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Abstract. Most published orogenic gold deposit (OGD) 
models are based heavily on world-class Precambrian 
deposits, many of which are interpreted to have a spatial 
and genetic association with crustal-scale, commonly 
terrane-bounding, transpressive fault zones.  Numerous 
examples of multi-million ounce Phanerozoic OGDs exist, 
however, and results of recent studies suggest that many 
(perhaps most) Phanerozoic OGDs are not directly 
associated with crustal scale faults, but rather represent 
a broader range of mineralization styles than is described 
in published models.  We redefine Phanerozoic OGDs 
into several sub-types within a broad spectrum of deposit 
styles, which differ in terms of tectonic setting, host rock 
lithologies, metal sources, vein styles, and possibly 
grade/tonnage potential.  The same range of processes 
was responsible for the formation of most or all of these 
sub-types; however, this more refined classification of 
Phanerozoic OGDs provides an improved framework with 
which to understand, rank and develop exploration 
strategies for such targets.   
 
1 Introduction 
 
Orogenic gold deposits (OGDs) are an increasingly 
attractive target for the mineral exploration industry, 
despite the fact that these are not a very well defined 
class of deposit.  In addition, most published models for 
OGDs are based heavily on some of the very large 
“greenstone belt” type gold deposits hosted in Archean 
cratons in several parts of the world (particularly the 
Superior Province in central Canada, and the Yilgarn 
Block in western Australia).  OGD models based on such 
deposits suggest that the deposits tend to be closely 
associated with crustal scale, commonly terrane-
bounding, transpressive suture zones, and in fore-arc 
settings.  Indeed, many of the Archean gold deposits do 
appear to fit these criteria.  There are also many 
Phanerozoic examples of multi-million ounce OGDs, 
however, and many of these are not adequately 
described by published models for this class of deposit, 
but represent a considerably broader spectrum of deposit 
styles, in terms of local and regional tectonic setting, 
preferred host lithologies, metal sources, and possibly 

economic potential.  We have developed a refined 
descriptive model specifically for OGDs of Phanerozoic 
age, based on investigations of a very large number of 
Phanerozoic deposits in various parts of the world.  We 
subdivide Phanerozoic OGDs into four main sub-types, 
based on structural controls and tectonic setting, 
associated lithologies (with implications for metal 
source(s) and trapping mechanism, and style of 
mineralization.  These subdivisions are non-genetic; they 
are based mainly on descriptive features.  Finally, we 
discuss the implications for economic ranking of the four 
main sub-types of deposit.  Our classification scheme for 
Phanerozoic OGDs does not include all known deposits, 
and there are some world-class orogenic gold systems, 
such as the giant, Mesozoic-age Jiaodong gold district in 
eastern China, that have not yet been incorporated into 
the scheme.  We suggest, however, that this more refined 
classification of Phanerozoic OGDs provides an 
improved framework with which to understand, rank and 
develop exploration strategies for such targets.   
 
2 Sub-types of Phanerozoic OGDs 
 
We recognize four main sub-types of Phanerozoic OGDs: 
 
2.1 Sierra Nevada Foothills type 
 
These are vein systems that are structurally related to 
major, crustal scale transpressive faults, and are similar 
in many respects to some of the larger Archean OGDs 
associated with the Kirkland-Cadillac and Destor-
Porcupine fault zones in the Abitibi Belt in Ontario and the 
Boulder-Lefroy and other fault zones in the Yilgarn Block 
in western Australia.  Phanerozoic examples include the 
Mother Lode and Alleghany/Grass Valley belts in 
California, the Bridge River-Bralorne belt in British 
Columbia, the Juneau belt in SE Alaska, the Caborca belt 
in Sonora, Mexico, and possibly the Valentine Lake shear 
zone in central Newfoundland.  Gold-bearing quartz veins 
are commonly ribbon-banded, and the sources of metals 
and fluids are uncertain. 
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2.2 Klondike type 
 
These are typically complex, late- to post-tectonic vein 
systems that formed within compressional orogens and 
are not obviously associated with any major fault 
structures.  Veins are commonly low sulphide, single 
stage extensional veins that are usually localized in late 
stage brittle-ductile deformation zones.  Metals are 
commonly derived from relatively local sources.  Well 
studied examples include the Klondike and White Gold 
districts in western Yukon and the Cariboo Gold District 
in east-central British Columbia. 
 
2.3 Otago type 
 
This group of deposits occurs as dispersed vein arrays 
and mineralized shear zones in fore-arc accretionary 
wedges.  Metals appear to be derived from prograde 
metamorphism in deeper structural levels of the 
accretionary complex.  Examples include the Otago 
Schist Belt in South Island, New Zealand (including 
the >10 Moz Macraes deposit), and the Chugach Belt in 
southern Alaska.   
 
