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ARTICLE INFO ABSTRACT

Keywords: Soil carbon plays a crucial role in maintaining soil health, regulating water retention, and overall ecosystem
Airborne function, while also acting as a carbon sink that can mitigate climate change. Updating peat information has
Gamma ray become a priority in relation to carbon accounting. Soils attenuate radiometric flux by virtue of their bulk density
Radiometric . . . . . .

Attenuation and water saturation. The largest contrasts are associated with high carbon, wet peat zones. A revised attenuation
Soil theory demonstrates the response continuum of all soils and defines their response over the full range of satu-
Peat ration levels. The theory can be applied to any form of radiometric survey data. The relevance of the attenuation

properties of airborne radiometric data to peat mapping is well established. Mainly due to survey height, the
spatial resolution of the radiometric data is limited. It has been argued that conventional peat mapping has
omitted many potential areas of peat, often excluded on the basis of depth. These smaller pockets of the carbon
store have been termed the lost peatlands. A new observational and adaptable assessment of the peat extent
across Wales has recently been published. An existing small airborne survey is used to provide an attenuation
assessment of peat extents in relation to the control provided by the new map. Many of the peat zones are small
(<0.05 km?) and are detected on only one or two flightlines. The large support volume (footprint) of airborne
measurements provides a moving-average of subsurface contributions. Despite this, the attenuation response
appears sufficient to either confirm or reject the evidence of a peat zone. The data also suggest many other areas
of potential peat.

1. Introduction

Radiometric attenuation studies related to soil properties exist at a
wide range of scales. The most detailed are laboratory techniques which
use an active source such as '3’Cs applied to each soil sample. A liter-
ature review by Pires (2018) notes the accuracy achieved can be used to
determine soil bulk density and water content, along with many other
subsidiary properties. At larger scale, due to the rapid increase of soil
carbon measurements in relation to soil health and carbon sequestra-
tion, England and Viscarra Rossel (2018) presented a field-deployable
system (to minimise laboratory costs) that involves an active radio-
metric source to determine soil bulk density. Proximal passive radio-
metric surveys are undertaken using a near-source, roving sensor. With a
typical height of <1 m, they often provide detailed infill in relation to
more limited soil sampling (the control points). Such systems are now
used commercially at the farm scale in precision agriculture (Rhymes
et al., 2023) and have significance in relation to the push towards
agricultural carbon credits. Typically, the attenuation behaviour does
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not form part of the reported soil assessment.

Drone radiometric systems that can operate at heights of tens of
metres have been developed and are now commercially available. Alt-
felder et al. (2024) provide a joint drone and ground study noting the
resolution issues that come into play with the increase in altitude.

The largest separation between source and passive radiometric
detection is embodied in airborne geophysical systems which are typi-
cally operated at elevations much greater than 50 m. These systems,
invariably deployed in multi-sensor acquisition set-ups, are intended for
both shallow and deep subsurface exploration and have been employed
for many decades. They inherently provide the lowest resolution of the
systems discussed above. Benefits of the existing exploration data sets lie
in their uniform spatial coverage involving local, regional and country-
wide extents. The more modern (21st Century) data sets are usually
undertaken at closer flight line separations and, where permitted, lower
elevations.

Here, we consider a small data set of about 6000 line-km acquired
with a line separation of 200 m and an along line sampling rate of 60 m.

Received 1 August 2025; Received in revised form 14 November 2025; Accepted 17 November 2025

Available online 21 November 2025

0265-931X/© 2025 UKRI. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:dbe@bgs.ac.uk
mailto:jame3@bgs.ac.uk
www.sciencedirect.com/science/journal/0265931X
https://www.elsevier.com/locate/jenvrad
https://doi.org/10.1016/j.jenvrad.2025.107858
https://doi.org/10.1016/j.jenvrad.2025.107858
http://creativecommons.org/licenses/by/4.0/

D. Beamish and J.C. White

The data were intended for both resource and environmental in-
vestigations and here we perform a study of attenuation effects primarily
related to soil bulk density (and associated carbon content) and water
saturation.

Our main focus is how such data may be used to support attempts to
revise peat inventories at the regional (or potentially national) scale.
They do this by confirming, or otherwise, existing and updated data-
bases that provide evidence of peat and its extent. The data may also
suggest potential new, previously unrecognised, areas of peat. The scale
at which this achieved is a function of the sampling (e.g. line spacing) of
the airborne data together with the survey altitude which determines the
contributing volumetric extent, termed the support volume, of each
measurement. The height of the measurement is a controlling factor and
it is this that distinguishes airborne measurements from those that are
proximal to the ground surface. The data were acquired across Anglesey
(Ynys Mon), North Wales in 2009 (White and Beamish, 2010). The study
area location is provided in Supplementary Material (Fig. SM1).

The term ‘the lost peatlands’ was coined in an IUCN (International
Union for Conservation of Nature) UK Peatland Programme document
(IUCN, 2023). The document gives a historical account of the use of the
different depth criteria used to classify a soil unit as peat (with a specific
focus on the UK). It follows that the use of different criteria may give rise
to different estimates of peat extent and volume. Typically, peats with a
thickness of <40 cm are excluded, an important consideration for policy
initiatives such as carbon emissions reductions, natural flood manage-
ment and biodiversity targets. The report makes specific reference to
shallow (<40 cm) peats as ‘thin’, ‘wasted’ and ‘peaty pockets’ (see also
JNCC, 2011). Using a wide variety of data sources, the authors note a UK
total of 2,863,826 ha estimate for peat extent using minimum thresh-
olds, compared with a total area of 7,384,544 ha if these minimum
thresholds are not applied (IUCN, 2023). More widely, the complex issue
of defining and also redefining ‘peat’ is also discussed by Lourenco et al.
(2023) in relation to the development of national scale peat inventories.
We note that the airborne data have a well-known sensitivity to the soil
properties in the upper 40 cm.

One of the main motivations of the present study was the publication
and data release of a new Unified Peat Map of Wales, UPMW, (Welsh
Government, 2022). Two data layers were created on a 50 m grid
whereby the presence (evidence) and thickness of peat are estimated
from a wide-range of observational sources for each grid cell across
Wales. The work is a considerable achievement given the observations
extend for over a century in time and across a very disparate range of
sources. A peatland evidence score defines the level of confidence in the
presence of peat in any given grid cell. Using a scoring level protocol,
unified polygons are then created across the evidence cells to generate
the UPMW. The conventional (pre-UPMW) soil maps across our survey
area identify just 4 peat polygons compared with 162 polygons in the
new UPMW. The term ‘conventional’ refers to existing information on
peat from the soil mapping of England and Wales and is described later
in Section 3.6. The vast majority (128) of the ‘new’ peats are small zones
with areas <0.05 km? (5 ha). The zones therefore constitute ‘lost’ peats
e.g. small peaty pockets previously unrecognised in existing carbon
accounting. In  geophysical terms, the zones constitute
high-wavenumber components of the data set.

