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ABSTRACT

Ferrous metals are a main recyclable waste fraction in Enhanced Landfill Mining
(ELFM) projects. However, prior to mining, the metal content of municipal solid waste
(MSW) landfills is unknown. We investigate if the metal content of MSW landfills can
be estimated by inverse modeling of geophysical measurements as the magnetic
properties of the subsurface are particularly sensitive to ferromagnetic metal en-
richments. We conducted magnetic total-field measurements on a MSW landfill in
Austria and estimated the bulk magnetic susceptibility (MS) of the subsurface by
inverse modelling. For validation of the subsurface MS values, 32 drill-core samples
from multiple locations and depths within the landfill were obtained and manually
sorted into 12 waste fractions including ferrous metals (2.3 £ 1.4 wt.%, 10). To inves-
tigate if bulk MS could be accurately predicted from inverse modeling when the exact
composition of the waste is known, the MS of iron and other expected waste frac-
tions were investigated in laboratory analysis using reference samples from waste
treatment plants and another ELFM project. Laboratory analyses partly yielded sig-
nificantly larger MS values for waste materials than those given for virgin materials
in literature. The bulk MS for each sample from the ELFM project was computed
using a weighted mean with respect to the waste composition derived from manual
sorting. The bulk MS derived from inverse modelling of the field data (0.06 to 0.11 SI)
exceeded the bulk MS derived from the material composition of waste samples and

1. INTRODUCTION

Landfill mining (LFM) (Krook, Svensson, & Eklund, 2012)
and more recently Enhanced Landfill mining (ELFM) (Jones,
et al., 2013), the recovery of resources from landfills, have
gained increasing attention in the last few decades. The
main focus of mining municipal solid waste (MSW) land-
fills is calorific fractions (20-30 wt.% dry matter) for energy
recovery and metals (1-5 wt-% dry matter) for direct mate-
rial recovery (Krook, Svensson, & Eklund, 2012). Whereas,
decomposed organic and weathered mineral materials, of-
ten summarized under the term fine fractions (50-60 wt.-%)
(Hernandez Parrodi, Hollen, & Pomberger, 2018), and inert
material (10 wt.-%) are mostly not recyclable (Wolfsberger,
etal., 2015). MSW metal content can vary significantly with-
in, and for different, landfills (Krook, Svensson, & Eklund,
2012), as it depends mainly on the fresh waste composi-

the MS values of reference samples (0.01 to 0.05 SI).

tion (Burnley, 2007) and mechanical-biological pre-treat-
ment (Leikam & Stegmann, 1999). From an economic point
of view, a relatively high proportion of metals in a landfill
is the decisive parameter for a positive assessment of an
ELFM project (Winterstetter, Laner, Rechberger, & Fellner,
2015). Therefore, it is relevant to investigate the metal con-
tent of a landfill prior to deciding the potential for ELFM.

Often, invasive methods are applied to estimate the ma-
terial composition of landfills, this mainly includes drilling,
and trenching, followed by manual sorting of the sampled
material (Mor, Ravindra, de Visscher, Dahiya, & Chandra,
2006). However, invasive techniques are expensive and
time-consuming. Due to these disadvantages, often only
small volumes of a landfill are explored (McCann, 1994).
This is problematic due to the strong heterogeneity of
MSW, which can cause the results to be unreliable and/or
poorly representative.
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Using non-invasive geophysical methods, larger sec-
tions of landfilled waste can be investigated in terms of
their in-situ physical properties, and they can be scanned
quickly, and hence, at relatively low expense. Such methods
have been applied for decades in exploration of geogen-
ic deposits like ores or petroleum (Dobrin & Savit, 1960),
and have also proven to be useful for the investigation of
landfills. However, most geophysical studies of landfills fo-
cus on environmental problems arising from the landfilled
waste, and material composition is often not explored (Or-
lando & Marchesi, 2001) (Hermozilha, Grangeia, & Senos
Matias, 2010) (Porsani, et al., 2004). However, recently at-
tempts towards landfill characterisation in the context of
ELFM projects have included the determination of leachate
saturation levels and thickness of the waste by vertical
electric sounding, electrical resistivity tomography, induced
polarization and seismic diffraction techniques (Cardarelli
& di Filippo, 2004). Additionally, since the development of
the concept of ELFM, a few studies have focused on ge-
ophysical exploration through electromagnetic induction
in view of supporting the decision of, and relevance of, an
ELFM scenario (e.g., (Bobe, Van De Vijver, & Van Meirvenne,
2018); (Van De Vijver & Van Meirvenne, 2016)).