2.4 Victoria type 
 
This type of OGD comprises syn- and late-tectonic vein 
systems hosted by thick, deformed turbidite sequences.  
It includes early laminated veins along bedding plane 
faults, as well as later saddle reefs, spur reefs, and 
discordant fissure veins and vein breccias, commonly 
localized in fold hinge regions.  This sub-type includes 
deposits in the Victoria and Meguma gold districts.  In 
some instances, such as in several recently discovered 
zones in the Meguma, and in the Sukhoi Log gold belt in 

southern Russia and the Spanish Mountain area in the 
western part of the Cariboo gold district in east-central 
British Columbia, broad zones of disseminated gold 
mineralization are spatially associated with the more 
typical sediment-hosted veins and vein breccias. 
 
3 Implications for ranking Phanerozoic OGD 

targets 
 
A preliminary ranking of the economic potential of the 
various sub-types of Phanerozoic OGDs discussed 
above has been undertaken.  This is based on studies of 
grade/tonnage relationships of many Phanerozoic 
deposits. These are briefly summarized below.  

Klondike-type are likely to be relatively small and 
mostly uneconomic unless they have locally gold-
enriched sources (e.g., Au-rich VMS as at Lone Star 
Ridge, Klondike). 

The Sierra Nevada Foothills-type deposits appear to 
provide the best opportunity for multiple, possibly large 
deposits, because they have experienced prolonged fluid 
flow, with potential for access to multiple metal sources 
from different crustal levels and reservoirs. 

Otago-type deposits form in fore-arc tectonic settings 
that are commonly not well preserved; they are expected 
to comprise widely scattered, small and uneconomic vein 
occurrences unless a major fluid conduit such as at 
Macraes is present. 

Victoria-type OGDs are controlled by relatively local 
structures, and Pb isotopes suggest metals are mainly 
from relatively local sources.  Such deposits are therefore 
likely to be small unless a major focusing structure is 
present (e.g., Fosterville; Globe-Progress shear zone at 
Reefton).
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Abstract. Palaeozoic basin sediments host orogenic gold 
in the Harlech Dome in Wales and in the Truchas 
Synform in Spain.  New data acquired from both areas, 
combined with the extensive published data, enable the 
testing of old and more recent models for the deposition 
of gold from hydrothermal fluids in orogenic settings 
where metapelites occur. Metamorphic grade is 
greenschist in both areas, with minor igneous activity but 
no major intrusions. P-T conditions are mezozonal. The 
quartz veins/breccias contain typical mineral 
parageneses associated with orogenic gold, with early 
non-auriferous sulphide phases characterised by 
Fe/As/Co while free Au occurs within later phases 
characterised by Cu/Pb/Zn sulphides. Cross-fault 
systems between major faults   have been the typical 
hosts of the mineralisation in the Harlech Dome and this 
was observed outside the Welsh gold belt in this study 
and also in Spain. However, in Spain, the highest levels 
of Au mineralisation were found where quartz veins occur 
in quartzite near to the contact with the metapelites. 
Extensional faulting appears to be a strong control over 
this mineralisation, with a weaker signature where there 
has been mineralisation associated with movement on 
major regional faults.  
 
1 A comparative study  
 
The comparative study of apparently similar instances of 
scientific phenomena is a useful scientific methodology, 
directing the researcher immediately to areas of 
difference, where new insights may be available.  The 
Harlech Dome in NW Wales and the Truchas Synform in 
NW Spain (Fig. 1) provide this opportunity. 
 

 
Figure 1. Location of study areas 
 

The Harlech Dome (Shepherd & Bottrell, 1993, Mason 
et al. 1999, 2002) and the Truchas Synform (Gómez-
Fernández et al. 2005, 2009, 2012a and 2012b) are both 
auriferous and share a number of key features (Table 1).   
 
Table 1. Summary of data, sources as in references above. Data 
for Wales refers to the Clogau and Gwynfynydd mines 

 Wales Spain 

Metamorphic 
grade 

Greenschists,    
epizone, with some 

areas of high 
anchizone 

Greenschists, 
epizone 

Mineralogy 
(metapelites) 

White mica           
Chlorite               
±Quartz               
±Albite 

White mica     
Chlorite        
±Quartz         
±Albite 

Organic 
carbon 
content 

C = 0.69% C = 0.24% 

Vein Type Quartz                   
±fault breccia 

Quartz                
fault breccia 

Phase 1 (As 
and Fe)  

T = 300-390 °C 

P = 200-220 MPa 

Phase 2 (Au, 
Cu, Pb, Zn) 

T = 300 °C 

P =  180 MPa 

T = 180-310 °C 

P = <200 MPa 

34S levels 50% S from wallrock 
equilibrated with 

host rocks 

 
These features place the study areas within the remit 

of models for orogenic gold in low grade metapelite belts 
(Keppie et al. 1986, Jahoda et al. 1989, Cox et al. 1995, 
Bierlein et al. 2001, Pitcairn et al. 2006; Large et al. 2011; 
Hu et al. 2017). Note that the organic carbon contents are 
very low compared with the "black shales" of Vine and 
Tourtelot, (1970) which contain 3%. 
 
