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Abstract

Uranium-bearing respirable dust can cause various health problems, such as cardiovascular and 
neurological disorders, cancers, immunosuppression, and autoimmunity. Exposure to elevated 
levels of uranium is linked to many such health conditions in Navajo Nation residents in 
northwestern New Mexico. Most studies have focused on the fate of inhaled dust particles (< 4 
m) in the lungs. However, larger-sized inhaled particles (10 – 20 m) can be cleared to the human 
gastrointestinal tract (GIT), thereby enabling them to interact with stomach and intestinal fluids. 
Despite the vital importance of understanding the fate of uranium-bearing solids entering the 
human GIT and their impact on body tissues, cells, and gut microbiota, our understanding remains 
limited. This study investigated uranium solubility from dust and sediment samples collected near 
two uranium mines in the Grants Mining District in New Mexico in two simulated gastrointestinal 
fluids representing fasting conditions in the GIT: Simulated Gastric Fluid (SGF) and Simulated 
Intestinal Fluid (SIF). The dissolution of uranium from dust depends on its mineralogy, fluid pH, 
and composition. The dust samples from the Jackpile mine favored higher solubility in the SIF 
solution, whereas the sediment samples from the St. Anthony mine favored higher solubility in the 
SGF solution. Further, geochemical calculations performed with the PHREEQC modeling 
program suggested that samples rich in the minerals andersonite, tyuyamunite, and/ or autunite 
have higher uranium dissolution in the SIF solution than in the SGF solution. We also tested the 
effect of added kaolinite and microcline, which are both present in some samples. The ratio of 
dissolved uranium in  SGF relative to SIF decreases with the addition of kaolinite for all mineral 
phases but andersonite. With the addition of microcline, the ratio of dissolved uranium in SGF 
relative to SIF decreases for all the tested uranium minerals. The most prevalent oxidation state of 
dissolved uranium was computationally determined as +6, U(VI). The geochemical calculations 
made with PHREEQC agree with the experimentally observed results. Therefore, this study gives 
insight into the mineralogy-controlled toxicological assessment of uranium-containing inhaled 
dust cleared to the gastrointestinal tract.

Keywords: windblown dust, inhalation, gastric fluid, intestine fluids, genotoxicity, health risks
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Environmental Significance Statement: In places where uranium mining occurred, the 
windblown dust contains a significantly higher quantity of uranium than the background levels. 
Many studies are focused on understanding the fate of this uranium in human lungs once inhaled. 
However, the relatively larger-sized inhaled particles clear into the human digestive system. Here, 
we focus on understanding the fate of uranium in inhaled dust in the simulated human stomach 
and intestine. We report that the uranium leaching in the stomach is primarily dependent on the 
mineralogy of dust inhaled. Therefore, we state that the toxicological studies of inhaled uranium 
should be site-specific. Furthermore, the dust mineralogy and body conditions should be 
considered when assessing their toxicology.

Introduction

Uranium (U) is the heaviest naturally occurring metal and is radioactive.1 Being a heavy metal, its 
chemical toxicity is independent of the radioactivity-related toxicity and thus cannot be 
overlooked.2 The established maximum U contamination level in drinking water is 30 ppb.3 
Exposure to higher contamination levels can cause cardiovascular and neurological disorders, 
cancers, immunosuppression, and autoimmunity.3–6 During exposure to depleted uranium, uranyl 
cation (UO2

2+) binds to DNA in mammalian cells, forming a uranium-DNA (U-DNA) adduct that 
could cause mutations, thereby triggering a range of protein synthesis errors, some of which may 
lead to various cancers.7–10 A study on rat epithelial cells showed that uranium might induce 
significant oxidative stress and a concomitant decrease in the anti-oxidative potential of lung 
tissues.8–11 Another study discusses the death of macrophages when exposed to UO2

2+.12 While 
these studies were conducted with aqueous phase uranium, others have reported that insoluble 
uranium oxide particles (e.g., UO2) may cause the breakdown of DNA double strands in broncho-
alveolar lavage cells.8,13,14 A recent study showed that exposure to mine-site derived particulate 
matter (PM) containing uranium-containing particles exacerbates neurological and pulmonary 
inflammatory outcomes in an autoimmune mouse model.15 One sample site used in the study, St. 
Anthony mine, New Mexico, was also used as a study site for our current study. 

