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Introduction

The introduction of affordable heavy-duty unmanned aerial vehicles (UAVs) has led
to the possibility of doing UAV-borne gamma-ray spectrometry surveys. Airborne
geophysical gamma-ray studies aim to map concentrations of naturally occurring
40K, 238U and 232Th in the environment. Historically, gamma-ray spectrometry
studies characterize the geological composition of an area and aid in the search for
mineral resources (Martin et al., 2015; Park and Choi, 2020; Salek et al., 2018). More
recently, this technique has been used to track down and identify artificial
radioactive contamination (MacFarlane et al., 2014; Martin et al., 2016a, 2016b;
Mochizuki et al., 2017; Sanada et al., 2014; Sanada and Torii, 2015; Ye et al., 2021)
or as a proxy for the soil texture (Egmond et al., 2018), which is valuable input for
agricultural applications.

Conventional airborne gamma-ray studies use small aeroplanes or helicopters.
Ground-borne surveys are usually implemented by attaching the spectrometer to an
off-road vehicle or to a backpack. The possibility of using a gamma-ray spectrometer
on UAVs has led to new applications because this platform can measure over
otherwise inaccessible areas at very low heights. UAVs combine the high spatial
resolution of ground-based surveys with the ease of access associated with airborne
surveys, albeit with a shorter range. In addition, in a UAV-borne study, the operator
does not have to enter the area, thereby allowing mapping of dangerous or difficult
to access areas.

However, the use of UAVs as the measurement platform for a gamma-ray survey
requires a review of the methods used in conventional air- and ground-borne
surveys. There are many similarities between UAV-, and conventional air- and
ground-borne gamma-ray mapping studies, but there are also some obvious
differences that affect the preparation, execution and data processing of a UAV-
borne survey.

This document is a first attempt toward a set of ‘guidelines for UAV-borne
radioelement mapping’, which are intended as a manual for the implementation of
gamma-ray spectrometer mapping studies using a UAV as the measurement
platform. The guidelines presented in this publication have been composed by
building on the information already available on the implementation of (air-borne)
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gamma-ray surveys. The ‘airborne gamma-ray spectrometry for natural
radioelement mapping‘ chapter from the ‘guidelines for radioelement mapping’
manual, published by the IAEA, has been used as a starting point for this publication
(Nicolet and Erdi-Krausz, 2003).

Similar to the original guidelines in the IAEA radioelement mapping manual, the
guidelines presented in this publication only focus on the naturally occurring
radionuclides 40K, 238U and 232Th. Mapping naturally occurring radionuclides
implies that the activity concentrations encountered are relatively low. But these
concentrations vary spatially only gradually. Furthermore, in analysing the
measurement, a homogeneous vertical radionuclide distribution in the soil is
assumed, i.e. the concentration does not change over the first 50 cm, which is
approximately the depth of view for such measurements. These assumptions are also
made for the artificial radionuclide 137Cs, spread in the environment due to nuclear
powerplant accidents and atomic bomb testing, and therefore considered in this
publication as well. These conditions for the radionuclide concentrations are
significantly different from those encountered in the mapping of radioactive
anomalies, for instance, when searching for lost radioactive materials. Many
recommendations of these guidelines are transferable to such a situation. However,
the mapping of radionuclides other than the above-listed ones is outside the scope
of the current guidelines.

Another limitation in the scope of these guidelines is the choice of a UAV. This
publication describes the implementation of the gamma-ray spectrometer in UAV-
borne surveys but does not include an elaborate discussion about the UAV platform.
First and foremost, this is because these guidelines are limited to the geophysical
aspects of doing gamma-ray surveys. Secondly, technical advice on UAVs has not
been included because their development is currently progressing very rapidly. The
progress that has been made in the hardware, software and legislation of UAVs is
vast and does not show any signs of reaching a final form yet. The latter, the
regulations and law enforcements of using UAVs in public spaces, is quickly evolving
and has the potential to create opportunities, but also to restrict the widespread use
of UAVs. In conclusion, advice about UAVs will most likely be obsolete soon after the
publication of these guidelines proposal.
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The current state of the UAVs enables the use of gamma-ray spectrometers in new
applications. But at the moment of writing these guidelines, there are also limitations
related to the limited flying time and legislation concerning the use of UAVs. Both
issues cause the spatial distance covered in a UAV-borne survey to be limited
compared to conventional air-borne surveys. Until these limitations are resolved,
air-borne gamma-ray surveys can operate at a much larger spatial scale than UAV-
borne surveys. The current size of a typical UAV-borne survey area is more
comparable to that of ground-borne or walking surveys, but with the additional
benefit of not having to worry about area access over the ground. Therefore, with the
current state of UAV technology and legislation, UAV-borne gamma-ray surveys are
an extension of the methods available to do geophysical gamma-ray studies, as
shown in Fig. 1.1.

Low - =
T —
i
- UAV-borne ‘ =
> s
=
-a i .
8 !l Air-borne
8 H Helicopter/aeroplane -
(]
£ i
© [ i 5
e e S I
e | B | ' i
Walking ‘ | l
| ‘ Car/Quad- : ! |
| borne i !
| i |
High H [ l | 4
\ } |
l (I | | | 1 |
& I & Q & Spatial
X N QF QF
N S S S scale
Q- \
N AN

Fig. 1.1. Spatial and terrain accessibility scales for the various survey platforms commonly used in geophysical gamma-
ray spectrometry studies. The x-axis shows the spatial scale in terms of the surface area that is covered in the survey. This
does not include the resolution of the survey: walking, ground, and UAV-borne surveys have the possibility to capture
small-scale spatial structures that cannot be captured in air-borne surveys. The figure shows that the UAV-borne studies
fill the gap for low to medium scale surveys with low terrain accessibility.
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Similar to the conventional survey methods, a clear survey methodology and post-
survey data processing approach should be defined. This publication does this by
going over the survey implementation steps in chronological order (Fig. 1.2.). These
guidelines start with a discussion on the gamma-ray instrumentation and then
continue with the design of a survey methodology. Subsequently, the calibration
procedures required before a survey are discussed, followed by the quality control
steps needed before and during the survey. Finally, the spectral data processing steps
needed to acquire the radioelement concentrations are addressed. Because the use
of UAVs for gamma-ray surveys is relatively new and subject to continuous
development, this guidelines proposal finishes with an outlook to discuss the
improvements that are expected in the coming years.

Guidelines for UAV-borne radioelement mapping

Input:
Expected radionuclide concentrations
First estimate: survey parameters

¥

e

4.1 Verify stable atmospheric conditions

3.1 Detector characterization

3.2 Calibration flights

4.2 Conventional checks

3. Preparation
Calibration data requirements

4. Survey:
quality control before the survey

\ ¢

5.2 Live-time comrection

Fig. 1.2. Flowchart indicating the steps involved in UAV-borne

radioelement mapping described in this guideline. The italic steps
in block 5: post survey are optional steps.

5. Post survey:
Data processing
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1.1 Preparation: Instrumentation
Gamma-ray spectrometers detect and enable the characterization of gamma-

radiation. In geophysical gamma-ray surveys, the aim is to characterize the tiny
amount of radiation emitted by the naturally occurring radionuclides. Usually in
these types of surveys, a spectrometer system that consists of a scintillation crystal
coupled to a (silicon) photomultiplier is used. Gamma-ray photons interact with the
scintillation crystal generating an electric signal that is processed by a multichannel
analyser (MCA) and converted to a spectrum. The scintillation crystal can vary in
shape, size and material and these parameters largely determine the recorded
spectrum. The structure and intensity of this spectrum determine the accuracy of the
radionuclide concentrations that can be extracted. This section describes the main
factors that influence the quality of the data collected by a measurement setup when
doing UAV-borne gamma-ray measurements.

A good spectrometer for UAV-borne surveys should be able to measure individual
radionuclide concentrations, and the uncertainties should be sufficiently small to
derive the spatial variation of the radionuclide concentrations in the survey area.
Both aspects are largely determined by the scintillation crystal and measurement
time and are evaluated in the survey preparation methodology. Next, the auxiliary
sensors that a UAV-borne spectrometer system should include are discussed, and
finally, a minimal UAV specification is described.

Compared to conventional survey setups, using a UAV as the measurement platform
severely restricts the mass and volume of the payload. Maximizing the sensor mass
to reach the payload limit is not necessarily the optimal approach to maximize the
survey yield. There is a penalty for choosing a detector that is too large: the payload
strongly influences the flight time, and every gram not needed for the measurement
decreases this flying time. Therefore, in the case of UAV-borne gamma-ray
spectrometry, the goal is to minimize the detector mass and volume while
maintaining an acceptable quality of the data (Lee and Kim, 2019).
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Fig. 1.3. Typical gamma-ray spectra for 4°K (red), 238U (green), 232Th (blue) and '37Cs (brown) captured by a Medusa MS-
1000 CsI gamma-ray spectrometer. The resolution of this spectrometer is 8.3 % at 662 keV. All four spectra have at least
one prominent peak that have limited overlap with each other. The four spectra have been fitted to the measured
spectrum (black dots) by using FSA, and this is described in detail in this publication, section 1.5.6.

