
Introduction

To achieve an appropriate management of solid waste,
plans and projects at different scales should be created.
The trend in most developed countries shows a decrease
in the quantity of waste produced, and an important
increase in the amount of recycling programs. The major

part of the waste in new sanitary landfills comes from
sources like homes, offices and small shops, which do
not use and discard dangerous materials. However, such
apparently inoffensive waste contains frequently toxic
substances. As the discarded objects are decomposed or
biodegradated, they release their pollutant constituents.
These toxic chemicals mix with water and moisture
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Abstract This paper shows the re-
sults of a ground magnetic survey
carried out to study solid waste
landfills. The area located south-
ward of Gualeguaychú town was
chosen as a pilot case. This zone was
selected considering the available
knowledge about the cessation of
operations, and the interest of the
local authorities in verifying the
existence of anomalies indicative of
possible dangerous pollutants. The
total magnetic field was measured
along six profiles, and the corre-
sponding anomalies were calculated.
The profiles were modelled in 2.5 D,
and along them Euler’s deconvolu-
tion was used to estimate the depth
to the sources. The first and the
second derivatives of the residual
magnetic field were calculated, in
order to sharpen the anomalies. Our
interpretation suggests that the
characteristics of the modelled bod-
ies and the magnitudes of the de-
tected anomalies do not indicate the
presence of drums in the sanitary
infill.
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forming the leachate. If such leachate is uncontrolled, it
can migrate and contaminate groundwater and/or
aquifers (US EPA 1988; Robinson and Gronow 1995;
Statom et al. 2004). In some cases, solid waste is dis-
posed in unsuitable and/or clandestine places, producing
important environmental damage. In other cases, the
regulations established in order to protect the environ-
ment in authorized waste landfills are not observed
(Piratoba Morales and Fenzi 2000). Therefore, it is
convenient to maintain an efficient and multidisciplinary
monitoring system.

Geophysics has already been successfully applied to
many waste landfills investigations (Benson et al. 1984).
It has been used to define plumes, locate buried drums,
detect boundaries of burial trenches and determine
geological settings (Carpenter et al. 1990; Aristodemu
et al. 2000; Meju 2000a, b). Some geophysical methods
offer a direct means of detecting contaminant plumes
and flow directions in both the saturated and unsatu-
rated zones. Others offer a way to obtain detailed
information about subsurface soil and rock conditions
and buried objects. For example, metal detectors and
magnetometers are useful in locating buried wastes.
Ground penetrating radar can define the boundaries of
buried trenches and other subsurface disturbances.
Electromagnetic and resistivity methods can help to
detect plumes of contaminants in groundwater (Pellerin
2002). Resistivity and seismic techniques are useful in
determining geological stratigraphy and landfill struc-
ture (Carpenter et al. 1991).

Magnetic surveys detect characteristic magnetic sig-
natures associated with different geologic settings,
structures, buried objects, etc. Such anomalies arise from
both an induced magnetization component, due to the
earth’s magnetic field interacting with the magnetic
susceptibility of the object, and a permanent magneti-
zation which depends on the metallurgical properties,
and the thermal, mechanical and magnetic history of the
specimen, and is independent of the field in which it is
measured (Breiner 1973). In general, iron objects exhibit
permanent and induced magnetizations. The harder the
steel, the more permanent magnetization it possesses,
which can be ten times or more than the induced mag-
netization (Breiner 1973). Usually, one cannot predict
the orientation of the permanent moment of a buried
object. A single large object may exhibit one single
anomaly due largely to the permanent moment.

On the one hand, ground magnetic surveys are used
to detect clandestine waste landfills. On the other, they
are frequently applied jointly with other techniques to
monitor the evolution of authorized sanitary landfills.

