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17 1 ABSTRACT

18 The Laivakangas Au-Cu metallogenic area is characterised by orogenic Au deposits with both Au-only and with 

19 atypical (Au ± Cu, Co, Ni) metal associations. Here we study and compare four examples to better constrain the 

20 parameters controlling enrichment in base metals in addition to Au. We selected two typical Au-only deposits, the 

21 Laivakangas and the Huhta deposits and two orogenic Au deposits with atypical metal association, the Jouhineva Au-

22 Cu-Co-Ag and the Kurula Au-Co deposits. All four deposits record multiple successive mineralisation events with local 

23 variations in their respective metal association. Two auriferous mineralisation events are identified, (1) a ubiquitous 

24 As-Au-(Co, Ni) event close to peak metamorphism (620-430°C) where Au occurs either as invisible Au in arsenides or 

25 as inclusion in arsenopyrite; (2) a later Cu(-Au)-rich sulfide event on the retrograde path where Au locally occurs as 

26 free, native grains along with chalcopyrite. From S isotope studies of the sulfide and sulfarsenide minerals and relations 



27 between the deposits and surrounding rocks, we propose that the variation in metal association of the ore fluid is 

28 linked to the diversity of lithologies involved in metamorphic fluid production. Multi-event hydrothermal 

29 mineralisation and relatively reduced redox conditions appear critical to increase the Au endowment in a deposit and 

30 to introduce atypical metals. Results of this study provide a new comprehension of the variability of metal association 

31 in orogenic Au deposits of the Laivakangas Au-Cu metallogenic area and elsewhere.

32 2 INTRODUCTION

33 Precambrian orogenic Au deposits are epigenetic, and commonly hosted in greenstone belts. They usually form 

34 at post-peak metamorphic conditions in an active orogenic setting, along transcrustal faults under transpressive or 

35 compressive stress, and within a broad PT window (150-700°C; 0.5-7kbar) (Gebre-Mariam et al. 1995; Goldfarb et al. 

36 2001, 2005; Groves et al. 1998; Kolb et al. 2015). Orogenic Au deposits, also known as Au-only deposits, usually contain 

37 only Au as a commodity (Eilu 2015; Goldfarb and Groves 2015; Groves et al. 1998). Some deposits, however, known 

38 as orogenic Au deposits with atypical metal association, show economic enrichment in Co, Ni and/or Cu, which can be 

39 exploited as by-products (Eilu 2015). These deposits are present in several orogenic Au districts worldwide such as in 

40 northern Finland (e.g. Central Lapland Greenstone Belt, Kuusamo Belt, Peräpohja Belt; Eilu 2015), northern Australia 

41 (Pine Creek), South Africa (Pilgrim’s Rest) and in Mali (Loulo district) (Goldfarb and Groves 2015; Lawrence et al. 2013). 

42 This sub-type of orogenic Au deposits, although scarce, shows interesting economic value due to the polymetallic 

43 nature of the deposits. However, formation, and more specifically, processes leading to enrichment in base metals in 

44 relation to Au remain poorly understood.

45 The Paleoproterozoic orogenic belts of Finland and their related orogenic Au deposits with typical and atypical 

46 metal associations have been extensively studied; e.g. Central Lapland Greenstone Belt, Kuusamo Belt, Peräpohja Belt 

47 and to a lesser extent, the Pohjanmaa Belt (Fig. 1-A - Molnár et al. 2018; Pankka and Vanhanen 1992; Vanhanen et al. 

48 2015; Vasilopoulos et al. 2021). These types of orogenic Au deposits share many similar features. They occur together 

49 in greenstone and schist belts along the same shear zones, they form over extended periods in multi-event 

50 hydrothermal systems during the same geodynamic event and display overall similar type of ore (Kurhila et al. 2017; 

51 Molnár et al. 2017; Vanhanen 2001; Vasilopoulos et al. 2021, 2022; Witt et al. 2020). Orogenic Au deposits with atypical 

52 metal association show distinctive endowments; the ones from the Central Lapland Greenstone and Pohjanmaa belts 

53 are enriched in Au-Cu ± (Ag, Co, Ni) and those from the Kuusamo and Peräpohja belts are rich in Au-Co ± (Cu, U, LREE) 

54 (Eilu 2015). Coexistence of orogenic Au deposits with typical and atypical metal associations along the same structures 



55 raises questions regarding the source of the metals, nature of the fluids and relative timing of formation of the 

56 different ore types. Several mechanisms have been proposed to account for the diverse base metal association in 

57 atypical orogenic Au deposits. Goldfarb et al. (2001) highlight that orogenic Au deposits with high base metal content 

58 tend to occur in deformed Paleoproterozoic intracratonic basins. These basins can contain evaporitic rocks and salt-

59 rich brines which can generate saline metamorphic fluids, promoting base metal mobilisation via chloride-complexes 

60 (Haverinen 2020; Qiu et al. 2021; Tapio et al. 2021; Vasilopoulos et al. 2021; Yardley 2005; Yardley and Graham 2002). 

61 Alternatively, orogenic Au deposits with atypical metal association can be spatially associated with intrusions; these 

62 are sometimes classified as porphyry Cu-Au deposits overprinted by orogenic Au mineralisation, in an attempt to 

63 account for their atypical metal association, even if the genetic link with the intrusion is not explicit (e.g. Jouhineva 

64 Au-Cu-Co-Ag deposit; Geological Survey of Finland 2019b; see also the Chibougamau Cu-Au(-Mo) mining district; Pilote 

65 et al. 1995). Finally, multi-event mineralisation is a common feature in orogenic Au deposits with atypical metal 

66 association, with different metals being enriched at different mineralisation events; highlighting the complexity of 

67 these deposits (Molnár et al. 2017; Novoselov et al. 2015; Patten et al. 2022; Vanhanen 2001; Vasilopoulos et al. 2022).

68  In this study, we investigate typical orogenic Au deposits (Laivakangas and Huhta) and orogenic Au deposits 

69 with atypical metal association (Jouhineva and Kurula) from the Pohjanmaa Belt, in western Finland, to better 

70 understand the mechanisms leading to different metal endowment in orogenic Au deposits. We highlight that orogenic 

71 Au mineralisation in the Pohjanmaa Belt is related to two main mineralisation events with different metal association. 

72 These events are expressed by various intensity in the different deposits and account for the observed metal 

73 enrichment in the deposits.

74 3 REGIONAL GEOLOGY OF THE POHJANMAA BELT

75 Finland lies within the Fennoscandian Shield. Its Precambrian geology incorporates the Archean cratons of 

76 Norbotten, Kola and Karelia in the north and east and by a Paleoproterozoic part, the Svecofennian domain, in the 

77 south and west. The main Archean domain is the Karelian province, where Archean rocks are partially covered by 

78 Paleoproterozoic rocks, forming greenstone belts with numerous orogenic Au deposits (Fig. 1-A) (e.g. Central Lapland 

79 Greenstone Belt, Peräpohja Belt, Kuusamo Belt - Eilu 2015; Hanski and Huhma 2005; Laajoki K. 2005). The contact 

80 between the Karelian province and the Svecofennian domain is marked by the Raahe-Ladoga Shear Zone. The 

81 Paleoproterozoic geology of Finland is the result of the complex Svecofennian orogeny, leading to the formation of 

82 the Fennoscandian shield. Recent models suggest the evolution of the diachronous Svecofennian orogeny comprised 



83 five distinct, but temporally overlapping orogenic events, each of which dominated within specific spatially separated 

84 belts that were progressively amalgamated. They are: the Lapland-Kola orogeny (ca. 1960 to ca. 1870 Ma), the Lapland-

85 Savo orogeny (ca. 1930 to ca. 1890 Ma), the Fennian orogeny (ca. 1900 to ca. 1850 Ma), the Svecobaltic orogeny (ca. 

86 1840 to ca. 1780 Ma) and the Nordic orogeny (ca. 1820 to ca. 1770 Ma) (Korja et al. 2006; Lahtinen et al. 2005). The 

87 formation of the Fennoscandian shield started with the accretion of the Archean cratons of Kola, Karelia and Norbotten 

88 during the Lapland-Kola orogeny. In the south, accretion of the Keitele micro-continent and Paleoproterozoic volcano-

89 sedimentary arcs against the Karelian Province during the Lapland-Savo orogeny and later orogenies led to the 

90 formation of the Svecofennian province and its volcano-sedimentary belts containing orogenic Au deposits (Savo Belt, 

91 Pohjanmaa Belt, Tampere Belt, Pirkanmaa Belt, Häme Belt and Uusimaa Belt). The oldest is the Savo Belt, thrust above 

92 the Karelian province during the Lapland-Savo orogeny (Korja et al. 2006; Lahtinen et al. 2005). The following Fennian 

93 orogeny led to the formation of the Pohjanmaa Belt. The Skellefte district in Sweden is proposed to be the continuation 

94 of the Pohjanmaa Belt (Lahtinen et al. 2014). The general crustal structure of the Svecofennian accretionary orogen is 

95 a north-east plunging succession of superposing nappes made of volcano-sedimentary units and granite intrusions of 

96 the Central Lapland Granitoid Complex (Mints et al. 2020).

97 The Pohjanmaa Belt corresponds now to the coast of Finland in the north-western part of the former Western 

98 Finland Province. This schist belt is limited to the north by the Raahe-Ladoga Shear Zone (Nironen et al. 2002), to the 

99 east by the Savo Belt and the Central Finland Granitoid Complex, and continues to the south-west as the Pirkanmaa 

100 and Tampere belts (Lahtinen et al. 2014) (Fig. 1-A). The Pohjanmaa Belt is divided into the Ylivieska and the Evijärvi 

101 fields, which are considered to represent a volcanic-arc and accretionary prism, respectively (Fig. 1-A) (Kähkönen 

102 2005). Syn-kinematic and post-kinematic granites (e.g. Rautio batholith) belonging to the Central Lapland Granitoid 

103 Complex intruded the Pohjanmaa Belt (Haapala and Rämo, 2015; Luukas et al. 2017) (Fig. 1-A). The Ylivieska field is 

104 thrust south-westward over the Evijärvi field. The Evijärvi field is composed of various meta-sedimentary and mafic 

105 meta-volcanic rocks with mid-ocean-ridge basalt and within-plate basalt affinities (Fig. 1-A). They are considered part 

106 of the lower sedimentary group of the central part of the Svecofennian orogen (Lahtinen et al. 2002). Peak 

107 metamorphism in the Pohjanmaa Belt reached low- to medium-amphibolite facies at ca. 1890-1880 Ma in its central 

108 part, but increases to the south-west up to lower-granulite facies conditions where crustal melting led to the formation 

109 of the Vaasa Batholith (Chopin et al. 2020; Kähkönen 2005; Mäkitie 1999, 2000; Mäkitie et al. 2012; Mäkitie and Lahti 

110 1991; Vaarma 1990; Vaarma and Pipping 1997). The Ylivieska field contains ca. 1900 to 1880 Ma arc-type meta-volcanic 



111 and meta-sedimentary rocks belonging to the upper sedimentary group of Central Svecofennia (Kähkönen 2005) (Fig. 

