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Abstract. The orogenic gold veins of Grass Valley, 
California, USA, compose the historically richest lode 
gold district in the North American Cordillera. 
Petrographically, the veins exhibit a range of primary 
textural relationships allowing the reconstruction of the 
paragenetic sequence of mineral formation. Two 
generations of quartz are distinguished by optical 
cathodoluminescence microscopy and fluid inclusion 
petrography. Early quartz formed under conditions of 
variable pressures, ranging from supralithostatic to 
sublithostatic, whereas late quartz formed entirely at 
hydrostatic conditions. Subsequent sulfide formation 
occurred from fluids increasingly buffered by the host 
rocks. Late growth zones in pyrite are enriched with 
elements derived from the local host rock and contain 
abundant gold inclusions. Gold was never observed 
encapsulated by the quartz, rather it resides along grain 
boundaries and fractures in the quartz. The results of this 
study underscore the importance of pressure fluctuations 
during quartz vein formation but suggest that the bulk of 
the gold in these orogenic systems was introduced late in 
the paragenesis when fluid flow occurred at hydrostatic 
conditions. 
 
1 Introduction 
 
Orogenic gold deposits are formed in metamorphic 
terranes as a result of the dehydration of crustal rocks 
undergoing prograde metamorphism. These 
metamorphic fluids are focused along crustal-scale faults, 
ultimately forming quartz vein systems in these and 
related higher order faults. The textures of the orogenic 
veins record deformation during their formation in the 
active fault systems, as well as post-mineralization 
deformation associated with the subsequent evolution of 
the causative orogen. The minerals that compose the 
veins are variably susceptible to grain-scale deformation. 
Characteristic deformational textures of quartz include 
undulose extinction, deformation lamellae, bulging 
recrystallization, subgrain rotation recrystallization, and 
grain boundary migration. Deformation and 
recrystallization of other abundant vein minerals such as 
carbonate and sulfides result in the development of 
distorted cleavages, granoblastic polygonal grain 
boundaries, and brecciation textures. Recrystallization 

typically results in a destruction of chemical growth 
zoning. Interpretation of the paragenetic evolution of 
these deposits is obscured by these mineral-specific 
effects of deformation and recrystallization. 

This study reports on the occurrence of primary 
textures in the gold-bearing quartz veins from the Grass 
Valley district in California (Fig. 1). District-wide gold 
mineralization occurred in the Middle to Late Jurassic 
(Snow et al. 2008; Taylor et al. 2015) at mesozonal 
depths. Based on a combination of optical petrography, 
optical cathodoluminescence microscopy, fluid inclusion 
petrography, scanning electron microscopy, and in situ 
mineral geochemical studies, it could be shown that 
primary paragenetic relationships can be reconstructed at 
Grass Valley. The study of these relationships provides 
new insights into vein formation and the relative timing of 
gold introduction in orogenic gold deposits. 
 

 
Figure 1. Geologic map of northern California with the location of 
Grass Valley (modified from Ernst et al. 2008). 
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2 Geology 
 
The Grass Valley gold district is located in the Sierra 
Nevada foothills province of California (Fig. 1). The Sierra 
Nevada foothills represent a late Paleozoic through Late 
Jurassic accretionary belt composed of multiple 
autochthonous and allochthonous terranes that 
assembled along the North American continental margin 
and are separated by crustal-scale, terrane-bounding 
faults (Sharp 1988; Dickinson 2008; Ernst et al. 2008). 
The Grass Valley district is located in the Jura-Triassic 
arc belt composed of a late Paleozoic ophiolitic basement 
overlain by Late Triassic-Early Jurassic submarine 
metasedimentary and metavolcanic arc rocks (Snow and 
Scherer 2006). Prograde metamorphism of these rocks 
occurred between approximately 200 and 160 Ma, with 
peak metamorphism constrained to approximately 170-
160 Ma (Bickford and Day 1988; Taylor et al. 2015). The 
steeply east-dipping Wolf Creek fault zone is located 
within a few kilometers of the Grass Valley veins and 
separates the Jura-Triassic arc belt from the Mid-Late 
Jurassic accretionary arc sequence. 

Two distinct vein sets are found in Grass Valley: a N-
trending set dominantly hosted in the Grass Valley 
granodiorite (N-S veins) and an E-trending set hosted 
within the Spring Hill tectonic mélange of amphibolite 
facies-grade blocks within a serpentinized ultramafic 
matrix of the Jura-Triassic arc belt (E-W veins). The two 
vein sets have generally similar mineralogy, including 
quartz, carbonate, micaceous minerals, and pyrite as the 
dominant sulfide phase. Formation of the N-S vein set 
occurred at approximately 160 Ma, and the E-W vein set 
formed at 152 Ma (Snow et al. 2008; Taylor et al. 2015). 
Over 13 Moz of lode gold were produced from Grass 
Valley, making it the historically richest lode gold district 
in the entire North American Cordillera. 
 
3 Materials and methods 
 
Representative vein samples were collected from 
underground and from drill core. Thin sections of vein 
material were initially examined with an Olympus BX51 
optical microscope. Optical cathodoluminescence (CL) 
images of quartz were captured using a HC5-LM hot-
cathode CL microscope with an attached Peltier-cooled 
Kappa DX40C CCD camera. Images were automatically 
captured every 10 seconds to record the short-lived CL. 
Fluid inclusion microthermometric data were collected 
using a FLUID INC.-adapted U.S. Geological Survey gas-
flow heating and freezing stage. A FEI Quanta FEG 450 
scanning electron microscope was used for back-
scattered electron (BSE) imaging to document textural 
and zoning patterns of individual vein minerals, including 
pyrite and gold. Energy dispersive X-ray spectroscopy 
mapping was used in combination with semiquantitative 
chemical analyses to characterize mineral chemistry 
differences in zoning observed in BSE images of pyrite. 

In situ major and minor geochemical data were 
collected for pyrite and native gold grains using a JEOL 
8900 electron microprobe with five wavelength dispersive 
X-ray spectrometers. The minor and trace element 

chemistry of pyrite crystals was collected using a laser 
ablation-inductively coupled plasma-mass spectrometer 
(LA-ICP-MS) consisting of a Photon Machines Analyte 
coupled to a PerkinElmer DRX-e ICP-MS. Analyses were 
performed using a spot size of 25 μm. 
 
4 Results 
 
The veins at Grass Valley comprise two distinct quartz 
types, Q1 and Q2 (Fig. 2A). The older Q1 is cloudy in 
plane polarized light because of the presence of 
abundant fluid inclusions. The quartz exhibits a short-
lived bright blue CL response that degrades to a stable 
dark red-brown luminescence. The quartz crystals 
commonly show primary growth zones defined by 
variable abundances in primary fluid inclusions. The Q1 
grains are crosscut by myriads of secondary fluid 
inclusions formed along healed microfractures that cross 
cut the primary growth zones. Both primary and 
secondary fluid inclusions within Q1 display re-
equilibration textures (Kontak et al. 2016). Large (5-10 
μm), irregularly shaped remnant fluid inclusions appear 
dark in plane polarized light and planar arrays of 
secondary neonate inclusions emanate outwards away 
from the larger relict inclusions forming decrepitated fluid 
inclusion clusters (Fig. 2B). Domains of Q1 that contain 
high concentrations of large, re-equilibrated fluid 
inclusions commonly show a short-lived yellow CL 
response. Fluid inclusions smaller than ~5 μm in Q1 are 
preserved and show no evidence of CO2, such as double 
bubbles or presence of CO2 phases formed during 
cooling runs. 

Quartz Q2 commonly rims Q1 and lacks a visible CL 
response (Fig. 2C). The Q2 overgrowths appear distinctly 
clearer in transmitted light due to a lower abundance of 
primary and secondary fluid inclusions. The Q2 quartz 
only rarely contains re-equilibrated fluid inclusions, and 
like Q1 quartz, evidence for any CO2 is lacking, indicating 
low CO2 contents. Volumetrically, Q2 is less abundant 
than Q1. 

Pyrite is found disseminated throughout the veins and 
as small stylolite-like stringers. Pyrite is never observed 
as inclusions within quartz and only occurs along grain 
boundaries of or within fractures crosscutting the quartz. 
Pyrite crosscuts both Q1 and Q2 quartz grains indicating 
that sulfide formation occurred late in the paragenesis. 
The grain boundaries between quartz and pyrite are 
commonly scalloped. Characteristic zoning patterns of 
pyrite are recognized in high-contrast BSE images and 
include a dark core (P1), in some cases a core containing 
brighter domains (P2), which are rimmed by a thin bright 
growth zone (P3), and an outer euhedral dark rim (P4; 
Fig. 2D). The patchy P2 zones in the P1 cores appear to 
result from hydrothermal alteration. The patchy P2 zones 
originate at the P3 growth zones and irregularly emanate 
inward into the P1 cores. 

