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1 Introduction

Following the Second World War (WWII), many Federal and Native American
lands were intensively mined for uranium (U) to meet the increasing demands for nuclear
weapons. Between 1944 and 1986, nearly 30 million tons of uranium ore were extracted
from land that was part of the Navajo Nation,* 8 leaving significant quantities of post-
extraction waste materials. Improper disposal and handling of these wastes have resulted
in many sites across the United States (US) that have contaminated the surrounding land,
the water (groundwater and surface water), and the air resources. Therefore, there is an
increased need to understand the mechanisms that affect the transport of U and other co-
occurring metals from mine wastes under relevant environmental conditions to propose

appropriate remediation strategies.

The research described in this dissertation was intended to improve the current
understanding about the reactive transport of U, vanadium (V), and other co-occurring
metals in two mines on Native American Land: 1) Blue Gap/Tachee Claim-28 mine
waste site, NE Arizona and 2) Jackpile-Paguate mine, Laguna Pueblo, NM. This

dissertation is divided into six chapters and two appendices.

Chapter 1 provides an overview of the pivotal research issues and of the
dissertation as a whole. Chapter 2 is a summary of the scientific knowledge on 1) mining
and its impacts, 2) the physical and chemical processes that affect U mobility, and 3) the
existing research gaps. Chapters 3, 4, and 5 form the main body of work for this

dissertation are formatted as research papers.



Chapter 3, published in the journal Environmental Science &Technology (ES&T),
describes the investigation of the reactive transport of U and V from the Blue Gap/Tachee
Claim-28 mine waste site using laboratory experiments, reactive transport modelling, and
electron microscopy. In this chapter, we estimated the thermodynamic and kinetic
constants for dissolution of U-V bearing minerals (which have been detected in the mine
waste?) at circumneutral and acidic pH by modelling the batch and column experiments
using the multicomponent-multiphase model, PFLOTRAN. Appendix A presents

supplementary data obtained for this study.

The main objective of Chapter 4 (unpublished) is to determine the crystal
chemistry of the U-V bearing minerals that were previously identified in the Blue
Gap/Tachee Claim-28 mine wastes using spectroscopy, electron microscopy and X-ray
diffraction. In this chapter, we provide insights on the physiochemical characteristics of
U and V (i.e., structure, chemistry, morphology, and presence of inclusions) that are
fundamental to understanding their material behavior when subjected to weathering
processes in mine waste piles. Results from this chapter improve our understanding of the
fate and transport of U and V from such sites under environmentally relevant conditions.

The objective of Chapter 5 (unpublished) study was to investigate the effect of
oxidizing conditions on the co-occurring submicron U(IV) and U(V1) phases in Jackpile-
Paguate mine wastes, AZ, using laboratory experiments, spectroscopy, and electron
microscopy techniques. This chapter provides insights on the reactivity of these
submicron U(1V) and U(VI) minerals and the relevant mechanism that affects U mobility

after reaction with bicarbonate under ambient dissolved oxygen concentrations, and



strong oxidizing conditions. Appendix B for this chapter summarizes supplementary data

obtained for this study.

This dissertation improves our understanding of physical and chemical
mechanisms that affect the dynamic release and accumulation of U and V from
abandoned mine wastes sites by integrating knowledge from geochemistry,

thermodynamics, kinetics, mineralogy and hydrology.



2 Literature Review

2.1 Background and Significance

Uranium mining operations occurred during the 1900s to meet the federal government’s
demand for nuclear weapons after the Manhattan is project > and, to a more limited
extent, for nuclear energy generation.* > These mining activities left a legacy of
thousands of abandoned mines all over the United States. For example, just in the western
US, approximately 15,000 abandoned uranium mine waste sites have been identified, the
majority of which are located in Colorado, Utah, New Mexico, Arizona, and Wyoming.5’
Seventy five percent of these sites are on federal and tribal lands.®” To exemplify the
national problem, about 1100 abandoned uranium mine waste sites located on the Navajo
Nation have been overlooked for decades.’ 8°

Mining operations generate two types of waste: mine waste and mill tailings.
Mine wastes are unregulated higher concentration U ores that have been abandoned after
the mining operations ceased, while the mill tailings are the federally regulated low
concentration wastes left after processing the ore for U.% 1% Since this dissertation focuses
on mine wastes which are generated during mining operations; limited focus has been
directed towards discussing mill tailings. Mine wastes contain mixtures of uranium (U),
vanadium (V), and other co-occurring metals.**"*3 These wastes pose environmental and
health risks to nearby communities. However, before effective remedies can be proposed,
we need to know relevant details about the sites and the distribution means for the waste.

In an attempt to remediate such sites after the mine closures, these wastes were
regulated based on the Surface Mining Control and Reclamation Act of 1977 (SMCRA).

The SMCRA mandated burying the wastes under clean soil covers as an approach to



naturally eliminate potential health hazards.!? This method was adopted to naturally
attenuate the threat metals, especially carcinogenic metals like U. 148 However, natural
erosion of these soil covers has caused metal migration to the surface and into the
groundwater resources where these toxic metals have contaminated the water and
negatively impacted those who consume it. 18-1° For example, elevated metals
concentrations (with respect to their respective maximum contamination limits (MCL),
for e.g. U MCL = 30pug L) in the water resources surrounding such contaminated
abandoned uranium mine waste sites in southwestern United States have been reported.t
20 These dissolved metals have the ability to act as Lewis acids, complexing with the
hydroxyl group (OH") and causing a drop in pH. Acidic conditions in these sites can also
be caused due to acid mine drainage; that is, the outflow of acidic water from a mining
site that primarily comes from oxidation of iron sulfide (FeSz) or pyrite. 222 An acidic
environment is generally toxic to biota and less favorable for many other organisms than
is an environment at circumneutral pH conditions.

Elevated concentrations of U and V in water resources pose a concern for health
risks to individuals in the surrounding communities. 1*1® For example, the adverse toxic
effects of U and V are well documented in human exposures by inhalation and by
ingestion. 24-2° Uranium exposure has long been known to cause cancer (e.g., bone,
reproductive, and gastric), kidney toxicity, miscarriages, birth defects, and heart diseases.
14,21, 3033 Yranium has also been linked to adverse developmental outcomes in animals.*
% Additionally, recent studies in Navajo communities have linked exposures to mine
wastes with an increased likelihood for developing one or more chronic diseases

including hypertension, kidney disease, and diabetes.*® Therefore there is an increased



need to understand the mobility and transport of U and V to develop informed and
appropriate strategies to remediate abandoned sites.

Adequate management and cleanup of abandoned mine waste sites are
challenging due to complex regulatory, social, and political factors. For instance, the
Comprehensive Environmental Response, Compensation, and Liability Act, commonly
known as the Superfund program, was created to provide assistance to clean these sites.>’
However, despite the known elevated metal concentrations identified in many abandoned
mine wastes sites, limited or no action has been taken to remediate thousands of these
sites due to financial and political constraints.®’ Providing necessary scientific data to
guide federal, state, and local governments on developing appropriate remediation
strategies for such sites is an ongoing challenge.®

2.2 Study Areas: Blue Gap Tachee Claim-28, AZ and Jackpile-Paguate Mine, NM

Mine waste sites located on Native American lands have been overlooked due to low
population densities and site remoteness. The Blue Gap/Tachee Claim-28 mine site in
northeastern Arizona and the Jackpile-Paguate mine waste site in Laguna Pueblo, New
Mexico, are two such sites that represent the study areas for this dissertation.

