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Abstract The univariate statistics of Potassium (K), thorium (Th), and uranium (U) concentrations,
in the Earth’s oceanic and continental crust are examined by different techniques. The frequency
distributions of the concentrations of these elements in the oceanic crust are derived from a global

catalog of mid-ocean ridge basalts. Their frequency distributions of concentrations in the continental
crust are illustrated by the North Pilbara Craton, and the West Africa Craton. For these two cratons, the
distributions of K, Th, and U derived from geochemical analyses of several thousand whole rock samples
differ significantly from those derived from airborne radiometric surveys. The distributions from airborne
surveys tends to be more symmetric with smaller standard deviations than the right-skewed distributions
inferred from whole rock geochemical analyses. Hypothetic causes of these differences include (a) bias in
rock sampling or in airborne surveys, (b) the differences between the chemistry of superficial material and
rocks, and (c) the differences in scales of measurements. The scale factor, viewed as consequence of the
central limit theorem applied to K, Th, and U concentrations, appears to account for most of the observed
differences in the distributions of K, Th, and U. It suggests that the three scales of auto-correlation of K,
Th, and U concentrations are of the same order of magnitude as the resolution of the airborne radiometric
surveys (50-200 m). Concentrations of K, Th, and U are therefore generally heterogenous at smaller
scales.

Plain Language Summary Potassium (K), thorium (Th), and uranium (U), termed together
heat-producing elements (HPE) are commonly analyzed in Earth sciences, owing to their faculty to trace
various geological processes. The concentrations of these elements may be analyzed in rock samples,

or mapped by airborne radiometric surveys (mapping of gamma ray emitted by “’K, 2*2Th, and 23%U),
which are very different techniques. Here, we reveal that frequency distributions of HPE concentrations
estimated from data sets build from these different techniques are different. The possible causes of these
differences, including possible biases in the data, and the large differences between measurement scales
are investigated. We conclude the scale factor and the heterogeneity of HPE at scales that are typically
lower than the footprint of airborne radiometric surveys is the main factor controlling the shapes of the
frequency distributions. The evolution of asymmetric (right-skewed) frequency distributions toward
normal distributions as a function of the sample size is a natural consequence of the Central Limit
Theorem.

1. Introduction

Potassium (K), thorium (Th), and uranium (U) belong respectively to the groups of Large-Ion Litho-
phile Elements and High-Field Strength Elements and have difficulties entering in the structure of
rock-forming minerals of silicate rocks composing planetary crusts (Cuney, 2010 and references therein).
Their concentration is known to vary over several orders of magnitudes in the Earth’s crust and the three
elements can be used as tracers of igneous, hydrothermal and weathering processes. All three are incom-
patible elements that concentrate in the liquid phase during partial melting or in the residual liquids during
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fractional crystallization of silicate melts. There is a trend for increasing K, Th, and U concentration with
Si content, that is, felsic rocks are generally richer in K, Th, and U than mafic or ultrabasic rocks (Dickson
& Scott, 1997). The mobility of U depends on redox conditions, which has important implications for the
secular variations of U deposit types as a function of time, considering the strong increase of atmospheric
oxygen from 2.4 to 2.2. Ga (Cuney, 2010). U is insoluble in +4 state but soluble in +6 state and it is thus
mobile during hydrothermal alteration in contrast to Th that is immobile under the same conditions (Bour-
don et al., 2003). The Th/U is thus a tracer of hydrothermal processes (Kirkland et al., 2015; Rubatto, 2002;
Williams et al., 2004). K is generally easily removed from minerals by aqueous alteration. Th is only mobile
under acidic conditions (Bullock & Moore, 2004; Langmuir et al., 1980). Therefore, variations of the K/Th
ratio may be used as a proxy of the action of surface weathering processes.

Unlike other chemical elements, mapping the concentration of K, Th, U in surface materials can take ad-
vantage of the emission of gamma rays associated with the disintegration of their naturally occurring ra-
dioisotopes (or with the disintegration of some of their decay products, in the case of Th and U). This
disintegration is associated with heat production in the interior of the Earth (crust and mantle), and for this
reason, these elements will be termed together, here, and hence after Heat-Producing Elements (HPE). Th
is a radioelement with one main naturally occurring isotope 2*2Th. Potassium has three naturally occurring
isotopes, two being stable (*°K, “K), and one being unstable (“°K). Uranium as three naturally occurring
radioisotopes (**U, 23U, #38U), 238U being the most abundant in nature (99.3 wt% of total U). The decay of
40K and of some of the daughter-elements of 232Th and 23U produces gamma rays can be measured to infer
HPE concentrations in crustal rocks exposed at the surface of the Earth, assuming secular equilibrium
between 232Th and 2®U and their decay products. Airborne radiometric (gamma ray) surveys have been
therefore widely used for regional or high-resolution geological mapping (Dickson & Scott, 1997), since
the relative concentrations of K, Th and U in surface material vary over several orders of magnitudes and
may be used to delineate lithological boundaries (Dentith & Mudge, 2014; Metelka et al., 2011). The prod-
ucts of radiometric surveys are also amenable to quantitative analyses of HPE concentrations. Example
of such studies include the quantitative estimation of heat production in crustal domains, which are then
compared with other constraints, such as heat flow measurements (Bodorkos et al., 2004; Phaneuf & Mare-
schal, 2014; Youssef, 2016). Guastaldi et al. (2013) have explored the value of collocated cokriging using
geological information for interpolating sparse airborne gamma ray data and, for this purpose, have analyz-
ed the geostatistics of K, Th, and U concentrations at the Elba Island (Italy). Together with other data sets,
airborne radiometric maps are valuable for petrogenetic studies (Tartése et al., 2011; Xhixha et al., 2016)
or for the study of surface processes, as shown by the global map of weathering of Australia produced by
Wilford (2012). Gamma rays surveys are also useful for understanding the behavior of Th, and U in granitic
complexes (Mohamud et al., 2015).