2 The Harlech dome 
 
The broad dome structure (Fig. 2) (with the local Caerdon 
Syncline) is traversed by long-lived "meridional" faults.  

The eastern (Fig.2, Area B) and southern outcrop 
(Fig.2, Area C) of the metapelite Clogau Formation hosts 
most of the gold mines (Hall 1990), with some in the 
overlying Maentwrog Formation. Cross-faults on these 
major faults host the mineralisation. Au has not been 
reported from the other pelitic horizon, the Dolgellau 
Member. A key study of the mineralisation and the role of 
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wall rock alteration by Gilbey (1968) was followed by 

 
Figure 2. Key structural and lithological features of the Harlech 
Dome, with the "meridional" faults.  
 
extensive studies during the UK government Mineral 
Reconnaissance Programme (Allen et al. 1979, Cooper 
et al. 1985). A number of papers emerged from this work, 
including a study of the role of CH4 and CO2 in gold 
deposition (Naden and Shepherd 1989). As summarised 
in Shepherd and Bottrell (1993), chemical interaction of 
an externally derived auriferous hydrothermal fluid with C 
from the host black shales resulted in gold precipitation. 
  
3 The Truchas synform 
 
The Luarca Formation, a Middle Ordovician black 
metapelite (Gómez-Fernández et. al. 2009), similar to the 
Clogau Shale, outcrops round the structure of the 
Truchas Synform (Fig. 3) and succeeds the Lower 
Ordovician Armorican Quartzite stratigraphically. 
However D1 isoclinal folding with axes running ESE-
WNW preceded the formation of the syncline by more 
modest D3 folding on the 110º regional trend. The 
dominant fault trend is circa 110º with a conjugate set at 
170º-250º. 

Figure 3. The Truchas Synform. Locations are: 1 Pombriego, 2 
Llamas de Cabrera, 3  Manzaneda, 4  Cunas 
 

At Llamas de Cabrera, from where the highest Au 
values are reported by Gómez-Fernández et al. (2012b), 

particularly at La Casarina, the mineralisation occurs in 
N-S extensional fractures, in a closely-spaced cluster 
between two faults on the regional trend of 110º. These 
veins occur near the contact with the Luarca but are 
actually in the Armorican Quartzite. At Pombriego, much 
lower Au mineralisation is associated with faulting on the 
regional trend rather than local N-S fractures. The veins 
again are in the Armorican Quartzite. 
 
4 New data from Wales 
 
Samples were collected from quartz veins across the NW 
Harlech Dome where very little mining has taken place 
(Fig.2, Area A).  Quartz veins/breccias on the 
"meridional" trend were included, and veins which cross-
cut this trend. Stratigraphically, the samples are from the 
Gamlan, the Clogau Shale and the Maentwrog 
Formation. The results from optical, SEM and EMPA 
studies were supportive of the mineral paragenesis 
indicated in Table 1, with Phase 1 mineral assemblages 
including cobaltite, as well as arsenopyrite and pyrite. Of 
the 4 localities which provided Au values above 0.02 ppm 
in fire assay, one was in the Clogau Shale, two in the 
Gamlan and one in the overlying Maentwrog Formation. 
All were in cross-faults to the major meridional faults.    
 
5 New data from Spain 
 
Samples were collected from fault breccia at Pombriego 
and from quartz veins at Manzaneda and Cunas (Fig. 3).  
The samples from Pombriego and Manzaneda were both 
hosted by Armorican quartzite, while Luarca Shale 
hosted the Cunas samples.  

At Manzaneda, samples were taken from a set of N-S 
trending extensional quartz veins, similar to those at La 
Casarina. An auriferous sample contained the complete 
suite of minerals from Table 1, including two phases of 
arsenopyrite, as reported from Llamas de Cabrera 
(Gómez-Fernández et al. (2005, 2012a).    At Pombriego, 
the samples were taken from fault breccia on the regional 
trend of 110º and returned Au levels by fire assay 
generally lower than Llamas de Cabrera, but higher than 
all other sites. The mineral paragenesis was dominated 
by sphalerite and galena, with country rock inclusions.   

At Cunas, there was no evidence of the mineral 
paragenesis as in Table 1, with only pyrite present in the 
quartz. The vein is highly irregular, and shows none of the 
features implying structural control over mineralisation 
seen at auriferous localities. The Luarca Formation is 
graphitic (Rodríguez Sastre and González Menéndez 
2011) and hence favourable conditions for Au 
mineralisation occur, with a role for C, as in Wales 
(Shepherd and Bottrell 1993). In a separate study 
(González Menéndez et al. in press), we have conducted 
modelling with the objective of explaining the P-T-XCO2 
conditions of hydrothermal fluids and host rocks (volcanic 
and metapelitic), and their relation to the Au precipitation. 
 
