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Abstract 

The Phoenix unconformity-related uranium (URU) deposit, located in the southeastern 

Athabasca Basin, is associated with a NE-trending, moderately SE-dipping reverse fault 

crosscutting the unconformity between the Proterozoic Athabasca Group and the 

Archean – Paleoproterozoic basement. The mineralisation occurs mainly along the 

faulted graphite zones or at the intersection of the faults and unconformity and is 

associated with pervasively developed tourmaline alteration. Primary aqueous fluid 

inclusions were studied in post-diagenetic, pre- to syn-mineralisation quartz overgrowths 

and vug-filling drusy quartz in sandstone (QBSN2), and syn- to post-mineralisation, vein-

filling coarse-grained drusy quartz in both sandstone (QBSN3) and basement (QBSM4). 

Only a few liquid-dominant biphase aqueous fluid inclusions were found in QBSN2, while 

four types of aqueous fluid inclusions, including liquid-dominant biphase (liquid + 

vapour), vapour-dominant biphase (vapour + liquid), monophase (vapour-only) and 

triphase (liquid + vapour + solid) inclusions, were recognized in QBSN3 and QBSM4. The 

coexistence of multiple types of inclusions within individual fluid inclusion assemblages 

is interpreted to indicate fluid immiscibility and heterogeneous trapping. 

Microthermometric and cryogenic Raman spectroscopic analyses reveal that the high-

salinity fluids in QBSN2, QBSN3 and QBSM4 belong to the H2O-NaCl-CaCl2 ± MgCl2 fluid 

system. The liquid-dominant inclusions in QBSN2 are interpreted to represent 

homogeneous trapping of the liquid phase show a high salinity of 27.9 wt% 

(NaCl+CaCl2; same for all the salinity values unless otherwise specified) and a moderate 

temperature of 128 °C, whereas those in QBSN3 indicate a wide range of salinities from 
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1.2 to 33.0 wt% and temperatures from 80 to 157 C for QBSN3. The inclusions of QBSM4 

yielded high salinities from 26.0 to 30.1 wt% and low to moderate temperatures from 90 

to 130 °C. Bulk fluid inclusion volatile analysis by mass spectrometry indicates H2O as 

the dominant species, with less than 1 mole% non-aqueous volatiles.  

The Raman spectroscopic study of the metamorphic graphite in metapelites (Gr1) 

suggests gradual structural disordering towards the mineralisation, reflected by an 

increasing percentage of disordered spectra (D1 and D2 bands at ~1350 cm
–1

 and ~1620 

cm
–1

 other than prominent G band at ~1580 cm
–1

). Surficial defects appearing as hollow 

points were observed near the mineralisation zone and interpreted to be caused by 

oxidizing acidic brines. Secondary methane-dominant vapour inclusions associated with 

biphase aqueous inclusions in the pegmatitic or massive quartz in the basement (QBSM2) 

are considered to represent the basement derived C-O-H fluids, which may have served 

as reducing agents for U precipitation.  

The new data obtained in this study about fluid inclusions and graphite in the Phoenix 

uranium deposit are generally consistent with those from other unconformity-related 

uranium deposits in the Athabasca Basin. However, our mineralising fluid temperatures 

are considerably lower than those reported in previous studies, and the depth of 

mineralisation, inferred from fluid immiscibility and pressure calculations, is 

significantly shallower than invoked in the conventional deep-burial hydrothermal model. 

Furthermore, the spatial association of graphite dissolution and structural disordering 

with mineralisation confirm the important role of graphite in mineralisation through 

fluid-graphite reaction and generation of hydrocarbons.
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1. Introduction 

A number of high-grade unconformity-related uranium deposits have been discovered in 

the Athabasca Basin, northern Saskatchewan, Canada (Fig. 1) (Jefferson et al., 2007). 

The orebodies commonly occur near the unconformity between the Archean to 

Paleoproterozoic basement and the Proterozoic Athabasca Group, especially in vicinity 

of the intersections of the unconformity and the crosscutting structures rooted in the 

basement rocks (Jefferson et al., 2007; Fayek, 2013). Previous studies on unconformity-

related uranium deposits in the Athabasca Basin have generally agreed upon a genetic 

model in which oxidized basinal brines either reacted with reduced basement lithologies 

(particularly those rich in graphite) or mixed with reduced fluids derived from the 

basement and precipitated uraninite near the unconformity (Hoeve and Sibbald, 1978; 

Hoeve and Quirt, 1984; Kyser et al., 2000; Cuney et al., 2003; Richard et al., 2011; 

Mercadier et al., 2012). However, there are still a number of unanswered questions or 

uncertainties about the genesis of the unconformity-related uranium deposits, among 

which two prominent problems are: 1) the temperature-pressure (depth) conditions and 

hydrodynamic regimes of mineralisation remain poorly constrained (Chi et al., 2015); 

and 2) the actual role of graphite in uranium precipitation remains poorly understood 

(Jefferson et al., 2007). This thesis aims to tackle these problems through detailed study 

of fluid inclusions and graphite in the Phoenix uranium deposit in the southeastern 

Athabasca Basin.  

Fluid inclusions have generally played an important role in characterising hydrothermal 

mineralisation systems and establishing genetic models, since they record the 
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composition and possible temperature and pressure conditions of the paleofluids 

responsible for the mineralisation (Roeder, 1984; Wilkinson, 2000). A number of fluid 

inclusion studies have been carried out on unconformity-related uranium deposits in the 

Athabasca Basin, which have come to the general conclusion that the mineralising fluids 

were highly saline basin-derived fluids with temperatures ranging from 120 to 250C and 

that the mineralisation took place at deep (5 km or more) burial conditions (Pagel et al., 

1980; Kotzer and Kyser, 1995; Derome et al., 2005; Mercadier et al., 2010; Richard et al., 

2010). These conclusions were based primarily on a fluid inclusion study of the Rumpel 

Lake drill core by Pagel (1975), which deduced a lithostatic pressure regime and a 

geothermal gradient of 35C/km, estimated a maximum burial depth of 4.8 km at the site 

of the Carswell structure and inferred that 3.2 km strata has been eroded on top of the 

Rumpel Lake drill core. Some more recent fluid inclusions studies (e.g., Derome et al., 

2005; Richard et al., 2010, 2016) generally agree with the early works, and further 

emphasised the involvement of two types of brines, an NaCl-rich brine and a CaCl2-rich 

brine. In particular, Derome et al. (2005), through detailed microthermometric studies of 

fluid inclusions from the McArthur River uranium deposit, concluded that a hot NaCl-

rich brine (190 to 235C) mixed with a cooler CaCl2-rich brine (~140C) during 

mineralisation. They further inferred that the NaCl-rich brine was under a lithostatic 

fluid pressure regime (1200 to 1400 bars), which was changed to a near hydrostatic 

condition (~700 bars) due to tectonic movement and breccia formation, accompanied by  

introduction of the CaCl2-rich brine.  

The lithostatic fluid pressure regime invoked in the previous studies (Pagel, 1975; 

Derome et al., 2005) is contradictory to a recent study by Chi et al. (2013) suggesting 
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that the fluid pressure regime was near hydrostatic in the Athabasca Basin throughout its 

depositional history, in accordance with the sand-dominated nature of the basin. Similar 

inferences have also been made by other studies (Raffensperger and Garven, 1995; Cui 

et al., 2012). Recent studies of fluid inclusions related to uranium mineralisation in 

northern Saskatchewan and Nunavut (Chi et al., 2014a, 2016; Liang et al., in review) 

suggest that many uranium mineralisation systems, including those in the Athabasca 

Basin, may have been formed in much shallower environments than previously thought, 

mainly based on fluid immiscibility and fluid pressure calculations. It has been further 

proposed that the relatively high fluid temperatures recognized in the Athabasca Basin 

uranium deposits may have been caused by fluid convection rather than deep burial (Chu 

and Chi, 2016). One of the main purposes of this study is to examine the fluid inclusions 

in the Phoenix deposit in order to address these controversies.  

For years, abundant and pervasive graphite has been observed in pelitic rock units or 

along faults in the basement near many uranium deposits (Hoeve and Sibbald, 1978; 

McCready et al., 1999; Annesley et al., 2001; Jefferson et al., 2007; Yeo and Potter, 

2010). Hoeve and Sibbald (1978) proposed that the breakdown product of graphite 

(hydrocarbons, especially CH4) may have served as the reducing agent for the redox 

reaction precipitating uraninite. More recent research has revealed a gradual loss and 

disordering of graphite towards the mineralised zones in some uranium deposits (Wang 

et al., 1989; Pascal et al., 2015; Wang et al., 2015). It is still uncertain, however, whether 

graphite acted as a direct reductant, or as the precursor of hydrocarbons, that caused 

uraninite precipitation. It is also unclear whether fluid-graphite interactions have left a 

signature in the graphite that may be used as a mineralisation indicator. Thus, another 
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purpose of this study is to examine the graphite in the Phoenix deposit, aiming to find 

clues toward the nature of graphite-uranium mineralisation association. 

The Phoenix uranium deposit is located 35 km southwest of the world-class McArthur 

River uranium deposit in the southeastern Athabasca Basin. Previous geological and 

geochemical studies indicate that it has features similar to other unconformity-related 

uranium deposits in the region, especially the proximal McArthur River deposit (e.g., 

Gamelin et al., 2010; Kerr, 2010; Power et al., 2012; Dann et al., 2014). The abundance 

of drusy quartz veins that contain well developed fluid inclusions, and various 

occurrences of graphite in the basement in and around the mineralised zones, provide the 

opportunity to address the unsolved problems discussed above. Detailed core 

examination and petrographic work were carried out in order to provide a paragenetic 

framework to constrain the relative timing between different generations of fluid 

inclusions, graphite, other hydrothermal minerals and uranium mineralisation, followed 

by microthermometric, Raman cryogenic spectroscopic and mass spectrometric studies 

of fluid inclusions, and petrographic and Raman spectroscopic studies of graphite. The 

significance of the results is discussed in terms of mineralisation environment, 

hydrodynamic regime, and factors controlling the localisation of the mineralisation.   
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2. Geologic Setting 

2.1 Regional Geology 

The Proterozoic Athabasca Basin unconformably overlies Archean to Paleoproterozoic 

crystalline basement rocks of the Western Churchill Province. This tectonic province is 

separated by a continental-scale northeast-trending suture, the Snowbird tectonic zone, 

into two subprovinces (also designated as provinces), the Rae Province and the Hearne 

Province (Hoffman, 1988; Jefferson et al., 2007; Card et al., 2007). The Rae Province 

comprises several lithotectonic domains from west to east, including the Zemlak, 

Beaverlodge, and Tantato domains north of Lake Athabasca and the Lloyd and 

Clearwater domains south of the Athabasca Basin (Fig. 1). The Hearne Province beneath 

the Athabasca Basin contains three main domains, i.e., from west to east, the Virgin 

River, Mudjatik and Wollaston domains. 

In the Athabasca Basin, the majority of the well-known unconformity-related uranium 

deposits are located in the eastern part, underlain by the Hearne Province, and close to 

the transition zone between the Mudjatik and the Wollaston domains (Jefferson et al., 

2007; Card et al., 2007). The Mudjatik Domain is characterised by its dome-and-basin 

structural style, which contrasts with the linear structural style in the Wollaston Domain 

(Card et al., 2007). The Wollaston Domain is mainly composed of Archean granotoid 

gneisses, overlying Paleoproterozoic Wollaston Supergroup metapelites, and small mafic 

to felsic intrusive bodies (Annesley et al., 2005; Yeo and Delaney, 2007; Card et al., 

2007). The supracrustal metasedimentary rocks of the Wollaston Supergroup,
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Figure 1. A regional geological map showing the location of the Phoenix uranium deposit in the southeastern part of the Athabasca 

Basin (modified from Card et al., 2007). 
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consisting of the Courtenay Lake, Souter Lake, Daly Lake and Geikie River groups, 

record successive sedimentary environments, generally reflecting a progression from 

initial rifting and passive margin sedimentation, to susequent foreland-basin 

development (Yeo and Delaney, 2007). Most of the Wollaston Domain has been strongly 

deformed and metamorphosed during the 1860 to 1720 Ma Trans-Hudson orogeny, 

resulting in tight to isoclinal northeast-trending double-plunging folds and thrust 

structures and the upper amphibolite- to lower granulite-grade metamorphism (Annesley 

et al., 2005; Yeo and Delaney, 2007; Card et al., 2007). 

The Athabasca Group, the sedimentary sequence of the Athabasca Basin, was deposited 

from ca. 1760 to 1500 Ma after the latest stages of Trans-Hudson orogenesis. The larger 

basin consists of a series of NE-SW oriented sub-basins (Ramaekers et al., 2007). Within 

these sub-basins and the greater basin, the Athabasca Group comprises four 

unconformity-bounded sequences (Ramaekers et al., 2007): from bottom to top, these are 

the sandy to conglomeratic Fair Point Formation (sequence 1), the quartz-arenitic Read, 

Smart and Manitou Falls formations (sequence 2), the pebbly sandy Lazenby Lake and 

mudstone-rich Wolverine Point formations (sequence 3), and the pebbly sandy and 

conglomeratic Locker Lake, sandy Otherside, mudstone-rich Douglas, and dolomitic 

Carswell formations (sequence 4). The maximum thickness of currently preserved 

Athabasca Group is around 1500 m, whereas that during the peak burial could have 

reached 5 km (Pagel, 1975; Derome et al., 2005; Ramaekers et al., 2007). The 

easternmost Cree Sub-basin hosts the majority of the known high-grade unconformity-

related uranium deposits (Ramaekers et al., 2007), including the Phoenix deposit on the 

Wheeler River Property (Fig. 1).  
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In the Cree Sub-basin, the Athabasca Group is dominated by clastic quartz-rich 

sedimentary rocks of the Read and Manitou Falls formations (Jefferson et al., 2007; 

Cloutier et al., 2010). The uranium deposits have been mostly discovered near the 

unconformity between the basement and the basin and are structurally controlled by NE-

trending faults crosscutting the unconformity (Annesley et al., 2005; Jefferson et al., 

2007). These brittle faults are rooted in the basement, and many of them are associated 

with sheared graphitic pelitic units; they are interpreted as reactivated Hudsonian age 

ductile shear zones (Annesley et al., 2005; Card et al., 2007; Cuney and Kyser, 2009).  

A district-scale, NE-trending alteration zone, with a large illite anomaly enclosing sub-

parallel linear zones of anomalous chlorite and tourmaline, superimposed on the 

background of diagenetic, dickite-dominated clay alteration in the sandstone, was 

recognized in the southeastern Athabasca Basin by Earle and Sopuck (1989). This 

alteration corridor is up to 30 km wide, encompassing the most important U deposits and 

prospects in the southeastern Athabasca Basin and, extending northeastwards from Key 

Lake to Cigar Lake for more than 100 km (Fig. 2.1). Recent studies have revealed a 

close spatial relationship between this regional alteration zone and reactivated basement 

structures as well as uranium mineralisation, as illustrated by the distribution of ground 

EM conductors, uranium deposits, and unconformity topography  (Fig. 2.1)  (Jefferson et 

al., 2007; Cloutier et al., 2010; Li et al., 2015). Moreover, the chlorite anomaly in the 

eastern part of the alteration corridor is found spatially associated with quartz ridges 

(Jefferson et al., 2007). The reactivated shear zones are considered to be the main 

conduits of the fluid flow responsible for the uranium mineralisation and associated clay 

alteration (Jefferson et al., 2007; Cuney and Kyser, 2009; Li et al., 2015).  
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Figure 1.1 Lithogeochemical map of the southeastern Athabasca Basin, showing regional 

illite, chlorite, and dravite anomalies in the surficial material and outcrops of the 

Athabasca Group (after Earle and Sopuck (1989) and Li et al. (2015)). Ground 

electromagnetic (EM) conductors and uranium deposits, occurrences, and prospects are 

superimposed on the map, data from the Geological Atlas of Saskatchewan. 
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2.2 Geology of the Phoenix deposit 

The Phoenix deposit is situated in the southeastern part of the Athabasca Basin, ~35 km 

southwest of the McArthur River deposit and 25 km northeast of the Key Lake mine 

(Kerr, 2010). It consists of a series of high-grade uranium orebodies at the intersection of 

the WS shear zone with the sub-Athabasca unconformity (Fig. 2.2). The mineralisation is 

partly hosted by sandstone of the Athabasca Group, and partly by the basement rocks.  

The basement rocks in the Phoenix deposit are metasedimentary rocks of the Wollaston 

Supergroup including graphitic and non-graphitic pelite, semipelitic gneiss, 

metaquartzite, rare felsic and quartz feldspathic granitoid gneiss and calc-silicate gneiss 

(Fig. 2.3) (Kerr, 2010). The pelitic units typically contain garnet, cordierite and 

sillimanite, diagnostic of upper amphibolite- to lower granulite- facies metamorphism. 

Decimetre to metre-thick, sheet-like quartz-rich pegmatite segregations are commonly 

present in all the metasedimentary units. These sheets and lit-par-lit intercalations of 

quartz are closely associated with pegmatite and appear to be largely of hydrothermal 

origin (Card, 2012). However, some quartzitic units within the Wollaston Group in this 

region were previously interpreted as ‘orthquartzite’ with the connotation of a 

sedimentary origin. There is, in fact, a prominent paleotopographic ridge of  such 

“quartzite” on the unconformity surface (the “quartzite ridge”) right on the east side of 

the Phoenix deposit (Fig. 2.3A). The top 3 to 10 m of the crystalline basement rocks 

immediately below the unconformity is superimposed by a paleoweathered profile (Kerr, 

2010). 
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Figure 2.2 A map showing the locations of diamond drill holes studied from the Phoenix deposit 

(modified from Roscoe, 2014).
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In the Phoenix deposit area, the thickness of preserved Athabasca Group sandstone 

varies from ~170 m over the quartz ridge up to 560 m on the west side of the ridge (Kerr, 

2010). Only the two basal units of the Athabasca Group are preserved above the 

unconformity at the Phoenix deposit, the Read Formation and the Manitou Falls 

Formation (Fig. 2.3A). The Read Formation (Rd) is subdivided into a lower unit of 

pebble-cobble conglomerate to pebbly sandstone and an upper unit of well-sorted 

sandstone to pebbly sandstone (Kerr, 2010). The Read Formation thins towards the  

“quartzite” ridge and wedges out over the top of the ridge. A fault-scarp talus breccia 

consisting of centimetre to metre size angular quartzite blocks has been observed on the 

west side of the “quartzite” ridge within the Read Formation (Bosman and Korness, 2007; 

Kerr, 2010). This 10-m-thick quartzite breccia has been intersected in numerous drill 

holes and in places, is associated with uranium mineralisation along the western margin 

(footwall) of the “quartzite” ridge (Kerr, 2010).  

The overlying Manitou Falls Formation is composed mainly of sandstone and is divided 

into three members, which are, from bottom to top, the Bird (MFb), Collins (MFc) and 

Dunlop (MFd) members. The Bird Member, which is also absent above the “quartzite” 

ridge, is characterised by over 1.2% conglomerate beds thicker than 2 cm. The Collins 

Member is relatively clean quartz arenite with no more than 2% of 2 cm or thicker 

conglomerate interbeds and less than 0.6% clay intraclasts. The Dunlop Member 

gradationally overlying MFc does not include any conglomerate beds and contain more 

than 0.6% clay intraclasts (Ramaekers et al., 2007; Bosman and Korness, 2007). 
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Figure 2.3 Schematic cross sections of the Phoenix deposit and neighboring area (see 

location of A-A' section on Figure 2.2): A. A schematic NW-SE cross section of the 

Phoenix deposit and neighboring area. Note only drill holes examined are shown 

(modified from Arseneau and Revering, 2010); the mineralisation and the fault zones are 

not shown due to the limitation of the horizontal scale. Sandstone units: Rd = Read 

Formation, MF = Manitou Falls Formations: MFb = Bird Member, MFc = Collins 

Member, MFd = Dunlop Member; B. A schematic NW-SE cross section of the Phoenix 

deposit (modified from Gamelin et al., 2010). 

The WS shear zone in the basement is so far the only recognized structure associated 

with the Phoenix deposit (Kerr, 2010). It is a NE-trending, moderately SE-dipping, 

narrow reverse fault zone, rooted in the Paleoproterozoic graphite-rich pelitic units and 

crosscutting the unconformity (Fig. 2.3B). According to Kerr (2010), and verified in this 

study, the deformation within the WS shear zone is partly ductile, expressed in the form 

of strong gneissic/migmatitic foliation in the Wollaston Group basement rocks, with 

superimposed, spaced, ductile to brittle/cataclastic deformation and fracturing in 

localized zones. Late crystalline quartz- and drusy quartz-filled fracture networks, with 

local zones of brecciation, clearly cut both basement rocks and sandstone and the 

unconformity surface. Late brittle deformation/reactivation appears to have been most 

active during the deposition of the Read Formation, with the “quartzite” ridge being a 

backstop for thrusting and reverse faulting (Kerr, 2010; Arseneau and Reversing, 2010). 

Continued movements are witnessed by the westward tilting of the MFc bedding and by 

the splays extending into the Manitou Falls Formation.  
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Uranium mineralisation at the Phoenix deposit can be divided into two types, 

unconformity-hosted and basement-hosted (Arseneau and Revering, 2010). The former, 

the most widespread and common style in the deposit, is developed as shallowly dipping 

lenses of monomineralic uranium orebodies in the lowermost Athabasca Group right 

above the unconformity or straddling the unconformity and extending for a few metres 

into the basement. In places, the unconformity-hosted mineralisation zone is composed 

of several thin, stacked mineralised zones. The latter, basement-hosted mineralisation, is 

present in several parts of the Phoenix deposit. It forms steeply-dipping, discontinuous, 

thin, parallel to sub-parallel orebodies along the faults associated with the WS shear zone. 

The mineralisation occurs up to 20 metres below the unconformity and is spatially below 

the unconformity-hosted orebodies. Both styles of mineralisation appear to be strongly 

structurally controlled by the WS shear and/or its associated splays and fractures. In the 

newly discovered Gryphon Zone, approximately three kilometres northwest of the 

Phoenix deposit, high grade basement hosted uranium mineralisation occurs about 650 

meters below the surface and 180 meters below the unconformity (Fig. 2.2; Sorba et al., 

2014). 

As part of the alteration related to uranium mineralisation, the basal part of Athabasca 

sandstone above the unconformity exhibits variable degrees of silicification, 

desilicification and clay mineral alterations. The Phoenix deposit lies within the regional 

illite alteration corridor (Earle and Sopuck, 1989) mentioned above (Fig. 2.1). The 

sandstone alteration throughout the Phoenix area is dominated by illite with lesser 

amounts of dickite (Earle and Sopuck, 1989; Cloutier et al., 2010). A pale green chlorite 

alteration in the RF, MFb and MFc strata near the unconformity, and a dark green 
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chloritization halo close to a reverse fault rooted in the basement have been observed at 

the barren Zone K near Phoenix (Cloutier et al., 2010). In contrast, the proximity of the 

mineralised ore zones is characterized by pervasive clay-sized tourmaline (commonly 

referred to as dravite) alteration. Additionally and, as mentioned above, drusy quartz 

filled open fractures are widespread in the sandstone and locally in the basement.
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3. Samples and Study Methods 

3.1 Sampling 

In the summers of 2013 and 2014, a total of 120 samples were collected from 15 drill 

holes in the Wheeler River property, mostly from the Phoenix deposit (Fig. 2.2). Thirty-

three samples were obtained from iron oxide-rich and altered sandstone of the basal 

Read Formation, while 87 samples were taken from the basement part of the drill cores 

adjacent to the mineralisation. Most of the drill cores examined are located on or near the 

NW-SE cross section shown in Fig. 2.3A, which is perpendicular to the regional 

structural trend in the area (Figs. 2.2). A hundred and one polished thin sections and 76 

doubly polished thin sections were prepared for petrography, microthermometry, 

cryogenic Raman spectroscopy of fluid inclusions, and Raman spectroscopic study of 

graphite.  

3.2 Study Methods 

3.2.1 Drill Core Examination 

Drill core examination was carried out at the Wheeler River Camp of Denison 

Corporation during the 2013 and 2014 field seasons. Further examination of the hand 

samples was conducted in the lab. Emphasis was put on the distribution of various rock 

types, styles of alteration, vein types and forms of graphite, including the mutual 

crosscutting relationships of these features, and their relationships to uranium 

mineralisation. Deformation features in different lithologies were noted, and oriented 
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samples were collected with an aim to examine the orientation of fluid inclusion planes 

related to mineralisation. Unfortunately, no mineralisation-related hydrothermal quartz 

was found in the oriented samples from the basement; in addition, all the cores of the 

sandstone that contained abundant drusy quartz potentially related to mineralisation were 

unoriented due to lack of appropriate (i.e., oriented) intervals of core.  

3.2.2 Petrographic Study 

Optical examination of polished thin sections was completed on an Olympus BX51 

petrographic microscope that is equipped with both transmitted and reflected light 

attachments, and on a Nikon Eclipse E600 petrographic microscope with transmitted 

light. Petrographic photomicrographs were taken with a Q-Imaging Go-3 camera 

attached to the Olympus BX51 microscope, as well as a Nikon DS-Fi1 camera attached 

to the Nikon Eclipse E600 microscope. 

3.2.3 Fluid Inclusion Petrography and Microthermometry 

Doubly polished sections about 100 microns thick were prepared at Vancouver 

Petrographics Ltd for fluid inclusion petrographic study. The fluid inclusion types were 

classified based on phase assemblages at room temperature, and were further described 

based on their mode of occurrence, size, and vapour percentage. The fluid inclusion 

assemblage (FIA) analysis method (Goldstein and Reynolds, 1994; Chi and Lu, 2008) 

was employed in this study. Accordingly, the fluid inclusions: 1) distributed within a 

growth zone; 2) along the same growth feature that is perpendicular to the growing 

direction; 3) occurring along a healed fracture that does not extend beyond the edge of a 
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quartz crystal; or 4) in a small cluster within a microdomain in a crystal, are considered 

to be one FIA.  

After workable fluid inclusions were identified, the doubly polished thin section was 

soaked in acetone for at least six hours to detach from the glue and glass slide. The thin 

section then was broken into small chips for fluid inclusion microthermometry. 

Microthermometry was carried out on a Linkam THMSG 600 Heating/Freezing stage 

attached to the Olympus BX51 petrographic microscope equipped with the PixeLink 

megapixel firewire camera in the Geofluids Laboratory at the University of Regina. The 

stage was calibrated with synthetic standard fluid inclusions of H2O (ice-melting 

temperature = 0C; critical temperature = 374.1C) and H2O-CO2 (CO2-melting 

temperature = –56.6C).  

Microthermometry of aqueous inclusions was mainly performed on fluid inclusions in 

drusy quartz in veins. To rule out heterogeneous trapping or post-trapping modification 

and enhance the reliability of the data, FIAs with similar vapour/total ratios (V/T) were 

selected. Microthermometry of CO2-dominant biphase inclusions, CH4-dominant 

vapour-only inclusions and liquid-dominant biphase aqueous inclusions from the 

basement was also conducted. 

Temperatures measured from the aqueous fluid inclusions in drusy quartz were freezing 

temperature (Tfz), first-melting temperature (Tfm), hydrohalite-melting temperature (Tm-

HH), final ice-melting temperature (Tm-ice), homogenisation temperature to the liquid 

phase (Th) and total dissolution temperature of halite (Tm-H). The error associated with 
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measuring Th and Tm-H is ± 1 °C and those associated with measuring Tm-ice and Tm-HH 

are ± 0.1 °C. Temperatures measured from the CO2- and CH4-related fluid inclusions in 

the basement include CO2-melting temperature (Tm-CO2), homogenization temperature 

of CO2 and CH4 from liquid to vapour (Th-V), and freezing temperature (Tfz), first-

melting temperature (Tfm), final ice-melting temperature (Tm-ice) and homogenisation 

temperature to the liquid phase (Th-L) for associated aqueous inclusions. The error 

associated with the measurement of Th-L is ± 1 °C and those associated with the 

measurement of Tm-ice, Tm-CO2 and Th-V are in all cases ± 0.1 °C.  

Based on the microthermometric and Raman spectroscopic data, the aqueous fluid 

inclusions are approximated by the H2O-NaCl-CaCl2 system. The salinity (NaCl + CaCl2 

wt. %) and XNaCl values (weight fraction, recorded as Φ in Steele-MacInnis et al., 2011) 

were determined with a Microsoft
®
 Excel©-based computer program implementing the 

numerical model of Steele-MacInnis et al. (2011). Detailed procedures of data 

processing were described in Steele-MacInnis et al. (2011). 

3.2.4 Raman Cryogenic Spectroscopic Study of Fluid Inclusions 

Raman analysis was carried out with a Reinshaw RM2000 laser Raman spectroscope at 

the Geofluids Laboratory of the University of Regina. The excitation laser wavelength is 

514 nm, the grating used is 1800, and the objective is 50 with long working distance. 

Fluid inclusion chips were put in the Linkam THMSG 600 Heating/Freezing stage 

connected to a Leica DMLM petrographic microscope fitted with both transmitted light 

and reflected light attachments and equipped with a SPC 900NC PC camera. The 



 21 

aqueous inclusions were initially cooled at a rate of 30 C per minute to –185 C, at 

which the Raman spectra indicated only ice was nucleated. Then the inclusions were 

warmed at 2 C per minute to promote the crystallisation of hydrates, until clear spectra 

of hydrates could be detected by Raman, generally, at –75 C for the inclusions 

examined in this study. Finally, the fluid inclusions were cooled rapidly to –185 C again 

at 30 C/min and maintained at –185 C for Raman spectroscopic examinations (Chi et 

al., 2014b; Chu et al., in press). Data were collected between 3000 and 3800 cm
–1

, which 

cover all the peaks of ice and hydrates in the H2O-NaCl-CaCl2 system (Samson and 

Walker, 2000; Baumgartner and Bakker, 2010).  Six acquisitions of 10 seconds each 

were carried out for each spot in one fluid inclusion. As many as five spots of each 

individual fluid inclusion were analysed (depending on the size) to check for consistency.  

3.2.5 Mass Spectrometric Analysis of Fluid Inclusion Gas Compositions 

Bulk fluid inclusions were analysed for ten samples of pure quartz to obtain quantitative 

volatile compositions of fluid inclusions. The selected hand sample was crushed to small 

particles (millimetre-size) with a rock hammer, and quartz grains were handpicked and 

cleaned with a Bransonic ultrasonic bath in a KOH solution to remove surface 

contamination.  

The dry and clean samples were then sent to New Mexico Institute of Mining and 

Technology for mass spectrometry analysis. There, the quartz samples were crushed 

incrementally under a vacuum, producing 4 to 10 successive bursts, which were then 

analysed by two Pfeiffer Prisma quadrupole mass spectrometers operating in fast-scan, 
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peak-hopping mode (Blamey, 2012; Blamey et al. 2015). Scott Gas standard gas 

mixtures of known compositions (2% uncertainty) and three in-house water-gas 

standards were employed for calibration. Accuracy estimated from analysis of air 

encapsulated in capillary tubes is 0.4% for N2/Ar ratio. Analytical precisions are better 

than 5% for major gas species (CO2, CH4, N2, and Ar) and 10% for minor species 

(Blamey, 2012). The 2-sigma detection limits range from 0.2 to 0.3 ppm based on the 

formula described in Blamey et al. (2012, 2015). 

3.2.6 Raman Spectroscopic Study of Graphite 

Graphite was analysed with a Renishaw RM2000 Raman spectroscope. In addition to the 

prominent graphite band (G band) at ~1580 cm
–1

, spectra with noticeable defect bands 

D1 (~1350 cm
–1

) and D2 (~1620 cm
–1

) are considered to be relatively disordered 

(Beyssac et al., 2002, 2003; Sadezky et al., 2005; Lahfid et al., 2010). The statistical 

method was used to estimate the percentage of disordered graphite in selected samples. 

The thin section was put on the mechanical stage of the Leica DMLM petrographic 

microscope and randomly moved until one or more graphite grains were seen; the 

graphite grain nearest the view center was analyzed with Raman. Fifty graphite grains 

were analyzed in each sample, and the acquisition time for each point was 10 seconds. 

The analysis was primarily on the 1000–2000 cm
-1 

region, which includes all the first-

order bands; however, in case of uncertainty, it was extended to 3000 cm
–1

 to cover the 

second-order region (Beyssac et al., 2002, 2003; Sadezky et al., 2005; Lahfid et al., 

2010). 
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3.2.7 Fluid Pressure Calculations 

Fluid pressures and isochores for aqueous inclusions in drusy quartz were calculated 

with the FLUIDS package (Bakker, 2003). The Th and salinity values were used to 

calculate bulk fluid density and homogenization pressure (Ph) with the “BULK” program 

(using the empirical equation of state of Bodnar, 1993), assuming a NaCl-H2O fluid 

system. Then the Loner 9 program (Bakker, 2003) was employed to estimate the 

potential error in Ph introduced by nonaqueous volatiles, using the equation of state by 

Duan et al. (1992a, 1992b, 1996) for the H2O-CO2 system. Fluid pressures and isochores 

for methane inclusions in the basement were calculated using the LonerSeW program 

(Bakker, 2003), with the equation of state by Setzmann and Wagner (1991) for the pure 

CH4 system. 
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4. Drill Core Observations, Petrography and Paragenesis 

4.1 Drill Core Observations 

The drill cores were examined for lithological characteristics, with emphasis on 

fracture/vein fillings and associated alteration (Fig. 4.1). The drill cores from the 

basement are dominated by strongly foliated to gneissic lower granulite- facies 

metapelitic to meta-psammopelitic rocks (Fig. 4.1A), containing graphite, garnet and/or 

cordierite, locally together with sillimanite. The metapelites are invaded by decimetre- to 

metre-thick foliation-parallel bodies of massive quartz (Fig. 4.1B) and spatially 

associated granitic pegmatite (Fig. 4.1C). In the graphitic metapelite unit (Fig. 4.1D), the 

amount of graphite appears to be relatively low near the uranium orebody (Fig. 4.1E). 

Commonly large (3–5 mm- 1 cm) flakes of graphite are also locally concentrated in 

fractures cutting granitic pegmatite and associated quartz (Fig. 4.1F).  

Samples from drill cores of the Athabasca Group overlying the unconformity are 

characterised by fragile, desilicified sandstone with interstitial clay alteration (Fig. 4.1G), 

with less developed intervals of relatively hard, silicified sandstone (Fig. 4.1H). Drusy 

quartz-filled fractures and dissolution vugs are abundant in the Athabasca sandstone (Fig. 

4.1I), and are locally developed in the basement as well (Fig. 4.1J). The drusy quartz 

crystals are commonly euhedral, equant or blade-like, and comb-like, with crystal sizes 

varying from 2–3 mm up to around 1 cm in length (Fig. 4.1I–M). The crystals are milky 

white to transparent, and commonly show dissolution features such as hollows and  
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Figure 4.1 Photographs of drill core samples showing representative lithological units 

from the basement and the Athabasca Basin: A. Garnetiferous pelite with interstitial 

graphite (DDH WR-440, 618.8m); B. Oriented sample of massive quartz (DDH WR-440, 
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674m); C. Pegmatite intrusion cut by a calcite vein with minor quartz (DDH WR-440, 

479.6m); D. Weakly mineralised graphitic pelite (DDH WR-328, 394.2m); E. Weakly 

mineralised graphitic pelite (DDH WR-328, 374.8m); F. Black graphite-filled fractures 

in granitic pegmatite (DDH WR-440, 603m); G. Drusy quartz cutting intensely clay-

altered sandstone (14-KW-046, DDH WR-267); H. Drusy quartz cutting silicified 

sandstone (DDH WR-328, 348.9m); I. Drusy quartz vein cutting weakly clay-altered 

sandstone (DDH WR-267, 338.4m); J. Drusy quartz cutting strongly clay-altered granite 

(DDH WR-560, 736m); K. Drusy quartz crystals with empty shells (DDH WR-328, 

326.8m); L. Pale green tourmaline alteration developed along the boundary between 

sandstone and drusy quartz vein (DDH WR-238, 332.4m); M. Sulfides coating drusy 

quartz vein (WR-328, 369.8m). 

vugs (Fig. 4.1K). In places the central part of a quartz crystal was dissolved, leaving a 

thin shell that still preserves the shape of the crystal. Locally, pale green tourmaline 

alteration occurs along the wall between sandstone and drusy quartz veins (Fig. 4.1L). 