Magnetic surveys allow the detection of perturba-
tions in the earth magnetic field caused by buried fer-
romagnetic objects like tools, drums and metallic waste
in general. It is worth mentioning, that drums can con-
tain very contaminating fluids. Magnetometry is one of

the six techniques suggested by the US Environmental
Protection Agency (Benson et al. 1984) to be used in
environmental monitoring studies. This method is usu-
ally applied in Europe to determine the existence and
location of drums containing dangerous substances (e.g.
Dahlin and Jeppson 1995). The magnetic properties of
steel drums have also been studied taking into account
laboratory and field magnetic measurements (Ravat
1996).

This paper presents the first results of a ground
magnetic survey applied to the study of sanitary land-
fills. A pilot case was chosen, considering the available
knowledge about the cessation of operations, and the
interest of the local authorities in verifying the existence
of anomalies indicative of possible dangerous pollutants.

Background

The study area corresponds to the actual municipal
sanitary landfill. It is located approximately 3 km
southward of the town of Gualeguaychú, in the south-
eastern part of Entre Rı́os province, Argentina (Fig. 1).
This zone has an extensive road and railway network.
There are many towns, but the most important one is
Gualeguaychú. This town has a population of 80,000
inhabitants, and is the centre of numerous commercial,
industrial and agricultural activities.

The activities in the sanitary landfill were suspended
4 years ago. The environmental protective works (if any)
undertaken during the operation time are unknown.
Nowadays, the operation of the waste deposit is carried
out by the Municipal Urban Hygiene Enterprise, which
solicited an evaluation of the actual state of the old
sanitary landfill.

As part of the environmental study, a ground mag-
netic survey was carried out to determine the existence of
anomalies that could indicate the presence of objects of
long degradation or of potentially dangerous solid
waste. It is important to mention that resistivity studies
were also carried out in the same landfill (Sainato et al.
2004).

Geologic setting of the study area

This region forms part of the Chaco-Paranense plain.
The most important outcropping formations are de-
scribed as follows.

Lower Plio–Pleistocene Salto Chico Formation: This
formation (Rimoldi 1963) is composed mainly of white
and yellowish coarse and fine sandstones in the base,
which gradually turn reddish at the top. Silt and clay
layers of green colour and coarse and fine conglomerates
are intercalated throughout the sequence (Iriondo 1980).
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A fluvial origin was proposed for this formation. Bossi
(1969) suggested that it is of lower Plio–Pleistocene age.

Middle-Upper Pleistocene Punta Gorda Group: It cor-
responds to most part of the sedimentary cover in Entre
Rı́os. This group is composed mainly of brown, yellow
and greenish silts and clays containing calcareous con-
cretions, formed in lacustrine and eolian environments
(Iriondo 1980). It has a thickness of 20–40 m, and
constitutes the substratum of the sanitary landfill studied
here. It was assigned a Middle-Upper Pleistocene age.

Holocene La Picada Formation: This unit is composed
of brown medium to fine quartzose sandstones at the
top, and of yellowish brown silts and clays at the base. It
corresponds to the alluvial fills of previous fluvial valleys
formed before the deposition of these sediments.

It is worth noting that the substratum of the sanitary
landfill does not show any relevant characteristics, which
could indicate the existence of susceptibility contrasts at
intermediate depths. Therefore, the anomalies detected
during the present ground magnetic survey would be
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exclusively caused by the different magnetic properties
of the buried objects in the waste deposit.

Methodology

The ground magnetic survey was made using a Geo-
metrics proton magnetometer. The total magnetic field
and the magnetic vertical gradient were measured on 284
stations along 6 profiles, 3 trending approximately N–S,
2 trending approximately E–W, and 1 trending
approximately 45�N–45�W (Fig. 2). The distance be-
tween the stations was 2 m. The profiles are between 50
and 150 m long (Fig. 2). The location of 2–5 stations
along each profile was determined using GPS. The rest
of the stations was situated along straight lines con-
necting the stations located by GPS along each profile.
The 2-m distance between stations was determined using
a non-magnetic tape measure. The magnetic vertical
gradient measurements were completely noisy and could
not be modelled or interpreted. They were discarded.

