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Magnetic data interpretation in
an industrial waste landfill
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Abstract

A magnetic and an electromagnetic survey using low induction equipment were performed on a test sile in an
industrial landfill; the main goal of the geophysical survey was to check the reliability of data pracessing techniques
for detecting iron masses inside the upper part of the landfill. Physical and chemical characterisations of the test
area, performed on some samples, supplied the geophysical investigations. This paper outlines the data processing
of the magnetic data, which was mainly based on the solution of Euler’s equation to detect near surface magnetic
sources, associated with iron concentrations. The results of the magnetic survey delineate the existence of high
concentration of ferro-metallic objects; the magnetic behaviour of the waste disposal is affected by the presence
both of fine iron materials disseminated in sandy and clayey materials, derived from the cast iron foundry industrial
process, and ferro-metallic objects such as drums or parts of heavy machines, Some trenches, excavated in the
test arca, proved that the magnetic behaviour of the landfill is mainly caused by the high concentration of fine
iron materials disseminated in the waste. Therefore, magnetic surveys could be useful tools for detecting zones
of high concentrations of iron particles in the landfill; this material can be recovered from the landfill and recycled.

Key words magneiic survev — Euler’s deconvolu- mainn metallic features in the subsoil. Data
tion — foundry wastes processing with enhancement procedure can
substantially improve the reliability of magnet-
ic surveys: Roberts er al. (1990) showed the

1. Intreduction reliability of upward continuation and of wave-
length filtering to reduce the magnetic noise due
Magnetic surveys for environmental appli- to shallower metallic objects. In most environ-
cations are usually employed for a fast and ac- mental applications, the quantitative interpreta-
curate localisation of buried iron objects in waste tion of the magnetic data using automatic or
landfills or to detect buried metallic drums in semi-atomatic procedures (Plouff, 1976; Bhat-
the investigation of hazardous areas (Tyagi et al., tacharya, 1978; Godson, 1983) may be not reli-
1983). In most environmental applications, the able because of the effects of strong near sur-
data processing involves very simple steps for face heterogeneity.
mapping the magnetic data; in many cases, The main aim of this work is to demonstrate
especially in very shallow surveys, a simple the effectiveness of magnetic surveys for site
evaluation of the maps allows one to localise the characterisation of an industrial landfill. A pre-

liminary test was carried out on a small cell of
the landfill. The magnetic survey is part of a
N o _ multidisciplinary approach for landfill charac-
Auding gidress De albetle Godie, Diparmentad) terisation through other geophysical methods
Georisorse e Territorio, Politecnico di Torino, C.so Duca degli N P o E A o
Abruzzi 24, 10129 Torino, Italy; e-mail: godio@vdiget. (elecpomagnelm “?Chmflues)a_ 501]_ Sﬂmplmg_dnd
palito.it physical and chemical analysis of the materials.
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This paper outlines the data processing of
magnetic data, which was mainly based on the
solution of Euler’s equation to detect near sur-
face magnetic sources, associated with iron con-
centrations in the landfill. Euler’s equation al-
lows a fast and semi-automatic detection of the
spatial position of the magnetic sources.

The final goal of the research was to check
the reliability of the geophysical survey as an
aid for detecting a landfill zone with high con-
centrations of iron particles and delineating the
volume of sundy materials, that could be recov-
ered.

2. Site condition

The geophysical test was performed on a
small cell of an industrial waste landfill where
residues from two iron foundries were land-
filled. The landfill was cultivated, starting from
1989 till April 1998, with a total capacity of
about 180000 m’. The maximum depth of the
waste disposal is about 15 m.

The first step of the study allowed the estab-
lishing of the kind and quantity of wastes pro-
duced by the two industrial plants and discharged
in the landfill. The most interesting fractions,
considering the possibility of an internal recy-
cling, are those of metallic iron wastes and sil-
ica sands from the molding and core operations.
Each kind of waste was sampled and character-
ised from a magnetic peint of view. Measure-
ments of susceptibility values on samples were
carried out using a BISON magnetic suscepti-
bility system model 3101; this equipment is

Table I. Laboratory measurements of magnetic susceptibility values of the materials from the foundry.

able to measure the magnetic susceptibility of
rocks and other materials in the range from
0.00001 to 0.1 cgs units. Higher values can be
measured using simple diluition of magnelic
with non-magnetic materials. The specimens
were sampled from the same materials of the
industrial process before being confined in the
landfill. The values of susceptibility show a
considerable difference according to the sam-
pled material.

