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Abstract 

 

Changes in Forms of Uranium within Anoxic Lake Sediments and Porewater near an 

Abandoned Uranium Mine, Bancroft, Ontario 

Haoran Shu 

Soluble uranium (U) has been observed continuously in the porewaters of Bentley Lake, 

a lake with semi-permanent anoxic sediments, despite the fact that reduced U(IV) is known to be 

insoluble. To be able to predict the fate and mobility of U that has been deposited in lake 

sediments, it is very important to understand the factors that determine soluble uranium in anoxic 

environments. Understanding soluble U species is crucial for predicting its behavior in natural 

systems as well as for the development of U remediation schemes. 

To explore the factors affecting soluble U in natural environments, anoxic lake sediments 

and porewaters were tested using two analytic methods, ICP-MS and ESI-HR-MS. Reduced 

uranium (U(IV)) can be precipitated as U(IV)-NdF3. Using this method revealed that most of the 

uranium in porewater is not able to be co-precipitated with NdF3. In addition, UO2
+ was found 

using ESI-HR-MS, showing uranyl ions exist in reduced porewater. However, the UO2
+ might be 

attached to some organic groups rather than present as free ions.  

Seasonal variation and air exposure experiments on the mobility of U between sediments 

and porewater were observed to test for changes of the redox state of U as a function of sample 

collection and storage. The results of this study will contribute to better remediation strategies for 

U tailings and will help U mining operations in the future. 
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Chapter 1 

 

Introduction 

 
1.1 Uranium - Environmental Concern and Remediation 

 
Uranium, a weakly radioactive element with atomic number 92, is a member of the 

actinide series of the periodic table. In nature, uranium is found primarily as uranium-238 

(~99.27%), with much, much smaller amounts of uranium-235 (0.72%) and uranium-

234 (~0.005%). Uranium is a major component of a variety of minerals and ores, including 

pitchblende, uraninite (UO2), carnotite (K2(UO2)2V2O8∙3H2O), autunite (Ca[(UO2)(PO4)]2∙10-

12H2O), uranophane (Ca[(UO2)(SiO3OH)]2∙5H2O), and coffinite(USiO4) (Rodden 1964, Plásil et 

al., 2006, Hazen et al., 2009). Significant amounts of uranium occur in UO2-bearing rock deposits 

(i.e. containing UO2 minerals), which can be up to 200 times richer than other rock types 

(Mercadier et al., 2013). 

Uranium has become one of the world’s most important minerals to supply electricity 

(Chow et al., 2003). In 2016, about 20% and 16% of electricity generation came from nuclear 

power generation in the USA and Canada, respectively, and in France, 75% of the country’s 

energy was supplied by nuclear power (World Nuclear Association, 2017). Canada plays a 

significant role in the world uranium industry. In 2016, 22% of the world’s uranium production 

came from Canada (behind only Kazakhstan) and one half of that production came from one 

mine, McArthur River, Saskatchewan with a high average grade of 15.76 % (Canadian Nuclear 

Safety Commission, 2013; World Nuclear Association, 2017).  

Uranium ore is extracted from both open-pit and underground mines (Brugge & 

Oldmixon, 2005). Low-grade uranium ore contains less than 0.1% U3O8 (Sahu et al., 2013). 

High-grade ores, found in McArthur River deposits in Saskatchewan, contain up to 22.28% 

https://en.wikipedia.org/wiki/Uranium-234
https://en.wikipedia.org/wiki/Uranium-234
https://en.wikipedia.org/wiki/Carnotite
https://en.wikipedia.org/wiki/Autunite
https://en.wikipedia.org/wiki/Uranophane
https://en.wikipedia.org/wiki/Coffinite
https://en.wikipedia.org/wiki/Saskatchewan
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uranium oxides (Jefferson et al., 2007). For a typical acid leaching process, uranium ore is 

crushed into a fine powder and then leached with acid. The leachate is subjected to several 

sequences of solvent extraction, ion exchange, and precipitation. The resulting mixture, 

called yellowcake is then calcined to remove impurities from the milling process before refining 

and conversion (Guettaf et al., 2009). Unfortunately, the mining, milling, and processing of U 

and the mine tailings generated by these activities, have resulted in extensive contamination at 

locations all around the world, but mostly in Kazakhstan, Canada and Australia, the three largest 

producers of uranium globally. Once the valuable U-bearing minerals have been removed, the 

uranium mine tailings (UMT), i.e., the waste by product of U mining, can still contain 

approximately 85% of the ore’s original radioactivity (Abdelouas et al., 1999). Furthermore, the 

physical/chemical behavior of the metals in these tailings, if exposed to air and/or water, can be 

substantially altered. 

Therefore, UMT have aroused attention for the potential environmental issues, e. g. long-

lived radioactivity. In order to protect the environment and reduce uranium pollution associated 

with UMT, it is important to understand the fate of uranium, to monitor uranium species, and to 

remediate the environment at contaminated sites. 

Uranium remediation has been carried out by the mining industry for a long time. 

Uranium remediation techniques that are presently being used are: micro-bioremediation (Nevin 

et al., 2003), phytoremediation (Huang et al., 1998), and chemical remediation (Dickinson & 

Scott, 2010; Smith & Szecsody, 2011). Organic or chemical agents are added into UMT in order 

to uptake and accumulate/retain U to prevent contamination of the environment. Many 

macrophytes and algae have been proven to generate a significant decrease in uranium 

concentration (Overall and Parry, 2004; Gerth et al., 2005; Mkandawire and Dudel, 2005; Soudek 

et al., 2007; Srivastava et al., 2010; Carvalho et al., 2011; Pratas et al., 2012; Favas et al., 2014). 

https://en.wikipedia.org/wiki/Acid
https://en.wikipedia.org/wiki/Leachate
https://en.wikipedia.org/wiki/Yellowcake
https://en.wikipedia.org/wiki/Calcined
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However, detailed bio-extraction processes are still not clear. 

 

1.2 Study Area 

 
Bancroft is a small town located approximately halfway between the much larger cities 

of Toronto, the capital of Ontario, and Ottawa, the capital of Canada. The town is an important 

tourist destination in the summer, when over 150,000 people flow into the region to vacation on 

one of the many lakes and summer cottages. Bancroft is also home to approximately 4,000 year-

round residents.  

On the southern edge of the Canadian Shield, Bancroft (Figure 1-1) is well known in the 

mining industry for a long history of uranium mining of major deposits since the early 1950s 

(Melis, 1983). Six economic mines were developed around Bancroft, including Greyhawk Mine, 

Madawaska/Faraday Mine, Bicroft Mine, Dyno Mine, Halo Mine, and Blue Rock Mine. The 

Madawaska, Bicroft and Dyno Mines were closed in the middle 1960s while the Madawaska 

Mine (previously known as the Faraday Mine) was reopened from 1977 to 1982. Uranium 

production from the Bancroft mines depended on the market demand; it was approximately 

1,200 tons milled per day of low average ore grade (0.1% U3O8) from 1957 to 1960, but 923 and 

975 tonnes/day of uranium ore (including waste rock) were produced in 1961 and 1962, 

respectively, before their closure in 1962 due to a declining market. During this time the price of 

uranium dropped from $8 to $5 per pound (Proulx, 1997).  

The general geology of the area shows that the Bancroft area is located in the junction 

of granite, gneiss, syenite, metagabbro, and marble (Robinson 1960). The pegmatitic granite 

dykes around the mine deposits are abnormally radioactive due to the major ores: uranothorite 

((Th,U)SiO4) and uraninite (UO2) (Robinson 1960). The radioactive granitic rocks found in the 

Bancroft area are located at the south-west end of the geologic Grenville Structural Province 
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(Rimsaite, 1982). The amount of uranium depends on the abundance and the ore grade. At the 

Madawaska Mine, the abundance of uranothorite was about nine times more than uraninite, 

however the content of uranium in uranothorite is much lower than uraninite so uranothorite 

only contains twice the value of uranium than uraninite (Satterly & Hewitt, 1955).  

The Bicroft Mine and Dyno Mine tailings areas were revegetated after acid leach 

mining treatment by the Bicroft Uranium Mines Ltd and Canadian Dyno Mines Ltd, 

respectively. However, surface water at the site of the tailings was cause for concern (Melis, 

1983). Currently, the environment around the Bicroft Mine is considered to be an example of a 

successful remediation of low-grade UMT (Laidlow et al, 2016).  

The tailings from the Madawaska Mine, located between Bow and Bentley Lakes, were 

not generated by the acid-leach method, which minimized the contamination from the mining 

operations from 1957 to 1964. The tailings were covered artificially with indigenous vegetation 

and from 1977 to 1982, the tailings were reclaimed using an acid-leach, ion exchange and 

magnesium precipitation processes. The seepage was not totally blocked from the east 

impoundment/dam (Figure1.1). However, the tailings had good cation adsorption capacity that 

may have captured the heavy metals in the seepage (Melis, 1983). 

Bentley Lake is located downstream of the inactive Madawaska/Faraday Mine. It is ~6 

km southwest of Bancroft, adjacent to Hwy 28 in Faraday Township. Bentley Lake is a small 

lake with a surface area of approximately 34 ha and a maximum depth of 12.3 m. Surface water 

from the lake is being supplied to 47 residential properties around the lake. There is a lot of 

undeveloped land around the lake and no public boat access. It is also a popular fishing site. In 

2000, uranium concentrations in the surface water (up to 88µg/L) exceeded the Provincial Water 

Quality Objectives (PWQOs) (Ministry of the Environment, 2003). 
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Figure 1-1. Location of study area near Bancroft, Ontario. 

(Modified from Google Map) 

 

 
1.3 Mobility of Uranium 

 
Uranium has two major chemical states in nature: tetravalent uranium, U(IV), and 

hexavalent uranium, U(VI) (Shock et al., 1997, Murphy et al., 1999). The oxidized U species is 

usually more mobile than U(IV). U(IV) is normally assumed to be an insoluble species 
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(Lottermoser, 2010), leading to immobilization of uranium in anoxic environments, while U(VI), 

is present as an oxycation (e.g. uranyl), rather than a free U ion, and is assumed to be soluble in 

oxidizing environments (Langmuir, 1997).  

The mobility and immobilization of uranium is complicated. It mainly depends on the 

concentration of dissolved uranium, other solutes in the water (e.g., dissolved organic matter 

(DOM) or inorganic matter), pH, Eh (which determines the redox shift between U(IV) and 

U(VI)), adsorption or desorption onto solid particles or colloids, co-precipitation with other 

ligands and structural incorporation into other minerals. Eh dominates redox reactions whereas 

high uranium concentrations result in precipitation and incorporation. Alternately low U 

concentrations result in adsorption and co-precipitation (Duff et al., 2002; Wang et al., 2015). 

 
1.3.1 Aqueous Species of Uranium 

 
At low pH and under oxic conditions, highly soluble uranyl [UO2

2+] predominates 

aqueous U(VI) species, while at higher pH (pH>6), U(VI) species predominantly exist as uranyl 

carbonate complexes, e.g. [UO2(CO3)2-] (Newsome et al., 2014; Figure 1-2).  
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            Figure  1-2. Distribution of U(VI) species at 25℃. I=0.1M ∑U(VI) = 10-6 M,  

PCO2 =10-3.5 bar (from Langmuir, 1997) 
 

Uranyl species have four U-Oeq bonds that readily incorporate carbonate, phosphate, 

carboxyl, oxalate, iron oxides (e.g. hematite Fe2O3, magnetite Fe3O4 or ferrihydrite Fe2O3 •0.5H2O) and 

hydroxide and also two inert U-Oax bonds (Duff et al., 2002; Grenthe et al., 1992). For example, at 

extremely low pH (pH=1.67), UO2
2+ bonds strongly to phosphoryl functional groups via one oxygen 

atom (U═O═P) while at pH up to 4.80, UO2
2+ increasingly bonds to carboxyl functional groups via 

two oxygen atoms (U═O2═C) (Kelly et al., 2002). 

