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S1. Topographic & Historic Landscape Modelling 

Topographic modelling at Powick Hams and the Severn-Teme confluence was conducted using high-
resolution LiDAR datasets available from the UK Ordnance Survey and Environment Agency. 
Initially a Digital Terrain Model (DTM) at 50m resolution was created for the entire Severn 
catchment and overlain by major rivers (Figure 1A) (UK Ordnance Survey, 2016). A more detailed 
DTM at 1m resolution was then created for a 3.5km2 area across the Severn-Teme confluence and 
overlain by a colour shaded elevation model and major watercourses (Figure 1B) (UK Environment 
Agency, 2016). Historic strip fields and enclosures illustrated on the Coventry Map (Coventry Map, 
1648) and from the 1st Edition Ordnance Survey (UK Ordnance Survey, 1886) were exported into GIS 
and digitised as an additional layer (Figure 1B). Historic assets were determined from the 
Worcestershire Historic Environment Record (WHER, 2017).  

In order to contextualise the sequence stratigraphy across the wider floodplain landscape, existing 
core data held by the British Geological Survey (https://www.bgs.ac.uk/data/bmd.html) (British 
Geological Survey, 2017) and academic work (Brown, 1983a+b; 1985; 1987) was gathered and 
remodelled with the new data in cross sections. The ground surface topography across each transect 
was extracted from the raw LiDAR data at 10cm resolution (Figure 1C).  

S2. Field Sampling 

In order to analyse the sedimentary sequence at Powick Hams a river section was excavated along the 
banks of the River Teme (Lat: 52.169259, Lon: -2.2376946). The sample section was cleaned, 
photographed and recorded and revealed 5.3m of alluvium down to the present river level, with 
terrace gravels identified at the base. From the section in-situ sediment samples were collected using 
u-channels to enable 1cm resolution analysis and ‘dark’ bulk samples collected every 5cm specifically 
for pOSL analysis (See Supplementary Material S10).  

S3. Optically Stimulated Luminescence (OSL) Methodology and Data  

From the section, 8 sealed Optically Stimulated Luminescence (OSL) (Huntley et al., 1985; Aitken, 
1998) sediment samples were collected within opaque tubing and submitted for optical dating at the 
University of Gloucestershire (Toms and Wood, 2018), (Table 1, Figure 2).  

Sample Preparation 

To preclude optical erosion of the datable signal prior to measurement, all samples were opened and 
prepared under controlled laboratory illumination provided by Encapsulite RB-10 (red) filters. To 
isolate that material potentially exposed to daylight during sampling, sediment located within 20 mm 
of each tube-end was removed. The remaining sample was dried and then sieved. Depending upon 
each sample’s modal grain size, quartz within the fine sand or fine silt fraction was segregated. 

Samples were then segregated and subjected to acid and alkaline digestion (10% HCl, 15% H2O2) to 
attain removal of carbonate and organic components respectively. For fine sand fractions, a further 
acid digestion in HF (40%, 60 mins) was used to etch the outer 10-15 µm layer affected by α radiation 
and degrade each samples’ feldspar content. During HF treatment, continuous magnetic stirring was 
used to effect isotropic etching of grains. 10% HCl was then added to remove acid soluble fluorides. 
Each sample was dried, resieved and quartz isolated from the remaining heavy mineral fraction using 
a sodium polytungstate density separation at 2.68g.cm-3. Twelve 8 mm multi-grain aliquots (c. 3-6 
mg) of quartz from each sample were then mounted on aluminium discs for determination of De 
values. Fine silt sized quartz, along with other mineral grains of varying density and size, was 
extracted by sample sedimentation in acetone (<15 µm in 2 min 20 s, >5 µm in 21 mins at 20ºC). 
Feldspars and amorphous silica were then removed from this fraction through acid digestion (35% 
H2SiF6 for 2 weeks, Jackson et al., 1976; Berger et al., 1980). Following addition of 10% HCl to 



remove acid soluble fluorides, grains degraded to <5 µm as a result of acid treatment were removed 
by acetone sedimentation. Twelve multi-grain aliquots (ca. 1.5 mg) were then mounted on aluminium 
discs for De evaluation. All drying was conducted at 40°C to prevent thermal erosion of the signal.  

