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Abstract

The Carboniferouentral Pennine Basin provides an idealingsground to
examine the effects of tectonic activity, climatgiation sealevel changesand
evolving bathymetric conditions upon continental to marine strata. During
deposition of thglacio-eustatically controlledillstone Grit Group the bathymetry
of the area changed, tectonic activity has been invoked to explairrbasgm
unconformities and high frequency climate variations have been interpreted as a

driver of smalscale cyclicity.

Tectonic activity does not appear to have affected the saphg character
of the Millstone Grit Group significantly. The inference of a major tectonic
unconformity on the northern margin of the Central Pennine Basinnserpreted
through recognition of aimcised valley. The influence of active tectonicaisior

but tectonic lineaments provide loci for sgiapositional structural activity.

Facies analysis of Gilbetype deltas within incised valley fills indicates a
highly variable flow regime. Contrastingly, Gilbdype deltas during sdavel fall
are brmed under constarigw flow conditions. Ths difference is tentatively linked

to variable monsoonal discharge.

Bathymetric differencesombinedwith sealevel variationsstrongly
influencestratigraphic developmerthelf heighis inferred as a contron valley
incisionbased on analogue modelling, detailed field investigation ablttestpart,
and literature review of thentireMillstone Grit Group. The deepest incised valleys
occur where fluvial systems incised into thighest shelf marging\ndogue
modelling indicates that deep inaibealleys are associated wititreasd sediment
supplyto the slope relative to incised valleys formed on lower shelf madgirsg
thesame magnitude sdavel falls (in agreement with field data). Additionally,
lateral variations irshelfmargin heighappear to havsteeredhe positions of
fluvial systemsijncreasinghe likelihood of valley incision ispecificlocations.
Integratingbasin depth andasinmargin morphologyn sequence stratigraphic
models as controlling factoon the behaviour and position of fluvial systems
might thusimproveinsight into the position and size of incised valley systems and

associated turbidite lowstand fans.
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yorkshire/ (cropped) because weather conditions did not allow
photos from sufficient distance............ccoooovviiiiiiceeii s 66
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Figure 3.8 Cross sectonF F6 (see Fig. 3.2 for |l ocati
longitudinal differences in stratigraphy in the Craven Basin.
Sections 1i 6 are levelled from a coal seam at the top of the Bearing
Grit. Sections 7- 9 are correlated based on the occurrence ofvo
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...............ccccevvvvveenn 69

Figure 3.9 (previous page) (a) Interpreation 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 section3.4.2.8) 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 fluvideltaic
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 Rdle

Grit tUrDIdItES. ..oooiiiiie e e e e e e e e e e e e e e e e 0D

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 Gilberype foresets. F6 indicates
sedimentgravity -flow deposits, F7BD indicate various types of
Gilbert -type foresets discussed in Chapter 5, F8 indicates cress
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 suborizontal and can be observed at
outcrop 6 at the right hand side of the figure. Steeper dips represent
depositional dip of largescale foresets. At outcrop 1 (see c, d)

Gilbert -type delta foresets are erosionally overlain by sediment

gravity -flow deposits. These sedimergravity -flow deposits are

overlain by Gilbert-type deltas in outcrop 2 and 3, followed on by
sedimentgravity -flow deposits (see outcrop 3) and Gilbertype
deltas(outcrop 4 and 5, see e, f). Outcrop 6 shows trough cress

bedded sandstones, overlying the entire succession..............ccccccvvvvees 74

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 shalkencased small channels. The
position of the Bearing Grit is inferred from correlation with the
Low Bradley Borehole (see Section3.4.2.6 and 3.4.2.8)..........cccccceeennnn. 81
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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 welkkxposed 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 ae
continuous on top of the Bearing Grit but not visible due to
(LTS 0 1=Tox 1LY/ TSRS

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 largescale foresets (F7a) in white, and
overlying crossbedded sandstones (F8) in yellow. (c, d) Western
quarry face exposing Gilberttype 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)......uuiiiiiiiie e 103

Figure 3.14 (next page) (a) Turbidite channel exposure. Note the
lenticular nature individual beds of Facies 4: Thick Tubidite
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 coarsegrained 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 neain¢ 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 chanel 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. .......ooeeeee e 107

Figure 3.15 (a) Facies 7: Largscale bresets 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 Quatrry,
Farnhill Moor [4000 4467]. (c) Facies 6: Sedimergravity -flow
deposits at the Triangulation Pint, 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. Pho 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
sedimentgravity-flow deposits with diffuse laminations at Potter
Gap, Barden Moor [3991 4584] (Fig. 3.10: outcrop 3)......cceeeeeeeerreeenne.
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Figure 3.16 (previous page) (a) Facies 8: Tangential planar cross beds,
Obelisk Barden Moor [3993 4588]. (b) Nottangential planar cross
bed (facies 8), overlain by Facies 9: Paralldhminated Sandstones
and Facies 8 containing dewatering structures. Deer Gallows Ridge,
Barden Moor [4000 45556] (c) Facies 8 containing dewatering
structures, Deer Gallows Ridge, BardermMoor. (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
et al., 1993; Earp et al., 1961; Jones, 1943; Sims, 1988; Waters,
2000). For borehole abbreviations, see Fig. 3.2........ccccccvviiiiiiiiiieeennnn. 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, 977, 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.
30 R URPOTPPRPR 124
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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 sheavhile in
the Craven Basin, the rifttopography 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. Growthfaulting occurred at the base of the Pendle Grit at
Jenny Gill Quarry, Skipton Moor above the Pendle Fault system.
Progressive sedevel fall and slowing progradation in increasing
water depths should lead to an increasaithe 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 whth the margins indicate that it drained
towards the Bowland Basin. Rapid deposition of a thick sequence of
turbidite deposits might have reactivated extensional faults along
the Bowland Line and resulted in growthfaulting, locally steering
the position and character of channels at Waddington Fells Quarry
(Kane et al., 2010a). Valley incision during sebevel fall results in a
highly efficient fluvial system, which corresponds with the very
coarsegrained 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 coarsgrained succession of stacked
sedimentgravity -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 coarsegrained succession. (f) Tansgression 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 sedevel 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 subbasin. Rapid, shallow water
progradation resulted in a lower efficiency fluvial system, resulting
in smaller sediment volumes and finer grain size...............cccccceeee e, 132

Figure 4.1 Alternate bar model explaining largescale faesets within 17
2 km wide distributary channels (from McCabe, 1977; featured in
Reading, 1996; Collinson et al., 2006)...........ccccceviiiiiiiiiieeereeeeeeiiie e, 146

Figure 4.2 Definition sketch indicating terminology used throughout the
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Figure 4.3 (a) Facies 7A: Gilberttype 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).....cc oo e 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 finegrained bed
tops. Location is near Rolling Gate Crag (Table 4.1)...........cccccvvvvvvennee. 150

Figure 4.5 (next page) (a) Lorddés Seat,
foresets are recorded on the left side of the image, and overlain by
parallel-laminated sandstones (Fac&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 largescale foesets (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 dp 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 uppdiow-
regime dructures. (e) 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 facies6 at Potters Gap, Barden Moor (see Fig.3.10c: outcrop 1).

