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Supplementary Data 1: Localities and access (.kmz)  

A Google Earth .kmz file showing each locality, represented stratigraphy, and access 

information.  

Supplementary Data 2: Primary field data and statistical analyses (.xlsx) 
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An excel workbook with all collected primary field data and statistical tests.  

 S2a: Data log outlining collected datasets  

 S2b: Cross-set height distributions  

 S2c: Maximum cross-set height measurements  

 S2d: Accretion and bedding measurements 

 S2e: Package thickness measurements 

 S2f: Woody debris measurements 

 S2g: CV of cross-sets associated with woody debris 

 S2h: Statistical test on cross-set heights between members 

 S2i: Statistical test on CV between members 

 S2j: Statistical test on CV between debris-associated and non-debris-associated cross-

sets 

 

Supplementary Information 1: Table of localities  

Loc # Loc name Northing 

(BNG) 

Easting 

(BNG) 

Member BGS Map 

Title 

Access 

1.1 Amphitheatre  5138.7 -00333.6 Rhondda 248: 

Pontypridd 

A4107 

2.1 Lower Bwlch 

Mountain Road 

5138.7 -00331.94 Llynfi 248: 

Pontypridd 

Bwlch-Y-

Clawdd Road 

2.2 Upper Bwlch 

Mountain Road 

5138.55 -00332.12 Rhondda 248: 

Pontypridd 

Bwlch-Y-

Clawdd Road 

2.3 Welcome to the 

Valleys Sign 

5138.4 -00332.09 Rhondda 248: 

Pontypridd 

Bwlch-Y-

Clawdd Road 

3.1 Top of Disused 

Mineral Railway 

5138.52 -00347.71 Hughes 247: Swansea The Incline - 

Briton Ferry 

Woods Car 

Park 

3.2 Below Mountain 

Coal - Disused 
Mineral Railway 

5138.46 -00348.06 Hughes 247: Swansea The Incline - 

Briton Ferry 
Woods Car 

Park 

3.3 Kilvey Hill West 5137.60 -00354.91 Llynfi 247: Swansea Path off 

Harbour View 

Road 

3.4 Kilvey Hill East 5137.60 -00354.80 Llynfi 247: Swansea Path off 

Harbour View 

Road 

4.1 Darren Serth 

Quarry: First Storey 

5143.73 -00356.95 Swansea 230: 

Ammanford 

Lliw Reservoir 

Car Park 



4.2 Darren Serth 

Quarry: Round 

Corner 

5143.78 -00356.86 Swansea 230: 

Ammanford 

Lliw Reservoir 

Car Park 

4.3 Darren Serth 

Quarry: Second 
Storey 

5143.72 -00356.95 Swansea 230: 

Ammanford 

Lliw Reservoir 

Car Park 

5.1 Llanwonno Road 

Quarry 

5140.24 -00322.43 Brithdir 248: 

Pontypridd 

Llanwonno 

Road  

5.2 Llanwonno Road 5140.24 -00322.43 Brithdir 248: 

Pontypridd 

Llanwonno 

Road 

5.3 Quarry Above Porth 5137.56 -00323.96 Brithdir 248: 
Pontypridd 

Layby off 
Graigwen Road 

6.1 Above Abercynon 5139.47 -00319.88 Hughes 248: 
Pontypridd 

Layby on 
unnamed road 

off Goitre-Coed 

Road 

6.2 Mynydd Cilfach-yr-

encil 

5142.75 -00319.79 Brithdir 231: Merthyr 

Tydfil 

Dowlais Road  

6.3 Bridge Street 5136.71 -00323.034 Rhondda 248: 

Pontypridd 

Bridge Street 

7.1 Nolton Haven North 

Cliff 

5149.43 -00506.65 Rhondda 226/227: 

Milford 

Nolton Haven 

Car Park 

7.2 Maidenhall Point 5150.58 -00506.99 Rhondda 226/227: 

Milford 

Pebbles Café 

Car Park 

7.3 Watchman’s Hut 5141.12 -00333.20 Rhondda 248: 
Pontypridd 

Rhigos Road 

 

Supplementary Table 1: The localities used for primary data collection and their locations.  

