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ABSTRACT
Temperate river floodplains present a significant challenge for archaeologists, as cultural and palaeoenvironmental remains are 
often difficult to locate but can be exceptionally well preserved, especially where groundwater levels are high. In these alluvial 
environments, the deposition of thick, fine- grained sediments has potential to deeply bury rich archaeological archives that 
can be used to reconstruct past environments, but these deposits also render conventional forms of archaeological prospection 
largely ineffective. Consequently, subsurface mapping techniques have been developed to determine the three- dimensional spa-
tial distribution of archaeological remains and their relationship to sediment architecture within alluvial environments. These 
can be generated using a combination of intrusive (boreholes, trial pits, etc.) and nonintrusive (e.g., geophysical survey) inves-
tigations augmented by other geological and topographical datasets. Although lidar and other passive remote sensing methods 
such as multispectral imagery and aerial photography have been utilized to investigate floodplain landscapes, the spaceborne 
capabilities of Synthetic Aperture Radar (SAR) have yet to be explored within the context of geoarchaeological prospection. This 
contribution, therefore, examines the capacity of SAR to reconstruct and map landform assemblages within temperate river 
floodplains by analysing images in a 6- year time series of (COSMO- SkyMed) SAR data across two valleys in Herefordshire, 
United Kingdom. The results demonstrate that SAR can be used to record the spatial extent of recent flood events to outline sur-
face topographic complexity and water table levels to achieve a detailed understanding of subsurface complexity across temperate 
river floodplains. This information can, in turn, be used to form a ‘model’ of the likely distribution and potential preservation 
conditions of archaeological resources. Although higher resolution topographic datasets (e.g., lidar, if available) may often be 
more effective, the integration of SAR within geoarchaeological investigations provides an alternative data source for the recon-
struction of alluvial landscapes.

1   |   Introduction

Temperate river valleys have provided resource- rich locations 
for a wide range of past human endeavours, including from 
later prehistory, settlement, ritual and funerary activity (Booth 
et al. 2007; Brunning and Chapman 2013; Lambrick et al. 2009; 
Morigi et  al.  2011). Evidence for this activity is often visible 

and densely clustered upon late Pleistocene river terraces and 
gravel islands both within and at the margins of postglacial 
valley floors, which, in contrast, are often characterized by a 
dearth of visible archaeology (Bradley 2012; Evans, Tabor, and 
Vander Linden 2016; Hosfield and Green 2013; Van de Noort and 
O'Sullivan 2006; White et al. 2016). The settlements and mon-
uments on the terraces and gravel islands are generally visible 
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because the soils are thin and dry, and the identification of ar-
chaeological sites is conducive to a range of well- established 
prospection techniques such as aerial photographic analysis, 
fieldwalking, shallow geophysical survey, trial trenching and 
test pitting. In contrast, contemporary, postglacial valley floors, 
especially in lowland and perimarine environments, can contain 
thick > 1 m (Holocene) alluvial sedimentary sequences (Carey 
et  al.  2006; Guccione  2008; Howard et  al.  2008; Meylemans 
et al. 2013; Passmore, Waddington, and Houghton 2002). These 
have the potential to mask archaeological resources and ren-
der most conventional forms of archaeological prospection 
ineffective (i.e., those described previously). Yet, despite this, 
the high- water tables and associated anoxic conditions found 
within floodplains can lead to exceptional levels of preservation 
of both cultural and palaeoenvironmental material (Hill 2014; 
Matthiesen et  al.  2022). Consequently, temperate floodplain 
landscapes are rewarding but highly challenging to investigate, 
and archaeologists must understand the geomorphology of these 
landscapes to understand the distribution of archaeological 
resources.

Temperate alluvial environments contain assemblages of land-
forms that provide records of the evolution of river systems (e.g., 
terraces, palaeochannels and other bedforms; Brown 1997). The 
stratigraphy of alluvial sediments also represents a chronolog-
ical sequence, the analysis of which can provide information 
regarding past environments, climate and vegetation histories 
(Historic England  2018). As the presence and likely preserva-
tion of archaeological and palaeoenvironmental material vary 
according to the distribution and type of different landforms, 
defining the morphology and sedimentary sequences of alluvial 
environments is imperative for understanding the distribution 
of archaeological resources. As a result, archaeologists identify, 
and map, buried landforms to determine zones of archaeologi-
cal and palaeoenvironmental preservation potential. However, 
most of these investigations rely on traditional (intrusive) data-
sets (e.g., boreholes and test pits), which can be costly and im-
practical to implement within large- scale landscape analyses. 
Many investigations also integrate geotechnical logs, which may 
not be sufficiently detailed or well positioned for archaeological 
purposes. As these datasets are ordinarily sparsely distributed 
points in a landscape, the results are often presented in an in-
terpolated format (model), which, although extremely useful for 
interpretation, can miss features or landforms of interest. More 
recently, however, remote sensing data are increasingly inte-
grated within these investigations to fill these gaps and aide the 
identification of archaeologically significant landforms.

This paper provides an examination of the capacity of Synthetic 
Aperture Radar (SAR) to reconstruct and map archaeological 
resources within temperate river floodplains. Although lidar 
and other passive remote sensing methods (e.g., multispectral 
imagery and aerial photographs) have been utilized to inves-
tigate floodplain landscapes, advancements in the spaceborne 
capabilities of SAR have yet to be explored within this context. 
As such, this paper establishes a novel approach to summarizing 
relevant information from a SAR time series and considers the 
contribution this can make to geoarchaeological models of tem-
perate river floodplains. Such investigations into the capacity of 
nonintrusive (remote sensing) methods are critical to heritage 
professionals working in alluvial environments, particularly 

ahead of any potential threats to these resources such as through 
infrastructure development and aggregate extraction, which 
are common in river valley settings (Kibblewhite, Tóth, and 
Hermann  2015), or flood alleviation and natural flood pre-
vention schemes (Boardman and Boardman 2024; Carmichael 
et al. 2023; Howard et al. 2017). As climate change is predicted 
to increase the intensity and frequency of rainfall, causing un-
specified changes in ground conditions, that will affect the pres-
ervation of archaeological resources (Fluck and Dawson 2021), 
the ability to understand the subsurface complexity of alluvial 
environments using methods that are more compatible with 
broader values of sustainability, such as remote sensing data, is 
of increasing importance.

1.1   |   Understanding Subsurface Complexity in 
Temperate Floodplain Environments

The main aim of geoarchaeologists working in temperate flood-
plain environments is to locate areas of greatest archaeological 
potential. This is normally achieved through the recording of 
subsurface sediments and stratigraphy, to characterize variation 
in deposits attributable to environmental and geomorphological 
processes, which, in turn, inform an understanding of the pres-
ervation potential of archaeological remains (Carey et al. 2018). 
Such an approach is otherwise known as ‘deposit modelling’, 
which provides a framework for understanding the distribution 
of complex (often deep) depositional sediment sequences, typ-
ically comprising a visual representation of spatial and strati-
graphic relationships between natural subsurface sediments, 
palaeoenvironmental remains and archaeological features 
(Carey et al. 2019; Historic England 2020). This can vary from 
two- dimensional vertical cross- sections and horizontal surfaces 
to deposit thickness maps (Bruniaux et  al.  2024) and pseudo- 
three- dimensional models (Carey et al. 2018; Champness 2018). 
Regardless of their visual output, deposit models are typically 
constructed through the combined analysis of existing records 
(e.g., topographic and geological mapping, geotechnical logs and 
Historic Environment Record [HER] data) and intrusive investi-
gations, such as boreholes, coring, trial trenching or excavation 
(Ayala et al. 2017; French et al. 2005; Houben et al. 2013). Deposit 
models are, therefore, inherently grounded in conventional 
archaeological and geomorphological approaches (primarily 
stratigraphic analysis), but they can incorporate data from dis-
parate, albeit complementary, methods that provide direct and 
proxy measurements of the subsurface (Carey et al. 2019).

Understanding the complexity of temperate floodplain environ-
ments is not restricted to the use of ‘intrusive’ datasets, which 
can be costly and impractical to acquire across large areas. 
Numerous studies have, therefore, integrated geophysical sur-
vey (Bates and Bates 2016; Engel et al. 2022; Verhegge, Missiaen, 
and Crombé  2016; Verhegge et  al.  2021) and remote sensing 
data (Berendsen, Cohen, and Stouthamer 2007; Berendsen and 
Volleberg  2007; Carey et  al.  2006; Challis, Carey, et  al. 2009; 
Jones et  al.  2007; Malone  2014; Stein et  al.  2017; van Dinter 
et al. 2017), which have shown enormous potential to enhance 
the understanding of the distribution of archaeological re-
sources within a variety of complex depositional environments. 
In particular, the widespread (national) collection of lidar data 
by the Environment Agency in England (and other government 
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organizations globally) has revolutionized the mapping of land-
form assemblages (Chiverrell, Thomas, and Foster 2008; Jones 
et  al.  2007; van der Meulen et  al.  2020). More specifically, in 
the context of deposit models, lidar data provide a valuable topo-
graphic and stratigraphic control from the contemporary ground 
surface downwards (Crabb et  al.  2023). However, this can be 
less effective in river systems where channels have remained 
stable in the mid–late Holocene and vertical accretion has domi-
nated, thereby blanketing and smoothing floodplain topography 
(Howard et al. 2015). Thus, it is beneficial to integrate other re-
mote sensing datasets that may allow for additional landforms 
with a high potential to provide additional geoarchaeological in-
formation but are not expressed topographically, to be identified.