(g) Facies 7C at Potters Gap (see Fig.3.10a: outcrop.2)..........cceeeveen. 151

Figure 4.6 (a) Alternation of facies 7B, 7C and 7D at Unnamed Crag 2
(see Table 4.1 for tectonic and degsitional 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 (a). (c) Faas 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 trarsitional form between facies 7C and 7D. Note
apparent shallow dipping backsets in (e), which are steeply dipping
FOr@SELS N (F)ceeeeeeeeiiiee e e 154
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Figure 4.7 (a, b) Overview of Simonéds ¢
8) at the base othe outcrop, overlain by a crudely crossbedded
interval and sedimentgravity -flow deposits (facies 6), see Fig. 4.5e
for location. Green line indicates base of crudely crossedded
interval, red line indicates base of sedimengravity -flow deposit (c,
d) Close up of cross beds. Note steep tectonic dip of 26°. (e, f) Close
up of crudely-crossbedded interval and overlying sedimendgravity -
110111V 0 =T o0 ]| S 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 sedimegravity -flow
deposit. (c, d) Close up showing facies 7C, followed by 7D, of which
the tops are truncated by a sedimengravity -flow deposit. Towards
the right, the sedimentgravity -flows follow the foreset surface and
deposits under relatively steep dips in the delta front (see also a, b).
(e, ) Close up of the right side of the figure (a , b): facies 7B,
overlain by another, morepebbly and structureless sediment
gravity -flow deposit. (g, h) Close up of the erosion surface in (c, d).
Note that the sedimerigravity -flow deposits continue dowrforeset
in the right hand side of the picture..........ccccooeiiiiiiiiiiiiieee e, 157

Figure 49 (next page) (a, b) Deltdoe sedimentgravity -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 bedforns towards the right
downdip of the backsets, interpreted as uppeflow-regime deposits.
(e, f) Close up of scour pool margin in (a, b). Note the steep contact,
which is characterised by a strong grairsize change and different
angle laminations. Inside tte 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).......coooiiiiiiiiiiiieeee e 159

Figure 4.10 Directly exposed transibns between different facies for
which a Markov chain analysis was attempted. A strong relation
between facies 7B, 7C, 7D foresets and facies 6 sedimgravity -
flow deposSitS IS aPPArENL.......ccciiiiiiiie e 164

Figure 4.11 (a) Statistical analsis of depositional dip in facies 7/, and

intrasets within 7D, (see table 4.1). (b) Onsample K-S t est s, 0ab
i ndi cates confidence | ngoeHyis al | 6hoé 1 n.
accepted, and 6épb6 indicates probabili:
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Figure 4.12 (next page) Process interpretation (a) Facies 7A:
Suspensionrsettling dominated delta foresets, which most likely
occurs during homopycnal conditions. (b) Facies 7B: Graiflow
dominated delta foresets, whichndicate 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 sedimegtavity -flow deposition, which
probably indicate higher flow regimes, and stronger hyperpycnal
currents than facies 7D. Strength of hyperpycnal currents in (€ e)
is visualised by their thiCKNesSS.............coovviiiiiiiiiieee e 167

Figure 4.13 (a, b) WeHdeveloped intrasets in fa@s 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 reposedr the major surfaces...........ccccevvvvveivvivvieee.n. 171

Figure 4.14 (next page) (a) Forces acting on grains on a horizontal
surface. Only water flow can exert a begparallel force on the grain,
resulting in sediment motion if shear stress is larger thathe critical
Shields stress. (b) Forces acting on grains on a sloping surface.
Gravity (Fg) can be expressed as vectors bgzhrallel and bed
normal to the sloping surface. The begarallel vector reduces the
amount of shear stress required to surpass theitical Shield stress,
facilitating sediment motion. (c) At angle of repose, the beparallel
vector of gravity is equal to the critical Shields stress, implying that
the slope cannot become steeper. (d) Relation between foreset angle
and shear stres 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 O6H6 of a hyper
foreset angle. Coloured markers are estimates for foreset types 7C
and 7D using the scaling approach of Kostic et al2002), lines are
constructed using equation 11...........ccoouviiiiiiiiiimmmreei e 175
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Figure 4.15 (previous page) (a) Conceptual, simplified model of the
relation between deposition of the stratigraphic units, setevel
variations, high latitude southern hemsphere 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 fluvi al 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 fotate
Paleozoic (Sakmarian, ~290 Myr) palaeoggoaphy (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 mmer and autumn
(MAaPS JIA AN SON) ...t e e e e e 187

Figure 5.1 (a, b) Yoredale cycle with deltaic deposition during sdavel
highstand and incision by Millstone Grit incised valley systems
during falling stage (modified from Tucker etal., 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 reftds fine-grained
highstand deposits. These systems are largely bypassed during
deposition of the coarsegrained Millstone Grit sediments in the
Central Pennine Basin during relatively low sea level. During
transgression and highstand, formation of Yoredald.imestones
indicates a switchoff of sediment supply that in the Central Pennine
Basin is reflected by highly condensed marine bands......................... 194

Figure 5.2 (next page) Coastline reconstructions for (a) Late Pendleian,
incised valey 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 subbasin, 5) Harrogate subbasin, 6)
Cleveland High, 7) Rossendale subasin, 8) Huddersfield subbasin,
9) Gainsborough Trough, 10) Holme High, 11) Denpshire Basin, 12)
Edale Gulf, 13) Goyt Trough, 14) Widmerpool Gulf, 15) East
MIdIaNds Shelf........cooo e 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 baskon
Waters et al. (2012), (d) Middle Marsdenian, incised valley position
based on Jones and Chisholm (1997) . See text for discussion on
stratigraphiC INtErValS. ...........vvvviiiiic e rrer e 205

Figure 5.4 Approximate coastline reconstructions for &) 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 forpper leaf
Rough Rock based on Hampson et al. (1996). See text for discussia209

Figure 5.5 (next page) Schematic cross section of the Central Pennine
Basin and northward located shelf indicating the discussed
stratigraphiC iNtErValS.............uvviiiiiii e e 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. (@) Deep incised valleys occur at the margins of
dee 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 sedevel rise, these
valleys are characterised by the occurrence of Gilbertype 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 sandshes. Sedevel 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 incied 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)........coeeeeiiiiiiiiiiicceei e, 220
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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 dgth. During sealevel 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 valey (cf. van Heijst and Postma, 2001). In the case
of the Guiseley Grit and RoachesAshover Grit such process might
have formed an area of nordeposition 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 clobg. 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 progradationof the coastline, influencing subsequent
periods Of dePOSItION...........uuuiiiiii e 224



1 Thesis Rationale

1.1 Introduction

Sequencsstratigraphianethods are commonly used to study shifts in the
facies belts of fluviedeltaic systems (e.g. Catuneanu et al., 2009; Heltartsen
and Hampson, 2009), and generally relate such shifts to changes in accommodation
space induced by séavel fluctuations (e.g. Posamentier et al., 1988). One of the
most important aspects séquencestratigraphianodels is the recognition that
periods of rapid sekevel fall are associated with the formation of incised valley
(Posamentier and Vail, 1988; Blumh al., 2013). These entrenched fluvial channel
belt complexes provide a mechanism for fludieltaic systems to traverse a shelf
and todeliversandgrade sediment directly to the slopapplying sediment to
turbidite fars. During subsequent séavel rise, these incised valleys are typically
infilled by a sandrich 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 therstehding of incised
valley formation as selevel 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 positibamfels (e.qg.
Kane et al., 2014) or providing regional differences in subsidenebereaslimatc
change%an result in water and sediment supply variations that modify the

sequencsstratigraphigatterns (e.g. Rittenour et al., 2007; Bijkerk et 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 eustadievetaariations
related to the waxing and waningiog sheets durinmajor southern hemisphere
glaciations (e.g. Ross and Ross, 1985; Maynard and Leeder,R@glet al.,

2008). Meanwhile, the Central Pennine Basin represents an area in which the basin
configuration akred drastically throughout deposition of its infill from deep
segmented subasins to an overfilled basin (e.g. Collinson, 1988tersand

Davies, 2006), providingn opportunityfo examine the effect of séavel

fluctuationson a single fluviedeltaicsystem invarious 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 (Fasram

199%; Wright and Vanstone, 2001) and youngerl@aiferous 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 ssibge of the Cadniferous(e.g. Waters et
al., 2009) and is here studied in detail. Nequencsstratigraphidramework has
been presented since recognition of an additional transgressive surface in this
succession (Brandon et al., 1995), while recent sedimentologicésthave
provided details on the turbidite succession and indicated the occurrence of syn
sedimentary actity of major faults Kane et al., 2002010, Kane, 201D Thus,

both eustatic and tectonic activity is manifest in this succession.

One major ballenge 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 analogumodels. These flume experiments provide simple three
dimensional models in which the effect of external contralghe stratigraphic
charactecan be studied in isolation and together through time, and with a known set
of input parameters such @ magitude of sedevel fluctuations or the amplitude
of tectonic or discharge variations. Combiriietd studies and analogue models can

improve the understandirgd long term evolutiorof fluvio-deltaic systems.

