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ABSTRACT

Uranium groundwater contamination due to mining and processing affects numerous sites
in the western United States. Bioreduction of soluble, mobile U(VI) to U(IV)-bearing solids is a
common remediation strategy. Uranium isotopes (**®U/°U) have been utilized to track the
progress of microbial reduction, with laboratory and field studies finding a ~1%o isotopic
fractionation with the U(IV) product enriched in 281, However, the isotopic fractionation
produced by adsorption may complicate the use of 8U/A5U to trace microbial reduction. A
previous study found that adsorption of U(VI) onto Mn oxides produced a -0.2%o fractionation
with the adsorbed U(VI) depleted in 28y (Brennecka et. al. 2011b).

The aqueous speciation of U(VI), and the characteristics of the sorbent surfaces may both
produce variations in isotopic fractionation induced by adsorption. This study determined U
isotopic fractionation induced by U(VI) adsorption onto goethite, birnessite, illite, quartz, and
complex aquifer materials. The influence of U(VI) speciation on fractionation was also examined
by measuring differences between fractionation factors accompanying the adsorption of uranyl,
uranyl hydroxyl, uranyl carbonato, and calcium uranyl carbonato ions. To increase our ability to
resolve fractionation, experiments were carried out with a multi-stage, batch approach, in which
a U(VI)-bearing solution was exposed to three stages of adsorption. The dissolved U(VI) was
analyzed by a double-spike MC-ICP-MS method. Adsorption to the studied solid phases induces
an average isotopic fractionation of -0.17%o with the adsorbed U(V]I) isotopically lighter. U(VI)
speciation can affect the magnitude of isotopic fractionation with uranyl carbonato and calcium
uranyl carbonato complexes producing a greater isotopic fractionation than uranyl hydroxyl
species. Studies using U isotope data to assess U(VI) reduction must consider adsorption as a

lesser, but significant isotope-fractionating process.
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CHAPTER 1- INTRODUCTION

Uranium (U) groundwater contamination presents a significant public health hazard, with
U mining and milling for nuclear power and weapons generating 938 million cubic meters of
mill tailings worldwide over the past several decades (Abdelouas 2006). The frequency of U
contamination has led to research on improving the effectiveness and cost efficiency of
remediation techniques (Wall and Krumholz 2006; Anderson et. al. 2003; Fox et. al. 2012). The
US Department of Energy has supported experiments examining remediation techniques at
several U contaminated sites across the country, including sites in Colorado, Arizona, Utah, and
Oregon (UMTRCA 2013). To determine the lasting effectiveness of remediation techniques,
methods for studying key geochemical processes affecting the fate and transport of U are needed.

The environmental geochemistry of U has been studied in detail and has been
summarized in several review articles (e.g., Abdelouas 2006; Wall and Krumholz 2006). U
occurs primarily in two oxidation states in aqueous systems: U(VI) and U(IV). U(VI) is soluble
and mobile, while U(IV) is relatively insoluble and immobile. When U is reduced from U(VI) to
U(IV), the U(IV) precipitates in most groundwater systems, usually as stable U(IV)-bearing solid
phases. One groundwater remediation strategy involves the injection of an electron donor, such
as acetate, to induce microbial reduction of U(VI) (Anderson et. al. 2003; Wall and Krumholz
2006; Long et. al. 2015). At a U.S. Dept. of Energy site in Rifle, Colorado, USA, experiments
have been conducted as part of the Rifle Integrated Field Research Challenge (IFRC), to study
the feasibility and systematics of stimulated microbial U(VI) reduction (Anderson et. al. 2003).
U-contaminated aquifers may also contain naturally reducing zones with high concentrations of
organic carbon and/or reduced metal phases, which can naturally attenuate U(VI) concentrations

through reduction (Campbell et. al. 2012).



Redox reactions have exerted a major control over the geochemical behavior of U
through time. Sediment hosted U ore deposits were generated by ancient U(VI) reduction, as
groundwater containing U(VI) encountered reducing condition in aquifers and produced
accumulations of U(IV) minerals (Hobday and Galloway 1999). Over the Earth’s history, the
global geochemical cycle of U has varied in response to major redox changes. When atmospheric
and oceanic redox conditions shifted considerably (e.g. the Great Oxidation Event), the global U
cycle changed dramatically, producing sedimentary deposits with differing concentrations of U
(Tribovillard et. al. 2006).

In addition to reduction, adsorption of U(VI) to minerals like iron oxides, clays, and
quartz is an important geochemical process controlling U mobility and concentrations in natural
waters. Adsorption is particularly significant in aquifers, where solid surfaces are abundant.
U(VI) can produce both outer- and inner- sphere complexes during adsorption to minerals (e.g.,
Sylwester et. al. 2000). During outer sphere adsorption, U(VI) ions are attracted to mineral
surfaces but are still surrounded by water molecules. With inner sphere complexation, U(VI)
directly bonds with the mineral surface (e.g., Sylwester et. al. 2000). Adsorbed U(VI) can desorb
in response to changes in pH, bicarbonate concentrations, calcium concentrations, and other
groundwater variables. Variations in concentrations of other ions affect U(VI) speciation in
natural waters, typically shifting from primarily the uranyl ion (UO,*") at low pH (e.g., 3.0) to
uranyl carbonato species (such as UOz(CO3)22_ and UOZ(CO3)34_) at neutral to high pH and
calcium-uranyl carbonato species (Ca2U02(C03)30 and CaUOz(C03)32_) in the presence of
typical groundwater Ca concentrations (Hsi and Langmuir 1985; Fox et. al. 2006). Uranyl
carbonato aqueous species, especially those also incorporating calcium, adsorb less to quartz,

clays, and iron oxides than the uranyl ion due to the increased stability of the aqueous complexes



relative to uncomplexed uranyl ions (Hsi and Langmuir 1985; Fox et. al. 2006; Stewart et. al.
2010). Therefore when pH, bicarbonate concentrations, and calcium concentrations increase,
U(VI) desorbs from minerals and groundwater U(VI) concentrations increase. Increasing
bicarbonate concentrations also increase the concentration of carbonate ions, which
competitively adsorb to mineral surface sites and hinder the adsorption of U(VI) ions.