Given their widespread use, it is worth recalling that the HPE concentrations from airborne data do not
necessarily represent the compositions of rocks that would be sampled within the “footprint” of a pixel on
an airborne data set. Indeed, airborne measurements result from the integration of a volume of material,
which represents the relative proportions of exposed fresh rocks, soil, or regolith. The different concentra-
tions of HPE in rocks, soils and regolith result from redistributions of these elements owing to magmat-
ic-hydrothermal differentiation and alteration as well as surface processes. Second, the scale of analyses
in airborne datasets is several orders of magnitude larger than the typical size of samples analyzed at the
laboratory. Laboratory samples are generally prepared as a homogenized powder of the order of hundreds
of cm?3 of fresh rocks. The footprint of an airborne acquisition depends on the altitude of the aircraft and
is typically ~50-250 m (corresponding to 95% of the collected signal, if measured from a height of 50 m
above ground) and a depth of ~30 cm (corresponding to 95% of the collected signal, for a soil density of
1.2 g cm~?) (Dentith & Mudge, 2014; Grasty, 1987), which correspond to a volume of the order of thousands
of m3. In addition, the data are then gridded at a resolution intermediate between the distance between
two acquisition points on a flight line and distances between flight lines. The volume of probed material
by airborne radiometrics is therefore six to eight orders of magnitude larger than rock samples. The heter-
ogeneity of HPE concentrations at the scale of tens of meter to hundreds of meters is poorly documented,
since this would request analyses of numerous samples taken at a few meters from each other. Recently, Fall
et al. (2018) and Moyen et al. (2021) explored the small-scale spatial pattern of HPE concentrations in rocks,
soils and regolith, for different Paleoproterozoic and Archean granites of Senegal and South Africa, respec-
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tively. These studies suggest that large variations of concentrations may be common at the sub-pixel scale
of airborne data, as a result of both magmatic and secondary hydrothermal and/or weathering processes.
The authors of these studies also conclude that the distribution of HPE concentrations over areas of only
a few thousands of km? may be often right-skewed, at least in the context of these granitic rocks and their
respective climatic contexts of weathering.

The objective of this study is to further investigate the role of the observation scale (the size of an individual
sample, i.e., a rock sample, or the volume of material measured within a pixel of a radiometric survey) on
the frequency distributions (or histograms) of HPE concentrations measured by different techniques. Fre-
quency distributions of concentrations of chemical elements on whole rock samples have been investigated
60 years ago with motivations in economic geology (Ahrens, 1954; De Wijs, 1953). Since these seminal
studies, it became clear that various types of distributions may be encountered in nature and may be some-
times approximated by normal, lognormal or fractal laws depending on the geological history, which can be
described as a superposition of differentiation and mixing processes (Allegre & Lewin, 1995). However, the
significance of these investigations was questioned due to the relatively small number of available analyses
(typically a few hundreds of geochemical analyses), and due to the heterogeneous spatial distribution of
the samples.

In contrast, radiometric surveys provide a large number of regularly distributed HPE concentrations (sev-
eral millions of "samples”). Such data sets are much more appropriate for a reliable estimation of frequency
distributions of HPE concentrations in the crust. This allows us to investigate whether such distributions
are comparable with frequency distributions of HPE concentrations that would be obtained from rock sam-
ples, despite the differences in scales and considering the nature of sampled material (fresh rock samples
vs. soil or regolith). To address this question, we have estimated and compared the frequency distributions
of HPE concentrations over two regions of the continental crust, the North Pilbara and the West Africa
cratons, for which the first order geology is known and both extensive radiometric data and geochemical
databases are available. The North Pilbara craton (Australia) is dominated by Archean greenstone belts
affected by pervasive metamorphism and hydrothermal alteration delineating large domes cored by gran-
itoids (Kranendonk et al., 2002). The West Africa craton comprises an Archean cratonic nuclei, also made
of greenstone belts and granitoids, which is surrounded by Paleoproterozoic volcanic-sedimentary series
intruded by granitoid plutons (Milési et al., 1992). Both cratons are affected by intense weathering and reg-
olith development (Chardon et al., 2018; Metelka et al., 2011, 2018; Wilford et al., 2016).

