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ABSTRACT

Defining and mapping the geochemical signature, or hydrothermal footprint, of ore
deposits fromexploration surveyrecord representsa key criterionin the mineral
exploration procedureln this research works investigate the distribution of gold
geochemical anomalies in the soil, bedrock and drill core sample datesatshe
complexly deformedand gold-endowedArchaean Hattu schidielt, in Easern Finland
This beltis approx. 4km long and 5 km wide anlostsnumerous orogenigold type
deposits, includingne active underground mine and over 20 gold prospHuwsbelt was
initially separated in four continuous domains and furtremueate gechemicalgold
anomay maps were produced by applying two conceptually different interpolation
methods, the Ordinary Kriging and the Inverse Distance Weigh&egeral classic
statistical and Exploratory Data Analysis methods wagpliedfor the analysis of the
distribution of the gold values and for tb&lculation of thehreshold valugsensored and
outlier valuesin each dataseThe available lithological, structural, geophysical datasets
werefurtherincorporated and combined with the gleemical interpolation mape define
gold anomaly lineaments in Gi&nvironment.The produced lineament maps highlight
continuouspf several kilometers in lengthpneswith potential for discovering concealed
gold occurrencesnderneathThe work includd in addition the creation of the detailed
regional 3D lithological and structural map of the Hattu schist belt. The projected gold
anomaly lineaments in thel3 maps show thagold distributionin soil and bedrocfollows
collectively the western margiof tonalitic intrusionswithin the volcanicsedimentary
sequencaligningwell with high-strain shear zone$he dispersion of the gold element in
the soil was very narrow, ranging between 30 and 200 meters from the source rock. The
3D integrated geologitanodel of this study provides evidence that the Hattu schist belt
can be characterized as a single, crustal scale ore mineralizing .spgplcation of
geochemical anomaly mapping could produce an updated exploration model for the area

and dictate guidimes for future exploration for the discoveryridwgold deposits.
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CHAPTERNIRODUCTI ON

1.1. HATTU SCHIST BELT i LOCATION, TOPOGRAPHY AND
CLIMATE

The Late Archaean Hattu Schist Belt (HSB) is located in the central and easternmost
part of Finland, in the North Karelia Province close to the Russian borders (Fig. 1.1).
According to the Geodetic Coordinate System
and 32AE longitude lines, situated approxim
city, Helsinki. The area belongs to the rural municipality of llomantsi which has approx.
4000inhabitants.The largestillage in the area i$lattuvaara which is theasternmost
village in Finland. The exact poimf the easternmost continental part of the European

Unionl i es on a small I s | a fodneterseastiofiHattuMaark e Vi r ma |

Location of Hattu Schist Belt
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Fig. 1.1.Left the red rectangle shows the location #rekxtentof the Hattu schist beih eastern
Finland The right figure is a zoomeid perspective displayindpe geomorphological details (lakes,

forests etc.)The Russian bordeesedepicted by the white lines.



The area is sparsely populated characterizeddnad small agricultural and pastoral
holdings and is mostly covered by forests. It is situated in the temperatefboestdone,
where the woodlands are mostipresentedy a mix of Scots pine (Pinus sylvestris),
Silver birch (Betula pendula), and Norway spruce (Picea abies). The terrain is characterized
by swamps, wetlangdand glacial landformthatinclude eskers, moraines and isolated hills
astheresult ofthelastd e age which shaped the current
covered by Quaternary glacial and postglacial sedimentation, represented by continuous
single, till sedimentary cover (moraine), with a typical thickness of 5 meters. A
topographical characistic in the HSB are the NW&E trendingchains of drumlins that
produce noticeable hillgparallel to the route of the last ice sheet's retreat (Nenonen and
Huhta 1993).

The area an be climatologically positioned in the swaloctic climate zone having
avaage winter temperatures ol 0 A C, with snow covering

November until the end of April. From June to pfidgust the summers are generally

HS

he

mild, with daily maxi mum temperatures freque

swamps andmall lakes in the area, exploration field surveys and drilling take place during
the wintertime when the ground and lakes are frozen. Outcrop mapping can be conducted
from early May until late October, with the period from May to early June being ideal fo
fieldwork. Except for swampy places and thick forest parts, the area has good infrastructure
and is easily accessible by vehicle.

I n the greater region of North Karelia,
Koli) have been established withe goal of preserving many aspects of its ecosystem. In
1992, HSB along with other parts of eastern Finland was nominated for the UNESCO
ABi osphere Programo, wit hout having any
(SorjonerWard, 1993).

1.2. EXPLORATION HISTORY OF THE HATTU SCHIST BELT

Until theearly1980s, gold had not a significant impact on Finland's mining history
and economynd there was no wetlefined understanding of the country's gold potential
(Hartikainen and Nurmi, 1993). Dudrthe late 1970s, systematic mineral exploration for

gold and other metals was initiated for a major part of Finland by the Geological Survey

t

hr

mp



of Finland (GTK) and Outokumpu Qy a leading, statewned mining exploration
company at that timé3ase metalsral specifically nickel, copper and zinc were the main
focus of exploratiomn that timgSalminen and Hartikaingf®985 SorjonerWard 2015.
Gold exploration inthe Hattu Schist Belemerged in 1982, whesystematic
regional till geochemical mappingad to identification o&rsenic geochemical anomalies
(Hartikainen and Salmineri982). The correlation between gold and arsenic was well
established and this incident intensified the exploration campaign for the following years.
In 1984, basedn thetill geochemical outcomes, additional exploration targets
were indicated in the southern portion of HSB and particularly in the Kuittila regiene Th
drilling exploration confirmed the existence of molybdenite and scheslitithe presence
of gold within a network of quartz veins in tonalit@dartikainen and Damat, 1991).
Consequently, in 1985, GTK began an extensive and detailed exploration campaign, which
aimed to determine the potenti@ gold resources of the HSB. During the years 1986
1992, GTK conducted the soal | e d il 1l oman exploratio® alillidg Pr oj ec
campaign This intense exploration in HSB resulted in the delineation of a 40 kilometers
long goldmineralization zone, knowh oday as the fAKarelian Gol
contains several goldrospects and two currently active mines, the Pampalo and the small
R2mepur oThe prossul ts of the project are repor:
contains 15 published articlesgarding the geology and mineralization of H&lch still
is the referencescientific databaséor the research in HSB (Nurmi and Sorjoré/ard
1993).
The southern part of thbelt and the Pampalo mining lease were given to
Outokumpu Oy, which owned theghts of the Hattuvaara area as well, while in 1996, a
startup company, Endomines @Jaakko Liikanen)obtainedthe northernconcessions
extendingthe exploration arefom Pampalo to the north. Further regional exploration
surveys were conducted by ©ktimpu Oy close to the Russian border, but their primary
focus remained thePampaloarea Finally, Outokumpuestablished a small open pit
production and by 199%eganseleciveunder gr ound mining. At Ou
processing facilities, a total of 1753dgrams of gold was produced from an ore quantity
of 114,372 tons, resulting in an average grade of 15.3 ppm (Soi\gamhet al, 2015).



In 2003, Outokumpu Oy ended the mining operations in the area, transferring its
assets and rights to Polar Mining Qy.2006, with the same procedure, all Polar Mining's
mining permits, rights, exploration data and findings, were leased to Endomines Oy. At
Pampalo, although underground mining commenced in 1999, it was not until 2011 that
excavation began on a large scéborjoneAVard et al. 2015). After a short period of
seizure of mining activities between12018 due to low gold pricesurrentlyintense

exploration andjold productionis being conductedy Endomines Otshroughouthe belt

1.3. OROGENIC GOLD MINERALIZATION

1.3.1.Distribution of orogenic gold deposits

Al | di scovered gold occurrewmoéesoi nypee oH
deposits and the belt shares many similarities to other Archean orogenic gold provinces
worldwide regarding the maralization style, host rock lithologies and structural setting
(Nurmi et al, 1993 SorjonenWard et al.2015). Generallyn Finland, the prevailing type
of gold mineralization is orogenic, accounting for approximately 90% of the drilled gold
occurrences in the country (Eilu et, 2003).

Gold produced from orogenigold type of deposits represents almost ehed of
the world gold reserves and over 75% of the gold that has been extracted by mankind
throughout history comes from metamorptecranes of Archean and Paleoproterozoic
greenstone belts (Goldfarb et,@001; Frimmel2008; Phillips 2013).

World-class gold-bearing quartz veirsystemsassociated with Lat@rchaean
greenstone belts with major economic importaarethe Barberton iggenstone belt in the
Kaapvaal craton of South Africa, the Kalgoorlie greenstone belt of Yilgarn craton in
Western Australia, and the Abitibi greenstone belt in the Superior structural province of
the Canadian Shield. Economically less significant oroggoid ores can be found
scattered withirLate Archeargreenstone belts in Africa, North America, and Fe&ine
Scandinavian regiofMeyer and Sagef 985 Goldfarb et al.2001).



1.3.2.General characteristics of eogenic goldmineralization
The namefior ogenidc depositso was establ i shed
terminologiesuch as lode gold, epigenetic ¢hat refer to deposits exclusively containing
gold and form a coherent group (Gelariam et al. 1995 Groves et a].1998).
As implied by tkeir name, all orogenic gold deposits are related to orogenic events.
They are formed by compressional to transpressional deformation processes at convergent
plate margins which could either be accretionaryless commonlycollisional tectonic
events ralted to subduction (Groves et,d998 Goldfarb et al. 2001, 2005). Since
orogenic deposits are not formed in other typetectonic regimeit is a strong indicator
that convergent margins are the critical dynamic setting (Groves 2020).
The deposits are formed in crustal depths that range from 2 to 20 km, while the
most commonly reported conditions ar.e bet wee
1993; Groves et al2020; Goldfarb and Grove2015). Groves et al(1998), divided the
depasits based on their depth &rmation into epizonal for depths less than 6 km,
mesozonal for depths betweerdl® km and hypozonal for those depths that exceed 12 km.
Despite their variabilityin geological age, which ranges from Precambrian to
Phanerozoictheorogeniegold deposits exhibit consistent characteristics. These include:
(1) syn to latetiming of the mineralization relative to the peak metamorphism, (2) gold
precipitation from low salinity fluids, (3) formation in broad thermal equilibriunhlie
host rocks, (4) metanrichmeni n Ag, As, K, Sb N B, Bi, Hg, |
contents in base metaland (5) structural controby crustatscale shear zones (Gebre
Mariam et al.1995 Groves et a).1998 Goldfarb et al.2001; Goldfarband Groves2015
Fusswinkel et al2017Kal | i o m2K9). et al

1.3.3. Ore fluid pathways and traps

Metal transportation and dissolution requires-tu@ls to interact with extensive
rock masses in order to create mineralization. Orogenic gold deposits display structural
control, and the mineralization is linked to structural features such as shesy fanifts,
and fractures (Cox et al., 2001). In most of the greenstone belts, economically important
veintype deposits are often connected with first order shear zones at the boundaries
between contrasting lithostratigraphic units (Groves et al., 20X®); ZBoldfarb et al.,



2005). These are situated in second and third order structures, close {t&ciegeften
transcrustal compressional structures. The occurring structures range from ductile shear
zones to brittle faults, stockwork networks, brecctiated zones, fold hinges (saddle

riffs) etc. These structure pathways often exhibit extensive giwrge continuity for

long distances, reaching hundreds of meters to kilometers (Groves et al., 1998).

1.34. Ore fluid characteristicsand source of metds

Orogenic gold deposits are typicafiyymed from low salinity ore fluids, ¥ N
CO:N G 2N 8lI(Groves et 812020). Three primary genetic concepts fordkigin
of the fluid were proposedy Kerrich (1983. These are illustrated in figure lghd
include: @ asyngenetieexhalative, iijamagmatiehydrothermal(tonalite, lamprophyre,
or oxidized magmassociated)and iii) a metamorphic (regional metamorphic
devolatilization, lateral secretion, or mantle/granulitizatignh)neteoric fluid modewas
added later by Nesbitt (1991).

The syngenetiexhalative models do not align with evidence, indicating itleat
the stratiform to stratabound BiRosted gold deposits ayn to latemetamorphic
deposits structurally controlledformed by the sulfidation of magnetite (Phillips et al.
1984).

The meteoridluid models (Fig. 12.a) alsocannot explain theformationas thee
are based on fl awed calculations and interpr
are largely derived from the extraction of measured components from mixed (primary and
secondary) fluid inclusions (Goldfarb and Grova315).