Disseminated euhedral pyrite is locally developed coating the drusy quartz grains in 

sandstone (Fig. 4.1M). 

4.2 Petrography 

4.2.1 Basement Rocks 

The lithologies of the studied basement host rocks are dominated by garnet (Grt1)-, 

sillimanite (Sil)- and/or cordierite (Crd)-bearing pelitic to psammopelitic gneisses and 

graphitic pelites with foliations defined by parallel alignment of variable minerals 

including biotite (Bt), muscovite (Ms), sillimanite, elongated quartz (QBSM1) and 
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feldspar (Kfs1& Pl1) grains, and graphite flakes (Gr1). Rare clinopyroxene (Cpx) and 

orthopyroxene (Opx) occurs locally in the psammopelitic gneisses.  

The pelitic gneisses and the pelites are crosscut in places by “intrusive” rocks made of 

quartz (QBSM2), K-feldspar (Kfs2) and plagioclase (Pl2) or massive quartz (QBSM2) (Figs. 

4.2A and B). The “intrusive” rocks are made of relatively coarse grained minerals that 

are less deformed than the pelitic gneisses and pelites, and appear to be transitional to 

granitic pegmatite (Fig. 4.2C) or massive quartz (Fig. 4.2D) that show slightly 

undulatory extinction. The extensive massive quartz, which was formerly described as 

“quartzite” in some previous studies (Jefferson et al., 2007; Kerr, 2010), contains 

numerous randomly distributed needle-shaped mineral inclusions whose mineralogy 

could not be determined under the optical microscope (Fig. 4.2D). The feldspars, biotite 

and cordierite of the gneiss and pelite have been variably altered to fine-grained illite 

(Ill1), chamosite (Chm) and sericite/pinite (Ser/Pin) along the foliation planes. The 

quartz in the “intrusive” rocks locally enclose abundant rounded graphite (Gr2) (Fig. 

4.2E) and/or lesser amounts of rounded or elongated pyrite (Py1). The same type of 

rounded graphite was observed locally in some garnet grains: abundant rounded graphite 

inclusions are developed within growth zones (Grt2) between a relatively clean core 

(Grt1) and outer rim (Grt3) (Fig. 4.2F). The massive quartz is crosscut by graphite flakes 

(Gr3) associated with pyrite (Py2) (Fig. 4.2G).  

The pegmatitic K-feldspar grains are pervasively replaced by finely crystallized 

subhedral quartz (QBSM3), which also appear as overgrowth on pegmatitic quartz (QBSM2) 

(Fig. 4.2H). Pervasive flower-shaped tourmaline (TurBSM) (Fig. 4.2H), and/or some  
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Figure 4.2, to be continued. 



 29 

Figure 4.2 Photomicrographs showing petrographic features of the basement lithologies: 

A. Sillimanitie-cordierite-bearing pelitic gneiss (DDH WR-440, 663.5m; XPL); B. 

Pegmatitic quartz cutting graphitic metapelite (DDH WR-498, 424.3m; XPL); C. 

Granitic pegmatite (DDH WR-440, 653.7m; XPL); D. WR-13-001 “Quartzite” with 

needle-like mineral inclusions (DDH WR-440, 674m; PPL); E. Granitic pegmatitie with 

Gr2 cutting metapelite (DDH WR-440, 663.5m; XPL); F. Garnet with clean core (Grt1), 

zonal growth zone with Gr2 (Grt2) and clear edge (Grt3) (DDH WR-440, 618.2m; PPL); 

G. Interstitial Gr3 and Py2 along grain boundary of pegmatitic quartz (QBSM2) (DDH 

WR-412, 519.9m; RFL); H. Pervasive replacement quartz (QBSM3) replacing feldspar 

followed by tourmaline alteration (DDH WR-560, 740.1m; XPL); I. Drusy quartz vein 

(QBSM4) with tourmaline intergrowth (TurBSM) in the basement (DDH WR-560, 736m; 

XPL); J. Drusy quartz vein (QBSM4) with tourmaline intergrowth (TurBSM) cutting altered 

granitoid in the basement (DDH WR-560, 736m; PPL); K. Rounded graphite (Gr4) with 

hollow points in the drusy quartz vein in basement (QBSM4) (DDH WR-498, 418.6m; 

RFL); L. Calcite (Cal) associated with siderite (Sd) following QBSM4 (DDH WR-498, 

418.6m; XPL).
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coarse-grained illite (Ill2), sericite / muscovite (Ser/Ms2), clinochlore (Clc), and minor 

subhedral to euhedaral pyrite (Py3) are concentrated along the QBSM3 grain boundaries or 

embay QBSM3 crystals.  

The altered host rocks are locally crosscut by open space-filling drusy quartz veins 

(QBSM4), which appear to intergrow with tourmaline (TurBSM) along the vein walls (Fig. 

4.2I). The QBSM4 veins are characterised by euhedral, blade-shaped or equant crystals, 

with locally well developed growth zones (Figs. 4.2J). A small amount of rounded 

graphite (Gr4) with dissolution features (spotted hollows) occurs inside the QBSM4 grains 

(Fig. 4.2K). The QBSM4 veins locally contains vugs filled by kaolinite (Kln), or 

alternatively filled or crosscut by some calcite (Cal) that is associated with minor pyrite 

(Py4) and chalcopyrite (CcpBSM) and followed by siderite (Sd) (Fig. 4.2L).  

4.2.2 Athabasca Group Rocks 

The dominant Athabasca Group host rock lithologies are variably clay-altered and 

desilicified to locally silicified quartz sandstone. The well-preserved detrital quartz 

grains (QBSN0) are rounded and coated by iron oxide-hydroxide (IOH) along the dustline, 

and mantled by a syntaxial overgrowth (syntaxial quartz 1/QBSN1) (Fig. 4.3A). A second 

syntaxial quartz overgrowth (syntaxial quartz 2 / QBSN2) occurs as a cement surrounding 

brecciated QBSN1, the latter being separated by a weak dissolution feature (Fig. 4.3A). 

This phase of quartz overgrowth is locally transitional to euhedral equant quartz crystals 

(drusy quartz 1 / QBSN2) that fill vugs (Fig. 4.3B).  
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Figure 4.3 Photomicrographs showing petrographic features of the sandstone: A. 

Sandstone with two generations of overgrowth (QBSN1 and QBSN2) (DDH WR-267, 

338.4m; XPL); B. Vug-filling drusy quartz (QBSN2) and tourmaline intergrowth (Tur1) 

followed by dissilicification (DDH WR-328, 348.1m; PPL); C. Sandstone showing 

syntaxial quartz and tourmaline intergrowth with corrosive edges (QBSN2 and Tur1) 

followed by space-filling tourmaline alteration (Tur2) (DDH WR-328, 348.1m; XPL); D. 

Space-filling tourmaline (Tur2) (DDH WR-328, 348.1m; XPL); E. Drusy quartz vein 

(QBSN3) with several weak dissolution features cutting sandstone (DDH WR-328, 

304.1m; PPL); F. Tourmaline (Tur3) intergrowing with early stage of vein-filling drusy 

quartz (QBSN3) (DDH WR-328, 304.1m; XPL); G. Amorphous carbonaceous materials 

(CM) along growth zone of  drusy quartz vein (DDH WR-328, 332.4m; XPL); H. 

Chalcopyrite (CcpBSN) coating drusy quartz vein (QBSN3) (DDH WR-328, 369.8m; RFL).  

The QBSN2 are commonly associated with fibrous tourmaline (Tur1) and locally with 

sericite/muscovite (Ser/Ms2), which occur along the wall of the vugs and inside drusy 

quartz 1 grains (Fig. 4.3B). The fibrous tourmaline (Tur1) also occurs within, and is 

thoroughly mixed with, syntaxial quartz 2 that surrounds detrital quartz (QBSN0) with a 

corroded edge (Fig. 4.3C). The Tur1 + QBSN2 assemblage is surrounded by fibrous 

tourmaline (Tur2) without quartz, separated by a second dissolution feature, as shown by 

the irregular edge of the mixed Tur1 and quartz overgrowth (Fig. 4.3C). It is noticeable 

that Tur2 only partly fills the vugs or interstitial space, leaving significant open porosity 

(Figs. 4.3C and D).  

The above-described different generations of quartz (QBSN0 to QBSN2) and tourmaline 

(Tur1 to Tur2) in the Athabasca sandstone are crosscut by drusy quartz veins (QBSN3). 

The QBSN3 crystals are generally euhedral and blade-shaped, growing perpendicular to 



 33 

the vein walls (Fig. 4.3E). Several dissolution surfaces, characterized by bands with 

abundant impurities (including open vugs) and irregular boundaries, are developed 

within individual veins (Fig. 4.3E). Minor tourmaline (Tur3) co-exists with QBSN3 near 

the vein wall (Fig. 4.3F), and some carbonaceous materials (CM) were found in some 

growth zones of Q BSN3 veins (Fig. 4.3G). Rare chalcopyrite (CcpBSN) was found locally 

filling residual pores left by the Q BSN3 crystals (Fig.4.3H). 

4.3 Paragenesis 

A paragenetic sequence has been established based on the drill core observations and 

thin section studies, as illustrated in Fig. 4.4 and discussed below. In the basement, the 

elongated quartz (QBSM1) and feldspar grains (Kfs1 and Pl1), graphite (Gr1), biotite (Bt), 

muscovite (Ms), sillimanite (Sil), cordierite (Crd) distributed along the foliation planes, 

together with the clear garnet core (Grt1) in the host rocks, are inferred to be related to 

pre-Athabasca peak metamorphism and deformation (Fig. 4.4). The illite (I1), chamosite 

(Chm), and sericite/pinite (Ser/Pin) that commonly replace the feldspar–biotite–

cordierite assemblage, the rounded graphite (Gr2) and pyrite (Py1) and the garnet zone 

with Gr2 inclusions (Grt2) were probably formed after the peak metamorphism, when 

the granitic pegmatite  (QBSM2, Kfs2, Pl2) and associated massive quartz (QBSM2) started 

to be emplaced. The inclusion-free garnet rim (Grt3) and the interstitial graphite (Gr3) 

and pyrite (Py2) locally crosscutting QBSM2 were formed in the retrograde metamorphic 

stage. The silicification (QBSM3) that pervasively altered the pegmatitic K-feldspar (Kfs2) 

is considered to be post-metamorphism but pre-mineralisation. The QBSM3 was in turn 

replaced by flower-shaped or fibrous tourmaline (TurBSM), coarse-grained illite (Ill2),  
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Figure 4.4 Summary of the mineral paragenesis in the Phoenix uranium deposit 

determined from drill core and thin section observations in this study.  
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sericite/muscovite (Ser/Ms2), clinochlore (Clc) and subhedral to euhedral pyrite (Py3), 

possibly during syn-mineralisation stage. The well-crystallized non-deformed vein-

filling quartz (QBSM4) that coprecipitated with minor graphite (Gr4) is assigned to the 

syn- to post-mineralisation stage. The kaolinite alteration (Kln) and the calcite veins (Cal) 

associated with sulfides (Py4 and CcpBSM) and siderite (Sd) that postdate QBSM4 veins 

are inferred to be post-ore. 

In the Athabasca group sandstone, the rounded detrital quartz grains (QBSN0), together 

with the iron oxide-hydroxide ring (IOH) and quartz overgrowth (QBSN1) formed in the 

diagenetic stage, were assigned to the pre-mineralisation stage. A dissolution and 

brecciation event after diagenesis is indicated by the corrosive edge of the detrital clasts, 

followed by the secondary quartz overgrowth (QBSN2) and coprecipitated fibrous 

tourmaline (Tur1). Another major desilicification is represented by the dissolved QBSN2 

edges and the pervasive space-filling tourmaline (Tur2). The abundant drusy quartz veins 

(QBSN3), with minor tourmaline (Tur3) and carbonaceous materials (CM) formed at the 

early stage of the vein filling, are assigned to syn- to post-ore stage. At least three weak 

dissolution events were counted within the veins. The QBSN3 veins are post-dated by 

minor coating chalcopyrite (CcpBSN). 

The samples collected in this study do not contain uranium mineralisation. However, the 

major desilicification indicated by the quartz dissolution and intensive clay alteration are 

inferred to be syn-mineralisation (Hoeve and Quirt, 1984; Earle and Sopuck, 1989; 

Jefferson et al., 2007). As discussed further below, the abundance of drusy quartz near 

the mineralised zones is considered to be related to local silica oversaturation due to 
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mineralisation-related desilicification within the ore zones, and therefore it is considered 

to be syn- to post-mineralisation. Multiple generations of graphite and carbonaceous 

materials were recognized throughout the metamorphism-diagenesis-mineralisation 

history, and several graphite dissolution events are inferred, some in the pre-Athabasca 

stage, and some during and after mineralisation (Fig. 4.4).  
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5. Fluid Inclusion Studies 

5.1 Fluid Inclusion Types and Occurrences 

5.1.1 Aqueous Fluid Inclusions in Drusy Quartz in Sandstone and Basement Rocks 

Aqueous fluid inclusions studied are mainly hosted by pre- to syn-mineralisation 

syntaxial quartz and drusy quartz crystals (QBSN2) and syn- to post-mineralisation drusy 

quartz veins (QBSN3) in the sandstone and syn- to post-mineralisation drusy quartz veins 

in the basement (QBSM4). Four types of fluid inclusions were identified at room 

temperature, including liquid-dominant biphase (liquid + vapour), vapour-dominant 

biphase (vapour + liquid), monophase (vapour-only), and triphase (liquid + vapour + 

solid) inclusions. The size of the majority of fluid inclusions ranges from 2 to 20 µm, 

with a few exceeding 20 µm up to 70 µm. 

The liquid-dominant biphase inclusions comprise a liquid phase and a vapour phase, 

with the vapour percentage <50% at room temperature (Fig. 5.1A). In contrast, the 

vapour-dominant biphase inclusions, which also comprise a liquid phase and a vapour 

phase at room temperature, have >50% vapour percentage (Fig. 5.1B). The monophase 

inclusions only consist of vapour phase at room temperature, with no visible liquid 

observed (Fig. 5.1C). The triphase inclusions are composed of a liquid phase, a vapour 

phase and a halite crystal at room temperature (Fig. 5.1D). All these four types of 

inclusions were observed in the drusy quartz veins in both sandstone and the basement 
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host rock (QBSN3 and QBSM4, respectively), whereas only rare inclusions occur in 

syntaxial quartz 2 and drusy quartz 1 (QBSN2). 

 

Figure 5.1 Photomicrographs of different types of aqueous fluid inclusions (all in PPL): 

A. A liquid-dominant biphase (liquid + vapour) inclusion in QBSN3  (DDH WR-250, 

341.8m); B. Vapour-dominant biphase (vapour + liquid) inclusion in QBSN3 (DDH WR-

328, 326.8m); C. A monophase (vapour-only) inclusion in QBSN3 (DDH WR-328, 

369.8m); D. A triphase (liquid + vapour + solid) inclusion in QBSN3 (DDH WR- 250, 

341.8m). 
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Fluid inclusions occur as randomly distributed isolated inclusions or inclusion clusters 

along growth features. The growth features are shown as the cloudy core (Fig. 5.2A) and 

growth zone of the drusy quartz crystals (Fig. 5.2B) traced by fluid inclusions. Fluid 

inclusions also occur in trails along the growth direction of the bladed quartz crystals 

(Fig. 5.2C), and in short trails within crystals (Fig. 5.2D). Fluid inclusions are commonly 

concentrated in the cloudy cores and growth zones of the drusy quartz grains, but the 

poor visibility of these areas makes it hard to observe and analyse the inclusions (Figs. 

5.2A, B). Isolated fluid inclusions can be distinguished with large distances from the 

others in the same microdomain (Fig. 5.1C), while the inclusions in the clusters or the 

short trails are much closer to one another (Figs. 5.2 E, F, H, J).  Commonly, more than 

two of the four types of inclusions, biphase liquid-dominant, biphase vapour-dominant, 

monophase vapour-only and triphase (liquid+ vapour+ solid), appear in the same fluid 

inclusion assemblage (Fig. 5.2) in the drusy quartz veins in both sandstone and the 

basement (QBSN3 and QBSM4). The fluid inclusions entrapped in short-healed fractures 

(short trails) (Figs. 5.2D, E) or along the well-developed growth features (Figs. 5.2F, G, 

H, I) define better FIAs (contemporaneously trapped) than those in the clusters (Fig. 

5.2J). According to Roedder (1984), the isolated inclusions and the fluid inclusions along 

the growth zones are likely to be primary, whereas the intracrystal short healed fractures 

within the quartz crystals are probably pseudosecondary. The randomly or intensely 

distributed fluid inclusions in the clusters are possibly either primary or pseudosecondary.  
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Figure 5.2, to be continued. 



 41 

 

Figure 5.2 Photomicrographs showing various occurrences of aqueous fluid inclusions 

and co-existence of liquid-dominant and vapour-only fluid inclusions as well as fluid 

inclusions with variable vapour / total ratios within individual fluid inclusion 

assemblages (all in PPL): A. Cloudy core of vein-filling drusy quartz in sandstone 

(QBSN3) (DDH WR-328, 326.8m); B. Cloudy growth zone of vein-filling drusy quartz in 

sandstone (QBSN3) (DDH WR-250, 341.8m); C. Fluid inclusions distributed along the 

growth direction of bladed quartz (DDH WR-328, 332.4m); D. Growth zone and short 

trails in a piece of vein-filling drusy quartz in basement (QBSM4) (DDH WR-560, 736m); 

E. Enlarge of a short trail in C, note fluid inclusions enclosed in rectangles were brought 

to focus from different depths in the doubly polished sections.; F. Fluid inclusions in 

growth zone in QBSN3 (DDH WR-328, 326.8m); G. Fluid inclusions in growth zone in 

QBSN3 (DDH WR-328, 326.8m); H. Enlarge of G; I. Enlarge of G; note E – I all show 

coexistence of V-only, L+V inclusions with variable vapour/total ratios and/or triphase 
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inclusions with solids; J. A cluster of fluid inclusions in QBSN3 showing coexistence of 

biphase L+V inclusions with variable vapour/total ratios (DDH WR-328, 326.8m).  

5.1.2 CO2, CH4 and Aqueous Fluid Inclusions in Basement Rocks 

CO2-dominant and CH4-dominant, as well as aqueous fluid inclusions were found in the 

basement rocks. CO2-dominant inclusions are well developed in densely distributed, 

parallel microfractures perpendicular to regional foliation in the pre-mineralisation 

massive and pegmatoid quartz (QBSM2) in the basement (Fig. 5.3A, B). These inclusions 

generally consist of three phases (vapour CO2, liquid CO2 and liquid water; Fig. 5.3C) or 

two phases (vapour CO2 and liquid CO2, without visible aqueous phase; Fig. 5.3D) at 

room temperature. Some biphase aqueous fluid inclusions with approximately 10 % of 

vapour also occur along the same microfractures as the CO2-dominant fluid inclusions 

(Figs. 5.3C, D).  

CH4-dominant inclusions (Fig. 5.4) are distributed in long microfractures that do not 

show any preferred orientation, crosscutting the pre-mineralisation boudinaged 

pegmatoid quartz (QBSM2) in the basement (Fig. 5.4A). Most of these inclusions are 

monophase, composing only a vapour phase (major vapour CH4 and minor vapour CO2 

and N2) at room temperature (Fig. 5.4B). There are also vapour-dominant biphase 

inclusions comprised of vapour CH4 and a small of liquid H2O observed in these 

fractures (Fig 5.4C, D).  

Some aqueous fluid inclusions are spatially associated with the CH4-dominant inclusions, 

developing along the same microfractures (Figs. 5.4E, F). The majority of these aqueous  
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Figure 5.3 Photomicrographs showing types and occurrences of fluid inclusions in 

massive quartz and quartz in granitic pegmatite from the basement: A. Fluid inclusions 

distributed along parallel microfractures in massive quartz (DDH WR-440, 674m); B. 

Fluid inclusions distributed along parallel microfractures in massive quartz (DDH WR-

440, 479.6m); C. CO2-dominated inclusions with three phases (DDH WR-440, 479.6m); 

D. CO2-dominated inclusions with two phases (DDH WR- 440, 479.6m). 
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Figure 5.4 Photomicrographs showing types and occurrences of the CH4-related 

inclusions in massive quartz and quartz in granitic pegmatite from the basement (QBSM2): 

A. Fluid inclusions distributed along microfractures in QBSM2 (DDH WR-328, 389.7 m); 

B. Monophase vapour-only CH4-dominated inclusions (DDH WR-328, 389.7 m); C. 

Biphase CH4-dominated inclusions (CH4 vapour + aqueous liquid) (DDH WR-328, 

389.7 m); D. Biphase CH4-dominated inclusions (CH4 vapour + aqueous liquid) (DDH 
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WR-328, 389.7 m); E. Biphase aqueous (liquid + vapour) inclusions associated with 

monophase vapour-only CH4-dominated inclusions (DDH WR-328, 389.7 m); F. 

Triphase aqueous (liquid + vapour + solids) inclusions associated with monophase 

vapour-only CH4-dominated inclusions (DDH WR-328, 389.7 m). 

fluid inclusions are biphase with approximately 15~20% vapour (Fig. 5.4E), while 

triphase (liquid+ vapour+ solids) aqueous fluid inclusions also occur locally (Fig. 5.4F).  

All the CO2-dominant, CH4-dominant and associated aqueous fluid inclusions observed 

in the basement are secondary, entrapped in differently orientated long microfractures 

postdating QBSM2. The CO2-dominant inclusions were probably entrapped during the 

retrograde metamorphism stage, as indicated by the orientations of the mirofractures, 

whereas the timing of the entrapment of CH4-related inclusions is poorly constrained 

other than post-QBSM2. For the CH4-related inclusions, only CH4-dominanted monophase 

inclusions without any visible liquid phase and associated liquid-dominant aqueous 

biphase fluid inclusions in QBSM2 were examined for microthermometry. 

5.2 Microthermometry of fluid inclusions 

5.2.1 Microthermometry of Aqueous Fluid Inclusions in Drusy Quartz 

A total of 385 aqueous fluid inclusions in the drusy quartz, including 38 isolated fluid 

inclusions and 71 fluid inclusion assemblages (FIAs), were examined for 

microthermometry. Among these inclusions, only eight inclusions (one FIA) are from 

the syntaxial quartz 2 and associated equant drusy quartz 1 (QBSN2), whereas 349 



 46 

inclusions (all the 38 isolated inclusions and 65 FIAs) are from the vein-filling bladed 

drusy quartz 2 (QBSN3) in the sandstone, and 28 inclusions (five FIAs) are from the vein-

filling drusy quartz (QBSM4) in the basement (Gryphon zone).  

Only liquid-dominant biphase isolated fluid inclusions and FIAs with relatively low 

vapour ratio (<15 %) were targeted for microthermometry. For vapour-only monophase 

inclusions, microthermometric measurements could not be done, as no visible phase 

changes were witnessed during heating and freezing procedures. Vapour-dominant 

biphase inclusions and liquid-dominant biphase inclusions showing significantly higher 

vapour ratios than other inclusions within the same microdomain (as observed with the 

×50 objective) or FIA were not selected, since they are considered to be heterogeneously 

trapped based on the fluid inclusion assemblage (FIA) analysis method (Goldstein and 

Reynolds, 1994; Chi and Lu, 2008). The bubble disappearance temperatures (Th) and 

total dissolution temperature of halite (Tm-H) were also measured on several halite-

bearing triphase inclusions within different FIAs, which are dominated by liquid-

dominant biphase fluid inclusions showing consistent vapour ratio. 

 The microthermometric data are presented in Table 1 and Appendix C and illustrated in 

Figures 5.5, 5.6 and 5.7. Note, the microthermometric data of the triphase inclusions are 

only listed in the Appendix C and are not involved in composition calculation, because 

these inclusions are interpreted to be the result of heterogeneous trapping (i.e., halite 

crystals accidentally entrapped). Only the mean values of the microthermometric data of 



 47 

Table 1. Microthermometric results of aqueous fluid inclusions from the Phoenix uranium deposit*  

FI 

ocur 

Sz 

/µ 
V% 

Tfm 

/°C 

Tm-

HH 

/°C 

Tm-

ice 

/°C 

Th 

/°C 

Tm-

H 

/°C 

Sal 

/wt% 
XNaCL 

#14-KW-028I (DDH WR-328, 332.4m), QBSN2 

CL 10 8 - 11.9 -29.3 148 - 28.3 0.42 

3 10 - 14.3 -36.4 123 - 30.3 0.27 

10 8 -80 8.7 -28.3 122 - 28.0 0.46 

2 10 - - -27.3 127 - 25.4 0.42 

3 8 - - - 137 - - - 

5 10 - - - 113 - - - 

4 10 - - - 119 - - - 

6 11 - 0.7 -27.1 134 - 27.6 0.51 

#WR-13-35 (DDH WR-250, 341.8m), QBSN3 

Is 7 7 - - - 112 - - - 

Is 16 7 - - - 123 - - - 

CL 10 7 - - - 114 - - - 

24 7 -57 - -33.6 120 137 33.0 0.45 

6 7 - - - 115 - - - 

10 7 - - - 118 - - - 

14 7 - - - 120 - - - 

20 7 <-50 14.0 -25.2 134 - 27.0 0.76 

Is 8 7 - - - 122 - - - 

Is 26 7 - - - 101 - - - 

Is 30 10 - - - 116 - - - 

Is 7 10 - - - 122 - - - 

Is 70 8 - - - 122 - - - 

Is 18 8 - - -30.0 107 - 26.2 0.30 

Is 24 7 - - -24.8 97 - 24.6 0.59 

Is 14 13 - - -10.4 132 - 14.4 1.00 

Is 14 10 - - - 82 - - - 

#14-KW-27 (DDH WR-328, 369.8m), QBSN3 

Is 10 8 - - -0.8 90 - 1.2 1.00 

Is 16 7 - - - 112 - - - 

Is 8 8 -79 -35.0 -25.5 109 - 23.6 0.17 

Is 10 8 - - - 135 - - - 

Is 5 7 - - - 82 - - - 

Is 16 7 - - - 113 - - - 

Is 12 7 -79 -31.0 -26.4 94 - 24.4 0.27 

Is 9 8 - - - 135 - - - 

Is 10 7 - - -25.7 124 - 24.9 0.53 

Is 10 8 - - -23.6 91 - 24.2 0.70 

Is 12 8 -56 -25.7 -24.5 124 - 24.2 0.53 

Is 12 5 - - - 80 - - - 

Is 12 4 - - - 118 - - - 

Is 8 11 - - - 123 - - - 

Is 18 8 - - - 113 - - - 

#14-KW-30 (DDH WR-328, 326.8m), QBSN3 

CL 10 8 - - - 115 - - - 

7 10 - - - 109 - - - 

5 10 - - - 122 - - - 

14 8 - - - 117 - - - 

6 10 - - - 115 - - - 

6 8 - - - 115 - - - 

7 8 - - - 120 - - - 

GZ 5 8 - - - 109 - - - 

20 8 - - - 118 - - - 

30 8 - - - 112 - - - 

GZ 20 8 - - - 120 - - - 

10 8 - - - 117 - - - 

14 9 - - - 121 - - - 

5 9 - - - 127 - - - 

16 9 - - - 112 - - - 

8 8 - - - 114 - - - 

CL 5 11 - - - 131 - - - 

11 8 - - - 131 - - - 

22 10 - 7.0 -24.7 138 - 27.1 0.66 

9 10 -70 13.0 -25.0 133 - 27.0 0.64 

13 10 -65 15.0 -25.0 129 - 26.9 0.64 

CL 11 10 -70 12.4 -26.0 132 - 27.3 0.58 

10 11 - - - 131 - - - 

20 10 -70 13.5 -25.0 132 - 27.0 0.64 

10 9 -70 10.0 -25.0 130 - 27.1 0.64 

6 11 - - - 134 - - - 

GZ 10 9 - - - 120 - - - 

6 10 - - - 124 - - - 

15 10 - - - 132 - - - 

6 10 - - - 121 - - - 

9 10 - - - 118 - - - 

GZ 5 10 - - - 117 - - - 

7 10 - - - 122 - - - 

12 10 - - - 132 - - - 

GZ 12 10 - - - 127 - - - 

8 10 - - - 126 - - - 

6 10 - - - 127 - - - 

12 10 - - - 127 - - - 

GZ 5 10 - - - 126 - - - 

7 10 - - - 131 - - - 

5 11 - - - 127 - - - 

Is 12 10 -60 -8 -25.7 139 - 26.7 0.58 

Is 14 9 -66 25 -25.6 157 - 26.2 0.57 

GZ 10 8 - - - 117 - - - 

6 10 - - - 115 - - - 

12 8 - - - 119 - - - 

12 8 - - - 119 - - - 

Is 8 8 - - - 122 - - - 

Is 10 8 - - - 116 - - - 

Is 20 8 - - -37.9 119 - 28.4 0.13 

Is 16 8 - 4.8 -17.8 127 - 20.8 1.00 

CL 10 8 <-60 - -29.1 115 - 26.0 0.34 

15 8 <-60 - -28.5 107 - 25.8 0.36 

13 8 - - - 120 - - - 

5 8 - - - 108 - - - 

9 8 - - - 117 - - - 

13 8 - - - 118 - - - 

GZ 4 9 - - - 113 - - - 

10 9 - - - 119 - - - 

12 9 - - - 106 - - - 

5 10 - - - 118 - - - 

13 8 - - - 117 - - - 

10 10 - - - 117 - - - 

20 9 - - - 124 - - - 

6 10 - - - 121 - - - 

CL 7 9 - - - 119 - - - 

14 10 - - - 117 - - - 

15 9 - - - 118 - - - 

5 10 - - - 115 - - - 

12 10 - - - 120 - - - 

11 9 - - - 117 - - - 

#14-KW-028I (DDH WR-328, 332.4m), QBSN3 

GZ 6 10 - - - 122 - - - 

4 10 - - - 117 - - - 

20 9 - 7.5 -24.4 128 - 27.0 0.69 

5 9 - - -24.8 115 - 24.6 0.59 

12 9 - - - 121 - - - 

GZ 8 8 - - - 124 - - - 

5 10 - 12.4 -24.0 129 - 26.8 0.72 

10 8 - 4.6 -24.9 101 - 27.1 0.65 

12 8 - - - 105 - - - 

GZ 4 8 - - - 113 - - - 

14 8 - - - 110 - - - 

GZ 8 8 - - - 115 - - - 

4 8 - - - 113 - - - 

6 8 - - - 120 - - - 
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5 8 - - - 132 - - - 

4 8 - - - 122 - - - 

Is 12 8 - - - 108 - - - 

GZ 6 8 - - - 128 - - - 

5 8 - - - 112 - - - 

GZ 10 8 - - - 122 - - - 

10 10 - - - 104 - - - 

9 8 - - - 128 - - - 

7 8 - - - 110 - - - 

GZ 4 9 - - - 111 - - - 

8 8 - - - 112 - - - 

8 9 - - - 120 - - - 

GZ 14 10 - - - 115 - - - 

4 10 - - - 116 - - - 

10 8 - - - 114 - - - 

6 7 - - - 120 - - - 

8 8 - - - 108 - - - 

12 8 - - - 122 - - - 

GZ 10 8 - - - 131 - - - 

12 9 - - - 120 - - - 

5 10 - - - 130 - - - 

16 10 -58 16.8 -25.4 140 - 26.9 0.61 

7 7 - -5.1 -25.1 131 - 26.8 0.63 

GZ 5 10 - - - 121 - - - 

10 10 - - - 112 - - - 

5 10 - - - 100 - - - 

7 10 - - - 117 - - - 

10 9 - 11.3 -33.6 107 - 29.6 0.31 

HF 8 8 - - - 142 - - - 

3 9 - - - 128 - - - 

8 8 - - - 128 - - - 

6 9 - - - 132 - - - 

5 8 - - - 120 - - - 

3 10 - - - 118 - - - 

HF 18 8 -60 13.7 -24.5 147 - 26.9 0.68 

3 10 - - -23.4 124 - 24.1 0.72 

4 10 - - -23.4 118 - 24.1 0.72 

10 11 - - - 136 - - - 

7 10 - - -25.8 116 - 24.9 0.52 

5 9 - - -24.9 126 - 24.6 0.59 

GZ 9 10 - - - 115 - - - 

5 8 - - - 108 - - - 

8 9 - - - 108 - - - 

CL 6 10 - - -37.6 128 - 28.3 0.14 

18 8 -70 - -27.2 123 - 25.4 0.43 

9 10 - - - 122 - - - 

6 10 - - - 107 - - - 

6 15 - - -28.3 139 - 25.7 0.37 

13 8 -70 9.8 -27.4 127 - 27.8 0.50 

HF 8 8 - - - 120 - - - 

6 10 - - - 117 - - - 

7 8 - - - 131 - - - 

4 10 - - - 98 - - - 

3 7 - - - 94 - - - 

6 11 - - - 116 - - - 

GZ 7 10 - - - 139 - - - 

4 6 - - - 99 - - - 

5 9 - - - 111 - - - 

7 10 - - - 129 - - - 

GZ 7 10 - - - 139 - - - 

5 11 - - - 129 - - - 

10 9 - - - 139 - - - 

6 9 - - - 139 - - - 

4 9 - - - 136 - - - 

HF 28 8 - - - 126 - - - 

14 8 - - - 119 - - - 

24 7 - - - 105 - - - 

12 7 -70 5.7 -26.8 115 - 27.6 0.53 

6 9 - 4.5 -25.3 96 - 27.2 0.62 

9 9 -63 -2.1 -24.9 129 - 26.9 0.64 

6 8 - - - 136 - - - 

GZ 12 7 - - - 102 - - - 

12 8 - - - 108 - - - 

14 8 -57 - -25.3 124 - 24.8 0.55 

GZ 10 8 - 8.6 -25.2 118 - 27.2 0.63 

12 7 - - - 111 - - - 

4 10 - - - 114 - - - 

5 11 <-60 -1.3 -25.3 128 - 27.0 0.62 

7 10 -73 - -25.1 129 - 24.7 0.57 

16 10 - - - 120 - - - 

GZ 10 7 - - - 129 - - - 

30 8 <-65 8.9 -25.6 118 - 27.3 0.60 

5 10 - - - 127 - - - 

12 8 - 11.2 -24.4 117 - 26.9 0.69 

7 8 -73 13.6 -24.6 119 - 26.9 0.67 

10 7 - - - 108 - - - 

7 9 - 7.5 -25.7 118 - 27.3 0.60 

3 9 - - -24.5 110 - 24.5 0.62 

10 7 - - -25.4 119 - 24.8 0.55 

GZ 10 7 -60 12.7 -25.7 121 - 27.2 0.59 

12 7 - - - 103 - - - 

6 10 - - - 126 - - - 

GZ 13 8 - - - 111 - - - 

12 7 - - - 121 - - - 

15 7 - - - 108 - - - 

8 9 <-60 -9.1 -26.4 115 - 26.8 0.53 

8 8 - - - 121 - - - 

GZ 5 10 - - - 133 - - - 

2 12 - - - 136 - - - 

4 9 - - - 141 - - - 

8 8 - - - 120 - - - 

8 7 - - - 122 - - - 

9 10 - - - 136 - - - 

GZ 7 9 -70 - -35.0 118 - 27.7 0.17 

10 7 - - - 120 - - - 

8 8 - - - 121 - - - 

2 10 - - - 115 - - - 

2 10 - - - 118 - - - 

GZ 4 12 - - - 108 - - - 

5 11 - - - 121 - - - 

7 8 - - - 122 - - - 

3 11 - - - 117 - - - 

4 12 - - - 122 - - - 

3 10 - - - 115 - - - 

10 9 -70 - -34.1 129 - 27.4 0.19 

GZ 6 10 - - -26.4 130 - 25.1 0.48 

6 10 - - - 112 - - - 

3 10 - - - 114 - - - 

GZ 8 8 - - - 112 - - - 

9 10 - - - 134 - - - 

8 9 - - - 116 - - - 

7 10 - - - 114 - - - 

GZ 3 10 - - - 108 - - - 

7 10 - - - 117 - - - 

9 9 - - - 129 - - - 

7 10 - - - 119 - - - 

GZ 11 9 - - - 132 - - - 

10 10 - - - 120 - - - 

GZ 9 11 - - - 128 - - - 

6 10 - - - 106 - - - 

GZ 14 8 - - - 109 - - - 

8 10 - - - 121 - - - 

7 8 - - - 110 - - - 

13 8 - - - 142 - - - 

9 9 - - - 106 - - - 

GZ 9 9 - - - 115 - - - 
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14 8 - - - 140 - - - 