In addition to these statistical studies on the continental crust, we have also examined the frequency dis-
tributions of HPE concentrations of the oceanic crust based on a compilation of mid-oceanic ridge basalt
compositions (Gale et al., 2013). The distribution of HPE concentrations in the oceanic crust is examined to
provide a reference case that is dominated by basalts from partial melting of the mantle and crystallization
processes. Though the oceanic crust is also composed of serpentinized peridotite and pervasively affected
by hydrothermal alteration, it exhibits a simpler history with respect to the continental crust, which may
have been subjected to several episodes of melting, fractional crystallization, hydrothermal alteration and
surface processes. This analysis is provided to shed light on the possibly universal characters of the distribu-
tion of HPE concentrations in crustal material, which is important to consider when interpreting airborne
radiometric surveys elsewhere on Earth.

2. Data Sets
2.1. Geochemical Data Bases

OZCHEM is Geoscience Australia’s national whole-rock geochemical database (Champion, 2015). This re-
lease of OZCHEM contains over 50,000 analyses of rocks, regolith, and stream sediments from many regions
of Australia. The data are publicly available and were released under the Creative Common License. The
locations of the samples selected for this study are reported on a simplified geological map of the Northern
Pilbara Craton (Australia) (Figure 1). All major lithologies have been sampled, but the sampling is not reg-
ular. For each lithology, the number of samples is not necessarily proportional to the exposed surface area.

The HPE concentrations of the West Africa Craton have been extracted from the West African Exploration
Initiative database. This database contains of compilation of geochemical data acquired during the course
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Figure 1. Sample localities for the OZCHEM geochemical database overlaid on a simplified geological map (cylindrical
projection) of the Northern part of the Pilbara Craton adapted from Bodorkos et al. (2004).

of the West Africa Exploration Initiative project. The results of this research program have been progressive-
ly published over the last 10 years in four special issues at the end of the confidentiality for stage two of the
project (Goldfarb et al., 2017; Hein, 2016; Jessell et al., 2016; Jessell & Liégeois, 2015). The location of these
samples are also reported over a simplified map of the West Africa Craton based on the map published by
Baratoux et al. (2011). Here again, the sampling is not regular, and the number of greenstones or granitoids
samples is not necessarily proportion to the surface areas of these two lithologies.

The HPE concentrations of mid-oceanic ridge basalts were extracted from the compilation by Gale
et al. (2013). This compilation contains 33,695 samples, taken from several published and unpublished
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Figure 2. Sample localities (blue circles) for the WAXI Geochemical database overlaid on a simplified geological map
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databases, and were filtered to eliminate questionable or inapplicable analyses and retain only the high-
est-quality data (see Gale et al., 2013, for the details about the selection of samples and analyses).

2.2. Airborne Radiometric Surveys

For the Australian crust, the HPE concentrations are extracted over the northern part of the Pilbara Craton
from the radiometric map of Australia (Minty et al., 2008). A RGB representation of the area of interest is
given in Figure 3. The norther Pilbara is essentially desert, and airborne radiometrics are not affected by
vegetation. For the West African Craton, the HPE concentrations are derived from airborne radiometric
surveys provided by the Geological Survey of Ghana (Figure 4). South of Ghana is covered by vegetation,
whereas the vegetation in northern part, with a Sahelian climate is sparse. HPE concentrations are extracted
over the paleoproterozoic units of Ghana. In the case of the Northern Pilbara craton, the same areas, delin-
eated in Figure 3, have been used for the extraction of radiometric data and geochemical data. In the case
of the West African Craton, the number of rock samples over the Paleoproterozoic units of Ghana are not
large enough for statistical analyses. We have therefore used the entire WAXI geochemical database, which
contains samples from paleoproterozoic and Archean units of the West African Craton.

3. Methods for the Estimation of the Frequency Distributions of HPE
Concentrations

HPE concentrations are treated here as random variables for which the probability density function must
be estimated from a finite number of observations. Histograms are the simplest nonparametric density esti-
mators. They are frequently encountered but have several disadvantages: they are not continuous functions
and they depend on the end points and widths of the bins. We chose here to use their generalization, the
kernel density estimators (Rosenblatt, 1956), which alleviate these problems. The kernel density estimation
is generally considered to be a more robust statistical approach to estimate probability density functions
from a finite number of data and is therefore applied here to both HPE concentrations from geochemical
databases and from airborne radiometrics.

Consider a set of n concentrations (C,, C,, ..., C,) for which we want to estimate the probability density
function f{C). Its kernel density estimator is given by:

(€ =ﬁ21 [—C ;C"] )

116°15'E 17°E 117°45'E 118°30°E 119°15°E 120°E 120°45'E

7 ppm

20°15'S
S/51.0T

21°S
SelT

21°45'S
SiStelT

116°15'E N7°E 117°45'E 118°30°E 119°15'E 120°E 120°45'E

Figure 3. RGB representation (ternary map) of heat-producing element concentrations over the Northern part

of the Pilbara Craton, Western Australia, extracted from the radiometric map of Australia (Minty et al., 2008).

