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Abstract

We investigated the effect of bicarbonate and oxidizing agents on uranium (U) reactivity and 

subsequent dissolution of U(IV) and U(VI) mineral phases in the mineralized deposits from 

Jackpile mine, Laguna Pueblo, New Mexico, by integrating laboratory experiments with 

spectroscopy, microscopy and diffraction techniques. Uranium concentration in solid samples 

from mineralized deposit obtained for this study exceeded 7000 mg kg−1, as determined by X-ray 

fluorescence (XRF). Results from X-ray photoelectron spectroscopy (XPS) suggest the 

coexistence of U(VI) and U(IV) at a ratio of 19:1 at the near surface region of unreacted solid 

samples. Analyses made using X-ray diffraction (XRD) and electron microprobe detected the 

presence of coffinite (USiO4) and uranium-phosphorous-potassium (U-P-K) mineral phases. 

Imaging, mapping and spectroscopy results from scanning transmission electron microscopy 

(STEM) indicate that the U-P-K phases were encapsulated by carbon. Despite exposing the solid 

samples to strong oxidizing conditions, the highest aqueous U concentrations were measured from 

samples reacted with 100% air saturated 10 mM NaHCO3 solution, at pH 7.5. Analyses using X-

ray absorption spectroscopy (XAS) indicate that all the U(IV) in these solid samples were oxidized 

to U(VI) after reaction with dissolved oxygen and hypochlorite (OCl−) in the presence of 

bicarbonate (HCO3
−). The reaction between these organic rich deposits, and 100% air saturated 
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bicarbonate solution (containing dissolved oxygen), can result in considerable mobilization of U in 

water, which has relevance to the U concentrations observed at the Rio Paguate across the Jackpile 

mine. Results from this investigation provide insights on the reactivity of carbon encapsulated U-

phases under mild and strong oxidizing conditions that have important implication in U recovery, 

remediation and risk exposure assessment of sites.
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2. Introduction.

The current study is focused on mineralized deposits located at the Jackpile mine on Laguna 

Pueblo, in central New Mexico. In 1951, U was discovered in sandstone outcropping of the 

Morrison formation near the village of Paguate during an airborne radioactivity survey 

(Nash, 1968). Notable investigations of the Jackpile mineralized deposit have been 

conducted by the U.S. Geological Survey (Hilpert and Moench, 1960; Moench and Schlee, 

1967), the Atomic Energy Commission (Laverty et al., 1963), and the Anaconda Company 

(Kittel, 1963). The deposit was mined from 1953 to 1980, affecting approximately 3,141 

acres of land (Zehner, 1985). While efforts have been made to reclaim this site since 1995, U 

can be mobilized in surface waters of the Rio Paguate next to the Jackpile mine and can be 

accumulated in soils and plants (Blake et al., 2017; El Hayek et al., 2018).

The sandstone member of the Morrison formation at the Jackpile-Paguate deposit is a 

medium-grained, cross-stratified, 33-mile long sandstone in which the U deposits are 

composed of one or more semi-tabular ore layers. Un-oxidized parts of these tabular U 

deposits are rich in U(IV) phases including coffinite (US1O4) and lesser amounts of 

uraninite (UO2) (Deditius et al., 2008). Uranium mineralization is correlated with the 

presence of vegetative carbonaceous matter as primary minerals imparting a gray to black 

shade with increasing organic content (Adams et al., 1978; Beck et al., 1980; Moench and 

Schlee, 1967). Oxidation of these U(IV) phases resulted in the formation of secondary U(VI) 
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minerals such as schoepite [(U02 )8 O2 (OH)1 2 .12], carnotite [K2(UO2)2(VO4)2. 3H2O], 

tyuyamunite [Ca(UO2)2(VO4)2.7-10H2O], meta-tyuyamunite [Ca(U02)2(V04)2. 5H2O], and 

uranophane [Ca(U02)2(SiO3)2(0H)2] (Charles, 1979; Hettiarachchi et al., 2018; Kelley, 

1963). Additionally, other U(VI) mineral phases such as autunite 

[Ca(UO2)2(PO4)2.10-12H2O] and phosphuranylite [Ca(UO2)2(PO4)2(OH)4.7H2O] can occur 

in these deposits (Kelley, 1963). These co-existing U(IV) and U(VI) solids pose a potential 

source of U and other co-constituents that can be mobilized into proximate water sources 

(Blake et al., 2017; Blake et al., 2015).

The mobility of U from U(IV) and U(VI) phases in organic-rich U deposits can be affected 

by various geochemical mechanisms at the mineral-water interface. For instance, physical 

and chemical characteristics of the mineralized deposit (e.g., mineralogy, reaction kinetics, 

and crystallinity) and water chemistry (i.e., pH, Eh, and solution composition) are factors 

that influence U mobility (Avasarala et al., 2017; Ginder-Vogel et al., 2006; Maurice, 2009; 

Stumm and Morgan, 2012). Uranium transport may be enhanced when aqueous U(VI) 

species bind with organic matter through either ion-exchange, coordination/complexation, 

electron donor-receptor interactions, or Van der Waal forces at circumneutral conditions 

(Keiluweit and Kleber, 2009; Luo and Gu, 2008; Mibus et al., 2007; Steelink, 2002; Yang et 

al., 2013; Yang et al., 2012). The degree of U mobility in the presence of organic matter 

depends on: 1) the sorption of aqueous U(VI) onto soil minerals and solid organic matter 

surfaces; 2) hydrophobicity and alkyl carbon content in organic matter; and 3) the presence 

of U(VI)-organic colloids (Kretzschmar et al., 1999; McCarthy and Zachara, 1989; Yang et 

al., 2012). Uranyl ions (UO2
2+) form strong binary complexes with carbonate (U-CO3

2−) as 

well as ternary complexes with carbonate and alkaline earth metals such as U-Ca-CO3
2− 

(Dong and Brooks, 2006; Dong and Brooks, 2008; Langmuir, 1997). Such aqueous 

complexes of U(VI) adsorb onto the oppositely charged SiO2, hydrous ferric oxide, goethite, 

and montmorillonite surfaces (Singh et al., 2012; Troyer et al., 2016; Yang et al., 2013). 