8 9 - - - 114 - - - 

7 10 - - - 102 - - - 

9 10 - - - 122 - - - 

6 10 - - - 122 - - - 

16 10 - - - 111 - - - 

#14-KW-028II (DDH WR-328, 332.4m), QBSN3 

GZ 6 10 - 7.3 -26.5 113 - 27.5 0.55 

7 7 - - - 109 - - - 

7 11 -58 6.8 -27.3 123 - 27.8 0.51 

CL 10 10 - - -0.9 105 - 1.4 1.00 

12 8 - - - 102 - - - 

GZ 13 10 -70 - -28.1 123 - 25.7 0.38 

8 10 - - - 124 - - - 

5 10 - -28.9 -26.8 114 - 24.8 0.35 

11 10 - - - 131 - - - 

15 11 -70 5.5 -26.7 118 - 27.6 0.54 

19 9 -72 6.7 -27.2 116 - 27.7 0.51 

5 12 
 

-49.4 -28.7 149 - 24.6 0.06 

20 8 -80 6.0 -25.7 107 - 27.3 0.60 

GZ 8 10 - - - 106 - - - 

6 10 - - - 121 - - - 

11 11 -77 8.4 -28.3 119 - 28.0 0.46 

6 10 - - - 112 - - - 

Is 7 9 -63 -43.1 -25.6 124 - 23.4 0.09 

HF 5 10 - - - 101 - - - 

4 13 - - - 130 - - - 

2 10 - - - 104 - - - 

3 10 - - - 103 - - - 

6 8 - - - 97 - - - 

6 10 - - - 124 - - - 

5 9 - - - 104 - - - 

8 10 - - - 119 - - - 

4 12 - - - 105 - - - 

CL 18 8 - - - 108 - - - 

6 10 - - -26.2 118 - 25.1 0.49 

9 8 - - - 100 - - - 

Is 10 10 - - - 111 - - - 

Is 10 8 - - - 151 - - - 

#14-KW-032 (DDH WR-328, 304.1m), QBSN3 

HF 10 10 - - -24.9 117 - 24.6 0.59 

8 10 - 5.9 -24.9 125 - 27.1 0.65 

6 10 - - -24.7 125 - 24.6 0.60 

8 11 -60 - -25.0 132 - 24.7 0.58 

18 10 - - - 130 - - - 

12 10 -65 - -26.8 124 - 25.2 0.45 

8 9 - - -25.2 126 - 24.7 0.56 

5 10 - - - 126 - - - 

9 12 <-70 - -26.8 129 - 25.2 0.45 

5 11 - - - 127 - - - 

HF 8 8 -67 3.2 -25.2 130 - 27.2 0.63 

9 10 -63 - -24.6 134 - 24.5 0.61 

18 10 -65 13.7 -24.0 122 - 26.7 0.71 

11 9 -63 - -27.7 129 - 25.5 0.40 

8 8 - - - 108 - - - 

14 10 - - - 134 - - - 

11 9 - - - 136 - - - 

7 10 - - - 117 - - - 

Is 10 10 - - - 115 - - - 

GZ 10 9 - - - 109 - - - 

10 10 -74 - -27.1 133 - 25.3 0.44 

12 8 - - - 116 - - - 

GZ 10 10 -75 6.5 -27.9 116 - 27.9 0.48 

6 10 - - - 114 - - - 

10 9 - - - 119 - - - 

GZ 5 9 - - - 115 - - - 

6 9 -73 7.3 -26.9 135 - 27.7 0.53 

4 10 - - - 134 - - - 

GZ 6 10 <-77 - -28.4 133 - 25.7 0.37 

6 10 <-75 -0.1 -27.4 138 - 27.6 0.50 

4 10 - - - 120 - - - 

7 10 - - - 122 - - - 

11 9 - - - 120 - - - 

GZ 22 8 - - - 124 - - - 

14 9 -82 -51.7 -51.5 128 - 31.3 0.06 

5 10 - - - 119 - - - 

GZ 10 10 -80 13.5 -31.7 124 - 29.1 0.35 

10 10 - - - 123 - - - 

3 10 - - - 113 - - - 

8 9 -78 6.9 -27.5 125 - 27.8 0.50 

10 10 - - - 122 - - - 

GZ 12 9 <-84 
 

-32.0 119 146 32.9 0.49 

4 8 - - - 122 - - - 

5 10 - - - 121 - - - 

20 8 -87 
 

-29.1 130 160 32.5 0.57 

GZ 10 10 - - - 125 - - - 

7 10 - - - 122 - - - 

8 8 - - - 121 - - - 

5 10 - - - 121 - - - 

HF 8 9 - - - 115 - - - 

16 8 - - - 119 - - - 

9 9 - - - 118 - - - 

6 8 - - - 126 - - - 

#14-KW-078 (DDH WR-560, 736m), QBSM4 

GZ 13 8 -79 - -50.9 105 - 31.2 0.06 

10 9 - - - 102 - - - 

14 9 -74 - -47.9 97 - 30.6 0.07 

18 9 -82 - -49.1 105 - 30.9 0.06 

4 10 - - - 95 - - - 

10 9 - - -46.7 95 - 30.4 0.07 

HF 12 8 - - - 133 - - - 

16 9 -76 - -29.4 117 - 26.1 0.33 

7 8 - - -30.1 101 - 26.3 0.30 

17 8 - -3.2 -30.5 99 - 28.2 0.37 

6 10 - - - 122 - - - 

5 10 - - - 136 - - - 

9 10 - 0.3 -30.9 131 - 28.5 0.36 

HF 12 8 - - - 94 - - - 

16 9 - - - 104 - - - 

24 7.5 - - - 92 - - - 

6 9 - - - 96 - - - 

HF 9 11 - - -25.5 129 - 24.8 0.54 

12 10 - - - 131 - - - 

12 12 - 4.9 -24.8 129 - 27.1 0.66 

5 10 - - - 132 - - - 

4 10 - - - 135 - - - 

8 12 - - - 119 - - - 

HF 5 10 - - - 131 - - - 

18 9 - 4.6 -24.6 110 - 27.1 0.67 

4 10 - - - 125 - - - 

8 11 - - - 125 - - - 

12 10 - 19.1 -25.1 121 - 26.7 0.62 

* QBSN2 – syntaxial quartz 2 and drusy quartz 1; QBSN3 – vein drusy quartz in the 

sandstone; QBSM4 – vein drusy quartz in the basement (Gryphon zone); GZ – growth 

zone; CL – Cluster; HF – healed fracture; Is – Isolated; GZ, CL and HF are FIAs, and 

Is is non-FIAs; OC – FI occurrence; Sz – size; V % – vapor percentage; Tfm – first-

melting temperature; Tm-HH – hydrohalite-melting temperature; Tm-ice – ice-melting 

temperature; Th – homogenization (vapor to liquid) temperature; Tm-H – total 

dissolution temperature of halite; Sal – salinity (wt.% NaCl+CaCl2); XNaCl – value or 

maximum value (calculated from Tm-ice only) of NaCl/(NaCl+CaCl2) weight ratio; “-” 

– data unavailable (fluid inclusion did not freeze or melting was uncertain).
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each individual fluid inclusion assemblage were used for plotting and compositional 

calculations (Figs. 5.5, 5.6 and 5.7). 

As has been observed and documented in some previous research (Davis et al., 1990; 

Bakker and Baumgartner, 2012; Chi et al., 2014b) for the H2O-NaCl-CaCl2 system, more 

than half of the fluid inclusions examined in this study do not freeze even after cooling to 

–185 C for several times. Also, not all of the freezing (Tfz), first-melting (Tfm) and 

hydrohalite-melting (Tm-HH) temperatures could be observed because of the visibility 

and metastability problems. The freezing temperature was recorded by the sudden phase 

change of the inclusion, such as ice appearance, darkening or blurring of the inclusion, 

and/or squeezing of the vapour phase. While first-melting temperature was extremely 

hard to follow, ice-melting was clearly characterised by the final disappearance of the 

round-shaped ice crystal. The majority of the Tfz, Tfm and Tm-ice measured are below –70 

C, –60 C and –21.2 C respectively (Table 1, Appendix C), suggesting the potential 

existence of Ca
2+

. Most of these inclusions were frozen during the heating process after 

firstly cooled to –185 C. A lot of the inclusions have lower ice-melting temperatures 

(Tm-ice) than hydrohalite-melting temperatures (Tm-HH), which are also not easy to 

observe in the first place, indicating a metastable situation (Table 1; Bakker and 

Baumgartner, 2012). Most of the Th values collected are concentrated in between 80 and 

140 C, while only two of them are higher than 140 C (Fig 5.5A), reaching 157 C 

(Table 1).  
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Figure 5.5 Histograms of homogenization temperatures for biphase aqueous fluid 

inclusions from QBSN2, QBSN3 and QBSM4: A. Histogram of Th for all FIAs and isolated 

inclusions; B. Histogram of Th for the FIAs; C. Histogram of Th for the isolated 

inclusions; Note all the isolated inclusions are from QBSN3.
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There is only a cluster of eight liquid-dominant biphase aqueous fluid inclusions, 

appearing as one FIA, observed and examined in QBSN2, which is pervasively mixed 

with Tur1 making it difficult to find fluid inclusions. Only one pair of Tfz at –90 C and 

Tfm at –80 C was determined for one fluid inclusion. The Tm-ice values range from –

36.4 to –27.1 C, and the Tm-HH range from 0.7 to 11.9 C (Table 1), suggesting 

metastable melting of hydrohalite. This assemblage has Th values from 113 to 148 C 

(Table 1; Fig. 5.5B and 5.7), with salinities ranging from 25.4 to 30.3 wt% NaCl + CaCl2 

(Table 1; Figs. 5.6 and 5.7) and the XNaCl from 0.27 to 0.51 (Table 1).  

Only 93 out of the 349 inclusions in QBSN3 were measured for Tm-ice, as most of them 

did not freeze even after cooled to –185 C (Table 1). Almost all the visible frozen 

temperatures (Tfz) collected are lower than –70 C, and most Tfm values are below –60 

C. The determined Tm-ice ranges from –55 C to –0.8 C, with the majority sitting 

between –35 and –17.8 C (Table 1). The inclusions have Tm-HH values from –51.7 to 

25 C, many of which are higher than the Tm-ice values (Table 1). Overall, the inclusions 

in QBSN3 show Th (vapour disappearance) values from 80 to 157 C, with salinities from 

1.2 to 33.0 wt% NaCl + CaCl2 and XNaCl from 0.06 to 1.00 (Table 1; Figs. 5.6 and 5.7). 

The Th values of FIAs within QBSN3 have a relatively narrower range, from 100 to 140 

C, and more specifically, most of them are within the range of 110 to 130 C (Fig. 5.5B). 

In contrast, the isolated fluid inclusions in QBSN3 have covered the overall Th range (80 

to 157 C) (Fig. 5.5C). The salinities of the FIAs range mostly from 24.8 to 32.7 and 

only one at 1.4 wt% NaCl + CaCl2 (Figs. 5.6 and 5.7), whereas most of those for the  
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Figure 5.6 Ternary composition diagram of the biphase aqueous fluid inclusions 

(including FIAs and isolated inclusions) from QBSN2, QBSN3 and QBSM4; HH – 

hydrohalite field (modified after Steele-MacInnis et al., 2011). 
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isolated inclusions are from 20.8 to 28.4 wt% NaCl + CaCl2 with a few yielding lower 

values (1.2 to 14.4) (Table 1 and Fig. 5.6). The majority of the XNaCl values are between 

0.35 to 0.72; the inclusions with relatively high Tm-ice (–10.4 to –0.8 C) and low 

salinities (1.2 to 14.4) are approximated by the H2O-NaCl system, thus an XNaCl value of 

1.0 (Table 1). In comparison, the inclusions with relatively low Tm-ice (–33.6 to –55 C) 

and/or lower Tm-HH than Tm-ice have smaller values of XNaCl (0.06 to 0.35) (Table 1; 

Fig. 5.6A).  

It was noted that, in three of the fluid inclusions within different individual FIAs in 

QBSN3, which initially did not contain halite, the hydrohalite crystals were transformed to 

halite cubes during the heating process. This phenomenon probably indicates that the 

fluid inclusions were initially oversaturated with halite, but halite crystals were not 

nucleated due to metastability. Thus, the halite-melting temperature for these three 

particular inclusions were calculated with their relatively low ice-melting temperatures 

of –33.6, –32.0 and –29.1 C and total dissolution temperatures of halite at 137, 146 and 

160 C respectively, yielding the highest salinities, from 32.5 to 33 wt% NaCl + CaCl2. 

These inclusions have Th values of 120, 119 and 130 C respectively, with XNaCl of 0.45, 

0.49 and 0.57, lying in the main Th and XNaCl ranges of the inclusions in QBSN3. This 

contracts with the triphase inclusions, which have much higer Th (bubble disappearance) 

than others within the same FIA, as well as extremely high Tm-H (halite dissolution) 

(Appendix C). In addition, these three inclusions have similar Th values to the other 

liquid-dominant biphase members in the FIA (Table 1). Similar observations of 

metastable phase assemblages of H2O-NaCl-CaCl2 fluid inclusions at low temperatures 

have been documented and discussed in the experimental fluid inclusion study by Bakker  
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Figure 5.7 Salinity –homogenization temperature diagram of aqueous FIs from QBSN2, 

QBSN3 and QBSM4. 
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and Baumgartner (2012). These fluid inclusions remain a metastable assemblage 

(supersaturated brine and vapour) at room temperature, and halite does not precipitate 

again when cooled after the final dissolution (Bakker and Baumgartner, 2012).  

The 28 fluid inclusions examined in QBSM4 (drusy quartz veins cutting the basement 

rocks) define five fluid inclusion assemblages. The inclusions have overall Th values 

from 92 to 136 C, and salinities from 24.8 to 31.2 wt% NaCl + CaCl2 with XNaCl from 

0.06 to 0.67 (Table 1). The ice-melting temperature (Tm-ice) varies from –50.9 to –24.6 

C, with several inclusions exhibiting freezing temperatures (Tfz) below –80 C and first-

melting temperatures (Tfm) below –70 C, while one assemblage of inclusions did not 

freeze (Table 1). Two of the FIAs have mean Th values from 90 to 100 C, the other 3 

FIAs have them from 110 to 130 C (Figs. 5.5B). One of the assemblages with relatively 

low Th has higher mean value of salinity at 30.1 wt% NaCl + CaCl2, whereas the other 

groups have mean salinity values ranging from 26.0 to 27.3 wt% NaCl + CaCl2 (Figs. 

5.6A and 5.7). The former presents a small XNaCl (0.06~0.07), whereas the latter has high 

XNaCl values of 0.30~0.37, 0.54~0.66 and 0.62~0.67, respectively (Table 1).  

In general, most fluid inclusion assemblages in QBSN2, QBSN3 and QBSM4 are 

characterised by moderate Th values and relatively high salinities (Fig. 5.7). Only one 

FIA in QBSN3 is distinguished by low Th and salinity values (Fig. 5.7). In comparison, the 

isolated fluid inclusions in QBSN3 have more variable Th values and salinities, although 

the majority of them are comparable with the FIAs (Fig. 5.7).  
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5.2.2 Microthermometry of Fluid Inclusions in Basement Rocks 

A total of 22 CH4-dominanted and nine associated aqueous fluid inclusions in QBSM2 

were examined for microthermometry. A thin ring of liquid phase slowly appeared and 

surrounded the vapour phase of the monophase CH4-dominant inclusions during the 

cooling process to –185 C and the inclusions homogenised back to vapour phase at the 

temperatures that were determined as homogenisation temperatures of CH4-dominant 

inclusions (Th-V) (Fig. 5.8; Table 2). The microthermometric data are listed in Table 2. 

Overall, the Th-V values of the CH4-dominant fluid inclusions hosted in random 

microfractures in QBSM2 range from –165 to –98.5 C (Table 2). Associated liquid-

dominant aqueous fluid inclusions were frozen around –40.9 to –29.8 C and started 

melting from –5.4 to –2.5 C (Table 2). They have Th (homogenised to liquid phase) 

temperatures varying from 106 to 276 C and relatively consistent ice-melting 

temperatures from – 2.6 to –0.9 C, with salinities determined from 1.6 to 4.3 wt% 

(Table 2). The vapour-dominant biphase CO2 fluid inclusions hosted in parallel 

microfractures that are generally perpendicular to the regional foliation in QBSM2 have 

Th-V values from 26.5 to 28.9 C and CO2-melting temperatures (Tm-CO2) from –57.7 to 

–57.5 C (Table 2). 
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Figure 5.8 Photomicrographs showing CH4-dominated inclusions homogenized into 

vapour phase. 
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Table 2. Microthermometric results of CH4-related fluid inclusions from the Phoenix uranium deposit* 

Sample#,  

Host mineral  
Type 

Size 

(um) 

V/T 

(%) 

Th-V 

(°C) 

Tfz 

(°C) 

Tfm 

(°C) 

Tm-ice 

(°C) 

Tm-CO2 

(°C) 

Th-L 

(°C) 

Salinity 

(wt%) 
XNaCl 

#14-KW-017  

(DDH WR-328, 

389.7m),  
QBSM2 

CH4 

34 100 -155.7 - - - - - - - 

21 100 -155.3 - - - - - - - 

23 100 -140.5 - - - - - - - 

34 100 -148.4 - - - - - - - 

38 100 -150.3 - - - - - - - 

16 100 -133.3 - - - - - - - 

15 100 -133.3 - - - - - - - 

20 100 -144.0 - - - - - - - 

31 100 -152.3 - - - - - - - 

16 100 -160.0 - - - - - - - 

20 100 -133.5 - - - - - - - 

22 100 -123.1 - - - - - - - 

14 100 -143.1 - - - - - - - 

21 100 -124.0 - - - - - - - 

23 100 -129.4 - - - - - - - 

40 100 -133.5 - - - - - - - 

26 100 -120.4 - - - - - - - 

26 100 -131.9 - - - - - - - 

24 100 -123.9 - - - - - - - 

26 100 -156.5 - - - - - - - 

22 100 -165.0 - - - - - - - 

16 100 -139.2 - - - - - - - 

Aq  
(asso. w/ CH4) 

21 8 - -29.8 -5.4 -1.1 - 106 1.91 1 

11 18 - -40.7 - -2.6 - 276 4.34 1 

9 20 - -40.9 - -0.9 - 238 1.57 1 

21 25 - -39.8 -2.5 -0.9 - 249 1.57 1 

12 9 - -38.7 -4.5 -0.9 - 156 1.57 1 

6 28 - -40.8 - -1.1 - 139 1.91 1 

6 13 - - - - - 144 - - 

14 10 - - - - - 173 - - 

8 8 - - - - - 154 - - 

CO2 

28 65 28.9 - - - -57.5 - - - 

15 65 28.8 - - - -57.5 - - - 

22 65 28.8 - - - -57.7 - - - 

27 70 26.5 - - - -57.7 - - - 

18 70 28.4 - - - -57.6 - - - 

#14-KW-019  

(DDH WR-328, 
392.7m),  

QBSM2 

CH4 

18 100 -98.5 - - - - - - - 

16 100 -106.5 - - - - - - - 

13 100 -108.1 - - - - - - - 

12 100 -113.1 - - - - - - - 

17 100 -112.2 - - - - - - - 



 60 

5.3 Cryogenic Raman Spectroscopy 

The liquid-dominant biphase fluid inclusions from QBSN2, QBSN3 and QBSM4 were 

analysed with cryogenic Raman spectroscopy. The fluid inclusions from QBSN2 indicate 

the presence of a NaCl-dominated H2O-NaCl-CaCl2 solution, as identified by 

hydrohalite (NaCl·2H2O) peaks at 3423 and 3537 cm
–1

, together with overlapping, 

undividable hydrohalite and antarcticite (CaCl2·6H2O) peaks at 3405 and 3438 cm
–1

, 

respectively (Fig. 5.9A; Samson and Walker, 2000; Baumgartner and Bakker, 2010; Chi 

et al., 2014b). A small shoulder peak occurs at 3444 cm
–1

, which may indicate the 

presence of α-tetrahydrate (α-CaCl2·4H2O) (Fig. 5.9A; Baumgartner and Bakker, 2009 

and 2010). 

The cryogenic Raman spectroscopic analyses of fluid inclusions from both QBSN3 (Fig. 

5.9B) and QBSM4 (Fig. 5.9C) present three different types of solute compositions, 

including a NaCl-dominated H2O-NaCl-CaCl2 solution, a CaCl2-dominated solution, and 

a MgCl2-NaCl-CaCl2-H2O solution. The characteristics of the NaCl-dominated H2O-

NaCl-CaCl2 solution in QBSN3 and QBSM4 are quite similar to the one identified in QBSN2, 

reflected by the prominent peaks at 3404–3406, 3422–3423, 3436–3438 and 3536–3539 

cm
–1 

(Figs. 5.9B1–B4, C1). Occasionally, shoulders appeared at ~3386 cm
–1

 (Fig. 5.9B2), 

and 3462–3467 cm
–1

 (Figs. 5.9B2–B4, C1), which may be attributed to antarcticite 

(CaCl2·6H2O) and sinjarite (CaCl2·2H2O) ± γ-tetrahydrate (γ-CaCl2·4H2O) respectively 

(Baumgartner and Bakker, 2009 and 2010). Two other shoulders of ~ 3362 cm
–1

 (Fig 

5.9C1) and ~3446 cm
–1

 (Figs. 5.9B3,B4, C1) are likely due to α-tetrahydrate (α-

CaCl2·4H2O) (Baumgartner and Bakker, 2009 and 2010).   
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Figure 5.9, to be continued.
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Figure 5.9 Raman spectra of aqueous fluid inclusions showing various hydrates at –

185 °C, from: A. QBSN2, B. QBSN3 and C. QBSM4. Some inclusions are dominated by 

NaCl (A–B4, C1), some by CaCl2 (B5, C2) and others by MgCl2 (B6, C3).
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It was commonly observed that, only ice nucleates in the CaCl2-dominated fluid 

inclusions in QBSN3 and QBSM4, whereas none of the CaCl2-hydrates appear to be present 

due to metastability (Fig. 5.9B5) (Baumgartner and Bakker, 2009). The application of 

several cooling and heating cycles did not facilitate the nucleation of hydrates. Figure 

5.9C2 represents the best result that could be obtained to illustrate the CaCl2-dominated 

fluid from QBSM4. That is, very small peaks at ~3404 and 3444–3446 cm
–1

 are probably 

indicate the presence of antarcticite (CaCl2·6H2O) and α-tetrahydrate (α-CaCl2·4H2O) 

respectively (Baumgartner and Bakker, 2009 and 2010). 

Raman spectra of the MgCl2-bearing fluid inclusions are quite complex (Figs. 5.9B6, 

C3), with main peak positions at 3320–3322 cm
–1

, 3396–3405 cm
–1

, 3446–3448 cm
–1

, 

3462–3468 cm
–1

 and 3505–3513 cm
–1

 (Figs. 5.9B6, C3). MgCl2·12H2O (MH) is 

characterized by prominent peaks at 3320–3322 cm
–1 

and 3505–3513 cm
–1

, with 

undivided MH, antarcticite and hydrohailite peak at 3396–3405 cm
–1

 and MH and 

sinjarite (CaCl2·2H2O) ± γ-tetrahydrate (γ-CaCl2·4H2O) peak at 3462–3468 cm
–1

 

(Bakker, 2004; Baumgartner and Bakker, 2009 and 2010). Shoulders at 3192 cm
–1

 (Fig. 

5.9C3) and 3481 cm
–1

 (Fig. 5.9B6) are also probably attributed to MgCl2·12H2O (Bakker, 

2004). The peak at 3446–3448 cm
–1

 is prominent for α-tetrahydrate (α-CaCl2·4H2O), 

which sometimes has another accompanied peak at 3360–3368 cm
–1

 (Spectra 3 and 5 in 

Fig. 5.9B6 and Fig. 5.9C3) (Baumgartner and Bakker, 2009). The peak positioned at 

3420–3423 cm
–1

 can be assigned to both hydrohalite (NaCl·2H2O) and α-tetrahydrate (α-

CaCl2·4H2O), although it is more prominent for the former. The peak defined at 3437–

3438 cm
–1

 may have been part of antarcticite, hydrohalite, and/or γ-tetrahydrate (γ-

CaCl2·4H2O).  
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It is noted that the same inclusion may behave differently with multiple cooling and 

heating cycles as indicated by the spectra in Figure 5.9B6, with spectra 1–2 collected on 

Day 1, spectra 3–5 collected on Day 2, and spectrum 6 collected on Day 3. For example, 

MgCl2-hydrates were detected on Day 1 and Day 2, but not on Day 3. Futhermore, the 

spectrum may differ from spot to spot within one inclusion even during one cycle (e.g., 

spectra 3–5 in Fig. 5.9B6). In general, Raman spectra 1–4 (Fig. 5.9B6), that lack 

prominent 3423 and 3437 cm
–1

 hydrohalite peaks, indicate a MgCl2- and CaCl2-rich fluid 

in QBSM3, whereas Raman spectra 5–6 suggest the existence of NaCl in the fluid, in 

addition to MgCl2- and CaCl2. Besides, the Raman spectra of C3 (Fig. 5.9C3) from a 

fluid inclusion in QBSM4 also potentially indicate a MgCl2-CaCl2-NaCl-H2O system, 

although the 3537 cm
–1

 peak for hydrohalite is not apparent.  

5.4 Volatile Compositions of Fluid Inclusions 

Raman spectroscopy was carried out on the vapour phase of the liquid-dominant biphase 

aqueous inclusions and the vapour-only inclusions in major drusy quartz veins (QBSN3 

and QBSM4). None of the volatiles such as CH4, CO2 and N2 was spotted in the inclusions, 

owing to the detection limit of the Raman spectrometer. This may imply that the 

densities of these components are below around 1 bar in partial pressure (Wapenka and 

Pasteris, 1987; Rosso and Bodnar, 1995). A total of ten samples, including one sample of 

QBSN2, eight samples of QBSN3 and one sample of QBSM4, were analysed for the volatile 

compositions of bulk fluid inclusions. Four to ten successive batches of gas components 

were released from each sample depending on the amounts and the sizes of the quartz  
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Table 3. Volatile compositions of bulk fluid inclusions in QBSN3 and QBSM4 (mol%) 

Sample #,  

Host mineral 
Bathces H2O CO2 CH4 N2 H2 O2 He Ar 

14-KW-007 

(DDH WR-328, 
348.1m),  

QBSN2 

9456b 99.71 0.084 0.0128 0.15 0.0277 0.010 0.0000 0.0025 

9456c 99.93 0.013 0.0019 0.04 0.0066 0.006 0.0001 0.0005 

9456d 99.60 0.047 0.0073 0.32 0.0152 0.003 0.0001 0.0039 

9456e 99.14 0.207 0.0292 0.56 0.0431 0.016 0.0002 0.0101 

Weighted Mean 99.51 0.094 0.0137 0.34 0.0238 0.008 0.0001 0.0052 

WR-13-027 
(DDH ZQ-20, 

185.1m, 

QBSN3 

9453a 99.78 0.024 0.0022 0.16 0.0005 0.033 0.0008 0.0024 

9453b 99.86 0.016 0.0019 0.10 0.0000 0.024 0.0003 0.0017 

9453c 99.81 0.024 0.0021 0.12 0.0000 0.036 0.0000 0.0021 

9453d 99.82 0.027 0.0025 0.11 0.0000 0.040 0.0001 0.0022 

9453e 99.91 0.015 0.0019 0.06 0.0000 0.017 0.0000 0.0008 

9453f 99.84 0.024 0.0032 0.10 0.0000 0.031 0.0001 0.0018 

9453g 99.88 0.020 0.0026 0.07 0.0000 0.025 0.0000 0.0012 

9453h 99.89 0.020 0.0040 0.07 0.0002 0.017 0.0000 0.0011 

Weighted Mean 99.84 0.023 0.0025 0.10 0.0001 0.031 0.0002 0.0018 

WR-13-035 

(DDH WR-250, 
341.8m) 

QBSN3 

9460a 99.70 0.015 0.0024 0.24 0.0000 0.039 0.0001 0.0030 

9460b 99.81 0.049 0.0018 0.11 0.0006 0.019 0.0001 0.0014 

9460c 99.79 0.007 0.0016 0.17 0.0000 0.029 0.0001 0.0021 

9460d 99.86 0.012 0.0024 0.10 0.0003 0.021 0.0000 0.0016 

9460e 99.84 0.010 0.0034 0.12 0.0000 0.025 0.0000 0.0015 

9460f 99.76 0.021 0.0034 0.18 0.0003 0.038 0.0000 0.0026 

9460g 99.87 0.020 0.0028 0.09 0.0014 0.019 0.0001 0.0012 

9460h 99.83 0.027 0.0044 0.12 0.0026 0.022 0.0001 0.0016 

9460j 99.87 0.019 0.0041 0.09 0.0033 0.012 0.0001 0.0011 

Weighted Mean 99.81 0.017 0.0029 0.14 0.0007 0.026 0.0001 0.0019 

14-KW-004 

(DDH WR-328, 
341.4m) 

QBSN3 

9451c 99.53 0.028 0.0050 0.38 0.0012 0.050 0.0004 0.0058 

9451d 98.98 0.043 0.0052 0.85 0.0146 0.101 0.0004 0.0110 

9451e 99.48 0.028 0.0065 0.43 0.0104 0.040 0.0005 0.0055 

9451f 99.37 0.033 0.0067 0.52 0.0137 0.042 0.0008 0.0064 

9451g 99.63 0.031 0.0032 0.30 0.0098 0.023 0.0004 0.0045 

9451h 99.25 0.033 0.0087 0.62 0.0174 0.062 0.0006 0.0080 

9451j 99.64 0.028 0.0069 0.28 0.0111 0.028 0.0003 0.0043 

9451k 99.69 0.032 0.0089 0.23 0.0114 0.019 0.0002 0.0038 

Weighted Mean 99.43 0.032 0.0064 0.46 0.0110 0.047 0.0005 0.0063 

14-KW-027 

(DDH WR-328, 

369.8m),  
QBSN3 

9459a 99.32 0.012 0.0013 0.55 0.0168 0.088 0.0003 0.0069 

9459b 99.56 0.011 0.0049 0.36 0.0346 0.030 0.0003 0.0042 

9459c 99.74 0.014 0.0024 0.21 0.0175 0.017 0.0003 0.0030 

9459d 99.83 0.018 0.0063 0.10 0.0363 0.007 0.0002 0.0013 

Weighted Mean 99.55 0.013 0.0032 0.36 0.0244 0.045 0.0003 0.0045 

14-KW-028 

(DDH WR-328, 

332.4m),  
QBSN3 

9458a 99.64 0.018 0.0051 0.31 0.0015 0.022 0.0005 0.0038 

9458b 99.46 0.011 0.0044 0.44 0.0000 0.079 0.0001 0.0066 

9458c 99.47 0.012 0.0029 0.45 0.0069 0.054 0.0005 0.0057 

9458d 99.56 0.017 0.0070 0.34 0.0210 0.050 0.0003 0.0053 
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9458e 99.53 0.021 0.0184 0.35 0.0427 0.036 0.0003 0.0046 

Weighted Mean 99.52 0.015 0.0062 0.39 0.0103 0.052 0.0003 0.0054 

14-KW-030 
(DDH WR-328, 

326.8m),  
QBSN3 

9454a 99.86 0.073 0.0008 0.05 0.0122 0.003 0.0003 0.0005 

9454b 99.54 0.026 0.0024 0.36 0.0000 0.068 0.0000 0.0058 

9454c 99.57 0.027 0.0026 0.36 0.0038 0.031 0.0001 0.0048 

9454d 99.70 0.010 0.0014 0.23 0.0000 0.048 0.0001 0.0036 

9454e 99.69 0.013 0.0013 0.24 0.0017 0.050 0.0001 0.0037 

9454f 99.65 0.011 0.0028 0.29 0.0063 0.035 0.0008 0.0034 

9454g 99.49 0.015 0.0042 0.43 0.0039 0.049 0.0001 0.0051 

9454h 99.70 0.015 0.0028 0.23 0.0063 0.040 0.0005 0.0035 

9454j 99.85 0.021 0.0028 0.10 0.0075 0.010 0.0001 0.0016 

9454k 99.80 0.016 0.0043 0.14 0.0140 0.022 0.0001 0.0021 

Weighted Mean 99.65 0.017 0.0028 0.28 0.0047 0.042 0.0002 0.0039 

14-KW-032 

(DDH WR-328, 
304.1m),  

QBSN3 

9455a 97.60 0.037 0.0074 1.95 0.0065 0.372 0.0001 0.0296 

9455b 99.01 0.017 0.0084 0.85 0.0094 0.102 0.0003 0.0102 

9455c 98.58 0.020 0.0035 1.13 0.0052 0.246 0.0001 0.0177 

9455d 98.92 0.013 0.0039 0.89 0.0017 0.164 0.0001 0.0126 

9455e 98.71 0.029 0.0056 1.03 0.0059 0.200 0.0002 0.0167 

9455f 99.53 0.015 0.0041 0.38 0.0014 0.069 0.0001 0.0064 

9455g 99.49 0.020 0.0058 0.41 0.0083 0.059 0.0001 0.0062 

9455h 99.33 0.031 0.0118 0.54 0.0180 0.058 0.0002 0.0073 

Weighted Mean 99.00 0.022 0.0058 0.81 0.0065 0.148 0.0001 0.0124 

14-KW-045 

(DDH WR-267, 
342.8m),  

QBSN3 

9457a 99.76 0.016 0.0019 0.17 0.0000 0.045 0.0003 0.0030 

9457b 99.75 0.017 0.0057 0.18 0.0186 0.026 0.0005 0.0026 

9457c 99.80 0.018 0.0034 0.14 0.0000 0.032 0.0001 0.0024 

9457d 99.85 0.016 0.0023 0.11 0.0022 0.018 0.0001 0.0018 

9457e 99.87 0.018 0.0050 0.09 0.0000 0.016 0.0001 0.0014 

9457f 99.79 0.017 0.0152 0.13 0.0296 0.017 0.0001 0.0020 

Weighted Mean 99.79 0.017 0.0042 0.15 0.0051 0.031 0.0002 0.0024 

14-KW-078 
(DDH WR-560, 

736m),  

QBSM4 

9452a 99.82 0.025 0.0068 0.11 0.0054 0.028 0.0019 0.0015 

9452b 99.93 0.007 0.0047 0.03 0.0062 0.009 0.0076 0.0003 

9452c 99.88 0.012 0.0031 0.05 0.0296 0.015 0.0096 0.0005 

9452d 99.88 0.024 0.0060 0.06 0.0077 0.020 0.0036 0.0005 

9452e 99.56 0.079 0.0318 0.18 0.0610 0.085 0.0074 0.0007 

Weighted Mean 99.78 0.036 0.0134 0.10 0.0280 0.038 0.0064 0.0006 

 

grains. H2O, CO2, CH4, N2, H2, O2, He and Ar were detected, and the concentrations are 

mostly comparable among different batches within one sample (Table 3).  