The different pyrite zones recognized in BSE images 
are chemically distinct (Taylor et al. 2018). Invisible Au 
contents are greatest within P2 zones, with negligible 
amounts found in P1 cores and P4 rims. Arsenic occurs 
in elevated concentrations in P3 growth zones, and Ni  
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Figure 2. Microphotographs of key textures observed in samples 
from Grass Valley. A) Plane polarized light image of a chalcopyrite 
grain crosscutting Q1 and Q2 quartz. B) Plane polarized light image 
of re-equilibrated fluid inclusions within quartz Q1. C) 
Cathodoluminescence image of quartz Q1 with overprinting yellow 
CL overgrown by Q2. Bright orange calcite infills the space between 
adjacent quartz crystals. D) Back-scattered electron image of a 
pyrite crystal displaying growth zones (P3 and P4) and alteration 
zoning (P2) around a dark core (P1). E) Reflected light image of gold 
infilling a fracture in pyrite and its association with galena. 

 

and Co are elevated in P3 zones of pyrite contained in  
the serpentinite-hosted E-W vein set. Inclusions of native 
gold and galena are found within the P3 growth zones, 
and within fractures crosscutting both P1 cores and the 
patchy P2 zones. The P4 rims rarely contain mineral 
inclusions. 

Native gold is paragenetically late and occurs in 
fractures within quartz, intergrown with chlorite, as 
fracture fill or inclusions within pyrite, and in contact with 
galena (Fig. 2E). Native gold is never found encapsulated 
in the quartz. The gold fineness for each vein set appears 
to be independent of the textural setting of the gold and 
host mineral. 
 
5 Discussion 
 
The petrographic evidence displayed by the veins at 
Grass Valley indicates that they preserve abundant 
primary textural relationships. Quartz volumetrically 
dominates the veins. Many of the early Q1 quartz grains 
exhibit primary growth zoning in CL. In addition, growth 
zoning is defined by the presence of abundant primary 
fluid inclusions. Based upon the visible growth zoning 
defined by fluid inclusions and CL imagery, the quartz 
crystals are interpreted to have formed during many 
reoccurring periods of short-lived, high-volume fluid flow 
related to fault-valve behavior on the controlling fault-
fracture system (Sibson 1990). High-amplitude pressure 
cycling from supralithostatic to sublithostatic conditions 
during the fault-valve action may explain why the fluid 
inclusion inventory in the early Q1 quartz has re-
equilibrated. Re-equilibration occurs because of the 
pressure differential between the internal pressure of the 
fluid inclusions and the confining pressure (Vityk and 
Bodnar 1995; Kontak et al. 2016). The Al contents of 
hornblende combined with formation temperatures of the 
N-S vein-hosting Grass Valley granodiorite (Taylor et al. 
2015) suggest formation pressures of 2.2±0.6 kbar and a 
depth of 8.3±2.3 km under lithostatic pressures for the 
nearly coeval N-S veins (Mutch et al. 2016); this depth of 
vein formation is corroborated through the 
microthermometric investigations.  An abrupt change to 
hydrostatic pressures at this depth will result in a 
pressure differential of ~1.4 kbar, which is enough to 
cause re-equilibration of fluid inclusions larger than 4 μm 
(Lacazette 1990).  

Formation of the late Q2 quartz occurred in a different 
structural regime. The quartz contains a lower proportion 
of fluid inclusions and re-equilibration textures are 
exceptionally rare. Based upon the lack of visible growth 
zoning or re-equilibrated fluid inclusions that indicate that 
significant pressure fluctuations had stopped after Q1 
crystallization, this quartz type is interpreted to have 
formed at hydrostatic conditions that allowed sustained 
fluid flow through the fault-fracture system. The low CO2 
content of the fluid inclusions contained in the quartz 
suggests that the fluids were not sourced from substantial 
depth as fluids released from typical crustal rocks 
undergoing high-grade metamorphic reactions are 
characterized by high CO2 contents (Elmer et al. 2006). 

The formation of sulfide minerals and gold largely 
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postdate crystallization of both quartz types. These 
minerals are not encapsulated by quartz and instead are 
found along grain boundaries and fractures within quartz. 
Sulfide formation was associated with minor dissolution 
of quartz as suggested by the cuspate shape of the pyrite 
grain boundaries and amoeba-like shapes of base metal 
sulfides that cut into euhedral Q2 crystal faces. 

The compositional zoning of pyrite shows that several 
distinct growth episodes occurred. The P1 cores contain 
very low levels of invisible gold. The formation of the P3 
growth zones is paragenetically associated with gold and 
base metal sulfide mineralization. This growth stage 
resulted in alteration of portions of the P1 cores forming 
the altered P2 zones having higher levels of invisible 
gold. The composition of, and inclusions within, the P3 
growth zones suggests increased chemical reaction 
between the hydrothermal fluids with the host rocks. 
Specifically, the pyrite crystals that are hosted in 
granodiorite have P3 zones characterized by elevated 
As, whereas pyrite in veins hosted by serpentinite have 
elevated As, Ni, and Co; both contain inclusions of galena 
and gold within the P3 zone. The difference in host rock 
chemistry also dictated what accessory minerals formed. 
Telluride minerals, scheelite, and mariposite are found in 
the serpentinite-hosted veins but not in the granodiorite-
hosted veins. Influences of local wall rocks have been 
well documented to affect geochemical characteristics 
and mineralogy of orogenic gold deposits (Böhlke 1989). 

Chemical equilibrium between the host rock and 
hydrothermal fluid is also demonstrated during the gold 
mineralizing event by the correlation between metals 
derived from the local host rocks (e.g., Pb, Ni, Co) and 
those elements transported over longer distances by the 
hydrothermal fluids (e.g., Au, Ag). Equilibration and 
sulfidation of the wall rocks under hydrostatic conditions 
may be responsible for the precipitation of the native gold 
during the late stages of the paragenesis. The textural 
evidence and mass balance considerations suggest that 
gold was not remobilized from solid solution gold 
contained in earlier formed pyrite. 
 
6 Conclusions 
 
The observations of this study suggest that the genetic 
model of orogenic gold deposits needs to be revised. The 
previously proposed fault-valve model provides an 
explanation for the mechanism of fluid flow during the 
early stage of vein formation and incremental quartz 
precipitation. Pressure cycling from supralithostatic to 
sublithostatic pressures can account for the observed 
textural re-equilibration of the fluid inclusion inventory in 
early vein quartz, which renders the inclusions useless for 
determining T,P conditions of formation. Gold 
mineralization at Grass Valley occurred during a 
subsequent stage of fluid flow that occurred under 
hydrostatic conditions. Gold precipitation coincided with 
the equilibration of the hydrothermal fluids with the 
surrounding wall rock. 
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Abstract. The Freixo de Numão Au-W deposit is located 
in Vila Nova de Foz Côa region, northern Portugal. 
Mineralization is hosted in greenschist-facies 
metasedimentary rocks with lower-Cambrian age.  
The mineralized structures are subvertical and trend 
N10º - 40ºE, crossing-cut bedding and/or regional 
foliation, and are post-peak of regional metamorphism. 
Quartz-sulfide veins and visible hydrothermal alteration 
characterize this mineralization in the field. The quartz 
veins record two main stages of mineral deposition (I and 
II), indicating repeat vein re-opening. Stage-I is 
characterized by milky quartz and arsenopyrite (Apy-1) 
and scheelite. Stage-II comprises clear quartz, adularia, 
chlorite, tourmaline, and metallic minerals, mainly 
arsenopyrite (Apy-2), chalcopyrite and pyrite, with galena 
and sphalerite in lesser amounts. The gold (native-Au 
and electrum) is associated with maldonite, native 
bismuth, and few Au-Ag phases. A detailed ore study has 
shown two different gold mode of occurrence: i) native-
Au and maldonite, along with Bi-native as droplets in 
arsenopyrite and chalcopyrite; ii) electrum and Au-Ag 
phases infill interstitial cavities between arsenopyrite 
crystals and in its microfractures. 
These results match with some characteristics of other 
gold deposits in the European Variscan belt, which 
revealed a major crustal-scale hydrothermal event 
responsible by gold mineralization. 
 
1 Introduction  

 
Gold-bearing systems in the European Variscan Belt 
display a diversity in (a) mineralization style (vein to 
stockwork, disseminated, or replacement); (b) host rock 
lithology (volcanic or sedimentary rock, granites); (c) host 
rocks age (late Proterozoic to Carboniferous), and (d) 
host rock metamorphic grade (from catazone to epizone 
or non-metamorphosed rocks) (Bouchout et al. 2005).  

Due to this diversity, it is very important to understand 
the distribution of gold in the paragenetic sequence; the 
identification of typical mineral assemblages; the 
associations of Te, Bi, and Sb minerals; and evaluation 
of the factors controlling the ore-forming processes. 

