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Electromagnetic (EM) methods have been widely used over decades in 
mineral exploration of the Outokumpu ore belt in Eastern Finland. This 
paper describes a frequency-domain electromagnetic Sampo Gefinex 400S 
survey carried out in 2014 at Perttilahti, and reviews the older Sampo data-
sets of Miihkali and Kylylahti. At Perttilahti, there is ca. 2-km-long Cu-
Co-Zn ore lens with a thickness of less than 10 m and a width of 30–50 m. 
The depth of the ore lens increases from less than 500 m to 800–1000 m, 
which offers an opportunity to test the depth penetration of the method 
used. This was done by using different coil spacings (distance between the 
transmitter coil and the receiver coil) in the Sampo survey.

In this paper, Sampo data are interpreted using 1D (layered earth) inver-
sion and the interpreted models are compared with geological sections. 
The detected conductors are shallower than the known Perttilahti miner-
alization and assumed to be black schists. However, their location may not 
be accurately detected with the available 1D interpretation method due to 
various 3D effects caused by e.g. the dipping structures. The tilt correction 
addressing the possible misorientation of transmitter and/or receiver coils 
and its effect on the interpretation are also discussed. 
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INTRODUCTION

This paper and the Sampo survey in Perttilahti be-
long to the project Developing Mining Camp Ex-
ploration Concepts and Technologies – Brownfield 
Exploration. The project took place in 2013-2016 in 
Outokumpu area (Fig. 1). The aim of this particu-
lar study is to understand and define the geologi-
cal constraints and challenges for ground EM data 
interpretation. In addition, the Perttilahti deposit 
provides an opportunity to study the range and 
resolution of EM measurements for deep-seated 
targets. In this project, we employed Sampo Ge-
finex 400S equipment in order to compare the re-
sults with the earlier datasets, as well as to examine 
the feasibility of the Sampo interpretation software 
with Outokumpu-type geology.

The role of geophysics in the exploration of the 
Outokumpu zone has generally been in localizing 
the Outokumpu-type of lithological association, 
not the ore itself. The outer part of the association 
is commonly composed of black schist (graphite 
schist) (Rekola & Hattula 1995). The most com-
mon resistivity values of the black schists in the 
Outokumpu zone and Miihkali are of the magni-
tude of 0.01 – 0.1 Ωm but there are also very poor 
conductors among these black schists (Lehtonen 
1981). Black schists, chrysotile serpentinites and 
copper ore can be distinguished from the resis-
tive surroundings using electromagnetic methods 
(Ketola 1973).  

Fig. 1. Sampo surveys in Miihkali, Kylylahti and Perttilahti and the Perttilahti and Vuonos mineralizations. Con-
tains data from the National Land Survey of Finland Topographic Database 03/2013. (Saalmann & Laine 2014)



Geological Survey of Finland, Special Paper 59
EM Sampo soundings in the Outokumpu region

99

The Outokumpu Belt has been thoroughly covered 
by ground frequency-domain EM slingram surveys 
dating back to the 1960s (Ketola 1973). These sur-
veys, although quite intuitively interpretable, only 
offer depth penetration of less than 50 m and as 
such the interpretation results are too shallow for 
the current work. Other ground EM methods can 
provide information on greater depths but their 
data coverage available in the archives of Geologi-
cal Survey of Finland (GTK) (including historical 
Outokumpu Oy datasets) in the Outokumpu study 
region is significantly poorer, mainly single to a 
few survey profiles. Anyhow, the results from the 
historical wide-band frequency-domain Sampo 
surveys in Miihkali and Kylylahti areas have been 
collected and are analysed here in parallel with the 
new  Sampo survey in the Perttilahti region.

In addition to slingram and Sampo, there has 
been a variety of other EM methods applied in the 
Outokumpu area. To mention a few documented 
examples, horizontal loop electromagnetic meth-
od (HLEM) and mise-a-la-masse were used for 
outlining a small-scale mineralization in Kyly-
lahti (Rekola & Hattula 1995). Time-domain PRO-
TEM method was used in Viurusuo in 2000 both 
in borehole and on the ground together with the 
borehole method SlimBoris (Västi et al. 2003). 
Both audiomagnetotellurics (AMT) and controlled 
source audiomagnetotellurics (CSAMT) are applied 
in Polvijärvi and Saramäki (Hjelt et al. 1990). The 
whole Outokumpu area is also covered by airborne 
EM measurement by GTK in 1980-81 (Hautaniemi 
et al. 2005). 