The data in table I pointed out that the mere
magnetic characterisation could not solve the
problem of distinguishing between the different
materials in the landfill; due to the special proc-
ess involved in the foundry, all the samples
show a magnetic behaviour for the presence of
fine iron disseminated in the materials. Some
differences are appreciable between slags (low
susceptibility values) and calcium hydroxide;
however, very low percentages of these materi-
als are confined to the landfill. It appears to be
quite difficult to separate the magnetic behav-
iour of foundry sand from muddy and clayey
materials. On the other hand, the density values
are quite similar for the different types of mate-
rials; this observation led to the decision to
avoid the use of pseudogravity transformation
of magnetic anomalies as a tool to improve the
reliability of the magnetic data interpretation.

3. Data acquisition
On the basis of the preliminary laboratory

results, two different geophysical methods were
checked on a 50 m x 30 m test cell belonging to

Approximate
volume in the

landfill (%)

Foundry sand (from finish process)
Foundry sand (from furnace)

Mud and clay

Calcium hydroxide

Refractory slag

Range of susceptibility Density
[10°°] (cgs) (kg/m’)
8200-8600 1.6
9000- 14000 1.2-1.6
2000-6000 1.3

21500-22000 1.3
3200-3400 1.6




the landfill:

— A magnetic survey involving measure-
ments of the total magnetic field and of the
vertical gradient of the total magnetic field.

— An electromagnetic survey performed us-
ing a conductivity meter operating at low induc-
tion number.

Total magnetic field and gradiometric meas-
uremernts were acquired by using a proton mag-
netometer EDA Omni Mag/Grad with a sensi-
tivity of 0.1 nT; measurements were performed
along sixteen profiles using a I m station inter-
val. The sensor for the measure of the total
magnetic field was held at 2 m above the soil
surface. A 2 m spacing was adopted between the
profiles; the profile direction was north to south.
The whole area was covered with a total of
about 800 measurements in a one day job by
two people.

Electromagnetic measurements were carried
out by means of the conductivity meter CM-03 1
(Geophyzica - Czech Republic) operating at low
induction number to measure the apparent resis-
tivity values of the subsoil up to 4-5 m deep:
data were acquired using both vertical magnelic
and horizontal magnetic dipolesona2m x 2 m
arid.

Due to the strong magnetic anomalies en-
countered during the survey (up to 1500 nT),
high accuracy of the total magneltic field meas-
ured at each station was not very significant;
however, according to the high dynamic range
of the magnetic anomalies, the stability of the
measurements was quite good. A maximum
standard deviation less than 5-10 nT was re-
corded.

The map of the vertical gradient of the total
field intensity could refer to the zone of major
concentration of iron objects located near the
surface. In the following description, only in-
duction magnetisation is considered and no re-
manent magnetic cffects are taken into account.

4. Data processing

In order to verify the effectiveness of the
magnetic prospecting on the whole arca of the
landfill, a preliminary evaluation on the reliabil-
ity of the data interpretation was performed at
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the test area. The data processing involved a fast
lechnique, operating on the two-dimensional
modelling of the magnetic data:

— Fast and approximate evaluation of the
magnetic source depth using the slope method.

— Solution of the Euler homogeneity equa-
tion in order to evaluate the spatial position of
the magnetic sources; the problem has been
reduced to a typically two-dimensional problem
and the Euler deconvolution has been applied to
the profiling data.

A preliminary determination of the depth of
the magnetic sources was performed using the
half-slope and straight-slope method as described
by Pelers (1949) and modified by Rao and Babu
(1984). The data interpretation, performed on
the whole data set on the north-south profiles,
allows a rough estimate of the depth of the
magnetic sources, considering vertical contacts,
thick dikes and thin sheet. The results are sum-
marised in table II. For vertical contact and
thick dike models the results are consistent with
the maximum depth of the waste disposal (about
12-13 m). obviously indicating that the magnet-
ic sources are located within the waste disposal.

This data interpretation provides some use-
ful informatien for the subsequent data process-
ing:

— The best model fitting the data must be
searched using vertical contact or thick dike
models.

~ The depth of the magnetic sources is lo-
cated approximately between 4 m and 12 m.

4.1. Euler deconvolution

The Rao and Babu (1984) method depicted
in the previous section is best suited for calcu-
lating the depth of isolated anomalies; other-
wise, the results showed that the observed mag-
netic effects can be due to the interference of
several magnetic sources.

