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Abstract 

Iron and Mg isotopic composition of alteration minerals from the environs of the McArthur 

River uranium deposit Zone 4 in the Athabasca Basin are the main focus of this project. Iron 

isotopic signatures can be used to discriminate areas where significant redox reactions have 

occurred and thus, may provide indications of areas fertile for uranium mineralization. Therefore, 

this study investigates the premise that Fe isotopic values can be used to indicate how and where 

uranium ore deposition occurred. Fe has been known to play an important role as a reductant for 

U during the formation of U-deposits, acting as a reducing agent during their formation as follows:  

U6+
(aq) + 2Fe2+

(aq) + 2H2O ↔ U4+O2(uraninite) + 2Fe3+
(chlorite or hematite) + 4H+

(aq)   

Using Mg isotope ratios, this study also aims to ascertain whether δ26Mg values are useful 

in differentiating alteration minerals associated with diagenetic, hydrothermal, and retrograde 

alteration origins. 

Mineral phases that control the isotopic composition for both Fe and Mg are illite (I1, 

I1bsmt), chlorite (C1, C1bsmt, C2 and C3), and illite-chlorite mixed-layer (ICML). There is a 

minor contribution from dravite (T1) on Mg isotopic values. Both the Mg and Fe isotopic 

compositions indicate that samples above the silicified zone (up to 300m) were affected by the 

primary dispersion of the mineralizing system. The initial δ56Fe and δ26Mg values at McArthur 

River deposit are constrained based on available literature. Fe is sourced from the basement rocks 

in the McArthur River area with δ56Fe values near 0‰, similar to most igneous and metamorphic 

rocks. Magnesium is mainly sourced from evaporated seawater, with background δ26Mg values 

ranging from -2 to -0.23‰, typical of evaporates and continental crust.  

This study could become the stepping stone in exploration of unconformity related U 

deposits. The results obtained in this study support the role of Fe as a reductant for U in deposits 

in the Athabasca Basin. If δ56Fe values >0.5‰ are in fact reflecting hydrothermal alteration 

associated to the ore-stage alteration, then Fe isotopic signatures would prove useful vectors for 

mineralization. 
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Chapter 1  

General Introduction 

1.1 Overview  

The International Atomic Energy Agency (2009) defines unconformity-related uranium 

deposits as massive pods, veins, or disseminations of uraninite spatially associated with major 

unconformities separating Archean and Paleoproterozoic metamorphic basement from overlying 

Paleoproterozoic-Mesoproterozoic siliciclastic sediments. These deposits are most commonly 

found in the Athabasca Basin in Canada and the McArthur Basin in Australia. The basement 

typically records lateritic weathering to varying depths, and both basement and post-unconformity 

rocks can show alteration effects associated with mineralized zones. Uraninite is the main uranium 

mineral in both monometallic deposits and polymetallic deposits which also include variable 

amounts of Ni, Co, As, Pb and traces of Au, Pt, Cu. Amongst the 14 different known uranium 

deposit types, unconformity-related uranium deposits exhibit the highest U grades, representing 

approximately 42% of the global U production between 2006 and 2007 (Kyser and Cuney, 2008). 

A number of high-grade, large-tonnage unconformity-related uranium deposits are present in the 

Athabasca Basin including world-class deposits like Cigar Lake (135 kt U) and McArthur River 

(239 kt U), both containing ore grades exceeding 15% U (IAEA, 2009).  

This project focuses on iron (Fe) and magnesium (Mg) isotopic signatures in clay minerals 

throughout the alteration profile at the McArthur River deposit Zone 4. There is a potential use for 

Fe isotopic signatures in the exploration for unconformity-related uranium deposits because Fe is 

a possible reductant in formation of the deposits (Ligar et al., 1999; Beyer et al., 2010; Alexandre 

and Kyser 2012) and Fe isotopic fractionation is highly dependent on redox reactions. In this case, 

Fe isotopic signatures are used to discriminate areas where significant redox reactions have 

occurred and could prove fertile for uranium mineralization from those areas where these reactions 

have not occurred. Isotope fractionation is also largely temperature dependent (Galy et al., 2001 

and White, 2013) and since magnesium is only present in nature in the form of Mg2+, changes in 

its isotopic composition could prove useful in differentiating alteration minerals associated with 

the deposit from weathering, diagenetic and hydrothermal origins. 
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1.2 Athabasca Basin  

Located in Northern Saskatchewan and Alberta, the intracratonic Athabasca Basin covers 

an area of approximately 85,000 km2 (Fig. 1.1). Paleoproterozoic metasedimentary and 

metavolcanic rocks (Lewry and Sibbald, 1980; Hoffmann, 1988; Hanmer et al., 2004; Berman et 

al., 2007) overlie the Archean basement in the Rae and Hearne structural provinces, beneath the 

basin (Hoffman, 1988).  

Basement rocks include the Wollaston Group which experienced greenschist to granulite 

grade metamorphism and comprises granitoids, metavolcanic, and metasedimentary supracrustal 

rocks (Lewry and Sibbald, 1980; Hoffmann, 1988; Hanmer et al., 2004; Berman et al., 2007).  

Paleomagnetic reconstructions of the North American craton (Laurentia) place the 

Athabasca Basin at low to intermediate northerly latitudes (Pesonen et al., 2003) when basin 

formation initiated during the rapid exhumation of the Trans-Hudson Orogen ca. 1750 Ma ago 

(Kyser et al., 2000).  Basin formation continued until 1500 Ma (Ramaekers et al., 2007) and then 

migrated to low latitude positions after having migrated to intermediate to high northerly polar 

latitudes ∽150 Ma years after deposition and inversion (Pesonen et al., 2003). 

Sedimentary rocks filling the basin consist mainly of quartz-rich sandstone, minor siltstone, 

conglomerate, mudstone, and dolostone of the Athabasca Group. Raemakers and others (2001) 

through paleocurrent studies showed that the source of these sediments was primarily from the 

northeast, east, and south, reaching a maximum thickness of 5-7 km during the Mesoproterozoic 

(Pagel et al., 1980). The basin has since been uplifted and eroded to its current thickness of 1-2 km 

(Ramaekers et al., 2007). The Athabasca Group is sub-divided into four flat-lying, upward-fining, 

unconformity-bound depositional sequences (Fig. 1.1) as follows: (1) The basal Fair Point 

Formation, comprises mostly conglomerates, pebbly sandstones and sandstones. It rests 

unconformably on high-grade metamorphic rocks from the Wollaston Group, as well as on 

metasediments of the Thluicho Lake Group and the Martin Group (Raemakers, 1979). It is limited 

in extent to northwest of the Carswell Structure (Fig. 1.1). (2) The Manitou Falls Formation is 

informally sub-divided into 4 units referred to as MFa (interbedded conglomerates and 

sandstones), MFb (sandstones with interbedded conglomerates), MFc (medium to very coarse 

grained sandstones), and MFd (well-sorted quartz sandstones). The Manitou Falls Formation is the 

only formation of the Athabasca Group present in the eastern half of the Athabasca Basin (Fig. 
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1.1) (Raemakers, 1979). (3) The Lazenby Lake Formation is comprised of pebbly quartz arenite 

overlying the upper unit of the Manitou Falls Formation and the Wolverine Point Formation is 

comprised of interbedded sandstones, siltstones, mudstones, and shales containing thin 

phosphorites (Raemakers 1980). (4) Four Formations make up the fourth depositional sequence: 

The Locker Lake Formation, which consists of poorly sorted pebbly quartz arenites; the Otherside 

Formation comprising moderately to well-sorted fine- to coarse-grained quartz arenites 

(Raemakers, 1979); the Douglas Formation formed by interbedded and interlaminated very fine 

sand stones, siltstones, mudstones, and minor coarser sandstones (Amok, 1974) and finally the 

Carswell Formation comprised of dolomites largely formed by algal laminates and stromatolites 

interbedded with oolites, dolarenite, dololutite, and quartz sandstones localized near the contact 

with the Douglas Formation (Raemakers 1980). With the exception of the Carswell and Douglas 

formations, these depositional sequences are all predominantly of fluvial origin (Ramaekers et al., 

2001).  

 

Figure 1.1 Geologic map of the Athabasca Basin showing major lithological provinces and 

main fault structures beneath the basin, and the location of McArthur River deposit 

(modified after Hoffman, 1988, and Ramaekers et al., 2007). BLSZ: Black Lake Shear Zone, 

TMZ: Taltson Magmatic Zone, VRSZ: Virgin River Shear Zone. 
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1.3 Unconformity-related Uranium deposits in the Athabasca Basin 

Two different deposit types can be identified within the unconformity-related uranium 

deposit-category in the Athabasca Basin. Sandstone-hosted deposits entirely accommodate the 

mineralization above but near the unconformity within the Athabasca Group, such as the Cigar 

Lake or Maurice Bay deposits. Alternatively, the mineralization may be hosted within both the 

basement and the Athabasca Group at the unconformity like McArthur River Zone 4 (Fig. 1.2) and 

Centennial deposits (Jefferson et al., 2007). In the Athabasca Basin, unconformity-related U 

deposits are located near faults that intersect the unconformity between Archean metamorphic 

basement and the overlying sedimentary rocks of the Athabasca Group.  

In terms of mineralogy, two end members can be recognized; monometallic deposits 

contain only traces of metals other than uranium and are generally hosted in basement fractures 

and faults. Polymetallic deposits are typically hosted in sandstone and conglomerate units within 

25-50 m of the basement unconformity, and are characterized by anomalous concentrations of 

sulphide and arsenide minerals containing significant amounts of Ni, Co, Cu, Pb, Zn, and Mo 

(Jefferson et al., 2007). Both end members contain uraninite as the main ore mineral of U.  

 Sandstone hosted deposits are commonly associated with illite-kaolinite-chlorite in 

alteration halos that surround fault zones in the Athabasca Group. Basement-hosted deposits 

however, exhibit narrow alteration halos that form within the basement rocks proximal to the fault 

zones that served as mineralizing conduits. In this case, the alteration patterns consist of an inner 

illite ± sudoite halo grading outwards to a zone of sudoite ± illite and finally a zone of Fe-Mg-rich 

chlorite ± sudoite alteration (Fig. 1.3) (Quirt, 2003). 

1.4 Genetic models 

The initial model for unconformity-related uranium deposits in the Athabasca Basin by 

Hoeve and Sibbald (1978), proposed that U was released from the Athabasca Group by oxidizing 

fluids at near 200°C and transported downwards to the unconformity. These fluids produced 

diagenetic changes in their way down to the unconformity including silicification and weathering 

of mafic and heavy minerals. As these fluids reached the basement they reacted with graphite 

producing carbon-based reductants. The now reducing fluid flowed back into the Athabasca Group 

to interact with basinal fluids and reduce and precipitate U. This model has long served as the basis 

for modern day diagenetic models for unconformity-related U deposits in the Athabasca Basin. 
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Kyser et al. (2000) have also proposed a genetic model in which U is leached by oxidizing basinal 

brines from detrital minerals including monazite, uraninite, zircon, and apatite in the sedimentary 

basin (Fig. 1.2). 

An alternative model (Cuney, 2009; Derome et al., 2005; Richard et al., 2010) suggests 

that the metamorphic basement is the source of the U and that it has been released from monazite 

and other U-bearing accessory minerals by oxidizing basinal brines that infiltrated the basement.  

In sandstone-hosted deposits, oxidizing basinal fluids are mixed with reducing basement 

fluids (Fayek and Kyser, 1997) which are thought to be chemically-modified basinal fluids that 

infiltrate the basement, are chemically-modified (Cloutier et al., 2010) and then are extruded 

through faults and shear zones after the basement experiences compressive deformation (Cui et 

al., 2012) (Fig. 1.2).  

In basement-hosted deposits, basinal fluids are thought to interact with a reducing basement 

via faults and shear zones without having much contribution from basement-derived fluids 

(Alexandre et al., 2005) (Fig. 1.2).  

Reductants for U6+ are categorized into two major groups: (1) Inorganic reductants include 

Fe2+ from sulfides (Beyer et al., 2010), Fe2+ liberated from the metamorphic basement after the 

alteration of ferromagnesian minerals into chlorite and illite (Alexandre et al., 2005), Fe2+-bearing 

clay minerals (Stucki et al., 2006), and H2S from oxidation of pyrite (Cheney, 1985). (2) 

Carbonaceous reductants include graphite (Cuney, 2009), bitumen precipitated during pre- and 

syn-U mineralization (Alexandre and Kyser, 2006), and methane from the oxidation of graphite 

(Hoeve and Sibbald, 1978). The most common reductants, involved in the formation of 

unconformity-related U deposits in the Athabasca Basin are graphite and Fe2+, both of which are 

relatively weak reductants with standard reduction potentials (E0) of 0.52V and 0.77V respectively. 

Graphite is also important in the development of structures associated with unconformity-related 

U deposits. Sulfides like pyrite are a common source of Fe2+; stronger reductants include CO as 

well as the oxidation products of methane and sulphur (Alexandre and Kyser, 2012).   
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Figure 1.2 Genetic models for sandstone- and basement-hosted unconformity related U 

deposits in the Athabasca Basin showing fluid migration pathways for each deposit type 

(modified after Ng, et al., 2013). 

 

1.5 McArthur River U deposit  

Located in the southeastern corner of the Athabasca Basin, the McArthur River deposit is 

the largest and highest grade unconformity-related U deposit in the world (Jefferson et al., 2007) 

with an average ore grade of 16.46% U3O8 (14.31% U) and combined proven reserves of 385.5 
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million pounds U3O8. Routine prospecting in the 1980’s discovered radioactive boulders near the 

McArthur River deposit, which helped intensify exploration in the area until its discovery by 

surface drilling in 1988 (Bronkhorst et al., 2012). Close to being a monometallic deposit, McArthur 

River also contains minor amounts of sulphide minerals (<3%) with some Pb, Cu, Ni, Zn, Co, and 

As. Despite its size, the deposit has limited surficial geochemical expression and the spatial extent 

of hydrothermal host-rock alteration is relatively small, probably due to the extensive silicification 

above the deposit (McGill et al., 1993).  

At the McArthur River deposit the P2 structure (Fig. 1.1) controls the position of the 

deposit hosting the mineralization, both in the sandstone at zones 1, 3, 4, A, and B, and in the 

basement at zone 2 (Fig. 1.3) (McGill et al., 1993). The P2 structure consists of a linear to arcuate 

reverse fault (N45°E) that can be traced for several kilometers and it is rooted in the graphitic 

basement and Hudsonian mylonite zones over most of its length. It has been suggested that 

mineralized areas may be related to strike-slip duplexes formed during the Hudsonian and 

reactivated post-Athabasca Group (Matthews et al., 1997). 

1.5.1 Alteration and stable isotopes 

In the lower Manitou Falls Formation, an early pre-ore quartz alteration created a 200 m-

thick silicified zone at McArthur River Zone 4. This zone acts as a barrier to fluid flow limiting 

the spatial extent of late pre- and post-ore alteration and preventing the mobilization of pathfinder 

elements into overlying strata. However, this also created the perfect conditions for U 

mineralization, by localizing fluid flow into the fault zone. This silicified zone may also be the 

reason that the deposit exhibits a sharp transition from illite altered host rock to an intense chlorite 

alteration zone at approximately 10m from the ore body (Alexandre et al., 2005).  

Pre-ore alteration includes illitization of feldspar and amphibole in the basement as 

preserved in the distal alteration zone, and Mg- and Fe-rich chlorite introduced in voids created by 

this illitization. Chlorite alteration becomes more intense closer to the ore body, replacing every 

mineral present except quartz. In the proximal alteration halo, fine-grained hematite is present in 

minor amounts. Average δ18O values for pre-ore illite are 7.9 ± 0.8‰ with δ2H values that vary 

from –81 to –53‰. Pre-ore chlorite δ18O values range from 3.1 to 11.8‰ and δ2H from –134 to –

53‰ relative to V-SMOW (Alexandre, et al., 2005). Lower δ2H values indicate interaction with 

relatively recent meteoric water having low δ2H (Kotzer and Kyser, 1995) whereas higher δ2H 
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values likely represent fluids responsible for pre-ore alteration. This isotopic trend is consistent 

with the proposed basin brine origin model of Fayek and Kyser (1997) for pre- and syn-ore 

alteration in basement-hosted deposits in the Athabasca basin. Late pre-ore alteration lacks vertical 

extent due to the silicified zone above the deposit, but late pre-ore basinal fluids created laterally-

extensive alteration comprising dickite, magnesiofoitite, and sudoite. Later, meteoric waters (δ18O 

= -15.7 to -13.2‰, δ2H = -120 to -93‰ relative to V-SMOW) infiltrated fracture zones to create 

post-ore kaolinite and to partially oxidize uraninite to uranophane (Ng, 2013).  

During the main ore stage, massive uraninite formed as euhedral to subhedral crystals. 

These uraninites are commonly rimmed by and closely associated with illite. The uraninite has 

δ18O values that range from -16.9 to 7.8‰, which would indicate calculated δ18O values for a fluid 

in equilibrium with uraninite ranging from –5.5 to 19.2‰ and are interpreted to vary due to 

recrystallization as a result of reduced fluids. These values also may indicate a basin origin for 

fluids responsible for the alteration and mineralization at the McArthur River deposit (Alexandre 

et al., 2005). Uraninite from the main-ore-stage recrystallizes during the post-ore stage forming 

microscopic veins of uraninite or coffinite that cut through the ore-stage uraninite. Microscopic 

galena is also precipitated, into small voids created by alteration in ore-stage uraninite crystals by 

the release of radiogenic lead well after the deposit formed. Other minerals included in the post-

ore alteration assemblage include chlorite, dravite, and kaolinite (although rare) (Fig. 1.4). 