H2O is the major component in all three types of quartz, with the averages ranging from 

99.0 to 99.84 mol% (Table 3). N2 is the second most concentrated volatile, averaging 
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generally from 0.10 to 0.46 mol%, except for one sample of QBSN3 with a concentration 

of 0.81 mol% (Table 3). In QBSN3 and QBSM4, CO2 (avg. 0.021 mol%) and O2 (avg. 

0.051 mol%) are relatively more significant than the other components (Table 3). In 

contrast, among all the samples, QBSN2 has a maximum CO2 concentration of 0.094 mol% 

and a minimum O2 concentration of 0.008 mol% (Table 3). The maximum H2 value in 

the samples of QBSN3 is 0.0244 mol%, which is quite similar to those of QBSN2 (avg. 

0.0277 mol%) and QBSM4 (0.0280 mol%), although most other samples in QBSN3 has 

much less H2 (0.0001–0.0110 mol%) (Table 3). The samples in QBSN3 have relatively 

low average CH4 concentrations of 0.0025 to 0.0064 mol% (Table 3), compared to the 

sample of QBSN2 (0.0137 mol%) and QBSM4 (0.0134 mol%) (Table 3). Besides the one 

sample of QBSM4 with an average of 0.0064 mol% He, all the other samples have average 

He concentrations below 0.001 mol%. While the QBSN2 and QBSN3 batches show average 

Ar concentrations from 0.0018–0.0124 mol% (Table 3), those of QBSM4 present 0.006 

mol% Ar in average (Table 3). 

The data were plotted on various diagrams discriminating fluids of different origins or 

processes (Fig. 5.10; Blamey, 2012). In the CO2/CH4-N2/Ar diagram (Fig. 5.10A), the 

data of QBSN2 and half data of QBSN3 plot in the area of shallow meteoric fluids, while 

the other half of QBSN3 and most of QBSM4 plot in the area of deeply penetrated crustal 

fluids. In the Ar/He- N2/Ar diagram (Fig. 5.10B), the data of QBSN2 and QBSN3 all plot in 

the meteoric fluids area, whereas those of QBSM4 plot in or close to the basinal brine 

(MVT) field. In the CO2/N2-Total volatile content diagram (Fig. 5.10C), most of the data 

matches the boiling slope. 
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Figure 5.10, to be continued. 
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Figure 5.10 Volatile compositions of bulk fluid inclusions in QBSN2, QBSN3 and QBSM4 

quartz compared to fluids of different origins (base diagrams modified from Blamey 

2012): A. CO2/CH4-N2/Ar diagram; B. Ar/He- N2/Ar diagram; C. CO2/N2-Total volatile 

content in % diagram (Modified after Blamey, 2012).



 70 

5.5 Fluid Pressure Calculations 

5.5.1 Pressure of Aqueous Fluid in Drusy Quartz in Sandstone and Basement Rocks 

The coexistence of liquid-dominant and vapour-dominant biphase, vapour-only 

monophase, and halite-bearing triphase aqueous fluid inclusions within different 

individual FIAs highly indicates the possibility of immiscibility. Despite that necking-

down and post-entrapment stretching may also produce vapour-only and vapour-

dominant inclusions (Roedder, 1984), the abundance and the prevalence of this 

phenomenon stand against those mechanisms. The liquid-dominant inclusions with the 

lowest vapour/total ratio represent the homogeneous entrapment of liquid phase, whereas 

the vapour-only inclusions demonstrate the homogeneous entrapment of the vapour 

phase; between those are the inclusions heterogeneously entrapped with both liquid and 

vapour phases and various vapour/liquid ratios. Therefore, at the mercy of immiscibility, 

the homogenization temperatures (Th) of the liquid-dominant inclusions with the lowest 

vapour ratios represent the actual trapping temperatures, and the pressure at these 

temperatures (Ph) represents the trapping pressure.  

As presented in Figure 5.7, most of the Th-Salinity pairs are plotted in the circled field, 

independent of the isolated fluid inclusions or fluid inclusion assemblages are from 

QBSN2, QBSN3 or QBSM4. Several points of representative FIA and isolated inclusions 

covering the main range of Th and salinities as well as a few points falling outside the 

main data cluster (labeled as 1–7 in Fig. 5.7) were selected for homogenization pressure 
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(Ph) calculation (Table 4). With Th ranging from 91 to 157 °C and salinities from 20.8 to 

32.7 wt%, the Ph ranges only from 5 to 6 Bar (Table 4).  

However, these fluid pressures may have been underestimated, as the influence of 

nonaqueous volatiles was not taken into consideration. Mass spectrometric analysis of 

the vapour from fluid inclusions detected on average 0.5 mol%, 0.4 mol% and 0.2 mol% 

nonaqueous volatiles in QBSN2, QBSN3 and QBSM4, respectively. The highest nonaqueous 

volatile concentration of 1 mol%, is found in only one QBSM3 sample. Knowing that all 

the inclusions examined are more concentrated in the ‘cloudy growth zone’ along the 

wall of the drusy quartz, but the cloudy roots had to be trimmed away to ensure no 

contamination from the host rock, the analytical results may be biased, and more 

representative of the central part of the veins rather than the vein margins. Given these 

uncertainties, 1 mol% and 2 mol% of CO2 were assumed in the fluid inclusions to 

estimate the effect of nonaqueous volatile compositions on pressure calculations (Table 

4). For 1 mol% CO2, the selected inclusions have Ph values from 3 to 11 Bar and for 2 

mol% CO2, the Ph values are from 5 to 17 Bar (Table 4).  

Table 4. Fluid pressure (Ph) at homogenization temperature (Th) for fluid inclusions 

assuming different concentrations of CO2 

Point# 
Host 

mineral 
Salinity (wt%) Th (°C) Ph (Bar) 

Ph (Bar)  

(Assuming H2O-CO2 system) 

          CO2 = 1 (mol%) CO2 = 2 (mol%) 

1 QBSN3 32.7 123 5 6 10 

2 QBSN3 24.2 91 6 3 5 

3 QBSN3 26.2 157 5 11 17 

4 QBSN3 20.8 127 5 6 10 

5 QBSN3 26.7 139 5 8 13 

6 QBSN3 26.2 107 5 4 7 

7 QBSM4 30.8 100 5 4 6 
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The halite-bearing triphase inclusions are interpreted to be the results of heterogeneous 

trapping based on FIA analysis, and so the halite-melting temperatures cannot be used to 

estimate the minimum fluid pressure. The three inclusions that initially did not contain a 

halite and nucleated a halite crystal during microthermometric measurement were not 

used for minimum fluid pressure calculation either, due to uncertainty regarding 

metastability. 

5.5.2 Pressure of Methane-bearing Fluid in Basement 

The CH4-dominant vapour-only (CH4-V) inclusions, CH4-vapour-dominant inclusions 

with a “ring” of aqueous liquid, and biphase liquid-dominant aqueous inclusions within 

the same secondary fractures may be used to estimate the fluid pressure during the 

circulation of these fluids, even though the timing of these fluids with respect to 

mineralisation cannot be determined with certainty. The CH4-V inclusions record the 

homogeneously entrapped vapour phase, whereas the liquid-dominant biphase aqueous 

inclusions possibly represent the liquid phase entrapped, and the vapour-dominant 

inclusions with surrounding liquid ring were probably heterogeneously trapped with both 

vapour and liquid phases. In this case, two CH4-V inclusions with Th-V outlining the 

entire range (–165 to –98.5 °C) and two aqueous inclusions with the lowest Th (106 °C) 

and the highest Th (276 °C) values and salinities of 1.9 and 4.3 wt% respectively (Table 

2) were selected for the calculation. Fluid pressure was evaluated by intersecting the 

isochore calculated for CH4-V inclusions and the isotherms of homogenization (i.e. 

trapping) temperatures of the liquid-dominant biphase aqueous inclusions (Fig. 5.11). 

The 106 °C isotherm intersects the isochore for the CH4-V inclusion with lowest Th-V 
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value of –165 °C at about 3 Bar, whereas the 276 °C isotherm intersects the isochore for 

the CH4-V inclusion with lowest Th-V value of –98.5 °C at 140 Bar (Fig. 5.11). Thus, 

the calculated pressures range from about 3 bar to 140 bar. 
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Figure 5.11 Pressure – temperature diagram showing conditions of the methane-bearing 

fluids from the microfractures crosscutting QBSM2.
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6. Characterization of Graphite 

Graphite is well developed in metapelite and locally in pegmatitic rocks in the basement, 

and is spatially associated with U mineralisation. In this study, a series of graphitic 

metapelite samples were collected from the alteration zones hosting mineralisation near 

the unconformity down to the unaltered basement. Petrographic study of the graphite 

was undertaken followed by analysis with a Renishaw RM2000 Raman spectroscope.  

6.1 Occurrences, Abundance and Spatial Distribution of Graphite 

All the graphitic samples were collected from drill holes of the Wheeler River property. 

At the macro scale, graphite is well developed in metapelite (Fig. 4.1D) and locally in 

pegmatitic rocks (Fig. 4.1F) in the basement. Visual inspection indicates that the amount 

of graphite within a metapelite unit is discernably lower near U mineralisation (Fig. 4.1E; 

sample depth 375.1m, DDH WR-328, 9.65% U3O8, from 374.8m–375.6m) than further 

down in the basement (Fig. 4.1D; sample depth 394.2m, DDH WR-328, 9.65% U3O8, 

from 374.8m–375.6m). A series of samples were collected with increasing distance from 

the lower boundary of the uranium mineralisation downward (Fig. 6.1). Detailed 

petrographic study revealed three different types of graphite in terms of occurrences and 

at least four different generations of graphite in the basement lithology (Chapter 4; Figs. 

4.2, 4.4). The detailed petrographic characteristics and their spatial distribution of each 

generations of graphite are presented below. 
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Figure 6.1 Photomicrographs showing occurrences of the metamorphic graphite flakes 

(Gr1): A. Amorphous and discontinuous Gr1 near the mineralisation (DDH WR-328, 

375.1m, within mineralisation zone; in PPL); B. Alignment of Gr1 defining foliation 

(DDH WR-328, 392.7m, 17m from the lower boundary of mineralisation; in PPL); C. 

Corroded occurrence of Gr1 (DDH WR-328, 389.7m, 14.1m from the lower boundary of 

mineralisation; in PPL); D. Low reflectance of Gr1 near mineralisation (DDH WR-328, 

375.1m, within mineralisation zone; in RFL); E. High reflectance of Gr1 farther away 

from mineralisation (DDH WR-249, 446.5m, 37.5m from lower boundary of 

mineralisation; in RFL).
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6.1.1 Graphite Gr1 

The Gr1 graphite, generally formed from carbonaceous materials derived from the 

metasediments during metamorphism, occurs as disseminated flakes defining the 

regional foliation in the metapelites (Fig. 4.2B). The Gr1 appears to be less strongly 

aligned proximal to the mineralisation (Fig. 6.1A) than further away (Fig. 6.1B). In 

places close to mineralisation, metamorphic graphite grains show discontinuous or 

corroded shapes (Figs. 6.1A-C). In reflected light, the optical reflectance of graphite 

tends to decrease with a decreasing distance to mineralisation (Fig. 6.1D, E). 

Additionally, “hollow points” were observed in the metamorphic graphite flakes (Gr1) 

near mineralisation zone (Fig. 6.2A), similar to those observed in the Cigar Lake deposit 

(Fig. 6.2B; Wang et al., 1989; Landais et al., 1993). Locally Gr1 was found “broken 

down” by pegmatitic or massive quartz (QBSM2; Fig. 6.3A) and the pre-ore stage 

replacement basement quartz (QBSM3; Fig. 6.3B). Gr1 is also locally crosscut and 

enclosed by pervasive tourmaline aggregates (Figs. 6.3C–F).  
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Figure 6.2 Photomicrographs showing occurrence of hollow points of Gr1 near 

mineralisation zone: A. Hollow points of Gr1 at a depth of 2.6m from the lower 

boundary of the mineralisation zone; B. Hollow points of graphite leaves (compared to 

Gr1) from Cigar Lake (Wang et al., 1989; Landais et al., 1993). 
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Figure 6.3 Photomicrographs showing alterations of metamorphic graphite flakes (Gr1): 

A. Physical destruction of Gr1 by massive quartz (QBSM2) (DDH WR-328, 378.2m; in 

XPL); B. Broken pieces of Gr1 in replacement quartz (QBSM3) (DDH WR-560, 740.1m; 

in XPL); C. Tourmaline alteration (TurBSM) replacing Gr1 (DDH WR-560, 519.9m; in 

PPL); D. Same viewing field of C in XPL; E. Tourmaline alteration (TurBSM) replacing 

Gr1 (DDH WR-560, 519.9m; in PPL); F. Same viewing field of E in XPL.
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6.1.2 Graphite Gr2 

The round-shaped graphite (Gr2; Figs.4.2E, 4.4 and 6.4) are commonly enclosed within 

QBSM2 as numerous inclusions, commonly occuring in aggregates (Fig. 6.4A) or isolated 

inclusions (Fig. 6.4B), with the size from a few µm (Figs. 6.4A) to a few tens of µm 

(Figs. 6.4B). The reflectance of Gr2 is high even when it is covered by quartz (Fig. 6.4B). 

Gr2 is locally associated with illite alteration of the metapelites (Ill1; Figs. 4.4 and 6.4C, 

D). Similar features have been revealed from one sample collected from the Gryphon 

zone (DDH WR-560), in which original pelitic gneiss was highly altered by granitic 

pegmatoid enclosing Gr2 (Figs. 6.4E, F).  

6.1.3 Graphite Gr3 

The interstitial graphite grains associated with pyrite (Gr3 and Py2; Figs. 4.1F, 4.2G and 

4.4) that are concentrated along the grain boundaries of or fractures crosscutting the 

granitic pegmatite or associated massive quartz (Kfs2, Pl2 and QBSM2) are mostly coarse 

grained and have relatively high reflectance. The brittle faults created by the shear zone 

reactivation that extend upwards and intersect the unconformity tend to develop along 

the Gr3-hosting fractures.  

6.1.4 Graphite Gr4 and Carbonaceous Materials 

Another generation of rounded graphite (Gr4; Figs. 4.2K and 4.4) was observed in the 

syn- to post-ore stage basement drusy quartz veins (QBSM4). The abundance of Gr4 is 

significantly lower than Gr2, as only a few grains were discovered. Locally, Gr4 also  
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Figure 6.4 Photomicrographs of detailed petrography of rounded graphite associated 

with QBSM2 (Gr2): A. Gr2 aggregates enclosed in quartz in granitic pegmatite (QBSM2) 

(DDH WR-328, 389.7m; in XPL); B. Isolated Gr2 enclosed in QBSM2 (DDH WR-440, 

663.5m; in RFL); C. Gr2 aggregates associated with illite alteration (Ill1) in metapelites 

(DDH WR-328, 389.7m; in PPL); D. same viewing field of C in XPL; E. Gr2 aggregates 

enclosed in QBSM2 replacing biotite (Bt) in pelitic gneiss (DDH WR-560, 793.5m; in 

PPL); F. QBSM2 enclosing Gr2 aggregates associated with Ill1 (DDH WR-560, 793.5m; 

in XPL).
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Figure 6.5 Photomicrographs of the carbonaceous materials (CM) in sandstone: A. 

Amorphous CM developed in the microfractures cutting sandstone and along the growth 

zone of drusy quartz vein (QBSN3) (DDH WR-328, 332.4m; in PPL); B. Amorphous CM 

developed in the microfractures cutting sandstone and along the growth zone of drusy 

quartz vein (QBSN3) (DDH WR-328, 332.4m; in RFL); C. Amorphous CM developed in 

the microfractures cutting sandstone and along the growth zone of drusy quartz vein 

(QBSN3) (DDH WR-328, 332.4m; in PPL); D. Tourmaline replacing QBSN0 occurs along 

the same microfractures as CM (DDH WR-328, 332.4m; in PPL).
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locally presents “hollow points” like Gr1 does in the centre of the crystal (Fig. 4.2K). On 

the other hand, anhedral to subhedral and subvitreous carbonaceous materials (CM, Figs. 

4.3G, 4.4, 6.5) with lower reflectance were observed in the sandstone. The CM in the 

basin is relatively irregularly shaped (Figs. 4.3G and 6.5A, B) compared to the rounded 

graphite observed in the basement rocks. CM is distributed in microfractures crosscutting 

QBSN0 and QBSN2 (Figs. 6.5A, C), along which some tourmaline occurs replacing the 

detrital quartz (QBSN0) (Fig. 6.5D). CM is also developed along the cloudy growth zone 

of QBSM3 (Figs. 4.3G, 6.5A). Both CM and Gr4 are syn- to post-mineralisation. 

6.1.5 Timing-uncertain Rounded Graphite 

Some rounded graphite was found associated with CH4-dominanted fluid inclusions that 

were trapped in long, randomly oriented fractures crosscutting the QBSM2 (Fig. 6.6). 

Locally, the rounded graphite appears to be wrapped by liquid fluid (Fig. 6.6). The 

euhedral shape and high reflectance of these graphite grains are consistent with the other 

rounded graphite crystals. As mentioned above, the timing of inclusions-hosting 

fractures is not certain, thus that of the methane-related fluid inclusions and associated 

rounded graphite is also not well constrained other than post-QBSM2. 

6.2 Raman Spectroscopy of Graphite 

6.2.1 Raman Spectroscopy of Gr1 and Spatial Variation 

Two suites of samples of graphitic metapelite were selected from the alteration zones 

hosting the uranium mineralisation near the unconformity down to the relatively  
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Figure 6.6 Timing-uncertain graphite associated with CH4-dominated incluisons 

developed in same microfracture crosscutting massive quartz (QBSM2) (DDH WR-328, 

389.7m; in PPL). 
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unaltered basement in drill cores of DDH WR-328 and DDH WR-267. DDH WR-328 

intersects the mineralisation associated with clay alteration at the unconformity, with a 

grade of 9.65% equivalent U3O8 over 0.8m from the depth of 374.8m, whereas DDH 

WR-267 intersects the mineralisation with a grade of 19.98% equivalent U3O8 over 3.5m 

from the depth of 405m. Seven samples from DDH WR-328 with distance to the lower 

boundary of mineralisation of ~0.5 m to 19.9 m, and six samples from DDH WR-267 

with distance from the lower boundary of mineralisation of 5.6 to 24.7 m respectively, 

were examined for Raman spectroscopy with and point counted. 

The Raman spectra of all examined Gr1 show a prominent graphite band (G band, ~1580 

cm
–1

; Fig. 6.7) in the first-order region from 1000 to 2000 cm
–1

 (Beyssac et al., 2002, 

2003; Sadezky et al., 2005; Lahfid et al., 2010). The significant sharp G band indicates 

the structural ordering of graphite originally formed during metamorphism, while D1 and 

D2 bands are attributed to structural defects in the graphite (Fig. 6.7; Beyssac et al., 2002, 

2003; Sadezky et al., 2005; Lahfid et al., 2010). Graphite in samples closer to the 

mineralisation has more obvious D1 and D2 bands (~1350cm
–1

 and 1620 cm
–1

) (Fig. 

6.7A; Beyssac et al., 2002, 2003; Sadezky et al., 2005; Lahfid et al., 2010). In contrast, 

the spectra of the samples farther from the mineralisation zone tend to show more 

pronounced, well-defined G bands (Fig. 6.7B).  

To better constrain the spatial variation of Gr1 and to quantify the within-sample 

heterogeneity, 50 points were analyzed with the Raman spectrometer. In this experiment, 

spectra with considerable D1 and D2 defect bands were considered to be relatively 

disordered (Fig. 6.7A), whereas those with only prominent sharp G band and a negligible  



 86 

 

Figure 6.7 Disordered vs. ordered Raman spectra of Gr1: A. Raman spectrum of 

relatively disordered Gr1 (DDH WR-328, 375.1m, within mineralisation zone); B. 

Raman spectrum of well ordered Gr1 (DDH WR-328, 392.7m, 17m from the lower 

boundary of the mineralisation zone).
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Figure 6.8 Diagram of disordered Gr1 Raman spectra percentage – distance from the 

lower boundary of uranium mineralisation in meters.
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D1 signal are considered to be relatively well ordered (Fig. 6.7B). The statistical results 

suggest a decreasing percentage of disordered spectra as the distance from the lower 

boundary or mineralisation is increasing (Fig. 6.8).  

Additionally, particular attention was paid to the “hollow points” in the graphite (Fig. 

6.9). Raman spectra of graphite in the centre of the hollow points show higher structural 

disorder than those of graphite besides the hollow, as indicated by more outstanding D1 

and D2 defects with similar G band intensity (Fig. 6.9A). On the other hand, the spectra 

of well-preserved graphite matrix with no hollow points record a higher degree ordering 

than that of the graphite right beside the hollow points (Fig. 6.9B). This group of 

graphite examined is entirely covered by quartz as advised by (Beyssac et al., 2003), 

which precludes the artifact during thin section preparation.  

6.2.2 Raman Spectroscopy of Rounded Graphite 

Raman spectroscopic analysis was undertaken on selected rounded graphite including 

Gr2, Gr4 and the timing-uncertain rounded graphite. All spectra of rounded graphite 

present significantly sharp G band with no defect bands at all in the first order region 

(Fig. 6.10A) and ~2700 cm
–1 

splitting S2 band in the second order region (Fig. 6.10B), 

regardless of the depth of the sample. In particular, Raman spectrometry analysis 

revealed that timing-uncertain rounded graphite (Section 6.1.5; Fig. 6.6) is enclosed 

inside the CH4-dominanted inclusions. As shown in the spectrum (Fig. 6.11), the 

sharpness of prominent G band ~1580 cm
–1

 in the first order region and the splitting of 

S2 band at ~2700 cm
–1

 in the second order region indicate a near perfect graphite 

structure (Beyssac et al., 2002), whereas another prominent peak at 2918 cm
–1

 and the  
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Figure 6.9, to be continued. 
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Figure 6.9 Comparison of Raman spectra associated with hollow points in Gr1 (DDH 

WR-328, 378.2m, 2.6m from the lower boundary of mineralisation): A. Raman spectra 

of hollow points (red) vs. graphite besides hollow points (blue); B. Raman spectra of 

graphite besides hollow points (red) vs. graphite matrix with no hollow points (black). 
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Figure 6.10 Raman spectra of perfectly ordered rounded graphite: A. In the first and 

second ordered regions (DDH WR-328, 376.7 m, 1.1m from the lower boundary of 

mineralisation; B. In the first order region (DDH WR-560, 793.5m, 30m from the lower 

boundary of mineralisation).
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Figure 6.11 Raman spectra of the inclusion containing rounded graphite, CH4 and minor 

N2 (DDH WR-328, 389.7m). 
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less significant peak at 2329 cm
–1

 represent CH4 vapour and N2 vapour, respectively 

(Frezzotti et al., 2012).  

6.2.3 Raman Spectroscopy of Gr3 

Raman spectra of the interstitial graphite that is hosted in the granitic pegmatite (Gr3) 

mostly indicate a high degree of crystallinity. As presented in Figure 6.12, the sharp peak 

of G band at ~1580 cm
–1

 (Fig. 6.12A) and rare D1 bump at ~1350 cm
–1

 (Fig. 6.12B) are 

similar to the spectra exhibited by the relatively well-ordered metamorphic graphite (G1) 

in the metapelites (Fig. 6.7B) and the rounded graphite (Fig. 6.11). The rare small D1 

bump is possibly caused by artificial defects (Lahfid et al., 2010).  

6.2.4 Raman Spectroscopy of CM 

Raman spectra of carbonaceous materials (CM) occurring in the sandstone are generally 

dominated by D1 band at ~1350 cm
–1

 and a broad inseparable band combining G and 

significant D2 at ~1600 cm
–1

 (Fig. 6.13A), which are much different from those of the 

basement graphite. In places, the spectra display a very broad D3 band at 1500 cm
–1

 (Fig. 

6.13B), which is also attributed to structural defects of the carbon (Beyssac et al., 2002). 

All these lines of evidence point to very poor structural organization of CM in the 

sandstone (Beyssac et al., 2002).  
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Figure 6.12 Raman spectra of the interstitial graphite in pegmatite (Gr3) (DDH WR-412, 

519.9m): A. well ordered; B. slightly disordered.
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Figure 6.13 Raman spectra of poorly ordered CM (DDH WR-328, 332.4m): A. Spectrum 

of CM with D1 band (at ~1350 cm
–1

) and undivided G and D2 bands (~1600 cm
–1

); B. 

Spectrum of CM with D1 band (at ~1360 cm
–1

) and undivided G band (at 1584 cm
–1

) 

and D2 band (~1618 cm
–1

).
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7. Discussion 

7.1 P-T-X Characteristics of Mineralising Fluids and Environment of 

Mineralisation  

As discussed in Section 4.3 (Fig. 4.4) in Chapter 4, QBSN2 (the post-diagenetic syntaxial 

quartz 2 and vug-filling equant drusy quartz 1) is considered to be pre- to syn-

mineralisation, and QBSN3 and QBSM4 (drusy quartz veins in the sandstone and the 

basement, respectively) are considered to be syn- to post-mineralisation. Yet, the QBSN2, 

QBSN3 and QBSM4 examined show no direct spatial relationship to uranium mineralisation, 

casting doubt on if the fluid inclusions from them can represent the mineralising fluids. 

This is a common problem of fluid research for unconformity-related uranium deposits, 

because the mineralisation is largely associated with desilicification and clay alteration 

(Hoeve and Quirt, 1984; Wilde et al., 1989; Kotzer and Kyser, 1995; Fayek and Kyser 

1997). That is, mineralising fluids are interpreted more likely to have been dissolving 

rather than precipitating quartz, and clay alteration minerals are not favourable for fluid 

inclusion studies.  

Nevertheless, there is indirect field and petrographic evidence inferring that the 

inclusions in drusy quartz represent the mineralising fluid. For example, the fluid 

inclusions studied at the McArthrur River deposit, which shares a lot of similarities with 

those in the Phoenix deposit, are from four generations of quartz, including: diagenetic 

quartz overgrowths (Qz1), pervasive silicification (Qz2), fracture-filling euhedral quartz 

(Qz3), and breccia-cementing quartz (Qz4) (Derome et al., 2005). Qz2 and associated 
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dravite 1 (Drv1) were interpreted to be synchronous or postdate a weak dissolution event 

that caused the corrosion of the diagenetic quartz overgrowth (Qz1), while Qz3 with 

dravite needles (Drv1) commonly occurring on the wall of veins was interpreted to be as 

an extension of Qz2+Drv1 assemblage and inferred to be pre- to syn-ore stage (Derome 

et al., 2005). Although Qz4 postdated a major quartz dissolution and brecciation event, 

which followed Qz2+Qz3 and precipitated chlorite (Chl1) and dravite (Drv2) and was 

coeval with the main ore stage, fluid inclusions from pre- to syn-ore Qz3 and post-ore 

Qz4 were considered to be representative of mineralising fluids (Derome et al., 2005). 

Likewise, some secondary fluid inclusions in pre-mineralisation quartz were believed to 

be representative of the fluids responsible for mineralisation at some Australian 

unconformity-related uranium deposits in the McArthur Basin (Wilde et al., 1989). 

In the case of the Phoenix deposit, QBSN2 (the post-diagenetic syntaxial quartz 2 and 

vug-filling equant drusy quartz 1) may be compared to Qz2 and Qz3 in the McArthur 

River deposit (Derome et al., 2005), supported by the petrographic observations of 

tourmaline intergrowth (Tur1, comparable with Drv1 in Derome et al., 2005) with QBSN2 

and tourmaline Tur2 replacing QBSN2. It is suggested that the dissolution event 

associated with the corrosion of QBSN2 and formation of Tur2 (comparable with Drv2 in 

Derome et al., 2005) was probably related to the main stage of uranium mineralisation. 

The tourmaline Tur3 partially intergrowing with early stage vein-filling drusy quartz, i.e. 

QBSN3, which may be compared to Qz4 in the MacArthur River deposit (Derome et al., 

2005), is considered to be the continuation of Tur2. Similarly in the basement, TurBSM 

pervasively replaced QBSM2 and QBSM3 and intermittently intergrew with QBSM4. The 

formation of abundant drusy quartz near the mineralised zones could possibly be related 
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to local silica oversaturation due to main stage mineralisation-related desilicification 

within the ore zones. The dissolution events recorded by corrosion within drusy quartz 

(Fig. 4.4) may indicate alternating quartz precipitation and uranium mineralisation 

(associated with quartz dissolution). Therefore, QBSN2 is interpreted to be pre- to syn-

mineralisation, and QBSN3 and QBSM4 are considered to be syn- to post-mineralisation, 

thus fluid inclusions from these quartz generations may have recorded the properties of 

the mineralising fluid. 

The similarities among all the microthermometric attributes of high salinity fluid 

inclusions from QBSN2, QBSN3 and QBSM4 reveal that the same fluid system may have 

lasted from the pre-ore (QBSN2), syn-ore to post-ore stages. The high-salinity fluid 

inclusions with continuum of NaCl-rich and CaCl2-rich compositions in QBSN2 and 

QBSN3 in the sandstone and in QBSM4 in the basement (Figs. 5.6 and 5.9), which may 

have resulted from fluid mixing, are comparable with those examined from other 

unconformity-related uranium deposits in the Athabasca Basin (e.g. Derome et al., 2005; 

Richard et al, 2010, 2016). These studies all point to an evaporated seawater origin for 

the brines (Derome et al., 2005; Mercadier et al., 2012; Richard et al., 2012). The 

abundance of MgCl2 component, as detected by Raman spectroscopy in fluid inclusions 

from QBSN3 and QBSM4 (Figs. 5.9B6, C3), supports the “seawater evaporation” 

hypothesis. However, it is possible that fluids from other sources, e.g., meteoric water, as 

suggested by the CO2/CH4-N2/Ar diagram (Fig. 5.10A) and the Ar/He- N2/Ar diagram 

(Fig. 5.10B), were also involved. 
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The fluid immiscibility, as reflected by coexistence of biphase aqueous fluid inclusions 

with variable vapour percentages within individual FIAs in drusy quartz (QBSN2, QBSN3 

and QBSM4), and by the boiling trend demonstrated in the CO2/N2-Total volatile content 

diagram (Fig. 5.10C), suggests shallow environments during the formation of the drusy 

quartz in both sandstone and basement. Fluid immiscibility has been reported for the 

vein-type uranium mineralisation in the Beaverloge area north to the Athabasca Basin 

(Chi et al., 2014a; Liang et al., in review) and in some other unconformity-related 

uranium mineralisation at the End deposit in the Thelon Basin in Canada (Chi et al., 

2016) and the Koongarra, Nabarlek and Jabiluka deposits in Northern Territory, 

Australia (Wilde et al., 1989). Fluid phase separation has also been commonly 

discovered and considered as a critical deposition mechanism for some high crustal level 

porphyry-copper and epithermal-gold deposits (Roedder, 1984; Roedder and Bodnar, 

1997), and it may have a contribution to the uranium deposition. Chi et al. (2016) have 

suggested phase separation might cause a pH increase and thus a decrease of the content 

of U-chloride complexes in the fluid, and therefore promote the uranium deposition. 

However, the extremely low fluid pressures (5–17 bars; Table 4) calculated based on the 

assumption that the fluid inclusions were entrapped from immiscible fluid phases may 

not be used to estimate the depth of mineralisation. For example, if we assume a 

hydrostatic pressure regime and a fluid density of 1 g/cm
3
, the depths corresponding to 

these pressure values would be less than 200 meters, which is shallower than the current 

depth of the samples. A possible mechanism to explain this apparent discrepancy is 

proposed as follows. The hydrothermal fluid flow system responsible for mineralisation 

and drusy quartz precipitation was related to brittle reactivation of the WS fault in a 
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shallow environment. The brittle faulting is reflected by the development of breccias, 

vugs, and drusy quartz veins with comb-like structures (Figs. 4.1 and 4.2) in both 

sandstone and basement rocks. The ambient fluid pressure was hydrostatic, and sub-

hydrostatic pressure was created during faulting. Fluctuation of fluid pressure between 

hydrostatic and sub-hydrostatic regimes due to episodic faulting resulted in fluid flow 

from different sources through the site of mineralisation via the suction pump 

mechanism (Sibson et al., 1988). Fluid immiscibility was caused by extremely low fluid 

pressure during faulting, which appears to be preferentially recorded by fluid inclusions, 

probably because quartz precipitation was facilitated by cooling associated with 

immiscibility. Between individual faulting events, the fluid pressure was back to the 

normal hydrostatic regime, and fluid immiscibility stopped. As a result, the 

homogenization temperatures of the fluid inclusions entrapped during this period of time 

cannot represent the actual trapping temperatures, but rather the minimum trapping 

temperature. The increase of fluid pressure during the inter-faulting period may also 

convert the vapour phase produced during the fluid immiscibility into liquid phase 

(condensation), which may be recorded as low-salinity fluid inclusions (Figs. 5.6 and 

5.7). Low fluid pressure (4–140 bars) and shallow environment (<1500 m) are also 

implied by the methane inclusions in the basement, and will be further discussed in 

section 7.2. 

In addition to low fluid pressures, the fluid temperatures from this study (90 to 157 °C) 

are also relatively low, compared to the data from most previous studies concerning 

other unconformity-related uranium deposits (120 to 250 C) (Pagel et al., 1980; Kotzer 

and Kyser, 1995; Derome et al., 2005, Richard et al., 2016), although there is some 



 101 

overlap. However, even considering the relatively low temperatures obtained in this 

study, an abnormal thermal gradient up to 105 °C/km is implied if the mineralisation 

environment is shallow (e.g., 1500 m) as discussed above.  

The shallow-burial (< 1.5 km) and the anomalously heated mineralisation environment 

implied in this study is contradictory with the widely agreed conventional deep-burial, 

diagenetic-hydrothermal model for the URU deposits in the Athabasca Basin (Pagel, 

1975; Hoeve and Sibbald, 1978; Pagel et al., 1980; Hoeve and Quirt, 1984; Kotzer and 

Kyser, 1995; Derome et al., 2005; Richard et al., 2016). Similar models proposed for 

some other unconformity-related uranium deposits, including the End deposit in the 

Thelon Basin, Canada (Chi et al., 2016) and the Koongarra, Nabarlek and Jabiluka 

deposits in the McArthur Basin, northern Australia (Wilde et al., 1989) imply that it is 

not an isolated case. In the Athabasca Basin, the deep-burial, diagenetic-hydrothermal 

model is mostly based on Pagel’s (1975) 5 km maximum burial assumption, but the high 

pressures estimated from the heterogeneously trapped halite-dissolution temperatures 

may have been overestimated. Additionally, the conventional model is inconsistent with 

the prediction of a near-hydrostatic fluid pressure regime for the sand-dominated nature 

of the Athabasca Basin (Chi et al., 2013). Moreover, the relatively high fluid 

temperatures recognized in other Athabasca Basin uranium deposits and the thermal 

gradient anomaly in this study may have been caused by fluid convection rather than 

deep burial (Chu and Chi, 2016). 

In brief, the fluid inclusion data from this study suggests a much shallower hydrothermal 

environment than the conventional deep-burial hydrothermal model, as adopted by 
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Derome et al. (2005) and Richard et al. (2016), although the exact depth cannot be 

determined as discussed above. 

7.2 Hydrothermal Alteration of Graphite  

The Raman spectra of disseminated graphite flakes (Gr1) in metapelitic basement rocks 

reveals an overall good structural ordering, which is consistent with the upper 

amphibolite- to granulite- ]facies metamorphism (Beyssac et al., 2012). The gradual loss 

of structural ordering of Gr1 towards the uranium mineralisation near the unconformity 

suggests that the graphite degradation was somehow related to the process of uranium 

mineralisation. The observation that Gr1 near the mineralisation zone is commonly 

replaced by tourmaline alteration (TurBSM), which is strongly associated with uranium 

mineralisation, also points to a link between graphite alteration and mineralisation. It 

remains to be discussed what concrete role graphite alteration may have played in 

uranium precipitation.  

