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The use of airborne geophysical data for environmental studies started in
GTK already in the 1970s, but came into common use only in the late1990s. In
recent years airborne data have been used successfully especially in environ-
mental studies related to old mines and old mining districts, groundwater and
soil contamination. This paper presents five studies where GTK’s airborne data
have been successfully applied for environmental and groundwater investiga-
tion purposes.

Inthe section “Airborne methods in groundwater studies in Finland” Heikki
Vanhala and Annina Mattsson discuss the use of airborne electromagnetic
(AEM), magnetic and radiometric data for studying bedrock aquifers and
groundwater areas related to glaciofluvial formations. Jouni Lerssi presents a
case “Mapping a waste-water pond — a case from Lievestuore, central Fin-
land”, in which AEM data were used for mapping and characterising a large
wastewater (sodium lignosulphonate) pond and its surroundings. An example
of site monitoring using airborne data is given by Mari Lahti. Her contribution
“Landfill monitoring at Ammdssuo, southern Finland” is based on airborne
measurements conducted in 1984, 1993, 1997 and 1999 over the Ammissuo
municipal landfill. The contribution related to abandoned mines “Mapping the
environmental risks of a wide contaminated site — results from a mining region
in eastern Germany”, by Mari Lahti, discusses the use of airborne gamma-ray
surveys in mapping an old uranium mining district and in monitoring radiation
levels. She also presents a case of integrated use of radiometric and magnetic
data in mapping an old black coal mining area and a case of the combined use
of magnetic and ground resistivity data for mapping impacts of nickel mining
and smelting. The last contribution “Environmental applications of the GTK
AEM data inthe UK”, by David Beamish, is based on AEM data from four areas
in the East Midlands, in the UK. Two sites, the area of the Thoresby coal mine,
and municipal landfills in the Langar area, are discussed in detail.
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INTRODUCTION

Airborne geophysics has a long record of success
in mineral exploration in Finland, as discussed by
Hyvonen et al. and Turunen et al. in this volume.
Although the use of airborne data for non-mineral
exploration activities started in the early 1970s, en-
vironmental applications came into common use
only in the late 1990s. One of the early applications
outside the mining industry was that of measuring
snow-water equivalent by gamma-ray spectrometry
(Peltoniemi et al. 1978, Peltoniemi & Kuittinen
1978). In the 1980s, within the nuclear waste dis-
posal studies, airborne data were utilised in site se-
lection studies (Kukkonen 1984, Saksa & Silven-
noinen 1989), for estimating the thickness of peat
lands (Vironmiki et al. 1989), and for soil classifi-
cation (Hyvonen et al. 1991, Sutinen et al. 1994).

The first applications related to groundwater are
from the early 1990s (Mattsson & Salmi, 1991). In
the pilot study carried out in the Virttaankangas —
Oripdinkangas groundwater area the radiometric and
EM methods were particularly important in mapping
the large esker area (Harittu et al. 1993). In the
present paper, two cases of the use of airborne data
for investigating glaciofluvial and bedrock aquifers
are discussed, firstly an active pilot study from the
Kempele groundwater area (Valjus et al. 2004) and
then a new application where the AEM data have

been used for mapping a “buried esker”, i.e., clay
and silt covered sand-gravel deposit (Vanhala et al.
2003, Lintinen et al. 2003).

The study over the Rovaniemi municipal landfill
was the first case in Finland, where the airborne elec-
tromagnetic (AEM) data were used for mapping con-
taminated areas and contaminant leaks (Sutinen et
al. 1994, Jokinen & Lanne 1996). The study started
when a weak AEM anomaly was found southeast of
the landfill (Fig. 1.). Ground EM and chemical data
proved that the conductivity anomaly originated
from the landfill leakage. EM modelling techniques
and integrated use of airborne data along with
ground geophysical and other available data sets,
have strongly increased the usefulness of AEM data
for studies of landfills and other contaminated sites
(Lerssi et al. 1997; Jokinen & Lohva 1998; Lerssi et
al. 1998; Lohva et al. 1999; Lahti 1999; Vanhala et
al. 2000; Lohva et al. 2001). In this paper, two spe-
cial cases, the Lievestuore waste-water pond, and the
airborne monitoring of the Ammissuo landfill, are
discussed in detail. In an ongoing project, AEM in-
terpretation and integrated use of ground and air-
borne data are developed for mapping extensive acid
sulphate soil and sulphide clay areas in western Fin-
land (Suppala et al. 2003, Vanhala et al. 2004). See
also Fig.3.

Fig. 1. An example of the use of airborne methods in environmental mapping — AEM conductivity map from the
Rovaniemi landfill, northern Finland, indicating a leakage from the dump site (after Jokinen and Lanne 1996; Han-
nula and Lanne 1995). Base map © National Land Survey 466/MY Y/05.
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In recent years airborne data has been successful-
ly applied to environmental impacts caused by min-
ing. In these projects, carried out in various geologi-
cal environments in Germany, England, Estonia and
Finland, the importance of the multisensor system —
i.e., simultaneous acquiring of EM, magnetic and ra-
diometric data — has been emphasised. In Germany,
the most striking results were related to radiometric
data — a study over an earlier uranium mine area in
Eastern Germany detected, not only the old mines
and tailings ponds, but also leaks from mining areas

and areas contaminated when transporting and
processing the ore (Lahti & Vanhala 2000, Lahti et
al. 2000a and 2000b, Lahti et al. 2001). In England,
EM data has successfully been used for mapping
subsurface pathways of acidic and conductive mine
waters (Beamish and Kurimo 2000). In the latest
project over the oil shale mining area of Estonia,
both the magnetic and EM data were of great use
(Vanhala et al. 2002). In this paper the German and
English cases are discussed in detail.

AIRBORNE METHODS IN GROUNDWATER STUDIES IN FINLAND

Introduction

Today, practically all significant groundwater
projects in Finland start with the interpretation of the
airborne data — the major geological units, fractured
bedrock zones and, for example, the distribution of
clay-covered areas are mapped before the more de-
tailed investigation plans are made. Glaciofluvial
sand and gravel formations are the most important
aquifer types in Finland. Although they are in most
cases uniformly distributed, there are also regions in
which they are absent. In these areas, the fractured
bedrock aquifers can be important for household and
municipal water supply.

The airborne magnetic data provide information
especially about the fracturing of the crystalline bed-

rock (Lanne et al. 1998, 2002) but it is also utilised
for mapping geological structures. For example, the
presence of graphite and sulphide bearing schists and
gneisses unsuitable for good-quality bedrock
groundwater are routinely mapped by airborne mag-
netic and AEM data. The use of AEM data is today
strongly increasing due to the improved means of
interpretation, i.e., high-quality two-frequency data
together with modern inversion and modelling tech-
niques. Two cases are discussed here in detail — a
present groundwater study from Kempele, western
Finland, and a study from Ilmajoki where AEM tech-
niques were used for mapping gravel-sand forma-
tions buried by conductive clay-silt sediments.

The Kempele study

Figure 2 (after Valjus et al. 2004) is an example
from a pilot study carried out at the Kempele
groundwater area. Kempele is situated near Oulu in
western Finland. The study area differs from the typ-
ical Finnish geology by being a part of the Muhos
formation (Fig. 2). The Muhos formation is up to
one-kilometre deep graben-like structure filled with
Vendian — Jotnian (0.6—1.2 Ga) sedimentary clay-
and siltstones. The surrounding bedrock consists of
Precambrian crystalline rocks. The sedimentary
rocks of the Muhos formation are covered by 10—
100 m thick layer of Quaternary glacial sediments
such as till, gravel, sand and postglacial clays, silts

and sulphide bearing sediments. Due to isostatic land
uplift the study area rose above the sea level 800 —
2000 years ago and the older sediments were cov-
ered by littoral sands and fine sands.