1.1.1 Identifying radionuclides
The resolution of the detector determines its ability to distinguish radionuclides and

is usually expressed by the FWHM metric at a certain energy. Gamma-rays emitted
by a radionuclide have a specific energy; therefore, the resolution of the gamma-ray
spectrometer should be such that the separate, individual peaks captured in the
measurement can be identified. This spectral resolution is primarily determined by
the scintillating crystal material and, for a small part, by the size and shape of the
crystal. (Table 2.1 of van der Veeke (2023) lists some scintillation materials with their
typical resolution).

In geophysical gamma-ray surveys, the concentrations of 40K, 238U and 232Th and
sometimes 137Cs are measured. Fig. 1.3 shows the typical spectra of these four
radionuclides measured with a spectrometer that has a resolution of 8.3 % at 662
keV. From this figure, it is clear that each spectrum has a unique peak structure, and
the most prominent peaks do not overlap. Furthermore, the peaks that do overlap,
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e.g. the peaks originating from 232Th and 238U around 0.6 MeV, can still be attributed
to their respective decay chains because the overall spectra of both radionuclides are
sufficiently different. When unknown peak energies need to be identified to find the
radionuclide from which the gamma rays have been emitted, the overlap between
peaks should be minimized. However, in geophysical measurements, it is known a
priori what radionuclides, and their associated spectral shape, are present.
Consequently, when the peak contents as a function of the radionuclide
concentration are properly characterized, a relatively low resolution can be used to
derive the concentrations. All crystals with their associated resolution listed in Table
2.1 of van der Veeke (2023) have been successfully used to extract radionuclide
concentrations in geophysical mapping studies (Ademila et al., 2018; Jakovlevs et
al., 2018; Medusa Radiometrics BV, 2020; Nilsson et al., 2014; van der Veeke et al.,
2021b).

1.1.2 Uncertainty: counts
Gamma-ray spectra are expressed as counts in specific energy bins. The uncertainty

in the number of counts in an energy bin follows from Poisson statistics which means
that this uncertainty in the bin scales with the square root of the number of counts
(A detailed description is given in the textbook composed by Gilmore (2008)). The
number of counts that a gamma-ray spectrometer detects in a geophysical
measurement is determined by:

The radionuclide concentration present in the area determines the photon flux
hitting the detector and the count rate that is measured by it.
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Table 1.1 shows a list of typical radionuclide concentrations found in geophysical
measurements.

Measurement height: In geophysical measurements, the gamma rays are emitted
by the soil and travel through the air before ending up in the detector. The soil and
air attenuate the gamma-rays, so the gamma-ray flux decreases with height. Chapter
3 of van der Veeke (2023) or van der Veeke et al. (2021a) describe this attenuation
as a function of height, and Fig 3.4 of van der Veeke (2023) shows the relative
intensity of the gamma-ray flux for height ranges up to 80 m with respect to 0.80 m
height.

The volume, shape, density and scintillation material: The volume the
detector determines the number of gamma-rays that interact in the detector. The
chemical composition and density determine the probability a gamma-ray interacts
and deposits energy, and the shape determines the average path length of the
gamma-rays in the crystal. To maximize the number of counts that are registered in
the crystal, it should be as large as possible, have a high Z-value and density, and
should be sufficiently thick so that there is a reasonable probability (> 50 %) for
gamma-rays coming from the ground to interact or to be absorbed.
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Table 1.1. List of typical radionuclide concentrations for various materials encountered in geophysical gamma-ray
measurements. In cases where the references did not list values for all radionuclides, the missing radionuclide was
estimated by using the entries from the other references listed in this table. When the reference listed multiple values
from multiple samples, a value was selected that represents a typical sample.

Potassium Uranium Thorium
(4°KBq kg?) (238U Bqkg?) (232Th Bq kg")

Zinc slag

(Koomans et al., 2014) 400 75 20
Uranium tailings reservoir
(Liu et al., 2021)

Heavy Minerals*

(Koomans, 2000; Meijer, 1998; 600 1700 6000
Tanczos, 1996)

Calibration pads IAEA

(Nicolet and  Erdi-Krausz, 2504 620 512.5
2003)

Agri: Fertile soil (40 % clay)

(Hebinck et al., 2007; Van der 458 25 25
Klooster et al., 2011)

Agri: Bare soil (100 % sand)

(Hebinck et al., 2007; Van der 265 5 5
Klooster et al., 2011)

Engineering: roads

(Internal documentation De 700 30 30
Wegenscanners BV, 2021)

5140 20690 1210

Engineering: dredging

o) 2 1
(Venema and de Meijer, 2001) 54 3 3

* Minerals with a density above 2.9 g cm™
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1.1.3 Step 1.1: Choice of detector
Material: There are many options for scintillation materials, but only a limited

number materials can be grown in sufficiently large crystals at an affordable price so
that they are commonly used in geophysical measurements. In this publication Nal
and CsI are considered. Section 2.5.2 of Chapter 2 in van der Veeke (2023) reviews
these detector materials for their use in geophysical measurements. From these two
materials, CsI is the preferred choice for UAV-borne gamma-ray measurements.

Detector size (and shape): To maximize the UAV flying time, the smallest and
lightest detector that still captures sufficiently accurate radionuclide concentrations
in the measurement time should be selected. This accuracy is determined on the
basis of the concentration uncertainty per measurement point. This value depends
not only on the detector characteristics, as described above, but also on the
measurement height, measurement time and radionuclide concentration of the area.
A zeroth-order approximation of the relative uncertainty in radionuclide
concentration per measurement point is given by:

1
0 = — x100%

i m (1.1)

in which the suffix i = *°K, 238U, 232Th, 137Cs. o; is an estimation for the uncertainty
(%). C; is the radionuclide concentration in the area of interest for the ith radionuclide
(Bq kg). I; is the number of counts registered each second by the detector for
1 Bq kg of the ith radionuclide homogenously distributed in the ground when the
detector is placed at 0.80 m height. t is the time (s) for a single measurement, and 7
is the height dependent attenuation factor calculated from equation (3.2) of van der
Veeke (2023) or extracted from Fig 3.4 in van der Veeke (2023).

The parameter I; is specific to each detector volume, radionuclide and detector
geometry. This parameter is part of the characterization of the scintillation detector,
and most gamma-ray spectrometer manufacturers can provide this information, it
can be calculated by using the detector specification and Monte-Carlo simulations
(Van der Graaf et al., 2011), or it can be derived from a measurement in a geometry
with a known radionuclide concentration. Table 1.2 list the values for I; for a range
of detectors commonly used in geophysical gamma-ray measurements.
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Table 1.2. Overview of the count rates for various gamma-ray spectrometers simulated by using MCNP while the
detectors were oriented with their long direction parallel to the ground. The number below the radionuclide columns
represents the total number of counts in the 0.3—3 MeV energy range registered by the detector when placed 0.80 m
above the ground that has a homogenous radionuclide concentration of 1 Bq kg*. The numbers in the brackets represent
the number of counts in the nuclide specific energy windows (4°K = 1.37-1.57 MeV, 238U = 1.66—1.86 MeV and 232Th =
2.41-2.81 MeV (Nicolet and Erdi-Krausz, 2003)). Note that there is a shape induced count rate difference for the 3x9”
CsI and the 90x160 mm, which have the same volume but different geometry. The geometric efficiency of scintillation
detectors is known to vary and can be optimized for a specific application (Bird et al., 1993; Koomans and Limburg,
2020). I) Cylindrical detector (diameter x length). IT) Rectangular prism (width x height length)

Detector Potassium Uranium Thorium
(cpsBqikg)  (cpsBqikg)  (cps Bqkg)

Medusa MS-350 0.077 (0.017)  0.97 (0.038) 1.10 (0.049)

(3x3” CsI)!

Robertson Geologging 0.097 (0.013) 1.11 (0.029) 1.31 (0.039)

Tool: 10345

(50x300 mm Nal)!

Medusa MS-700 0.14 (0.034) 1.80 (0.079) 2.05 (0.10)

(3x6” CsI)!
Medusa MS-1000
(3x9” CsI)!

