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ABSTRACT 

The Athabasca Basin and its crystalline basement host the largest high-grade 

unconformity-related uranium deposits in the world. It is generally agreed that the 

mineralizing fluids were basinal brines of evaporitic seawater origin, which became 

enriched in U and Ca through fluid-rock interactions. However, it remains controversial 

whether these metals were extracted from the basin or the basement, and what driving 

forces were responsible for fluid flows. A good understanding of the composition and 

temperature of the basinal fluids before they entered the sites of mineralization is 

important in order to address these problems. Detrailed petrographic, geochemical, 

fluid-inclusion, and illite geothermometric studies were carried out for sandstones from 

three drill cores in the central part of the Athabasca Basin (DV10-001, WC-79-1, and 

BL-08-01) to obtain thermal and compositional information about the basinal fluids.  

The strata in the Athabasca Basin are generally in reddish colour due to the 

common exsistence of iron oxides-hydroxides indicating overall oxidizing environment. 

A significant portion of the reddish strata was bleached to a variety of light colours and 

the contacts between the reddish and bleached rocks are generally straight and sharp, 

suggesting that the bleaching process may have taken place in late diagenesis (after deep 

burial and significant solidification). Mass balance calculations indicate that most metals, 

including Ca and U, do not show clear gain or loss patterns during the bleaching processes. 

Homogenization temperatures of fluid inclusions from quartz overgrowths range from 50° 

to 235°C, whereas temperatures estimated from authigenic illite (paragenetically 

relatively late compared to quartz overgrowths) were from 212° to 298°C. No systematic 

changes in temperature were observed vertically within individual cores or laterally from 



 

II 

 

core to core. Fluid inclusions have Tm-ice mainly from -20.0° to -40.0°C, with salinities 

from 22.4 to 28.6 wt. %. The low Tm-ice values suggest that many of the fluid incluisons are 

rich in Ca
2+

, which is confirmed by the CaCl2 hydrate peaks with cryogenic Raman 

spectroscopy.  

The paleo-temperatures of basinal fluids estimated from fluid inclusions and illite 

geothermometries from this study are generally higher than those expected for normal 

burial diagenesis. This, together with the quasi-homogeneous distribution of fluid 

temperatures and salinities in both horizontal and vertical directions suggests that the 

basin experienced extensive thermally-driven fluid convection. The absence of 

significant uranium gain or loss during the bleaching processes indicates that the basinal 

fluids were low in U in late diagenesis; if U was extracted from the sediments, this 

extraction likely took place in early diagenesis. The development of Ca-rich brines in the 

strata far above the basement, similar to those found in the unconformity-related uranium 

deposits, suggests that the precursor sediments of the Athabasca Basin were richer in Ca 

than the present-day quartz-dominated lithologies, or that the basinal fluids infiltrated into 

the basement and circulated back into the basin. Overall, the new thermal and 

compositional data of basinal fluids in the Athabasca Basin obtained from this study 

indicate that the basin experienced extensive fluid convection, which may have heated the 

basin, extracted U from the basin fill and / or the basement, and delivered the ore-forming 

components to the sites of mineralization near the basin – basement unconformity. 

 

Keywords: Fluid inclusions; Quartz overgrowths; Microthermometry; Illite; Bleaching; 

H2O-NaCl-CaCl2 fluids; Cryogenic Raman spectroscopy; Thermal profiles; 

Unconformity-related uranium; Athabasca Basin 
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Chapter 1 Introduction 

 

1.1 Background of this study 

Uranium is a radioactive element in the actinide series of the periodic table of 

elements, with an atomic number of 92. It is a trace element with an average abundance 

of ~ 1.7 ppm in the crust (Cuney and Kyser, 2014), ~ 0.015 ppm in the mantle (Fayek, 

2013), and ~ 0.003 ppm in the seawater (World Nuclear Association, 2015). Uranium 

can be enriched and form different types of deposits (IAEA, 2009; Fayek, 2013) through 

various geological processes (e.g., magmatism, metasomatic metamorphism, iron-oxide 

brecciation, sandstone diagenesis, and surficial weathering, Cuney, 2010). Among the 

various types of deposits, the unconformity-type (or unconformity-related) uranium 

deposits (mainly in Australia and Canada), accounting for more than 33% of the world’s 

uranium production, are the most profitable source of uranium because of their 

exceptionally high grades and large tonnages (Jefferson et al., 2007).  

The Athabasca Basin in northern Saskatchewan and Alberta, covering an area of 

more than 85,000 km
2
 (Fig. 1.1; Jefferson et al., 2007; Fayek, 2013), is a major uranium 

producer, currently accounting for about 16% of the uranium production in the world 

(World Nuclear Association, 2015). Since 1968, a total of 485,000 tonnes of U in 30 

known unconformity-related uranium deposits have been discovered in this basin 

(Jefferson et al., 2007; World Nuclear Association, 2015). The Athabasca Basin uranium 

deposits are known for their high grades, with an average of about 2% U, which is five 

times the average grade of 0.4% of the Australian counterparts (Jefferson et al., 2007; 
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Kyser and Cuney, 2008). Many of the uranium deposits in the Athabasca Basin are also of 

very large tonnage; for example, the McArthur River deposit has a proven and probable 

reserve of 1.053 million tonnes of ore at an average grade of 14.87% U3O8, or 345.2 

million pounds of U3O8, and the Cigar Lake deposit has proven and probable reserves of 

234.9 million pounds of U3O8 at an average grade of 17.84% U3O8 (Cameco, 2014). 

Most of the uranium deposits in the Athabasca Basin have been discovered based 

on an empirical model in which a combination of the sub-Athabasca unconformity, 

reactivated basement faults crosscutting the unconformity, and graphitic zones in the 

basement, controlled the localization of uranium mineralization (Hoeve and Sibbald, 

1978; Hoeve and Quirt, 1984; Jefferson et al., 2007; Kyser and Cuney, 2008; Fayek, 

2013). After more than 40 years of intensive exploration of the Athabasca Basin, however, 

this model is facing more and more challenges. A better understanding of the nature of the 

mineralization systems, including the timing of mineralization relative to the development 

history of the basin, the pressure (depth) – temperature conditions of mineralization, the 

origins of the mineralizing fluids and the dissolved metals, and the mechanisms driving 

fluid flow, is required in order to develop a refined uranium exploration model. Most 

previous studies were focused on areas of known mineralization, and as a result, little is 

known about the background temperature, pressure and composition of the fluids in the 

Athabasca Basin, which has hindered the understanding of the nature of mineralization. 

This thesis aims to address this problem by focusing on the diagenetic fluids and processes 

in areas of the basin away from sites of mineralization; the results will be then compared 

to those reported from the mineralized areas to examine the nature of mineralization. 
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1.2 Geological setting of the study area 

The Athabasca Basin is one of several Paleoproterozoic to Mesoproterozoic 

sedimentary basins developed in the interior of a large craton following the 

Paleoproterozoic assembly of Laurentia (Hoffman, 1988). It is mainly underlain by rocks 

belonging to the western Churchill Province of the Canadian Shield, which includes the 

Rae and Hearne sub-provinces (Fig. 1.1) separated by the ca. 1.9 Ga Snowbird tectonic 

zone (Hoffman, 1988; Card et al., 2007; Yeo and Delaney, 2007). The Rae is flanked by 

the ca. 2.0 – 1.9 Ga Taltson magmatic zone and Thelon tectonic zone to the west, and the 

Hearne by the ca. 1.9 – 1.8 Ga Trans-Hudson Orogen to the east (Card et al., 2007; Card, 

2012).  
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Fig. 1.1 A simplified regional map showing the major tectonic units of the northwestern Canadian Shield 

and the location of the Paleo-to Mesoproterozoic Athabasca and Thelon basins (modified from Jefferson et 

al., 2007; Ashton et al., 2013). The drill cores studied in this project are shown by the red dots. Also shown 

are major unconformity-related uranium deposits: (1) P-Patch; (2) Key Lake; (3) Millennium; (4) McArthur 

River; (5) Cigar Lake; (6) Rabbit Lake; (7) Collins Bay; (8) Eagle Point; (9) McClean; (10) Midwest; (11) 

Roughrider; (12) Steward Island; (13) Fond du Lac; (14) Cluff Lake; (15) Shea Creek; (16) Patterson Lake; 

(17) Centennial. Original in colour.  
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The Rae Province is composed of Archean granitoid gneisses as old as ca. 3.3 Ga 

and supracrustal rocks (mainly metasedimentary rocks older than ca. 2.6 Ga), and 

Paleoproterozoic metasedimentary rocks (Hoffman, 1988; Card et al., 2007; Ashton et 

al., 2013). The Rae Paleoproterozoic successions, each separated by a major 

unconformity, include the ca. 2.3 Ga Murmac Bay Group (a greenschist- to lower 

amphibolites-facies succession), the ca. 1.9 – 1.8 Ga Thluicho Lake Group (a 

greenschist-facies clastic succession), and the ca.1.8 Ga Martin Group (a continental 

redbed and mafic volcanic succession) (Hunter et al., 2004; Card et al., 2007; Morelli et 

al., 2009; Ashton et al., 2013). The Hearne Province consists of Archean granitoid 

gneisses as old as ca. 3.5 Ga and metavolcanic rocks older than ca. 2.6 Ga. These form 

the basement to overlying Paleoproterozoic metasedimentary rocks, including the ca. 

2.45 – 2.1 Ga Hurwitz Group (a greenschist-facies succession) and the 2.1 – 1.8 Ga 

Wollaston Supergroup (an upper amphibolite- to granulite-facies siliciclastic succession) 

(Hoffman, 1988; Aspler et al., 2002; Card et al., 2007; Yeo and Delaney, 2007).  

Multiple episodes of metamorphism, magmatism, and deformation affected the Rae 

and Hearne provinces prior to and during the assembly of the Laurentia (Hoffman, 1988; 

Card et al., 2007). The ca. 2.5 – 2.3 Ga Arrowsmith orogeny produced metamorphism 

and post-collisional arc magmatism along the western margin of the Rae Province 

(Berman et al., 2005, 2012). The ca. 2.02 – 1.91 Ga Taltson magmatic zone and ca. 1.99 – 

1.92 Ga Thelon tectonic zone are interpreted to have resulted from the collision of the 

Rae and Slave provinces (Hoffman, 1988; Card et al., 2007; Bethune et al., 2013). On 

the other side of Rae, the ca. 1.9 Ga Snowbird tectonic zone has been variously 

interpreted as a long-lived fault zone initiated in the Archean (Mahan et al., 2003; 

Mahan and Willianms, 2005), or ca. 1.9 Ga suture (Hoffman, 1988; Berman et al., 2007). 
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The ca. 1.9 – 1.8 Ga Trans-Hudson orogeny formed gentle folds and brittle-ductile faults, 

and was related with high-grade metamorphism and magmatism during the convergence 

of the Hearne and Superior provinces (Card et al., 2007; Ashton et al., 2013). 

The ca. 1750 – 1500 Ma Athabasca Basin (Ramaekers, 2007) unconformably 

overlies the Archean to Paleoproterozoic basement (Hoeve and Sibbald, 1978), and was 

interpreted as an intracratonic basin, formed as a result of regional subsidence and 

movement along large basement faults and their associated highs (Ramaekers et al., 

2007; Hiatt and Kyser, 2007). The basin has been divided into a series of 

northeast-southwest-oriented subbasins (the Jackfish subbasin, the Cree subbasin, and the 

Mirror subbasin), which were controlled by major basement faults (Ramaekers, 2007; 

Hiatt and Kyser, 2007). The sedimentary rocks in the Athabasca Basin belong to the 

Athabasca Group, which is divided into four sequences separated by basin-wide 

unconformities (Table 1.1; Hiatt and Kyser, 2007; Ramaekers et al., 2007), i.e., Sequence 

1 (Fair Point Formation), Sequence 2 (Read, Smart, and Manitou Falls formations), 

Sequence 3 (Lazenby Lake and Wolverine Point formations), and Sequence 4 (Locker 

Lake, Otherside, Douglas, and Carswell formations) (Ramaekers et al., 2007). The bulk 

of the currently preserved sedimentary rocks in the Athabasca Basin were deposited in 

fluvial systems, and some of them were formed in paralic (the Douglas and Wolverine 

Point formations) and shallow marine (the Carswell Formation) environments (Table 1.1; 

Ramaekers et al., 2007; Hiatt and Kyser, 2007).   
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Table 1.1 Lithology, depositional environment, and estimated ages of the Athabasca Group* 

Group Sequence Formation Lithology 
Depositional 

Environment 

Estimated  

Age 

(Ma) 

Athabasca 

Group 

Sequence 

Four 

Carswell Stromatolitic and oolitic dolomite 
Shallow 

marine 
 

Douglas Mudstone, siltstone, and sandstone Paralic system 1541 

Otherside Sandstone with minor siltstone 

Fluvial system 

 

Locker 

Lake 
Mainly pebbly sandstone  

Sequence 

Three 

Wolverine 

Point 
Siltstone, and clay-rich sandstone Paralic system 1644 

Lazenby 

Lake 
Pebbly sandstone and sandstone Fluvial system  

Sequence 

Two 

Manitou 

Falls 

Sandstone, pebbly sandstone, 

conglomerate 

Fluvial system 

1740–1730  

Smart 
Conglomerate, sandstone, and minor 

mudstone 
 

Read 
Conglomerate, sandstone, and minor 

mudstone 
 

Sequence 

One 
Fair Point Mainly pebbly sandstone Fluvial system 1750  

 *Compiled from Ramaekers et al. (2007) and Hiatt and Kyser (2007). The estimated ages are from 

Alexandre et al. (2009), Rainbird et al. (2006, 2007), and Creaser and Stasiuk (2007).  
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Although the Athabasca Basin was formed in an intracratonic tectonic environment 

and the strata are generally flat-lying and do not show any prominent deformation features, 

it actually experienced multiple subtle but highly influential tectonic and magmatic 

activities (Ramaekers, 2007; Jefferson et al., 2007). A number of originally ductile 

basement faults underwent repeated brittle reactivation and displaced the unconformity 

and the strata in the basin (Hoeve and Sibbald, 1978; Card et al., 2007; Jefferson et al., 

2007; Li et al., 2015a). These reactivations may have been driven by far-field tectonic 

events including the ca. 1525 Ma Mazatzal Orogeny, ca. 1400 Ma Bertoud Orogeny, ca. 

1150 to 1000 Ma Grenville Orogeny, and subsequent ca. 850 – 600 Ma breakup of the 

Rodinia Supercontinent (Alexandre et al., 2009). The magmatic events recorded in the 

Athabasca Basin and nearby regions include the ca. 1644 Ma tuffaceous units in the 

Wolverine Point Formation within the Athabasca Basin (Rainbird et al., 2007), ca. 1540 

Ma Kuungmi basalt in the Thelon Basin (Chamberlain et al., 2010), ca. 1267 Ma 

MacKenzie dike swarm (LeCheminant and Heaman, 1989; Cumming and Krstic, 1992), 

and ca. 1.11 Ga Moore Lakes Complex in the southeastern Athabasca Basin (MacDougall 

and William, 1993; MacDougall and Heaman, 2002). The much younger Carswell 

meteorite impact structure affected the western part of the basin, but the age of the event 

has not been unambiguously determined (Blenkinsop and Bell, 1981; Bottomley et al., 

1990; Genest, 2010; Hajnal et al., 2015).  

Uranium deposits associated with the Athabasca Basin are generally located near the 

sub-Athabasca unconformity, thus the name unconformity-type or unconformity-related.  

The most important uranium deposits discovered so far are concentrated in the eastern 

margin of the basin (Fig. 1.1), especially along the northeast-trending transition zone 
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between the Mudjatik and Wollaston basement domains. A few uranium deposits and 

prospects are located in the western part of the basin, e.g., Shea Creek and Cluff Lake 

near the Carswell Structure (Fig. 1.1). U-Pb isotopic dating of uraninite has yielded 

multiple ages, all younger than the maximum age of the basin (ca. 1750 Ma), and it has 

been suggested that the major primary uranium mineralization took place at around 1590 

Ma, based on LA-ICP-MS U-Pb dating of uraninite and Ar-Ar dating of 

syn-mineralization illite (Alexandre et al., 2009). 

The uranium deposits are commonly associated with reactivated basement faults that 

crosscut and displace the unconformity (Hoeve and Sibbald, 1978; Hoeve and Quirt, 

1984; Jefferson et al., 2007; Kyser and Cuney, 2008; Fayek, 2013; Li et al., 2015a). 

Many of them are associated with graphitic zones in the basement, and most of them are 

associated with illite – chlorite – tourmaline alterations, as well as dissilicification and 

silicification (Hoeve and Sibbald, 1978; Hoeve and Quirt, 1984; Jefferson et al., 2007; 

Kyser and Cuney, 2008; Fayek, 2013). Orebodies can be strictly basement-hosted, 

unconformity-hosted (straddling the sandstone and the basement), or perched in the 

sandstone (Jefferson et al., 2007). The basement-hosted deposits occur as pods and veins 

of massive uraninite/pitchblende, and are controlled by steep to moderately-steep 

fractures and breccia zones (Jefferson et al., 2007). They are characterized by relatively 

narrow alteration zones and a simple metal (monometallic) assemblage (mainly U) 

(Jefferson et al., 2007). They have been interpreted to be related to fluid flow from the 

basin into the basement and hence the name “ingress type” (Fayek and Kyser, 1997). In 

contrast, deposits that are hosted mainly by sandstones above the unconformity are 

characterized by flattened orebodies and relatively large alteration halos (Jefferson et al., 
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2007). They are also characterized by polymetallic ores with significant concentrations of 

sulphide minerals such as galena, pyrite, arsenopyrite, chalcopyrite, and native gold in 

addition to uraninite/pitchblende (Hoeve and Quirt, 1984; Jefferson et al., 2007). The 

sandstone-hosted deposits are interpreted to reflect fluid flow from the basement to the 

basin, thus the name “egress type” (Fayek and Kyser, 1997). 

 

1.3 Previous studies and existing problems 

The formation of the high-grade, large-tonnage unconformity-related uranium 

deposits requires that large amounts of fluids with elevated uranium concentrations pass 

through the sites of mineralization. The general model used by the industry is that 

uranium mineralization took place where faults, especially those associated with 

graphite in the basement, intersect the unconformity, and where uranium-bearing, 

oxidizing fluids encountered reducing agents. It is generally agreed that the mineralizing 

fluids were brines derived from the basin (e.g., Kyser et al., 2000; Cuney et al., 2003; 

Alexandre et al., 2005; Derome et al., 2005; Richard et al., 2011; Mercadier et al., 2012), 

however, there are still some scientific questions that remain to be answered, among 

which two significant ones are: What is / are the source(s) of uranium and other metals in 

the deposits? What is / are the dominant driving force(s) responsible for fluid 

circulation?  

The uranium in the fluids was most likely extracted through fluid-rock interactions 

from source rocks enriched in uranium. Two potential source regions have been proposed: 

the sedimentary rocks of the Athabasca Basin, and the metamorphic and igneous rocks of 

the basement. The basement-sourced model advocates that uranium was derived from 
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uranium-rich basement complexes (Annesley et al., 1997; Hecht and Cuney, 2000) by 

basinal fluids; the uranium-transporting fluids then precipitated uranium when they 

encountered reductants near the unconformity. According to the basement-sourced model, 

the exploration target should focus on basement complexes characterized by high U 

concentrations well above the crustal abundance, reactivated basement faults crosscutting 

the unconformity favouring mixing of fluids that have reacted with different basement 

rocks, and alteration associated with mineralization. The sediment-sourced model, on the 

other hand, advocates that uranium was derived from the sandstones of the basin, mainly 

leached from the accessory minerals, such as zircon, monazite, and Fe-Ti oxides (Fayek 

and Kyser, 1997). Uranium was transported by basinal fluids to the unconformity and 

ores were precipitated when they came into contact with reduced basement lithological 

units (graphititic metapelite, Hoeve and Sibbald, 1978; Fayek and Kyser, 1997; 

Fe
2+

-bearing lithologies,
 
Alexandre et al., 2005; Yeo and Potter, 2010) or mixed with 

reduced fluids of basement origin (Hoeve and Sibbald, 1978; Wilson and Kyser, 1987). 

The exploration criteria associated with the sediment-sourced model include identifying 

reactivated basement faults crosscutting the unconformity, especially those associated 

with graphitic lithologies, and alteration associated with mineralization.  

Various fluid flow models related to uranium mineralization have been proposed or 

implied by previous studies (Chi et al., 2013), including 1) large-scale convection related 

to thermal gradients (Boiron et al., 2010; Hoeve and Sibbald, 1978; Raffensperger and 

Garven, 1995a; Li et al., 2015b); 2) deposit-scale convection related to heat anomaly 

associated with the high heat conductivity of graphite (Hoeve and Quirt, 1984); 3) 

gravity-driven flow (Alexandre and Kyser, 2012; Derome et al., 2005); 4) 

compaction-driven flow (Hiatt and Kyser, 2007); and 5) deformation-induced fluid flow 
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(Cui et al., 2012a). It is generally difficult to determine which of these models was 

actually operating in the Athabasca Basin and the basement, and was responsible for the 

fluid flow related to uranium mineralization. However, it is known that different fluid 

flow models are associated with different geothermal profiles (Deming, 1994; Phillips, 

2009; Ingebritsen and Appold, 2012; Chi, 2015), and so it may be possible to recognize 

the fluid flow model through study of the paleo-geothermal profile across the basin.  

Although the characteristics of the fluids associated with uranium mineralization 

have been well documented in many previous studies from mineralized areas (Pagel et al., 

1980; Kotzer and Kyser, 1995; Derome et al., 2003a, 2005; Richard et al., 2010, 2011, in 

press), which indicate that the mineralizing fluids were mainly basinal brines derived 

from the Athabasca Basin, little is known about the basinal fluids before they entered the 

sites of mineralization (Pagel, 1975; Scott et al., 2011; Scott and Chi, 2014). Because the 

mineralization processes (e.g., fluid mixing and fluid-rock reaction) likely have changed 

the composition and temperature of the initial fluids, the geochemistry and 

paleo-temperature of the basinal fluids before they were influenced by the mineralization 

events can only be obtained by studying the fluid diagenetic history in areas remote from 

the mineralized sites. Such studies can provide important information for constraining 

the uranium sources and fluid flow mechanisms as discussed above.  

 

1.4 Objectives of this study 

This study represents the first effort to systematically investigate the composition of 

the diagenetic basinal fluids and paleo-geotherm across the Athabasca Basin, with the 

aim to provide reference information that can be used to decipher the genesis of the 
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uranium deposits. The main objectives are as follows: 

(1) To conduct a petrographic study of the sandstones from drill cores in the barren 

areas (Fig. 1.1) and establish the paragenetic relationship of diagenetic minerals, 

especially the iron oxides, quartz overgrowths and clay minerals. 

(2) To investigate the gains and losses of elements (especially U) during fluid-rock 

interactions in the basin through mass balance calculation of paired reddish and bleached 

sandstones. 

(3) To determine the paleo-temperatures through the study of fluid inclusions within 

quartz overgrowths and the crystallization temperatures of clay minerals, and to infer the 

possible fluid flow patterns that can explain the observed thermal profiles. 

(4) To develop new analytical methods that can be used to characterize the major 

compositions of the fluid inclusions entrapped in quartz overgrowths. 

(5) To investigate the composition of the basinal fluids through determining the 

salinity and major element (especially Na and Ca) concentrations of the fluids inclusions 

within quartz overgrowths with various analytical methods, and provide some insights 

for the source of uranium and other metals. 

(6) To explore the significance of our research results for unconformity-related 

uranium mineralization in terms of uranium sources and fluid flow mechanisms. 

 

1.5 Organization of this thesis 

The thesis is composed of 9 chapters including two for background information and 

general approaches (Chapters 1 – 2), two on development of analytical methods (chapters 

3 – 4), three on research results (Chapters 5 – 7), followed by a discussion of the 
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implications of the results for uranium mineralization models (Chapter 8) and conclusions 

(Chapter 9). 

Chapter 1 introduces the research background, the geologic settings of the study area, 

the rationale and objectives of the study, and organization of the thesis.  

Chapter 2 summarizes the general approach and analytical methods used in this 

study. 

Chapter 3 documents the freezing and melting behaviours of synthetic 

H2O-NaCl-CaCl2 fluids and provides the procedure for efficient microthermometric and 

cryogenic Raman spectroscopic measurement of natural fluid inclusions, which is one of 

the major analytical methods used for basinal compositional analysis in this project. 

Chapter 4 examines the feasibility of applying cryogenic Raman spectroscopy for 

XNaCl (NaCl/(NaCl+CaCl2) ratios) calculation of H2O-NaCl-CaCl2 fluids, which is used 

for the fluid inclusion compositional analysis in this study. 

Chapter 5 examines the paragenetic relationships of diagenetic minerals and 

fluid-rock interactions during diagenetic processes (particularly bleaching) of the basin, 

which is used to provide insights for the composition of the basinal fluids. 

Chapter 6 documents the fluid inclusion homogenization temperatures and illite 

crystallization temperatureand uses these to establish thermal profiles across the basin, 

with related implications for potential driving forces of fluid flow in the basin.  

Chapter 7 documents compositions of fluid inclusions in quartz overgrowths 

through microthermometric and cryogenic Raman spectroscopic, and discusses their 

significance for uranium sources and fluid flow models. 

Chapter 8 integrates all the results about the geochemical and geothermal 

characteristics of the basinal fluids, compares them with those documented from the 
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uranium deposits, and considers the implications for uranium mineralization models. 

Chapter 9 summarizes the conclusions that have been drawn from this study.  

Detailed information about individual samples as well as some experimental 

procedures is provided in the appendices. Some of the information (e.g., raw core 

logging and petrographic records) is included in a CD. 
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Chapter 2 General approach and study methods 

 

The information about the fluid pressure, temperature and composition (P-T-X) of 

the basinal fluids of the Athabasca Basin has been generally derived from studies of 

fluid inclusions in the uranium deposits and adjacent areas (e.g., Pagel et al., 1980; 

Kotzer and Kyser, 1995; Derome et al., 2005; Richard et al., 2010, 2011). This has 

created the question whether or not the information thus obtained may have been 

affected by the mineralization events. In order to obtain the P-T-X information about the 

basinal fluids free of the influence of the mineralization fluids, this study has adopted a 

general approach to study samples far away from any known mineralization.  

Several drill cores in the barren areas of the Athabasca Basin were logged and 

sampled to investigate the geochemical and geothermal characteristics of the 

background basinal fluids through a diagenetic study of the sedimentary rocks (Fig. 2.1). 

This includes sedimentary rock petrographic analysis, whole-rock geochemical analysis, 

mass balance calculation, fluid inclusion and illite geothermometry, and fluid inclusion 

compositional analysis (microthermometry, cryogenic Raman spectroscopy, and 

secondary ion mass spectrometry (SIMS)). 
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Fig. 2.1 Flow chart of the general approach and analytical methods used in this study 
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2.1 Core logging, sampling, and petrographic observation 

This study targeted three long drill cores, including WC-79-1 (979 m), BL-08-01 

(1006 m), and DV10-001 (1151 m), in the barren areas far away from any known 

uranium deposits. The Rumpel Lake drill core (1458 m), which has been studied by 

Pagel (1975), Scott et al. (2011), and Scott and Chi (2014), was also examined for 

additional information. These drill cores were logged in detail using conventional 

methods. Information on lithology including rock types, grain sizes, colours, degrees of 

bleaching, and textures at different depths was described in core logging sheets 

(Appendix 1). 

A total of 211 core samples (40 from WC-79-1, 44 from BL-08-01, and 127 from 

DV10-001; Appendix 2) were collected from different stratigraphic levels and different 

depths. Core samples showing bleaching features were selected for analysis of fluid-rock 

interaction, while well-cemented core samples were collected for illite and fluid 

inclusion analysis. 

Polished thin sections were examined by transmitted light and reflected light 

microscopes as well as scanning electron microscope-energy - dispersive spectroscopy 

(SEM-EDS). The point-counting (250 points) method was used to estimate the 

percentages of minerals in the thin sections. The HF staining method was used as an 

auxiliary tool to differentiate between quartz, K-feldspar and plagioclase (Bailey and 

Stevens, 1960). Detailed petrographic descriptions of the thin sections were included in 

Appendix 3. Based on the petrographic studies, thin sections containing abundant quartz 

overgrowths and well-crystallized illite were chosen for fluid inclusion and illite 

compositional analysis, respectively.  
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2.2 Geochemical analysis of the basinal fluids  

Fluid inclusions entrapped in minerals can supply key information on the parent 

fluids from which the minerals were precipitated (Roedder, 1984). In the Athabasca 

Basin, fluid inclusions within quartz overgrowths of sandstones from the barren area are 

inferred to represent the diagenetic basinal fluids. These fluid inclusions were analyzed 

with various methods to reveal the composition of the basinal fluids. Besides fluid 

inclusions, the change of rock compositions during diagenetic processes can be used to 

constrain the compositions of the fluids involved in these processes. Paired reddish and 

bleached sandstones were targeted for this purpose to determine (through mass balance 

calculations) element gain and loss during the bleaching processes. 

 

2.2.1 Fluid inclusion analysis 

To investigate the composition of the fluid inclusions within quartz overgrowths, 

various analytical methods, including microthermometry, cryogenic Raman spectroscopy, 

and SIMS were employed in this study. The details of each method are as follows. 

Microthermometry is a traditional and non-destructive method to analyze fluid 

inclusions by observation of phase changes during heating and freezing processes. 

However, common problems with metastablity prohibited the precise measurement of 

some phase change temperatures, especially for the H2O-NaCl-CaCl2 system. In order to 

acquire more accurate microthermometric data, the freezing and melting behaviours of 

H2O-NaCl-CaCl2 fluids were carefully examined and some strategies were developed 

using synthetic fluid inclusions, as explained in Chapter 3. The fluid inclusions within 

quartz overgrowths were carefully analyzed using microthermometry, and the results 
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were included in Chapter 7. All the heating and freezing experiments were conducted at 

the Geofluids Laboratory, University of Regina. 

Cryogenic Raman Spectroscopy is a new and non-destructive method to estimate 

the XNaCl (NaCl/(NaCl+CaCl2)) values of H2O-NaCl-CaCl2 fluids (Chi et al., 2014a), 

which partly overcomes the limitation of microthermometry. Chapter 4 verified the 

possibility of applying this method applying to natural fluid inclusions. The fluid 

inclusions within quartz overgrowths in this project were analyzed using cryogenic 

Raman spectroscopy and the results are reported in Chapter 7. 

SIMS is the most sensitive surface analysis technique, being able to detect elements 

present in the parts per billion (ppb) range (Fayek, 2009). Several trials were performed 

to analyze the composition of selected fluid inclusions with SIMS. A series of standard 

solutions of known compositions were prepared for calibration. Standard solution 

evaporates were obtained through solution dryness and fluid inclusions with known 

salinity and XNaCl decrepitates were prepared by thermal decrepitation. These evaporates 

and decrepitates were observed on SEM-EDS and analyzed by SIMS in the Mass 

Spectrometry Lab, University of Manitoba. Some interesting results were obtained, but 

there are significant uncertainties in the calibration processes. The results are not 

reported in any of the papers included in this thesis, but they are included in an appendix 

(Appendix 4) for future studies.  

 

2.2.2 Mass balance calculation for bleaching  

Bleaching of redbeds is a widespread phenomeon in the Athabasca Basin. ICP-MS 

(Inductively Coupled Plasma Mass Spectrometry) analyses of major and trace elements 
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were carried out for paired redbed and bleached counterpart in order to estimate the gain 

and loss of elements during bleaching, which is in turn used to constrain the composition 

of basinal fluids. Measured density and geochemical data were used for mass balance 

calculation using the isocon method (Gresen, 1967; Grant, 1986). Detailed analytical 

methods, results, and interpretation were included in Chapter 5. 

 

2.3 Estimation of paleo-temperatures of the basinal fluids 

Fluid incluisons can provide important information about the temperature of 

paleo-fluids (Roedder, 1984), and an equilibrated assemblage of minerals or chemical 

system whose phase composition is a function of temperature can be used as a 

geothermometer (Essene, 1982). The homogenization temperatures of fluid inclusions 

within the quartz overgrowths and the crystallization temperatures of illite from the 

sandstones were used to establish thermal profiles of the Athabasca Basin. 

 

2.3.1 Fluid inclusion homogenization temperature 

Each fluid inclusion potentially records a subsurface temperature at some time in the 

geologic past and the homogenization temperatures of fluid inclusions represent their 

minimum entrapment temperature (Roedder, 1984). Homogenization temperatures of 

fluid inclusions within quartz overgrowths were obtained from microthermometric study 

conducted at the Geofluids Laboratory, University of Regina. Detailed results and 

interpretations were included in Chapter 6. 
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2.3.2 Illite crystallization temperature 

Illite crystal structure and chemical composition reflect the formation environment 

and can be used to estimate the formation temperature (Essene and Peacor, 1995). Thin 

sections containing well-crystallized needles of diagenetic illite were analyzed using 

EMPA (Electron Microprobe Analysis) at the University of Manitoba. Element oxides of 

Na, K, Ca, Mg, Fe, Al, Si, Mn, and Ti were determined, and these values were then 

converted into structural formulas of illite. The crystallization temperatures of illite were 

estimated using the equation XPyroph = -0.0025 T (°C) + 0.7928 (where XPyroph means the 

proportions of the pyrophyllite end-member) derived by Cathelineau (1988) as well as 

the equation T (°C) = 267.95 x + 31.50, (where x = K + |Fe – Mg|) from Battaglia (2004) 

for comparison. Detailed analytical methods, results, and interpretations were included 

in Chapter 6.  
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Chapter 3 Freezing and melting behaviours of H2O-NaCl-CaCl2 fluids
1
 

 

3.1 Introduction 

Fluid inclusions trapped in minerals, as relics of geologic fluids involved in various 

geologic processes, have been the subjects of study for more than a century (Roedder, 

1984). Despite the tremendous advancements in analytical techniques applied to fluid 

inclusions, including single and bulk inclusions, and destructive and non-destructive 

analyses (Shepherd and Rankin, 1998; Chi et al., 2003a), the microthermometric method, 

which measures various phase-change temperatures with a heating-freezing stage, 

remains the most useful tool in fluid inclusion studies (Roedder, 1984; Steele-MacInnis et 

al., 2011). Many advanced analytical techniques rely on microthermometric data for 

quantification of the results; for example the determination of concentrations of trace 

elements in fluid inclusions using the LA-ICP-MS method requires the salinity values 

estimated from microthermometric data as internal standards (e.g., Samson et al., 2008; 

Wilkinson et al., 2009; Richard et al., 2012).  

Although the microthermometric method is routinely used in fluid inclusion studies, 

there are still many problems that render the collection of data or their interpretation 

difficult. One of the problems commonly encountered is metastability, which includes 

absence of phases that are expected to be present (e.g., inability for fluid inclusions to 

freeze or to nucleate a vapour bubble) and occurrence of phases unexpected to be present 

                                                 

1
 Modified from “Chu, H., Chi, G., Chou, I-M., In press. Freezing and melting behaviours of 

H2O-NaCl-CaCl2 solutions in fused silica capillaries and glass-sandwiched films: Implications for fluid 

inclusion studies. Geofluids, DOI: 10.1111/gfl.12173.” 
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in equilibrium (Roedder, 1962, 1971, 1984). These problems are particularly common for 

fluid inclusions of the H2O-NaCl-CaCl2 system (Davis et al., 1990; Samson and Walker, 

2000; Bodnar, 2003a), which are well developed in a variety of geological environments 

including sedimentary basins, magmatic hydrothermal systems and metamorphic terranes 

(Crawford, 1981; Vanko et al., 1988; Chi and Savard, 1997; Xu, 2000; Derome et al., 

2005; Samson et al., 2008; Stoffell et al., 2008; Richard et al., 2010, 2012). 

H2O-NaCl-CaCl2 fluid inclusions, especially those that are CaCl2-rich, are notoriously 

difficult to freeze (Roedder, 1984; Samson and Walker, 2000; Chi et al., 2014a), and 

many apparently frozen inclusions commonly show various melting-like behaviours in 

the warming process before reaching the eutectic temperature of -52
o
C (Davis et al., 

1990). Many of these fluid inclusions show multiple CaCl2 hydrates (e.g., tetrahydrate and 

sinjarite) in addition to the stable hydrohalite + antarcticite + ice assemblage at 

temperatures below the eutectic point (Samson and Walker, 2000; Ni et al., 2008; 

Baumgartner and Bakker, 2009b; Chi et al., 2014a). Yet, despite these metastability 

problems, microthermometric data of H2O-NaCl-CaCl2 fluid inclusions have been widely 

obtained and used to calculate the fluid compositions using various versions of phase 

diagrams (e.g., Oakes et al., 1990; Williams-Jones and Samson, 1990) and related 

computer programs (e.g., Chi and Ni, 2007; Steele-MacInnis et al., 2011). Given the 

widespread occurrence of H2O-NaCl-CaCl2 fluid inclusions, it is important to examine 

how the various metastabilities may affect the accuracy of the microthermometric data 

and their use for compositional calculation and what can be done to improve the 

procedure.  

Various techniques have been used to study the freezing and melting behaviours of 

solutions of known compositions, including synthetic fluid inclusions in annealed 



 

25 

 

fractures in natural quartz (Shelton and Orville, 1980; Sterner and Bodnar, 1984; Vanko 

et al., 1988; Oakes et al., 1990; Bakker, 2004; Ni et al., 2008; Bakker and Baumgartner,  

2012; Baumgartner and Bakker, 2009a, 2010) and in laboratory-grown halite crystals 

(Davis et al., 1990), fused silica capillaries (Chou et al., 2008; Caumon et al., 2013; Chi 

et al., 2014a), and glass-sandwiched solution films (Chi et al., 2014a). In this study, we 

used the fused silica capillary (Chou et al., 2008) and glass-sandwiched film (Chi et al., 

2014a) methods, coupled with the cycling technique (Haynes, 1985; Samson and Walker, 

2000) and Raman spectroscopy, to examine phase changes of synthetic H2O-NaCl-CaCl2 

solutions (in the region of ice as the last melting phase – shaded area in Fig. 3.1) during 

cooling and heating processes, and to compare the measured phase change temperatures 

with those predicted from phase diagrams of stable phase assemblages. The purpose of the 

study is to verify if consistent microthermometric results can be obtained for a given 

solution using different methods (capillaries versus glass-sandwiched films), knowing 

that these different methods produce different degrees of metastabilities and, by extension, 

to evaluate if microthermometric data obtained from natural fluid inclusions, which 

commonly show metastabilities in some stages of the cooling-heating processes, can be 

reliably used to estimate fluid compositions. The implications for microthermometric 

studies of natural fluid inclusions, including the procedures and conditions facilitating 

formation of stable phase assemblages, will also be discussed. The experimental methods, 

including the use of fused silica capillaries (Chou et al., 2008) and glass-sandwiched 

solution films (Chi et al., 2014a), the cycling techniques (Haynes, 1985; Samson & 

Walker, 2000) and the alumina-spicing technique (Chi et al., 2014a), and the observations 

of metastabilities, especially solution’s inability to freeze (Samson and Walker, 2000), 

have been previously reported in a number of studies. However, this paper represents the 



 

26 

 

first systematic documentation of the freezing and melting behaviours of the 

H2O-NaCl-CaCl2 system under controlled paths, the procedure of cultivation of hydrates, 

and the microthermometric data to be used to calculate fluid compositions from the final 

hydrohalite-melting and ice-melting temperatures despite the metastabilities at lower 

temperatures. 

 

3.2 Analytical methods 

A total of 11 solutions, with a salinity of 15 mass% NaCl+CaCl2 and different NaCl 

/( NaCl+CaCl2) ratios (XNaCl), were prepared from sodium chloride (EMD Chemicals Inc., 

lot TG29AZEMS) and calcium chloride (VWR International, lot ZH2631NFAE) and 

deionized water. For the given salinity, all the solutions fall in the field of the phase 

diagram where ice is the last-melting phase (Fig. 3.1); assigning the same salinity to all the 

solutions facilitates comparison of freezing and melting behaviours between solutions of 

different compositions. The solutions were labeled from #1 to #11 with X(NaCl, m) (= 

m(NaCl)/[m(NaCl) + m(CaCl2)], where m is molality) decreased continuously from 1.0 to 

0.0 at an increment of 0.1 (Table 3.1; Fig. 3.1).  
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Fig. 3.1 A phase diagram of the H2O-NaCl-CaCl2 system showing the composition of synthetic solutions 

(labeled from #1 to #11 as shown in Table 3.1) used in this study (base diagram from Chi & Ni 2007). Points 

a1 – a10 refer to the expected last melting of hydrohalite and a11 to last melting of antarcticite, and the 

arrows indicate the direction of last melting of ice. 
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Table 3.1 Composition of standard H2O-NaCl-CaCl2 solutions 

Sample 
Salinity 

(wt. %) 
X(NaCl, m) X(NaCl, wt) 

Tm-hh-predicted 

(°C) 

#1 15 1 1.00 -21.2 

#2 15 0.9 0.83 -22.7 

#3 15 0.8 0.68 -24.2 

#4 15 0.7 0.56 -25.7 

#5 15 0.6 0.44 -27.8 

#6 15 0.5 0.35 -29.8 

#7 15 0.4 0.26 -32.8 

#8 15 0.3 0.18 -36.5 

#9 15 0.2 0.12 -41.0 

#10 15 0.1 0.06 -52.0 

#11 15 0 0.00 -50.0 

                X(NaCl, m) = m(NaCl)/[m(NaCl) + m(CaCl2)], where m is molality; 

                    X(NaCl, wt) = wt(NaCl)/[wt(NaCl) + wt(CaCl2)], where wt is weight; 

                    Tm-HH-predicted was calculated with the equation from Chi and Ni (2007). 

 

 

Fig. 3.2 Capillary and sandwiched samples at the room temperature. (a) Example of a capillary sample 

showing the vapour and liquid phases; (b) Example of a sandwiched solution sample containing alumina 

powder. Original in colour. 
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Two sets of experiments were carried out with these solutions: one with fused silica 

capillaries and the other with glass-sandwiched films. In the capillary experiments, the 

solution was loaded into a silica capillary tube with an inner diameter of 50 µm, an outer 

diameter of 300 µm (Fig. 3.2a) and a length of about 1 cm, and the tube was then sealed by 

fusion using the method of Chou et al. (2008). The fused capillary tubes were put into the 

heating-freezing stage for microthermometric and cryogenic Raman analysis. In the 

sandwiched film experiments, alumina powder (0.05 µm) was added to the solution in a 

plastic bottle, which was thoroughly shaken before sampling. A droplet of the 

alumina-solution mixture, with alumina particles floating in the solution (Fig. 3.2b), was 

placed between two small pieces (about 5 – 10 mm wide) of thin ((~ 120 µm) glass, 

making a sandwiched solution film of about 50 µm thick, which was then placed in the 

heating-freezing stage for microthermometric and cryogenic Raman analyses. The first set 

of experiments aims to simulate natural fluid inclusions, whereas the second set attempts 

to facilitate nucleation of ice and hydrate crystals and achieve complete freezing of the 

solution. 

Microthermometric analysis was conducted with a Linkam THM600 

heating-freezing stage mounted on an Olympus BX 51 microscope, equipped with a 50x 

objective and 10x oculars, at the Geofluids Laboratory of the University of Regina. The 

heating-freezing stage was calibrated with synthetic fluid inclusions of known 

composition. Various cooling/heating rates and cyclic cooling-heating processes were 

used for both sets of experiments to achieve maximum freezing and the clearest 

observation. The capillary samples were initially cooled rapidly to -185°C at a rate of 

30°C/min, heated to -100°C at a rate of 30°C/min, then to around -60
o
C at 2°C/min, and 

then to a temperature a few degrees before the complete melting of hydrohalite or ice at a 
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rate of 10°C/min, when the heating rate was changed to 0.1°C/min until the complete 

melting. The slow heating between -100° and -60°C was found necessary for the 

formation of hydrates and observation of “first melting”. The sandwiched samples were 

initially cooled to -60°C at a rate of 30°C/min to facilitate fast first freezing (in order to 

assure homogeneity across the sample), then to -120°C at a rate of 2°C/min to promote 

complete freezing, and then to -180°C at a rate of 30°C/min. After that, the samples were 

heated to around -100°C at 30°C/min, then to a temperature a few degrees before the 

complete melting of hydrohalite and ice at a rate of 10
o
C/min, when the heating rate was 

changed to 0.1°C/min until the complete melting. The slow-down of cooling between -60° 

and -120°C was to facilitate the formation of hydrates. 

Four phase-change temperatures were measured: freezing temperature (Tfz), 

first-melting temperature (Tfm), final hydrohalite-melting temperature (Tm-hh) and final 

ice-melting temperature (Tm-ice). The freezing temperature refers to the temperature at 

which the solution suddenly becomes darkened or the vapour bubble is suddenly 

deformed during the cooling process (for some capillary experiments, this happened 

during the heating rather than cooling process); this event does not represent complete 

freezing but rather the start of freezing, as described in detail in the next section, and the 

Tfz values were measured with a precision of approximately ±1°C. The first-melting 

temperature refers to the temperature when an apparently frozen solution (generally dark) 

suddenly becomes brightened during the heating process, which is interpreted to be the 

start of melting of the solid assemblage; the Tfm values are approximate due to 

considerable uncertainty in determining the first melting event. The final 

hydrohalite-melting and final ice-melting temperatures were measured precisely 

(±0.1°C). 
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The heating-freezing stage was mounted to the microscope connected with a Raman 

spectroscope in order to monitor the formation and melting process of hydrates and ice 

crystals. The Raman analysis was carried out with a Renishaw 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 groove/mm, and the objective is ×50 with 

long working distance.   

 

3.3 Results 

3.3.1 Phase behaviours during cooling processes 

The capillary samples showed two different kinds of behaviours during the cooling 

processes. Some did not freeze at all in the first cooling process to -185°C, whereas 

others appeared to experience sudden freezing. The majority of the capillary samples (#1 

– 4 and #6 – 9) showed sudden darkening and deformation of the bubble (Figs. 3.3a–b) 

at temperatures between -56° and -74°C (Table 3.2) during the quick cooling (30°C/min) 

process, giving the impression that the solution was completely frozen. With further 

cooling to -185°C, the appearance of the sample remains the same (Fig. 3.3c). Raman 

analysis indicates that the apparently frozen solutions were actually composed of ice and 

solution, with (#1 and #2) or without (#3 – 4 and #6 – 9) hydrates (Figs. 3.3d–e). Using 

lower cooling rates (5°C/min, 2°C/min, and 1°C/min) did not change the results; no 

hydrates were formed in the first cooling run for #3 – 4 and #6 – 9 samples regardless of 

the cooling rates.  
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Fig. 3.3 Photomicrographs and Raman spectra showing various behaviours of the capillary samples during 

freezing processes. (a) Vapour and liquid phases at 25°C, sample #6; (b) Same view as a showing sudden 

darkening and deformation of the vapour bubble at -67°C during the cooling process; (c) Same view as a and 

b showing that the sample remained the same appearance at -185°C; (d) Raman spectra showing 

development of ice and hydrates peaks in sample #2 in the first cooling run to -185°C; (e) Raman spectra 

showing ice and water peaks in sample #6 in the first cooling run to -185°C; (f) Vapour and liquid phases at 

25°C, sample #10; (g) Same view as f at -110°C showing that the vapour bubble was stretched but the liquid 

was not frozen; (h) Same view as g at -185°C showing that the liquid remained unfrozen; (i) Raman spectra 

showing only water peak at -185°C (same sample as h). 
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Table 3.2 Microthermometric results of capillary samples 

Sample 

No. 

Run 

No. 

Cooling Process Heating Process 

Tfz 

 (°C) 

Spectra at 

-185°C in 

first 

cooling 

TBest 
Tfm 

(°C) 

Tm-hh 

(°C) 
Tave.hh 

Tm-ice 

(°C) 
Tave.ice 

#1 

1 -64 
Hydrohalite 

and ice 

First 

cooling 

-28 -21.3 

-21.4 

-11.9 

-11.5 2 -67 -31 -21.3 -11.1 

3 -65 -30 -21.5 -11.5 

#2 

1 -56 
Hydrohalite 

and ice 

First 

cooling 

N.D. -22.8 

-22.8 

-11.5 

-11.2 2 -56 N.D. -22.9 -10.9 

3 -57 N.D. -22.6 -11.2 

#3 

1 -66 
Ice and 

water 

-90 ~ -55 

heating 

-68 -24.3 

-24.6 

-15.7 

-15.9 2 -67 -70 -24.5 -16.6 

3 -65 -71 -25.0 -15.4 

#4 

1 -65 
Ice and 

water 

-90 ~ -55 

heating 

-67 -25.5 

-25.7 

-14.0 

-14.7 2 -66 -67 -26.0 -15.2 

3 -67 -66 -25.5 -15.0 

#5 

1 -90 heating* 

Water 
-85 ~ -60 

heating 

-61 -27.4 

-27.2 

N.D 

N.D 2 -90 heating* -70 N.D. N.D 

3 -92 heating* -66 -27.0 N.D 

#6 

1 -67 
Ice and 

water 

-80 ~ -60 

heating 

-69 -29.1 

-29.4 

-20.3 

-20.3 2 -70 -66 -29.4 -20.0 

3 -69 -65 -29.7 -20.5 

#7 

1 -65 
Ice and 

water 

-70 ~ -60 

heating 

-63 -33.0 

-32.8 

-14.2 

-14.1 2 -63 -65 -33.0 -14.2 

3 -65 -66 -32.5 -14.0 

#8 

1 -72 
Ice and 

water 

-75 ~ -55 

heating 

-72 -36.0 

-36.4 

-17.0 

-17.1 2 -74 -70 -36.2 -17.4 

3 -73 -71 -37.0 -16.9 

#9 

1 -68 
Ice and 

water 

-70 ~ -60 

heating 

-68 -39.8 

-40.1 

-18.8 

-18.5 2 -72 -65 -40.0 -18.2 

3 -70 -66 -40.5 -18.5 

#10 
1 -105 heating* 

Water N.D. 
-72 N.D 

N.D. 
-19.1 

-19.1 
2 -108 heating* -75 N.D -19.0 

#11 

1 -92 heating* 

Water 

-60 

heating 

-70 -50.7 

-50.7 

N.D. 

-12.0 2 -95 heating* -70 N.D. N.D. 

3 -90 heating* N.D. -71 N.D. -12.0 

TBest = temperature range at which the best Raman spectra can be obtained;  

Tave. hh = averaged Hydrohalite-melting temperature in a sample; 

Tave.ice = averaged ice-melting temperature in a sample;  

heating* = fluid inclusion was frozen during heating process;  

N.D. – No data.  
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Three capillary samples (#5, #10, and #11) did not show any sign of freezing in the 

first cooling run to -185°C, except for slight stretching of the bubble (Figs. 3.3f–g) at 

about -110°C (Table 3.2). These samples remained unfrozen at -185
o
C (Fig. 3.3h), as 

indicated by the presence of water and absence of ice and hydrates in the Raman spectra 

(Fig. 3.3i). Using lower cooling rates (5°C/min, 2°C/min, and 1°C/min) did not change 

the results. 

For the sandwiched samples, initial freezing took place at temperatures from -33° to 

-57°C (Table 3.3) during the first cooling run (30°C/min), which are higher than the 

capillary counterparts. The quick cooling resulted in the formation of homogeneous 

mixtures with ice framework and interstitial solution. Further slow cooling (2°C/min) 

from -60° to -120°C facilitated the crystallization of hydrohalite, and various freezing 

patterns were observed. Most samples showed different degrees of freezing in different 

parts of the sample, as reflected by areas of different degrees of darkening (Figs. 3.4a–b). 

Complete freezing (absence of water) was generally achieved in dark-coloured patches, 

as indicated by the well-defined hydrate peaks with flat baseline (Fig. 3.4c), whereas 

partial freezing was developed in light-coloured areas, as reflected by the ice and 

hydrate peaks as well as the “water bump” beneath the hydrate peaks in the Raman 

spectra (Fig. 3.4d). The sizes of ice and hydrate crystals vary from sample to sample, 

and/or from area to area, and both fine-grained (Fig. 3.4e) and coarse-grained (Fig. 3.4f) 

areas can be water-free, as reflected by the absence of the “water bump” in the Raman 

spectra (Figs. 3.4g–h). Different crystal growth patterns were observed near the edge of 

the sandwiched samples, including heliciform (Fig. 3.4i), irregular dark patches with 

light-coloured spots (Fig. 3.4j), fish skeleton (Fig. 3.4k) and ripples (Fig. 3.4l). These 

unevenly crystallized areas were avoided in Raman analysis. 



 

35 

 

 

Table 3.3 Microthermometric results of sandwiched samples 

Sample  

  No. 

Run  

 No. 