112 1-A). The meta-volcanic rocks are characteristic of a shallow water to sub-aerial environment and range from basalt 

113 to K-rhyolite with calc-alkaline, mature island-arc affinity (Kähkönen 2005). The meta-sedimentary rocks are typical of 

114 fluvial and shallow water environments (Lahtinen et al. 2002). The Ylivieska plutonic suite locally intruded the meta-

115 volcano-sedimentary rocks. It consists mainly of syn-orogenic, mafic, layered intrusions with minor ultramafic rocks 

116 and local magmatic Ni-Cu-Co sulfide occurrences (Kiuttu 2020; Luukas et al. 2017) (Fig. 1-A). It formed at ca. 1880 Ma 

117 during the accretion stage of the Fennian Orogen along subvertical shear zones (Peltonen 2005). 

118 3.1 METALLOGENY OF THE POHJANMAA BELT

119 The Au deposits of the Pohjanmaa Belt are mostly located in the Laivakangas Au-Cu metallogenic area within 

120 the Ylivieska field, where the main mineralisation style is orogenic Au with a few porphyry Cu-Au and porphyry Mo 

121 deposits (Fig. 1-A) (Eilu et al. 2012). The orogenic Au deposits locally contain anomalous Cu and/or Co and Ni (Eilu 

122 2015; Isohanni 1984; Sipilä 1988). They are usually located close to shear zones and show spatial association with syn-

123 orogenic, ca. 1890-1860 Ma tonalite and granodiorite (Gaál and Sundblad 1990; Nironen 2005). There is no precise 

124 age data of the Au deposits. Nevertheless, Sundblad et al. (1993) studied isotopic Pb data in galena from epigenetic 

125 Au deposits in the Skellefte District and the Pohjanmaa Belt, and suggest that the Au deposits formed approximately 

126 10 to 20 m.y. after the surrounding host rocks, constraining their age of formation at approximately 1880-1850 Ma. 

127 The Laivakangas Au-Cu metallogenic area comprises the Hitura Ni-Co metallogenic area in its central part (Fig. 1-A) 

128 (Eilu et al. 2012). It contains mainly small magmatic Ni-Cu-Co sulfide deposits in syn-orogenic ultramafic to mafic 

129 layered intrusions (1890-1870 Ma; Peltonen 2005). The orogenic Au deposits with typical and atypical metal 

130 association share a similar geological setting (Fig. 1-B to D). All the deposits comprise sets of quartz veins and 

131 disseminated ore hosted in meta-volcanic to meta-sedimentary rocks and share similar metamorphic grade. However, 

132 the deposits display different metal associations and contents.

133 4 OROGENIC AU DEPOSITS OF THE POHJANMAA BELT

134 4.1 THE LAIVAKANGAS AND THE HUHTA AU DEPOSITS

135 The Laivakangas Au deposit is a mine located in the north of the Pohjanmaa Belt (Fig. 1-A). It is exploited in 

136 two open-pits and has 48.58 tonnes of Au reserve (Bektas and Vathavooran 2019). It is classified as a typical orogenic 

137 Au deposit, although it has metal zonation fromAu-As to Au-Cu and Au-Mo-W, interpreted to result from interaction 



138 with magmatic fluids in the deposit formation (Geological Survey of Finland 2019d; Mäkelä 1984). The host rocks 

139 consist of a mafic meta-volcanic unit, intruded by granodiorite prior to regional metamorphism (Fig. 1-B). Mineralized 

140 sets of quartz veins cross-cut the host rocks. Younger syeno-granite and dolerite dykes post-date regional peak 

141 metamorphism and cross-cut all the previous lithologies and veins. The host rocks reached peak middle amphibolite 

142 facies conditions at 575 ± 50°C and 5 kbar (Mäkelä 1984) at ca. 1890-1860 Ma, according to regional metamorphic 

143 peak dating on monazite U-Pb data from migmatite (Hölttä et al. 2019). The ore is hosted in sheeted quartz-sulfide 

144 vein arrays in several subparallel shear zones hosted in meta-volcanic rocks and meta-granodiorite. Individual veins 

145 are planar, narrow (2-5 mm, rarely 2-5 cm wide) and display localized pinch and swell structures, although the 

146 auriferous structure is continuous over tens of metres (Bektas and Vathavooran 2019).

147 The Huhta Au deposit comprises a typical orogenic Au mineralisation. It is located in the central western part 

148 of the Ylivieska field, within the Laivakangas Au-Cu metallogenic area, and is in direct proximity to the Hitura Ni-Co 

149 metallogenic area (Fig. 1-A) (Geological Survey of Finland 2019a). There is no estimation of resources available for this 

150 deposit. The host rocks reached peak lower amphibolite facies conditions at 545 ± 30°C at 1810-1800 Ma (Hölttä et al. 

151 2019; Hölttä and Heilimo 2017). The deposit is formed by two main lode zones hosted by intermediate to felsic meta-

152 volcanic rocks (Fig. 1-C). The lodes are subvertical and are oriented west-northwest. The ore is located in quartz-sulfide 

153 veins and shear bands in the host rocks.

154 4.2 THE JOUHINEVA AU-CU-CO-AG AND THE KURULA AU-CO DEPOSITS

155 The Jouhineva (also known as Pölla) deposit is located 2.8 kilometres north-west of the Huhta deposit (Fig. 1-

156 C), along the same tectonic structure. It lies within the Laivakangas Au-Cu metallogenic area close to the Hitura Ni-Co 

157 metallogenic area (Fig. 1-A). Test mining of 5000 t of mineralisation from an open pit in 1984 produced 40.5 tonnes of 

158 Cu, 4.5 kilogrames of Au, 40 kilogrames of Ag and 9 tonnes of Co (Geological Survey of Finland 2019b). The host rocks 

159 are lower amphibolite facies meta-andesite and intermediate meta-tuff (Geological Survey of Finland 2019b). 

160 Metamorphic peak conditions reached temperatures of 545 ± 30°C at 1810-1800 Ma (Hölttä et al. 2019; Hölttä and 

161 Heilimo 2017). The mineralisation is hosted by quartz-sulphide veins and shear zones that are up to 6 m wide and 20-

162 200 m long, forming a set of subparallel, near-vertical, north-west-trending lodes.

163 The Kurula Au-Co deposit lies in both the Laivakangas Au-Cu and Hitura Ni-Co metallogenic areas, located in 

164 the central part of the Pohjanmaa Belt (Fig. 1-A; D) and is classified as an atypical orogenic Au deposit (Geological 



165 Survey of Finland 2019c). There is no estimation of resources available for this deposit. The host rocks reached the 

166 middle amphibolite facies at 620 ± 40°C between 1870-1800 Ma (Hölttä et al. 2019; Hölttä and Heilimo 2017). The 

167 deposit comprises a mineralized quartz-tourmaline-arsenide-sulfide vein network hosted in intermediate to felsic 

168 meta-volcanic rocks at the contact between meta-volcanic and meta-sedimentary units of the Ylivieska Group 

169 (Geological Survey of Finland 2019c; Sipilä 1983, 1988).

170 5 SAMPLING AND ANALYTICAL METHODS

171 Field work was carried out in the northern and southern pits of the Laivakangas mine where 14 representative 

172 samples of the different host and mineralized rocks were collected. In addition, 39 representative samples of 

173 mineralized veins and host rocks were collected from 10 drill cores at different depth intervals (ESM 1). Drill core 

174 sampling was performed at the drill core storage facility of the Geological Survey of Finland in Loppi where 75, 31 and 

175 40 samples of the Jouhineva, Huhta and Kurula deposits have been collected  respectively. Representative samples of 

176 mineralized veins and different wall and host rocks were collected from the drill cores at different depth intervals 

177 according to the petrological features and geochemical data provided by the GTK (ESM 1). The drill cores of the 

178 Jouhineva deposit showing the highest Co content are already oversampled and could not be resampled.

179 After careful investigation, 98 polished thin sections were prepared for petrological study. Petrography of ore 

180 and host rock was studied using transmitted and reflected light microscopy and scanning electron microscopy using a 

181 TESCAN VEGA 3 scanning electron microscope (SEM). Ore mineral composition was determined by electron 

182 microprobe analysis (EPMA) using a JEOL 8900 Superprobe at the Eberhard Karls University of Tübingen. The following 

183 elements were measured: Ag, Au, As, Bi, Co, Cu, Fe, Hg, Ni, S, Sb, Zn (ESM 2). Operating conditions were an accelerating 

184 voltage of 25 kV at a probe current of 20 nA with a focused beam. K-lines were used for As, Co, Fe, Ni, S, Zn; K-lines 

185 for Cu; L-lines for Au, Ag, Bi, Hg and Sb. X-ray lines and background positions were selected to minimize interference 

186 during analysis. Overlap correction was applied for Au and Zn. PhiRhoZet correction was applied for data reduction. 