Detecting and quantifying U(VI) reduction is often done by determining decreases in
dissolved U(VI) concentrations. However, adsorption can also result in decreased U(VI)
concentrations. While adsorption can lead to decreased U(VI) concentrations temporarily,
desorption can occur rapidly with groundwater chemistry changes like shifts in pH or
bicarbonate concentrations (Fox et. al. 2006). The reduction of U(VI) can more effectively, and
possibly more permanently, immobilize U(VI) from the groundwater (e.g., Wall and Krumholz
2006). Therefore, another method in conjunction with concentration data is needed to distinguish
decreases in U(VI) concentration due to adsorption from those due to reduction.

U isotopes have been developed as a tool to investigate U redox reactions. Chemical
reactions can produce shifts in the relative amounts of the two isotopes utilized, >**U and **°U.
The isotopic difference in 2BU/AU between the reactant and product of a reaction (e.g., U(VI)

and U(IV) for U reduction) is expressed as a fractionation factor, a:

o= 238[J /235Uproduct / 238U /235Ureactant (1)

The kinetic isotopic fractionation, or shift in the isotopic ratio produced by a kinetic reaction

(e.g., U reduction), is more conveniently expressed as a per mil deviation of a from unity, &:



€ =1000%o0*(a-1) (2)

The isotopic fractionation produced by U(VI) reduction by isolated microbes in a laboratory
setting varied between 0.6%o and 1.0%o with the more rapid reduction of 23U (Basu et. al. 2014;
Stylo et. al. 2015). In contrast to microbial reduction, abiotic reduction of U(VI) produced by
sulfide, mackinawite (FeS), reduced organic species, and zero-valent zinc appears to result in
little to no isotopic fractionation (Stirling et. al. 2007; Stylo et. al. 2015; Grimm et. al. 2014).
Field-based measurements indicated that an isotopic shift was produced during the
bioremediation of U(VI) at the Rifle IFRC site as injected acetate stimulated microbial reduction.
As the microbes reduced U(VI), a shift in 2**U/**U of approximately -1%o was observed for the
groundwater as the more rapid reduction of **U led to a greater proportion of *’U in the
groundwater (Bopp et. al. 2010). Evidence for enrichment of ***U in U(IV) solids comes from
anoxic black shales that average ~0.6%o heavier (i.e., greater in >°U/*°U) than U(VI) in seawater
(Weyer et. al. 2008) and U roll front deposits which are heavier than presumed bulk-earth U by
0.4%o0 (Bopp et. al. 2009; Brennecka et. al. 2010; Murphy et. al. 2014). U isotopes have been
utilized as a redox tracer of the ancient oceans, investigating redox conditions dating back to the
Archean Eon (Montoya-Pino et. al. 2010; Kendall et. al. 2013; Kendall et. al. 2015; Brennecka
et. al. 2011a; Dahl et. al. 2014; Asael et. al. 2013). During major redox shifts in the atmosphere
and oceans, changes in the redox cycling of U produce U isotope shifts that are preserved in
oceanic carbonates and shales.

The isotopic fractionation produced by U reduction is primarily a kinetic isotope effect in
nature at most surface temperatures, because isotopic equilibrium between U(VI) and U(IV) can

take years to attain (Wang et. al. 2015). Laboratory and theoretical investigations find that if



isotopic equilibrium is attained, U(IV) is about 1%o heavier than U(VI) (Abe et. al. 2008; Fujii
et. al. 2006; Wang et. al. 2015). The enrichment of 28U in UV) is believed to result from the
nuclear volume effect, which concentrates the heavier isotopes in U species having less electron
density near the nucleus. It happens that U(IV) has lesser density, due to shielding by additional f
electrons, relative to U(VI) (Schauble 2006; Bigeleisen 1996).

Previous work investigated U isotopic fractionation induced by inner sphere adsorption.
In this case, isotopic fractionation is an equilibrium phenomenon in most settings; equilibrium
between aqueous and adsorbed U(VI) can be attained in a matter of minutes to hours, much
faster than the equilibrium between U(VI)-U(IV) (Brennecka et. al. 2011b; Wang et. al. 2015).
Brennecka et. al. (2011b) measured fractionation experimentally by adsorbing aqueous uranyl
hydroxyl ions to birnessite (KosMn**Mn**0,-1.5H,0) (Wasylenki et. al. 2008). Brennecka et. al.
(2011b) found an equilibrium isotopic fractionation of -0.22%0+0.09%0 between the isotopically
light adsorbed U(VI) and isotopically heavy aqueous U(VI). This result agrees well with the
results of Weyer et. al. (2008) and Goto et. al. (2014), who found a consistent isotopic offset
between U(VI) in seawater and ferromanganese crusts. Weyer et. al. (2008) found that the
ferromanganese crusts, which are thought to incorporate U(VI) via adsorption, were isotopically
light compared to the seawater by an average of 0.17%o. Goto et. al. (2014) found an average
isotopic fractionation of -0.24%o. between ferromanganese oxides and seawater, within the
uncertainty of the Weyer et. al. (2008) findings.