Tfz  

(°C) 

Tfm  

(°C) 

Tm-hh  

(°C) 

Tave.hh  

 (°C) 

Tm-ice 

 (°C) 

Tave.ice  

(°C) 

#1 

1 -33 -23 -21.8 

-21.7 

-12.6 

-12.8 2 -33 -25 -22.0 -13.0 

3 -34 N.D. -21.3 -12.8 

#2 

1 -37 -60 -22.5 

-22.9 

-14.1 

-14.3 2 -37 N.D. -23.0 -13.9 

3 -39 -65 -23.1 -14.8 

#3 

1 -41 -70 -23.9 

-24.4 

-14.0 

-14.0 2 -37 -65 -24.6 -13.6 

3 -38 N.D. -24.8 -14.3 

#4 

1 -37 -58 -26.3 

-26.0 

-16.0 

-16.6 
2 -47 -57 -26.1 -16.8 

3 -52 N.D. -25.7 -17.0 

4 -53 N.D. -26.2 -16.5 

#5 

1 -39 -59 -27.5 

-28.0 

-13.5 

-13.5 2 -39 N.D. -28.0 -13.1 

3 -40 N.D. -28.5 -13.9 

#6 

1 -35 -58 -28.9 

-29.4 

-14.0 

-13.7 2 -37 N.D. -29.5 -13.5 

3 -38 -60 -29.8 -13.7 

#7 

1 -40 -59 -32.7 

-33.2 

-20.7 

-20.6 2 -57 -61 -33.5 -20.1 

3 -56 -63 -33.3 -21.0 

#8 

1 -38 -56 -36.7 

-37.1 

-14.5 

-14.6 
2 -40 -60 -37.4 -14.8 

3 -42 N.D. -37.1 -14.2 

4 -38 N.D. -37.0 -15.0 

#9 

1 -43 N.D. -39.9 

-40.5 

-16.0 

-15.6 2 -42 -65 -40.8 -15.2 

3 -44 -66 -40.8 -15.6 

#10 

1 -38 -72 -52.3 

-52.2 

-13.1 

-13.1 2 -37 -70 -52.1 -13.0 

3 -38 -71 -52.1 -13.1 

#11 

1 -42 -70 -50.0 

-50.5 

-19.0 

-18.9 2 -46 -69 -51.0 -18.6 

3 -47 -72 -50.5 -19.1 

            Tave. hh = averaged hydrohalite-melting temperature for a sample; 

        Tave.ice = averaged ice-melting temperature for a sample;  

         N.D. = No data. 
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Fig. 3.4 Photomicrographs and Raman spectra showing various behaviours of the sandwiched samples 

during freezing processes. (a) Sample #5 showing two areas of different darkening related to different 

degrees of freezing in the first cooling run to -185°C; (b) Enlarged view of the white square part in a; (c) 

Raman spectra showing ice and well-defined hydrate peaks with a flat baseline for the dark area in a and b; 

(d) Raman spectra showing ice and hydrate peaks with a big “water bump” for the light area in a and b; (e) 

Completely frozen area with fine-grained crystals at -185°C in sample #3; (f) Completely frozen area with 

coarse-grained crystals at -185°C in sample #7; (g) Raman spectra showing well developed peaks of 

hydrates and ice in the area shown in picture e; (h) Raman spectra showing the peaks of hydrates and ice 

in the area shown in picture f; (i) A heliciform growth features at -105°C during cooling process in the 

marginal part of sample #10; (j) An irregular dark patch with light-coloured spots at -105°C during 

cooling process in the marginal part of sample #10; (k) A growth feature showing a fish skeleton pattern at 

-110°C during cooling process in the marginal part of sample #10; (l) A ripple-like growth pattern at 

-70°C during cooling in sample #6. 
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3.3.2 Phase behaviours during heating processes  

3.3.2.1 Phase changes from -185°C to first melting 

For the sandwiched samples, complete freezing could be achieved in the first cooling 

run, and so no extra effort was needed to facilitate crystallization during the heating 

process. In contrast, most of the capillary samples (except #1 and #2, i.e., NaCl-dominant 

solutions) did not show complete freezing in the first cooling run to -185°C, and 

additional care was taken to induce nucleation of hydrates during heating. The common 

Raman peaks of the hydrates include 3422 cm
-1 

and at 3537 cm
-1 

for hydrohalite 

(NaCl•2H2O), 3405 – 3408 cm
-1 

and 3434 – 3437 cm
-1

 for combined hydrohalite and 

antarcticite (CaCl2•6H2O), and 3405 – 3408 cm
-1 

and 3434 – 3437 cm
-1 

for combined 

antarcticite, sinjarite (CaCl2•2H2O) and tetrahydrate (CaCl2•4H2O) (Chi et al. 2014a). 

For the capillary samples that did not completely solidfy, only ice Raman peaks (in 

addition to the water peak seen at room temperature – Fig. 3.5a) were detected after the 

first cooling run to -185
o
C (Fig. 3.5b). They showed almost no observable phase changes 

during the quick heating process from -185° to -100°C, but gradually developed hydrates 

during the following slow heating (2°C/min) process. After the sample was heated to an 

optimum temperature between -100° and -60°C (Tbest in Table 3.2), it was quickly 

re-cooled to -185°C for the second time, which resulted in large amounts of hydrates and 

little residual solution. If the re-cooling started before or after the optimum temperature, 

the amounts of hydrates formed would be greatly reduced. Figure 3.5 illustrates the 

cyclical hydrate formation optimization process for #7 solution (X(NaCl, m) = 0.4): when the 

sample was heated to -75°C, no hydrate peaks were observed (Fig. 3.5c), and re-cooling to 

-185°C did not result in any hydrates either (Fig. 3.5d); when the sample was heated to 
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-70°C, minor hydrate peaks were observed (Fig. 3.5e), and re-cooling to -185°C resulted 

in clear hydrate peaks, although the “water bump” is prominent (Fig. 3.5f); when the 

sample was heated to -65°C, minor hydrate peaks were observed (Fig. 3.5g) as in the last 

run, but re-cooling to -185°C resulted in much better hydrate peaks and significantly 

reduced “water bump” (Fig. 3.5h); when the sample was heated to -60°C, the hydrate 

peaks became less clear (Fig. 3.5i), and re-cooling to -185°C resulted in poor hydrate 

peaks and a large “water bump” (Fig. 3.5j); further increasing the temperature to -55°C 

almost eliminated any hydrate peaks (Fig. 3.5k), and re-cooling to -185°C resulted in 

minor hydrate peaks (Fig. 3.5l). The optimum temperature appears to be related to the 

composition of the solution, and increases systematically from #3 to #11 samples (i.e., 

with decreasing XNaCl values; Table 3.2). 
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Fig. 3.5 Raman spectra of capillary sample #7 showing the cooling – heating processes aiming to find the 
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optimum temperature to develop hydrates. (a) 25°C, only water peak; (b) First cooling to -185°C, only ice 

and water peaks; (c) Warming to -75°C, only ice and water peaks; (d) Cooling to -185°C, only ice and water 

peaks; (e) Warming to -70°C, minor prototype hydrate peaks in addition to ice and water peaks; (f) Cooling 

to -185
o
C, significant hydrate peaks with a large “water bump”; (g) Warming to -65°C, minor prototype 

hydrate peaks in addition to ice and water peaks; (h) Cooling to -185°C, well-developed hydrate peaks with 

a low “water bump”; (i) Warming to -60°C, minor prototype hydrate peaks in addition to ice and water 

peaks; (j) Cooling to -185°C, reduced hydrate peaks with a large “water bump”; (k) Warming to -55°C, 

disappearance of hydrate peaks; (h) Cooling to -185°C, minor hydrate peaks with a large “water bump”. 

 

 

 

 

  



 

41 

 

For the capillary samples that did not show any sign of freezing in the first run to 

-185°C (Sample #5, #10, and #11; Table 3.2), various crystallization behaviours were 

observed when the sample was heated to -108° and to -90°C. For sample #5, the edge of 

the bubble became straight (Fig. 3.6a) and then the whole inclusion turned dark (Fig. 3.6b). 

Prototype hydrate peaks were detected at -70°C (Fig. 3.6c) and well-defined hydrate 

peaks were developed when the sample was re-cooled to -185
o
C (Fig. 3.6d). For sample 

#11, patches of flaky crystals (Fig. 3.6e) were locally developed and then gradually grew 

to fill the whole tube (Fig. 3.6f). Prototype hydrate peaks were detected at -60°C (Fig. 

3.6g) and well-defined hydrate peaks were developed when the sample was re-cooled to 

-185°C (Fig. 3.6h). For sample #10, rounded patches composed of ice and interstitial 

solution were locally developed at -105°C during heating (Fig. 3.6i), as indicated by 

Raman spectra (Figs. 3.6j–k), and the whole sample turned dark at -90°C (Fig. 3.6l), but 

Raman spectra indicate that the solid-looking sample was composed of ice and solution 

(Fig. 3.6m). Further heating to-80°C, -70°C (Fig. 3.6n), -60°C (Fig. 3.6o), and -55°C 

appeared to result in melting of ice without nucleating any hydrates (Fig. 3.6m and 3.6p). 
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Fig. 3.6 Photomigraphs and Raman spectra showing various behaviours of unfrozen capillary samples 

during heating processes (a) The edge of the vapour bubble became straight at -110°C during heating 

process in sample #5; (b) Same view as a showing that the liquid portion turned dark gradually at -70°C 

during heating process; (c) Raman spectra of  the apparently frozen sample in b showing small ice peaks 

and prototype hydrate peaks at 70°C; (d) Raman spectra of the area analyzed in c showing well developed 

ice and hydrate peaks after re-cooling to -185°C; (e) Flaky crystals developed at -95°C during heating 

process in sample #11; the whole sample turned dark gradually afterward; (f) The same sample as e 

displaying local melting at -60°C during heating process; (g) Raman spectra of picture f showing small ice 

peaks and prototype hydrate peaks; (h) Raman spectra of sample #11 after re-cooling to -185°C showing 

well-developed ice and hydrate peaks; (i) Round patches of ice crystals were formed and began to spread at 

-105°C during heating process in sample #10; (j) Raman spectra showing the peaks of ice and water in the 

round patches shown in i; (k) Raman spectra showing the peaks of water in the liquid part shown in i; (l) The 

whole sample (#10) turned dark at -90°C during heating process; (m) Raman spectra showing only ice and 

water peaks in sample #10 at -90°C and -80°C during heating processes; (n) The whole sample (#10) 

remained dark at -70°C during heating process; (o) Slight melting occurred in the area near the vapour 

bubble of sample #10 at -60°C during heating process; (p) Raman spectra of sample #10 showing only water 

peak and gradually diminishing ice peaks at -70°C, -60°C and -55°C during heating processe.  
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3.3.2.2 Phase changes during first melting 

Because most capillary samples could not be completely frozen (i.e., some residual 

solution remained throughout the cooling and re-heating processes), we cannot use the 

first appearance of solution as indication of “first melting”. Furthermore, the fine-grained 

nature of the solution-crystal aggregates makes it difficult to optically observe the first 

melting of crystals under microscope, as exemplified by the melting processes of sample 

#3 (Fig. 3.7a–d) and #6 (Fig. 3.7e–h). Nevertheless, most of the capillary samples showed 

a local burst of melting at various temperatures (from -75° to -61°C) that could be clearly 

discerned at the edge of the bubble (Figs. 3.7b and 3.7f). These temperatures, recorded as 

first melting temperatures (Table 3.2), were fairly consistent between different runs of a 

given sample, but can vary significantly from one sample to another, which appears to be 

unrelated to the composition of the solutions (Table 3.2). During further heating, some 

grainy textures appeared gradually, and melting became intense especially in the area near 

the bubble (Figs. 3.7c and 3.7g). No sudden changes were observed at the theoretical 

eutectic point of -52°C, although the crystals became much coarser after the temperature 

passed the eutectic point (Figs. 3.7d and 3.7h).  

The sandwiched samples displayed similar first melting features at temperatures 

ranging from -72° to -57°C (Table 3.3), but the melting phenomena were not as clear as 

the capillary samples. Similarly, no abrupt changes were observed at the theoretical 

eutectic point of -52°C. 
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Fig. 3.7 Photomicrographs showing melting behaviours of #3 and #6 capillary samples before and during 

first melting. (a) #3 sample at -80.0°C characterized by even dark colour and smooth vapour bubble edge; (b) 

same as a, -71.5°C, showing appearance of minor liquid near the bubble; (c) same as b, -56.0°C, the sample 

became brighter and some fine-grained crystals appeared near the bubble; (d) same as c, -50.0°C, the 

crystals became coarser and clear; (e) #6 sample at -70.0°C, characterized by even dark colour and smooth 

vapour bubble edge; (f) Same as e, -65.0°C, note slight change of the edge of the bubble; (g) Same as f, 

-61.2°C, the area near the bubble became brighter and some fine-grained crystals appeared,; (h) Same as g, 

-50.0°C, the crystals became coarser and clear.  
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3.3.2.3 Phase changes after first melting 

Regardless of the freezing and melting behaviours at temperatures below that of the 

first melting event, only two solid phases (hydrohalite and ice) remained after first melting, 

both for capillary samples (Figs. 3.8a–h) and sandwiched samples (Figs. 3.8i–p). At first, 

the crystals of ice and hydrohalite were very fine and could hardly be distinguished from 

each other (Figs. 3.8a, 3.8e, 3.8i, and 3.8m). Upon further heating, the hydrohalite crystals 

can be clearly distinguished from ice crystals. Ice crystals are generally coarser and more 

rounded, and have lower relief than hydrohalite crystals (Figs. 3.8b–d, 3.8f–h, 3.8j–l, and 

3.8n–p). Many of the hydrohalite crystals show euhedral shapes, especially in the 

capillary samples (e.g., Figs. 3.8f–g). With gradual melting and coalescing of ice crystals, 

some hydrohalite crystals were enclosed in large ice crystals (Figs. 3.8d and 3.8l). In all 

the samples, interstitial hydrohalite melted completely before ice, but trace amounts of 

hydrohalite entrapped within ice (e.g., Fig. 3.8h) did not melt until the ice enclosing it 

melted. 
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Fig. 3.8 Photomicrographs showing melting behaviours of hydrohalite and ice at temperatures above the 

first-melting temperatures. (a – d from capillary sample #3; e – h from capillary sample #6; i – l from 

sandwiched sample #2; m – p from sandwiched sample #4). Note with the progress of melting, the ice and 

hydrohalite crystals gradually became more and more distinguishable, and ice crystals became larger, with 

some small hydrohalite crystals enclosed in ice crystals. Original in colour. 
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3.3.3 Measurement of hydrohalite and ice melting temperatures 

The final hydrohalite-melting and final ice-melting temperatures were measured 

precisely for both capillary and sandwiched samples, and the results are listed in Tables 

3.2 and 3.3. Unlike natural fluid inclusions, which are small in size, the melting of 

hydrohalite can be clearly observed in most cases. The cyclic method of Haynes (1985) 

was used when there was uncertainty about the hydrohalite melting temperatures. The 

differences between different runs for a given sample are <1°C (mostly < 0.6°C; Tables 

3.2 and 3.3); these differences are attributed to the presence of hydrohalite inclusions in 

ice crystals as described above. The results for both the capillary and sandwiched 

samples are comparable (within 0.5°C) to those predicted from previous studies (Fig. 

3.9; Chi and Ni, 2007).  

The final ice melting temperatures are generally consistent between different runs 

for a given sample (<1°C), both for the capillary and sandwiched samples (Tables 3.2 and 

3.3). The differences between runs are likely caused by thermal gradients due to the 

relatively large size of the samples (compared to natural fluid inclusions). On the other 

hand, the ice-melting temperatures vary significantly from one sample to another ranging 

from -10.9° to -20.5°C for the capillary samples and from -12.6° to -21.0°C for the 

sandwiched samples (Tables 3.2 and 3.3), which are different from the ice-melting 

temperatures expected for the solutions as they were initially prepared (roughly -11.0°C). 

These discrepancies are most likely due to different degrees of evaporation of water in the 

samples between the time of preparation and the time of experiment. However, the 

evaporation does not affect the XNaCl ratios, as suggested by the consistency between the 

measured and expected hydrohalite-melting temperatures (Fig. 3.9). 
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Fig. 3.9 Correlation between measured hydrohalite-melting temperatures and X(NaCl, wt) for capillary 

samples (a) and sandwiched samples (b). The predicted hydrohalite-melting temperatures with the equation 

of Chi and Ni (2007) are shown for comparison. Original in colour.  

 

 

  



 

49 

 

3.4 Discussion 

The freezing and melting behaviours of synthetic H2O-NaCl-CaCl2 solutions and the 

microthermometric measurements documented in this paper have several important 

implications for fluid inclusion studies. Firstly, incomplete freezing of H2O-NaCl-CaCl2 

fluid inclusions is likely more common than reported in the literature, and the difficulty 

for them to freeze may be related to both the composition of the fluid (XNaCl) and the 

purity (lack of solid particles) of the solution. Secondly, the “first melting” is a complex 

process rather than a simple and sudden melting at the eutectic point. Thirdly, although 

fluid inclusions may not be totally frozen by simple cooling, freezing (especially 

crystallization of hydrates) can be dramatically enhanced by finding an optimum 

combination of cooling and heating temperatures and their rates. Finally, even if a fluid 

inclusion cannot be totally frozen, the final hydrohalite and ice melting temperatures do 

not seem to be affected by the various metastabilities before the first melting event, and 

therefore they can still be used to calculate the fluid composition. Each of these aspects is 

further elaborated below.   

Difficulty to freeze fluid inclusions is one of the most frustrating problems 

encountered in microthermometric studies and has been considered as a classical example 

of metastability (Roedder, 1984). One of the potential causes of this problem is the lack of 

solid particles in the solution, which in turn may be related to extremely slow fluid flow 

velocity (Roedder, 1984). The glass-sandwiched film experiments conducted in this study, 

with alumina powder added to the solutions, clearly demonstrate that impurities of the 

solutions promote freezing. Another commonly encountered phenomenon in fluid 

inclusion microthermometric studies is that within a given sample or a group of similar 
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samples, some fluid inclusions can be frozen whereas others can not. This may be related 

to difference in fluid composition, as demonstrated by the experiments documented in this 

study. For example, #5 capillary sample (X(NaCl, m) = 0.6) could not be frozen in the first 

cooling run to -185°C, whereas #4 and #6 samples, which differ from #5 by 0.1 in XNaCl 

mole fraction, could be frozen, and this is true regardless of the cooling rates used, which 

varied from 2°C/minute to 30°C/minute. Similarly, #10 (X(NaCl, m) = 0.1, which is close to 

the eutectic composition; Fig. 3.1) and #11 (X(NaCl, m) = 0) samples could not be frozen 

regardless of cooling rates. Therefore, although the exact mechanism is not known, the 

inability for some fluid inclusions to freeze may be related to their specific compositions. 

Another important observation, which has been previously noticed (e.g., Samson and 

Walker, 2000), is that even if the fluid inclusions appear to be totally frozen in the first 

cooling run, as shown by the dramatic darkening, they are actually only partly frozen and 

composed of ice and residual solution, without any hydrates (Fig. 3.3). The detection of 

ice peaks by Raman (e.g., Fig. 3.3e) argues against the proposal that the apparently frozen 

inclusions are made of super-cooled glassy solid (Roedder, 1984, 1990), as discussed in 

Samson and Walker (2000). The fact that 9 out of the 11 capillary samples were either 

incompletely frozen or unfozen during the first cooling run to -185
o
C indicates that the 

development of incomplete freezing during microthermometric runs, although recognized 

by previous studies, is probably more common than realized by fluid inclusion 

researchers.  

It has been recognized by many previous studies (e.g., Roedder, 1984, 1990; Davis et 

al., 1990; Baumgartner and Bakker, 2009b; Bakker and Baumgartner, 2012) that 

H2O-NaCl-CaCl2 fluid inclusions exhibit various freezing and melting behaviours during 

the heating process from very low temperatures (e.g., -185°C), before reaching the 
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eutectic temperature (-52°C). Pre-eutectic behaviours, including darkening of the 

inclusion (Davis et al., 1990; Goldstein and Reynold, 1994; Samson and Walker, 2000) 

and emergence of grainy textures (Goldstein and Reynold, 1994; Bodnar, 2003; Chu and 

Chi, 2015), have been interpreted as phase transformations, either from originally glassy 

solid (Roedder, 1984, 1990), from metastable phases (Davis et al., 1990), or from 

hypesaline liquid (Samson and Walker, 2000; Ni et al., 2008), to crystalline hydrates 

during warming processes. The metastability below the eutectic temperature is further 

complicated by the development of tetrahydrate and sinjarite in addition to the stable 

assemblage of ice + hydrohalite + antarcticite (Samson and Walker, 2000; Ni et al., 2008; 

Baumgartner and Bakker, 2009b; Bakker and Baumgartner, 2012; Chi et al., 2014a; Chu 

and Chi, 2015). All these metastable phenomena, especially the presence of residual 

solution due to incomplete freezing as discussed above, make melting at the eutectic point, 

presumably marked by instant occurrence of liquid and disappearance of one of the ice + 

hydrohalite + antarcticite assemblage, difficult or impossible to observe. Considering the 

widespread existence of pre-eutectic metastability, as witnessed by the experiments 

conducted in this study, it is inferred that few of the so-called eutectic temperatures widely 

reported in the literature are truly eutectic, as has been previously suggested by Samson 

and Walker (2000). Samson and Walker (2000) further noted that the darkening of an 

inclusion that reflects crystallization of hydrates could be mistaken for a melting event. 

Hence, the temperature at which the initial melting event took place should be better 

called “first melting temperature” rather than “eutectic temperature”, and even the term 

"first melting" may be wrong, unless it can be demonstrated that liquid is generated. 

Furthermore, given the generally small sizes of natural fluid inclusions (in comparison 

with the capillary samples in this study), the first melting temperatures should be regarded 
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as approximate values.  

It has been known that Raman spectroscopy can be used to measure the solute 

composition of fluid inclusions if various hydrates can be formed (e.g., Samson and 

Walker, 2000; Ni et al., 2008; Baumgartner and Bakker, 2009b; Bakker and Baumgartner, 

2012; Chi et al., 2014a; Chu and Chi, 2015). However, as documented in this study, most 

H2O-NaCl-CaCl2 fluid inclusions can only produce ice in the first round of cooling to 

-185°C. Fortunately, hydrates can grow during the heating processes at the expense of 

interstitial solution (Samson and Walker, 2000) or through phase transformation in 

super-cooled aqueous electrolyte solutions (Rawson, 1967; Angell and Sare, 1970). It is 

therefore critical to find a way to “cultivate” hydrates in the initially poorly frozen 

inclusions. This study shows that an optimum temperature exsits, up to which the 

inclusion should be heated and then rapidly re-cooled to -185°C in order to produce the 

maximum amounts of hydrates. This optimum temperature varies with the composition of 

the fluid, and can be found through several trial runs. This is important for cryogenic 

Raman spectroscopic studies of natural fluid inclusions, as a single run may not be 

sufficient and may lead to the wrong conclusion that the inclusion is not suitable for the 

analysis.  

The various far-from-equilibrium freezing and melting behaviours of 

H2O-NaCl-CaCl2 solutions discussed above might cast doubt on the validity of using 

microthermometric data to calculate fluid composition (Chi and Ni, 2007; 

Steele-MacInnis et al., 2011). Fortunately, the microthermometric measurements carried 

out in this study (Tables 3.2 and 3.3) indicate that, regardless of when and how the 

hydrohalite was initially formed, its final melting temperature is dependent on the 

composition of the solution (Fig. 3.9). Therefore, it is reliable to calculate the fluid 
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composition using the hydrohalite-melting and ice-melting temperatures as long as 

hydrohalite and ice are present after the first-melting event. 

 

3.5 Conclusions 

The fact that many fluid inclusions (especially those of the H2O-NaCl-CaCl2 

system) cannot be totally frozen has long been recognized. Our experiments further 

confirm that even if a fluid inclusion appears to be completely frozen, as shown by 

increased darkness and a deformed bubble, it may contain only ice crystals and 

interstitial solution and no hydrates. Total freezing of H2O-NaCl-CaCl2 solutions can be 

achieved by adding alumina powder to the solutions prepared in the laboratory, 

confirming that the inability of fluid inclusions to freeze may be caused by lack of 

impurities in the solutions to serve as nucleation sites. It has also been found that 

solutions of certain compositions (e.g., pure CaCl2 solutions and those close to the 

eutectic compositions) are more difficult to freeze than other solutions.  

The first melting temperatures can be reproduced in different runs of a given 

solution, but are significantly lower than the eutectic temperature. This is likely caused 

by metastability related to many factors, including the presence of residual solution (i.e. 

incomplete freezing) and other calcium chloride hydrates (tetrahydrate and sinjarite) in 

addition to the stable assemblage of ice + hydrohalite + antarcticite. The fact that all the 

first-melting temperatures measured for solutions of different XNaCl values are lower 

than the eutectic temperature indicate that most of the so-called eutectic temperatures 

reported in the literature are actually not real eutectic temperatures.  
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Even though most fluid inclusions of the H2O-NaCl-CaCl2 system only produce ice 

in the first cooling to -185°C, hydrates can be “cultivated” during the heating process. 

An optimum combination of temperature and heating rate, which depend on the 

composition of the solution, can be found to produce maximum amounts of hydrates. 

This is useful for cryogenic Raman spectroscopic analysis of fluid inclusion 

compositions.   

Regardless of the metastable freezing and melting behaviours at temperatures 

below the first-melting event, the final melting temperature of hydrohalite, together with 

the final melting temperature of ice, can be reliably used to calculate the composition of 

the fluid. 
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Chapter 4 Cryogenic Raman spectroscopic study of H2O-NaCl-CaCl2 

fluids
2
 

 

4.1 Introduction 

Fluid inclusions of the H2O-NaCl-CaCl2 system are common in many geologic 

environments (Crawford, 1981; Vanko et al., 1988; Oakes et al., 1990; Williams-Jones 

and Samson, 1990; Chi and Savard, 1997; Xu, 2000; Samson and Walker, 2000; Chi and 

Ni, 2007; Samson et al., 2008; Stoffell et al., 2008; Li et al., 2013; Qiu et al., 2014) and 

knowing the XNaCl ratios of these inclusions is important in order to understand the 

geochemical properties and behaviours of the paleo-fluids. The composition of fluid 

inclusions has been analyzed by a variety of non-destructive and destructive techniques 

and each analytical method has its own advantages and disadvantages (Roedder, 1984; 

Chi et al., 2003a). 

The microthermometric technique is a traditional method to determine the type of 

salts and the salinity by observing the phase change of ice and hydrates (Crawford, 1981; 

Roedder, 1984), with the advantages of being individual-inclusion analysis, 

non-destructive, and of high accessibility. However, it is generally difficult to measure the 

melting temperatures of various hydrates accurately because of difficulty of visually 

distinguishing the hydrates and ice, metastable crystallization (Davis et al., 1990; Samson 

                                                 

2
 Modified from “Chu, H., Chi, G., 2015. Determining fluid composition in the H2O-NaCl-CaCl2 system 

with cryogenic Raman spectroscopy: Application to natural fluid inclusions. Acta Geologica Sinica 89, 

894–901.” 
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and Walker, 2000; Bodnar et al., 2003a), and disequilibrium conditions (Roedder, 1971, 

1984). Although these problems may be partly addressed by the sequential 

freezing-heating technique (Haynes, 1985), it is time-consuming and contains a lot of 

uncertainties. 

The thermal decrepitation-SEM-EDS analysis has been regarded as a direct and rapid 

method to determine the solute compositions of fluid inclusions (Haynes and Kesler, 

1987; Savard and Chi, 1998; Kontak, 2004). This method was first discussed and applied 

by Eadington (1974), and was shown to be a reliable method based on analysis of 

synthetic inclusions of known compositions (Haynes et al., 1988). Savard and Chi (1998) 

used similar methods to analyze mineralizing fluids that formed the MVT deposits in the 

Maritimes basin of eastern Canada. However, this analytical method has the disadvantage 

of being destructive. 

The cryogenic Raman spectroscopic analysis has shown the potential to determine 

the solute compositions of fluid inclusions in the past decades. The OH
-
 stretching 

vibration band was applied to estimate the salinity of fluid inclusions quantitatively 

(Walrafen, 1971; Mernagh and Wilde, 1989; Dubessy et al., 2002; Ni et al., 2006; Perera 

et al., 2009; Sun et al., 2010; Wang et al., 2013). Raman peaks of different hydrates in the 

H2O-NaCl-CaCl2 system, including hydrohalite (NaCl•2H2O), antarcticite (CaCl2•6H2O), 

-tetrahydrate (-CaCl2•4H2O), -tetrahydrate-CaCl2•4H2O), and sinjarite 

(CaCl2•2H2O), ranging from 3190 to 3557 cm
-1

, have been recognized in previous studies 

(Dubessy et al., 1982, 1992; Samson and Walker, 2000; Baumgartner and Bakker, 2009a, 

2009b, 2010; Bakker, 2004; Derome et al., 2005; Ni et al., 2006; Ding et al., 2008). 

Recently, the X(NaCl, m) (= m(NaCl)/[m(NaCl) + m(CaCl2)], where m is molality) of the 
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H2O-NaCl-CaCl2 solution was correlated to their Raman band intensity of the hydrates by 

Chi et al. (2014a) using synthetic fluid inclusions. However, the feasibility of this method 

on natural fluid inclusions has not been tested. 

This paper aims to verify if the correlation between Raman bands areas and X(NaCl, m) 

established by Chi et al. (2014a) is applicable to natural fluid inclusion analysis. 

Twenty-five fluid inclusions hosted in quartz from different occurrences were selected for 

this study. These inclusions were analyzed with microthermometry, cryogenic Raman 

spectroscopy and thermal decrepitation-SEM-EDS. The results from the different 

methods were compared, and the feasibility of the cryogenic Raman spectroscopic 

method discussed. 

 

4.2 Analytical methods 

Fluid inclusions were observed under the microscope and isolated ones with 

workable size (>10 µm) were selected for further studies. Prior to Raman analysis, 

microthermometry was conducted to estimate the composition of each fluid inclusion. 

Cryogenic Raman analysis was carried out for fluid inclusions with high degree of 

freezing and X(NaCl, m) values were calculated based on the equation established by Chi et 

al. (2014a). Finally, the salts of the fluid inclusions were exposed by thermal decrepitation 

and X(NaCl, m) of the salts was analyzed precisely using SEM-EDS. The X(NaCl, m) values 

obtained from Raman and decrepitation-SEM-EDS analysis were then compared to assess 

the viability of cryogenic Raman analysis. 

The microthermometric analyses were conducted with a Linkam THM600 

heating-freezing stage mounted on an Olympus BX 51 microscope, equipped with a 50x 
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objective and 10x oculars, at the Geofluids Laboratory, University of Regina. Freezing 

temperatures, first-melting temperatures, hydrohalite-melting temperatures and 

ice-melting temperatures were measured with precision of ±1°C, ±1°C, ±0.1°C and 

±0.1°C, respectively. It should be pointed out, however, that the measurement of 

hydrohalite-melting temperatures was difficult because the hydrohalite crystals could not 

be identified clearly in many cases. 

Raman analysis was carried out with a Renishaw RM2000 laser Raman spectroscope 

at the Geofluid Laboratory of the University of Regina. The excitation laser wavelength is 

514 nm, the grating used is 1800 groove/mm, and the objective is ×50 with long working 

distance. These inclusions were initially cooled to -185
o
C at a rate of 30

o
C/min, then 

warmed to around -75°C at 2°C/min, and finally cooled to -185°C again at 30°C/min 

again. All the analyses were done at a temperature of -185°C. 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). 

The X(NaCl, m) values were estimated using the equation:  

XNaCl = aNa/(1-aNaCa) - (0.294 r + 0.014)                                (E.q. 4.1) 

Detailed procedures of data processing were described in Chi et al. (2014a).  

The sample (fluid inclusion chip) was then placed in a furnace pre-heated to 450
o
C 

for 2 minutes in order to decrepitate the fluid inclusions. Fluid inclusions were verified by 

microscope to make sure that fluids were released and decrepitates were exposed on the 

surface. After that, the chip was glued on a thin section glass and carbon coated, followed 

by SEM-EDS analysis of the salt mounds from decrepitation of fluid inclusions, using the 

same method as described by Savard and Chi (1998). The voltage was set at 15 kV, and 

the acquisition time was 60 seconds.  
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4.3 Results 

The size of most fluid inclusions ranges from 10 to12 µm, with some up to 20 µm 

(Table 4.1). All of them are composed of liquid and vapour phases at room temperature 

with no daughter minerals (Figs. 4.1a and 4.1c). Vapour percentages range from 10% to 

12%. Isolated inclusions were purposely chosen in order to avoid contamination from 

neighbouring fluid inclusions during thermal decrepitation. 

The microthermometric results including visible frozen temperatures (Tfz), 

first-melting temperatures (Tfm), hydrohalite-melting temperatures (Tm-hh) and ice-melting 

temperatures (Tm-ice) of thirteen selected fluid inclusions were listed in Table 4.1. Most of 

the fluid inclusions have Tfz below -70°C (several of them were frozen during heating 

process, Table 4.1), Tfm below -60°C and Tm-ice below -21.2°C, which indicate the 

potential existence of Ca
2+

. The freezing was generally characterized by ice appearance, 

darkening of the inclusion, and squeezing or pushing of the bubble to the corner of the 

inclusion (Figs. 4.2a–c). Ice-melting temperature can be clearly observed by the finial ice 

crystal disappearance (Figs. 4.2j–l). However, first melting (Figs. 4.2c–e) and hydrohalite 

melting (Figs. 4.2f–i) processes were not easy to follow even after several cycling cooling 

and heating trials. The actual Tm-hh may be still higher than the observed ones because 

some fine-grained hydrate halite crystals might remain among ice crystals without being 

observed (Fig. 4.2i).  
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Fig. 4.1 Microscopic and SEM photographs of selected fluid inclusions. (a) an isolated fluid inclusion 

about 20 µm, from sample GELE07-15A-b; (b) a rough mound of salts formed from thermal decrepitation 

of a fluid inclusion (note the inhomogeneous nature of the mound), from sample GELE07-15A-b; (c) an 

isolated fluid inclusion about 12 µm, from sample GELE07-15A-c; (d) a rough mound of salts formed from 

decrepitation of a fluid inclusion (note the presence of discrete crystals as well as fine mixtures), from 

sample GELE07-15A-c.  
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Table 4.1 Microthermometric results of selected fluid inclusions*   

Sample 
Size 

V% 
Tfz Tfm Tm-hh Tm-ice Salinity X(NaCl, 

m) (µm) (°C) (°C) (°C) (°C) (wt. %) 

GELE07-15A-a 12 10 -72.5, heating - -29.9 -20.2 21.26 0.35 

GELE07-15A-b 20 10 -70, heating <-60 -40.0 -29.7 25.11 0.13 

GELE07-15A-c 16 12 -70.2, heating - -31.0 -20.9 21.58 0.31 

GELE07-15A-d 10 12 -70.5, heating - -50.6 -18.3 19.76 0.06 

GELE07-15A-e 20 10 -72 -73 -31 -20.0 21.09 0.31 

GELE07-15A-f 14 12 -70 - - -23.0 - - 

JFR06-115B-a 10 10 -54.1 - -25 -10.7 14.67 0.61 

JFR06-115B-b 10 10 -96 -72 -40 -26.1 23.71 0.13 

JFR06-115D-a 12 10 -73, heating -65 -35 -27.9 24.6 0.21 

JFR07-212A-a 12 10 -71.5 -75.8 -24.2 -19.2 21.24 0.68 

JFR07-212A-b 20 10 -60.5 -68.2 -29.8 -22 22.24 0.35 

JFR07-212A-c 10 10 -92.2, heating -57.2 -50.9 -40 28.64 0.06 

JFR07-212A-d 12 10 -74.4 - -35 -18.2 20.47 0.21 

* Tfz = freezing temperature (heating means that freezing took place during the heating process rather than 

cooling process); Tfm = first-melting temperature; Tm-hh = hydrohalite-melting temperature; Tm-ice = 

ice-melting temperature; Salinity (i.e., NaCl+CaCl2 in wt. %) and X(NaCl, m) were calculated using the 

equation of Chi and Ni (2007); ‘-’ means no data. 
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Fig. 4.2 Photomicrographs showing microthermometric process and visible phase change temperatures of 

a fluid inclusion in sample JFR06115B-b. (a) a fluid inclusion of 10 µm and 10% vapour, room temperature; 

(b) the inclusion was frozen with the squeezed bubble, -96°C
 
during cooling; (c) the inclusion at -185°C ; (d) 

suspected Tfm, the surface was not smooth any more, -72°C during heating; (e); the inclusion became grainy, 

-70°C during heating; (f) some crystals can be observed, -60°C during heating; (g) melting process 

continued, -50°C during heating; (h) ice crystals clearly discernable, -45°C during heating; (i) suspected 

Tm-hh, no hydrohalite discernable, -40°C during heating; (j) ice was metling, -36.6°C during heating; (k) 

final ice crystal remained, -28.5°C during heating; l) final ice melted , -26.1°C during heating.  
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Raman spectra taken after warming to various temperatures and re-cooled to -185°C 

were quite different (Fig. 4.3), even though there were no appreciable changes in the 

appearance of the fluid inclusion. Fluid inclusions without experiencing the warming 

process or having not been warmed enough generally yield water peaks (Fig. 4.3a) or 

obscure hydrate spectra (Fig. 4.3b). When samples were warmed to a proper temperature, 

smooth and clear hydrate peaks showed up (Fig. 4.3c). However, if the warming 

temperature was too high and passed the proper temperature, hydrates peaks may be 

masked by a big “water bump” (Fig. 4.3d). To get the best hydrate spectra, several 

warming temperatures have been tried for each sample. Some of the fluid inclusions were 

frozen almost completely as suggested by the flat base of the spectra between 3350 and 

3600 cm
-1 

(Fig. 4.4a). Nonetheless, most of the fluid inclusions were partially frozen and 

showing a “water bump” in their Raman spectra (Figs. 4.4b–c), and some unfrozen ones 

show only water peaks (Fig. 4.4d). The fluid inclusions with high degree of freezing and 

relatively small “water bump”, as indicated by r<1 (Table 4.2), were used for X(NaCl, m)  

calculations, using the equations proposed by Chi et al. (2014a). The area fraction of 

individual bands (a1-a6), the “water bump” to total peak area ratio (r), total hydrate halite 

fraction (aNa), undivided hydrates peak fraction (aNaCa), as defined in Chi et al. (2014a), 

and calculated XNaCl and X(NaCl, m) values of each inclusion are listed in Table 4.2. 

 

  



 

64 

 

 

 

 

 

 

 

 

Fig. 4.3 Raman spectra taken at -185°C after heating to different temperatures, sample JFR06115D-a. This 

fluid inclusion was initially cooled to -185°C and spectra (a) were taken; subsequently, the same fluid 

inclusion was warmed to -80°C, then cooled to -185°C again and spectra (b) were taken; spectra (c) and (d) 

were taken using similar method as spectra b) except warmed to -75°C and -70°C, respectively. (a) spectra 

with only water peaks (3350 and 3600 cm
-1

), taken at -185°C without warming; (b) obscure spectra, taken at 

-185°C after warming to -80°C; (c) spectra with distinguishable hydrates peaks, taken at -185°C after 

warming to -75°C; (d) spectra with combined water and hydrate peaks, taken at -185°C after warming to 

-70°C.  
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Fig. 4.4 Raman spectra of fluid inclusions with different frozen degrees. (a) almost completely frozen fluid 

inclusion, relatively flat base between 3350 and 3600 cm
-1

, sample JFR07-212A-a ; (b) partially frozen fluid 

inclusion, with a small “water bump” in the spectra, sample GELE07-15A-b; (c) partially frozen fluid 

inclusion, with a big “water bump” in the spectra, sample GELE07-15D-a; (d) unfrozen fluid inclusion, with 

no hydrates peaks, sample JFR06-115B-c. Samples with spectra like c) and d) were discarded for cryogenic 

Raman analysis. 
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Table 4.2 Cryogenic (-185°C) Raman results of fluid inclusions 

Sample a1 a2 a3 a4 a5 a6 r XNaCl 
aNa 

=a3+a6 

aNaCa 

=a2+a4 

X(NaCl, 

m) 

GELE07-15A-a 0.1285  0.2080  0.2437  0.1731  0.0969  0.1499  -0.2021  -0.0454  0.3935  0.3811  0.6812  

GELE 07-15A-b 0.1732  0.1337  0.3111  0.1672  0.0283  0.1865  0.7285  0.2282  0.4975  0.3009  0.4835  

GELE 07-15A-c 0.0339  0.1738  0.3207  0.0830  0.0430  0.3456  0.7269  0.2277  0.6663  0.2567  0.6688  

GELE 07-15A-d 0.2255  0.1786  0.1447  0.2059  0.2238  0.0216  -0.1202  -0.0214  0.1663  0.3845  0.2915  

GELE 07-15A-e 0.1068  0.1574  0.1734  0.2930  0.0774  0.1919  -0.1663  -0.0349  0.3654  0.4504  0.6997  

GELE 07-15A-f 0.1876  0.1892  0.2253  0.1415  0.1485  0.1079  -0.5527  -0.1485  0.3332  0.3307  0.6463  

JFR06-115B-a 0.0941  0.2198  0.4218  0.0920  0.0518  0.1206  -0.4469  -0.1174  0.5424  0.3118  0.9055  

JFR06-115B-b 0.1387  0.1215  0.1803  0.1842  0.2337  0.1416  0.1816  0.0674  0.3218  0.3057  0.3962  

JFR06-115D-a 0.0834  0.1505  0.3267  0.1341  0.0285  0.2767  0.3267  0.1100  0.6033  0.2847  0.7334  

JFR07-212A-a 0.0014  0.2049  0.4078  0.1771  0.0004  0.2085  0.1723  0.0646  0.6163  0.3819  0.9325  

JFR07-212A-b 0.1746  0.1605  0.2865  0.1628  0.1269  0.0886  0.1177  0.0486  0.3751  0.3233  0.5057  

JFR07-212A-c 0.1505  0.1971  0.2144  0.1584  0.1460  0.1336  0.3812  0.1261  0.3480  0.3555  0.4139  

JFR07-212A-d 0.3887  0.1404  0.2586  0.0767  0.0136  0.1220  0.1065  0.0453  0.3806  0.2171  0.4408  

jfr-07-212c1-c 0.0793  0.2156  0.3875  0.1930  0.0013  0.1233  0.0925  0.0412  0.5108  0.4086  0.8224  

jfr-07-212c1-s 0.0000  0.2274  0.3961  0.2340  0.0138  0.1288  0.1476  0.0574  0.5249  0.4613  0.9171  

08-gc-29-d 0.0042  0.1850  0.4122  0.2265  0.0000  0.1721  0.1827  0.0677  0.5843  0.4115  0.9252  

07gc322b-g 0.0000  0.2912  0.4087  0.2128  0.0000  0.0874  0.4361  0.1422  0.4960  0.5039  0.8577  

07gc322c-a 0.0000  0.2136  0.4293  0.2552  0.0000  0.1019  0.0334  0.0238  0.5312  0.4688  0.9762  

07gc322c-d 0.0000  0.1962  0.3751  0.2737  0.0000  0.1550  0.0473  0.0279  0.5301  0.4699  0.9721  

07gc322c-e 0.0000  0.2456  0.4501  0.2452  0.0005  0.0586  0.0190  0.0196  0.5087  0.4908  0.9794  

07gc322c-f 0.0155  0.2166  0.4098  0.2622  0.0000  0.0960  -0.1302  -0.0243  0.5058  0.4787  0.9945  

07gc322c-g 0.0000  0.2544  0.4462  0.2545  0.0002  0.0448  -0.1106  -0.0185  0.4910  0.5088  1.0181  

07gc322c-h 0.0000  0.2156  0.3660  0.1199  0.2201  0.0783  -0.1020  -0.0160  0.4443  0.3355  0.6847  

07gc322d-f 0.0000  0.2300  0.4609  0.2231  0.0197  0.0664  -0.0170  0.0090  0.5273  0.4530  0.9550  

07gc322d-g 0.0000  0.2126  0.4304  0.2904  0.0065  0.0600  0.1012  0.0437  0.4904  0.5031  0.9432  
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After thermal decrepitation, most of the salts were located at the same position of the 

original fluid inclusion. The decrepitates occur as rough mounds of aggregates of 

indistinguishable crystals (Figs. 4.1b and 4.1d) and discrete crystals (Fig. 4.1d). Point 

shooting analysis of SEM-EDS indicates the heterogeneity of the salts; for example, the 

elongated cube (crystal aggregation) in the left part of Fig. 4.1d is rich in Na compared to 

the other parts of the decrepitate. Thus, raster scanning covering the whole area of the 

decrepitate was used to estimate the composition of the solutes of the fluid inclusions. 

The results deduced from Raman spectra analysis and decrepitation-SEM-EDS 

analysis of each fluid inclusion were listed in Table 4.3 and plotted in Fig. 4.5. The 

corresponding data are generally comparable and there is a nearly one-to-one linear 

correlation (Fig. 4.5) between the two datasets, indicating that the cryogenic Raman 

analysis is a viable method of determining the solute compositions of fluid inclusions.  
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Table 4.3 Comparison of X(NaCl, m) of fluid inclusions estimated from cryogenic Raman and 

decrepitation-SEM-EDS methods 

Sample 
X(NaCl, m) estimated from X(NaCl, m) estimated from 

cryogenic Raman decrepitation-SEM-EDS 

GELE07-15A-a 0.68 0.69 

GELE07-15A-b 0.48 0.40 

GELE07-15A-c 0.67 0.62 

GELE07-15A-d 0.29 0.16 

GELE07-15A-e 0.70 0.62 

GELE07-15A-f 0.65 0.65 

JFR06-115B-a 0.91 0.95 

JFR06-115B-b 0.40 0.42 

JFR06-115D-a 0.73 0.76 

JFR07-212A-a 0.93 0.96 

JFR07-212A-b 0.51 0.55 

JFR07-212A-c 0.41 0.30 

JFR07-212A-d 0.44 0.46 

jfr-07-212-c1-c 0.82 0.95 

jfr-07-212-c1-s 0.92 1.00 

08-gc-29-d 0.93 0.83 

07gc322b-g 0.86 0.89 

07gc322c-a 0.98 0.96 

07gc322c-d 0.97 1.00 

07gc322c-e 0.98 1.00 

07gc322c-f 1.00 0.94 

07gc322c-g 1.02 0.95 

07gc322c-h 0.69 0.69 

07gc322d-f 0.96 1.00 

07gc322d-g 0.94 0.86 
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Fig. 4.5 Correlation between X(NaCl, m) of natural fluid inclusions estimated from the cryogenic Raman 

method and from the decrepitation-SEM-EDS method. 
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4.4 Discussion  

The traditional microthermometric method was not a reliable method to estimate 

XNaCl of the fluid inclusions because it is difficult to freeze fluid inclusions completely and 

to discern various melting temperatures of fine-grained hydrates precisely. Many fluid 

inclusions cannot be frozen even at temperatures as low as -190°C and when multiple 

heating and freezing were applied (Haynes, 1985; Samson and Walker, 2000; 

Baumgartner and Bakker, 2009a, 2009b, 2010). According to this study, X(NaCl, m) values 

estimated by microthermometry were lower than those yielded by Raman spectra and 

decrepitation- SEM-EDS analysis (Table 4.1 and 4.3). This means that the actual hydrate 

halite-melting temperatures were higher than the observed ones, which may be due to the 

difficulty to see the fine-grained hydrate crystals (Fig. 4.2). 

Cryogenic Raman spectroscopy shed light upon fluid inclusion compositional study 

with the discoveries that different hydrates can be distinguished by their signature peaks 

(Dubessy et al., 1982, 1992; Samson and Walker, 2000; Bakker, 2004; Derome et al., 

2005; Ni et al., 2006; Ding et al., 2008; Baumgartner and Bakker, 2009a, 2009b, 2010), 

and that X(NaCl, m) is linearly correlated with the total peak area fraction of hydrohalite on 

condition that the solution is totally frozen (Chi et al., 2014a). The problem of incomplete 

freezing can be partially solved using the parameter XNaCl which is related to the amount 

of residual solution and reflected by the ratio (r) of the baseline “bump” (Chi et al., 2014a). 

When the “water bump” is small (r<1), the empirical equation quantifying the relationship 

between the fraction of hydrohalite peaks and X(NaCl, m) as a linear correlation (Chi et al., 

2014a) provides a semi-quantitative tool to calculate the solute composition of fluid 

inclusions. 
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It is found that hydrates need suitable temperatures to grow and recrystallize during 

cryogenic Raman analysis. Most of the hydrates nucleated in the warming process, and it 

is important to find the appropriate temperature to develop detectable hydrates (Figs. 4.3a 

and 4.3b). Fluid inclusions that have not been sufficiently warmed after initial cooling 

may not nucleate enough hydrates for analysis, as also noticed in other studies (Ni et al., 

2006, 2008). On the other hand, over-warming may result in melting of hydrates and weak 

hydrate peaks (Fig. 4.3d). Although partial freezing was common in the studied fluid 

inclusions as indicated by the “water bumps” in the Raman spectra, most of the samples 

satisfy the requirement of the empirical equation (e.g., r<1) and can be corrected using 

XNaCl.  

 The nearly 1:1 correlation between X(NaCl, m) values calculated with cryogenic 

Raman Spectra and thermal decrepitation-SEM-EDS analysis (Fig. 4.5) confirms the 

feasibility of cryogenic Raman spectroscopic method for determining the composition of 

natural fluid inclusions. Uncertainties may be derived from the semi-quantitative nature of 

the two methods and local inhomogeneity of the solid-solution mixture.   

 

4.5 Conclusions 

In conclusion, this study indicates that the XNaCl value of a fluid inclusion in the 

H2O-NaCl-CaCl2 system can be estimated from the Raman spectra of the various hydrates. 

Natural fluid inclusions with different salinities may need different warming processes to 

facilitate hydrates crystallization. XNaCl values deduced from cryogenic Raman 

spectroscopic analysis are comparable to those estimated from the 

decrepitation-SEM-EDS method. Cryogenic Raman spectroscopy provides a new, 
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non-destructive, and semi-quantitative tool to estimate the salt composition of individual 

fluid inclusions. 
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Chapter 5 Diagenetic and geochemical studies of the sandstones
3
 

 

5.1 Introduction 

The Athabasca Basin in northern Saskatchewan and Alberta, which hosts the world’s 

largest high-grade uranium deposits (Hoeve et al., 1980; Jefferson et al., 2007; Kyser and 

Cuney, 2008), is generally considered to be an oxidized sedimentary basin that provided 

the oxidizing fluids required to form the uranium deposits near the unconformity between 

the sedimentary rocks of the Athabasca Group and the crystalline basement (Hoeve and 

Sibbald, 1978; Hoeve and Quirt, 1984; Kotzer and Kyser, 1995; Kyser et al., 2000; 

Cuney et al., 2003; Alexandre et al., 2005; Derome et al., 2005; Kyser, 2007; Richard et 

al., 2010, 2011, 2012; Mercadier et al., 2012). One of the unresolved issues regarding 

uranium mineralization models in the Athabasca Basin is the source of uranium. 

Although it is generally agreed that the mineralizing fluids were brines derived from the 

basin, it is uncertain whether uranium was extracted from sedimentary rocks in the basin 

(Hoeve and Sibbald, 1978; Hoeve et al., 1980; Kotzer and Kyser, 1995; Fayek and Kyser, 

1997; Kyser et al., 2000) or from the basement (Dahlkamp, 1978; Annesley and Madore, 

1999; Hecht and Cuney, 2000; Madore et al., 2000; Cuney et al., 2003; Richard et al., 

2010; Mercadier et al., 2013), or both (Hoeve and Quirt, 1984; Fayek et al., 2010). The 

basement source model is favoured by some researchers based on the overall elevated 

concentrations of uranium in the basement and further enrichment of uranium in certain 

                                                 

3
 Modified from “Chu, H., Chi, G., Bosman, S., Card, C., 2015. Diagenetic and geochemical studies of 

sandstones from drill core DV10-001 in the Athabasca basin, Canada, and implications for uranium 

mineralization. Journal of Geochemical Exploration 148, 206–230.” 
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lithological units such as pegmatitic rocks (Parslow and Thomas, 1982; Annesley and 

Madore, 1999; Madore et al., 2000; Hecht and Cuney, 2000; Derome et al., 2003a, 

2003b; Mercadier et al., 2013), but it faces the difficulty that the overall reducing 

environment in the basement is unfavourable for uranium extraction and transport.  

Furthermore, no large-volume high-permeability altered basement rocks have been 

detected beneath the Athabasca Basin (Hoeve and Quirt, 1984; Thomas et al., 1998), 

although reactivation of microfracture networks may have enhanced permeability of 

basement rocks periodically and volumes of altered basement rocks may have been 

much higher than previously according to Mercadier et al. (2010) and Cui et al. (2012). 

On the other hand, the basinal source model is liked by others because the overall 

oxidizing conditions in the basin and the relatively high permeability (compared to the 

crystalline basement) of the sandstone favours the dissolution and transport of uranium 

(Kyser et al., 2000; Jefferson et al., 2007). Although, the relatively low concentration of 

uranium in the sedimentary rocks preserved in the basin (≤1 ppm U, Jefferson et al., 2007) 

compared to underlying uranium-rich basement rocks (up to hundreds of ppm U, Parslow 

and Thomas, 1982) does not seem to support this model, it has been argued that the 

uranium concentrations in sandstones prior to diagenesis may have been up to 70 ppm 

(Fayek and Kyser, 1997). Therefore, the present low uranium concentration may be due 

to removal of uranium by basinal fluids (Hoeve and Quirt, 1984; Fayek and Kyser, 

1997). However, little evidence has been found about how much uranium may have 

been extracted from the sedimentary rocks in the Athabasca Basin, and when the 

extraction may have taken place in the evolution history of the basin.  

