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PREFACE

The power of geophysical methods is to see undercover, below thick 
overburden. Because finding new mineral deposits at the surface will 
become less likely, locating targets at greater depths is gaining increas-
ing importance. Furthermore, the role of geophysical prospecting is 
changing from the direct detection of new targets to incorporating 
mappable parameters that can be applied in mineral system research.

The purpose of this review is to collect and summarize available geo-
physical information about the main mineral deposit types in Finland. 
The overall geophysical characteristics of different ore deposit types or 
mineralization styles are for the most part well-known and their explo-
ration methods have been routinely used. However, in reality, ore de-
posits may geologically and geophysically be much more complex than 
expected. Understanding of geophysical signatures associated with vari-
ous mineral deposit types can be improved by knowledge of the physical 
properties, i.e. density, magnetic properties, radiometric signatures and 
electrical properties, of the principal ore minerals and common associ-
ated minerals and host rocks. The interpretation will be promoted by 
recognizing the geophysical signatures of expected alteration patterns 
instead of only mapping the distribution of the actual ore mineraliza-
tion. The problem is to find detectable and characteristic geophysical 
parameters from the huge amount of multivariate geophysical data that 
are nowadays available. 

The key geophysical responses of mineral deposit types emphasized 
in this review are based on regional geophysical data sets. These include 
systematically conducted airborne geophysical survey data that cover 
the whole of Finland: magnetic, multi-frequency electromagnetic and 
radiometric data. The whole of Finland is also covered by regional grav-
ity data, complemented by more detailed data from many parts of the 
country. In addition to the airborne geophysical manifestations, this 
report summarizes the existing petrophysical information in the data-
bases of the Geological Survey of Finland (GTK). New petrophysical 
measurements were also conducted for this study on various types of 
ore samples. Petrophysical properties of mineralized and barren source 
rocks link geophysics and geology and they have an essential role in the 
integrated interpretation. They are necessary for more reliable 3D inver-
sion and modelling of mineral systems.

The first part of this Special Paper volume presents published gen-
eral physical properties of mineral deposit types. This review follows 
the genetic classification of mineralization styles in Finland and points 
out geophysically relevant minerals that are the reasons for different 
geophysical expressions. Only a brief description of each type is given, 
because detailed information on many of them is provided in the litera-
ture. The description of each type is supplemented by selected exam-
ples and case histories. Technically, the synopsis part contains Inserts 
and Fact Sheets. The inserts include figures and tables related to specific  
issues in text. The fact sheets, when highlighted by a blue background, 
provide an illustrative summary of the geophysical manifestations for 

Geophysical signatures of mineral deposit types 
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various mineral systems. The yellow background of the text means that 
a general description of the mineral system is provided.

The second part of this Special Paper includes four case histories 
by various authors. The case histories focus on special geophysical  
methods applied in various mineral system studies.

Article 1 by Suppala describes and evaluates 3D modelling of GTK’s 
airborne frequency domain electromagnetic data. This article presents 
new thinking on the use of magnetic properties as inversion parameters. 
The example deposit type is a strongly remanently magnetized ultra-
mafic Ni-Cu-bearing formation at Kellojärvi at the southern end of the 
Archaean Kuhmo-Suomussalmi greenstone belt (~2.8 Ga).

Article 2 by Mertanen & Karell is a review of petrophysical labora-
tory studies of gold deposits in the Palaeoproterozoic Häme belt (~1.88 
Ga) in southern Finland. The referenced Au occurrences are the por-
phyry copper type Cu-Au deposit at Kedonojankulma, the orogenic Au 
deposit of Uunimäki and the exploration target at Mäyrä. Basic petro-
physical properties (density, magnetic susceptibility and remanence) 
were completed by rock magnetic tests to identify the magnetic miner-
als and their grain sizes. Palaeomagnetic studies were conducted to de-
lineate the timing for alteration processes and AMS (anisotropy of mag-
netic susceptibility) studies to characterize the magnetic fabrics. As the 
known ore bodies are related to alteration zones, detailed petrophysical 
outcrop-scale investigations can delineate differences between the min-
eralized and barren rocks. Hence, the studied petrophysical properties 
have importance in prospectivity mapping.

Article 3 by Lauri & Turunen is a compact evaluation of airborne 
and ground radiometric measurements for the identification of three 
uranium prospects in southern Lapland: the Asentolamminoja uranium 
target and the gold-uranium prospects in the Rumavuoma and Rom-
pas-Rajapalot areas.  High-resolution airborne radiometric data helps in 
delineating areas for ground follow-up exploration. Ternary images of 
K, Th and U channels are especially important, as they reveal the source 
of the radiometric anomaly and point out regions of chemical alteration. 

Article 4 by Kuosmanen et al. describes tests of a mineral mapping 
method using hyperspectral near-distance LWIR imaging spectrometry. 
The investigated samples represent three diverse targets: the Kemi Cr 
mine, the Pyhäsalmi Cu-Zn-S deposit and the Kedonojankulma Cu-Au 
prospect. This rapid method is capable of measuring millions of spectra 
per minute. The technique can quantify the main minerals, including 
the alteration minerals, with accuracy and can be expected to gain more 
importance in future exploration studies. Because of the nature of arti-
cle 4 in describing a rarely used method, it is presented in this volume in 
more detail and at greater length than articles 1–3, which more closely 
resemble reviews or brief communications.

A number of referees are acknowledged for their valuable comments 
on the articles included in this volume of the Special Paper. I want to 
warmly thank Pasi Eilu and Risto Pietilä for their advice to improve 
the content of the synopsis part. Special thanks go to Maija Kurimo for 
patiently discussing the content and numerous details in the course of 
preparing this volume. Eija Hyvönen and Heikki Säävuori are highly ap-
preciated for their help in preparing the figures and tables. I also thank 
Roy Siddall for checking the English and Pirkko Surakka for technical 
revision.

August 17, 2015
Meri-Liisa Airo
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GENERAL ISSUES

A mineral deposit, as an anomalous unit of metal-
liferous minerals, contains minerals with quite 
different physical properties to those of country 
rocks. Pyrite, pyrrhotite or magnetite are common 
minerals in ore deposits, all of which have distinc-
tive physical properties and may greatly affect the 
geophysical response. In addition to petrophysi-
cally relevant ore minerals, other geological or  
geometrical factors or environmental conditions 
influence the geophysical expressions of ore de-
posits or mineralized systems. The main factors are 
gathered below. This list is inspired by a summary 
of the geochemical expressions of ore deposit types 
presented by McQueen (2005):

1. Composition of the ore deposit and the con-
tained elements.
• Density depends on the elementary compo-

sition of minerals; many metals have high 
specific densities.

• Magnetically, the most distinctive are the  
ferrimagnetic minerals magnetite and the 
monoclinic form of pyrrhotite.

• All metals are electrically conductive in a 
broad sense, but the conductivity of an ore 
deposit primarily lies with sulphides or 
graphite.

• The radioactivity of rocks is based on radio-
active elements, mainly potassium (K), ura-
nium (U) and thorium (Th).

2. Form of an ore deposit (e.g., size, shape, orien-
tation, depth; ore mineral distribution and tex-
ture).
• The size, orientation and depth extent of a 

mineral deposit are the main factors with re-
gard to geophysical expressions.

• A great depth suppresses geophysical signa-
tures. 

• Gravity and magnetic methods only detect 
lateral contrasts in density or magnetization, 
but in contrast, electrical and seismic meth-
ods can detect vertical, as well as lateral, con-
trasts of resistivity and velocity or reflectivity.

• In the case of sulphide mineralization, the 
shape of the deposit may affect the magnet-
ic signature by strengthening the remanent 
magnetization in the direction of the long 
axis of the deposit.

• The electrical conductivity of a rock is a 
function of many factors, among which the 
mineral texture (galvanic structure) and po-
rosity (with contained water) have a signifi-
cant role. 

3. Associated geological structures. 
• Most of the mineral deposits are structurally 

controlled; mineral occurrences are often re-
stricted to structural elements such as faults, 
shear zones and lithological unconformities; 
some deposits form stratiform bodies, while 

GEOPHYSICAL SIGNATURES OF MINERAL  
DEPOSIT TYPES – SYNOPSIS

Geophysical signatures of mineral deposit types in Finland
Edited by Meri-Liisa Airo
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others are formed in a specific stratigraphic 
interval as a stratabound formation.

• Knowledge of the structure interrelationship 
and stratigraphic units is essential for min-
eral exploration. Seismic methods are able to 
produce high-resolution images of the geo-
logical structure. 

4. Associated host rocks. 
• The association of particular ore types with 

particular host rock assemblages broadly 
reflects the geological environment and pro-
cesses that have formed the ore, e.g. meta-
morphosed graphitic shales (black schists) 
in Finland are distributed along all major 
crustal boundaries. As sensitive and highly 
reactive, reducing rocks, they may host or 
be associated with mineralization, and their 
geophysical properties related to chemical 
composition can be used as indicators of 
the geological settings in which they formed 
(Airo & Loukola-Ruskeeniemi 2004).

• Mineralization tends to accumulate along 
plate boundaries. The composition of sedi-
mentary rocks along these boundaries may 
reveal information on the crustal conditions 
and processes at the time of mineralization.

5. Non-ore element component. 
• Sometimes, chemical alteration of host rocks 

produces detectable geophysical signatures 
if it produces minerals having anomalous 
physical properties. Although the petrophys-
ical properties of different host rocks or ore 
deposits may be well studied, there is a lack 
of information on how the physical proper-
ties are related, for instance, to proportional 
alteration of various kinds.

• Extensive fluid-related alteration of the host 
rocks may have a significant effect on geo-
physical signatures: sulphidization or pyriti-
zation (electrical properties), sericitization 
(potassium radiation), chloritization, car-
bonate alteration or tourmalinization (e.g. 
magnetic properties).

• Mineralogical changes associated with the 
formation or emplacement of mineralization 
(such as hydrothermal alteration haloes). In 
regional geophysics, the expressions of alter-
ation haloes may be minor, but the detailed 
study of radiometric or hyperspectral analy-
ses permits the mapping of key minerals. If 
highlighted by more detailed investigations, 
these haloes may also be recognized by high-
resolution airborne surveys.

Regional geophysical data sets

Airborne geophysical data sets provide full cov-
erage of Finland and form the basic material for 
regional investigations, particularly greenfield ex-
ploration. The use of regional data sets in an auto-
mated approach to characterizing areas containing 
known deposits and seeking similar areas else-
where, or similarity analysis of certain geophysi-
cal key signatures, benefits from high-resolution, 
multivariate geophysical datasets. Concerning 
more detailed investigations, airborne geophysi-
cal data also can motivate applications that require 
improved spatial resolution and accurate position-
ing. The integration of different geophysical data 
sets is a current theme in geophysical and geologi-
cal interpretation, and there are now more soft-
ware tools available to facilitate this. However, as 
stated by Thomson et al. (2007), although image 
analysis may often seem intuitive, simple image-
based assessments of data are not a substitute for 
proper geologically supported interpretation. 

Specifications and general uses of geophysical 
methods are outlined in the following. The air-

borne geophysical concept of GTK has been de-
scribed in detail by Hautaniemi et al. (2005).

Airborne magnetics

The magnetic method utilizes small variations 
in magnetic mineralogy among rocks (magnetic 
iron and iron-titanium oxide minerals, including 
magnetite, titanomagnetite, titanomaghemite and 
titanohematite, and some iron sulphide minerals, 
including pyrrhotite and greigite). Magnetic rocks 
contain various combinations of induced and re-
manent magnetization, depending on the Earth’s 
primary field. The magnitudes of both induced and 
remanent magnetization depend on the quantity, 
composition and size of magnetic-mineral grains. 
The magnetic method gives a coherent picture of 
the distribution of magnetization of the crust and 
is not disturbed by lakes, waterways or soils that 
may cover the bedrock. In Finland, exposed bed-
rock hardly makes up more than 3% of the sur-
face. The aim of the magnetic method is to detect 
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magnetically anomalous source bodies, but also to 
determine structural trends. Detailed magnetic in-
vestigations on magnetic mineralogy complement 
the regional picture of magnetic anomaly source 
rocks. Studies on remanent magnetization and the 
anisotropy of magnetic susceptibility (AMS) are 
gaining increasing interest as a mineral explora-
tion tool (Willliams 2009). Palaeomagnetic studies 
may be important for the timing of the mineraliz-
ing fluids or the alteration. Discussion of the mag-
netic mineralogy responsible for magnetization 
effects is presented in this Special Paper volume in 
the chapter on Au deposits in southern Finland by 
Mertanen & Karell (p. 89).

Airborne radiometrics

Gamma-ray methods identify the presence of the 
natural radioelements potassium (K), uranium  
(U), and thorium (Th) in rocks. Gamma ray  
penetration is only of the order of half a metre, 
so that in regions with poor exposure due to gla-
cial, largely transported overburden, the meas-
urement of natural radioactivity due to K, U and 
Th may not be very useful. In Finland, the use 
of radiometrics is frequently limited by the wide 
coverage of glacial soil, with a thickness vary-
ing from 0 to 100 m and an average of <10 m. 
In southern Finland, cultivated land dominates 
the variation in radiation observed on radiomet-
ric maps. Locally, however, gamma-ray spectro-
metry can be effective in geological mapping and 
targeting mineralization. The results depend on 
several factors, including whether (1) there are 
measurable differences in the radioactive ele-
ment distributions that can be related to differ-
ences in host rock lithologies, (2) the K content 
of the rock has been modified by alteration pro-
cesses, and (3) mineralization and alteration have 
affected surface rocks. Mobilization of individual 
radioelements in response to specific geochemi-
cal conditions makes radioelement ratios sensi-
tive in locating areas of mineralization (Thomas 
et al. 2000, cited in Morgan 2012). An example 
of this is the elevated potassium radiation asso-
ciated with ultramafic rocks in Finnish Lapland 
(in Insert 12). In uranium exploration, gamma-
ray methods may provide a means of direct de-
tection. Good results from the use of airborne 
radiometric data for targeting promising areas 
for U-Au and U occurrences are reviewed in this 
volume by Lauri & Turunen (p. 107), who discuss 

the use of airborne radiometric data as a uranium 
exploration tool in southern Lapland. 

Airborne electromagnetics

Airborne electromagnetic (EM) methods are used 
to screen large areas and provide information for 
targeting ground surveys. They are capable of di-
rectly detecting conductive base-metal deposits. 
The traditional application of EM methods in 
mineral exploration has been in the search for 
low-resistivity (high-conductivity) massive sul-
phide deposits. The wide whole-country cover-
age of frequency-domain EM data in Finland is 
unique in the world and allows mapping of the 
regional distribution of bedrock conductivity, 
also supporting structural interpretation. GTK 
used a fixed-wing multi-frequency survey system 
that is better suited to relatively near surface ap-
plications than deeper investigations (down to 100 
m). Electromagnetic survey data are vulnerable 
to non-geological noise, but also to conductivity 
anomalies due to soil properties and moisture. The 
noise is worth filtering out in the case of mineral 
exploration. The interpretation of electromagnetic 
data may be demanding, and 3D interpretation 
methods would greatly strengthen the use of the 
airborne electromagnetic method. An example of 
3D EM modelling by Suppala (p. 71) utilizes the 
effectiveness of frequency-domain electromagnet-
ic data to discriminate magnetite-bearing source 
rocks and to evaluate the type of magnetism asso-
ciated with an ultramafic intrusion (Kellojärvi in 
eastern Finland). 

Regional ground gravity data

A high density is the most anomalous physical 
property of almost every ore mineral. Regional 
gravity data reveal the density contrasts and can 
be used to outline geological structures controlling 
mineralization. Qualitative interpretation of struc-
tural features from gravity data is benefitted by 
the same types of processing methods as used for 
magnetic data, e.g. horizontal gradients, vertical or 
tilt derivatives, filtering or upward continuation. 
Exploration has for long been the primary target of 
regional gravity measurements in Finland. Gravity 
surveys have been focused on the most important 
mineral provinces, such as the Central Finnish 
Lapland gold province, the Raahe-Ladoga zone 
and parts of the Häme belt in southern Finland. 
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Major tectonic provinces, crustal weakness zones 
and province boundaries have been described us-
ing these data (Elo 1997, Elo 2003). A country-
wide Bouguer anomaly map has been prepared 
based on gravity data, provided by the Finnish 
Geodetic Institute (Kääriäinen & Mäkinen 1997). 

Airborne gravity gradiometry

Airborne gravity surveys for GTK have been con-
ducted in three areas: Hammaslahti and Pori (in 
2009) and Savukoski (in 2011). In principle, gravity 
gradiometer systems are more sensitive to shorter 
spatial wavelengths than sensors that attempt to 
measure the total gravitational acceleration. For 
comparable sensitivities to that of an airborne 
gravity system, this system on a fixed wing aircraft 
can be used to map features typified by half-wave 
distances of 200 m. This corresponds to an order of 
magnitude better spatial resolution than achieved 
from total field systems at short wavelengths. 

Remote / close-range sensing

Remote sensing based on visible to thermal wave-
lengths (0.3–14000 microns) of reflected and emit-
ted electromagnetic radiation is widely used to 
scan targets of mineral exploration and mining to 
obtain information on the mineral composition, 
vegetation, environment, and the geological struc-
ture. The detailed wavelength samples, bands, and 
spatial resolutions are selected according to their 
ability to detect specific minerals or vegetation/en-
vironmental anomalies due to mineralization. The 
number of bands roughly divides the method into 
multispectral (typically 5–20 bands) or hyperspec-
tral (from 20 to several hundred bands) remote 
sensing. The distance (D) between the sensor and 
the exploration target roughly divides the method 
into regional (satellite borne, D = hundreds of kil-
ometers), local (airborne, D = some kms) or close-
range (D = some dms) sensing. The ground reso-
lution is typically from tens to hundreds of meters 
for regional data, from centimeters to meters for 
local data, and millimeters for close-range data.

In Finland, the following multispectral and hy-
perspectral remote/close-range sensing data have 
been used for mineral exploration, environmental 
research, or mineral species assessment:
• Landsat and Aster satellite regional multispec-

tral data (VIS, NIR, SWIR, LWIR)

• EO-1 satellite regional hyperspectral Hyperion 
data (VIS, NIR, SWIR)

• HyMap and AISA airborne local hyperspectral 
data (VIS, NIR, SWIR)

• SisuROCK hyperspectral close-range imaging 
workstation data (VIS, NIR, SWIR, LWIR)

• Portable FieldSpecFR for close-range spectral 
single measurements (VIS, NIR, SWIR)

(Abbreviations: VIS = visual, NIR = near infrared, 
SWIR = short-wave infrared, LWIR = long-wave 
infrared)

Several published or archived spectral reflectance 
and emittance libraries are available for training the 
interpretation of these remote sensing data sets in 
mineral exploration and mining.  LWIR close-range 
reflectance spectrometry, used in the characteriza-
tion of selected mineral deposits, is reviewed in this 
volume by Kuosmanen et al. (p. 117).

Petrophysical database and detailed studies

Information on rock density and magnetic prop-
erties especially facilitates the interpretation of 
aeromagnetic and gravity surveys. Petrophysical 
sampling covers the whole of Finland and offers 
background information for the interpretation of 
the country-wide geophysical surveys. The petro-
physical register currently includes measurement 
results of more than 130 000 bedrock samples: den-
sity, magnetic susceptibility and the intensity of re-
manent magnetization for different rock types, in-
cluding information on the sampling site and rock 
type. Petrophysical properties of rocks mainly de-
pend on the dominant rock-forming minerals and 
their relative concentrations, so that they can be 
used in characterizing different rock types in Fin-
land (Airo & Säävuori 2013). The amount of petro-
physical data at GTK is continually increasing as 
new measurements are conducted. The collection 
of data has also included some 200 samples from 
different ore deposit types. Although the number 
of different specific types is limited, their petro-
physical properties nevertheless give background 
data for reference. The values of magnetic suscep-
tibility for ore samples are an order of magnitude 
higher than those of common rock types, even 
that of ultramafic rocks. To complement the ore 
deposit data set, new measurements of ore sam-
ples were carried out for the current study and are 
also summarized here (see Insert 6). In addition to 
surface petrophysics, GTK provides density and 
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Table 1. Applicability of different geophysical methods in the exploration of various mineral systems (modified from Ford et 
al. 2007).

● Highly effective ●  Moderately effective         ● Generally ineffective

Geo-
physical 
method

Air or
ground

Appli-
cation

Ni-Cu-
PGE

Fe-Ti
BIF

Gold VMS Olympic 
Dam-type

SEDEX Por-
phyry 

Cu

Pb-Zn Dia-
monds

Magnetic Air Geological 
framework ● ● ● ● ● ● ● ● ●
Direct 
targeting ● ● ● ● ● ● ● ● ●

Ground Geological 
framework ● ● ● ● ● ● ● ● ●
Direct 
targeting ● ● ● ● ● ● ● ● ●

Electro-
magnetic

Air Geological 
framework ● ● ● ● ● ● ● ● ●
Direct 
targeting ● ● ● ● ● ● ● ● ●

Ground Geological 
framework ● ● ● ● ● ● ● ● ●
Direct 
targeting ● ● ● ● ● ● ● ● ●

Electric Ground Geological 
framework ● ● ● ● ● ● ● ● ●
Direct 
targeting ● ● ● ● ● ● ● ● ●

Gravity Air Geological 
framework ● ● ● ● ● ● ● ● ●
Direct 
targeting ● ● ● ● ● ● ● ● ●

Ground Geological 
framework ● ● ● ● ● ● ● ● ●
Direct 
targeting ● ● ● ● ● ● ● ● ●

Radio-
metric

Air Geological 
framework ● ● ● ● ● ● ● ● ●
Direct 
targeting ● ● ● ● ● ● ● ● ●

Ground Geological 
framework ● ● ● ● ● ● ● ● ●
Direct 
targeting ● ● ● ● ● ● ● ● ●

Seismic Ground Geological 
framework ● ● ● ● ● ● ● ● ●
Direct 
targeting ● ● ● ● ● ● ● ● ●

magnetic property information on thousands of 
samples from exploration drill cores. One exam-
ple of utilizing petrophysical data in characterizing 
propitious rock units for mineralization is the Lo-
malampi case by Salmirinne (2010) (Fig. 5).

Table 1 summarizes the application and suit-
ability of different geophysical methods for the 
exploration of various mineral systems in Canada 
(based on Ford et al. 2007), and also gives an idea 

of their overall suitability in Finland. In general, 
the magnetic method is highly effective both for 
the impression of the geological framework and 
for direct targeting of most of the mineralization 
types. In general, electromagnetic, electric and 
gravity methods are effective for magmatic Ni-Cu-
PGE and VMS deposits, and radiometrics and the 
magnetic method for porphyry Cu deposits.
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Table 2. Depth of investigation (general) for different geophysical methods.

Method Typical source of anomaly Depth of investigation

Magnetic Magnetic susceptibility and/or 
remanent magnetization contrasts

From surface down to 
Curie isotherm

Gravity Rock density contrasts All below

Gamma-ray spectrometry K, U and Th contrasts Upper 50 cm

Electromagnetic (EM) Lateral or vertical changes  
in Earth conductivity

GTK airborne EM system  
down to 70-100 m

Geophysical anomalies are primarily affected by 
the source mineralogy and secondly by source 
geometry and various factors determined by the 
geological conditions of the source body. The pe-
trophysical properties of ore minerals and com-
mon associated host rocks provide information 
that makes it easier to understand the geophysical 
signatures of a certain deposit type (King 2007). 

The likelihood of locating an ore deposit or its 
host rock by means of a geophysical anomaly de-
pends on many factors, including the petrophys-
ics of the ore minerals and their host rock, and 
the thickness and physical properties of the over-
burden cover. The size of the ore occurrence and 
its outcrop and the distance of its top from the 
ground surface are geometrical factors. The geol-
ogy in the area and the anomalies caused by the 
country rocks, and the mode of occurrence of the 
ore deposit in relation to the anomalous rocks are 
geological factors (Ketola 1982).

Geophysical anomalies are described by their  
amplitude and form. The main factors influencing 
the amplitude and shape of geophysical anomalies 
include:
• Source mineralogy and dimensions: geophysi-

cally anomalous minerals contained in the 
source, their physical properties and texture 
(fabrics); size, geometry, depth of mineraliza-
tion and its orientation relative to magnetic 
north, and the inclination of the Earth’s mag-
netic field at its location.

• Depth of investigation of the method in ques-
tion: depends on many factors, including sys-
tem characteristics (Table 2).

• Survey resolution: the terrain clearance and 
flight line separation will affect the resolution 
of the detected geophysical anomalies. 

• Method footprint – depends on the sampling 
density and the speed of aircraft.

• Measurement techniques: for example, the 
measurement frequency in frequency-domain 
electromagnetic measurements affects the  
response. 

• Wavelength of the observed potential field. Geo- 
physical responses for deeply buried sources 
decrease in amplitude and increase in spatial 
wavelength until they disappear into geological 
noise. 
– Effect of the observation level on the mag-

netic and gravity anomaly of a small and a 
large source body.

– Short wavelength anomalies: shallow sources.

Modelling examples of gravity and magnetic 
anomalies at increasing depths for source bodies 
of different sizes and varying petrophysical para-
meters are collected in Insert 1. Magnetic or grav-
ity methods are sensitive to completely different 
physical rock properties and they have very differ-
ent roles in geological interpretation. The gravity 
method reveals information on the distribution 
of density and is routinely used for the identifica-
tion of lithologies, structures and ore bodies them-
selves. The magnetic method is sensitive to the dis-
tribution of magnetic minerals and it is the main 
method for the interpretation of bedrock lithology 
and structure. Magnetic anomalies sometimes co-
incide with gravity anomalies, and rock alteration 
can cause a change in bulk density as well as mag-
netization. If the distributions of density or mag-
netization reflect geologically significant features, 
the interpretation of gravity and magnetic data 
can give 3D information on the distribution and 
structure of these features. The sources of gravity 
anomalies can be modelled from >1 km depth if 
the density difference between the source forma-
tion and the surroundings is great enough.  

Geophysical responses
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Insert 1. 
Modelling examples of gravity and magnetic anomalies for source bodies of different sizes and  
petrophysical parameters at increasing depths (in Kukkonen & Airo 2012, presentation at the GTK  
Academy, Espoo, Finland 12.12. 2011).

Case 1: 1Mton (small sized) Modelling parameters:

Density of ore body 4000 kg/m3 and country rock 2750 kg/m3 

susceptibility of ore body 30000 x 10-6 ( Q=3), and of country 
rock 1000 x 10-6 (Q=0).

Outcropping source:

Magnetic anomaly 400 nT and 200 m wide, gravimetric  
anomaly 0.9 mGal.

At the depth of z = 500 m: 

Magnetic anomaly 1.3 nT and 1 km wide, gravimetric  
anomaly 0.008 mGal.

Not detectable among other anomalies.

Case 2: 27Mton (“Outokumpu-size”) Modelling parameters:

Density of ore body 4000 kg/m3 and country rock  
2750 kg/m3 

susceptibility of ore body 30000 x 10-6 ( Q=3), and of  
country rock 1000 x 10-6 (Q=0).

Outcropping source:
Magnetic anomaly 200 nT and 500 m wide, gravimetric 
anomaly 2.5 mGal.

At the depth of z = 500 m: 
Magnetic anomaly 7 nT and 1 km wide, gravimetric  
anomaly 0.16 mGal and 600 m wide.
Not easily detectable among other anomalies.
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Case 3: 135 Mton (“world class”) Modelling parameters:

Density of ore body 4000 kg/m3 and country rock  
2750 kg/m3 

susceptibility of ore body 30000 x 10-6 ( Q=3), and of  
country rock 1000 x 10-6 (Q=0).

Outcropping source:

Magnetic anomaly 250 nT and 600 m wide, gravimetric 
anomaly 4 mGal, 600 m wide.

At the depth of z = 500 m: 

Magnetic anomaly 25 nT and 1.5 km wide, gravimetric 
anomaly 0.8 mGal.

Not detectable among other anomalies.

 Insert 1. (cont)
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Geophysically relevant minerals

The physical properties of minerals that are  
relevant for the physical properties of rocks and 
ores are reviewed in the following. These proper-
ties include density, magnetic properties, electrical 
properties, radioactivity and seismic velocity. 

Different rock types often have distinctive and 
characteristic physical properties, as illustrated 

for density and magnetic susceptibility in Figure 
1 (from Airo & Säävuori 2013). This reflects the 
iron content, bound either in rock-forming min-
erals or in ore minerals. Density depends on the 
proportional content of Fe and Mg-bearing miner-
als in the rock’s main mineral composition, so that 
in each rock class the mean densities increase due 

Fig. 1. Ranges of density and magnetic susceptibility of rock classes from GTK’s petrophysical database. The densities of quartz-
ites (yellow) and granites (red) are mainly below 2700 kg/m3 and the densities above 2800 kg/m3 characterize mica schists 
(blue), metavolcanic rocks (green), gabbros (brown) and ultramafic rocks (black). The susceptibility distribution is bimodal, 
with a lower susceptibility mode caused by the paramagnetism of rock-forming silicates, and a higher mode that is due to  
ferrimagnetic minerals. 

Table 3. Ore mineral and host rock densities (g/cm3) and magnetic susceptibilities (10-6 SI) (after King 2007 and Morgan 2012).
Typical susceptibility and density values for country rocks in Finland from Airo & Säävuori 2013.

Mineral Density g/cm3 Susceptibility 10-6

Sulfides / Oxides Range Average Range Average
Chalcopyrite 4.1-4.3 4.2 300 - 400
Pentlandite 4.8 < 1000
Pyrite 5.02 -6 - 100
Pyrrhotite
Pyrrhotite (mono)
Pyrrhotite (hex)

4.5-4.8 4.65 up to 6 000 000
700 000
2000

Sphalerite 4 -15 - 2000
Magnetite 5.18 1 000 000 - 15 000 000 3 000 000
Hematite 5.26 1300 - 7000
Maghemite up to 3 000 000
Ilmenite 1000 - 8000
Host rocks
Felsic igneous 2.3-3.11 2.61 500 -  80 000
Mafic igneous 2.09-3.17 2.79 1000 - 100 000
Ultramafic rocks(peridotite) 2.78-3.37 3.15 10 000 - 100 000
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Table 4 compares the magnetization type and sus-
ceptibility of various magnetic or rock-forming 
minerals. Fe,Mg-bearing silicates are generally 
paramagnetic and only reach a maximum suscep-
tibility level of 0.001–0.002 x 10-6 . The same level 
is, however, reached by a magnetite concentration 
as low as 0.01% (Hrouda et al. 2009). Thus, even 
a minor concentration of ferrimagnetic minerals 
has a dominant effect on the magnetic susceptibil-
ity of rock.

Of the two types of magnetization that exist, 
induced magnetization is proportional to the sus-
ceptibility of the material being magnetized and 
can be in the same direction as the Earth’s field. 
Remanent (permanent) magnetization can have 
any direction and it is carried by ferrimagnetic 
minerals. In certain cases, remanent magnetiza-
tion can be orders of magnitude greater that the 
induced.  

The ferrimagnetic susceptibility of rocks depends 
on:
• the magnetic mineral type and content (seldom 

>10%)
• the measuring field and temperature
• the grain size of ferrimagnetic minerals 
• the content of iron in rock (principally, but in a 

complex way).

The amplitude and shape of a magnetic anomaly 
can be strongly affected by remanent magnetiza-
tion, which may be useful to take into account 
in magnetic modelling. The ratio of remanent to 
induced magnetization (Königsberger ratio, Q-
value) can be used to predict the magnetic min-
eralogy in the anomaly source simply by using the 
information based on petrophysical laboratory 

to an increase in the proportion of mafic minerals. 
Similarly, magnetic susceptibility depends on the 
proportional content of mafic / felsic rock-form-
ing minerals, but in addition on the iron bound in 
magnetic minerals. Iron sulphides and iron oxides 
(mainly magnetite) are the principal ore minerals, 
and have distinctive physical properties. Of the 
other geophysically distinctive minerals that may 
be related to ore mineralization, graphite in meta-
morphosed graphitic shales (black schists) might, 
for example, also have a strong impression for geo-
physics. The clustering of rocks into specific ranges 
of density and magnetic susceptibility is typical for 
Precambrian, metamorphic and highly deformed 
terrains (also Reeves 2005).

Density of ore minerals

The densities of common ore minerals are all 
above 4.0 g/cm3, so that their presence increases 
the bulk density of rock. Of the common ore min-
erals, magnetite, pyrrhotite and pyrite all have 
densities ~5 g/cm3, and cannot be separated by the 
gravimetric method, but their magnetic properties 
deviate characteristically. The density and suscep-
tibility ranges for common ore minerals and some 
typical host rocks are shown in Table 3.

Magnetic minerals

Minerals that can cause a significant magnetic 
response are magnetite, pyrrhotite, hematite, il-
menite/titanohematite and maghemite. Pyrite 
is non-magnetic, but can be metamorphosed to 
pyrrhotite at upper greenschist-lower amphibo-
lites grades. Pyrrhotite can be metamorphosed to 
magnetite (Clark 1997, Gunn & Dentith 1997). 

Table 4. Magnetization type and susceptibility (from Reeves 2005, Clark 1997 and Schön 2004). 

Minerals Magnetic susceptibility (SI) Magnetization type

Magnetite
Magnetite ore

15 (pure)
0.07-14

Positive, very high, complex  
function of the magnetizing field

Ferrimagnetic

Pyrrhotite  
(monoclinic)

0.001- 1 Positive, may be high Ferrimagnetic

Hematite
Hematite ore

0.013-0.07
0.0004 - 0.01

Positive relatively low Antiferromagnetic

Ilmenite
Ilmenite ore

0.01- 0.08
0.3 - 4

Positive relatively low Antiferromagnetic

Rock-forming 
Fe,Mg-silicates

< 0.001 Positive, relatively low, independent  
of the magnetizing field

Paramagnetic

Quartz, calcite, 
graphite, tremolite

Negative and independent 
of the magnetizing field

Diamagnetic
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measurements. Ferrimagnetic minerals (magnet-
ite, monoclinic form of pyrrhotite) are typically 
associated with significant remanence, and meta-
morphic and alteration processes often affect the 
remanent magnetization by modifying the con-
centration of grain sizes of these minerals. A high 
metamorphic grade produces fine-grained mag-
netite (magnetite content grows + the amount of 
fine-grained magnetite increases). Ferrimagnetic 
minerals also are a typical constituent in common 
rock types. For example, Q-ratios are between 1 
and 10 for plutonic and dyke rocks, and for vol-
canic and metasedimentary rocks (Airo & Sää-
vuori 2013). For metamorphic and altered rocks 
(schists with monoclinic pyrrhotite and skarns), 
as well as rocks bearing ore minerals, Q-values 
sometimes reach into the hundreds. In a broad 
sense, particularly strong remanence in rocks is ei-
ther due to monoclinic pyrrhotite or fine-grained 
magnetite. A decreased remanence is typical for 
shear zones or any zones of hydrothermal altera-
tion. As deformation may have an influence on the 
magnetic mineralogy of rocks, knowledge of rock 
properties and their variation helps to focus more 
detailed investigations. 

Very weak rock susceptibilities most probably 
contain a component due to the diamagnetic be-
haviour of some minerals. In diamagnetism, the 
magnetic moment vector tends to be in the op-
posite direction to the magnetizing field (Table 5). 
Quartz, which is present in many rocks, is a typical 
diamagnetic mineral, and graphite is a common 
diamagnetic mineral in metamorphosed shales. 
Of the ore minerals, galena and sphalerite are dia-
magnetic. Pyrite has a very low susceptibility and 
tends to lower the rock susceptibility. 

Electrical conductivity of metallic minerals

Electrical and electromagnetic methods observe 
the distribution of the electrical conductivity in 
the ground.  In normal rocks, the electric current 
flows by ionic conduction in the electrolyte in the 
pores of the rock. However, certain minerals have 
a measure of electronic conduction (almost all the 
metallic sulphides (except sphalerite) such as py-
rite, graphite, some coals, magnetite, pyrolusite, 
native metals, some arsenides, and other minerals 
with a metallic lustre). Even small quantities of me-
tallic ore minerals can significantly affect the bulk 
resistivity of geological materials. Of all the geo-
physical properties of rocks, electrical resistivity  
is by far the most variable and it depends on many 
factors, including the rock type, porosity, the con-
nectivity of pores, the nature of the fluid, and the 
metallic content of the solid matrix. Values rang-
ing by as much as 10 orders of magnitude may be 
encountered, and even individual rock types can 
vary by several orders of magnitude (Fig. 2). The 
measurement procedure also affects these param-
eters, so that the reported values of these param-
eters may show some variation in different studies. 

Most metallic ore minerals are electronic semi-
conductors. Their resistivities are lower than those 
of metals and highly variable, because the inclu-
sion of impurity ions into a particular metallic 
mineral has a significant effect on the resistivity 
(Palacky 1987). Information on the conductivity 
properties of important ore minerals is summa-
rized in the following fact sheet (based on Olden-
burg & Jones 2007 and Palacky 1987). The range of 
resistivity and conductivity of typical ore minerals 
is shown in Table 6 and the range of IP charge-
ability in Table 7. IP measures the chargeability of 
the ground, i.e. how well materials tend to retain 
electrical charges. Measurements are made either 

Table 5. Magnetic susceptibilities for selected diamagnetic and paramagnetic minerals (modified from Clark 1997 and Schön 
2004). The susceptibilities are in 10-6 SI-units. 

Diamagnetic Susceptibility
average

Paramagnetic Susceptibility
range

Quartz -15 Garnet 500-6000
Orthoclase -10 Muscovite 30-700
Calcite -13 Biotite 800-3000
Forsterite -13 Pyroxenes 500-5000
Galena -33 (to 9) Olivine 100-4000
Sphalerite -13 Amfiboles 600-5000
Graphite -70 (to -180) Pyrite -10-60

Chalcopyrite 300-400
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in the time domain or the frequency domain; their 
units are respectively milliseconds (msec) and the 
percentage frequency effect. In general, dissemi-
nated sulphides have very good induced polariza-
tion responses.

Although metallic minerals (particularly sul-
phides) may be conductive, there are at least two 
reasons why ore-grade deposits of these miner-
als may not be as conductive as expected (Palacky 
1987). In theory, massive sulphides should have 
lower responses, but in practice they may have 
very good responses. This is due to the miner-
alization halo generally surrounding massive sul-

phides (Ford et al. 2007). Sulphide deposits can be 
either disseminated or massive. In disseminated 
sulphides, the mineral occurs as fine particles dis-
persed throughout the matrix, and they may be 
resistive or conductive. In massive sulphides, the 
mineral occurs in a more homogeneous form, and 
they are likely to be conductive. Chemical and/or 
thermal alteration can convert metallic minerals 
into oxides or other forms that are not as conduc-
tive as the original minerals. The selection of the 
electromagnetic method may have a crucial effect 
on the success of the operation, depending on the 
target.

Electrical properties of important ore minerals

• Pyrrhotite (FeS) is a consistently highly con-
ductive mineral. 

• Graphite (C) is a true conductor, like a metal 
(i.e. not a semiconductor like ore minerals), 
and it is very conductive, even at very low 
concentrations. It is also chargeable, and it 
is notoriously difficult to distinguish from 
metallic ore minerals. Graphite is a metallic 
conductor with a resistivity of 10-4 to 5 x 10-3 
Ωm and is found in many crustal rocks. 
Graphite occurs in metamorphic rocks and 
is difficult to distinguish from metallic ore 
minerals. The substitution of impurity ions 
into the lattice of a particular metallic min-
eral may have a significant effect on the  
resistivity.

• Pyrite (FeS2) is the most common me-
tallic sulphide and has the most variable 
conductivity. Its conductivity is general-
ly higher than that of porous rocks. Pure  
pyrite has a resistivity of about 3 x 10-5 Ωm,  
but mixing in minor amounts of copper can 

increase the resistivity by six orders of mag-
nitude to 10 Ωm.   

• Galena (PbS) and magnetite (Fe3O4) are 
conductive as minerals, but much less con-
ductive as ore because of their loose crystal 
structures. 

• Other conductive minerals include bornite 
(CuFeS4), chalcocite (Cu2S), covellite (CuS), 
ilmenite (FeTiO3), molybdenite (MoS2), and 
the manganese minerals holandite and pyro-
lusite. 

• Hematite and zincblende (sphalerite) are 
usually nearly insulators. 

• Gold (Au) has among the most anomalous 
physical properties: its density is 19 300 kg/
m3 and electrical conductivity 5 x 107 S/m. 
The conductivity of an iron formation may 
reach very high values: min 0.05 to max 
3300 mS/m.    

   (based on Oldenburg & 
Jones 2007 and Palacky 1987)
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Fig. 2. Resistivities (conductivities) of rocks and earth materials (after Oldenburg & Jones 2007).

Table 6. Resistivities and conductivities of selected metals and minerals (modified from King 2007 and Peltoniemi 1988).

Resistivity of selected ore minerals (King 2007) Electrical conductivity of selected metals and  
minerals (Peltoniemi 1988)

Minerals Resistivity (Ohm-m) Material Typical conductivity, S/m
Gold 50 · 106

Copper 3 – 80 · 106

Graphite 102 - 106

Chalcopyrite, CuFeS2 1.2 x 10-5 – 0.3 Chalcopyrite 10 - 104

Pyrite, FeS2 3.0 x 10-5 – 1.5 Pyrite 1 - 105

Magnetite, Fe3O4 5.0 x 10-4 – 5.0 x 104 Magnetite 10-4 - 105

Mica 10-3 – 10-14

Quartz 10-10 – 10-14

Hematite, Fe2O3 3.5 x 10-3 - 107

Galena, PbS 3.0 x 10-5 – 3.0 x 102

Table 7. Relative IP chargeability for common ore minerals and rocks (after King 2007 and Oldenburg & Jones 2007).

