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Abundances of ca. 70 elements are given for 137 bulk samples from 55 mesother-
mal gold deposits/ore bodies and their altered wall rocks located throughout the
Late Archean and Early Proterozoic terrains of the Fennoscandian Shield (44 de-
posits), the Superior Province in Canada (9 deposits), and the Norseman — Wi-
luna belt in Western Australia (2 deposits). The most typical drill core material from
each of the Finnish deposits was used to make representative bulk samples both
from the gold ore and from the adjacent altered wall rocks. Chip-channel samples
across typical lodes were taken from the remaining 13 mines. All samples were pre-
pared using the same procedures, and were analyzed as a single set using ICP, ICP-
MS, DCP, XRF, NAA, FAAS and GFAAS in addition to various other methods.

The results demonstrate that mesothermal gold mineralization in: 1) Late Ar-
chean greenstone belts; 2) the intracratonic Early Proterozoic Lapland greenstone
belt; and 3) the juvenile Early Proterozoic Svecofennian complex, exhibits charac-
teristic geochemical patterns, which reflect contrasting sources and deposition process-
es. Gold is the only element showing a systematic >103—10* times enrichment
compared to average basalt. A number of Au-affiliated elements may occasionally
show extreme enrichments but are generally only moderately concentrated, irrespec-
tive of host-rock lithology. The Archean deposits are characterized by the element
association (median enrichment relative to basalt given in parentheses) Au (4100),
Te (150), As (50), S (42), Ag (30), Bi (20), W (20), and B (11); deposits in the Lapland
greenstone belt by Au (3900), S (110), Te (100), Bi (72), W (23), Se (21), and As
(21); and deposits in the Svecofennian domain by Au (4100), As (1200), Bi (550),
Te (340), Se (75), Ag (37), S (36), W (33) and Sb (20). Boron, Mo, Cu, U, Hg and
Pb may locally be highly enriched, but are on average between 0.2—S5 times the
values for basalt. The mesothermal gold mineralization differs from epithermal types
in having distinctly higher Au/Ag ratios, as well as lacking or showing only sporadic
enrichment of Hg, Tl, Sb, Ba and F.

Wall-rock alteration has a complex history recording the effects, to varying
degrees, of mineralizing, synvolcanic and metamorphic fluids. Hydration and potassic
alteration, as well as carbonation in the greenstone-hosted deposits, are characteristic
of mesothermal mineralization, as demonstrated by relative additions of H,O, CO,,
K and Rb. Alteration is most pervasive in the Lapland province due to extensive
synvolcanic processes and low metamorphic grade, and only weakly developed in
the Svecofennian province as a consequence of smaller scale hydrothermal systems
and post-mineralization metamorphism.

The elements most applicable to exploration for mesothermal gold deposits
are, in relative order of importance: Au, Te, Bi, As, Ag, W and Se, while S, Sb,
B, Mo, Cu, U, Hg, Pb, Sn and Co may locally be useful. In general, only Te, Bi
and Ag correlate well with Au, suggesting roughly simultaneous deposition, and
thus these are of most use in tracing ore lodes. Although other elements only local-
ly correlate with Au, their deposition is often related to the same mineralization
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systems, and therefore may indicate ore-potential zones on a broader scale. Ele-
ments related to wall-rock alteration, such as K, Rb, Na, Ca, Sr, Si, CO, and H,0,
delineate in general the pathways of hydrothermal fluids.
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INTRODUCTION

Gold mineralization has been intensively inves-
tigated during the last few years and major ad-
vances have been made in the understanding of
the geological control and genesis of gold de-
posits (see, e.g., Berger and Bethke, 1985; Mac-
donald, 1986; Groves et al. 1987; Ho and Groves,
1987; Colvine et al. 1988; Ho and Groves, 1988;
Kerrich and Fyfe, 1988; Bursnall 1989; Kerrich,
1989; Keays et al., 1989; Hedenquist et al., 1990).
Such studies have mostly been directed towards
the geological setting, wall-rock alteration, light
stable isotopes and fluid inclusions associated
with gold mineralization, whereas geochemical
studies concerning systematic analysis of a wide
range of elements are few (e.g., Radtke et al.,
1972; Boyle, 1979; Kerrich, 1983). Quantitative
data for many rare elements, such as Te, Bi and
Se, which are known, on mineralogical evidence,
to be commonly associated with gold deposits are
particularly scarce.

Until the end of the 1970’s only a few gold
deposits were known in the Fennoscandian Shield
and there were no clear ideas about the regional
gold potential. Significant investment in gold ex-
ploration during the 1980’s has rapidly changed
the situation and a number of deposits and poten-
tial provinces have been found throughout the
shield. Geochemical methods, mainly utilizing
glacial drift as the sample media have been very
important in delineating new gold bearing areas
particularly in Finland, where about 100,000
samples have been analysed for this purpose
during 1984—1988 (Nurmi, 1991). A number of
elements, including Cu, As, Te, Ni, Co, W, Mo,
Ag, Bi, Sb and B, have proven to be useful path-
finders for gold deposits. Since the set of ele-

ments seemed to vary between targets and no sys-
tematic data existed on the trace element com-
position of gold mineralization, a comprehensive
project to study the geochemistry of gold miner-
alization was initiated in 1988, concentrating
principally upon Finnish deposits.

This project is concerned with epigenetic min-
eralization, in which gold is the only or most im-
portant ore metal, and thus all deposits included
are generally of the shear zone or vein type, and
exhibit intense wall-rock alteration. To obtain a
representative set of samples from different
provinces, almost all gold occurrences known in
Finland at the beginning of 1989 (altogether 42),
and two mines from other parts of the Fenno-
scandian Shield were sampled. In addition to this,
mines from well-known gold provinces in the Su-
perior Province in Canada and the Norseman —
Wiluna belt in Western Australia were included
as a reference, together with a set of samples
from commonly occurring host rock types.

Bulk sampling from ore and adjacent wall
rocks was deemed preferential to other tech-
niques in order to avoid, as far as possible, sam-
pling bias caused by the heterogeneous distribu-
tion of rare elements in gold ores, and to mini-
mize the number of samples. Drill-core material
was available from the Finnish deposits, and the
most representative intersection was selected
from each target together with local geologists
and/or on the basis of exploration reports. Fur-
thermore, data concerning the geology and ex-
ploration history of each occurrence was gath-
ered, and has been published elsewhere (Nurmi,
1991). Since drill core was not available from the
other mines, chip-channel samples were taken
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from typical lodes either by mine geologists or
the authors.

All samples were to be analysed for a wide set
of elements with special attention given to Au-
affiliated rare elements, with techniques allow-
ing detection limits below the background levels.
Analytical methods, employing graphite furnace
atomic absorption spectrometry, which were de-
veloped at the Geological Survey of Finland for
analysing low abundances of Au, Te, Se, Ag, Pd
and Pt (Kontas et al., 1986, 1990; Niskavaara and
Kontas, 1990), offered a good starting point for
the study, and were supplemented with other ad-
vanced methods. Some elements were determined
with different methods, a number of samples
were analysed twice and a suite of reference sam-
ples representing typical host rocks was also in-

cluded in the study in order to establish the
reproducibility of results and detect any system-
atic errors in the analytical procedures. Further-
more, contamination due to milling was tested
by analysing preparation blanks.

The main purpose of the study was to obtain
a comprehensive understanding of the associa-
tion of a wide range of elements present in
mesothermal gold mineralization in different geo-
logical settings. This is particularly important
in planning geochemical exploration and offers
valuable data for classifying and studying the
genesis of gold mineralization. The present pa-
per is intended to present complete geochemical
results, along with a detailed description of sam-
pling and analytical procedures. Genetic aspects
of the data will be discussed elsewhere later.

GEOLOGICAL SETTING OF GOLD DEPOSITS IN THE FENNOSCANDIAN SHIELD

The Fennoscandian Shield comprises vast areas
of Late Archean and Early Proterozoic terrains,
but although geologically analogous to other
shield areas, it has never been significant gold
producer in world terms. Gold has principally
been extracted as a by product of the exploita-
tion of massive sulfide deposits and only a few
mines have been operated purely for gold (see,
Gaal and Sundblad, 1990; Puustinen, 1991).
However, intensive exploration in the 1980’s has
led to the discovery of a number of economical-
ly interesting gold deposits and zones of good
potential, in addition to the opening of a num-
ber of gold mines: Endsen (in 1984) and Bjork-
dal (1988) in Sweden; as well as Bidjovagge (1985)

in Norway; and Saattopora (1988) in Finland.
Gold mineralization in the Fennoscandian Shield
is not restricted to the Archean greenstone belts
but numerous deposits, including all the above
mentioned operating mines occur within Early
Proterozoic complexes.

Gold mineralization can be divided into three
main groups in relation to tectono-stratigraphic
units (Nurmi, 1991), namely deposits associated
with: 1) Late Archean greenstone belts in eastern
Finland; 2) the intracontinental Early Proterozoic
Lapland greenstone belt in the northern part of
the shield; and 3) Early Proterozoic, juvenile
Svecofennian complex in southwestern Finland
and southern Sweden (Fig. 1).

Gold mineralization in the Archean greenstone belts

Archean gold occurrences are known in the
Ilomantsi and Kuhmo greenstone belts (Fig. 1;
Table 1), formed between 2.9—2.7 Ga. Supra-

crustal rocks comprise narrow, bifurcating zones
attaining 50 to 100 km in length but only a few
kilometres in width within an extensive gneiss —
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Fig. 1. Major geological provinces and location of mesothermal gold deposits in the Fennoscandian Shield. Archean green-
stone belts (11—16): 11. Lokkiluoto, 12. Kelokorpi, 13. Muurinsuo, 14. Korvilansuo, 15. Ramepuro and 16. Kuittila; Lapland
greenstone belt (17—34): 17. Pahtavaara, 18. Lélledvuoma, 19. Sukseton, 20. Kivimaa, 21. Suurikuusikko, 22. Hirvilavan-
maa, 23. Rovaselké, 24. Saattopora N, 25. Saattopora S, 26. Iso-Kuotko, 27. Soretiavuoma, 28. Sirkka W, 29. Bidjovagge,
30. Juomasuo, 31. Sdynajavaara, 32. Sivakkaharju, 33. Konttiaho and 34. Miakararova; Svecofennian complex (35—54):
35. Laivakangas N, 36. Sudenkyld, 37. Jokisivu, 38. Isovesi, 39. Antinoja, 40. Vesiperd, 41. Angesneva, 42. Kiimala, 43.
Pirila S, 44. Kalliosalo, 45. Kurula, 46. Pirild N, 47. Kaapelinkulma, 48. Laivakangas S, 49. P6hl6ld, 50. Kopsa, 51. Kan-

gaskyld, 52. Osikonméki E, 53. Osikonmdki W and 54. Bjorkdal.
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Table 1. Location, geology and gold contents of studied gold occurrences and analysed drill cores from the Fennoscandian

Shield. See App. 5 for abbreviations.

Target Name Commune/ Company' Drill Map Analysed depth intervals (m)

no country core sheet Whole length Ore

11 Lokkiluoto Kuhmo KAJ KR 16/290 4413 02 001.80-020.95 001.80-007.432
12 Kelokorpi Ilomantsi GSF R 329 4244 08 125.45-146.30 134.90-138.70

13 Muurinsuo Tllomantsi GSF R 320 4244 08 014.00-042.20 024.00-032.00

14 Korvilansuo llomantsi GSF R 325 4244 08 124.70-146.40 134.70-136.70

15 Ramepuro Illomantsi OKU IMHA 9 4244 09 045.65-060.70 053.05-055.80

16 Kuittila Ilomantsi GSF R 309 4244 08 148.00-170.00 153.00-160.00

7 Pahtavaara Sodankylad GSF R 508 3714 05 104.50-127.90 114.00-119.00

18 Lilledvuoma Kittila OKU PAI 1 2743 01 038.50-063.35 048.50-053.70

19 Sukseton Kittila OKU SUK 5 2744 04 023.93-032.82 026.12-030.78

20 Kivimaa Tervola OKU TS 2631 10 025.00-045.20 032.00-038.20

21 Suurikuusikko Kittila GSF R 407 2743 05 036.00-054.00 041.00-049.00

22 Hirvilavanmaa Kittila GSF R 343 2734 06 045.30-075.30 055.80-064.80

23 Rovaselka Kittila OKU ROV 4 2744 05 032.60-050.10 038.80-040.10

24 Saattopora N Kittila OKU SP 235 2741 04 012.70-033.00 015.70-028.50

25 Saattopora S Kittila OKU SP 207 2741 04 096.50-121.70 104.40-113.00

26 Iso-Kuotko Kittila GSF R 309 2744 04 058.00-094.00 066.00-076.00

27 Soretiavuoma Kittila GSF R 307 2743 01 039.60-058.40 048.40-049.40

28 Sirkka W Kittila OKU SKK 12 2741 07 018.90-046.00 029.00-033.00

29 Bidjovagge N Norway BIDGR Mine - - -

30 Juomasuo Kuusamo GSF R 320 4613 02 120.00-165.70 130.00-154.20

31 Séynijivaara Kuusamo GSF R 305 4611 07 081.00-128.10 091.00-116.50

32 Sivakkaharju Kuusamo GSF R 348 4611 10 020.10-054.50 031.10-047.50°
33 Konttiaho Kuusamo GSF R 361 4611 10 003.50-035.50 020.50-025.50

34 Mikirirova Sodankyla GSF R 301 3724 11 137.00-150.00 139.00-143.00

35 Laivakangas N Raahe OKU RHLAI 28 2441 07 026.00-046.50 029.90-036.85*
36 Sudenkyla Ilmajoki MAKA R4 2222 04 009.60-019.55 014.15-015.05

37 Jokisivu Huittinen OKU HUJS 1 211201 009.80-032.92 021.54-025.40

38 Isovesi Suodenniemi  OKU SDNIS 1 2122 05 017.10-028.70 022.65-024.55

39 Antinoja Kannus OKU KNSAN 15 2342 05 004.00-030.15 011.90-020.10°
40 Vesiperi Haapavesi GSF R 307 2433 02 043.40-064.85 053.50-058.50

41 Angesneva Haapavesi GSF R 369 2433 02 031.35-067.50 042.00-061.45

42 Kiimala Haapavesi GSF R 390 2433 02 032.60-067.80 042.60-059.85

43 Pirila S Rantasalmi GSF R 322 3233 06 070.00-100.90 079.85-091.50

44 Kalliosalo Nurmo GSF R 318 2222 07 147.40-162.40 156.40-159.40

45 Kurula Ylivieska GSF R 316 2431 08 009.70-021.50 012.75-015.00

46 Pirila N Rantasalmi GSF R 375 3233 06 045.55-063.55 051.55-053.55

47 Kaapelinkulma Valkeakoski ~ GSF R 305 213203 000.70-017.70 003.35-007.30

48 Laivakangas S Raahe OKU RHLAI 56 243209 075.45-097.25 088.00-091.45

49 Pohlola Haapavesi OKU HPVPOH 7 2433 02 000.00-007.33 003.20-003.75

50 Kopsa Haapajirvi OKU K 66 2344 07 019.00-050.10 032.50-050.10°
51 Kangaskyld Reisjirvi OKU RE 61 2341.12 039.65-055.40 047.70-048.65

52 Osikonmiiki E Rantasalmi GSF R 421 3233.09 165.00-226.00 176.00-214.00

53 Osikonmaki W Rantasalmi GSF R 391 3233.09 111.00-134.50 118.00-126.00

54 Bjorkdal N Sweden TEMI Mine - - -

Notes: ! Company acronyms: BIDGR = Bidjovagge Gruber, GSF = Geological Survey of Finland, KAJ = Kajaani Oy, MAKA = Malmikaivos

Oy, OKU = Outokumpu Oy, and TEMI = Terra Mining Ab.
2 Foot-wall alteration zone analysed only.

2 Low-grade interval 38.10-44.50 excluded.

4 Post-mineralization granite dike 37.90-41.30 excluded.

» Low-grade interval 12.60-14.60 excluded.

¢ Hanging-wall alteration zone analysed only.

granitoid complex. The gold potential of the
more extensive greenstone belts occurring to the
east in contiguous parts of the U.S.S.R. has not
been studied in detail and the existence of gold
deposits has not been reported in the literature.

The Kuhmo belt is characterized by bimodal
volcanic series from calc-alkaline rhyolite-ande-
site to tholeiitic and komatiitic mafic to ultra-
mafic volcanic rocks (Luukkonen, 1988; Piirai-
nen, 1988). The eastern part of the Ilomantsi belt,
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Grade Length Host Ore type Mineral resources References
(ppm Au)  (m) rock (M) (ppm Au)

42 5.63 mtuf qtz veins - - T. Kopperoinen, pers. commun.
3.0 3.80 ituf qtz veins & dissemination - - Nurmi and Ward, 1989

21 8.00 grw dissemination - - -

48 2.00 grw dissemination - - -
19 2.75 grw qtz-tour veins 0.25 5 Pekkarinen, 1988

21 7.00 ton qtz veins 0.28 2.6 Nurmi and Ward, 1989

7.4 5.00 umr qtz lenses & veins 0.23 73 Korkiakoski et al., 1989

38 520 umr crb-qtz veins - - R. Hugg, pers. commun.

27 4.66 mvolc sulfide dissemination - - -

4.9 6.00 doler crb-qtz veins 0.05 53 Rouhunkoski and Isokangas, 1974
6.6 8.00 mtuf crb-qtz breccia - - Harkénen and Keininen, 1989
10 9.00 umr crb-qtz breccia - - -

21 1.30 mtuf sulfide-qtz breccia - - R. Hugg, pers. commun.

10 12.80 mtuf crb-qtz veins 1 3.6 Anttonen et al., 1989

34 8.60 mtuf crb-qtz veins - - M

2.0 10.00 mtuf crb-qtz veins - - Hirkonen and Keindnen, 1989
3.6 1.00 umr crb-qtz veins - - Keinidnen et al., 1988

5.0 4.00 umr dissemination - - R. Hugg, pers. commun.

- - crbabr sulfide breccia >5 0.5-30 Séderholm and Nixon, 1988
4.5 24.20 absechlor sulfide dissemination 1.2 5 Pankka and Vanhanen, 1989
3.9 25.50 btchloabr sulfide breccia 0.4 1 -

8.0 10.00 abcrbser sulfide veins & dissemination 0.1 8 -
29 3.00 aberbr sulfide dissemination - - -

1.8 4.00 fgn hematite-qtz veins 0.08 21 I. Hirkonen, pers. commun.
57 6.95 mvolc qtz veins 0.7 4 Miikeli et al., 1988

12 0.90 mvolc qlz veins - - P. Huopaniemi, pers. cc
28 3.86 mvolc qtz veins - - A. Kinnunen, pers. commun.
14 1.90 ivolc dissemination - - N

28 6.20 ivolc dissemination - - T. Huhtala, pers. commun.
9.5 5.00 ivolc qtz veins & dissemination - - Mikeld et al., 1988

21 19.45 ivole dissemination - - E. Sipild, pers. commun.

2.1 17.25 ivolc sulfide breccia - - -

14 11.65 ivolc qtz lenses 0.15 8 Makkonen and Ekdahl, 1987
9.7 3.00 ivolc qtz veins - - P. Oivanen, pers. commun.
18 2.25 ivolc dissemination - - E. Sipila, pers. commun.

22 2.00 fvolc qtz lenses & dissemination 0.03 24 Makkonen and Ekdahl, 1987
33 3.95 qtzdr qtz veins 0.07 8 P. Rosenberg, pers. commun.
6.0 3.45 ton qtz veins 0.06 8 Mikela et al., 1988

13 0.55 ton qlz veins - - Mikela et al., 1988

27 17.60 ton qtz veins & dissemination 1:1 1.9 Gail and Isohanni, 1979

9.0 0.95 ton qlz veins - - T. Huhtala, pers. commun.
6.9 38.00 ton dissemination 45 2.0 Kontoniemi and Ekdahl, 1990
4.7 8.00 ton dissemination £ -

- - ton qtz veins 10 28 S. Sundberg, pers. commun.

hosting the gold occurrences, is composed pre-
dominantly of calc-alkaline dacitic — andesitic
volcanic rocks along with their sedimentary
derivatives (Nurmi and Ward, 1989). Early tona-
litic intrusions at about 2.75 Ga are common.
Both belts exhibit complex deformation and
metamorphism, which attained amphibolite fa-
cies conditions. Gold mineralization occurred
relatively late in crustal evolution under retrogres-
sive metamorphic conditions.

Gold deposits show no preferential association
with any host-rock lithology, but are controlled
by extensive shear and alteration zones typical of
mesothermal gold mineralization in other shield
areas. In the Ilomantsi belt, however, contact
zones between schists and tonalitic intrusions or
porphyry dikes seem to have been preferential
sites for gold deposition (Nurmi and Ward,
1989). Gold occurs in quartz + tourmaline veins
and also disseminated in pervasively altered
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quartz-sericite schists, typically containing Fe-
sulfides and minor Te and Bi minerals (Johan-
son and Kojonen, 1989).

Although these belts have significant economic
potential and are currently focus for exploration,

Gold mineralization in the

The Lapland greenstone belt covers a vast area
(>50,000 km?) in the northern Fennoscandian
Shield from the Kuusamo area in northeastern
Finland into northern Norway and Sweden (Fig.
1; Table 1). It developed by episodic extension
and rifting of an Archean ensialic substrate be-
tween 2.5—2.0 Ga (Lehtonen et al., 1985; Ward
et al., 1989). Deposition started with bimodal
volcanic rocks, which are overlain by a quartzite
— metapelite association and voluminous suba-
queous tholeiitic — komatiitic volcanic rocks.
High heat flow and permeability associated with
rifting caused circulation of seawater and sedi-
ment-hosted brines leading to widespread, syn-
volcanic albite — carbonate dominated altera-
tion, which may be locally intense along linear
belts. Deposition of massive sulfides accompa-
nied the process, as indicated by the copper
deposits of Viscaria, Pahtavuoma, Saattopora
and Riikonkoski (Godin, 1976; Inkinen, 1979).

Compressive deformation and associated
greenschist facies metamorphism did not take
place until the Svecokarelian orogeny at about
1.9 Ga ago. It resulted from the emplacement of
the allocthonous Lapland granulite terrain from
the NE, combined probably with coeval thrusting
of opposite vergence (Ward et al., 1989). Duc-
tile shear zones developed subparallel to the
thrusting direction and later deformation caused
progressive shortening, rotation of earlier struc-
tures and granitoid intrusion.

Epigenetic gold mineralization occurred along
tectonic zones in a diverse of geological settings
including quartz-carbonate vein systems and dis-
seminations associated with: 1) altered mafic
— ultramafic lithologies; 2) altered granitoids

only a few showings have as yet been evaluated
by drilling. The Ramepuro deposit has been as-
sessed as containing some 0.25 Mt at 5 ppm to
a depth of 50—70 m and over a strike length of
500 m (Pekkarinen, 1988).

Lapland greenstone belt

and porphyry dikes; and 3) pervasively altered
epiclastic metasediments (Ward et al., 1989). Al-
though many occurrences exhibit a close spatial
relationship to early albite-carbonate altered
rocks, it is evident that gold mineralization ac-
companied the late and typically brittle stages of
deformation, and a metamorphic fluid source
was involved. This is manifested for instance, by
a distinct tectonic control of mineralized veins
cross-cutting earlier structures and a well-
developed potassic alteration in initially K-defi-
cient albite-carbonate-dominated and ultramafic
lithologies. Syndepositionally altered sequences
have probably been structurally favorable units
for fluid flow and compositionally suitable for
effective fluid/rock interaction and gold precipi-
tation.

Known gold occurrences are concentrated in
the Kuusamo area in southeastern part and in the
Kittila — Sodankyla region at the center of the
greenstone belt (Fig. 1; Table 1). The Bidjovagge
Au-Cu mine, in northern Norway, belongs to the
same province (Soderholm and Nixon, 1988).
Most mineralization in the Kittildi — Sodankyl4
area consists of quartz-carbonate veins and dis-
seminations in mafic — ultramafic lithologies.
Pyrite and/or pyrrhotine are typical sulfides, oc-
curring in varying amounts, together with chal-
copyrite and arsenopyrite. In the Kuusamo area,
as well as in Bidjovagge, gold is disseminated
with abundant Fe-sulfides in pervasively altered
albite-carbonate-quartz-sericite-chlorite rocks,
which were originally subarkosic sediments in-
truded by mafic — ultramafic sills. Typical metal
associations in the Kuusamo area include Fe-Au-
Co-U-Cu-W-Mo-Pb-Te-Bi-As and average grade



varies between 0.5—10 ppm for Au and 0.1—
0.3% for Co (Pankka, 1989; Pankka and Van-
hanen, 1989).

The Lapland greenstone belt is currently the
target of several gold exploration projects and
many occurrences have yet to be properly de-
lineated. The Saattopora mine, being the first

Geological Survey of Finland, Bulletin 351 13

gold mine to enter production in Finnish Lap-
land, contains 1 Mt ore in situ grading 3.6 ppm
(T. Korkalo, pers.commun., 1990). The Juoma-
suo Au-Co deposits have geological reserves of
over 0.7 Mt at 5 ppm Au (Pankka and Vanha-
nen, 1989).

Gold mineralization in the Svecofennian complex

The Svecokarelian terrain can be subdivided
into: 1) an intracratonic part, which is largely
coeval with the Lapland greenstone belt, but
comprises mainly epiclastic sediments and late
orogenic granites and migmatites with only minor
tholeiitic — komatiitic volcanic rocks; and 2) the
juvenile Svecofennian part, which contains all the
currently known gold occurrences (Fig. 1). The
latter was formed during a short period (about
1.90—1.86 Ga) in an active continental margin
environment and consists predominantly of calc-
alkaline volcanic rocks along with their sedimen-
tary derivatives and voluminous I-type granitoid
complexes (see, Gaal and Gorbatchev, 1987).
Multiphase deformation and medium grade
metamorphism took place soon after the peak of
magmatic activity, but was subsequently widely
overprinted by higher-grade metamorphism, re-
lated to the formation of migmatites and S-type
granites during a later orogenic phase about
1.83—1.80 Ga ago (Korsman et al., 1984; Nur-
mi and Haapala, 1986).

Gold deposits have been found throughout the
juvenile Svecofennian complex, but distinct

clusters occur around Ylivieska and Rantasalmi
in Finland and Skellefte in Sweden (Fig. 1).
Mineralization seems to have a close spatial rela-
tionship with synorogenic tonalites and subvol-
canic intermediate intrusions, because most
deposits are either hosted by or occur adjacent
to intrusive rocks (Mékeli et al., 1988; Kontonie-
mi and Ekdahl, 1990; Nurmi, 1991; Table 1).
Gold occurs typically in discrete quartz vein sys-
tems with limited alteration halos and less com-
monly as disseminations in shear zones. Altera-
tion minerals include quartz, sericite, biotite and
K-feldspar, but carbonates are notably lacking.
Sulfides are fairly abundant usually consisting of
Fe-sulfides, chalcopyrite, arsenopyrite and less
commonly scheelite, sphalerite, galena and mi-
nor Te- and Bi-minerals.

Only some of the deposits have been fully
evaluated. The Bjorkdal deposit contains about
10 Mt at 2.8 ppm Au; the Laivakangas deposit
has reserves of 0.7 Mt grading 4 ppm (Makeld
et al., 1988); Osikonmaéki 4.5 Mt at 2 ppm (Kon-
toniemi and Ekdahl, 1990); and Pirild, 0.15 Mt
at 8 ppm (Makkonen and Ekdahl, 1988).

SAMPLING OF FINNISH GOLD OCCURRENCES

Previous geochemical studies have shown that
the composition of gold deposits can vary con-
siderably even within a particular camp (e.g.,
Kerrich, 1983; Nurmi et al., 1989). On the other
hand, mesothermal gold mineralization does not

exhibit the same kind of geochemical zoning as
is found, for example in lower-T epithermal gold,
massive sulfide and porphyry deposits, but may
instead be fairly homogeneous from bottom to
top (Colvine et al., 1988). For this reason, it was



14 Geological Survey of Finland, Bulletin 351

considered necessary to include almost all known
occurrences in this study in order to reach reli-
able conclusions concerning the possible geo-
chemical differences between various provinces.
Each deposit included in the survey was required
to have at least one ore-grade drill intersection,
but the overall tonnage was not considered im-
portant, since many of the deposits have not been
evaluated in detail, nor are geochemical charac-
teristics necessarily related on the deposit size. Al-
together 6 targets from the Archean greenstone
belts in eastern Finland, 17 from the Lapland
greenstone belt in northern Finland and 19 from
the Svecofennian complex in southwestern Fin-
land were sampled (Fig. 1; Table 1). Of these 42
occurrences 24 have been investigated by the Geo-
logical Survey of Finland, 16 by Outokumpu Oy
(with Lapin Malmi Oy) and one each by Kajaa-
ni Oy and by Malmikaivos Oy (Table 1; Nurmi,
1991).

By using representative bulk sampling the total
number of samples was kept to a reasonable
minimum. Drill-core material was deemed pref-
erential to other sample types and was exclusively
used for the deposits. Moreover, the use of drill-
core material offered flexibility in selection of the
sample sites, with the further advantage that sam-
ples could be delineated and defined accurately,
material is unweathered, and all samples are of
the same type.

In addition to ore-grade samples, altered wall
rocks were also sampled, since gold does not
necessarily have any systematic correlation with
elements whose abundances may have changed
considerably during the mineralization process
and which may form geochemical halos around
ore zones. Thus these elements are as essential
components of mineralization as gold itself and
may be useful pathfinders in exploration.

The most representative drill core from each
deposit was carefully selected on the basis of ex-
ploration reports and in most cases together with
local company staff. The most important criteria
were: good gold assays over an adequate depth
interval, unimodal gold distribution, most typi-

cal ore type and host rock, and location at the
center of the deposit. In a few cases, unimodal
ore intersections did not exist but ore horizons
were separated by intervening barren portions or
by post-mineralization dikes, which were there-
fore excluded (see, Table 1). At Lokkiluoto and
Kopsa it was possible to analyse only one side of
the alteration zone.

Drill-core reports and gold contents were used
to delineate three intervals from the selected
cores, representing both the ore and altered wall
rocks on either side. The ore samples were de-
lineated purely on the basis of gold assays pro-
duced in association with exploration, using a
cut-off value of about 1 ppm. The longest ore
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Fig. 2. Drill-core lengths and average grades (according to

exploration analyses of subsamples) of the bulk ore samples

of this study from the Finnish gold deposits. Gold provinces:

brown represents Archean deposits; blue, deposits in the

Lapland greenstone belt; and red, deposits in the Svecofen-
nian complex.



intersection sampled in the material is 38 m
(averaging 6.9 ppm) from Osikonméki E, the
shortest 0.6 m (13 ppm) from Kangaskyl4, the
best average grade (according to original explo-
ration analyses) is 29 ppm (over 3 m) from Kont-
tiaho and poorest 1.4 ppm (1.9 m) from Isovesi
(Fig. 2, Table 1). The wall-rock samples were
delineated on the basis of drill-core reports and
analytical results, and usually represent 2 to 15
m intervals of the dominant host rock, from the
ore outwards to unaltered rock.

Bulk samples for this study were combined
from the drill-core material. During exploration,
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the 35 or 45-mm drill cores had been halved by
splitting, generally in 0.3—2 m intervals, and
crushed with portions weighing approximately
100 g milled for analysis. Original coarsely-
crushed material was in most instances still avail-
able for use in this study. Where this was not the
case, half of the remaining drill core was taken
in about 2-m intervals. Wall-rock samples were
often not analysed for their whole length, in
which cases the core was also halved in 2-m sec-
tions specifically for this study. This guaranteed
the same crushing and milling procedures for all
samples, which are described in detail below.