Using the crystal chemistry model for chlorite of Cathelineau and Nieva (1985), Ng (2013) 

estimates a range in formation temperature of ∽160°C to ∽290°C for pre-ore alteration chlorites 

at McArthur River. These chlorites, as well as late pre-ore chlorites fall within the compositional 

range of typical biotite when plotted on a molar proportion Al-Mg-Fe ternary plot (Alexandre et 

al., 2005). A summarized mineral paragenesis for alteration systems in McArthur River Zone 4 

can be found in Figure 1.4. 
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Figure 1.3 Ternary plot for chlorite minerals from McArthur River Zone 4 (modified from 

Alexandre et al., 2005). 



 

 

10 

 

 

Figure 1.4 Mineral paragenesis for the Manitou Falls Formation at McArthur River Zone 4. 

(Modified from Ng et al., 2013). 

1.6 Thesis objectives and rationale  

The Athabasca Basin currently hosts about 96% of its known uranium reserves at the 

shallow (∽500 m) eastern margin, along a small mineralized corridor. Recent discoveries 

demonstrate significant potential for deeper deposits within the basin, where conventional 

exploration techniques are not a viable option due to cost, necessitating new tools for exploration.   

Exploration has expanded beyond the present limits of the Athabasca Basin as new basement-
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hosted mineralization has been discovered. The diagnostic low-temperature alteration for these 

basement-hosted deposits is superimposed on metamorphic assemblages making it more 

challenging to find these targets, and demanding new and better exploration tools. 

Stable isotope ratios have been applied to mineral exploration since the 1950s to identify 

the origin and evolution of ore forming fluids. Tracking fluids in this way is ideal because they 

generate large alteration halos that are easier to identify than mineralogical and geochemical 

alteration (Engel et al., 1958). Non-traditional stable isotope geochemistry is a more recent 

technique that has developed since our ability to measure smaller isotope fractionations has 

improved (White, 2013). 

In the case of heavy stable isotopes, like Fe isotopes, fractionations are large in low-

temperature systems including hydrothermal fluids and chemically precipitated minerals (Johnson 

et al., 2003; Matthews et al., 2004). The most important controls on Fe isotope fractionations in 

natural, low temperature systems are oxidation state and bonding environment. Johnson and others 

(2008) found that under equilibrium conditions, aqueous Fe and minerals that contain only Fe3+ 

have higher δ56Fe values than those of mixed Fe3+-Fe2+ oxidation state. Moreover, there appears 

to be minimal fractionation of Fe isotopes in soils because the low solubility of Fe3+-bearing 

minerals produces little net Fe isotope fractionation in bulk weathering products because the loss 

of soluble Fe is insignificant (Beard et al., 2003).  

Iron is a transition metal with four stable isotopes 54Fe, 56Fe, 57Fe, and 58Fe with natural 

abundances of 5.85%, 91.74%, 2.12%, and 0.28% respectively (Cousey et al., 2009).  Most 

research is focused on the 56Fe/54Fe ratio, commonly reported in the δ notation, in units of per mil 

(‰) and relative to the reference material IRMM-014 with an isotopic composition 56Fe/54Fe = 

15.698, 57Fe/54Fe= 0.36325 and 58Fe/54Fe= 0.04823 (White, 2013):  

δiFe= {(iFe/54Fe)sample/(
iFe/54Fe)IRMM-014 - 1} x 103 

where i refers to mass 56 or 57. Typical precision at 95% confidence interval for δ56Fe is 

±0.03 (Dauphas et al., 2009). All Fe isotopic data discussed here are reported in the δ notation, in 

units of per mil (‰) and relative to IRMM-014. 

Magnesium is a mobile lithophile, fairly soluble alkaline earth element and exists in nature 

in Mg+2 valence state. It has three stable isotopes: 24Mg, 25Mg, and 26Mg with relative abundances 
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of 78.99%, 10.00%, and 11.01%, respectively (Coursey et al., 2009). Mg data is reported relative 

to the DSM-3 standard which is Mg extracted from the Dead Sea (White, 2013), in the usual δ 

notation in units of per mil (‰). 

δiMg= {(iMg/24Mg)sample/(
iMg/24Mg)DSM3 - 1} x 103 

where i refers to mass 26 or 25. Continental weathering is thought to be responsible for the 

high δ26Mg values of the upper continental crust as 24Mg is preferentially partitioned into water, 

leaving high δ26Mg in the residues. The upper continental crust is characterized by primary silicate 

minerals that contain a narrow range of δ26Mg values from -0.3 to -0.1‰ (Pogge von Strandmann 

et al., 2008; Handler et al., 2009; Bourdon et al., 2010; Li et al., 2010). On the other hand, the 

mantle exhibits even more constrained δ26Mg values of −0.25‰ ± 0.07 relative to the reference 

material DSM-3 (Dauphas et al., 2010).  

The purpose of this project is to examine the isotopic composition of Fe and Mg in the 

McArthur River deposit to determine whether these elements are helpful in understanding 

precisely how and where uranium ore deposition has occurred.  

Specific project objectives are:  

 To determine what phases are controlling the isotopic composition of Fe and Mg in 

clay minerals from the McArthur River deposit Zone 4. 

 To quantify the Fe and Mg-isotopic signatures associated with hydrothermal 

alteration/mineralization, diagenetic alteration, and weathering in the McArthur 

River deposit Zone 4. 

 To use Fe isotopic signatures to distinguish between fertile and barren alteration 

systems. 

1.7 Thesis Structure 

This thesis comprises two manuscripts, Chapters 2 and 3 representing the main body of the 

work. Chapter 4 presents conclusions from the interpretations made in Chapters 2 and 3. The 

arrangement of the chapters is as follows: 
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Chapter 2: Fe Isotopic Composition of Alteration Minerals from MacArthur River Zone 4 

Deposit, Athabasca Basin, Canada. By: Acevedo, A., and Kyser, K. (Published in: Potter, E.G., 

Wright, D.M., 2015. Targeted Geoscience Initiative 4: unconformity-related uranium systems, 

Commission géologique du Canada, Dossier public 7791, p. 61-73. and submitted to Journal of 

Exploration Geochemistry). 

Outline: Purification of Fe in clay alteration minerals from the McArthur River Zone 4 was 

achieved using anion-exchange chromatography with a prepFAST sample/standard automated 

dilution system. Purified Fe in samples were analyzed using multi-collector inductively coupled 

plasma mass spectrometry (MC-ICP-MS). Fe isotopes were used to indicate where significant 

redox reactions have occurred and revealed previously unknown processes associated with these 

redox reactions in ore deposits.   Data presented here support the role of Fe as a reductant for U in 

deposits in the Athabasca Basin. The redox population also provides an indication on the fertility 

of an alteration system, particularly along ore-hosting faults targeted during exploration. 

Chapter 3: Mg Isotopic Composition of Alteration Minerals MacArthur River Zone 4 

Deposit, Athabasca Basin, Canada. By: Acevedo, A., and Kyser, K. 

Outline: This chapter is focused on the role of Mg isotopes in the genesis of the McArthur 

River Zone 4 deposit. Mg in samples was purified using anion-exchange chromatography with a 

prepFAST sample/standard automated dilution system, then analysed for isotope ratios using 

multi-collector inductively coupled plasma mass spectrometry (MC-ICP-MS). Mg isotope ratios 

are used to distinguish hydrothermal fluids from lower temperature fluids like meteoric waters. 

Changes in the Mg isotopic composition of samples proves useful in differentiating alteration 

minerals associated with the deposit from weathering and hydrothermal origins. Backscatter 

electron (BSE) images obtained by scanning electron microscopy (SEM) were also used to 

determine that the LREEs in samples are contained in euhedral monazite crystals in the chlorite 

matrix and APS minerals present on the edges of larger illite crystals, but these do not affect either 

the Mg or Fe isotopic compositions. 

Chapter 4: Conclusions 

Outline: Concluding remarks regarding Fe and Mg isotope ratios of alteration minerals 

from the McArthur River Zone 4 deposit. This chapter summarizes how Mg and Fe isotopes 
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behave in the alteration system, including data which supports the role of Fe as a reductant for U 

in deposits in the Athabasca Basin. Different data populations were found in both Mg and Fe 

isotopic systems and are herein interpreted to represent different events during deposit genesis and 

post-ore fluid flow. Isotope ratios associated with ore-stage alteration are found up to 300m above 

the deposit. Implications for exploration and future research are also discussed in this chapter.   
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Chapter 2  

Fe Isotopic Composition of Alteration Minerals from MacArthur River Zone 4 Uranium 

Deposit, Athabasca Basin, Canada 

2.1 Abstract  

This study examines the Fe isotopic composition of alteration minerals from the McArthur 

River deposit Zone 4 and investigates the premise that Fe isotopic values can be used to indicate 

how and where uranium ore deposition occurred. Iron isotopic signatures can be used to 

discriminate areas where significant redox reactions have occurred and thus, may provide 

indications of areas fertile for uranium mineralization.  Fe plays an important role as a reducing 

agent during the formation of U-deposits, particularly Fe2+ as it is involved in reducing U as 

follows: 

U6+
(aq) + 2Fe2+

(aq) + 2H2O ↔ U4+O2(uraninite) + 2Fe3+
(chlorite or hematite) + 4H+

(aq)   

Under equilibrium conditions, aqueous Fe3+ species or minerals that contain Fe3+ have 

higher 56Fe/54Fe ratios than those with Fe2+ oxidation states. The δ56Fe values in clay mineral 

separates from both sandstone and basement rocks near the McArthur River deposit have a range 

of nearly 1.5‰. The δ56Fe values in clay separates, however, do not correlate with distance from 

the mineralization nor do they correlate with Fe3+/Fetotal, or any element other than Mg. The δ56Fe 

values can be divided into three distinct populations: (1) values representing the initial δ56Fe values 

of the system are less than 0.1‰, and are similar to average crustal values; (2) values ranging from 

0.1 to 0.4‰ represent early stages of the hydrothermal system for the McArthur River deposit, 

these background values are reflected by some illite in the sandstone and chlorite in basement 

rocks that occurs distal to faults and furthest from the system; (3) δ56Fe values greater than 0.4‰ 

result from the oxidation of Fe during reduction of U6+; these values are found in samples near the 

ore zone or in the sandstone directly above the extension of the P2 fault system. A few samples 

have very low values less than -0.06‰ and reflect post-ore fluid events in samples that are located 

near lithologic boundaries or faults, which are susceptible to overprinting by later fluids. In 

addition, a few samples show δ56Fe values greater than 0.91‰, and represent the waning stages of 

U mineralization. The Fe isotopic compositions indicate that samples above the silicified zone and 

up to 300m vertically were affected by the primary dispersion of the mineralizing system. Based 
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on these results it was determined that Fe isotopes can reveal processes associated with redox 

reactions in ore deposits, processes that have not been revealed before.  

2.2 Introduction  

Located in the eastern Athabasca Basin, the McArthur River deposit is the largest and 

highest grade unconformity-related U deposit in the world (Jefferson et al., 2007) with an average 

ore grade of 16.46% U3O8 (14.31% U) and combined proven and probable reserves of 385.5 

million pounds U3O8 (Bronkhorst et al., 2012). Close to being a monometallic deposit, McArthur 

River also contains minor amounts of sulphide minerals (<3%) containing some Pb, Cu, Ni, Zn, 

Co, and As. Despite its size, the deposit has limited surficial geochemical expression and the spatial 

extent of hydrothermal host-rock alteration is relatively small, probably due to the extensive 

silicification above the deposit (McGill et al., 1993).  

The Athabasca Basin currently hosts about 96% of its known U reserves at the shallow 

(∽500 m) eastern margin, along a relatively narrow mineralized corridor (Jefferson et al., 2007). 

There is significant potential for deeper deposits within the basin, where conventional exploration 

techniques are not a viable option due to cost and technical problems, thus requiring new 

exploration tools. Exploration has expanded beyond the present limits of the Athabasca Basin as 

new basement-hosted mineralization has been discovered (e.g. Patterson Lake South discovery; 

Armitage, 2013). The diagnostic low-temperature alteration for these basement-hosted deposits is 

superimposed on metamorphic assemblages making it more challenging to find these targets, and 

demanding new and better exploration tools. 

The stable isotopes of H, C, O and S have been applied since the 1980s to identify the 

origin and evolution of ore forming fluids in the Athabasca Basin (e.g. Wallis et al. 1983; Wilson 

and Kyser, 1987). Tracking fluids in this way is based on the premise that the fluids generate 

extensive primary dispersion alteration halos.  (Kotzer and Kyser, 1995; Kyser et al., 2000; Hiatt 

et al., 2007; Alexandre et al., 2009) Non-traditional stable isotope analysis of minerals is a more 

recent technique that has developed since our ability to measure smaller isotope fractionations has 

improved. Non-traditional isotopes that have been shown to record isotopic variations related to  

alteration and ore forming processes include light elements like Li and B, but also heavier metals 

such as Mg, Si, Ca, Cr, Cu, Fe, Zn, Se, Mo and U (Johnson et al., 2004). Elements that are redox 

sensitive and have multiple isotopes, such as Cr, Cu, Fe, Mo, Se, and U are most susceptible to 
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fractionation because the bonding environments of their various oxidation states can differ 

significantly. 

Stable isotopes of transition metals, such as Fe record significant variations in low-

temperature systems (Johnson and Beard, 2006) such as those associated with mineral weathering, 

soil formation and hydrothermal systems (Malinovsky et al., 2005; Wiederhold et al., 2007; 

Johnson et al., 2008). The most important controls on Fe isotope fractionations in low temperature 

systems are oxidation state and bonding environment. Johnson et al. (2008) found that under 

equilibrium conditions, aqueous Fe3+ species or minerals that contain Fe3+ have higher 56Fe/54Fe 

ratios than those with Fe3+ and Fe2+ oxidation states.  

The purpose of this study is to measure the Fe isotopic composition of clay alteration 

minerals from the McArthur River deposit Zone 4 (Fig. 2.1). Iron isotopes are used in this project 

to assess whether these can be used to indicate how and where uranium ore deposition occurred 

and increase exploration effectiveness. Iron isotopic signatures are to be used to discriminate areas 

where significant redox reactions have occurred and as such may provide indications of areas 

fertile for uranium mineralization.  Significant fractionation of Fe isotopes are expected because 

Fe2+ plays a role as a reducing agent (Ligar et al., 1999; Beyer et al., 2010; Alexandre and Kyser 

2012) during the formation of U-deposits as follows (Stumm and Morgan, 1996): 

U6+
(aq) + 2Fe2+

(aq) + 2H2O ↔ U4+O2(uraninite) + 2Fe3+
(chlorite or hematite) + 4H+

(aq)   
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Figure 2.1 Geology of the Athabasca Basin, northern Saskatchewan and location of the 

McArthur River Deposit (star) (modified after Hoffman, 1988; Ramaekers et al., 2007; Ng 

et al., 2013). BLSZ: Black Lake Shear Zone, TMZ: Taltson Magmatic Zone, VRSZ: Virgin 

River Shear Zone 

2.3 Geological setting  

2.3.1 Regional geology 

The late Paleozoic Athabasca Basin is mainly comprised of metasedimentary and 

metavolcanic rocks (Lewry and Sibbald, 1980; Hoffmann, 1988; Hanmer et al., 2004; Berman et 

al., 2007). The Basin is located in northern Saskatchewan and Alberta, Canada, with an 

approximate area of 85,000 km2, it overlies the Archean Rae and Hearne structural provinces 

comprise granitoids and volcano-sedimentary supracrustal rocks. These provinces are bounded to 

the west by the Taltson-Thelon Magmatic Zone (ca. 2.0 to 1.9 Ga; Berman and Bostock, 1997), to 

the southeast by the Trans-Hudson Orogen (ca. 1.91 to 1.79 Ga), and are welded by the Snowbird 

Tectonic Zone (Fig. 2.1) (ca. 1.9 Ga; Hoffman, 1988; Berman et al., 2007). 

Using paleomagnetism, Pesonen et al., (2003) reconstructed the North American craton 

(Laurentia) placing the Athabasca Basin at low to intermediate northerly latitudes at the time Basin 

had started forming during the exhumation of the Trans-Hudson Orogen (ca. 1750 Ma; Kyser et 

al., 2000). Basin formation continued until 1500 Ma (Ramaekers et al., 2007) and then migrated 
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to low latitude positions after having migrated to intermediate to high northerly polar latitudes 

∽150 Ma years after deposition and inversion (Pesonen et al., 2003). 

Basin fill consists mostly of quartz-rich sandstone with minor siltstone, conglomerate, 

mudstone, and dolostone sourced primarily from the northeast, east, and south, comprising the 

Athabasca Group (Ramaekers et al., 2001). During the Mesoproterozoic, the Athabasca Group 

reached a maximum thickness of 5-7 km (Pagel et al., 1980) and it has since then been uplifted 

and eroded to its current thickness of 1-2 km (Ramaekers et al., 2007). 

The Athabasca Group is sub-divided into four flat-lying, upward-fining, unconformity-

bound   depositional sequences (Ramaekers, 1990; Ramaekers et al., 2001, 2007). In this study we 

use the original nomenclature by Ramaekers (1990) for the Manitou Falls Formation, which 

subdivides it into four informal members (MFa, MFb, MFc, and MFd). The Manitou Falls 

Formation is the only formation of the Athabasca Group present in the eastern half of the 

Athabasca Basin (Raemakers, 1979). 

