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ABSTRACT 

Namurian (Carboniferous) eustatic fluctuations drove the incision and backfill of 

shelf-crossing valley systems located in humid subequatorial regions, and now preserved in 

successions of the United Kingdom and Ireland. The infills of these valleys archive the record 

of palaeoriver systems whose environmental, hydrological and palaeogeographic 

characteristics remain unclear. A synthesis of sedimentological data from fluvial strata of 18 

Namurian incised-valley fills (IVFs) in the United Kingdom and Ireland is undertaken to 

elucidate the nature of their formative river systems and to refine regional palaeogeographic 

reconstructions. Quantitative analyses are performed of facies proportions, of geometries of 

IVFs and related architectural elements, and of the thickness of dune-scale sets of cross-

strata. Reconstruction of the size of the drainage areas that fed these valleys is attempted 

based on two integrative approaches: flow-depth estimations from dune-scale cross-set 

thickness statistics and scaling relationships of IVF dimensions derived from late-Quaternary 

IVFs. 

The facies organization of these IVFs suggests that their formative palaeorivers were 

perennial and experienced generally low discharge variability, consistent with their climatic 

context; however, observations of characteristically low variability in cross-set thickness 

might reflect rapid flood recession, perhaps in relation to sub-catchments experiencing 

seasonal rainfall. Variations in facies characteristics, including inferences of flow regime and 

cross-set thickness distributions, might reflect the control of catchment size on river 

hydrology, the degree to which is considered in light of data from modern rivers. 

Palaeohydrological reconstructions indicate that depth estimations from cross-set thickness 

contrast with observations of barform and channel-fill thickness, and projected thalweg 

depths exceed the depth of some valley fills. Limitations in data and interpretations and high 

bedform preservation are recognized as possible causes. With consideration of uncertainties 

in the inference of catchment size, the palaeogeography of the valley systems has been 

tentatively reconstructed by integrating existing provenance and sedimentological data. 

The approaches illustrated in this work can be replicated to the study of 

palaeohydrologic characteristics and palaeogeographic reconstructions of incised-valley fills 

globally and through geological time. 

Keywords: incised valley, drainage basin, fluvial, palaeohydrology, palaeogeography, sea-

level change 
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INTRODUCTION 

Valleys produced by river incision are topographic lows that are larger than their 

formative rivers, which are typically unable to flood beyond the valley walls and onto the 

interfluves (Gibling et al., 2011; Holbrook and Bhattacharya, 2012). Nearshore incised 

valleys develop in coastal-plain to continental-shelf regions in response to relative sea-level 

fall, and tend to be subsequently inundated, infilled and reworked by fluvial, coastal and 

marine processes during relative sea-level rise (Posamentier and Allen, 1999; Zaitlin et al, 

1994; Blum et al., 2013). Extensive research has been undertaken on both recent and ancient 

nearshore incised-valley-fill successions because of their potential to archive complex 

sedimentary responses to relative changes in sea level and climate (Boyd et al., 2006; Simms 

et al., 2010; Mattheus and Rodriguez, 2011), and because of their importance as hosts for 

natural resources, notably as hydrocarbon reservoirs (Hampson et al., 1999; Stephen and 

Dalrymple, 2002; Bowen and Weimer, 2003; Salem et al., 2005). 

Quaternary incised-valley fills arising as a consequence of icehouse glacio-eustatic 

cyclicity record incision and infill by trunk rivers that traversed coastal plains extending to 

continental-shelf margins. The rivers that generated these valleys commonly merged on 

lowstand shelves, such that their drainage basins amalgamated into alluvial catchments that 

were larger than the modern highstand drainage basins composing their fragments (e.g., 

Wong et al., 2003; Anderson et al., 2004; Maselli et al., 2014; Collier et al., 2015; Alqahtani 

et al., 2015; cf. Blum and Womack, 2009; Blum et al., 2013). In the rock record, sedimentary 

bodies interpreted as incised-valley fills developed primarily under icehouse conditions 

contain sedimentological evidence of the scale of many large river systems that existed 

throughout Earth history, and can therefore provide insight into palaeogeographic 

configurations. 

 In the Namurian – a regional stage of the Carboniferous (late Mississippian 

[Serpukhovian] to early Pennsylvanian [Bashkirian]) used in Western Europe – thick 

sandstone-dominated fluvial deposits have been well documented in outcropping and 

subsurface successions of the United Kingdom (UK) and Ireland. These fluvial deposits are 

interpreted to form the majority of the infill of cross-shelf incised valleys. These incised-

valley-fill (IVF) successions are interpreted to have developed in response to high-frequency, 

high-magnitude eustatic sea-level changes in relation to Gondwanan glacial-interglacial 

episodes (Hampson et al., 1997; Hampson et al., 1999; Davies et al., 1999; Davies, 2008). 

During the Namurian, a suite of sedimentary basins in the region now occupied by the UK 

and Ireland existed that was part of a series of linked basins that extended across what is now 

NW Europe and eastern Canada. The sedimentary infill of these basins occurred at 

palaeoequatorial latitudes (Fig. 1), under conditions of overall humid tropical climate (Davies 

et al., 1999; Davies, 2008; Boucot et al., 2013). Fifty Namurian, ammonoid-bearing 

(goniatite) marine bands are identified in these successions (Fig. 2). These thin marine beds 

of fossiliferous carbonaceous mudstones bearing diagnostic thick-shelled ammonoids are 

widespread, and many of them can be correlated confidently in successions across northwest 

Europe (Davies et al., 1999; Waters and Condon, 2012), providing exceptionally high 

biostratigraphic resolution for the studied areas (Davies et al., 1999; Davies, 2008; Waters 

and Condon, 2012). Previous work in Namurian basins of the UK and Ireland (e.g., Bristow 

and Myers, 1989; Bristow, 1993; Hampson et al., 1999; Ellen et al., 2019) has focused on 

qualitative analyses of the internal facies architecture of these IVFs, which led these workers 

to interpret the river systems feeding these IVFs as having low-sinuosity, probably braided, 

planforms at low-river stage. Provenance studies (e.g., Hallsworth et al., 2000; George, 2001; 
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Hallsworth and Chisholm, 2008; Pointon et al., 2012) are also available for these IVFs, which 

provide insights regarding the likely source areas and extent of their formative rivers. 

However, questions still remain in relation to the palaeohydrology and palaeogeography of 

these river systems, and such questions can potentially be answered with additional analyses 

of sedimentological and architectural characteristics of the several examples of IVFs 

identified in these successions. 

 

 

Fig. 1. (A) Global palaeogeographic 

map for the late Mississippian, with 

inset map (B) illustrating landmasses, 

deep-water depocentres and shallow-

water areas across the UK and Ireland 
during the late Mississippian. Note that 

the extent of Gondwanan ice sheets is 

not shown in (A). Modified from 

Davies et al. (2012) and Davies (2008). 

Selected palaeogeographic and basin 

names discussed in this paper are 

shown. ALB = Alston Block; ASB = 

Askrigg Block; BB = Bowland Basin; 

EMS = East Midlands Shelf; MVB = 

Market Weighton Block; ST = 

Stainmore Trough; NT = 

Northumberland Trough. 

 

 

 

 

 

 

 

 

 

In this study, a database-driven synthesis of data from 18 Namurian incised-valley 

fills from the UK and Ireland has been performed to quantitatively estimate 

palaeohydrological characteristics of these ancient river systems, and to attempt to refine the 

regional palaeogeographic reconstructions for the basins that hosted them. Specific objectives 

of this work are as follows: (i) to decipher palaeohydraulic characteristics from facies 

proportions and geometry of cross-strata within incised-valley fluvial deposits; (ii) to 

investigate upstream controls on the facies architecture of incised-valley fluvial deposits; (iii) 

to illustrate a novel integrated approach to the estimation of the size of drainage areas for 

deep-time incised-valley fills, based on dune-scale cross-set thickness and incised-valley-fill 

dimension; (iv) to present how results have implications for regional palaeogeographic 

reconstructions, when considered in combination with provenance studies and other 

sedimentological data. 
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Fig. 2. Schematic stratigraphic columns for selected Namurian basins in the UK and Ireland, illustrating the age 

of the studied incised-valley fills (IVFs) considered in this work. Modified from Dean et al. (2011), Waters and 

Condon (2012) and Bijkerk (2014). Abbreviations for ammonoid taxa: B = Bilinguites; Ca = Cancelloceras; C = 

Cravenoceras; Ct = Cravenoceratoides; E = Eumorphoceras; H = Hodsonites; Hd = Hudsonoceras; Hm = 

Homoceratoides; Ho = Homoceras; I = Isohomoceras; N = Nuculoceras; R = Reticuloceras; V= Verneulites. 