6 Discussion and conclusions 
 
In both Wales and Spain, in new and old data, highest Au 
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levels occur in minor cross-fault systems, rather than 
major regional faults.  However, major faults may 
canalize other late hydrothermal fluids that re-dissolve 
Au.  In Spain, the minor cross-fault systems are in (brittle) 
quartzites, near to the metapelites. Hence a structural 
control over the mineralisation is favoured by this study.  
The proximity of the mineralisation to the Luarca make 
both old (Shepherd and Bottrell 1993) and newer models 
(e.g. Gaboury 2013) relevant, but the organic C levels in 
both Wales and Spain metapelites are very low, 
compared with average "black shales".  The models 
propose that C has been leached from the metapelites 
and transferred to CO2 and CH4 in the hydrothermal fluids 
(and later to carbonates) related to Au deposition. 
Perhaps this could occur on a regional scale during 
metamorphic devolatilisation and hence explain the low 
organic C levels.  However recent studies suggest C 
associated with this type of Au mineralisation may be co-
deposited during mineralisation, rather than sourced from 
"carbonaceous" wall-rocks (Hu et al. 2017).    Finally the 
Luarca in our study area contains framboidal pyrite. The 
model of Large et al. (2011), involving the capture of Au 
and associated elements in anoxic/euxinic basin 
sediments, with subsequent concentration during low-
grade metamorphism is therefore interesting. Our current 
work seeks to evaluate this model. 
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Abstract. Orogenic gold deposits (OGDs) produced most 
of the gold that was mined during Roman times in the 
Variscan Belt in NW Iberia, and continue to be the focus 
of active exploration activity. OGDs in this region appear 
to post-date most collisional tectonism and oroclinal 
bending that affected the area, but pre-date the 
emplacement of scattered post-tectonic intrusive rocks 
that are locally associated with intrusion-related gold 
mineralization. Based on our own field observations, 
ongoing geochronological studies and an extensive 
literature review, the NW Iberian OGDs can be grouped 
into a variety of styles, including sheeted gold-quartz 
veins, slate-belt type deposits, shear zone hosted veins 
and replacement type deposits in reactive host rocks 
(esp. ironstones). 
 
1 Introduction 
 
Gold and related deposits are widely distributed 
throughout the Late Paleozoic Variscan Belt in western 
Europe, and the portion of the Variscan Belt in NW Iberia 
was the most important single source of gold for the entire 
Roman Empire during the first and second centuries. 
Most of this gold was derived from lode rather than 
alluvial deposits, which included both orogenic and 
intrusion-related deposits. Distinguishing between 
intrusion-related and orogenic deposits, and between the 
various styles of orogenic deposits present, is critical for 
designing effective gold exploration models for the 
region. Our work thus far has focused mainly in central 
and northern Portugal, and parts of northwestern Spain, 
where we have mapped and sampled many of the known 
regional vein systems, gold occurrences and historic gold 
deposits (Fig. 1). 
 
2 Regional setting 
 
NW Iberia is underlain predominantly by deformed and 
metamorphosed clastic and rare carbonate and volcanic 
rocks of Neoproterozoic to early Carboniferous age that 
made up the west-facing (present-day coordinates) 
northern margin of Gondwana (e.g. Bastida et al. 2010; 
Fernández et al. 2013). These strata were affected by 
east-verging compressional tectonism during the 
Variscan Orogeny, resulting in the development of mainly 
east-verging nappe structures and thrust faults and 
eastward transport of structurally higher units. 
Metamorphic grade and intensity of penetrative 
deformation increases from the eastern Cantabrian Zone 

(CZ), which comprises the foreland of the Variscan Belt, 
to the Western Asturian-Leonese Zone (WALZ) and 
finally to the Central Iberian Zone (CIZ). The structurally 
highest transported rock units make up the Galicia-Trás-
os-Montes Zone (GTMZ), which represents oceanic 
rocks that are interpreted to have been part of the Rheic 
Ocean. This episode of crustal thickening was associated 
with the widespread emplacement of syntectonic, 320-
305 Ma intrusive rocks (e.g. Fernández-Suárez et al. 
2000, 2011). The resulting tectonic geometry has been 
complicated by the development of two oroclines (e.g., 
Gutiérrez-Alonso et al. 2012; Shaw and Johnston 2015), 
the very tight Cantabrian orocline in NW Spain and the 
more open Central Iberian orocline in west-central Spain 
central and northern Portugal, at ~308 Ma (Gutiérrez-
Alonso et al. 2015). Formation of these oroclines appears 
 