Magnetic methods are mainly applied to identify indi-
vidual objects (e.g. drums) in landfills (Prezzi, Orgeira, Os-
tera, & Vasquez, 2005). On the contrary, in ELFM the aver-
age material composition of an entire landfill, or at least a
compartment, is crucial (Krook, Svensson, & Eklund, 2012),
not individual objects. For example, in one simpler non-
MSW ELFM case study, landfilled foundry sands were dis-
tinguished from iron-rich materials in an industrial landfill
by the absence of magnetic anomalies (Zanetti & Godio,
2006). In general, iron scrap in MSW landfills does not form
whole compartments or layers, but occurs as individual ob-
jects of various sizes (um - m) which are mixed with other
MSW constituents like plastics, wood, inert materials and
decomposed organics. For this reason, for ELFM of MSW
landfills, the approach to identify individual objects is not
valuable, but rather average MS values of whole landfills
or larger parts of a landfill are required. In the recent ELFM
study of Yannah, Martens, van Camp, & Walraevens (2019),
metal enrichments were differentiated qualitatively to plas-
tic enrichments. However, in general, quantitative interpre-
tation of geophysical measurements in terms of waste
composition remains challenging.

Iron is the most common metal in landfills (Garcia
Lopez, et al., in press), and the magnetic susceptibility
(MS), which is the degree of magnetization of a material
in response to an applied magnetic field, of iron is large
compared to other materials (Schenck, 1996). Thus, geo-
physical prospecting with magnetic methods is a logical
method to apply in ELFM evaluation. Magnetic surveying
allows one to derive subsurface MS values, and as the MS
of the bulk of landfill materials is negligible compared to
the contribution from iron, it might be possible to estimate
iron content from magnetic data.

In magnetic exploration, there are two different ap-
proaches.

In gradiometer magnetic measurements, the strength
of the Earth’s magnetic field with respect to an accurate

location and time is measured. By comparing the geomag-
netic reference field with temporal changes of the field dur-
ing the survey time, a local magnetic anomaly is derived.
Such anomalies can be linked to magnetisable objects in
the subsurface. The magnetic susceptibility of a material
gives a measure of its degree of magnetizability. In general,
the interpretation of magnetic anomalies is not straightfor-
ward due to various complications arising from the strong-
ly variable nature of waste materials and dynamic landfill
conditions. Relating to the former, objects with two types
of magnetization may occur: (i) induced magnetization
due to the present Earth’s magnetic field, and (ii) remanent
magnetization due to an earlier exposure to a magnetic
field, which might have had a different orientation than the
currently prevailing Earth magnetic field. The interaction
of these magnetization effects, for the entire collection
of individual magnetic objects present in landfilled waste,
impedes unique interpretation of magnetic data in terms
of waste properties. For MSW landfills, it is assumed that
the remanent magnetization is even harder to capture than
for rocks, as landfills usually consist of many small objects
whose remanent magnetization is randomly distributed
and therefore, levels off at a larger scale, not locally, such
that magnetic data interpretation of landfills is more com-
plicated than interpretation of geological magnetic anom-
alies.

To derive surface MS, active induction measurements
are commonly applied. In these measurements an artificial
alternating electromagnetic field is applied to the surface.
The response of the illuminated volume to the alternating
field is then recorded and can be linked to its magnetic sus-
ceptibility.

MS values of inorganic materials like copper (Cu, -9.63
x 10°), iron (Fe, 2.00 x 10° Sl), water (H,0,-9.05 x 10 SI) and
air (3.60 x 107 SlI) were summarized by Schenck (1996).
With respect to the prediction of the content of iron and
other ferrous metals, it has to be stressed that the MS val-
ues for different iron alloys can vary around eight orders
of magnitude. Data for organic waste constituents like
polyethylene (PE, 4.34 x 10 Sl), polyethylene terephtha-
late (Selwood, Pardo, & Pace, 1950) and for wood (-3.88
x 107 Sl) (Phaovibul, Loboda-Cackovic, Hosemann, & Bal-
ta-Calleja, 1973) are limited and for some organic polymers
like cotton or polypropylene (PP) no data was found. All
relevant and available literature values are summarized in
Table 1. It can be seen that due to its ferromagnetism, iron
content can be expected to dominate magnetic anomaly
data. Thus, we expect to find a relationship between the
absolute values of magnetic anomalies and the landfill iron
content.