The Portuguese gold deposits have atypical 
characteristics (e.g. mineralogical signatures, structural 
controls, relationship with magmatic rocks) which are not 
easily explained by the models (e.g. Orogenic gold vs 
Intrusion-related gold deposits). The present work made 
part of a large research project in which the main proposal 

is the objectives mentioned above.  
The known mineralizations in Freixo de Numão area 

comprises quartz vein structures with sulfide 
mineralization; tin in pegmatites; and tungsten in calc-
silicate metasedimentary rocks (Ramos and Oliveira 
1977). Recently, in the area, occurrences of gold are also 
found in fractures with main NNE-SSW direction, late 
Variscan in age, that control the emplacement of the Au 
mineralized quartz-sulfide vein structures. The 
northwestern part of Iberian Massif is an important 
Variscan metallogenic province, particularly for gold and 
base metals. 

In this paper is made a first detailed description of the 
Freixo de Numão gold mineralization, in order to explain 
the ore minerals and its relationships, which was 
essential to mineral processing information to the mining 
companies, in order to helpful the degree of ore liberation. 

This line of study can be helpful to investigate genetic 
models for gold deposits, especially in Phanerozoic 
systems.  
 
2 Geological setting 
 
The Freixo de Numão area (FNA) is part of the Iberian 
Massif, which constitutes the western-most exposure of 
the European Variscan Belt, resulting from the collision 
between Laurussia and the Gondwana, and it is 
described as staking of large-scale thrust crustal nappes, 
between 360-320 Ma (Ribeiro et al. 1990).  

The study area is located in Central Iberian Zone (CIZ) 
(Julivert et al. 1972), a tectonic-stratigraphic zone 
characterized by subvertical structures and a large 
volume of granitic intrusions (Ribeiro et al. 1990).  

The tectonic-metamorphic evolution is explained as 
the result of three main deformation phases (D1, D2, and 
D3), which are usually considered responsible for the 
structuration of the NW of the Iberian Massif (Noronha et 
al. 1979; Ribeiro et al. 1990; Dias and Ribeiro 1995).  

During and after D3 phase a large volume of granitic 
rocks intrudes the country metasedimentary rocks. 
Considering their time of emplacement related with D3 
deformational phase can classified as: early-D3 (380-345 
Ma); syn-D3 (313-319 Ma), late-D3 (306-311 Ma), late- to 
post-D3 (ca. 300 Ma) and post-D3 (290-296 Ma) (Dias et 
al. 1998). 

A later brittle deformation phase, post-D3, performing 
in Iberian Massif, that is characterized by a set of 
conjugate strike-slip faults (NNW-SSE dextral, NNE-SSW 
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sinistral and ENE-WSW), whose geometry is often 
strongly influenced by pre-existent discontinuities 
(Ribeiro 1974; Pereira et al. 1993).  

In the Iberian Massif, this Late Variscan deformation 
gave rise to some of the most important observed 
basement faults, like the NNE–SSW Vilariça and 
Penacova-Régua-Verín faults in Northern Portugal. 

 
2.1 Regional-deposit scale 
 
The FNA is located in the CIZ, within the western part of 
a narrow E-W trending metamorphic axis, Marão-Vila 
Nova de Foz Côa axis (Ribeiro et al. 1990; Dias et al. 
2006; Moreira et al. 2010). This belt is bordered by the 
Variscan Penedono-Mêda-Escalhão massif to the south, 
and by the Vila Real-Carviçais massif to the north 
(Ferreira da Silva et al. 1989). In addition to the granites 
mentioned above, more two small granite plutons 
intruded in this area: i) Numão granite: biotite>muscovite 
granite with an emplacement syn to late-D3; ii) Freixo de 
Numão granite: biotite-rich and it is considered post-
tectonic-D3 (Figure 1).   

This metamorphic axis belongs to the Pre-Ordovician 
Schist Greywacke Complex (SGC) (Carrington da Costa 
1950; Teixeira 1955) integrated into the so-called Douro 
Group (Sousa 1982). From stratigraphic and 
palaeogeographical information, the SGC has been 
defined as the Super Group Dúrico–Beirão, consisting of 
the Douro Group, lower-Cambrian in age and Beiras 
Group Precambrian in age (Oliveira et al. 1992). The 
Douro Group is composed of several formations Bateiras, 
Ervedosa do Douro, Rio Pinhão, Pinhão, Desejosa, and 
S. Domingos from the older to the younger in age (Sousa 
1982).  

In FNA only outcrops three formations Rio Pinhão, 
Pinhão and Desejosa. The Rio Pinhão Formation is 
composed of metagreywackes and 
metaquartzogreywackes inserted with thin layers of dark 
phyllites. The Pinhão Formation, consisting in a green 
colored, thin bedding sequence, characterized by a 
psammitic (quartz-rich) and pelitic (mica-rich) layering 
with the particularity of the presence of magnetite crystals 
and more irregularly pyrite crystals in the psammitic and 
pelitic layers. The Desejosa Formation is defined by the 
presence of stripped phyllites that are the result of a thin 
interchanging of dark with clear layers and 
metagreywackes (Figure 1). The occurrence of calc-
silicate levels in the Desejosa formation is common.  

The D1 phase in Foz Côa area induced the formation 
of wide zones gently folded bounded by coeval narrow 
bands emphasizing stronger deformation (Moreira et al. 
2010). This sequence corresponds to a succession of a 
large amplitude synclines and narrow anticlines, with an 
axial trace N100º-N150º (Marques et al. 2002).  

 In this area, regional metamorphic grade corresponds 
to greenschist facies conditions, but increases near the 
granitic plutons, resulting in spotted schists and hornfels.  

The most significant brittle structures of the region 
extend in the NNE-SSW direction and correspond to the 
important sinistral wrench-faults (namely Vilariça Fault) 
related with the late Variscan phase (D3) of brittle faulting 
(Figure 1). 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 1. A - Map of Iberian Massif showing major tectonic units and 
main structures. B – Geological map of regional geology (modified 
from Ferreira da Silva et al. 1989). The black square corresponds to 
the deposit scale geology - FNA. 1 – faults; 2 – study area; 3 – 
Pinhão Formation; 4 – Desejosa Formation; 5 – Rio Pinhão 
Formation; 6 – Numão granite; 7 – Freixo de Numão granite; 8 – 
aplite-pegmatite veins; 9 - quartz veins. 
 
3 Sampling and analytical methods 
 
In the fieldwork and sampling, a set of 40 samples were 
collected from underground workings and 12 samples 
from drillcores.  

The observations of mineral assemblages and 
chronological successions were carried out by 
microscopy in transmitted and reflected light, at Institute 
of Earth Sciences and in Department of Geosciences, 
Environment and Spatial Planning in the University of 
Porto.  

Complementary studies for characterization of gold 
minerals were carried out by SEM/EDS performed with a 
resource to a High-resolution Scanning Electron 
Microscope with X-Ray Microanalysis: JEOL JSM 6301F/ 
Oxford INCA Energy 350, in Materials Centre of the 
University of Porto. 

 
4 The Freixo de Numão deposit 
 
4.1 Vein system 

 
The exposed rocks in underground works are a 
succession of interlayers of quartzogreywackes, 
phyllites, quartzites, and calc-silicate rocks, exhibiting a 
foliation, defined by preferential orientation (S1) of small 
muscovite and chlorite. The mineralized veins crosscut 
S1 that is usually parallel to the stratification S0 (N120º). 

In the field, it was visible quartzite ridges with a 
direction N100º-120º; subvertical.  

The mineralization occurs in two types: i) disseminated 
in host rocks (less in the phyllites), and ii) quartz-sulfide 
veins.  

The metasedimentary host rocks are strongly crosscut 
by a main and systematic vein system (N-S to N40º; 50ºW 
to sub-vertical) (Figure 2). The vein system consisting of 
subparallel veins with variable spacing and length 
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function of nature of host lithology. Within fine-grained 
pelitic rocks, the mineralized veins have a small spacing 
(10-20 cm) and are scarce.  

However, in more competent host rocks (quartzite 
and/or calc-silicate rocks), the veins are locally 
anastomosed (like a stockwork) and have a larger 
spacing (> 50 cm). The veins also lack ductile shear 
markers or lineations. In addition, the veins crosscut all 
foliations (S0, S1) but lack any displacement.  

 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 2. Different types of mineralized structures. A – quartz-
sulfide veins with chlorite and adularia alteration; B – Vein of early 
quartz + quartz-sulfide vein crossing-cut quarzitic rocks; C – 
Disseminated arsenopyrite in calc-silicate rock. Red bar = 2 
centimeters. 
 

There is another mineralized vein system, sub-parallel 
to the calc-silicate and the quartzite rocks, N100º-115º; 
70ºW – subvertical. Finally, there is a barren vein system 
N80º; 20ºN sometimes is folded.  

