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INTRODUCTION

Throughout the history, the demand for mineral resources has increased with the con-
tinuing growth of the world population and the rise in the average material standard of
living. In tandem with this trend, exploration for and the development of new mineral
resources all over the world are facing increasing competition from other land uses (e.g.,
Briskey & Sculz 2007, Rasmussen 2011). Recycling can cover a significant part of the
demand of a commodity, as is the case for gold and platinum. However, recycling can-
not cover all the growing demand of any particular metal, not even for commodities of
which only very little is lost during production and manufacturing, such as gold (e.g.,
Wellmer & Dalheimer 2012).

In the modern world, a country, or even the European Union, can no longer rely on the
availability of imported raw materials for its manufacturing and other industries (Euro-
pean Commission 2014). We need to know our mineral resources and how they might
be expanded. The essential information includes the location of the known resources,
the location and amount of the possibly existing, yet undiscovered resources, and the
uncertainty related to their existence.

In this handout, we provide information concerning known and undiscovered mineral
resources in Finland. We summarise the assessments of several important metals in
Finnish bedrock, carried out by the Geological Survey of Finland during 2008-2014.

Pasi Eilu Kalevi Rasilainen
pasi.eilu@gtk.fi kalevi.rasilainen@gtk.fi



GTK ASSESSMENT OF UNDISCOVERED MINERAL RESOURCES

Geological Survey of Finland (GTK) has carried out assessments of undiscovered min-
eral resources since 2008. The assessment process follows the three-part quantitative
method, and the results achieved by the end of 2014 have been reported in full detail
by Rasilainen et al. (2010, 2012, 2014) and Eilu et al. (2015). Here, we summarise the
method used and the main results achieved for platinum (Pt), palladium (Pd), nickel
(N1i), copper (Cu), zinc (Zn), and gold (Au). The undiscovered resources of these metals
were assessed down to the depth of one kilometre for eight deposit types (Table 1), some
of which contain significant by-product cobalt (Co), molybdenum (Mo), lead (Pb), or
silver (Ag), and these by-product resources were also estimated.

The mineral deposit types selected for the assessment (Table 1) are among those regarded
the most important for containing significant undiscovered metal resources in Finland.
Another reason for selecting these deposit types is that they are well-constrained and
enough reliable information from well-known deposits is available for the construction
of the necessary deposit models. For the metals listed above, certain important deposits
in Finland and certain deposit types that we believe to occur in Finland are not included
in this assessment. This is dominantly because not enough grade and tonnage data ex-
ist for them to construct a grade-tonnage model necessary for the assessment (e.g., for
Kevitsa and Talvivaara types of Ni deposits). Other reasons for exclusion include too
high uncertainty in a deposit model (i.e., not enough is known even globally for the
deposit type) and the lack of evidence into which genetic type a deposit belongs to. The
deposit types hosting the metals listed above, but not included in the assessments are
listed in Table 2.

The GTK assessment work is continuing and in 2015 the undiscovered chromium re-
sources in Finland will be estimated. During 2016-2019, the assessment will cover tita-
nium, vanadium, phosphorus, lithium and the REE.
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Assessment method

The procedure selected for the GTK assessments is based on the three-part quantita-
tive assessment method developed by the U.S. Geological Survey (USGS) starting from
the mid-1970s (Singer 1993, Singer & Menzie 2010). It must be emphasised that the
method does not provide mineral resource or reserve estimates concordant with the
present industrial standards such as the JORC, CRIRSCO, N143-101, PERC, and UNEFC
codes. The results of undiscovered resource assessments should never be confused with
proper reserve or resource estimates based on these international standards. Rather, the
assessment process produces probabilistic estimates of the total amount of metals in situ
in undiscovered deposits. The modification of the process used in the GTK assessments
does not take into account the economic, technical, social, or environmental factors that
affect the potential for economic utilisation of a resource. Hence, part of the estimated
undiscovered resources are located in subeconomic occurrences (Fig. 1, Table 3), and
it might be more appropriate to use the term ‘metal endowment, which is not directly
dependent on economic or technological factors.

The assessments are performed by deposit type (genetic type). The three parts of the
method are: (1) evaluation and selection or construction of a descriptive model and
a grade-tonnage model for the deposit type, (2) delineation of areas permitted by the
geology for the deposit type (permissive tracts), and (3) estimation of the number of
undiscovered deposits of the deposit type within the permissive tracts. Finally, the esti-
mated number of deposits is combined with the grade and tonnage distributions from
the deposit model to assess the total undiscovered metal endowment.

