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Abstract

In this study, we investigated the potential and limitations of using joint X-ray

and time-of-flight (TOF) neutron imaging for mapping the 3-dimensional

organic carbon distribution in soil. This approach is viable because neutron

and X-ray beams have complementary attenuation properties. Soil minerals

consist to a large part of silicon and aluminium, and elements that are rela-

tively translucent to neutrons but attenuate X-rays. In contrast, attenuation of

neutrons is strong for hydrogen, which is abundant in soil organic matter

(SOM), while hydrogen barely attenuates X-rays. In theory, TOF neutron

imaging does further more allow the imaging of Bragg edges, which corre-

spond to d-spacings in minerals. This could help to distinguish between SOM

and clay minerals, the mineral group in soil that is most strongly associated

with hydrogen atoms. We collected TOF neutron image data at the IMAT

beamline at the ISIS facility and synchrotron X-ray image data at the I12

beamline at the Diamond Light source, both located within the Rutherford

Appleton Laboratory, Harwell, UK. The white beam (the full energy spectrum)

neutron image clearly showed variations in neutron attenuation within soil

aggregates at approximately constant X-ray attenuations. This indicates a con-

stant bulk density with varying organic matter and/or clay content. Unfortu-

nately, the combination of TOF neutron and X-ray imaging was not suited to

allow for a distinction between SOM and clay minerals at the voxel scale.

While such a distinction is possible in theory, it is prevented by technical limi-

tations. One of the main reasons is that the neutron frequencies available at

modern neutron sources are too large to capture the main d-spacings of clay

minerals. As a result, inference to voxel scale SOM concentrations is presently

not feasible. Future improved neutron sources and advanced detector designs

will eventually overcome the technical problems encountered here. On the

positive side, combined X-ray and TOF neutron imaging demonstrated abilities

to identify quartz grains and to distinguish between plastics and plant seeds.
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Highlights

• Full understanding of biogeochemical processes requires three-dimensional

(3-D) maps of organic matter in soil (SOM).

• This study investigates a novel method to map voxel-scale SOM contents

with 3-D resolution.

• The method is based a combination of X-ray and time-of-flight neutron

tomography.

• At present, technical limitations prevent distinguishing between SOM and

clay mineral contents.

• More advanced neutron sources are required to overcome the encountered

technical obstacles.
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1 | INTRODUCTION

The interplay among soil structure, soil organic matter
(SOM) and soil biota is fundamental for the terrestrial
carbon cycle, its turnover and impact on future cli-
mate. Despite decades of research on the carbon cycle
in soil, quantitative descriptions of microbiological
activity in soils and the associated fate of carbon
remains a challenge (Baveye et al., 2018). This short-
coming is linked to a knowledge gap of how the com-
plex soil pore structure and respective distribution of
organic carbon shape the soil biota and its activity
(Nunan et al., 2020). One major obstacle to arrive at
models with an improved description of the carbon
cycle in soil is the general lack of relevant experimen-
tal data that may inform the development of such
models and their validation (Baveye et al., 2018). More
specifically, a method that allows reliable three-
dimensional mapping of organic matter in intact soil
at scales larger than a few millimetres is missing.

During recent years, significant progress has been
made in quantifying the morphology and topology of soil
pore systems using X-ray tomography, a non-invasive,
three-dimensional (3-D) imaging method (Cnudde &
Boone, 2013; Wildenschild & Sheppard, 2013). X-ray
imaging can also be used to identify organic objects that
are larger than the image resolution (Koestel, 2018). In
contrast, it is not possible to quantify the distribution of
SOM and microbes smaller than the image resolution
from X-ray images only. This is typically the case for
microbes and for smaller chunks of particulate organic
matter and material associated with soil minerals at the
molecular level. To investigate microbes and SOM at
smaller scales, commonly, thin sections are created

where two-dimensional (2-D) cross-sections of the inves-
tigated soil volume are exposed. Then, for example, hot-
spots for microbial activity can be investigated using
zymography (Spohn et al., 2013). A link between micro-
bial activity and soil structure can then be gained by com-
bining zymography with X-ray imaging (Kravchenko
et al., 2019). A 3-D distribution may be obtained by
applying staining repeatedly after consecutively removing
slices of the soil. The resulting spatial resolution is, how-
ever, poor. A finer resolution is achieved when the soil is
first fixed by embedding it in resin, so that the layer
thickness can be reduced and the surface can be polished.
Using this method, the location of microorganisms is vis-
ualised, for example, by fluorescence in situ hybridisation
(Eickhorst & Tippkötter, 2008). Again, a coupling to the
pore space may be achieved when the method is com-
bined with X-ray imaging (Schlüter et al., 2019). Yet, a
drawback of this method is that all resins contain carbon,
making them unsuitable when the goal is to map organic
carbon concentrations. Nano-SIMS (Nanoscale Secondary
Ion Mass Spectrometry) offers a solution to this problem
as it allows measurements of isotopic compositions. It is
therefore possible to distinguish between autochthonous
carbon and carbon in the resin provided that their isoto-
pic signatures are different (Herrmann et al., 2007). How-
ever, Nano-SIMS is restricted to spatial scales of less than
a few 100 μm. Another alternative is to map soil carbon
concentrations by osmium staining, as outlined in Peth
et al. (2014), Rawlins et al. (2016) and Arai et al. (2019).
Due to the osmium's strong adsorption to organic matter
and its large atomic number, it is possible to image
osmium concentration from dual-energy 3-D synchrotron
X-ray images. Major drawbacks to this method are the
toxicity of OsO4 and the fact that OsO4 only stains a small
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fraction of the SOM, and it does not stain all types of
organic material equally well (Zheng et al., 2020).

Recent developments in neutron and X-ray imaging
have the potential to quantify organic matter concentra-
tions in soil without staining. This possibility arises due
to the complementary sensitivities of these imaging
methods. An illustration of the basic principle of this
approach is shown in Kaestner et al. (2017). The attenua-
tion of X-rays with photon energies above 50 keV is
approximately proportional to the density of the imaged
material (Hubbell & Seltzer, 2004). X-ray tomography
can therefore be employed to estimate bulk material den-
sities (Pedrotti et al., 2005; Petrovic et al., 1982). Neu-
trons, in contrast, interact most strongly with specific
isotopes, among them 10B and 113Cd as well as isotopes of
rather exotic elements such as gadolinium (Sears, 1992).
Neutron cross sections for hydrogen (i.e., 1H), which is
abundant in water and in SOM, are much larger (approx-
imately 20–30 times larger) than cross-sections for iso-
topes of the most common elements in soil, such as Si, Al
and O. In contrast, other elements that are abundant in
organic matter, namely carbon and nitrogen, interact less
strongly with neutrons than 1H, but still 3–5 times stron-
ger than silica and aluminium. Relevant isotopes of iron
and manganese with even larger neutron cross-sections
(approximately 1/3 of the cross-section for 1H) are pre-
sent in soil. Common isotopes of lithium and chlorine
may potentially contribute to neutron attenuation in soils
in arid climates. In soils of humid climates, however,
these elements are only present in small concentrations
as they are relatively mobile in soil and therefore leached
out easily.