187 Native metals were used as calibration standards for Ag, Au, Bi, Co, Cu, Ni and Zn, and pyrite for Fe and S, cinnabar for 

188 Hg, stibnite for Sb, and GaAs for As.

189 Sulfur isotope analysis was performed in the Laboratory of Environmental and Raw Materials Analysis 

190 (Institute of Applied Geosciences, Karlsruhe Institute of Technology) on monomineralic powders of sulfides 

191 (arsenopyrite, chalcopyrite, pyrite and pyrrhotite). The sulfides were carefully sampled with a micro-drill after 



192 observation with a binocular microscope to control sample homogeneity. Each sulfide sample was divided into three 

193 portions containing 100 µg of S and packed with V2O5 as catalyst in tin cups. The samples were heated at 1020 °C and 

194 the combustion products were transported in a continuous He flow through a reactor to form SO2. The resulting 

195 products were sorted by an Eurovector elemental analyser, ionized and analysed with an Isoprime isotopic ratio mass 

196 spectrometer (IRMS). Reference material data are provided in ESM 3.

197 6 RESULTS

198 6.1 GOLD-ONLY OROGENIC DEPOSITS

199 The Laivakangas, Huhta, Jouhineva and Kurula deposits formed in two hydrothermal events: (1) a ubiquitous 

200 As-Au (Co, Ni) event, locally subdivided in stages based on the mineralogy; (2) a Cu(-Au) sulfide event locally 

201 overprinting the previous event veins. A late barren alteration event affects the mineralized veins in the Laivakangas 

202 and Jouhineva deposits (Fig. 2). 

203 6.1.1 Laivakangas Au deposit

204 The auriferous quartz veins of the Laivakangas deposit are typically millimetres to several centimetres wide and 

205 are generally parallel to the host rock foliation (Fig. 3-A, B). They cross-cut and overprint barren, feldspar-dominated 

206 hydrothermal veins (Fig. 3-D), and are mainly composed of quartz and K-feldspar with accessory chlorite, biotite, 

207 pumpellyite, titanite, ilmenite, rutile, apatite, scheelite, zircon and rare carbonates. They are mostly deformed showing 

208 undulose extinction of quartz. Two main mineralisation events are defined: (1) an As-Au(-Co) event forming auriferous 

209 quartz veins containing Ni-Co-Fe arsenide with invisible Au; (2) a sulfide (Cu-Au) event, locally overprinting the previous 

210 event, forming auriferous quartz-sulfide veins with free, native Au (Fig. 2-A; Fig. 4-A). Theevents are not ubiquitous, 

211 leading to different ore mineral populations and content within veins (Fig. 3-C to E). 

212 During the mineralisation event 1, Ni-Co-Fe arsenides, mainly löllingite and minor clinosafflorite (Co,Ni,Fe)As2), 

213 occur in the quartz veins as <1mm inclusions in younger arsenopyrite (Fig. 3-F to H). Löllingite is locally enriched in Co, 

214 Ni and Ag (Table 1, ESM 2). The vein selvedges show brown to black, centimetre-scale hydrothermal alteration halos 

215 with disseminated arsenopyrite and pyrite, and replacement of plagioclase by sericite and biotite by chlorite, in the 

216 first millimetres of the alteration halo.



217 The mineralisation event 2 is characterized by: a) new auriferous quartz veins which locally cross-cut the 

218 previous vein generation and contain pyrite (Py1), chalcopyrite, pyrrhotite and minor sphalerite, molybdenite, free 

219 grains of native Au and Bi-(Te, Au, Ag, Cu) minerals; and b) overprinting of the event 1 veins with replacement of the 

220 Ni-Co-Fe arsenides by arsenopyrite and formation of previously listed sulfides (Fig. 2-A). Arsenopyrite occurs as 

221 euhedral to subhedral grains which are locally fractured (Fig. 3-I). It is commonly zoned and/or has event 1 Ni-Co-Fe 

222 arsenide, Au and Bi-(Te, Au, Ag, Cu) inclusions (Fig. 3-F to I). It shows overall homogeneous composition with little to 

223 no Co and Ni (Table 1). Arsenopyrite grains containing an event 1 clinosafflorite or a Co-rich löllingite core have higher 

224 Co- and Ni-contents (up to 2.5 and 1.5 wt.%, respectively; Table 1, ESM 2). Arsenopyrite is also locally enriched in Ag, 

225 up to 330 ppm (Table 1). Chalcopyrite and pyrrhotite occur in the veins as grains parallel to the foliation or as fracture 

226 fills in the gangue minerals, mainly feldspar and quartz (Fig. 3-J and K). Chalcopyrite locally has cubanite exsolution 

227 lamellae (Fig. 3-J), and sphalerite and molybdenite inclusions. Pyrite (Py1) grains are commonly pristine in an 

228 assemblage with chalcopyrite and pyrrhotite. Visible Au is identified as native Au inclusions and as free, native Au 

229 grains among sulfides and in fractures of vein filling silicates. Gold inclusions represent 80 to 90 vol.% of the visible Au, 

230 and occur in arsenopyrite and Ni-Co-Fe arsenide and rarely, in pyrrhotite or chalcopyrite (Fig. 3-F to I). They commonly 

231 occur together with Bi-(Te, Au, Ag, Cu) minerals at a volumetric ratio of 1:5. Free, native Au grains represent 10 to 20 

232 vol.% of the visible Au. They occur as <50µm grains in the gangue commonly along with Bi-(Te, Au, Ag, Cu) minerals 

233 and chalcopyrite in the auriferous quartz veins (Fig. 3-K). Bi-(Te, Au, Ag, Cu) minerals are found as tellurides and Bi-

234 rich minerals, which tend to occur together in the following proportions: native Bi (30 vol.%), hedleyite (23 vol.%), 

235 pilsenite (16 vol.%), wittichenite (13 vol.%), bismite (10 vol.%), hessite (7 vol.%), volynskite (<2 vol.%) and maldonite 

236 (<2 vol.%). Gold grains can contain variable amounts of Ag (5.47-21.90 wt.%; Table 1, ESM 2). Pyrite (Py1) is either 

237 enriched in Cu (up to 8 wt.%) or in As (up to 6 wt.%) when altered and spatially related to chalcopyrite and arsenopyrite, 

238 respectively (Table 1, ESM 2). Pyrite is locally enriched in Ag, Bi, Co, Ni and Zn (Table 1). Chalcopyrite contains Ag and 

239 shows local enrichment in Au and Bi, up to 350 ppm and 4510 ppm, respectively (Table 1). Pyrrhotite contains traces 

240 of Cu, Ni and Ag (Table 1). This mineralisation event is associated with millimetre- to centimetre-scale, hydrothermal 

241 sericite-chlorite alteration haloes characterized by greenish-white-coloured zones. It shows partial to complete 

242 chloritisation of biotite and amphibole, sericitisation of plagioclase and K-feldspar and disseminated chalcopyrite, 

243 pyrrhotite and pyrite (Py1) in the hydrothermal alteration zone. Late chlorite-quartz veinlets locally cross-cut the host 

244 rock and earlier veins, forming additional pyrite, bornite and digenite (Fig. 2-A), which locally replace chalcopyrite (Fig. 

245 3-I).



246 6.1.2 Huhta Au deposit

247 In the Huhta deposit, the host rock foliation is cross-cut by auriferous quartz veins and actinolite-chlorite-

248 sulfide veinlets (Fig. 5 A to D). The auriferous quartz-(sulfide) veins are a few millimetres to several centimetres wide 

249 and are usually deformed, showing undulose extinction of quartz and elongated, recrystallized quartz grains. Two 

250 mineralisation events are defined: (1) an As-Au event, subdivided into two stages; (1a) auriferous quartz-arsenide 

251 veins with löllingite containing invisible Au; (1b) auriferous quartz-sulfarsenide-sulfide veins defined by arsenopyrite 

252 with Au inclusions as well as pyrrhotite; (2) a sulfide event, locally overprinting the previous event, forming actinolite-

253 chlorite-rich veinlets with chalcopyrite-pyrite-pyrrhotite-sphalerite (Fig. 2-B; Fig. 4-B). 

254 Stage 1a is mostly cryptic and identified through rare löllingite cores preserved in stage 1b arsenopyrite (Fig. 

255 2-B). Stage 1b is a continuation of stage 1a and is characterized by auriferous quartz veins with arsenopyrite and minor 

256 pyrrhotite. Arsenopyrite is euhedral to subhedral, locally forming clusters in veins (Fig. 5-C; -E to J). Locally it has pyrite, 

257 pyrrhotite, chalcopyrite, Au and gangue mineral inclusions (Fig. 5-G). It has low contents of Co and Ni (< 0.57 and < 

258 0.38 wt.%, respectively) as well as trace concentrations of Sb, Bi, Cu, Hg, Ag and Zn (Table 1, ESM 2). Pyrrhotite occurs 

259 as patchy grains, generally in association with arsenopyrite and local chalcopyrite inclusions (Fig. 5-E). Gold occurs as 

260 disseminated, < 50µm inclusions in arsenopyrite, commonly together with Bi, hedleyite, pilsenite and maldonite, at a 

261 volumetric ratio of 1:10 (Fig. 5-G). Gold grains contain various amounts of Ag (avg. 21.10 wt.%), locally occurring as 

262 electrum. Invisible Au occurs rarely in chalcopyrite, pyrrhotite and pyrite (ESM 2). The veins have centimetre- to metre-

263 scale hydrothermal alteration haloes characterized by a greenish-white bleached zone in the host rock (Fig. 5-A to D). 

264 Compared to unaltered rock, the bleached zone contains disseminated arsenopyrite and pyrite, and is depleted in 

265 mafic minerals, while plagioclase is replaced by sericite. 

266 The mineralisation event 2 locally overprints the previous event, it is characterized by actinolite-chlorite-rich 

267 veinlets dominated by patchy pyrrhotite and porous pyrite grains with minor chalcopyrite and sphalerite. Pyrite has 

268 euhedral to patchy habits (Fig. 5-I and J) and locally fills fractures in arsenopyrite, replacing it along the rims (Fig. 5-I). 

269 Chalcopyrite and sphalerite are generally associated with pyrite, locally filling fractures (Fig. 5-F and J). The 

270 hydrothermal alteration halo in the host rock around actinolite-chlorite-rich veinlets is a few millimetres wide; it 

271 contains disseminated pyrrhotite, pyrite and chalcopyrite; plagioclase is replaced by sericite, biotite by chlorite, 

272 hornblende by fine-grained actinolite and ilmenite by titanite (Fig. 5-B-D).