GEOLOGY AND SAMPLING OF GOLD MINES OUTSIDE FINLAND

Samples from 11 mines/ore bodies in well-
known Late Archean mesothermal gold prov-
inces in Canada and Western Australia (Table 2)
were included in the study for reference purposes
as well as two samples from other parts of the
Fennoscandian Shield (Table 1). The mines were
selected to represent different host-rock litholo-
gies and ore types.

Data from the Bjorkdal and Bidjovagge mines
are considered together with the Finnish deposits,
because the former is situated within the Sveco-
fennian complex in Viasterbotten, northern Swe-
den and the latter is located within the Lapland

greenstone belt in Finnmark, northern Norway.
The Bjorkdal deposit is hosted by a series of
quartz-tourmaline veins, which developed in a
shear zone at the contact of a tonalite and felsic
volcanic and carbonate rocks (Larsson, pers.
commun., 1989). Native gold occurs as coarse,
up to 1 mm sized flecks, in the quartz veins and
is, in part, associated with pyrite. Minor chal-
copyrite, scheelite, and Bi and Te minerals are
common. The sample provided by the mine ge-
ologist represents a 5 kg portion of the refinery
feed.

The Bidjovagge Au-Cu deposit comprises sev-

Table 2. Location, geology and reserves (produced and present) of sampled mines in Canada and Australia.

Target Mine Location Company Host rock Ore type Reserves
No (t Au)
1 Mt. Charlotte Kalgoorlie, Australia Kalgoor. Min. Ass. Gold. Mile Doler. qtz veins 53

2 New Celebration - Newmont Australia qtz-feldsp. porph. py veins 23

3 Macassa Kirkland Lake, Canada Lac Minerals alkalic intrusives qtz veins 81

4 Hoyle Bond Timmins, Canada Falconbridge Gold thol. basalt qtz veins 12

5 Owl Creek thol. basalt disseminated 7
6.1 Kerr Addison Kirkland Lake, Canada Golden Shield Res thol. basalt py dissemination 317
6.2 . - - graph. basalt py dissemination -

63 " - - ultramafic rock dissemination -

7 Renabie Wawa, Canada Royex Gold Min. Co. tonalite qtz lenses 34

8 Ferderber Val d’Or, Canada Belmoral Mines tonalite qtz-py veins 9

9 Page Williams Hemlo, Canada Lac Minerals felsic volcanics py dissemination 283
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Fig. 3. Major Archean provinces of the Yilgarn block in Western Australia showing transcrustal fault zones, major gold
deposits (> 10t Au), and distribution of gold deposits in the Kalgoorlie — Kambalda district, with the location of the mines
included in this study. Modified from Groves and Barley (1988).

eral small ore bodies in a pervasively albitized and
sheared, graphite-bearing, epicontinental sedi-
mentary suite with dolerite dikes (Bjorlykke et
al., 1987; Soderholm and Nixon, 1988). Gold
contents have a clear correlation with radioac-
tivity and tellurides. A chip-channel sample
weighing about 10 kg was taken by the mine
geologist across the Au-rich Eva lode for this
study. It grades > 10 ppm Au and 1.5—2.0% Cu
over intersections up to 40—50 m.

Samples from the Norseman — Wiluna belt in
western Australia are from the New Celebration
and Mt. Charlotte mines (Fig. 3), located adja-
cent to the Boulder — Lefroy Fault, which con-
trols the major gold deposits in the belt (see,
Groves and Barley, 1988). The New Celebration
mine is situated between Kalgoorlie and Kam-
balda and the sample is from the Hampton Boul-

der ore body. Mine geology is dominated by a
quartz-feldspar porphyry body in contact with a
mafic hanging wall sequence and ultramafic foot-
wall rocks, intruded by thinner felsic dikes (Cul-
len and Norris, 1988). Gold ore comprises several
tabular bodies within a sheared and pervasively
altered porphyry and in its contact zones. The
sample provided by the mine geologist represents
an approximately 5 kg chip-channel sample
across a lode within pyrite-bearing, silicified and
sericitized porphyry.

The Mt. Charlotte mine at Kalgoorlie is one
of the mines within the Golden Mile Dolerite,
which, as host to the most important gold mines
in the Norseman — Wiluna belt, has a cumula-
tive production of 1200 Mt to 1988 (Groves and
Barley, 1988). Economic mineralization in Mt.
Charlotte is mainly confined to the granophyric
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Fig. 4. Principal geological complexes in and around the Superior Province in Canada, with the location of the gold camps
included in this study (see, Table 2). Modified from Percival and Card (1985).

unit of the differentiated tholeiitic sill (Clout et
al., 1988). Mineralization occurs in quartz veins
in a bleached host rock, dominated by albite, seri-
cite, ankerite, magnetite and pyrite. A chip chan-
nel sample (about 5 kg) across a typical quartz
lode was taken by H. Pankka during a visit to
the mine.

Samples from the Canadian Shield were se-
lected from typical gold mines representing
different geological settings and host rocks
throughout the Superior Province (Fig. 4, Table
2). The deposits from the Abitibi greenstone belt
include Owl Creek and Hoyle Pond from the
Timmins gold camp, associated with the Destor
— Porcupine fault zone, Kerr Addison and
Macassa from Kirkland Lake, and Ferderber in
Val d’Or all occurring adjacent to the Cadillac
— Larder Lake fault zone. These two fault zones
control the majority of gold deposits in the Abi-
tibi belt. The Page Williams mine in Hemlo and
the Renabie mine near Missanabie belong to the
Wawa subprovince.

Kerr Addison, Owl Creek and Hoyle Pond are
largely hosted by tholeiitic metabasalts, the most
common wall-rock type for Archean mesother-

mal gold deposits world wide. The ore bodies of
the huge Kerr Addison mine are located along
the Larder Lake break which, in addition to being
an important tectonic break, is also a major litho-
logical boundary between tholeiitic — alkalic vol-
canics and sediments, and komatiitic — tholeiitic
volcanics (see, Kishida and Kerrich, 1987, and
references therein). Gold occurs in two main ore
types. The green carbonate ore is hosted by a
highly altered ultramafic rock composed of Cr-
mica, quartz and carbonate, and contains coarse-
grained gold in quartz veinlets. Gold in the flow
ore is associated with fine-grained, disseminat-
ed pyrite in altered pillow basalts, now domi-
nated by a quartz-chlorite-carbonate assemblage.
Three chip-channel samples (about 5 kg each)
across typical ore bodies representing the flow ore
(No 6.1, Table 2), graphitic flow ore (No 6.2) and
green carbonate ore (No 6.3, Table 2) were
provided by the mine geologist.

At Hoyle Pond and Owl Creek, gold is main-
ly associated with quartz veins and disseminated
pyrite in altered tholeiitic volcanics (Downes et
al., 1984; Coad et al., 1986). From both mines
chip-channel samples (about 5 kg each) across
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typical lodes were provided by the mine geolo-
gists. The sample from Hoyle Pond represents
coarse gold in quartz veins, whereas that from
Owl Creek fine-grained gold in disseminated
pyrite.

The Macassa mine has a complex geological
setting dominated by clastic sediments and
trachytic volcanics intruded by a composite al-
kalic rock, which is the principal host rock (Ker-
rich and Watson, 1984). Fine-grained gold to-
gether with pyrite, molybdenite and tellurides oc-
curs in structurally controlled quartz veins, lenses
and in lesser amounts in quartz breccias. Hydro-
thermal alteration includes silicification, car-
bonation and potassic alteration revealed by the
abundance of K-feldspar and sericite. Sample in-
cluded in this study is from an international gold-
ore standard (MA-1a) prepared and supplied by
the Canada Centre for Mineral and Energy Tech-
nology. The sample is supposed to be a well-
homogenized bulk sample from a typical lode,
and it is composed mainly of quartz, feldspar,
dolomite, muscovite and chlorite. Pyrite, chal-
copyrite, sphalerite, hematite, magnetite, altaite
and melonite are present in minor to trace

amounts.

Page Williams is one of the three mines in the
giant Hemlo deposit within the Schreiber —
White River greenstone belt. Local geology is
dominated by calc-alkaline intermediate to felsic
volcanic, volcanoclastic and sedimentary rocks,
which occur as fault-bounded sheets (Valliant
and Bradbrook, 1986). The mine comprises three
ore bodies hosted by amphibolite-grade volcanic
and sedimentary rocks. For this study a bulk
sample (about 10 kg) was taken by the authors
from the main B zone. It comes from a thick
lense of pyritic quartz-sericite schist at the con-
tact zone between a quartz-crystal tuff and sedi-
mentary rock, and between two fault zones. Fine-
grained native gold and enriched Mo, Sb, As,
Hg, TI, V and Ba contents are characteristic for
the ore (Harris, 1986).

The Ferderber and Renabie mines are both
hosted entirely within biotite tonalites. Gold oc-
curs in quartz lenses controlled by shear zones
(Vu et al., 1987; Callan and Spooner, 1989). The
bulk samples, collected by the authors, comprise
5 to 10 kg of chips from typical lodes.

REFERENCE SAMPLES OF ROCK TYPES

The abundances of many rare elements are in-
adequately documented for common rock types,
and for example, there exist no complete geo-
chemical data for international rock standards.
Hence, it was deemed necessary to analyse a set

of commonly occurring host rock types in order
to obtain better assumptions for background
levels of all elements analysed. Furthermore, this
also acted as a rough check for any possible bias
in the results.

Table 3. Location and rock types of background samples (see, Backman, 1991).

Sample  Rock type Sampling site Map Grid coordinates
code sheet X Y

RS 131 basaltic komatiite Sattasvaara, Sodankylad 3714 05 7502.51 473.21
RS 11 gabbro Usmi, Hyvinkaa 2044 02 6726.14 543.37
RS 101 diorite Karpioniemi, Viitasaari 3311 02 6997.20 428.29
RS 91 phyllite Hakkisenmaki, Karunki 2542 02 7326.70 501.87
MB863883 tonalite Kuittila, llomantsi 4244 08 6967.66 561.64




It was not possible to analyse the host rocks
of all targets, since in most cases unaltered
equivalent host rocks are absent, or difficult to
define and sample, and moreover the number of
samples required would have markedly increased.
For this reason, a set of analytical reference sam-
ples prepared at the Geological Survey of Fin-
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land (Backman, 1991), representing commonly
occurring host rock types from felsic to ultra-
mafic, was included as a reference suite (Table
3). This was supplemented with a tonalite, which
is a carefully selected drill-core sample (1 m) from
the Late Archean Kuittila stock in Ilomantsi,
eastern Finland.

ANALYSIS

Sample preparation

The samples from each target were selected
carefully as described in the sampling section.
Primary samples consisted of coarse crushed drill
core material, chips and uncrushed drill core ma-
terial. The coarsely crushed samples were then
recrushed with a jaw crusher (Table 4) to give a
sample with a grain size of 95% <2 mm. The
uncrushed drill-cores were firstly halved and then
crushed along with the chip samples (Table 4) fol-
lowed by fine crushing as above. Each sample
was split to give a subsample of which at least
100 g was milled (Table 4). For the Finnish tar-
gets, from which drill-core material was avail-

Table 4. Equipment used in sample preparation.

Equipment Usage

Jaw crusher for coarse
crushing.

Humbold Wedag AG MN 931/10

Retch BB2 Jaw crusher for fine

crushing
Retch PKZ/2 Rotatory Tube Sample
Divider for representative
sample splitting
Siebtechnic Swing mill with carbon
steel pans (steel CK 45)
for sample milling
Turbula T 52C Shaker Mixer for
homogenization of
composite samples

able, three separate composite samples (the ore
and wall-rock samples on both sides of the ore)
were combined from these subsamples. The com-
posite samples were coded so that two numbers
represent the target and a third number describes
the section within the target. Number one refers
to the upper wall rock, number two the ore and
number three the lower wall rock.

Combination of the subsamples was carried
out by calculating the weight of each subsample
in proportion to the length of the subsample with
respect to the length of the composite sample. At
least 250 g of composite sample was prepared.
From eleven selected ore samples, 2000 g of com-
posite sample was prepared for quality control
and further use. These samples were used as
duplicates to control the precision of analysis and
homogenization. After weighing, the composite
samples were mixed thoroughly (Table 4). Each
sample was separated into three identical frac-
tions and distributed for analysis. A total of four
preparation blanks were included to check for
preparation contamination at each stage of
preparation. Blanks consisted of quartzite sam-
ples prepared using the same equipment as used
in this study.

The whole research material consisted of 137
research samples, of which 13 samples are from
gold deposits outside Finland, and a further five
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background samples, eleven duplicates of ore
samples and four preparation blanks.
The total number of subsamples was 780,

which means that the bulk samples (excluding the
chip samples) contained on average 6.4 subsam-
ples.

Analytical methods

The samples were distributed to three labora-
tories for analysis. A summary of the analytical
methods and the detection limits are shown in
Fig. 5.

X-Ray Assay Laboratories Ltd (XRAL) in
Toronto, Canada analyzed the samples using
their research analysis package employing vari-
ous analytical methods. Gold, Pd and Pt were
determined after Fire Assay preconcentration
with a direct current plasma-atomic emission
spectrometer (DCP-AES), using 20 g of sample.
Major elements and CIl, Cr, Rb, Nb, Sn, Zr

Analytical methods
ICP

and Ba were determined by X-ray fluorescence
(XRF). HF/HCIO, digestion was used for the
determination of Li, Sc, Mn, Co, Cu, Ni, Zn,
Ga, Sr, Y, Mo, P and low Mg with an inductive-
ly coupled plasma-atomic emission spectrometer
(ICP-AES), and La, Ce, Pr, Nd, Sm, Eu, Gd,
Tb, Dy, Ho, Er, Tm, Yb, Lu, Tl and Bi with
inductively coupled plasma mass spectrometer
(ICP-MYS). Silver, Cd and In (low K) were deter-
mined from the same digest with a flame atomic
absorption spectrometer (FAAS) and Se with a
graphite furnace atomic absorption spectrome-

Inductively coupled plasma atomic emission spectrometry

DCP Direct current plasma atomic emission spectrometry
PMS Inductively coupled plasma mass spectrometry
XRF X- ray fluorescence spectrometry

H NAA Neutron activation analysis
(H‘;VO) FAA Flame atomic absorption spectrometry
Li |[Be| GAA Graphite furnace atomic absorption | B | C I F
ICP | DCP spectrometry NAA |(C,Co2) w
1 1 ) W100 20
W  Wet chemical and other methods 0o .
Na|Mg Al|Si|P | S |CI
XRF | XRF XRF | XRF | XRF | ICP | w
AA10[ICP10 50 | 50 [ICP10{ 10 | 50
K |[Ca|Sc|Ti| V |[Cr|Mn|(Fe|Co| Ni Cu|Zn|Ga|Ge|As|Se
XRF | XRF | ICP | XRF | DCP | XRF | ICP | XRF | ICP | ICP | ICP | ICP | ICP | DCP |NAA |GAA
FAAIQ 70 | 005| 60 | 2 [NAA1| 2 1 1 {05]/05| a1 10 | 05 |0.02
Rb|Sr| Y | Zr | Nb|Mo Pd|Ag|Cd|In [Sn|Sb|Te
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Fig. 5. Chemical components analysed in this study with main analytical method used and detection
limits (in ppm) for elements often having low abundances.



ter (GFAAS) after MIBK-extraction. Beryllium,
V and Ge were determined with DCP-AES after
KOH-fusion. Neutron activation analysis (NAA)
was used for Th, U, Hf, Ta, W, Cs, Sb, As, Cr
and low Na. Prompt-gamma spectrometry was
used for B, while Hg was determined with cold
vapor atomic absorption spectrometry. Ion
specific electrodes were used for F, and H,0~,
H,0- and CO, were determined gravimetrically.

Gold, Te, Se, Ag, Pd and Pt were determined
in the Chemical Laboratory of the Geological
Survey of Finland (GSF) with low detection limits
(Niskavaara and Kontas, 1990). Twenty grams
of sample were digested with aqua regia and the
elements analysed were separated by reductive
coprecipitation using Hg as a collector and stan-
nous chloride as a reductant. The elements were
determined with GFAAS. This method has been
widely used at GSF and has been shown to be
applicable for the determination of trace concen-
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trations of Au, Ag, Se, Te, Pd and Pt by anal-
yzing international geological reference samples
(Kontas et al., 1986, 1990). In addition to the rare
elements above, S was determined with ICP-AES
after aqua-regia digestion. Because of the mode
of occurrence and low concentrations of these
Au-affiliated rare elements, the aqua-regia dis-
solution is sufficient for yielding results very close
to the total abundances.

Total carbon was determined in the Chemical
Laboratory of the Geological Survey of Finland
(GSF) in Espoo. Graphitic carbon was calculated
from the difference of total carbon and CO,. In
addition Au determinations exceeding 10 ppm
concentrations, which were not reported by
XRAL in the package used, were determined with
FAAS after Fire Assay preconcentration from 25
g samples. Magnetic susceptibility was also meas-
ured at GSF in Rovaniemi.

Comparison of analytical methods

Since Au was determined with two consider-
ably different methods a comparison of results
was carried out. The results Aug, are from fire
assay/DCP or FAAS and results Au,; are from
aqua regia/Hg-coprecipitation/GFAAS. Sample
3 (Macassa), which is a reference gold ore MA-
la distributed by Canada Centre for Mineral and
Energy Technology gave 19.6 and 23.0 ppm re-
spectively (certified value 21.4 ppm). Both ana-
lytical methods gave equally accurate results for
this particular sample. In Fig. 6 a plot of Aug,
vs. Au,g is shown for 137 samples. The corre-
lation coefficient is 0.93 and there is no syste-
matic difference between the results. This con-
trasts with the results reported by Hall et al.
(1989), which show that values obtained for Au
using aqua-regia dissolution were systematically
low by 24—42% compared to INAA results.

In order to increase the reliability of the Au
results of this study, the mean of these two results
is further used in processing for all wall-rock
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Fig. 6. Comparison of Au results analysed with graphite fur-
nace atomic absorption spectrometry (GFAAS) after aqua-
regia dissolution (Au,g)and direct current plasma atomic
emission spectrometry (DCP) after fire-assay concentration
(Aug,). Both analyses are from 20 g samples.
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Fig. 7. Comparison between Au contents of the bulk sam-
ples analysed in this study (Aug) and the mean of explora-
tion analyses (Augxp) Of respective subsamples.

samples and for the ore samples when the results
deviate less than 30%. In other cases, the result
which is closer to the mean content according to
the exploration analyses for the particular core
interval is used.

In Fig. 7 the Au values used in this study are
plotted against the values of exploration analyses
which were calculated as a mean of analyses of
subsamples. The analyses used in the exploration
stage seem to be highly reliable and show a good
correlation with the results of this study, the only
prominent exception being Hirvilavanmaa (sam-
ple 222). This good correlation also indicates the
success of combination and homogenization
procedures used in this study.

Selenium was also determined by two methods,
one with a significantly lower detection limit
(Sey,: Aqua regia/Hg-coprecipitation/GFAAS).
In Fig. 8 a plot of Sey;x (total digestion/
MIBK-extraction/GFAAS; results not reported)
vs. Sey, is shown. Excluding one deviant sample
(sample 223) and using only values higher than
detection limits, the correlation coefficient is
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Fig. 8. Comparison of Se results analysed with graphite fur-

nace atomic absorption spectrometry after aqua-regia disso-

lution and Hg co-precipitation (Sey,), and after HF-HCIO,
digestion and MIBK extraction (Sey;gk)-

0.96. Due to the considerably lower detection lim-
it, the results of Sey, are used.

Silver, Pd and Pt were determined with two
methods. The results of Hg-coprecipitation/
GFAAS are used in further processing because
of the lower detection limits of this method.
Tungsten was also determined with two methods.
The higher values reported here are NAA results
and the lower (<3 ppm), colorimetric analyses
performed at GSF.

For most elements the lowest reported values
of the methods used were sufficiently low to cov-
er the total variation of concentrations in the
whole research material (Fig. 5), exceptions be-
ing Bi, Cd, Pb, Mo, Sb, Hg and Sn. The detec-
tion limits for Ta, Ge, Pt, In and some volatiles
were also insufficiently poor but these elements
are not of essential importance to this study. For
elements determined with INAA the detection
limits varied depending on sample matrix, which
makes the data handling somewhat difficult for
Sb and U.
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Precision of gold analyses

Eleven of the ore samples were included as
duplicate samples in order to test the precision
of analytical methods and the homogeneity of
samples. For Au four consecutive analytical
results of these samples are available. The mean
values of duplicate analyses of both analytical
methods are comparable with only three excep-
tions: sample 142 (means Aug, =3050; Au,g =
5400), sample 212 (means Aug, =6500; Au,g =
1600) and sample 432 (means Aug,=9600;
Au,, =23,000).

Due to insufficient number of replicate ana-
lyses, the evaluation of precision is difficult, so
that the relative difference of duplicate analyses
is used as an estimate of precision. In Fig. 9 a
plot of mean values vs. the relative difference of
the duplicate analyses is presented for both ana-
lytical methods. Excluding three prominent out-
lying samples, good precision (estimate <40%))
is typically achieved in concentrations higher than
1000 ppb. The precision of Aug, seems to be
slightly better than Au, which has been devel-
oped in particular for mineralized samples with
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Fig. 9. Means of duplicate Au analyses of the bulk samples
vs. relative difference. Red symbols refer to aqua-regia dis-
solution (Au,g) and blue to fire assay concentration (Aug,).

trace concentrations of elements. In addition,
heterogeneity of samples may contribute to the
outlying values.

Contamination during sample preparation

Contamination tests were carried out to estab-
lish contamination sources in preparation stages.

Sample 1 is a quartzite sample milled in an
agate pan. This will give the actual uncontami-
nated concentrations of the test sample. Sample
2 was crushed using a jaw crusher and milled in
an agate pan (Table 4). Sample 3 was crushed
with both jaw crushers and milled in agate pan.
Sample 4 was crushed with both crushers and
milled in a steel pan.

A slight contamination from equipment dur-

ing preparation was observed for elements Fe
(max 0.23%), Mn (max 0.017%), Cu (max 8.7
ppm) and Mo (max. 3 ppm). This contamination
can be considered negligible as the regular sam-
ples are softer than quartzite so that the actual
contamination will be less.

A minimal contamination of Au, Ag and Te
was also observed. This contamination was found
to be an unfortunate carry over from previously
prepared ore samples, but is insignificant com-
pared to the contents of the mineralized samples.
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RESULTS

In the following discussion, emphasis is laid
on those elements that seem to be involved in
mineralization processes, as revealed by highly
variable contents in the samples. Numerous ele-
ments exhibit either only a small overall varia-
tion in the total data set or else variation closely
related to host lithologies and therefore affected
only by the mass and volume changes related to
wall-rock alteration (e.g., Be, Hf, REE, Sc and
Zr). Cadmium, Ge, In and Ta were mostly be-
low the analytical detection limits and do not
show individual peak values. Hence, those ele-
ments are not discussed further in this context.

Because the Au content of the drill intersec-
tions was used in delineating the ore samples in
such a way that the mean Au content should cor-
respond to grade of ore that is economic at cur-
rent Au prices (1 ppm cut-off value, average Au
mostly >2 ppm), the contents of the other ele-
ments likewise represent mean abundances in
typical gold ore and, as Au itself, may be at times
orders of magnitude lower than individual peak
values in smaller samples.

Sampling of the wall rocks was usually done

recording visible alteration and although these
samples are also anomalous for Au, the Au con-
tent was not the primary delineation criteria.
Hence, the wall-rock samples record element
abundances adjacent to a gold ore lode more in-
dependently than those of the ore itself.

Location of the deposits studied and analysed
drill cores are shown in Figs. 1—3 and Tables
1—2, and descriptions of analysed samples are
given in App. 1. Complete analytical results and
magnetic susceptibilities of the samples are given
in App. 2 for the deposits in the Fennoscandian
Shield, in App. 3 for the deposits in Canada and
Australia, and in App. 4 for the reference set of
rock types. The elements are listed in the Appen-
dices in alphabetical order, according to their
chemical symbols, except for respectively Au ana-
lyses, major elements, volatile elements and rare
earth elements — which are grouped together. In
the Tables, Appendices and Figures, deposits
within each province are arranged in a general
order according to dominant host rock litholo-
gy from mafic — ultramafic to felsic.

Gold and affiliated rare elements

On the basis of mineralogical and geochemi-
cal studies, gold deposits have for a long time
known to contain elevated abundances of a num-
ber of rare elements. Boyle (1979) gives a gen-
eral list for associated elements in all types of
hypogene and supergene deposits, including S,
Se, Te, As, Sb, Bi, Cu, Ag, Zn, Cd, Hg, Sn, Pb,
Mo, W, Fe, Pt, Pd, Co and Ni. Archean green-
stone belt-hosted, mesothermal gold deposits
have been reported to be generally enriched in
the order of >10° times compared to back-
ground values for Au, Ag, B and W; and more
locally for As, Sb, Se, Te, Bi and Pd, but not
for the base metals, which show contents between
10 and 0.1 times background (Kerrich, 1983; Ker-

rich and Fyfe, 1988). Epithermal gold deposits
are invariably enriched in Ag, Hg, As, Sb, TI,
Se, Te, Bi, W, Pb, Zn, Cu, Co, S, Baand F (e.g.,
Berger, 1985; Berger and Bethke, 1985; Clarke
and Govett, 1990). The Au-affiliated elements are
here defined as rare elements enriched in a num-
ber of targets by several orders of magnitude
compared to background values.

Although an increasing number of geochemi-
cal studies on gold deposits have recently been
published, the variations in content and mean
abundance of many important rare elements
(e.g., Bi, Te, Se, B, Hg and Sb) are still poorly
known. This is mainly due to analytical difficul-
ties related to the extremely low natural abun-



dances of these elements. Knowledge concerning
their occurrence in gold ores is mainly of a
qualitative nature, since the presence of tellu-
rides, selenides as well as Bi minerals has com-
monly been reported.

Knowledge concerning the background levels
for many rare elements in common rock types
is likewise insufficiently known. Hence, except
for the mean contents available from the litera-
ture, which are usually based on rather old data
and seem to be somewhat high for many ele-
ments, we have established ranges shown by geo-
chemical reference samples of common rock
types. These samples represent homogeneous
rocks containing only small amounts of volatiles,
cavities and inclusions of foreign components.

Gold

Gold abundances in primary igneous rocks are
highly variable, but average contents do not show
marked differences between various rock types.
Ultramafic rocks tend to have somewhat lower
Au (0.75 ppb) than basalts, which contain on
average 2 ppb Au (Tilling et al., 1973; Anhaus-
ser et al., 1975; Kwong and Crocket, 1978; Saager
and Meyer, 1984; Kerrich and Fyfe, 1988) and
the mean Au content of granitoids in southern
Africa is about 1 ppb (Saager and Meyer, 1984).
Kwong and Crocket (1978) demonstrated that all
unaltered Archean igneous and sedimentary
rocks contain <2 ppb Au. Kontas et al. (1986,
1990) report values for individual geostandard
samples from 0.2 to 0.8 ppb for ultramafic rocks
(5 samples), mostly 0.5 to 0.9 ppb for mafic rocks
(14 samples), generally 0.2 ppb for granitoids
(6 samples) and 0.2—0.4 ppb for schists (5 sam-
ples). GFAAS analyses of our reference samples
show values from <1 ppb to 2 ppb (App. 4),
which are in good agreement with previous
studies.

Gold is present in all types of gold deposits in
principally metallic form, which is alloyed with
Ag (generally 5—15%) and with smaller amounts
of Cu, platinum group elements and Bi (see,
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Boyle, 1979). In hydrothermal deposits, native
gold occurs mostly as small to submicroscopic in-
clusions in sulfides and silicates. Tellurides, such
as calaverite (AuTe,), krennerite ([Au,Ag]Te),
sylvanite ([Au,Ag]Te,), petzite (Ag;AuTe,), na-
gyagite (Pbs;Au[Te,Sb],S;_;); antimonides, such
as aurostibite (AuSb,); and selenides, as, for ex-
ample, fischesserite (Ag,AuSe,), may be locally
important carriers of Au. Gold is also present in
trace amounts in native metals such as Ag, As,
Cu and Sb, and in many sulfides, tellurides and
arsenides. Concentrations of invisible gold (<0.1
um) range from <0.5 to > 1000 ppm, and high
invisible gold contents are typically found in
arsenopyrite and As-bearing pyrite (Cook and
Chryssoulis, 1990).

The minimum acceptable Au grade of eco-
nomic gold deposits is highly variable, depend-
ing on factors such as deposit type, tonnage, by-
products, location and political circumstances,
but is generally in the range of 1 to 10 ppm at
current Au prices; this means that Au is enriched
10°—10* times above background values. The
somewhat fortuitous, random occurrence of Au
as isolated native grains and the low overall grade
needed for economic gold ore makes the evalua-
tion of average Au contents difficult. However,
the mean Au contents for the homogenized bulk
samples in this study mostly show a good corre-
lation with the mean contents of the original ex-
ploration analyses (Fig. 7), indicating the success
of the homogenization procedures.

Gold contents of the ore samples in this study
exceed 1 ppm, except for Rovaselkd (0.33 ppm)
and Hirvilavanmaa (0.56 ppm) in the Lapland
greenstone belt, and New Celebration (0.58 ppm)
in Australia (Fig. 10, Apps. 2 and 3). The sub-
samples from Hirvilavanmaa were reanalysed,
and the mean of these new results is very close
to that obtained for the bulk sample of this study,
indicating some kind of confusion in the origi-
nal exploration analyses. The 5 kg chip-channel
sample from New Celebration was taken across
a typical lode; although this does not correspond
to the mean Au grade of the deposit, the sample
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Fig. 10. Variations in Au content in mesothermal gold deposits and their altered wall rocks (detailed information on the
deposits and samples are given in Figs. 1—3, Tables 1—2, and App. 1).

Table 5. Statistical data for Au (ppb) in ore-grade samples from gold deposits in various provinces.

Archean deposits Lapland green- Svecofennian
Australia & Canada Finland S A eomplex
Mean 25700 5010 5440 6080
Standard deviation 49400 4050 5320 5650
Median 5650 3340 3900 4140
Maximum 171000 12700 23100 26200
Minimum 580 2200 325 1190
Number of samples 11 6 18 20

may still nevertheless be representative for the samples from different provinces in Table 5.

other elements.
Gold distribution in the

Average Au contents of ore samples from dif-
analysed samples is ferent provinces are very similar, the median

shown in Fig. 10 and average contents of the ore  values varying from 3.3 to 5.6 ppm, although Ar-




chean samples from other shield areas do include
some anomalously high contents. This evidently
makes the comparison of abundances of various
Au-affiliated elements between the provinces
easier than would data containing highly dis-
parate Au contents.

Silver

Silver abundances in unaltered igneous and
sedimentary rocks vary generally from a few tens
to over 100 ppb. Ultramafic rocks have been
reported to contain 40—50 ppb, basalts 100—110
ppb, felsic rocks 50 ppb and Archean graywackes
80 ppb Ag (see, Kerrich, 1983; Govett, 1983;
and references therein). Recommended working
values for individual geostandards vary from
about 30 to 110 ppb for both mafic and felsic
rocks (19 samples) (Govindajaru, 1989). Com-
pared to the above average values, results from
the reference set of this study exhibit somewhat
lower abundances ranging from 1 ppb in koma-
tiitic basalt to S5 ppb in phyllite, but occur well
within the range of the geostandards (App. 4).