The UPMW data are used to provide interpretation control of the
many localised attenuation zones observed across our study area. By
spatial colocation we are then confident that the attenuation zones
relate to a peat response. Although we display the thickness information,
it is not used directly in our assessment/interpretation due to the
moving-average nature of the airborne measurement. The detailed
comparisons undertaken allow the various resolution limitations of the
airborne data to be demonstrated.

In this paper, we first provide an outline of radiometric attenuation
behaviour in soils, followed by a summary of the data sets utilised in this
study. Subsequently, we introduce key interpretation techniques for
analysis of airborne data and then present regional scale findings
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alongside detailed targeted studies.

2. Revised (simplified) attenuation theory

In previous attenuation studies it was found difficult to summarise
the radiometric attenuation behaviour as a function of soil bulk density
due to the additional interplay of water content (saturation) and
porosity (voids). Beamish (2013, 2014) summarised the behaviour of
indicative soil types using assumed levels of porosity. It was noted that it
was highly unlikely that the assumed porosity is applicable across all the
soil types considered. It is possible to extend and simplify the approach
adopted by Beamish (2013) if we note that the bulk density (pp) is
related to porosity (@) as: ® = 1 - (pp, ps) where ps is the particle density
(Reynolds et al., 2020).

Following the early work of Adams (1973), the significance of SOM
(Soil Organic Matter) content and particle density, as fundamental
properties of all soils, has been developed in numerous studies
(Rithlmann et al., 2006; Périé and Ouimet, 2008). Using mixture theory,
it is common to partition the soil material into mineral and organic
fractions using particle density end members for mineral and organic
soils (see below). The partitioning approach can be used to examine the
attenuation sensitivity of the radiometric response to both bulk density
and SOM across the whole range of soil types.

Since there are a wide number of formulations of soil-SOM re-
lationships in the literature, we use the recent partition expressions
given by Robinson et al. (2022) to provide relationships for radiometric
attenuation based on bulk density and SOM. We use equation (1) of
Robinson et al. (2022), which defines the combined bulk density of soil
with mineral (M) and organic matter (OM) components as, (using the
same nomenclature):

SOM (1-SOM
e[S 500)
Prom Prm
where bulk densities are in g.cm ™ and SOM is a fractional percentage
(0-1). The equation requires the ‘pure’ end-member densities of organic
matter (ppom) and mineral matter (ppy). Robinson et al. (2022)

demonstrate the effective use of the values pyop = 0.09 and ppy = 1.94 g
cm-

Porosity (@) is then defined by equation (2) of Robinson et al. (2022)
as:

SOM 1 - SOM SOM 1-SOM
g=1—-|(—+—— —_— 2)
Psom Psm Pvom Prm

where pgy and psom are the intrinsic particle densities of mineral and
organic material, respectively. The authors then use the data on particle
densities provided by Riihlmann (2020) to determine the particle den-
sity for end members of mineral (pgy =2.7 g c¢m~3) and organic (psom =
1.4 g em~2) soils. Using the 2 equations we are able to define the linear
relationship between porosity and bulk density and the highly
non-linear relationship between bulk density and SOM. These are both
shown in Supplementary Material (Fig. SM2). The SOM may be con-
verted to an estimate of soil organic carbon (SOC) by using a conversion
reduction factor that may range from 43 to 58 % (ADAS, 2019) with a
typical value of around 50 % (Lindsay, 2010).

Here we use porosity as defined in equation (2) and obtain the
attenuation as a function of bulk density and SOM for specific values of
saturation. It is worth noting that radiometric attenuation is necessarily
defined as a relative change in count rate (radiometric flux) so that here,
as previously, attenuation of a given spectral component is referenced to
a material of the same bulk density with no water content. The formu-
lation uses soil saturation which is a volumetric measure of soil mois-
ture; soil moisture based on sampling and laboratory analysis is usually
quoted as a gravimetric (weight based) measure of water content.

The radiometric flux attenuation is obtained using the method of
Beamish (2013) for values of bulk density from almost 0 to 2 g cm™> and
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the associated values of fractional SOM in the range 0-1. The results are
cycled through a range of soil saturation levels that are responsible for
the flux attenuation. Fig. 1a shows the resulting attenuation sensitivity
in the familiar framework of bulk density. The corresponding result in
the framework of SOM is shown in Fig. 1b. The 3 zones of soil type
(organic, organo-mineral and mineral) are based on typical bulk den-
sities found in the literature and are indicative rather than absolute. The
significance of the new results is that when examining different atten-
uation levels across peat zones and their adjacent soils we no longer
have to consider soil porosity as part of the assessment. We can also note
that the laboratory measurement of soil porosity, as a function of
soil-type, is not common.

The results of Fig. 1 demonstrate the >90 % attenuation associated
with low density peat soils for saturations >60 %. Realistic peat satu-
rations are typically >90 % and are distinct from other soils. The
behaviour observed also indicates a low sensitivity to changes in bulk
density (<0.4 g cm™>) at these high saturations. It is unlikely that the
data could distinguish a peat soil from a ‘peaty’ (higher bulk density)
soil. In other soils the most sensitive attenuation behaviour is observed
through the organo-mineral transition to mineral soils. Using a 40 %
saturation and a reference bulk density of 1 g cm™3, the relative atten-
uation of a soil with a bulk density of 1.6 g cm ™ is a decrease of —23 %
and for a soil of bulk density 0.5 g cm™ it is an increase of +35 %.
Similar values are obtained at 60 % saturation (—26 % and +32 %
respectively). Given accurate data, such relative variations in bulk
density may be detectable if the property contrast is high and the
airborne measurement scale is appropriate. It is worth noting that a
lower bound on soil moisture for UK soils was considered by Beamish
(2015). Across the study area (Anglesey), the lower bound for many
non-peat soils may be in the range 25-35 %.

The main interpretation issue, for all soils, is the duality of the
radiometric attenuation response (referred to here as BD-SAT). If bulk
density (BD) were known, significant soil saturation (SAT) contrasts may
be detected, and vice-versa. The control information required to sepa-
rate out the response duality at the scale of the airborne measurement is
generally not available. As noted later in our Discussion section, the
estimation of soil water saturation levels is an active research topic and
was briefly considered for the present study area. Since no firm out-
comes were established, the results of Fig. 1 are presented to point the
way towards further studies.
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3. Materials

In this section we first introduce the 2 key data sets used in our as-
sessments which are the airborne radiometric survey data and the
Unified Peat Map of Wales (UPMW). The geological setting and soils
which both contribute to the radiometric response are then described at
the large scale. Subsidiary data sets used in the interpretation include
Lidar (Digital Terrain Model ‘DTM’), water courses and topographic
map information.