The magmatichydrohermal models (Fig..2.b) cannot explain the origin afiany
individual deposits or provide a universal mineral system model for orogenic gold
formation (Wyman et al2016). Granitic intrusions can be postyn, or pregold in the
same terranes globalliHughes et al.1997% Goldfarb et al. 2008), or they can be
completely missing in some places, like the Otago gold region in New Zealand (McKeag
and Craw1989 Goldfarb et al.2001). The age of gold depositsmpared tdhe proposed
fertile granitic inrusionsare oftennot the samevherecomprehensive geochronological
studies have been done (Goldfarb and Gro2845). In cases where lamprophyres and
other mafic intrusions share the same age with the deptsiseare volumetrically



insignificant toprovide the large fluid volumes required for a gold deposit formation
(Vielreicher et al., 2010Groves et a).2019).
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Stable isotope data typically indicate a magmhyidrothermal fluid origin but
considering that some deposits formed at depths exceéeslkig,lit is more likely that the
fluids evolved through extensive vertical pathways rather than originating directly from
magmatiehydrothermal sources (Kontak and Kerrich, 1995; Ridley and Diamond, 2000).

The metamorphic origin mod¢Fig. 1.2.c)for the orefluid source supports the
theoryof the metamorphic devolatilization of the supracrustal rocks in the continental crust
when greenschisto amphibolitefacies conditions are present (Groves et24l20). The
model places a strong emphasidtmmassive upward advection of the resulting fluid and
metals to the depositional location of orogenic gold mineralization at higher crustal levels
(e.g. Groves et al1987 Cox et al, 1991). One of its key advantages is that it does not
require any pdicular connection to host rock units or intrusion types
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Fig. 13. Diagram illustrating the updated subductlmased worldwide model for the formation of

orogenic gold deposits (Goldfarb and Groves 2@rdves et al. 2020)

From the metamorphidevolatilization of supracrustal rocks, the characteristic
low-salinity of HO-CO, (+/ CHs, N2, H2S) fluids are also present (Fyfe et al., 1978;
Tarantola et al., 2007). In the metamorphic model, the dominant rocks for producing fluids

and metals might nohave been stable over time (Goldfarb and Groves, 2015), In



Neoarchean age regions ( e.g.Dong and Santosh, 2016), widespread mafic rocks are most
likely the source of golthearing metamorphic fluids.

Limitations of this modelare particularly prominent in Precambrian deposits,
especially n Chi nabds P h a nteseewvdencedndidatptioasthetore fluidd n
originated from depths over 48n derived from the basemeiitiere is also the challenge
to define the mechasm that ore fluids migrated laterally kitometerscale into the larger
scale faults that control the position of most gold districts globally (Groves et al., 2020).

In contrast to previous models, there is a new hypothesis, the slab diratitatilnodel
(Fig. 13) that was specifically developed for the giant Jiaodong gold province (Yang et al.
2014 Goldfarb and SantosB014). This model is capable of becoming a universal model
that can incorporate orogenic gold deposits including the sitspavhere regional
metamorphism and the age of mineralization are inconsistent. The slab devolatilization
hypothesis involves a common fluid source, the slab and the overlying pyritic sediment
wedge. It has the potential to explain both the high l8@els in Precambrian orogenic ore
fluids, and the economic significance of Neoarchean deposits, whidhinhigh gold
contents of syngenetic pyrites in marine sediments. Unlike every model, there are a few
gold regions in Chinaywhich considered as excepti®rirom this model, where there is
evidence of an indirect relationship with subduction (Groves et2@R0). In these
examples the auriferous fluid was generated by the devolatilization of the underlying
metasomatizedlabthat was the outcome of an earlier orogeny.



14. MINERAL EXPLORATION

1.4.1. History of gold exploration

As stated bythe Pan European Reserves and Resources Reporting Committee
(PERC) a mineral resource refers to a concentration ocaarrence of material that holds
economic significance, in such form, quality and quantity, that indicates reasonable
expectations for eventual extractiohhe mineral resources are classififwrther into
metals €.g. Au, Cu, Ni, Cr, Fe), industrial minerals and rodlesg. kaolinite, granite,
marble, gemstones) and energy minegalsh ascoal, oil and natural gagKhoshnaw
2012)

One of the most significant traded commodities in the global economy ibegjalyl
usedfor thousandef yeardor monetaryjewelry, electronics along with some applications
in medicgne. Gold attracts the attention of both researchers and industry alike, owing to its

unique characteristics amgonomic significance (Hauptfleisch et, 2016).

Systematic exploration for gold in the last century startedine e ar,bfter 197 0 Es

significant rise of therice of gold,which led to increasing expenditures for exploration
andthe discovery of several large gadddowed depositd-ig. 14). This trend continued
unt il 1993, while gold production reached
industry gold began to witness changes as the companies adopted a more cautious
approach, carefully evaluating the profitability of new degolséfore proceeding. Other
companies chose to allocate more resources towards exploringnogteds e.gbase
metals rather than solely focusing on gold (Moon and Evans 2006).

In the last two decadesplg industrjE xpendituredor explorationhave faed
regular fluctuationgeacting their peak in 2012. Since then, expenditures decreased by
65% but they are still remaining high without making noteworthy discoveries (Schodde
2021).There has been a decline in exploration and a lengthening timelirettansting

operationgFig. 1.4)

t
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Fig. 14. lllustration of global gold exploration expenditures and the number of gold deposits
discovered from the 1970s to 2020 (Scho@@21).

1.4.2. Exploration stages

Mineral exploration predominantly involves the discovery and identification of
mineral deposits containing valuable minerals or metals that can be extracted
economically. The exploration process (Figh)lis mainly divided into four phases: I)
selection of the exploration area, ii) target generation, iii) evaluation of resources, and iv)
determination ofthe size and quality of the reserve (Carrar209). The firstphase
includes identifying regions where imeral deposits are likely to be found, called
permi ssive regions, near the Earthoés crust
that favor their formation (Singet993).

The second phase deals with the delineation and narrowing down the pewspec
into regions, by using exploration techniques that are compatible to the type of deposit
being sought, and by analyzing geological, geochemical, and geophysical data. The
identified areas are called prospective areas, and most likely contain allmaceirrence
The third phase is the process of determining the quantity/quality of minerals or metals in

the discovered deposit, mainly through drilling.
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Fig. 1.5. Stages and key decision points of exploration process in a ngrplaiation
project (after Moon and Evans 2006).

Finally, the fourth phase incorporates categorizing different parts of the
mineralization as reserves (proven and probable) or resources (measured, indicated,
inferred), based on economic and technicalibdity analysis (Carranz&009).

Similar to the oil industry's approach in recent decades, the minerals industiy strive
to enhance the success rate of discoveries by minimizing the drilling gbdtemtial
targets (Groves and Santpos2015). The primary techniques used to directly identify
mineralization are airborne geophysics and geochemistry (Moon and, E2GOR).
Mapping geochemical anomalies holds significant importance in mineral exploration as it
stands as one of the keethod.

During the late 1980s and 1990s, there were significant advancements in computer
hardware and software, including GIS technology, which led to the rapid development of
guantitative exploration techniques for mapping geochemical anomalies and mineral
prospectivity Burrough 1986 Agterberg 1989). Thus, it became easier to graphically and

interactively display geoinformation, resulting in more convenient and efficient



interpretation of geochemical patterns and consequently more successful exploration
(Harris et al, 2000).

1.5. PURPOSE AND OBJECTIVES OF THIS THESIS

The quest for comprehensiand effectiveexplorationmodek to support mineral
exploration and assist in the discovery ohiaeral deposjtsuch arogeniegold deposit
remains a subject of ongoing research (e.g. Goldfarb and Gr29&5 Groves et al.

2020. The focus of this thesis toexplote thegeological and geochemical datea gold
endowed belt in order tgrovide insights regarding théootprints of concead
mineralizaton n t he earthEs surface

The primary objective of this researéh to mapand delineatehe geochemical
anomalies in the element gold that has been observed from field and drilling sampling
campaigns in the gold district areaH5B. Theseconds to construct a thredimensional
(3D) geological model fothe entireHSB from the available data seis well asfrom
revised information through a detailed geological and structural data review and
interpretation. The finabutputis a detaild threedimensionalgeological model for the
entire belt with integrated the geochemical data that identifies specific geocheitaicdl or
geological patterns and could offer further insights and guide the mineral exploration. To

accomplish thiscertain olectiveshave beermarried outas follows

A Identification ofgeochemicalold anomalies by assessing the threshold values
The statistical Exploratory Data Analysis (EDA) technique is applied for the gold
concentratiordata derivedrom thefield anddrilling surveys. The EDA technique
is further tested for its reliability in estimating thresholds in demanding and

complexunivariategeochemical dataset

A Conduct spatial analysis and employ the interpolation methods of Ordinary Kriging
(OK) and Inverse Distance Weighting (IDW). The main target iprmduce
different continuous geochemical anomaly surfaces that make predictions-in non

sampled locations artd compare/evaluate the performance of the two methods.



A Create a comprehensive 3D geological graphic representation for thegeidire
endowedbelt, by revising and incorporatinthe twodimensional geological and
geochemical data with extracted thwiensional data from th®pographical,

geological, structurapndgeochemicatlata.



CHAPTEBRBE®DL OGY OF THE HATTU SCHI ST

2.1. REGIONAL GEOLOGICAL SETTING

The Fennoscandian Shieldiee largest exposderecambrian domain European
Continentconstituting the furthest northwestern part of the East European Craton, which
includes the countries Finland, Sweden, Norway, and northwestern Ri¥esieed et al.

2005; Lahtinen et gl2011J). It shares many siharities with other shields in Australia,
Canada and South Africa and is the supend@uropeproducer of many metaiscluding
gold, chrome, copper etc. The shield has a pmflential for newmineraldiscoveriesand
half of the currenmineralexploration occurs in Sweden and Finland (E2011).

Finland has a rich geological history that contains the oldest rocks of Fennoscandia
being dated at 3.5 Ga in gneisses at Siurua (Central Finland) and possibly in kimberlites at
Kaavi (Eastern Finlandwith evidence of even older rocks dated at 3.7 Ga (Mutanen and
Huhma 2003 Huhma et al.2011). The ages of Fennoscandia rocks generally decrease
from northeast to southwest due to the accretion of new crust onto texigting
Archaean core (Gadl986). The most significartiectonicevents are marked by two major
orogenic events that occurred between 28000 Ma and 190A800 and caused the
separation between the Archean and Paleoproterozoic crust (Vaasjok2@0%). These
Archaean and Paleopavozoic rockgonstitute the Fennoscandian shield in Finland (Fig.
2.1).

Several Archean greenstone beltseasternFi nl and such as Tunts
Suomussal mi, Kuh mo a mretognizedi acsnjaith oregenigbida v e beer
depositgAiro 2007 Airo and Mertanen2008 Eilu et al, 2015) The most prospective of
thesebelts is the llomantsi greenstone helteasternmost Finlanfl H° | t t, 2012e t al
2016.

The llomantsi greenstone belt is located inAheheanKarelia domain and is part
of a larger supracrustal zone known as the llomaftstamuksha greenstone belt
(SorjonerWard 1993 Mo | n § r, 205}t Thdldmantsibeltrepresents the youngest of
several Archean greenstone belts in the Karelia, dated at 2758nhia divided into an

eastern and a western section known as Hattu schist belt and Kovero belt, respectively



(SorjonerWard and Luukkoner2005 Huhma et a).2012. Their distinctive difference is

that the Kovero belt has older rock strata and a higheropiop of mafic- ultramafic

rocks (SorjonefWard et al. 2015).Gold exploration has beeconcentrated in thelSB

due and it was the first region in which
reported in Fennoscandian shield (Nurmi etl#8193 SorjonerWard, 1993).

2.2. GEOLOGIGAL FRAMEWORK OF THE HATTU SCHIST BELT

2.2.1. Geological evolution

The NS trending Late Archean Hattu schist belt has an approximately 50 km strike
length and up to 2@&m width (Nurmi et al, 1993). The lithologiesof the HSB can be
mainly categorized into two dominant types: the supracrustal rock units or the Hattu
Supersequence and the intrusive granitoid uhiissupracrustalsompise predominantly
metasedimentary rocks, feldspathic epiclastic rocks, intermeettiafelsic volcanics and
volcaniclastics rocks, smaller volumes of mafic to ultramafic volcanics and banded iron
formations (SorjonerWard, 1993. Briefly, the supracrustal sequenceasndeposited
approximateljpetweer.71-2.75 Ga and based on field obsgions and isotopic analysis,
were afterwards intruded (syn to ptsttonic emplacement) by felsic to intermediate
porphyries, leucogranites, granitoids and tonalites having ages ranging froth Z06a
(Vaasjoki et al. 1993 SorjonenaWard, 1993 Huhma et al. 2012 Mo | retgaf, 2016;

K2 pyah®01ét al

#he depositional basement of the HSB remains unknown, however, zircon
population in both supracrustal rocks and intrusive plutonic rocks was dated around 3.0
Ga, which indicates the presenceolafer crustal material (Huhma et,&012).