Red = potassium (0 to 5wt%), Green = thorium (0-40 ppm), Blue = uranium (0-7 ppm). Concentrations within the
dotted white line, encompassing most of the Archean greenstones and granitoids, are extracted for the estimation of the
distributions.
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Figure 4. RGB representation (ternary map) of the heat-producing
element concentrations from the radiometric map of Ghana
Concentrations within the dotted while line (corresponding to the
Paleoproterozoic units in Ghana) are extracted for the estimation of

the distributions. Red = potassium (0 to 2wt%), Green = thorium (0-10
ppm), Blue = uranium (0-4 ppm). Note that the color scales are different
with respect to Figure 3, since the West African Craton exhibits lower
concentrations in K, Th, and U than the Pilbara craton.

where K is the kernel—a non-negative function that integrates to one—
and h is the smoothing parameter called the bandwidth, which corre-
spond to the smallest interval of concentrations for which variations in
the frequency distribution would have a physical meaning (i.e., do not
correspond to statistical noise). The bandwidth must be larger than the
measurement error. The results are dependent on the bandwidth and of
the kernel, which is generally a Gaussian function. If the bandwidth is
too narrow, the resulting density is rough and noisy (variations results
from the small number of samples integrated by the kernel). When the
bandwidth is too large, real features of the underlying distribution may
be smoothed away. Various methods have been developed for automatic
selection of the bandwidth based on the data set itself (Jones et al., 1996).
Alternatively, it is possible to achieve a manual selection of the band-
width based on the visual examination of the resulting distributions.
Moreover, the objective of the investigation is to compare distributions
estimated from different data sets. It is therefore important to keep the
bandwidth constant among the analyses of different data sets, in order to
highlight possible differences in the distributions that are directly related
to the data set, and do not from differences in numerical treatment. We
have therefore chosen minimal values for the bandwidth that are com-
mensurate with the accuracy of the concentrations for the different tech-
niques, that is, 0.1 wt% for K, and 1 ppm for U and Th, and avoid the risk
of smoothing away physical fluctuations of frequencies.

In order to highlight the possible normal or lognormal characters of the
distributions, we also apply the kernel density estimation to the logarithm
of the concentrations. The choice of the bandwidth was also empirically
determined. As for the linear scale of concentration, it is important to
use the same bandwidth for both the radiometric data sets and for the
geochemical databases. The selected values are log(1.25) for K, log(1.1)
for Th and U, with the exception of mid-oceanic ridge basalt for which we
retain a value of 1.1 for all HPE.

4. Results
4.1. Distribution of HPE in the Oceanic Crust

The distribution in the oceanic crust database displays a peak at 0.10-0.12
wt% for K whereas Th or U concentrations lower than 0.5 ppm largely
dominate the distribution. The distributions of the three elements are
right-skewed and are best approximated by lognormal laws. This is vis-
ually shown by the more symmetric shapes of the distributions in the
logarithmic scales of concentrations. This statement is also confirmed by
skewness values, and by the least squares adjustment of a Gaussian func-
tion (dotted lines in Figure 5).

4.2. Distributions of Potassium, Thorium, and Uranium in the North Pilbara and West Africa

Cratons

K, Th, and U distributions of the North Pilbara and West Africa cratons from the two geochemical databases
are right-skewed (Figures 6 and 7) but the adjustment to a lognormal distribution is less successful than in
the case of the oceanic crust. The much wider range of HPE concentrations with respect to the oceanic crust
reflects the much wider diversity of lithologies and superposition of geological processes (magmatic, hydro-
thermal, and surface processes). The two mains lithological units compose these cratons, greenstones and
gneiss-granitoids, have contrasted concentrations in K, Th, and U and hydrothermal and surface processes
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Figure 5. Frequency distributions of K (upper), Th (middle), and U (lower) concentrations for the oceanic crust in linear (left) and logarithmic scales of
concentrations (right), based on the database of geochemical analyses of mid-oceanic ridge basalts (Gale et al., 2013). The dotted curves correspond to a
Gaussian function adjusted by the least-squared method. Vertical short-dotted lines indicate the mean values of the distributions (see also Table 1).

further modify the K, Th, and U concentrations inherited from magmatic processes. The high Th/U in the
Northern Pilbara craton is a characteristics of old, mature, weathered continental crust with massive loss of
U (Carpentier et al., 2013). The smaller number of samples, in comparison with the oceanic crust database,
may also account from some of the irregularities of the distributions. The three elements display similar
behaviors in the two cratons, with a broad peak at low concentrations value, and a long tail of elevated con-
centrations. The distributions from the airborne radiometric surveys do not coincide with those of the whole
rock samples in geochemical databases. The average values of concentrations from whole rock samples and
airborne data are often similar with two exceptions, U for the North Pilbara Craton, K for the West Africa
Craton. In these two cratonic domains, lower average values are reported for the airborne data. However, it
is not attempted to explore further and explain differences in average values here, as average values are very
sensitive to the representativeness of geochemical databases, and to environmental factors in the airborne
surveys (presence of soil, vegetation, radon, humidity). For the rest of the article, the focus is placed on the
shape of frequency distributions (but not in shifts between the distributions).