3.1. The airborne survey

Our study considers the radiometric data acquired during an
airborne survey over the island of Anglesey (Ynys Mon), North Wales.
The survey area shown in Supplementary Material (Fig. SM1) encom-
passes the whole island and a coastal strip on the Welsh mainland (1198
km?). The survey was carried out between 12th and June 18, 2009. Over
6000 line-km of data were acquired using a fixed-wing DHC-6,/300 Twin
Otter. Beamish and White (2009) and White and Beamish (2010)
describe the acquisition and processing procedures; the former reference
provides details of the instrumentation. 223 parallel flight lines were
flown, in a N-S direction, in order to cross-cut the dominant geological
trends (NE-SW and NW-SE). All the data were acquired and processed in
the British National Grid (BNG) coordinate system (EPSG:27700).

The survey was conducted at high resolution (a flight line spacing of
200 m) and at low altitude (a survey median value of 54 m) rising locally
in the vicinity of conurbations and the main cross-country power lines.
The three main data sets acquired were magnetic, radiometric (gamma
ray spectrometry) and active frequency domain electromagnetic (EM).
The along-line radiometric data were sampled at a fairly constant in-
terval of 60 m (1 sample per second). The data were gridded using a
minimum curvature algorithm to provide a grid cell size of 50 m. These
grids form the main data set used here. Beamish and Schofield (2010)
provide an overview of the motivation and results of the survey in the
context of resource and environmental applications of the 3 data sets.
Here we consider only the radiometric data. The Anglesey survey data
may be requested from the enquiry service at the British Geological
Survey (enquiries@bgs.ac.uk).

3.2. The radiometric data

A full account of the standard processing applied to the data is given
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in White and Beamish (2010). The data considered here are count rate
data (flux in counts per second ‘cps’) converted to apparent concentra-
tions in the 3 radioelements Potassium (K), Thorium (Th) and Uranium
(U). The procedure determines the concentrations that would give the
observed count rates, if uniformly distributed in an infinite horizontal
source. Because the U and Th windows actually measure 2'*Bi and 2°®T1
respectively, the calculation implicitly assumes radioactive equilibrium
in the U and Th decay series. The U and Th concentrations are therefore
expressed as equivalent concentrations, eU and eTh. The Total Count is
the total count observed within the recommended (IAEA, 2003) energy
range 0.41-2.81 MeV which contains the contributions from all 3 ra-
dioelements and is expressed in cps.

The area covered by the airborne survey (Fig. SM1) contains a sig-
nificant extent of seawater. We clipped the data grid to the coast to
evaluate only the onshore domain. In summer there may be a tidal range
of about 6 m across the island and here we present data extending to the
defined low water mark to include all potential effects from inter-tidal
coastal zones. The water column will typically provide attenuation
scale lengths of between 40 cm (90 %) and 80 cm (99 %) (Beamish and
White, 2024, Fig. 1a). In some shallow (<40 cm) water circumstances
the flux from the underlying sediments can be observed.

3.3. The study area and DTM

As noted previously, the radiometric data were cut to the low water
mark to evaluate the maximum extent of the onshore area. The large
scale DTM across the rectangular frame of our data presentations is
shown in Fig. 2. The island presents a low-lying topography with
generally undulating features. There are a number of localised basement
peaks and ridges in excess of 120 m. The coast, particularly in the SW,
contains a range of intertidal zones (elevations <5 m). These present a
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considerable challenge to radiometric peat detection due to potentially
high water-saturation levels. The Menai Strait (Fig. 2) has an interesting
peat association. Roberts et al. (2011) describe marine-cores from NE
Menai Strait that found a sequence of multiple peat/organic horizons
interbedded within the thick estuarine-marine sequence. '*C dating of
the peat indicated initial breaching of the Menai Strait between 8.8 and
8.4 ka BP to form a tidal causeway, with final submergence between 5.8
and 4.6 ka BP. The shading of the DTM relief reveals a number of
large-scale striations (scourings) formed by the last (Devensian) glaci-
ation and subsequent ice stream retreat. We also show an extensive
glacial drumlin field (localised topographic ridges) in transparent grey.
These are discussed in relation to superficial deposits below.

Fig. 2 introduces 4 zones, shown by labelled solid rectangles (1-4),
which are used for detailed studies of peat detection. In addition, dotted
rectangle A encompasses the largest conventional peat deposit on
Anglesey (Cors Erddreiniog). Rectangles A and 3 form part of the
Anglesey Fen wetlands which were studied using both radiometric and
EM data sets by Beamish and Farr (2013). Rectangle B is centred on
Parys Mountain and is used only to note the radiometric response to
mineralisation.

3.4. The Unified Peat Map of Wales (UPMW)

One of the main motivations of this study was the publication and
data release of a new (updated) unified peat map of Wales. In order to
support policy decisions and inventories, revisions to existing maps and
data on peat have accelerated, often using new adaptive protocols when
combining information from the many disparate organisational sources.
A number of such revisions, such as that for Ireland (Gilet et al., 2024),
have recently become available. Here we consider the new unified peat
map of Wales and use a small portion of it in relation an airborne survey
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across the island of Anglesey, North Wales.

The data were obtained from the government of Wales website:
https://datamap.gov.wales/maps/peatlands-of-wales-maps/. The pro-
vision of the data is via an Open Government Licence for Public Sector
Information. The data provide the distribution of Welsh Peatlands (to
2022) based on updated evidence sources. The data layers were created
on a 50 m grid whereby the presence and thickness of peat are estimated
from a wide-range of observational sources for each 50 m grid cell across
Wales. The outputs are presented as 3 data layers (i) peat evidence score
(EVIDENCE), (ii) peat thickness (THICKNESS) and (iii) Unified peat
(UNIFIED), as shown in Table 1.

The information is intended to be used as a ‘living map’, where a 50m
grid can be updated with new information when it becomes available
through monitoring, surveys and measurements of peat presence. The
present study therefore forms part of the intended framework. Since the
main procedure used evidence for deep (>40 cm) peats an initial (top)
layer thickness (actually 0-42 cm in the supplied data set) may be
considered a ‘residual’ upper estimate of the protocol.

