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Abstract

Soil magnetic measurements are used increasingly to estimate the impact of airborne, combustion-
related particulate matter (PM) pollution in dense measurement grids. Although many studies have
proven the potential of topsoil magnetic measurements in environmental monitoring, their application is
not straightforward when factors such as parent material or land use have to be accounted for. Often,
the influence of land use on the soil magnetic signal is circumvented by targeting forest soils, where
deposited magnetic particles are best preserved in the topsoil. However, when large forests are absent,
e.g. in densely populated areas or environments with more heterogeneous land use, this approach often
impedes reliable and comprehensive spatial sampling. We evaluated if topsoil magnetic pollution
mapping across different land use classes, against a homogeneous geological environment of sandy soils,
could help increase the spatial reliability of results in regional scale surveys. Although detailed magnetic
property analysis and evaluation of trace metal concentrations in soils on arable land, forest and pasture
showed the impact of atmospheric pollution, topsoil susceptibility measurements did not allow
delineating the magnetic footprint of PM pollution. Land use strongly influenced the distribution of
magnetic particles through soil, and the evaluation of anomalous magnetic topsoil enhancement
required the integration of downhole susceptibility soundings. We conclude that topsoil susceptibility
mapping remains a useful tool to evaluate PM pollution impact, yet its application potential across land

use classes is limited.
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1. Introduction

Magnetic measurements are a commonly used proxy for tracing combustion-related environmental
. .. .. . 1,2
pollution, as these processes lead to the emission of magnetic iron oxides.”“ Hereby, trace metals are

adsorbed on or incorporated into emitted magnetic particles, which are then blown away by wind and
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deposited on soil, plant leaves or other receptors where further binding processes might take place. The
resulting degree of the receptor’s magnetic signature can be used as a proxy parameter for combustion-
derived PM deposition and metal pollution." As magnetic measurements are fast and inexpensive,

sampling density can be increased compared to conventional gravimetric PM measurements.®®

2,911 12,13 14-16

Successful examples include monitoring of tree or plant leaves, mosses and lichens, and

street dust.'” Yet, soil is the most straightforward and hence most commonly used receptor for

magnetically enhanced PM, and soil magnetic measurements are known to be easy, fast and cheap.'® "

They are particularly effective in urban and industrial zones marked by household, traffic and industrial
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combustion, where clear correlations are often found between the observed magnetic response and

the degree of trace metal pollution in the soil.

Magnetic soil surface measurements enable delineating the magnetic footprint of active pollution

11, 24-26
d.

sources based on the subsurface recor However, as a receptor, soils render a complex magnetic

27-29

response due to a combined influence of natural and anthropogenic factors, often burdening

straightforward interpretation of topsoil magnetic data over larger areas. The presence of lithogenic

particles derived from magnetic parent material, for instance, impedes the analysis of the anthropogenic

[ 30-32

magnetic fraction in soi In addition, land use influences the distribution of deposited magnetic

particles in the topsoil. In undisturbed forest soils, magnetic particles are adhered to the geochemically

active organic-mineral matter in the organic O and humic, mineral Ah horizons, which act as a filter for

24,31, 33-40

magnetic PM. In the overlying litter layer, particles are only physically attached to the surface of

undecomposed organic matter, from where they are easily washed out and transported downwards.*

As such, the magnetic depth profile shows a distinctive peak in the organic horizons whose thickness

35,42
k.

determines the depth and kurtosis of the pea In agricultural soils, magnetic particles are mixed in

the plough layer. Here, magnetic depth profiles show a slightly enhanced, homogenized and stable

11, 36, 38, 40, 43-46 A

magnetic signal in the upper 30 cm, which complicates evaluating the pollution extent. s



topsoil magnetic sensors generally enable investigating the uppermost 8 cm beneath the instrument,”’
surface measurements might not reflect the soil’s magnetic depth signature and concomitant pollution

status reliably.'®

Land use also affects the lateral, small-scale variability of the topsoil magnetic
signature. Whereas surface records in arable lands are rather constant due to ploughing, records in
forests show higher variability due to variations in canopy cover, complex PM deposition processes and

soil micromorphology.** 3% *

Depending on this local surface magnetic variability, which appears to be
positively correlated with the magnetic susceptibility (k),* multiple surface measurements are mostly
averaged to obtain one representative value. Furthermore, higher and less variable values are usually

obtained underneath vegetation or litter, which generally dilute the magnetic surface signal.***!

Therefore, these layers should be removed before measuring.?*>%>*>*

However, when deployed over
larger areas, the aforementioned sampling recommendations do not address differences in soil magnetic

susceptibility caused by land use. This introduces uncertainties in susceptibility maps, and hampers

correct and uniform assessment of the pollution status of surveyed areas.

Most studies have been limited to forest soils where the canopy easily captures dry deposition and
where deposited magnetic particles are subsequently retained in the organic soil layers.®® >>*° It is
commonly advised to avoid measurements on arable land,*® however, in areas with more heterogeneous
land use and limited forest coverage, recording such soils is often the only means to allow sampling in a
denser grid.** Forests only cover 35% of Europe’s territory with Estonia, Finland, Sweden, Montenegro
and Slovenia having the largest shares.”’ They become even scarcer in more densely populated areas,
such as the north of Belgium (Flanders) where they are limited to about 12%.”® While potentially

hampering the interpretation of survey results,* *3

combining different land use classes is inevitable
when the atmospheric pollution impact in heterogeneous areas on a regional scale is to be investigated.