1.2 Thesis bjectives

This thesis aims tocidate 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 folj®percific

researclobjectives:

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

Analogue models are used to examine:



-3-

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 séavel fluctuations combined influence fluvio
deltaic systems;

d) How to define and quantify the effect of suasinrmargin morphology

control on fluviedeltaic systems;

e) Whether such changes danperceived in the published literature.

i) Detailed examination of the Pendleton Formation in the northern part of the
Central Pennine Basin and the adjoining shelf area. For this succession a+egional

scale framework was developed based on:

a) Stratigaphic 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 aequencsstratigraphidramework,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 charactef Gilberttype 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;

c) What external control triggers can be responsiblsdoh conditions.

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



1.3 Thesisstructure

Chapter 2 describes the results from analogue models in Wigéhfluence
of basin depth, and lateral variations in basin depth on fideitaic systems are
examined. The response of the fluvial system to variations in basin depth is
guantified 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 séavel 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 sedimengital andsequencsstratigraphianalysis 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 northertf shisese are used to construct a
palaeeenvironmental model, based on lithofacies and a detsélgdence
stratigraphidnterpretation. 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 @Gyipert
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 additionkinsight 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 Allogeit 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 proféenains in disequilibrium because
progradation requires constant aggradation along the length of the dieitéac
profile. Here, four analogue models of sedimentary systems are examined to better
understand the effect of downstream allogenic contralsitfidepth, subsidence and
sealevel variations) upon longitudinal patterns of sediment distribution that
eventually determine larggcale stratigraphic architecture. Basin depth affects the
curvature and gradient of the longitudinal profile: fludeltac 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 voluties to
shoreline and decreased downstream fining. Glaasiatic sedevel 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
sedimat transport towards the shoreline at those times. Additionally, the strength of
the response to sdevel 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 sanegrade sediment at the shoreline that can potentially be
remobilized and redistributed into deeper marine environments. Key findings are

subsequently applied fiterature of selected field areas.



2.2 Introduction

Understanding soure®-sink sediment transport and sediment partitioning
between the fluvial, deltaic and marine environments on geological timescales
presents a major challenge in sedimentologysmugience stratigraphy (e.g. Bourget
et al.,2013; Covaulet al.,2011; Martinseret al.,2010; Sgmmet al.,2009).

Sediment transport and its consequent distribution through the-fleliaic system

is largely governed byodhade®dnce.pd. oMutdie
Swenson205). Equilibriumimplies that all sediment is conveyed through the

system withounheterosion or deposition. All fluvialeltaic systems evolve towards

this state; (parts of) systems at too shallow gradients for sedirapgport 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 sequstregigraphic models to deén

whether a system is mnet erosional or depositional state (e.g. Catuneaal,

2009; Posamentier and Vail 1988; Shanley and McCabe 1994).

Sealevel fall can cause the lower reach of the longitudinal profile to become
above grade resulting in nebsion and efficient sediment transport to the river
mouth. During sedevel rise the fluvial systens below gradeind becomes
aggradationalresulting in reduced sediment transport to the shoreline. Upstream,
away from direct influence of sdavel variatons, the grade of systems is
determined by changes in discharge, sediment supply, and tectonic regime (e.qg.
Bijkerk et al.,2013; Catuneanet al.,2009; Hampsoet al.,2013; Holbrook and
Bhattacharya2012). Fluviodeltaic systems thus respond to thenbaned 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 enveotsof a
sedimentary system and therefore determine the-kraje stratigraphic

architecture.

Variations in the grade of entire fluviteltaic systems can occur on
geological timescales (Paola et al., 1992). Systeate 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
aperiod (Fig. 2.1a). This type of equilibriudiffers from morphological definitions
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of equiibrium (e.g. Mackin1948) that do not necessarily represent equilibrium
conditions on geological timescalest focus on short term periods and small
segments of a fluvideltaic systenfSchumm and Lichtyl965). Analogue and
numericalmodellingshows thasystems approach systemale static equilibrium
conditions asymptotically through time (Postetal.,2008). Systems that are far
removed from equilibrium approach this state rapidly using a large percentage of the
sediment load for aggradation of tthevial system (Postmat 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 plefiPostmaet al.,2008).

Equilibrium (sensu Paola et al. 1992a)

B

Progradation resulting in aggradation (sensu Muto and Swenson 2005)

Figure 2.1 (a) Systemscale 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 matl 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 aitfgesysterrscale static equilibrium.
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In many natural systems, sediment bypass through the fluvial system leads to
progradation of a deltar shelfclinoform, resulting in a continuous lengthening of
the longitudinal profile (Fig2.1b). This lengtheningmplies that systerscale 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 annskbe of the equilibrium profile
(HellandHansen and HampspR009; Muto and Swens@i2005). 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 occeseagart of the
fluvial sediment load is required for aggradation of the fluvial domain. This
represents a departure from the sysseae static equilibrium profile (Voller and
Paola 2010) that is linked to the progradation rate and relativdesazd variations
of that system. The magnitude of the departure is set in a feedback loop in which
departure from systesscale static equilibrium determines fluvigarine sediment
partitioning, thereby setting the progradation rate, which has a feedback in

detemining the departure from systesnale static equilibriumHg. 21b).

As yet, it is unknown how basin depth, basin subsidencesastdticsea
level fluctuations govern the behaviour of this feedback mechanism and so produce
the common stratigraphic patns described by sequence stratigraphy. Fhree
dimensional analogue models are used to examine this concept in a controlled
environment. Additional twalimensional models are generated to study its effect of
downstream fining. Subsequently, literatureecstuidies 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 duddasin configuration and allowed generatioved scenarios
simultaneously: Model 1 (M1) and Model 2 (MBig. 22). 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,
intermedide and deep zondBig. 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 snarios, but reached the same basin shape and depth at the
end of the experiment§&ig. 2.2;2.3). Subsidence is generated with vertical
adjustment of hexagonal blocks underneath the experimenigb seows of these
blocks are connected by overlying bdsto generate smooth, rather than serrated,
subsidence zone boundari€sy; 22). An adjustable overflow controls base level
during these experiments. All models are executed with quartz sand of a narrow

grainsize distribution (= 146 um, Ry = 217 ym, and By = 310 pm).

2500
2600 Shallow zone: 40

— Intermediate zone 80

St 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 mimmumge 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 daptfiormed. Dimensions
(mm) are indicated in regular font, gradients in italic f@ot.Side view of the

expeiment, along transectP 6 ). n ( a
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In Experiment = Model 1 (E1_M1), the effects of basin depth is tegkeg.
2.39). In Experiment X Modd 2 (E1_M2) the joint effects of subsidence and basin
depth are testedrig. 23b). In Experiment 2, sekevel variations are also included
with different subsidence and discharge regimes for Model IMERand Model 2
(E2_M2) (Fig. 2.3¢d; Table2.1). In E1_M1, E1_M2, and E2_M2 water discharge
and sediment input were constant at*h'frand 0.004 rth™, respectively. In
E2_M1, these rates were 1.8m} and 0.004 rih™* (Table2.1).

A) Experiment 1 - Model 1 (E1_M1) B) Experiment 1 - Model 2 (E1_M2)
120 120
T 80 E g
£ 80: §,80:
] .
£ 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 0 16 32 48 6 80 96
Time (h) Time (h)
C) Experiment 2 - Model 1 (E2_M1) D) Experiment 2 - Model 2 (E2_M2)
120 120
E g E o]
£ %3 £807
(7] ] 4 1
I § 407 .
) I |7} TN ----4-"7
S 0—_"\ /\\/—\\J/ g 0 N\ /\\/—\\ /
§ 0l — £ = ~
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 folettfezone 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 @ E1_M1, andli§) E1_M2, the subsidence

and accommaodation space curves overlay because base level is c(r)dE2ntiM1,
(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 ztirebasin

(Fig. 2.2; 2.3a). In E1_M2, the fluvideltaic 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 R during the second half. This results in subsidesargrolled
acconmodation space on the delta plain, and both temporally and spatially

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

The subsidence rate in E2_ML1 is continuous throughout the experiment,
resulting in the creation of accomawation space on the delta plaind pogradation
into increasingly deeper water (Fig. 2.30)E2_M2, the entire basinal area is
lowered 15 mm to accommodate $e@el lowstand 1 (at 16 h) before the
experiment startéFig. 2.3d) Subsidence at different rates for the shallow,
intermediate ath deep zones starts after 24 h (Fig. 2.3d). Additionally, three
asymmetric sedevel 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 andeiscycle 3 has a 30 mm fall, followed by a 40 mm
rise, returning sea level to the initial level (Fig. 2.3c, d).