3.5. Geological setting

The geology and tectonic framework of Anglesey is complex and a
full description is beyond the scope of the present study. The present
geological configuration can be understood in terms of a tectonic
amalgamation of terranes. Central Anglesey can be considered a
microcontinent with ancient subduction zones to the NW and SE. More
detailed and relevant bedrock and superficial geological descriptions
across the study area are presented by Beamish and White (2011), White
and Beamish (2014) and Phillips et al. (2010). The lithological units
encountered are assumed to provide the parent radionuclide material to
the derived soils and superficial units. Here the 1:250k scale digital
bedrock geology (British Geological Survey, 2005) is used as the basis
for a lithological classification. The mapping provides a unique RCS
(Rock Characterisation Scheme) defining 16 distinct lithological units,
described in Supplementary Material (Table SM1). The tectonic struc-
tures and faults on Anglesey are significant but here we make reference
to just one major feature. The Carmel Head Thrust (CHT) is a major
Caledonian thrust plane in which older Precambrian rocks (in the north)
have been thrust over younger Ordovician shales (to the south). This
arcuate zone traverses the Parys Mountain mine site (rectangle B, Fig. 2)
which is interpreted to be a volcanic-hosted massive sulphide (VMS)
zone containing significant polymetallic zinc, copper, lead, silver and
gold deposits. Since VMS deposits can be assessed using radiometric data
(Morgan, 2012) we overview the data across the existing mine site.

The RCS bedrock map is shown in Fig. 3a. This can be compared with
the survey data presented as a ternary image that summarises the rela-
tive K, Th and U radioelement contributions (Fig. 3b). The colour zones
tending to white denote high emissions in all three radioelements and
the zones tending to black denote low emissions in all three radioele-
ments. At the large (long wavelength) scale there are a number of clear
associations between the bedrock lithologies and radiometric charac-
teristics. The Carboniferous limestones (LMST) are clearly enhanced in
Uranium. The Y-shaped northern zone (AROC) defines Ordovician sed-
iments enhanced in Thorium and higher flux. To the north, bounded by

Table 1
UPMW layers defining confidence in the presence of peat.
Layer Details Assessment Resolution
Score/Criteria
EVIDENCE Confidence in the 1-9 50 m grid
presence of peat
THICKNESS  Estimate of peat Thickness incm 50 m grid
thickness
UNIFIED Presence of peat Yes/No Set of polygons
(where EVIDENCE extracted from
layer >1) EVIDENCE LAYER
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the CHT, are Precambrian rocks (Neoproterozoic III) which have been
thrust over the younger sediments to the south. These ancient lithologies
present a uniform ‘mottled’ appearance. Of more relevance to our pre-
sent study are the flux attenuation zones presenting darker colours. The
intertidal zones are clearly defined as are the many onshore water bodies
and larger peat bodies (e.g. rectangle A). At the detailed (high wave-
number) scale, there are a plethora of instances of localised high at-
tenuations which, as demonstrated later, are the peats which form our
study targets.

Throughout substantial periods of the Devensian Glaciation, the UK
and Ireland were covered by the British and Irish Ice Sheet (Phillips
et al., 2010). Anglesey was coincident with the Irish Sea Ice Stream
which served to create the distinctive NE-SW surface features seen
today. Several zones on Anglesey display major sub-glacial deposition in
the form of extensive drumlin fields as shown in Fig. 2. The drumlins
themselves are defined by a topographic (raised) form but their internal
architecture may vary massively with structures ranging from thick till
layers to very thin till deposits overlying a bedrock core. The till itself
comprises angular bedrock pieces in a sandy to muddy matrix; it is
thought to be representative of the underlying geology (Phillips et al.,
2010). The drumlins have an average length and width of approximately
1 x 0.25 km. White and Beamish (2014) undertook a study of the EM
(resistivity) survey data in relation to the drumlin field and detectable
but variable drumlin effects were observed. Here, by way of contrast, we
find no detectable radiometric responses that can be ascribed to the
drumlin field, either at the individual or larger scales.

3.6. Soils

The conventional soil map of England and Wales, including Angle-
sey, is based on a ‘named’ convention of the soil series. On Anglesey
there are 2 peat series named Crowdy (Blanket peat) and Adventurers’
(Fen peat). There are two areas associated with each of the two series
which are identified in Fig. 2. UK soil property information at the na-
tional scale is currently supplied by a soil observatory server (http://ma
papps2.bgs.ac.uk/ukso/home.html) which contains both soil and soil-
parent material information. One available product is the simplified
Soilscape database (Farewell et al., 2011) which is a reclassification of
the conventional soil series. The spatial configuration of soil units across
the study area can be viewed online using the link provided above. The
classification scheme adopted is, however, intended for the generalist
user. As such it does not support an understanding of the variation in
typical soil bulk densities required in the assessment of the radiometric
response as shown in Fig. 1.

3.7. Lidar

Lidar topographic data (1 m resolution) for the whole of Wales are
available from the Government of Wales data server at https://datamap.
gov.wales/maps/lidar-data-download/. Both DSM and DTM (bare
Earth) data are available. The provision of the data is via an Open
Government Licence for Public Sector Information.

3.8. Water courses (NRW)

NRW water course data for the whole of Wales are available from the
Government of Wales data server at https://datamap.gov.wales/layer
s/inspire-nrw:NRW_MAIN_RIVERS. The provision of the data is via an
Open Government Licence for Public Sector Information, which can be
viewed on the link provided (Read more about this licence).

3.9. Ordnance Survey maps
For the detailed studies we use Ordnance Survey (OS) 1:50k colour

topographic raster maps (Landranger). These are information rich and
contain: (i) Topographic height contours at 10 m intervals (light brown).
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http://mapapps2.bgs.ac.uk/ukso/home.html
http://mapapps2.bgs.ac.uk/ukso/home.html
https://datamap.gov.wales/maps/lidar-data-download/
https://datamap.gov.wales/maps/lidar-data-download/
https://datamap.gov.wales/layers/inspire-nrw:NRW_MAIN_RIVERS
https://datamap.gov.wales/layers/inspire-nrw:NRW_MAIN_RIVERS
https://www.nationalarchives.gov.uk/doc/open-government-licence/version/3/
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Fig. 3. (a) The distribution of bedrock lithologies (1:250k scale) across the survey area. The Rock Characterisation Scheme (RCS) is described in Table SM 1. (b) The
ternary image obtained using the 3 radioelements. Both panels show locations of detailed study rectangles as solid lines (Areas 1-4) and also 2 rectangles (A, B) with

dotted lines.

(ii) Areas of marsh (tuft symbols in light blue). A marsh is generally
understood to be an area of land that is frequently or constantly flooded
with water. No particular soil type is implied. (iii) Water bodies (light
blue). (iv) Water courses (light blue). These are invaluable for assessing
the hydrological connectivity of the area. They are typically more
extensive than digital information on water courses. The maps contain
OS data © Crown copyright and database rights 2025. OS
AC0000824781 EUL.