Here, we evaluate the applicability of magnetic pollution mapping in heterogeneous areas by

investigating the three dimensional dispersal of magnetic pollutants under the influence of different



types of land use. Alongside detailed assessment of the response obtained for anthropogenic pollutants
on three test sites, the potential of large area susceptibility mapping in different land use classes is

investigated over a wide study area of approximately 3 km?2.

2. Materials and methods

2.1 Study area

The study area is located downwind of a metallurgical factory in the Ghent harbor area, Belgium (Figure
1A).*° Since 1962, the factory produces goods for different applications mainly in the automotive
industry and construction sector, but also for wind turbines, can packaging, household appliances and
guardrails.60 Production starts with the transformation of coal and iron ore into sinter and coke, which
are subsequently melted to produce liquid pig iron. The above end products are created via post-
treatment of the latter. Considerable investments have been made since the 1990s to decrease

emissions of PM via chimneys and diffuse sources (Figure 2).*
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Figure 1: The study area is located in the north of Belgium, downwind of a metallurgical factory (white line) in the Ghent
harbor area (A). In the first step, three 1 m? reference sites (white dots) were selected in arable land, pine forest and pasture
(B). The magnetic susceptibility (k) map from previous research® is also shown in B. In the second step, four transects (yellow
lines) were spread over a larger study area further eastwards of the factory (C).
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Figure 2: Yearly total suspended matter (TSP) (1993 — 2016) and trace metal (1999 — 2016) emissions from both diffuse
sources and chimney exhaust in the metallurgical factory.eo’ &3

The plant emitted 178 kg Ni, 326 kg Cr, 432 kg Cd, 890 kg Mn, 997 kg Cu, 2,700 kg Zn, 14,600 kg Pb and
1,200,395 kg PMy in 2016.%* These values are in accordance with other metallurgical factories, generally
known to emit large amounts of Fe, Pb, Zn, Mn and Cu.”3%% % Fyrthermore, 93% of the industrial PMy
emissions in 2013 in the harbor arose from this factory.?’ Previous studies have indicated considerable

6267 Main activities in the harbor include

magnetic enhancement following industrial activity in the area.
steel and automotive industry, alongside transshipment of iron ores, building materials, grain, and
animal or vegetable oils.®® Monitoring stations in the area registered average values of 24 and 15 pg m?
day™ for PMy, and PM,, respectively, in 2016, i.e. below European PM limits.*® This also holds for trace

metals in PM,q: averages of 15, 0.4, 1, 3, 11, 13 and 37 ng m™ were measured for, respectively, Pb, As, Ni,

Cr, Cu, Mn and Zn between May 2016 and April 2017.7°

The study area is located on sandy substrate that, in contrast to igneous bedrocks, contains negligible

387172 and as such offers a stable diamagnetic background in which any

amounts of magnetic minerals,
anthropogenic magnetic enhancement will strongly dominate the total observed magnetic response. A
reference soil profile (down to 7 m) located 10 km east of the metallurgical factory showed susceptibility

values only up to ~20 x 10 Sl in the organic soil horizons, below which susceptibility almost dropped to

zero (Figure 3).”* Consequently, the influence of natural magnetic background variations, which can



impede relating the susceptibility signal to anthropogenic contributions in more complex

environments,*® 7

can be considered negligible. Furthermore, the potential of the sandy soils to retain
magnetic minerals is limited. Thus, any influences of land use on the presence of magnetic minerals in

the topsoil is likely to be clearly reflected.
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Figure 3: Depth profile of the magnetic susceptibility (k) in a pasture area 10 km east of the metallurgical factory.

Three 1 m’ reference sites within commonly present land uses in the region, i.e. arable land
(51°11’0.66", 3°50’9.12"), forest (51°10'54.16”, 3°50°22.63”) and pasture (51°10'39.56”, 3°50'2.02"),
were selected downwind of the metallurgical factory to investigate the small-scale magnetic soil
variability (Figure 1B). All sites were located on the coversand ridge in uniform geological conditions”
and pedologically, an arenosol had developed in the arable land, while the forest and pasture site were
characterized by a podzol and a gleyic phaeozem, respectively.”® The soil in the arable land had been
disturbed over the years by ploughing and other soil tillage operations, resulting in a homogeneous soil
down to the ploughing depth. The forest, which was a moorland until the 18" century, had been
reforested with conifers for the last time between 1920 and 1980.”” It was dominated by Pinus nigra sp.
laricio, Pinus sylvestris and Picea abies, occupying respectively 73.2, 26.6 and 0.2% of the surface. No
shrub layer was present, but the soil was generously covered with mosses. Although the forest was

publicly accessible, the soil remained undisturbed as the sampling site was located far from walking
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trails. In a previous study, high magnetic susceptibility was observed in the forest, with increasing values
towards the metallurgical factory (Figure 1B, Appendix A).62 The pasture soil, having been under
cultivation for two seasons in 2011-2012, was situated in a wetland where soil motion (primarily due to

cattle trampling) has strongly influenced its properties.