Adsorption of U(IV) may also occur in organic matter aggregates [e.g. mononuclear or 

monomeric U(IV)] and organic-carbon coated clays (Bone et al., 2017; Wang et al., 2013). 

Recently, biogenic U(IV) species (amorphous) were found to be a major component of 

undisturbed roll front ore deposits (Bhattacharyya et al., 2017). Formation of sparingly 

soluble biogenic and chemogenic U(IV) through microbial reduction has been proposed as a 

method to immobilize aqueous U in contaminated soil and ground water (Alessi et al., 2014; 

Bargar et al., 2013; Lovley and Phillips, 1991; Veeramani et al., 2011). Reduction of U(VI) 

to U(IV) may result in the formation of crystalline nano-particulate U(IV) phases with 

dissolution rates similar to those of coarser U(IV) phases (Bargar et al., 2008; Nenoff et al., 

2011; O’Loughlin et al., 2003; Ulrich et al., 2009). The association of U with colloids of 

organic matter and inorganic particles accounts for a considerable portion of U mobilized at 

sites affected by mining (Mkandawire and Dudel, 2008; Schindler et al., 2017). In addition 

to sorption, U mobility can also be affected by the solubility of U minerals. For instance, U 

occurs as vanadate, silicate, molybdate, phosphate, and other minerals with solubility 

constant values that range within several orders of magnitude (Avasarala et al., 2017; Buck 

et al., 1995; De Voto, 1978; Kanematsu et al., 2014; Singer et al., 2009; Singh et al., 2012; 

Tokunaga et al., 2009; Troyer et al., 2016). Uranium mobility from such solid U(IV) and 

U(VI) minerals has been widely explored in laboratory studies. However, there are very few 
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studies on the reactivity and subsequent dissolution of U phases from natural and organic-

rich U-deposits under environmentally relevant conditions.

Previous studies have investigated the mobility of U from organic-rich U-deposits at the 

Grants Mineral District and sediments along Rio Paguate. Deditius et al. (2008) investigated 

the process of formation and alteration of three different coffinites under reducing and 

oxidizing conditions (Deditius et al., 2008). This investigation suggested that the coffinites 

occur as secondary submicron-crystals within layers of organic matter that were formed as a 

result of alteration under oxidizing conditions (Deditius et al., 2008). Dissolution of coffinite 

and other U-bearing minerals in the Jackpile mine U-deposit samples was suggested as 

potential sources of elevated U concentrations (35.3 to 772 mg L−1) in the Rio Paguate 

(Blake et al., 2017). However, limited experiments have been conducted on these carbon-

rich mineralized deposits to support this hypothesis.

The objective of this study was to investigate the reaction of oxidizing agents [e.g., O2 and 

hypochlorite (HOCl and OCl−)] and bicarbonate with U(IV) and U(VI) phases in Jackpile 

mine mineralized deposits using laboratory experiments, spectroscopy, and electron 

microscopy techniques. While there is existing knowledge about the presence of U in the 

mineralized deposits and waters adjacent to the Jackpile mine (Blake et al., 2017; Ruiz et al., 

2016; Deditius et al., 2008; Kelley, 1963), this study identifies specific U minerals in these 

deposits and their reactivity under both environmentally relevant and strong oxidizing 

conditions. Exposure of solids from such mineralized deposits, to a range of oxidizing 

solutions provides new insights about the effects of natural oxidation and subsequent 

dissolution of U from naturally-occurring complex mineralized deposits. These mineralized 

deposits in the Jackpile mine have been exposed to ambient oxidizing conditions for decades 

since mining and reclamation have been conducted. This knowledge has relevant 

implications for U extraction, transport, and remediation.

3. Materials and Methods

3.1. Materials

Samples were collected in 2015 from the exposed beds in the mineralized zone of north 

Jackpile-Paguate mine site, Laguna Pueblo, New Mexico, USA. The Jackpile-Paguate mine 

site is roughly 13 miles wide, 33 miles long, and up to 65 m deep located near the village of 

Paguate. Its U-deposits occur in the Jurassic and cretaceous strata that were exposed by 

previous mining activities. These strata were located above the regional water table and thus 

were not saturated with ground water; however, they were exposed to the atmosphere 

following the mining completion. The Jackpile sandstone where all the major U-deposits 

occur predominantly in this strata are found in the uppermost part of the Brushy Basin Shale 

Member of the Jurassic Morrison formation (Blake et al., 2017; Maxwell, 1982; Moench 

and Schlee, 1967; Nash, 1968; Risser et al., 1984). These specific samples were selected for 

collection because of: 1) their dark black color and rocky texture; 2) their use in previous 

investigations (Blake et al., 2017; Ruiz et al., 2016; Velasco et al., 2019); and 3) their high 

alpha radiations (as high as 10 mR/hr) measured using our well calibrated Ludlum Model 19 

MicroR Meter Geiger counter during the field trip. The intense black color of the samples 

could be from the high organic content measured by a 22-44% mass loss during a loss on 
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ignition test conducted at 550°C (Ruiz et al., 2016; Velasco et al., 2019). For the current 

investigation, the samples were pulverized and homogenized using a Spex shatterbox and 

then sieved to a size of <63 μm. Only the sieved fraction was used for subsequent 

characterizations and batch experiments. For simplification purposes, these pulverized 

Laguna deposit samples are referred to as “ore” from this point on in this paper.

3.2. Procedure for Batch Experiments

Batch experiments were conducted under oxidizing conditions to investigate the effect of 

oxidizing conditions on the reactivity of the solid ore samples. We selected two main 

oxidants for these experiments: a) dissolved oxygen (natural oxidant relevant to the site) by 

letting solutions to achieve 100% air saturation; and b) hypochlorite, added as NaOCl at pH 

7.5 as this is a strong oxidant typically used in several other studies to oxidize the organic 

matter fraction (Bouzidi et al., 2015; La Force and Fendorf, 2000; Love and Woronow, 1991; 

Regenspurg et al., 2010; Schultz et al., 1998). A 6% NaOCl concentrated solution, 

purchased commercially from Fisher Scientific, was selected to evaluate the leaching of U 

and other elements to solution caused by the oxidation of organic carbon (C) and reduced 

mineral phases in the ore after exposure to strong oxidizing conditions. These experiments 

allow evaluation of the effects of strong oxidizing conditions, like those caused by natural 

oxidation associated with weathering as the ore samples were exposed to ambient conditions 

in the Jackpile mine for decades. Considering that the pKaof hypochlorous acid (HOCl) is 

7.6 (Blanco et al., 2005; Learn et al., 1987; Schultz et al., 1998), we expect that the solution 

at pH 7.5 will have almost equimolar concentrations of the conjugate acid (HOCl) and 

conjugate base (OCT−), which are both strong oxidants (Benjamin, 2014). Additionally, 7.5 

was also the pH measured in the surface water collected from Rio Paguate (Blake et al., 

2017).