The Blue Gap/Tachee Chapter of the central Navajo Nation, located approximately
40 miles west of Chinle, AZ, started operating during the early 1950s. On the mesa tops
and steep slopes of this location, 13 different mines operated from 1954-1968. In the
early 1990s, initial reclamation efforts agglomerated the wastes in the Claim 28 site under
a layer of uncontaminated soil (SMCRA).1*° At Blue Gap/Tachee, the uranium ores
occur in tabular and lenticular sandstone units of the Rough Rock Sandstone member in

the Toreva formation. A recent study conducted by our research group in the Claim 28



site identified the major mineralogical constituents of this arkosic sandstone to be 59%
quartz (Si02), 34% potassium feldspar (KAISi3Os), and 7% kaolinite (Al2SizOs(OH)4).-
3940 Fyrthermore, the dissolution of U-V bearing minerals in mine wastes that were
potentially affect the elevated concentrations (with respect to the maximum contaminant
level [MCL] for U) in neighboring water resources (67—169 ug/L of U) at the site.! These
U-V bearing minerals were found to have a structure similar to that of carnotite
(K2(UO2)2(V04)2-3H20) or tyuyamunite (Ca(UO32)2V20s-(5-8)H20 ).! However, there
is no information on the type of uranyl vanadates these U-V bearing minerals represent or
the processes that affect U-mobility from these mine wastes. This information is critical
to better understand mobility of U and V from many U mines around the world where
uranyl vanadates are predominant. For instance, abandoned uranium mines in the
Colorado Plateau, South Dakota, southwest China, southern Jordan, Korea and the
calcreted drainages of arid and semiarid western and southern Australia are rich in
carnotite, tyuyamunite, and other U-V bearing minerals that have affected the water
quality of neighboring surface and ground water resources.*+8

The Jackpile-Paguate mine is an abandoned uranium mine located on the 1093
Laguna reservation in north-western New Mexico,* 45 miles west of Albuquerque, NM,
USA. Approximately 600 m away from the Jackpile-Paguate Mine is Paguate, one among
the eight major villages of Laguna Pueblo. Just below Paguate lies one of the most
extensive uranium deposits in the US. The mining operation at the Jackpile-Paguate mine
disturbed approximately 2,656 acres of property!® and was once the largest operational,
open pit uranium mine in the world. The U deposits in the Jackpile-Paguate Mine are

present in the Jackpile sandstone found in the uppermost part of the Brushy Basin Shale



Member of the Jurassic and Cretaceous strata.>®>? Although the combined ores in the
Jackpile-Paguate mine are 2 km long and 600 m wide, the semi-tabular U deposits in the
Jackpile sandstone are only about ~5 m thick.>%-5?

The Rio Paguate flows from Miocene basalt and andesite flows of Mount Taylor,
southeast towards the village of Paguate through the Jurassic Morrison Formation and the
abandoned Jackpile-Paguate Mine.>® Reactions between these surface waters and U mine
wastes could affect the water quality and pose a potential human risk. For instance, a
recent study by our research group reported seasonal variations in elevated concentrations
of U and other co-occurring metals in Rio Paguate (35.3 to 772 mg L) that were later
identified as a consequence of dissolution of U-bearing minerals from these U-ore
deposits.>* However, the geochemical processes that affect U mobility from these mine
wastes is still not well understood.

2.3 State of the Knowledge about Processes Affecting U and V Transport from

Mine Wastes
The mobility of U and V are affected by a variety of biogeochemical and physical
processes. Uranium is an actinide abundantly found in various parts of the southwestern
US with alternating valence states among IV, V, and VI depending on the surface and
subsurface conditions in which it is present.>>8 The +6 oxidation state (U(V1)) is the
most mobile and toxic form of U. 226 The processes that affect U mobility are driven by
physicochemical parameters, including pH, Eh, temperature, reaction kinetics, and
elemental composition of the system.%*-®3 Uranium mobility is enhanced by the presence
of complexants like carbonate and bicarbonate that form aqueous complexes like U-Ca-

CO32 and U-CO32.22:54 Combined use of these natural complexants has been reported to



be effective for U mobility in systems with high calcium (Ca), sulfur (S), manganese
(Mn), and aluminum (Al) concentrations.?! Mining industries use these complexants in
alkaline leaching for targeted U extraction.®®

The aqueous complexes formed from such complexation reactions adsorb onto the
oppositely charged surfaces of SiO2, hydrous ferric oxide, ferrihydrite, aluminum
hydroxides, clays, and organic matter.®®’2 Uranyl complexes bind strongly onto organic
matter through either ion-exchange, coordination/complexation, donor-receptor
interactions, or Van der Waal forces at circum-neutral conditions, substantially enhancing
U mobility.”> 777 The degree to which the U mobility is enhanced depends on 1) the
electrostatic potential between aqueous complexes and organic matter surfaces, 2)
hydrophobicity of organic matter, and 3) the ability of U(V1)-organic matter colloids to
stay suspended.” 870 Like aqueous U(V1), monomeric U(IV), which represents non-
crystalline U(1V) species, also adsorb onto organic matter aggregates and organic-carbon
coated clays that possess higher mobility and toxicity considering their susceptibility to
desorb and reoxidize.”> & Only recently were monomeric biogenic U(1V) species found
to be present at undisturbed roll front ore deposits.8! In addition to adsorption, the
tetravalent and hexavalent U also form bidentate aqueous complexes with organic
matter.82

Formation of sparingly soluble, biogenic, and chemogenic U(IV) through reduction
reactions has been used as techniques to immobilize aqueous U.23® The reduction of
aqueous U(VI) can result in the formation of crystalline, submicron, biogenic, and
chemogenic U(IV) phases whose dissolution rates and energetics are very similar to those

of coarser U(1V) phases.®-8 Submicron U particles and U adsorbed onto colloids of



organic matter and oxides form about 30-40% of the total naturally occurring mobile
U.89%0 |n addition to sorption, U mobility can also be affected by dissolution/precipitation
of U minerals. For instance, U occurs in the environment as vanadate, silicate, phosphate,
carbonate and oxide minerals.%1-%

Similarly, V is a redox active, transition metal that co-occurs with U at oxidation
states from 11 to V.> %192 vvanadium is most soluble as V(1V), and V(V) %192 among
which V(V) is considered most mobile and toxic. 242 Like U, V is also mobilized by
carbonate reagents.! However, unlike U, it does not complex with dissolved carbonate.
Instead, its oxyanionic behavior causes the formation of aqueous anionic
[V10026(OH)2*", V10027(OH)", V10028%~ ,VO2(OH)*", VO3(OH)*", VO4*,
V206(0OH)*", V.07*", V309>~ and V4012*], cationic [VO?*] and neutral [VO(OH)s]
species.50 62103104 These aqueous complexes of U and V adsorb onto ferrihydrite,
aluminum hydroxides, and clays through electrostatic interactions®? 104-106 44, 48, 50-52, 86-91
depending on the pHpzc of the solids. Uranium and V could also be immobilized through
precipitation of secondary mineral phases such as carnotite (K2(UO2)2(V0Oa4)2-3H20 and
vanadinite (Pbs(VO4)3Cl)% 41 % These geochemical processes are key to the aqueous
and solid speciation of U and V.