The observation that graphite is relatively well ordered where there are no hollow points, 

relatively disordered right besides hollow points, and poorly-ordered inside the hollows 

suggests that the decrease of structural order is related to dissolution of graphite. 

Although the solubility of graphite in water as native carbon is low (Rumble, 2014), 

graphite can be dissolved as species that are soluble in aqueous fluids, such as CO2 and 

CH4 (Luque et al., 1998, 2014; Rumble, 2014). Previous studies (Wang et al., 1989; 

Landais et al., 1993) suggested that radiation was not likely the cause of the hollow 

points, as it cannot explain the disordering of Gr1 outside of the hollow points; however, 
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reaction between graphite and highly saline oxidizing acidic brines could result in 

graphite alteration including both disordering and hollow point formation. Moreover, the 

decrease in pressure is not favorable for the stability of graphite (Luque et al., 1998; 

Rumble, 2014), which means in turn, the low-P condition promoted the dissolution of 

graphite. 

The opposite process of graphite dissolution is graphite precipitation from hydrothermal 

fluids.  The pre-mineralisation rounded graphite enclosed in pegmatitic quartz (Gr2) and 

the interstitial grain-boundary graphite in pegmatite (Gr3) are interpreted to be of 

hydrothermal origin, likely precipitated from saturated carbon-bearing fluid, which is 

consistent with the perfect crystallinity shown by the Raman spectra characteristic for 

most fluid-deposited graphite (Luque et al., 1998; Luque et al., 2014). The non-flaky Gr2 

is similar to the disseminated hydrothermal graphite described by Luque et al. (1998), 

and Gr3 is comparable to their vein-type fluid-deposited graphite (Luque et al., 1998, 

2014). Similarly, the timing-uncertain graphite associated with secondary methane 

inclusions in QBSM2 and the rounded graphite (Gr4) in QBSM4 were also probably 

hydrothermally deposited. The vitreous amorphous carbonaceous materials (CM) in 

QBSN3 may also have been precipitated from hydrothermal fluids, but why it is poorly 

ordered remains a question, as it is unlike the other hydrothermally precipitated graphite 

(i.e., Gr2 and Gr3). 

Different from metamorphic graphite (Gr1) formed due to the high temperature of peak 

regional metamorphism, for which metamorphism grade can be indicated by the Raman 

spectra (Beyssac et al., 2012), the graphite Raman geothermometer cannot be applied for 



 104 

estimation of the formation temperature of hydrothermal graphite (Luque et al., 2014). 

That is, the perfect crystallinity of most hydrothermal graphite does not necessarily 

indicate high formation temperatures, as the mechanism for the precipitation of 

hydrothermal graphite is much more complicated. Assuming the C-O-H fluid system, the 

stability of graphite is controlled by multiple parameters, including pressure (P), 

temperature (T), bulk composition (different CO2/CH4 ratios) and the oxygen fugacity 

(fO2) of the fluid (Luque et al., 1998). Graphite can be in equilibrium with fluids with 

widely ranging fO2 at a given P–T condition, and extremely reducing conditions are not 

necessary to stabilize and precipitate graphite (Luque et al., 1998).  

Since graphite precipitation is also strongly favoured by a decrease of temperature, as the 

previously unsaturated fluid becomes oversaturated in carbon content (Luque et al., 1998; 

Rumble, 2014), in the case of Gr2 and Gr3, the precipitation of graphite is possibly the 

result of cooling of the C-O-H fluid during retrograde metamorphism, i.e. pre-

mineralisation. Luque et al. (1998) proposed the dominant control equilibrium of C+O2 = 

CO2 at high temperature and relatively high oxygen-fugacity, for the fluid mainly 

comprised of CO2 and H2O and coexisting with graphite. These conditions seem to be 

suitable for the fluid system under metamorphism environment in the basement (high T 

and presence of CO2-dominant fluid inclusions). In this process, Gr1 formed during peak 

metamorphism may be partially consumed as the original source of carbon in the fluid, 

from which graphite precipitated. Another possibility is the CO2-rich fluid mixed with 

another CH4-rich fluid, precipitating graphite with an equation of CO2 + CH4 = 2C + 

2H2O (Luque et al., 1998; Huizenga, 2011). Reduction of CO2 by H2 (CO2 + 2H2 = C + 

2H2O) may probably be ruled out, because it is a mechanism more likely for 
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precipitation of disordered graphite (Luque et al., 1998), which is inconsistent with the 

well crystallinity of Gr2 and Gr3.  

The petrographic evidence of CM postdating QBSN0 and QBSN2 but coeval with QBSN3 

positions CM in syn- to post-mineralisation stage. Even though CM is significantly more 

disordered than the other graphite types, it is possible to precipitated poorly crystalline 

graphite from fluid; in addition, disordered graphite might be easier to nucleate at lower 

temperatures than ordered graphite (Luque et al., 1998). Moreover, it may be analogous 

to the “carbon buttons” associated with mineralisation as described in Hoeve and Sibbald 

(1978). Gr4 primarily coprecipitated with QBSM4, thus is syn- to post-ore. The low 

pressure (~3–140 Bar) of the methane-bearing fluid is compatible with the low pressure 

calculated from the aqueous fluid in the drusy quartz, rather than any metamorphism 

condition. Assuming a hydrostatic pressure regime and a fluid density of 1 g/cm
3
, a 

depth of less than 1500 meters can be predicted. Thus, the post-QBSM2 CH4-bearing fluid 

associated with rounded graphite was possibly also trapped during syn- to post-

mineralisation stage.  

Comparably, immiscible methane-bearing hypersaline brines recorded by primary fluid 

inclusions in post-ore dolomite were found in some other Australian unconformity-

related uranium deposits (Wilde et al., 1989), which were inferred associated with 

uranium mineralisation. In contrast, the microthermometric data from the aqueous fluid 

inclusions associated with the CH4-V inclusions in this study show low salinity, but the 

presence of the inclusion with two solid phases is coincident with the description of the 

hypersaline inclusions in Wilde et al. (1989). Even though no microthermometric data 
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were collected due to the limited amount of this type of inclusions, the spatial 

relationship with CH4-V inclusions is still important. The low salinities indicated by the 

microthermometric data from the methane-associated aqueous fluid inclusions are quite 

similar to those few low salinity inclusions in the drusy quartz veins in sandstone 

(QBSN3). This could again be explained by the entrapment after condensation scenario 

while the subhydrostatic fluid pressure was building up after hitting the lowest point, 

which is also possibly why Gr4 has better crystallinity than CM, since an increase in 

pressure provides more stability to graphite (Luque et al., 1998; Rumble, 2014).  

Therefore, it is possible that the methane-bearing C-O-H fluid was involved in the 

process of uranium mineralisation. At the waning stage of mineralisation, the slight 

decrease of fO2 due to the U(VI) exhaustion in the system may have led to a slight 

increase in C content, leading to graphite or CM precipitation under disequilibrium redox 

conditions (Luque et al, 1998). Synchronously, the local hollow defects of Gr4 suggest 

that the whole system was fluctuating between equilibrium and disequilibrium along the 

equilibration boundary conditions. 

7.3 Mineralisation Model 

Previous studies on the URU deposits have generally agreed that the mineralising fluids 

were oxidizing U-bearing brines derived from the basin (Hoeve and Sibbald, 1978; 

Hoeve and Quirt, 1984; Kyser et al., 2000; Cuney et al., 2003; Richard et al., 2011; 

Mercadier et al., 2012). It is very likely also the case for the Phoenix deposit, as 

supported by the similarities of fluid compositions revealed by this study. Besides, the 
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highly concentrated U(VI)-bearing oxidizing acidic brines required for the formation of 

high grade unconformity-related uranium deposits (Richard et al., 2011), is possibly the 

fluid responsible for the hollow points defects and the depletion towards mineralisation 

of the metamorphic graphite (Gr1). Nevertheless, graphite may have not necessarily 

served as the reductant in the redox reaction, but as a precursor for the possible reductant 

— methane, similarly as originally proposed by Hoeve and Sibbald (1978).  

Overall, the potential genetic model responsible for the Phoenix uranium mineralisation 

can be described as following: in a shallow (< 1500 m) hydrothermal environment, the 

oxidizing acidic U-bearing basinal brines penetrated the basement along the graphite-

concentrated shear zone, initiated the surface graphite defects (hollow points), and mixed 

with the basement derived C-O-H fluid. Then, as the fluids mixed and moved ascend 

towards the unconformity, the CH4 in the C-O-H fluid system was consumed as 

reductant to reduce U(VI) and precipitate U(IV). In this process, the decrease of CH4 

content in the C-O-H fluid may have resulted in the constantly degradation of the 

metamorphic graphite (Gr1), as the fO2 of the basement derived C-O-H fluid was 

buffered by the basement lithology. The low-pressure condition may have also facilitated 

more Gr1 to be dissolved in the fluid and therefore enhanced the efficiency of the redox 

interaction.  

This fluid-mixing hypothesis also explains why the mineralisation generally took place 

in the fault-controlled zones or at the intersection of unconformity and faults rather than 

in situ right besides graphitic metapelite, as previously tectonically weakened zones tend 

to promote fluid flow. The reactive mass transport modeling results by Aghbelagh and 
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Yang (2014), that localization of the uranium mineralisations is related to a decrease in 

oxygen fugacity due to the redox interaction between oxidized U-bearing basinal brines 

and the reductants, further support this hypothesis. In reality, the reducing mechanism 

might be more complicated if one consider the occurrence of the pyrite in the basement. 

However, since none of the fluid inclusions appears to contain sulfur species, the main 

reducing mechanism is not likely dominated by the sulfides as suggested by Yeo and 

Potter (2010).
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8. Conclusions 

This study means to reveal the nature and the environment for the mineralisation of the 

Phoenix deposit via petrography, fluid inclusion and graphite alteration analyses.  

Collectively, the field and petrographic observations support previous studies (e.g. 

Jefferson et al., 2007 and references therein) that noted different structural regimes and 

fluid systems were developed in the pre-Athabasca stage versus the syn- to post-

Athabasca, uranium mineralisation stages. The pre-Athabasca stage was characterized by 

ductile deformation as demonstrated by the development of foliation, followed by 

emplacement of pegmatites, massive silicification, and circulation of metamorphic fluids 

in a relatively high P–T environment. In contrast, the syn- to post-Athabasca stages were 

characterized by brittle deformation, as reflected by the development of fractures filled 

by drusy quartz in the basal Athabasca Group and the uppermost part of the basement.  

The development of H2O-NaCl-CaCl2 ± MgCl2 fluids with a composition continuum 

between NaCl-dominated and CaCl2-dominanted, which is common for other 

unconformity-related uranium deposits, is consistent with the model implying 

mineralising fluids were basinal derived brines at the Phoenix deposit. However, 

different from the widely accepted conventional deep-burial diagenetic-hydrothermal 

mineralisation model for most URU deposits in the Athabasca Basin, a shallow-burial 

heat-anomaly associated model is inferred for the Phoenix deposit, by fluid immiscibility 

and low pressures resulting in the coexistence of biphase aqueous fluid inclusions with 

various vapour percentages and monophase vapour-only inclusions within individual 
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fluid inclusion assemblages and the presence of the methane-dominant vapour-only 

inclusions.  

In the graphitic metapelites, the surficial hollow defects of graphite and spatial 

relationship between the gradual depletion of graphite towards the mineralisation are 

interpreted to result from uranium mineralisation. Immiscible methane-bearing fluid 

together with the fluid-deposited hydrothermal graphite in syn- to post-ore drusy quartz 

vein suggests CH4 possibly dominated the reducing mechanism that is responsible for 

uranium precipitation. As a whole, the Phoenix uranium mineralisation may have taken 

place as a result of mixing of acidic oxidizing U-bearing basinal brines and the reducing 

basement-derived C-O-H fluid in a shallow environment (<1.5 km). 
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DDH# 

Sample # 

& depth 

(m) 

Picture Description Purpose 

WR-440 WR-13-001 

 

674m 

 

 

Oriented; 

 hydrothernal 

‘quartzite’ with 

chlorite alteration 

FI 

 

Petrography 

WR-440 WR-13-002 

 

663.5m 

 

Pelitic gneiss with 

garnet and 

silimanite 

Petrography 

WR-440 WR-13-003 

 

653.7m 

 

Qz-rich pegmatite 

cutting pelitic 

gneiss; 

Garnets occur in 

both pelitic gneiss 

and pegmatite 

FI 

 

Petrography 

WR-440 WR-13-004 

 

642m 

 

Qz vein cutting 

pelitic gneiss; 

Garnets occur along 

the margin between 

qz vein and gneiss 

FI 

 

Petrography 

WR-440 WR-13-005 

 

618.8m 

 

Pelitic gneiss with 

garnet; 

Graphite and 

sulfide occur in 

interstitial space 

Graphite  

 

Petrography 

WR-440 WR-13-006 

 

618.2m 

 

Pelitic gneiss with 

garnet 

Petrography  
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DDH# 

Sample # 

& depth 

(m) 

 

Picture 

 

Description 

 

Purpose 

WR-440 WR-13-007 

 

604.1m 

 

 

Oriented; 

 Pelitic gneiss with 

graphite cut by a 

dolomite vein 

FI   

 

Graphite 

 

Petrography 

WR-440 WR-13-008 

 

603m 

 

Oriented; 

Pegmatitic pelitic 

gneiss with graphite 

and sulfide; 

Lots of Qz veins 

FI   

 

Graphite  

 

Petrography 

WR-440 WR-13-009 

 

600.7m 

 

Brecciated pelitic 

gneiss with chlorite 

alteration, graphite and 

sulfide 

Graphite 

 

Petrography 

WR-440 WR-13-010 

 

559.2m 

 

Granite cut by graphite 

veins with sulfide 

Graphite 

 

Petrography 

WR-440 WR-13-011 

 

509.9m 

 

Pelitic gneiss with 

garnet and minor 

graphite 

Graphite 

 

Petrography 

WR-440 WR-13-012 

 

479.6m 

 

Oriented; 

Metapelite cut by two 

phases of Qz veins 

(massive and drusy qz) 

with graphite and 

pyrite and a calcite 

vein 

FI   

 

Graphite 

 

Petrography  
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DDH# Sample # 

& depth 

(m) 

Picture Description Purpose 

WR-185 WR-13-013 

 

498.4m 

 

 

Pelite with garnet Petrography 

WR-185 WR-13-014 

 

475.7m 

 

Hydrothermal quartz 

with fragments of 

pelitic gneiss 

FI 

 

Petrography 

WR-185 WR-13-015 

 

432mm 

 

Pelitic gneiss with 

graphite and pyrite 

Graphite 

 

Petrography 

WR-185 WR-13-016 

 

396.1m 

 

Drusy Qz in a 

brecciated zone with 

graphitic metapelite 

FI 

 

Graphite 

 

Petrography 

WR-185 WR-13-017 

 

391.2m 

 

Drusy Qz in a 

brecciated zone with 

graphitic metapelite 

FI 

 

Graphite 

 

Petrography 

WR-185 WR-13-018 

 

387.4m 

 

Drusy Qz in a 

brecciated zone with 

graphitic metapelite 

FI 

 

Graphite 

 

Petrography  
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DDH# Sample # 

& depth 

(m) 

 

Picture 

 

Description 

 

Purpose 

WR-185 WR-13-019 

 

361.25mm 

 

 

Silicified pelitic 

gneiss 

FI 

 

Petrography 

WR-185 WR-13-020 

 

356m 

 

Hydrothermal Qz FI  

 

Petrography 

WR-185 WR-13-021 

 

339.3m 

 

Hydrothermal Qz FI 

 

Petrography 

WR-185 WR-13-022 

 

336.5m 

 

Silicified metapelite Petrography 

WR-185 WR-13-023 

 

241.7m 

 

Silicified metapelite Petrography 

WR-185 WR-13-024 

 

239m 

 

Hydrothermal 

quartzite with clay 

alteration 

FI  

 

Petrography  
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DDH# 

Sample # 

& depth 

(m) 

 

Picture 

 

Description 

 

Purpose 

ZQ-20 WR-13-025 

 

177.3m 

 

 

Drusy Qz with clay 

alteration (dravite)  

cutting silicified 

sandstone 

FI 

 

Petrography 

ZQ-20 WR-13-026 

 

183.1m 

 

Drusy Qz with 

dravite cutting 

hydrothermal Qz 

FI  

 

Petrography 

ZQ-20 WR-13-027 

 

185.1m 

 

Drusy Qz cutting 

brecciated 

hydrotheraml 

quartzite, dravite 

occur 

FI 

 

Petrography 

ZQ-20 WR-13-028 

 

187m 

 

Silicified pelitic 

gneiss with 

hydrothermal quartz 

fragments, 

Dravite occur along 

the boundary 

between silicification 

and qz 

FI 

 

Petrography 

ZQ-20 WR-13-029 

 

241.7m 

 

Silicified pelitic 

gneiss 

Petrography 

ZQ-20 WR-13-030 

 

204.6m 

 

Brecciated quartzite 

with drusy Qz 

FI  

 

Petrography  
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DDH# 

Sample # 

& depth 

(m) 

Picture Description Purpose 

WR-394 WR-13-031 

 

323.8m 

 

 

Oriented; 

 Veinlet cutting 

silicified pelitic 

gneiss 

FI 

 

  

 

Petrography 

WR-394 WR-13-032 

 

337.5m 

 

Oriented; 

 Veinlet cutting 

silicified pelitic 

gneiss with clay 

alteration 

FI 

 

  

 

Petrography 

ZK-17 WR-13-033 

 

470m 

 

Conglomerate cut by 

drusy Qz 

FI 

 

Petrography 

WR-260 WR-13-034 

 

361.5m 

 

Drusy Qz vein 

cutting white 

sandstone 

FI 

 

Petrography 

WR-250 WR-13-035 

 

341.8m 

 

Drusy Qz vein 

cutting white 

sandstone 

FI 

 

Petrography 

WR-525 14-KW-

001 

 

355.3m 

 

Drusy Qz vein 

cutting sandstone; 

interstitial clay 

mineral occur 

FI 

 

Petrography 
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DDH# Sample # 

& depth 

(m) 

 

Picture 

 

Description 

 

Purpose 

WR-525 14-KW-

002 

 

359.8m 

 

Drusy Qz cutting 

sandstone 

FI 

 

Petrography  

WR-525 14-KW-

003 

 

448.5m 

 

 

Quartzite with illite 

alteration 

FI 

 

Petrography 

WR-328 14-KW-

004 

 

341.4m 

 

Druzy Qz cutting 

bleached sandstone 

with clay alteration 

fragments 

FI 

 

Petrography 

WR-328 14-KW-

005 

 

342.6m 

 

Druzy Qz veinlet 

cutting bleached 

sandstone; interstitial 

clay alteration occur 

FI 

 

Petrography 

WR-328 14-KW-

006 

 

343.5m 

 

Druzy Qz veinlet 

cutting bleached 

sandstone; interstitial 

clay alteration occur 

FI 

 

Petrography 

WR-328 14-KW-

007 

 

348.1m 

 

Breccia cemented by 

qz and dravite with 

drusy Qz 

FI 

 

Petrography 
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DDH# 

Sample # 

& depth 

(m) 

 

Picture 

 

Description 

 

Purpose 

WR-328 14-KW-008 

 

361.5m 

 

Qz-sandstone with 

dravite alteration 

Petrography  

WR-328 14-KW-009 

 

375.1m 

 

 

Weakly mineralized 

graphitic pelite; 

with disseminated 

graphite 

Graphite 

 

Petrography 

WR-328 14-KW-010 

 

376.7m 

 

Weakly mineralized 

graphitic pelite; 

with disseminated 

graphite 

Graphite 

 

Petrography 

WR-328 14-KW-011 

 

378.2m 

 

Weakly mineralized 

graphitic pelite; 

with disseminated 

graphite 

Graphite 

 

Petrography 

WR-328 14-KW-012 

 

381.5m 

 

Weakly mineralized 

graphitic pelite; 

with disseminated 

graphite, greenish 

clay alteration 

Graphite 

 

Petrography 

WR-328 14-KW-013 

 

384m 

 

Weakly mineralized 

graphitic pelite; 

with disseminated 

graphite, greenish 

clay alteration 

Graphite 

 

Petrography 



 134 

 

DDH# 

Sample # 

& depth 

(m) 

 

Picture 

 

Description 

 

Purpose 

WR-328 14-KW-014 

 

385.4m 

 

Weakly mineralized 

graphitic pelite; 

with disseminated 

graphite, strongly 

bleached to 

greenish clay 

alteration 

Graphite 

 

Petrography 

WR-328 14-KW-015 

 

386.9m 

 

 

Weakly mineralized 

graphitic pelite; 

with disseminated 

graphite, greenish 

clay alteration 

Graphite 

 

Petrography 

WR-328 14-KW-016 

 

388.4m 

 

Weakly mineralized 

graphitic pelite; 

with disseminated 

graphite, greenish 

clay alteration 

Graphite 

 

Petrography 

WR-328 14-KW-017 

 

389.7m 

 

Weakly mineralized 

graphitic pelite; 

with disseminated 

graphite 

Graphite 

 

FI 

 

Petrography 

WR-328 14-KW-018 

 

391.2m 

 

Weakly mineralized 

graphitic pelite; 

with disseminated 

graphite, strongly 

bleached with 

greenish clay 

alteration 

Graphite 

 

Petrography 

WR-328 14-KW-019 

 

392.7m 

 

Weakly mineralized 

graphitic pelite; 

with disseminated 

graphite, greenish 

clay alteration 

Graphite 

 

FI 

 

Petrography 
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DDH# 

Sample # 

& depth 

(m) 

 

Picture 

 

Description 

 

Purpose 

WR-328 14-KW-020 

 

394.2m 

 

Weakly mineralized 

graphitic pelite; 

with disseminated 

graphite, greenish 

clay alteration 

Graphite 

 

Petrography 

WR-328 14-KW-021 

 

395.5m 

 

 

Weakly mineralized 

graphitic pelite; 

with disseminated 

graphite, greenish 

clay alteration 

Graphite 

 

FI 

 

Petrography 

WR-328 14-KW-022 

 

397m 

 

Weakly mineralized 

graphitic pelite; 

with disseminated 

graphite, greenish 

clay alteration 

Graphite 

 

Petrography 

WR-328 14-KW-023 

 

398.4m 

 

Weakly mineralized 

graphitic pelite; 

with disseminated 

graphite, strongly 

bleached with 

greenish clay 

alteration 

Graphite 

 

Petrography 

WR-328 14-KW-024 

 

400m 

 

Weakly mineralized 

graphitic pelite; 

with disseminated 

graphite, strongly 

bleached with 

chlorite alteration 

Graphite 

 

Petrography 

WR-328 14-KW-025 

 

368.9m 

 

Drusy Qz with 

pyrite cutting 

sandstone in gray 

alteration zone 

FI 

 

Petrography 
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DDH# 

Sample # 

& depth 

(m) 

 

Picture 

 

Description 

 

Purpose 

WR-328 14-KW-026 

 

370.5m 

 

Drusy Qz with 

pyrite cutting 

sandstone in gray 

alteration zone 

FI 

 

Petrography 

WR-328 14-KW-027 

 

369.8m 

 

 

Drusy Qz with 

pyrite  in gray 

alteration zone 

FI 

 

Petrography 

WR-328 14-KW-028 

 

332.4m 

 

Druzy Qz zone; 

moderately 

bleached 

FI 

 

Petrography 

WR-328 14-KW-029 

 

336.4m 

 

Drusy Qz cutting 

sandstone with clay 

alteration fragments 

 

FI 

 

Petrography 

WR-328 14-KW-030 

 

326.8m 

 

Drusy Qz cutting 

silicified sandstone 

with green 

alteration; some 

euhedral Qz has 

been desolved, 

leaving a yellow 

colour and shell-

like shape 

FI 

 

Petrography 

WR-328 14-KW-031 

 

318.1m 

 

Drusy Qz cutting 

silicified sandstone; 

silicification- 

fractured- part of 

host rock dissolved- 

drusy Qz formed  

FI 

 

Petrography 
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DDH# 
Sample # 

& depth (m) 
Picture Description Purpose 

WR-328 14-KW-032 

 

304.1m 

 

Drusy Qz cutting 

silicified sandstone; 

clay alteration 

occur along the 

boundary between 

sandstone and drusy 

Qz; some euhedral 

Qz is milky, some 

is transparent 

FI 

 

Petrography 

WR-328 14-KW-033 

 

67.5m 

 

 

Drusy Qz cutting 

sandstone; euhedral 

Qz is much smaller 

than lower 

ones(1mm-2mm); 

limonite alteration 

on surface 

FI 

 

Petrography 

WR-328 14-KW-034 

 

20.4m 

 

A fine veinlet does 

not parallel to the 

bedding cutting 

sandstone 

FI 

 

Petrography 

WR-249 14-KW-035 

 

361.57m 

 

Drusy Qz cutting 

weakly bleached 

sandstone 

FI 

 

Petrography 

WR-249 14-KW-036 

 

386.1m 

 

Porous druzy Qz FI 

 

Petrography 

WR-249 14-KW-037 

 

425.4m 

 

Graphitic 

metapelite with 

chlorite alteration; 

fragile 

Graphite  

 

FI 

 

Petrography 
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DDH# 

Sample # 

& depth 

(m) 

Picture Description Purpose 

WR-249 14-KW-038 

 

434.9m 

 

Graphitic 

metapelite with a 

band of chlorite 

alteration; fragile 

Graphite 

 

Petrography 

WR-249 14-KW-039 

 

438.7m 

 

 

Graphitic 

metapelite 

Graphite 

 

FI 

 

Petrography 

WR-249 14-KW-040 

 

438.9m 

 

Granitoid intrusion 

cutting pelitic 

gneiss 

Graphite 

 

FI 

 

Petrography 

WR-249 14-KW-041 

 

446.5m 

 

Graphitic 

metapelite with 

green alteration 

Graphite 

 

Petrography 

WR-249 14-KW-042 

 

452.6m 

 

Graphitic 

metapelite 

Graphite 

 

Petrography 

WR-249 14-KW-043 

 

459.3m 

 

Graphitic 

metapelite with 

chlorite alteration 

Graphite  

 

FI 

 

Petrography 
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DDH# 

Sample # 

& depth 

(m) 

 

Picture 

 

Description 

 

Purpose 

WR-267 14-KW-044 

 

338.4m 

 

Drusy Qz 

cutting reddish 

weakly bleached 

sandstone 

FI 

 

Petrography 

WR-267 14-KW-045 

 

342.8m 

 

 

Druzy Qz 

cutting bleached 

sandstone 

FI 

 

Petrography 

WR-267 14-KW-046 

 

348.9m 

 

Druzy Qz 

cutting bleached 

sandstone 

FI 

 

Petrography 

WR-267 14-KW-047 

 

399.4m 

 

Druzy Qz 

cutting bleached 

sandstone 

FI 

 

Petrography 

WR-267 14-KW-048 

 

414.1m 

 

Graphitic 

metapelite with 

greenish 

alteration; 

fragile 

Graphite 

 

FI 

 

Petrography 

WR-267 14-KW-049 

 

417m 

 

Graphitic 

metapelite with 

greenish 

alteration; 

fragile 

Graphite 

 

FI 

 

Petrography 
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DDH# 

Sample # 

& depth 

(m) 

 

Picture 

 

Description 

 

Purpose 

WR-267 14-KW-050 

 

420.7m 

 

Graphitic 

metapelite with 

greenish 

alteration; pyrite 

alteration 

occurs; fragile 

Graphite 

 

Petrography 

WR-267 14-KW-051 

 

423.8m 

 

 

Graphitic 

metapelite 

Graphite  

 

Petrography 

WR-267 14-KW-052 

 

428.6m 

 

Graphitic 

metapelite; 

fragile 

Graphite 

 

Petrography 

WR-267 14-KW-053 

 

433m 

 

Graphitic 

metapelite 

Graphite  

 

Petrography 

WR-267 14-KW-054 

 

443.5m 

 

Pegmatitic vein 

with graphite 

Graphite 

 

FI  

 

Petrography 

WR-267 14-KW-055 

 

453.2m 

 

Garnetiferous 

pegmatite with 

graphite and 

hematite 

Graphite 

 

FI 

 

Petrography 
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DDH# 

Sample # 

& depth 

(m) 

 

Picture 

 

Description 

 

Purpose 

WR-444 14-KW-056 

 

394.5m 

 

Druzy Qz with 

strongly 

bleached 

sandstone 

(desilicification)

; fragile 

FI 

 

Petrography 

WR-444 14-KW-057 

 

417.9m 

 

 

Pegmatite with 

green alteration 

Graphite 

 

FI 

 

Petrography 

WR-444 14-KW-058 

 

431.9m 

 

Graphitic 

pegmatite 

cutting pelitic 

gneiss 

Graphite 

 

FI  

 

Petrography 

WR-444 14-KW-059 

 

435.9m 

 

Illite vein and 

Qz vein cutting 

graphitic 

metapelite 

Graphite 

 

FI 

 

Petrography 

WR-444 14-KW-060 

 

442.9m 

 

Pegmatitic 

intrusion with 

graphite and 

green alteration 

Graphite 

 

FI  

 

Petrography 

WR-444 14-KW-061 

 

447.6m 

 

Pegmatitic 

intrusion with 

graphite and 

green alteration 

cutting pelitic 

gneiss 

Graphite 

 

FI  

 

Petrography 
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DDH# 

Sample # 

& depth 

(m) 

 

Picture 

 

Description 

 

Purpose 

WR-444 14-KW-062 

 

457m 

 

Qz intrusion 

with minor 

pyrite cutting 

graphitic pelite 

FI 

 

Graphite 

 

Petrography 

WR-444 14-KW-063 

 

471.9m 

 

 

Qz intrusion  

cutting graphitic 

pelite with 

minor pyrite 

FI 

 

Graphite 

 

Petrography 

WR-444 14-KW-064 

 

474.9m 

 

Qz intrusion 

with pyrite and 

graphite  cutting 

garnetiferous 

pelite 

FI 

 

Graphite  

 

Petrography 

WR-498 14-KW-065 

 

373.5m 

 

Clay alteration 

cutting 

sandstone with 

silicification 

veins 

FI  

 

Petrography 

WR-498 14-KW-066 

 

387.1m 

 

Drusy Qz 

cutting strongly 

bleached 

sandstone 

FI 

 

Petrography 

WR-498 14-KW-067 

 

418.6m 

 

Calcite with 

pyrite vein 

cutting graphitic 

pegmatite and 

pelitic schist 

Graphite 

 

FI 

 

Petrography 
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DDH# 

Sample # 

& depth 

(m) 

 

Picture 

 

Description 

 

Purpose 

WR-498 14-KW-068 

 

424.3m 

 

Qz intrusion 

cutting graphitic 

pelite 

FI 

 

Graphite 

 

Petrography 

WR-498 14-KW-069 

 

426m 

 

 

Qz intrusion 

cutting strongly 

altered graphitic 

pelite 

FI 

 

Graphite 

 

Petrography 

ZR-10 14-KW-070 

 

433.8m 

 

Graphitic pelite Graphite  

 

Petrography 

ZR-10 14-KW-071 

 

436.9m 

 

Graphitic pelite Graphite  

 

Petrography 

WR-440 14-KW-072 

 

391.1m 

 

Drusy Qz 

cutting weakly 

bleached 

sandstone 

FI 

 

Petrography 

WR-412 14-KW-073 

 

398.5m 

 

Pegmatitic 

granite cutting 

greenish 

metapelite with 

some graphite 

Graphite 

 

FI 

 

Petrography 
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DDH# 

Sample # 

& depth 

(m) 

 

Picture 

 

Description 

 

Purpose 

WR-412 14-KW-074 

 

564.9m 

 

Oriented;  

Pegmatite 

intrusion  

cutting graphitic 

pelite 

Graphite 

 

FI  

 

  

 

Petrography 

WR-412 14-KW-075 

 

518.9m 

 

 

Pegmatitic vein 

cutting pelite 

with lots of 

sulfide and 

graphite 

FI 

 

Graphite 

 

Petrography 

WR-412 14-KW-076 

 

519.9m 

 

Pegmatitic 

granite with 

graphite 

Graphite  

 

Petrography 

WR-560 14-KW-077 

 

726.2m 

 

Graphitic 

metapelite; 

fragile; in 

alteration zone 

right below 

mineralization  

Graphite 

 

FI  

 

Petrography 

WR-560 14-KW-078 

 

736m 

 

Druzy Qz in the 

alteration zone 

in the basement 

FI 

 

Petrography 

WR-560 14-KW-079 

 

737.7m 

 

Oriented; 

Druzy Qz 

cutting granitic 

rocks, strongly 

altered to clay 

(desilicification) 

FI 

 

  

 

Petrography 
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DDH# 
Sample # 

& depth (m) 
Picture Description Purpose 

WR-560 14-KW-080 

 

740.1m 

 

Druzy Qz cutting 

granitic rocks, 

strongly altered to 

clay 

(desilicification) 

FI 

 

Petrography 

WR-560 14-KW-081 

 

742.5m 

 

 

Druzy Qz cutting 

granitic rocks, 

strongly altered to 

clay 

(desilicification) 

FI 

 

Petrography 

WR-560 14-KW-082 

 

793.5m 

 

Graphitic pelitic 

gneiss cut by 

hydro thermal Qz 

and chlorite 

alteration with 

some graphite 

Graphite  

 

FI 

 

Petrography 

WR-258 14-KW-083 

 

394m 

 

Drusy Qz cutting 

strongly bleached 

sandstone right 

above the 

unconformity; 

fragile 

FI 

 

Petrography 

WR-258 14-KW-084 

 

409.8m 

 

Oriented; 

Qz vein cutting 

graphitic pelite 

FI 

 

  

 

Graphite 

 

Petrography 

WR-259 14-KW-085 

 

390.9m 

 

Bleached 

sandstone with 

clay fragments 

and druzy Qz; 

some Qz has 

dissolved into 

shells 

FI 

 

 

Petrography 
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DDH# 

Sample # 

& depth 

(m) 

 

Picture 

 

Description 

 

Purpose 

WR-259 14-KW-086 

 

416.4m 

 

Oriented; 

Graphitic pelite 

with hydrothermal 

Qz 

FI 

 

  

 

Graphite 

 

Petrography 

 



 147 

Appendix B. Petrography notes
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Sample Number: 14-KW-001 Location: WR-525 

 Depth:                355.3 m 

Rock type: drusy quartz cutting 

sandstone  

Thin Section Image: Purpose of sample:  fluid inclusions 
 

Images: 

(x2.5 xpl) general view of dusy quartz 
vein cutting sandstone 

 
(x5 xpl) corrosive edge and poor sorting 
of detrital quartz indicating dissolution 

breccia 

 
(x10 xpl) detrital quartz- dissolution- 
syntaxial quarz2 (drusy1)- dissolution- 

dursy quartz 2 

 
(x10 xpl) syntaxial quarz 2 – dissolution 

associated with some sort of clay 

 
(x50 xpl) syn-ore clay alteration 

 

 

 Textures/Alteration: 

Quartz dissolution 

 

 

Paragenesis: 

- detrital quartz 

- dissolution 

- syntaxial quarz2 (drusy1) 

- dissolution 

- dursy quartz 2 

 

Remarks: 
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Sample Number: 14-KW-002 Location: WR-525 

 Depth:                359.8 m 

Rock type: drusy quartz cutting 

sandstone  

Thin Section Image: Purpose of sample:  fluid inclusions 

 

Images: 

(x2.5 ppl) general view of dusy quartz 

vein cutting sandstone 

 
(x5 ppl) corrosive edge and poor sorting 

of detrital quartz indicating dissolution 

breccia 

 
(x10 xpl) small drusy quarz grain at the 

beginning of drusy quartz vein 

 
(x50 xpl) dravite replacing syntaxial quatz 

2 

 

 

 

 

 Textures/Alteration: 

Quartz dissolution 

 

 

Paragenesis: 

- detrital quartz 

- dissolution 

- syntaxial quarz2 (drusy1) 

- dissolution 

- dursy quartz 2 

 

Remarks: 
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Sample Number: 14-KW-003 Location: WR-525 

 Depth:                448.5 m 

Rock type: massive quartz with clay 

alteration  

Thin Section Image: Purpose of sample:  fluid inclusions 
 

Images: 

(x2.5 xpl) clay 150utting150g150 filled 
veinlets and voids cutting massive quartz 

 
(x10 xpl) desilicification asso w/ illite and 
sericite 

 
(x20 xpl) coarse grained illite alteration 

 
(x20 xpl) illite and sericite alteration 

 

 

 

 

 Textures/Alteration: 

Illite and sericite 

 

 

Paragenesis: 

-massive quartz 

-dissilicification asso w/ illite and sericite 

 

Remarks: 
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Sample Number: 14-KW-004 Location: WR-328 

 Depth:                341.4 m 

Rock type: drusy quartz cutting bleached 

sandstone with clay alteration fragments 

Thin Section Image: Purpose of sample:  fluid inclusions within the euhedral quartz, 
Gas analysis of FI in euhedral qtz 

Images: 

(X1 ppl) general view of drusy quartz 

cutting brecciation cemented by qtz w/ 

dravite 

(x20 xpl) quartz overgrowth with dravite, 
corrosive edge, followed by pore-filling 

dravite alteration 

(X10 xpl) syntaxial quartz with fine 
grained dravite 

 
(X40 xpl) dickite alteration being 
replaced by dravite 

 
(x4 ppl) drusy quartz vein continuously 

growing on qtz overgrowth 

 
(x10 xpl) one quartz clast with dravite & 
qtz overgrowth on one end and drusy qtz 

vein growing on the other end without 

any clear boundary 

 Textures/Alteration: 

Clasts: subangular to subrounded, poorly sorted; (massive quartz?) 