About 2 g of the pulverized ore was reacted with 50 mL of four different 100% air saturated 

reagents, which include: 1) 18MΩ deionized water, pH 5.4; 2) 10 mMNaHCCL, pH 7.5; 3) 

6% NaOCl, pH 7.5; and 4) 10 mM NaHC03 + 6% NaOCl, pH 7.5 at room temperature. The 

pH of all reagents except 18MΩ water were adjusted to 7.5 using concentrated nitric acid, 

0.5N NaOH, and 0.1M HC1. Furthermore, 10 mM NaHC03 was selected to mimic the 

alkalinity and pH conditions measured in the Rio Paguate (Blake et al., 2017). The 18MΩ 
water solution was included as a well characterized baseline solution with low ionic content 

to approximately represent ore interactions with rainwater. All experiments were conducted 

in triplicate in covered flasks using air saturated reagents. The batch oxidation studies were 

conducted for two weeks, and aliquots were collected periodically after 0.5, 2, 4, 8, 24, 72, 

144, 218, 288, and 336 hours of the experiment. In addition, total acid digestions were 

conducted on the unreacted and reacted ore samples by reacting 3ml of hydrochloric acid 

(HC1), 3 ml of nitric acid (HNO3−) and 3ml of hydrofluoric acid (HF) with 2 ± 0.002g 

sediments. All samples and acid extracts were filtered through 0.45μm filters and diluted as 

necessary for an elemental analysis using Inductively Coupled Plasma — Optical Emission 

Spectroscopy (ICP-OES) or Mass Spectroscopy (ICP-MS).
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3.3 Aqueous analyses.

The concentrations of metals in the samples and the acid extractables were measured using a 

PerkinElmer Optima 5300DV ICP-OES for major cations and a PerkinElmer Nexion 300D 

(Dynamic Reaction Cell) ICP-MS for trace elements including As, Mo, Se, U, and V. Both 

ICPs were calibrated with 1) a 5-point calibration curve, and 2) QA/QC (quality analysis/

quality control), by occasionally adding samples of known elemental concentrations for 

every 10 samples, to ensure quality results. The solution pH was measured using a Thermo 

Scientific Orion Versastar Advanced Electrochemistry pH meter.

3.3.1 Dissolved organic carbon (DOC) content.—After the batch experiments, 

dissolved organic carbon (DOC) concentrations were measured both in pre and post reaction 

supernatants, using the standard UV persulfate method in a Tekmar-Dohrmann Phoenix 

8000 TOC analyzer. These supernatants were filtered using Millipore 0.45μm 

polyvinylidene fluoride filters and diluted accordingly before the analysis.

3.3.2 Acid Digestion.—Acid digestions were conducted on unreacted and reacted ore 

samples to assess and compare their total acid extractable trace metal concentrations. Acid 

digestions of unreacted ores involved the addition of 3ml of Hydrochloric acid (HC1), 3 ml 

of Nitric acid (HNO3
−) and 3ml of Hydrofluoric acid (HF) into 50 ml Teflon digestion tubes 

containing 2 ± 0.002g ore samples. Similarly, for reacted ores 1 ml of HCl, HNO3
− and HF 

was added to 50 ml Teflon digestion tubes containing 0.5 ± 0.002g of ore samples. All 

reagents were 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 ores to 50 and 25 ml. The diluted samples are then filtered using 0.45 

μm filters to remove any suspended or undissolved solids before analysis.

3.4 Solid characterization.

Characterization of ore samples was conducted using various spectroscopy, microscopy, and 

diffraction techniques to obtain information on occurrence of U-minerals in the ore, their 

crystallinity and their overall surface charge. A Rigaku ZSX Primus II wavelength dispersive 

X-ray fluorescence spectrometer (XRF) was used on pulverized ore samples to obtain their 

bulk elemental composition. A Rigaku Smart Lab x-ray diffractometer (XRD) was used on 

pulverized ore samples to study the minerology of the ore. We also used a JEOL JXA-8200 

electron microprobe (EPMA) and synchrotron-based micro x-ray fluorescence spectroscopy 

(μ-SXRF) at Stanford Synchrotron Radiation Lightsource (SSRL) beam line 10.3.2 to 

analyze epoxy embedded solid samples for elemental mapping of minerals in the ore. A 

JEOL 2010F Field Emission Gun scanning transmission electron microscope (FEG/STEM) 

was used on pulverized ore samples to obtain structural and compositional information of 

the micro-sized uranium minerals. A Kratos AXIS-Ultra DLD x-ray photoelectron 

spectrometer (XPS) was used to collect high resolution U 4f spectra to measure oxidation 

states of U in the near-surface region of the ore samples following a similar procedure 

reported in previous studies (Blake et al., 2015; Velasco et al., 2019). All XPS spectra were 

processed using CASAXPS software. Synchrotron-based x-ray absorption spectrometer 

(XAS) ULIII measurements were conducted at SSRL beamline 4-1 to identify bulk 

oxidation states and molecular coordination of U following similar approaches to those 
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described in previous studies (Blake et al., 2015; Velasco et al., 2019). The XAS spectra 

were analyzed and linear combination fits (LCF) were made using Athena and Artemis with 

standard methods (Ravel and Newville, 2005). A zeta potential on pulverized ore samples to 

identify their surface charge at relevant pH. Additional information on these methods is 

provided in the supporting information (SI).