Diagenetic studies of sedimentary rocks in the Athabasca Basin may provide 

important evidence for element migration during the fluid-rock interaction processes. 
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Such studies are best conducted in barren areas far away from mineralization districts, 

such as the eastern margin of the basin, where diagenetic signatures may have been 

altered or overprinted by mineralization events. Most previous studies of diagenetic 

processes were carried out with samples from mineralization zones and nearby areas, 

although a few cores from barren areas have also been examined (Pagel, 1975; Kister et 

al., 2006; Laverret et al., 2006; Gaboreau et al., 2007; Scott and Chi, 2012). The samples 

for this study were collected from drill core DV10-001, which was drilled in the central 

part of the Athabasca Basin (Fig. 5.1), far from any known uranium deposits. Eighty 

polished thin-sections were examined for petrography, and 135 samples were analyzed 

for major and trace elements, in order to document the mineralogical and geochemical 

characteristics across the strata. The results are used to investigate element mobility, 

fluid composition and fluid-flow patterns during the diagenetic processes, and to 

evaluate the potential contribution of the sedimentary rocks as a source of uranium. 
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Fig. 5.1 Maps showing the tectonic framework and geology of the Athabasca Basin. (a) Location of the 

Athabasca Basin in the regional tectonic framework (after Card, 2012). (b) Regional geological map of the 

Athabasca Basin showing each formation and the location of drill hole DV10-001, and major uranium 

deposits (modified from Ramaekers et al., 2007, Jefferson et al., 2007, and Bosman et al, 2012). B = 

basement; FP = Fair Point; S/M = undifferentiated Smart and/or Manitou Falls; RD = Read; MF = 

Manitou Falls (b = Bird; r = Raibl; w = Warnes; c = Collins; d = Dunlop); LZ = Lazenby Lake; W = 

Wolverine Point; LL = Locker Lake; O = Otherside; D = Douglas; C = Carswell; F–O = undivided Fair 

Point to Otherside formations. Original in colour.  
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One of the most prominent macroscopic features in the Athabasca Basin is the 

widespread development of red beds, which are characterized by red, purple, brown and 

other dark colours due to the presence of iron oxides (FexOy) and/or hydroxides 

(Fe(OH)z) (hereinafter called “IOH”) formed in oxidizing conditions (Turner, 1980; 

Mucke, 1994). However, parts of the red beds have been bleached, characterized by 

partial removal of IOH and a colour change to buff-light grey (Quirt, 2001). Interestingly, 

the bleaching features in the barren portions of the basin share some similarities in 

appearance with those associated with uranium mineralization near the margin of the 

basin (Hoeve and Sibbald, 1978; Hoeve and Quirt, 1984; Macdonald, 1985; Jefferson et 

al., 2007; Boulanger, 2012), where uranium-carrying oxidizing fluids reacted with 

reducing agents such as graphite, ferrous iron-bearing minerals, or reducing fluids 

containing CH4 or H2S, and uranium was reduced from U
6+

 to U
4+

 and precipitated 

(Hoeve and Sibbald, 1978; Hoeve et al., 1980; Hoeve and Quirt, 1984; Alexandre et al., 

2005; Jefferson et al., 2007; Kyser and Cuney, 2008, IAEA, 2009). Although the 

bleaching phenomenon in the Athabasca Basin has been previously described and 

discussed (Hoeve and Quirt, 1984; Quirt, 2001), the emphasis has been on rocks 

associated with mineralization, and less is known about the geochemical changes 

associated with bleaching in the diagenetic environments in barren areas, nor about the 

potential significance of these processes in terms of uranium extraction, transport, and 

deposition. In this study, we selected 15 pairs of red bed and bleached samples for mass 

balance analysis to estimate element gains and losses during the bleaching processes. The 

results are further used to evaluate the uranium concentrations in the basinal fluids at the 

time of bleaching in order to assess whether Athabasca strata were the source of uranium 

for the deposits (Hoeve and Sibbald, 1978; Hoeve et al., 1980; Kotzer and Kyser, 1995; 



 

78 

 

Fayek and Kyser, 1997; Kyser et al., 2000) and, if so, to constrain the timing of uranium 

extraction from the sedimentary rocks. 

 

5.2. Geological background and lithology of drill core DV10-001 

The Athabasca Basin is filled with Paleoproterozoic to Mesoproterozoic sedimentary 

rocks of the Athabasca Group (Ramaekers, 1979, 1980, 1990; Hoeve and Quirt, 1984; 

Ramaekers et al., 2007), which unconformably overlies Archean to Paleoproterozoic 

igneous and metamorphic rocks (Jefferson et al., 2007; Ramaekers et al., 2007; Kyser 

and Cuney, 2008). The sedimentary rocks in the basin are generally flat-lying and have 

experienced local brittle deformation, whereas the basement rocks have been strongly 

metamorphosed and undergone multiple ductile and brittle deformation events.  

The crystalline basement rocks belong to the Rae Province (western part of the 

Churchill Province, Fig. 5.1), which is situated between the eroded remnants of two major 

orogenic belts: the ca. 2.0 – 1.9 Ga Taltson orogen in the west and the ca. 1.8 Ga 

Trans-Hudson orogen in the east (Card et al., 2007; Jefferson et al., 2007). These 

orogenic belts were formed during convergence of the Slave and Superior provinces with 

the Rae and Hearne provinces, respectively during the assembly of Laurentia (Hoffman, 

1988).  

The Athabasca Basin was formed after the Trans-Hudson orogeny, and 

sedimentation occurred from ~ 1760 to 1500 Ma (Ramaekers et al., 2007). The preserved 

sedimentary rocks of the Athabasca Group are grouped into four sequences separated by 

basin-wide unconformities (Hiatt and Kyser, 2007; Ramaekers et al., 2007, Fig. 5.1). 

Sequence 1 (Fair Point Formation) and Sequence 2 (Read, Smart, and Manitou Falls 
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formations) consist of conglomerate and quartz arenite, with minor mudstone. Sequence 3 

(Lazenby Lake and Wolverine Point formations) is composed predominantly of sandstone; 

however, the Wolverine Point Formation is distinguished by dm-m scale mudstone beds, 

and Sequence 4 comprises conglomeratic quartz arenite, quartz arenite and pebbly quartz 

arenite in the Locker Lake and Otherside formations, mudstone and fine to very fine 

quartz arenite in the Douglas Formation, and carbonates (including stromatolitic to 

massive dolomite, stromatolite, and oolite) with siliciclastic interbeds in the Carswell 

Formation (Ramaekers et al., 2007). Most of the sediments from the Fair Point Formation 

to the Otherside Formation were deposited in fluvial systems, whereas the Wolverine 

Point and Douglas formations may have formed in paralic environments, and the Carswell 

Formation in shallow marine environments (Ramaekers et al., 2007). The preserved 

detrital framework grains in the Athabasca Basin are more than 99% quartz, which is 

generally interpreted to indicate that detrital feldspar and other unstable minerals were 

dissolved or altered before or during burial diagenesis (Hoeve and Quirt, 1984; Hiatt and 

Kyser, 2000; Jefferson et al. 2007). The sedimentary rocks have experienced progressive 

burial diagenesis, resulting in prominent diagenetic features including quartz overgrowths, 

hematitization and bleaching, and clay mineral transformation and conversion from 

kaolinite to dickite and from these kaolinite polymorphs to illite (Hoeve and Quirt, 1984; 

Quirt, 2001).    

Uranium deposits in the Athabasca Basin occur near the sub-Athabasca 

unconformity, and are categorized as unconformity-related. They are commonly 

associated with reactivated basement faults that cut and displace the unconformity (Hoeve 

and Quirt, 1984; Jefferson et al., 2007; Kyser and Cuney, 2008). Uranium mineralization 

can be strictly basement-hosted (e.g., Rabbit Lake, P-Patch, Eagle Point, and Millennium), 
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unconformity-hosted (e.g., Midwest, Collins Bay, Cigar Lake), or perched in the 

sandstone (e.g., Stewart Island, Fond du Lac) (Jefferson et al., 2007). Generally, the 

basement-hosted deposits are controlled by steep to moderately-steep fractures and 

breccia zones, and characterized by relatively narrow alteration zones and nearly 

monomineralic mineralization (mainly pitchblende/uraninite), whereas the 

sandstone-hosted deposits have a flattened shape and are characterized by polymetallic 

ores with significant concentrations of Ni, Co, Cu, Pb, Zn, and Mo in addition to U (Hoeve 

and Quirt, 1984; Jefferson et al., 2007). Many deposits comprise a combination of two or 

more of these mineralization styles or locations (e.g., Shea Creek: basement + 

unconformity + perched; McArthur River: basement + unconformity; McClean Lake: 

unconformity + perched). The earliest uranium mineralization is thought to have occurred 

at around 1590 Ma, based on LA-ICP-MS U-Pb dating of uraninite and Ar-Ar dating of 

syn-mineralization illite (Alexandre et al., 2009). Further alteration and uranium 

remobilization events occurred at approximately 1500-1300, 1200-1000, 900-500 Ma and 

even younger ages (Hoeve and Quirt, 1984; Cumming and Krstic, 1992; Kyser et al., 

2000; Fayek et al., 2002; Kyser and Cuney, 2008; Ramaekers, 2013). 

DV10-001 is an exploration hole drilled by Fission Energy Corp. in 2010 (Fission 

Energy Corp., 2012). It is approximately 40 km away from any previous drillhole in the 

basin and is the closest hole to the geographic centre of the basin (Bosman et al., 2012; 

Fig. 5.1). The drill core is 1151 m deep in total, and intersects the sub-Athabasca 

unconformity at a depth of 1045 m. The strata intersected by DV10-001 include, from 

lower to upper, the Manitou Falls, Lazenby Lake and Wolverine Point formations, and are 

described in detail by Bosman et al. (2012). Detailed logging of the core (Fig. 5.2) 

indicates that the Manitou Falls Formation consists mainly of coarse to very coarse 
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sandstones, with significant amounts of conglomerate near the base, and minor amounts 

of intraclasts and intercalated mudstone in the middle and upper part. The Lazenby Lake 

Formation is composed of medium to coarse sandstones with intercalated mudstone and 

conglomerate, and the Wolverine Point Formation constitutes fine to medium sandstones 

with variable amounts of intraclasts and intercalated mudstone (Fig. 5.2). 

Bleaching features superimposed on red beds are prominent in the core (Fig. 5.3). 

Although the broadly bedding-parallel pattern of alternating dark (red bed) and light 

(bleached) colours in the core may seem to indicate compositional change during 

sedimentation, detailed observation indicates that the contacts between the bleached and 

red bed parts is discordant to bedding, and the bleached part appears to cut the red bed 

(Fig. 5.3), as also observed by Hoeve and Quirt (1984) elsewhere in the basin. In some 

cases, bleached “veins” cut the red beds or connect bleached intervals (Figs. 5.3a and 

5.3b). In places, the red beds occur as remnants surrounded by bleached material (Fig. 

5.3e). These cross-cutting relationships indicate that the bleaching occurred after the 

deposition and/or formation of red beds in the strata. In most cases, the boundary 

between the red bed and bleached parts is sharp and straight (Figs. 5.3d–f), but in some 

places (mainly in the Wolverine Point Formation), the contact is irregular and locally 

gradational (Fig. 5.3c). 
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Fig. 5.2 Detailed stratigraphic log of drill core DV10-001 (division of the formations is after Bosman et al., 

2012), also showing the number of core samples for each type of analyses in each formation. v.f = very 

fine grained; f. = fine grained; m. = medium grained; c. = coarse grained; v.c. = very coarse grained. 
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Fig. 5.3 Core and slab photos showing various relationships between red bed and bleached sandstones 

from drill core DV10-001. (a and b) core pictures showing alternating dark-coloured (red beds) and 

light-coloured (bleached) sandstones, the discordant nature of their contact, and fractures cutting red beds 

and connecting two bleached intervals; (c) irregular, locally gradational, contact between purple and buff 

sandstones; (d) dark purple sandstone cut by a light pink sandstone “vein”; (e and f) dark purple sandstone 

occurring as fragments in pink sandstones, with clear contact between the bleached and dark-coloured 

sandstones. Original in colour. 
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5.3 Analytical methods 

One hundred and thirty-five samples of sandstone were collected from depths of 

15.1 m to 1035.1m (from the Wolverine Point Formation down to the Manitou Falls 

Formation, Fig. 5.2) for geochemical analysis, including 40 pairs of samples containing 

a dark-coloured (red bed) part and a light-coloured (bleached) part. For each sample pair, 

the red bed part is labeled “r” and the bleached part is labeled “b”. Petrographic studies, 

density measurements, and geochemical analyses were conducted for the two parts 

separately. Among them, 15 pairs of samples were selected for mass balance calculation 

(Gresens, 1967; Grant, 1986). For these samples, additional care was taken to make sure 

that the red bed and bleached parts were strictly from the same sedimentary layer to 

avoid comparing rocks with different initial compositions.  

 

5.3.1. Petrographic studies 

Petrographic studies were carried out on 80 polished thin-sections with 

conventional transmitted light and reflected light microscopes and scanning electron 

microscope–energy dispersive spectroscopy (SEM-EDS). The point-counting (250 

points) method was used to estimate the percentages of minerals in the thin-sections for 

the 15 pairs of red bed and bleached samples that were used for mass balance calculation. 

The HF staining method (Bailey and Stevens, 1960) was used as an auxiliary tool to 

differentiate quartz, K-feldspar, and plagioclase. 
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5.3.2. Geochemical analysis 

Forty pairs (80 samples) of red bed and bleached bulk samples were crushed and 

ground to less than 200-mesh powder, and analyzed for major and trace elements at the 

Saskatchewan Research Council (SRC) in Saskatoon, Saskatchewan. A 0.1 gram pulp was 

fused with ultrapure lithium metaborate in a muffle oven, and then dissolved in dilute 

ultrapure HNO3. This fused sample was analyzed for both the major elements (ICP-OES 

total digestion) and trace elements (ICP-MS total digestion) on the same aliquot of sample, 

providing a more representative analysis of the total material fused. One control sample, 

three standards, and one blank were analyzed to ensure that analytical errors were within 

specified limits. For ICP-MS, the instrument used was the Nexion 300S and for ICP-OES 

was the PerkinElmer Optima 4300DV. Instruments were calibrated using certified 

commercial solutions. Analytical results of additional 55 samples from drill core 

DV10-001, from the Saskatchewan Geological Survey (Bosman and Card, 2012), were 

included in this paper; these analyses were done using the HF total digestion method at 

SRC, and SiO2 was not analyzed. 

 

5.3.3. Density analysis 

 Densities of the samples were measured for use in mass balance calculations. 

Density measurements were done using a procedure modified from International Society 

for Rock Mechanics (1972) and Xiong (2006). A block of sample was first placed in an 

oven at a temperature of 105°C for 24 hours, and then weighed (mrock). The block was 

then coated with wax of known density (wax) and then weighted (mwax+rock) again. The 

volume of the wax (Vwax) is calculated as: 
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wax

rockrockwax
wax

mm
V




                (Eq. 5.1) 

The wax-coated block was immersed in water and weighed (mfloat). According to the 

Archimedes principle, the difference of weight of the wax-coated block before and after 

immersion in water (mwax+rock – mfloat) is equal to the mass of water displaced, and the 

volume of water displaced or the volume of the wax-coated block (Vwax+rock) is calculated 

as follows:  

  
w

floatrockwater

rockwax

mm
V








                  (Eq. 5.2) 

where w is the density of water. The volume of the block of rock (Vrock) is then 

calculated as: 

  waxrockwaxrock VVV                   (Eq. 

5.3)  

and the density of the rock (rock) is  

  
rock

rock
rock

V

m
                  (Eq. 5.4) 

Density was measured six times repeatedly (RSD<0.8) for each block, and the 

average value was used for further mass balance calculation.  

 

5.3.4. Mass balance calculation 

The isocon method proposed by Grant (1986) based on the Gresens’ theories (1967) 

was used to estimate which elements were lost and which were gained in the bleaching 

processes. The equation that is used to describe the relationship of the concentrations of 
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immobile elements (i.e., elements that are neither gained nor lost) between red bed and 

bleached sandstones, or the isocon, is as follows: 

r

i

brb

i CMMC )/(               (Eq. 5.5) 

where Ci
r
 and Ci

b
 represent the concentration of element i before and after bleaching, 

respectively, and M
r
 and M

b
 represent the total mass of the rocks before and after 

bleaching, respectively. In this study, the total volume of the rocks was assumed to be 

constant during bleaching, based on the inference that bleaching took place after 

significant compaction or solidification of the sedimentary rocks as discussed above, 

therefore equation (5) may be rewritten as: 

      r

i

brb

i CC )/(   (V is constant, thus M
r
/M

b 
= ρ

r
/ρ

b
 )  (Eq. 5.6) 

where r
 and b

 represent rock densities before and after bleaching, respectively. 

For any pair of samples, an element is inferred to be gained during the bleaching process 

if it is plotted above the isocon, or lost if plotted below the isocon (Grant, 1986). 

 The net change of mass of an element (Mi) is related to the change of 

concentration of that element and the total mass of the system before (Ci
r
 and M

r
) and 

after (Ci
b
 and M

b
) the bleaching process: 

  i

rr

i

bb

i MMCMC  **          (Eq. 5.7) 

The rate (mi) of net change of mass of an element relative to the mass of the 

element before bleaching, expressed as mass%, can be derived from Eq. (7) as  

  100*)1
*

*
(100*
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M
m      (Eq. 5.8) 

which, under the condition of constant volume, can be rewritten as  
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         (Eq. 5.9) 

Using Eq. (9), the mass change rate (in mass%) for each pair of samples was 

calculated, where positive values indicate element gain, and negative values indicate 

loss. 

 

5.4 Results 

5.4.1 Petrographic characteristics 

Sandstones from drill core DV10-001 consist mainly of detrital quartz grains, with 

variable amounts of muddy matrix and authigenic quartz, IOH and clay minerals (Fig. 

5.4). Minor amounts of other detrital grains are present, including muscovite, zircon and 

tourmaline. Trace amounts of aluminum phosphate sulphate (APS) minerals, generally 

less than 10 microns, were found associated with illite. No feldspar grains have been 

identified with microscopy or the HF staining method. Detrital quartz grains are 

generally subrounded to rounded based on the dustlines that separate the detrital grain 

and quartz overgrowth (Figs. 5.4a–b). However, the present edges of most detrital quartz 

grains and quartz overgrowths are irregular, suggesting quartz dissolution after quartz 

cementation (Fig. 5.4b). Kaolinite generally occurs in the interstitial space between 

detrital grains and is replaced by illite (Fig. 5.4c). IOH grains, identified by SEM-EDS 

as hematite, limonite and goethite, are present in the matrix, pore space and along 

dustlines of quartz grains (Figs. 5.4c–f) in both red bed and bleached sandstones. They 

occur as individual spotty (Fig. 5.4d), flaky and needle-like grains (Fig. 5.4f) or in 

clusters (Fig. 5.4e). IOH coating detrital grains and followed by quartz overgrowths 



 

89 

 

were precipitated relatively early in diagenesis, whereas the clusters, as well as flaky and 

needle-like crystals (Fig. 5.4e) in the pore spaces appear to be relatively late. The timing 

of the IOH disseminated in the matrix, however, is difficult to determine.  

There is no significant difference between the red bed and bleached parts in terms of 

texture, showing similar grain-to-grain relationships (including point, long, and locally 

convex-concave contacts) (Fig. 5.4a). However, there are noticeable differences in 

mineral compositions (Table 5.1). Overall, the red bed part contains more IOH (average 

4.4%) than the bleached part (average 3.1%) (Table 5.1; Fig. 5.5). The red bed material 

also contains more matrix (average 5.7%) than the bleached equivalent (average 4.4%) 

(Table 5.1; Fig. 5.5), with part of the matrix being composed of very-fine-grained IOH 

(Fig. 5.5). The bleached material is slightly enriched in quartz overgrowth (average 2.1%) 

and authigenic illite (average 3.4%) relative to the red bed equivalent (1.2% quartz 

overgrowth and 2.2% illite) (Table 5.1; Figs. 5.6a and 5.6d). There appear to be 

systematic differences in contents of quartz overgrowth, matrix, and illite across the 

different stratigraphic units. The proportion of quartz overgrowth is highest at the top of 

the Lazenby Lake Formation (6.7% for bleached part and 5.3% for the red bed part), and 

are relatively low in the upper part of the Wolverine Point Formation and the lower part 

of the Manitou Falls Formation (Fig. 5.6a). The contents of matrix decrease with depth 

from the Wolverine Point Formation to the Manitou Falls Formation, both for the red 

bed and bleached parts (Fig. 5.6b). In contrast, the contents of illite and kaolinite are 

relatively low in the upper part of the Wolverine Point Formation, and are high in the 

Lazenby Lake and Manitou Falls formations (Fig. 5.6c–d). 
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Fig. 5.4 Photomicrographs of red bed and bleached sandstones from drill core DV10-001. (a) bleached 

sandstone showing quartz overgrowths (QOG), and long and concave-convex contacts sample #1317b); (b) 

bleached sandstone with abundant quartz overgrowths, also showing dissolution of detrital quartz and 

quartz overgrowth (#1234b); (c) bleached sandstone showing illite replacing kaolinite; note preservation 

of IOH (iron oxides and/or hydroxides) coating the detrital quartz (#1226b); (d) early diagenetic spotty 

IOH occurring along dustlines in red bed sandstone (#1226h); (e) IOH clusters in red bed sandstone 

(#1304r); (f) relatively late IOH crystals (needle-like and flaky) in red bed sandstone (#1228b). Original in 

colour. 



 

91 

 

Table 5.1 Depths, lithostratigraphic formation, lithology and mineral components of sandstone samples from drill core DV10-001 (in %, based on 250 point counts 

of each thin section) 

Sample# Depths (m) F.M** Lithology 
Detrital 

quartz 

Other 

detrital 

grains*** 

Matrix 

Quartz 

over 

-growth 

Authigenic 

 IOH**** 

Authigenic 

kaolinite 

Authigenic 

illite 

Pore 

space 

1301b* 
17.8 WP Fine-grained sandstone 

68.0 6.8 10.6 0.2 7.6 0 0 6.8 

1301r 64.8 6.0 12.0 0 9.6 0 0 7.6 

1304b 
57.0 WP Fine-grained sandstone 

- - - - - - - - 

1304r 66.8 4.8 12.4 0.2 8.4 0 0.2 7.2 

1306b 
76.4 WP Medium-grained sandstone 

77.6 2.8 8.9 0.2 4.4 0 0.6 5.5 

1306r 75.1 3.1 10.2 0 5.8 0 0.2 5.6 

1307b 
82.8 WP Fine-grained sandstones 

80.3 4.5 4.3 0.6 5.6 0 1.0 3.7 

1307r 81.0 3.9 5.1 0.2 6.2 0 0.5 3.1 

1312b 
153.5 WP Coarse-grained sandstone 

79.2 5.1 3.2 3.4 3.2 0 4.5 1.4 

1312r 76.7 6.9 4.0 1.8 4.4 0 3.4 2.8 

1314b 
251.2 WP Medium-grained sandstone 

77.9 5.5 4.2 2.4 2 2.6 3.7 1.7 

1314r 77.6 6.1 5.7 1.6 2.8 1.2 2.4 2.6 

1317b 
338.2 LZ Medium-grained sandstone 

79.6 1.0 5.2 6.7 0.4 0 5.1 2.0 

1317r 79.2 1.5 6.3 5.3 1.2 0.4 2.5 3.6 

1337b 
508.0 LZ Medium-grained sandstone 

80.0 3.6 4.0 3.2 2.2 0.4 5.0 1.6 

1337r 80.8 3.8 5.5 1.2 3 0 3.9 1.8 

1340b 
561.2 LZ Coarse-grained sandstone 

81.2 5.8 3.8 2.6 1.4 0 2.4 2.8 

1340r 80.5 6.6 4.8 1.3 2.4 0 1.8 2.6 
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Table 5.1 (continued) 

Sample# Depths (m) F.M** Lithology 
Detrital 

quartz 

Other 

detrital 

grains*** 

Matrix 

Quartz 

over 

-growth 

Authigenic 

 IOH**** 

Authigenic 

kaolinite 

Authigenic 

illite 

Pore 

space 

1341b 
600.3 LZ Medium-grained sandstone 

84.3 4.2 1.2 3.2 2.9 0 3.4 0.8 

1341r 84.1 3.9 1.2 2.2 4.4 0 2.6 1.6 

1346b 
666.7 LZ Medium-grained sandstone 

81.0 2.8 3.2 2.8 3.2 1.4 3.8 1.8 

1346r 81.5 3.4 3.6 1.8 4.8 0.8 2.4 1.7 

1349b 
765.3 MF Conglomerate 

80.8 4.0 4.4 2.2 2.6 0.4 3.6 2.0 

1349r 81.6 4.4 4.0 1.4 3.2 0.4 2.6 2.4 

1353b 
843.9 MF Coarse-grained sandstone 

82.6 5.6 3.2 0.4 2.4 0.2 3.8 1.8 

1353r 82.4 5.2 3.6 0.2 3.2 0 3.2 2.2 

1354b 
869.0 MF Conglomerate 

83.2 3.3 2.6 0.2 1.8 1.7 5.4 1.8 

1354r 82.7 4.4 4.1 0 2.2 0.6 3.8 2.2 

1357b 
944.6 MF Coarse-grained sandstone 

81.2 5.2 2.2 0.6 3.2 0 4.8 2.8 

1357r 80.9 6.5 3.4 0.4 4.4 0 3.2 1.2 

Avg. b 
  

 79.8 4.3 4.4 2.1 3.1 0.5 3.4 2.6 

Avg. r  78.4 4.7 5.7 1.2 4.4 0.2 2.2 3.2 

*The “r” and “b” in the sample labels refer to “red bed part” and “bleached part” respectively; “-” means thin sections were not available (lost during preparation); 

** The assignment of stratigraphic intervals is based on the logging work of Bosman et al. (2012);WP = Wolverine Point Formation; LZ = Lazenby Lake 

Formation; MF = Manitou Falls Formation; *** Other detrital grains include zircon, tourmaline, muscovite, and other unidentified minerals; **** IOH stands for 

iron oxides and/or hydroxides. 
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Fig. 5.5 Comparison of red bed and bleached sandstones in a single thin-section. (a) clear contact between 

the red bed and bleached parts; (b) bleached part showing poor preservation of IOH (iron oxides and/or 

hydroxides); (c) red bed part showing abundance of IOH and matrix; (d) an SEM picture showing the 

occurrence of IOH and illite in the matrix of the red bed part. Original in colour. 
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Fig. 5.6 Diagrams showing variation of percentages of components with depth (based on point counting 

results shown in Table 6.1). (a) quartz overgrowth; (b) matrix; (c) kaolinite; (d) illite. Formation contacts 

are also shown. Original in colour. 

 

 .
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The relative timing of the various components in the sandstones based on  

petrographic study is summarized in Fig. 5.7. Detrital components including framework 

grains (quartz, zircon, muscovite and tourmaline) and matrix were deposited first. No 

framework grains of IOH were found, but it cannot be excluded that some fine-grained 

IOH in the matrix were of detrital origin. Some kaolinite in the matrix may also be 

detrital. The spotty IOH along the dustlines, and possibly some of those in the matrix, 

were formed in early diagenesis, predating quartz overgrowth. The formation of quartz 

overgrowth may have lasted a long period of time, and may have been interrupted by 

quartz dissolution, as indicated by the irregular shape of some overgrowths (Fig. 5.4b), 

which was postdated by IOH, kaolinite and illite in the pore space. When kaolinite and 

illite occur together in the same pore, illite is always later than kaolinite. The flaky and 

needle-like IOH were likely formed raletively late in the diagenetic process. IOH were 

partly dissolved during bleaching, some of which probably took place in early diagenesis 

(before significant solidification; Fig. 5.3c), and most of which likely occurred after 

significant burial and compaction (Figs. 5.3a and 5.3b). The late phase of bleaching was 

associated with quartz overgrowth and illite formation, as reflected by the increase of 

these components in the bleached part relative to the red bed part (Table 5.1). 
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Fig. 5.7 General paragenetic succession recorded in the sandstones of drill core DV10-001. IOH 

represents iron oxides and/or hydroxides. 
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5.4.2. Bulk rock density  

Forty pairs of red bed and bleached sandstones were measured for their densities, 

and the results are listed in Table 5.2. The density of bleached material (b) ranges from 

2.21 to 2.57 g/cm
3 

with an average of 2.40 g/cm
3
, while that of red bed material (r) is 

from 2.20 to 2.53 g/cm
3
 with an average of 2.43 g/cm

3
. The densities of sandstones from 

the Lazenby Lake Formation are relatively high compared to those from the Wolverine 

Point and Manitou Falls formations (Fig. 5.8a); a similar pattern is found for the SiO2 

contents (Fig. 5.8b).  

 

5.4.3. Major and trace element geochemistry 

The major and trace element data of all the samples are listed in Table 5.3. The 

SiO2 contents range from 81 to 99.5%, mostly >90%, which is consistent with the 

predominance of quartz in all the samples examined. The Al2O3 contents range from 

0.44 to 8.29%, also consistent with the generally low contents of clay minerals and 

absence of feldspars. Other major elements (including TiO2, Na2O, K2O, MgO, CaO, 

and Fe2O3) are generally <1% (Table 5.3).   
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Table 5.2 Density (g/cm
3
) and density ratios for pairs of red bed (r) and bleached (b) samples from drill 

core DV10-001 as well as averages for each formation.  

 

Sample # Part b Part r Ratio 

 

 

 

 

 

ρb/ρa 

Average 
ρb ρr r/b 

 

 

 

 

 

ρb/ρa 

1203 2.41  2.46  1.02   

1204 2.34  2.42  1.03   

1208 2.39  2.43  1.02   

1301 2.39 2.37 0.99  Wolverine Point 

 1304 2.21 2.20 1.00  ρb = 2.35 

 1306 2.21 2.21 1.01   ρr = 2.37 

 
1307 2.32 2.30 1.01  r/b = 1.01 

= 
1312 2.30 2.31 1.01   

1314 2.46 2.46 1.00   

1213 2.49  2.51  1.01   

1217 2.52  2.52  1.00   

1219 2.37  2.42  1.02   

1220 2.40  2.43  1.01   

1221 2.41  2.46  1.02   

1222 2.44  2.43  1.00   

1223 2.45  2.45  1.00   

1225 2.43  2.46  1.01   

1226 2.47  2.40  0.97  Lazenby Lake 

1227 2.52  2.53  1.00  ρb = 2.46 

 1228 2.43  2.49  1.03  ρr = 2.46 

1230 2.46  2.45  1.00  r/b = 1.00 

1231 2.41  2.51  1.04   

1232 2.51  2.50  1.00   

1317 2.53 2.51 0.99   

1325 2.49 2.48  1.00   

1331 2.38 2.39  1.00   

1337 2.47 2.38 0.96   

1340 2.47 2.48 1.01   

1341 2.46 2.47 1.01   

1346 2.49 2.45 0.98   

1238 2.49  2.52  1.01   

1240 2.26  2.41  1.07   

1243 2.57  2.55  0.99   

1246 2.31  2.48  1.07  Manitou Falls 

1254 2.35  2.43  1.03  ρb = 2.37 

 1349 2.36 2.38  1.01  ρr = 2.43 

1353 2.37 2.38 1.00  r/b = 1.03 

1354 2.29 2.38 1.04   

1357 2.35 2.38 1.01   

1360 2.31 2.42  1.05  

Average 2.40 2.43 1.01  
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Fig. 5.8 Diagrams showing variation of density (a) and SiO2% (b) as a function of depth of drill core 

DV10-001. Formation contacts are also shown. Original in colour. 
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Table 5.3 Major (%) and trace element (ppm) concentrations of sandstones from drill core DV10-001*  

 

  

Sample # 1203b 1203r 1204b 1204r 1208b 1208r 1213b 1213r 1217b 1217r 1219b 1219r 1220b 1220r 

SiO2 (0.1) ** 96.1 96.4 88.7 85.8 91.6 96.2 98.2 98.1 98.8 97.4 97.4 97.9 97.6 98.4 

TiO2 (0.01) 0.25 0.1 0.13 0.16 0.04 0.02 0.04 0.03 0.03 0.04 0.04 0.03 0.04 0.02 

Na2O(0.01) 0.01 0.01 0.03 0.03 0.03 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.02 0.02 

K2O (0.01) 0.07 0.05 0.73 0.85 0.67 0.07 0.09 0.07 0.12 0.14 0.26 0.17 0.21 0.18 

MgO (0.01) 0.36 0.34 1.44 1.14 0.54 0.13 0.03 0.02 0.03 0.05 0.06 0.05 0.05 0.05 

Fe2O3 (0.01) 0.32 0.57 1.41 1.4 0.35 0.2 0.09 0.43 0.19 1.07 0.08 0.44 0.1 0.59 

CaO (0.01) 0.05 0.04 0.07 0.07 0.06 0.02 0.03 0.03 0.03 0.04 0.06 0.05 0.06 0.06 

Al2O3 (0.01) 1.46 1.27 5.24 4.92 3.28 0.79 0.84 0.7 0.53 0.65 0.95 0.7 0.87 0.73 

As (0.1) 0.3 0.1 0.3 0.4 0.3 0.3 0.3 0.3 0.2 0.4 0.3 0.4 0.5 0.4 

Ba (1) 37 31 31 31 21 14 15 15 6 11 9 9 8 9 

Ce (1) 81 62 54 47 36 14 18 15 16 19 13 15 15 14 

Co (0.1) 0.8 0.5 0.7 0.6 0.5 0.4 0.1 0.5 0.1 0.3 1 0.2 0.2 0.2 

Cu (0.1) 2.1 1.5 1 1 3.2 1.7 1.2 0.4 0.4 0.4 0.7 0.4 0.5 0.6 

Dy (0.01) 2.68 1.56 1.73 1.54 1.63 0.78 0.35 0.3 0.24 0.3 0.24 0.25 0.23 0.25 

Er (0.01) 1.47 0.85 1.05 0.99 0.87 0.4 0.25 0.2 0.16 0.16 0.16 0.16 0.15 0.18 

Eu (0.01) 1.22 0.81 0.41 0.33 0.39 0.12 0.18 0.15 0.03 0.09 0.07 0.05 0.07 0.06 

Ga (0.1) 2.2 2 4.9 5.1 4.5 2 2 1.6 1.2 1 2.8 2.3 2.3 1.8 

Gd (0.1) 4.36 2.88 1.82 1.62 1.59 0.73 0.81 0.67 0.37 0.6 0.42 0.48 0.46 0.45 

Hf (0.1) 10 2.5 3.2 7.1 1.6 0.8 3.1 4.7 3.4 2.4 2.3 4.2 1.8 2.2 

Ho (0.01) 0.64 0.36 0.43 0.42 0.39 0.19 0.1 0.07 0.06 0.07 0.06 0.06 0.06 0.07 

La (1) 39 29 31 26 15 6 8 6 6 11 7 8 8 7 

Lu (0.1) 0.2 0.1 0.2 0.2 0.1 0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Nd (0.1) 38.9 28.1 16.8 14 13.7 5.5 7.5 6.2 3.2 5.4 3.8 4.1 4 3.6 

Ni (1) 1 1 3 2 3 1 1 1 1 1 3 1 1 1 

Pb (0.001) 2.91 1.74 1.61 1.73 2.87 1.58 1.9 1.63 2.09 2.47 2.32 2.35 3.61 2.6 

Pr (0.01) 10.1 7.51 5.41 4.4 3.69 1.47 2.05 1.69 1.05 1.78 1.19 1.35 1.32 1.21 

Sm (0.01) 7.06 4.76 2.25 1.91 2.37 0.96 1.2 0.97 0.4 0.74 0.52 0.55 0.58 0.53 

Sn (0.1) 0.3 0.2 0.4 0.8 0.1 0.2 <0.1 0.3 <0.1 0.2 0.2 0.4 0.1 0.2 

Sr (1) 81 59 49 41 38 13 45 36 31 52 52 51 56 48 

Tb (0.01) 0.54 0.34 0.29 0.26 0.28 0.12 0.08 0.06 0.04 0.07 0.05 0.05 0.05 0.06 

Th (0.01) 4.2 3.29 6.23 5.18 2.93 1.37 1.74 1.54 2.52 2.46 3.78 2.4 3.93 2.75 

Tm (0.01) 0.26 0.14 0.2 0.2 0.16 0.07 0.05 0.03 0.03 0.02 0.03 0.03 0.03 0.03 

U (0.01) 2.31 1.25 1.27 1.24 0.89 0.56 0.35 0.26 0.54 0.35 0.37 0.29 0.3 0.4 

Y (0.01) 15.9 9.34 10.9 10.3 9.67 4.61 2.05 1.6 1.57 1.6 1.47 1.46 1.37 1.75 

Yb (0.01) 1.76 0.92 1.32 1.28 0.95 0.43 0.34 0.25 0.22 0.2 0.24 0.22 0.2 0.24 

Zn (1) 1 2 3 4 1 1 1 2 1 1 1 2 9 1 

Zr (1) 384 84 104 221 44 23 105 202 128 77 74 102 58 63 

Cr (2) 3 3 6 6 6 2 1 4 1 4 2 5 2 5 

V (2) 6 15 16 15 5 5 4 3 5 12 3 5 4 7 

TREE 189.19 139.33 116.91 100.15 77.12 30.87 38.91 31.59 27.80 39.43 26.78 30.30 30.15 27.68 

LREE/HREE 14.88 18.49 15.61 14.38 11.92 9.95 18.66 18.99 23.82 26.77 21.32 23.24 24.55 20.63 

Eu 0.68 0.67 0.66 0.61 0.63 0.46 0.57 0.59 0.26 0.44 0.48 0.32 0.44 0.40 
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Table 5.3 (continued) 

  

Sample # 12021b 1221r 1222b 1222r 1223b 1223r 1225b 1225r 1226b 1226r 1227b 1227r 1228b 1228r 

SiO2 (0.1) ** 97.8 96.6 97.7 97.2 98.2 97.5 97.6 96.5 92.4 95.5 91.6 93.2 97.3 97.4 

TiO2 (0.01) 0.06 0.17 0.04 0.03 0.03 0.1 0.08 0.03 0.67 0.08 0.05 0.03 0.11 0.04 

Na2O(0.01) 0.01 0.02 0.02 0.01 0.02 0.02 0.02 0.01 0.02 0.02 0.01 0.01 0.03 0.02 

K2O (0.01) 0.16 0.16 0.18 0.14 0.23 0.24 0.25 0.2 0.68 0.43 0.62 0.09 0.28 0.17 

MgO (0.01) 0.05 0.05 0.04 0.03 0.04 0.06 0.06 0.06 0.1 0.06 0.07 0.02 0.07 0.04 

Fe2O3 (0.01) 0.2 1.51 0.11 0.54 0.24 0.99 0.14 0.97 0.29 1.08 0.22 3.78 0.13 0.97 

CaO (0.01) 0.04 0.06 0.04 0.04 0.04 0.06 0.05 0.11 0.06 0.04 0.05 0.03 0.09 0.06 

Al2O3 (0.01) 0.65 0.59 0.64 0.56 0.8 0.85 0.92 0.86 3.57 1.8 5.1 0.68 1.32 0.78 

As (0.1) 0.6 0.4 0.4 0.3 1.9 0.4 0.4 0.4 1.3 0.7 1.2 0.5 0.5 0.6 

Ba (1) 6 7 8 8 4 7 8 6 37 8 9 8 8 8 

Ce (1) 12 10 17 19 6 9 15 11 34 12 24 18 13 11 

Co (0.1) 0.2 0.2 0.4 0.1 0.1 0.4 1.2 0.2 0.7 0.6 0.7 0.5 0.4 0.4 

Cu (0.1) 0.4 0.5 0.4 0.2 0.4 0.8 0.6 0.3 0.8 0.5 0.4 0.9 0.5 0.8 

Dy (0.01) 0.34 0.54 0.33 0.33 0.19 0.44 0.43 0.22 1.97 0.42 0.47 0.41 0.35 0.3 

Er (0.01) 0.23 0.47 0.21 0.18 0.13 0.36 0.29 0.14 1.46 0.3 0.2 0.2 0.24 0.19 

Eu (0.01) 0.04 0.06 0.06 0.1 0.05 0.04 0.06 0.03 0.35 0.05 0.22 0.11 0.08 0.06 

Ga (0.1) 2 1.8 2.3 1.8 2.1 2.3 2.4 1.1 3.9 2.4 3.9 1.6 2 1.3 

Gd (0.1) 0.46 0.54 0.58 0.71 0.21 0.44 0.49 0.37 1.81 0.52 1.26 0.82 0.46 0.46 

Hf (0.1) 3.6 17.1 3.2 1.6 1.7 10 5 0.9 29.8 5.8 2.2 1.4 4.1 2 

Ho (0.01) 0.09 0.16 0.08 0.08 0.05 0.13 0.1 0.06 0.55 0.12 0.09 0.09 0.09 0.08 

La (1) 7 6 8 10 4 6 8 6 20 6 13 9 6 6 

Lu (0.1) <0.1 0.1 <0.1 <0.1 <0.1 0.1 0.1 <0.1 0.4 0.1 <0.1 <0.1 <0.1 <0.1 

Nd (0.1) 3.7 3.4 4.4 5.6 1.8 2.7 4.3 3 13.2 3.6 7.9 5 4.3 3.8 

Ni (1) 1 1 8 1 1 1 1 2 1 2 1 1 2 1 

Pb (0.001) 2.14 2.54 2.32 2.5 1.73 2.02 1.96 1.75 4.39 2.16 2.26 1.79 1.98 2.56 

Pr (0.01) 1.22 1.04 1.46 1.75 0.61 0.87 1.43 1.08 3.98 1.08 2.36 1.57 1.24 1.07 

Sm (0.01) 0.56 0.53 0.64 0.78 0.21 0.39 0.55 0.39 2.12 0.51 1.42 0.83 0.73 0.58 

Sn (0.1) 0.5 0.5 0.1 0.3 0.1 0.4 0.1 0.3 0.6 0.4 0.3 1 0.1 0.2 

Sr (1) 46 46 46 60 24 32 56 46 129 44 193 103 54 40 

Tb (0.01) 0.06 0.07 0.06 0.07 0.03 0.06 0.07 0.04 0.3 0.07 0.15 0.1 0.07 0.05 

Th (0.01) 3.52 6.34 2.58 2.55 2.31 4.3 4.07 2.9 18.6 3.52 3.41 3.14 3.12 2.85 

Tm (0.01) 0.04 0.1 0.04 0.03 0.03 0.08 0.06 0.03 0.32 0.06 0.04 0.04 0.04 0.04 

U (0.01) 0.48 1.34 0.37 0.24 0.44 0.6 0.56 0.37 3.98 0.72 0.4 0.45 0.61 0.59 

Y (0.01) 1.92 4 2 1.78 1.29 3.35 2.71 1.43 13.8 2.82 2.05 2.33 2.26 2 

Yb (0.01) 0.37 0.89 0.31 0.22 0.2 0.62 0.45 0.2 2.43 0.43 0.24 0.25 0.37 0.28 

Zn (1) 1 2 1 1 1 1 2 1 1 2 1 1 2 1 

Zr (1) 111 611 100 53 49 310 149 29 1100 189 65 40 130 58 

Cr (2) 1 10 1 3 1 2 2 6 5 3 5 29 1 3 

V (2) 2 5 4 6 3 9 3 6 7 8 10 7 1 4 

TREE 26.11 23.90 33.17 38.85 13.51 21.23 31.33 22.56 82.89 25.26 51.35 36.42 26.97 23.91 

LREE/HREE 15.42 7.33 19.60 22.98 15.08 8.52 14.74 20.28 7.97 11.50 19.96 18.07 15.65 16.08 

Eu 0.26 0.37 0.32 0.44 0.79 0.33 0.38 0.26 0.58 0.32 0.54 0.44 0.43 0.37 
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Table 5.3 (continued) 

Sample # 1230b 1230r 12031b 1231r 1232b 1232r 1238b 1238r 1240b 1240r 1243b 1243r 1246b 1246r 

SiO2 (0.1) ** 96.6 97.1 97.1 97.1 97.6 96.9 97.3 98.2 95.2 96.3 88.4 88.7 95.6 95.3 

TiO2 (0.01) 0.04 0.1 0.03 0.02 0.07 0.05 0.08 0.02 0.06 0.05 0.08 0.18 0.05 0.06 

Na2O(0.01) 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.03 0.02 0.02 0.02 0.02 0.02 

K2O (0.01) 0.32 0.24 0.24 0.16 0.26 0.16 0.24 0.13 0.65 0.38 1.57 1.72 0.28 0.22 

MgO (0.01) 0.06 0.05 0.09 0.03 0.06 0.04 0.04 0.05 0.21 0.13 0.26 0.24 0.07 0.06 

Fe2O3 (0.01) 0.09 1.18 0.2 0.32 0.12 0.73 0.3 0.51 0.32 0.52 0.29 0.75 0.13 2.17 

CaO (0.01) 0.06 0.05 0.05 0.03 0.06 0.05 0.04 0.03 0.13 0.09 0.06 0.06 0.08 0.06 

Al2O3 (0.01) 1.68 0.95 0.96 0.96 0.97 0.65 1.15 0.54 2.31 1.34 6.74 6.9 1.32 1.09 

As (0.1) 0.6 0.4 0.5 0.5 0.6 0.6 0.6 0.6 0.6 0.5 0.6 0.8 0.4 0.5 

Ba (1) 9 11 8 9 12 11 10 5 7 11 9 12 8 11 

Ce (1) 18 14 19 15 25 16 19 12 23 25 25 33 31 36 

Co (0.1) 0.3 0.1 1.5 0.2 0.7 0.2 0.4 1.4 1.7 1.8 2.5 0.7 1.2 0.3 

Cu (0.1) 0.6 0.7 0.7 0.6 0.5 0.4 0.8 0.5 0.6 0.4 0.9 0.7 0.8 0.5 

Dy (0.01) 0.25 0.33 0.36 0.31 0.67 0.47 0.45 0.27 0.55 0.51 0.52 1.06 0.49 0.64 

Er (0.01) 0.16 0.23 0.2 0.22 0.46 0.3 0.34 0.15 0.27 0.26 0.3 0.58 0.24 0.35 

Eu (0.01) 0.06 0.05 0.1 0.05 0.16 0.08 0.1 0.05 0.14 0.13 0.21 0.34 0.15 0.18 

Ga (0.1) 2.2 2 2 1.6 2.1 1.6 1.8 1.1 3.3 2.7 6.6 6.4 2.9 2.8 

Gd (0.1) 0.48 0.46 0.62 0.45 0.93 0.63 0.6 0.41 0.86 0.8 1.06 1.5 1.04 1.21 

Hf (0.1) 1.4 5 1.4 1.4 6.4 3.5 8.4 1.1 2.4 2 3.9 11.3 1.8 3.5 

Ho (0.01) 0.06 0.09 0.09 0.08 0.18 0.13 0.13 0.07 0.12 0.11 0.12 0.25 0.11 0.14 

La (1) 9 9 8 8 10 8 10 6 9 10 11 14 14 18 

Lu (0.1) <0.1 0.1 <0.1 <0.1 0.1 0.1 0.1 <0.1 <0.1 <0.1 <0.1 0.1 <0.1 0.1 

Nd (0.1) 4.6 3.7 5.4 4.6 7.2 4.5 6.4 3.6 6.9 8.5 10.1 12.7 11.1 12.8 

Ni (1) 1 5 1 2 3 1 2 3 7 5 18 12 4 1 

Pb (0.001) 2.39 2.3 1.83 1.97 2.59 2.25 2.44 1.59 1.98 1.63 1.3 1.74 1.29 1.79 

Pr (0.01) 1.62 1.2 1.58 1.51 2.05 1.32 1.95 1.07 1.87 2.42 2.81 3.44 3.17 4.12 

Sm (0.01) 0.58 0.45 0.86 0.6 1.19 0.71 0.93 0.51 1.1 1.61 2.12 2.75 1.75 2.15 

Sn (0.1) <0.1 0.2 <0.1 0.2 0.1 0.2 0.1 <0.1 0.1 0.2 0.3 0.7 0.2 0.5 

Sr (1) 49 36 69 36 117 73 52 41 103 73 138 225 216 238 

Tb (0.01) 0.06 0.06 0.08 0.06 0.12 0.08 0.08 0.05 0.1 0.11 0.12 0.18 0.11 0.13 

Th (0.01) 2.47 2.17 3.72 2.42 4.83 2.77 4.65 2.06 3.6 2.46 2.85 5.2 3.05 7.53 

Tm (0.01) 0.03 0.04 0.03 0.04 0.09 0.06 0.08 0.02 0.04 0.04 0.06 0.12 0.04 0.06 

U (0.01) 0.34 0.57 0.41 0.46 0.69 0.45 0.96 0.38 0.66 0.42 0.66 1.32 0.42 0.72 

Y (0.01) 1.44 2.35 2.38 2.12 4.52 3.11 3.15 1.72 3.35 3.19 3.08 6.73 2.8 3.6 

Yb (0.01) 0.21 0.36 0.24 0.28 0.63 0.39 0.59 0.16 0.29 0.28 0.38 0.88 0.29 0.42 

Zn (1) 1 2 1 1 2 1 1 1 3 1 2 3 3 2 

Zr (1) 40 151 41 38 204 113 260 32 78 87 136 418 62 112 

Cr (2) 1 4 1 2 1 1 1 2 2 3 5 8 1 8 

V (2) 3 27 3 1 4 18 3 2 5 8 14 20 14 19 

TREE 35.11 30.07 36.56 31.20 48.78 32.77 40.75 24.36 44.24 49.77 53.80 70.90 63.49 76.30 

LREE/HREE 27.09 17.01 21.57 20.67 14.34 14.17 16.19 20.56 18.84 22.59 20.02 14.18 26.37 24.02 

Eu 0.37 0.37 0.43 0.31 0.49 0.39 0.42 0.35 0.46 0.34 0.41 0.50 0.34 0.34 
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Table 5.3 (continued) 

Sample # 1254b 1254r 1301b 1301r 1304b 1304r 1306b 1306r 1307b 1307r 1312b 1312r 1314b 1314r 

SiO2 (0.1) ** 91 87.8 82.7 81 93.2 92.8 92.8 91.8 88.8 90 95.4 94.3 97 97 

TiO2 (0.01) 2.22 1.29 0.38 0.37 0.09 0.09 0.15 0.15 0.13 0.14 0.07 0.1 0.03 0.04 

Na2O(0.01) 0.04 0.04 0.04 0.04 0.01 0.02 0.02 0.02 0.02 0.02 0.03 0.03 <0.01 <0.01 

K2O (0.01) 0.65 0.63 1.07 1.2 0.16 0.18 0.26 0.26 0.63 0.75 0.65 0.65 0.03 0.03 

MgO (0.01) 0.16 0.16 2.52 2.54 1.18 1.16 1.24 1.28 1.6 1.3 0.26 0.28 0.03 0.02 

Fe2O3 (0.01) 0.25 5.12 1.37 2.91 0.33 0.75 0.54 1.52 0.76 0.95 0.16 0.79 0.13 0.44 

CaO (0.01) 0.18 0.17 0.06 0.1 0.03 0.04 0.05 0.05 0.05 0.06 0.04 0.04 0.03 0.03 

Al2O3 (0.01) 2.3 2.4 8.05 8.29 3.21 3.25 3.56 3.58 5.31 4.99 2.64 2.69 1.43 1.46 

As (0.1) 0.4 1.1 1.7 3 2 2.5 2.9 2.7 1.4 2 1 0.9 1.6 2.4 

Ba (1) 13 13 41 44 31 31 27 28 32 33 30 30 23 24 

Ce (1) 37 47 67 62 72 72 88 85 66 59 42 45 33 36 

Co (0.1) 0.9 3.1 2 1.4 1.5 1.1 1 1.1 0.8 1 0.5 0.4 0.1 0.4 

Cu (0.1) 2.2 1.7 1 0.8 0.6 0.6 0.6 0.6 6.8 1.3 3.1 1.5 0.8 1.7 

Dy (0.01) 1.3 1.03 3.84 4.02 1.97 2.42 3.04 2.89 1.6 2.11 1.55 1.7 0.41 0.45 

Er (0.01) 0.86 0.59 2.69 2.81 1.21 1.39 1.74 1.73 1.1 1.41 1 1.1 0.27 0.28 

Eu (0.01) 0.36 0.4 0.7 0.73 0.82 0.9 1.17 1.09 0.48 0.49 0.47 0.47 0.35 0.39 

Ga (0.1) 3.4 4.5 8.1 8.3 3.4 3.4 4.6 4.5 6.3 5.8 3.5 3.6 1.7 1.8 

Gd (0.1) 2.38 2.35 3.67 3.77 3.28 3.5 4.69 4.45 2.04 2.32 1.91 1.98 1.27 1.31 

Hf (0.1) 65.7 32.1 23.7 23.3 2.9 2.7 4 4.2 3.2 3.6 1.9 2.3 0.8 0.8 

Ho (0.01) 0.33 0.23 1.07 1.12 0.5 0.6 0.74 0.73 0.43 0.56 0.41 0.44 0.1 0.11 

La (1) 24 32 33 31 32 32 39 37 34 30 18 19 15 17 

Lu (0.1) 0.3 0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Nd (0.1) 19.7 25.2 22.5 22.2 29.4 30.3 35.4 34.8 19.7 18.1 17.3 18.1 15 17 

Ni (1) 3 3 8 7 3 2 3 2 3 2 1 1 1 1 

Pb (0.001) 3.32 3.13 5.52 8.97 1.51 4.49 4.6 4.63 1.36 5.39 1.61 1.62 1.31 3.16 

Pr (0.01) 5.79 7.62 7.26 6.9 8.4 8.4 9.89 9.64 6.41 5.88 4.75 5.13 4.31 4.83 

Sm (0.01) 6.32 4.26 3.63 3.77 5.39 5.31 6.38 6.33 2.82 2.72 3.02 3.27 2.45 2.8 

Sn (0.1) 0.3 3 0.7 1 0.3 0.4 0.3 0.4 0.4 0.4 0.3 0.4 0.1 0.4 

Sr (1) 337 394 47 47 68 71 86 83 54 50 42 47 50 57 

Tb (0.01) 0.27 0.26 0.67 0.66 0.4 0.5 0.64 0.58 0.31 0.36 0.29 0.33 0.13 0.13 

Th (0.01) 30.1 33.1 11.2 11.8 5.25 5 6.26 6.01 4.78 5.02 3.41 4.35 2.81 2.69 

Tm (0.01) 0.18 0.1 0.52 0.54 0.2 0.22 0.28 0.29 0.19 0.25 0.18 0.19 0.04 0.05 

U (0.01) 4.41 1.95 2.55 3.38 0.99 0.92 1.2 1.68 1.46 1.41 1.09 1.12 0.23 0.48 

Y (0.01) 8.85 5.95 29.1 30.6 13.2 15.8 20.8 19.6 11.1 14.5 10.2 11.4 2.18 2.34 

Yb (0.01) 1.76 0.91 3.73 3.87 1.25 1.37 1.83 1.78 1.2 1.6 1.1 1.27 0.3 0.33 

Zn (1) 5 5 <1 <1 <1 <1 14 2 2 1 <1 <1 <1 4 

Zr (1) 2440 1190 955 939 111 108 156 161 130 150 67 90 30 36 

Cr (2) 13 43 19 24 8 17 10 27 9 20 7 10 4 5 

V (2) 17 70 12 21 6 7 5 10 7 7 3 6 <2 <2 

TREE 100.25 121.95 150.28 143.39 156.82 158.91 192.8 186.31 136.28 124.8 91.98 97.98 72.63 80.68 

LREE/HREE 13.16 21.29 8.28 7.54 16.80 14.89 13.88 13.96 18.84 13.49 13.28 12.98 27.82 29.33 

Eu 0.25 0.38 0.64 0.64 0.60 0.65 0.68 0.65 0.64 0.64 0.61 0.57 0.59 0.59 
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Table 5.3 (continued) 