Petrography of all the different types of mineralized 
veins indicated that they are extension veins, as reflected 
by the growth directions of the quartz crystals in some 
cases it usually found hybrid extension-shear veins with 
similar textures with quartz grains elongated at an oblique 
angle near the vein walls (Fig. 2-B). 
 
4.2 Relation of gold to other minerals 
 
The quartz veins record two main stages of mineral 
deposition (I and II), indicating successive periods of vein 
re-opening.  

Stage-I is characterized by milky quartz (mQ), 
arsenopyrite (Apy-1) and scheelite. Scheelite is the only 
W-bearing phase at the deposit. It forms coarse-grained 
euhedral to subhedral grains in the quartz veins cutting 
calc-silicate rocks, while that hosted in quartzite and calc-
silicate rocks is fine-grained and xenomorphic. 

Stage-II corresponds to the quartz-sulfide veins 
formation and comprises clear quartz (cQ), K-feldspar 
(adularia), chlorite, tourmaline, and metallic minerals, 
mainly arsenopyrite (Apy-2), chalcopyrite and pyrite, with 
galena, bismuthinite and sphalerite in lesser amounts. 

The gold minerals show two different mode of 
occurrence: i) native-Au and maldonite (Au2Bi), along 
with native-Bi as droplets in Apy-2 and chalcopyrite; ii) 
electrum, and Au-Ag phases infill interstitial cavities 

between arsenopyrite crystals and in its microfractures 
(Figure 3). The size of gold particles ranges to 3 microns 
to 50 microns.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3. Different modes of gold occurrence. A – Native-Au + 
native-Bi in arsenopyrite; B – Maldonite (Mdl) in arsenopyrite; C- 
Electrum and native-Bi in chalcopyrite; D – Electrum filling fractures 
in arsenopyrite; E – Maldonite and native-Bi in arsenopyrite; F – 
Native-Bi in association with Au-Ag phases.  

 
4.3 Hydrothermal alteration 

 
At FNA, the hydrothermal alteration is volumetrically 
restricted to the quartz-sulfide veins system and the 
mineralized disseminated zones, consisting of i) early 
silicification characterized by the filling of tensional quartz 
veinlets (Fig. 2-B); ii) tourmalinization, feldspatization, 
chloritization associated to the sulfides precipitation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Different types of hydrothermal alterations. A – 
muscovitization; B – Chlorite + adularia associated with quartz-
sulfide veins; C – Tourmalinization; D – Muscovite with anomalous 
birefringence and epidote. 
 

In mineralized disseminated zones related to quartzite 
rocks, the muscovitization is the main present alteration. 
It corresponds to subhedral muscovite with symplectic 
borders, with quartz intergrowth and quartz droplet 
inclusions (Figure 4 - A). In quartz-sulfide veins, the main 
hydrothermal alteration is silicification, tourmalinization, 
K-feldspatization, chloritization, and carbonatization. 
However, not always present. In most cases, tourmaline 
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is associated with this silicification (Figure 4 - C). Later, 
the early quartz undergoes deformation and 
polygonization. A polygonal quartz results from the 
second silicification stage, associated with the sulfides 
(mostly arsenopyrite). In calc-silicate rocks, the 
silicification, tourmalinization, and sericitization are the 
most pervasive alterations. In this stage, a muscovite with 
anomalous birefringence, epidote, clinozoisite and 
fluorite are frequent (Figure 4 - D). Carbonatization 
occurs mainly in microcracks crosscutting all lithologies, 
which along with feldspatization and chloritization 
represents the last hydrothermal event.  
 
5 Final remarks 
 
The quartz–sulfides bearing veins, which record two main 
stages of mineral deposition indicating successive 
periods of vein re-opening. 

Gold deposition occurred in two discrete periods: 1) 
first as minute inclusions (Au-native and maldonite + Bi-
native) that are coeval with the formation of Apy-2 and 
chalcopyrite during the quartz–sulfide stage; 2) later 
electrum and Au-Ag phases occur filling fractures and 
interstices between arsenopyrite crystals.  

The Freixo de Numão gold mineralization periods 
imply hydrothermal alteration processes. The association 
scheelite ± fluorite ± native gold is related to the chlorite 
± adularia hydrothermal alteration. The hydrothermal 
suite suggests a typically low-temperature hydrothermal 
environment and indicate near-neutral pH conditions, due 
to the presence of adularia and calcite. 

Indirect evidence suggests that the ore-forming fluids 
can be related to the second and third order structures 
parallel to the major regional Vilariça fault (late-Variscan 
strike-slip fault) and/or related to the fracture systems, 
which controlled the emplacement of the late-to post-
tectonic granitoids in the area that provided conduits for 
subsequent low-temperature mineralizing events 
(Noronha et al. 2000 and references therein).        
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Abstract. Similar to many orogenic gold deposits 
globally, two phases of hydrothermal alteration have 
been defined in the Huangjindong orogenic gold deposit 
in the Jiangnan Orogen, southern China. The first phase 
of hydrothermal alteration is pre-ore and largely barren. 
The geometry of the pre-ore barren quartz veins indicates 
the formation of these veins was controlled by folds and 
thrust faults. The cross-cutting relationship between the 
two phase of hydrothermal alteration and the structures 
and texture of the ores indicates that the earlier barren 
veins provide favourable competent hosts for later 
mineralization. During the mineralization, the 
overpressured fluids caused hydrofracturing which 
resulted in the brecciation of the earlier quartz veins. The 
repeated hydrofracturing resulted in fluid pressure 
fluctuation which in turn induced the fluid phase 
separation and subsequent deposition of auriferous 
quartz-sulfide veins and breccia cements. 
 
1 Introduction 
 
In many orogenic gold deposits, barren pre-ore quartz 
veins which may be part of a single progressive 
hydrothermal event or a temporally distinct event relative 
to the gold mineralization are well developed (Hulin 1929; 
Kerrich 1986; Dirks and Wilson 1991; Billay et al. 1997; 
Dugdale and Hagemann 2001; Zhang et al. 2018). The 
role of such early barren quartz veins has been rarely 
studied. The Huangjindong gold deposit, Jiangnan 
Orogen, southern China, with large scale pre-ore barren 
quartz veins provides an opportunity to study this topic. 
Thus, in order to constrain this role of the barren quartz 
veins in the gold ore genesis, structural geometry 
analysis, petrography, mineralogy, have been carried out 
on the Huangjindong deposit. The significance of these 
results in terms of exploration is also examined. 
 
2 Regional and local geology 
 
The Jiangnan Orogen, which hosts ~40 gold deposits 

with combined gold resources of ∼1000 t, is located 
between the Yangtze and Cathaysia Blocks (Xu et al. 
2017). Three major goldfields in the Orogen, including the 
Huangjindong, are distributed along the first-order 
crustal-scale Changsha-Pingjiang Fault zone. The 
Huangjindong goldfield, with estimated gold resources of 
~85 t, mainly contains the Quxi gold, Anshan gold-
antimony and Huangjindong gold deposits, all along the 
Changsha-Pingjiang Fault (Fig. 1; Zhang et al. 2018). 
Located in the footwall of the Changsha-Pingjiang Fault, 
the Huangjindong gold deposit are hosted by 
Neoproterozoic metasedimentary rocks. Orebodies in the 
Huangjindong gold deposit are strictly controlled by E- to 
WNW- trending thrust faults. Most orebodies dip to the 
north, whereas several thick orebodies dip to the south 
(Liu et al. 2017; Sun et al. 2018). The lacking of ore-
related mineral and element zonings reveal no local 
granite-related thermal was inputted, and the formation of 
the deposit was controlled by regional geothermal 
gradient. The geochemical and isotopic data show a 
metamorphic source for the ore fluid and components 
(Zhang et al. 2018; Groves et al., 2019), together with 
which, the structural control on the gold mineralization 
and their spatial distribution demonstrate that the deposit 
formed during a transpressional phase of orogenesis and 
can be classified as orogenic gold deposit (Zhang et al. 
2018) in the term of the classification of Groves et al. 
(1998). 

 
3 Alteration and mineralization 
 
Previous study (Zhang et al. 2018) and new field 
observation in this study show that auriferous 
arsenopyrite-pyrite-quartz veins, quartz breccias 
cemented by late arsenopyrite, pyrite, muscovite, and 
quartz, and disseminated arsenopyrite-pyrite-sericite-
quartz-altered slate breccias with fine arsenopyrite-pyrite-
quartz veinlets account for most of the gold resources. 
The alteration is dominated by silicification, sericite 
alteration, chloritization and carbonation with significant 
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arsenopyrite, pyrite, scheelite and minor stibnite, 
pyrrhotite, chalcopyrite, galena, and sphalerite 
mineralization. Three mineralization stages including 
barren quartz-(sericite)-scheelite veins (I), auriferous 
quartz-sulfides veins (II) and post-gold carbonate-quartz 
veins (III) were identified. Together with field observation, 
detail work using optical microscope, scanning electron 
microscope (SEM) and Laser Ablation Inductively 
Coupled Plasma Mass Spectrometry (LA-ICP-MS) trace 
elements analysis of pyrite and arsenopyrite in this study 
show that the gold is dominated by native gold associated 
with hydrothermal quartz and invisible gold in pyrite and 
arsenopyrite. 