Quv(meh?d) | @ (meh) | T (h) | AT(h) | Boundary conditions varied

E1l M1 1 0.004 96 8 Basin depth
E1 M2 1 0.004 96 8 Basin depth and subsidence
E2 M1 15 0.004 72 8 Ba§|n_depth, subsidence antkseh

= variation
E2 M2 1 0.004 72 8 Ba;m_depth, subsidence anteseh

variation

Scenario 1| 5.5 0.007 8 0.5 Basin with constraining weir, no progra
Scenario 2 | 5.5 0.007 8 0.5 Shallow water pragation (3 cm)

Table2.1 Input parameters and boundary conditions of the experinfeatameter®,, and
Qs denote water and sediment discharge, respectitahpmeterd andgil 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 starup period prior to the actual experiment, so that experisne
commenced with a se#djusted fluvial profile that reached the basin margin at 0 h
(Fig. 22). Sea level during this period was 0 mm. THiaygse photographs were
taken at 3 minute intervals to record the morphology of the fldeltaic system.

The 96h duration of E1_M1 and E1_M2 was subdivided into 12 intervals of 8
h (Table 21). Subsidence was applied to E1_M2 between these 12 intervals while
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the experiment was paused. Digi¢vationModels (DEMs) were measured with a
laser scanner before andemfsubsidence 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 intery@kble 2.1)

2.3.3 Scaling

The response of natural systetn®xternal formg and the resultant
stratigraphic charactelepends on the ratio between timescales of forcipg éhd
reactive timescales inherent to the system. For stratigraphic architecture, this
reactive timescale has been termed the equilibrium tirge (Haok et al.,1992a).
The ratio of To/Teg has proven to be effective for the simulation of stratigraphic
response to glacieustatic sedevel variations over geological timescales (Bijkerk
et al.,2013; Paolat al.,2009; van Heijst and Postm2001).

Modern natural systems have equilibrium times in the order ®f 10° yr and
are dominated by 100 kyr glaesustatic sedevel variation (cf. Castelltort and Van
Den Driessche2003). E1_M1, E1_M2 and E2_M2 have an estimated equilibrium
time of ~100 h, baskon 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
sealevel cycles thus appkimate a quarter or third of the estimated equilibrium
time: ratios representative of natural systems with glaugiatic sedevel
variations. The sekevel cyclicity in Experiment 2 therefore represents high
frequency, high amplitude glaceustatic sa-level variation and is expected to force
the system away from equilibrium during dewsel rise, whereas low frequency sea
level variation might allow a sedimentary system to remain near equilibrium (Paola
et al.,1992a).

Because glacieustatic sea l&l is mimicked, an asymmetric curve is
generated in which the duration of dewel fall is twice as long as séavel rise.
This is similar to the ratio observed in Pleistoceneleeal records (e.g. Lisiecki
and Raymp2005); the slow accumulation ofeccaps results in a slow eustatic-sea
level fall, whereagapid ablation of these ice caps at the glaicidrglacial

transition causes fast eustatic-$e&el rise (Oerlemand991).
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2.3.4 Dataset

Analyses are based on DEMs and supported byltapse 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 determitgdhe 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 poinE{g. 24a). The grade of the longituail profile is
calculated in a similar fashion but uses an approximation of the sgstmstatic
equilibrium gradient instead of the achieved gradiEig.(24a). This gradient is
characterized by full sediment bypass and based on the longitudinbd pfof
E2_M1 at 16 h, when the system achieved a-leear, steep slope, and 100%

sediment bypass ovei8ah period implying s/stemscale static equilibrium.

The gradient at which a longitudinal profile achieves full sediment bypass is
dependent on theatio between water discharge and sediment discharge (e.g. Postma
et al., 2008)High water to sediment discharge ratios resuoltew gradient
longitudinal profiles, and vice versia. E2_ML1 this ratids 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 O 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&igher, 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. €ypass 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 theiragrstinput 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 sedimé&nne
used for progradation and the total sediment volume, quantifying the efficiency of

sediment transport to the shoreline (Fig. 2.4Db).
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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 2.4Representation of methods) Curvature of the longitudinal profile (%) is
calculated as the volumengentage 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 esence to an estimated bypass gradient.
See text for discussion of the bypass gradigtSédiment bypass is calculated as a
percentage between the sediment volume transported past the shoreline of the initial

height model, and the total sediment volumeéween 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 distortedscale models (Peakadt al.,1996), Scenario 1 and Scenario 2,
were run in a 0.48 m wide, 12 wnlg rectangular flume to examine the effects of
longitudinal grade on downstream sediment finiRg(25). In Scenario 1,
progradation is limited by a weir that allows aggradation up to the systal®
equilibrium gradient. Scenario 2 resembles shaill@ter 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 0.007h™ and 5.5m°h™, respectively Table 21; Fig.

2.5). The approximate equilibrium time at the start of thmeedels is ~14 h. At half
hour intervals, five pointneasurements along the width of the fluvere madet

0.25 m intervals to obtain a widdiveraged longitudinal profild={g. 25b). In both
experiments, graksize samples of the final longitudinal pfefivere taken at 0.5 m
intervals after the experiment finished. Additional grsime 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 prefateéransport of
coarse grains (cf. Vollmer and Kleinha2€07). 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 griamdistribution wassed

with peaks at 216 pm and 420 pms(3> 285 pm). The coarse tail with a diameter

of >1 mm (7% by weight) was ed to assess downstream fining.

§ Qs
e Water surface
Qw Initial bed profile | 0.03m
||
| 1 : |
74
| 40m ‘ 1.5m
TF o+ TF % F  + ¥ % ¥ ¥ F %
+ + e e + +
+ + + + + + + + + + + + + < 0.48 m
s NI + 1 o+ o4 1 M s
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)

Figure25 Experiment setup for Scenario 1 and&.Side view of experiment setufin)

Top view of expement setup.

2.4 Results
2.4.1 Experiment 1- Basin 1 (E1_M1)

E1 M1 developed in a pifflermed basin with constant sea level and results in
progradation of a dekahelf system into increasing water deptfig)(26a- c; 2.8a,
b). The curvature of thehgitudinal profile increases from 91% to ~96% froiin 1
56 h and subsequently decreases to Hi¢p R4a; 2.69). The grade of the

longitudinal profile starts at 76% and increases to 92% frorb@ h, after wich it
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remains constant (Fig. 2.426h). 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 5684 h. Subsequentlit decreases to ~43%

(Fig. 2.4k 2.6f).

6) Experiment 1 - Model 1 (E1_M1) 7) Experiment 1 - Model 2 (E1_M2)
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Figure 2.6 & 2.7(a) Input paramete forE1_M1 and E1_M2Accommodation space
shownfor the deep part of the basagcommodation space the intermediate and
shallow partss 2/3 and 1/3 of this value. (b) Rate of change in accommodation space,
(c) Basin depth (mm) calculated along tkke of the clinoform (d) Topset area,
(e) Progradation rate, calculated between the shoreline of successive height models,
() Sediment bypass, see Fig. 2.4) Curvature of the longitudinal profile, see Fig.
2.4a. (h) Grade of the longitudinakgfile, see Fig2.4a.
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Average clinoform height, measured along the strike of the clinoform,
gradually increases from 2506 mm during the experiment and correlates with the
sediment bypass percentage and the longitudinal curvature and grade as well (Fig.
2.6c, f- h). The progradation rate decreases frorit ®mm h* (Fig. 2.6e) and
results in a gradual increase in the topset area froin®Bnt (Fig. 2.6d).

length (mm)
0 500 1000 1500 2000 2500 3000 3500 4000
A) E1_M1 shallow -

I T T |

T T T

0 500 1000 1500 2000 2500 3000 3500 4000
length (mm)

Figure 2.8 Widthaveraged transects through the shallow and deep parts of each
experimentTransectsnainly differ in the proximapart of thebasin (see Fig. 2.2a).