The utilization of aerial imagery to map surface landform 
assemblages within river floodplains for both archaeologi-
cal (Baker  2003, 2007; French, Macklin, and Passmore  1992; 
Lambrick 1992) and geomorphological (Fezer 1971; Jensen 2007; 
Pouquet 1974; Rosenfeld 1984; Short and Blair 1986) investiga-
tions is an established methodology. Advancements in sensor 
technology, digital image processing and increased computa-
tional power over the last two decades has led to the integra-
tion of a wider suite of remote sensing datasets for the study of 
alluvial environments (Lillesand, Kiefer, and Chipman  2015, 
Chapter  2). For example, Challis, Kincey, and Howard (2009) 
exemplified the potential of airborne multispectral and hyper-
spectral imaging for the investigation of valley floor geoarchae-
ology, although the cost and mobility of these airborne systems 
were a significant barrier to their wider adoption and there is 
now more limited access to such resources following the closure 
of the NERC Airborne Research Facility. Similarly, the use of 
airborne SAR has been hampered by prohibitive costs and the 
low spatial resolution for archaeological purposes, which has 
led to SAR data being largely overlooked as a tool for research 
by the archaeological community. Despite this, SAR is increas-
ingly utilized in other disciplines to study aspects of alluvial en-
vironments such as monitoring river channel changes (Mitidieri 
et al. 2016; Nagel, Darby, and Leyland 2023; Rossi et al. 2023), 
erosion (Freihardt and Frey  2023), sediment accumulation 
(Hachemi et al. 2021) and flood mapping (Amitrano et al. 2024; 
ESRI 2024; Grimaldi et al. 2020). This has been facilitated by the 
increased resolution and improved accessibility (and density) of 
image archives and tasking opportunities provided by contem-
porary higher resolution SAR systems and has also led to an in-
crease in archaeological explorations of this technology (Cigna 
et al. 2023). Therefore, SAR data have considerable potential to 
aid alluvial geoarchaeological investigations, but this has yet to 
be fully realized.

2   |   SAR Earth Observation

SAR is an active remote sensing method commonly deployed 
on spaceborne platforms for imaging. The basic operation 
principle is that a series of radar pulses are transmitted to-
wards the ground surface and the time taken to receive back-
scattered echoes and the amplitude of that reflected signal is 
recorded (Chapman and Blom 2013). The amount of radar en-
ergy returned (or backscattered) to the sensor is primarily de-
termined by the shape and orientation of the target, as well as 
surface roughness (Chuvieco  2020, Chapter  2). Rough terrain 

scatters incident energy in multiple directions (diffuse), and 
smooth surfaces reflect energy away (specular) from the sensor 
(Simms 2020). Together with these geometric characteristics, the 
dielectric constant of surface features influences the intensity of 
the backscatter. Most natural surface materials have a dielec-
tric constant in the order of 3–8 when dry, whereas water has a 
dielectric constant of 80 (Lillesand, Kiefer, and Chipman 2015, 
421). As a result, soil moisture and surface wetness variations 
can be identified by relative increases in the backscatter record; 
although if the area becomes inundated, the scattering becomes 
specular with the recorded backscatter reducing significantly 
(El Hajj et al. 2016). The SAR approach to radar remote sensing 
allows imaging to take place at high resolution by synthesiz-
ing a large antenna, which would be practically unachievable 
on traditional spaceborne platforms. The synthesized antenna 
size is achieved by taking advantage of the relative motion of the 
sensor to the ground and correcting for doppler shifts to create 
useable imagery.

As vegetation has a high moisture content, it is a good scatterer 
of radar energy, although different vegetation types have dif-
ferent backscatter properties (Simms 2020, 90). Healthy plants 
have a higher water content, and thus relatively higher dielec-
tric constant, which increases reflectivity, and the presence of 
extensive, complex or oriented vegetation structures can also 
increase radar backscatter (Santi et al. 2012). As such, there are 
a variety of agricultural applications of SAR for mapping crop 
extent, type (Blickensdörfer et al. 2022) and condition, as well 
as providing estimates of soil moisture and crop yield (Chang- an 
et  al.  2019; Parag et  al. 2024). However, the interpretation of 
vegetated areas is not straightforward, as it forms a complex 
heterogenous volume consisting of the plant structure, typically 
consisting of multiple size scatterers, and underlying soil (Jones 
and Vaughan 2010, 67). Despite this, the presence of large- scale 
archaeological features or geomorphological landforms may 
be apparent within SAR imagery, but this also is dependent on 
other SAR sensor parameters including wavelength, spatial res-
olution and polarization.

2.1   |   SAR Sensor Parameters

2.1.1   |   Wavelength

SAR operates in the microwave portion of the EM spectrum 
with wavelengths ranging from the metre (P Band) to centi-
metre scale (Ka Band). Bands are typically denoted by letters, 
with the most used for imaging being P, L, S, C and X giving 
a frequency coverage from ~0.03 to ~12 GHz. The wavelength 
influences how the radar signal interacts with the feature and 
how far a signal can penetrate the target (Figure 1). For exam-
ple, radar pulses transmitted from an X- band radar, operating 
at a wavelength of ~3 cm (Brolly and Woodhouse 2012; Gorrab 
et al. 2014), produce backscatter responses mostly driven by the 
texture or ‘roughness’ of the surface such as that produced by 
surface vegetation or canopy cover (Meyer 2019). On the other 
hand, under the same conditions, an L- band signal, operating 
at a wavelength of ~20 cm, can penetrate soil and vegetation to 
some extent to potentially define shallow subsurface conditions 
with the backscatter response driven by a combination of the 
‘roughness’ of the surface and characteristics of the subsurface 
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such as moisture content and compactness (Luo et  al.  2019). 
Unfortunately, however, radar pulses with longer wavelengths 
are typically associated with lower bandwidth SAR systems for 
imaging and therefore result in lower achievable spatial reso-
lution, but because the depth of penetration using SAR sensors 
with longer wavelengths is still relatively minimal (e.g., L- band 
systems penetrate up to 24 cm in optimal dry sandy conditions 
such as deserts; Gorrab et al. 2014), it is arguably more import-
ant to focus on achieving better (higher) spatial resolution for 
(geo)archaeological purposes.

2.1.2   |   Spatial Resolution and Imaging Mode

The level of detail in geophysical and remote sensing datasets is 
commonly referred to spatial resolution, which can be stated as 
the amount of ground surface area (m2) within each pixel in an 
image (Campana 2017, 706). For optical sensors, spatial resolu-
tion decreases as the altitude, or distance from the ground, in-
creases, but the spatial resolution of SAR data is best understood 
in terms of the range (across- track) resolution and azimuth 
(along- track) resolution. The range resolution is related to the 
bandwidth of the system, which is a system specific parameter 
unrelated to the wavelength. The limiting factor here is the pulse 
width, with shorter pulses producing higher spatial resolution, 
albeit at lower energy (Ager 2021). When using non- SAR radar, 
or ‘real aperture radar’, an impractically large antenna would 
be required to provide suitable azimuth resolution of earth sur-
face targets from space or an aircraft and shorter wavelengths 
at closer range producing the best azimuth resolution outcomes 
(NASA 2024b). For SAR systems, the azimuth resolution is in-
dependent of the wavelength of the system and of the distance 

between target and sensor (Hein 2003). Thus, the spatial reso-
lution of SAR data can be considered proportional to the size 
of the physical radar antenna with smaller antennas allowing 
an increased dwell time on a target due to greater beam spread-
ing, producing higher resolution, and the nominal azimuth res-
olution is that corresponding to half the physical antenna size. 
However, a further factor that influences the spatial resolution 
(and area coverage) of SAR is the imaging mode in which the 
data are collected (Kumar et al. 2023, chapter 1).