Silver is an ubiquitous rare element in all types
of gold deposits. Kerrich (1983) report Ag con-
tents from 0.1 to 54 ppm (mostly 1 to 10 ppm)
for 18 Archean mesothermal gold deposits in the
Abitibi greenstone belt. Epithermal deposits con-
tain generally higher Ag and the ore types vary
from Au to Ag predominated types (e.g., Hay-
ba et al., 1985). Carlin-type deposits are typical-
ly low in Ag, showing contents mostly between
0.7 to 3 ppm, but may occasionally contain up
to 100 ppm (Bagby and Berger, 1985; Radtke,
1985). Hot-spring gold deposits exhibit Ag abun-
dances from <0.5 to 2000 ppm (mostly <10
ppm) (Berger, 1985). Correlation between Au and
Ag is highly variable. Epithermal deposits show
a very wide range in Au/Ag ratios from 20:1 to
1:100 but are generally higher in Ag, whereas Ar-
chean mesothermal deposits have Au/Ag ratios
generally from 3:1 to 20:1 (Hutchinson, 1987).
Deposits in the Abitibi greenstone belt exhibit
Au/Ag ratios between 15:1 and 1:1 (Kerrich,
1983).
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Silver forms a number of its own minerals and
may be present in minor to trace amounts in, for
example, sulfides, sulfosalts, tellurides and
selenides (Boyle, 1979). Silver is a constant com-
ponent in native gold, and there is probably a
complete substitutional series from native gold
to native silver. Typical Ag-bearing minerals in
Precambrian gold deposits belong to the tetra-
hedrite series (Cu,,Sb,S,;), whereas argentite
(Ag,S) is common in some Phanerozoic deposits
(Boyle, 1979).

Our data shows that Ag is markedly enriched
in mesothermal gold deposits, and although there
is a wide variation of contents, different
provinces show characteristic ranges of abun-
dances (Fig. 11, Table 6, Apps. 2 and 3). Archean
deposits in Canada and Australia typically con-
tain from 1 to 4 ppm Ag. The highest values were
obtained for the green carbonate ore from Kerr
Addison (19.4 ppm), and from the tonalite hosted
Ferderber (11.9 ppm) and Renabie (7.7 ppm)
mines. Anomalously low contents are shown by
New Celebration (0.15 ppm) and Page Williams
(0.43 ppm). Archean deposits in Finland seem to
be rather low in Ag (0.15 to 0.52 ppm), except
for the Kuittila (4.7 ppm) and Ramepuro (4.1
ppm) deposits, both hosted by felsic intrusive
rocks. In the former, Ag has been observed to
occur in three phases: in gold, electrum and
metallic silver (Johanson and Kojonen, 1989). Al-
though the data do not allow definite generali-
zations, high Ag contents seem to be typical for
tonalite-hosted deposits in the Archean.

The deposits of the Lapland greenstone belt
are, in general, low in Ag (0.02 to 2 ppm). This
is especially the case for the deposits associated
with highly altered sedimentary rocks (Kuusamo
and Bidjovagge) which show consistently low
(<0.4 ppm) concentrations of Ag. The Saat-
topora mine also has anomalously low Ag (0.021
ppm). The highest contents are shown by
Kivimaa (2.0 ppm), Suurikuusikko and Soretia-
vuoma (both 1.4 ppm).

Deposits in the Svecofennian complex are in-
variably high in Ag (mostly 0.5 to 4 ppm) and
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Fig. 11. Variations in Ag content in mesothermal gold deposits and their altered wall rocks (detailed information on the
deposits and samples are given in Figs. 1—3, Tables 1—2, and App. 1).

Table 6. Statistical data for Ag (ppb) in ore-grade samples from gold deposits in various provinces.

Archean deposits Lapland green- Svecofennian
t belt
Australia & Canada Finland stone be e
Mean 4660 1680 493 3150
Standard deviation 6080 2120 574 4250
Median 2000 462 238 1850
Maximum 19400 4700 2000 15200
Minimum 145 152 21 101
Number of samples 11 6 18 20

there is no preferential tendency of enrichment
according to host-rock type, since high and low
abundances occur both in volcanic-
hosted deposits. The peak contents were encoun-

and intrusive-

tered at Pirila S (15.2 ppm), Kiimala (11.2 ppm)
and Kangaskylad (10.7 ppm).

Wall-rock samples from the deposits within the
Archean and Svecofennian terrains generally



show some enrichment compared to typical back-
ground values. In contrast, wall-rock samples
from the Lapland greenstone belt usually have
Ag contents near to background levels.

Silver exhibits a distinct correlation with Au,
indicating a close association between Ag and Au
deposition (Fig. 12). Ratios of Au/Ag are scat-
tered, but the median ratios of ore samples are
3 (mostly between 1.3 and 6.2) for the Archean
deposits, 2.9 for the mafic — ultramafic-hosted
and 11.8 for the sedimentary-hosted deposits in
the Lapland greenstone belt, and 2.1 (range
0.63—5.6) for the deposits in the Svecofennian
complex.

Arsenic

The average content of As is rather uniform
in primary igneous rocks, being 0.5—1.0 ppm in
ultramafic rocks, 2 ppm in basalts and 1.5—2
ppm in granitoids (see, Govett, 1983; Kerrich,
1983; and references therein). Shales have higher
average contents (c. 6 ppm) and a higher varia-
tion from 3 to 18 ppm. These values are quite
comparable to the results from our reference
suite, which exhibits contents from <0.6 to
2.2 ppm for igneous rocks and 4.0 ppm for the
phyllite (App. 4).

Arsenic shows remarkable enrichment in all
types of hydrothermal gold deposits, but As con-
tents and their correlation with Au are, in detail,
highly variable. Archean gold deposits in the
Abitibi greenstone belt have As contents rang-
ing from typical background values up to 9600
ppm, the most common values being between 20
and 1000 ppm (Kerrich, 1983). Carlin-type
deposits have a general range between 100 to
1000 ppm and an average value of 500 ppm (Bag-
by and Berger, 1985; Radtke, 1985), whereas hot-
spring deposits are lower in As (4 to 100 ppm)
(Berger, 1985).

Arsenic usually occurs in arsenopyrite (FeAsS)
(for example, in deposits of the Svecofennian
complex), tennantite ([Cu,Fe],As,S,;) and var-
ious other sulfosalts (Boyle, 1979). Realgar-
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Fig. 12. Ag — Au relationships for ore and wall-rock sam-
ples from the mesothermal gold deposits. Symbols as in Fig. 2.

orpiment (AsS—As,S,) is common in epithermal
and Carlin-type deposits (Hutchinson, 1987) and
cobaltite (CoAsS) is an important As carrier in
some deposits (e.g., the Kuusamo area, Pankka
and Vanhanen, 1989). Pyrite, being generally
abundant in gold deposits, may contain some
thousands of ppm As and thus alone explain
slight enrichments in As.

This study confirms that As is a typical element
associated with mesothermal gold mineralization,
and in spite of considerable scatter, average
ranges seem to be characteristic for each prov-
ince (Fig. 13, Table 7, Apps. 2 and 3). Archean
deposits typically contain As from a few tens to
hundreds of ppm, but there are also deposits
showing contents close to background (New Cel-
ebration, Renabie and Kuittila). It is perhaps
worthy of note that all these deposits are hosted
by felsic intrusives. Lokkiluoto is the only Ar-
chean deposit to show extreme As enrichment
(8500 ppm).

Sediment-hosted deposits at Kuusamo and Bid-
jovagge in the Lapland greenstone belt consis-
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Fig. 13. Variations in As content in mesothermal gold deposits and their altered wall rocks (detailed information on the
deposits and samples are given in Figs. 1—3, Tables 1—2, and App. 1).

Table 7. Statistical data for As (ppm) in ore-grade samples from gold deposits in various provinces.

Archean deposits Lapland green- Svecofennian
Australia & Canada Finland stone belt eomplex
Mean 194 1580 1150 9410
Standard deviation 191 3410 2720 11500
Median 170 39.0 41.0 2450
Maximum 550 8500 11000 35000
Minimum 2.2 3.0 1.8 6.3
Number of samples 11 6 18 20
tently show low As (2.5 to 27 ppm), excluding The deposits in the Svecofennian complex are

Juomasuo (1200 ppm). Arsenic contents of the almost invariably very high in As, reflecting the
mafic-ultramafic-hosted deposits are scattered abundance of arsenopyrite. Arsenic contents
from <10 to >1000 ppm, Iso-Kuotko showing generally exceed 1% and irrespective of host
the peak content (11,000 ppm). rock, As is always enriched compared to back-




ground abundances. Anomalously low contents
were encountered from Bjorkdal (6.3 ppm),
Jokisivu (19 ppm) and Antinoja (80 ppm).

Generally, correlation between Au and As is
poor, and As contents are often higher in the
wall-rocks than in the ore (Fig. 14). This suggests
that, although Au occurs in some deposits as
small aggregates and also in the crystal lattice of
arsenopyrite (Cathelinau et al., 1989), deposition
of these elements occurred separately in most
cases.

Tellurium

Average abundances of Te in common rock
types are incompletely known. Recent analyses
of a series of international rock standards (22
samples) by Kontas et al. (1990) and recom-
mended working values of some other geostan-
dards (8 samples) (Govindajaru, 1989) indicate
that Te contents in ultramafic to felsic igneous
rocks are mostly between 1 and 7 ppb, but shales
show higher values, between 12 and 65 ppb. The
reference suite of this study gave contents from
2 to 8 ppb for the igneous rocks and 48 ppb for
the phyllite (App. 4).

Tellurium has been found to be almost univer-
sal in all types of gold deposits, including epither-
mal and mesothermal varieties (Boyle, 1979; Afifi
et al., 1988; Clarke and Govett, 1990). The close
association of Te and Au is mainly based on the
qualitative observation of tellurides in gold
deposits, with analytical data being very scarce.
According to Boyle (1979), Te contents vary
generally between <0.2 and 2200 ppm. Carlin-
type deposits tend to exhibit low Te, from <20
to 40 ppb (Radtke, 1985).

Tellurium may be present in a number of Au,
Pb, Ni, Co, Fe, Ag, Hg and Bi tellurides and tel-
luride sulfides, in metallic form and in other sul-
fides and sulfosalts (Boyle, 1979). Typical Te
minerals, in addition to the Au-bearing varieties
listed above, include tetradymite (Bi,Te,S), tellu-
robismuthite (Bi,Te,), joseite (Bi,Te[Se,S]), hed-
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Fig. 14. As — Au relationships for ore and wall-rock sam-
ples from mesothermal gold deposits. Symbols as in Fig. 2.

leyite (Bi,Te;), altaiete (PbTe), hessite (Ag,Te),
frohbergite (FeTe,), melonite (NiTe,), rickardite
(Cu,,Te) and coloradoite (HgTe). In the Fen-
noscandian Shield, tellurides have been report-
ed from the Bidjovagge mine, and Ilomantsi and
Kuusamo areas (S6derholm and Nixon, 1988; Jo-
hanson and Kojonen, 1989; Pankka and Vanha-
nen, 1989). According to Afifi et al. (1988), depo-
sition of Te always follows the initial deposition
of sulfides and is often closely related to that of
Au, though having, however, a tendency to
precipitate simultaneously or slightly earlier.
The present study indicates that Te is one of
the most uniformly associated elements in
mesothermal gold deposits, being enriched in al-
most all targets from 10 to 10* times typical
background values, regardless of host-rock lithol-
ogy (Fig. 15, Table 8, Apps. 2 and 3). There are,
however, considerable differences between prov-
inces and also between adjacent deposits. In the
Archean deposits, Te is invariably enriched (from
120 to 49,000 ppb), the Macassa and Renabie
mines showing the peak values. Tellurium occurs
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Fig. 15. Variations in Te content in mesothermal gold deposits and their altered wall rocks (detailed information on deposits

and samples are given in Figs.

1—3, Tables 1—2, and App. 1).

Table 8. Statistical data for Te (ppb) in ore-grade samples from gold deposits in various provinces.

Archean deposits Lapland green- Svecofennian
Australia & Canada Finland stong bell complex
Mean 9410 1640 15200 3390
Standard deviation 17100 1390 49200 5680
Median 390 1600 520 1700
Maximum 49000 3700 210000 26000
Minimum 120 150 50 10
Number of samples 11 6 18 20

in the former as altaite and melonite (Can. Inst.
Miner. Energy Technol., description of sample
MA-1a). Although the deposits at Ilomantsi are
only moderately enriched in Te (320 to 3700 ppb),
tellurides (altaite, tellurobismuthite, hessite, froh-

bergite and petzite) are commonly observed
(Johanson and Kojonen, 1989), demonstrating
the strong tendency of Te to form its own miner-
als even when present in trace amounts.

The deposits of the Lapland greenstone belt



fall into two main groups according to Te abun-
dances. Mineralizations hosted by sedimentary
rocks at Kuusamo and Bidjovagge are, with the
exception of Sdyndjdvaara (610 ppb), very high
in Te (11,000 to 210,000 ppb). In these deposits,
tellurides show an intimate association with Au
(Soderholm and Nixon, 1988; Pankka and Van-
hanen, 1989). This contrasts with the mafic —
ultramafic-hosted deposits in central Lapland
which typically show only a moderate (50 to 700
ppb) enrichment of Te. The Saattopora deposits,
hosted by carbonate-albite rocks, which may at
least in part have originally been sedimentary
rocks, lie between the major groups (1400 and
1800 ppb Te).

The majority of the deposits in the Svecofen-
nian domain contain > 1000 ppb Te, the peak
value being obtained from the quartz-vein occur-
rence of Po6hlola (26,000 ppb). Anomalously low
Te abundances are exhibited by the minor Pirild
N (20 ppb) occurrence and Kalliosalo (10 ppb),
which is actually an antimony deposit contain-
ing only sporadically ore grade Au values.

Tellurium generally shows a fairly good corre-
lation with Au (Fig. 16), and in individual Te-
enriched deposits (Fig. 15). This is in accordance
with the commonly observed close association be-
tween gold and tellurides in many types of gold
deposits (e.g., Afifi et al., 1988), and suggests
that Au and Te were deposited roughly simul-
taneously in mesothermal gold mineralization.
Median Au/Te ratios are 2.5 (general range 1—9)
for the ore samples from the Archean deposits,
1.6 for the mafic-ultramafic-hosted and 0.27 for
the sedimentary-hosted deposits in the Lapland
greenstone belt, and 2.5 (0.7—5.7) for the
deposits in the Svecofennian terrain.

Bismuth

Various sources give slightly different average
contents for Bi in common rock types. Mean
values reported by Govett (1983) are, for ultra-
mafic rocks 1 ppb, for basalts 7 ppb and for
granitoids 100 ppb, but shales exhibit a wider

2
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Fig. 16. Te — Au relationships for ore and wall-rock sam-
ples from mesothermal gold deposits. Symbols as in Fig. 2.

range of 0.15—2 ppm. On the basis of the recom-
mended working values of individual geostan-
dards, mafic rocks have contents mostly from 15
to 50 ppb (8 samples), felsic rocks from 40 to 500
ppb (8 samples) and shales from 230 to 940 ppb
(4 samples) (Govindajaru, 1989). According to
geostandard analyses by Terashima (1984), ultra-
mafic rocks (6 samples, 4—12 ppb) and mafic
rocks (9 samples, 9—45 ppb) are low in Bi, while
felsic rocks (9 samples, 32—652 ppb) and shales
(3 samples, 241—930 ppb) exhibit systematical-
ly higher abundances. Our reference suite gave,
except for the gabbro (0.5 ppm) and the phyllite
(1.2 ppm), contents below the 0.1 ppm detection
limit (App. 4).

Bismuth is a characteristic element in associa-
tion with many types of hydrothermal gold de-
posits, but analytical data are notably scarce.
Boyle (1979) suggests that Bi is generally <5
ppm, but at least some epithermal deposits con-
tain abundant Bi minerals (Hutchinson, 1987)
and accordingly higher contents.

Bismuth is typically present in metallic form, as
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Fig. 17. Variations in Bi content in mesothermal gold deposits and their altered wall rocks (detailed information on deposits
and samples are given in Figs. 1—3, Tables 1—2, and App. 1).

Table 9. Statistical data for Bi (ppm) in ore-grade samples from gold deposits in various provinces.

Archean deposits Lapland green- Svecofennian
Australia & Canada Finland st elt coniplex

Mean'! 1.8 61.6 10.3 37.2
Standard deviation 4.5 147 24.3 74.4
Median 0.1 1.4 2.2 16.6
Maximum 15.0 361 104 314

Minimum <0.1 0.7 <0.1 <0.1
Number of samples 11 6 18 20

' A value of half the detection limit has been assigned to samples with content below the relevant limit.

bismuthinite (Bi,S,), galenobismutite (PbBi,S,), as well as forming a number of Bi tellurides and
Bi-bearing tetrahedrite-tennantine series (Cu,, selenides (Boyle, 1979). Traces of Bi may also be
Sb,S,;-[Cu,Fe],As,S|;), wittichenite (Cu;BiS;), found in other sulfides and sulfosalts. The com-



mon association with tellurides and selenides sug-
gests a close genetic correlation with Au.

According to the present study, Bi is common-
ly enriched in mesothermal gold deposits, al-
though concentration varies markedly between
the provinces (Fig. 17, Table 9, Apps. 2 and 3).
Of the Archean deposits in Canada and Austra-
lia, Bi is considerably enriched only in the
tonalite-hosted deposits of Ferderber (15 ppm)
and Renabie (4.0 ppm), but is also distinctly
anomalous (0.6 ppm) in the Macassa mine, with-
in the alkalic intrusives. The Archean deposits in
Finland seem to be more uniformly enriched in
Bi, exhibiting contents from 0.7 to 3.9 ppm, ex-
cept for the peak value of 361 ppm in the
Rémepuro deposit, which contains abundant
metallic bismuth (L. Pekkarinen, pers. commun.,
1989).

Deposits of the Lapland greenstone belt fre-
quently show Bi contents > 1 ppm. Peak contents
were encountered from Bidjovagge (104 ppm),
Kivimaa (22 ppm) and Iso-Kuotko (20 ppm),
representing both sedimentary- and volcanic-
hosted mineralization types. However, mafic-
ultramafic-hosted deposits in central Lapland
often exhibit Bi contents below the detection limit
(0.1 ppm). In the Iso-Kuotko deposit, Bi is main-
ly present in metallic form and as maldonite
(Au,Bi) (I. Harkonen, pers. commun., 1990).

Bismuth contents of the deposits in the Sveco-
fennian terrain are roughly an order of magni-
tude higher than those in the other provinces, and
there is no distinct difference between volcanic-
and tonalite-hosted mineralizations, although the
latter do contain the maximum abundances (P6h-
1614 314 ppm and Kopsa 168 ppm). Only the
Kalliosalo deposit has Bi content below the de-
tection limit.

Bismuth shows a fairly good correlation with
Au, especially in the Svecofennian province (Fig.
18). This refers to roughly coeval deposition of
the elements. Median Au/Bi ratios of the ore
samples are 2.3 (general range 0.6—30) for the
Archean deposits, 0.4 for the mafic-ultramafic-
hosted and 0.6 for the sedimentary-hosted de-
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Fig. 18. Bi — Au relationships for ore and wall-rock sam-
ples from mesothermal gold deposits. Symbols as in Fig. 2.

posits in the Lapland greenstone belt, and 0.26
(0.1—0.6) for the deposits in the Svecofennian
province.

Antimony

Reported mean contents of Sb are 100 to 200
ppb for ultramafic to felsic igneous rocks, but
shales exhibit generally higher values, from 0.1
to 3 ppm (see, Govett, 1983; Kerrich, 1983; and
references therein). Recommended working val-
ues of individual geostandards vary mostly from
150 to 350 ppb for mafic rocks (11 samples) and
from 60 to 400 ppb for felsic igneous rocks (10
samples) (Govindajaru, 1989). Our reference
suite has Sb contents from <0.2 to 0.4 ppm for
igneous rocks and 1.2 ppm for the phyllite, cor-
responding to typical background abundances
(App. 4).

Antimony is a commonly associated element
in all types of hydrothermal gold deposits and
often shows coherence with Au (Boyle, 1979). It
is particularly enriched in epithermal deposits
(Hutchinson, 1987), the Carlin type showing a
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Fig. 19. Variations in Sb content in mesothermal gold deposits and their altered wall rocks (detailed information on deposits

and samples are given in Figs. 1—3, Tables 1—2, and App. 1). Detection limit varies from 0.2 up to 1 ppm, depending
on sample matrix.

Table 10. Statistical data for Sb (ppm) in ore-grade samples from gold deposits in various provinces.

Archean deposits Lapland green- Svecofennian
Australia & Canada Finland stone belt oommplex
Mean! 17 1.6 2.2 450
Standard deviation 44 3.6 4.8 1900
Median 1.5 0.2 0.4 4.0
Maximum 150 8.9 20 8700
Minimum <0.2 <0.2 <0.2 <0.2
Number of samples 11 6 18 20

! A value of half the detection limit has been assigned to samples with content below the relevant limit.

general range from 50 to 150 ppm (Radtke, deposits in the Abitibi belt are also usually en-
1985), and hot-spring types from 3 to 150 ppm  riched in Sb, but typically show somewhat lower
(Berger, 1985). Archean mesothermal gold contents, between 1 and 20 ppm, only locally



having up to 100 ppm (Kerrich, 1983).

Antimony is commonly present in gold de-
posits as stibnite (Sb,S;), tetrahedrite-tennantine
series, aurostibite (AuSb,) and other sulfosalts
(Boyle, 1979). Pyrite, marcasite and arsenopyrite
may contain a few hundred ppm Sb.

The present study indicates that Sb is rather
commonly associated with mesothermal gold
deposits in all provinces (Fig. 19, Table 10, Apps.
2 and 3). In contrast to Bi, Sb is commonly en-
riched in the Canadian and Australian Archean
deposits, but is low in the Finnish occurrences,
except for Lokkiluoto (8.9 ppm). The range of
contents in the Canadian and Australian deposits
(< 0.2 to 21 ppm) is about the same as that report-
ed by Kerrich (1983) for deposits in the Abitibi
belt. The Page Williams mine, from which a num-
ber of Sb minerals have been observed (Harris,
1986) is, however, considerably higher in Sb (150
ppm) than the others. The low Sb contents of the
deposits in the Ilomantsi area have also been con-
firmed by mineralogical studies, since no Sb-
bearing tellurides or other phases have been en-
countered (K. Kojonen, pers. commun., 1990).

The highest Sb abundances in the Lapland
greenstone belt were, in contrast to Te and B,
encountered within mafic — ultramafic-hosted
deposits, whereas the sedimentary-hosted miner-
alizations are conversely only slightly anomalous.
The peak values were recorded from the adjacent
occurrences of Suurikuusikko (20 ppm), Lilled-
vuoma (6.0 ppm) and Hirvilavanmaa (5.9 ppm).

Antimony is invariably enriched in the deposits
of the Svecofennian complex, which in general
show higher contents than those in the other
provinces. There is no apparent correlation with
host rock, since low and high contents occur both
in the volcanic- and tonalite-hosted mineraliza-
tions. Except for the Kalliosalo antimony deposit
(8700 ppm), the most anomalous contents were
encountered at Angesneva (160 ppm) and Kan-
gaskyld (60 ppm).

Contrasts between ore and wall-rock samples
for Sb are less pronounced than, for example,
for Te and Bi (Fig. 19), and there is in general,
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Fig. 20. Sb — Au relationships for ore and wall-rock sam-
ples from mesothermal gold deposits. Symbols as in Fig. 2.

no distinct correlation between Sb and Au (Fig.
20). This demonstrates that in broad terms, these
metals behave in somewhat different ways dur-
ing mineralization.

Selenium

The average Se content in ultramafic to felsic
primary igneous rocks and shales is estimated to
be ca. 50 ppb (see, Govett, 1983; and Kerrich,
1983; and references therein). Suggested work-
ing values for individual geostandards vary from
8 to 190 ppb for mafic rocks (10 samples) and
from 3 to 70 ppb for felsic rocks (8 samples)
(Govindajaru, 1989). According to analyses of
a suite of geostandards by Chan (1985), ultra-
mafic rocks (4 samples) contain 6 to 125 ppb Se,
mafic rocks (5 samples) 11 to 195 ppb, felsic
rocks (5 samples) <5 to 26 ppb and shales (2
samples) 30 to 930 ppb. Aqua regia soluble Se
contents from our reference suite are below or
near the detection limit (20 ppb) except for the
phyllite, which contains 200 ppb Se (App. 4), in

10°
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Fig. 21. Variations in Se content in mesothermal gold deposits and their altered wall rocks (detailed information on the
deposits and samples are given in Figs. 1—3, Tables 1—2, and App. 1).

Table 11. Statistical data for Se (ppm) in ore-grade samples from gold deposits in various provinces.

Archean deposits Lapland green- Svecofennian

Australia & Canada Finland TSR S complex
Mean 0.62 0.20 11.1 6.4
Standard deviation 0.91 0.09 20.8 8.4
Median 0.24 0.17 1.1 3.8
Maximum 3.1 0.32 78 31
Minimum 0.04 0.10 0.04 0.04
Number of samples 11 6 18 20

rough agreement with previously published aver-
age abundances.

Selenium closely follows S in nature and is
usually present in trace amounts in hydrothermal

gold deposits (1—10 ppm), except within specific
mineralized zones that can have contents up to
200 ppm (Boyle, 1979). Analytical data for Se in
gold deposits is, however, particularly scarce. The



Carlin-type deposits show a wide range, from
<1 to 20 ppm, with a mean value of 1.5 ppm
(Radtke, 1985). Pyrites from Archean mesother-
mal deposits generally show Se contents between
1 and 10 ppm, and only sporadically up to 80
ppm, indicating low total abundances (Kerrich,
1989; King and Kerrich, 1989).

Selenium is present in practically all S miner-
als in varying amounts, and may be especially en-
riched in pyrite, chalcopyrite, bismuthinite, tetra-
hedrite and other sulfosalts (Boyle, 1979). Sele-
nides combine readily with Cu, Ag, Pb, Bi and
Hg, forming minerals such as umangite (Cu,Se,),
klockmannite (CuSe), penroseite ([Ni,Cu]Se,),
naumannite (Ag,Se), guanajuatite (Bi,[Se,S];)
and junoite (BigPb;Cu,[S,Se],).

Our study indicates that Se is invariably en-
riched in mesothermal gold deposits in the dif-
ferent provinces (Fig. 21, Table 11, Apps. 2 and
3). The Archean deposits show increased Se con-
tents compared to typical background abun-
dances, but they are mostly close to or less than
0.5 ppm, probably due to the introduction of S
during mineralization. Peak values were encoun-
tered from Owl Creek (3.1 ppm) and Page Wil-
liams (1.4 ppm).

The mafic-ultramafic-hosted deposits in the
Lapland greenstone belt are mostly fairly low in
Se, but show anomalously high contents at Pah-
tavaara (11.8 ppm), Rovaselkd (7.7 ppm) and
Saattopora S (6.6 ppm). In contrast, the sedi-
mentary-hosted deposits at Kuusamo and Bid-
jovagge exhibit consistently high contents, from
4 to 80 ppm.

Gold deposits in the Svecofennian complex
show much higher Se abundances than those in
the other provinces, the contents varying mostly
from 1 to 10 ppm. Peak values were encountered
at Osikonmdki W (31 ppm) and Isovesi (27
ppm).

Selenium shows a rough correlation with Au
(Fig. 22) and is, in Se enriched deposits, always
higher in the ore compared to adjacent wall rocks
indicating similar behavior during Au deposition.
Median Au/Se ratios of the ore samples are 1.1
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Fig. 22. Se — Au relationships for ore and wall-rock sam-
ples from mesothermal gold deposits. Symbols as in Fig. 2.

(general range 0.3—39) for the Archean deposits,
1.7 for the mafic-ultramafic-hosted and 0.12 for
the sedimentary-hosted deposits in the Lapland
greenstone belt, and 0.87 (0.2—3.5) for the
deposits in the Svecofennian province.

Tungsten

Average W contents are about 0.1 ppm for
ultramafic rocks, 0.4 ppm for mafic rocks,
1.5 ppm for felsic rocks and 2 ppm for shales
(Govett, 1983; Kerrich, 1983; and references
therein). Our reference suite gave <1 ppm for
the mafic rocks, and 3 ppm for the tonalite and
phyllite (App. 4).

Tungsten is a common associate in mesother-
mal and Carlin-type deposits, in which it is usual-
ly present as scheelite (CaWO,) and less com-
monly as wolframite ([Fe,Mn]WO,) (Boyle,
1979; Hutchinson, 1987). Boyle (1979) gives a
general range from 2 to 5000 ppm in gold-quartz
deposits, whereas Kerrich (1983) reported abun-
dances between 5 and 50 ppm for mesothermal
gold deposits in the Abitibi belt, while referring
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Fig. 23. Variations in W content in mesothermal gold deposits and their altered wall rocks (detailed information on the
deposits and samples are given in Figs. 1—3, Tables 1—2, and App. 1).

Table 12. Statistical data for W (ppm) in ore-grade samples from gold deposits in various provinces.

Archean deposits Lapland green- Svecofennian
t belt
Australia & Canada Finland seohe Be complex
Mean' 18 9 51 205
Standard deviation 16 8 104 544
Median 12 6 12 16
Maximum 51 23 390 2400
Minimum 1 3 <0.5 <0.5
Number of samples 11 6 18 20

! A value of half the detection limit has been assigned to samples with content below the relevant limit.

to the occurrence of scheelite enriched lodes in  creased in most of the deposits studied, but only
some mines. Carlin-type deposits have W con-  seldom attain contents of several hundred ppm
tents from <20 to 400 ppm (Radtke, 1985). (Fig. 23, Table 12, Apps. 2 and 3). Archean

Tungsten contents are typically slightly in- deposits in Finland and abroad mostly show




abundances between 5 and 50 ppm, consistent
with results reported by Kerrich (1983). Only
Renabie (1 ppm) and two of the deposits in Ilo-
mantsi have W contents <35 ppm.

Mafic-ultramafic-hosted deposits in the Lap-
land greenstone belt have either very low W or
are only slightly anomalous (c. 20 ppm). In con-
trast, the sedimentary-hosted deposits are typi-
cally enriched in W, with maximum concentra-
tions occurring at Juomasuo (390 ppm) and
Konttiaho (260 ppm).

Tungsten is commonly associated with gold
deposits in the Svecofennian complex, the only
province in which it exhibits a strong enrichment.
Peak values are shown by the scheelite-bearing
deposits of Pohlolda (2400 ppm), Kurula (600
ppm) and Kopsa (500 ppm). Nevertheless, 8 of
the 20 deposits studied have W content <5 ppm.
Tungsten content does not appear to be related
to host rock lithology.

Tungsten shows some general correlation with
Au, which is an indication of a broad geochemi-
cal coherence during Au mineralization (Fig. 24).
This becomes more evident when studying in-
dividual deposits high in W, where the ore sam-
ple is always highly enriched with respect to wall-
rock samples (Fig. 23).

Molybdenum

Average Mo contents vary between about 0.2
ppm for ultramafic rocks, 1.4 ppm for mafic
rocks, 1 ppm for felsic rocks and 2 ppm for shales
(Govett, 1983; and references therein). Our refer-
ence suite gave contents from <1 to 2 ppm
(App. 4).