GEOLOGICAL SETTING 

In the UK and Ireland, basin evolution during the early Carboniferous between the 

Wales-Brabant High and Southern Uplands High was strongly influenced by the reactivation 

of late Caledonian basement structures, resulting in the development of a series of fault-

controlled extensional basins and structurally emergent blocks (Gawthorpe et al., 1989; 

Chadwick et al., 1995; Kirby et al., 2000; Fig. 1). During the Namurian, active rifting became 

less important and regional thermal subsidence was dominant in this region (Waters and 

Davies, 2006; Davies, 2008; Davies et al., 2012). To the south of the Wales-Brabant High, 

the South Wales Basin was affected by the Variscan orogeny (Dunne et al., 1980; Dunne, 

1983; Hancock and Tringham, 1983; Smallwood, 1985; Powell, 1987, 1989) and formed one 

of several E-W-trending foreland basins (George, 2001; Davies, 2008). The late-Namurian 

strata relating to the deposition of the Farewell Rock IVF studied in this work were deposited 

on the cratonic margin of the foredeep zone of this foreland basin (George, 2001).  
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During the late Mississippian to early Pennsylvanian (Namurian), the studied basins 

were located at near-equatorial palaeolatitudes, a few degrees north of the equator (Fig. 1; 

Scotese and McKerrow, 1990; Douwe et al., 2015; Blakey, 2016). Palaeoclimatic evidence 

exists for these successions in the form of palaeosols (gleysols; Davies, 2008; Davies et al., 

2012), palynology (Van der Zwan et al., 1985), the presence of widespread coals (Davies, 

2008; Davies et al., 2012; Boucot et al., 2013), and weathering products (bauxites, kaolinite 

in latosols; Witzke, 1990; Boucot et al., 2013), indicating that the prevailing climates were 

characterized by predominantly humid tropical conditions and short-term seasonally drier 

intervals (Davies, 2008; Davies et al., 2012; Boucot et al., 2013). 

The different Namurian basins of the UK and Ireland all display similar infill motifs 

(Collinson, 1988). The earliest stage of basin fill led to accumulation of mudstones of deep-

water origin, which tended to be deposited in the basin depocentres. Overlying deposits 

typically comprise a turbidite-fronted deltaic succession, which tended to infill the inherited 

bathymetry of a particular basin or sub-basin. After the inherited bathymetry was infilled, the 

basin was subsequently filled by a widespread shallow-water deltaic succession. Many thick 

sandstone-dominated fluvial deposits occurred within turbidite-fronted deltaic or shallow-

water deltaic successions and were interpreted as valley fills that cut into marine or coastal 

deposits during episodes of falling sea level (Hampson et al., 1997; Hampson et al., 1999; 

Davies et al., 1999; Davies, 2008). These units are the focus of this work.  

Global sea-level fluctuations during the Namurian were characterized by high-

frequency and high-magnitude sea-level changes, due to the waxing and waning of 

Gondwanan ice sheets (Maynard and Leeder, 1992; Hampson et al., 1997; Wright and 

Vanstone, 2001). Fifty continental-scale ammonoid-bearing marine bands, interpreted as 

marking the position of maximum flooding surfaces relating to glacio-eustatic sea-level rises 

(e.g., Maynard, 1992; Church and Gawthorpe, 1994; Martinsen et al., 1995; Hampson et al., 

1997; Davies et al., 1999), are identified in Namurian siliciclastic successions in the UK and 

Ireland (Waters and Condon, 2012; Fig. 2). Regional unconformities forming the bases of the 

incised valleys correspond to the ‘master’ sequence boundaries (sensu Posamentier and 

Allen, 1999; e.g., Martinsen et al., 1995; Hampson et al., 1997; Davies et al., 1999; Brettle, 

2001) and approximately fifty ‘master’ sequences (lower-order sequences sensu Posamentier 

and Allen, 1999) are identified in the studied ‘Namurian’ succession (Hampson et al., 1997; 

Davies et al., 1999; Davies, 2008; Waters and Condon, 2012). According to different authors, 

the mean periodicity of the marine bands has been estimated at 185 kyr (Holdsworth and 

Collinson, 1988; Martinsen et al., 1995), 120 kyr (Maynard and Leeder, 1992), 90 kyr 

(Collinson, 2005) or 65 kyr based on SHRIMP U–Pb zircon dating (Riley et al., 1995). These 

values are consistent with fourth-order cyclicity sensu Mitchum and Van Wagoner (1991). 

According to different authors, the magnitude of eustatic sea-level fluctuations has been 

estimated at ca. 42 m (Maynard and Leeder, 1992), 60 m (Church and Gawthorpe, 1994) or 

65 ± 15 m (Crowley and Baum, 1991). Based on the depth of incision of palaeovalleys, Rygel 

et al. (2008) reported glacio-eustatic sea-level oscillations of 60-100 m during the Namurian. 

Magnitudes and periodicities of eustatic sea-level modulation during the Namurian were 

similar to those of Late Quaternary glacial-interglacial cycles (Brettle, 2001). 

METHODOLOGY 

Database 

A synthesis of data from 18 interpreted incised-valley fills (IVFs) from Namurian 

successions of the UK and Ireland is undertaken here. Data on the sedimentology of fluvial 
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deposits forming part of these IVFs are included in a relational database, the Fluvial 

Architecture Knowledge Transfer System (FAKTS; Colombera et al., 2012). FAKTS stores 

data on the geometry, spatial relationships, and hierarchical relationships of genetic units 

such as ‘depositional elements’, ‘architectural elements’ and ‘facies units’; these genetic units 
are assigned to subsets of fluvial systems, themselves classified on multiple parameters (e.g., 

climate, tectonic setting, catchment area) and metadata (e.g., data quality, data types). Facies 

units in FAKTS represent lithofacies classified by grainsize and sedimentary structures, and 

are delimited by bounding surfaces that correspond to a change in lithofacies type or 

palaeocurrent direction, or to erosional contacts or element boundaries (Colombera et al., 

2013). 

The sedimentological data relating to the IVFs studied in this work have been derived 

from 27 literature sources and one original field study. A detailed account of the IVFs 

considered in this work, their corresponding published-source references, the types of the 

data available for each, and their geographic location is shown in Table 1; the age and 

stratigraphic occurrence of the studied IVFs is reported in Fig. 2. For the studied examples, 

investigations of the facies architecture of their fluvial deposits are generally based on 

outcrop exposures in South Wales, North Wales, northern England, Scotland and Northern 

Ireland, and on subsurface datasets from the East Midlands Shelf and the Southern North Sea 

(Table 1). 

The scheme for the classification of facies units adopted in FAKTS (Colombera et al., 

2013) is adapted and extended from the earlier scheme by Miall (1996); the facies types 

identified in the studied IVF fluvial deposits are reported in Table 2. The classifications of 

facies types in the database rely upon interpretations given in the original works. To facilitate 

analysis and to establish an audit trail, the detailed facies descriptions reported in the original 

sources are also recorded, but are not used in this work. The relative proportion of each facies 

type within IVF fluvial deposits has been calculated based on the sum of their measured 

thicknesses. 

Dune-scale cross-set thickness 

The thickness of cross-sets in dune-scale cross-stratification (planar and trough cross-

stratification) has been measured directly on logged sections or outcrop panels using image-

analysis software (ImageJ; Schneider et al., 2012) for the fluvial deposits of each IVF. Only 

dune-scale cross sets in sandstones and conglomerates are included in the dataset; 

sedimentary structures that are interpreted to represent preserved macroforms (bars, sensu 

Jackson, 1975; Bridge, 2003) or microforms (ripple cross-laminations; sensu Allen, 1982; 

Bartholdy et al., 2015) have not been considered. Isolated cross-sets that were originally 

interpreted to be formed by unit bars (Bridge and Tye, 2000) are also excluded. Cross-sets 

interpreted as the expression of smaller dunes superimposed on larger dunes are also not 

considered, since these bedforms might reflect local flow conditions over the larger host 

bedforms (Jackson, 1975; Soltan and Mountney, 2016). Suitable data on dune-scale cross-set 

thickness are available for 15 of the 18 valley fills; the three remaining examples (Ashover 

Grit, East Midlands Shelf; Bearing Grit, Pennine Basin; late Namurian valley fill from the 

southern North Sea Basin) are excluded because the cross sets represented in the original 

datasets are not depicted in their true scale. 

 

Table 1. Namurian incised-valley fills of the UK and Ireland stored in the Fluvial Architecture Knowledge 

Transfer System (FAKTS) database and considered in this study. For each example, the table reports its 
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acronym as used in this work (column IVF), location, basin name, lithostratigraphic unit, published literature 

sources and data types. Fm. = Formation; Gp. = Group. 

IVF Location Basin 
Lithostratigraphic 

unit 
Data source Data type 

Spatial 
type 

MVS Scotland 
Midland Valley 
Basin 

Spireslack Sandstone, 
Upper Limestone Fm. 

Ellen et al. (2019) Outcrops 
2D 
section 

TCL 

Western 
Ireland 

Shannon Basin 
(Clare Basin) 

Tullig Sandstone Stirling (2003); 
Best et al. (2016) 

Outcrops 
2D 
section 

KCL 

Western 

Ireland 

Shannon Basin 

(Clare Basin) Kilkee Sandstone Pulham (1988) Outcrops 
2D 

section 

AGN 
North 
Wales 

Pennine Basin 
(North Wales 
Shelf) 

Aqueduct Grit, Gwespyr 
Sandstone 

Jerrett and 
Hampson (2007) 

Outcrops 
2D 
section 

LKG 6 England Pennine Basin 
Lower Kinderscout Grit, 
Millstone Grit Gp. 

Hampson (1997) Outcrops 
1D 
vertical 

LKG 8 England Pennine Basin 
Lower Kinderscout Grit, 
Millstone Grit Gp. 

Hampson (1997) Outcrops 
1D 
vertical 

LRRP England Pennine Basin 
Lower Rough Rock, 

Millstone Grit Gp. 