0.22 (0.059)

2.76 (0.14)

3.17 (0.19)

Radiation Solutions Inc 0.61 (0.14) 6.71 (0.30) 8.04 (0.47)
RSX-1

(4x4x16” Nal) I

Medusa MS-4000 0.66 (0.19) 7.93 (0.44) 9.15 (0.66)
(4x4x16” CsI) I

Exploranium GR-820 1.77 (0.43) 20.5 (0.98) 24.2 (1.49)

(4 seperate 4x4x16” Nal) I
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By using equation (1.1), an estimate of the minimal detector size can be made:

Step 1: Establish a minimally acceptable uncertainty in the radionuclide
concentration per measurement point. Usually, that is between 5 % and 25 % for
geophysical surveys. The chosen uncertainty strongly depends on the goal of the
survey and the processing steps after the radionuclide concentrations have been
determined. Applications such as hotspot finding and ratio analysis typically require
a lower uncertainty compared to applications where the concentrations are used to
make interpolated maps and identify gradual variations in the spatial concentration
distribution.

Step 2: Estimate the concentration of the radionuclides in the area that will be
surveyed. This estimation should be an educated guess based on the geological
information available of the area, e.g., using macroscale geological maps and
tabulated values for radionuclide concentrations as presented in



16 |

Table 1.1

Step 3: Estimate the measurement height and determine the intensity reduction as
described in Chapter 3 (and shown in Fig 3.4) of van der Veeke (2023) (van der Veeke
et al., 2021a).

Step 4: Estimate the uncertainty for each radionuclide concentration per measured
point by using equation (1.1). A measurement time is needed to estimate this
uncertainty, and when this has not been determined yet, a range can be used.
Measurement times in UAV-borne surveys are usually between 1 and 5 seconds. Note
that the count rate values in Table 1.2 list the count rates for the 0.3—3 MeV range
and in the specific windows. The count rate used in the calculation depends on the
used analysis method (section 1.5.6 of this publication).

Estimating the uncertainty using the outlined stepwise approach is based on
estimating the uncertainty per measurement point and can be considered the physics
approach. In Chapter 4 of van der Veeke (2023) or van der Veeke et al. (2021b), this
approach is compared with a geostatistical approach, the geologist approach, which
uses a variogram to estimate the variation and uncertainty of the area. This
publication shows that when using Kriging (Burrough et al,, 2015) as the
interpolation method and the variogram as the underlying model to estimate the
spatial variability, the resulting interpolated maps can show a variation that would
not be statistically significant based on the uncertainty estimation when using the
physics approach of calculating the uncertainty per point. The geostatistical
geologists' approach uses spatial information to study the dataset holistically and
uses data points located close to each other to include spatial information about the
concentration variation, which can result in statistically significant spatial variability
for datasets of which from equation (1.1) the conclusion would be that the statistics
are insufficient.

Therefore, the physics approach to estimate the uncertainty per point as outlined by
equation (1.1) should be considered a conservative estimate when deciding the
detector size. At this point in the survey preparation, a first educated guess on the
detector size is made. However, this estimation should be re-evaluated after
establishing the survey methodology (section 1.2 of this publication). Besides the
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factors used in equation (1.1), the spatial uncertainty is dependent on the movement
speed of the measurement platform and the expected spatial variation of the area.
These parameters are discussed in the next section. Establishing the detector size is
an iterative process in which the various aspects that influence the measured
radionuclide concentration and uncertainty are weighted to optimize the
measurement configuration for the survey.

Detector specifications for radon corrections: In or near areas with high
uranium concentrations, the influence of atmospheric radon can perturb the
determination of the uranium concentration in the ground. The contribution of
radon decay in the atmosphere to the data should be subtracted from the
measurements. In Chapter 5 of van der Veeke (2023), two methods to extract the
contribution of radon decay to the data are described: the first method relies on
measurements in the field, and the second on a change in the detector design (split
detector). In areas with a high probability of perturbations due to atmospheric
radon, the split detector design might be the most effective implementation of radon
identification.

1.1.4 Step 1.2: Auxiliary equipment

Geophysical gamma-ray measurements that map the absolute radionuclide
concentration of an area need additional sensor readings. The minimal requirements
are a GPS (or more generally a GNSS), a height measurement, preferable by an
absolute height sensor such as a laser altimeter (LiDAR), and atmospheric pressure
and temperature sensors. Section 1.5 of this publication describes the use of these
sensor readings in the post-processing step of the survey.

When using UAVs, the measurement height can be an ambiguous parameter: it can
mean a certain height with respect to the take-off point (absolute height) or at a
certain height above the ground (constant height or ‘drape mode’). Variations in the
spatial topology are ubiquitous and the radiation intensity strongly depends on the
actual height above the ground, but this can be accounted for (Chapter 3 of van der
Veeke (2023) or van der Veeke et al. (2021a)). An effective height that includes
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atmospheric pressure and temperature should be used. Not using the correct
atmospheric parameters can lead to intensity differences of up to 10 % (Chapter 6,
section 6.2.2 of van der Veeke (2023)). If the survey contains measurements at
different heights, this correction is crucial to map the absolute radionuclide
concentration in the ground correctly. However, this height correction only
accommodates the change in intensity and not the change in footprint, which is also
strongly influenced by the measurement height. If a survey is flown at several
heights, the interpretation and interpolation of the results are not straightforward
because the measurements have different footprints. Therefore, it is advised to adopt
a survey plan with a constant height above the ground of the measurement platform,
and the measurement of elevation should reflect the absolute separation between the
ground and the spectrometer. Usually the area within the footprint is not completely
flat, and as a rule of thumb, variations of 5 m within the footprint are acceptable (van
der Veeke et al., 2021a).

The GPS sensor that adds the spatial position of the sensor to the spectral data is as
crucial as the spectrometer. A standard GPS that outputs the position at the same
rate as the spectrometer is usually sufficient for mapping radionuclides. Standard
GPS has an accuracy of 1.5 m circular error probable (CEP (Liu et al., 2018)), which
is small compared to the footprint of spectral measurements. However, if higher
accuracy is needed, as can be the case for close to ground high-resolution
measurements, a Real-Time Kinematic GPS (RTK GPS) can be used with an accuracy
down to 1-centimetre CEP (e.g. Trimble Inc. (2022) or uBlox (2021)).

1.2 Preparation: Survey methodology
A geophysical gamma-ray survey aims to characterise the spatial radionuclide

concentrations of 40K, 238U and 232Th in an area. In areas where 37Cs is present due
to anthropogenic activity, this radionuclide can be included in the characterization
aim of the survey. The spatial characterization is achieved by moving a gamma-ray
spectrometer over the area. Ideally, the gamma-ray survey covers the whole surface
of the area. A large measurement footprint of the gamma-ray spectrometer enables
this requirement without having to interpolate the concentration between
measurement points. However, independent of the size of the footprint, no spatial
variation within this footprint can be detected when a single measurement is used.
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If footprints of different measurements overlap, structure within the footprint can
be determined to a degree dependent on the amount of overlap.

The height, speed, frequency, and spatial measurement grid define a geophysical
gamma-ray survey. Usually, this grid is a regular spaced spatial pattern that covers
the whole area by flying parallel lines that have a certain spacing. However, an area
might not have a regular shape, and obstacles may make it impossible to fly a
regularly spaced grid. The UAV platform offers the opportunity of implementing
complex, computer-driven flight paths that include stationary points to collected
extra detailed information, and this has led to the investigation of flight path
optimization to cover all the areas of a survey (Cabreira et al., 2019; Zhang et al.,
2018). Although it is expected that with the implementation of autonomous UAV
platforms, computer-driven survey planning will become an increasingly effective
tool in survey optimization, at the moment of writing, UAV surveys are generally
flown by an operator. Therefore, a conventional regular spaced spatial pattern with
parallel lines is assumed in the following steps that describe the design of a survey
methodology. The steps described in the section below are proposed to construct a
substantiated measurement plan in which the height, speed and measurement
frequency are optimized.

Note that the steps below describe a theoretical approach to designing the optimal
survey plan. In practice, there are usually limitations to the survey. Available funds,
time, or other restrictions complicate implementing the optimal theoretical survey
plan. All these practical aspects of determining the survey plan are considered in step
2.4 (section 1.2.4) and are preceded by the determination of the optimal survey plan:

1.2.1 Step 2.1: Determine the spatial structures that need to be
characterized.
The size of the spatial structures that need to be characterized in a survey depends

on the goal of the survey. Geological structures usually have slowly varying spatial
radionuclide distributions, meaning that measurable concentration variation occurs
over distances of 50 m or more (Billings et al., 2003; Knotters, 2015; Qassas et al.,
2020; Taha et al., 2021). Agricultural applications aim to characterize spatial
structures present in the field that are similar in size as the spatial structures present
in geological applications, and with long-term cultivation, the spatial mixing of the
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top layer increases the equalization of spatial structures even further. Other
examples of gamma-ray surveys aim to characterize the sand and clay distribution
(Egmond et al., 2018; Van der Klooster et al., 2011), sludge levels (Koomans et al.,
2019; Koomans, 2000) or contamination in an area (Forstner et al., 2016; Koomans
et al., 2014; Soderstrom and Eriksson, 2013; Van der Graaf et al., 2007). These
applications can have spatial extents down to the ten-meter scale. The extent of the
spatial structures that need to be characterized in the survey is used in the next steps
as an upper limit for determining the movement speed, measurement frequency and
flying height.