In addition to solid and aqueous chemistry of U and V, other factors such as
kinetics, thermodynamics, and crystal chemistry of minerals are also critical to
understand their reactive transport under relevant environmental conditions. The reactive
transport of metals can be described using reactive transport models, e.g., PELOTRAN,
which is the reactive transport model used in this dissertation.

2.3.1 PFLOTRAN and Its Applications.

10



PFLOTRAN is a multicomponent-multiphase model that couples thermodynamics,
kinetics, hydrology, and aqueous chemistry to simulate the interfacial mechanisms that
affect the mobilization of U and other metals in surface and subsurface environments.
Previous studies have used reactive transport modelling to investigate the adsorption
behavior of U(V1) complexes onto alluvial aquifer sediments.!%”: 1% The subsurface
desorption kinetics of U(V1) species suggest a non-equilibrium sorption behavior with
Fe-oxides, Mn-oxides, and phyllosilicates.'%1! Uranium transport can also be attributed
to dissolution of mineral phases. For example, U transport from contaminated, subsurface
sediments from the Hanford site, WA, was affected by the dissolution of metatorbernite
[Cu(UO2)2(PO4)2-8H20], cuprosklodowskite (Cu[(UO2)(SiO20H)]2-6H20), and Na-

boltwoodite [NaUO (SiO_OH)-1.5H,0].% 1% 12 The development of reactive transport

models that represent environmentally relevant oxidizing conditions in abandoned mine
waste sites is necessary to better understand the mobility of U and other metals.

2.3.2 Effect of Crystallinity on Metal Mobility.

The mobility of U and other metals is also affected by the crystal chemistry of the
naturally-occurring U-minerals in the mine waste. Crystal chemistry is the study of
chemistry principles behind the assembly of crystals and their use in describing structure-
property relations in solids. An example about the importance of crystal chemistry is
presented in recent studies, which tried to observe the effect of crystallinity on dissolution
of glass and natural silicate minerals. These studies reported that dissolution rates
increase with increasing Si:O ratio, which is higher in glass than in natural silicate
minerals. For example, ultra-mafic glasses (Si:O <0.28) dissolve at similar rates as

correspondingly compositioned minerals, but Si-rich glasses such as rhyolite (Si:O ~
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0.40) dissolves >1.6 orders of magnitude faster than corresponding minerals13-114 115
Therefore, in order to better understand the transport of U and V from abandoned mine
wastes, the effect of crystal chemistry should be considered as these affect
biogeochemical and physical processes. For instance, the general formula used to
represent several uranyl vanadates is M"* 1/, UO2A04.xH20 where, M is a cation that can
be either mono-, di- or tri-valent elements of groups 1 and Il in the periodic tablg® 116-119
that are comprised of [(UO2)2V20s]n2" layers and water.11:120-121 ynderstanding the
crystal chemistry is essential to understand the dissolution and reactivity of these U-V-

bearing minerals in mine waste sites.

2.4 Research Gap and Obijectives

Previous studies have identified the factors that affect individual transport of U or V.
However, the specific mechanisms affecting the transport of U and other co-occurring
metals in abandoned mine waste sites remains poorly understood. For instance, in a
recent study the mobility of both U and arsenic (As) from a U mill tailing site in South
Dakota were observed.1?2 Yet the specific processes affecting the transport of these
metals are unknown.® In addition, previous investigations have provided limited
information on 1) the release of metal mixtures from uranium mine wastes; and 2) the
interactions, co-occurrence, and behavior of these metal mixtures in the environment

under relevant field conditions. Scientific knowledge obtained from this study can be

applied to other abandoned uranium mines in U.S. that bear a similar mineralogy or

geology as the two study sites of focus in this dissertation.123-124

The goal of this research was to provide essential insights on the mechanisms that
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affect the reactive transport of U and V from abandoned uranium mine wastes. This

information on the reactivity and mobility of U and V can be key to understanding the
potential metal exposure pathways in abandoned uranium mine waste sites. The approach
and the methods used to in this research involve contributions from different disciplines

that include inorganic chemistry, geochemistry, minerology, analytical chemistry, and

environmental science; the interdisciplinary nature of the project is relevant to any

remediation proposals arising from the study.

The three specific research objectives of this research include:

1. Investigate the reactive transport of U and V from the Blue Gap/Tachee Claim-
28 mine waste site through laboratory experiments, reactive transport modelling,
and electron microscopy techniques.

2. Investigate the crystal chemistry of U-V bearing minerals occurring in the Blue
Gap/Tachee Clim-28 mine waste using the properties of synthesized primary ores
as a reference.

3. Investigate the effect of oxidizing conditions on the co-occurring nano-particulate
U(IV) and U(VI) phases in Jackpile mine wastes using laboratory experiments,
spectroscopy, and electron microscopy techniques.

Addressing these research objectives in the following order will help to explain the role
of thermodynamics, crystallinity, stoichiometry, and solution chemistry on the reactive
transport of U and V from such mine wastes that pose as a threat to neighboring surface

and ground water quality.
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3.1 Abstract

The reactive transport of uranium (U) and vanadium (V) from abandoned mine wastes
collected from the Blue Gap/Tachee Claim-28 mine site, AZ, was investigated by
integrating flow-through column experiments with reactive transport modelling, and
electron microscopy. The mine wastes were sequentially reacted in flow-through columns
at pH 7.9 (10 mM NaHCO3) and pH 3.4 (10 mM CH3COOH) to evaluate the effect of

environmentally relevant conditions encountered at Blue Gap/Tachee on the release of U
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and V. The reaction rate constants (km) for the dissolution of uranyl-vanadate (U-V)
minerals predominant at Blue Gap/Tachee were obtained from simulations with the
reactive transport software, PELOTRAN. The estimated reaction rate constants were
within one order of magnitude for pH 7.9 (km = 4.8x10™® mol cm sec?) and pH 3.4 (km
= 3.2x10"1 mol cm™ sec). However, the estimated equilibrium constants (Keq) for U-V
bearing minerals were more than 6 orders of magnitude different for reaction at
circumneutral pH (Keq = 10865 compared to acidic pH (Keq = 1048%). These results
coupled with electron microscopy data suggest that the release of U and V is affected by
water pH and the crystalline structure of U-V bearing minerals. The findings from this
investigation have important implications for risk exposure assessment, remediation and

resource recovery of U and V in locations where U-V-bearing minerals are abundant.