There are four common imaging modes for SAR; Stripmap, 
Spotlight, Dwell and Scan. In ‘Stripmap’ mode, radar pulses are 
transmitted at a fixed off- nadir angle, resulting in a medium (3-  
to 15- m) resolution swath of contiguous data (Khoshnevis and 
Ghorshi  2020). Higher (< 1- m) spatial resolution data can be 
obtained in ‘Spotlight’ and ‘Dwell’ modes, where radar pulses 
are directed towards targeted areas from multiple angles for 
extended periods of time (Meyer  2019). This creates a higher 
synthetic aperture length, providing a higher resolution at the 
expense of area coverage. Lastly, in ‘Scan’ mode, a large swath 
coverage is achieved by switching the antennae look angle of the 
radar pulses in multiple swaths, achieving larger area coverage, 
but lower (30-  to 100- m) spatial resolution.

2.1.3   |   Polarization

The polarization of a radar signal refers to the geometric plane 
(orientation) in which the transmitted and/or received radar 
pulse oscillates (Lillesand, Kiefer, and Chipman  2015, 451). 
Typically, radar collects signals in different polarizations that are 
oriented either parallel (horizontal) or perpendicular (vertical) 

FIGURE 1    |    Illustration of the relationship between the frequency and wavelength of SAR bands and the depth of penetration/spatial resolution 
(adapted from Meyer 2019).
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to the surface target (Kumar et al. 2023). Horizontal polarization 
is indicated by the letter H, and vertical polarization is indicated 
by V, resulting in four possible polarization combinations (HH, 
VV, HV and VH) with the first letter representing the trans-
mitted and the second letter the received. Several modern SAR 
sensors are ‘fully polarimetric’ in that they record each of these 
polarization combinations (Lasaponara and Masini 2013). This 
can be beneficial as different polarizations respond differently 
to the distinct types of surfaces. For example, rough surfaces, 
such as that caused by bare soil or water, are most sensitive 
to VV scattering, whereas double- bounce scattering typically 
caused by buildings/tree trunks is most sensitive to an HH po-
larized signal (Meyer 2019). HV is used to indicate depolarizing 
surfaces such as vegetation canopies where volume scattering 
occurs. It has been suggested that VV polarizations are most 
suitable for palaeolandscape features (Elfadaly et al. 2020), but 
there is currently little consensus in the literature with regard to 
which is the most effective polarization mode for archaeological 
research (Chen et al. 2022).

2.2   |   SAR in Archaeological Research

SAR systems have been employed since the 1980s for a variety 
of archaeological purposes (Adams, Brown, and Culbert 1981; 
Blom, Crippen, and Elachi 1984; Chen, Jiang, et al. 2017; Conesa 
et al. 2014; Dore et al. 2013; Garrison et al. 2011; Kiarszys and 
Zalewska  2017; McHugh et  al.  1989; Moore, Freeman, and 
Hensley 2007). Initially, the application of SAR was focused on 
detecting shallow subsurface features, predominantly in desert 
regions, by exploiting the capability of long wave (L- band) sys-
tems to penetrate dry sand and detect relatively large buried fea-
tures (Holcomb and Shingray 2007; Wiseman and El- Baz 2007). 
It has also been used successfully in vegetated areas, though 
the subsurface imaging capability is negligible where dense 
vegetation cover is present (Stewart 2017). However, SAR is per-
haps mainly utilized for detecting upstanding or microrelief re-
mains (e.g., earthworks or structural remains; Chen et al. 2016; 
Haskins 2010; Patruno et al. 2013; Tapete and Cigna 2017).

Most archaeological applications of SAR have used Normalised 
Radar Cross Section, also known as σ0, or backscatter 
(Lasaponara and Masini  2013), which provides information 
about surface characteristics according to the wavelength fre-
quency, polarization and incidence angle, to detail buried fea-
tures, as well as extant remains such as earthworks, walls and 
other structures (Luo et al. 2019). Backscatter anomalies can be 
caused by archaeological features under vegetation/crops and 
bare soil, due to variations in sediment composition, density 
and texture, and the dielectric constant and moisture content of 
different materials (Jiang et  al.  2017; Tapete and Cigna  2017). 
Thus, with the appropriate selection of imaging mode, together 
with favourable environmental conditions (e.g., soil moisture 
and vegetation coverage), information relating to the presence of 
archaeological features and alluvial landforms can be acquired 
(Chen et al. 2015). Despite this potential and reviews outlining 
its value for archaeology (Chen, Lasaponara, and Masini 2017; 
Lasaponara and Masini  2013; Tapete and Cigna  2017, 2019), 
SAR is less frequently used than lidar or passive methods, pri-
marily because the spatial resolution of the imagery is consid-
ered to be too coarse to adequately define small archaeological 

features (Tapete and Cigna  2019). However, modern X- band 
systems (e.g., TerraSAR- X/TanDEM- X and COSMO SkyMed) 
are better suited to the study of archaeological sites, despite 
their limited surface penetration, due to their higher spatial 
resolutions achieved through higher bandwidth and smaller 
antennas (Dore et al. 2013; Erasmi et al. 2014; Lasaponara and 
Masini  2013; Tapete and Cigna  2019). For example, COSMO 
SkyMed operates with a maximum bandwidth of 400 MHz and 
antenna length of 5.7 m, whereas the ALOS PALSAR 2 L- Band 
system operates with a maximum bandwidth of 84 MHz and an-
tenna length of 10 m, which results in larger resolution cells.

A further benefit of modern SAR systems to archaeological re-
search is the short revisit times and an increasing availability 
of historical archives of data (Cigna et al. 2014). This is advan-
tageous as this ‘timeseries’ of data can enable change detection 
of features and help with monitoring the condition of cultural 
heritage sites. This can be achieved using interferometry, which 
requires imaging the same location from different angles to 
analyse phase changes between two images to infer elevation 
changes (Chen, Lasaponara, and Masini 2017). Collecting mul-
tiple SAR images over the same area at different times may also 
lead to speckle reduction through temporal averaging (Tapete 
and Cigna 2019). Interferometry also enables a single image to 
be produced, representing the temporally averaged backscat-
tering signal, which retains the spatial resolution of the input 
scenes and provides an enhanced level of detail, so that features 
unchanged throughout the time series are better imaged and re-
solved (e.g., Cigna et al. 2014). Thus, an extensive time series of 
SAR data greatly improves the quality of information and the 
potential for extracting small- scale features (Stewart 2017) and 
can allow for the monitoring of impacts to heritage sites (Tapete, 
Cigna, and Donoghue 2016). These time series also have poten-
tial to delineate subsurface geomorphological landforms within 
river floodplains through the analysis of backscatter changes, 
but this has yet to be explored in an archaeological context.

3   |   Regional Setting of the Case Studies

The main aim of this research was to examine the capacity of 
SAR to reconstruct and map archaeologically significant land-
form assemblages within temperate river floodplains and, 
therefore, assess the potential of SAR to contribute to the con-
struction of geoarchaeological deposit models. To achieve this, it 
was necessary to acquire datasets from typical temperate river 
floodplain settings and two case study areas were investigated 
in Herefordshire, United Kingdom (Figure  2). These were se-
lected as each floodplain records aspects of landscape evolution 
that are likely to have influenced the distribution of cultural 
and environmental material. More specifically, the lower part of 
River Lugg and the middle portion of the River Wye valleys were 
selected as they represented typical temperate river floodplains 
with a variable level of prior archaeological research across 
(Watt 2011).

3.1   |   Lower Lugg Valley

The Lower Lugg valley is in the centre of Herefordshire and cov-
ers a 10 × 6 km area, extending from Dinmore Hill to northeast 
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of the city of Hereford. It is characterized by a broad (2–3 km 
wide), lowland floodplain and including several settlements, no-
tably the villages of Wellington, Marden and Moreton- on- Lugg. 
The course of the river meanders through the study area on a 
north–south orientation and is in parts characterized by a high 
degree of sinuosity (Dorling  2007, 55). In the central portion 
of the valley floor, gravel deposits are covered by up to 3 m of 
Holocene alluvium that had previously been variably described 
by British Geological Survey (BGS) mappers as being a homoge-
nous, fine clayey- silt deposit (Brandon 1989). However, (geo)ar-
chaeological research in the region has provided more detailed 
insights regarding the alluvial deposit sequence (Jackson and 
Miller 2011).