The measured values of the total magnetic field were
corrected considering the diurnal variation of the earth’s
magnetic field. The location of the base station was
determined using GPS (outside of the landfill at
33�03.052¢S–58�32.036¢W). The diurnal magnetic varia-
tion was recorded through the measurement of the total
magnetic field in the base station approximately every
45 min. The value of the International Geomagnetic
Reference Field was subtracted from the corrected data.
The total magnetic field in Gualeguaychú has an inten-
sity of 23,256 nT, an inclination of )35.4� and a decli-
nation of )7.2�. The resulting anomalies were plotted in
a contour map (Fig. 2). A 2.5 D modelling was carried
out along the profiles using the software Geomodel 2.01
(Cooper 2000) (Figs. 3, 4, 5, 6). A 2D model corre-
sponds to a cross-section whose bodies are assumed to
extend to infinity out of the plane of the section. A 2.5 D
model is a cross-section in which an end correction is
applied to the bodies to account for a limited extent out
of the plane of the section.

The existence of induced and permanent magnetiza-
tions was taken into account in the models. The
parameters used for each modelled body along each one
of the presented profiles are shown in Table 1. In addi-
tion, Euler’s deconvolution was applied along the
modelled profiles in order to estimate the depths to the
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sources, using the software Euler 1.0 (Cooper 2001)
(Figs. 3, 4, 5, 6). The first and the second vertical
derivatives of the residual magnetic field were also cal-
culated (Fig. 7) with the aim of sharpening the detected
anomalies.

Results and discussion

The magnitude of the detected anomalies indicates that
the studied solid waste landfill is of a domestic character
(Fig. 2).

Although an exact determination of the shape, size,
location and depth of the buried bodies is not possible
due to the inherent limitations of the magnetic method
and lack of another constraining data, good estimations
were made, which are useful for the objectives of the
present study.

The parameters defining the permanent magnetiza-
tion of the modelled bodies along each profile vary over
a wide range (Table 1). As it was mentioned above there
is a great uncertainty about the orientation and the
magnitude of the permanent moment of a buried object
(Breiner 1973). As a result of this uncertainty, the value
of a magnetic anomaly associated with a buried body
may vary considerably, making the quantitative analysis
of the data difficult (Benson et al. 1984). However, it is

worth noting that we were not able to fit the measured
and calculated anomalies through our modelling con-
sidering only the existence of induced magnetizations.
Taking into account these limitations, our models
should be regarded with care, and considered only as an
estimation of the average depths, sizes and susceptibili-
ties of different sectors (bodies) in the landfill containing
ferrous metals in varying amounts and/or with different
physical properties.

It can be observed in Fig. 2 that, in general, the
magnitudes of the detected anomalies decrease to the
south—southeast. Landfilling operations normally in-
volve the deposition of waste in cells, in a geometric and
ordered way. The southern part of the surveyed area
corresponds to the older cells of the sanitary landfill.
Therefore, it could be interpreted that such a distribu-
tion of the magnetic anomalies is generated by dense
ferrous metallic objects, which are more deeply buried to
the south, due to a progressive dynamic sinking by
compaction. The resulting depressions are naturally fil-
led with a non-magnetic cover, through the eolian
deposition of sediments coming from positive areas.
Such sediments correspond to reworked quaternary
cover (silts, loess, eolian Holocene sandstones). This
natural cover is obviously deposited over the previous
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sediments emplaced over the waste during the opera-
tions (classic covering system of landfills). This sinking
effect is usually observed in anthropological deposits.
One can arrive at a similar conclusion through the
observation of the models proposed along profiles 1, 3
and 6 (Figs. 4,6).