Illite and dickite alteration (diagenesis or hydrothermal?); 

Some dravite is replacing dickite and illite; 

 

Paragenesis: 

-dissolution breccia 

-qtz overgrowth with dravite ( Qz 2 and drv 1 in Derome et al, 2005) 

-weak dissolution?? 

-pore-filling hydrothermal illite alteration with dravite 

-brittle fracturing 

-drusy qtz vein: clear with no dravite (Qz 3 in Derome) 

-weak dissolution: holes on the rim of drusy qtz vein (syn-post drusy qtz) 

 

Remarks: 

Clasts?????? 
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Sample Number: 14-KW-005 Location: WR-328 

 Depth:                342.6 m 

Rock type: drusy quartz cutting bleached 

sandstone  

Thin Section Image: Purpose of sample:  fluid inclusions within the euhedral quartz, 
Gas analysis of FI in euhedral qtz 

Images: 

(X2.5 xpl) poor sorting 152utting152g152 

dissolution breccia 
(x20 xpl) syntaxial quartz 2 with dravite 1 and 
quartz dissolution with dravite 2 

 

   

 Textures/Alteration: 

Clasts: subangular to subrounded, poorly sorted;  

dravite 

 

 

Paragenesis: 

-dissolution breccia asso w/ dravite 

-drusy quartz 

 

Remarks: 
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Sample Number: 14-KW-006 Location: WR-328 

 Depth:                343.5 m 

Rock type: drusy quartz cutting bleached 

sandstone  

Thin Section Image: Purpose of sample:  fluid inclusions within the euhedral quartz 

Images: 

(X2.5 xpl) corrosive edge and interstitial 

space of detrital quartz indicating 

dissolution breccia 

(x10 xpl) syntaxial quartz 2 and drusy 
quartz 1 with dravite 1- dissolution with 

darvite 2- drusy quarz 2 

(x20 xpl) dissolution with dravite 2 
replacing previous quartz 

(x20 xpl) syntaxial quatz 2 with dravite 1 

  

 Textures/Alteration: 

Clasts: subangular to subrounded, poorly sorted;  

dravite 

 

 

Paragenesis: 

-detrital quartz 

-dissolution 1 

-silicification 

-dissolution breccia asso w/ dravite 

-drusy quartz 

 

Remarks: 



 154 

Sample Number: 14-KW-007 Location: WR-328 

 Depth:                348.1 m 

Rock type: Brecciated massive qtz 

cemented by quartz with dravite and 
drusy qtz 

Thin Section Image: Purpose of sample:  fluid inclusions within the euhedral quartz, 

Gas analysis of FI in euhedral qtz 

Images: 

(X2.5 ppl) general view of drusy qtz with 

massive dravite cementing brecciated 

massive qtz 

(x5 ppl) pervasive qtz overgrowth with 

dravite followed by clear euhedral qtz 

(X20 xpl) dravite replacing clay 

alterarion (altered fsp- kaolinite/dickite?) 

 
(X20 xpl) dravite-euhedral qtz  with 

holes, vapor dominant FI, some opaque 
(grinding material?) and corrosive edge, 

suggesting synchronous weak 

dissolution? 

 
(x20 xpl) qtz overgrowth with dravite 

followed by a weak dissolution reflected 

by the holes in the overgrowth and 
corrosive edge 

 

 Textures/Alteration: 

 Barely see clay alteration; 

Dissolution vugs pervasively occurs between detrital qtz grains 

 

Paragenesis: 

-dissolution breccia 

-qtz overgrowth with dravite ( Qz 2 and drv 1 in Derome et al, 2005) cementing brecciated clasts      -rutile??? 

-weak dissolution (syn to post qtz with dravite) 

-pore-filling drusy qtz: clear with no dravite (Qz 3) 

 

Remarks: 

Vapor dominant FI and opaque in euhedral qtz with dravite? 
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Sample Number: 14-KW-008 Location: WR-328 

 Depth:                361.5 m 

Rock type: quartz sandstone with dravite 

alteration  

Thin Section Image: Purpose of sample:  fluid inclusions within the euhedral quartz 

Images: 

(X10 xpl) dissolution breccia associated with 

dravite 

  

   

 Textures/Alteration: 

Clasts: subangular to subrounded, poorly sorted;  

dravite 

 

 

Paragenesis: 

-detrital quartz 

-dissolution 1 

-silicification 

-dissolution breccia asso w/ dravite 

-drusy quartz 

 

Remarks: 
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Sample Number: 14-KW-011 Location: WR-328 

 Depth:                378.2 m 

Rock type: graphitic pelite  

Thin Section Image: Purpose of sample:  graphite 

Images: 

(X50 xpl) quartz breaking down graphite  
(x50 rfl) graphite with hollow points 

 
(x20 xpl) dravite alteration 

   

 Textures/Alteration: 

Hollow points; 

dravite 

 

 

Paragenesis: 

-metapelite 

-pegmatitie intrusion 

-quartz dissolution asso w/ dravite 

 

Remarks: 
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Sample Number: 14-KW-013 Location: WR-328 

 Depth:                384 m 

Rock type: graphitic pelite  

Thin Section Image: Purpose of sample:  graphite 

Images: 

(X20 ppl) overgrowth of quartz enclosing 

rounded graphite 

 
(x20 xpl) quartz with needle mineral enclosing 
rounded graphite and detrital metamorphic 

graphite  

 
 

   

 Textures/Alteration: 

 

 

Paragenesis: 

-metapelite 

-pegmatitie intrusion with rounded graphite 

-silicification (overgrowth) 

 

Remarks: 
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Sample Number: 14-KW-019 Location: WR-328 

 Depth:                392.7 m 

Rock type: graphitic pelite  

Thin Section Image: Purpose of sample:  graphite; fluid inclusions 

Images: 

(X10 xpl) quartz enclosing rounded 

graphite and graphite flakes 

 
(x10 xpl) sericite consuming graphite ? 

 
(x10 ppl) corroded graphite and rounded 

graphite 

 
(x20 ppl) gr parallel to foliation 

  

 Textures/Alteration: 

 

 

Paragenesis: 

-metapelite 

-pegmatitie intrusion with rounded graphite 

-dissilicification asso w/ sericite 

 

Remarks: 
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Sample Number: 14-KW-025 Location: WR-328 

 Depth:                368.9 m 

Rock type: quartz sandstone with dravite 

alteration  

Thin Section Image: Purpose of sample:  fluid inclusions within the euhedral quartz 

Images: 

(X5 rfl) sulfide filling open space after 

drusy quartz 

 
(X10 xpl) dissolution breccia indicated by 
corrosive edge of detrital quartz- syntaxial 

quartz 2- dissolution 

 
(X10 xpl) drusy quartz 1 (syntaxial quartz 
2)- dissolution- drusy quartz 2 

   

 Textures/Alteration: 

Clasts: subangular to subrounded, poorly sorted;  

 

 

Paragenesis: 

-detrital quartz 

-dissolution 1 

-silicification 

-dissolution  

-drusy quartz 

-sulfide 

 

Remarks: 
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Sample Number: 14-KW-027 Location: WR-328 

 Depth:                369.8 m 

Rock type: Drusy qtz vein associated 

with pyrite cutting gray alteration zone  

Thin Section Image: Purpose of sample:  fluid inclusions within the euhedral quartz, 
Gas analysis of FI in euhedral qtz 

Images: 

(X5 xpl) quartz overgrowth 

(silicification) with corrosive edge 
(x5 xpl) syntaxial qtz (silicification) 

(X50 xpl) mica alteration after weak 
dissolution of silicification 

 
(X50 xpl) 160utting160g dravite 
associated with overgrowth 

(silicification) after dissolution 

 
(x50 xpl) replace to drusy quartz 1- 

dissolution – drusy quartz 2 

 
(x10 RFL) pyrite associated with drusy 
qtz 

 Textures/Alteration: 

Detrital qtz with corrosive edge- dissolution breccia; 

Syntaxial qtz with dravite and muscovite/sericite- silicification 

Unknown opaque associated with dissolution? Grinding material 

 

Paragenesis: 

-dissolution brecciation- detrital qtz with corrosive edge 

-silicification –syntaxial qtz with dravite and muscovite/sericite + drusy quartz1 

-weak dissolution (syn to post qtz with dravite and muscovite/sericite) 

-fracturing 

-drusy qtz vein 2 (with pyrite) 

 

Remarks: 
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Sample Number: 14-KW-028 Location: WR-328 

 Depth:                332.4 m 

Rock type: Drusy qtz cutting sandstone 

Thin Section Image: Purpose of sample:  fluid inclusions within the euhedral quartz, 
Gas analysis of FI in euhedral qtz 

Images: 

(X2.5 ppl) general view of drusy qtz vein 

cutting sandstone 
(x5 xpl) corrosive edge of detrital qtz – 
dissolution brecciation event 

(X5 xpl) dissolution holes within drusy 
qtz vein 

 
(X20 xpl) holes on early stage of drusy 
qtz vein 

 
(x20 xpl) silicification (syntaxial qtz) with 

dravite followed by a weak dissolution.jpg 

 
 (x20 xpl) silicification with dravite and a 
little muscovite (sericite) 

 Textures/Alteration: 

Detrital qtz with corrosive edge- dissolution breccia; 

Syntaxial qtz with dravite and muscovite/sericite- silicification 

Unknown opaque within silicification- rutile peak (Raman)- Rutile and anatase ? 

 

Paragenesis: 

-dissolution brecciation- detrital qtz with corrosive edge 

-silicification –syntaxial qtz with dravite and muscovite/sericite (rutile?) 

-dissolution (syn to post qtz with dravite and muscovite/sericite) 

-fracturing 

-drusy qtz vein (found one piece chalcopyrite) 

-synchronous dissolution  

 

Remarks: 
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Sample Number: 14-KW-029 Location: WR-328 

 Depth:                336.4 m 

Rock type: Drusy qtz cutting sandstone 

with clay alteration fragments 

Thin Section Image: Purpose of sample:  fluid inclusions within the euhedral quartz 
 

Images: 

(X2.5 ppl) general view of drusy qtz vein 

cutting silicified sandstone 
(x5 ppl) silicification followed by clear 
drusy qtz 

(X20 ppl) dissolution holes within 
silicification 

 
(X20 xpl) silicification associated with 
dravite 

 
(x10 xpl) clay alteration fragment (dickite 

& illite  

 

  

 Textures/Alteration: 

Silicification with dravite; 

Clay fragment- dickite /kaolinite, illite, dravite 

 

Paragenesis: 

-dissolution brecciation- detrital qtz with corrosive edge/clay alteration fragments 

-silicification –syntaxial qtz with dravite  

-weak dissolution –dravite replacing dickite in between detrital qtz 

-fracturing 

-drusy qtz vein   

 

Remarks: 
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Sample Number: 14-KW-030 Location: WR-328 

 Depth:                326.8 m 

Rock type: Drusy qtz cutting silicified 

sandstone with green alteration; some 
euhedral qtz has been dissolved, leaving a 

yellow colour and shell-like shape 

Thin Section Image: Purpose of sample:  fluid inclusions within the euhedral quartz; 

Gas analysis in euhedral qtz 
 

Images: 

(X5 xpl) early dissolution event during 
the growth of drusy qtz vein- supported 

by the corrosive edge of smaller drusy qtz 

followed by bigger drusy qtz 

(x2.5 xpl) later stage dissolution during the 

growth of drusy qtz vein- shell-like bigger 
drusy qtz 

(X5 xpl) corrosive edge of detrital qtz- 

evidence of dissolution breccia 

 
(X20 xpl) dravite and muscovite 

associated with qtz overgrowth 

 
(x50 xpl) dissolution of qtz overgrowth 

(dravite keep growing ?) 

 
 (x20 xpl) dravite well developed in 

between detrital qtz (associated with 
dissolution) 

 Textures/Alteration: 

Silicification with dravite & muscovite; 

dravite 

 

Paragenesis: 

-dissolution brecciation- detrital qtz with corrosive edge 

-silicification –syntaxial qtz with dravite & muscovite  

-weak dissolution –dravite keeps growing (replacing something?) 

-fracturing 

-early stage drusy qtz  (small)- synchronous dissolution   

-later stage drusy qtz (big) 

-weak dissolution  

 

Remarks: 

 



 164 

Sample Number: 14-KW-031 Location: WR-328 

 Depth:                318.1 m 

Rock type: drusy quartz cutting silicified 

quartz sandstone 

Thin Section Image: Purpose of sample:  fluid inclusions within the euhedral quartz 

Images: 

(X5 xpl) syntaxial quartz 2 (drusy quartz 

1) with dravite 1- dissolution with 

dravite 2- drusy quartz 2 with dravite 3 

 
(X10 xpl) syntaxial quartz 2 (drusy quartz 
1) with dravite 1- dissolution with dravite 

2- drusy quartz 2 with dravite 3 

 
(X20 xpl) dissolution with dravite 2 
replacing syntaxial quartz 2 

   

 Textures/Alteration: 

Clasts: subangular to subrounded, poorly sorted;  

dravite 

 

 

Paragenesis: 

-detrital quartz 

-dissolution 1 

-silicification (syntaxial quarz 2 and dravite 1) 

-dissolution  w/ dravite 2 

-drusy quartz w/ dravite 3 

 

Remarks: 



 165 

Sample Number: 14-KW-032 Location: WR-328 

 Depth:                304.1 m 

Rock type: Drusy qtz cutting silicified 

sandstone; green alteration occurs along 
the boundary between sandstone and vein; 

some euhedral qtz is milky, some is 

transparent 

Thin Section Image: Purpose of sample:  fluid inclusions within the euhedral quartz; 
Gas analysis in euhedral qtz 

 

Images: 

(x10 ppl) corrosive edge of detrital qtz 
saying dissolution- silicification with 

dravite  

 
(x10 xpl) silicification associated with 
dravite with dissolution holes 

 
(X2.5 ppl) quartz sandstone dissolution- 
dravite- drusy qtz of smaller grains- 

drusy qtz of bigger grains- dissolution of 

drusy qtz 

 
(X20 xpl) dissolution (dravite?)- fracture- 

drusy qtz with little dravite- dissolution 

holes at early stage 

 
(x20 xpl) silicification associated with 
dravite- dissolution associated with dravite 

and some kaolinite/dickite 

 
 (x50 xpl) dravite slightly developed in 

early stage of drusy qtz vein- weak 

synchronous dissolution 

 Textures/Alteration: 

Silicification associated with dravite; 

Dravite, kaolinite  

 

Paragenesis: 

-dissolution – detrital qtz with corrosive edge 

-silicification –syntaxial qtz with dravite  

-dissolution –dravite+kaolinite associated 

-fracturing 

-early stage drusy qtz (small) with some dravite developed- synchronous dissolution   

-later stage drusy qtz (big) 

-weak dissolution  

 

Remarks: 

 



 166 

Sample Number: 14-KW-033 Location: WR-328 

 Depth:                67.5 m 

Rock type: drusy quartz cutting quartz 

sandstone 

Thin Section Image: Purpose of sample:  fluid inclusions within the euhedral quartz 

Images: 

(X2.5 ppl) drusy quartz   
(X10 xpl) detrital qurtz- syntaxial qtz 1 
(diagenetic)- dissolution- syntaxial 

166uttin 2- drusy quartz 2 

 
(X10 xpl) dissolution of syntaxial quartz 
1 

 
(X10 xpl) drusy quartz 1 and drusy quartz 

2 

  

 Textures/Alteration: 

Clasts: subangular to subrounded, poorly sorted;  

 

 

Paragenesis: 

-detrital quartz 

-dissolution 1 

-silicification  

-dissolution  2 

-drusy quartz  

 

Remarks: 



 167 

Sample Number: 14-KW-034 Location: WR-328 

 Depth:                20.4 m 

Rock type: fine veinlet cutting sandstone 

doesn’t parallel with beddig 

Thin Section Image: Purpose of sample:  fluid inclusions  

Images: 

(X10 xpl) sericite and dravite veinlet 

(dissolution) cutting sandstone 

 
(X20 xpl) dissolution associated with dravite 

 

   

 Textures/Alteration: 

Clasts: subangular to subrounded, poorly sorted;  

 

 

Paragenesis: 

-detrital quartz 

-dissolution 1 

-silicification  

-dissolution  2 asso w/ dravite and sericite 

 

Remarks: 



 168 

Sample Number: 14-KW-035 Location: WR-249 

 Depth:                361.5 m 

Rock type: Drusy qtz cutting weakly 

bleached sandstone 

Thin Section Image: Purpose of sample:  fluid inclusions within the euhedral quartz 

Images: 

(X10 xpl) diagenetic overgrowth followed 

by dissolution and silicification 
(x20 xpl) dissolution- silicification- 
dissolution associated with dravite 

(x50 xpl) dravite associated with 
silicification also filling open space 

 
(x5 xpl) drusy quartz 

  

 Textures/Alteration: 

Silicification with dravite; 

Dissolution associated with dravite 

 

Paragenesis: 

-diagenetic overgrowth (syntaxial quartz 1) 

-dissolution brecciation- detrital qtz with corrosive edge 

-silicification –syntaxial qtz 2 +drusy quartz 1  associated with dravite  

-dissolution associated with dravite 

  

 

Remarks: 

 



 169 

Sample Number: 14-KW-036 Location: WR-249 

 Depth:                386.1  m 

Rock type: Porous drusy quartz 

Thin Section Image: Purpose of sample:  fluid inclusions within the euhedral quartz 

Images: 

(X5 ppl) dissolution breccia zone 

reflected by corrosive edge of detrital 

quartz 

(x10 xpl) silicification after dissolution 
(x20 xpl) dravite associated with 
silicification  

   

 Textures/Alteration: 

Silicification with dravite; 

 

Paragenesis: 

-diagenetic overgrowth (syntaxial quartz 1) 

-dissolution brecciation- detrital qtz with corrosive edge 

-silicification  associated with dravite  

  

 

Remarks: 

 



 170 

Sample Number: 14-KW-037 Location: WR-249 

 Depth:                425.4 m 

Rock type: Graphitic metapelite 

Thin Section Image: Purpose of sample:  Raman spectroscopic study of graphite 

Images: 

(X20 xpl) biotite in pelite altered into 

chamosite 
(x20 xpl) dissolution- silicification- 
dissolution associated with dravite 

(x10 xpl) pervasive sericite and illite 
alteration, qtz with rounded graphite and 

graphite being broken down 

 
(x10 xpl) quartz diffusion 

 
(x5 xpl) quartz diffusion or 

recrystallization? 

 
(x20 xpl) fine grained euhedral 
(recrystallized) quatz cut by illite and 

muscovite veins 

 Textures/Alteration: 

Biotite- chamosite 

Feldspar- illite and sericite/muscovite 

 

Paragenesis: 

-metapelite 

-granotiod intrusion with rounded graphite 

-quartz diffusion and recrystallization 

-illite and muscovite alteration (syn-ore?) 

 

  

 

Remarks: 

 



 171 

Sample Number: 14-KW-038 Location: WR-249 

 Depth:                434.9 m 

Rock type: Graphitic metapelite 

Thin Section Image: Purpose of sample:  Raman spectroscopic study of graphite 

Images: 

(X2.5 ppl) general view of graphitic pelite 

with minor graphite 
(x5 rfl) sulfide intruding pelitic gneissite 

(x20 xpl) illite alteration in pelite 

 
(x20 xpl) quartz replacing biotite and 
breaking down graphite 

 

 

 

 

 Textures/Alteration: 

Illite 

 

Paragenesis: 

-metapelite 

-granotiod intrusion with sulfide 

 

 

  

 

Remarks: 

 



 172 

Sample Number: 14-KW-039 Location: WR-249 

 Depth:                438.7 m 

Rock type: Graphitic metapelite 

Thin Section Image: Purpose of sample:  Raman spectroscopic study of graphite 

Images: 

(X5 xpl) biotite truncated by pegmatite 

and altered to chlorite 
(x10 xpl) biotite replaced by quartz and 

chloritization during the intrusion of 

pegmatite 

(x20 xpl) coarse grained illite and sericite 

alteration in the pelite 

 
(x20 xpl) pegmatitic ksp altered to illite 

and sericite 

 
(x20 ppl) amorphous pyrite in pegmatitic 

qtz 

 
(x50 rfl) rounded graphite with perfect 

edge and layers enclosed in quartz 

 Textures/Alteration: 

Chamosite; 

Sericite; 

Pyrite and rounded graphite; 

Coarse grained illite and sericite 

 

Paragenesis: 

-metapelite 

-granotiod intrusion with sulfide and graphite 

-coarse grained illite 

 

 

  

 

Remarks: 

 



 173 

Sample Number: 14-KW-040 Location: WR-249 

 Depth:                438.9 m 

Rock type: Granatoid intrusion cutting 

pelitic gneiss  

Thin Section Image: Purpose of sample:  Raman spectroscopic study of graphite 

Images: 

(X2.5 xpl) granotoid intrusion 

(hydrothermal) cutting pelitic gneiss 
(x5 xpl) alteration after granotoid intrusion 
including: quartz dissolution and  illite 

alteration 

(x20 xpl) granotoid breaking down 
graphite. 

 
(x50 xpl) sericite and illite alteration 
replacing fsp 

 
(x20 ppl) illite alteration of fsp 

 
(x50 xpl) rounded graphite enclosed in 
quartz postdates pelite notice the needles 

in the quartz 

 Textures/Alteration: 

Graphite; 

Illite; 

sericite 

 

 

Paragenesis: 

-metapelite 

-granotiod intrusion with graphite 

-coarse grained illite and sericite 

 

 

  

 

Remarks: 

 



 174 

Sample Number: 14-KW-041 Location: WR-249 

 Depth:                446.5 m 

Rock type: Graphitic metapelite with 

green alteration  

Thin Section Image: Purpose of sample:  Raman spectroscopic study of graphite 

Images: 

(X5 xpl) granotoid intrusion with rounded 

graphite (hydrothermal) cutting pelitic 

gneiss 

(x10 rfl) graphite with high reflectence 
(x10 xpl) rounded graphite and broken 
pieces in alteration zone 

 
(x20 xpl) pegmatitic quartz with rounded 
graphite and broken metamorphic 

graphite  

 
(x20 rfl) hydrothermal pyrite 

 
(x20 xpl) secondary rounded graphite in 
quartz 

 Textures/Alteration: 

Graphite; 

pyrite 

Chamosite 

 

 

 

Paragenesis: 

-metapelite 

-granotiod intrusion with graphite and pyrite –chamosite 

 

 

 

  

 

Remarks: 

 



 175 

Sample Number: 14-KW-042 Location: WR-249 

 Depth:                452.6 m 

Rock type: Graphitic metapelite 

Thin Section Image: Purpose of sample:  Raman spectroscopic study of graphite 

Images: 

(X5 xpl) messed up foliation 
(x20 xpl) biotite altered to chamosite 
associated with intrusion 

(x10 xpl) quartz with metamorphic 
graphite piece in altered plag 

 
(x20 xpl) coarsed grained illite alteration 

 
(x20 xpl) massive quartz with needles and 
rounded graphite 

 
(x50 xpl) plag replaced by sericite 
alteration 

 Textures/Alteration: 

Rounded graphite; 

Sericite; 

Coarse grained illite 

 

 

 

Paragenesis: 

-metapelite 

-granotiod intrusion with rouded graphite and pyrite 

-feldspar alteration- sericite and coarse grained illite 

 

 

 

  

 

Remarks: 

 



 176 

Sample Number: 14-KW-043 Location: WR-249 

 Depth:                459.3 m 

Rock type: Graphitic metapelite 

Thin Section Image: Purpose of sample:  Raman spectroscopic study of graphite 

Images: 

(X5 xpl) altered plag 
(x20 xpl) clinochlore alteration 

 

 

 

 

 

 

 

 Textures/Alteration: 

clinochlore 

 

 

Paragenesis: 

-metapelite 

-granotiod intrusion with rouded graphite and pyrite 

-feldspar alteration- clinochlore 

 

 

 

  

 

Remarks: 

 



 177 

Sample Number: 14-KW-044 Location: WR-267 

 Depth:                338.4 m 

Rock type: Drusy qtz cutting reddish 

weakly bleached sandstone 

Thin Section Image: Purpose of sample:  fluid inclusions within the euhedral quartz; 
Gas analysis in euhedral qtz 

 

Images: 

(x10 xpl) diagenetic overgrowth- 
dissolution- silicification- dissolution 

 
(x20 xpl) diagenetic overgrowth- 
dissolution- silicification- dissolution 

 
(X50 xpl) diagenetic dustline compared 

to later dissolution-silicification dustline 

 
(X10 xpl) fracture between quartz 

sandstone and drusy quartz vein 

 
(x20 xpl) silicification- fracture- drusy 

quartz 

 

 Textures/Alteration: 

Diagenetic dustline- IOH; 

Quartz dissolution; 

Silicification  

 

Paragenesis: 

-diagenetic overgrowth 

-dissolution  

-silicification  

-dissolution 

-fracturing 

-drusy quartz  

 

Remarks: 

 



 178 

Sample Number: 14-KW-046 Location: WR-267 

 Depth:                348.9 m 

Rock type: Drusy qtz cutting bleached 

sandstone 

Thin Section Image: Purpose of sample:  fluid inclusions within the euhedral quartz; 
 

Images: 

(x10 xpl) syntaxial quartz 2 with tourmaline- 
dissolution- drusy quartz 2 

 
(x20 xpl) detrital quartz- dissolution- syntaxial 
quartz 2 with tourmaline 

 

   

 Textures/Alteration: 

Quartz dissolution; 

Silicification; 

dravite 

 

Paragenesis: 

-detrital quartz 

-dissolution  

-silicification  

-dissolution asso w/ dravite  

-fracturing 

-drusy quartz  

 

Remarks: 

 



 179 

Sample Number: 14-KW-047 Location: WR-267 

 Depth:                399.4 m 

Rock type: Drusy qtz cutting bleached 

sandstone 

Thin Section Image: Purpose of sample:  fluid inclusions within the euhedral quartz; 
 

Images: 

(x10 xpl) detrital quartz- syntaxial quartz 2 with 
dravite 1- dissolution with dravite 2 

 
(x10 xpl) tourmaline (dravite 2) filling open 
space 

 

   

 Textures/Alteration: 

Quartz dissolution; 

Silicification; 

dravite 

 

Paragenesis: 

-detrital quartz 

-dissolution  

-silicification  

-dissolution asso w/ dravite  

-fracturing 

-drusy quartz  

 

Remarks: 



 180 

Sample Number: 14-KW-048 Location: WR-267 

 Depth:                414.1 m 

Rock type: Graphitic metapelite with 

green alteration 

Thin Section Image: Purpose of sample:  graphite 
 

Images: 

(x10 xpl) biotite mostly chloritized 
(chamosite) and partly silicified notice the 

kinkles on the left 

 
(x10 xpl) dissilicification associated with 
coarse grained illite 

 
(x10 xpl) quartz alteration associated with 
sericite 

   

 Textures/Alteration: 

Chamosite; 

Coarse grained illie; 

 

Paragenesis: 

-metapelite 

-pegmatite intrusion asso w/ chamosite alteration of biotite 

-desilicification in the basement asso w/ coarse grained illite 

 

Remarks: 

6m from the lower boundary of the mineralization zone 

 



 181 

Sample Number: 14-KW-049 Location: WR-267 

 Depth:                417 m 

Rock type: Graphitic metapelite  

Thin Section Image: Purpose of sample:  graphite 
 

Images: 

(x5 ppl) rounded graphite and corroded 
metamorphic graphite 

 
(x10 xpl) disilicification associated with 
dravite 

 
(x10 xpl) granatoid quartz with rounded 
graphite and breaking graphite pieces. 

(x20 xpl) coarser grained illite (x20 xpl) dravite replacing graphite (x50 xpl) disilicification associated with 

illite 

 Textures/Alteration: 

Dravite; 

Coarse grained illie; 

 

Paragenesis: 

-metapelite 

-pegmatite intrusion  with rounded graphite 

-desilicification in the basement asso w/ coarse grained illite and dravite 

 

Remarks: 

 



 182 

Sample Number: 14-KW-050 Location: WR-267 

 Depth:                420.7 m 

Rock type: Graphitic metapelite  

Thin Section Image: Purpose of sample:  graphite 
 

Images: 

(x2.5 ppl) a porphyroblast replaced by 
granotoid or quarz intrusion ( may used to 

be a garnet) 

 
(x20 ppl) dravite replaced graphite with 
no graphite left (right side) and graphite 

being replaced by dravite (left side) 

 
(x20 xpl) dravite replaced graphite with 
no graphite left (right side) and graphite 

being replaced by dravite (left side) 

(x10 rfl) graphite with high reflectance (x20 xpl) biotite mostly chloritilized ( 

chamosite) partly silicified (replaced by 
quartz) 

(x20 xpl) disilicification asso w/  coarse 

grained illite replacement with minor 
sericite 

 Textures/Alteration: 

Dravite; 

Coarse grained illie; 

 

Paragenesis: 

-metapelite 

-pegmatite intrusion altering biotite to chamosite 

-desilicification in the basement asso w/ coarse grained illite and dravite 

 

Remarks: 

 



 183 

Sample Number: 14-KW-051 Location: WR-267 

 Depth:                423.8 m 

Rock type: Graphitic metapelite  

Thin Section Image: Purpose of sample:  graphite 
 

Images: 

(x10 xpl) most biotite was chloritized 
(chamosite) locally replaced by quartz 

 
(x10 xpl) pegamatitic quartz with rounded 
graphite and broken piece of graphite 

 
(x20 xpl) dravite replacing graphite 

(x20 xpl) fsp replaced by coarse grained 

illite  

  

 Textures/Alteration: 

Chamosite; 

Dravite; 

Coarse grained illie; 

 

Paragenesis: 

-metapelite 

-pegmatite intrusion with rounded graphite altering biotite to chamosite 

-desilicification in the basement asso w/ coarse grained illite and dravite replacing graphite 

 

Remarks: 

 



 184 

Sample Number: 14-KW-052 Location: WR-267 

 Depth:                428.6 m 

Rock type: Graphitic metapelite  

Thin Section Image: Purpose of sample:  graphite 
 

Images: 

(x10 ppl) embayed and altered graphite 
 

(x10 xpl) coarser grained graphite with 
rondom shape and higher reflectivity 

(crystallinity) 

 
(x10 xpl) concentrated rounded graphite 
in a matrix of quartz (replacement quartz) 

and clay alteration 

(x10 xpl) concentrated rounded graphite 

in a matrix of quartz recrystalization 

(x20 xpl) dissilicification associated with 

sericite and coarse grained illite 

(x20 ppl) replacement quartz with 

rounded graphite and graphite piece 
embaying biotite 

 Textures/Alteration: 

Coarse grained illie; 

Quartz replacing fsp 

 

Paragenesis: 

-metapelite 

-pegmatite intrusion with rounded graphite altering metamorphic graphite 

-fine grained quartz replacing fsp 

-desilicification in the basement asso w/ coarse grained illite and dravite replacing graphite 

 

Remarks: 

 



 185 

Sample Number: 14-KW-053 Location: WR-267 

 Depth:                433 m 

Rock type: Graphitic metapelite  

Thin Section Image: Purpose of sample:  graphite 
 

Images: 

(x20 ppl) rounded graphite and breaking 
pieces in the matrix of quartz and clay 

alteration, notice the dravite at the centre 

bottom of the picture 

 
(x10 xpl) disilicification alteration 
assemblage- coarse grained illite, sericite 

and dravite 

 
(x20 xpl) disilicification associated with 
chlorite alteration (clinochlore) 

   

 Textures/Alteration: 

Rounded graphite; 

Dravite; 

Clinochlore; 

Coarse grained illie; 

 

Paragenesis: 

-metapelite 

-pegmatite intrusion with rounded graphite altering metamorphic graphite 

-desilicification in the basement asso w/ coarse grained illite, dravite and clinochlore 

 

Remarks: 

 



 186 

Sample Number: 14-KW-054 Location: WR-267 

 Depth:                443.5 m 

Rock type: pegmatite with graphite  

Thin Section Image: Purpose of sample:  graphite 
 

Images: 

(x5 xpl) fine grained silicification in the 
basement before mineralization  

 
(x5 xpl) massive silicifiation then 
desilicification 

 
(x10 xpl) biotite of pelite (embayed)- 
pegmatitic intrusion (quartz with needles 

and rounded graphite)- disilicification 

(fine clay) 

 
(x10 xpl) disilicification associated with 
dravite 

 
(x20 xpl) minor graphite left in a matrix 
of caly alteration 

 

 Textures/Alteration: 

Silicification; 

Dissilicification w/ dravite 

 

 

Paragenesis: 

-metapelite 

-pegmatite intrusion with rounded graphite altering metamorphic graphite 

-fine grained silicification 

-desilicification in the basement asso w/ dravite  

 

Remarks: 

 



 187 

Sample Number: 14-KW-055 Location: WR-267 

 Depth:                453.2 m 

Rock type: garnetifereous pegmatite with 

graphite  

Thin Section Image: Purpose of sample:  graphite 
 

Images: 

(x5 xpl) embayed biotite also partly 
chloritized (chamosite) 

 
(x10 xpl) chamosite overprinted by 
sericite alteration overprinted by siderite 

alteration 

 
(x20 xpl) illite- kaolinite filling open 
space- siderite 

   

 Textures/Alteration: 

Chamosite; 

Sericite; 

Kaolinite; 

siderite 

 

 

Paragenesis: 

-pegmatite altered biotite to chamosite 

-fine grained silicification 

-desilicification in the basement asso w/ sericite 

-late kaolinitie and siderite 

 

Remarks: 

 



 188 

Sample Number: 14-KW-056 Location: WR-444 

 Depth:                394.5 m 

Rock type: drusy quartz with strongly 

bleached sandstone 

Thin Section Image: Purpose of sample:  fluid inclusions  

Images: 

(X5 xpl) conglomerate cemented by syntaxial 

quartz 2 

 
(X5 xpl) drusy quartz 1 zone followed by 
dissolution 

 

   

 Textures/Alteration: 

Clasts: subangular to subrounded, poorly sorted;  

 

 

Paragenesis: 

-detrital quartz 

-dissolution 1 

-silicification  

-dissolution  

 

Remarks: 