CASE STUDY: SAMPO MEASUREMENT IN 2014 AT PERTTILAHTI

The Perttilahti deposit, ca. 5 km NE of the Vuonos 
deposit, was first discovered in the early 1980s 
(Mäkelä 1983, Rekola & Hattula 1995) when in-
vestigating an assumed plunging extension of the 
Vuonos ore. The first deep-drilling profile, Suk-
kulanjoki 200.000, intersected six meters of ore, 
and later drillings confirmed the presence of a ca. 
2-km-long near-horizontal ore lens with a thick-
ness of less than 10 m and a width of 30–50 m (Ha-
kanen 1985). The SW part of the formation is located 

at a depth of 500 m, and towards the NE the ore-
hosting formation plunges to depths of 800–1000 
m and can be followed on the cross-cutting seismic 
profile V1 (Kukkonen et al. 2012)  (Fig. 2). The Pert-
tilahti deposit, digitized from geological sections 
(Kontinen et al. 2006), bears a resemblance to the 
Vuonos deposit, and Kontinen et al. (2006) sug-
gested that the former may even be a direct exten-
sion of the latter.

Fig. 2. The Perttilahti formation presented as geological sections (from Kontinen et al. 2006) on seismic profile 
V1 (Kukkonen et al. 2012). Viewed from the west. 
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At Perttilahti, as usual in Outokumpu, the ore-
hosting formation is mostly surrounded by black 
schists, and they also appear scattered within the 
mica gneiss. In the Kylylahti deposit NE of Pertti- 
lahti (Fig. 1), the black schists have resistivi-
ties of 0.01-10 Ωm. In the ore-hosting layers, the 
black schists contain disseminated pyrite and the 
conductivity is low in comparison to the ore min-
eralization (10-1000 S/m equaling to 0.001-0.1 
Ωm). Thus, although in other parts of the forma-
tion there exist layers of pyrrhotite-bearing black 
schists with high conductivity, in Kylylahti, the 
employment of EM surveys enables direct explo-
ration. (Rekola & Hattula 1995) This information 
encouraged us to apply the same methodology at 
Perttilahti, although it was already in advance clear 
that the source of any conductivity anomaly could 
be suspected to be a black schist layer. 

The Sampo equipment comprises a wide-band 
frequency-domain ground EM system developed 
by Outokumpu Oy in co-operation with GTK. A 
brief description of the system has been provid-
ed, for example, by Rekola & Hattula (1995), and 

more recently by Korhonen & Lehtimäki (2007). 
The Sampo system consists of a loop transmit-
ter and a three-axial receiver. The system oper-
ates in the frequency domain and employs 82 dis-
crete frequencies from 2 to 20,000 Hz (Korhonen 
& Lehtimäki 2007). The measured responses are 
processed into ratios of vertical to radial field. 
These ratios are transformed into apparent resis-
tivity versus depth values which can be presented 
as apparent resistivity versus depth curves (ARD 
curves, Aittoniemi et al. 1987). The interpretation 
is completed with a 1D layered model inversion  
using the ratios.

Sampo measurements were conducted along 
four profiles (Fig. 3) at Perttilahti, Outokumpu, at 
the beginning of November 2014. The mineraliza-
tion lies deepest, at 950 m, at the northeastern end 
of the formation, and rises up to the depth of c. 450 
m in the southwest. The Sampo lines are aligned 
perpendicular to the mineralization. Planning of 
the line locations was also affected by the need to 
avoid power lines, which would disturb the meas-
urement. 

Fig. 3. The Sampo lines in black, geological sections in grey and the geology of Perttilahti. The yellow body is 
the surface projection of the Perttilahti sulphide mineralization. Boreholes OKU-740 and OKU-745 are marked 
on the map. Geology from Bedrock of Finland − DigiKP. Contains data from the National Land Survey of Finland 
Topographic Database 03/2013.
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The outcropping black schists shown on the geo-
logical map (Fig. 3) can be seen as magnetic and 
conductive features on the magnetic (Fig. 4) and 
1,775 kHz slingram in-phase (Fig. 5) maps. In 
the western parts of the magnetic and slingram 
surveys there are similar features that are likely 
to originate from black schists within the mica 
schist outside the Outokumpu Belt. Based on geo-
logical interpretations (Fig. 2), the general dip di-
rection in Perttilahti is 35–40 degrees towards the 
southeast. 