Additional to the investigation of reference sites, magnetic measurements were carried out every 100 m
along four 1800 m long transects east of the metallurgical factory to investigate large-scale magnetic
patterns (Figure 1C). The 72 measurement points covered six different land uses: forest (31), arable land
(13 in maize fields and 1 in fallow field), pasture (9), moorland (3), anthropogenic (6 in private gardens
and 8 on roadsides) and bare dunes (1). All soils were equally located on diamagnetic, sandy substrates

and some of them have been altered due to human activity.

2.2 Soil surface magnetic susceptibility

The influence of soil cover and local surface variability on the topsoil magnetic signal was investigated to
establish a robust protocol for susceptibility mapping in different land use classes. Within the 1 m?
reference sites in arable land, forest and pasture, topsoil magnetic susceptibility was measured through
36 non-overlapping records in-a 6 x 6 cell grid using a MS2D loop sensor (Bartington Instruments Ltd.,
UK). This sensor, with a 185 mm loop size and a known penetration depth of 8 cm, integrates magnetic
variation within a 4300 cm?® sampling volume.”” The instrument was air-calibrated prior to each
recording. Measurements were first performed on the undisturbed surface, after which vegetation or
litter was manually removed and topsoil susceptibility recording was repeated. Statistical hypothesis
testing with nine paired-sample t-tests was applied to check for significant differences in magnetic
susceptibility values between measurements made above and underneath plant cover, for the three land

use classes considered (Appendix B).



2.3 Magnetic depth profiling

To corroborate the relationship between topsoil susceptibility values and the associated magnetic soil
profile, undisturbed core samples were taken at nine grid points within the 1 m? reference sites to a
depth of 40 cm by hammering a plastic tube into the soil. Split cores were scanned every 2 mm with a
MS2E sensor (Bartington Instruments Ltd., UK) which is most sensitive to the underlying surface area of
3.8 mm x 10.5 mm and down to 3.5 mm depth. One split core at each site was subsampled every 3 cm
and the remaining cores were subsampled at the bottom and the top of the core. Low- and high-
frequency volumetric magnetic susceptibility (k; and k) were measured on the subsamples with a MS2B
dual frequency sensor (Bartington Instruments Ltd., UK) at 0.465 and 4.65 kHz, respectively. The
susceptibilities were then divided by the samples’ densities (p) in order to obtain their mass-specific
susceptibilities (X and Xu). Subsequently, scanning electron microscopy (SEM) analysis was done in
combination with energy dispersive X-ray detection (EDX) (Quanta 250, FEI, USA). In addition,
anhysteretic remanent magnetization (ARM) was measured using a LDA5/PAM1 magnetizer (AGICO,
Czech Republic) with a steady field of 500 uT and an alternating field of 200 mT in combination with a JR-
6 magnetometer (AGICO, Czech Republic). The ARM susceptibility (Xarm) Was determined as the ratio of
the ARM to the steady field. To calculate ARM/SIRM ratios, the samples were magnetically saturated in a
pulse magnetizer (Molspin Ltd, UK) at 1 T and their saturated isothermal remanent magnetization (SIRM)
was measured in the JR-6 magnetometer. Afterwards, a backfield of 300 mT was immediately applied to
the samples in the pulse magnetizer and their subsequent isothermal remanent magnetization (IRM_3q)

was measured in the JR-6 magnetometer. The S-ratios of the samples were then calculated as

45,78,79

. IRM_30¢ . .. . . .
S-ratio = ?:,:3' Lastly, all samples were analysed in a J-coercivity meter to obtain their saturation

magnetization (M), saturation remanence (M, and relative decay viscosity coefficient (Sq). The

concentration of trace elements was measured in all samples. As Cd, Pb and As are toxic for living



organisms, and even essential (Mn, Fe, Zn, Cu) or useful (Co, Cr, Ni) elements become harmful when they
are bio-available in the soil or groundwater in high concentrations,® all these elements were selected for
extraction by aqua regia® and subsequent inductively coupled plasma optical emission spectrometry
(ICP-OES) (American Assay Labs, USA). The Pollution Load Index (PLI)®** was calculated for each subsample

(i) in each land use class (j) based on each measured trace metal concentration (n) according to

Pl_li.jz -ILI"ICF]_.I.J XCFE,I,] X...XCFn.i.j

where CF,; is the contamination factor of trace metal n calculated as

concentration, j;
s

CFFI ij = - .
= rnm[cnncentratmnn’j]

Beside the core loggings, a MS2H downhole sensor (Bartington Instruments Ltd., UK) was used in the
field to record the magnetic susceptibility below 40 cm. As the operating frequencies of the MS2H (1.3
kHz) and MS2E (2.0 kHz) sensors are comparable, collected data from both sensors can be evaluated
together. In addition, the operating frequencies did not influence the susceptibility measurements as

superparamagnetic (SP) particles were absent at all sites.