4. Methods

The relevance of airborne radiometric survey data to peat mapping is
now well established. Studies of blanket bogs by Beamish (2013, 2016a)
and those across lowland areas (meres, fens and afforested peat) and
upland areas of blanket peat (Beamish, 2014) form an existing back-
ground. A summary of the basic technical understanding of radiometric
attenuation applied to peat is provided in Beamish and White (2024,
Section 2). Here, we provide a short summary of the key analysis tech-
niques, applied to airborne radiometric data, that allow spatial mapping
of peats.

4.1. Data sampling (a moving average)

The equation that relates the contribution to the gamma ray signal in
the detector originating from a volume element in the soil is based on
Lamberts Law (Duval et al., 1971). The relationship involves an integral
equation that is infinite in the distance variable defining the separation
of detector and source. It is therefore necessary to describe the support
volume of each measurement in terms of percentage contributions.
Following Duval et al. (1971) and Pitkin and Duval (1980), Beamish
(2016b) presented percentage contributions to the support volume for a
detector height of 60 m. This is close to the median height of our survey.
The 90 % contribution is a circle of radius 125 m at each sampling point.
The 50 % contribution is a circle of radius 37.5 m, and is relatively
compact. However, the 90 % contribution to each measurement would
be obtained at radial distances of 125 m (a spatial scale of 250 m). We
calculate that only every fourth measurement (240 m along line) is in-
dependent at the 90 % contribution level in the case of a uniform sub-
surface. The data acquired at 60 m along line are therefore a moving
average (equivalent to a low-pass filter) over these spatial scales. The
data recorded are thus a smoothed representation of a potentially
discrete zone.

The behaviour is further demonstrated when examining the

radiometric response of a discrete zone of peat as modelled by Beamish
and White (2024, Fig. 3). It forms a basic resolution limitation of the
technique when airborne data are used at detailed scales. The smoothing
is demonstrated throughout the examples presented here. Larger zones
do however adopt more realistic geometrical forms in keeping with the
control evidence layer.

4.2. Edge detection: The Horizontal Gradient Magnitude (HGM)

The modelling of non-uniform, discrete zones (source contrasts)
responsible for both flux attenuation and enhancement was conducted
by Beamish (2016b) and Beamish and White (2024). The attenuation
and enhanced responses are the inverse of each other (the maximum
becomes the minimum and vice versa). The response takes the form of a
bell-shaped anomaly with half-widths (50 % reduction in amplitude)
ranging from 140 m (circular source with radius of 25 m) to 370 m
(circular source with radius of 200 m) when the survey elevation is 60 m
(Beamish, 2016b). Another important feature of the response at
decreasing scales (radius) of the source is the reduction in maximum
amplitude. Using the results obtained at 60 m elevation, the correct
amplitude is only observed when the source radius is greater than the
line spacing.

Due to the relatively low lateral resolution of the discrete response,
Beamish (2016b) introduced one of the edge detection procedures
common in geophysical processing. The Horizontal Gradient Magnitude
(HGM) is based on the x-derivative (dx) and y-derivative (dy) responses
and is defined as the positive-only response:

HGM =/ (dx?) + (dy?) 3

Modelling of the HGM response indicated that maxima were asso-
ciated with the edges of discrete zones and therefore allowed an
improved method of detection and definition of each zone of attenua-
tion. Many implementations of spatial gradient calculations use simple
first difference formulae and these are adequate when the data are noise-
free. It has long been recognised that noise in geophysical data subverts
the reliable calculation of the many spatial gradients used in interpre-
tation schemes. Thurston and Brown (1994) introduced a variable
pass-band horizontal gradient operator that allows for high frequency
(wavenumber) noise to be suppressed. The method is, in fact, a gener-
alisation of the first difference approach. We use this approach here but
note that the precise method of filtering used may vary across the data
sets considered.
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As in previous analyses, we apply curvature analysis to map maxima
(ridge) locations in the HGM grid. Phillips et al. (2007) employeda 3 x 3
(grid cell) moving-window to assess the local curvature and define
turning points (e.g. ridges). The local curvature is obtained by fitting a
quadratic surface to each of the 3x3 windows and typically will produce
some spurious values.

4.3. Edge detection: The local variance filter

In the context of edge detection, we have also found that the Local
Variance (LV) filter provides a useful and straightforward means of
boundary detection. To assess the high wavenumber content of the data
we apply a local variance filter using a 3 x 3 grid cell moving window.
According to Woodcock and Strahler (1987) local variance is estimated
as the mean value of the variance of a moving 3 x 3 window. In a grid,
each point (except around the edge) can be considered the centre of a 3
x 3 window. The variance of the nine values is computed in standard
fashion by first forming the mean and then determining the local vari-
ance. This value is attributed to the central grid cell. Since this is a local
estimate, across a 150 x 150 m rectangle in our case, a shaded relief
image of the LV estimates is used to highlight the high wavenumber
information obtained. The LV estimates provide a simple and robust
alternative to the numerical procedure of forming spatial gradients.

5. Results

In this section we provide an initial large-scale overview of the data
and some of the significant features within the study area. We then
consider detailed studies across the selected areas (solid rectangles 1 to
4, Fig. 2) with regard to the airborne information and their relationships
to the 3 layers obtained from the Unified Peat Map of Wales. The section
ends with a summary across the whole study area.

5.1. Overview

We investigated the high wavenumber content of all the radiometric
data (%K, eTh, eU and TC) using the Local Variance (LV) filter across the
survey area. Shaded relief maps of these data are compared in Supple-
mentary Material (Fig. SM3). Although the signal/noise contributions to
airborne radiometric data are difficult to separate formally (Billings
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et al., 2003), we can compare the clarity of the normalised data LV re-
sponses in relation to our requirement to detect small-area responses
from potential peat zones. The results suggest that the TC, followed by %
K, offer the least noise-prone information. Here we use just the TC data.
The eU data appear particularly noisy. We assessed the statistical in-
formation in the 4 data sets using a reduced data set to suppress the low
values introduced by water. The data were cut to high tide, water bodies
were eliminated and further manual cuts were introduced at various
coastal locations. This is referred to as the reduced data set. The median
values of the reduced data sets were 1.26 (%K), 5.39 (eTh, ppm), 1.09
(eU, ppm) and 2032 (TC, cps). The first two values are within the global
average abundances reported by IAEA (2013) while the eU result is
much less than the reported range of 2-3 ppm.