Numerous archaeological sites are known in the Lower Lugg 
valley, but many have only been discovered through phases 
of salvage excavations ahead of sand and gravel extraction. In 
particular, near the village of Wellington, investigations have 
exposed a range of significant and well- preserved multiperiod 
archaeological remains (Arnold and Jackson 2015, 2016; Carey 
et al. 2017; Jackson et al. 2013), including Neolithic, Beaker and 
Bronze Age ritual and funerary activity, Iron Age and Romano- 
British settlement remains, two substantial 8th- century ad 
structures including a timber water mill and extensive evidence 
for later mediaeval water management and cultivation prac-
tices (Jackson and Miller  2011). The archaeological remains 
from these time periods were variously located within and 
below differing amounts of alluvial sediment, with the most 
recent remains typically occurring in the near surface (< 1 m) 
and earlier periods being much more deeply buried (+2 m). 
However, the distribution of these remains was also influenced 

by subsurface (past) landforms and patterns of erosion and sed-
imentation. The higher, drier areas of the floodplain that were 
intersected by palaeochannels provided the focus for earlier 
prehistoric activity (e.g., funerary monuments and pit groups) 
and later prehistoric- Late Roman settlement and agriculture 
(Jackson and Miller  2011). Conversely, the lower lying wetter 
areas of the floodplain contained few archaeological remains, 
although palaeochannels provided rich palaeoenvironmental 
assemblages (Payne and Jordan  2011). These archaeological 
remains, landform assemblages and their associated environ-
mental records provided a model for the changing landscape 
of the valley floor, as well as an important context for periods 
of occupation. Moreover, these investigations of this part of the 
floodplain have demonstrated that the Lower Lugg contained 
a chronologically diverse and exceptionally rich archaeological 
record that was intimately linked to the patterns and process of 
landscape evolution.

3.2   |   Middle Wye Valley

The Middle Wye study area covers a 3.5 × 8.5 km area, extending 
between Hay- on- Wye and Letton, close to the Welsh- English bor-
der. Here, the floodplain measures between 1.5 and 2 km wide and 
is blanketed with Holocene alluvium, although there was limited 
information defining the depth of these sediments or the potential 
for archaeological remains; in contrast to the Lower Lugg valley, 
there had been limited archaeological investigations in the Middle 
Wye valley, and therefore, the understanding of the nature and ex-
tent of the archaeological resource is skewed towards more easily 
recognizable sites at the immediate periphery of the valley floor.

FIGURE 2    |    Location of study areas on a national and regional scale (a, b) with the extent of floodplain covered in relation to mapped (British 
Geological Survey) alluvial deposits (c).
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4   |   Materials and Methods

4.1   |   SAR Data

To investigate the Lower Lugg and Middle Wye valleys, 74 
SAR images were acquired via the COSMO- SkyMed constel-
lation archive (Agenzia Spaziale Italana (ASI) 2015). COSMO- 
SkyMed is the largest constellation in orbit operating in the 
X- band, comprising four spacecraft, allowing short revisit 
times (Covello et al. 2010). The satellite system does not allow 
fully polarimetric observations (Biondi 2018) and the higher 
spatial resolution data collected in Stripmap (HIMAGE) mode 
only provides single- polarization images from the four polar-
ization combinations available (in this case HH). Although 
the StripMap (PingPong) mode does provide dual- pol capabil-
ity and opportunities to differentiate between backscattering 
responses in naturally vegetated areas and agricultural crops 
using alternating polarizations (i.e., HH/VV, HH/HV or VV/
VH), these are only available for lower spatial resolution (15 m) 
and were therefore considered to be of limited use for geoar-
chaeological prospection (Tapete and Cigna 2019). Thus, only 
higher resolution Stripmap (HIMAGE) images were chosen 
for this analysis, spanning the period from 26 January 2014 
to 31 March 2020, with an even temporal coverage over each 
year (approximately every 10 days), although there are fewer 
images available for 2014 and 2015. Each image was in HH 
polarization, with an incidence angle of 27° and a range and 
azimuth resolution of 5 m, providing a spatial resolution of 5 m 
for a 40 km2 swath, spanning both the Lower Lugg and Middle 
Wye study areas (Figure 2b).

4.1.1   |   Data Processing

COSMO- SkyMed SAR data can be delivered at a variety of pro-
cessing levels, including a raw format comprising unpacked echo 
data in complex in- phase and quadrature signals (Level 0), single- 
look complex slant (Level 1A), ground multilooked (Level 1B), and 
geocoded ellipsoid (Level 1C) and terrain corrected (Level 1D). 
These steps reduce noise (multilooking), project the data or correct 
for geometric distortions. For this analysis, Level 1C data were se-
lected, which provides data expressed as Digital Numbers (DNs), 
which were then converted to express attenuation in terms of deci-
bels (dB) using a backscattering coefficient. This was calculated 
using the band math function in ENVI by the following formula:

where �◦ is the mean backscattering coefficient, � is the refer-
ence incidence angle, Rref  is the reference slant range, Rexp is the 
reference slant range exponent, K is the calibration constant and 
F is the rescaling factor (after Baghdadi et  al.  2015). This ra-
diometric calibration makes each image more comparable and 
multitemporal analysis of the image series possible.

All SAR images are affected by a granular character commonly 
referred to as ‘Speckle’, which can complicate the identification 
of features. This is a consequence of coherent imaging (e.g., SAR 
systems transmit microwave pulses that are phase coherent), and 
although it should not be considered ‘noise’, it can be detrimental 

to the quality of the image. One approach to overcome this speck-
ling is adaptive filtering, but as the visibility of archaeological and 
geomorphological features can be subtle, a compromise is needed 
to enable satisfactory filtering of the speckle effect whilst also en-
suring that features of interest remain (Lasaponara et  al.  2017). 
In most cases, it is necessary to consider different approaches to 
speckle filtering (e.g., Chen et al. 2015). Following trialling of nu-
merous filtering procedures on the studied data using ENVI (NV5 
Geospatial), it was found that a Lee filter with a moving window of 
3 × 3 (pixels) provided the best image clarity and feature visibility 
and was therefore used in each image, similar to Gade, Kohlus, 
and Kost (2017). This process did not filter out all the speckle but 
using larger windows (> 3 m) resulted in a loss of feature definition 
and the moving window of 5 m × 5 m was selected as the best com-
promise between improved data quality whilst allowing alluvial 
landforms to be visualized.

4.2   |   Auger Transects

To complement and validate any visible surface features identifi-
able in the SAR data, a series of gouge core (auger) transects were 
also collected to elucidate the subsurface stratigraphy. Deposit 
models typically integrate at least some information from intru-
sive investigations to provide an understanding of subsurface 
sediment architectures, for deeply alluviated sequences, this is 
normally achieved through a series of auger samples or bore-
holes across an area of interest in a targeted or gridded manner, 
either undertaken with a hand auger or machine- drilling rig 
(Carey et al. 2018). For this investigation, a series of hand- driven 
gouge core auger transects were positioned perpendicular to the 
floodplain corridor to provide two- dimensional, vertical cross- 
sections of stratigraphic units across each study area.

The gouge auger had a 2- cm barrel, and each auger sample was 
spaced between 50 and 150 m apart, allowing the depths and vis-
ible changes in sediment composition to be logged through vi-
sual observation and qualitative description (Canti et al. 2015). 
Although a more consistent spacing between augering was de-
sirable, the larger gaps of up to 150 m only occur in a small num-
ber of cases due to land access issues (e.g., inaccessible areas or 
where landowner permission was denied). The data from the 
auger samples were added to a database together with a GPS lo-
cation and combined with elevation data derived from available 
lidar. These data were then imported into Strater 5, a borehole 
and cross- section plotting software package (Golden Software), 
enabling multiple gouge- core transects (or cross- sections) to be 
produced of the sediment sequence in each case study area.

5   |   Maximizing the Visibility of Alluvial 
Landforms in SAR Data

Individual SAR backscatter images are typically displayed 
using a linear grey scale, with black representing low intensity 
and white high intensity (Tapete and Cigna 2019). Although 
these individual images are valuable for distinguishing types 
of land cover, further information can be contained within 
a time series of images, but due to their high data dimen-
sionality, this can be difficult to interpret. This is pertinent 
to the high temporal resolution of COSMO- SkyMed time 

�
◦

= DN2 1

KF2
sin(�)R

2Rexp
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series, and various methods can be used to prevent data re-
dundancy. Conventionally, this is targeted towards change de-
tection approaches aimed at documenting impacts caused by 
environmental processes or anthropogenic activities (Cigna 
et  al.  2023). However, this investigation was not concerned 
with change; rather, it focussed on understanding persistent/
consistent anomalies. Consequently, change detection ap-
proaches are not applicable, and other solutions were sought, 
primarily including composite images, the calculation of basic 
metrics (e.g., minimum, mean and maximum values) and di-
mensionality reduction (principal component analysis [PCA]). 
As there have been no previous attempts to summarize SAR 
data time series in this manner, it was necessary to evaluate 
these approaches to establish an optimal methodology for 
geoarchaeological investigations. This was focussed on part 
of the Lower Lugg valley case study area, where known allu-
vial landforms were previously recorded (Crabb et al. 2022), 
to establish which approach was most effective, which could 
then be applied more widely in the Lower Lugg and across the 
Middle Wye valleys.