Conductivity logging is done only in two bore-
holes in the Perttilahti area, holes OKU-740 and 
OKU-745 (location presented in Fig. 3). Borehole 
information used in this paper is from GEOMEX 
database (Anonymous 2006), which is a result of 
a large research project GEOMEX in 1999-2003 in 
the Outokumpu area (Kontinen et al. 2006). The 
conductivity logging of OKU-745 is presented later 
with geology (Fig. 16). 

The Sampo measurement was carried out using 
a broadside configuration in which the transmitter 
and receiver are offset from the actual survey line 
in a direction perpendicular to it (Fig. 3). Dipping 

features and 3D features in general can introduce 
problems in the 1D inversion applied in Sampo 
data interpretation. However 1D inversion results 
using the broadside approach have proven supe-
rior to other configurations in the case of dipping 
conductors (Korhonen & Lehtimäki 2007). Never-
theless, despite the configuration, as the dip angle 
of the conducting structure increases, 1D inver-
sion unavoidably fails to represent the whole 3D  
electrical conductivity structure reliably, and dis-
tortions and artefacts may remain in the final  
interpretation (Fig. 6).

 The actual Sampo measurement stations lie be-
tween the transmitter and the receiver. There are 
different views about the accurate location of the 
stations for data presentation. According to Aho-
kas (2003) and Korhonen & Lehtimäki (2007), the 
stations should be located at the midpoint between 
the transmitter and the receiver. The other con-
vention is to locate the measuring station from one 
quarter or one third of the coil spacing from the 
transmitter towards the receiver. This convention 
is common in GTK but not properly documented. 
Nevertheless, in this Perttilahti study, the stations 

Fig. 4. Ground magnetic data for Perttilahti (Ketola 1973). Contains data from the National Land Survey of  
Finland Topographic Database 03/2013.
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Fig. 5. Electromagnetic slingram survey at Perttilahti, in-phase component (Ketola 1973). The coil spacing of 
the survey was 40 m and measuring frequency 1,775 Hz. Contains data from the National Land Survey of Finland 
Topographic Database 03/2013.

Fig. 6. A synthetic example of 1D interpretation of Sampo results with different configurations (moving left to 
right) over a thin conductive sheet with 60° dip (conductance 1 S, background resistivity of 5000 Ωm, coil spacing 
of 200 m). From Korhonen & Lehtimäki 2007.
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are projected one third of the coil spacing from the 
transmitter.

The depth extent of a Sampo survey is approxi-
mately the same as the coil spacing (Sipola 2002, 
Rekola & Hattula 1995). In this survey, to compen-

sate for the increasing depth of the formation to-
wards NE, the coil spacing was different for each 
line, from southwest to northeast being 600, 800, 
700 and 900 m. Details of the measurement are 
presented in Table 1.

Interpretation

The interpretation was carried out with the Sampo 
1D layered earth inversion software Salt and Grain 
(Sipola 2002). The data are presented as apparent 
resistivity vs. depth curves (ARD curves) and inter-
preted as layer models. 

Figure 7 presents the interpreted resistivity on 
line 1. The Perttilahti mineralization is projected 

in the section, but does not correlate with the in-
terpreted conductors. At every station except one, 
there is a layer where the resistivity is less than  
10  Ωm. The depth of these layers is approximately 
250–450 m below the surface. The electromagnetic 
field attenuates in a conductor (skin effect) and 
therefore overlaying conductors can prevent the 

Table 1. Technical details of the Perttilahti survey.

Transmitter loop size 50 x 50 m
Nominal point separation 50
Total number of sounding points 59
Total length of all measuring lines 2750 m
Date 3–6 November 2014
Typical frequency band 
(Varies a little from point to point)

54.98– 19,840 Hz

Fig. 7. Sampo results from line 1. Colour bands present the interpreted layer model from which the black and 
white grid is created. The lilac body at point 1-2350 is a projection of the Perttilahti mineralization. The coil  
spacing of the survey was 600 m and the view is from the southwest.
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propagation of the EM waves to a deeper ore body. 
Thus, the most reliable part of the interpreted lay-
er models is the upper boundary of the uppermost 
conductive layer and the layer(s) above it.