For ELFM projects the values for virgin substances are
of restricted applicability as material groups which are de-
rived from mechanical processing, still contain fine-grained
contaminations of other materials and are degraded in
landfills. For an economic assessment of ELFM, only the
share of metals that is obtained by mechanical processing
or manual sorting can be compared to magnetic data and
is therefore relevant to consider. Degraded and contami-
nated waste fractions, which are obtained after mechani-
cal processing of fresh or landfilled MSW, have undergone
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TABLE 1: Literature values for magnetic susceptibility of pure materials (1) = (Schenck, 1996), 2 = (Phaovibul, Loboda-Cackovic, Hose-

mann, & Balta-Calleja, 1973), 3 = (Rakos, Murin, Kafka, Varga, & Olcak, 1984), 4 = (Selwood, Pardo, & Pace, 1950)

Material Formula/Abbreviation Magnetic Susceptibility (SI)
Pure iron (1) Fe 2.00-10°
Magnetic stainless steel, martensitic (1) (Fe,Cr) 4.00-10%-1.10+10°
Magnetite (1) Fe,0, 7.00+10°
Stainless steel, austenitic (1) (Fe,Cr) 3.52+10%-6.70-10°
Goethite (1) FeOOH 1.46 - 10°
Polythylene (2) PE 4.34+10°

Air (1) 78% N, +21% O, 3.60-107
Quartz (1) Sio, -1.63+10°
Water (1) H,0 -9.05-10°
Copper (1) Cu -9.63+10°
Polyethylene terephthalate (4) PET -6.74+107
Cellulose (3) -3.37+107

Fir wood (3) -3.88+107

significant material changes, and might therefore, have a
different magnetic susceptibility compared to that of vir-
gin materials from industry. Therefore, a calibration of the
magnetic model of a landfill (McCann, 1994) can only be
validated when MS values of respective waste fractions
are known. As such, the aim of magnetic exploration is to
relate its results to the percentage of the ferrous metals
fraction obtained by manual or mechanical sorting. Fur-
thermore, for ELFM applications it has to be considered
that ferrous metals may also occur as contaminations in
other waste fractions.

In summary, two key issues hinder a quantitative iron
content estimation in landfills using magnetic exploration
methods: the change of the material during degradation in
landfills and waste processing, and the large variation in
intrinsic MS values of ferrous metals. These points moti-
vate the two research questions addressed in this work: (i)
to which degree do the MS values of virgin materials differ
from those of waste fractions containing these materials,
but which have been altered and have been contaminated
by other materials, and (ii) can laboratory measurements
of the MS of (mixtures of) individual waste fractions be
related to total field magnetic measurements on site, and
can the combination of laboratory and field measurements
predict the iron content of a landfill?

To the best of our knowledge, quantitative studies for
geophysical iron content exploration have not been pre-
sented yet. In order to predict the share of iron in landfills,
the observed deviation of the total magnetic field intensity
and the thereof derived bulk subsurface MS must be asso-
ciated to the MS of different waste fractions.

To investigate our research questions, we approach
the iron content estimation problem in three steps. First to
answer research question (i) we conduct MS analyses on
reference samples (i.e. waste fractions, and if not available,
samples of materials which also occur in landfilled waste)
and compare them to literature values of corresponding
relevant materials. Second, we calculate the MS of waste
mixtures based on compositions derived from manual

sorting of samples obtained in a drilling campaign from an
Austrian MSW landfill. The bulk MS calculation is based on
MS values derived from the reference samples and the ra-
tio of materials present. Third, we use the anomalous mag-
netic data from a survey at the respective Austrian MSW
landfill to estimate the bulk MS of the waste along a profile
by inverse modelling. The calculated mean MS for the drill-
cored material was compared to the inverse-modelled MS
to answer research question (ii).

2. MATERIALS AND METHODS
2.1 Magnetic Lab Tests

In total, magnetic properties of twelve reference sam-
ples representing materials relevant in ELFM projects were
investigated (Table 2). Six waste fractions were obtained
from a landfill mining project (Muras, Kiippers, Hollen, &
Rothsched|, 2018), five of them produced by manual sort-
ing (polypropylene (PP), polyethylene (PE), paper & paper-
board, textiles and wood), and one from mechanical biolog-
ical treatment (MBT), i.e. the light fraction of a windsifter.
Shredded bottle lids (PE + PP + polyethyleneterephthalate,
PET) and black plastics were obtained from a plastic re-
cycling plant, two further samples, i.e. copper scrap and
granulated pig iron (GPI, d = 5 mm), were obtained from
industrial partners, and building sand and potting soil were
commercial products. In summary, 10 of 12 samples are
waste samples characterized by contaminations of other
materials, e.g. the iron fraction.

