusses either in the Lancaster Fells or Harrogate
sub-basin (cf. Fig. 5.2a, b, c), which might be related to northward position of the
coastline in these areas relative to the Bowland sub-basin (Fig.5.2b, ¢). Unconfined
fluvial systems seeking the shortest or steepest path preferentially drain towards
these areas (Fig. 5.7¢), increasing the likelihood of valley incision in these areas

during subsequent sea-level falls (Fig. 5.7f).

During the Marsdenian R,:5 sea-level cycle a similar situation occurred.
During this cycle westward deltaic advance by the Guiseley Grit occurred over a
widespread area on a lowstand shelf that was formed during the Kinderscoutian.
Southward, the Roaches- Ashover Grit developed south of the Kinderscoutian
coastline in the deep water Widmerpool Gulf (e.g. Fig. 5.7a, b, c). Subsequently,
incision occurred at the southern limit of the depositional system, resulting in the
infill of the Widmerpool Gulf by a large turbidite fan. In this case, the Widmerpool
Gulf represented the most updip area of deep water conditions, which would
facilitate incision in this area (e.g. Fig. 5.7a, b, c), rather than the more northern area

in which the Guiseley Grit was deposited.

5.5.6 Effect of basin structure on incised valleys width

In the Roaches - Ashover Grit and the Lower Kinderscout Grit (LKG8) a
downdip valley narrowing is mentioned from ~12 to ~5 km and >20 km to <5 km
respectively (Hampson, 1995; Hampson et al., 1999; Jones and Chisholm, 1997).
This suggests that the deepest, distal parts of the ‘Valley fill sandstones with giant
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foresets” have a funnel-like geometry, whereas coastal incised valleys typically

widen downstream (e.g. Blum et al., 2013).

Al
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Figure 5.7 (previous page) Conceptual model of lateral variations in basin depth. (a) In
basins of limited or no variation, the position of the fluvial system will be unaffected.
(b) Progradation into zone of lateral differences in basin depth. During sea-level fall,
upstream knick-point migration will be faster and more efficient in zones of slow
coastline progradation associated with the deeper segments (Fig. 5.6) and result in the
capture of additional streams by the incipient incised valley (cf. van Heijst and
Postma, 2001). In the case of the Guiseley Grit and Roaches-Ashover Grit such
process might have formed an area of non-deposition next to the incised valley,
assuming that both areas were fed by the same river system. (c) Valley incision
focussed in the deep segment, forming a major turbidite fan. Potentially, incised
valleys are further confined by bounding faults that define basin margins. (d)
Subsequent fluvial systems can remain confined within the former incised valley if
underfilled. Such process probably occurred during deposition of the Pendleian
Warley Wise Grit (Chapter 3), (e) Otherwise fluvial systems are likely to seek the
steepest longitudinal profile, focussing fluvial systems in areas where the coastline is
close by. During sea-level fall, the presence of fluvial systems will favour incision in
these locations, particularly when these areas are deeper as well, resulting in more
efficient incision (Fig. 5.6). () Valley incision results in localised progradation of
the coastline, influencing subsequent periods of deposition.

On the northern margin of the Askrigg Block, the width of the Bearing Grit
valley is ~12.5 km, but it widens rapidly downdip to ~ 40 km in the Craven Basin
(Chapter 3), indicating an opposite trend to the examples in the Lower Kinderscout
Grit and Roaches Ashover Grit (Hampson et al., 1999). Valley narrowing typically
forms an initial stage of incised valley formation that occurs during periods of
accelerating sea-level fall (e.g. Strong and Paola, 2008). This is generally followed
by a phase in which valleys widen due to lateral migration of channels that further
excavate valley margins during periods or reduced sea-level fall or still stand (e.g.
Strong and Paola, 2008; Martin et al., 2011; Blum et al., 2013). If related to sea-
level variations, the downdip narrowing in the Lower Kinderscout and the Roaches-
Ashover Grits would suggest a very rapid transition from sea-level fall to sea-level
rise. Because such narrowing is not observed in the otherwise similar Bearing Grit,
an alternative explanation based on a different orientation of major structural
lineaments is preferred. In the Craven Basin, the Bearing Grit drains perpendicular
to the Craven Fault system and lateral variations in basin depth are gradual.
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Contrastingly, the Lower Kinderscout Grit and the Roaches-Ashover fluvial system
drains into the narrow, structurally-defined Edale and Widmerpool Gulf, where
these structural lineaments might have contributed to the confinement of the incised
valley (e.g. Holbrook and Bhattacharya, 2012).

5.5.7 Effect of discharge

In Chapter 4, distinct facies patterns in Gilbert-type delta foresets, ‘intrasets’,
and sediment gravity flow deposits in the delta front of the Bearing Grit incised
valley fill are interpreted as hyperpycnal flood deposits of variable strengths,
suggesting that the river system during infill of the incised valley is flood-prone. The
absence of such facies in the forced regressive Warley Wise Grit is thought to
indicate the absence of such flood-prone conditions (Chapter 4). This difference has

been related tentatively to variable monsoonal conditions at precession timescales.