3.5 MINEOL modelling.

The aqueous complexes and solid phases of U formed during reactions with 18MΩ water, 

6% NaOCl and 10 mM NaHCO3 were estimated using MINEQL+ v4.6 (Schecher and 

McAvoy, 2007) to better explain the U trends observed from our experiments. Alkalinity, 

pH, Ca and U concentrations measured during the experiments were provided as inputs to 

these chemical equilibrium simulations. Simulations use these inputs to estimate the 

formation of Ca-U- CO3
2− aqueous complexes at circumneutral pH that can significantly 

affect the transport of U (Dong and Brooks, 2006). Concentrations of U and Ca were 

measured using ICP-OES. Concentrations of anions on the other hand were not measured, as 

U was known to predominantly form aqueous complexes and solid phases with OH− or 

CO3
2− at the experimental pH (Dong and Brooks, 2006). A MINEQL database updated with 

critical thermodynamic reactions such as aqueous cation-uranyl-carbonate complexes was 

used instead of the default MINEQL database supplied with the software (Dong and Brooks, 

2006; Grenthe et al., 1992). The specific thermodynamic reactions added to the modified 

database are listed below.

U(VI) Aqueous Complexes Log K Reference

UO2
2+ + H2O = UO2OH+ + H+ 5.2073 (Grenthe et al., 1992)

UO2
2+ + 2H2O = UO2(OH)2 (aq) + 2H+ 10.3146 (Grenthe et al., 1992)

UO2
2+ + 3H2O = UO2(OH)3

− + 3H+ 19.2218 (Grenthe et al., 1992)

UO2
2+ + 4H2O = UO2(OH)4

2− + 4H+ 33.0291 (Grenthe et al., 1992)

2UO2
2+ + 1H2O = (UO2)2OH3+ + H+ 2.7072 (Grenthe et al., 1992)

2UO2
2+ + 2H2O = (UO2)2(OH)2

2+ + 2H+ 5.6346 (Grenthe et al., 1992)

3UO2
2+ + 4H2O = (UO2)3(OH)4

2+ + 4H+ 11.929 (Grenthe et al., 1992)

3UO2
2+ + 5H2O = (UO2)3(OH)5

+ + 5H+ 15.5862 (Grenthe et al., 1992)

3UO2
2+ + 7H2O = ( (UO2)3(OH)7

− + 7H+ 31.0508 (Grenthe et al., 1992)

4UO2
2+ + 7H2O = (UO2)4(OH)7

+ + 7H+ 21.9508 (Grenthe et al., 1992)

UO2
2+ + HCO3

− = UO2CO3(aq) + H+ 0.6634 (Grenthe et al., 1992)

UO2
2+ + 2HCO3

− = UO2(CO3)2
2− + 2H+ 3.7467 (Grenthe et al., 1992)

UO2
2+ + 3HCO3

− = UO2(CO3)3
4− + 3H+ 9.4302 (Grenthe et al., 1992)

2UO2
2+ + 3H2O + HCO3

− = (UO2)2CO3(OH)3
− + 4H+ 11.2229 (Grenthe et al., 1992)

2Ca2+ + UO2
2+ + 3CO3

2− = Ca2UO2(CO3)3 (aq) −30.04 (Dong and Brooks, 2006)

Ca2+ + UO2
2+ + 3CO3

2− = CaUO2(CO3)3
2− −27.18 (Dong and Brooks, 2006)
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4. Results and discussion.

4.1. Solid Analyses for unreacted ore

The co-occurrence of U(VI) and U(IV) at the near surface (top 5-10 nm) region of the 

unreacted Laguna ore samples (<63 μm) was identified by XPS. The XPS Survey scan of the 

near surface region detected the presence of 47.8% C 1s, 37.5% O 1s, 9.0 % Si 2p, 0.2% N 

1s, and 0.1% U 4f (Table S2). Approximately, 95% of the U detected at the ore surface was 

U(VI), and the remaining 5% was U(IV) (Figure 1A, Table S3). Both measurements were 

based on XPS narrow scans conducted using U(IV) (uraninite [UO2]) and U(VI) 

(becquerelite [Ca(UO2)6O4(OH)6·8H2O]) reference materials (Figure 1E-F). Recent 

investigations have reported the possibility of using satellite peaks in the U4f spectra to 

differentiate oxidation states of U (Ilton and Bagus, 2011). However, since the samples 

contained nitrogen (N), magnesium (Mg), and other elements that coincide with the position 

of satellite peaks of U, data reported in this study are based on fits of the position of the 

peaks corresponding to the U4f7/2 and U4f5/2 spin-orbits. Additional microscopy, 

spectroscopy and diffraction analyses were conducted to obtain more specific information 

about these U(IV) and U(VI) mineral phases.

Results from electron microscopy, XRD, and μ-SXRF analyses on unreacted ores suggest 

that submicron U(IV) and U(VI) phases, coffinite (USiO4) and U-P-K phases, are 

encapsulated by carbon (Figure 2, S1). Electron microprobe analyses using back scatter 

electron imaging (BSE) identified submicron U-minerals (bright white spots, Figure 2A) that 

co-occurred with P and C (red circles, Figure 2D-G). The presence of a U-P-K phase in the 

samples was identified using electron microprobe, BSE imaging, and energy dispersive 

spectroscopy (EDS) analyses (Figure 2B, C). The co-occurrence of U, P, and Si was 

confirmed by micro synchrotron x-ray fluorescence (μ-SXRF) mapping analyses (Figure 

S2). The minerals were encapsulated by carbon-rich material as was found using back 

scatter electron image (Figure 2A). These results agree with previously reported 

observations in U-deposits at the Jackpile mine, regarding the co-occurrence of autunite, 

phosphuranylite, and coffinites (Blake et al., 2017; Deditius et al., 2008; Kelley, 1963). It is 

worth noting that another investigation had also reported a 21.8-44% mass loss during a loss 

on ignition test on the same organic-rich mineralized deposits used for this study, which was 

attributed to organic matter (Ruiz et al., 2016; Velasco et al., 2019). The co-occurrence of U, 

P, and Ca could correspond to uranyl phosphates (autunite [Ca(UO2)2(PO4)2.10-12H2O] and 

phosphuranylite [Ca(UO2)2(PO4)2(OH)4.7H2O]) that were previously identified at the 

Jackpile-Paguate mine (Adams et al., 1978; Moench and Schlee, 1967). The presence of U, 

Fe, sulfur (S), and V in addition to occurrence of U, P, Si, and C have also been recently 

reported (Blake et al., 2017). Electron microprobe and XRD analyses on unreacted samples 

suggested the co-existence of coffinite (USiO4) and U-P-K phases with other primary 

minerals such as kaolinite (Al2Si2O5(OH)4), quartz (SiO2), and microcline (KAlSi3O8). 