Sample bodies of all investigated reference samples
were produced in non-compacted form in two open vessels
of different size, a cube of 8 cm? volume, and a cylinder (h =
9 cm, 10 cm, V = 707 cm3). Overall, four different magnetic
sensors were used to check data reliability. These were: the
Exploranium KT-9 (sensitivity: 10" Sl units, measuring time
0.5 s, frequency 10 kHz); the Bartington MS2 with MS2EI
sensor (2 kHz); the Agico MFK1-FA Kappa bridge; and the
KLF-3 Minikappa. The Explonarium and Bartington sensors
were used for the larger test specimens and the Agico and
the KLF-3 sensor for the smaller test specimens. Meas-
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TABLE 2: Reference samples for lab tests for the determination of magnetic properties.

No. Material Sample Codes

Origin

1 Polypropylene (PP) PP-1 to PP-6 Halbenrain Landfill

2 Light fraction windsifter LG-1 to LG-6 Halbenrain Landfill

3 Polyethylene (PE) PE-1 to PE-6 Halbenrain Landfill

4 Shredded bottle lids PET-1 to PET-6 Recycling Plant

5 Paper & Paperboard K-1to K-6 Halbenrain Landfill

6 Textiles TX-1to TX-6 Halbenrain Landfill

7 Wood H-1 to H-6 Halbenrain Landfill

8 Black plastics (PE + PP) KS-1 to KS-6 Recycling Plant

9 Iron FE-1 to FE-6 Granulated pig iron (GPI), Steel Plant
10 : Copper CU-1 bis CU-6 Chair of Nonferrous Metallurgy, MUL
11 Quartz sand, 0.3-Tmm S-1 bis S-6 Quester BauProfi Quartz sand, lime-free, fire-dried
12 Potting soil BE-1 to BE-6 Hornbach Universalblumenerde

urements with the Explonarium and Bartington sensor (12
measurements per material, per sensor and 24 measure-
ments for light fraction (LG) samples), were conducted in
direct contact with the material surface. The Bartington
MS2 sensor was applied at different spots on the sample
cube, whereas the Exploranium KT-9 sensor was applied
at one single measurement spot due to its required larger
sample size, which did not allow measuring different spots
on one plane. Measurements with the Agico sensor were
conducted in triplicate at two frequencies (976 Hz, 3904
Hz). For measurements of the GPI sample, the cubes were
only partly filled to 15 + 2% as MS values of completely
filled cubes exceeded the calibration range.

The measured bulk MS values of partly filled cubes
were converted to intrinsic MS values by considering the
volume share of the investigated sample. To account for
the MS of the sample cube, the average susceptibility of an
empty sample cube was used as a blank and subtracted
from the respective sample values.

The natural remanent magnetization (NRM; Mr) of the
reference samples was investigated in free space and in
the absence of any external magnetic field. The measure-
ments were performed using two magnetometers, the Bar-
tington Mag-01H Fluxgate for Cu and Fe, and the 2G En-
terprises for all other samples. The samples were inserted
in a cube with 8 cm edge length. For Cu and Fe, the NRM
was determined in three spatial directions and the average
values were used to calculate the resulting magnetization
vectors. The induced magnetization (Mi) of Fe and Cu was
calculated according to equation 1 from the magnetic sus-
ceptibility determined by the AGICO sensor, as this sensor
has the largest sensitivity. For Cu and Fe, MS values for
completely filled cubes were beyond the measuring range
and therefore extrapolated from partly filled cubes.

Mi=0.7958 He x (1)

H = magnetic field at the site; x = magnetic susceptibility,
the factor 0.7958 is due to the conversion in A/m.

The contribution of Mr and Mi is expressed by the
Konigsberg factor Q = Mr/Mi.
The viscous remanent magnetization (VRM) was deter-

mined after subjecting the samples to the Earth's natural
magnetic field for 30 days and a subsequent measurement
of the magnetization using the Bartington Mag-01H Flux-
gate for Cu and Fe, and the 2G Enterprises for all other
samples. The change in direction of the vector of the mag-
netization was used to calculate the VRM using Remasoft
3.0 software.