Supplementary Information 2: Extended methodology 

Scaling relationships obtained in order to extract median cross-set height from measurements 

of maximum cross-set height were as follows: 

Member Mean/Max N 

Combined (Pennant) 0.626 271 

Swansea 0.625 49 

Hughes 0.596 33 

Brithdir 0.636 58 

Rhondda 0.618 108 

Llynfi 0.656 27 



Supplementary Table 2: The derived scaling ratios between mean and maximum cross-set height for 
each Member of the Pennant Formation, including the number, N, of cross-set height distributions 

obtained from each Member.  

There are a number of empirical relationships used in our numerical analyses in order to 

reconstruct palaeohydrology in the rivers of the Variscan Foreland. Eq. 2 in the main text,  

ℎ𝑑 = 2.9(±0.7)ℎ𝑥𝑠 

was formulated by Leclair and Bridge1 and was based on previous theoretical work (e.g. 2–4). 

Uncertainty is due to natural variability in bedform preservation ratio. This uncertainty is 

important to incorporate in palaeohydrologic reconstruction, so Figure 5 (main text) 

illustrates how this manifests in estimations of bedform and flow dynamics. The main 

assumption contained within this relation is that the mean cross set height, hxs , is measured 

correctly, i.e., from a distribution of closely spaced vertical profiles. Eqs. 3 and 4 in the main 

text,  

𝑇𝑡 =
𝜆ℎ𝑑𝛽

𝑞𝑏
 

𝑇 ∗ =
𝑇𝑓

𝑇𝑡
 

also contain implicit assumptions regarding bedform shape and flow style, but these are well-

established in bedform research and have been relevant for decades in studying the dynamics 

of bedform adjustment5–8. The Tf of modern rivers shown in Figure 5 in the main text provide 

context for the discharge regimes typical of the Variscan Foreland, and these values were 

sourced from the following publications: 9–14 

Formative flow depth, H, was calculated using the relationship established by Bradley and 

Venditti:15 

𝐻 = 6.7ℎ𝑑 

(Eq. 6) 

where the value of 6.7 is an approximation of a scalar range with 50% probability between 

4.4 and 10.1. This relation is derived from compiled field data, and could also be set as h = 

6.96H0.95.  



Primary grain-size data were necessary to establish palaeoflow conditions. Most cross-sets 

were preserved in sand-grade deposits, but we also observed rare pebble-grade cross-sets. 

The grain-size of sand-fractions (<2 mm) was estimated in the field according to size terms of 

the Wentworth16 classification, confirmed by processing of grain-size images in ImageJ 

software, and the median grain-size (D50) was extracted. These data were used to calculate 

palaeoslope using the method of Trampush et al17 where:  

𝑙𝑜𝑔𝑆 = 𝑎0 + 𝑎1𝑙𝑜𝑔𝐷50 + 𝑎2𝑙𝑜𝑔𝐻 

(Eq. 6) 

in which S is channel slope, D50 is the median grain-size, and constants a0 = −2.08 ± 0.036, a1 

= 0.254 ± 0.016, and a2 = −1.09 ± 0.044. This relation was used as it is most appropriate for 

the range of grain sizes observed in this study, and it is consistent with the bedload flux 

model used18. To propagate the errors included in the constants, 106 values were generated of 

each (Monte Carlo uncertainty propagation).  