Additionally, based on theoretical estimations using Jade® software (Smartlab XRD), 47% 

of the solid material was amorphous (Figure S1), consistent with other data reported from 

the same site (Blake et al., 2017; Deditius et al., 2008). The presence of amorphous phases 

in these samples could be from the clays and other organic conglomerates that are 

characteristic of sandstone formations such as the Jackpile-Paguate. Furthermore, the 
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identification of coffinite, kaolinite, quartz, and microcline in the unreacted ore samples 

using XRD analyses was consistent with previously reported observations (Figure S1) 

(Adams et al., 1978; Blake et al., 2017; Deditius et al., 2008; Moench and Schlee, 1967). 

These results also confirmed the observations made using μ-SXRF mapping where co-

occurrence between U and Si was found (Figure S2).

The scanning transmission electron microscopy (STEM) analyses detected the presence of 

carbon encapsulated crystalline U-P-K phase in the solid ore samples (Figure 3). 

Specifically, bright field TEM imaging and EDS analyses detected a U-P-K phase that co-

occurred with C and Ca (black features, Figure 3A, B) consistent with observations made by 

electron microprobe analysis (Figure 2). In addition, the patterned fringes (in yellow) 

obtained using high resolution TEM imaging suggested that these U-P-K phases were 

crystalline (Figure 3C). We prepared a STEM map of these U-P-K grains (Figure S3) where, 

the C map suggested their encapsulation by C (Figure S3B), similar to observations made in 

our electron microprobe mapping results. This carbon layer, composed of 33.3% C and 

66.6% O (spectrum 3, Figure S4), could be from the detrital natural organic matter (Adams 

et al., 1978; Deditius et al., 2008; Moench and Schlee, 1967). The composition of the U-P-K 

phase was also estimated to be 10.7% U, 3.79% K, 9.15% P, 6.49 Si, and 69.86% O 

(Spectrum 1, 2 and 4, Figure S4). In another study, the sustained presence of U(IV) 

minerals, such as coffinites in the Jackpile-Paguate ore, was reported as a consequence of 

reducing conditions preserved by this vegetative organic matter (Deditius et al., 2008). 

However, the interactions between organic matter and U are still not well understood. Future 

investigations could conduct a more detailed spectroscopy, microscopy, and mass-

spectrometry analyses to characterize the natural organic matter in the ore, which is beyond 

the scope of the present study.

The extended X-ray absorption fine edge (EXAFS) ULIII spectra suggest that the U 

coordination environment consists of a combination of mineralized and adsorbed U in the 

unreacted samples (Figure 4). For example, linear combination fitting of EXAFS spectra 

resulted in 45% contribution of reduced U(IV) [e.g., 40% coffinite and 5% UO2 minerals] 

and 55% contribution of U(VI) associated to the unreacted ore as adsorbed phases or loosely 

bound U(VI) (Figure 4 a-c). These results confirm the identification of both U(VI) and 

U(IV) with XPS. However, given that the XPS signal corresponds to the top 5-10 nm of the 

pulverized solids, a higher content of U(VI) was detected with XPS compared to the bulk 

measurement provided by EXAFS. The EXAFS analyses also confirm the presence of 

coffinite which was detected by XRD analyses in this and other studies (Deditius, et al 2008 

and Blake et al., 2017). Additional experiments were conducted to evaluate the reactivity of 

these U-bearing minerals in mine ore materials.

4.2. Batch experiments

4.2.1 Reaction with 18MΩ. water—Reaction of the ore with 18MΩ water containing 

100% air saturated dissolved oxygen (DO) concentrations resulted in dissolution of U at 

concentrations as high as 200 μg L−1 (Figure 5A). The concentrations released in the first 30 

minutes of the reaction (~70 μg L−1) could be attributed to release of weakly bound U. 

However, after eight hours of reaction, the steady increase in U concentrations up to 200 μg 
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L−1 could be due to desorption or dissolution of readily souble U phases (Figure 5A). For 

example, schoepite [(UO2)8O2(OH)12·12(H2O)] or metaschoepite [UO3.2H2O] could 

dissolve at circumneutral pH as reported by others (Giammar and Hering, 2001; Hostetler 

and Garrels, 1962; Lollar, 2005; Riba et al., 2005). After about 300 hours of reaction, the U 

concentrations decreased to ~20 μg L−1 and a DOC concentration of 1.6 mg L−1 was 

measured in solution (likely released from the natural organic matter present in the ore 

consistent with the C detected in solid analyses presented above), after reacting the ore with 

18MΩ water.

The decrease in U concentrations at later times of the experiment could be due to 

reassociation of U onto the ore solids due to readsorption or precipitation. The surface 

charge of the reacted solids at an average pH of 6.5 was −25mV as shown in Figure S5A and 

S6A. Chemical equilibrium modelling using MINEQL was conducted to better understand 

this behavior and evaluate reactions that could possibly occur under these experimental 

conditions. The decrease in U could be attributed to the possible precipitation of schoepite 

(SI of Schoepite = 0, MINEQL, Table S4). Chemical equilibrium simulations also suggest 

that the decrease in U concentrations could be due readsorption of positively charged 

aqueous complexes of U formed with hydroxyl (UO2OH+, (UO2)3(OH)5
+) or with organic 

matter (e.g., U-OM) onto the negatively charged ore surfaces (Cumberland et al., 2018; 

Dong and Brooks, 2006; Mikutta et al., 2016; Uyuşur et al., 2015). However, since little is 

known on the nature of the organic matter on these ore samples, more research is necessary 

to better understand the interactions between U and organic matter, and their role in U 

mobility from the ore samples.

After the reaction with 18MΩ water was complete, an acid digestion on the solids was 

performed to determine the remaining total acid extractable content of the ore samples. This 

analysis indicated that a 3.7% loss from solid into solution occurred on the total acid 

extractable U content, during reaction with 18 MΩ water (Table S6). Therefore, these results 

show that even a mild reaction of 18 MΩ water with ore can cause the release of U into 

solution. These ore samples were later subjected to complexing and oxidizing reactants such 

as 100% saturated with air 10 mM NaHCO3, and 6% NaOCl solutions to furrther assess the 

reactivity of U.