3.2 Introduction

The legacy of mill tailings and wastes from mining operations has resulted in the release
of elevated concentrations of metals and radionuclides, which pose imminent
environmental and human health concerns.!? 12 For instance, the negative health
impacts of human exposure to uranium (U) and vanadium (V) through inhalation and
ingestion have been well documented.?* *¢ Uranium and V co-occur at numerous
abandoned mine waste sites on Navajo Nation territory near the Four Corners region of
the southwestern U.S.*2”- 1 Uranium and other co-occurring metals from these mine
wastes can be released into neighboring water resources affecting their water quality.
The aqueous and solid chemical speciation of U and V at mine waste sites

could be affected by a variety of interfacial geochemical processes. These mine waste
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sites are usually exposed to ambient surface oxidizing conditions in which U(VI) is
predominant.t 1% Aqueous U(VI) can complex with OH-and CO3?% or can react with
alkaline earth metals and CO3? to form neutral or negatively charged ternary complexes
(e.g. U-Ca- CO3?) that affect U mobility in water.'?® 129 VVanadium preferentially forms
anionic [V10026(OH)2*", V10027(OH)*", V10028°", VO2(OH)*", VO3(OH)*", VO4°*",
V206(0OH)*", V.07*", V309>~ and V401,*], cationic [VO?*], and neutral [VO(OH)s]
species of oxyanions and aqueous complexes.®? 1% These oxyanions and aqueous
complexes of V and U(V1) can adsorb onto charged surfaces of aluminum (Al) oxides,
iron (Fe) oxides, and clay minerals.5” 104105 128-134 ranjum and V can also be present in
solid form as oxide, phosphate, carbonate, vanadate, and silicate mineral phases.%3 135-136
For instance, their co-occurrence as carnotite [K2(UO2)2V20s], tyuyamunite
[Ca(U02)2V20s-(5-8)H.0], metahewettite [CaVeO16-3(H20)], melanovanadite
[CaV4010-5(H20)], and V-bearing clays has been observed at the Rough Rock
Sandstone of the Cretaceous Mesa Verde Group study region located in southwestern
US.®¥" Uranium oxides such as schoepite [(UO2)802(0OH)12-12(H20)] are commonly
occurring minerals that also influence uranyl solubility under oxic and suboxic
environments between pH 6-9.4% 13 These geochemical processes, which are key to the
aqueous and solid speciation of U and other co-occurring metals, should be considered
when investigating the reactive transport of metals in abandoned mine wastes.

Reactive transport modelling can be a useful tool to investigate the interfacial
mechanisms that affect the surface and subsurface mobilization of U and other metals.
Previous studies have used reactive transport modelling to investigate the adsorption

behavior of U(VI1) complexes onto alluvial aquifer sediments.!%”: 18 The subsurface
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desorption kinetics of U(V1) species suggest a non-equilibrium sorption behavior with
Fe-oxides, manganese (Mn) oxides, and phyllosilicates.*®!* Uranium transport can also
be attributed to dissolution of mineral phases. For example, U transport from
contaminated subsurface Hanford Sediments was affected by the dissolution of
metatorbernite [Cu(UO2)2(PO4)2-8H20], cuprosklodowskite

(Cu[(UO2)(Si020H)]2-6H20), and Na-boltwoodite [NaUO,(SiO,OH)-1.5H,0].9 0 112

The development of similar reactive transport models that represent environmentally
relevant oxidizing conditions in abandoned mine waste sites is necessary to better
understand the mobility of U, V, and other metals.

Previous laboratory-based studies have shown that U and V can interact through
precipitation reactions forming uranyl vanadate minerals with potassium and calcium
(e.g., carnotite [K2(UO2)2(V04)2-3H20] and tyuyamunite [Ca(UO2)2V20s-5-
8(H20)]).% 1 These studies used batch experiments and thermodynamic predictions to
identify precipitation of uranyl vanadates as an effective method to immobilize U and V
below the U-maximum contaminant level (MCL, 30 pg L) between pH 5.5-7. 913 The
thermodynamic estimations calculated in these studies were in agreement with those
previously calculated by Langmuir.*® However, these theoretically estimated
thermodynamic constants are limited to synthetic minerals that have been subjected to
specific reactivity conditions that could differ from those of U-V bearing minerals
occurring in the environment.

A recent study conducted by our research group at the Blue Gap/Tachee Claim-
28 mine site located in Northeastern Arizona reported that the dissolution of U-V

bearing minerals affects the mobility of U and V at pH conditions observed in the field,
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which range from 3.8 to 7.4.1 Results showed that U and V co-occur in mine wastes
predominantly as U(VI) and (V). The Extended X-Ray Absorption Fine Structure
(EXAFS) fittings suggest that U and V coordination in these mine waste samples is
similar to that of minerals such as carnotite [K2(UO2)2(V04)2-3H20] or tyuyamunite
[Ca(UO2)2V204g5-8(H20)]. Additionally, results from this study suggest dissolution of
these U-V bearing minerals are a potential source to the elevated metal concentrations in
neighboring surface water resources.! Although this study represents a valuable first
attempt to identify the co-occurrence of U and other metals at this abandoned mine waste
site, the mechanisms affecting the reactive transport of U, V, and other metals remain
unknown.

The objective of this study is to investigate the reactive transport of U and V from
the Blue Gap/Tachee Claim-28 mine waste site through laboratory experiments, reactive
transport modelling, and electron microscopy. In the current investigation we seek to
determine the equilibrium and reaction rate constants for dissolution of these U-V bearing
minerals at circumneutral and acidic pH by modelling the batch and column experiments
performed in this study with PFLOTRAN.27-28:33 This study was developed based on our
prior evidence that suggested U-V bearing mineral phases as the potential source to U
and V release from Blue Gap/Tachee mine wastes. Our integrated approach of using
microscopy and reactive transport modelling serves as a foundation to better understand
the mechanisms affecting the reactivity of mine wastes and the transport of U and V

under environmentally relevant conditions.

3.3 Materials and Methods
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3.3.1 Materials.

Mine waste and background sediments were collected from the Blue Gap/Tachee Claim-
28 mine site in January, 2014, to identify the processes and phases that affect the U and V
transport into neighboring surface and ground water resources. Sediment samples from
the site included mine waste and Baseline Reference Soil (background soil) previously
characterized by Blake et al., 2015.1 The Blake et al. study used powder X-ray diffraction
to identify quartz (SiO2; 59%), potassium feldspar (KAISizOsg; 34%), and kaolinite
(Al2Si205(0H)a4; 7%) as the major mineralogical constituents. Additionally the co-
occurrence of U and V and predominance of U(VI) and V(V) were identified using
microscopy, X-Ray Photoelectron Spectroscopy (XPS), and X-Ray Absorption Near
Edge Spectroscopy (XANES) techniques. Furthermore, the coordination numbers
obtained from EXAFS fits suggested the structure of the U-V bearing mineral to be
similar to that of carnotite or tyuyamunite.t

3.3.2 Batch Experiments.

We conducted batch experiments to model the U and V release at circumneutral (8.3) and
acidic (3.4) pH and determined the equilibrium and reaction rate constants for dissolution
of U-V bearing mineral phases. The determined equilibrium constant was then used to
obtain the reaction rate constants for U-V bearing mineral dissolution during column
experiments. Briefly in the batch experiments, we reacted 0.1 g of mine wastes and
background soil samples that were sieved to <63 pum size (using U.S. standard sieve
series number 230), with 50 mL 10 mM NaHCO3 (pH 8.3) and 10 mM CeHgOs (pH 3.8)
through gentle shaking in 50 mL centrifuge tubes for 264 hours, as described in Blake et

al.! During the experiments we collected 2 mL aliquots 0.5, 1, 2, 6, 24, 48, 96, and 264 h
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after the experiment began. We diluted these aliquots and analyzed for elemental
concentrations using Inductively Coupled Plasma Optical Emission Spectroscopy and
Mass Spectroscopy (ICP-OES/MS). All batch experiments were conducted in triplicates.
3.3.3 Continuous Flow Through Column Experiments.