 
Figure 1. Regional geology of northwestern Iberia, showing 
locations of intrusion-related and orogenic gold deposits referred to 
in the text:  1 - Rio Narcea belt (El Valle/Carlés); 2 - Linares; 3 - 
Salave; 4 - Corcoesto; 5 - Portas; 6 - Vilalba district; 7 - Franca; 8 - 
Três Minas; 9 - Jales/Gralheira; 10 - Limarinho; 11 - Valongo Belt; 
12 - Castromil; 13 - Bigorne.  Major late sinistral faults: RVF - Régua-
Verín fault zone; VF - Vilariça fault zone.  Oroclinal bends: CO - 
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Cantabrian orocline; CIO - Central Iberian orocline. 
 
to have triggered a lithospheric delamination event, and 
emplacement of a second, more limited pulse of mainly 
post-tectonic, crustally derived intrusions, at ~298-290 
Ma (Gutiérrez-Alonso et al. 2011; Mortensen et al. 2014). 
Major NNE-striking sinistral strike-slip fault zones, 
including the Régua-Verín and Vilariça faults (e.g. 
Marquesa et al. 2002), are relatively late features that cut 
across the deformed metasedimentary and intrusive 
rocks, but locally appear to be contemporaneous with, 
and to some extent localized the emplacement of some 
of the post-tectonic intrusions. 
 
3 Gold deposits in NW Iberia 
 
Numerous gold deposits in NW Spain, including those in 
the Rio Narcea belt, the Vilalba district and at Salave, are 
spatially, temporally and probably genetically associated 
with post-tectonic, 298-290 Ma, intermediate and felsic 
intrusions (Mortensen et al. 2014; Rodríguez-Terente et 
al. 2018). A distinctive feature of the Variscan Belt in NW 
Iberia is the presence of very extensive NE, N and NW 
trending, barren quartz veins 10s of m in width with up to 
20 km mappable strike lengths. Emplacement of these 
veins appears to have pre-dated many of the post-
tectonic granites, but may be broadly related to regional 
strike-slip faulting. Although the veins represent a very 
significant regional hydrothermal event, they appear to be 
completely unmineralized. We interpret most lode gold 
deposits in NW Iberia to be orogenic rather than intrusion-
related, and their timing and the specific structural and 
possible lithological controls on their origin are not 
completely understood. Gold-bearing orogenic vein 
deposits in the region are mainly late-tectonic with 
respect to most of the structures in the region, but for the 
most part pre-date emplacement of the post-tectonic 
granites. Several broad sub-types of orogenic gold 
deposits and occurrences can be distinguished in NW 
Iberia:   

 
• Sets of uni-directional, N to NE-trending, gold-

bearing quartz-arsenopyrite veins are widely 
distributed throughout northern Portugal and 
northwestern Spain, and include Corcoesto, 
Grovelas, Boticas and Penedono. Previous fluid 
chemistry studies indicate that these vein 
systems formed from both metamorphic and 
meteoric fluids, but gold was mainly introduced 
during a late influx of meteoric fluids (Noronha et 
al. 1992; Boiron et al. 2003; Vallance et al. 
2003). 

• “Slate-belt type” deposits, including saddle reefs, 
bedding-parallel veins and discordant veins and 
vein breccias occur locally (e.g., Banjas in the 
Valongo Belt of northern Portugal; da Silva 
2014). 

• Shear zone related veins and vein systems are 
associated with regional scale strike slip faults, 
such as the sinistral Régua-Verín and Vilariça 

fault zones; examples include Jales/Gralheira, 
and possibly Boticas and Bigorne 

• “Homestake-type” replacement of ironstones 
and volcanic rocks, where reactive host rocks 
are intersected by late structures that were local 
conduits for gold-bearing hydrothermal fluid flow 
(e.g., Portas; Cepedal et al. 2018) 

• A variety of other discrete quartz vein systems 
are also present; these are mainly structurally 
controlled isolated gold- (±Sb, base metal) 
bearing veins. These veins include both isolated 
veins and vein sets, or areas where pre-existing 
regional structures have been reactivated during 
local extension or normal faulting (e.g., Castromil 
in the Valongo Belt).  

 
Antimony is associated with gold in many of the 

orogenic occurrences in NW Iberia. In some cases, the 
Sb appears to reflect deposition either late in the 
mineralizing process and/or at shallower depths than 
much of the gold. In addition to structure, there are 
important lithological controls on orogenic mineralization 
in the region. The Lower Ordovician Armorican quartzite 
unit, for example, is an important regional gold 
metallotect throughout the Variscan Belt in NW Iberia, 
where it either hosts or is closely spatially associated with 
a large number of orogenic gold deposits. 
 