Material type Chargeability (msec) Material type Chargeability (msec)
Chargeability of minerals at 1% concentration  
in the samples

Charging and discharging times  about one minute each (much longer 
than field survey systems), therefore values are larger than field  
measurements

Pyrrhotite ~10 20% Sulphides 2000 - 3000

Pentlandite ~10 8-20% Sulphides 1000 - 2000

Pyrite 13.4 2-8% Sulphides 500 - 1000

Copper 12.3 Volcanic tuffs 300 - 800

Graphite 11.2 Sandstone, Siltstone 100 - 500

Chalcopyrite 9.4 Dense volcanic rocks 100 - 500

Magnetite 2.2 Shale 50 - 100

Galena 3.7 Granite, Granodiorite 10 - 50

Hematite 0.0 Limestone, Dolomite 10 - 20
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Radioactive minerals

Gamma-ray spectrometry can provide direct 
quantitative measures of the natural radioelements 
potassium (K), thorium (Th) and uranium (U). In 
general, felsic (acid) and intermediate rocks com-
monly show higher mean radioelement concen-
trations than mafic (basic) or ultramafic rocks and 
can be outlined on the basis of their radiometric 
patterns (Dickson & Scott 1997). Examples of 
both depletion and enrichment of the three ra-
dioelements have been reported. Hydrothermal 
alteration and mineralizing processes can affect 
the radioelement content, with K being the most 
easily affected. For instance, the potassium content 
increases in altered rocks surrounding both base 
metal and Au deposits. Thorium may be mobilized 
during mineralization processes, being partly de-
pleted in areas of K-alteration or intense silicifica-
tion, but concentrated in Th-rich materials such as 
laterite (Gunn & Dentith 1997). Where sulphide 
minerals are present, their oxidation accelerates 
uranium mobilization (Killeen 1979). Uranium 
and (or) potassium are commonly enriched in or 
adjacent to some ore deposits, and their presence 
may often be used in indirect targeting. Geologi-
cal processes leading to various styles of mineral 
deposits may result in variations in radioelement 
contents. In particular, radioelement signatures 
are modified by weathering processes. The search 
for U and Th deposits involves the direct use of air-
borne gamma-ray surveys in mineral exploration, 
where elevated concentrations of these elements or 
element ratios (e.g. Th/U or K/U) are searched for. 
The radioactivity of minerals is further reviewed 
in Lauri & Turunen in this volume (p. 107).

Seismic velocity of rocks and ore minerals

The application of seismic methods for mineral 
exploration has good potential, as these methods 
are capable of imaging mineral deposits at various 
depths. The average velocities of acoustic waves in 
igneous and metamorphic rocks typically increase 
with density. For example, velocities for ultramafic 
rocks, with densities ranging from 3.0 to 3.5 kg/m3, 
are in the category of 8 km/s, and for serpentinites 
(with densities below 3 kg/m3), the velocities are in 
the range of 5–6 km/s (Milkereit et al. 2000). Most 
economically significant sulphides and pyrrhotite 
are all uniformly of very low velocity. This makes 
them ideal targets for crosshole transmission seis-

mic tomography, which measures only velocity. 
Because they are also anomalous in density, they 
produce acoustic reflectivity anomalies. However, 
as stated by King (2007), since acoustic reflectivity 
is proportional to the acoustic impedance (prod-
uct of velocity x density), their high densities and 
lower velocities can result in reduced reflectivity. 
Sulphide ores and the concentration of certain Fe 
oxides, because of their high density, have higher 
acoustic impedance with respect to surrounding 
rocks. Massive ore mineralization with a relevant 
size and geometry should produce a strong seis-
mic response in many geological situations (Milk-
ereit et al. 2000, Salisbury et al. 2000). The contrast 
of acoustic impedance between felsic and mafic 
rocks is also significant; this allows an opportunity 
to detect mafic intrusions: dykes or sills. The high 
acoustic impedance of massive mineral deposits, 
which has been disclosed by laboratory measure-
ments, should also be confirmed by in situ meas-
urements from borehole logging.

Magnetite or pyrrhotite as anomaly sources

The magnetic properties of rocks yield abundant 
information on the source minerals, their grain 
size and texture, and the age of magnetization. 
When the petrophysical properties of rocks bear-
ing magnetite or pyrrhotite as their main mag-
netic minerals are compared, a general clustering 
of pyrrhotite- or magnetite-bearing rocks can be 
observed. Their remanent magnetization is an ef-
fective discriminator. The ferrimagnetic type of 
pyrrhotite may be associated with intensive re-
manence, and hence with extremely high Königs-
berger ratios, even up to thousands. In contrast, 
the intensity of remanent magnetization of mag-
netite, particularly if coarse grained, may be much 
lower. This fact can be used in predicting magnetic 
mineralogy from petrophysical plots. In Figure 3, 
Q-ratios of 1 to 2 denote an equal contribution 
of remanent and induced magnetization to the 
intensity of the magnetic anomaly. Samples with 
coarse-grained magnetite typically have Q-ratios 
below 1, but the Q-ratios increase as a function of 
decreasing magnetite grain size. Samples that con-
tain monoclinic pyrrhotite typically have Q-ratios 
close to ten or above. Fine-grained magnetite may 
also be associated with a strong remanent com-
ponent. This means that if magnetite and mono-
clinic pyrrhotite are present together in the same 
anomaly source body, it may be difficult to sepa-
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rate them only on the basis of magnetic properties. 
Thermomagnetic tests to identify the monoclinic  
/hexagonal type of pyrrhotite have been carried 
out for mineralized black schists from several loca-
tions in eastern Finland, and the monoclinic type 
of pyrrhotite appears to be more prevalent (Airo & 
Loukola-Ruskeeniemi 2004).

Säävuori et al. (1991) correlated magnetic 
and electrical conductivity anomalies and pe-
trophysical properties of sulphide-bearing rocks 
from 7 targets in Finland. The samples could be 
divided into two main categories on the basis of 
their susceptibilities and Q-ratios: 1) a magnetite 
population and 2) a pyrrhotite population (with 

pyrrhotite-dominant and pyrite-dominant sub-
categories). The anomalies selected for sampling 
and analysis consisted of plutonic, metasedimen-
tary and metavolcanic rocks, of which about one-
third comprised mica gneisses and one sample was 
composed of graphitic black schist. In almost 100 
sulphide-bearing samples, the relative proportions 
of different iron-bearing sulphides and magnetite 
were distinguished. The results demonstrate that 
sulphides may be a considerable source of conduc-
tivity anomalies, and that magnetite, when present 
with pyrite, may also be related to conductivity 
anomalies.

Fig. 3. Comparison of susceptibilities and Königsberger ratios of typical magnetite- or pyrrhotite-bearing rocks and their  
importance to the magnetic anomaly intensity and shape. Sampled from the Finnish National Petrophysical Database.

 

 

 

Blue samples:  
Magnetite-bearing dolerites and 
iron ore samples  

Red samples:  
Pyrrhotite-bearing black schists 
and VMS samples  
 
Q = Jr/Ji  
Ji = Induced magnetization  
Jr = Remanent magnetization  
 

Q ~1-2    Equal contribution of remanent and induced magnetization on magnetic anomaly intensity 
Q <1 Coarse-grained magnetite, remanence has irrelevant effect on magnetic anomaly 
Q >>1 Fine-grained magnetite or monoclinic pyrrhotite (Q ~10 and susc. > 10 000 µSI); remanence has strong 

effect on magnetic anomaly intensity and shape 
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Tools for visualization and anomaly enhancing

For the purpose of introducing geophysical sig-
natures related to different mineral systems, the 
magnetic total intensity image may in itself be very 
expressive, particularly so as a grey-scale presenta-
tion. These images are sensitive to delicate mag-
netic patterns and signatures that may be related 
to mineralization. However, additional informa-
tion may be obtained by using some mathemati-
cal tools to enhance certain geophysical signatures 
or suppressed geological features. These common 
tools include potential field derivatives, frequency 
filters, upward continuation or spatial derivatives. 
To analyse shallow geological structures, short 
frequencies are enhanced, and to extract deep fea-
tures, the regional, long-wavelength structures are 
enhanced. The following inserts illustrate ways of 
processing data sets and their combinations, and 
these are applied throughout this report in outlin-
ing the geophysical footprints of mineralization 
styles.

Insert 2 is an example of the integrated use of air-
borne magnetic and electromagnetic data sets 
in the visualization of an ultramafic intrusion in 
northern Finland (Airo & Kurimo 1999). The abil-
ity of GTK’s electromagnetic data to be used in cal-
culating the apparent susceptibility is useful when 
in situ petrophysical measurements are lacking. 
The remanent magnetization was suspected to af-
fect the magnetic anomaly related to the intrusion. 
Field checking verified that the magnetite-bearing 
part of the anomaly could be outlined by using the 
magnetite effect. The effect of remanence was ex-
cluded by calculation of the apparent susceptibility 
on the basis of the electromagnetic data. 

Insert 3 shows a collection of composite maps with 
mineral deposits, in which techniques for enhanc-
ing surface features in airborne geophysical data 
have been applied. This collection displays vari-
ous thematic and integrated maps produced from 
GTK’s airborne magnetic, electromagnetic and ra-
diometric datasets. These may be useful in analys-
ing geophysical surface anomalies and comparing 
geophysical information with observed geology. 
Classified electrical conductivity anomalies are 
also widely used in this report (e.g., Fig. 4b). 

Insert 4 describes how the electromagnetic re-
sponse can be used in distinguishing rocks with 
magnetite or pyrrhotite as their main magnetic 
mineral. Remanence affects the style of magnetic 
anomalies (magnetic anomaly intensity and shape). 
In the lower part of the aeromagnetic map “A”, 
magnetic anomalies are due to magnetite, where-
as in the upper part they are due to monoclinic  
pyrrhotite. This is verified by conductivity catego-
ries in map “B”, in which pyrrhotite-caused anoma-
lies are associated with electromagnetic anomalies 
indicating conductivity. In the case of coarse-
grained magnetite, with Q-values below unity, the 
magnetic anomaly depends almost entirely on the 
induced magnetization, and in this case the anoma- 
ly signatures are smooth. Along with decreasing 
magnetic grain sizes, the remanent magnetization 
becomes more dominant. This brings sharp gra-
dients and variation in anomaly intensities due to 
alternating directions of remanence. This is why 
the magnetic anomalies due to pyrrhotite or due 
to fine-grained magnetite are very similar.

The GTK frequency-domain airborne electromag-
netic system provides a possibility for classifying 
electromagnetic anomalies as conductive or non-
conductive. Map “C” shows the classification of 
anomalies on the basis of the ratio of the real (Re) 
to the imaginary (Im) component of electromag-
netic data (Re/Im). The phenomenon is based on 
the negative response in the real component at low 
conductivity and with high magnetic permeability 
(the so-called magnetite effect, diagram “D”) (Sup-
pala et al. 2005, Leväniemi et al. 2009). Although 
magnetite has intrinsically high conductivity, mag-
netite grains are rarely well electrically connected 
in unaltered intrusive rock. Even nearly massive 
magnetite can be relatively resistive, despite its 
high intrinsic conductivity. 

Insert 5 displays techniques for the detection of 
magnetic anomalies of a certain type: extremely 
high amplitudes + expected remanent magnetiza-
tion (Airo et al. 2014). This type of classification 
is constantly used in this report (Insert 9 for the 
whole of Finland and, for example, Fig. 4a). The 
highly magnetic anomaly source rocks may be, 
for instance, serpentinite bodies, ultramafic intru-
sions with abundant magnetite, or iron-bearing 
formations (iron ore, BIF, magnetite type IOCG).



25

Geological Survey of Finland, Special Paper 58
Geophysical signatures of mineral deposit types – Synopsis 

Insert 2. 
Palaeoproterozoic mafic-ultramafic intrusion Suukisjoki, Finnish Lapland (from Airo & Kurimo 1999).

Aeromagnetic anomaly map showing the mafic-ultramafic 
intrusion.
K: magnetic anomaly influenced by both  induced and 
remanent magnetizations
R: electrical conductivity + weak magnetization
V: weak magnetization
P: weakly magnetic country rocks

EFFECT OF REMANENCE EXCLUDED:
Apparent susceptibility was calculated from negative airborne 
electromagnetic in-phase component. The highest susceptibil-
ity (K) is shown in the colour overlay on the magnetic derivative 
map. Overall susceptibility was calculated from the negative AEM  
in-phase data as 0.05 SI (formulas by Keller & Frischknecht  1966)
 

Airborne electromagnetic in-phase (real) component shows 
negative response over the magnetite-bearing ultramafic intru-
sion (K). It corresponds to the high susceptibility parts of the 
intrusion. The conductivity anomaly (R) is based on pyrrhotite 
in country rocks.

                 

Location of the example anomaly in  
northern Finland.
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Insert 3. 
Detailed airborne geophysical signatures denote close-to-surface features of ground. Special tech-
niques may be used for enhancing subtle signatures. The map layers for whole of Finland have been 
prepared by E. Hyvönen, GTK. Map area is 25 km x 30 km.

A. Aeromagnetic grey-scale image (dark = high intensity anomaly). Notice the ring-like magnetic anomaly in the 
right upper corner; it will be discussed in more detail in Insert 13.
B. Classification of magnetic anomalies. Red = high amplitude (techniques and colour categories are explained in 
Insert 5).
C. Electromagnetic classified real component (red/brown = good conductivity: green = low conductivity). 
Low-amplitude noise has been removed.
D. Electromagnetic ratio map (Real/Imaginary components). Red = good conductivity; blue = low (no) conduc-
tivity.
E. Aeroradiometric image: uranium (cut-off).
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Insert 4.  
Magnetite or pyrrhotite?  How to use the electromagnetic response to distinguish rocks with mag-
netite or pyrrhotite content.

A. Aeromagnetic grey-shaded image. 
Dark shades denote high anomaly 
intensity.

B. Electromagnetic classification image 
(real component). 
Electrically conductive zones 
(pyrrhotite and graphite bearing 
rocks) in red/brown; low conductivity 
(magnetite bearing rocks) in green. 

C.  Electromagnetic Re/Im ratio 
(ratio of the Real  to the Imaginary 
component). Red = good conductivity; 
blue = no conductivity.

D. At low conductivities the electromagnetic low frequency response is negative. 
IP = In phase (real) component; Q = Quadrature (imaginary) component. µr = 
magnetic permeability.     From: Leväniemi et al. 2009.

The example area is 30 km wide.
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Insert 5. 
Method for magnetic anomaly detection by classifying magnetic anomalies (H. Leväniemi, GTK 
in Airo et al. 2014). Upper right: schist belts surrounding the Central Lapland granitoid area. Three 
more detailed example maps: Hannukainen (upper left), Vähäjoki (lower left) and Misi (lower 
right).

Thematic classification of magnetic total field intensity. TMI = Total Magnetic Intensity in 5 categories.  Red and 
pink indicate the highest magnetic anomaly intensity.

Classification of electromagnetic data: the ratios of Real to Imaginary components (Re/Im). 
The upper limit of magnetically susceptive range was set Re/Im = -0.2. Blue indicates low Re/Im ratios (negative values 
of the real component) and express the so-called magnetite-effect. Red and pink indicate good electrical conductivity. 
Before classification the data were smoothly filtered (3-point median filter) in order to remove point-distortion due to 
low original measurement values.
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Insert 5. 
Method for magnetic anomaly detection by classifying magnetic anomalies (H. Leväniemi, GTK 
in Airo et al. 2014). Upper right: schist belts surrounding the Central Lapland granitoid area. Three 
more detailed example maps: Hannukainen (upper left), Vähäjoki (lower left) and Misi (lower 
right).

Thematic classification of magnetic total field intensity. TMI = Total Magnetic Intensity in 5 categories.  Red and 
pink indicate the highest magnetic anomaly intensity.

Classification of electromagnetic data: the ratios of Real to Imaginary components (Re/Im). 
The upper limit of magnetically susceptive range was set Re/Im = -0.2. Blue indicates low Re/Im ratios (negative values 
of the real component) and express the so-called magnetite-effect. Red and pink indicate good electrical conductivity. 
Before classification the data were smoothly filtered (3-point median filter) in order to remove point-distortion due to 
low original measurement values.

Magnetic anomaly detection. 
The method is based on the variation of the magnetic anomaly amplitude (minimum  → maximum value) in a circular 
region at each data cell. The analysed data set comprised aeromagnetic data of 50 m grid cell size. The radius of the moving 
window was as large as 750 m to ensure an adequate spatial extent of the anomalies. 

Insert 5 (cont)

MINERAL DEPOSIT TYPES

Ore deposit types addressed in this review

Ore deposits can be classified on the basis of the 
metals they contain, the form of the deposit (i.e. 
mineral distribution), ore associations (associated 
host rocks or geological structures), or the genesis 
of the deposit (processes or controls) (McQueen 
2005). For the overview of the geophysical signa-
tures of mineral deposit types, the genetic classifi-
cation works better than classification based only 
on metals, because most metals have quite compa-
rable physical properties and are not therefore al-
ways distinguishable. The genetic classification of 
ore deposits presented in Eilu & Lahtinen (2013) 
is applied in this review for the geophysical char-
acterization (Table 8).

More than 30 different genetic types of metal 
deposits have been encountered in Finland (Eilu et 
al. 2012, FODD 2013). The most significant types 
of these, on the basis of past production and pre-
sent resources, are classified into five main groups. 

In the following, the discussion of geophysical 
properties is focused on these five main groups, 
with critical minerals discussed in the sixth group:
1. Magmatic Ni-Cu, PGE
2. Intrusion-hosted V-Fe-Ti, Cr
3. Orogenic gold
4. Volcanogenic Massive Sulphides (VMS) 
 (Cu, Zn, Pb, Au, Ag)
5. Banded iron formations and IOCG-style 
 Fe±Cu, Au
6. Porphyry Cu-Au
7. High-tech metals and uranium

Genetic classification schemes incorporate ele-
ments of composition, forms and association. 
From these, it is possible to construct predictive 
models that can be used to search geological envi-
ronments in which appropriate ore-forming pro-
cesses have probably operated (McQueen 2005). 

http://www.fugroairborne.com/services/geophysicalservices/byapplication/mineral-exploration/volcanogenic--massive-sulphides
http://www.fugroairborne.com/services/geophysicalservices/byapplication/mineral-exploration/volcanogenic--massive-sulphides
http://www.fugroairborne.com/services/geophysicalservices/byapplication/mineral-exploration/volcanogenic--massive-sulphides
http://www.fugroairborne.com/services/geophysicalservices/byapplication/mineral-exploration/volcanogenic--massive-sulphides
http://www.fugroairborne.com/services/geophysicalservices/byapplication/mineral-exploration/volcanogenic--massive-sulphides
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Table 8. Genetic classification of the main ore deposit types (mineralization styles) in Finland and selected example deposits. 
The classification is inspired by metallogenic areas by Eilu et al. (2012) (see indices in the first column). The examples include 
both metallogenic belts and individual deposits.

METALLOGENIC  
AREA

MINERALISATION STYLE EXAMPLES

ARCHEAN
F032, F047
F032
F030
F023
F034

Komatiitic Ni(-Cu-PGE)
Epithermal or VMS Ag-Zn
BIF
Orogenic gold
Epithermal gold

Kuhmo-Suomussalmi Ni, Ruossakero (Ni,Co)
Taivaljärvi Ag-Zn
Ilomantsi Fe (Huhus)
Ilomantsi Au (Pampalo)
Oijärvi (Au,Ag)

PALEOPROTEROZOIC RIFTING STAGES OF THE ARCHEAN CONTINENTS
F035, F045 
F036
F035
F048

F031
F029
F038
F037
F021, F020
F039

Layered intrusion Cr 
Mafic intrusion-hosted V-Ti-Fe
Layered intrusion PGE ± Ni-Cu
Ultramafic-mafic intrusion Cr,  
Ni-Cu ± PGE
Alkaline intrusion V-Ti-Fe 
Black shale –hosted Ni-Zn-Cu- Co
SEDEX
Volcanic red-bed Cu
VMS (Cu-Zn±Co)
Skarn Fe

Kemi Cr, Koitelainen Cr, Akanvaara Cr
Mustavaara V
Suhanko PGE, Siika-Kämä PGE
Sattasvaara Ni, Kevitsa Ni, Sakatti Ni

Otanmäki V
Talvivaara Ni
Haukipudas (Zn,Cu)
Peräpohja Cu
Hammaslahti (Cu-Zn), Outokumpu (Keretti)
Misi

PALEOPROTEROZOIC SUBDUCTION-RELATED

F028, F004, 
F009
F004
F009

VMS (Zn-Cu, Au-Cu)

Porphyry Cu ± Au
Epithermal Cu ± Au

Vihanti-Pyhäsalmi, Häme (Zn,Cu), 
Haveri (Tampere Au,Cu)
Kopsa, Kedonojankulma (Au, Cu)
Kutemajärvi (Tampere Au,Cu)

PALEOPROTEROZOIC COLLISIONAL

S034, F037
F020
F043, F040
F004, F007
F016, F027, F006

F005, F024, F002

IOCG (Au, Cu-Au, Fe)
Outokumpu-type Ni
Orogenic gold (Au±Cu,Co,Ni)
Orogenic gold (Au±Cu)
Mafic-ultramafic intrusion Ni-Cu

Rare metal pegmatite Sn, Nb-Ta, Li-Be

Pajala-Kolari, Vähäjoki
Vuonos
Kittilä (Au,Cu), Kuusamo (Co-Au ±Cu ±U± LREE)
Satulinmäki (Au), Jokisivu (Au)
Kotalahti (Ni,Co), Hitura (Ni,Co), 
Vammala (Ni,Co,Cu)
Somero Li, Emmes Li, Kemiö (Ta,Be)

PHANEROZOIC

 R013 Peralkaline intrusion, Carbonatite Sokli Apatite-Nb-REE

The major metallogenic epochs can be related to 
global geodynamic processes, including major pe-
riods of crustal break-up and convergence. Accord-
ingly, in Fennoscandia, the metallogenic events and  
diagnostic mineralization systems can be related to 
specific plate tectonic settings (Lahtinen et al. 2012, 
Eilu & Lahtinen 2013, Weihed et al. 2008). Con-
cerning geophysics, the recognition and outlining 
of tectonic plates and major structural zones con-
trolling mineralization requires analysis of regional 
geophysical data suites covering vast areas.

In this Special Paper volume, the review of phys-
ical properties of ore deposit types or mineraliza-
tion styles is mainly based on published informa-
tion, in particular on the key note speeches and 
presentations that were given at two geosciences 
conferences: Exploration07 held in Toronto in 
2007 (proceedings by Milkereit (ed.) 2007), and 
the SGA meeting held in Uppsala in 2013 (pro-
ceedings by Johnsson et al. (eds.) 2013).

General petrophysical properties

The physical properties of different mineral sys-
tems basically depend on the concentration, tex-
ture and properties of petrophysically anomalous 

minerals and properties of the host rock. The most 
important anomalous minerals are iron sulphides 
and iron oxides. In some cases, the ore minerals 
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themselves do not possess properties that are de-
tectable, or their concentration may be too low 
to have a geophysical influence, but there may be 
some properties of altered host rock that may indi-
rectly be used in targeting mineralization. 

Magnetite and pyrrhotite, or other ferrimag-
netic minerals, tend to accumulate in ore deposits 
(including the non-iron ones) or in their environ-
ments. Because these minerals often accompany 
economic mineralization in various ways, their 
magnetic properties can be important in the 
search for ore deposits, even though they do not 
often represent the economic minerals (Hrouda et 
al. 2009).

Sulphide deposits occur in rock complexes that 
were metamorphosed from zeolite to granulite fa-
cies and underwent regional metamorphism to-
gether with surrounding rocks. During the process 
of metamorphism, the ores may have recrystal-
lized and partially mobilized together with quartz, 
carbonates and barite (Hrouda et al. 2009). New 
minerals may have formed, for example, pyrite, 
pyrrhotite, magnetite, and Mg- and Fe-carbonates. 
The most commonly documented ore mineral-
related reaction in metamorphosed deposits is 
an increase in the pyrrhotite/pyrite ratio with in-
creasing metamorphic grade. The transformation 
can often also be reversed, mostly in the terminal 
phase of regional metamorphism when new py-
rite is created. The reaction of pyrite to produce 
pyrrhotite in metamorphosed massive sulphide 
deposits is considered unlikely, and much of the 
data indicate that the pyrite-pyrrhotite conversion 
is equivocal. Pyrrhotite can also occur in the form 
of a hexagonal phase, which is antiferromagnetic 
and displays only relatively low susceptibility. This 
pyrrhotite can occur in the deeper parts of mas-
sive sulphide ores, whereas a mixture of hexagonal 
and monoclinic pyrrhotite is typical of the near-
surface parts. 

Petrophyscial properties determine which geo-
physical techniques can best be used to investigate 
a mineral system. A comprehensive collection of 
geophysical properties for different mineraliza-
tion styles is available in literature and has been 
presented by several authors in the proceedings 
of Exploration 07 (Milkereit (ed.) 2007). They are 
summarized below to act as background for the 
following sections:
• Densities are largely controlled by the iron 

content in most rocks and minerals. Iron ox-
ides and sulphides may be identified as grav-

ity anomalies, but so also may dense host rocks 
such as mafic/ultramafic rocks.

• Magnetism readily distinguishes deposits 
bearing magnetite (Fe-Ti-V ores, iron oxides) 
or ferrimagnetic pyrrhotite (massive sulphide 
deposits). Remanent magnetization may have 
a prevalent role.

• Remanent magnetism can cause great difficul-
ties in modelling, especially with automated 
methods. Disseminated pyrrhotite with rela-
tively low susceptibilities can have Q-values (Q 
= the ratio of remanent to induced magnetism) 
over 10, producing significant local anomalies. 

• Electrical conductivity can usually be used 
to discriminate between base metal sulphides 
and Fe oxides. Some ore-related minerals may 
also have high conductivities. In general, iron 
oxides or certain rock types such as mafic or 
ultramafic rocks are not highly conductive.

• Radioactivity may have some role in limited 
cases. Generally, felsic or intermediate rocks 
may have high radioactivity, whereas mafic 
and ultramafic rocks and Fe and base-metal 
sulphides have little or no natural radioactiv-
ity. Thorium (Th) tends to enrich in alkaline 
rocks. It forms complex ions with, for example, 
sulphides, carbonates and phosphates. Chemi-
cal alteration may produce some identifiable 
change. Uranium (U) is generally highly mo-
bile, leaving thorium behind. Carbonatization 
may result in enrichment of U and Th, together 
with Au. Potassic alteration produces increased 
potassium radiation values, even for mafic and 
ultramafic rocks.  

• Seismicity has an important role in structural 
and lithological mapping. Seismic methods 
are able to produce high-resolution images of 
the geological structure and to define sharp 
boundaries in the subsurface. Seismic imag-
ing techniques require the input of information 
regarding propagation velocities of the media. 
This information is usually recovered from 
seismic data by interactive velocity analysis, or 
such information can be obtained from bore-
hole acoustic logs. The interpreted boundaries 
can be used as constraints in the inversion of 
other methods such as magnetics and gravity, 
which can be used to fill volumes with physi-
cal property values but have poor resolution at 
depth.

• Anomalous in most physical properties are 
sulphide deposits. These typically include  
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pyrrhotite, pentlandite and chalcopyrite, which 
may be the reason for electrical conductivity, 
chargeability, density, magnetic susceptibility, 
natural radioactivity and acoustic velocity. This 
combination of physical properties makes the de-
tection of significant concentrations of sulphides 
fairly straightforward. Sulphides easily deform 
plastically so that their hosting structures may be 
easily identified by geophysical methods. 

The petrophysical database of GTK contains labo-
ratory measurement results for various ore de-
posit types. These are summarized in Table 9. The 
number of samples is annually increasing as new 
measurements are performed to serve the needs of 
different GTK projects. The naming of the old da-
tabase samples is quite generalized and sketchy, but 
nevertheless the measurement values give an idea 

of the properties. To complement the ore sample 
database, new measurements were carried out for 
this study. The new samples were selected from 
GTK’s rock museum archives to cover different 
types of ore deposit, and they represent selected 
ore types from old Finnish mining areas. The new 
measurements are compiled in Table 10, and in 
addition to density and magnetic properties, they 
also include electrical properties. 

Insert 6 compares the petrophysical properties of 
various ore deposit types in GTK’s petrophysical 
database and the new measurements for this study 
(H. Säävuori, GTK), and they display great varia-
tion in properties, of course depending on the ore 
mineral content and type. The overall impression 
is that remanence is important, as indicated by  
Q-ratios of >1 for most of the samples. 

Spatial distribution of ore deposits

Structural and metamorphic aspects, in addition 
to geophysical properties, have an important role 
in affecting the assessment and the type of miner-
alization. The metamorphic and alteration history 
of the host rock and the age and timing of mineral-
ization are important, but of ultimate importance 
is the structural control – at a large or small scale, 
or both. Mineralization may be related to craton 
margins or crustal block boundaries, the miner-
alization may need contrasting redox conditions 
that may be found at lithological contacts, the fluid 
propagation needs fault systems or weakness zones 
formed by regional folding, or the mineralization 
may favour a certain type of pressure release such 
as in fold hinges.

Insert 7 summarizes structural lineaments in Fin-
land and adjacent areas, as inferred from Bouguer 
and magnetic anomaly data. Most mineral depos-
its are spatially related to these structural uncon-
formities. The lineaments were interpreted at more 
detailed scale on the basis of processed magnetic 
and gravity gradient data sets. Major structural 
zones are indicated in potential field data as par-
allel or aligned gradient zones following a certain 
orientation and referring to great unconform-
ity. Frequently, they are associated with a linear 
change in the overall regional anomaly amplitude. 
Regional gravity data reveal more prominent and 
crustal-scale structural features, whereas magnetic 
anomalies for the most part describe the surface. 

The major lines traverse from Sweden to Russia and 
crosscut the whole of Finland. Their main orienta-
tions are linked to the main periods of crustal break 
down in the history of the Fennoscandian shield.  
Insert 8 displays the Bouguer anomaly map with 
the interpreted major structural lines. The map 
shows regions of regional high gravity that can be 
related to granulite facies metamorphism, e.g. the 
Archaean eastern Finland and the granulite belt in 
Lapland. Granulite facies metamorphic units close 
to the surface tend to be associated with regional 
gravity highs, because prograde metamorphic pro-
cesses increase the content of higher-density mafic 
silicates in rocks. Block boundaries and major un-
conformities are outlined by regional gravity lows. 
One of them is the Raahe-Laatokka zone, with lo-
cal gravity highs following both sides of the zone. 
Of the areas with known Ni deposits, Kotalahti 
(also Insert 10) and the Vihanti-Pyhäsalmi area are 
related to gravity highs. 

Insert 9 displays the magnetic anomaly map of Fin-
land with the classification of magnetic anomalies 
(techniques and colour categories are explained in 
Insert 5). Magnetic anomaly classification distin-
guishes the high magnetic anomaly amplitudes, 
either due to magnetite or monoclinic pyrrhotite. 
In addition to high magnetic susceptibilities, these 
anomalies are affected by high remanent magneti-
zation. These techniques are a useful way of detect-
ing iron formations, e.g. BIF, Fe-bearing cherts or 
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Insert 6.  
Comparison of various ore deposit types in the petrophysical database and the new measurements 
of rock museum archives made for this study (H. Säävuori, GTK). Sampling sites are shown the 
aeromagneticmap. 
Samples from database
Individual information of petrophysical parameters in Table 9. The group “Ores (not specified)” is petrophysically quite 
homogeneous and probably is composed of the same type having distinctive magnetic properties.
Petrophysical diagrams:
1.  Susceptibility versus density; sulphide ores have here generally lower densities than e.g., banded iron ores. 
2. Susceptibility versus Q-ratio; line Q = 1 is shown. Q >1 denotes the overall fine magnetic grain size for all except  

banded iron ores.
3.  Remanent versus induced magnetization; line Q = 1 is shown. Remanent magnetization predominates over the  

induced (Q >1) for all other samples except banded iron ores.

the Fe deposits associated with IOCGs. Some dis-
tinctive magnetic anomalies in Finland that stand 
out are outlined: the Sulkavanniemi-Kitee anoma-
lies in southeastern Finland (A), the Vittinki zones 

on the west coast (B), Kuusamo schist belt (C) and 
the Kellojärvi ultramafic body in the southern part 
of the Kuhmo greenstone belt.
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Insert 6 (cont)

Samples from rock museum
Individual information of petrophysical parameters in Table 10. The metallogenic areas by Eilu et al. (2012) are indicated 
for comparison.
Petrophysical diagrams:
1. Susceptibility versus density quite scattered.
2. Remanent versus induced magnetization; on both sides of line Q =1.
3. Susceptibility versus resistivity: quite scattered and 6 samples have resistivity out of the measurement range.
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Table 9. Petrophysical data from ore samples measured at GTK. Averages of petrophysical properties. Density g/cm3, suscepti-
bility ·10-6, remanent magnetization Am·10-3, Q-value (Königsberger ratio), magnetite content calculated. 

Ore deposit type Density Magnetic
susc.

Remanent 
magn.

Q-value Magnetite
content

N

BANDED IRONORE 3244 238668 56153 41 8 125
COMPACT ORE 3499 735880 34212  2 2 8
HEMATITE (BANDED IRONORE) 4163 1740 60  1 0 1
JASPIS 3371 710350 332375  8 29 2
MAGNETITE ORE 3877 1166924 391160 33 21 11
ORES (not specified) 3860 1145132 647151 43 34 40
PYRITE ORE 4168 15360 8810 15 1 1
SKARN ORE 3269 29440 1 2
SULPHIDE ORE 3032 8300 3816 17 0 25
Total 3386 448774 187277 36 12 215

Table 10. Petrophysical data for ore samples from rock museum archives of GTK. Averages of petrophysical properties. D = 
density g/cm3, K = magnetic susceptibility ·10-6, J = the intensity of remanent magnetization Am·10-3, Q-value (Königsberger 
ratio), R = resistivity Ohms, and б = conductivity (S/m).

Ore type Metal Sampling  
site

D(kg/m3) K(10-6SI) J(mA/m) R(ohmm) σ (S/m) Q-ratio

ANTIMONY ORE Sb KALLIOSALO 2903 -5 25 136 0,007
HEMATITE Fe TAPOROVA 3984 698953 119279 44 0,023 4,16
CHROME ORE Cr AKANVAARA 3747 4781 35 0,18
GOLD ORE Au SAATTOPORA 3236 4972 558 186 0,005 2,74
GOLD ORE Au ORIVESI 4489 19 17 21,14
GOLD ORE Au JOKISIVU 2833 274 9 0,83
COPPER ORE Cu ORIJÄRVI 3774 119185 57592 37 0,027 11,79
COPPER ORE Cu ORIJÄRVI 3079 7147 4583 155 0,006 15,65
COPPER ORE Cu KERETTI 3761 202 29 326 0,003 3,45
COPPER ORE Cu TYNYSNIEMI 3142 197 18 116 0,009 2,25
COPPER ORE Cu HAMMAS-

LAHTI
2978 449 13 12909 0,000 0,70

COPPER ORE Cu OUTOKUMPU 4566 190384 232736 1 1,471 29,83
LEAD ORE Pb PAKILA 3052 8792 63578 194 0,005 176,44
LEAD ORE Pb METSÄ-

MONTTU
3761 784 93 2,90

LEAD ORE Pb KORSNÄS 6118 1 6 202 0,005 255,58
LEAD ORE Pb KORSNÄS 5869 20 13 249 0,004 15,85
Ni-Cu-ORE Ni-Cu KOTALAHTI 3836 88891 129846 2 0,658 35,64
Ni-Cu-ORE Ni-Cu PETOLAHTI 3319 161175 26507 27 0,03651 4,01
Ni-Cu-ORE Ni-Cu HITURA 2677 125950 3697 426 0,00235 0,72
NICKEL ORE Ni LAUKUN-

KANGAS
4411 37944 27116 3 0,32680 17,44

NICKEL ORE Ni HÄLVÄLÄ 3213 14162 2873 4,95
IRON ORE Fe BÖLE 3128 379479 1932 65 0,01530 0,12
IRON ORE Fe SUSIMÄKI 3901 540796 38739 45 0,02208 1,75
IRON ORE Fe SUUOJA 3687 142900 18198 2445 0,00041 3,11
PYRITE ORE FeS PYHÄSALMI 4758 2027 63 0,76
ZINK ORE Zn HAMMAS-

LAHTI
3625 5307 3357 27 0,03729 15,44

ZINK ORE Zn PAKILA 3588 1553 353 5153 0,00019 5,54
ZINK ORE Zn VIHANTI 4247 135891 19110 82 0,01216 3,43
ZINK ORE Zn VIHANTI 3059 81476 9835 103 0,00968 2,95
ZINK ORE Zn ORIJÄRVI 3805 13619 9828 17,61
TIN ORE Sn PERÄLÄ DIKE 2739 0 3 1836,10
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Insert 7. 
Structural lineaments inferred from potential field data (Airo, M.-L., GTK 2013). Three main ori-
entations are indicated by green, blue and purple lines. Ore deposits  (FODD 2013) are spatially 
related to the structural zones. 
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Insert 8. 
Bouguer anomaly map of Finland and adjacent areas. The main interpreted structural zones (as in 
Insert 7) follow crustal scale lineaments in gravity data. Mineral deposits (FODD 2013) are spa-
tially related to the structural zones.Bouguer anomaly map of Fennoscandia based on Korhonen 
et al. 2002.
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Insert 9. 
Aeromagnetic anomaly map with classified magnetic anomalies. The techniques and colour catego-
ries are explained in Insert 5.The outlined regions with prominent magnetic anomaly intensities are 
discussed in the text. Magnetic anomaly map of the Fennoscandian Shield based on Korhonen et al. 
2002.
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Ni-Cu sulphides are frequently magnetic but not 
always, and they may produce a wide variety of 
geophysical signatures. Despite the association of 
magnetic anomalies with many nickel sulphide ore 
bodies, magnetic data alone are unreliable for lo-
cating ore bodies, and the use of other geophysical 
methods, particularly electromagnetic, is essential 
for target selection (Gunn & Dentith 1997). The 
physical properties of PGE (platinum group ele-
ment) minerals are not usually apparent because 
of their low concentrations. Common character-
istics of Ni-Cu sulphides, including magmatic or 
sulphidic mineralization, can include magnetic 
high signatures, density and gravity highs, and/or 
either electrical conductivity (due to the presence 
of massive sulphides) or chargeability (due to dis-
seminated sulphides), magnetic susceptibility, nat-
ural radioactivity, and acoustic velocity (Lightfoot 
2007, King 2007). 

Geophysically, the most relevant mineral among 
Ni-Cu sulphides is pyrrhotite. It is dense, highly 
magnetic in its monoclinic form, and electrically 
conductive. The hexagonal form of pyrrhotite is 
antiferromagnetic and may display only relatively 
low susceptibility. Pyrrhotite and magnetite are 
present in the Co, Ni and PGE deposits, and the 
measurement of magnetic susceptibility from drill 
cores is a good addition to susceptibility well log-
ging. The susceptibility measurement of cores also 
helps in searching for the relationship between fer-
rimagnetic minerals and economic ore minerals 
and/or footwall rocks. The magnetic susceptibil-
ity can also be used in the selection of samples for 
more detailed laboratory study.

The known Finnish magmatic nickel deposits 
have been classified into three types (Rasilainen et 
al. 2012): 
1) Ni-Cu deposits associated with synorogenic 

Palaeoproterozoic (~1.89–1.87 Ga) mafic-
ultramafic intrusions in central and southern 
Finland,

2)  Ni-Cu deposits associated with Archaean (~2.8 
Ga) komatiitic rocks in eastern and northern 
Finland and Palaeoproterozoic (~2.05 Ga) 
komatiitic rocks in northern Finland, and

3)  Ni-Cu-PGE deposits associated with Palaeo-
proterozoic (~2.45 Ga) mafic-ultramafic lay-
ered intrusions in northern Finland. 

The two large nickel deposits, Kevitsa Ni-Cu-PGE 
deposit and Talvivaara Ni-Zn-Cu-Co deposit, rep-
resent rare Ni deposit types, and are not included 
into the classes above.

Most of the important nickel deposits world-
wide are located along craton margins, which are 
commonly associated with prominent gravity and 
also magnetic signatures. Good examples are Ko-
talahti-Sulkavanniemi occurrences located on the 
eastern side of the regional gravity low indicating 
the Raahe-Laatokka zone (Insert 10). Magmatic 
Ni-Cu and Ni-Cu-PGM deposits are associated 
with mafic-ultramafic rocks, which themselves 
produce strong magnetic and gravity anomalies. 
However, deposits of type 1 are hosted by weakly 
magnetic mafic-ultramafic intrusives. The komati-
itic host rocks (type 2) in general are highly mag-
netic on the basis of their magnetite content, as are 
the mafic-ultramafic layered intrusions (type 3). 
On closer inspection, type 3 intrusions are associ-
ated with variable magnetic signatures, depending 
on the alteration of magnetite-bearing units. The 
PGE deposits in the Suhanko-Siikakämä and Koil-
lismaa areas are related to the weakly magnetic 
parts of layered intrusions. Zientek (2012) reviews 
the geophysical characteristics of contact-type Cu-
Ni-PGE and Reef-type PGE deposits. The main is-
sue is that geophysical methods do not map PGE 
minerals directly, but they indicate physical prop-
erty contrasts of primarily sulphide minerals and 
magnetite that may be associated with mineraliza-
tion. 
• Detailed aeromagnetic surveys may be used 

to establish a geologic framework of an area, 
but do not generally give a direct indication of 
mineralized rock. High-resolution surveys can 
be used to map igneous layering and tectonic 
structures, particularly if the data are enhanced 
to distinguish subtle features. 

• Gravity studies may be used to determine the 
subsurface extent of rocks with variable densi-
ty, and they are particularly well suited to map-
ping and modelling the extent and volume of 

MINERAL SYSTEMS: GEOPHYSICAL MANIFESTATIONS

Magmatic Ni-Cu, PGE
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Insert 10. 
The Sulkavanniemi-Savonlinna belt in southeastern Finland is associated with intensive magnetic 
anomalies.