A field study measured groundwater ““U/*°U shifts that occurred in response to
adsorption and desorption of U(VI) at the Rifle IFRC site. Injected bicarbonate caused
desorption of U(VI) from aquifer materials, resulting in dissolved U(VI) concentrations

increasing approximately two fold. Following the stoppage of bicarbonate, U(VI) concentrations



decreased to half the initial concentration as U(VI) speciation returned to normal and U(VI)
repopulated mineral surface sites (Shiel et. al. 2013). However, through this adsorption-
desorption cycle, the U isotopes remained constant within analytical uncertainty (Shiel et. al.
2013). This apparent lack of isotopic fractionation was attributed to differences from the
Brenneka et al. (2011b) study, in the sorbents or the dominant U(VI) aqueous species present.

Better understanding of the factors that influence isotopic fractionation related to
adsorption of U(VI) would improve methods of monitoring of remediation progress as well as
studies using **U/*°U to reveal other environmental or geochemical processes. One factor that
may affect isotopic fractionation during adsorption is the U(VI) aqueous speciation. The
speciation of Brennecka et. al. (2011b) was uranyl hydroxyl ions, a U(VI) species that is not
often seen in nature. The ocean and typical groundwaters contain primarily calcium-uranyl
carbonato complexes (Klinkhammer and Palmer 1991; Fox et. al. 2006). Additionally, the
difference in isotopic fractionation between U(VI) adsorption to birnessite versus adsorption to
iron oxides, clay, or quartz is unknown. Using EXAFS (Extended X-Ray Absorption Fine
Structure), Brennecka et. al. (2011b) found that the isotopic fractionation induced by U(VI)
adsorption to birnessite reflected coordination differences between aqueous U(VI) and adsorbed
U(VI). Previous U(VI) adsorption studies using EXAFS found similar coordination changes with
adsorption to quartz, clays, and iron oxides (Waite et. al. 1994; Bargar et. al. 2000; Catalano and
Brown 2005; Ilton et. al. 2012; Singh et. al. 2012).

Through our research, we aim to predict the isotopic fractionation induced by adsorption
in a wide range of geochemical settings. We present results of experiments measuring isotopic
fractionation induced by U(VI) adsorption to birnessite, goethite (FeOOH), illite

(Ko.65Al2.0[Alp 6551335010l (OH),) (Rieder et. al. 1998), quartz, and complex aquifer materials. In



addition, we explore the influence of U(VI) speciation on the magnitude of fractionation by
comparing the fractionation produced by adsorption of uranyl, uranyl hydroxyl, uranyl
carbonato, and calcium uranyl carbonato ions. Our study provides the first direct measurement of
the isotopic fractionation induced by adsorption of U(VI) species relevant to seawater. The
insights gained should improve interpretation of U isotope measurements made in a variety of

environmental and geochemical studies.



CHAPTER 2- METHODS

Batch experiments with U(VI)

Table 1 lists the solution and sorbent parameters used in the eight experiments. 125 mL
glass serum bottles were used for all U(VI) adsorption experiments. High-purity (18MQ-cm)
deionized water and a solution of 8 ppm U(VI) and 1.25 mM HNO3; were initially added to a 125
mL vessel to achieve a solution volume of 80 mL and a U(VI) concentration of 1000 ppb. For
most experiments, sodium bicarbonate was added to produce uranyl carbonato complexes (Table
I). All experiments with bicarbonate were conducted at pH 8 in order to approximate ocean
conditions. We measured pH at the start of experiments and after sampling. The initial pH of
bicarbonate experiments was achieved via addition of a small amount of 2% nitric acid; resulting
NOs™ concentrations were <l1.1 mM. To produce calcium uranyl carbonato complexes in
experiment 6, calcium nitrate was added and contributed an additional 1.8 mM NOs. In
experiment 2, a pH of 6 was attained via addition of 25 uM NaOH to an initially acidic solution.
The lack of bicarbonate retarded the formation of uranyl carbonato complexes, leaving uranyl
hydroxyl ions dominant. Uranyl hydroxyl ions are uncommon in natural conditions, but can
provide greater understanding of the influence of U(VI) speciation on isotopic fractionation.
Experiment 8 was conducted at pH 3 to form primarily uranyl ions, which are dominant only at
low pH. To attain this pH, nitric acid was added, with the final NO3™ concentration approximately
0.9 mM. All solutions were exposed to air to ensure aerobic conditions and prevent
complications from U(VI) reduction.

Substrates chosen for this study were Bayferrox Yellow 910 synthetic goethite, ground
Fisher Scientific quartz, illite from Gavi Island off the coast of Italy (Ylagan et. al. 2000),
birnessite, and aquifer sediments from the Rifle IFRC site. The birnessite was produced by

reducing potassium permanganate with hydrochloric acid (Stroes-Gascoyne et. al.1987). After
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precipitation, the birnessite was centrifuged, the supernatant was removed, and the birnessite was
washed with DI water. This process was repeated several times to minimize the addition of
potassium, permanganate, and chloride ions to birnessite experiments. The aquifer sediments
were dried and sieved with particles <250um utilized for the sediment experiment. Aquifer
sediments consisted of quartz, plagioclase, K-feldspar, calcite, clays, and iron oxides (Shiel et. al.
2013). All experiments were well-mixed by placing them on a shaker table.

Multi-step, batch experiments were conducted to equilibrate dissolved and adsorbed
U(VI), and precisely determine the magnitude of isotopic fractionation between them. In order to
produce significant >**U/*U shifts without decreasing the aqueous U(VI) concentration below
workable levels for precise isotopic measurements, experiments aimed for 50% adsorption of
dissolved U(VI) for each addition of substrate. For each substrate, a preliminary experiment was
conducted to determine the concentration of substrate that produced the desired amount of
adsorption (Table 1).