At extremely low and extremely high pHs, uranyl species are dominated by hydroxyl and 

carbonate to form UO2OH+ and uranyl carbonate (UC), respectively. An extremely low pH contributes 

to a high abundance of uranyl ions. When uranyl carbonate is generated, pH increases and more 

carbonates are bound to uranyl ions, forming uranyl dicarbonate (UDC) and uranyl tricarbonate (UTC). 

When the pH is between 5 and 8, several uranyl species coexist with OH- or CO3
2– (Figure 1-2 & 1-3)  
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Figure 1-3. Eh-pH diagram for aqueous species in the U-O2-CO2-H2O system in pure 

water at 25°C and 1 bar total pressure (from Langmuir, 1997). ΣU=10-8M and PCO2=10-2.0bar. 

The UO2(c) solid/solution boundary for ΣU=10-8M is stippled. UC = uranyl carbonate, UDC = 

uranyl dicarbonate, UTC = uranyl tricarbonate.  

As mentioned previously, under reducing conditions, U(IV) species predominate (typically as 

UO2) and are usually regarded as insoluble or sparingly soluble (Lovley et al., 1991; Duff et al., 1999). 

The dissolution of uraninite (UO2) is strongly impacted by dissolved oxygen (DO), carbonate, and 

solutes such as Ca2+, PO4
3-, Mg2+. Uraninite is stable at low DO. Ca2+, PO4

3-, Mg2+ can strongly bond 

onto the interface of uraninite-water which passivates the surface from further oxidation (Latta et al., 

2016).  
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1.3.2 Oxidation and Reduction 

Many studies have been conducted to elucidate the oxidation and reduction mechanisms 

between U(IV) and U(VI). Finneran et al. (2002) reported that in groundwater and floodplain 

sediments, U(IV) was anaerobically re-oxidized and mobilized by electron accepters, such as NO3
- and 

denitrification intermediates (NO2
- and N2O). Moon et al. (2007) found that nitrate ‘oxidized’ U(IV) 

faster (in 12 h) than oxygen (26 days) since oxygen was utilized more by other reduced compounds in 

the sediments.  

Bacteria have widely been proposed as a mechanism to reduce and immobilize soluble U(VI) 

to the less-soluble U(IV) (Lloyd et al., 2002), but it is difficult to prevent reoxidization (Senko et al., 

2007). Kelly et al. (2007) showed that 10-40% of U(VI) was reduced by in situ bacteria in the 

sediments. After a year of storage at <4°C under anoxic conditions, up to 65% total U was reduced to 

U(IV) solid species including nanoparticle UO2 and adsorbed to Fe/Mn crystals; any residual uranyl 

species were no longer bound to phosphorous ligands but bound to carbon ligands. Bargar et al. (2013) 

reported a U(VI) reduction pathway associated with biogenic mackinawite (tetragonal FeS) in 

sediments; U(VI) was converted to monomeric U(IV) likely via bacteria in situ, but there was no 

correlation between the concentrations of uranium, iron and sulfur. Lee et al. (2014) assumed the lack 

of a correlation was the result of monomeric U(IV) escaping into the pore water. In addition, 

mackinawite is able to suppress UO2 dissolution under low dissolved oxygen conditions (Bi et al., 

2013). However, Ginder-Vogel et al. (2006) pointed out that the oxidation of biogenic UO2 by 

ferrihydrite increased with increasing bicarbonate and calcium concentration.  

The U redox process appears to be transient. Wan (2005) reported that under constant 

reducing conditions, microbial reduction of U(VI) to U(IV) was sustained only in the first 80 days; 

between 100 and 500 days, the U(IV) was reoxidized, even in the presence of the healthy microbial 
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community, which was stimulated by carbonate to form highly soluble and stable carbonato-U(VI) 

species. Senko et al. (2007) investigated reoxidation rates of different UO2 particles: it took relatively 

more time to reoxidize UO2 that formed slowly (around 15 days) than the UO2 formed faster (around 3 

days).  

Interestingly, more recent studies suggest that the reduced U(IV) in previous investigations 

was actually monomeric (also known as mononuclear, non-crystalline, amorphous) U(IV) or 

molecular complexes of U(IV), such as ningyoite [CaU(PO4)2] (Bernier-Latmani et al, 2010; Fletcher 

et al, 2010; Cerrato et al, 2013), which would have different behaviors than UO2 . 

1.3.3 Adsorption and Desorption 

Several adsorbents are capable of binding with uranium and thus removing it from aqueous 

systems. Adsorption onto the solid phases of the uranyl ion (UO2
2+) has been widely studied, and 

sorbants include organic matter (Benes et al., 1997; Singhal et al., 2005), Fe oxides (Sadeghi et al., 

2012), bentonite (Giaquinta et al., 1997), vermiculite and hydrobiotite (Hudson et al., 1999), chitosan 

(Piron et al., 1997), and rutile (Wang et al., 2015).  

Bargar (2000) observed that U(VI) carbonate adsorbed onto hematite (Fe═O1.5═U═O3═C1.5) 

in mock surface waters and aquifers with pH varying between 4.5 and 8.5. Sylwester et al. (2000) 

showed that at low pH, uranyl ions adsorbed onto montmorillonite by ion exchange (without breaking 

up the structure) and onto silica and ᵞ-alumina (Al2O3) through bidentate inner complexation. 

However, Waite (1994) and Duff (1996) noticed that carbonate alkalinity is a key factor to control the 

adsorption of dissolved U(VI). In their studies, abundant carbonate ligands prevented the coordination 

of UO2
2+ and solid surfaces, because UO2

2+ prefers to form negative carbonate complexes, such as 

UO2(CO3)2
2- and UO2(CO3)3

4-.  
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   Adsorbents have a further influence on the relationship with uranium. Carbonate and 

bicarbonate can support the solubility of uranium. (UO2)2CO3(OH)3
- has been reported as the 

predominant U(VI) adsorbing species when carbonate is present in Fe minerals, such as hematite and 

magnetite (Tripathi, 1984; Ho & Doern, 1985; Ho & Miller, 1986). Carbonate and bicarbonate have 

been widely used to extract uranium from solid species (Phillips et al, 1995; Alessi et al, 2012). The 

reduction of dissolved hydrogen uranyl phosphate, HUP (rather than solid HUP) to U(IV) was 

suppressed by bicarbonate, and the reduced U(IV) was not associated with other U(IV) atoms but 

rather to phosphate-U(IV) solids showing the importance of phosphate in the mobilization of uranium 

(Rui et al., 2013). In carbonate complexes, Ca2+ can suppress U(VI) reduction to U(IV) and therefore 

increase the solubility of U (Brooks et al., 2003). However, U(VI)-carbonate complexes only dominate 

above pH 6 (Bargar et al., 1999; Langmuir, 1997). In the absence of carbonate, the uranyl ion and its 

complexes, e. g., (UO2)3(OH)5
+ were the main species adsorbed by Fe minerals and organic matter (Ho 

& Doern, 1985; Hsi & Langmuir, 1985; Andersson et al., 2001). Increasing the concentration of 

complexing ligands (humic or fulvic acids, CO3
2-, SO4

2-) and cations (Ca2+ and Mg2+) causes less 

adsorption (Siegel & Bryan, 2005). 

1.3.4 Uranium Colloids 

Colloids are lyophobic solutions with one dimension between 1nm and 1µm (Rowe, 

2001). The size of colloids roughly varies from 1 nm to 1 µm, thus spanning the operational 

definition of the separation (i.e., 0.45µm) between soluble and insoluble matter (Dearlove et al., 

1991; Langmuir, 1997; Xu et al., 2005; Wang et al., 2013).  

Colloidal uranium is physically/structurally flexible and depends on particular water 

chemistry conditions, including salinity, pH, and Eh. High salinity has been shown to increase the 

release of uranium associated with large sized colloids (> 10 kDa) in natural river water 
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experiments (Swarzenski et al. 1995; Guo et al. 2007); pH also can affect colloidal uranium. In a 

field experiment using flooded soils which contain colloids, Claveranne-Lamolère et al. (2011) 

showed that when pH increased from 6 to 8, colloidal uranium started to desorb from the colloids 

and form dissolved uranyl carbonate species, replacing the cationic uranium species. At pH 7, 

50% of colloidal U had desorbed and at pH 8, all uranium had desorbed (Claveranne-Lamolère et 

al., 2011).  

Wang et al. (2013) reported that in sediment pore water, most of the aqueous uranium 

(>92%) was bound to colloids 500kDa to 0.22μm in size at all depths; Further EXAFS and 

XANES analyses for monomeric uranium (IV) revealed no obvious connection between the 

monomeric U(IV) and dissolved organic carbon (DOC). However, Singhal et al. (2005) 

previously reported that uranium (IV) was mainly associated with a 30 k NMWL (nominal 

molecular weight limit) on humic colloids and were highly correlated (r = 0.99) with DOC. 

Nevertheless, there was no clear evidence to elucidate the valence of uranium either U(IV) or 

U(VI) in their study. 

1.3.5 Co-Precipitation 

Many studies have documented evidence of co-precipitation of uranium. Dissolved 

organic matter (DOM) has been reported to immobilize U(VI) from aqueous systems and 

precipitate it as uraninite (Choppin & Rydberg, 1980). Uranyl phosphate is usually formed in 

uranium-contaminated subsurface environments. Na+ and Ca2+ can affect U(VI) precipitation with 

phosphate resulting in the formation of sodium autunite and calcium autunite (Na2(UO2)2(PO4)2 

and Ca(UO2)2(PO4)2) (Mehta et al., 2014). In addition, there is evidence that microbes can 

hydrolyze PO4
3- from organophosphate and increase U(VI) precipitation between pH 5.0 and 7.0 

(Beazley et al., 2007). 
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1.3.6 Non-crystal Uranium 

There has been much new research regarding the structure of several species of uranium, 

including a soluble U(IV) species, operationally defined as monomeric U(IV) (Alessi et al., 

2012). Wang et al. (2013) identified that the uranium species in soil attached to clays and in pore 

water was monomeric U(IV), and was obviously a different species than what was bound to iron 

and organic matter colloids in previous studies (Claveranne-Lamolère et al., 2011). These bio-

reduced monomeric U(IV) solids lack the U-U pair (which is not considered to be UO2), and are 

identified as U(IV)–phosphate, U(IV)–carbonate and U(IV)–carboxyl coordination/dipolar bonds 

(Boyanov et al., 2011; Alessi et al., 2014). Subsequently, in a non-clay impacted location in the 

same wetland, a different non-crystalline U(IV) species was found, which was bound to organic 

matter in soil (Wang et al., 2014). However, in another study Sharp et al. (2011) found that 

monomeric U(IV) was produced via bacterial enzyme activities rather than abiotic Fe(II) and was 

bound to P/C-containing ligands at the mineral surface. While mechanisms for monomeric 

uranium formation in the environment are still under debate, non-crystallized U(IV) species may 

be more susceptible to oxidation than UO2 (Cerrato et al., 2013). Due to the lability of monomeric 

U(IV) in these environments and the fact that it can be bound to colloids, eventually U may be 

released into surface waters and then into biotic compartments. 

1.4 Research Purpose 

 

Since 2011, high concentrations of uranium have been measured in the anoxic sediment 

porewaters of Bentley Lake (Wang 2011). This is unexpected given that under the anoxic 

conditions present in Bentley sediments, U(IV) should be insoluble. Therefore, the purpose of this 

study is to attempt to determine the reason(s) for the presence of highly soluble uranium in the 

anaerobic pore water of Bentley Lake.  



        14  

Based on recent findings about monomeric U(IV) in soil, sediments, and pore water, one 

hypothesis is that nanoparticles (< 100 nm) of reduced monomeric U(IV) formed in sediments are 

able to diffuse through the pore water, which is operationally defined as excluding only particles 

greater than 0.45 um in size. A second hypothesis is that the U(IV) is bound to organic matter 

colloids . A third possibility is that inadvertent introduction of oxygen into the samples during 

collection and storage prior to analysis may lead to oxidation and transfer to the soluble phase. 