Table 1 illustrates that hydrogen has clearly the larg-
est neutron cross-section of the most common elements
in soil. Other elements with larger neutron cross-sections
that are typically found in soils, albeit in lower abun-
dances, are chloride, manganese and iron. The neutron η
(cm�1) and X-ray α (cm�1) attenuation coefficients of a
specific substance, for example, quartz, is calculated from
the product of its density and the sum of the abundance-
weighted cross-sections of the elements composing the
substance. The detailed relationship between neutron
attenuation coefficients, cross-sections and neutron
wavelengths is given in the material and methods sec-
tion. Figure 1 depicts the neutron attenuation coefficients
for common soil minerals and SOM. The respective
molecular formulas and bulk densities are given in
Table 2. Figure 1 demonstrates that substances con-
taining boron or cadmium (here represented by borax
and cadmium sulphate) attenuate neutrons by an order
of magnitude better than water and SOM, which are the
most attenuating soil materials that are generally present
in larger quantities. The large neutron attenuation of

water, SOM, but also gibbsite, is due to their relative
large hydrogen (i.e., protium) content. Also the next larg-
est neutron attenuators, the clay minerals, owe this prop-
erty to the hydrogen present in their crystal structure or
associated with them in the form of crystal water. Note
that the error bars in Figure 1 show the range of attenua-
tion in dependence on either the degree of saturation
with crystal water in cadmium sulphate, borax and clay
minerals or the ratio between carbon and hydrogen
atoms in SOM (Table 2). Also variations in the density
(Table 2) of the minerals or the organic matter were
considered here.

It follows that the local organic matter content in soil
can be estimated from neutron attenuation images if
(i) the local bulk density is known, (ii) the sample is free
from water and larger amounts of chloride, (iii) the con-
centration of isotopes with large neutron cross-sections,

TABLE 1 List of elements common in soil. Also shown are

their average abundance in soil, their atomic weight and the X-ray

σx and neutron σn cross-sections

Element

Abundance
in soil
(ppm)

Atomic
weight
(g mol�1)

σx
(cm2 g�1)

σn
(barn =

10�24 cm2)

H 233,412 1.008 0.33 53.4

B 29 10.811 0.16 1627.8

C 26,118 12.011 0.18 5.7

N 2240 14.007 0.18 15.7

O 480,391 15.999 0.19 4.4

F 165 18.998 0.19 4.1

Na 3411 22.99 0.23 4.8

Mg 3227 24.305 0.26 4.0

Al 41,274 26.982 0.28 2.0

Si 184,296 28.086 0.32 2.3

P 405 30.974 0.35 4.8

S 342 32.065 0.41 2.2

Cl 44 35.453 0.44 88.1

K 5616 39.098 0.57 6.6

Ca 5871 40.078 0.66 3.7

Ti 1638 47.867 0.77 17.4

Mn 286 54.938 1.06 30.3

Fe 11,235 55.845 1.21 16.8

Cd 0.05 112.411 5.98 4208.4

Note: The elemental content in soil and the atomic weights were derived
from Essington (2003). The data for σx corresponds to a photon energy of

60 kV and obtained from Chantler (1995, 2003), while σn was calculated for
the neutron white beam at the IMAT beamline based on the data published
in Brown et al. (2018). The neutron cross-sections were weighted by the
natural isotopic composition of each element, whereas only isotopes with
natural abundances of more than 1% were considered.
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like 10B and 113Cd is negligible and (iv) the neutron atten-
uation related to clay minerals, hydroxides and oxides
of iron as well as manganese can be identified. The
local bulk density may be estimated from the local X-
ray attenuation, as discussed above. Chloride salts, if
present in larger concentrations, may be flushed out.
The removal of water can be achieved by oven drying.
With the exceptions of contaminated soils, both boron
and cadmium are trace elements occurring in concen-
trations low enough to rule out measurable bias in
neutron attenuation in soil. In soil of temperate and
cold climates, larger concentrations of manganese and
iron usually occur in the form of precipitates, which
can be identified in X-ray images due to their density
contrast. The main challenge is to distinguish between
contributions to neutron attenuation of SOM and clay
minerals, or, for tropical soils devoid of clay minerals,
iron oxides. Albeit that soil minerals are clearly denser
than organic matter, the local X-ray attenuation alone
is not sufficient to distinguish between effects of poros-
ity, organic materials and specific minerals on the
local neutron cross-sections in soil.

A solution to this challenge may be offered by time-
of-flight (TOF) neutron imaging available at the IMAT
beamline at the ISIS neutron spallation source, Oxford-
shire, UK. TOF refers to the individual detection of neu-
trons travelling at distinct ranges of speed. The neutron
travel velocity is deterministically related to their de
Broglie wavelength. For thermal neutrons, that is, neu-
trons with velocities approximately in equilibrium with
room temperature (Rinard, 1991), these wavelengths

range mainly between 1 and 9 Å, following a log-
normally distributed density function. Neutrons, similar
to X-rays, are diffracted at crystal plane spacings. Hence,
TOF neutron imaging is able to detect d-spacings, which
may be exploited in a similar way as in X-ray diffraction
(XRD), a standard method for analysing soil mineral
compositions (Harris & White, 2008). In spectra of neu-
tron attenuation for different wavelengths, d-spacings
manifest as so-called Bragg edges (Santisteban
et al., 2001). Bragg edges are located at twice the respec-
tive d-spacing on the neutron spectrum, as the neutron
wavelength then becomes too large to be diffracted,
which results in a sudden decrease in attenuation.
Woracek et al. (2015) have demonstrated that neutron
Bragg-edge imaging is able to distinguish between differ-
ent iron crystal configurations in steel. We are not aware
of any attempt to apply TOF neutron imaging on soil.
This pilot study evaluates the potential and limitations of
joint X-ray and TOF neutron imaging for 3-D mapping
local concentrations of minerals and SOM in intact soil.
The experiments conducted in this study were carried in
the framework of the beamtime documented in Koestel
et al. (2019).