The most prominent differences between distributions from airborne surveys and rock samples are a higher
concentration for the peak value (mode), a lower standard deviation and a shorter tail in the airborne data.
The airborne-based distributions tend to also be right-skewed, but show lower skewness in linear scales of
concentrations and produce a better adjustment to the lognormal distribution in the case of K and Th. It is
not possible to determine which law provides the best adjustment to U concentrations from the airborne ra-
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Table 1

Characteristics of the Distributions of Heat-Producing Element

Concentrations in the Oceanic Crust

diometrics. The initial complexity of the distributions from rock samples
(multiple peaks, plateau, clear deviations from both normal, or lognor-
mal laws) has been lost in the distributions from the radiometric surveys.

Mid-oceanic ridge basalts

5. Origins of the Differences Between the
Distributions From Airborne Radiometrics and

Geochemical database

K0

Th

h
Mean (wt%)
Standard deviation
Skewness
h
Mean
Standard deviation
Skewness
h
Mean
Standard deviation

Skewness

Linear scale Log scale .
£ Geochemical Databases
0.1 wt% 1.4

i (G Flrst,. it is of not(? that frequency d1str1but%or1s. of H.PE concentrations
are right-skewed in the three crustal domains investigated here. In the

0.23 wt% 2.19 . C . .
oceanic crust, the frequency distributions are well approximated by a
3.84 0.24 lognormal behavior. The distributions in the cratonic contexts appear to
0.1 ppm 11 be more complex but also exhibit a large degree of asymmetry (or large
0.44 ppm 0. 28 ppm skewness). The more complex behavior may result in part from the in-
0.58 ppm 2,56 itially heterogeneous composition of the crust (greenstones and grani-
nee e toids) and from the long-term superposition of hydrothermal and surface
’ i processes to magmatic processes. The relatively smaller number of sam-
0.1 ppm L1 ples in the cratonic domain with respect to the oceanic domain may also
0.14 ppm 0.09ppm  Jead to a more noisy distribution. Second, similar behaviors are observed
0.16 ppm 233 for the two cratonic domains, when comparing distributions of HPE from
5.96 0.27 rock samples with those from the airborne surveys. This suggests that a

Note. For each element, the parameter h used for the kernel density
estimation is given on the first line (italicized), h is given as the
multiplicative factor for the logarithmic scale. For the log scale, the
mean value corresponds to the geometric mean of the concentrations
(in concentration units), and the standard deviation is the geometric
standard deviation factor (multiplicative factor) and is dimensionless.

common explanation can be found for these differences. Three possible
causes will be examined. This first plausible explanation is the fact that
rock samples or airborne radiometrics are possibly biased toward higher
or lower concentrations in either K, Th, or U. The fact that airborne sur-
veys are affected by environmental factors and measure shallow materi-
al, which corresponds often to soil and/or regolith (sometimes covered
by vegetation), and not to fresh rock samples, will be considered here.
Environmental factors include humidity (or presence of surface water),
vegetation (type and mass per surface unit), and soil (type and mass per surface unit). Bias in geochemical
databases may be the consequence of the over or under-representations of the various types of lithologies in
the geochemical databases, with respect to the airborne surveys, which produce a regular grid of concentra-
tions of material at the surface. The third possible source of differences between distributions is the scale of
measurements, which, as recalled in the introduction of this study, differs by several orders of magnitude.

5.1. Possible Biases in the Airborne Surveys

Airborne survey provides maps of HPE concentrations in the superficial material (up to a few tens of cen-
timeters depth). Depending on the context (climate, erosion rate, rock ages), the airborne radiometric signal
come from superficial material that may be either composed of fresh rocks (outcrops), soil (superficial layer
composed or organic matter, clays and organisms that support life), regolith, or a mixture of all three cat-
egories within a pixel of the map. Soil and regolith, except when transported from a distant site, generally
reflects the composition of the underlying rocks with chemical modifications, such as addition of organic
material (for soil), removal of mobile elements and accumulation of immobile elements (by mass balance)
in the regolith. Soil may also include more humidity than fresh rocks. The addition of organic matter, the
presence of a vegetation cover and humidity tends to reduce the observed concentration of HPE with re-
spect to the underlying bedrock. Variations of soil humidity or concentration of organic matter would tend
to broaden the frequency distributions of HPE concentrations. Therefore, the presence of soil cannot ex-
plain the higher modes of K and Th (Northern Pilbara, Figure 6), K and U (WAC, Figure 7) and narrower
peaks for all elements in the airborne data. It is therefore possible to exclude the possibility that differenc-
es in distributions are the sole consequence of the soil cover that determine the airborne measurements.
Nevertheless, filtering effects of the presence of water, vegetation or soil, are real, and might contribute to
explain the lower mean concentration of K, Th, and U obtained by radiometry, compared to the geochem-
ical analyses.
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Figure 6. Frequency distributions of heat-producing element concentrations for the North Pilbara Craton, in linear (left) and logarithmic scales of
concentrations (right). Green distributions are obtained from the OZCHEM database (10,018, 7,558, and 7,714 samples have been used for the distributions of
K, Th, and U, respectively). Gray distributions are obtained from airborne radiometrics. The dotted curves correspond to a Gaussian function adjusted by the
least-squared method. Vertical short-dotted lines indicate the geometric mean values of the distributions (see also Table 2).