2.2 Magnetic Landfill Exploration

An Austrian MSW landfill, landfill site 1 in (Wolfsberg-
er, et al,, 2015), was selected for geophysical exploration.
The survey locations were recorded with an accuracy of <1
m using a Trimble Total-station TK GPS. The survey area
is outlined in Figure 1. The magnetic total-field measure-
ments were conducted following a grid setup with a spac-
ing of 2 m in the east-west direction and 1 m in the north-
south direction, resulting in 4696 measurement points.
Two GEM 19-OH proton-precession magnetometer sen-
sors were placed at 1 and 2 m heights, the total magnet-
ic field intensity and the gradient of the two sensors were
recorded. In order to obtain the local magnetic anomalies,
the measured total intensities were reduced by the mean
International Geomagnetic Reference Field (IGRF) and fil-
tered to eliminate long-wavelength features. The diurnal
variation of the magnetic field was recorded using a sec-
ond magnetometer (GEM 19-T) at a base station north and
beside the landfill. Surface MS was mapped ina 2 by 2 m
grid (2343 measuring spots) using an Explonarium KT-9
susceptibility sensor.

2.3 Landfill sampling campaign

A drilling campaign was conducted at the same Austri-
an MSW landfill and consisted of six drill-sites (Figure 1).
For each borehole, several samples of 240 L were taken at
2 m depth intervals (Table 3). Waste samples from the drill-
cores were then screened at 40 mm. The resulting sieve
overflow (>40 mm) and underflow (<40 mm) were manually
sorted into twelve material groups as defined in the Aus-
trian Waste Management Plan (Austrian Federal Ministry
of Agriculture, 2017), namely: ferrous metals, non-ferrous
metals, plastics, paper/paperboard, inert, glass, com-
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FIGURE 1: Measuring area (black) for magnetic exploration with
indication of the profile for inverse modelling (blue), black circles
indicate drilling locations.

pounds, problematic substances, wood, textiles, others
and sorting residue. Samples from this campaign had been
discarded by the time magnetic lab tests were conducted
(Chapter 2.1), as such, the waste fractions obtained here by
manual sorting are not the same as the samples used for
lab tests in chapter 2.1. Finally, the resulting samples were
weighed to derive the weight percentage of each fraction.

2.4 Magnetic Modelling

Bulk MS values for the investigated landfill material
which comprises of individual constituents with distinct in-
trinsic MS values, were approximated in two ways, (i) from
the waste composition, and (ii) deduced from magnetic
anomalies.

Firstly, the MS values of individual waste reference
samples that were obtained with the MFK1-FA sensor were
multiplied by the percentage of individual waste fractions
according to manual sorting of landfilled waste. Thus, the
MS value obtained should be representative of the true bulk
MS value for the excavated material and be directly compa-
rable with the MS values derived from magnetic anomalies.
Some approximations were used, in particular, the MS val-
ue for Cu scrap was used to represent the entire non-fer-
rous metal fraction, the PE reference sample was used for

TABLE 3: Samples from drilling used for manual sorting.

Borehole Depth [m] Number of samples
BR3/16 7.70 3
BR 2/8 15.20 7
BR 2/11 17.20 8
BR2/12 12.40 5
BR2/13 10.40 4
BR 2/9 11.30 5
Sum 32

the plastics fraction, a value for quartz sand was used for
the glass and the inert fractions, and for composite mate-
rials a value of 3.54 x 10° Sl was used. This last value was
derived from the composition of 75% paper, 20% PE and 5%
aluminium (Al). The MS value for Al was taken from (Nave,
2019) and the MS value for potting soil was used for the
sorting residue. For the water content, a MS value of 8.72
x 10° Sl was used. Problematic materials (e.g. batteries,
syringes etc.) and other materials were not considered.

Secondly, magnetic anomalies observed in the field
survey were used to model the bulk MS values for distinct
prismatic bodies along a profile (Figure 1) using POTENT
software from Geophysical Software Solutions Pty. Limited
(Australia). Estimating bulk MS of distinct volumes simpli-
fies the problem that within landfills, not all objects present
can be resolved by inverse modelling. This is due to the
abundance of different objects within the landfill. Reduced
magnetic anomaly values were inverted without contribu-
tions from remanent magnetization and a geological back-
ground susceptibility of 5 x 10“ SI. The Earth’s induced
magnetic field was set to that of the IGRF field at the time
of the data acquisition, namely 48591 nT with a declination
of 4° and an inclination of 65°.

The two approaches, prediction from waste compo-
sition, and inversion from magnetic anomalies, yielded
different MS values. The bulk MS of the waste mixture is
dominated by the MS of iron, as the MS of other materials
is negligable (Table 1). Furthermore, the MS of iron is not
constant. Thus, we investigated what intrinsic MS value for
iron would yield a bulk MS value that corresponds to the
MS modelled from measured magnetic anomalies of the
MSW.