2 | MATERIAL AND METHODS

2.1 | Soil and material properties

In spring 2019, we collected soil samples from the topsoil
of four long term field experiments in southern Sweden
(Skåne, namely near Borgeby, Ekebo, Fjärdingslöv and
Orup) on 25 May 2019 and from two long-term field
experiments close to Uppsala in eastern Sweden (Fors
and Kungsängen), on 1 June 2019. All six field sites are
part of the soil fertility experiment series R3-9001 of the
Swedish University of Agricultural Sciences. The experi-
ments were established between 1957 and 1969. Since the
start of the experiments, the sites have been under crop
rotations that are typical for the local climatic condition.
They have been tilled conventionally. Half of the experi-
mental area was fertilised exclusively with mineral fer-
tilisers, the other half received farmyard manure (FYM)
instead or in addition to mineral fertiliser. At each site
exists one treatment (two replicates) that had not
received any fertiliser for at least 50 years. Over time,
lower organic matter contents had established in these
plots. In contrast, one treatment per site received a maxi-
mum amount of FYM in addition to mineral NPK fer-
tiliser. Here, the organic matter content has increased
with time. The difference in SOM between the two treat-
ments and per site is given in Table 3. The mineral com-
position of the soils at the sampling sites was obtained

FIGURE 1 Neutron attenuation coefficients of common soil

minerals and organic matter for thermal neutrons
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from the literature, more specifically from Andrist-
Rangel et al. (2013), Kirchmann (1991), Kirchmann and
Eriksson (1993) and Kirchmann et al. (1999), and is
summarised in Table 4. A collection of literature with
more detailed information on the individual sites of the
long-term field experiment series is compiled in Luck
et al. (2011). In addition to the samples from the long-
term field experiments, we used illite clay powder
(Argiletz, green illite clay, Table 4), apatite and quartz
sands as well as sawdust to create composite samples of
different mineral composition and known organic matter
content.

2.2 | Sample preparation

2.2.1 | Samples used for the neutron
and X-ray radiography as well as XRD

The soil samples from the long-term field experiment
were first air-dried for several days in a drying room.
Then, larger aggregates were crushed in a mortar and the
soil materials were sieved into three different size frac-
tions: <0.125 mm, between 0.125 and 0.63 mm and
>0.63 mm in effective diameter. Samples from replicated
treatments were not mixed. For each of the two finer

TABLE 2 List of values used in this study for the chemical composition and solid density ρs of soil organic matter and common soil

minerals

Substance Elemental composition ρs (g cm�3) ηWB (cm�1)

Water H2O 1 3.7

SOM CH1-1.5O0.49N0.06 1.43 (1.4–1.47) 3 (2.6–3.4)

Wood CH1.59O0.74 0.7 (0.43–0.9) 1.6 (1–2)

Quartz SiO2 2.62 (2.6–2.65) 0.3

Plagioclase Na0.5Ca0.5Al1.5Si2.5O8 2.675 (2.67–2.69) 0.3

Orthoclase KAlSi3O8 2.56 0.3

Amphibole CaMg5.5Al0.8Fe0.1Si7O24H2 3.22 (2.92–3.52) 0.6

Epidote Ca2Fe2.25Al0.75Si3O13H 3.45 (3.3–3.6) 0.6

Kaolinite Al2Si2O9H4 2.6 1.6

Muscovite KAl3Si3O11.8H1.8F0.2 2.82 (2.77–2.88) 0.7

Illite K0.6Al1.3Mg0.3Fe0.1Si3.5O11.4H3.2 � H2O 2.75 (2.6–2.9) 1.3 (1.1–1.6)

Smectite Na0.2Ca0.1Al2Si4O12H2 � 10 H2O 2.35 (2–2.7) 2.3 (0.6–3.8)

Vermiculite Mg1.8Fe0.9Al4.3SiO12H2 � 4 H2O 2.5 (2.3–2.7) 1.3 (0.6–2.1)

Chlorite Mg1.8Fe1.6Mn1.6Si3Al2O18H7.3 2.97 (2.87–3.07) 1.5

Hydrobiotite Mg2.3Fe0.6K0.3Ca0.1Si2.8Al1.2O11.8H1.8F0.2 � 3 H2O 2.56 (2.49–2.64) 1.2 (0.7–1.8)

Hematite Fe2O3 5.3 0.9

Goethite FeO2H 3.8 (3.3–4.3) 0.7

Lepidocrocite FeO2H 4 0.7

Boehmite AlO2H 3.03 (3–3.07) 0.3

Gibbsite AlO3H3 2.34 (2.3–2.4) 3.2

Calcite CaCa3 2.71 0.1

Anatase TiO2 3.9 0.8

Birnesite Na0.3Ca0.1K0.1Mn2O4 � 1.5 H2O 3 0.8

Apatite Ca5P3O12.33H0.33F0.33Cl0.33 3.19 (3.16–3.22) 0.5

Borax Na2B4O9H4 � 8 H2O 1.72 (1.71–1.73) 24.2 (21–30)

Cadmium sulphate CdSO4 � H2O 3.79 (3.08–4.69) 44.7 (39–55)

Argiletz illite powder K0.4Al1.5Mg0.2Fe0.1Si3.1O10.7H3.4 � 1.1 H2O 2.65 (2.6–2.7) 1.2

Aluminium Al 2.7 0.1

Note: Some minerals were not included in any of the samples investigated in our study but added for comparison. The neutron attenuation coefficients ηWB

were calculated for the white beam at the IMAT beamline using Equation (2). In parenthesis we give considered minimum and maximum values, which are
the result of variations of the bulk density, assumed content of crystal water and, in the case of SOM, different assumed H:C ratios.

Abbreviation: SOM, soil organic matter.
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fractions, one sample for each of the six sites and two
treatments and replicates were packed into small alumin-
ium containers with height 20 and inner width and
breadth of 16 and 6 mm, respectively, and a wall thick-
ness of 2 mm. A dry packing procedure was chosen
where layers of a few mm of unconsolidated material
were added and compacted with a hex key consecutively
until the container was filled. The containers were then
closed using adhesive aluminium foil. The resulting
48 soil samples exhibited packed dry bulk densities
between 0.95 and 1.3 g cm�3. In addition, 63 samples
were prepared from illite powder, sawdust, quartz sand
and apatite sand as well as various mixtures thereof.
Composite samples were first mixed prior packing. The
samples were packed into the 20 � 16 � 6 mm alumin-
ium containers as described above. The dry bulk densities
for these samples varied from approximately 0.6 g cm�3

for illite powder to 2.2 g cm�3 for the apatite sand.
Due to time constraints at the neutron beamline, only

30 of all 103 prepared samples could be investigated. These
were 15 samples from each of the long-term field experi-
ment sites, two samples with apatite sand, one sample
with quartz sand, 2 samples with illite powder and 10 com-
posite samples containing different amounts of illite pow-
der, saw dust and quartz and apatite sand. Among the
samples from the long-term field experiment were at least
one pair from each of the six sampled sites, one sample
from an unfertilised treatment and one from a fertilised
treatment. For the sites at Borgeby, Fjärdingslöv, Fors,
Kungsängen and Orup, these were samples packed with
the fraction <0.125 mm, for Ekebo the fraction 0.125–
0.63 mm were investigated. In addition, we measured one
sample from Ekebo with the fraction <0.125 mm and two
samples from Borgeby filled with the 0.125–0.63 mm

fraction and >0.63 mm fraction. The fine fraction
(<0.125 mm) of the soil samples and the illite powder and
the apatite sand were also investigated with XRD.