On the left of the section (in the northwest), 
there is a nearly horizontal conductive layer. Its 
upper boundary is approximately at the depth of 
240–250 m. The conductive layers of the stations 
2300–2400 can also be seen as a conductor with a 
dip of about 45°. In the nearest geological section 
197.500 (Fig. 3), there are black schists of a similar 
dip above the Perttilahti mineralization. The geo-
logical section is located 180–210 m away from line 
1 (the Sampo line and the geological section are not 
exactly parallel). 

The interpreted resistivity of line 2 is presented 
in Figure 8. When the location of the actual meas-
urement station between the transmitter and re-
ceiver is projected as explained earlier, the distance 
between lines 1 and 2 is only about 66 m. Both lines 
display the nearly horizontal conductor on the 
left of the section (in the northwest). The dipping 
structure at stations 2400–2600 is clearer in line 
2 than line 1. The dip is the same as the general 
dipping direction in the geological section 197.500 

(Fig. 3). The distance between the geological sec-
tion 197.500 and Sampo line 2 is 250-270 meters.

The coil spacing on the survey on line 1 is 600 
m and on the survey line 2 800 m, and the depth 
penetration of a Sampo measurement is estimated 
to equal the coil distance. However, increasing the 
coil spacing did not increase the depth penetration 
in this case, because the depth of the conductors 
was shallower than the coil spacing. Thus the coil 
spacing was not the limiting factor in detecting the 
conductors.

Figure 9 displays the Sampo results for line 3. 
The data from stations 2400, 2550 and 2750 were 
not suitable to be interpreted as a layer model. 
There are thin conductive layers at each inter-
preted station and their depth varies from 160 to 
390 m. The conductive layers at stations from 2800 
to 3000 can be seen as a dipping conductive struc-
ture. Although there are no interpreted geological 
sections such as presented in Figure 3 near line 3 
for detailed comparison, the dip of this structure 
is consistent with the general dip of the geological 
units in this area. 

Figure 10 displays the Sampo results for line 4 in 
the same format as previous lines are presented. 

Fig. 8. Sampo results from line 2. Colour bands present the interpreted layer model from which the black and 
white grid is created. The lilac body at point 2-2350 is a projection of the Perttilahti mineralization. The coil  
spacing of the survey was 800 m and the view is from the southwest.
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Fig. 9. Sampo results from line 3. Colour bands present the interpreted layer model from which the black and 
white grid is created. The lilac body at point 3-2500 is a projection of the Perttilahti mineralization. The coil 
spacing of the survey was 700 m and the view is from the southwest

Fig. 10. Sampo results from line 4. Colour bands present the interpreted layer model from which the black and 
white grid is created. The lilac body at point 4-2580 is a projection of the Perttilahti mineralization. The coil  
spacing of the survey was 900 m and the view is from the southwest.
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Fig. 11. Sampo results from line 4 and the geological section 200.000 (from Kontinen et al. 2006). The distance 
between the Sampo line and the geological profile is from 60 to 90 m. Colour bands present the interpreted layer 
model of the Sampo data. In this figure the intersection of the Perttilahti mineralization at station 4-2580 is 
marked in yellow and highlighted with a black box around it. The view is from the southwest. 

The geological section 200.00 is only from 30 to 
60 m away from the line 4 so they are presented 
together in Figure 11. Many of the interpreted con-
ductive layers are really thin, only some meters or 
less than one meter and their resistivity is of the 
magnitude of 0.1-1 Ωm. There is no equivalent to 
the Sampo conductors in the geological section, 
but again the dip of the Sampo conductors in the 

northwest is similar to the dip of the geological 
structures seen in section 200.000 (Fig. 2). In this 
1D interpretation, the dip of the conductor at sta-
tions from 2400 to 2550 seems to be opposite to the 
geological structure. However, it is possible that 
this feature is a 3D effect such as shown in Figure 6 
from the shallow black schists on the southeastern 
side of the Sampo stations. 
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Fig. 12. The interpolated 700-m-deep Sampo profile interpretations combined with a lithological map (Bedrock 
of Finland – DigiKP) (on the left) and with the old slingram survey (on the right). For the slingram survey, a red 
colour denotes conductive structures and a blue colour resistive regions. The size of the region is approximately 
7.5 x 7.5 km. On the lithological map SP = serpentinite and MCS = mica schist. Viewed from the south.