The modelling of the different profiles (Figs. 3, 4, 5,
6) allowed to estimate an average depth of the buried
bodies of nearly 0.8–1 m, with maximum depths of
2.3 m. These results were confirmed applying Euler’s
deconvolution. Considering a structural index of 1 (thin
prism), most of the solutions are at depths ranging be-
tween 1 and 2.5 m (Figs. 3, 4, 5, 6). It is worth noting,
that in Euler’s deconvolution no particular subsurface
model is assumed. Hence, Euler’s results are indepen-
dent of the proposed models. In general, greater depths
were derived from the Euler deconvolution than from
the forward modelling. This difference could be ex-
plained considering that the solving of Euler’s equation
requires the horizontal and vertical gradients of the
potential field data, which are calculated in the fre-
quency domain (see Gunn 1975). Magnetic data are re-
duced to the pole before the gradients are calculated,
and in such reduction the existence of permanent mag-
netization is not considered. This last fact introduces
errors and uncertainties in the calculation of the solu-
tions. However, the obtained depth is consistent with the

information given by the workers of the sanitary landfill
and with the results of the resistivity investigations
(Sainato et al. 2004). The workers reported a maximum
depth of 2 m and said that shallower sectors could exist.
Such depths were confirmed ‘‘in situ’’ through obser-
vations in the neighbouring active area of the landfill.
Sainato et al. (2004) determined the existence of a sur-
face variable resistive layer 2–3 m thick. This layer is
underlain by a more conductive zone (resistivity between
3 and 6 ohm m) related to the existence of contamina-
tion near the phreatic level (located between 2 and 3 m
depth). They suggested that the contamination plume
would not extend deeper than the phreatic level.

The first and second vertical derivatives of the
anomaly permitted a better identification of the location
of the edges of the causative bodies (Fig. 7). These
derivatives enhance the short wavelength components of
the field, and remove the long wavelength ones. They
help to resolve closely spaced, even superposed anoma-
lies. Compared to the residual magnetic field, the vertical
derivatives reflect sources closer to the surface. The
second vertical derivative accentuates the edges of
structures, thus sharpening anomalies and exaggerating
discontinuities, facilitating the location of boundaries
within shallow depths (Fig. 7). It is important to remark
that the west–east structures shown in Fig. 7 could
probably be artefacts due to the distribution of mea-
surement points.

A very important point to be evaluated is the mag-
nitude of the magnetic anomalies. In this study, the
highest values were of the order of 180 nT. The magnetic
anomaly that would be produced by a drum buried in
the studied area can be estimated and compared with the
measured one. Taking into account the normal dimen-
sions of the 55 gallon drums (length approximately
90 cm, diameter approximately 60 cm, thickness
approximately 1 mm), the maximum depth of this san-
itary landfill (around 2 m), the intensity of the total
magnetic field (23,256 nT) and an average apparent bulk
susceptibility of 110 SI for the drum (Ravat 1996); an
anomaly of more than 400 nT would be expected. It is
worth noting that in this calculation the possible exis-
tence of permanent magnetization was not considered.
This simplification is supported by the investigations
carried out by Ravat (1996), who determined that the
permanent magnetizations are very small in comparison
to the respective induced magnetization in most drums
(Königsberger ratios �0.1). If we use the nomograms of
Breiner (1973) and of Benson and others (1984) to esti-
mate the mass of the body causative of the measured
anomaly (maximum 180 nT), we obtain a value of
3.6 kg. The weight of 55-gallon steel drums is between
18 and 23 kg (Benson et al. 1984; Ravat 1996). From
these nomograms, we can estimate the anomalies that
would be generated by a 55-gallon drum buried at dif-
ferent depths. If it is buried at 1 m depth, the anomaly
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Table 1 Parameters used in the modelling of each body along the different profiles

Susceptibility (SI) Strike length (m) Permanent magnetization

Declination (�) Inclination (�) Intensity (nT)