2.2.2 | Sample used for neutron and X-ray
tomography

A small aluminium column with an inner diameter of
18 mm, a height of 21.3 mm and a wall thickness of
1.65 mm was loosely filled with samples of all materials
enumerated above to provide a large variety of different
soil materials. Fragments with effective diameters
>0.63 mm from fertilised and unfertilised treatments
from all six long-term field experiments were included.
Additional soil fragments from sampling sites close to
Uppsala, among them an aggregate from an organic soil
from Helgesta with a SOM content of more than 20%,
cucumber and endive seeds, microplastic particles and
gravel-sized stones from Ultuna (granite) and Fors (qua-
rtz) were included as target objects with different mineral
and organic compositions.

2.3 | XRD measurements

We conducted XRD measurements on the sieved sample
material using a Rigaku Miniflex 600 located at the ISIS
materials characterisation lab. The X-ray diffractometer
was equipped with a Cu target. The copper Kα-edge was
used to conduct the measurements. Here, we aimed at
detecting prominent diffraction peaks that may be visible
as Bragg edges in the TOF neutron imaging data. The
XRD data also served to characterise the mineral

TABLE 3 Texture and organic carbon contents for the soil samples used in this study

Sampling site/material name Material type No of samples Sand (g g�1) Silt (g g�1) Clay (g g�1) SOM (g g�1)

Borgeby Soil 4 0.52 0.25 0.23 0.023–0.024

Ekebo Soil 3 0.47 0.35 0.18 0.039–0.05

Fjärdingslöv Soil 2 0.62 0.24 0.14 0.02–0.027

Fors Soil 2 0.24 0.58 0.18 0.036–0.041

Kungsängen Soil 2 0.04 0.40 0.56 0.036–0.046

Orup Soil 2 0.59 0.29 0.12 0.033–0.039

Argiletz illite powder Single material 3 0 0 1 0

Apatite sand Single material 2 1 0 0 0

Quartz sand Single material 1 1 0 0 0

Composite samples Composite 9 0–0.68 0 0.32–1 0.006–0.1

Note: The texture data for the soil samples were obtained from Kirchmann (1991), for Borgeby and Orup it was Kirchmann and Eriksson (1993) and for Ekebo
and Fjärdingslöv it was Kirchmann et al. (1999). The SOM values correspond to the latest data published in the framework of the long-term fertilisation
experiment R3-9001 reported on https://www.slu.se/institutioner/mark-miljo/forskning/vaxtnaringslara-/vaxtnaring/langliggande-vaxtnaringsforsok/r3-9001/

(accessed August 2020). The SOM values correspond to the low and high C treatments, respectively.
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composition of the sample material. We corrected the
XRD data for bias in the detected diffraction angle by
scaling the data to the prominent quartz peaks
corresponding to d-spacings of 1.819 and 3.345 Å that
were visible in the spectra of all investigated samples
except for the apatite sand, for which respective promi-
nent apatite d-spacings were used instead. We evaluated
the XRD data by plotting the diffraction signals against
the double of corresponding d-spacings to allow a direct
comparison with the TOF neutron imaging data. We col-
lected reference XRD data for specific minerals from
Lafuente et al. (2015) and www.webmineral.com
(accessed January 2021).

2.4 | Calculation of theoretical neutron
attenuation coefficients

We calculated energy-dependent, effective neutron cross-
sections for the elements of relevance for soil using data
for all isotopes with more than 1% natural abundance,
weighted by abundance. The effective, energy-dependent
neutron cross-sections σe,l (cm

2) for the individual iso-
topes were obtained from Brown et al. (2018), where
σe,l ¼ σcoh,lþσinc,lþσabs,l with the subscripts indicating
contributions from coherent and incoherent scattering as
well as from absorption. We computed effective neutron
attenuation coefficients η̂i,l (cm

�1) for the substance i and
wavelength l by

η̂i,l ¼
Xn
e¼0

ρs,iNaσe,lf e
me

ð1Þ

where n is the number of different elements in substance
i, ρs,i (g cm�3) is the density of the substance, Na (mol�1)
is the Avogadro number, σe,l is the effective neutron
cross-section of element e at wavelength l, fe (�) is the
mass fraction of element e in substance i and me (g mol�1)
is the standard atomic weight of element e. Neutron atten-
uation coefficients for polychromatic neutron beams are
easily obtained by the weighted mean of Equation (1) over
all neutron wavelengths occurring in the beam. In this
fashion, we yielded the theoretical white beam neutron
attenuation coefficients η̂i,WB, for the energy spectrum of
the neutron beam used on the IMAT beamline, 2.24–
8.06Å. We computed the neutron attenuation coefficients
η̂k of the soil and the composite samples k by

η̂k,l ¼ 1�ϕkð Þ
Xm
i¼0

f i,k η̂i,l ð2Þ

where m is the number of substances within a sample, fi,k
(�) is the volume fraction of substance i in sample k andT
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φk (cm3 cm�3) is the packed porosity of sample k calcu-
lated as

ϕk ¼ 1�ρp,k
ρs,k

ð3Þ

with ρp,k being the packed bulk density and ρs,k the solid
phase density of sample k.

2.5 | Image acquisition

2.5.1 | Neutron radiography

We recorded 16 neutron radiographs at the IMAT
beamline (Burca et al., 2013, 2018) located at the ISIS
neutron source within the Rutherford-Appleton Labora-
tory in Oxfordshire (UK) using the microchannel plate
(MCP) detector described in Tremsin et al. (2013) with
512 � 512 pixels each one of 55 μm for an L/D of
125 (where L represents the distance between pinhole
and detector and D the pinhole's diameter). We collected
data for a wavelength band from 2.24 to 8.06 Å, which
was split up into three individual segments by the chosen
shutter settings (Tremsin et al., 2014): 2.24–2.9231 Å,
2.94–4.9569 Å and 4.97–8.06 Å. We will refer to the three
wavelength segments as ‘shutters 1, 2 and 3’, respec-
tively, in the following. Combining all three shutters, one
neutron radiography contained a stack of 2709 images
depicting neutron attenuations for the respective individ-
ual neutron wavelength. We chose an exposure time of
approximately 1 h per radiograph.