Two methods are applied to test whether the monomeric U(IV) is the primary U species in the 

pore waters. As well, a series of experiments were conducted to determine whether sampling and 

storage artefacts may be altering the U speciation. 
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Chapter 2 

 

Review of Methods Available for Measurement of Uranium 

Speciation 

 
In this chapter, five methods (2.1~2.5) to separate uranium species according to particle 

sizes or valences, and five analytical approaches to qualify (2.6 & 2.9.2) and quantify (2.7~2.9.1) 

those uranium species are reviewed. In brief, ultrafiltration (UF) and (bi)carbonate extraction (2.1 

& 2.2) are used to isolate colloidal and amorphous uranium, respectively. For ionic uranium, co-

precipitation, ion chromatography and cathodic stripping voltammetry (2.3~2.5), as well as 

extraction, are alternatives for separating ionic U(IV) and U(VI). As for analysis, X-ray 

absorption spectroscopy has been applied extensively to elucidate local geometric and electronic 

structure, such as bond lengths, angles, and valences. Fluorescence and phosphorescence are able 

to qualify and quantify luminescent ions without separative pretreatment of natural water. Mass 

spectrometers are promising techniques with both quantitative and qualitative capabilities but 

here only two mass spectrometers, that were used in this study to qualify and quantify soluble 

uranium species, are discussed (2.9.1 & 2.9.2)  

 
2.1 Ultrafiltration 

 
Ultrafiltration techniques have been used to investigate colloids and associated elements, 

including uranium. UF uses a series of membranes to filter with force, e. g. pressure, only 

allowing a certain size of particles to pass through. These particles generally range from 1 kDa to 

500 kDa, which also could be expressed as 0.66 nm to 5.24 nm (Rmin). Some researchers express 

these numbers as a nanometer of the minimal radius since a sphere with a certain Rmin should 

contain a certain mass of molecules. The formula (Erickson 2009) between Daltons, or nominal 

molecular weight limit (NMWL), and nanometer is:  
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Rmin = 0.066M 1/3            (i) 

Where M is the MW (Da) and Rmin is the minimal radius (nm)  

   Not only the size of ultrafiltration membranes, but also the parameters of 

ultrafiltration can produce different results. Faster speed and longer operation time can allow 

more and larger particles through the membranes. Particle shape also can affect UF, where 

elongated particles can more easily pass through the membranes than globular particles. This also 

means that larger minimal radius particles than calculated by the Erickson formula (eq’n i) would 

filter through membranes, for a given mass of molecules (Dreissig et al., 2011). 

   How does UF work exactly? The ultra-filter contains an inner membrane with many 

pores of a certain size, which only allows smaller particles to go through. For example, five 

aliquots containing uranium can be centrifuged and filtered through five different ultra-filters, 

e.g., 5, 10, 30, 100, and 500 kDa, under the same parameters. Particles larger than the pores 

would not go through and stay on the membrane. Each filtrate can be removed and analyzed 

separately; once the five concentrations have been obtained, applying basic subtraction, it is easy 

to calculate the uranium content in each section. Therefore, one can determine the relative 

distribution of U among the five sizes of dissolved molecules. 

 

2.2 Complexation followed by extraction 

 
Extraction is an alternative approach for separating different species of a certain element. 

For uranium, an extraction method has been developed to isolate uranyl and amorphous uranium 

for lab experiments and environmental remediation. 

The strong affinity between uranyl and (bi)carbonate has been applied to liquid-phase 

extraction studies for solids and amorphous uranium species. For example, Alessi et al. (2012) 

extracted amorphous uranium from anaerobic sediments using sodium bicarbonate. Similarly, 
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Zhou & Gu (2005) rapidly mobilized U(VI) from contaminated soil using small quantities of 

carbonate/bicarbonate. 

Solid-phase extraction of U(VI) also has been applied to natural water. Aydin & Soylak 

(2007) passed water samples through Duolite XAD761 resin to adsorb uranium(VI). Shamsipur 

et al. (1999) filtered water through a 0.45 μm membrane and octadecyl silica membrane disk to 

remove particles and organic matter, respectively. Then, they used 0.5 M HNO3 and 1.0 × 10-3 M 

Na2EDTA·2H2O to extract uranyl from a 50 ml aliquot of the filtrate. Raju & Subramanian 

(2007) reported that Merrifield chloromethylated (MCM) resin has high sorption capacity for 

metals in nuclear wastes (0.960 mmol/g for soluble U(VI)). 

 

2.3 Co-precipitation 

 
Traditional laboratory chemical methods can be manipulated to separate U(IV) and 

U(VI). U(IV) typically is then found in the precipitates together with lanthanides, such as 

neodymium (Anderson, 1984) and lanthanum (Pimpl et al. 1992), while U(VI) stays in solution. 

Using this method, the distribution of aqueous U(IV) and U(VI) can be found by subtracting the 

U(VI) concentration in solution after precipitation, from the total uranium concentration. 

Anderson (1984) removed U(IV) from U(VI) in natural water via U(IV) co-precipitation 

with NdF3.  

Nd3++3F- = NdF3↓            (ii) 

Similarly, U(IV) can be to co-precipitated with lanthanum fluoride (LaF3) (Pimpl, Yoo & 

Yordanova, 1992).  

2.4 Ion Chromatography 

 
There are several other approaches to determination of U speciation which are not used 

in this thesis. For example, ion chromatography (IC) is an analytical technique to separate ions 
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and polar molecules based on their affinity to ion exchange resin. The stronger affinity of the 

solutes to the resin, the longer the solutes will stay on the column (Haddad & Jackson, 1990). In 

principle, IC is able to elute different ions and polar molecules at different times. It is usually 

coupled with other analysers, such as emission and/or mass spectrometers to enable the study of 

various chemical species. Owing to its succinctness, high efficiency and high selectivity, IC has 

been used extensively for separation work since 1950s (Spackman et al., 1958).  

In many studies IC has been used to separate U(IV) and U(VI) in natural water. Cochran 

et al. (1986) removed U(IV) from pore water in a glove bag using Dowex 1 × 8–200 ion 

exchange resin. The column was rinsed with 4 M HCl to remove U(IV), then, U(VI) was eluted 

with 0.1 M HCl. Duff & Amrhein (1996) separated U(IV) and U(VI) from natural water using 

Dowex 50W-X8 (cation exchange resin). Filtered samples of 1.5 ml were acidified with 0.5 mL 

anaerobic 0.25 M H2C2O4/0.54 M HNO3 eluent. Then 50 uL of acidified sample was processed 

on the column. U(IV) eluted faster than U(VI). 

 

2.5 Cathodic Stripping Voltammetry 

 
Cathodic stripping voltammetry (CSV) along with anodic stripping voltammetry are old 

analytical techniques used to quantify various ionic species. In CSV, first in an acid medium, the 

analytes are concentrated and absorbed onto the anodic electrode as insoluble compounds. Then, 

the compounds are dissolved in alkali medium while the peak of electric current produced during 

the redox is recorded to quantify the ionic species (Djogić & Branica, 1995; Braĭnina, 1974). 

CSV has been applied extensively for the quantification of uranyl in natural water. 

Djogić & Branica (1995) acidified nitrogen purified natural water (25 ml) with HCl (less than 

100 μl) to pH 3. Then the pH was adjusted to 6.5 with NaOH, resulting in a deposition potential 

of -0.2 V. Alternately, Van den Berg et al. (1991) acidified 10 ml water with 10 μl 1:1 diluted 



        19  

HCl (pH≈2.5), then adjusted the pH to 6.8 with 2mM catechol and pH buffer (0.01 M PIPES) 

resulting in a deposition potential of -0.3 V. 

 

2.6 X-ray Absorption Spectroscopy 

 
X-ray Absorption Spectroscopy (XAS), including Extended X-Ray Absorption Fine 

Structure (EXAFS) and X-ray Absorption Near Edge Structure (XANES), is a promising 

measurement of the X-ray absorption coefficient of various materials such as solids, liquids, 

gases, crystalline and non-crystalline matter, and is thus useful for investigating the details of 

local structures. The principle of XAS is that energy adjusted (depending on the elements of 

interest) X-rays are absorbed by ‘interested’ atoms. During the absorption, each atom loses one 

electron (photoelectron) and jumps to an excited state for a very short time. Fluorescence is 

generated when the excited atoms fall back to ground state. An X-ray fluorescence spectrometer 

can capture the entire process and transform it to a spectrum for analysis (Sikora et al., 1996).  

XAS is able to explore the internal structure of analytes via coordination number, bond 

angle, bond length, etc. It is being used mainly as a qualitative method, however the spectrum 

from EXAFS could be used for quantitative work. For example, using EXAFS, Wang et al. 

(2013) demonstrated that the amorphous/monomeric U(IV) in their samples:1) had similar 

oscillations as the standard compound of monomeric U(IV) and 2) lacked the U-U pair.   

 

2.7 Time-resolved Laser-induced Fluorescence 

 
Laser-excited electrons are not stable at an excited state, and so they quickly and 

spontaneously decay back to ground state via light emission (fluorescence) at a specific energy, 

depending on the ions (Sharma & Schulman, 1999). Time-resolved laser-induced fluorescence 

spectroscopy (TR-LIFS) is a very selective and sensitive technique to quantify actinide and 

lanthanide ions, e. g. UO2
2+ (Moulin et al. 1995). During decay, fluorescence will change from 
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time to time depending on the different energy transitions. The TR-LIF spectra demonstrate the 

intensity distribution of fluorescence as a function of time at specific wavelengths.  

2.8 Kinetic Phosphorescence 

 
Similar to TR-LIFS, phosphorescence measures the transition of slow electrons during 

energy emission (Blasse & Grabmaier, 2012). Kinetic phosphorescence analysis (KPA) uses 

phosphorescence to determine total U(VI) concentration. It is a fast and precise measurement of 

the concentration of hexavalent uranium ions. For example, UO2
2+ and U6+, have phosphorescent 

wavelengths at 425 nm and 515 nm, respectively. Unfortunately, other states of uranium are non-

luminescent (Elliston et al., 2005; Phillips et al., 2006).  

The TR-LIFS and KPA techniques are able to qualify and quantify ions simultaneously. 

TR-LIFS has high time and spatial resolution and high sensitivity. However, it is a challenge for 

TR-LIFS to quantify ions at low concentrations and it requires careful calibration to determine 

absolute concentrations. KPA has a detection limit of 0.01 ppb for metals; however, the number 

of measurable metals is limited. 

 

2.9 Mass Spectrometry 
 

2.9.1 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 

 

Undeniably, ICP-MS instruments are the most commercially available, quantitative 

instruments, for measuring an extensive range of metals and several non-metals at extremely low 

concentrations (down to pg/mL level). Various ICP-MS instruments boast low matrix 

interferences and/or wide detectable ranges (pg/mL to μg/mL) and/or high resolution and/or 

sensitivity and/or precision for the measurement of both elements and isotopes (Pröfrock & 

Prange, 2012), and are particularly good for measurement of U. 

ICP-MS is capable of analyzing both liquids and solids (inorganic and organic), with 
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appropriate digestion and pretreatment of the latter. The ICP torch heats to thousands of degrees 

centigrade, which enables ionization of the aqueous analyte. Suitable internal standards, 

calibration curves and matrix reference materials are also essential for maximizing the 

capabilities of ICP-MS (Thomas, 2013). However, speciation analysis are not possible using ICP-

MS, unless it is coupled with a sample introduction device that can separate chemical forms or 

species of a specific element (e.g. chromatography).  

 

2.9.2 Orbitrap Electrospray Ionization Mass Spectrometer  

 

The Thermo Scientific™ Q Exactive™ Orbitrap (Figure 2-1) is useful for a broad range of 

qualitative and quantitative uses usually pertaining to applications involving organic molecules. 