Channel width is an important metric due to its necessity in establishing a total discharge, as 

opposed to discharge per unit width. This permits quantification of discharge during bankfull 

events, which must be known in order to estimate flood capacities. However, channel width 

is difficult to constrain from outcrop. The method established by Greenberg et al.19 describe 

the widths of individual river threads, and was used due to higher sampling potential than 

direct measurements of outcrop width. Furthermore, outcrop width indicates the maximum 

width of the channel belt, rather than individual river channels, the latter of which has greater 

utility in palaeohydrologic reconstructions. In the method of Greenberg et al.,19 lateral 

accretion package widths are used to estimate the total width of the channel:  

𝑊𝑏𝑓 = (2.34 ± 0.13)𝑊𝑏𝑎𝑟 

(Eq. 7) 

where Wbf is bankfull width, and Wbar is the width of a bar package, defined as the distance 

between the locations that mark the 95% values of the asymptotes formed by the lateral 

accretion package. Exemplar asymptotic bar packages are shown in Figure 4d. Width 

estimates were made in tandem with estimates of planform morphology and fluvial style20,21 



as it is implicit in the Greenberg et al19 method that rivers are single-threaded. The total width 

of outcrops, measured in Google Earth, was used to indicate an upper limit on the width of 

the total channel belt.  

Flow velocity was calculated using Manning’s equation: 

𝑈 =
1

𝑛
𝐻

2
3 𝑆

1
2 

(Eq. 8) 

where n is Manning’s constant, set as 0.03.22  In this well-established methodology, water 

discharges were then estimated using Q = UH to obtain discharge per unit width (i.e., unit 

discharge, Q), and channel width, Wbf , was estimated (Eq. 7), to obtain bankfull discharge 

(Qbf = U H Wbf ).  

 

Unit bedload flux, qb, was estimated using the methods of Mahon and McElroy18: 

𝑞𝑏 = (1 − 𝜙)
ℎ𝑑𝑉𝑐

2
 

(Eq. 9) 

𝑙𝑜𝑔𝑉𝑐 =  𝛽0 + 𝛽1𝑙𝑜𝑔𝑆 

(Eq. 10) 

where Vc is the bedform migration velocity, β0 and β1 are constants (β0 = 0.6113 ± 0.144, β1 

= 1.305 ± 0.0515), and φ is a dimensionless bed porosity of 0.5.18 These formulae were 

derived based on field and experimental data, and implicit in this model is the bedform height 

relation of Leclair and Bridge1.  

The flow intermittency factor, If , is defined as the fraction of the total time in which bankfull 

flow would accomplish the same amount of water discharge as the real hydrograph23 (Eq. 5 in 

the main text). This metric is important for analysis of fluvial discharge variability. Flow 

intermittency requires estimating a yearly water budget, and this necessitates a range of 

assumptions. Based on atmospheric general circulation models24,25 the palaeo-precipitation 



rate was estimated as between 1.5 and 2.5 mm/day (0.55 - 0.91 m/yr), and catchment area has 

been estimated as 4500 - 9500 km2 by Wood et al.26 From these assumptions we have 

estimated the expected mean annual discharge, Qa, for a given channel:  

 

𝑄𝑎 = 𝑄𝑤𝑏𝐴 

(Eq. 11) 

where A is the catchment area, and Qwb is the water budget, representing the water that enters 

the catchment as precipitation, assuming a 20% loss to infiltration and evaporation.27 

Reconstructed catchment lengths of 135 – 200 km and average flow velocities were used to 

estimate flood propagation timescales through the catchment. Although uncertainty is 

expectedly high due to uncertainty in palaeogeographic reconstruction, catchment shape and 

size, and precipitation magnitude and distribution, flood propagation could have occurred on 

similar timescales to reported flood durations.  