Prior to addition of solid sorbent, the U(VI) was equilibrated with the solution matrix by
mixing on a shaker table for 24 hours. The sorbent of choice was added as a suspension in DI
water. For each of the 8 experiments, a control experiment was conducted with the same U(VI)
solution matrix, but without substrates, to monitor U(VI) concentrations without adsorption.
After addition of sorbent, the U(VI) solution was allowed to equilibrate for another 24 hour
period before the substrate was removed via filtration using 0.22 um filters. We determined that
an equilibration time of 24 hours provided an adequate period for aqueous and adsorbed U(VI) to
reach isotopic equilibrium after collecting samples at 30 minutes, 2 hours, 24 hours, and 65 hours
for uranyl carbonato complexes adsorbing to goethite (see results). After filtration, the U(VI)

solution was placed back into a washed glass serum bottle. A second round of substrate was then



added to the U(VI) solution. The substrate was again removed via filtration after 24 hours, before
a third round of substrate was added and filtered out 24 hours later. A sample of the solution was
taken after each round of substrate addition.

28U/45U ratios are reported using delta notation:

578U = [(PPU/ P U)sampie/ U7 U crat 1124~ 11%1000%0 3)

Equilibrium isotopic fractionation is reported in:

A238U:8238Uadsorbed' 8238[]aqueous 4)

A™*U was determined by fitting a linear model (see below) for each of the 8 experiments, with

results from each experiment consisting of 7 data points. The initial U of each experiment
before the addition of substrate was set at 0.01%o, the average of all U control experiments (26 =
0.05%o). All experiments were conducted in duplicate, so two concentration and two 8>°U
measurements were collected after each of 3 rounds of adsorption.

The experimental design involved measurement of only the aqueous U(VI) in most
experiments, combined with the three rounds of adsorption, in order to produce a multiplying
effect that allowed the isotopic fractionation to be determined more precisely through a mass
balance model than by comparing the isotopic compositions of aqueous and adsorbed U(VI) in
single-step experiments (Ellis et. al. 2004). The isotopic difference between the initial U(VI) and
the final U(VI) solution following three steps of adsorption was greater than between the

aqueous and adsorbed U(VI) in a single step. Therefore, this study did not choose to measure
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adsorbed U(V]) for experiments 1-8 because it would have been a less precise determination of
isotopic fractionation. Analytical effort that could have spent collecting redundant data for
adsorbed U(VI) was instead directed toward expanding the number of experiments.

During each round of substrate addition, the 8*38U of the aqueous U(VI) increased as an
isotopically lighter fraction was lost to adsorption. The increase in aqueous 8*°U is a function of

A*¥U and the fraction of adsorbed U(VI). With a greater fraction adsorbed, the increase seen in

the aqueous U(VI) is larger, according to mass balance:

238 238 238 238
(6 anueous‘ d Uinitial)*faqueous: - (8 Uadsorbed‘ d Uinitial)*fadsorbed (5)
where fagsorbed and fagueous are the fractions of total U(VI) in the adsorbed and aqueous pools,

respectively.

. . . . 2 . .
For a single step experiment, the increase in 6 38anueous can be derived from equations 4 and 5:

238 238 238
o anueous‘ 0" Usnitiat = -A7"U *fadsorbed (6)

The cumulative effect of adsorption over three rounds is represented by the adsorption multiplier

(B) which we define as a sum, over the three steps, of the fraction adsorbed in each step:

B=2"i=1 fadsorbedj (7
where j is the step number and n is the total number of adsorption steps. . In the experiments,

faasorbed Varied widely, as it was sensitive to multiple experimental parameters.
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The total 5*°*U increase in the aqueous U(VI) for the three-step process is:

Accordingly, A**U was obtained by determining the negative of the slope of a linear fit of
measured 8238anue0us versus B. The uncertainty of AP8U (95% confidence) is estimated as two
times the standard error of the slope, which is determined using standard linear regression
methods.

Although for most experiments the 8**°U of the adsorbed U(VI) was not determined, two
experiments were conducted to ensure that the adsorbed fractions obeyed mass balance
constraints. The isotopic composition of the adsorbed U(VI) was measured in two experiments
(experiments 9 and 10) with the same substrate and aqueous U(VI) speciation as experiments 7
and 8 respectively. Experiments 9 and 10 aimed for a lower percentage of adsorbed U(VI) in
order to create a large difference between 8238Usorbed and 8238Uinitial. The birnessite and its
adsorbed U(VI) from experiments 9 and 10 were dissolved in concentrated nitric acid over night
at 80°C. The U in the resulting solution was then analyzed. The measured 8238Uadsorbed was

238

compared to calculations of 8238Uadsorbed from A™""U of experiments 7 and 8 using mass balance:

238 238 238 238
d Uadsorbed = (8 [Jinitial‘8 anueous)*(faqueous/ fadsorbed) + d Uinitial (9)