4.2.2. Reaction with 10 mM NaHCO3 solution.

The highest release of U in this study was obtained after reaction of the ore samples with a 

10 mM NaHCO3 solution at, pH 7.5 under 100% air saturated DO concentrations. A 

maximum concentration of 25000 μg L−1 of U was released into solution during this 

experiment (Figure 5B). The initial release of U (~15000 μg L−1) was likely due to 

complexation of U with carbonate or dissolution of U-bearing minerals as reported in other 

studies (Giammar and Hering, 2001; Hostetler and Garrels, 1962; Lollar, 2005; Riba et al., 

2005; Ulrich et al., 2009; Zhou and Gu, 2005). Additionally, the final solution contained 2.6 

mg L−1 of DOC, which was higher than the DOC released after reaction with deionized 

water (Table S5). Thus, it is likely that U was also mobilized due to complexation with 

organic matter during the dissolution of U(IV) and U(VI) minerals reacting with NaHCO3 

and DO. However, after eight hours of reaction, a steady increase in U concentrations was 
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observed which could be from the dissolution of coffinite, U-P-K phase or other unidentified 

U minerals in the ore. Other investigations have reported dissolution of coffinite at near 

neutral pH (Goleva et al., 1981).

In order to futher assess U speciation for the experiments under circumneutral conditions, 

chemical equilibrium simulations were conducted using measured alkalinity, pH, and 

concentrations of Ca and U. Results from these simulations suggested that neutral or 

negativily-charged ternary U-Ca-CO3
2− aqueous complexes such as UO2(CO3)3

4−, 

CaUO2(CO3)3
2− and Ca2UO2(CO3)3

0 were predominant at pH 8 (Table S4, Figure S7B). 

These neutrally charged aqueous complexes would not bind as strongly as the positively 

charged aqueous complexes onto the negative solid surfaces (surface charge is −35mV), 

inhibiting readsorption, unlike observations made with 18 MΩ water (Figure S5B, Figure 

S6B). Other studies have reported the stability of neutrally charged ternary U-Ca-CO3
2− 

aqueous complexes in solution, and how the formation of these can inhibit adsorption of U 

to mineral or plant root surfaces (Blake et al., 2017; Dong and Brooks, 2006; El Hayek et al., 

2018). Additionally, acid digestions of the reacted ore samples performed before and after 

completion of the batch experiments indicate that 17% of the total acid extractable U was 

extracted by 10 mM NaHCO3 solution (Table S6). This percentage loss in U was the highest 

among all reactivity experiments conducted in this study; and is of a great environmental 

relevance, considering how these conditions represent alkalinity, pH, and DO conditions 

observed in Rio Paguate (Blake et al., 2017).

The release of 2.6 mg L−1 DOC from ore reaction with NaHCO3 and DO requires additional 

investigation to better understand the role of organic matter on U speciation under conditions 

relevant to the Jackpile-Paguate mine site. Although information exists about the 

complexation of dissolved organic mater with U (Cumberland et al., 2016; Cumberland et 

al., 2018; Dong and Brooks, 2006; Mikutta et al., 2016; Uyuşur et al., 2015), the role of 

particulate and dissolved orgnic matter on U speciation under environmentally relevant 

conditions remains poorly understood. Subsequent experiments were perfomed to 

understand the reactivity of these co-occurring U(IV)-U(VI) phases under strong oxidizing 

conditions.

4.2.3. Reaction with 6% NaOCl solution.

The concentrations of U released during reaction with 6% NaOCl were considerably lower 

than those obtained from experiments with NaHCO3 solution (Figure 5C). For example, 

despite NaOCl being a strong oxidant, the concentrations of U (8000 μg L−1) released after 

reacting the ore with 6% NaOCl were less than one-third of those released after reaction 

with 10 mM NaHCO3 at pH 7.5 (Figure 5C). These 8000 μg L−1 U concentrations were 

released within the first two hours of reaction with 6% NaOCl. However, between the 

second and eighth hour of reaction, the U concentrations dropped to ~2000 μg L−1. The 

decrease in U concentrations in solution is likely due to sorption, causing the re-association 

of soluble U to the solids with time. In order to better interpret this result, chemical 

equilibrium simulations using inputs from experimentally measured pH and Ca and U 

concentrations were conducted (Figure S5C, S7C).
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Attributing the decrease of U in solution over time to a single reaction mechanism in these 

experiments is not possible, given the complex organic matter chemisry and complex 

mineralogy of the U-ore. A variety of scenarios need to be considered, for instance, the 

decrease in U concentrations could be caused by precipitation of schoepite or other U—

bearing minerals capable of precipitating at circumneutral pH. Oxides, vanadates and 

silicates such as schoepite ((UO2)8O2(OH)12·12H2O), soddiyite ((UO2)SiO4(H2O)2), 

haiweeite (Ca(UO2)2(Si2O5)3(H2O)5), carnotite (K2(UO2)2(VO4)2) and tyuyamunite 

(Ca(UO2)2(VO4)2·5-8H2O) also precipitate under circumneutral conditions (Cumberland et 

al., 2016; Tutu et al., 2009). Additionally, chemical equilibrium simulations indicate the 

prevalence of the positively charged aqueous complexes UO2OH+ at pH 6-7 (Table S4, 

Figure S5C). Given that the ore surfaces were negatively charged (Figure S6C), the 

positively charged aqueous complex UO2OH+ may readsorb onto the solids. Since U (~8000 

μg L−1) and DOC (5.5 mg L−1) concentrations (Figure 5C, Table S5) were measured in 

solution in these experiments, it is also possible that the readsorption process was affected 

by U-organic matter aqueous complexes which could be stable in solution as suggested by 

other studies (Cumberland et al., 2016; Mikutta et al., 2016; Semião et al., 2010). However, 

little is known about the chemistry and characteristics of the natural organic matter from the 

study site. Thus, the specific U(IV)/U(VI)-aqueous complexes forming in these experiments 

remain unknown. Future studies are necessary to understand investigate the chemical 

properties and reactivity of organic matter in the ore samples to futher identify relevant 

interfacial inoganic and organic reaction mechanisms between U, organic matter, and other 

elements present in the ore samples.