The objective of the survey was to provide infor-
mation on the structure and distribution of the gla-
cial sediments and on the topography and fracturing
of the underlying crystalline bedrock for the water
supply of the Kempele settlement. Airborne EM and
magnetic data were used to map the major lithologi-
cal units. The aeromagnetic data was useful by giv-
ing invaluable information about the fracture system
of the crystalline bedrock near the contact of the
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Fig. 2. Airborne magnetic and apparent resistivity maps from the Kempele groundwater area, western Finland (after Valjus et al. 2004). The
fracturing of bedrock appears as linear minima in the aecromagnetic map. Base map © National Land Survey 466/MY Y/05.

Mubhos formation, while the AEM data was used for
mapping the distribution of the low-resistivity clays
and silts. The circular aeromagnetic anomaly in Fig-
ure 2 originates from a weakly magnetized granitic
rock partly underlying the non-magnetic Muhos for-
mation shales. The fracturing of the bedrock, as well
as contact between granite and the Muhos formation,
is clearly visible as linear magnetic minima in the
magnetic map. The contact of the Muhos formation
is also visible on the AEM map because of the con-
ductivity contrast between the claystone and the

granite (20-50 Ohmm and thousands of ohmimeters,
respectively (Valjus et al. 2004). The highest con-
ductivities in Figure 2 originate from shallow-depth
marine sulphide clays.

The study strongly emphasised the importance of
integrated use of different geophysical techniques in
mapping thick Quaternary deposits. The role of the
airborne data was extremely important by providing
regional scale information on the crystalline and sed-
imentary bedrock structures as well as on the glacial
deposits.

Ilmajoki “buried esker”

Glaciofluvial deposits are relatively uniformly dis-
tributed in Finland but there are also regions where
they are absent. These regions are typically situated
in low-lying coastal regions. There, lacustrine and
glaciolackustrine deposits, up to several tens of me-
tres in thickness, cover the glaciofluvial deposits.

An airborne survey, to test the applicability of
AEM data for mapping buried ice-marginal depos-
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its, was carried out in the Kyronjoki river valley be-
tween Ilmajoki and Seindjoki (Fig. 3) in southern
Finland in 2002 (see Lintinen et al. 2003). The size
of the flight area was 8x12 km?. The landscape of
the study area is typical for Southern Ostrobothnia
having low-lying river valleys filled by lacustrine
and glaciolackustrine sediments. Bedrock outcrops
delineate the river valleys (see the geological map
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in Fig. 3). A few glaciofluvial deposits are found in
the flight area. A small esker, running from north-
west to southeast, is situated northwest of the Kyron-
joki river (Fig. 3). A sand deposit, about 0.15 x 1.1
km? in size (called Aavala by Kurkinen et al. 1992)
outcrops through the water-laid sediments in the cen-
tral part of the river valley. Based on the drilling data
and seismic soundings, Kurkinen et al. (1992) have
shown that the Aavala deposit is more extensive than
the outcropped sand area (in Fig. 3 the Aavala sand-
gravel deposit is close to line L-1). The true lateral
extent of the Aavala sand deposit is, however, not
known.

The idea of mapping buried glaciofluvial deposits
by AEM measurements arises from the fact that the
electrical resistivity of clay and other fine grained
sediments is lower than the resistivity of sand and
gravel deposits. The model calculations made by
Huotari (Huotari 2002, Vanhala et al. 2002) suggest
that GTK’s AEM system is sensitive to detecting
buried valley type deposits, i.e., high-resistivity bod-
ies situated in low-resistivity ground. The size of the
IImajoki flight area was 96 km?” and the line spacing
100 metres (in total 903 line kilometres were meas-
ured). The nominal flight altitude was 30 m (median

Fig. 3. Airborne apparent resistivity map (3.1 kHz) from the Kyronjoki river valley, near Ilmajoki, southern
Finland and the geological map of the site (upper). 3D conductivity map based on 1D inversion of AEM and
ground EM data (lower) (Suppala et al. 2003). Base map © National Land Survey 466/MY Y/05.
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flight altitude was 32.5 m). Ground EM, gravity,
electrical and refraction seismic measurements were
made for calibration and verification of the AEM in-
terpretation. Sampling and laboratory measurements
of core samples were also made.

In the apparent resistivity map in Figure 3 the riv-
er-valley covered by lacustrine or glaciolackustrine
sediments shows a very low resistivity, 4-20 Ohmm.
As presumed, a distinct high-resistivity anomaly can
be seen at the location of the known part of the ice-
marginal deposit (Aavala). In addition to that there
also exists a several kilometres long NW-SE trend-
ing resistivity anomaly over the clay-covered part of
the map area, predicting a buried esker from Aavala
to the NW. The anomaly was verified by modelling
the airborne and ground EM data and by drilling. At
the drilling site D2 (see Fig. 3) stratified sand and
silt were met under an 11 m thick clay-silt cover. The
depth to the bedrock was 25 m and the lowermost 7
metre thick layer composed of till. The final result
support the conclusions of Kurkinen et al. (1992),

that the buried ice-marginal deposit is far more ex-
tensive than the outcropping glaciofluvial deposits
show in the study area. The airborne EM results sug-
gest that the ice-marginal deposit continues laterally
at least 10 km.

The interpretation of the AEM data, seen in the
lower part in Figure 3, was based on layered-earth
interpretation (model norm-based inversion). The 1D
responses and sensitivity matrices were calculated
by the Airbeo —program (Chen and Raiche 1998).
The minimisation of objective function (data misfit
+ Px model norm) was carried out with the damped
Gauss-Newton algorithm of Haber (1997). The in-
version provided us with the thickness of the clay
layer and with the conductivity distribution inside it.
The estimation of the thickness and conductivity of
the sediment material lying under the clay (till, for
example) is a more complicated task and it is essen-
tial to use reference material, such as gravity or seis-
mic data when interpreting the thickness of the
coarse-grained sediment beds under clay.

MAPPING A WASTE-WATER POND - A CASE FROM LIEVESTUORE,
CENTRAL FINLAND

Background to research

Lievestuore pulp mill generated waste effluent dur-
ing 1935-1967. The waste was pumped to the near-
by Koivusensuo mire, where the Lipedlampi waste
pond was formed. Pulp mill effluent is very acidic
(ph = 2-3) and rich in sodium lignosulphonate
(NaLS), which is not usually present in natural wa-
ters (Mikeld 1986). Because it contains hydrogen
ions and dissolved solids, the effluent has good elec-
tric conductivity that correlates directly with high
NaLS concentrations. The spread of the effluent into
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the pond’s environment has enhanced soil conduc-
tivity, which can be detected by airborne electromag-
netic mapping complemented by conductivity log-
ging in the field (Puranen et al. 1997). The AEM
anomalies indicate that the most heavily polluted
mire area extends north- and southwards from the
pond. Logging and seismic results were also used as
reference material in the interpretation and model-
ling of bedrock topography and effluent plume mi-
gration (Lerssi et al. 1997)
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Aerogeophysical survey

The aerogeophysical measurements were done at
an altitude of 30-50 m with 100 m line spacing, and
12.5 m point spacing covering about 12 km? using
configurations described in Peltoniemi et al. (1986)
and Poikonen et al. (1998). The results were com-
piled on the maps of the Lipedlampi locality. The
AEM map shows a strongly anomalous area, which
is clearly better conducting than the glacial till envi-
ronment that dominates the area. The anomalous
area extends for over 200 m, from the pond’s north-
ern side to Koivusensuo mire, and for over 100 m to

a depression zone on the pond’s southeastern side
(Fig. 4). The anomaly becomes weaker and contin-
ues towards the southeast, to the lower-lying Lake
Koivujirvi area. Thus, between the pond and the
lake, there is a zone in the till and sand formations,
which is better conducting than its environment.
From modelling studies (layer, 2-D and 3-D) per-
formed on the two-frequency AEM-results, it was
concluded that the anomaly in the central part of
Koivujirvi is caused by a depression filled with lake
sediments. Lineaments within the research area were

Fig. 4. The location of the Lipedlampi area, topography and the AEM imaginary (out-of-phase) component anomaly map (measurement frequency

is 14 368 Hz).
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interpreted from magnetic results, complemented by
seismic profiling and a digital elevation model, and
these revealed and verified fracture zones in the bed-

rock interpreted from AEM-results. As a result pos-
sible routes of pollutant migration in bedrock were
determined (Fig. 5).