The high resolution and precision of the instrument allow for the determination of m/z (mass to 

charge) ratios of at least two decimal places. The Orbitrap performs rapid analyses and can finish 

data acquisition within one minute per sample. It can be used in MS/MS mode to explore 

fragments of interested ions during which ions are sent into higher-energy collisional dissociation 

(HCD). Fourier Transform is applied and the amplitude of the oscillations in the Fourier graph 

reveal the current produced by kinetic ions in the Orbitrap. The amount of vortical ions in the 

Orbitrap directly generates a current which are represented by the signal intensity on the 

computer screen and makes quantitation possible. The frequency of oscillation is correlated with 

the mass to charge ratio (Hu et al., 2005). 
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Chapter 3 

 

Methods 
 

3.1 Field Sampling 
 

 

Sediments were collected from three locations in Bentley Lake, near the deepest part of the 

lake (Figure 3.1) using a Kajak-Brinkhurst gravity corer fitted with a plexiglass core tube (with 5 cm 

inner diameter, and 46 cm length ). Cores were obtained from both sides of the boat to minimize 

disturbance of the bottom. 

 
Figure 3-1. Sampling site 

Cores were sectioned onshore within 1 hr of collection, in a modified glove bag (under N2 

gas) to prevent air from entering the collected sample (Figure 3.2 and 3.3). The glove bag was purged 

for five minutes with nitrogen to flush air out before sealing the bag, then N2 gas continued to be 

injected to maintain an anaerobic environment. Each sediment core was sectioned into 2-cm slices 
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down to -10 cm. Sectioned samples were placed into labeled glass jars then double sealed in plastic 

bottles or bags for transport back to the lab. Due to the limited volume of material in each core 

section, Eh values from each sampling site were monitored through the seasons (Appendix A) by 

collecting a second individual sediment core from the same location. Eh data were collected by 

inserting the probe (Mettler Toledo InLab® Redox Micro electrode, Model: 51343203) of the Eh meter 

(IQ Scientific IQ150-77) into the sediments at various depths. 

   
Figure 3-2. Core tube with sediments             Figure 3-3. Core sectioning setup  

 

3.2 Experimental design 

 
3.2.1 Seasonal Variation in Concentration of Uranium and Iron in Porewaters 

Previous work has reported that U and Fe have a close redox relationship (Chacko & 

Eisenberg, 1990). And Fe(II) is considered as soluble species but Fe(III) is insoluble (Heron et al., 

1994), which is opposite to that uranium, i. e., U(IV) is acknowledged as insoluble while U(VI) is 
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soluble. To explore seasonal changes in the concentrations of uranium and iron, as well as possible 

sampling artefacts, field sampling at Bentley Lake was conducted roughly every two months, i.e, June 

14th, August 30th, and October 16th, November 27th, 2017 (Appendix A). At the lab, each sediment 

core section was shaken well in a glove bag, prior to be divided into several centrifuge tubes or glass 

vessels depending on the purpose of the experiment; both types of containers were sealed while still in 

the glove bag. Any container or centrifuge tube used for storing the samples had been flushed by 

nitrogen gas before being utilized. Porewaters were obtained by centrifuging the tubes (still filled with 

N2) at 7,000 rpm for 15 minutes (Eppendorf Centrifuge 5430 R), followed by filtration through a 0.45 

um membrane.   

3.2.2 Bicarbonate Extraction from Sediments for Amorphous Uranium 

To test for the existence of amorphous uranium in porewater, a published extraction method 

using sodium bicarbonate (NaHCO3) was duplicated on our bulk sediments (Alessi et al., 2012). To 

quantify the amount of uranium extracted by NaHCO3, two similar portions of sediments were 

involved in the experiment.  

In the first portion, the total concentration of uranium in the bulk sediment was determined. 

Approximately 1 g wet sediment was weighed and then dried at 105℃ overnight (Heiri et al., 2001).  

In the second portion, 3 x 1 ml subsamples of wet sediment (approximately 1 g, exact mass  

was recorded in order to calculate water content) were suspended in 3 tubes to which different 

additions were made: 1) 10 ml ultrapure water, i.e., 18.2 MΩ.cm MQW; 2) 10 ml 40 g/L NaHCO3 

solution and 3) 10 ml 80 g/L NaHCO3 solution (Alessi et al., 2012). Any oxygen in the MQW and 

NaHCO3 solutions were flushed out with N2 gas for 15 minutes prior to use. After two days, the 

contents of the tubes were centrifuged. The supernatant was filtered through 0.45 um filters in a glove 

box for further processing.  
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3.2.3 Co-precipitation of U(IV)-NdF3 Method 

Anderson (1984) proposed a method for measurement of U(IV) in which acidified natural 

water with 0.6 M hydrochloric acid (HCl) was mixed with neodymium nitrate (Nd(NO3)3) having a 

concentration of 100 mg Nd per liter; following that, 10 ml concentrated HF was added to co-

precipitate NdF3 and U(IV). After reacting for 30-60 min, filtered solutions containing U(VI) were 

measured to confirm the separation.  

To determine the content of U(IV) and U(VI) in the porewater samples, Anderson’s method 

(1984) was modified and used to separate soluble U(IV) and U(VI). Three tests of the modified 

method were conducted on a U(IV) source (UF4), following which it was used on the collected field 

samples:  

1) NdF3 mixed with U(IV), 2) NdF3 mixed with U(VI) made from oxidized UF4, and 3) NdF3 

mixed with U(IV) after a period of U(IV) exposure to air.  

Solid uranium tetrafluoride (UF4) was used as the U(IV) source and ammonium oxalate 

((NH4)2C2O4) solution was the solvent for the UF4. To make the U(VI) source, UF4 was oxidized in 

hydrogen peroxide (H2O2). Prior to precipitation, the concentration of uranium was determined in an 

independent aliquot, since even in ammonium oxalate, very limited solid UF4 was dissolved.  

To test the modified method, first, 5 x 0.1 ml aliquots of the test solutions each having 

different concentrations of soluble U(IV) and U(VI) were acidified to pH 2 with HCl (Rajec et al. 

2009). For the air exposure experiments, three aliquots containing different concentrations of U(IV) 

were analyzed with each aliquot having three different periods of exposure, i.e., 2h, 4h, and 44h. Each 

sample was then co-precipitated with 0.1 ml 1000 ppm Nd and 0.005 ml HF for 3 days. Then the 

supernatant was pipetted, filtered through a 0.45 um membrane into a new centrifuge tube to remove 

particles, and evaporated on a hotplate at 100℉ to remove HF prior to ICP-MS analysis. Every 

solvent was flushed by N2 gas before being utilized.  
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Once the co-precipitation method was set up, the influence of air on natural anoxic uranium 

and the ratio of U(IV)/ U(VI) was investigated in the samples collected from Bentley Lake. Prior to 

the formation of any co-precipitates of U(IV)-NdF3, the porewater was exposed to air for different 

periods of time, i.e., 0 h, 1 h, 2 h, 14 h, and 38 h.  

 

3.2.4 Air Exposure Experiments 

In order to confirm if anoxic sediment samples remained anoxic if kept under N2 gas 

following collection, an air exposure experiment was carried out. Basically, bulk sediments were 

exposed to air for 0 h, 1 h, 2 h, 22 h, and 44 h then the concentrations of U and Fe were measured. 

These concentrations were compared to those measured after the sediments had been kept under 

nitrogen gas for 20 days, and then exposed to air for 0h (anaerobic samples), 4h, and 40h. Both U and 

Fe were selected because their redox biogeochemistry are possibly related in natural samples (Petrie et 

al., 2003).  

3.2.5 Influence of Bacteria on U and Fe  

In order to see whether bacteria in sediments influence U and Fe concentrations, 0.02 % 

sodium azide (NaN3) was used as a bactericide (Chacko & Eisenberg, 1990) to eliminate any alive 

bacteria in the sediments. Four tests were conducted using 15 ml centrifuge tubes:  

1) NaN3 was added to some of the bulk sediment collected in October and then exposed to air 

for 0, 2, 22 and 44 hours;  

2) Some samples collected in October were kept under N2 gas for 20 days, then NaN3 was 

added and the samples exposed to air for 4 h, and 40 h; 

3) Sediments collected in November were kept in an N2 gas atmosphere for 1, 3, 5, 7 and 45 

days; 

4) NaN3 was added in some of the November samples before they were kept under N2.  
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After the sodium azide had been added to the tubes, the samples were transferred onto a Belly 

Shaker, and shaken at maximum speed for 30 seconds to mix the NaN3 and sediments. At the 

completion of the various treatments, the tubes were centrifuged for 15 min. Part of the supernatant 

was then removed using a pipette for further analysis. Each step of the sample transfer was conducted 

in glove bag. 

3.2.6 Ultra-filtration 

To investigate the molecule size of soluble uranium, in a glove bag a 0.1 ml aliquot of 

porewater collected in June was filtered (for 15 min at 12,000 rpm) through a 3 kDa pore size 

ultrafilter. 

 

3.3 Analysis 

 
3.3.1 Sediments Analysis 

All bulk sediments were weighed before and after being dried so that % moisture could be 

determined. Then, as described in Section 3.2.2, 0.5 g dried sediments were weighed and transferred 

into Teflon tubes to which 4 ml HNO3 and 2 ml HF were added (Mester et al., 1998). Samples were 

digested at 120 psi under nitrogen gas in an UltraClave high pressure microwave (Milestone 

Scientific, USA) for 60 minutes at 180℃. The HF was evaporated on a hot-plate at 140℉for 10 hours. 

Then the samples were diluted and re-dissolved in 2% HNO3. An internal standard, indium, was added 

into each sample.  

3.3.2 Porewater Analysis 

As mentioned previously porewaters were obtained from the bulk sediment by centrifuging 

them at 7,000 rpm for 15 minutes in centrifuge tubes, and then were filtered through 0.45 μm filters. 

For metal analyses, the porewater samples and the samples obtained from ultrafiltration (Section 

3.2.6) were diluted with UPW and then acidified with 2% HNO3.   
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A second approach was used for further species investigation of uranyl ion groups. Bulk 

samples for this analysis were centrifuged only at 1,000 rpm for 5 minutes in glass vessels and the 

samples were then diluted only with UPW.  

3.3.3 Instruments 

All metal concentrations were measured on an Agilent ICP-MS 8800, a triple quadrupole 

ICP-MS. All uranium measurements were conducted under ‘no gas’ mode whereas iron results were 

determined under ‘hydrogen’ mode. Detailed parameters are presented in Table 3-1. A certified 

standard solution (1000 ppm U in 4% HNO3, SCP Science, PlasmaCal) was used for calibration. 

A Thermo Fisher Scientific Q Exactive Orbitrap was used (using ESI) to further qualify 

chemical formulae and for the investigation of uranyl ion groups in anoxic processed porewaters. 

Analysis parameters are presented in Table 3-2.  

 

Table 3-1. Parameters for U and Fe analysis on ICP-MS 
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Table 3-2. Parameters for uranium analysis using the Orbitrap 
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Chapter 4 

 

Results 

 
4. 1 Laboratory Test of Co-precipitation of U(IV)-NdF3 Method 

 
Because I was adapting the Andersen (1984) method for use with porewater, in order to find 

the right amount of NdF3 precipitate for separating soluble U(IV) and U(VI), a range of concentrations 

of U was tested. As shown in Figure 4-1, 0.1 ml 1000 ppm Nd solution and 5 µL HF were used to co-

precipitate U(IV). As demonstrated by the linear relationship between the initial concentration of U 

and amount precipitated, the percent co-precipitated, i.e., precipitated U/total U x 100, is 85% and is 

constant irrespective of the initial concentrations of soluble U(IV) (Appendix C). 

 

 
Figure 4-1. Co-precipitation of dissolved UF4(s) in (NH4)2C2O4 with NdF3 

 

Figure 4-2 presents the results of the test of whether this co-precipitation method would also 

remove U(VI) from solution. The U(VI) was oxidized from UF4 in H2O2 solution before co-

precipitation. To test whether the differences in concentration before and after precipitation are 

significant, a paired T-test was utilized. There is no significant difference (p=0.135) between the mean 



        31  

values of the two groups (t=1.508<Tcrit=2.919) The difference between before and after co-

precipitation are much smaller than the changes observed for U(IV) in Fig. 4-1. 