Mineral deposits are from FODD 
(2013).

The geological map is based on the 
GTK in-house digital bedrock da-
tabase (Geological Survey of Fin-
land 2010).

The map area is 130 km wide.

High intensity short wave-length magnetic anomalies 
along the block boundary that is indicated by gravity 
data.

Highest magnetic anomaly amplitudes are related to the 
schists (not volcanic rocks).

High intensity magnetic anomalies are associated with 
coincident conductivity, so the magnetism is carried by 
abundant monoclinic pyrrhotite.

Red = good conductivity
Green = magnetite
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mafic and ultramafic igneous rocks. However, 
gravity measurements are not used to directly 
locate mineralized rocks. 

• Electrical methods work best on rocks that are 
conductive. For contact-type deposits, airborne 
and ground electromagnetics and induced po-
larization surveys can be used to identify and 
delineate rocks that contain conductive and in-
terconnected net-textured or massive sulphide 
ores. For reef-type ores, with low sulphide min-
eral contents, electrical responses are subtle. 

• Once a rock layer that contains reef-type min-
eralization has been identified, seismic studies 
can be used to map the subsurface extent of the 
rocks. Three-dimensional seismic surveys have 
been used to identify structural features such as 
faults, depressions and cavities.

Three examples, in Figures 4–5 and Insert 10, 
show how magnetite-bearing komatiitic rocks can 
be distinguished by the classification of airborne 
magnetic and electromagnetic (frequency-do-
main) data. 

A negative AEM response meaning non-con-
ductivity characterizes the host rocks of Lomalam-
pi, Kevitsa and Sakatti Cu-Ni-PGE occurrences in 
northern Finland (Fig. 4). However, on closer in-
spection, in Kevitsa the major part of the intrusion 
is recognized as conductive due to pyrrhotite as 
the main magnetic mineral. The magnetic anom-
aly classification enhances magnetic signatures 
associated with relevant remanence. The Sakatti 
anomaly stands out locally in the detailed image. 

Petrophysical properties for the komatiite-host-
ed Lomalampi PGE-Ni-Cu-Au deposit in northern  

Fig. 4. Airborne geophysical integrated maps from northern Finland covering the Koitelainen gabbro and adjacent areas. The 
upper images are 50 km wide. Rounded circles below show detail of the Sakatti occurrence. 
Upper left: Aeromagnetic anomaly classification map. This classification points out magnetic anomalies of very high intensity 
and short wavelength (red circles; see more detailed explanation and colour categories in Insert 5). Sakatti and some other 
similar targets can be noticed. 
Upper right: Airborne electromagnetic (AEM) classification; background magnetic derivative map. AEM categories are ex-
plained in Insert 4; good conductivity is indicated in red and poor/no conductivity in green. The magnetite-bearing komati-
itic rocks stand out as resistive. The electrical conductors are related to greenstones with a graphite-bearing interlayer or the 
sheeted dyke complex. 
Circles below: The Sakatti formation is associated with a magnetic anomaly (left), but not with electrical resistivity or conduc-
tivity (right).
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Fig. 5. Petrophysical properties from Lomalampi (Salmirinne 2010). Diverse rock types are clustered into 
typical density/susceptibility ranges. Serpentinites and peridotites have the highest susceptibilities. The 
mineralized peridotites (orange circles) cannot be distinguished from other peridotites by their density/ 
susceptibility distributions. Black schists and sulphide schists are clustered into one group with pyrrhotite 
susceptibility and density < 2800 kg/m3, but sulphide schists also form another cluster with a higher density 
range. 
Table representing petrophysical properties: Median values of petrophysical in-situ loggings for the main 
rock types reported from drill holes in the Lomalampi area (8 drill holes, 2004). Note the low level of 
radioactivity of ultramafic rocks. 
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Finland have been summarized by Salmirinne 
(2010), in Figure 5. Various rock groups can easily 
be classified in the density/susceptibility plot. Pe-
ridotites hosting the mineralization have the high-
est susceptibilities, whereas sulphide schists have 
lower susceptibilities but higher densities. 

The Sulkavanniemi-Savonlinna belt in south-
eastern Finland is associated with highly intensive 
magnetic anomalies (Insert 10). These are related 
to volcanic rocks and black schists, and the mag-
netic zone continues to Kitee, close to the Russian 
boarder. 
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Geophysical key factors for Ni-Cu-PGEs 

Density 
The density of sulphide minerals is generally 
anomalously high, generally >4 g/cm3. Mafic 
and ultramafic rocks hosting Ni-Cu-PGE de-
posits also have high densities because of the 
elevated abundance of mafic minerals such as 
olivine and pyroxene. Thus, density may be 
used for the direct detection and quantitative 
measurement of many sulphide ores. 

Gravity 
Regional airborne gravity (or regional ground 
gravity with fair resolution) and gravity gradi-
ometer coverage would be one of the best ways 
to promote nickel sulphide (and other) explora-
tion. Gravity is an effective technique for defin-
ing the geometry and structure of the deposits 
and their host rocks at a regional scale. 

Magnetic susceptibility 
Ni-Cu sulphides may be magnetic, but not al-
ways. The economic sulphides pentlandite and 
chalcopyrite are non-magnetic, whereas the 
magnetic properties of many sulphide ores are 
dominated by pyrrhotite. The latter is moder-
ately magnetic in its monoclinic form but non-
magnetic in its hexagonal form. The mafic and 
ultramafic host rocks may be highly magnetic, 
depending on the concentration of magnetite, 
which is a common primary mineral or a hy-
drothermal alteration product. However, de-
pending on the degree of serpentinization, their 
magnetization may be very variable. 

Electrical properties: conductivity/resistivity 
Electrical conductivity is the most effective sin-
gle tool in the identification of semi-massive to 
massive Ni-Cu sulphides. There is a very large 
contrast (about 8–9 orders of magnitude) be-
tween the electrical properties of Ni-Cu sul-
phides and their host rocks. Pyrrhotite has one 
of the highest conductivities: only graphite is 
of the same order or higher, but graphite rarely 
occurs in a truly massive crystalline form over 
large thicknesses, i.e. tens of metres thick. This 
makes massive to semi-massive pyrrhotite-
dominated bodies, with or without nickel sul-
phides, fairly unique in conductance (conduc-
tivity x thickness).

Electrical chargeability 
Since the Ni-Cu-S minerals all have high metal-
lic conductivity, they have high electrical charge-
ability. The good contrast with most host rocks 
makes them good induced polarization (IP) tar-
gets. Chargeability may be a good indicator of 
vein-type deposits or unconnected disseminated 
sulphides which are rarely conductive. If country 
rocks have too similar properties to the explora-
tion target, the application may be complicated. 
Both barren and nickelferous sulphides are con-
ductive and chargeable – as are carbonaceous 
shales and graphite (i.e. black shales in Finland). 
In the case of low levels of sulphides, dissemi-
nated magnetite in mafic to ultramafic rocks can 
cause chargeability anomalies. 

Natural radioactivity 
Radiometric data have been acquired on a re-
gional basis comparable in scale to magnetics 
in many countries and in Finland as well. The 
anomalously low radioactivity of mafic and ul-
tramafic rocks makes radiometrics a very valu-
able tool in areas where surface soils have weath-
ered in place. The almost non-existence of U, K 
and Th in massive Ni-Cu-S also makes natural 
radiometrics a potentially useful passive radio-
active method for identifying massive sulphides 
(through the absence of a response).

Seismics 
Density plays an equal part with acoustic veloc-
ity in the acoustic reflectivity coefficient. This is 
an important factor in hard rock seismics, where 
velocity variations can be small and density val-
ues dominate the reflectivity. Seismic reflection 
is the only method in which spatial resolution 
does not decline rapidly with depth and has the 
capability to directly detect deposits at depths 
that are many multiples of their size. However, 
due to non-uniqueness in simple reflection im-
ages, these signatures may not be definitive. 
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Ketola (1982) evaluated the applicability of ex-
ploration methods in the search for Ni-Cu ores 
in Finland, the emphasis being on those methods 
that contributed to the discovery of known ore 
deposits. The report describes the geology, geo-
physics and petrophysics of most of the Ni-Cu ore 
deposits found at that time in Finland. Geophysi-
cal surveys play a key role in the search for Ni-Cu 
ores associated with mafic and ultramafic rocks. 
The large number of magnetic and electromag-
netic anomalies in areas with pyrrhotite-bearing 
black schists has made it increasingly necessary to 

use geochemical surveys for classifying geophysi-
cal anomalies. The detectability of an ore-potential 
mafic intrusion depends not only on its dimen-
sions and attitude, but also on its grade of serpen-
tinization, which is reflected in the variation of the 
petrophysical properties. The main point is how 
well an anomaly produced by a certain method 
can be distinguished from the environment. 

The summary of geophysical key properties in 
the following fact sheet is mainly after King (2007) 
and Lightfoot (2007).

Intrusion hosted Fe-Ti-V, Cr

Magmatic rocks containing economic concentra-
tions of iron, titanium, vanadium and phospho-
rous are commonly associated with massif-type 
anorthosites and related rocks. Aeromagnetic 
surveying is an essential geophysical tool for the 
exploration of Fe–Ti–V–P ore bodies, because 
these deposits contain ferrimagnetic Fe-Ti oxides. 
The gravity method is also utilized, because of the 
high density minerals. The magnetic properties of 
Fe–Ti ore deposits present contrasting signatures, 
depending whether the natural remanent magnet-
ization is dominated by hemo-ilmenite or multi-

domain magnetite (Charlier et al. 2015). Charac-
terization of the rock magnetic properties in the 
Rogaland Anorthosite Province led McEnroe et al. 
(2001) to distinguish between two groups of Fe–Ti 
mineralization types that produce large and con-
trasting anomalies on aeromagnetic maps, a clas-
sification that can be extended to Fe–Ti oxide de-
posits worldwide. Bolle et al. (2014) also suggested 
anisotropy of magnetic susceptibility (AMS) anal-
ysis for studying the structural details of folding 
and stretching of a layered intrusion.

Magnetic properties of Fe-Ti deposits

The first group of Fe–Ti occurrences encom-
passes noritic rocks with relatively abundant 
coarse (multi-domain) magnetite and homoge-
neous (near-end-member) ilmenite. Ores from 
this group have high values of natural remanent 
magnetization (NRM) and magnetic suscepti-
bility (K), coupled with low values of coercivity 
and Koenigsberger ratios (Q, the ratio of NRM 
to induced magnetization, i.e. K multiplied by 
the ambient magnetic field). They produce an 
induced-current magnetic response parallel 
to the Earth’s present-day magnetic field, giv-
ing rise to positive anomalies on aeromagnetic 
maps. The magnetic properties of these rocks 
are dominated by magnetite; in particular, the 
viscous NRM behaviour is “more or less as pre-
dicted from the common behavior of multi-do-
main magnetite”.

The second group of Fe–Ti deposits, with a 
magnetic signature drastically different from 
the former group, includes hemo-ilmenite rich 
noritic rocks and massive hemo-ilmenite ores, 
containing no or minor multi-domain magnet-
ite. Rocks from this group have high NRM and 
Q values, and moderate to high coercivities and 
susceptibilities. They produce remanence-in-
fluenced to remanence-dominated anomalies, 
and are thus strongly dependent on the orienta-
tion of the Earth’s magnetic field at the time of 
emplacement and cooling. The strong and sta-
ble NRM of this group primarily results from 
hemo-ilmenite; however, oxide exsolutions in 
silicates, chiefly exsolved blades and rods of 
hemo-ilmenite and/or magnetite with ilmenite 
oxy-exsolution in pyroxenes, may contribute 
significantly to NRM in some cases.
    
 from McEnroe et al. 2001
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Intrusion-hosted Fe mineralization types in Fin-
land include mafic intrusion-hosted (Mustavaara) 
and alkaline intrusion-hosted (Otanmäki) V-Fe-
Ti ore deposits.  These are associated with strong 
magnetic responses. The Koivusaarenneva metal-
logenic zone contains ilmenite-rich gabbro intru-
sions and magnetite-bearing gabbros: magnetic 
and gravity anomalies have been used in their 
definition. The Koitelainen Cr, V, PGE deposits, 
associated with a mafic to ultramafic weakly mag-
netic layered intrusion, include two sulphide-free, 
PGE-enriched chromite reefs and a V-rich gabbro 
(Mutanen 1997). 

The Misi Fe-deposits contain martitizied mag-
netite (Saltikoff et al. 2006, Niiranen et al. 2003). 
When magnetite is gradually replaced with mar-

tite (hematite), the effective magnetic grain size 
of magnetite decreases, resulting in an increased 
intensity of remanent magnetization, and this in 
turn is reflected in the magnetic anomaly signa-
ture. The magnetite destruction associated with 
magnetite oxidation and deep weathering to hem-
atite is directly measurable as decreased magnetic 
susceptibility, and finally it may be that the iron 
ore deposits form clear magnetic lows. 

The example Otanmäki V-Fe-Ti area (metallogen-
ic zone F031 in Eilu et al. 2012) is characterized as 
follows (Fig. 6):
• magmatic vanadium-rich magnetite-ilmenite 

deposits in deformed and metamorphosed 
gabbros;

Fig. 6. The Otanmäki V-Fe-Ti area comprises local magnetic anomalies located along a regional gravity gradient zone (lower 
right). The outline of detailed maps is 40 km wide. Upper left: aeromagnetic map; lower left: magnetic anomaly classification 
with the magnetic derivative map as background. Mineral deposits from FODD (2013).
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• in addition to ferrous metals, a potential source 
of REE, Zr and Nb in gneissic alkaline grani-
toids;

• Proterozoic rocks inside Archaean gneisses; 

• introduce a local gravity anomaly north of the 
regional gravity gradient zone;

• magnetite-bearing units are distinguished by 
electromagnetic data. 

Orogenic gold

Most of the gold in Fennoscandia is produced 
from orogenic gold deposits with gold as the main 
product. Orogenic gold deposits occur through-
out the Palaeoproterozoic of southern and central 
Finland. However, a number of gold deposits may 
alternatively be classified as volcanogenic mas-
sive sulphides (VMS) or iron oxide-copper-gold 
(IOCG) or porphyry copper deposits, where gold is 
the by-product. These categories will be discussed 
separately later in this article. The undiscovered re-
sources in orogenic gold deposits in Finland have 
recently been assessed by Eilu et al. (2015).

The physical properties of gold (Au), with a den-
sity of 19 300 kg/m3 and an electrical conductiv-
ity of 5·107 S/m, are one of the most anomalous 
of all elements. However, gold occurs in such low 
concentrations that it does not give any direct 
geophysical response, although the influences of 
geological processes that result in gold deposition 
may be detectable. A key element is to understand 
and detect the different types of gold deposits and 
their favourable geologic settings and controls at 
regional to local scales, especially in covered ter-
rains (Robert et al. 2007, Hoover et al. 1995).

Orogenic gold deposits 
These have occasionally formed from the Mes-
oarchaean to younger Precambrian and during 
the whole Phanerozoic eon. Orogenic gold oc-
currences are associated with processes involv-
ing the flow of sulphur-bearing hydrothermal 
fluids transferring a considerable amount of the 
leachable gold through major fault networks 
and along migration paths. Eventually, gold pre-
cipitates in secondary and tertiary fault zones in 
shallow areas of uplifting orogens (Goldfarb et 
al. 2001, Groves et al. 1998). Three main types 
of orogenic deposits are distinguished based 
on their host-rock environment: greenstone-

hosted, turbidite-hosted, and BIF-hosted types. 
The dominant sulphide mineral is pyrite at 
greenschist grade and pyrrhotite at amphibolite 
grade. Ore bodies are surrounded by zoned car-
bonate-sericite-pyrite alteration haloes that are 
variably developed depending on the host rock 
composition. The ore bodies are associated with 
quartz veins, brittle faults, brittle–ductile shear 
zones and some strongly ductile shear zones. In 
greenstone belts, the significant vein deposits 
are typically distributed along specific regional 
compressional to transpressional structures 
(Robert et al. 2007).

Geophysically relevant minerals in gold deposits 
are pyrite, pyrrhotite and magnetite. The dominant 
sulphide mineral in metamorphic rocks is com-
monly pyrite at greenschist grade and pyrrhotite at 
amphibolite grade. At a regional scale, the major-
ity of deposits are spatially associated with regional 
shear zones and commonly occur in greenschist to 
lower-amphibolite grade rocks, consistent with the 
overall brittle-ductile nature of their host struc-
tures. Alteration characteristics for orogenic gold 
deposits include Fe-Mg-carbonate alteration asso-
ciated with magnetite destruction. The structural 
control of mineralization is characterized by fault 
or shear zones, especially with bends and intersec-

tions or culminations of anticlines, high-angle re-
verse faults or cross-structures. EM methods can 
also be used to map alteration, lithological contacts 
and faults. Regional potassium highs in radiomet-
ric data may indicate felsic magmatism, and local 
potassium highs with low Th/K may be associated 
with potassic alteration. For Au-quartz vein depos-
its, IP methods and gamma-ray spectrometry may 
be applied to map massive quartz veins (resistivity 
highs) and potassic alteration (potassium highs, 
respectively). Regional gravity lows over thick vol-
canic sequences or local gravity highs associated 
with felsic intrusions may indicate alteration. 



47

Geological Survey of Finland, Special Paper 58
Geophysical signatures of mineral deposit types – Synopsis 

Geophysical key factors or methods for gold deposits

Petrophysical data
These may be collected via borehole logging or 
hand sample analysis. Density, magnetic sus-
ceptibility, resistivity, chargeability and gamma 
radiation may be good indicators, depending 
on the contrast in physical properties of the 
mineralized and the unaltered country rocks. 
Petrophysical data have also been used at the 
regional scale, for example, to look at the ef-
fects of metamorphism on the geometry and 
geophysical response of greenstone belts. 

Gravity methods 
These are used at all scales from the identifi-
cation of prospective gold districts to that of 
gold-related hydrothermal alteration at a local 
scale (from airborne gravity gradient systems 
to deposit-scale ground gravity). At a regional 
scale, gravity is an effective technique for de-
fining the geometry and structure of green-
stones belts. The structure and alteration can 
also be mapped.

Magnetic method 
This provides information on geological units, 
faults, and shear and alteration zones that may 
control the mineralization. Magnetite destruc-
tion due to chemical alteration can be outlined 
from magnetic lows. 

Radiometric data 
These work well in defining chemically altered 
rock units if the alteration has introduced sig-
nificant amounts of potassium, as is typical for 
orogenic gold systems. Uranium is generally 
mobile, leaving thorium behind. 

Electric or electromagnetic methods 
These are effective if sulphides are included. The 
conductive and chargeable sulphides are com-
monly associated with orogenic gold. Airborne 
electromagnetic methods reveal the geological 
framework or delineate zones of high conduc-
tivity within resistive mafic to ultramafic host 
rocks. The methods most successfully applied 
for gold exploration have been DC resistivity 
and induced polarization (IP). Other impor-
tant electromagnetic methods used are VLF-
R, SP and HLEM. Electromagnetic anomalies 
are caused by graphite, sulphides and fractures 
containing water. IP may detect disseminated 
sulphides and SP is used to map and classify 
conductive sulphide and graphite occurrences.

Seismic surveys 
These are not widely applied in gold explora-
tion. This is largely due to the complicated 3D 
geometry of lithological contacts and their 
often steeply dipping nature. In recent years, 
seismic surveys have nevertheless been used at 
local and regional scales to map the stratigra-
phy and structure in the appropriate geological 
settings.

Remote sensing 
Very significant technological advances have 
been made in the last ten years in the field of 
infrared spectroscopy for alteration mapping. 
Satellite multispectral systems such as AS-
TER and airborne hyperspectral sensors such 
as Hymap have improved spatial and spectral 
resolution, higher signal-to-noise ratios, and 
wider spectral range coverage. Field portable 
hyperspectral instruments such as Pima have 
become standard tools for alteration mapping 
since they were first introduced to the mineral 
industry in the mid-1990s (Robert et al. 2007).
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Archaean greenstone belts hosting orogenic gold 
in Finland are Tuntsa, Oijärvi, Suomussalmi, 
Kuhmo, Tipasjärvi and Hattu belt (Eilu et al. 2015, 
Airo 2007, Airo & Mertanen 2008). The magnetic 
anomalies of greenstones are generally of low in-
tensity because of the deficiency of magnetite in 
greenstone grade mafic rocks. The effect of hydro-
thermal alteration on the petrophysical properties 
of ultramafic units in the Kittilä greenstone belt 
are described in Insert 11. 

The Palaeoproterozoic Kittilä greenstones host sev-
eral orogenic gold deposits (Eilu et al. 2015). The 
Kittilä and Salla greenstone belts, and Kuusamo 
and Peräpohja schist belts are all characterized 
by weakly magnetic host rocks. Petrophysical 
properties have been widely used in selecting the 
best methods for ground surveys in gold pros-
pects of the Kittilä greenstone belt. For example, 
Salmirinne and Turunen (2006) reported detailed 
petrophysical investigations from Kaaresselkä and 
Loukinen. Results based on 24 drill hole sections 
below the ground water table displayed the differ-
ence between gold-bearing mylonites and other 
rocks. In the apparent resistivity and gamma ra-
diation results, there were satisfactory differences 
between the two classes, but in the density, suscep-
tibility and chargeability measurements, the distri-
butions of the parameter values overlap too much 
for practical use in field exploration. The use of 
gamma radiation is insignificant in field mapping, 
as the radiation attenuates to zero within 30 cm 
of the source. However, in drill hole logging, the 
gamma radiation can be used to detect the potas-
sic alteration zones that are commonly related to 
gold mineralization. Electrical and electromagnet-
ic methods were best suited to gold exploration in 
the Kaaresselkä area. Results from Loukinen were 
based on 15 drillhole sections and showed a sig-

nificant difference in chargeability between gold-
bearing and other rocks. Another clear difference 
was in gamma radiation. Although the logged 
chargeability appears to be a very good parameter, 
the presence of black schists makes its use difficult 
in practice. There is incompatibility between the 
histograms of apparent resistivity and chargeabil-
ity. It is not clear how the gold mineralization is 
related to black schists and sulphides, which can 
be detected with electrical methods regardless of 
the gold content. The chargeability works in much 
the same way, but is affected by polarization ef-
fects. For some reason, possibly mineralogical or 
structural, mineralized rocks polarize more than 
barren rocks. The overall result is that the induced 
polarization may be effective as a ground survey 
method, and gamma radiation in the logging en-
vironment. 

The Palaeoproterozoic Svecofennian Häme and 
Pirkkala belts in southern Finland are highly 
prospective for gold (metallogenic zones F004, 
F007, F009 by Eilu et al. 2012). Insert 12 provides 
a regional overview of the geophysical data for this 
area, which is characterized by magnetic anoma-
lies coinciding with conductivity anomalies. The 
magnetic and electrical signature is due to mono-
clinic pyrrhotite, which is the main ferrimagnetic 
mineral in this area. It also carries high remanent 
magnetization, which is why these anomalies are 
distinguishable. A regional gravity high is associ-
ated with migmatites, indicating a high metamor-
phic degree (also noted by Hölttä, unpublished 
information on metamorphic zones in Finland). 
Petrophysical properties produce mappable cri-
teria for separating mineralized source rocks and 
barren intrusions (Mertanen & Karell, p. 89). Dif-
ferent rock types are clearly distinguished by their 
petrophysical properties. 

Volcanogenic Massive Sulphides (VMS) (Cu, Zn, Pb, Au, Ag)

Volcanogenic massive sulphide (VMS) deposits 
are significant sources of Zn, Cu and Ag, Au and 
other metals. The most common sulphide mineral 
in VMS deposits is pyrite, which is often associat-
ed with other sulphides such as pyrrhotite, chalco-
pyrite, sphalerite and galena (Morgan 2012). Mag-

netite and hematite may also be associated. This 
combination of geophysically relevant minerals 
indicates that the VMS deposits are anomalous in 
most physical properties, including electrical con-
ductivity, chargeability, density, magnetic suscep-
tibility, natural radioactivity and acoustic velocity.

http://www.fugroairborne.com/services/geophysicalservices/byapplication/mineral-exploration/volcanogenic--massive-sulphides
http://www.fugroairborne.com/services/geophysicalservices/byapplication/mineral-exploration/volcanogenic--massive-sulphides
http://www.fugroairborne.com/services/geophysicalservices/byapplication/mineral-exploration/volcanogenic--massive-sulphides
http://www.fugroairborne.com/services/geophysicalservices/byapplication/mineral-exploration/volcanogenic--massive-sulphides
http://www.fugroairborne.com/services/geophysicalservices/byapplication/mineral-exploration/volcanogenic--massive-sulphides
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Insert 11. 
Effect of hydrothermal alteration on gold-potential ultramafic rocks at Kettukuusikko site in northern 
Finland (Airo 2007). 

Aeromagnetic map showing highly magnetic ultramafic rocks at the 
southern boundary of Kittilä greenstones. Known gold occurrences are 
indicated.

Kettukuusikko site.

Detail of the Kettukuusikko site. Aeromagnetic grid + 
Potassium radiation profiles along survey lines. Line 311 
is displayed as detailed panel on the right side.

Talc-Carbonate alteration in the ultramafic unit: 
Decrease in magnetic susceptibility because of the de-
struction of magnetite. Densities grow because the re-
leased iron is incorporated with silicates and iron-bear-
ing carbonates. 

Electromagnetic (upper profiles) and radiometric (in the 
middle) data along flight line 311. K/Th (below) peaks at 
the contact of altered ultramafic unit and graphite-bearing 
volcanogenic schists.

Characteristics of orogenic gold mineralisation in  
ultramafic rocks :

• increased K/Th 

• reduced magnetization

• electrical conductor in contact
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Insert 12. 
Southern Finland, Svecofennian volcanic and schist belts prospective for orogenic gold, VMS and 
porphyry copper deposits. The geological map is based on the GTK in-house digital bedrock data-
base (Geological Survey of Finland 2010).

Map area is 170 x 100 km2.

Bedrock (Digikp 2015)
• light blue = mica gneiss
• pink = granitegneiss
• green = volcanic rocks

Detailed magnetic anomalies 
are due to pyrrhotite in mica 
gneiss.
The positive regional gravity 
anomaly (in red) implies a 
high metamorphic degree of 
the migmatitic basin.

High amplitude magnetic 
anomalies outline the gravity 
high, and refer to more in-
tense growth of monoclinic 
pyrrhotite along the margins 
of the basin, or thickening of 
magnetic rock units by tec-
tonic processes.

Electrical conductivity aligns 
with magnetic anomalies of 
mica gneiss. Volcanic rocks 
are non-conductive.

Classification of electromag-
netic real-component. 
• red = conductivity
• blue = magnetite effect
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Insert 12. 
Southern Finland, Svecofennian volcanic and schist belts prospective for orogenic gold, VMS and 
porphyry copper deposits. The geological map is based on the GTK in-house digital bedrock data-
base (Geological Survey of Finland 2010).

Map area is 170 x 100 km2.

Bedrock (Digikp 2015)
• light blue = mica gneiss
• pink = granitegneiss
• green = volcanic rocks

Detailed magnetic anomalies 
are due to pyrrhotite in mica 
gneiss.
The positive regional gravity 
anomaly (in red) implies a 
high metamorphic degree of 
the migmatitic basin.

High amplitude magnetic 
anomalies outline the gravity 
high, and refer to more in-
tense growth of monoclinic 
pyrrhotite along the margins 
of the basin, or thickening of 
magnetic rock units by tec-
tonic processes.

Electrical conductivity aligns 
with magnetic anomalies of 
mica gneiss. Volcanic rocks 
are non-conductive.

Classification of electromag-
netic real-component. 
• red = conductivity
• blue = magnetite effect

The marked contrasts between the physical prop-
erties of minerals associated with VMS minerali-
zation and their host rocks make VMS deposits 
ideally suited to geophysical exploration (Gibson 
et al. 2007, Gunn & Dentith 1997). Because all 
ore minerals in VMS mineralization have high 
density values, ground gravity surveys have been 
successful in several cases for first detecting and 
then delineating the shape and size of unexposed 
sulphide mineralization. Gravity surveys generally 
accompany other geophysical (magnetic, electri-
cal, or electromagnetic) and geochemical surveys. 
They also help to delineate structural alignments 
or faults and identify structures that potentially 
provide structural control on the localization of 
sulphide-bearing ore bodies.

The electromagnetic method has been in a key 
role in VMS discoveries for decades. Electromag-
netic techniques can directly detect conductive 
base metal deposits. Significant contrasts in con-
ductivity values commonly occur between the 
ore bodies and their resistive host rocks. Both air-
borne and ground electromagnetic techniques are 
effective in detecting massive sulphide mineraliza-
tion, but only if the sulphide grains in the deposit 
are electrically connected. When there is a lack of 
electrical connection, induced polarization can be 
successfully employed to detect the disseminated 
sulphides. High-resolution magnetic data can be 
an excellent tool in identifying the broad geologi-
cal framework of an area and often show contrast-
ing patterns that reflect differences in lithological 

compositions, crustal structures, and the type and 
degree of alteration. There is evidence that suffi-
ciently massive sulphide ores might also be detect-
able as reflectors revealed in large-scale reflection 
seismics due to their high acoustic impedance, al-
though the majority of reflectors are due to litho-
logical contacts. Thus, seismic profiles may yet 
prove useful in direct exploration.

Volcanogenic massive sulphides were the origi-
nal reason for the development of airborne elec-
tromagnetic exploration in Finland. Highly con-
ductive sulphides in massive lenses and combined 
with base metals (copper, lead, and zinc) may be 
detectable at great depths with airborne EM. In 
Finland, the known sulphide deposits are related 
to steeply dipping or nearly vertical structures, 
close to the surface. GTK decided to develop its 
own frequency-domain electromagnetic system 
with the idea of conducting similar surveys sys-
tematically throughout the whole country. The 
history of this development work is reviewed by 
Peltoniemi (2005). VMS deposits in Finland have 
been the most important source for zinc and the 
second most important source for copper, after 
the Outokumpu-type deposits. These two deposit 
types have produced over 90% of the total cumula-
tive production of zinc and copper in Finland (Ra-
silainen et al. 2014). 

In Sweden, the Skellefte mining district includes 
over 85 VMS deposits that contain the commodi-
ties Zn, Cu, Au, Ag, and Pb, and whose geophysical 
characteristics have been thoroughly investigated. 

VMS deposits 
These occur in volcanic, volcaniclastic and sedi-
mentary rocks and are typically lenticular in 
shape, and broadly stratiform. They form on 
and immediately below the seafloor, where dis-
charging high temperature hydrothermal fluids 
are cooled through mixing with seawater or 
porewater in near-seafloor lithologies. This pro-
cess occurs in association with synchronous vol-
canism and/or plutonism. The primary horizon-
tal extent of VMS deposits varies from tens of 
thousands of square metres to giant dimensions 
of several square kilometres. The form of VMS 
deposits depends on the original hydrothermal 
geometry and on different post-deformations 
such as folding, faulting, and shearing. In areas 
with minimal deformation, deposits can corre-

spond to sheets, layers, lenses, mounds, pipes, 
and stockwork forms. In deformed areas, the 
sulphide bodies can be complexly folded and 
dismembered. The diverse range of deposit 
morphologies, sizes and also compositions re-
flects the nature and duration of hydrothermal 
activity, the topography of the sea floor, footwall 
and host-rock lithology, temperature gradients, 
shearing, folding, and faulting, and the degree 
of erosional preservation. The VMS deposits are 
commonly developed in extensional tectonic 
environments, including both oceanic spread-
ing zones and arc terranes. The age range is 
from the Archaean to modern actively forming 
deposits. (Galley et al. 2007)
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The deposits are generally characterized by higher 
magnetic susceptibility, density, chargeability and 
conductivity than many other rocks (Tavakoli 
2012, Carranza & Sadeghi 2010). The VMS depos-
its are mainly hosted within a volcanic sequence 
consisting of felsic to intermediate juvenile volcan-
iclastic rocks, lavas and subvolcanic intrusions. To 
create a 3D geological model extending to a depth 
of 10 km, Tavakoli (2012) utilized known geology, 

petrophysics, seismic reflection data, magnetotel-
luric (MT) and gravity and magnetic data. Seismic 
interpretations supported potential field methods 
for investigating the structure of the key geological 
contacts and lithological units. Shallow and deeper 
3D resistivity and IP investigations (down to ~2.2 
km depth) were used for locating previously un-
known VMS deposits.  

Geophysical key factors for VMS systems

Gravity signature
In general, the VMS-related minerals and ores 
have high density contrasts with their host 
rocks. The most common sulphide mineral in 
VMS deposits is pyrite, which is often associ-
ated with other sulphides such as pyrrhotite, 
chalcopyrite, sphalerite, and galena. Other 
possible non-sulphide minerals associated in 
VMS deposits include magnetite, hematite and 
barite, with densities comparable with most 
sulphides, and graphite with a typically much 
lower density (~2.5 g/cm3). 

Magnetic signature
Sulphides with high values of magnetic suscep-
tibility (monoclinic pyrrhotite) are associated 
with VMS ore bodies. Additionally, non-sul-
phide metallic minerals with high susceptibil-
ity values, such as magnetite (55 000 × 10-6

 SI) 
and hematite (40  000  ×  10-6

 SI), may also be 
common in some massive sulphide deposits 
and contribute to the strong positive magnetic 
anomalies. The susceptibility of pyrrhotite is 
approximately one-tenth of the susceptibility 
of magnetite. Both of these minerals have high 
induced magnetization, but pyrrhotite may fre-
quently also have significant remanent magnet-
ization. Magnetite in VMS deposits typically 
occurs in the core of the stockwork and central 
basal part of the overlying sulphide lens. Fur-
thermore, magnetite and hematite are common 
minerals in iron-formation deposits that can be 
temporally and spatially associated with VMS 
deposits. Other common sulphide minerals in 
VMS deposits, such as chalcopyrite, sphalerite 
and galena, have lower values of magnetic sus-
ceptibility that are similar to those found for 

their sedimentary and volcanic host rocks and 
thus do not contribute to any magnetic anom-
aly associated with the VMS ore body. Sphal-
erite, the most commonly mined Zn-bearing 
mineral, is not magnetic, is very resistive, and 
has a relatively low specific gravity. 

Electrical signature
Electrical and electromagnetic methods are 
highly effective in VMS exploration, and various 
EM techniques are currently used in surveying 
for VMS deposits. IP methods are also widely 
used: both massive and disseminated sulphide 
ores commonly have a high chargeability. Most 
sulphide minerals, with the exception of sphal-
erite, are good to excellent conductors, and thus 
in theory would be easily distinguished from 
the host rocks by EM methods. Compared to 
igneous and metamorphic rocks with typical 
conductivities of <1 mS/m and sedimentary 
rocks with conductivities from 1 to 500 mS/m, 
the contrast between VMS deposits and their 
host rock may be significant (Morgan 2012). 
Some types of VMS deposits are typically asso-
ciated with reducing sediments. Noneconomic 
pyrite-rich or pyrrhotite-rich deposits are not 
distinguishable from potentially economic de-
posits, so conductivity and other electromag-
netic techniques are not fully definitive explo-
ration tools in VMS exploration.
 Graphite has conductivity values similar to 
sulphide minerals. Anoxic sedimentary rocks 
that contain graphite or sulphide (metamor-
phosed black shales in Finland) are also highly 
conductive, and distinguishing them from 
massive sulphide deposits may be demanding. 
The bulk conductivity of deposits may vary 
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greatly depending on many factors (e.g. deposit 
geometry, connectivity of electrical conductors 
– partly dependant on ductility of the material, 
metamorphic history and tectonic events), so 
that unlike density, for instance, the conductiv-
ity of the ore is not directly proportional to rel-
ative mineral concentrations. Under some con-
ditions, massive ores that should be conductive 
may become resistive and vice versa, some de-
posits with low sulphide content can be quite 
conductive. Cu-bearing VMS ores are likely to 
be more conductive than sphalerite-rich Zn 
ores. For non-conductive Zn-rich sphalerite 
deposits in general, IP has been the most suc-
cessful exploration technique, although EM 
might perform better, as other sulphides may 
actually still produce an anomaly. The water 
content greatly influences the conductivity of a 
unit. Saturated overburden may produce con-
ductivity values that effectively mask the EM of 
the VMS mineralization (Thomas et al. 2000).

Radiometric signature
Although no direct indication of VMS ore can 
be predicted in the natural gamma-ray radia-
tion elements potassium (K), thorium (Th) and 
uranium (U), some evidence of hydrothermal 
alteration related to mineralization process 
(VMS or any other) may be present in the case 
of shallow deposits (the gamma-ray radiation 
emits from the upper 0.5 to 1 m of the sur-
face). The processes related to hydrothermal 
alteration can result in changes in the respec-
tive ratios of radiometric elements; K is most 
often affected by the processes, whereas Th is 
less often affected and U only rarely. In the case 
of no weathering or very active mineralizing 
fluid (causing K depletion), the amount of K 

is usually increased in the processes (Dickson 
and Scott 1997). Thus, a ratio of K/Th (or Th/K) 
could be used in exploration to detect the al-
teration halos related to mineralization. The 
origin of such anomalies can be ambiguous and 
needs to be cross-referenced with topographic 
and lithological data.

Seismic techniques
Velocities of the most common sulphide min-
erals are quite variable and range from 8.04 
km/s (kilometres per second) for pyrite to 4.68 
km/s for pyrrhotite. In comparison, the meas-
ured densities are 5.02 g/cm3 for pyrite to 4.63 
g/cm3 for pyrrhotite. Ore minerals associated 
with pyrite-dominated ores increase in veloc-
ity with increasing density, whereas sphalerite-, 
chalcopyrite-, and pyrrhotite-dominated ores 
typically have velocity values that decrease with 
increasing density. Host rocks have a much 
narrower and lower range of density values and 
have a wide range of velocities. Seismic reflec-
tivity is controlled by several factors, but one 
dominant factor is the difference in impedance 
between lithologies (Salisbury et al. 1996). Im-
pedance is defined as the product of density 
and compressional wave velocity in a given 
material. Measurements of the specific gravi-
ties and velocities of common silicate rocks 
and ore minerals indicate that ore minerals 
have significantly higher density values and a 
broad range of velocities, and therefore tend to 
have higher impedances than their host rocks. 
The difference in the impedance value between 
the ore body and its host rock can be significant 
enough to result in high amplitude reflections 
and identification of the ore body. 

In Finland, zinc deposits of possibly VMS cat-
egory occur in three main geological settings: 
in Palaeoproterozoic Svecofennian arcs, in Pal-
aeoproterozoic rifts and in Archaean greenstone 
belts. Vihanti, Pyhäsalmi and Rauhala belong to 
the group of Svecofennian VMS deposits in cen-
tral Finland and resemble the Skellefte ore field in 
northern Sweden. Another group of this kind is 
located in southwestern Finland, where Orijärvi, 
Aijala and Metsämonttu have many similarities 

with the Bergslagen region in Sweden. If VMS de-
posits are classified into mafic, bimodal-mafic and 
felsic types (Rasilainen et al. 2014), Pyhäsalmi rep-
resents the felsic type. VMS deposits do not neces-
sarily produce any significant airborne geophysi-
cal expression, as can be seen, for example, for the 
Rauhala deposit in Figure 7. 

Hammaslahti is an example of rift-related zinc 
deposits in southeastern Finland. This sediment-
hosted massive sulphide Cu-Zn-Au deposit has 
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Fig. 7. The Rauhala VMS deposit is situated along a regional NW–SE-oriented fault (blue dashed line) and has weak magnetic 
and conductivity signatures. Magnetic derivative with a background geological map, based on the GTK in-house digital bed-
rock database (Geological Survey of Finland 2010) and the electromagnetic ratio as an overlay (conductivity anomalies in red).

Fig. 8. The black schist-hosted Talvivaara Ni-Zn-Cu-Co sulphide deposit in eastern Finland. 
Left: Conductivity anomalies (in red) are enhanced on the basis of AEM classification.
Right: Magnetic anomaly classification (see colour scale in Insert 5).
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been regarded as either of the SEDEX or mafic 
VMS style. Two-phase pyrrhotite, a hexagonal 
form together with the monoclinic type, has been 
reported by Airo & Karell (2001). 

The Häme belt in southern Finland is consid-
ered to be highly prospective for VMS deposits. 
Leväniemi & Karell (2013) describe geophysical 
indications of possible VMS targets in the Häme 
belt and give an appraisal of how regional datasets 
work in VMS exploration. They describe geophys-
ical characteristics for several deposits and pre-
sent new petrophysical data measured from drill 
cores. Insert 12 presents a regional overview of the 
magnetic, gravity and electromagnetic data from 
the Häme-Pirkkala area. The folded, small-scale 
magnetic anomalies in migmatitic rocks are due 
to pyrrhotite, probably of metamorphic origin. 
Electrical conductivity anomalies coincide with 

magnetic anomalies. The migmatitic rocks form 
a basin that is associated with a positive regional 
gravity anomaly (in red), also implying the high 
metamorphic degree of the area. High amplitude 
magnetic anomalies are found surrounding the 
gravity high, referring to more intense growth of 
monoclinic pyrrhotite due to tectonic processes 
along the margins of the basin.

The graphitic shale-hosted Talvivaara Ni-Zn-
Cu-Co deposit in eastern Finland is one important 
resource of copper and zinc. It is hosted by Palaeo-
proterozoic (2.1–1.90 Ga) carbonaceous metasedi-
mentary rocks of the Kainuu schist belt (Loukola-
Ruskeeniemi & Heino 1996, Loukola-Ruskeeniemi 
1999). More than 20 occurrences and one operat-
ing mine of Talvivaara-type metal-enriched black 
schists (metamorphosed carbonaceous muds) oc-
cur in 2.0 ± 0.1 Ga sequences of metasedimentary 

Fig. 9. Outokumpu-type Cu-Zn-Co deposits (green = Cu, blue = Zn). Upper left: Aeromagnetic map (Mineral deposits FODD 
2013); lower left: conductivity anomalies (in red), enhanced on the basis of AEM classification; lower right: magnetic anomaly 
classification (see colour scale in Insert 5).
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rocks in the Kainuu and North Karelia schist belts 
(brief description in Rasilainen et al. 2012). The 
highest and the most uniform concentrations of 
base metals in the Talvivaara-type deposits occur 
in pyrrhotite-dominated parts. Geophysical sig-
natures of Talvivaara include moderate magnetic 
anomalies due to monoclinic pyrrhotite, high-
intensity conductivity anomalies and U radiation 
revealed by airborne radiometric data (Fig. 8). 
U-radiation values are typically high along the re-
gional crosscutting faults, referring to enrichment 

of uranium. Organic materials, clay minerals, Fe3+, 
Mn and Ti also have a role in the enrichment of U 
(Airo & Hyvönen 2008).