Fig. 5. 3D view of surface and bedrock topography of the Lipedlampi area. Base map © National Land Survey 466/MY Y/05.

Summary

Information on the areal and vertical extent of pol-
luted soils was obtained quickly by airborne meas-
urements and field logging. By comparing the results
of the airborne and ground surveys, it could be fur-
ther concluded that there is clearly more of the pol-
lutant below the bottom of the pond than below the

mire depression. Pollutants with high conductivity
in a low-conductivity environment represent optimal
targets for electric methods, but the methods de-
scribed can also be used to map even weaker con-
ductivity contrasts.

LANDFILL MONITORING AT AMMASSUO, SOUTHERN FINLAND

Introduction

The possibilities of using the GTK’s AEM meth-
od in monitoring landfill environments have been
studied in several projects in Finland (i.e. Jokinen &
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Lanne 1996; Lohva et al. 1999), in the UK (Beam-
ish et al. 2000) and in Germany (Lahti et al. 2000).
The advantages of the AEM method are the effec-
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tive mapping of the soil and groundwater contami-
nation covering extensive areas surrounding the
landfill. The ideal monitoring system of a modern,
substantial landfill would consist of easily and
quickly repeatable AEM measurements to cover ex-
tensive areas, carefully located geophysical ground
monitoring lines and scattered groundwater monitor-
ing wells only in the most important points.

The systematic airborne surveys conducted in Fin-
land provide excellent material for preliminary land
use planning and environmental projects like land-
fill monitoring. The Ammiéssuo landfill is the prin-

cipal municipal landfill in the Helsinki region locat-
ed in western Espoo, approximately 30 km from the
city of Helsinki. The results of the systematic air-
borne measurements over the Amméssuo area dur-
ing 1984 and later targeted airborne surveys carried
out in 1993, 1997 and 1999 provide a very compre-
hensive compilation of airborne geophysical multi-
sensor data. Ground geophysical measurements have
been carried out to verify the airborne anomalies, as
well as to study the accuracy of the geophysical
methods detecting landfill contamination.

The AEM results

The first airborne survey in the Ammiissuo area
was conducted as part of the systematic mapping
program. The results illustrate the natural state of the
site before the landfill was established. The AEM

map outlines the wet marshlands from the generally
resistive environment of thin Quaternary layers on
the top of homogenous granite bedrock (Fig. 6). Pri-
or to the next survey, in 1993, the landfill had been

Fig. 6. The AEM maps from the Amméssuo landfill covering the history of the landfill activity. The 1984 results are from a time
before the landfill was established, the 1993 results represent the situation after 5 years of activity, and the 1997 results as well as the
1999 results after more than 10 activity years. The landfill impacts during the years are mainly discernible as a strong conductivity
anomaly over the waste deposit (purple colour). The conductivity anomaly north of the landfill that has been increased from 1993 to
1997 is a separate soil dump site. The conductivity changes that could reflect the landfill impacts are located southwest of the landfill.

Base map © National Land Survey 466/MY Y/05.
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active for 7 years and the general view of this sur-
vey’s AEM results is completely different. The heap
of the domestic waste appears as a highly conduc-
tive anomaly. The situation is quite similar to the re-
sults from 1997. The amplitude of the landfill anom-
aly is stronger than in 1993 and, in particular, the
in-phase/out-of-phase index is reversed indicating
dimensional expansion or increase in the electrical
conductivity of thewaste. Naturally, the volume of
the waste increased from 1993 to 1997 but also the
waste layer had become denser and probably elec-
trically more conductive. The flight survey conduct-
ed in 1999 was conducted with a relatively coarse
configuration but shows similar features to the ear-
lier results.

The landfill anomaly follows quite precisely the
boundaries of the filling area and the spatial accura-
cy mainly depends on the point interval (typically
13 m). The waste material is characterised by a very
low resistivity, typically 5-10 Ohm-m and even low-
er. Considering the impact of the strong electromag-
netic response caused by the waste, reliable data
characterising the soil properties outside the landfill
can be acquired roughly at 50-100 m distance from
the perimeter of the landfill. Whether the contami-
nation-derived increase in the electrical conductivi-

ty of the soil is detectable with the AEM measure-
ments depends strongly on the geology, the extent
of the contamination and the survey parameters. Ten-
tative numerical modelling shows that it is theoreti-
cally possible to detect even a change from 20 Ohm-
m (representing clay in natural state) to 10 Ohm-m
(representing contaminated clay) in a 20 m thick sur-
face layer (Lahti 1999). The contamination impact
would be prominent especially in the low frequency
(3.1 kHz) and high frequency (14.4 kHz) out-of-
phase component.

The environment surrounding the Ammissuo
landfill is naturally resistive, having a thin overbur-
den cover mainly comprising moraine with predom-
inant outcrops of granitic bedrock. The AEM anom-
alies outside the landfill illustrate the wet marshlands
and occasional small clay deposits. The extent and
the amplitude of some of those AEM anomalies were
enhanced during the landfill activity from 1993 to
1997. The groundwater quality was at the same time
actively monitored by sampling and laboratory anal-
yses, and no significant contamination was report-
ed. The increased electrical conductivities detected
with the AEM monitoring might have been caused
by the sequential changes in the soil water content.

The monitoring possibilities

The monitoring possibilities of the AEM method
to detect landfill derived soil and groundwater con-
tamination should not be considered adequate by
themselves. However, together with appropriate
ground geophysical and sampling data, an AEM sur-
vey greatly improves the integrity of the otherwise
scattered data. For the purpose of studying the mon-
itoring possibilities of geophysical data GTK intro-
duced a geophysical test line located outside the
landfill in a possible direction of contamination
transport (Fig. 6.). The test line has been surveyed

with several geophysical methods to create a precise
geological model of the site. The 500-m long line is
covered with three groundwater wells, which moni-
tor the actual groundwater chemistry. The geophysi-
cal measurements have been repeated to define the
noise level and reliability of each method. The Am-
méssuo landfill will remain active for several dec-
ades and therefore the test line provides a great op-
portunity to study the monitoring capabilities of
AEM and other geophysical methods.

MAPPING THE ENVIRONMENTAL RISKS OF AN EXTENSIVE CONTAMINATED
SITE — RESULTS FROM A MINING REGION IN EASTERN GERMANY

The AERA project (Assessment of Environmental
Risks by Airborne Geophysical Techniques Validat-
ed by Geophysical Field Measurements) is a pioneer
survey applying airborne multisensor measurements
combined with various ground geophysical surveys
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aimed especially at studying environmental risks of
a relatively wide contaminated site (Gaal et al.
2001). The airborne measurements of the 1100 km?
wide area in Saxony, southeast Germany were car-
ried out within three weeks during August-Septem-
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ber 1999 using GTK’s three-method system. The
ground surveys were conducted during May 2000 by
GTK and several European partner companies.

The project site was selected because of the versa-
tile environmental risks recognised inside the area.
The area surrounding the city of Zwickau has been
an important uranium-mining region as well as be-
ing densely industrialised. The soil and the ground-
water are potentially endangered by waste from the
mining and chemical industry, as well as by settle-
ments and agriculture. The airborne survey was a
preliminary study to define the regional scale of the
contamination and to collect geological information.
The airborne measurements enabled follow-up
ground surveys to be targeted in relation to the most
significant anomalies.