De Measurements 

The estimation of De acquired since burial requires calibration of the natural signal using known 
amounts of laboratory dose. De values were quantified using a single-aliquot regenerative-dose (SAR) 
protocol (Murray and Wintle 2000; 2003) facilitated by a Risø TL-DA-15 irradiation-stimulation-
detection system (Markey et al., 1997; Bøtter-Jensen et al., 1999) and using the Analyst package 
(Duller, 2015). Within this apparatus, optical signal stimulation is provided by an assembly of blue 
diodes (5 packs of 6 Nichia NSPB500S), filtered to 47080 nm conveying 15 mW.cm-2 using a 3 mm 
Schott GG420 positioned in front of each diode pack. Infrared (IR) stimulation, provided by 6 IR 
diodes (Telefunken TSHA 6203) stimulating at 87580nm delivering ~5 mW.cm-2, was used to 
indicate the presence of contaminant feldspars (Hütt et al., 1988). Stimulated photon emissions from 
quartz aliquots are in the ultraviolet (UV) range and were filtered from stimulating photons by 7.5 mm 
HOYA U-340 glass and detected by an EMI 9235QA photomultiplier fitted with a blue-green 
sensitive bialkali photocathode. Aliquot irradiation was conducted using a 1.48 GBq 90Sr/90Y  source 
calibrated for multi-grain aliquots of 5-15 and 125-180 m quartz against the ‘Hotspot 800’ 60Co  
source located at the National Physical Laboratory (NPL), UK.  

The propensity of feldspar signals to fade and underestimate age, coupled with their higher sensitivity 
relative to quartz makes it imperative to quantify feldspar contamination. At room temperature, 
feldspars generate a signal (Infrared Stimulated Luminescence; IRSL) upon exposure to IR whereas 
quartz does not. The signal from feldspars contributing to OSL can be depleted by prior exposure to 
IR. For all aliquots the contribution of any remaining feldspars was estimated from the OSL IR 
depletion ratio (Duller, 2003). The influence of IR depletion on the OSL signal can be illustrated by 
comparing the regenerated post-IR OSL De with the applied regenerative-dose. If the addition to OSL 
by feldspars is insignificant, then the repeat dose ratio of OSL to post-IR OSL should be statistically 
consistent with unity, as is the case in this study.  

Preheating aliquots between irradiation and optical stimulation is necessary to ensure comparability 
between natural and laboratory-induced signals. However, the multiple irradiation and preheating 
steps that are required to define single-aliquot regenerative-dose response leads to signal sensitisation, 
rendering calibration of the natural signal inaccurate. The SAR protocol (Murray and Wintle, 2000; 
2003) enables this sensitisation to be monitored and corrected using a test dose, here set at 5 Gy 
preheated to 220C for 10s, to track signal sensitivity between irradiation-preheat steps. However, the 
accuracy of sensitisation correction for both natural and laboratory signals can be preheat dependent.  

The Dose Recovery test was used to assess the optimal preheat temperature for accurate correction 
and calibration of the time dependent signal. Dose Recovery attempts to quantify the combined effects 
of thermal transfer and sensitisation on the natural signal, using a precise lab dose to simulate natural 
dose. The preheat chosen for each sample was that where the ratio between the applied dose and 
recovered De value was consistent with unity. Further thermal treatments, prescribed by Murray and 
Wintle (2000; 2003), were applied to optimise accuracy and precision. Optical stimulation occurred at 
125C in order to minimise effects associated with photo-transferred thermoluminescence and 
maximise signal to noise ratios. Inter-cycle optical stimulation was conducted at 280C to minimise 
recuperation. 

Murray and Wintle (2000; 2003) suggest recycling ratios from repeat dose measurements indicate the 
success of sensitivity correction, whereby ratios ranging across 0.9-1.1 are acceptable. However, this 
variation of repeat dose ratios in the high-dose region can have a significant impact on De 
interpolation. In this study, the recycling ratios are based on repeats of low and high dose 
measurements. All recycling ratios are consistent with the range 0.9-1.1, though the data is relatively 
scattered owing to poor signal to noise ratios. 