To investigate how soil properties influence the dispersal of magnetic particles through soil, Kopecky ring
samples were taken down to a depth of 25 cm in the arable land, forest and pasture, each time at two
locations within the reference site. We calculated the volumetric water content (8) and soil bulk density
(p),® and determined soil texture through the pipette method® alongside the organic carbon (OC)
content® and soil pH-KCI.% The CaCO; content was determined by adding excess H,S0, followed by back
titration with NaOH.®’ For subsequent analysis, the results were averaged over the two locations within

the sites. At each site, profile descriptions were made based on Dutch auger sampling.
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3. Results and discussion

3.1 Local magnetic variability influenced by land use

3.1.1 Soil surface magnetic susceptibility

The mean topsoil susceptibilities differed significantly between all three reference sites, both when
measured above and underneath plant cover (Appendix B, Figure 4). Highest values were found in the
forest where the canopy and undisturbed soil allowed for a long-term preservation of the soil magnetic

signature. The values are similar to the results in Figure 1B and characteristic for industrial areas.™"****

3% 85 Susceptibility was lowest in the arable land, while intermediate values were obtained in the pasture.
The coefficient of variation underneath the plant cover was slightly larger in the pasture (0.14) than in
the arable land (0.11) and forest (0.11), suggesting more small-scale magnetic variability. This might be
related to the wet pasture soil being more prone to topsoil modification, e.g. cattle trampling, and the
lack of homogenization by ploughing. The number of random records necessary to reliably capture this
variability in an average value was determined through iterative sample size calculations following
Webster and Lark (2013).%® Assuming a confidence level of 5% and a tolerated deviation of 10% from the
true mean, a minimum of 10 topsoil records per m? were required for pasture, while 8 measurements

sufficed for arable land and forest. We decided to use 10 records as general guideline for further

analysis.

36 36 36 36 36 36
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Figure 4: Boxplots of topsoil susceptibility (k) for each land use class, both as measured above (a) and underneath (u) plant
cover. The whiskers correspond to the most extreme data points which are not outliers and the crosses correspond to
extreme values considered as outliers (> 1.5 x interquartile rangesg). The number of records for each land use class is given on
top of the figure.
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In the forest and pasture, magnetic susceptibility was 61 + 4 and 31 + 4 x 10™ SI higher when measured
underneath the plant cover compared to the values obtained above this layer (Figure 4). In the arable
land, the susceptibility only increased by 2 + 1 x 10 SI underneath plant cover because the cereal field
had just been harvested and hence plant cover was very thin. In relative terms, the susceptibility
decreased by 6, 47 and 37% in arable land, forest and pasture when measured above plant cover, which
is similar to previous results in forests: Magiera et al. (2016)** and prior research® in the forest reference
site reported decreases of 37% (19 x 10® SI) and 32% (47 x 10® SI). The lower values above plant cover
are due to the diamagnetic properties of the organic material and to large air spaces in the vegetation
and litter that dilute the magnetic signal. Thus, plant cover should be removed before measuring topsoil
magnetic susceptibility to reduce the magnetic surface variability caused by differences in plant cover

and to obtain an even soil surface for recording.

3.1.2 Magnetic depth profiling

3.1.2.1 Forest

The forest podsol features an acid, organic topsoil that covers an illuvial B horizon on top of a sandy
substrate (Figures 5 and 6). The last is known to be poor in iron and contains no primary magnetic
minerals sensu lato, but is dominated by diamagnetic minerals as corroborated by the negative
susceptibility values in the B and BC horizon. Yet, a small amount of Fe ions is released from the parent
material during weathering. As acid, organic topsoils generally favour the transformation of Fe ions into
weakly crystalline iron (oxy)hydroxides (e.g. ferrihydrite),”* slightly enhanced magnetic responses are
naturally found in organic topsoils. The latter also promote the formation of iron-organic complexes
which are then leached into the B horizon where other magnetic minerals (e.g. goethite) can be formed.
The S-ratio in the B horizon pointed to an enhancement of hard magnetic particles, however, as the
magnetic susceptibility dropped below 1 x 10® Sl in this layer (Figure 5), the diamagnetic fraction masks

most of the magnetic response of the few secondary magnetic minerals present. For all subsamples in
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the soil profile, X; equalled X;; and the pattern of X;: was similar to the SIRM pattern (data not shown), so
superparamagnetic (SP) particles were not formed or have been dissolved in the acidic soil conditions.”*
%0 Although highest susceptibility values were found in the organic A horizon, the upper part of the AB
horizon also showed magnetic enhancement. According to the S-ratio, this horizon is marked by an
increased influence of soft magnetic particles, compared to the B horizon. The effect is continued in the
A horizon where the magnetic response was fully dominated by soft magnetic minerals. As MD particles
often have an anthropogenic origin,”* we assume that coarse magnetite or maghemite particles have
been deposited onto the soil and were transported into the A and AB horizon. Pedogenic iron
(oxy)hydroxides might have been formed in the A horizon, but the increased ARM/SIRM ratio rather
reflects the presence of viscous grains below 7.5 cm as the viscosity coefficient (Sq) increased towards
the bottom of the profile (from ~4 x 107 to ~12 x 10°). The magnetic response in the A horizon is
dominated by the anthropogenic enrichment of MD particles. This is evidenced by SEM photographs of
the organic soil layers which showed large, spherical magnetic particles known to be present in
combustion exhaust (Figure 7).”* Low (~0.06) M,/M; ratios in the upper 13 cm further confirm the
deposition of MD grains on the soil surface, as well as the comparison of the subsamples’ Xazm (0.66 —
0.83 x 10?) and ki (0.48 — 0.61 x 107 SI) in the King plot (data not shown).”** In addition, trace metal
concentrations reached peak values in the O/A horizon except for Al, which is an indication of
podsolisation of the soil profile (Figure 5). Strongly positive correlations (r > 0.90) were also found
between the low-frequency soil magnetic susceptibility and trace metal concentrations (except for Al
and As) in the soil core subsamples (Table 1), demonstrating the suitability of soil magnetic susceptibility