During the 1267 ± 2 Ma Mackenzie thermal event (LeCheminant and Heaman, 1989), 

northwest-striking dykes (Cumming and Kristic, 1992) intrude into the Athabasca Basin and 

underlying metamorphic basement. Tectonic activity induced multiple episodes fluid circulation 

throughout the Basin postdating the initial U mineralization causing resetting of the U-Pb isotope 

system of uraninites and alteration of U minerals (Fayek et al., 2002; Alexandre et al., 2009b; 

Cloutier et al., 2011). 

Alexandre et al., (2009b) used U-Pb dating of uraninite and 40Ar/39Ar dating of syn-ore 

illites in the Athabasca Basin to determine that the main stage of U mineralization in the Athabasca 

Basin occurred at ca. 1590 Ma. 

2.3.2 Local geology  

Located in the eastern Athabasca Basin, the McArthur River deposit is the largest and 

highest grade unconformity-related U deposit in the world (Jefferson et al., 2007) with an average 

ore grade of 16.46 % U3O8 (14.31 % U) and combined proven reserves of 385.5 million pounds 

U3O8 (Bronkhorst et al., 2012). The deposit is comprised of five sandstone-hosted ore bodies 

(Zones 1, 3, 4, A, B) and one basement-hosted ore body (Zone 2) (Fig. 2.2).  
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Close to being a monometallic deposit, McArthur River also contains minor amounts of 

sulphide minerals (<3%) containing some Pb, Cu, Ni, Zn, Co, and As. Despite its size, the deposit 

has limited surficial geochemical expression and the spatial extent of hydrothermal host-rock 

alteration is relatively small, probably due to the extensive silicification above the deposit (McGill 

et al., 1993). Ore mineralization at The McArthur River deposit is structurally-controlled by the 

NE-striking, SE-dipping P2 reverse fault (Fig. 2.2) (McGill et al., 1993). 

 

Figure 2.2 (A) Plan view of the McArthur River deposit. (B) Zone 4 deposit with 2 NW-SE 

oriented transects (Sections A and B) and one transect oriented NE-SW (Section C) and the 

drill holes sampled in this project as shown in Figure 2.5 (modified after Hoffman, 1988; 

Ramaekers et al., 2007; Ng et al., 2013). 

2.3.3 Mineral paragenesis 

Pre-ore alteration is recorded both above and below the unconformity. However, in the 

overlying Athabasca Group sandstones, early pre-ore quartz alteration created a 200 m thick 

silicified zone ca.100–200m above the unconformity that acted as a partial barrier to fluid flow. 

This silicified zone at Zone 4 limited the spatial extent of late pre- and syn-ore alteration associated 

with primary dispersion and prevented the mobilization of post-ore pathfinder elements into 

overlying strata during secondary dispersion (Ng, 2012).  

The Manitou Falls Formation consists mainly of detrital quartz with minor muscovite and 

dravite. Early diagenetic kaolinite, dickite (K1) and a layer of diagenetic Mg-chlorite (C1) in the 

overlying Athabasca Group sandstones were partially replaced by a fibrous form of C1 chlorite 

followed by spherulitic-acicular T1 tourmaline (Fig. 2.3). The K1+C1+T1 assemblage was then 
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variably replaced by diagenetic illite (I1). Incomplete replacement of C1 by I1 formed an illite-

chlorite mixed-layer (ICML) clay mineral. Furthermore, Mg- and Fe-rich chlorite (C2) was 

introduced in voids created by pre-ore alteration as illite (I1bsmt) and chlorite (C1bsmt, C2bsmt), 

which were contemporaneous with I1 alteration above the unconformity (Kotzer and Kyser, 1995). 

During the main ore stage, C3 chlorite was introduced replacing C2 locally in the ore zone and is 

differentiated by its association with sulphides and U minerals (Ng, 2012). Thus, pre-ore alteration 

in the Athabasca Group sandstones is characterized by K1, C1, T1 and then I1, which also formed 

ICML from reaction with C1. In the basement, pre-ore alteration is recorded by I1bsmt, C1bsmt 

and C2bsmt. Only C3 chlorite is paragenetically associated with uraninite with any certainty, and 

only K1 and C1 clearly pre-date the alteration associated with the U mineralizing event (Fig. 2.3). 

  

Figure 2.3 Simplified mineral paragenesis of Zone 4 of the McArthur River deposit, modified 

from Ng et al., (2013). 

2.4 Fe isotopic relationships 

The Fe isotopic composition of any phase depends on the initial isotopic composition of 

Fe(aq), which in turn depends on the Fe isotopic composition of the source and the process by which 

the Fe is mobilized. In the Athabasca Basin, the Fe2+
(aq) is sourced from basement minerals under 

slightly acidic conditions with pH of about 4.5 at 200°C (Cuney et al., 2003). Therefore, the 

isotopic composition of Fe should be near 0‰, the value of the crust (Fig. 2.4). In addition, 

solvation of the Fe in these minerals should result in higher 56Fe/54Fe ratios in basement alteration 

minerals such as C1bsmt, coupled with higher 56Fe/54Fe ratios in the fluid, depending on the 
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efficiency of the dissolution. Oxidation of the Fe2+
(aq) will result in chlorite or hematite (C2bsmt 

and C3) with the same isotopic composition as the Fe2+
(aq) if the oxidation efficiency is near 100%, 

or higher 56Fe/54Fe ratios in these minerals than in the initial Fe2+
(aq) if only a portion of the Fe2+

(aq) 

is oxidized (Fig. 2.4). The Fe2+
(aq) that then moves into the primary alteration halo away from the 

deposit and altering previously formed minerals will have similar or higher 56Fe/54Fe ratios than 

the initial Fe2+
(aq). Thus, proximal to the deposit 56Fe/54Fe ratios should be high in Fe2+-rich 

minerals involved in the reduction of U6+
(aq), even higher in Fe3+-rich alteration minerals and lower 

in the primary dispersion hydrothermal plume (Fig. 2.4). 

 

Figure 2.4 56Fe/54Fe ratios and expected δ56Fe values in the McArthur River alteration and 

mineralizing system. Minerals that record involvement in reducing the U6+ will have the 

highest 56Fe/54Fe ratios whereas those affected by hydrothermal alteration will have slightly 

higher values relative to Fe in the source. 



 

 

23 

 

2.5 Methodology 

2.5.1 Sample selection 

Fifty-six samples of clay separates (< 2 micron fractions) from 13 diamond drill holes from 

the McArthur River Zone 4 deposit (Fig. 2.5) were selected for this project as representative of the 

alteration mineralogy. These samples were also used in a previous study of the Fe speciation in 

minerals in the basin by Ng et al., (2013). The separates were characterized using X-ray diffraction 

(XRD), Short-Wave Infrared Spectroscopy (SWIR) and Electron Probe Microanalysis (EPMA) by 

Ng (2012) to determine the compositions of the samples, their modal mineralogy and their mineral 

paragenesis (Figs. 2.3 and 2.5). Their characteristics by alteration facies are shown in Table 2.1. 

These samples were not only chosen to be representative of the alteration geology, but also selected 

due to the availability of 57Fe Mössbauer spectroscopy data reported by Ng (2013). Mössbauer 

spectroscopy quantifies the oxidation state of Fe, with relative abundances of Fe3+ and Fe2+ 

expressed as the parameter Fe3+/ƩFe, where ƩFe equals the sum of Fe2+ and Fe3+. 

 
Figure 2.5 Spatial distribution of alteration minerals and sample locations (circles) within 

the Manitou Falls Formation and Wollaston Group basement at McArthur River Zone 4 

along the cross sections through the deposit shown in Figure 2.1. Abbreviations: Dkt=dickite, 

Kln=kaolinite, ICML=illite-chlorite mixed layer clay. Modified from Ng et al., (2013). 
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Table 2.1 Alteration minerals of interest and their chemical characteristics. Except for C3, 

all alteration minerals mentioned in Table 2.1 belong to the late pre-ore alteration stage. 

Modified from Ng, 2012. 
 

Alteration Mineral Characteristics 

I1 

Illite, occurs as interlocking fibrous laths 

replacing earlier mineral assemblages in the 

Athabasca Group sandstones. 

Al2O3 32.94 wt.%, FeO 0.77 wt.%, 

MgO 0.48 wt.%, K2O 8.83 wt.%, 

Fe3+/ƩFe 1.00, all Fe3+ 

I1bsmt 

Illite in the altered basement, occurs in both 

the hanging wall and footwall basement rocks 

distal to the mineralization. 

Al2O3 32.66 wt.%, FeO 1.09 wt.%, 

MgO 0.96 wt.%, K2O 9.23 wt.%, 

Fe3+/ƩFe not reported 

ICML 

Illite-chlorite mixed-layered clay mineral, 

formed by incomplete replacement of C1 by 

I1 and is spatially associated with I1. 

60% illite and 40% sudoite, Fe3+/ƩFe 

1.00, all Fe3+ 

C1 

Sudoite, di-trioctahedral chlorite with an 

octahedral occupancy of 4.63 cations per 

formula unit (O10(OH)8) 

Al2O3 31.78 wt. %, FeO 0.68 wt. %, 

MgO 10.36 wt. %, K2O 1.16 wt. %, 

Fe3+/ƩFe 0.93, mostly Fe3+ 

C1bsmt 

Trioctahedral clinochlore in the altered 

basement, with octahedral occupancy of 

about 5.8 apfu. 

Al2O3 20.63 wt. %, FeO 9.37 wt. %, 

MgO 25.77 wt. %, K2O 0.18 wt. %, 

Fe3+/ƩFe not reported 

C2 
Di-trioctahedral Mg-Fe-rich sudoite with one 

vacant octahedral site. 

Al2O3 27.28 wt. %, FeO 9.12 wt. %, 

MgO 11.65 wt. %, K2O 0.29 wt %, 

Fe3+/ƩFe 0.45, mostly Fe2+ 

C2bsmt 
Di-trioctahedral Mg-sudoite in the altered 

basement. 

Al2O3 33.52 wt. %, FeO 1.47 wt. %, 

MgO 13.20 wt. %, K2O 0.73 wt. %, 

Fe3+/ƩFe not reported 

C3 

Fe-Mg-rich sudoite with ca. 1.2 octahedral 

vacancies per formula unit and radiation 

damage caused by nearby uraninite. 

Al2O3 24.44 wt. %, FeO 15.36 wt. %, 

MgO 5.41 wt. %, K2O 0.11 wt. %, 

Fe3+/ƩFe not reported 
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2.5.2 Sample Preparation 

To ensure at least 10 μg Fe were available for isotopic measurements, 1–100 mg of sample 

was weighed into Savillex beakers. Samples were digested using a mixture of 1:4 HF and HNO3 

and placed on a hot plate at 180°C for 12 h. This process was repeated until no fluorides were 

observed in the Savillex beakers; the samples were then evaporated to dryness at 70°C and diluted 

in 10M HCl for separation of the Fe by ion chromatography. 

Purification and separation of Fe was achieved using anion-exchange chromatography in a 

hydrochloric acid media (Strelow, 1980) using a modified method from Maréchal et al. (1999) and 

an automated sample/standard dilution system from ESI called prepFAST. The AG-MP-1M resin 

was loaded into a column (1 ml), pre-cleaned with 10M HCl, 1M HCl and DI H2O (18.2 MΩ), and 

conditioned for samples with 10M HCl. The purpose of ion chromatography is to minimize two 

phenomena related to sample impurities: (1) isobaric interferences that could cause apparent mass 

independent isotopic effects as a result of ArN+, ArO+, and ArOH+ interferences on 54Fe, 56Fe, and 

57Fe (Anbar et al., 2000; Telus et al., 2012), and (2) matrix effects that change the properties of the 

plasma and result in mass dependent isotopic shifts (Barling and Weis, 2012).  

Matrix elements (e.g. Na, Mg, Al, K, Ca, Ti, Cr, Ni and Mn) were eluted in the first 5 ml 

of 10M HCl (+0.01% H2O2), leaving Fe, Co, Cu and Zn retained on the resin. This first eluted 

fraction was collected and later used to separate Mg for isotopic analyses. Copper was collected 

next using 8 ml of 5M HCl, and kept for further analysis. Iron was then collected in the following 

5ml of 1M HCl. Recovery of Fe after passing through the ion exchange columns was 100±2%, 

thus resulting in no isotopic fractionation during ion-exchange chromatography due to incomplete 

recovery (Anbar et al., 2000). 

The isotopic composition of Fe was analyzed by multi-collector inductively coupled 

plasma mass spectrometry (MC-ICP-MS) at Queen’s Facility for Isotope Research (QFIR) 

correcting for instrumental mass fractionation by standard bracketing with IRMM-014 reference 

material (Taylor et al., 1992). Iron measurements were carried out in medium mass resolution 

mode (R= 7000–8000) to resolve argon oxide (ArO) interferences (Malinovsky et al., 2003; Weyer 

and Schwieters, 2003; Schoenberg and von Blanckenburg, 2005). Iron isotope data are reported in 

the standard delta (‰) notation relative to the certified standard (IRMM14):   
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δ56Fe= {(56Fe/54Fe)sample/(
56Fe/54Fe)IRMM-014 - 1} x 103 

For internal control on isotopic results, a synthetic standard similar in chemical 

composition to C2 Sudoite (Fe: 7.1wt%, Mg: 7.0wt %) was prepared using solutions with known 

isotopic compositions of Fe and Mg. This standard was prepared via separation with the AGMP-

1M and AG50W-X12 resins, and analysed on the MC-ICP-MS (Thermo Finnigan, Neptune) with 

every 10 samples. Measured δ56Fe and δ57Fe values were monitored for QA/QC and followed a 

mass dependent relations: δ57Fe = 1.5±0.2*δ56Fe. Error is reported as 2σ and represents 2SD 

uncertainties. The internal precision of each Fe isotope analysis was typically better than 0.09‰ 

for each isotope analysis. External precision was better than ±0.03‰ in δ56Fe and ±0.07‰ δ26Mg 

based on repeat analysis of samples and in-house standards. 

Aliquots were taken from each digested sample split and analyzed by high-resolution ICP-

MS for trace elements and ICP-OES for major elements to verify the results from the XRD and to 

refine the crystal chemistry of the separates. Some samples showed anomalous values for LREE 

(Table 2.2). To verify that the host of the LREE were not in a Fe-rich minor phase that could affect 

the isotopic composition of the Fe, a set of 12 samples with high LREE content and representative 

of the alteration geology were analyzed using a FEI-MLA Quanta 650 scanning electron 

microscope (SEM).  

Table 2.2 Average concentrations of major elements and LREE for each alteration layer 

(Fig. 2.3) in clay separates at the McArthur River Deposit Zone 4. 

 

Alteration 

Layer

Major 

elements 

(wt. %)

avg. 

(n=2) ±1σ

avg. 

(n=8) ±1σ

avg. 

(n=9) ±1σ

avg. 

(n=8) ±1σ

avg. 

(n=7) ±1σ

avg. 

(n=4) ±1σ

avg. 

(n=7) ±1σ

avg. 

(n=3) ±1σ

avg. 

(n=2) ±1σ

Al 13.97 2.74 18.64 11.73 25.13 10.06 29.58 3.14 16.24 15.15 12.64 11.76 13.09 7.53 10.68 7.69 8.11 0.92

Ca 0.07 0.03 0.19 0.08 0.16 0.06 0.16 0.07 0.12 0.09 0.06 0.05 0.10 0.05 0.07 0.04 0.11 0.05

Fe 1.09 1.08 1.55 1.39 2.04 1.15 3.26 2.07 0.69 0.74 1.35 0.49 2.88 3.26 1.27 0.90 3.22 3.38

K 4.57 0.04 2.25 2.26 6.71 3.45 8.93 2.22 3.85 4.74 1.53 1.37 0.94 0.41 1.90 1.12 1.51 0.88

Mg 1.18 0.91 3.93 2.56 1.72 0.60 1.33 0.24 0.36 0.40 0.46 0.54 4.90 1.98 2.21 1.70 5.89 6.18

Na 0.09 0.05 0.43 0.39 0.05 0.03 0.12 0.07 0.03 0.04 0.07 0.09 0.11 0.08 0.03 0.02 0.04 0.02

P 0.08 0.04 0.19 0.12 0.17 0.09 0.14 0.05 0.10 0.07 0.04 0.03 0.07 0.04 0.01 0.01 0.01 0.00

Ti 0.84 0.84 0.59 0.68 0.11 0.03 0.19 0.05 0.69 0.62 0.94 0.63 0.52 0.48 0.16 0.09 0.25 0.16

Ce 55.84 15.27 257.27 77.86 70.91 111.45 6.39 4.20 131.51 134.33 14.81 5.79 117.90 52.91 16.06 17.39 15.27 12.87

Eu 0.62 0.20 2.37 0.94 1.05 1.45 0.07 0.06 0.99 0.84 0.25 0.19 0.77 0.32 0.21 0.19 0.23 0.22

Gd 3.15 0.34 11.72 2.49 5.31 6.99 0.34 0.28 3.74 3.01 0.85 0.09 3.88 1.75 0.58 0.46 1.36 1.26

La 20.16 7.32 101.86 34.22 27.59 47.34 2.17 1.29 57.46 60.07 6.23 3.27 59.96 38.58 4.07 3.20 4.90 3.84

Nd 22.56 3.35 103.48 16.66 25.43 36.32 2.77 1.74 47.80 43.97 5.12 1.09 37.90 11.54 6.46 6.61 7.47 6.36

Pr 5.66 1.34 27.56 4.71 6.78 10.11 0.67 0.42 12.60 10.76 1.36 0.39 11.96 4.55 1.69 1.72 1.78 1.49

Sm 4.07 0.08 17.86 3.44 7.22 9.83 0.50 0.40 6.51 5.39 1.53 1.07 6.32 2.97 1.06 0.95 1.60 1.43

LREE (ppm)

C2 ± C3 + I1 

+ K2

I1bsmt + 

C2bsmt

I1bsmt + 

C1bsmt

T1 + Kln (K1, 

K2) + I1 ± 

(C1, ICML)

C1 + Kln (K1, 

K2) + T1 + 

(I1, ICML)

I1 + ICML I1 I1 + Dkt (K1) T1 + I1 + K2
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2.6 Results 

2.6.1 Sample chemistry and mineralogy 

Backscatter electron (BSE) images obtained by scanning electron microscopy (SEM) 

reveal the presence of both monazite and aluminum phosphate sulphate (APS) crystals associated 

with trioctahedral chlorite and sudoite in the clay separates, similar to what was noted by Gaboreau 

et al., (2007) (Fig. 2.6). These BSE images indicate that the LREEs are contained in euhedral 

monazite crystals in the chlorite matrix and APS minerals present on the edges of larger illite 

crystals. The highest Fe contents are found in I1 and I1bsmt + C1bsmt samples, but these samples 

also contain some of the lowest concentrations of LREE, suggesting that APS minerals and 

monazite are not the main Fe-bearing minerals present in the samples. These observations are 

further supported by the lack of clear correlations between ∑LREE and Fe, indicating that the 

phosphates are not Fe-bearing (Fig. 2.7). 