Each sample was aligned in a way that the narrow
side (10 mm wide) was facing the beam direction. As the
field of view of the MCP detector was approximately
30 mm, it was possible to image two material samples in
each of the 15 radiographs, totalling in neutron attenua-
tion data for 30 material samples. The 16th radiograph
provided information on the brightness distribution of
the neutron beam (flat field), which was required to cor-
rect for inhomogeneities in the neutron beam and sensi-
tivities of the individual detector pixels.

2.5.2 | Neutron tomography

In addition, we collected a 3-D neutron tomography
dataset for the cylindrical sample. The data acquisition
took place at the IMAT beamline using the setup
described in the previous section. Only the exposure time
per projection was decreased to approximately 45 min.
One hundred forty-two projections were obtained for this
sample using a golden-ratio rotation scheme, which

covered rotation angles between 0 and 180�. Five flat-
field radiographs were collected prior to the 142 projec-
tions and three flat-field radiographs thereafter. The net
scan time for the neutron tomography was 4.5 days.

2.5.3 | X-ray radiography

We collected X-ray radiographs of all 30 material samples
for which we had previously collected neutron radio-
graphs. The images were obtained using a SkyScan 1272
equipped with a Hamamatsu L11871.20 X-ray tube and a
Ximea xiRAY11 detector. We used a tube voltage of
90 kV and an electron flux corresponding to 111 μA. The
image pixel size was 6.55 μm. Aluminium (0.5 mm) and
copper (0.038 mm) sheets were introduced into the beam
trajectory to reduce beam hardening.

2.5.4 | X-ray tomography

The tomography was performed at the I12-JEEP
Beamline at Diamond Light Source (Drakopoulos
et al., 2015). The sample was in the same sample holder
as during neutron tomography. Two tomography data
sets were acquired along the height of the sample because
the height of the sample exceeded the vertical field of
view, using 55 keV X-rays. For each tomography scan,
1800 projections (0–180� with 0.1� steps) were recorded
with an exposure time of 2.5 ms. The pixel edge length
was 7.91 μm, with a field of view (H � V) of 2560 � 2160
pixels or 22.2 mm � 17.1 mm.

2.6 | Image processing and analyses

2.6.1 | Pre-processing of neutron data

We pre-processed the TOF neutron imaging data using
the BEAn software (Liptak et al., 2019). In short, we con-
ducted a so-called ‘overlap correction’, which accounts
for a systematic underestimation of the neutron counts
during high neutron fluxes (Tremsin et al., 2014). We also
levelled fluctuations in the neutron beam intensity in
between different image projections and scaled the data
to a standard neutron flux. To allow for an automatised
processing of our projections, we coded the respective
parts of the BEAn software into a Matlab script.

Preliminary analyses of the TOF neutron imaging
data revealed that the noise level in the image data was
too large to allow for the imaging of individual Bragg
edges in the 3-D data. We therefore investigated whether
an indicator for the soil clay minerals could be detected
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by investigating attenuation differences between broader
ranges of neutron wavelengths. We achieved this by
pooling all image data within each of the three shutters,
creating image data for short (shutter 1), medium (shut-
ter 2) and long (shutter 3) neutron wavelengths. In addi-
tion, we also investigated the white beam attenuation,
which refers to mean attenuation of all 2709 collected
wavelengths.

2.6.2 | Neutron radiography

The neutron transmission spectra were investigated using
the approach documented in Liptak et al. (2019). We
applied an edge-preserving filter to reduce the noise in
the neutron spectra. More specifically, this was a
Savitzky–Golay filter of order 3 and a frame length of
31 values. We then compared the neutron diffraction
inherent in the neutron spectra in the form of Bragg
edges to d-spacings of common soil minerals and to the
XRD spectra collected on the identical sample materials.
Under the premise that enough specific crystals are pre-
sent in a sample (e.g., quartz crystals), Bragg edges mani-
fest in the form of a sudden increase of neutron
transmission at wavelengths larger than two times the
crystals' d-spacing.

In addition, we investigated the neutron attenuation
for the white beam as well as for short, medium and long
neutron wavelengths of the 30 imaged samples. This was
done to gather means to compare 2-D and 3-D data, as
the collected data was too noisy to allow for analysing
attenuation data for individual neutron wavelengths.
Here, we divided the sample data by the flat field image,
which resulted in neutron transmission images. In the
optimal case, the resulting image data should range
between 0 (no transmission) and 1 (complete transmis-
sion, i.e., air). However, we observed slight deviations of
a few percentage from 1 when evaluating grey values
corresponding to air. Among the reasons for the devia-
tions may be neutron scattering and drifts in the detec-
tion efficiency of the detector. In any case, we further
corrected the image data by dividing every pixel by the
sampled transmission for air. We then defined a second
region of interest (ROI) in each radiograph, covering only
the grey values corresponding to the sample material
(Figure 2a). The neutron transmission τk,n (�) for sample
k was set to the median grey value in this ROI. We calcu-
lated the neutron attenuation coefficient ηk (cm

�1) using
Lambert–Beer's law with

ηk ¼�
ln τk,n

exp �LAlηAlð Þ2

Ls
ð4Þ

where LAl = 0.2 cm is the wall thickness of the alumin-
ium container, Ls = 1.6 cm is the travel distance of the
neutron beam through the sample material, and ηAl
(cm�1) is the neutron attenuation coefficient for alumin-
ium calculated using Equation (1).

2.6.3 | Neutron tomography

We reconstructed a 3-D neutron beam attenuation image
for the white beam data as well as for short, medium and
long neutron wavelengths. We used the parallel back pro-
jection algorithm implemented in the open software
MuhRec (version 4.2, Kaestner, 2011; Kaestner &
Carminati, 2020). In MuhRec, we used the ‘Ful-
lLogNorm’ normalisation and modules for the removal
and so-called ‘spots’ and ring-artefacts. The latter is
based on Münch et al. (2009).

2.6.4 | X-ray radiography

The grey values in the X-ray radiographs were already
approximately calibrated to a common greyscale. In the
following, we improved the calibration and converted the
greyscale to X-ray attenuation images scaling from 0 to
1. For each image, we first sampled grey values in ROIs
corresponding to air, aluminium and the sample material
(Figure 2b). We then identified the histogram peak in
each ROI, which then served as the reference value for
the respective material. The X-ray transmission τk,x (�)
was then calculated by

τk,x ¼
γk,s�γk,Alð Þ
γk,air�γk,Alð Þ γair� γAlð Þþ γAl

γair
ð5Þ

where γk,s, γk,air and γk,Al are the grey values of the sam-
ple material, the air and the aluminium in sample k and
γair and γAl are the arithmetic mean grey values
corresponding to air and aluminium of all 30 samples.
Note that we assumed the X-ray attenuation in air to be
negligible. Finally, we calculated the X-ray attenuation
coefficient αk of the sample material using Lambert–
Beer's law with

αk ¼�
ln τk,x

exp �LAlαAlð Þ2

Ls
ð6Þ

where αAl is the X-ray attenuation coefficient for alumin-
ium calculated from the image data as
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αAl ¼�
ln γAl

γair

Lsþ2LAl
ð7Þ

2.6.5 | X-ray tomography

The tomographic reconstruction was performed using the
SAVU system (Wadeson & Basham, 2016). A filtered
back projection algorithm was used (Ramachandran &
Lakshminarayanan, 1971), as implemented in the ASTRA
toolbox (van Aarle et al., 2015). The top and bottom
images of the soil sample were combined into one image
with aid of the software elastix (Klein et al., 2010;
Shamonin et al., 2014), using a rigid registration on the
overlapping parts of the two images.