Several studies suggest that humans are primarily exposed to uranium through inhalation.16–18 
Airborne particulate matter with a complex chemical composition becomes more inhalable as 
particle size decreases. While smaller particles (< ~4 m) reach the deep lung environments, 
particulate matter of larger sizes (10 m – 100 m) can be cleared into the gastrointestinal tract 
(GIT).17,19–22 Furthermore, the number of particles cleared from the nose to the GIT can be as high 
as 50% of the deposit.20,22 The GIT is a critical organ with high absorbance capacity that is 
comprised of multiple tissues that are home to diverse and abundant essential immune cells and 
microbiota.3,18 Therefore, studies are required to investigate the exposure and toxicity of uranium 
in the GIT following clearance from the inhalation route.17,23 Although the absorption of solid 
uranium species in the GI tract is relatively poor, the efficiency increases with the increased 
solubility.2,24 On average, 1–5 g of uranium are ingested daily through food and water 
consumption, whereas only 0.5 – 5% of the uranium ingested is usually absorbed.2,25 Human daily 
doses are two to three times higher in contaminated areas such as those near mine sites.2  In the 
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current study, the leaching capacity of uranium from inhaled dust that may be cleared to the 
gastrointestinal tract is investigated using two different simulated gastrointestinal fluids. The two 
fluids are simulated gastric fluid (SGF) and simulated intestinal fluid (SIF). They simulate the 
stomach environment and the human intestine conditions, respectively, in the fasted state.26 The 
compositions of these fluids are provided in the Supporting Information, Table S1.

Toxicity studies on inhaled uranium cleared to the digestive tract are relatively scarce. However, 
uranium entering the digestive tract can damage the kidneys, causing toxicity.2,27 A recent study 
reported that exposure to dissolved uranium through the GI tract causes significant immunotoxicity 
among male and female mice.3 Another study concluded that the absorption of uranium by the 
digestive tract does not significantly influence the chemical speciation of dissolved uranium.25 
Further, numerous previous studies have linked heavy metal exposure28–31, including uranium3, to 
disruptions of the gut microbiota that are crucial for maintaining systemic immune health. On the 
other hand, Cleveland et al. suggested that the gut microbiota may take up uranium and act as a 
barrier between the body and the uranium in the stomach, thereby reducing the overall impact of 
uranium on tissue cells.32 The contrasting conclusions within the scientific literature call for further 
studies on the topic.

In recent decades, a notable increase in cardiovascular and metabolic diseases in the Navajo 
population residing close to the Grants Mining District (GMD), New Mexico, has been observed, 
with only limited investigations into possible contributions from environmental contaminants, in 
particular uranium and vanadium.33  In a previous study, we investigated uranium exposure via 
dust inhalation and subsequent dissolution in simulated human lung environments in relation to 
the source of the dust.34 In this study, we employed similar methods in understanding the fate of 
solid uranium-bearing particles cleared to the human gastrointestinal tract. This study further 
focuses on the mineralogy of uranium and major non-uranium minerals present in the dust 
collected near mine sites in the GMD. In addition to laboratory simulations, a geochemical 
modeling software program, PHREEQC 3.3.8, was used to further investigate the effect of 
mineralogy on the dissolution of uranium in these simulated fluids.35 By the combined results of 
laboratory studies and computational-geochemical studies, we report that the mineralogy of 
uranium-bearing dust impacts the extent of dissolution of uranium in these simulated body 
conditions. Further, we report that a synergistic impact of multi-mineral composition plays a vital 
role in uranium mobilization in the solutions, thus, attributing solubility and toxicity trends to a 
single mineral phase can cause errors in toxicity assessments. However, it is important to mention 
that the toxicity of undissolved particulate matter has not taken into account in this study.