. . 1
as a proxy for airborne pollution.®®®
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Figure 5: Photograph of the analyzed forest soil core and accompanying depth profile of k, the ARM/SIRM ratio, S-ratio and
relative enrichments of trace metals in the soil. No hysteresis parameters are shown because a high coercivity component is
present within the profile. Photograph: O = organic horizon, A = humic, mineral horizon, AB = transition zone between A and
B horizon, B = illuvial horizon, BC = transition zone between B and C horizon. Susceptibility profile: A MS2E sensor was used to
scan the nine sampled soil cores (depth < 42 cm) and the nine records at each depth were combined into one boxplot. The
whiskers correspond to the minimum and maximum values. A MS2H sensor was used in the field (depth < 75 cm) to establish
the susceptibility profile at greater depths. The mean topsoil magnetic susceptibility as measured with the MS2D sensor is
also plotted through the entire profile; the shaded, grey area represents the decreasing depth sensitivity of this sensor when
placed on top of the soil.”” Relative enrichment profiles: The relative enrichment of trace metals was calculated for each
depth as the subsample’s metal concentration divided by the maximum metal concentration in the entire profile. The x-axis
scale ranges from 0 to 1 for each metal.

P (kg m?) OC (%) 0 (vol.%) pH-KCI (-) texture
0 20000 200 050 10 arable forest pasture
I |
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5 o |, |— arable land . Y [ Jsand
s 20 | i ! : “ [ loam

JE R pasture : : B clay

Figure 6: Depth profiles of physical soil properties in the arable land, forest and pasture. p = soil bulk density, OC = organic
carbon content, 6 = volumetric water content. The x-axis scales for the texture profiles ranges from 0 to 100%. The pH in the
upper forest layer could not be determined due to the small amount of soil material in the sample. Additional measurements
showed that the OC content in the pasture remained low (1.5 - 2.0%) between 30 and 35 cm.
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Figure 7: SEM photographs of the soil in the u

combustion-related particles. Magnification: 1000x, scale: 100 um.

Table 1: Pearson correlation coefficients between the low-frequency magnetic susceptibility (X;) of the soil core subsamples
in forest and pasture as measured with the MS2B dual frequency sensor, and their concentrations of hazardous soil elements
and Pollution Load Index (PLI). Only samples with concentrations above the detection limit were used for calculating the
correlation coefficients and their number is given inside brackets. Correlations in arable land were not meaningful due to a
restricted sampling range.

forest pasture
Al -0.13 (22) -0.24 (29)
As -0.02 (8) 0.05 (24)
cd 0.92" (14) 0.72° (29)
Co 0.96" (16) 0.58 (28)
Cr 0.95 (22) 0.66° (29)
Cu 0.94 (16) 0.62° (29)
Fe 0.96° (22) 0.82° (29)
Mn 0.92" (22) 0.78 (29)
Ni 0.95 (14) 0.46 (29)

15



Pb 0.90" (21) 0.39® (29)

Zn 0.92® (13) 0.85™ (27)

PLI 0.97® (22) 0.81™ (29)

’ significant correlation (5% level)

3.1.2.2 Pasture
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Figure 8: Photograph of the analyzed pasture soil core and accompanying depth profile of k, the ARM/SIRM ratio, S-ratio,
M,./M; ratio and relative enrichments of trace metals in the soil. Photograph: Agp = humic, mineral horizon with gley
features and which has been ploughed in 2011 - 2012 (see 2.1 Study area), Bgph = humic, illuvial horizon with gley features
and which has been ploughed in 2011 — 2012 (see 2.1 Study area), Brph = humic, reduced, illuvial horizon which has been
ploughed in 2011 - 2012 (see 2.1 Study area), Brh = humic, reduced, illuvial horizon. Susceptibility profile: A MS2E sensor was
used to scan the nine sampled soil cores (depth < 42 cm) and the nine records at each depth were combined into one boxplot.
The whiskers correspond to the minimum and maximum values. A MS2H sensor was used in the field (depth < 75 cm) to
establish the susceptibility profile at greater depths. The mean topsoil magnetic susceptibility as measured with the MS2D
sensor is also plotted through the entire profile and the grey area represents the signal penetration depth of this sensor when
placed on top of the soil."” Relative enrichment profiles: The relative enrichment of trace metals was calculated for each
depth as the subsample’s metal concentration divided by the maximum metal concentration in the entire profile. The x-axis
scale ranges from 0 to 1 for each metal.