U(VI) concentration and isotopic measurements
Preliminary U(VI) concentrations were measured by diluting samples 100-fold in 2%

nitric acid to attain concentrations of ~5 ppb and comparing their signal intensity with a 10 ppb
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standard on a Nu Plasma HR multicollector inductively coupled plasma mass spectrometer (MC-
ICP-MS) at University of Illinois-Urbana Champaign. These concentration estimates were then
used to spike the samples with a 3U—2°U double spike that was prepared in-house with a
3U/APU of ~0.45 (Bopp et. al. 2010). The double spike method allows highly precise correction
for instrumental mass bias and thus allows highly precise U isotopic analysis (Weyer et. al.
2008). An aliquot of each sample containing ~600ng U was spiked to achieve a 28U/%0U ratio of
~20. The double spike then equilibrated with the sample as the mixture was evaporated to
dryness and re-dissolved in 3M nitric acid. To purify the U according to Weyer et. al. (2008), the
samples were passed through a column of UTEV A resin, which retains the U(VI). 3M nitric acid
was added to elute interfering elements, and then U(VI) was eluted with 0.05M hydrochloric
acid. The eluted U(VI) was then dried and dissolved in 2% nitric acid to attain 150ppb U.
ZBUAU of the purified U(VI) was determined on the Nu Plasma HR MC-ICPMS at
University of Illinois at Urbana-Champaign. The solutions were introduced with a desolvating
nebulizer (Nu Instruments DSN-100). Blank solutions of 18MQ-cm water processed through the
UTEVA resin procedure had less than 0.01ppb U, which is less than 0.01% of a typical
processed sample. After tuning the instrument, several standards (IRMM REIMP-18A and
CRM-129A were compared against the primary standard CRM-112A; results were determined to
match previously published values before experimental solutions were measured. The samples
and standards are reported in the standard delta notation, which expresses the deviation from
CRM-112A in parts per thousand (per mil). The averages for 12 IRMM REIMP-18A analyses,
including 6 processed through sample preparation steps alongside experimental samples, were -
0.14%0%0.08%0 (25), while 6 CRM-129A standards averaged -1.70%0£0.06%0 (26). These offsets

compare favorably with former studies (Weyer et. al. 2008; Shiel et. al. 2013). To measure the
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drift of the MC-ICPMS, the CRM-112A standard was measured after every three samples (Bopp
et. al. 2010; Weyer et. al. 2008; Brennecka et. al. 2011b). The measured 28U/2%U for each
sample was used to determine precisely the dissolved concentration of each sample via isotope
dilution. The precision of the isotopic and concentration measurements was calculated from the

results of 8 pairs of duplicate measurements, using a modified root mean square method (Hyslop

and White 2009):
o [ERGamin)?
20 =2 |22 (10)

Where n is the number of duplicate pairs, 1 is an individual measurement, and a and b represent

the two measurements of a duplicate pair.

For the 8 duplicate pairs, the calculated uncertainty was +0.08%o for the isotopic measurements

and +4% for concentration measurements.
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CHAPTER 3- RESULTS

Time required to reach equilibrium with respect to U(VI) concentration

In the experiment designed to determine how fast the dissolved U(VI) concentration
reaches equilibrium with uranyl carbonato complexes adsorbing onto goethite, concentrations
stabilized within 2 hours (Table 2; Fig. 1). Although isotopic equilibrium was probably
approached much more slowly, the rapid attainment of equilibrium with respect to concentration
provides evidence that isotopic equilibrium is established by the end of the 24 hour equilibration

period in the isotopic experiments. Additional evidence is provided below.

Results from isotopic fractionation experiments

All concentration and isotopic data, as well as AU calculated from eqn. 8, appear in
Table 3, Fig. 2, and Fig. 3. In experiment 5b, where uranyl carbonato species were adsorbed to
goethite for 65 hours, A**®U was identical, within analytical uncertainty, to that derived from the
24 hour experiment (Table 3). This strongly suggests that isotopic equilibrium was reached
within 24 hours, the equilibration time in all other experiments.

Aqueous U(VI) became isotopically heavier as U(VI) was adsorbed for all experiments
except experiment 2. Since adsorption made the aqueous U(VI) isotopically heavy, the adsorbed
U(VI) was isotopically light. In plots of 8**U vs. B, the adsorption multiplier, all data points
conformed to linear models (eqn. 8) with zero intercepts, within the analytical uncertainties. The
calculated isotopic fractionation between the dissolved and adsorbed U(VI), A™PU, varied from
0.00%0 to -0.23%0, with 6 of 8 experiments at -0.12%o0 to -0.20%0 (Table 3; Fig. 2, 3). The

uncertainty of the A™*U determinations at 95% confidence (two times the standard error of the
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slope of 878U vs. B) varied from 0.03%o to 0.06%o, with lesser uncertainty for experiments with
greater final .

Results from experiments 9 and 10, in which 8238Uadsorbed was measured for the first
adsorption step, confirmed the validity of the mass balance approach used in equations 5, 8, and
9. The measured 8*°U values of adsorbed U(VI) for both experiments (run in duplicate) were
within analytical uncertainty (£0.08%o) of the 8%38U values calculated using equation 9 (Table 4).
Since the measured 6238Uadsorbed for experiments 9 and 10 matched the calculated 8238Uadsorbed
from eqn. 8, our calculations are valid. This confirmation of mass balance demonstrates that
there is little advantage of measuring 8*°*U on adsorbed U(VI) aside from checking for analytical
errors, which would already be obvious in the plots of §**°U vs. B (Fig. 2).

The type of mineral sorbent had little or no effect on isotopic fractionation when uranyl

2381 values all deviate from the

carbonato species dominated in the aqueous phases. Calculated A
mean value of -0.17%o by less than their uncertainties (Fig. 3).
U(VI) speciation appeared to have a significant effect on the isotopic fractionation. The
magnitude of isotopic fractionation induced by U(VI) adsorption to quartz when bicarbonate was
absent was significantly less than that determined for the bicarbonate-bearing quartz experiment.
The difference in A*°U between the bicarbonate-absent and bicarbonate-bearing birnessite
experiments is within analytical uncertainty, but is consistent in direction with the quartz
experiments. Uranyl hydroxyl ions were the dominant species in the quartz experiment at pH 6,
while uranyl ions dominated the birnessite experiment at pH 3. Thus, the absence of uranyl

carbonato species, or possibly other chemical variables distinguishing these two experiments

from their bicarbonate-bearing counterparts, results in lesser isotopic fractionation. On the other
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hand, the experiment with dominant calcium uranyl carbonato species was not significantly

different from the corresponding Ca-absent experiment (Table 3; Fig. 3).
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CHAPTER 4- DISCUSSION
Time to isotopic equilibrium