 

Figure 4-2. UF4(s) dissolved and oxidized in H2O2 and co-precipitated with NdF3 

 

 

 

Another batch of samples was used to investigate the effect of air exposure on dissolved 

UF4(s) in (NH4)2C2O4. Changes in the ratio of U(IV)/Utotal during air exposure times of 2 hours, 4 

hours, and 44 hours were measured. Three replicates with original U concentrations of 938 ppb, 4250 

ppb, and 8420 ppb, all yielded declines in the percent of U(IV) to Utotal
 during exposure, with the 

percentage declines of 26% to 17%, 13% to 10%, and 13% to 5% in the three initial concentrations 

respectively. Higher percentages of U(IV) to Utotal were observed at lower total U concentrations (Fig. 

4-3 & Appendix D).. Although there is a clear trend in terms of the amount of U(IV) precipitated in all 

three starting concentrations, i.e. a reduction as a function of exposure time, given the small number of 
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samples, the differences are not statistically significant.   

 

 

Figure 4-3. Co-precipitation of U(IV) using NdF3 after exposure to air for 2, 4 and 44 h at 

three concentrations of Utotal. i.e, 938, 4,250 and 8,420 ppm. 

 

 

4. 2 Laboratory Test of HR-MS (Orbitrap) Method 

 
In order to test whether or not the large amount of U in the porewater is uranyl ions, which is 

the common soluble U(VI) species (section 1.3), a method was developed using the Thermo Orbitrap, 

an electrospray ionization (ESI) high resolution (HR) mass spectrometer (section 2.9.2). A certified 

standard solution (1000 ppm U in 4% HNO3, SCP Science, PlasmaCal) was diluted to 10 ppm and 1 

ppm to produce uranyl ions in mass spectrometers. 

In positive mode, uranyl ions (UO2
2+) accept one electron (e-) and are found as UO2

+ at m/z of 

270.039. In both 10 ppm and 1 ppm U standard solutions, peaks were found at this mass. Other 
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compounds bound with UO2
+ are present as well (Figure 4-4). Table 4-1 outlines these uranium 

species, their corresponding theoretical and measured masses and deviations. The mass deviation 

(ΔM) varied from -0.76 to -1.51 ppm. It should be noted that the mass of an electron is 0.00055 amu 

(Ferrer & Thurman, 2007) and the theoretical mass of a UO2 molecule is 270.04062 amu, so that the 

theoretical masses of 238UO2
+ and 235UO2

+ should be 270.04007 and 267.03321 amu, respectively. In 

ten observations of standard solutions at different concentrations and using different CID energy 

levels, 238UO2
+ peaks were in the range of 270.0391-270.0399, and 235UO2

+ peaks were in range of 

267.0311-267.0333. The 235U/238U mass ratio in nature is 0.72%; however, as is typical for most 

commercially-available U standard solutions, in the PlasmaCal uranium standard, it was depleted to 

0.2% (Harguindeguy et al., 2014). Unfortunately, the 235U/238U ratios approached 0.2%, i.e., 0.17% 

and 0.16% in the 1 ppm and 10 ppm U solutions, respectively (Figure 4-5, Appendix I), only at 40 eV 

(collision energy) under CID (collision-induced dissociation) mode, which also had highest intensity 

of 235UO2
+. CID is a process of fragmentation generated by collisional activation (Wells et al., 2005), 

and higher collision energy would contribute to generate more small fragment ions (Weinmann et al., 

2001), i.e. the UO2
+ ions. 
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      Figure 4-4. HR-MS spectrum of uranyl compounds in a 10 ppm U standard solution (Positive Mode) 

 

 

 

Table 4-1. Theoretical and measured masses and the calculated deviation of uranyl species 

(ΔM(ppm)=(M measured/Mtheoretical)-1) ×106). n =number of observations. 

 

Formula 
Measured 

m/z 
(average) 

Range n 
Theoretical exact 

m/z 
ΔM (ppm) 

235UO2
+ 267.03281 0.00213 8 267.03321 -1.51 

238UO2
+ 270.03973 0.00083 10 270.04007 -1.24 

[238UO2OH]+ 287.04248 0.00049 10 287.04280 -1.15 

[238UO2OH(H2O)]+ 305.05308 0.00022 10 305.05337 -0.98 

[238UO2OH(H2O)2]+ 323.06368 0.00018 10 323.06393 -0.80 

[238UO2OH(H2O)3]+ 341.07425 0.00016 10 341.07450 -0.76 
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Figure 4-5. Theoretical and observed spectrum of uranyl isotopes 

 

4. 3 Amorphous Uranium in the Sediments Measured by Bicarbonate Extraction  

 
Two concentrations of bicarbonate, i.e., 40 g/L and 80 g/L NaHCO3 were used to determine 

the suitable concentration for extraction of amorphous U. In a core collected at Site 1 in June 2017, 

both concentrations yielded similar results and so the average values were calculated (Table 4-2). 

First, the amount of U extracted by MQW was subtracted from the amount extracted by bicarbonate to 

determine the amount of amorphous U. In sediments with total uranium concentrations ranging from 

48 ppm to 505 ppm, the amount of extracted uranium using NaHCO3 was from 1 ppm up to 18 ppm, 

which represented on average ~5% of the total uranium in the core sections. The percentages extracted 
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from depths of 0 to -4 cm were below 2%, however below -4 cm, the percentages extracted were >3%. 

The extraction capability of MQW decreased from 3 ppm to zero by 8 cm depth of sediments.  

 

Table 4-2. Extraction of uranium from a sediment core collected at Site 1 in June 2017 using MQW 

and NaHCO3. The number in red text was excluded from the calculations. 

 

sample 
ID 

Depth 
/cm 

Total U 
(ppm) 

Water 
content 

Extraction 

MQW 
ppm 

40 g/L 
NaHCO3 

Percent of 
Extracted 
U/Total U 

80 g/L 
NaHCO3 

Percent of 
Extracted 
U/Total U 

J1A 

0-2 505  99% 3  17  2.77% 9  1.19% 

2-4 554  99% 1  6  0.90% 4  0.54% 

4-6 508  97% 0*  18  3.54% 18  3.54% 

6-8 357  94% 0 16  4.48% 13  3.64% 

8-10 201  93% 0 70  34.83% 9  4.48% 

10-14 124  94% 0 4  3.23% 5  4.03% 

14-18 72  93% 0 2  2.78% 3  4.17% 

18-22 48  93% 0 1  2.08% 2  4.17% 

*the U concentration was below detection. 

 

One outlying value shown in red in Table 4-2 was rejected, because it is >3 standard deviations of the 

mean of the remaining data (using percentage U extracted to normalize for starting concentration 

differences). The determined total U possibly is less than the true value due to potential evaporation of 

UF6 (which is converted to gas above 100℃) which could form during the digestion process (Duff, et 

al., 1997). 

 

4. 4 Seasonal Variation in Concentrations of Uranium and Eh in Porewaters 
 

Concentrations of uranium in the porewaters and Eh values mostly had similar trends both 

seasonally and also with depth in the cores (Fig. 4-6). Depending on the season, U concentrations 

declined from peak concentrations of approximately 300-1000 ppb to minimum concentrations of 22-

200 ppb, with decreasing depth from the water-sediment interface to -10 cm, Similarly, Eh values 
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decreased from approximately -100 mv in the surface-sediments to -200 mv at -10 cm (Fig. 4-6, Table 

4-3, Appendix B). However, in the core collected in August, Eh values were the lowest measured (-

240 mv), and also constant throughout the entire core; yet, similar to the cores collected in the other 

seasons, the U concentrations still declined from 730 ppm at the surface to 123 ppm at -10 cm (Fig. 4-

6). 

 
    Figure 4-6. Concentrations of uranium in porewater and Eh values in the sediments at Site 1. 

 

Table 4-3. Total U concentrations in the porewaters (ppb) at site 1 (June to November), at site 2 in 

(October) and at site 3 (November), 2017. 

 

 Sample ID* 

Depth(cm) 

Site 1 Site 2 Site 3 

June June Aug Oct Nov Oct Nov 

J1B J1C A1 O1 N1 O2 N3 

0-2 985 806 734 321 782 854 665 

2-4 1022 789 673 404 984 761 681 

4-6 316 729 370 290 926 NS 460 

6-8 82 475 170 145 415 NS 177 

8-10 73 187 123 22 226 NS 49 

*Sample ID description (Appendix A): first letter represents the month of sampling, middle number 

represents the sampling site as described in Figure 3-1, and the second letter represents different 

replicate sediment core 



        38  

NS: no sample

 

4. 5 Application of Co-precipitation Method 

 
After the modified co-precipitation method (section 4.1) was tested under lab conditions, it 

then was applied to natural porewater samples using the same method, i.e., 0.1 ml 1000ppm Nd, 5 µL 

HF, and 25µL HCl. In order to make sure there was enough NdF3 to precipitate all reduced uranium in 

the porewater, two different volumes of porewater, 0.05 ml and 0.1 ml, from each depth were used.  

The different volumes of porewater yielded different amounts of co-precipitates (Fig. 4-7). More 

soluble U was left in solution with fewer precipitates in the 0.1 ml aliquot (green line in Fig. 4-7) 

compared to the 0.05 ml aliquot (red line in Fig. 4-7), which contained relatively more precipitates. 

Even though the concentrations of U varied from 81 ppb to 1055 ppb, during exposure times of 0h, 

1h, 2h, 14h, and 38h, the ratios of soluble U and co-precipitated U (assumed to be U(VI)/U(IV)) were 

the same, i.e., 7:3 and 8:2 for the 0.05 ml and 0.1 ml batches, respectively (Appendix E & F). 
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Figure 4-7. Co-precipitation of U in porewaters after various times of exposure to air  
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4. 6 Air Exposure Experiments 

 
In samples collected in June 2017, an increase (over 2 times) in U concentrations in the 

porewaters was observed after 1 hour air exposure (Table 4-4). In August, increases were found 

during exposure to air for 1 h. To be more specific, in Table 4-4, from depth 0-14 cm, U concentration 

increased 2 to 3 times after one hour exposure in air, and at depth 14-18 cm and 18-22 cm, it increased 

5.99 and 15.52 times, respectively. However, the concentrations then decreased to ~100 ppb after 38 h 

exposure (Fig. 4-8 & Appendix E). When samples from August were kept under N2 gas for 26 days, 

and then processed in the same way to determine U concentrations in the porewaters, the U 

concentrations generally decreased to several ppb from hundreds of ppb after 26 days (Table 4-4). 

When, after 26 days storage, they were exposed to air again, the U concentrations in the top two 

sections (0-4 cm) increased back to the original concentrations (almost 1000 ppb), while in the other 

sections, no obvious change was found (Table 4-5). 

 

                     Table 4-4. Total U concentrations (ppb) in porewaters after 1 hour exposure in air.  

Sample ID Depth/cm 
Initial U 

concentration 
U concentration 

after 1 hr 

Ratio 
After /before 

exposure 

J1B 

0-2 1277  2761  2.16 

2-4 1310  2782  2.12 

4-6 391  971  2.48 

6-8 96  333  3.48 

8-10 91  231  2.53 

10-14 62  181  2.94 

14-18 13  81  5.99 

18-22 4  68  15.52 
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Figure 4-8. U concentrations in porewaters after various times of exposure to air 

                      

Table 4-5. Changes in total U concentrations in porewaters (ppb) in a core kept under nitrogen for 26 

days and then re-exposed to air for 2 days. 

 

Sample ID Depth/cm 

Under nitrogen Exposed to air for 2 days 
after 26 days anoxic 

storage Initial 
26 days 

later 

A1 

0-2 734  4  331  

2-4 673  37  953  

4-6 370  2  1  

6-8 170  6  2  

8-10 123  1  3  

 

In October more air exposure experiments were conducted. Core O1 was sampled from site 1, 

where the depth of the lake is deeper than O2 (site 2, see in Fig. 3-1). Core O2 was relatively sandy, so 

there was insufficient porewater after centrifugationto permit analysis for some sections for all 

exposure times. U and Fe concentrations were measured on the same samples. In the first 44 hours, U 

concentrations generally increased at least 2 fold, i.e., from several hundred to over a thousand ppb, 

while Fe concentrations mostly fluctuated around 100 ppb to 200 ppb (Table 4-6). After 20 days 

anoxic storage, the concentrations of U and Fe dramatically reversed, i.e., U concentrations declined 
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to below 4 ppb from hundreds or thousands of ppb, and the Fe concentrations increased up to 81 ppm 

from <0.5 or 1 ppm. In only core O1, at a depth of -4 cm to -8 cm (data highlighted in Table 4-7), the 

U concentrations continued to increase to the ppm level while the Fe concentrations remained at 

ca.100 ppb. 