DISCOVERED RESOURCES UNDISCOVERED RESOURCES
Past Identified resources Probability range
production D trated
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Figure 1. Classification of mineral resources used in GTK assessments (modified from
USGS NMRA Team 2000). Economic feasibility increases upwards and geological certainty
increases to the left.
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The GTK assessment process

An assessment team was formed for each mineral deposit type. The team members were
GTK experts familiar with the deposit type and local geology in various parts of Finland.
The experts most familiar with the geology of the area in question delineated the initial
permissive tracts. The boundaries of the tracts were modified according to comments
of the other assessment team members. The permissive volumes of rock were delineated
down to the depth of one kilometre.

The number of undiscovered deposits within each permissive tract was estimated in a series
of workshops by the members of the assessment teams and other GTK experts. The process
follows the Delphi technique (Chorlton et al. 2007), in which each expert makes an estimate
independently and all the estimates are then discussed to reach a final consensus estimate.
The experts evaluated the number of undiscovered deposits within a permissive tract at 10
%, 50 %, and 90 % confidence levels. If a consensus was not reached in the ensuing discus-
sion, the averages of the estimates at the 90 %, 50 % and 10 % probability levels were used
as the final estimates.

The assessment of metal tonnages in the undiscovered deposits was performed separately
for each permissive tract using Eminers software (Root et al. 1992, Duval 2012). The soft-
ware uses the data from the grade-tonnage model and the estimated numbers of undiscov-
ered deposits at the 90 %, 50 % and 10 % probability levels to calculate an average non-para-
metric frequency distribution for the number of undiscovered deposits within a tract. It fits
empirical and log-normal frequency distributions to the ore tonnage and metal grade data
in the grade-tonnage model. Finally, the software uses the estimated frequency distributions
in Monte Carlo simulation to calculate the probability distributions of ore and metal ton-
nages in the undiscovered deposits. The estimated empirical ore tonnage and metal grade
distributions were used in the simulations of the Finnish undiscovered resources, because
they were considered to better represent the grade-tonnage data in cases of deviations from
lognormality. Using empirical distributions also helps to avoid the very large estimates of
metal tonnages that sometimes might result from using a lognormal model.

ASSESSMENT RESULTS

Table 4 presents pre-mining metal contents in the Finnish well-known deposits having a
significant endowment of the metals assessed. Table 5 summarises the permissive tracts
delineated, the estimated numbers of undiscovered deposits and the calculated deposit
densities, Table 6 contains the known and estimated undiscovered metal tonnages and
Table 7 lists the relative amounts of undiscovered metal endowment for each fully as-
sessed deposit type. Figures 2—4 show the locations of permissive tracts for the deposit
types assessed and Figures 5-9 indicate the distribution of the estimated undiscovered
resources between the permissive tracts.
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Figure 2. Permissive tracts for layered intrusion-hosted contact- and reef-type PGE deposits
and various Ni deposit types in Finland. Known deposits are regarded as well-known and
totally delineated, and they are included in the corresponding grade-tonnage model. Locations
of the Kevitsa and Sakatti deposits are also shown, although they are not included in the assess-
ment. Black squares indicate main cities.
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Figure 3. Permissive tracts for VMS, porphyry Cu, and Outokumpu-type deposits in Fin-
land. Known deposits are regarded as well-known and totally delineated, and they are
included in the corresponding grade-tonnage model. Black squares indicate main cities.
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Figure 4. Permissive tracts for orogenic Au deposits in Finland. Known deposits are re-
garded as well-known and totally delineated, and they are included in the orogenic Au
grade-tonnage model. Open circles indicate gold mines whose data were not included in the
assessment, as they probably are not of the orogenic type (Table 2). Black squares indicate
main cities.
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Altogether 190 permissive tracts were delineated for the 10 mineral deposit types included
in the assessments (Table 5). The numbers of undiscovered deposits in the tracts were esti-
mated for nine deposit types. The total expected number (mean estimate) of undiscovered
deposits for these deposit types is 309 deposits. The metal contents of the undiscovered de-
posits were assessed for eight deposit types (Table 6) and these results are discussed below.

