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ABSTRACT

The detection and evaluation of the status of disposal sites that contain
hazardous waste materials is becoming an increasingly important element
in environmental investigations. Close cooperation between the Istituto
Nazionale di Geofisica e Vulcanologia (INGV; National Institute of Vol-
canology and Geophysics) in Rome and the Italian environmental police
has resulted in numerous underground investigations of different buried
materials. Among the geophysical investigation tools, magnetometry is the
most effective, rapid and precise of all of the geophysical methods for lo-
calizing buried steel drums. Analysis of magnetic map anomalies can pro-
vide a variety of information about buried materials, including extension,
distribution and depth, with processing of the acquired magnetic data.
This information is also very useful in case of excavations that are aimed
at the recovery of hazardous waste. This study determines the most rele-
vant analyses reported in the literature, with modeling of magnetometric
methods for environmental applications both theoretically and experi-
mentally. Some studies and research results achieved by the INGV in re-
lation to magnetic anomalies produced by buried steel drums are also

reported, as found in field operations and as achieved from test sites.

1. Introduction

Underground disposal of steel drums that contain haz-
ardous waste materials and illegal dumping of waste or toxic
fluids can harm the environment. Dangerous buried sub-
stances and leakage of fluids contained in drums can heavily
contaminate agricultural land and pollute groundwater re-
sources; the food chain can be altered, posing a serious risk
to human health and the ecosystem.

This issue is quite relevant in Italy. Each year the Eco-
mafia report (edited by Legambiente) details the trafficking and
illegal disposal of waste and the investigations of the envi-
ronmental police. Since 1994, four Parliamentary Commis-
sions of Inquiry have been set up to expose the covert waste
disposal and related illegal activities.

Localization and evaluation of disposal sites are the pri-
mary aims in environmental investigations. Generally, these
include fly-tipping sites, abandoned quarries for land fill, or

simple agricultural land. Often, the recovery of the grass
hides excavation activities and the investigations require
more than simple observations of the ground. After locating
illegal dumping sites, to assess the possibility of pollution at
the site and to monitor its development through time, the
extent of land affected by disposal, the bulk and nature of
the buried materials need to be are established.

Excavations can be conducted at anomalous sites iden-
tified by geophysical measurements, which provides infor-
mation to guide the excavations and to reduce the risk of
damaging the recovered drums of toxic waste.

2. Magnetometry

The magnetometric technique is the most frequently
used geophysical method for environmental investigations
[Bevan 1983, Tyagi et al. 1983, Barrows and Rocchio 1990,
Roberts et al. 1990, Schlinger 1990, Gilkenson et al. 1992,
Foley 1994, Cochran and Dalton 1995, Gibson et al. 1996,
Ravat 1996, Marchetti et al. 1998, Eskola et al. 1999, Furness
1999, Godio 2000, Furness 2001, Furness 2002, Marchetti et
al. 2002, Salem et al. 2002, Furness 2007, Sheinker et al. 2009].
Among the potential techniques for geophysical exploration
of the subsoil, magnetometry is generally acknowledged to
be among the most effective, rapid and precise for the iden-
tification of buried ferromagnetic masses [Marchetti 1997,
Marchetti and Meloni 1997, Marchetti 2000]. Magnetometric
surveys detect the surface effects and local disturbances to
the Earth's magnetic field that can be caused by buried fer-
romagnetic objects. These effects are referred to as magnetic
anomalies, and they are a consequence of the interaction of
the Earth's magnetic field with both the induced and per-
manent magnetization of the magnetic targets. Natural bod-
ies (like magnetic ore deposits) and man-made iron and steel
objects (including pipelines, vehicles, railways, mines, and as
in the present case, buried storage drums) can generate de-
formations in the local geomagnetic field. The possibility of
detecting magnetic objects with a magnetometer depends
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on the effective magnetic mass, the intensity of magnetiza-
tion, and the distance from the magnetometer. For materials
of the same susceptibility, the intensity of an anomaly varies
inversely to the square (for a monopole) or the cube (for a
dipole) of the distance [Breiner 1973].