After eight hours of reacting the ore samples with 6% NaOCl, an increase in U 

concentrations of up to ~9000 μg L−1 was observed. This increase in U concentrations could 

possibly be caused by the dissolution of U-bearing minerals that are soluble under acidic 

conditions, pH <4 (Figure 5C, S5C). Again, given the complex mineralogy of the ore, it is 

not possible to attribute this U release to a specific U phase such as coffinite, U-P-K, and 

other U-bearing minerals that were identifed in the ore based on XRD and microprobe 

results discussed in the previous sections. Other studies have indicated that U-bearing 

minerals such as uranyl sulfates, silicates -(Na, K)-boltwoodite [(Na, K) (UO2SiO3OH. 

H2O)], and vanadates were previously identified as products of coffinite and uraninite 

oxidation in solid samples from the Jackpile mine (Deditius et al., 2008; Kelley, 1963). 

These secondary uranyl minerals can dissolve under acidic conditions at pH <4 based on 

results reported in other investigations (Avasarala et al., 2017; Gorman-Lewis et al., 2009; 

Wang et al., 2017). Furthermore, acid digestions of the reacted ore samples indicate that 

about 11.7% of the total acid extractable U was extracted during batch experiments with 6% 

NaOCl solution (Table S6). This percentage loss in U concentrations was less than the 

concentrations lost during reactions with 10 mM NaHCO3. Additional experiments to 

investigate the combined effect of NaOCl and bicarbonate (NaHCO3) on U reactivity in the 

ores were conducted.

4.2.4 Reaction with 10 mM NaHCO3 + 6% NaOCl solution.—Ore samples were 

reacted with 6% NaOCl and 10 mM NaHCO3 to determine the combined effect of oxidation 

and complexation on U leachability at pH 7.5. There was no noticeable difference in the U 
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leachability obtained from the combined reaction, compared to results from individual 

reactions with 10 mM NaHCO3 or 6% NaOCl (Figure 5D). A U concentration of 8000 μg L
−1 was mobilized in the first two hours, which was similar to that observed during reactions 

with 6% NaOCl (Figure 5C). The U release was unaffected by the presence of NaHCO3, 

possibly because the buffering capacity of carbonate and bicarbonate was masked by the 

high concentration (6%) of HOC1 and OCl− in these experiments.

After two hours of the combined reaction, the U concentrations decreased in a manner 

similar to observations made during reaction with 6% NaOCl only. This decrease in U 

concentrations could not be attributed to a specific mechanism. However, based on chemical 

equilibrium modelling conducted using measured alkalinity, pH, and Ca and U 

concentrations as inputs, readsorption was unlikely due to repulsion between the neutral to 

negatively charged aqueous complexes (UO2CO3 (aq), UO2(CO3)2
2−, Ca2UO2(CO3)3

0 and 

CaUO2(CO3)3
2−), and the negative ore surface charge at pH 5.9 (Table S4, Figure S5D, 

Figure S6D, Figure S7D). As described for experiments conducted with only NaOCl, 

readsorption of U as U-organic matter aqueous complexes is a possible mechanism 

considering the presence of ~3.3 mg L−1 of DOC and ~8000 μg L−1 of U in the experimental 

ore extracts (Table S5, Figure 5D). The formation of stable U-organic complexes has been 

previously reported in other investigations (Cumberland et al., 2018; Mikutta et al., 2016). 

Unlike observations made during reaction with 6% NaOCl only, we found that the U 

concentrations during ore reaction with 10 mM NaHC03 + 6% NaOCl did not increase again 

after eight hours of reaction. However, acid digestions on the reacted ore samples still 

suggested a release of 7.2% of the total acid extractable U, after batch experiments using 6% 

NaOCl solution (Table S6). Although, these U concentrations are much higher than those 

lost during reactions with 18MΩ water, they are much lower than the concentrations lost 

during individual reactions with 10 mM NaHCO3 or 6% NaOCl. Additional solid analyses 

were conducted to characterize the reacted samples from batch experiments.

4.2.5. Solid analyses of reacted ores.—The XPS analyses on the ore samples 

reacted with HCO3
− and OCl− under 100% air saturated dissolved oxygen concentrations, 

indicate that all of the U detected in the near surface region of the solids (top 5-10 nm) was 

oxidized U(VI). The XPS Survey scan of ore samples reacted with 10mM HCO3
− detected 

the presence of 29.5% C 1s, 56.0% O 1s, 14.0 % Si 2p, 0.23% N 1s, and 0.02% U 4f (Table 

S2). Similarly, XPS survey scans of ore samples reacted with OCl− and OCl− + HCO3
− were 

measured to be 25.6 and 31% C 1s, 60.1 and 46.3% O 1s, 13.9 and 10.85 % Si 2p, 0.23% N 

1s, and 0.05 and 0.07% U 4f, respectively. As expected, the 5% U(IV) detected at the surface 

of unreacted samples was oxidized to U(VI) for all the reacted samples (Figure 1B-D, Table 

S3).

X-ray absorption spectroscopy analyses confirm that all of the U in the ore samples reacted 

with OCl− and HCO3
− was oxidized to U(VI). Although oxidation of U was also noticeable 

in experiments reacted with only 100% air saturated HCO3
−, some U(IV) remained in 

reacted ore samples. The XANES spectra indicate that the unreacted samples have similar 

characteristics to the reference spectra for coffinite, indicating the presence of U(IV) in these 

samples (Figure 4a). The samples reacted with 100% air saturated HCO3
− and OCl− 

solutions had the characteristic uranyl (UO2
2+) shoulder indicating that the oxidation of this 
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sample resulted in the increase of U(VI) (Figure 4a). Linear combination fitting (LCF) of 

ULIII-EXAFS spectra suggest that the bulk unreacted ore samples contained about 60% 

U(IV) with characteristics similar to coffinite and monomeric U(IV), as indicated in other 

studies (Bernier-Latmani et al., 2010) (Figure 4b). Note that U(VI) adsorbed to ferrihydrite , 

uranyl acetate (UO2(CH3COO)2·2H2O), autunite [(Ca(UO2)2(PO4)2(H2O)8—10)], and 

andersonite [Na2CaUO2(CO3)3(H2O)6] were used in the linear combination fits as 

references for oxidized U in the solids (Figure 4b and 4c). The LCF of ULIII-EXAFS spectra 

also indicate that the reaction of ores with HCO3
− under 100% air saturated DO 

concentrations, resulted in the oxidation of coffnite and formation of U(VI) phases (Figure 

4b and 4c). Additionally, U(VI) phosphate that is known for its poor solublility at 

circumneutral pH (Gorman-Lewis et al., 2008), dissolved during ore reaction with HCO3
−. 