 

Figure 2.6 BSE-images of sample MAC 256-325 from the Manitou Falls Formation showing 

the presecence of both (A) monazite and (B) APS minerals in a chlorite and illite matrix. 

In illite as well as di-trioctahedral and tri-trioctahedral chlorite, Fe2+ and Fe3+ can substitute 

in octahedral sites and Fe3+ into tetrahedral sites (Billault et al., 2002). Substitution of Fe3+ in the 

tetrahedral sites is rare in chlorite (Zazzi et al., 2006) but common in illite crystals (Murad and 

Wagner, 1994). The Fe content in samples containing illite correlates with K contents (Fig. 2.7), 

suggesting that the illite grains are Fe3+-rich, and therefore should have relatively high δ56Fe 

values. 
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Figure 2.7 Plot of: (A) ∑LREE versus Fe (%) contents and (B) K against Fe contents from 

clay separates used in this study showing R² ≥ 0.2. 

2.6.2 Iron Isotopes 

The δ56Fe values of clay mineral separates from both sandstone and basement rocks near 

the McArthur River deposit span a range of nearly 1.5‰ (Fig. 2.8). The δ56Fe values in the clay 

separates do not correlate with depth, nor do they correlate with Fe3+/Fetotal, or any element other 

than Mg (Fig. 2.8). 
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The gap in data points between 350–450m depth reflects the silicified sandstone above the 

deposit (Fig. 2.8). Histogram of δ56Fe values suggests the possibility of three major data 

populations (Fig. 2.9). These populations are: (1) δ56Fe values less than 0.1, (2) from 0.1 to 0.4, 

and (3) greater than 0.4‰ (Fig. 2.9). 

 

 

 
Figure 2.8 (A) δ56Fe values versus depth in meters of clay separates from McArthur River 

Deposit Zone 4. (B) Plot of Fe3+/Fetotal vs δ56Fe. (C) Mg concentration in samples vs δ56Fe, 

correlations are shown for R² ≥ 0.2. The gap in data with depth (A) reflects the silicified 

sandstone above the deposit, which is almost devoid of clay minerals. 
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Figure 2.9 (A) Histogram of δ56Fe values in samples suggesting the presence of three major 

data populations. (1) δ56Fe values less than 0.1; (2) from 0.1 to 0.4; (3) with values greater 

than 0.4 ‰. (B) Cumulative frequency plot showing δ56Fe values and the different data 

populations. Most clay types have values within all three populations. 
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2.7 Discussion 

2.7.1 Background δ56Fe values 

To understand the Fe cycle in this system using Fe isotopes as tracers, the initial δ56Fe 

value in both the basement and basin must be constrained. The isotopic composition of Fe in the 

rock record spans a total range of about 4‰, with most igneous and metamorphic rocks having 

δ56Fe values near 0‰. Based on available literature (Craddock and Dauphas, 2011 and references 

therein), the basement rocks in the McArthur River area, which are major reservoirs of Fe in the 

system, should have δ56Fe values near 0‰, (Figs. 2.4 and 2.10). Metapelitic rocks in the basement 

at McArthur River should have slightly higher δ56Fe values based on similar rocks elsewhere 

(Beard et al., 2003), but these metapelitic rocks tend to have much lower Fe contents than the more 

mafic units that make up much of the basement.  

 

Figure 2.10 Spatial distribution of various sample types having δ56Fe values of -0.06 to 0.12‰ 

representing the initial δ56Fe values of the system. 

 

2.7.2 Pre-ore alteration 

 δ56Fe values in the hydrothermal fluid from the basement should be reflected by chlorite 

in basement rocks that occurs distal to faults and furthest from the system. This is reflected in a 
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I1b+C2b sample with a δ56Fe value of 0.31‰ which occurs furthest from the ore, similar to other 

basement samples distal to the mineralization (Figs. 2.5 and 2.10). Thus, based on compilations of 

Fe isotopic compositions in the literature and in combination with the values of clay minerals from 

basement samples farthest from the ore (Fig. 2.11), the initial δ56Fe values of the system at 

McArthur River would have been slightly above 0‰, as suggested in Fig. 2.4. 

The Fe in the sandstone is hosted in diagenetic hematite that could be affected by the 

hydrothermal/mineralizing fluids. This Fe is most likely reflected in diagenetic I1+Dkt, diagenetic 

C1 chlorite and samples of early magnesiofoitite and illite (T1+I1). Although both I1+Dkt and 

T1+I1 have values of 0.12–0.39‰, those of C1 chlorite are variable and those of I1 are bimodal, 

with one group having values of 0.12–0.39‰, but the other being much higher. The higher values 

are a distinct population related to the mineralizing process discussed below. Additional exceptions 

to the restricted range of 0.12–0.39‰ are samples that are located near lithologic boundaries or 

faults, which are susceptible to overprinting by the mineralizing system or later fluids, also 

discussed below.  
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Figure 2.11 A) Spatial distribution of various sample types having δ56Fe values of 0.12–

0.39‰. Most samples are diagenetic in the sandstones or in distal alteration in the basement. 

B) Histogram of δ56Fe values for minerals that are related to diagenesis or early alteration 

of the basement. I1 and I1b+C2b have a bimodal distribution because the diagenetic minerals 

have been affected by 56Fe-rich mineralizing fluids from oxidation of the Fe in the fluid. Low 

value for one C1 sample, which is at a lithologic contact, reflects loss of 56Fe during later fluid 

interaction (Fig. 2.13). 

The pre-ore Fe has δ56Fe values between 0.12 and 0.39‰, as shown in Figure 2.11. 

Subtleties within this range relate to the effects from the three major processes revealed in this 

study as reflected by the three populations of δ56Fe values. 
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2.7.3 Fe isotopes related to the mineralizing system 

Oxidation of Fe during reduction of U6+ should result in δ56Fe values that are higher than 

the initial Fe2+ in the source (Fig. 2.4). One of the sample populations has δ56Fe values 0.39-0.91‰, 

higher than the values of 0.12–0.39‰ estimated for the pre-ore δ56Fe. Samples having high δ56Fe 

values include T1, C2+C3, a subset of I1 and a subset of I1b+C2b (Fig. 2.12). Spatially, these 

samples are near the ore zone or in the sandstone directly above the extension of the P2 fault system 

that hosts the deposit, where primary dispersion during mineralization would occur (Fig. 2.12). A 

group of samples show δ56Fe values greater than 0.91‰, representing the waning stages of U 

mineralization (Fig. 2.12). 

If high values reflect primary dispersion of the mineralizing system, these results indicate 

that I1, C1 and I1+ICML were affected above the silicified zone and up to 300m above the deposit. 

Similarly, T1 may reflect later hydrothermal alteration.  
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Figure 2.12 A) Spatial distribution of various sample types having δ56Fe values 0.39-0.91‰ 

and values >0.91‰. Most samples are proximal to the ore in the fault zone or the projection 

of the fault zone that hosts the ore. B) Histogram of δ56Fe values for minerals related to 

hydrothermal alteration or the mineralizing system. I1 samples have a bimodal distribution 

that reflects enrichment or formation from 56Fe-rich mineralizing fluids after oxidation of 

the Fe in the fluid. Lower values for one C2+C3 sample reflect loss of 56Fe during resetting 

by later fluids (Figs. 2.4 and 2.13). 

2.7.4 Resetting by later fluids 

Later fluids (i.e. groundwater, diagenetic fluids, or hydrothermal fluids) will move 

preferentially along lithologic boundaries, the unconformity and reactivated fault zones. These 

fluids would preferentially carry isotopically light Fe, as incomplete leaching from an altered 
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silicate releases isotopically light Fe into solution (Brantley et al., 2004). Samples with δ56Fe 

values less than -0.06‰ are indeed located along boundaries, the unconformity and fault zones 

suggesting that these samples have interacted with later fluids (Fig. 2.13). However, because fluid 

flow and fault reactivation are both episodic and restricted to reactivated areas, not all samples 

near faults or the unconformity have low δ56Fe values. Samples with the lowest δ56Fe values also 

have low δ2H (Fig. 2.14) values because they have interacted with relatively recent fluids having 

low δ2H (Ng et al., 2013). This would imply that other samples with higher δ56Fe values have 

interacted with fluids during much older events, including those during the waning stages of the 

mineralizing process.  

 

Figure 2.13 Spatial distribution of various sample types having δ56Fe values <0.06‰. All 

samples are related to lithologic boundaries, the unconformity or selected fault zones. The 

low values reflect interaction with later fluids (Fig. 2.4). 
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Figure 2.14 Plot of δ 2H vs δ56Fe from samples used in this study. δ2H data from Ng, 2012. 

2.8 Summary  

Histogram of δ56Fe values indicate three major populations of data, one with δ56Fe values 

less than 0.1‰, another from 0.1 to 0.4‰ and a third with values greater than 0.4‰. Most clay 

types have values within all three populations, reflecting the complexity of the Fe system.  

The most important controls on Fe isotope fractionations are oxidation state, bonding 

environment, and temperature. Significant fractionation of Fe isotopes in the McArthur River 

mineralizing system are expected because Fe2+ has been suggested as a reducing agent during the 

formation of U deposits (Ligar et al., 1999; Beyer et al., 2010; Alexandre and Kyser 2012). The 

δ56Fe values in clay mineral separates from both sandstone and basement rocks near the McArthur 

River deposit have a range of nearly 1.5. However, δ56Fe values in clay separates do not correlate 

with distance from the mineralization, Fe3+/Fetotal, or any element other than Mg, the latter 

reflecting mixing between sudoite and other minerals. Such correlations would be expected if these 

clay minerals formed from homogeneous diagenetic, hydrothermal, or mineralizing systems and 

had no later overprinting. 

Oxidation of Fe during reduction of U6+ should result in alteration minerals with higher 

δ56Fe values than the initial Fe2+ in the source of the reducing fluid. This process is reflected in the 

population of samples having δ56Fe values greater than 0.4‰. Spatially, these samples are near the 

ore zone in the basement or in the sandstone directly above the extension of the P2 fault system 

that hosts the deposit. Primary dispersion of Fe during mineralization would impart high δ56Fe 
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values on pre-existing minerals or form new minerals, such as I1, and such high values occur in 

some samples of I1, C1, I1+ICML and T1 above the silicified zone and distal to the deposit.  

Low δ56Fe values (< 0.1‰) reflect post-ore fluid events and are observed in clay separates 

located along lithologic boundaries, the unconformity between the Athabasca Group sandstones 

and the basement units, or fault zones especially near the fault zone that hosts the deposit. 

However, not all samples near faults or the unconformity have low δ56Fe values because later fluid 

events are not universally extensive, as shown by the variably reset U-Pb ages in the ore (e.g., 

Alexandre et al., 2009) and the low 207Pb/206Pb ratios in the separates near the ore zone. Samples 

with low δ56Fe values also tend to have low δ2H values because they have interacted with relatively 

recent fluids characterized by low δ2H signatures.  

In addition to Fe isotope analyses, aliquots of the dissolved samples were analyzed by high-

resolution ICP-MS for trace elements and Pb isotope ratios and major elements via ICP-OES. 

Some samples showed anomalous concentrations of LREE. Energy dispersive spectroscopy and 

BSE-imaging on the SEM reveals the presence of both monazite and APS crystals associated with 

trioctahedral chlorite and sudoite in the clay separates. The highest Fe contents are in samples with 

the lowest concentrations of LREE, suggesting that the APS minerals and the monazite do not 

contribute to the Fe isotopic compositions. There is minimal correlation between ∑LREE and Fe, 

indicating that the phosphates are not Fe-bearing. 

This study demonstrates that Fe isotopes can reveal processes associated with redox 

reactions in ore deposits. These processes have not been revealed before, only surmised, but the 

data presented here support the role of Fe as a reductant for U in deposits in the Athabasca Basin.  

The redox population also provides an indication on the fertility of an alteration system, 

particularly along ore-hosting faults targeted during exploration. 
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Chapter 3  

Mg Isotopic Composition of Alteration Minerals MacArthur River Zone 4 Deposit, 

Athabasca Basin, Canada 

3.1 Abstract  

This study examines the Mg isotopic composition of alteration minerals from the McArthur 

River Zone 4 unconformity-related deposit to ascertain whether δ26Mg values are useful in 

differentiating alteration minerals associated with diagenetic, hydrothermal, and retrograde 

alteration origins. Magnesium in clay minerals occupies structural and exchangeable sites that have 

higher and lower 26Mg/24Mg ratios than their associated fluids, respectively. The Mg in 

unconformity-related deposits is mainly sourced from evaporated seawater, with δ26Mg values at 

the McArthur River Zone 4 deposit ranging from -2 to -0.23‰, typical of evaporates and 

continental crust. The δ26Mg values of clay separates from both sandstone and basement rocks 

from the deposit span a range of nearly 6‰. Histograms of the δ26Mg values suggest there are two 

major populations: (1) δ26Mg values between -2.2 and 0.13‰ and (2) δ26Mg values between 0.13 

and 3.3‰. These populations are independent from mineral paragenesis. Few samples have δ26Mg 

values < -2.2‰, and these samples are located mainly along fault zones and affected by interaction 

with later fluids, although the structural Mg in these minerals was variably affected by later low 

temperature meteoric fluids. 

Mg isotopes can be useful in distinguishing hydrothermal fluids from lower temperature 

fluids like meteoric water, but since the different alteration minerals incorporate Mg into their 

structure in different ways and in different active sites, quantifying alteration using Mg isotopes 

should be restricted to pure mineral phases.  
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3.2  Introduction  

The McArthur River deposit located in the southeast corner of the Athabasca Basin hosts 

the world’s largest high-grade unconformity-related U deposit with an average ore grade of 

16.46% U3O8 (14.31% U) and combined proven and probable reserves of 385.5 million pounds 

U3O8 (Bronkhorst et al., 2012). With only minor amounts of sulphide minerals (<3%), the 

McArthur River deposit is close to being monometallic, having low Pb, Cu, Ni, Zn, Co, and As 

contents in the ore zone. Despite its impressive U inventory, the deposit has limited surficial 

geochemical expression. Extensive silicification above the deposit likely controlled the spatial 

extent of hydrothermal host-rock alteration, making the primary dispersion halo relatively small 

(McGill et al., 1993). 

In the Athabasca Basin, about 96% of known U reserves are hosted along a relatively 

narrow mineralized corridor at the eastern margin, much of it at approximately 500 m depth 

(Jefferson et al., 2007). Recent exploration beyond the present limits of the Athabasca Basin has 

discovered basement-hosted mineralization on the western side of the basin (e.g. Patterson Lake 

South discovery; Armitage, 2013). Nevertheless, there is significant potential for deeper deposits 

within the basin where new exploration tools are required due to cost and technical problems with 

conventional exploration techniques.  One of the main challenges in finding these targets is that 

the diagnostic low-temperature alteration for these basement-hosted deposits is superimposed on 

metamorphic assemblages. 

Tracking fluids using stable isotopes of H, C, O and S has been an exploration tool since 

the 1980s to identify the origin and evolution of ore forming fluids in the Athabasca Basin (e.g. 

Wallis et al. 1983; Wilson and Kyser, 1987), based on the premise that the fluids generate extensive 

primary dispersion alteration halos (Kotzer and Kyser, 1995; Kyser et al., 2000; Hiatt et al., 2007; 

Alexandre et al., 2009).  The arrival of new technologies and the improvement of our ability to 

measure additional isotope systems have allowed the development of new exploration tools, 

including non-traditional stable isotope analysis. Non-traditional isotopes that have been shown to 

record isotopic variations related to alteration and ore forming processes include light elements 

like Li and B, but also heavier metals such as Mg, Si, Ca, Cr, Cu, Fe, Zn, Mo, Tl, Se and U (e.g. 

Johnson et al., 2004). Elements that are redox sensitive and have multiple isotopes, such as Cr, Cu, 
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Fe, Mo, Tl, Se and U are most susceptible to fractionation because the bonding environments of 

their various oxidation states can differ significantly. 

Magnesium is a mobile lithophile element present in nature as Mg2+; it has three stable 

isotopes: 24Mg, 25Mg, and 26Mg with relative abundances of 78.99%, 10.00%, and 11.01%, 

respectively (Young and Galy, 2004). Significant isotopic variations in low-temperature systems 

including those associated with mineral weathering, soil formation and hydrothermal systems are 

recorded in the fractionation of stable isotopes of transition metals such as Mg (Pogge von 

Strandmann et al., 2008, 2012; Teng et al., 2010; Beinlich et al., 2014, Wimpenny et al., 2014). 