273 6.2 OROGENIC AU DEPOSITS WITH ATYPICAL METAL ASSOCIATIONS

274 6.2.1 Jouhineva Au-Cu-Co-Ag deposit

275 Mineralisation at the Jouhineva deposit occurred in two events forming two vein sets: (1) an As-Au-Co-Ni event 

276 forming auriferous quartz-sulfarsenide-sulfide veins defined by arsenopyrite with Au inclusions and slight Ni and Co 

277 enrichment; and (2) a sulfide (Cu-Au) event, locally overprinting the previous event, forming auriferous actinolite-

278 chlorite-rich veinlets with pyrite and chalcopyrite, along with free, native Au. A late barren alteration event overprints 

279 the mineralized veins, replacing chalcopyrite by bornite, digenite and tennantite (Fig. 2-C; Fig. 4-C). 

280 The mineralisation event 1 is characterized by auriferous quartz-sulfide veins. The veins are a few millimetres 

281 to tens of centimetres wide and are usually deformed, showing undulose extinction of quartz, elongated quartz grains 

282 (Fig. 6-A to D). They mainly contain quartz with accessory apatite, biotite, K-feldspar, plagioclase, scheelite, titanite 

283 and zircon. Arsenopyrite is the main ore mineral with minor pyrite. Arsenopyrite is euhedral to subhedral, locally zoned 

284 and commonly forms clusters in veins (Fig. 6-A and D). They locally host Au, hedleyite, pilsenite, hessite and galena 

285 inclusions (Fig. 6-E and F). Arsenopyrite contains various amounts of Co and Ni (< 6.82 and < 0.54 wt.%, respectively) 

286 as well as traces of Sb, Bi, Cu, Hg, Ag and Zn (Table 1; ESM 2). Pyrite (Py1) is euhedral to subhedral with a spongy or 

287 porous texture (Fig. 6-G). Gold occurs as disseminated < 50µm inclusions in arsenopyrite. It represents up to 10 vol.% 

288 of the visible Au (Fig. 6-F) and occurs commonly together with < 50µm hedleyite, pilsenite, hessite and galena grains 

289 at a volumetric ratio of 1:10. The veins have millimetre- to centimetre-scale greenish-white hydrothermal alteration 

290 halos characterized by disseminated arsenopyrite and pyrite (Py1) and replacement of plagioclase by sericite and 

291 biotite by chlorite.

292 The mineralisation event 2 is characterized by actinolite-chlorite-sulfide veinlets locally cross-cutting and 

293 overprinting the previous auriferous quartz-sulfide veins. Sulfides are dominated by chalcopyrite and patchy pyrite 

294 (Py2) stretched along the foliation or filling fractures in quartz (Fig. 2-C; Fig. 6-G and H). Chalcopyrite occurs in 

295 significantly higher proportions than in the other deposits (Fig. 2), locally forming massive to semi-massive sulfide 

296 veins (Fig. 6-C and D). It contains Ag and shows localized enrichment in Au and Bi whereas pyrite contains traces of As, 

297 Cu, Co, Ni and Ag (Table 1; ESM 2). Locally, chalcopyrite and arsenopyrite have cubanite inclusions which have traces 

298 of As, Co, Ni and Ag (Table 1; ESM 2). Free native Au occurs as < 50 µm grains along with chalcopyrite in proximity of 

299 arsenopyrite in the quartz veins. It represents 90 vol.% of the visible Au (Fig. 6-I). The actinolite-chlorite-sulfide veinlets 



300 have millimetre- to metre-scale, greenish-white, hydrothermal alteration halos characterized by disseminated 

301 chalcopyrite, pyrite (Py2) and rare Au, and replacement of biotite by chlorite and hornblende by fine-grained actinolite. 

302 A late barren alteration event affected chalcopyrite, which is locally replaced by tennantite and Ag-rich 

303 minerals (pearceite, hessite, argentite) along newly formed fractures (Fig. 2-C; Fig. 6-E and H). Bornite and digenite 

304 locally replace chalcopyrite (Fig. 6-J). Tennantite contains < 4.08 wt.% Zn and traces of Co, Ni, Sb and Ag. Bornite 

305 contains traces of Ag, Sb, As, Bi, Au and Hg and digenite contains traces of Bi, Fe and Hg (Table 1 and ESM 2).

306 6.2.2 Kurula Au-Co deposit

307 In the Kurula deposit, the host rocks are cross-cut by sets of quartz-sulfide veins generally cross-cutting the 

308 foliation. The veins are a few millimetres to several centimetres wide and are generally sheared and locally folded (Fig. 

309 7-A to D). They show internal deformation such as elongated, recrystallized quartz and quartz with undulose 

310 extinction. The mineralisation is the result of two events forming two sets of veins, locally overprinting each other: (1) 

311 an As-Au-Co-Ni event characterized by auriferous quartz-sulfide veins with arsenides and sulfarsenides; and (2) a 

312 sulfide event, locally overprinting the previous event, forming quartz-sulfide veins with chalcopyrite, pyrrhotite and 

313 sphalerite (Fig. 2-D; Fig. 4-D). 

314 The mineralisation event 1 is subdivided into two stages: (1a) auriferous quartz veins with (Ni-Co-Fe) arsenides 

315 and invisible Au; and (1b) pyrite and replacement of arsenides by arsenopyrite (Apy1) with Au inclusions. Stage 1a is 

316 characterized by auriferous quartz veins with Ni-Co-Fe arsenides such as löllingite, clinosafflorite, safflorite, 

317 skutterudite and rammelsbergite (Fig. 2-D). The arsenides occur as < 1mm inclusions in stage 1b arsenopyrite (Apy1). 

318 The inclusions locally form a patchy assemblage with K-feldspar and arsenopyrite (Apy1) (Fig. 7-E). Löllingite contains 

319 little Co and Ni, safflorite has a heterogeneous composition and contains < 11.15 wt.% Co, < 2.28 wt.% Ni and traces 

320 of Sb, Bi, Cu, Hg, Ag and Zn and rammelsbergite contains traces of Sb, Bi, and Co and skutterudite traces of Sb, Bi, Cu, 

321 Hg and Ag (Table 1, ESM 2).

322 Stage 1b is continued prolongation from stage 1a and is characterized by arsenopyrite (Apy1) and pyrite (Py1) 

323 with minor Au, maldonite, Bi, hedleyite, pilsenite and molybdenite (Fig. 2-D). Arsenopyrite (Apy1) forms euhedral to 

324 subhedral grains, locally fractured and commonly forming clusters (Fig. 7-C and G). Locally, it contains inclusions of Ni-

325 Co-Fe arsenides and gangue minerals as well as Au, Bi, hedleyite, pilsenite and maldonite inclusions (Fig. 7-E and H). It 



326 is locally chemically zoned, two types are identified, one with low Ni and high Co content (< 5.95 wt.%) and another 

327 with slightly enriched Ni contents (< 0.94 wt.%, ESM 2). Arsenopyrite (Apy1) contains traces of Sb, Bi, Cu, Au, Hg, Ag 

328 and Zn (Table 1, ESM 2). Gold occurs as < 50µm inclusions in arsenopyrite (Apy1). The Au inclusions occur commonly 

329 together with Bi, hedleyite, pilsenite and maldonite at a volumetric ratio of 1:10. Gold grains contain small amounts 

330 of Ag, As, Fe and traces of Bi, Co, Cu, Ni, S (Table 1, ESM2). Where arsenopyrite (Apy1) contains Ni-Co-Fe arsenide 

331 cores, the inclusions tend to be concentrated at the contact between both minerals (Fig. 7-E). A second generation of 

332 arsenopyrite (Apy2) occurs locally as overgrowth on arsenopyrite (Apy1), generally with pyrite (Py1) (Fig. 7-F). 

333 Arsenopyrite (Apy2) is not chemically zoned and Co is below detection limit (Table 1, ESM 2). Pyrite (Py1) occurs as 

334 euhedral to subhedral deformed grains. Pyrite (Py1) shows porosity, gangue mineral inclusions and locally a spongy 

335 texture (Fig. 7-F). The gangue of the event 1 veins is composed of quartz, tourmaline, plagioclase, biotite, K-feldspar 

336 and accessory actinolite, apatite, scheelite, titanite and zircon. The host rock within a few centimetres of the 

337 mineralized hydrothermal veins contains hydrothermal tourmaline, sericite, chlorite and disseminated arsenopyrite 

338 and pyrite (Py1). Plagioclase is replaced by sericite and biotite by chlorite (Fig. 7-B).

339 The mineralisation event 2 is characterized by quartz-sulfide veins with chalcopyrite, pyrrhotite, sphalerite and 

340 pyrite (Py2), which locally cross-cut and overprint the veins of event 1 (Fig. 2-D). Chalcopyrite occurs as deformed 

341 grains and locally forms a patchy texture with sphalerite and pyrite (Py2) (Fig. 7-H and I). It locally contains pyrite (Py2), 

342 gangue mineral and rare Bi inclusions (Fig. 7-I). Pyrite (Py2) is pristine, euhedral to subeuhedral and locally replaces 

343 chalcopyrite (Fig. 7-I). Pyrrhotite occurs as spongy and porous deformed grains. It locally has pyrite, chalcopyrite and 

344 gangue mineral inclusions (Fig. 7-J). Chalcopyrite contains traces of Ag, Sb, Bi, Hg and Zn; pyrite contains traces of Cu, 

345 Hg and Zn; and pyrrhotite has traces of As and Au (Table 1, ESM 2). The host rock within a few centimetres of the 

346 mineralized hydrothermal veins contains hydrothermal tourmaline, sericite, chlorite and disseminated chalcopyrite, 

347 pyrrhotite and pyrite (Py2). Plagioclase and biotite are replaced by sericite and chlorite respectively.