1.2.2 Step 2.2: Determine the optimal point density
(speed and measurement frequency)
The Nyquist-Shannon sampling theorem (Shannon, 1949) can be used to determine

the minimum sampling density; this is explained in detail in Appendix F of van der
Veeke (2023). Spatial structures should be sampled at an interval of at most half the
size of the spatial scale of the variations to be detected. This sample interval results
in a distance between consecutive measurement points. By using the effective
measurement frequency (see Appendix F of van der Veeke (2023)), it is possible to
calculate the maximum movement speed and parallel line spacing of the survey. This
distance should be used between the lines flown in the survey to create an evenly
spaced grid.

1.2.3 Step 2.3: Determine the optimal measurement height
(footprint)

Even if a gamma-ray spectrometer is not moving and is placed at a stationary
position, the measurement does not reflect the radionuclide concentrations at the
point coordinate. The recorded spectrum reflects the average radionuclide
concentrations within the measurement footprint. The measurement footprint of the
gamma-ray spectrometer as a function of heights is described in Chapter 3 of van der
Veeke (2023) or van der Veeke et al. (2021a), and Appendix E of van der Veeke
(2023) shows the estimation for the 65 %, 95 % and 99 % upper limits of the
footprint radius for a selection of commonly used heights in UAV-borne
measurements. Variations in radionuclide concentrations within the footprint
perpendicular to the measurement direction cannot be detected, and in the direction
of the measurement can only be roughly estimated. In addition, a moving
measurement will result in an elongation of the footprint. Both these concepts are
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described in detail in Appendix G of van der Veeke (2023). To summarize the
information in this appendix; the footprint has two implications:

1. Regression to the mean within the footprint region: The resulting
radionuclide concentration of the measurement is a spatially weighted average of the
radionuclide concentration within this footprint (as schematically shown in Fig. G.2
and Fig. G.3 in Appendix G of van der Veeke (2023)). The surrounding concentration
influences a local anomaly located within the size of the footprint. Therefore, in a
measurement, (relative) hot- and cold-spots are smoothed by the surrounding
radionuclide concentration.

2. Maximal spatial resolution: Spatial radionuclide distributions with variations
at a scale that falls within the footprint cannot be captured (as schematically shown
in Fig G.1 in Appendix G of van der Veeke (2023)). Therefore, the survey
requirements (spatial resolution) dictate the maximum footprint, which translates
to the maximum measurement height.

The measurement height and thus the size of the footprint are closely related to the
sampling density described in the previous step. The Nyquist-Shannon theorem,
described in step 2.2 (and Appendix F of van der Veeke (2023)), can be used to
estimate the maximal spatial resolution. A sampling density of twice the spatial
frequency of the variations to be detected present means that the footprint should
not extend beyond half of the length of the smallest structure. However, the footprint
does not have a hard cut-off in spatial extent, and therefore this requirement is not
a strict requirement and a mere approximation. Consequently, the following rule of
thumb could be used as a first order approximation of the concentration at a specific
point: at least 65 % of the radiation that originates from an area half the size of the
smallest spatial structure needs to be captured in a single measurement used to
derive the radionuclide concentration.

1.2.4 Step 2.4: Construct a survey plan
Step 2.2 dictates the optimal grid spacing and the speed of the measurement

platform. Usually, the grid is supplemented with tie-lines used for validation of the
measurement. These tie-lines are flown at the same height, perpendicular to the
measurement grid and typically have a line-spacing 5 to 10 times the main line-
spacing (Nicolet and Erdi-Krausz, 2003). Step 2.3 estimates the footprint and
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recommends the measurement height. The information given in these two steps fully
specifies the theoretical measurement configuration. However, in practice, it is often
found that there are constraints that prevent the implementation of the optimal
survey plan. These constraints include field conditions (expected weather, spatial
design of the area and obstacles such as trees and buildings), available time, available
propellant, available funds for implementing the survey, and all other practicalities
that can constrain the implementation of the ideal survey. These restrictions can
result in a larger grid spacing, greater movement speed or a larger fly height. In the
case of a deviation from the optimal survey plan, the consequences for the ability to
fulfil the survey goal should be considered using steps 2.2 and 2.3. If the survey
cannot resolve the spatial structures defined in step 2.1, either the required minimal
spatial structure should be increased, or the survey height, speed or grid spacing
should be adapted. Both approaches require an evaluation of the survey goal and
discussion with the research stakeholders. Adaptation of the survey plan is an
iterative process in which steps 2.1 through 2.4 should be re-evaluated before ending
up with a final survey plan.

When a final survey plan has been determined, it has to be translated into a practical
implementation in the form of a flight path. In the case of UAVs, there are many
(commercial) software packages available that can be used to plan the survey. Fig. 1.4
shows a typical example of a measurement plan and the associated UAV mission. In
addition to the parameters described in this section, this plan should also include a
flight plan for the UAV. If the survey cannot be flown with a single battery, one or
multiple take-off points and a strategy for changing the batteries should be included
in this plan. At this point in the preparation of the gamma-ray survey, the
measurement hardware and survey plan have been defined, but before the UAV can
take off and start the survey, several preparatory steps have to be taken to ensure the
quality of the collected data. These preparatory steps are outlined in the next
sections.



Guidelines | 23

Commands: M30ORTK- tamhi
Upload
Set Home Auto Mode

old ;
FoKd Continy Send the command to

[T R Sl the current vehicle

Take-off Lan:

Return Home

Fig. 1.4. A typical view of the software used to prepare and execute a UAV survey. This screenshot shows the software
package UgCS, version 4.6.520 (UgCS, 2022). An evenly spaced grid is used in this UAV survey. Flight planned, executed
and screenshot generated by vliegend.nl (Vliegend.nl, 2022).
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1.3 Preparation: Calibration data requirements

Calibration of the gamma-ray spectrometer is essential for determining absolute
radionuclide concentrations in the ground. This section describes the steps that
should be taken before the survey takes place to ensure the quality of the collected
data and to enable the calculation of absolute radionuclide concentrations from the
survey data.

1.3.1 Step 3.1: Detector characterizations
In the data processing step, the acquired spectrum is translated to radionuclide

concentrations. Thus, it is necessary to obtain the relation between the peaks, and
their intensity, present in the spectrum and the radionuclide concentration in the
ground. General approximations can be made based on the crystal volume and
shape, but the exact translation of counts to radionuclide concentration is unique for
each detector due to the crystal, housing and electronic configuration. Therefore, the
gamma-ray spectrometer has to be calibrated.

This calibration is done by measuring with the spectrometer in a well-defined
configuration with-known concentrations of the naturally occurring radionuclides.
The goal of the measurement is to characterize the response of the detector to an
activity of 1 Bq kg. This characterization can be done by using a geometry with
known concentrations, such as described by Van der Graaf et al. (2011), or by
measuring on 1x1x0.3 m concrete calibration pads that contain known
concentrations of 4°K, 238U and 232Th (Loevborg, 1984; Nicolet and Erdi-Krausz,
2003).

Using calibration pads for detector characterization is an empirical approach based
entirely on measurements and was the most common calibration method until the
early 2000s. By doing measurements on several calibration pads that primarily
contain a single radionuclide (4°K, 238U and 232Th), the spectrometer's response for
each radionuclide is derived independently. The effect of attenuation due to height
is simulated by placing plywood panels between the calibration pads and the
detector. This method has a couple of caveats: first, you need to have access to, or
construct these calibration pads?; secondly, the pad is much smaller in size and

2 Instructions how to build these pads can be found in Loevborg (1984). It should be noted that these pads are heavy and
as a result are not easily transported.
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thinner than the footprint (Chapter 3 of van der Veeke (2023) or van der Veeke et al.
(2021a)). Third, the pads never contain a single radionuclide, there is always some
presence of the other naturally occurring radionuclides in the pad. And finally, it has
been shown for a number of pads that are used for calibration measurements that
the concentration within this pads can deviate up to 30 % from the mean value
(Grasty and Shives, 1997).