Although temperature is an important control on Mg isotope fractionations (White, 2013), 

partitioning of Mg between aqueous and mineral phases is such that 24Mg favours the aqueous 

phase (Li et al., 2010). The upper continental crust contains silicate minerals with a narrow range 

of δ26Mg values from -0.3 to -0.1‰ (Pogge von Strandmann et al., 2008; Handler et al., 2009; 

Bourdon et al., 2010; Li et al., 2010) while  the mantle exhibits similar δ26Mg values of −0.25‰ ± 

0.07 relative to the reference material DSM-3 (Dauphas et al., 2010). These values are likely 

similar to the initial values of the basement rocks prior to mineralization within the Athabasca 

Basin. 

The purpose of this study is to determine the Mg isotopic composition of clay minerals 

from the McArthur River deposit Zone 4 (Fig. 3.1) to ascertain if Mg isotopes add information to 

the genesis of unconformity-related U deposits and whether Mg isotopes can be used to indicate 

the location of mineralization. Since Mg is not a redox sensitive element, the isotopic composition 

of Mg in alteration minerals depends strongly on the balance between the relative proportions of 

structural and exchangeable Mg (Wimpenny et al., 2014), the isotopic composition of the fluids 

that have affected the clays minerals, and temperature. Hence, changes in the isotopic composition 

of samples could prove useful in differentiating alteration minerals associated with weathering, 

diagenetic and hydrothermal processes.  

3.3 Geological setting  

3.3.1 Regional geology 

The Proterozoic Athabasca Basin is mainly comprised of metasedimentary and 

metavolcanic rocks (Lewry and Sibbald, 1980; Hoffmann, 1988; Hanmer et al., 2004; Berman et 

al., 2007). The Basin is located in northern Saskatchewan and Alberta, Canada, with an 
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approximate area of 85,000 km2. It overlies the Archean Rae and Hearne structural provinces, 

which comprise granitoids and volcano-sedimentary supracrustal rocks. These provinces are 

bounded to the west by the Taltson-Thelon Magmatic Zone (ca. 2.0 to 1.9 Ga; Berman and 

Bostock, 1997), to the southeast by the Trans-Hudson Orogen (ca. 1.91 to 1.79 Ga), and are welded 

by the Snowbird Tectonic Zone (Fig. 3.1) (ca. 1.9 Ga; Hoffman, 1988; Berman et al., 2007). 

 

Figure 3.1 Geology of the Athabasca Basin (Northern Saskatchewan) and location of the 

McArthur River Deposit (star) (modified from Hoffman, 1988; Ramaekers et al., 2007; Ng 

et al., 2013). 

Reconstruction of the North American craton as Laurentia  using paleomagnetism (Pesonen 

et al., 2003) places the Athabasca Basin at low to intermediate northerly latitudes during the 

exhumation of the Trans-Hudson Orogen at ca. 1750 Ma (Kyser et al., 2000) during the early 

stages of basin formation. Basin formation continued until 1500 Ma (Ramaekers et al., 2007) at 

which time the basin migrated to low latitude positions after having migrated to intermediate/high 

northerly polar latitudes ∽150 My after deposition and inversion (Pesonen et al., 2003).  Resetting 

of the U-Pb isotope systems of uraninites and alteration of U minerals was caused by tectonic 

activity, which induced multiple episodes of fluid circulation in the basin that postdated the initial 

U mineralization at 1590 Ma (Fayek et al., 2002; Alexandre et al., 2009b; Cloutier et al., 2011). 

During the 1267 ± 2 Ma Mackenzie thermal event (LeCheminant and Heaman, 1989), northwest-
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striking dykes (Cumming and Kristic, 1992) intruded into the Athabasca Basin and underlying 

metamorphic basement.  

The Athabasca Group sediments make up the basin fill and consist mainly of quartz-rich 

sandstone with minor siltstone, conglomerate, mudstone, and dolostone primarily sourced from 

the northeast, east, and south (Ramaekers et al., 2001). The Athabasca Group reached a maximum 

thickness of 5-7 km during the Mesoproterozoic (Pagel et al., 1980) and has since been uplifted 

and eroded to its current thickness of 1-2 km (Ramaekers et al., 2007). Ramaekers (1990) and 

subsequently Ramaekers et al. (2001, 2007) sub-divided the Athabasca Group into four flat-lying, 

upward-fining, unconformity-bounded depositional sequences in ascending order: the basal Fair 

Point Formation; the Read, Smart, Manitou Falls, and Reilly Lake Formations, the Lazenby Lake 

and Wolverine Point Formations; and the Locker Lake, Otherside, Douglas, and Carswell 

Formations (Fig. 3.1). The Manitou Falls Formation is the only formation of the Athabasca Group 

present in the eastern half of the Athabasca Basin (Ramaekers, 1979). In this study, we use the 

original nomenclature by Ramaekers (1990) for the Manitou Falls Formation, who subdivides it 

into four informal members (MFa, MFb, MFc, and MFd).  

3.3.2 Local geology  

The McArthur River deposit has limited surficial geochemical expression and the spatial 

extent of hydrothermal host-rock alteration is relatively small, likely due to the extensive 

silicification of the Manitou Falls Formation about 200m above the deposit (McGill et al., 1993). 

The McArthur River deposit is close to being monometallic with some Pb, Cu, Ni, Zn, Co, and As 

contained in sulphide minerals (<3%). Ore mineralization is structurally-controlled by the NE-

striking, SE-dipping P2 reverse fault (Fig. 3.2) (McGill et al., 1993).  Five sandstone-hosted ore 

bodies (Zones 1, 3, 4, A, B) and one basement-hosted ore body (Zone 2) comprise the McArthur 

River deposit (Fig. 3.2).  
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Figure 3.2 (A) Plan view of the McArthur River deposit. (B) Zone 4 deposit with two NW-

SE oriented transects (Sections A and B) and a NE-SW oriented transect (Section C), as well 

as the drill holes as shown in other figures (modified from Ng et al., 2013).  

3.3.3 Origin of fluids and the source of Mg in the McArthur River deposit  

In this study we use the terms diagenesis stage and hydrothermal stage as defined in 

previous studies (Wilson and Kyser, 1987; Kotzer and Kyser, 1995; Thomas et al., 1998; Jefferson 

et al., 2007; Kyser and Cuney, 2008). These studies define the diagenesis stage as regional 

background alteration associated with burial of the Manitou Falls Formation that affected the 

majority of the Athabasca Basin. The hydrothermal stage is defined as local alteration events 

associated with the mineralizing system. 

Both the basin and the basement have been proposed as sources for the U that generated 

the deposit. In the genetic model that proposes the basement as the source, U is considered to have 

been leached from monazite and other U-bearing accessory minerals by oxidizing basinal brines 

that infiltrated the metamorphic basement (Hecht and Cuney, 2000; Derome et al., 2005; Richard 

et al., 2010). In the basinal source model, U is proposed to be sourced primarily from alteration of 

detrital minerals in the basin, such as monazite, uraninite, zircon, apatite and clay minerals by 

oxidizing diagenetic basinal brines (Kyser et al., 2000). The reducing fluid that caused U 

deposition originated from basinal fluids becoming reducing and chemically-modified via 

interaction with the basement lithologies (Cloutier et al., 2010; Ng, 2012). Post-ore fluids are 

interpreted to be related to meteoric water incursions in faults and fractures since the Cretaceous 

(Kotzer and Kyser, 1995; and Alexandre et al., 2005). 
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The Mg is proposed to originate from the basement lithologies and brought to the alteration 

haloes by hydrothermal fluids resulting from the mixing of basinal and basement fluids (Kotzer 

and Kyser, 1995; Cloutier et al., 2010). However, Mercadier et al. (2012) suggest that Mg may 

have also originated from evaporated seawater as a basinal brine. 

3.3.4 Mineral paragenesis 

Over the McArthur River Zone 4 deposit, early pre-ore quartz cementation created a 200 

m thick silicified zone approximately 100–200m above the unconformity in the Athabasca Group 

sandstones. This silicified zone acted as a partial barrier to fluid flow, limiting the spatial extent 

of late pre- and syn-ore alteration associated with primary dispersion of mineralizing fluids and 

also preventing the mobilization of post-ore pathfinder elements into overlying strata during 

secondary dispersion (Ng, 2012). However, this silicification also created the perfect conditions 

for U mineralization by localizing fluid flow into the fault zone (Alexandre et al., 2005). 

The Manitou Falls Formation consists mainly of detrital quartz with minor muscovite, 

dickite and trace dravite. Early diagenetic kaolin (K1) and a layer of diagenetic Mg-chlorite (C1) 

in the overlying Athabasca Group sandstones were partially replaced by a fibrous form of C1 

chlorite followed by spherulitic-acicular T1 tourmaline (Fig. 3.3). The K1+C1+T1 assemblage was 

then variably replaced by illite (I1). Incomplete replacement of C1 by I1 formed an illite-chlorite 

mixed-layer (ICML) clay mineral. Mg- and Fe-rich chlorite (C2) was introduced in voids created 

by pre-ore alteration illite (I1bsmt) and chlorite (C1bsmt, C2bsmt), which were contemporaneous 

with I1 alteration above the unconformity (Kotzer and Kyser, 1995). During the main ore stage, 

C3 chlorite was introduced replacing C2 locally in the ore zone and is differentiated by its 

association with sulphides and U minerals (Ng, 2012). Thus, pre-ore alteration in the Athabasca 

Group sandstones is characterized by K1, C1, T1 and then I1, which also formed ICML from 

reaction with C1. In the basement, pre-ore alteration is recorded by I1bsmt, C1bsmt and C2bsmt. 

Only C3 chlorite is paragenetically associated with uraninite with any certainty, and only the 

timing of K1 and C1 clearly pre-date the alteration associated with the U mineralizing event (Fig. 

3.3). 
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Figure 3.3 Simplified mineral paragenesis of Zone 4 of the McArthur River deposit (Ng et 

al., 2013). 

3.3.5 Mg isotopic relationships and clay minerals  

Mg-bearing evaporites are highly soluble minerals, and their Mg isotopic composition 

ranges from -1 to -2‰, depending on evaporation rates and the influx of fresh water into the system 

(Li et al., 2011). When forming secondary minerals such as clay minerals, Mg can be incorporated 

into two different sites: (1) the octahedral sheet by chemical bonding, referred to as structural Mg, 

and (2) the interlayer and surface sites by electrostatic interactions, termed exchangeable Mg. 

These two pools make up the bulk Mg content of a clay mineral, but structural Mg usually accounts 

for most of the Mg in chlorite and more than 80% of the total Mg in illite due to isomorphic 

exchange of Mg2+ for Al3+ in the octahedral layer (Drever, 1988; Appelo and Postma, 2005; 

Wimpenny et al., 2014). The isotopic composition of clay minerals depends strongly on a balance 

between the relative proportions of structural and exchangeable Mg. Clay minerals preferentially 

take up 26Mg into their structural layers, leaving a 24Mg-rich residual fluid (Tipper et al., 2006, 

2012a, b; Opfergelt et al., 2012; Wimpenny et al., 2014). Furthermore, Wimpenny et al. (2014) 

found that 26Mg is preferentially taken up into the structural layers of clay minerals during their 

formation, whereas exchangeable Mg is 26Mg-poor relative to the bulk clay. 

Partial replacement of Mg in minerals during diagenesis or hydrothermal alteration results 

in 26Mg enrichment in the solid phase (Fig. 3.4), meaning that diagenetic and early hydrothermal 
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alteration minerals should have δ26Mg values greater than average crustal and evaporated seawater 

values (-2 to -0.23‰) that are assumed to be the initial values of the minerals in the system. As 

hydrothermal alteration progresses, new Mg-bearing minerals should record variable but higher 

δ26Mg values than the initial range of values, provided no new source of Mg is introduced to the 

system.   

Based on studies of secondary silicate minerals from weathering processes, meteoric fluids 

are 26Mg-poor (Tipper et al., 2006, 2012a,b; Brenot et al., 2008; Teng et al., 2010; Opfergelt et al., 

2012; Huang et al., 2012;). Low δ26Mg values in clay samples from the Athabasca Basin can be 

attributed to 24Mg bonded to active surfaces on clay minerals during interaction with late meteoric 

waters. When exchangeable Mg is >30% and the isotopic composition of the exchangeable Mg is 

approximately -2‰, δ26Mg values <-0.5‰ for bulk samples are expected. Minerals like illite and 

brucite will preferentially adsorb 24Mg into the interlayer and surface sites so that the δ26Mg of the 

exchangeable fraction is more than 1.5‰ lower than the δ26Mg of the structural Mg (Opfergelt et 

al., 2012; Wimpenny et al., 2014). These effects on background clay minerals in the basin are 

shown in Figure 3.4. 
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Figure 3.4 δ26Mg values of diagenetic and hydrothermal alteration minerals expected in the 

McArthur River alteration and mineralizing system. 

3.4 Methodology 

3.4.1 Sample selection 

Fifty-six samples of clay separates (< 2 micron fractions) from 13 diamond drill holes from 

the McArthur River Zone 4 deposit (Fig. 3.5) were selected for this project as representative of the 

alteration mineralogy. Mineral paragenesis and modal mineralogy were determined using thin 

section petrography. The separates were characterized using X-ray diffraction (XRD), Short-Wave 

Infrared Spectroscopy (SWIR) and Electron Micro Probe Analysis (EMPA) by Ng (2012) to 

determine their compositions (Figs. 3.3 and 3.5). Their characteristics by alteration facies are 

shown in Table 3.1.  
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Figure 3.5 Spatial distribution of alteration minerals and sample locations (circles) within 

the Manitou Falls Formation and Wollaston Group basement at McArthur River Zone 4 

along the cross sections through the deposit shown in Figure 3.2. Abbreviations are after Fig. 

3.3 and K=dickite/kaolinite, ICML=illite-chlorite mixed layer clay. Modified from Ng et al. 

(2013). 
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Table 3.1 Alteration minerals of interest and their chemical characteristics. With the 

exception of C3, all alteration minerals in Table 3.1 belong to the late pre-ore alteration stage. 

Modified from Ng, 2012. 

Alteration Mineral Characteristics 

I1 

Illite, occurs as interlocking fibrous laths 

replacing earlier mineral assemblages in the 

Athabasca Group sandstones. 

Al2O3 32.94 wt.%, FeO 0.77 wt.%, MgO 

0.48 wt.%, K2O 8.83 wt.% 

I1bsmt 

Illite in the altered basement, occurs in both the 

hanging wall and footwall basement rocks distal 

to the mineralization. 

Al2O3 32.66 wt.%, FeO 1.09 wt.%, MgO 

0.96 wt.%, K2O 9.23 wt.% 

ICML 

Illite-chlorite mixed-layered clay mineral, formed 

by incomplete replacement of C1 by I1 and is 

spatially associated with I1. 

60% illite and 40% sudoite  

C1 

Sudoite, di-trioctahedral chlorite with an 

octahedral occupancy of 4.63 cations per formula 

unit (O10(OH)8) 

Al2O3 31.78 wt. %, FeO 0.68 wt. %, MgO 

10.36 wt. %, K2O 1.16 wt. % 

C1bsmt 
Trioctahedral clinochlore in the altered basement, 

with octahedral occupancy of about 5.8 apfu. 

Al2O3 20.63 wt. %, FeO 9.37 wt. %, MgO 

25.77 wt. %, K2O 0.18 wt. % 

C2 
Di-trioctahedral Mg-Fe-rich sudoite with one 

vacant octahedral site. 

Al2O3 27.28 wt. %, FeO 9.12 wt. %, MgO 

11.65 wt. %, K2O 0.29 wt % 

C2bsmt 
Di-trioctahedral Mg-sudoite in the altered 

basement. 

Al2O3 33.52 wt. %, FeO 1.47 wt. %, MgO 

13.20 wt. %, K2O 0.73 wt. % 

C3 

Fe-Mg-rich sudoite with ca. 1.2 octahedral 

vacancies per formula unit and Fe/(Fe+Mg) ratios 

ranging from 0.44 to 0.77. 

Al2O3 24.44 wt. %, FeO 15.36 wt. %, MgO 

5.41 wt. %, K2O 0.11 wt. % 

T1 
Its composition corresponds to the highly alkali-

deficient tourmaline, magnesiofoitite 

7.5 wt.% MgO and 35.1 wt.% Al2O3, with 

low contents of Na2O and FeO 
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3.4.2 Sample Preparation 

At least 15μg of Mg was used for isotopic measurements from each sample. To obtain this 

amount of Mg, 1–100 mg of sample was weighed into Savillex beakers, digested using a mixture 

of 1:4 HF and HNO3 on a hot plate at 180°C for 12 h. This process was repeated until no fluorides 

were observed. Samples were then evaporated to dryness at 70°C, diluted in 0.4M HCl and loaded 

into a 250 μl column containing AG50W-X12 resin. Purification of Mg was achieved using a 

prepFAST sample/standard automated dilution system with a modified method from Wombacher 

et al. (2009). Resin was pre-cleaned with 0.4M HCl, 0.15M HF, 1M HCl, and conditioned for 

samples with 0.4M HCl. Purification of Mg is important as it eliminates the matrix effect and the 

possible introduction of isotopic biases of up to 0.5‰, being most sensitive to the presence of Ca, 

K, Zn, Al, and Na (Young and Galy, 2004). Recovery of Mg during ion chromatography was >99% 

(Galy et al. 2003; Chang et al. 2003). 