The TC data used for the study are shown in Fig. 4a and overlaid with
the detailed study rectangles (1-4, A-B) introduced previously. Fig. 4b
shows the shaded-relief LV normalised response of the TC data. The
largest flux values were recorded over the 2 working extractive quarries
(granite aggregate) circled in red. Maximum survey TC values of 4887
cps were observed in the north (Gwyndg Quarry) and 4791 cps in the
south (Caer Glaw Quarry). High flux values associated with larger
quarries are a common feature of the modern airborne UK surveys. Due
to the absence of soil cover we observe the bedrock response (from
granite in this case), or at least an approximation to it. Using the reduced
data set we are able to estimate a median value of the granite classified
TC data (GNR, Fig. 3a) to be 2368 cps. The observed quarry bedrock
response is therefore a factor of about 2 above the ‘normal’ soil atten-
uated response of granite. The factor of 2 is significant since the same
factor was introduced when estimating the radiogenic heat production
across the geothermal granite in SW England, in an attempt to supress
soil attenuation effects (Beamish and Busby, 2016).

Other high flux values are also recorded to the south of Carmel Head
Thrust (CHT) (mainly the western and eastern limbs) within the Ordo-
vician sediments (AROC lithology, Fig. 3). The LV response (Fig. 5b)
indicates chaotic (?) structures extending across the Parys Mountain site
(rectangle B). It is possible to speculate that these may reflect the near-
surface, tectonic ‘crumple zone’ associated with thrusting and observ-
able at some surface locations. The mainland location labelled F presents
a large-scale LV boundary observed at the termination of the Carbonif-
erous lithology as shown in Fig. 3. The boundary is also a regional fault.
Finally, we provide two examples of small area, isolated responses
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Fig. 4. (a) The Total Count (TC) data across the survey area. (b) Shaded relief image of the Local Variance (LV) filter of Total Count, TC, cps. Onshore water bodies in
white. The EVIDENCE layer (all scores) from the Unified Peat Map of Wales, in yellow. F = Fault. 4 coloured circles are discussed in the text. Both panels show
locations of detailed study rectangles as solid lines (Areas 1-4) and also 2 rectangles (A, B) with dotted lines. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)
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(bullseyes) that occur throughout the study area. These are identified by
purple circles (Fig. 4b). The circles show typical small area attenuation
effects not identified in the Unified Peat Map of Wales.

5.2. Detailed studies

As indicated in the summary of Fig. 4, there are numerous instances
of high wavenumber attenuation effects in the data. Four, non-
exhaustive, detailed comparisons between the airborne data and the
UPMW data layers were chosen to allow the various resolution limita-
tions of the airborne data to be demonstrated. The first two areas can be
regarded as relatively simple while the second two areas are more
complex.

The four detailed examples of Total Count data shown in this section
have data ranges specific to each area (to preserve dynamic range).
Since this is variable across areas, it is necessary to note the low value TC
limit and a value of about of 1500 cps which typically denotes significant
attenuation. All the plots show the observation points along each flight
line as small dots in the N-S survey direction. Average survey altitudes
across the four areas range from 52 to 54 m.

5.2.1. Areal

The results across the 1.75 x 1.75 km area are assembled in Fig. 5.
Fig. 5a shows the base OS 1:50k topographic map as described previ-
ously. The area contains one water body and two areas of marsh. Fig. 5b
shows the same base map with the UPMW EVIDENCE and UNIFIED
polygon layers, the latter being derived from the former using the scores
(1-7) shown. Only two of the three zones provide UNIFIED polygons.
Fig. 5¢ shows the THICKNESS layer and again the UNIFIED polygons.
Thicknesses extend to >2.25 m. Fig. 5d shows an image of the TC data as

a grid rather than the usual contoured approach. This is in keeping with
the 50 m grid used by the UPMW layers but is only used in this first
example. Three areas of attenuation are observed in keeping with the
EVIDENCE layer. We can therefore associate these areas with peat. The
largest area provides a low amplitude of zero while the other two areas
are closer to about 1000 cps with an onset of about 1500 cps. As noted
previously, from the modelling of small discrete bodies by Beamish
(2016b) the correct low (or high) amplitude response is only observed
when the source radius is greater than the line spacing. This effect is a
likely cause of the behaviour observed. In addition, the inherent moving
average (low pass filtering) nature of the data is very evident causing a
‘bullseye’ effect. Fig. S5e shows the HGM response again as a grid image.
This grid is then used in a curvature (ridge) analysis to provide ‘best’
estimates of the source boundaries as discrete points (in black) obtained
at the grid resolution. The boundaries shown use a low value limit of
HGM>3 cps m~! which is selected based on the amount of spurious
behaviour introduced. Fig. 5f shows a shaded-relief image of the LV
filter; the HGM boundaries from the previous panel are overlaid. This
again demonstrates the utility of this approach to small area detection.

5.2.2. Area 2

The area has dimensions of 4 x 1 km. The results across the area are
assembled in Fig. 6. Fig. 6a shows the base OS 1:50k topographic map
with 2 water bodies and a single area of marsh. Fig. 6b shows the same
base map with the UPMW EVIDENCE and UNIFIED polygon layers.
There are five EVIDENCE zones identified together with a single grid
cell. Only three of the EVIDENCE zones generate UNIFIED polygons.
Fig. 6¢ shows both an image and contours of the TC data overlaid with
the curvature (ridge) solutions obtained from the HGM grid (not shown).
Here the ridge solutions are obtained with HGM>2.5 cps m~L. Four of
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the 5 main EVIDENCE zones provide attenuation responses with the
highest attenuation (about 500 cps) observed across the largest (east-
ernmost) area of peat. Being a moving-average response, the minimum is
the best representation of the centre of the source area geometry and the
two easternmost UNIFIED layer polygons confirm this. The easternmost
polygon demonstrates the smooth response of the data to a complex
geometrical source area. In summary, the example demonstrates the
confirmation of three peat zones defined by the UNIFIED layer together
with an additional zone identified only within the EVIDENCE layer.

5.2.3. Area 3

Area 3 presents a more complex larger area (3.25 x 3.5 km). The area
contains 3 SSSI sites (Sites of Special Scientific Interest) which form part
of the Anglesey Fens. The wetlands are all, to varying degrees, depen-
dent upon the quality and quantity of groundwater input to maintain
their hydrological functioning. The area contains one conventional peat
as indicated in Fig. 7a.