Hampson et al. 
(1996); Hampson 

(1995) 

Outcrops 
2D 

section 

URRP England Pennine Basin 
Upper Rough Rock, 
Millstone Grit Gp. 

Hampson et al. 
(1996); Hampson 

(1995) 

Outcrops 
2D 
section 

URRE England 
Pennine Basin 
(East Midlands 
Shelf) 

Upper Rough Rock, 

Millstone Grit Gp. 

Hampson et al. 
(1996); Church 
and Gawthorpe 
(1994); Hampson 

(1995) 

Outcrops 
2D 

section 

ASHP 
Southern 
England 

Pennine Basin 
(East Midlands 
Shelf) 

Ashover Grit, Millstone 
Grit Gp. 

Church and 

Gawthorpe 
(1994); Jones and 
Chisholm (1997) 

Cores 
1D 
vertical 

CGE 
Southern 
England 

Pennine Basin 
(East Midlands 
Shelf) 

Chatsworth Grit, 
Millstone Grit Gp. 

O’Beirne (1996); 
Waters et al. 
(2008) 

Outcrops 
2D 
section 

MGP 
Northern 
England 

Pennine Basin 
Midgley Grit, Millstone 
Grit Gp. 

Brettle et al. 

(2002); Brettle 
(2001) 

Outcrops 
2D 
section 

UHEP 
Northern 
England 

Pennine Basin 
Upper Howgate Edge 
Grit, Millstone Grit Gp. 

Martinsen (1993) Outcrops 
1D 
vertical 

LFGP 
Northern 
England 

Pennine Basin 
Lower Follifoot Grit, 
Millstone Grit Gp. 

Martinsen et al. 
(1995); Martinsen 

(1990) 

Outcrops 
1D 
vertical 

BGP 
Northern 

England 
Pennine Basin 

Bearing Grit, Millstone 

Grit Gp. 
Bijkerk (2014) Outcrops 

2D 

section 

LNS 
Southern 
North Sea 

Southern North 
Sea Basin 

Millstone Grit Gp. George (2001) 
Cores, 
Well logs 

1D 
vertical 

LTSS 
Southern 
North Sea 

Southern North 
Sea Basin 

Lower Trent Sandstone, 
Millstone Grit Gp. 

O'Mara et al. 
(1999) 

Cores, 
Well logs 

1D 
vertical 

FRS 
South 
Wales 

South Wales 
Basin 

Farewell Rock, Upper 
Sandstone Gp. 

original field 
study; George 
(2001) 

Outcrops 
2D 
section 
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Table 2. Scheme adopted for the classification of lithofacies of fluvial deposits. The facies types are employed 

in FAKTS (Colombera et al., 2012, 2013), and are adapted and extended from those by Miall (1996). 

Code  Characteristics 

G-  Conglomerate with undefined structure and undefined additional textural characteristics. 

Gmm Matrix-supported, massive or crudely bedded conglomerate. 

Gmg  Matrix-supported, graded conglomerate. 

Gcm  Clast-supported, massive conglomerate. 

Gci  Clast-supported, inversely graded conglomerate. 

Gh  Clast-supported, horizontally or crudely bedded conglomerate; possibly imbricated. 

Gt  Trough cross-stratified conglomerate. 

Gp  Planar cross-stratified conglomerate. 

S-  Sandstone with undefined structure. 

St  Trough cross-stratified sandstone. 

Sp  Planar cross-stratified sandstone. 

Sr  Current ripple cross-laminated sandstone. 

Sh Horizontally bedded sandstone. 

Sl  Low-angle (<15°) cross-bedded sandstone. 

Ss  Faintly laminated, cross-bedded, massive or graded sandstone fill of a shallow scour. 

Sm  Massive sandstone; possibly locally graded or faintly laminated. 

Sd  Soft-sediment deformed sandstone. 

F-  Fine-grained deposits (siltstone, claystone) with undefined structure. 

Fl  
Interlaminated very-fine sandstone, siltstone and claystone; might include thin cross-laminated sandstone 
lenses. 

Fsm  Laminated to massive siltstone and claystone. 

Fm  Massive claystone. 

Fr Fine-grained rooted bed. 

C  Coal or highly carbonaceous mudstone. 

 

Incised-valley-fill dimensions 

IVF dimensions are derived from the original source work, either obtained from the 

primary text or measured directly on figures using image-analysis software (ImageJ; Schneider 

et al., 2012). The measurement of IVF dimensions follows the method by Wang et al. (2019). 

IVF thickness (T) is defined as the vertical distance between the elevation of the lowermost 

point of the erosional IVF base and the height of the interfluves at the valley margins. IVF 

width (W) is defined as the maximum horizontal distance between the valley walls as measured 

perpendicular to the valley axis. IVF dimensions are expected to vary along dip (Strong and 

Paola, 2008; Martin et al., 2011; Phillips, 2011). In this work, the largest observed values of 

valley-fill thickness and width along the valley reach are recorded. IVF thickness usually 

differs from the thickness of IVF fluvial deposits, for example because incised valleys are 

partly filled by estuarine deposits (e.g., Farewell Rock IVF in South Wales, Lower Trent 

Sandstone IVF in the southern North Sea). Based on the reported geometry of IVF fluvial 

sandstones, the IVF cross-sectional area is approximated by a half-elliptical or rectangular 

shape (respectively as π/4×T×W or T×W, where T is IVF thickness and W is IVF width, both 

in metres). For instance, the IVF geometries for the lower and upper Rough Rock examples 

from the Pennine Basin and for the Upper Rough Rock example from the East Midlands Shelf 

(LRRP, URRP and URRE in Table 1) are originally described as sheet-like, and accordingly 

the corresponding IVF cross-sectional areas are approximated as rectangular. 
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Estimation of drainage-area size 

To estimate the size of the drainage area upstream of the location where the studied 

IVF is characterized, two integrative approaches are employed in this work. 

Estimation of drainage area from cross-set thickness 

Scaling between cross-set thickness, dune height and formative flow depth 

Previous theoretical, experimental (Bridge and Tye, 2000; Leclair and Bridge, 2001; 

Leclair, 2002; Jerolmack and Mohrig, 2005) and numerical studies (Leclair, 2002; Jerolmack 

and Mohrig, 2005; Ganti et al., 2013) have demonstrated that both the mean thickness (sm) of 

a cross set, considered relative to the mean formative bedform height (hm), and the coefficient 

of variation (ratio of standard deviation to mean) of the preserved cross-set thickness (CV 

(dst)) remain relatively constant (sm ⁄ hm ≈ 0.3; CV (dst) ≈ 0.88) under steady flow conditions 

and no net aggradation.  

The following equation has been used to estimate the formative bedform height:  

hm = 2.9(±0.7) sm (Leclair and Bridge, 2001; cf. Leclair et al., 1997; Bridge, 1997; 

Bridge and Tye, 2000) 

This empirical equation is indicated to be only applicable when the coefficient of 

variation of cross-set thickness CV (dst) equals to 0.88 ± 0.3 (Bridge and Tye, 2000). Ideally, 

when employing this method, it must be accepted (Bridge and Tye, 2000; cf. Leclair et al., 

1997; Bridge, 1997) that: (1) the distribution of cross-set thickness primarily depends on 

variability in dune height; (2) variations in aggradation rate exert a limited control on set 

thickness (cf. Leclair et al., 1997; Bridge, 1997); (3) cosets of cross-strata are homogeneous 

in time and space, i.e., lack obvious temporal and spatial variations in cross-strata type or 

mean grain size; (4) angles of bedform climb are negligible (Paola and Borgman, 1991). 

Based on values returned by the experiments of Leclair et al. (1997), this CV (dst) criterion is 

an initial test of the applicability of the empirical equation of Leclair and Bridge (2001). 

A scaling relation derived from field observations by Bradley and Venditti (2017) has 

been used to estimate the formative flow depth (d), from estimated dune height (h) as:  

d = 6.7 h (with 50% prediction interval: 4.4h-10.1h) (Bradley and Venditti, 2017) 

In this work, these empirical equations have been utilized to estimate the mean 

bankfull depth for the formative rivers of the studied IVFs from mean dune height, 

themselves estimated from the mean value of measured cross-set thickness (cf. Bridge and 

Tye, 2000; Holbrook and Wanas, 2014; Buller et al., 2018; Ganti et al., 2019a). 

Regional hydraulic-geometry curves for estimating drainage areas 

For the prediction of drainage areas, Davidson and North (2009) recommend the use 

of regional hydraulic-geometry curves obtained from modern drainage-basin surveys, which 

relate mean bankfull depth to drainage area under differing climatic, physiographic and 

latitudinal conditions. Mean bankfull depth is defined as the mean depth of the bankfull 

channel measured perpendicular to streamflow and expressed by the ratio between bankfull 

cross-sectional area and bankfull width (USDA-NRCS-NWMC 2009). In this work, the 

approach of Davidson and North (2009) is employed to estimate the drainage areas from the 

estimated mean bankfull depth. 