The goal of this study was to establish the equilibrium isotopic fractionation induced by
adsorption, not temporary kinetic isotope effects initially produced by adsorption. Kinetic
isotope effects may be formed initially as light isotopes diffuse and adsorb to minerals (Ellis et.
al. 2004; Wasylenki et. al. 2014; Bryan et. al. 2015). However, adsorption processes usually
operate over long enough time scales for isotopic equilibrium to be attained. For example, in
Rifle, CO, researchers injected high concentrations of bicarbonate into the aquifer to desorb
U(VI), but it still took several hours for U(VI) concentrations to increase (Fox et. al. 2012),
allowing isotopic equilibrium to be approached. In most natural settings, geochemical variables
affecting sorption are unlikely to change over time scales of a less than a few hours. Even if they
do, subsequent stability of conditions may allow isotopic equilibrium to be attained. Thus, the
results of this study should apply in most cases.

Two lines of evidence indicate that isotopic equilibrium was reached by 24 hours when
most samples were taken. Because equilibrium between aqueous U(VI) concentration and the
mass of U(VI) adsorbed to goethite was established in less than 2 hours, we are confident that the
24 hour equilibration time used in the isotopic experiments was sufficient to achieve isotopic
equilibrium. More importantly, results from experiment 5b indicate no change in isotopic
fractionation between 24 and 65 hours. We assume that these results, obtained using goethite as
the sorbent, also apply to experiments using quartz, the natural aquifer material, illite, and

birnessite.
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Comparison to earlier studies

The isotopic fractionation we determined for equilibrium between dissolved uranyl ions
and U(VI) adsorbed to birnessite compares favorably with the results of Brennecka et. al.
(2011b), who found a -0.22%o isotopic fractionation for uranyl hydroxyl species adsorbed to
birnessite. Our results also agree with 8*U measurements of natural ferromanganese crusts
formed in the oceans. Ferromanganese crusts are isotopically light compared to seawater by an
average of 0.17%o due to adsorption of calcium uranyl carbonato complexes in the ocean (Weyer
et. al 2008), similar to the A**U (-0.13%o to -0.23%o) induced by U(VI) adsorption to birnessite
or goethite found here.

Contrastingly, desorption experiments involving bicarbonate injection at the Rifle IFRC

field site suggested little to no 528

U shift when U(VI) desorbed from aquifer materials (Shiel et.
al. 2013). The U(VI) speciation at the Rifle IFRC site is primarily calcium uranyl carbonato
complexes, which likely adsorb mostly to particles with large surface areas like clays and Fe
oxides (Long et. al. 2015). Shiel et. al. (2013) reasoned that the desorption of U(VI) with §*°*U
values ~0.2%o less than the dissolved U(VI) should have shifted the dissolved U(VI) to lower
8*U values. Based on the observation that U(VI) concentrations increased by 2x relative to the
background aqueous concentration, they assumed a roughly even mixture of 0%o background
U(VI) and -0.2%0 desorbed U(VI) should lead to a -0.1%o total U(VI) shift. Similarly, following
the shut off of bicarbonate to the experiment, U(VI) re-adsorbed to aquifer minerals, resulting in
a decrease in U(VI) concentrations to half the initial U(VI) concentrations. The adsorption of

U(VI) was expected to produce a positive ~0.1%o shift in the aqueous U(VI). Both the decrease

and subsequent increase of 0.1%o were not observed during the experiment (Shiel et. al. 2013).
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However, in reality, the size of the observed 87U shift of the aqueous phase depends on
the relative sizes of the dissolved and adsorbed U(VI) pools. For instance, if a high proportion of
total U(VI) was adsorbed, the observed desorption and re-adsorption fluxes would have had little
impact on the size and 87U value of adsorbed pool, which in turn control the aqueous 878U, At
Rifle, CO, the adsorbed U(VI) pool is thought to be approximately 5.3 times larger than the
aqueous U(VI) pool under typical groundwater conditions (Fox et. al. 2012). During the
desorption event when aqueous U(VI) concentrations doubled, the percent of adsorbed U(VI)
would have decreased only slightly, meaning the adsorbed U(VI) pool was still dominant in
terms of isotopic composition. To determine possible 8***U shifts under isotopic equilibrium
conditions, a mass balance model is needed to express the linkage between the dissolved and

adsorbed pools:

8238[]aqueous = 8238[]tot - A238U X fadsorbed (1 1)
8238Uadsorbed = 8238Utot + A238U X (I-fagsorbed) (12)

where 8°*Uy, gives the isotopic composition of the total U(VI) pool, combining adsorbed and

aqueous U(VI).

The isotopic shift in aqueous U(VI) produced by adsorption/desorption can be derived as the

difference between two statements of equation 11, for initial and final conditions:

238 238 238
8 anueous, final ~ 6 anueous, initial = - A U*(fadsorbed, final ~ fadsorbed, initial) (13)
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Given that initially the adsorbed U(VI) pool was approximately 5.3 times larger than the aqueous
U(VI) pool, the fgsorbed. initiar=0.84. The desorption due to bicarbonate would produce a
fadsorbed final= 0.68, producing, for AP8U= -0.20%o0, a total isotopic shift in aqueous U(VI) of -
0.03%o. The decrease in concentration due to re-adsorption would produce a f,gsorbed.final Value of
0.92, producing an isotopic shift in aqueous U(VI) of 0.02%o. Thus, the total expected shift
through the entire desorption/adsorption cycle would be only 0.05%o, less than the uncertainty of
the isotopic measurements. In essence, because the adsorbed pool was very large, it was

changed little by the desorption and re-adsorption processes, and acted as a 8**°U buffer.