Fig. 7b shows the EVIDENCE layer grid and is also overlaid with the
UNIFIED layer polygons. Much of the conventional peat area has been
assigned a score of 1 and as a consequence the area of UNIFIED defined
peat is much reduced from that of the conventional peat. The CF fen does
not generate a UNIFIED polygon (probably an error). Fig. 7c shows the
THICKNESS and UNIFIED layers. The two small UNIFIED polygons of
peat in the west have a low THICKNESS value of 0-42 cm. Finally Fig. 7d

shows an image of the TC data with the curvature (ridge) solutions
obtained from the HGM grid. Here the ridge solutions are shown with a
threshold of HGM>1.5 cps.m~. The UNIFIED polygons are shown
together with the water courses from the NRW river database (in blue);
these appear more limited than those shown on the OS 1:50k topo-
graphic maps in the previous panels. A number of attenuation zones at
TC < 1500 cps are observed. The zone associated with the CB fen site
shows a good agreement with the UNIFIED polygons and the CF fen site
(no UNIFIED polygon) response is exceptional (generating a clear low
amplitude) for such a small zone. In the NE, the GR fen provides two
responses associated with the UNIFIED polygons but indicates a larger
extent of the main zone. The curvature ridge solutions, using the low
threshold, can be seen to respond to a number of spatial gradients
(enhanced amplitudes) in the non-peat soils. The large attenuation zone
in the north is comparable to the main GR fen response and is not
identified in the EVIDENCE layer and so represents a new potential peat
zone. Three small zones of attenuation appear to the NW of the CF fen
with only the western-most identified within the UNIFIED layer. By
association, the other 2 zones might also be interpreted as thin peats.

5.2.4. Area 4

Since much of the study area contains many inter-tidal and coastal
zone influences, an example is presented from a low-lying area. The 3.5
% 4 km area lies at the north-eastern margin of Maltreath Marsh (Fig. 2).
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The whole of this extensive marsh area was studied using the airborne
electromagnetic data in connection with saline incursion by Beamish
(2012). Fig. 8a shows the area with the outline of a single purple poly-
gon of the UNIFIED peat layer. A topographic trough is partially defined
by the lowest (10 m) contour. The canalised Afon Cefni strikes NE
through the centre of the trough where elevations are below 2 m. It
continues below the road and rail bridges to enter a marsh area and then
the UNIFIED peat zone. Fig. 8b shows an image of the TC data with a
single black contour identifying TC = 1500 cps. Also shown is the 5 m
topographic contour and the NRW water course layer which differs, in
detail, from the OS 1:50k map equivalent (Fig. 8a). An attenuation zone
is clearly associated with the peat zone. By association we could suggest
that the attenuation zone(s) in the SW may also indicate peat. This zone
extends in a semi-continuous fashion to the NE for about 3 km as
identified by the 1500 cps single contour. We note that this same
attenuation level has been used in the previous examples to confirm peat
defined by the EVIDENCE and UNIFIED control layers.

10

Fig. 8c assembles the results of the previous panel over a shaded-
relief image of the Lidar DTM. There are two soil types associated
with the trough floor and both, as expected, are associated with natu-
rally high groundwater. The soil units on the flanking higher ground are
described as freely-draining. The single TC = 1500 cps contour (yellow)
is carried across from the previous panel. We also show the HGM cur-
vature ridge solutions at two levels, HGM = 2.0-2.5 cps.m_1 (cyan) and
HGM 2.5-10 cps.m ™! (white). The UPMW peat (white polygon) is well
defined but with a smaller extent. An additional zone of potential peat,
immediately to the west of a prominent drumlin and the main peat, is
also identified. Well defined ridge solutions are observed in the SW zone
of potential peat but are less well defined to the NE where attenuation
decreases. We can also note two attenuation features on the higher
ground in the east (freely draining soils) and some ridge solutions
associated with enhanced and localised amplitude responses. From
Fig. 8c it is evident that the main attenuation anomalies lie within the
floor of the trough but are confined to extensive but spatially confined
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zones that incorporate the area identified by the UNIFIED peat layer. We 5.2.5. Summary

are therefore uncertain as to the BD-SAT interpretation of the majority of An overview summary is presented in Fig. 9 which uses the shaded-
these larger attenuation features located in this, and other, coastal relief, normalised Local Variance (LV) response of the TC data in grey.
zones. The high variance edges detected can be due to high flux contrasts, as at

the two quarry locations discussed previously (yellow circles), or low
flux as associated with onshore water bodies (shown in white) and at
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Fig. 9. Summary of results. Shaded relief image of the Local Variance (LV) filter of Total Count, TC, cps. Onshore water bodies in white. The UPMW UNIFIED layer
polygons in red. Two high attenuation levels of the TC data are shown by TC = 1000 cps (black) and TC = 1500 cps (cyan). Two yellow circles denote high flux
quarries. The blue line denotes the highwater mark. Detailed study rectangles are shown as solid lines (Areas 1-4) and also 2 rectangles (A, B) with dotted lines. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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peat locations. The unified peat polygons are shown in red. To sum-
marise the main attenuation features we have chosen two contour levels
which are TC = 1000 cps which represents high attenuation (or —77 %
of the survey median) and TC = 1500 cps which represents —37 % of the
survey median (=2380 cps using a reduced data set). The higher value of
TC = 1500 cps can be associated with many peat areas in the unified
map (detailed study areas 1-4). This level is also associated with many
larger scale attenuation effects, similar to those observed in Area 4.
Along the northern coast we observe many areas of UNIFIED peat with
no attenuation response at the selected level, this is also observed within
the mainland portion of the study area. In the area to the NE and east of
Rectangle A (Fen peat) we observe a particular clustering of high
attenuation zones not identified in the UPMW information. Elsewhere
we observe a startling plethora of flux contrasts (edges) detected by the
LV response. We have noted a few of these but, since they warrant
detailed scale studies, their further assessment is deferred.

6. Discussion

The multi-sensor, airborne survey data described here were intended
for both resource and environmental applications. The survey specifi-
cations may be considered typical of modern airborne data sets which
can achieve both regional and country-wide coverage providing millions
of line-km of uniform spatial information. The 6316 line-km of the small
Anglesey survey were obtained over 6 survey days plus an additional 1.5
days for the required local calibrations (all sensors). It is clear that a
suitable design procedure to provide digital soil mapping involving
detailed peat detection could be made by acquiring data at lower ele-
vations and at slower speeds (higher sampling rates). Drone based
acquisition systems continue to be developed for such purposes. Heavy
lift drones, capable of employing a sufficient volume of crystal packs,
have been introduced to the commercial marketplace.

The airborne radiometric data that were acquired globally since the
beginning of this century have benefited greatly by the introduction of
appropriate and standardised acquisition, calibration and processing
procedures that are summarised by IAEA (2003). As drone radiometric
surveys come into more routine use, it is important that similar practices
are adopted. Lower elevation survey design and the required protocols
and procedures differ significantly from existing airborne procedures.
Guidelines for their implementation are given by van der Veeke (2023).