 

 
 
Figure 1 Geological map of the Huangjindong goldfield. Modified 
from Zhang et al. (2018). 
 
4 Formation of early barren quartz veins 
 
South-dipping Orebody 3 at the Huangjindong deposit 
with major fault-fill barren-quartz shear veins and thin flat 
extensional veins resembles the geometries of classic 
thrust-controlled veins in orogenic gold systems (Fig. 2; 
Groves et al. 2018). The steeper extensional veins on the 
footwall of the flatter barren major fault-fill vein of north-
dipping orebody 1 crosscut the foliation at a high angle 
and, in combination with drag folds along the hangingwall 
fault, highlight the classic features of thrust-controlled 

veins (Fig. 3). 
Quartz laminations associated with subparallel 

elongate slivers of wall rocks in Orebody 3 (Fig. 1) are 
most likely formed by crack-seal processes. Together 
with their geometry, these internal structures confirm that 
they were controlled by fault-valve behavior induced by 
repeated fluctuations of shear stress and fluid pressure 
during cyclical seismicity (Sibson et al. 1988, 1989; Cox 
et al. 1995). Quartz veins in Orebody 1 containing 
abundant irregular slate breccias (Fig. 3) are commonly 
interpreted to be a single-stage hydraulic fracture 
process. 
 

 
 
Figure 2 Photograph (a) and sketch (b) showing geometry and 
alteration and mineralization features of Orebody 3 at the 
Huangjindong gold deposit. 

 
5 The role of pre-ore barren quartz veins 
 
At the Huangjindong deposit, the syn-ore movement of 
the ore-controlling WNW-E-trending faults resulted in the 
fracturing of the pre-ore competent barren quartz veins. 
Subsequently, these fractures were filled by thin grey 
quartz veins and breccia matrices containing native gold 
and gold-bearing arsenopyrite and pyrite (Figs. 2 and 3). 
It is obviously that the earlier barren quartz veins played 
no chemical role in ore deposition but were simply the 
most competent rock units in the more-ductile sericitic 
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slate for subsequent brittle failure to provide ore-fluid 
passage to depositional sites (Jaeger 1967). 

The intensive brittle failure of the pre-ore barren quartz 
veins enhanced by supralithostatic fluid pressures 
resulted in increased permeability (Figs. 2 and 3). This 
induced a dramatic decrease in pressure which caused 
significant fluid phase separation resulting in the 
destabilization of gold-thio-complexes and deposition of 
the native gold and refractory-gold-bearing arsenopyrite 
and pyrite in hydrofractures and breccia matrices. Such 
repeated episodes formed high-grade gold ores. 

 

 
Figure. 3 Photograph (a) and sketch (b) showing geometry and 
alteration and mineralization features of Orebody 1 at the 
Huangjindong gold deposit. 

 
6 Implications for exploration 
 
As stated above, the pre-ore competent quartz veins 
played a critical role in localizing later gold mineralization 
in the Huangjindong deposit. Thus, earlier geometries of 
the barren quartz veins may control the structural 
geometry of subsequently formed orebodies (Figs 2 and 
3). This is critical for mine planning. 

The full manuscript of this study (Zhang et al. 2019) 
has been submitted to Mineralium Deposita for peer 
review. 
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Abstract. The Mustajärvi gold occurrence lies on the 
southern border of the Central Lapland Greenstone Belt, 
in proximity to the first-order transcrustal Venejoki thrust 
system. The occurrence is structurally controlled by the 
second order Mustajärvi shear zone that is located at the 
contact between Sodankylä group siliciclastic 
metasediments and Savukoski group mafic and 
ultramafic volcanics. The outcropping gold mineralized 
veins comprise a set of parallel quartz-tourmaline-pyrite 
veins that show strong pinch and swell features with 
widths ranging from approx. 0.15 m to 1 m. At a depth of 
90 m, a different mineralization style was recently 
discovered, comprising a 2 m thick, quartz poor, massive 
pyrite mineralized zone grading 45.1 ppm Au. The 
geochemistry of both mineralization styles is typical for 
orogenic gold deposits with strongly enriched elements 
comprising Au, B, Bi, C (CO2), Te and Se; and with Ag, 
As, Sb and W being elevated and positively correlating 
with gold. Atypical for orogenic gold deposits is the strong 
enrichment of Co. In unweathered rock, gold is hosted by 
Au- and Au-Bi-telluride micro inclusions in pyrite, 
whereas strong weathering at near surface levels causes 
a remobilization of gold, resulting in free gold deposited 
mainly in the cracks of oxidised pyrite.  
 
1 Introduction 
 
The Paleoproterozoic Central Lapland Greenstone Belt 
(CLGB) has a total reported gold endowment of just over 
10 Moz, but with most of this resource defined in solely 
the giant Suurikuusikko deposit and dozens of other 
prospective occurrences lacking detailed exploration.  

One potentially promising target, the Mustajärvi 
orogenic gold occurrence, lies on the southern border of 
the CLGB, in proximity to the first order Venejoki thrust 
zone. Exploration wise, the Venejoki thrust system has 
mostly been ignored, despite the fact, that, regarding the 
time and direction of deformation, it is sharing many 
features with the nearby Sirkka thrust zone which is 
associated with a majority of known gold occurrences in 
the Central Lapland Greenstone Belt. The Venejoki thrust 
zone can be traced to reach the mantle at a depth of 
approx. 42 km (Patison et al. 2006; Niiranen et al. 2014).  

Not many gold occurrences are known from the 
Venejoki thrust system, probably due to limited 
exploration activities and a generally poorer bedrock 
exposure. With the current study, Mustajärvi is one of the 
few, if not the first, extensively studied gold occurrence 
along the Venejoki thrust system.  

Here, we give the first overview of the geological 
setting, alteration, style of mineralization and structural 
control of the Mustajärvi occurrence and furthermore 
emphasize the prospectivity for a more extensive gold 
mineralized system, especially at greater depths. Few of 
the presented characteristics of Mustajärvi are atypical 
for gold occurrences in the CLGB and for orogenic gold 
systems in general. These features might represent a 
new type characteristic for gold occurrences along the 
Venejoki thrust zone.  
 
2 Geological setting 
 
The rock package at Mustajärvi can be divided into two 
major units, siliciclastic metasediments consisting of 
banded arkose quartzites, intermediate tuffites and mafic 
tuffites; and volcanic rocks comprising ultramafic lavas 
and tuffs, komatiitic basalts, mafic lavas and tuffs, and 
rare graphitic cherts. The siliciclastic metasediments 
most likely belong to the Sodankylä group Honkavaara 
formation with age estimates of 2.3-2.2 Ga (Lehtonen et 
al. 1998). The metasedimentary rocks are strongly 
interlayered on a meter to centimetre scale, commonly 
resulting in a strong layering, typical for tuffites. Observed 
strong banding, felsic clasts in an intermediate to mafic 
matrix and an occasional gradual bedding suggest a 
volcaniclastic sedimentation. The volcanic rock unit is 
likely part of the 2.2-2.05 Ga Savukoski group (Lehtonen 
et al. 1998), whereas it is uncertain which formation they 
represent. The different rock types of the volcanic unit are 
interlayered with individual layers of 0.1 m to 25 m in 
thickness, where thinner layers typically are tuffs and 
thicker layers lavas. Furthermore, 0.15 to 3 m thick layers 
of mafic and ultramafic tuffs are common in the 
metasedimentary unit (Fig. 1). The graphitic cherts are 
tightly interbedded with altered mafic volcanics and occur  
near the interpreted contact zone between volcanic rocks 
and siliciclastic metasediments, where they have been 
observed as zones of strong deformation. Gabbro 
intrusions of unknown formation are present in the SW of 
the study area. Ground magnetic data and bottom of till 
(BoT) Cr concentrations indicate that both the siliciclastic 
metasediments and the volcanics are intruded by the 
them.  

Along the main contact, the Mustajärvi fault zone is 
interpreted to occur; likely formed due to the competency 
contrast of the rock types. The fault is indicated by several 
fault zone-typical geophysical features such as a 
demagnetization, a low apparent resistivity and a high 
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chargeability, and by zones of strong deformation. 
Interpreted from geophysical data, and drill core 
correlations, the fault zone has a similar orientation to the 
host rocks, dipping to the SE with ~45 ° (Fig. 1). The 
siliciclastic metasediments dominantly occur on the NW 
side of the fault zone and the volcanic rocks dominantly 
on the SE side. The contact between the rock units is 
conform and rather gradual, with increasing interlayering 
between the rock types in proximity to the contact zone 
(Fig. 1).  