Samples were analysed in low resolution mode (R= 300-600) by the standard bracketing 

method using a MC-ICP-MS and data are reported in standard delta notation (‰) relative to DSM3 

(Galy et al., 2003):  

δ26Mg= {(26Mg/24Mg)sample/(
26Mg/24Mg)DSM3 - 1} x 103 

For internal control on isotopic results, a synthetic standard similar in chemical 

composition to C2 Sudoite (Fe: 7.1wt%, Mg: 7.0wt %) was prepared using solutions with known 

isotopic compositions of Fe and Mg. This standard was prepared using the same separation 

procedure as the samples, and analysed with every 10 samples. Measured δ25Mg and δ26Mg values 

were monitored for QA/QC and followed a mass dependent relation: δ25Mg = 0.521*δ26Mg 

(Young et al., 2002). The internal precision of each Mg isotope analysis was typically better than 

0.05‰ (2σ). External precision was better than ±0.07‰ in δ26Mg based on repeat analysis of 

samples and in-house standards. 

Aliquots from each digested sample split were taken and analyzed by high-resolution ICP-

MS for trace elements, and by ICP-OES for major elements to verify the results from the XRD 

and to refine the crystal chemistry of the separates. Some samples showed anomalous values for 

LREEs (Table 3.2). To verify that the host of the LREEs was not in an Mg-rich minor phase that 

could affect the isotopic composition of Mg, a set of 12 samples with high LREE contents and 
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representative of the alteration geology were analyzed using an FEI-MLA Quanta 650 scanning 

electron microscope (SEM).  

Table 3.2 Average concentrations of major elements and LREE for each alteration layer 

(Fig. 3.3) in clay separates from the McArthur River Deposit Zone 4.   

 

3.5 Results 

3.5.1 Sample chemistry and mineralogy 

The highest Mg contents are in C1, ICML, and C2±C3 samples, but these samples also 

contain some of the highest concentrations of LREE (Fig. 3.6). The Mg contents of the separates 

trends with REE and K contents (Fig. 3.6). Backscatter electron (BSE) images reveal the presence 

of both very minor monazite and aluminum phosphate sulphate (APS) crystals associated with 

trioctahedral chlorite and sudoite in the clay separates, similar to what was noted by Gaboreau et 

al., (2007) (Fig. 3.7). These BSE images indicate that the LREEs are contained in euhedral 

monazite crystals in the chlorite matrix and APS minerals present on the peripheries of larger illite 

crystals. Although the highest δ26Mg values are mainly associated with the highest Mg contents, 

results suggest that APS minerals and monazite are at best a very minor source of Mg present in 

the samples.  

Alteration 

Layer

Major 

elements 

(wt. %)

avg. 

(n=2) ±1σ

avg. 

(n=8) ±1σ

avg. 

(n=9) ±1σ

avg. 

(n=8) ±1σ

avg. 

(n=7) ±1σ

avg. 

(n=4) ±1σ

avg. 

(n=7) ±1σ

avg. 

(n=3) ±1σ

avg. 

(n=2) ±1σ

Al 13.97 2.74 18.64 11.73 25.13 10.06 29.58 3.14 16.24 15.15 12.64 11.76 13.09 7.53 10.68 7.69 8.11 0.92

Ca 0.07 0.03 0.19 0.08 0.16 0.06 0.16 0.07 0.12 0.09 0.06 0.05 0.10 0.05 0.07 0.04 0.11 0.05

Fe 1.09 1.08 1.55 1.39 2.04 1.15 3.26 2.07 0.69 0.74 1.35 0.49 2.88 3.26 1.27 0.90 3.22 3.38

K 4.57 0.04 2.25 2.26 6.71 3.45 8.93 2.22 3.85 4.74 1.53 1.37 0.94 0.41 1.90 1.12 1.51 0.88

Mg 1.18 0.91 3.93 2.56 1.72 0.60 1.33 0.24 0.36 0.40 0.46 0.54 4.90 1.98 2.21 1.70 5.89 6.18

Na 0.09 0.05 0.43 0.39 0.05 0.03 0.12 0.07 0.03 0.04 0.07 0.09 0.11 0.08 0.03 0.02 0.04 0.02

P 0.08 0.04 0.19 0.12 0.17 0.09 0.14 0.05 0.10 0.07 0.04 0.03 0.07 0.04 0.01 0.01 0.01 0.00

Ti 0.84 0.84 0.59 0.68 0.11 0.03 0.19 0.05 0.69 0.62 0.94 0.63 0.52 0.48 0.16 0.09 0.25 0.16

Ce 55.84 15.27 257.27 77.86 70.91 111.45 6.39 4.20 131.51 134.33 14.81 5.79 117.90 52.91 16.06 17.39 15.27 12.87

Eu 0.62 0.20 2.37 0.94 1.05 1.45 0.07 0.06 0.99 0.84 0.25 0.19 0.77 0.32 0.21 0.19 0.23 0.22

Gd 3.15 0.34 11.72 2.49 5.31 6.99 0.34 0.28 3.74 3.01 0.85 0.09 3.88 1.75 0.58 0.46 1.36 1.26

La 20.16 7.32 101.86 34.22 27.59 47.34 2.17 1.29 57.46 60.07 6.23 3.27 59.96 38.58 4.07 3.20 4.90 3.84

Nd 22.56 3.35 103.48 16.66 25.43 36.32 2.77 1.74 47.80 43.97 5.12 1.09 37.90 11.54 6.46 6.61 7.47 6.36

Pr 5.66 1.34 27.56 4.71 6.78 10.11 0.67 0.42 12.60 10.76 1.36 0.39 11.96 4.55 1.69 1.72 1.78 1.49

Sm 4.07 0.08 17.86 3.44 7.22 9.83 0.50 0.40 6.51 5.39 1.53 1.07 6.32 2.97 1.06 0.95 1.60 1.43

LREE (ppm)

C2 ± C3 + I1 

+ K2

I1bsmt + 

C2bsmt

I1bsmt + 

C1bsmt

T1 + Kln (K1, 

K2) + I1 ± 

(C1, ICML)

C1 + Kln (K1, 

K2) + T1 + 

(I1, ICML)

I1 + ICML I1 I1 + Dkt (K1) T1 + I1 + K2
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Figure 3.6 (A) Plot of Mg (%) versus K (%) content in samples showing different positive 

correlations. (B) Plot of Mg (%) versus ∑LREE contents. (C) Mg (%) versus δ26Mg values 

of samples showing that the highest δ26Mg values have high Mg contents. Correlations are 

shown for R² ≥ 0.2. 

 

 

Figure 3.7 BSE-images of sample MAC 256-325 from the Manitou Falls Formation showing 

the presecence of both (A) monazite and (B) APS minerals in a chlorite and illite matrix. 
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3.5.2 Magnesium Isotopes 

The δ26Mg values of clay mineral separates from both sandstone and basement rocks near 

the McArthur River deposit span a significant range of nearly 6‰. The δ26Mg values in the clay 

separates correlate with LREE and Mg contents (Fig. 3.6); however, δ26Mg isotopic values do not 

correlate with depth (Fig. 3.8) or proximity to the mineralization. 

The majority of δ26Mg values are between 0 to 2‰, with a small proportion falling below 

-1.5‰ or above 2‰ (Fig. 3.9). The gap in data points between 350–450m depth (Fig. 3.8) reflects 

the silicified sandstone above the deposit where there is a dearth of clay minerals. Histogram of 

the δ26Mg values suggests there are possibly two populations of data, one with δ26Mg values 

between -2.2 and 0.13‰ and a second population with values ranging from 0.13 to 3.3 (Fig. 3.9). 

These potential populations are independent of mineral paragenesis. 

 

 
Figure 3.8 δ26Mg values versus depth of clay separates from McArthur River Deposit Zone 

4. The gap in data with depth reflects the silicified sandstone above the deposit, which is 

almost devoid of clay minerals.  
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Figure 3.9 Histogram of Mg isotopic compositions of alteration minerals at McArthur River 

Zone 4, showing two possible populations of data. 

3.6 Discussion 

3.6.1 Background δ26Mg values 

To understand the Mg cycle in this system using Mg isotopes as tracers, the initial δ26Mg 

value must be constrained. The isotopic composition of Mg in the rock record spans a total range 

of about 6‰ with values for evaporites, the major source of Mg in the fluids in the Athabasca 

Basin (Mercadier et al., 2012), ranging from -2 to -1, similar to the values for the basement rocks, 

a minor additional source of Mg (Pogge von Strandmann et al., 2008; Handler et al., 2009; Bourdon 

et al., 2010; Li et al., 2010; Li et al; 2011). Thus, background values for the system would fall 

between -2 to -0.23‰, such as sample MAC240-344 in the Manitou Falls Formation sandstone 

with a δ26Mg value of -1.36‰ and comprised of 100% I1 (Fig. 3.10). These values are represented 

by samples occurring above the silicified zone, as well as in the metamorphic basement (Fig. 3.10) 

and are dominated by I1, including I1+Dkt, I1+ICML, I1, and I1bsmt+C1bsmt (Fig. 3.3). Detrital 

tourmaline (T0) present in the Manitou Falls Formation is minor and does not represent a major 

source of Mg (Mercadier et al., 2012). These results are consistent with basinal brines as the major 

fluid in the McArthur River deposit as proposed by several previous studies (Wilson and Kyser, 

1987; Kotzer and Kyser, 1995; Fayek and Kyser, 1997; Kyser et al., 2000; Cui et al., 2012).     
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Figure 3.10 Spatial distribution of background δ26Mg values for various sample types. 

Background values are found mostly above the silicified zone.  

3.6.2  Pre-ore alteration 

The δ26Mg values in hydrothermal fluids should be reflected by Mg-bearing minerals 

peripheral to the mineralizing system. Hydrothermal Mg is found in samples containing early 

magnesiofoitite (T1), illite (I1), and C1 and C1bsmt (Table 3.1). Hydrothermal fluids scavenge Mg 

from existing minerals, with 26Mg being preferentially taken up into the structural layers of the 

hydrothermal clay minerals during their formation (Tipper et al., 2006, 2012a,b; Opfergelt et al., 

2012; Wimpenny et al., 2014). Minerals formed from hydrothermal fluids following diagenesis 

show a normal distribution (Fig. 3.9) with δ26Mg values between 0.13 and 3.3‰. The relatively 

wide range in δ26Mg values is attributed to the presence of different Mg-bearing phases and their 

relative abundances in samples, and a balance between structural and exchangeable Mg in clay 

minerals (Wimpenny et al., 2014).  

3.6.3 Mg isotopes related to the mineralizing system 

The only Mg bearing mineral introduced during the ore stage is C3 chlorite, but C3 is 

commonly found associated with C2 and I1 (Ng, 2012). δ26Mg values of samples from the C2+C3 
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alteration layer fall within the range of 0.13 to 3.3‰ (Fig. 3.11). Their isotopic values are higher 

than background values because of the loss of 24Mg scavenged from alteration minerals formed 

during the ore stage. Spatially, the C2+C3 samples are near the ore zone (Fig. 3.11). Samples 

representing all alteration assemblages fall within this range (Fig. 3.12).  

 
Figure 3.11 Spatial distribution for samples with δ26Mg values ranging from 0.13 to 3.30‰. 

Red boxes represent δ26Mg values for samples from the C2+C3 alteration layer, C3 is the 

only Mg-bearing mineral introduced during the ore stage. 
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Figure 3.12 Cumulative frequency plot for δ26Mg values of samples from the McArthur 

River uranium deposit. All alteration layers are represented in the two possible populations 

of data (Fig. 3.9). Black lines represent the divisions into the two populations. 

3.6.4 Resetting by later fluids 

Later fluids (i.e. meteoric water) will move preferentially along lithological boundaries, 

the unconformity and reactivated fault zones. Based on studies of secondary silicate minerals in 

bulk soils, weathering profiles and suspended sediment in river waters, late fluids preferentially 

carry isotopically light Mg (Tipper et al., 2006, 2012a,b; Brenot et al., 2008; Teng et al., 2010; 

Opfergelt et al., 2012; Huang et al., 2012). Samples with δ26Mg values less than -2‰ are indeed 

located along fault zones, suggesting that these samples have interacted with later fluids               

(Fig. 3.13). However, because fluid flow and fault reactivation are both episodic and restricted to 

reactivated areas, not all samples near faults record low values.  

Low δ26Mg values can be attributed to preferential incorporation of 24Mg in later fluids 

from exchangeable sites. In clay minerals where exchangeable Mg is >30% and the isotopic 

composition of the exchangeable Mg is approximately -2‰, δ26Mg values of <-0.5‰ in bulk 

sample are expected. Clay minerals like illite will preferentially adsorb 24Mg into the interlayer 

and surface sites and in all cases δ26Mg of the exchangeable fraction is more than 1.5‰ lower than 

the δ26Mg of the residue (Opfergelt et al., 2012; Wimpenny et al., 2014). These low δ26Mg values 

likely represent the effects from later fluids that preferentially leached exchangeable Mg with low 

δ26Mg values. 
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Figure 3.13 Spatial distribution for samples related to post-ore fluids with δ26Mg <-2‰. 

Values are related to lithological boundaries, the unconformity and the extension of fault 

zones. 

3.7 Summary  

A combination of structural and exchangeable Mg make up the bulk Mg content of the clay 

minerals. The isotopic composition is controlled by site occupancy in clay minerals, and 

abundances of minerals in each sample.   

Background values for δ26Mg in both the basin and the basement are within the range of 

isotopic values from seawater evaporation and continental crust (-2 to -0.23‰ δ26Mg). 

Hydrothermal alteration is reflected in samples from both the basin and basement with δ26Mg 

values between 0.13 and 3.30‰. The range in values of hydrothermal alteration minerals reflects 

differences in clay mineral formation and abundances of minerals in the samples. Samples with 

low δ26Mg (<-2‰) are found along fault zones suggesting that these samples have interacted with 

later fluids. Alteration minerals formed at ca. 150°-250°C have structural Mg that would not be 

affected by later low temperature meteoric fluids so that low δ26Mg values represent formation 

from later fluid circulation that had preferentially leached exchangeable Mg with low δ26Mg. 
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This study demonstrates that Mg isotopes can be useful in distinguishing hydrothermal 

fluids from lower temperature fluids like meteoric waters. The biggest challenge in differentiating 

the origin of fluids is working with a mixture of minerals, since different minerals incorporate Mg 

into their structure in different ways and in different active sites. As such, quantifying alteration 

using Mg isotopes should be restricted to pure mineral phases.  
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Chapter 4  

Conclusions 

4.1 Phases controlling the isotopic composition of Fe and Mg 

Mineral paragenesis for the McArthur River deposit reveals the presence of different 

phases associated with basin diagenesis and hydrothermal alteration, which have the potential to 

reflect the Fe and Mg isotopic signatures of the fluids involved in the evolution of the deposit. 

These phases include diagenetic minerals like tourmaline (T0) and hydrothermal minerals 

including illite (I1, I1bsmt), chlorite (C1, C1bsmt, C2 and C3), illite-chlorite mixed-layer (ICML), 

dravite (T1), and APS.  The highest Fe contents are found in samples dominated by I1 and C1bsmt 

(Appendix C), which also contain some of the lowest concentrations of LREEs, suggesting that 

APS minerals and monazite are not the main Fe-bearing minerals present in the samples. These 

observations are further supported by the lack of correlation between ∑LREE and Fe. Based on 

backscatter electron (BSE) images obtained by scanning electron microscopy (SEM), mineral 

phases that control the Fe isotopic composition are C1, C1bsmt, C2, C3, ICML, I1, and I1bsmt. 

However, APS and T1 do not influence Fe isotopic compositions. 

The highest Mg and LREE contents are both found in C1, ICML, and C2±C3 samples. 

However, as with Fe, APS minerals and monazite do not contribute to the Mg isotopic 

compositions. Magnesium isotopic compositions of alteration minerals are reflected in the δ26Mg 

values of C1, C1bsmt, C2, C3, ICML, I1, and I1bsmt; in this case, there is a minor isotopic 

contribution from T1. Nevertheless, since Mg is present in nature as Mg2+, the isotopic 

composition of samples is largely controlled by temperature, mineral structure, and the 

composition of the fluid rather than redox reactions.  

4.2 Alteration fluids 

Derome et al. (2003) and Kister et al. (2005) propose that the pressure-temperature 

conditions in the Athabasca Basin increased from 120°C and 800 bars to 180°C and 1250 bars 

during prograde basin diagenesis followed by a decrease to 150°C and 600 bars during the 

mineralization stage at McArthur River. Early pre-ore alteration fluids at McArthur River Zone 4 

were oxidizing basinal fluids with temperatures of 160–235°C, as indicated by the formation 
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temperature of early Mg-sudoite and illite and the predominance of octahedral Fe3+ in their 

structure (Ng, 2012). 

Iron isotopes: Based on previous studies (Craddock and Dauphas, 2011 and references 

therein) and the premise that Fe is sourced from the metamorphic basement (Alexandre et al., 

2005), the δ56Fe value of Fe in the background Athabasca Basin system is near 0‰. δ56Fe values 

of the initial hydrothermal alteration in both the sandstone and the basement are slightly higher 

than background values, as reflected by an I1b+C2b sample that occurs distal to faults and furthest 

from the system with a δ56Fe value of 0.31‰. Oxidation of Fe during reduction of U6+ results in 

higher δ56Fe values than the initial hydrothermal alteration, as represented by a population of 

samples with δ56Fe values between 0.39 and 0.91‰, located near the ore zone and in the sandstone 

directly above the extension of the P2 fault system. Low δ56Fe values (< 0.06‰) reflect post-ore 

fluid events as these low-temperature oxidizing fluids preferentially carry isotopically light Fe. 