Sample # 1317b 1317r 1325b 1325r 1331b 1331r 1337b 1337r 1340b 1340r 1341b 1341r 1346b 1346r 

SiO2 (0.1) ** 98.2 98.1 99.2 98.4 97.6 96.9 94.5 95.5 98.1 97.9 99.5 97.9 95.5 95.2 

TiO2 (0.01) 0.04 0.03 0.07 0.03 0.05 0.1 0.04 0.04 0.04 0.04 0.05 0.03 0.04 0.06 

Na2O(0.01) <0.01 <0.01 0.03 <0.01 0.01 0.01 0.02 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

K2O (0.01) 0.1 0.07 0.06 0.04 0.2 0.17 0.4 0.33 0.17 0.14 0.04 0.04 0.24 0.24 

MgO (0.01) 0.05 0.05 0.03 0.03 0.07 0.06 0.1 0.08 0.04 0.04 0.02 0.03 0.05 0.05 

Fe2O3 (0.01) 0.08 0.74 0.07 0.79 0.05 0.81 0.12 0.68 0.08 0.43 0.07 0.65 0.1 0.82 

CaO (0.01) 0.05 0.03 0.02 0.02 0.04 0.04 0.09 0.07 0.03 0.03 0.02 0.03 0.04 0.07 

Al2O3 (0.01) 0.63 0.53 0.49 0.44 0.95 0.84 2.88 2.14 1.14 0.99 0.54 0.59 2.95 2.14 

As (0.1) 1.2 1.4 2.1 1.9 0.7 1.5 2.9 2.5 1.2 1.2 1 1.5 0.9 1.4 

Ba (1) 10 12 10 9 9 9 15 12 11 10 10 9 12 9 

Ce (1) 24 26 34 19 13 12 29 25 18 17 20 20 17 15 

Co (0.1) 0.3 0.3 0.2 0.4 0.2 0.7 0.9 0.7 0.6 0.6 0.1 0.4 0.2 0.2 

Cu (0.1) 0.5 0.6 0.4 0.5 0.4 0.4 0.5 0.5 0.4 0.5 0.5 0.5 0.5 0.4 

Dy (0.01) 0.37 0.32 0.8 0.31 0.33 0.61 0.75 0.7 0.36 0.32 0.23 0.24 0.3 0.33 

Er (0.01) 0.2 0.17 0.7 0.16 0.23 0.54 0.26 0.25 0.24 0.2 0.14 0.15 0.21 0.22 

Eu (0.01) 0.2 0.19 0.22 0.13 0.11 0.13 0.39 0.34 0.15 0.16 0.11 0.1 0.13 0.11 

Ga (0.1) 1.3 1.3 1 1 2 1.7 3 2.7 1.5 1.3 0.8 1 2.6 2 

Gd (0.1) 0.78 0.73 1.06 0.62 0.51 0.61 2.22 1.8 0.71 0.63 0.56 0.52 0.51 0.48 

Hf (0.1) 2.5 1 25.1 3 3 18.3 1.3 1.5 3 3.1 2.2 1.8 1.8 2.9 

Ho (0.01) 0.09 0.07 0.23 0.06 0.08 0.18 0.12 0.12 0.08 0.07 0.06 0.05 0.08 0.07 

La (1) 10 12 10 9 6 5 12 10 7 7 9 9 8 6 

Lu (0.1) <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 

Nd (0.1) 7 8 8.3 5.9 4.2 4.5 9.7 8.1 6.2 6 5.6 5.7 6 5.2 

Ni (1) 1 1 1 1 1 3 3 1 1 1 1 5 1 1 

Pb (0.001) 5.27 2.26 2.18 2.91 3.36 2.54 3.01 2.12 2.68 2.93 1.13 2.68 1.57 2.49 

Pr (0.01) 2.33 2.7 2.42 1.88 1.34 1.39 2.87 2.42 1.82 1.76 1.86 1.88 1.9 1.62 

Sm (0.01) 1.11 1.29 1.55 0.93 0.62 0.83 2.18 1.65 1.08 1.04 0.8 0.79 0.88 0.83 

Sn (0.1) 0.1 0.2 0.1 0.2 0.1 0.4 0.1 0.3 0.1 0.1 0.1 0.2 0.1 0.4 

Sr (1) 56 63 59 51 41 39 515 433 40 39 41 41 49 40 

Tb (0.01) 0.09 0.09 0.15 0.08 0.06 0.1 0.26 0.23 0.09 0.08 0.06 0.06 0.07 0.07 

Th (0.01) 2.74 3.11 7.23 2.92 3.48 4.99 3.51 2.16 2.41 2.26 2.82 2.59 3.83 3.49 

Tm (0.01) 0.04 0.02 0.16 0.03 0.04 0.12 0.04 0.04 0.04 0.04 0.02 0.02 0.04 0.03 

U (0.01) 0.38 0.46 1.8 0.56 0.43 1.28 0.79 0.6 0.53 0.42 0.46 0.34 0.47 0.56 

Y (0.01) 1.97 1.55 6.11 1.57 2.03 4.7 3 2.8 2.29 2 1.4 1.21 1.85 1.9 

Yb (0.01) 0.27 0.17 1.22 0.24 0.36 1.02 0.28 0.32 0.31 0.26 0.2 0.17 0.23 0.27 

Zn (1) 1 <1 <1 <1 <1 <1 3 <1 3 <1 4 3 2 19 

Zr (1) 85 38 963 114 109 698 51 57 109 117 77 66 65 108 

Cr (2) 6 7 3 11 3 10 5 12 7 6 3 5 4 7 

V (2) <2 <2 <2 2 <2 3 4 6 <2 2 <2 <2 <2 3 

TREE 46.48 51.75 60.81 38.34 26.88 27.03 60.07 50.97 36.08 34.56 38.64 38.68 35.35 30.23 

LREE/HREE 24.26 31.96 13.08 24.56 15.7 7.5 14.28 13.73 18.72 20.60 29.43  30.97  23.55  19.56  

Eu 0.68 0.59 0.54 0.54 0.92 0.94 0.59 0.66 0.66 0.53 0.52  0.49  0.59  0.53  
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Table 5.3 (continued) 

 

 

  

Sample # 1349b 1349r 1353b 1353r 1354b 1354r 1357b 1357r 1360b 1360r sg01 sg03 sg04 sg05 

SiO2 (0.1) ** 97 96.4 95 94 96.4 95.6 94.7 94.5 95.2 93 - - - - 

TiO2 (0.01) 0.07 0.04 0.05 0.05 0.03 0.03 0.03 0.03 0.53 0.2 0.097 0.205 0.176 0.08 

Na2O(0.01) 0.02 0.01 0.02 0.02 0.01 0.01 0.05 0.04 0.04 0.02 0.02 0.02 0.02 0.02 

K2O (0.01) 0.34 0.22 0.57 0.6 0.28 0.27 0.47 0.41 0.44 0.38 0.138 0.924 0.624 0.313 

MgO (0.01) 0.16 0.12 0.1 0.11 0.07 0.07 0.16 0.12 0.15 0.14 0.959 2.43 1.54 1.14 

Fe2O3 (0.01) 0.29 1.45 0.12 1.48 0.22 1.14 0.08 0.94 0.11 2.65 0.52 1.12 1.08 0.29 

CaO (0.01) 0.08 0.08 0.06 0.08 0.06 0.06 0.16 0.11 0.15 0.13 0.02 0.06 0.05 0.04 

Al2O3 (0.01) 1.55 1.1 2.39 2.43 1.7 1.66 2.79 2.66 1.94 1.7 2.57 8.06 5.35 3.42 

As (0.1) 2.3 2.2 1.7 2.1 1.4 1.2 1.2 1 2.3 1.9 - - - - 

Ba (1) 7 7 10 10 7 8 6 6 10 6 29 40 38 27 

Ce (1) 25 22 31 26 25 26 26 20 26 21 56 168 104 91 

Co (0.1) 1.4 1.1 0.3 0.4 2.3 0.2 0.4 0.9 0.8 1 0.91 1.33 0.91 0.93 

Cu (0.1) 0.5 0.6 0.8 0.5 0.6 0.5 0.4 0.4 0.1 0.4 2.2 1.1 0.9 1.3 

Dy (0.01) 0.68 0.5 0.56 0.49 0.34 0.42 0.84 0.68 0.37 0.45 1.87 2.44 2.86 2.79 

Er (0.01) 0.34 0.24 0.31 0.29 0.22 0.23 0.4 0.36 0.24 0.28 1.21 2 1.81 1.63 

Eu (0.01) 0.2 0.16 0.23 0.22 0.19 0.2 0.26 0.21 0.19 0.16 0.54 1.41 1.62 1.43 

Ga (0.1) 3.1 2.2 3.6 3.6 2.4 2.5 3.4 3.3 2.9 2.2 2.9 8.8 5.7 4.2 

Gd (0.1) 1.1 0.9 1.05 0.98 0.9 0.97 1.04 0.86 0.96 0.76 3.1 7.1 7.9 6.7 

Hf (0.1) 3.6 2.1 2.9 2.4 1.5 1.7 2.4 2.4 12.2 4.9 3 9.4 6.7 2 

Ho (0.01) 0.16 0.1 0.13 0.12 0.09 0.09 0.19 0.16 0.08 0.1 0.41 0.6 0.62 0.59 

La (1) 10 9 10 9 9 10 10 8 11 10 27 84 52 40 

Lu (0.1) <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.1 - - - - 

Nd (0.1) 8.6 7.6 9 8.1 7.7 7.8 10 7.6 10.3 8.9 21 68.6 48.2 41 

Ni (1) 6 7 2 3 3 1 2 2 2.9 2 6.7 5 8.4 3.4 

Pb (0.001) 2.38 1.56 1.02 1.47 1.98 1.99 2.67 2.07 4.72 1.95 1.54 2.3 1.82 4.71 

Pr (0.01) 2.47 2.16 2.6 2.34 2.31 2.45 2.85 2.18 3.04 2.56 6.3 20.7 13.7 10.9 

Sm (0.01) 1.55 1.39 1.65 1.44 1.31 1.3 1.66 1.21 1.61 1.3 3.3 9.9 9.7 8.2 

Sn (0.1) 0.1 0.2 0.1 0.2 0.1 0.2 0.1 0.2 0.1 0.3 0.5 0.74 0.69 0.3 

Sr (1) 91 81 255 260 149 154 302 245 310 264 34 107 109 92 

Tb (0.01) 0.14 0.12 0.16 0.14 0.1 0.11 0.16 0.13 0.1 0.1 0.31 0.35 0.52 0.51 

Th (0.01) 5.4 4.63 4.52 3.57 3 3.64 3.19 3.41 6.67 5.31 4.95 10.6 8.32 4.26 

Tm (0.01) 0.06 0.03 0.05 0.05 0.04 0.04 0.07 0.06 0.05 0.04 - - - - 

U (0.01) 0.49 0.46 0.53 0.5 0.37 0.47 0.73 0.58 1.57 1.59 2.63 9.66 1.89 1.78 

Y (0.01) 4.34 2.82 3.26 3.07 2.13 2.54 4.74 4.15 2.37 2.88 10.3 14.2 15.7 15.1 

Yb (0.01) 0.38 0.27 0.4 0.36 0.24 0.29 0.44 0.35 0.4 0.34 1.27 2.44 2 1.56 

Zn (1) 2 1 <1 1 3 <1 5 5 <1 2 4 6 4 5 

Zr (1) 132 78 105 94 56 62 82 83 486 185 101 316 231 65 

Cr (2) 4 10 2 4 5 6 3 7 22 10 6 12 10 5 

V (2) 2 3 <2 3 <2 2 2 2 4 12 5.5 15.8 12 10 

TREE 50.68 44.47 57.14 49.53 47.44 49.9 53.91 41.8 54.99 45.44 - - - - 

LREE/HREE 16.72  19.59  20.48  19.38  23.58  22.21  16.17  15.08  22.67 21.22 - - - - 

Eu 0.48  0.44  0.54  0.58  0.55  0.57  0.61  0.65  0.47 0.49 - - - - 
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Table 5.3 (continued) 

 

  

Sample # sg06 sg07 sg08 sg10 sg11 sg12 sg13 sg14 sg16 sg17 sg18 sg19 sg20 sg21 

SiO2 (0.1) ** - - - - - - - - - - - - - - 

TiO2 (0.01) 0.052 0.041 0.152 0.04 0.054 0.07 0.045 0.056 0.044 0.073 0.018 0.039 0.02 0.028 

Na2O(0.01) 0.02 0.02 0.04 0.02 0.02 0.02 0.02 0.01 0.01 0.02 0.005 0.01 0.01 0.02 

K2O (0.01) 0.199 0.104 1.43 0.372 0.363 0.2 0.359 0.559 0.163 0.106 0.086 0.052 0.044 0.234 

MgO (0.01) 0.492 0.257 0.869 0.195 0.646 0.576 0.058 0.25 0.039 0.031 0.027 0.291 0.236 0.068 

Fe2O3 (0.01) 0.21 0.17 1.98 0.31 0.16 0.12 0.06 0.24 0.62 0.19 0.25 0.1 0.08 0.58 

CaO (0.01)  0.02 0.05 0.02 0.02 0.09 0.03 0.08 0.03 0.03 0.02 0.03 0.02 0.03 

Al2O3 (0.01) 1.71 0.95 5.89 1.57 2.54 2.04 1.26 2.35 2.75 4.32 0.43 0.84 0.69 0.86 

As (0.1) - - - - - - - - - - - - - - 

Ba (1) 44 20 40 23 35 26 23 58 23 21 20 11 10 10 

Ce (1) 20 66 56 36 42 42 22 58 48 34 22 26 24 23 

Co (0.1) 0.48 0.25 0.71 0.71 0.59 0.24 1.51 0.36 0.39 0.08 0.12 0.19 0.18 0.12 

Cu (0.1) 0.8 0.7 1 2.8 1.3 0.7 4.1 0.9 0.6 0.6 0.4 0.6 0.5 0.6 

Dy (0.01) 3.7 1.58 3.83 1.13 1.92 1.48 0.86 2.58 0.62 0.61 0.38 0.46 0.34 0.34 

Er (0.01) 1.52 0.97 2.22 0.72 1.14 0.85 0.62 1.36 0.43 0.5 0.23 0.3 0.19 0.19 

Eu (0.01) 1.65 0.66 0.86 0.4 0.49 0.73 0.26 1.16 0.39 0.44 0.25 0.22 0.18 0.19 

Ga (0.1) 1.8 1.3 6.4 2.1 2.8 2.3 1.4 3.1 2.8 3.8 0.8 1.4 1.2 1.5 

Gd (0.1) 9.1 3.5 5.4 2.1 2.9 3.4 1.5 6 2 2 1.1 1.2 1 1 

Hf (0.1) 1.1 1.2 5 1.7 3.8 3.2 1.9 3.5 2 7.1 1.3 5 1.3 1.5 

Ho (0.01) 0.64 0.33 0.82 0.25 0.43 0.3 0.19 0.52 0.13 0.14 0.08 0.1 0.06 0.06 

La (1) 10 21 28 14 22 20 14 23 15 12 8 11 10 10 

Lu (0.1) - - - - - - - - - - - - - - 

Nd (0.1) 16.6 23.6 23.9 14.3 17.3 20.3 11.4 31.3 14.5 13.2 8 8.3 7.4 6.9 

Ni (1) 8.5 5.9 5.2 2.9 6.8 4.4 2.8 6.7 2.3 1.1 7.7 3.8 4.2 1.3 

Pb (0.001) 2.39 2.22 2.7 2.11 5 1.29 1.48 1.55 2.87 1.98 1.76 2.48 2.32 2.41 

Pr (0.01) 3.7 6.4 6.7 3.9 5.3 5.6 3.5 7.8 4.2 3.7 2.3 2.5 2.3 2.2 

Sm (0.01) 6.3 4.3 4.8 2.6 2.8 3.8 1.6 7 2.5 2.5 1.4 1.4 1.2 1.1 

Sn (0.1) 0.1 0.13 0.71 0.46 0.41 0.13 0.84 0.25 0.26 0.22 0.04 0.11 0.11 0.15 

Sr (1) 26 48 64 32 39 44 28 58 62 72 38 55 47 54 

Tb (0.01) 0.96 0.28 0.66 0.2 0.33 0.28 0.14 0.52 0.12 0.12 0.07 0.09 0.07 0.07 

Th (0.01) 2.87 2.97 7.88 3.13 2.92 2.06 2.19 2.96 2.66 4.4 1.68 3.59 2.8 2.99 

Tm (0.01) - - - - - - - - - - - - - - 

U (0.01) 5.24 1.3 1.8 1.07 2.64 1.08 1.02 1.59 0.46 0.73 1.06 1.01 0.63 0.53 

Y (0.01) 14.8 8 20.2 6.3 10.3 7.6 4.6 13.7 3 3.2 1.8 2.4 1.6 1.4 

Yb (0.01) 1.42 0.87 2.23 0.73 1.18 0.8 0.6 1.18 0.55 0.65 0.24 0.36 0.18 0.21 

Zn (1) 4 4 4 4 3 3 3 4 8 3 3 3 3 3 

Zr (1) 34 43 163 49 126 111 67 121 66 263 45 175 38 47 

Cr (2) 7 5 10 3 7 6 4 12 8 20 5 11 8 9 

V (2) 4 2.6 16.2 2.8 3.8 2.3 2 3 3.4 2.8 1.8 2.3 1.8 3.6 

TREE - - - - - - - - - - - - - - 

LREE/HREE - - - - - - - - - - - - - - 

Eu - - - - - - - - - - - - - - 
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Table 5.3 (continued) 

 

 

 

 

 

Sample # sg22 sg23 sg24 sg25 sg26 sg27 sg28 sg29 sg31 sg32 sg33 sg34 sg35 sg36 

SiO2 (0.1) ** - - - - - - - - - - - - - - 

TiO2 (0.01) 0.074 0.042 0.023 0.027 0.037 0.121 0.053 0.046 0.033 0.027 0.138 0.14 0.068 0.106 

Na2O(0.01) 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.01 0.02 0.02 0.02 0.02 

K2O (0.01) 0.268 0.233 0.136 0.237 0.347 0.236 0.162 0.338 0.217 0.148 0.723 0.708 0.282 0.203 

MgO (0.01) 0.078 0.059 0.044 0.058 0.067 0.054 0.042 0.054 0.049 0.036 0.096 0.097 0.058 0.048 

Fe2O3 (0.01) 0.51 0.07 0.36 0.51 0.08 0.08 0.2 1.41 2.97 0.65 1.06 1.05 0.88 0.53 

CaO (0.01) 0.05 0.04 0.04 0.04 0.06 0.04 0.04 0.03 0.04 0.03 0.05 0.05 0.04 0.04 

Al2O3 (0.01) 0.99 0.89 0.5 0.85 1.34 0.94 0.6 1.78 1.72 0.72 4.29 4.23 1.41 1.01 

As (0.1) - - - - - - - - - - - - - - 

Ba (1) 11 8 7 6 8 7 7 8 7 6 13 12 9 10 

Ce (1) 15 16 19 15 25 14 18 26 22 18 31 29 25 18 

Co (0.1) 0.12 0.24 0.11 0.18 0.06 0.08 0.08 0.11 0.13 0.09 0.15 0.15 0.2 0.16 

Cu (0.1) 0.5 0.5 0.6 0.6 0.7 0.5 0.5 0.5 0.6 0.5 0.8 0.7 0.7 0.7 

Dy (0.01) 0.49 0.31 0.28 0.26 0.79 0.51 0.49 0.5 0.37 0.27 1.26 1.19 0.47 0.56 

Er (0.01) 0.42 0.21 0.17 0.16 0.41 0.42 0.28 0.34 0.23 0.17 0.98 0.93 0.33 0.51 

Eu (0.01) 0.13 0.13 0.15 0.12 0.26 0.13 0.17 0.23 0.18 0.14 0.43 0.39 0.18 0.16 

Ga (0.1) 1.6 1.4 0.9 1.3 2.1 1.3 1 2.2 2.1 0.9 4.5 4.6 1.6 1.2 

Gd (0.1) 0.8 0.8 0.9 0.7 1.9 0.9 1.2 1.4 1.1 0.9 2.6 2.4 1.1 1 

Hf (0.1) 10.2 2.9 1.5 1.8 3.5 11.4 3 5.9 1.6 1.1 14.8 14.2 7 12.4 

Ho (0.01) 0.12 0.07 0.05 0.05 0.14 0.13 0.09 0.1 0.08 0.05 0.31 0.29 0.1 0.15 

La (1) 6 7 8 7 11 7 8 11 8 8 12 12 10 9 

Lu (0.1) - - - - - - - - - - - - - - 

Nd (0.1) 4.6 5.3 5.9 4.8 8 5 6 8.6 6.7 5.5 13.2 12.7 6.9 6 

Ni (1) 1.4 1.7 2.4 6.3 1.1 1 1.3 1.2 1.2 1.8 2 1.8 1.1 0.9 

Pb (0.001) 2.32 2.03 1.94 1.77 1.96 1.9 1.52 2.26 1.66 1.51 2.05 1.99 2.49 1.9 

Pr (0.01) 1.5 1.7 1.8 1.5 2.5 1.6 1.8 2.6 2.1 1.8 3.7 3.4 2.2 1.9 

Sm (0.01) 0.8 0.9 1 0.8 1.6 0.9 1.1 1.5 1.2 0.9 2.7 2.5 1.1 1 

Sn (0.1) 0.27 0.12 0.15 0.1 0.08 0.08 0.06 0.58 1.04 0.22 0.78 0.72 0.19 0.21 

Sr (1) 43 51 62 51 434 44 119 69 48 58 72 70 61 42 

Tb (0.01) 0.08 0.06 0.06 0.05 0.19 0.09 0.11 0.11 0.08 0.06 0.24 0.22 0.09 0.09 

Th (0.01) 4.14 3.17 2.6 3.3 3.46 5.65 2.99 4.33 3.19 2.42 5.31 5.29 3.93 4.37 

Tm (0.01) - - - - - - - - - - - - - - 

U (0.01) 1.1 0.82 0.47 0.55 0.7 2.3 0.69 0.87 0.48 0.41 1.28 1.26 0.89 1.22 

Y (0.01) 2.9 1.5 1.1 1.1 3.3 3.2 2.2 2.5 1.8 1.2 7.7 7.8 2.5 3.5 

Yb (0.01) 0.66 0.28 0.19 0.19 0.5 0.64 0.36 0.45 0.27 0.19 1.13 1.1 0.48 0.73 

Zn (1) 4 4 3 3 3 3 3 3 4 3 3 3 4 4 

Zr (1) 336 89 48 57 107 375 114 190 47 34 477 485 230 434 

Cr (2) 10 5 11 5 2 5 4 21 23 7 13 13 7 7 

V (2) 4.3 2.4 2.2 3.1 6.3 2.8 2.7 9 26.1 4.4 21.2 20.8 4.2 4.5 

TREE - - - - - - - - - - - - - - 

LREE/HREE - - - - - - - - - - - - - - 

Eu - - - - - - - - - - - - - - 
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Table 5.3 (continued) 

Sample # sg37 sg38 sg39 sg40 sg41 sg43 sg44 sg45 sg46 sg47 sg48 sg49 sg50 sg51 

SiO2 (0.1) ** - - - - - - - - - - - - - - 

TiO2 (0.01) 0.105 0.049 0.066 0.06 0.028 0.04 0.034 0.115 0.144 0.196 0.09 0.032 0.14 0.096 

Na2O(0.01) 0.02 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.04 0.01 0.005 0.04 0.02 

K2O (0.01) 0.33 0.225 0.181 0.156 0.148 0.218 0.202 0.46 0.46 0.44 0.354 0.216 0.659 0.303 

MgO (0.01) 0.067 0.046 0.05 0.041 0.047 0.086 0.102 0.172 0.109 0.164 0.087 0.054 0.151 0.06 

Fe2O3 (0.01) 0.39 0.5 0.15 0.19 0.33 0.07 0.2 1.55 0.32 0.36 0.64 0.08 0.31 0.32 

CaO (0.01) 0.05 0.04 0.05 0.04 0.04 0.05 0.06 0.06 0.04 0.11 0.04 0.24 0.2 0.06 

Al2O3 (0.01) 1.45 0.88 0.78 0.67 0.59 0.95 0.94 1.8 1.72 1.59 1.31 0.83 2.48 2.36 

As (0.1) - - - - - - - - - - - - - - 

Ba (1) 14 11 12 11 8 0.95 0.94 1.8 10 8 6 4 11 8 

Ce (1) 24 26 23 23 14 24 25 30 40 27 28 18 32 28 

Co (0.1) 0.18 0.2 0.27 0.18 0.12 0.39 0.52 0.57 0.57 0.42 0.33 0.22 0.21 0.14 

Cu (0.1) 0.8 0.8 0.7 0.6 0.4 0.7 0.5 0.7 0.7 0.6 0.5 0.5 0.5 0.6 

Dy (0.01) 0.41 0.49 0.63 0.54 0.34 0.45 0.44 0.5 0.9 0.84 0.56 0.65 0.96 0.43 

Er (0.01) 0.27 0.27 0.28 0.25 0.22 0.29 0.24 0.32 0.57 0.56 0.35 0.33 0.56 0.3 

Eu (0.01) 0.2 0.18 0.19 0.17 0.13 0.21 0.19 0.22 0.38 0.22 0.24 0.16 0.32 0.24 

Ga (0.1) 2.2 1.4 1.2 1.1 1 2.4 2.1 2.6 2.5 2.5 2 1.4 3 2 

Gd (0.1) 1.2 1.3 1.4 1.3 0.8 1.2 1.2 1.3 2.4 1.8 1.4 1.1 2 1.4 

Hf (0.1) 2.8 3.2 4.9 3.5 1.1 2.8 1.4 7.1 9.2 10.5 5.4 1.5 7.4 4.9 

Ho (0.01) 0.08 0.1 0.1 0.1 0.07 0.09 0.09 0.1 0.19 0.19 0.12 0.12 0.2 0.09 

La (1) 12 11 10 10 5 11 10 11 19 11 10 8 13 13 

Lu (0.1) - - - - - - - - - - - - - - 

Nd (0.1) 8.1 7.5 7.5 7.2 4.9 9.1 7.6 8.1 14.1 8.2 8.4 6.5 10.7 9.6 

Ni (1) 1.3 1.1 3.2 1.7 1.5 4 5 5.4 4.7 5.6 3.9 2.7 2.4 1.1 

Pb (0.001) 2.05 1.92 1.9 1.85 1.17 2.37 1.69 2.19 2.84 1.74 2.02 1.33 1.58 1.27 

Pr (0.01) 2.6 2.4 2.3 2.2 1.4 2.8 2.3 2.4 4.2 2.5 2.4 1.9 3 3 

Sm (0.01) 1.3 1.2 1.3 1.2 0.9 1.4 1.3 1.5 2.6 1.4 1.6 1.1 2 1.6 

Sn (0.1) 0.27 0.21 0.07 0.06 0.08 0.14 0.04 0.21 0.23 0.13 0.27 0.05 0.15 0.16 

Sr (1) 64 154 400 359 44 57 75 86 159 99 114 66 286 105 

Tb (0.01) 0.08 0.11 0.14 0.12 0.06 0.08 0.09 0.1 0.18 0.14 0.11 0.12 0.19 0.09 

Th (0.01) 4.39 4.78 4.4 3.62 1.63 3.93 2.54 6.74 15.8 6.04 5.91 2.71 8.22 5.95 

Tm (0.01) - - - - - - - - - - - - - - 

U (0.01) 0.88 0.76 1.07 0.83 0.39 0.63 0.54 1.26 1.74 1.55 2.11 1.23 1.3 0.77 

Y (0.01) 2 2.2 2.4 2.3 1.7 2.2 2.1 2.6 4.7 5.3 2.8 2.9 4.8 2 

Yb (0.01) 0.32 0.34 0.31 0.28 0.25 0.33 0.23 0.4 0.68 0.73 0.41 0.32 0.63 0.39 

Zn (1) 4 6 4 3 3 6 6 4 5 5 3 4 3 6 

Zr (1) 89 108 168 127 33 80 41 243 312 360 170 47 247 161 

Cr (2) 9 9 7 6 10 5 5 8 8 6 7 3 4 3 

V (2) 5.2 4.1 2.4 2.1 2.5 2.4 3.3 7.6 4.5 3.7 4.1 1.5 4.4 2.7 

TREE - - - - - - - - - - - - - - 

LREE/HREE - - - - - - - - - - - - - - 

Eu - - - - - - - - - - - - - - 
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Table 5.3 (continued) 

Sample # sg52 sg53 sg54 sg55 sg56 sg57 sg58 sg59 sg60 
Avg. 

WP  

Avg. 

LZ  

Avg. 

MF  
Avg. 

Average 

Sandstone*** 

*** 

Average 
SiO2 (0.1) ** - - - - - - - - - 91.93  97.10  94.28  94.44  78.33 

TiO2 (0.01) 0.024 0.04 0.057 0.062 0.032 0.046 0.951 0.212 0.222 0.12  0.06  0.22  0.13  0.25 

Na2O(0.01) 0.02 0.03 0.02 0.04 0.02 0.01 0.04 0.04 0.04 0.02  0.02  0.02  0.02  0.45 

K2O (0.01) 0.113 0.241 0.199 0.595 0.183 0.233 0.341 0.88 0.292 0.45  0.21  0.47  0.37  1.31 

MgO (0.01) 0.052 0.101 0.053 0.137 0.069 0.046 0.12 0.168 0.371 0.83  0.06  0.12  0.34  1.16 

Fe2O3 (0.01) 0.14 0.08 0.26 0.26 0.05 0.11 0.36 0.35 0.08 0.71  0.51  0.73  0.65  1.07 

CaO (0.01) 0.06 0.1 0.05 0.13 0.08 0.04 0.15 0.16 0.15 0.05  0.04  0.10  0.06  5.5 

Al2O3 (0.01) 0.82 1.07 2.59 3.75 1.28 2.65 1.47 3.34 1.59 3.33  1.24  2.14  2.23  4.77 

As (0.1) - - - - - - - - - 1.15  1.04  1.17  1.12  1 

Ba (1) 4 4 6 8 3 3 9 6 5 30.48  10.19  8.14  16.27  X0 

Ce (1) 24 23 24 40 17 11 44 21 31 57.27  19.52  26.89  34.56  92 

Co (0.1) 0.15 0.27 0.16 0.24 0.11 0.14 0.34 0.66 2.46 0.75  0.33  0.91  0.66  0.3 

Cu (0.1) 0.5 0.9 0.4 0.5 1.7 0.4 1.4 1.6 0.8 1.59  0.54  0.71  0.95  X 

Dy (0.01) 0.66 0.5 0.41 0.88 0.39 0.19 0.74 0.71 0.33 1.98  0.45  0.60  1.01  7.2 

Er (0.01) 0.32 0.27 0.23 0.45 0.19 0.11 0.43 0.46 0.2 1.20  0.29  0.34  0.61  4.0 

Eu (0.01) 0.17 0.17 0.21 0.36 0.19 0.14 0.32 0.3 0.17 0.70  0.16  0.21  0.36  1.6 

Ga (0.1) 0.8 1.6 1.8 3.4 1.3 2 2 3.3 2.5 3.85  1.82  2.88  2.85  12 

Gd (0.1) 1.2 1.3 1.3 2.1 1.1 0.7 2.6 1.6 1.4 3.23  0.90  1.23  1.78  10 

Hf (0.1) 1.6 2.1 4.7 4.1 2 2.4 22.4 5.1 3.9 4.58  4.95  7.43  5.66  3.9 

Ho (0.01) 0.12 0.09 0.07 0.14 0.06 0.04 0.13 0.13 0.06 0.47  0.10  0.13  0.24  2 

La (1) 9 10 11 16 7 5 22 10 12 26.96  8.67  11.99  15.87  30 

Lu (0.1) - - - - - - - - - 0.08 0.02 0.04 0.04 1.2 

Nd (0.1) 7.5 8.2 8.2 13.2 6.7 4.8 17.5 8.7 11.2 23.30  6.23  9.87  13.13  37 

Ni (1) 0.8 2.2 1.2 2.5 1 1 1.9 4.3 15.6 3.32  1.81  4.17  3.10  2 

Pb (0.001) 0.945 1.32 1.04 0.978 0.656 0.64 1.86 0.893 0.929 2.74  2.31  1.89  2.31  7 

Pr (0.01) 2.2 2.4 2.5 4 2 1.4 5.1 2.5 3.2 6.61  1.92  2.90  3.81  8.8 

Sm (0.01) 1.3 1.3 1.3 2.2 1.2 0.8 2.8 1.5 1.7 4.12  1.05  1.79  2.32  10 

Sn (0.1) 0.05 0.05 0.16 0.21 0.04 0.01 0.12 0.19 0.05 0.39  0.24  0.30  0.31  0.X 

Sr (1) 123 160 211 465 153 125 772 328 70 54.16  90.64  194.90  113.23  20 

Tb (0.01) 0.14 0.12 0.09 0.18 0.09 0.04 0.18 0.15 0.07 0.37  0.09  0.13  0.20  1.6 

Th (0.01) 3.11 3.48 4.98 4.95 2.94 5.91 17.2 4.25 5.34 4.68  3.58  6.64  4.96  1.2 

Tm (0.01) - - - - - - - - - 0.21  0.05  0.06  0.11  0.3 

U (0.01) 0.55 0.7 0.92 0.73 0.46 0.63 2.4 0.91 1.07 1.70  0.71  1.00  1.14  0.45 

Y (0.01) 2.8 2.2 1.6 3.3 1.5 0.8 3.2 3.2 1.6 12.08  2.56  3.41  6.02  40 

Yb (0.01) 0.31 0.3 0.33 0.44 0.2 0.14 0.57 0.61 0.22 1.35  0.40  0.45  0.73  1.2 

Zn (1) 3 3 4 4 3 3 2 3 6 2.74  2.50  2.85  2.70  16 

Zr (1) 46 65 151 136 58 73 805 157 131 167.53  172.69  266.73  202.32  220 

Cr (2) 4 3 3 6 3 3 13 11 6 8.32  6.53  7.17  7.34  35 

V (2) 1 1.4 2.4 4.5 1.9 1.7 6.5 9.9 6.3 7.92  4.48  8.03  6.81  20 

TREE - - - - - - - - - 120.76 37.03 57.10 71.62 209.7 

LREE/HREE - - - - - - - - - 14.07 17.18 18.63 15.66 5.92 

Eu - - - - - - - - - 0.64 0.53 0.43 0.56 0.53 

* The results listed here include those obtained from this study (sample numbers starting with 12 and 13), 

and those from Saskatchewan Geological Survey data base (samples number starting with “sg”, Bosman 

and Colin, 2012); ** The number in the parentheses is the detection limit; *** The crustal sandstone values 

of major elements are based on Mason and Moore (1982), and those for trace elements are based on 

Turekian and Wedepohl (1961); “-” means no data. REE data are only calculated based on samples 

numbers starting with 12 and 13. The minimum average concentrations calculated with an assumption that 

element concentrations below detection limit are zero. 
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The concentrations of most trace elements in the samples examined are lower than 

the abundances in average crustal sandstones (Turekian and Wedepohl, 1961), especially 

V, Cu, Pb, Zn, Ba, and rare earth elements (REE) (Table 5.3). However, it is noted that 

the average concentrations of Co, Ni, Hf, Sr, U, and Th are higher in our samples than 

those of the average sandstones (Table 5.3). In particular, although most of the samples 

contain less than 1 ppm U, the values are still higher than the sandstone average (0.45 

ppm).  

Many components including Al2O3, K2O, MgO, U, Cu, Pb, and REE are more 

concentrated in the Wolverine Point Formation than the underlying formations. However, 

CaO, Co and Ni are more concentrated in the Manitou Falls Formation (Fig. 5.9; Table 

5.3). Below the boundary between the Wolverine Point Formation and the Lazenby Lake 

Formation, CaO, Al2O3, K2O, Co, and Ni increases with depth while MgO, U, Cu, and 

Pb remain relatively stable except a few outliers (Fig. 5.9; Table 5.3). 

REE distribution patterns are similar between the red beds and the bleached rocks 

in each formation (Fig. 5.10). They are generally characterized by a steep negative slope 

from La to Eu, a prominent Eu depletion, and a flat pattern from Dy to Yb (Fig. 5.10). 

The total REE abundances in red beds are slightly higher than those in the bleached parts 

for the Wolverine Point and the Lazenby Lake formations, while the concentrations of 

the two parts are similar in the Manitou Falls Formation (Fig. 5.10). There is a sharp 

difference in total REE contents between the Wolverine Point Formation (120.76 ppm) 

and the Lazenby Lake Formation (37.03 ppm, Table 5.3).  
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Fig. 5.9 Diagrams showing variation of CaO, Al2O3, K2O, MgO, U, Cu, Co, Ni, and Pb with depth of drill 

core DV10-001. Formation contacts and reference lines of the average sandstones are also shown. The 

average sandstone values of major elements are based on Mason and Moore (1982), and those for trace 

elements are based on Turekian and Wedepohl (1961). Original in colour. 
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Fig. 5.10 Chondrite-normalized REE distribution patterns of red bed and bleached samples from different 

formations of drill core DV10-001 (chondrite normalization factors are from Herrman et al., 1970). REE 

distribution pattern of averaged crustal sandstone (Turekian and Wedepohl, 1961) is also presented for 

comparison. Original in colour. 
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The sandstones from drill core DV10-001 have broadly similar REE patterns to the 

average sandstone in the curst, inclined to the right and having similar Eu (= 

(Eu)N/[0.5(Sm)N + 0.5(Gd)N]) values (averaging 0.56 for our samples and 0.53 for the 

average sandstone in the crust; Table 5.3). However, the sandstones from DV10-001 are 

significantly depleted in total REE (averaging 71.6 ppm) relatively to the average 

sandstone in the crust (209.7 ppm) (Fig. 5.10). Furthermore, the DV10-001 samples are 

much more depleted in HREE (LREE/HREE ratio = 15.66) than the average sandstone in 

the crust (LREE/HREE ratio = 5.92) (Fig. 5.10; Table 5.3). 

 

5.4.4. Element gain-loss during bleaching 

Using the density data measured for paired red bed and bleached sandstones (Table 

5.2), an isocon diagram was constructed for each pair of samples that were collected 

strictly from the same sedimentary layer (i.e., those listed in Table 5.1) to evaluate 

element gains and losses. The isocon diagrams of each formation, using average 

densities and average element concentrations, and assuming constant volume, are shown 

in Fig. 5.11. The net mass changes (in %) for each element are listed in Table 5.4, and 

illustrated in Fig. 5.12 for some elements. Although the elements gained or lost during 

bleaching may vary from one pair of samples to another, the calculation results (Table 

5.4; Figs. 5.11 and 5.12) indicate that Fe2O3, V, Sn, and Cr are consistently lost (with few 

exceptions). K2O, U, and Th are mostly lost in the Wolverine Point Formation while 

gained in the Lazenby Lake and Manitou Fall Formation. In the Wolverine Point 

Formation, CaO and Pb are consistently lost whereas MgO, Cu, Co, and Ni are gained 

overall, but they are more variable in the Lazenby Lake and Manitou Fall formations 
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(Table 5.4; Fig. 5.12). TREE and LREE are gained at the top and gradually become 

depleted with depth in the Wolverine Point Formation, but they are mostly gained in the 

Lazenby Lake and Manitou Fall formations. HREE are mostly lost in the Wolverine 

Point Formation and gained in the Lazenby Lake and Manitou Falls formations (Fig. 

5.12). 

 

5.5 Discussion 

The sedimentation in the Athabasca Basin may have lasted from 1760 Ma to 1500 

Ma (Ramaekers et al., 2007), and sedimentary rocks, especially those in the lower part of 

the basin, must have experienced extensive interactions with basinal fluids over this time 

period. Some elements may have been added to the rocks from the fluids, and others may 

have been lost from the rocks to the fluids. Some of the fluid-rock interactions took place 

in early diagenesis, whereas others occurred at variable burial depths. The purpose of this 

study is to extract information about the basinal fluids from the petrographic and 

geochemical studies of the sandstones, which is used to constrain uranium mineralization 

models, especially in terms of uranium sources, timing of uranium extraction from the 

sediments, and fluid-flow patterns. These are discussed below. 
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Fig. 5.11 Isocon plots for average paired red bed and bleached samples from different formations of drill 

core DV10-001 (note many elements have been scaled for clarity indicated by *n where n is the amount 

the element is scaled by). 
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Fig. 5.12 Diagrams showing the mass net change (in mass%) of various elements (Fe2O3,K2O, CaO, MgO, 

Cr, Sn, U, Th, Pb, Cu, Co, Ni, TREE, LREE, and HREE) during the bleaching process for samples from 

different depths. The vertical line indicates the position of no mass change (position zero); positive values 

indicate mass gain and negative values indicate mass loss. 
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Table 5.4 Mass net change (in mass %) of elements during the bleaching process of sample pairs from drill 

core DV10-001  

F.M. Wolverine Point 

Sample # 1301 1304 1306 1307 1312 1314 Ave.* 

SiO2 3.0 1.20  1.4 -0.6 0.6 0.2 -0.5 

TiO2 3.6 0.77  0.3 -6.4 -30.4 -24.9 -5.5 

Na2O 0.8 -49.62  0.3 0.8 -0.5 - -8.7 

K2O -10.1 -10.43  0.3 -15.3 -0.5 0.2 -9.7 

MgO 0.0 2.51  -2.8 24.0 -7.6 50.2 2.7 

Fe2O3 -52.5 -55.66  -64.4 -19.4 -79.9 -70.4 -55.8 

CaO -39.5 -24.42  0.3 -16.0 -0.5 0.2 -19.6 

Al2O3 -2.1 -0.47  -0.2 7.3 -2.4 -1.9 -1.3 

As -42.9 -19.38  7.7 -29.4 10.5 -33.2 -22.3 

Ba -6.0 0.77  -3.3 -2.3 -0.5 -4.0 -4.2 

Ce 9.0 0.77  3.9 12.7 -7.1 -8.2 1.4 

Co 44.1 37.41  -8.8 -19.4 24.4 -75.0 8.1 

Cu 26.0 0.77  0.3 427.2 105.6 -52.9 96.4 

Dy -3.7 -17.97  5.5 -23.6 -9.3 -8.8 -9.6 

Er -3.5 -12.28  0.9 -21.4 -9.6 -3.4 -9.1 

Eu -3.3 -8.19  7.7 -1.3 -0.5 -10.1 -3.0 

Ga -1.6 0.77  2.5 9.5 -3.3 -5.4 -0.3 

Gd -1.8 -5.56  5.7 -11.4 -4.0 -2.9 -3.7 

Hf 2.6 8.23  -4.5 -10.4 -17.8 0.2 -2.1 

Ho -3.7 -16.03  1.7 -22.6 -7.3 -9.0 -9.7 

La 7.3 0.77  5.7 14.2 -5.8 -11.6 1.9 

Lu - - - - - - - 

Nd 2.2 -2.22  2.0 9.7 -4.9 -11.6 -1.9 

Ni 15.2 51.15  50.5 51.2 -0.5 0.2 25.3 

Pb -37.9 -66.11  -0.3 -74.6 -1.1 -58.5 -44.3 

Pr 6.1 0.77  2.9 9.9 -7.9 -10.6 -0.5 

Sm -2.9 2.29  1.1 4.5 -8.1 -12.4 -3.1 

Sn -29.4 -24.42  -24.8 0.8 -25.4 -75.0 -30.7 

Sr 0.8 -3.49  3.9 8.9 -11.1 -12.1 -3.3 

Tb 2.4 -19.38  10.7 -13.2 -12.6 0.2 -5.7 

Th -4.3 5.81  4.5 -4.0 -22.0 4.6 -4.3 

Tm -2.9 -8.39  -3.1 -23.4 -5.8 -19.9 -9.4 

U -23.9 8.44  -28.3 4.4 -3.2 -52.0 -17.2 

Y -4.1 -15.81  6.5 -22.8 -11.0 -6.7 -9.1 

Yb -2.8 -8.06  3.1 -24.4 -13.8 -9.0 -8.9 

Zn - - 602.2 101.6 - - 126.2 

Zr 2.6 3.57  -2.8 -12.7 -25.9 -16.5 -3.4 

Cr -20.2 -52.58  -62.8 -54.6 -30.4 -19.9 -45.2 

V -42.4 -13.63  -49.8 0.8 -50.3 - -38.2 

TREE 5.7 -0.56  3.5 10.1 -6.6 -9.8 0.0 

LREE 6.8 0.16  3.4 12.3 -6.5 -10.0 0.6 

HREE -2.8 -11.22  4.1 -19.6 -8.6 -5.1 -7.5 
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Table 5.4 (continued) 

F.M. Lazenby Lake Manitou Falls 

Sample # 1317 1337 1340 1341 1346 Ave.* 1349 1353 1354 1357 Ave.* 

SiO2 1.1 2.6 -0.4 1.0 2.2 0.2 -0.3 1.0 -2.8 -1.1 -2.1 

TiO2 34.6 3.7 -0.7 65.7 -32.1 5.0 73.4 -0.1 -3.6 -1.3 16.7 

Na2O - 107.4 - - - 100.0 98.2 -0.1 -3.6 23.4 21.6 

K2O 44.2 25.7 20.6 -0.6 1.9 15.8 53.1 -5.1 0.0 13.2 7.6 

MgO 1.0 29.6 -0.7 -33.7 1.9 4.0 32.1 -9.2 -3.6 31.6 13.5 

Fe2O3 -89.1 -81.7 -81.5 -89.3 -87.6 -86.4 -80.2 -91.9 -81.4 -91.6 -86.2 

CaO 68.3 33.3 -0.7 -33.7 -41.8 0.0 -0.9 -25.1 -3.6 43.6 6.1 

Al2O3 20.0 39.5 14.4 -9.0 40.4 27.4 39.6 -1.8 -1.3 3.5 4.4 

As -13.5 20.3 -0.7 -33.7 -34.5 -10.0 3.6 -19.1 12.5 18.5 -1.2 

Ba -15.9 29.6 9.3 10.5 35.8 11.5 -0.9 -0.1 -15.7 -1.3 -5.9 

Ce -6.8 20.3 5.2 -0.6 15.5 4.8 12.6 19.1 -7.3 28.3 10.7 

Co 1.0 33.3 -0.7 -75.1 1.9 -4.6 26.1 -25.1 1008.5 -56.1 64.6 

Cu -15.9 3.7 -20.5 -0.6 27.3 -4.0 -17.4 59.8 15.7 -1.3 11.9 

Dy 16.7 11.1 11.8 -4.7 -7.4 5.2 34.7 14.2 -22.0 21.9 12.6 

Er 18.8 7.8 19.2 -7.2 -2.8 6.1 40.4 6.8 -7.8 9.7 10.3 

Eu 6.3 18.9 -6.9 9.4 20.4 8.9 23.9 4.4 -8.4 22.2 8.3 

Ga 1.0 15.2 14.6 -20.5 32.4 10.8 39.6 -0.1 -7.5 1.7 4.8 

Gd 7.9 27.9 12.0 7.1 8.2 14.9 21.1 7.0 -10.6 19.4 7.2 

Hf 152.4 -10.1 -3.9 21.5 -36.8 4.8 69.9 20.7 -15.0 -1.3 17.6 

Ho 29.8 3.7 13.5 19.3 16.4 13.1 58.5 8.2 -3.6 17.2 18.0 

La -15.9 24.4 -0.7 -0.6 35.8 4.5 10.1 11.0 -13.3 23.4 5.4 

Lu - - - - - - - - - - - 

Nd -11.7 24.2 2.7 -2.3 17.5 4.5 12.1 11.0 -4.8 29.9 10.4 

Ni 1.0 211.0 -0.7 -80.1 1.9 -22.2 -15.1 -33.4 189.2 -1.3 -2.7 

Pb 135.4 47.2 -9.1 -58.1 -35.8 9.4 51.2 -30.7 -4.1 27.3 10.4 

Pr -12.9 23.0 2.7 -1.6 19.5 3.8 13.3 11.0 -9.1 29.1 9.0 

Sm -13.1 37.0 3.2 0.7 8.0 8.0 10.5 14.5 -2.9 35.4 12.4 

Sn -49.5 -65.4 -0.7 -50.3 -74.5 -58.3 -50.5 -50.1 -51.8 -50.6 -51.4 

Sr -10.3 23.3 1.9 -0.6 24.8 13.8 11.3 -2.0 -6.7 21.7 4.8 

Tb 1.0 17.2 11.8 -0.6 1.9 7.5 15.6 14.2 -12.4 21.5 8.9 

Th -11.0 68.5 5.9 8.3 11.8 12.5 15.6 26.5 -20.6 -7.7 2.7 

Tm 101.9 3.7 -0.7 -0.6 35.8 20.0 98.2 -0.1 -3.6 15.2 18.9 

U -16.6 36.5 25.4 34.5 -14.5 10.5 5.5 5.9 -24.1 24.2 2.6 

Y 28.3 11.1 13.8 15.0 -0.8 11.1 52.5 6.1 -19.2 12.8 11.9 

Yb 60.4 -9.3 18.5 17.0 -13.2 8.4 39.4 11.0 -20.2 24.1 11.8 

Zn - - - 32.6 -89.3 -40.9 98.2 - - -1.3 38.9 

Zr 125.9 -7.2 -7.4 16.0 -38.7 0.3 67.7 11.6 -12.9 -2.5 15.1 

Cr -13.5 -56.8 15.9 -40.3 -41.8 -32.4 -60.4 -50.1 -19.7 -57.7 -49.6 

V - -30.9 - - - -63.6 -33.9 - - -1.3 -61.6 

TREE -9.3 22.2 3.7 -0.7 19.1 5.0 12.9 15.2 -8.4 27.3 9.6 

LREE -10.2 22.5 3.2 -0.8 20.1 4.8 12.0 15.5 -8.1 27.9 9.5 

HREE 18.3 17.8 13.6 4.4 -0.2 10.7 31.2 9.3 -13.5 19.2 10.3 

Ave.*refers to average mass change calculated using average concentration and average density of each 

formation; “-” means no data. 
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The core logging (Fig. 5.2) and thin-section point counting (Fig. 5.6b) results 

indicate that the Wolverine Point Formation is relatively fine-grained, contains more 

mud layers, and more matrix in the sandstones. This implies that fluid flow is more 

limited in the Wolverine Point Formation than in the underlying Lazenby Lake and 

Manitou Falls formations, because high mud and matrix contents reduce the porosity and 

permeability. The overall decrease in U, Cu, Pb and REE concentrations from the 

Wolverine Point Formation to the Lazenby Lake and Manitou Falls formations (Figs. 5.9 

and 5.10) probably reflects that more of these elements have been leached from the 

lower part of the basin. It has been shown that the fluid pressure in the Athabasca Basin 

was close to hydrostatic regime throughout the evolution history of the basin (Chi et al., 

2013), which is favourable for thermally-driven fluid convection (Raffensperger and 

Garven, 1995a). The convection cells were likely to be best developed in the relatively 

porous lower part of the basin (Raffensperger and Garven, 1995a). 

As mentioned in the introduction, there are two opinions regarding the source of 

uranium for the unconformity-related uranium deposits, i.e., from sedimentary rocks in 

the basin (Hoeve and Sibbald, 1978; Hoeve et al., 1980; Kotzer and Kyser, 1995; Fayek 

and Kyser, 1997; Kyser et al., 2000) versus from the basement (Dahlkamp, 1978; 

Annesley and Madore, 1999; Hecht and Cuney, 2000; Madore et al., 2000; Cuney et al., 

2003; Richard et al., 2010). The main argument for the basin-sourced model is that the 

basinal fluids were oxidizing, which is favourable for uranium dissolution, and that the 

sediments in the basin likely had much higher uranium concentrations at the time of 

sedimentation than they have today (≤1 ppm U) (Hoeve and Quirt, 1984; Fayek and 

Kyser, 1997). As much as 20 – 30 ppm U (Raffensperger and Garven, 1995b; Komninou 

and Sverjensky, 1996) was inferred to be contained in the basinal fluids, based on the 
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assumption that uranium was dissolved as chloride complexes and was in equilibrium 

with uraninite. Numerical modelling of coupled chemical reactions and fluid flow 

(Raffensperger and Garven, 1995b) and chemical mass transfer and reaction path 

calculations (Komninou and Sverjensky, 1996) demonstrate that the 

unconformity-related uranium deposits can be formed from such uraniferous basinal 

fluids reacting with reductants near the unconformity. However, so far no direct 

evidence of basinal fluids containing this level of uranium in the Athabasca Basin 

(outside the uranium mineralization districts) has been found due to lack of investigation 

in these barren areas. The hundreds of ppm-level uranium concentrations reported for 

fluid inclusions from uranium deposits were interpreted to indicate that the uranium was 

extracted from the basement (Richard et al., 2010, 2012), although this does not exclude 

the possibility that some uranium was derived from the basin. 

If the basinal fluids indeed contained elevated concentrations of uranium (e.g., 20 – 

30 ppm), they may have left some geochemical traces in the sedimentary rocks. The 

primary targets where such traces may be found are the bleached sandstones, where the 

dissolution of IOH suggests introduction of relatively reducing fluids, which favours 

uranium precipitation. In fact, the bleached rocks in the barren part of the basin resemble 

those associated with uranium mineralization in that illite is well developed (Hoeve and 

Quirt, 1984; Quirt et al., 1991; Kister, et al., 2006; Laverret, et al., 2006), although ore 

related alteration minerals such as chlorite, dravite, and aluminum phosphate sulfate 

(APS) are absent, or only present in trace amounts in the barren areas (Wilson, 1984; 

Lorilleux, et al., 2003; Kister, et al., 2006; Gaboreau, et al., 2007). The bleaching of red 

beds is generally believed to be fracture-controlled (Hoeve and Quirt, 1984; Balsamo et 

al., 2013; Harrison, 2010). Therefore the red beds in the Athabasca Basin that were 
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saturated with oxidizing fluids, interacted at some point with relatively reduced fluids 

through a network of fractures (abundant fractures developed in the Lazenby Lake and 

Manitou Falls formations, according to Bosman et al., 2012), causing the bleaching (Fig. 