A simple and fast technique that can be
applied for detecting the magnetic sources is
Euler’s deconvolution method; it can detect the
position and depth of a simple body (monopole,
dipole, sheet etc.), starting from the observed
magnetic data along a single profile or a gridded
map. The basic principle of the technique al-
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Table II. Depth estimation of magnetic source according to Rao and Babu (1984) for different models.

Profile Anomaly position Vertical contact Thick dike Thin shect

id. along the profile depth depth depth

(m) (m) (m) (m)

Linc 0+ 0W 30-40 4.9 6.1 8.2
Line0+2W 35-40 34 4.2 )
Line 0 +4W 35-40 4.5 5.7 7.6
Line)+6W 35-40 4.9 6.1 8.0
Line 0+ 8W 35-40 5.8 7.3 9.7
Line O+ 10W 35-40 2.9 3.6 4.8
Line O+ 12W 35-40 5.9 7.4 10.0
Line 0 + 14W 35-40 6.5 8.0 10.8
Line 0 + 16 W 35-40 5.8 7.5 9.7
Line 0+ 18W 35-40 84 10.5 14.0
Line 0 + 20W 35-40 8.3 10.3 13.8
Line 0 +22W 35-40 8.2 10.3 13.8
Line 0+ 24W 35-40 6.8 8.5 11.3
Line 0+ 26W 35-40 10.8 13.6 18.0

Line 0 + 28W 35-40 - - -
Line 0+ 30W 35-40 4.7 S 7.8

lows the division of the data set into several
windows; the calculation of the solution of
Euler’s equation is then performed for each win-
dow. Each solution provides an estimation of
the position of a single magnetic source; the
final result is a cross section or a map of all the
solutions: these may tend to cluster around a
magnetisation of geologic interest. The solu-
tions can be obtained only in the least square
sense, due to the inaccuracies in the experimen-
tal data.

This technique can be applied to gridded
data (3D problems) or along profile data (2D
problem}; in this application, due to the limited
size of the gridded map, only the approach along
the profiles has been considered.

A review of the technique using the 2D as-
sumption on the magnetic sources is reported in
the paper of Thompson (1982); Reid er al. (1990)
extended the 2D approach to the 3D interpreta-
tion of the magnetic source location. More re-
cently Yaghoobian and Boustead (1993) have
introduced the Euler equation to determine non-
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geological features such as buried ferro-metal-
lic bodies in environmental applications.

According to Thompson (1982), the follow-
ing relationship between the magnetic field in-
tensity and the horizontal and vertical gradients
yields (2D case):

AT AT
Xy <o =X

dx dz oz

+ NAT (x)

where the derivatives or gradients can be meas-
ured or evaluated from the data; the unknown
quantities of the equation are the coordinates x,,
the distance along the profile, and z,, the depth
of the magnetic source or rather the distance
between the magnetic sensor and the source.
The N value (structural index) represents the
type of sources which best suited the anomaly.
The structural index is also a measure of the
[all-off rates of the effect of each magnelic anom-
aly. For instance, a magnetic dipole has a typical
structural index N = 3, while a narrow 2D dyke
has a structural index of N = 2. The relationship
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between the structural index values and the
geological features has been discussed by Slack
et al. (1967), Briener (1973) and Thompson
(1982). Yaghoobian and Boustead (1993) dis-
cussed the significance of the structural index
for magnetic sources in the environmental
applications.

The shortcomings and the possibilities of the
technique and a numerical implementation of
the algorithms were described by Thompson
(1982). The approach proposed by Thompson
was adopted in this study.

Two important aspects affect the quality of
the solution of Euler’s equation: the choice of
the structural index and the size of the window.
Tests performed on synthetic data pointed out
that the window size is closely related to the
density, the depth and the position along the
profile of the solution; the structural index has a
physical meaning being linked to the kind of
magnetic sources being detected.

The window size was set according to the
wavelength of the main detected anomalies;
if the window size is too large, the final density
of the solution is very poor, whereas small

windows could preduce unreliable solutions.
Thompson (1982) suggested a window of 7 sam-
ples as a good choice; in the present application
the best results were obtained when a window
of 11 samples was employed.

The structural index refers to the kind of
magnetic source, as depicted in table IIT; the
landfill in this cell was filled with horizontal
slices: as a logical consequence the dipole or the
horizontal monopoles could be the best choice
for describing the magnetic sources.