The Cu-Zn deposit types in Finland where cop-
per, zinc or both occur as main commodities are 
VMS deposits, porphyry copper deposits and 
Outokumpu-type Cu-Zn-Co deposits (Fig. 9). All 
the known Finnish Outokumpu-type deposits oc-
cur in a rather restricted area in eastern Finland. 
Petrophysical properties of the Outokumpu Deep 
Drill Core have been reported by Airo et al. (2011).

Banded iron formations and IOCG-style FeCu, Au

The magnetic signature of iron deposits depends 
on whether the mineralization is in the form of 
magnetite or hematite. The presence of strong 
remanent magnetization, demagnetization, and 

the markedly anisotropic nature of the magnetic 
properties of banded iron formations (BIF) may 
complicate the interpretation of magnetic surveys 
(Hagemann et al. 2007). 

Banded iron formations
are usually associated with Precambrian (Ar-
chaean to earliest Palaeoproterozoic succes-
sions) sedimentary sequences, which typically 
contain shales, dolomites and volcanic mafic 
rocks. The presence of a large supply of iron in 
ocean water from hydrothermal sources was 
one reason for the global accumulation of BIFs 
in the Precambrian period. Favourable struc-

tures for BIF-hosted gold deposits are fold hinge 
zones or faults, or shear zones intersecting an 
iron formation, and their alteration style is chlo-
rite-carbonate or amphibole alteration and sul-
phidation of iron formation. Geophysical tools 
are used in structure mapping, identification of 
stratigraphy and faults controlling fluid move-
ment, and finally in direct detection. 

Geophysical characteristics of BIF

Magnetic method
• traditionally, the magnetic method is used 

to map the magnetite rich rocks that host 
the deposits

• iron oxides may be strongly magnetic (re-
manent magnetization)

• magnetite destruction associated with mag-
netite oxidation and deep weathering to he-
matite and resulting in low magnetic anom-
aly intensity 

• destruction of magnetic anisotropy or mag-
netic fabrics 

• obligatory for structural and stratigraphy 
mapping

Gravity method
• airborne gravity gradiometry systems, but 

ambiguity in the density contrast
• density of magnetite and hematite >5 g/cm3

Radiometric method
• at a local level, the down-hole radiometric 

method is most useful: lithological informa-
tion

• airborne radiometric measurement to assist 
in structural and stratigraphy mapping

DC resistivity, induced polarization, electro-
magnetic and seismic methods
• mainly as problem-specific solutions; strati-

graphic and structural mapping with mag-
netics

• conductivity of iron formation: min 0.05 – 
max 3300 mS/m (Morgan 2012)

• frequency domain EM: the ability to differ-
entiate magnetite

• deeper looking: airborne transient electro-
magnetic method (TEM)
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Fig. 10. Magnetic anomaly classification of the Hattu belt. The map area is 50 km wide. Colour categories are explained in 
Insert 5.

In Finland, the Huhus Fe area as part of the Hattu 
belt contains banded iron formations (BIF) of Ar-
chaean age (Sorjonen-Ward & Luukkonen 2005), 
where the Fe deposits have been delineated by 
their geophysical indications. Magnetic anomaly 
classification (Fig. 10) shows the distribution of 
the BIFs as high-amplitude anomalies. High-am-
plitude magnetic anomalies also characterize the 

Misi area in Figure 11 (F039 by Eilu et al. 2012, 
Niiranen et al. 2003). In southern Finland, Fe min-
eralizations of skarn and banded iron formation 
types occur as part of the Orijärvi Zn-Cu-Pb+Fe 
zone (Saltikoff et al. 2006). They belong to the 
same type as the Zn-Cu-Pb and Fe deposits of the 
Bergslagen province in Central Sweden.

 

Fig. 11. Misi area: magnetic anomaly classification (left), colour categories are explained in Insert 5; electromagnetic classifica-
tion (right), red = conductive, green = magnetite.

 

 
 
 
 

 

 

 

 

 



58

Geological Survey of Finland, Special Paper 58
Meri-Liisa Airo

IOCG deposits 
have been successfully explored by mag-
netic, gravimetric, electrical and radiomet-
ric methods. However, the complex structure 
and diverse materials complicate geophysical 
interpretation. The IOCG districts are well 
controlled by structural and/or stratigraphic 
factors with ore occurrences typically confined 
to fault bends, shear zones, rock contacts, brec-
cia bodies, or as lithology-controlled replace-

Exploration methods presently utilized include re-
gional geology, detailed geological and alteration 
studies, airborne and ground geophysics (gravity, 
magnetic, radiometrics, induced polarization and 
electromagnetic) and geochemistry (Smith 2002, 
Barton & Johnson 2004). A Titan-24 array magne-

totelluric survey has been successfully used to lo-
cate conductive bodies at greater depth. However, 
even in ideal cases, geophysical interpretation can 
be complicated by the varied and complex origins 
and fates of Fe oxides, Cu-Fe sulphides and altera-
tion minerals. 

ments, and they are associated with extensive 
prograde and retrograde alteration (Groves et 
al. 2010). IOCG-related hydrothermal systems 
share certain distinguishing features, notably 
including (1) extensive alkali-rich alteration, 
(2) voluminous low-Ti magnetite and/or he-
matite, (3) a distinctive suite of minor elements 
(REE, Co, Ag, ± U, P), and (4) prominent struc-
tural control. 

In Finland, well-known deposits include Hannu-
kainen and Rautuvaara in western Lapland, and 
Vähäjoki in southwestern Lapland (Billström et al. 
2010). Magnetic anomaly classification in Insert 5 
indicates many of the known IOCG prospects that 
are located around the granitoid massif in cen-
tral Lapland. In northern Sweden, apatite-Fe ores, 
porphyry-Cu and Fe oxide Cu-Au deposits have 
been proposed to be related (Sandrin et al. 2007). 
The famous Kirunavaara and Malmberget mines 
belong to the apatite-Fe subclass, and have been 
producing around 31 Mt of ore per year during the 
last 100 years. 

Petrophysical properties of rock samples repre-
senting various mineral deposit types, including 
magnetite-type IOCG mineralization, were inves-
tigated for comparison of their associated airborne 
geophysical signatures (Airo & Säävuori 2013). A 
dominant remanent magnetization component 
was verified for magnetite-type IOCG test samples 
as having high Q-ratio values. This knowledge was 
used in the method for magnetic anomaly detec-
tion by classifying magnetic anomalies (Airo et al. 
2014).

 

• Fe-rich host rocks; the abundance of iron ox-
ides (magnetite or hematite) produces very 
strong magnetic anomalies

• Typical ore minerals: magnetite, pyrite, 
 pyrrhotite, Cu sulphide 
• A deficiency or irregular presence of  

sulphides, but generally highly conductive
• Widely developed hydrothermal alteration 

(commonly U and Th)

• Regional albititisation; potassic and sericitic 
alteration may be detectable with a gamma-
ray spectrometry survey; 

• Local alteration: Fe-, Na-Ca- and K-meta-
somatism

• Crosscuts the primary bedding and is asso-
ciated with shear zones; are associated with 
coincident magnetic and gravity highs

• In Finland, close to the Archaean/Protero-
zoic boundary (±100 km). 

after Barton & Johnson (2004)

Geophysical footprints of iron-oxide Cu-Au (IOCG) deposits
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Porphyry Cu-Au

Porphyry deposits are igneous in nature, and 
may have a cylindrical or torus shape, thus in an 
ideal case producing a near-circular geophysical 
response. The porphyry deposits are the largest 
source of copper and molybdenum in the world 
and a significant storage of gold and silver. The 
porphyric systems have been formed from the 
Archaean to the Quaternary in age. Large eco-
nomic deposits of Cu and Mo are associated with 
these intrusives in South America, Asia and North 
America, and the geophysical properties of this 
type are well documented. In a general sense, mag-
netic field data delineate the geological structure 

relatively well, and are best suited for this purpose. 
While the main economic mineralization may 
only be moderately conductive, the pyrite halo and 
secondary mineralization may be very conductive, 
and could be an excellent EM target. The large 
size of the intrusives could make them excellent 
targets for regional mapping. Radiometric and hy-
perspectral surveys can be useful in arid climates 
to aid in identifying the lithology and search for 
characteristic alteration minerals. Interpretation 
may require a solid understanding of the expected 
alteration patterns rather than the actual ore min-
eralization distribution. 

Porphyry deposits 
are generally related to shallow located intrusive 
complexes and underlying plutons and batho-
liths, where volcanic rocks typically have dior-
itic to granitic compositions. Porphyry systems 
are surrounded by different rock types such as 
igneous, sedimentary and metamorphic rocks. 
The deposit grade can be raised by the presence 
of a particular lithology of the hosted rocks. 
For instance, the concentration of high-grade 
ore can be formed in carbonate successions  

Summary of general geophysical properties:
• to some extent magnetic: contrast positive or 

negative, depending on host rock magnetiza-
tion;

• potassic intrusions, hydrothermal (potassic) al-
teration zones, are in an ideal case detectable by 
the radiometric, and even the aeroradiometric 
method;

• disseminated sulphide mineralization: 
 IP method;
• circular shape (if no tectonic deformation) pos-

sible to distinguish by pattern recognition. 
• Oasis montaj offers software system (CET por-

phyry analysis, 2012) to analyse the shape of 
gridded geophysical anomalies to detect near-
circular, symmetrical features of a given range. 

These intrusion-related gold-copper occurrences 
are associated with syntectonic granitoids in and 
close to the Archaean-Proterozoic margin, for ex-
ample Kopsa in central Finland. A suspected occur-
rence is Kedonojankulma in the Häme belt (Mer-
tanen & Karell, p. 89, Kuosmanen et al., p. 117).  
Neither of these possesses any clear or detectable 
signature in airborne geophysics. The open pit 
mine of Aitik (Gällivare, Sweden) is a major Cu-
Au producer and the only sizable porphyry-Cu de-
posit presently mined in Sweden. 

Insert 13 shows an example of a circular mag-
netic anomaly ring (visual inspection) surrounded 
by magnetic and radiometric haloes (potassium 
and uranium radiation data). This type of com-
bination would be a typical geophysical signature 
for porphyry systems; so far, no deposit has been 
identified at this site. 

(especially like marble) or other fine-grained 
and low-permeable rocks that may seal a por-
phyry deposit all around. Lithological clusters, 
which are rich in ferrous iron, can also assist 
in high-grade porphyry mineral accumula-
tion. Porphyry districts are associated with the 
subduction of submarine ridges and seamount 
chains, and oceanic plateaus beneath continen-
tal arcs. (Sillitoe 2010)
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Geophysical key factors for Cu-Au porphyry deposits 

Magnetics
Many of the intrusive complexes driving por-
phyry mineralization will to some extent be 
magnetic and will contrast either positively 
with volcanic and sedimentary country rocks, 
or negatively with highly magnetic volcanic 
country rocks. Hydrothermal alteration in por-
phyry systems can provide distinct signatures, 
for instance, magnetite in K silicate alteration 
zones in the core of the system, intense mag-
netite replacement in peripheral skarns, and 
magnetite alteration or destruction in volcanic 
rocks adjacent to intrusions.

Radiometrics 
Radiometric data, usually collected in con-
junction with magnetic data during airborne 
surveys, are an excellent aid to geological map-
ping. In porphyry settings, a radiometric sur-
vey can quickly identify both potassic intru-
sions and potassic alteration zones if they are 
at the surface. Generally, however, in areas of 
good outcrop, these indicators have already 
been detected by geological work, so surface 
radiometric methods have rarely had a major 
role in porphyry exploration.

Gravity 
The porphyry model can be used to predict 
that there may be significant, sharp density 
contrasts between intrusive and country rocks, 
but that recognizable contrasts related directly 
to alteration and mineralization are much less 
likely because these features usually have a dis-
seminated character and diffusive boundaries. 

Induced polarization (IP)
IP is particularly suited to detecting large bodies 
of disseminated sulphide mineralization and, if 
used extensively, to producing a three-dimen-
sional sulphide distribution map of a prospect 
area. It is an excellent method for detecting sub-
surface phyllic zones within porphyry systems, 
because these zones usually have the highest 
sulphide content, mainly pyrite.

Electromagnetic (EM) methods 
EM methods have not been extensively used 

in porphyry exploration. Conductivity con-
trasts tend to be moderate and diffusive in the 
porphyry environment, and resistivity has al-
ways been an accessory measurement during 
IP surveys for porphyry exploration, but it has 
not been a significant discovery tool. A recent 
development is the co-acquisition, during dis-
tributed acquisition IP surveys, of DC resistiv-
ity and magnetotelluric (MT) resistivity data. 
Combined TDEM and magnetic surveys and 
inversion of electromagnetic data have been 
used to locate conductive bodies >400 m below 
the surface. 3D inversion of time-domain air-
borne EM data, combined to ZTEM airborne 
audio-frequency magnetics, has recovered con-
ductors coincident with alteration (Pare et al. 
2012).

Seismics
The use of seismic methods is rare in porphyry 
exploration. It is possible that the use of seismic 
methods will increase in covered areas where 
strata generally dip less than 45º, with the aim 
of determining the cover thickness, volcanic ar-
chitecture beneath the cover and overall struc-
tural architecture.

Spectral scanning methods 
Airborne multi-spectral scanning methods 
have also not had a major role in porphyry 
exploration, although this technique can dis-
criminate complex phyllosilicate alteration as-
semblages efficiently, something which can be 
very important in porphyry lithocap settings. 
The more standard approach in these settings is 
to use hand-held devices on rock samples and 
drill cores. A significant development in this 
direction is the HyLogger™, a semi-automated 
core-logging device that combines rapid hyper-
spectral mapping of mineralogy and very high 
resolution imaging of cores (Huntington et al. 
2006). The device can identify phyllosilicates, 
amphiboles, carbonates, sulphates and iron ox-
ides, and with the recent addition of scanning in 
the thermal infra-red spectral range will recog-
nize quartz, feldspars, garnets, olivines and py-
roxenes. The ability to rapidly (~100 core trays 
per day) and objectively collect such data and 
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then interpret these data in terms of alteration 
zones utilizing the porphyry model would be 
a significant advance for exploration targeting 

in an advanced porphyry exploration project, 
and may be of particular benefit for targeting 
mineralized zones within or beneath lithocaps.

after Holliday & Cooke (2007)

Insert 13. 
Example of a circular magnetic anomaly surrounded by magnetic and radiometric haloes (potassium 
and uranium radiation data). This type of combination would be a typical geophysical signature for 
porphyry systems or an impact crater. 

Magnetic field derivative enhances shallow structural features.                             
Radiometric data sets were improved by masking out the low –
value noise that may be due to wet areas. Electromagnetic ratio 
map (the ratio of the real to the imaginary component) reveals 
magnetite bearing units in blue. The geological map is based 
on the GTK in-house digital bedrock database (Geological 
Survey of Finland 2010).

Magnetic field (total intensity). Positive anomalies are dark. 
The map area is 8 km wide.

Bedrock (Digikp2015) + Magnetic field derivative.
Brown = gabbro, green = volcanic rock.

Electromagnetic ratio Re/Im  + Magnetic field derivative. 
The magnetic ring is caused by magnetite.

K (potassium) + Magnetic field derivative. High K radiation 
(in red) around the magnetic ring.
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High-tech minerals and uranium

The discussion here includes so-called high-tech 
metals (Nb, Ta, In, REE), rare-element pegmatites 
(Li) and uranium (U). Rare earth metals are char-
acteristically associated with carbonatitic and al-
kaline intrusions, pegmatites and intrusive dykes. 
The discovery of intrusion-related rare earth met-
als has been based on a variety of exploration 
techniques and occasionally by chance. Geophysi-
cal methods are successful only if there is a suffi-
ciently large contrast in the rock properties of the 

investigated geological units. For example, indium 
(In) may occur with base metal sulphides so that 
conductivity might be observed. Intrusive carbon-
atites typically show concentric zoning of carbon-
ate and alkalic rocks. Variable concentrations of 
magnetite in these zones produce strong magnetic 
anomalies dominated by remanence, such as Nb 
and REE-bearing Sokli carbonatite in northern 
Finland. Uranium prospects in northern Finland 
are discussed by Lauri & Turunen (p. 107). 

Geophysical methods for REE minerals

Gravity method
Many of the REE minerals have a higher den-
sity in comparison with country rocks. Ground 
gravity data yield sufficiently high resolution, 
but these surveys can only be focused on small 
areas. Modern airborne gravity methods may 
be promisingly effective for the detection of in-
trusions hosting rare earth metals. Density val-
ues for the alkaline and carbonatitic rocks may 
be in the range of 2.8–3.1 g/cm3, compared to 
country rock vales of 2.7–2.75 g/cm3. Aligned 
with the gravity anomaly, the magnetic gradient 
anomaly and the radiometric expression may 
help in discovering promising targets for more 
detailed evaluation. 

Magnetic method
REE minerals themselves are commonly weak-
ly magnetic, but their host rocks may produce 
significant magnetic anomalies. Carbonatitic-
alkalic complexes potential for rare earths may 

produce circular magnetic anomalies with am-
plitudes attaining several thousands of nT and 
which coincide with a radiometric response. 
Recently automated methods in locating circu-
lar magnetic anomalies have become popular. 
The carbonatite cores may coincide with mag-
netic lows, whereas the surrounding ring-like 
anomaly may be associated with magnetite-
bearing carbonatite or a ring of alkali rocks. In 
Finland, the Sokli and Iivaara carbonatite com-
plexes produce strong magnetic anomalies.
 
Radiometric method
The airborne radiometric method has proved 
to be efficient in detecting equivalent thorium 
or uranium anomalies, even in glaciated ter-
rains. For example, the radiometric method has 
been successful in outlining different parts of 
the intrusion of Sokli carbonatite (e.g., Airo et 
al. 2014). The equivalent thorium signature also 
outlines the glacial dispersal train. 

Thomas et al. (2011) reviewed the rock properties 
of 28 minerals that may contain rare earth ele-
ments, and showed high densities of almost all of 
these minerals, with a general range of 3.26–5.90 
g/cm3. Many of these minerals are radioactive, and 
practically all are non-magnetic. The direct detec-
tion of these minerals, however, depends on their 
concentration and the size of the deposit. There-
fore, their detection is generally based on the de-
tection of promising host rocks. 

Kihlman et al. (2014) presented a list of 14 metals 
and minerals that are considered as critical by the 

EU; these include antimony, beryllium, cobalt, flu-
orite, gallium, germanium, graphite, indium, mag-
nesium, niobium, platinum group metals (PGM), 
rare earth elements (REE), tantalum and tungsten. 
They reviewed the mine production (2013) of criti-
cal commodities (including silver) and the most 
important known platinum group element depos-
its in Finland, and predicted the mineral potential.

Rare element pegmatites can only be described 
as geophysical non-responders. They are non-mag-
netic, they contain insufficient metallic minerals  
to be conductive and do not have a sufficient den-
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Fig. 12. The LCT (Li, Cs, Ta) pegmatites at Kaustinen (metallogenic zone F024, Eilu et al. 2012) include several occurrences 
from Emmes (red star) in the west to Länttä in the east. The pegmatitic dykes are 200–400 m long and 10–25 m wide and show 
no geophysical expression. A regional structural overview of fracture network indicates that all the occurrences are located 
along fracture zones of two certain directions. These directions also are related to the weakness structures of volcanic rocks 
in the area and their brittle nature gives the idea that they were formed after the peak regional metamorphism. In particular, 
in the Syväjärvi spodumene pegmatite area (local geology to the right, from Eilu et al. 2012), the geometry of the pegmatitic 
dykes appears to be controlled by the structural details of the intermediate volcanic rock along the strike of bedding and along 
the crosscutting axial weakness zone of regional folding.
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sity/mass to be differentiated from their host rock 
by gravity methods. Structural interpretation of 
high-resolution geophysical data might, however, 
be a non-direct way of locating favourable sites 
for rare element pegmatites. The following general 
structural characteristics are from Galeschuk & 
Vanstone (2007):
• dyke-like geometries,
• propagation in horizontal and vertical direc-

tions,

• association with deep-seated structures and 
fractures,

• host rock competency and metamorphic grade 
may have some importance.

In the case of lithium occurrences at Kaustinen, 
western Finland, structurally favourable locations 
for pegmatitic dykes were investigated by using 
high-resolution aeromagnetic data (Fig. 12). 

CONCLUDING REMARKS

The direct use of geophysical surveys in mineral 
exploration aims to locate and identify potential 
targets having anomalous physical properties. 
Further uses are the delineating of the larger-scale 
structures in the deposit they may be related to, 
or the investigation of finer scale detail within the 
deposit. However, direct targeting of new shallow-
level mineral deposits is becoming increasingly 
rare. A key element for exploration is to under-
stand and detect different types of mineral sys-
tems, and their favourable geological settings and 
controls at regional to local scales (Oldenburg & 
Pratt 2007). In Finland, as early as in the 1980s, 
Ketola (1982) summarized that since exploration 
is becoming more and more difficult, geological 
knowledge must be increasingly supplemented by 
the application of geophysics to indirect explora-
tion. If ores are to be found, the most effective use 
must be made of the simultaneous application of 
geology, geophysics, geochemistry and drilling.

An understanding of the physical properties of 
rocks and minerals provides a link between geo-
physical interpretation and geology. The impor-
tance of reliable physical property information is 
enhanced as 3D interpretation, modelling and in-
version of geophysical data are becoming common 
practice. Available geological knowledge must be 
translated into physical property constraints to de-
rive models that are consistent with measured geo-
physical responses and the observed geology (Wil-
liams 2009). The non-uniqueness of geophysical 
modelling solutions is both a mathematical prob-
lem and one related to the multiplicity of sources 
that can cause geophysical anomalies. 

Looking back

In the last decade, significant advances have been 
made in proven geophysical methods and in tech-

niques to interpret and visualize geophysical data. 
The data models have been visually integrated, but 
not necessarily constrained. Such advances reach 
their full impact through appropriate considera-
tion of the physical properties of rocks in relation 
to the key manifestations of the different deposit 
types and the key features of their host environ-
ments. 

Exploration 07, Paine 2007:
Inversion of all types of geophysical data has 
doubled its importance and use in the past dec-
ade. There has been a general improvement in 
the quality, density and variety of geophysical 
data collected. Airborne surveys now usually 
use GPS navigation and improved positional 
accuracy. Improvements in data acquisition 
devices also mean that the data measurements 
are more accurate and more closely spaced. 
Developments of sensor types such as gravity 
gradiometer, squid-based B-field sensors for 
collecting magnetic and EM data have been 
reported. Increased data density has been ac-
companied by improved processing techniques 
for improving data quality. Processor speed, 
available memory and storage space have all 
increased significantly in the last ten years. 

Exploration 07, Oldenburg & Pratt 2007:
Developments in instrumentation, data collec-
tion, computer performance, and visualization 
have been catalysts for significant advances in 
modelling and inversion of geophysical data. 
Forward modelling has progressed from simple 
3D models to whole earth models using voxels 
and discrete surfaces. Potential field, IP and 
electromagnetic inversion methods have be-
come an essential part of most mineral explo-
ration programs. The last decade has produced 
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significant research advances in 3D modelling 
and inversion for gravity, magnetic, DC resis-
tivity, induced polarization, audio magneto-
telluric, frequency-domain EM and time do-
main EM methods. 

Challenges 

• Simultaneous analysis of multiple datasets, 
which contain information about different 
physical properties. To maximize the efficiency 
of exploration programmes, it is essential that 
multidisciplinary methods include all geo-
logical, geochemical and geophysical data and 
knowledge in integrated models. The trend to-
wards multi-sensor systems using multiple low-
cost sensors and receivers has been ongoing. 
Increasing computer power will make detailed 
3D imaging of most surveys possible, as well as 
joint and cooperative inversions. The challenge 
is to use physical properties more quantitatively 
to link geological and geophysical models. 

• Joint and cooperative inversions will offer a 
greater opportunity to integrate different types 
of data into the interpretation procedure. Ap-
plications include the inversion of full tensor 
magnetic and gravity data, cross-gradient total 
field surveys, DC resistivity and EM data, and 
many others (Oldenburg & Pratt 2007). The use 
of optimized geophysical data, e.g. derivative 
data that have been converted into forms, can 
facilitate the inversion process. A vast increase 
in the size of problems that can be handled in-
cludes the introduction of practical voxel-based 
3D magnetic, gravity and IP inversion programs 
and the ability to include topography in 2D and 
3D inversion, as well as the capacity to include 
drilling and geological information to constrain 
the inversion. Progress has also been made in in-
cluding remanence and demagnetization effects 
into magnetic inversions (Paine 2007). 

• Geophysical techniques reaching greater depth 
are gaining interest with the depletion of metal-
lic mineral sources in surface or near-surface 
settings. Exploration must focus at much greater 
depths, which requires sophisticated techniques. 
Whereas potential field geophysical techniques 
or combined airborne electromagnetic and 
magnetic surveys have been highly successful 
to depths of up to 300 m, high-resolution seis-
mic reflection profiling can target much greater 

depths. The seismic methods have good poten-
tial for mineral exploration, and these methods 
are capable of imaging mineral deposits at vari-
ous depths (Tertyshnikov 2014). Recent interest 
in finding deeper sources has led to the devel-
opment of deeper penetrating electromagnetic 
systems: high-resolution and deep-penetrating 
surveys, e.g., ZTEM, Megatem™, magnetotellu-
rics and the Titan array (Boivin 2007). 

• Geologically realistic outputs: Petrophysical 
data can, if available in sufficient quantity, con-
stitute a basis for statistically characterizing and 
constraining the property distribution in the 
sub-surface. Although textbook physical prop-
erty values are commonly used, ancient rocks 
have complex histories and standard values may 
not be representative. The ability to simultane-
ously model and interpret geophysical, geo-
logical, geochemical and geotechnical data will 
reduce geological uncertainty. The characteriza-
tion of a mineralized target depends as much on 
data accuracy and coverage as it does on a good 
representation of the subsurface. In this sense, 
inversion approaches that fit the source geom-
etry and properties are constantly improving. 
After inversion of pure property models, geol-
ogy can be inferred from the rock properties 
(Fullagar & Pears 2007, Jessel 2001, McGaughey 
2007). Obtaining reliable images of subsurface 
geological structures is a great support for suc-
cessful mineral exploration, and there are a 
number of further developments and improve-
ments in seismic imaging that will allow their 
advanced applications in the mining industry. 

Looking forward

The enormous quantity of multiple geophysical 
sets that are nowadays available may require au-
tomated methods of analysing and evaluating the 
data. Sophisticated inversion techniques are need-
ed, incorporating adaptive learning procedures 
to determine complex 3D geometries of source  
bodies. Greater volumes of petrophysical data 
will allow more complete spatial characterization 
of rock properties, thereby expanding the role of 
geostatistical techniques in property modelling. 
Mappable criteria to be applied in mineral system 
research are provided by wider knowledge of the 
petrophysical properties of mineralized or barren 
source rocks responsible for geophysical responses.
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This paper discusses the effect of anomalous magnetic susceptibility in frequency-
domain airborne electromagnetic (AEM) and ground Slingram measurements of 
the Geological Survey of Finland (GTK). Numerical modelling using tabular bod-
ies having anomalous electric conductivity and/or magnetic susceptibility demon-
strated differences in the response behaviour. A magnetized vertical plate causes 
a maximum anomaly when the magnetizing field is along the plate. Conductivity 
causes a maximum anomaly when the transmitted magnetic flux is perpendicular 
to the plate. The footprints of the EM systems are different in shape and volume for 
conductivity and susceptibility. Measured total magnetic intensity (TMI) depicts 
the anomalous magnetic field caused by induced and natural remanent magnetiza-
tion, whereas the static remanent component has no effect on the susceptibility 
model inverted from EM data. The combined interpretation of TMI and EM data 
provides a way to differentiate the contributions of induced and remanent parts in 
the TMI anomaly field. 

Three-dimensional (3D) geophysical modelling is needed to construct realistic 
3D earth models that are consistent with the available geological and geophysical 
data. However, large-scale and accurate numerical 3D EM modelling is a demand-
ing computational problem. Here, the computational efficiency was improved by 
separating local 3D computational meshes from the 3D earth model. The 3D inter-
pretation model was composed of layers and tabular bodies. The 3D earth model 
was mapped to a local mesh to obtain an effectively equivalent local simulation 
mesh where the complex response was calculated for each source point and each 
frequency. The diffuse EM equations were solved using the finite-volume method, 
in which the mesh is composed of rectangular cells. The objective was to make the 
calculations possible on an ordinary PC, but computations could be made signifi-
cantly faster in a parallel computing environment.

The 3D model-based interpretation process was tested on the Kellojärvi serpenti-
nitic formation, which is known for its high magnetite content. Both conductiv-
ity and susceptibility were taken into account in the interpretation of Twin Otter 
AEM and ground Slingram data. A parametric 3D interpretation model gave an 
(approximate) outline of the true conductivity and susceptibility structure. The 
modelled susceptibilities and conductivities were in agreement with petrophysical 
measurements from drill core samples. In the ultramafic formation, the ratio of 
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the remanent to the induced magnetization has been estimated to be two or more, 
which agrees with petrophysical information on the serpentinites in the study area.

Keywords (GeoRef Thesaurus, AGI): geophysical methods, airborne methods,  
electromagnetic methods, electrical conductivity, magnetic susceptibility, three- 
dimensional models, ultramafics, serpentinite, Kellojärvi, Finland
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INTRODUCTION

Electromagnetic (EM) methods are used for map-
ping electromagnetic properties of the ground, for 
locating conductors, and for mapping overburden 
and the geology and structure of bedrock. The 
principal task of airborne or ground EM surveys is 
to delineate the subsurface electrical conductivity 
(σ), but frequency domain EM methods are also 
sensitive to anomalous magnetic susceptibility (χ). 
The effect of dielectric permittivity (ε) is negligible 
at low frequencies, but a dielectric response may 
be observable in high-frequency EM data (e.g. us-
ing a helicopter-borne EM system; Huang & Fraser 
2001). The low altitude airborne EM (AEM) data 
in Finland measured by the Geological Survey of 
Finland (GTK) (e.g. Leväniemi et al. 2009) using 
one, two or four frequencies have primarily been 
interpreted visually, e.g. using original or trans-
formed EM data, other geophysics, geological in-
formation and known the topography.

In many geological studies, the goal is to build 
a three-dimensional (3D) geological model of the 
study area. These 3D earth models should be con-
sistent with available geophysical and other infor-
mation, which means that geophysics should be 
modelled and inverted as 3D models. To extract 
geological information from AEM and ground EM 
surveys on a local scale, it should be possible to 
simulate the responses with 3D numerical models. 

In this paper, I discuss the numerical calculation 
of the frequency-domain EM responses of GTK’s 
Twin Otter AEM system with vertical coplanar 
coils (Suppala et al. 2005), and a ground Slingram 
system with horizontal coils. The 3D ground is as-
sumed to be composed of layers and tabular bodies 
of varying electromagnetic properties. Accurate 
numerical 3D EM modelling can be a challeng-
ing computational problem. Therefore, in practice 
a compromise has to be made between accuracy 
and computational speed in the modelling pro-
cess. To limit the computer memory requirements 
and to speed up the computation, Plessix et al. 
(2007) separated the modelling mesh represent-
ing the whole 3D earth from the computational 
local meshes used in the finite-integration (finite-
volume) method. The computational local meshes 
are composed of rectangular cells that are made to 
adapt to the source and receiver location and to 
the frequency. Commer and Newman (2008) used 
a similar local mesh approach in 3D EM inversion, 
but they used the finite-difference method for cal-

culations. In this study, the simulations were car-
ried out using the finite-volume method (Haber & 
Ascher 2001). 

The objective of this study was to simulate the 
effect of anomalous magnetic permeability (μ = 
1+χ) and to interpret magnetic permeability/sus-
ceptibility together with electrical conductivity 
from AEM and Slingram measurements. The Kel-
lojärvi ultramafic unit has been widely investigat-
ed in the context of Ni exploration, and there are 
excellent geophysical datasets for this type of com-
parison. Huang and Fraser (2001) simultaneously 
recovered resistivity (1/σ), magnetic permeability 
(μ) and dielectric permittivity (ε) from multifre-
quency AEM data using half-space models. Simul-
taneous 1D inversion of conductivity and suscep-
tibility has also been demonstrated to work (e.g. 
Farquharson et al. 2003, Pirttijärvi et al. 2013). 
Sasaki et al. (2010) presented an inversion algo-
rithm to simultaneously recover multidimensional 
distributions of resistivity and magnetic suscepti-
bility from various types of loop–loop frequency-
domain EM data (e.g. AEM and Slingram). The 
calculations were carried out in 3D to invert 2D 
(elongated 3D) models. 

GTK’s low altitude (nominal survey altitude of 
35 m) AEM measurements have been simultane-
ously performed with total magnetic intensity 
(TMI) measurements. Likewise, ground Slingram 
measurements are accompanied by ground TMI 
measurements. TMI depicts the anomalous mag-
netic field caused by induced and remanent mag-
netization. The induced part is caused by the sus-
ceptibility of the ground. The effect of remanent 
magnetization is often unknown due to the lack of 
petrophysical measurements. Usually, only the ef-
fective susceptibility, assuming no remanence ex-
ists, has been inverted from the magnetic data. 

By comparing the modelled TMI using suscep-
tibility inverted from AEM data and the observed 
TMI, we were able reveal near-surface forma-
tions with remanent magnetization. For example, 
Tschirhart et al. (2013) have carried out this type 
of comparison between modelled and measured 
TMI data. In magnetic modelling, they used the 
apparent susceptibility (of a half-space) inverted 
from AEM data. The purpose of their work was to 
carry out regional−residual separation for magnet-
ic data utilizing regional apparent susceptibility. 
As the EM primary field is caused by a magnetic 
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dipole (rather than by the geomagnetic field), the 
footprint, i.e. the volume from which the meas-
ured information comes, is local, and for suscepti-
bility it is smaller for EM measurements than TMI 
data. Evidently, frequency-domain AEM and TMI 
measurements complement each other. 

Herein, I present some theoretical 3D model-
ling results to elucidate the effect of  magnetization 
in AEM and Slingram responses. The measured 

secondary magnetic field was generated by EM in-
duction and induced magnetization caused by the 
conducting and magnetically permeable ground. 
Finally, I present results from a simple case study 
of Kellojärvi near Kuhmo. A model composed of 
parametrized bodies and layers makes the compu-
tations easier and enables a simple model-based 
interpretation process.

Numerical modelling on the local meshes

In this study, the theoretical effects of anomalous 
conductivity and magnetic permeability/suscepti-
bility were calculated using EH3D software, which 
calculates EM fields in the 3D domain (Haber & 
Ascher 2001). In EH3D, the system of partial dif-
ferential equations is discretized using a finite-vol-
ume scheme on a staggered grid. The sparse lin-
ear system of equations for scattered potentials is 
solved using an iterative solver (a preconditioned 
Krylov subspace method BiCGStab). The linear 
system of equations needs to be solved separately 
for each source point and each frequency. There-
fore, an efficient solution strategy is needed (e.g. 
Um et al. 2013, Yang et al. 2014). 

Plessix et al. (2007) presented a practical ap-
proach for multisource, multifrequency con-
trolled-source EM modelling which is well adopt-
ed in large-scale EM modelling and inversion (e.g. 
Cox & Zhdanov 2007). They separated the 3D 
computational meshes used in the calculations 
for each source point and each frequency from 
the modelling mesh, which presents the 3D earth 
model. An optimal local simulation mesh could 
be constructed taking into account the resolution 
capability and the volume of influence (the foot-
print) of the EM system at the used frequency f. 
The local mesh uses fine cells near the transmit-
ter and the receiver, and coarse cells further away. 
The volume of the mesh should be larger than the 
footprint. The grid spacing could be determined 
from skin depths δ [m] using, for instance, 3–5 
mesh nodes per skin depth, where skin depth δ = 
√(1⁄(µσπf)) (Plessix et al. 2007, Commer & New-
man 2008). 

One way to visualize the volume in which the 
resolution is higher or lower is to view the EM sys-
tem’s 3D sensitivity distributions. The 3D sensitiv-
ity to conductivity for the Twin Otter AEM sys-
tem has been shown by Suppala et al. (2005), who 
also used it to delineate the size of the footprint 

of the EM system. Rahmani et al. (2014) showed 
3D sensitivities to both conductivity and mag-
netic permeability/susceptibility for a crosswell 
EM configuration. Their theoretical results for the 
“Slingram in whole space” demonstrated that the 
sensitivity patterns are different for conductivity 
and magnetic permeability. The relative sensitiv-
ity to magnetic permeability is higher close the 
EM transmitter and receiver and drops off more 
quickly than the relative sensitivity to conductiv-
ity. These results are congruent with calculations 
performed in this study.

The geological structure, the model of the sur-
vey area, is presented as a set of layers and tabular 
bodies, where the electromagnetic properties σ, χ 
and ε are constant. The local meshes are slid along 
the profile and along the model. For each meas-
urement point and frequency, the electromagnetic 
properties are mapped to the mesh, and the com-
plex response with sensitivities is calculated. The 
model is presented as 2D polygons on the vertical 
plane along the horizontal measurement profile. 
The polygons are extended along the strike di-
rection perpendicularly to that polygon plane. If 
only one data line is used in the interpretation, the 
tabular bodies are extended to effectively 2D mod-
els. If multiple data profiles are used, the polygons 
extend to the middle position between adjacent 
profiles.  

The electromagnetic properties of the tabular 
bodies formed by 2D polygons are mapped to rec-
tangular cells. When the boundary between dif-
ferent materials cuts the cell, the material averag-
ing/mixing rule determines (approximately) the 
effectively equivalent properties of the cell. The 
material averaging formula used here is similar 
to that of Commer and Newman (2008). A sim-
ple method to calculate these averaged (upscaled) 
values is presented by Abubakar et al. (2009) and is 
outlined in Figure 1. The resulting mixed material  
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properties σ, χ and ε are effectively anisotropic 
in the scale of the cells. In the EH3D program, σ 
and ε in these cells are anisotropic and χ is made 
isotropic, taking the geometric mean of the aniso-
tropic value.

The aim of material averaging is to compute ef-
fective material properties on a coarser scale to 
be used in solving “equivalent” coarse-scale equa-
tions. In this study, the used frequencies were rela-
tively low (max 14 kHz), so the diffusive forms of 
Maxwell’s equations were solved. EM systems have 
a limited resolution (depending on the frequency), 
which in a sense justifies the approximations ex-
plained above. The procedure enables the use of a 
finite-volume program together with a simple 3D 
model-based interpretation process.

The matrix of partial derivatives of the system 
responses with respect to model parameters, i.e., 
the Jacobian matrix, is calculated as presented by 
Abubakar et al. (2009). The matrix is computed 
using the partial derivatives of responses with re-

spect to conductivities of the cells and the partial 
derivatives of the cell conductivities with respect 
to the model parameters. The first set of derivatives 
is calculated by EH3D using an adjoint approach 
and the second set using effective conductivities 
(mixing formulas in figure 1) in finite-difference 
approximations. The method works well with 
moderate conductivity contrasts that were tested 
in this study by comparison with finite-difference 
derivatives (based on changes in the modelled re-
sponses due to a slight perturbation of a model 
parameter). This method is efficient in the calcula-
tion of the Jacobian matrix and accurate enough 
for model-based parametric inversion. 

The interpretation of anomalous conductive and 
magnetically permeable 3D models was carried 
out here by simple trial-and-error interpretation 
for one ground profile or flight line at a time, start-
ing with 2D models. So far, model-based optimiza-
tion using Jacobian matrices has only been tested.

Effect of magnetization in AEM and Slingram responses

The measured quantity of the Twin Otter AEM 
system and the ground Slingram system is the 
ratio between the secondary and the primary 
magnetic fields. The primary magnetic field is 
produced by a small transmitter coil and could 
be approximated as a magnetic dipole. The sec-

ondary magnetic field is generated by EM induc-
tion and induced magnetization caused by the 
conducting and magnetically permeable ground. 
The effect of dielectric permittivity ε is negligi-
ble at the frequencies used in this study, but in 
modelling permittivity is also taken into account  

z a
xi
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m

)

The property σx of slices perpendicular to 
the x axis is first calculated as parallel re-
sistors, then the property σx of the serial 
slices.

The property σz of slices perpendicular to 
the z axis is first calculated as parallel re-
sistors, then the property σz of the serial 
slices.

Fig. 1. Material averaging of equivalent effective properties for intersected cells with composite materials (Abubakar et al. 
2009). The resulting mixed properties σ, χ and ε are anisotropic. The subcells used in the calculation are plotted in small red 
dots when they are inside the polygons representing a dipping prism and a layer, and in purple when they are outside. The 
local mesh is used for the Slingram system with a transmitter (T) and receiver (R) coil separation of 100 m and a frequency of 
14080 Hz.
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using some plausible values for water, ice, rock 
and other media.

The time harmonic primary field induces eddy 
currents in conductive bodies, which tend to 
cancel out the changes in the incident primary 
magnetic field and generate a secondary field. 
The induced magnetization enhances the inter-
nal magnetic field, causing a secondary magnetic 
field that is in phase with the primary field. This 
is shown schematically in Figure 2. In the Twin 
Otter EM system, the conducting ground causes 
positive in-phase and quadrature responses, while 
the in-phase component response caused by the 
magnetically permeable ground has the opposite 
(negative) sign.