5.13). Two potential origins of the reducing fluids can be inferred. Such fluids may have 

been derived from the upper part of the basin, especially the Douglas Formation, which 

was rich in organic matter and was buried to oil and gas windows (Wilson et al., 2007). 

Downward fluid flow  would have been possible if an extra 5 km of sediments, based 

on organic matter maturation and fluid inclusion studies (Pagel, 1975; Wilson et al., 

2007), were added on top of the preserved strata (Chi et al., 2013; Chi et al., 2014b). The 

other potential origin of the reducing fluids is the basement, where reducing agents such 

as CH4 and H2S may have been derived from graphite and sulfides. This is also 

consistent with the hypothesis that some metals (Ca, Co, and Pb) from the basement may 

have been added in the lower part of the basin, as witnessed by the slight increase of 

these elements in the Manitou Falls Formation relative to the strata above it. 
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Fig. 5.13 A schematic model showing the relationships between reducing and oxidizing fluids involved in 

the bleaching processes. Oxidizing fluids were permeating in the red bed sandstones, whereas reducing 

fluids were confined in networks of fractures, where mixing and bleaching took place. Original in colour. 
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The mass balance calculations for paired red bed and bleached sandstones (Figs. 5.11 

and 5.12; Table 5.4) show consistent loss of Fe, V, Sn, and Cr during the bleaching 

processes, which has also been observed in other red bed basins (Zielinski et al., 1983). 

For other elements, no consistent gain-loss patterns were observed (Fig. 5.12; Table 5.4). 

The detailed mechanisms for such a lack of regularity may be difficult to determine, and 

may be due to multiple processes acting against each other in terms of element gain and 

loss. For example, some uranium may have been adsorbed on the IOH grains (Hsi and 

Langmuir 1985; Rose, 1993), and so dissolution of the latter would release the uranium 

into the fluid, thus lowering the content of uranium in the bleached rocks. On the other 

hand, the introduction of a reducing fluid may reduce some of the U
6+

 in the solution to 

U
4+

, which may fix uranium in the bleached rocks (e.g., precipitation of uraninite or 

adsorption to clay minerals), thus increasing its content in the rocks. Whether uranium 

was gained or lost in the bleaching process would be determined by the relative 

importance of the two competing processes. Nevertheless, the lack of uranium gain-loss 

regularity during bleaching has important implications for uranium concentrations in the 

basinal fluids. 

Uranium may be dissolved in solutions as complexes with hydroxyl, carbonate, 

sulfate, chloride, phosphate, fluoride and silicate anions (Rose, 1976; Langmuir, 1978; 

Romberger, 1984). In the Athabasca Basin, it is generally agreed that uranium was 

transported as chloride complexes by highly oxidizing and highly saline fluids derived 

from the basin (Pagel et al., 1980; Derome, 2005; Richard et al., 2010, 2011, 2012). 

Studies of fluid inclusions in quartz overgrowths from unmineralized areas of the 

Athabasca Basin (Pagel, 1975; Scott and Chi, 2012) indicate that the diagenetic basinal 

fluids were characterized by high salinities and contained both sodium and calcium, 
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which is similar to those found in the uranium deposits (e.g., Pagel et al., 1980; Derome et 

al., 2005). Because the solubility of uranium chloride complex (UO2Cl
+
) decreases with 

increasing pH and decreasing O2 fugacity (Romberger, 1984), bleaching could 

potentially result in precipitation of uraninite. Cuney et al. (2003) estimated that the 

basinal fluids in the Athabasca Basin had a pH value of 4.5 based on the development of 

both kaolinite and illite in the diagenetic assemblages. However, the pH values may 

have been lower in the early stage of diagenesis, as kaolinite was first developed and 

then overprinted by illite. The increase of both kaolinite and illite in the bleached rocks 

relative to the red bed rocks (Table 5.1) probably reflects co-precipitation of the two 

minerals and suggests an increase of pH values during bleaching (Fig. 13 of Romberger, 

1984). The decrease of IOH in the bleached rocks relative to the red beds (Table 5.1) 

indicate that IOH were dissolved during bleaching, which likely was caused by lowering 

of oxygen fugacity due to mixing with the reducing fluid (Fig. 12 of Romberger, 1984). 

Using the hematite stability boundary defined by 10 ppm Fe in the solution (Figs. 12 and 

13 of Romberger, 1984), and a pH value of >4.5, the fO2 value is estimated to be <10
-30

. 

If the basinal fluid initially had a fO2 of 10
-24

 and a U concentration of 17 ppm, as 

assumed in Komninou and Sverjensky (1996), a decrease of fO2 from 10
-24

 to 10
-30

 

would result in almost complete precipitation of uranium from the solution. This would 

have caused a systematic increase in uranium concentrations in the bleached rocks 

relative to the red beds. The lack of such uranium enrichment in the bleached rocks, as 

discussed above, indicates that the uranium concentrations in the basinal fluids must 

have been much lower than that estimated from the assumption of the solution being 

saturated with uraninite (e.g., 17 ppm, Komninou and Sverjensky, 1996). 

The inference that uranium concentrations in the basinal fluids were low at the time 
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of bleaching does not, however, necessarily mean that the basinal fluids could not have 

provided uranium for mineralization. As noted earlier, most of the bleaching processes 

took place relatively late in the diagenetic history, and basinal fluids containing high 

concentrations of uranium may have existed earlier. The IOH in red beds are widely 

regarded as authigenic products forming from alteration of detrital ferromagnesian grains 

under oxidizing conditions (Walker, 1967; Turner, 1980; Hoeve and Quirt, 1984; Eren 

and Kadir, 1999), and the colour of the rocks is related to many factors including particle 

size, crystal shape, clustering and the contents of hematite (Torrent and Schwertmann, 

1986; Davey et al., 1975). It has been demonstrated that metals such as Co, V, Ni, Cu, 

and U are typically leached into the fluids during the reddening processes, especially 

when IOH recrystallized (Pirc and Rose, 1980; Zielinski et al., 1983; Romberger, 1984; 

Brown, 2006; Metcalfe et al., 1994). Based on our petrographic studies, fine-grained 

IOH in the matrix and spotty IOH in the dust-lines probably recrystallized as needle-like 

and flaky shape when reddening proceeded (Fig. 5.4), and it is possible that major 

uranium leaching may have taken place during this period. Large amounts of REE may 

have also been leached together with uranium in early diagenesis, as reflected by the 

decrease of total REE relative to average sandstone in the crust (Fig. 5.10; Table 5.3). 

Preferential leaching of HREE over LREE may have led to HREE enrichment in the 

fluids, which may be related to low LREE/HREE ratios in uranium-bearing minerals in 

the deposits (Quirt et al., 1991; Fayek and Kyser, 1997). 

Previous geochronological studies suggest that the earliest uranium mineralization 

event in the eastern Athabasca Basin mainly took place around 1590 Ma (Alexandre et 

al., 2009), although a wide spectrum of younger ages have also been reported (Hoeve and 

Quirt 1984; Cumming and Krstic 1992; Kyser et al., 2000; Fayek et al., 2002; Kyser and 
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Cuney, 2008; Ramaekers, 2013), suggesting multiple uranium mineralization or 

remobilization events. If uranium for the earliest mineralization was extracted from the 

basin, such extraction processes must have taken place fairly early during the burial 

history of the lower part of the basin, at a time between the deposition of the Wolverine 

Point Formation (1644±13 Ma, Rainbird et al., 2007) and the Douglas Formation 

(1541±13, Creaser and Stasiuk, 2007) in the upper part of preserved basin stratigraphy. 

In summary, our geochemical data of paired red bed and bleached sandstones 

suggest that the uranium concentrations in the basinal fluids during the bleaching events, 

which mostly took place in late diagenesis, were much lower than that expected for 

uranium mineralization. However, this does not exclude the possibility that major 

uranium leaching events took place in early diagenesis, especially during the reddening 

processes. 

 

5.6 Conclusions 

Detailed core logging, petrographic and geochemical studies of sandstones from 

drill core DV 10-001 in the central part of the Athabasca Basin have yielded important 

information about the diagenesis and element transport in the lower part of the basin. 

Reddening of the rocks, characterized by formation of IOH, started in early diagenesis, 

and may have been accompanied by kaolinite precipitation. This was followed by 

precipitation of authigenic quartz, occurring as overgrowths on detrital quartz grains, 

with continued formation of IOH and kaolinite. Illite was formed relatively late in 

diagenesis. Quartz cementation was interrupted by quartz dissolution, and iron oxide 

precipitation was interrupted by dissolution (bleaching), probably multiple times, during 
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the diagenetic history. Some bleaching events (in the Wolverine Point Formation) may 

have occurred in early diagenesis, but the majority of bleaching events are probably late 

in the diagenetic history, after significant burial of the rocks. Dissolution of IOH, and 

precipitation of quartz, kaolinite and illite, which suggest a decrease in oxygen fugacity 

and increase in pH, is interpreted to be caused by reducing fluids.   

The relatively mud-rich and fine-grained sandstones of the Wolverine Point 

Formation, located in the upper part of the core, are characterized by relatively high 

concentrations of Mg, K, Ca, Cu, Pb, U, and REE compared to the underlying Lazenby 

Lake Formation. The Lazenby Lake Formation contains elevated values of SiO2, 

compared to the other formations in this drill core and has the highest density values. 

The Manitou Falls Formation, found in the lowest part of the core, is characterized by 

coarse sandstones and locally conglomerates and has similar compositions as the 

Lazenby Lake Formation except for its elevated CaO concentrations. This element 

distribution pattern is interpreted to indicate enhanced fluid flow in the lower part of the 

basin, due to higher permeability, which may have leached the metals, particularly U and 

REE, from the sedimentary rocks. 

Mass balance calculations of 15 paired red bed and bleached sandstones indicate 

systematic loss of Fe, Cr, V, and Sn during the bleaching processes. For most other 

elements, including U, there is no systematic gain or loss identified, which is interpreted 

to indicate low concentrations of these elements in the basinal fluids. The concentrations 

of U in the oxidizing basinal fluids at the time of bleaching were likely much lower than 

expected for mineralization. Higher concentrations of U in the basinal fluids may have 

been achieved during the reddening processes in early diagenesis. Although this study 

can neither confirm nor discard the hypothesis that uranium found in the 
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unconformity-related uranium deposits was extracted from the sedimentary rocks in the 

basin, it puts a constraint on the timing of such uranium extraction, limiting it to early 

diagenesis, which is consistent with the first mineralization ages. 

  



 

129 

 

Chapter 6 Thermal profiles derived from fluid inclusions and illite 

geothermometry
4
 

 

6.1 Introduction 

Basin-scale fluid flow in sedimentary basins played a significant role in the 

formation of many mineral and petroleum deposits (Bethke and Marshak, 1990; Garven 

and Raffensperger, 1997; Cathles and Adams, 2005). The mechanism of such fluid flow, 

for example that responsible for the formation of Mississippi Valley-type (MVT) Zn-Pb 

deposits, has been a subject of scientific debates for over three decades, one of the focuses 

being whether or not a given fluid flow model can explain the heat anomaly observed in 

the deposits (Cathles and Smith, 1983; Anderson and Macqueen, 1988; Bethke and 

Marshak, 1990; Garven et al., 1993; Garven and Raffensperger, 1997; Cathles and 

Adams, 2005). This is understandable because fluid flow is always associated with heat 

transport, and different fluid flow mechanisms may result in different thermal profiles 

(Duddy et al., 1994; Deming, 1994; Jessop and Majorowicz, 1994; Phillips, 2009; 

Ingebritsen and Appold, 2012; Chi, 2015). Thus, the study of thermal profiles in 

sedimentary basins is important for constraining fluid flow models. Fluid flow 

mechanisms related to the formation of sedimentary basin-hosted (especially 

unconformity-related) uranium deposits have also been extensively studied (Sanford, 

                                                 

4
 Modified from “Chu, H., Chi, G., 2016. Thermal profiles inferred from fluid inclusions and illite 

geothermometry from the sandstones of the Athabasca Basin: Implications for unconformity-related 

uranium mineralization. Ore Geology Review75, 284–303.” 
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1992; Raffensperger and Garven, 1995a and b; Chi et al., 2011, 2013, 2014b; Cui et al., 

2010, 2012a and b; Chi and Xue, 2014), but so far little attention has been paid to the 

thermal effects of the fluid flow as was done for the MVT deposits. 

The unconformity-related uranium (URU) deposits, which are best developed in 

Proterozoic basins in northern Canada and northern Australia, especially the Athabasca 

Basin in northern Saskatchewan (Canada; Fig. 6.1a), are the richest uranium deposits in 

the world (Jefferson et al., 2007; Fayek, 2013). The formation of these deposits has been 

related to circulation of large amounts of basinal fluids, facilitated by high permeabilities 

due to dominance of sandstones in the basins (Hoeve and Sibbald, 1978; Hoeve and Quirt, 

1984; Wilson and Kyser, 1987; Kotzer and Kyser, 1990; Hiatt and Kyser, 2000; Kyser et 

al., 2000; Cuney et al., 2003; Richard et al., 2011, 2014; Mercadier et al., 2012). 

However, the driving forces controlling fluid flow are still controversial. Large-scale 

convection related to a normal geothermal gradient was proposed by Hoeve and Sibbald 

(1978) and Boiron et al. (2010) as the main mechanism responsible for fluid flow related 

to URU mineralization in the Athabasca Basin, and was shown to be plausible using 

numerical modelling (Raffensperger and Garven, 1995a and b; Cui et al., 2010, 2012a 

and b). Topography-driven fluid flow was implied in some schematic models (Derome et 

al., 2005; Hiatt and Kyser, 2007; Boiron et al., 2010) and proposed  to be responsible for 

URU mineralization in the Athabasca Basin (Alexandre and Kyser, 2012). Both thermal 

convection and topography-driven flow are consistent with the near-hydrostatic fluid 

pressure regime in the Athabasca Basin, as demonstrated by numerical modelling (Chi et 

al., 2013, 2014b). Compaction-driven fluid flow was implied in hydrostratigraphic 

studies of sandstones of the Athabasca Basin (Hiatt and Kyser, 2007), but it has been 

shown that such fluid flow was too slow to result in any significant thermal disturbance 
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in the basin (Chi et al., 2013, 2014b). Furthermore, based on the observation that most  

URU deposits are spatially associated with faults crosscutting the unconformity, it was 

demonstrated that fluid flow related to uranium mineralization may be related to 

deformation along fault zones (Cui et al., 2012a), and mixed or alternative convection and 

deformation-driven fluid flow models have been advocated (Hoeve and Quirt, 1984, 1987; 

Raffensperger and Garven, 1995b; Cui et al., 2012a; Li et al., 2015b). The uncertainties 

on fluid flow models related to URU mineralization are in part related to the poor 

understanding of thermal profiles related to fluid flow either at the basin scale or the 

deposit scale.   

Various temperatures (ranging from 60° to 250°C) have been estimated from fluid 

inclusions in quartz overgrowths, quartz veins and euhedral quartz for the basinal fluids 

and the mineralizing fluids in the Athabasca Basin in previous studies (Pagel, 1975; Pagel 

et al., 1980; Kotzer and Kyser, 1995; Derome et al., 2005). However, most of these 

studies were focused on areas of mineralization, and the background temperatures of the 

basin, the ambient temperatures in the host rocks near the sites of mineralization and the 

temperatures of the actual mineralization fluids were not well distinguished. Ore-forming 

fluids were inferred to be hotter than the background diagenetic fluids in some studies 

(e.g., Kotzer and Kyser, 1995), and cooler in other studies (e.g., Derome et al., 2005). 

Few studies were carried out about the background thermal regime of the Athabasca Basin. 

Pagel (1975) studied fluid inclusions entrapped in quartz overgrowths in sandstones 

from two long drill cores penetrating a major part of the stratigraphy of the Athabasca 

Basin, and estimated that the burial temperature reached 180°C at the base of the Rumpel 

Lake drill core near the central part of the basin (Fig. 6.1b), and 220°C at the base of and 

the MP-73-183 core near the Carswell structure in the central-west part of the basin. He 
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further deduced a thermal gradient of 35°C/km based on the assumption of a lithostatic 

pressure regime, a maximum burial depth of 4.8 km at the site of the Caswell structure, 

and a thickness of 3.2 km of eroded strata above the top of the Rumpel Lake drill core. 

Scott and Chi (2014) studied fluid inclusions in quartz overgrowths and illite in the 

sandstones from the Rumpel Lake drill core, and obtained higher maximum temperatures 

than those reported by Pagel (1975), mostly from 200° to 250°C. Furthermore, they did 

not find the systematic increase of temperature with depth as inferred by Pagel (1975). 

Maximum burial temperatures of ~160° to 200°C were obtained through a vitrinite 

reflectance study of the Douglas Formation near the top of the current Athabasca Basin by 

Stasiuk et al. (2001), which are also hotter than those predicted by Pagel (1975)’s study 

(<130°C). 
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Fig. 6.1 Regional geological map of the Athabasca Basin. (a) Location of the Athabasca Basin in the 

regional tectonic framework (after Card, 2012); (b) Map showing each formation, major uranium deposits 

and the location of drill holes WC-79-1, BL-08-01, DV10-001 and Rumpel Lake (modified from Ramaekers 

et al., 2007, Jefferson et al., 2007, and Bosman et al, 2011, 2012). B = basement; FP = Fair Point; S/M = 

undifferentiated Smart and/or Manitou Falls; RD = Read; MF = Manitou Falls (b = Bird; r = Raibl; w = 

Warnes; c = Collins; d = Dunlop); LZ = Lazenby Lake; W = Wolverine Point; LL = Locker Lake; O = 

Otherside; D = Douglas; C = Carswell; F–O = undivided Fair Point to Otherside formations. Original in 

colour.
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In view of the controversies on basinal fluid flow models and discrepancies on burial 

temperatures and geothermal gradients in the Athabasca Basin, a study of basin-wide 

distribution of paleo-temperatures both in horizontal and vertical directions is required. 

Such a study is best carried out in barren areas away from mineralization, so that the 

results represent the background thermal regime of the basin and can be used as a 

reference for comparison with the temperatures of the hydrothermal fluids in the 

mineralization areas. In this study, we collected 164 samples from three drill holes 

(WC-79-1, BL-08-01, and DV10-001) in the central part of the basin (Fig. 6.1b), which 

are widely spaced, far away from known mineralization and penetrate into the basement, 

and used fluid inclusion (in quartz overgrowths) microthermometry and illite (in 

interstitial space) geothermometry to characterize the paleo-temperatures during the 

diagenetic evolution of the sandstones. The results were used to construct vertical thermal 

profiles at different localities of the basin, to compare the thermal profiles from different 

localities, and to infer the fluid flow mechanisms that may explain the observed thermal 

profiles. Furthermore, the significance of the results for URU mineralization, in terms of 

fluid flow and metal extraction from source rocks, was explored. 

 

6.2 Geological settings 

The Athabasca Basin in northern Saskatchewan and Alberta in Canada is located in 

the western Churchill Province between the eroded remnants of two major orogenic belts: 

the Taltson magmatic zone and Thelon tectonic zone in the west, and the Trans-Hudson 

Orogen in the east (Card, 2012; Fig. 6.1a). The crystalline basement rocks include the 

Taltson magmatic zone, the Rae Province, and the Hearne Province. The latter two are 
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separated by the Snowbird tectonic zone (Hoffman, 1988; Card et al., 2007) beneath the 

centre of the Athabasca Basin. The Taltson magmatic zone, which separates the Rae 

Province from the Slave Province to the west (Hoffman, 1988), is composed of a variety 

of 1.99 – 1.92 Ga plutonic rocks and 3.2 – 2.14 Ga metamorphic complexes of 

amphibolites to granitic gneiss (Card et al., 2007). Both the Rae and Hearne provinces in 

Saskatchewan contain Archean granitoid gneiss (ca. 3.0 Ga) and supracrustal belts (>2.6 

Ga), Paleoproterozoic metasedimentary rocks (1.8 – 2.45 Ga), and together with mafic to 

felsic intrusions, that were affected by the 2.0 to 1.9 Ga Thelon-Taltson and the 1.9 to 1.8 

Ga Trans-Hudson orogenies (Card et al., 2007).  

The non-metamorphosed sedimentary rocks in the Athabasca Basin belong to the 

Athabasca Group, which are divided into four sequences separated by basin-wide 

unconformities (Hiatt and Kyser, 2007; Ramaekers et al., 2007; Fig. 6.1b). Sequence 1 

(Fair Point Formation) and Sequence 2 (Read, Smart, and Manitou Falls formations) 

consist of conglomerate and quartz arenite, with minor mudstone. Sequence 3 (Lazenby 

Lake and Wolverine Point formations) is composed of sandstone, siltstone, and mudstone, 

and Sequence 4 (Locker Lake, Otherside, Douglas, and Carswell formations) comprises 

conglomeratic quartz arenite, quartz arenite, and pebbly quartz arenite in the Locker Lake 

and Otherside formations, mudstone and fine to very fine quartz arenite in the Douglas 

Formation, and carbonates with siliciclastic interbeds in the Carswell Formation 

(Ramaekers et al., 2007). The sedimentation in the Athabasca Basin is inferred to have 

started after ca. 1750 Ma based on thermo-geochronological data of the Trans-Hudson 

Orogen (Annesley et al., 1997; Orrell et al., 1999; Alexandre et al., 2009; Kyser et al., 

2000), which may represent the maximum age of the Fair Point Formation (Ramaekers et 

al., 2007). An age of 1740 – 1730 Ma has been proposed for the Manitou Falls Formation 
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(Rainbird et al., 2006; Alexandre et al., 2009); a 1644±13 Ma age was reported for 

igneous zircon in tuffaceous units in the Wolverine Point Formation (Rainbird et al., 

2007), and a Re-Os isochron age of 1541±13 Ma was obtained for carbonaceous shales in 

the Douglas Formation (Creaser and Stasiuk, 2007). The strata of the Athabasca Basin are 

cut by the Mackenzie diabase dikes, which have been dated at ca. 1267 Ma (LeCheminant 

and Heaman 1989). 

Uranium deposits in the Athabasca Basin occur near the sub-Athabasca 

unconformity, and are commonly associated with reactivated basement faults that cut and 

displace the unconformity (Hoeve and Sibbald, 1978; Hoeve and Quirt, 1984; Jefferson 

et al., 2007; Kyser and Cuney, 2008; Fayek, 2013). Uranium mineralization can be 

strictly basement-hosted (e.g., Rabbit Lake, P-Patch, Eagle Point, Millennium), 

unconformity-hosted (e.g., Midwest, Collins Bay, Cigar Lake), perched in the sandstones 

(e.g., Stewart Island, Fond du Lac), or a combination of two or more of these 

mineralization styles or locations (e.g., Shea Creek: basement + unconformity + perched; 

McArthur River: basement + unconformity; McClean Lake: unconformity + perched) 

(Jefferson et al., 2007; Fig. 6.1b). Primary uranium mineralization is inferred to have 

occurred at around 1590 Ma, based on LA-ICP-MS U-Pb dating of uraninite and Ar-Ar 

dating of syn-mineralization illite (Alexandre et al., 2009). The most important uranium 

deposits discovered so far are concentrated in the eastern margin of the basin, especially 

along the northeast-trending transition zone between the Mudjatik and Wollaston 

basement domains (Jefferson et al., 2007; Kyser and Cuney, 2008). 
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6.3 Drill cores examined and sampling 

Three drill cores (WC-79-1, BL-08-01, and DV10-001) from the central part of the 

Athabasca Basin (Fig. 6.1b) were selected for this study. The drill cores were logged in 

details to record lithological changes (Fig. 6.2), and a total of 164 core samples (40 from 

WC-79-1, 44 from BL-08-01, and 80 from DV10-001) from various depths were collected 

for petrographic and paleo-thermometric studies. 

The WC-79-1 core, located near Pasfield Lake, was drilled by E&B Exploration in 

1979 (Bosman et al., 2011). This 979 m deep drill penetrates the Lazenby Lake, Manitou 

Falls, and Read formations, and intersects the basement at a depth of 940 m. The thin basal 

Read Formation is mainly comprised of conglomeratic sandstone, and minor mudstone. 

The overlying Manitou Falls Formation consists of medium to coarse sandstone with 

variable amounts of conglomerate, mudstone intraclasts, and intercalated mudstone. The 

Lazenby Lake above is only about 10 m thick and consists of medium sandstone and 

minor intercalated mudstone. 

. 
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Fig. 6.2 Core logging of WC-79-1, BL-08-01, and DV10-001 drill holes (division of the formations is after 

Bosman et al., 2011, 2012), also showing the numbers of core samples, fluid inclusions examined and illite 

analyzed in each formation. v.f. = very fine grained; f. = fine grained; m. = medium grained; c. = coarse 

grained; v.c. = very coarse grained.  

.



 

139 

 

The BL-08-01 core, located to the southeast of the Carswell Structure (Fig. 6.1b), 

was drilled by Bayswater Exploration in 2008 (Bosman et al., 2012). This core penetrated 

the Wolverine Point, Lazenby Lake, Manitou Falls, and Read formations from top to 

bottom with a total depth of 1006 m. The basement was intersected at a depth of 956 m. 

The Read Formation contains coarse to very coarse sandstone with variable amounts of 

conglomerate. The Manitou Falls Formation mainly consists of medium to coarse 

sandstone, with variable amounts of conglomerate, mudstone interclasts and intercalated 

mudstone. The Lazenby Lake Formation is composed of medium sandstone with minor 

mudstone and pebbly sandstones. The Wolverine Point Formation is made of fine to 

medium sandstone, with variable amounts mudstone intraclasts and intercalated mudstone, 

and minor pebbly sandstones. 

DV10-001 is an exploration hole near Davy Lake drilled by Fission Energy Corp. in 

2010 (Fission Energy Corp., 2012). It is approximately 40 km away from any previous 

drill hole in the basin and is the closest hole to the centre of the basin (Bosman et al, 2012; 

Fig. 6.1b). The drill core is 1151 m deep in total, penetrates the Wolverine Point, Lazenby 

Lake, and Manitou Falls formations, and intersects the sub-Athabasca unconformity at a 

depth of 1045 m (Bosman et al., 2012). Based on core logging, the Manitou Falls 

Formation consists mainly of coarse to very coarse sandstone, with significant amounts of 

conglomerate near the base, and minor amounts of mudstone intraclasts and intercalated 

mudstone in the middle and upper part. The Lazenby Lake Formation comprises medium 

to coarse sandstone with intercalated conglomerate and mudstone, whereas the Wolverine 

Point Formation consists of fine to medium sandstones with variable amounts of 

mudstone. 

Overall, the strata penetrated by these three drill holes mainly consist of sandstones 
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with variable amounts of mudstones and conglomerates. More mudstones were observed 

in the Wolverine Point Formation, while more pebbly layers and conglomerates were 

found in the Manitou Falls and Read formations (Fig. 6.2). Sandstones are fine to coarse 

grained and characterized by widespread redbed layers (purple, brown, red or dark red; 

Fig. 6.3a). A significant proportion of these redbed layers were bleached to relatively light 

colours (pink, yellow, buff or gray; Fig. 6.3b–g) because of bleaching or removal of iron 

oxides and/or hydroxides (IOH; Chu et al., 2015). Bleaching likely took place at a late 

diagenetic stage after significant compaction, as reflected by the sharp boundaries 

between the redbeds and bleached parts (Fig. 6.3a). The bleached parts tend to be slightly 

better cemented than the non-bleached parts (Chu et al., 2015). Sandstone samples from 

different formations and depths (Fig. 6.2), including redbed and bleached parts, were 

collected and examined in this study. 

 

6.4 Analytical methods 

This study uses fluid inclusion microthermometer and illite geothermometer to 

evaluate the paleo-temperatures of basinal fluids in the diagenetic records.  

Homogenization temperatures of fluid inclusions represent the minimum entrapment 

temperature (Roedder, 1984), and illite crystal structure and composition can be used to 

estimate the formation temperature (Essene and Peacor, 1995). Polished thin sections 

were used for petrographic observation and illite analysis, and doubly-polished sections 

were used for fluid inclusion studies.  
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Fig. 6.3 Well-cemented core samples from the WC-79-1, BL-08-01, and DV10-001 drill holes. (a) 

light-coloured intervals between dark gray or purple layers, well-cemented; (b) massive light-coloured 

layers, well-cemented; (c) fine-grained, gray, sandstone from WC-79-1 drill core (sample 1409); (d) 

medium-grained, yellow, sandstone from BL-08-01 drill core (sample 1452); (e) coarse-grained, white, 

sandstone from BL-08-01 drill core (sample 1478); (f) coarse-grained, pink, sandstone from DV10-001 drill 

core (sample 1250); (g) coarse-grained, gray, sandstone from BL-08-01 drill core (sample 1455). Original in 

colour. 
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All thin sections were examined by conventional transmitted light and reflected light 

microscopes for petrographic studies. Scanning electron microscope – energy dispersive 

spectroscopy (SEM-EDS) was used as an auxiliary tool to check some unknown minerals. 

The HF staining method was applied to discern quartz and potential feldspars (Bailey and 

Stevens, 1960). 

Fluid inclusion microthermometry was conducted at the Geofluids Laboratory, 

University of Regina, using a Linkam THMGS600 heating-freezing stage, which was 

calibrated using synthetic fluid inclusions of known compositions. Homogenization 

temperatures (Th), halite-melting temperatures (Tm-halite), and ice-melting temperatures 

(Tm-ice) were measured with a precision (reproducibility) of ±1°C, ±1°C, and ±0.1°C, 

respectively. Homogenization temperatures were measured before cooling runs to avoid 

the effect of potential artificial stretching due to ice crystallization. Ice-melting 

temperatures were used to calculate the salinities of liquid-vapour fluid inclusions using 

the equations of Chi and Ni (2007), whereas halite-melting temperatures together with 

ice-melting temperatures were used to estimate salinities of halite-bearing fluid inclusions 

according to the program by Steele-MacInnis et al. (2011).  

Individual illite crystals filling interstitial space in sandstones were analyzed for 

major element composition with electron microprobe analysis (EMPA) technique at the 

University of Manitoba. A CAMECA SX100 electron microprobe was used with a 

Princeton Gamma Tech Energy Dispersive Spectrometer (PGT EDS) and five wavelength 

dispersive X-ray spectrometers (WDS). Operation conditions were set at a voltage of 15 

kV and a beam current of a 20 nA. Element calibration standards were diopside for Si and 

Ca, andalusite for Al, albite for Na, orthoclase for K, olivine for Mg, and fayalite for Fe. 

The values of the element oxides were converted into structural formulas of illite (K, Na, 
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Ca) (Al, Mg, Fe)2(Si, Al)4O10(OH)2. K, Na, and Ca were all allocated to the interlayer site, 

whereas Si and Al were assigned to the tetrahedral layer. The remainder of the Al, together 

with all Mg and Fe were assigned to the octahedral layer. The proportions of six 

end-member minerals, muscovite, aragonite, Ca-paragonite, Fe-celadonite, 

Mg-celadonite, and pyrophyllite were calculated following the method of Cathelineau 

(1988), and the crystallization temperatures of illite were estimated using the equation 

XPyroph = - 0.0025 T (°C) + 0.7928 derived by Cathelineau (1988). Illite formation 

temperatures were also calculated using an alternative equation T (ºC) = 267.95 x + 31.50, 

(where x = K + |Fe – Mg|) from Battaglia (2004) for comparison. 

 

6.5 Petrography and paragenesis 

Petrographic studies indicate that the sandstones from the three examined drill cores 

are mainly composed of detrital quartz grains (Fig. 6.4a–b), with minor amounts of muddy 

matrix, iron oxide-hydroxide (IOH) (Fig. 6.4c), and clay minerals (Figs. 6.4d–f). Zircon 

and tourmaline grains were observed locally. No K-feldspar or plagioclase grains were 

found in any of the samples examined. The sandstones are mostly well compacted and 

cemented, with long and convex-concave grain-to-grain contacts.  
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Fig. 6.4 Photomicrographs of sandstones showing occurrence of quartz and illite. (a) typical sandstone 

composed of quartz, with minor matrix, sample 1469 from BL-08-01 drill core; (b) detrital quartz and quartz 

overgrowth, also showing dissolution of quartz overgrowth, sample 1217 from DV10-001 drill core; (c) 

early iron oxide – hydroxides (IOH) in the dustline coating the detrital quartz and late IOH dispersed 

between quartz grains, sample 1226 from DV10-001 drill core; (d) illite replacing kaolinite, sample 1227 

from DV10-001 drill core; (e) aggregates of illite (cement and replacement) filling interstitial space between 

detrital quartz grains, sample 1354 from DV10-001 drill core; (f) illite crystals (cement) filling pores 

between quartz grains, sample 1414 from WC-79-1 drill core. Original in colour. 
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Authigenic quartz overgrowths, separated from the detrital grains by the dustlines 

(Figs. 6.4b–c), are well developed in most stratigraphic intervals. Early diagenetic 

micro-quartz cements reported by other researchers (Hiatt et al., 2007) are rare in the 

samples examined. The thicknesses of quartz overgrowths range from a few micrometers 

to more than one hundred micrometers (Figs. 6.4b–c). Both detrital quartz grains and 

quartz overgrowths commonly show dissolution features, such as embayments (Fig. 6.4e) 

and incomplete edges (Figs. 6.4b–c), but no discontinuity related to dissolution can be 

discerned within individual quartz overgrowths. 

Clay minerals (kaolinite/dickite and illite) commonly filled interstitial spaces (Figs. 

6.4d–f and 6.5). Illite occurs as replacement of previous kaolinite (Fig. 6.4d) and detrital 

muscovite, and as cements filling interstitial space (Figs. 6.4e–f and 6.5). All the illite 

crystals are needle-like, either as isolated crystals (Figs. 6.4f, 6.5b, and 6.5d) or aggregates 

(Figs. 6.4e, 6.5a, 6.5c, and 6.5f). Most illite crystals are less than 1µm thick, and some of 

them can reach about 1 – 2 µm (Fig. 6.5f). Minor amounts of aluminum phosphate–sulfate 

(APS) were locally found disseminated among illite crystals (Fig. 6.5e).  

IOH occurs as dotted assemblages within the dustlines between detrital quartz and 

quartz overgrowths, or as platy or needle-like crystals between detrital quartz grains (Fig. 

6.4c). Reddish sandstones are relatively enriched in matrix and IOH, whereas the 

bleached counterparts contain slightly more quartz overgrowths and illite. 

 

 

 

 

 



 

146 

 

 

 

Fig. 6.5 EMPA images illustrating the occurrences of authigenic illlite. (a) very thin illite crystals filling the 

pore space between quartz grains, sample 1411 from WC-79-1 drill core; (b) isolated thin illite crystals 

distributed in the pore space, sample 1414 from WC-79-1 drill core; (c) densely intergrown thin illite 

crystals in pore space, sample 1457 from BL-08-01 drill core; (d) very thin illite crystals randomly dispersed 

in the pore space, sample 1479 from BL-08-01 drill core; (e) curved illite crystals associated with 

disseminated APS particles, sample 1360 from DV10-001 drill core; (f) thin and thick illite crystals tangling 

together, sample 1360 from DV10-001 drill core.  
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A general paragenetic sequence, based on petrographic observations, is summarized 

as follows. The terms of “early diagenesis” and “late diagenesis” were used to describe the 

relative timing of diagenetic events, with the former referring to the stage when the 

sediments had not been subjected to significant compaction, and the latter to the stage 

when the sediments were solidified. Detrital components including quartz grains, matrix, 

and minor heavy minerals were deposited during sedimentation. IOH was first formed in 

early diagenesis, as recorded by those coating detrital grains along the dustlines and 

followed by quartz overgrowths, and then in later diagenetic stages together with quartz 

overgrowths, kaolinite, and illite. IOH was dissolved during bleaching, which mainly took 

place in late diagenesis when the sandstones were well compacted and cemented. Quartz 

overgrowths may have started development in early diagenesis, after the early IOH 

formation, and continued to form with increasing burial. At least one quartz dissolution 

event took place after the development of quartz overgrowths. Kaolinite was formed from 

early to late (as dickite) diagenesis, and was generally earlier than illite formation. Illite 

and associated APS precipitation partly overlaps with quartz overgrowth development and 

bleaching (removal of IOH), based on the observation that both illite and quartz 

overgrowth are better developed in bleached sandstones than the redbed counterparts 

(Chu et al., 2015), and outlasts all other diagenetic minerals. 
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6.6 Fluid inclusion geothermometry 

Fluid inclusions are generally poorly developed in quartz overgrowths in the samples 

examined. Nevertheless, a total of 342 workable fluid inclusions were found in quartz 

overgrowths in different formations from the three drill cores (Table 6.1; Fig. 6.2). More 

workable fluid inclusions were found in the BL-08-01 drill core (n = 180) than in 

WC-79-1 (n = 98) and DV10-001 (n = 64). For BL-08-01, workable fluid inclusions were 

found in all the formations, i.e., from top to bottom, the Wolverine Point, Lazenby Lake, 

Manitou Falls, and Read formations (Fig. 6.2); for DV-10-001, which penetrates the 

Wolverine Point, Lazenby Lake, and Manitou Falls formations (Fig. 6.2), workable fluid 

inclusions were mostly seen in the lower two formations, whereas for WC-79-1, which 

penetrates the Lazenby Lake, Manitou Falls, and Read formations, workable inclusions 

were only found in the Manitou Falls Formation, the other two formations being very thin 

(Fig. 6.2). 
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Table 6.1 Microthermometric results of fluid inclusions in quartz overgrowth from sandstones of the Athabasca Basin 

Sample 

# 

Depth 

(m) 

FI 

# 
Occurrence 

Size 

(µm) 

V 

(%) 

Tm-ice 

(oC) 

Salinity 

(wt. %) 

Th 

(oC) 

Sample 

# 

Depth 

(m) 

FI 

# 
Occurrence 

Size 

(µm) 

V 

(%) 

Tm-ice 

(oC) 

Salinity 

(wt. %) 

Th 

(oC) 

Sample 

# 

Depth 

(m) 

FI 

# 
Occurrence 

Size 

(µm) 

V 

(%) 

Tm-ice 

(oC) 

Salinity 

(wt. %) 

Th 

(oC) 

WC-79-1 drill core 1422 502.8 e Dustline 7 10  
 

112 
1431 693.8 

c Dustline 10 10   67 

1404 63.4 

b Isolated 6 10  
 

192 

1423 526.3 

a Dustline 24 10 -20.0 22.4 78 d Dustline 10 10   63 

c Short trail 6 12 -21.1 23.1 103 b 
Cluster 

20 10  
 

70 f Dustline 12 10 -24.7 24.2 96 

e 
Short trail 

8 10 -21.3 23.2 123 c 18 10 -17.0 20.2 61 

1432 747.4 

a 
Dustline 

14 10   64 

f 10 10 -21.5 23.3 112 d 
Dustline 

8 10  
 

84 b 18 10 -23.3 23.8 65 

1406 112.5 
a Isolated 10 10 -27.5 25.1 167 e 6 10  

 
73 c Isolated 12 10 -31.5 26.2 84 

d Isolated 6 10 -35.2 27.3 162 f Isolated 10 10  
 

114 d Dustline 10 10 -32.5 26.5 55 

1407 138.0 
b Isolated 8 10 -25.0 24.3 155 

1425 576.5 

a Dustline 8 10 -29.2 25.6 96 e Dustline 14 10 -30.1  73 

c Isolated 10 10 -23.3 23.8 183 b Dustline 8 10 -17.0 20.2 198 f Dustline 7 10   119 

1408 170.6 b Dustline 7 10 -25.2 24.4 125 c Dustline 14 12 -25.3 24.4 132 g Dustline 5 12   132 

1410 246.5 a Dustline 6 12 -29.5 25.7 141 

1426 593.1 

a Isolated 14 10 -29.8 25.7 76 h Dustline 6 15   182 

1416 364.3 

a Dustline 14 10 -11.1 15.1 129 b Dustline 10 10 -35.5 27.4 64 

1433 768.9 

a Dustline 8 12 -25.2 24.4 141 

ai Dustline 12 10  
 

50 c Dustline 10 8 -34.1 27.0 115 b Dustline 8 10 -37.9  140 

b Dustline 6 10  
 

161 d Isolated 10 12 -23.6 23.9 170 c Isolated 10 12 -31.5 26.2 149 

c Dustline 5 10  
 

188 e Dustline 12 12  
 

123 
1434 792.0 

b Dustline 8 10   92 

d Dustline 20 12 -25.9 24.1 124 f Dustline 10 8  
 

71 c Dustline 12 10   63 

1419 440.1 

a Dustline 12 8  
 

66 g Dustline 6 10  
 

129 

1435 805.0 

a Dustline 5 12   218 

c Dustline 10 8 -29.0 25.5 107 h Dustline 6 10  
 

152 b Dustline 8 12 -34.2 27.0 

 

162 

d Dustline 10 10 -24.8 24.3 110 

1427 601.2 

a Dustline 10 8 -22.8 23.7 75 c Dustline 10 12   124 

1420 457.0 b Dustline 8 10  
 

70 b Dustline 10 8  
 

77 d Dustline 6 12 -37.2 27.9 

 

88 

1421 475.5 

a Dustline 8 8   66 c Dustline 14 10 -24.8 24.3 114 

1436 845.8 

a Isolated 7 10   205 

b Dustline 8 10 -17.4 20.5 121 d Dustline 10 10  
 

95 c Dustline 6 10   149 

c Dustline 12 10  
 

69 e Dustline 16 10  
 

69 d Isolated 8 10 -24.1 24.1 92 

d Dustline 10 10 -25.6 24.5 120 f Dustline 12 10 -29.9 25.8 58 e 
Dustline 

12 10   106 

e Dustline 10 12 -20.0 22.4 164 

1428 613.7 

a Dustline 14 10  
 

66 f 10 10   112 

f Dustline 10 10 -19.2 21.8 62 b Dustline 10 10  
 

70 

1437 866.0 

a Dustline 

Dustline 

10 12 -24.9 24.3 135 

1422 502.8 

a Isolated 6 10  
 

133 c Isolated 20 12  
 

97 b 6 10   93 

b Isolated 10 10  
 

123 
1429 647.2 

a Dustline 8 10 -30.4 25.9 115 c 
Dustline 

12 10 -33.1 26.7 57 

c Isolated 6 10  
 

106 b Dustline 10 10 -22.5 32.6* 50 d 8 10 -24.8 24.3 52 

d Isolated 10 10 -21.1 23.1 103 1431 693.8 b Dustline 6 10  
 

94 e Dustline 6 12   156 
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Table 6.1 (continued)  

Sample 

# 

Depth 

(m) 

FI 

# 
Occurrence 

Size 

(µm) 

V 

(%) 

Tm-ice 

(oC) 

Salinity 

(wt. %) 

Th 

(oC) 

Sample 

# 

Depth 

(m) 

FI 

# 
Occurrence 

Size 

(µm) 

V 

(%) 

Tm-ice 

(oC) 

Salinity 

(wt. %) 

Th 

(oC) 

Sample 

# 

Depth 

(m) 

FI 

# 
Occurrence 

Size 

(µm) 

V 

(%) 

Tm-ice 

(oC) 

Salinity 

(wt. %) 

Th 

(oC) 

1437 866.0 

f Dustline 10 10 -44.3 29.8 110 
1444 88.0 

a Dustline 10 10  
 

67 
1449 199.3 

e Dustline 6 10   72 
g 

Dustline 
6 12  

 
84 d Dustline 7 10  

 
86 f Isolated 8 10 -24.0 24.0 68 

h 8 10  
 

76 

1446 132.0 

a 
Dustline 

8 10 -19.6 22.1 65 g Dustline 7 10   83 

i Isolated 16 10  
 

87 b 6 10  
 

71 

1450 214.5 

a 
Cluster 

6 10   76 

1438 892.5 

a Dustline 6 10  
 

8

9 

c 

Dustline 

8 10  
 

95 b 5 10   74 

b Dustline 8 10  
 

5

0 

d 6 10  
 

94 c Dustline 6 10   146 

c Dustline 10 10 -25.0 24.3 8

5 

e 8 10  
 

98 d Isolated 14 10   65 

d Isolated 12 10 -9.2 13.1 8

2 

g Dustline 8 10  
 

73 e Isolated 10 10 -32.8 26.6 93 

f Dustline 14 10 -25.0 24.3 7

2 

h Dustline 7 10 -20.3 22.6 63 g 
Dustline 

8 10   95 

BL-08-01 drill core i Dustline 10 10 -31.9 26.4 67 h 8 10 -30.1 25.8 89 

1441 41.5 

a Isolated 6 10  
 

1

24 

j Dustline 12 10 -24.6 31.9* 50 i Dustline 12 10   75 

b Dustline 4 10  
 

1

12 

1447 169.2 

a Dustline 12 12 -23.0 23.7 112 

1451 225.4 

a Dustline 10 10   88 

c Dustline 5 10  
 

1

30 

b Dustline 10 10 -25.6 24.5 114 b Dustline 8 10 -26.1 24.6 106 

d Dustline 7 10  
 

1

39 

c 
Cluster 

8 10  
 

109 c Dustline 10 10   83 

e Dustline 8 10  
 

1

20 

d 6 10  
 

106 d Dustline 8 10   78 

f 
Dustline 

10 12 -28.0 25.2 1

53 

e 
Dustline 

8 10  
 

85 e Isolated 6 10   113 

g 6 10  
 

1

50 

ei 12 10 -24.6 24.2 93 f Dustline 6 10   123 

i Isolated 5 10  
 

9

8 

f Dustline 10 10  
 

78 g Dustline 8 10   89 

1442 57.2 

a Dustline 10 10 -9.9 13.8 57 g Dustline 6 10  
 

150 

1452 250.8 

a Isolated 6 10   107 

b Dustline 14 10 -25.7 31.0* 88 j Dustline 10 10 -30.3 32.1* 132 b Isolated 6 10   117 

c Dustline 6 10   93 

1448 174.3 

a Dustline 6 10   89 c Dustline 8 10   69 

d Dustline 7 10  
 

130 b 
Cluster 

16 12 -37.2 27.9 127 e Cluster 8 10   87 

e Dustline 12 10 -28.2 32.9* 89 c 14 12 -35.0 27.3 129 f Isolated 8 10   182 

1443 72.3 

a Isolated 8 10 -35.3 27.3 143 d Dustline 6 10  
 

146 g Dustline 6 10   119 

b Dustline 8 10  
 

75 e Dustline 5 10  
 

92 

1453 267.7 

a Isolated 12 10   107 

d 
Dustline 

8 10  
 

50 f Isolated 18 10  
 

81 b Dustline 12 10   114 

e 8 10  
 

63 g Dustline 8 10 -23.3 23.8 156 c Isolated 5 10   121 

1444 88.0 

b 

Dustline 

6 10  
 

154 

1449 199.3 

a Dustline 8 12 
 

 98 d Dustline 7 10   138 

bi 8 10  
 

138 c 
Dustline 

10 10  
 

89 e Dustline 8 10   58 

c 14 12 -26.3 24.7 144 d 8 10  
 

83 f Dustline 8 10   135 
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Table 6.1 (continued)  

Sample 

# 

Depth 

(m) 

FI 

# 
Occurrence 

Size 

(µm) 

V 

(%) 

Tm-ice 

(oC) 

Salinity 

(wt. %) 

Th 

(oC) 

Sample 

# 

Depth 

(m) 

FI 

# 
Occurrence 

Size 

(µm) 

V 

(%) 

Tm-ice 

(oC) 

Salinity 

(wt. %) 

Th 

(°C) 

Sample 

# 

Depth 

(m) 

FI 

# 
Occurrence 

Size 

(µm) 

V 

(%) 

Tm-ice 

(°C) 

Salinity 

(wt. %) 

Th 

(°C) 

1453 267.7 
g Dustline 6 10 -42.5 29.3 148 

1459 347.1 
h 

Dustline 
12 10  

 
108 

1473 717.2 

a Dustline 12 10 -25.0 24.3 82 
i Dustline 8 10 -22.2 23.5 163 i 12 10  

 
102 b Dustline 8 10   101 

1454 283.5 

j 

Cluster 

6 10  
 

129 j Isolated 10 10  
 

128 c Dustline 8 10   74 

k 8 10  
 

120 

1460 365.1 

a Dustline 8 10  
 

90 d Isolated 6 10   115 

m 10 10  
 

120 b Dustline 8 12  
 

199 e Dustline 12 10   96 

n 5 10  
 

125 c Dustline 6 10  
 

142 f Dustline 8 10   137 

o Dustline 10 10  
 

103 d Isolated 6 10  
 

105 g Dustline 8 10   104 

p Dustline 10 10  
 

128 e Dustline 7 10  
 

128 i Dustline 10 12 -21.9 23.4 188 

1455 291.0 

a Dustline 14 10 -24.8 24.3 132 g 
Cluster 

6 10  
 

184 j Dustline 10 15 -17.0 20.2 172 

b Dustline 7 10  
 

126 h 6 10  
 

175 l Dustline 8 10 -25.9 24.6 110 

d Dustline 8 10  
 

107 1463 454.9 a Dustline 7 10  
 

199 

1474 748.5 

a Dustline 8 10 -40.6 28.8 117 

e Dustline 14 10 -24.6 24.2 64 1464 477.0 a Dustline 6 10  
 

105 b Dustline 10 10   120 

f Dustline 12 10  
 

77 1465 511.1 a Isolated 6 10 
 

 158 d Dustline 8 10   109 

g Dustline 10 10  
 

102 1466 539.7 a Dustline 6 10  
 

210 

1476 788.9 

a Isolated 10 10   101 

1456 309.0 

c Cluster 10 10  
 

102 
1467 585.3 

a Dustline 6 10  
 

86 b Dustline 6 10   145 

d Dustline 6 12  
 

98 b Dustline 6 12  
 

185 c Isolated 8 10   89 

e Dustline 12 12  
 

98 
1469 655.4 

a Dustline 8 10  
 

169 d Dustline 8 10   70 

f Dustline 10 10 -24.3 24.1 172 c Dustline 8 10  
 

143 

1477 828.4 

a Dustline 6 12   154 

1457 321.6 

a Isolated 8 10  
 

115 

1470 670.1 

a Dustline 8 12 -34.5 27.1 152 b Dustline 5 10   72 

b Dustline 8 10  
 

112 b Dustline 6 10  
 

146 c Dustline 6 10   159 

c Dustline 10 10   79 c Isolated 6 10   147 d Dustline 8 10   85 

d Dustline 8 10 -25.5 24.5 154 d Dustline 6 10  
 

90 e Dustline 6 10   98 

1458 335.0 

a Isolated 10 10  
 

123 

1471 678.7 

a Dustline 6 10  
 

98 g Dustline 10 10   96 

b Isolated 6 10  
 

127 b Dustline 6 12  
 

127 i Dustline 8 10 -18.2 21.1 154 

d Cluster 6 10  
 

142 c Dustline 6 10  
 

132 j Dustline 10 10   90 

1459 347.1 

b Cluster 7 15  
 

123 d Dustline 6 12  
 

144 

1478 847.9 

a Dustline 8 12   147 

c Cluster 6 12  
 

140 

1472 691.6 

a Isolated 14 10  
 

94 b Dustline 8 10 -28.5 25.4 84 

ci Cluster 6 10  
 

120 b Dustline 7 10 
 

 131 c 

Dustline 

8 10 -38.6 28.3 124 

di Isolated 6 10  
 

90 c Dustline 10 10  
 

87 d 8 10 -28.2 25.3 125 

e Dustline 10 12  
 

176 d Dustline 10 10  
 

90 e 6 12   131 
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Table 6.1 (continued)  

Sample 

# 

Depth 

(m) 

FI 

# 
Occurrence 

Size 

(µm) 

V 

(%) 

Tm-ice 

(°C) 

Salinity 

(wt. %) 

Th 

(°C) 

Sample 

# 

Depth 

(m) 

FI 

# 
Occurrence 

Size 

(µm) 

V 

(%) 

Tm-ice 

(°C) 

Salinity 

(wt. %) 

Th 

(°C) 

Sample 

# 

Depth 

(m) 

FI 

# 
Occurrence 

Size 

(µm) 

V 

(%) 

Tm-ice 

(°C) 

Salinity 

(wt. %) 

Th 

(°C) 

1478 847.9 f Dustline 8 10   235 1237 714.1 e Dustline 6 10 -24.0 24.0 175 1254 1021.3 h Isolated 6 10   126 

  
g Dustline 8 10  

 
132 

1238 726.7 
a Dustline 8 12 -38.0 28.1 156 1314 251.2 b Isolated 6    108 

1479 866.6 

a Dustline 6 10  
 

79 b Dustline 6 12  
 

80 
1336 491.3 

a Dustline 6    75 

c Dustline 8 12 -25.7 24.5 205 1239 741.8 a Isolated 8 10 -37.2 27.9 119 b Dustline 7    83 

d Dustline 10 12 -48.6 30.7 78 

1241 778.3 

a Isolated 6 10  
 

91 

1337 508.0 

a Dustline 7 10 -38.2 28.1 100 

1480 883.0 a Dustline 8 10 -29.2 25.6 110 b Isolated 6 10  
 

122 b Dustline 7 10   80 

1484 963.0 

a 

Dustline 

6 10  
 

136 c Isolated 10 10 -24.5 24.2 90 c Isolated 12 10   147 

c 8 10  
 

139 d Dustline 10 10 -22.5 23.6 79 d Isolated 7 10   167 

d 10 12  
 

132 e Dustline 6 12  
 

137 

1340 561.2 

a Dustline 14 10 -31.8 26.3 79 

e Dustline 8 10  
 

118 f Dustline 10 10 -26.8 24.9 155 b 
Dustline 

16 10   100 

DV10-001 drill core g Isolated 7 10 -24.9 24.3 72 c 6 10   92 

1215 297.7 

a Isolated 8 10  
 

75 

1246 878.7 

a Dustline 12 10 -38.1 28.1 117 e Isolated 12 15 -34.5 27.1 203 

b Dustline 8 10  
 

65 b Dustline 7 12 
 

 170 

1341 600.3 

a Isolated 6 10   103 

c Dustline 8 10 -20.7 22.9 111 bi Isolated 5 10  
 

142 b Dustline 6 10   125 

d Isolated 10 10 -23.7 32.0* 70 c Dustline 10 10 -33.9 26.9 192 c Dustline 7 10   102 

e Dustline 10 10  
 

90 d Dustline 8 10 -25.5 24.5 198 d Isolated 6 10   115 

1216 313.8 

a Isolated 6 10 -21.5 23.3 154 
1249 915.0 

c Isolated 8 10 -7.5 11.1 87 

1346 666.7 

a Dustline 6 10   147 

c 
Cluster 

6 10 -31.0 26.1 173 e Dustline 10 10 -28.0 25.2 98 c Dustline 6 10 -31.2 26.1 187 

d 6 10 -26.0 24.6 182 
1250 935.0 

a 
Cluster 

10 10 -25.2 24.4 85 e Isolated 6 10   195 

e 
Cluster 

10 10  
 

79 b 8 10 -27.0 24.9 76 

1349 765.3 

a Dustline 8 12 -22.5 23.6 178 

f 6 10  
 

75 

1254 1021.3 

b Dustline 6 10 -33.2 26.7 102 ai Dustline 10 10   142 

1235 682.4 
a Isolated 6 10  

 
75 d Dustline 7 10 -25.2 24.4 109 b Dustline 6 10   105 

b Isolated 8 10 -26.0 24.6 94 e Dustline 6 12  
 

202 bi Dustline 6 10   114 

1237 714.1 
c Dustline 6 10 -23.9 24.0 92 f Dustline 14 10 -33.8 26.9 173 c Dustline 6 12   184 

d Dustline 10 12 -25.3 24.4 150 g Dustline 8 10  
 

97 1353 843.9 a Dustline 6 10   98 

Tm-ice = ice melting temperatures; Salinity – calculated from equation of Chi and Ni (2007) using corresponding ice melting temperatures; Th = Homogenization 

temperatures. * Halite-bearing fluid inclusion; Salinity was calculated according to their halite-melting temperatures (1429b–218°C; 1442b–156°C; 1442e–179°C; 

1446j– 189°C; 1447j–141°C; 1215d–198°C) and the corresponding ice-melting temperatures using the program by Steele-MacInnis et al. (2011). 
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Most fluid inclusions in quartz overgrowths are liquid-dominated biphase inclusions 

(Figs. 6.6a–e), with the vapour percentage being generally < 15%. A few fluid inclusions 

containing a halite crystal (Fig. 6.6f) were also seen. Workable fluid inclusions are mostly 

8 – 12 µm in size. The fluid inclusions are distributed along or near the dustlines (Figs. 