Dr Measurements 



Lithogenic Dr values were defined through measurement of U, Th and K radionuclide concentration 
and conversion of these quantities into ,  and  Dr values (Table 1).  and  contributions were 
estimated from sub-samples by laboratory-based  spectrometry using an Ortec GEM-S high purity 
Ge coaxial detector system, calibrated using certified reference materials supplied by CANMET.  
dose rates were estimated in situ using an EG&G Nomad portable NaI gamma spectrometer 
(calibrated using the block standards at RLAHA, University of Oxford); these reduce uncertainty 
relating to potential heterogeneity in the  dose field surrounding each sample. The level of U 
disequilibrium was estimated by laboratory-based Ge  spectrometry. Dose rate calculations were 
made using DRAC (Durcan et al., 2015).  Estimates of radionuclide concentration were converted into 
Dr values (Guérin et al., 2011), accounting for Dr modulation forced by grain size (Guérin et al., 
2012), present moisture content (Zimmerman, 1971; Aitken and Xie, 1990) and, where De values 
were generated from 5-15 m quartz, reduced signal sensitivity to  radiation (a-value 0.050  0.002). 
Cosmogenic Dr values were calculated on the basis of sample depth, geographical position and matrix 
density (Prescott and Hutton, 1994). No samples exhibited pronounced (226Ra/238U>50%) U 
disequilibrium.  

S4. Age-Depth Modelling & Accumulation Rate 

The determination of the OSL dates allowed detailed age-depth modelling of the alluvial sequence 
(Figure 2). This was initially conducted using the OSL setting in OxCal, version 4.3 with IntCal13 

program (Bronk Ramsey, 2008; 2009; 2017). Further modelling with Bacon v2.2 (Blaauw and 
Christen, 2011) enabled a clear improvement in the quality and resolution of the accumulation rate 
(Fig S1) and enabled the more precise calculation of calendrical dates at 2σ (95.4% confidence) and 
1σ (68.2% confidence).  

 

Fig S1. Sediment accumulation rate (mm/yr-1) as modelled by OxCal (black) and Bacon (blue) with 
20yr smoothed average (red). Included in Fig.2. 

S5.  Loss on Ignition (Supplemental Data File 1)  

Alongside the chronological determination, samples were also subjected to a range of 
sedimentological analyses to interpret the depositional history of the sequence. Loss on Ignition (LOI) 
at 1cm resolution was conducted by combusting samples at 105oC for 12 hours to determine water 
content, at 550oC for a further 2 hours provided the percentage organics and a final burn at 950oC for 
4 hours determined carbonate content (Figure 2).  

The clear variation between percentage moisture values between the LOI and OSL method 
(Supplementary Material S3, Table 1) is a result of differences in sample location. Due to the 
necessity of getting unaltered dark samples for OSL dating the plastic sample tubes were driven into 
section and moisture content determined from c.15cm into the section. The LOI samples were 
determined from the u-channels which were no more than 3cm into the section and therefore 
demonstrate under representative results. The general trend however of decreasing moisture content 
up profile is retained in both processes and in most cases the error factors do overlap (Figure S2).   



 

Fig S2. Relative moisture values between OSL and LOI analytical methods. 

 

S6. Magnetic Susceptibility (Supplemental Data File 1) 

Magnetic susceptibility (MS) was measured in order to identify high resolution variations in texture, 
and changes in depositional conditions, as a result of flooding events (Figure 2). The process was also 
utilised to determine variations in landuse upon the floodplain and has previously shown to 
demonstrate changes in anthropogenic activity on archaeological sites (Tite and Mullins, 1971). MS 
was undertaken using a Bartington MS2 meter using the MS2B dual sensor equipment at 1cm 
resolution. Volume magnetic susceptibility in SI unit (κ) was determined using a fixed frequency of 
3.41kHz and a periodicity of 15 seconds, and precision was determined with randomly selected 
repeatability of samples. The methodology and interpretation of results followed Dearing (1999).  