A column experiment was conducted to investigate the transport of U and V from Blue
Gap/Tachee Claim-28 sediments. An initial set of experiments consisted of reacting mine
waste and background soil with 18MQ water at pH 5.4 to evaluate the release of water-
soluble U and V. Another set of experiments were performed in parallel where the mine
waste and background soil were sequentially reacted at pH 7.9 (using 10 mM NaHCO3)
and pH 3.4 (using 10 mM CH3COOH). These pH values and concentrations represent
environmentally relevant conditions observed at the study site.> We prepared samples by
crushing and homogenizing sediments with a Spex shatter box and sieving through U.S.
standard sieve with series 120-45 to obtain particle sizes between 125-355 pm. The
homogenized sieved fractions were then packed into cylindrical Pyrex glass columns
with an inner diameter of 1 cm and a height of 10 cm using vacuum filter pumps.
Solutions of 10 mM NaHCO3 and 10 mM CH3COOH were prepared using 18MQ
deionized water, NaHCOg3, and 17.4N CH3COOH. The prepared solutions were pumped
against gravity through the packed columns at 0.9 mL min-1 using a Masterflex L/S
series 8-channel peristaltic pump. The column experiments were conducted on eight
columns in parallel (Appendix A: Figure 7.1). We chose 0.9 mL min-1 based on existing
literature®9-110. 141 a5 3 typical groundwater rate to evaluate how solutions at
circumneutral and acidic conditions would react with mine wastes. Columns 1, 2, 5, and 6

were packed with mine waste and columns 3, 4, 7, and 8 were packed with background
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soil. Columns 1-4 were reacted with 18MQ water for 90 minutes with a total of 23
(columns 1-2) and 31 (columns 3-4) pore volumes (PV) at the rate of 3.53, and 2.65 cm3
PV-1, respectively. Columns 5-8 were sequentially reacted for one week each (10,080
min) with 10 mM NaHCO3 and 10 mM CH3COOH (Appendix A: Figure 7.1). The one
week reaction time resulted in 2570 PV for columns 5 and 6 and 3450 PV for columns 7
and 8. Samples were collected at 10, 20, 30, 40, 50, 60, 70, 80, and 90 min of reaction
time from the outlets of columns 1, 2, 3, and 4. Samples were collected columns 5-8, at
30, 180, 540, 1440, 2880, 4320, 5760, 7,200, and 10,080 min after sequential reaction
with 10 mM NaHCO3 and 10 mM CH3COOH solutions. The sample aliquots were
filtered using a 0.45 um syringe filter and diluted accordingly for analyses. All
experiments were performed at room temperature (25° C) and, consequently, that
temperature was set for the reactive transport of modelling.

3.3.4 Aqueous Chemical Analyses.

We used a PerkinElmer Optima 5300DV inductively coupled plasma-optical emission
spectrometer (ICP-OES) and a PerkinEImer NexION 300D (Dynamic Reaction Cell)
inductively coupled plasma-mass spectrometer (ICP-MS) to obtain the trace metal
concentrations in experimental aliquots and total acid extracts of mine waste and
background soil. The solution pH was measured using a Thermo Scientific Orion
Versastar Advanced Electrochemistry pH meter. Additional technical details of these
methods are described in the Supporting Information (SI).

3.3.5 Reactive Transport Modelling.

We used PFLOTRAN a surface-subsurface multiphase, multicomponent reactive flow

and transport model 110111142 to determine the equilibrium constants for U-V bearing
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mineral dissolution at circumneutral and acidic pH (batch experiments) and to identify
the processes controlling the reactive transport of U and V from mine waste (column
experiments).

In order to model the batch and column experiments, we used various U and V
bearing aqueous species and mineral, their associated thermodynamic equilibrium
constants (Keq), and stoichiometric reaction coefficients (Tables 7.1 and 7.2) as inputs for
PFLOTRAN. Most of the listed parameters were fixed except for the equilibrium
constant of carnotite and reaction rate constants of the U-V bearing minerals,
metaschoepite [(UO2)802(0OH)12-12(H20)], and rutherfordine [(UO2)CO3] that were
varied to fit the experimental data and to obtain the equilibrium and reaction rate
constants for dissolution of U-V bearing minerals. At circumneutral pH, minerals such as
metaschoepite and rutherfordine were considered in the model as they are commonly
occurring oxides and carbonates of U that affect U transport. - 143145 |n addition to
metaschoepite and rutherfordine, surface complexation reactions for >SOUO>OH and
>SOHUO>CO3 were also considered in order to understand the effect of sorption on the
reactive transport of U.2® The equilibrium constants estimated for U-V bearing minerals
by modelling the batch experiments at circumneutral and acidic pH were used to estimate
their reaction rate constants during column experiments.

Some key assumptions made in the model include: 1) U-V bearing minerals are
the dominant U phase in the mine waste sample, 2) the U-V bearing minerals have
similar properties to those of carnotite [K2(UO2)2(V04)2-3H20], and 3) the U-V bearing
mineral particles are spherical in shape. These assumptions were made based on our

previously published information on the Blue Gap/Tachee mine site, where the EXAFS
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fits of U-V bearing minerals, which were dominant in the mine waste, suggested similar
coordination as carnotite or tyuyamunite.! The spherical shape of the U-V bearing
minerals was assumed for calculation simplifications.

Using PFLOTRAN, we modelled the water movement through the column
considering fully saturated sediments under oxidizing conditions. The governing mass
conservation equation that accounts for the unidirectional change in the total dissolved
concentration of the j™ primary species is given by (Eq. 1):

0 0 0 dS;
a(<pwj) + —(q¥;— oD o) = Q; - Z Vim I — a—t’

m

where z [L] is the height of the column (10cm), t [T] is the time for which column

experiments were conducted, ¥; [ML*] denotes the total concentration, D [L™2T"]

denotes hydrodynamic dispersion coefficient, Q; [M L=>T] is a source/sink term, Im [ML"

3T-1] the reaction rate of the m™ mineral, vjm [-] is the stoichiometric coefficient for
mineral reactions, Sj [ML™] is the sorbed concentration, q [LT™] is Darcy’s flux
calculated to be approximately 1.15 cm min™! based on the flow rate used for the column
experiments, 0.9 mL mint and ¢ [-] is porosity. Dirichlet boundary conditions were used
to model the 1D reactive transport of metals during reaction at pH 7.9 (using 10 mM
NaHCO3) and pH 3.4 (using 10 mM CH3COOH). Additional information and other
supporting equations used in the model are explained in the Supplementary Information.
(SI equation 2-13)

3.3.6 Solids Characterization.

Solid characterization using JEOL 2010 High resolution Transmission Electron
Microscopy (HR-TEM) was performed crystallinity of U-V bearing minerals in the mine

waste sample. Synchrotron Micro- X-ray Fluorescence mapping (U-SXRF) was
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conducted in beamline (BL) 10-2 in Stanford Synchrotron Radiation Lightsource (SSRL).

Additional technical details of these methods are described in the Supporting Information

(SI).