4 Conclusions 
 
The Variscan Belt in NW Iberia hosts a variety of orogenic 
gold deposits that generally post-date regional collisional 
tectonism and oroclinal bending and pre-date post-
tectonic intrusion events. When exploring for these types 
of deposits, it is important to distinguish OGDs from the 
typically later intrusion-related deposits and to 
discriminate between the different styles of orogenic 
deposits. In NW Iberia, four main sub-types of OGDs are 
distinguishable. These include sheeted vein systems, 
‘slate-belt type’ deposits, shear zone-hosted vein 
systems and structurally controlled replacement type 
deposits in reactive host rocks.  
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Abstract. The Archean Cheechoo auriferous 
hydrothermal system is hosted by a granodioritic to 
tonalitic intrusion in the Eeyou Istchee James Bay 
(Quebec, Canada) area in the Superior Province. It 
comprises quartz (Qtz) veinlets and quartz-feldspar-
diopside (Qtz-Fsp-Di) veins that underwent amphibolite 
facies metamorphism. These veins were followed by 
pegmatites and by late-chlorite (Chl) veins. The 
geometrical analytical approach (vein thickness, shape, 
size, spacing, fractal distribution, etc.) to characterize the 
vein networks is not reliable because of vein deformation, 
modification of their shapes and relative positions, and/or 
of limited observations due to drill core thickness. To the 
opposite, the number of auriferous veins per length unit 
and the topology are the most reliable tools to 
characterize vein arrays that underwent high-grade 
metamorphism. Application of these methods in the gold-
bearing Cheechoo system shows that the gold 
mineralization is controlled by the number and associated 
connectivity of the Qtz veinlets, and to a minor extent of 
the Qtz-Fsp-Di veins. To the opposite, pegmatites and 
Chl veins only locally remobilize the gold mineralization. 
 
1 Introduction 
 
Stockworks are commonly observed in hydrothermal ore 
deposits. For example, they can form part of (i) porphyry 
Cu-, Mo- and epithermal Sn- and Au-Ag deposits in 
association with disseminated mineralization (Sillitoe 
2010), of (ii) Iron Oxide Copper Gold deposits, commonly 
associated with hematite- and magnetite-rich ore zones 
(Corriveau et al. 2010), of (iii) the epigenetic root zone of 
Volcanic-Hosted Massive Sulfide deposits or (iv) vein 
networks in orogenic gold deposits. 

The structural characterization of these objects is 
challenging due to the superposition of multiple vein 
networks and to the presence of deformation and 
metamorphism that can modify original vein geometry 
and mineralogy. Two main methods have been proposed 
for the characterization of a vein or fracture network: (i) 
the geometrical approach dealing with parameters such 
as vein thickness, shape, size, spacing, fractal 
distribution, etc. (e.g. Gillespie et al. 1999; Marrett et al. 
2018) and (ii) a new topological approach that allows the 
quantification of the connectivity of a vein network based 
on vein or fracture relationships (Sanderson and Nixon 
2015). This second approach has the advantage of being 
based on parameters that are not modified by 
deformation and metamorphism and allows discussion of 
vein network permeability. Both methods have been 
essentially developed and used with a focus on 

petroleum geoscience and characterization of simple 
hydrothermal and fracture systems emplaced in a brittle 
medium (e.g. Narr and Suppe 1991; Gillespie et al. 1999). 
To the opposite, a large proportion of hydrothermal 
metallic deposits, especially gold deposits, commonly 
show complex vein systems with multiple vein 
generations hosted in metamorphosed and ductily 
deformed rocks. They are generally formed through 
successive fracturing events and/or show an 
alteration/metamorphic overprint. Therefore, several 
questions arise, (i) are the geometric and topologic 
approaches used to characterize fracture and vein arrays 
useful in the case of a natural gold deposit that underwent 
high-grade metamorphism, and (ii) can they be used as 
an exploration tool to target stockwork-hosted gold 
occurrences? 

This study focuses on the Archean gold-rich Cheechoo 
granodioritic to tonalitic intrusion located close to the 
contact between the Opinaca and La Grande 
subprovinces in the Eeyou Istchee James Bay area 
(Quebec, Canada, Fig. 1). It consists of a ca. 500 m thick 
sill intruded into wacke and showing variable degrees of 
hydrothermal alteration (Fontaine et al. 2018). It was cut 
by several vein generations with poorly understood 
geometry and distribution, but for which vein density has 
been inferred to control gold grade (Fontaine et al. 2018). 

This contribution presents a paragenetic interpretation 
of the Cheechoo vein network and its characterization 
using the topologic approach of Sanderson and Nixon 
(2015) on drill core samples. It allows to discuss the 
structural specificity of the gold mineralization, and if the 
geometric and topologic approaches are adapted to 
characterize and explore such networks in amphibolite 
facies metamorphic rocks. 