The sensitivity of the radiometric response to soil saturation levels is
of interest in a wide range of disciplines. Some of the additional in-
fluences on the response are termed environmental (e.g. cosmic rays,
rainfall and radon). The most accurate and detailed understanding of the
radiometric response has come from static monitoring experiments.
These can use data integration times of minutes/hours and benefit from
detailed control measurements of in-field soil parameters particularly
soil moisture which has intermittent together with diurnal/seasonal
components. In the static case, the support volume can be adjusted by
varying the height of the sensor. Amestoy et al. (2021) employed a 50 m
tower height to simulate an airborne measurement and results are pre-
sented over a 14-month period. Other, much lower elevation (2.25 m),
static experiments are aimed at agricultural crop management (Strati
et al., 2018) and indicate that, in detail, the additional water content of
the biomass (e.g. the crop) should also be accounted for.

More recently, static testing has been applied to new compact
scintillator-based sensors especially designed to jointly measure neutron
counts (cosmic ray) together with muons and total gamma rays in
relation to soil moisture estimation. The study by Gianessi et al. (2024),
compared all 3 approaches and suggested that the radiometric sensors
offer a reliable counterpart to the more widely used cosmic ray neutron
sensing (CRNS) long-term monitoring systems. The CRNS technique has
a certain synergy with the equivalent radiometric technique in that: (i) it
employs the cosmic ray neutron showers which are a required correction
in the calibration and processing of airborne radiometric data and (ii) it
presents a similar large scale support volume to the airborne
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measurement.

Interpretation of the radiometric BD-SAT response (Fig. 1) would
obviously benefit from independent assessments of soil moisture/satu-
ration levels. A number of common procedures and data sets are avail-
able to perform these types of assessment. When examining the
radiometric attenuation levels we have considered, for example:

(i) The Copernicus high-resolution Water and Wetness product is an
amalgamation of earth observation information including
Sentinel —1 and —2 and several other products. The landing page
containing links to the data and documentation can be found at
https://land.copernicus.eu/en/products/high-resolution-laye
r-water-and-wetness. The product provides 5 classes of informa-
tion ranging from permanently wet to dry. We used the 2015 data
set supplied at a resolution of 20 m.

The LANDIS® national soil wetness map which is a derived
product from the National Soil Map (England and Wales). Six
distinct soil wetness classes are defined. The data are described at
https://www.landis.org.uk/data/nmwetness.cfm. Soil data ©
Cranfield University and for the Controller of HMSO 2025.
There are a wide number of techniques based on hydrological
terrain analysis that use the framework provided by a DTM. Here
we investigated the common Terrain Wetness Index using the
Lidar 1 m DTM (Mattivi et al., 2019).

(i)

(iii)

Although undoubtedly useful in certain applications, we found that
the information provided by these approaches did not provide any
specific relevant control in the relation to the observed radiometric
attenuation information.

7. Conclusions

Using a recent airborne survey across Anglesey, North Wales, the
focus of our study has been on the geophysical, property-based detection
of peat and peaty soils using the control provided by a new, observa-
tional, evidence-based approach to peat mapping and hence carbon
accounting. The new mapping identifies many small pockets of the
carbon store which can be termed the lost peatlands, unaccounted for in
previous assessments. The information is used to provide interpretation
control of the many localised attenuation zones observed across our
study area. By spatial colocation between the radiometric data and peat
map we are then confident that the attenuation zones identify a peat
response.

We have presented a revised and simplified radiometric attenuation
theory for all soils. The theory can be applied to any form of radiometric
survey data. It can be used to readily understand the high detectability of
peat and peaty soils in the context of their property contrasts with
adjacent soils. It also provides a framework for understanding the con-
tinuum of radiometric responses (both attenuation and enhancement)
across all soils which we routinely observe but have yet to interpret.
Localised high values of flux are evident in all 4 of the detailed study
areas and are presumed to be soil related. According to Fig. 1, these
zones are concomitant with a relative increase in bulk density (e.g.
reduced carbon content) and/or a decrease in degree of water
saturation.

We have pointed out the dual soil properties of bulk density and
water saturation (BD-SAT) which combine to form the observed atten-
uation behaviour. Knowledge of these properties is ultimately required
across the large support volume of airborne measurements.

To examine the high-wavenumber content of the radiometric data
sets we introduced the Local Variance (LV) filter. This does not appear to
have used previously in the geophysical literature but is a straightfor-
ward and robust procedure to apply to any data set. The LV behaviour of
the normalised %K, eTh, eU and the Total Count (TC) data allows a
qualitative comparison of the different, high wavenumber, signal-to-
noise contributions. For our data set the TC data appear least prone to


https://land.copernicus.eu/en/products/high-resolution-layer-water-and-wetness
https://land.copernicus.eu/en/products/high-resolution-layer-water-and-wetness
https://www.landis.org.uk/data/nmwetness.cfm
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noise while the eU behaviour is distinctly noisy. When used at the
detailed scale, the LV response provides a robust surrogate to the edge
detection procedures requiring the calculation of spatial gradients.

Using the TC data and the new updated peat map of Wales we have
provided both large-scale and detailed comparisons of the many atten-
uation zones observed and the evidence for peat. The evidence layer,
when translated to a unified peat map, comprises 162 polygons of small
spatial extent (128 are <0.05 km?). This results in primary attenuation
responses often confined to 1 or 2 adjacent survey lines. We know from
previous modelling studies that when such zones are less than the line
spacing (200 m) the correct attenuation level is not achieved. This re-
sults from the large support volume at the airborne measurement height
(52-54 m in our case). The large support volume also introduces a
moving spatial averaging of the along-line data. The outcome is a
smoothing (low pass filtering) of the attenuation response which is
confirmed in our detailed studies. The smoothing also translates to the
edge-detection procedures used here which often adopt circular forms.
Larger zones (e.g. > 200 m) do however adopt more realistic geomet-
rical forms in keeping with the control evidence layer.

Despite the spatial limitations described here, the attenuation
response appears sufficient to either confirm or reject the evidence for a
zone of peat. In addition, the airborne data suggest many other areas of
potential peat which may not have entered the evidence database. When
summarising the attenuation across the whole survey area (Fig. 9), we
have chosen two contour levels which are TC = 1000 cps (high atten-
uation, or —77 % of the survey median) and TC = 1500 cps which
represents —37 % of the survey median. The latter can be associated
with many peat areas in the unified map (detailed study areas 1-4). This
level is also associated with many larger scale attenuation effects,
similar to those observed in Area 4. We suggest these areas warrant
further study in relation to the dual BD-SAT soil properties.
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