During the Namurian, the study areas were located a few degrees north of the palaeo-

equator (Scotese and McKerrow, 1990; Blakey, 2016) and were characterized by 
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predominantly humid tropical conditions with short-term seasonally drier intervals (Davies, 

2008; Davies et al., 2012; Boucot et al., 2013). The Pennine drainage system is interpreted to 

have derived sediments from Caledonian uplands, which were located to the north of the 

Pennine Basin, in an area corresponding to present-day Greenland and lying between ca. 10° 

and 20° latitude (Hallsworth et al., 2000). This implies that a part of the drainage basin might 

have been located in the seasonal tropics and is likely to have received variable, possibly 

monsoonal, precipitation throughout the year (Bijkerk, 2014). A regional curve that is ideally 

suited to the palaeoclimate or palaeolatitude of the Namurian basins of the UK and Ireland is 

not available among those presented by Davidson and North (2009), whose compilations 

relating to coastal-plain regions of north Florida, northwest Florida, North Carolina and 

Maryland (USA) can be considered as the most relevant for this study. The Amazon basin is 

likely to be a more appropriate analogue, since the Amazon catchment is located near the 

equator and is predominantly characterized by tropical rainforest climate, with subordinate 

tropical monsoon climate. A regional curve for rivers of the Amazon basin is compiled by 

Beighley and Gummadi (2011) using gauging station records and drainage-network 

reconstructions based on remotely sensed data (Lehner et al., 2008). Even though these 

modern analogues may not perfectly match the palaeoclimate or palaeolatitude of the studied 

Namurian basins, they allow an assessment of the likely range in size of drainage areas. 

The approach proposed by Davidson and North (2009) is based on inversion of the 

direct relations between mean bankfull depth and drainage area to reconstruct drainage areas 

from mean bankfull depth, which can be estimated from observations from the rock record. 

However, to be able to present prediction intervals, corresponding relations have been 

recompiled based on the data reported in the original sources whereby mean bankfull depth 

and drainage area are independent and dependent variables respectively (Fig. 3). Unlike 

Davidson and North (2009), who quantified these two variables in imperial units, metric units 

are used here (Fig. 3). To present the uncertainty in the estimated size of drainage areas for 

the ancient rivers feeding the studied IVFs, 95% confidence and prediction intervals are 

constructed for relationships between the two variables (Fig. 3). 95% prediction intervals are 

utilized in the subsequent analyses to carry the sample variability forward as a form of 

uncertainty (cf. James et al., 2013). 

For comparison with estimations obtained with other methods, a scaling relation 

between drainage area versus mean bankfull depth has also been derived for all the data from 

all the aforementioned modern analogues (‘average modern analogue’, hereafter). For 

simplicity, the resultant estimated drainage areas are also used in the subsequent analyses, for 

investigating the relationships between facies architecture within incised-valley fluvial 

deposits and the size of the drainage basins feeding their formative river systems. 

Based on the reconstructed scaling relationships for individual modern analogues 

(Fig. 3A-E) and for their collective dataset (Fig. 3F), drainage areas are estimated from 

reconstructions of mean bankfull depth, itself based on mean values of cross-set thickness, 

for the 15 IVFs for which dune-scale cross-set thickness data are available (see above). 

Estimation of drainage area from incised-valley-fill dimensions 

The dimensions of nearshore incised valleys are determined by a number of factors, 

including the magnitude and rate of relative base-level fall, contributing drainage-basin size, 

climate, basin physiography, substrate types and tectonics (Talling, 1998; Posamentier, 2001; 

Gibling 2006; Strong and Paola, 2006, 2008; Martin et al., 2011; Blum et al., 2013; Wang et 

al., 2019). Based on statistical analysis of global ‘icehouse’ late-Quaternary incised valleys, 
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previous workers (Mattheus et al., 2007; Mattheus and Rodriguez, 2011; Phillips, 2011; 

Wang et al., 2019) have demonstrated that, for a relative sea-level fall of a given magnitude, 

valley dimensions at comparable locations along their dip extent are strongly correlated with 

the drainage-basin area of their formative rivers, and that for passive margins, water 

discharge exerts a primary control on valley-fill shape and size. This is especially true for 

‘fast’ cycles of relative sea-level change where lateral reworking and valley widening at 

lowstand is more limited compared to slower cycles with prolonged lowstands (Strong and 

Paola, 2008; Wang et al., 2009). Here, ‘fast’ is defined with respect to a theoretical 
equilibrium time, which characterizes the natural response time of a depositional basin to 

imposed change and is primarily determined by basin dimensions, sediment supply and water 

discharge (Paola et al., 1992). Considering the similarity in magnitude and frequency of 

eustatic sea-level changes during Namurian and late-Quaternary times, and given the 

relatively quiescent tectonic context of the Namurian basins of the UK and Ireland, the 

scaling relations developed from the late-Quaternary valleys (Wang et al., 2019) can be 

tentatively applied to the Namurian examples in this work. Accordingly, drainage areas of 10 

incised valleys considered in this work have been estimated based on the approximated IVF 

cross-sectional area, utilizing the scaling relationship derived from late-Quaternary examples 

(Wang et al., 2019). A scaling relation between drainage area and IVF cross-sectional area 

for late-Quaternary IVFs from passive continental margins (Fig. 4) is derived on the basis of 

data from Wang et al. (2019). Ideally, IVF thickness should be used as predictor, since this is 

a parameter that is generally easier to constrain in the stratigraphic record. However, since the 

relationship between drainage area and IVF cross-sectional area for late-Quaternary IVFs is 

stronger than that between drainage area and IVF thickness or width (Wang et al., 2019), and 

considering that valley incision is more sensitive to basin physiography (Bijkerk, 2014; Wang 

et al., 2019), the IVF cross-sectional area is utilized in this work for prediction of valley 

drainage areas. However, IVF cross-sectional areas are estimated based on the extrapolation 

of local observations and not measured directly. Additionally, this approach carries 

uncertainties as the dimensions of incised-valley fills vary along their depositional dip 

(Strong and Paola, 2008; Martin et al., 2011; Phillips, 2011), and therefore the location and 

spatial extent of observations affect IVF dimensional parameters. In this work, for both the 

Namurian IVFs and the late-Quaternary examples employed for derivation of empirical 

relationships, the largest values of valley-fill thickness and width along the valley reach are 

recorded. For the Quaternary examples where the 3D geometry of the valley fills could be 

constrained closely (e.g., in high-resolution seismic data), these values are more likely to 

represent true, rather than apparent measurements (see details in Wang et al., 2019). 

Statistical analyses 

Statistical analyses have been performed in SPSS Statistics 25 and Minitab 18. The 

regression analysis and computation of the prediction of drainage areas have been performed 

in SPSS Statistics 25. Statistical analyses have also been carried out to investigate 

relationships between continuous variables. Pearson or Spearman correlation coefficients (R 

and r hereafter) are utilized to quantify linear and monotonic relationships, respectively, 

between pairs of continuous variables. Their statistical significance is expressed by P-values 

(P hereafter). P-values are compared with significance levels (α hereafter) that equal 0.05 or 
0.1. Further explanation of statistical methods can be found in Davis (2002) and James et al. 

(2013). 
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Fig. 3. Cross-plots of drainage area versus mean bankfull depth for selected modern analogues: Amazon 
basin(A), north Florida (B), northwest Florida (C), North Carolina (D), Maryland (E), and the cumulative 

dataset from all these modern analogues (F). Data in (B-E) are available in Davidson and North (2009). Original 

data taken from Beighley and Gummadi (2011), Metcalf (2004), Metcalf and Shaneyfelt (2005), Sweet and 

Geratz (2003) and McCandless (2003). ‘N’ denotes the number of readings. The results of regression analysis 
between these two variables (power-law relationship and R2) are reported in respective boxes.  

RESULTS 

Facies proportions in incised-valley fluvial deposits 

Data on the proportions of facies types can provide information on the relative 

predominance of types of depositional and post-depositional processes and of possible 

formative bedforms, which themselves might relate to river-discharge characteristics and 

drainage-area size. Database outputs on facies proportions in fluvial deposits of each IVF are 

presented in Fig. 5. When distributions in facies proportions in fluvial deposits across all the 

studied IVFs are considered (Fig. 6), it is noted that planar cross-stratified sandstones (mean 
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proportion: avgP = 0.40) and trough cross-stratified sandstones (avgP = 0.19) are the most 

abundant types of facies. 

 

Fig. 4. Cross-plots of drainage area versus 

reconstructed IVF cross-sectional area for late-

Quaternary incised-valley fills along passive 

continental margins. Data taken from Wang et 

al. (2019). ‘N’ denotes the number of readings. 

The results of regression analysis between these 

two variables (power-law relationship and R2) 

are reported.  

 

 

 

 

 

 

 

Distribution of cross-set thickness in incised-valley fluvial deposits 

Figure 7 illustrates the distributions in the measured dune-scale cross-set thickness, 

from planar and trough cross-stratified sandstones or conglomerates in fluvial deposits of the 

studied IVFs. The results indicate that, for the studied IVFs, the mean values of the measured 

thickness of dune-scale cross-sets range from 0.32 ± 0.07 m (Aqueduct Grit IVF in North 

Wales; abbreviated as AGN hereafter; Table 1) to 1.94 ± 0.52 m (Lower Trent Sandstone 

IVF in the southern North Sea; LTSS). The coefficients of variation of cross-set thickness in 

the fluvial deposits of the studied IVFs are calculated and illustrated in Fig. 8. The results 

indicate that all the estimated values of CV (dst) for the studied IVFs are lower than 0.88. 