The phaeozem profile that developed in the pasture is marked by a thick, humus rich organic layer
(Figures 8 and 6). The profile is situated in a small depression which explains its high moisture content.
Intense leaching has removed CaCO; from the profile, which is also reflected in the slightly acid pH.
Reduced Mn ions might have been oxidized in the upper horizons affected by gley, and as the OC content

is not extremely high, we assume that subsequent leaching of Mn oxides has darkened the soil.
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Considering X equalled X in all soil core subsamples, the presence of pedogenic SP particles is not
indicated. Thus, SP ultrafine particles have not been formed or have been dissolved. However, formation
of fine SD grains out of weathered Fe ions from the parent material cannot be excluded. In general,
alternating oxidising and reducing conditions in the upper, organic rich Agp and Bgph soil horizons favour

the formation of strong magnetic particles’* *®

which might subsequently be leached into the B horizon.
The S-ratio is rather constant along the profile and close to unity, indicating the overall dominance of
ferrimagnetic minerals. The ARM/SIRM ratio is about one order of magnitude lower compared to the A
horizon of the forest profile, suggesting coarser ferrimagnetic particles in the pasture profile. Only in the
Brh horizon, the S-ratio is slightly decreased, and the M,/M, and ARM/SIRM ratios are enhanced,
indicating a mixture of soft and hard SD particles of pedogenic origin. We hypothesize that
anthropogenic, soft MD particles and heavy metals have been deposited onto the soil and were
subsequently mixed within the ploughing layer when the pasture field was under agricultural use (2011 -
2012). This can explain the enhanced magnetic susceptibility and the decreased M,/M; ratio within the
upper 35 cm, along with the rather homogeneous distribution of heavy metal concentrations compared
to the forest profile. When the field then again was used as pasture, atmospheric deposition of magnetic
particles re-established the top-down accumulation of magnetic particles and heavy metals, with slightly
higher susceptibility values in the upper 20 cm as a result. Except for Al, As, Ni and Pb, high correlations
(r > 0.50) were again found between the low-frequency soil magnetic susceptibility and trace metal

concentrations (Table 1), suggesting that the magnetic properties are dominated by anthropogenic

particles.
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3.1.2.3 Arable land
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Figure 9: Photograph of the analyzed arable soil core and accompanying depth profile of k, the ARM/SIRM ratio, S-ratio,
M,./M; ratio and relative enrichments of trace metals in the soil. Photograph: Ap = humic, mineral horizon which has been
ploughed. Susceptibility profile: A MS2E sensor was used to scan the nine sampled soil cores (depth < 42 cm) and the nine
records at each depth were combined into one boxplot. The whiskers correspond to the minimum and maximum values. A
MS2H sensor was used in the field (depth < 75 cm) to establish the susceptibility profile at greater depths. The mean topsoil
magnetic susceptibility as measured with the MS2D sensor is also plotted through the entire profile and the grey area
represents the signal penetration depth of this sensor when placed on top of the soil.”” Relative enrichment profiles: The
relative enrichment of trace metals was calculated for each depth as the subsample’s metal concentration divided by the
maximum metal concentration in the entire profile. The x-axis scale ranges from 0 to 1 for each metal.

As the arenosol in the arable land is poorly developed and has a low OC content (Figure 6), we assume
that only a limited amount of pedogenic magnetic particles have been formed within the profile. In
addition, the background magnetic response in this profile is diluted by high CaCO; contents. Low
pedogenic enhancement is inferior to the presence of anthropogenic MD particles which are mixed
homogeneously within the plough layer. The magnetic susceptibility was enhanced in the upper 42 cm
and dropped to 4 x 10® SI below this depth, where pedogenic formation of magnetic particles might
become more important compared to the upper soil layers (Figure 9). As X equalled X in all soil core
subsamples, no indications of SP particle presence were found. The S-ratio is almost constant compared

to the forest profile, indicating the absence of high coercivity minerals such as goethite. The low M,/M,
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ratio (< 0.1) along the entire profile and the distribution of trace metals in the plough layer showed that
anthropogenic MD particles and trace metals are evenly spread in this layer. Although the susceptibility
profile in arable land was similar to the PLI profile (data not shown), correlations between the low-
frequency magnetic susceptibility and trace metal concentrations in the arable land were not meaningful

due to a restricted sampling range.

3.1.2.4 Magnetic profiling over different land use classes

h,% 229! strong correlations between the soil magnetic susceptibility and trace

Similar to previous researc
metal concentrations along with a minor contribution of pedogenically formed magnetic particles
showed that soil magnetic susceptibility can be used as a proxy for airborne pollution in different land
use classes. Analogous to the topsoil results in each land use class (see section 3.1.1), highest magnetic
susceptibility values were recorded in the forest profile, followed by the pasture and arable land. The
forest canopy efficiently intercepts airborne pollution and magnetic particles are easily adhered on
humic matter within the organic soil layers. The undisturbed layering of soil horizons prevents the
downward migration of anthropogenic magnetic particles and causes a magnetic enhancement in the
uppermost soil horizon. In the arable land, captured particles are partly removed when harvesting crops
and partly diluted in the soil profile due to ploughing. The intermediate values in the pasture likely relate
to the accumulation of recently deposited particles together with particles already present within a
former plough layer. These results show how land use strongly influences the distribution of magnetic
particles through the soil profile and explain why magnetic susceptibility in the reference sites did not
correlate with the distance to the pollution source. The highest susceptibility values were found in the
forest located 1700 m from the factory’s chimney, while intermediate and lowest values were obtained
in the pasture and arable land located at 1300 m and 1500 m from the source. At all reference sites,

susceptibility almost decreased to zero when reaching the C horizon (Figures 5, 8 and 9), reflecting the

dominance of the diamagnetic parent material in bulk measurements of susceptibility. Due to conditions
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favoring the pedogenic formation of magnetic particles and the formation of organic — iron oxide
complexes in the upper, organic soil layers, enhanced magnetic properties in all profiles related to high
contents of organic material (Figures 5, 6, 8 and 9). Although the reference sites are located in a sandy
soil environment, it was assumed that leaching of magnetic particles is limited where organic soil

horizons are present.