Molybdenum is fairly common in many types
of hydrothermal gold deposits, but is generally
only slightly enriched. Boyle (1979) reports a
general range from 2 to 840 ppm for Au-quartz
deposits and from <2 to 100 ppm for Carlin-type
deposits, whereas Radtke (1985) demonstrates
that the mean Mo content in the Carlin-type
deposits is only about 7 ppm. Contents within
mesothermal deposits in the Abitibi belt given by

0.1 T T
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Fig. 24. W — Au relationships for ore and wall-rock sam-
ples from mesothermal gold deposits. Symbols as in Fig. 2.

Kerrich (1983) are consistently <30 ppm.
Epithermal deposits show variable but occasion-
ally high abundances (Hutchinson, 1987).

Molybdenum is mostly present as molybdenite
(MoS,), but traces may also occur in sulfides
and scheelite, which forms an isomorphic series
with powellite (Ca[Mo,W]O,) (Boyle, 1979).

Molybdenum, although having analogical
chemical properties to W, and often being as-
sociated with it in many types of deposits is, on
the basis of present data, a far less common com-
ponent of mesothermal gold deposits than W,
and peak values occur mostly in different de-
posits (Fig. 25, Table 12, Apps. 2 and 3). The
Mo contents seem to be either close to back-
ground or distinctly anomalous, contents in the
range of 5 to 20 ppm being rare. The Archean
deposits mostly contain <5 ppm Mo, except for
the Page Williams deposit (3270 ppm), which
typically contains about 1% molybdenite, and
shows some broad correlation between Mo and
Au (Valliant and Bradbrook, 1986). Other excep-
tions are Renabie (181 ppm) and Macassa (130
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Fig. 25. Variations in Mo content in mesothermal gold deposits and their altered wall rocks (detailed information on deposits
and samples are given in Figs. 1—3, Tables 1—2, and App. 1).

Table 13. Statistical data for Mo (ppm) in ore-grade samples from gold deposits in various provinces.

Archean deposits Lapland green- Svecofennian
Australia & Canada Finland stone bel complex
Mean'! 327 16 52 4
Standard deviation 978 29 131 10
Median 3 3 3 1
Maximum 3270 75 510 38
Minimum &l =l <1 <1
Number of samples 11 6 18 20

' A value of half the detection limit has been assigned to samples with content below the relevant limit.

ppm) in Canada, as well as Kuittila (75 ppm) and Mafic — ultramafic-hosted deposits in the
Kelokorpi (16 ppm) within the Ilomantsi green- Lapland greenstone belt are very low in Mo, ex-
stone belt. cluding the anomalous deposits of Kivimaa (22



ppm) and Rovaselkad (19 ppm). In contrast, Mo
is a typical associated element for the sedimen-
tary-hosted deposits in Kuusamo and Bidjovagge,
having contents up to 510 ppm at Konttiaho and
275 ppm at Sivakkaharju.

Molybdenum seems to be only rarely asso-
ciated with the gold deposits in the Svecofennian
province, although many of them are hosted by
felsic intrusive rocks and are enriched in W. Only
Antinoja (38 ppm) and Kurula (26 ppm) show
contents >5 ppm.

Correlation between Mo and Au is generally
weak, reflecting the fact that Mo is only rarely
anomalous (Fig. 26). However, Mo seems to fol-
low Au in deposits with increased Mo contents
(Fig. 25) indicating, at least locally, broadly
simultaneous deposition.

Boron

Average B contents in primary igneous rocks
are 3 ppm in ultramafic, 5 ppm in mafic and
15 ppm in felsic rocks, whereas shales exhibit
a wider range with an average content of about
100 ppm (Govett, 1983; Kerrich, 1983; and refer-
ences therein). The gabbro (160 ppm) and phyl-
lite (496 ppm) from our reference suite are en-
riched in B, while the others show more common
values (App. 4).

Boron is usually present in hydrothermal
gold deposits as tourmaline (Na[Mg,Fe,Li,Al];
AlB;Si,O,,[OH,F],) or axinite ([Ca,Fe,Mg],
Al,BSi,0,;[OH]), and is especially common in
quartz-vein and Carlin-type gold deposits (Boyle,
1979; Hutchinson, 1987). The mean B content
given by Radtke (1985) for the latter mineraliza-
tion is, however, only 80 ppm, whereas the total
range is from <7 to 200 ppm (Boyle, 1979).
Boron is enriched from 100 to 5000 ppm in two
thirds of the mesothermal gold deposits in the
Abitibi belt, but the rest contain <20 ppm (Ker-
rich, 1983).

Boron is typically slightly enriched compared
to typical background abundances in most of the
gold deposits studied, but only occasionally
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Fig. 26. Mo — Au relationships for ore and wall-rock sam-
ples from mesothermal gold deposits. Symbols as in Fig. 2.

shows considerable enrichment in different
provinces, recording the sporadic presence of
tourmaline (or axinite) in Au-bearing minerali-
zation systems (Fig. 27, Table 14, Apps. 2 and
3). Archean deposits in Canada and Australia are
generally fairly low in B (7.7 to 87 ppm), except
for the tourmaline-bearing lode from Ferderber
(508 ppm). Mineralization in the Ilomantsi area
seems to be systematically high in B, which is
probably due to the pyroclastic — sedimentary
nature of the schist belt. The tonalite-hosted
Kuittila occurrence in fact has the lowest B con-
tent, although it is still highly anomalous (163
ppm). The association of B and gold minerali-
zation in this area is also evident on the basis of
regional to local till geochemical studies, al-
though there is no mutual correlation between the
two elements at deposit scale (Nurmi et al., 1989).

Boron is only slightly anomalous or close to
background levels in most Lapland greenstone
belt deposits, such that the mafic — ultramafic-
hosted mineralization generally has lower con-
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Fig. 27. Variations in B content in mesothermal gold deposits and their altered wall rocks (detailed information on deposits

and samples are given in Figs. 1—3, Tables 1—2, and App. 1).

Table 14. Statistical data for B (ppm) in ore-grade samples from gold deposits in various provinces.

Archean deposits Lapland green- Svecofennian

Australia & Canada Finland st belk camiples
Mean! 76.5 880 7T 181
Standard deviation 145 942 146 645
Median 23.0 502 30.2 11.6
Maximum 508 2280 621 2900
Minimum 7.7 7.5 1.5 <0.5
Number of samples 11 6 18 20

I A value of half the detection limit has been assigned to samples with content below the relevant limit.

tents than those that are sedimentary-hosted. The
Saattopora deposits (621 and 216 ppm), and
Konttiaho (141 ppm) and Sivakkaharju (101

ppm) from the Kuusamo area show the most
elevated abundances.
Data from deposits in the Svecofennian com-



plex indicate that B is not one of the most typi-
cal elements associated with this gold minerali-
zation. Boron abundances are close to the back-
ground contents in the majority of the deposits,
and exhibit high values only sporadically, as at
Kurula (2900 ppm) which contains tourmaline-
quartz veins, and at Kalliosalo (366 ppm).

The rather fortuitous distribution of B in the
deposits studied implies that there cannot be any
general correlation between B and Au (Fig. 28).
Although B is at least locally involved in the
hydrothermal processes leading to gold minerali-
zation, it is usually deposited separately both in
space and time, a conclusion supported by the
general existence of higher contents in the wall-
rock than the ore samples (Fig. 27).

Mercury

Average Hg contents compiled from the liter-
ature by Govett (1983) are about 10 ppb for ultra-
mafic rocks, 90 ppb to mafic rocks, 80 ppb for
felsic rocks and 400 ppb for shales. These values
are high compared to the suggested working
values of individual geostandards, ranging from
2.1 to 28 ppb for mafic rocks (8 samples) and 0.2
to 51 ppb for felsic rocks (6 samples) (Govin-
dajaru, 1989). Our reference suite has contents
between 5 and 15 ppb, which are within the range
of the geostandards (App. 4).

Mercury is commonly associated with hydro-
thermal gold deposits which, though invariably
enriched, usually contain only small amounts
(<1 ppm) of Hg (Boyle, 1979). It seems to be
especially abundant in Tertiary epithermal de-
posits (Hutchinson, 1987). Carlin-type deposits
show a general range from 0.2 to 30 ppm (Bag-
by and Berger, 1985) and the hot-spring type
from 0.06 to > 13 ppm (Berger, 1985). Radtke
(1985) gives an average Hg content of 20 to 30
ppm and a mean Hg/Au ratio of 3:1 for the
Carlin-type deposits. Archean mesothermal
deposits typically contain several tens of ppb Hg,
but may locally exhibit values up to several ppm
(Boyle, 1979; Kerrich, 1983).
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Fig. 28. B — Au relationships for ore and wall-rock sam-
ples from mesothermal gold deposits. Symbols as in Fig. 2.

Mercury usually occurs in gold deposits as cin-
nabar (HgS), metacinnabar and livingstonite
(HgSb,S;), and less commonly as Hg-bearing
tetrahedrite-tennantine (Boyle, 1979). It may also
be enriched in sphalerite, and at least some Hg-
enriched deposits contain abundant sphalerite
and sulfosalts. Mercury deposits fairly late and
is often associated with stibnite and As miner-
als, and can also occur as a telluride (coloradoite)
and selenide (tiemannite, HgSe).

Mercury seems to be sporadically anomalous
in all provinces examined in this study but is
nevertheless only seldom highly enriched (Fig. 29,
Table 15, Apps. 2 and 3). Archean deposits most-
ly exhibit Hg contents close to background, with
peak values at Page Williams (11,200 ppb), where
a number of Hg minerals have been identified
(see, Harris, 1986), and also Mt. Charlotte (2150
ppb) and Lokkiluoto (150 ppb).

Deposits in the Lapland greenstone belt are
consistently low in Hg (<50 ppb, mostly <20
ppb), except for Suurikuusikko (580 ppb) and
Kivimaa (180 ppb), and there is no difference be-
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Fig. 29. Variations in Hg content in mesothermal gold deposits and their altered wall rocks (detailed information on deposits
and samples are given in Figs. 1—3, Tables 1—2, and App. 1).

Table 15. Statistical data for Hg (ppb) in ore-grade samples from gold deposits in various provinces.

Archean deposits Lapland green- Svecofennian
Australia & Canada Finland e complex
Mean'! 1290 45 57 49
Standard deviation 3350 62 140 56
Median 50 12 16 25
Maximum 11200 150 580 210
Minimum 6 <5 <5 <5
Number of samples 11 6 18 20

' A value of half the detection limit has been assigned to samples with content below the relevant limit.

tween deposits within different host rock lithol-  contents at Sudenkyl4 (210 ppb) and Kangasky-
ogies. The deposits in the Svecofennian terrain 14 (180 ppb).
are also generally low in Hg, excluding the peak Correlation between Hg and Au is generally



poor as might be expected from the sporadic oc-
currence of Hg (Fig. 30). In Hg-enriched de-
posits, however, it is always concentrated sym-
pathetically with Au, demonstrating roughly
simultaneous deposition (Fig. 29).

Fig. 30. Hg — Au relationships for ore and wall-rock sam-
ples from mesothermal gold deposits. Symbols as in Fig. 2.

Geological Survey of Finland, Bulletin 351 47

. Ha (ppb)
10

103+
102 4
. Og, 3
K e Oy A ARy
10 A o Keaao :
W n 3 """D;A_'. ®
oy ) A% RREY(T) Gk
1 T ¥ T T T
1 10 10+ 10®* 10* 4105 10°
Au (ppb)

Rare elements with a weak or sporadic response to mineralization

Uranium and thorium

According to Boyle (1979), U and Th are un-
common in hydrothermal gold deposits, but are
typically enriched in paleoplacer deposits. How-
ever, both Precambrian and Tertiary examples
exist where U and Th are enriched up to some
tens of ppm. Mesothermal deposits in Timmins,
show U and Th contents that reflect host-rock
abundances and imply approximately isochemi-
cal behavior of the elements (Kerrich, 1989).
Common U minerals in hydrothermal deposits
are pitchblende-uraninite (UO,) and davidite
([Fe,Ce,U],[Ti,Fe,V,Cr]0,,).

Uranium and Th do not show any evident en-
richment in the Archean deposits of this study,
contents ranging from < 0.1 to 3.4 ppm and
<0.5t09.2 ppm, respectively (Fig. 31, Table 16,
Apps. 2 and 3). Most of the deposits in the
Lapland greenstone belt contain U and Th with-
in the same ranges. However, U is strongly en-
riched at Saattopora N (9.9 ppm), Saattopora S

(23 ppm), Bidjovagge (95 ppm), Juomasuo (284
ppm), Sivakkaharju (410 ppm) and Konttiaho
(100 ppm), which are largely hosted by epicon-
tinental sedimentary rocks intruded by mafic-
ultramafic dikes, and were affected by pervasive
synvolcanic Na-CO, alteration prior to Au
mineralization. This context possibly indicates to
a local source of U. Thorium does not show any
apparent increase concomitant with U.

Uranium has a strong correlation with Au in
these deposits, according to both our analyses
and observations in the Bidjovagge mine, where
radiation can be used in delineating gold ore
(Soderholm and Nixon, 1988). The main U min-
eral at Bidjovagge is davidite (Bjorlykke et al.,
1987) and uraninite in the Kuusamo area (Pank-
ka and Vanhanen, 1989).

The deposits in the Svecofennian complex have
U contents < 5.4 ppm and Th <0.5 to 10 ppm,
except for Jokisivu, where both elements are 12
ppm in the ore sample (App. 2).

-
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Fig. 31. Variations in U content in mesothermal gold deposits and their altered wall rocks (detailed information on deposits
and samples are given in Figs. 1—3, Tables 1—2, and App. 1). Detection limit varies from 0.1 up to 3 ppm, depending
on sample matrix.

Table 16. Statistical data for U (ppm) in ore-grade samples from gold deposits in various provinces.

Archean deposits Lapland green- Svecofennian
t belt 1
Australia & Canada Finland stone be compiex

Mean'! 1.1 2.2 52.4 2.5
Standard deviation 1.1 0.5 114 2.7
Median 0.5 2.3 2.9 1.7
Maximum 3.4 2.9 410 12.4
Minimum 0.1 1.3 <0.1 <01
Number of samples 11 6 18 20

! A value of half the detection limit has been assigned to samples with content below the relevant limit.

Tin ly only slightly enriched (Boyle, 1979). Mesother-
Anomalous Sn contents have been noted for mal deposits at Yellowknife contain <10 ppm
some hydrothermal gold deposits, but Sn is usual- and at Kirkland Lake 2 to 11 ppm Sn. The Carlin-
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Fig. 32. Variations in Sn content in mesothermal gold deposits and their altered wall rocks (detailed information on deposits
and samples are given in Figs. 1—3, Tables 1—2, and App. 1).

Table 17. Statistical data for Sn (ppm) in ore-grade samples from gold deposits in various provinces.

Archean deposits Lapland green- Svecofennian
Australia & Canada Finland e e
Mean! 2 2 3 11
Standard deviation 2 2 3 16
Median <2 2 <2 6
Maximum 6 8 10 68
Minimum <2 <2 <2 <2
Number of samples 11 6 18 20

! A value of half the detection limit has been assigned to samples with content below the relevant limit.

type deposits have Sn contents from <7 to 20 is stannite (Cu,FeSnS,) and trace amounts may
ppm (Radtke et al., 1972). also be found in simple sulfides such as pyrite,
The most typical Sn mineral in gold deposits galena and sphalerite (Boyle, 1979).
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Fig. 33. K — Tl relationships for ore and wall-rock samples
from mesothermal gold deposits. Symbols as in Fig. 2.

The Archean deposits seem to be nearly devoid
of Sn, showing typically contents from <2 to 4
ppm with only minimal enrichments of 6 ppm at
Mt. Charlotte and in the flow ore of Kerr Addi-
son, and 8 ppm at Korvilansuo (Fig. 32, Table
17, Apps. 2 and 3). In the Lapland greenstone
belt seven deposits show Sn contents > 5 ppm in
either the ore or the wall rocks. The ultramafic
foot wall rock of the Sirkka W deposit has the
highest content (28 ppm), the other six anoma-
lous samples being within the range of 6 to
12 ppm.

The deposits in the Svecofennian complex are
commonly slightly enriched in Sn (App. 2).
Eleven of the 20 deposits show in at least one of
the samples Sn contents > 5 ppm (mostly 6 to 16
ppm). The peak values are encountered in ore

samples from the Osinkonméiki W (68 ppm) and
Kopsa (40 ppm) deposits. Although these two
mineralizations are tonalite-hosted, the other
anomalous contents are not restricted to any
specific host rock.

Thallium

Thallium is a trace component of hydrother-
mal gold deposits, which may form discrete
minerals, such as lorandite (TlAsS,) or be en-
riched, as, in galena, sulfosalts and orpiment or
substitute for K in micas and alkali feldspar
(Boyle, 1979). Thallium is commonly an asso-
ciated element in epithermal deposits, and pub-
lished analyses from hot-spring and Carlin type
deposits show that Tl is enriched from several
ppm up to some tens of ppm (Radtke et al., 1972;
Berger, 1985). The average content for Carlin-
type deposits is 40 to S0 ppm (Radtke, 1985). This
contrasts with values for Archean mesothermal
deposits which seem to mostly be from 0.05 to
2 ppm (Kerrich, 1989).

Data from the Fennoscandian Shield show no
peak values and a total variation of T1 from <0.1
to 1.6 ppm (mostly <1 ppm), indicating that T1
was not markedly enriched in the mineralizing
fluids, and most probably occurs in K-bearing
minerals (App. 2). There is, however, no simple
mutual correlation between K and TI, and sam-
ples from the Lapland greenstone belt seem to
be anomalously low in Tl (Fig. 33).

In our data from Canada and Australia, the
Page Williams mine in the Hemlo deposit is the
only one which is anomalous in TI (31.5 ppm),
the others showing contents within the limits es-
tablished for the Fennoscandian Shield (App. 3).
Harris (1986) has identified several Tl minerals
from Hemlo, such as parapierrotite (TISbsSg)
and routhierite (CuTIHg,[As, ,Sb,¢]Sq).
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Base metals and sulfur

Copper, zinc and lead

Average abundances of Cu, Zn and Pb in
ultramafic rocks are 15, 40 and 0.5 ppm; in mafic
rocks 90, 120 and 7 ppm; in felsic rocks 30, 60
and 18 ppm; and in shales 60, 75 and 15 ppm,
respectively (Govett, 1983; Kerrich, 1983; and
references therein). These metals are commonly
associated with gold mineralization and may be
present in either minor or major amounts with
contents varying markedly between different
types of deposits (Boyle, 1979). The elements
typically form simple sulfides such as chal-
copyrite (CuFeS,), enargite (Cu;AsS,), bornite
(Cu,FeS,), sphalerite (ZnS) and galena (PbS),
and a number of other compounds such as sul-
fosalts and tellurides. These base metals are nota-
bly enriched in epithermal Neogene — Quater-
nary deposits of the Circum Pacific Belt (Silli-
toe, 1989). Porphyry Au-Cu deposits of this re-
gion show strong Cu enrichment and usually have
a positive correlation between Cu and Au, where-
as Zn and Pb are only locally enriched. Amongst
the epithermal deposits, the acid-sulfate types are
enriched in Cu, while the adularia-sericite types,
which are in general somewhat poorer in base
metals, show Zn and Pb as well as Cu enrich-
ment.

The Carlin- and hot-spring-type deposits pos-
sess Cu, Zn and Pb abundances near background
levels or only a slight enrichment. General ranges
for Carlin type deposits are <S5 to 200 ppm for
Cu, 10 to 1500 ppm for Zn and <7 to 300 ppm
for Pb (Bagby and Berger, 1985) and for the hot-
spring deposits, <5to 50 ppm for Cu, <5 to 35
ppm for Zn and < 10 to 30 ppm for Pb (Berger,
1985). Archean mesothermal deposits typically
have low Cu, Zn and Pb contents, within the
range of 0.1—10 times their background values,
but may show locally sporadic enrichments (Ker-
rich, 1983; Kerrich and Fyfe, 1988).

Copper is the only base metal which is com-
monly somewhat enriched in the mesothermal
gold deposits sampled (Fig. 34, Table 18, Apps.

2 and 3). The Archean deposits typically have
rather low Cu, except for the Cu enriched lode
at the Ferderber mine (1.16%) and the Owl Creek
deposit (0.064%). The same samples are also
somewhat enriched in Zn and Pb, but in the other
deposits these elements show contents close to the
background abundances.

Deposits in the Lapland greenstone belt are
typically anomalous in Cu but mostly rather low
in Zn and Pb. The peak Cu values were en-
countered in the Kivimaa (1.84%), Bidjovagge
(1.20%) and Saattopora S (0.84%) deposits,
which are also past or present Cu producers. For
the other showings, Cu content is variable, from
<0.01 to 0.2%. Zinc is mostly <130 ppm and
Pb <30 ppm. Anomalous Pb contents (up to 150
ppm) are mostly restricted to the deposits of the
Kuusamo area, in which Pb may be largely of
radiogenic origin, since sporadic higher Pb values
have been demonstrated to be spatially associated
with U anomalies (Pankka, 1989).

The deposits in the Svecofennian terrain are
characteristically enriched in Cu, mostly show-
ing contents between 0.03 and 0.3%. Zinc and
Pb are only locally anomalous at Kiimala
(Zn = 2920 ppm and Pb = 78 ppm), Kangaskyla
(Zn=496 ppm and Pb=33 ppm) and Pirild S
(Zn =432 ppm and Pb =778 ppm). The latter de-
posit has been considered as syngenetic in origin
mainly on the basis of elevated base metal con-
tents (Makkonen and Ekdahl, 1988). Although
sphalerite and galena are common accessory
minerals in the deposits of the Svecofennian com-
plex (Nurmi, 1991), Zn and Pb are usually only
slightly enriched (up to 160 ppm and 50 ppm,
respectively).

Copper shows a broad general correlation with
Au, but both ore and wall-rock samples may ex-
hibit anomalously high or low values on a local
scale as well as in the bulk of the data (Figs. 34
and 35). For Zn and Pb there is no general corre-
lation with Au, although the metals are enriched
in the ore samples from some deposits.
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Fig. 34. Variations in Cu content in mesothermal gold deposits and their altered wall rocks (detailed information on deposits

and samples are given in Figs.

1—3, Tables 1—2, and App. 1).

Table 18. Statistical data for Cu (ppm) in ore-grade samples from gold deposits in various provinces.

Archean deposits

Lapland green- Svecofennian

Australia & Canada Finland SRGE somplex
Mean 1200 139 2520 763
Standard deviation 3450 151 5120 773
Median 103 53.2 223 465
Maximum 11600 346 18400 2860
Minimum 14.2 14.1 7.4 42.2
Number of samples 11 6 18 20

Cobalt, nickel and chromium

Cobalt, Ni and Cr are usually present in gold
deposits in trace to minor amounts (Boyle, 1979).

Cobalt and Ni occur in common sulfides, but
where more abundant may locally form a num-
ber of discrete minerals. Chromium is a major
component in Cr-mica and a number of rock-



forming minerals, and may also occur in lesser
amounts in various ore minerals. In Archean
mesothermal deposits, Cr and Ni show a strong
dependence on host rock lithology, being abun-
dant (Cr >2000 ppm and Ni 900 ppm) only in
some ultramafic hosted deposits, although the
possibility of hydrothermal concentration along
with precious metals cannot be ruled out (Ker-
rich and Fyfe, 1988).

The Archean mesothermal deposits from
Canada and Australia sampled for this study
seem have rather low Co (mostly <50 ppm) (Fig.
36, Table 19), Ni (<70 ppm) and Cr (<200 ppm)
(App. 3). The ultramafic-mafic-hosted deposits
of Owl Creek and Kerr Addison do exhibit, how-
ever, somewhat higher contents for Ni (up to 515
ppm) and Cr (1990 ppm). The tonalite-hosted,
Cu-rich Ferderber deposits has anomalous Co
(124 ppm) and Ni (102 ppm). Compared to these
deposits, the occurrences at Ilomantsi, hosted
predominantly by intermediate supracrustal
schists, are slightly anomalous with respect to Ni
(121 to 155 ppm) and Cr (140 to 300 ppm) (App.
2). Nickel occurs in this area as pentlandite
([Fe,Ni]yS;) inclusions in pyrrhotine (Johanson
and Kojonen, 1989).

Nickel and Cr exhibit roughly parallel behavior
in the deposits of the Lapland greenstone belt,
mostly being close to background values (< 700
ppm), although showing distinct local enrich-
ments in the ultramafic-hosted deposits of
Lélleavuoma (Ni=912 and Cr=2260 ppm), Hir-
vilavanmaa (Ni=802 and Cr=2050 ppm) and
Soretiavuoma (Ni=2380 and Cr=1900 ppm)
(App. 2). Although some other ultramafic-hosted
deposits show much lower contents, abundances
of these metals are not necessarily controlled by
the mineralization processes, since approximately
similar contents are found in wall rocks and ore
samples.

Cobalt behaves independently from Ni and Cr,
and is particularly enriched in the deposits of the
Kuusamo area (172 to 1820 ppm) (Fig. 36, Ta-
ble 19, App. 2), where it is present in cobaltite
(CoAsS) and pentlandite (Pankka, 1989). The
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Fig. 35. Cu — Au relationships for ore and wall-rock sam-
ples from mesothermal gold deposits. Symbols as in Fig. 2.

mafic-ultramafic-hosted deposits contain in most
cases <60 ppm Co, but locally content may ex-
ceed 400 ppm as, for instance, at Pahtavaara (472
ppm) and Soretiavuoma (428 ppm). Unlike Ni
and Cr, Co is usually enriched in the ore sam-
ples (Fig. 36).

In the deposits of the Svecofennian province,
Ni and Cr abundances are typically near back-
ground contents (< 150 ppm for volcanic-hosted
and <70 ppm for tonalite-hosted deposits) and
the ore samples are usually depleted resulting
from an increase in volume, attributed principally
to quartz veining (App. 2). Only at Sudenkyld
is Ni distinctly higher (775 ppm). Cobalt is in
most cases < 30 ppm, but locally shows distinct
enrichments, up to 1590 ppm at Kurula and 999
ppm at Sudenkyléd (Fig. 36, Table 19, App. 2).

Sulfur

Sulfur contents vary considerably according to
lithology. Approximate average abundances are
100 ppm for ultramafic rocks, 300 ppm for mafic
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Fig. 36. Variations in Co content in mesothermal gold deposits and their altered wall rocks (detailed information on deposits
and samples are given in Figs. 1—3, Tables 1—2, and App. 1).

Table 19. Statistical data for Co (ppm) in ore-grade samples from gold deposits in various provinces.

Archean deposits

Lapland green-

Svecofennian

Australia & Canada Finland stone belt complex
Mean 33 35 233 148
Standard deviation 34 20 419 404
Median 27 29 87 15
Maximum 124 73 1820 1590
Minimum 4 17 15 F |
Number of samples 11 6 18 20

I A value of half the detection limit has been assigned to samples with content below the relevant limit.

rocks, 400 ppm for felsic rocks and 3000 ppm for

shales (Govett, 1983; and references therein).
Sulfur, being the major component of sulfides,

sulfosalts and sulfates (barite, gypsum, anhydrite

and alunite), is an ubiquitous element in all types
of hydrothermal gold deposits, and is always
present in considerable but varying amounts
(Boyle, 1979). In some deposits Au shows a
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Fig. 37. Variations in S content in mesothermal gold deposits and their altered wall rocks (detailed information on deposits

and samples are given in Figs. 1—3, Tables 1—2, and App. 1).

Table 20. Statistical data for S (ppm) in ore-grade samples from gold deposits in various provinces.

Archean deposits Lapland green- Svecofennian

Australia & Canada  Finland el i
Mean 25700 7530 41420 22270
Standard deviation 24200 4979 31960 32110
Median 17800 6600 34200 10900
Maximum 79600 15400 139000 120000
Minimum 1350 633 4060 1420
Number of samples 11 6 18 20

general correlation with S, whereas in others no
such coherence exists. The main S carriers in all
gold deposits are Fe-sulfides, which crystallize
after the reaction of S-bearing fluid with Fe in

the host rocks. Sulfate minerals in gold deposits
are common only in epithermal systems (Hutchin-
son, 1987). In these deposits, the acid-sulfate type
is commonly enriched in pyrite (up to >50%)
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compared to the adularia-sericite type (Sillitoe,
1989). Archean mesothermal deposits of the
Abitibi belt show a wide range of S from 0.1 to
>20% in pyritic occurrences (generally between
0.4 to 3%), but high Au contents are found in
both S-rich and S-poor types (Kerrich, 1983).
Our data indicates that the mesothermal gold
deposits are invariably enriched in S, ranging
from <0.1 to over 10% (Fig. 37, Table 20, Apps.
2 and 3). Although the overall variation is large
and Au is not directly controlled by the abun-
dance of sulfides (mainly Fe sulfides), there are
nevertheless differences in average S abundances
between the provinces. The Archean deposits
most commonly contain from about 0.5 to 3.5%
S, the peak content occurring in the sample from

the Page Williams mine (8.0%) and the lowest
content in the green carbonate ore at Kerr Addi-
son (0.14%). The occurrences in the Ilomantsi
area seem to exhibit somewhat lower S abun-
dances (typically 0.6 to 1.5%), with the tonalite-
hosted Kuittila deposit being anomalously low
(0.063%).

The deposits in the Lapland greenstone belt are
enriched in S compared to the other provinces,
their contents being typically from 2 to 6%. The
highest content (13.9%) was encountered in the
minor Rovaselkad showing, in which gold occurs
in association with abundant pyrrhotine. Anoma-
lously low content occurs at Hirvilavanmaa
(0.41%), which is also rather low in Au. In the
Pahtavaara deposit, much of the S (3.2%) oc-
curs in baryte and only minor pyrite dissemina-
tion exists. The data from the Lapland greenstone
belt may be somewhat biassed, since geophysi-
cal methods (Slingram, IP and VLF-R) have been
widely used in exploration, preferentially reveal-
ing more sulfide-rich occurrences (see, Nurmi,
1991).

The deposits in the Svecofennian complex
generally contain from about 0.5 to 2.5% S.
Anomalously low contents occur at Antinoja
(0.14%) and Laivakangas S (0.17%), while the
highest contents were found at Kiimala (12.0%)
and Sudenkyld (10.4%). The former comprises
fairly massive pyrrhotine zones and breccias,
while the latter is principally pyrrhotine-rich
quartz-vein mineralization.

Sulfur shows a broad general correlation with
Au, the ore samples typically being enriched in
S with respect to the wall rocks (Figs. 37 and 38).
However, Au abundances are not directly related
to the abundance of sulfides.

Elements related to wall-rock alteration

Hydrothermal gold deposits are presumably
the result of extensive fluid flow through the
parent rock, since that is the only conceivable
mechanism for producing economic concentra-

tions from hydrothermal fluids that have very
low natural concentrations of Au (see, Kerrich
and Fyfe, 1984; Seward, 1984). Hence, gold
deposits are always related to hydrothermally al-



Geological Survey of Finland, Bulletin 351 57
Si0,(%)
T
100 100
®
° - A
(] [ ]
1| 4 ® o | |al2 I
°, ? a A e o5 °

o | FLIF . e | BEL .