These data are generally provided as gridded data set, for convenience, and the interpolation step induces
additional smoothing to the original data. The effects of the interpolation step on frequency distribution of
HPE has been investigated previously by comparing frequency distributions from individual measurements
(along flight lines) and from concentrations extracted from gridded data at the same location. It was con-
cluded that the frequency distributions are visually indistinguishable (Jessell et al., 2018, p. 836).

Last, the presence in the atmosphere of Radon (?2Rn) affects the apparent concentrations of U, depending
if/how Rn corrections are made for each survey. 22Rn is a gas that is produced in rocks (it belongs to the de-
cay chains of 2*8U) and its concentration in the atmosphere may vary as a function of surface sources, winds,
and precipitation. The presence of 222Rn is therefore responsible for over-estimation of U concentrations in
the ground. Variable concentration of atmospheric 2Rn would induce a broadening of the distribution of
U concentrations in airborne datasets. For the both the Northern Pilbara and WAC, the distribution of U
exhibits a narrower peak and a lower average concentration in airborne data when compared to the U dis-
tribution in the geochemical database. We therefore conclude that the presence of ?22Rn in the atmosphere
is not responsible for the differences in the distribution of U concentrations, whereas it is not excepted to
affect the measured concentrations in Th and K.
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Table 2
Characteristics of the Distributions of Heat-Producing Element Concentrations in the Continental Crust Based for the
North Pilbara Craton

North Pilbara Craton
Geochemical database Airborne radiometrics
Linear scale Log scale Linear scale Log scale
K,0 h 0.1 ppm 1.1 0.1 wt% 1.1
Mean 2.14 wt% 1.27 wt% 1.95 wt% 1.70 wt%
Standard deviation 1.73 wt% 3.71 0.92 1.72
Skewness 1.25 —1.50 0.38 —0.76
Th h 1 ppm 1.25 1 ppm 1.25
Mean 10.58 ppm 6.93 ppm 11.36 ppm 9.75 ppm
Standard deviation 9.27 ppm 2.85 7.15 ppm 1.72 ppm
Skewness 1.78 —0.96 2.48 0.04
U h 1 ppm 1.25 1 ppm 1.25
Mean 2.53 ppm 1.79 ppm 1.47 ppm 1.13 ppm
Standard deviation 2.72 ppm 2.43 1.27 ppm 2.06
Skewness 2.45 —0.55 3.23 —0.18

Note. For each element, the parameter h used for the kernel density estimation is given on the first line (italicized),
h is given as the multiplicative factor for the logarithmic scale. For the log scale, the mean value corresponds to the
geometric mean of the concentrations (in concentration units), and the standard deviation is the geometric standard
deviation factor (multiplicative factor) and is dimensionless.

5.2. Possible Biases in the Geochemical Databases

Airborne surveys produce a regular grid of analyses, and all lithologies are represented as a function of their
surface area of exposure at the surface. In contrast, rock samples are heterogeneously distributed and cer-
tain types of lithologies may be over or under-represented in the geochemical databases. Regolith, which is
generally depleted in K but enriched in Th will be under-represented in geochemical databases, with respect
to the actual spatial fraction of the surface with regolith cover.

In order to determine the consequences of possible sampling biases, the distributions of HPE concentra-
tions from the geochemical databases have been represented for three main types of rocks: regolith, sed-
imentary rocks, and their metamorphic equivalents (labeled together as (meta)sediments), and igneous
rocks (plutonic and volcanic rocks) (Figures 8 and 9). The frequency distributions are normalized, and the
proportions of each type of rocks in the all-rocks frequency distributions are indicated for each element.
The geochemical databases are clearly dominated by igneous rocks. The (meta)sediments are the second
family of rocks represented in the databases, and, regolith is under-represented. In order to determine if
this bias could account for the differences between the frequency distributions, the following question must
be addressed: is there a category of rocks for which the distributions of the three elements together provide
a better match to the distributions from the airborne data (in particular, the regolith, which may be more
represented in airborne surveys) ? For the northern Pilbara, comparison of Figures 6 and 8 indicate that
(meta)sediments offer a better match to the airborne distribution for K and U, but not for Th. The distri-
bution of Th in regolith is close to that of Th in the airborne distribution. However, despite the fact that K
concentrations in regolith are not available for this database, the general depletion of K in regolith is not
able to account for the higher mode of the frequency distribution of K in airborne data. Therefore, neither
an under-representation of (meta)sediments or regolith with respect to the igneous rocks would explain the
differences in the distributions for the Northern Pilbara. The same exercise may be achieved for the West
African Craton, by comparing Figures 7 and 9. Here, under-representation of regolith in the database could
account for differences in the distribution of K, but not for U, and Th (wide, right-skewed distribution of U
and Th in regolith). The broad distributions of K in metasediments cannot account for the narrow and lower
mode of the distribution of K in the airborne data. To further confirm these assertions based on qualitative
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Figure 7. Frequency distributions of K, Th, and U concentrations for the West Africa Craton. Brown distributions are obtained from the WAXI database (2,474,
1,814, and 1,471 samples have been used for the distributions of each heat-producing element, K, Th and U, respectively). Gray distributions are obtained from
airborne radiometrics. The dotted curves correspond to a Gaussian function adjusted by the least-squared method. Vertical short-dotted lines indicate the mean
values of the distributions (see also Table 3).