Flood-prone Gilbert-type foresets similar to those in the Bearing Grit incised
valley fill are also recognised for the Lower Kinderscout Grit (McCabe, 1975, 1977)
and the Roaches-Ashover Grit (Jones, 1980; Jones and McCabe, 1980), suggesting
similar flow conditions in these valleys. In incised valley fills without Gilbert-type
deltas, flood deposits are more difficult to recognise due to the absence of the
Gilbert-type deltas that form the clearest indicator of flow conditions. Flood events
might be recognised by structureless sandstones, which in braided rivers have been
linked to hyperconcentrated sediment concentrations (Martin and Turner, 1998), or
by longitudinal changes in the incisional style (Fig. 5.6c; see discussion section
5.5.3; Holbrook et al., 2006). Structureless sandstones have been observed in both
the Rough Rock (Hampson et al., 1996) and the Chatsworth Grit (Waters et al.,
2008) but detailed sedimentological analysis would be required to determine

whether these structureless sandstones are indeed related to such river floods.

Climate variability inferred from incised valley character should be
corroborated by additional indications from other parts of the depositional system.
Long term evolution of coal occurrences and palaeosol character of the Asbian to
Pendleian Yoredale succession in the Northumberland Trough suggests that after a
semi-arid climate period from the Late Asbian to Early Brigantian, climate reverted
to a humid, seasonal climate from the Mid-Brigantian to the Pendleian (Lemon,

2006). Additionally, high frequency paralic ‘coal-measure facies’ in the Pendleian



- 226 -

strata in the Midland Valley of Scotland provide further indications for a strongly
seasonal climate (e.g. Read, 1989). Between the Black Metals Limestone and Index
Limestone, 25 laterally persistent coal seams occur in a ~200 m thick succession,
characterised by 4 regressive successions (Read, 1994; 1995). The Pendleian
succession of the Midland Valley of Scotland contains three additional limestones
(Read, 1989; Ramshottom, 1977b; Dean et al., 2011), which combined with the 1
Myr duration of the Pendleian (Waters and Condon, 2012) suggests that this
succession is characterised by Milankovitch-order forcing mechanisms. Accurate
radiometric dating is not available but it is here considered most likely that the Black
Hosie and Index Limestones represent peak flooding surfaces at long-period
eccentricity (400 kyr). This implies that the 4 regressive successions represent sea-
level cycles at a short-period eccentricity (~100 kyr), while coal seam formation
occurred at precession time-scales. Coal formation at this time-scale would reflect
wet-dry cycles consistent with a seasonal monsoonal climate (cf. Van den Belt,
2012).

5.6 Conclusions

The fill of the Carboniferous Central Pennine Basin by the Namurian
Millstone Grit Group forms a south- and westward prograding shelf margin that
extends up dip into the mixed limestone and siliciclastic succession on the
northward located shelf. The large-scale stratigraphic pattern appears predominantly
controlled by long-term sea-level variation, major avulsions and long-term
variations in subsidence rates. Long-term variations between glacial and non-glacial
periods control sediment delivery to the Central Pennine Basin, with sand delivery
associated with low sea level during the glacial periods. Large-scale avulsions
between a northerly and easterly fluvial pathway control the areas and direction of
progradation while decreasing subsidence rates during the Namurian increasingly

promoted progradation.

On a shorter and smaller scale, conceptual models of external controls on the
stratigraphic character of the Millstone Grit Group in the Central Pennine Basin are
tested. These models are developed from analogue modelling and field examination

focussing on incised valley position and character. Four valley types are recognised
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from literature: deeply incised valleys with Gilbert-type deltas, regular incised
valleys, broad erosional sheet sandstones, and incised valleys corresponding to

perched lowstand deltas.

Differences in valley types are mainly related to the depth of incision, and
correspond closely with the depth of the adjoining basin. The deepest incised valleys
are associated with the infill of the deepest depocentres within the Central Pennine
Basin, whereas shallower incised valleys correspond to smaller shelf clinoforms.
Broad erosional sheet sandstones probably resulted from rapid extension of the
coastline during sea-level fall when the Central Pennine Basin is mostly infilled and
a shelf margin was absent. Broad erosional sheet sandstones, suggesting that the
shelf was not incised, were also formed when perched lowstand deltas formed on
still submerged shelves. The analogue modelling inference that deeper basins and
associated deeper valley also results in more efficient sediment transport could not
be quantified. Gilbert-type deltas facies associated with large discharge variations
during sea-level rise are consistently present in the fills of deep incised valleys,
suggesting a discharge/climate influence. Some indications of climate or discharge
variations occur outside these valley types and further work is required to establish
the importance of climate influences on the sedimentary character.

The position of incised valleys is likely controlled by previous phases of
deposition and lateral variations in basin depth. Slowly prograding systems,
associated with deep water shelf margins are more prone to incision, which in
combination with marked lateral variations in shelf margin height controls the
position of incised valleys and associated turbidite fan systems. These areas are
consequently characterised by rapid progradation of the coastline. Subsequently,
fluvial systems abandon these locations and focus in areas where the coastline is
located furthest upstream, promoting valley incision in these locations. Lateral
variations in the basin-margin morphology is likely an important predictor of incised

valley positions in settings similar to the Namurian Central Pennine Basin.
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