< A 3
[ ] APH® x AL, v% 3 v
A @
® A I~ UN
50- w v o % a v -50
® ® e Vla alg o o 4
DA al | |v e
°
1 als . ala ® il
Vie v d b ° -
@ ° v
° = r
®
4 ° L
104 10
1]2[3/45(68[7[8]8111213114/1516[17]18118[20[2 2 7128| 1 7] 414243144la5146(47] 1
Canaaa“ B F?nlandm Lapland greenstone belt Svecofennian complex
Archean greenstone belts Early Proterozoic complexes in the Fennoscandian Shield

Host rocks: [l Uitramatfic rocks Bl Mafic volcanics
B Mica schists

Sample types: ® Ore A Hanging wall rock

Intermed. volcanics Bl Felsic rocks(mainly tonalites)

Flother sedimentary rocks with mafic dikes

Vv Foot wall rock

Fig. 39. Variations in SiO, content in mesothermal gold deposits and their altered wall rocks (detailed information on
deposits and samples are given in Figs. 1—3, Tables 1—2, and App. 1).

tered wall rocks and in most instances alteration
is both extensive and intense.

Epithermal mineralization systems tend to re-
sult in zoned alteration patterns, which include
silicification and advanced argillic alteration at
the top of the system, quartz-adularia-calcite
veins associated with sericite-albite or argillic
halos, and broad propylitic and argillic halos
(e.g., Berger and Bethke, 1985; Groves, 1989).
In mesothermal systems, zoning is not as well de-
veloped, and alteration generally produces pat-
terns which indicate carbonation, hydration and
potassic alteration, resulting typically in para-
geneses dominated by ferroan dolomitic, K-mica,
alkali feldspar, chlorite and quartz (e.g., Colvine

et al., 1988). Alteration is accompanied by
removal of, amongst other elements, Ca, Sr and
Na; and addition of Si, K, Rb, H,0 and CO,.

Unlike the Au-affiliated rare elements and the
base metals, elements recording wall-rock alter-
ation are major components of common rock-
forming minerals or trace elements substituting
for major elements. Their contents generally
change during mineralization processes by a fac-
tor of some tens of per cent to considerably less
than an order of magnitude, and original litho-
logical compositions and volume changes exert
a strong influence on the analysed abundances
of altered rocks. For example, a quartz-vein oc-
currence in tonalite may actually have an even
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Fig. 40. Variation in mol. K/Al ratios in mesothermal gold deposits and their altered wall rocks (detailed information on
deposits and samples are given in Figs. 1—3, Tables 1—2, and App. 1).

lower K content than its K-poor host rocks, al-
though all Al would be bound in K-micas, be-
cause of the dilution effect of abundant silica.
Likewise, a pervasively altered K-enriched ultra-
mafic rock may still have a lower K content than
a normal granodiorite.

Because the chemical components of rocks
have a constant sum, changes in content of a par-
ticular element during alteration record a rela-
tive change, but not the true amount of element
gained or loosed. Hence, detailed studies of wall-
rock alteration should apply mass-balance calcu-
lations recording mass gains or losses of chemi-
cal components. For example, Kerrich and Fyfe
(1988) present volume factors for mesothermal

deposits, which range from 0.8 at the periphery
of alteration domains to 7 at vein margins. The
peripheral alteration domains are characterized
by removal of Ca, Mn and Mg, and to some ex-
tent of Cr, Ni, Sr and S (Kerrich and Fyfe, 1988).
The major and minor elements combine with
CO, from the fluid and form carbonate miner-
als leading to considerably increased volume fac-
tors at the places of carbonate and vein precipi-
tation.

Mass-balance calculations are, however, be-
yond the scope of this paper and difficult to com-
pute without analyses for unaltered wall rocks
from each locality. Results presented here are
studied as ratios of geochemically similar ele-



ments and on a mineralogical basis using molecu-
lar ratios for determining relative saturation (see,
e.g., Kishida and Kerrich, 1987). This also allows
comparison between different host-rock litholo-
gies.

From the above given facts, it can be con-
cluded that it is neither relevant nor valid to com-
pare major element abundances from different
deposits. This can be demonstrated, for instance
in the case of silica, which is a ubiquitous com-
ponent of gold mineralization, precipitating from
ore-forming fluids and being liberated in many
reactions related to wall-rock alteration (see
amongst others, Fournier, 1985; Colvine et al.,
1988). The mafic-ultramafic-hosted deposits in
the Lapland greenstone belt, for example, show
a wide range of SiO, contents (19 to 52%)
mainly reflecting the replacement of silicates by
carbonates and the fortuitous presence of quartz-
vein material in the analysed sections (Fig. 39).
The basaltic — andesitic-hosted deposits have,
in general lower SiO, than tonalite-hosted de-
posits in the Svecofennian complex, although the
ranges of contents largely overlap.

Lithophile elements

Potassium addition is one of the most univer-
sal alteration phenomena associated with gold
mineralization, and is studied here as a function
of Al, Rb, Ba and Na contents. Potassium is
bound in Al-bearing silicates, of which musco-
vite is most commonly associated with mesother-
mal gold mineralization. Biotite and alkalifeld-
spar are nevertheless also common in many de-
posits. The molecular K/Al ratio is 1/3 for mus-
covite, and accordingly 3K/Al ratio has a value
close to one in completely altered rock, where all
Al is bound in muscovite. Biotite and K-feldspar
contain three times more K than muscovite such
that mol.K/Al=1.

Figures 40 and 41 show that K saturation is
highly variable amongst the mesothermal de-
posits studied. This is particularly the case for
the ultramafic- and sediment-hosted deposits in
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Fig. 2.

the Lapland greenstone belt, which were initial-
ly very poor in K, but locally show extreme K al-
teration associated with gold mineralization. For
the deposits in the Svecofennian and Archean ter-
rains, K saturation is also variable indicating in-
creased saturation in association with minerali-
zation. The mol.K/Al ratios are, on average,
higher in initially K-rich rocks, but may attain
high values irrespective of the host-rock litholo-
gy. The highest saturation values are not re-
stricted to ore samples, which indicates that the
degree of K alteration does not directly correlate
with extent of gold deposition.

Rubidium closely follows K in geological
processes, because Rb'* can readily substitute
for K'* in K-bearing minerals (see, Shaw, 1968).
Thus the K/Rb ratio may be diagnostic for the
source processes of hydrothermal mineralization
(see e.g., Kerrich, 1989). Our data indicate simi-
lar behavior for these elements in mesothermal
gold mineralization with a mutual correlation
coefficient of 0.93 when taking the whole data
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set (Fig. 42). There are, however, marked differ-
ences between the provinces in average ratios and
in the variation of the ratios (Figs. 42 and 43).
The Archean deposits exhibit the most coherent
pattern, the bulk of ratios falling between 230
and 270 and with a tendency towards higher
values, up to 658 at Page Williams and 506 at
New Celebration. Anomalously low values were
obtained for Lokkiluoto and Kelokorpi. This pat-
tern closely resembles that reported from the
Abitibi belt by Kerrich (1989), where most values
are between 230 and 380, close to the crustal aver-
age of 285 (Taylor and McLennan, 1985).

Deposits in the Svecofennian complex and es-
pecially in the Lapland greenstone belt show a
wide variation in K/Rb ratios, lower average
values and a tendency towards Rb enrichment.
These kinds of patterns are typically formed dur-
ing magmatic differentiation, but may also be
formed as a consequence of granulite metamor-
phism in the source region (see, Kerrich, 1989).

Barium seems generally to follow K in the
deposits in the Archean and Svecofennian ter-
rains, whereas gold mineralization in the Lapland
greenstone belt consistently shows low Ba con-
tents lacking any distinct relationship to K abun-
dances, thus demonstrating that Ba was not gen-
erally enriched in the ore-forming fluids in that
area (Fig. 44).

Although Ba is commonly enriched in epither-
mal gold deposits, occurring in baryte veins, it
is only seldom encountered in mesothermal de-
posits (Hutchinson, 1987). In our data, samples
from the Page Williams mine (13.3%) and the
Pahtavaara deposit (12.9%) are, however, dis-
tinctly anomalous for Ba, correlating with locally
abundant baryte.

Potassium tends to replace Na in alteration as-
sociated with gold mineralization, such as when
albite reacts with fluids to form muscovite. This
is particularly evident in the data from the
Lapland greenstone belt, where initially low-K
ultramafic and mafic lithologies, which were typi-
cally highly enriched in Na due to early synvol-
canic alteration, have subsequently been altered
to muscovite and/or biotite predominated assem-
blages during gold mineralization. This has
resulted in extreme variation in the K vs. Na
diagram (Fig. 45). In the Archean and Svecofen-
nian provinces, total variation is much less,
although K enriched rocks are also typically
present.

Carbon

Carbon, present mostly in carbonates, graph-

.ite or as hydrocarbon inclusions, is virtually ubiq-

uitous in the alteration domains of both epither-
mal and mesothermal gold deposits, indicating
that CO, was an important component of the
ore-forming fluids (e.g., Boyle, 1979; Bodnar et
al., 1985; Colvine et al., 1988). However, meso-
thermal deposits within amphibolite facies rocks
often lack carbonation due to higher temperature
mineralization conditions (Colvine et al., 1988).
The maximum amount of carbonates in a rock
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and samples are given in Figs. 1—3, Tables 1—2, and App. 1).

is a function of Ca, Mg and Fe contents, and car-
bonation is considered here as a molecular ratio
CO,/(Ca+ Mg+ Fe), which gives a value close
to zero in carbonate-deficient rocks and ap-
proaches unity in completely carbonated rocks,
when all Ca, Mg and Fe are bound in carbonates
(cf., Kishida and Kerrich, 1987).

The degree of carbonation differs markedly be-
tween provinces (Figs. 46 and 47). Both the vol-
canic and sediment-hosted deposits from the
Lapland greenstone belt show the most pervasive
carbonation. The Archean deposits likewise ex-
hibit well-developed carbonation, except for the
supracrustal-hosted deposits in the [lomantsi area

and the Page Williams mine, which are charac-
terized by a total lack of carbonates, evidently
due to a somewhat higher metamorphic grade.
The deposits in the Svecofennian complex, ex-
cluding the Bjorkdal mine, do not in general con-
tain carbonates, and the somewhat elevated CO,
contents may be at least partly related to post
mineralization alteration.

Graphite-bearing sedimentary rocks host a
number of gold deposits, and graphite has evi-
dently acted as the reducing agent in Au precipi-
tation in certain occurrences (Groves and Barley,
1988; Naden and Shepherd, 1989). In addition,
graphite may also have been precipitated from
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fluids in some gold deposits (Boyle, 1979).
Graphite seems to be generally absent (< 0.05%)
in the deposits sampled here (Apps. 2 and 3).
Hoyle Pond (0.06%), Owl Creek (0.33%) and the
graphite flow ore at Kerr Addison (0.25%) are
the only graphite-bearing Archean deposits. Of
the deposits in the Svecofennian domain, one of
the wall-rock samples from Pirild N and from
Kalliosalo, contain some graphite.

In the Lapland greenstone belt, only Suuri-
kuusikko (0.82%), Rovaselkd (0.29%), Bid-
jovagge (0.23%) and Soretiavuoma (0.09%) ex-
hibit elevated graphite contents in the ore (and
wall-rock) samples, while Saattopora S shows en-
richment in the wall-rocks but not in the ore.
Graphite has been suggested as the reducing agent
for Au deposition at Bidjovagge (S6derholm and
Nixon, 1988). On the other hand, graphite-
bearing sedimentary rocks are very common at
many stratigraphic levels within the Lapland
greenstone belt, particularly in comparison with
the amount of graphite in the gold deposits, im-
plying that this could not have been the most
widespread deposition mechanism.

Water, chlorine and fluorine

Hydrolysis is one of the main alteration phe-
nomena in hydrothermal gold deposits, leading
to the ubiquitous presence of water-bearing sili-
cates such as clay minerals, sericite, biotite, chlo-
rite, talc and serpentine. Water content of a rock
is mainly a function of Al such that for sericite
the molecular ratio 3H/2Al=1, for chlorite
H/4Al =1, and for biotite H/2Al = 1. Since the
ratio varies considerably between the different
commonly occurring minerals, the exact degree
of water saturation can only be estimated. Al-
though the absolute water contents of different
provinces largely overlap, the molecular H/Al
ratio indicates that the degree of water satura-
tion is characteristic for each province in that the
mineralization in the Lapland greenstone belt is
associated with the most extensive hydration,
whereas it is somewhat less developed in the Ar-
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(detailed information on deposits and samples are given in
Figs. 1—3, Tables 1—2, and App. 1).

chean deposits and weakest of all in the deposits
within the Svecofennian terrain (Figs. 48 and 49).
The clustering is partly due to the bias in host
lithology, the ultramafic rocks, which are com-
mon in Lapland, exhibiting the highest satura-
tion values, and granitoids, typical in the
Svecofennian province, the lowest. In the former,
water is commonly bound to Al-deficient miner-
als, such as talc and serpentine, in addition to Al

Fig. 47. Mol. CO, — Ca+ Mg+ Fe relationships for ore
and wall-rock samples from mesothermal gold deposits. Sym-
bols as in Fig. 2.
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Fig. 48. Variation in mol. H/Al ratios in mesothermal gold deposits and their altered wall rocks (detailed information on
deposits and samples are given in Figs. 1—3, Tables 1—2, and App. 1).

silicates, which may explain the high relative
water contents of ultramafic-hosted deposits.
However, mafic volcanic rocks for example, in-
dicate that different degrees of water saturation
in the provinces cannot be explained alone by
lithological variations.

Chlorine and F are common elements in hy-
drothermal gold deposits, but are seldom en-
riched to larger concentrations (Boyle, 1979). Ex-
cept for fluorite/topaz-bearing epithermal de-
posits, which may contain F >5%, F content
usually varies between 10 to 2100 ppm, with F
occurring principally in mica, tourmaline, apa-
tite and chlorite. Chlorine is not normally en-

riched in gold deposits, and the general range for
gold-quartz deposits is from 100 to 500 ppm
(Boyle, 1961, 1979).

Our data also indicate that abundances of these
elements are, in the gold deposits sampled, close
to background levels and are generally related to
lithology (Apps. 2 and 3). Chlorine contents vary
from <50 ppm in granitoid-hosted to > 500 ppm
in mafic-hosted deposits. The ultramafic foot-
wall rock at Sirkka W in the Lapland greenstone
belt (1840 ppm) and the Archean Lokkiluoto de-
posit (670 ppm) are the only anomalously en-
riched samples. Fluorine contents vary from
<100 ppm in ultramafic-hosted to >800 ppm



in granitoid-hosted deposits, and the quartz di-
oritic foot-wall rock of the Kaapelinkulma de-
posit in the Svecofennian province is the only
sample exhibiting a content > 1500 ppm (2800
ppm).

Fig. 49. Mol. H — Al relationships for ore and wall-rock sam-
ples from mesothermal gold deposits. Symbols as in Fig. 2.

Elements with no particular

Immobile elements

About one third of the determined elements ex-
hibit effectively immobile behavior during the
hydrothermal processes associated with gold
mineralization. Their concentrations and interele-
ment ratios in deposits and altered wall rocks are
strongly related to those of the parent lithologies
at all localities. This group includes Al, Ga, P,
Sc, Ti, V, Zr, Hf and Nb (cf., Maclean and
Kranidiotis, 1987; Kerrich and Fyfe, 1988; Ker-
rich, 1989).

The rare earth elements also seem to be prac-
tically immobile. Their contents are reduced in
mineralized rocks, but their typical patterns are
retained. This is demonstrated in Fig. 50, where
basaltic komatiite-hosted mineralization at Pah-
tavaara, which is now characterized by tremolite-
chlorite-biotite-talc-carbonate-quartz alteration
show, REE patterns congruent with the excep-
tion of increased Eu in the ore sample, with that
of unaltered komatiite (RS 131) from the near-

3
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by Sattasvaara area. The relative decrease in
abundances indicates, however, considerable vol-
ume increase.

The very low values recorded from the Sore-
tiavuoma mineralization are due to intense alter-
ation to a carbonate-albite-quartz * (talc-chlorite)
lithology with abundant carbonate-quartz vein-
ing, although the protolith may have been a
peridotitic komatiite having even lower original
concentrations. Nevertheless, the ultramafic
nature of the host rock can be unambiguously
deduced from the characteristic REE patterns.
Except for Eu, which could have been mobile in
the hydrothermal systems, scattering observed in
the other elements may largely be due to ana-
Iytical uncertainties where concentrations are
near or below chondritic abundances. Likewise,
samples from the tonalite-hosted mineralizations
in the Svecofennian province show parallel pat-
terns, representing typical Svecofennian tonalites
(see e.g., Nurmi and Haapala, 1986), regardless
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of the intensity of silicification, potassic altera-
tion or sulfidation (Fig. 50 b).

Palladium and platinum

Platinum group elements are locally encoun-
tered in hydrothermal gold deposits, and Pd is
in particular alloyed with gold in some placer
deposits (Boyle, 1979). Data in Kerrich (1983)
show that Pd is enriched up to 180 ppb in a few
Archean mesothermal deposits in Canada.

Platinum contents in our samples are system-
atically at or below the detection limit (4 ppb),
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indicating that Pt contents are close to back-
ground abundances in the gold deposits analysed
(Apps. 2 and 3). Palladium contents in the Ar-
chean deposits vary from <0.1 to 8.3 ppb at the
ultramafic-hosted ore of Kerr Addison. The
range for the gold deposits in Proterozoic terrain
is somewhat greater, from <0.1 to 19 ppb, the
highest contents being observed in mafic-ultra-
mafic-hosted deposits. Given that background
values of Pd are around 5 to 20 ppb in mafic-
ultramafic rocks (Kerrich, 1983; Kontas et al.,
1986, 1990; Govindajaru, 1989), there is no ap-
parent enrichment of Pd in the studied deposits.

DISCUSSION

The present study indicates that Archean and
Early Proterozoic, mesothermal gold deposits are
invariably enriched in a number of elements,
which can be broadly classified as Au-affiliated
rare elements, base metals and elements related
to wall-rock alteration. Although individual
deposits have their own geochemical characteris-
tics, which may also differ from those in adja-
cent deposits within the same lithology and struc-
tural setting, the main gold provinces sampled
here nevertheless exhibit typical general ranges
for many elements and element ratios. This must
be a consequence of the relationship between gold
mineralization and crustal evolution being dis-
tinct for each province. The variation that is seen
implies differences in fluid sources and deposi-
tion processes. Genetic aspects are not, howev-
er, dealt with any further in this paper.

The results demonstrate that the sampling
procedure adopted, namely taking single, care-

fully selected and homogenized drill-core inter-
sections from each deposit is representative
enough to be used in defining general geochemi-
cal characteristics for the deposits and provinces.
In addition to Au, the results of the other ele-
ments naturally also record average contents in
bulk samples from typical gold ore, delineated
using a cut-off value of 1 ppm, and from adja-
cent wall rocks. The use of the same cut-off value
in all targets leads to similar median Au contents
for the ore samples from different provinces,
which makes possible a direct comparison of the
results of Au-affiliated elements between the
deposits and the provinces. Comparison of origi-
nal Au assays with results from the bulk samples
shows good coherence, indicating the success of
sample homogenization. Repeated analyses and
results for the suite of common rock types sug-
gest that analytical accuracy is good for all rele-
vant elements.

Enrichment of elements in gold deposits

Enrichment of the most important elements in
gold deposits relative to background is illustrated
in Fig. 51. Since the background contents were

difficult to determine individually, all values were
computed using a hypothetical basalt as the com-
mon reference sample (Table 21). Element abun-
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Fig. 51. Enrichments of selected elements relative to background abundances in basalts (see, Table 21) for ore samples

from mesothermal gold deposits. Brown refers to deposits in the Late Archean greenstone belts; blue, to those in the Early

Proterozoic Lapland greenstone belt; and red, to the Early Proterozoic Svecofennian complex. Symbols refer to principal
host-rock lithology as in Fig. 2., and horizontal bars indicate median.

dances were selected according to literature
values, supplemented by our own data for some
rare elements in order to be representative of
average contents for typical basalts. Basalt was
selected as a reference, firstly because mafic rocks
are the most common host rocks of mesother-
mal deposits world wide, but also because aver-

age abundances of rare elements are best known
for basaltic rocks. The background contents for
the Au-affiliated rare elements are very similar
for all igneous rocks, although for the base met-
als at least, the usage of basalt values may cause
some bias.

According to bulk samples from 17 deposits/
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ore bodies in Archean greenstone belts in Fin-
land, Canada and Western Australia, 18 deposits
in the intracratonic Early Proterozoic, Lapland
greenstone belt, and 20 deposits in the juvenile
Early Proterozoic Svecofennian complex in the
Fennoscandian Shield, element enrichment fac-
tors for Precambrian mesothermal gold deposits
show extreme variation, from 1 to > 10 for Au
and many affiliated rare elements, but typically
being between 0.1 and 10 for the base metals (Fig.
51).

Although the factors may attain extreme values
in individual deposits, and with corresponding-
ly high mean values, the median values offer a
better indication of typical enrichment, and are
much lower than those reported by Kerrich (1983)
from mesothermal deposits in the Abitibi belt.
This evidently results from different sampling
strategy. Kerrich (1983) analysed samples most-
ly having extreme Au contents, whereas we used
bulk samples showing typical economic grades of
gold ore. Furthermore, our data indicate that al-
though the results from the Archean deposits
show a marked coherence with those by Kerrich
(1983), the association of various elements with
the Early Proterozoic gold provinces is unmistak-
ably different from that in the Late Archean.

In general, Au is the only element that is sys-

”‘Co - Ni Cr

Table 21. Background contents (ppm) of selected elements
in hypothetical basalt (based on Govett, 1983; Kerrich, 1983;
Govindajaru, 1989; and our own data).

Ag 0.05 Cu 90 Se 0.05
As 2 F 370 Sn 1.5
Au 0.001 Hg 0.015 Te 0.005
B 5 Mo 1 Tl 0.2
Ba 300 Ni 160 U 0.5
Bi 0.03 Pb 5 w 0.5
Co 45 S 300 Zn 120

Cr 200 Sb 0.2

tematically enriched > 10°—10*times the basalt
background in ore-grade samples. Tellurium
shows enrichment factors from 10 to 104 and
As and Bi from 1 to 10%. Selenium, W, Mo, B
and S are enriched from <1 to 10%, and Ag, Sb,
Cu and Pb from 0.1 to 10? times the basalt
values. Mercury, U, Co and Sn are either de-
pleted or enriched <10 times the background.
Zinc, Ni and Cr seem to be mostly somewhat
depleted and generally do not exhibit enrichments
other than those related to host-rock lithology.

The influence of host rock composition on the
geochemistry of gold deposits cannot be statisti-
cally studied, because of the small number of
samples. Nevertheless, there are no distinct in-
dications that the abundances of rare elements
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Fig. 52. Median enrichments of selected elements relative to background abundances in basalts (Table
21), for ore samples from mesothermal gold deposits in different provinces.

have been affected by lithological changes. The
only lithological group that differs distinctly from
the others in a particular province, is that of the
sediment-hosted deposits in the Lapland green-
stone belt, which are anomalously high in Te, Se,
Bi, U and Mo. However, this is evidently more

related to genetic and geographical factors than
merely to lithology itself. There may be some
tendency for the Archean tonalite-hosted deposits
to be anomalously high in Ag and low in As.
Likewise, the ultramafic-hosted deposits in the
Lapland greenstone belt seem to be somewhat



deficient in both Ag and As compared with the
other deposits.

Average enrichment factors of the elements
and characteristic element associations in the
provinces have been visualized in Fig. 52, show-
ing the medians of enrichment factors for selected
elements. The association of the elements with
gold deposits is characteristic for each province,
revealed by one to two orders of magnitude dif-
ferences in the median enrichment factors for
many elements. Compared to the extreme enrich-
ment of Au, the affiliated elements show, in most
instances, only moderate median enrichment, of
the order of 10 to 100 times average basaltic con-
tents. However, the deposits in the Svecofennian
domain are much more strongly enriched in As,
Bi and Te, and less distinctly in Se, Ag, Sb, Cu
and Sn than those in the other provinces. The
only elements showing the opposite behavior are
B and Mo.

In general, Te is the most consistently high in
our data, median enrichment factors varying
from 103 in the data from Lapland to 340 in these
from the deposits in the Svecofennian complex.
Arsenic and Bi attain enrichments up to 1200 and
550 times basalt values, respectively, in the
deposits of the Svecofennian complex, compared
to median factors 20 to 70 in the other provinces.

Silver, although ubiquitous in all types of gold
deposits, generally shows weak enrichment fac-
tors of 30 and 37 times the basaltic background
in the deposits of the Archean and Svecofennian
terrains, and is even an order of magnitude lower
in the deposits from the Lapland greenstone belt.
In contrast, the latter are particularly enriched
in S (median enrichment factor 110), compared
to the other provinces (36 and 42). The median
enrichment factor for Se varies from 75 in the
deposits of the Svecofennian province through
21 in those of the Lapland greenstone belt to 5
in the Archean deposits.

Tungsten is steadily enriched from 20 to 33
times basaltic contents in all provinces. Antimony
shows a median enrichment factor of 20 in the
data from the Svecofennian complex, but in the
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other provinces it exhibits only weak enrichment
(about 2). Boron seems to be most typically re-
lated to Archean deposits, and is rare in the
Svecofennian data. On the contrary, Sn is anom-
alous in the deposits of the Svecofennian prov-
ince, but low in other provinces. Uranium shows
weak enrichment in all provinces, whereas me-
dian Hg contents are close to the basalt abun-
dances.

The base metals are typically somewhat de-
pleted in the Archean deposits. In contrast, Cu
is typically enriched by a factor of 2.5 in the
deposits of the Lapland greenstone belt and is 5
times the basaltic average in the deposits of the
Svecofennian complex. The former also shows
some enrichment in Co and Pb.

Comparison of geochemical characteristics be-
tween Precambrian mesothermal and Phanero-
zoic epithermal gold deposits is not straightfor-
ward, since systematic geochemical studies in-
cluding a wide range of elements such as, Ker-
rich (1983) and this paper are few. However, pub-
lished results and compilations from epithermal
deposits (e.g., Radtke et al., 1972; Berger and
Bethke, 1985; Berger, 1985; Radtke, 1985; Hut-
chinson, 1987; Sillitoe, 1989; Clarke and Govett,
1990) indicate that there are striking geochemi-
cal differences between the two deposit types.

Mercury, T1, Sb and Ba are usually highly en-
riched in epithermal deposits but, according to
present data, are only sporadically associated
with mesothermal gold mineralization. Ratios of
Au/Ag are variable in all mineralization types,
the epithermal deposits, however, typically ex-
hibiting higher Ag contents. Base metals are
markedly enriched in many epithermal deposits,
especially in the southwest Pacific, but except for
Cu in the Early Proterozoic mineralization, they
appear to be low in the mesothermal deposits.
Fluorine is often anomalously abundant in epi-
thermal mineralization in contrast to mesother-
mal types. Tellurium and Bi are enriched in many
epithermal deposits just as in mesothermal
deposits, but the paucity of available analytical
data preclude making quantitative comparisons.
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Element associations of gold deposits

Element associations for individual deposits
have been examined by calculating the maximum
enrichment of all important elements, excluding
those related to wall-rock alteration, relative to
the hypothetical basalt. Discrimination between
sample types was not considered necessary in this
case, since there are number of elements, which
although essential components of the mineral-
izing systems, do not correlate systematically with
Au itself. Although each province has its own

geochemical characteristics, the element asso-
ciations are unique for each deposit, and may
also differ significantly between adjacent deposits
with the same structural setting and host-rock
lithology.

Archean mesothermal gold mineralization is
characterized by enrichment of a limited num-
ber of elements, only 15 of which are enriched
by > 10 times average basalt in at least one de-
posit. Of these only 11 elements show enrichment
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Fig. 53. Element associations for Archean mesothermal gold deposits, based on the maximum enrichment of selected ele-
ments in the ore or altered wall-rock samples relative to background abundances in basalts (Table 21)



to the same degree in at least three targets, and
the element associations include on average 7.3
elements. In addition to Au, Te is uniformly pres-
ent, and commonly also S, W and As (Figs. 53
and 54). Silver and Bi are enriched > 10 times
basaltic abundances in about half of the deposits.
Boron, Sb, Mo and Hg are enriched in a few de-
posits, and Se, Cu, Tl and Ba only in one or two
cases. Tellurium, As and Bi often show strong
contrasts relative to background values, where-
as S, W, Ag and the others show only moderate
enrichment.

The Page Williams mine at Hemlo exhibits a
unique association including Mo, Sb, Hg, Ba, Tl
and Se which are either poorly or not at all en-
riched in the other deposits sampled. Mt. Char-
lotte is characterized by high Hg, Sb and Se; Fer-
derber by Cu; and the deposits in the Ilomantsi
area by B which, in the latter region, is evidently
a reflection of sedimentary host rocks.
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The deposits in the Lapland greenstone belt ex-
hibit a stronger multielement nature than their
Archean counterparts. Twenty elements are en-
riched at least in one deposit by > 10 times the
mean basalt content, 15 elements are enriched in
at least three deposits, and the associations com-
prise on average 8.7 elements (Figs. 55 and 56).
Gold, Te and S are uniformly present at all tar-
gets. Tungsten, Se, Bi, As and B are concentrated
in at least half of the targets, and As shows es-
pecially high enrichment factors. Uranium, Mo,
Ag, Sb, Cu, Cr and Pb are associated elements
in about one third of the deposits, whereas the
rest of the elements appear only occasionally. The
sediment-hosted deposits are characterized by
strong enrichments in Te, Se, Bi, U and Mo,
which are not typical or are only moderately en-
riched in the mafic-ultramafic-hosted deposits.

The number of elements associated with the
deposits in the Svecofennian province (9.0 in
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Fig. 54. Frequency and contrasts of concentration (relative to background abundances in basalts) of those elements en-
riched in Archean mesothermal gold deposits.
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Fig. 55. Element associations for mesothermal gold deposits in the Lapland greenstone belt, based on the maximum enrich-
ment of selected elements in ore or altered wall-rock samples relative to background abundances in basalts (Table 21).

average) is about the same as in those of Lapland,
but many of the components commonly show ex-
treme enrichments (Figs. 57 and 58). Bismuth,
As and Te are present at practically all targets,
and S, Se, W, Ag and Sb in more than half. The
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semimetals and W show the strongest contrasts

with respect to background levels, whereas Ag
and S are only moderately enriched. Copper, B
and Sn are present in high amounts in some
deposits, but the other elements are encountered
only exceptionally.
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Fig. 56. Frequency and contrasts of concentration (relative to background abundances in basalts) of those elements en-
riched in mesothermal gold deposits of the Lapland greenstone belt.

Geochemistry of wall-rock alteration

Wall-rock alteration cannot be studied simply
by comparing the absolute data, both because of
the variations in host-rock lithology, from ultra-
mafic to felsic, causing large ranges in the initial
abundances of chemical components, and also
the highly variable degree of volume change
in individual deposits. Furthermore, alteration
is not only a consequence of mineralization
processes but have a complex history, unique for
each province.

The Archean greenstone belts included in this
study can all be regarded as of the extensional
type (cf., Groves et al., 1987) meaning rapid crus-
tal evolution at around 2.7 Ga ago with the for-
mation of gold deposits shortly after peak meta-
morphic conditions (Colvine et al., 1988; Kerrich
and Fyfe, 1988). However, mineralization was
preceded by synvolcanic, spilitic alteration of

varying intensity and by metamorphism typical-
ly at upper greenschist or lower amphibolate
grade, in comparison to which, mineralization
was generally retrogressive.

In contrast, the Lapland greenstone belt devel-
oped on a sialic Archean basement during a time
interval of several hundred million years, but
compressive deformation and metamorphism,
typically attaining medium to upper greenschist
conditions, occurred at about 1.9 Ga ago. Gold
deposition occurred relatively late in this prov-
ince, typically under brittle tectonic regimes.
Premetamorphic alteration in the Lapland green-
stone belt is widespread and locally very intense
leading to pervasively altered albite-carbonate
dominated assemblages (Pankka, 1989; Ward et
al., 1989).