5. Discussion on the results

The results of the magnetic survey are plot-
ted in terms of the total magnetic field and
vertical gradient of total magnetic field as shown
in figs. 1 and 2a,b.

The results of the 2D interpretation (cross
vertical section) by solving the Euler’s homoge-
neity equation can be plotted according to the
following criteria: each solution can be depicted
by a symbol in a distance/depth diagram; as u
rule of thumb, different symbols indicate differ-

Table III. Geological and environmental meaning of the structural index (after Yaghoobian and Boustead. 1997,

modified by the author).

Structural index Geological Cultural Objects and Number of
N model model (1) structures in the infinite
landfill dimensions
3 Sphere Tank Metallic drums 0
2 Kimberlite pipe Vertical shaft Vertical drums 1(z)
or well
2 Horizontal Tunnel or Concentration of iron I (x-v)
cylinder horizontal horizontal structures
shaft
1 Dyke/Sill Vertical sheet Vertical sheet of iron 2 (z and x-y)
concentration
0.5 Thick step Flat sheet Slab of magnetic 2 (xand y)
material
0 Vertical contact Edge of large Vertical contact 3(x,y,and )

tank between magnetic
and non-magnetic
materials
301
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Fig. 2a,b. Maps of the total magnetic field values (a) and of the vertical gradient of total magnetic lield (b} ; T1,
T2. T3 indicate the position of the trenches excavated alter the magnetic survey: the dashed lines indicate the

selected profiles for the subsequent data processing.

ent structural indexes of the solutions. The clus-
tering of the solutions can be well represented
using a density plot. The cross-section is divid-
ed into small pixels, according to the spatial
resolution that would be obtained; the number
of solutions within each pixel is normalised
with respect to all the solutions and the final
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result is plotted by imaging or contouring the
calculated values inside each pixel.

Some interesting clusters of Euler’s solution
are well depicted in figs. 3 to 5: this would
mdicate that, starting from the data distribution,
many magnetic sources can be detected in a
semi-automatic way. Tests have been performed
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Line 0+08 W - Euler equation - Solution and Density Plot (n=3)

Narth Distance [m ] South
0 5 10 15 20 25 30 35 40 45 50

Depth [m]

Line 0+12 W - Euler equation - Solution and Density Plot (n=3)
North Distance [m } South

Depth [m ]

Fig. 3. Solutions of the Euler equation (structural index n = 3) for Line 0+ 08W and Line 0 + 12W of the
magnetic data; the coloured image shows the density plot of the solutions of the Euler equation.

Line 0+16 W - Euler equation - Solution and Density Plot (n=3)

North ) Distance [m ] South
0 5 10 15 20 25 30 35 40 45 50

Depth [m]

Line 0+20 W - Euler equation - Selution and Density Plot (n=3)
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Depth [m]

Fig. 4. Solutions of the Euler equation (structural index n = 3) for Line 0+ 16 W and Line 0+ 20W of the
magnetic data; the coloured image shows the density plot of the solutions of the Euler equation.
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Line 0+24 W - Euler equation - Solution and Density Plot (n=3)
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Fig. 5. Solutions of the Euler equation (structural index n = 3) for Line 0 +24W and Line 0 + 28W of the
magnetic data; the coloured image shows the density plot of the solutions of the Euler equation.

using different structural indexes; as a final re-
sult the structural index of N = 3 appears to be
the best choice, in terms of clustering of the
solutions. High index values seem to have a
physical meaning according to how the landfill
has been cultivated. However, the best choice of
the structural index is a matter of discussion and
the good set-up of the value can be defined
if other information on the subseil can be con-
sidered.

In the Line 0 + 08 W, two main clusters of the
solutions were detected at a depth of 4-6 m; these
clusters show the tops of two important magnet-
ic sources. Two magnetic sources are also de-
picted in the density plot of solution, referring to
the Line O + 12 W. As shown in figs. 4 and 5, the
solutions are usually located in the near surface
layers, at no more than 8 m in depth; the pres-
ence of strong magnetic materials in the near
surface zone could obviously mask any reliable
interpretation on deeper structures.

The magnetic sources delineate the exist-
ence of ferro-metallic objects that can be found
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in the landfill; two kinds of ferro-metallic mate-
rials can affect the magnetic behaviour of the
waste disposal:

— Fine iron materials disseminated in sandy
and clayey materials; these materials are derived
from the cast iron foundry industrial process.

— Ferro-metallic objects such as drums or
parts of heavy machines.