An induced magnetic anomaly varies according to the
shape, dimensions and amplitude, depth, orientation, geom-
etry and magnetic susceptibility of the body (here as the con-
figuration of steel drums). It is also influenced by the
intensity and inclination of the Earth's magnetic field in the
survey area. Anomaly values can be negative when the meas-
ured field is lower than expected, or vice versa, positive. In the
northern hemisphere, buried iron metallic objects normally
generate dipolar anomalies, with a positive response south
and a negative response north of the source [Marchetti et al.
1996, Marchetti and Meloni 1997, Marchetti et al. 1998].

Geologists have traditionally used magnetic surveys to
identify changes in rock types, to indicate, for example, the
presence of ore bodies, fault lines or igneous intrusions. The
technique is also commonly applied to estimate the magnetic
base depth beneath sedimentary rock. In these applications,
the distribution of ferromagnetic minerals (mostly mag-
netite) within the terrain represents the principal geological
variable. The theory behind these methods and the survey
procedures have been detailed in a number of reference texts
[Grant and West 1965, S.E.G. 1967, Nettleton 1976, Telford et
al. 1976, Parasnis 1986, Robinson and Coruh 1988, Vogelsang
1994, Huang and Keiswetter 1997, Chianese et al. 2006a, Chi-
anese et al. 2006b]. These applications can normally detect
shallow iron or steel materials, and this influences the way
the surveys are conducted and interpreted [Tyagi et al. 1983,
Frischknecht and Raab 1985, Gilkeson et al. 1986, Jachens et
al. 1986, Gilkeson et al. 1992, Pierce and De Reamer 1993,
Godio et al. 1999].

Ravat et al. [2007] critically tested the actual perform-
ance of several spectral magnetic depth-determination meth-
ods in terms of their capacity to determine the depth to the
magnetic base for random and layered model magnetic
sources of variable thicknesses. They showed that in some
cases, despite various precautions, the results can be erratic,
and so a critical evaluation of the results is advisable, with
heat-flow modeling, and when possible taking seismic data
into account regarding crustal and lithospheric thicknesses
and seismic velocities.

2.1. Permanent and induced magnetization

Iron objects generally have both permanent and induced
magnetization, which combine into a net magnetization that
shows a single Earth's magnetic field anomaly, as measured
by a magnetometer. In the following rules, it is assumed for
simplicity that an anomaly is produced by induced moment
only. However, the harder the steel material is, the greater its
permanent magnetization, which can sometimes amounting

to 10-fold (or even more) the induced magnetization. While
the orientation of the permanent moment of buried materi-
als usually cannot be predicted, it can be assumed that the
greater the permanent magnetization, the greater the anom-
aly. The susceptibility, k, in the formulae below is really an ef-
fective k, and it is understood to include any such increased
magnetization. A single large item, like a pipe or an engine,
for instance, might exhibit a single anomaly largely due to the
permanent moment. A very concise review of surveying with
portable magnetometers was provided by Breiner [1973].

Conversely, the magnetic effects of drum accumulations
are assumed to be generated only by induced magnetization.
Ignoring the permanent magnetization in this way does not
suggest that it is absent in thin-walled steel drums. Eskola et
al. [1999] have reported ample evidence of its presence. How-
ever, the principal component of permanent magnetization
is acquired before fabrication, and its effect in the completed
drum is likely to be diminished by mutual compensation of
the effects of the three basic components of a drum, which
is composed of the two covers and a cylinder wall. The case
for ignoring the effects of permanent magnetization be-
comes more obvious with multiple drums. Accumulations
of steel drums probably constitute one of the few source
bodies in magnetic exploration in which it is justifiable to ig-
nore permanent magnetization.

It should be noted that the present discussion refers to a
single body, while general theory extends to multiple bodies
in an obvious way. The magnetic body is subjected to a pri-
mary magnetic field ﬁp , which is considered to be generated
by sources external to and remote from the body.

In line with Stratton [1941], it is assumed that there are
no conduction currents in the zone of interest, and so the
magnetic field H is irrotational and can be identified with
the gradient of a scalar magnetic potential ¢; i.e.:

H=-Vé. 1)

The magnetic induction field B arises from both the H
field and from the magnetization (induced and permanent).
According to Stratton [1941], this can expressed by:

B = p,H + p, (M + R), @)

where 4, is the permeability of free space, and M and R are
the induced and permanent magnetization, respectively.