Gold deposits in the Svecofennian complex
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Fig. 57. Element associations for mesothermal gold deposits in the Svecofennian complex, based on the maximum enrich-
ment of selected elements in ore or altered wall-rock samples relative to background abundances in basalts (Table 21).

probably formed simultaneously with or closely
followed the major crust building processes.
Mineralization is deformed and masked in wide
areas by late Svecofennian medium to high grade
metamorphism.

Nevertheless, in spite of the complexity of geo-
logic history and alteration processes, mesother-

mal gold mineralization is clearly characterized
by hydration and K alteration of varying inten-
sity, as well as in most instances carbonation.
Hydration and carbonation, expressed as mol.H/
Al and mol. CO,/(Ca+ Mg + Fe) ratios (Figs. 46
and 48), are better developed in Lapland than in
the Archean greenstone belts, although gold
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Fig. 58. Frequency and contrasts of concentration (relative to background abundances in basalts) of those elements en-
riched in mesothermal gold deposits in the Svecofennian complex.

mineralization is in both cases related to exten-
sive fluid flow along major zones of weakness.
The more extensive alteration in the former area
is obviously due to more pervasive synvolcanic
alteration and lower metamorphic grade. Fur-
thermore, many of the deposits in the Lapland
greenstone belt are hosted by ultramafic rocks,
which also contain Al-deficient H-bearing miner-
als (talc and serpentine), explaining in part the
anomalously high H/Al ratios.

The gold deposits in the juvenile Svecofennian
domain do not show such an association with
large-scale mineralized zones as the greenstone
belt-hosted deposits, occurring instead typically
as discrete quartz-vein systems or within small-
scale shear zones adjacent to intrusive contacts.
Wall-rock alteration is usually weakly developed
and limited from a few tens of centimetres to
some metres around the lodes, thus accounting
for the low H/Al ratios. The post mineralization
medium to high-grade metamorphism that af-

fected the deposits in many areas may have
caused further devolatilization. Although the vir-
tual absence of carbonation may be in part due
to the same process, the general lack of calc-
silicates still indicates that gold mineralization in
the Svecofennian province was not generally ac-
companied by carbonation.

Potassic alteration seems to be almost ubiqui-
tously associated with Precambrian mesothermal
gold mineralization, although no simple spatial
correlation with Au exists, indicating dissimilar
conditions of formation for alteration and Au
deposition (Fig. 40). It is most distinct in initial-
ly K-deficient lithologies within the greenstone
belts, where secondary sericite and/or biotite
crystallized during the mineralization processes.
The gold deposits in the Svecofennian domain are
largely hosted by felsic and intermediate rocks,
and accordingly the relative change in K is not
as pronounced. Alteration is in general more
weakly developed and K occurs in alkali feldspar
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as well as within phyllosilicates. Post minerali-
zation metamorphism could have locally caused
some remobilization of K, and masked the alter-
ation patterns related to mineralization.

There is an extreme variation of K/Na ratios
in the deposits of the Lapland greenstone belt,
demonstrating the pervasive nature of early Na-

Implications

Prospecting for gold deposits is one of the
most difficult tasks for an exploration geologist.
Although mesothermal gold mineralization typi-
cally has a close association with structural zones
and hydrothermally altered rocks, individual
deposits may have a complex structural setting
and no direct correlation with either the intensi-
ty of alteration or the abundance of sulfides. Ore
zones are typically heterogeneous and often im-
possible to visually delineate or even identify, un-
related to any particular lithology or stratigraphic
horizon and not characterized by any distinct
physical properties that might allow direct de-
lineation by geophysical techniques. Therefore,
irrespective of the methods used in early stages
of exploration, geochemical methods including
extensive sampling and analytical procedures are
inevitably necessary, at the latest, in detailed ex-
ploration as well as in the delineation and mining
of proven deposits.

The low abundances of Au in economic ore
deposits and the heterogeneous occurrence of Au
as native gold grains of highly variable size does
make geochemical studies difficult, although spe-
cial attention should be given to sampling and
analytical techniques. However, these problems
could be partly overcome with a multielement ap-
proach including a set of pathfinder elements in
addition to Au. These elements may form halos
around gold deposits thus making the target
larger, or may correlate well with Au yet be more
homogeneously distributed, aiding the delinea-
tion of individual lodes. A multi-element ap-
proach may also give information on the eco-

and synmineralization K-predominated altera-
tions. However, on the basis of sampling from
both Au lodes and their wall rocks, some deposits
appear to lack obvious signs of K-alteration, al-
though this do not preclude the possibility of al-
teration at slightly different spatial locations.

for exploration

nomic potential of different targets and reduce
the risk of erroneous interpretations.

Analysis of pathfinder elements may be
straightforward, using common laboratory fa-
cilities or may demand special techniques, but in
any case, the extra expenditure required is mini-
mal compared to total exploration or mining
budgets.

This study indicates that, although a number
of elements are typically related to gold miner-
alization, each province or deposit has its own
distinctive trace element pattern. Therefore, a
pilot study is necessary to define the most useful
pathfinder elements for any new area in which
multielement geochemical exploration is planned.
This is most reliable when done on mineralized
rock material, if available, even though the aim
would be in the utilization of secondary media,
such as soil, drainage sediments or vegetation,
because any meaningful anomalies in these ma-
terials are necessarily reflections of primary geo-
chemistry. In detailed exploration stages, knowl-
edge of the patterns of primary halos and corre-
lations with Au become essential.

Differences in geochemical characteristics be-
tween the provinces and deposits are discussed
above, but on the basis of this study we can con-
clude that the most important elements in explo-
ration for Precambrian mesothermal gold de-
posits are, in approximate order of importance,
as follows: Au, Te, Bi, As, Ag, W and Se (Fig.
59). The semimetals Te, As and Bi are often en-
riched >1000—100 times the basaltic average,
whereas Se, W and Ag show most typically en-
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Fig. 59. Frequency and contrast of concentration (relative to background abundances in basalts) of those elements enriched
in mesothermal gold deposits in both Late Archean and Early Proterozoic provinces included in this study.

richment factors between 100 and 10. Sulfur, al-
though distinctly enriched in mesothermal gold
deposits, is not a characteristic element for gold
mineralization only, which restricts its use as a
pathfinder element in exploration. Other ele-
ments of occasional or more local importance
are: Sb, B, Mo, Cu, U, Hg, Pb, Sn, Cr and Co.
In addition to trace elements related to the gold
deposit itself, exploration may also be aided by
components recording wall-rock alteration, such
as K, Rb, Na, Ca, Sr, Si, CO, and H,0.
There are only a few elements which seem to
generally follow Au closely, and therefore have

application to exploration at detailed scales.
These elements, deposited roughly simultaneous-
ly with Au, are Te, Bi, Ag and Se, when show-
ing distinct enrichment. Other elements may oc-
casionally correlate with Au (e.g., As, S, W, Cu,
Co, B and U), but are more generally related to
the mineralization processes, and to a large ex-
tent deposited either before or after Au. They
may form extensive halos around gold deposits
and indicate zones of mineralization and are thus
useful in regional scale exploration. Elements re-
lated to wall-rock alteration show, in a general
sense, pathways of hydrothermal fluids.
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Appendix 1. Numbering and description of analysed samples (* =ore sample). See App. 5 for abbreviations.

Target Sample Original rock type Alteration and mineralization
No/type
Fennoscandian
Shield
Lokkiluoto 112* tholeiitic mafic tuffite qtz veins; py, aspy
113 tholeiitic mafic tuffite crb alt., qtz veins
Kelokorpi 121 int. tuffite qtz veins
122* int. tuffite qtz veins; some py
123 int. tuffite -
Muurinsuo 131 graywacke se-qtz schist; py dissemination
132* graywacke se-qtz schist; py dissemination
133 graywacke se-qtz schist; py dissemination
Korvilansuo 141 graywacke se alter.; po-py dissemination
142* graywacke se alter.; po-py dissemination
143 qtz-plag porphyry se alter.
Rémepuro 151 graywacke-conglomerate qtz veins
152* qtz-plag porphyry-graywacke qtz-tour veins, se alter.; py-po dissemination
153 graywacke-int. tuffite minor qtz veins
Kuittila 161 tonalite qtz veins, se-crb alter.; minor py-po
162* tonalite qtz veins, se-crb alter; minor py-po
163 tonalite qtz veins, se-crb alter; minor py-po
Pahtavaara 171 basaltic komatiite tre-chlo-bt-amph rock
172* basaltic komatiite tre-talc-crb rock, qtz-bar veins; minor py
173 basaltic komatiite amph-chlo-talc rock
Lilledvuoma 181 basaltic komatiite talc-chlo schist; crb-talc-py veins
182* basaltic komatiite talc-chlo schist; abundant py-rich veins
183 basaltic komatiite talc-chlo schist; crb-talc-py veins
Sukseton 191 mafic volcanics-int. dike po dissemination
192* mafic volcanics po dissemination
193 mafic volcanics po dissemination
Kivimaa 201 differ. dolerite dike -
202* differ. dolerite dike qtz-crb breccia; abundant cp-py
203 differ. dolerite dike -
Suurikuusikko 211 mafic tuffite with graphite chlo-ab alteration
212* mafic tuffite-graph. phyllite chlo-ab alteration
213 graphite phyllite qtz breccia, ab alteration; abundant py-aspy
Hirvilavanmaa 221 ultramafic rock chlo-crb alteration, qtz veins; py dissemination
222* ultramafic rock chlo-crb alteration, qtz veins; py dissemination
223 ultramafic rock chlo-crb alteration, qtz veins; py dissemination
Rovaselki 231 mafic tuffite crb veins; po-cp
232% mafic tuffite qtz-po breccia
233 interm.tuffite-B.LF. qtz-po breccia, crb veins
Saattopora N 241 mafic tuffite chlo-ab-crb alteration
242* mafic tuffite ? crb-ab-qtz alter.; qtz-crb-po veins
243 ultramafic rcck talc-chlo-crb schist
Saattopora S 251 mafic tuffite-phyllite ? ab-crb schist
252+ mafic tuffite-phyllite ? ab-crb schist; qtz-crb-po veins
253 phyllite =
Iso-Kuotko 261 mafic volcanics crb-se-chlo schist; py veins
262* mafic volcanics crb-se-chlo schist; abundant qtz-crb-po-py veins
263 mafic tuffite crb alteration; py dissemination



App. 1, contd.

Soretiavuoma

Sirkka W

Bidjovagge
Juomasuo

Sédyndjdvaara

Sivakkaharju

Konttiaho

Maikaérarova

Laivakangas N

Sudenkyld

Jokisivu

Isovesi

Antinoja

Vesiperd

Angesneva

Kiimala

Pirild S

Kalliosalo

271
272*

273
281
282*
283

292*
301
302*
303

31
312*
313
321
322*
323

331
332*
333
341
342+
343

351
352*
353
361
362*
363

371
372~
373
381
382*
383

391
392*
393
401
402*
403

411
412*
413
421
422*
423

431
432*
433
441
442*
443

ultramafic rock
ultramafic rock

ultramafic rock
ultramafic rock
ultramafic rock
ultramafic rock

metasedim.-mafic dikes?
arkosite ?
arkosite-mafic dikes ?
mafic rock ?

mafic rock ?
mafic rock ?
arkosite ?
arkosite ?
arkosite ?
arkosite ?

arkosite-mafic dikes ?
arkosite ?

arkosite ?

granitic gneiss
granitic gneiss
granitic gneiss

mafic volcanics
mafic volcanics
mafic volcanics
mafic volcanics
mafic volcanics

mafic volcanics-granitic dikes

mafic volcanics
mafic volcanics
mafic volcanics
int. volcanics
int. volcanics
int. volcanics

int. plag-hornb porphyrite
int. plag-hornb porphyrite
int. plag-hornb porphyrite

int. plag porphyrite
int. plag porphyrite
int. plag porphyrite

int. plag-hornb porphyrite

int. plag porphyrite
int. plag porphyrite
int. plag porphyrite
int. plag porphyrite
int. plag porphyrite

int. volcanics minor pegmatite

qtz-plag gneiss
qtz-plag gneiss
int. plag porphyrite
int. plag porphyrite
int. plag porphyrite
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crb-ab-qtz rock; qtz-crb-py-cp veins
qtz-crb veins; abundant py-cp

crb-ab-qtz-tale-chlo rock
crb-bt-chlo-talc alteration; po-py
crb-bt-chlo-tale alteration; cp-aspy
crb-bt-chlo-tale alteration; po-py

amph-crb-ab rock: cp-py-po

ab-qtz-crb rock; py

sc-chlo-bt rock; abundant po-py dissemination
ab-qtz-amph-se-chlo rock

bt-chlo rock, abundant ab-crb veins
amph-chlo-bt-ab-crb-magn rock; po-py dissemination
alb-chlo alteration

alb-crb-bt-se schist

qtz-ab-se schist; abundant py-cp dissemination
ab-crb-bt-se schist

qtz-crb-bt-tale rock; py
qtz-crb-bt rock; py-po
qtz-ab-crb rock; py

qtz-se alteration

qtz alteration; qtz-hem-py vein
qtz-se alteration

qtz veins
qtz-po-py veins
qtz veins

Py

qlz-po-aspy veins

qtz alteration

qtz-po-aspy veins

qtz alteration

epi-dio alteration

epi-dio alteration; aspy-po disscmination
epi-dio alteration

£

aspy-cp dissemination

p

qtz alteration; aspy dissemination
qtz alteration

chlo alteration; py veins
chlo alteration; py-aspy veins
chlo alteration

po-py-cp-sp breccia

qtz-amph lenses; abundant aspy-po-py-cp disscmination
qtz-se alteration; sb-po dissemination
qtz-se alteration; sb-po dissemination
qtz-se alteration; sb-po dissemination
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Kurula

Pirild N

Kaapelinkulma

Laivakangas S

Pohlola

Kopsa

Kangaskyld

Osikonmiki E

Osikonmiki W

Bjorkdal

Australia

Mt. Charlotte
New Cele-
bration

Canada
Macassa
Hoyle Bond
Owl Creek
Kerr Addison

Renabie
Ferberger
Page Williams

451
452*
453
461
462*
463

471
472*
473
481
482*
483

491
492*
493
501
502*

511
S12*
513
521
522*
523

531
532*
533
542+

1*
2*

4*
5*

6:1*
6i2*
6.3*

7*
8*
g*

qtz-plag schist

qtz-plag schist

qtz-plag schist & qtz diorite
biotite gneiss

biotite gneiss

qtz-plag gneiss

qtz diorite
qtz diorite
qtz diorite
tonalite
tonalite
tonalite

tonalite
tonalite
tonalite
tonalite
tonalite

tonalite
tonalite
tonalite
tonalite
tonalite
tonalite

tonalite
tonalite
tonalite
granodiorite-schist

sce text
see text

sce text
see text
see text
see text
see text
sce text

see text
sce text
see text

tour; aspy dissemination
aspy-py dissemination
aspy-py dissemination

qtz lenses; py dissemination

qtz veins
qtz veins; aspy-po
qtz veins
qtz veins
qlz veins; aspy-cp

qtz vein
qtz alteration
qtz alteration; cp-aspy-po

qtz veins; aspy

qtz-aspy vein

qlz veins; aspy
aspy-po-cp dissemination
aspy-po-cp dissemination
aspy-po-cp dissemination

aspy-po dissemination
aspy-po dissemination
aspy-po dissemination
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Appendix 2. Abundances of analysed elements for mesothermal gold deposits in the Fennoscandian Shield.

Lokkiluoto Kelokorpi Muurinsuo Korvilansuo
112 113 121 122 123 131 132 133 141 142 143

Aul ppb  3900. 190. 240. 2900. 140. 160. 2600 250. 39. 2600. 240.
Au2 ppb  3650. 160. 50. 1850. 400. 400. 190 200. 140. 6250. 160.
Ag ppb 225. 32. 129. 405. 258. 96. 15 92. 47. 519. 138.
As  ppm 8500. 240. 59.0 58.0 180. 190. 18.0 5.7 260. 870. 190.
B ppm 7D 6.9 114. 594, 432, 46.4 41 63.2 460. 2280. 94,2
Ba ppm 27 186. 391. 674, 464, 591. 59 628. 841. 689. 752
Be ppm 4. 3 4. 4. 4. 4. 3. 3. 4. 3.
Bi ppm 1-3 -] @ ol A 2 4 5 ) 3.9 b
Cd ppm <.2 <2 <@ 4.8 <.2 <.2 <.2 < .2 <.2 <.2
Co ppm 73. 535. 24. 24. 24 . 25. 2 26. 18. 31 26.

n
W

NROVN =2 ANS0O0VIWD NA 2P WOoNO

Cr ppm 57 55. 312. 260. 250. 230. 230. 178. 300. 110.

Cs ppm 3 2 . 8. s 2. 4. . 12 9.
Cu ppm 319. 143, 58.3 48.4 53.4 53.6 55.4 58.1 31.5 51.1 27.2
Ga ppm 36.2 33.7 263 23.2 22.5 27.4 30.0 28.1 22.8 22.1 24.1
Ge ppm <10. 10. <10. <10. <10. <10. 1 10. 10. <10. <10.
Hf ppm 5.8 4.7 3.6 2.5 3.1 3.9 1 3.8 3.4 3.1 3.0
Hg ppb 150. 9, <5. <5, 4 <5, < <5. <5s 17 <5.
In ppm <.5 <.5 <, <€D <55 €. 5 <5 ) D -
Li ppm 38. 38. 60. 72. 64, 52. 5 59. 60. 72. 61.
Mo ppm 2. <1, Ss 16. <1 3 7 g [ <1
Nb ppm 15. 14. 1. 12, 14, 14. 1 13. 14. 13. 14.
Ni ppm 55. 45, 148. 123. 128. 134. 13 142. 85. 155 74.
Pb ppm <2. <2. 4, 18. 5 <2. < <2. <2. 4 9.
Pd ppb 1 o1 1:1 4 1.9 1.0 0 2:9 4 2.1 <.1
Pt ppb <4, <4 <4, <4 <4, <4, <4 <4, <4, <4 <4,
Rb ppm 51 42 97 130 102. 109. 94 103. 104. 124. 79.
Sb ppm 8.9 5 €2 2 <, <.2 <.2 <2 <.2 €2 A
Sc ppm 32.4. 35.0 22.1 18.2 18.1 23.2 24.0 24.0 12.5 19.2. 10.2
Se ppm 32 A .14 .16 .14 .18 =12 .04 14 .04
Sn ppm 2 4 <2. 3 <2. 3 <2 4. 6. 8 <2
Sr  ppm 148 174. 114. 135 139 286. 285. 227. 453, 213.  683.
Ta ppm <1 <1, <1, <1 <1, <1. <1. <1. <1 <1, <1,
Te ppb 150 40. 70. 320. 110. 230. 1020. 310. 170. 2550. 150.
Th ppm [ 3.2 53 5.9 6.7 .2 7.0 6.2 5.6 2 .9
TL ppm 5 D .8 .8 .8 .8 .8 1.0 1.0 11 9
U ppm 1.3 1.0 1.9 2.4 3.0 2.5 2.4 2.2 1.9 2.3 2.0
V  ppm 280 390. 200. 200. 190. 180. 200. 200. 120. 170. 94 .
W ppm 9 2 3 4, 2 3 3. 6. T. 4.
Y ppm 38. 40 9. 13. 19 16. 10 19 11, 15 11
Zn ppm 235 245. 155. 214, 120. 112. 120. 102. 110. 109. 101.
Zr ppm 193. 200. 147. 120. 119. 132. 137. 140. 102. 128. 118.
Si02_ % 49.7 50.4 59.1 63.3 63.9 59.6 59.0 59.8 64.4 59.9 65.2
AL203 % 12.1 2.7 1.4 15.0. 15.9_ 17.8 18.4 18.0. 15.8 16.3.  15.7
ca0 % 7.99 8.63 1.06 1.48 97 1.43 1.40 1.17 2.05 1.25 2.86
Mgo % 3.25 3.446 412 3.87 3.19 3.48 3.50 3.35 2.51 4.02 1.99
Na20 7% 1.63 1.54 1.764 2.07 1.88 1.90 1.88 1.69 2.8 1.38 3.90
K20 _ 7 1.04 97 2.92 2.73 3.26 2.40 2.64 2.97 3.15 3.97 2.40
Fe203*7% 18.6_ 17.5 8.45 7.11 6.68 7.46 7.77 7.17 5.77 8.56 4.94
Ti02 2:12 2.07 .84 .65 .64 .83 .89 .82 ) .76 =51
MNO % .30 31 .09 .09 .08 .07 .07 .06 11 211 <11
P205 7% .36 .24 .103 .085 .103 15 .15 =13 .16 110 18
Loi % 1.16 .31 3.08 2.08 2.31 3.47 3.23 3.16 1.08 93 .62
Total % 98.3 98.2 98.9 98.5 98.9 98.7 99.1 98.4 98.6 98.3 98.6
H20+ % 2 1.2 3.2 2.1 2.2 3.1 3.1 3.2 1.2 1.7 .7
H20- % <.1 <, 4 <1 <4 <l <.1 <.1 <:1 <1 <. €&
co2 % .90 .78 <.01 <.01 .01 <.00 <.01 <.00 <.01 .05 .08
Cgraph’% <.05 <.05 <05 «<.05 <.05 «<.05 _<.05 <.05 <.05 <.05 <.05
ppm 10300. 2530. 4470. 5740. 4770. 5830. 7470. 8340. 4050. 5640. 2920.
F  ppm 360. 250. 230. 280. 250. 340. 340. 270. 80 400 550.

cL  ppm 671. 685. <50. <50. <50. <50. <50. <50. <50. <50. <50.

La ppm 17.3 19.8 23.3 19.5 21.3 305 29.1 28.5 29.9 21.1 34.1

Ce ppm 36. 39.8 45.2 37.9 40.2 58.6 56.2 55.9 60.5 41.2 69.5

Pr ppm 4.7 5.2 5.3 4.5 4.8 1 6.8 6.5 13 4.7 8.7

Nd ppm 20.0 23.5 20.6 16.9 18.5 28.1 26.8 27.4 30.8 20.6 34.7

Sm ppm 5.9 6.2 4.3 30 3.4 5.2 5.3 5.2 9:1 3.8 6.0

Eu ppm 1.49 1.96 1.06 1.08 .87 1.46 1.25 1.33 1.34 1.06 1.40
Gd ppm 7.0 8.0 4.0 3.4 3.2 4.4 4.7 4.4 3:5 3.4 4.1

Tb ppm 1.2 12 5 5 -5 .6 .6 .6 o5 S NA

Dy ppm 7.4 7.2 2.6 2.6 2.4 3.2 3.1 3.0 2.6 31 2.4

Ho ppm 1.646 1.62 A .49 .50 .66 .62 .63 =51 .62 .43
Er ppm 5.0 5.3 1.0 1.4 13 2.2 1.9 1:6 1.4 1.2 1.1

Tm ppm o7 .8 e ol iy . - . e vl o3 2

Yb ppm A 4.7 1.0 1.2 1:1 1.7 1:7 1.4 1:3 1.7 1:1

Lu ppm .68 .62 ~1e .16 .16 .23 .24 .21 R ¢ «er .19
Ms 800. 900. 520. 640.  620. 360. 340. 380. 630. 400.  650.

Aul: Fire Assay, DCP.(20g); Au2: Aqua regia digestion, GAA (20g); Ms: Magnetic
susceptibility (10 6SI ; Fe203*: Total ?e as ?e203. %
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Au1:6Fire Assaga DCP (20?); Au2: Aqua regia digestion, GAA (20g); Ms: Magnetic susceptibility

830. 490. 630. 520.

770.

Ms

e as F82°3.

: Total

(107°s1); Fe20
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DCP (20?); Au2: Aqua regia digestion, GAA (20g); Ms: Magnetic susceptibility
Total Fe as Fey03

340.

9350.

600. 660. 21600. 68400.
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Fire Assa

Ms

$4.

Fe20

~és1y;

Aul:
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App. 2, contd.
Rovaselkd Saattopora N Saattopora S Iso-Kuotko
231 232 233 241 242 243 251 252 253 261 262 263
Aul ppb 24. 350 120 130. 7200. 420. 170. 2900. 62. 30. 1400. 96.
Au2 ppb 40. 300 90. 9100. 270. 240. 2900. 60. 30. 1400. 90.
g ppb 80. 323. 111 10. 21; 7 48 302. 63. 97.  693. 99.
As ppm 86.0 1100 130 2.7 28.0 550. 420 570. 12.0 33.0 11000. 640.
B ppm 27.8 _41.9 53.3 4.0 621. 81.6 1450 216. 192. 9. 17.5 19.5
Ba ppm 508. 374 420 85. 84 . 37 522. 167. 226. 204 . 171 166.
Be ppm 6. " 3. 4. 2. 2. D. 3. 5. Sa 5.
Bi ppm 3 1.6 6 <.l Ve <1 1.2 2.7 < 1.4 20. 6.6
Ccd ppm <2 <.2 < <.2 <2 & <.2 <.2 <. <.2 <.2 <, 2
Co ppm 15. 56. 26 30. 135, 88. 167. 248. 14. 25, 32, 25.
Cr ppm 230. 120. 220. 130. 400. 1590. 100. 79. 93. 64 . 53. 94 .
Cs ppm <1. <1. <1 1 <1. 1 1 1 1. <A . <1. <1.
Cu ppm 283. 544 24 127. 1980. 191. 794. 8350.  905. 113. 211. 135
Ga ppm 23, 26 26.0 19.4 14, 16. 15.5 15. 36. 18.3 9.
Ge ppm <10. <10 <10 10.  <10. 20. 20. 10. 20. <10.  <10. <10.
Hf ppm 1.9 1.5 1.3 . 2.1 2.1 1 4.5 2.1 3
Hg ppb <5 <5 <5 <5. 7. 13. 16. 20. 9. 11. 47. 11
In ppm <.5 < < <.5 <, <, <.5 <.5 <. <.5 <.5 <,
Li ppm 18 18 11 4. 1. 5 10. 14. 1. 4. 19
Mo ppm 9 19 7 <1 -5 [ <1. 2 2. <1. <1. <1. <1.
Nb ppm 15 15 15. 11 12. 9 15. 13. 13. ar- 24 . 24 .
Ni ppm 165. 435 158. 85.  346. 513. 159. 1000. 4, 41. 4b 46.
Pb ppm <2. 21 <2. <2. <2\ <2, <2. 14. <2. 5l 12. <2.
Pd ppb 2.7 1r.2 .1 11.4 3.7 10.6 3 4.3 3.0 .3 7 1.1
Pt ppb <4, <4 <4, <4, <4 . <4, <4 <4, <4, <4, <4, <4,
Rb ppm 54. 61 40. 21. 13: 44, 17. 17 61. 51- 62. 46.
Sb ppm .8 < . .2 .2 - 3 NA .2 .3 1.9 .3
Sc ppm 23.5 8.8 23.0 37.2 22.6 24.2 9.1 12.9 13.3 25.9 22.3 21.6
Se ppm 2.60 7.70 .94 26 1.16 .10 .74 6.60 .28 . 14 14
Sn ppm 3 <2 ) <2 3. <2. <2. 5. 2. <2. 3. 4.
Sr  ppm 108. 30. 94, 4 57. 51. 50. 52. 51. 128. 84, 0.
Ta ppm <1 <1 <1. <1 <1, <1. <1. <1 <1 1s <1. 1.
Te ppb 100 200. 100. 90. 1400. 270. 290._ 1800. 100. 10. 160. 40.
Th ppm 9 1.9 2.2 " <.5 <.5 T3 4.8 6.6 1.6 1.8 1:6
TL ppm 1.4 N ad A 32 4 3 2 B .3 A A
U  ppm 4.5 4.7 3.4 <.1 9.9 7 16.6  22.9 1.5 7 .9 .6
V  ppm 330 230.  330. 370. 270. 230. 200. 130. 140.  440.  320. 350.
W ppm 1 <.5 1. 2. 27. 12. 7. 7. 3. 2. <. 5| 4,
Y ppm 18. 8. 13 13 8. 5. 9., 13 8. 10. 12. 54.
Zn ppm 253. 65.5 99.8 44.7 23.0 16.9 11.7 52.7 18.2 75.2 128. 76.0
Zr ppm 88. 70. 92. 57. 51. 35. 65. 67. 85.  203. 175. 166.
Si02_ % 51.0 41.1 51.2 47.4 33.8 34.9 54,1 31.8 47.1 38.6 32.8 36.8
AL203 % 10.7 5.27 9.96 12.6 7.37 5.99 13.7 7.02 12.8 10.4 8.63 9.84
ca0 % 4.18 1.42 5.07 7.53 10.3_ 12.4 5.85 10.2 8.4 8.96 8.07 9.66
Mgo % 4,10 1.70 4.49 6.47 6.80 15.0 4.55 6.52 6.11 5.29 6,22 16.55
Na20 % 1.70 22 1.08 2.33 3.31 .71 6.35 2.8 3.93 1.10 .50 1.03
K20 % 2.29 _1.58 1.50 .48 .36 1.08 .49 .30 1.83 1.64 2.26 1.61
Fe203*% 17.8. 39.7. 19.3 12.2. 16.8 6.59 3.76 17.30 5.29 15.1 17.3. 14.5
Tio2 % =92 .47 96  1.16 .79 61 DT A .55 2.87 2.33 2.19
MNO % .13 .07 .19 .14 .16 .19 .10 AT .20 .32 .29 31
P205 % .20 13 .23 .092 .060 .046 .073 034 .085 46 Al .40
Loi % 5.0 8.47 4,16 7.70 6.43 19.7 7.62 10.1 11.9 12.7 13.8 1§.1
Total % $8.1 100. 98.2 98.0 86.1 97.4 97.2 86.7 98.2 97.5 92.7 97.0
H20+ % 19 1.1 2.0 3.9 5 2.3 ol .9 1.2 2.4 3.0 2:2
H20- % <.1 <1 <.1 <.1 %1 <.1 <.1 <.1 <.1 <.1 <. 1 1
co2 % 1.29 1.05 1.93 5.93 15.7_ 19.3 7.67 15.4 11.6 13.6 18.1 15:3
Cgraph% .21 .29 ;18 =<.05 <05  <.05 .24 <.05 45 <05 <.05 <.05
ppm 60800. 139000. 47700. 5390. 45800. 3530. 8060. 64300. 2800. 8360. 24800. 10800.
ppm 420 140.  380. 180. 100 310. 400. 210.  610. 510 480 480
CL ppm 208 85. 238. 341. 377 367 272. 527. 382 <50 <50 <50
La ppm 14.1 8.0 14.1 4.9 28.0 7.0 34.0 31.4 2461 21.4 17.2 16.3
Ce ppm 27.9 14.6 28.7 10.6 46.3 11.7 58.2 55.3 44.5 49.3 39,7 37.9
Pr ppm 3.7 2.0 3.6 1.6 5.4 1.5 6.6 6.6 5.1 6.9 5:5 Ly
Nd ppm 15.0 9.1 14.9 7.6 20.2 5.9 23.0 26.8 19.5 31.2 24.7 24.2
Sm ppm 3.9 1.8 3.5 2.4 4.3 1.5 4.1 4.8 3.6 7.0 5.5 5.5
Eu ppm .96 66 1.1 .90 1.40 il .81 .95 64 2.26 1.99 1.92
Gd ppm 3.6 1.8 3.5 2.7 3.5 1.7 3.2 4.2 2.9 5.4 5.2 4.3
Tb ppm .6 2 <5 A D . ) A 6 A .6 .6 .6
Dy ppm 3.3 1.5 2.8 2.9 2:3 i ) 2:1 3.4 1.9 3.1 2.9 2.7
Ho ppm .71 .29 o .59 .36 .20 .38 .62 .38 47 92 «90
Er ppm 2.1 1.1 1.8 1.6 .9 .6 11 1.7 9 1.4 1.5 1.3
Tm ppm R ] .1 .2 2 ] <.1 N .2 51 - - @
Yb ppm 159 .9 1.4 1.6 .8 D 1.0 1.4 1.0 1.3 1.6 1.4
Lu ppm .24 .1 .21 .25 .12 <.05 13 .19 « V2 .20 .25 .19
Ms 2320. 1810. 1730. 320. 1810. 370. 510. 2790. 360. 1000. 920. 880.