Mechanism of isotopic fractionation

Brennecka et. al. (2011b) found significant differences between EXAFS spectra obtained
for aqueous and adsorbed U(VI); this supported their hypothesis that shifts in coordination
geometry drive isotopic fractionation. While Brennecka et. al. (2011b) could not determine
precisely the difference in coordination of the U atom caused by inner sphere adsorption, a more
recent study did find loss of symmetry for uranyl ions adsorbed to birnessite (Rihs et. al. 2014).
Similar loss of symmetry has been seen for U(VI) adsorption to goethite, quartz, and clays
(Singh et. al. 2012; Greathouse et. al. 2002; Catalano and Brown 2005). Since loss of symmetry
of equatorial oxygens around U is seen for all minerals, it is not surprising that isotopic
fractionation occurs for all the solid phases studied. The data from the present study and the
EXAFS data conform to a consistent model of bonding changes accompanying adsorption.

The bicarbonate-absent experiment with quartz and the sorbent is the lone exception to
this model. Given the previous studies’ results from EXAFS, it is expected that the adsorbed

U(VI) in the quartz experiment should have a coordination similar to that in the other
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experiments. However, this experiment was unusual in that it contained few ions in solution
aside from U(VI) and relatively few inner sphere bonding sites available. Under these
conditions, we speculated that only a small fraction of the U(VI) occupied all inner sphere
adsorption sites, leaving U(V]) ions primarily adsorbed as outer sphere complexes. The lack of
isotopic fractionation suggests such a mechanism, as it would allow the adsorbed U(VI)

coordination to be closely similar to that in the aqueous phase.

Applications of U(VI) isotopic fractionation induced by adsorption

The occurrence of isotopic fractionation due to adsorption affects the interpretation of
§**%U variations related to U(V]) reduction in contaminated aquifers. Given rates of equilibration
observed here, adsorbed and aqueous U(VI) should remain in isotopic equilibrium. With
groundwater chemistry changing as bicarbonate or calcium concentrations change, the
proportion of adsorbed and dissolved U(VI) will change, producing isotopic shifts. One U
remediation strategy involves the injection of bicarbonate to desorb U(VI), followed by injection
of acetate to reduce it. Applying isotopic methods to estimate % reduction could lead to
overestimation of amount reduced. Desorption of an isotopically light U(VI) pool will produce a
negative isotopic shift in the aqueous U(VI); this negative shift will augment the negative shift
occurring during U reduction, leading to an overestimation of the extent of reduction. In the case
of the previous Rifle IFRC desorption experiments described above, desorption is expected to
produce a shift of only 0.03%o, relative to the ~1%o shift caused by reduction. In cases of stronger
desorption, greater effects would occur, so the effect should be considered in context of the
individual study. Overall, studies using 8**°U data to assess U(VI) reduction must consider

adsorption as a lesser, but significant fractionating process.
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To correctly interpret ancient marine 87U data, researchers must understand the isotopic
fractionations accompanying all removal mechanisms. U(VI) in the oceans is removed primarily
through reduction of U(VI) to U(IV) in organic-rich sediments, incorporation into biogenic
carbonate, and sequestration in oceanic crust during weathering (Dunk et. al. 2002). Adsorption
of U(VI) by ferromanganese oxides is a minor removal mechanism of oceanic U(VI) in the
modern oceans (Klinkhammer and Palmer 1991; Dunk et. al. 2002), and thus the process does
not greatly affect oceanic 87U values. However, there may be some times and locations in
earth history where adsorption was a more important process (e.g., during deposition of banded
iron formations). Since we know the fractionation accompanying adsorption to a range of oxide
and silicate materials, we have a better idea of the isotopic composition of the burial flux of

adsorbed U(VI). This knowledge should help paleoredox studies.

Future Work

This study has determined variations in A™®

U for equilibrium adsorption over a range of
conditions. Although these experiments strived to test the most environmentally relevant mineral
sorbents and U(VI) speciation conditions, several more chemical conditions may be measured to
provide an even broader picture of adsorption effects on U(VI) measurements. U(VI) adsorption
to calcite can be common in karst aquifers, so investigating the isotopic behavior of adsorbed
U(VI) to calcite may prove helpful in better understanding these systems. In addition,
coprecipitation of U(VI) with carbonate minerals is one of the major removal mechanisms of
U(VI) in the oceans (Dunk et. al. 2002). The adsorption of U(VI) to calcite might be expected to

produce a ~ -0.2%eo isotopic fractionation, similar to the minerals in this study, but recent research

suggests little to no isotopic fractionation is produced. In the Bahamas, carbonates and seawater,
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which were almost certainly in isotopic equilibrium, had identical isotope ratios (Romaniello et.
al. 2013). A laboratory experiment found that coprecipitation of U(VI) with calcite produced no
resolvable isotopic fractionation, but this experiment did not demonstrably achieve isotopic
equilibrium (Chen et. al. 2014). A controlled experiment measuring the equilibrium isotopic
fractionation between aqueous U(VI) and U(VI) adsorbed to calcite would be valuable in
providing additional evidence of a lack of isotopic fractionation due to U(VI) removal by
carbonates. In addition, U(VI) phosphate (UO,PO; and UO;HPOynq) complexes can occur
under certain conditions in groundwater and surface water; future work on U isotopic

fractionation induced by adsorption of these complexes might be useful.
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CHAPTER 5- CONCLUSIONS

The adsorption of U(VI) to goethite, birnessite, illite, aquifer material, and quartz
produced an average isotopic fractionation of -0.17%o0 with adsorbed U(VI) isotopically lighter
than aqueous U(VI). The minerals tested in this study all produced similar isotopic fractionations
with uranyl carbonato species adsorbed to quartz, illite, aquifer material, goethite, and birnessite
producing fractionations that were within uncertainty of each other. Aqueous speciation had a
larger effect with uranyl carbonato and calcium uranyl carbonato complexes producing a greater
isotopic fractionation than uranyl hydroxyl species. Uranyl hydroxyl ions adsorbing to quartz did
not produce any isotopic fractionation.