HISTORICAL DATASETS

Although the Sampo Gefinex 400S system may 
have been widely used in the region by the Outo-
kumpu Oy exploration teams, only few properly 
documented results remain to be found today. In 
addition to the measurements of Outokumpu Oy, 
some later profiles in the region have been re-
ported by the GEOMEX team. Ruotoistenmäki & 

Tervo (2006) give an overview of the geophysi-
cal work conducted in the project, but do not dis-
cuss the Miihkali Sampo survey. The available data 
were digitized into a 3D environment in order to 
integrate and better compare various datasets and 
the performance of frequency-domain ground EM  
systems in the region.

Miihkali

The Miihkali massif and the enveloping and nearby 
black schists were mapped in the GEOMEX project 
with Sampo profiles (Fig. 12). The survey was con-
ducted as broadside measurement with 500 m coil 
spacing and 50x50 m transmitter loop.

The serpentinite massif together with the thin 
black schist layers on its eastern and western 
boundaries show as a conductive structure. The 

Lipaspuro profiles in the north appear to indicate 
west-dipping black schists when compared with 
the slingram results. The conductors in the north-
ernmost Kiskonjoki profiles are likewise interpret-
ed to be black schists, although the results have 
not been verified by drilling (Kuronen et al. 2003). 
The Miihkali interpretations are discussed in more 
detail by Lahti et al. (2016, this volume).

Kylylahti

Two documented Sampo profile interpretations 
can readily be found: the Outokumpu Oy profile re-
ported by Rekola & Hattula (1995) and discussed by 
Pekkarinen & Rekola (1995) and the later GEOMEX 
project profile reported by Ruotoistenmäki & Tervo 
(2006) (Fig. 13). Both profiles run approximately in 
a direction parallel to the mineralized zone west 
of it; the Outokumpu profile covers the northern 
part of the formation in the general strike direc-
tion, whereas the GEOMEX profile turns slightly 

southwest and probes the western margins of the 
main formation (Fig. 13). The GEOMEX survey was 
conducted with 300–500-m coil spacing and an in-
line configuration, whereas in the Outokumpu sur-
vey used 300–1000-m coil spacing and a broadside 
configuration.

A synthesis of the interpretation results is pre-
sented in Figure 14. The GEOMEX profile is inter-
preted to mainly depict conductive black schist 
structures (Ruotoistenmäki & Tervo 2006). The 
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Fig. 13. Sampo profile locations of Outokumpu Oy and GEOMEX project on a Kylylahti geological map (Bedrock of 
Finland − DigiKP).

Fig. 14. Sampo surveys in the Kylylahti region viewed from the southeast. Regions < 100  Ωm are digitized.  
Geological cross-section from Kontinen et al. (2006), schematic ore presentation after Pekkarinen & Rekola 
(1995). Surface geological map: Bedrock of Finland – DigiKP.
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deepest-plunging, most conductive part of the 
more northern Outokumpu profile was reached by 
drilling. Based on the geological drill-hole logging 
and resistivity logging, Pekkarinen & Rekola (1995) 
suggested that the conductive layer is caused by a 
thin (13 m) sulphide conductor within quartz rock, 
but black schists interfere with the interpretation 

(Rekola & Hattula 1995). Together, the interpre-
tation profiles give insights into the longitudinal 
conductivity distribution within the Kylylahti for-
mation. However, with no further constraints on 
the local conductivity of the black schists, it is im-
possible to separate the various sources of conduc-
tivity anomalies in detail.