Since the introduction of more powerful computers, there is an alternative to the
empirical methods: Monte-Carlo simulations of radiation transport are able to
calculate the response of a spectrometer (Van der Graaf et al., 2011). Since the
beginning of the 2000s, computers have been powerful enough to calculate the
detectors’ response efficiently, and with the ongoing increase in computer power, the
results of these calculations continue to improve enormously. Van der Graaf et al.
(2011) describe how a gamma-ray spectrometer can be calibrated by using Monte-
Carlo simulations. Measurement in a geometry with known radionuclide
concentrations is still necessary to characterize the crystal and electronic
characteristics of the detector. However, when these have been determined, this
calibration can be used for any measurement geometry: flatbed (as often assumed in
air- and ground-borne measurements), borehole or other complex geometries. For a
different geometry, only a new simulation needs to be performed. The
characterization of the spectrometer in the calibration setup has to be done only
once. This Monte-Carlo approach allows the determination of the geometry-
independent detector parameters, which cannot be isolated and transferred to a
different geometry when using the empirical approach.

Both the empirical and the Monte-Carlo-based calibration serve to characterize the
gamma-ray spectrometer and have the purpose of deriving radionuclide
concentrations in the ground. Calibration of spectrometers should be done
periodically and when equipment modifications to the detector have been made. The
recommended calibration interval ranges from one to five years. The one-year
interval is recommended for airborne gamma-ray spectrometers that are calibrated
using the calibration pads (Grasty and Minty, 1995). Modern spectrometers
calibrated using the Monte-Carlo approach have shown that there is no observable
change in the detector characteristics over the time period of a year (Medusa
Radiometrics BV, 2020). Therefore it is recommended to calibrate the detector
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either a) when the detector does not pass the quality checks described in section 1.4
of this publication, b) when the detector geometry has changed, or c) at least every
five years (Medusa Radiometrics BV, 2020).

1.3.2 Step 3.2: Calibration flights
Conventional airborne radioelement mapping prescribes the implementation of

various calibration flights to correct the recorded radiometric data. These flights are
time-consuming, sometimes difficult to implement and focus on large-scale surveys.
For UAV-borne radioelement mapping, these calibration flights can be omitted or
strongly reduced in measurement time. The paragraphs below review the calibration
flights prescribed for conventional airborne gamma-ray spectrometry and propose
an implementation for UAV-borne gamma-ray measurements.

High altitude background calibration flights should be done by flying at
several high altitudes (range 1—3.5 km) above a large body of water in the absence of
atmospheric radon (Nicolet and Erdi-Krausz, 2003). This flight is to establish the
background concentrations embedded in the measurement platform and to establish
the contribution of cosmic-ray induced counts as a function of height. These flights
are difficult or impossible to implement when using UAVs because of flight height
restrictions. In UAV-borne surveys, a carrier background flight is not needed because
the amount of radioactive elements embedded in the UAV can usually be neglected.
Therefore no carrier background corrections have to be applied.

Cosmic rays are all the particles that bombard the earth and have been formed in
outer space. The dose rate of cosmic radiation at sea level is of the same magnitude
of the terrestrial gamma dose rate. The annual dose rate of cosmic radiation depends
on the position on earth and the solar cycle and is estimated to be 31 nGy h-t (+ 10 %),
whereas the global average terrestrial gamma-dose rate is estimated at 59 nGy h+
(United Nations Scientific Committee, 2000). This cosmic dose rate increases with
height and doubles every 2000 m (Nicolet and Erdi-Krausz, 2003). Cosmic radiation
consists mainly of protons and alpha particles with energies up to 1020 eV ( A. Aab et
al., 2000; United Nations Scientific Committee, 2000). These high-energy cosmic
particles interact with atoms in the earth’s atmosphere resulting in a cascade of lower
energy particles, which in turn can have excited nuclei that may emit gamma
radiation during their decay. These photons are generated throughout the
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atmosphere, and the gamma-rays that reach the earth's surface make up the cosmic
background in geophysical measurements. The resulting spectral shape is constant
with height and has little structure except for a clear peak at 511 keV due to positron
annihilation (Share, 1999). The remainder of the spectrum can be modelled by a
power-law function (Letaw et al., 1989; Stenberg and Olsson, 1968).

The goal of the high-altitude calibration flights is to measure the cosmic spectrum.
At altitudes above 1 km, the terrestrial gamma-rays are almost completely absent,
and the measured spectrum is the result of the carrier background and cosmic
radiation. By flying at several altitudes, the carrier background (static component)
can be separated from the cosmic component (height dependent). The cosmic
spectrum can be used to correct spectra recorded at lower heights by measuring a
cosmic channel, in which the counts above 3 MeV are collected. The number of
counts collected in the cosmic channel is used to scale the cosmic spectrum before
subtracting it from the measured spectrum (Nicolet and Erdi-Krausz, 2003).

A feasible alternative to the high-altitude flights for UAV-borne measurements to
establish a cosmic spectrum is a background measurement over a body of water of at
least 1 m in depth when it has been verified that no radon is present (Minty, 1998;
Nicolet and Erdi-Krausz, 2003). The detector should be shielded from the shore by
a separation of at least 200 m, the material of which the boat is made should contain
no radionuclides, and the measurement should be done over fresh water. The
measured spectrum consists of the internal spectrometer background and the cosmic
ray contribution. By assuming the internal background is negligibles, this
measurement can be used as a cosmic spectrum that scales linearly with the cosmic
channel. Alternatively, similarly to the generation of standard spectra, Monte-Carlo
simulations can be used to simulate a cosmic spectrum, e.g. by using the cosmic-
source option in MCNP (McKinney et al., 2012). To this date, the latter approach
remains to be verified by experiments.

Radon calibration flights measure the incoming gamma-rays when flying over a
large body of water while being sufficiently separated from the shore. Since fresh
water does not emit any radiation, only radon in the air and cosmic radiation from

3 This is not always a valid assumption for detectors that are not made of CsI or Nal. E.g. Cheng et al., 2020; Radulescu
et al., 2007, or when the detectors have been activated through neutron capture.
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above is measured. A prerequisite for this calibration flight is the presence of such a
body of water near the survey area. For UAV-borne measurements, the extents of the
survey are much smaller than conventional airborne measurements, and often no
such body of water is present within the flying range of the UAV. Therefore, this type
of calibration measurement is not feasible for most UAV-borne surveys. However,
the presence of radon will still influence UAV-borne radiometric measurements.
Chapter 5 of van der Veeke (2023) reviews the current radon correction methods and
their applicability for UAV-borne measurements. It is concluded that the current
radon methods (Minty, 1998; Nicolet and Erdi-Krausz, 2003) can not be applied to
UAV-borne measurements.

However, two new possibilities to correct for atmospheric radon are proposed. One
method is based on a change in the geometry of the scintillation crystal. The other
method can be implemented with any detector-UAV configuration and requires
stationary measurements at several heights. This last method is based on the
assumption that the air is homogenously filled with radon. On the ground, the
detector measures the radiation related to radon decay coming from an infinite half
sphere, and when moving away from the ground to larger heights, this geometry
gradually shifts to an infinite full sphere geometry. By measuring the count rate as a
function of height, the presence of radon can be derived and characterized. Chapter
5, section 5.4 of van der Veeke (2023) describes the implementation of UAV-borne
radon calibration flights.

For conventional airborne measurements, flights over a calibration
range at several heights should be done to estimate the attenuation of gamma-ray
as a function of altitude. These height measurements are typically flown in the range
of 60 to 240 m, and the purpose is to verify the plywood calibrations (International
Atomic Energy Agency, 1991). After initial flights at several heights, daily flights
along this reference line are advised to monitor changes in the spectrometer
response over time and monitor the effects of moisture in the ground. These flights
require access to a suitable calibration range where the elemental concentrations are
known (Seligman, 1992). Although these flights are still part of the guidelines for
airborne radioelement mapping (Nicolet and Erdi-Krausz, 2003), such flights have
several caveats. Firstly, such a calibration range should be available in the vicinity of
the measurement. Secondly, the measurement platform has to fly the exact same
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path every time. This is difficult, and there will always be variations in the spatial
position, height and speed of the measurement platform. Thirdly, the measurement
is affected not only by the detector response, but also by the soil moisture.

Because of the caveats with conventional airborne measurements, a new procedure
is proposed for UAV-borne measurements. This procedure makes use of the
characteristic that most UAVs possess: the possibility to locate and hover at a static
position.

a) If the detector has been calibrated using Monte-Carlo simulation and height
corrections have been implemented by the procedure described in Chapter 3 of van
der Veeke (2023) or van der Veeke et al. (2021a), no height calibration
measurements are needed.

Alternatively, if the calibration is done on calibration pads and the plywood model
for height corrections is used, static measurements should be done at several heights
to verify the change in spectral shape and intensity. First, the maximum survey
height of the measurement platform should be determined. Secondly, an area
homogenous in radionuclide concentrations with the extent of the 95 % footprint at
the maximum height should be identified. Several measurements should be done in
the range of zero to the maximum measurement height. At each measurement
height, the UAV should hover for the time needed so that the statistical uncertainty
of this calibration measurement does not significantly influence the radionuclide
analysis of the survey. The required uncertainty of the measurement is defined in
step 1 (section o0 in this publication), and the number of counts that need to be
collected in an energy interval depends on the chosen analysis method. The values
for stationary height should be converted to effective height by including the
atmospheric temperature and pressure, and an estimate of the soil moisture in the
area should be made.

b) The flight over a calibration range to characterize the response of the detector is
replaced by the resolution test described in the next section.