5.1   |   Evaluation of SAR Data

Although separability measures can be used to evaluate the 
capability of lidar visualization and multispectral image en-
hancement techniques (e.g., Crabb et al. 2022, 2023), these are 
difficult to apply to a time series of SAR data. This is due to the 
complexity surrounding the interpretation of backscatter inten-
sity data collected on multiple different dates, as land use and 
ground conditions vary significantly across the year. As noted 
previously, most SAR imagery is also characterized by inherent 
noise or speckle, making it difficult to quantify the effectiveness 
of an image based on the histograms of regions of interest. Thus, 
a visual comparison of the transformed images produced from 
the COSMO- SkyMed data was undertaken.

5.1.1   |   Individual Radar Images

It is not practical here to present all 74 images of the COSMO- 
SKyMed time series but an illustration of the temporal charac-
ter of the data (from March 2019 to March 2020) is provided 
in the Supporting Information, which highlights some salient 
characteristics of the radar backscatter features observable in 
the data.

In most temperate (rural) floodplain settings, the prevailing sur-
face response recorded in radar imagery is attributable to vegeta-
tion, which forms a complex, heterogeneous volume of material 
comprising both the vegetation structure and underlying soil. 
There is variation amongst according to different land use sur-
face characteristics such as grass or type of arable crop. Within 
an individual land parcel or field of land use, further variation 
can be observed that potentially relate to subsurface changes, 
but these are difficult to define, as the response of the SAR pro-
duces a very ‘speckled’ appearance. Within bare soil fields, there 
was more limited variation relating to alluvial landforms due 
to the prominent levels of noise caused by increased surface 
roughness associated with ploughed soil surfaces. More posi-
tively, areas of surface flooding recorded during winter months 

delineated several clear palaeochannels and showed places that 
consistently flood, even during periods of more limited rainfall 
(e.g., Figure 3a–f). As the definition of such landforms within 
floodplains is central to the construction of deposit models, this 
provided the focus for the application of the SAR imagery.

5.1.2   |   Composite Radar Images

Composite imagery for SAR datasets commonly consists of 
different image polarizations (e.g., HH, HV and VV) to visual-
ize different forms of backscatter anomalies (Lasaponara and 
Masini  2013). As COSMO- SkyMed data collected in Stripmap 
(HIMAGE) mode only provide single- polarization images (in 
this case HH), this was not possible. However, the combination 
of multiple images from a time series in a composite can help 
to summarize data collected from a maximum of three dates. 
When considering the extent of flooding, three images were se-
lected to cover the episode including the outset, peak and dissi-
pation of flood water. An example of such a composite image is 
shown in Figure 3g,h, which details the flooding in early 2014 
(R = 26/01/2014, G = 11/02/2014 and B = 16/06/2014). These 
represent the only images available for this period of flooding 
and, which clearly define palaeochannels and areas that consis-
tently flood, which can be used as a proxy for identifying such 
landforms. However, they are only derived from three images 
(dates), and it is possible that other, more subtle, backscatter 
anomalies may be present in the time series.

5.1.3   |   Summarizing the Time Series

Interpreting multiple images from a time series is labour inten-
sive, and, as information is often repeated across images from 
different dates, it is useful to reduce this high data dimension-
ality. One approach used to achieve this was to calculate the 
minimum, mean and maximum backscatter values so that per-
sistent backscatter anomalies might be more apparent. Each of 
these metrics was calculated using the cell statistics function in 
ArcGIS to produce raster images and combined to create a com-
posite image combining all three variables (see Figure  S3). In 
these images, the minimum backscatter intensities were associ-
ated with flooding and bare soil, whereas maximum backscatter 
was attributable to low canopy vegetation (crops), hedgerows 
and buildings. Because there is a significant difference between 
the specular response of flooding and the more complex re-
sponse of vegetation (during drier parts of the year), the mean 
backscatter image showed limited variation, as the higher 
backscatter responses were counteracted by the low (specular) 
response of floodwater. In attempt to overcome this, the time 
series was partitioned into flooded (i.e., floodwater was visible 
in the SAR image as a specular response), and nonflooded sub-
sets and the same metrics were calculated (see Figures S4 and 
S5). The flooded data (comprising 23 images) were effective at 
defining landforms but were less clear than the simple combi-
nation of images as a composite and were therefore not deemed 
appropriate for this analysis.

Another approach to summarizing the SAR time series adopted 
was PCA. This is widely used in remote sensing and operates by 
identifying interband correlations (in this case, images collected 
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FIGURE 3    |    Individual SAR images and RGB composite images two image comparison areas from the Lower Lugg valley, illustrating flooding 
from the winter of 2014.
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on different dates) and transforming the data into new (compo-
nent) bands (Lasaponara and Masini 2012, 37). The result is that 
most of the variance in the resulting dataset is summarized by 
the first component, with subsequent components containing a 
lower proportion of the dataset variance. For this research, PCA 
was calculated using covariance matrices in ENVI for the entire 
time series, as well as the subsets of 23 images that contained 
flooding and the 51 without. Because the major proportion of 
the variance is contained within the first three components, the 
results can be presented together as a composite image com-
prising these new component bands (e.g., R = PC1, G = PC2 and 
B = PC3). It was hoped that this would enable ore subtle allu-
vial landforms to be visualized, but the PCA composite tended 
to only summarize similar land use characteristics across the 
time series such as lower backscatter intensity regions associ-
ated with lower lying, flooded regions (see Figure  S6). In ad-
dition, as encountered previously, the definition of landforms 
within these images was generally poor due to inherent diversity 
caused by the specular response of flood water. Although results 
were marginally improved when the PCA was restricted to the 
flooded and nonflooded subsets of the time series, this did not 
match the level of clarity provided by a the more simple com-
posite derived from individual images covering a single flood 
episode such as that shown in Figure 3.

5.1.4   |   Implications for Understanding 
Subsurface Complexity

Although limited to three images from the COSMO- SkyMed 
time series, composite images covering a flood episode from 2014 
provided the strongest definition of landforms (Figure  3g,h). 
This effectively uses the extent of flooding as a proxy for sub-
tle surface topographic variations but also highlights areas that 
persistently flood independent of topography, which are in-
fluenced by the presence of subsurface landforms such as any 
palaeochannels or lower lying topographic zones that are not 
expressed topographically. Although this is an unconventional 
approach to the visualization of data derived from a SAR time 
series, it correlates very well with the definition of landforms 
provided by lidar in previous geoarchaeological investigations 
(Carey et al. 2018; Crabb et al. 2023). Thus, these ‘flood compos-
ites’ were selected for the construction of deposit models of the 
Lower Lugg and Middle Wye valleys.

6   |   Results

A detailed geoarchaeological interpretation of the SAR flood 
composites was undertaken for both the Lower Lugg and Middle 
Wye valleys. This was achieved by digitizing features as poly-
gons (.shp files) in ArcGIS relating to a consistent set of interpre-
tation categories, including

• Palaeochannels: sinuous/linear depressions, filled with sur-
face water during flooding.

• Higher topographic zone: areas that remain dry during 
flooding episodes.

• Lower topographic zone: areas covered by surface water 
during periods of flooding.

The interpretation of the SAR data was then compared against 
the vertical profiles generated from auger core transects (a 
summary of the salient details of the sediment units detailed 
in these cross- sections and their probable depositional context 
is provided in Tables  S2 and S3). For ease of reference, each 
study area has been divided into three subsections described in 
detail below: Areas LLa–LLc and MWa–MWc. Each feature is 
described in Tables 1 and 2, together with an indication of its 
archaeological potential and palaeoenvironmental preservation 
capacity, but a more detailed discussion of the salient landforms 
is provided for each area below.

6.1   |   Lower Lugg Valley

The flood composite for the Lower Lugg valley defined numer-
ous palaeochannels within a number of topographic zones. This 
facilitated the production of a geoarchaeological deposit model 
(Figure 4), together with cross- sections produced from the auger 
samples (Figure 5) and detailed SAR images (Figures 6–8).

6.1.1   |   Area LLa

In the northern part of the Lower Lugg valley (Area LLa), a net-
work of sinuous palaeochannels was visible that were infilled 
with silt and organic- rich deposits (Transect LLa; Figure  4). 
These are most clear along the eastern edge of the floodplain 
corridor, adjacent to a modern drainage ditch (LL1), becom-
ing wider towards the auger transect in the southwest (LL2; 
Figure 6). This arrangement of multiple channels and channel 
fragments potentially represents the remnants of an early (later 
Pleistocene/Early Holocene) multichannel braidplain. This 
probably developed into an avulsive channel system in the later 
Holocene, consistent with evidence from Wellington Quarry, 
indicating the river rationalized into fewer channels following 
the end of glacial conditions as the climate ameliorated into 
the early Holocene (Mesolithic) and as discharge was reduced 
(Payne and Jordan 2011).