3.2 Regional magnetic prospection over different land use classes

3.2.1 Soil surface magnetic susceptibility

Following the recommendations developed in section 3.1.1, plant cover was removed over 1 m? at each
of the 72 transect points (Figure 1C) prior to recording ten randomly placed topsoil susceptibility
measurements on this m? with a MS2D loop sensor (Bartington Instruments Ltd., UK), retaining their
mean for further analysis. Six different land use classes were recorded over the 72 transect points (see
section 2.1). Except for three extreme values in the anthropogenic class, the highest values were
obtained in forests where magnetic susceptibility up to 187 x 10™ SI was recorded (Figures 10 and 11).
Polluting particles are blown over the entire study area and the forest canopy acts as a shield catching
windblown magnetic particles, which are then preserved in the organic soil layers. Lower values were
obtained in the other land use classes where no high canopy is present or was removed and where land
was subject to anthropogenic modifications (e.g. ploughing and harvesting). Average soil magnetic
susceptibility reached 39, 55, 60 and 63 x 10 Sl in arable land, pasture, bare soil and moorland. The
magnetic enrichment in anthropogenic soils can be attributed to local human activity such as traffic
exhaust next to roads, private dumps and burning. Consistent with the observations at the reference
sites, the lowest and most homogeneous values were recorded in arable land, while slightly increased
and more variable susceptibility values were observed in pasture and moorland. According to aerial
photographs dating from 2000,> site A on Figure 11 was used for waste disposal in the past, sites B have

been variously cultivated between 2000 and 2013 and trees have been removed from site C in 2008.
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Since the land use history strongly influences the distribution of magnetic particles through soil,
straightforward interpretation of magnetic topsoil records is difficult and no unambiguous conclusions
can be made about the airborne pollution impact. Highest susceptibility values in the forest might be
related to its capacity for capturing and retaining airborne particles, rather than reflecting a general
trend of decreasing PM concentration with increasing distance from the factory. Likewise, low
susceptibility values in arable land can be attributed to dilution of magnetic particles within the
ploughing layer, instead of to a decreasing PM trend. If such a trend would fully dominate the
susceptibility records, values in arable land closest to the factory should be higher than values in arable

land further away, or even surpass the susceptibility records in the forest.

300 14 31 9 3 14 1
% 200} T 1
s _
= 100} - 1
0
anthropogenic pasture arable land
forest moorland bare soil

Figure 10: Boxplots of mean topsoil susceptibility (k) after removal of plant cover for each land use class. The whiskers
correspond to the most extreme data points which are not outliers and the crosses correspond to extreme values considered
as outliers (> 1.5 x interquartile rangesg). The number of records for each land use class is given on top of the figure.
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Figure 11: Distribution of topsoil susceptibility (k) along the transects. Different colors are appointed to different land uses
and the size of the dots is proportional to the topsoil susceptibility. At a subset of 10 grid points (numbers 1 — 10), soil cores
were taken and analyzed down to a depth of 40 cm. Site A has been prone to dumping activities in the past, sites B have been
variously cultivated between 2000 and 2013 and site C has been grubbed in 2008.

3.2.2 Magnetic depth profiling

Large-scale magnetic depth variability was investigated by analyzing 10 soil cores in the transects (Figure
11, cores 1-10) analogous to section 2.3. The forest soils (cores 1, 5, 8 and 9) mostly displayed a peak in
the O and A horizons along with pedogenic or anthropogenic enhancement in deeper layers (Figure 12).
However, profile 1, obtained in a forested area with low tree density but with shrubs and grasses,
showed a different pattern. Land use history seems to influence the current magnetic soil signature as
aerial photographs have shown that the area was under pasture until 2003.>* The anthropogenic profile
(core 4) revealed very high (up to 1541 x 10® SI) and variable records due to intense anthropogenic
interference, whereby the soil was excavated for sand extraction (personal communication with the land

owner). At both pasture soils (cores 3 and 10), the profile displayed slightly enhanced yet rather constant

22



magnetic values, which might be due to pedogenic formation of magnetic particles, following the
accumulation and migration of magnetic particles through soil or related to an old plough layer as —
according to aerial photographs™ — profile 10 has been under cultivation in 2014. The magnetic records
were also enhanced but constant over the entire plough layer in the arable soils (cores 2, 6 and 7). A
piece of metal was visually observed in core 6, explaining the outlier (753 x 10 Sl) at 14.6 cm depth. The
strong magnetic enhancement in this entire profile might be related to differences in phytosanitary
treatment or tillage techniques because, unlike the other arable soils (cores 2 and 7), this soil (core 6)
was not planted with corn during the present study. These results show that magnetic depth profiles in
the study area are strongly influenced by the land use history and only to a minor extent by pedogenic
formation of magnetic particles. As topsoil susceptibility sensors only record the upper 8 cm of the soil,*’

unravelling the impact of pollution using topsoil magnetism is far from straightforward without prior

knowledge about land use.
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Figure 12: Susceptibility (k) depth profiles as measured with the MS2E sensor and photographs of 10 soil cores which are
located in the northern part of the study area (Figure 11, cores 1-10). The mean topsoil magnetic susceptibility (k) as
measured with the MS2D loop sensor is also plotted through the entire profile (vertical dashed line). The land use class is also
given: f = forest, ar = arable land, p = pasture and an = anthropogenic.