 
2 Geologic framework 
 
The Cheechoo intrusion is located in the La Grande 
Subprovince close to the contact with the Opinaca 
Subprovince (Fig. 1, Fontaine et al., 2018). The area 
recorded four phases of deformation. D1 corresponds to 
NW-directed thrusts and F1 folds refolded by F2 folds 
around 2710-2697 Ma (Moukhsil et al. 2003; Ravenelle 
et al. 2010). D2 is the main phase of deformation, 
associated with the transposition of S1 into the E-W-
trending S2 foliation (Bandyayera et al. 2010). It lasted 
until ca. 2603 Ma and was associated with amphibolite 
facies metamorphism (Bandyayera et al. 2010; Dubé et 
al. 2011; Ravenelle et al. 2010; Fontaine et al. 2018). D3 
is associated with SW-NE-trending F3 folds, with a dome-
and-basin structure and an S3 foliation (Fig. 1, 
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Bandyayera et al. 2010; Ravenelle et al. 2010). D4 is 
recognized as E-W to NW-SE subvertical faults and high 
strain zones (Fig. 1, Morfin et al. 2013; Fontaine et al. 
2018). 

The Cheechoo intrusion is inferred to be emplaced 
syn- to late-D2 at ca. 2612 Ma (U-Pb TIMS on zircon, 
Fontaine et al. 2015). It is granodioritic to tonalitic and of 
metaluminous and reduced composition (Fontaine et al. 
2018). It underwent hydrothermal alteration including 
pervasive albitisation, local chloritization, and zones of 
calc-silicate alteration composed of plagioclase, quartz, 
phlogopite, diopside ± titanite porphyroblasts. 

 
3 Vein types 

 
Several vein types have been recognized in the 
Cheechoo intrusion by Fontaine et al. (2018) but only four 
show spatial associations with the gold mineralization. 
Based on crosscutting relationships they were emplaced 
in the following order.  

Quartz (Qtz) only veinlets are ubiquitous, millimetric 
and folded (Fig. 2a) to locally transposed into the S2 
foliation. They locally contain sulfides (pyrite, 
arsenopyrite, pyrrhotite) and visible gold. 

Quartz-feldspar-diopside (Qtz-Fsp-Di) veins differ from 
the Qtz veinlets by their mineralogical composition (Fig. 
2b) and are found in textural continuity of one another. 
Accordingly, both are early- to syn-D2. 

Pegmatitic veins are centimetric to decimetric granitic 
in composition and laterally evolve into metric pegmatites 
(Fig. 2c) with accessory biotite ± tourmaline ± apatite. 
Mineralization occurs as sulfide aggregates in pegmatites 
emplaced into the main intrusion. Both pegmatitic veins 
and pegmatites are folded and may be partially 
transposed into the S2 foliation but do not show evidence 
for solid state deformation, suggesting their syn-D2 to 
early-D3 emplacement. 

Chlorite (Chl) veins are straight thin chlorite-coated 
fractures that crosscut previous vein generations and 
structures (Fig. 2c), pointing to their emplacement under 

brittle conditions. They rarely contain sulfides and visible 
gold particles that are generally in association with pyrite 
(Fontaine et al. 2018). 
 
4 Reliability of the geometric approach 
 
The classical geometric approaches to characterize vein 
networks consists in calculating aspect ratios 
(thickness/length) and spacing (e.g. Gillespie et al., 
1999). The Qtz veinlets and Qtz-Fsp-Di veins are 
emplaced early- to syn-D2 and recorded subsequent 
metamorphism and deformation leading to their folding, 
transposition and shape modification. Hence, these veins 
have lengths, thicknesses and orientations relative to the 
investigated scanline that do not reflect emplacement 
processes. Moreover, pegmatites and Chl veins are too 
thick and too long, respectively, compared to the drill core 
width to allow reliable measurement of length, thickness 
and orientation. Accordingly, the classical geometric 
approaches cannot be carried out on vein arrays from 
crustal segments that underwent such high-grade 
metamorphism and deformation. 

 
5 Number of veins and gold grade 

 
The number of veins, that is independent on features 
discussed above, has been investigated per length unit 
(ca. 1.5 m) along drill core sections for each vein 
generation and has been compared to the gold grade. It 
reveals that the number of Qtz veinlets, and to a minor 
extent of Qtz-Fsp-Di veins, is correlated to the gold grade 
(Fig. 3b-c). To the opposite, the pegmatites and Chl veins 
do not show similar correlations (Fig. 3b-c).  