?*8_6§ire Assay, DCP (20g); Au2: Aqua regia digestion, GAA (20g); Ms: Magnetic susceptibility

1); Fe203*: Total Fe as Fe03.



App. 2, contd.
Soretiavuoma Sirkka W Bidjovagge Juomasuo
271 272 273 281 282 283 292 301 302 303

Aul ppb 670. 3700. 29. 270. 1800. 790. 18200. 4100. 92.
Au2 ppb 810. 3000. 220. 620. 1800. 1030. 28000. 0. 4100. 50.
Ag ppb 302. 1400. 140. 33. 76. 34, 354, 160. 18.
As ppm 320. 1100. 36.0 290. 54.0 44.0 2.5 5.5 1200. 220.
B ppm 20.4 15. <.5 470. 5./ 11.8 23.1 48.1 54.6 32.4
Ba ppm 88. 147. 95. 163. 111. 145. 215, 64, 298. 120.
Be ppm 3. 4, ’ 6. 1 [} 2. 2. 5. 3
Bi ppm 3.4 6.2 oll 1.2 2.8 1.8 104 . <, 1 2.7 @
Cd ppm <.20 <.20 <.20 _<.20 <.20 < <.20 <.20 1.20 <.20
Co ppm 55, 428. 67. 170 42. 34 59. <1. 1820 295
Cr ppm 1890. 1900. 2380. 804. 655. 1100. 110. 120. 140. 120.
Cs ppm <1. <1. <1. T 4. 6. <1. i P <. 1%
Cu ppm 257. 1920 147. 151. 241. 160. 12000. 10.3 226. 54,
Ga ppm 211 11.40 14.5 9. 14.10 14.20 21. 26.70 21.50
Ge ppm 10 ¢ <10. <10. 10. <10. <10. <10. <10. <10.
Hf ppm <.5 <.5 <.5 14 <.5 <5 2. 6.2 4.9 3
Hg ppb 1 20. 5. i 5% 5. 25;: %5 5 9.
In ppm <5 <.5 <.5 <9 <.9 <.5 <.5 <5 <.5 <. 5
Li ppm 10 9. 5. 18. 4., 7. 10. 2 19. 18.
Mo ppm <1 <1 <1. 6. «1s i 4. 2 13: 6.
Nb  ppm 0= 10. 8. 12. Te 9% 10. 14. 12 16.
Ni  ppm 819. 2380. 918. 374, 622. 501. 107. 35 122. 57.
Pb ppm <2. 52. <2, <2. 7. 10. 99. <2. 85. <2.
Pd ppb 4 9.3 3.8 2.5 2.0 9 Sk 5 4 ol
Pt ppb <4, <4, <4, <4, <4, <4, <4, <4, <4, <4.
Rb ppm 11, 1 10. 99. 51 18. 10. -1 84 . 65.
Sb  ppm S 1:1 D .5 1.1 1.2 .2 4 A -
Sc  ppm 16.2 16.6 18.6 16.8 17.3 20.2 18.6 .48 5.80 10.7
Se ppm .92 .08 .26 .24 .16 3. .02 78 13.
Sn ppm <2 <2. 3 €2 <2 28. 10. <2. <2 12.
Sr  ppm 51 92. 106 18 30 25 64, 19 10. 17.
Ta ppm <1. <1 <], <1. <1. <1. <1, 1 <1 <1,
Te ppb 30. 420. 30. 290. 390. 270. 210000. 30. 7000. 590.
Th ppm <.5 .5 <D .2, <.5 <.5 7. D | 7.9
TL ppm 1 ) B o .6 <. 1 <.1 <3 e
U ppm 3 <.1 2.2 2.2 95.3 1.4 284 . 7.5
V  ppm 130 150. 130 190 120. 110. 170, 46. 130. 120.
W ppm 4. <.5 3 39. 13. 390. 19.
Y ppm 3. 8. 5. 27. 2. 23. 9.
Zn  ppm 49.0 90.8 92.4 56.7 58.6 50.7 217 2.0 45.7  40.9
Zr ppm 22 24 . 2 60 21. 16. 95 257. 205. 170.
Sio2_ % 39.0 24.7 33.1 44.2 19.9 28.0 49.1 67.2 37.5 59.6
AL203 7% 8 4.65 5.06 7.48 2.14 3.29 11.6 19.2 15.0 15.0
ca0 % 09 7.09 7.75 4.10 8.17 5.97 9.26 .16 .06 2.25
Mgo % 17 16.5 20.0. 10.1 14.8 15.3 2.61 17 2.37 4.66
Na20 % .84 1.02 33 .09 .11 A1 6.31 12.4 <63 5.53
K20 _ 7% .09 :15 .14 1.80 .84 1.32 11 15 4.41 2.08
Fe203*7, 10.2 17.3 9.80 19.2 26.1 26.3 4.78 .29 13.1 4.48
Ti02 % D2 .41 .36 .54 .24 w35 .62 .38 .45 D9
MnO_ % .24 23 <21 23 112 .82 .20 .012 .017 .025
P205 7% 027 .032 .023 .16 .007 .050 _.07M .007 <.002 .105
Loi % 22.2 18.8 20.1 7.16 19.8 15.2 7.00 .54 5.00 2.85
Total % 101. 91.2 98.2 95.3 93.3 96.9 91.6 101 98.6 97.1
H20+ % 1.7 2.2 3.1 3.7 2.3 2.9 A 2 2.2 1.5
H20- % o <.1 <. 1 el 2 £ +1 &l < <l
co2 % 22.3 20.5 11.¢7 7.64 23.2 15.9  10.4 w31 .08 2.32
Cgraph? .07 .09 <.05. <.05 <.05 <.05 .23 <.05 <05 <.05

ppm  4430. 61400. 1830. 13200. 21200. 15200. 21000. 80. 58700. 7580.
F  ppm 270. 120. 140. 130. 60. 50. 40. <20. 110. 310.
cL ppm 305. 206. 152. 554. 587. 1840. 118. 73 61. 106.
La ppm .2 A - 16.3 3. 4.3 39.9 7.8 34.2 9.4
Ce ppm P4 1:2 9 29 6.3 8.2 66.2 14.2 60.9 17.9
Pr ppm = 3 R 3.4 9 1.0 7.2 1.6 7-2 2.1
Nd ppm .8 1.5 1.5 14.8 4.2 4.5 27.3 5.3 28.5 8.0
Sm ppm .3 o .6 3.2 y 1.9 5.4 .9 7.6 il
Eu ppm .18 I3 3> .90 .96 .68 .76 .16 1.00 .34
Gd ppm WD 4 .6 2.8 2.0 1:5 5.7 .6 T4 1.6
Tb ppm <.1 R i i A - 9 <. 1.4 )
Dy ppm <D .6 il 1:6 2.0 1.5 5.4 ] y % 4 y g
Ho ppm .07 .10 .09 20 ST 23 1.7 .07 1.41 .39
Er ppm .2 . | ] ol 1.0 %4 5.6 @ 3.7 10
Tm ppm <.1 <.1 <.1 <.1 1 o e % =9 2
Yb ppm 2 ) 2 .6 1.0 N4 4.2 A 2.7 1.2
Lu ppm <.05 <.05 <.05 .06 .10 .10 .67 .05 .29 .18
Ms 640. 420. 690. 960. 1650. 1080. 830. 970. 2480. 700.

Aul: Fire Assay, DCPg(

20g); Au2: Aqua regia digestion, GAA (20g);
susceptibility (10 SIog g

; Fe203*: Total Fe as e203.

Ms: Magnetic
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App. 2, contd.
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690.

: DCP (ZOE); Au2: Aqua regia digestion, GAA (20g); Ms: Magnetic susceptibility

5.

670.

370.

580. 33700.

e as Fe203.

Total

Fire Assa
Fe20.

SI);

Aul:
(10%6
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App. 2, contd.
Laivakangas N Sudenkylé& Jokisivu Isovesi
351 352 353 361 362 363 37 372 373 381 382 383

Aul ppb 510. 4300. 670. 100. 8600. 96. 260. 26200. 650 34. 1300. 460.
Au2 ppb 590. 4950. 790. 70. 10800. 120. 210. 41000. 390 50. 1460. 490.
Ag ppb 153. 2100. 189. 78. _ 700. 198. 694. 4100. 302. 209. _472. 470.
As ppm 240. 2200.. 230. 180. 30000. 370. 150. 19.0 89.0 890. 7200. 2300.
B ppm 4.1 5.6 9.1 3.0 3.0 5.8 6.7 12.1 173 40.9 15.8 14.9
Ba ppm 265. 283. 320. 358. 475. 387. 394, 339. 376. 506. 205. 172.
Be ppm 4, 4, 4 L P 8. K 3 3. . T 6. 6.
Bi ppm 1.4 14.2 2.4 .2 19.2 oS .5 6.1 3 1.1 13.3 6.3
Cd ppm <. <.2 <.2 <. 2 <;2 <. e <.2 1.2 <.2 <.2 <.2 <2
Co ppm 20. 71 23. 19. 999. 26. 14. 5. 13; 4. 7s 4,
Cr ppm 180. 180. 130. 559. 130.  440. 29. 30. 3. 37 28. 36.
Cs ppm 6. 3. 3. 4. 1. 4. 2, 2 2s 2. 2 2.
Cu ppm 178. . 451. 94. 100. 632. 161. 215. 133, 182. 255. 645. 724,
Ga ppm 22. 21.2 20.4 24.9 22.2 16.4 14.5 12.0 15. 17.5 23.5 19.9
Ge ppm <10. 10. 10. <10. <10. 30. 40. 30. 30. 30. 20. 30.
Hf ppm 2:1 1 15 2.8 1: 2.8 6.0 3.1 6.3 3.0 3.1 3.2
Hg ppb 17.. 52. 12. 10. 210. 12. T 20. 10. 20. 13. 30.
In ppm <.5 <.5 <. <.5 <.5 <.5 <.5 <.5 <. <.5 <.5 <.
Li ppm 106. 82. 97. 29. 12 26. 32. 18. 26. 95. 17. 18.
Mo ppm . 2. <1. <1. <1 3% <1. <1 <1. <1. <1. <
Nb ppm 12!, 14. 13. 17. 15 14, 25. 12 24, 14. 15." 17,
Ni ppm 34, 36. 33, 136. 775. 106. 20. 13 19. 21. 22. 25.
Pb ppm <2. <2. <2. <2. 5. <2. <2. 51. <2. <2. <2. <2.
Pd ppb <.1 <.1 <.1 .9 1461 1.5 <.1 <1 <.1 <.1 1.0 .
Pt ppb <b, <4, <4, <4. <4. <4. <4, <4, <4, <4, <4, <4,
Rb ppm 90. 66. 75. 131, 91. 61. 58. 66. 54, 69.. 69. 38.
Sb  ppm . <.3 i <2 2. ‘ o3 .6 <, 2.8 3.5 1.8
Sc  ppm 3.2 33.7 34.9 29.4 10.1 25.2 15.2 10.9 18.3 16.1 11.4 12.1
Se ppm 40 2.2 .30 64 7. 1= 48 1.2 46 4.1 27, 26.
Sn ppm 7 6. 7. 4 <2 <2. <2. 4, <2. 13. 15. 15.
Sr  ppm 241. 202. 210. 220. 82. 201. 265. 213. 269. 234. 416. 440.
Ta ppm <1. <1. <1. 1: <1. <1. <1. <1. i <1. <1. <1.
Te ppb 290. 1850._ 410. 230. 5600. 380. 220. 5200. 200. 550._ 4300. 1750.
Th ppm 1.6 1.7 1.2 3.0 1.8 3.0 4.9 12.0 5.0 3.7 2.1 2.1
TL ppm 1.3 .8 " 1.3 .8 1.3 .6 ol oD 1.6 .6 e
U ppm 1.6 . 1.3 1.2 1.6 1.3 3.6 12.4 4.2 5.4 1.3 1.9
V  ppm 280. 250. 290. 240. 120._ 220. 130. 90. 180. 160. 130._ _ 140.
W ppm 28. 87. 11 <5 <.5 3. 27. 240. 17 4, .50 2.
Y ppm 18. 16. 17. 24. 10. 18. 28. 20. 26. 17. 17. 14,
Zn ppm 88.8 91.7 85.5 100. 69.7 89.8 113. 147. 109. 60.0 83.3 96.8
Zr ppm 64. 72. 66. 93. 45, 118. 235. 125. 191. 119. 113. 118.
Sio2_ % 52.5 54.1 52.5 52.3 46.2 55.7 57.8 68.1 56.0 50.1 46.6 47.3
AL203 % 15.2  14.4 15.2 11.7 5.5 11.0 16.2 12.6 16.3_ 14.9 14.2 14.1
Ca0 % 8.51 8.29 8.56 6.36 2.28 6.11 5.71 4.34 6.43 6.66 13.1 12.9
Mgo % 6.1 5.77 6.10 8.3 2.66 6.41 2.89 1.8 3.19 6.59 2.72 2.45
Na20 % 2.82 2.57 2.711 1.60 .65 1.53 3,39 2.78 3.26 1.58 1.83 2.40
K20 _ % 1.56 1.58 1.59 2.76 1.70 2.66 1.66 1.99 1.61 2.74 1.45 T4
Fe203*% 10.4 9.90 10.3 13.0 31.5 12.5 9.02 5.22 9.87 9.41 15.9 15.6
Ti02 % .80 74 .78 1.01 .49 .91 .9 .58 1.08 Rl .60 .62
MO % .18 .16 74 .16 .07 .15 .15 .12 .16 13 .20 .20
P205 % .14 A3 .13 .22 .039 .20 .20 12 <20 .18 .18 .18
Loi % .85 7 .70 2.08 9.00 1.39 1.00 .85 77 5.85 2.93 2.08
Total % 99.2 98.5 98.8 99.7 100.0 98.6 99.0 98.6 99.0 99.0 99.8 98.7
H20+ % 1.1 1.0 1.1 1.3 & 1.0 .9 .6 1.0 4.2 1.1 .8
H20- % <.1 | <.1 <.1 <.1 <.1 | <. 1 1 1.1 . vl
co2 % .04 .02 .07 15 .05 .06 .13 .08 .06 .78 .05 .29
Cgraph¥% <.05 <05 <05 <05 <05 <05 <05 <05 <05 <05 <05 <,05

ppm 1540. 2800. 770. 15400. 104000. 19700. 6570. 5400. 6260. 11000. 32000. 34200.

ppm 450. 190. 400.  480. 70. 500. 370. 210. 380. 610. 420. 570.
CcL ppm <50. <50. <50. 166. 93. 172. 421. 201.  489. 67. <50. 56.
La ppm 9.0 8.4 9.3 17.8 5.6 175 31.0 22.0 271 17.4 23.5 19.5
Ce ppm 18.3 17.7 19.6 37.5 11.9 36.0 60.5 45.9 54.5 33.8 47.0 38.5
Pr ppm 2.6 2.3 2.7 5.0 1.6 4.5 7.5 5.8 6.7 4.6 5.9 4.9
Nd ppm 10.9 10.5 11.2 21.7 6.8 18.7 31.9 24.0 28.6 17.3 23.5 20.5
Sm ppm 2.9 2.7 2.8 4.8 1.8 3.8 6.2 4.8 6.2 3.7 4.8 4.1
Eu ppm .94 .92 .79 1.30 48 1.1 1.63 1. 1.50 1.26 2.12 1.37
Gd ppm 3.3 3.0 3.4 5.4 7 ki | 4.0 6.4 51 5.7 3.7 3.8 3.3
Tb ppm .6 <5 . .8 o3 .6 1. ol .9 L . 4
Dy ppm 3.6 3.2 3.2 4.6 1.8 3.7 5.6 4.2 51 3.4 3.3 2.9
Ho ppm g2 .67 .70 .93 .34 a5 115 79 1. .75 .69 .61
Er ppm 2.2 2.0 21 2.9 1.1 2.1 3.3 2 3.1 2.0 1.8 1.5
Tm ppm o3 o3 o5 A -1 3 .5 -3 A 2 2 @
Yb ppm 2.3 1.9 1.9 2.8 1.0 2.0 3.4 1.9 2.8 1.8 1.5 1.5
Lu ppm .34 .28 .29 .34 <11 .28 A .25 .7 4 .32 14 .26
Ms 640. 610. 560. 2090. 12700. 2480. 660. 800. 800. 510. 2990. 3450.
Aul:Fire Assag, DCP (20g); Au2 Aqua regia digestion, GAA (20g); Ms: Magnetic susceptibility
(107°s1); Fe203*: Total Fe as Fey03.
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Antinoja Vesiperd Angesneva Kiimala
391 392 393 401 402 403 411 412 413 421 422 423

Aul ppb 150. 2800. 150. 300. 6700. 670. 430. 2600. 330. 170. 2600. 62
Au2 ppb 200. 3450. 210. 240. 9100. 570. 370. 2650. 220. 160. 2650.
Ag ppb 79.  214. 34. 200. 1800. 321. 486. 4200. 554. 1500. 11200. 1
As ppm 80.0 99.0 390. 13000. 1300. 1100._12000. 350. 320._ 330. 110
B ppm 5 117 12.6 _13.0 1.6 12.0 17.7 _12.8 _18.8 _22. 70.0 13.8
Ba ppm 249 291. 263. 347. 373. 369. 481. 500. 337. 353. 318. 480
Be ppm 3. 2 254 5. 4. S5 4, 5 5 9.
Bi ppm T D iy | .3 3.1 b 5.3 33:1 3.5 .6 4.2 3
Cd ppm <.2 <.2 <.2 <2 <.2 2.2 <., <.2 <,2 <,2 35, <.2
Co ppm 10 8. T 13. 17 20. 12. 23. T 34. 99. 24
Cr ppm 110 64 . 87. 36. 35. 36. 29. 38. 38. 390. 150. 120.
Cs ppm 1. 3. 3. 3 2 2: 7s 5. 6. 3. 1 s
Cu ppm 286. 819. 101. 152. 279. 180. 550._ 1490. 602. 408. 2860. 447
Ga ppm 20.0 24.1 21.6 23.8 21.4 22. 24.7 24.6 27. 2 42.3 26.1
Ge ppm 10. 40. 30. 20. 20. <10._ <10._ <10._ <10. 30 20. <10
Hf ppm 2.1 2.5 2 138 1: 1. 2.2 1.3 1. 1.2
Hg pp 7 7. 5 10. 29. 27. 25 82. 15 10 15. 7
In ppm <.5 <D <, <.5 <.5 <.5 <.5 <5 <.5 < <.5 <.5
Li ppm 22 23. 25 36. 30. 38. 54. 35. 34, 50 32 38
Mo ppm <1 38. i <1. <1. 2. <1. €. <1. <1 <1. <1
Nb ppm 12. 13. 12. 12. 12 11 15 12 13 12 9 10.
Ni  ppm 44, 46. 40. 24, 18. 21, 14. 20. 22. 91. 134. 49.
Pb ppm <2. <2. <2. <2. <2. <2. <2. <2. <2. <2. 78. <2.
Pd pp <.1 <, S 10,6 13.1 13.4 5.4 9.2 8.0 B A <.
Pt ppb <4, <4, <4, <4, <4, <4, <4, <4, <4, <4, <4, <4,
Rb ppm 26. 41. 56. 48, 54. 42, 25 72. 73. 64, 62. 64 .
Sb ppm o 9 .9 .8 6.9 1.4 37.0 160. 19.0 6.3 34.0 3.5
Sc ppm 2.9 11.5 13.0 18.5 17.2 18.1 27.4 19.0 16.6 23.8 11.9 21.8
Se ppm .04 .34 .02 .06 2.6 A& 1.9 7.5 2.9 1.3 10. .36
Sn ppm <2. 7« <2. s 8. <2. 5. 12. 7 8. <2. s
Sr  ppm 528.  388. 543. 614. 551. 631. 278. 456. 563. 432. 126.  283.
Ta ppm <1. <T. <1. <1. <1. <1. <1. < <1 <1. <1 <1.
Te ppb 50. 120. 30. 50.  440. 30.  560._ 1500.  340. 190._ 850. 70.
Th ppm 13 1.0 2:1 .6 : 9 1 .9 .8 1-7 1.8 .
TL ppm C | A . - 1.0 .8 .8 1.1 .8 9 ol ol
U  ppm .9 1.5 1.0 . .6 i s 5 3 1.5 ol 9
V  ppm 110. 120. 100. 200. 200. 200. 320. 220 180.  230. 130.  230.
W ppm €5 <.5 <.S 6. 92. 13 4. é 5 <3 1 2
Y ppm 9. il 16. 14. 15 22. 16. 16. 10. v 12.
Zn ppm 30.2 57.0 29.3 137. 95.2 112. 98.5 79.2 57.7 294. 2920. 346.
Zr ppm 92. 84. 88. 62. 64 . 58. 90 65 61. 60 64 . 61.
Si02_ % 62.6 61.3 62.4 50.8 50.6 51.4 0.8 49.7 51.9 47.9 33.9 51.8
AL203 % 16.0 15.8 16.4 19.2 18.0 18.9 15.9 17.6 19.4 15.5 10.1_ 16.4
ca0 % 4.83 3.75 4.95 7.446 6.76 7.59 3.87 5.80 6.3 7.73 3. 6.32
Mgo % 3.26 3.219 3.11 3.48 3.28 3.25 5.31 2.93 2.7&4 7.93 3.79 5.48
Na20 7% 5.92 6.17 5.33 3.16 3.43 3.38 1.94 2.64 3.81 1.8s 1.46 3.18
K20 _ % .70 .95 97  1.77 1.95 1.63 2.83 2.45 1.91 1.69 91 2.05
Fe203*% 4.42 5.917 4.63 9.44 9.76 9.58 13.30 12.50 9.93 12.20 38 9.5?7
Tio2 % 53 .51 .56 .86 .81 .87 1.35 .88 .86 .49 40 .59
MNO % .07 .06 07 215 13 .16 12 .10 .08 .16 7 .15
P205 7% .13 .15 14 25 24 25 36 .26 .28 085 023 .14
Loi % .85 1.16 77 85 2.08 47 400 3.62 1.62 3.31 8 3.16
Total % 99.4 99.1 99.4 98.5 97.1 98.6 99.9 98.6 99.0 98.8 100.0 98.9
H20+ % .8 1.2 1.0 2.0 1.6 1.8 3:1 1.9 1.3 3.2 2.9 3.1
H20- % A & iy D 2 . <.1 .2 2 i@
co2 % .05 .02 .02 .03 01 07 03 .08 02 .01 08 .12
Cgraph% <.05 <.05 <.05 <.G5 05 < <.05 <.,05 «<.05 <.05 <.05 <.05
ppm 270. 1420. 130. 1400. 12000. 3110. 10100. 30800. 18400. 12700. 120000. 8490.
ppm 340. 330. 370. 410. 410 3 380 320. 520 260 100
cL  ppm 143. 132. 87.  149. 123 174 376 314, 246 101 107 67
La ppm 22.5 60.4 20.3 9.6 8.5 9.1 13.8 10.8 10.6 10.5 9.7 15.8
Ce ppm 37.5 84.5 35.7 19.9 18.1 19.9 29.8 22.1 22.4 20.9 18.2 29.5
Pr ppm 3.9 7.5 4.2 2.8 20 2.8 4.2 3.0 3.1 2.6 2.3 3.7
Nd ppm 13.9 22.1 15.6 12.4 11.1 12.1 18.4 13.6 14.2 12.0 9.4 15.9
Sm ppm 2.3 3.1 2.9 2.8 2:7 2.8 4.4 3.0 3.4 2.3 1.9 2.9
Eu ppm .71 .93 .83 1.16 1.06 1.17 1.41 1.13 1.13 .92 21 1.1
Gd ppm 2:1 2.3 2.3 2.9 2.5 3.1 4.3 3.2 3.3 2.4 [ 2.7
Tb ppm .2 i3 .3 A 4 A il S <5 " .2 A
Dy ppm 1.7 1.8 2.3 S 2.8 3.5 4.3 3.4 3.3 2.1 1.4 2.2
Ho ppm .34 BT b4 .69 .62 .64 .88 .68 .69 .42 .24 .41
Er ppm .9 0 1.2 1.9 1.7 1.9 2.7 2.0 2.2 1.2 .8 1.4
Tm ppm <1 A ol - .2 .3 b . o3 =1 o 2
Yb ppm .9 1.0 1.4 1.9 1.6 2:1 2.6 1.9 2.0 1::1 By 1.3
Lu ppm .20 .22 .19 .31 .29 .28 .34 . 4 .28 .14 .08 |
Ms 690. 670. 630. 680. 430. 780. 530. 1590. 2330. 570. 11300. 390.

Aul:.Fire Assay, DCP (20g); Au2: Aqua regia digestion, GAA (20g); Ms: Magnetic susceptibilit
(10 6SI); Fe203*: Total Fe as Fe203. . “ “ P 4




App. 2, contd.

Pirild s Kalliosalo Kurula Pirild N
431 432 433 441 442 443 451 452 453 461 462 463

Aul ppb 60. _9500. 56. 340. 7500. 90. 72. 1100. 240. 260. 2800. 64 .
Au2 ppb 100. 32000. 60. 280. 6700. 120. 80. 1280. 300. 240. 3100. 40.

o

n

00

Ag ppb 450. 15200. 185. 96 362 39. 36 160. 47. 244. 1900 365.
As ppm 790. 31000. 240. 440. 1500 210. 990. 18000. 9100. 990. 18000 210.
B pm 21.8 9.8 18.6 148 366 195. 473, 2900. 344 43.9 17.0 52.5
Ba ppm 493, 208. 840. 652 719 723. 378 309. 420. 815. 1450 666.
Be ppm 4. S s 4. 5. § 6.
Bi ppm 2 20.7 .4 4 <4 ol 4.0 1%.1 2.2 3 4 .5
Cd ppm Sl .0 €,2 < <.2 A <2 <2 <.2 2 <@
Co ppm 19. <1 9 14 14 12 114. 1590. 238. 14 10 13,
Cr ppm 430. 53. 120. 90. 130. 82. 220. 140. 160 150. 110. 110.
Cs ppm St 3. 4. 6. p 7. D i e S 8.
Cu ppm 62.8 1890. 15.5  40. 42.2 31.7 147. 291. 183 50.1 48.9 63.4
Ga ppm 17.1 14.9 14.8 19.8 21.4 21.4 22.5 20.4 23.9 23.0 17.6 25.4
Ge ppm 10. <10. <10. <10. <10. <10. <10. <10. <10 10. 20. <10.
Hf ppm 2.2 d 4.4 5. 4.4 3.6 3.6 - 4.1 4.0 3.5 4.5
Hg ppb 12, 87. 7. 15. 47. 17. 8. 59 15. <5. 19. <5.
In ppm <5 < <5 €5 <. <D € < <. oD <.5 <.
Li ppm 58. 20. 54. 47. 50. 57. 16. 49. 59 85. 44, 86.
Mo ppm <1. <1. <1. <1. <1. . 26. <1, <1 1
Nb ppm 16. 11. 16. 17. 17 16 18 13. 1?7- 17 15. 18
Ni ppm 158. 38. 63. 58. 60 46 70 151. 60. 67 51. 62
Pb ppm 113. 778. 147. 2. 21 <2 <2 <2, <2. 28 22. 16
Pd ppb 2. <.1 . 9 3 <, 6 § .8 1.2 .8 9
Pt ppb <4, <4 . <4 . <4, <b . <4 . <4, <4 . <&, <4, <4, <4
Rb ppm 113. 60. 116. 149. 130. 131. 68. 68. 96. 144 . 93. 150
Sb  ppm .5 5. .6 2200. 8700. 1800. 1.6 9.4 1.9 2.4 49, 4
Sc ppm 13.8 1.8 7.62 13.4 13.4 13.4 13.0 9.66 12.4 15.9 12.4 15.1
Se ppm .18 7 .12 2 .10 12 4.0 12 14 .46 .50
Sn ppm 12 <2 %2, <2 <2 <2 <2 8. s <2 €2 3
Sr  ppm 403 45 236. 115. 110. 155 548. 272. 349. 246. 232. 150.
Ta ppm <1 <1. 1. <1. <1. <Y 1% <1. <. <1. <1. 1.
Te ppb 30 680. 40. 10. 10. <1, 140. 2500. 600. 60. 20. 50.
Th ppm 1.9 9.1 10.0 6.9 10.0 5.8 5.4 7.7 10.0 8.0 10.0
TL ppm 1.0 8 1.0 1.1 1.2 1.1 6 1.0 .8 .8 .6 1.2
U ppm 31 1.8 2.8 2.8 5.2 1.8 4.1 37 3.6 3.1 2.4 4.5
V  ppm 120 18. 80. 110. 94, 98. 110. 110. 100. 130. 120. 130.
W ppm 3 4. <D 9 3. 5. 600. 3. 5% 18. 4.
Y ppm 10. 6. 8. 12. 10. 11 16. 12. 16. 13. 13. 18.
Zn  ppm 209. 432. 124. 94.9 89.3 6 65.8 57.3 70.4 103. 158. 113.
Ir ppm 99. 35. 175. 175 131. 194 162 124. 171- 148. 127.. 156.
i02_ % 63.0 72.1 74.5 67.4 67.9 67.9 62.3 60.0 63.4 63.2 68.1 64.8
AL203 % 11.8 3.1 1.6 15.3 1646 1763 15.1 13.1 14.6 15.2 11.9_ 15.2
ca0 % 5.84 e 117 2.21 1.58 1.63 4.18 1.62 2.50 1.44 1.83 ol
Mgo % 5.6 2.58 1.71 1.87 2.09 2.21 3,98 4.10 3.43 3.00 2.41 2.
Na20 % .93 .29  2.06 .49 .51 02 4.7 3.03 4.76 3.02 2.08 2.
K20 7% 2.45 .93 2.9 3.78 3.67 3.81 1.49 1.58 1.95 3.47 2.710 3.
Fe203*% 7.59 14.0 4.08 5.41 5.6¢ 5.27 5.19 7.49 6.23 6.22 5.45 6.
Ti02 7% .49 .10 .40 .58 .59 .59 .63 .53 .63 .63 51 .63
MnO % «20 <31 .07 .045 .06 .07 .07 .038 037 .08 .08 .07
P205 % .12 .014 .087 13 .12 .14 AT 15 16 A 12 .15
Loi % 1.00 4.00 B85 2.00 1.93%3 1.54 1.16 1.31 85 1.62 3.00 2.
Total % 99.1 98.2 99.3 98.3 98.6 98.3 99.2 93.0 98 98.2 98.4 99.3
H20+ % 1.3 .8 1.0 1.3 1.5 1.2 1.0 1.5 .8 1.4 1.:9 2:3
H20- % 1 <.1 <.1 <1 <.1 <.1 | A <.1 <1 < |
co2 % 14 .18 .10 .15 iy .05 .05 .04 .04 .20 .49 )
Cgraph% 05 <.05 <.05 A2 =.05 <.05 <.05 <.05 _ <.05 _<.05 <.05 .
ppm  1590. 26300. 180. 11700. 13900. 8370. 1030. 9940. 5360. 5970. 14100. 7430.
F  ppm 1300. 950. 550. 520. 560. 580. 610.  680. 720. 590. 540. 750.
CL ppm 241. 181. 78. <50. <50. <50. 243. 241. 326. <50. <50. <50.
La ppm 20.5 6.1 32.7 36.6 30.4 36.8 25.8 49.2 34.3 36.0 30.7 42.3
Ce ppm 38.2 11.7 60.5 68.2 56.5 69.4 47.6 73.3 66.1 69.0 57.2 78.4
Pr ppm .6 1.2 7:1 8.4 6.6 8.6 5.8 7.8 7.8 8.5 6.5 9.6
Nd ppm 16.6 5.5 24.9 30.8 24.7 31.1 22.7 27.2 27.8 30.2 23.8 35.3
Sm ppm 2.8 .9 4.2 L 4.5 5.4 4.3 4.7 4.9 5.3 4.6 6.0
Eu ppm .97 .23 .87 1.17 .91 1.15 1.23 .65 .98 1.26 93 1.2
Gd ppm 2.5 iy ¢ 3.2 4.2 Sl 3.9 3.8 3D 4.0 4.2 = ) 4.6
Tb ppm NA . 4 D 4 D <5 4 . D N .7
Dy ppm 2.2 1.0 2.2 3.0 2.3 2.7 2.9 2.3 3.6 3.4 2.0 3l
Ho ppm .40 .16 -2 .43 .36 .43 97 A .70 .57 o Ry
Er ppm 1.0 .8 .9 1:3 U 1:1 1:0 1.4 =2 1.4 1.3 1.9
Tm ppm o 1 <.1 .2 ol | 3 = B . B B 1
Yb ppm 1.2 N 4 «9 .9 9 1.0 1.6 1.4 1.8 1.2 1.1 1.7
Lu ppm 9 .08 .08 14 10 e o2 .20 20 A7 E g .
Ms 900. 1990. 1070. 1210. 2050. 960. 490. 640. 520. 880. 1090. 530.