S7. Particle Size Analysis (Supplemental Data File 1) 

Further analysis of micro-variant sediment texture was conducted using particle size analysis (Figure 
2). Particle size fractions are taken to reflect flow velocities delivered to the floodplain and, as has 
been shown for the Severn floodplain by Marriott (1992), they will reflect flood velocity if the 
location of the channel is constant relative to the site. The process was conducted following the 
methodology set out by Konert and Vandenberghe (1997). 2-5g of sediment was heated to 550oC for 2 
hours in a furnace to remove organic material and the remaining sediment sieved through a <2mm 
sieve and then mixed with a deionized water and Calgon solution to disaggregate remaining 
components. A subsample of this was then placed into a petrie dish with more Calgon and gently 
agitated with a pestle before being added to a Malvern Digisizer until an optimal obscuration of 5-
20% had been achieved. Background and sample measurement time was set to 90 seconds and each 
sample was analysed five times in order to get a good statistical dataset as determined by the 
international standard ISO-13320-1. All samples analysed had a standard deviation lower than 2% for 
the fine-grained percentile (<Dx10), less than 3% for the median percentile (<Dx50) and less than 5% 
for the coarsest percentile (<Dx90). 

S8. Sediment Power Index (Supplemental Data File 1) 



In order to further understand the variations in sediment concentration, size, distribution and 
presence/absence of void space within the alluvium a Sediment Power Index was calculated (Figure 
2). This was achieved by dividing the coarse sediment fraction (Dx90) by the finest sediment fraction 
(Dx10) to the power 3. The organic fraction was initially removed from the calculation however the 
LOI at 550 results were so negligible that in the end this was not calculated in the equation.  

S9. Multi-element ITRAX analysis (Supplemental Data File 2) 

Multi-element determination was calculated using an ITRAX XRF scanner (Croudace et al., 2006). 
In-situ sediment samples were collected in 400-500mm long ‘u channels’ from the river section and 
scanned at 0.2cm resolution using 30kV, 30mA settings and a 15 second count time at the British 
Ocean Sediment Core Research Facility (BOSCORF) at the National Oceanography Centre, 
Southampton (NOCS). In total 39 elements were identified including lithogenic indicators (Si, Al, K, 
Ti, Zr, Rb) and anthropogenic and heavy metal indicators (P, Ca, Cr, Zn, Ba, Sr, Pb). The resultant 
elemental intensities, measured in total counts per second (tcps), were vetted to remove unreliable 
results which occurred at the boundaries of samples, in particular within exceptionally coarse 
sediment horizons. The resultant dataset was then scrutinised and specific combinations of elemental 
ratios created in order to determine proxy coarse grained indicators (LogZr:Rb) (Jones et al., 2012), 
flood events (LogZr:Fe) (Wilhelm et al., 2013), redox conditions (LogFe:Mn), and combined heavy 
metals (Croudace and Rothwell 2015) (Figure 2).   

S10. pOSL (Supplemental Data File 3) 

Alongside traditional physical and elemental analyses, a programme of portable Optically Stimulated 
Luminescence (pOSL) analysis was conducted to further detail variations in sediment texture, 
mineralogical variation, clast content, colour, bleaching (Sanderson and Murphy, 2010). Previous 
work in fluvial environments (Muñoz-Salinas et al., 2010; Ghilardi et al., 2015; Muñoz-Salinas et al., 
2016; Portenga et al., 2016; Gray et al., 2019) has shown that pOSL is also extremely useful in 
determining sediment provenance, depositional conditions and high-energy flooding events. During 
the field sampling process, bulk ‘dark’ samples at 5cm resolution were extracted from 10cm into the 
cleaned river section, taking care to shield light. The resultant samples were stored in a light proof 
container and maintained at room temperature. In dark room laboratory conditions, pOSL was 
measured using the SUERC portable OSL reader and sediment samples stimulated for 60 seconds 
with the pulsed blue (pOSL) (470nm) and pulsed infrared (pIRSL) (880nm) parts of the 
electromagnetic spectrum. Data quality was maintained by conducting four sets of independent 
replicates across sections of the sediment sequence that demonstrated particularly large shifts in 
results determined in the initial data run. The resultant analysis enabled the determination of Net 
pIRSL (Figure 2) as well as the Net pOSL and the calculation of pIRSL:pOSL. 

S11. Agglomerate Hierarchical Cluster (AHC) (Supplemental Data File 4) 

To statistically analyse sedimentological variations within the alluvial sequences from the Severn-
Teme confluence at Powick, a programme of Agglomerative Hierarchical Cluster (AHC) analysis was 
conducted using XLStat 2019.3.2 which enabled the detailed zonation of horizons (Figure 2). Series 
dissimilarity was determined at 1cm resolution using the Euclidean distance between six variables, 
percentage organics, percentage carbonate, magnetic susceptibility, fine particulate, percentage sand 
and LogZr:Rb. Agglomeration was calculated using Ward’s Method (Ward, 1963). The results were 
presented in horizontal dendrograms demonstrating cophenetic distance between variables and 
horizons, with major classes defined by class colour variation and individual horizon zonation defined 
by changes at the most similar level (Figure 2). 