Further evidence for paleochannels in the northern part of the 
Lower Lugg valley was identified west of Burling Gate Farm 
(LL3), but it was difficult to determine the lateral (spatial) ex-
tent of these features due to the presence of modern boundary 
and drainage features. Despite this, it is likely that they continue 
further south, possibly as far as Manor farm (LL4). Broader 
palaeochannels were also visible on the western edge of the 
floodplain, but these were poorly defined within a broader lower 
topographic zone (LL5). These low- lying nature of these palaeo-
channels and the associated high- water table suggest a high po-
tential for organic preservation and hence palaeoenvironmental 
reconstruction.

Along the western edge of the floodplain was an extensive area 
where the floodwater did not reach during the most extensive 
flood events (LL7). This corresponds with the location of previ-
ously recorded cropmarks identifying a probable Bronze Age en-
closure (Herefordshire Archaeology 2015). Therefore, this area 
of floodplain edge has a high archaeological potential, a prod-
uct of the higher topography of a Pleistocene terrace remnant, 
as indicated in the western part of Transect LLa, where more 
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TABLE 1    |    Summary of alluvial landfroms identified in the Lower Lugg valley indicating their archaeological potential and palaeoenvironmental 
preservation capacity.

Feature 
number Feature type Description

Archaeological 
potential

Paleoenvironmental 
preservation capacity

LLa LL1 Palaeochannel Sinuous palaeochannels adjacent 
to modern drainage ditch

Low High

LL2 Palaeochannel Southern continuation of sinuous palaeochannels, 
but becoming wider towards Transect LLa.

Low High

LL3 Palaeochannel Further sinuous palaeochannels on the 
eastern edge of the floodplain corresponding 

with deposits in Transect LLa.

Low High

LL4 Palaeochannel Channel fragments adjacent to highly 
sinuous section the River Lugg.

Low High

LL5 Palaeochannel Broad palaeochannels on the western edge 
of the floodplain, which are poorly defined, 

most likely due to the extent of flooding 
occupying adjacent low- lying areas.

Low High

LL6 Lower 
topographic 

zone

Area of very low- lying topography on the 
northwestern edge of the valley. There are no clear 

palaeochannels, but the area floods regularly.

Low Moderate

LL7 Higher 
topographic 

zone

Extensive area on the western edge of the 
floodplain, where the floodwater did not reach 

during the most extensive flood events.

High Low

LL8 Higher 
topographic 

zone

Narrow high point that is only covered by 
surface water when the flood is at its maximum 

(LL8) that corresponds with thinner units 
of alluvial sediment in Transect LLa.

High Low

LLb LL9 Palaeochannels One broad and one narrow palaeochannel, 
defining higher topographic zones on either side.

Low High

LL10 Lower 
topographic 

zone

Large area consistently covered by surface 
water associated with a lower lying back- 

basin of the floodplain with a deeper alluvial 
sequence and higher water table.

Low Moderate

LL11 Lower 
topographic 

zone

Fields inundated through the period of flooding 
in 2014 on the eastern side of the River Lugg.

Low Moderate

LL12 Palaeochannels Poorly defined lower lying landforms, which are 
closely related to the earthworks of the moat, 

fishponds and other features pertaining to the early 
mediaeval magnate's residence at Freen's Court.

Low High

LL13 Palaeochannels Sinuous depressions that regularly flood 
south of the present course of the River 

Lugg. These correspond with palaeochannel 
deposits in the southwest of Transect LLb, 

where grey silt- rich deposits containing 
abundant organic material were identified.

Low High

LL14 Modern 
woodland

Area of woodland where high backscatter 
intensity is recorded, which is consistent with 
vegetation that is underlain by surface water.

Unknown Unknown

(Continues)
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freely draining sands and gravels, attractive for past human set-
tlement, are present. Close to Green Farm, there is also a narrow 
high point that is only covered by surface water when the flood 
is at its maximum (LL8) that corresponds with thinner units of 
alluvial sediment in Transect LLa (Figure 4). This represents a 
higher topographic zone associated with a narrow gravel ridge 
or natural levee, providing another area of high archaeological 
potential, on a drier upstanding landform.

6.1.2   |   Area LLb

The north- western part of Area LLb covers the environs of 
Wellington Quarry and its recently excavated (post- 2014) south-
ern extension, with many landforms visible in the SAR flood 
composite imagery predating the extraction (Figure 7). This in-
cluded one broad and one narrow palaeochannel, which defines 
higher topographic zones on either side (LL9). These landforms 
correlate very well with a previous smaller scale deposit model 
produced from lidar data in this area (Carey et al. 2017), the pre-
dictions of which have been confirmed through subsequent ar-
chaeological monitoring of the site.

In the north of Area LLb, east of Wellington Quarry, there is a 
large area consistently covered by surface water (LL10). This is 

associated with a lower lying back basin of the floodplain where 
a deeper alluvial sequence and higher water table is expected, 
thereby enhancing the potential for paleoenvironmental preser-
vation. Directly east, within the northernmost part of Wellington 
Quarry, a series of highly irregular shaped shallow pools and 
backswamps were identified (Jackson and Miller 2011), and it is 
possible that similar channel- like deposits to those identified in 
the excavation areas are located within LL10.

On the eastern side of the River Lugg, to the south of Marden, 
the fields were inundated through the period of flooding in 2014, 
indicating another topographically lower area (LL11). Further 
evidence for lower topographic zones has also been recorded to 
the south of this (LL12), but they are poorly defined in the SAR 
data, as their lower topographic position is closely related to the 
earthworks of the moat, fishponds and other features pertain-
ing to the early mediaeval magnate's residence at Freens Court 
(Historic England 2024a).

Close to the present course of the River Lugg, there are short but 
sinuous depressions that regularly flood, which likely pertain to 
palaeochannels (LL13). These correspond with palaeochannel 
deposits in the southwest of Transect LLb, where grey silt- rich 
deposits containing abundant organic material were identified 
(Figure 4).

Feature 
number Feature type Description

Archaeological 
potential

Paleoenvironmental 
preservation capacity

LLc LL15 Palaeochannel Narrow palaeochannel which regularly floods. 
Although not clear in the SAR data, this 

continues towards the southeast, as demonstrated 
by the presence of palaeochannel deposits in 
Transect LLc, suggesting it continues along 
the western edge of the floodplain corridor.

Low High

LL16 Higher 
topographic 

zone

Area covered by surface water when flooding is 
at its peak, but otherwise remains dry. The area 
occupies a slight rise in the landscape, where the 

depth of alluvium is shallow in Transect LLc.

High Low

LL17 Palaeochannels East of the contemporary channel of the River 
Lugg, at least one highly sinuous meandering 
palaeochannel was visible. This follows the 

same orientation as the present river and closely 
relates to a series of organic- rich palaeochannel 

deposits identified in Transect LLc.

Low High

LL18 Palaeochannels The palaeochannel at LL17 continues south 
throughout the remainder of Area LLC.

Low HIgh

LL19 Palaeochannels Adjacent to the course of a minor stream called 
‘The Rhea’, there are a small number of discrete 

depressions that relate to further palaeochannels.

Low High

LL20 Lower 
topographic 

zone

Elements of a narrow feature associated 
with the confluence of the Lugg and a 

minor tributary are apparent as a regularly 
flooding, lower topographic zone.

Low Moderate

LL21 Lower 
topographic 

zone

A lower lying, frequently flooded area, 
which corresponds with the remains of a 

postmediaeval water meadow system

Low Moderate

TABLE 1    |    (Continued)
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TABLE 2    |    Summary of alluvial landfroms identified in the Middle Wye valley indicating their archaeological potential and palaeoenvironmental 
preservation capacity.

Area
Feature 
number Feature type Description

Archaeological 
potential

Paleoenvironmental 
preservation 

capacity

MWa MW1 Palaeochannel An isolated area of flooding on 
the western side of the River 

Wye In the east of Area MWa.

Low High

MW2 Palaeochannels Several palaeochannels identifiable 
as flooded areas in the centre of 
the floodplain. These landforms 

correspond very well with organic- rich 
deposits in auger Transect MWa.

Low High

MW3 Palaeochannels Several palaeochannels identifiable 
as flooded areas in the centre of 
the floodplain. These landforms 

correspond very well with organic- rich 
deposits in auger Transect MWa.

Low High

MW4 Palaeochannels Numerous palaeochannels beyond 
the mapped extent of the valley 

floor corridor at Sheepcote Farm.

Low High

MW5 Lower topographic 
zone

Areas of high backscatter intensity 
indicative of saturated ground 

producing a yellow- speckled texture 
and indicating lower lying (wetter) 

subsurface topographic zones

Low Moderate

MWbye MW6 Palaeochannels Network of palaeochannels, the 
definition of which is poor, although 

Transect MLb revealed at least 
5 possible palaeochannels.