examination of the distributions for each lithologies, we produced frequency distributions of K, Th, and
U concentrations for modified proportions of igneous rocks, (meta)sediments, and regolith (Supporting
Information, Figures 1 and 2). None of these attempts are able to reproduce both the distributions observed
in K, Th, and U.

5.3. The Scale Factor

Here we explore if the differences between airborne data sets and geochemical databases are the conse-
quences of the variations of the concentrations at scales smaller than the resolution of the airborne survey.
Let us assume that the concentrations of either K, Th, or U is a random variable or the result of a stochastic
process. Indeed, at each location, the concentration of each element is considered to be the consequence of
the superposition of igneous and secondary processes (metamorphism, hydrothermal alteration, weather-
ing, erosion, transport, sedimentation) which can operate everywhere within the random field. Let us also
assume that the concentrations of any of the three elements become independent beyond a certain distance.
In spatial geostatistics, this distance corresponds to the range of the empirical variogram. The central limit
theorem states that the distribution of the sum of a series of independent random variables tends toward the
normal distribution, even if the random variables themselves are not normally distributed.
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Table 3
Characteristics of the Distributions of Heat-Producing Element Concentrations in the Continental Crust Based for the
West Africa Craton

West Africa Craton

Geochemical database Airborne radiometrics
Linear scale Log scale Linear scale Log scale
K,0 h 0.1 wt% 1.1 0.1 wt% 1.1
Mean 1.68 wt% 0.83 wt% 0.63 wt% 0.53 wt%
Standard deviation 1.54 wt% 447 0.45 wt% 1.77
Skewness 1.53 —0.41 291 0.20
Th h 1 ppm 1.25 1 ppm 1.25
Mean 5.72 ppm 3.22 ppm 4.13 ppm 3.83 ppm
Standard deviation 6.09 ppm 3.49 1.63 ppm 1.49
Skewness 3.07 —0.94 1.39 —0.53
U h 1 ppm 1.25 1 ppm 1.1
Mean 2.15 ppm 1.21 ppm 2.05 1.93 ppm
Standard deviation 2.24 ppm 3.52 0.64 1.45
Skewness 2.47 —0.90 0.26 —1.55

Note. For each element, the parameter h used for the kernel density estimation is given on the first line (italicized),
h is given as the multiplicative factor for the logarithmic scale. For the log scale, the mean value corresponds to the
geometric mean of the concentrations (in concentration units), and the standard deviation is the geometric standard
deviation factor (multiplicative factor) and is dimensionless.

The numerical simulations, described below, illustrate the consequence of the central limit theorem, when
applied to distributions of concentrations of K, Th, or U from geochemical databases (rock samples) and
from airborne radiometric data. For the simulation, it is assumed that concentrations are spatially inde-
pendent variables with a lognormal behavior at a scale intermediate between the sample scale (the typical
size of a rock sample) and the scale of the pixel of an airborne survey. The choice of the lognormal behav-
ior is justified by the excellent approximation of the lognormal law for the K, Th, and U concentrations
in the oceanic crust, the right-skewed distributions for HPE in the cratonic domain, and the theoretical
considerations that lognormal distributions are natural consequences of the geochemical behavior of HPE
in magmatic processes (Allegre & Lewin, 1995). This frequency distribution of concentrations is labeled
F(C) and the sample scale is noted s. In other words, the hypothesis is made that the range of the empirical
variogram of HPE is (a) greater than the typical rock sample scale, but (b) lower than the resolution of the
airborne data set. It is of note that the second part (b) of this assumption may not be rigorously verified, as
ranges in empirical variograms of HPE concentrations of the order of a few hundreds of meters to a few
kilometers have been reported in felsic domains (Fall et al., 2020; Moyen et al., 2021). The scale-dependent
effects observed in nature may be therefore less pronounced than the scale-dependent effects illustrated be-
low, achieved under the assumption of a rigorous independence of concentrations at scales lower than the
resolution of the airborne data. The lognormal law is characterized by two parameters, the expected value
(1) and standard deviation (o). The resolution of the survey is called § and the area of the survey is called
A (m?). The number of pixels in the gridded survey of resolution & is n = A/8% The concentration in each
pixel of the airborne survey is determined from the average value of random draws of concentrations based
on the statistical law F(C):

[1n(C) = n() @

F(c) —

exp

1
- Cow/g

where, u represents a concentration and is arbitrarily chosen to 0.3 (the values of the x-axis may be multi-
plied by any factor) without any consequences on our conclusion. The parameter o is chosen to produce of
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Figure 8. Frequency distributions of K, Th, and U concentrations for the Northern Pilbara as a function of three main rock types: igneous, (meta)sediments
and regolith. Note that K concentrations in regolith are not available in the Ozchem database for Western Australia.