Very high concentrations of small particles
of iron in the mud and clay of the foundry
wastes could justify the presence of zones with
a very high susceptibility contrast. In order
to verify the nature of the magnetic sources
some trenches were digged in the investigated
area; some samples of materials were taken
and analysed in laboratory. No appreciable
amount of ferro-metallic objects was found in
the trenches; therefore, the magnetic behaviour
of the landfill is mainly caused by the high
concentration of fine iron materials disseminat-
ed in the waste.

The dipolar nature of the magnetic source, as
determined by Euler’s solutions, suggested that




the zones of magnetic anomaly are well repre-
sented by close masses of accumulation of iron
particles. This consideration can be helpful 1o
plan the exploitation activity of the landfill with
the aim of recovering iron and sand materials
for recycling in the foundry activity,

A more realistic interpretation, starting from
these results, can be obtained using 2.5D mod-
elling procedures (e.g., Talwani, 1963), which
could define the susceptibility contrast of the
materials and delineate the shape of the magnet-
ic sources.

Three trenches were excavated in the test
area after the execution of the magnetic sur-
vey; the position of the trenches is reported in
fig. 2a. A maximun depth of about 6 m was
reached in the trench T3; T1 and T2 were exca-
vated until a depth of about 3-4 m. Different
samples were taken from the excavated material
and measurements of the magnetic susceptibil-
ity were performed. The results show a strong
dispersion of the measured values, according to
the composition of the materials. High suscep-
tibility values (table 1V) are encountered in
specimens with fractions of calcium hydroxide
(very rich in fine iron particles) in trenches T2
and T3. Low susceptibility values were meas-
ured in sampled characterised by the presence
of sandy material in the landfill levels, close to
the surface (T1). The strong magnetic anomaly
pointed out by the field survey in the zone of T
could be explained by the presence of magnetic
sources, deeper than the bottom of the excava-
tion.

The results of the electromagnetic survey are
depicted in figs. 6a.b and 7a.b, where the maps
of the in-phase and resisitivity values of HD
mode (horizontal mode) and VD (vertical mode)
are plotted.

Table IV. Susceptibility values of waste sampling
from trenches in the test cell.

Trenches _Mngne{ic susceptibility 7
(cgs x 10"
T ©3500- 4000
T2 2000 - 14000
T3 1000 - 20000 )

Magnetic dala interpretation in an industrial waste landfill
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These reflect the near surface inhomogene-
ties of materials in the upper layer of the land-
fill; great changes in the apparent resistivity
values are depicted in the maps. The apparent
resistivity maps reflect the near surface lateral
variations between the mud and clay (low resis-
tivity) and the sand materials (high resistivity).
The in-phase component is sensitive to the pres-
ence of magnetic materials in the upper part of
the landfill. A quantitative correlation between
magnetic and electromagnetic results appears to
be difficult because of the different nature of the
anomalies: dipolar for the magnetic sources and
monopolar for electromagnetic anomalies.

6. Final remarks

A fast approach was employed for process-
ing the magnetic data acquired in an industrial
landfill; the technique (Euler’s deconvolution)
can be successfully used to detect iron masses
concentrated in near surface layers of the land-
fill. The experiment has shown the effectiveness
of the method in an environmental application
using data with complex magnetic anomalies
and in presence of strong gradients. The niethod
also appears to be reliable when there are high
level of the magnetic noise due to sa.llower
metallic objects,

This approach allows a fast detection of near
surface iron masses and offers a preliminary
data analysis before using inversion packages.
However, 2D or 2.5D inversion in environmen-
tal applications must be handled with care b -
cause of the complex nature of the magneti:
sources.

The results of the geophysical interpretation
showed the good resolution of the magnetic
survey to locate waste fractions with high iron
metal contents and, on the other hand, the capa-
bility of the electromagnetic survey (o single
out waste fractions, characterised by high resis-
tivity valucs associated to slag such as moldings
and core sands. These observations were vali-
dated by the collections of in site samples from
the landfill test cell: the wastes were physically
and chemically characterised in order 1o relate
the geophysical results to the distribution of the
materials in the landfill.
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Fig. 6a,b. Maps of apparent resistivity () and phase values (b) of the conductivity meter survey using low
induction number equipment (CM-031) in the vertical dipole mode.
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Fig. 7a,b. Maps of an apparent resistivity (a) and phase values (b} of the conductivity meter survey using low
induction number equipment (CM-031) in the horizontal dipole mode.
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