DISCUSSION

Fig. 15. Tilt correction. The black ARD curve presents a 
sounding with a typical tilt error. The resistivity of the 
lowest frequencies is erroneously low. The blue ARD 
curve presents the tilt-corrected curve. (From Sipola 
2002)

An important factor concerning the reliability of 
Sampo data is the tilt error between the transmitter 
and receiver. The tilt error is mainly due to either a 
difference in level between the transmitter and the 
receiver or not having the transmitter or the re-
ceiver in exactly horizontal position (Sipola 2002). 
Since the receiver is a solid coil with a stand and a 
spirit level, its position should be vertical whereas 
for example in a sloping area the position of the 
transmitter is likely not vertical.

In the 1D interpretation software Salt and Grain 
(Sipola 2002), the interpreter can correct the tilt 
error manually or automatically. Automatic tilt 
error correction is based on the assumption that 

no induction occurs in the lowest measuring fre-
quency and therefore the field should be purely 
vertical. Hence any deviation from vertical can be 
attributed to the tilt of the transmitter or receiver 
and/or level differences between them i.e. tilt er-
ror (Korhonen & Lehtimäki 2007). 

Thus, Salt and Grain uses the five lowest meas-
uring frequencies to determine the tilt error auto-
matically. Figure 15 presents an example of Sampo 
data and tilt correction as ARD curves. Often, these 
curves should more or less vertical at lowest fre-
quencies, but a tilt error can notably change the 
direction of the curve. 

In the interpretation of the data from Perttilah-
ti, the suggested automatic tilt error values would 
have been tens of degrees in magnitude, which 
seems unrealistic. This is possibly caused by the 
conducting black schists nearby at various depths, 
which affect the signal of the lowest frequencies. 
In other words, the base assumption of automatic 
tilt error correction is not met.

Testing different values for tilt error correction 
showed that the chosen tilt correction has an es-
sential effect on the ARD curve, which forms the 
base of the layer model. The conductive layers 
along line 4 would have been located some hun-
dreds of meters deeper if automatic tilt correction 
had been used. However, it was decided not to ap-
ply any tilt error correction. 

For profile 199.000 (Kontinen et al. 2006; see 
location in Fig. 3), galvanic conductivity logging 
results from drill hole OKU-745 can be found in 
the Outokumpu Oy drill-core dataset (Fig. 16). 
These data clearly indicate that both the shallow 
and deep black schists appear highly conductive 
in comparison to other rocks, with the exception 
of the ore intersection at deeper levels. Since the 
layers of shallower conductive black schists effec-
tively mask the conductive response from lower 
depths, it is highly unlikely to obtain a direct re-
sponse from the ore formation in a geological sce-
nario, as illustrated in Figure 16. 
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Fig. 16. Conductivity logging in drill hole OKU-745 on the geological profile 199.000 (Kontinen et al. 2006). Blue 
= mica schist, purple = black schist, various greens = Outokumpu association rocks. Conductivity scale: 0 units = 
0.001 S/m, 5 units = 100 S/m. 
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CONCLUSIONS

There is an abundance of highly conductive black 
schists in the Outokumpu region which, even as 
thin layers can mask other nearby or underlying 
conductors, such as ore bodies. As we have no pre-
vious deep-penetrating ground EM data directly on 
top of ore formations in the available data archives, 
the new Perttilahti Sampo survey was thought 
to give the current project a reference for using 
ground EM surveys as a direct exploration tool in 
the region. The conductors detected in the Pertti-
lahti Sampo survey are assumed to be black schists. 
However, their location may not be truthfully de-
tected with the available 1D interpretation method 
due to various 3D effects caused by for example the 
35–40-degree dip angle of the structures. The in-
terpreted Sampo conductors show moderate corre-
lation with the geological loggings, which may be 
due to the screening by black schists or problems 

defining the tilt correction of Sampo measure-
ments.

The geological setting and especially the abun-
dance of black schists in Outokumpu is, as shown 
by various examples presented in this study, chal-
lenging for EM surveys, which in general are one of 
the most effective tools for sulphide exploration. In 
the case of the black schists appearing in connec-
tion with the Outokumpu association rocks, a cor-
rectly interpreted conductivity structure related to 
the former may lead to traces of the latter. Howev-
er, direct geophysical exploration for sulphide ore 
still seems, based on these examples, a demand-
ing task in this region. Careful survey planning, 
synthetic advance modelling, result interpretation 
and validation with all available reference data in a 
3D environment become increasingly important as 
the complexity of the problem grows.
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