Only two IVFs (Chatsworth Grit, East Midlands Shelf; Midgley Grit, Pennine Basin) are 

reported to have CV (dst) within the range of 0.58 to 1.18 (0.61 and 0.78, respectively), and 

therefore to yield cross-set thickness statistics suitable for derivation of mean formative-dune 

height (Bridge and Tye, 2000). Values of CV (dst) for all the other IVFs are below 0.58 (Fig. 
8). This means that the values of CV (dst) of cross-set thickness for most IVFs studied in this 

work do not meet the premise on which the empirical equation for flow-depth estimation of 

Leclair and Bridge (2001) (CV (dst) = 0.88 ± 0.3, Fig. 8) is said to be applicable. 

Notwithstanding, this empirical equation has been tentatively applied in this work to all the 

studied IVFs (cf. Buller et al., 2018). This was done in absence of a more valid alternative, 

since estimation of flow depth based on story-thickness analysis is not practicable for the 

fluvial deposits of most of the studied examples, which are commonly characterized by 

amalgamated multistorey architectures and thus limited preservation of the full profile of 

barform or channel-fill elements. Estimations of drainage-basin areas based on depth 

estimations derived from measured cross-set thickness have been complemented with 

independent estimations based on IVF dimensions. 
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Fig. 5. Proportions of facies types in fluvial deposits of the studied IVFs. T denotes the sum of the thickness of all measured facies units for each incised-valley fill. See Table 

2 for facies codes. 
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Fig. 6. Box plots that present distributions in 

facies proportions in fluvial deposits across the 

studied incised-valley (IV) fills. For each box 

plot, boxes represent interquartile ranges, red 

open circles represent mean values, horizontal 
bars within the boxes represent median values 

and black dots represent outliers (values that are 

more than 1.5 times the interquartile range). ‘N’ 
denotes the number of studied incised-valley 

fills. See Table 2 for facies codes. 

 

 

 

 

 

Fig. 7. Histograms that present distributions in the measured thickness of dune-scale cross-sets, from planar and 

trough cross-stratified sandstones and conglomerates in fluvial deposits of each IVF. ‘N’ denotes the number of 
readings and ‘σ’ denotes the standard deviation. 
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Fig. 8. Box plot of the distribution in the 

coefficient of variation of measured cross-set 

thickness for 15 IVFs. Individual values are also 

shown next to the boxplot for each IVF. For the 
boxplot, boxes represent interquartile ranges, red 

open circles represent mean values, horizontal bars 

within the boxes represent median values, and 

black dots represent outliers (values that are more 

than 1.5 times the interquartile range). The pink 

band indicates the 0.58-1.18 range, wherein data 

are considered suitable for calculating mean dune 

height, according to the method of Bridge and Tye 

(2000). The red dashed line denotes the value 

indicated by the variability-dominated preservation 

model of Paola and Borgman (1991). 

 

 

Estimation of formative flow depth 

Estimation of mean bankfull depth for the formative rivers of the studied IVFs from 

measured cross-set thickness is represented in Fig. 9. The results indicate that the estimated 

mean bankfull depth of these rivers ranges from 6 to 38 m, with an average value of 21 m. 

The estimated mean bankfull depth for the formative rivers of the Farewell Rock (FRS), 

Spireslack Sandstone (MVS), Tullig Sandstone (TCL) and Aqueduct Grit (AGN) IVFs is 

smaller than or equal to 10 m. The estimated mean bankfull depth for IVFs of the Upper 

Rough Rock of the East Midlands Shelf (URRE), Upper Howgate Edge Grit (UHEP) and 

Lower Trent Sandstone (LTSS) is larger than 30 m. The mean bankfull depths estimated for 

rivers draining into the Pennine valleys range from 13 m to 38 m. 

 

Fig. 9. Box plot of the distribution in the estimated 

mean bankfull depth for 15 incised-valley fills 

considered in this work. Individual values are also 

shown next to the boxplot for each incised-valley fill. 
For the boxplot, boxes represent interquartile ranges, 

red open circles represent mean values, horizontal bars 

within the boxes represent median values, and black 

dots represent outliers (values that are more than 1.5 

times the interquartile range). 

 

 

 

 

 

 

In the fluvial deposits of the studied IVFs, recognition of bar and channel-fill 

elements whose vertical profile is completely preserved is limited, since these units are 

commonly amalgamated laterally and vertically to form multistorey architectures. For the 
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very few cases where complete bar and channel-fill elements are recognized, estimates of 

maximum bankfull depth can be attempted by assuming a compaction factor of 10% (after 

Ethridge and Schumm, 1978), which yield values of 6.1 m, 4.0 m, 8.6 m and 6.2 m for the 

Spireslack Sandstone (MVS), the Tullig Sandstone (TCL), the Midgley Grit (MGP) and the 

Chatsworth Grit (CGE) respectively. It is significant that the projected values of mean 

bankfull depths based on these maximum bankfull depths (obtained assuming the channel 

cross-sectional area approximated by a half-elliptical shape, and hence the mean bankfull 

depth as being equal to π/4 times the maximum bankfull depth) are consistently smaller than 

the mean bankfull depths estimated from measured cross-set thickness. 

Estimation of drainage area 

Two independent approaches are employed to estimate the drainage areas for the 

studied IVFs. The first method is based on the empirical equations that use measured mean 

cross-set thickness (Sm) to estimate mean dune height (hm), itself used to derive values of 

mean bankfull depth (dm) that can be applied to regional curves to predict catchment size. 

The second method employs scaling relationships between IVF dimension and drainage area 

(Fig. 4), based on a compilation of data from late-Quaternary examples (Wang et al., 2019). 

As the original published datasets vary significantly with respect to the availability of 

data on cross-set thickness and IVF dimension, both methods for the estimation of drainage 

areas can only be applied simultaneously to eight IVFs. The method based on the measured 

dune-scale cross-set thickness is applied to fifteen IVFs, whereas the method based on IVF 

dimension is applied to ten IVFs (Fig. 10).  

The results of estimated drainage areas for the studied IVFs are represented in Fig. 10. 
Estimations of drainage area based on the northwest Florida and Maryland coastal-plain 

analogues are larger than the value obtained using the Amazon basin as analogue, whereas 

predicted values of drainage area based on the North Carolina and north Florida coastal-plain 

analogues are smaller than that based on the Amazon regional curve (Fig. 10A). The orders of 

magnitude of drainage-area size for the studied IVFs range from 103 km2 to 106 km2, but 

prediction intervals cover a wider range, from 103 km2 to the order of 107 km2. Estimations of 

the size of drainage areas based on the average modern analogue range in order of magnitude 

from 104 km2 to 106 km2 (Fig. 10B). The estimated drainage areas for the Farewell Rock (FRS), 

Spireslack Sandstone (MVS), Tullig Sandstone (TCL) and Aqueduct Grit (AGN) IVFs are in 

the order of 104 km2; only three IVFs (URRE, UHEP, LTSS) have estimated drainage areas in 

the order of 106 km2. For all eight IVFs with available data on both dune-scale cross-set 

thickness and IVF dimension, the 95% prediction intervals of the two approaches to catchment 

size estimation overlap significantly (Fig. 10B); the predictions of each of these two methods 

fall within the prediction interval of the other method, except for one case (MGP). For the 

Farewell Rock (FRS) and Chatsworth Grit (CGE) IVFs, the two alternative approaches return 

broadly similar values (50,887 km2 versus 47,547 km2 for FRS; 402,564 km2 versus 525,819 

km2 for CGE). Estimations of drainage-basin area obtained with the two approaches do not 

vary in a systematic way: values derived from one approach are not systematically larger or 

smaller than those obtained with the other method (Fig. 10). Base-case predictions of drainage 

areas based on these two methods are not correlated (R = -0.163, p = 0.700). 

Facies architecture in incised-valley fluvial deposits and drainage-basin size 

Considering that the manner in which river systems are expected to respond to flood 

waves and undergo modulation of water discharge depends in part on the size of their 

drainage areas (Syvitski et al., 2003; Sømme et al., 2009; Hansford et al., 2020), relationships 
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are investigated between the size of the drainage-basin areas of each IVF, as estimated from 

data on dune-scale cross-set thickness, and both the proportion of selected facies types in 

incised-valley fluvial deposits (Fig. 11) and cross-set thickness variability (Fig. 12). For 

scopes of analysis, certain facies types are grouped together according to the possible flow 

regime of their formative bedforms (lower versus upper-flow regime, and possible transition 

between them). 

 

 

Fig. 10. Range plots of estimated drainage area from measured cross-set thickness and IVF dimension. Solid 

dots represent the predicted values; vertical bars represent 95% prediction intervals. Note that prediction 

intervals are truncated at 107 km2, since it is deemed unrealistic that the studied Namurian IVFs could be fed by 

drainage areas larger than this value, based on palaeogeographic considerations.  
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Fig. 11. Cross-plots of proportions of facies types within fluvial deposits of the studied incised-valley fills 

versus drainage areas estimated from mean cross-set thickness of each. (A) Cumulative proportions of facies Gp 
and Sp, and of facies Gt and St versus drainage area. (B) Cumulative proportions of facies Gp, Sp, Gt and St and 

of facies Gp, Sp, Gt, St, Sr and Sw versus drainage area. (C) Proportions of facies Sh and Sl versus drainage 

area. (D) Cumulative proportions of facies Sh and Sl and of facies Sh, Sl and Sm versus drainage area. (E) 

Proportion of facies Sr and cumulative proportions of Sr and Sw versus drainage area. Half-and-half dots 

represent IVFs for which the two proportions are the same. For each pair of variables, the correlation 

coefficients and p-values are reported in respective boxes on the bottom right. ‘N’ denotes the number of 
readings, ‘R’ denotes Pearson’s R, and ‘r’ denotes Spearman's rho. 