3.4 Results and Discussion

3.4.1 Mine Waste Reactivity in Columns Using 18 MQ Water (pH 5.4).

We investigated the potential release of water-soluble U and V from mine waste solids by
reacting columns with 18MQ water as a function of pore volumes and time (Appendix A:
Figure 7.2). Aqueous concentrations as high as 2.3x107 M U and 74x10°® M V were
measured. For reference, the concentrations of U released from this reaction (~2.3x107
M) were similar to the concentrations observed in one of the water sources proximate to
the site (spring concentrations equal to 2.8x10” M), as was shown in a previous study
conducted by our group.! These mobilized concentrations were almost two times higher
than the regulated U.S. Environmental Protection Agency Maximum Contaminant Level
(MCL) of U, i.e., 1.3x107 M (30 pg L).2 The U and V concentrations released after
reaction of background soil (control) with 18MCQ water were either below the MCL for U
or below the detection limit of the ICP-OES/MS instruments. The presence of U and V in
the effluent solution can be attributed to possible contributions from electrostatically
bound chemical species in the diffused layer or dissolution of soluble oxide phases, such
as schoepite [(UO2)s02(0OH)12-12(H20)] and V oxides as observed in other
investigations.'"4° The mobility of such labile aqueous species from mine waste is
environmentally relevant. Further investigation of the reactive transport of U and V based
on co-occurring U-V bearing mineral phases was conducted by sequentially reacting

mine waste and background soil with circumneutral and acidic reagents.
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3.4.2 Reactive Transport of U and V at Circumneutral pH.

3.4.2.1 Batch Experiments at pH (8.3).

The reactive transport model developed for batch experiments reacting mine waste with
10 mM NaHCOg identified dissolution of U-V bearing minerals as the key process
affecting the dissolved concentrations of U and V (Figure 3.2A, B). The equilibrium
constant (Keq) for U-V bearing mineral dissolution was estimated to be 1048 (Table
3.1), which was almost 12 orders of magnitude lower than that reported in literature for
carnotite (Keq = 107°6-38),150 The difference between the Keq for dissolution of U-V
bearing minerals and carnotite can be attributed to a difference in reactivity conditions
and crystallinity between U-V bearing minerals in the mine wastes and carnotite. In
addition, the estimated reaction rate constant (km) for U-V mineral dissolution was
2.13x10* mol cm? sec? (Table 3.1). Similarly, the estimated km values for precipitation
of metaschoepite and rutherfordine were approximately 1x102° and 2x1071® mol cm sec”
! respectively (Table 7.3). The nature of a reaction (i.e., dissolution or precipitation) can
be identified from the sign convention of the reaction rate (Im) appearing in PFLOTRAN;
that is, negative for dissolution and positive for precipitation. These results are in
agreement with observations previously made at the nearby Colorado Plateau deposits
where precipitation of metaschoepite from aqueous U concentrations between pH 6-10
was reported.*! The equilibrium constants estimated by modelling these batch
experiments at circumneutral conditions were then used as a foundation for identifying
the reaction rate constants for U-V bearing mineral dissolution in the column
experiments.

3.4.2.2 Column experiments at pH (7.9).
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A linear correlation with a slope of 1.45 and a R? of 0.993, observed between molar
concentrations of U and V (Appendix A: Figure 7.3A) that were mobilized during mine
waste reaction with 10 mM NaHCOs, suggested dissolution of U-V bearing mineral
phases as a potential source. These results agree with a previous study from our research
group where a linear correlation between U and V was observed (slope= 0.636 and R? =
0.95) in batch experiments reacting mine wastes with 10 mM NaHCOj3 at pH 8.3.1 The U
and V release patterns obtained from these experiments were then simulated using
PFLOTRAN to further understand the processes affecting the reactive transport of U and
V.

Similar to modelling results from the batch experiments, the reactive transport
model for flow-through column experiments on reaction with 10 mM NaHCO3 suggested
dissolution of U-V bearing minerals as the primary mechanism affecting U and V
transport. The effluent concentrations of U and V, reported as a function of pore volumes
(Figure 3.2C, D) and time (Appendix A: Figure 7.4), were compared to those obtained
from the reactive transport model (PFLOTRAN). PFLOTRAN used the estimated Keq =
1044811 for U-V bearing mineral dissolution from batch experiments to adequately fit the
flow-through column experiments data and to estimate the km and fitting parameter (nm)
for U-V bearing mineral phase dissolution. The fitting parameter nm, to which the non-
linear water-rock reactions are sensitive (SI equations 5, 8), and km were estimated to be
5.2 and 4.8x10™® mol cm sec™?, respectively. In addition, the negative reaction rate (Im)
suggested the dissolution of U-V bearing minerals. The kn estimated for the dissolution
of U-V bearing minerals (4.8x10* mol cm sec™!) during column experiments was

different from that estimated for the batch experiments i.e., km = 2.13x10* mol cm™ sec”
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! (Table 3.1). The increase in km cannot specifically be attributed to a single process.
However, the difference in the effective reaction rate constant (Keffective = km*a3,),
estimated using the average surface area, can be attributed to differences in grain size and
reactivity conditions, which include flow and heterogeneity in sample composition (Table
3.1). Observing the effect of grain size on the reactive transport of U and V is also
important'®: “® as the sieved samples may contain nanocrystals of U-V and other co-
occurring U and V minerals that were bound electrostatically to the surface of coarser
particles.’® After the effect of grain size was introduced into PFLOTRAN, by adding U-V
bearing minerals of variable sizes and surface areas, their effective reaction rate constants
(Kefrective) Were estimated (Table 7.4). The change in the estimated Kefrective for various U-V
bearing mineral phases was negligible (Table 7.4), leading to the inference that the effect
of grain size on the reactive transport of U and V is minimal (Appendix A: Figure 7.5).
Other secondary mineral phases of U like oxides, phosphates, silicates, and
vanadates soluble at circumneutral pH that have not been considered in this model could
also contribute to the release of U and V from mine waste.!3% 147152133 For jnstance, a
Back Scatter Electron- Scanning Electron (BSE-SEM) micrograph that shows the
association of V with Fe and K was collected (Appendix A: Figure 7.6). The co-
occurrence of U with other elements (e.g., Se and Sr) was also observed using
synchrotron p-XRF mapping (Appendix A: Figure 7.7). The contribution of these
secondary mineral phases can be expected especially considering 1) the heterogeneity of
mine waste, 2) the discrepancies between experimental and model U concentrations, and
3) the initial experimental V concentrations are much higher than the model.*® However,

after 3-4 hours of reaction, the experimental V concentrations agree well with the model
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Figure 7.2. Effluent concentrations of U and V obtained after reaction of mine waste
(circle) and background soil (squares) with 18MQ water (pH 5.4), during continuous
flow-through column experiments, as a function of pore volumes and time. A) U
concentration versus pore volume; B) V concentration versus pore volume; C) U
concentration versus time; D) V concentration versus time.
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Figure 7.3. Molar correlation between U and V experimental release from mine waste
(hollow circles) after reaction with A) 10 mM NaHCO3z.and B) 10 mM CH3COOH
during continuous flow through column experiments. The ideal slope should be 1:1 from
the reaction (K2(UO2)2(VOa)2)* = 2K*+2U022* VO43, The point in the dashed circle
represents an outlier due to equilibration of the column with the influent solution on the
early stages of the experiment (first 30 minutes).
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Figure 7.4. Measured effluent concentrations and reactive transport model (PFLOTRAN)
of U and V, from mine waste (circle) and background soil (squares) during continuous
flow-through column experiments at pH 7.9 (using 10 mM NaHCO3), as a function of
time. A) U concentration versus time; B) V concentration versus time. The curve fitting
using PFLOTRAN are presented with dashed lines.
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Figure 7.5. Measured effluent concentrations and reactive transport model (PFLOTRAN)
of U and V from mine waste (circle) as a function of pore volumes after considering the
effect of grain size during continuous flow-through column experiments at pH 7.9 (using
10 mM NaHCO3). A) U concentrations versus pore volumes B) V concentrations versus
pore volumes. The curve fitting using PFLOTRAN are presented with dashed lines.
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Figure 7.6. Microprobe identification of a V-Fe-K phase in the mine waste samples. A)
Back Scatter Electron Imaging (BSE) of a V-Fe-K phase. B) EDS spectrum of the
identified V-Fe-K phase.
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Se: Green V: : Sr: Green V:

Figure 7.7. Synchrotron Micro- X-ray Fluorescence mapping for mine waste samples
identifying the co-occurrence of U with other metals. A) Uranium map; B) Vanadium
map; C) Selenium map ; D) Strontium map ; E) Overlay map of U- red, Se — green and V
— blue; F) Overlay map of U- red, Sr — green and V — blue. Gradient yellow colors in E
and F suggest potential co-occurrence of U and Se, and U and Sr respectively. Similarly
cyan gradient colors in E and F suggest co-occurrence of U and V, possibly as a U-V
mineral.
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Figure 7.8. Measured effluent concentrations and reactive transport model (PFLOTRAN)
of U and V, from mine waste (circle) and background soil (squares) during continuous
flow-through column experiments at pH 3.4 (using 10 mM CH3COOH) as a function of
time. A) U concentration versus time; B) V concentration versus time. The curved fitting
using PFLOTRAN are presented with solid lines.
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8 Appendix B (Chapter 4)

8.1 Additional Materials and Methods.

8.1.1 Acid Extractable Procedure.

Acid digestions were conducted to assess and compare the total acid extractable trace
metal concentrations between unreacted and reacted mine wastes. Acid digestions for
unreacted sediments involved addition of 3ml of Hydrochloric acid (HCI), 3 ml of Nitric
acid (HNO3) and 3ml of Hydrofluoric acid (HF) into 50 ml Teflon digestion tubes to 2 +
0.002g sediments. Similarly for reacted sediments 1 ml of HCI, HNOz and HF was added
to 50 ml Teflon digestion tubes containing 0.5 + 0.002g of sediments. All reagents are of
high purity. The digestion tubes were then heated using a Digi prep MS SCP Science
block digester at 95 °C for 2 h, followed by dilution of acid extracts from reacted and
unreacted sediments to 50 and 25 ml. The diluted samples are then filtered using 0.45 pum
filters to remove any suspended or undissolved solids before analysis.

8.1.2 X-ray Fluorescence (XRF).

Unreacted abandoned mine waste samples collected from the Jackpile-Paguate Mine,
Laguna Pueblo were characterized for their bulk elemental and oxide composition using
XRF with a detection limit around 0.1% of total elemental content. Sample preparation
involved mixing about 9g of mine waste sample with 1g of binder “spectroblend” and
homogenizing the mixture using a Spex mixer mill for 5 minutes in a plastic vial
containing plastic balls for mixing. The homogenized sample was then transferred into a
40mm pressing container “9x38 mm Spec-Cap” that was placed inside a press pellet dye
and pressed at 25 tons per square inch.

8.1.3 X-ray Diffraction (XRD).
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A Rigaku Smart Lab XRD was used to identify the U mineral phases that occur in the
waste samples collected from the Jackpile-Paguate mine. The instrument uses Cu Ka
radiation with a scintillation detector, a graphite monochromator and Jade® software to
obtain this information. The samples are prepared by using a water separation technique
with a settling time <30 s to concentrate the submicron U phases from the <63um
homogenized waste sample.

8.1.4 Scanning Transmission Electron Microscopy (STEM).

A STEM analysis was conducted on waste samples to identify the submicron-crystalline
U phases and their composition which dominantly affect the reactivity and transport of U.
A JEOL 2010F Field Emission Gun Scanning Transmission Electron Microscope
(FEG/STEM) fitted with an Oxford ultrathin window Energy Dispersive Spectroscopy
(EDS) detector, an Oxford ISIS/INCA X-ray analysis system and a GATAN multiscan
CCD camera was used for the analysis. Apart from the traditional TEM techniques, this
TEM is capable of conducting 1) energy filtered imaging (EFTEM), 2) electron energy
loss spectroscopy (EELS), 3) X-ray microanalysis and X-ray mapping at the sub-nm
level, and 4) bright- and dark-field STEM imaging. For this study, we used the TEM and
STEM mode imaging, EDS analysis, high resolution selected area electron diffraction
(HR-SAED) and STEM mapping capabilities of the instrument. Drops of unaltered waste
sediment suspended in acetone were dropped onto standard holey carbon film-covered
Cu TEM grids using a disposable pipette. The sample was then allowed to sit for a
minute until all the acetone was vaporized. The dry samples were loaded onto the TEM
holder for performing the analysis. The INCA EDS detector was used to determine the

elemental composition of the specific targeted crystal. Later a HR-SAED analysis was
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performed on the identified crystals to observe their crystallinity. A mapping analysis
was then conducted on these samples to identify the composition of these U-phases that
could be crucial to better understand their reactivity during waste reaction with various
reagents.

8.1.5 Electron Microprobe Analysis (EPMA).

The samples were analyzed using a JEOL JXA-8200 (JEOL Ltd., Tokyo, Japan) electron
microprobe at the Department of Earth and Planetary Science/Institute of Meteoritics,
University of New Mexico. The microprobe is equipped with 5 wavelength dispersive x-
ray spectrometers (WDS) and an ultrathin-window energy dispersive spectrometer
(EDS). A Sun Microsystems computer, running Solaris OS 10, hosts the JEOL operating
software, which includes a qualitative X-ray mapping routine, the EDS analyzer, and
image acquisition facilities. A Dell PC running Windows 7 handles the quantitative
analysis and automation with third party software, Probe for EPMA (Probe Software,
Inc., Eugene, Oregon).

X-ray maps were acquired at 20 kV and 30 nA beam current, mapping the
following elements (see table below for analytical lines): Al, Si, P, S, K, Ca, V, Ti, Fe,
and U (Appendix B: Table 8.1). All elements were mapped using WDS spectrometers
except Al and Si which were mapped using the EDS spectrometer. The 10 elements
measured by WDS required 2 complete passes to be made on each map since each WDS
measures one element at a time. To accomplish this, the first 5 elemental lines on the
WDS, a backscattered electron image, and the EDS lines were collected simultaneously,
followed by a second pass on the map to acquire the remaining 5 lines measured by

WDS. Maps were acquired over areas as large as 177 x 223 pixels down to 98 x 137
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pixels where each pixel was 2 um square, moving the stage from pixel to pixel. Stage
movement is used over large areas to avoid defocusing the X-ray optics of the WDS
spectrometer. Dwell time on all maps was 100 msec per pixel. Thus, the longest map
stage map required 1 hour 17 minutes, including overhead for stage movement, while the
smallest map (98 x 37 pixels) required 27 minutes acquisition time. One map of 100 x
200 pixels was acquired over a small area of 56 by 112 um using the beam scan mode
rather than stage movement since defocusing the WDS was not a problem. The
acquisition time on this map was 2 hours using 3 accumulations or frames added
together. The polished sections were analyzed at 20 kV and 30 nA beam current with a
spot size less than 1 um. Quantitative analyses were accomplished with WDS; the
elements and their analytical lines with counting times and detection limits are provided
in the Sl table 1 below. Standard metals and minerals from C.M. Taylor Corp.
(Sunnyvale, CA) and from the Smithsonian collection'’® were used for calibration, and
Probe for EPMA software, utilizing a ZAF correction algorithm, was used to reduce the
raw data. The elements analyzed using Electron Microprobe, their analytical line, peak
counting time in seconds, counting time on each background (above and below peak, in

seconds), and Minimum Detection Limit (in element wt%) are presented in a table below.