3. RESULTS AND DISCUSSION
3.1 Magnetic Lab Tests

The MS values of waste reference samples are sum-
marized in Figure 2 for all sensors. In Table 4, data from
the MFK1-FA sensor is listed separately. Sample statistics
suggest that the data are not normally distributed, thus,
median and quartile values are given.

The MS laboratory results are considered reliable as
measurements of the MS2 sensor were generally in agree-
ment with those of the MFK1-FA sensor. However, meas-
urements with the MS2 sensor yielded several outliers.
Values obtained by the MFK1-FA sensor were used for the
prediction of the magnetic anomalies in chapter 3.2.

It was expected that positive outliers for one KS, one
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FIGURE 2: Magnetic susceptibility of reference samples.

TX and one PP sample were due to contamination by mag-
netic particles. This was confirmed by their removal using
a hand magnet and subsequent re-measurement. For PET,
Cu and Fe, the MS values were below and above the techni-
cal measuring range of the Exploranium KT-9 and Barting-
ton MS2 sensors, respectively. The magnetic susceptibility
in all quartz sand measurements, and 10 of the 12 potting
soil measurements, were below -2.10 x 10° S| and within
the measurement uncertainty of the Bartington MS2 sen-
sor. These data are therefore not shown. The measured MS
values of Fe and Cu were above the measuring range of the
KLF-3 Minikappa and Agico MFK1-FA sensors.

Magnetic susceptibility is a frequency dependent quan-
tity. Frequency dependence of magnetic susceptibility is
defined as the percentage deviation between the suscep-

tibility at 3904 and 976 Hz. This dependence was in the
range of 4% for all measurements, which is far below the
variation within each material group.

The NRM of individual materials shows large variations
within each material group. For most materials the median
values are between 0.02 and 0.42 SI. We found deviations
from this range only for shredded bottle lids (NRM = 1.56
+ 10* Sl) and quartz sand (NRM = 4.05 « 10* SI) (Figure
3, Figure 5). Cu shows values in the same order of mag-
nitude as the remaining non-metallic materials. Fe shows
values located at the higher end of the spread, but not sig-
nificantly higher than values derived for paper and textiles,
which were expected to be significantly lower. No clear
correlation between NRM and magnetic susceptibility was
observed. This is due to the random orientation of grains

TABLE 4: Reference samples for lab tests for the determination of magnetic properties.

Sample Q1 Median Q3

K 2.28+10* 3.56+10* 6.10 - 10*
LG 1.03-10* 1.46+10* 3.89-10*
PE 6.17-10° 7.56+10° 8.23-10°
PP 2.03+10-° 3.48+10° 1.32-10*
S 1.38:10° 2.21+10° 3.30-10-°
TX 3.62 10" 8.04-10* 1.40-10°%
BE 2.93-10° 3.54+10° 4.31+10°
H 1.87-10°% 2.13+10° 2.46+10°
KS 3.20+10° 5.52+10% 9.46 - 10°
PET -1.22+107 -1.17 < 10° -1.07 - 10
FE (calculated from partly filled cubes) 0.90-10" 9.31-10" 9.61-10"
CU (calculated from partly filled cubes) 2.62-10* 3.31-10* 5.52+10*
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FIGURE 3: Natural remanent magnetization (in A/m) of reference samples.

within the cubes resulting in an overall compensation of
remanence.

The VRM of individual reference samples is shown in
Table 5. Paper shows a significant VRM, whereas textile
samples are characterised by weak viscosity. In all other
samples no VRM was observed. The VRM of the paper
fraction, and subordinately the textile fraction, might be
explained by metallic contaminations attached due to the
recycling process.

In contrast to the assumption that remanent magneti-
zation of different pieces levels out in a landfill, most waste
samples show mainly remanent and only subordinately in-
duced magnetization, e.g. for paper and paperboard the re-
manent magnetization is six times higher than the induced

TABLE 5: Induced and remanent magnetization of reference samples.

magnetization (Q = 6.26). The contribution of remanent
magnetization to the total magnetization of non-metallic
waste fractions can be explained by fine grained iron con-
taminations. As building sand was neither derived from
ELFM, nor from a waste treatment plant, it is believed that
no metal contamination is present in this fraction. Howev-
er, it remains unclear why the building sand shows such
strong remanent magnetization.