U isotope ratios are increasingly being used as indicators of U redox reactions, and the
effects of adsorption processes on >°U/> U data must be accounted for. Based on the present
study, 88U of U(VI]) adsorbed to silicate and oxide solids can be assumed to be about -0.17%o
less than coexisting water under most conditions. Our results suggest that adsorption cannot
cause fractionations as large as reduction, but generally causes significant fractionation that have
a second order effect. This study represents the first direct measurement of isotopic fractionation
induced by adsorption of U(VI) species relevant to seawater. Paleoredox studies of the ancient
ocean could be affected by U(VI) adsorption to ferromanganese oxides if the amount of

ferromanganese oxides produced was very large at certain times.

25



CHAPTER 6- FIGURES AND TABLES

U adsorption to goethite
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Fig. 1: U adsorption to goethite over time. It appears chemical equilibrium was reached within 2

hours.
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Table 1: List of experiments performed

Experiment Substrate Mass (g) [HCO3] (mM) pH Major U(VI) species*

1 quartz 15 1 8  UOy(CO3)," UOy(CO3) g

2 quartz 1 0 6  UO,(OH)*, (UO,);(OH)s"

3 illite 0.4 1 8 UOyCOs)," UOy(CO3) g

4 aquifer material 0.2 1 8 UOyCOs)," UOy(CO3) g

5 goethite 0.085 8 8  UOy(CO;)," UOy(CO3)5*

6 goethite 0.32 8 8 Ca,U05(CO3)3q), CalU0,(CO5)5™
7 birnessite 0.037 8 8  UOy(CO3),” UOy(CO3)5*

8 birnessite 0.0037 0 3 UOY

*Calculated by Visual MINTEQ (Gustafsson 2011).
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Table 2: Adsorption to goethite over time

Sample (duration) Concentration % adsorbed
U control 1046 0

30min #1 354 63

30min #2 359 63

2hr 309 68

6hr 329 66

24hr #1 299 69

24hr #2 294 69

65hr #1 314 67

65hr #2 304 68
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Table 3: Concentration and isotopic data for all experiments

Expt. #1
Quartz ImM DIC pH 8
control

1st step
2nd step
3rd step

calculated A (in %o)

Expt. #2
Quartz OmM DIC pH 6
control

1st step
2nd step
3rd step
calculated A (in %o)

Expt. #3
Mlite 1mM DIC pH 8
control

1st step
2nd step
3rd step
calculated A (in %o)

Expt. #4

Aquifer material ImM DIC
pH S8

control

Ist step

2nd step

3rd step

calculated A (in %o)

Expt. #5a
Goethite SmM DIC pH 8
control

Ist step
2nd step
3rd step
calculated A (in %o)

Concentration (ppb) Concentration (ppb)  8*U (%) 37U (%o)
(bottle 1) (bottle 2) (bottle 1) (bottle 2)
1072 0.00
311 268 0.17 0.05
100 73 0.18 0.20
38 0.26
-0.12 +0.06
1017 0.00
445 356 0.06 -0.01
153 186 0.00 0.00
106 121 0.04 0.00
0.00 +0.04
1302 0.06
680 782 0.08 0.10
231 208 0.24 0.27
56 53 0.41 0.34
-0.20 +0.03
1072 0.00
535 440 0.08 0.10
348 279 0.13 0.17
277 245 0.16 0.18
-0.17 +0.03
1078 0.01
145 191 0.12 0.17
27 47 0.25 0.25
12 17 0.35 0.37
-0.16 +0.03
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Table 3 continued

Expt. #5b

Goethite SmM DIC pH 8
equilibrated for 65 hours
control

1st step

calculated A7V (in %o)

Expt. #6

Goethite SmM DIC
pH 8 with Ca
control

1st step
2nd step
3rd step
calculated A7V (in %o)

Expt. #7
Birnessite SmM DIC pH 8
control

1st step
2nd step
3rd step
calculated A7V (in %o)

Expt. #8

Birnessite 0)mM DIC pH 3
control

1st step

2nd step

3rd step

calculated A7V (in %o)

Concentration (ppb)
(bottle 1)

1078
122

1122
599
335
223

1133
581
453
293

1085
734
502
409
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Concentration (ppb)
(bottle 2)

0.01
170

569
347
223

540
359
283

440
95

373U (%)
(bottle 1)

0.16
-0.17

0.00

0.08
0.13
0.15
-0.13

0.00
0.17
0.17
0.23
-0.23

0.04

0.07
0.08
0.14

-0.18

73U (%)
(bottle 2)

0.15
+0.03

0.10
0.16
0.17
+0.04

0.10
0.21
0.24
+0.06

0.08
0.27

+0.04



Table 4: Measured and calculated §”*U of adsorbed U(VI) in experiments 9 and 10

Experiment % adsorbed 6238Ucalcumed 6238Umeasured
9 bottle 1 7 -0.20 -0.13
9 bottle 2 5 -0.21 -0.19
10 bottle 1 19 -0.13 -0.12
10 bottle 2 25 -0.12 -0.14
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