6.6a, 6.6d and 6.6f), or are isolated (Figs. 6.6b–c) or clustered (Fig. 6.6e) within quartz 

overgrowths. There are commonly a number of fluid inclusions along the same dustline, 

however, only a few of them are workable. The inclusions along the dustlines and the 

isolated inclusions are considered to be primary, and those in clusters or short trails within 

quartz overgrowths are likely pseudo-secondary. The fluid inclusion assemblage (FIA) 

concept (Goldstein and Reynolds, 1994) was applied to verify the validity of the 

microthermometric data, thus the variation of the homogenization temperatures of 

neighbouring fluid inclusions in the same group (a dustline or a cluster) are limited to 

<15°C, beyond which the fluid inclusions are considered to have experienced 

post-trapping stretching and the entire FIAs were eliminated. For isolated fluid inclusions, 

the FIA method cannot be strictly applied, but comparison of microthermometric data 

between neighbouring inclusions was still made to minimize the adoption of fluid 

inclusions that may have been potentially stretched (Chi and Lu, 2008). 
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Fig. 6.6 Photomicrographs of different types of fluid inclusions in quartz overgrowths (all in plane 

polarized light). (a) L-V (liquid-vapour) fluid inclusions along the dustline, 1454 from BL-08-01 drill core; 

(b) a L-V fluid inclusion near the dustline in the quartz overgrowth, sample 1422 from WC-79-1 drill core; 

(c) an isolated L-V fluid inclusion in quartz overgrowth away from the dustline, sample 1337 from 

DV10-001 drill core; (d) L-V fluid inclusions along the dustline, sample 1436 from WC-79-1 drill core; (e) 

L-V fluid inclusion trails in quartz overgrowth, sample 1404 from WC-79-1 drill core; (f) a halite-bearing 

fluid inclusion along the dustline, sample 1442 from BL-08-01 drill core. Original in colour. 
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Homogenization temperatures (Th) of all the fluid inclusions analyzed range from 50° 

to 235°C (Table 6.1; Fig. 6.7), mainly from 60° to 180°C. For the WC-79-1 drill core, the 

Th values are all higher than 100°C (103°C–192
 
°C) in the upper part of the Manitou Falls 

Formation, and range from 50° to 218°C in the lower part (Table 6.1; Fig. 6.7 a). In 

contrast, for BL-08-01, the Th values in the upper part of the drill core (the Wolverine 

Point Formation, Lazenby Lake Formation, and upper Manitou Falls Formation) fall in a 

range from 50° to 199°C, whereas those from the lower Manitou Falls Formation and 

Read Formation are more scattered and range from 70° to 235°C (Table 6.1; Fig. 6.7b). 

For the DV10-001 drill core, relatively low Th values were obtained for all the formations, 

ranging from 65° to 202°C (Table 6.1; Fig. 6.7c). 

Ice-melting temperatures (Tm-ice) were measured for one-third of the biphase 

inclusions that have been measured for homogenization temperatures, the other two-thirds 

being either unable to freeze (after cooling to -185°C) or too small for accurate 

measurement. Overall, the Tm-ice values range from -9.2° to -48.6
o
C, the majority being 

lower than the eutectic temperature of the H2O-NaCl system (-21.2°C) (Table 6.1). 

Assuming a H2O-NaCl system for the fluid inclusions with Tm-ice > -21.2°C and a 

H2O-NaCl-CaCl2 system for those with Tm-ice < -21.2°C, the salinities were estimated to 

be from 13.1 to 30.7 wt.%. Six halite-bearing inclusions were observed in these three drill 

cores. Their halite-melting temperatures (Tm-halite) range from 141° to 218°C, which are 

higher than the corresponding homogenization temperatures, and salinities were 

calculated from 31.0 to 32.9 wt. % (Table 6.1). Similar to the homogenization temperature 

distribution, no systematic variation of salinities with depth can be discerned (Fig. 6.8). 
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Fig. 6.7 Distribution of fluid inclusion homogenization temperatures along depth from the WC-79-1, 

BL-08-01, and DV10-001 drill cores. 
 

 

 

Fig. 6.8 Distribution of salinities of fluid inclusions along depth of the WC-79-1, BL-08-01, and 

DV10-001 drill cores. 
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6.7 Illite geothermometry 

A total of 121 pore-filling illite crystals (35 from WC-79-1, 34 from BL-08-01, and 

52 from DV10-001; Fig. 6.2) were selected for electron microprobe analysis for major 

element compositions, which were used to calculate the formation temperatures. 

Pore-filling rather than replacement illite was analyzed in order to minimize the influence 

of precursor minerals, and isolated crystals were chosen for analysis to avoid 

contamination from neighbouring minerals.   

The EMPA results (Table 6.2) indicate that the major constituents SiO2, Al2O3, FeO, 

MgO, CaO, Na2O, and K2O account for 70 ~ 94 wt. % in total (Table 6.2). These results 

were normalized to 100% and used to calculate site occupancy and fractions of 

end-member minerals (Table 6.2). No systematic differences in illite composition can be 

discerned between samples from different locations (Table 6.2). 

The formation temperatures of illite were calculated using the site occupancy and 

end-member mineral data (Table 6.2) and the equations of Cathelineau (1988)’s and 

Battaglia (2004). The calculation results are shown in Table 6.2 and illustrated in Fig. 6.9. 

For the WC-79-1 drill core, calculated temperatures mainly range from 220° to 260°C 

(Table 6.2; Figs. 6.9a and 6.9d). The highest values are located at 339 m and the lowest 

value at 425 m (Figs. 6.9a and 6.9d). For the BL-08-01 drill core, the calculated 

temperatures mainly range from 230° to 270°C, with the lowest in the Lazenby Lake 

Formation and highest in the bottom of Manitou Falls Formation (Table 6.2; Figs. 6.9b 

and 6.9e). For the DV10-001 drill core, the calculated temperatures mainly range from 

240° to 280°C using the equations of Cathelineau (1988) and from 240° to 260°C with 

those of Battaglia (2004) (Table 6.2; Figs. 6.9c and 6.9f).  
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Table 6.2 EMPA results and calculated crystallization temperatures of illite from sandstones in the Athabasca Basin 

 

Sp. 

# 

Dt. 

(m) 

Pt. 

# 

Oxide Weight% Site Occupancy End Members 
T1* 

(°C) 

Ave1 

(°C) 

σ1 

(°C) 

T2* 

(°C) 

Ave2 

(°C) 

σ2 

(°C) SiO2 Al2O3 FeO MgO CaO Na2O K2O Total K Na Ca IC 
Si 

(IV) 

Al 

(IV) 

Al 

(VI) 
Fe Mg R2 

Fe- 

cel 

Mg- 

cel 
Par 

Ca- 

par 
Mus Pyr 

WC-79-1 drill core 

1407 138.0 
1 38.98 24.44 0.67 0.69 0.22 0.15 6.90 72.05 0.76 0.03 0.02 0.82 3.36 0.64 1.85 0.05 0.09 0.14 0.05 0.09 0.03 0.04 0.62 0.18 247 

235 18 
246 

237 13 
4 37.88 24.87 0.65 0.71 0.26 0.16 6.15 70.68 0.69 0.03 0.02 0.76 3.32 0.68 1.88 0.05 0.09 0.14 0.05 0.09 0.03 0.05 0.55 0.24 222 228 

1411 254.5 

1 37.51 25.58 1.88 0.73 0.14 0.32 6.85 73.01 0.75 0.05 0.01 0.83 3.23 0.77 1.83 0.14 0.09 0.23 0.14 0.09 0.05 0.03 0.52 0.17 250 

238 16 

244 

240 11 
3 39.27 26.17 1.21 0.68 0.08 0.20 6.89 74.50 0.74 0.03 0.01 0.78 3.28 0.72 1.86 0.08 0.08 0.17 0.08 0.08 0.03 0.01 0.57 0.22 230 229 

6 43.45 30.23 1.20 0.94 0.15 0.12 8.46 84.55 0.80 0.02 0.01 0.84 3.22 0.78 1.86 0.07 0.10 0.18 0.07 0.10 0.02 0.02 0.62 0.16 253 254 

7 45.73 31.39 1.05 0.97 0.12 0.14 7.91 87.31 0.72 0.02 0.01 0.76 3.25 0.75 1.89 0.06 0.10 0.17 0.06 0.10 0.02 0.02 0.55 0.24 219 235 

1412 281.2 

1 39.44 26.97 0.84 0.77 0.14 0.11 7.11 75.38 0.75 0.02 0.01 0.79 3.26 0.74 1.88 0.06 0.09 0.15 0.06 0.09 0.02 0.02 0.60 0.21 234 

248 14 

242 

255 12 3 42.29 28.56 0.89 1.07 0.20 0.11 7.97 81.09 0.78 0.02 0.02 0.83 3.26 0.74 1.85 0.06 0.12 0.18 0.06 0.12 0.02 0.03 0.60 0.17 250 259 

7 36.24 25.54 0.70 1.01 0.21 0.17 7.02 70.89 0.79 0.03 0.02 0.86 3.20 0.80 1.86 0.05 0.13 0.18 0.05 0.13 0.03 0.04 0.61 0.14 261 265 

1414 318.2 

a 37.72 25.53 1.33 0.78 0.11 0.26 6.63 72.36 0.73 0.04 0.01 0.79 3.26 0.74 1.85 0.10 0.10 0.20 0.10 0.10 0.04 0.02 0.53 0.21 235 

245 23 

228 

245 19 b1 38.31 25.63 0.70 0.87 0.44 0.19 6.51 72.65 0.71 0.03 0.04 0.82 3.28 0.72 1.86 0.05 0.11 0.16 0.05 0.11 0.03 0.08 0.55 0.18 246 238 

b2 38.76 25.76 0.72 0.72 0.19 0.11 6.47 72.73 0.70 0.02 0.02 0.76 3.30 0.70 1.89 0.05 0.09 0.14 0.05 0.09 0.02 0.03 0.56 0.24 219 231 

1415 338.5 
2 37.40 25.75 0.77 0.84 0.19 0.14 7.77 72.86 0.86 0.02 0.02 0.91 3.23 0.77 1.84 0.06 0.11 0.16 0.06 0.11 0.02 0.04 0.69 0.09 283 

261 30 
275 

264 14 
3 38.52 24.03 0.68 1.04 0.21 0.13 6.11 70.72 0.75 0.02 0.02 0.81 3.36 0.64 1.82 0.05 0.14 0.18 0.05 0.14 0.02 0.04 0.56 0.19 214 254 

1417 391.2 

1 39.05 24.48 0.95 1.40 0.16 0.16 7.33 73.53 0.80 0.03 0.01 0.85 3.32 0.68 1.78 0.07 0.18 0.25 0.07 0.18 0.03 0.03 0.55 0.15 258 

251 21 

274 

261 12 2 44.34 29.19 0.59 0.97 0.09 0.11 7.83 83.12 0.75 0.02 0.01 0.78 3.31 0.69 1.88 0.04 0.11 0.14 0.04 0.11 0.02 0.01 0.60 0.22 227 250 

6 37.32 25.72 0.69 0.76 0.30 0.13 7.25 72.17 0.80 0.02 0.03 0.88 3.24 0.76 1.86 0.05 0.10 0.15 0.05 0.10 0.02 0.06 0.65 0.12 269 259 

1418 424.8 
a1 39.83 22.96 0.87 0.96 0.19 0.17 5.98 70.96 0.66 0.03 0.02 0.73 3.46 0.54 1.81 0.06 0.12 0.19 0.06 0.12 0.03 0.04 0.48 0.27 208 

224 22 
225 

240 20 
a2 38.09 23.47 0.67 0.94 0.16 0.12 6.68 70.13 0.75 0.02 0.02 0.81 3.37 0.63 1.82 0.05 0.12 0.17 0.05 0.12 0.02 0.03 0.58 0.19 239 254 

1425 576.5 1 38.37 24.09 0.92 0.71 0.24 0.12 6.80 71.25 0.76 0.02 0.02 0.82 3.35 0.65 1.83 0.07 0.09 0.16 0.07 0.09 0.02 0.04 0.60 0.18 246 240 9 241 242 1 
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Table 6.2 (continued) 

Sp. 

# 

Dt. 

(m) 

Pt. 

# 

Oxide Weight% Site Occupancy End Members 

T1* 

(°C) 

Ave1 

(°C) 

σ1 

(°C) 

T2* 

(°C) 

Ave2 

(°C) 

σ2 

(°C) SiO2 Al2O3 FeO MgO CaO Na2O K2O Total K Na Ca IC 
Si 

(IV) 

Al 

(IV) 

Al 

(VI) 
Fe Mg R2 

Fe- 

cel 

Mg- 

cel 
Par. 

Ca- 

par 
Mus Pyr 

1425 576.5 2 37.88 24.74 0.70 0.67 0.13 0.10 6.72 70.94 0.75 0.02 0.01 0.79 3.32 0.68 1.87 0.05 0.09 0.14 0.05 0.09 0.02 0.02 0.61 0.21 234   242   

1427 601.2 
5 37.84 26.07 0.81 0.75 0.13 0.14 7.18 72.92 0.78 0.02 0.01 0.83 3.24 0.76 1.87 0.06 0.10 0.15 0.06 0.10 0.02 0.02 0.63 0.17 250 

236 19 
252 

240 16 
7 37.56 26.13 0.58 0.62 0.19 0.18 6.32 71.58 0.70 0.03 0.02 0.76 3.25 0.75 1.91 0.04 0.08 0.12 0.04 0.08 0.03 0.04 0.58 0.24 222 229 

1439 911.7 

a1 44.92 32.72 0.56 0.59 0.13 0.11 8.54 87.57 0.77 0.02 0.01 0.81 3.19 0.81 1.94 0.03 0.06 0.10 0.03 0.06 0.02 0.02 0.68 0.19 241 

241 6 

247 

248 5 

a2 43.84 32.21 0.58 0.59 0.12 0.10 8.07 85.51 0.75 0.01 0.01 0.78 3.19 0.81 1.94 0.04 0.06 0.10 0.04 0.06 0.01 0.02 0.65 0.22 229 240 

b1 41.85 31.15 0.47 0.45 0.07 0.12 8.01 82.12 0.77 0.02 0.01 0.80 3.17 0.83 1.95 0.03 0.05 0.08 0.03 0.05 0.02 0.01 0.69 0.20 238 245 

b2 41.84 30.33 0.73 0.59 0.07 0.08 8.13 81.77 0.79 0.01 0.01 0.81 3.19 0.81 1.92 0.05 0.07 0.11 0.05 0.07 0.01 0.01 0.68 0.19 243 249 

b3 42.81 31.91 0.53 0.59 0.09 0.09 8.40 84.42 0.79 0.01 0.01 0.82 3.16 0.84 1.94 0.03 0.06 0.10 0.03 0.06 0.01 0.01 0.69 0.18 245 252 

b4 42.53 31.27 0.61 0.55 0.08 0.07 8.44 83.55 0.80 0.01 0.01 0.83 3.18 0.82 1.93 0.04 0.06 0.10 0.04 0.06 0.01 0.01 0.71 0.17 248 253 

1440 930.7 

c 42.33 31.39 0.62 0.58 0.13 0.09 8.18 83.32 0.78 0.01 0.01 0.81 3.17 0.83 1.94 0.04 0.06 0.10 0.04 0.06 0.01 0.02 0.68 0.19 243 

238 12 

248 

246 7 

d 42.63 31.60 0.55 0.48 0.07 0.05 7.90 83.28 0.75 0.01 0.01 0.77 3.18 0.82 1.96 0.03 0.05 0.09 0.03 0.05 0.01 0.01 0.66 0.23 225 238 

e1 45.16 32.93 0.58 0.52 0.10 0.08 8.66 88.03 0.78 0.01 0.01 0.81 3.19 0.81 1.94 0.03 0.05 0.09 0.03 0.05 0.01 0.02 0.69 0.19 240 246 

e2 46.69 34.47 0.6 0.52 0.08 0.06 9.22 91.64 0.80 0.01 0.01 0.82 3.18 0.82 1.94 0.03 0.05 0.09 0.03 0.05 0.01 0.01 0.71 0.18 245 251 

e3 45.83 33.83 0.53 0.54 0.07 0.07 8.35 89.22 0.74 0.01 0.01 0.76 3.19 0.81 1.96 0.03 0.06 0.09 0.03 0.06 0.01 0.01 0.65 0.24 221 237 

e4 45.25 32.98 0.61 0.70 0.13 0.11 8.91 88.69 0.80 0.02 0.01 0.83 3.18 0.82 1.92 0.04 0.07 0.11 0.04 0.07 0.02 0.02 0.69 0.17 251 256 

BL-08-01 drill core 

 

1446 132.0 

a1 40.27 29.62 0.70 0.48 0.16 0.11 8.24 79.58 0.83 0.02 0.01 0.87 3.17 0.83 1.92 0.05 0.06 0.10 0.05 0.06 0.02 0.03 0.72 0.13 266 

252 16 

256 

246 11 a2 43.67 31.90 0.84 0.51 0.16 0.10 8.10 85.28 0.75 0.01 0.01 0.79 3.19 0.81 1.93 0.05 0.06 0.11 0.05 0.06 0.01 0.03 0.65 0.21 235 235 

b1 40.77 29.05 1.75 0.80 0.25 0.13 7.89 80.64 0.79 0.02 0.02 0.85 3.18 0.82 1.85 0.11 0.09 0.21 0.11 0.09 0.02 0.04 0.58 0.15 256 248 

1449 199.3 
a1 43.17 30.64 0.62 0.53 0.10 0.11 8.12 83.29 0.77 0.02 0.01 0.81 3.23 0.77 1.92 0.04 0.06 0.10 0.04 0.06 0.02 0.02 0.68 0.19 239 

239 27 
244 

236 25 
a2 42.97 20.35 0.57 0.42 0.30 0.21 5.86 70.68 0.65 0.04 0.03 0.74 3.71 0.29 1.79 0.04 0.05 0.10 0.04 0.05 0.04 0.06 0.55 0.26 212 208 
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Table 6.2 (continued)  

Sp. 

# 

Dt. 

(m) 

Pt. 

# 

Oxide Weight% Site Occupancy End Members 

T1* 

(°C) 

Ave1 

(°C) 

σ1 

(°C) 

T2* 

(°C) 

Ave2 

(°C) 

σ2 

(°C) SiO2 Al2O3 FeO MgO CaO Na2O K2O Total K Na Ca IC 
Si 

(IV) 

Al 

(IV) 

Al 

(VI) 
Fe Mg R2 

Fe- 

cel 

Mg- 

cel 
Par 

Ca- 

par 
Mus Pyr 

1449 199.3 b 39.45 28.49 1.15 0.67 0.14 0.08 8.11 78.09 0.83 0.01 0.01 0.87 3.18 0.82 1.88 0.08 0.08 0.16 0.08 0.08 0.01 0.02 0.68 0.13 265   255   

1450 214.5 
1 37.16 27.40 0.66 0.53 0.21 0.12 7.44 73.52 0.81 0.02 0.02 0.87 3.16 0.84 1.91 0.05 0.07 0.11 0.05 0.07 0.02 0.04 0.69 0.13 264 

266 4 
253 

256 4 
7 34.88 26.48 0.97 0.54 0.08 0.08 7.46 70.49 0.85 0.01 0.01 0.88 3.12 0.88 1.91 0.07 0.07 0.14 0.07 0.07 0.01 0.02 0.71 0.12 269 259 

1451 225.4 3 45.31 30.81 0.86 0.59 0.15 0.11 8.80 86.63 0.81 0.02 0.01 0.85 3.27 0.73 1.88 0.05 0.06 0.12 0.05 0.06 0.02 0.02 0.69 0.15 256 
268 17 

251 
258 10 

 
 4 37.90 28.05 0.74 0.47 0.1 0.14 8.16 75.56 0.87 0.02 0.01 0.91 3.15 0.85 1.91 0.05 0.06 0.11 0.05 0.06 0.02 0.02 0.76 0.09 280 265 

1452 250.8 

1 38.23 29.25 0.59 0.71 0.09 0.12 7.89 76.88 0.82 0.02 0.01 0.85 3.12 0.88 1.93 0.04 0.09 0.13 0.04 0.09 0.02 0.02 0.69 0.15 259 

253 11 

264 

255 8 2 41.01 29.66 0.63 0.72 0.12 0.15 7.70 79.99 0.76 0.02 0.01 0.81 3.19 0.81 1.92 0.04 0.08 0.12 0.04 0.08 0.02 0.02 0.64 0.19 240 248 

4 41.94 30.17 0.66 0.52 0.17 0.07 8.37 81.9 0.81 0.01 0.01 0.85 3.20 0.80 1.91 0.04 0.06 0.10 0.04 0.06 0.01 0.03 0.71 0.15 258 254 

1453 267.7 4 41.50 30.53 0.61 0.62 0.13 0.08 8.48 81.95 0.83 0.01 0.01 0.86 3.17 0.83 1.92 0.04 0.07 0.11 0.04 0.07 0.01 0.02 0.72 0.14 261  0 261  0 

1457 321.6 
1 41.21 29.18 0.43 0.00 0.10 0.08 7.14 78.14 0.72 0.01 0.01 0.75 3.26 0.74 1.98 0.03 0.00 0.03 0.03 0.00 0.01 0.02 0.69 0.25 217 

221 6 
232 

237 7 
3 41.10 29.49 0.54 0.01 0.09 0.05 7.46 78.74 0.75 0.01 0.01 0.77 3.24 0.76 1.97 0.04 0.00 0.04 0.04 0.00 0.01 0.02 0.71 0.23 226 241 

1460 365.1 
1 39.51 27.54 0.72 0.00 0.10 0.09 7.79 75.75 0.82 0.01 0.01 0.85 3.26 0.74 1.93 0.05 0.00 0.05 0.05 0.00 0.01 0.02 0.77 0.15 258 

255 3 
264 

263 2 
3 35.75 25.17 0.72 0.00 0.10 0.11 6.93 68.78 0.80 0.02 0.01 0.84 3.24 0.76 1.94 0.05 0.00 0.05 0.05 0.00 0.02 0.02 0.75 0.16 253 261 

1469 655.4 

a1 40.83 29.02 0.71 1.07 0.24 0.07 7.79 79.73 0.78 0.01 0.02 0.83 3.20 0.80 1.88 0.05 0.12 0.17 0.05 0.12 0.01 0.04 0.61 0.17 249 

249 11 

261 

256 7 
a2 39.15 27.61 0.58 0.62 0.19 0.06 7.85 76.06 0.82 0.01 0.02 0.87 3.22 0.78 1.89 0.04 0.08 0.12 0.04 0.08 0.01 0.03 0.71 0.13 264 262 

b1 47.10 33.82 0.68 0.69 0.12 0.06 9.12 91.59 0.79 0.01 0.01 0.82 3.21 0.79 1.92 0.04 0.07 0.11 0.04 0.07 0.01 0.02 0.68 0.18 244 252 

b2 42.11 29.59 0.57 0.76 0.17 0.11 7.77 81.08 0.76 0.02 0.01 0.80 3.23 0.77 1.91 0.04 0.09 0.12 0.04 0.09 0.02 0.03 0.64 0.20 239 249 

1475 768.1 

2 37.46 27.19 0.69 0.00 0.25 0.06 6.8 72.45 0.74 0.01 0.02 0.80 3.21 0.79 1.96 0.05 0.00 0.05 0.05 0.00 0.01 0.05 0.69 0.20 237 

262 18 

244 

261 11 
3 42.17 31.43 0.61 0.00 0.13 0.06 8.90 83.30 0.85 0.01 0.01 0.88 3.17 0.83 1.96 0.04 0.00 0.04 0.04 0.00 0.01 0.02 0.82 0.12 270 271 

4 42.66 30.95 0.62 0.00 0.14 0.09 8.59 83.05 0.82 0.01 0.01 0.86 3.21 0.79 1.95 0.04 0.00 0.04 0.04 0.00 0.01 0.02 0.79 0.14 261 263 

5 38.63 28.89 0.77 0.00 0.32 0.17 7.86 76.64 0.82 0.03 0.03 0.90 3.16 0.84 1.94 0.05 0.00 0.05 0.05 0.00 0.03 0.06 0.77 0.10 278 265 
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Table 6.2 (continued)  

Sp. 

# 

Dt. 

(m) 

Pt. 

# 

Oxide Weight% Site Occupancy End Members 

T1* 

(°C) 

Ave1 

(°C) 

σ1 

(°C) 

T2* 

(°C) 

Ave2 

(°C) 

σ2 

(°C) SiO2 Al2O3 FeO MgO CaO Na2O K2O Total K Na Ca IC 
Si 

(IV) 

Al 

(IV) 

Al 

(VI) 
Fe Mg R2 

Fe- 

cel 

Mg- 

cel 
Par 

Ca- 

par 
Mus Pyr 

1476 788.9 3 36.99 25.82 0.56 0.00 0.22 0.09 7.12 70.80 0.80 0.02 0.02 0.86 3.26 0.74 1.93 0.04 0.00 0.04 0.04 0.00 0.02 0.04 0.76 0.14 260 260 0 257 257 0 

1477 828.4 
6 38.61 25.58 0.57 0.00 0.60 0.07 6.65 72.08 0.73 0.01 0.06 0.85 3.32 0.68 1.91 0.04 0.00 0.04 0.04 0.00 0.01 0.11 0.69 0.15 258 

247 15 
238 

239 1 
7 38.39 24.38 0.57 0.00 0.20 0.14 6.55 70.23 0.74 0.02 0.02 0.80 3.38 0.62 1.91 0.04 0.00 0.04 0.04 0.00 0.02 0.04 0.69 0.20 236 240 

1478 847.9 

1 37.46 25.86 0.43 0.00 0.28 0.07 6.79 70.89 0.76 0.01 0.03 0.82 3.28 0.72 1.95 0.03 0.00 0.03 0.03 0.00 0.01 0.05 0.73 0.18 246 

270 21 

243 

251 17 
3 37.94 28.07 0.62 0.00 0.31 0.18 8.15 75.27 0.87 0.03 0.03 0.95 3.17 0.83 1.93 0.04 0.00 0.04 0.04 0.00 0.03 0.06 0.82 0.05 298 276 

6 36.46 26.51 0.42 0.00 0.72 0.06 6.56 70.73 0.74 0.01 0.07 0.88 3.20 0.80 1.95 0.03 0.00 0.03 0.03 0.00 0.01 0.14 0.70 0.12 270 237 

7 39.68 28.90 0.44 0.00 0.44 0.12 7.58 77.16 0.78 0.02 0.04 0.88 3.20 0.80 1.95 0.03 0.00 0.03 0.03 0.00 0.02 0.08 0.75 0.12 267 249 

1479 866.6 5 37.02 27.98 0.55 0.00 0.24 0.07 7.22 73.08 0.79 0.01 0.02 0.84 3.16 0.84 1.97 0.04 0.00 0.04 0.04 0.00 0.01 0.04 0.75 0.16 254 254 0 253 253 0 

DV10-001 drill core 

 

 

1215 297.7 

2 37.48 24.99 0.12 1.19 0.36 0.11 7.18 71.43 0.80 0.02 0.03 0.88 3.27 0.73 1.84 0.01 0.15 0.16 0.01 0.15 0.02 0.07 0.64 0.12 271 

264 18 

285 

284 12 

4 37.19 25.17 0.16 1.16 0.23 0.06 7.57 71.54 0.84 0.01 0.02 0.90 3.25 0.75 1.84 0.01 0.15 0.16 0.01 0.15 0.01 0.04 0.68 0.10 276 295 

5 42.77 28.34 0.18 1.31 0.19 0.03 7.75 80.57 0.76 0.00 0.02 0.80 3.29 0.71 1.86 0.01 0.15 0.16 0.01 0.15 0.00 0.03 0.60 0.20 236 273 

6 38.56 26.68 0.18 1.21 0.26 0.02 8.05 74.96 0.86 0.00 0.02 0.91 3.22 0.78 1.85 0.01 0.15 0.16 0.01 0.15 0.00 0.05 0.69 0.09 280 298 

8 36.42 25.21 0.22 0.95 0.33 0.03 6.94 70.1 0.79 0.01 0.03 0.85 3.24 0.76 1.88 0.02 0.13 0.14 0.02 0.13 0.01 0.06 0.64 0.15 259 272 

1218 365.2 

1 43.30 29.51 0.78 0.00 0.17 0.05 7.96 81.77 0.77 0.01 0.01 0.81 3.29 0.71 1.93 0.05 0.00 0.05 0.05 0.00 0.01 0.03 0.72 0.19 240 

241 11 

252 

252 5 
2 47.80 32.30 0.94 0.00 0.14 0.11 8.46 89.75 0.75 0.01 0.01 0.78 3.30 0.70 1.94 0.05 0.00 0.05 0.05 0.00 0.01 0.02 0.69 0.22 230 246 

3 42.35 29.28 0.89 0.00 0.26 0.12 8.00 80.9 0.79 0.02 0.02 0.85 3.26 0.74 1.92 0.06 0.00 0.06 0.06 0.00 0.02 0.04 0.73 0.15 256 258 

4 46.68 32.71 0.90 0.00 0.14 0.07 8.78 89.28 0.78 0.01 0.01 0.81 3.25 0.75 1.94 0.05 0.00 0.05 0.05 0.00 0.01 0.02 0.73 0.19 242 255 

1226 520.1 

2 47.04 33.59 0.72 0.72 0.09 0.05 9.03 91.24 0.79 0.01 0.01 0.81 3.21 0.79 1.92 0.04 0.07 0.11 0.04 0.07 0.01 0.01 0.67 0.19 240 

262 21 

251 

262 14 3 43.99 30.74 0.87 0.63 0.17 0.07 8.73 85.20 0.82 0.01 0.01 0.85 3.23 0.77 1.89 0.05 0.07 0.12 0.05 0.07 0.01 0.03 0.70 0.15 259 255 

4 37.86 26.96 0.73 0.70 0.14 0.06 8.37 74.82 0.90 0.01 0.01 0.93 3.19 0.81 1.87 0.05 0.09 0.14 0.05 0.09 0.01 0.03 0.76 0.07 291 282 
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Table 6.2 (continued) 

Sp. 

# 

Dt. 

(m) 

Pt. 

# 

Oxide Weight% Site Occupancy End Members 

T1* 

(°C) 

Ave1 

(°C) 

σ1 

(°C) 

T2* 

(°C) 

Ave2 

(°C) 

σ2 

(°C) SiO2 Al2O3 FeO MgO CaO Na2O K2O Total K Na Ca IC 
Si 

(IV) 

Al 

(IV) 

Al 

(VI) 
Fe Mg R2 

Fe- 

cel 

Mg- 

cel 
Par 

Ca- 

par 
Mus Pyr 

1226 520.1 6 40.66 29.20 0.76 0.67 0.14 0.06 8.18 79.67 0.82 0.01 0.01 0.85 3.19 0.81 1.90 0.05 0.08 0.13 0.05 0.08 0.01 0.02 0.69 0.15 258   259   

1233 641.6 

1 45.50 32.82 0.87 1.24 0.33 0.13 8.79 89.68 0.78 0.02 0.02 0.85 3.17 0.83 1.87 0.05 0.13 0.18 0.05 0.13 0.02 0.05 0.60 0.15 257 

258 10 

262 

261 7 
3 44.42 31.65 0.98 0.75 0.11 0.07 9.16 87.14 0.84 0.01 0.01 0.87 3.20 0.80 1.88 0.06 0.08 0.14 0.06 0.08 0.01 0.02 0.70 0.13 264 263 

4 44.35 32.04 0.77 0.74 0.10 0.06 9.26 87.32 0.85 0.01 0.01 0.87 3.19 0.81 1.90 0.05 0.08 0.13 0.05 0.08 0.01 0.02 0.72 0.13 266 268 

5 45.62 32.52 0.98 0.80 0.10 0.05 8.85 88.92 0.79 0.01 0.01 0.82 3.21 0.79 1.90 0.06 0.08 0.14 0.06 0.08 0.01 0.02 0.65 0.18 243 251 

1242 795.2 

1 39.65 26.31 0.67 0.87 0.51 0.23 7.40 75.64 0.78 0.04 0.05 0.91 3.28 0.72 1.84 0.05 0.11 0.15 0.05 0.11 0.04 0.09 0.63 0.09 280 

278 3 

257 

269 15 2 41.42 28.49 0.70 0.81 0.34 0.18 8.25 80.19 0.82 0.03 0.03 0.91 3.24 0.76 1.86 0.05 0.09 0.14 0.05 0.09 0.03 0.06 0.68 0.09 280 265 

3 38.38 25.74 0.74 1.07 0.09 0.05 8.03 74.10 0.87 0.01 0.01 0.89 3.25 0.75 1.83 0.05 0.14 0.19 0.05 0.14 0.01 0.02 0.68 0.11 274 286 

1245 860.9 
3 38.00 28.19 0.63 0.36 0.09 0.02 7.88 75.17 0.84 0.00 0.01 0.86 3.17 0.83 1.93 0.04 0.04 0.09 0.04 0.04 0.00 0.02 0.75 0.14 260 

264 6 
256 

259 4 
4 38.91 27.62 0.57 0.38 0.10 0.05 8.06 75.69 0.85 0.01 0.01 0.88 3.22 0.78 1.91 0.04 0.05 0.09 0.04 0.05 0.01 0.02 0.76 0.12 268 261 

1246 878.7 
2 47.02 31.29 1.41 1.53 0.10 0.07 9.44 90.86 0.83 0.01 0.01 0.86 3.25 0.75 1.80 0.08 0.16 0.24 0.08 0.16 0.01 0.01 0.59 0.14 260 

258 3 
275 

266 12 
3 37.61 25.84 1.07 0.96 0.21 0.05 7.29 73.03 0.80 0.01 0.02 0.85 3.23 0.77 1.84 0.08 0.12 0.20 0.08 0.12 0.01 0.04 0.60 0.15 255 258 

1248 905.9 

1 35.43 26.23 0.47 0.54 0.26 0.01 7.44 70.38 0.85 0.00 0.02 0.90 3.16 0.84 1.91 0.04 0.07 0.11 0.04 0.07 0.00 0.05 0.74 0.10 276 

268 18 

268 

260 15 
3 38.31 28.41 0.46 0.29 0.27 0.08 7.82 75.64 0.82 0.01 0.02 0.89 3.17 0.83 1.94 0.03 0.04 0.07 0.03 0.04 0.01 0.05 0.76 0.11 271 254 

4 38.89 28.25 0.51 0.50 0.27 0.04 7.24 75.70 0.76 0.01 0.02 0.81 3.20 0.80 1.93 0.04 0.06 0.10 0.04 0.06 0.01 0.05 0.66 0.19 242 242 

6 35.49 26.41 0.54 0.71 0.20 0.02 7.62 70.99 0.86 0.00 0.02 0.90 3.14 0.86 1.90 0.04 0.09 0.13 0.04 0.09 0.00 0.04 0.73 0.10 278 276 

1249 915.0 6 37.34 26.71 0.5 0.36 0.12 0.02 6.99 72.04 0.77 0.00 0.01 0.80 3.22 0.78 1.94 0.04 0.05 0.08 0.04 0.05 0.00 0.02 0.69 0.20 235 235 0 240 240 0 

1250 935.0 5 37.81 27.85 0.65 0.67 0.36 0.08 8.02 75.44 0.85 0.01 0.03 0.93 3.15 0.85 1.89 0.05 0.08 0.13 0.05 0.08 0.01 0.06 0.72 0.07 289 289 0 270 270 0 

1252 975.6 

2 40.66 29.32 0.61 0.4 0.17 0.03 8.21 79.4 0.82 0.00 0.01 0.86 3.20 0.80 1.92 0.04 0.05 0.09 0.04 0.05 0.00 0.03 0.74 0.14 260 

265 5 

254 

257 

 

8 

 

3 39.31 29.21 0.57 0.57 0.21 0.02 8.23 78.12 0.84 0.00 0.02 0.88 3.15 0.85 1.92 0.04 0.07 0.11 0.04 0.07 0.00 0.04 0.74 0.12 270 265 

4 37.9 25.97 0.51 0.55 0.23 0.03 7.12 72.31 0.78 0.01 0.02 0.83 3.26 0.74 1.90 0.04 0.07 0.11 0.04 0.07 0.01 0.04 0.67 0.17 249 250 
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Table 6.2 (continued) 

Sp. 

# 

Dt. 

(m) 

Pt. 

# 

Oxide Weight% Site Occupancy End Members 

T1* 

(°C) 

Ave1 

(°C) 

σ1 

(°C) 

T2* 

(°C) 

Ave2 

(°C) 

σ2 

(°C) SiO2 Al2O3 FeO MgO CaO Na2O K2O Total K Na Ca IC 
Si 

(IV) 

Al 

(IV) 

Al 

(VI) 
Fe Mg R2 

Fe- 

cel 

Mg- 

cel 
Par 

Ca- 

par 
Mus Pyr 

1253 1001.7 

1 35.41 26.04 0.47 0.42 0.14 0.04 7.67 70.19 0.88 0.01 0.01 0.91 3.17 0.83 1.91 0.04 0.06 0.09 0.04 0.06 0.01 0.03 0.78 0.09 281 

274 13 

272 

264 7 4 35.76 26.78 0.41 0.33 0.12 0.02 7.41 70.83 0.83 0.00 0.01 0.86 3.16 0.84 1.94 0.03 0.04 0.07 0.03 0.04 0.00 0.02 0.76 0.14 261 259 

5 40.25 29.59 0.52 0.37 0.16 0.08 8.49 79.46 0.85 0.01 0.01 0.89 3.17 0.83 1.93 0.03 0.04 0.08 0.03 0.04 0.01 0.03 0.78 0.11 275 263 

1254 1021.3 
1 42.7 31.17 0.62 0.49 0.28 0.07 9 84.33 0.85 0.01 0.02 0.91 3.18 0.82 1.91 0.04 0.05 0.09 0.04 0.05 0.01 0.04 0.76 0.09 281 

278 3 
265 

267 3 
2 45.58 33.57 0.6 0.53 0.18 0.05 9.75 90.26 0.86 0.01 0.01 0.90 3.17 0.83 1.92 0.03 0.05 0.09 0.03 0.05 0.01 0.03 0.77 0.10 276 269 

1346 666.7 

1 43.72 31 0.91 0.68 0.27 0.08 8.77 85.43 0.82 0.01 0.02 0.87 3.21 0.79 1.89 0.06 0.07 0.13 0.06 0.07 0.01 0.04 0.69 0.13 267 

267 15 

256 

259 9 

2 37.89 27.4 0.93 0.62 0.24 0.08 8.26 75.42 0.88 0.01 0.02 0.94 3.17 0.83 1.87 0.07 0.08 0.14 0.07 0.08 0.01 0.04 0.74 0.06 292 271 

3 41.85 29.76 0.7 0.57 0.2 0.08 8.21 81.37 0.80 0.01 0.02 0.85 3.21 0.79 1.91 0.04 0.07 0.11 0.04 0.07 0.01 0.03 0.69 0.15 257 252 

4 41.09 29.27 0.83 0.57 0.16 0.08 8.21 80.21 0.82 0.01 0.01 0.86 3.21 0.79 1.90 0.05 0.07 0.12 0.05 0.07 0.01 0.03 0.70 0.14 260 254 

5 44.22 30.76 0.79 0.66 0.2 0.06 8.49 85.18 0.79 0.01 0.02 0.83 3.24 0.76 1.90 0.05 0.07 0.12 0.05 0.07 0.01 0.03 0.67 0.17 250 250 

6 41.11 29.28 1.12 0.91 0.22 0.04 8.69 81.37 0.86 0.01 0.02 0.90 3.18 0.82 1.85 0.07 0.11 0.18 0.07 0.11 0.01 0.04 0.68 0.10 277 270 

1349 765.3 
3 44.34 29.73 1.05 1.02 0.25 0.06 7.65 84.1 0.72 0.01 0.02 0.77 3.28 0.72 1.87 0.06 0.11 0.18 0.06 0.11 0.01 0.04 0.54 0.23 225 

239 20 
237 

246 13 
4 42.56 29.48 0.69 0.87 0.28 0.08 8.05 82.01 0.78 0.01 0.02 0.84 3.24 0.76 1.88 0.04 0.10 0.14 0.04 0.10 0.01 0.05 0.64 0.16 253 255 

1360 1007.5 

1 36.45 27.38 0.72 0.58 0.11 0.06 7.91 73.21 0.87 0.01 0.01 0.90 3.13 0.87 1.91 0.05 0.07 0.13 0.05 0.07 0.01 0.02 0.74 0.10 276 

272 12 

270 

260 9 

4 38.04 27.06 0.69 0.33 0.27 0.18 7.42 73.99 0.80 0.03 0.02 0.88 3.21 0.79 1.91 0.05 0.04 0.09 0.05 0.04 0.03 0.05 0.71 0.12 268 248 

5 47.43 34.61 0.81 0.51 0.13 0.09 10 93.58 0.86 0.01 0.01 0.89 3.18 0.82 1.91 0.05 0.05 0.10 0.05 0.05 0.01 0.02 0.76 0.11 271 262 

6 44.84 32.98 0.8 0.51 0.22 0.16 9.83 89.34 0.88 0.02 0.02 0.94 3.16 0.84 1.90 0.05 0.05 0.10 0.05 0.05 0.02 0.03 0.78 0.06 293 270 

7 44.3 31.93 0.96 0.47 0.14 0.11 8.89 86.8 0.82 0.02 0.01 0.86 3.20 0.80 1.91 0.06 0.05 0.11 0.06 0.05 0.02 0.02 0.71 0.14 259 253 

8 38.41 29.02 0.85 0.36 0.14 0.07 7.98 76.83 0.83 0.01 0.01 0.87 3.14 0.86 1.93 0.06 0.04 0.10 0.06 0.04 0.01 0.02 0.73 0.13 264 258 

IV – tetrahedral site; VI – octahedral site; IC – interlayer charge; R
2+

 – divalent cations. Fe-cel. = Fe-celadonite; Mg-cel. = Mg-celadonite; Par. = paragonite; Ca-par. 

= Ca-paragonite; Mus. = muscovite; Pyr. = pyrophyllite. * T1 was calculated using Cathelineau (1988)’s method while T2 was calculated using Battaglia (2004)’s 

method.  
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Fig. 6.9 Distribution of illite crystallization temperatures along depth from the drill cores WC-79-1, 

BL-08-01, and DV10-001. a, b, c – temperatures calculated using Cathelineau (1988)’s method; d, e, f – 

temperatures calculated using Battaglia (2004)’s method. Original in colour. 
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Overall, illite crystallization temperatures calculated using the equations of 

Cathelineau (1988) range from 212° to 298°C, and using Battaglia (2004)’s method range 

from 228° to 298°C (Table 6.2). The discrepancies between the two methods for 

individual samples are generally within 10
o
C. No obvious trends can be discerned in the 

temperature-depth diagrams for each drill core, and there is no significant difference 

between drill cores. In comparison with fluid inclusion homogenization temperatures, the 

calculated illite crystallization temperatures using the methods of both Cathelineau (1988) 

and Battaglia (2004) are systematically higher (with limited overlap) (Table 6.2; Fig. 

6.10). 
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Fig.6.10 Thermal profiles showing the outlines of fluid inclusion homogenization temperatures and illite crystallization temperatures along depth of the WC-79-1, 

BL-08-01, and DV10-001 drill cores (calculated using Cathelineau (1988)’s method). Also shown are linear thermal profiles assuming thermal gradients of 35°C 

/km and 55°C /km, erosion thicknesses of 3km and 5km, and surface temperature of 20°C. Original in colour.
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6.8 Discussion 

A few notable characteristics of the fluid inclusion and illite geothermometric study 

results emerge from this study. Firstly, homogenization temperatures of fluid inclusions 

from quartz overgrowths cover a wide range at any given depth, and they do not show a 

systematic increase with depth (Fig. 6.7). Secondly, the calculated illite crystallization 

temperatures are systematically higher than the fluid inclusion homogenization 

temperatures, and they do not show an obvious trend of increase with depth either (Figs. 

6.9 and 6.10). Thirdly, the ice-melting temperatures of fluid inclusions are mostly lower 

than -21.2°C (the eutectic point for the H2O-NaCl system), suggesting that the fluids may 

be approximated by the H2O-NaCl-CaCl2 system, and there is no systematic change of 

fluid salinities with depth (Fig. 6.8). Finally, there are no systematic differences in fluid 

inclusion homogenization temperatures, illite crystallization temperatures, and fluid 

compositions between the studied drill cores from different parts of the Athabasca Basin 

(Fig. 6.10). The significance and implications of these basin-scale fluid characteristics for 

basinal fluid flow and uranium mineralization are discussed below. 

 

6.8.1. Range of fluid inclusion homogenization temperatures 

The wide range of homogenization temperatures of fluid inclusions within quartz 

overgrowths documented in this study, mainly from 60° to 180°C (Table 6.1; Fig. 6.7), is 

interpreted to indicate that the quartz overgrowths were precipitated over a wide range of 

thermal conditions during the long diagenetic history of the Athabasca Basin, as is 

common in many sedimentary basins (e.g., Chi et al., 2003b; Hiemstra and Goldstein, 

2005). The application of the fluid inclusion assemblage concept (Goldstein and 
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Reynolds, 1994) suggests that the variation of fluid inclusion homogenization 

temperatures within individual quartz overgrowths is not a result of post-trapping 

modification of the fluid inclusions; post-trapping modification would result in variation 

of homogenization temperatures within individual fluid inclusion assemblages, in which 

case the data were rejected. Similar ranges of homogenization temperatures have also 

been reported in previous studies of fluid inclusions in quartz overgrowths in the 

Athabasca Basin (Pagel, 1975; Kotzer and Kyser, 1995; Scott and Chi, 2014), although 

the homogenization temperature values of Pagel (1975) are relatively low compared to 

those of other studies. The interpretation of quartz cementation over a wide range of 

thermal conditions is also consistent with the wide range of oxygen isotope data of 

quartz overgrowths from the Athabasca Basin (Hiatt et al., 2007). For sedimentary basins 

with a simple burial history, it may be expected that the part of quartz overgrowth close to 

the dustline was precipitated at a relatively shallow and cool environment, whereas the 

part filling the centre of the interstitial space was formed in a relatively deep and hot 

environment. However, for a basin with a complex burial and uplifting history like the 

Athabasca Basin, such a regular thermal pattern may not be seen. In fact, many of the fluid 

inclusions close to the dustline have fairly high homogenization temperatures, suggesting 

that quartz overgrowths do not necessarily start precipitation at shallow burial. 

Conversely, some fluid inclusions away from the dustline show relatively low 

homogenization temperatures, suggesting that the late phase of quartz overgrowth was not 

necessarily formed at higher temperatures than the early phase. Overall, the range of 

homogenization temperatures of fluid inclusions in quartz overgrowths reflects the range 

of thermal conditions that the strata experienced, and the maximum homogenization 

temperatures do not necessarily represent the maximum burial conditions. 
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6.8.2. Difference between fluid inclusion homogenization temperatures and 

calculated illite temperatures 

The observation that illite crystallization temperatures (mainly from 220° to 270°C) 

are higher than the fluid inclusion homogenization temperatures (mainly from 60° to 

180°C) (Fig. 6.10) may be attributed to the fact that fluid inclusion homogenization 

temperatures only represent the minimum trapping temperatures and that illite was not 

co-precipitated with quartz overgrowths. Furthermore, different types of illite have been 

reported in the Athabasca Basin (Hoeve and Quirt, 1984; Kotzer and Kyser, 1995; Quirt, 

2010; among others), and the illite examined in this study may not cover all the types. 

It is well known that the homogenization temperatures of fluid inclusions are 

generally lower than the trapping temperatures except in the cases of fluid boiling or 

immiscibility (Roedder, 1984). No evidence of fluid boiling or immiscibility has been 

found in our study, and therefore the homogenization temperatures need to be 

“pressure-corrected” in order to obtain the trapping temperatures. To make this correction, 

the fluid pressures need to be independently determined, and the isochores of the fluid 

inclusions need to be constructed. The isochores were calculated with the computer 

program ‘FLUIDS 1’ of Bakker (2003): the bulk fluid density was first calculated with the 

‘BULK’ program, using the empirical equations of state of Oakes et al. (1990) and Zhang 

and Frantz (1987), and then used to calculate the isochores with the ‘ISOC’ program, 

using the empirical equations of state of Bodnar and Vityk (1994) and Knight and Bodnar 

(1989) as implemented in the computer programs (Bakker et al., 2003). Although there 

are significant uncertainties about the thickness of sedimentary rocks that have been 

eroded above the currently preserved strata, the erosion is likely less than 5 km (Pagel, 
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1975). Assuming a maximum erosion of 5 km and a hydrostatic pressure regime (Chi et 

al., 2013), and applying the fluid pressures to the isochores, it was found that maximum 

temperature correction is only 31°C. Even if this temperature is added to all the 

homogenization temperatures, the resulting “pressure-corrected” temperatures are still 

lower than the illite temperatures, as can be seen from Fig. 6.10. 

As discussed above, the wide range of fluid inclusion homogenization temperatures 

reflects variable thermal conditions in which the quartz overgrowths were formed, and the 

maximum homogenization temperatures, even after pressure correction, do not 

necessarily represent the maximum thermal conditions. In fact, petrographic studies 

indicate that illite precipitation partly overlaps with, and generally postdates, formation of 

quartz overgrowths. Therefore, it is not surprising that illite was formed at higher 

temperatures than quartz overgrowths. 

Previous studies of clay minerals in the Athabasca Basin and unconformity-related 

uranium deposits have identified a lath-like/platy (1Mc, originally termed as 3T) illite and 

a fibrous/hairy (1Mt) illite (Hoeve and Quirt, 1984; Drits et al., 1993; Kotzer and Kyser, 

1995; Kister, et al., 2005, 2006; Laverret et al., 2006; Quirt, 2010). The 1Mc polytype has 

been considered to be of diagenetic origin, and the 1Mt of hydrothermal origin (Kister, et 

al., 2005, 2006; Laverret et al., 2006; Quirt, 2010). Kotzer and Kyser (1995) obtained 

temperatures of 140° to 240°C from highly crytalline 2M/3T (1Mc?) illite, based on 

illite-kaolinite and illite-quartz oxygen isotope geothermometers, and interpreted them as 

diagenetic temperatures. These temperatures overlap with the fluid inclusion 

homogenization temperatures and the illite temperatures obtained in this study. It is worth 

noting that all the illite examined in this study is hairy or needle-like, similar to the 1Mt 

polytype described in previous studies, which is consistent with the relatively high 
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temperatures estimated. 

 

6.8.3. Thermal profiles and implications for fluid flow mechanisms 

The fluid inclusion homogenization temperatures and calculated illite temperatures 

from the three drill cores examined in this study have wide ranges and do not show 

obvious trends of increase with depth (Fig. 6.10). The wide ranges of temperatures may be 

related to the complex diagenetic history of the Athabasca Basin, as discussed above, 

whereas the temperature – depth distribution profiles may be related to geothermal 

gradients, maximum burial depths, and mechanisms of basinal fluid flow, which will be 

discussed below. 

In old intracratonic basins, heat flow is generally stable and the maximum burial 

temperatures are almost linearly proportional to depths (e.g, Illinois basin: Graf et al., 

1966; Michigan basin: Graf et al., 1966; Speece et al., 1985; Williston basin: Hanor, 

1979; Gosnold et al, 2012), except some local thermal anomalies due to temporary 

thermal convection effects (Majorowicz and Jeessop, 1986; Nunn, 1992). In the case of 

the Athabasca Basin, a previous study of fluid inclusions in quartz overgrowths from the 

Rumpel Lake and MP-73-183 drill cores by Pagel (1975) estimated a geothermal gradient 

of 35°C/km and a maximum burial depth of about 5 km. These estimates have since been 

used by many researchers (e.g., Hoeve and Quirt, 1984; Kotzer and Kyser, 1995; Cui et 

al., 2012a and b; Chi et al., 2013) to infer that as much as 5 km of strata have been eroded  

from above the preserved strata. However, it can be shown that there are some problems 

with Pagel’s (1975) original estimation of geothermal gradients and burial depths, and that 

many recent paleo-geothermal data, including those documented in this study and by 
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Kotzer and Kyser (1995), Stasiuk et al. (2001) and Scott and Chi (2014), cannot be 

explained with Pagel’s (1975) burial model. 