Ar
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Fig. 2.1. Regional geological map of the LAiehaean Hattu schist belt. The figure highlights the
study areandthe lithological units and formations tharereferred tan the text and the locations

of known orogenigyold deposits as prospects.

Deformation, metamorphism and intense hydrothermal alteration have affected all
lithologies in the HSB (Sorjoneward et al.2 0 1 5 ; Kal |,i2019)2Atared e t al
mineral assemblages through intense hydrothermal processes record metamorphic
overprint and subsequent deformation at greenschist to lower amphibolite facies conditions
with approximately peak t e mp e&kmt(Kojoreenasf 550 R
al . 1993, O6Bri en et2013)l . 1993; Fusswinkel et

At 2.75 GatheHSB indicates rapid crustal evolution, probably within a continental
margin arc setting or in an acontinent collisionVaasjoki et &, 1993; SorjonerWard,

2015) According to titanite and monazite ages from granodiorite and leucogranite
intrusions wih U-Pbconcordia intercepts between 2710 and 2684 is believed to give
an estimate of the minimum age of crustal metamorphism and reworking (Vaasjoki et al.

1993). Based omecentresultsofmonazi t e geochronol oggyga Hel tt?@



peak metamorphic event at 268640 Ma which may have reached conditions as high as
5706 7 0 ' A G7 kbaninltheG\E parts of the HSB.

2.2.2. The Hattu Supersequence

Despite the strong deformation and metamorphieeiSB hosts one of the most
bestpreserved Archean supracrustal sequences of Finland which maintains a consistent
stratigraphic sequence and allows a proper description of lithostratigraphic units (&orjone
Ward 1993). Based on primary lateral facies variations the volsadomentary
depositional environmenwas distinguished inwo (partially overlappiny subvolcanic
complexes that developed in turbidite basins (Sorjafand and Luukkonen2005,
Sorjone-Ward et al, 2015).

The northern part of the HSB consists of feldspathic graywackes of turbidite origin
and coarselastic deposits of the Sivakkojoki Formatiatcasionally mixed with flows
of tholeiitic basalt and porphyritic andesite. The Hosko amdjukki Formations are
composed of coargdastic sediments with a few felsic pyroclastics, and turbidites in their
lower sectionsThe conglomeratelominatedTiittalanvaara Formation is characterized by
a thin layer of mafic rock at its basat transitions upwards intoon-rich sediments
overlapped by thenafic and ultramafic rocks ahe Pampalo Formatio{SorjonerWard,

1993; O'Brien et al1993).

The central parbf the HSBwhich involves the Pampalo Formatianderwent a
varying phase of wlcanismthatconsisted of tholeiitic flowsyolcanicbreccia,as well as
komatiite flows. Above these formations lies a thick layer of graywackes thanhesally
undifferentiated (Sorjoneward et al. 2015 O'Brien et al. 1993).

In the southern part of the HSB, there are three formations that belong to the Hattu
Supersequence, namelthe Korvilansuo, Ukkolanvaara, and Naukulampthe
Korvilansuoturbiditic sediments overlie thganded iron formations of tHékkolanvaara
Formation.The Korvilansuo Formatiooconsists mainly of graywackes ttsiowextensive
evidence of hydrothermal alteratiorhe Naukulampi Formation is structurally separated

from theadjacenUUkkolanvaara Formation (Sorjon&kard 1993).



2.23. Intrusive Units

Thegranitoid units of the behavenotbeen acknowledgeak the basement for the
Hattu Supersequence as their contacts are interpreted as intrusive or tectonic (Sorjonen
Ward, 1993). The intrusive unitbelong to the TTG group (tonakteondhjemite
granodigite) and hav@enetrated the belt around 22Z60Ga. These areategorized into
3 distinct groups@ 6 Br i e h99FMaasjaki et al.,, 199Mo |l n8&8r et al ., 2016

The firstgroupincludesthe Kuittila, Tasanvaara, and Korpivaardrusions, all of
which have tonalitic compositions. The Kuittila pluton exhibits a geochemical character
that is typical for the Archeasanukitoidsand along felsic dikes indicate that they were
not significantly influenced by older crustal materiatidg their formation.

The second group comprises the Pogosta, Silvevaara, and Viluvaara plutons, which
have granodiorite compositions and contain heterogeneous populations of zircons that
suggest the involvement of older crustal rocks in their magmaajere

Finally, the third group comprises the @& and Lukanvaara leucogranites
containing muscovite, biotite, and tourmaline, as well as garnet and mafic enclaves,
indicating that partial melting of metasedimentary rocks played a significant rdieiin t

formation.

2.24. Structural Evolution

The HSBIs characterized by upwafecing and steeply dipping structures that have
been formed not bgeparate tectonic events lawé theresult ofacontinuous progressive
deformation (SorjoneiVard, 1993 Nurmi et al, 1993).

During the early stages of deformation tonalite and granodiorite intrusions were
emplaced and produced antiform and synform structures with mostly vertigadhial
planes(stage D1) A second deformation stage (D2) caused refolaingnts along the
limbs of the previous folds, creating a series of synforms and antiforms, coaxial to the
initial folds. The second stage was responsible for the development of more discrete shear
zones and strikslip duplexes in the area (Sorjordrardet al, 2015).

All Archean rocks of th&lSB are crosscuity NW-SW oriented dolerite dikes with
ages ranging from 2.3 to 2.1 Gkhis incident is reviewed separately as a third stage (D3).



These dikes generally exhibit lowgrade metamorphicecrystallization in greenschist
facies compared to their host rocks (Sorjekiéard 1993)

The regional Paleoproterozoic Svecofennian orogenic ev@n81.7 Ga) has
affected the HSBEvidence of metamorphic overprint by the Svecofennian orogeny at
1840 Ma is presentlocally by greenschist facies mineral assemblages (Sor@veemal
1993 H° | t20%6;Metl retil; 2017).

The current structural regime of HSB is marked by transpressional dextral shear
systems trending in NNIE direction, in which thentrusions are positioned into dilatant
sites and numerous distinct shear zones can be easily ideri8e@nenWard and
Luukkonen 2005)

2.3.GOLD MINERALIZATION IN THE HATTU SCHIST BELT

2.3.1. Gold Occurrences

The gold occurrences of HSB share many similarities wyffical Archean
orogenicgold provinces worldwide regarding the mineralization style, host rock
lithologies and structural setting (Nurmi et,al993). The presence of gold through
bedrock drillinghas been confirmed to be present in almost all rock typésediSB,
suggesting thamostly therheologicalgeochemical contrasts weceucial for directing
fluid-flow interaction and gold deposition (SorjoRérard et al. 2015). Economically
valuable levels of gold, exceeding 1 ppm, can be found throughout the region indicating a
significant event in the formation of gold deposits (Nurmi etl&93).

Intense hydrothermal alteration of countigcks culminated due to lge-scale
fluids concentrated inttheshear zones (Kalliofki et al, 2019). The alteration is evident
along the belt in extensive zones which can range from tens to hundreds of meters wide
and over 10 km longrhesoil in thesezones display elevated ldsef gold, which extend
over a distance of more than 40 km (Nur@®93). Kojonen et al. (1993) stated that the
primary oredepositionamechanisnwas the process of filling open spaces connected with
strong hydrothermal metasomatic replacement that resulted in potassic alteration,
silicification, carbonatization, tourmalinization and fsuization. This hydrothermalore

alterationis not related tdhe doleritic dyke emplacementwhereas théaleoproterozoic



orogenic event did not cause any major ordistribution inthe orogenic gold deposits.
(SorjonenrWard 1993 Nurmi 1993 Mo | n 8 20k} a l

Three major ore mineral assemblademinatethe HSB mineralization, though not
all of them are found in every deposit. The first assemblage is an easlyy-+1dN A u )
stockwork mineralization with molybdenite and scheelite as major minerals. This type is
followed by a mainrich in Au-sulfidetelluride mineralization thatoccursin quartz
carbonate veins. The third Aelluride-sulfide( N A asyemblage mostly occurs as
disseminations in the mineralized altered host rocks (Kojonen et aj V&988r et al,

2016 Fusswinkel et a].2017).

Many gold propects are found within greywackesd intermediate volcanics
interbedded with conglomerates, BIFs, and mifielsic volcaniclasticsMost if not all,
theseare alignedwithin high strain zones andose tothe contact zonet granitoid
intrusions Nurmi et al, 1993; SorjonefWard, 1993;Rasilainen1996).

Peakmetamorphic growth of garnet porphyroblasts and dynamic recrystallization
of gold-bearing quartz veins occurred after gold mineralization and associated
hydrothermal alteratioiiSorjonerWard, 1993) K2 py a,l{2017)ebasedaoh {Pb
geochronological data of hydrothermal zircons, support that gold mineralinatanred
at 2.71 Ga postlaing most of the granitoid€.75 Ga. The younger Naarva leucogranite
(in northern HSB, dated at 2.7@a is the only intrusion that could have played a role in
the orogenic gold of HSB, and potentially be interpreted as a contributor of magmatic fluids
into the gold mineralizing hydrothermal systeldo(n&r et al, 2016).

Major and trace element tourmadirdatafrom several depositslo not exhibit
characteristics that would advocate for a magmatic contribution to the hydrothermal fluids
Ore fluid chemistryof the Pampalodepositdispute the involvement of magmatic fluids
and instead endorse a pure metamorphic devolatilization model (Fusswinke2@t ).

According to SorjoneiwWard 2015,the HSB can beseparatednto four distinct
anomalousgzonesregardingthe ore distribution, and the distincgeological and structural
characteristicd=rom south to north, thezenesncludethe Kuittila, Hattuvaara, Pampalo,

and Hosko anomalous zones.



2.3.2. Kuittila Zone

The Kuittila zone can bturther subdivided intathe Kuittila-Kelokorpi prospects
in the south anthe KorvilansucKivisuo-ElinsueMuurinsuo prospects in the north part.
The name originates from the initial exploration trenchéhin the Kuittila tonalite
intrusionwhere exposed quartzins and sericitic and carbonatdtear zones were found
to host gold, pyrite, molybdenite and scheeliarther geochemical mapping and drill
core tests uncovered the presence of gold within the metasedimentary forziatgrthe
western boundary of Kuittila tonalit€if. 2.29. This zoneexhibitsextensive hydrothermal

alteration and contains sevedidtinctgold anomaly zones (Hartikainen and Nurird93
SorjoneAWard et al. 2015.
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Fig. 2.2. The southern part of thESB showing the prospects within the Kuittilare zone from

north to souththese areMuurinsuo, Elinsuo, Kivisuo, Korvilansuo, and Kuittila.

At Kuittila prospect the gold mineralization is hosted withintthealiteexpressed
as asystem othin veins characterized by high concentrations of MW (Eilu, 2015).
In drill core samples, the tonalite appears to be sheared across many meters in proximity
with the quartz lodes, and is made up of minerals like sericite, albite, calcite, quartz, biotite,

epidote, Kkfeldspar, and scattered iron sulfides. Gold exist finegrained form, with



particle sizes ranging from a few microns up to several tens of microns found as inclusions
or intergrowths with pyrite, ofteassociatedvith occasional tellurides (Kojonen et,al.
1993).

At Korvilansuo and Kivisuo prospectgold mineralization is spread throughout
silicified, chloritized and sericitized mica schist rocks, intruded by porphyritic and tonalite
dikes.All lithologies are highly strained and locally uknaylonitic in texture and contain
gold as scatteredisseminations or within tourmalirguartz veins (Sorjoneward et al.
2015).The mineral assemblages contain mainly pyrrhotite, chalcopyrite, and pyrite, and
gold is found mixed in with arsenopyrite and tellurides (Kojonen £%03). Finegrained
naive gold is frequently associated with Ag-Bi-Pb tellurides and native bismuth
(Nurmi et al, 1993).