 

A positive correlation is noted between the cumulative proportion of planar cross-

stratified sandstones and conglomerates (Gp/Sp) in incised-valley fluvial deposits and the 

estimated drainage area (Fig. 11A). A moderate negative correlation is noted between the 

cumulative proportion of trough cross-stratified sandstones and conglomerates (Gt/St) and the 

estimated drainage area, but this is not statistically significant (Fig. 11A). 

When Gp, Sp, Gt and St facies are considered jointly, a moderate positive relationship 

is seen between the cumulative proportion of these facies and the estimated drainage area, but 
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this is not statistically significant (Fig. 11B); when Gp, Sp, Gt, St, Sr (current ripple-

laminated sandstones) and Sw (wave ripple-laminated sandstones) facies are considered 

together, a moderate positive correlation is seen between the cumulative proportion of these 

facies and the estimated drainage area (Fig. 11B). 

A weak and not statistically significant negative correlation is noted between the 

proportion of planar laminated sandstones (Sh) or of low-angle cross-stratified sandstones 

(Sl) and the estimated drainage area (Fig. 11C). No apparent correlation is noted between the 

proportion of low-angle cross-stratified sandstones (Sl) and the estimated drainage area (Fig. 

11C). 

When Sh and Sl facies are considered jointly, a weak and not statistically significant 

negative relationship is seen between the cumulative proportion of these facies and the 

estimated drainage area (Fig. 11D); when Sh, Sl and Sm (massive sandstones) facies are 

considered together, a weak and not statistically significant negative correlation is noted 

between the cumulative proportion of these facies and the estimated drainage area (Fig. 11D). 

No correlation or a very weak correlation is identified between the proportion of 

current ripple-laminated sandstones (Sr) and the estimated drainage area (Fig. 11E); when Sr 

and Sw are considered jointly, no correlation or a very weak correlation is noted between 

their cumulative proportion and the estimated drainage area (Fig. 11E). 

A moderate negative relationship is noted between the coefficient of variation of 

dune-scale cross-set thickness and the size of drainage areas estimated from cross-set 

thickness (Fig. 12A), whereas a moderate positive relationship is noted between the 

coefficient of variation of cross-set thickness and the size of drainage areas estimated from 

IVF dimension, albeit not statistically significant at the level of 0.1 (Fig. 12B). 

 

  

Fig. 12. Cross-plots of the coefficient of variation 

of cross-set thickness versus (A) drainage area 

estimated by cross-set thickness and (B) drainage 

area estimated by IVF dimension. For each pair of 

variables, the correlation coefficients and p-values 

are reported in respective boxes. ‘N’ denotes the 
number of readings, ‘R’ denotes Pearson’s R, and 
‘r’ denotes Spearman's rho. 
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DISCUSSION 

Palaeohydrological characteristics 

Discharge variability can exert a primary control on alluvial stratigraphy, from 

bedform to basin scales (Fielding et al., 2009 and 2018; Plink-Björklund, 2015; Nicholas et 

al., 2016; Trower et al., 2018; Colombera and Mountney, 2019; Ganti et al., 2019b; Leary 

and Ganti, 2020). Perennial rivers with low discharge variability are typically characterized 

by the predominance of Froude subcritical bedforms (preserved as cross-stratification and 

ripple cross-lamination) and subordinance of Froude supercritical and transcritical bedforms 

(preserved as planar lamination and low-angle cross-stratification; cf. Fielding et al., 2009, 

2018; Plink-Björklund, 2015; Colombera and Mountney, 2019). In the fluvial deposits of the 

studied IVFs, the predominance of sandstones with planar and tabular cross stratification and 

ripple cross lamination (Fig. 5 and Fig. 6), consistent with what is generally represented in 

classical facies models for sandy river channel deposits (e.g., Walker, 1976; Collinson, 1996; 

Miall, 1996; Bridge, 2006), supports the notion that the palaeoriver-systems feeding the 

Namurian IVFs of the UK and Ireland were perennial and characterized by relatively low 

discharge variability (i.e., they lacked the flow variability typical of some subtropical rivers 

that are more prone to experience conditions of upper flow regime; cf. Fielding et al., 2009, 

2018; Plink-Björklund, 2015). This interpretation is reconciled with the inference of a 

predominantly equatorial humid tropical climate prevailing in the study areas during the 

Namurian (Davies, 2008; Davies et al., 2012; Boucot et al., 2013; Blakey, 2016). Based on 

global quantitative analyses of modern river discharge variability and hydrograph shape with 

respect to climate types, Hansford et al. (2000) indicated that due to intense perennial 

precipitation, rivers in tropical rainforest climate are typically characterized by large 

discharge, low discharge variability and broad flood hydrographs, whereby the flood 

discharge tends to build slowly and decline gradually over the course of several months. 

If the studied Namurian palaeorivers were indeed hydrologically similar to these 

modern tropical rivers, it could be hypothesized that a signature of their hydrology might be 

preserved in their dune-scale cross-stratification. Values of the coefficient of variation of 

measured cross-set thickness for the studied Namurian incised-valley fluvial deposits are 

consistently lower than what is expected for steady flow state, based on theoretical, 

experimental and numerical studies (e.g. Paola and Borgman, 1991; Bridge and Tye, 2000; 

Leclair and Bridge, 2001; Leclair, 2002; Jerolmack and Mohrig, 2005; Ganti et al., 2013) 

(Fig. 8). Given the reconstructed scale and hydrodynamics of the studied river systems, low 

inter-annual discharge variability is expected for these rivers, raising the question as to 

whether this may be responsible for the observed low values of CV (dst). One possible 

explanation might be that, for the studied palaeorivers, cross-set-forming dunes tended to 

accumulate their deposits under limited disequilibrium, and in a way whereby the low 

variability in cross-set thickness would merely reflect the limited variability in magnitude 

across different flood events. However, conditions of bedform equilibrium and low discharge 

variability may not best explain these observations. Theoretical analyses and flume 

experiments under steady and unsteady flows by Leary and Ganti (2020) indicate that 

preserved fluvial cross strata tend to record bedform evolution during flood recession. Given 

a characteristic bedform disequilibrium timescale T* = Tf / Tt, where Tf is the duration of the 

prevailing flow and Tt is the bedform adjustment timescale (Myrow et al., 2018), broad flood 

hydrographs, having a gradual decline in discharge and T* ≥ 1, tend to result in values of CV 

(dst) ≈ 0.88, whereas flashier flood hydrographs, with rapid decreases in flood discharge and 

T* ≪ 1, tend to result in CV (dst) values markedly lower than 0.88 (Leary and Ganti, 2020). 
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The cross-set thickness variability can therefore act as an indicator of disequilibrium in the 

sedimentary record and yield information on the relative timescales of formative flood 

variability and bedform adjustment (Leary and Ganti, 2020). In this perspective, the low 

variability (coefficients of variation) of cross-set thickness for the studied Namurian incised-

valley fluvial deposits could be attributed to bedform disequilibrium relative to formative 

flows. Large, low-gradient perennial rivers draining tropical regions exist that experience 

phases of flood recession that are sufficiently rapid relative to their timescale of bedform 

turnover, which tend to cause bedform disequilibrium and high bedform preservation. This is 

observed in the Amazon, the Congo, and the Paraná, for example (Leary and Ganti, 2020), 

i.e., in rivers whose hydrology is affected to some extent by seasonal and interannual 

variations in rainfall, partly due to monsoonal circulation in sectors of their catchments 

(Liebmann and Mechoso, 2011; Materia et al., 2012; Syvitski et al., 2014). The Namurian 

palaeorivers investigated in this study may have had a similar behaviour, possibly in relation 

to the role of monsoons in shaping flood hydrographs modulated by water discharge from 

rainforests. For rivers receiving a mixed water supply from tropical rainforest and monsoon 

zones, the shape of flood hydrographs tend to be similar to the patterns characterized in 

monsoonal rivers, i.e., rapid rise and rapid fall of flood stage, whereas the discharge 

variability may remain low as the perennial precipitation can moderate the floods in 

amplitude (cf. Plink-Björklund, 2015; Hansford et al., 2020). Although palaeofloral 

observations indicate a generally equitable climate for low-latitude regions during the 

Carboniferous, and particularly in Namurian times (Chaloner and Creber, 1990; Falcon-Lang 

and Scott 2000; and references therein), geological evidence and palaeogeographic 

considerations suggest that some seasonality and conditions conducive to monsoonal 

circulation might have occurred in parts of the drainage areas of the studied palaeorivers 

(Broadhurst et al., 1980; Rowley et al., 1985; Parrish, 1993; Falcon-Lang, 2000; Bijkerk, 

2014). Whether monsoon-driven seasonal flood regimes might partly explain aspects of the 

facies architecture of these Namurian valley fills is a topic that warrants further investigation 

(cf. Ventra et al., 2015a, 2015b; Kane and Hodgson, 2015). 