Each line represents an increment of(8de Fig. 2.6a)
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24.2 Experiment 1- Basin 2 (E1_M2)

E1 M2 forms in a shallow ramp setting with constant sea level that subsides
from 48h onwards at a rate of 2.5 mni {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 basiwhich reduces the progradation rafgg( 2.7¢c - €, 2.8c, d).

At the start of the experiment, sediment bypass is 5% of the sediment input and
increases to ~16% at 4048 h (Fig.2.7f). The initiation of subsidence reduces
sediment bypass to 8% (Figj/f, 481 56 hour) after which it steadily increases to
24% at the end of the experiment (R2gzf, 881 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 poifieitomes approximately constant (F2d.g).

The grade of E1_MZ2 initially remains low at 74% and gradually increases after the

initiation of subsidence (Fi@.7¢, h).

Sediment bypass is low in the rapidly prograding system and coincides with a
strongly cacave, lowgradient longitudinal profile (Fig. 2.7eh, O7 48 hour). After
48 h, the basin subsides rapidly and a significant sediment volume is captured for
topset aggradation, decreasing the sediment bypass rate (Figh2483 72 hour;
2.8c, d).However, towards the end of the experiment this rate increases to its
highest levels (Fig. 2.7c, e, f, TD6 hour). This coincides with slow deeater
progradation and corresponds to an increased grade and decreased concavity of the

longitudinal profile(Fig. 2.7e- h).

24.3 Experiment 2 - Basin 1 (E2_M1)

Throughout this experiment, subsidence is continuous and sea level mimics
three glacieeustatic cycles of constant frequency and variable amplitudeBay.
This results in three regressibitransgression cycles (Fig.8e, f) that are reflected

in the cyclicity of the measured parameters (Ei§c- h).

The style of deposition and erosion changes significantly duringlesela
cycle and varies between cycles as well (Fig. 2.11; 2.12). Dodnygal 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, generatirlgvedort
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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 (@) Input parameters for E2_M1, and E2 Ad@mmodation 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 val{i®). Rate of change in accommodation space,

(c) Basin depth (mm) calculated along the strike of the clinofd)ii ¢pset 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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interfluves in cycle 1, 2 and the start of 3 (Fig. 2.11b). Duringeses fall 3, an

incised valley forms that focuses much of the water and sediment discharge along a
narrow section of the delta topset, generating-loregl interfluves (Fig. 2.11c).

Focused charge 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 s#if while in upstreamocationsdischarge is still focused in the

incised valley (Fig. 2.11e).

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

Figure 2.11Topset morphology of EM1 during sedevel cycle 3. (aHighstand Normal
Regression, the entire surface area of the topset is frequently Wextedrly Forced
Regression, small interfluves emerge that are regularly erarfjddciced valley
formation during late Forced Regression initiates asktiwgeline of the deep basin,
(d) Valley widening due todteral migration of the incised valley ot during
progradation(e) Trarsgression of the distal topset, continued upstrersionfrom

previous sedevel fall results irdiachroneity of the sequence boundary.

The curvature and grade of the longitudinal profile, and sediment bypass show
closecorrespondence to relative deael variations. The highest bypass rates are
observed during late séavel fall and lowstand and coincide with increasing
curvature and longitudinal grade percentages (i.e. longitudinal profiles become less
concave and seper; Fig. 2.9f h, 81 16, 32i 40, 561 64 hour). Low sediment
bypass occurs during the seael rise and coincides with a decreasing curvature
percentage and decreasing longitudinal grade (Fig- B,9t61 24, 401 48, 64i 72
hour). Intermediateates for sediment bypass, curvature and grade of the
longitudinal profile occur during sdavel highstand and early stavel fall (Fig.
2.9f1 h, O7 8, 247 32, 48i 56 hour).
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During late sedevel fall in cycles 1, 2, and 3 the sediment bypass rdi@4s
63 and 126% of the sediment input, respectively &R&f). Sealevel fall 3 is
smaller than sekevel fall 1 (30 vs. 40 mm) but results in incised valley formation
and significantly higher sediment bypass (R§f). Valley incision coincides with
an increased basin depth and a decreased concavity of the longitudinal profile (cf.
Fig,2.9c, f, 81 16 hour& 561 64 hour). Interestingly, it also coincides with a
reduced longitudinal gradient in comparison with the firstleeal fall (cf. Fig.
2.9h, 16 hour & 64 hour), indicating that erosion within the incised valley occurs at
a lower gradient thathe estimated bypass gradient for unconfined flow along the
entire width of the fluvial system.

Erosiondeposition maps also show that during-lsel fall 3 significantly
more erosion occurs on the delta topset than duringesebfall 1 (Fig.2.12a, ¢). In
the case of selevel fall 3, erosion migrates upstream and results in significant
erosion that persists until the end of the subsequenégelaise (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 In°h ™ instead of 1.5n°*h™ (Table 21). Secondly, the system progrades
on a shallow, noisubsiding ramp dimg sealevel fall 1, resulting in the very
shallow water conditions at lowstand 1 (F2dLOa, b, 87 16 hour).

Sediment bypass shows a similar response téeseavariation as in E2_M1
but less sedimeng bypassedverall, and the longitudinal profis are more concave
(cf. Fig.2.9g & 2.10g). Anotherdifference is that the curvature and grade of the
longitudinal profile decrease during seael fall to lowstand at 16 h, whereas in
E2_M1, these values increase (cf. Ad.0g, h & 2.9g, h, 16 rour). This is related to
the very high progradation rates that result from the shallow water depth of < 5mm
(Fig.2.10c, e, 871 16 four).



Figure 2.12 Erosiodeposition maps for E2_M1. Blue and red indicates respectively

deposition and erosion; the intengitiythe 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 erosioand rapid progradation into the
shallow basin. (b) Transgression 1 {184 h), deposition occurs along the entire
longitudinal profile. (c) Lowstand 3 (5664 h), erosion is more severe and has
migrated far upstream. Less progradation occurs than indaod/d due to the
significantly deeper basin. (d) Transgression 3i(62 h), erosion related to the
previous sedevel fall continues updip during the entire 4eeel rise while the

coastline is characterized by bastlepping lobes on the lowstand shelf

24.5 Grain-size experiments

The distorteescale models indicate that the curvature and grade of the
longitudinal profile are both dependent on the rate of prograd®tiameir
obstructed progradatian Scenario Jand resulted in a steep and neanhg#r
longitudinal profile that did not aggrade significantly after 5.%iy.(213a). In
Scenario 2, the length of the fluveeltaic system increased from 4 to 5.5 m and
resulted in a significantly more concave longitudinal profiig(2213d).
Additionally, the achieved gradient in the experiment with fixed length is
significantly steeper than in the experiment with progradation ([1:107] vs. [1:180]),
althoughsediment and water discharge were the same in both experimefig.(cf.
2.13a& 2.13d; Table 21).
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Scenario 1: System with weir Scenario 2: Prograding system
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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 représahieed height
and position of weir. (b) Sediment samples collected along the final longitudinal
profile indicate that the coarggainedfraction (> 1 mm) is present along the entire
profile without a clear downstream fining trend. (c) Grsire samles collected
below the downstream weir fromi04 h are depleted of coargeained san¢> 1
mm), indicating downstream fining. From 4.5 h onwards, input and output of €oarse
grained san¢> 1 mm) are roughly equal indicating that nawistream fining occurs.
The peak in coarsgrainedsand(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 indicate liydicates sea level
and initial bed height. Bypass gradient is equal to Scenario 1. (e)}€&aisamples
collected along the final longitudinal profile indicate that the cegramedfraction

(> 1 mm) is mainly retained in the steep, proximal pathe system (0 2 m).
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Grainsize data collected below the downstream weir (Fig. 2.5) indicate that
after 4.5 h significant volumes of coargeinedsand bypassed the weir, while
samplesalong the final longitudinal profile do not indicate a downstreiamd
trend (Fig. 2.13b). In Scenario 2, coaggained sands preferentially retained in the

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

2.5 Controls on Fluvial Profile Shape and FluvieMarine Sediment

Partitioning

2.5.1 Basin depth

With constant sea level, prograding systems cannot achieve sysadestatic
equilibrium Fig. 26f, h; 2.14a- d; Muto and Swensqr2005). In shallow water
conditions, such as occur at the start of E1._M1 and E1_M2, ftleliaic systms
require limited sediment volumes to prograde rapidly. This results in strongly
concave profiles at significantly lower gradients than the bypass graéign2 [f,

h, 0T 48 hour; 2.14b). Such systems transport sediment inefficiently and deposit the
bulk of their sediment load in the fluvial domain (d=gg. 2.7f, 07 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 gradiéing, e.g.
2.6e, h, 487 96 hour). Such systems transport sediment more efficiently and
partition a significantly larger percentage of their sediment load to the shoreline
(Fig. 26f, 481 96 hour; 2.14c).