The fields are so small in the geophysical environment
that the induced magnetization is linearly related to the in-
ducing field H; i.e.:

M = kH, (3)

where k is the susceptibility. Application of the above Equa-
tions (1), (2) and (3) leads to:
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B=—uV¢ + 1R, 4)
where u is the permeability, which is defined by:

U= (1 +k). )

Finally, a magnetic body of uniform susceptibility k lo-
cated in free space and influenced by a primary magnetic field
ﬁ;’, is considered here. Eskola [1992] noted that the influence
of uniform permanent magnetization R in a body of constant
susceptibility k enclosed in free space is equivalent to the ef-
fect of a primary field, given by R/k, which acts in the absence
of permanence. Consequently, the linearity of the primary
magnetic field means that the effect of a permanent magnetic
field in the present model can be established by applying a
modified primary magnetic field, given by:

—

H, =H,+R/k (6)
in all of the equations.

2.2. The microscopic origin of magnetism

The microscopic origin of magnetism was discussed by
Parkinson [1983], Rikitake and Honkura [1985], Lanza and
Meloni [2006], and Gubbins and Herrero-Bervera [2007].
There are two sources of magnetic moments in electronic
motions, due to orbital and unpaired spins. These moments
respond to external magnetic fields, which results in induced
magnetization. There are three causes of atomic magnetic
moments: first, a current circuit formed by orbiting elec-
trons; secondly, an inherent magnetic moment of electrons
associated with and parallel to the atomic spin; and thirdly,
the inherent magnetic moment of the nucleus (this last con-
sidered to be minor, and can be ignored for the present pur-
poses) [Goldestein and Ward 1966]. Orbital moments are an
important means for coupling spin moments to a crystal lat-
tice, and so most properties of ferromagnetic substances can
be explained by the inherent magnetic moment of the elec-
trons (the spin moment). Ferromagnetic phenomena are
largely controlled by a variety anisotropies that are associ-
ated with crystal structure or body shape (magneto-crys-
talline anisotropy) [Jackson 1991]. This means that the
electron spin direction is influenced by crystal structure, and
energy is dependent on the direction of spontaneous mag-
netization relative to the crystal lattice axes.

The magnetic moment of atoms in a ferromagnetic ma-
terial causes them to behave similarly to tiny permanent mag-
nets. They adhere together and align more or less uniformly
in small regions known as magnetic domains, or Weiss do-
mains. When exposed to a magnetic field, the domain bound-
aries shift, and the domains aligned with the magnetic field
extend and dominate the structure. When the magnetizing
field disappears, the domains might not return to the unmag-

netized state. In this way, some materials are magnetized, cre-
ating permanent magnets. These substances are called ferro-
magnetic materials sensu latu, and they can be subdivided into
pure ferromagnetic, ferromagnetic and anti-ferromagnetic, ac-
cording to their spin moment direction and relative intensity.
Spin moments can be all mutually parallel and concordant, or
all mutually anti-parallel, or not equal and anti-parallel. Each
ferromagnetic substance has a specific temperature, called the
Curie temperature, or Curie point, above which it loses its fer-
romagnetic properties. When a magnetized ferromagnetic
material is heated to the Curie point temperature, the mag-
netic domains lose their organization and the magnetic prop-
erties are dispersed. If the material is then cooled, the domain
alignment structure is spontaneously restored.

An interaction energy, E;, acts betwein the magnetiza-
tion of individual ferromagnetic particles, M, , and an applied
magnetic field, H. The interaction energy describes how the
magnetization of a ferromagnetic grain is influenced by a
magnetic field applied externally. The interaction energy, Ej,
is given by [Lanza and Meloni 2006]:

T
oM @)

EH=_

This energy density (energy per unit volume) applies to
both single-domain (SD) and multi-domain (MD) grains.

Single-domain grains show uniform magnetization,
with M, = M. Consequently, the application of a magnetic
field cannot change the magnetization intensity, but can ro-
tate M, in the direction of the applied field. However, there
is resistance to the rotation of 1\7[3. The resistance comprises
different components, known as anisotropies, which result
in energetically preferred directions for M, within individual
SD grains.