The neighboringElinsuo and Muurinsuo prospects are simiidath host rocks
involving strongly foliated mica schists with graywacke and mafic tuffitieta These
are consistently altered to sericite and sercit®rite schist§SorjonenWard et al,2015).

Gold is commonly found in association with various minerals such as bismuth, gold, and
silver tellurides, with small amounts of arsenopyrite, ahy@ycite, pentlandite, and galena
(Kojonen et al.1993).

2.3.3.Hattuvaara Zone

Despite the discovery aparsemineralized glaciabouldersthe only confirmed
gold deposit in thecentral part of the belt, in the Hattuvaara zdhrey. 2.3.) is the
R 2 me pdaposi It is located 8 km north of Muurinsuo (Nurmi et,41993).The ore is
situated along the boundary between two distinct supracrustal units and a tonalite dike.
Drilling conducted by Outokumpu in 198®87 and more recent work have confiim
that themineralization extergifor at least 500 meters along the strike (Pekkarih®8&8;
Endomines2014).The units to the west of the dike consist of wekserved graywackes,
featuring numerous intercalations of polymictic conglomeratic rockald@jt al. 1990).
On the eastern side of the dike, there is a prevalence of uniforagréimed intermediate
schists that include thin BIF layers.

Gold is found within dynamically recrystallized quattmirmalinesulfide veins.

Native gold is finegraired, in proximity tobetween quartz and tourmaline grains, together



with pyrite, and lessepyrrhotite chalcopyrite and sphalerjtevhereas metallic bismuth

and hedleyite are characteristically present (Kojonen,et993).
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Fig. 2.3. The central part of tHéSB showingthe Hattuvaarare zonethatincludes the single

depositof R2 mepur o.

R@ mepuro stands

out

among the | iomsted

not display significant till anomaly patterns on geochemitaps, even with a high

sampling density of 16 samples per square kilom@tartikainen and Nurmil1993

Hartikainen and Niskane2001).

2.3.4. Pampalo Zone

The Pampalmre zone is consideretdighly prospectiveand contains the active

Pampalo mineltis 1to 2 km wide and is characterized by the presence of ultramafic rocks

along much of its lengtkFig. 2.4) This zone coincides with prominent-Nind Astill

geochemical anomalies (Nurmi et,al993). The Pampalo zone has a prominent

0OCC



northwesterly dentation compared to the Hattuvaara zone and has been extensively
researchedlue to itshigh goldpotential. Several gold occurrences have been identified
close to the Pampalo deposit, such as the Pampalo Northwest and Pampalo East (Nurmi et
al,, 1993).
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Fig. 2.4. The Pampalo zon situatedn the northern central part of ti#SB and includes the
prospects of Pampal&uivisto and Korpilampi.

The ore mineralization runs in a northeastdirection in contrast to the prevailing
northwesterly trend athe Pampalo zondhe stratigraphically lowest unit in the deposit
area consists of turbiditic greywackes and conglomerates of the Tiittalanvaara Formation
overlain or intercalated by banded iron formation f(del facies). The succeeding
stratigraphic uriconsists of metabasalts overlaiddyintermediate andesitic tuff which
hosts the majority of the mineralization (Sorjof\&iard 1993).

Gold is dispersed along with pyrite in dynamically recrystallized veins and fractures
in porphyritic dikes, which shows differing mechanical behaviors between the two rock



types. The presence of isolated mineralized quartz veins is uncommon, indicating tha
pervasivesulfidation of the surrounding rock has played a more significant role than fluid
mixing or phase separation (Nurmi et &B93).The main sulfide minerals associated with
gold are pyrite, along with smaller amounts of pyrrhotite, chalcopygétena, and
sphalerite. Other minerals such as bismuth angd Rf-, and Autellurides are also
common (Kojonen et al1993) Scheelite serves asmandicator of presence afre

Two kilometersnorth of Pampalo, drillingver till geochemicalinomalieshas
uncoveredgold mineralization within the same formationn sericitized feldspathic
greywackes. This discovery has led to the identification of the Kuivisto and Kuivisto East
mineralized zones, characterized by stdgping mineralization zones thatazroncordant
with the surrounding lithological units (Heino et, 41995).

The Korpilampi prospect is located between Kuivisto and Pampé#le.rocks
consist of talechlorite schists and ultramafic rocks with pegmatites that showed evidence
of extensive tarmaline alterationwith presence of sulfides (Sorjon&vard et al. 2015).

Gold predominantly occurs with bismuth and other minerals like pyrite, pyrrhotite,
marcasite, sphalerite, and chalcopyrite (Kojonen etl8B3). The Korpilampi prospect
still has potential due to the till geochemical anomalies found on both sides of the outcrop

and its lithological similarities with the Pampalo deposit (Sorjevwamd et al. 2015).

2.35. Hosko Zone

This orezonemakes uphe northenmost parbf thestudy areandis structurally
and due to the high abundance of arsenopgligitnct compared to other zonde host
rocks are composed of thin to thibledded turbidites with dark pelitiotercalations that
exhibit different degrees of sericitic alterati¢ffig. 2.5) Tourmaline is widespread in
mineralized veins and pervasive in the pelitic layers. Other minerals include pyrrhotite,
marcasite, and scheelite (Heino et 895K 2 p y d &l.,®2018).
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The mineralized area corresponds to a clegdimNerse polarizationgnomaly that

can be followed southward from Hosko towards the Kuiuvikposit in the Pampalo area

(SorjonerWard et al, 2015).The gold reserves have been well established but due to the
high nugget effect exploitatioof the oreremains uncertain.



Chapter 3. Data and Software
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3.2. LITHOLOGY

Theithologi cal sftourdnyaweardaengsi tofzedhe n Gl
(eKit ge.n tBhoet ) I ti hteh osl towgdk yic mahrcecap th t a
basegdmasitlgled | ogiscalinamapende book oft hiMur wier et e
f ohre tda u htraistkkg! ogi c &hde fda rf mheetriemnts

clipped

scanned

rocks were

for

principal

t he

digitized into a vector map.

S ar

i enrt o
The

typesd yot hehddabelbt Supaeamsequence (€

Korvil ansuo

Fig. 3.

Formations) and the distinct

A

HATTU SCHIST BELT
STUDY AREA

Lithological Units

- Banded ironstones

. (Ukkolanvaara)
Biotite paraschist
—— (Tittalanvaara, Hosko, Kuljunki)
0 Felsic taff
——.  (Sivakkojoki)
Granodiorite
_ [Viluvaara, Silvevaara and others)
Graphite sulphide paraschist
— (SWakkojoki)
Greywacke
" (Ukkolanvaara, Korvilansua) H
Intermediate tullaceous sandstone |
" (Hosko, Kuljunki)
Mafic volcanic rock 9.
.. (Pampalo,Hosko Korvilansuo Sivakkojoki} | &
Orthoconglomerate

(Korvilansuo)
Polymictic orthoconglomerate
(Tilanvaara, Sivakkojoki)

Tonalite

(Kuitilla, Korvipaara)

Ultramafic volcanic rock £

(Pampalo) K
0o 2 4 8 Kilometers £
]

ETRS_1989 _TM3SFIN_NE | &
1 4

2

The

l'ithol ogi cal map of thedadttwdy

Super seagrucek ntclee 4 ( ma p uNsufrvme r, Tt Xasl

i nt

ar e a



3.3. GEOCHEMISTRY
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3.3.1. Soil Sampes
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3.4. AIRBORNE MAGNETICS
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3.5. STRUCTURE

The structural map is a combination of structural work from Sorjdiard (1993),
Nurmi et al.(1993, and unpublished report from Sakellaris (2016). The structures were
identified by field work, and interpretation of gegglital topographical andgeological
maps. The main structural features used for this shaydethe N-NNE shear zones and
the E-NNE faults.

3.6. SOFTWARE

Three licensed software ansed for the completion of the researthe primary
statistical analysis of the gold concertation datasets conducted using IBM SPSS
Statistics27.0. Computing descriptive statistics, histogram®) Qlots and boxplots, data
transformationinverse transformatiorand threshold estimationvere some of the
procedures carried out by SPSS

The geospatialdataset was plottednd processeth the ArcMap 10.8.1 GIS
software by ESRIWith the use of Spatial Analyst toel Geostatistical Analyst, the
interpolation methods of Inverse Distance Witiigg (IDW) and Ordinary Kriging (OK)
were done

The third usegoftware was the Maptek Vulcan 2021.3 software, designed for 3D
mine planning and geological modelling. TG&S geological information along witthe
drill hole data wreimported into Vulcan for the constructiamd visualizatiorof the 3D

geological model.



CHAPTER 4. METHODOLOGY

4.1. TERMINOLOGY OF GEOCHEMICAL ANOMALY MAPPING

4.1.1 Background and Threshold Values

One of the fundamental tasks in usggpchemical data for mineral exploration is
to recognize and delineate geochemical anomalies from the background values. In
geochemistry, the standard concentration of an element within a specific lithology is
referred to as geochemical background valuawkes and Wehl962 Reinmann and
Garrett 2005). The background value is usually defined as a range of values rather than a
single value because the distribution of any element in a lithological unit is often not
uniform and can vary from one region to another, and from one type of materiathieran
The highest value within the range of background values is known as threshold value
(Garrett 1991).

4.1.2. Geochemical Anomaly Values

Anomalies in element concentratiofi®. gold, silver, lead etcthpay suggest the
presence of a potential degiio The content above the threshaldlue isreferred as
geochemical anomaly (Hawkes and Wgelil862). Traditional methods of modeling
geochemical anomalies can be divided into two categories: i) analyzing frequency
distributions of unielement concentraths (Levinson 1974) and ii) analyzing muki
element associations using multivariate statistical methods (Rosgl&7&l).A common
statistical technique for estimating threshold values is the use of the mean plus or minus
twice the standard deviatigme a n N ), 28l In& ifethod assumes that the data being

analyzedareindependent and follows a normal distribution.

4.1.3. Outlier Values

A typical gold-geochemical dataset consists of numerous small concentrations
interspersed with a few extremelgrge ones, referred to as outliers (Reimann and
Filzmoser 2000).



4.2.STATISTICAL ANALYSIS OF GOLD CONCENTRATIONS

The flowchart inFigure 41 illustrates the overalprocedurefollowed to produce
accurate geochemical gadthomaly map$or the study area from different databases (soil,

rock) by applying different interpolation methods.
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Fig 4.1. Flowchart that illustrates the methodology used to generate the geochemical map(s) for the
Hattu Schist Belt. Most of these steps can h@iegh for mapping geochemical anomalies, with the
flexibility to explore alternative methods for determining thresholds (Exploratory Data Analysis)
and employing various interpolation techniques (Ordinary Kriging and Inverse Distance
Weighting) for produgig the final spatial distribution maps.

4.2.1 Exploratory Data Analysis

The concept of Exploratory Data Analysis (EDA) was proposed in the late 1970s,
and it is a technique for examining and interpreting univariate data that does not adhere to
a normaldistribution model Tukey 1977; Chambersetd. 9 8 3 ; , 1988; Rainhann et
al., 2005. It comprises @et of techniques that use descriptive statistics and grapiotal
to uncover patterns, identify important variables, detect outliers and angngaiesate

hypotheses, develop models, and ultimately guide the interpretation and treatment of the



data. Unlike traditional methods, this method does not rely on assumptions about the data
distribution model but instead uses the data itself to definistatatand identify outliers
(Carranza2009).

4.2.2 EDA Graphical Tools

EDA utilizes graphical methods that are commonly used in conjunction with a
histogramandinclude the boxplot, Quanti#®uantile (QQ) plots, one dimensional scatter
plotsanddensity traces Combining a histogréhig. 4.2. awith EDA graphics provides
a more comprehensive understanding of the data than a histogram alone.

NA Standard Histogram for a Random Variable x B Standard Q.Q Plot for Variable X

Frequency
Sample X Quantiles

-

X
Fig. 4.2. The Exploratory Data Analysis (EDA) gr Theortical ¥ Quantles

plot (Fig. 4.2 b).