Low δ56Fe values are observed along lithologic boundaries, the unconformity and fault zones 

especially near faults hosting the deposit. Samples with low δ56Fe values also exhibit low δ2H 

values because they have interacted with relatively recent fluids characterized by low δ2H.   

Magnesium isotopes: At the McArthur River deposit, Mg originated primarily from 

dissolution of marine evaporates (Mercadier et al., 2012). Background δ26Mg values at the 

McArthur River deposit fall within the range of crustal and evaporated seawater values (-2 to             

-0.23‰). These values are best represented by sample MAC240-344 with a δ26Mg value of                 

-1.36‰, comprising 100% I1. Hydrothermal alteration is reflected by higher δ26Mg than 

background values as light Mg is preferentially leached from existing minerals and is recorded in 

samples from both the basin and basement with isotopic compositions between 0.13 and 3.3‰. 

The range in isotopic values reflect differences in the way clay minerals formed, their chemical 

structure and most importantly in this case, Mg-bearing mineral abundances in the samples. C3 is 

the only Mg-bearing alteration mineral introduced during the ore stage, and it is commonly found 

associated with C2 and I1 (Ng, 2012), δ26Mg values of samples from the C2+C3 alteration layer 

fall within the range of 0.13 to 3.3‰. Late fluids preferentially carry isotopically light Mg and 

samples with δ26Mg values less than -2‰ are located along fault zones suggesting that these 

samples have interacted with later fluids. Clay minerals like illite and brucite layers in clay 

minerals will preferentially adsorb 24Mg into the interlayer and surface sites, such that δ26Mg of 
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the exchangeable fraction is more than 1.5‰ lower than the δ26Mg of the residue (Opfergelt et al., 

2012; Wimpenny et al., 2014). Alteration minerals formed at ca. 150°-235°C, so that structural 

Mg in these minerals would not be affected by later low temperature meteoric fluids. Therefore, 

low δ26Mg values should represent later fluid circulation that preferentially leached exchangeable 

Mg with low δ26Mg values. The evolution of both Fe and Mg isotopic systems is summarized in 

Fig. 4.1. 

 

Figure 4.1. Genetic model for McArthur River uranium deposit showing the evolution of 

both Fe and Mg isotopic systems at the different alteration stages.  
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Magnesium and Fe in the McArthur River deposit have different origins, with Mg being 

sourced from evaporites within the basin and Fe from the metamorphic basement. Despite having 

different origins, their isotopic systems correlate to one another as shown in Fig. 4.2.   

 

Figure 4.2 Plot of δ26Mg vs. δ56Fe from alteration layers that show correlations with R² ≥ 

0.15. Samples from the C2+C3 alteration layer show positive correlation and samples from 

the I1 and T1+I1 alteration layers show negative correlations. 

In samples from alteration layers where I1 is the main alteration mineral (I1, T1+I1) Fe 

and Mg isotopic systems show a negative correlation, and in the C2+C3 and I1+ICML alteration 

layers the correlation is positive. The C2+C3 alteration layer contains the only Fe- and Mg-bearing 

mineral introduced to the system during the mineralizing stage the C3 chlorite. As shown in chapter 

2, there is a positive correlation between Fe isotopes and Mg content in samples which partially 

explains the correlation between both isotopic systems as the highest δ26Mg values are also 

associated with high Mg contents.  

As proposed by Billault et al., (2002), Fe can be substituted by Mg in chlorites associated 

with unconformity-related U deposits as follows:  

1) Fe2+ ↔ structural Mg2+ 

2) Fe2+ + Fe3+ + □ (vacancy) ↔ 3 structural Mg2+ 



 

 

66 

 

These substitutions also explain the correlations between Fe and Mg isotopic systems; 

however, they can also cause overprinting of isotopic values of both systems at different stages of 

hydrothermal alteration. Basinal oxidizing fluids carrying Mg as a product of the dissolution of 

evaporites produced diagenetic changes as they traveled towards the unconformity, including 

extensive silicification. These fluids became reducing and chemically-modified via interaction 

with basement lithologies (Cloutier et al., 2010; Ng, 2012), where they scavenged Fe from mafic 

minerals. This is when both Fe and Mg are present in the same fluid. The factors that determine 

how Fe and Mg are incorporated into clays and other alteration minerals differ for each element.  

As a result, the isotopic values of a sample likely reflect the characteristics of the individual 

bonding and adsorption mechanisms for each alteration mineral rather than the fluid itself.    

4.3 Fe isotopes and U mineralization 

Oxidation of Fe during reduction of U6+ results in alteration minerals with higher δ56Fe 

(0.39 to 0.91‰) values than the initial Fe2+ (~0‰) in the reducing fluid. Spatially, these samples 

are near the ore zone in the basement or in the sandstone directly above the extension of the P2 

fault system that hosts the deposit. Low Fe3+/ΣFe ratios are measured for late pre-ore chlorite near 

the faulted unconformities indicating the availability of mobile Fe2+. This Fe2+ may have been 

liberated from the pre-ore alteration of ferromagnesian metamorphic minerals in the basement 

(Komninou and Sverjensky, 1996; Alexandre et al., 2005) or transported by reducing basement-

derived fluids.  

In theory, minerals that mainly contain Fe3+ have higher 56Fe/54Fe ratios than those with 

both Fe3+ and Fe2+ oxidation states (Johnson et al., 2008). Data presented in Chapter 2 reveals that 

there is no correlation between Fe3+/ΣFe and 56Fe/54Fe ratios; however, these data also demonstrate 

that Fe isotopes can reveal processes associated with redox reactions in ore deposits, supporting 

the role of Fe as a reductant for U in the Athabasca Basin.  The redox population also provides an 

indication of the fertility of an alteration system as noted by Ng (2012), particularly along ore-

hosting faults targeted during exploration.   

4.4 Silicified zone 

The 200 metre-thick silicified zone at McArthur River formed during early basin 

diagenesis (Hiatt et al., 2007). The zone acted as a partial barrier to fluid flow preventing the 
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mobilization of post-ore radiogenic Pb and U pathfinder elements into overlying strata during 

secondary dispersion and limiting the spatial extent of late pre- and syn-ore alteration. The 

silicified zone confined the leachable pathfinder elements (Mo, Pb, Cu, Zn, Ni, Co, V, As) to 

sandstones within 50–75 m from the ore. Mg-Fe-bearing reducing fluids generated by basinal 

fluids interacting with basement rocks were thought to be restricted to the sandstones 50 m above 

and 100 m laterally from the faulted unconformity. Stable isotope ratios of δ26Mg (0.13 to 3.30‰) 

and δ56Fe (0.39 to 0.91‰) shown in Chapters 2 and 3, reveal that these Mg-Fe-bearing fluids  

travelled up to 300m above the unconformity during pre- and syn-ore alteration. 

4.5 Implications for exploration 

If high δ56Fe values (0.39-0.91‰) do indeed represent ore stage alteration, then Fe isotopes 

would be useful for discriminating where significant redox reactions have occurred and as such 

may provide an indication of areas suitable for uranium mineralization. Despite the fact that 

samples in this study record a hydrothermal alteration overprinting associated with ore 

mineralization at the McArthur River deposit, Mg is not involved in the genesis of unconformity 

type deposits. Mg isotopic signatures are therefore not useful vectors for U mineralization. 

4.6 Future research 

 Although isotopic signatures of both Fe and Mg associated with pre-ore 

hydrothermal alteration, ore-stage alteration, and later retrograde fluids were 

identified, these values were measured in samples containing multiple mineral 

phases. Further research on pure mineral phases from the Athabasca Basin could 

be used to reinforce results obtained in this study. 

 

 Isotopic measurements of Fe and Mg systems in barren areas would prove helpful 

in restricting the range of isotopic values associated with the different processes 

that lead to the genesis of unconformity type uranium deposits. 

 

 Fe and Mg isotopic measurements of exchangeable Fe and Mg in clay minerals 

could help identify the nature of the latest fluid interaction event, which could help 

further refine the genetic model of unconformity type uranium deposits and fluid 

migration during every stage of deposit formation, including post-alteration fluids.   
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Appendix A 

Modal abundance of alteration minerals in samples used in this project                    

(from Ng, 2012) 

Clay Separate 
Sample 

Alteration 
Layer 

% 
dravite 

% 
illite 

% 
ICML 

% 
sudoite 

% 
clinochlore 

% 
kaolinite 

% 
dickite 

% 
quartz 

% 
APS 

Others 

MAC222            

MAC222-197 C1 52 17  18  11  3   

MAC222-249 I1+ICML 3 70 20   1  7   

MAC222-509 C2+C3 2 6  51  43     

MAC232            

MAC232-339 I1+Dkt  83     17    

MAC232-408 I1+Dkt  15     83 2   

MAC233            

MAC233-315 I1  100         

MAC233-516 C2+C3  15  83    2   

MAC233-580 I1b+C2b  71  10  11  8   

MAC233-593 I1b+C2b  89  3    8   

MAC233-612 I1b+C1b  9   91      

MAC236            

MAC236-256 I1+ICML 3 68 28   1     

MAC236-368 I1+Dkt 1 15    2 82    

MAC236-435 I1+Dkt  41     55 4   

MAC236-531 T1+I1 2 2    95     

MAC238            

MAC238-199 C1 56 19  10  11  3   

MAC238-287 I1+ICML 2 90      8 trace  

MAC238-311 I1  100         

MAC238-339 I1+Dkt  83     17    

MAC238-505 T1+I1 5 39    47  9   

MAC238-523 C2+C3 4 26   66 3     

MAC238-604 I1+C2b  88   4 8     

MAC240            

MAC240-197 C1 31 11  37  20     

MAC240-267 I1+ICML 3 60 37        

MAC240-344 I1  100         

MAC240-560 C2+C3 9 39  52       

MAC241            

MAC241-265 I1+ICML 3 72 25        

MAC241-295 I1+ICML  66 33 2       

MAC241-333 I1  100         
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MAC241-569 C2+C3 5 26   60 8     

MAC244            

Sample 
Alteration 

Layer 

% 

dravite 

% 

illite 

% 

ICML 

% 

sudoite 

% 

clinochlore 

% 

kaolinite 

% 

dickite 

% 

quartz 

% 

APS 
Others 

MAC244-128 T1 5 39 40 16       

MAC244-269 I1  100         

MAC244-464 T1+I1  79    16 5    

MAC244-569 C2+C3 6 33   55 6     

MAC244-581 I1+C2b  61   39      

MAC244-603 I1+C2b  34   62 4     

MAC246            

MAC246-209 C1 16 34 37  12      

MAC246-300 I1+ICML  67 32 1       

MAC246-320 I1 3 100         

MAC246-354 I1  100         

MAC246-545 T1+I1 1 79  9  11     

MAC251            

MAC251-252 C1 10 11  26 52      

MAC251-452 I1+Dkt  23     75 2   

MAC252            

MAC252-215 C1    35 65      

MAC252-260 C1 31 trace  47  19  3   

MAC255            

MAC255-128 T1 5 40 48 7       

MAC255-220 C1 5 70  6 14 6     

MAC255-253 I1+ICML 2 63 27   1  7   

MAC255-504 C2+C3 1 25  54 14 7     

MAC255-517 I1b+C2b 4 52  39    5   

MAC255-553 I1b+C2b 6 40  50    3   

MAC256            

MAC256-287 I1+ICML 3 67 29        

MAC256-325 I1  100         

MAC256-456 I1+Dkt  21     76 3   

MAC256-533 I1b+C1b  66   31     
3 

graphite 

 

Note: Data from Ng (2012)   
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Appendix B 

Pb isotopic ratios and selected trace element concentrations of samples from McArthur River Zone 4 

Sample 
Pb206/ 
Pb204 

Pb207/ 
Pb204 

Pb207/ 
Pb206 

U238/ 
Pb206 

U Pb Cu Zn Th Ni Co V Mn As Y P Zr 

ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 

MAC222-197 0.00 0.00 0.00 0.00 33.9 137.2 169.6 39.4 90.7 48.7 2.5 220.3 17.8 19.0 25.2 2346.1 881.6 

MAC222-249 30.11 16.52 0.55 0.19 28.9 17.2 18.1 24.6 48.8 8.1 0.3 51.4 21.2 9.7 12.2 1399.8 143.1 

MAC222-509 25.33 16.57 0.65 0.81 429.7 104.0 92.2 78.8 78.8 289.9 52.6 634.1 53.5 16.0 20.7 556.1 279.8 

MAC232-339 777.46 18.20 0.02 0.47 18.4 60.2 89.8 104.9 42.0 6.2 1.1 152.3 36.4 23.7 3.3 1877.0 1112.7 

MAC232-408 20.56 15.29 0.74 0.66 16.7 35.6 57.5 34.9 82.9 0.9 0.1 191.8 5.1 5.8 6.7 879.8 250.0 

MAC233-315 20.84 15.57 0.75 1.18 30.7 12.8 74.5 32.0 1.8 13.8 1.2 100.0 72.5 16.7 0.3 1598.9 911.5 

MAC233-516 75.90 18.50 0.24 0.79 22.2 32.4 9.1 20.3 5.8 20.6 4.5 36.3 49.4 <QL 10.2 1257.2 61.1 

MAC233-580 23.78 16.00 0.67 0.17 6.5 4.2 15.6 23.8 2.6 11.3 0.6 82.6 31.2 0.5 7.1 84.2 68.8 

MAC233-593 19.33 15.61 0.81 1.74 1.0 7.0 15.7 8.5 3.1 3.0 0.8 126.4 2.4 0.1 0.5 38.2 38.7 

MAC233-612 28.69 16.57 0.58 0.12 1.7 2.3 13.4 26.2 14.3 43.3 17.7 178.5 32.3 2.8 6.0 158.4 21.2 

MAC236-256 68.44 19.54 0.29 0.40 50.9 33.5 47.8 40.8 151.4 26.9 1.0 122.4 40.1 15.5 17.9 1846.0 1231.2 

MAC236-368 28.72 16.82 0.59 0.12 14.3 68.9 364.0 92.2 23.1 9.2 1.5 712.9 14.9 22.3 0.4 2016.7 1077.5 

MAC236-435 22.52 15.55 0.69 0.24 37.3 35.6 33.0 13.6 29.1 1.5 0.3 163.4 2.2 12.7 5.3 696.8 751.8 

MAC236-531 475.18 30.22 0.06 0.52 164.1 107.7 44.1 97.5 40.8 12.9 27.0 421.1 18.0 4.6 15.8 245.6 163.8 

MAC238-199 19.58 15.99 0.82 1.36 46.9 85.3 166.8 36.2 286.5 38.2 4.2 403.8 16.1 17.9 17.6 2696.5 1709.0 

MAC238-287 29.12 17.15 0.59 0.44 26.0 49.4 94.1 38.6 10.3 20.8 0.9 133.0 15.3 30.2 0.4 2677.4 461.2 

MAC238-311 20.07 16.19 0.81 0.43 116.5 41.7 109.9 62.1 41.4 15.7 1.6 143.1 27.9 35.1 13.0 1795.8 1685.8 

MAC238-339 29.69 17.11 0.58 0.09 7.6 14.3 19.4 10.0 12.2 2.4 0.4 80.8 3.8 8.3 0.9 654.8 215.7 

MAC238-505 24.66 16.36 0.66 0.45 342.6 175.2 78.1 53.4 36.6 23.0 7.3 743.1 10.2 14.9 3.5 759.7 262.5 

MAC238-523 76.43 18.52 0.24 0.28 29.6 30.7 2740.2 14.8 1.6 33.3 25.8 391.3 17.2 30.4 10.9 833.2 27.2 

MAC238-604 1769.12 20.26 0.01 0.80 0.9 5.1 26.4 65.5 2.8 49.5 11.7 394.4 33.0 1.2 2.8 623.8 53.2 

MAC240-197 27.04 18.00 0.67 1.44 47.1 141.0 181.5 67.6 108.1 135.4 6.1 260.2 33.2 26.0 15.8 4119.5 866.4 

MAC240-267 23.21 17.37 0.75 0.52 52.8 31.1 118.3 32.8 36.2 26.9 0.8 161.6 23.0 25.0 3.3 1598.3 531.6 

MAC240-344 47.13 17.94 0.38 0.31 29.6 35.3 128.1 44.9 5.1 7.3 0.7 95.7 10.0 12.7 0.6 1386.1 1176.5 

MAC240-560 21.41 16.08 0.75 0.24 47.3 30.1 166.7 42.3 47.7 76.3 18.1 172.2 37.6 8.4 8.1 647.0 422.2 

MAC241-265 31.70 15.77 0.50 0.22 18.3 30.4 35.0 41.4 52.7 32.6 1.2 196.5 16.7 21.9 1.2 2928.3 1552.5 

MAC241-295 25.55 15.83 0.62 0.51 16.5 12.5 21.8 17.0 20.1 22.4 0.7 86.9 11.0 9.1 0.8 707.8 342.5 

MAC241-333 26.83 15.95 0.59 0.19 72.3 29.1 89.3 44.9 12.8 17.7 2.2 237.9 32.3 30.7 0.5 2154.3 1749.5 

MAC241-569 23.76 16.28 0.69 0.07 34.1 34.1 79.2 20.5 43.4 203.2 26.0 639.1 15.1 1.0 9.0 262.2 155.9 

MAC244-128 243.73 17.28 0.07 0.86 45.6 46.0 45.9 31.4 47.6 27.6 1.1 66.6 16.7 9.4 6.9 1037.6 552.6 

MAC244-269 26.94 16.55 0.61 0.18 17.5 29.2 45.8 27.8 8.1 14.9 0.5 217.6 10.1 30.8 0.4 1533.7 439.5 

MAC244-464 28.66 16.68 0.58 0.41 13.0 10.0 186.3 39.6 3.8 2.8 0.3 576.6 5.8 2.5 1.6 156.2 231.9 

MAC244-569 22.51 15.16 0.67 0.35 107.3 25.8 77.6 38.3 121.9 75.9 15.2 229.9 11.8 1.6 10.6 361.8 250.1 

MAC244-581 86.81 16.90 0.19 0.12 1.1 5.6 17.4 10.6 2.6 36.0 1.3 77.7 4.2 1.3 10.7 193.5 187.2 

MAC244-603 20.40 16.06 0.79 1.22 3.9 6.1 34.4 70.2 11.0 134.5 22.6 220.8 19.1 0.7 16.0 196.3 34.5 
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MAC246-209 22.29 16.04 0.72 0.36 17.3 47.4 47.3 25.4 59.8 23.8 0.8 41.8 5.4 6.4 14.1 1097.8 300.3 