A highly elongated ferromagnetic grain has much lower
magnetostatic energy when magnetized along its length,
rather than perpendicular to its length. This is because the
proportion of surface covered by the magnetic charges is rel-
atively small when M, runs along the major dimension of the
grain. Therefore, the internal demagnetizing factor along the
principal axis, Ny, is much lower than the internal demag-
netizing factor perpendicular to the principal axis, N/, "

The difference in magnetostatic energy between mag-
netization along the principal axis and magnetization per-
pendicular to the principal axis can be defined as [Lanza and
Meloni 2006]:

H,, — Ny)M? AN, M?
s, = 0 ZD’) =—5 ®)

m

where AN, is the difference in demagnetizing factors be-
tween the shortest and longest axes. This magnetostatic en-
ergy difference represents an energy barrier to the rotation
of M, in the perpendicular direction. In the absence of other
influences, the grain will have M,along the principal axis.
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3. The magnetic fields of steel drums

Over recent decades, there has been a trend towards in-
creased use of geophysical surveys for environmental moni-
toring and remediation purposes. A common technique
applies magnetics to locate man-made ferromagnetic objects,
including steel drums used as containers for various haz-
ardous waste materials. The location of disposal sites and
their assessment has become an increasingly important as-
pect of environmental investigations.

Typically, a waste disposal site will have numerous con-
tainers buried at shallow depth, and so localization is rela-
tively simple. The main point of interest is determining the
horizontal position and lateral extent of the drums, which is
generally obvious on the basis of the magnitude of the mag-
netic response measured directly above the buried contain-
ers. However, the secondary objective of using the observed
magnetic anomalies to establish the number of containers is
more problematic.

The magnetic survey method is now well established in
environmental and engineering investigations for detecting
ferromagnetic artefacts. Disposal sites are commonly targeted
in these investigations, to identify buried steel drums that
hold hazardous waste materials. Geophysics is often required
to locate these containers and to estimate their quantity. Mag-
netic surveys for this purpose must be specifically designed
and the resulting data carefully interpreted. For these surveys
to succeed, it is necessary to model the magnetic fields gen-
erated by thin-walled ferromagnetic containers (typically steel
drums). Unfortunately, this has not proven easy to achieve,
with two obvious reasons for the lack of progress.

First, the geophysical literature provides little informa-
tion about the basic magnetic parameters of steel drums (i.e.,
their susceptibility and permanent magnetic fields). Initial at-
tempts to measure the susceptibility of small steel drum sam-
ples through the application of conventional laboratory
techniques were made by Emerson et al. [1992] and Ravat
[1996]; however, these were not successful due to the effects
of demagnetization. Later, Eskola et al. [1999] described a dif-
ferent technique that used a flux gate magnetometer, which
is suitable for measuring both susceptibility and permanent
magnetization of thin ferromagnetic materials. Unfortu-
nately, the literature includes the properties of only 13 sam-
ples that have been measured using this technique.

It is of note that some useful information on the mag-
netic characteristics of steel drums has also been obtained
by field measurements. The effects of induced and perma-
nent magnetization have been discriminated by observing
the magnetic responses of drums in several orientations
[Emerson et al. 1992, Ravat 1996]. The two components of
magnetization can be established in terms of equivalent
dipoles by inversion of the field data. For a given volume of
ferromagnetic material, the ambient magnetic field H allows
calculation of the magnetization and susceptibility. These

data are useful for equivalent source modeling of the mag-
netic fields produced by steel drums, but they do not provide
the true or intrinsic parameters of the ferromagnetic mate-
rials used in their construction.

The second and perhaps most significant reason for a
lack of progress towards a practical magnetic model for steel
drums is the difficulty of modeling the magnetic fields of thin
sheets with very high magnetic susceptibility. Eskola et al.
[1993] demonstrated the inappropriateness of standard mod-
eling algorithms for this purpose. As a result of this modeling
problem, a range of approximations can be applied for the
magnetic responses of steel drums. The field measurements
of Emerson et al. [1992] and Ravat [1996] have been explained
in terms of equivalent dipoles or bodies of simple shape, and
magnetized along the direction of the Earth's field. These
techniques have proven useful for predicting magnetic pro-
files located relatively remote from a drum, but they are in-
effective for predicting amplitude.