 189 

Sample Number: 14-KW-057 Location: WR-444 

 Depth:                417.9 m 

Rock type: pegmatite with green 

alteration 

Thin Section Image: Purpose of sample:  fluid inclusions  

Images: 

(X2.5 xpl) general view of pegmatite with 

fsp replaced by clay alteration but most of 

the alteration was washed away during 
thin section making process 

 
(X10 xpl) fine-grained quartz replaced 
feldspar before syn-ore alteration 

 
(X10 xpl) pegmatitic quartz with needle 
minerals cutting by a tourmaline 

replacement veinlet 

 
(X10 xpl) coarse grained illite alteration 

replacing quartz 

 
(X20 xpl) dravite replacing graphite 

 

 Textures/Alteration: 

Fine grained quartz;  

Dravite; 

Coarse grained illite 

 

 

Paragenesis: 

-pegmatite intrusion 

-fine grained quartz replacing fsp 

-dravite and coarse grained illite replacing quartz; dravite replacing graphite  

 

Remarks: 



 190 

Sample Number: 14-KW-058 Location: WR-444 

 Depth:                431.9 m 

Rock type: graphitic pegmatite 

Thin Section Image: Purpose of sample:  fluid inclusions  

Images: 

(X5 xpl) coarse grained illite  
(X10 xpl) chamosite embayed by illite 
alteration ( suspected to be fsp before) 

locally sericitized (syn-ore) 

 
(X10 xpl) once fsp was replaced by fine-
grained quartz migration 

 
(X10 xpl) biotite embayed and partly 

replaced by quartz (chamosite) 

 
(X20 xpl) clinochlore and illite 

190utting190g190 replacing qtz 

 
(X20 xpl) pegmatitic quartz with rounded 

graphite enclosed in a CO2 FI 

 Textures/Alteration: 

Fine grained quartz;  

Coarse grained illite; 

sericite 

 

 

Paragenesis: 

-pegmatite intrusion with rounded graphite 

-fine grained quartz replacing fsp 

- coarse grained illite and sericite replacing quartz;  

 

Remarks: 



 191 

Sample Number: 14-KW-059 Location: WR-444 

 Depth:                435.9 m 

Rock type:  quartz vein cutting graphitic 

pelite 

Thin Section Image: Purpose of sample:  fluid inclusions ; graphite 

Images: 

(X10 xpl) dissilicification in the basement  
(X10 xpl) granotoid intrusion with 
rounded graphite 

 
(X10 xpl) granotoid quartz was once 
migrated 

 
(X20 xpl) coarse grained illite alteration 

(notice the artificial fracture 

 
(X20 xpl) drusy quartz with rounded 

graphite 

 
(X2.5 xpl) drusy quartz zone started with 

small grains and bits of graphite cut by 
carbonate vein 

 Textures/Alteration: 

Fine grained quartz;  

Coarse grained illite; 

 

 

Paragenesis: 

-pegmatite intrusion with rounded graphite 

-fine grained quartz replacing fsp 

- coarse grained illite and sericite replacing quartz;  

-drusy quartz with rounded graphite 

-carbonates 

 

Remarks: 



 192 

Sample Number: 14-KW-060 Location: WR-444 

 Depth:                442.9 m 

Rock type:  pegmatitie intrusion with 

graphite and green alteration 

Thin Section Image: Purpose of sample:  fluid inclusions ; graphite 

Images: 

(X10 ppl) dravite well 192utting192g 

inside of graphite 

 
(X10 xpl) illite and minor sericite 
alteration 

 
(X2.5 rfl) pegmatitic quartz cut by pyrite 
and graphite 

 
(X2.5 xpl) quartz migration with identical 

extincted pegmatitic quartz residual 

 
(X20 xpl) dravite veinlet replacing 

pegmatitic quartz 

 

 Textures/Alteration: 

Fine grained quartz;  

Coarse grained illite; 

dravite 

 

 

Paragenesis: 

-pegmatite intrusion with rounded graphite 

-interstitial graphite and pyrite 

-fine grained quartz replacing fsp 

- coarse grained illite and sericite replacing quartz; dravite replacing graphite 

 

Remarks: 



 193 

Sample Number: 14-KW-061 Location: WR-444 

 Depth:                447.6 m 

Rock type:  pegmatitie intrusion with 

graphite and green alteration cutting 
pelitic gneiss 

Thin Section Image: Purpose of sample:  fluid inclusions ; graphite 

Images: 

(X2.5 xpl) general view of pegmatitic 

intrusion cutting graphitic pelitic gneiss 

 
(X2.5 xpl) quartz migration replaced fsp 

 
(X5 xpl) clinoclore and sericite alteration- 

syn-ore desilicification 

 
(X10 xpl) biotite altered and partly 
replaced by quartz (pegmatite) and quartz 

also invaded into graphite flakes 

 
(X10 xpl) coarse grained graphite after 
pegamatite intrusion 

 

 Textures/Alteration: 

Chamosite; 

Fine grained quartz;  

Sericite and clinochlore 

 

 

Paragenesis: 

-pegmatite intrusion with rounded graphite 

-interstitial graphite  

-fine grained quartz replacing fsp 

- clinochlore and sericite replacing quartz;  

 

Remarks: 
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Sample Number: 14-KW-062 Location: WR-444 

 Depth:                457 m 

Rock type:  quartz intrusion with pyrite 

cutting pelitic gneiss 

Thin Section Image: Purpose of sample:  fluid inclusions ; graphite 

Images: 

(X10 xpl) pegmatitic quartz on the left, 

finer grained quartz on the right, both 

enclosing rounded graphite 

 
(X2.5 xpl) quartz enclosing rounded 
graphite embaying biotite 

 
(X5 ppl) pyrite vein cutting pegmatitic 
quartz 

 
(X5 xpl) fine grained clay alteration 

replaced quartz 

 
(X10 xpl) biotite partly chloritized 

(chamosite) and replaced by quartz, 
quartz also invaded in to graphite flakes 

 
(X20 xpl) fine grained illite and minor 

sericite alteration 

 Textures/Alteration: 

Chamosite; 

Fine grained quartz;  

Sericite and illite 

 

 

Paragenesis: 

-pegmatite intrusion with rounded graphite 

-interstitial pyrite 

-fine grained quartz replacing fsp 

- illite and sericite replacing quartz;  

 

Remarks: 
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Sample Number: 14-KW-063 Location: WR-444 

 Depth:                471.9 m 

Rock type:  quartz intrusion with pyrite  

Thin Section Image: Purpose of sample:  fluid inclusions ; graphite 

Images: 

(X2.5 rfl) pyrite after intrusion  
(X2.5 xpl) biotite were mostly chloritized 
(clinoclore) and partly silicified, also 

noticed syn-pyrite 

 
(X5 xpl) egmatitic quartz and finer 
grained quartz with identical 

195utting195g195, both enclosing 

rounded 

 
(X10 xpl) clinoclore and sericite 
alteration asso w/ desilicification 

 
(X10 xpl) quartz migration 

 
 

 Textures/Alteration: 

clinochlore; 

Fine grained quartz;  

Sericite 

 

 

Paragenesis: 

-pegmatite intrusion with rounded graphite 

-interstitial pyrite 

-fine grained quartz replacing fsp 

- clinochlore and sericite replacing quartz;  

 

Remarks: 



 196 

Sample Number: 14-KW-064 Location: WR-444 

 Depth:                474.9 m 

Rock type:  quartz intrusion with pyrite 

and graphite cutting garneteferous  pelite 

Thin Section Image: Purpose of sample:  fluid inclusions ; graphite 

Images: 

(X20 rfl) pegmatitic quartz coprecipatate 

with pyrite 

 
(X2.5 xpl) garnet predates the pegmatitic 
quartz? 

 
(X2.5 xpl) pegmatitic quartz with 
hydrothermal garnet 

 
(X5 ppl) rounded  

  

 

 Textures/Alteration: 

Pyrite and rounded graphite 

 

 

Paragenesis: 

-pegmatite intrusion with rounded graphite and garnet 

-interstitial graphite and pyrite 

 

Remarks: 
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Sample Number: 14-KW-065 Location: WR-498 

 Depth:               373.5 m 

Rock type: Clay alteration cutting 

silicified sandstone 

Thin Section Image: Purpose of sample:  Fluid inclusions 
 

Images: 

(x10 xpl) silicification mixed with dravite- 
dravite replacing quartz 

 
(x20 xpl) diagenetic overgrowth 
dissolution- silicification- illite replacing 

silisification 

 
(X20 xpl) 197utting197g197197 breccia-
silicification-dissolution associated with 

dravite 

 
(X20 xpl) suspicious sillimanite?? 
Associated with silicification 

 

 

 

  

 Textures/Alteration: 

Dravite, illite associated with quartz dissolution 

 

Paragenesis: 

-detrital quartz 

-silicification 

-dissolution asso w/ dravite 

 

Remarks: 
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Sample Number: 14-KW-066 Location: WR-498 

 Depth:               387.1 m 

Rock type: drusy quartz cutting strongly 

bleached sandstone 

Thin Section Image: Purpose of sample:  Fluid inclusions 
 

Images: 

(x20 ppl) dravite replacing syntaxial 
quartz dissolution associated with pyrite 

 
(x10 xpl) dissolution breccia reflected by 
corrosive edge and not well-rounded 

shape of detrital quartz followed by 

silicification 

 
(X20 xpl) dravite replacing syntaxial 
quartz dissolution associated with pyrite 

 
(X5 xpl) dissolution-silicification-

dissolution-drusy quartz 2 

 
(X5 xpl) drusy quartz 2 associated with 

dravite 

 
  

 Textures/Alteration: 

Dravite associated with quartz dissolution 

 

Paragenesis: 

-detrital quartz 

-silicification 

-dissolution asso w/ dravite 

-silicification-drusy quartz 2 

 

Remarks: 
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Sample Number: 14-KW-067 Location: WR-498 

 Depth:               418.6 m 

Rock type: pelitic schist cut by pegmatite 

intrusion followed by calcite with sulfides 
vein 

Thin Section Image: Purpose of sample:  Fluid inclusions; graphite 

 

Images: 

(x5 ppl) rounded graphite in drusy quartz 

vein 

 
(x50 rfl) rounded graphite in drusy quartz 

vein with hollow points 

 
(X2.5 xpl) pelite cut by drusy quartz vein 

followed by carbonates vein 

 
(X2.5 xpl) pegmatite cutting pelite 

followed by quartz migration (replacement 

quartz) 

 
(X20 xpl) dravite alteration 

 
(X50 xpl) kaolinite and muscovite or 

sericite alteration 

 Textures/Alteration: 

Replacement quartz; 

Drivite, illite; 

Quartz dissolution; 

Rounded graphite in drusy quartz 

 

Paragenesis: 

-metapelite 

-granatoid intrusion 

-quartz replacing feldspar; 

- quartz replaced by drivite and illite 

-drusy quartz with rounded graphite 

-carbonates asso w/ siderite and sulfides 

 

Remarks: 
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Sample Number: 14-KW-068 Location: WR-498 

 Depth:               424.3 m 

Rock type: quartz intrusion cutting 

graphitic pelite 

Thin Section Image: Purpose of sample:  Fluid inclusions; graphite 
 

Images: 

(x2.5 xpl) massive quartz cutting graphitic 
pelite 

 
(x5 xpl) disilicification made open space 

 
(X10 xpl) altered mica and clay 
alteration replacing graphite  

 
(X10 xpl) disilicification- clay 
replacement 

 
(X20 xpl) dravite alteration replacing 
metamorphic graphite 

 
(X20 xpl) biotite replaced by quartz 
(intrusion related) 

 Textures/Alteration: 

Quartz intrusion; 

Drivite; 

Quartz dissolution 

 

Paragenesis: 

-metapelite 

-granatoid intrusion 

- quartz replaced by drivite 

 

Remarks: 
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Sample Number: 14-KW-069 Location: WR-498 

 Depth:               426 m 

Rock type: quartz intrusion cutting 

strongly altered graphitic pelite 

Thin Section Image: Purpose of sample:  Fluid inclusions; graphite 
 

Images: 

(x10 rfl) disilicification associated pyrite 
 

(x2.5 xpl) quartz intrusion cutting pelite 
(very little graphite) with dissilicification 

associated with dravite 

 
(X10 xpl) clay alteration looks like 
dravite 

 
(X20 xpl) kaolinite filling open space 

 
(X20 xpl) dravite alteration replacing 
metamorphic graphite 

 
(X50 xpl) rounded graphite enclosed in 
pegmatitic quartz 

 Textures/Alteration: 

Quartz intrusion; 

Rounded graphite; 

Drivite; 

Quartz dissolution 

 

Paragenesis: 

-metapelite 

-granatoid intrusion with rounded graphite 

- graphite and quartz replaced by drivite 

 

Remarks: 
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Sample Number: 14-KW-070 Location: ZR-10 

 Depth:                443.8 m 

Rock type: Graphitic pelite 

Thin Section Image: Purpose of sample:  Raman spectroscopic study of graphite 
(remarks: ZR-10 is located on the west of quartz ridge, collected 

for background) 

 

Images: 

(x2.5 ppl) 202utting view of graphitic 
pelite 

 
(x20 xpl) fsp- sericite and illite alteration  

 
(X50 xpl) chloritized biotite 

 
(X20 xpl) illite alteration  

(x50 ppl) graphite being broken down 

 
 (x50 xpl) rounded graphite in what??? 

 Textures/Alteration: 

Chlorite, illite, muscovite/sericite; 

Graphite dissolution/ breaking down 

 

Paragenesis: 

-Formation of graphitic pelite during peak metamorphism 

-fluid dissolving graphite, driving alteration (illite, chlorite, mus/ser) 

-rounded graphite 

 

Remarks: 

 



 203 

Sample Number: 14-KW-071 Location: ZR-10 

 Depth:                436.9 m 

Rock type: Graphitic pelite 

Thin Section Image: Purpose of sample:  Raman spectroscopic study of graphite 
(remarks: ZR-10 is located on the west of quartz ridge, collected 

for background) 

 

Images: 

(x2.5 ppl) 203utting view of graphitic 
pelite 

 
(x10 xpl) Chlorite with disseminated 
graphite (muscovite alteration halo?) 

 
(X20 xpl) chlorite altered to 
muscovite??? 

 
(X20 xpl) graphite being broken down  

(x10 xpl) rounded graphite enclosed in 

quartz 

 
 (x50 xpl) illite and sericite alteration of 

fsp 

 Textures/Alteration: 

Illite and sericite; 

Muscovite? 

 

Paragenesis: 

-Formation of graphitic pelite during peak metamorphism 

-fluid (structure reactivation?) dissolving graphite, driving alteration (illite, chlorite, mus/ser)- pre-basin alteration?? 

-rounded graphite 

 

Remarks: 
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Sample Number: 14-KW-072 Location: WR-440 

 Depth:                391.1 m 

Rock type: Drusy qtz vein cutting 

bleached sandstone 

Thin Section Image: Purpose of sample:  fluid inclusions within the euhedral quartz 

Images: 

(X10 xpl) diagenetic overgrowth- 

dissolution- another silicification 
(x10 xpl) diagenetic overgrowth- 
dissolution- silicification- dissolution 

(X50 xpl) intergrowth of dravite and 
quartz before dissolution 

 
(X50 xpl) suspicious chlorite with 
disseminated sulfide  

 
(x5 xpl) dissolution after drusy quartz 

(drusy quartz 1) 

 

 Textures/Alteration: 

Dravite; 

Chlorite with sulfide??? 

 

Paragenesis: 

-diagenetic overgrowth (syntaxial 1) 

-dissolution/fracturing (dissolution breccia) 

-silicification associated with dravite (syntaxial 2 + drusy qtz 1) 

-dissolution (Chlorite w/ sulfide?) 

 

Remarks: 
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Sample Number: 14-KW-073 Location: WR-412 

 Depth:                398.5 m 

Rock type: Pegmatitic granite cutting 

greenish metapelite with some graphite 

Thin Section Image: Purpose of sample:  Raman spectroscopic study of graphite; 
fluid inclusion study 

 

 

Images: 

(x5 xpl) graphite cutting peamatitic quartz 
 

(x10 xpl) quartz alteration in the 
pegmatitic quartz(fluid involved) 

 
(X20 xpl) alteration band along graphite 

 
(X20 xpl) illite and sericite alteration  

(x20 xpl) sudoite and sericite alteration 

 
 (x50 ppl) graphite break down in 

alteration zone 

 Textures/Alteration: 

Quartz; 

Illite; 

Sericite; 

Sudoite; 

Rounded graphite 

 

Paragenesis: 

-pegamatite (Ksp+ qz) 

-graphite (syn-post pegmatite) 

-alteration 

 

Remarks: 
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Sample Number: 14-KW-074 Location: WR-412 

 Depth:                564.9 m 

Rock type: Pegmatitic granite cutting 

graphitic pelite 

Thin Section Image: Purpose of sample:  Raman spectroscopic study of graphite; 
fluid inclusion study 

 

 

Images: 

(x10 xpl) pegamatitic perthite (K-spar) 
with rounded graphite  

 
(x10 xpl) cordierite and pinite alteration 

 
(X10 xpl) opx 

 
(X10 xpl) altered opx  

(x20 xpl) illite alteration 

 

 Textures/Alteration: 

Pinite; 

illite 

 

Paragenesis: 

-Pelite 

-pegamatite (Ksp+ qz) 

-alteration 

 

Remarks: 
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Sample Number: 14-KW-075 Location: WR-412 

 Depth:                518.9 m 

Rock type: Pegmatitic granite cutting 

graphitic pelite with sulfide and graphite 

Thin Section Image: Purpose of sample:  Raman spectroscopic study of graphite; 
fluid inclusion study 

 

 

Images: 

(x2.5 ppl) pegamatitic vein cutting 
through pelitic gneiss 

 
(x5 ppl) 207utting sulfide with pelite 
inclusions 

 
(X10 xpl) coarse grained illite 
207utting207g207 with chalcopyrite 

 
(X20 xpl) quartz alteration along graphite 
structural plains 

 
(x20 xpl) rounded graphite and sulfide in 

altered plag 

 
(x20 xpl) rounded graphite in qtz and 

altered plag 

 Textures/Alteration: 

Graphite; 

Sulfides; 

Quartz; 

Coarse grained illite 

 

Paragenesis: 

-Pelite 

-pegamatite (Ksp+ plag+ qz) 

-rounded graphite + sulfides 

-coarse grained illite 

 

Remarks: 
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Sample Number: 14-KW-076 Location: WR-412 

 Depth:                519.9 m 

Rock type: pegmatitic granite with 

garphite 

Thin Section Image: Purpose of sample:  Raman spectroscopic study of graphite  
 

Images: 

(x5 xpl) graphite intergrowth with quartz? 
And cutting through the grain boundary 

 
(x10 rfl) graphite associated with pyrite  

 
(X20 xpl) pyrite associated with chlorite 
alteration 

 
(X10 xpl) plag- illite and sericite alteration  

(x50 xpl) plag- illite and sericite alteration 

 
 (x50 xpl) K-spar- sericite and 

kao/dickite alteration 

 Textures/Alteration: 

Illite, muscovite/sericite, kaolinite/dickite; 

chlorite 

 

Paragenesis: 

-pegmatitic granite 

-graphite with pyrite (syn-post pegmatite), chlorite alteration 

-iliite, mus/ser, kao/dic alteration 

 

 

Remarks: 
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Sample Number: 14-KW-078 Location: WR-560 (Gryphon zone) 

 Depth:                736 m 

Rock type: Drusy qtz vein cutting altered 

granitoid in the basement 

Thin Section Image: Purpose of sample:  fluid inclusions within the drusy qtz vein, 
O-isotope study (SIMS) of drusy quartz and dravite pairs, 

Gas analysis of FI in drusy qtz 

Images: 

(X2.5 ppl) general view of drusy qtz vein 

with dravite cutting altered granitoid, 

dravite developed along the wall, also 
within drusy qtz 

(X10 xpl) dravite was bented by the 
growthzone of drusy qtz 

(X20 xpl) dravite replacing kaolinite or 
dickite alteration 

 
(X20 xpl) altered fsp with illite, sericite 

and dravite 

 
(X20 xpl) dravite growing together with 

drusy qtz 

 
(X10 xpl) dravite developed along the 
wall of drusy qtz vein 

 

 Textures/Alteration: 

Ductile deformation, recorded by undulatory extinction, qtz subgrain and sutured grain boundaries; 

Host rock is strongly altered, reflected by : 

Fsp altered into Kaolinite/Dickite?, Illite, Muscovite/Sericite,  

Early dravite replacing fsp/clay minerals, locally occurs as veins, 

Later dravite is associated with drusy qtz vein 

 

Paragenesis: 

-Granitoid intrusion 

-ductile deformation 

- pre-basin alteration: Kaolinite/Dickite, Illite, Muscovite/Sericite 

-Dissolution (mineralization related)/fracturing –dravite replacing clay in the host rock 

-drusy qtz vein w/ dravite   

 

Remarks: 
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Sample Number: 14-KW-079 (oriented)  Location: WR-560 (Gryphon zone) 

 Depth:                737.7 m 

Rock type: Strongly altered granitoid 

with dissolution hollows in the basement 

Thin Section Image: Purpose of sample:  Fluid inclusion planes study 
 

Images: 

(X2.5 ppl) general view of altered 

granotoid with dissolution hollows 
(X50 xpl) dissolution related chlorite and 
euhedral chalcopyrite 

(X20 xpl) dissolution related dravite 
alteration 

 
(X50 xpl) illite alteration  

(X10 xpl) pervasive dravite alteration 

replacing fsp (or pre-basin altered fsp) 

 

 

 Textures/Alteration: 

-pre-basin alteration??? 

 -pervasive dravite, chlorite w/ chalcopyrite and illite 

 

Paragenesis: 

-Granitoid intrusion 

-ductile deformation 

-Dissolution (mineralization related?) – pervasive dravite, chlorite w/ chalcopyrite and a little illite 

 

Remarks: 
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Sample Number: 14-KW-080  Location: WR-560 (Gryphon zone) 

 Depth:                740.1 m 

Rock type: Strongly altered granitoid 

with dissolution hollows in the basement 

Thin Section Image: Purpose of sample:  Fluid inclusion study 
 

Images: 

(X10 xpl) quartz and dravite replacing 
feldspar 

(X20 xpl) muscovite alteration 
(X50 xpl) Notice dravite needles and 

quartz intergrowth. The corrosive edge of 

graphite and the break down fragments 
represent alteration event dissolving 

graphite??? 

 
(X20 xpl) fine grained quartz eating away 
K-spar residue 

 
(X10 xpl) “dissolution” after 
“silicification” 

 
(X50 xpl) both “dissolution” and 

“silicification” are associated with dravite 

 

 Textures/Alteration: 

-quartz diffusion ? 

-dravite 

-a little amount of muscovite 

-graphite dissolution? 

 

Paragenesis: 

-Granitoid intrusion (hydrotheramal) 

-Ksp replaced by qtz diffusion and dravite alteration (with the fluid dissolving graphite?) 

 

Remarks: 
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Sample Number: 14-KW-081  Location: WR-560 (Gryphon zone) 

 Depth:                742.5 m 

Rock type: Strongly altered granitoid 

with dissolution hollows in the basement 

Thin Section Image: Purpose of sample:  Fluid inclusion study 
 

Images: 

(X10 xpl) quartz and dravite replacing 

plagioclase 
(X20 xpl) quartz and illite replacing 
microcline?  

(X50 xpl) graphite break 
down/dissolution related to quartz-

dravite replacing feldspar event 

 
(X10 xpl) pervasive dravite alteration  

(X50 xpl) eye of god 

 

 

 Textures/Alteration: 

-quartz diffusion ? 

-dravite 

-illite 

-graphite dissolution? 

 

Paragenesis: 

-Granitoid intrusion (hydrotheramal) 

-Ksp replaced by qtz diffusion and dravite and illite alteration (with the fluid dissolving graphite?) 

 

Remarks: 
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Sample Number: 14-KW-075 Location: WR-560 

 Depth:                793.5 m 

Rock type: Pegmatitic granite cutting 

pelitic gneiss 

Thin Section Image: Purpose of sample:  Raman spectroscopic study of graphite; 
fluid inclusion study 

 

 

Images: 

(x10 xpl) desilicification of pegmatitic 
quartz 

 
(x5 ppl) qtz with hydrothermal graphite 
cutting biotite 

 
(X50 ppl) qtz with hydrothermal graphite 
surrounded by illite alteration replacing 

altered fsp 2 

 
(X50 xpl) quartz alteration along graphite 
structural plains 

 

 

 

 

 Textures/Alteration: 

Graphite; 

Illite 

 

Paragenesis: 

-Pelitic gneiss 

-pegamatite (Ksp+ plag+ qz) with rounded graphite 

-illite 

Remarks: 
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Sample Number: 14-KW-083 Location: WR-258 

 Depth:                394 m 

Rock type: drusy quartz cutting strongly 

bleached sandstone  

Thin Section Image: Purpose of sample:  fluid inclusions 
 

Images: 

(x10 xpl) syntaxial quartz 2- dissolution- 
drusy quartz 2 

 
(x10 xpl) dravite and replacing syntaxial 
quartz 2 

 
(x20 xpl) dravite replacing syntaxial 
quartz 2 associated with dissolution 

 

 

 

 

 

 

 Textures/Alteration: 

dravite 

 

Paragenesis: 

-detrital quartz 

-dissolution asso w/ dravite 

-drusy quartz 

 

Remarks: 
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Sample Number: 14-KW-084 Location: WR-258 

 Depth:                409.8 m 

Rock type: drusy quartz cutting graphitic 

pelite  

Thin Section Image: Purpose of sample:  fluid inclusions 
 

Images: 

(x2.5 xpl) drusy qaurtz vein cutting 
granotiod (foliated) intruded graphitic 

pelite- followed by carbonate vein 

 
(x5 xpl) quartz was once migrated and 
replacing fsp 

 
(x10 xpl) dravite grew at the beggining of 
drusy quartz vein; note siderite filling 

space 

 
(x10 xpl) graphite pieces enclosed in 

drusy quartz vein; carbonates vein after 
drusy quartz 

 
(x20 xpl) dravite replacing drusy quartz 

vein in the basement. 
 

 
(x20 xpl) dravite replacing graphite 

 

 Textures/Alteration: 

dravite 

 

Paragenesis: 

-graphitic pelite 

-pegmatite 

-dissilicification w/ dravite 

-drusy quartz 

-carbonate w/ siderite 

 

Remarks: 
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Sample Number: 14-KW-086 Location: WR-259 

 Depth:                416.4 m 

Rock type: pegmatite intrusion cutting 

graphitic pelite  

Thin Section Image: Purpose of sample:  graphite 
 

Images: 

(x2.5 xpl) pegmatitic intrusion cutting graphitic 
pelite 

 
(x10 xpl) desilicification associated wtih graphite 
dissolution?? 

 

   

 Textures/Alteration: 

 

 

Paragenesis: 

-graphitic pelite 

-pegmatite 

-dissilicification w/ graphite dissolution? 

 

 

Remarks: 
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Sample number:  WR-13-001 oriented 

 

Drilled core:  WR-440 

Depth:  674m 

 
Quartzite surrounding some really fine 

grained clay mineral(alteration) 

in part a 2.5x 

 
Quartzite and a piece of muscovite 

within the contact between two quartzite 

grains in part b 2.5x 

 
Quartzite and fine-grained (clay mineral) 

alteration 

in part c 2.5x 

 
Detrital zircons from protolith in one piece of 

quartzite 10x 

 

 
Fiber-like muscovite being surrounded 

by fine grained alteration 20x 

 

 
Biotite within one piece of quartzite 10x 

Description:  This thin section is mainly composed of hydrothermal quartzite. The quartz grains show very large(up to 28mm), 

anhedral and interlocked crystals.  

  

Some fine-grained alteration grows along the contact between crystals (post-hydrothermal), as the darker part in the scan picture. Or 

they are some rock fragments of pelitic gneiss from host rocks. 

 

Two pieces of zircon occur locally, size about 0.32mm and 0.20mm respectively. Some muscovite grains are found in the fine-grained 

alteration. And some individual biotite grains are found within the big quartz. 

 

Texture: 

This thin section is an oriented sample. Several tens of traces of fluid inclusions are distributed parallel and crossing the contact of two 

pieces of quartz. 

 

Some microfractures  

 

 

a 
b 

c 
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Sample Number: WR-13-002 Location: WR-440 

 Depth:                663.5 

Rock type: Pelitic gneiss with garnet and 

sillimanite  

Thin Section Image: Purpose of sample: petrography 

Images: 

(X1 ppl) General view  of pelitic gneiss 
with garnet and sillimanite 

(X4 xpl) Acicular sillimanite formed 

within quartz, well aligned 

(X4 xpl) cordierite  

(X4 xpl) plagioclase with a zircon (X10 xpl) Garnet with cordierite produced 
form garnet via pressure-related reaction 

(X10 ppl) Very high relief of garnet and 
relatively high relief of sillimanite, relief 

of cordierite is low.  

Textures/Alteration: 

-foliated pelitic gneiss with sillimanite and garnet 

-cordierite surrounding garnet  may be produced from garnet via pressure-related reaction 

-alignment of quartz and sillimanite  

 

Paragenesis: 

-alignment(foliation) of quartz and sillimanite (F1) 

-gnt-post-syn tectonic 

 

Remarks: 
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Sample Number: WR-13-003 Location: WR-440 

 Depth:                653.7 

Rock type: Qz-rich pegmatite cutting 

pelitic gneiss (mainly pegmatite in thin 
section) 

Thin Section Image: Purpose of sample:  

Images: 

(X1 ppl) General view  of pegmatite 
(X4 xpl) one piece biotite cutting garnet 
with some biotite? forming in the fracture 

within Grt 

(X1 xpl) quartz subgrains and wormy 
textures of ksp along the grain boundaries 

(X4 xpl) k-fsp with microfractures filled 

with alteration  along two grains’ contact 
(X10 xpl) sericite  with fined grained 

groundmass forming in fsp 

(X10 ppl) plagioclase(timing) between 
cordierite and what is that gree mineral? 

Textures/Alteration: 

-garnets are highly fractured 

-feldspar is with alterations in fractures (illite) 

-quarts are clean 

-sillimanite, biotite, muscovite not ordered alignment 

-have seen quartz  subgrains, formed during deformation. Straight-subcurved-curved grain boundary shape indicates low interfacial 

energy. 

 

Paragenesis: 

-pegmatite 

-alteration 

 

Remarks: 
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Sample Number: WR-13-004 Location: WR-440 

 Depth:                642m 

Rock type: Qz vein cutting pelitic gneiss 

Thin Section Image: Purpose of sample:  
To study the fluid inclusions within the qz vein 

Images: 

(X1 xpl) extremely fractured and altered 

cordierite 
(X1 xpl) big cordierite porphyroblast 
distinct at the same time with pinite 

alterations 

(X4 xpl) serpentinization of cordierite 

(X4 xpl) muscovite and sudoite (X10 ppl) sillimanite and biotite (X20 xpl) mineral needles in quartz vein 

Textures/Alteration: pinite, serpentine, muscovite, sudoite, illite 

-garnets are highly fractured 

-cordierites are with numerous microfabrics and alterations: pinite, serpentine 

-altered fsp: muscovite, illite, sudoite 

-quarts are clean 

-sillimanite, biotite, muscovite not ordered alignment 

-have seen quartz and cordierite subgrains, formed during deformation. Straight-subcurved-curved grain boundary shape indicates 

low interfacial energy. 

 

Paragenesis: 

-garnet, cordierite, biotite, muscovite, fsp 

-quartz vein 

-alteration: pinite, serpentine, muscovite, sudoite, illite 
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Remarks: 

Mineralogy: qtz bio grt silli cord pla  

Sudoite Illite  musco serpentine pinite 

 

Alteration eating quartz (indicative post-quartz alteration?)  

Mineral needles in quartz, same phenomenon with hydrothermal qtz, same generation. 
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Sample Number: WR-13-005 Location: WR-440 

 Depth:                618.8m 

Rock type:  pelitic gneiss with garnet 

Thin Section Image: Purpose of sample:  
 

Images: 

(X1 xpl) General view  
(x10 xpl) Altered orthopyroxene 
surrounded by altered feldspar 

(X10 xpl) altered cordierite or feldspar 

(X10 xpl) Altered orthopyroxene- 

serpentinization 
(X20 xpl) Talc and bastite as 

orthopyroxene alteration. Confliction 
cutting relationship between opaque 

mineral and talc. 

(X10 xpl) qtz subgrains 

Textures/Alteration: 

-Foliation defined by opaque 

-Qtz subgrains 

-altered fsp( or cordierite?) and opx 

-opx alteration= serpentine & talc & bastite 

 

Paragenesis: 

-qtz, fsp(Cordierite?), opx 

-serpentine 

-talc &bastite & opaque 

 

Remarks: 

Mineralogy: qtz   fsp   opx   serpentine   talc  opaque? 
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Sample Number: WR-13-006 Location: WR-440 

 Depth:                618.2m 

Rock type:  pelit ic gneiss with garnet 

Thin Section Image: Purpose of sample:  
 

Images: 

(X1 ppl) Poikiloblastic garnet 

porphyroblasts with inclusion-rich core, 
inclusion-free rim. 

(x10 xpl) Inclusions within garnet (bio, 
qtz, altered fsp) 

(X4 ppl) inclusion trails show Si=Se, 

maybe syntectonic 

(X4 ppl) post-tectonic evidence (X4 xpl) Altered fsp(sericite) surrounded 

by quartz and biotite. 

(X10 xpl) altered fsp (illite) 

(X4 xpl) foliation defined by biotite (X4 ppl) Opaque mineral formed within 

biotite 

 

Textures/Alteration: 

-Foliation defined by biotite 

-Fsp altered into illite&sericite 

 

Paragenesis: Fsp alteration within garnet??? 
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-qtz, biotite,fsp 

-garnet (syn-post tectonic) 

-illite, sericite & opaque alteration 

 

Remarks: 

Mineralogy: qtz   fsp   bio gnt sericite&illite   opaque? 

Garnets-nucleate slowly and grow quickly-dispersed porphyroblasts; inclusion-rich core and inclusion-free rim indicates two-stage 

growth, inclusion-free rim may indicate a second stage of garnet growth, a change in growth rate, or high-temperature 

homogenization??? 

Inclusion trails and the occurrence of biotite surrounding the edge of garnets may indicate the garnets are syn-post tectonic. 

Inclusion-rich core maybe syn-tectonic, inclusion-free rim maybe post-tectonic. 

 

One possibility is that the inclusion-free rim together with new garnets may be related to hydrothermal system (forming the 

hydrothermal quartz) before the unconformity formed). 
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Sample Number: WR-13-009 Location: WR-440 

 Depth:       600.7m        

Rock type:  brecciated pelitic gneiss 

Thin Section Image: Purpose of sample:  

Images: 

(X1 ppl) general view with opaque 
(X4 ppl) qtz and altered biotite and altered 
feldspar 

(X4 xpl)  altered feldspar with 

dolomitization and quartz with numerous 
fluid inclusions trails 

(X10 xpl) much sudoite (X20 xpl) sudoite (X20 xpl) sericite and sudoite and altered 

biotite 

(x20 xpl) altered cordierite(pinite) and 

something like garnet 

(x4 xpl) quartz and altered fsp and cord 

  

Textures/Alteration: 

-illite and sericite 

-sudoite 

-chlorite 

-opaque 

-pinite? 
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Paragenesis: 

-pelitic gneiss: quartz , fsp, biotite, muscovite, cordierite, garnet? 