 

Table 4-6. Total concentrations of U and Fe in porewaters (ppb) after exposure to air for various 

periods of time. 

 

 Total U Total Fe 

Sample ID 

Depth 
/cm 0h 2h 22h 44h 0h 2h 22h 44h 

O1 

0-2 321  120  439  N/A 16  33  NS 61  

2-4 404  492  822  1543  31  57  36  NS 

4-6 290  687  1080  1255  10  31  33  128  

6-8 145  604  663  347  8  42  8  146  

8-10 22  332  77  175  17  43  NS 247  

O2 

0-2 854  1356  227  487  79  189  NS 147  

2-4 761  1733  NS 1851  135  NS NS 85  

4-6 NS 1532  694  2308  NS 413  167  109  

6-8 NS NS 288  1873  NS NS NS 155  

8-10 NS NS 85  1154  NS NS 30  302  

N/A: not available (value was below detection limit) 

NS: no sample available 

  

Table 4-7. After 20 days anoxic storage, total concentrations of U and Fe in porewaters (ppb) after 

exposure to air for various periods of time. 

 

 Total U Total Fe 

Sample ID 

Depth 
/cm 0h 4h 40h 0h 4h 40h 

O1 

0-2 1  3  4  2093  2613  1463  

2-4 0  1  2  51311  53373  81351  

4-6 1502  1783  2209  59  40  51  

6-8 1699  2051  2140  82  101  172  

8-10 1  1  1  4743  2566  2762  

O2 

0-2 1  2  2  110  60  808  

2-4 0  2  1  39  273  50  

4-6 3  4  2  176  257  158  

6-8 0  3  2  1245  1097  440  

8-10 0  1  1  700  1762  1759  
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4. 7 Influence of Bacteria on U and Fe 

 
To test the possibility that bacterial activity may be influencing U concentrations, in October, 

NaN3 was used to kill bacteria in the sediments prior to air exposure. As well, some samples were kept 

under nitrogen for 20 days then NaN3 was added (see Section 3.2.6, method 1 & 2). In a second 

experiment in November, NaN3 was added to the sediments in a glove bag prior to storage under N2 

gas (Section 3.2.6, method 3 & 4). 

 

Table 4-8. Total U and Fe (ppb) in porewater (without live bacteria) after exposure to air for various 

periods of time (October). 

 

 

 

 

 

 

 

 

N/A: not available (value was below detection limit) 

NS: no sample available 

 

 

The results (Table 4-8) reveal increasing concentrations of U through time without bacteria, 

similar to the results obtained in the presence of bacteria (Table 4-6); however the variation in the U 

concentrations without bacteria (increased ~10 times) was higher than what was observed in the 

samples processed normally (increased ~4 times). For example, at 2-4 cm after 44 hours exposure to 

  Total U Total Fe 

Sample ID 
Depth 

/cm 
0h 2h 22h 44h 0h 2h 22h 44h 

O1 

0-2 628  N/A 947  6326  103  346  13  40  

2-4 630  1744  1630  10574  282  252  115  319  

4-6 547  839  1448  4529  215  71  31  245  

6-8 691  1188  2301  1268  50  211  57  191  

8-10 24  853  56  1017  102  35  15  493  

O2 

0-2 1266  654  1633  425  141  12  64  408  

2-4 1590  1672  3120  5373  120  36  78  133  

4-6 NS 667  1055  3762  NS 26  93  89  

6-8 NS 192  541  3607  NS 144  113  223  

8-10 NS 118  397  2670  NS 56  66  107  
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air without bacteria (Table 4-8), there was a 16-fold (630 ppb to 10,573 ppb) increase in the U 

concentration whereas with the bacteria (Table 4-6), there was only a 4x increase in concentration 

(404 ppb to 1,543 ppb). However, when NaN3 was added after 20 days storage under N2 gas, there was 

no obvious difference in U concentration between samples containing NaN3 compared to those 

without it (Table 4-6, 4-7). Over a long time period, the presence of bacteria did not seem to affect U 

concentrations. The results for Fe were similar to those for U, except Fe concentrations were more 

variable.  

 

Table 4-9. After 20 days anoxic storage, total U and Fe (ppb) in porewater (without live bacteria) after 

exposure to air for various periods of time (October). 

 

  Total U Total Fe 

Sample ID 

Depth 
/cm 4h 40h 4h 40h 

O1 

0-2 5  8  151  43  

2-4 4  5  43951  22420  

4-6 2421  2438  55  68  

6-8 3122  2670  327  167  

8-10 2  1  1824  131  

O2 

0-2 4  17  817  55  

2-4 7  125  287  128  

4-6 8  6  318  136  

6-8 3  3  753  159  

8-10 2  1  2319  1493  

 

      Samples collected in November were used to further explore the relationships between U, Fe, 

and bacteria. With samples kept under N2 gas (Table 4-10), U concentrations increased from several 

hundreds of ppb to 1-2 ppm, depending on the depth, in the first 5 days, and after 5 days, most of them 

started to decrease. Fe concentrations increased throughout the 7 days, from ~100 ppb to several 

hundreds of ppb depending on the depth. Concentrations of U and Fe in samples to which NaN3 had 

been added were both higher than those without NaN3. After 45 days of anoxic storage, the 
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differences in Fe concentrations between samples with NaN3 added and samples with no NaN3 added 

are much bigger than the differences between U concentrations in the same samples, i.e., without 

NaN3, Fe concentrations increased to 2-8 ppm but with NaN3, it is around 10 ppb; and in all 

observations after 45 days, U concentrations fell to below 200 ppb from a starting concentration of 1-3 

ppm. 

 

Table 4-10. Total U and Fe concentrations in porewater (ppb) after x day’s storage under N2 gas 

(November cores). 

 

 Total U Total Fe 

Sample 
ID 

Depth 
/cm 0h 

1 
day 

3 
days 

5 
days 

7 
days 

45 
days 

0h 
1 

day 
3 

days 
5 

days 
7 

days 
45  

days 

N1 

0-2 782  1260  1400  1544  1290  39  47  98  103  138  222  7999  

2-4 984  1714  1963  1991  1776  0  48  64  97  111  199  2223  

4-6 926  1876  2224  2080  1714  71  55  72  118  87  148  5269  

6-8 415  976  1110  892  540  8  68  66  110  95  664  81  

8-10 226  453  653  464  215  6  116  120  457  65  76  5522  

10-12 196  81  310  336  208  NS 40  55  54  49  138  NS 

N1 
(NaN3)

* 

0-2 812  1422  1653  2032  1966  81  81  85  209  304  92  4  

2-4 988  1894  2870  2837  2732  180  108  137  135  197  201  9  

4-6 781  1960  2546  2978  3385  184  158  194  189  123  184  7  

6-8 387  1037  1419  1276  1887  NS 129  157  142  82  134  NS 

8-10 129  462  796  750  781  10  77  136  99  102  77  6  

10-12 167  450  628  743  660  NS 63  30  50  49  41  NS 

N3 

0-2 665  1543  1032  1510  1477  1  70  21  31  129  386  7458  

2-4 681  1714  2001  2020  1899  0  57  40  24  50  101  3901  

4-6 460  1614  1899  1862  764  51  55  153  45  67  480  4103  

6-8 177  601  679  616  161  14  96  67  46  55  126  6242  

8-10 49  234  206  213  39  3  424  53  26  54  32  3358  

10-12 80  165  216  131  53  NS 30  16  28  15  7  NS 

  N3 
(NaN3)

* 

0-2 865  1593  2278  2423  2603  1  204  10  18  47  84  3  

2-4 779  2085  2833  3137  3083  4  80  21  37  101  119  12  

4-6 462  1910  3360  3361  3950  NS 84  94  87  140  217  NS 

6-8 222  681  1257  1030  1071  NS 74  69  52  73  74  NS 

8-10 59  273  390  378  395  NS 101  53  45  53  70  NS 

10-12 82  262  429  434  592  NS 52  39  42  39  50  NS 

*NaN3 was added before storage.  

NS: no sample 
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As shown in Fig. 4-9, under N2 there were smaller differences in U concentrations one day 

after adding NaN3 than after longer reaction times. After 1 day, however, the difference in U 

concentrations in samples both with and without live bacteria gradually increased under N2, until 4 or 

5 days, when an approximate steady-state was achieved (red vs blue dots in Fig. 4-9). Alternately 

when samples were exposed to air (sample O1), after 1day, the difference between U concentration in 

samples with and without live bacteria sharply increased (Figure 4-10). Concentration changes in the 

presence of air were less at lower sediment depths than in the upper sections.  

 
Figure 4-9. Changes in U concentrations under N2. 

 

 

 
Figure 4-10. Changes in U concentrations under air. 
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4. 8 Ultra-filtration 

 
There was no difference between total concentrations of U before and after ultra-filtration 

through 3 kDa filters in N2-treated samples (Figure 4-11). The same results were also found in 

samples that were not nitrogen treated (Core J1B, J1C, see Appendix A & G). Concentrations of U 

(both total and ultra-filtered) varied from approximately 1000 ppb in the surface 0-4 cm sediments, 

then declined to ~60 ppb from 4-8 cm reaching levels of <10 ppb at 20 cm.  

 

 
Figure 4-11. U concentrations after ultra-filtration (<3 kDa) and total U concentrations (ppb) in core J1B 
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4. 9 Presence of Uranyl Ions in Porewater 

 
After the method (section 4.2) was developed, seven porewater samples were analyzed by 

ESI-Orbitrap MS using the parameters presented in Figure 3-5. Both 238UO2
+ and 235UO2

+ peaks were 

detected in six of the samples (Table 4-11). The 238UO2
+ peaks were in the range of m/z 270.03869-

270.03893 amu with ΔM in the range of -5.11 to -4.22 ppm; the 235UO2
+ peaks were in range of m/z 

267.03164-267.03771 amu with ΔM in the range of -5.88 to 16.85 ppm. The absolute intensities of 

235UO2
+ peaks vary from 40 to around 300 (arbitrary units), and that of 238UO2

+ peaks fluctuate from 

3.8k to 66k. In sample 6, no 235UO2
+ peak was detected and the intensity of 238UO2

+ peak was only 

28.2. 

 

Table 4-11. Measured m/z, mass deviation (ppm), intensity and the 235U/238U ratio in anoxic 

porewater. 

 

Sample 
m/z of 

235UO2
+ 

ΔM (235UO2
+, 

ppm) 
Intensity m/z of  

238UO2
+ 

ΔM (238UO2
+, 

ppm) 
Intensity 235U/238U 

1 267.03447 4.72 41.2 270.03893 -4.22 18899.8 0.22% 

2 267.03771 16.85 82.6 270.03893 -4.22 66337.8 0.12% 

3 267.03164 -5.88 293.7 270.03886 -4.48 55303.1 0.53% 

4 267.03193 -4.79 245.8 270.03887 -4.44 56944.2 0.43% 

5 267.03546 8.43 40.2 270.03886 -4.48 16915.5 0.24% 

6    270.03869 -5.11 28.2  

7 267.03289 -1.2 61.8 270.03887 -4.44 3867.8 1.60% 
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Chapter 5  

Discussion 

The purpose of this study was to explore the reasons why we find soluble U in a lake near 

Bancroft, Ontario given that there are strong reducing agents in the sediments and U(IV) is normally 

considered to be insoluble (Lottermoser, 2010). Understanding this might help us to find better 

methods of remediation in other locations. The impact of Fe, bacteria, redox conditions, and Eh on U 

in lake sediments and pore water was explored and the molecular size of soluble uranium was 

examined. In addition I tested methods for extracting uranium from natural sediment and porewater 

samples, modified and applied a co-precipitation method for separating soluble U(IV) and U(VI), and 

developed method for uranyl analysis using ESI-Orbitrap MS. 