In a standard €Q plot, the closer the data points are to theld§ree line, the more
closely the data resembles a normal distribufféig. 4.2 b). It can reveal outliers and

identify anomaly in the data that may not be immediately apparent from a histdigram

al so be used to eslO&)bI|l i sh the classes (K¢grzl



4.2 3 Boxplot

A boxplot is a graphical representation of a dataset (Fig 4.3)saockated by
ordering the data values f r1688). Thélmoxplstnsal | e st
capable ofclearly displaying informationdescribingthe key characteristicabout the
central tendency, spread, and other characteristics of a univariate data set and is probably
the most useful tool in geochemical data analysis. The median igakedculatedoy
counting halfway through the univariate dataset from the smallésettargest or vice
versa, dividing it into two equal parts. When the median is positioned at the center of the
boxplot, it indicates a normal distribution and, if the median is located far from the center,
it suggests that the distribution is skewed (@aza 2009).

o +—e Maximum

» “Far” Outliers
Upper Inner Fence (UIF)

8 “Mild” Outliers
Upper Outer Fence (UOF)

——— «———e Upper Whisker (UW)
Upper Hinge (Q3) —
Median (Q2) — IQR = Hinge Width

Lower Hinge (Q1) —

— 1 s Lower Whisker (LW)

Lower Outer Fence (LOF) . .
o }“Mlld" Outliers

Lower Inner Fence (LIF) =

W <+ Minimum “Far” Outliers

Fig. 4.3. Schematic representation of a boxplot along with its features illustrating the most

significant characteristics for a univariate data set.

As seen in Fig. 4.3 illustratesfive of the most important statistitvalues, namely the
median of distribution, the minimum and maximum value of a dataset, the lower and upper
hinge (LHUH). In a boxplot, he outliers do not significantly impact the median, the hinges
or the inner fenced his makest resilient and robust when it comes to extreme outliers in

a univariate dataset (Carran2808 Nazarpour et g/2015).



The lower hinge (LH) and upper hinge (UH) values are determined by counting
halfway from the minimum to the median and from the maxmmio the median,
respectively. These values, along with the median, divide the dataset into four
approximately equal parts called quartiles. The 1st quartile (Q1) consists of values from
the minimum to the lower hinge, the 2nd quartile (Q2) from the Ibnvgye to the median,
the 3rd quartile (Q3) from the median to the upper hinge, and the 4th quartile (Q4) from
the upper hinge to the maximum.

With the quartiles calculated it is possible to calculate the interquartile range (IQR) or
hinge width (1). In alataset, the IQR is a measure of statistical dispersion that represents
the range between the first quartile (Q1) and the third quartile (Q3) and can be represented
as the difference between the values at the LH and UH (RejrB@85 Shuguang et al.
2015).

)T OAONDAIOPERLA T xABT CA 5PDPABI 64 2)
The lower inner fence (LIF), the lower outer fence (LOF), the upper inner fence (UIF) and

the upper outer fence (UOF), and their values (X) can be estimated as:

8,) &8, ( p®z)12 (3)
8,/ &8, ( o0z)12 (4)
85) &8, ( p®z)12 (5)
85/ & 8, ( o0z)12 (6)

The values (X) of the lower whisker (LW) and the upper whisker (UW) features
can be determined from these two last equations (Carr2Dag).

8,7 I EB8 8,) & (7)
857 | A@®8 85) & (8)

The values that exceed the inner fences are classified as outliers and are presented
separately from the rest of the dataset, enabling the application of parametric statistical
testing (Harris et gl2001). Values falhig between the inner and outer fences are labeled
as 'mild’ outliers, while values surpassing the outer fences are classified as 'far' or extreme

outliers, denoting highly uncommon values (Kotz and Johri@8b).



4.2.4Dealing with censoredextreme (outiers) values

Addressingoutlier values involves their removal or replacement and can prevent the
underestimation of the overall descriptive statist@=nsored values, which refer to values
falling below the analytical detectiare usuallyyemoved, especially if they represent a
single populationG r ¢ n,R2@0%;darranza2009).Generally,if the number of samples
containing values below the lower detection limit becomes substantial, it indicates that the
detection limit is set too high tabtain trustworthy dat, thusis recommended to exclude
these samples from the statistical analysis (Rawlings,62@02).

Extreme values should be handled with similar approadnedgata analysis, the
decision about removing aeplacingthe outliersis challenging, as it requires making
decisionsthat potentially could removevaluable information. The initial consideration
involves how to distinguish the unusual outliers and those that are characteristic of
geochemical patterns and the second to determining the appropriate number of outliers that
need to be eliminated from thlatasetG r ¢ n,R20£H). d

According to various methodologies in regional geochemical data, geochemical values
exceeding 97.5% are generally considered to deviate from the natural geochemical baseline
(Rawlings et al, 2002). Traditional approaches in hénd outliers deal with the
identification and removal of specific samples with the highest concentrations

Geostatistical tools like variograms can be used to identify errors and unusual outliers
(Gr ¢ n,R0€8). d

4.2.5. Threshold value estimation with BA statisticsand boxplot

A number of statistical methodxist for choosing threshold levels and to detect
outliers (Hawkes and Webb 1962). For instance, tH& 98" or 98" percentiles are
considered to represent the threshold value all values greater than thresholds indicate
geochemical anomaliggnder et al, 2013 Wilde et al, 2004 Reinman and De Caritat
2017)

In EDA, the mean absolute deviatigMAD) is similar to the standard deviation,
therefore, the threshold ofedian +2MAD is analogous to the threshold of mean + 2SDEV

The mean absolute deviation can be calculated by taking the median of the absolute



differences between each data value (Xi) and the median of the data istelfradelow
(Tukey, 1977).
-1 $ 1 AAERAE AAESAR (9)
If the nature of the individual w@lement data sets is righkewed, the mean
2SDEV and the media2MAD may contain predominantly negative values. The negative
values indicate that the meand median estimates in the raw-al@ment data sets are
statistically insignificant. As a result, usingthemBBd SDEV and by extensi on
N2MAD as a threshold for estimating geochen
models and would notield meaningful results (Carranza 0 0 9) . The median N
method does not rely on assumptionsnofmality; however, asymmetric distributions
require applying appropriate transformatiemthe datashouldexhibit a more symmetrical
distribution before tilizing any threshold estimation techniques (Reimann ¢2@05).
Except EDA statistics, threshold values can be defined through the boxplot. By
examining the boxplot, it is possible to categorize a geochemical data set into five distinct
groups. (1) Tie exceptionally low background values ranging from the minimum value to
the Lower Whisker, (2) The low background values ranging from Lower Whisker to Lower
Hinge class, (3) The background values which belong to the Lower Hipger Hinge
class, and thillowing (4) high background values which refer to the Upper Hidgper
Whisker class. Outliers that fall beyond the Upyériskerindicate anomalies (Carranza
2009). In various circumstances the upper inner fence (UIF) is commonly used as the
threshold to distinguish the background and anomalous values (Bounessah and Atkin
2003; Reimann et al2005), whereas the Upper Outer Fe(ld®F) can also serve as an
alternative threshold (Yusta et,dl998).
According to Reimann et al. (2005) the boxplot function provides the most valuable
information when the actual number of outliers is less than 10%. In practical applications,
utilizing the boxplot as an initial step for class selection and visualizing spatial data
structure has proven to be a highly effective tool for identifying the significant geochemical
processesnderlying a data distribution. If the proportion of the outliers easd 5%, only
the median +2MAD method will yield satisfactory results, until the point where the outlier

population begins to dominate the dataset.



4.2.6. Data transformations

Various numerical transformation functions can be utilized in order to lessen
skewness characteristics and decrease the distribution asymmetry (Mi@g¢hGarrett
et al, 198Q Joseph and Bhaumik997). There are several recommended transformations
available for this purpose such as 1) Additive-tagjo (alr) (Aitchison 1986), i) Centered
log-ratio (clr) (Aitchison 1986) and iii) Isometric logatio (ilr) (Egozcue et gl2003).
Despite tlese it is often challenging to achieve the ideal distribution for geochemical data,
and particularlywhen applying themedian+2MAD method (Vural, 2019) Once the
dataset transformation has been applied, resulting in a dataset that exhibits distributions
that are more symmetrical than the raw dataset, the estimated threshold values of mean
N2SDEV and the median N2 MAMDuseme gdneradiy ar e a
geochemical maps (Carran28€09).

4.3. SPATIAL PREDICTION

Spatial interpolation is used in a variety of fields and involves ubkimdata from
known geographical locations testimatethe values at unknown locations acligythe
creation of a continuowdatasurface. Spatial analysis is typically done using a Geographic
Information System (GISWhich offers severalgeoprocessingpols There aretwo main

categories of interpolation methodedeterministic andhe geostatitical (Fig. 44).

4.3.1. Deterministic methods

Deterministic methods likénverseDistanceWeighting (IDW) or Radial Basis
Functions generate surfaces from observed data points, either by calculating the extent of
similarity or the degree of smoothingimilar methods ee triangulated irregular network
(TIN) global and local polynomial interpolations. The deterministic methods can be further
separated into two categories. Global methods involve using the entire dataset to calculate
predictions, wherea®tal methods focus on the measured points within specific, smaller

areas within the larger study region.



Geostatistical Wizard: Kriging / CoKriging O X

Methods Input Data
- Deterministic methods E Dataset
Inverse Distance Weighting Source Dataset soil_au
Global Polynomial Interpolation Data Field Au;.pm
Radial Basis Functions E Dataset 2
Local Polynomial Interpolation Source Dataset <none>
= Geos.ta.tistical wethods E Dataset3
frf::g] :t;::;llgﬁl Source Dataset <none>
E Dataset 4

Empirical Bayesian Kriging

3 Inberpolation with barriers Source Dataset <none>
Kernel Smoothing
Diffusion Kernel

Kriging / CoKriging

Kriging is an interpolator that can be exact or smoothed depending on the measurement error model. Itis very flexible and
allows you to investigate graphs of spatial auto- and cross-correlation. Kriging uses statistical models that allow a variety of
output surfaces induding predictions, prediction standard errors, probability and quantile, The flexibility of kriging can require
a lot of dedision-making. Kriging assumes the data come from a stationary stochastic process, and some methods assume
normallv-distributed data.

About Kriging / CoKriging

Next > Finish Cancel

Fig. 44. The Geostatistical Analyst/Geostatistical Wizard tool in ArcGIS 10.8.1 showcasing the

available interpolation methods, including Krigiagd Inverse Distance Weighting.

4.3.2 Inverse DistanceWeighting (IDW)

The Inverse Distance Weighting (IDW) interpolation probably represents the
earliest spatial prediction technique and is considered as the most straightforward
deterministic interpolation method(Shepard 1964, 1968) The process of IDW
interpolation involves estimating values at locations that were not sampled by assigning
weights to the known values of nearby sampled points within a specified distdmece
general formula folDW interpolation is (Johnston et al. 2Q@RBobinson andetternich,

20009:
DO W B _ow (20

Variabledis the seeking predicted value for the locatien , variable N refers to
the quantity of observed data points around the petliocation.The weights assigned
to each observed point are denote@ aand Z is the observed value at a given location



IDW interpolation operates on the assumption that the measured values nearest to
the predicted location exert a maignificant influence on the predicted value than those
located at a greater distance. The algorithm assigns weights to these points based on their
distances from the predicted location, giving higher weights to points that are tlioser (
and Heap 2008Zhang 2023). The equation used to determine the weights for the

interpolation is:

_Q

(11)

In this equation, the quantit represents the distance between the ptedi
location: w and each of the measured location® . The weights assigned to the
measured locations, which will be utilized in the prediction, are adjusted proportionally to
ensure that their cumulative sum equals 1.

B _ p (12)

The IDW method relies on two crucial parameters that significantly impact its
accuracy: the power parameter (p) and the number of neighbors (Burrough and MgDonnell
1998 Zhang et al.2011). As the distance between the measured sample locations and the
prediction location increases, the weight assigned to each measured point in the prediction
decreases exponentially. The rate at which weights decrease with distance depends on the
specific value of p (Xie et al2011). For instance, if p = 0 (Fig.5}. there is no decrease
in weight with distance, resulting in equal weights for each point. When the value of p
increases, the weights assigned to distant points decrease rapidly, however, if p is too high,
only a small number of nearby points will havsignificant impact on the prediction.

In the Geostatistical Analyst tool, the power parameter the default value snu=2,
there is no standard theoretical value (Johnston,&C4l3). It is important to thoroughly
investigate the results and examirtee tvalidation statistics with the objective of

minimizing the error as much as possible
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Fig. 45. The figure represents visually the variations in the power parameter for three different
scenarios: p=0, p=1, and p=2. It also showcases the graduabdeelajyive weights as the distance
increases (modified after Johnston et al. 2003).