The GTK three-method airborne survey produced
a relevant regional dataset that can also be used in
more detailed studies. The airborne geophysical data
revealed the integrity of several geological and man-

made features and detected many interesting small-
scale anomalies. The gamma ray survey yielded the
most significant results illustrating effectively the
long-term environmental impacts of uranium min-
ing. The radiometric results can be used for mapping
the dispersion of radioactive material as well as as-
sessing the radiation dose levels. The magnetic data
discriminates mainly geology and cultural noise,
while at the same time locating several landfills con-
taining scrap metal and mine tailings containing
magnetic minerals. For locating old buried domes-
tic waste deposits the airborne magnetic mapping
would be a superior method. The AEM results were
influenced by cultural noise and the naturally highly
conductive soil. Yet the AEM data reveal many in-
teresting anomalies related to landfills and mine tail-
ings. To interpret whether the anomalies reflect soil
or groundwater contamination or a natural increase
of conductivity would require more information on
the soil and groundwater properties.

Results of the gamma-ray survey — Mapping of the uranium mining impacts

The test area in Germany is ideal for mapping the
dispersion of radioactive materials from uranium
mining. The background radiation levels are natu-
rally low and all the detected anomalies except a
couple of geological features are manmade. Also the
area has been an important producer of uranium ore,
leaving behind two closed mines and yellow cake
process plants as well as large amount of mining and
processing waste inside the test site.

The most interesting anomalies detected with air-
borne radiometric measurements are the transport of
radioactive contaminants along the local river sys-
tem and the high radiation levels above large urani-
um mining tailing ponds. In both cases the environ-
mental risks are previously known and documented.
The advantage of the airborne gamma-ray survey is
to show the integrity of contaminated features pro-
ducing spatially precise maps over the whole area.

Contamination of the Zwickauer Mulde riverside.
The transport of contaminants along the river sys-
tem originates from an accident at a so-called yel-
low cake process plant during the 1960s. The river
system can be traced in the total radiation and urani-
um maps throughout the test site (Fig.7a, b). Two
sites along the river located 7.5 km and 10 km down-
stream from the process plant were selected for the
topsoil sampling. The samples were collected from

the riverbeds and from the bottom of a dry flood ca-
nal. The uranium concentrations of all the samples
showed increased values compared to background
levels. The concentrations were from 7 to 66 ppm.
The airborne uranium data range from the same area
is 10-18 ppm. The airborne measurements apparent-
ly underestimated the highest uranium peaks. The
difference in the ground sample data and in the air-
borne data is partly explained by the airborne sys-
tem calibration and in the different averages in-
volved in the two measurements. The spatial cover-
age of the flight lines (100 m spacing) provides a
large scale average measurement of near-surface val-
ues.

Tailings ponds. The tailings of the yellow cake
process plants were deposited in abandoned open
pits or valleys closed off by a dam. The uranium con-
tent of the tailings after the acidic and alkaline
processing remains high. This is visible in the air-
borne gamma-ray data as strong anomalies over the
tailings (Fig. 7b). The tailings are isolated from the
environment by covering them with water or soil. It
was surprising that the water covered ponds showed
strong radioactive anomalies. Normally, a metre
thick water layer absorbs the gamma radiation total-
ly. In this case, the water covering the tailings is
deeper, from several metres up to 20 metres. The ex-
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Fig. 7a). Airborne radiometric maps from the study area in Germany. The total radiation (a), equivalent uranium (b), equivalent potassium (c),
ternary U-Th-K (d) and caesium (e) maps cover a 35 km”10 km area in the Zwickau region, southeast Germany.

b) Uranium map enhances the high uranium anomalies over the tailing ponds, stockpiles and process plants. The background (less than 5 ppm) is
illustrated in green. The contours define areas having equivalent uranium concentrations over 7 ppm (orange and red colour) and over 50 ppm
(purple colour).

¢) Potassuim map, as well as the ternary image (d), enhance the geological features and topsoil properties. Some increase in the potassium concen-
tration is detected over arable land indicating extensive use of fertilisers.

d) The city of Zwickau is discernible in the ternary image by enhanced uranium concentration (red colour) probably due to rock material used for
construction.

e) Cs-137 map has the area with flight altitude over 100 m outlined showing the high noise pattern related to the high survey altitude over cities of
Zwickau and Werdau. Woodlands have enhanced caesium levels compared to the arable land.
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planation for the high radiation levels could be de-
tection by the spectrometer of the daughter product
of uranium, the radon gas which is transported
through the water. The soil-covered parts of the tail-
ings clearly show lower radiation levels indicating
effective isolation from the environment.

Monitoring radiation levels. Ground measure-
ments and systematic soil sampling over extensive
areas are slow and expensive methods. Especially
the identification of scattered contamination over
large areas can be very costly. Airborne gamma-ray
surveys provide a quick, effective and reliable meth-
od for surveying radioactive elements. The survey
can also be repeated easily and precisely with mod-
ern positioning systems. The measured total counts
can be used for estimating radiation dose rates over
abandoned mining sites.

The comparison between the airborne gamma ray
data measured within the AERA project area and
data collected during the mid 1980s using German
helicopter equipment shows a good correlation. The
two surveys implemented technically different sys-
tems but the results are still comparable. The two
sets of results, over a 15-year period, show a de-
crease in radiation level at many sites that have had
their uranium mining waste recently cleaned. How-
ever, the results show that is possible to detect very
small concentrations of radioactive materials. Even
some roads that have been used for the transport of
the tailings are visible on the uranium maps. The res-
olution of the gamma-ray method depends naturally

on the survey configuration, e.g. flight altitude,
speed and line separation. The survey parameters
implemented in this case (50-60 m altitude, 50 m
point interval, 100—200 m line spacing) worked quite
effectively in the detail studies, although the design
was more of a regional survey.

Caesium analysis. Gamma-ray spectrometry al-
lows the analysis of additional radioactive elements
apart from the conventional uranium, thorium and
potassium. One such interesting radioactive element
is caesium ('*’Cs). Our experience from the Cherno-
byl accident and the fallout from nuclear weapon
tests shows that it could be expected that ¥'Cs ex-
ists inside the test area also. The Caesium data were
analysed by Grasty (2001) utilising noise adjusted
singular value decomposition (NASVD) method
(Hovgaard 1997).

The *’Cs map of the German test site enhances the
woodlands compared to the agricultural fields (Fig.
7e). The undisturbed forest topsoils apparently con-
tain higher concentration of *’Cs than the ploughed
fields where the radioactive particles have migrated
deeper. The Caesium data also showed high '"’Cs
values over high uranium anomalies. However, due
to the methodology these anomalies are quite cer-
tainly apparent and caused by the very high urani-
um peaks. Moreover, the noisy pattern of the Caesi-
um maps over the built up areas is probably due to
the high survey altitude over the settlements with the
noise being amplified by the height correction.

Combining radiometric and magnetic data — Black coal mining

Coal mining in the region has a long history start-
ing from the medieval times. The village of Oelsnitz
is today characterised by abandoned collieries and
stockpiles that cause land subsidence and groundwa-
ter problems. The waste rock from the mines con-
tains magnetic minerals and therefore the stockpiles
around the village show a positive magnetic anoma-
ly in the airborne magnetic maps (Fig. 8a). Also one
of the stockpiles shows a relatively strong radiation
anomaly (Fig. 8b). It is documented that the waste
rock in that particular stockpile is originally from
mines outside the region where the host rock is ura-
nium bearing.

The analyses of the rock samples taken from the
stockpiles support the interpretation of the airborne
data. The rock material from the stockpiles associat-
ed with the magnetic anomaly were analysed and
found to have magnetic susceptibilities from 0.0027

to 0.032 SI. This is due to the presence of monoclin-
ic pyrrhotite in the stockpile material. The high mag-
netic susceptibilities and the high remanent magnet-
ization values explain the airborne anomalies.