S12. Principal Component and Variable Factor Analysis (Supplemental Data File 5) 



To statistically analyse the comparative nature of actual sediment grain size (ɸ) (Wentworth, 1922) 
against other grain size proxy indicators (Log carbonate, Log magnetic susceptibility, Log total sand 
content, Log pIRSL, Log pOSL and LogZr:Rb) Principal Component Analysis and Variable Factor 
Analysis using Pearson’s (n) Correlation was conducted using XLStat 2019.3.2. (Figure 3). Data 
samples were clustered into 50-year averages to reduce ‘noise’ and plotted on a combined distance 
biplot and Varimax rotation plot with an automated coefficient. 

S13. Historic and Archaeological Datasets and Flood Records (Figures 1 and 2) 

Alongside the quantitative datasets, historic and archaeological information was also added to figures 
1 and 2 to assist the overall landuse variation in the confluence landscape. Data sources included the 
Victoria County History for Worcestershire (Page and Willis-Bund, 1924), place-names (Mawer and 
Stenton, 1927), archaeological excavation reports (Cook 1996; Edwards and Cook, 2000; Milward, 
2005; Vaughan and Wainwright, 2012; Rogers, 2014) and historical texts (Atkin, 1998; 2004).  

Data detailing historic floods in the rivers Teme and Middle Severn was gathered from the 
Chronology of British Hydrological Events (CBHE), University of Dundee 
(http://cbhe.hydrology.org.uk/) (Black and Law, 2004). Each catchment was investigated, and the 
number of events tabulated in order to build a frequency per year graph to be interpreted against the 
other analytical data. Particularly extreme events which covered large areas of the river catchments 
and where specific historical recording of events occurred in the vicinity of the sample sites were 
highlighted with an event date on the resultant graphic (Annual Register of the Year 1852, 1853; 
Marriott and Gaster, 1886; Symons, 1887; Southall, 1895; NERC, 1975; Damari, 1995; Marsh and 
Dale, 2002; Marsh and Hannaford, 2007). In addition the extent of the major 2007 flood event in the 
Severn-Teme confluence is depicted using the UK Environment Agency 20cm resolution 
orthophotography. (UK Environment Agency, 2007) (Figure 2). 

S14. Sediment Deposition Models (Supplemental Data File 6) 

Sediment Index Models were created for the Severn-Teme confluence at Powick and two other sites, 
at Broadwas in the Teme and Buildwas in the Severn, to determine wider catchment variation in 
depositionary processes (Figure 4). These were compiled by normalising coarse and fine sediment 
grain-size data from Log Grain Size, Carbonate, Magnetic Susceptibility, total sand content, pIRSL, 
pOSL and LogZr:Rb (Jones et al., 2012). The raw data were statistically tested using polynomial 
regression and filtered through a 20-year moving average which enabled the identification and 
refinement of deposition at each site between the Late Iron Age to the present day.  

S15. Comparative Climatic Modelling 

To compare an extensive range of existing climatic datasets against results gathered from the Severn-
Teme confluence at Powick, Comparative Climatic Modelling was conducted on primary data 
gathered from the Paleoclimatology Data website https://www.ncdc.noaa.gov/data-
access/paleoclimatology-data. Relevant data was gathered from six datasets (Charman et al., 2006; 
Büntgen et al., 2011; Wilson et al., 2013; Phipps et al., 2013; Swindles et al., 2013; Esper et al., 2014) 
which best demonstrated a range of climatic conditions for the period covered at Powick, and were 
classed into five geographic regions (UK and Ireland, Northern Europe and Central and Southern 
Europe) (Figure 4). The raw data was normalised to create ‘z-scores’ and then graphically illustrated 
with a 20-year running average to reduce ‘noise’ and re-interpreted by colour coding to demonstrate 
relative periods of ‘wetter’, ‘dryer’, ‘cooler’, ‘warmer’, ‘higher solar activity’ and ‘lower solar 
activity’.  
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Lab 