 

5. 1 Valence of Uranium 

 
Using the NdF3 precipitation method, unlike tests using U(IV), there was no significant 

difference in U(VI) concentration before and after precipitation. Thus my data confirm the ability of 

this method to separate U(IV) and U(VI), at least in pure solutions. Previous studies have 

demonstrated that 93% to 98% of total uranium in anoxic porewater is present as U(IV) colloids 

(Wang et al., 2013) or as amorphous U(IV) (Alessi et al., 2012, Bargar et al., 2013). However in this 

study, the ratio of U(VI)/U(IV) (7:3) suggests that forms of U that can’t be coprecipitated by NdF3 

predominated in anoxic sediment porewater, however the fraction of U(IV) is not insignificant. Two 

pieces of evidence support this observation. First, the U(IV) in porewater did co-precipitate with 

NdF3. Second, the HR-MS results support the presence of an m/z spectrum of uranyl in porewater, 

which is in agreement with the results obtained by another researcher in our group, who also found 

uranyl in porewater from the same lake using a different method (Novotnik et al., 2018). 
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Interestingly, the ratio of precipitated U/non-precipitated U in porewater using the NdF3 

method remained the same during exposure to air, even though it should increase as the U(IV) is 

oxidized to U(VI). This suggests that oxygen was one factor affecting the soluble uranium 

species. In addition, for most sample dates there were strong linear relationships between the Eh 

values and the U concentrations in porewater (Fig 5-1). However, in October, the coefficient of 

determination was only 0.2, but the U concentrations still have similar trends (see sections 4.4, 

4.6 & 4.7), which might suggest that, in October, the changes in total U concentration probably 

were not due to redox reactions but might be due to biomass-associated adsorption or desorption 

(see Section 5.3).  

 

Figure 5-1. The relationship between Eh values and U concentrations 

 

For example, Alessi et al. (2014) reported microbial biomass immobilizes U from water and 
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U is bound to phosphate groups; the biomass-associated U(IV) solids are more easily extracted than U 

solids precipitated by inorganic phosphate using concentrated NaHCO3 solution. In addition, with 

increasing depth and lower Eh values, the ratio of U(VI)/U(IV) (7:3) did not vary greatly as well 

(Appendix F). However, redox conditions usually are considered as an important factor driving the 

changes in uranium in porewater chemistry (Toole et al., 1984 & Gooddy et al., 2002). 

Using the NdF3 precipitation method, 85% of dissolved UF4 in (NH4)2C2O4 was precipitated 

(Appendix C). In theory, 100% should be precipitated if UF4 were not oxidized during storage. Ferris 

(1957) reported that UF4 can be oxidized by oxygen at high temperature and Fried & Davidson 

(1945) found UF4 can be oxidized in air in the presence of fluorine. The UF4 used in this method had 

been stored in the presence of oxygen in the lab for approximately 10 years. The fact that 15% did not 

precipitate during the experiment may be due to oxidation of UF4(s) to U(VI) during those years of 

storage prior to the start of the experiment. Any differences observed in the concentration of UF4 after 

precipitation with NdF3, for example, 42 ppb at the start of the experiment vs 30 ppb after 

precipitation (Fig. 4-2), might have been due to larger experimental errors at lower U concentrations. 

The decrease in the percentages of U(IV)/Utotal from dissolved UF4(s) in (NH4)2C2O4 (Tananaev & 

Savchenko, 1962) after being exposed to air (Fig. 4-3) suggests that U(IV) was oxidized to U(VI) 

during exposure to air and over 70% was oxidized in the first 2 hours. Similarly, Gogolev et al. (2017) 

reported that ozone is able to oxidize uranium (IV) oxalate in water at room temperature within a few 

hours. When the co-precipitation method was applied to porewater samples, less U(IV) (20%) was 

found and less precipitated in 0.1 ml porewater (same volume used during method testing) than in 

0.05 ml porewater (30%), which may be due to a higher pH caused by larger volume of water and a 

different matrix following addition of reagents in the 0.1 ml samples compared to the 0.05 ml 

samples. Dimova et al. (2003) postulated that having less mass of sample would contribute to higher 

recovery during co-precipitation of U with neodymium fluoride. 
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Regenspurg et al. (2010) demonstrated that U(VI) predominated in anoxic soil samples 

because a NaHCO3 solution extracted the most U. In this study, the majority of U was not extracted by 

NaHCO3, and it is possible that U(IV) predominated in the bulk sediments samples. But it’s not clear 

why additional results suggest that U(VI) predominated in the porewater.  

 

5. 2 Molecular Size of Uranium 

 
Interestingly, the soluble U measured under anoxic conditions (Appendix G) was present as 

small molecules since all of them passed through 3 kDa filters (Fig 4-9), which is supported by the 

work of Novotnik et al (2018) who found that the sizes of U-DOM compounds present in Bentley 

Lake porewater are certainly less than 3 kDa (approximately in the m/z range of 550–850). However, 

Wang et al. (2013) found that soluble U in anoxic porewaters was of a large molecular size (over 500 

kDa) and was bound to colloids. Kaminski et al. (2005) also reported larger sizes of aqueous uranium 

colloids (>30 kDa) from anoxic nuclear fuel waste. Because colloids normally are relatively large (1 

nm to 1 µm), the species of uranium in our study probably are not bound with colloids.  

The soluble uranium in the sediment samples mostly is not amorphous uranium, since only 

3% was extracted by sodium bicarbonate. This is in contrast to the results of Alessi et al., 2012, who 

reported that ~98% of the U in Rifle Area Background Sediments, Colorado was present as 

amorphous U. Furthermore, in the top two sections, the percentage of amorphous U was lower than 

2%., but this may be caused by the higher water content (99%) in those samples. Similarly, Um et al. 

(2009) reported at lower depths in a nuclear waste site, sediments samples had higher moisture content 

and less U was extracted by acid. That said, if total U concentrations in the bulk sediments were ~500 

ppm (e.g. Table 4-2), even 2% of total U translates to 10 ppm, and is far more than the amount in 

porewater (~ 1 ppm), so the initial soluble U in porewater could still be amorphous. But, as my 

ultrafiltration results indicate, the size of this amorphous U, if that is in fact the form, must be very 
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small. In addition, NaHCO3 concentrations of 40 g/L and 80 g/L (see Section 3.2.2) extracted almost 

the same amount of U,  (Table 4-2) which suggests that in our case, 10 ml of 40g/L NaHCO3 is 

enough to extract the amorphous uranium from approximately 1 g wet sediments containing 554 ppm 

total U. The extraction percentages were around 4% in other depths, while the amount of U extracted 

using the NaHCO3 decreased with increasing depth, which may be the result of less organic carbon 

content in deeper sediments. Similarly, Arey et al. (1998) reported that a larger amount of extractable 

U was found in lower depths of sediments with higher organic carbon content in a contaminated site, 

at Savannah River, Carolina. Similarly, Dang et al. (2016) found that at low U concentrations  (<50 

μmol/L), U adsorption on Mn oxide decreased with increasing DOC.  

 

5. 3 Bacterial Activity and Concentrations of U and Fe 

 
Comparing the October and November results (Tables 4-6, 4-7, 4-8, 4-9 & 4-10), in the first 

few days, the presence of bacteria significantly affected U concentrations under both anaerobic and 

aerobic conditions, i.e., there was a large difference in U concentration between samples with bacteria 

and samples to which NaN3 had been added (see Fig. 5-10 & 5-11), also U concentrations increased 

faster and concentrations were much higher in the absence of bacteria. In general, concentrations of U 

increased for the first 5 days, then decreased by over 10% both in samples with and without live 

bacteria (Table 4-10 and Fig. 5-11). For samples to which NaN3 was added (Fig. 5-10 & 5-11; blue 

line), the changes in U concentrations were similar to what was measured in the October samples 

where NaN3 was added (Fig. 5-11), i.e., there were higher U concentrations without bacteria. However 

the changes in the concentrations of U and Fe (Tables 4-10) in November were not as great (only 1~2 

times) when compared to those concentrations in October. This may suggest that a large amount of U 

was released from organic matter or the surfaces of the bacteria after the bacteria were killed, 

however, it had much smaller effect on Fe concentrations (Table 4-6 ~ 4-10). Previous work has 

demonstrated that U and Fe have a close redox relationship (Chacko & Eisenberg, 1990). 
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After a long period of storage, there were massive differences in Fe concentrations between 

normally processed samples (i.e., no NaN3 added) and NaN3 added samples, contrary to what was 

observed for U concentrations (almost no difference). After anaerobic storage, Fe concentrations 

increased dramatically in the presence of live bacteria, but decreased to approximately 10 ppb in 

samples where bacteria had been killed. U concentrations also declined to extremely low levels for 

all treatments, with the exception of 4-6 cm and 6-8 cm, where abnormally high levels of U were 

measured in one core (O1), after 44 days under N2. At the same time, lower levels of soluble Fe 

concentrations were found than other normal samples. Finneran et al. (2002) suggested that a 

bacteria called Geobacter metallireducens, can oxidize U(IV) and Fe(II) to soluble U(VI) and 

insoluble Fe(III) under anaerobic conditions when nitrate was added, in a uranium-contaminated 

sediment from Shiprock, Mexico. While there is no evidence in the current study of the specific 

bacterial species, some specific genetic material for bacteria has been studied in Bow Lake (Dang et 

al., 2018). They found a trend of changes in the Geobacter genus bacteria and Fe concentrations that 

was related to proximity to the tailings near Bow Lake. The same could be expected given that 

Bentley Lake is adjacent to the same tailings pile as Bow Lake.   

Fe(II) is much more soluble than Fe(III) (Heron et al., 1994), however it is not clear whether 

the soluble Fe in our samples is Fe(II) or not. It is clear that under anaerobic conditions, the extensive 

changes in soluble Fe during long storage mostly did not contribute to the significant decline in 

soluble U concentration (neither U(VI) nor U(IV)) (Table 4-10). This is contrary to what is commonly 

acknowledged, i.e., that Fe and U have a close relationship in the presence of reducing bacteria 

(Lovely et al., 1993, Liger et al., 1999, Fredrickson et al., 2000, Jeon et al., 2005).  

It is possible that bacteria supported the formation of soluble U(VI), and some U was attached 

to solids associated with bacteria or to bacterial exudates. Under anoxic conditions, the increase of 

soluble U was enhanced by live bacteria, while the balance of the difference of U concentrations 
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between red and blue dots in Figures 4-9 & 4-10 was contributed by the release of attached U from 

solids to porewater after bacteria were killed. Similarly, Regenspurg et al. (2010) suggested the 

binding of U(VI) and organic matter inhibits its reduction. This may explain the initial high 

concentration of U(VI) in our porewater.  

 

5. 4 Presence of Uranyl Ions 

 
Uranyl ions were found in both porewater and standard solutions by HR-MS using CID mode 

(and at high concentrations of U in the standard solutions, uranyl was able to be seen without CID), 

which suggests that U(VI) was not present as free uranyl ions (UO2
2+) in porewater but rather as more 

complex compound(s). However, it was challenging to find the m/z peaks of natural U species 

containing uranyl, because the isotope abundance of 235U is only 0.72% compared to 238U (99.96%, 

Harguindeguy et al., 2014) giving a ratio of 235U:238U of only 0.007. Even under high resolution 

mode, other compounds having smaller intensities are very easy to mistake for 235U peaks, if the 

isotope ratio is used to locate the uranyl species.  

Novotnik et al. (2018) found the molecule UO2CO3OH- in a dissolved UF4 solution and the 

molecule C31H45O2NU+ in porewater from the same contaminated area as this study (an adjacent lake 

– Bow Lake). This also supports the presence of uranyl ions (UO2
+) in this study. 