-alteration:dolomite, sericite &illite, pinite, sudoite, chlorite, opaque 

 

Remarks: 

Mineralogy:  

Quartz 

Carbonate(dolomitization) 

altered Feldspar :Illite and sericite 

Altered biotite: chlorite & soduite & opaque 

Altered cordierite: pinite 
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Sample Number: WR-13-011 Location: WR-440 

 Depth:                509.9m 

Rock type:  pelitic gneiss with graphite 

Thin Section Image: Purpose of sample:  
 

Images: 

(X4 xpl) Altered cordierite surrounding 

garnet 
(x10 xpl) serpentine near a garnet 
(serpentinization of cordierite) 

(X4 xpl) plagioclase quartz biotite and 

altered cordierite 

(X10 xpl) altered fsp within altered 
cordierite 

(x1 pxpl)  sillimanite with crenulation (X10 xpl) alteration along fractures 

cutting grains 

Textures/Alteration: 

-sillimanite with crenulation 

-Fsp alteration 

-cord alteration (weird to serpentine) 

 

Paragenesis:  

-metamorphism 

-alteration 

 

Remarks: 

Mineralogy: qtz   plagioclase-fsp   bio  gnt cordierite sillimanite 

   opaque?(graphite) 
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Sample Number: WR-13-013 Location: WR-440 

 Depth:                498.4 

Rock type:  Pelite 

Thin Section Image: Purpose of sample:  

Images: 

(X1 xpl) General view  of pelite, 
foliation(S1) defined by biotite 

(X4 ppl) Garnets and biotite  
(X4 xpl)  altered cordierite surrounding 

garnets  

(X10 xpl) plagioclase and microcline (X10 xpl) K feldspar  with alteration in 
cracks and  

(X10 xpl) K feldspar with twinning and 

alterartion in cracks 

Textures/Alteration: 

-foliated pelite 

-cordierite surrounding garnet  may be produced from garnet via pressure-related reaction  

-weird texture-altered K feldspar 

-alignment of biotite 

-贝克线 

 

Paragenesis: 

-alignment(foliation) of biotite (S1) 

-Fresh rock? 

 

Remarks: 
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Sample Number: WR-13-014 Location: WR-440 

 Depth:                475.7m 

Rock type: Quartzite (mainly quartzite in 

thin section, but with some pelite in hand 
sample) 

Thin Section Image: Purpose of sample:  

Images: 

(X1 xpl) General view  of quartzite 
(X4 xpl) a slim piece of biotite within a 

muscovite in quartzite 

(X10 xpl)  a piece of carbonate between 

the boundary of quartz grains 

(X20 xpl) altered feldspar(sericite and 

illite) within a quartz 
(X10 xpl) some clay alteration within a 

quartz 

 

Textures/Alteration: 

-Carbonate? 

-altered feldspar 

 

Paragenesis: 

-Quartzite postdates pelite 

 

Remarks: 

Mineralogy: mainly quartz 
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Sample Number: WR-13-015 Location: WR-440 

 Depth:                432m 

Rock type: Pelitic gneiss 

Thin Section Image: Purpose of sample:  

Images: 

(X1 ppl) Numerous opaque 
(X4 xpl) cordierite porphyroblast??? 

(X4 xpl)  microcline 

(X10 xpl)cordierite alteration (X10 xpl) opaque surrounded by alteration (X10 xpl) quartz and cordierite 

Textures/Alteration: 

- 

-cordierite alteration-pinite(muscovite and chlorite mix) parallel extinction 

-3 types of opaque : yellow(pyrite?), grey(graphite?), green(Cu something?) 

-cordierite porphyroblast with inclusions 

 

Paragenesis: 

-cordierite porphyroblast 

-opaque alteration postdates diagenesis 

 

Remarks: 

Mineralogy:  

quartz  

Cordierite 

Altered feldspar(parallel extinction, shape??? Why?) 

biotite 
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Sample Number: WR-13-019 Location: WR-440 

 Depth:       361.25m        

Rock type:  silicified pelitic gneiss 

Thin Section Image: Purpose of sample:  

Images: 

(X1 ppl) general view 
(x10 xpl) muscovite, quartz and pinite 

(X20 xpl)  needle-like mineral inclusions 
in quartz grain 

(X20 xpl) quartz with little inclusions (X20 xpl) quartz with numerous inclusions (X20 xpl) zoom in of pinite 

Textures/Alteration: 

-pinite(altered cordierite) 

-illite 

 

Paragenesis: 

-muscovite, cordierite 

-quartz? 

-alteration 

 

Remarks: 

Mineralogy:  

Quartz 

muscovite 

altered Feldspar :Illite 

Altered cordierite: pinite 

 

Quartz with numerous inclusions and quartz with little inclusions ___two generations of quartz??? 
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Sample Number: WR-13-020 Location: WR-440 

 Depth:       356m          

Rock type: Hydrothermal quartzite 

Thin Section Image: Purpose of sample:  

Images: 

(X1 xpl) General view of hydrothermal 
quartzite 

(X10 xpl) a piece of muscovite along 

quartz grains boundary 

(X10 xpl)  a zircon within one piece of 
quartz (size 0.1mm) 

(X20 xpl) illite alteration within fracture 

and needle like fibres in quartz grain 
(X20 xpl) zircons within one piece of 

quartz (size 0.07mm and 0.05mm) 

 

Textures/Alteration: 

-illite alteration within fracture 

-needle-like mineral  fibres in quartz grains- indication of hydrothermal event 

 

Paragenesis: 

-muscovite 

-quartzite 

-illite alteration along open fracture 

 

Remarks: 

Mineralogy:  

quartz (size 20mm) 

Muscovite  

illite 
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Sample Number: WR-13-021 Location: WR-440 

 Depth:       339.3m        

Rock type: Hydrothermal quartzite 

Thin Section Image: Purpose of sample:  

Images: 

(X1 xpl) General view of hydrothermal 

quartzite 
(X1 ppl) a thin veinlet (open fracture filled 

with alteration and mineral) 

(X4 xpl)  muscovite within quartz 
fractures 

(X10 xpl) illite and sericite alteration 

within quartz fractures and needle-like 

mineral inclusions in quartz 

(X20 xpl) fracture filled with radial and 

acicular illite?  

(X20 xpl) needle-like mineral inclusions 

in quartz 

Textures/Alteration: 

-illite and sericite alteration within fracture 

-new radial and acicular minerals grows along the wall of the fracture 

-needle-like mineral  fibres in quartz grains- indication of hydrothermal event 

 

Paragenesis: 

-muscovite 

-quartz 

-fracture 

-illite and sericite alteration and acicular mineral 

 

Remarks: 

Mineralogy:  

quartz (size 13mm) 

Muscovite  

illite 
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Sample Number: WR-13-022 Location: WR-440 

 Depth:       336.5m        

Rock type:  quartzite 

Thin Section Image: Purpose of sample:  

Images: 

(X1 xpl) genreal view of quartzite with a 

frature cutting through 
(X1 ppl) former lineation defined by partly 

altered sillimanite 

(X10 xpl)  altered sillimanite???(Black) 

(X20 xpl) altered sillimanite (X20 xpl) residual muscovite and feldspar (X20 xpl) fracture with kaolinite 

alteration cutting early lineation 

Textures/Alteration: 

-altered sillimanite 

-kaolinite 

 

Paragenesis: 

-muscovite & feldspar 

-quartzite  

-sillimanite alteration with fractures 

-a thinner fracture with kaolinite alteration filled in 

 

Remarks: 

Mineralogy:  

quartz 

Muscovite  

sillimanite 
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Sample Number: WR-13-023 Location: WR-440 

 Depth:       271.7m        

Rock type:  silicified pelitic gneiss 

Thin Section Image: Purpose of sample:  

Images: 

(X1 xpl) general view 
(x10 xpl) residual muscovite 

(X20 xpl) illite and sericite 
alteration( from feldspar) and residual 

feldspar and muscovite 

(X20 xpl) illite alteration (X20 xpl) kaolinite alteration 

 

Textures/Alteration: 

-illite and sericite(muscovite) 

-kaolinite 

 

Paragenesis: 

-muscovite, feldspar, quartz 

-secondary quartz? 

-alteration 

 

Remarks: 

Mineralogy:  

Quartz 

muscovite 

altered Feldspar and muscovite :Illite and sericite and kaolinite 

 

Vapour-dominant inclusions: indicative of low pressure and boiling 
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Sample Number: WR-13-024 Location: WR-440 

 Depth:       239m        

Rock type:  hydrothermal quartz 

Thin Section Image: Purpose of sample:  

Images: 

(X1 xpl) general view of hydrothermal 

quartz, grains size up to 25mm 
(X10 xpl) illite alteration in fracture 

(X20 xpl)  kaolinite alteration in fracture 

(X10 xpl) a piece of feldspar fragment 

along the contact between quartz grains 
(X20 xpl) residual muscovite fragment 

within grain contact 

(X10 xpl) muscovite fragment within 

contact and needle-like mineral inclusions 
in quartz 

Textures/Alteration: 

-illite 

-kaolinite 

 

Paragenesis: 

-muscovite & feldspar 

-hydrothermal quartz 

-illite and kaolinite alteration 

 

Remarks: 

Mineralogy:  

quartz 

Muscovite 

Feldspar 

Illite and kaolinite 
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Sample Number: WR-13-027 Location: ZQ-20 (near Maw zone) 

 Depth:                185.1 m 

Rock type: brecciated qtz rich pegmatoid 

cemented by euhedral quartz with dravite 

Thin Section Image: Purpose of sample:  fluid inclusions within the euhedral quartz, 
Gas analysis of FI in euhedral qtz 

Images: 

(X2.5 ppl) general view of brecciated qtz 

rich pegmatoid cemented by euhedral 

quartz with dravite 

(X5 xpl) dravite occurred only along the 
boundary in contact with altered fsp, 

wihile drusy qtz keeps growing as 

overgrowth upon granitoid qtz 

(X10 xpl) dravite growing towards drusy 
qtz along altered fsp 

 
(X50 xpl) illite alterartion (altered fsp) 

  

 Textures/Alteration: 

Brittle deformation recorded by brecciation; 

Pegmatoid altered in to illite; 

Some illite is replaced by dravite; 

Dravite occurred only along the boundary in contact with altered fsp, wihile drusy qtz keeps growing as overgrowth upon granitoid 

qtz. 

 

Paragenesis: 

-Qtz rich pegmatoid; 

-alteration: illite, sericite 

-brittle fracturing 

-drusy qtz vein w/ dravite   

Remarks: 
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Sample Number: WR-13-034 Location: WR-260(closest to ore body) 

 Depth:                361.5m 

Rock type: Vuggy quartz vein cutting 

white quartz arenite 

Thin Section Image: Purpose of sample:  fluid inclusions within the vuggy qtz vein 

Images: 

(X1 ppl) general view of qz vein cuting 

qz arenite 
(X1 xpl)  

(X4 xpl) euhedral qz in vein 

   

Textures/Alteration: 

-95% quartz  

-rounded  

-well-moderate sorted 

-silicate-cemented 

Paragenesis: 

-vein cutting sandstone 

Remarks: 
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Sample Number: WR-13-035 Location: WR-250 

 Depth:                341.8 m 

Rock type: Drusy qtz cutting white 

sandstone 

Thin Section Image: Purpose of sample:  fluid inclusions within the euhedral quartz 
 

 

Images: 

(x20 xpl) silicification after detrital quartz 
 

(x50 xpl) silicification associated with 
dravite followed by a weak dissolution 

 
(X20 xpl) dravite filling space after 

dissolution 

 
(X2.5 xpl) drusy quatz vein cutting 
sandstone 

  

 Textures/Alteration: 

Quartz dissolution; 

Silicification associated with dravite 

 

Paragenesis: 

-diagenetic overgrowth 

-dissolution  

-silicification associated with dravite  

-dissolution associated with dravite 

-fracturing 

-drusy quartz  

 

Remarks: 
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Appendix C. Microthermometric results of aqueous fluid 

inclusions from the Phoenix uranium deposit* 

Sample #,  

Host mineral 
Occurrence 

Size 

(µm) 
V% 

Tfz 

(°C) 

Tfm 

(°C) 

Tm-HH 

(°C) 

Tm-ice 

(°C) 

Th 

(°C) 

Tds 

(°C) 

Salinity 

(wt%) 
XNaCl 

#14-KW-028I  

(DDH WR-328, 

332.4m),  
QBSN2 

Cluster 10 8 - - 11.9 -29.3 148 - 28.3 0.42 

3 10 - - 14.3 -36.4 123 - 30.3 0.27 

10 8 -90 -80 8.7 -28.3 122 - 28.0 0.46 

2 10 - - - -27.3 127 - 25.4 0.42 

3 8 - - - - 137 - - - 

5 10 - - - - 113 - - - 

4 10 - - - - 119 - - - 

6 11 - - 0.7 -27.1 134 - 27.6 0.51 

#WR-13-35 

 (DDH WR-250, 
341.8m),  

QBSN3 

Isolated 7 7 - - - - 112 - - - 

Isolated 16 7 - - - - 123 - - - 

Cluster 10 7 - - - - 114 - - - 

24 7 - -57 - -33.6 120 137 33.0 0.45 

6 7 - - - - 115 - - - 

10 7 - - - - 118 - - - 

14 7 - - - - 120 - - - 

20 7 -88 <-50 14.0 -25.2 134 - 27.0 0.76 

Isolated 8 7 - - - - 122 - - - 

Isolated 26 7 - - - - 101 - - - 

Isolated 30 10 - - - - 116 - - - 

Isolated 7 10 - - - - 122 - - - 

Isolated 70 8 - - - - 122 - - - 

Isolated 18 8 -80 - - -30.0 107 - 26.2 0.30 

Isolated 12 12.5 -78 - - -28.2 132 >360 25.7 0.38 

Isolated 24 6.5 -75 - - -24.8 97 - 24.6 0.59 

Isolated 14 12.5 -61 - - -10.4 132 - 14.4 1.00 

Isolated 14 10 -78 - - - 82 - - - 

Isolated 26 8.5 - - - - 124 320 - - 

#14-KW-27  
(DDH WR-328, 

369.8m),  

QBSN3 

Isolated 10 8 -25 - - -0.8 90 - 1.2 1.00 

Isolated 16 7 - - - - 112 - - - 

Isolated 8 8 - -79 -35.0 -25.5 109 - 23.6 0.17 

Isolated 10 8 - - - - 135 - - - 

Isolated 5 7 - - - - 82 - - - 

Isolated 16 7 - - - - 113 - - - 

Isolated 12 7 - -79 -31.0 -26.4 94 - 24.4 0.27 

Isolated 9 8 - - - - 135 - - - 

Isolated 10 7 -82 - - -25.7 124 - 24.9 0.53 
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Sample #,  

Host mineral 
Occurrence 

Size 

(µm) 
V% 

Tfz 

(°C) 

Tfm 

(°C) 

Tm-HH 

(°C) 

Tm-ice 

(°C) 

Th 

(°C) 

Tds 

(°C) 

Salinity 

(wt%) 
XNaCl 

Isolated 10 8 -82 - - -23.6 91 - 24.2 0.70 

Isolated 12 8 -84 -56 -25.7 -24.5 124 - 24.2 0.53 

Isolated 12 5 - - - - 80 - - - 

Isolated 12 4 - - - - 118 - - - 

Isolated 8 11 - - - - 123 - - - 

Isolated 18 8 - - - - 113 - - - 

#14-KW-30  

(DDH WR-328, 
326.8m),  

QBSN3  

Cluster 10 8 - - - - 115 - - - 

7 10 - - - - 109 - - - 

5 10 - - - - 122 - - - 

14 8 - - - - 117 - - - 

6 10 - - - - 115 - - - 

6 8 - - - - 115 - - - 

7 8 - - - - 120 - - - 

Growth zone 5 8 - - - - 109 - - - 

20 8 - - - - 118 - - - 

30 8 - - - - 112 - - - 

Growth zone 20 8 - - - - 120 - - - 

10 8 - - - - 117 - - - 

14 9 - - - - 121 - - - 

5 9 - - - - 127 - - - 

16 9 - - - - 112 - - - 

8 8 - - - - 114 - - - 

Cluster 5 11 - - - - 131 - - - 

11 8 - - - - 131 - - - 

22 10 -80 - 7.0 -24.7 138 - 27.1 0.66 

9 10 -100 -70 13.0 -25.0 133 - 27.0 0.64 

13 10 -100 -65 15.0 -25.0 129 - 26.9 0.64 

Cluster 11 10 -100 -70 12.4 -26.0 132 - 27.3 0.58 

10 11 - - - - 131 - - - 

20 10 -94 -70 13.5 -25.0 132 - 27.0 0.64 

10 9 -100 -70 10.0 -25.0 130 - 27.1 0.64 

6 11 - - - - 134 - - - 

Growth zone 10 9 - - - - 120 - - - 

6 10 - - - - 124 - - - 

15 10 - - - - 132 - - - 

6 10 - - - - 121 - - - 

9 10 - - - - 118 - - - 

Growth zone 5 10 - - - - 117 - - - 

7 10 - - - - 122 - - - 

12 10 - - - - 132 - - - 

Growth zone 12 10 - - - - 127 - - - 

8 10 - - - - 126 - - - 
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Sample #,  

Host mineral 
Occurrence 

Size 

(µm) 
V% 

Tfz 

(°C) 

Tfm 

(°C) 

Tm-HH 

(°C) 

Tm-ice 

(°C) 

Th 

(°C) 

Tds 

(°C) 

Salinity 

(wt%) 
XNaCl 

6 10 - - - - 127 - - - 

12 10 - - - - 127 - - - 

Growth zone 5 10 - - - - 126 - - - 

7 10 - - - - 131 - - - 

5 11 - - - - 127 - - - 

Isolated 12 10 -80 -60 -8 -25.7 139 - 26.7 0.58 

Isolated 14 9 -90 -66 25 -25.6 157 - 26.2 0.57 

Growth zone 10 8 - - - - 117 - - - 

6 10 - - - - 115 - - - 

12 8 - - - - 119 - - - 

12 8 - - - - 119 - - - 

Isolated 8 8 - - - - 122 - - - 

Isolated 10 8 - - - - 116 - - - 

Isolated 20 8 - - - -37.9 119 - 28.4 0.13 

Isolated 16 8 - - 4.8 -17.8 127 - 20.8 1.00 

Cluster 10 8 - <-60 - -29.1 115 - 26.0 0.34 

15 8 - <-60 - -28.5 107 - 25.8 0.36 

13 8 - - - - 120 - - - 

5 8 - - - - 108 - - - 

9 8 - - - - 117 - - - 

13 8 - - - - 118 - - - 

Growth zone 4 9 - - - - 113 - - - 

10 9 - - - - 119 - - - 

12 9 - - - - 106 - - - 

5 10 - - - - 118 - - - 

13 8 - - - - 117 - - - 

10 10 - - - - 117 - - - 

20 9 - - - - 124 - - - 

6 10 - - - - 121 - - - 

Cluster 7 9 - - - - 119 - - - 

14 10 - - - - 117 - - - 

15 9 - - - - 118 - - - 

5 10 - - - - 115 - - - 

12 10 - - - - 120 - - - 

11 9 - - - - 117 - - - 

#14-KW-028I  

(DDH WR-328, 
332.4m), 

QBSN3 

Growth zone 6 10 - - - - 122 - - - 

4 10 - - - - 117 - - - 

20 9 - - 7.5 -24.4 128 - 27.0 0.69 

5 9 - - - -24.8 115 - 24.6 0.59 

12 9 - - - - 121 - - - 

Growth zone 8 8 - - - - 124 - - - 

5 10 - - 12.4 -24.0 129 - 26.8 0.72 
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Sample #,  

Host mineral 
Occurrence 

Size 

(µm) 
V% 

Tfz 

(°C) 

Tfm 

(°C) 

Tm-HH 

(°C) 

Tm-ice 

(°C) 

Th 

(°C) 

Tds 

(°C) 

Salinity 

(wt%) 
XNaCl 

10 8 - - 4.6 -24.9 101 - 27.1 0.65 

12 8 - - - - 105 - - - 

Growth zone 4 8 - - - - 113 - - - 

14 8 - - - - 110 - - - 

Growth zone 8 8 - - - - 115 - - - 

4 8 - - - - 113 - - - 

6 8 - - - - 120 - - - 

5 8 - - - - 132 - - - 

4 8 - - - - 122 - - - 

Isolated 12 8 - - - - 108 - - - 

Growth zone 6 8 - - - - 128 - - - 

5 8 - - - - 112 - - - 

Growth zone 10 8 - - - - 122 - - - 

10 10 - - - - 104 - - - 

9 8 - - - - 128 - - - 

7 8 - - - - 110 - - - 

Growth zone 4 9 - - - - 111 - - - 

8 8 - - - - 112 - - - 

8 9 - - - - 120 - - - 

Growth zone 14 10 - - - - 115 - - - 

4 10 - - - - 116 - - - 

10 8 - - - - 114 - - - 

6 7 - - - - 120 - - - 

8 8 - - - - 108 - - - 

12 8 - - - - 122 - - - 

Growth zone 10 8 - - - - 131 - - - 

12 9 - - - - 120 - - - 

5 10 - - - - 130 - - - 

16 10 -80 -58 16.8 -25.4 140 - 26.9 0.61 

7 7 - - -5.1 -25.1 131 - 26.8 0.63 

Growth zone 5 10 - - - - 121 - - - 

10 10 - - - - 112 - - - 

5 10 - - - - 100 - - - 

5 13.5 - - - - 220 >250 - - 

7 10 - - - - 117 - - - 

10 9 -90 - 11.3 -33.6 107 - 29.6 0.31 

10 8 - - - - 156 >250 - - 

Healed 
fracture 

8 8 - - - - 142 - - - 

3 9 - - - - 128 - - - 

8 8 - - - - 128 - - - 

6 9 - - - - 132 - - - 

5 8 - - - - 120 - - - 
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Sample #,  

Host mineral 
Occurrence 

Size 

(µm) 
V% 

Tfz 

(°C) 

Tfm 

(°C) 

Tm-HH 

(°C) 

Tm-ice 

(°C) 

Th 

(°C) 

Tds 

(°C) 

Salinity 

(wt%) 
XNaCl 

3 10 - - - - 118 - - - 

Healed 
fracture 

18 8 -100 -60 13.7 -24.5 147 - 26.9 0.68 

3 10 - - - -23.4 124 - 24.1 0.72 

4 10 - - - -23.4 118 - 24.1 0.72 

10 11 - - - - 136 - - - 

7 10 - - - -25.8 116 - 24.9 0.52 

5 9 - - - -24.9 126 - 24.6 0.59 

Growth zone 9 10 - - - - 115 - - - 

5 8 - - - - 108 - - - 

8 9 - - - - 108 - - - 

Cluster 6 10 - - - -37.6 128 - 28.3 0.14 

18 8 -90 -70 - -27.2 123 - 25.4 0.43 

9 10 - - - - 122 - - - 

6 10 - - - - 107 - - - 

6 15 -80 - - -28.3 139 - 25.7 0.37 

13 8 - -70 9.8 -27.4 127 - 27.8 0.50 

Healed 

fracture 
8 8 - - - - 120 - - - 

6 10 - - - - 117 - - - 

7 8 - - - - 131 - - - 

4 10 - - - - 98 - - - 

3 7 - - - - 94 - - - 

6 11 - - - - 116 - - - 

Growth zone 7 10 - - - - 139 - - - 

4 6 - - - - 99 - - - 

5 9 - - - - 111 - - - 

7 10 - - - - 129 - - - 

Growth zone 7 10 - - - - 139 - - - 

5 11 - - - - 129 - - - 

10 9 - - - - 139 - - - 

6 9 - - - - 139 - - - 

4 9 - - - - 136 - - - 

Healed 
fracture 

28 8 - - - - 126 - - - 

14 8 - - - - 119 - - - 

24 7 - - - - 105 - - - 

12 7 -100 -70 5.7 -26.8 115 - 27.6 0.53 

6 9 -75 - 4.5 -25.3 96 - 27.2 0.62 

9 9 - -63 -2.1 -24.9 129 - 26.9 0.64 

6 8 - - - - 136 - - - 

Growth zone 12 7 - - - - 102 - - - 

12 8 - - - - 108 - - - 

14 8 -90 -57 - -25.3 124 - 24.8 0.55 

Growth zone 10 8 - - 8.6 -25.2 118 - 27.2 0.63 
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Sample #,  

Host mineral 
Occurrence 

Size 

(µm) 
V% 

Tfz 

(°C) 

Tfm 

(°C) 

Tm-HH 

(°C) 

Tm-ice 

(°C) 

Th 

(°C) 

Tds 

(°C) 

Salinity 

(wt%) 
XNaCl 

12 7 - - - - 111 - - - 

4 10 - - - - 114 - - - 

5 11 -90 <-60 -1.3 -25.3 128 - 27.0 0.62 

7 10 -88 -73 - -25.1 129 - 24.7 0.57 

16 10 - - - - 120 - - - 

Growth zone 10 7 - - - - 129 - - - 

30 7.5 -100 <-65 8.9 -25.6 118 - 27.3 0.60 

5 10 - - - - 127 - - - 

12 8 - - - - 172 >250 - - 

12 8 - - 11.2 -24.4 117 - 26.9 0.69 

7 7.5 - -73 13.6 -24.6 119 - 26.9 0.67 

10 7 - - - - 108 - - - 

7 9 -90 - 7.5 -25.7 118 - 27.3 0.60 

3 9 - - - -24.5 110 - 24.5 0.62 

10 7 - - - -25.4 119 - 24.8 0.55 

Growth zone 10 7 - -60 12.7 -25.7 121 - 27.2 0.59 

12 7 - - - - 103 - - - 

6 10 - - - - 126 - - - 

Growth zone 13 8 - - - - 111 - - - 

12 7 - - - - 121 - - - 

15 7 - - - - 108 - - - 

8 8.5 -100 <-60 -9.1 -26.4 115 - 26.8 0.53 

8 8 - - - - 121 - - - 

Growth zone 5 10 - - - - 133 - - - 

2 12 - - - - 136 - - - 

4 9 - - - - 141 - - - 

8 8 - - - - 120 - - - 

8 7 - - - - 122 - - - 

9 10 - - - - 136 - - - 

Growth zone 7 9 - -70 - -35.0 118 - 27.7 0.17 

10 7 - - - - 120 - - - 

8 7.5 - - - - 121 - - - 

2 10 - - - - 115 - - - 

2 10 - - - - 118 - - - 

Growth zone 4 12 - - - - 108 - - - 

5 11 - - - - 121 - - - 

7 8 - - - - 122 - - - 

3 11 - - - - 117 - - - 

4 12 - - - - 122 - - - 

3 10 - - - - 115 - - - 

10 9 -90 -70 - -34.1 129 - 27.4 0.19 

Growth zone 6 10 - - - -26.4 130 - 25.1 0.48 
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Sample #,  

Host mineral 
Occurrence 

Size 

(µm) 
V% 

Tfz 

(°C) 

Tfm 

(°C) 

Tm-HH 

(°C) 

Tm-ice 

(°C) 

Th 

(°C) 

Tds 

(°C) 

Salinity 

(wt%) 
XNaCl 

6 10 - - - - 112 - - - 

3 10 - - - - 114 - - - 

Growth zone 8 8 - - - - 112 - - - 

9 10 - - - - 134 - - - 

8 9 - - - - 116 - - - 

7 10 - - - - 114 - - - 

Growth zone 3 10 - - - - 108 - - - 

7 10 - - - - 117 - - - 

9 8.5 - - - - 129 - - - 

7 10 - - - - 119 - - - 

Growth zone 11 9 - - - - 132 - - - 

10 10 - - - - 120 - - - 

Growth zone 9 11 - - - - 128 - - - 

6 10 - - - - 106 - - - 

Growth zone 14 8 - - - - 109 - - - 

8 10 - - - - 121 - - - 

7 8 - - - - 110 - - - 

13 8 - - - - 142 - - - 

9 9 - - - - 106 - - - 

Growth zone 9 9 - - - - 115 - - - 

14 8 - - - - 140 - - - 

8 9 - - - - 114 - - - 

7 10 - - - - 102 - - - 

9 10 - - - - 122 - - - 

6 10 - - - - 122 - - - 

16 10 - - - - 111 - - - 

#14-KW-028II  
(DDH WR-328, 

332.4m), 

 QBSN3 

Growth zone 6 10 -98 - 7.3 -26.5 113 - 27.5 0.55 

7 7 - - - - 109 - - - 

7 11 -80 -58 6.8 -27.3 123 - 27.8 0.51 

Cluster 10 10 -32 - - -0.9 105 - 1.4 1.00 

12 8 - - - - 102 - - - 

Growth zone 13 10 -90 -70 - -28.1 123 - 25.7 0.38 

8 10 - - - - 124 - - - 

5 10 - - -28.9 -26.8 114 - 24.8 0.35 

11 10 - - - - 131 - - - 

15 11 <-80 -70 5.5 -26.7 118 - 27.6 0.54 

19 9 -92 -72 6.7 -27.2 116 - 27.7 0.51 

5 12 <-90 
 

-49.4 -28.7 149 - 24.6 0.06 

20 8 -60 -80 6.0 -25.7 107 - 27.3 0.60 

Growth zone 8 10 - - - - 106 - - - 

6 10 - - - - 121 - - - 

11 11 -90 -77 8.4 -28.3 119 - 28.0 0.46 
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Sample #,  

Host mineral 
Occurrence 

Size 

(µm) 
V% 

Tfz 

(°C) 

Tfm 

(°C) 

Tm-HH 

(°C) 

Tm-ice 

(°C) 

Th 

(°C) 

Tds 

(°C) 

Salinity 

(wt%) 
XNaCl 

6 10 - - - - 112 - - - 

Isolated 7 9 -90 -63 -43.1 -25.6 124 - 23.4 0.09 

Healed 
fracture 

5 10 - - - - 101 - - - 

4 13 - - - - 130 - - - 

2 10 - - - - 104 - - - 

3 10 - - - - 103 - - - 

6 8 - - - - 97 - - - 

6 10 - - - - 124 - - - 

5 9 - - - - 104 - - - 

8 10 - - - - 119 - - - 

4 12 - - - - 105 - - - 

Cluster 18 8 - - - - 108 - - - 

6 10 - - - -26.2 118 - 25.1 0.49 

9 8 - - - - 100 - - - 

Isolated 10 10 - - - - 111 - - - 

Isolated 10 7.5 - - - - 151 - - - 

#14-KW-032  

(DDH WR-328, 

304.1m),  
QBSN3 

Healed 

fracture 
10 10 -80 - - -24.9 117 - 24.6 0.59 

8 10 - - 5.9 -24.9 125 - 27.1 0.65 

6 10 - - - -24.7 125 - 24.6 0.60 

8 11 <-80 -60 - -25.0 132 - 24.7 0.58 

18 10 - - - - 130 - - - 

12 10 -90 -65 - -26.8 124 - 25.2 0.45 

8 9 -80 - - -25.2 126 - 24.7 0.56 

5 10 - - - - 126 - - - 

9 12 <-80 <-70 - -26.8 129 - 25.2 0.45 

5 11 - - - - 127 - - - 

Healed 
fracture 

8 8 -80 -67 3.2 -25.2 130 - 27.2 0.63 

9 10 -81 -63 - -24.6 134 - 24.5 0.61 

18 10 -84 -65 13.7 -24.0 122 - 26.7 0.71 

11 9 -80 -63 - -27.7 129 - 25.5 0.40 

8 8 - - - - 108 - - - 

14 10 - - - - 134 - - - 

11 9 - - - - 136 - - - 

7 10 - - - - 117 - - - 

Isolated 10 10 - - - - 115 - - - 

Growth zone 10 9 - - - - 109 - - - 

10 10 -87 -74 - -27.1 133 - 25.3 0.44 

12 8 - - - - 116 - - - 

Growth zone 10 10 -98 -75 6.5 -27.9 116 - 27.9 0.48 

6 10 - - - - 114 - - - 

10 9 - - - - 119 - - - 

Growth zone 5 9 - - - - 115 - - - 
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Sample #,  

Host mineral 
Occurrence 

Size 

(µm) 
V% 

Tfz 

(°C) 

Tfm 

(°C) 

Tm-HH 

(°C) 

Tm-ice 

(°C) 

Th 

(°C) 

Tds 

(°C) 

Salinity 

(wt%) 
XNaCl 

6 9 - -73 7.3 -26.9 135 - 27.7 0.53 

4 10 - - - - 134 - - - 

Growth zone 6 10 - <-77 - -28.4 133 - 25.7 0.37 

6 10 - <-75 -0.1 -27.4 138 - 27.6 0.50 

4 10 - - - - 120 - - - 

7 10 - - - - 122 - - - 

11 9 - - - - 120 - - - 

Growth zone 22 8 - - - - 124 - - - 

14 9 - -82 -51.7 -51.5 128 - 31.3 0.06 

5 10 - - - - 119 - - - 

Growth zone 10 10 - -80 13.5 -31.7 124 - 29.1 0.35 

10 10 - - - - 123 - - - 

3 10 - - - - 113 - - - 

8 9 - -78 6.9 -27.5 125 - 27.8 0.50 

10 10 - - - - 122 - - - 

Growth zone 12 9 - <-84 - -32.0 119 146 32.9 0.49 

4 8 - - - - 122 - - - 

5 10 - - - - 121 - - - 

20 8 - -87 - -29.1 130 160 32.5 0.57 

Growth zone 10 10 - - - - 125 - - - 

7 10 - - - - 122 - - - 

8 8 - - - - 121 - - - 

5 10 - - - - 121 - - - 

Healed 

fracture 
8 9 - - - - 115 - - - 

16 8 - - - - 119 - - - 

9 9 - - - - 118 - - - 

6 8 - - - - 126 - - - 

#14-KW-078  
(DDH WR-560, 

736m),  
QBSM4 

Growth zone 13 8 - -79 - -50.9 105 - 31.2 0.06 

10 8.5 - - - - 102 - - - 

14 9 - -74 - -47.9 97 - 30.6 0.07 

18 9 - -82 - -49.1 105 - 30.9 0.06 

4 10 - - - - 95 - - - 

10 9 - - - -46.7 95 - 30.4 0.07 

Healed 
fracture 

12 8 - - - - 133 - - - 

16 9 - -76 - -29.4 117 - 26.1 0.33 

7 8 - - - -30.1 101 - 26.3 0.30 

17 8 -87 - -3.2 -30.5 99 - 28.2 0.37 

6 10 - - - - 122 - - - 

5 10 - - - - 136 - - - 

9 10 -87 - 0.3 -30.9 131 - 28.5 0.36 

Healed 

fracture 
12 7.5 - - - - 94 - - - 

16 9 - - - - 104 - - - 
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Sample #,  

Host mineral 
Occurrence 

Size 

(µm) 
V% 

Tfz 

(°C) 

Tfm 

(°C) 

Tm-HH 

(°C) 

Tm-ice 

(°C) 

Th 

(°C) 

Tds 

(°C) 

Salinity 

(wt%) 
XNaCl 

24 7.5 - - - - 92 - - - 

6 9 - - - - 96 - - - 

Healed 
fracture 

9 11 - - - -25.5 129 - 24.8 0.54 

12 10 - - - - 131 - - - 

12 12 - - 4.9 -24.8 129 - 27.1 0.66 

5 10 - - - - 132 - - - 

4 10 - - - - 135 - - - 

8 12 - - - - 119 - - - 

Healed 
fracture 

5 10 - - - - 131 - - - 

18 9 - - 4.6 -24.6 110 - 27.1 0.67 

4 10 - - - - 125 - - - 

8 11 - - - - 125 - - - 

12 10 - - 19.1 -25.1 121 - 26.7 0.62 

* QBSN2 – syntaxial quartz 2 and drusy quartz 1; QBSN3 – vein drusy quartz in the sandstone; QBSM4 – vein drusy quartz in the 
basement (Gryphon zone); V % – vapor percentage; Tfz – freezing temperature; Tfm – first-melting temperature; Tm-HH – hydrohalite-

melting temperature; Tm-ice – ice-melting temperature; Tds – halite-dissolution temperature; Th – homogenization (vapor to liquid) 

temperature; XNaCl – value or maximum value (only Tm-ice used for calculation) of NaCl/(NaCl+CaCl2) weight ratio; “-” – data 
unavailable (fluid inclusion did not freeze or melting was uncertain). 

 

 


	Wang_Kewen_10Jun16.pdf
	UNIVERSITY OF REGINA
	FACULTY OF GRADUATE STUDIES AND RESEARCH
	SUPERVISORY AND EXAMINING COMMITTEE