The values of mean bankfull depth for the formative rivers of the studied IVFs 

estimated from mean values of measured dune-scale cross-set thickness ranges from 6 m to 

38 m, with an average of 21 m (Fig. 9). However, for few examples (MVS, TCL, MGP, 

CGE) studied in this work, where complete bar and channel-fill elements in incised-valley 

fluvial deposits can be recognized, the values of mean bankfull depths estimated from 

measured cross-set thickness are consistently larger than the values derived from complete 

bar and channel-fill elements. Furthermore, in some cases (LRRP, URRE, UHEP, LTSS) 

values of maximum bankfull depths projected from the mean bankfull depths (themselves 

estimated from mean cross-set thicknesses) are even larger than the restored thickness of the 

IVFs themselves, even assuming a compaction factor of 10%. In addition, the fluvial deposits 

of the studied IVFs are commonly characterized by multistorey architectures (Hampson et al., 

1997; Hampson et al., 1999; Davies et al., 1999), and this should support the idea that the 

fluvial fill of each of these valleys should be significantly thicker than the palaeodepth of the 

river that formed it. These inconsistencies might arise in part because flow depth estimated 

from mean cross-set thickness tends to yield an overestimation of the mean bankfull depth, 

due to preferential preservation of thicker dune-scale cross-sets in portions of channel 

deposits that represent deeper channel areas (Holbrook and Wanas, 2014), and perhaps 

because estimation of dune height from cross-set thickness has been attempted in this work 

despite the fact that the values of CV (dst) of most IVFs studied in this work do not meet the 

premise on which the empirical equation of Leclair and Bridge (2001) is said to be applicable 
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(i.e., CV (dst) = 0.88 ± 0.3, Fig. 8). Misidentification of cross-sets that represent the preserved 

product of unit bars (Reesink, 2019) or of bedforms that developed under conditions of upper 

flow-regime or at the transition to the upper flow-regime, as dunes, is another possible 

explanation. Furthermore, the scaling between dune height and flow depth is influenced by 

flow regime, controlling where dunes sit on the bedform stability field, and determining an 

increase in height from the transition from ripple or lower-stage plane beds to a maximum in 

the middle of the dune field, followed by a decrease to near zero at the transition to the upper-

stage plane beds (Bridge and Tye, 2000). Estimations of flow depth larger than the restored 

thickness of IVFs might also be attributed in part to the fact that IVF fluvial strata are prone 

to be truncated at the top by wave or tidal ravinement (e.g., O'Mara et al., 1999; Wignall and 

Best, 2000; George, 2001; Brettle et al., 2002; cf. Wellner and Bartek, 2003; Wang et al., 

2020). Finally, high bedform preservation related to rapid falling stages of formative floods 

could be an alternative explanation (Leary and Ganti, 2020), and this would be consistent 

with the observations presented above relating to the coefficients of variation of cross-set 

thickness. 

Upstream controls on the facies architecture of incised-valley fluvial deposits   

Considering similar prevailing humid tropical climate conditions for the studied IVFs, 

negative relationships between estimated drainage area and the proportions of facies that 

were possibly deposited under upper-flow-regime or transitional to upper-flow-regime 

conditions (planar laminated, low-angle cross-stratified and massive sandstones), as well as 

positive relationships between drainage area and proportions of facies that were likely 

deposited under lower-flow-regime conditions (planar cross-stratified, trough cross-stratified 

and ripple-laminated sandstones or conglomerates) (Fig. 11), might reflect the fact that the 

size of drainage-basin areas could leave a distinguishable record in the facies architecture of 

fluvial deposits within incised valleys through its control on variability in water discharge (cf. 

Colombera and Mountney, 2019). Based on global quantitative analyses of modern rivers, 

Hansford et al. (2020) indicated that water discharge variability associated with the 

occurrence of extreme meteorological events, quantified by DVIy and Q99.863/Q50, tends to 

decrease with increasing drainage areas. This is attributed to the fact that smaller and steeper 

drainage basins are more prone to larger differences between flood and base-flow discharge 

(Smith, 1992; Robinson and Sivapalan, 1997; Sømme et al., 2009) as external flood drivers 

(e.g., storms) are more likely to affect the entire drainage basin. However, correlations 

between estimated drainage area and the proportions of facies that were possibly deposited 

under transitional to upper-flow-regime conditions (planar laminated, low-angle cross-

stratified and massive sandstones) are commonly weak or non-existent (Fig. 11C and D). 

This is contrary to what may be typically expected, but consistent with recent quantifications 

highlighting a limited effect of drainage-basin size on discharge variability (Hansford et al., 

2020). In part, this discrepancy might also arise because of variability in the origin of these 

facies types and of the associated uncertainty in interpretations. Planar laminated and low-

angle cross-stratified sandstones could possibly have been deposited as lower-flow-regime 

plane beds as well as through migration of bedforms in the upper flow-regime or at the 

transition to the upper flow-regime (parallel laminations and convex-up low-relief bedforms). 

Massive sandstones can also be post-depositional in origin (Colombera and Mountney, 2019) 

and can contain faint or non-visible laminations (cf. Hamblin, 1965).  

The negative correlation between the coefficient of variation of cross-set thickness 

versus the size of drainage areas estimated from mean values of cross-set thickness (Fig. 
12A) might reflect how river systems with drainage areas of different sizes respond to flood 
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and modulate water discharge (e.g., in terms of inter-annual discharge variability), since these 

factors potentially control the preservation of cross strata. In consideration of the potential 

control of river discharge variability on resulting alluvial stratigraphy (Fielding et al., 2018), 

the relationship between metrics of discharge variability and the size of drainage areas is 

examined for modern rivers (Fig. 13), in order to derive insight that could be applied to IVFs 

in the rock record. To characterize inter-annual discharge variability, Fielding et al. (2018) 

proposed to use the coefficient of variation of annual peak flood discharge CVQp. To 

characterize discharge variability from the annual to inter-annual scale, Hansford et al. (2020) 

proposed instead the use of an index of yearly discharge variability (DVIy), equal to the 

average of the difference between the highest and the lowest daily discharge in the same year 

divided by the average discharge across many years. Based on daily discharge data reported 

in Fielding et al. (2018), a moderate negative relationship is seen between CVQp and 

drainage area for 26 modern rivers distributed across different climatic zones (Fig. 13). 

Similarly, based on discharge data from Hansford et al. (2020), relating to 575 gauging 

stations from 490 rivers located in any climates, a weak negative relationship is observed 

between DVIy and drainage area (regression with R2 = 0.22). However, when the same 

analyses are restricted to rivers from rainforest climatic zones, based on daily discharge data 

by Hansford et al. (2020), no correlation is noted between the coefficient of variation of peak 

discharge (CVQp) and catchment size (Fig. 13), but stronger negative correlation is seen 

between DVIy and catchment size (R2 = 0.39; negative correlation of the same strength is also 

seen for these two variables when considered for the data pool of persistent rivers: R2 = 0.39). 

Overall, this indicates that (i) the degree of catchment integration acts as a control on inter-

annual discharge variability, but its role may be relatively limited, and (ii) whether the effect 

of catchment size on discharge variability is more or less pronounced for rivers from tropical 

rainforest climates cannot be established clearly, and appears to depend on how discharge 

variability is quantified. 

 

Fig. 13. Cross-plots of the coefficient of 

variation of annual peak discharge 

(CVQp) versus drainage area for modern 

rivers across all climate zones and in 

tropical rainforest climates, respectively. 

Black spots denote examples from all 

climatic zones with data taken from 

Fielding et al. (2018). Red spots denote 

examples in tropical rainforest climates 
with data taken from Hansford et al. 

(2020). For each pair of variables, the 

correlation coefficients and p-values are 

reported in respective boxes. ‘N’ denotes 
the number of readings, ‘R’ denotes 
Pearson’s R, and ‘r’ denotes Spearman's 
rho. 

 

Palaeogeographic reconstructions 

Sedimentological data such as palaeocurrent vectors or palaeoslope indicators (e.g., 

interpreted movement directions of slumps, orientation of facies belts), provide information 

on directions of sediment transport, but tend to be affected by local topographic variations. 

Provenance studies based on detrital zircon age dating and heavy-mineral analyses can 
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provide key information on the source areas at a larger scale. The proposed estimations of the 

size of drainage areas form a dataset that can be used to integrate existing provenance and 

sedimentological data, to improve understanding of likely source areas, enable reconstruction 

of source-to-sink systems, and contribute to the refinement of regional palaeogeographic 

reconstructions for the Namurian (Fig. 1 and Fig. 14). Implications of the results for selected 

basins (Fig. 1) are presented in the following section. The size of drainage areas for each IVF 

used for regional palaeogeographic reconstructions represents either (i)  the average of the 

base-case predicted value estimated from the average modern analogue and that estimated 

from IVF dimension, or (ii) the value obtained with either of these two methods if data on 

cross-set thickness or IVF dimension are lacking. 