Platinum and palladium

Most of the discovered platinum-group element resources in Finland are in contact-type
PGE deposits hosted by mafic-ultramafic layered intrusions and in the Kevitsa deposit
in northern Finland (Table 4). Undiscovered PGE resources in Finland were assessed
for layered intrusion-hosted contact- and reef-type PGE deposits. For these two deposit
types, enough numerical data from well-explored deposits were available for the con-
struction of grade-tonnage models. The assessment for undiscovered PGE was carried
out for the known 2.45 Ga layered intrusions, all of which are located in northern Fin-
land. For the undiscovered resources, 88 % of the Pt and 81 % of the Pd is in reef-type
deposits, and the Koitelainen intrusion alone (in Central Lapland, Fig. 2) is estimated to
contain 48 % and 44 % of all the undiscovered Pt and Pd, respectively.

We could not estimate undiscovered PGE resources in komatiite-hosted or synorogenic
intrusion-hosted Ni deposits due to the lack of sufficient PGE grade data in these deposit
types. Furthermore, the limited existing grade (typically <0.1 g/t Pt+Pd) and production
data for orogenic intrusive Ni deposits in Finland indicate that the amount of PGE in
these deposits is small compared to the Kevitsa deposit and deposits in layered intru-
sions.

Nickel and cobalt

All the discovered Finnish nickel resources are contained in six types of deposits (Table
4). These are 1) Ni-Cu deposits associated with Svecofennian (1.89-1.87 Ga) synoro-
genic mafic-ultramafic intrusions in central and southern Finland (Makkonen 2015),
2) Ni-Cu deposits associated with Archaean (ca. 2.8 Ga) komatiitic rocks in eastern and
northern Finland and Palaeoproterozoic (ca. 2.05 Ga) komatiitic rocks in northern Fin-
land (Konnunaho et al. 2015), 3) PGE deposits associated with Palaeoproterozoic (ca.
2.45 Ga) mafic-ultramafic layered intrusions in northern Finland, 4) Outokumpu-type
polymetallic deposits hosted by 1.97-1.95 Ga ophiolitic ultramafic rocks, 5) the Kevitsa
Ni-Cu-PGE deposit, and 6) the Talvivaara-type metamorphosed black shale-hosted Ni-
Zn-Cu-Co deposits. Excluding the layered intrusion-hosted PGE deposits, these deposit
types also contain the discovered cobalt resources in Finland. No data is available for Co
resources in layered intrusion-hosted PGE deposits.

Undiscovered nickel resources in Finland were assessed for layered intrusion-hosted
PGE deposits, synorogenic intrusive and komatiitic Ni-Cu deposits and Outokumpu-



type deposits. Excluding the layered intrusion-hosted PGE-deposits, undiscovered co-
balt resources were assessed for the same deposit types. Permissive tracts were deline-
ated also for the Talvivaara-type deposits, but undiscovered resources in these tracts
could not be estimated due to the lack of grade-tonnage data for the Talvivaara type. The
overwhelming majority of undiscovered Ni is in layered intrusion-hosted PGE deposits
(Tables 6 and 7). Additional, and probably of significantly higher grade, undiscovered Ni
resources are in Svecofennian synorogenic mafic-ultramafic intrusions and in komati-
ite-related deposits. Outokumpu-type deposits contain only a minor part of the undis-
covered Ni resources, but appear to contain the majority of the undiscovered cobalt.

Due to the lack of sufficient grade data, we could not assess undiscovered Co resources
in layered intrusion-hosted PGE deposits. However, Co typically follows Ni in mafic-ul-
tramafic-hosted sulphide deposits, and the layered intrusion-hosted PGE deposits may
contain much larger undiscovered Co resources than any other deposit class in Finland.

Copper, zing, lead, molybdenum, and silver

Copper and zinc are the main or minor commodities in many types of ore deposits in
Finland (Table 4). This subsection covers three important deposit types where copper,
zinc or both occur as main commodities: volcanogenic massive sulphide (VMS), Ou-
tokumpu-type Cu-Zn-Co, and porphyry copper. VMS and Outokumpu-type deposits
have historically been the major sources of Cu and Zn in Finland, but the majority of the
present identified resources of these metals are in the Talvivaara and Kevitsa deposits.