¢) In a multiday survey in which the soil moisture could significantly change over the
measurement period, a calibration point should be selected. At the start of each
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survey day, a measurement at the survey height should be done at this point. Similar
to the height measurements, the UAV should hover for the time needed to acquire
radionuclide concentrations with an individual uncertainty smaller than the
minimum defined in step 1 (section 0 in this publication). If a significant difference
in the measured count rate or concentration of the calibration point is detected, the
resulting data should be interpreted by taking this difference into account, or the
collected data can be scaled by using the ratio between the values measured at the
calibration point. When scaling the data, the assumption is made that the change in
count rate due to soil moisture is the same throughout the survey area. Because this
is difficult to verify, it is advised that a difference in soil moisture measurements is
not used to scale the collected data but taken into account when interpreting the
data.

Implementing all the calibration requirements described in this section leads to a
fully characterized spectrometer that can reliably and accurately derive the
radionuclide concentrations from the recorded gamma-ray spectra. Depending on
the intensity of use of the system and the crystal type, these calibration flights have
to be done at least every three to five years and remain valid within this time as long
as the daily checks, described in the next sections, remain within the predefined
range of acceptable values.

1.4 Survey: quality control before and during the
survey

The UAV-borne gamma-ray survey can be executed if all the steps and prerequisites
from the previous sections have been fulfilled. The original guidelines for
radioelement mapping list several checks that evaluate the quality and stability of
the recorded spectra. This section results from a re-evaluation of the conventional
assessments and extends this with geostatistical quality verification checks. The
latter is possible due to the next generation of gamma-ray spectrometer systems that
record the data and do a preliminary radionuclide analysis and synchronize the
spectral data to positional data. These smart measurement systems allow real-time
inspection of the collected data and enable the survey operator to adjust the survey
plan while taking measurements. The aim of these data quality checks is to maximize
the information captured during the survey.
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1.4.1 Step: 4.1 Prior to the measurement: verify stable
atmospheric conditions
The influence of radon in the measurement should be minimized. Potential

atmospheric influences are listed in Chapter 5 of van der Veeke (2023), and the
review of information available in the literature presented in this publication
concludes with the following guidelines for the atmospheric conditions during the
survey (Chapter 5, section 5.2.3.1 of van der Veeke (2023)):

It is recommended that a gamma-ray survey takes place between 11 AM and 5 PM,
not within three hours after rainfall. In that case, when there is some wind,
preferable cloudy, and the weather remains fair, a homogenous radon
concentration can be assumed to extend up to 1000 m around the measurement in
both the horizontal and vertical plane.

This advice maximizes the probability of a low and homogenous radon concentration
throughout the survey and makes it possible to apply a correction for the
contribution of radon decay in the atmosphere to the recorded data. The atmospheric
conditions during the survey should be monitored to remain as prescribed.

1.4.2 Step: 4.2 Conventional checks
The conventional checks described in Nicolet and Erdi-Krausz (2003) focus on the

quality of the collected spectra. Daily tests with a thorium source, checking the
resolution of the 2.61 MeV thorium peak and monitoring the spectral stability are
prescribed to ensure that the detector characteristics do not change over time.

Daily tests with a thorium source placed in a fixed relative position to the
spectrometer are implemented to ensure the sensitivity of the system. The
background-corrected thorium count rate must be within 5 % of the average of the
recent thorium source tests (Nicolet and Erdi-Krausz, 2003). For an accurate
reading, the thorium source always has to be positioned at the exact same position
with respect to the spectrometer; otherwise, geometric differences can introduce a
count rate difference.

Checking the resolution of the thorium peak: The highest peak present in the
spectrum when measuring naturally occurring radionuclides should be used to verify
the resolution of the spectrometer. This verification is done by accumulating
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sufficient data so that the 2.61 MeV peak from the decay of 208T1 is well defined in the
measurement. From this well-defined peak, the FWHM can be calculated and
represented as the resolution (%). The resolution of this thorium peak should be
within 5 % of the average of the recent resolution readings.

Monitoring spectral stability: if the system uses a live energy calibration
(Section 1.5.3 in this publication), the spectral stability should be verified. This
verification is to ensure that the whole spectrum is included in the measurement and
the peaks are at the correct energy position. In case post-processing stabilization is
used, it should be verified that the raw spectrum collects the full 0—3 MeV energy
range and that the 2.61 MeV thorium peak is located at 80 % of the spectrum
channels (e.g. at channel 400 for a 512 channel MCA) to allow a small temperature
drift during the survey.

1.4.3 Step: 4.3 Checks during the survey
If all the checks have been done and the results pass the requirements, the survey

along the flight path determined in section 1.2 of these guidelines can be executed.
Additional data checks can be implemented during the collection of spectral data:

The latest generation of gamma-ray spectrometers (e.g. Medusa spectrometers
(Medusa Radiometrics, 2021)) contains an embedded microprocessor that
autonomously collects spectral and auxiliary sensor data. The data from all the
auxiliary sensors are merged with the analysed spectra and result in preliminary
geotagged radionuclide concentrations. Although not all analysis steps described in
the next section (post-processing) are currently implemented in the onboard
analysis, the real-time radionuclide concentrations enable a whole new range of data
quality verifications while the survey is still ongoing. The recommendations below
are based on the current capabilities of gamma-ray spectrometers, and considering
the novelty of these features, it is expected that the real-time analysis possibilities
are subject to further improvement in the coming years.

The direct availability of radiometric data with a spatial position leads to the
possibility of checking:

The spatial radionuclide distribution: in the survey design, the radionuclide
concentration of the area is estimated. The detector size and survey parameters such
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as flying height and speed are selected based on these estimated concentrations. It
should be checked that the measured concentrations are in the same range as the
estimated concentrations used to develop the survey plan.

The spatial uncertainty in radionuclide distribution: closely related to the
radionuclide distribution is the uncertainty per measured point. Plotting the
uncertainty distribution makes it clear what parts of the survey have sufficiently been
measured and what areas should be revisited. This check is to ensure that the
concentrations measured in each area have an uncertainty within the predetermined
limits.

All the above checks facilitate the adjustment of survey parameters during the
execution of the survey. If the preliminary results show that a particular area has a
higher or lower radionuclide concentration than expected, the flying speed, height
and measurement frequency can be adjusted accordingly. The adjustment of survey
parameters optimises the time used to survey the area.

Adjusting the survey parameters should be done with good knowledge of the impact
of the various survey parameters on the resulting data. Altering the measurement
height changes the footprint, and modifying the movement speed changes the
elongation of this footprint. Therefore, altering these parameters should be done
with care and, where possible, compensated by changing multiple parameters. E.g.,
when decreasing the measurement height, the integration time or movement speed
and line separation should be adjusted to prevent elongation of the footprint and to
ensure a measurement frequency above the Nyquist-Shannon frequency.

1.5 Post survey: Data processing

The main goal of a gamma-ray survey is to estimate the absolute radionuclide
concentrations in the survey area, which is done through the data processing steps
described in this section. Several corrections have to be applied to the recorded
gamma-ray spectra to obtain absolute concentrations. Although this section is titled
‘post survey’, recently developed ‘smart’ measurement systems have already
implemented some of the steps described below. The expectation is that with the
ongoing development of the hard- and software of modern gamma-ray spectrometer,
more data processing steps will be automated and embedded in the spectrometer.
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The continued improvement of gamma-ray spectrometry systems' autonomous data
processing capabilities makes them easier to use because detailed spectral
processing knowledge is not needed to work with the system. However, for non-
standard applications, the automated data processing might not be adequate and
may result in incorrect radionuclide concentrations. Therefore, this section describes
all the processing steps needed to go from raw spectral data to radionuclide
concentrations. Some data processing steps use the entire dataset collected in the
survey to correct the individual spectra and are less suited to be applied in real-time.
This section concludes with a discussion on the outlook for automated spectral data
processing.

1.5.1 Step 5.1: pre-processing
Recorded data from all sensors need to be merged. All the sensor recordings, such as

the GPS, pressure, temperature and humidity sensors, need to be synchronized to
the spectral readings. If the recorded timestamps do not exactly match, this can be
done by estimating the values through interpolation. Some sensor readings, such as
the LiDAR, might benefit from averaging to smooth out rapid changes. The pre-
processing step should also include a first check on the recorded spectral data, check
for completeness of the dataset. The recorded heights should be converted to
standard temperature and pressure (STP) height (hy,), a parameter that corrects for

atmospheric pressure and temperature (International Atomic Energy Agency, 1991):

L 27315 % P * hyyg
St (T + 273.15) * (101.325)

(1.2

in which P is the measured pressure (kPa) at height h,;, h, is the observed height
above ground level (m) and T is the observed temperature (°C).