The application of exact numerical (surface integral
equation) models has also been unsuccessful. The problem is
the numerical instability of these models when applied to
very thin and intensely magnetized sheets [Eskola et al. 1993,
Traynin and Hansen 1993]. However, one general surface in-
tegral equation technique has proven to be relatively robust
in this respect. The capacity of a general surface integral
equation formulation to deal with thin-walled ferromagnetic
bodies was demonstrated by Furness [1999, 2001, 2002,
2007]. The technique was originally described in an electro-
static context by Phillips [1934]. Furness [2002] computed the
sum of contributions from small segments of a cylinder. Be-
fore that, Singh and Sabina [1978] proposed a closed form
formula of the magnetic field produced by a right vertical
cylinder. Their study has been frequently used for geophysi-
cal prospecting in the past.

It is worth noting that there are two other options in the
geophysical literature for the precise numerical modeling of
drum responses. Both the specialized integral equation tech-
nique described by Nabigian et al. [1984], and the integro-
differential equation approach of Eskola et al. [1989] and
Eskola [1992] were designed specifically to address the type
of thin, highly susceptible bodies of interest here.

3.1. Approximate modeling of drum responses

In response to the complexities of more precise mod-
eling procedures, it is common to apply a number of equiv-
alent source modeling techniques to steel drums [e.g.,
Emerson et al. 1992, Ravat 1996]. In these techniques, the
source body is represented by simplified shapes; e.g., cylin-
drical prisms and spheres magnetized in the direction of the
Earth's field. The practical results satisfactorily predict the
shape of the measured anomaly profiles. However, the
measurement of magnitudes is poor, and consequently an
equivalent susceptibility is generally estimated by matching
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measured and modeled responses.

Furness [2002] reviewed the application of these tech-
niques in terms of their computational efficiency, compared
to the exact integral equation method. Figure 1 shows a
north-south profile above a vertical standard steel drum that
was computed using a variety of techniques. Curve (a) in Fig-
ure 1 shows the exact anomaly profile as computed by
Phillip's integral equation technique using 1440 planar-sur-
face elements. This shows a typical dipolar response, with
total amplitude in the vicinity of 160 n'T.

The first set of approximate profiles (Figure 1, curves
(b), (c)) are the results of approaches that recognize the true
drum geometry (i.e., a hollow cylindrical prism), but ap-
proximate the magnetization with various simplifying as-
sumptions. These profiles were computed by making the
general expression more specific to the magnetic field gen-
erated by a drums; i.e.:

H(7)=H,(7) - ﬁv[/fvﬁ(?) : V’ﬁ_liﬂdv’, ©)

for the case of an approximating N-sided plane polyhedral
shell with wall thickness t. This results in [Furness 2002]:

N
A7) =B, =472 ¥ (10)
i=1
« T-m
Mm'.[-[Asin V|T_* d5+MhZf e ; dc}

where AC,; is the jth edge of the ith polygonal face with me-
dian surface 45, M,
nal components of the magnetlzauon in the wall of the ith
face [Eskola et al. 1993]. Equation (10) is easily evaluated by

, and M, are the normal and longitudi-

identifying the first integral term as the field due to a uni-
form double layer on the plane polygonal surface 4S,, and
the second as the field due to a uniform line source on the
straight edge AC,;.

Curve (b) in Figure 1 is the result of the assumption that
the secondary magnetic field is negligible compared to the
primary component, when magnetization is given by:

M = kH,. (11)

The form of this curve reasonably approximates that of
the true response, but the true amplitude is seen to be grossly
overestimated. This is understandable considering that the
above assumption neglects demagnetization completely.

Curve (c) in Figure 1 is the result of an attempt to ac-
count for demagnetization. It is assumed that the local de-
magnetizing field associated with a planar polygonal sheet
of the hollow polyhedron is equivalent to that of an infinite
sheet with zero depolarization factor in the longitudinal di-
rection, and a unit depolarization factor in the normal direc-
tion. Accordingly, the components of magnetization in the

directions normal and parallel to the face are assumed to be

given by [Furness 2002]:
M, =R H
n 14k (12)
and
M, = kH,,, (13)

WhereH and H 1 are the corresponding components of the
primary magnetic field. Again, the resulting profile shape
(Figure 1, curve (c)) is a good approximation of the true pro-
file, but it still has excessively high amplitude.

The next set of profiles (Figure 1, curves (d), (e)) was
generated by representing the magnetic effect of the drum as
an equivalent dipole. Accordingly, the anomalous magnetic
field is simply given by:

(r)— < mvﬁ

’ r—r

) , (14)

where 7” is the position vector of the dipole with moment
located at the centroid of the drum.