right-skewed distribution with a skewness comparable to skewness values observed in natural concentra-
tions. For a value of o of 0.5, the skewness (5.05) is determined using the following formula:
2 2

skewness =(e" + 2) e’ -1 3)
The number of random draws is equal to (8/s)* = ¥, where r is the scale ratio. This scale ratio r represents
the ratio between the scale at which the concentration of the chemical elements is spatially independent
and controlled by the lognormal distribution F(C), and the resolution of the airborne survey. The simulated
“rock samples” frequency distribution (geochemical database) is determined from a random draw of the
concentrations in »n samples, based on the statistical law F(C). The simulated “airborne survey” frequency
distributions may be then compared with each other as a function of the scale ratio (Figure 10) and with
the “rock samples” distribution F(C). Figure 10 illustrates effects on the distributions that are qualitatively
comparable to the observed differences between the distribution from geochemical databases and airborne
survey on the continental crusts. The geochemical database distribution shows relatively large fluctua-
tions around the lognormal distribution F(C), which is the consequence of the small number of samples
(n=100) used to generate this distribution. The frequency distributions of the airborne surveys tend toward
the normal distribution with increasing values of the scale ratio and complexity, and the presence of second-
ary peaks, is progressively erased.
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Figure 9. Frequency distributions of heat-producing element concentrations for the West Africa Craton as a function of three main rock types: igneous, (meta)
sediments and sediments, and regolith. Note that peaks in Th and U distributions in the logarithmic scale are artifacts resulting from the small number of
regolith samples in the database and of the precision of Th and U concentrations.

6. Conclusion: Implications for the Interpretation of Airborne Datasets

The frequency distributions of HPE concentrations in the continental crust appears to be scale-dependent.
The average values of HPE concentrations are naturally independent of scale (though biases in databases
do all allow to check this) but the other moments of these variables (e.g., standard deviation, skewness) are
scale-dependent. At small scale (rock samples, a few tens of cm?), the distributions are right-skewed and
may be approximated by the lognormal law. At the scales typical of radiometric surveys (individual samples,
or pixels, in the order of tens of thousands of m?), the distributions tend of be more symmetric (normal law).
This scale-dependence is the natural consequence of the Central Limit Theorem applied to HPE concentra-
tions in the Earth crust. The importance of this effect is controlled by the distance of spatial auto-correlation
of HPE concentrations, which may vary from one element to the other. Radiometric airborne surveys are
generally able to detect uncommon lithologies with elevated concentrations in HPE, if large enough with
respect to the resolution of the survey. However, the average value within each pixel of a survey may be
influenced by the large heterogeneity of concentrations at the sub-pixel scale. Quantitative interpretations
of airborne radiometric surveys are combined with different sources of information in many applications
(geological mapping, mineral exploration, geothermal projects). Such applications must therefore carefully
consider the scale transfer problem when integrating different sources of data for HPE concentrations.
The relatively short distances of spatial auto-correlations (or the relatively large degree of heterogeneities
of concentrations over short distances) of the three elements is a direct consequence of their geochemical
behavior (incompatible elements for HPE, and immobility of Th and U in many contexts). This behavior
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Figure 10. Simulation of the effect of the scale of measurement on the observed frequency distributions of concentration. The simulation was achieved using a
lognormal distribution for F(C) (u = 0.3, o = 0.5); n = 100 (number of samples in the geochemical database) and n’ = 50,000 (number of pixels in the airborne
survey). The distributions are given as a function of concentration in linear scale in the left panel, and in logarithmic scale in the right panel. Given the evidence
that heat-producing element (HPE) concentrations vary at scales smaller than the resolution of airborne survey (Fall et al., 2018, 2020; Moyen et al., 2021), we
therefore conclude that the distribution of the concentrations of HPE in the continental crust are affected by the scale of measurement.
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may be tentatively extrapolated to other minor or trace elements with similar geochemical behavior. The
existence of relationships between univariate and spatial statistics and geochemical behavior is a relatively
under-explored area of research which will be explored in future studies.

Data Availability Statement

The OZCHEM geochemical database is available at https://ecat.ga.gov.au/geonetwork/srv/api/records/
a05f7892-d0ec-7506-e044-00144fdd4fa6 (Australian Government). The airborne radiometric data for Ghana
are own and curated by the Geological Survey of Ghana and can be purchased via bilateral agreement with
the Geological Survey of Ghana. The airborne radiometric data for Australia are freely available for down-
load from Geoscience Australia (http://www.ga.gov.au/ausgeonews/ausgeonews200812/radiometrics.jsp).
The K, Th, and U concentrations from the West African Exploration Initiative geochemical database are
accessible on a public data repository (https://doi.org/10.5281/zenod0.4647621). The geochemical data base
for the oceanic crust is provided as Supporting Information of the article published by Gale et al. (2013,
https://doi.org/10.1029/2012GC004334).
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