The gold mineralization is hosted by a set of parallel 
quartz-pyrite-tourmaline veins (Fig. 1) that show typical 
pinch and swell features, with vein widths ranging 
between 0.15 m to 2 m. The mineralization is not strongly 
host rock controlled as it has been observed to be hosted 
by both the siliciclastic metasediments and the volcanics, 
as well as commonly by the contact of both units. The 
mineralized veins appear to be generally structurally 
controlled, with the main mineralization trend being 
parallel to the Mustajärvi fault zone. A second 
mineralization trend runs perpendicular to the main trend. 
Additionally, BoT Au anomalies, outside the area of 
known gold mineralization, are spatially associated with 
the interpreted fault zone, further suggesting a strong 
structural control and expanding the prospective extent of 
Mustajärvi along strike.  

 

 
Figure 1. 3D geological model of Mustajärvi. Not modelled is the 
fault zone along the host rock contact zone with an interpreted dip 
parallel to the host rocks. View from WSW. 
 
3 Alteration 
 
The degree of regional alteration is generally high in the 
Honkavaara formation metasediments (Lehtonen et al. 
1998) and weak to moderate in the Savukoski volcanic 
rocks. It consists of an overall moderate to strong 
albitization, mostly in the metasediments, and a weak to 
strong carbonate overprint. Furthermore, abundant very 
early stage quartz-albite veins, commonly with a 
carbonate overprint; and early stage carbonate veins 
occur in both rock units. Occasionally, listvenites occur as 
alteration products of ultramafic volcanics. Their matrix 
mainly consists of fuchsite which is penetrated by intense 

carbonate veining comprising both calcite and ankerite-
dolomite.   

Due to an overall relatively strong regional alteration, 
the mineralization-related alteration is typically 
ambiguous and mostly difficult to determine. Moreover, 
there appear to be different mineralization styles at 
Mustajärvi that each have individual alteration 
assemblages. The figure 2 tries to give a unified overview 
of the spatial alteration sequence related to ore-forming 
fluids that is distinctively different from background 
alteration and generally applies to most mineralization 
styles.  
 

 
Figure 2. Schematic overview of the alteration sequence around the 
known mineralization. The letters M and V respectively stand for 
metasediments and volcanics indicating in which rock unit the 
alteration occurs. Black represents alteration that is most likely 
related to mineralization; green represents regional alteration. The 
data is based on drill core observations. The proximal zone ranges 
from 0-5 m distance to mineralization, the intermediate zone from 5-
25 m and the distal zone from 25-100 m.  
 

Additional to the alteration assemblages given in 
figure 2, also different types of veins indicate nearby 
mineralization. Within the intermediate to proximal 
alteration zone, barren quartz-pyrite ± tourmaline ± 
carbonate ± albite veins are typical, with pyrite amounting 
up to 75 % of the vein. Occasionally, gold is clearly 
anomalous in these veins with concentrations up to 
0.4 ppm Au and 4 ppm Te and with similar mineralization 
related alteration envelopes. Another mineralization 
indicator is magnetite-pyrite-carbonate veining that 
occasionally occurs in the proximal alteration zone. 
These veins can be either barren, anomalous for gold or 
clearly mineralized. Also, hematite-pyrite-quartz veins 
with anomalous gold concentrations of up to 0.3 ppm Au 
were observed in proximity to mineralization.  
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4 Mineralization 
 
4.1 Petrography of the mineralized veins 
 
The outcropping mineralization at Mustajärvi consists of 
quartz-pyrite-tourmaline veins with widths ranging 
between 0.15 m to 1 m. Pyrite, the only sulphide mineral 
of the mineralized veins, makes up 5 to 25 % of the veins 
with an average of ~10%, whereas the tourmaline amount 
is strongly varying, ranging from 5 % to as much as 35 % 
of the vein. Accessory minerals are white mica and rare 
monazite. Microprobe analysis shows that gold within the 
veins is occurring as the Au telluride calaverite and the 
Au-Bi telluride montbrayite, both as micro inclusions in 
pyrite. Additional to Au-(Bi)-tellurides, the veins contain 
the Ni-telluride melonite, the Bi-telluride tellurobismuthite 
and the Se-Bi-telluride kawazulite. All telluride minerals 
occur as micro-inclusions in pyrite, with grain sizes of 
1 µm to 10 µm. They are usually emplaced in strings or 
clusters in the pyrite grain, whereby melonite occurs more 
commonly as a single grain disseminated in pyrite and 
also shows larger grain sizes than the other telluride 
minerals. No spatial relationship, neither between the 
telluride minerals themselves nor between the tellurides 
and their location in the host pyrite grain was observed. 
In weathered samples, the telluride minerals get 
destroyed during oxidation of pyrite and gold is 
remobilized and deposited as free gold, mainly in the 
cracks of goethite (Fig. 3).  
 

 
Figure 3. Microprobe image. Pyrite (bright gey: 1.10) being oxidised 
to goethite (dark grey: 1.9). In the matrix of goethite are 
disseminated grains of native Au (white-bright, e.g.: 1.6) and rare 
solid solutions of Se-Au-Ag in cracks of goethite (1.7 & 1.8). Inside 
the unoxidized pyrite grain are tellurobismuthite (1.1), calaverite (1.3 
& 1.4) and montbrayite (1.5).  

 
During drilling in early 2019, a 2 m wide, high-grade 

mineralized zone was intersected at approx. 90 m vertical 
depth, which consisted of massive pyrite (approx. 50 %) 
with only marginal amounts of quartz and comparably 
little tourmaline. The pyrite zone is mainly oriented along 
the foliation of the intermediate tuffite host rock. This 
interval represents the highest grading drill core intersect 
so far at Mustajärvi with 2 m at 45.1 ppm Au and likely 

constitutes a different style of mineralization, perhaps 
typical for greater depths.   
 
4.2 Geochemistry of the mineralized veins 
 
The geochemistry of the mineralized veins shows strong 
enrichments of elements that are commonly elevated in 
orogenic gold deposits. At Mustajärvi, these elements 
include: Au, B, Bi, C (CO2), Te and Se. Other pathfinder 
elements that are commonly enriched in orogenic gold 
deposits, like Ag, As, Sb & W (e.g. McCuaig and Kerrich 
1998; Goldfarb et al. 2005) are clearly elevated at 
Mustajärvi and correlate with gold but are not enriched to 
the same extent as the former elements (Table 1). The 
average Au/Ag ratio of 5-10 in orogenic gold deposits 
(Goldfarb et al., 2005) is notably higher at Mustajärvi with 
a value of 21.4. Elements that are not commonly 
recognized to be elevated in orogenic gold deposits but 
are clearly enriched at Mustajärvi are Co and Ni, and 
elevated Mo. 
 
Table 1. Element concentrations of unweathered mineralized veins 
in drill core, exceeding 0.1 ppm Au; and their correlation with 
selected elements. 

Element Min. Max. Avg.
Std. 
deviation Ag Au Bi Co Se Te

Ag_ppm 0.50 2.40 0.62 0.44 1.00 0.45 0.40 0.45 0.42 0.38
Al_pct 0.04 2.50 0.60 0.66 0.10 -0.04 0.12 0.09 0.16 0.13
As_ppm 2.50 19.00 5.29 4.35 0.49 0.54 0.59 0.59 0.61 0.37
Au_ppm 0.11 73.72 6.46 15.41 0.45 1.00 0.75 0.82 0.74 0.77
Ba_ppm 3.00 581.00 46.06 118.32 -0.15 0.00 -0.07 0.08 0.05 -0.16
Bi_ppm 0.03 728.00 42.19 133.68 0.40 0.75 1.00 0.78 0.76 0.59
Ca_pct 0.01 12.90 1.91 2.75 -0.24 -0.62 -0.58 -0.66 -0.49 -0.44
Co_ppm 1.20 2860.00 440.55 759.30 0.45 0.82 0.78 1.00 0.95 0.70
Cr_ppm 7.40 1030.00 110.27 234.42 -0.14 -0.11 0.01 0.02 -0.06 -0.26
Cu_ppm 1.10 39.10 6.77 8.84 0.42 0.60 0.53 0.68 0.79 0.57
Fe_pct 0.68 28.40 6.14 7.67 0.48 0.76 0.80 0.83 0.86 0.69
K_ppm 0.01 2.31 0.28 0.59 0.10 0.00 0.04 0.09 0.12 0.06