MAC246-300 21.03 17.57 0.84 0.34 19.1 16.6 34.9 37.4 119.2 22.9 1.5 46.0 77.9 7.1 5.3 770.5 1081.1 

Sample 
Pb206/ 
Pb204 

Pb207/ 
Pb204 

Pb207/ 
Pb206 

U238/ 
Pb206 

U Pb Cu Zn Th Ni Co V Mn As Y P Zr 

ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 

MAC246-320 33.44 17.03 0.51 0.20 24.6 17.0 73.6 34.7 46.6 11.4 0.7 62.4 8.1 15.3 0.8 867.0 544.0 

MAC246-354 22.49 16.18 0.72 0.14 5.8 18.7 102.3 33.6 1.0 11.1 1.9 139.9 9.9 12.0 <DL 983.4 530.4 

MAC246-545 25.16 16.33 0.65 0.73 2.3 8.8 90.7 13.7 1.8 4.5 0.4 392.9 31.3 0.9 1.4 295.3 81.4 

MAC251-252 21.26 16.35 0.77 0.75 8.4 13.3 29.5 68.3 31.9 35.1 1.4 52.1 35.4 6.6 5.1 432.0 108.5 

MAC251-452 19.38 15.42 0.80 0.24 21.3 18.6 7.9 10.0 23.5 0.6 0.2 19.3 4.1 0.8 3.8 274.1 150.2 

MAC252-215 23.87 16.92 0.71 0.27 72.1 72.7 99.5 57.8 199.7 42.2 1.3 106.8 15.9 25.2 31.2 1802.3 914.9 

MAC252-260 31.15 19.82 0.64 1.01 13.3 65.3 15.0 20.9 197.8 20.7 1.3 256.1 4.2 6.7 14.3 1661.1 <DL 

MAC255-128 24.58 15.75 0.64 0.49 5.6 9.2 22.2 11.2 16.0 3.4 0.3 543.9 2.9 4.0 4.5 497.9 132.2 

MAC255-220 172.32 17.42 0.10 0.87 33.6 45.5 81.6 23.4 83.0 63.8 10.5 425.2 6.9 20.5 7.3 950.6 210.2 

MAC255-253 18.55 14.88 0.80 0.13 43.9 33.8 21.3 42.2 146.0 9.4 0.3 74.8 14.9 11.2 16.8 2362.7 210.0 

MAC255-504 32.64 18.14 0.56 0.15 119.9 83.6 174.9 137.1 71.0 116.1 2.4 380.8 34.8 55.6 3.2 5870.5 5241.0 

MAC255-517 961.96 16.92 0.02 31.35 2.7 36.4 16.8 11.7 9.5 13.2 3.2 42.3 15.9 2.0 1.0 194.9 <DL 

MAC255-553 815.15 20.68 0.03 4.61 12.8 27.9 5.3 6.7 10.3 20.9 1.8 89.3 12.1 1.1 1.6 104.9 <DL 

MAC256-287 27.32 15.89 0.58 0.40 13.7 14.8 17.4 16.7 4.1 4.8 0.5 71.3 4.3 3.2 0.2 728.0 269.4 

MAC256-325 27.32 15.89 0.58 0.40 13.7 14.8 17.4 16.7 4.1 4.8 0.5 71.3 4.3 3.2 0.2 728.0 269.4 

MAC256-456 18.84 14.81 0.79 0.91 55.9 114.3 137.3 56.6 52.9 5.2 0.4 247.8 8.4 4.6 12.9 799.8 368.8 

MAC256-533 24.20 15.81 0.65 0.77 1.5 3.9 32.7 18.8 1.9 6.2 2.0 67.5 20.5 0.1 3.3 97.2 113.1 
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Appendix C 

Major elements and LREE concentrations of samples from McArthur River Zone 4 

Sample 
Al Ca Fe K Mg Na Ti  La Ce Pr Nd Sm 

% % % % % % %  ppm ppm ppm ppm ppm 

MAC222-197 37.16 0.26 1.51 1.46 8.36 0.61 0.79  593 591 388 282 140 

MAC222-249 33.40 0.14 1.76 10.49 1.64 0.10 0.20  585 529 324 228 117 

MAC222-509 2.82 0.02 0.67 2.14 0.11 0.01 0.22  98 124 107 89 50 

MAC232-339 32.59 0.27 1.66 10.97 1.14 0.06 0.15  98 114 82 63 29 

MAC232-408 9.27 0.06 2.68 1.53 2.72 0.14 0.18  745 654 348 285 98 

MAC233-315 41.83 0.22 4.03 13.97 1.63 0.07 0.17  3 3 2 2 <DL 

MAC233-516 8.76 0.07 5.61 0.89 10.26 0.05 0.36  188 172 137 107 62 

MAC233-580 12.04 0.05 0.33 4.54 0.54 0.13 1.44  41 43 33 25 14 

MAC233-593 11.92 0.06 1.38 0.62 1.82 0.06 0.96  15 12 9 6 3 

MAC233-612 4.21 0.03 1.95 1.55 0.16 0.01 0.91  122 96 69 47 19 

MAC236-256 3.63 0.01 1.02 0.99 0.04 0.01 1.58  221 249 167 126 72 

MAC236-368 41.98 0.24 2.63 10.27 2.85 0.25 0.25  24 28 21 17 9 

MAC236-435 18.07 0.09 1.92 5.20 1.41 0.04 0.08  225 180 155 100 39 

MAC236-531 25.96 0.10 0.72 5.63 1.40 0.03 0.12  130 93 59 40 21 

MAC238-199 16.26 0.20 1.05 3.51 0.86 0.04 0.10  295 327 232 179 94 

MAC238-287 11.90 0.07 0.84 1.27 3.94 0.08 0.46  16 18 13 10 6 

MAC238-311 28.80 0.24 3.16 10.33 1.19 0.18 0.16  85 100 69 58 42 

MAC238-339 25.17 0.21 7.19 9.74 0.96 0.19 0.47  31 36 27 21 12 

MAC238-505 25.96 0.10 0.72 5.63 1.40 0.03 0.12  39 30 20 14 8 

MAC238-523 23.42 0.19 1.85 7.77 2.05 0.10 0.11  567 279 153 91 28 

MAC238-604 3.65 0.05 0.18 1.06 0.07 0.01 0.11  35 49 36 31 20 

MAC240-197 28.07 0.16 4.33 1.04 6.65 0.11 0.15  367 447 313 247 133 

MAC240-267 13.04 0.05 0.90 3.15 3.03 0.04 0.07  55 69 47 38 23 

MAC240-344 17.34 0.10 0.61 4.79 0.52 0.04 0.08  12 16 9 8 5 

MAC240-560 34.86 0.17 2.00 5.83 0.79 0.10 1.64  368 336 223 156 71 

MAC241-265 12.34 0.07 1.59 1.80 5.39 0.07 0.29  14 15 11 9 5 

MAC241-295 11.28 0.09 0.37 2.09 2.13 0.11 0.06  9 10 8 7 4 

MAC241-333 28.80 0.08 1.55 3.39 1.23 0.20 1.16  9 9 7 6 3 

MAC241-569 1.93 0.03 0.19 0.62 0.03 0.01 0.47  181 138 91 59 23 

MAC244-128 4.12 0.06 0.80 0.86 1.38 0.02 0.09  64 75 53 45 28 

MAC244-269 11.90 0.09 1.34 0.78 4.86 0.14 0.92  15 19 13 11 6 

MAC244-464 4.75 0.11 0.26 1.08 0.15 <DL 1.42  29 31 15 11 6 

MAC244-569 13.91 0.12 0.88 0.17 0.40 0.05 0.09  265 223 158 110 49 

MAC244-581 24.77 0.18 3.85 6.54 3.88 0.11 0.06  146 104 83 64 34 

MAC244-603 7.24 0.17 0.22 0.34 1.83 0.05 0.11  101 74 60 42 21 

MAC246-209 38.98 0.29 1.46 13.37 0.99 0.09 0.37  450 461 291 209 103 

MAC246-300 18.50 0.13 1.18 5.06 1.89 0.04 0.11  32 40 32 26 18 

MAC246-320 23.59 0.13 3.08 9.62 2.62 0.39 0.95  16 17 13 10 7 

MAC246-354 93.92 0.31 3.40 4.95 26.71 0.95 0.65  2 2 1 1 <DL 

MAC246-545 7.47 0.15 0.82 2.14 1.51 0.03 0.13  12 13 11 9 7 

MAC251-252 12.15 0.12 0.13 0.19 0.01 <DL 0.72  194 193 111 79 38 

MAC251-452 9.91 0.04 0.75 0.49 4.95 0.04 1.43  193 151 105 69 31 

MAC252-215 30.21 0.15 4.14 9.46 1.51 0.12 0.22  479 483 309 231 126 

MAC252-260 7.47 0.16 0.60 0.55 2.96 <DL 0.14  632 552 362 259 156 

MAC255-128 3.43 0.04 0.42 0.39 1.10 0.03 0.10  108 110 74 55 27 

MAC255-220 15.45 0.13 1.46 3.04 1.82 0.03 0.15  462 358 270 195 99 

MAC255-253 30.95 0.13 2.74 5.89 1.47 0.04 0.16  1019 1055 637 463 194 

MAC255-504 29.45 0.23 1.38 1.24 6.51 0.64 1.99  29 38 28 23 18 

MAC255-517 17.01 0.41 1.45 3.43 1.17 0.04 0.07  138 79 52 39 17 

MAC255-553 106.14 0.55 9.62 27.50 8.21 0.25 0.36  12 8 6 5 2 

MAC256-287 75.78 0.08 4.75 19.79 2.94 0.21 0.28  8 8 6 5 3 

MAC256-325 23.15 0.15 3.56 5.56 2.20 0.02 0.10  8 8 6 5 3 

MAC256-456 15.91 0.09 1.86 4.60 1.83 0.05 0.25  398 363 252 184 93 

MAC256-533 8.68 0.20 0.29 0.76 3.02 0.91 0.08  10 9 7 6 4 
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Appendix D 

Fe and Mg isotopic composition of samples from McArthur River Zone 4 

Sample 
Alt. 

Layer  
δ56Fe 2σ δ57Fe 2σ 

  
δ26Mg 2σ δ25Mg 2σ 

MAC222-197 C1 0.44 0.04 0.67 0.08  0.13 0.16 0.08 0.10 

MAC222-249 I1+ICML <DL <DL <DL <DL  1.64 0.04 0.88 0.02 

MAC222-509 C2+C3 0.45 0.06 0.68 0.10  2.58 0.23 1.26 0.11 

MAC232-339 I1+Dkt 1.05 0.03 1.56 0.05  1.71 0.42 0.78 0.25 

MAC232-408 I1+Dkt <DL <DL <DL <DL  -4.10 0.23 -2.32 0.12 

MAC233-315 I1 -0.03 0.08 -0.03 0.11  <DL <DL <DL <DL 

MAC233-516 C2+C3 -0.04 0.06 -0.04 0.10  1.46 0.19 0.78 0.09 

MAC233-580 I1b+C2b 0.65 0.11 0.97 0.15  1.35 0.07 0.64 0.04 

MAC233-612 I1b+C1b 0.31 0.05 0.47 0.07  0.24 0.11 0.03 0.05 

MAC236-256 I1+ICML 0.53 0.08 0.77 0.12  0.69 0.04 0.36 0.02 

MAC236-368 I1+Dkt 0.01 0.05 0.01 0.08  2.87 0.22 1.38 0.11 

MAC236-435 I1+Dkt 0.28 0.02 0.43 0.06  -1.68 0.30 -0.75 0.15 

MAC236-531 T1+I1 0.07 0.05 0.09 0.08  1.41 0.03 0.71 0.02 

MAC238-199 C1 0.55 0.04 0.81 0.07  0.91 0.22 0.48 0.11 

MAC238-287 I1+ICML 0.24 0.06 0.37 0.09  0.42 0.35 0.24 0.17 

MAC238-311 I1 0.13 0.06 0.19 0.07  1.65 0.22 0.79 0.13 

MAC238-339 I1+Dkt 0.24 0.05 0.37 0.08  -1.05 0.09 -0.69 0.06 

MAC238-505 T1+I1 -0.29 0.06 -0.41 0.10  2.13 0.18 1.08 0.08 

MAC238-523 C2+C3 -0.13 0.04 -0.21 0.06  1.03 0.20 0.48 0.10 

MAC238-604 I1b+C2b 0.98 0.04 1.46 0.07  0.61 0.61 0.33 0.32 

MAC240-197 C1 <DL <DL <DL <DL  1.13 0.13 0.58 0.07 

MAC240-267 I1+ICML 0.24 0.08 0.38 0.14  0.54 0.17 0.20 0.10 

MAC240-344 I1 0.83 0.04 1.22 0.08  -1.36 0.22 -0.50 0.11 

MAC240-560 C2+C3 0.45 0.05 0.67 0.10  1.45 0.09 0.70 0.06 

MAC241-265 I1+ICML 0.18 0.06 0.27 0.08  -1.31 0.51 -0.61 0.26 

MAC241-295 I1+ICML 0.49 0.03 0.71 0.08  5.30 0.06 2.82 0.02 

MAC241-333 I1 -0.55 0.23 -0.80 0.36  1.27 0.09 0.62 0.06 

MAC241-569 C2+C3 -0.04 0.05 -0.06 0.09  1.99 0.15 1.04 0.09 

MAC244-128 T1 0.63 0.06 0.91 0.10  -0.23 0.30 0.02 0.15 

MAC244-269 I1 <DL <DL <DL <DL  2.09 0.06 1.09 0.03 

MAC244-464 T1+I1 0.53 0.05 0.77 0.09  -4.10 0.23 -2.32 0.12 

MAC244-569 C2+C3 <DL <DL <DL <DL  -0.73 0.79 -0.47 0.42 

MAC244-581 I1b+C2b 1.07 0.05 1.60 0.11  1.29 0.38 0.63 0.14 

MAC244-603 I1b+C2b 0.62 0.07 0.93 0.11  2.26 0.06 1.17 0.02 

MAC246-209 C1 0.25 0.11 0.37 0.21  1.26 0.10 0.63 0.05 

MAC246-300 I1+ICML 0.39 0.05 0.57 0.07  -2.54 0.14 -1.31 0.07 

MAC246-320 I1 0.00 0.04 0.02 0.07  -0.52 0.26 -0.35 0.11 

MAC246-354 I1 1.03 0.09 1.54 0.15  -1.66 0.10 -1.03 0.08 

MAC246-545 T1+I1 0.24 0.04 0.37 0.07  -2.39 0.17 -1.30 0.09 

MAC251-252 C1 0.12 0.08 0.18 0.14  -1.86 0.10 -1.07 0.07 

MAC252-215 C1 -0.02 0.07 -0.05 0.13  1.62 0.09 0.84 0.06 

MAC252-260 C1 -0.61 0.16 -0.91 0.23  1.58 0.24 0.84 0.14 

MAC255-128 T1 0.63 0.06 0.91 0.10  1.80 0.04 1.04 0.02 

MAC255-220 C1 0.63 0.07 0.94 0.12  3.30 0.19 1.62 0.09 

MAC255-253 I1+ICML 0.26 0.06 0.35 0.11  1.31 0.06 0.65 0.03 

MAC255-504 C2+C3 -0.05 0.06 -0.09 0.10  1.40 0.17 0.71 0.09 

MAC255-517 I1b+C2b 0.24 0.03 0.38 0.06  1.36 0.04 0.69 0.02 

MAC255-553 I1b+C2b -0.09 0.06 -0.14 0.11  0.69 0.10 0.37 0.06 

MAC256-287 I1+ICML 0.85 0.03 1.30 0.05  <DL <DL <DL <DL 

MAC256-325 I1 0.70 0.07 1.05 0.10  0.37 0.20 0.18 0.12 

MAC256-533 I1b+C1b 0.17 0.16 0.27 0.25  -0.38 0.29 -0.13 0.15 

Error is reported as 2σ and it represents 2SD uncertainties. <DL= below detection limit 
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Appendix E 

Cost Analysis (NSERC-Collaborative) 

Concept Price Units Cost 

Sample preparation $15/hour 40h $600 

XRD $15/sample 54 samples $810 

Element HR-ICP-MS $150/sample 54 samples $8,100 

ESEM $35/hour 20h $700 

Neptune MC-ICP-MS 

with column 

separations 

$244/sample 144 samples $35,136 

Total   $45,346 

Cost Analysis (Industry) 

Concept Price Units Cost 

Sample preparation $15/hour 40h $600 

XRD $50/sample 54 samples $2,700 

Element HR-ICP-MS $306/sample 
54 

samples 
$16,524 

ESEM $120/hour 20h $2,400 

Neptune MC-ICP-MS 

with column 

separations 

$486/sample 
144 

samples 
$69,984 

Total   $92,208 

 