If there is a directional influence, it should be considered in the analysis. For the
IDW method, directional influence in the data can be attributed to various factbras
geological structures. In such cageadvisable to adjust the shape of the neighborhood to
resemble an ellipse with the major axis aligned parallel to those structures (Johnston et al.
2003) In ArcGIS, it isalso crucialto determine thenaximum and minimum number of
neighborsto use andcchoose which of the Aeighborhood distinct sectors (one sector, 4
sectors, 4 sectors with 45 and 8 sect@sihe most optimalThere is no universally
accepted standard for determining the optimalrpatars in this context (Xu and Zhang
2023)

4.33 Geostatistical Methods

The term Geostatistics al so known as o |
mathematician G. Matheron and South African mining engineer D.G. Krige, who
developed an optimahterpolation procedure based on regionalized gold concentrations
for application ingold mining. Geostatisticalechniquesare basedin the principles of
statistical spatial autocorrelation. They appliedwhen the variation withithe sample
istoolargeto be modeled bgeterministiomethods. Aradditionaladvantage is thahese

contain & estimate of the interpolaticrror (Burrough and McDonnell, 1998).



ArcGIS provides the three most common krigimgthods

1) Ordinary Kriging produces interpolan values by assuming a constant but
unknown mean value?) Simple kriging produces interpolation values by assuming a
constant but known mean valwd 3)Universal Kriging produces interpolation values

by assuming a trend surface with unknown coeffisien

4.34. The essential assumptions of Random Variables and Stationarity

Random function is@ collection of random variables regionalized variables (i.e.
gold content)that are defined within a specifgpatial domain (Deutsch2003). The
assumption of stationarity forms the foundation of geostatiatidallows to handle data
as if they exhibit consistent levels of variation acithesegion of interestThe observed
outcomes are treated as if they arise from correlated manplmcesses, assuming

stationarity. The random process can be represented using the model
@0 t RO (13)

The process can be described by €, which rep

variablewith an average of zero and covariance.

Variation is often considered as secarder stationary and can be represented
using covariance functions. A covariance function typically decreases as the distance
between locations increases (Figh.}.reflectng a decrease in similarity or correlation,
and it provides information about how the values of the random process vary with spatial

separation.
#E %WROROD E} (14)

This is equivalent to saying that thien equation is the same as

#E %: @ { : @ E { % %D @ E (15)

In this case, h means lag distance, Z(x) and Z (x + h) represent the values of the
random variable Z at locations x and x + h, respectively. The term "E" refers to the
expecation. The covariance between these values is dependent solely on the parameter h



and varies exclusively with h. The underlying assumption for this is the concept of second

orderstationarity Fig. 46.).

Alternatively, the concept of slightly weaker assumption of intrinsic stationarity
(Matheron 1963) allows for a more comprehensive analysis using the varidgign4.7)
as a tool and not covariance to describe the spatial variation. In this scenario, the expected

differences are assumedte zero.
%: @ @ E T (16)

The covariance among the residuals is substituted with the variance of the differences as a

measure of spatial relationships.
OAOP O E %:@ @ E ¢rE (17)

I n this context, the semivariance i s repr
be considered as the variogram when viewed as a function of h. The variogram depends on
differences and its local validity is established by the equafi@h which makes the
variogram function more generally useful than the covariance function (Oliver and
Webstey2015).

Variance

Semivariogram
v(h)

/ Covariance
/. ~.....\‘.‘. C(h)

— 5
>

Lag Distance

Fig. 46. The Covariance (C(h)) and Semivarianag)) functions as they vary with increasing lag

distance, along with the relationship betwésse two functions.



In various scenarigs@ random function can fulfill the intrinsic hypothesis without
necessarily meeting the requirements of seamdeér stationarityMyers, 1989).The
intrinsic hypothesis is not only more general than second stdeonarity, but it is also
i ndependent of the value €€, where the covar
estimation is required which introduced bias (Myda889B " r dos sy, 1997). Ap
these advantages, this study will focus on theogaam function as it is also more

commonly used and applied in geochemical exploration.

To conclude geostatistical analysis approachedavith two primary methods. The
variogram or covariance is modeled to investigate the spatial autocorrelation aetahe d
and, kriging is later utilized to forecast values at unsampled locations (Johnstan et al.
2003).

4.35. The Experimental Variogram

The term "variogramis used to refer to the graph trsitowsthe experimental or
theoretical spatial variability of a particular attribute describs the mathematical
function, denoted ax(h), that characterizes the semivariance between pairs of data points
at varying distances or lags (h).

The commonly used eation for calculating the variogram is the method of
moments (MoM) estimator (Matherph965) and depends on the spatial arrangement of

the geochemical data.

rE —B UZE UGEE (18)
The z(xi) and z (xi + h) represent the observed values of z at random places xi, xi + h, while
m(h) denotes the number of paired comparisons at a specific lag distance h. By varying the
lag h, we can generate a sequence of semi variafcem a specift order, which form
the experimental or sample variogram.

In figure 4.7 it is apparent that there is an upper limit referred to as the sill variance,
towards which the values of x approach asymptotically. This indicates that at greater

distances, there i®0 spatial correlation observed between the points.



The range of spatial correlation is the limit where the spatial correlation reaches
zero, indicating the point at which autocorrelation no longer exists. The curve of variogram
increases until it reachése sill, where it reaches its maximum value at a distance defined
by the range. This curve represents the spatial dependence between points and indicates

the range within the differences between points are correlated.
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Fig. 47. The figureshowcases the fitting of a theoretical variogram to an experimental variogram,
highlighting the most significant parameters and characteristics of the variogram.

The variogram typically approaches a positive intercept at {wasy called the
nugget vamance. When the lag distance is zero, ideally the semivariance should also be
zero. The term "nugget" was derived from gold mining, where it describes the occurrence
of gold nuggets in a random and independent manner. These nuggets signify a disruption
in the pattern of variation and represent an uncorrelated component. This means that the
gold content at a particular site is not influenced by the gold content at nearby sites,
indicating a lack of spatial correlation (Oliver and Wehs2645).

If the variogam exhibits a horizontal line, indicating only nugget variances, it
suggests the absence of spatial autocorrelation. Conversely, if the variogram displays
widely scattered dispersion values, it indicates that the estimation of the parameter "c" was

basedon a small sample size, which is going to be explained in detail in factors.



4.36 Factors that affect the Experimental Variogram

The accuracy of the variogram relies tive sufficient amount of data at an
appropriate density or interval. Variograms computed on small sets of data are unreliable,
so the sample size but also the sampling interval play a vital role in the accuracy of a
variogram (Webster and Oliver992).

Theselection of lag and sampling interval can significantly impact the quality of a
variogram. If the selection of the lag interval is false, the variogvéinfail to capture the
correlated structure and therefore cannot sufficiently describe the spatiiatiova
Generally, if the lag interval surpasses half of the range or effective range of variation, it is
probable that the resulting variogram will appear f@tver and Websterl987).

If a geochemical dataset deviates significantly from a-neemal distribution,
with a skewness coefficient e X cneaglead g t he |
erroneous variography resultdence, iis neededo apply data transformatiorfg/ebster
and Oliver 2015). Kerry and Oliver(2007a) conducted a studigat focused on how
different levels of skewness and sample size influeveen utilizing a sample size of
1,600 data points and more on-angter grid, the impact of increasing asymmetry on the
variogram's shape was relatively minor, even when the sleswédue reached up to 5

The variogram igxtremely sensitivéo outlierssince these influences the average
values (Tukey, 1977). It is recommended to exclude outliers before calculating the
variogram, and due to the fact that this recommendation asdhatethe outliers are
randomly distributed, they will not be included for subsequent kriging analysis (Kerry and
Oliver 2007a).

Regardingdata transformatiort is advisable to utilize the original datven if its
distribution is not normal and thahe accuracy of estimates using the original-non
normally distributed data was found to be higher compared to estimates using normally
distributed dat§Goovaerts1997).

Spatial variation can exhibit different patterns and magnitudes in different
directions, indicating anisotrofizig. 4.8) In the case of an anisotropic process, variogram
estimates can be computed in different directions by selecting specific directions and

averaging the lag distances (h) that are sufficiently apart within treechairection and



the variogram displays significant changes in the direction of rangdl gMory and
Deutsch 1989 Isaaks and Srivastayi989).
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Fig. 4.8. Experimental variograms in four different directions (0, 45, 90 and 135 degrees) to

investigatehe presencef anisotropy.

Zonal anisotropy occurs when there are preferentially oriented zones with different
means, leading to changes of the ation as the direction changesa(@ossy 1997). This
directional impact can be taken into consideration and examined in ArcGIS, by enabling
the option of search direction tool to analyze the differences. The variogram can be
examined separately in eachlngipal direction, however, it does not affect the final output
(Johnston et g12003). The determination of these directions considers the azimuth and
dip angles, which are determined based on the geological characteristics of the area
(Deutsch 2015).

The selection of lag parameters, such as lag spacing and tolerance, is based on the
domain size and data spacing, while the choice of angle tolerances and bandwidths
considers the variability in calculation directions and the sampling configurationead th
parameters, including lag parameters, angle tolerances, and bandwidths (Fig. 4.9), are
combined to establish the final definition of the variogram in a specific direction.
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Fig. 4.9. lllustration of the typical tolerance parameters for experimentagvams (Deutsch
2015).

A trend represents a smooth and systematic nonrandom variation. A trend can
manifest as regional variation, meaning it is consistent across the entire area of interest, or
as local variation, occurring from one point to another within the reffitre presence of
trend is confirmedthe variogram deviates from being solely determined by a random
variable and as a consequence, this violates the assumption of stationarity. The data should
be then analyzed by applying basic linear and quadratic polynomtalg fion the
coordinates (Oliver and Webst@015).



HaRQoP [ Legend

Rotation Angles
z Location: 90°
— 3D Graph —
Horizontal: 120°
Vertical:-11.5°

Rotate: Locations | w [ RN »
Perspective: “ Hle

Tip: Click or drag over points to select Add to Layout

=~ Graph Options
Order of Polynomial: 2 |

Projection Width and Color

YZ Plane: 3
Input Data Points XZ Plane: 3

< < T

)
@0

Fig. 4.10. Trend analysis conducted in ArcGIS using the Trend Analysig teoturved
lines represent the projection data points indicating the existence of a discerniblddrerston
et al, 2003.

In ArcGIS, trend in data can be analyzed using the trend analysig-tgo#.10)
The points of the data are projected as lines and if the line remains constant in any direction
(e.g N-S or EW), it suggests that there is no discernible patters moticeable trend in
the data (Johnston et,@003). For instance, if a curve or shape resembling a parabola is
observed, it would indicate a secetegree trengBiernacik et al., 2023)In this casejt
can be eliminated by employing polynomials ofigas orders, such as constant, 1st, 2nd,

or 3rd order trend removal.

4.3.7 Variogram models

The process of fitting the experimental variogram tth@oreticalone requires a
combination of knowledge, experience, and statistical techniques

Theoreticalvariogram models include the spherical, exponential, linear and Gaussian
models (Fig. 4.1). The selection of these different models is not a subjective or arbitrary
task, but rather follows specific mathematical assumptions (Isaaks and Sriva<&8)a



By examining the properties of the variogram such as the sill, range, and nugget variance,
it is possible to determine the most suitable model (Cressie; IB®3ough and
McDonnell 1998).

i) Spherical Model:

) A Ao BEO pic EXO AFIMOE O
r E A A ZAIEO O
n ZAIEO 1t

When the nugget variance is significant but not excessively large, and there is a distinct
range and sill, the spherical model often provides a good fit to the variogram curve.
i) Exponential Model:
A Ap A@DEFA. ”ﬁE'I'EC‘) Tt
L AIEO m
When there is a noticeable nugget and sill, but the range gradually increases, the

r E

exponential model is favored.
iii) Gaussian Model:
A Ap AgPPEIA AIEO T
L1 ZAIEO 1
If the variation isexceptionally smootland the nugget variance is significantly

r E

smaller compared to the random spatial variation, the variogram is often best fitted by
a curve that exhibits an inflectionipg such as the Gaussian model.
iv) Linear Model:
rE A A J[E

In these modelsA is defined as the nugget variance, ¢ represents the variance of
the spatially correlated component. The combinatioA of ®is called sill variance.
The range parameter, denoted as r, while a is the distance parameter that represents the
spatial lag or distance between pairs of observations. Finally, b is the slope parameter
in linear model (Oliver and Websi&015).

The afoementioned models are referred to as "transitive" variograms since the
spatial correlation structure changes with the distance, h. On the other hand, "non
transitive" variograms do not exhibit a sill within the sampled area and can be

represented better lblye linear model (Koutsopoulo2017).
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Fig. 4.11. The most commonly used variogram models (Hartkamp,t391).