348 6.3 ARSENOPYRITE GEOTHERMOMETRY

349 The arsenopyrite geothermometer from Kretschmar and Scott (1976) is applied to the arsenopyrite-bearing 

350 assemblages of the four deposits. Arsenopyrite shows a natural compositional heterogeneity compared to the 

351 theoretical As content (33.33 at.% As) and can contain significant amounts of Co, Ni, Sb, leading to anomalous 

352 temperature estimates (Sharp et al. 1985). All data has been carefully sorted and data with Fe/(As+S)<0.5 and/or Σ(Co, 

353 Ni, Sb)> 1 wt.% were removed (Kretschmar and Scott 1976).



354 6.3.1 Laivakangas Au deposit

355 Arsenopyrite in equilibrium with pyrrhotite and löllingite has an As content of 34.72 ± 0.48 at.% As (n=3) and 

356 yields an average temperature of 485 ± 25°C for the mineralisation event 2 (Fig. 8-A). Arsenopyrite only in equilibrium 

357 with löllingite has a consistent As content of 34.71 ± 0.50 at.% As (n=25) and thus yields the same temperature (Fig. 8-

358 A). 

359 6.3.2 Huhta Au deposit

360 Arsenopyrite is in equilibrium with pyrrhotite. Data from disseminated arsenopyrite in the hydrothermal 

361 alteration zone and arsenopyrite in a quartz vein are plotted (Fig. 8-B). Arsenopyrite from the quartz vein shows 

362 compositional zoning with the As content varying between 30.19 and 34.90 at.% As (Fig. 8-B’). This variation is either 

363 caused by changing conditions during deposition (Sharp et al. 1985) or by diffusion/remobilisation of As. This scattered 

364 data yields an average temperature of 475 ± 125°C (n=10) for the stage 1b of the mineralisation event 1. Arsenopyrite 

365 FEMO-2019-22-13b-22 (see Fig. 8-B and B’) does not show evidence of remobilisation and is considered as reference 

366 value for the As content in arsenopyrite. The compositional data yields a temperature of 480 ± 40°C, which is close to 

367 the average temperature determined using all the data. Disseminated arsenopyrite, locally in equilibrium with 

368 pyrrhotite, yields a lower temperature of 380 ± 50°C, with a consistent As content (31.83 ± 0.35 at.% As; n=12).

369 6.3.3 Jouhineva Au-Cu-Co-Ag deposit

370 Arsenopyrite is in equilibrium with pyrite (Py1). However, arsenopyrite in direct contact with pyrite (Py1) has 

371 a Σ(Co, Ni, Sb) > 1 wt.% and cannot be used. Geothermometry using valid arsenopyrite data yields an average 

372 temperature of 495 ± 20°C for the mineralisation event 1 (Fig. 8-C; n=47). This temperature is obtained from 

373 arsenopyrite grains not in local equilibrium with pyrite (Py1). However, the As content in arsenopyrite is consistent 

374 (33.04 ± 0.40 at.% As) and there is no evidence for several generations of arsenopyrite and neither pyrrhotite nor 

375 löllingite are observed in the samples.



376 6.3.4 Kurula Au-Co deposit

377 Arsenopyrite (Apy1 and Apy2) are in equilibrium with pyrite. Arsenopyrite (Apy1) typically contains several 

378 wt.% of Co and Ni, preventing reliable temperature estimation. Due to the rare occurrence of arsenopyrite (Apy2), 

379 only one measurement matches all the required criteria with an As content of 32.09 at.% (Fig. 8-D’). The data yields a 

380 temperature of 430°C for the stage 1b of the mineralisation event 1 (Fig. 8-D).

381 6.4 SULFUR ISOTOPES

382 The δ34S signature of arsenopyrite, pyrrhotite, pyrite and chalcopyrite from the four deposits show a relatively 

383 wide range from +1.39 ‰ to +8.21 ‰ (Fig. 9; Table 2). This variation is rather deposit-related as mineralisation event 

384 or mineral-related as, within each deposit, arsenopyrite and sulfides forming during different events show a similar 

385 range in δ34S (Table 2). A different δ34S range is observed between the Laivakangas (+1.52-+3.17‰ δ34S), Huhta (+4.44-

386 +6.55‰ δ34S), Jouhineva (+5.87-+8.21‰ δ34S) and Kurula deposits (+1.39-+3.17‰ δ34S, Table 2). Noticeably there is a 

387 marked difference in δ34S between the Laivakangas and Kurula deposits, which have lighter δ34S (+1.39-+3.17‰), and 

388 the Jouhineva and Huhta deposits, which have the heavier S isotopic composition (+4.44-+8.21‰).

389 7 DISCUSSION

390 7.1 MULTI-EVENT OROGENIC AU DEPOSITS

391 The detailed characterisation of the paragenetic sequences of the Laivakangas, Huhta, Jouhineva and Huhta 

392 deposits highlights that orogenic Au mineralisation in the Pohjanmaa Belt is of a complex multi-event, multi-stage 

393 origin. Regionally, two main hydrothermal mineralisation events are defined, each with a specific metal association. 

394 Their respective intensity in the different deposits accounts for the bulk metal endowment and ultimately to the 

395 classification of each deposit as Au-only or orogenic Au with atypical metal association. The two main mineralisation 

396 events are: 1) an As-Au (Co, Ni) event in all four deposits, characterized by arsenides and/or sulfarsenides locally 

397 enriched in Ni and Co. Gold likely occurs as invisible Au in the arsenides and occurs as Au inclusions in sulfarsenides; 

398 2) a sulfide event with Cu(-Au) mostly expressed at the Laivakangas and Jouhineva deposits. Event 2 is characterized 

399 by chalcopyrite and other sulfides and free, native Au in fractures of vein quartz and silicates, and locally as scarce Au 

400 inclusions in pyrrhotite and chalcopyrite.



401 7.1.1 Laivakangas Au deposit

402 The As-Au(-Co) mineralisation event 1, defined by auriferous quartz-arsenide veins, occurred close to the 

403 metamorphic peak at a temperature between 575 ± 50°C (Mäkelä 1984) and 485 ± 25°C, i.e. temperature of formation 

404 of arsenopyrite during the event 2 (Fig. 3; Fig. 8-A). Invisible Au (below 202 ppm in arsenides; ESM 2) is inferred to 

405 occur in Ni-Co-Fe arsenides based on petrological relationships between Ni-Co-Fe arsenides, replacing arsenopyrite 

406 (event 2) and Au inclusions (see next paragraph; Fig. 3-F to H). Furthermore, arsenopyrite is locally enriched in Ag 

407 which tends to be enriched alongside Au in arsenides and arsenopyrite (Lee et al. 2019). The limited extent of 

408 preserved arsenides and the relatively low Ni and Co content in replacing arsenopyrite account for the low bulk 

409 enrichment of Ni and Co at Laivakangas. Up to 90 % of the visible Au of the Laivakangas deposit is Au inclusions trapped 

410 almost exclusively in arsenopyrite and Ni-Co-Fe arsenide implying the mineralisation event 1 is the main Au stage.

411 The sulfide (Cu-Au) mineralisation event 2 is defined by new auriferous quartz-sulfide veins and by auriferous 

412 quartz-sulfarsenide-sulfide veins where it overprints the previous veins of the event 1 (see section 6.1.1). It is inferred 

413 to have occurred at 485 ± 25°C (arsenopyrite geothermometry; Fig. 8-A), which is supported by the chalcopyrite-

414 pyrrhotite-cubanite assemblage that indicates temperatures of <500 °C (Yund and Kullerud 1966). The overprinting 

415 veins are characterized by the replacement of Ni-Co-Fe arsenide (event 1) by arsenopyrite (Fig. 2-A). Local enrichment 

416 in Co and Ni, Ni-Co-Fe arsenide cores and Au and Bi-(Te, Au, Ag, Cu) mineral inclusions in arsenopyrite (Fig. 3-F to H) 

417 are interpreted as showing the retrograde reaction of Ni-Co-Fe arsenide and pyrrhotite to arsenopyrite (1) (Neumayr 

418 et al. 1993; Tomkins and Mavrogenes 2001):

419 FeAs2 + FeS + 0.5S2  2FeAsS  (1)

420 Pyrrhotite is rarely observed in assemblage with Ni-Co-Fe arsenide, although it is a necessary partner for the 

421 retrograde reaction. It is possible that pyrrhotite was completely consumed by the reaction. The reaction of Ni-Co-Fe 

422 arsenide with the higher fS2 fluid of event 2 appears a better alternative which would be concomitant with sulfide 

423 precipitation (Barton 1969):

424 FeAs2 + 2H2S(aq) + Fe2+
(aq) 2FeAsS + 4H2(aq) (2)

425 Replacement of Ni-Co-Fe arsenide by arsenopyrite forces invisible Au as solid solution within the arsenides to 

426 exsolve as Au inclusion because Au is not well incorporated into arsenopyrite at temperatures above 300°C (Neumayr 

427 et al. 1993, based on Cathelineau et al. 1989; Tomkins and Mavrogenes 2001). The rare Au inclusions in chalcopyrite 



428 and pyrrhotite as well as free, native Au grains indicate a new hydrothermal input of Au during the sulfide (Cu-Au) 

429 event 2 (Fig. 2-A; Fig. 3-K). The relative scarcity of pyrrhotite and chalcopyrite in the overprinting veins compared to 

430 the newly formed veins (see Fig. 4-A) is likely because most of the sulfidation was taken in converting the previous 

431 arsenides to arsenopyrites instead of forming new sulfides.

432 7.1.2 Huhta Au deposit

433 The As-Au mineralisation event 1 of the Huhta deposit is subdivided into two stages: an As-Au arsenide stage 

434 (1a) and an As-S-Au sulfarsenide stage (1b) (Fig. 2-B; Fig. 4-B). Stage 1a consists of quartz veins with a little löllingite 

435 possibly containing invisible Au, as indicated by its replacement by arsenopyrite containing Au inclusions. Stage 1b 

436 likely occurred on the early retrograde metamorphic path at 480 ± 40°C (arsenopyrite geothermometry; Fig. 8-B) after 

437 peak metamorphism (545 ± 30°C; Hölttä and Heilimo 2017). It is characterized by arsenopyrite with Au inclusions and 

438 rare löllingite cores (stage 1a), minor pyrrhotite and accessory chalcopyrite and pyrite (Fig. 2-B). Rare löllingite cores 

439 in arsenopyrite suggest that a portion of the arsenopyrite formed by replacement of the previous löllingite, either by 

440 reaction with a higher fS2 fluid or by retrograde reaction between löllingite and pyrrhotite (Barton 1969; Tomkins and 

441 Mavrogenes 2001), as described above for the Laivakangas deposit. Au inclusions in löllingite-free arsenopyrite are 

442 explained either by complete replacement of löllingite or by co-precipitation of native Au and arsenopyrite from the 

443 stage 1b hydrothermal fluid (Fig. 5-G). The estimated temperature of formation for arsenopyrite of 480 ± 40°C is close 

444 to the estimated temperature of arsenopyrite formation for the Jouhineva deposit (470 - 495°C). Which suggest that 

445 stage 1b in the Huhta deposit is the equivalent of the mineralisation event 1 in the Jouhineva deposit.  As the two 

446 deposits are located only 2.8 kilometres apart along the same structure, these similar temperatures indicate that 

447 arsenopyrite formed at similar timing on the retrograde metamorphic path. However, the two deposits show different 

448 metal enrichments, with no Ni and Co and significantly less Cu in the Huhta deposit than in Jouhineva deposit. 