All split cores were subsampled at the bottom and the top of the core for the chemical analyses
described in section 2.3. Moderate to strong correlations were obtained between the low-frequency
magnetic susceptibility in the soil core subsamples and their concentrations of hazardous soil elements

(Table 2). Although the values for Pb (0.79), Ni (0.59) and the PLI (0.53) are of environmental importance,
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the correlations are generally lower than for the small-scale reference sites (Table 1). The magnetic
footprint which reflects atmospheric deposition of magnetic particles and associated trace metals might
be dominated by the application of livestock manure, inorganic fertilizers, industrial waste (e.g.
byproducts from the food industry and paper or textile production) and sewage sludge to the soil.”

Private garden works and other soil tillage might further alter the distribution of metals in soils, leading

to poorer correlations between the magnetic susceptibility and the considered metals in the soils.

Table 2: Pearson correlation coefficients between the low-frequency magnetic susceptibility (X;) of the subsamples in the 10
soil cores of the transect (Figure 11, cores 1-10) as measured with the MS2B dual frequency sensor, and their concentrations
of hazardous soil elements and Pollution Load Index (PLI). Only samples with concentrations above the detection limit were
used for calculating the correlation coefficients and their number is given inside brackets.

element correlation

Al -0.47 (20)

As(a) _ _
Cd - (0)
Co 0.40 (20)
Cr 0.32 (20)
Cu 0.40 (19)
Fe 0.93 (20)
Mn 0.36 (20)
Ni 0.59" (18)
Pb 0.79 (20)
Zn -0.35 (4)
PLI 0.53 (20)

*significant correlation (5% level)
) Concentrations for As could not be calculated due to an error in the ICP-OES device.

4. Conclusion

Detailed analysis of local magnetic variability and trace metal concentrations in soils across different

land-use classes (arable land, forest and pasture) showed the persisting dominant impact of atmospheric
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PM deposition on the soil magnetic response. However, as different PM deposition and migration
processes influenced the distribution of magnetic particles down the soil profile, topsoil records could
not be interpreted unambiguously for describing the impact of pollution across the wider area. Hereby,
the strong influence of land use on the subsurface distribution of magnetic particles disturbed the
correlation between the magnetic signal at the reference sites and their distance to the pollution source.
Additional downhole susceptibility sounding revealed a dispersion of magnetic particles throughout the
soil profile, facilitating interpretation of the local topsoil variability and providing insight into the impact
of land use. Still, these integrated topsoil and downhole magnetic records did not enable discriminating
pollution trends over the wider area. Although our data show the limitations of topsoil magnetic
pollution mapping across land use classes, the reliability of targeting isolated land use classes (such as
arable land and pasture) in heterogeneously used regions remains to be evaluated. Here, the integration
of complementary analytical methods such as SEM or elemental analyses can provide additional support

for relating the magnetic response to pollution.

5. Appendices

5.1 Appendix A — Prior research in the forest reference site

Topsoil susceptibility was measured in the forest reference site in 2015 using a MS2D loop sensor
(Bartington Instruments Ltd., UK) at 120 locations in the forest, which were selected partly random and
partly on a regular 100 m grid, with at least 25 m spacing. After litter removal, ten magnetic susceptibility
records were taken randomly in a square meter at each location. Median values were then used to
produce an interpolated susceptibility map with ordinary kriging. High magnetic susceptibility was

observed in the forest, with increasing values towards the metallurgical factory (Figure 1B).%
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5.2 Appendix B — Statistical hypothesis testing between arable land, forest and pasture

Nine paired-sample t-tests (a = 0.05) were executed to reveal significant differences in magnetic
susceptibility between arable land, forest and pasture (Table B.1). The mean topsoil susceptibilities
differed significantly between all three reference sites, both when measured above and underneath

plant cover (p < 0.05 for all tests).

Table B.1: P-values for each of the nine paired-sample t-tests.

t-tests between values t-tests between different land use classes
underneath and above
plant cover
forest arable land pasture
forest 1.69 x 10 | forest 1.52x 107 ™ 557x10°®
arable land  2.54 x 10® | arable land 1.78 x 10 @ 2.53x10™®
pasture 7.11 x 10™° | pasture 1.65x 10" @ 1.35x10% @

® underneath plant cover
®) above plant cover
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Highlights

3D magnetic soil variation was studied across different land use classes

land use affected magnetic susceptibility, limiting direct evaluation of pollution
magnetic susceptibility did not correlate with the distance to the pollution source
downhole measurements facilitated correct interpretation of topsoil magnetic maps

robust magnetic monitoring across various land use classes requires ancillary data
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