Profile 1
Body 1 0.25 1 180 80 1,500
Body 2 0.50 1 0 )60 800
Body 3 1.00 0.5 – – –
Body 4 0.63 0.5 0 70 1,000
Body 5 0.38 0.5 – – –
Body 6 0.88 0.7 – – –
Body 7 0.13 1 0 50 100
Body 8 0.25 1 0 40 500
Body 9 0.38 0.3 0 )50 4,200
Body 10 0.19 1 – – –
Body 11 0.25 0.2 0 )50 4,200
Body 12 0.25 1 0 90 700
Body 13 0.63 0.5 – – –
Body 14 0.25 1 – – –

Profile 3
Body 1 0.13 1 0 40 400
Body 2 0.25 0.5 0 40 1,700
Body 3 0.15 1 – – –
Body 4 0.25 1 0 0 500
Body 5 0.75 1 – – –
Body 6 0.25 1 – – –
Body 7 0.38 1 – – –
Body 8 0.38 0.5 – – –
Body 9 0.88 1 0 40 1,300
Body 10 0.13 1 0 0 500
Body 11 0.63 0.5 – – –
Body 12 0.13 1 0 90 400
Body 13 0.25 1 0 40 1,100
Body 14 0.13 1 0 60 1,200
Body 15 0.13 0.5 0 90 500
Body 16 0.25 0.5 0 90 1,900

Profile 4
Body 1 0.13 1 0 )60 1,800
Body 2 0.50 1 0 )50 50
Body 3 0.13 1 35 )50 1,000
Body 4 0.63 0.5 0 )90 800
Body 5 0.25 1 – – –
Body 6 0.13 1 0 )90 500
Body 7 0.13 1 120 )60 100
Body 8 0.13 0.5 60 )60 1,200

Profile 6
Body 1 0.38 1 – – –
Body 2 0.13 0.5 – – –
Body 3 0.25 1 0 60 700
Body 4 0.25 1 180 50 1,000
Body 5 0.13 0.5 0 30 1,000
Body 6 0.13 1 0 60 500
Body 7 0.13 0.5 0 30 900
Body 8 0.25 0.5 0 40 500
Body 9 0.25 0.3 0 40 200
Body 10 0.25 0.5 0 90 800
Body 11 0.13 0.5 0 90 1,000
Body 12 0.25 0.5 0 90 600
Body 13 0.25 0.5 0 90 400
Body 14 0.25 1 80 50 400
Body 15 0.11 0.5 180 20 600
Body 16 0.13 0.3 180 90 1,200
Body 17 0.25 0.3 180 90 600
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would be of approximately 1,000 nT; if it is buried at
1.5 m depth, the anomaly would be of approximately
300 nT. These values would suggest that drums are not
present in the studied area.

Ravat (1996) measured an anomaly of more than
340 nT produced by a drum located at 2.43 m vertical
distance of the magnetometer in an inducing field of
54,000 nT. He applied equivalent source and 3D mod-

Fig. 7 Up: surface map of the
measured anomaly. Middle:
surface map of the first vertical
derivative. Down: surface map
of the second vertical deriva-
tive. A sharpening of the
anomalies can be observed in
the second vertical derivative
map
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elling methods, and compared the observed and best-fit
computed anomalies. He determined that at most
source-to-observation distances applicable to environ-
mental investigations, the equivalent source method is
able to approximate the observed anomalies of steel
drums better than 3D modelling methods, supporting
the above made calculations.

Consequently, the magnitudes of the detected
anomalies (see Figs. 2, 3, 4, 5, 6) and also the charac-
teristics of the modelled bodies (see Table 1) are not
indicative of the existence of buried drums in the studied
area.

Conclusions

The magnetic method was adequate to the objectives of
this survey. Large buried bodies of very high magnetic

susceptibility were not detected. This fact is consistent
with a domestic sanitary landfill. The existence of buried
drums, which can contain dangerous pollutants, was
discarded. The depth of the metallic objects decreases to
the north, as a consequence of the natural progressive
sinking effect.
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