Mg_pct 0.01 2.95 0.99 0.90 -0.11 -0.35 -0.14 -0.21 -0.06 -0.26
Mn_ppm 35.00 2550.00 548.00 651.34 -0.25 -0.59 -0.57 -0.62 -0.46 -0.47
Mo_ppm 0.50 104.00 5.28 18.14 0.30 0.54 0.65 0.56 0.59 0.50
Ni_ppm 8.20 689.00 114.81 158.75 0.44 0.72 0.78 0.86 0.86 0.68
P_ppm 73.00 2060.00 402.54 337.14 -0.29 -0.35 -0.35 -0.40 -0.31 -0.24
Pb_ppm 2.50 87.90 10.24 15.62 0.22 0.58 0.60 0.62 0.62 0.46
S_pct 0.00 27.40 5.06 8.13 0.48 0.79 0.72 0.94 0.92 0.70
Sb_ppm 0.02 0.18 0.06 0.05 0.42 0.51 0.66 0.46 0.52 0.27
Se_ppm 0.12 621.00 48.61 121.94 0.42 0.74 0.76 0.95 1.00 0.71
Sr_ppm 1.50 46.70 11.16 10.24 -0.27 -0.51 -0.41 -0.54 -0.35 -0.41
Te_ppm 0.32 819.00 73.16 170.42 0.38 0.77 0.59 0.70 0.71 1.00
Ti_ppm 4.00 2540.00 288.23 679.36 -0.03 -0.13 -0.16 -0.07 -0.09 -0.16
Zn_ppm 0.50 135.00 12.24 24.94 -0.01 0.23 0.37 0.28 0.27 0.28

Nr. of samples: 35

Correlation of selected elements for 
unweathered gold mineralization
Nr. of samples: 35

Geochemistry of unweathered gold 
mineralization 

 
 

Te and Co are so highly enriched, that, if the 
metallurgy permits, they might act as economic by-
products in mining. Table 1 emphasizes the described 
vein mineralogy, with gold strongly correlating with Te 
and Bi, as it occurs as Au-(Bi)-tellurides. Furthermore 
gold strongly correlates with S, Se and Co, since the gold 
tellurides are hosted by pyrite, which is also the host to 
Se and Co, with Se concentrations of ~0.05 %, and Co 
concentrations of 0.41 % in the lattice of pyrite.  
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Comparisons between unweathered and weathered 
mineralized rocks show a clear supergene enrichment 
only in Sb, whereas supergene depletions can be 
observed in Bi and Se.  
 
5 Structural control 
 
The main mineralization trend is oriented nearly parallel 
to the main lithological contact and to the orientation of 
the host rock, with an average strike and dip of ~70/50 
SSE. This is emphasized by BoT Au anomalies and drill 
core intercepts, which furthermore indicate that the main 
mineralizing trend consists of several parallel aligned 
veins offset from the main lithological contact. The pattern 
of the veins could be explained by a set of listric faults 
originating from the main shear zone or by a system of 
several smaller shear zones related to the larger 
Mustajärvi shear. This would explain the strong alteration 
that repeatedly occurs in the host rock package, without 
correlating mineralization. A second mineralization trend 
was observed in a subcropping auriferous vein, which is 
oriented perpendicular to the main mineralizing trend and 
strikes near parallel to the main joint direction of the host 
rocks with an average strike of 150-160°. This vein trend 
was proven to continue at depth, where vertical veins, 
partly auriferous, with a strike of 155° occur. Veins of this 
second trend appear to have lower grades of Au. This 
vein trend 2 could represent minor transfer faults within 
the rock package, partly auriferous due to possible 
remobilization of mineralization.  

The assumed structural setting of Mustajärvi is in 
accordance with common structural models of orogenic 
gold deposits (e.g. Goldfarb et al. 2005), describing a first 
order structure that collects and channelizes auriferous 
fluids, in this case the regional transcrustal first-order 
Venejoki thrust fault system that lies approx. 2 km south 
of Mustajärvi, dipping flatly to the south (Niiranen et al. 
2014); and a second order fault that traps the fluids, which 
is represented by the Mustajärvi fault, including minor 
third order splays off the second order fault that are 
potentially represented by the observed auriferous veins.  
 
6 Conclusions 
 
Mustajärvi is a typical orogenic gold occurrence. It has a 
strong structural control, being hosted by the second-
order Mustajärvi shear zone that is interpreted to be a 
splay off the first-order transcrustal Venejoki thrust 
complex, situated approx. 2 km south of the occurrence; 
and is likely to have formed due to the competency 
contrast between the siliciclastic metasedimentary, and 
volcanic host rocks. The auriferous veins are interpreted 
to be related to minor third-order structures associated 
with the second-order Mustajärvi shear zone.  

The geochemistry of the mineralized veins is typical for 
orogenic gold deposits with strongly enriched elements 
comprising Au, B, Bi, C (CO2), Te and Se; and with Ag, 
As, Sb and W being elevated and positively correlating 
with gold. Atypical for orogenic gold deposits are the 
enrichments of Ni and Mo; and a strong enrichment of Co, 
which however, can also be seen in many gold 
occurrences along the nearby Sirkka thrust system.   

It appears that two different mineralization styles exist 
at Mustajärvi. The outcropping and surface near 
mineralized veins are approx. 0.15 m to 1 m wide and 
consist of mainly quartz, tourmaline and pyrite. The 
second, higher grade, mineralization style was proven at 
a vertical depth of 90 m, comprising a 2 m wide zone of 
massive pyrite mineralization (50 % pyrite) with only little 
amounts of quartz and relatively low tourmaline contents. 
This second style of mineralization has yet to be followed 
up by further drilling and indicates the openness of the 
gold mineralization in all directions, with great potential 
for more extensive gold mineralization especially at 
depth.    
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Abstract. Using high resolution X-ray Computed 
Tomography (HRXCT), the distribution of gold in acicular 
arsenopyrite of pyrite-arsenopyrite association of Suzdal 
(East Kazakhstan) and Olympiada (Yenisei Ridge, 
Russia) deposits was investigated. The results of micro 
X-ray tomographic studies allow drawing conclusions 
about the distribution patterns of gold in sulphides. It can 
be used to understand the genesis of productive mineral 
associations, and to develop optimal technological 
schemes for gold extraction. 

 
1 Introduction  
 
The combination of using HRXCT method, which gives a 
three-dimensional image of the phase distribution that 
differ in density, with traditional methods of research of a 
substance (Scanning Electron Microscopy, microprobe, 
LA-ICP-MS analysis, etc.) gives an opportunity to take a 
new look at controversial issues, such as the forms of 
gold  in sulphides, the thermodynamic characteristics and 
the time frame of its formation (e. g. Barnes et al. 2008; 
Godel 2013; Kyle and Ketcham 2015) 

Gold, in most gold deposits with a disseminated type 
of mineralization is associated with sulphides, usually 
arsenopyrite (orogenic deposits in black shale) or 
arsenic-bearing pyrite (Carlin-type deposits, etc.). A large 
number of research works has been devoted to the study 
of thin “invisible” gold (not detectable by traditional optical 
microscopy methods) in sulphides (e. g. Hough et al. 
2011; Cook et al. 2013). Because it is essential to identify 
the configuration of gold, to establish the timing and 
relationship between gold and sulphides, and to develop 
methods and technological schemes for the extraction of 
gold from the “resistant” ores. However, many questions 
remain debatable. For example, whether gold in 
sulphides is isomorphic or structurally bound with the 
formation of stable and metastable phases in the form of 
nanoparticles or does it occur as clusters of mono- or 
multi-element composition. Does co-crystallization of 
gold and sulphides happen simultaneously, or is there a 
later deposition of gold on sulphide crystal margins 
because of adsorption or electrochemical processes? 
The HRXCT methods can help to take a new look at some 
of these questions. This contribution presents the results 

of studies of gold-bearing arsenopyrite from Suzdal (East 
Kazakhstan) and Olympiada orogenic gold deposits 
(Yenisei Ridge, Russia). 
 
2 Methodology and Instruments  
 
For the purposes of detailed studies, the authors used the 
Bruker SkySan 2011 and Bruker SkySсan 1172 micro 
CT-systems, based on the X-ray diffraction methods of 
the RC and the Geomodel RC (St. Petersburg State 
University). Analyses of the content of micro-impurities in 
arsenopyrite were carried out on a JEOL JXA-8100 
electron probe micro-analyser, in the Center for Multiple 
Element and Isotope Studies of the Siberian Branch of 
the Russian Academy of Sciences. The detection limit for 
the unilateral 2σ criterion with a confidence level of 97.5% 
is 30 ppm. The detection limits of other elements in 
arsenopyrite (wt. %) are: Fe - 0.018, As - 0.06, S - 0.02, 
Sb - 0.04, Ni - 0.005, Co - 0.004, Zn - 0.043, Cu - 0.02, 
for Ag (ppm) - 470. The content of noble metals (Au and 
Ag) was determined by an atomic absorption method 
using Perkin-Elmer 503 spectrometer with an 
electrothermal HGA-74 atomizer and a deuterium 
background corrector, a 3030 system with an HGA-600 
atomizer. The detection limit of Au is 5*10-8, Ag is 1*10-

7%. 
 