A comparison of the MS values of waste materials with
those of fresh materials (Table 1) indicates that the MS of
iron scrap (9.31 - 107) is five orders of magnitude lower
than the MS for pure iron, two orders of magnitude lower
than the MS for martensitic steel, but two orders of mag-
nitude higher than the MS for austenitic steel (Schenck,

Sample Median Induced Magnetization [A/m] Median Remanent Magnetization [A/m] Median Q
K 1.42E-02 1.45E-01 6.26
LG 5.84E-03 5.16E-02 6.19
PE 3.04E-03 2.65E-02 10.75
PP 1.45E-03 4.23E-02 14.04
S 8.83E-05 4.05E-04 6.10
X 3.27E-02 1.06E-01 3.18
BE 1.41E-03 6.03E-02 37.16
H 8.48E-04 2.50E-02 22.41
KS 2.20E-03 1.16E-01 36.49
PET -4.66E-05 1.56E-04 -3.51
FE 3.71E+01 4.23E-01 0.01
cu 1.32E-02 2.55E-02 2.48
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1996). Values for fresh and waste PE are in the same order
of magnitude. The MS of the PET samples is one order of
magnitude higher, and copper scrap and wood samples are
two orders of magnitude higher than that of pure materials.

3.2 Magnetic Landfill Explorations

The magnetic anomaly map (Figure 4) shows several
positive and negative anomalies in the order of 1000 nT.
The anomalous areas might represent Fe enrichments.
However, these could not be confirmed as no boreholes
were drilled there.

The vertical gradient of the total intensity of the Earth’s
magnetic field reveals strong positive anomalies in the
east and strong negative anomalies in the north (Figure 5).
These can be interpreted as polarised near-surface metal
pieces. The positive and negative sign of the anomalies, re-
spectively, mean a normal and reverse alignment of the re-
manent magnetic field inside the iron pieces. These results
suggest there are near-surface iron pieces in borehole BR

5375870

2/8, which could not be verified by the drilling campaign as
the uppermost sample was taken at a depth of 2 m. The
high susceptibility of near surface iron pieces can be an ad-
ditional explanation for the magnetic anomaly in the area
of borehole BR 2/8.

Magnetic susceptibility data for the upper five centim-
eters (Explonarium sensor), indicates that the landfilled
construction and demolition (C&D) waste contains partial
enrichments of iron, whereas other areas at the surface are
free of iron (Figure 6). This was confirmed by macroscopic
observations, i.e. the presence of metal objects, at certain
spots of the landfill surface. The corresponding small-
scale magnetic anomalies especially occur in the area
around bore hole BR 2/12 where also metal enrichments
were found at the surface.

3.3 Waste Characterisation

Material composition of 32 samples taken at different
locations and depths at the MSW landfill indicate an aver-

4 Magnetic anomaly
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FIGURE 4: Magnetic anomalies at an Austrian landfill (lower sensor = 1 m above ground).
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FIGURE 5: Vertical gradient of the total magnetic field at an Austrian landfill.

age composition (incl. water) of 42.2 + 5.8 wt.% water, 26.2
+ 8.4 wt.% sorting residue, 10.7 + 4.2 wt.% plastics, 5.8 +
3.2 wt.% wood, 3.5 + 2.6 wt.% textiles, 3.2 + 1.2 wt.% inerts,
2.3 + 1.4 wt.% iron, 2.2 + 2.2 wt.% compounds, 2.0 + 2.0
wt.% paper and paperboard, 0.6 + 0.4 wt.% glass, 0.6 + 0.4
wt.% nonferrous metals, 0.1 + 0.1 wt.% problematic sub-
stances and 0.9 + 0.7 wt.% others. No correlation between
iron content and depth was found, although a metal enrich-
ment in larger depths was expected due to worse waste
separation in earlier times. Data for individual boreholes is
shown in Figures 7a-c. According to the determined waste
compositions, the bulk MS values for the individual waste
samples are expected in the range of 0.01 to 0.05 SI.

3.4 Magnetic Modelling

Using MS values of the reference samples and the ma-
terial composition of individual samples from the Austrian
MSW landfill, a linear relationship between the iron con-
tent and the magnetic susceptibility value of samples was
found. This relation predicts MS values for mixed MSW of
0.01 to 0.05 SI with iron contents between 1 and 5 wt.%.
However, as the average MS value of iron might be higher

for iron pieces in the landfill than that of the reference sam-
ple, the effect of different MS values for iron, i.e. 0.931 SI
and 5 SI, has on the predicted iron content is demonstrated
(Figure 8).