Progradation will gradually slow in fluvideltaic systemghat build into a
spatially deepening water body (e.g. Fig. 2.6c, €) 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 rislengho
(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 thagabgnal
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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Downstreansediment fining occurs in both gravahd sanebed rivers and

is mainly dependent on selective transport, although abrasion processiss are

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

is ineffective in statiequilibrated longitudinal profiles: fingrainedsand is more

quickly transported than coargeainedsand but the latter will arrive as well,

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

systemscale static equilibrim, selective transpoas 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 &yssoisp

transport (Frings, 200&an result in stable downstream fining tremd&he rock



- 26 -

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
saliment 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) Sdavel fall in shallow basins or on a shelf. Rapid
progradation will impede erosion but deael fall will still lead to an increase in
grace, sediment bypass and reduced downstream fining. In exceptionally shallow
settings, grade and concavity can be reduced. (f)jesehfall in basins of moderate
depth leads to significant erosion and high sediment supply rates during late falling
stage ad lowstand. (g) Selavel fall in deep basins will have the highest likelihood
of generating incised valleys during degel fall, leading to high sediment bypass
rates, and within the incised valley lowering the bypass gradient. (H¢B=aise
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 ~55 h. Longitudinal profiles at successive tisteps 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 cageseed

sediment at the downstmaveir 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, @arogradational system developed with a low gradient, concave
profile (Fig. 2.13d; 2.14b). Here, coargrined sands retained in the steep upper
reach of the fluvial profile, indicating that the transport capacity at lower gradients is
insufficient to transport the coarggained sandraction. 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 irturn 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 ardistributed 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 comparisoto E1_M1 (cf.Fig. 27¢, e & 2.6¢, €). This results in a concave,
low gradient longitudinal profileRig. 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 andwosediment bypass ratdsiq. 27e, f). It alsoinitiates a
continuous increase in the grade and decrease in the concavity of the longitudinal
profile (Fig. 2.79). From 80 h onwards, sediment bypass into the subsiding basin
increases to higher levels thiaypass into the shallow basin before subsidence was
initiated, even though the high subsidence rate is maintakingd(7b, f).

Subsidence therefore has two counteracting effects: subsidence upstream of the
shoreline requires additional sedimentation poténtially increases the concavity

of the longitudinal profile (Sinha and Park&®96). However, it also reduces the
progradation rate by increased deposition on the topset and by an increase in
clinoform height, allowing the fluviaeltaic system to gde 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 defftig. 2.7f; 2.8c, d;

2.14d).

2.5.3 Sea level

In E2_M1, glacieeustatic sedevel variations influence sedimentation in a
basin that subsides at a constant raig. (293, b). High-frequency sedevel
variations form a strong additional control on gnade of the longitudinal profile
(e.g. Blum and Hattiewwomack 2009). As a first order approximationsaquence

stratigraphidnterpretation based on skavel variations alone provides a good
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explanation for the stratigraphic stacking pattéiig.(28e, f). During sedevel rise,

the downstream reaches of the flvdeltaic system are aggradational and step back
on the lowstand shelf{(g. 211e). Sealevel rise predominantly raises the lower
reach of the longitudinal profile, resulting in stronglyicave profile, shifted away
from the bypass gradierfiy. 29g, h; 2.14h). During falling sea level, the lower
reaches of the longitudinal profile are eroded while deposition continues upstream of
sealevel influences (e.d-ig. 212a). This generates aarly linear profile that is

close to the bypass gradieRid. 299, h) and results in efficient sediment transport
to the coastlineRig. 29f; 2.14e, f). However, a sequenatratigraphic solution

based solely on sdavel fluctuationannot explain wian incised valley only
formed during the moderate skeavel fall 3 (30 mmFig. 212c, 481 64 h), and not

in the larger sedevel fall 1 (40 mmFig. 212a, 07 16 h).

Coastal incisedalley initiation requires deep local erosj@md is typically
triggered byrelativesealevelfall (Strong and PaoJ2008). This occurs when a
system locally becomes significantly above grade. These experiments indicate that
the significant basin depth results in a low shoreline progradatierfig. 26c¢, €)
and a longitudinal profile that is close to equilibrium (€ig. 26h; 2.14¢). This
leads to a steep descending shoreline trajectory (Helamden and Hampspn
2009) during sedevel fall, which may cause the longitudinal gradienbégcome
above the bypass gradient, triggering incised valley formafiign 211;2.12;
2.14g). After incised valley inception, dischargefusinelledthrougha narrow
section of the fluvial system. This results in a lowering of the bypass gradient (cf.
Fig. 29h, 16 & 64 h), causing increased and prolonged ero§iign 29f; 2.14g). In
the sedevel fall 3, erosion migrates upstream and persists till the following sea
level highstandKig. 212d). Erosion has thus decoupled from-$=zel fall and is
maintained by the lowering of the fluvial gradient within the incised valley, allowing
for an increased diachroneity of the sequence boundafyigc212b & 2.12d,;

Strong and PaoJ&2008). Conversely, in shallow basins, the gradient of rapidly
prograding gstems is further removed from the bypass gradient. Additionally, a
similar sedevel fall will result in a more gradual descending shoreline trajectory
due to the higher progradation rates. Therefore, the rate-té\sddall needs to be
much more drante 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
levelfall.

Furthermaoe, the incised valley of E2_M1 initiated in the deep zone of the
experimental basirHg. 22; 2.11c) andit is speculatd that this is the most likely
position, rather than lateral positions in the shallow to intermediate depth(Ecnes
2.2). In basirs 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 lengtimeng of the distributary channels (Edmoredsl.,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 ahe 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 stronglstedféy
the rapid progradation rate than by the relativeleeal fall from 8- 16 h ig.
2.108. This causes the fluwvideltaic system to move away from equilibrium,
whereasn other occurrences equilibrium is approached durindeses fall (Fig.
2.10g, h). The former scenario might occur in shallow basins or on wide shelves
where sedevel either does not fall below shalfige or before it falls below shelf
edge. In such cases, the reduction of the longitudinal gradient might result in
aggradabn rather than incision of the fluvaeltaic succession even during-sea
level fall (Ethridgeet al.,1998; Petter and Mut@Q008; Prince and Burges2013;
Swenson and Mut®07; Wallingaet al.,2004).

2.5.4 Water-sediment discharge ratio

The ratio etween water and sediment discharge forms an additional control on
sediment transport and valley incision (Bijketkal.,2013) that is highlighted by
the differences between E2_M1 and E2_MR)(28; 2.9; 2.10). An increased water
to sediment ratio refis in more efficient sediment transport at lower gradients (e.g.
Simpson and Castelltor2012). In E2_M1the wateito sedimentatio 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 timdsgher sediment bypass rates duringlesel fall, implying
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significantly more deposition in the deftant (Fig. 28). Additionally, higher water
discharge results in shorter equilibrium timescales (e.g. Raala1992a), which
implies that a systemwan 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 deael fall 1 Fig. 29g, h). During
sealevel fall 3 more favarale basinal conditions eventually triggered valley
incision. In E2_M2, the longitudinal profile remained significantly more concave,
resulting in lower sediment transport rates to the coastline indicating deposition on
the topsetkig. 210f, g). Thereforethe sedimentary system has not approached
equilibrium closely, making it less prone to significant erosion and valley incision.
Note however that relative séavel fall is more modest as well which further ligit
the probability of incised valley format (cf.Fig. 29b & 2.10b).