2.7 | Registration of 3-D neutron and
X-ray images

The X-ray image resolution was first reduced by a factor of
approximately 7 to a pixel size of 55 μm to match the nomi-
nal resolution of the neutron image. The X-ray and neutron
images were then manually aligned by visual inspection. A
more precise registration was then carried out using the
elastix software, which has been shown to allow registration
of images from different imaging methods (Lucas
et al., 2020; Schlüter et al., 2019). Initially, we conducted a

rigid registration using Mattes' mutual information criterion
as objective function to honour the complementary attenu-
ation of X-ray and neutrons. The registration was guided by
five visually detected landmarks. Upon the inspection of
the registration results, we noticed that the location and
alignments of the individual objects in the sample had
slightly changed between the neutron and the X-ray scans.
This was linked with the need to remove and transport the
sample from the IMAT neutron beamline to the I12 syn-
chrotron beamline, where the X-ray image was recorded.
To improve the registration results, we conducted a B-spline
registration, again using the elastix software. The objective
function to minimise was composed of the Mattes' mutual
information criterion, the Euclidean distance between of
70 visually selected pairs of landmarks in both images and
a bending energy constraint term to penalise excessive dis-
tortions. The three terms in the objective function were
weighted with factors of 1, 0.1 and 20, respectively. A pyra-
mid scheme with three resolution steps (resolution reduc-
tions of factors 16, 8 and 4) was used to facilitate the
convergence of the registration problem.

3 | RESULTS AND DISCUSSION

3.1 | Comparison of X-ray and TOF
neutron imaging results

Figure 3a,c depict the TOF neutron imaging and XRD
spectra for finely sieved (<0.125 mm) soil from the

FIGURE 2 (a) Neutron radiograph

of the sample filled with quartz sand

and (b) X-ray radiograph of the same

sample. The regions of interest (ROIs)

from which the grey values of the

sample material, the air and the

aluminium were obtained are

schematically depicted in red, blue and

yellow, respectively. Note that the

samples were wrapped in adhesive

aluminium tape to keep the sample

material in place. In (a), the aluminium

tape shows up because of the relatively

large neutron attenuation of the glue, in

(b) it shows up due to the relatively

large density of aluminium [Color figure

can be viewed at

wileyonlinelibrary.com]
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Kungsängen site. The XRD data had a much better sig-
nal-to-noise ratio, which allowed the detection of several
diffraction peaks alongside the most pronounced ones. In
the neutron spectrum, only the most prominent diffrac-
tion features were distinctively identified in the form of
Bragg edges, which were observed at two times the wave-
length of the actual d-spacing. These discernable d-
spacings are associated with quartz and, to a minor
extent, illite (3.34 Å) and aluminium (2.04 Å). The latter
is introduced because the samples were stored in alumin-
ium containers during the neutron radiography. As we
conducted the XRD measurements directly on the sample
material (without aluminium containers), the aluminium
diffraction peak is missing in the XRD spectrum.
Figure 3b shows the neutron spectrum for quartz sand.
The signal-to-noise ratio for this sample was much better,
probably because it contained only one mineral instead
of a mixture of different minerals like the clay soil from
Kungsängen. Moreover, the quartz sand is practically
devoid of hydrogen bearing substances like clay minerals
or SOM. This causes a twice as large neutron transmis-
sion through this sample as through the Kungsängen
clay, helping to improve the signal-to-noise ratio. When
comparing the neutron spectra of Kungsängen soil and
quartz sand (Figure 3a,b), the opposite general trend in
neutron transmission with wavelength is striking. While
it almost steadily decreases for the clay, it rises for the
quartz in discreet jumps at the Bragg edges, followed by a
decline. The reason for the former is trivial. For a specific
sample and in the absence of Bragg edges, neutron atten-
uation generally increases with decreasing neutron
energy, that is, with increasing neutron wavelength. This
trend is also visible in the neutron spectrum for the qua-
rtz sand, in between the Bragg edges. However, quartz
contains so many prominent Bragg edges between 2 and
6.68 Å that the neutron transmission is decreased for
wavelengths <6.68 Å.

3.2 | Comparison between calculated
and measured neutron attenuation
coefficients

Figure 4 depicts the forward modelled neutron attenua-
tion values for the investigated samples, as explained in
Section 2.4, using mineral compositions and SOM con-
tents shown in Tables 3 and 4. It is clear that the main
portion of white beam neutron attenuation in the six
investigated soils was likely associated with clay min-
erals. If the contribution of all clay minerals is combined,
this was even true for the soil taken from the Orup site,
which contained the smallest amount of clay (Table 3).
Next in importance are quartz and SOM. The former does

not exhibit strong attenuation properties (Figure 1) but
accounted significantly to the overall attenuation because
of its large abundance in the soil sand and silt fractions.
According to the forward modelling, SOM made up
between approximately 8% and 20% of the neutron atten-
uation, depending on its own concentration and the
amount of clay minerals in the soil (Figure 4, Tables 3
and 4). In other words, the relative contrast provided by
SOM in a neutron image is increasingly diminished with
clay content.

Given the limited data on the material composition of
the 30 investigated radiography samples available for this
study, the measured and predicted neutron attenuation
coefficients matched reasonably well (Figure 5). We over-
estimated the white beam neutron attenuation for the soils
from Kungsängen and Fors. This mismatch may be related
to uncertainties in soil texture, clay mineralogy, organic
matter content and the amount of crystal water still pre-
sent in the samples. In the calculations, we had assumed
that 50% of the crystal water was still present in the clay
minerals despite oven drying at 105�C. Reducing the
amount of crystal water for these samples by approxi-
mately 50% would lead to better matches with the mea-
sured values. The overestimation in white beam neutron
attenuation of the composite samples containing quartz
(all overestimated composite samples in Figure 5) as well
as the quartz sample itself can be explained by the effect of
the Bragg edges, which was not considered in the calcula-
tions. The computed white beam neutron attenuation of
the other composite samples matched well with the mea-
sured values. To achieve a good match for the samples
containing sawdust, we adjusted the neutron cross-section
of the sawdust to four times the theoretical value for wood.
Probably, the sawdust contained borates, which are com-
monly used flame retardants on wood products. Borates
contain boron, which has a large neutron cross-section.
Finally, the white beam neutron attenuations in the
Fjärdingslöv and Ekebo samples were clearly under-
estimated adopting our calculations. Again, uncertainties
in soil texture, mineral contents, organic matter content
and crystal water contents may explain the deviation.