Curve (d) in Figure 1 is the result of approximating the
dipole moment to that of a thin spherical shell with equal
surface area and wall thickness; i.e., a shell with a metal vol-
ume equal to the drum. This provides a greatly improved fit
for the theoretical profile compared with previous approxi-
mations, although with somewhat reduced amplitude.

300 —
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Figure 1. Total magnetic field profile over a vertical standard drum buried
2 m below the sensor height, computed by the exact integral equation
technique (a), ignoring demagnetization effects (b), use of local depolar-
izing factors (c), use of the dipole moment due to an equivalent spherical
shell (d), and use of a dipole moment computed from the longitudinal and
transverse apparent susceptibilities of a standard drum (e). Reproduced
from Furness [2002].
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Figure 2. The test site with 12 buried drums. The magnetic inclination
was around 58°. (a) Anomaly map of the total intensity field. (b) Map of
the vertical gradient.

Finally, curve (e) in Figure 1 is the result of applying the
apparent longitudinal and transverse susceptibilities com-
puted for the standard drum in Furness [2002]. The longitu-
dinal and transverse components of the equivalent dipole
moment are therefore given by:

m = k,H,V (15)
and
m, = k,H,V (16)

where V is the volume of metal, k; and k_, are the apparent
longitudinal and transverse susceptibilities, the values of
which are taken from Figure 1.

This last curve (Figure 1, curve (e)) provides the best fit
to the true response profile of all of these approximations in

terms of both amplitude and shape. However, the amplitude
is seen to be somewhat underestimated; this is the result of
higher multipoles in the response behavior, which are not ac-
commodated by the apparent susceptibilities.

4. The studies performed by the INGV

In recent years, the Istituto Nazionale di Geofisica e Vul-
canologia (INGV; National Institute of Volcanology and
Geophysics) prepared two test sites to examine anomalies
produced by underground steel drums. The first test was car-
ried out by burying 12 new 55 gallon steel drums in an area
characterized by fluvial-glacial deposits that consist of con-
glomerates in a silt-sandy matrix. Measurements performed at
this test site using a proton precession magnetometer in gra-
diometric configuration allowed the determination of the
magnetic signatures of these 12 unrusted buried steel drums.
Furthermore, suitable modeling revealed the magnetic re-
sponse of the metallic bodies at different depths [Marchetti et
al. 1998] (Figure 2).

A second test site was set-up in clayey-sandy deposits.
Twelve empty steel drums, oriented vertically, were buried
with their top surface at a depth of 4 m to 5 m below ground
level. The magnetic data were collected using an optical
pumped caesium magnetometer in gradiometer configura-
tion. The typically measured dipolar magnetic anomaly was
characterized by a well-defined maximum and a less intense
minimum; this anomaly reached a total intensity of about
290 nT, and its main axis was oriented North-South (N-S).
The vertical gradient more precisely characterized the steel
drum anomaly. Indeed, it can detect shallow buried targets
better than the total intensity magnetic field [Marchetti and
Settimi 2011]. An assemblage of steel drums can be viewed
as the combination of single individual permanent magneti-
zations that partly compensate each other, leaving almost
only the induced component. The combination of residual
magnetization vectors due to each frame would lead to an
array of negligible intensities compared to the predominant
induced magnetization of the whole body, so the anomalies
are aligned in an almost S-N direction (northern hemi-
sphere). Theoretically, the permanent contribution can be
drastically reduced for a large number of drums.

The magnetic field produced by a single drum was also
investigated; magnetometric measurements on a single metal
drum with reconstruction of the field anomaly produced in
the surrounding space were performed by Marchetti et al.
[1996]. In particular, magnetic measurements were per-
formed along N-S profiles at various distances from a single
drum lying on the ground. For each profile, the drum was
rotated 180° around its axis in the four possible disposi-
tions. This operation was repeated aligning the major axis
of the drum along both the N-S and E-W directions. The
anomaly profiles carried out at a distance of 2 m from the
drum were substantially similar in shape in the dispositions
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obtained by rotating the drum around its minor axis. In-
stead, the anomaly profiles showed a rather different form
in the dispositions obtained by rotating the drum around
its major axis. In practice, the anomaly profile changes com-
pletely with the rotation of the drum around the principal
axis (oriented N-S), whereas this is not the case for the ro-
tation of the drum around the minor axis (except for a small
change in anomaly intensity).