Low High

MW7 Palaeochannels Evidence for ridge and swale 
landforms relating to the lateral 

migration of the river.

Low High

MW8

MW8 Palaeochannels Narrow palaeochannels close 
to the edge of the floodplain, 

which run parallel to the 
present course of the river.

Low High

MW9 Palaeochannels Possible meander loop 
extending from MW9.

Low High

MW10 Palaeochannels Numerous palaeochannel fragments 
on southern side of River Wye

Low High

MW11 Palaeochannel Broad palaeochannel heading 
south on the northern limit of the 

floodplain, adjacent to a small stream.

Low High

MW12 Palaeochannel Sinuous palaeochannels, south of the 
village of Stow, which regularly flood.

Low High

MW13 Palaeochannels Subcircular depressions that 
flood regularly. These are likely 
associated with low- lying and 

‘hummocky’ deposits

Low High

(Continues)
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6.1.3   |   Area LLc

A large proportion of Area LLc is consistently covered by floodwa-
ter (Figure 8). This compares extremely well with the thicker se-
quences of the floodplain recorded along Transect LLc (Figure 4). 
The eastern part of the valley, around Sutton Marsh, is less exten-
sively covered by surface water, indicating a slightly higher area 
where floodwaters rarely reach. In contrast, on the western side 
of the floodplain, a narrow palaeochannel is visible (LL15), which 
correlates with palaeochannel deposits in Transect LLc.

In an area where the Neolithic standing stone known as the 
‘Wergins’ Stone is located (Historic England 2024b), the area is 
only covered by surface water when flooding is particularly se-
vere and at its peak (LL16). Although the surface topography is 
not sufficient to prevent the area from being flooded, the stand-
ing stone does occupy a dryer part of the floodplain. This ab-
sence of regular flood inundation is also reflected by the shallow 
depth of alluvium in Transect LLc (Figure 4).

East of the contemporary channel of the River Lugg, at least one 
highly sinuous meandering palaeochannel was visible (LL17). 
This follows the same orientation as the present river and closely 
relates to a series of organic- rich palaeochannel deposits identi-
fied in Transect LLc (Figure 4). The palaeochannel is positioned 
in a lower topographic zone that frequently floods and contin-
ues south throughout the remainder of Area LLc towards Eau 
Withington (LL18).

In the east of Area LLc, adjacent to the course of a minor stream 
called ‘The Rhea’, there are a small number of discrete depres-
sions that relate to further palaeochannels (LL19). These are 
located close to the edge of the floodplain but were not identi-
fied in Transect LLc, as the auger cores missed these features. 
Further east, elements of a narrow feature associated with the 

confluence of the Lugg and a minor tributary are also apparent 
as a regularly flooding, lower topographic zone (LL20).

In the south of Area LLC, west of Shelwick Green, there is a 
lower lying, frequently flooded area, which corresponds with the 
remains of a postmediaeval water meadow system (LL21). This 
(historic) land management practice increases the retainment of 
surface water but indicates a further lower lying area, which may 
have a higher potential to preserve palaeoenvironmental remains.

6.2   |   Middle Wye Valley

The SAR flood composite for the Middle Wye valley delineated 
a series of palaeochannels and a small number of lower topo-
graphic zones. The deposit model produced from these interpre-
tations is presented in Figure  9 with the auger core transects 
(Figure  10) and SAR images shown in Figures  11–13. These 
zones are less extensive than those identified in the Lower Lugg 
valley, but the flood composites define the lowest lying and wet-
ter elements of palaeochannels, where anoxic conditions are 
more prevalent. However, the imagery does not identify any 
clear, higher topographic zones where settlement activity might 
have been preferentially focused.

6.2.1   |   Area MWa

In the east of Area MWa, northeast of Clifford, there is an isolated 
area of flooding on the western side of the River Wye (MW1; 
Figure 11). This is associated with a palaeochannel, but is only par-
tially visible, most likely relating to the lowest lying aspects of the 
feature. However, several paleochannels are identifiable as flooded 
areas in the centre of the floodplain (Figure 11; MW2 and MW3). 
Although these are notably less extensive than was apparent for 

Area
Feature 
number Feature type Description

Archaeological 
potential

Paleoenvironmental 
preservation 

capacity

MWc MW14 Palaeochannels Ridge and swale are evident 
adjacent to an acute bend in the 

present course of the Wye

Low Moderate

MW15 Palaeochannel Broad palaeochannel located in 
the centre of the floodplain.

Low High

MW16 Palaeochannel Possible continuation of MW16 
south of Rockville House

Low High

MW17 Palaeochannel Several cutoff meanders 
located east of the Holm.

Low High

MW18 Palaeochannel Palaeochannel that turns 
south towards Clock Mills 

but has been truncated by the 
present course of the Wye.

Low High

MW19 Palaeochannel A series of more discrete 
paleochannels south of Court Farm.

Low High

TABLE 2    |    (Continued)
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FIGURE 4    |    Geoarchaeological deposit model of the Lower Lugg Valley produced from the interpretation of SAR data.
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the Lower Lugg valley, these landforms correspond very well with 
organic- rich deposits in auger Transect MWa (Figure 10).

Surrounding Sheepcote Farm in the east of Area MWa, there 
are numerous palaeochannels beyond the mapped extent of the 
valley floor corridor (MW4). This indicates that the southern 
part of the floodplain is more extensive than is recorded by geo-
logical mapping of alluvium, which is corroborated by depos-
its recorded in Transect MWa, which includes a considerable 
proportion of coarser grained sands indicative of higher energy 
pulses of sedimentation. Some fields near Sheepcote Farm are 
also visible as areas of high backscatter intensity, which is in-
dicative of saturated ground, producing a yellow- speckled tex-
ture and indicating lower lying (wetter) subsurface topographic 
zones (MW5). These areas were characterized by a high degree 
of soil moisture throughout the winter of 2014 but became drier 
in the spring.

6.2.2   |   Area MWb

The flood composite for area MWb defined palaeochannels, but 
some aspects of these are poorly represented (Figure  12). For 
example, around Transect MWb, individual channels cannot 
easily be recognized, as the entire area is inundated by floodwa-
ter, apart from a small number of high points (MW6). Transect 

MLb, however, did identify at least five possible palaeochan-
nels infilled with fine and coarse- grained sandy sediments 
(Figure 9).

Close to a large bend in the river to the south of Whitney- on- 
Wye, there was extensive flooding close to the present chan-
nel, within which narrow higher and drier zones are apparent 
(MW7). These are associated with ridge and swale landforms 
relating to the lateral migration of the river that can result in the 
reworking of floodplain sediments. Such landforms are rarely 
conducive to the preservation of in situ archaeological and pa-
leoenvironmental material. Yet, despite being of lower value 
than in situ remains, the position of reworked archaeological re-
mains, ridge and swale can provide important information with 
respect to floodplain evolution as exemplified by studies in the 
Middle Trent (Salisbury 1984, 1992).

North of the River Wye, west of Stowe Pool, several narrow 
palaeochannels are visible close to the edge of the floodplain 
(MW8), which run parallel to the present course of the river and 
form a large meander loop east of Area MWb (MW9). Further 
palaeochannels are apparent south of the River Wye near Lower 
Castleton Farm (MW10) and adjacent to a small stream south-
west of Stowe (MW11). The latter may represent another former 
course of the Wye albeit following an alternative trajectory from 
Whitney- on- Wye.

FIGURE 5    |    Borehole Transects LLa, LLb and LLc (south facing) displayed at the same vertical and horizontal scale, with a consistent colour 
scheme pertiniang to the observed sediment units.
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To the southeast of Stowe, there are more sinuous palaeochan-
nels, which were frequently flooded and low lying (MW12). 
These may relate to early phases of the river system, potentially 
defining part of a relic braided pattern that later coalesced into 

larger channels. Although no clear higher topographic zones 
have been identified by the SAR data in this area, the dry zones 
adjacent to these channels have potential to preserve archaeo-
logical remains.

FIGURE 6    |    SAR flood composite (Winter 2014) for Area LLa.
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FIGURE 7    |    SAR flood composite (Winter 2014) for Area LLb.
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FIGURE 8    |    SAR flood composite (Winter 2014) for Area LLc.
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Beyond the floodplain and north of the village of Stowe 
(MW13), there are numerous subcircular depressions that 
flood regularly. These are likely associated with low- lying 
and ‘hummocky’ deposits associated with a past glaciola-
custrine environment, which have been previously mapped 
north and west of the Middle Wye Valley (Gurney, Astin, and 
Griffiths 2010). These topographic low points would have been 
clearly recognizable within the early Holocene landscape and 
may therefore have been foci for early postglacial archaeolog-
ical activity.