Undiscovered Cu + Zn resources were assessed for VMS, Outokumpu-type and por-
phyry Cu deposits. VMS deposits were classified according to the associated lithology
into mafic, bimodal-mafic and felsic subtypes (Mosier et al. 2009), and undiscovered
resources were estimated separately for each subtype (Table 5, Fig. 3). Most of the un-
discovered Cu resources in Finland were estimated to be in layered intrusion-hosted
PGE deposits and porphyry Cu deposits (Tables 6 and 7). Much smaller volumes, but
probably at higher metal grades, are hosted by VMS and Outokumpu-type deposits.
VMS deposits contain most of the undiscovered zinc and all of the undiscovered lead
resources, whereas all the undiscovered molybdenum resources are estimated to be in
porphyry Cu deposits. Undiscovered silver is almost evenly distributed between VMS
and porphyry Cu deposits.

Gold

Possibly more than ten genetic types of gold deposits have been detected in Finland
(Eilu 2015), but enough data for the construction of a reliable grade-tonnage model
exist only for orogenic gold deposits. We delineated two permissive tracts for epither-
mal gold deposits, covering much of the Uusimaa and Tampere volcanic belts in SW
Finland (Fig. 4). However, undiscovered gold resources within these tracts could not be
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estimated, due to the lack of reliable and consistent grade-tonnage data for Precambrian
epithermal deposits. The polymetallic, epigenetic, Au-dominated deposits and occur-
rences in Central Lapland, Kuusamo, and Perdpohja were included in the assessment
as part of the orogenic gold deposit class. The evidence for this inclusion is strongest in
Central Lapland, but it is somewhat weaker in the Kuusamo belt and even more so in the
Perédpohja belt. Future work may provide strong evidence that the Au-Co+Cu systems
of Kuusamo as well as Au-Cu and/or Au+U systems of Perdpohja belong to some other
deposit class(es), and our reasoning and the undiscovered orogenic gold resources for
these areas should be regarded with caution.

Undiscovered orogenic gold resources were estimated separately for Archaean, Palaeo-
proterozoic Karelian and Palaeoproterozoic Svecofennian areas. The assessment sug-
gests that more than half of the undiscovered orogenic gold resources are located within
permissive tracts in the Palaeoproterozoic Karelian greenstones of central and northern
Lapland. Of all the assessed mineral deposit types, orogenic deposits cover slightly more
than half of the undiscovered gold. Most of the remaining undiscovered gold resources
are estimated to be in layered intrusion-hosted PGE-Ni-Cu and porphyry Cu deposits
(Tables 5 and 6).

Although gold is known to occur as a by-product in Outokumpu-type deposits and to
a lesser degree in komatiitic Ni-Cu deposits (Table 4), the undiscovered Au resources
could not be assessed for these deposit types, due to the very limited gold grade data
available.

Summary: Distribution of undiscovered resources

The distribution of the estimated undiscovered resources between the permissive tracts
is shown in Figures 5-9. All the undiscovered PGE resources and the majority of the
undiscovered Ni, Cu, and Au resources occur in northern Finland. For the PGE, Ni, and
Cu this is due to the large possible endowment of the layered intrusion-hosted deposits.
For Au, orogenic deposits are responsible for most of the undiscovered resources. Un-
discovered Zn resources are more evenly distributed, although somewhat concentrated
in central and eastern Finland in the Vihanti-Pyhédsalmi and Outokumpu areas.
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Figure 5. Median estimates of undiscovered PGE resources plotted on permissive tracts.
Each symbol corresponds to the estimated metal tonnage for the corresponding tract at the
50 % confidence level. The permissive tracts are very small; hence, the dot indicating the
amount of undiscovered Pt+Pd covers most of the tract area.
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Figure 6. Median estimates of undiscovered Ni resources plotted on permissive tracts. Each
symbol corresponds to the estimated metal tonnage for the corresponding tract at the 50 %
confidence level.
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Figure 7. Median estimates of undiscovered Cu resources plotted on permissive tracts. Each
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confidence level.
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Figure 8. Median estimates of undiscovered Zn resources plotted on permissive tracts. Each

symbol corresponds to the estimated metal tonnage for the corresponding tract at the 50 %
confidence level.
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GTK assessment work provides statistical estimates for the expected
platinum, palladium, nickel, copper, zinc, and gold endowment in
undiscovered, but potentially exploitable deposits in the uppermost
one kilometre of the bedrock in Finland.
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