Figure 3 verifies the calculated results by com-
paring the responses from extensive 3D forma-
tions with theoretical 1D solutions. The procedure 
of local mesh sliding along the profile is used to 

calculate responses for the Slingram system, where 
the separation of horizontal loops is 100 m and the 
frequencies are 3520 and 14080 Hz. Below a 4.7 m 
thick overburden with a resistivity of 500 Ωm is 
located a 540 m wide and 800 m long prism in a 
half-space of 3000 Ωm. The resistivity of the prism 
is 3000 Ωm or 50 Ωm, and the magnetic suscep-
tibility is 0 or 0.25 [SI]. The height of the prism is 
300 m. The 3D model becomes one-dimensional 
above the centre of the body, when the width of the 
prism is about 300 m or more. The volumes of the 
used local meshes were 1100 × 760 × 1200 m3 and 
770 × 650 × 920 m3 for the frequencies of 3520 and 
14080 Hz, respectively. The volumes were discre-
tized into 54 × 40 × 42 and 56 × 40 × 38 cells along 
x-, y- and z-directions. The minimum cell size was 
4.25 × 4.25 × 2.2 m3 for the frequency of 14080 
Hz. The air layer (upper half-space) had a thick-
ness slightly greater than the modelled half-space.
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Fig. 2. The principle of EM induction and induced magnetization. The primary field is generated by a transmitter loop or coil. 
The secondary field is caused by eddy currents and induced magnetization due to the conducting and magnetically permeable 
subsurface, respectively. (Modified from Grant and West 1965; drawing Harri Kutvonen, GTK).
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Fig. 3. Slingram profiles (IP = in-phase, Q = quadrature component) over an extensive 3D formation and comparison with 1D 
results (horizontal lines) at two frequencies (3520 and 14080 Hz). The responses are plotted for a) anomalous conductivity σ, 
b) anomalous permeability μ and c) anomalous σ and μ. The location of the profile above the 540 m wide prism is indicated 
in figure 3d.

a)

c)

b)

d)

Figure 4 shows the calculated results for a thinner, 
30 m wide, vertical 3D target. Other parameters are 
the same as those in Figure 3. The magnetized ver-
tical plate causes a maximum anomaly when the 
receiver or the transmitter is above the plate, i.e. 

when the magnetizing field is along the plate (Fig. 
4b). The conductivity causes a maximum anomaly 
when the varying transmitted magnetic flux passes 
through the plate (in Figs 4a and 4c).
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Fig. 4. Slingram profiles (IP = in-phase, Q = quadrature component) over a thin 3D formation and comparison with 1D  
results (horizontal lines) at two frequencies (3520 and 14080 Hz). The responses are plotted for a) anomalous conductivity σ,  
b) anomalous permeability μ  and  c) anomalous σ and μ. The location of the profile above the 30 m wide prism is indicated 
in Figure 4d.

a)

c)

b)

d)

Figure 5 shows the calculated responses for the 
GTK Twin Otter AEM system over a thin conduc-
tive and/or magnetically permeable vertical prism. 
The model consists of a vertical rectangular plate 
with lateral dimensions of 30 m by 270 m, and a 
vertical height of 254 m. The target is located at 
a depth of 2.5 m below the overburden within a 
homogeneous half-space with a resistivity of 3000 
Ωm. The resistivity of the overburden is 266 Ωm. 

The flight lines traverse the centre of the plate, 
across and along the strike direction. The used fre-
quency was 3113 Hz, and the two flight altitudes 
were 30 m and 42 m. The volume of the used local 
mesh was 1190 × 1180 × 1270 m3. The volume was 
discretized into 51 × 42 × 45 cells along x-, y- and 
z-directions. The minimum cell size was 4 × 5.1 × 
2.5 m3. The thickness of the air layer was 730 m.
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Fig. 5. AEM profiles (IP = in-phase, Q = quadrature component) over the centre of a plate, across and along the strike direc-
tion. The responses are plotted for a) anomalous conductivity σ (20 Ωm), b) anomalous permeability μ (1.25*μ0) and c) for 
anomalous σ and μ (20 Ωm and 1.25*μ0). The responses are plotted at two flight altitudes, 30m and 42 m. The locations of the 
profiles are indicated in Figure 5d.

a)

c)

b)

d)

The results demonstrate the effect of the flight alti-
tude (or the depth of the upper surface of the anom-
alous body) on the responses. The amplitude of the 
dipolar primary field as well as the secondary field 
caused by the anomalous body falls off rapidly (1/r3). 
All calculated results (see also Rahmani et al. 2014) 
indicate that the response caused by the magnetiza-
tion is more sensitive to the distance between the 
EM system and the target than the response caused 
by electromagnetic induction by eddy currents. 

Calculated synthetic Slingram and AEM re-
sponses demonstrate different types of couplings 
to tabular bodies with anomalous conductivity 
and/or magnetic susceptibility. The footprints of 
the Twin Otter EM system are different in shape 
and volume to conductivity and susceptibility. 
These theoretical EM results characterize the dif-
ferences between EM induction and induced mag-
netization.

On the EM interpretation of conductivity and susceptibility

It is a common situation in geological studies that 
only incomplete and imprecise geophysical (and 
geological) data are available. The requirement 
for the resulting model to be consistent with all 

available information (as a necessary condition) 
reduces uncertainty and resolves possible non-
uniqueness problems in the interpretation. The  
ultimate goal should be joint inversion with all 
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available data and constraining a priori informa-
tion. In this study, the aim was to interpret con-
ductivity and susceptibility from GTK Twin Otter 
AEM and ground Slingram EM data. Evidently, 
geophysical magnetic measurements would give 
mutual and complementary information for the 
inversion of the susceptibility model.

Magnetic anomalies in TMI measurements are 
caused by induced magnetization and natural re-
manent magnetization. The induced magnetiza-
tion is caused by the susceptibility χ of the ground 
(multiplied by the inducing magnetic field). The 
effect of remanent magnetization is caused by 
permanent static magnetization in ferrimagnetic 
minerals (e.g. Airo and Säävuori 2013). The static 
remanent component has no effect on the suscepti-
bility model inverted from AEM data. Calculating 
TMI values using the inverted susceptibility model 
and comparing these with the observed TMI val-
ues is one method to reveal the near-surface for-
mations with remanent magnetization. Tschirhart 
et al. (2013) have carried out such work using 1D 
EM models. This type of cooperative interpreta-
tion provides information on the magnitude and 
direction of remanent magnetization (Clark 2014).

AEM and Slingram surveys use a dipolar in-
ducing field, whereas the geomagnetic field is ef-
fectively static and uniform. Therefore, the vol-
ume from which the measured information on 
susceptibility comes is local and smaller in EM 
surveys than in TMI surveys. In EM surveys, the 
volume of influence, i.e., the footprint, is clearly 
shallower. AEM results are more sensitive to the 
distance from the system to the magnetized target, 
and are consequently more sensitive to errors in 
the measured flight altitude. Moreover, the ground 
magnetic data have better spatial resolution than 
Slingram in-line measurements made with a wide 
coil spacing. 

Shortening of the transmitter–receiver coil 
spacing would increase the spatial resolution of 
Slingram-type EM systems. This would reduce the 
sensitivity of the EM system to conductivity (oper-
ating at a fixed frequency), but not to susceptibility 
(Won & Huang 2004). Hand-held Slingram-type 
conductivity meters also operate as susceptibil-
ity meters. For example, Wilt et al. (2013) and 
Rahmani et al. (2014) have examined the possi-
bility to prospect for magnetic targets using a low 
frequency controlled source in combination with 

oriented magnetic field receivers. They referred to 
the method as dipole magnetics or dipole magnet-
ic tomography. Dense measurements with various 
coil configurations would increase the spatial reso-
lution of susceptibility imaging.

In AEM interpretation, the simplest (and often 
most practical) model is a 1D layered model of 
the magnetized and conductive earth. Figure 6 il-
lustrates the sensitivity to the depth to the upper 
surface of the magnetized basement and the sen-
sitivity to the susceptibility of the basement. The 
two-layer model has non-magnetized overburden 
and magnetized basement. The resistivity ρ1 of the 
overburden is either 2000 Ωm or 200 Ωm. The 
thickness of the overburden varies. The resistivity 
of the basement ρ2 is 2000 Ωm and its susceptibil-
ity χ2 is 0.1 [SI]. The simulated results are calcu-
lated for the two-frequency Twin Otter EM system 
at the flight altitude of 33 m. Figure 6a shows the 
change in the AEM response, i.e. the sensitivity, 
as a function of depth, when the thickness of the 
overburden increases by one metre. Figure 6b il-
lustrates the change when the susceptibility in-
creases from 0.1 to 0.11 [SI].

In resistive ground, parameters such as the depth 
to the upper surface of the magnetized body and 
interpreted susceptibility have a strong (negative) 
correlation in the in-phase components (e.g. in 
Fig. 6 when ρ1 and ρ2 are 2000 Ωm). The effects of 
these parameters cannot be interpreted separately 
(at least by 1D inversion), and one parameter has 
to be known or predicted to estimate the other. 
The use of a higher frequency (14 kHz) does not 
provide any extra information on the magnetized 
basement (assuming that the possible frequency 
dependence of the susceptibility is below the noise 
level), and it does not have a sufficient sensitivity 
to the thickness of the resistive overburden. When 
the conductivity of the overburden layer increases 
to 200 Ωm, the situation is different. Both param-
eters can be resolved and the information at an 
additional frequency will benefit in the inversion. 
This AEM system is also rather insensitive to the 
thicknesses of the resistive and magnetized forma-
tion. 

If conventional EM and magnetic survey data 
are available, the need for joint or combined in-
version/interpretation with in situ information is 
emphasized to reduce possible non-uniquenesses 
in the inversion.
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Kellojärvi interpretation example

2D and 3D model-based interpretation has been 
tested in the western part of the Kellojärvi ultra-
mafic complex. The area has potential for nickel 
deposits, and it has been covered by geological and 
geophysical surveys (e.g. Halkoaho & Niskanen 
2012). The area was surveyed in 1994 with 100 m 
line spacing using a Twin Otter aircraft, simulta-
neously measuring TMI with two magnetometers, 
the EM response at 3113 Hz and gamma radiation 
(Hautaniemi et al. 2005). Large areas have also 
been covered by ground TMI and Slingram meas-
urements with a line spacing of 50 m. The magnet-
ized ultramafic formation is clearly outlined from 
aeromagnetic and AEM in-phase data (Fig. 7). The 
AEM flight profiles and ground profiles are E–W 
directed. The bedrock is partly outcropping. The 
topography (Fig. 7a) and bathymetry show rapid 
topographic variations with clear elongated depres-
sions. The deepest parts of the lake are nearly 20 m 
deep, while the average depth is less than 10 m. 
The bedrock model has been interpreted from the 
AEM and ground Slingram data using homogene-
ous 3D σ and χ bodies below Lake Kellojärvi and 
using estimated overburden resistivity and thick-
ness values. In particular, the lake bathymetry 
along the measurement profiles has been taken into 
account. The thickness values for the lake layer are 

interpolated from the bathymetric elevation mod-
el. The 3D models below the profile are extended 
to the middle position between adjacent profiles, 
if there is also an interpreted adjacent measure-
ment profile. Otherwise, the model is made infi-
nitely long in that direction. The actual 3D model 
is comprised of modelled 3D slices, which have a 
width of about 100 m (AEM) or 50 m (Slingram) 
and which are wider in the peripheral parts of the 
modelled area. In principle, all modelled slices are 
taken into account when the responses along one 
line are calculated on local meshes, as explained 
above. In this case study, one “good” local mesh 
was used per EM system and frequency. Calcu-
lated 3D responses caused by wide conductivity 
and susceptibility formations were tested against 
1D results. 

The airborne geophysical surveys were conduct-
ed in the summer, but the ground geophysics was 
measured (on the ice) during the winter. The elec-
trical conductivity of the lake water was estimated 
from AEM results and its dependence on the tem-
perature was taken into account in the Slingram 
interpretation. The model for the water layer could 
be more detailed between the flight lines, but this 
is not a major problem due to the rather high (esti-
mated 240 Ωm) resistivity of the lake water. More 

Fig. 6. 1D sensitivities to a magnetic basement below an overburden (ρ1 = 2000 or 200 Ωm, χ1 =0.0 [SI],  ρ2 = 2000 Ωm,  
χ2 = 0.1 [SI]). Fig. a) illustrates  the change in the AEM response as a function of depth if the thickness of the overburden in-
creases by one metre. Fig. b) illustrates the change if the susceptibility increases from 0.1 to 0.11 [SI].  The flight altitude is 33 m.

a) b)
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care should be taken in estimating the partly out-
cropping magnetized bedrock formations below 
abruptly variable topography. Here, the surface  
topography was assumed to be flat. 

In the Twin Otter system, the altitude of the 
sensors is measured by a radar altimeter. Hautan-

iemi et al. (2005) estimated that the accuracy of 
the used radar altimeter is normally better than 
0.5 metres. Here, the accuracy of the altitudes was 
good enough over the lake. Problems arise when 
the radar altimeter has measured (smoothed) dis-
tances to tree tops. Here, the values of the radar 

Fig. 7. a) A digital elevation model of the Kellojärvi study area (National Land Survey of Finland) (in the black rectangle, eleva-
tion varies from 161 m to 196 m); b) the AEM quadrature component; c) airborne TMI data (IGRF removed); and d) the AEM 
in-phase component. The black rectangle outlines the study area presented in Figure 10. The AEM flight lines are indicated in 
Figs a) and d).

a)

c)

b)

d)
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altimeter were (partially) corrected by applying 
the same type of adaptive (max) filtering as used 
in Beamish and Leväniemi (2010). The method 
corrects excessively low altitude values at least to 
the right direction using measured heights and the 
digital elevation model. Some more or less errone-
ous values are nevertheless left, as seen in Figure 
8. The high sensitivity of the AEM system to the 
distance to upper surface of a shallow magnet-
ized body clearly manifests these errors. The (me-
dian) filtering of the AEM measurements in the 
processing step (Hautaniemi et al. 2005) has also 
caused some minor effects in the AEM responses: 
the maximum and minimum values have been re-
moved.

Figure 8 displays the AEM interpretation result 
for flight line 201, which is the nearest to three 
drill holes shown in Figure 8 c) and d). In this 
case, a simple visual interpretation of AEM results 
is also straightforward. In the study area (Fig. 7) 
there is one evident bedrock conductor; otherwise, 
the bedrock is resistive. Elongated depressions in 
topography are related to less resistive bedrock 
faults/fracture zones cross-cutting the magnetized 
formation and its surroundings. The westernmost 
drill hole penetrates into a layer of sulphide-bear-
ing phyllite. The drill core samples give resistivities 
from few a hundred to 20 Ωm. The easternmost 

drill hole is in serpentinite, and the middle one 
penetrates serpentinite at the depth of about 100 
m. The measured susceptibilities of the serpent-
inite are between 0.03−0.22 [SI], and the ratios of 
the remanent to the induced magnetization, i.e. Q-
values, range between 1.2–17, so that there appears 
to be a positive correlation between susceptibility 
and remanence. 

In this study, the aim was to obtain rough mod-
els of conductivity and susceptibility. 3D models 
give quantitative estimates of model properties. 
However, these results are still conditional, and the 
assumptions made should be borne in mind. The 
usual goodness-of-fit that is attempted to achieve 
is shown in Figure 8a. As is a common practice in 
data fitting and inversion, we attempted to find a 
model for which the modelled and measured data 
agreed to within noise/error tolerance. In addi-
tion, the used parametric tabular 3D bodies may 
not necessarily explain the measurements more 
exactly. Thus, the interpretation models give only 
an outline of the true conductivity and suscepti-
bility models. Twin Otter AEM data are rather in-
sensitive to the dip of the structure. Because the 
contacts and faults appear to be vertical or sub-
vertical, only vertical tabular bodies were used in 
interpretation.

Fig. 8. Interpretation of Kellojärvi AEM data for one profile (201). a) Measured and modelled responses (IP = in-phase, Q = 
quadrature component) and measured and corrected altitudes; b) measured TMI (IGRF removed) and calculated TMI using 
the AEM susceptibility model and remanence directed along the geomagnetic field using the Q-value 2.75, with the blue arrow 
showing the flight direction; c) the resistivity model; d) the susceptibility model. The dashed line in c) and d) indicates the true 
topography.

a)

c)

b)

d)



84

Geological Survey of Finland, Special Paper 58
Ilkka Suppala

The effects of median filtering and errors in the 
flight altitude can be seen in Figure 8. The vari-
able topography can cause some effects, which 
were not accounted for in the modelling. The 
observed in-phase values over a topographic de-
pression (at 2000 m) were not explained well by 
the model. It is assumedly a fracture zone with 
increased conductivity, which is more clearly 
seen in the Slingram results. The values can be 
explained by a deeper horizontal good conduc-
tor. Similar topographic (?) effects can be seen on 
some other lines.

Comparing the measured TMI values and the 
modelled TMI response calculated using the inter-
preted susceptibility model shows a strong effect 
of the remanent magnetization. In the formation, 
the ratio of the remanent to the induced magneti-
zation could be 2 or more, which is in agreement 
with petrophysical measurements from drilled 
serpentinite in the study area. The modelled  
susceptibilities are also in agreement, at least qual-
itatively, with measurements from the drill core 
samples. Here, the self-demagnetization was not 
taken into account.

Figure 9 displays the ground Slingram and 
TMI measurements from profile 7130050, which 

is closest to the AEM profile line 201. The ground 
Slingram system is very sensitive to thin vertical 
conductive structures, which are clearly deline-
ated by the measurements. The dip was also taken 
into account in the interpretation of the the Sling-
ram data. The (too) fine resolution of the ground 
TMI is seen over the partly outcropping magnet-
ized formation between Easting 1450 and 1750 m.  
The small-scale magnetized structures cannot be in-
terpreted from the Slingram data. The topographic  
variations can cause some error in Slingram  
measurements. 

Figure 10 shows the AEM and Slingram inter-
pretations as maps of vertical cross-sections of 
conductivity and susceptibility along the meas-
urement profiles. The better resolution of ground 
Slingram data for vertical conductive structures 
compared to airborne AEM data is evident. The 
ground TMI data were partially taken into account 
in the Slingram susceptibility interpretation. The 
AEM interpretations were carried out without 
TMI information to better assess the direction of 
remanent magnetism. The results in Figure 8c in-
dicate that the remanence could be directed along 
the geomagnetic field, but there also appears to be 
another consistent, more westward direction. 

Fig. 9. Interpretation of Kellojärvi Slingram data for one profile (7130050). a) Measured and modelled responses (IP = in-
phase, Q = quadrature component); b) measured ground TMI (IGRF removed) and calculated TMI using the EM susceptibility 
model and remanence directed along the geomagnetic field using the Q-value 2.75; c) the resistivity model; d) the susceptibility 
model. 

a)

c)

b)

d)
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Fig. 10. Interpretation of electrical resistivity (Figs a and b) and susceptibility (Figs c and d) from Kellojärvi AEM (Figs a and 
c) and Slingram data (Figs b and d). The depth scale in metres of the cross-sections is in the lower-left corner of the maps. The 
blue lines depict the shoreline of Lake Kellojärvi. Flight line 201 is the nearest to the three drill holes.

a) b)

d)c)

a) b)

d)c)
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CONCLUSIONS

3D geophysical modelling and inversion are 
needed to construct realistic earth models that 
are consistent with available geological and geo-
physical data. Large-scale and accurate numerical 
3D EM modelling is a demanding computational 
problem. A common strategy to improve the com-
putational efficiency is to separate the 3D com-
putational meshes from the 3D earth model and, 
for instance, from the cell-based inversion mesh. 
Here, the 3D earth model, i.e. the interpretation 
model, was composed of layers and tabular bod-
ies with individual electromagnetic properties. A 
local simulation mesh was used to calculate the 
complex response for each source point and each 
frequency. A local simulation mesh was construct-
ed taking into account the resolution capability 
and the volume of influence (footprint) of the EM 
system at the used frequency in the local conduc-
tivity and magnetic permeability model. The local 
mesh should use small cells near the transmitter 
and receiver and coarser cells further away, and 
the volume of the local mesh should be larger than 
the volume of influence. The diffuse EM equations 
were solved using the finite-volume method, in 
which the local mesh is composed of rectangular 
cells. This type of approach limits the computer 
memory requirements. It could also speed up the 
computations, but above all it makes these calcula-
tions possible on an ordinary PC.

In practice, it is required that the 3D model 
is mapped properly from one presentation to 
another. Here, the calculated model in the lo-
cal mesh should be effectively equivalent to the 
model presented as tabular bodies or as the mod-
elling/inversion mesh. The method to calculate 
averaged values for a local mesh and to calculate 
partial derivatives of the system responses with 
respect to model parameters of tabular bodies is 
presented by Abubakar et al. (2009). The diffusive 
nature of the EM fields justifies this scheme for 
mapping. 

Partitioning of the earth by geometric models 
with individual material properties σ, χ, and ε 
aids in the use of this finite-volume program and 
enables a simple 3D model-based interpretation 
process. The 2D modelling scheme presented by 
Abubakar et al. (2009) was in this study extended 
to three dimensions for the EM multiprofile data. 
The extension is straightforward, and the 3D mod-
elling scheme is workable. For a more detailed 

model-based inversion, the strike direction could 
be more carefully taken into account. 

The calculated synthetic Slingram and AEM re-
sponses demonstrated different types of coupling 
to tabular bodies that are anomalously electrically 
conductive and/or magnetically susceptible. Mag-
netic susceptibility causes a maximum anomaly 
when the primary magnetic field is parallel to 
the plate. The conductivity causes a maximum 
anomaly when the time-varying primary magnet-
ic field (flux) passes through the plate. Simulated 
results demonstrated that the response caused by 
magnetization is more sensitive to the distance 
between the EM system and the target than the 
response caused by electromagnetic induction by 
eddy currents. The footprints of EM systems are 
different in shape and volume for conductivity and 
susceptibility. These theoretical EM results char-
acterize the difference between EM induction and 
magnetic induction. 

TMI depicts the anomalous magnetic field 
caused by induced and natural remanent magneti-
zation, whereas a static remanent component has 
no effect on the susceptibility model inverted from 
AEM data. The cooperative interpretation of TMI 
and EM data provides a way to differentiate the 
contributions of induced and remanent parts in 
the TMI anomaly field. In magnetic measurements 
the inducing field is uniform, whereas in Twin Ot-
ter and Slingram measurements it is dipolar. Due 
to the geometrical attenuation of the EM field, 
the volume of influence is more local and smaller 
(shallower) in EM surveys than TMI surveys.

The simple 1D layered-earth susceptibility and 
resistivity interpretation using AEM data alone 
can be effectively non-unique in resistive envi-
ronments, when the EM system is not sensitive 
enough to the conductivity structures. This ambi-
guity could be resolved using an EM system op-
erating at higher frequencies, measuring densely 
and with various coil configurations and using 3D 
interpretation models. The combined inversion of 
magnetic TMI and EM data would also reduce the 
non-uniqueness.

The 3D model-based interpretation process was 
tested in the Kellojärvi case, where both conduc-
tivity and susceptibility have been used in the in-
terpretation of Twin Otter AEM and ground Sling-
ram data. The AEM interpretation process is quite 
straightforward, and here was carried out without 
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TMI information to better assess the direction of 
remanent magnetism. The above-mentioned am-
biguity is evident in resistive locations. Additional 
in situ information could have been used in the in-
terpretation. For example, the known lake bathym-
etry was important, and the outcropping magnet-
ized rocks should have been outlined and used in 
the interpretation with topography. The parametric 
tabular 3D bodies and layers give a (rough) outline 
of the true conductivity and susceptibility struc-
ture, which was one aim of this work. The mod-
elled susceptibility and conductivity values are in 
agreement with the measurements from the drill 

core samples. In the ultramafic formation, the ra-
tio of the remanent to the induced magnetization 
has been estimated to be 2 or more, which agrees 
with petrophysics from drilled serpentinite in the 
study area. The direction of remanence appears to 
be aligned parallel to the geomagnetic field, at least 
in some profiles. 

The ground Slingram data were found more sen-
sitive to a thin vertical conductivity structure than 
AEM data. With two-frequency Slingram data, the 
need for TMI data is more obvious. The future goal 
is the joint inversion of EM and TMI data using 
available a priori information and constraints. 
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Petrophysical, rock magnetic and anisotropy of magnetic susceptibility (AMS) meas-
urements have been carried out on a porphyry type Cu-Au deposit in Kedonojankul-
ma, on an orogenic gold deposit in Uunimäki and on the exploration target of Mäyrä 
in the Palaeoproterozoic Häme belt of Southern Finland. The mineralizations occur 
in strongly altered and sheared zones. The main aim of the laboratory studies has 
been to identify and characterize ore-related alteration processes that are reflected 
in the physical properties of rocks. The studies have focused on magnetic proper-
ties and the identification of magnetic minerals using rock magnetic tests. Magnetic 
mineralogy was verified by SEM studies.
 In the Kedonojankulma quartz-plagioclase porphyrite occurrence, the induced 
and remanent magnetizations are slightly higher in the altered auriferous shear zone 
than in the less altered host rock. In the altered zone, the only magnetic mineral 
is monoclinic pyrrhotite with a high Curie temperature, while in the host rock the 
main magnetic mineral is ilmenite with minor magnetite.
 In the Uunimäki gabbroic occurrence, the highest magnetization values correlate 
with strong IP anomalies, the magnetization being carried by monoclinic pyrrhotite 
with a high Curie temperature. In the more weakly magnetized rocks, the magneti-
zation predominantly resides in ilmenite. In the strongest IP anomaly area, which is 
also regarded as the most gold bearing, the remanent magnetization also has strong 
intensity, and a Svecofennian age remanence could be isolated. The result thus sug-
gests that provided that gold and pyrrhotite are contemporaneous at the site, the gold 
is post-tectonic.
 Based on AMS data, the magnetic foliation planes follow the general foliation 
structures in both formations, although the degree of anisotropy varies considerably.
 In the Mäyrä occurrence, the magnetization of the shear zone has decreased due 
to hydrothermal alteration. The surrounding gabbros, whether coarse-grained dark 
gabbro or fine-grained lighter coloured gabbro, contain magnetite as the main mag-
netic mineral, while the shear zone also contains pyrrhotite in addition to magnetite.
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INTRODUCTION

Petrophysical laboratory measurements of miner-
alized and barren rock samples have been carried 
out at several locations in the Palaeoproterozoic 
Häme belt of southern Finland (Fig. 1). The study 
areas were selected utilizing airborne geophysical 
data. Most systematic and detailed sampling was 
carried out across hydrothermal alteration zones 
in the porphyry type Cu-Au deposit in Kedono-
jankulma, in the orogenic Au deposit of Uunimäki 
and the exploration target of Mäyrä, the results of 
which are described in this paper.

The main aim of the study was to identify and 
characterize alteration processes that are reflect-
ed in the physical properties and especially in the 
magnetic properties of the rocks during the min-
eralization processes. Circulation of hydrother-
mal fluids and consequent fluid–rock interaction 
can significantly modify the physical properties 
of ore-bearing deposits. These processes typically 

also produce compositional and textural changes 
in ferromagnetic minerals, which can be studied 
and quantified by using magnetic methods. There-
fore, in addition to basic petrophysical properties 
(density, magnetic susceptibility and remanence), 
rock magnetic tests were carried out to identify 
the magnetic minerals and their grain sizes, which 
also have relevance to the stability of remanence. 

Palaeomagnetic studies were conducted for 
some of the study objects to delineate the timing 
for the alteration process. AMS (anisotropy of 
magnetic susceptibility) studies were carried out to 
characterize the fabrics of the occurrences. As the 
known ore bodies are related to alteration zones 
and because detailed petrophysical investigations 
at the outcrop scale can delineate differences be-
tween ore and host rocks, the studied petrophysi-
cal properties have relevance to exploration. 
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!(!(!(!(!(!(!(!(!(!(
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Fig. 1. Aeromagnetic map of the Häme belt showing the study areas. The studied sites are indicated by black circles and com-
prise Mäyrä (sites 1–3), Kedonojankulma (sites 4–10) and Uunimäki (sites 16–25). 

GEOLOGICAL BACKGROUND

The bedrock of southern Finland was formed 
during the Svecofennian orogeny at 1.9–1.8 Ga, 
involving several collisional and metamorphic 
stages that produced different types of ore forma-
tions. The studied formations occur in the Häme 
belt, where the age of magmatic activity is in gen-
eral 1.88 Ga (Saalmann et al. 2009), and the last 
active orogenic evolution took place at ca. 1.79 Ga 
(Lahtinen et al. 2005). The ore formations can be 
either syngenetic or later than the earliest defor-

mation, but in any case their formation precedes 
the youngest brittle deformation at 1.79 Ga (see 
Eilu et al. 2012 for references). 

The main study objects comprised the Kedono-
jankulma porphyry type Cu-Au deposit hosted 
by the subvolcanic quartz-plagioclase porphy-
ritic phase of a tonalitic intrusion (Tiainen et al. 
2012) and the Uunimäki orogenic gold deposit 
hosted by shear zones in a metamorphosed gabbro  
(Grönholm and Kärkkäinen 2013). In addition, a  
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potentially Au mineralized and strongly altered 
shear zone and host gabbroic rocks in the Mäyrä 
target were investigated. 

The Kedonojankulma study area (Fig. 2) is lo-
cated in the western part of the Svecofennian 
volcanic-intrusive Häme belt (Fig. 1). The Cu-Au 
occurrence is mainly located in a porphyritic ton-
alitic intrusion and partly in the surrounding vol-
canic host rocks (Tiainen et al. 2012, 2013). The 
granitoids surrounding the Kedonojakulma oc-
currence represent volcanic arc type granitoids. 
The size of the occurrence is about 1.5 x 0.5 km. 
The highest Cu-Au contents occur in a strongly 
altered and sheared quartz-plagioclase porphyritic 
phase of the tonalitic intrusion, in the Rusakkokal-
lio outcrop (Fig. 2), where the quartz-plagioclase 
porphyry is cut by a network of thin quartz veins. 
The main ore mineral is chalcopyrite and the main 
magnetic mineral is pyrrhotite (Tiainen et al. 
2012).

The Uunimäki gold prospect of the age of 
ca. 1.88 Ga in the Häme belt (Fig. 1) is hosted 
by shear and fault zones within a heterogene-
ous gabbro intrusion that is metamorphosed but 
only weakly deformed outside the shear zones 
(Grönholm and Kärkkäinen 2013). The gabbro 
is typically fine or medium grained. One gabbro 

type contains uralite phenocrysts (as remnants 
of igneous clinopyroxene) within fine-grained 
groundmass and one type is equigranular. A net-
work of thin cross-cutting quartz veins occurs at 
some outcrops. Typical ore minerals include lo-
cally abundant pyrrhotite, and minor chalcopy-
rite, arsenopyrite and ilmenite. The Au-critical 
area correlates with a distinct IP anomaly that 
was used as the basis of petrophysical sampling. 
In the gravimetric maps, the geochemically gold 
potential NW–SE-trending zones appear to be 
related to gravity minima (Vuori et al. 2007). 
Gold-critical major shear and fault zones are also 
recognized in aeromagnetic maps as diffuse non-
magnetic and locally gently curving lineaments. 

The Mäyrä target in Hämeenlinna has not been 
extensively studied, but it is important as it is lo-
cated in a notable till geochemical anomaly area 
observed in recent mapping by GTK in the Häme 
belt (Fig. 1) (Huhta 2013, 2014). The main rock 
types are a coarse-grained gabbro and a more 
fine-grained gabbro, the latter possibly being an 
inclusion in the coarse-grained rock. Both gabbro 
types are cut by a shear zone that might be relat-
ed to hydrothermal alteration associated with the 
geochemical Au anomaly in the region. The main 
sulphide minerals are pyrrhotite and arsenopyrite.

SAMPLING, INSTRUMENTS AND METHODS 

Samples were taken with a portable Pomeroy 
minidrill and oriented with the sun and a magnet-
ic compass. The diameter of samples was 2.5 cm 
and the length ca. 6 cm. In addition to oriented 
core samples, oriented and un-oriented hand sam-
ples were taken from some sites for petrophysical 
measurements.

At Kedonojankulma (Fig. 2), samples were 
taken from five sites (sites 4–8). Sites 4–6 in Ru-
sakkokallio are located close to each other in an 
outcrop area of about 50 x 10 m. They comprised 
the subvolcanic quartz-plagioclase porphyrit-
ic phase of the tonalitic intrusion that hosts the 
Cu-Au occurrence (Tiainen et al. 2012). At site 
4, five samples were taken from the least altered 
quartz-plagioclase-porphyry. At site 5, five sam-
ples were taken from the more altered quartz-pla-
gioclase-porphyry and at site 6 (close to site 5), 
seven samples were taken across a profile of an 
altered rusty shear zone. Sites 7 and 8 are located 
about 200 m apart from each other in Passi (Fig. 

2). At site 7, the rock type is tonalite with sporadic 
epidote inclusions. Four core samples were taken 
from unaltered tonalite (samples 7a, Fig. 3) and 
three from epidotized and sheared inclusions in 
the tonalite (samples 7b, Fig. 3). At site 8, a contact 
between tonalite and quartz-plagioclase-porphyry 
is clearly visible. Three oriented hand samples were 
taken from the tonalite (samples 8a, Fig. 3) and 
three samples from the quartz-plagioclase-por-
phyry (samples 8b, Fig. 3).  

Sampling of gabbro at Uunimäki (Fig. 14) was 
planned by utilizing the IP anomaly map in order 
to constrain the physical properties of rocks of the 
lowest and highest anomaly, the latter one suggested 
to be related to the Au occurrence. A profile across 
the IP anomaly, comprising 8 sites, was sampled. 
In addition, two sites with a weaker IP anomaly 
outside the profile were sampled. Approximately 5 
oriented core samples were taken at each site. In 
addition, petrophysical measurements were car-
ried out on three borehole cores (M211109R314, 
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M211109R315 and M211109R316) that were 
also geochemically analysed (Labtium Oy) in the 
course of ore potential investigations. 

The exploration target Mäyrä comprises gab-
broic rocks and was sampled at three sites (sites 
1–3). At site one, nine oriented samples were tak-
en across a profile over a shear zone. The width of 
the profile was 10 m and the most altered central 
part of the shear zone is about 10 cm broad (sam-
ples 1.3.–1.4). The main rock type is black coarse-
grained gabbro (samples 1.1, 1.2, 1.7, 1.8 and 1.9), 
but the other side of the most altered zone is bor-
dered by a band where the gabbro has a lighter col-
our and is more fine grained (samples 1.5 and 1.6). 
Corresponding to site one, coarse-grained gabbro 
and lighter fine-grained gabbro were sampled at 
two other sites (sites 2 and 3, respectively) outside 
the profile. 

In the laboratory, samples were processed into 
standard cylinders (height 2.5 cm, diameter 2.1 
cm). The principal petrophysical parameters 
measured before the palaeomagnetic and AMS 
measurements were magnetic susceptibility (ap-
plied field intensity of 130 A/m), electrical conduc-
tivity and density. Remanent magnetization was 
measured with a 2G-RF SQUID magnetometer. 
Alternating field and thermal demagnetizations, 

coupled with SQUID measurements, were applied 
to some of the samples. Anisotropy of magnetic 
susceptibility (AMS) was measured with an Agico 
KLY-3 kappabridge (applied field intensity of 300 
A/m). Determinations of magnetic mineralogy 
comprised thermomagnetic analyses in an Ar at-
mosphere with a KLY-3/CS-3 device. Three com-
ponent IRM measurements, so-called Lowrie tests 
(Lowrie 1990), were carried out with a Molspin 
pulse magnetizer, coupled with thermal demag-
netizations and measurements with SQUID or 
GTK-built spinner magnetometers. In the Lowrie 
test, the sample is subjected to three different high 
magnetic fields (1.5 T, 0.4 T and 0.12 T) along the 
z-, y- and x-axes of the sample, respectively. The 
sample is subsequently heated to increasing tem-
peratures (typically up to 680°C). The measure-
ments give information on the magnetic minerals, 
their grain sizes and magnetic domain states (see 
Mertanen and Karell, 2009, 2011 for a detailed de-
scription of the method). Three Lowrie test meas-
urements were carried out at the Solid Earth Geo-
physics Laboratory of the University of Helsinki 
(by Dr Johanna Salminen), where the thermal 
demagnetizations could be performed in an Ar at-
mosphere and the remanence measurements were 
carried out with a 2G-DC SQUID magnetometer.

RESULTS AND DISCUSSION

Mean petrophysical properties of all three study areas are presented in Table 1. 

Kedonojankulma

Sites 4–6, Rusakkokallio

Figure 2 illustrates the locations of the sampling 
sites on an aeromagnetic map, which evidences 
the very low magnetization of the Kedonojankul-
ma deposit. Sites 4–6 are from the Rusakkokal-
lio quartz-plagioclase porphyry, with the highest 
Cu and Au contents, and sites 7–8 from the Passi 
area, where the outcrops are tonalite and plagio-
clase-quartz porphyry with low Cu and Fe. Figure 
3a presents the susceptibility – density plot, and 
Figure 3b the susceptibility – Q-value plot of the 
Kedonojankulma samples. The Q-value is the rela-
tionship between the remanent magnetization and 
the induced magnetization, and reflects the domi-
nance of remanence if the value is over 1. 

The quartz-plagioclase porphyries at the Ru-
sakkokallio site are typically weakly magnetized 
(Figs 3a and 3b). At the Rusakkokallio site 4, with 
the least altered quartz-plagioclase-porphyry, the 
magnetic susceptibilities and remanence intensi-
ties are generally lower compared to the more al-
tered rocks of the auriferous shear zone of sites 5 
and 6. In the shear zone, the overall susceptibilities 
and remanence intensities and, consequently, the 
Q-values are slightly increased due to increased 
amounts of pyrrhotite. The Q-values are highest  
within the shear zone, indicating the dominance 
of remanent magnetization over induced mag-
netization. The altered rocks (sites 5 and 6) show 
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4-6

8

7

Fig. 2. Sampling sites in Kedonojankulma shown on an aeromagnetic map. Sites 4–6 are in Rusakkokallio and sites 7 and 8 in 
Passi. Contains data from the National Land Survey of Finland Topographic Database 03/2013.

Table 1. Mean petrophysical properties of the studied rocks

Note. Site gives the site number, Q-plg-porph. is quartz-plagioclase porphyry, x,y are the coordinates of the site, n is the number of 
specimens. Suscept. is the magnetic susceptibility, Reman. is the remanence, Q is the Königsberger ratio (the ratio of the remanent 
magnetization to the induced magnetization). In Kedonojankulma, the sites in Passi are divided according to the visible occurrence 
of epidotic inclusions at site 7B and according to rock type at site 8.

Site Rock type Comment x y n Density Suscept. Reman. Q
kg/m3 x 10-6 mA/m

Kedonojankulma
4 Q-plg-porph. Least alt. 6761604 3311775 6 2655 154.0 1.0 0.17
5 Q-plg-porph. 6761606 3311781 6 2679 321.5 63.9 3.23
6 Q-plg-porph. Shear zone 6761602 3311785 9 2676 214.0 41.8 3.93

7A Tonalite 6761142 3312482 5 2735 571.0 3.7 0.13
7B Tonalite Epidote 6761142 3312482 3 2801 5526.7 46.3 0.22
8A Q-plg-porph. 6761066 3312260 16 2660 695.1 19.5 1.85
8B Tonalite 6761066 3312260 8 2742 1910.1 45.6 0.35

16 Granodiorite 6774778 3273855 14 2775 395.1 3.6 0.23
17 Gabbro 6774732 3273788 13 2904 775.5 105.6 2.92
18 Gabbro 6774680 3273773 11 3006 845.6 5.1 0.15
19 Gabbro 6774650 3273758 12 3082 1050.8 3.9 0.03
20 Gabbro 6774603 3273758 14 3007 887.6 21.2 0.03
21 Gabbro 6774532 3273696 11 2899 632.5 0.5 0.03
22 Uralite porph 6774510 3273832 12 3022 975.6 689.4 14.73
23 Gabbro 6774489 3273772 14 2955 740.9 0.9 0.03
24 Gabbro 6774074 3274308 13 3012 759.3 2.8 0.09
25 Gabbro 6774080 3274233 12 3002 823.5 0.9 0.03

1 Gabbro Coarse gr. 6767616 3331387 10 3002 4056.8 260.4 1.39
1 Gabbro Shear zone 6767616 3331387 3 2963 769.3 0.9 0.03
1 Gabbro Fine gr. 6767616 3331387 4 2938 1278.0 26.0 0.48
2 Gabbro Coarse gr. 6767640 3331467 10 2999 7567.2 1496.3 5.84
3 Gabbro Fine gr. 6767638 3331456 11 2902 1035.2 19.3 0.45

Uunimäki

Mäyrä

Site Rock type Comment x y n Density Suscept. Reman. Q
kg/m3 x 10-6 mA/m

Kedonojankulma
4 Q-plg-porph. Least alt. 6761604 3311775 6 2655 154.0 1.0 0.17
5 Q-plg-porph. 6761606 3311781 6 2679 321.5 63.9 3.23
6 Q-plg-porph. Shear zone 6761602 3311785 9 2676 214.0 41.8 3.93

7A Tonalite 6761142 3312482 5 2735 571.0 3.7 0.13
7B Tonalite Epidote 6761142 3312482 3 2801 5526.7 46.3 0.22
8A Q-plg-porph. 6761066 3312260 16 2660 695.1 19.5 1.85
8B Tonalite 6761066 3312260 8 2742 1910.1 45.6 0.35

16 Granodiorite 6774778 3273855 14 2775 395.1 3.6 0.23
17 Gabbro 6774732 3273788 13 2904 775.5 105.6 2.92
18 Gabbro 6774680 3273773 11 3006 845.6 5.1 0.15
19 Gabbro 6774650 3273758 12 3082 1050.8 3.9 0.03
20 Gabbro 6774603 3273758 14 3007 887.6 21.2 0.03
21 Gabbro 6774532 3273696 11 2899 632.5 0.5 0.03
22 Uralite porph 6774510 3273832 12 3022 975.6 689.4 14.73
23 Gabbro 6774489 3273772 14 2955 740.9 0.9 0.03
24 Gabbro 6774074 3274308 13 3012 759.3 2.8 0.09
25 Gabbro 6774080 3274233 12 3002 823.5 0.9 0.03

1 Gabbro Coarse gr. 6767616 3331387 10 3002 4056.8 260.4 1.39
1 Gabbro Shear zone 6767616 3331387 3 2963 769.3 0.9 0.03
1 Gabbro Fine gr. 6767616 3331387 4 2938 1278.0 26.0 0.48
2 Gabbro Coarse gr. 6767640 3331467 10 2999 7567.2 1496.3 5.84
3 Gabbro Fine gr. 6767638 3331456 11 2902 1035.2 19.3 0.45

Uunimäki

Mäyrä

.
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a) b)

Fig. 3.a) Susceptibility – Density plot, b) Susceptibility – Q-value plot of the Kedonojankulma samples. 
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Fig. 4. Three-axis isothermal magnetization (Lowrie test) of sample 6-4-1B from the Rusakkokallio shear zone. Magnetizations 
were produced along three orthogonal directions: the Z component in magnetizing field 1.5 T, the Y component in field 0.4 
T and the X component in field 0.12 T. a) Only pyrrhotite, with an exceptionally high Curie temperature of 350 °C, occurs, b) 
Lowrie test of sample 4-3-1A from the least altered plagioclase-quartz porphyry at the Rusakkokallio site. Both pyrrhotite and 
magnetite with unblocking temperatures of about 560 °C occur.

considerable internal variation in magnetic 
properties, which reflects the varying content of 
magnetic material in the rock. On the whole, the 
magnetic properties at Rusakkokallio have some-
what increased due to alteration. Densities are not 
markedly affected by the alteration, as both the 
unaltered and most altered rocks have the same 
approximate densities of ca. 2670 kg/m3.
At the Rusakkokallio sites, the typical magnetic 
mineral is monoclinic pyrrhotite with an excep-
tionally high Curie temperature of ca. 370 °C (Fig. 
4a, specimen 6-4-1B). The typical Curie tempera-
ture of ferrimagnetic monoclinic pyrrhotite is 
320 °C, and a disordered lattice structure or impu-
rities in the lattice were therefore considered as the 

source of high temperatures. According to SEM 
studies, however, the pyrrhotite does not contain 
impurities, but the composition at Rusakkokallio 
is typical for monoclinic pyrrhotite. 