Supplementary Information 3: Sedimentary Facies 

The sedimentary facies within the Pennant Formation have been well-documented in classic 

literature since the 1960s. Rather than re-stating the observations of Jones28 and many other 

authors29–33 we focus in the main text on the facies indicators of variable discharge, and 

provide here some more detailed context. The fluvial successions of the South Wales 

Coalfield are recognised in literature since at least the 1920s34 with previous mapping work 

completed by the British Geological Survey from the early-mid 1800s. In the 1940s and 50s, 

significant advances in description and classification of Welsh Carboniferous stratigraphy 

were driven by interest in the Coal Measures by authors such as Moore35,36 (1945, 1948) and 

Blundell37 (1952). By the 1960s, sedimentary geology in South Wales was a topic of great 

interest in the geoscientific community, headed by Kelling33,38 (1964, 1968). In 1977, the 

PhD thesis of Jones (C. M.)28 documented in impressive detail the fluvio-deltaic sequences of 

the Pennant Sandstone, laying the groundwork for later investigations of tectono-stratigraphy 

and palaeohydrology by Jones (J. A.) and co-authors29,39. Jones and Hartley29 described three 

main facies present in the Pennant Formation: fluvial channel, floodplain, and mire. Within 

the fluvial channel facies, there are three distinct lithofacies: conglomerate, sandstone, and 

heterolithic. In particular, Figures 2, 3 and 6 of Jones and Hartley29 illustrate these. Below, 



we outline observations of each of these facies, before describing in detail the facies evidence 

for discharge variability.   

S5.1 Observations 

Sandstone lithofacies  

This facies is the most volumetrically significant in the formation. It contains large channel 

sandstone packages and well-developed lateral and downstream accretion, with abundant 

dune-scale cross-bedding. This facies represents anastomosing channel belts 100 – 200 m 

wide and 2 – 3 m deep, transporting medium-grade sand on average26. As recognised by 

previous stratigraphic and palaeobotanical work26,28,31,40, plant fossils are ubiquitous 

throughout the formation, occurring mostly between accretion packages and on accretion 

surfaces. Fossils are generally isolated, i.e., not in contact with other fossils, and they are 

observed both near the bases and tops of barforms. Plant fossils are preserved as a mixture of 

coalified compactions, compressions, as casts with well-preserved surface features, and 

occasional perimineralization. Identifiable fossils are mostly genus Calamites and 

Lepidodendron, and rarer Stigmaria. Calamites is a genus of arborescent Equisetales 

(horsetails) extent through the Carboniferous until the Mid-Permian, which grew in rapidly 

shifting and aggrading riparian settings41, proximal to channels, often inhabiting levees, bars, 

and overhanging river channels. Calamites grew to its full height within 2 seasons, whereas 

Lepidodendron grew further from river channels, requiring more established substrate before 

reaching 35 m in height and developing woody branches in 5 – 10 years.31,40,42,43 Also 

observed are lenses of compressed, macerated vegetative material, mostly coalified. The 

median length of woody debris fossil is 12.5 cm and the median width is 5 cm. The largest 

sample observed was 250 x 40 cm. On average, the exposed area of fossils is 56.5 cm2 and 

the median reconstructed cylindrical volume is 221 cm3. 

Conglomerate lithofacies  

Conglomerates are well-documented in the Pennant Formation, and notably, dense 

accumulations of plant material are abundant through space and time. The densest plant 

accumulations, or “conglomerates” are observed in this study at 6 localities throughout the 

Pennant Formation, but are documented throughout the formation. They are characterised by 

large volumes of woody debris preserved at the bases of channel packages and accretion sets. 

Debris conglomerates are 0.25 – 3 m in thickness, and contain mostly Lepidodendron 



preserved as casts and compactions at varied stages of surface degradation. Fossils overlap 

and interlock with no preferred orientation, and occur in a matrix of highly macerated 

vegetation mixed with sand, and organic-rich mud and silt. The debris fossils within 

conglomeratic beds contain a higher proportion of large samples than in the sandstone 

lithofacies, and associated sediment is poorly organised, but may contain a range of 

bedforms, from high-angle dune-scale cross stratification to UPB lamination. No in-situ plant 

fossils (e.g. stumps) are observed. The median size of fossils is 12.5 x 4 cm, with a maximum 

of 250 x 22 cm. The median area of fossils is 63 cm2, with a reconstructed cylindrical volume 

of 237 cm3. 