Element Al Si P S K V Fe U
Line Ka Ka Ka Ka Ka Ka Ka Ma
Peak counting |, 20 | 40 60 20 20 20 60
Time (s)
Background
Time (s) 10 10 10 20 10 10 10 20
Minimum

Detection Limit | 0.014 | 0.013 | 0.012 | 0.006 | 0.014 | 0.016 | 0.017 | 0.034
(MDL) (wt%)
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Table 8.3 Chemical equilibrium simulations conducted using MINEQL 4.6 to observe
the dominant aqueous complexes and mineral precipitates formed at a certain pH and
reactivity conditions. The saturation indices (SI) for schoepite during reaction with
18MQ water and 6% NaOCI are estimated to be, SI = 0.

Aqgueous complexes

Dominance of
aqueous and solid

Experiments Average pH and mineral h X
recipitates formed pnases in
b concentration%
UO.OH" 13.8
6.5 UO3)3(OH)s* 8.7
Reaction with (when (UO2)3(OH)s '
18MQ water concentrations
start dropping) U02(OH): (aq) >3
Schoepite 71.7
) ) UO2(CO3)s* 4.6
Reaction with
10 mM 8 Ca,U02(CO3)3° 18.9
NaHCO3
Ca,U02(C03)s> 75.8
UO,OH" 1.1
Reaction with cogfer(]\tl\rlgteigns ?
6% NaOCI . .
start dropping) Schoepite 97.9
UO2COz3 (aq) 5.4
6% NaOCl + 5.9 (when UO2(C0Os)2” 2.4
10 mM concentrations 5
NaHCO3; start dropping) Ca2U02(COs)s 77.8
Ca,U02(C0O3)s> 14.1
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Table 8.4 Dissolved Organic Carbon (DOC) content dissolved from Laguna mine wastes
after reaction with 1) 18MQ water pH 5.4 2) 10 mM NaHCO3 pH 7.5 3) 6% NaOCI pH
7.5 and 4) 6% NaOCI + 10mM NaHCO; pH 7.5.

Dissolved Organic Carbon (DOC)
Reagents
ma/L
Reaction with 18MQ water 1.6
Reaction with 10 mM NaHCOs3 2.6
Reaction with 6% NaOCI 55
6% NaOCI + 10 mM NaHCO3 3.3
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Table 8.5 Atomic content of elements in acid extracts obtained through acid digestion of
unreacted and reacted Laguna mine wastes used during batch experiments.

Jackpile-Paguate mine U \Y/ Fe P
waste Samples (mg Kg?) | (mgKg?) | (mgKg?) | (mgKg?)
Unreacted XRF 7345 919 77006 2675

Acid extractable from 5876 271 64880 1381

Unreacted sample
Reacted - 18MQ water pH 5.4 5654 357 58020 2341
Reacted - 10 mM NaHCOs3 4882 369 57915 2155
pH 7.5

Reacted - 6% NaOCI pH 7.5 5188 343 52580 2415
Reacted - 6% NaOCI + 10

MM NaHCO3 pH 7.5 4526 359 55483 1099
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Figure 8.1 Micro X-Ray Fluorescence (LXRF) mapping on unreacted Laguna mine
waste showing co-occurrence of U, Si and P. A, B, D and E) Mapping images showing
distribution of U, Si, P and V in the elemental grains of the mine waste. C) Overlaid
image of U (red), P (green) and V (blue), showing correlation between U and P in orange
which is due to dominance of U over P. F) Overlaid image of U (red), Si (green) and V
(blue), showing correlation between U and Si in yellow. G) Overlaid image of U (red), Si
(green) and P (blue), showing correlation between U and Si in yellow and correlation
between U and P in magenta. H and 1) Correlations plots between U-P and U-Si maps,
where the mapping intensities of U are plotted against those of Si and P, clearly
indicating correlation between U, P and Si.
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Figure 8.2 X-Ray Diffraction patterns of unreacted Laguna mine waste indicating
presence of Kaolinite (K), Quartz (Q), Coffinite (C, U(IV) phase) and Microcline (M).
Normalized weight percentages of each of these identified phases were indicated in the
table on the right
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Figure 8.3 Scanning Transmission Electron Microscopy (STEM) mapping of the U-K-P
phase in the unreacted mine waste sample. A) STEM image of the waste sample B) C
(carbon) map C) U map D) P map E) K map and F) Si map G) O map H) Overlay map
of P inred, U in green and K in Blue suggests co-occurrence of U, K and P, cyan shows
co-occurrence of U and K. 1) Overlay map of P in red, Si in green and U in Blue.
Magenta areas show co-occurrence of U and P, cyan shows co-occurrence of U and Si.
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Atomic weight %
Elements
Spectrum 1 | Spectrum 2 | Spectrum 3 | Spectrum 4

0 69.86 69.94 66.55 70.3
Si 6.49 11.84 10.78
9.15 6.7 7.02
K 3.79 2.01 1.81
U 10.7 9.5 10.09

C - - 33.28

Cl 0.17

Figure 8.4 Scanning Transmission Electron Microscopy (STEM) image of an area in the
waste sample where the predominance of carbon encapsulated U-P-K phases are
observed (Table) Shows atomic composition of the U-K-P phase in spectrums 1, 2 and 4
highlighted in red boxes in the figure. Spectrum 3 shows the composition of the carbon
that encapsulates the micro crystalline U-P-K phase in the waste sample.
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Figure 8.5 The average pH change during batch reactions of Laguna mine wastes with
A) 18MQ water pH 5.4 B) 10 mM NaHCO3 pH 7.5 C) 6% NaOCI pH 7.5 D) 6% NaOClI

+ 10 mM NaHCO3 pH 7.5, conducted in triplicates.
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Figure 8.6 Zeta Potential of unreacted and reacted Laguna mine waste. A) unreacted
mine wastes B) mine wastes reacted with 18MQ water pH 5.4 C) mine wastes reacted
with 10 mM NaHCO3 pH 7.5 D) mine wastes reacted with 6% NaOCI pH 7.5 E) mine
wastes reacted with 6% NaOCI + 10 mM NaHCO3 pH 7.5.
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Figure 8.7 Calcium trends for batch experiments on Laguna mine waste reacted with A)
18MQ water pH 5.4 B) 10 mM sodium bicarbonate (NaHCO3) solution pH 7.5 C) 6%
NaOClI solution, pH 7.5 D) 10 mM NaHCO3 + 6% NaOCI solution, pH 7.5. The pH of
the reagents used in B-D were adjusted using 0.5N NaOH, 0.1N HCI and 35.6N HNOs.
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Figure 8.8 High resolution X-ray Photoelectron Spectroscopy (XPS) spectra of reacted
mine wastes to identify the surface oxidation states of U. A) Mine waste reacted with 10
mM NaHCOz3. B) Mine waste reacted with 6% NaOCI. C) Mine waste reacted with 6%
NaOCI +10 mM NaHCOz3. Black line represents the experimental spectra obtained while
the green line represents the curve fitting by cumulating the individual peaks under the
curve. Percentage of different U oxidation states observed in the top 5nm of the mine
waste surface through these high resolution spectra are reported in table 8.2.
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