The explanation for the observed Curie tem-
perature remains unresolved. Lowrie test meas-
urements, including thermal demagnetizations in 
an argon atmosphere at the University of Helsinki, 
also give high Curie temperatures. As shown be-
low (see the results for the Uunimäki deposit), the 
high Curie temperature of pyrrhotite seems to be a 
common phenomenon in the studied formations. 
The sheared rocks of site 6 do not contain other 
magnetic minerals than pyrrhotite. In addition, 
chalcopyrite and ilmenite are observed optically 
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in SEM images (Fig. 5), but they do not contrib-
ute to the magnetization properties of the rock. In 
the unsheared rock of site 4, pyrrhotite also has a 
high Curie temperature of 370 °C. In these rocks, 
pyrrhotite occurs together with small amounts 
of magnetite (Fig. 4b, specimen 4-3-1A) or more 
probably ilmenite (see discussion on Uunimäki). 
The results thus suggest that shearing was accom-
panied by reducing fluid flow that produced pyr-
rhotite at the expense of magnetite/ilmenite. The 
gold and/or copper were probably formed in the 
same process.

At sites 4–6, electrical conductivities were in 
general very low, except for few samples from sites 
5 and 6, where the conductivity was increased due 
to an excess of pyrrhotite. This result is in agree-
ment with ground IP surveys, which have revealed 
an increased IP anomaly in the sheared area in 
Rusakkokallio (Tiainen et al. 2012).

For palaeomagnetic studies, some of the sam-
ples were demagnetized in order to obtain the 
characteristic remanent magnetization compo-
nent that could give information on the relative 
age of the shearing and mineralizing fluid event. 
However, the directions of remanence were found 
to be scattered at each site, and palaeomagnetic 
data could not therefore give further informa-

Fig. 5. SEM image of sample 6-1-1A from the shear zone in 
Kedonojankulma. 1-3 = pyrrhotite, 4 = chalcopyrite, 6 = il-
menite.

 

tion on the timing of mineralization. The scatter 
of directions may indicate that the fluid flow was 
followed by or was contemporaneous with shear-
ing, which randomized and destroyed the original 
remanence directions. 

Sites 7–8, Passi 

At Passi (Fig. 2), some of the plagioclase-quartz 
porphyries have similar magnetic properties to 
those at sites 5 and 6 of the sheared Rusakkokallio 
plagioclase-quartz porphyries; the low susceptibil-
ity and higher Q-value (over 1, Site 8A, Table 1) 
also indicate the dominance of pyrrhotite in these 
rocks. In some of the samples, the susceptibilities 
are significantly higher due to magnetite, which 
occurs together with only small amounts of pyr-
rhotite (Table 1). For example, sample 8-1-2A (Fig. 
6a) has a high susceptibility value of 1500 x 10-6 SI 
compared with the mean value (695 x 10-6 SI) of 
the site (site 8A, Table 1). The magnetic mineral-
ogy of these samples from Passi (Fig. 6a) resem-
bles the unsheared plagioclase-quartz porphyry 
samples of the Rusakkokallio site 4 (Fig. 4b, site 
4, Table 1), although the susceptibility values (site 
8A, Table 1) are higher due to a higher amount of 
magnetite.  The pyrrhotite has a similarly high Cu-
rie temperature of ca. 370 °C as at the Rusakkokal-
lio sites. The magnetite-bearing tonalite (Fig. 6b) 
carries the highest susceptibility values (sites 7A, 

7B and 8B, Table 1), consistent with aeromagnetic 
data. In the epidotized inclusions, the magnetiza-
tion values and densities are the highest, which 
can also affect the aeromagnetic anomaly pattern. 
In two specimens of one tonalite hand sample, the 
magnetization values are significantly high, which 
reflects the unhomogeneity of the rock. 

According to AMS data (Fig. 7) the magnetic 
foliations at Rusakkokallio strike almost verti-
cally along the general NE–SW trend of shear-
ing, and magnetic lineations plunge moderately to 
the SW. The Rusakkokallio samples have slightly 
lower anisotropy degrees (6–10%) than the sam-
ples from Passi (11–13%). In particular, the least 
altered samples from Rusakkokallio (sites 4–5) are 
characterized by low anisotropy degrees accom-
panied by low magnetic susceptibilities. At Passi, 
the magnetic foliations dip steeply to the SE and 
the magnetic lineations plunge moderately to the 
S-SE. The shapes of AMS ellipsoids are predomi-
nantly oblate. 
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Fig. 6.a) Lowrie test of sample 8-1-2A from the plagioclase-quartz porphyry at the Passi site. Both pyrrhotite and magnetite oc-
cur. For explanations, see Fig. 4a, b) Lowrie test of sample 8-7-1B of tonalite at the Rusakkokallio site. The main ferromagnetic 
mineral is coarse-grained magnetite, shown as a dominance of the low coercivity x-phase.

Fig. 7. AMS data from Kedonojankulma. The anisotropy degree (P’) is shown as percentages for each site (numbers 4–8). The 
mean AMS directions of the principal axes k1 (blue square), k2 (green triangle) and k3 (red circle) are shown with their α95 
confidence ellipses. Contains data from the National Land Survey of Finland Topographic Database 03/2013.
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Uunimäki

The Uunimäki gabbro is characteristically weakly 
magnetized (Fig. 8). On the aeromagnetic map 
the deposit is within a NW–SE trending structure, 
where the total magnetization is only slightly high-
er compared with the surrounding granodiorite. 
The highest magnetization values and conductivi-
ties correlate with a strong IP anomaly (Fig. 14). 

Sampling was carried out by utilizing the IP 
anomaly so that samples were taken outside the 
highest IP anomaly (sites 16, 21 and 23–25, Fig. 
14) and within the highest anomaly area (sites 
17–20 and 22). The susceptibility – density plot is 
presented in Figure 9a and the susceptibility – Q-
value plot in Figure 9b. 

Figure 9a presents a linear correlation between 
susceptibility and density, which mostly reflects 

the amount of magnetic minerals in the rocks. 
The susceptibilities are in general very low, below 
1000 x 10-6 (SI), and for most samples the densities 
vary between ca. 2850 and 3050 kg/m3. In general, 
susceptibilities below 1000 x 10-6 (SI) suggest that 
the samples do not contain significant amounts of 
ferromagnetic minerals. Exceptionally low values 
are seen in samples from site 16 of the surround-
ing granodiorite. Higher density and susceptibil-
ity values come from inside the high IP anomaly 
area due to increased amounts of pyrrhotite, as 
discussed below. Sites 17, 19 and 22 show the wid-
est variation in magnetic properties and density, 
which probably reflects both the original compo-
sitional differences and the variation in the degree 
of alteration. 

Fig. 8. An aeromagnetic map with the square showing the sampling area in Uunimäki. Detailed  sampling sites are indicated in 
Fig. 14. Contains data from the National Land Survey of Finland Topographic Database 03/2013.

 

Sites 16-25 
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Fig. 9. Petrophysical properties of the Uunimäki deposit. a) Susceptibility – Density plot, b) Susceptibility – Q-value plot. 

a) b)

The susceptibility – Q-value plot (Fig. 9b) illus-
trates that the intensities of remanent magnetiza-
tion are typically below 1, indicating the domi-
nance of induced magnetization over remanence. 
Only at sites 17 and 22 do the remanences domi-
nate and show Q-values higher than 1. Site 22 is a 
fine-grained uralite porphyrite and has the high-
est magnetization values, in accordance with the 
highest magnetic (Fig. 8) and IP anomalies (Fig. 
14).

According to Lowrie tests, the rocks with the 
highest IP anomaly carry monoclinic subordinate 
pyrrhotite with exceptionally high Curie tem-
peratures of ca. 350–370 °C (Fig. 10a). The same 
high Curie temperatures were obtained from sites 
17–18, 20 and 22. However, two samples from 
site 22 were studied with thermomagnetic curves 
(susceptibility versus temperature), and they show 
pure monoclinic pyrrhotite with a typical Curie 

temperature of 320 °C (Fig. 11). Likewise, accord-
ing to SEM analyses of samples from sites 17 and 
22 (Fig. 12), the observed pyrrhotite has a typical 
composition without impurities. These samples 
have corresponding high Q-values and suscepti-
bilities (Fig. 9b), and both show high Curie tem-
peratures for pyrrhotite. 

Rochette et al. (1990) described an almost simi-
lar situation with an unexceptionally high un-
blocking temperature of 350  °C for monoclinic 
pyrrhotite in the Lower Jurassic schists. The origin 
of the high temperature was not resolved, but one 
explanation could be in the ordering of iron vacan-
cies in the lattice of pyrrhotite. Zegers et al. (2003) 
also found high unblocking temperatures of up to 
380  °C, and they suggested, based on studies by 
Graham et al. (1987), that small amounts of oxy-
gen occur in the crystal lattice of pyrrhotite. As the 
origin of the high Curie temperature of pyrrhotite  

Fig. 10. Lowrie test of samples from the Uunimäki deposit. a) Sample 22-1-1 is from the highest IP anomaly and shows only 
coarse-grained pyrrhotite as the ferromagnetic mineral. b) Sample 21-3-1 is outside the highest IP anomaly and shows magnet-
ite as the main ferromagnetic mineral. As discussed in the text, the magnetite may have been formed during laboratory heating.
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Fig. 11. Thermomagnetic curves showing magnetic suscep-
tibility (μSI) vs. temperature (°C) for sample 22-4-1B from 
site 22. The red line denotes heating and the blue line is a 
cooling curve. The vertical axis is in arbitrary units, as the 
susceptibility is not corrected for actual sample volume. The 
heating curve shows a typical Curie temperature of 320  °C 
for pyrrhotite. 

Fig. 12. SEM images from the Uunimäki deposit. a) uralite porphyritic gabbro from site 22 (sample 22-4-1B) showing solid 
grains of pyrrhotite (numbers 1 and 2), b) SEM image of gabbro from site 17 showing a large ilmenite grain in addition to 
apatite (apat) and intergrown pyrrhotite (po) and chalcopyrite (cpy). 

  

in Uunimäki, and as shown before also in Ke-
donojankulma, was not resolved along this study, 
it should be studied more thoroughly in the future, 
as it may have some relevance to the occurrence 
of ore mineralogy. According to SEM studies, the 
sites of the highest IP anomaly also contain some 
ilmenite and chalcopyrite (Fig. 12).

The lowest magnetization values were found 
among weak IP anomalies (sites 16, 21 and 23–25, 
Fig. 14). According to Lowrie tests, these samples 
carry magnetite with an unblocking temperature 
of 560  °C (Fig.  10b, sample 23-2-1R). However, 
SEM studies indicate that the Fe oxide mineral is 
ilmenite (Fig.  12b, sample 17-1-1A). The occur-
rence of ilmenite instead of magnetite is supported 
by low susceptibilities (Fig. 9) and thermomag-

netic curves that do not show Curie temperatures 
of magnetite. The Curie temperatures of magnetite 
in the Lowrie tests may be explained by laboratory 
heating, when mafic Fe-bearing silicate minerals 
or pyrrhotite have altered to magnetite. Therefore, 
this test is not suitable for these samples as such. It 
can be observed, however, that Curie temperatures 
of magnetite come only from the low IP anomaly 
areas whereas, the high IP anomaly area shows 
only pyrrhotite in the Lowrie and the thermomag-
netic tests. In the weakly magnetic rock around the 
high IP anomaly, very small amounts of pure mon-
oclinic pyrrhotite with a typical Curie temperature 
of 320  °C (Fig. 10b) were also revealed, in addi-
tion to ilmenite. Some of the samples also showed 
a very weak drop in intensity at 350–370 °C.
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The overall rock magnetic results from the Uuni-
mäki gabbro thus indicate that the main ferromag-
netic mineral in the unaltered rock outside the IP 
anomaly is ilmenite, with only a minor occurrence 
of pyrrhotite with the typical Curie temperature of 
320 °C. In the highly altered rock with a high IP 
anomaly, pyrrhotite with a high Curie temperature 
of 350–370 °C is the dominant magnetic mineral. 
Whatever the reason for the high Curie tempera-
tures, it is evident that the magnetic minerals with-
in the high and low IP anomaly areas show clearly 
different behaviour. Provided that in the high IP 
area the gold mineralization and the dominating 
pyrrhotite are related and formed in the same pro-
cess (Grönholm and Kärkkäinen 2013), it is pos-
sible that the high Curie temperature can be used 
to delineate the occurrence of gold. 

Remanent magnetization directions were meas-
ured from each sample of the Uunimäki deposit. 
Due to deformation, the directions are typically 
highly scattered and no constant characteristic 
directions were obtained from the different sites. 
However, site 22 forms an exception. At this site, 
a consistent remanence direction was isolated, 
and it clearly deviates from the present direction 
of the Earth’s magnetic field (PEF, Fig. 13). Figure 
13 illustrates the remanence directions of all sam-
ples from the site before demagnetization. After 
alternating field demagnetization, a characteristic 
remanence direction was obtained from six speci-
mens. The mean direction (declination  =  352.1°, 
inclination  =  43.9°, α95  = 6.3°, k  = 115.6, n  =  6 
specimens) with its α95 confidence circle is pre-

sented in Figure 13. It was used to calculate a 
virtual geomagnetic pole (VGP) (Plat  =  54.3 N, 
Plong = 215.1 E, dp = 4.9°, dm = 7.8°) for the site. 
The pole corresponds well to the poles obtained 
previously from late Svecofennian formations in 
the Fennoscandian shield (e.g. Mertanen and Pe-
sonen 2012). The age of the magnetization is about 
1800 Ma. The result is in accordance with proper 
isotope age datings that suggest a late Svecofenn-
ian age of 1.82–1.79 Ga for the gold mineralizing 
event in the Häme belt (Saalmann et al. 2009).

Provided that the remanent magnetization of 
site 22 is primary, formed during original cool-
ing of the magma, the preservation of an origi-
nal Svecofennian remanence direction indicates 
that either the site has been preserved from later 
tectonic processes, or that at this site a younger 
Svecofennian age magmatic pulse, post-dating de-
formation, has taken place. The rock type at site 
22 is uralite porphyritic gabbro, and the site also 
shows the highest magnetization and conductiv-
ity values (Figs 9 and 14), and as described above, 
the ferromagnetic mineral at this site is pyrrhotite 
(Fig. 11). According to SEM studies, the pyrrhotite 
at this site (Fig. 12a) seems to be more solid com-
pared to the sample from site 17, where pyrrhotite 
mostly occurs with chalcopyrite and is more bro-
ken (Fig. 12b). Therefore, the reason for the ob-
servation that only site 22 shows stable remanence 
directions while the other sites show scattered di-
rections is the different magnetic mineralogy and 
texture. 

PEF

Fig. 13. Natural Remanent Magnetization (NRM) directions 
of samples from site 22, before AF demagnetization. The 
black circle with its α95 confidence circle shows the mean re-
manence direction after AF demagnetization of the samples. 
PEF shows the Present Earth’s Field direction of the site.
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Fig. 14. IP anomaly map of the Uunimäki deposit. Sampling sites (16–25) are indicated as small black dots. The anisotropy 
degree (P’) of magnetic susceptibility is shown as percentages for each site, and the  principal axes k1 (blue square), k2 (green 
triangle) and k3 (red circle) are presented with their α95 confidence ellipses. Contains data from the National Land Survey of 
Finland Topographic Database 03/2013.

Table 1 presents the exceptionally high remanence 
and Q-values for site 22, which also explains the 
occurrence of stable remanence directions. The 
overall result may thus indicate that the rock with 
dominant pyrrhotite was formed from a separate 
mineralizing fluid flow event that, based on the 
preservation of a typical Svecofennian age rema-
nence direction, must post-date the tectonic events 
of the region. Consequently, provided that pyrrho-
tite and the gold mineralization were formed in a 
simultaneous process (Grönholm and Kärkkäinen 
2013), the palaeomagnetic age for pyrrhotite and 
gold is at maximum 1.8 Ga. 

AMS directional data within Uunimäki are 
characterized by NW–SE striking, almost vertical-
ly dipping magnetic foliations and predominantly 
vertically plunging magnetic lineations (Fig. 14). 
The anisotropy degree is generally low, from 2–5%, 
but in the northern part the anisotropy degree in-
creases up to 13%. The shapes of the AMS ellip-
soids are both oblate and prolate.

In order to correlate the geochemical and petro- 
physical properties of the Uunimäki gabbro, 
three drill cores were studied (M211109R314, 
M211109R315 and M211109R316). Some of the 
rocks were defined as gabbro and others as uralite 
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Fig. 15. Correlation of geochemical and petrophysical properties of the Uunimäki deposit. The data were obtained from three 
drill cores, M211109R314, M211109R315 and M211109R316.

porphyritic gabbro. The lengths of the drill cores 
were 65.05, 81.05 and 90.40 m. In total, 75 sam-
ples were analysed for petrophysical studies and 
55 samples for geochemical studies. Petrophysi-
cal and geochemical samples were not exactly the 
same, but the samples were taken as close to each 
other as possible.

Geochemical correlations indicate that the oc-
currence of gold is only weakly correlated with 
other heavy metals (Fig. 15). From the petrophysi-
cal parameters, gold is best correlated with induc-
tive conductivity, consistent with the occurrence 
of pyrrhotite. Because pyrrhotite mostly occurs 
as disseminated grains, it is not shown in galvanic 

conductivity. In the Au-bearing zones, pyrrho-
tite also occurs as thin veins, but because they are 
mostly perpendicular to the core, they are not in-
variably caught in the petrophysical samples.

Copper correlates with heavy metals. From 
the petrophysical properties it is best correlated 
with Q-value, as it is connected to pyrrhotite (and 
nickel). Copper has a negative correlation with Ti 
and density. Titanium is connected to magnetite, 
which is not related to pyrrhotite.

One reason for the weak correlation between 
the petrophysical parameters and geochemistry 
is partly because the petrophysical and chemical 
analyses were not conducted on the same samples. 

Mäyrä

The Mäyrä target (Fig. 16) is within a prominent 
regional geochemical Au anomaly, but the source 
of gold in this area has not yet been studied. Petro-
physical sampling was carried out across a shear 
zone that might be part of a mineralized zone (site 
1, Fig. 17). The main aim was to examine how the 
alteration in the zone has affected the petrophysi-

cal properties. The other aim was to compare the 
petrophysical properties of two mafic intrusive 
rock types in the outcrops: one a dark coarse-
grained gabbro (site 2) and the other a lighter col-
oured fine-grained gabbro (site 3). The sampling 
scheme is described under the section Methods 
and sampling.
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Table 1 presents the mean petrophysical values 
for each site at the Mayrä target. The highest sus-
ceptibilities and remanences occur in the coarse 
grained gabbro not affected by shearing (site 1 and 
site 2, Fig. 18a, Table 1). In these samples, the sus-
ceptibilities have large variation ranging between 
2 000–14 000 (x10-6 SI) and the remanences gen-
erally range between 100 and 800 mA/m. One 
sample has an exceptionally high remanence of 
about 5300 mA/m, which raises the mean value 
(Mäyrä, site 2, Table 1). All Q-values of the coarse 
grained dark gabbro of site 2 and of samples from 
unsheared coarse gabbro of site 1 are above 1 (Fig. 
18b, Table 1). In the fine-grained gabbro of sites  
1 and 3 (Table 1), the susceptibilities are lower and 
Q-values are below 1. In the centre of the shear 
zone of site 1, both the susceptibility and Q-values 
are the lowest (Table 1). The result indicates that 
due to hydrothermal alteration in the shear zone, 
most magnetic minerals have vanished. Densities 
are clearly lowered at the shear zone corresponding 
to densities of the fine-grained light-coloured gab-
bro (Fig. 18b).

According to Lowrie tests, the main magnetic 
mineral in the coarse-grained dark gabbro (Fig. 
19a) and in the fine-grained lighter coloured gab-
bro is magnetite, with some amounts of pyrrhotite, 
while in the shear zone it is only pyrrhotite (Fig. 
19b). High Q-values above 1 in the coarse-grained 
gabbro indicate magnetite of a small grain size ac-
companied by pyrrhotite. The coarse-grained black 

Fig. 16. Aeromagnetic anomaly map of the Mäyrä occurrence. Numbers 1–3 show the sampling sites of this study, while white 
dots are study locations not reported here. Contains data from the National Land Survey of Finland Topographic Database 
03/2013.

Fig. 17. Site 1 of the Mäyrä deposit showing the samples taken 
across a hydrothermally altered shear zone. Orientation de-
vice is placed on one of the cores.
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gabbro shows electrical conductivity, but the light-
er coloured gabbro does not. Likewise, the shear 
zone is not clearly conductive, probably due to 
only small amounts of pyrrhotite.

Comparison of magnetic minerals of the coarse-
grained and fine-grained gabbros shows that both 
contain magnetite (Fig. 20), although their mag-
netization behaviours and magnetization intensi-
ties are clearly different. The Curie temperature of 
magnetite in both samples is about 580  °C. The 
long tail above 600 °C in sample 1-8-1B is prob-
ably due to hematite.

Directions of remanent magnetization are gen-
erally scattered without a consistent direction in 
the samples. However, a certain trend can be ob-
served in the remanence directions of the shear 
zone. In the middle of the shear zone (sample 1-4), 
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Fig. 18. Petrophysical properties of the Mäyrä gabbro a) Susceptibility – Density, b) Susceptibility – Q-value. Samples of site 
1 were taken from the hydrothermally altered shear zone where the lowest values come from the shear zone and the highest 
values from the coarse-grained gabbro. Site 2 represents the coarse-grained gabbro and site 3 the fine-grained gabbro.

Fig. 19. a) Lowrie test of sample 1-8-1A from the coarse-grained dark gabbro shows magnetite as the main magnetic mineral, b) 
sample 1-4-1A from the shear zone shows pyrrhotite with a Curie temperature of ca. 370 °C in addition to magnetite (550 °C).
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a NW-pointing direction with intermediate incli-
nation is isolated. Such a direction is typically seen 
in formations of Svecofennian age (see Fig. 13 from 
the Uunimäki site 22). The samples further away 
from the central shear zone carry either a NE- or 
SW-pointing low inclination remanence direction. 
It is interpreted that in the centre of the shear zone, 
the remanence has been locked after deformation 
and later than the remanence in the surround-
ing gabbros, which have been involved within the 
deformation and lost their original Svecofennian 
remanence direction. Therefore, it seems that as 
in Uunimäki, the hydrothermal event in Mäyrä is 
also post-tectonic. However, because these results 
are only based on a few samples, the interpretation 
is so far only speculative.
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Fig. 20. Thermomagnetic curves showing the variation in susceptibility with heating (red curve) and subsequent cooling (blue 
curve). a) Sample 1-8-1B is from the coarse grained gabbro and b) sample 3-4-1A is from the fine-grained gabbro and shows 
some alteration during laboratory heating.

a) b)

CONCLUSIONS

The study areas were selected by utilizing airborne 
geophysical data in order to delineate the source of 
anomalies. Detailed investigations on petrophysi-
cal and rock magnetic properties of the prospect 
occurrences can be used to aid in exploration by 
verifying the differences in the physical properties 
of the ore and host rock. Investigations at the out-
crop scale have shown that in the porphyry type 
Cu-Au deposit of Kedonojankulma and in the 
orogenic Au deposit of Uunimäki, the magnetic 
properties have increased in the auriferous shear 
zones due to alteration of Fe-oxide to pyrrhotite. 
On the other hand, in the gabbroic Au-target of 
Mäyrä, the magnetizations have decreased due to 
hydrothermal alteration. 

In the quartz-plagioclase porphyry of the Ru-
sakkokallio site of the Kedonojankulma occur-
rence, the induced and remanent magnetizations 
are slightly higher in the altered auriferous shear 
zone than in the less altered host rock. In the al-
tered zone, the only magnetic mineral is mono-
clinic pyrrhotite with an exceptionally high Curie 
temperature of ca. 370 °C, while in the host rocks 
the main magnetic mineral is ilmenite. In the Passi 
outcrops, some of the plagioclase-quartz porphy-
ries have similar magnetic properties, namely low 
susceptibility and a higher Q-value (over 1) than 
in the sheared Rusakkokallio plagioclase-quartz 
porphyries, indicating the dominance of pyrrho-
tite. In some of the samples, the susceptibilities are 

significantly higher due to magnetite, which oc-
curs together with only small amounts of pyrrho-
tite. Based on AMS data, the least altered quartz-
plagioclase porphyrite in Rusakkokallio has the 
smallest degree of anisotropy, while the highest 
AMS degrees are found in the Passi outcrops. The 
higher values are probably due to the occurrence 
of magnetite, which increases the total magneti-
zation and enhances the possibility to observe the 
AMS.

In the Uunimäki gabbroic occurrence, the 
highest magnetization values and conductivi-
ties correlate with strong IP anomalies, although 
the formation is weakly magnetized in general. 
Rock magnetic analyses show that in the sam-
ples of highest magnetization, which are believed 
to represent the most altered, Au-bearing part of 
the deposit, the only magnetic mineral is mono-
clinic pyrrhotite. The less altered areas show the 
dominance of ilmenite with minor amounts of 
pyrrhotite. At one site with the highest magneti-
zation and IP values, the remanent magnetization 
has retained its original Svecofennian age direc-
tion, while at other sites the remanences are scat-
tered due to the low intensity of remanence and 
due to deformation. Preservation of the original 
remanence may indicate a post-tectonic origin for 
the fluid that is responsible for the formation of 
pyrrhotite and, possibly, enrichment of gold. AMS 
directions are characterized by NW–SE-striking, 
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approximately vertically dipping magnetic folia-
tions and vertically plunging magnetic lineations.

In the Mäyrä occurrence, the magnetization of 
the shear zone has decreased due to hydrother-
mal alteration. The surrounding gabbros, whether 

coarse-grained dark gabbro or fine-grained lighter 
coloured gabbro, contain magnetite as the main 
magnetic mineral, while the shear zone also con-
tains pyrrhotite in addition to magnetite.
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INTRODUCTION

Airborne radiometric data registered at low alti-
tudes are extensively used worldwide in greenfield 
uranium exploration. Although the radiometric 
signal only reflects the top 50 cm of ground and 
does not work in wetland areas, it still offers an ef-
fective means to delineate radiometric anomalies 
that may be verified by ground checking. In addi-
tion to total count and U-channel data, ternary K-
U-Th maps and U2/Th ratios are also used in urani-
um exploration. In the ternary map, three colours, 
traditionally red for K, blue for U and green for 
Th, are used to highlight the relative concentration 
of the three radionuclides. If one of the three el-
ements has an unusually high concentration, the 

map may be useful in visual inspection. The U2/Th 
presentation is based on the tendency of U and Th 
to co-occur and to have a rather constant relative 
relationship.

During the most recent global uranium ex-
ploration boom in the 2000s, three new targets 
were located in southern Lapland (Fig. 1), repre-
senting the first new uranium prospects found in 
Finland since the 1980s. The Asentolamminoja 
target on the SE side of the town of Rovaniemi is 
a pure uranium target, whereas the Rumavuoma 
and Rompas–Rajapalot areas in the municipality 
of Ylitornio are gold-uranium prospects currently 
under an exploration license by Mawson Oy. 

Fig. 1. Simplified bedrock map (extracted from the DigiKP database, GTK) of the study area with the locations of the U depos-
its marked with stars. Coordinates according to the Finnish National Grid (KKJ). Contains data from the National Land Survey 
of Finland Topographic Database 03/2013.

ON THE USE OF AERORADIOMETRIC MAPS IN URANIUM EXPLORATION

Gamma spectrometry is used for detecting the 
presence of potassium, uranium and thorium in 
the field. These three radionuclides are commonly 
present in all natural materials, whereas other radi-
oactive elements are more rare compared to them. 
The ratio of radioactive 40K to total K is constant, 
and its absolute concentration is straightforwardly 

measured by means of gamma spectrometry, with 
40K being a gamma emitter. On the other hand, be-
cause both uranium and thorium are alpha emit-
ters, they must be indirectly detected via the ra-
dioactivity of gamma active daughter elements in 
their decay series. Reliable detection of uranium 
and thorium contents requires their decay series 
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to be in secular equilibrium. Some geological and 
anthropogenic processes may alter the secular 
equilibrium; however, this is rarely a problem in 
routine exploration. Due to the indirect detection 
of U and Th, the resulting U and Th contents are 
commonly referred to as equivalent concentra-
tions, marked as eU and eTh.

The registration frequency in the aeroradiomet-
ric gamma detection of the flights of the Geologi-
cal Survey of Finland (GTK) is 1/s (Hyvönen et al. 
2005). The plane moves ca. 60 m during the meas-
urement time period. Most of the gamma pulses 
measured originate from below the flight line, but 
also outside of it from a wider zone, and thus the 
radioactive zone may not be reliably delimited 
from the flight anomaly. Gamma ray intensity at-
tenuates exponentially as a function of distance, 
and the measured radioactivity may be estimated 
to originate from an ellipse elongated in the flight 
direction. The radioactivity originating below the 
flight line dominates, but even the pulses beyond 
the rims of the ellipse, roughly measuring 260 m * 
200 m, contribute around 30 % to the total count 
(Grasty et al. 1979). The aeroradiometric anomaly 
of a point source is spread to a wide area, result-
ing in a dim signature, and so the aeroradiometric 
map is not necessarily the best means of delimiting 
the area selected for detailed ground follow-up. 
The intensity of radioactivity and the calculated 
K, eU and eTh concentrations are projected in the 
centre of the ellipse.

Flight line separation and flying altitude are 
equally important parameters in airborne map-
ping. Target detectability (or ground resolution) 
decreases as the altitude increases, and ground 
coverage decreases with decreasing altitude. Also, 
the observed count rate decreases as flight alti-
tude increases, because gamma rays are absorbed 
in air exponentially as the air column increases 
in thickness (Pitkin & Duval 1980). The low in-
formation density between the lines could be im-
proved by reducing the line separation. Another 
method would be to increase the flying clearance 
from the used 35 m, but this would weaken data 
quality and resolution. The 200 m flight line sep-
aration in GTK’s system is the result of several 
conflicting factors, including the available budg-
et, size of the survey area and size of the target. 
A speckled map may be a hint of too sparse line 
spacing, as the lack of line-to-line coherency may 
yield a non-contourable result. 

A portable scintillometer or gamma spectro-
meter is needed for ground follow-up of airborne 
radiometric anomalies. If the aeroradiometric 
map hints a uranium source for the radioactiv-
ity, it may be located with a scintillometer that re-
cords the total gamma radiation. The target area 
is scanned with the scintillometer, and the radio-
active locations are marked either on a map or 
with a GPS. The surveys may be combined with 
the GPS data to produce a large-scale radioactiv-
ity map. Ground maps are rarely needed if the 
target area has a good radiometric coverage from 
the air, as both air and ground surveys produce 
largely similar anomaly maps.

Ground gamma spectrometry is comparable to 
an airborne survey in accuracy and reliability, al-
though it gives more details on a small scale. One 
cause for this is the statistical property of radioac-
tivity to fluctuate in intensity, even in undisturbed 
conditions. A single observation has little statisti-
cal weight. The accuracy may be improved with 
longer observation series, and summing time ex-
tension is more easily arranged on the ground than 
in the air.

The radionuclide concentrations measured with 
the gamma spectrometer must be carefully con-
sidered before reaching a conclusion. The higher 
from the ground the spectrometer is, the larger is 
the area from which the gamma pulses originate. 
The spectrometer is calibrated in such a way that 
the radioactivity is estimated to originate from 
a half-space. During a survey, the system as-
sumes that even a small sample fills the half space, 
which results in a too low radionuclide content. A  
calibration plate measuring an area of 1 m2 and 
weighing 1 ton corresponds to ~90% of the total 
radioactivity of a half-space measured from the 
plate top (Grasty et al. 1991). In effect, the meas-
ured radionuclide concentration is always lower 
than the total concentration, i.e. eU < U.

The visually most attractive radiation anomalies 
are often situated on cliffs or on exposed hill tops. 
If the radiation fades beyond the exposed area, 
the reason is not necessarily in the rock but in the 
damping effect of the overburden. The higher the 
medium density and the larger its thickness, the 
stronger is the attenuation. Water is in practice the 
most important radiation attenuator, irrespective 
of its state. Twelve centimetres of effective water, 
be it liquid, ice, gas or any combination of these, 
attenuates the radiation intensity to half, causing 
wetlands and lakes to appear as blank areas. The 
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fine component in till detains water and attenu-
ates radiation, whereas high porosity sand and 
gravel eskers allow radon to move up and cause eU 
anomalies.

 Uranium is a complex element in nature. It is 
soluble in acid water, and as rainwater is always 
acid, exposed U-bearing cliffs release uranium at-
oms, which are transported with the water flow. U 
is easily deposited in alkaline and reducing con-
ditions or in organic substances or clays. Young, 
redeposited uranium is not, however, gamma ac-
tive and is not detectable through radiation. The 
daughters in the U decay series, as separate ele-

ments with their own chemical properties, do not 
leave the original site but continue to be radioac-
tive. It may happen that the original location is 
devoid of U, but radioactive due to the presence 
of the daughter elements, and the new site may be 
rich in U but not radioactive. Geochemical pro-
cesses have caused a secular disequilibrium within 
the first depth centimetres, even though at deeper 
levels the normal state of affairs may be in force. 

A detailed account of gamma measurements is 
found in an IAEA publication (IAEA 2013). The 
aerogeophysical routine of GTK is thoroughly de-
scribed by Hautaniemi et al. (2005).

ASENTOLAMMINOJA TARGET

The Asentolamminoja area is situated 55 km SE of 
the town centre of Rovaniemi (Fig. 1). The bedrock 
of the area consists of Archaean rocks of the Pu-
dasjärvi complex and 2.44 Ga layered intrusions of 
the Portimo complex. The distance from the Asen-
tolamminoja area to the unconformity between 
the Archaean basement complex and the overlying 
Palaeoproterozoic Peräpohja belt is ca. 15 km. 

The Kuohunki uranium target close to the Ar-
chaean–Proterozoic unconformity was found and 
to some extent drilled in the 1980s by GTK (Pyy 
1981, Pääkkönen 1983, 1989). The Kuohunki area 
shows up as a relatively strong anomaly on both U 
and Th channels on the airborne radiometric maps 
(Figs 2a, b). On the ternary K-Th-U map, the Kuo-
hunki area is shown to have slightly separate U and 
Th maxima, with the U-channel anomalies corre-
sponding to glacial boulder trails in the field (Fig. 
2c). On the SSE side of Kuohunki, an even stronger 
U-channel anomaly may be seen 15 km away (Fig. 
2c). This anomaly, referred to as the Asentolam-
minoja prospect, was taken under exploration in 
2007 by Areva Resources Finland Oy, the Finnish 
subsidiary of the French nuclear corporation Are-
va. When the target area was inspected with field 
scintillometer and spectrometer measurements, it 
was revealed to contain numerous radioactive gla-
cial erratic boulders with evidence of hydrother-
mal alteration (see Mänttäri and Lauri 2008), thus 
giving the area the nickname of “10 000 boulders”. 
Although no outcrops were found from the main 
boulder field area, which measures 3 km by 3 km, 
the boulders are of local origin based on Quater-
nary geological studies (Sarala 2007, 2008).

Figure 3 shows the results of the aeroradiomet-
ric measurements in the Asentolamminoja area. 
The total intensity in the uppermost figure is the 
sum of pulses in K, U and Th channels and of sec-
ondary pulses the intensity of which exceeds 0.41 
MeV. The secondary pulses are generated in the 
reactions between the primary gamma quanta and 
atoms in the media – rocks, air, measuring devices 
– and cosmic radiation. Potassium is ubiquitous 
and it is responsible for the total field intensity 
to which the U and Th pulses are summed. The 
background level is so high that the less intensive 
U radiation generated by the uranium occurrence 
in the upper part of the map is seen as a very weak 
anomaly. The areas with weak anomalies may in 
general be interpreted to contain small amounts of 
radioactive nuclides, or be areas where radiation is 
attenuated by water.

The graph in the middle in Figure 3 is the eU 
map. The uranium occurrences are much more 
discernible than in the total gamma map, and they 
are limited to a smaller area that may be used for 
targeting the ground follow-up studies.

In the lowermost panel of Figure 3, the eU con-
centration is normalized with the eTh concentra-
tion and the ratio is multiplied by the eU con-
centration. This process decreases the damping 
effect of media (e.g., water) and transforms the 
eU measurement towards the ideal case, in which 
the bedrock is not covered by soil or water. This is 
justified by the tendency of U and Th to co-occur. 
The anomaly marked with a circle in Figure 3 il-
lustrates a danger of this operation. Here, the low 
eTh content in the denominator has produced a 
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Fig 3. Airborne radiometric maps at Asentolamminoja. Top: Total intensity map. Middle: eU map. Bottom: eU2/eTh map. The 
encircled peak is suspected to be a false anomaly.
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false anomaly, regardless of eU content. An auto-
matic cut-off technique can be utilized to avoid 
false anomalies, but a field check may be needed to 
verify whether the anomaly is real.

The other airborne geophysical (magnetic and 
electromagnetic) maps of the Asentolamminoja 
area do not reveal any indications of ore deposits. 
The weak anomalies on a flat background on aero-
magnetic maps were revealed to be caused by peat 
bogs in ground surveys (Turunen 2008). Radon, a 
noble gas generated in the radioactive decay series 
of uranium, is soluble in water and raises the eU 
concentration in the wetland areas, even though 
the radioactivity from bedrock is attenuated. Peat 
is locally formed and to some degree reflects the 
radioactive nuclide content of the underlying bed-
rock. Areas covered by peat may be noisy.

Some small but strong U-channel anomalies 
may be observed on the NE and SE sides of the 
Asentolamminoja target (Figs 2a, c); these were 
examined in the field and found to represent 
small-scale radioactive alteration zones within the 
bedrock. The alteration type (biotitization, silici-
fication) corresponds to the boulders within the 
Asentolamminoja boulder field and the Kuohun-
ki drill cores, and most probably represents the 
same ore-forming system that extends all the way 
from the Kuohunki area through Asentolammin-
oja to the Isokangas area 25 km SE of Kuohunki. 
Although the uranium mineralization is situated 
within Archaean rocks, the age of the ore-forming 
process is most probably Proterozoic (Mänttäri & 
Lauri 2008).

RUMAVUOMA AND ROMPAS

The Rumavuoma and Rompas targets are situated 
in western Lapland, ca 40 km W of the town centre 
of Rovaniemi (Fig. 1). The Rumavuoma area ap-
pears on the ternary K-Th-U map as a clear urani-
um-channel anomaly (Fig. 4). The target was origi-
nally located in 2007 by ground follow-up of an 
airborne radiometric anomaly by Antti Pakonen, 
a former field assistant of GTK. The area was in-
vestigated in 2007–2008 by Areva Resources Fin-
land Oy, and after 2010 by Mawson Oy. The Ruma-
vuoma target is an outcropping area that mainly 
consists of uranium-bearing dolostone. The out-
crops are situated within a wetland area, and the 
exposed outcrops have much higher background 
radioactivity than the surrounding peat bogs. The 
radiometric response of the Rumavuoma target is 
similar to the Mustamaa uranium prospect in the 
south (Fig. 4). The Mustamaa prospect, found and 
drilled in the 1970s (Äikäs 1980, Korvuo 1981, 
1982), also shows up as a U-channel anomaly ca. 
15 km south of the Rumavuoma area in a similar 
stratigraphic position at the contact between the 
subaerial Kivalo group and the submarine mica 
schists of the Martimo formation of the Paakkola 
group (Fig. 4). However, the Mustamaa prospect 
belongs to the phosphorite type in the classifica-
tion of uranium deposits, whereas the Rumavuo-
ma target is more probably a metasomatic type 
deposit (IAEA 2009). 