Figure 1. Geological map of the Cheechoo and Eleonore mine area (Eeyou Istchee James Bay, Quebec) in the frame of the La Grande and 
Opinaca subprovinces (after Fontaine et al. 2018). Abbreviations: 1 = Dubé et al. (2011); 2 = Ravenelle et al. (2010); 3 = Fontaine et al. (2015); 
4 = Goutier et al. (2000); 5 = David et al. (2010); 6 = Morfin et al. (2013); 7 = McNicoll (unpublished data in Fontaine et al. 2018); 8 = Bandyayera 
and Fliszár (2007); 9 = David (unpublished data in Fontaine et al. 2018). Coordinates: NAD83, UTM 18N zone. 
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6 Topology and connectivity of the networks 
 
We used the topological approach of Sanderson and 
Nixon (2015) on each vein array to decipher the 
relationships between veins and the respective network 
connectivity. It is based on counting and classifying the 
nodes of each vein termination or intersection into 
isolated tips (I), abutments or splays (Y) or crosscutting 
intersections (X). They are linked to an average 
connection per branch (CB) that represents a 
quantification of the vein network connectivity (CB <1 for 
unconnected networks and CB >1 for connected 
networks; Sanderson and Nixon 2015). 

The Qtz veinlets, Qtz-Fsp-Di veins and pegmatites 
show an I-Y dominated network with an X-node 
proportion generally below 10% (Fig. 4a). To the 
opposite, Chl veins show a more important proportion of 
X-nodes that can reach up to 50% of the node types (Fig. 
4a). 

The CB parameter calculated for Qtz veinlets, and to a 
minor extent for Qtz-Fsp-Di veins, show strong 
correlations with the gold grade (Fig. 3b, d), i.e. when 
these networks are connected (CB>1), the gold grade 
reaches values above 0.30 g/t. To the contrary, similar 
relationships cannot be outlined for pegmatites or Chl 
veins. 

7 Discussion 
 
This study allows to discuss the use of the geometric and 
topologic approaches and their application in the study of 
a natural gold deposit hosted in high-grade metamorphic 
rocks. 

The Cheechoo intrusion is cut by several generations 
of veins that evolved from Qtz veinlets ± visible gold, to 
Qtz-Fsp-Di veins ± sulfides, to pegmatitic veins and 
pegmatites, and to late retrogressive Chl veins. Due to 
the deformation and folding of the two first vein 
generations, the geometric approach is not reliable and 
cannot be used to discuss stockwork formation and 
evolution. 

To the opposite, the number of veins per length unit 
remains a useful and reliable parameter to be correlated 
to the metal grade, as shown by the strong correlation 
between the number of Qtz veinlets and, to a minor 
extent, of the Qtz-Fsp-Di veins, and the gold grade (Fig. 
3b-c). These results refine the conclusions of Fontaine et 
al. (2018), by providing evidence that (i) gold 
concentration is function of Qtz and Qtz-Fsp-Di vein 
density, and that (ii) pegmatites and Chl veins locally 
remobilize gold (Fig. 3b-c). 

 

Figure 2. a: ptygmatitic folds in a quartz veinlet showing their emplacement in the Cheechoo intrusion prior to the main D2 deformation 
event; b: folded, transposed and sulfide-rich quartz-feldspar-diopside vein; c: thin and straight chlorite vein crosscutting a pegmatite. 
Abbreviations: Apy = arsenopyrite; Chl = chlorite; Di = diopside; Fsp = feldspar; Po = pyrrhotite; Py = pyrite; Qtz = quartz. 

Figure 3. Vertical correlations between the lithostratigraphic log of the CH17-126 drill core of the Cheechoo intrusion and the numerical and 
topological parameters of vein networks. a: lithostratigraphic log; b: gold grade (unpublished data from Sirios Resources); c: number of veins; 
d: average number of connections per branch (CB) of the network. Note the strong positive correlation between the gold grade values and the 
number of Qtz veinlets, and to a minor extent of Qtz-Fsp-Di veins, and their CB. Abbreviations: Chl = chlorite; Di = diopside; Fsp = feldspar; 
Qtz = quartz. 
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Moreover, this study provides topological evidence 
that the connectivity of the Qtz veinlets and of the Qtz-
Fsp-Di veins significantly influences the gold 
concentration. Indeed, gold grades that are higher than 
0.30 g/t are associated with Qtz veinlets and Qtz-Fsp-Di 
vein arrays with CB over 1. This approach deals with vein 
relationships and types of connections and is therefore 
not influenced by subsequent deformation or 
metamorphism if it did not lead to obliteration of the vein 
terminations. 

 
8 Conclusions 
 
This study shows that complex and polyphased natural 
vein and fracture systems such as hydrothermal ore 
deposits that underwent high-grade metamorphism 
cannot be characterized using classic geometric 
approaches. To the opposite, the number of veins per 
length unit correlated to a metal grade and the topologic 
approach are reliable tools to decipher structural controls 
on the mineralization. The relative proportion of X, Y and 
I vein nodes allows to recognize individual vein networks 
within a polyphased hydrothermal system. Moreover, 
these parameters can be used as exploration tools. 
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