449 The mineralisation event 2 in the Huhta deposit is defined by pyrrhotite, pyrite, minor chalcopyrite and 

450 sphalerite in actinolite-chlorite-rich veinlets. It likely occurred during latest stages of retrograde metamorphism, under 

451 greenschist facies conditions, and appears to be Au barren (Fig. 2-B).

452 7.1.3 Jouhineva Au-Cu-Co-Ag deposit

453 The As-Au-Co(-Ni) mineralisation event 1 occurred during retrogression after peak metamorphism (545 ± 30°C; 

454 Hölttä and Heilimo 2017) at approx. 470-495°C (arsenopyrite geothermometry; Fig. 8-C). It is characterized by quartz 



455 veins with arsenopyrite, with Au inclusions, and minor pyrite (Py1) (Fig. 2-C). Cobaltite is described in the literature 

456 but has not been observed in this study due to sample bias (Geological Survey of Finland 2019b). However, as cobaltite 

457 and arsenopyrite are both sulfarsenides with overlapping stability fields (Scharrer et al. 2019), both minerals likely 

458 formed at similar conditions. Arsenopyrite contains on average 1.53 wt.% Co, which reflects the overall Co enrichment 

459 of the deposit relative to Laivakangas and Huhta. The Cu-Au mineralisation event 2 is responsible for the main 

460 hydrothermal input of Au, it is characterized by actinolite-chlorite-rich veinlets and major chalcopyrite, minor pyrite 

461 (Py2), cubanite and free, native Au (Fig. 2-C). Mineralisation occurred during retrograde metamorphism at greenschist 

462 facies conditions according to the mineral assemblage. The Jouhineva deposit has been proposed to be a Cu porphyry 

463 deposit linked to the formation of the Rautio batholith and later overprinted by orogenic Au. This is unlikely as the 

464 Rautio batholith formed at 1890-1880 Ma (Huhma 1986); i.e. before peak metamorphism (ca. 1880-1810 Ma; Hölttä 

465 et al. 2019) and the hydrothermal mineralisation events occurred after metamorphic peak during retrograde terrane 

466 exhumation. 

467 7.1.4 Kurula Au-Co deposit

468 The As-Au-Co-Ni mineralisation event 1 of the Kurula deposit is subdivided into two stages: an As-Au-Co-Ni 

469 arsenide stage (1a) and an As-S(-Au) sulfarsenide stage (1b) (Fig. 2-D; Fig. 4-D). Stage 1a appears to have occurred after 

470 the peak of metamorphism, which implies a temperature of formation between 620 ± 40°C (peak metamorphism 

471 temperature; Hölttä and Heilimo 2017) and 430°C (stage 1b arsenopyrite geothermometry; Fig. 8-D). Nickel-Co-Fe 

472 arsenides in veins and disseminated in the host rock result in significant endowment in Co and Ni relative to the other 

473 deposits (Fig. 2-D). Nickel-Co-Fe arsenides are inferred to contain invisible Au, based on Au inclusions in replacing 

474 arsenopyrite (Apy1, stage 1b) (Fig. 7-E).

475 Stage 1b is continuous to stage 1a and is characterized by replacement of Ni-Co-Fe arsenides (stage 1a) by 

476 arsenopyrite (Apy1;Fig. 2-D). According to arsenopyrite geothermometry, it occurred during retrograde 

477 metamorphism at 430°C (Fig. 8-D). The absence of pyrrhotite in the assemblage suggests that, like in the Laivakangas 

478 deposit, arsenopyrite (Apy1) formed after reaction of Ni-Co-Fe arsenides with a higher fS2 fluid (Barton 1969). 

479 Arsenopyrite is the only sulfarsenide replacing the Ni-Co-Fe arsenides, the absence of cobaltite is likely caused by the 

480 relative scarcity of skutterudite (Co-rich arsenide) compared to Fe-rich safflorite and löllingite in the arsenide 

481 assemblage. The availability of Fe instead of sufficient Co led to formation of Co-rich arsenopyrite (Apy1) instead of 



482 cobaltite. Limited metal input appears to be associated with the stage 1b in the Kurula deposit. The sulfide event 2 

483 shows little evidence of Au enrichment (Fig. 2-D).

484 7.2 AS-AU (CO, NI) AND AU-CU MINERALISATION PROCESSES

485 Arsenopyrite of the Jouhineva deposit hosts fewer Au and Bi-(Te, Au, Ag, Cu) mineral inclusions than the 

486 arsenopyrite that replaced arsenides at the other deposits during mineralisation event 1. This difference is likely 

487 caused by the origin of the arsenopyrite. Indeed, arsenides such as löllingite are commonly enriched in Au and can 

488 accommodate Au up to several hundred ppm in their crystal lattice (Neumayr et al. 1993). On the other hand, 

489 arsenopyrite cannot incorporate Au efficiently (less than 10 ppm) in its structure at temperatures above 300°C (after 

490 Neumayr et al. 1993, based on Cathelineau et al. 1989). Thus, during replacement of arsenides by arsenopyrite, Au 

491 cannot stay in the crystal lattice and Au and Bi-(Te, Au, Ag, Cu) mineral inclusions will form in arsenopyrite. Conversely, 

492 arsenopyrite that precipitates directly from a fluid or directly formed by fluid-rock reaction contains fewer Au and Bi-

493 (Te, Au, Ag, Cu) mineral inclusions as they do not form from an Au-rich precursor (i.e. arsenides).

494 The stability of arsenides and sulfarsenide, in hydrothermal systems is highly sensitive to fS2 and fO2 (e.g. 

495 Scharrer et al. 2019). Arsenides usually form by reduction of an oxidized, As-rich and S-poor fluid. Already small 

496 amounts of S will directly lead to sulfarsenide formation (Scharrer et al. 2019). The main mechanisms proposed for 

497 fluid reduction are: dissolution of graphite or Fe2+-bearing minerals and/or pre-existing sulfides from the metamorphic 

498 host rocks as well as influx of hydrocarbons or H2S (Kissin 1993; Kreissl et al. 2018; Markl et al. 2016). Metamorphic 

499 fluids related to orogenic Au deposits generally contain significant amounts of H2S (Goldfarb and Groves 2015), which 

500 is likely to inhibit arsenide formation (Scharrer et al. 2019). The Jouhineva and the Huhta deposits show no to very 

501 scarce arsenide, indicating that conditions were not sufficiently reduced to compensate for the relatively high fS2 of 

502 the fluids. In comparison, the Laivakangas and the Kurula deposits, had lower fS2 than Jouhineva and Huhta (Fig. 8), 

503 favouring arsenide formation. The host rock of the Kurula deposit contains graphite which likely buffers the system to 

504 reducing conditions, promoting Fe-Ni-Co arsenide formation. Hence, fS2 and redox conditions are important for the 

505 formation of arsenides over sulfarsenides and entrapment of Au during the regional As-Au(Co-Ni) mineralisation event 

506 1. Cobalt and Ni content is more likely controlled by the original Co and Ni content in the fluid, as they can precipitate 

507 in arsenides and sulfarsenides over a broad range of fS2 and redox conditions (Scharrer et al. 2019). Higher solubility 

508 of Co as chloride complex than Ni at a given salinity explains the higher proportion of Co relative to Ni in the studied 

509 orogenic Au deposits with atypical metal associations (Brugger et al. 2016).



510 Copper enrichment in the investigated deposits is related to the Cu(-Au) mineralisation event 2, expressed by 

511 sulfide minerals, mostly chalcopyrite. This event occurs systematically later and independently from the As-Au (Co, Ni) 

512 regional mineralisation event 1. Chalcopyrite is a minor to trace mineral in many orogenic Au deposits and has been 

513 observed in each of the studied deposits. Chalcopyrite, however, generally occurs as a minor mineral (Huhta, Kurula, 

514 Laivakangas) except in the Jouhineva deposit where it is present in significantly larger quantities (Fig. 6-C and D). Gold 

515 enrichment may occur in the form of free, native grains or as rare inclusions in chalcopyrite and pyrrhotite 

516 (Laivakangas, Jouhineva). The threshold for the classification of orogenic Au deposits as atypical Au-Cu deposits is 

517 arbitrary and is related to economic, rather than geological considerations.

518 7.3 CONSTRAINTS ON THE SOURCE AND FLUIDS

519 The studied Au deposits of the Pohjanmaa Belt formed through two hydrothermal events during the 

520 Fennoscandian orogeny, shortly after peak metamorphism at amphibolite facies and during retrograde evolution in 

521 greenschist facies. Although the deposits share a similar succession of mineralisation events, they do not show the 

522 same metal endowment indicating possibly either different mineralizing conditions, deposit type or different fluid 

523 sources.

524 7.3.1 Are atypical orogenic Au deposits related to porphyry mineralisation ?

525 The relative Cu-enrichment in the orogenic Au deposits of the Laivakangas Au-Cu metallogenic area has been 

526 suggested to be partly related to a porphyry style Cu±Au mineral system, overprinted by orogenic Au mineralisation 

527 (Eilu 2015, Geological Survey of Finland 2019b). Cu-Au porphyry deposits linked to the Svecofennian orogeny have 

528 been identified in the Pohjanmaa belt (Kopsa Cu-Au deposit; Gaál and Isohanni 1979); although, the studied orogenic 

529 deposits show very little similarities. The Kopsa deposit is located in the south-east of the study area, within the Hitura 

530 metallogenic area (Fig. 1- A). It is hosted in already metamorphosed host rocks, where the mineralisation is occurring 

531 as a quartz vein stockwork with major chalcopyrite, arsenopyrite and pyrrhotite. In addition, this stockwork is 

532 surrounded by a broad zone of disseminated pyrite-pyrrhotite and has been altered over a width of several hundred 

533 metres to a potassic assemblage with a propylitic halo (Gaál and Isohanni, 1979). Such extensive alteration and 

534 disseminated mineralisation are not observed in the studied orogenic Au deposits. The typical features of porphyry-

535 related deposits can however be affected by later metamorphic events, making them harder to identify as such. 