Pagel’s (1975) estimation of geothermal gradient and maximum burial depth is 

based on the assumption of a lthostatic fluid pressure system in the Athabasca Basin and 

that the melting temperatures of halite in fluid inclusions represent the trapping 

temperatures. Numerical modelling of sediment compaction has shown that fluid 

pressures in intracratonic basins are likely to be close to hydrostatic values due to slow 

sedimentation over a prolonged geological time (Bethke, 1985), as is the case for the 

Athabasca Basin (Chi et al., 2013). The sandstone dominated nature of the Athabsca 

basin further contributes to the development of a hydrostatic fluid pressure system rather 

than lithostatic (Chi et al., 2013). As to the melting temperatures of halite in fluid 

inclusions, it has been shown that halite crystals can be accidently trapped in fluid 

inclusions, rather than having formed a daughter mineral (Becker et al., 2008), in such 

situations the halite-melting temperatures cannot be used to represent trapping 

temperatures. In fact, if the halite is treated as daughter mineral, and if we accept the 

assumption of a hydrostatic fluid pressure regime, the calculation of fluid pressures with 

Pagel’s (1975) data would lead to an estimation of 11 km of erosion and a geothermal 

gradient of 12°C/km, both difficult to reconcile with the geological conditions of the 

Athabasca Basin. 

An examination of the depth – temperature profiles coupled with different 

geothermal gradient – erosion thickness combinations (Fig. 6.10) reveals that the 

outlines of maximum fluid inclusion homogenization temperatures and minimum illite 

temperatures are close to the trends assuming 5 km erosion and 35°C/km geothermal 

gradient or 3 km erosion and 55°C/km geothermal gradient. This observation, together 
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with uncertainties about erosion thickness and geothermal gradient as discussed above, 

indicates that either the fluid inclusion homogenization temperatures and the illite 

temperatures are not accurate enough to define geothermal gradients given the limited 

vertical extent being examined, or the geothermal gradients are small, as suggested by 

the broadly vertical distributions of the temperature data (Figs. 6.7, 6.9, 6.10a and c). 

Furthermore, the high illite temperatures cannot be explained with a simple burial model 

unless an erosion of > 5km or a geothermal gradient much higher than 35°C/km is 

assumed (Fig. 6.10). 

Taking all these together, we postulate that the Athabasca Basin experienced 

extensive thermal disturbance during its diagenetic history, which heated various parts of 

the basin to higher-than-normal temperatures and masked any regular geothermal 

patterns that might have existed. Thermal disturbances have been recognized in many 

types of mineralizing systems (especially MVT and SEDEX) in sedimentary basins, and 

has been related to various driving forces, including topographic relief, fluid 

overpressure, and thermal convections (Cathles and Smith, 1983; Anderson and 

Macqueen, 1988; Bethke and Marshak, 1990; Garven et al., 1993; Duddy et al., 1994; 

Deming, 1994; Garven and Raffensperger, 1997; Cathles and Adams, 2005; Ingebritsen 

and Appold, 2012; Chi, 2015). In the case of the Athabasca Basin, overpressure-driven 

fluid flow may be excluded because the fluid pressures were likely to be near hydrostatic 

due to the sandstone-dominated nature and slow sedimentation (Chi et al., 2013), 

whereas the topography-driven fluid flow model lacks supports from unidirectional 

temperature change (suggested by the thermal profiles in this study) and streamline 

confugations (suggested by the numerical modelling results in Cui et al. (2010) related to 

fluid flow away from the mountains, as documented for the classical MVT deposits in 
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North America (Bethke and Marshak, 1990; Garven et al., 1993; Garven and 

Raffensperger, 1997). Several numerical modelling studies (Raffensperger and Garven, 

1995a; Cui et al., 2012a and b; Li et al., 2015b) have indicated that free convection may 

have been developed in the Athabasca Basin under normal geothermal gradients, in part 

due to the high permeabilities due to its sandstone-dominated nature. Furthermore, the 

presence of ca. 1644 Ma volcanic rocks in the Wolverine Point Formation within the 

Athabasca Basin (Rainbird et al., 2007) and the ca. 1267 Ma post-Athabasca Mackenzie 

diabase dikes (LeCheminant and Heaman, 1989) indicate that forced convection may 

have also been locally developed in relation to heat anomalies. 

The high illite temperatures and quasi-absence of thermal gradients in the vertical 

direction observed in this study may be best explained by fluid convection in the basin, as 

high fluid temperatures and steep isotherms are characteristic of the upwelling limbs of 

individual convection cells (Raffensperger and Garven, 1995a; Cui et al., 2012a and b; Li 

et al., 2015b). On the other hand, lower-than-normal temperatures are expected to be 

developed in the downwelling limbs. The similarity of thermal profiles between different 

drill cores examined in this study (Fig. 6.10) may suggest that these localities are 

coincident with the sites of upwelling convection. Alternatively, it may be explained by 

shifting of convection cells through time, as illustrated in Fig. 6.11. A “low temperature” 

site associated with downwelling flow at one time may evolve into a “high temperature” 

site associated with upwelling flow at another time (Fig. 6.11). As a result, any part of the 

basin may have experienced both “high” and “low” temperatures in the diagenetic history, 

which may also explain the wide ranges of temperatures as discussed above. According to 

Cui et al. (2010), multiple layers of convection may be developed due to presence of 

low-permeability layers in the sedimentary sequence, which may also explain the overall 
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homogeneous distribution of high fluid temperatures in the basin. In addition to the 

thermal effects, fluid convection may also explain the nearly uniform distributions of fluid 

salinities with depths (Fig. 6.8), as fluids of different initial salinities may be mixed during 

convection. 

 

6.8.4. Implications for unconformity-related uranium mineralization 

The fluid convection models discussed above have important implications for URU 

mineralization in the Athabasca Basin, both in terms of fluid flow mechanisms and 

uranium sources. Although fluid convection has been proposed in previous studies as a 

plausible mechanism for fluid flow related to URU mineralization (Raffensperger and 

Garven, 1995a; Cui et al., 2012a and b; Li et al., 2015b), these studies are based solely 

on numerical modelling. The results from this study provide the first independently 

obtained evidence that supports fluid convection in the Athabasca Basin. Although not 

all the fluid convection cells are related to mineralization, the recognition of fluid 

convection in the central part of the Athabasca Basin suggests that there is potential to 

find URU deposits in this part of the basin, as long as other conditions of mineralization 

(e.g., geochemical traps) are met. 
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Fig. 6.11 A sketch showing how the whole basin may have been heated to higher-than-normal 

temperatures through shifting of fluid convection cells. A low temperature site associated with 

“downwelling” flow at one time (t1) may be overprinted by high temperatures associated with “upwelling” 

flow at another time (t2). Original in colour. 
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Another issue regarding URU ore genesis is about the sources of uranium. There are 

two schools of thought: one believes that uranium was derived from the basin (Hoeve and 

Sibbald, 1978; Hoeve and Quirt, 1984; Kotzer and Kyser, 1995; Komninou and 

Sverjensky, 1996; Fayek and Kyser, 1997; Kyser et al., 2000), and the other advocates 

sources from the basement (Dahlkamp, 1978; Annesley and Madore, 1999; Hecht and 

Cuney, 2000; Cuney et al., 2003; Richard et al., 2010; Mercadier et al., 2013). Although 

it is beyond the scope of this paper to discuss the pros and cons of each school of thought, 

it is worth elaborating on the potential significance of basin-scale fluid convection for 

metal sources.  

Two types of brines have been found in URU deposits, i.e., a Na-rich brine and a 

Ca-rich brine (Derome et al., 2005; Richard et al., 2010), and the Ca-rich brine has been 

interpreted to have resulted from reaction between an originally Na-rich basinal brine 

with the Ca-rich lithologies in the basement, which is further taken to support that 

uranium was sourced from the basement (Derome et al., 2005; Richard et al., 2010). 

This interpretation is based in part on the assumption that the lithologies in the 

Athabasca Basin were originally Ca-poor as they are today (mainly quartz arenite). 

However, the abundance of fluid inclusions in quartz overgrowths with ice-melting 

temperatures significantly lower than the eutectic point of the H2O-NaCl system 

(-21.2
o
C), as documented in this study (Table 6.1) and by Scott and Chi (2014), indicates 

that Ca-rich brines were well developed within the Athabasca Basin, and not limited to the 

URU deposits. This may be taken to argue that the lithologies of the Athabasca strata were 

originally more Ca-rich than today, and that Ca may have been released into the basinal 

fluids during diagenesis through fluid-rock interaction, as is proposed for the origin of 

most Ca-rich brines in sedimentary basins (Hanor, 1994). Alternatively, the development 
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of Ca-rich brines in the basin may be used as evidence that fluid convection penetrated 

into the basement, as suggested by Cui et al. (2012b). Thus, Na-rich basinal brines 

infiltrated into the basement along the downwelling sites of convection cells, reacted with 

basement rocks and picked up Ca, and flowed back into the basin along the upwelling sites. 

The interpretation may explain the widespread bleaching of redbeds in the Athabasca 

Basin, which is associated with dissolution of iron oxides and hydroxides due to 

introduction of relatively reducing fluids into the basin (Chu et al., 2015): these relatively 

reducing fluids may represent those returning from the basement driven by fluid 

convection. 

Regardless of whether U and Ca were derived from the basement or the basin, the 

fluid convection processes will have facilitated fluid-rock interaction and metal extraction, 

as has been proposed in many sedimentary basins (Wood and Hewett, 1982, 1984; 

Bjorlykke et al., 1988; Bjorlykke, 1994; Bjorlykke and Gran, 1994; Metcalfe et al., 

1994). Such fluid convection could have been maintained for several millions of years by 

recycling the same amount of fluids (Cassan et al., 1981; Wood and Hewett, 1982, 1984; 

Davis et al., 1985). Although the timing and duration of fluid convection in the Athabasca 

Basin are difficult to determine, and the exact role that fluid convection may have played 

in the formation of individual URU deposits is unknown, the development of basin-wide 

fluid convection processes, as suggested in this study, may be considered as a favourable 

indication of uranium mineralization for the basin as a whole, both in terms of the ground 

preparation (metal extraction and perhaps permeability enhancement) and fluid 

circulation required for mineralization. 
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6.9 Conclusions 

Fluid inclusions in quartz overgrowths, and illite in interstitial space in sandstones 

from three drill cores (WC-79-1, BL-08-01, and DV10-001) located in the central part of 

the Athabasca Basin, were studied to estimate the paleo-temperatures of basinal fluids in 

the diagenetic history of the basin. The fluid inclusions show homogenization 

temperatures from 50
o
 to 235

o
C, ice-melting temperatures from -9.2

o
 to -48.6

o
C 

(corresponding to salinities from 13.1 to 30.7 wt. %), and the illite crystallization 

temperatures range from 212
o
 to 298

o
C. The homogenization temperatures cover a wide 

range at any given depth, and do not show a systematic increase with depth. The illite 

temperatures are systematically higher than the fluid inclusion homogenization 

temperatures, and also do not show an obvious trend of increase with depth. The 

ice-melting temperatures of fluid inclusions are mostly lower than -21.2
o
C and there is no 

systematic change of fluid salinities with depth. There are no systematic differences in 

fluid inclusion homogenization temperatures, illite crystallization temperatures, and fluid 

compositions between the studied drill cores. 

These results are interpreted to indicate that the Athabasca Basin experienced 

thermal disturbances that raised the temperatures above those expected for a normal 

geothermal gradient (35
o
C/km) during the long and complex diagenetic history. The 

quasi-absence of thermal gradients indicated by the thermal profiles documented in this 

study can be best explained by thermal convection. Although fluid convection has been 

proposed for the unconformity-related uranium deposits in the Athabasca Basin in many 

previous studies, these studies are based solely on numerical modelling, and this study 

provide the first independently obtained evidence for fluid convection in the basin. The 
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low ice-melting temperatures of fluid inclusions in the quartz overgrowths suggest that 

Ca-rich brines were developed in the basin, which may be interpreted to indicate either 

basin lithologies that were originally more Ca-rich than today, or that the fluid convection 

cells penetrated into the basement where Ca was extracted. Uranium required for 

unconformity-related uranium deposits may have been similarly derived either from the 

basin or the basement. In either case, fluid convection is considered favourable for 

uranium mineralization in terms of ground preparation (metal extraction and permeability 

enhancement) or fluid circulation. 
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Chapter 7 Development of Ca-rich brines within the Athabasca Basin
5
  

 

7.1 Introduction 

Calcium-rich brines have been observed in various geological environments, and in 

many of the cases, they were associated with metal mineralization (Robert and Kelly, 

1987; Haynes and Kesler, 1987; Li and Naldrett, 1993; Xu, 2000; Basuki and Spooner, 

2002; Stoffell et al., 2008; Samson et al., 2008). This is also the case for the Athabasca 

Basin in northern Saskatchewan and Alberta, Canada (Fig. 7.1), which hosts spectacular 

high-grade and large-tonnage unconformity-related uranium deposits (Jefferson et al., 

2007). The mineralizing fluids were found to be NaCl-rich and CaCl2-rich brines with 

salinities of 25-35 wt. % (Pagel et al., 1980; Kotzer and Kyser, 1995; Derome et al., 2005, 

Richard et al., 2010, 2012), subordinate to trace amounts of Mg, K, Li, B, Mn, Fe, Cu, Pb, 

Zn, and Rb, and uranium concentrations up to 600 ppm (Richard et al., 2010, 2012). It is 

generally agreed that the mineralizing fluids were derived from evaporated seawater in the 

basin (Richard et al., 2011; Mercadier et al., 2012), and the precipitation of uranium 

resulted from the reactions between uranium-bearing, oxidizing fluids and fluids or 

lithologies rich in reducing agents near the interface between the sedimentary basin and 

the basement (Hoeve and Sibbalt, 1978; Hoeve and Quirt, 1984; Yeo and Potter, 2010). 

However, the origins of the solutes, especially U and Ca, are controversial. 

 

 

                                                 

5
 Modified from “Chu, H., Chi, G. Development of Ca-rich brines in the Athabasca basin – significance 

for fluid flow and origins of unconformity-related uranium deposits. (In prepration for Terra Nova).” 
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Fig. 7.1 Regional geological map of the Athabasca Basin showing the formations, major uranium deposits, 

and the location of drill holes WC-79-1, BL-08-01, DV10-001, and Rumpel Lake (modified from 

Ramaekers et al., 2007, Jefferson et al., 2007, and Bosman et al, 2011, 2012). B = basement; FP = Fair 

Point; S/M = undifferentiated Smart and/or Manitou Falls; RD = Read; MF = Manitou Falls (b = Bird; r = 

Raibl; w = Warnes; c = Collins; d = Dunlop); LZ = Lazenby Lake; W = Wolverine Point; LL = Locker Lake; 

O = Otherside; D = Douglas; C = Carswell; F–O = undivided Fair Point to Otherside formations. Note the 

UTM coordinate is used. Original in colour.  
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Two potential source regions have been proposed for the uranium, i.e., from 

sedimentary rocks in the basin (Hoeve and Sibbald, 1978; Hoeve et al., 1980; Kotzer and 

Kyser, 1995; Fayek and Kyser, 1997; Kyser et al., 2000) versus from the metamorphic 

and igneous rocks in the basement (Dahlkamp, 1978; Annesley and Madore, 1999; Hecht 

and Cuney, 2000; Madore et al., 2000; Cuney et al., 2003; Richard et al., 2010). Similar 

debates were also present on the sources of other metal elements. Mg was originally 

believed to be originated from clay minerals in the sandstones (Kotzer and Kyser, 1995) 

and detrital tourmaline (Pacquet and Weber, 1993), or from the basement rocks (Kister et 

al., 2006; Cloutier et al., 2010). However, recent B isotope studies of Mg-tourmaline 

associated with mineralization suggest that both B and Mg were derived from marine 

brines (Mercadier et al., 2012). On the other hand, Ca, as an element that was originally 

poor in marine brines (Hanor, 1994), was suggested to be derived from the Ca-rich 

basement lithologies (Derome et al., 2005; Richard et al., 2010), because the bulk of the 

sedimentary rocks in the Athabasca is poor in Ca (Ramaekers et al., 2007). Most of the 

previous studies of mineralizing fluids were conducted in, or proximal to the individual 

deposits, which makes it difficult to investigate the composition of the basinal fluids 

before they entered the mineralization sites, and to evaluate how the sedimentary rocks 

may have contributed to the mineralizing fluids. A chemical analysis of the basinal fluids 

recorded by fluid inclusions in quartz overgrowths in sandstones from barren areas of the 

Athabasca Basin may provide some insights on the sources of metals in the basinal brines, 

among which Ca may be an important indicator of the fluid evolution, as it has been 

considered to be mostly derived from fluid-rock interactions (Hanor, 1994). 

Four cores (WC-79-1, BL-08-01, DV10-001, and Rumpel Lake) drilled in the centre 

of the Athabasca Basin (Fig. 7.1) and far away from any known uranium deposits were 
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selected in this study. Fluid inclusions entrapped in quartz overgrowths of sandstones 

from these drill cores were studied with mircothermometry and cryogenic Raman 

spectroscopy, and the results were used to provide constraints on the composition and 

evolution of the basinal fluids. In particular, the significance of Ca-rich brines developed 

in the basin (far above the basin-basement unconformity) as documented in this study was 

explored in terms of sources of metals as well as fluid flow patterns in the Athabasca 

Basin.  

 

7.2 Geological settings and sampling 

The Athabasca Basin is a Paleoproterozoic to Mesoproterozoic basin developed on 

an Archean to Paleoproterozoic basement. The basin was filled with four sequences of 

fluvial to shallow marine sedimentary rocks with ages between 1.75 and 1.51 Ga 

(Annesley et al., 1997; Rainbird et al., 2006, 2007; Creaser and Stasiuk, 2007; Alexandre 

et al., 2009). The preserved detrital framework grains in the Athabasca Basin are more 

than 99% quartz (Hoeve and Quirt, 1984; Ramaekers et al., 2007). The crystalline 

basement consists of Archean to Paleoproterozoic magmatic and metamorphic rocks, 

which are divided into three lithotectonic zones from west to the east: the Taltson 

magmatic zone, the Rae Province, and the Hearne Province (Fig. 7.1; Card, 2012).  

Primary uranium mineralization occurred at around 1590 Ma, based on LA-ICP-MS 

U-Pb dating of uraninite and Ar-Ar dating of syn-mineralization illite (Alexandre et al., 

2009). The uranium deposits are located near the sub-Athabasca unconformity, and the 

most important uranium deposits discovered so far are concentrated in the eastern margin 

of the basin. The mineralization is in massive and disseminated forms, and the average 
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grade for all mined deposits is 2% U, which is five times the average grade of 0.4% for the 

Australian unconformity-related deposits (Jefferson et al., 2007; Kyser and Cuney, 

2008). 

Drill cores WC-79-1, BL-08-01, DV10-001, and Rumpel Lake, all penetrating the 

basin-basement unconformity, are located in the central part of the Athabasca Basin (Fig. 

7.1). Core samples are mainly sandstones with variable amounts of mudstones and 

conglomerates (Chu et al., 2015; Chu and Chi, 2016; Scott et al., 2011). Well-cemented 

core samples containing abundant quartz overgrowths were collected from various depths 

covering different stratigraphic levels. 

 

7.3 Analytical methods 

Microthermometric analysis was conducted in the Geofluids Laboratory, University 

of Regina, with a Linkam THM600 heating-freezing stage. Freezing temperature (Tfz), 

hydrohalite-melting temperature (Tm-hh), ice-melting temperatures (Tm-ice), 

homogenization temperature (Th), and halite-melting temperature (Tm-halite) were 

measured with a precision (reproducibility) of ±1°C, ±0.1°C, ±0.1°C, ±1°C and ±1°C, 

respectively. Ice-melting and hydrohalite-melting temperatures were carefully measured 

following the procedure described in detail by Chu et al. (in press). These temperatures 

were used to calculate the salinities and X(NaCl, wt) = (NaCl/(NaCl + CaCl2) of 

liquid-vapour fluid inclusions, while halite-melting temperatures together with 

ice-melting temperatures were used to calculate salinities of halite-bearing fluid 

inclusions, both using the program by Steele-MacInnis et al. (2011).  

Cryogenic Raman spectroscopy is a non-destructive method to study solute 
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composition through identification of various hydrates at low temperatures (Dubessy et 

al., 1982, 1992; Samson and Walker, 2000; Baumgartner and Bakker, 2009, 2010). It can 

be used to semi-quantitatively estimate the X(NaCl, wt) values of H2O-NaCl-CaCl2 fluids 

(Chi et al., 2014a; Chu and Chi, 2015). The heating-freezing stage was mounted to a 

microscope connected with Raman spectroscopy in order to monitor the formation and 

melting process of hydrates and ice crystals. The Raman analysis was carried out with a 

Renishaw 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. The procedure of analysis is the same 

as described in Chi et al. (2014a) and Chu et al. (in press). 

 

7.4 Petrography of fluid inclusions within quartz overgrowths 

Sandstone samples examined in this are mainly composed of quartz with subordinate 

matrix (Scott et al., 2011; Chu et al., 2015; Chu and Chi, 2016;). Generally, dustlines 

containing abundant fine-grained iron oxides are observed separating quartz overgrowths 

with detrital quartz grains (Chu et al., 2015; Chu and Chi, 2016). Quartz overgrowths are 

generally post-dated by illite and kaolinite, which fill residual pore space; however, some 

illite and kaolinite may overlap with quartz overgrowth formation (Chu et al., 2015; Chu 

and Chi, 2016). 

Groups of fluid inclusions are commonly distributed along or near the dustlines (Fig. 

7.2a–c). However, most of these inclusions are too small for microthermometry; only a 

few of them are workable. Other fluid inclusions are isolated (Fig. 7.2d) or clustered (Fig. 

7.2e) within quartz overgrowths. Most of these fluid inclusions are composed of liquid 



 

187 

 

and vapour phases with vapour percentages ranging from 10 to 12% at room temperature. 

A few fluid inclusions contain a halite cube in addition to the liquid and vapour phases 

(Fig. 7.2f). The sizes of the inclusions studied are mostly 10 – 15µm, but some can reach 

20 µm (Table 7.1).  

The inclusions along the dustlines and the isolated inclusions are considered to be 

primary, while those in clusters or short trails within quartz overgrowths are likely to be 

pseudo-secondary. Isolated fluid inclusions with high vapour percentages and/or irregular 

shapes were not selected for study because they have potentially experienced 

post-trapping stretching (Bakker, 1995; Bodnar, 2003b; Goldstein, 2001). The fluid 

inclusion assemblage (FIA) concept (Goldstein and Reynolds, 1994; Chi and Lu, 2008) 

was applied to verify the validity of the microthermometric data of the inclusion groups. 

FIAs with wide homogenization temperature ranges (>15°C) were discarded to avoid 

influences of post-trapping modification. 
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Fig. 7.2 Photomicrographs of different occurrences of fluid inclusions in quartz overgrowths. (all in plane 

polarized light). a – L-V (liquid-vapour) fluid inclusions along the dustline, 1454 from BL-08-01 drill core; 

b – a L-V fluid inclusion near the dustline in the quartz overgrowth, sample 1432 from WC-79-1 drill core; 

c – a L-V fluid inclusion along the dustline, sample 1453 from BL-08-01 drill core; d – an isolated L-V fluid 

inclusion in quartz overgrowth away from the dustline, sample 1250 from DV10-001 drill core; e – L-V 

fluid inclusion trails in quartz overgrowth, sample R319 from Rumpel Lake drill core; f – a halite-bearing 

fluid inclusion along the dustline, sample 1442 from BL-08-01 drill core. Original in colour. 
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Table 7.1 Microthermometric results of fluid inclusions in quartz overgrowths from sandstones of the Athabasca Basin 

Sample 

# 

Depth 

(m) 

FI 

# 
Occurrence 

Size 

(µm) 

V 

(%) 

Tfz 

(°C) 

Tm-hh 

(°C) 

Tm-ice 

(°C) 

Salinity 

(wt. %) 

X(NaCl, 

wt) 

Th 

(°C) 

Sample 

# 

Depth 

(m) 

FI 

# 
Occurrence 

Size 

(µm) 

V 

(%) 

Tfz 

(°C) 

Tm-hh 

(°C) 

Tm-ice 

(°C) 

Salinity 

(wt. %) 

X(NaCl, 

wt) 

Th 

(°C) 

WC-79-1 drill core 

1426 593.1 

b Dustline 10 10 -95  -35.5 27.8 0.17 64 

1404 63.4 

c Short trail 6 12 -92  -21.1 23.2 1.00 103 c Dustline 10 8 -84  -34.1 27.4 0.19 115 

e 
Short trail 

8 10 -76h*  -21.3 23.4 0.98 123 d Isolated 10 12 -74  -23.6 24.2 0.70 170 

f 10 10 -71h*  -21.5 23.4 0.95 112 
1427 601.2 

a Dustline 10 8 -89  -22.8 23.9 0.79 75 

1406 112.5 
a Isolated 10 10   -27.5 25.5 0.41 167 c Dustline 14 10 -55  -24.8 24.6 0.59 114 

d Isolated 6 10   -35.2 27.7 0.17 162 1427 601.2 f Dustline 12 10   -29.9 26.2 0.31 58 

1407 138.0 
b Isolated 8 10   -25 24.7 0.58 155 

1429 647.2 
a Dustline 8 10 -71  -30.4 26.3 0.29 115 

c Isolated 10 10   -23.3 24.1 0.74 183 b** Dustline 10 10 -67  -22.5 32.6 0.90 50 

1408 170.6 b Dustline 7 10 -58 -42.0 -25.2 23.2 0.10 125 1431 693.8 f Dustline 12 10   -24.7 24.6 0.60 96 

1410 246.5 a Dustline 6 12 -72 -35.5 -29.5 25.3 0.17 141 

1432 747.4 

b Dustline 18 10 -49  -23.3 24.1 0.74 65 

1416 364.3 
a Dustline 14 10   -11.1 15.1 1.00 129 c Isolated 12 10 -89  -31.5 26.7 0.25 84 

d Dustline 20 12 -70h* -29.8 -25.9 24.2 0.31 124 d Dustline 10 10   -32.5 26.3 0.30 55 

1419 440.1 
c Dustline 10 8 -86  -29.0 25.9 0.34 107 e Dustline 14 10 -74  -30.1 27.0 0.23 73 

d Dustline 10 10 -88  -24.8 24.6 0.59 110 

1433 768.9 

a Dustline 8 12 -80  -25.2 24.7 0.56 141 

1421 475.5 

b Dustline 8 10  -33.9 -17.4 19.4 0.20 121 b Dustline 8 10  -51 -37.9 27.9 0.06 140 

d Dustline 10 10 -71 -50 -25.6 23.3 0.06 120 c Isolated 10 12 -67  -31.5 26.7 0.25 149 

e Dustline 10 12 -67  -20 22.4 1.00 164 
1435 805.0 

b Dustline 8 12   -34.2 27.4 0.19 162 

f Dustline 10 10 -53  -19.2 21.8 1.00 62 d Dustline 6 12   -37.2 28.2 0.14 88 

1422 502.8 d Isolated 10 10   -21.1 23.2 1.00 103 1436 845.8 d Isolated 8 10   -24.1 24.4 0.66 92 

1423 526.3 
a Dustline 24 10 -60  -20 22.4 1.00 78 

1437 866.0 

a Dustline 10 12   -24.9 24.6 0.59 135 

c Cluster 18 10 -50  -17 20.1 1.00 61 c 
Dustline 

12 10 -87  -33.1 27.1 0.21 57 

1425 576.5 

a Dustline 8 10   -29.2 26.0 0.33 96 d 8 10 -56  -24.8 24.6 0.59 52 

b Dustline 8 10 -90  -17 20.1 1.00 198 f Dustline 10 10 -85h*  -44.3 29.9 0.08 110 

c Dustline 14 12 -72  -25.3 24.8 0.55 132 
1438 892.5 

c Dustline 10 10   -25 24.7 0.58 85 

1426 593.1 a Isolated 14 10 -72  -29.8 26.2 0.31 76 d Isolated 12 10   -9.2 13.2 1.00 82 
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Table 7.1 (continued)  

Sample 

# 

Depth 

(m) 

FI 

# 
Occurrence 

Size 

(µm) 

V 

(%) 

Tfz 

(°C) 

Tm-hh 

(°C) 

Tm-ice 

(°C) 

Salinity 

(wt. %) 

X(NaCl, 

wt) 

Th 

(°C) 

Sample 

# 

Depth 

(m) 

FI 

# 
Occurrence 

Size 

(µm) 

V 

(%) 

Tfz 

(oC) 

Tm-hh 

(°C) 

Tm-ice 

(°C) 

Salinity 

(wt. %) 

X(NaCl, 

wt) 

Th 

(°C) 

1438 892.5 f Dustline 14 10   -25 24.7 0.58 72 
1455 291.0 

a Dustline 14 10 -93  -24.8 24.6 0.59 132 

BL-08-01 drill core e Dustline 14 10 -87  -24.6 24.2 0.61 64 

1441 41.5 f Dustline 10 12 -69  -28 25.6 0.39 153 1456 309.0 f Dustline 10 10 -87 -45 -24.3 22.7 0.08 172 

1442 57.2 

a Dustline 10 10   -9.9 13.9 1 57 1457 321.6 d Dustline 8 10 -73 -35 -25.5 23.6 0.17 154 

b** Dustline 14 10   -25.7 31.0 0.68 88 1470 670.1 a Dustline 8 12 -66  -34.5 27.5 0.18 152 

e** Dustline 12 10 -70  -28.2 32.9 0.61 89 

1473 717.2 

a Dustline 12 10 -80  -25 24.7 0.58 82 

1443 72.3 a Isolated 8 10 -71  -35.3 27.7 0.17 143 i Dustline 10 12 -63  -21.9 23.7 0.90 188 

1444 88.0 c Dustline 14 12 -75h*  -26.3 25.1 0.48 144 j Dustline 10 15 -53  -17 20.1 1. 172 

1446 132.0 

a Dustline 8 10   -19.6 22.1 1 65 l Dustline 8 10 -69  -25.9 25.0 0.51 110 

h Dustline 7 10   -20.3 22.6 1 63 1474 748.5 a Dustline 8 10 -70  -40.6 29.1 0.11 117 

i Dustline 10 10   -31.9 26.8 0.24 67 1477 828.4 i Dustline 8 10 -61 -25.1 -18.2 20.4 0.57 154 

j** Dustline 12 10   -24.6 31.9 0.76 50 

1478 847.9 

b Dustline 8 10 -83  -28.5 25.8 0.36 84 

1447 169.2 

a Dustline 

Dustline 

12 12   -23 24.0 0.77 112 c Dustline 8 10 95  -38.6 28.6 0.12 124 

b 10 10   -25.6 24.9 0.53 114 d Dustline 8 10 -72  -28.2 25.7 0.38 125 

ei Dustline 12 10 -74 -42.2 -24.6 22.9 0.10 93 1479 866.6 c Dustline 8 12 -90  -25.7 24.9 0.52 205 

j** Dustline 10 10   -30.3 32.1 0.52 132 1479 866.6 d Dustline 10 12 -87  -48.6 30.8 0.07 78 

1448 174.3 

b 
Cluster 

16 12 -85  -37.2 28.2 0.14 127 1480 883.0 a Dustline 8 10 -74  -29.2 26.0 0.33 110 

c 14 12 -87  -35 27.7 0.17 129 DV10-001 drill core 

g Dustline 8 10 -68 -42 -23.3 22.3 0.1 156 
1215 297.7 

c Dustline 8 10   -20.7 22.9 1.00 111 

1449 199.3 f Isolated 8 10   -24 24.3 0.67 68 d** Isolated 10 10   -23.7 32.0 0.82 70 

1450 214.5 
e Isolated 10 10 -95  -32.8 27.0 0.22 93 

1216 313.8 

a Isolated 6 10 -73  -21.5 23.4 0.95 154 

h Dustline 8 10 -98  -30.1 26.3 0.3 89 c 
Cluster 

6 10 -79  -31 26.5 0.27 173 

1451 225.4 b Dustline 8 10   -26.1 25.0 0.5 106 d 6 10 -83  -26 25.0 0.50 182 

1453 267.7 
g Dustline 6 10 -78  -42.5 29.5 0.09 148 1235 682.4 b Isolated 8 10 -58  -26 25.0 0.50 94 

i Dustline 8 10 -80 -41 -22.2 21.8 0.1 163 1237 714.1 c Dustline 6 10 -62  -23.9 24.3 0.68 92 
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Table 7.1 (continued)  

Sample 

# 

Depth 

(m) 

FI 

# 
Occurrence 

Size 

(µm) 

V 

(%) 

Tfz 

(oC) 

Tm-hh 

(oC) 

Tm-ice 

(oC) 

Salinity 

(wt. %) 

X(NaCl, 

wt) 

Th 

(oC) 

Sample 

# 

Depth 

(m) 

FI 

# 
Occurrence 

Size 

(µm) 

V 

(%) 

Tfz 

(°C) 

Tm-hh 

(°C) 

Tm-ice 

(°C) 

Salinity 

(wt. %) 

X(NaCl, 

wt) 

Th 

(°C) 

1237 714.1 
d Dustline 10 12 -77  -25.3 24.8  0.56  150 1346 666.7 c Dustline 6 10   -31.2 26.6  0.26  187 

e Dustline 6 10 -65  -24 24.3  0.67  175 1349 756.3 a Dustline 8 12 -69 -43.8 -22.5 21.9  0.08  178 

1238 726.65 a Dustline 8 12 -98  -38 28.4  0.13  156 Rumpel Lake drill core 

1239 741.8 a Isolated 8 10   -37.2 28.2  0.14  119 R302 27.9 c Isolated 10 10   -20.3 22.6 1 62 

1241 778.3 

c Isolated 10 10 -75  -24.5 24.5  0.62  90 

R329 548.3 

e Dustline 6 10 -85 -42.0 -24.5 22.9 0.10 212 

d Dustline 10 10 -70 -40.0 -22.5 22.0  0.11  79 h Isolated 10 10   -20.2 22.6 1 113 

f Dustline 10 10 -78 -42.3 -26.8 23.9  0.09  155 j Dustline 

 
12 10 -70  -25 24.7 0.58 105 

g Isolated 7 10 -76  -24.9 24.6  0.59  72 

R330 570.7 

i Dustline 8 

 
10 -82 -40 -25.2 23.2 0.11 134 

1246 878.7 

a Dustline 12 10 -95  -38.1 28.5  0.13  117 j Isolated 8 10 -68  -26.7 25.2 0.46 142 

c Dustline 10 10   -33.9 27.4  0.20  192 k Isolated 12 15 -65  -2.3 3.9 1 129 

d Dustline 8 10 -77 -50 -25.5 24.8  0.54  198 R341 809.8 e Dustline 10 10 -81  -24.5 24.5 0.62 69 

1249 915.0 c Isolated 8 10   -7.5 11.3  1.00  87 
R351 1029.9 

d Isolated 10 10 -86  -28.5 25.8 0.36 125 

  
e Dustline 10 10   -28 25.6  0.39  98 g Isolated 8 10 -90  -24 24.3 0.67 113 

1250 935.0 
a 

Cluster 
10 10   -25.2 24.7  0.56  85 

R361 1249.9 

c Dustline 8 10 -91 -40.0 -24.8 23.1 0.11 84 

b 8 10   -27 25.3  0.44  76 d Isolated 

 
10 10 -90h* -50.0 -44.1 29.6 0.06 150 

1254 1021.3 

b Dustline 6 10 -75  -33.2 27.2  0.21  102 h Dustline 10 10 -90h* -44.0 -35 27.1 0.08 168 

d Dustline 7 10 -70  -25.2 24.7  0.56  109 i Dustline 10 10 -95 -40.0 -27.2 24.1 0.11 138 

f Dustline 14 10 -91 -51 -33.8 26.5  0.06  173 j Dustline 10 10 -84 -42.5 -32.7 26.3 0.09 130 

1337 508.0 a Dustline 7 10 -73  -38.2 28.5  0.13  100 

R368 1403.6 

e Dustline 16 10 -73  -9.7 13.7 1 78 

1340 561.2 
a Dustline 14 10   -31.8 26.8  0.25  79 f Dustline 12 10 -82  -18.2 21.1 1 68 

e Isolated 12 15 -79 -43.2 -34.5 26.9  0.09  203 g Dustline 16 10 -77 -38.1 -20.7 22.9 0.13 95 

Tfz = freezing temperature; Tm-hh = hydrohalite melting temperature; Tm-ice = ice melting temperatures; Salinity – calculated from equation of Steele-MacInnis et al. 

(2011) using corresponding ice melting temperatures; X(NaCl, wt) = wt(NaCl)/[wt(NaCl) + wt(CaCl2)], where wt is weight; Th = Homogenization temperatures. * – 

fluid inclusion was frozen during heating process. ** – Halite-bearing fluid inclusion; Salinity was calculated according to their halite-melting temperatures 

(1429b – 218°C; 1442b – 156°C; 1442e – 179°C; 1446j – 189°C; 1447j–141°C; 1215d – 198°C) and the corresponding ice-melting temperatures using the 

program by Steele-MacInnis et al. (2011).  
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7.5 Microthermometric analysis of the fluid inclusions 

Most of the fluid inclusions started to freeze at temperatures lower than -50°C during 

freezing processes, but some did not start to freeze until the inclusions were first cooled to 

-185
o
C and then warmed to temperatures between -70° and -85°C during heating 

processes. Melting temperatures of hydrohalite were measured for a few inclusions, 

ranging mainly from -25.2° to -51.0°C. Ice-melting temperatures were measured for of 

138 inclusions (Table 7.1). The Tm-ice values range from -7.5° to -48.6°C, the majority 

being lower than -21.2
o
C, the eutectic temperature of the H2O-NaCl system (Fig. 7.3a). 

Homogenization temperatures (Th) of all the fluid inclusions analyzed range from 52° to 

212°C (Table 7.1). The difficulty to freeze, together with the low ice-melting temperatures 

and low hydrohalite-melting temperatures, implies that these inclusions likely contain 

bivalent cations, most likely Ca
2+ 

(Roedder, 1984; Bodnar, 2003a; Chi et al., 2014a; Fig. 

7.3b). Based on the programs by Chi and Ni (2007) and Steele-MacInnis et al.( 2011), if a 

H2O-NaCl-CaCl2 fluid has ice as the last melting phase and the Tm-ice is <-26°C, the fluid 

is CaCl2-dominated, whereas if Tm-ice is >-26°C, the fluid may be CaCl2-dominated or 

NaCl-dominated. However, considering the uncertainties of Tm-ice measurements and the 

fact that the X(NaCl, wt) calculated from Tm-ice represent the maximum values, we may 

approximately use -25°C as the divide separating the Ca-dominated and Na-dominated 

brines (Fig. 7.3a). Based on the data presented in Table 7.1 and Fig. 7.3a, approximately 

half of the fluid inclusions studied are CaCl2-dominated. 
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Fig. 7.3 Diagrams showing microthermometric results for fluid inclusions from quartz overgrowths. (a) 

Histogram of ice-melting temperatures (Tm-ice) of analyzed fluid inclusions; (b) H2O-NaCl-CaCl2 plotting 

diagram of analyzed fluid inclusions. Original in colour. 
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The calculated fluid salinities range from 13.1 to 30.7 wt. % for the liquid-vapour 

inclusions, and from 31.0 to 32.9 wt. % for the fluid inclusions with a halite crystal (Table 

7.1). The calculated maximum X(NaCl, wt) range from 0.07 to 1 (Table 7.1). No systematic 

variation of salinities with depth can be discerned (Chu and Chi, 2016), and no 

temperature-depth gradient can be observed or calculated in either of these drill cores 

(Scott and Chi, 2014; Chu and Chi, 2016). There are no discernible relationships between 

homogenization temperatures and salinities, either (Fig. 7.4). 
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Fig. 7.4 Salinity – homogenization temperature diagram for analyzed fluid inclusions 

. 
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7.6 Cryogenic Raman spectroscopic analysis of the fluid inclusions 

Seventeen fluid inclusions were analyzed with the cryogenic Raman spectroscopic 

method (Chi et al., 2014a). Two types of fluid inclusions were recognized in the Raman 

spectra: 1) a NaCl-dominated solution with two peaks at 3423 and 3537 – 3538 cm
-1

 

attributed to hydrohalite (NaCl•2H2O), plus two peaks at 3405 – 3406 and 3438 – 3439 

cm
-1 

reflecting undivided hydrohalite and antarcticite (CaCl2•6H2O) (Fig. 7.5a–c); and 2) 

a CaCl2-dominated solution characterized by two prominent peaks at 3407 – 3409 and 

3433 – 3434 cm
-1

 that may be attributed to undivided hydrohalite and antarcticite, and a 

shoulder at 3384 – 3385 cm
-1 

likely caused by antarcticite (Fig. 7.5d–f). These Raman 

peaks are similar to those recognized in previous studies of synthetic NaCl-CaCl2-H2O 

solutions (Samson and Walker 2000; Baumgartner and Bakker 2010; Chi et al. 2014a). 

The X (NaCl, wt) values calculated using the Raman spectra and the equation of Chi et al. 

(2014a) (Table 7.2) can be divided into two groups, one from 0.58 to 0.83, reflecting 

NaCl-dominated fluids, and the other from 0 to 0.48, indicating CaCl2-dominated fluids. 

The slight discrepancies between X(NaCl, wt) values calculated with cryogenic Raman 

spectroscopy and microthermometry (Table 7.2) may reflect the semi-quantitative nature 

of the two methods, as well as the potential presence of other cations (especially Mg
2+

 and 

K
+
) in addition to Na

+
 and Ca

2+
. 
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Fig. 7.5 Raman spectra of fluid inclusions showing peaks of various hydrates at -185
o
C. (a–c) - NaCl 

dominated; (d–f) - CaCl2 dominated. 
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Table 7.2 Cryogenic (-185°C) Raman spectroscopic results of fluid inclusions in quartz overgrowths from sandstones of the Athabasca Basin 

Sample 
Core 

Name a1 a2 a3 a4 a5 a6 r XNaCl aNa=a3+a6 aNaCa=a2+a4 
X(NaCl, m) 

Raman 

X(NaCl, wt) 

Raman 

X(NaCl,wt) 

Microther. 

1432e WC 0.098 0.279 0.000 0.439 0.185 0.000 0.260 0.090 0.000 0.717 0 0 0.23 

1441f BL 0.296 0.127 0.166 0.322 0.029 0.060 0.042 0.026 0.226 0.449 0.38 0.25 0.39 

1443b BL 0.145 0.244 0.000 0.565 0.046 0.000 0.277 0.095 0.000 0.809 0 0 - 

1446g BL 0.065 0.281 0.000 0.431 0.223 0.000 0.176 0.066 0.000 0.712 0 0 - 

1447ei BL 0.109 0.246 0.000 0.503 0.141 0.000 0.482 0.156 0.000 0.750 0 0 0.10 

1455a BL 0.073 0.177 0.334 0.196 0.091 0.128 0.304 0.103 0.463 0.373 0.63 0.48 0.59 

1455e BL 0.000 0.308 0.358 0.201 0.042 0.091 0.338 0.113 0.449 0.509 0.80 0.68 0.64 

1455f BL 0.070 0.227 0.377 0.146 0.073 0.107 0.564 0.180 0.484 0.373 0.59 0.43 - 

1473e BL 0.115 0.307 0.000 0.443 0.135 0.000 0.607 0.192 0.000 0.750 0 0 - 

1473k BL 0.111 0.143 0.350 0.228 0.061 0.108 -0.352 -0.090 0.458 0.371 0.82 0.70 - 

1477i BL 0.027 0.194 0.301 0.273 0.035 0.170 -0.106 -0.017 0.471 0.467 0.90 0.83 - 

1215d DV 0.044 0.221 0.364 0.230 0.033 0.108 0.194 0.071 0.472 0.450 0.79 0.66 0.82 

1237d DV 0.035 0.209 0.350 0.248 0.050 0.108 0.354 0.118 0.458 0.457 0.73 0.58 0.56 

1241d DV 0.064 0.229 0.000 0.431 0.276 0.000 0.428 0.140 0.000 0.660 0 0 0.11 

1337c DV 0.000 0.192 0.433 0.181 0.000 0.195 0.274 0.095 0.627 0.373 0.91 0.83 - 

R351d RL 0.162 0.166 0.318 0.173 0.092 0.089 0.202 0.073 0.407 0.339 0.54 0.38 0.36 

R368g RL 0.018 0.296 0.000 0.463 0.222 0.000 0.319 0.108 0.000 0.760 0 0 0.16 

a1–a6 = area fraction of various hydrate peaks; r = area fraction of water bump; aNa = total hydrohalite peak fraction; aNaCa = undivided hydrates peak fraction; all 

these parameters are as defined in Chi et al. (2014a). XNaCl = degree of deviation for cryogenic Raman spectroscopic calculation (See details in Chi et al., 2014a). 

X(NaCl, m) Raman = m(NaCl)/[m(NaCl) + m(CaCl2)], where m is molarity; estimated with cryogenic Raman spectroscopy. 

X(NaCl, wt) Raman = wt(NaCl)/[wt(NaCl) + wt(CaCl2)], where wt is weight; estimated with cryogenic Raman spectroscopy.  

X(NaCl, wt) Microther. = wt(NaCl)/[wt(NaCl) + wt(CaCl2)], where wt is weight; estimated with microthermometry. 
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7.7 Discussion 

The finding of Ca-rich brines in the Athabasca Basin has significant implications 

for the sources of metals and fluid flow mechanisms responsible for 

unconformity-related uranium mineralization. Ca-rich brines are common in 

sedimentary basins, and it has been found that the ratios of Ca to Na are proportional to 

the salinities (Hanor, 1994). Ca-rich brines have been found in many mineral deposits 

hosted in sedimentary basins (e.g., Haynes and Kesler, 1987; Stoffell et al., 2008). The 

Ca in the brines in sedimentary basins is generally interpreted to have been derived from 

reactions between an originally Na-rich brine and lithologies rich in Ca, such as 

recorded by albitization of plagioclase in siliciclastic rocks (Hanor, 1994). However, in 

the case of the Athabasca Basin, the Ca-rich brines found in the uranium deposits near 

the unconformity have been generally inferred to have derived their Ca from the 

basement rather than from the basin (Derome et al., 2005; Richard et al., 2010), because 

the lithologies in the basin are extremely poor in Ca (Hoeve and Quirt, 1984; Ramaekers 

et al., 2007). Furthermore, with the finding of extremely high U concentrations (up to 

600 ppm) in Ca-rich fluid inclusions from the unconformity-related uranium deposits, it 

has been suggested that U, like Ca, was mainly derived from the basement (Richard et 

al., 2010, 2012), as has been proposed previously (e.g., Dahlkamp, 1978; Annesley and 

Madore, 1999; Hecht and Cuney, 2000; Madore et al., 2000; Cuney et al., 2003). The 

abundance of Ca-rich brines within the Athabasca Basin, as documented in this study, 

however, calls for caution that a basement-source interpretation for Ca and U is not 

straightforward. 
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One possibility is that the original lithologies in the Athabasca Basin were 

significantly more Ca-rich than the ones preserved at present day. In fact, the abundance 

of clay minerals in the sandstones implies that some Al-rich minerals such as feldspars 

were initially present in the sediments. Similarly, although U concentrations are 

generally low (<2 ppm) in the currently preserved sedimentary rocks in the Athabasca 

Basin (Chu et al., 2015), much higher U concentrations were inferred for the sediments 

before prolonged diagenetic processes (Fayek and Kyser, 1997). Interactions between 

basinal brines and the sediments, perhaps promoted by long-lasting thermal convection 

(Bjorlykke et al., 1988) (Fig. 7.6), as reflected by the homogeneously distributed high 

fluid temperatures recorded by fluid inclusion and clay geothermometers (Chu and Chi, 

2016), may have leached both Ca and U from within the basin, producing Ca-rich brines 

carrying high concentrations of U (Komninou and Sverjensky, 1996). 
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Fig. 7.6 Thermally-driven fluid flows in the Athabasca Basin and potential Ca (U) sources for 

unconformity-related uranium deposits. Note the left part refers to convection cells limited within the basin, 

and the right part to convection cells penetrating the upper part of the basement. Original in colour. 
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Alternatively, the development of Ca-rich brines in the Athabasca Basin may be 

explained by thermal convection involving the basement: basinal brines may have 

penetrated into the upper part of the basement, obtained Ca (and by inference, U) 

through fluid-rock interactions from the basement, and then flowed back into the basin 

(Fig. 7.6). Thermal convection has long been considered as an important fluid flow 

mechanism for the unconformity-related uranium mineralization based on geological 

and geochemical considerations (Hoeve and Sibbald, 1978; Hoeve and Quirt, 1984), 

numerical modelling (Raffensperger and Garven, 1995a and b; Cui et al., 2012a and b; Li 

et al., 2015) and thermal profiles constructed from fluid inclusion and clay 

geothermometric studies (Chu and Chi, 2016). It has been shown that the convection 

cells can penetrate into the basin-basement interface if the permeabilities of the basin 

and basement are less than two orders of magnitude different (Cui et al., 2012b). The 

permeabilities of the upper part of the basement may have been increased by weathering 

including enlargement of fractures during the exposure of the unconformity surface. 

It should be pointed out that the two possibilities discussed above are not necessarily 

exclusive to each other. In fact, a fluid convection cell penetrating the basement can obtain 

Ca and U both from the basin (if the lithologies were initially rich in Ca and U) and the 

basement. In any case, the results of this study reinforce the idea that extensive fluid 

convection played an important role in extracting uranium from the source rocks, thus 

preparing the fluids for mineralization. However, more detailed understanding about the 

distribution of the uraniferous fluids in time and space requires information of uranium 

concentrations in the fluid inclusions away from the mineralized areas, as may be 

analyzed by other techniques such as LA-ICP-MS. 
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7.8 Conclusions 

Brines with high salinities and high calcium concentrations were witnessed by fluid 

inclusions in quartz overgrowths from the central part of the Athabasca Basin, far away 

from any known uranium deposits. The development of both Na-rich and Ca-rich brines in 

the basin, which are similar to those found in the uranium deposits located near the 

basin-basement unconformity, indicates that the Ca-rich brines cannot be simply 

interpreted as indicating a basement source for Ca (and by inference, U). Instead, the 

discovery of Ca-rich brines within the basin indicates that Ca (and U) found in fluids 

associated with the unconformity-related uranium deposits may have been derived either 

from the sediments in the basin, the basement, or a combination of the two, through 

extensive fluid-rock interactions. A basin source for Ca and U implies that the lithologies 

in the basin were significantly richer in Ca and U than the present-day counterparts, 

whereas a basement source implies fluid convection penetrating the upper part of the 

basement. In any cases, thermal convection may have played an important role in 

promoting fluid-rock interactions and extraction of U.   
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Chapter 8 Discussion: Implications for unconformity-related uranium 

mineralization 

 

The characteristics of the mineralizing fluids responsible for unconformity-related 

uranium deposits in the Athabasca Basin have been documented in many previous 

studies (e.g., Pagel et al., 1980; Kotzer and Kyer, 1995; Derome et al., 2005; Richard et 

al., 2010, 2012, in press). However, there are still many uncertainties regarding the 

temperatures, pressures, and compositions of the mineralizing fluids versus those in the 

ambient basinal strata. For example, it is not clear from previous studies whether the 

mineralizing fluids were hotter, cooler, or of approximately the same temperatures as the 

basinal fluids outside the mineralized areas, and it is controversial whether the 

mineralization took place at significant burial depths (>5 km) or in much shallower 

environments. Furthermore, it is uncertain if the uranium and other metals were sourced 

from the basin or the basement. The geochemical and paleo-geothermal characteristics 

of basinal fluids from the barren areas, as documented in this thesis, can provide some 

new constraints on or insights into the questions raised above, which are further 

discussed below. The relationship between diagenesis and uranium mineralization is also 

discussed. 

 

8.1 Implications for the thermal and depth conditions of mineralization  

The temperatures of the mineralizing fluids as documented by fluid inclusions and 

illite and chlorite geothermometers from the uranium deposits have been reported to be 
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mainly between 140° and 240°C (Pagel, 1980; Kotzer and Kyser, 1995; Derome et al., 

2005; Alexandre et al., 2005; Cloutier et al., 2010; Richard et al., in press). These 

temperatures largely overlap with the fluid temperatures of basinal fluids reported in 

previous studies (Pagel, 1975; Kotzer and Kyser, 1995; Scott et al., 2011; Scott and Chi, 

2014) as well as in this study. This may appear to support the general assumption that 

the unconformity-related uranium mineralization took place in a deep burial 

environment, with mineralization temperature being approximately the same as the 

ambient temperature, as depicted by the so-called “diagenetic-hydrothermal” model 

(Pagel, 1975; Hoeve and Sibbald, 1978; Hoeve and Quirt, 1984; Kotzer and Kyser 1995). 

However, a closer examination of the datasets and interpretations reveals a number of 

problems in the “diagenetic-hydrothermal” model.  

First of all, the meaning of “hydrothermal” in “diagenetic-hydrothermal” has not 

been clearly explained. According to White (1957) and Machel and Lonnee (2002), a 

hydrothermal solution should be “warm or hot relative to its surrounding environment”. 

Machel and Lonnee (2002) further suggested that a fluid system can be termed 

“hydrothermal” only if the fluid is hotter than the environment, and it should be termed 

“geothermal” if the temperature of the fluid is equal to the temperature of the 

environment, or “hydrofrigid” if the temperature of the fluid is lower than that of the 

environment.  