In summary, detailed characterisations of the miner-
alogy and organic matter are necessary to predict the
neutron attenuation coefficients of soil. Taking the mis-
match between measured and calculated neutron attenu-
ation of the 15 composite samples as a standard, we
calculated a root mean squared error of 0.028 cm�1,
corresponding to a measurement precision of approxi-
mately 10%. This value is an overestimation, since the
scattering effects on the quartz crystal were not consid-
ered and the information on the mineral composition of
the Argiletz illite powder and the apatite sand we had at
our disposal was only approximate.
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3.3 | Using neutron and X-ray
attenuation to infer to material properties
in soil

When all 30 radiography samples were considered, mea-
sured X-ray attenuation coefficients α were indeed very
well correlated with the sample bulk densities ρp
(Figure 6a). A linear regression between α and ρp
resulted in a coefficient of determination of 0.93. In
principal, the correlation between X-ray attenuation
and clay content may be related as clay soils have com-
monly a larger porosity than soils of coarser textures. In
our study, the strong negative correlation between
packed bulk density and clay content was aided by prac-
tical difficulties to pack the Argiletz illite powder to
larger bulk densities. How much this was the case is
shown in Figure 6b, where only the 15 soil samples
among the 30 radiography samples were included. Here,
the significant correlation between X-ray attenuation

and clay content subsides, and similar the correlation
between bulk density and clay content. When only soil
samples were employed, the coefficient of determination
of the linear regression between α and ρp was reduced to
modest 0.6.

More importantly, a comparison between Figure 6a,b
reveals that the neutron attenuation was only signifi-
cantly correlated with the organic matter content when
all 30 samples were included but not when only the soil
samples were considered. Among the 30 radiography
samples, there were five samples containing no organic
matter, and three of them did not contain clay minerals.
All five samples had very low neutron attenuation coeffi-
cients. These samples introduced a contrast in organic
matter contents required for the significant correlation.
At the same time, they masked the significant correlation
between neutron attenuation and clay content in samples
with relatively constant organic matter contents, namely
the 15 soil samples (SOM approximately between 2 and

FIGURE 3 (a) Neutron transmission τn spectrum for neutron wavelength λn for sieved (<0.125 mm) soil from the Kungsängen site,

(b) the neutron transmission spectrum for quartz sand and (c) the X-ray diffraction (XRD) spectrum for the sieved (<0.125 mm) soil from

the Kungsängen site. The XRD spectrum is plotted against two times the d-spacings ds, to facilitate a comparison with the neutron data.

Prominent d-spacings are illustrated with different colours [Color figure can be viewed at wileyonlinelibrary.com]
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5 wt%). It follows that white beam neutron attenuation
may provide a reasonable prediction for organic matter
contents in soils with large local variations in organic
matter but not in varying clay content. Or, the other way
around, white beam neutron attenuation may be used to
estimate local clay contents in soils with no organic mat-
ter or no spatial variations in organic matter. In other
words, it is not feasible to distinguish between clay and
organic matter contents using combined neutron and X-
ray attenuation measurements when mixtures of these
constituents are present. As a result, inference to voxel
scale SOM concentrations is presently not feasible.

Information on the attenuation of neutrons with different
wavelength cannot resolve this issue (Figure 6).

Other than the soil matrix with unknown clay and
organic matter contents, combined neutron and X-ray
imaging is more useful to characterise material properties
of objects that are larger than the detector pixel size, such
as sand grains, seeds or plastics. Figure 7 illustrates the
different attenuation coefficients for one vertical cross-
section through the investigated 3-D sample. While seeds
and plastic beads located in the vertical middle of the
sample strongly attenuated neutrons (Figure 7a), they
barely diminished the X-ray (Figure 7b). In contrast, the

FIGURE 4 The expected

contribution to the neutron

attenuation of different minerals

and organic matter in dry soil

for the topsoils from the six

long-term field sites. The

neutron attenuation was

forward modelled based on the

mineral composition and soil

organic matter (SOM) content

listed in Tables 3 and 4, using

the molecular formulas from

Table 2. A content of 50% of the

maximally possible crystal water

was assumed. The panels

correspond to (a) Borgeby,

(b) Ekebo, (c) Fjärdingslöv,

(d) Fors, (e) Kungsängen, and

(f) Orup. In panel (d), also the

contribution of boron and

cadmium for typical

concentrations for Swedish soil

is indicated as equivalents of

borax and cadmium sulphate

[Color figure can be viewed at

wileyonlinelibrary.com]

KOESTEL ET AL. 13

http://wileyonlinelibrary.com


X-ray attenuation coefficients are the strongest for the
apatite sand in the bottom of the samples and individual
mineral phases within gravel grains and soil aggregates.
The object in the upper left corner of Figure 7 corre-
sponds to a pebble that attenuates both, neutrons and X-
ray relatively well, hinting to a dense material with a rel-
atively large neutron cross-section, most likely
containing iron.

Figure 8 shows the two-dimensional histogram of
neutron and X-ray attenuation. In Figure 8, some individ-
ual peaks on the histogram are labelled with

abbreviations for the materials with the corresponding
attenuation properties. The histogram illustrates that
combined white-beam neutron and X-ray attenuations
may serve to distinguish between seeds and plastics. Also
distinctions between different kinds of seeds and plastics
should be feasible. The former is demonstrated by the
image data collected in this study, which shows smaller
neutron attenuation for cucumber than for endive seeds.
The latter follows from the fact that some plastics differ
in their content of hydrogen atoms (e.g., polystyrene with
one and polyethylene with two hydrogen per carbon
atoms) while others differ in their density
(e.g., polyethylene: 0.92 g cm�3 and polyvinylchloride:
1.38 g cm�3). In addition, minerals in sand and gravel
grains containing heavy metal elements may be well
characterised (Figures 7 and 8). From Figure 8, it
becomes obvious that it is only possible to distinguish
between different soil samples when the soil contains
either extreme contents of organic matter (Helgesta), clay
minerals (Kungsängen) or a sufficiently different bulk
density (Helgesta and Orup).