Subsequently, the measured total magnetic intensity
along profile 1 was modelled using prismatic bodies with
varying MS values (Figure 9). The model suggests that the
MS of each body (0.06 to 0.11 SI) is significantly higher
than the expected geologic background MS. Furthermore,
areas of higher (= 0.10 SI) and lower susceptibility (< 0.08
SI) can be identified. These areas are assumed to correlate
with higher and lower iron contents, respectively. The trend
between the two drill cores along the modelled profile, i.e.
BR 2/11 (modelled MS = 0.10 SI, average iron content 4.1
wt.% dry matter) and BR 2/9 (modelled MS = 0.075 S|, aver-
age iron content 3.9 wt.% dry matter), speculatively might
support this assumption. In the southwest of the landfill
we see an area with a MS close to zero, and just beside
an area with increased MS. The different heights of the
columns with respect to the landfill surface might contain
information about the presence or absence of near-surface
iron pieces.
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FIGURE 6: Magnetic surface susceptibility at an Austrian landfill.

A comparison between the two approaches, i.e. predic-
tion from waste composition, and inversion from magnetic
anomalies, demonstrates that of MS estimation results re-
veals that MS values derived from magnetic surveying data
(0.06-0.11 SI) are higher than those derived from laborato-
ry measurements of reference samples (0.01-0.05 Sl). This
might be explained by differences in MS of individual iron
alloys. Consequently, a multiplication of magnetic data and
iron content was used to estimate the magnetic suscepti-
bility of the landfilled iron scrap, and is in the range of 5 SI
(Figure 10).

4. CONCLUSIONS

In this study we investigated two research questions,
(i) for material recovery, to which degree do the MS values
of defined materials differ from those corresponding to re-
spective waste fractions, and (ii) can laboratory measure-
ments of the MS of (mixtures of) individual waste fractions
be related to the total field magnetic measurements on
site, and can the combination of laboratory and field meas-
urements predict the iron content of a landfill?.

In order to answer research question (i), we conduct-

ed MS analyses on reference samples, mainly produced
by mechanical processing of MSW and compared them to
literature values for virgin materials. To answer research
question (ii), we measured the total magnetic intensity at
an Austrian MSW landfill and inverted the data to obtain the
MS of the buried waste. Afterwards, we took samples by
drilling and manually sorted the samples. Then we calculat-
ed the MS of the obtained waste mixtures which would be
expected from the MS values determined for the reference
samples. The latter are representative of individual waste
fractions. Finally, we compared the expected MS and the
MS obtained from inversion of magnetic anomalous data.

Regarding research question (i), MS values of indi-
vidual waste materials could be reproduced in repeated
measurements, showing significant variations within each
material fraction. As profound knowledge of the possible
variation is crucial to the reliable interpretation of landfill
magnetic anomalies, further research on magnetic waste
properties is needed. The impact of metallic defilements,
which remained even after removal by a magnet, was in-
vestigated by comparing the MS values of virgin materials
and waste fractions. MS values for virgin and waste PE
are in the same range, for almost all other fractions, the
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FIGURE 7a: Waste composition and predicted magnetic susceptibilities calculated from lab values for individual waste fractions at bore
holes 3/16 and 2/8 at an Austrian landfill.
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FIGURE 7b: Waste composition and predicted magnetic susceptibilities calculated from lab values for individual waste fractions at bore
holes 2/11 and 2/12 at an Austrian landfill.
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FIGURE 7c: Waste composition and predicted magnetic susceptibilities calculated from lab values for individual waste fractions at bore
holes 2/13 and 2/9 at an Austrian landfill.
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MS values for virgin materials and the respective waste
fractions differed. For example, for PET MS values are one
order, and for copper scrap and wood samples even two
orders of magnitude above the MS values for virgin ma-
terials.

Regarding research question (ii) it was found that us-
ing MS values for the GPI and material composition of
landfilled waste yields lower MS values than predicted by
modelling magnetic survey data. In the MSW landfill case
study, the comparison of the material composition of the
samples from the two drill cores along the modelled profile
with the bulk MS values from inverse modelling might sug-
gest a rather speculative positive relation. BR 2/11 showed
modelled MS of 0.10 Sl and an average iron content of 4.1
wt.% dry matter, and BR 2/9 showed modelled MS of 0.075
Sl, and an average iron content of 3.9 wt.% dry matter. How-
ever, this should be further supported by more extensive
experiments.

In summary, it is not straightforward to establish a di-
rect relationship between geophysical magnetic measure-
ments and the iron content of landfilled waste. Modelling
this relationship requires additional calibration data ob-
tained from different types of geophysical measurements
or prior knowledge on the waste composition.
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