1.5.2 Step 5.2: live-time correction
MCAs have, after an input signal is received, a dead time during which the device

cannot accept new input due to the time needed for processing the current signal.
The overall dead time is in first-order proportional to the count rate. In geophysical
gamma-ray measurements, dead time is usually small, but in cases when an anomaly
with very high activity is measured, it can significantly increase. A typical MCA will
report the time actually measured (live-time (t;.)), the time passed during the
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measurement (real-time (t,.)) and the resulting time that no measurement was
taking place (dead-time (t,4;)), which is usually reported as a percentage. The live-
time is the time that should be used in the radionuclide analysis described in the
subsequent sections.

1.5.3 Step 5.3: Energy calibration

Most scintillation crystals have a temperature-dependent light output, and due to
this, some systems suffer from drift in the photomultiplier output. This drift will
result in a temperature-dependent energy shift of the spectrum. There are two
approaches to compensate for this drift:

Live correction: Continuously updating the high voltage or gain so that the peaks
stay at the same positions. This continuous update can either be done by
characterizing the temperature-dependent response of the crystal and implementing
this correction based on this curve or by implementing a feedback circuit that
monitors the known peaks present in the spectrum and adjusts the high voltage or
gain when these peaks appear at the wrong energy. Note that this process need a
certain number of counts to determine the spectral shape which results in a lag in
the adjustment of the peak positions.

Post-processing correction: This correction redistributes the energy bin
contents of the spectrum during post-processing based on the positions of the known
peaks, similarly to the feedback circuit in the live corrections (Hendriks et al., 2001;
Medusa Radiometrics, 2012).

Both methods have their limitations. A temperature curve assumes that the
temperature of the crystal is homogenous and equal to the temperature measured by
the temperature sensor. The live feedback circuit implements a non-reversible
change, resulting in non-usable spectra when the shift is sufficiently large so that
peaks are wrongly identified. For instance, in the extreme situation, that the 1.46
MeV peak (4°K) is wrongfully detected as the 2.61 MeV (28T, part of the 232Th decay
chain). This erroneous detection will cause the high voltage or gain to change and
shift the spectrum so that all the counts above the 1.46 MeV peak will fall outside of
the monitored channels. The post-processing redistribution of the channel contents
allows the manual adjustment in the case of wrongfully detected peaks since no
information was lost permanently. However, redistributing the channel contents
during post-processing can result in fractional counts being distributed over



36 |

multiple channels, influencing the assumption of individual events per channel on
which the Poisson statistics for uncertainty estimation are based. Additionally, the
post-processing redistribution requires the setting of the spectrometer such that
temperature drift will never shift the 2.61 MeV peak out of the recorded energy range.

The gamma-ray spectrometer manufacturer usually prescribes the energy
calibration method because the live energy corrections are hardware-based. If this
hardware has not been implemented, the correction can only be done in post-
processing.

1.5.4 Step 5.4: Spectral smoothing (optional)
The two spectral smoothing techniques commonly implemented in airborne gamma-

ray surveys are Noise Adjusted Singular Value Decomposition (NASVD) and the
Maximum Noise Fraction (MNF) method (Dickson and Taylor, 2000; Green et al.,
1988; Jens Hovgaard, 1979; Lee et al., 1990; Mauring and Smethurst, 2005; Minty
and McFadden, 1998). Both methods are essentially principal component
decomposition methods in which the lower-order components are kept and the
higher-order components, containing mostly noise, are discarded. The difference
between the methods is how they handle the noise present in the spectra, and it has
been shown that both methods produce almost identical results. (Minty and
Hovgaard, 2002).

The goal of the smoothing techniques is to decrease the uncertainty of the resulting
radionuclide concentrations, but both methods should be applied with caution
because:

a) The smoothing methods are usually applied to large datasets over large regions in
which successive readings are very similar. The latter is a reasonable assumption in
geophysical surveys if no sudden variations are expected, but this is not always the
case.

b) Both smoothing methods do not accommodate for height-related changes in
spectral shape in the data used to calculate the smoothing.

Thus, based on b), smoothing should only be applied to data measured at the same
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height4, and due to a), small anomalies may not be well represented in the higher-
order components.

Although, until today, this technique is not widely used in UAV-borne surveys, these
techniques are included in these guidelines because of their proven enhancement of
air-borne collected spectral data. However, considering the different scale of UAV-
borne surveys and the known height dependence of the spectral shape, it is advised
to apply these techniques with caution and only when the survey has been collected
in constant height mode and contains no anomalies.

1.5.5 Step 5.5: Cosmic and radon background corrections
The cosmic spectrum is scaled by using the contents of the cosmic channel, and the

result is subtracted from the measurement. The presence and contribution of
atmospheric radon is established as described in Chapter 5 of van der Veeke (2023).
The radon contribution should be subtracted from the measured spectra by using the
methodology presented in Chapter 5, section 5.4 of van der Veeke (2023). If the
survey was flown over multiple days in which the radon concentration was
established, this radon identification and correction should be applied to each day
independently.

1.5.6 Step 5.6: Reduction to elemental concentrations
The spectra that result after the corrections applied in the previous steps can now be

used to derive the radionuclide concentrations in the ground. Two commonly used
methods to extract the concentrations from the spectra are the Windows Analysis
(WA) method and the Full Spectrum Analysis (FSA) method. Both methods need a
calibration in which the response of the detector to the radionuclide concentrations
is established. The WA method uses this information in the form of stripping ratios,
and the FSA method uses this in the form of standard spectra; both represent the
response of the spectrometer to 1 Bq kg of ground concentration. The difference lies
in the part of the spectrum that is used for the analysis. The calibration for both
methods is described in section 1.3 of this publication. The full description of the WA
method (Nicolet and Erdi-Krausz, 2003) and FSA (Dickson, 1980; Hendriks et al.,

4 Constant height: the separation between the ground and the detector should be kept constant.
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2001) method can be found in the literature; below is a short summary of the
principles which are schematically represented in Fig. 1.5.

The WA method identifies three energy windows in which prominent peaks of 40K,
238U and 232Th are located (defined in Table 1.2). The number of counts in each
window for each element for 1 Bq kg can be extracted from the detector calibration,
which are called the sensitivities of a detector. A measured spectrum gives the counts
in each of the three energy windows. The sensitivities and counts for all three
windows give three equations to resolve three radionuclide concentrations and can
be rewritten in matrix form. By diagonalizing the matrix and taking the square roots
of the elements, the uncertainty is calculated. Counts in the 2.61 MeV peak (due to
208T], part of the 232Th decay chain) can only be attributed to 232Th because 4°K and
238U do not emit gamma-rays in this energy range. Similarly, counts in the 1.76 MeV
window can be attributed to both 232Th and 238U and analogously, counts in the 1.46
MeV window can be attributed to all three radionuclides.

The WA method's major caveat in this application of the analysis of geophysical
gamma-ray spectra is that uncertainty in the determination of the 232Th
concentration propagates in the uncertainty of 238U and 4°K, and the uncertainty of
238 additionally increases the uncertainty in 4°K. The uncertainty in the
concentrations decreases when a larger number of counts, related to the quantity
that is measured, is used in the analysis. The WA method only uses the counts
captured in the selected energy windows and discards the counts collected outside
these windows. Consequently, as part of the information present in the spectrum is
not used, this will increase the uncertainties.

FSA fits the measured spectra with calibrated standard spectra that represent the
detector's response to a pure source of 1 Bq kg of 40K, 238U or 232Th (Hendriks et al.,
2001). The radionuclide concentrations are the normalization factors of the standard
spectra in the best fit of the measured spectrum. FSA uses the entire spectrum to
determine the nuclide concentrations, and the larger number of counts included in
the analysis interval, compared to the WA method, can lead to lower uncertainties if
the individual spectra are sufficiently different. The latter is the case in geophysical
gamma-ray measurement. The limitation of the FSA method is that the standard
spectra have to be available. An advantage of FSA is that any number of standard
spectra can be added to the analysis, for instance, 37Cs. The only requirement is that
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the standard spectra are sufficiently different so that the radionuclide extraction
process can separate the individual contributions. Similar to the WA method, as the
spectra are not orthogonal, the off-diagonal elements of the covariance matrix will
be non-zero, and the uncertainties in the concentrations will be interdependent.