2.5.5 Autostratigraphy

Autostratigraphic principles (Mutet al.,2007) state that sedimentary systems
influenced by constant discharge and a constant rate of relatleveéase may
transition from initial normal regressi, where sediment supply is still in excess of
t he accommodation creation, into transgr
increasing budget required to aggrade both slope and topset of the sedimentary
system (Mutp2001). At the autoretreat breake 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 cameaystemn to
autoretreat (Muto and Ste@002).

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 toaaljustment 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 sedimehtshesed to aggrade the topset. This
mechanism of increasing fluvial transport efficiency during progradation into a
deepening basin is wellustrated in E1_M1. Here, the partitioning of sediment to

the basin doubles during progradation into a basinaséasing depthHig. 26c, f),
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despite a twofold increase in topset aiéig.(26d) (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 staive 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 expefigent (

2.7). Whilst not excluding the possibility of autorettethese 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_MZFig. 26g, h). This suggestthat thefluvial systemdoes
not increase its efficienayf routing sediment to the shorelinaymore The
increasing topset areki{. 26d) requires increasing amounts of sediment, as is
reflected in the slow decrease in the sedinigicss percentagd-ig. 26f)
implying thatautostratigraphic 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 oSouthern Wyoming is a
well-studied shelmargin succession that can be used to test the concepts from
analogue modghg in a setting that is not influenced by higimplitude, high

frequency glacieeustatic variation, analogous to Experiment 1 in thidystu

Over a period of 1.8 Myr, rapid shatfargin accretion resulted in the
formation of 15 clinothemdg. 2.15aCarvajal 2007; Carvajal and Stee2009;
Carvajal and StegP006) that can be subdivided into two stages. The first stage is
deposited ira rapidly subsiding basin and is represented by clinothertGXBig.
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;t8ge 2, represented by clinothems @H) initiates when thrusting and

uplift in the source area ceag€sy. 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 StegP(06).

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 Fok Hélvis Shelf Margin,
Southern Wyoming. Note that the aggradational succession in StageCBJC1
represents a relative skavel rise, and Stage 2 (GIIL5) a progradational succession
during relative segevel 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 gesiie 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 caltad for Stage 1 is ~747*109° 100
kyr; the progradational succession of Stage 2 has a slightly higher sediment supply
rate of 845*109 ri/ 100 kyr during a period of tectonic inactivity (Carvajal, 2007).
Carvajal (2007) considers the increase in sediraepply countemtuitive 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 reboohthe source areadditionally, the
basin floor and overall sand/shale ratio increase over time, which has been ascribed

to erosion of increasingly sandy source rdeig( 215k, Carvaja) 2007).

As an alternative hypothesis, it is suggested that betintnease 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 relatlegedaése at
the transition from Stage 1 to Stage 2. Thelseal stillstand Bows the
longitudinal profile to grade closer towards equilibrium (Fig. 2.15bjs enhances
the sediment bypass rate and allows transport of cegragredsediment into the
basin, which increases the sand/shale ratio in both the basin floor, anitl (G¥gra
2.15b).

2.6.2 Case study 2: Eocene Central Basin, Spitsbergen

The Eocene Central Basin of Spitsbergen provides several outcrops-of well
preserved sheinargin clinothem complexes. Sksvel cyclicity is estimated at
~300 kyr duration (Crabaugind Steel, 2004). Two contrasting shafirgin types,
Type | and I, developed simultaneously within the region (PBjdcklund and
Steel, 2005) and demonstrate the influence of basin depth and progradation rate on

incised valley formation.

Type | shelf nargins are characterized by severe erosion in the falling stage
sheltedge deltas, accompanied by the formation of significant basin floor fans that
are fed from across a disrupted slope (RBprklund and Steel, 2005). Shelf
margin accretion occurs marduring the late lowstand and in water depths of 300
T 350 m (PlinkBjorklund 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 stagelyeand late lowstand deltas. Falling

stage deltas are notably highly progradational. Of Type Il margins, only the
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Reindalen clinothems (numbers-28) show complete exposures including the
clinothem top. In these clinothems, water depth is estimate2D@tm (Plink
Bjorklund and Steel, 2002; PlirBjérklund and Steel, 2005; Plirgjérklund and
Steel, 2007).

Both clinothem types are coeval, and sea level is interpreted to fall below the
shelf edge in both shethargin styles (Plind8jorklund and Steel2005). Therefore,
the different character is dependent on other inherent characteristics of these shelf
types. PlinkBjorklund and Steel (2005), suggest that higher rates of sediment fallout
at the sheledge and upper slope during the falling stage in Tlygleelf margins
dampens incision and prevents debpnnelingat 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 descendingiskorel
trajectory (cf.Fig. 27e,f, 0T 16 hour; 2.14e;Holbrooket 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-tédsaddall. Ths
causes the longitudinal profile to become above grade and allows for sufficient shelf
incision to generate incised feeder channelsHgt.2.7¢ f, 481 64 hour; 2.14g;
Strong and Pao)&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 infikisch

2.7 Conclusions

Analogue modeéing is used to examine the impact of basin depth, subsidence,
and relative sekevel variations on the temporal development of sedimentary
architecture, focusing on the relationship between the grade of the longitud
profile and the sediment partitioning between the flrdettaic system and the
basin. Fluviedeltaic systems grade towards a longitudinal equilibrium gradient, at
which the full sediment load is bypassed through the system thereby maintaining a
statc 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 stac equilibrium that is governed by the progradation rate. Basin depth,
subsidence, and séavel variations act as allogenic controls on the migration of the
shoreline. This affects the development of the longitudinal profile and therefore

controls fluvid 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 gimfhthe 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 lohdi@vnstream

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

availablity of sandrich 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 lignsdiment transport to the
coastline. Counterintuitively, the resultant slow progradation rates allow the-fluvio
deltaic system to grade towards equilibrium, eventually increasing sediment

transport rates.

Sealevel variations rapidly alter the fluvideltaic longitudinal gradient. In
deep basins, low progradation rates result in steep descending shoreline trajectories
during sedevel fall, generating significantly greater erosion than in shallow basins.
Deep basins therefore result in higher sedimemdyiat 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 segdlicate that, during
glacio-eustatic sedevel cyclicity, the longitudinal profile is closest to equilibrium
during falling sedevel and early lowstand. This results in efficient sediment
transport towards the shoreline, explaining delivery of incteasdiment volumes
of increasing grain size to lowstand systems tracts as a sea level anddpdisin

controlled parameter.
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3 Allogenic Controls on Stratigraphic Architecture of the

Carboniferous Craven Basin

3.1 Abstract

Sequencsstratigraphicanalysiss applied to two sekevel cycles othe
fluvio-deltaic succession dhe Carboniferous Askrigg Block and in the adjacent
Craven Basin. This provides field validation for a concept derived from analogue
modelling: thatsea level antdasinrmargin morpholog influencethe sediment
volume and grain sizef deltaic deposits through variations of tiradient and
curvature of the fluvial longitudinal profil€&ield and literature studyas revealed
the presence & slowly prograding deep water shelf margnejsedby a major
valley andassociated with Erge turbiditedeposit during the initial seavel cycle.
This succession differentiated from an overlying regresssigallow water
successiomluring the successive skavel cycle Isopachmapderived wlumetric
estimatesandgrainsize trend for thesestratigraphic uniténdicate a four times
larger sediment volume in tlieeep water cycle as well as substantially coarser grain
size, indicating a consistency with the analogue modelling rekatesalvariation
in basin depth during deposition of the turbidite system is thought to have steered
the position of the incised valley laterally towards the deepedbasib.