Under MS/MS mode, collision-induced dissociation (CID) is able to  generate distinctive 

fragments from molecular ions (Hu et al., 2005). With more CID energy, increasing intensities of 

UO2
+ were present (Appendix I) because more complex uranyl compounds were broken up and more 

free uranyl ions were detected. Because the abundance of 235U is very low at low beam intensities, it is 

difficult to measure the 235/238 ratio accurately. But as the larger molecules dissociated, more 235U 

and 238U were detected which made the isotope ratio more accurate. In this study, an isotope ratio 

closer to the expected value (measured ratio is 0.17% and theoretical ratio is ~0.2%, depending on the 
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source of depleted U used to make commercial standards) was found when more UO2
+ ions fragments 

were generated under CID mode. Hoegg et al. (2016) reported that different mass ranges of acquired 

full-scan mass spectrum affected the yield of 235U/238U isotope ratio of uranyl species on the same 

instrument (Q Exactive Orbitrap), i.e. in acquired mass range of m/z 265-275 (0.0067), the 235U/238U 

isotope ratio was closer to the natural 235U/238U isotope ratio (0.0072) than that in a broader mass 

range of m/z 70-470 (0.0058). Different species have slightly different isotope ratios for same element 

(Firedman et al., 1977). The 235U/238U isotope ratio of the UO2
+ peak (267/270) might not be 

applicable for precise isotopic study due to isotope fractionation. But the presence of uranyl ions in 

anoxic porewater is undeniable. 

 

5. 5 Conclusion and Future Work 

 
All in all, the most interesting findings of this study are: 

1) Uranyl group(s) and soluble U(IV) were found in anoxic porewater, where they are not 

expected. 

2) The molecular sizes of the soluble uranium species were less than 3 kDa and were not 

colloidal uranium, but could be amorphous U. 

3) The ratio of U(VI)/U(IV) in porewater did not change when the sediments were exposed 

to air. 

4) Removing bacteria from the sediments alters the amount of soluble uranium species. 

5) The soluble uranium species eventually became insoluble species after removal of the 

sediment cores from the lake. 

6) There are multiple factors affecting the concentrations of U in porewater. 

In Bentley Lake, there appears to be a balance in U concentrations among the bacteria, bulk 

sediments, and porewater. Bacteria seem to generate soluble uranium from sediments in situ. The 
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balance/steady state was broken after the sediments were removed from the lake. In the absence of 

overlying lake water, for the first few days bacteria were driving the U concentration (U(VI) and 

U(IV)) in porewater higher and higher, however, the bacteria were gradually inactivated without the 

presence of lakewater physiochemistry. Eventually, over 99% of soluble uranium was adsorbed onto 

particles larger than 0.45µm. Fe could have also contributed to the U sorption process (Table 4-7 ~ 4-

9, from O1, depth 4-8 cm), but it does not seems to be the predominate factor (Table 4-10, N1, N3 

(NaN3 added)). 

I suggest that the soluble uranium in porewater, which is mostly present as U(VI) in small 

molecules possibly has a close relationship with bacteria or possibly with exudates produced by the 

bacteria. This soluble U is continuously generated in situ, by the bacteria which, under anoxic 

conditions, inhibit soluble U(VI) reduction in situ. When the sediments are isolated from the lake for a 

long period of time, the reducing agents used for remediation (e.g. sodium sulfite (Grant, 1980), 

hydrogen sulfate (Deutsch et al., 1984)) will eventually contribute to a significant decline in soluble U 

concentrations. 

There is still much we do not understand about U biogeochemistry; also some anomalies were 

found in the results. For example, after only 2 days exposure to air following 26 day storage under N2, 

U concentrations increased dramatically in 2 core sections, i.e., from <4 and <40 ppb to >300 

and >900 ppb, respectively (Table 4-5); also U concentrations did not decrease but maintained a high 

level (1.5-3.1 ppm) and Fe concentrations (40-300 ppb) did not increase significantly in core O1 at 

depth 4-8 cm only (Table 4-7 ~ 4-9).  

In the future, using ESI-HR-MS with precursor ion scan mode may be a way to gather more 

information about initial U species (e.g. precursor ions containing uranyl in porewater). It may also be 

worth using electron microscopy to explore the porewater-sediment interface, since there are constant 

changes in U concentrations between sediments and porewater after being removed from the natural 
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environment. Because bacteria have a close relationship with soluble U, the amount of DOM 

(Ranville et al., 2007) and phosphate (Cheng et al., 2007) in porewater is a valuable parameter to 

analysis together with U concentration.  
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Appendix A 

Sampling Descriptions 
 

Time Description/Notes 
Sample 

ID 

June 

Three cores were collected from center of Bentley Lake (Site 
1): two were sectioned in nitrogen (Core A, B); one 
was sectioned in air atmosphere (Core C) 

Core B and core C were also used for 3 kDa ultra-filtration. 

From depth 0 to 10 cm, each sample was sectioned by every 
2 cm, named from 1 to 5 

From depth 10 to 22 cm, each sample was sectioned by every 
4 cm, named from 6 to 8 

J1A 
J1B 
J1C 

Aug 
One core was collected from Site 1 under nitrogen 

From depth 0 to 10 cm, each sample was sectioned by every 
2 cm 

A1 

Oct 

Two cores were sectioned under nitrogen: one from Site 1; 
one from Site 2. 

Part samples of the two cores were treated with sodium 
azide to kill bacteria 

From depth 0 to 10 cm, each sample was sectioned by every 
2 cm, named from 1 to 5 

O1 
O2 

Nov 

Three cores were collected: two from Site 1, one of them was 
sectioned in nitrogen (Core 1); one was sectioned in 
atmosphere (Core 2), and another one was sectioned 
under nitrogen from Site 3 (Core 3) 

Part samples of the core 1 and 3 were treated with sodium 
azide to kill bacteria 

From depth 0 to 12 cm, each sample was sectioned by every 
2 cm, named from 1 to 6 

 
N1 
N3 
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Appendix B 

          Eh values (mv) in the sediment cores 

 

Depth(cm) 
Site 1 Site 2 Site 3 

June Aug Oct Nov Oct Nov 

water -118 -183 / -58 / -73 

0* -128 -203 -93 -103 -58 -117 

0-2 -123 -233 -115 -118 -118 -138 

2-4 -162 -243 -153 -138 -149 -168 

4-6 -168 -233 -160 -158 -163 -177 

6-8 -174 -233 -158 -188 -167 -186 

8-10 -193 / -163 -199 -173 -198 

               *: sediment-water interface 

 

 

Appendix C 

             Dissolved UF4(s) in (NH4)2C2O4 and in H2O2 co-precipitated with NdF3* 
 

Co-precipitated U(IV) Co-precipitated U(VI) 

Original 

Soluble U in 

(NH4)C2O4 

Solution 

(ppb) 

U 

concen-

tration 

after 

precip-

itation 

(ppb) 

Volume of 

added U 

solution 

(ml) 

Precip-

itated  

U 

(ug) 

Percent  

of co-

precip-

itation 

ratio 

Original 

Soluble U in 

H2O2 

Solution 

(ppb) 

U 

concentration 

after 

precipitation 

(ppb) 

1736 267 0.1 0.15 85% 42  30  

3472 493 0.1 0.30 86% 194  197  

6944 993 0.1 0.60 86% 408  389  

13888 1946 0.1 1.19 86%   

34720 5016 0.1 2.97 86%   

*Precipitates generated by adding 0.1 ml 1000 ppm Nd, 0.05 ml HF (diluted 10 times from 

concentrate) and 0.25 ml HCl (diluted 10 times from concentrate) 
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Appendix D 

Co- precipitation of dissolved UF4(s) in (NH4)2C2O4 with NdF3 

after exposure to air for various periods of time (h) * 

Original 

Soluble U in 

(NH4)C2O4 

Solution 

(ppb) 

U concentration after precipitation 

(ppb) 

2h 4h 44h 

8420  7304  7389  8024  

4250  3701  3770  3829  

938  691  724  780  

*Precipitates generated by adding 0.1 ml 1000 ppm Nd, 0.05 ml HF (diluted 10 times from 

concentrate) and 0.25 ml HCl (diluted 10 times from concentrate) 

 

 

 

 

Appendix E 

Total U in porewater (ppb) after exposure to air for various 

periods of time (h) 

Sample 
ID 

Depth/cm 0h 1h 2h 14h 38h 

A1 

0-2 734  926  871  708  111  

2-4 673  965  1055  955  232  

4-6 370  503  430  707  133  

6-8 170  553  683  434  80  

8-10 123  214  161  179  29  
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Appendix F 

Application of the co-precipitation method to a natural porewater 

(sample ID: A1) 
 

 

 

Appendix G 

Concentrations of Total U in porewater (June 14th) 
 

depth/c

m 

sample 

name 
U/ppb 

sample 

name 
U/ppb 

sample 

name 
U/ppb 

sample 

name 
U/ppb 

0~2 

J1B 

985 

J1B 
(~3 kDa) 

 

1024 

J1C 
 

806 

J1C 
(~3 kDa) 

 

 

2~4 1022 978 789  

4~6 316 300 729 757 

6~8 82 82 475 492 

8~10 73 79 187  

10~14 57 19 80 77 

14~18 20 55 51 52 

18~22 13 11 20 20 
  

Depth/cm 

0.05 ml porewater 0.1 ml porewater 

Soluble U (ppb) after exposure to air for various periods of time (h)and co-precipitation  

0h 1h 2h 14h 38h 0h 1h 2h 14h 38h 

0-2 541  647  637  503  81  609  680  727  579  97  

2-4 463  639  751  637  168  548  765  871  747  201  

4-6 265  365  316  496  91  306  378  352  613  118  

6-8 115      141      

8-10 84      114      

 Percentages of U(VI) in porewater after exposure to air for various periods of time (h) 

0-2 74% 70% 73% 71% 73% 83% 73% 83% 82% 87% 

2-4 69% 66% 71% 67% 72% 81% 79% 83% 78% 87% 

4-6 72% 73% 73% 70% 69% 83% 75% 82% 87% 89% 

6-8 68%     83%     

8-10 68%    Avg 70% 92%    Avg 82.80% 



        84  

Appendix H 

m/z Spectrum List of Uranyl Species from Standard Solution 
 

Formula 
1 ppm U 

CID 0 eV CID 10 eV CID 20 eV CID 30 eV CID 40 eV 
235UO2

+ 267.03114  267.03290 267.03306 267.03298 
238UO2

+ 270.03960 270.03973 270.03977 270.03984 270.03981 

[238UO2OH]+ 287.04219 287.04246 287.04252 287.04250 287.04252 

[238UO2OH(H2O)]+ 305.05299 305.05298 305.05303 305.05309 305.05306 

[238UO2OH(H2O)2]+ 323.06361 323.06361 323.06365 323.06363 323.06365 

[238UO2OH(H2O)3]+ 341.07419 341.07417 341.07425 341.07420 341.07418 

Formula 
10 ppm U 

CID 0 eV CID 10 eV CID 20 eV CID 30 eV CID 40 eV 
235UO2

+  267.03327 267.03309 267.03295 267.03307 
238UO2

+ 270.03910 270.03979 270.03993 270.03988 270.03989 

[238UO2OH]+ 287.04215 287.04258 287.04264 287.04258 287.04264 

[238UO2OH(H2O)]+ 305.05301 305.05311 305.05320 305.05314 305.05314 

[238UO2OH(H2O)2]+ 323.06365 323.06376 323.06378 323.06368 323.06379 

[238UO2OH(H2O)3]+ 341.07419 341.07432 341.07433 341.07429 341.07433 

 

 

Appendix I 

Isotopes and Absolute Intensity of Uranyl Ions (UO2
2+) 

 

Formula 
1 ppm U 

CID 0 eV CID 10 eV CID 20 eV CID 30 eV CID 40 eV 
235UO2

+ 108.8  461.4 1707.9 9863.5 
238UO2

+ 15069.7 324477.4 1656335.3 1960533.1 5763942.5 
235U/238U 0.72%  0.03% 0.09% 0.17% 

Formula 
10 ppm U 

CID 0 eV CID 10 eV CID 20 eV CID 30 eV CID 40 eV 
235UO2

+  28.0 185.6 1029.8 5997.3 
238UO2

+ 5468.3 72343.9 768218.6 1950808.0 3849462.0 
235U/238U  0.04% 0.02% 0.05% 0.16% 

 

 