536 Examples of porphyry-related deposits metamorphosed to greenschist-lower amphibolite facies (e.g. Chapada Cu-Au 



537 deposit in Brazil, Oliveira et al. 2016; Chibougamau Cu-Au(-Mo) mining district, Pilote et al. 1995, Lac Troilus in Canada, 

538 Fraser 1993) still display a recognizable succession of alteration haloes, despite the modified mineralogy. The original 

539 argillic and potassic alteration are identified by a metamorphic assemblage rich in kyanite and biotite, respectively, 

540 and disseminated sulfides are observed in the host rock (Fraser 1993; Oliveira et al. 2016). In the case of the 

541 Chibougamau mining district, the porphyry-related deposits were metamorphosed at greenschist facies (Jolly 1974) 

542 and contain locally late auriferous hydrothermal breccia, interpreted as orogenic Au overprint and/or remobilisation 

543 during metamorphism (Guha and Koo 1975; Mathieu et al. 2019). However, the alteration halo is still identifiable by 

544 high K values in the whole rock geochemistry as well as mineral assemblage in the veins specific to magmato-

545 hydrothermal systems (e.g. albite and magnetite) (Mathieu 2019; Mathieu et al. 2019).

546  By contrast, the rather narrow hydrothermal alteration zones and the mineralogy of the host rocks observed in 

547 the studied deposits are characteristic of orogenic Au deposits (Eilu and Groves, 2001) and are not consistent with the 

548 features observed in porphyry-related deposits, metamorphosed or not. Additionally, the Cu(-Au) mineralisation 

549 observed in the studied deposits systematically post-dates the As-Au (Co, Ni) mineralisation event and does not fit 

550 with the model of overprinted Cu ± Au porphyry. If the studied deposits are not overprinted Cu ± Au porphyry, we do 

551 not rule out that the Cu enrichment observed during the Cu(-Au) event could have a magmatic source. Indeed, during 

552 the time span of mineralisation, there is syn-orogenic magmatic activity in the Svecofennian orogen that could have 

553 led to production of Cu(-Au) rich magmatic fluids (Nironen 2005; Peltonen 2005).

554 7.3.2 Potential of metamorphic fluids for atypical metal enrichment in orogenic Au deposits

555 Although local variations in redox conditions affects the mineralogy (arsenides vs sulfarsenides) the diversity in 

556 metal enrichment between the studied deposits and the mineralisation events most likely imply that the respective 

557 ore fluids had differing metal contents during the metallogenic evolution. While it has been shown by Ridley and 

558 Diamond (2000) that ore fluids forming orogenic Au deposits usually display very similar geochemistry due to 

559 homogenisation by interaction with the different wall rocks between the source area and the depositional site, several 

560 recent studies underline how the lithological diversity of the source rocks impacts the metal content of the fluids 

561 during metamorphic devolatilisation (Patten et al. 2020, 2022; Zhao et al. 2011). The variability in metal enrichment 

562 between the deposits and mineralisation events can be a consequence of the dynamic nature of orogenic processes, 

563 during which different lithological units follow different metamorphic paths (e.g. Kolb et al. 2000, 2015), leading to 



564 the generation of metamorphic fluids with diverse metal association (e.g. Patten et al. 2022). Cobalt, Cu and Ni can be 

565 transported in hydrothermal fluids as chloride complexes at salinities as low as ca. 3 wt.% NaCl at 440°C, which is 

566 characteristic of orogenic Au ore fluids (Liu et al. 2011, 2012). The presence of meta-evaporite, although not reported 

567 in the Pohjanmaa Belt, can lead to higher fluid salinity, enhancing base metal mobilisation from the source zones 

568 (Brugger et al. 2016; Qiu et al. 2021; Vasilopoulos et al. 2021). The δ34S signature of the studied deposits (Fig. 9) is 

569 within the range of metamorphic fluids (+0 to +9 ‰; McCuaig and Kerrich 1998). The Laivakangas and Kurula deposits, 

570 however, have a low δ34S range (+1.39 to +3.17‰; Table 2; Fig. 9), relative to the Jouhineva and Huhta deposits (+4.44 

571 to +8.21‰; Table 2; Fig. 9). Several processes can affect the S isotopic signature during precipitation, such as 

572 temperature, S species, pH and fO2, (e.g. Hutchison et al. 2020; Ohmoto 1986). The overall similar precipitation 

573 conditions during the sulfide mineralisation event 2 (greenschist facies metamorphic conditions) at the different 

574 deposits, however, suggest that the differences in δ34S are related to different isotopic fluid signature, buffered at 

575 depth by different lithologies and along the transport path, rather than precipitation mechanisms.

576 The lithological variability in the source can have an important control on base metal endowment in orogenic Au 

577 deposits. Although Au, As and S can be readily mobilized from both meta-sedimentary and meta-volcanic rocks (Large 

578 et al. 2011; Patten et al. 2020, 2022; Pitcairn et al. 2006, 2021) the relative proportion of meta-sedimentary rocks 

579 (including meta-evaporite) to meta-volcanic rocks in metamorphic fluid production zones likely control the content of 

580 base metals available for ore formation (Patten et al. 2022). Local and transient changes in the metal content of the 

581 fluid over time can explain the small-scale variation of metal association between deposits belonging to the same 

582 structural system (e.g. Jouhineva and Huhta deposits).

583 8 CONCLUSION

584 The investigation of four orogenic Au deposits from the Pohjanmaa Belt with different metal association allows 

585 a better understanding of the parameters controlling atypical base metal enrichment in orogenic Au deposits. The 

586 Laivakangas, Huhta, Jouhineva and Kurula deposits formed by multiple hydrothermal mineralisation during two main 

587 regional-scale auriferous events: (1) a ubiquitous As-Au (Co, Ni) event close to peak metamorphism inamphibolite 

588 facies, where Au is likely trapped as invisible Au in arsenides or co-precipitated as inclusions in arsenopyrite, (2) a Cu(-

589 Au) sulfide event on the retrograde metamorphic path in greenschist facies where Au forms free, native grains along 

590 with chalcopyrite. Importantly, the different base metals in the atypical orogenic Au deposits of the Pohjanmaa Belt 



591 are not introduced simultaneously in the studied deposits. Our data reveal that Ni and Co are enriched during the early 

592 hydrothermal stages, while Cu was introduced later in the metallogenic evolution. The relative intensity of each 

593 mineralisation event can eventually control the metal endowment resulting in either classic orogenic Au or Au-Cu, Au-

594 Co and Au-Cu-Co deposits. Additionally, redox conditions and S fugacity appear to be an important parameter to 

595 enhance Au grades during the mineralisation event 1, as Ni-Co-Fe arsenides can trap more Au than arsenopyrite. 

596 Replacement of Ni-Co-Fe arsenides by arsenopyrite leads to formation of Au inclusions, which are easier to recover 

597 during ore processing than invisible Au.

598 9 ACKNOWLEDGMENTS

599 We would like to thank Thomas Wenzel and Sebastian Staude from Eberhard Karls University of Tübingen for 

600 assistance with SEM analysis, Otsogold for providing support and access to samples of the Laivakangas mine, the 

601 Geological Survey of Finland (GTK) for granting access to the national drill core archive in Loppi and the Federal 

602 Institute for Geosciences and the Federal Institute for Geosciences and Natural Resources (BGR) for funding. This 

603 project was also supported by the OroTECT project (Academy of Finland grant No. 315188) in accordance with the 

604 agreement between the Academy of Finland and DAAD. The authors would like to thank the reviewers and the editor 

605 for their helpful and constructive comments.

606



607 9.1 TABLE CAPTION

608 Table 1 – Electron microprobe data of main ore minerals of the Laivakangas, Jouhineva, Huhta and Kurula deposits 

609 (see ESM 2 for detailed data)

610 Table 2 – Summary of S isotope data on sulfides of the Laivakangas, Jouhineva, Huhta and Kurula deposits (see ESM 3 

611 for detailed data)

612 9.2 FIGURE CAPTIONS

613 Fig. 1- Geological setting (for location in Finland, see inset in A; CFGC: Central Finland Granitoid Complex; CLGB: Central 

614 Lapland Greenstone Belt; CLGC: Central Lapland Granitoid Complex; HB: Häme Belt; KB: Kuusamo Belt; PB: Peräpohja 

615 Belt; PiB: Pirkanmaa Belt; PoB: Pohjanmaa Belt; RLSZ: Raahe-Ladoga Shear Zone ; SB: Savo Belt; TB: Tampere Belt; UB: 

616 Uusimaa Belt; VB: Vaasa Batholith ). (A) Geological map of the Pohjanmaa Belt showing the metallogenic areas and 

617 major deposits (Y.f = Ylivieska field; E.f = Evijärvi field) (after Eilu et al. 2012); (B) Local geology of the Laivakangas 

618 deposit (Au); (C) Local geology of the Jouhineva deposit (Au-Cu-Co-Ag) and the Huhta deposit (Au); (D) Local geology 

619 of the Kurula deposit (Au-Co). Maps modified from Bedrock of Finland, DigiKP.