Pennine Basin 

The integration of heavy-mineral analysis and detrital-zircon dating for late 

Carboniferous sandstones of the Pennine Basin by Hallsworth et al. (2000) indicates that 

during the Namurian, the majority of sediment was derived from the north, with subordinate 

amounts of sediment supplied from the Wales-Brabant High, on the southern margin of the 

basin. The northern source areas lay within the part of Laurentia-Baltica affected by the 

Caledonian orogeny, which is considered to locate to the north of the present-day North Sea 

and has extended to present-day Greenland. Based on combined analyses of heavy minerals, 

garnet geochemistry and palaeocurrent directions of late Carboniferous (Yeadonian) fluvial 

sandstones in the Pennine Basin, Hallsworth and Chisholm (2008) proposed that the fluvial 

sandstones of the Rough Rock of the central Pennines were mainly supplied with sediment of 

northerly provenance. Additional local sediment sources can be inferred at the northern and 

southern basin margins and from an intrabasinal high, the Market Weighton High. The main 

north branch of the drainage system extended into the North Staffordshire area, whereas the 

south branch did not extend beyond the Widmerpool Gulf.  

Estimations of drainage areas for the lower Rough Rock and Upper Rough Rock IVFs 

in the Pennine Basin (LRRP, URRP) and for the Upper Rough Rock IVF in the East 

Midlands Shelf (URRE) yield average predicted values of approximately 470,000 km2, 

910,000 km2 and 590,000 km2, respectively. Taking into account the studies on the 

provenance of the Rough Rock IVFs and the average value of base-case estimations of 

drainage areas based on the average modern analogue and IVF dimension, palaeogeographic 

maps that illustrate the possible Yeadonian drainage configurations have been proposed (Fig. 
14H and I). The sum of the estimated drainage area for the URRP and URRE IVFs is used 

when reconstructing the palaeogeography. The estimated drainage areas are of a size that is 

compatible with the extent of the source terranes recorded by the detrital zircon age spectra 

and heavy-mineral analysis. The proposed reconstruction accommodates the hypothesis that 

the northern drainage system bifurcated into two branches because of the existence of a 

topographic high, the Market Weighton High (Hallsworth and Chisholm, 2008; Waters et al., 

2009). The northern branch fed the Upper Rough Rock in northern England (URRP) and the 

Aqueduct Grit in North Wales (AGN); the southern branch diverted westwards due to the 

existence of the Wales-Brabant High on the south margin of the basin, as recorded in 

palaeocurrent data (Bristow, 1988; Hallsworth and Chisholm, 2008), and alimented the Upper 

Rough Rock in the Widmerpool Gulf (URRE). 

Clare Basin 

The provenance of Namurian sedimentary strata of the Clare basin remains highly 

contentious despite decades of research. Contrasting interpretations are derived on the basis 
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of sedimentological data, i.e., palaeocurrent indicators and interpreted movement directions 

of slumps: Collinson et al. (1991) envisaged a source from the west or northwest, whereas 

Wignall and Best (2000) suggested sediment influx from a southerly provenance. Based on 

detrital-zircon age data from three Namurian sandstone units (Ross Formation, Tullig 

Sandstone, Doonlicky Sandstone), Pointon et al. (2012) suggested that from the time of 

deposition of the uppermost Ross Formation (early Kinderscoutian) until the deposition of the 

Doonlicky Sandstone (late Kinderscoutian to early Marsdenian), a major sediment source 

(over 35%-40%) for the Clare basin was represented by a number of small terranes of 

Gondwanan affinity (Avalonia/Ganderia, Armorica and Iberia) located to the south; yet, it is 

recognized that the possibility of a combined source from peri-Gondwanan terranes and 

Laurentia to the north of the basin cannot be discredited.  

Drainage area estimates for the Tullig sandstone IVF (TCL) from mean cross-set 

thickness yield a range (95% prediction interval) from ca. 1,140 km2 to 99,000 km2, with a 

base-case predicted value of ca. 10,600 km2. Avalonia was of sufficient size to host a 

catchment of such limited extent. Drainage area estimates for the Kilkee sandstone IVF 

(KCL) yield a range (95% prediction interval) from ca. 46,000 km2 to 4,108,000 km2 with a 

most-likely predicted value of ca. 435,000 km2. This reveals that the Kilkee sandstones of the 

Clare Basin must have been deposited by a river system with a continental-scale or at least 

regional-scale catchment. The relatively small terrane of Avalonia might have been too 

limited in size to host the entirety of this drainage basin, supporting the hypothesis of a 

combined source from both Avalonia and Laurentia. Palaeogeographic reconstructions (Fig. 
14D) indicate that, during the late Kinderscoutian, a river network draining from Laurentia 

might have reached the Clare Basin and flowed into the basin eastward or southeastward, 

while drainage networks sourced from the south flowed northeastward into Clare Basin, as 

indicated by palaeocurrent data (Pulham, 1989). In the Clare Basin, these two catchments 

amalgamated into a single larger catchment, which potentially may have acted as a source to 

contemporaneous deep-water turbidites. 

South Wales Basin 

A speculative palaeogeographic model by George (2001) proposed that the late 

Yeadonian Farewell Rock IVF of South Wales (FRS) might represent a preserved part of the 

routing system for the late Namurian turbidites (Crackington Formation) of the Culm Basin. 

Other authors (Freshney et al., 1979; Melvin, 1986; Burne, 1995; Hartley, 1993) have 

demonstrated a northerly provenance for these turbidites on the basis of sedimentological 

data. However, based on channel orientation and palaeoflow analysis, Rippon (1996) inferred 

that the deposits of Westphalian A-B sedimentary strata of the Culm Basin and South Wales 

Basin were derived from a common, distant southerly source. This implies that combined 

northerly-southerly sources for the late Namurian turbidites of the Culm basin cannot be 

ruled out on the basis of the available data.  

The estimated average value of mean bankfull depth for the formative rivers of the 

Farewell Rock incised valley is ca. 10 m, returning an estimated drainage area with a base-

case value of ca. 50,000 km2. Hence, this regional-scale river system, being derived from the 

emergent Wales-Brabant High, a localized high (George, 2001), could only provide limited 

supply of sediment to the late Namurian turbidites of the Culm basin. The hypothesis of an 

additional sediment source from the south appears therefore likely. However, mass-balance 

analysis of the sediment volume derivable from the source and deposited in the basin is 

necessary to substantiate this assumption. 
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Fig. 14. Palaeogeographic reconstruction maps for basins in the UK and Ireland during Namurian time, 
presented by regional substage. Green outlines of palaeo-landmasses adapted from reconstructions of Blakey 

(2016). Black dashed arrows denote sediment transport paths inferred from existing provenance studies (detrital 

zircon age dating, heavy mineral analyses, petrographic data) and sedimentological data (palaeocurrent or 

palaeogradient indicators). Note that the size of drainage areas for each IVF used for regional palaeogeographic 

reconstructions represents either (i)  the average of the base-case predicted value estimated from the average 

modern analogue and that estimated from IVF dimension, or (ii) the value obtained with either of these two 

methods if data on cross-set thickness or IVF dimension are lacking. 

CONCLUSIONS 

A database-driven synthesis of data from 18 Namurian incised-valley fills in the UK 

and Ireland has been performed to quantitatively estimate palaeohydrological characteristics 

of their formative river systems, and to attempt refinement of the regional palaeogeographic 

reconstructions of their basins. The main findings are summarized as follows. 

(i) The facies architecture of fluvial deposits of the studied IVFs suggests that the 

palaeorivers feeding the Namurian IVFs of the UK and Ireland were likely 



 

28 

 

 

perennial and perhaps characterized by relatively limited variations in discharge. 

The notion of low discharge variability is in accord with inferences of a 

predominantly humid tropical climate prevailing in the study areas, located near 

the equator during the Namurian. However, the coefficient of variation of the 

thickness of sets of dune-scale cross-stratification for the studied deposits is 

characteristically low, and this might be a record of some celerity of flood 

recession driving bedform disequilibrium and high bedform preservation. 

(ii) In four examples, inferences on river bathymetry based on limited observations of 

the thickness of bar and channel-fill elements return consistently smaller channel 

depths than estimations based on cross-set thickness statistics. In other four cases, 

projected values of maximum bankfull depths are larger than the decompacted 

thickness of the IVFs. Limitations in data and interpretations (e.g., 

misidentification of dune versus unit-bar cross-sets) and high bedform 

preservation linked to bedform disequilibrium are acknowledged as possible 

causes, but a conclusive explanation of these inconsistencies has not been reached.  

(iii) Reconstruction of the size of IVF drainage areas has been attempted based on 

integration of flow-depth estimations from dune-scale cross-set thickness statistics 

with scaling relationships of IVF dimensions derived from late-Quaternary IVFs 

(Wang et al., 2019). This approach allowed effective consideration of a range of 

uncertainties in rock-record observations and in resulting extrapolations. 

(iv) Relationships between estimated drainage areas and the relative proportions of 

facies that may have been deposited under lower- versus upper-flow-regime or 

transitional to upper-flow-regime conditions might reflect the fact that the size of 

drainage areas controls the facies architecture of fluvial deposits within incised 

valleys through its effect on variability in water discharge. 

(v) The proposed estimations of the size of drainage areas provide complementary 

insight to existing provenance and sedimentological data, as they enable tentative 

reconstructions of source-to-sink systems in the context of the regional 

palaeogeographic configuration for the Namurian. 

The approaches illustrated in this work can be replicated to the study of 

palaeohydrologic characteristics and palaeogeographic reconstructions of incised-valley fills 

globally and through geological time.  
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