In addition, quartz sand may be identified by exploi-
ting its strong attenuation for thermal neutrons with
short wavelengths. We implemented such an approach in
Figure 9, which shows four horizontal cross-sections
through the 3-D sample. Three channels are sup-
erimposed in this image: the X-ray attenuation as a grey
scale, the white beam neutron attenuation as a green-
scale and, as the third channel, the difference between
long and short wavelength neutron attenuations, that is,
η3–η1. In the third channel, negative values are depicted
in a blue scale and positive in a red scale. Neutral values
are colourless. Quartz grains exhibit negative values in
the third channel and a relatively strong X-ray

FIGURE 5 White beam neutron attenuation coefficients

measured at the neutron beam at IMAT, ηWB (cm�1), versus

calculated attenuation coefficients, bηWB (cm�1) [Color figure can be

viewed at wileyonlinelibrary.com]

FIGURE 6 Pearson correlation coefficients for all 30 investigated radiography samples (a) and the 15 soil samples among them

(b) between packing bulk density, ρp (g cm�3), quartz content (g g�1), soil organic matter content (g g�1), clay content (g g�1) and

attenuation coefficients for X-ray, α (cm�1), the neutron white beam, ηWB (cm
�1) and neutrons with short (2.24 ≤ λn ≤ 2.92 Å), medium

(2.94 ≤ λn ≤ 4.96 Å) and long (4.97 ≤ λn ≤ 8.06 Å) wavelengths, η1, η2, η3, respectively. Asterisks indicate significance at p = 0.05 [Color

figure can be viewed at wileyonlinelibrary.com]
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attenuation. They show up as a whitish blue as seen in
Figure 9a,b for the quartz sand. Probably, the mineral
phases shown in blue in the gravel grains in Figure 9a,c,d
are also quartz. The aluminium sample container wall
has a similar signature. Sawdust is shown in green
(Figure 9a), as it has strong neutron, minimal X-ray
attenuation and equally large attenuation of short and
long wavelength neutrons. The minerals in the pebble
with large neutron and X-ray attenuation show up in

white (Figure 9a, left side). The Argiletz illite powder is
shown in red (Figure 9a,c), due to the large clay content
(η3 > η1) and low bulk density (small α). Plant seeds and
plastic beads are shown in yellow (small α, large ηWB and
η3 > η1), green and cyan (Figure 9c). Greenish colours
dominate at the edges of the seeds and beads, while cyan
is found for the objects in central positions of the image
plane. The dependence on location suggests that these
may be imaging artefacts from neutron scattering and
beam hardening. Soil aggregates are depicted in a whitish
reddish orange due to elevated clay and organic matter
contents. Figure 9b shows aggregates from two sites with
very different clay and SOM contents: Kungsängen
(SOM: 0.047 g g�1, clay content: 0.56 g g�1) and Borgeby
(SOM: 0.024 g g�1, clay content 0.235 g g�1). This allows
to visually discern aggregates from either site. Note that
within most soil aggregates, clear variations in neutron
attenuation are visible, which indicate heterogeneous dis-
tributions of clay minerals, SOM or both.

4 | CONCLUSION

Our study demonstrates that a combination of neutron
and X-ray imaging is able to identify different materials
in soils, provided that they are larger than the detectors'
pixel size. Including neutron information contained in
the TOF neutron imaging data has the potential to
quantify the amount of specific minerals for matrix
regions that consists of a mixture of pores, various min-
erals and SOM. This was illustrated by the clearly identi-
fiable Bragg edges for quartz. However, at present, the
poor signal-to-noise ratio of modern TOF neutron tech-
nology makes the exploitation of this information for
3-D image data challenging. To increase the signal-to-
noise ratio sufficiently to target individual Bragg edges,
the image acquisition times for a single sample would
need to be increased to several weeks. Advanced noise
reduction and signal extraction techniques may offer
alternatives. Such methods are presently investigated in

FIGURE 7 Vertical cross-

sections through the 3-D sample

showing white beam neutron

(a) and X-ray (b) attenuation

coefficients (cm�1)

FIGURE 8 Bi-modal histogram. The x-coordinate shows the

X-ray attenuation and the y-coordinate the white-beam neutron

attenuation. The hotter the colour, the more image voxels had this

combination of X-ray and neutron attenuation values. The letters

denote the following materials: a, air; A, Argiletz illite powder;

Al, aluminium; Ap, apatite; AS, Argiletz illite powder with 10%

sawdust; cs, cucumber seeds; es, endive seeds; H, soil from the

Orup site; He, organic soil from the Helgesta site;

p, plastics; q, quartz; S, soil from the Borgeby, Ekebo, Fjärdingslöv

and Fors sites; U, soil from the Kungsängen site [Color figure can

be viewed at wileyonlinelibrary.com]
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a related study. In the present study, we have shown
that the TOF neutron imaging information can identify
quartz when the attenuation of neutrons with long and
short wavelengths is compared.

The aim of our study was to identify the potential
and limitations when mapping organic matter in soils at
the voxel scale. The approach presented here turned out
to be unsuitable for this task, since it was not possible to
distinguish between organic matter and clay minerals in
matrix regions, with unknown porosity and where SOM
and clay are mixed in unknown ratios. The TOF infor-
mation was of little use because SOM is highly diverse
and therefore lacks clear diffraction edges with which it
could be identified. Clay minerals, in contrast, do
exhibit d-spacings that are within the main wavelength

range of thermal neutrons. However, these are too weak
to serve as means for clay mineral detection in 3-D neu-
tron images. The strongest d-spacings are located
between 10 and 20 Å, and their detection require a neu-
tron beam with 4 to 5 times longer wavelengths than
those commonly produced at neutron sources. The neu-
tron imaging instrument ODIN (Strobl, 2015) from the
European Spallation Source, which is presently built
near Lund (Sweden), will be a major development step
towards this requirement, as it will allow measuring d-
spacings as large as 10 Å. We expect that a voxel-scale
identification of SOM and clay contents will become
available in next-generation neutron sources. Until
then, alternative strategies are needed to map SOM at
the voxel scale.

FIGURE 9 Composite neutron and X-ray images showing 4 different horizontal cross-section through the 3-D sample. The X-ray

attenuation is shown in greyscale, the white beam neutron attenuation in a green-scale and the difference between long and short wave

neutron attenuation in a blue-black-red colour scale as in Figure 7c. Blue colours indicate stronger attenuation of short than long neutron

wavelengths (as is the case for quartz and aluminium), red colours the opposite (as is the case for clay). Yellow, green and cyan colours

indicate materials with strong neutron but weak X-ray attenuation. Dark colours indicate low X-ray and neutron attenuation. Light blue

colours indicate high X-ray attenuation. The letters denote the following materials: A, Argiletz illite powder; Al, aluminium; Ap, apatite;

AS, Argiletz illite powder with 10% sawdust; B, soil from the Borgeby site; cs, cucumber seeds; He, organic soil from the Helgesta site; p,

plastics; q, quartz; U, soil from the Kungsängen site [Color figure can be viewed at wileyonlinelibrary.com]
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