Au1:6Fire Assag, DCP (20g); Au2: Aqua reﬂia digestion, GAA (20g); Ms: Magnetic susceptibility
(107°s1); Fe203*: Total Fe as Fey03; -: Not detected.
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Kaapel inkulma Laivakangas S PéhlLola Kopsa

471 472 473 481 482 483 491 492 493 501

Aul ppb 240. 3200. 140. 360. 5500. 100. 320. 12500. 49. 310.
Au2 ppb 210. 3250. 260. 450. 3500. 120. 410. 12800. 60. 410.
Ag ppb 101. 16. 33. 590. 62. 67.. 0. 15. 1500.
As ppm 300._ 2300. 45.0 180. 580. 65.0 35.0 630. 160._ 2800.
B ppm 11.7 5.5 6.1 6.6 <€.D 4.6 7.3 <.5 _14.7 5.1
Ba ppm 366. 340. 390. 536. 566. 524 . 122, 295. 745. 520.
Be ppm 17. 6. 6 4. 4. 4. 4. 2. 4, 3.
Bi ppm 1.3 25.2 1.5 3.2 38.8 oD 7.5 314. 1.1 23
Cd ppm <2 <.2 2.2 <2 <.2 <.2 <0 <.2 <l €
Co ppm 2. 18. 15. 12. 1. i - i <1. 5. 19.
Cr ppm 59. 67. 97. 180. 150. 180. 40. 9. 47. 28.
Cs ppm 19. 9. 6. 6. 4. 5 2. <1 3. 3.
Cu ppm 52.4 91.9 18.7 23.1 184. 23.2  47.2 293. 31.7 839.
Ga ppm 26.1 24.7 23.8 21.2 19.5 21.9 21.6 3. 22.8 14.
Ge ppm <10. <10. 20. 20. 20. 20. 40. <10. 20. 10.
Hf ppm 2.7 2.8 3.4 3.1 2.7 3.5 2,1 <. 2.2 1.
Hg ppb <5 <5 <5. <5, 5. <5. <5, 42. <5 5
In ppm €.5 <€.5 <.5 <. <, <.5 €9 <.5 <.5 <.
Li ppm 57. 40. 31~ 99. 64 . 80. 33. - 41, 16.
Mo ppm <1: <1 <1. <1 1 2 <1 1 <1. 2.
Nb ppm 15 13. 14. 17 14 12, 12 9. 14. 11
Ni  ppm 17. 24, 26. 33 28 33. 19. D 21. 20.
Pb ppm <2. <2. <2. 7 <2 4. <2. 40. <2. <2.
Pd ppb <1 - .9 <1 <.1 <.1 .| <.1 <. <
Pt ppb <4, <4, <4 . <4 <4 <4. <4. <4, <4, <4,
Rb ppm 196 134. 113 133 147 114. 60. 11 44, 62.
Sb ppm 3 <l X <.2 <. 2 | N 9 -3 4.9
Sc ppm 23.5 26.9 23.8 18.4_ 15.5 19.4 7.00 .13 7.88 10.9
Se ppm .18 .46 .08 .10 .88 ¥ .28 2.8 16 2.4
Sn  ppm <2. 10. <2. 10. 5. 8. <2. <2. <2. <2.
Sr  ppm 217. 187. 186. 399 344 431 744 8. 861 188.
Ta ppm <1. <1. i 1., ’ €7 » <1. A <1 <1.
Te ppb 30. 740. 50. 80. 700. 10.  650. 26000. 100._ 1090.
Th ppm 3.4 3.8 4.4 6.5 5.8 5. 1.5 <.5 1.7 2.4
TL ppm 1.3 .8 6 1.:1 1.0 1:1 D @ 3 A
U ppm 1.7 1. 2 3.7 2.4 2. .9 <.1 .8 1.0
V  ppm 260. 220. 180 140. 120 180. 76. 4. 92 0.
W ppm 5 4. 14. 77 15: 100. 2400. 71 190
Y ppm 12 20. 22 19. 13 15. <1, 6
Zn ppm 45.0 68.6 6.5 67.3 43.5 59.2 641 141. 64 . 59
Ir ppm 94 119. 124 91 87 103. 58 12 62. 51
Si02_ % 60.0 56.4 58.2 62.4 65.9 59.7 68.0 96.2 65.7 69.
AL203 7% 17.5 16.6_. 15.8 14.3 12.4 14.8 14.7 3. 16.3. 13.
ca0 % 4.64 6.23 6.74 5.06 4.30 5.62 3.17 19 3.86 4.
Mgo % 3.12 3.38 3.68 3.62 3.40 3.99 1.98 31 2.02 2.
Na20 % 3.0 2.70 2.8 3.11 2.76 3.15 4.22 .05  4.61 2.
20 2.37 2.08 2.08 3.09 3.48 3.14 2.29 A4 1.90 2.
Fe203*7 7.12 9.03 8.17 5.90 5.58 6.39 3.41 1.85 3.87 4.
Ti02 % .86 .81 Al 53 .49 .58 42 .04 .48
MnO_ % .07 I .13 A1 .09 .10 07 .020 o7
P205 % .092 .12 J2 =15 <135 .16 14 <.002 15
Loi % 1. .16 .70 47 .62 .54 1.08 .85 1.00
Total % 101. 7 99.3 98.9 99.3 98.3 99.7 100. 100 98
H20+ % 9 1.2 49 +9 9 .9 2 @ 1.0
H20- 7% €:1 <.1 <1 <.1 B | <.1 ol <.1 <
co2 7% .01 .01 .05 .01 .01 .02 .06 .01
Cgraph% .05 <.05 <,05 <.05 <.05 <05 <«<.05 «.05 <« <
ppm  4510. 6420. 790. 100. 1690. 160. 1410. 10800. 940. 5030
F ppm 2800. 660 870 580. 580. 500 300 <20 300 330
CL ppm 412. 502 479 <50. <50 <50 <50 <50 <50 131
La ppm 13.2 18.4 19.3 17.8 15.2 16.5 11.8 € 4.7 8.0
Ce ppm 23.1 36.1 37.5 33.0 28.8 30.5 22.4 1.0 28.3 15.4
Pr ppm 2.8 4.4 4.7 4.0 3.4 3.7 2.9 | 3.5 1.9
Nd ppm 11.0 18.1 19.5 15.9 12.6 15.3 1.1 A 134 6.8
Sm ppm 2.2 4.2 4.2 3.6 2.8 2.9 o S | 2.2 1.4
Eu ppm .76 .98 1.03 .84 .65 75 .61 <.05 .66 -3
Gd ppm 2.0 3l 4.0 3.3 2.3 3.0 15 <1 1.6 1.4
Tb ppm .3 .6 .6 .5 3 .5 .1 <.1 e g
Dy ppm 2:5 4.1 4.4 3.5 2.6 2.9 1.0 <.1 1.3 1.5
Ho ppm .46 .83 .90 i e .49 .54 .17 <.05 .22 @
Er ppm 1.4 2.4 2.7 2:1 1.4 1.6 D <. .6 .8
Tm ppm e 3 A ) @ He % <.1 <.1 o]
Yb ppm 1.1 2.2 2.3 2.1 1.4 1.8 NA <.1 35 .8
Lu ppm 15 #91 32 .26 .23 .29 .06 <.05 .07 1
Ms 610.  650. 570. 660. 890. 660. 690. 1140. 770.  900.
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Aul: Fire Assay, DCPg(20g); Au2: Aqua regia digestion, GAA (20g); Ms: Magnetic
susceptibility (10 6§I?? Fe203*: Total Fe as ?ezos. 9) 9
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Kangaskyl & Osikonmdki E Osikonmdki W Bjorkdal
511 512 513 521 522 523 531 532 533 542

Aul ppb 280. 2000. 340. 550. 7000. 1200. 680. 5000. 430. 3600.
Au2 ppb 340. 2300. 520. 540. 7000. 1280. 620. 5400. 270. 2850.
Ag ppb 454. 10700. 5300. 379. 2400. 382. 344. 840. 100. 406.
As ppm 2000. 35000. 9300._ 770. 2600. 200. 6800. 1700. 95 6.3

[t le]

B ppm 13.6 _14.2 34.3 10.6 L2 T3 7.7 6.3 3. 151.
Ba ppm 386. 732. 638. 574. 549. 554. 569. 535. 547. 964.
Be ppm 2. 3. 4, 4. B 5.s 6. 3 3
Bi ppm 1.0 3.5 2.8 2.6 23.8 4.5 3.1 25.3 1.8 12.4
Ccd ppm 9.6 3.8 8 <.2 <2 <.2 <.2 <.2 <€, <2
Co ppm 3. 15 5 10. 19. 8. 9. 7 4, 13
Cr ppm 19. 40. 11 28. 23. 30. 20. 20. 23. 71.
Cs ppm 1. 1. 3. . 3 7. 5. 3. 3.
Cu ppm 188. 1320. 1400 306. 1540. 239. 185.  479. 156. 133, |
Ga ppm 16.7 16.4 15.4 22.4 23.0 22. 23. 20.4 24.8 23.2
Ge ppm <10. 10. <10 <10. 10. <10. 10. 10._  <10. 20.
Hf ppm 1.8 1. 1 4. A 4. 4, 3.3 4.6 3.3
Hg ppb 82. 180. 46 7= 15 s 34. 59. <5, 15:.
In ppm <. <. <.5 <. <.5 <.5 <, <. <.5 <.5
Li ppm 13 12. 15 39. 38 39. ST 37. 56. 19.
Mo ppm <1 <1. <1 <1. <1 3. 3 <. <1. <1.
Nb ppm 11 1 11 17 18. 16 18. 16 16. 14.
Ni ppm 13. 13. 14. 27 27. 21. 20. 18 27. 48.
Pb ppm <2. 33. 37 <2 <2. <2 <2 23 <2. 8.
Pd ppb <.1 <1 <.1 <.1 <.1 A .6 <.1 <.1 <.1
Pt ppb <4, <4, <4, <4 <. <4, <4, < <4, <4,
Rb ppm 33, 45, 43, 91 118. 94 101. 114 78. 82.
Sb  ppm 9.4  60. 19.0 . 3 1.0 5 3 =D
Sc ppm 5.83 4.67 5.17 6.39 6.49 6.61 6.48 5.18 6.56 9.89
Se ppm .60 5.8 .7 2 8. 1 13 31. .54 .04
Sn ppm <2 <2. <2. <2 6. 13 <2 68 -y | 16.
Sr  ppm 465 259. 315. 549. 541. 609. 607. 355. 600. 1100.
Ta ppm <1 <1. <1 ; L <1 ; <1 3 <1 ; 1. <1.
Te ppb 30 2250. 480. 320. 2700. 320. 130. 1200. 30 5300.
Th ppm 6 <.5 = 7.5 7.9 8.2 7.1 6.7 .8
TL ppm . D o b 9 D .6 6 “D
U ppm .3 2.0 .8 4.0 4.6 4.4 4.0 3.6 b4, 2.4
V  ppm 42. 32. 34, 52. 56. 74. 70. 52. 52 100.

W ppm 5. 15 3. 6. 1. 2. -5 23, 5 22.

Y ppm 4. 2, 5, 13. 13. 13, 12. 10. 12 12,
Zn  ppm 979. 496. 187. 54.5 80.8 54.1 45.6 46.9 61.3 85.0
Zr ppm 564. 41. 48. 179. 153, 175. 146. 144, 157 138.
Si02_ % 64.5 64.1 65.9 64.6 65.2 649 64.6 67.2 65.6 61.6
AL203 % 17.6 13.6 15.9 15.3 15.2 15.5 15.4 13.4 15,5 13.0
ca0 % 5.45 2.79 4.22 3.32 2.88 3.54 3.06 2.18 3.59 5.49
Mgo % 1.56 1.16 1.46 1.77 1.63 1.77 1.76 1.40 1.64 2.49
Na20 % 4.20 2.76 3.33 4.69 4.35 4.67 4.63 3.90 4.64 4.61
K20 _ % 1.63 2.38 2.38 2.79 3.10 2.69 2.58 3.11 2.55 2.23
Fe203*7 2.19 6.84 3.52 4.48 4.26 4.51 4.47 4.47 4.18 4.88
Tio2 % .23 .19 .22 .56 .52 Of .51 A .93 .50
MnO % .07 o7 .09 .07 .040 07 .06 .037 .07 07
P205 % .076 044 .066 .18 18 .18 216 .15 18 .26
Loi % .85 5.31 .93 1.39 85 Ry .85 1.93 .62 3.23
Total % 98.4 99.3 99.1 99.3 98.3 99.3 98.2 98.3 99.3 98.6
H20+ % o9 .8 1.0 .8 + ol 4 $3 .6 .9
H20- 7% <.1 ol <. <.1 258 <.1 & <1 %1 LN |
co2 % 3T .01 .24 .42 .18 .40 <13 .09 .15 3.28
Cgraph% <.0 < <.05 <,05 <05 <.05 . <.05 <.05 <05 <.05
S” ppm 2040. 22600. 7380. 4300. 6300. 1700. 6680. 10900. 1550. 3330.

F  ppm 160. 130. 40. 1100. 1400. 1000. 1200 980. 750 760

CL ppm 118. 72. 130. 165. 195. 67. 139

La ppm 5.4 2.5 4.7 34.9 34,1 36.9 33.8 29.2 34.4 65.5
Ce ppm 11.3 5.4 9.8 63.0 62.9 66.3 61.4 52.1 62.3 128.
Pr ppm 1.4 0 1.4 el Tl 7.4 6.6 5.9 7.1 15.5
Nd ppm 5.6 2.6 5.4 26.7 25.5 25.9 24.2 20.9 26.2 57.0
Sm ppm .9 D 1.0 4.6 4.1 4.5 3.9 3.5 4.3 8.3
Eu ppm o 11 .22 1.26 1.35  1.34 .98 .98 1.22 2.19
Gd ppm .8 oD .6 3.3 3.4 3.6 2.9 2.9 3.2 5.4
Tb ppm 1 <.1 <.1 .5 A 4 4 b 4 .6
Dy ppm of S <5 2.5 2.6 2.9 2.3 2.3 2.7 2.7
Ho ppm 13 <.05 .06 .46 .48 .50 A .40 47 .40
Er ppm A @ 3 1.3 1.2 1.3 1.1 1.0 1.3 1.0
Tm ppm <.1 <.1 <1 51 - - | A .2 1
Yb ppm 4 A .3 1.1 1.1 1.1 1:1 1.0 11 .9
Lu ppm .06 <.05 <05 .14 .15 AT .18 .15 .18 A3
Ms 720. 640. 600. 1040. 490. 1110. 690. 560. 6%90. 990.

Aul: Fire Assay, DCP,(20g); Au2: Agua regia digestion, GAA (20g); Ms: Magnetic
susceptibility (107°SI); Fe203*: Total Fe as e,03.
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Appendix 3. Abundances of analysed elements for mesothermal gold deposits from Canada and Australia.

Mt. Charlotte New Celebration Macassa Hoyle Pond Owl Creek
1 2 3 4 S

Aul b 3700 590. 19600 9000. 4100
Au2 ggb 3200 570. 23000 8600. 3700
g ppb 2700 145. 4 . 1500. 2000
As ppm 0 2.2 9.7 240. 460
B ppm 44.3 14 .1 3.0 86.8 53..1
Ba ppm 195 1970. 2040. 78. 179
Be ppm 2. it 9
Bi ppm <.1 " 6 <.1 3
Cd ppm <.2 <.2 <2 %2 <.2
Co ppm 33 4. 19 17 39
Cr  ppm 38 15 180. 100. 1030.
Cs ppm 9 <1. 4. <2. <.
Cu ppm 77.0 14.2 108. 3%.5 638.
Ga ppm 22.8 21.7 21:1 33 14.9
Ge ppm 20 <10. <10. <10. <10.
Hf ppm 2.4 3.2 4.5 <2.0 1.1
Hg ppb 2150 13. 630. 24 . 50.
In ppm <.5 <.5 <5 <5 <. 5
Li ppm 51 9. 31 11. 21.
Mo ppm 3. 130. <1. 3.
Nb ppm 11 9. 14 10. 10
Ni ppm 32 29. 66 63. 63
Pb ppm <2 <2. 5 <2. 31
Pd ppb <. 4 <.1 A | 2.3 <.
Pt ppb <4 <4, <4 <4, <4
Rb ppm 59 44, 169 18. 23
Sb  ppm 21.0 o 2 <1.0 5
Sc  ppm 36.9 1.82 13.4 18.6 22.8
Se ppm 52 .06 24 .24 1
Sn  ppm 6 <2. <2 <2. <2
Sr  ppm 151 652 980 47 64
Ta ppm <1. <1 <. 21. <1.
Te ppb 5400. 120. 37000. 370. 770.
Th ppm - 9.1 9.2 <5.0 .9
TL ppm .8 R 1.1 1 b
U  ppm i 1.9 2.5 <3.0 )
V  ppm 480. 14. 200. 80. 160.
W ppm 45 7. 13. 12, 24 .
Y ppm 3. 18 3.
In ppm 107. 39.1 102 37D 303
Ir ppm 90. 105. 162 20. 43
Si02_ % 47 .1 69.0 53.0 67.2 65.7
AL203 7% 10.8 15.8 12.2 6.68 8.41
Cca0 % 6.84 1.26 5.49 6.95 4.63
Mgo % 3.64 .83 3.92 3.56 2.68
Na2o0 % 1.57 6.52 2.09 .84 1.42
K20 % 1.89 2.68 S22 .49 .68
Fe203*7 14.0 1.26 6.74 4.33 6.64
Ti02 % 1.43 23 .65 19 53
MnO % +22 026 .12 14
P205 % 2 14 <35 005 025
Loi % 8.47 1.70 .93 7 7.54
Total % 96.1 99 97.1 98.1 98.5
H20+ 7 2.0 N 1.4 1.4 1.7
H20- 7% | <. 1 <.1 <l a]
co2 % 10.1 1.33 7.1 8.08 6.3
Cgraph/ <.05 <.05 <.05 .06 .3

ppm 28600. 3020. 12600. 7790. 17800.
F ppm 180. 400. 860. 90.
cL  ppm 265. 160. 90. 125. 116
La ppm 4.9 37.0 55.1 1.0 4.3
Ce ppm 12.3 67.2 112. 2.3 8.3
Pr  ppm 1.8 75 13.2 3 1.2
Nd ppm 8.8 25.3 48.6 1.7 5.4
Sm ppm g 4.0 8.9 A 1.2
Eu ppm .66 1.09 2.19 .18 .42
Gd ppm 1:9 2.2 6.9 4 1:7
Tb ppm - | @ .8 <9 o
Dy ppm 1.4 .8 3.6 b )
Ho ppm S <1 .67 G 14
Er ppm 1.0 - 1.8 3 .
Tm ppm N <.1 .3 <.1 <.
Yb ppm .9 a1 15 b 5
Lu ppm i ¢ <.05 .22 <.05 .07
Ms 7530. 650. 4160. 960. 2690.

Aul: Fire Assay, DCP (209) Au2: Aqua regia digestion, GAA (20g); Ms: Magnetic
suscept1b1L1ty (10 SI); Fe203*: Total Fe as €503.
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App. 3, contd.
Kerr Addison Renabie Ferderber Page Williams
6.1 6.2 6.3 7 8 9

Aul ppb 3500. 7600. 200000. 32400. 25300. 4000.
Au2 ppb 4300. 3700. 142000. 36500. 27000. 4100.
Ag ppb 523. 890. 19400. 7700. 11900. 431,
As ppm 99.0 330 550. 2.9 32.0 240.
B ppm 1.7 64.0 18.8 9.5 508. 11::9
Ba ppm 189. 95. 235. 2620. 365. 133000.
Be ppm 3 2. 2 3 3. 3.
Bi ppm <.1 | <. 4.0 15.0 21
Cd ppm <.2 <2 <, 2 .0 <.2 €. 2
Co ppm 40. 27 - 45. 10. 124. 4.
Cr ppm 32. 792. 1990. 10. 21. 16.
Cs ppm <. <1. 2; 1s <l 2.
Cu ppm 125. 68.1 48.0 434, 11600. 103.
Ga ppm 20.1 8.2 10.7 19. 14.2 9.6
Ge ppm 10. <10. <10. <10. <10. <10.
Hf ppm 2.1 .6 <5 1 59 2.0
Hg pp 6. 20. 20. 63. 50. 11200.
In ppm <.5 <.5 <5 <.5 <.5 €. 5
Li ppm 20. 16. 14. 16. 25. 14
Mo ppm 2s <1 <1 181. 2. 3270
Nb ppm 11. 9. 10. 12. 11. 6.
Ni  ppm 87. 282. 515 15. 102. 8.
Pb ppm <2. T~ <2. 2, -1 <2.
Pd ppb <. 1.6 8.3 <.1 .5 <.1
Pt ppb <4. <&, <4 . <4, <4, <4.
Rb ppm 19 14. 29. 77. 26. 41.
Sb ppm .8 6.1 2.7 1.5 <.2 150.
Sc  ppm 35.6 12.0 17.6 4.05 7.95 1:.91
Se ppm 590 A .04 .20 .50 1.42
Sn ppm 6 <2 <25 4. <2. <2,
Sr  ppm 72 113 59 371 53 564 .
Ta ppm <1. <1. <1. el <1. <1.
Te ppb 120. 240. 170. 49000. 9900. 390.
Th ppm .6 v <.5 33 €9
TL ppm e o3 <.1 -6 e 31.5
u ppm 5 : <.5 By .6 d
V  ppm 430. 98. 100. 76. 62. 460.
W ppm 51 18. 6. 1. 6. 10.
Y ppm - 4, 2 6 6. 1
Zn ppm 66. 34, 43.8 67.30 557 . 112
Ir ppm p o ¢ 34, el 63, 32. <1
Sio2_ % 48.9 60.0 41.7 76.2 62.1 47 .1
AL203 % 11.30 3.7 4.63 7.42 7.06 7.16
Ca0 % .80 8.73 4 .65 2rqT 5.39 2.23
Mgo % 4.12 6.45 16.0 .85 1.49 1.16
Na20 7% 4 46 .52 .1 A3 1.30 .49
K20 7% 23 .34 1.27 2.16 73 329
Fe203*7 10.8 5 125 4.8 1:1 9.63
Ti02 % 1.51 .26 .31 .22 .42 .38
MNO % .25 .20 14 .06 .10 .033
P205 % .06 <.002 .025 .18 .071 .021
Loi % 5.23 11.6 22.9 3.08 2.77 7.70
Total % 92.9 97. 99.5 98.2 92.5 94.0
H20+ % 1.8 1.3 11 1.0 1.4 o6
H20- 7% <, 1 <.1 <.1 <. <.1 M|
co2 7% 8.21 12.5 255 1.66 4.12 25
Cgraph% <.05 .25 <.05 <.05 <.05 <.05

ppm 33900. 14300. 1350. 25100. 58600. 79600.
F  ppm 90. 110. 140. 790. 190. 140.
cL ppm <50. 67. <50. 176. 166. <50.
La ppm 4.2 3.9 .5 35.2 4.4 C |
Ce ppm 10.7 Tl T1n3 7.5 9.2 il
Pr ppm 1.6 o3 B} 9.7 1.2 |
Nd ppm 8.8 4.2 1.2 38.0 6.5 1.4
Sm ppm 2:3 1.0 o3 5.9 1.5 A
Eu ppm .56 .30 14 1.46 .48 .
Gd ppm 1.8 .9 .2 4.1 1.6 A
Tb ppm .2 .2 %.1 4 .2 <.1
Dy ppm 1.0 .6 A 1.6 1.1 o2
Ho ppm .20 +19 <.05 423 .22 <.05
Er ppm N-) A J2 .5 0l e
Tm ppm | <:1 <. <.1 o3 S
Yb ppm ol A e o3 4 2
Lu ppm w1 .05 <.05 <.05 .10 <.05
Ms 700. 1100. 660. 1280. 1040. 870.

re Assay, DCP (20g); Au2: Aqua regia digestion, GAA (20g); Ms: Magnetic susceptibility
); Fe203*: Total Fe as Fe203.
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Appendix 4. Abundances of analysed elements in reference samples of common rock types.

Basaltic komatiite Gabro Diorite Phyllite Tonalite
RS131 RS11 RS101 RS91 M863883
Aul ppb 9. 13. <4, <b, <4,
Au2 ppb 2: 1. <1. ] . i
Ag ppb 1. 18. 26. 55. 13.
As ppm 1.8 2.2 . 4, <.6
B ppm 2.1 160. <. 496. 10.6
Ba ppm 52 149. 450. 598. 1100.
Be ppm 4. 4. 6. 6. 4.
Bi ppm <.1 .9 <.1 1. <.1
Cd ppm <2 <2 <. 2 <. <.2
Co ppm 52. 3. 15, 29. €
Cr  ppm 2440. 300. 67. 180. 46.
Cs ppm <1. 7. 1. 4, 5.
Cu ppm 80.2 64.9 35.2 137. 14.6
Ga ppm 16.2 20.3 28.5 28.9 18.0
Ge ppm 20. 40. 40. 10. 20.
Hf ppm nd .8 3.9 3.6 2.4
Hg ppb 15. 15. 7. f12. 5.
In ppm <.5 <. 5 <4'D <, <5
Li ppm 2. 15. 21. 75. 47.
Mo ppm <1. 2, 1. <1. <1.
Nb ppm 9. 11. 25. 17. 12.
Ni  ppm 915. 101. 37 114, 32.
Pb ppm <2. <2. <2. <2. <2.
Pd ppb 9.3 .7 <Ly 24 <Y
Pt ppb <4, <4, <4, <4, <4,
Rb ppm 4, 24. 30. 144, 81.
Sb ppm e b <5 4. i
Sc ppm 21.8 34.0 18. 27, 6.
Se ppm <.02 .02 < . <.
Sn  ppm <2. <2. <2. <2. 2
Sr  ppm 12, 439. 911. 63. 878.
Ta ppm <1. <. 1. 1. <1.
Te ppb 2 8. s 48, S
Th ppm <.5 <.5 1.9 9.8 2.8
TL ppm 5@ - - 1.0 76
U  ppm J A 1.1 4.4 1.1
V. ppm 200. 240. 230. 270. 64 .
W ppm <1. <1. <1. 3. 3.
Y  ppm 11. 10. 21. 20. 6.
Zn ppm 50.9 82.9 148. 163, S2.
ir ppm 28. 46. 139. 145. 54,
Sio2_ 7% 39.9 48.3 48.8 56. 68.
AL203 % 6.18 15.7 16.1 17:6 15,
Ca0 % 9.58 12.4 9.26 . 2.
Mgo % 22.3 8.82 4.08 4, 1.
Na2o % .07 1.83 2.70 1. 4.
K20 % .07 .53 1.17 3 2.
Fe203*7, 10.7 9.01 19:1 9. 2.
Tio2 % .51 7 3.18 i i
MNO % A5 .14 .13 ;
P205 7% .037 1.12 .42 .
Loi % 7.77 .85 .16 4. .
Total % 975 98.5 98.3 99.9 99.
H20+ % 5.5 1.4 7 3 5
H20- % 1 <.1 <.1 < <.
co2 % 2.64 .07 .10 < 3
Cgraph% <.05 <.05 <, 05 . £
S ppm 130. 520. 1090. 9750. 30.
F  ppm 40. 250. 1300. 510. 390.
cL  ppm <50. 124. 120. <50. <50.
La ppm .9 02 39.0 33.6 17.5
Ce ppm 3.2 15.7 86.6 61.7 32.0
Pr ppm .8 24 12.4 7.6 4.0
Nd ppm 4.7 11.4 57.3 29.2 16.0
Sm ppm 2.2 3.0 10.5 6.0 2.8
Eu ppm .83 1:.13 3.0 1.3 .64
Gd ppm 2.9 2.7 9.0 4.9 1.7
Tb ppm A 4 170 .6 .2
Dy ppm 3.3 2.4 5.3 4.1 1.2
Ho ppm 93 .43 .88 . 8 .20
Er ppm 1.4 1.2 2.1 2.3 )
Tm ppm 2 .2 .2 . |
Yb ppm 1.0 1:1 1.6 2:5 .
Lu ppm 14 .16 .18 .31 .08
Ms 30%00. 560. 9660. 740. 860.
Au1;6F1re Assay, DCP (20?); Au2: Aqua regia digestion, GAA (20g); Ms: Magnetic susceptibility
e a

(10

SI);

Fe203%;

Total

s Fe20

3-
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Appendix 5. Explanations of abbreviations used in tables and appendices.

ab albite

aberbr albite-carbonate rock
abcrbser  albite-carbonate-sericite rock
absechlor albite-sericite-chlorite rock

amph amphibole

aspy arsenopyrite

bar baryte

bt biotite

btchloabr biotite-chlorite-albite rock
chlo chlorite

crb carbonate

crbabr carbonate-albite rock
cp chalcopyrite

dio diopside

epi epidote

fgn felsic gneiss

fvolc felsic volcanogenic rock
grdr granodiorite

grw graywacke

hem hematite

hornb hornblende

ituf intermediate tuffite
ivolc intermediate volcanic/subvolcanic rock
magn magnetite

mtuf mafic tuffite

mvolc mafic volcanic/subvolcanic rock
plag plagioclase

po pyrrhotine

py pyrite

qtz quartz

qtzdr quartzdiorite

sb antimony

se sericite

sp sphalerite

ton tonalite

tour tourmaline

tre tremolite

umr ultramafic rock
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