Heterolithic lithofacies 

Heterolithic successions occur on a range of spatial scales and are also well-documented in 

the formation. They comprise interbedded units of fine sandstone, silts and muds, and may 

occur on the margins of major channels (See S6). 

S5.2 Interpretations 

Our observations of the conglomerate lithofacies are consistent with those of previous 

studies, although Jones28 observed logs up to 10 m long. Whilst well-documented, woody-

debris accumulations have not before been linked with palaeohydrology in this formation.  

We interpret the observed debris conglomerates as log-jam deposits based on the following 

reasoning. Firstly, log-jams are known to have been be frequent and diverse in Carboniferous 

rainforests,41 and are well-studied occurrences in ancient alluvial systems41,44–48 . Once plant 

material is recruited to the river channel, log-jams can occur due to obstacles or flow 

separation between large objects such as bars or entire tree trunks.46 Therefore, secondly, the 

formation of log-jams in the palaeo-rivers of the Variscan foreland is feasible due to the 

known presence of barforms and because Cordaitaleans grew large enough to act as key 

members in log-jams.41 No fossils were observed on the scale of channel widths 

reconstructed by Wood et al.,26 but Gibling et al.,41 state that, in any case, key members are 

unlikely to be exposed in stratigraphy. Third, the characteristics of the log-jam deposits 

observed here are also similar to modern and ancient examples,44,45,47,49–51 where debris 

orientation, character, and palaeobiology are comparable, and based on this, we suggest that 

the deposits observed represent transport jams as described by Gibling et al.41  



Ferguson52 states that plant material can be recruited into river channels by direct abscission, 

wind-blown input, undercutting and collapse of the banks, and flooding. Based on the 

justifications below, we suggest that these debris conglomerates present strong evidence of 

flooding. Firstly, the volume and density of many of the conglomeratic beds speak to the 

rapid recruitment of vegetation from large areas of forested floodplain, especially when 

considering estimates on Carboniferous tree spacing53,54. Secondly, the abundance of 

comminuted plant material gives insight into formation mechanism, implying maceration 

during transport, or prior decomposition on the forest floor. Either way, when found amongst 

large samples of woody debris (thus discounting wind-blown recruitment), this either requires 

flood water to transport rotted vegetation from the floodplain or to macerate fresh vegetation 

in high-energy flow.  Furthermore, these deposits are poorly sorted, with the lengths of 

measurable debris fossils in the 5 - 95% range being 3 – 100 cm. This is unlikely explained 

by gradual build-up of logs due to a barform, and instead suggests rapid deposition in a high 

energy setting. Third, the quality of preservation of many fossils suggests rapid 

sedimentation, occurring during high and falling stages of flood events46. Our rapid 

reconstructed flood recession timescales also imply short transport distances, supporting 

observations of well-preserved leaf-cushions on some samples within log-jam deposits.  

Incremental floodplain cannibalisation is not favoured in this interpretation of log-jam debris 

recruitment not only due to the large volumes of the deposits, but also due to the 

disproportionate absence of preserved roots. If vegetation was recruited by bank collapse, this 

would place the entire tree, including roots, into the channel. However, these deposits contain 

mostly branches of Lepidodendron, which must have been collected by overbank flow where 

these trees grew. Furthermore, the absence of any in-situ tree fossils suggests woody material 

was not sourced from plants living within the channel, consistent with palaeohydrologic 

reconstructions of these systems26. Even major bank collapse events likely could not explain 

the observed deposits: palaeobotanical reconstructions show rivers in these environments did 

not have tall, steep banks, and collapse on scales large enough to potentially cause log-jams 

are only common in the largest rivers, such as the Brahmaputra and Mississippi55–58. The 

palaeo-rivers of the Pennant Formation were a maximum of 200 m wide26, and this limits the 

area from which vegetation could be recruited by bank collapse. Lepidodendron also grew 

relatively far from river channels, requiring at least 5-10 years of stable growth before 

generating branches59,60 , so branch material could not be recruited directly from the river 

bank. Even if undercutting and bank collapse were the preferred mechanism, this process 



occurs especially during floods41,61,62, reinforcing our preferred explanation for these log-jam 

deposits: flooding.  