Furthermore, two symmetrical profiles of a drum were
taken, as the profiles parallel to longest side of a drum and at
a distance of 2 m from the drum. The drum was rotated as in
the various dispositions described above. Small magnetic
anomaly maps of the area around the drum were obtained
from these data, with one for each rotation. Essentially, the
same phenomena were observed appearing with magnetic
profiles, but, in this case, the effects were more obvious and
were related to the space surrounding the drum. A single
drum alters the force lines of the Earth's magnetic field,
which produces anomalies oriented differently and that de-
pend on the drum rotation.

For each drum, the residual magnetization of the steel
sheet that forms the lateral surface of the drum will vanish
when the sheet is folded back on itself. One effect of mag-
netization due to the end covers might actually remain, even
after the assembly of the various parts has been completed.
This effect becomes evident when a drum lying on the sur-
face is rotated several times as measurements are carried out.
The shape of the anomaly is different when the drum is
buried, because the measurements are vertical.

5. The new test site

A new test site near the INGV Headquarters in Rome
was recently established. This test site has features that orig-
inated from volcanic formations (the ground surface has a
susceptibility of about 6.5-x 10 SI), and it is located in an

urban area that is today subjected to high electromagnetic in-
terference. Three metal drums were buried at a depth of 2 m.
Two more drums, one in a vertical position and the second in
a horizontal position, were placed at a safe distance from the
other three drums. In addition, a 1-m-length of railway track
that weighed about 80 kg was also buried 1 m deep.

This site was used for educational purposes, to test in-
novative geophysical instruments, to refine the techniques
for data processing, and to study magnetic anomalies. The
anomalies produced by these underground targets were
studied by measuring the vertical magnetic gradient on reg-
ular grids (1 m x 1 m). This technique was chosen as it en-
ables the elimination of the electromagnetic interference,
which is strong in the temporal variations of the geomag-
netic field. The measurements were performed using a Geo-

0 2 4 6 8 10 12 m 14

Figure 3. Three buried steel drums. The magnetic inclination was around 58°. (a) Photograph of the preparation of the underground target. (b) Anomaly

map of the total intensity field. (c) Map of the vertical gradient.
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metrics Cesium optical pumping magnetometer (model
G858) with two sensors positioned vertically at 50 cm and
130 cm from ground level.

The magnetic anomaly maps were built up from data
screened using a low-pass filter and with the application of a
suitable polynomial regression to remove electromagnetic
noise and the spatial gradients, respectively, caused by the local
geology. The data used are from a sensor positioned about 50
cm above ground level. The vertical gradient maps were in-
stead generated directly, without requiring any special filtering.

Both the magnetic field anomaly and the vertical gradient
anomaly produced by the three steel drums were perfectly
oriented in the S-N direction, and they reached an intensity of
720 n'T and 420 n'T/m, respectively. These effects were observed
even when the drums were isolated. The anomalies of the ver-
tical magnetic gradient and the total magnetic field intensity
for the three drums and for a single drum buried vertically or
horizontally are shown in Figures 3, 4 and 5. In particular, a
sampling of the vertical gradient distribution, along a N-S ori-
ented profile, is reported in Table 1, across the magnetic anom-
aly due to the three buried steel drums (Figure 3c).

When a single drum is buried and measurements are
performed on the ground surface, the drum appears to con-
sist of three separate pieces (two covers and the cylinder
wall): the induced magnetization prevails over the permanent
magnetization of the single parts. In the opinion of the au-
thors, the cylindrical part of a drum is predominant over the
two lids; indeed, the surface of the cylindrical part is 16400
cm?, which is about 6-fold greater than a single cover area,
which is 2789 cm?. Instead, when a single drum is placed on
the ground surface and measurements are conducted later-
ally, as described in Section 4, the drum produces a field
anomaly with a different behavior. In this case, the perma-
nent magnetization of each single part produced the most
obvious effects, relative to the drum rotation and orientation.

The magnetic anomaly produced by the underground
piece of rail track (Figure 6) was E-W oriented, according to
the maximum size of the body. This effect was due both to
the permanent magnetization of the body and its dimen-
sional anisotropy, as described in Section 2.2.