The topsoil samples from the stockpile with a
strong radiation anomaly showed uranium concen-
trations from 76 to 168 ppm. The corresponding air-
borne results indicate a range of 17-51 ppm. Refer-
ence samples were also collected from another
stockpile displaying background radiation levels in
the airborne data. These samples showed uranium
concentrations of 3—4 ppm. The corresponding air-
borne results indicate a range of 2—4 ppm. Thus the
accuracy of the airborne measurements appears very
good for the low uranium values but at high levels
the airborne results are apparently underestimated
due the methodological issues.
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Fig. 8. Airborne radiation (a) and magnetic (b) maps of the Oelsnitz coal mining region.

a) Uranium map highlighting one particular stockpile having a strong radiation anomaly. The soil sample analyses of that stockpile
and another showing background radiation levels demonstrate the significant difference in the uranium concentrations.

b) Stockpiles containing waste rock from the coalmines are visible on the magnetic map as positive anomalies having a side mini-
mum on the northern side due to the shallow location of the anomaly source. The sample analyses show that the waste rock has a
relatively high magnetic susceptibility, which explains the anomalies.
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Magnetic and resistivity data — Nickel mining and smelting

The abandoned nickel mines in the test site are
mainly back-filled or water-filled open pits having
very small environmental impacts. The former nick-
el smelter in St. Egidien, however, still forms a sig-
nificant environmental risk due to heavy metal re-
siduals of the nickel processing deposited in a near-
by filled valley that is closed by a dam. The nickel
tailings pond shows a magnetic and conductivity
anomaly in the airborne mapping (Fig. 9). The
anomalies continue outside the pond revealing a dis-
persion of contamination from the tailings pond into

the nearby environment. Based on the magnetic and
AEM results, the site was selected for validating
ground geophysical measurements implementing
electrical, IP, EM, magnetic and neutron well log-
ging methods. The ground measurements outside the
pond show structures with increased electrical con-
ductivities indicating possible heavy metal contami-
nation. The measurements conducted inside the pond
proved that the tailings are both highly magnetic and
electrically conductive, and that the tailings layer is
approximately 15-20 metres thick.

Fig. 9. Tailings pond containing slag from a nickel smelter holding an anomaly on the AEM and
AM maps. The airborne results were checked with ground HLEM (slingram), magnetic and resis-
tivity measurements both inside and outside the pond. The ground surveys enhance the similar
features to the airborne measurements. The resistivity line measured outside the pond in an arable
field illustrates a conductivity contrast in the middle of the line. The low resistivity values (10-50
Ohm-m) possibly characterise heavy metal contamination compared to background (100-500

Ohm-m).

169



Geological Survey of Finland, Special Paper 39

Mari Lahti, Heikki Vanhala, Annina Mattsson, David Beamish and Jouni Lerssi

ENVIRONMENTAL APPLICATIONS OF GTK AEM DATA IN THE UK

Introduction

In 1999, the GTK Twin-Otter AEM system was
used in a series of trials to acquire detailed EM data
sets in addition to magnetic gradiometer and radio-
metric information. The purpose of the trials was, in
part, to assess the case for the inclusion of AEM in
future airborne geophysical surveying in the UK
context. The limited data acquired (3324 line km in
5 days of flying) constitute the first high resolution
AEM survey information to address specific envi-
ronmental issues in the UK.

Four areas in the East Midlands were surveyed.
Environmental targets included colliery zones in
north Nottinghamshire together with a series of ac-
tive and closed landfills. In practice we observed far
more environmental responses than were ever antic-
ipated. Of particular interest were AEM capabilities
in conductive environments, some containing com-
plex Quaternary sequences. Provision was also
made, within the trials, for technical issues of flying
height between 100 and 300 feet (i.e. 30 and 90 m)
and flight line spacing (50 and 200 m) to be investi-

gated. Some data sets were repeated at different ele-
vations. In practice, data obtained from elevations up
to 120 m were found to be fit-for-purpose although
signal/noise levels were aided by the relatively con-
ductive geology encountered in the trial areas.

The trial data were used to develop a modelling/
inversion strategy to achieve reliable and consistent
results. The conductivity estimates shown here are
half-space inversions of the data at each of the two
frequencies. Data from only two of the trial areas (to
the north and east of Nottingham, respectively) are
used to illustrate general relevance to environmen-
tal applications.

Although used for over a decade for environmen-
tal assessments in the hard-rock environment of Fin-
land, only recently have AEM techniques been ap-
plied to similar problems in the UK. The initial AEM
data sets obtained across small portions of “average”
UK geology have proved revealing. Work, to further
understand the data and provide firmer interpreta-
tions using ground truth studies, continues.

The Shirebrook survey

Investigations into detectable environmental ef-
fects across the Permo-Triassic sandstone aquifer
were conducted in northern Nottinghamshire. This
sandstone unit is the second most important ground-
water resource in the UK after the Chalk. The 13 x
9 km? Shirebrook survey was performed using 200
m E-W flight lines at a nominal elevation of 40 m.
Subsequently, 50 m infill flight lines were flown to
provide higher resolution data in two sub-areas.

The geology of the area is highly uniform (the
Sherwood Sandstone with a typical thickness > 100
m) and the survey area contains a swathe of closed
and active collieries. Representative background in-
formation was established using data from an area
free of anomalies. According to these data, back-
ground conductivities range from values of 4 to 10
mS/m at high frequency (14 kHz) and from 2 to 8
mS/m at low frequency (3 kHz). During the course
of the background study, differences between agri-
cultural and historically forested zones (the former
Sherwood Forest) were detected.
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The sandstone provided the least conductive envi-
ronment of the four trial areas surveyed; the geolo-
gy is also relatively simple. These factors meant that
environmental influences were observable to consid-
erable depths (e.g. 40 m at high frequency and to-
wards 70 m at low frequency) and that a simple con-
ductivity “level” (e.g. values > 15 mS/m) could be
used to identify anomalous zones.

The survey area contains two active and three
former colliery sites. The at-surface coal spoil and
processing areas, associated with the mine sites, all
provided high amplitude conductivity anomalies in
excess of 100 mS/m. The only other feature to pro-
vide this level of conductivity was an isolated,
closed landfill. Away from the immediate vicinity of
the mine sites, less conductive anomalies with a
plume-like quality were observed, some extending
several kilometres in length.

High resolution results obtained across a 3 x 2 km?
area, centred on the working Thoresby mine are
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Fig. 10. 3x2 km? area centred on Thoresby mine, looking North. Upper
frame: aerial photograph draped on exaggerated topography. Symbols
denote VES soundings. Lower frame: Draped high frequency conduc-
tivity results

shown in Figure 10. The upper frame displays an air
photo mosaic draped over exaggerated topography.
The pithead appears in the centre of the image sur-
rounded by exposed coal working/processing areas.
To the east and southeast, topographic highs indicate
landscaped spoil zones. The conductivity distribu-
tion is selectively contoured and shown in the lower
frame. The grey area denotes conductivity values <
15 mS/m and defines a series of strong gradients out-
lining the perimeter of the mine in the west and
north. Within the mine, conductivity values increase
from 20 mS/m to values in excess of 150 mS/m.
Pooling of localised high values is observed towards
the base of the isolated spoil heap, in the foreground
of the image. Elevated conductivities continue to the
east of the mine. This apparent eastward migration
may be a regional scale effect associated with the
main stratigraphic dip of the sandstone.

In order to understand better the airborne data,
three vertical electric soundings (VES) were made
to the east of the mine (the sounding centres are in-
dicated in the upper frame). Below a depth of about
15 m, the VES results display a ramp-like increase
in conductivity through the unsaturated zone to reach
maximum values (35 to 50 mS/m) within the aqui-
fer at depths of about 50 m. The variation in the max-
imum amplitudes reflect variations also observed in
the airborne results. The most important conclusion
is, however, that the airborne data, at both frequen-

cies, are mapping enhanced conductivities primari-
ly within the aquifer.