6.2.3   |   Area MWc

In the southwest of Area MWc, ridge and swale are evident adja-
cent to an acute bend in the present course of the Wye (MW14; 
Figure 13). To the north of the river, numerous palaeochannels 
are visible (MW15), and there are cutoff meanders in the centre 
of Area MWa at MW16 and close to the Holm (MW17) in the 
west of the area.

Heading west from Court Farm in the centre of the floodplain is 
a palaeochannel that turns southwards towards Clock Mills but 
has been truncated by the present course of the Wye (MW18). 
North of this, there are numerous other channels that likely 
correspond to former courses of the river, though they are not 
recorded in Transect MWc as the auger cores narrowly missed 

these deposits (Figure  10). However, in the south of the tran-
sect, there are numerous other palaeochannel deposits associ-
ated with narrower features that are poorly defined in the SAR 
imagery.

To the south of Court Farm, a series of more discrete paleochan-
nels were apparent (MW19). As was suggested for Area MWb, 
these could be related to remnant of a former multichannel 
(anastomosing/braided) river.

7   |   Discussion

This study has captured and analysed a large volume of 
COSMO- SkyMed data within the valleys of the Rivers Lugg 
and Wye in Herefordshire (United Kingdom) and considered 
the most effective approach to displaying archaeologically sig-
nificant landforms within a SAR time series. Although several 
approaches were considered, including the calculation of min-
imum, mean and maximum values, alongside data transfor-
mation methods such as PCA, due to the significant difference 
between the observed specular response of flooding and the 
more complex backscatter response of vegetation, these meth-
ods were mostly ineffective (see the Supporting Information). 
Thus, although the application of SAR time series data has 
previously enabled features that remain unchanged over time 
to be more clearly visualized (e.g., Cigna et  al.  2014), this 

FIGURE 9    |    Geoarchaeological deposit model of the Middle Wye Valley produced from the interpretation of SAR data.
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FIGURE 10    |    Borehole Transects MWa, MWb and MWc (south facing) displayed at the same vertical and horizontal scale, with a consistent co-
lour scheme pertiniang to the observed sediment units.
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FIGURE 11    |    SAR flood composite (Winter 2014) for Area MWa.
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was challenging to implement in temperate floodplain en-
vironments where surface conditions can vary significantly 
throughout a year. Moreover, these data enhancements pro-
duced less clear images than the relatively simple composite 
images covering high magnitude single flood episodes, even 
when the time series was split into flooded and nonflooded 
datasets. Thus, imagery comprising data from three dates 
covering a single flood episode in the winter of 2014 was uti-
lized as the optimal approach and was subsequently used to 
construct a deposit model for each case study. These images 
effectively defined the extent of flooding as a proxy for sub-
tle surface topographic variations but also helped to high-
light areas that persistently flood, regardless of topography, 
which may be influenced by the presence of subsurface land-
forms that have a greater capacity to retain groundwater (e.g., 
organic- rich palaeochannels and swales).

Palaeochannels and lower topographic zones were identified 
as areas that readily flood and correlated with the deepest 
areas of alluvial deposition, in turn characterized by anoxic 
conditions in the auger core transects. Similarly, higher topo-
graphic zones (e.g., gravel islands, bars and terrace remnants) 
were identified by areas that were not regularly covered by 
floodwater in the SAR data. These areas were found to relate 
to those characterized by thinner alluvial sediments in the 
auger transects. Thus, beyond defining the lateral (surface) 
extent of landforms, the application of SAR can provide proxy 

indications of the depth and character of the underlying al-
luvial sedimentary sequence; therefore, SAR has extremely 
high potential for geoarchaeological investigations of alluvial 
environments.

Although SAR has enabled links to be made between surface 
expressions of landforms to subsurface sediment architecture 
in each case study area, it has not been possible to establish 
specific, quantitative relationships between sediment com-
position and backscatter response. For instance, textural and 
compositional differences in the alluvial sediment sequence 
are not directly observable, and the full complexity of the al-
luvial sediment sequence cannot be detailed from SAR alone. 
Nonetheless, a more holistic (large scale) understanding of 
landscape evolution has been achieved by linking remote 
sensing data with auger core records, which could be extended 
using borehole studies and other geotechnical datasets. This 
suggests that, when used synergistically, SAR data together 
with other datasets can provide a robust characterization of 
alluvial landforms, which has clear advantages in areas where 
blanket (Holocene) alluviation has predominated, such as the 
temperate river floodplains that occur widely in the United 
Kingdom and northwest Europe (Howard et al. 2015). Despite 
this, it was not possible in this study to clearly delineate val-
ley floor landforms in SAR imagery where flooding was not 
present. This is because the shorter wavelengths provided by 
X- band SAR systems such as COSMO- SkyMed are unlikely 

FIGURE 12    |    SAR flood composite (Winter 2014) for Area MWb.
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to penetrate the (vegetated) surface sufficiently to measure 
specific sediment characteristics (e.g., particle size). However, 
other lower frequency systems (e.g., L band) do have potential 
to provide such information, particularly in areas of bare soil. 
Consequently, the development of publicly accessible, higher 
resolution (2-  to 8- m resolution) L- band data from systems 
such as the joint NASA/Indian Space Research Organization 
SAR (NISAR) mission may provide further opportunities for 
research in the future, particularly if this is combined with 
high temporal coverage (NASA 2024a).

The use of remote sensing techniques in a deposit modelling 
context is not a new area of research but has been limited to 
the application of passive datasets (e.g., aerial photography) 
and lidar (Baker  2003, 2007; Challis, Kincey, and Howard 
2009; French, Macklin, and Passmore 1992; Lambrick 1992). 
However, as they become available, it is important that geoar-
chaeologists continue to explore the potential of other remote 
sensing datasets and evaluate the data gains they provide. 
Although this paper has demonstrated the potential of SAR, 
a comparison of this with the wider suite of remote sensing 
techniques available (e.g., lidar and multi/hyperspectral im-
agery) is still required to establish their full capability and 
contribution to both investigating and preserving these rich 
archaeological landscapes. Such analysis will allow for an im-
proved understanding of the toolkit available for the recon-
struction and mapping of archaeological resources in complex 
depositional settings such as alluvial environments.

8   |   Conclusion

This investigation of portions of the Lugg and Wye floodplains 
in Herefordshire (United Kingdom) has demonstrated that, 
through the observation of contemporary episodes of flooding, 
SAR can facilitate an understanding of subsurface complex-
ity across temperate alluvial environments. This was achieved 
through the selective analysis of images in a SAR (COSMO- 
SkyMed) time series, which provided a reliable and detailed 
representation of alluvial landforms such as palaeochannels 
and higher/lower topographic zones (e.g., gravel islands and ter-
races). The distribution of these landforms can, in turn, facil-
itate interpretation of their complexity and likely preservation 
capacity, leading to a greater understanding of landscape evo-
lution, and associated distribution of archaeological resources. 
This information gain is highly beneficial in a deposit modelling 
framework, as it provides an opportunity to devise a more in-
formed baseline, from which further geoarchaeological research 
questions can be directed. However, as most of the landforms 
delineated by SAR were established on the basis of the extent 
of contemporary flooding as a proxy for subtle surface topo-
graphic variations, higher resolution topographic datasets (e.g., 
lidar) will likely often be more effective. Despite this, in regions 
where such datasets are not available, SAR can provide a highly 
effective alternative, particularly given that these datasets can 
be low cost and cover large areas. In addition, features that per-
sistently flood independent of topography, which are potentially 
influenced by the presence of other subsurface landforms (such 

FIGURE 13    |    SAR flood composite (Winter 2014) for Area MWa.
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as any palaeochannels or lower lying topographic zones that are 
not expressed topographically), may be established, but to eval-
uate this capacity further, more detailed comparison between 
lidar and SAR is required.

As the goal of geoarchaeological research within alluvial envi-
ronments is to understand human activity and its effects on hy-
drology and sedimentation patterns, the apogee of remote sensing 
would be the advancement of methods that can enable a detailed 
characterization of alluvial sediments. Although the SAR dataset 
used in this research does not presently allow for such definitions, 
there is potential for future systems to detail sediment character-
istics such as particle size. This could allow for the consideration 
of sediment provenance and sediment supply, in turn helping to 
address issues of human impact upon river floodplains and other 
landscapes. Thus, geoarchaeologists must continue to explore the 
potential of remote sensing methods, and this research represents 
a step towards achieving this. Moreover, as the resources available 
to investigate temperate alluvial settings are often insufficient 
compared to the scale, complexity and archaeological richness of 
these landscapes, the promotion of SAR and other nonintrusive 
methods that are more compatible with conservation ethics and 
broader values of sustainability is highly desirable.
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