4.3.8. Ordinary Kriging

Kriging is commonly known as the Best Unbiased Linear Estimator (B.L.U.E.).
Kriging uses a stochastic model adntinuous spatial variation to make predictions at
unvisited locations based on limited sample data. It accomplishes this by considering the
spatial variation information represented in the variogram or covariance function (Oliver
and Webster2015).

Onecommonly used form of Kriging is known as Ordinary Kriging (OK) is the
most popular and widely used form of kriging due to its simplicity and capability of
providing accurate estimations in various scenarios by relying solely on the measurements
and theigeographic coordinates. OK is founded on the assumption that variability follows
a random and spatially correlated pattern, and that the underlying random process follows

the intrinsic stationarity. These assumptions align with the fundamental prinoiples



variogram analysis, characterized by a consistent average and a variance that relies solely
on the spatial separation and direction between locations (Oliver and W2b4&tex

The prediction of the valuezZxo) at an unmeasured point xo in the spatoahain
is achieved by estimating it as a linear combination of the observed values (e.g x1,x2..xi)
and it is presented in concise and straightforward description of OK using the following
formula (Isaaks and Srivastava, 1989essie1993).

[AFN B _aqao (18)

Where, Z(xo0) refers to the estimation or prediction of the value at the unmeasured
position xo in the spatial domain and Z(xi) represents the value that has been measured or
observedadh speci fic position xi. Next, the ai
or influence of each measured position xi on the prediction at the unmeasured position xo.
The weights are set to sum to 1 in order to guarantee accuracy in the e§tinaditg.the
n denotes the number of positions within the nearby neighborhood that are considered when
making the prediction (Heng2007).

4.3.9. Results Quality and Validity Assessment of IDW/OK Analyses

Prior to creating a final interpolation surface, it is essential to assess the accuracy
of the model in predicting values at locations that are unknown or not previously observed.
One common way to achieve this is by predicting values using an indepesedeoft
sampling points.

An alternative is to perform model comparisons in order to assess the performance
and suitability of OK methodCrossvalidation allows for efficient evaluation of models
without the need for an independent set of sampling pdintssvalidation utilizes the
entirety of the available data to estimate models. It systematically eliminates each data
location, one at a time, and predicts the corresponding data value using the remaining
points (Johnston et aR003).The Geostatistidanalyst tool in ArcGIS offers this cross
validation feature and allows to compare various models and choose the most suitable by
utilizing these performance indicators.

The comparison is between the kriged valuegx()) with the observed values
(z(xi)) in a number of observations N afRdH)EThe (xikrepresents the standard error

of prediction for the location"®and can be evaluated by utilizing estimation quality



statistics of Mean Error (ME), Root Mean Square Error (RMSE), Mean Standardined Er
(MSE), Root Mean Square Standardized Error (RMSSE) and the Average Standard Error
(ASE) @ohnston et al. 2003
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The ideal scenario is for the ME to be zero, which indicates that Kriging is unbiased.
Similarly, the objective is to reduce the ASE to the greatest extent possible, however, none
of them are as effective at differetton as the RMSEE and RMSE. Ideally, the squared
errors should be equal to their respective kriging variances, resulting in an RMSEE of 1.
Additionally, if ASE is closely aligned with the RMSE, it is inferred that the model
accurately assesses tragiability in predictions. If ASE is less than RMSE, it suggests an
underestimation of prediction variability, and vice versa. As an alternative, if RMSE is
greater than 1, the variability may be characterized as underestimated, while if it's less than
1, it could be considered overestimated (Johnston,&2@03).For OK, the assessment of
spatial autocorrelation can be further characterized based on the nugget to sill ratio. If the
ratio is less than 0.25, it is considered high, if it fell between &250.75, it is deemed
medium and if it exceeded 0.75, it is regarded as low (Cambardellal&xSa).

The validation procedure for IDW is also straightforward, similar to the original
implementation of the method. The Geostatistical Analyst tool in K& q&ovides two
performance indicators, namely ME and RMSPE, to assess the performance of the IDW
interpolation method (Johnston et,&003) The RMSPE in IDW is equivalent to the
RMSE in OK. To prevent terminology misunderstandings, the term RMSE will be

consistently used throughout. Similar to OK, it is desirable for the ME and RMSE metrics



to be as close to zero as possible, with the RMSE being the most valuable and reliable
diagnostic for the IDW interpolation.

In addition to the earlier validation @jaostics, another valuable and powerful
approach for assessing the reliability of the final geochemical anomaly map(s) is to cross
reference it with welestablished gold occurrences in the study.arbs method allows
for evaluating how well the geochéral anomalies indicated by the map align with these

known occurrences

4.310. Interpolation Map

The final step is to visualize the results of the variography or the IDW interpolation
and produce a surface of predicted values. The final output fomesttiod in ArcGIS is
a raster database type geochemical anomaly map that needs visual adjustments to improve
the cartographic representation of the data, as well as further refinement and processing of
the classification results based on threshold valuesn,Titis be feasible to compare the
distribution results othe differentinterpolation methods and determine if one performs

better than the other based on the available data and knowledge.



4.4.3-DIMENSIONAL MODELLING

4.4.1. Explicit and implicit modelling techniques

Geological processes occur in aD3environment and early attempts ofD3
mapping involved the interpretation of stacked geologic secasnshown irFig. 4.12
(Zhu, 1997). Examining theserosssections collectively providesnly a limited visual

understanding of the-B layout of important geological features.

Magnetic Cross-Sections
in Plane View

20008
250045

Geological Stratagraphy

Precambrian Devonian Carboniferous
C
] . ata trata

Lithology

Yanshan Xianghualin Xianghualin Indo-Chinese Qitianlin Qitianlin'granite
Vxym)| e Y | o 1Qy
Y oranitic porphyry Granite QY | granite porphyry porphyry

Fig. 4.12. A traditional approach to 3D prospectivity mapping that relies on the use of intersecting cross
sections (Zhu 1997).

In 3-D modeling, two main approaches are primarily employed @ig) termed
asexplicit and implicit modelling techniques (Cowan ef 2003). 3D explicit modeling,
which is often referred to as geometric, can be characterized as a knodilregge
method which involves the manual digitization of geological sections or surface maps,
which are linked to representing wireframes ofD3geological surfaces and bodies
(Vollgger et al. 2015, Stoch et @018).In explicit modeling geoscientists shape surfaces
according to their interpretation which leads to the creation of unique aneépiaducible

models, due to the subjective nature of interpretations.
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Fig. 4.13. Workflows for 3D explicit and implicit modelhg methods, presenting the differences
between the two methods (Cowan et2011).

3,D implicit modeling approach relies on dataven approach and was formulated
to generate geological models directly from mining and exploration drill core database,
eliminating the necessity for extensive digitization (Cowan g@02, 2003, 2011). Radial
basis function (RBF) stands out as the predominant method for surface generation and in
its initial stages, RBF interpolation was applied to compute elevatidowolmnes using
irregular topographical data (Hard$971). The advantages include a lack of time
consuming and reproducible tasks and a direct connection between data and the 3D model
making updates and changes straightforwddisadvantages includevhen sirfaces
calculated will consistently aim for a smooth fit, given the nature of-B&ded spatial
interpolation or that the model's outcome will be influenced by the type of RBF (Jessell et
al., 2014).

4.4.2. 3D Modeling Workflow
Thestraightforwardexplicit 3-D modeling workflowas shown irrig. 4.13 and4.14
is implemented to develop the 3D geological model.



The initial phase includegathering, validating and preparing the availalelg.(
geological, geochemical structural, dritlore and topographical) data. The dataset
undegoes further modification, and exportation into various file formats which are
compatible with Vulcan version 2021.3 by Maptek modeling software. Thesg de
imported into the software in the form of parand polylines, following their validation

for erroneous valueg(g.correction or elimination of datand classification

Geochemistry l I l Import 2D Geospatial Data I I I Drillhole Data I

[ Topography ] | Lithology l [ Structural ] '

Fig. 4.14. The workflow that shoathe methodology gradually incorporating topographical
geological, geochemical, geophysical structural and drillhole data employed for generation of the

final -3D geological model for Hattu schist belt.

4.4.3Data import and file formats
In order to buildthe 3-D model the following datavere imported into the Vulcan
software in the order presented.
1 A shapefile (.shp) that includes a-B0interval elevation of digitized contours,
along with the merge raster file (. TIFF) showcasing thegogphy of HSB. The
data were conducted by the Geological Survey of Finland (GTK) for a broader part

of Finland and was clipped to cover only the extent of HSB.



A shapefile (.shp) that comprises the geological map sheet 1:200.000 of the HSB
along with itdlithostratigraphic units, which has been initially constructed from the
Geological Survey of Finland (GTK) and further classified for the purpose of this
thesis that showcases the lithology of each desired rock unit.

A shapefile (.shp) containing digitizeldshed and normal black lines representing
the significant NS, NESW shear zones and minofViE minor normal faults of

HSB, that was produced as part of this study.

A shapefile (.shp) which incorporates the gold geochemical anomalies with the
greatest imprtance in soil and lithology

Four distinct but interconnected with equal importance excel (.csv) type files

containing the drilicore data.
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5.1. DATA ANALYSIS
5.1.1. Data Reduction

I n accordance with the recommendation by
det aeixlaendi nati on of t he dviasst rciabrartiiccodg owmuitt B at h ¢
identification of de&nsgtlhed cealsw¢podawvths awisk he
gol d concentrati omwserbee leoxw | duedteedc tfiroonm Itihnei tg)e o

resul adiantga bhiad4€ odmpl es for soil and 504 sampl
5.1.2. Outliers

The detection of outliers involved perfo
utilizing graphaktaxplaoBal(yBiidcd¢cdhmraodiugd t o t he
abundance of far and mild outliersgwaerrevea

both soil and | ithological samples b5 While no
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di fferent outliers, it has been determined |
566, 973, and nPpd 2 sf rsohno utl hde HHsedBglx cstkamde dn § Ta h ke
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Tabsl &.

Detection of positive extreme v@ppum)s/ffar owitll ian
l'ithological samples analyzed using SPSS softwar
SOI L LI THOLOGY
Sample Content of Sampl e Content of
566 9.00 3892 9.70
973 6.10 36 8. 31
242 3.5 3233 7.53
1986 2.95 3121 6. 70
701 1. 86 33714 6. 66
The remaining outliers do not exert a si
vari ogr ams, as a result, these outliers wer
outliers appropriately, the relisadnbhedy and
S A aomers A
i 1 i
I | ]
{] K i
SolfSampling é- -g Rock Sampling §-
008004 0.001-0.25
o 0.15-0.55 > 0.26 - 0.95
o 0.56 - 1.52 [} 0.96-2.83
O 153-3.50 § § ©® 284-493 §
O 351-9.00 4.94-9.70 .
Fig.2. Soi | and | ithology remaining siampl es f ol

geostatistical analyses.



5.1.3 Descriptive Statistics

Descriptive slmaatsihsotritccsut prtooviwies uallidz e t he
geochemi(dabl2ddat a
Tabsl &.
Descripti vegoSddatta ssetti cAu of pp m) or soil and it
censored/ extreme values.
Au (ppm) Soi l (t Lithol oc
Sampl es (N) 223 504
Me an 0.046 0.045
Standard Error 0.002 0.004
St andevidati on (SD 0.13 0. 32
Medi an 0.014 0.008
Mo d e 0.01 0.01
Range 2.914 9.69
Mi n . 0.01 0.001
Ma x 2. 95 9.69
Ql 0.01 0. 002
Q2 0.014 0.014
Q3 0.03 0.016
Q3Q1 (I nterquarti./l 0. 02 0.01
Skewness 9. 73 18. 4
Kurtosi s 136. 86 412.19
Vari ance 0.0109 0.10
Medi an Absolute D 0.014 0.006
As with most gold deposits, despite the
visually examination of the gold concentrat.i
di stributions are not symmetri cal and do nc

(Gaussian) .
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N2DEV met hods for the raw datasets in ident

geochemi cal maps.

5.1.4. Data Transformation
I n order to deal with the positive skew

asymmer rtyhe gao |lndatduartaals eltogari thm transfor mat.i

Tabbl 8.