Although the colliery sites provided the highest
amplitude anomalies, many other types of land-use
were found to provide smaller amplitude but detect-
able effects. Figure 11 is an illustration of the high
frequency conductivity distribution around two
closed landfills (hatched polygons) acrossa 1.5 x 1.5
km? area. The southernmost landfill is located with-
in a former quarry and operated between 1976 and
1989. The conductive features connected with the
former landfills are most apparent at the higher fre-
quency and centroid depths are less than 12 m. The
airborne results have been confirmed by a limited
ground geophysical study across the southern land-
fill. The quasi-continuous conductive feature asso-
ciated with the road traversing the small ridge ap-
pears at both frequencies. The road is a major serv-
ice route and carries a cast-iron water pipeline to-
gether with an 11 keV power cable (above and be-
low ground).

Fig. 11. 1.5x1.5 km? area, looking North. Cross-hatch polygons denote
former landfills. Upper frame: OS map (© Crown copyright. All rights
reserved.) draped on exaggerated topography. Lower frame: Draped high
frequency conductivity results.
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The Langar survey

The conductivity results obtained in a second trial
area provide a contrast to those of the previous area.
The smaller Langar survey (4 x 1.5 km?, Fig. 12) was
flown using 50 m E-W flight lines at a nominal ele-
vation of 40 m. Here, depths of investigation are
generally less than 20 m. The two “targets” were
municipal landfills for Nottingham (L1 closed in
1971 and L2 is operational and expanding); both are
former quarry sites. The geological setting (Fig. 12b)
comprises the Mercia Mudstone Group (MMG) with
a thin partial cover of alluvium. The main contact
with the Lower Lias Barnstone Member occurs
along a major break in slope (Cl1, Fig. 12b). The
Barnstone Member provides a contact with the clay-
rich Barnby Member along a further break in slope
(C2, Fig. 12b). The three units are all crudely repre-
sented by different “levels” of conductivity in the
lower frequency results (Fig. 12c).

Even within this highly conductive environment,
the two target landfills (L1 and L2, Fig. 12) are re-
solved since their peak conductivities exceed 300
mS/m. As with all the other trial areas, additional
anomalies were detected. Two major conductive fea-
tures are associated with works areas (e.g. cement
production) where maximum values exceed 1000
mS/m. Across the highly conductive “trough” with-
in the Barnby member, small scale anomalies asso-
ciated with a farm and aerodrome runways are also
resolved.

Fig. 12. 4.5x1.5 km? Langar survey area. L1 and L2 denote target land-
fills. (a) OS map (© Crown copyright. All rights reserved.). (b) Simpli-
fied geological map draped on exaggerated topography. (c) Draped low
frequency conductivity results.

DISCUSSION AND CONCLUSIONS

The environmental applications of airborne geo-
physical measurements comprise a wide selection of
investigations from groundwater prospecting to soil
contamination mapping. The possible targets in map-
ping of contaminations include for example mining
industry (tailings), chemical industry (waste-water
ponds) and municipalities (landfills). Other applica-
tions comprehend geological and geotechnical inves-
tigations e.g. soil classification and land use plan-
ning.

The applicability of different geophysical methods
depends on the nature of the contamination or target
under investigation. The airborne electromagnetic
(AEM) method has the most considerable potential
for the environmental studies as for example where
the contaminants increase the electrical conductivi-
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ty of the soil. The gamma-ray spectrometry has sev-
eral interesting applications related to mapping the
concentrations of the radioactive elements in the top-
soil and the absorption of the radiation into water-
bearing soil. The magnetic measurements have its
applications in the geological mapping of fractured
zones and locating buried magnetized targets e.g.
domestic wastes, tailings, ammunition etc.

The airborne mapping provides information of the
horizontal extension of the contamination although
ground surveys and sampling are still essential for
validating the type and vertical extension of the con-
tamination. The mapping of contaminants using the
AEM method is based on detecting conductivity
contrasts. The AEM method has been successfully
applied in the resistive environments in Finland but
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the surveys in the UK and in Germany proved that
the method works even better in geologically con-
ductive environments.

The survey configuration (e.g. flight altitude, line
spacing) influences significantly the resolution and
interpretation of the data. Authorities are regulating
the flight altitude and it can be difficult to get per-
mission to fly low altitude (35-50 m) surveys over
areas with settlements and cattle farms. Still, data
collected in Germany (using 50-60 m altitude) and
in the UK (using altitudes up to 120 m) were proved
to be useful for the environmental investigations.
The cost-effective line spacing for environmental
applications would probably be 100 m, although it

depends on the size of the target. For high-resolu-
tion surveys a line spacing of 50-75 m would be rec-
ommended.

In the surveys presented here, the GTK three-
method airborne survey produced an integral region-
al dataset that can be utilised also in detail studies
due to the small grid size of the resulting maps and
accurate GPS positioning. The combination of si-
multaneously measured three geophysical methods
is being proved to be highly useful for environmen-
tal applications. The different methods support each
other’s interpretation and give beneficial geological
information.

REFERENCES

Beamish, D. & Kurimo, M. 2000. Trial airborne EM surveys
to assess minewater pollution in the UK. In: EAGE 62nd
conference and technical exhibition, Glasgow, Scotland,
29 May - 2 June 2000: extended abstracts. Vol. 1:
Oral presentations. Houten: European Association of
Geoscientists & Engineers , 4 p.

Beamish, D., Mattsson, A. & Kurimo, M. 2000. Airborne
EM surveys applied to environmental mapping in the UK.
In: Environmental and Engineering Geophysics 6th Meet-
ing: explore tomorrow’s fundaments, September 3-7, 2000,
Bochum, Germany : proceedings — extended abstracts.
Bochum: Environmental and Engineering Geophysical
Society, European Section, 4 p.

Beamish, D. & Mattsson, A. 2001. Airborne EM applied to
environmental issues in the UK. In: Hill, I. (ed.) 7th
Meeting Environmental and Engineering Geophysics, Bir-
mingham, England, September 2nd-6th 2001: proceed-
ings. Lausanne: Environmental and Engineering Geophysi-
cal Society, European Section, 124-125.

Beamish, D. & Mattsson, A. 2001. The role of airborne EM
methods for environmental applications in different geo-
logical terrains. In: EAGE 63rd Conference and Exhibi-
tion, Amsterdam, The Netherlands, 11-15 June 2001: ex-
tended abstracts. Vol. 1. Houten: EAGE Business Office,
4 p.

Chen, J. & Raiche, A. 1998. Inverting AEM data using a
damped eigenparameter method. Exploration Geophysics
29, 128-132.

Gaal, G., Hinninen, P., Lahti, M. (ed.), Schmidt-Thomé,
P., Sulkanen, K., Vanhala, H., Buckup, K., Sideris, G.,
Zervos, F., Stoll, R., Viehweg, M. & de Boom, H. 2001.
AERA: Assessment of environmental risks by airborne
geophysical techniques validated by geophysical field
measurements: Final report. Luxembourg: European Com-
mission. 204 p.

Grasty, R.L. 2001. Airborne Gamma ray measurements of
Cesium-137. Report for the Geological Survey of Finland.

Haber, E. 1997. Numerical strategies for the solution of
inverse problems. Ph.D. thesis, The University of British
Columbia.

Hannula, P. & Lanne, E. 1995. Rovaniemen kaatopaikan
geofysikaalinen ja geokemiallinen ympiristdtutkimus.

Summary: Environmental study of the refuse dump at
Rovaniemi by geophysical and geochemical methods.
Geologian tutkimuskeskus. Tutkimusraportti 128. 30 p.

Harittu, J., Niemeli, J., Salmi, J., Elo, S., Kurimo, M.,
Seppila. M. & Mattsson, A. 1993. Virttaankankaan —
Oripéddnkankaan — Sulajoen Harhujakson geofysikaaliset
jageologiset tutkimukset 1992. Geologian tutkimuskeskus,
Turun vesi- ja ympdiristopiiri, Turun seudun vesi Oy,
Varsinais-Suomen Seutukaavaliitto. Raportti, 19 p.

Hovgaard, J. 1997. A new processing technique for airborne
gamma-ray spectrometer data (Noise adjusted singular
value decomposition) American Nuclear Society’s Sym-
posium on Emergency Preparedness and Response. San
Francisco.