Consequently, if the temperatures of the uranium mineralizing fluids in the 

Athabasca Basin were indeed approximately the same as the surrounding rocks, the fluid 

systems should not be called “hydrothermal”. Conversely, if the mineralizing fluids were 

actually hotter than the environments, i.e., the fluid systems were really hydrothermal in 

nature, then the environments of mineralization may not be as deep as assumed in the 
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“diagenetic-hydrothermal” model. The inference of basin-wide fluid convection, based 

on the observation of similar fluid temperatures and composition in both vertical and 

horizontal directions, implies that the high fluid temperatures recorded in the Athabasca 

Basin are not necessarily the results of deep burial under normal geothermal gradients, 

but rather may reflect episodic thermal events during the development of the basin. Thus, 

the depth of the Athabasca Basin and that of uranium mineralization may have been 

much shallower than people thought (Chi et al., 2015).  

If the uranium mineralization indeed took place at a much shallower depth (e.g., <3 

km) than implied by the diagenetic-hydrothermal model, then the fluid temperatures in 

the high part of the fluid temperature spectrum recorded by fluid inclusions and clay 

minerals from the deposits (~200°
 
– 240°C) are likely much hotter than the ambient 

temperatures, making the mineralization of real “hydrothermal” nature. In fact, in a 

previous study, Kotzer and Kyser (1995) suggested that the temperatures increased from 

80°
 
– 160°C in the diagenetic stages to 170°

 
– 240°C in the mineralization stage, 

although the time-space relationships between the diagenetic and hydrothermal fluids 

have not been clearly defined and the depth of mineralization was interpreted to be 

~5km (Kotzer and Kyser, 1995). On the other hand, if we accept the shallow-burial, 

hydrothermal model, the relatively low temperatures in the low part of the fluid 

temperature spectrum recorded by fluid inclusions (~ 60°
 
– 140°C; e.g., Derome et al., 

2005) would be readily interpreted as reflecting the cooling of the hydrothermal systems 

toward the ambient temperatures, rather than invoking a “cooler fluid from the basement” 

entering the sites of mineralization (e.g., Derome et al., 2005). 

In summary, the above arguments suggest that the interpretations of mineralization 

environment are not as straightforward as people thought before. High 
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paleo-temperatures recorded in the sedimentary rocks do not necessarily mean that 

mineralization took place at deep burial, but can be explained by thermal convections 

related to episodic thermal events. 

 

8.2 Implications for metal sources of mineralization 

Previous studies indicated that the mineralizing fluids for unconformity-related 

uranium deposits in the Athabasca basin have salinities of 25 – 35 wt. % and include 

NaCl-rich and CaCl2-rich brines (Pagel, 1980; Derome et al., 2005; Richard et al., 2010, 

in press). It has been suggested that the development of CaCl2-rich brines in the uranium 

deposits indicates that the basinal brines have circulated into the basement, where Ca and 

U were extracted through fluid-rock interactions (Derome et al., 2005; Richard et al., 

2010). The results of microthermometry and cryogenic Raman spectroscopy in this study 

suggest that high-salinity and calcium-rich brines are not limited to the uranium deposits, 

but are also developed within the Athabasca Basin. This new finding further strengthens 

the notation that uranium may have been sourced from either the sedimentary rocks in 

the basin or from the basement, or both of them. Furthermore, the low U concentrations 

in basinal fluids inferred from the mass balance calculations for bleaching, as discussed 

in Chapter 5, suggest that if uranium for the unconformity-related uranium deposits was 

sourced from the basin, the uranium extraction must have taken place before the 

sediments were significantly solidified. This observation is consistent with the inference 

that basinal brines were developed during the deposition of the Carswell Formation 

(when the basin was not deeply buried) and that mineralization took place at shallow 

depths, as discussed above. 
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8.3 Relationships between diagenesis and mineralization  

The Athabasca Basin was filled with sandstones, minor mudstones, and 

conglomerate deposited between 1750 and 1500 Ma (Ramaekers et al., 2007). During 

this prolonged period of time, the sedimentary rocks must have experienced extensive 

fluid-rock interactions, as reflected by various diagenetic phenomena, including 

reddening of the rocks (precipitation of iron oxides and hydroxides), bleaching, quartz 

overgrowth and dissolution, and formation of kaolinite and illite (Hoeve and Quirt, 1984; 

Kotzer and Kyser, 1995; Kister et al., 2005; Jefferson et al., 2007; Chu et al., 2015; Chu 

and Chi, 2016). These diagenetic processes are directly or indirectly related to uranium 

mineralization in terms of metal extraction, permeability enhancement/reduction, and 

fluid circulation. 

In the sedimentation and early diagenetic stage, the environments were likely 

characterized by highly oxidizing conditions, as recorded by the development of iron 

oxides and hydroxides coating detrital grains (Hoeve and Quirt, 1984; Chu et al., 2015; 

Chu and Chi, 2016). However, the connate fluids associated with the fluvial sediments in 

the lower part of the Athabasca Basin are likely of low salinities, and therefore, despite 

of being highly oxidizing, did not have a high capacity to leach uranium from the 

sediments. As a result, although fluid convection may have been in operation in the early 

stage of diagenesis, as may have been driven by the thermal event represented by the 

volcanic rocks in the Wolverine Point Formation, no major uranium mineralization 

events took place at this time. However, by the time of the deposition of the Carswell 

Formation, basinal brines of evaporitic seawater origin were developed. Such brines, 

coupled with high oxygen fugacity and low pH values, have a strong capacity to dissolve 
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uranium (Komninou and Sverjensky, 1996; Riachard et al., 2012). The coincidence of 

the development of the basinal brines with a thermal event, possibly represented by the 

basalt of the Kuungmi Formation in the Thelon Basin, may have been critical for 

uranium extraction from the basin and / or the basement, and eventually for uranium 

mineralization. After the basinal brines flushed through the basin, the sediments in the 

basin and the basinal brines were likely depleted in uranium, as recorded by the 

bleaching phenomenon (Chu et al., 2015).  
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Chapter 9 Conclusions and future work 

 

9.1 Conclusions from the accomplished work 

Based on detailed petrographic, geochemical and fluid inclusion studies of samples 

from drill cores of DV10-001, WC-79-1, and BL-08-1 in the central part of the 

Athabasca Basin, important information about the diagenesis, element transports, 

thermal profiles, fluid flow driving forces, and metal sources for uranium mineralization 

has been obtained. The main research results and conclusions are summarized as 

follows. 

(1) The strata in the Athabasca Basin are generally characterized by redbeds due to 

the presence of iron oxides and/or hydroxides (IOH), indicating overall oxidizing 

conditions during sedimentation and diagenesis, but a significant portion of them have 

been bleached to a variety of relatively light colours. Petrographic studies indicate that 

the precipitation of IOH started in early diagenesis, and may have lasted throughout 

much of the diagenetic history, except during bleaching events, when IOH were 

dissolved. The majority of bleaching events likely took place after significant burial of 

the rocks, as indicated by the sharp contacts between the redbeds and bleached parts that 

appear to have been controlled by fractures. Quartz overgrowths were formed after the 

early phase of IOH, and may have been interrupted by quartz dissolution events. 

Kaolinite cementing the pore space occurred during most of the diagenetic periods, 

while illite was mainly formed in the late diagenetic stage.  

(2) Bleaching is interpreted to have been caused by introduction of relatively 

reducing fluids, which should have caused precipitation of uraninite if the basinal fluids 
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initially contained tens of ppm of uranium. The fact that no systematic gain or loss of 

uranium was recorded during bleaching suggest low concentrations of uranium in the 

basinal fluids at the time of bleaching, which took place in late diagenesis when the 

rocks were significantly solidified. However, this interpretation does not exclude the 

possibility that high concentrations of uranium may have been developed in basinal 

fluids in early diagenesis, especially during the reddening processes.  

(3) Fluid inclusions entrapped in quartz overgrowths and authigenic illite in 

sandstones from three drill cores (WC-79-1, BL-08-01, and DV10-001) in the central part 

of the Athabasca Basin were used as thermal indicators of paleo-fluids in the basin. A total 

of 342 fluid inclusions in quartz overgrowths were studied for microthermometry. The 

homogenization temperatures (Th) range from 50° to 235°C, recording the minimum 

temperatures in various diagenetic stages. Temperatures estimated from illite 

geothermometry (121 points) range from 212° to 298°C, which are systematically higher 

than (partly overlap) the Th values, suggesting that illite was precipitated in hotter fluids 

following the formation of quartz overgrowths. Neither the fluid inclusion Th values nor 

the illite temperatures show systematic increase with depth in individual drill cores. This, 

together with the high illite temperatures that cannot be explained by burial at a normal 

geothermal gradient (35°C/km), is interpreted to indicate that basin-scale fluid convection 

took place during the diagenetic history of the basin.  

(4) The traditional microthermometric and newly-developed cryogenic Raman 

spectroscopic studies of fluid inclusions were improved using synthetic fluid inclusions 

and through comparison with natural fluid inclusions. The studies of freezing and 

heating behaviours of synthetic fluid inclusions indicate that 1) most H2O-NaCl-CaCl2 

inclusions that appear to be frozen in the first cooling run to -185°C actually contain large 
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amounts of residual solution; 2) inability of H2O-NaCl-CaCl2 inclusions to freeze may be 

related to their composition and lack of solid particles; 3) crystallization of hydrates can 

be greatly enhanced by finding an optimum combination of cooling and warming rates 

and temperatures; 4) even if an inclusion is not completely frozen, the melting 

temperatures of hydrohalite and ice are still valid for estimating the fluid composition. 

The XNaCl values of H2O-NaCl-CaCl2 inclusions estimated from cryogenic Raman 

spectroscopy and thermal decrepitation-SEM-EDS show a 1:1 correlation, indicating 

that the new, non-destructive cryogenic Raman spectroscopic analysis method can 

indeed be used for fluid inclusion compositional study. 

(5) Quartz overgrowths developed in the preserved strata of the Athabasca Basin 

contain workable fluid inclusions representing basinal fluids entrapped in various stages 

of diagenesis. The final ice-melting temperatures of these fluid inclusions are commonly 

lower than -21.2°C indicating high fluid salinities as well as possibly high 

concentrations of CaCl2 in addition to NaCl. The presence of Ca in the fluid inclusions is 

also confirmed by cryogenic Raman spectroscopic studies. These new results are 

interpreted to indicate that the basinal fluids obtained their Ca (and by inference, U) 

either from the basin (implying presence of Ca-rich precursor lithologies in the basin) or 

from the basement (implying penetration of the convection cells into the upper part of 

the basement). Prolonged fluid convection is inferred to be responsible for delivering 

uranium to the unconformity, where uranium mineralization took place due to redox 

reactions associated with fluid-rock interaction or structurally controlled fluid mixing. 
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9.2 Suggestions for future work 

The current work has yielded abundant new data that have important implications 

for understanding the nature of the unconformity-related uranium mineralization in the 

Athabasca Basin. However, several aspects of this study can be further deepened in the 

future, pending on availability of analytical facilities.  

(1) Although high concentrations of CaCl2 in the basinal fluids were indicated by 

microthermometry and cryogenic Raman spectroscopy in this study, more accurate data 

are still needed using other analytical methods such as LA-ICP-MS.   

(2) Calcium isotopes have been used to trace calcium sources in the past few decades 

(Zhu and Macdougall, 1998; Amini et al., 2008; Holmden, 2009; Gigour et al., 2015), 

which can be potentially used to discriminate basin-derived and basement-derived 

calcium for the unconformity-related uranium mineralization. Calcium isotope 

fractionation 
44/40

Ca of the basinal fluids, mineralizing fluids, and potential source rocks 

(basin versus basement) can be analyzed with TIMS (thermal ionization mass 

spectrometry; Heuser et al., 2002; Heuser and Eisenhauer, 2008; Lehn et al., 2013). 

(3) Uranium concentrations have been measured for fluid inclusions in uranium 

deposits using the LA-ICP-MS method (Richard et al., 2010, 2012, in press), but similar 

analyses have not been done for fluid inclusions in quartz overgrowths in the barren 

areas. Samples of fluid inclusions in quartz overgrowths have been prepared in this study, 

and it is suggested that in the future these samples be analyzed by LA-ICP-MS. 

(4) Alteration of detrital zircon grains from the sedimentary rocks in the basin has 

been commonly observed. A systematic study of their ages, uranium and thorium 

concentrations, and their isotopes, will be useful for determining whether detrital zircon in 
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the sandstones can be a major uranium source. 

(5) I completed the initial steps to the development of a new method for 

compositional analysis of fluid inclusions using thermal decrepitation and SIMS. Some 

preliminary results have been obtained (Appendix 4), but significant analytical 

uncertainties exist and have not been resolved. This method can be potentially refined by 

preparing more homogeneous and consistent standard samples for calibration. 
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Appendix 1 Logging of drill cores  

Examples of core logging for drill core DV10-001, WC-79-1, and BL-08-01 are 

listed in the following pages. Digital files of complete logging data are included in the 

CD enclosed in the thesis. 
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Appendix 1.1 Logging of DV10-001 drill core 

  

(complete logging data available in the CD enclosed in the thesis)  
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Appendix 1.2 Logging of WC-79-1drill core 

 

(complete logging data available in the CD enclosed in the thesis) 
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Appendix 1.3 Logging of BL-08-01 drill core 

 

(complete logging data available in the CD enclosed in the thesis) 
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Appendix 2 List of collected samples 

Sample No. 
Depth 

(m) 
F.M. Description 

Whole 

rock 

analysis 

Mass 

balance 

calculation 

Illite 

EMPA 

analysis 

Fluid 

inclusion 

analysis 

DV10-001 drill core 

12HC001 17.5 WP 
fine-grained sandstone, 

pink 
    

12HC002 37.7 WP 
fine-grained sandstone, 

yellow with purple layers 
    

12HC003 68.5 WP 
medium-grained sandstone, 

white with purple mottles 
√    

12HC004 82.9 WP 
medium-grained sandstone, 

white with red mottles 
√    

12HC005 109.2 WP 
fine-grained sandstone, 

light pink 
    

12HC006 119.6 WP 
medium-grained sandstone, 

light yellow 
    

12HC007 140.3 WP 
coarse-grained sandstone, 

light grey and yellow 
    

12HC008 163.1 WP 
coarse-grained sandstone, 

white with some purple mottles 
√    

12HC009 179.5 WP 
fine-grained sandstone, 

white 
    

12HC010 197.7 WP 
medium-grained sandstone, 

white 
    

12HC011 220.7 WP 
medium-grained sandstone, 

white 
    

12HC012 249.1 WP 
medium-grained sandstone, 

purple and pink 
    

12HC013 261.7 LZ 
medium-grained sandstone, 

grey and pink 
√    

12HC014 282.4 LZ 
medium-grained sandstone, 

purple and pink 
   

 

 

 

12HC015 297.7 LZ 
medium-grained sandstone, 

grey 
  √ √ 
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Sample No. 
Depth 

(m) 
F.M. Description 

Whole 

rock 

analysis 

Mass 

balance 

calculation 

Illite 

EMPA 

analysis 

Fluid 

inclusion 

analysis 

12HC016 313.8 LZ 
coarse-grained sandstone, 

light pink 
   √ 

12HC017 338.2 LZ 
coarse-grained sandstone, 

purple with pink intervals 
√    

12HC018 365.2 LZ 
medium-grained sandstone, 

dark grey and white 
  √  

12HC019 381.5 LZ 
coarse-grained sandstone, 

white with minor dark grey intervals 
√    

12HC020 400.2 LZ 
coarse-grained sandstone, 

wide purple and white layers 
√    

12HC021 421.5 LZ 
coarse-grained sandstone, 

wide with purple and pink layers 
√    

12HC022 440.8 LZ 
coarse-grained sandstone, 

purple and grey 
√    

12HC023 465.2 LZ 
coarse-grained sandstone, 

purple and pink 
√    

12HC024 483.8 LZ 
medium-grained sandstone, 

white and grey 
    

12HC025 503.3 LZ 
medium-grained sandstone, 

purple and pink 
√    

12HC026 520.1 LZ 
coarse-grained sandstone, 

dark grey with narrow purple layers 
√  √  

12HC027 544.2 LZ 

medium-grained sandstone, 

purple and pink layers 

with red narrow interlayers 
√    

12HC028 557.1 LZ 
coarse-grained sandstone, 

grey and pink 
√    

12HC029 580.0 LZ 

medium-grained sandstone, 

dark grey with minor 

purple layers 

    

12HC030 605.4 LZ 
coarse-grained sandstone, 

purple with minor pink layers 
√    

12HC031 623.6 LZ 
coarse-grained sandstone, 

light grey with minor pink layers 
√    

12HC032 638.1 LZ 
coarse-grained sandstone, 

grey with minor pink layers 
√    

12HC033 641.6 LZ 
coarse-grained sandstone, 

pink with minor red lines 
  √  
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Sample No. 
Depth 

(m) 
F.M. Description 

Whole 

rock 

analysis 

Mass 

balance 

calculation 

Illite 

EMPA 

analysis 

Fluid 

inclusion 

analysis 

12HC034 657.6 LZ 
fine-grained sandstone,  

pink 
    

12HC035 682.4 LZ 
coarse-grained sandstone, 

grey and yellow intervals 
   √ 

12HC036 703.9 LZ 
coarse-grained sandstone, 

dark grey 
    

12HC037 714.2 MF 
coarse-grained sandstone, 

light grey and white layers 
   √ 

12HC038 726.7 MF 
coarse-grained sandstone, 

dark grey with minor white layers 
√   √ 

12HC039 741.8 MF 
coarse-grained sandstone, 

grey and pink layers 
   √ 

12HC040 760.0 MF 
coarse-grained sandstone, 

dark grey and white layers 
√    

12HC041 778.3 MF 

coarse-grained sandstone, 

white with minor grey intervals or 

mottles 

   √ 

12HC042 795.2 MF 
coarse-grained sandstone, 

pink 
  √  

12HC043 820.3 MF 
coarse-grained sandstone, 

purple with red parallel lines 
√    

12HC044 841.4 MF 
coarse-grained sandstone, 

light pink  
    

12HC045 860.9 MF 
coarse-grained sandstone, 

pink 
  √  

12HC046 878.7 MF 
coarse-grained sandstone, 

white 
√  √ √ 

12HC047 895.0 MF 
coarse-grained sandstone, 

pink and red banded layers 
    

12HC048 905.9 MF 
coarse-grained sandstone, 

pink and white banded layers 
  √  

12HC0049 915.0 MF 
very-coarse-grained sandstone, 

pink 
  √ √ 

12HC050 935.0 MF 
coarse-grained sandstone, 

pink and red banded layers 
  √ √ 

12HC051 960.6 MF 
coarse-grained sandstone, 

purple and dark grey banded layers 
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Sample 

No. 

Depth 

(m) 
F.M. Description 

Whole 

rock 

analysis 

Mass 

balance 

calculation 

Illite 

EMPA 

analysis 

Fluid 

inclusion 

analysis 

12HC052 975.6 MF 
coarse-grained sandstone, 

light grey 
  √  

12HC053 1001.7 MF 
very-coarse-grained sandstone, 

white with dark grey intervals 
  √  

12HC054 1021.3 MF 
coarse-grained sandstone, 

pink with minor grey layers 
√  √ √ 

12HC055 1034.4 MF 
coarse-grained sandstone, 

white and dark grey layer 
    

12HC056 1043.4 U. 
iron-rich formation with light  

grey rock fragments 
    

12HC057 1045.8 B. 
iron-rich formation and 

chlorite alteration 
    

12HC058 1050.2 B. garnet-rich amphibolites      

12HC059 1060.4 B. 
iron-rich formation and 

altered massive quartz 
    

12HC060 1067.3 B. meta-pelite     

12HC061 1076.3 B. 
meta-pelite with chlorite and garnet 

fragments 
    

12HC062 1090.1 B. 
meta-pelite containing graphite, altered 

garnet and small quartz veins 
 

12HC063 1106.2 B. 
meta-pelite with garnet and quartz 

veins 
 

12HC064 1116.3 B. 
silicification zone with common garnet 

and pyrite 
    

12HC065 1130.7 B. massive quartz veins     

12HC066 1143.7 B. altered mafic rocks     

13HC001 17.8 WP 
fine-grained sandstone, 

light grey with purple intervals 
√ √   

13HC002 32.2 WP 
medium-grained sandstone, 

light yellow with purple mottles 
    

13HC003 54.9 WP 
medium-grained sandstone, 

white with purple mottles 
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Sample No. 
Depth 

(m) 
F.M. Description 

Whole 

rock 

analysis 

Mass 

balance 

calculation 

Illite 

EMPA 

analysis 

Fluid 

inclusion 

analysis 

13HC004 57.0 WP 
fine-grained sandstone, 

purple with white mottles 
√ √   

13HC005 68.0 WP 
medium-grained sandstone, 

white with purple mottles 
    

13HC006 76.4 WP 
medium-grained sandstone, 

white with dark grey interlayers 
√ √   

13HC007 82.8 WP 
Fine-grained sandstone, 

white with minor red mottles 
√ √   

13HC008 91.9 WP 
medium-grained sandstone, 

white with purple interlayers 
    

13HC009 115.5 WP 
medium-grained sandstone, 

white with purple interlayers 
    

13HC010 122.5 WP 
coarse-grained sandstone, 

white with purple interlayers 
    

13HC011 139.9 WP 
medium-grained sandstone, 

light yellow with grey layers 
    

13HC012 153.5 WP 
coarse-grained sandstone, 

white with purple interlayers 
√ √   

13HC013 162.7 WP 
coarse-grained sandstone, 

white with minor purple mottles 
    

13HC014 251.2 WP 
medium-grained sandstone, 

pink and purple layers 
√ √  √ 

13HC015 258.2 WP 
medium-grained sandstone, 

pink with purple interavals 
    

13HC016 263.7 LZ 
medium-grained sandstone, 

grey with white layers 
    

13HC017 338.2 LZ 
medium-grained sandstone, 

grey and pink layers 
√ √   

13HC018 278.8 LZ 
medium-grained sandstone, 

white and grey layers 
    

13HC019 284. 0 LZ 
coarse-grained sandstone,  

purple and pink layers 
    

13HC020 321.4 LZ 
coarse-grained sandstone,  

purple with pink layers 
    

13HC021 330.5 LZ 
coarse-grained sandstone,  

purple with pink layers 
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Sample No. 
Depth 

(m) 
F.M. Description 

Whole 

rock 

analysis 

Mass 

balance 

calculation 

Illite 

EMPA 

analysis 

Fluid 

inclusion 

analysis 

13HC022 334.1 LZ 
coarse-grained sandstone,  

purple with pink layers 
    

13HC023 340.2 LZ 
coarse-grained sandstone,  

purple with pink layers 
    

13HC024 349.2 LZ 
coarse-grained sandstone,  

purple with pink layers 
    

13HC025 358.7 LZ 
coarse-grained sandstone,  

purple  and pink layers 
√    

13HC026 367.8 LZ 
medium-grained sandstone,  

purple  and red layers 
    

13HC027 381.2 LZ 
coarse-grained sandstone,  

purple and pink layers 
    

13HC028 392.8 LZ 
coarse-grained sandstone,  

wide purple and pink layers 
    

13HC029 404.6 LZ 
coarse-grained sandstone,  

wide purple and pink layers 
    

13HC030 411.5 LZ 
coarse-grained sandstone,  

pink with minor purple layers 
    

13HC031 425.2 LZ 
coarse-grained sandstone,  

white purple and pink layers 
√    

13HC032 438.6 LZ 
coarse-grained sandstone,  

grey and pink layers 
    

13HC033 453.5 LZ 
coarse-grained sandstone,  

grey and purple layers 
    

13HC034 458.9 LZ 
coarse-grained sandstone,  

pink and dark grey layers 
    

13HC035 475.9 LZ 
coarse-grained sandstone,  

pink and purple layers 
    

13HC036 491.3 LZ 
medium-grained sandstone,  

pink  and grey layers 
   √ 

13HC037 508.0 LZ 
medium-grained sandstone, 

purple with minor white layers 
√ √  √ 

13HC038 536.6 LZ 
medium-grained sandstone,  

wide purple and red layers 
    

13HC039 548.8 LZ 
coarse-grained sandstone,  

pink and purple layers 
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Sample No. 
Depth 

(m) 
F.M. Description 

Whole 

rock 

analysis 

Mass 

balance 

calculation 

Illite 

EMPA 

analysis 

Fluid 

inclusion 

analysis 

13HC040 561.2 LZ 
coarse-grained sandstone, 

grey with minor pink layers 
√ √  √ 

13HC041 600.3 LZ 
medium-grained sandstone, 

purple and pink layers 
√ √   

13HC042 651.6 LZ 
coarse-grained sandstone,  

white and dark grey layers 
    

13HC043 689.7 LZ 
coarse-grained sandstone,  

grey with minor white layers 
    

13HC044 695.0 LZ 
coarse-grained sandstone,  

grey and white layers 
    

13HC045 702.1 LZ 
coarse-grained sandstone,  

white and dark grey layers 
    

13HC046 666.7 LZ 
medium-grained sandstone, 

grey and red layers 
√ √ √ √ 

13HC047 746.3 MF 
coarse-grained sandstone,  

dark grey and white layers 
    

13HC048 754.0 MF 
coarse-grained sandstone,  

dark grey and pink layers 
    

13HC049 765.3 MF 
conglomerate,  

dark grey and pink layers 
√ √ √ √ 

13HC050 789.4 MF 
coarse-grained sandstone,  

red and grey layers 
√    

13HC051 817.7 MF 
coarse-grained sandstone,  

purple with pink layers and mottles 
    

13HC052 827.1 MF 
coarse-grained sandstone,  

pink with minor purple layers 
    

13HC053 843.9 MF 
coarse-grained sandstone, 

white with dark grey mottles 
√ √  √ 

13HC054 869.0 MF 
conglomerate, 

pink and purple layers 
√ √   

13HC055 891.9 MF 
very-coarse-grained sandstone,  

pink  
    

13HC056 927.8 MF 
medium-grained sandstone,  

red and purple banded layers 
    

13HC057 944.6 MF 
coarse-grained sandstone,  

dark grey with minor pink  
√ √ √  
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Sample 

No. 

Depth 

(m) 
F.M. Description 

Whole 

rock 

analysis 

Mass 

balance 

calculation 

Illite 

EMPA 

analysis 

Fluid 

inclusion 

analysis 

13HC0058 987.9 MF 
coarse-grained sandstone,  

red with minor purple layers 
    

13HC059 1020.3 MF 
coarse-grained sandstone,  

pink with minor grey layers 
    

13HC060 1007.5 MF 
very-coarse-grained sandstone,  

pink with minor dark grey layers 
√    

13HC061 1100.2 B. 
green pelite with garnet, graphite 

and pyrite 
    

WC-79-1 drill core 

Sample 
Depth 

(m) 
F.M. Description 

Whole 

rock 

analysis 

Mass 

balance 

calculation 

Illite 

EMPA 

analysis 

Fluid 

inclusion 

analysis 

14HC001 5.8 LZ 
medium-grained sandstone,  

pure white, well cemented 
    

14HC002 27.8 MFd-p 
medium-grained sandstone,  

white 
    

14HC003 43.4 MFd-p 
medium-grained sandstone,  

pink   
    

14HC004 63.4 MFd-p 

medium-grained sandstone,  

pink with minor red inlayers, 

well-cemented 

   √ 

14HC005 94.5 MFd-p 
medium-grained sandstone,  

pink, medium-cemented 
    

14HC006 112.5 MFd-p 
medium-grained sandstone,  

white,  well-cemented 
   √ 

14HC007 138.0 MFd-p 

medium-grained sandstone,  

pink and white intervals,  

well-cemented 

  √ √ 

14HC008 170.6 MFd-p 
medium-grained sandstone,  

pink, medium-cemented 
   √ 

14HC009 199.7 MFd-p 
medium-grained sandstone, 

white, well-cemented 
    

14HC010 246.5 MFd-p 

medium-grained sandstone, 

white with curved pink interlayers, 

medium-cemented 

   √ 

14HC011 254.5 MFd-p 

medium-grained sandstone, 

white and pink intervals, 

medium-cemented 

  √  

14HC012 281.2 MFd-p 

medium-grained sandstone, 

purple and pink intervals, 

medium-cemented 

  √  
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Sample No. 
Depth 

(m) 
F.M. Description 

Whole 

rock 

analysis 

Mass 

balance 

calculation 

Illite 

EMPA 

analysis 

Fluid 

inclusion 

analysis 

14HC013 302.8 MFd-p 
medium-grained sandstone, 

red and purple intervals, 

medium-cemented 

    

14HC014 318.2 MFd-p 
medium-grained sandstone, 

white and dark grey intervals, 

well-cemented 

  √  

14HC015 338.5 MFd-p 
medium-grained sandstone, 

white, well-cemented 
  √  

14HC016 364.3 MFc-p 
medium-grained sandstone, 

white with pink interlayer,  

well-cemented 

   √ 

14HC017 391.2 MFc-p 
medium-grained sandstone, 

yellow, medium-cemented 
  √  

14HC018 424.8 MFc-p 
medium-grained sandstone, 

yellow, well-cemented 
  √  

14HC019 440.1 MFc-p 
medium-grained sandstone, 

yellow, well-cemented 
   √ 

14HC020 457.0 MFc-p 
medium-grained sandstone, 

light grey, well-cemented 
  √ √ 

14HC021 475.5 MFc-p 
medium-grained sandstone, 

yellow, well-cemented 
   √ 

14HC022 502.8 MFc-p 
medium-grained sandstone, 

yellow, well-cemented 
   √ 

14HC023 526.3 MFc-p 
medium-grained sandstone, 

yellow, medium cemented 
   √ 

14HC024 548.2 MFc-p 
medium-grained sandstone, 

white, medium-cemented 
    

14HC025 576.5 MFc-p 
medium-grained sandstone, 

light pink, well-cemented 
  √ √ 

14HC026 593.1 MFc-p 
medium-grained sandstone, 

pink, well-cemented 
   √ 

14HC027 601.2 MFr-up 
medium-grained sandstone, 

white, well-cemented 
  √ √ 

14HC028 613.7 MFr-up 
medium-grained sandstone, 

white, well-cemented 
   √ 

14HC029 647.2 MFr-up 
medium-grained sandstone, 

white, medium-cemented 
   √ 

14HC030 668.9 MFr-up 
medium-grained sandstone, 

white, medium-cemented 
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Sample No. 
Depth 

(m) 
F.M. Description 

Whole 

rock 

analysis 

Mass 

balance 

calculation 

Illite 

EMPA 

analysis 

Fluid 

inclusion 

analysis 

14HC031 693.8 MFr-up 
medium-grained sandstone, 

pink, medium-cemented 
   √ 

14HC032 747.4 MFr-up 
medium-grained sandstone, 

yellow, well-cemented 
   √ 

14HC033 768.9 MFr-up 
medium-grained sandstone, 

yellow, medium-cemented 
   √ 

14HC034 792.0 MFr-up 
coarse-grained sandstone, 

pink and purple intervals, 

medium-cemented 

   √ 

14HC035 805.0 MFr-up 
coarse-grained sandstone, 

white and dark grey intervals, 

well-cemented 

   √ 

14HC036 845.8 MFr-Ip 
coarse-grained sandstone, 

white and purple intervals, 

medium-cemented 

   √ 

14HC037 866.0 MFr-Ip 
coarse-grained sandstone, 

orange intervals, 

medium-cemented 

   √ 

14HC038 892.5 MFr-Ip 
coarse-grained sandstone, 

white and purple intervals, 

medium-cemented 

   √ 

14HC039 911.7 MFr-Ip 
coarse-grained sandstone, 

orange intervals, 

medium-cemented 

    

14HC040 930.7 RD 
medium-grained sandstone, 

white and pink intervals, 

medium-cemented 

  √  

BL-08-01 drill core 

Sample No. 
Depth 

(m) 
F.M. Description 

Whole 

rock 

analysis 

Mass 

balance 

calculation 

Illite 

EMPA 

analysis 

Fluid 

inclusion 

analysis 

14HC041 41.5 WP 
fine-grained sandstone, 

white, well-cemented 
   √ 

14HC042 57.2 WP 
fine-grained sandstone, 

pink, well-cemented 
   √ 

14HC043 72.3 WP 
fine-grained sandstone, 

pink, well-cemented 
   √ 

14HC044 88.0 WP 
fine-grained sandstone, 

pink, well-cemented 
   √ 

14HC045 121.1 WP 
fine-grained sandstone, 

pink, well-cemented 
    

14HC046 132.0 WP 
medium-grained sandstone, 

pink, well-cemented 
  √ √ 
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Sample 

No. 

Depth 

(m) 
F.M. Description 

Whole 

rock 

analysis 

Mass 

balance 

calculation 

Illite 

EMPA 

analysis 

Fluid 

inclusion 

analysis 

14HC047 169.2 LZI 
fine-grained sandstone, 

pink, well-cemented 
   √ 

14HC048 174.3 LZI 
medium-grained sandstone, 

pink, well-cemented 
   √ 

14HC049 199.3 LZI 
medium-grained sandstone, 

pink, well-cemented 
  √ √ 

14HC050 214.5 LZI 
medium-grained sandstone, 

pink, well-cemented 
  √ √ 

14HC051 225.4 LZs 
medium-grained sandstone, 

pink, well-cemented 
  √ √ 

14HC052 250.8 LZs 
medium-grained sandstone, 

yellow, medium-cemented 
  √ √ 

14HC053 267.7 LZs 
medium-grained sandstone, 

white, medium-cemented 
  √ √ 

14HC054 283.5 MFd up 
medium-grained sandstone, 

white, well-cemented 
   √ 

14HC055 291.0 MFd up 
medium-grained sandstone, 

white, well-cemented 
   √ 

14HC056 309.1 MFd up 
medium-grained sandstone, 

pink, well-cemented 
   √ 

14HC057 321.6 MFd up 
medium-grained sandstone, 

pink, well-cemented 
  √ √ 

14HC058 335.0 MFd up 
medium-grained sandstone, 

pink, well-cemented 
   √ 

14HC059 347.1 MFd up 
medium-grained sandstone, 

pink, well-cemented 
   √ 

14HC060 365.1 MFd up 
medium-grained sandstone, 

light pink, well-cemented 
  √ √ 

14HC061 421.3 MFd up 

medium-grained sandstone, 

purple with some pink 

interlayers,  

medium-cemented 

    

14HC062 433.8 MFd up 
medium-grained sandstone, 

white, medium-cemented 
    

14HC063 454.9 
MFd 

low 

medium-grained sandstone, 

light pink, medium-cemented 
   √ 

14HC064 477.0 
MFd 

low 

medium-grained sandstone, 

light purple, well-cemented 
   √ 
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Sample No. 
Depth 

(m) 
F.M. Description 

Whole 

rock 

analysis 

Mass 

balance 

calculation 

Illite 

EMPA 

analysis 

Fluid 

inclusion 

analysis 

14HC065 511.1 MFd low 
medium-grained sandstone, 

pink, medium-cemented 
   √ 

14HC066 539.7 MFd low 
medium-grained sandstone, 

pink, medium-cemented 
   √ 

14HC067 585.3 MFd low 
medium-grained sandstone, 

pink, medium-cemented 
   √ 

14HC068 614.5 MFh 
medium-grained sandstone, 

white, medium-cemented 
    

14HC069 655.4 MFw 
medium-grained sandstone, 

white, medium-cemented 
  √  

14HC070 670.1 MFw 
medium-grained sandstone, 

white, well-cemented 
    

14HC071 678.7 MFw 
medium-grained sandstone, 

pink, well-cemented 
   √ 

14HC072 691.6 MFw 
medium-grained sandstone, 

yellow, well-cemented 
   √ 

14HC073 717.2 MFw 
medium-grained sandstone, 

white, well-cemented 
    

14HC074 748.5 MFw 
medium-grained sandstone, 

pink, meium-cemented 
    

14HC075 768.0 MFb 
medium-grained sandstone, 

pink, medium-cemented 
  √  

14HC076 788.9 MFb 
medium-grained sandstone, 

white, medium-cemented 
  √ √ 

14HC077 828.4 MFb 
medium-grained sandstone, 

pink, medium-cemented 
  √  

14HC078 847.9 MFb 
medium-grained sandstone, 

pink, medium-cemented 
  √  

14HC079 866.6 MFb 
medium-grained sandstone, 

yellow, medium-cemented 
  √ √ 

14HC080 883.0 MFb 
medium-grained sandstone, 

white, well-cemented 
  √ √ 

14HC081 904.7 RD 
medium-grained sandstone, 

pink, poor-cemented 
    

14HC082 915.5 RD 
medium-grained sandstone, 

white, poor-cemented 
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Sample No. 
Depth 

(m) 
F.M. Description 

Whole 

rock 

analysis 

Mass 

balance 

calculation 

Illite 

EMPA 

analysis 

Fluid 

inclusion 

analysis 

14HC083 933.3 RD 
medium-grained sandstone, 

pink, poor-cemented 
    

14HC084 963.0 RD 
medium-grained sandstone, 

light purple, poor-cemented 
  √ √ 

 

Note:    

F.M. = Formation; WP = Wolverine Point Formation; LZ = Lazenby Lake Formation; MF = Manitou Falls 

Formation; RD = Read Formation; B. = Basement; U. = Unconformity 

Sample No. 12HC001–12HC066 –– collected in May. 2012 from DV10-001 drill core with the purpose of 

petrographic, whole-rock geochemical, clay mineral, and fluid inclusion analysis. 

Sample No. 13HC001–13HC061 –– collected in Aug. 2013 from DV10-001 drill core with the purpose of 

whole-rock geochemical, mass balance, clay mineral and fluid inclusion analysis. 

Sample No. 14HC001–14HC040 –– collected in May. 2014 from WC-79-1 drill core with the purpose of 

petrographic, clay mineral, and fluid inclusion analysis. 

Sample No. 14HC041–14HC084 –– collected in May. 2014 from BL-08-01 drill core with the purpose of 

petrographic, clay mineral, and fluid inclusion analysis. 
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Appendix 3 Petrographic description of thin sections  

Examples of petrographic description of thin sections from drill core DV10-001, 

WC-79-1, and BL-08-01 are listed in the following pages. Digital files for all the 

samples are included in the CD enclosed in the thesis. 
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Appendix 3.1 Petrography of thin sections from DV10-001 drill core 

Drill core: DV10-001     Sample number: 12HC001      Depth: 17.5 m 

 

 
Scanned sample block 

 

 
Scanned thin section 

 
General view of quartz grains and 

matrix, XPL 

 
Muscovite, 

XPL 

 
Intergranular kaolinite,  

XPL 

 
Altered detrital zircon grain, 

XPL 

Description: 

The thin section is mainly composed of quartz, matrix, pore space, and clay 

minerals.  

Framework grains size 0.1 – 0.3 mm. Quartz overgrowths local. 

Some illite, kaolinite, and muscovite cement the pore space between quartz 

grains. Minor kaolinite is replaced by illite.  

Detrital zircon can be found locally. 
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Appendix 3.2 Petrography of thin sections from WC-79-1 drill core 

Drill core: WC-79-1     Sample number: 14HC001     Depth: 5.8 m 

 

 
Scanned sample block 

 

 
Scanned thin section 

 
General view of quartz grains and 

matrix, PPL 

 
Quartz and quartz overgrowths,  

XPL 

 
Long and concave-convex contact, 

XPL 

 
Zircon cluster composed of small 

grains, XPL 

Description: 

The thin section is mainly composed of quartz and muddy matrix. 

Quartz grains size 0.3 – 0.8 mm with common overgrowths; framework grains 

long to concavo-convex contact.  

Zircon clusters with size <0.3 mm are very common, but most of them are 

altered. 
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Appendix 3.3 Petrography of thin sections from BL-08-01 drill core 

Drill core: BL-08-01     Sample number: 14HC041     Depth: 41.5 m 

 

 
Scanned sample block 

 

 
Scanned thin section 

 
General view of quartz grains and 

matrix, PPL 

 
Illite replaces kaolinite, 

XPL 

 
A detrital tourmaline grain with dravite 

overgrowths, XPL 

 
Detrital zircon grains, 

XPL 

Description: 

The thin section is mainly composed of quartz, matrix, pore space, and clay 

minerals.  

Framework grains size 0.1 – 0.6 mm. Quartz overgrowths local. 

Some illite and kaolinite cement the pore space between quartz grains. Minor 

kaolinite is replaced by illite.  

Detrital zircon occurs locally. Some detrital touramaline with dravite 

overgrowths. 
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Appendix 4 Secondary Ion Mass Spectrometry (SIMS) analysis of fluid 

inclusions 

  

A4.1 Introduction 

Although there are already many methods for fluid inclusion compositional analysis, 

there is still a big challenge to know the minor and trace element concentrations in fluid 

inclusions (especially small-size ones), for example, fluid inclusions in the quartz 

overgrowths. Decrepitation-SEM-EDS analysis is regarded as a direct and rapid method 

to open fluid inclusions and document concentrations of their solutes (Eadington, 1974; 

Haynes et al., 1988; Savard and Chi, 1998; Kontak, 2002). However, this method is 

limited to be semi-quantitive of major elements (Haynes et al., 1988). Being able to 

detect elements present in the parts per billion range, SIMS (Secondary Ion Mass 

spectrometry) is by far the most sensitive surface analysis technique (Fayek, 2009) and 

has the potential to be applied to fluid inclusion analysis. In this project, an integrated 

method combining the decrepitation technique and SIMS analysis for fluid inclusion trace 

element analysis was conducted, and preliminary results and implications were 

discussed. 

 

A4.2 Analytical methods 

Calibration using known samples is essential for SIMS analysis. In this study, a 

series of standard solutions containing the same range of uranium concentrations as that in 

mineralizing fluids of the Athabasca basin were prepared. Then the standard solutions 
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were exposed on glass slides and dried as evaporates.  

Eleven fluid inclusions from quartz overgrowths in sandstones of the Athabasca 

basin were selected and examined under microscope. They were analyzed by 

microthermometry first, then placed in a furnace where thermal decrepitation was 

performed at temperatures 100°C above the homogenization temperature (Haynes and 

Kesler, 1987; Haynes et al., 1988). Fluid was released and solute was precipitated on the 

surface during thermal decrepitation. The evaporites and decrepitates from the 

decrepitated fluid inclusions were first examined by SEM-EDS, and then analyzed by 

static SIMS.  

 

A4.3 Calibration using standard samples 

(1) Standard solution preparation  

During the SIMS analysis process, trace element measurement relies on the analysis 

of standards of known concentrations (McPhail, 2006; Fayek, 2009). Here, standard 

solution evaporite was prepared to fulfill this reference task for SIMS calibration. 

Previous studies indicate that the mineralizing fluids of the unconformity-related uranium 

deposits were mainly 25 – 35 wt. % eq. NaCl brines (NaCl with minor CaCl2 and MgCl2, 

Derome et al. 2005) with uranium concentrations ranging from several ppm to 500 ppm 

(Richard et al., 2010). NaCl standard solutions (1 wt. %, 10 wt. % and 20 wt. %) and U 

standard solutions (1 ppm, 10 ppm and 100 ppm) were prepared considering the potential 

salinities and U concentrations in the fluid inclusions. Original 10 ppm and 100 ppm 

uranium standard solutions (volume 125 ml, starting material UO2(NO3)2•6H2O and 

certified density 1.006 g/cm
3
) were from Inorganic Ventures (www. 
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inorganicventures.com).  

For the first set of standard solutions, pure NaCl and uranium solutions were mixed 1:1 by 

mass (Table A4.1) to produce four standard solutions (#3, #7, #8, and #10). Basinal fluids 

usually contain various amount of CaCl2, and this is also the case in the Athabasca basin 

(which is supported by our microthermometry results). Therefore, uranium standard 

solutions were mixed with a series of NaCl-CaCl2 solutions to produce the second set of 

standard solutions. The X(NaCl, m) ratio (= m(NaCl)/[m(NaCl) + m(CaCl2)], where m is 

molarity) of these solutions (labeled from #1 to #5) decreases continuously from 1.0 to 0.0. 

Each of these NaCl-CaCl2 solutions was sub-divided into standard solutions labelled a to 

e with different uranium concentrations (Table A4.2). 

(2) Evaporation of standard solutions 

Droplets of each standard solution were dripped on glass slides using a needle. 

Extra solution was sucked gently using a paper towel to make the size of the droplet 

small enough. Small-size solution droplets tend to precipitate fine NaCl crystals thus 

avoiding inhomogeneous uranium precipitation in different areas. The precipitated solute 

on the surface of the slides was ready for standard measurement once the droplets 

evaporated. To check the morphologies of the salts, the standard solution evaporites were 

carbon coated and subjected to SEM-EDS analysis. 

  

app:ds:inhomogeneity
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Table A4.1 NaCl-U standard solutions designed for SIMS test 

No. NaCl solution U solution 
Evaporites Composition 

U /NaCl mass ratio U/ Na mass ratio 

#3 1% 100 ppm 0.01 0.02586 

#7 20% 1 ppm 5.10251E-06 1.29781E-05 

#8 20% 10 ppm 5.00125e-05 1.27212E-04 

#10 20% 100 ppm 0.00501948 0.01272 

 

 

Table A4.2 NaCl-CaCl2-U standard solutions designed for SIMS analysis 

No. 
X 

(NaCl, m) 

NaCl CaCl2 

U(g) 
U/Na 

(g/g) 

Ca/Na 

(g/g) 

Ca/Na 

(mole/mole) NaCl 

(g) 

Na 

(g) 

Na 

(mole) 

CaCl2 

(g) 

Ca 

(g) 

Ca 

(mole) 

#1 

a 

1 

0.1 0.039 0.0017 0 0 0 0.000983 0.025 

0 0 

b 0.1 0.039 0.0017 0 0 0 0.000511 0.013 

c 0.2 0.079 0.0034 0 0 0 0.000472 0.006 

d 0.05 0.020 0.0008 0 0 0 0.000079 0.004 

e 0.1 0.039 0.0017 0 0 0 0.000079 0.002 

#2 

a 

0.7 

0.099 0.039 0.0017 0.0807 0.0291 0.0007 0.000975 0.025 

0.7453 0.43 

b 0.099 0.039 0.0017 0.0807 0.0291 0.0007 0.000507 0.013 

c 0.198 0.078 0.0034 0.1613 0.0581 0.0014 0.000468 0.006 

d 0.050 0.019 0.0008 0.0403 0.0145 0.0004 0.000078 0.004 

e 0.099 0.039 0.0017 0.0807 0.0291 0.0007 0.000078 0.002 

#3 

a 

0.5 

0.098 0.039 0.0017 0.1862 0.0671 0.0017 0.000965 0.025 

1.7391 1 

b 0.098 0.039 0.0017 0.1862 0.0671 0.0017 0.000502 0.013 

c 0.196 0.077 0.0034 0.3724 0.1342 0.0034 0.000463 0.006 

d 0.049 0.019 0.0008 0.0931 0.0335 0.0008 0.000077 0.004 

e 0.098 0.039 0.0017 0.1862 0.0671 0.0017 0.000077 0.002 

#4 

a 

0.2 

0.093 0.037 0.0016 0.7054 0.2542 0.0064 0.000914 0.025 

6.9565 4 

b 0.093 0.037 0.0016 0.7054 0.2542 0.0064 0.000475 0.013 

c 0.186 0.073 0.0032 1.4109 0.5084 0.0127 0.000439 0.006 

d 0.046 0.018 0.0008 0.3527 0.1271 0.0032 0.000073 0.004 

e 0.093 0.037 0.0016 0.7054 0.2542 0.0064 0.000073 0.002 

#5 

a 

0.0 

0 0 0 0.0999 0.036 0.0009 0.000900 0.025 

  

b 0 0 0 0.0999 0.036 0.0009 0.000468 0.013 

c 0 0 0 0.1998 0.072 0.0018 0.000432 0.006 

d 0 0 0 0.0499 0.018 0.0005 0.000072 0.004 

e 0 0 0 0.0999 0.036 0.0009 0.000072 0.002 
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The evaporites showed different crystalline forms on the surface. They either 

occurred as aggregation in linear trails (Fig. A4.1a) or in discrete mounds (Fig. A4.1b). 

Several crystals were targeted in one specific sample to reduce bias toward certain 

crystals. 

(3) SIMS analysis 

Before SIMS analysis, the samples were gold-coated or carbon coated to compensate 

surface charge of the samples (McPhail, 2006). Intensities of the paired Na
23

/U
238 

and
 

Na
23

/Ca
40 

ratios
 
of standard evaporates were determined. 

For the NaCl-U system, the actual U/Na values (True U/Na) of the standard 

evaporates were plotted against their measured values (SIMS U/Na) respectively in Fig. 

A4.2a. The plotted data represent a straight line and a liner relationship was obtained by 

regression fitting: y = 17.306x + 0.0002 (Eq. A4.1).                                             

For the NaCl-CaCl2-U system, True U/Na and SIMS U/Na, True Ca/Na and SIMS 

Ca/Na, and True U/Ca and SIMS U/Ca have roughly liner relationship according to 

regression fitting (Fig. 4.2b–d): y = 10.197x + 0.0002 (Eq. A4.2), y = 1.7961x - 0.0116 

(Eq. A4.3) and y = 22.543x - 3E-05 (Eq. A4.4), respectively. However, U/Na regression 

in NaCl-CaCl2-U system is not fitting perfectly. What’s more, variations between 

different tests for a specific sample were significant.   
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Fig. A4.1 SEM photomicrographs of standard solution evaporates. (a) accumulated as aggragation; (b) 

disseminated individual particals. 

  

 

Fig. A4.2 SIMS analysis of standard solution evaporates. (a) in NaCl-U system; (b–d) in NaCl-CaCl2-U 

system 
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A4.4 Application to natural fluid inclusions 

(1) Preparation of fluid inclusions 

Samples from DV10-001 and Rumpel Lake drill cores are mainly composed of 

sandstones. Quartz cements (mostly occurring as quartz overgrowths) are common in 

most of the samples, and the dustline between the detrital quartz grain and the overgrowth 

is generally clear. A varying amount of fluid inclusions grow along the dustline or within 

the quartz overgrowth (Fig. A4.3a–b).  

(2) Decrepitates of fluid inclusions 

After thermal decrepitation, most of the decrepitates remained at locations close to 

those of the original fluid inclusions. Similar to the standard evaporates, they occur as 

aggregated grains or discrete crystals (Fig. A4.3c–d). According to previous experiences, 

fracture-aligned decrepitates were commonly chemically inhomogeneous and could not 

yield results as reliable as the discrete single inclusion decrepitates (Haynes and Kesler, 

1987). Furthermore, the size of decrepitates also influences the detection result and 

decrepitates with 10 – 30 µm diameter generally were reported to have yield the best 

results (Haynes et al., 1988). In this study, tests are repeatedly applied to different parts of 

a single decrepitate to check the effect of topographic relief and heterogeneity as 

suggested by Savard and Chi (1998). 
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Fig. A4.3 Fluid inclusions and their decrepitates within quartz overgrowths. (a) is from sample 01GC369a, 

(b) is from sample 01GC369b; (c) and (d) are SEM photomicrographs of decrepitates of (a) and (b). 
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(3) SIMS analysis 

Quantification is based upon normalizing U to Na, and comparing it to the same ratio 

in the standard (Fayek, 2009): 
meas

(
238

U/
23

Na)unk/ 
meas

(
238

U/
23

Na)std = 

true
(U/Na)unk/

true
(U/Na)std

   
(Eq. A4.5). The absolute U concentration can be calculated 

based on the Na concentration as an internal standard under the assumption that the 

standard evapoarites and decrepitates have the same matrix and analytical conditions 

(Fayek, 2009). To be accurate, random errors (caused by counting statistics) and 

systematic errors (caused by elemental discrimination and instrument mass fractionation) 

should be considered (Fayek, 2009). 

So far, only two fluid inclusions (369a and 369ai) from the Rumpel Lake core 

showed detectable uranium signals. Assuming that the salts in the solution are mostly 

NaCl and CaCl2, the salinity and XNaCl of the fluid inclusions was calculated as 25 wt. % 

and 0.38 according to the microthermometry data. Thus:  

XNa  = Salinity * X(NaCl, m) * 23/58.5 = 0.0379 (Eq. A4.6) 

Based on the regression  y = 10.197x + 0.0002 (Eq. A4.2),                       

sample 369a:  
SIMS

(
238

U/
23

Na) = 7.949E-07  (analyzed by SIMS)                          

True
(
238

U/
23

Na) = 7.999E-06                              

XU = 0.3 ppm  

sample 369ai:  
SIMS

(
238

U/
23

Na) = 1.56995E-07  (analyzed by SIMS)  

True
(
238

U/
23

Na) = 1.580E-06     

XU = 0.06 ppm  
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A4.5 Discussion and preliminary implications 

1) For NaCl-U standard solution evaporates, a linear correlation between the true 

U/Na and SIMS U/Na has been established. However, when Ca was added in the 

solution, the correlations become relatively poor, as shown in Fig. A4.2. If we consider 

the presence of other cations such as K
+
 and Mg

2+ 
in the fluid inclusions, the uncertainties 

are high.  

The mechanism of standard solution evaporating process remains unknown. 

Uranium particles seem not precipitate on the surface heterogeneously according to 

several tests on different spots of the same sample surface, especially for the 

NaCl-CaCl2-U system. Thus, it is essential to get homogeneous standards for the future 

study or raster the samples using more advanced SIMS. 

2) From the two fluid inclusions analyzed, 0.06 ppm and 0.3 ppm U in the diagenetic 

fluids were estimated. Compared to U concentrations in the mineralizing fluid which can 

be up to >500 ppm (Richard et al., 2010), these values are fairly low. However, they are 

actually two and three orders higher than the average uranium concentration in seawater 

(about 0.3 ppb; Seko et al., 2002; World Nuclear Association, 2015). Thus, these original 

basinal fluids may have been enriched in U by fluid-rock interactions when they 

circulated in the basin. 

3) In addition to the problems of preparation of standards and calibration, two other 

factors limit the use of the decrepitation-SIMS method for fluid inclusions in quartz 

overgrowths. One is that large fluid inclusions are relatively rare in quartz overgrowths, 

and the other is that many of the fluid inclusions do not decrepitate easily.  

4) The above mentioned problems can be potentially solved by more experiments, 



 

280 

 

which requires relatively easy access to a SIMS facility. A more advanced SIMS system 

than the one used may also be helpful. 
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