Descrstpmatiwei cs of nat urodld tlaosgeatir liftarmmd tIriatnlsd loog gneda
Au (ppm) Soil (tLithological
Sampl es (N) 223 504

Me a n -3. 88 4.91
StandamMe aBrror 0.02 0. 02
Standard Deviat 0. 96 1.42

Medi an 4. 26 4. 82

Mo d e 4.61 4.61

Range 5.69 9. 18

Mi n . 4.61 6. 91

Ma x 1.08 2.27

Ql 4. 61 6.19

Q2 4. 26 4. 82

Q3 -3.50 4.10

Q3Q1 (I nterquartl1. 10 2.09
Skewness 1. 77 0.89

Kurtosi s 3.28 1.57

Vari ance 0.93 2.1

Medi an Absolute 0. 34 0.98
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5.2. THRESHOLD EVALUATION

I n order to compute the t hrarstdhoel dnevda laune s ,
N2MAD techniques were tested. Since the dat
when calculating the threshal do, orfdeatniede
equawieams tially calcul ated as i f the data w
the final wvalue i snaoeraan ndudewaise,.ceists aolyi g ion
perform an inverse natur al | ogari rhmhtr ansf
original dat aset s.

A third threshold technique (UW) was addi
by the Upper Whisker (UW) met hod (Equation)

met hods are presentbed. and compared in Tabl e

Tabsl &.
Thr eds hwdl ues defined with three different threst
(EDA), mean +2SDEV, median +2MAD and boxplot UW
Au (pMedian +2 MBoxplot UP |Mean +2DEV
Soi l Lithol|Soil Lithol|Soil Lithol
Thres0.0270.057 |0.15 |0. 38 0.14 |0. 12

By analyzing the threshol dS 4f)or ietacihs oofb vtiho
the threshold values determined by the media
| i t holsoogiyl afnodl | owed by either the mean +2DEV
medi an +2MAD threshold values result in the
The observations of the study regarding the

findrienpgosrt ed by Rei mann et al. (2005) and Ca

5.3. VARIOGRAPHY
For the Ordinary kriging method, two var.i
considering the direct and indirect factors

as dhesmaated in the methodol ogy.



5.3.1. Trend analysis

With the Trend Analysis tool, it is evide
by flat | ines and do not exhibit &@ny Fdiosncer n
the trend analysis graph, it is clear that
Il ithol ogy. Hence, it i's not mandatory to er

absence of trend suggests t hfadr tthlee asxpuenpit ma

variogram, allowing to proceed with further

a) Trend Analysisin Soil Samples b) Trend Analysisin Lithological Samples

Fi®. Trend analysis as displayed in ArcGI S for
points which are representadidushidn-8&snoWdamaiNni ng
direction.

5.3.2. Variogram parameters and models
Table 5.5 shows the <calculated variogran
graphical Thee variakeseerhibi & smallmugget effect, measuring less than
1, namely 0.012 for soil and 0.04 for lithology. Beenumbersndicate avery small
disruption or random variation in the pattern of data hadebeen considered in the
analysis. Sills have also been evaluated as 0.028 and 0.061, so, in distances greater th
the sill, there is no spatial correlation between the points. The range was defined as 33.868

and 2217 in meters, so sample locations within this value exhibit spatial autocorrelation,



while locations beyond the range do not display significant spatre¢lation or none at

all. With the availability of sill and nugget, it is feasible to assess spatial dependence or
autocorrelation using the nugget to sill ratio. According to Cambardella et al. (1994), with
a computed nugget to sill ratio of 0.42 an@3for soil and lithology the assessment of

spatial dependence in this area can be described as mddlum. ex per i ment al va
does not demonstrate an unbounded increase
while increasing | ag distance.

With abrFratmbeerandabhtukat edsual Il nspecti ol
variogram for wvariations in directionality i
di verse patterns in different dyiimedtifdrgs.,eniti
di recTfthheonssearch process included testing and

di fferenmajaareso( minor) of the anisotropic ¢
final out put . With seveg atthepomaXxibmumtaed me
neighbors to 5 and 2 -sespectcwvrfiyguahbhongnwet
degree offset in |Iithology and one sector in

| was concluderccotGad csdilhdx pandnti at e model ¢
appropriate S5fMoranfd tthegmdqdti gopti mal number

|l ithol ogy cases was determined to be 11.



Tabsl 6.

The var i ogpaarna nmeotdeerlss f or soi | and |ithology
Variogr a| Soi l Par ame Lithology Par

Kriging Met Ordinary Kr Ordinary Kri

Model Type Gaussian Exponenti al

Nei ghbor hot Standard Standard

Maxi mum Nei 5

Mi ni mum Nei 2

Sector Typc¢ Ongector Four SectAOf s w

Number of | 11 11

Lag Size 3078.96 201.59

Ani sotropy Yes Yes

Nugget 0.012 0.04

Partial Sil 0.016 0.021

Si || 0.028 0.061

Range 33868 2217
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53. 3. Or di n aCrgss\Wlidatigni n g 6 s
The diagnostic statistics of ME , MS E, R

inst@haklse Tth.e6 )RMSSE statistic, I n soil sampl
is 1.01. Based on the diagnosdiiacgsn obsottihc airse na
opti mal . These results, especially in |ith:

variation without exhibiting biased predictd.i
dog@isnmatch the ME cl osel yr,e safgtneard ynatg d drarte 4y
measured values. Alternatively, the | ower v,
RMSE also implies an underestimation in soi
statistic being closehtoca$gesi sssggakbktise axot ad
factor to the overall wunderestimation of pre

OK yielded trustworthy outcomes for both
in the analysis and the comparisenxtwill ede |

by the | DW met hod.

Tabsl 6.

Cross validation summary diagnostics for Ordinar
Di i Soi l VaIiL'thI val i
iagnost i i ol o al i

J Statisti 9y

Mean Error (M 0.00114 0.0000098

Root Me a n S«

0.14 0.21

( RMSE)

MeanStandar di :

0.012 0.00409

( MSE)

Root Me an

_ 1.22 1.01
Standardi zed
Average Stand. 0.11 0. 2

5.3.4. Ordinaryés Kriging Geochemical Maps
Thepredictisomfsurhfeage | d anqedechpimspad i @adh o mal
di stribution maps (tHiegsul6t 40f) . ugihmng wOhe cGees



tool, which interpolates the variable val ue:
P-6.1 MLIS.C

The geochemical maps di sipngayt hteheorgiodidn aclo
where filled contours connect regions with
The blue collooweepoesema sat hen, while the re
maxi mum conaredtirtat waa s eMaeyc twehde vien pshuecgr es si v
intensifies until it reaches the maxi mum con

der iw &E&®A, highlight the most significant ge«
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54. IDW INTERPOLATION
5.4.1. Characteristics of IDW

I n the case of | DW waethendiyr  atcitmmalt oi refvl
directional influence has already been addr
directi onwaaspiprdfiledlefoe | DW anal ysi s.

The powerplpay a mamtmidngeniifni | DW anal ysi s, and

wertestedach with a different power paramet e
power parameter decreased, the analysis sho\

to the models witbhsefiAi)ghelrhepevaiteegst hdamode

appetao elde e accurcahtoes encd ewmdtthpeeoohemi cal anomz:
maps. The two | DW models demonstrated optim
which the maxi mum 5n eaingdh bt chres nwenri enusme tt ot o2 . I n

the prediction error-sechersoypemodali | eegbier &
benefitededtrom tay-gleg we dTreobBlf &lébtpr esent s an o0V e
the unique @iaataendtwirtsh atsk® | DW i nterpol ati on

Table 6. 7.

Parameters for | DW interpol.ation for soil and | i
| DW Anal ys Soi l Param Lithological
Met hod I nverse Distalnverse Dista
Nei ghbor hoo Standard Standard
Power Par a 1 1
Maxi mum Nei 5 5
Mi ni mum Nei 2 2
Sector Ty One Secto Four SectAdf 6s
Angl e 34 34
54. 2. I nver se Di st aVabidatorWei ghti ngds Cr oss
The diagnostics provided by ArcGIlI S are |
are consistent across both methods. The ME \
around zero, specifically 0.03 forimsotheand

modée | abil ity to generate adequate predictio



where a value of 0 is desirable, it is evide

for soi l and 0.022 for l i t hox lmiglyi. t eClonselgiua&

outcomabl e 5.8).

Tabsl 8.

Cross validation summary diagnostics for Inver s
Di agnosti Soil Validat Lithology Val:i

Mean Error 0.03 0.001

Root Mean S

(RMSE) 0.15 0.22

54. 3. | DW6s Geochemical Map s

TheDWeochemical anomal.)rdafiteed mampsAr(dFEbGlg

contours. The color scale depicting

| t transitions from bl ue, i ndi cat.i

ng

gol d con

Zero 0]

hi gher concentrations. wGohdtbencennriatabnser a
and | ith

t he threshol d val ue for bot h SOi

geochemical anomal i es.



a) Geochemical Gold Anomaly b) Geochemical Gold Anomaly ...
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t hreshold val ue.

5.4.4. Comparing Ordinary Kriging and Inverse Distance Weighting Methods

Ther e ar e certain chall enges t hat need
geoc hamippalng wanadal ydsifd er ent .i nkreirgpionl gatiinotnr ondel
fismoot hi mgpoetehecta) |y |l eading to the under e:¢
overestimation of |l ow viBu&k keegfef evhti,| ea rl iDSW negx
| ocahigedor | ow v,2l0Rkdy .(Zhang et al

For HSB, it seems that when | DW and Ordin
geochemical maps gave the same results, with

mo rfieat i sdfoapcttiocrayl rewol tds, theoahemaly contr e

hi gher in the distribution maps with the | D\
maps. Visually, this resulted in broader gen
bands, compar endctt ob atntdes lods si ndiegtpiol ated valu

sample points for the OK method.



I n contrast, |ithological geochemical marg
assumption,wasthhmeret iiegned di fferenads when
geochemical maps of OK and I DW. These two m:
areas, demonstrating no substantial variatio

Since the | DW method comprises solely the

validation aonul ¢ obmp afro swsned hon t hese par amet

Table 5. 9.

Compari son bevadeiedattihoen cdioasgsnosti cs bet ween | nve
and Ordinary Kriging (OK).
Compari ssobw Soil Validat LithologySvVati
Met hod | DW OK | DW OK
Mean Err ot 0.03 0.001 0.001 0.0000
Root Mean S
( RMSE) 0.15 0.14 0.22 0.21
It appears that while the ME values <con

di fference, t he RMSE ipdendtiictcalon @ptriomal lay,e ¢

mi nor differences in diagnosti cs, OK emer ge:
| DW for analyzing soil and |ithology dataset
I n terms of wvalidity, it appears that bot

pesumption can be verified through the diagn
met hod. In soil, the ASE diagnostic is | owe
underestimati on of the samples. Sucheunder es
ASE and RMSE diagnostics are quite similar,
OK a more valid model

HSB cont ai nesstnaabnyi smeeldl gol d oc duwersrta mges t
points for the |DPW diindt eOK ‘haldusessa tni sPfaanptad roy aa
Kuittila zones, but neither method could col
zones. This additional validation method ha
met hods. Given the slightI| y hbeetgteeorc hoainiccoante sm
gener at wé kkeyptOK or delineating the geochemic:



5.5. GEOCHEMICAL G OLD ANOMAL Y ZONES

Numerous scattered and discontinuous geo

throughout the extent of SWetbehti n§omednmi e

Ssemi conltiimeuaoru sgeochemi cal anomal i es are wor
t hegaei 6icant anomalies corresponds wel | wi tt
supporting that it iIis capable of demonstrat:i
Nur mi , Thied 9r8Bg s t promising zones are primari/l\
zones and secondarily .in Hosko and Hattuvaar

At Kuittila zone, the majoontwcof bgoweean

Kuittila tonal i.t eTzxZha mda pipa toaxs enthitned nyti $6he&k m i n
footepfhri hhe i ntense haytdrMulthreirmsado adrndceriaadn winl &
(Fi @) . 5THe geochemical anomal i esSWedeinppiondg ol

high strain zones.

At the central and northern parits dfoctah e db
the gold anomalies are much | esser in number
anomal i es -Sf alrleonvd & oM mi ng a 2 km straight I

through the metase8idempisnpakbdlh Es gt @abn hkd N
Pampal o zone produces the most notabl e i
geochemical anomal i es in both soil-SEand bed
anomalies with the higher contegescboemgachd i
anomaly, spanning over 10 km (Fig. 5.12).
Similar to the Hattuvaara zone the Hosko
over the Hosko deposit and more profound whe
anomaly zone insg,| etsrs&ntdhicaw®SNBW K fii lgo 5. 13) .
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