In field season of 2008, the contact zone of the 
Kivalo group and the Paakkola group between the 
Rumavuoma area and the Mustamaa prospect was 
investigated by Areva Resources Finland Oy, as 
the contact zone seemed to be interesting in terms 
of uranium. Based on aeromagnetic data, the area 
on the NW side of Rumavuoma was included in 
the prospecting area, as it appeared structurally 
favourable to ore-forming processes with converg-
ing fault zones, although in terms of the aerora-
diometric signal, the area did not look very in-
teresting at a first glance. In late September 2008, 
the field assistants located high-grade uranium  
boulders in an area now known as North Rompas 
(Fig. 4), and in the following field season mineral-
ized veins were found in outcrops in a 6-km-long 
and 300-m-wide area. High-grade uraninite was 
also found to be associated with native gold. Look-
ing at the ternary K-Th-U map, the Rompas trend 
is weakly delineated as small uranium-channel 
anomalies, but it is by no means as spectacularly 
visible as the much lower grade Rumavuoma and 
Mustamaa targets (Fig. 4).

At a first glance, Rompas and Rumavuoma ap-
pear to differ considerably from each other on the 
ternary map. At Rompas, the red colour marking 
potassium dominates and at Rumavuoma urani-
um glows blue in places. The total radiation level 
at Rumavuoma is 3.1 UR and at Rompas 6.0 UR, 
which causes the general picture at Rumavuoma to 
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Fig. 4. Ternary K-Th-U map of the Rompas–Rumavuoma–Mustamaa area. White line separates the rocks of the Kivalo group 
and the Martimo formation of the Paakkola group. Contains data from the National Land Survey of Finland Topographic 
Database 03/2013.



115

Geological Survey of Finland, Special Paper 58
Airborne radiometric data as a uranium exploration tool – case studies from southern Lapland

Fig. 5. Radionuclide histograms at Rumavuoma and Rompas.

be darker. The water content in the ground is the 
reason for the level variation, as an increased water 
content attenuates the radiation intensity and thus 
lowers the calculated radionuclide content. While 
water attenuates the concentrations of K, U and 
Th, their ratios are less affected. This is seen from 
the histograms in Figure 5, the data of which have 
been taken from inside the ellipses marked as Ru-
mavuoma and South-North Rompas in Figure 4.

The maxima in the potassium and thorium dis-
tributions at Rumavuoma are lower than at Rom-
pas on the concentration axis. With uranium, the 

differences between the targets are small, with the 
largest difference being the wider spread of the 
uranium distribution towards high concentrations 
in Rumavuoma, although field studies have shown 
that Rompas contains more high-grade uranium 
showings. The eU2/eTh ratios in the two targets 
have much in common. It is supposed that the 
most important reason for the differences between 
the general ternary images of the two areas is the 
difference in the ground water content. The final 
solution to the problem here and elsewhere is pro-
vided by a field check.
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CONCLUSIONS

Airborne low altitude radiometric data help to 
delineate areas for ground follow-up exploration 
with portable devices such as scintillometers and 
spectrometers. Ternary K-Th-U maps combined 
with either total radioactivity maps or separate U, 
Th and K-channel maps are especially important, 
as they reveal the cause of radioactivity. In terms 
of uranium exploration, the strong radiometric 
anomalies caused by granitoid rocks are not as in-
teresting as pure U-channel anomalies. Interesting 
new targets may still be found when GTK’s aero-

radiometric data is carefully examined; however, 
the Rompas case is a good reminder that not all 
high-grade targets are easily located. The aerora-
diometric data may also be used for gold and REE 
exploration, as uranium is a common element in 
many Au deposits, as in Rompas, and Th repre-
sents a good proxy for REE. The advantage of air-
borne and ground radiometric measurements is 
that they are fast and low-cost compared to more 
time- and money-consuming laboratory analyses.
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Kuosmanen, V. , Arkimaa, H., Tiainen, M. & Bärs, R. 2015.  Hyperspectral close-
range LWIR Imaging spectrometry – 3 case studies. Geological Survey of Finland, 
Special Paper 58, 117–144, 14 figures and 6 tables.

Long wavelength infra-red (LWIR) imaging spectrometry data acquired with the 
SisuROCK instrument were tested for their ability to estimate mineral abundances 
in rock samples. Three diverse targets were selected to test the method. The targets 
were the Kemi chrome mine, the Pyhäsalmi Cu-Zn-S mine and the Kedonojankul-
ma Cu-Au ore prospect. In Kemi, the scope was to determine whether the ore types 
and a few host rocks were distinguishable by LWIR. In Pyhäsalmi and Kedono-
jankulma, the main focus of the study was on the identification of the alteration 
minerals amongst other minerals. A set of exploration drilling powders from Py-
häsalmi was also included in the study. Their mineral abundances and three main 
chemical commodities, Cu, Zn and S, were additionally estimated.

Partial least squares regression (PLSR) and linear unmixing regression (UMXR) 
successfully predicted the quantities of those minerals that were ‘sufficiently pre-
sent’. In the Kemi case, these were: actinolite, albite, chlorite, chromite, dolomite, 
epidote, magnesite, quartz, serpentine, talc and tremolite. In the Pyhäsalmi and 
Kedonojankulma cases, they were: albite, allanite, biotite, chalcopyrite, cordierite, 
ilmenite, K-feldspar, laumontite, muscovite, phlogopite, plagioclase and quartz. 
These could be quantified with a fairly small risk, i.e. mean absolute error (MAE) 
≤ 16%, Pearson correlation coefficient (CC) ≥ 0.4 and p-value ≤ 0.05. Those min-
erals that classify the ore types and wall rocks in the Kemi case and the main and 
alteration minerals in the Pyhäsalmi and Kedonojankulma cases belong to the list 
of the predictable minerals. In the Kemi case, the predictable minerals are: actino-
lite, albite, chlorite, chromite, dolomite, epidote, magnesite, quartz, serpentine, talc 
and tremolite. In the Pyhäsalmi and Kedonojankulma cases, they are: albite, biotite, 
chalcopyrite, cordierite, K-feldspar, muscovite, phlogopite, plagioclase and quartz.

PLSR and UMXR produced mutually coincident results. The accuracy for the sam-
ple composition prediction was seemingly better than that for a single mineral pre-
diction on average. The reason for this is that the minor minerals that are present in 
mineral prediction are ‘nearly absent’ in sample composition prediction. The main 
minerals, including the alteration minerals, and their unknown new mixtures can 
be quantified using this technique with moderate accuracy, which benefits mineral 
exploration and mining actions. 

Geophysical signatures of mineral deposit types in Finland
Edited by Meri-Liisa Airo
Geological Survey of Finland, Special Paper 58, 117–144, 2015
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INTRODUCTION 

Remote sensing and analysis involves measuring 
and studying samples of light and nearby elec-
tromagnetic radiation reflected or emitted from 
a target at varying wavelengths, preferably from 
0.3 microns to 20 microns (300 to 20 000 nanom-
eters). The variety of absorption processes and 
their wavelength dependence allows us to obtain 
information on the abundances of minerals. Due 
to the varying molecular structure of different 
minerals, their reflectance/emittance characteris-
tics are expressed by the respective wavelengths 
of electromagnetic radiation. Traditionally, two 
parts of that wavelength area are used for min-
eral mapping: visible to short wavelength infrared  
(VSWIR, 0.3–2.5 microns) and long wavelength 
infrared (LWIR, 3–14 micron) areas. The VSWIR 
area is sensitive, for example, to clay minerals, mi-
cas, chlorites, carbonates, talc, sulphates and iron 
oxides, and the LWIR area is sensitive, for exam-
ple, to quartz, feldspars, garnet, olivine, pyroxenes 
and oxides. Therefore, the VSWIR and LWIR areas 
highly complement each other in remote sensing.

If the remote sensor is able to scan from tens 
to hundreds of contiguous channels of the electro-
magnetic spectrum, it is defined as a hyperspectral 
remote sensor or an imaging spectrometer (IS). 
The SisuROCK (Specim Oy, Oulu, Finland) sen-
sor is able to conduct close-range hyperspectral 
‘remote’ sensing.

The rapid mineral mapping method using re-
flected and emitted hyperspectral SWIR and LWIR 
wavelengths of electromagnetic radiation has been 
introduced to mineral mining and exploration 
markets. At present, this hyperspectral method 
does not compete with the classical mineral iden-
tification methods (e.g. SEM, X-ray diffraction or 
MLA) as an accurate tool on a per-sample basis. 
However, the hyperspectral method will soon de-
velop towards the full detection of mineral species 
over large sets of samples or geological surfaces. 
The hyperspectral method is by far the most rapid 
one, capable of measuring millions of spectra as 
pixels per minute. Furthermore, abundant min-
erals with developing accuracy can be quantified 
from the spectra. Therefore, it is important to be 
prepared for its utilization. 

Hyperspectral close-range drill core imag-
ing and wall rock imaging and analysis were first 
conducted using the PIMA spectrometer (Kruse 
1996). The mining industry uses hyperspectral 

data for operational exploration, separation and 
concentration purposes. Both lateral and vertical 
hyperspectral close-range imaging spectrometry 
of rocks have been reported (Gallie et al. 2002, Bo-
lin and Moon 2003, Ragona et al. 2006, Brown et 
al. 2008). These papers report that the hyperspec-
tral imaging of rocks and rock surfaces is a very 
promising technique to estimate mineralogical 
continua, and to bridge the gap between geological 
point measurement and image data. It was dem-
onstrated quite early that the number of minerals 
that can be detected and quantified is markedly in-
creased by the use of thermal infrared wavelengths 
(Abrams et al. 1991, Hook and Kahle 1996). Ther-
mal remote sensing of rocks was greatly developed 
by Salisbury et al. (1989) and Salisbury and Daria 
(1992).

Currently, the SisuROCK is the only commer-
cial instrument offering a thermal (LWIR) imag-
ing option. The commercial HyLogger (Mason & 
Huntington 2012) offers only a point-measure-
ment thermal spectrometer, capturing profile-type 
spectral data. The Aerospace Corporation started 
the development of a research-type instrument 
named SEBASS (Spatially Enhanced Broadband 
Array Spectrograph System) in 1993 (Taranik et 
al. 2008), which has also been used in geological 
remote sensing and close range mineral scanning 
tests (Kirkland et al. 2002).

The methods used for processing imaging 
spectrometry data from drillcores are mostly the 
same as are known to the remote sensing commu-
nity: spectrum matching techniques and subpixel 
methods (van der Meer 2006). We are especially 
interested in the added value of LWIR for quanti-
tative mineral estimation, because there have been 
no previous publishes cases in Finland and a few 
in the entire world. The main interest here is, of 
course, to reveal the precision of the estimates of 
minerals.

The purpose of this study was to test and de-
velop the interpretation of the LWIR close-range 
remote sensing technique for the rapid mapping 
of rocks and minerals in diverse mining environ-
ments. Therefore, sample sets were selected from 
four diverse targets: the layered intrusion-hosted 
Kemi Cr ore, the volcanogenic massive sulphide-
type Pyhäsalmi Cu-Zn-S ore related altered coun-
try rocks, the granitoid-hosted Kedonojankulma 
Cu-Au ore prospect and Pyhäsalmi ore exploration  
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drilling powders. The samples of the current study 
were related to mining technology aspects rather 
than forming a complete set covering the whole 
geological regime. This study consisted of the fol-
lowing tasks:

• Classification of the mineral/rock samples sep-
arately using their MLA and LWIR data;

• Testing chances for quantitative mineral detec-
tion using LWIR data;

• Assessment of the accuracy of mineral quantity 
prediction.

This paper introduces the one way to use LWIR 
imaging spectrometry for mining operations and 
geological studies. The SisuROCK hyperspec-
tral core logging workstation, which contains an 

LWIR imaging spectrometer, is described. The 
LWIR reflectance/emissivity spectra of the tar-
gets are described in reference to the international 
spectral libraries and the current measurements. 
A dedicated LWIR spectral library (in SisuROCK 
wavelength domain) has been built for the Kemi, 
Pyhäsalmi and Kedonojankulma cases. The geol-
ogy of the ore deposits is briefly described, as well 
as the criteria for the selection of the samples. The 
main part of this report concerns the classification 
of rock types and the quantitative prediction min-
erals from the precision point of view. The predic-
tion methods are partial linear unmixing regres-
sion (UMXR) and partial nonlinear least squares 
regression (PLSR). The results are validated in re-
lation to the reference measurements, prediction 
of minerals and the prediction methods used.

METHODS 

Imaging spectrometry using SisuROCK applied to Kemi, Pyhäsalmi and  
Kedonojankulma samples

SisuROCK, developed by Specim Oy (Oulu, Fin-
land), is a fully automated hyperspectral imag-
ing workstation for easy and high-speed scan-
ning of drill cores. Depending on the application, 
SisuROCK contains a combination of the follow-
ing spectral cameras: VNIR (0.4–1.0 µm), SWIR 
(0.97–2.5 µm), combined VNIR+SWIR (0.38–2.5 
µm), LWIR (8–12 µm) and a high-resolution 
RGB camera. LWIR (long wave infrared) or ther-
mal spectra usually cover the electromagnetic 
spectrum between 3.0–15.0 µm. For the current 
study, the SisuROCK OWL instrument measured 
the thermal spectrum between 7.065–12.35 µm. 
SisuROCK collects spectral and spatial informa-
tion on drillcores as the core tray is automatically 
moved through the system. All cameras are push-
broom cameras, meaning that they image a single, 
full image line across the target, and the target is 
moved under the camera to create a 2D spatial im-
age with full spectral information for each spatial 
pixel. The hyperspectral imaging data of a whole 
core tray is acquired in less than 2 minutes. The 
spatial pixel size is 0.96 x 0.96 mm2. The detailed 
specifications are provided on the manufacturer’s 
website (www.Specim.fi). 

The SisuROCK LWIR imaging for the current 
study was carried out on 16 June 2014 by the com-
pany Specim Oy in Oulu, Finland (http://specim.fi/

index.php/products/geology/sisurock/). The sam-
ples were laid in two black-painted, otherwise nor-
mal drill core trays (37.0 x 103.7 cm in size), with 
each tray consisting of six sites for the cores/samples. 
The rock samples were dry and clean in the sense 
that they were kept in dry indoor temperatures and 
conditions for weeks and smoothly brushed before 
scanning. An automatic conveyor belt carried the 
trays under the field-of-view of the spectrometer. 
The sample set in the drill core trays contained the 
following (the numbers refer to Fig. 1):
• Pure mineral ‘markers’ (numbers 1–18, 90), 

powder/block (mainly ground pure mineral 
crystals) ;

• Ore concentrates from Kemi and Pyhäsalmi 
mines (20–23), powder 

• Drilling powder from the Pyhäsalmi Cu-Zn-S 
mine (24–59, 106–107), powder 

• Samples of Kemi Cr ore and host rocks (60–70, 
80–89, 98–105), block and drill core 

• Pyhäsalmi samples related to alteration studies 
(71–79, 91), drill cores 

• Pyhäsalmi samples related to alteration studies 
(108–122), drill ‘chips’ 

• Kedonojankulma samples related to alteration 
studies (92–97, 123–153), drill cores.

The marker minerals were (from 1 to 18): plagio-
clase (50% An), serpentine (antigorite), albite and 
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Fig. 1. A composite picture of all samples: The SisuROCK LWIR image (left) and their ID numbers (right). The mineral/
chemical contents of most of the samples can be found in GTK’s archives with these numbers. The colours of the LWIR image 
represent wavelength bands 8386 nm, 10162 nm and 11985 nm (r, g and b, respectively). 

serpentine from Kemi mine, graphite, magnesite, 
biotite, hornblende, cordierite, apatite, phlogopite, 
dolomite, tremolite, chlorite (group), calcite, talc, 
garnet (almandine) and muscovite. Number 19 
is an industrial smelted impure feldspar and not 
therefore used here. 

The scanning produced a 117-band LWIR-image 
matrix for both trays. These two images were mo-
saicked into one combined SisuROCK LWIR image 
for the current studies (Fig. 1, left). This entire study 
was based on this image. The drawing on the right 
shows the sample locations and numbers that refer 
to the stored mineral/chemical reference data. 

Preprocessing from raw data to reflectance and corrections for blinking pixels

The reflectance R is defined as the fraction of the 
total infrared light irradiance, incident on the sur-
face plane of the material, that is reflected back. For 
the total incident light on the surface of a material:

Reflectance + Absorbance + Transmittance = 100%

The SisuROCK hyperspectral raw data (= image, 
dark, white [DN]) was directly transformed to re-
flectance, R, using the following formula:

R = (image – dark)/(white – dark) , 0≤R ≤1. We 
denote for clarity: R x 10000. = X0, and later in 

this report, X0 is also called reflectance.

The conversion of the recorded signal to reflec-
tance removes the camera and illumination func-
tions from the acquired data, leaving only the tar-
get material response.
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The captured white reference is used as an abso-
lute reference signal to scale the input data. The 
white reference target consists of a panel sheet 
with known, high (~100%) reflectance over the 
full wavelength range and reflects all wavelengths 
(nearly) evenly to the sensor. The dark reference 
level is obtained by closing the camera shutter, 
thereby obtaining a signal level corresponding to 
absolute darkness, or for thermal measurements, 
alternatively imaging a room-temperature dark 
cavity, giving the background thermal signal. This 
dark level was subtracted from the scanned im-
age and from the response of the white reference. 
Thereafter, these magnitudes were mutually ra-
tioed. Therefore, R is a dimensionless parameter. 
It describes the target’s ability to reflect/emit elec-
tromagnetic radiation as a function of wavelength, 
in 117 wavelengths bands between 7065–12  350 
nm. Reflectance was computed separately for each 
pixel in order to remove the variation due to in-
dividual detector pixels. Both the white and dark 
references were measured during each scan to re-
move time-dependent variation in the signal. After 
some noisy channels were omitted, those images 
that contained the planned sample set from the 
test areas were mosaicked into one 632 x 977 x 86 
(columns x lines x bands) image. The mosaic was 
split into one-test-area images when necessary. 

According to López-Alonso and Alda (2002), 
the number of bad or blinking pixels is a quality 
figure that defines a given detector array. However, 
the exact definition of a bad pixel is not standard-
ized; it differs depending on the author of the pa-
per. Usually, it is possible to define three types of 
bad pixels depending on how the output signal of 
the pixel depends on the number of photons (light) 
collected: (1) ‘always on’ or ‘always off ’ pixels are 
those that always produce the same signal, (2) 
noisy pixels are those having noise greater than a 
fixed threshold, and (3) blinking or drifting pixels 
are those having temporal behaviour clearly differ-
ent from those considered as good pixels. Howev-
er, this classification is not universal and strongly 
depends on the context.

The ‘blinking’ or ‘bad’ pixel phenomenon exists 
in most camera detectors to a varying degree, and 
also in the thermal images recorded by SisuROCK. 
This means that the output signal intensity of a 
number of pixels in the 2D detector matrix does 
not depend on the number of photons collected. 
In spectral images, these can be seen as stripes in a 
spatial image, or peak noise in pixel spectra. These 
erroneous signals were filtered by calculating a 
moving median over three consecutive channels 
along the spectral dimension.

Spectral libraries

Several LWIR spectral libraries are available for the 
public use. A large number of emissivity spectra of 
minerals, rocks, vegetation and man-made objects 
have been collected in the ASTER library (Balridge 
et al. 2009). The ENVI + IDL image processing en-
vironment (Exelis/Harris Corporation, Melbourne  
Florida, USA)  contains several spectral collections 
for minerals. The VSWIR area is commonly well 
represented, but the thermal domain is not evenly 
covered. The spectra may contain gaps and the data 
from different sources for a single mineral species 
are often based on different spectral sampling. The 
ENVI spectral library was studied in detail and the 

suitable material was included and scaled into the 
same spectral domain with the SisuROCK data. 
However, the analysis of the quantities is mainly 
based on the SisuROCK spectra. 

A dedicated spectral library for the current Kemi 
and Pyhäsalmi-Kedonojankulma SisuROCK stud-
ies was built using the marker minerals (samples 
1–18) in the combined sample image and other 
samples with the highest possible single mineral 
content (samples 80, 90 and 149). The dedicated 
LWIR spectral library is archived in the permanent 
computer storage at the Geological Survey of Fin-
land. 

Ancillary measurements

Samples as targets for various measurements

The sampling strategy was based on selecting a 
representative set of rocks from the diverse min-
ing domains. All 153 samples (see Fig. 1) from 

the test sites were measured with the SisuROCK 
OWL scanner. The mineralogy of most of the sam-
ples was also assayed by other methods, which are 
briefly introduced in the later sections. It is impor-
tant to note that the part of a sample exposed to 
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various assay methods was not exactly the same. 
The SisuROCK data are imported for computing 
through hand-drawn windows on the image of the 
samples. These windows are called regions of in-
terest (ROIs). The ROIs were drawn in such a way 
that maximal reflectance information from any 
sample is transmitted to computing, but not the 
background and the shadowed parts of the rocks. 
The size of the ROIs varied from 500 mm2 to 1800 
mm2. The non-coincidence of these two types of 
windows is naturally a source of ‘small’ errors. 

Mineral liberation analysis, MLA

The mineral content of the chosen model targets in 
the combined sample set of the current study was de-
termined by the mineral liberation analysis (MLA) 
method. It is a scanning electron microscope FEI 
Quanta 600, equipped with energy dispersive X-ray 
(EDX) spectrometers (Sylvester 2012). MLA is an 
automated mineral analysis system that can iden-
tify minerals in the polished sections of drill core, 
particulate or lump materials, and quantify a wide 
range of mineral characteristics, such as mineral 
species abundance, grain size and liberation. From 
the total of 153 samples, 108 were subjected to min-
eralogical assays by MLA, which scanned the sam-
ple from a window, the size of which is constantly 
707 mm2. The MLA analyses were used as ancillary 
response data in building the regression models for 

the mineral prediction. The current samples are 
mainly homogeneous, fine or medium grained, and 
the MLA measurement is consequently considered 
to represent the whole ROI. Therefore, the non-co-
incidence error between the ROI domain and the 
MLA domain is small.

X-ray diffraction and XRF chemical analyser

X-ray diffraction (XRD) methods were used to 
verify the 18 marker minerals species and in a few 
cases for small spots of rock samples to identify 
unknown minerals (http://en.gtk.fi/research/in-
frastructure/researchlaboratory/XRD.html ).

During this study, the DELTA Handheld XRF 
Analyzer (OLYMPUS, Tokyo, Japan) was used 
for chemical element analysis of the rock drilling 
powder samples. The handheld XRF is a fast and 
cost-effective way to identify and quantify the con-
tent of models used in interpretation (http://www.
olympus-ims.com/en/xrf-xrd/delta-handheld /). 
The measurements were repeated 4–10 times in 
order to minimize the error in the analysis. Most 
of the drilling powder samples (nos. 25–59, 106, 
107) were analysed by Pyhäsalmi Mine Oy, but the 
concentrates (nos. 20-23) were analysed by XRF. 
The XRD and XRF measurement were in practice 
not used in the statistical prediction; they were 
only used to ensure the mineral species/element 
content in specific cases. 

A quantitative interpretation method for LWIR reflectance data on rocks

Notations and preprocesses 

In this report, the LWIR SisuROCK reflectance 
spectra of the samples are denoted as X0 (0. ≤ X0 ≤ 
10000. [DN]) and the MLA mineral compositions 
of the same samples are denoted as Y0 (0. ≤ Y0 ≤ 
100.[area %]). 

The frequency of a mineral for the variable Y0 
and for the estimated results is here expressed in 
‘area units’ [au]. The sum area for a mineral simply 
means the integrated mineral percentage from the 
MLA assays through the sample set under exami-
nation. The full content of one sample is 100% (± a 
small assay error) and it is equal to 100 au. We as-
sume that the total MLA focus area on the chip of 
a sample is a constant 706.86 mm2. Therefore 1 au 
= 7.0686 mm2 = 7.6136 pixels in SisuROCK terms.

Because the characteristic LWIR features for 

minerals are mostly indicated by fluctuations in 
the reflectance/emittance curve, those fluctua-
tions are optionally enhanced here to maximize 
the discernibility of the minerals. For this pur-
pose, a three-term high-pass (Pratt 2001) com-
ponent r1 was first computed for X0 , multiplied 
by a constant 0 ≤ f ≤ 100 and added to the origi-
nal curve before the next steps. If the compo-
nents of X0 are a1, a2, …, ak, then the high-pass 
component r is defined by the moving residual, 
where the general term of r is defined by rn =  
an- ( an-1 +an +an+1)/3, (n ≤k), except that the first 
and last terms are truncated. The constant f var-
ies from 0% to 1% from the maximum reflectance  
10000 , i.e. 0≤f≤100. The constant f for each case 
was computed by minimizing the estimation  
errors. The enhanced spectrum is thereafter de-
noted as X1 = X0 +f r.

http://en.gtk.fi/research/infrastructure/researchlaboratory/XRD.html
http://en.gtk.fi/research/infrastructure/researchlaboratory/XRD.html
http://www.olympus-ims.com/en/xrf-xrd/delta-handheld
http://www.olympus-ims.com/en/xrf-xrd/delta-handheld
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Unsupervised hierarchical clustering was used 
here to foresee the true mineralogical clusters of 
the samples (Y0) and compare them with the spec-
tral (X1) clusters of the samples. This connectivity 
based clustering software/procedure was here as-
sembled from the available interactive data lan-
guage (IDL) tools. The distance between elements 
of each cluster was used to compute the dendro-
gram, a ‘cluster tree’, which reveals the mutual hi-
erarchy of the mineralogy and the mean spectra 
separately.  The input for the clustering is a vector 
containing the pairwise distance matrix in com-
pact form. Given a set of m items of Y0 or X1  , with 
the distance between items i and j denoted by D(i, 
j), pairdistance should be an m(m-1)/2 element 
vector, ordered as: [D(0, 1),  D(0, 2), ..., D(0, m-1), 
D(1, 2), ..., D(m-2, m)]. Single linkage of nearest 
neighbour was used here for computing the link 
distances between clusters for the dendrogram.      

Unmixing and partial least squares  
regression 

Mineral quantities were here estimated from the 
optionally filtered mean spectra of the ROIs (X1R) 
or the pixel spectra (X1P) and the mineral data Y0 
using two methods. These were the classical un-
mixing (UMX) regression (UMXR) (Nielsen 1999) 
and partial least squares (PLS) regression (PLSR; 
Wold 1975, Geladi and Kowalski 1986). The role 
of UMX was to cross-validate the results from the 
PLS method. Mineralogy and analytical chemis-
try normally use sharp absorption peaks for the 
identification of species of minerals or elements 
and their quantities. Both PLSR and UMXR can, 
instead of the sharp peaks, utilize the soft variation 
in absorption to identify minerals or elements and 
their quantities. 

The final estimation of quantities is based on 
the (optionally filtered) LWIR ROI spectra or pixel 
spectra as the predictor variables X = X1R or X = 
X1P. Mineral compositions are the response vari-
ables Y = Y0. In the usual multiple linear regression 
context (UMXR), the least-squares solution (Me-
vik and Wehrens 2007, Wold et al. 2001) for

Y = XB + ε     (2)
is given by the regression model B
B = (XTX)-1XTY    (3)

Because the regression is mostly carried out with 
least squares, there will be a residual term ε ≠ 0. 

The problem is often that XTX is singular, either 
because the number of variables in X exceeds the 
number of samples or because of collinearities 
(Mevik and Wehrens 2007) between the variables. 

PLSR is a widely used method in chemomet-
rics, economics, and in medical and even social 
sciences. This approach is suitable for interpreting 
spectra that are highly correlated, or nearly singu-
lar matrices may occur in the procedure for calcu-
lating the regression between the predictor X and 
response variables Y (Wold et al. 2001). 

The PLS procedure divides both X and Y into ma-
trix components called scores and loadings by sin-
gular value decomposition (Wold 1975, Mevik and 
Wehrens 2007):

X = WT+ εx     (4)
Y = PQ + εy     (5)

The scores W and P and loadings T and Q are cal-
culated iteratively to maximally describe the co-
variance between X and Y (Wold 1975, Mevik and 
Wehrens 2007). We denote

R = W(PTW)-1 then the regression term B is:
 
B = R (TTT)-1TTY = RQT   (6)

The advantage of PLSR is that the method does 
not necessarily need to know the spectra of the 
end members, i.e. the ‘outermost’ features in the 
spectral data space, as model inputs. The disad-
vantage of both methods is that they may produce 
negative ‘concentrations’. The residual error term ε 
is uniquely expressed by the mean absolute error 
(MAE) and the root mean square error (RMSE). 
The calibration-validation error as a function of the 
number of samples decreases very quickly in PLSR 
(Krämer and Sugiyama 2011). Success in the PLSR 
and UMX predictions is inversely proportional 
to the residual error terms εy (RMSE and MAE) 
and the p-value, but proportional to the Pearson 
correlation coefficient (CC). All these parameters 
were computed for each prediction. The p-value 
states the risk (from 0 to 1) taken by the para- 
meters MAE, RMSE, and CC. 

The PLSR method has successfully been used 
for the interpretation of mineral quantities of 
rocks and elemental quantities in soils (Hecker et 
al. 2012, Middleton et al. 2011). For the current 
use, the UMXR and PLSR modelling methods 
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were coded in IDL programming language by the 
first author. 

In practical work, we first estimated the content 
of all minerals within each sample represented by 
the ROI. Secondly, we needed to know the preci-
sion for each single mineral estimate. The mineral 
content is the most important information for a 
mining geologist and mining processes, but the pa-
rameter ‘content’ can only be utilized in the frame-
work of the precision computed. Both the content 
and the precision parameters are computed in the 

same run by the PLSR (and UMXR) regression 
software: The mineral estimates are obtained from 
the rows and ROI estimates are obtained from the 
columns of the resulting prediction matrix. The 
precision estimates are obtained as residuals from 
the rows or columns respectively. However, be-
cause the precision of the estimates was the main 
target of this study, the results are represented 
here mainly in the light of precision and reliability  
parameters. 

 

SAMPLE MATERIALS

The crucial question of this report is whether the 
LWIR method together with PLSR interpretation 
works in totally dissimilar environments. This 
question dictated the selection of samples from 

diverse environments, the Kemi and Pyhäsalmi 
mines and the Kedonojankulma ore prospect. The 
sample types were also diverse: hand specimens, 
dill cores and drilling powders. 

Brief geological description of the Kemi chrome deposit and the selection of characteristic samples 
from the mine for the current study

The Kemi chrome mine is located near the town 
of Kemi in NW Finland, in the western part of 
the Tornio-Näränkävaara belt (Alapieti 2005). 
The substantial chromitite deposit is hosted by a 
layered intrusion, a chromitite layer in the lower 
ultramafic part of the intrusion (Alapieti and 
Huhtelin 2005, Iljina and Hanski 2005). U-Pb zir-
con data yield an Archaean age of 2.44 Ga for the 
Kemi intrusion (Kouvo 1977).

The 29 samples from the Kemi mine were se-
lected by the mining experts Timo Huhtelin (pers. 
comm. 2014) and Ossi Leinonen (pers. comm. 
2001). This sample set was not aimed to repre-
sent the whole geological regime, but instead to 
represent a variety of ores, soft, medium and hard 
ore types, and examples of wall rocks. The set of 
samples consisted of chromite-talc-carbonate-
type soft ore, chromite-chlorite soft ore, chromite-
serpentine hard ore, tremolite-chlorite-carbonate 
wall rocks and mafic/felsic wall rocks. 

Geological description and the background for the sample selection from Pyhäsalmi and  
Kedonojankulma

The Pyhäsalmi Cu-Zn-S mine is located in the Py-
häjärvi commune, in the Svecofennian Proterozoic 
schist belt. The rocks in the area are granitoidic, di-
oritic and gabbroic magmatic plutonic rocks, vol-
canogenic felsic and mafic rocks and sedimento-
genic migmatized gneisses (Korsman et al. 1997). 
The ore deposit is related to strong hydrothermal 
activity induced by bimodal volcanism, which 
started from the felsic type and changed into the 
mafic type as it continued (Mäki 1986, Kousa et 
al. 1997). The alteration mineralogy of the volcan-
ites shows that the K- and Mg-enrichment in fel-
sic volcanites correlates with quantities of sericite, 

cordierite, phlogopite and chlorite. Correspond-
ingly, in mafic volcanites, the amount of cordierite, 
followed by chlorite, amphibole and phlogopite, 
is the best indicator for the alteration intensity 
(Puustjärvi 1999). The Pyhäsalmi samples for the 
current study were selected from the alteration 
zones around the ore deposit, bearing in mind the 
need to test the possibilities for mapping the al-
teration minerals by LWIR modelling. Altogether, 
15 drill core samples from Pyhäsalmi were exam-
ined (received from J. Kousa pers comm. 2013 and 
Timo Mäki pers comm. 2013).
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The Kedonojankulma Cu-Au ore prospect is 
located in the Forssa region in the municipality 
of Jokioinen, southern Finland. The discovered  
Cu-Au(-Ag-Mo) occurrence is hosted by a por-
phyric granitoid intrusion in the Palaeoproterozoic 
volcanic-intrusive Häme belt, part of the Southern 
Svecofennian Arc Complex in southern Finland. 
The fine-grained mineralization is controlled by 
a veined fractured and sheared, strongly altered 
zone in the quartz-plagioclase porphyry. The Ke-
donojankulma occurrence has several features 
that are typical of porphyry style Cu deposits. The 
most prominent are the metal contents and zon-

ing, with Cu-Au-Ag-As-Mo in the core, Mo and 
Cu in quartz veins outside of the core and Zn-Cu-
Ag in the outer zone of the intrusion. Various al-
teration assemblages in the mineralized zone have 
been identified, with silicification, chloritization, 
sericitization and epidotization being common 
(Tiainen et al. 2012, Tiainen et al. 2013). 

The assumed genetic ore type of the Kedono-
jankulma prospect differs from the Pyhäsalmi 
case, but, the alteration mineralogy is partly the 
same and these Pyhäsalmi and Kedonojankulma 
alteration-related samples were therefore decided 
to examine jointly in the current study. 

RESULTS AND DISCUSSION

Mineralogical clusters of the Kemi samples inferred from MLA 

The frequent minerals encountered in the MLA 
studies of the Kemi samples were actinolite, albite, 
chlorite, chromite, biotite, calcite, dolomite, diop-
side, epidote, hornblende, K-feldspar, magnesite, 
muscovite, phlogopite, plagioclase, quartz, serpen-

tine, talc and tremolite. Their area exceeded 1% at 
least in some of the samples. Chromite was mainly 
composed of the chromite-Mg type. Small quan-
tities of chromite-Fe and chromite-Ti were also 
found, and included in the entity of ‘chromite’. In 

Kemi mineral prediction
Mineral PLS PLS PLS Predictv

index MAE% RMSE% CC ROIs
1 Actinolite 3.05 4.49 0.65 28 47.87 0.0001
2 Albite 4.87 8.84 0.85 28 142.39 0.0000
3 Chlorite 10.46 12.98 0.37 28 420.76 0.0499
4 Chromite 15.02 20.46 0.76 28 1019.60 0.0000
5 Biotite 2.28 5.01 0.12 28 24.94 0.5450
6 Calcite 2.04 4.73 0.10 28 15.69 0.5902
7 Dolomite 1.28 1.57 0.84 28 66.48 0.0000
8 Diopside 2.02 3.42 -0.03 28 15.78 0.8735
9 Epidote 2.05 3.07 0.52 28 24.61 0.0040

10 Hornblende 1.34 2.23 0.04 28 7.70 0.8451
11 K_feldspar 1.10 2.73 -0.05 28 12.90 0.8133
12 Magnesite 2.90 3.46 0.90 28 118.28 0.0000
13 Muscovite 0.88 2.19 -0.03 28 10.41 0.8720
14 Phlogopite 5.54 7.91 0.06 28 50.01 0.7526
15 Plagioclase 1.35 2.00 -0.02 28 6.74 0.9199
16 Quartz 2.36 5.18 0.85 28 71.49 0.0000
17 Serpentine 4.13 5.04 0.96 28 363.70 0.0000
18 Talc 3.23 4.47 0.94 28 298.17 0.0000
19 Tremolite 8.48 11.51 0.64 28 170.18 0.0002

Total area [au] 2887.69

Mineral S-area [au] p-value

Table 1. The statistical descriptors for the mineral prediction by partial least squares regression (PLSR) in the Kemi case. Min-
eral indices are in the left column (for Figure 6). The mean absolute errors (MAEs) and root mean squared errors (RMSEs) are 
only acceptable for the bolded minerals. The low correlation coefficient (CC) and high p-value value exclude those minerals 
for which the prediction is not reliable. 
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addition, very small quantities of other minerals 
were found, such as ankerite, apatite, chalcopyrite, 
chamosite, iddingsite, ilmenite, magnetite, mag-
netite-Cr, millerite, monazite, pyrite, pyrrhotite, 
rutile, sphalerite, titanite, zircon and pentlandine. 

In Table 1, the column ‘S-area’ presents the fre-
quency [au] of the named, most important min-

erals in this set of the Kemi samples determined 
by the MLA assays. Albite, chlorite, chromite, 
dolomite, magnesite, phlogopite, serpentine, talc 
and tremolite appear in the set of samples several 
times. 

Figure 2 presents a dendrogram, i.e. an illustra-
tion of the results from the Kemi MLA mineral  

Kemi First 4 minerals Area of the first 4 Cluster
ROI# 1st 2nd 3rd 4th %1st %2nd %3rd %4th LEAF MLA dist

60 SRP CHR CHL DOL 46.8 39.2 7.3 6.2 0
64 SRP CHR DOL CHL 45.2 42.6 7.7 4.1 4

104 CHR SRP TLC CHL 47.8 31.0 13.2 4.4 27
81 CHR SRP MGS TLC 30.3 24.8 17.4 16.4 12
62 CHR CHL TLC SRP 67.3 18.8 6.2 4.8 2

102 CHR CHL ALB DOL 69.4 13.0 6.9 5.0 25
83 CHR CHL TRE DOL 67.4 18.1 10.5 3.8 14
86 CHR CHL TRE 68.1 20.5 10.0 17
80 CHR CHL 69.1 30.9 11
88 CHR CHL 60.1 39.7 19

100 CHR PHL CHL TRE 63.5 21.8 6.2 5.4 23
82 CHR CHL TLC DOL 54.2 18.0 17.0 7.7 13
98 CHR TLC DOL SRP 52.9 27.7 9.7 5.8 21
84 CHR TLC CHL MGS 41.6 25.1 14.8 9.5 15
85 CHR TLC CHL SRP 46.2 20.4 14.4 10.7 16

103 CHR TLC MGS CHL 51.5 21.5 13.0 7.3 26
105 CHR TLC MGS CHL 52.4 22.1 8.9 7.8 28
65 CHR TLC MGS CHL 40.5 25.6 16.4 5.9 5
87 CHR TLC MGS CHL 43.5 23.6 17.8 7.4 18
66 TLC MGS CHL SRP 50.3 28.3 11.7 8.1 6
67 SRP TRE CHL CHR 49.1 39.9 6.8 2.8 7

101 SRP TRE CHL CHR 39.3 29.9 27.3 1.0 24
89 SRP CHL DIO TRE 56.5 15.4 15.0 9.6 20
70 TRE CHL PHL TLC 52.5 19.4 18.5 5.4 10
63 CHL TLC TRE CHR 47.5 21.1 12.2 6.9 3
61 ALB QRZ KFS MUS 44.6 29.4 12.8 10.4 1
68 QRZ ALB CHL CAL 29.4 24.0 22.1 13.8 8
69 ALB ACT BIO EPI 45.8 17.1 9.1 8.2 9
99 ACT ALB EPI CHL 26.7 21.2 16.3 13.5 22

CHR TLC Soft ore 1
CHR CHL Soft ore 2
CHR SRP Hard ore

* TRE Metaperidotite
TLC MGS Talc-carbonate rock
ALB * Albite rich  wall rock

Fig. 2. A dendrogram illustration for a classification of the MLA measurements of the samples from the Kemi mine. Different 
types of wall rocks and ores are separated, with a few exceptions. The marker mineral combination is bolded for each type. Ab-
breviations are: ALB = albite, ACT = actionlite, BIO = biotite, CAL = calcite, CHL = chlorite, CHR = chromite, DIO = diopside, 
DOL = dolomite, EPI = epidote, KFS = K-feldspar, MGS = magnesite, PHL = phlogopite, QRZ = quartz, SRP = serpentine, 
TLC = talc, TRE = tremolite.
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data clustering. Different types of wall rocks and 
ore are separated in this sample set. Soft ore is 
divided into chromite-talc-carbonate type and 
chromite-chlorite type. Hard ore is seen as chro-

mite-serpentine composite. The wall rock types 
are albite-dominant rock, talc-carbonate rock and 
metaperidotite in this sample set. 

Contribution of the SisuROCK LWIR assays to the estimation of mineral quantities  
from the Kemi samples

Apparent mineralogical clusters inferred from 
the Kemi LWIR mean spectra

The filtered (constant f = 100.) LWIR mean spec-
tra (Fig. 3) from the Kemi sample set were hier-
archically clustered. The dendrogram in Figure 4 

illustrates the clusters and the internal hierarchy of 
the LWIR spectra and possibly apparent rock types 
(cf. Fig. 2). The main classes are separated by the 
spectra, but a few exceptions occur. The internal 
hierarchies are about similar. 