Figure 7 shows the magnetic anomaly produced by a
drum lid placed on the ground surface, and the correspon-
ding anomaly after its 180° rotation. The direction of the
anomaly main axis changes significantly after rotation, mean-
ing that the effects of permanent magnetization are preva-
lent over induced magnetization.

6. Digging operations and conclusions

It is very important to describe the magnetic anomalies
produced by buried steel drums, in order to appropriately
interpret a magnetic map of a suspected area. The anom-
alies can be distinguished as fields generated by heteroge-
neous iron bodies or buried storage drums.

Figure 4. A single drum buried vertically. The magnetic inclination was
around 58°. (a) Photograph of the preparation of the underground target.
(b) Anomaly map of the total intensity field. (c) Map of vertical gradient.
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Figure 5. A single drum buried horizontally. The magnetic inclination was
around 58°. (a) Photograph of the preparation of the underground target.
(b) Anomaly map of the total intensity field. (c) Map of vertical gradient.

X Y VRT_GRD
6.014 0.4 40.0
6.000 0.9 41.2
6.000 1.4 43.8
6.000 1.9 50.6
6.010 2.4 61.7
6.023 2.9 89.5
6.015 3.3 145.7
6.001 3.9 232.1
6.009 4.3 288.8
6.023 4.9 344.0
6.024 5.3 282.7
6.024 5.9 167.1
6.015 6.3 71.0
6.002 6.9 -39.5
6.009 7.3 -60.5
6.022 7.9 -52.7
6.016 8.3 -39.2
6.002 8.9 -17.1
6.000 9.3 -10.5
6.000 9.8 -7.2
6.008 10.3 -4.1
6.021 10.8 -0.6
6.024 11.3 -0.0
6.024 11.8 -0.2
6.024 12.3 -3.2
6.024 12.8 -8.0
6.024 13.2 -9.6
6.024 13.8 -10.7

Table. 1. A sampling in (X,Y) coordinates of the vertical gradient distri-
bution VRT_GRD, along a N-S oriented profile, across the magnetic
anomaly due to the three buried steel drums (Figure 3c).

After finding an anomaly that appears related to the
presence of steel drums, it is very important to determine
the quantity and depth of the iron mass. Much information
can be drawn from the morphology, intensity and shape
characteristics of anomalies for evaluation of the perti-
nence of performing an excavation, for estimation of the
volume of drums the depth of the deposits, and finally for
guiding the excavation, to avoid damaging the drums and
dispersing their contents into the environment during the
recovery. This assessment must be performed rapidly, since
the digging operations often need to be conducted imme-
diately following the geophysical surveys. Therefore, it is
necessary to provide immediate guidance for work opera-
tors and to define the procedure for excavation, starting
from a preliminary magnetic map that is processed on site.

On the basis of our experience from many excavations,
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Figure 6 (left). Underground railway track, as E-W oriented. Anomaly
map of the total intensity field.

Figure 7 (below, left to right). A drum lid on the ground surface. (a) Anom-
aly map of the total field intensity. (b) As (a), after rotation of 180°.

the target depth was assessed as around 90% of the plani-
metric distance (in m) between the maximum and minimum
points on the magnetic anomalies map. This measurement
can be related to the distance from the sensor. Therefore, it
is essential to have a large number of measurements, sam-
pled on a regular grid, to define the exact morphology of the
magnetic anomaly.

Generally, there is no information available on the un-
derground storage of drums, so whether they will be verti-
cal, horizontal, or arranged chaotically. Thus it is even more
difficult to provide information about the number of con-
tainers when modeling waste disposal sites.

Numerous studies on the magnetic anomalies that can
be generated by steel drums have been discussed here. The
modeling of magnetic anomalies produced by steel drums
with an in-depth analysis of permanent and induced parts
has also been presented. Moreover, studies undertaken at the
INGYV in this field that have made use of field experience and

10

the test sites prepared for this purpose have been shown. The
authors hope that this study can serve as a reference for those
who are working in this field and are applying magnetomet-
ric techniques to detect buried drums in the time consum-
ing and complex activity of environment protection, in
which the contribution of geophysics, and in particular of
magnetometry, can be very significant.
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