3 Results  
 

Generally, two morphological types of arsenopyrite, 
acicular-prismatic and coarse-crystalline, are 
characteristic of the gold-sulphide deposits. At the Suzdal 
gold deposit (East Kazakhstan) acicular arsenopyrite 
crystal aggregates have been studied. It is found in 
disseminated ores of the early pyrite-arsenopyrite 
productive association. It is represented by small crystals 
and its aggregates ranging in size from few to hundreds 
micron, forming star-shaped and druse-like accretions of 
acicular and prismatic crystals (Fig. 2) in metamorphosed 
carbonaceous siltstones and sandstones. Mineralized 
carbonaceous terrigenous rocks contain gold up to tens 
of ppm (Kovalev et al. 2011). The degree of gold content 
is proportional to the saturation of finely dispersed 
sulphides, mainly arsenopyrite. 
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Figure 1. A layer of sandstone enriched with arsenopyrite in siltstone, Suzdal deposit, Su-27 microcore sample. Left Image - HRXCT 3D image 
(light grains are arsenopyrite); right image - micrograph of thin section (black grains - arsenopyrite). 
 

 
In Fig. 1. a photomicrograph of a polished section (right 

photo) of typical gold-bearing ore of Suzdal deposit, and 
HRXCT 3D image (left photo) of microcore (d = 5mm) of 
the same rock, with disseminated arsenopyrite are 
illustrated. Arsenopyrite grains have elongated or 
isometric pseudohexagonal shape. They contain 
inclusions of suphides, gold and other minerals. 

It is assumed that the deposition of micro-grains and 
nano particles of gold in arsenopyrite crystals occurs 
synchronously with crystal growth. With rapid growth, 
gold is distributed relatively evenly in the structure of 
arsenopyrite, with slow growth gold clusters are formed 
(Fougerouse et al. 2016), and when crystal growth 
stopped, large visible dendritic crystals or films of gold 
precipitate along the faces of the arsenopyrite crystals 
(Voitenko 2014). Arsenopyrite of the Suzdal deposit is 
characterized by submicroscopic grains of gold, which 
are extremely unevenly distributed (Fig. 2b). 

The chemical composition of arsenopyrite in early 
productive association is non-stoichiometric. The sulphur 
content is in the range of 21-24 wt. %. S/As ratios in them 
are 1.16-1.21. Trace elements (according to microprobe 
analysis), such as Sb, Ni, and Co, were detected. Silver 
content in monomineralic samples of arsenopyrite of both 
morphological differences is low, varying within 0.92-9.1 
ppm. Other elements were found in an insignificant 
number of the samples at concentrations close to the 
detection limit. 

The disseminated gold-arsenopyrite mineralization is 
the main productive stage at the Olympiada deposit 
(Yenisei Ridge, Russia). It is associated with carbonate-
aluminosilicate and siliceous rocks. It represents the main 
type of gold-bearing ore. Ore-bearing rocks retain the 
primary layered and rhythmically layered structure with a 
wide variation of the chemical composition, both in 
microlayers and in larger strata. The layers are 

represented by calcareous, carbonaceous-calcareous-
aluminosilicate, siliceous and carbonaceous-siliceous 
rocks and are composed of carbonates, biotite, sericite, 
chlorite, zoisite, albite, quartz, with the accessories of 
tourmaline, rutile and apatite. The abundance of finely 
interspersed pyrrhotite-arsenopyrite mineralization of 
these rocks is about 3-5%, however its distribution in 
layered varieties is extremely uneven. They are 
commonly characterized by a layer-by-layer distribution 
with individual layers depleted or enriched in sulphides. 
Petrographic study of thin sections shows that the 
acicular arsenopyrite is located in a fine-grained quartz-
carbonate-micaceous aggregate, locally interspersed 
with garnet, biotite and zoisite. The gold content in such 
samples varies from few to tens of ppm. Arsenopyrite 
occurs a fine-acicular or fine-prismatic crystals. The size 
of its crystals varies in length from tens to hundreds of 
microns (Fig. 3a). There are both intergrowths of single 
crystals and stellar aggregates of arsenopyrite, which 
resembled the arsenopyrite of the Suzdal deposit 
discussed above. Commonly, the crystals have a skeletal 
structure and contain inclusions of pyrrhotite. Timing 
relationships of these minerals are not always 
unequivocally established. 

Fine grains of high grade gold were detected in the 
acicular arsenopyrite. It can also be determined by 
HRXCT. The monomineralic fractions of acicular 
arsenopyrite from the OK-108 sample, analyzed by the 
atomic absorption method, contain 348 ppm Au and 0.92 
ppm Ag. The chemical composition of acicular 
arsenopyrite, according to EMPA, is given in Table 1. The 
most analyses of arsenopyrite reveal its non-
stoichiometric varieties enriched in sulfur and depleted in 
arsenic. Nickel and Co contents in arsenopyrite is mainly 
in amounts of up to 0.045 and 0.14 wt. %, respectively. 
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Figure 2. Aggregates of gold-bearing arsenopyrite crystals (sample Su-27) from the Suzdal deposit (East Kazakhstan). a. A scanning electron 
microscope image. b. BSE image of arsenopyrite with highlighted points of gold content determined by micro X-ray analysis (wt. %). c and d - 
HRXCT 3D reconstruction: c – opaque appearance of arsenopyrite; d – arsenopyrite grain is shown in transparent grey contour, the yellow 
points represent the inclusions of gold. 
 
 
Table 1. Composition of arsenopyrite in OK-108 sample, Olympiada 
deposit (in wt. %) (EMPA). 

S As Ni Fe Au Sb Co Tolal 
21,02 44,19 0,026 33,60 0 0,23 0,069 99,14 
20,75 44,43 0,045 33,56 0 0,295 0,087 99,17 
20,85 44,82 0,016 33,43 0,057 0,23 0,063 99,47 
21,14 44,10 0,024 33,58 0,047 0,215 0,068 99,19 
20,57 43,90 0,033 33,73 0,005 1,202 0,063 99,52 
19,75 46,76 0 33,40 0 0 0,143 100,06 
Analyses were carried out at the IGM  SB RAS.  

 
4. Conclusions  

 
Three-dimensional HRXCT reconstruction revealed 
micro-inclusions of native gold in the central parts of the 
acicular crystals and aggregates of the arsenopyrite of 
Suzdal and Olympiada deposits (Figs. 2, 3), although 
previously, researchers assumed the presence of 
exclusively “invisible” gold in unspecified form in such 
acicular crystals. Moreover, gold micro-inclusions were 
found as well in the acicular arsenopyrite from the 
Olympiada deposit (Naumov et al. 2015). In addition, 
according to HRXCT studies of gold distribution in large 
crystals of arsenopyrite from ores of the Bazovskoye 
deposit (Yakutia, Russia), it was found that gold shows 
selective crystallization not only within the aggregate of 
arsenopyrite crystals in the ore zone, but also among the 

crystallographic directions of a single arsenopyrite 
crystal. The question remains unanswered whether these 
crystallographic directions are planes in the areas of 
tension during deformation of arsenopyrite aggregates or 
planes most energetically favorable for gold 
crystallization (Voitenko, 2014). 

In general, methods of high-resolution X-ray 
microtomography allow one to reliably identify dense 
phases, such as inclusions of native gold in crystals of a 
mineral-concentrator (arsenopyrite, pyrite) without 
destroying the hosted mineral grains. This technique 
permits: 

1. To do some estimation of the amount of gold 
inclusions in minerals or host rocks and draw reasonable 
conclusions about the gold content of the ores. 

2. To study in detail the distribution patterns of metal 
inclusions (associated with certain minerals, cracks, 
crystal growth faces, etc.) and to preliminarily evaluate 
the morphology of grains and veinlets without destroying 
the matrix. 
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Figure 3. Acicular microcrystals of gold-bearing arsenopyrite from the Olimpiada deposit (Yenisei Ridge, Russia), sample OK-108. a. SEM 
image. b. HRXCT 3D image. c - 2D x-ray image 
.

3. Applying complex methods (HRXCT combined with 
quantitative analysis of gold content) to determine the 
form of the metal;  to define which type of gold makes the 
greatest contribution to the economic productivity of 
mineralization - the inclusion of native gold or “invisible” 
gold in the form of nanoparticles or structural impurities. 

4. HRXCT studies offer new opportunities for the 
development of efficient technologies for ore processing 
in order to maximize the extraction of the gold, silver or 
PGE minerals. 
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