Huotari, T. 2002. Viron Kohtla-Jarven palavakivialueen
geofysikaalinen tutkimus. In Finnish. Abstract: Geophysi-
cal study of Kohtla-Jérve oil shale area in Estonia. Unpub-
lished masters’ thesis, Helsinki University of Technology,
Espoo. 127 p.

Hyvonen, E., Turunen, P., Vanhanen, E., Arkimaa, H. &
Sutinen, R. 2005. Airborne gamma-ray surveys in Fin-
land. In: Airo, M-L. (ed.). Aerogeophysics in Finland
1972-2004: Methods, System Characteristics and Appli-
cations, Geological Survey of Finland, Special Paper 39,
119-134.

Jokinen, T. & Lanne, E. 1996. Airborne geophysics in
mapping contaminant plumes from landfills. Symposium
on the Application of Geophysics to Engineering and
Environmental problems, Proceedings, 981-995.

Jokinen, T. & Lohva, J. 1998. Airborne geophysics in
mapping landfill areas in Finland. In: 60th EAGE Confer-
ence and Technical Exhibition, Leipzig, Germany, 8-12
June 1998. Oral and poster presentations: extended ab-
stracts book. Vol. 1: Geophysical division. Zeist: European
Association of Geoscientists & Engineers, 2 p.

Kukkonen, I. 1984. Pinta- ja aerogeofysikaalisten
tutkimusmenetelmien soveltaminen kiytetyn ydinpoltto-
aineen sijoituspaikkatutkimuksiin. Abstract: Application
of ground and airborne geophysical methods to site selec-
tion studies in respect of nuclear waste disposal in bedrock.
Geologian tutkimuskeskus. Ydinjidtteiden sijoitustutki-
mukset. Tiedonanto 40. 65 p.



Geological Survey of Finland, Special Paper 39

Mari Lahti, Heikki Vanhala, Annina Mattsson, David Beamish and Jouni Lerssi

Kurkinen, I., Niemeld, J., Kasari, T. & Ristaniemi, O.
1992. Sora- ja hiekkavarojen alueinventointi: esimerkki
Kyronjokilaaksosta Ilmajoen—Seindjoen alueelta. Sum-
mary: Investigation of gravel and sand resources — a case
history from Kyronjoki valley at Seindjoki, western Fin-
land. Vaasan lddnin seutukaavaliitto. Sarja D 25. 26 p.

Lahti, M. 1999. Piikaupunkiseudun kaatopaikkojen sahko-
magneettisten lentomittaustulosten mallintaminen. Ab-
stract: Modelling of the airborne electromagnetic responses
of the Helsinki region landfills. Unpublished masters’
thesis, Helsinki University of Technology, Espoo. 106 p.,
17 apps.

Lahti, M., Kurimo, M. & Vanhala, H. 2000a. Asscssment
of environmental risks by airborne geophysical techniques.
In: EAGE 62nd conference and technical exhibition, Glas-
gow, Scotland, 29 May — 2 June 2000: extended abstracts.
Vol. 1: Oral presentations. Houten: European Association
of Geoscientists & Engineers, 4 p.

Lahti, M., Kurimo, M. & Vanhala, H. 2000b. Assessing
AEM method in mapping contaminated soil — a pilot
project in eastern Germany. In: Environmental and Engi-
neering Geophysics 6th Meeting: explore tomorrow’s
fundaments, September 3-7, 2000, Bochum, Germany :
proceedings —extended abstracts. Bochum: Environmental
and Engineering Geophysical Society, European Section,
4 p.

Lahti, M. & Vanhala, H. 2000. Airborne surveys over
uranium mining district in Saxony, Germany — results of
the AERA-project. In: Carlson, L., Kuula-Viisédnen, P. &
Loukola-Ruskeeniemi, K. (eds.) Ympiristo, terveys ja
turvallisuus kaivannaisteollisuudessa: seminaari 31.10-
1.11.2000 Haikon kartanossa: esitysten lyhennelmit.
Vuorimiesyhdistys. Sarja B 76, 54-57.

Lahti, M..; Jones, D. G.; Multala, J. & Rainey, M. P. 2001.
Environmental applications of airborne radiometric sur-
veys. In: EAGE 63rd Conference and Exhibition, Amster-
dam, The Netherlands, 11-15 June 2001: extended ab-
stracts. Vol. 1. Houten: EAGE Business Office, 4 p.

Lanne, E., Viisidnen, U., Forss, H., Ruotsalainen, A. &
Lehtimiki, J. 1998. Geophysical prospecting of bedrock
aquifers in Finland. In: Casas, A. (ed.) Proceedings of the
IV Meeting of the Environmental and Engineering Geo-
physical Society (European section), September 14-17,
1998, Barcelona, Spain. Madrid: Instituto Geografico
Nacional, 159-162.

Lanne, E., Lehtimiki, J., Vanhala, H. & Viisinen, U.
2002. Geophysical characteristics of Precambrian fracture
zones — A case study from Rovaniemi, Northern Finland.
8" meeting, (EEGS-ES) Environmental and engineering
geophysics, 8-12 September, 2002. Proceedings, Aveiro
Portugal, 4 p.

Lerssi, J., Kurimo, M., Jokinen, T., Lanne, E. & Puranen,
R. 1997. Environmental applications of airborne geophys-
ics in Finland. EEGS, 3rd meeting, Aarhus, Denmark, 8-11
September 1997: Proceedings, 41-44.

Lerssi, J., Jokinen, T., Lohva, J. & Puranen, R. 1998.
Environmental mapping using airborne geophysics in Fin-
land. In: Casas, A. (ed.) Proceedings of the IV Meeting of
the Environmental and Engineering Geophysical Society
(European section), September 14—17, 1998, Barcelona,
Spain. Madrid: Instituto Geografico Nacional, 81-84.

Lintinen, P., Suppala, 1., Vanhala, H. & Eklund, M. 2003.
Survey of a buried ice-marginal deposit by airborne EM
measurements — A case from Kyronjoki Valley plain in
southern Ostrobothnia, Finland. In: Autio, Sini (ed.) Geo-
logical Survey of Finland, Current Research 2001-2002.
Geological Survey of Finland, Special Paper 36, 67-75.

174

Lohva, J., Jokinen, T., Vanhala, H. & Lahti, M. 1999.
Landfill monitoring by airborne EM and ground resistivity
measurements. In: Verd, L. (comp.) 5th Meeting of the
Environmental and Engineering Geophysical Society, Eu-
ropean section, September 69, 1999, Budapest, Hungary:
proceedings. Budapest: Environmental and Engineering
Geophysical Society, 2 p.

Lohva, J., Jokinen, T., Vanhala, H., Lahti, M. & Soininen,
H. 2001. EM and clectrical studies of environmental im-
pacts caused by a landfill. In: EAGE 63rd Conference and
Exhibition, Amsterdam, The Netherlands, 11-15 June
2001: extended abstracts. Vol. 1. Houten: EAGE Business
Office, 4 p.

Mikeld J. 1986. The effect of Lipedlampi pond at Lievestuore
on groundwater. Turku University, Department of Quater-
nary Geology, study report: 59 p. (in Finnish).

Mattsson, A. & Salmi, M. 1991. Aerogeofysikaalisten
mittausten kidyttd pohjavesi-tutkimuksissa. Abstract: Aero-
geophysical measurements in groundwater studies, p. 57.
Vesitalous 32 (2), 36-38.

Mattsson, A. 1991. Geofysikaalisten mittausmenetelmien
kdyttomahdollisuuksista pohjavesialueiden kartoituksessa.
Unpublished masters’ thesis, Helsinki University of Tech-
nology, Espoo. 56 p.

Mattsson, A. 1996. Mapping groundwater areas with geo-
physical methods. In: Bell, R. S. & Cramer, M. H. (comps.)
Proceedings of the symposium on the application of geo-
physics to engineering and environmental problems,
SAGEEP ’96, April 28—-May 2, 1996, Keystone, Colorado.
Wheat Ridge: Environmental and Engineering Geophysi-
cal Society, 997-1005.