Additionally, the currensequencsstratigraphidnterpretation challenges the

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

3.2 Introduction

Sequence stratigraphy describes longitudinal shifts in fhakstacking
patterns of delta or shelf clinoforms as a function of sediment supply and
accommodation spac¥#&n Wagoner et al., 1988). Eustatic sea level, tectonics and
sediment supply are generally considered as the major controls on suclbéisies
shifts (Schlager, 1993). During periods of glaeigstatic se¢evel variations,
accommodatiofspace changesea rapid, large, and generally dominant control on

thesequencsstratigraphicsignature. During selevel rise and highstand, fluvio
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deltaic systems tend to deposit relatively fgrained sediments over wide areas.
During falling stage and lowstand, tepecific response of the fluveltaic system

is strongly dependent on the relative longitudinal gradients of the fluvial system and
of the exposed shelf and slogatension and aggradation of the fluvial profile is
likely if the shelf and slope gradiestshallower than the fluvial gradienthereas
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 difnce 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 shedfdge trajectoryHellandHansen and Hampson,
2009). As a result, ramgtyle basins are more likely to record a rapidly prograding
shallow marine wedge (e.g. Plint, 1988; Hunt and Tucker, 199®readluvial
systems at margins of a deep basin are prone to vatiesyan (e.g. Rchie et al.,
2004).

Analogue modelling indicates that deep basin margins allow a fluvial system
to grade closer towards equilibrium conditions (Paola et al.,d 9%®refore
becoming more efficient at transporting sediment while becomiorg sensitive to
erosion and subsequent valley incision (Chapter 2). Incised valleys efficiently
transport sangrade sediment to narrow sections of the shelf edge (Chapter 2, Blum
and Torngvist, 2000; Blum et al., 2013) where it can be further distdbntthe
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-fhesime

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 significahtiyecbnically active settings,
such as rifbasins, bathymetric contrasts regularly occur over short distaotes
fault systems and tectonic lineaments migldo steer the position and direction of
both fluvial (Leeder and Alexander, 1987; Hickson et al052&im et al., 2010,

Blum et al., 2013) and deep marine channels (Kane et al.ag0d@he fluvial case,
this caneventuallyalso steer the position of valley incision (Wroblenski, 2006; Plint
and Wadsworth, 2006; Deibert and Camilleri, 2006; Holbraw#Bhattacharya
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2012). Postift 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 providessajuencestratigraphiaeassessment of fluvideltaic
successions on the equatorial Carboniferous Askrigg Block and Craven Basin (Fig.
3.1) for the stratigraphic interval between the Cravenoceras malhamegiyea(td
Cravenoceras cowlingensex{E) 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 suiasin (Fig. 3.1; 3.2). The area provides an
opportunity to study both the lateral and longitudifiagies changes of a shelf
margin, adjoining a basin that reaches a depth of several hundreds of metres and
examine the relative effect of different forcing mechanisms, such deva&ta

variation andbasinmargin morphologyn the sedimentary successi

3.2.1 Geologicabetting

The Craven Basin (Fig. 3.2) forms the northernisabin of the Central
Pennine Basin that was infilled during the Namurian, and is part of the larger
Pennine Basin that also includes the Askrigg Bl&tkjnmore TroughAlston
Block andNorthumberland Trough a northward direction (Fig. 3.1; Waters and
Davies, 2006). The entire basin province probably formed in response to late
Devonian and early Carboniferous nestbuth extension (Fig. 3.3a; Leeder, 1982;
Leeder and McMatn, 1988; Gawthorpe, 1987; Fraser and Gawthorpe, 1990, 2003;
Kirby et al., 2000) resulting in a series of grabens anddraliens that are separated
by intrabasinal highs (Fig. 3.1). Many of the block and basin margins are thought to
reflect reactivatiorof 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 Sijfke

or escapéectonics relatedtthe Variscan Orogeny in the south (Dewey, 1982;
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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 Beduring the Pendleian. Note that the northern
Northumberland Trough and Stainmore Trou@gkveland Basins were largely

infilled with syn-rift deposits before the start of the Pendleian (Redrawn from Waters
et al., 2009).
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Borehole locations Outcrop locations:
A= Aldfield 1 [42405 46810] Askrigg Block
AS = Ashfold Side Beck No. 1[41160 46615] 1) Summer Lodge Beck, Swaledale [39715 49537] 31) Nick O'Pendle Quarries [3772 4386]
B = Boulsworth No.1[39268 43479) 2) Fossdale Gill, Swaledale [3879 4949] 32) Little Mearley Clough [37874 44116]
Bl = Blacko, Craven Water Board [38495 44183] 3) Waldendale [40023 48098] 33) Wiswell Quarries [3753 4370]
BM = Bewerley Mines No. 1B [41070 46623] 4) Coverdale [40123 47949] 34) Waddington Fells Quarries [3716 4478]
CC = Croft House, Cononley [39871 44701] 5) Angram [40242 47603] 35) Leeming Quarry, Longridge Fell [36827 44057)
CH = Croft House, BGS [41982 48883] 6) Kettlewell, Wharfedale [39972 47312] 36) Tootle Height Quarry, Longridge [3616 4381]
CS = Coal Grove Head Shaft [40318 46703] 7) How Stean Beck [4055 4728] 37) Salesbury Hall, Longridge [3677 4359]
E = Ellenthorpe No.1 [44227 46705] 8) Coalgrove Beck, Yarnbury [4025 4663]
GR = Grimwith Reservoir 15 [40576 46424 9) Hole Bottom, Hebden Beck [4025 4644] Lancaster Fells sub-basin
GR = Grimwith Reservoir LP18 [40612 46384] 10) Pen-Y-Ghent [3836 4730] 38) Bowland Knotts [3731 4609]
H = Holme Chapel 1 [38608 42878) 11) Whernside [3737 4813] 39) White Greet [3698 4599]
L = Low Bradley 1 [40195 44786] 40) Far Costy Clough [36948 45952]
M = Moor Park Farm [42540 45330] Transition zone 41) Croasdale [3673 4573]
R = Roosecote 1, Barrow-in-Furness [32304 46866]  12) Threshfield Moor [3968 4622] 42) Whitendale [3653 4569]
S = Sawley 1 [42451 46502] 13) Barden Moor [3985 4588] 43) Baxton Fell Quarry [36815 45642]
T = Tholthorpe 1 [44682 46689)] 14) Barden Fell [4074 4582] 44) Quernmore area [3490 4612]
W= Whitmoor 1 [46315 35874] 15) Flasby Fell 3957 4550]
We = Weeton 1 [42980 44638] 16) Skipton Moor [4012 4504] Insert maps (red boxes)
17) Bradley Moor [3999 4492] Fig 3.5a: Askrigg Block
Fault names 18) Famnhill Moor [4009 4468) Fig 3.9a: Barden Moor
BL = Bowland Line 19) Cononley Moor [3981 4475] Fig 3.11: Skipton Moor
BF = Barnoldswick Fault 20) Threapland Gill [3996 4594] Fig 3.12: Bowland Knotts to Croasdale
CAF = Clitheroe-Abbeystead Fault System 22) Eastby [4029 4547]
DF = Dent Fault Correlations (green lines)
KF = Kendall Fault Harrogate sub-basin D - D': Correlation Fig. 3.6a
MCF= Middle Craven Fault 23) Beamsley Moor [4099 4524] E - E": Correlation Fig. 3.6b
MoCF = Morley-Campsall Fault 24) Harlow Carr Park [4276 4543] F - F': Correlation Fig. 3.8
NCF = North Craven Fault 25) Almscliff Crag (42680 44901]
PF = Pendle Fault
PL = Pennine Line Bowland sub-basin
StF = Stockdale Fault 26) Salterforth [3882 4448]

SCF = South Craven Fault 27) Noyna Rocks Quarries [38965 44264]

ThF = Thornley Fault 28) Faughs Delph Quarry [3819 4392

WhF = Whitewell Fault 29) Rathmell [3804 4599]

WF = Winterbumn Fault 30) Whelp Stone Crag [37649 45949]

Figure 3.2 Map of the outap 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. Mubers 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
substages based on WaterslaCondon (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-kel fluctuations are based on Rygel
et al. (2008), dark blue boxeslicate individual periods of major sével variation
as recorded in the Central Pennine Basin (Waters and Condon, 2012). (b)
Lithostratigraphic column for the Pendleian sthge, modified from (Kane et al.,
20l) . 6 EG6 refers t ora& ®istinctive thicdshaledBmnmmoooidp h o ¢ e

hori zons denoted in italics 6C06 Cravenoce
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