The woody debris observed in the sandstone lithofacies may have been recruited during 

flooding as explained above, but their composition, containing a higher proportion of 

Calamites, opens the possibility of recruitment by gradual bank cannibalisation, since they 

grew much faster, and closer to the river channel. Nevertheless, the high quality of fossil 

preservation suggests rapid sedimentation, and since bank undercutting occurs preferentially 

during floods, their ubiquity in the sandstone facies throughout the formation suggests 

discharge variability contributed to the debris observed. Compressed and fragmented lenses 

of macerated, coalified plant material observed within these deposits also indicate overbank 

flow which may have placed rotting vegetation from the floodplain into the channel.  

Finally, we interpret the heterolithic lithofacies observed as representing overbank 

successions or crevasse splay deposits. These deposits indicate that discharge intermittently 

reached at least the level of the floodplain, and crevasse splays are also known to occur 

during significant flood events63–65 so their recognition in the Pennant Formation here and by 

previous authors (e.g. 28) may indicate flow variability.  

The sedimentary structures observed across the formation are Froude sub-critical, from 

ripples to upper plane-bed lamination. However, the absence of transcritical or supercritical 

bedforms does not refute interpretations of flood-influenced deposition. In general, 

preservation of Froude supercritical structures is not expected in perennial systems, except 

potentially atop barforms during waning flow. They are much more commonly preserved in 

ancient ephemeral systems driven by seasonal precipitation. Further, in order for the 

reconstructed Froude number to rise 1, permitting formation of transcritical bedforms, either 

the flow velocity must increase roughly four-fold from the average to 4.75 m/s, or the flow 

depth must decrease to 0.16 m, less than half the height of the average dune. These values are 

not consistent with morphodynamic interpretations, especially considering the lack of facies 

evidence for common supercritical flow.  

Supplementary Figure S1: Sedimentary logs of overbank deposits at Locality 4.3 



 

 

Supplementary Figure S2: Fluvial facies photographs 



 

Supplementary Figure S2.1. Conglomeratic bed at Loc2.2  

 

 

Supplementary Figure S2.2. Compressed, fragmented, macerated, coalified plant material at Loc2.2 

 



 

Supplementary Figure S2.3. Lepidodendron woody debris fossil at Loc. 2.3  

 

 

Supplementary Figure S2.4. Lepidodendron fossil in conglomerate lithofacies at Loc4.1  

 



 

Supplementary Figure S2.5. Organic-rich fossilised plant matter at Loc4.1 

 

 

Supplementary Figure S2.6. Fossilised log of Lepidodendron in conglomerate lithofacies at Loc3.3. 

 



 

Supplementary Figure S2.7. Upwards view of conglomeratic unit, interpreted as log-jam deposit at 

Loc3.3, containing ~3 m of stacked woody debris fossils.  

 

 

Supplementary Figure S2.8. Well-preserved leaf cushions on a Lepidodendron fossil in the 

conglomerate lithofacies at Loc2.1. 



 

Supplementary Figure S2.9. Fossil cast of Calamites in a matrix of highly macerated vegetation and 

sand at Loc2.1  

 

 

Supplementary Figure S2.10. Debris accumulation including Calamites fossil and a matrix of 

macerated vegetation and sand at Loc2.1  



 

Supplementary Figure S2.11. Architectural view of Kilvey Hill (Loc3.3)  

 

 

Supplementary Figure S2.12. Upper plane-bed lamination in sandstone at Loc3.4, found in association 

with log-jam deposits.  



 

Supplementary Figure S2.13. Section of overbank deposits logged at Loc4.3  

 

 



Supplementary Figure S2.14. Base of lateral accretion set at Loc7.3, where woody debris was 

documented in the sandstone lithofacies.   
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