Oksama, M., Multala, J. & Hautaniemi, H. 1992. Measure-
ment of sea ice thickness with airborne electromagnetic
system. In: European Association of Exploration Geo-
physicists 54th meeting and technical exhibition, Paris,
France 1-5 June 1992 : technical programme and abstracts
of papers (oral and poster presentations). Zeist: European
Association of Exploration Geophysicists (EAEG), 686—
687.

Peltoniemi, M. 1986. Systematic airborne electromagnetic
surveys in Finland: an overview. In: Palacky, G.J.(ed)
Aiborne resistivity mapping: Geological Survey Canada,
Paper 86-22, 159-167.

Peltoniemi, M. & Kuittinen, R. 1978. Measurement of
snow-water equivalent using airborne gamma-ray spectro-
metry. Vannet i Norden 11 (1), 39-58.

Peltoniemi, M., Vironmiki, J. & Korhonen, M. 1978.
Measurement of snow-water equivalent using airborne
gamma-ray spectrometry. Geoexploration 16 (4), 322.

Poikonen, A., Sulkanen, K., Oksama, M. & Suppala, 1.
1998. Novel dual fixed wing airborne EM system of Geo-
logical Survey of Finland. International conference on
airborne electromagnetics, Sydney, Australia 23.-25. Feb.
1998. Extended Abstracts.

Puranen, R.; Sddvuori, H.; Sahala, L.; Suppala, L.; Mikila,
M. & Lerssi, J. 1999. Airborne electromagnetic mapping
of surficial deposits in Finland. First Break 17 (5), 145—
154.

Puranen, R., Sulkanen, K. , Mikeld, M., & Grundstrom,
A. 1997. A new apparatus for electric conductivity and
temperature logging of soft sediments. In: Autio, S. (ed.)
Geological Survey of Finland, Current Research 1995-
1996. Geological Survey of Finland, Special Paper 23,
149-155.

Saksa, P. & Silvennoinen, H. 1989. Site investigations for
spent nuclear fuel in Finland — high-resolution airborne
geophysical surveys. Geoexploration 26 (1), 61-62.



Geological Survey of Finland, Special Paper 39

Environmental applications of airborne geophysics — groundwater and contaminated soil in Finland, Germany and United Kingdom

Soininen, H.; Jokinen, T.; Oksama, M. & Suppala, L.
1998. Sea ice thickness mapping by airborne and ground
EM methods. In: Spies, B. et al. (eds.) Proceedings of the
International Conference on Airborne Electromagnetics
(AEM 98), Sydney, February 23-25, 1998. Exploration
Geophysics 29 (1-2), 244-248.

Suppala, I.; Vanhala, H. & Lintinen, P. 2003. Comparison
between ground and airborne EM data in mapping acid
sulphate soils and sulphide bearing clays in the river
Kyronjoki valley, western Finland. In: Mares, S. & Pospfsil,
L. (eds.) 9th Meeting of Environmental and Engineering
Geophysics, Prague, Czech Republic, August 31st — Sep-
tember 4th 2003. Proceedings. Prague, Czech Association
of the Applied Geophysicists, 4 p.

Sutinen, R., Hyvonen, E., Mikitalo, K. & Sutinen, M.-L.
1994. Soil classification using dielectric and gamma-ray
moisture detection: Potential aid for forest regeneration.
In: Proceedings of the First International Airborne Remote
Sensing Conference and Exhibition: Applications, tech-
nology, and science, 12—-15 September, 1994, Strasbourg,
France. Vol. 3. Ann Arbor, MI: Environmental Research
Institute of Michigan (ERIM), 529-538.

Sutinen, R.; Hannula, P.; Hyvonen, E.; Kontio, M.; Lanne,
E.; Turunen, P. 1994. Airborne and terrestrial EM detec-
tion of landfill plume in suburban Rovaniemi, Finland. In:
Proceedings of the First International Airborne Remote
Sensing Conference and Exhibition: applications, technol-
ogy, and science, 12—15 September, 1994, Strasbourg,.

Sutinen, R., Hannula, P., Hyvonen, E., Kontio, M., Lanne,
E. & Turunen, P. 1994. Airborne and terrestrial EM
detection of landfill plume in suburban Rovaniemi, Fin-
land. In: Proceedings of the First International Airborne
Remote Sensing Conference and Exhibition : applications,
technology, and science, 12-15 September, 1994, Stras-
bourg.

Turunen, P., Vanhanen, E. & Pankka, H. 2005. Applica-
tion of low altitude airborne geophysics to mineral explo-
ration in the Kuusamo schist belt. Geological Survey of
Finland, Special Paper 39, yy-zz.

Valjus, T., Breilin, O., Vanhala, H. & Lehtimiki, J. 2004.
Detailed geophysical study of glaciofluvial aquifer at
Kempele, western Finland. Accepted for 10th Meeting of
Environmental and Engineering Geophysics, Utrecht, The
Netherland, September 6th-9th 2004: Proceedings. 4p.

Valli, T., Vanhala, T. & Huotari, T. 2002. Airborne mag-
netic and radiometric study around oil shale mine area in

Kohtla-Jdrve, Estonia. 8" meeting, (EEGS-ES) Environ-
mental and engineering geophysics, 8—12 September, 2002.
Proceedings, Aveiro Portugal, 4 p.

Valli, T., Jokinen, T., Lehtimiiki, J. & Vanhala, H. 2003.
Sampo —frequency domain wide-band EM system for deep
hydrogeological and environmental studies. In: Mares, S.
& Pospisil, L. (eds.) 9th Meeting of Environmental and
Engineering Geophysics, Prague, Czech Republic, August
31st — September 4th 2003: proceedings. Prague: Czech
Association of the Applied Geophysicists, 4 p.

Vanhala, H., Suppala, 1., Lintinen, P. & Lehtimiki, J.
2003. Mapping buried glaciofluvial aquifer by airborne
EM measurements — a case from Kyronjoki valley in
southern Finland. In: Mares, S. & Pospisil, L. (eds.) 9th
Meeting of Environmental and Engineering Geophysics,
Prague, Czech Republic, August 31st — September 4th
2003. Proceedings. Prague, Czech Association of the Ap-
plied Geophysicists, 4 p.

Vanhala, H., Suppala, I. & Lintinen, P. 2004. Integrated
geophysical study of acid sulphate soil area near Seindjoki,
southern Finland. Accepted for EAGE 66th conference and
technical exhibition, Parish, France, 7 June — 10 June 2004:
Extended abstracts. European Association of Geoscientists
& Engineers, 4 p.

Vanhala, H., Lohva, J., Lahti, M., Jokinen, T., Lehtimiki,
J. & Elo, S. 2000. An integrated geophysical study of
groundwater monitoring system around a large landfill
area. In: EAGE 62nd conference and technical exhibition,
Glasgow, Scotland, 29 May — 2 June 2000: extended
abstracts. Vol. 1: Oral presentations. Houten: European
Association of Geoscientists & Engineers , 4 p.

Vanhala, H., All, T., Huotari, T., Kattai, V. & Lintinen, P.
2002. Test of airborne geophysics for mapping oil shale
mining area in Kohtla-Jirve, NE Estonia. In: EAGE 64nd
conference and technical exhibition, Florence, Italy, 27
May — 30 May 2002: extended abstracts. Vol. 1: Oral
presentations. Houten: European Association of Geo-
scientists & Engineers , 4 p.

Vironmiki, J., Multala, J. & Virtanen, K. 1989. Estima-
tion of area and depth of mires using airborne gamma
radiation measurements. In: European Association of Ex-
ploration Geophysicists 51st meeting and technical exhibi-
tion, Berlin (West), 29 May-2 June 1989. European Asso-
ciation of Exploration Geophysicists (EAEG), 207.

175