These LCF results agree with the obeservations made during batch experiments with 

HCO3
−, that suggested dissolution of coffinite and U-P-K phases as potential contributors to 

the increasing U concentrations.

As expected, the LCF also suggest that all of the U(IV) present in the ore was oxidized to 

U(VI) by the HCO3
− and OCl− solution (Figure 4b and 4c). Other studies have reported that 

monomeric U(IV) and UO2 are susceptible to oxidation under ambient dissolved oxygen 

conditions and with stronger oxidants (Cerrato et al., 2013; Ulrich et al., 2009). Additionally, 

the U(IV) oxidation was accompanied by simultaneous increase in uranyl acetate 

concentrations, which could be from U-organic matter interactions, considering the presence 

of carboxylic functional groups within the unreacted ore samples (Velasco et al., 2019). 

However, future investigations are necessary to better understand the influence of organic 

matter and other cooccurring elements on U redox in ores.

5. Conclusions.

The integration of experiments with microscopy, spctroscopy and diffraction analyses on ore 

samples collected from the Jackpile Paguate U mine, identified the co-existence of U(VI) 

and U(IV) as U-P-K and coffinite mineral phases encapsulated by carbon. These findings are 

consistent with observations made previously in ore samples from the Jackpile mine, where 

coffinites were associated with the organic carbon (Blake et al., 2017; Deditius et al., 2008; 

Kelley, 1963; Ruiz et al., 2016; Velasco et al., 2019). The association of U with different 

elements is indicative of the complex mineralogy of these solids. The release of U to 

solution was observed after reaction of the ore with NaHCO3 and strong oxidants. The 

highest U concentrations were mobilized after reaction with 10 mM NaHCO3 solution 

which, provide insights about the presence of elevated U concentrations in the Rio Paguate 

(35.3 to 772 mg L−1) under relevant alkalinity and pH conditions (Blake et al., 2017). 

Although the results from this study provide valuable initial information, the complex 

mineralogy of these ores keep us from attributing the release of U to solution, to specific 

mechanisms. Several gaps remain in our understanding, some of which are to:1) obtain more 

detailed solid chemistry information of the ore; 2) better understand the role of organic 

matter in the reactivity and mobility of U from the ore; and 3) assess the reactvity and 

solubility of different U minerals under relevant field conditions. More research is necessary 

to overcome these research gaps to better understand the mechanisms that affect the mobility 

of U from organic rich ores.
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Highlights.

• Mineralized deposits contained U(IV) and U(VI) in minerals such as coffinite 

(USiO4) and U-P-K phases encapsulated by carbon.

• The highest U concentrations were mobilized after reaction with 100% air 

saturated 10 mM NaHCO3 solution.

• All of the U(IV) present in the deposit samples was oxidized to U(VI) after 

reaction with 6% NaOCl and HCO3−.
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Figure 1. 
Surface Oxidation states of U 4f in unreacted and reacted Jackpile mine ore samples A) 
High resolution XPS spectra of U in unreacted ore B) High resolution XPS spectra of U in 

ore reacted with 10 mM HCO3
− C) High resolution XPS spectra of U in ore reacted with 6% 

NaOCl D) High resolution XPS spectra of U in ore reacted with 6% NaOCl + 10mM 

HCO3
−. E) Reference XPS spectra for U(IV) using uraninite [UO2] F) Reference XPS 

spectra for U(VI) using becquerelite [Ca(UO2)6O4(OH)6·8(H2O)]
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Figure 2. 
Electron Microprobe (EPMA) analysis of the unreacted Jackpile mine ore sediments. A) 
BSE image (leftmost) showing the presence of submicron U-phases encapsulated by carbon 

where, the mapping was performed. B) EPMA BSE image of a polished sample showing 

rock fragments with surface aggregates of U-P-K (red arrow). C) Energy Dispersive 

Spectrum (EDS) confirming the presence of a U-P-K phase showing distinct U, P and K 

peaks (red circle). D) Uranium map E) Phosphorous map F) pottasium map G) Carbon map. 

Green, yellow, pink and white represent high concentrations of elements and dark blue 

represents lower concentrations of elements.
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Figure 3. 
Scanning Transmission Electron Microscopy (STEM) imaging of U phases within unreacted 

ore. A) STEM image of U-P-K phases in black. B) Energy Dispersive Spectrum (EDS) on 

grain 1 (red circle in image 3A), confirming the presence of U-P-K phase. C) High 

resolution-transmission electron microscopy analysis on grain 1 (U-P-K phase) showing 

patterned fringes (in yellow) suggesting the phase to be crystalline. The lack of patterned 

fringes around the U-P-K phase (in black) suggests the presence of an amorphous phase 

possible organic matter in the ore sample.
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Figure 4. 
Linear X-ray absorption spectroscopy data for unreacted and reacted ore samples. a) U LiIII-

edge X-ray absorption near edge spectra (XANES). b) k3-weighted extended X-ray 

absorption fine structure (EXAFS) spectra and U LIII-edge combination fits (dashed lines); 

and c) linear combination fitting results for EXAFS spectra. Among the 3 samples in each 

figure (A) represents the unreacted ore, (B) represents ore reacted with HCO3
− under 

ambient oxidizing conditions, and (C) represents ore reacted with HCO3
− and OCl−.
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Figure 5. 
Uranium trends for batch experiments on Laguna ore samples reacted with: A) 18MΩ water 

pH 5.4; B) 10 mM sodium bicarbonate (NaHCO3) solution pH 7.5 at ambient oxidizing 

conditions; C) 6% NaOCl solution, at pH 7.5; and D) 10 mM NaHCO3 + 6% NaOCl 

solution at pH 7.5.
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