620 Fig. 2- (A) Paragenetic sequence of the Laivakangas deposit; (B) Paragenetic sequence of the Huhta deposit. 

621 Abbreviations as in previous figures; (C) Paragenetic sequence of the Jouhineva deposit; (D) Paragenetic sequence of 

622 the Kurula deposit. Abbreviations as in Fig. 3; Bi = native bismuth; Cov = covellite; Csf = clinosafflorite; Dg = digenite; 

623 Gn = galena; Hdl = hedleyite; Hs = hessite; Mdn = maldonite; Mol = molybdenite; Psn = pilsenite; Rbg = rammelsbergite; 

624 Sf = safflorite; Skt = skutterudite; Sp = sphalerite; Ten = tennantite. 

625 Fig. 3- Representative ore samples from the Laivakangas deposit. (A-E) Auriferous quartz veins with arsenides, 

626 sulfarsenides and sulfides; (F) Co-rich arsenopyrite containing a clinosafflorite core, Au and Bi-(Te, Au, Ag, Cu) grains; 

627 (G) Detail of arsenopyrite with löllingite core and Au-rich and Bi-(Te, Au, Ag, Cu) grains; (H) Back-scattered electron-

628 image (BSE-image) of Co-rich arsenopyrite with a clinosafflorite core and native Au and Bi grains; (I) Fractured 

629 arsenopyrite with cubanite along fractures, surrounded by pyrite (Py1), chalcopyrite and cubanite. Bornite replaces 

630 chalcopyrite. Au and Bi-(Te, Au, Ag, Cu) grains in arsenopyrite, along fractures and as free grains in the gangue; (J) 

631 Cubanite lamellae in chalcopyrite with pyrrhotite and pyrite (Py1); (K) Trail of Au and chalcopyrite in quartz vein. 

632 Abbreviations: Apy = arsenopyrite; Asn = Ni-Co-Fe arsenide; Au = gold; BiTe = Bi-(Te, Au, Ag, Cu) = bismuth, hedleyite, 



633 pilsenite, hessite, wittichenite, volynskite, maldonite; Bn = bornite; Ccp = chalcopyrite; Chl = chlorite; Csf = 

634 clinosafflorite; Cbn = cubanite; Lo = löllingite; Po = pyrrhotite; Py = pyrite; Qz = quartz.

635 Fig. 4- (A) Summary of the hydrothermal veins and alteration zones in the Laivakangas deposit. (1) Mineralisation event 

636 1, quartz veins with löllingite and other Ni-Co-Fe arsenides with invisible Au. Hydrothermal biotite-(Ni-Co-Fe) arsenide 

637 alteration zone along vein selvedges; (2) Mineralisation event 2, arsenide is replaced by arsenopyrite with Au 

638 exsolutions in overprinted event 1 veins; chalcopyrite, pyrrhotite, pyrite (Py1), and free, native Au grains in event 2 

639 veins. Hydrothermal sericite-chlorite alteration zone along vein selvedges; Late alteration event forming chlorite-

640 quartz veinlets with pyrite (Py2, Py3) and bornite. Abbreviations as in previous figures. (B) Summary of the 

641 hydrothermal veins and alteration zones of the Huhta deposit. (1) Stage 1a of the mineralisation event 1, quartz veins 

642 containing little löllingite; (2) Stage 1b of the mineralisation event 1, quartz veins containing pyrrhotite and 

643 arsenopyrite with Au inclusions replacing löllingite. Local hydrothermal sericite-arsenopyrite-pyrrhotite alteration 

644 zone along vein selvedges; (3) Mineralisation event 2, actinolite-chlorite-rich veinlets with pyrrhotite, pyrite and minor 

645 chalcopyrite. Abbreviations as in previous figures. (C) Summary of the hydrothermal veins and alteration zones in the 

646 Jouhineva deposit. (1) Mineralisation event 1, quartz veins with arsenopyrite and Au inclusions, and pyrite (Py1); 

647 hydrothermal sericite-chlorite-arsenopyrite-pyrite (Py1) alteration zone; (2) Mineralisation event 2, actinolite-chlorite-

648 rich veinlets with chalcopyrite and pyrite (Py2) cross-cut event 1 quartz veins and host rock. Free native Au grains occur 

649 with chalcopyrite; Late alteration event replacing chalcopyrite by bornite and digenite. Abbreviations as in previous 

650 figures. (D) Summary of the hydrothermal veins and alteration zones in the Kurula deposit. (1) Stage 1a of the 

651 mineralisation event 1, quartz veins with Ni-Co-Fe arsenides containing invisible Au. Hydrothermal tourmaline-biotite 

652 alteration zone with accessory (Ni-Co-F) arsenides; (2) Stage 1b of the mineralisation event 1, pyrite (Py1) and 

653 arsenopyrite (Apy1) with Au inclusions replace the arsenides (stage 1a). Sericite-chlorite alteration along veins 

654 selvedges and local disseminated arsenopyrite and pyrite in the hydrothermal alteration zone; (3) Mineralisation event 

655 2, quartz veins with chalcopyrite, pyrrhotite and accessory sphalerite. Pyrite (Py2) locally replaces chalcopyrite. Local 

656 disseminated chalcopyrite in the hydrothermal alteration zone. Abbreviations as in previous figures.

657 Fig. 5- Representative ore samples of the Huhta deposit. (A-D) Auriferous quartz veins with arsenopyrite, pyrite, 

658 pyrrhotite and hydrothermal sericite-chlorite alteration halos; (E) Arsenopyrite and pyrrhotite in quartz vein; (F) BSE-

659 image of arsenopyrite with chalcopyrite fracture-filling; (G) BSE-image of fractured arsenopyrite showing Au, Bi, 

660 hedleyite and pilsenite inclusions. Pyrite and chalcopyrite fill fractures and porosity; (H) Quartz vein with arsenopyrite 



661 (stage 1b) cross-cut by actinolite-chlorite-rich veinlet with pyrite (event 2). Hydrothermal sericite-chlorite-arsenopyrite 

662 alteration zone in meta-tonalite along the vein selvedges; (I) BSE-image of fractured arsenopyrite with euhedral pyrite 

663 replacing arsenopyrite along the rims and filling the fractures; (J) Actinolite-chlorite-rich veinlet with pyrite and 

664 sphalerite in quartz vein with arsenopyrite. Abbreviations as in previous figures; Chl = chlorite; Hdl = hedleyite; Psn = 

665 pilsenite; Ser = sericite.

666 Fig. 6- Representative ore samples of the Jouhineva deposit. (A-D) Mineralized quartz veins with arsenopyrite, 

667 chalcopyrite, pyrite, digenite and bornite; (E) BSE-image of arsenopyrite containing Au, hedleyite, hessite, cubanite, 

668 chalcopyrite and bornite inclusions. Arsenopyrite shows compositional zoning; (F) Gold and hedleyite inclusions in 

669 arsenopyrite; (G) Spongy and fractured pyrite (Py1) with pristine pyrite (Py2) and chalcopyrite; (H) Spongy pyrite with 

670 chalcopyrite being replaced by tennantite along fractures and porosity; (I) Disseminated free, native Au and 

671 chalcopyrite with arsenopyrite; (J) Quartz vein with pyrite and disseminated arsenopyrite and chalcopyrite. Bornite 

672 and digenite replace chalcopyrite. Abbreviations as in previous figures.

673 Fig. 7- Representative ore samples of the Kurula deposit. (A-D) Mineralized quartz veins with arsenopyrite, pyrrhotite 

674 and chalcopyrite. (E) BSE-image of arsenopyrite (Apy1) containing Ni-Co-Fe arsenide inclusions. Ni-Co-Fe arsenides 

675 form a patchy assemblage with arsenopyrite and K-feldspar. Pilsenite is disseminated in arsenopyrite (Apy1) and Ni-

676 Co-Fe arsenides; (F) BSE-image of fractured arsenopyrite (Apy1 and Apy2) and pyrite (Py1) in quartz vein. Arsenopyrite 

677 (Apy1) shows a tone contrast linked to variability in Co content; (G) BSE-image of arsenopyrite (Apy1) cluster with 

678 chalcopyrite and pyrite (Py1) in quartz vein. Uraninite forms inclusions in sulfides and gangue minerals; (H) BSE-image 

679 of fractured arsenopyrite (Apy1) with safflorite inclusion. Gold and Bi occur at the contact between safflorite and 

680 arsenopyrite (Apy1). Patchy chalcopyrite-sphalerite assemblage rims arsenopyrite (Apy1), Bi forms inclusions in 

681 chalcopyrite; (I) Chalcopyrite and euhedral pyrite (Py2) in deformed quartz vein; (J) Arsenopyrite (Apy1) and spongy 

682 pyrrhotite with chalcopyrite inclusion in quartz vein. Abbreviations as in previous figures; Bt = biotite Csf = 

683 clinosafflorite; K-Fsp = K-feldspar; Tur = tourmaline.

684 Fig. 8- Arsenopyrite geothermometry. (A) Laivakangas deposit; (B) Huhta deposit, analysis 22-13b-22 is considered 

685 representative of the arsenopyrite As content; (B’) BSE-image of a zoned arsenopyrite in equilibrium with pyrrhotite. 

686 Contrast has been increased. The arsenopyrite grain shows patchy As-poor zones in the centre and at the rim of the 

687 grain; (C) Jouhineva deposit; (D) Kurula deposit and (D’) arsenopyrite 2 in equilibrium with pyrite.



688 Fig. 9- Range of δ34S in sulfides of the Laivakangas, Jouhineva, Huhta and Kurula ores (see ESM 2 for data).
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902 11 HIGHLIGHTS

903  Gold enrichment is related to two hydrothermal events: As-Au(-Co-Ni) and Cu(-Au)

904  Co-Ni and Cu enrichments are controlled by two independent hydrothermal events

905  Cu-enrichment is not related to Cu(-Au) porphyry mineralization

906  Intensity of the mineralizing events and redox control the metal content/diversity

907  Source rock diversity likely controls the metal content of the ore fluids
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912 Table2

913 Deposit Mineral n mean δ34S (‰) 2σ (‰) Min. value Max. value
Laivakangas Apy 12 +1.95 0.56 +1.52 +2.43
Laivakangas Po 3 +2.55 0.13 +2.47 +2.63
Laivakangas Py 3 +2.37 0.04 +2.34 +2.39
Laivakangas Ccp 9 +2.77 0.99 +2.04 +3.17
Jouhineva Apy 11 +7.71 0.77 +7.20 +8.21
Jouhineva Ccp 9 +6.03 0.17 +5.87 +6.17

Huhta Po 6 +5.12 0.08 +5.04 +5.18
Huhta Apy 12 +5.67 1.31 +4.44 +6.55
Kurula Ccp 3 +1.43 0.07 +1.39 +1.47
Kurula Apy 12 +3.02 0.20 +2.83 +3.17
Kurula Po 6 +2.48 0.33 +2.19 +2.67