Code 

Overburden 

(m) 

Grain size 

(m) 

Moisture 

content (%)  

NaI -spectrometry  

(in situ)  Dr  

(Gy.ka-1) 

Ge -spectrometry (ex situ) 
 Dr 

(Gy.ka-1) 

 Dr 

(Gy.ka-1) 

Cosmic Dr 

(Gy.ka-1) 
226Ra/238U 

Total Dr 

(Gy.ka-1) 

Preheat 

(C for 10s) 

Low Dose 

Recycling 

Ratio 

High Dose 

Recycling 

Ratio 

Post-IR 

OSL Ratio 

De 

(Gy) 

Age (ka) cal. BCE/CE date 
(2 95.4%) 

cal. BCE/CE date 
(1 68.2%) 

     K (%) Th (ppm) U (ppm)              

GL17016 0.60 125-180 10  3 0.86  0.04 1.20  0.09 9.76  0.59 1.72  0.14 - 1.17  0.08 0.19  0.02 0.88  0.14 2.22  0.09 280 0.97  0.05 0.99  0.03 0.95  0.04 0.5  0.1 0.25  0.04 cal.CE1691-1849 cal.CE1731-1810 

GL17015 1.05 5-15 13  3 0.97  0.05 1.61  0.10 10.32  0.60 1.98  0.14 0.50  0.04 1.59  0.09 0.18  0.02 0.78  0.10 3.23  0.11 260 0.92  0.17 0.98  0.10 0.91  0.17 1.5  0.1 0.46  0.03 cal.CE1503-1585 cal.CE1530-1585 

GL17014 1.45 5-15 14  4 0.96  0.05 1.71  0.11 9.97  0.59 1.87  0.14 0.47  0.04 1.61  0.14 0.16  0.02 0.86  0.11 3.20  0.13 260 1.00  0.16 0.99  0.09 1.04  0.17 2.0  0.1 0.63  0.04 cal.CE1314-1464 cal.CE1352-1426 

GL17013 1.97 5-15 15  4 0.95  0.05 1.58  0.10 10.40  0.60 1.93  0.14 0.48  0.04 1.53  0.10 0.15  0.01 1.03  0.13 3.10  0.12 260 1.01  0.15 1.02  0.08 0.99  0.15 2.8  0.1 0.91  0.06 cal.CE995-1217 cal.CE1051-1161 

GL17012 2.85 5-15 18  4 1.01  0.05 1.80  0.11 10.99  0.64 2.15  0.15 0.50  0.04 1.66  0.10 0.13  0.01 0.81  0.09 3.30  0.12 240 0.99  0.10 0.97  0.06 1.01  0.10 3.7  0.1 1.13  0.06 cal.CE763-1010 cal.CE825-948 

GL17011 3.43 5-15 21  5 0.97  0.06 1.83  0.11 10.91  0.63 2.01  0.14 0.47  0.04 1.61  0.11 0.12  0.01 1.04  0.12 3.17  0.13 240 0.98  0.10 0.99  0.07 0.97  0.10 4.8  0.2 1.52  0.09 cal.CE323-678 cal.CE412-590 

GL17010 4.18 5-15 21  5 0.99  0.06 1.82  0.11 10.71  0.63 2.31  0.15 0.49  0.04 1.64  0.11 0.11  0.01 0.98  0.12 3.22  0.13 240 0.99  0.10 1.02  0.08 1.02  0.11 5.1  0.2 1.59  0.09 cal.CE244-615 cal.CE337-552 

GL17009 5.00 5-15 20  5 1.00  0.06 1.85  0.11 10.99  0.63 2.15  0.15 0.49  0.04 1.66  0.11 0.09  0.01 0.97  0.12 3.24  0.13 260 0.95  0.08 1.00  0.07 0.99  0.08 5.6  0.2 1.74  0.10 cal.CE68-482 cal.CE172-379  

 

Table S1. Dr, De and Age data of submitted samples from THE Severn-Teme confluence at Powick, Worcestershire (Lat: 52.169259, Lon:-2.2376946). Age 
estimates expressed relative to 2017. Uncertainties in age are quoted at 2 (95.4%) and 1 (68.2%) confidence and reflect combined systematic and 
experimental variability. 

 