Both methods need to correct for effective measurement height (hs,,), calculated in
step 1. FSA should use spectra simulated at each height as described in Chapter 3 of
van der Veeke (2023) or van der Veeke et al. (2021a) to accommodate the spectral
shape changes as a function of height. The same argument holds for determining the
stripping ratios of the WA methods. An alternative to the use of Monte-Carlo
simulations to determine the stripping ratios and standard spectra at height is using
the plywood method described in section 1.3 of this publication. The height corrected
standard spectra and stripping ratios should be used to derive the elemental
radionuclide concentrations in the ground.
Windows Method Full Spectrum Analysis

Measured spectrum
Contribution of "Th
Contribution of U
Contribution of K

Counts
Counts

0 Q.5 1 1.5 2 2.5 3 Q 0.5 1 1.5 2 2.5 3
Energy (MeV) Energy (MeV)

Fig. 1.5. Schematic representation of the WA and FSA methods. The contributions of 232Th (blue), 238U (green) and 4°K
(red) are shown. The potassium peak has a contribution of uranium and thorium, and the uranium peak has a
contribution of thorium. WA analysis only uses the counts in the specified windows, whereas the FSA uses counts in the
whole spectrum.

1.5.7 Step 5.7: Verification of the tie-lines
After the analysis in which environmental and geometry corrections have been

applied, the radionuclide concentrations of the tie-lines should match the
concentrations of the grid measurements. Due to the stochastic nature of radioactive
decay, an exact match is unlikely, but the measurements should agree within a
confidence limit of 95 % when using a Z-test, taking their individual uncertainty into
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account. If this is not the case, the measurements and corrections should be re-
evaluated. Minor differences in the radionuclide concentration values can be
attributed to a different footprint of the tie-line measurements compared or in the
case of surveys flown on different days due to soil moisture in the ground. The
magnitude of these effects can be estimated (footprint: Chapter 3 of van der Veeke
(2023) or van der Veeke et al. (2021a), soil moisture: Chapter 6 of van der Veeke
(2023)) and compared to the differences in radionuclide concentrations for the tie-
and grid-lines. If this still cannot explain the differences in radionuclide
concentrations, this may indicate equipment failure has occurred, e.g. a GPS offset
or a malfunctioning MCA.

1.5.8 Step 5.8: Interpolation and interpretation
The resulting spatially distributed radionuclide concentrations represent the

radionuclide concentrations in the ground at their measured position. Usually, these
results are interpolated to create maps, as shown in Fig. 1.6. Multiple specialized
Geographic Information System (GIS) software tools are available for this map-
making process, and the exact implementation of this interpolation process is out of
the scope of these guidelines. However, these maps are often the final product of a
survey, and their interpretations may be used for decisions or advice that have far-
reaching implications. Therefore, we list some points of attention and guidelines that
may assist in interpolating and interpreting radionuclide maps.

a. Choice of interpolation method: the value of the estimated radionuclide
concentration in between the measured points depends on the used interpolation
methods. This difference mainly lies in the amount of data used to interpolate at each
point and the underlying assumptions of the variation in the data. Therefore, the
interpolation methods should be chosen based on the expected underlying spatial
variation in the data.

Good results have been achieved for mapping naturally occurring radioactivity by
using the variogram in combination with Kriging (Andreasen et al., 2021; Desnoyers
and Dubot, 2011) or by using inverse distance weighting (Habib et al., 2019). Using
the variogram has the added benefit of assessing the spatial variance in the data and
the ability to compare this spatial variance to the uncertainty per data point.
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b. Reporting of uncertainty: as crucial as the reported values of the radionuclide
concentrations is their associated uncertainty. Without these uncertainties, it is
impossible to effectively assess the distribution and estimate the significance of the
found concentration variations. Radionuclide concentrations have an inherent
uncertainty due to the stochastic nature of the processes involved: radioactive decay,
the interaction of gamma-rays with the environment and in the detector, and the
translation of the energy deposit to an electrical signal. The standard mathematical
uncertainty propagating methods should be adhered when applying the correction
described in this post-processing section. Suppose this uncertainty for each data
point has a similar magnitude or is larger than the spatial variation in radionuclide
concentration. In that case, the conclusion of the measurement can only be that there
is no statistically significant variation measured (within the limits of the
uncertainty). Besides the inherent uncertainty associated with the radioactive decay
process, there will also be uncertainty due to interpolation. The possibility and
quality of interpolation uncertainty maps are dependent on the choice of
interpolation software but should always be part of the assessment of the resulting
maps.

c. Choice of colour scale: it should be realized that different colours have
different psychological connotations. Commonly green is associated with good, and
red is associated with bad. Furthermore, the human eye's response is not the same
for each colour (Wandell and Thomas, 1997). Therefore, the choice of colour scale
will impact the perceived interpretation of the map. A good colour scale is
perceptually uniform, i.e. the distance between two colours as perceived by the
human eye is proportional to the distance between two data points. Furthermore, a
good scale requires that the visual interpretation is a proportional reflection of the
actual variation. At the same time, the colours on the map should appropriately
highlight areas of interest. A single hue colour scale could be used to overcome
cultural colour interpretations (e.g. green is good, red is bad). Tools are available that
help to select a good colour scale for the intended application (Harrower and Brewer,
2003). For radiometric measurements, a perceptually uniform single-hue colour
space for 4°K, 238U and 232Th can be used, as shown in Fig. 1.6 or in Chapter 4 of van
der Veeke (2023) or van der Veeke et al. (2021Db).
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d. Interpretation: gamma-ray measurements aim to map the radionuclide
concentration in the ground, and the measurement height significantly limits the
spatial resolution because spatial variation within the footprint of the measurement
cannot be fully captured. This concept is outlined in section 1.2 of this publication,
which is based on Chapter 3 of van der Veeke (2023) or van der Veeke et al. (2021a).
A comparison of ground and UAV-borne measurements has verified that
concentrations derived from surveys with a larger footprint will regress to the mean
value of the radionuclide concentration within the footprint (Chapter 4 of van der
Veeke (2023) or van der Veeke et al (2021b)). In monitoring naturally occurring
radioactivity, the concentration will most likely vary gradually, and therefore this
footprint averaging is less of a problem than when searching for point sources.
Nevertheless, this regression to the mean effect should be realized when interpreting
the resulting radionuclide maps: radionuclide concentrations of hot- and cold-spots
will appear closer to the mean value than is the case in reality.

1.5.9 Step 5.9: Additional data processing methods (optional)
When appropriate, additional methods that can help in the deconvolution of the

radioelement concentrations in the ground can be applied. Examples of these
methods can be found in the literature, e.g. the inclusion of the 3D variation in
terrain height and accounting for the directional sensitivity of the gamma-ray
spectrometer (Minty and Brodie, 2016), spatial deconvolution for finding hotspots
(Sinclair and Fortin, 2019) or using horizontal gradients to improve the spatial
resolution of the detector (Beamish, 2016).
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A) Potassium

500 Bq/kg
477 Ba/kg
454 Bq/kg
431 Bq/kg
408 Bq/kg
385 Bq/kg
362 Ba/kg
339 Bqg/kg

316 Bq/kg

B) Uranium

39 Bg/kg
37 Ba/kg
35 Bq/kg
34 Bg/kg
32 Bg/kg
31Baq/kg
29 Ba/kg
28 Bq/kg

26 Bq/kg

42 Bg/kg
40 Ba/kg
38 Ba/kg
37 Bg/kg
35 Ba/kg
33 Bg/kg
31Bq/kg
29 Ba/kg

27 Ba/kg

Fig. 1.6. Typical interpolated maps for the radionuclides 4°K, 238U and 232Th from a UAV-borne survey from a field with
limited spatial variability. Average 10 uncertainty for the 4°K, 238U and 232Th plots are 46, 7.0 and 4.9 Bqkg™* per
measurement point.
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List of abbreviations

CdZnTe Cadmium zinc telluride

CRNS Cosmic-Ray Neutron Sensor

Csl Cesium Iodine (scintillation crystal material)
dBD dry Bulk Density

DXTRAN Deterministic Transport (MCNP algorithm)
fBD field Bulk Density

FDR Frequency-Domain Reflectometer

FSA Full Spectrum Analysis

FWHM Full Width at Half Maximum height

GNSS Global Navigation Satellite System

GPS Global Positioning System

gSMS gamma Soil Moisture Sensor

HPGe High Purity Germanium

IAEA International Atomic Energy Agency

MCA Multi Channel Analyser

MCNP Monte-Carlo N-Particle code

MNF Maximum Noise Fraction

MS- Medusa Spectrometer

Nal Sodium Iodine (scintillation crystal material)
NASVD Noise Adjusted Singular Value Decomposition
NORM Naturally Occurring Radioactive Material
PMT Photo-Multiplier Tube

SD Specific Density

SiPM Silicon Photo-Multiplier

STP Standard temperature and pressure

TDR Time-Domain Reflectometer

UAV Unmanned/Uncrewed Aerial Vehicle

WA Windows Analysis