Fig. 3. The LWIR reflectance mean spectra of all 29 ROIs of the Kemi samples after the high-pass component (f = 100.) has been 
added to the spectra. The curves are vertically shifted for clarity.
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Kemi First 4 minerals Area of the first 4 Cluster
ROI# 1st 2nd 3rd 4th %1st %2nd %3rd %4th LEAF LWIR dist
103 CHR TLC MGS CHL 51.5 21.5 13.0 7.3 LEAF
105 CHR TLC MGS CHL 52.4 22.1 8.9 7.8 28
104 CHR SRP TLC CHL 47.8 31.0 13.2 4.4 27
102 CHR CHL ALB DOL 69.4 13.0 6.9 5.0 25
62 CHR CHL TLC SRP 67.3 18.8 6.2 4.8 2
63 CHL TLC TRE CHR 47.5 21.1 12.2 6.9 3
82 CHR CHL TLC DOL 54.2 18.0 17.0 7.7 13
98 CHR TLC DOL SRP 52.9 27.7 9.7 5.8 21
84 CHR TLC CHL MGS 41.6 25.1 14.8 9.5 15
85 CHR TLC CHL SRP 46.2 20.4 14.4 10.7 16
87 CHR TLC MGS CHL 43.5 23.6 17.8 7.4 18
65 CHR TLC MGS CHL 40.5 25.6 16.4 5.9 5
66 TLC MGS CHL SRP 50.3 28.3 11.7 8.1 6
70 TRE CHL PHL TLC 52.5 19.4 18.5 5.4 10

100 CHR PHL CHL TRE 63.5 21.8 6.2 5.4 23
83 CHR CHL TRE DOL 67.4 18.1 10.5 3.8 14
86 CHR CHL TRE 68.1 20.5 10.0 17
80 CHR CHL 69.1 30.9 11
88 CHR CHL 60.1 39.7 19
60 SRP CHR CHL DOL 46.8 39.2 7.3 6.2 0
64 SRP CHR DOL CHL 45.2 42.6 7.7 4.1 4
89 SRP CHL DIO TRE 56.5 15.4 15.0 9.6 20
67 SRP TRE CHL CHR 49.1 39.9 6.8 2.8 7

101 SRP TRE CHL CHR 39.3 29.9 27.3 1.0 24
81 CHR SRP MGS TLC 30.3 24.8 17.4 16.4 12
69 ALB ACT BIO EPI 45.8 17.1 9.1 8.2 9
99 ACT ALB EPI CHL 26.7 21.2 16.3 13.5 22
61 ALB QRZ KFS MUS 44.6 29.4 12.8 10.4 1
68 QRZ ALB CHL CAL 29.4 24.0 22.1 13.8

CHR TLC Soft ore 1
CHR CHL Soft ore 2
CHR SRP Hard ore
TRE CHL Metaperidotite
TLC MGS Talc-carbonate rock
ALB * Albite rich  wall rock

Fig. 4. A dendrogram illustration for a classification of the LWIR mean spectra of the samples from the Kemi mine. The Cr 
ore is separated into chromite-talc (yellow), chromite-chlorite (blue) and chromite-serpentine (green). Different types of wall 
rocks and ores are separated, with a few exceptions.

Quantitative mineralogical prediction  
from the mean spectra of the SisuROCK  
Kemi data

The quantitative mineral content for each sample 
from the Kemi mine was predicted from the fil-
tered (f = 100.) LWIR mean spectra using the PLS 
regression model. The total number of samples 
with ROIs from Kemi was 29. The regression mod-
el for each sample in turn was built of the other 28 
sample spectra.

The PLSR prediction for the main minerals pro-
duced the following accuracy parameters shown 
in Table 1. The classical linear unmixing (UMXR) 
method produced quite similar values for the error 
parameters as the PLSR. The simultaneous high 
correlation coefficient and the low p-value in Ta-
ble 1 suggest that the mean absolute estimation er-
rors (MAEs) are reliable (low p-values and moder-
ate CCs) for actinolite, albite, chromite, dolomite, 
magnesite, quartz, serpentine, talc and tremolite. 
These well-predicted minerals cover 2744 area 
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units from the total 2888 au. Figure 5 shows that if 
the sum area [au] for a mineral is very small, it will 
produce a low reliability (high p-value), and vice 
versa. In this case, the low CC and high p-value 
have dropped chlorite and phlogopite from the list 
of the expected best success; the reason for this is 
discussed later in this paper. This list of well-quan-
tified minerals essentially covers those materials 
that classify the ore types and the wall rocks in this 
sample set from the Kemi mine. 

The same statistics were also computed for all 
Kemi ROIs (Table 2 and examples in Fig. 6, where 
the key to the mineral index (numbers) is in Ta-
ble 1 in the two first columns). According to the 
correlation coefficient and the p-value, only two 
ROIs from 29 have unreliable estimates. They are 
numbers 68 and 99 (Table 2). The reason for their 
failure is that their mineralogy is ‘strange’, i.e. they 
do not have analogous samples among the mod-
elling group. All other 27 ROIs obtained reliable 

Kemi ROI prediction
PLS PLS PLS Predictv

MAE% RMSE% CC Minerals
60 1.58 3.05 0.99 19 100.00 0.0000
61 14.78 20.71 0.74 19 98.82 0.0003
62 2.90 3.55 0.98 19 99.98 0.0000
63 5.94 10.16 0.66 19 99.43 0.0022
64 1.16 1.82 0.99 19 99.98 0.0000
65 2.32 3.90 0.96 19 100.00 0.0000
66 3.77 7.43 0.87 19 99.93 0.0000
67 2.61 4.06 0.96 19 99.50 0.0000
68 8.76 13.15 0.18 19 99.44 0.4690
69 5.85 9.24 0.59 19 96.88 0.0078
70 5.08 9.25 0.68 19 99.79 0.0013
80 2.38 4.30 0.99 19 99.98 0.0000
81 2.46 3.80 0.95 19 99.99 0.0000
82 1.62 2.18 0.99 19 99.99 0.0000
83 1.85 2.85 0.99 19 99.78 0.0000
84 2.42 5.29 0.97 19 100.00 0.0000
85 1.23 1.73 0.99 19 100.00 0.0000
86 2.62 4.22 0.97 19 99.66 0.0000
87 2.40 4.31 0.94 19 99.99 0.0000
88 2.94 5.46 0.96 19 99.92 0.0000
89 5.66 10.58 0.73 19 98.10 0.0004
98 2.14 2.60 0.99 19 100.00 0.0000
99 6.53 8.80 0.34 19 98.31 0.1602
100 4.24 7.98 0.85 19 99.92 0.0000
101 4.28 7.47 0.79 19 98.40 0.0000
102 3.10 4.90 0.95 19 99.93 0.0000
103 2.08 2.94 0.99 19 99.99 0.0000
104 5.06 8.26 0.76 19 100.00 0.0001
105 1.86 3.20 0.97 19 100.00 0.0000

Total area [au] 2887.71

ROI NO S-area p-value

Table 2. The statistical descriptors for the region of interest (ROI) prediction by partial least squares regression (PLSR) in the 
Kemi case. There are only two ROIs (unbolded, 68 and 99) for which the estimates and the error measures are not acceptable. 
The reason for this is that the quantities of the rare minerals are naturally small and they do not greatly affect the measures in 
the majority of the samples. The main minerals are naturally promptly represented by the area and the spectra.
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Fig. 5. The total mineral area and the risk 
measure p-values are logarithmically re-
lated, i.e. they are inversely proportional 
in the Kemi LWIR case.

A B

DC

A B

DCFig. 6. Examples of the ROI prediction for the Kemi data. On the left (A and C): partial least squares estimates (PLS, red) and 
unmixing estimates (UMX, green) prediction from the LWIR data for the mineral contents of two Kemi ROIs, nos. 87 and 
104). The measured quantities are shown by the black line. The mineral index is on the x-axis; see the respective mineral names 
in Table 1, the two first columns. On the right (B and D): The scatter diagrams between the predicted and the measured mineral 
quantities of the same ROIs. All ROI data were computed this way; the resulting statistics are presented in Table 2. In the upper 
figures (A and B), the dominant minerals are chlorite, chromite, magnesite and talc; and in the lower pictures (C and D) the 
peaks are chlorite, chromite, dolomite, serpentine and talc. Enhancement of the high-pass component (f=100.) was used for 
the prediction. UMX and PLS are indicated in green and red, respectively.
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estimates. The quantities of the rare mineral grains 
are, by definition, very small and they cannot 
greatly affect the statistical measures, i.e. the pre-
dictions and the MLA reference quantities of the 
rare minerals are close to zero.

In Figure 6, the PLSR result is first printed by 
a red symbol and thereafter the UMX result by a 
green symbol. If both red and green are seen in 
the figures, the results are different, but if only a 
green colour occurs, the results coincide. In Fig-
ure 6, B and D, statistical errors and correlations 
and other parameters for both methods are pre-
sented on top of the diagram. Because two main 
minerals, namely chromite and chlorite, received 
only modest MAEs (Table 1), either the samples 
did not cover their mineralogical variation or their 
LWIR spectra were not unique enough to be better 
distinguished from the background. Concerning 

all mineral predictions in the Kemi case, PLSR and 
UMXR produced statistically very coincident re-
sults: It cannot be said which one performs better. 

Quantitative mineralogical prediction  
from the Kemi LWIR pixel images

The LWIR SisuROCK image pixels of the Kemi 
samples were also interpreted for the mineral 
quantities using PLSR estimation. Before this, 
the image was still filtered by a 3-term median 
(Råde and Westergren 2004) along the image 
lines in order to avoid noise. In addition to the 
29 mean spectra, the regression model was com-
plemented with the spectra of 19 single minerals. 
This is necessary, because a pixel in the LWIR im-
age may be occupied by a single mineral. All to-
gether, 48 LWIR spectra were used for the mod-

Fig. 7. The ROI and the single mineral LWIR mean spectra for the Kemi case. The ROI spectra were used for estimating quanti-
ties from the mean spectra and all were used for the estimation of mineral quantities from the Kemi pixel images. The high-
pass component (f = 0.2) was not added to the original spectra. All spectra are shifted vertically for clarity.
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      Actinolite                              Albite                               Chlorite                          Chromite                             Dolomite

        Magnesite                            Quartz                            Serpentine                            Talc                               Tremolite

Fig. 8. Illustration of the PLSR for the first five main minerals/pixel estimates about the Kemi case.  The greytone variation lim-
its from black to white for the minerals are:  Actinolite  0.0-46.1%, Albite 0.0-56.8%, Chlorite, 0.0-79.5%, Chromite 0.0-100.0% 
and Dolomite 0.0-42.1%.

Fig. 9. Illustration of the PLSR for the last five main minerals/pixel estimates about the Kemi case. The greytone variation limits 
from black to white for the minerals are:  Magnesite 0.0-100.0%, Quartz 0.0-100.0%, Serpentine     0.0-100.0%, Talc 0.0-81.0% 
and Tremolite 0.0-41.2%.
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elling. Their spectra are shown in their original  
form in Figure 7, which presents all ROI and min-
eral spectra that were used for this purpose. The 
high-pass multiplier was not used (i.e. f = 0.) for 
the pixel prediction, because the pixel spectra 
are noisier than the mean spectra. The additional 
spectra were those for actinolite, albite, chlorite, 
chromite, biotite, calcite, dolomite, diopside, epi-

dote, hornblende, K-feldspar, magnesite, musco-
vite, phlogopite, plagioclase, quartz, serpentine, 
talc and tremolite. The result from the pixel image 
interpretation is expected to have a slightly lower 
level of accuracy than in the previous chapter for 
the mean spectra. The images for the predicted 
main minerals are presented in Figures 8 and 9. 

 

Mineralogical clusters of the Pyhäsalmi and Kedonojankulma samples from MLA 

The frequent minerals encountered in the MLA 
studies of the Pyhäsalmi samples related to the 
alteration study were (from the most common 
to rarest): quartz, cordierite, plagioclase, biotite, 
muscovite, phlogopite, pinite, pyrite, chlorite, ge-
drite, pyrrhotite, sillimanite, anthophyllite, talc, 
muscovite-chlorite mix, sphalerite and Fe oxide-
mica mix. The remaining minerals covered less 
than 1% of the total ‘surface’ analysed: They were 
ilmenite, magnetite, apatite, kaolinite, almandine, 
albite, chalcopyrite, ferrogedrite, rutile, K-feld-
spar, calcite, an unclassified mineral, illite, gahnite, 
monazite-(Ce), allanite, zircon and galena. 

The frequent minerals encountered in the MLA 
studies of the Kedonojankulma samples related to 
the alteration study were (from the most common 
to rarest): albite, quartz, K-feldspar, muscovite, 
chlorite, laumontite, calcite, plagioclase, allanite, 

chalcopyrite, epidote and illite. The remaining 
minerals covered less than 1% of the total ‘surface’ 
analysed: They were titanite, hornblende, biotite, 
pyrite, apatite, arsenopyrite, tourmaline, pyrrho-
tite, rutile, kaolinite, tetrahedrite, actinolite, an 
unclassified mineral, zircon, ilmenite, sphaler-
ite, fluorite, britholite, scheelite, thorite, galena, 
claushalite(PbSe), cobaltite and silver. Table 3, 
column ‘S-area’, presents the frequency of different 
minerals exposed to the MLA measurements in 
the combined Pyhäsalmi-Kedonojankulma study.  

The MLA data from the combined sample set 
were unsupervisedly clustered. The dendrogram 
(Fig. 10) shows the internal pattern of hierarchy of 
the mineralogical contents. The samples from the 
Pyhäsalmi and Kedonojankulma locate in differ-
ent clusters, except for some extreme cases. 
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PYS-Kedo First 4 minerals Area of the first 4 Cluster
ROI# 1st 2nd 3rd 4th %1st %2nd %3rd %4th LEAF MLA dist

111 PHL QRZ CRD PLG 38.0 18.2 14.5 7.8 6
112 CRD MUS QRZ PLG 28.6 23.0 18.0 16.4 7
110 QRZ CRD PLG SIL 60.1 29.0 3.5 2.1 5
120 QRZ BIO CRD MUS 67.1 14.1 13.0 2.5 15
118 QRZ CRD BIO GED 46.3 23.8 21.9 2.4 13
119 QRZ CRD BIO CHL 56.8 21.3 17.4 2.2 14
108 QRZ CRD BIO MUS 41.8 24.7 14.0 10.8 3
116 QRZ PLG MUS BIO 51.5 21.1 12.3 9.2 11
117 QRZ MUS PLG BIO 59.3 15.4 9.2 6.2 12
114 QRZ PHL CRD PIN 51.0 15.0 13.2 9.6 9
115 QRZ PHL BIO CHL 55.1 34.2 8.9 1.5 10
149 QRZ ALB CHL KFS 99.8 0.1 0.1 0.0 32
125 ALB QRZ KFS CHL 30.7 21.1 14.0 10.4 19
150 ALB KFS QRZ CHL 33.5 19.2 11.8 11.5 33
132 ALB KFS MUS QRZ 31.1 24.7 17.1 10.8 23
138 ALB QRZ KFS CHL 39.2 28.3 18.3 5.0 26
152 ALB QRZ KFS CHL 39.7 30.1 16.2 7.9 34
140 ALB QRZ KFS CHL 35.6 30.4 17.5 6.6 27
136 ALB QRZ KFS CHL 38.4 27.3 16.6 4.0 25
146 ALB QRZ KFS CHL 39.6 34.8 15.0 5.6 30
134 ALB KFS QRZ CHL 43.7 24.9 23.4 3.7 24
147 ALB QRZ KFS CHL 39.6 25.7 23.5 5.1 31
128 ALB QRZ KFS PLG 34.2 30.7 12.8 8.8 21
130 QRZ KFS ALB CHL 31.4 30.8 28.4 4.2 22
153 QRZ ALB KFS CHL 35.2 30.6 26.5 4.0 35
126 KFS ALB QRZ CHP 40.9 30.3 14.2 4.2 20
142 ALB KFS CHL QRZ 71.0 13.0 6.8 3.2 28
144 ALB QRZ KFS CHL 51.9 16.5 13.1 9.7 29
94 ALB MUS KFS QRZ 53.3 21.8 11.3 9.4 1
97 ALB LAU MUS KFS 35.6 20.2 12.2 7.8 2

121 PLG BIO QRZ PRH 56.7 22.7 18.2 1.0 16
122 PLG QRZ GED BIO 55.7 17.3 8.1 5.3 17
109 PLG BIO QRZ CRD 32.9 29.3 16.5 4.9 4
113 MUS PYR QRZ SPH 64.1 11.6 9.9 4.1 8
123 MUS QRZ KFS CHP 56.0 25.3 13.2 3.8 18
92 LAU CAL ALL ILL 41.6 40.5 7.4 3.4

Pyhäsalmi

Kedonojankulma

Fig. 10. Dendrogram of the mineralogy (MLA data) for the Pyhäsalmi and Kedonojankulma samples clustered unsupervisedly 
using the Euclidean distance method. The four first most abundant minerals are indicated by their acronyms (after the ROI#) 
on the left and their respective mineral quantities [area %] by the numbers on the right. The dendrogram shows the mineralog-
ical pattern of hierarchy for both test sites. The acronyms are: ALB = albite, ALL = allanite, BIO = biotite, CAL = calcite, CHP = 
chalcopyrite, CHL = chlorite, CRD = cordierite, GED = gedrite, ILL = illite, KFS = K-feldspar, LAU = laumontite, MUS = mus-
covite, PHL = phlogopite, PIN = pinite, PLG = plagioclase, PYR = pyrite, QRZ = quartz, SIL = sillimanite, SPH = sphalerite.
 

Contribution of the SisuROCK LWIR assays to the estimation of mineral quantities  
of the Pyhäsalmi – Kedonojankulma samples 

Apparent mineralogical clusters from the  
Pyhäsalmi – Kedonojankulma LWIR mean  
spectra

The LWIR mean spectra from the combined 
sample set were also clustered using the high-
pass enhanced (f = 100.) mean spectra. The hi-
erarchy of the LWIR data of the Pyhäsalmi and  

Kedonojankulma samples is illustrated by Figure 
11. When comparing this with the previous den-
drogram (Fig. 10), the samples from different sites 
still locate in separate clusters, but there are excep-
tions. The internal hierarchy of the samples is ap-
proximately the same in both diagrams; only the 
order of the clusters may differ.
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PYS-Kedo First 4 minerals Area of the first 4 Cluster
ROI# 1st 2nd 3rd 4th %1st %2nd %3rd %4th LEAF LWIR dist

109 PLG BIO QRZ CRD 32.9 29.3 16.5 4.9 4 LWIR dist
111 PHL QRZ CRD PLG 38.0 18.2 14.5 7.8 6
121 PLG BIO QRZ PRH 56.7 22.7 18.2 1.0 16
122 PLG QRZ GED BIO 55.7 17.3 8.1 5.3 17
152 ALB QRZ KFS CHL 39.7 30.1 16.2 7.9 34
112 CRD MUS QRZ PLG 28.6 23.0 18.0 16.4 7
134 ALB KFS QRZ CHL 43.7 24.9 23.4 3.7 24
153 QRZ ALB KFS CHL 35.2 30.6 26.5 4.0 35
130 QRZ KFS ALB CHL 31.4 30.8 28.4 4.2 22
113 MUS PYR QRZ SPH 64.1 11.6 9.9 4.1 8
144 ALB QRZ KFS CHL 51.9 16.5 13.1 9.7 29
150 ALB KFS QRZ CHL 33.5 19.2 11.8 11.5 33
140 ALB QRZ KFS CHL 35.6 30.4 17.5 6.6 27
147 ALB QRZ KFS CHL 39.6 25.7 23.5 5.1 31
142 ALB KFS CHL QRZ 71.0 13.0 6.8 3.2 28
92 LAU CAL ALL ILL 41.6 40.5 7.4 3.4 0

136 ALB QRZ KFS CHL 38.4 27.3 16.6 4.0 25
146 ALB QRZ KFS CHL 39.6 34.8 15.0 5.6 30
128 ALB QRZ KFS PLG 34.2 30.7 12.8 8.8 21
138 ALB QRZ KFS CHL 39.2 28.3 18.3 5.0 26
126 KFS ALB QRZ CHP 40.9 30.3 14.2 4.2 20
132 ALB KFS MUS QRZ 31.1 24.7 17.1 10.8 23
125 ALB QRZ KFS CHL 30.7 21.1 14.0 10.4 19
123 MUS QRZ KFS CHP 56.0 25.3 13.2 3.8 18
94 ALB MUS KFS QRZ 53.3 21.8 11.3 9.4 1
97 ALB LAU MUS KFS 35.6 20.2 12.2 7.8 2

118 QRZ CRD BIO GED 46.3 23.8 21.9 2.4 13
119 QRZ CRD BIO CHL 56.8 21.3 17.4 2.2 14
120 QRZ BIO CRD MUS 67.1 14.1 13.0 2.5 15
110 QRZ CRD PLG SIL 60.1 29.0 3.5 2.1 5
108 QRZ CRD BIO MUS 41.8 24.7 14.0 10.8 3
114 QRZ PHL CRD PIN 51.0 15.0 13.2 9.6 9
116 QRZ PLG MUS BIO 51.5 21.1 12.3 9.2 11
115 QRZ PHL BIO CHL 55.1 34.2 8.9 1.5 10
117 QRZ MUS PLG BIO 59.3 15.4 9.2 6.2 12
149 QRZ ALB CHL KFS 99.8 0.1 0.1 0.0 32

Pyhäsalmi

Kedonojankulma

Fig. 11. Dendrogram of the LWIR spectra for the Pyhäsalmi and Kedonojankulma samples clustered unsupervisedly. The four 
first most abundant minerals are indicated by their acronyms (after the ROI#) on the left and their respective mineral quan-
tities [%] by the numbers on the right. The dendrogram shows the LWIR-based pattern of hierarchy for both test sites. The 
mineralogical pattern and the LWIR pattern are very similar (cf. Fig. 16).

Quantitative mineralogical prediction from the 
mean spectra of the SisuROCK Pyhäsalmi and  
Kedonojankulma LWIR data

The quantitative mineral content of the Pyhäsalmi 
and Kedonojankulma samples was predicted using 
the PLS regression model on the mean spectra. The 
model was built for each sample from the other 35 
samples out of the 36 in total. The union coverage 
of all the 36 samples was 3600 au (± a small area 
error in the MLA assays). 

The predictions for the minerals produced 
quantity estimates, for which the respective error 
and reliability measures are presented in Table 3. 
The well-quantified minerals (bolded in Table 3) 
essentially cover those minerals that classify the 
alteration type and intensity and the wall rocks in 
this Pyhäsalmi and Kedonojankulma sample set. 
This prediction was also computed for the ROIs of 
the samples (Table 4). A predicted ROI (a row in 
Table 4) means (a predicted mineral composition 
and) the reliability measures for a sample.
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Pyhäsalmi_Kedonojankulma mineral prediction
Mineral PLS PLS PLS Predictv

index MAE% RMSE% CC ROIs
1 Actinolite 0.25 0.30 -0.02 35 0.73 0.9064
2 Albite 15.75 21.56 0.56 35 711.27 0.0004
3 Allanite 0.94 1.30 0.63 35 28.14 0.0000
4 Almandine 0.08 0.12 0.04 35 0.86 0.8011
5 Anthophyllite 0.98 1.37 0.10 35 8.44 0.5675
6 Apatite 0.10 0.12 0.19 35 3.84 0.2735
7 Arsenopyrite 0.09 0.14 -0.02 35 0.66 0.9208
8 Biotite 5.57 8.22 0.45 35 166.77 0.0059
9 Calcite 5.14 9.77 0.03 35 47.89 0.8465

10 Chalcopyrite 0.86 1.21 0.34 35 17.15 0.0439
11 Chlorite 4.27 5.85 0.21 35 119.22 0.2300
12 Cordierite 1.97 2.80 0.95 35 182.27 0.0000
13 Epidote 1.33 1.76 0.21 35 22.62 0.2180
14 Fe_oxide 0.04 0.06 0.05 35 0.32 0.7659
15 Feox_mica_mix 0.45 0.69 0.00 35 2.75 0.9959
16 Gedrite 1.89 2.73 0.05 35 14.53 0.7524
17 Hornblende 3.19 3.87 -0.02 35 9.54 0.9028
18 Illite 0.96 1.53 0.16 35 22.06 0.3502
19 Ilmenite 0.14 0.18 0.53 35 2.23 0.0010
20 K_feldspar 8.02 10.11 0.67 35 362.60 0.0000
21 Kaolinite 0.13 0.21 -0.12 35 2.08 0.4760
22 Laumontite 4.44 8.04 0.42 35 62.92 0.0109
23 Magnetite 0.36 0.52 -0.15 35 2.90 0.3928
24 Muscovite_Chlorite_mix 0.34 0.47 0.41 35 7.26 0.0122
25 Muscovite 5.97 8.47 0.81 35 279.13 0.0000
26 Phlogopite 5.22 7.65 0.55 35 89.12 0.0005
27 Pinite 1.89 2.66 0.22 35 31.36 0.1951
28 Plagioclase 6.96 9.42 0.78 35 244.06 0.0000
29 Pyrite 1.64 2.54 0.13 35 23.59 0.4432
30 Pyrrhotite 1.00 1.62 -0.07 35 13.36 0.6903
31 Quartz 5.96 7.88 0.94 35 1100.71 0.0000
32 Rutile 0.06 0.07 0.01 35 0.90 0.9473
33 Sillimanite 0.62 1.02 0.18 35 8.81 0.2875
34 Sphalerite 0.54 0.87 0.01 35 4.43 0.9575
35 Talc 1.15 1.93 -0.03 35 7.56 0.8608
36 Tetrahedrite 0.09 0.14 -0.01 35 0.50 0.9653
37 Titanite 0.80 1.06 0.21 35 10.44 0.2099
38 Tourmaline 0.08 0.15 -0.63 35 1.08 0.0000
39 Unclassified 0.03 0.04 -0.04 35 0.67 0.8324
40 Zircon 0.01 0.02 0.10 35 0.29 0.5654

Total area [au] 3615.04

Mineral S-area [au] p-value

Table 3. Statistics showing the success or failure of the mineral prediction by partial least squares regression (PLSR) concern-
ing the LWIR spectra of the Pyhäsalmi and Kedonojankulma samples. Generally, those minerals that are abundant are more 
successfully estimated.
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Pyhäsalmi-Kedonojankulma ROI prediction
PLS PLS PLS Predictv

MAE% RMSE% CC Minerals
92 5.61 12.83 0.00 40 100.00 0.9851
94 2.53 5.64 0.79 40 100.00 0.0000
97 5.88 13.19 -0.07 40 100.00 0.6553
108 1.74 3.16 0.92 40 100.50 0.0000
109 3.89 7.80 0.43 40 100.05 0.0060
110 3.53 7.31 0.81 40 100.08 0.0000
111 3.68 7.33 0.52 40 100.36 0.0006
112 3.41 6.42 0.63 40 100.24 0.0000
113 3.85 7.20 0.73 40 100.35 0.0000
114 2.94 5.46 0.81 40 100.77 0.0000
115 1.89 3.05 0.95 40 100.00 0.0000
116 2.32 5.10 0.82 40 101.32 0.0000
117 1.57 2.57 0.98 40 101.53 0.0000
118 1.60 2.70 0.95 40 100.14 0.0000
119 1.26 2.36 0.98 40 100.31 0.0000
120 2.03 5.43 0.90 40 101.19 0.0000
121 2.12 3.93 0.93 40 100.01 0.0000
122 1.96 3.99 0.94 40 100.34 0.0000
123 1.99 4.46 0.90 40 103.79 0.0000
125 1.03 1.87 0.96 40 100.08 0.0000
126 1.76 4.38 0.84 40 100.01 0.0000
128 1.36 2.65 0.94 40 100.57 0.0000
130 2.26 5.50 0.98 40 100.20 0.0000
132 1.14 2.17 0.97 40 101.60 0.0000
134 1.38 2.86 0.97 40 100.07 0.0000
136 1.15 2.34 0.97 40 99.90 0.0000
138 1.26 2.23 0.96 40 100.17 0.0000
140 1.25 2.68 0.98 40 100.63 0.0000
142 1.55 3.19 0.96 40 100.04 0.0000
144 1.61 4.57 0.91 40 100.01 0.0000
146 0.60 1.23 0.99 40 99.94 0.0000
147 0.84 1.43 0.99 40 100.29 0.0000
149 4.48 9.38 0.88 40 100.00 0.0000
150 1.27 2.42 0.94 40 100.03 0.0000
152 2.49 5.21 0.92 40 100.36 0.0000
153 1.17 2.16 0.97 40 100.18 0.0000

Total area [au] 3615.06

ROI NO S-area p-value

Table 4. The statistical descriptors for the region of interest (ROI) prediction by partial least squares regression (PLSR) in the 
Pyhäsalmi-Kedonojankulma case. Here, too, there are only two ROIs (92 and 97), for which the estimates and the error meas-
ures are not acceptable. The remaining 34 ROIs are acceptable. 
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Fig. 12. In the Pyhäsalmi-Kedonojankulma case, the p-value is inversely proportional to the logarithm of the sum area exposed 
to the sensor. 

The graph in Figure 12 shows the relationship 
between the sum area and the p-value: if the sum 
area for a mineral is small, it tends to produce a 
high p-value (and small CC). Albite, allanite, bio-
tite, chalcopyrite, cordierite, K-feldspar, laumon-
tite, muscovite, phlogopite, plagioclase and quartz 
are more reliably quantified than the rest of the 
minerals (Table 3). However, although chlorite 
occurs in many samples (total 421 au), it drops 
out from the list of well-predicted minerals. The 
well-predicted minerals comprise 3254 au from 
the total 3615 au. The 34 ROIs from total of 36 are 
predicted reliably, as can be seen in Table 4. It is 
again emphasized that this result concerns only 
those regression models that were constructed 
here based on the LWIR spectra of the 35 other 
samples for each one in turn out of the total of 36 
samples. Concerning all mineral prediction in the 
Pyhäsalmi-Kedonojankulma case, the PLRS and 
UMXR produced statistically very similar results. 

Quantitative mineralogical prediction from the 
SisuROCK the LWIR images of the  
Pyhäsalmi and Kedonojankulma samples

The estimation in this section is targeted at sin-
gle pixels of the Pyhäsalmi and Kedonojankulma 
SisuROCK LWIR image. Before this, the image was 
filtered by a 3-term median (Råde and Westergren 
2004) along the image lines in order to avoid noise. 

This PLS Regression model was built and com-
puted, in addition to the mean sample spectra, by 
also using the 18 spectra of the selected single min-
erals. This is natural, because a pixel in an LWIR 
image may be occupied by a single mineral instead 
of a mixture. Altogether, 55 LWIR spectra were 
used for the modelling. The additional single min-
eral spectra were actinolite, albite, biotite, calcite, 
chlorite, dolomite, diopside, epidote, hornblende, 
K-feldspar, muscovite, phlogopite, plagioclase, 
quartz, serpentine, talc and tremolite. The result-
ing accuracy of the pixel image interpretation is 
expected to be somewhat lower than the result in 
the previous section for the mean spectra, because 
the pixel spectra are noisier than the mean spectra. 
The results are illustrated in Figures 13 and 14 for 
those minerals that received reliable measures in 
the previous section.

A tentative test to predict chemistry and  
mineralogy from the Pyhäsalmi drilling  
powder samples

The hyperspectrally LWIR-imaged sample tray 
also contained a set of exploration drilling pow-
ders (37 samples) collected in 2001 (pers. comm. 
Timo Mäki 2001). All of them were chemically an-
alysed for Cu, Zn and S, and 23 of them were also 
analysed for their mineralogy by MLA. The same 
methods were tentatively applied to these samples, 
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               Albite                                        Biotite                                       Cordierite                                 K-feldspar

               Muscovite                               Phlogopite                                      Plagioclase                                Quartz

Fig. 13. The first four main minerals predicted from the Pyhäsalmi-Kedonojankulma LWIR image by the PLSR model.  The 
greytone variation limits from black to white for the minerals are:  Albite   0.0-100.0%, Biotite     0.0-66.3%, Cordierite 0.0-
78.6% and K_feldspar  0.0 -100.0%

Fig. 14. The last four main minerals predicted from the Pyhäsalmi-Kedonojankulma LWIR image by the PLSR model. The 
greytone  variation limits for the minerals are:  Muscovite     0.0-100.0%, Phlogopite  0.0-53.6%, Plagioclase  0.0-87.7% and 
Quartz  0.0-100.0%
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Pyhäsalmi_Powder_element prediction
Element PLS PLS PLS Predictv

index MAE% RMSE% CC ROIs
1 Zn 2.37 3.15 0.69 35 94.14 0.0000
2 S 11.50 14.94 0.49 35 1299.90 0.0023
3 Cu 0.63 0.81 0.32 35 26.13 0.0610
Total area [au] 1420.17

Element S-area [au] p-value

Table 5. Prediction parameters concerning the Pyhäsalmi drilling powder elements. The statistical error parameters suggest 
that the estimates are significant for Zn and S, but erroneous for Cu. 

Pyhäsalmi_Powder_mineral prediction
Mineral PLS PLS PLS Predictv

index MAE% RMSE% CC ROIs
1 Actinolite 0.17 0.21 0.55 22 2.64 0.00604
2 Albite 4.44 5.63 0.10 22 18.76 0.6587
3 Andalusite 0.31 0.60 -0.20 22 2.53 0.3663
4 Andradite 1.52 1.99 0.17 22 11.56 0.4275
5 Anthophyllite 0.26 0.43 -0.01 22 1.91 0.9702
6 Apatite 0.09 0.12 0.52 22 1.27 0.0106
7 Augite 0.43 0.57 0.27 22 3.70 0.2205
8 Baryte 1.88 2.22 0.96 22 140.37 0.0000
9 Biotite 5.41 6.42 0.42 22 83.64 0.0455

10 Calcite 1.78 2.27 0.51 22 39.56 0.0138
11 Celsian 0.73 1.12 -0.05 22 3.61 0.8208
12 Chalcopyrite 2.82 3.56 0.09 22 56.41 0.6984
13 Chlorite 5.55 7.05 -0.07 22 28.71 0.7342
14 Clay_minerals 0.46 0.80 0.67 22 11.93 0.0004
15 Clinozoisite 0.55 0.96 0.15 22 6.42 0.5016
16 Cordierite 1.51 3.17 0.55 22 30.90 0.0069
17 Diopside 1.63 2.27 0.29 22 19.32 0.1785
18 Dolomite 1.60 3.15 0.68 22 30.57 0.0003
19 Fe_oxide 2.15 2.69 -0.16 22 20.46 0.4670
20 Gedrite 0.68 0.98 0.47 22 14.18 0.0246
21 Gypsum 0.60 0.78 0.55 22 10.70 0.0060
22 Hornblende 2.21 3.38 0.29 22 27.85 0.1865
23 Hyalophane 0.51 1.15 -0.11 22 4.74 0.6264
24 K_feldspar 0.25 0.35 0.84 22 4.91 0.0000
25 Muscovite 5.85 13.79 -0.04 22 57.54 0.8601
26 Phlogopite 0.72 0.98 0.41 22 10.66 0.0533
27 Plagioclase 6.63 9.09 0.76 22 149.01 0.0000
28 Pyrite 11.47 15.21 0.85 22 1070.53 0.0000
29 Pyrrhotite 2.58 3.08 0.05 22 90.45 0.8274
30 Quartz 2.32 2.98 0.93 22 127.67 0.0000
31 Serpentine 0.18 0.23 0.61 22 2.62 0.0019
32 Sphalerite 3.30 3.94 0.92 22 164.53 0.0000
33 Talc 1.64 3.93 -0.09 22 18.92 0.6833
34 Tremolite 2.54 4.31 -0.03 22 26.50 0.8990
35 Unclassified 0.06 0.08 0.57 22 2.49 0.0047

Total area [au] 2297.55

Mineral S-area [au] p-value

Table 6. Prediction parameters concerning the Pyhäsalmi drilling powder minerals. The statistical error parameters suggest 
that the estimates for bolded minerals are acceptable.
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however, bearing in mind that the samples were 
‘old’, i.e., the surfaces of the sulphide minerals had 
oxidized into other chemical compounds during 
the 14 years of storage. The ore concentrates were 
not useful in this study, because the grains were 
covered by unknown non-mineral material. The 
results for the elements Cu, Zn and S are presented 
in Table 5. The results are, however, interesting: the 
elements S and Zn could be estimated with mod-
erate accuracy (MAE ≤ 11.5%, CC ≥ 0.49, p-value 
≤ 0.023), but Cu analysis was not successful. The 
reason is apparently that Cu has a very small vari-
ance in comparison with Zn and S, and that the 
surfaces of chalcopyrite may have suffered most 
due to oxidation. 

The drilling powders were also subject to PLSR 
modelling with LWIR data for quantitative esti-

mation of minerals. Those minerals that provided 
reliable quantity estimates are printed in bold in  
Table 6: actinolite, apatite, baryte, biotite, calcite, 
clay minerals, cordierite, dolomite, gedrite, gyp-
sum, K-feldspar, plagioclase, pyrite, quartz, serpen-
tine, sphalerite, and ‘unclassified’. The presence of 
the class ‘unclassified’ means that there may exist a 
constant spectral signal from this material. Unfor-
tunately, chalcopyrite and pyrrhotite dropped out 
due to high p-values or a low correlation between 
the predicted and measured quantities. The reason 
for this may be that the chalcopyrite and pyrrhotite 
area units [au] are small in the MLA data and that 
the mineral surfaces were oxidized. However, the 
reliably estimated minerals of the powders com-
prise 1888 au from the total 2298 au. 

CONCLUSIONS

The SisuROCK LWIR imaging spectrometry re-
flectance data on rock samples was tested for abil-
ity to identify minerals and predict the mineral 
composition of samples. Three diverse targets were 
purposefully selected to test the method in ver-
satile mineral/rock identification problems. The 
targets were the Kemi chromite mine, Pyhäsalmi 
Cu-Zn-S mine and Kedonojankulma Cu-Au ore 
prospect. In Kemi, the aim was to study the ore 
types and a few host rocks. In Pyhäsalmi and Ke-
donojankulma, the main focus of the study was 
on the identification of the alteration minerals 
among other minerals. A set of exploration drill-
ing powders from Pyhäsalmi was also included in 
the study. They were analysed for minerals and the 
main chemical commodities. 

The PLSR prediction result was successful for 
those minerals that were ‘sufficiently present’, i.e. 
comprising several percent; these could be quan-
titatively predicted. The reliability for their quanti-
ties and the error measures can be seen from the 
statistics performed. The following minerals were 
well quantified. They are, starting from the most 
reliably predicted (based on the low p-values with 
low or moderate MAEs), in the following list: 
• Risk 0.0–1.1% (p-value x 100): albite, chromite, 

dolomite, magnesite, quartz, serpentine, talc, 
cordierite, muscovite, plagioclase, baryte, py-
rite, sphalerite, K-feldspar, actinolite, tremolite, 
clay minerals, phlogopite, ilmenite, epidote, 
biotite, gypsum, apatite and laumontite. 

• Risk 1.2–4.5% (p-value x 100): calcite, gedrite 
and chalcopyrite.

• Risk 5% (p-value x 100): chlorite

Chlorite covers a notable area in the MLA assays, 
but it could not be quantified with less than 5% 
risk. Besides chlorite, those minerals that classify 
the ore types and wall rocks (Kemi case) and the 
alteration minerals, among others (Pyhäsalmi and 
Kedonojankulma cases), are included in the list 
above.

The estimation of minerals for the drilling pow-
ders was less successful than for the solid rocks: all 
abundant minerals could be estimated with mod-
erate accuracy, except pyrrhotite and chalcopyrite. 
The estimation of chemical elements for powders 
was analogous: Zn and S received moderate esti-
mates, but not Cu. The reason for this may be that 
the powder samples were 14 years old and the sur-
faces of the mineral grains were therefore oxidized, 
masking the proper pyrrhotite and chalcopyrite. 

As stated in the methodology section of this pa-
per, literally negative prediction quantities occur. 
They illustrate the inadequacy of the sample set 
used for modelling in relation to the sample set to 
be interpreted, or the inadequacy of the spectral 
signature. In practical applications, the negative 
values are simply converted to zero, but a better 
option for further work is to prepare a perfect sam-
ple set and good reference data for exact regres-
sion modelling. The good reliability measures with 
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acceptable residuals between the predicted and 
measured quantities are frequently related to those 
minerals and/or samples that are well represented 
within the area exposed to the spectrometer. 

The accuracy for the sample composition (ROI) 
prediction is seemingly better than the accuracy 
for single mineral prediction on average. The rea-
son for this is that the quantities of the rare min-
erals are naturally small and they do not greatly 
affect the ROI spectra and the statistical measures. 
The UMXR and PLSR methods were compared 
for all predicted minerals in Kemi and Pyhäsalmi-
Kedonojankulma cases. PLS and UMXR produced 
statistically very coincident results. 

The main minerals, including the alteration 
minerals, and the unknown new mixtures of the 

minerals can be quantified using this LWIR & 
PLSR technique with accuracy, which would ben-
efit mineral exploration and mining actions. LWIR 
imaging spectrometry is a rapid method for pro-
viding a quantitative estimation of the geological 
targets and sample compositions over large sur-
faces, presuming that the conditions for the pre-
diction are carefully prepared. The key to success 
in quantifying a set of minerals is that the minerals 
have independent spectral LWIR signatures, the 
same minerals/rocks used in models become im-
aged by LWIR and MLA. It is also important that 
the model samples cover the variation of the mix-
tures of minerals.
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This Special Paper portrays the geophysical signatures of different mineral 
deposit types that are known in Finland. The first part of the publication is 
a review of geophysical expressions and their dependencies, and the second 
part contains four articles that illustrate the results of special studies in which 
different geophysical research methods have been used. Airborne geophysical 
responses – magnetic, electromagnetic and radiometric – reflect the sub-surface 
spatial distribution of minerals having contrasting physical properties. This 
publication widely introduces the petrophysical properties of ore minerals and 
mineral systems, because they provide mappable parameters on mineralized or 
barren source rocks responsible for geophysical signatures. Anomalous density, 
magnetic properties or electric conductivity are common to most ore minerals, 
in particular magnetite and sulphides. The geophysical expressions of different 
mineral deposit types primarily depend on the presence of these minerals and 
the way in which they appear.
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