Materials and Methods

Dust and Sediment Sample Collection

Dust and sediments were collected from four sites near Jackpile and St. Anthony mines, within ~5 
km of communities in the GMD, New Mexico. Rock and sediment samples were collected from 
an un-reclaimed open pit at St. Anthony mine (35.1562 N latitude, 107.2940 W longitude) during 
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the summer of 2017. Passive dust collectors (Big Spring Number Eight dust flux samplers), 
installed 0.25 m above the ground surface, collected samples from November 2016 to August 2017 
at three locations near the mines: site M, within a reclaimed pit at Jackpile mine (35.1240 N, 
107.3705 W); site K, 3 km downwind of both reclaimed and un-reclaimed mine pits (35.1298 N, 
107.2929 W); and site L, 4 km downwind (35.1259 N, 107.2859 W). (Supporting Information, 
Figure S1) The collected samples from dust sites M, K, and L, and from the St. Anthony mine 
were sieved with a 500 m US standard sieve to remove any organic debris before use in 
dissolution studies. Sieved samples of the size fraction less than 20 m were used for dissolution 
studies in Simulated Gastrointestinal Fluids (SGIF).

Standards & Chemicals

All chemicals were reagent grade or better and used as received. A standard sample of U3O8 from 
the National Bureau of Standards (NIST, Assay 99.9%) was used as a proxy in this study. All the 
solutions and the media were prepared in purified water (18.2 MΩ, Milli-Q-A10). The following 
chemicals were used to prepare simulated gastrointestinal fluids according to the composition 
described in Marques et al., 2011.26 The chemicals are sodium taurocholate (C26H44NNaO7S, 
Beantown Chemicals, 97%), lecithin (C42H80NO8P, VWR Chemicals, High purity grade), pepsin 
(VWR Chemicals, Biotechnology grade), maleic acid (C4H4O4, TCI, +99.0%), sodium chloride 
(NaCl, Acros, +99%), sodium hydroxide (NaOH, VWR International, 97%), and hydrochloric acid 
(HCl, VWR International, ACS grade/36.5-38.0%).

 Characterization of Dust Samples

The surface areas of samples were measured in a seven-point N2-Brunauer-Emmet-Teller (BET) 
isotherm using a Quantachrome Autosorb-1 surface area analyzer. Samples were outgassed 
overnight (~24 h) at a temperature of 105°C prior to the BET analysis. The particle size of the 
sieved samples was measured using SEM images. (Supporting Information, Figures S2 and S3) 
To determine the elemental concentrations of each dust sample, an acid digestion procedure was 
followed. A 0.2 ±0.01 g subsample was weighed from each sample and placed in an individual 
digestion tube. Before analysis, samples were sieved through a 500 m sieve to remove organic 
debris. A 3 mL of trace-metal-grade hydrofluoric acid and 9 mL of trace-metal-grade nitric acid 
were added to each digestion tube, and each tube was capped and placed in a holder. A preset 
microwave routine (Milestone EthosUP) included a 25-minute ramp to 180°C, after which the 
oven held that temperature for 10 minutes, consistent with the EPA 3052b digestion method.36 
Major, minor, and trace elements were quantified using inductively coupled plasma-mass 
spectroscopy (ICP-MS, Agilent 7900). 

X-ray diffraction (XRD) analyses of dust samples were performed in a Pananalytical X'Pert Pro 
Diffractometer equipped with a copper source. Due to the total %U of these samples being lower 
than 1% (the usual detection limit of the XRD analysis), a pre-concentration procedure was carried 
out. Briefly, the dust samples were first sieved through a 500 m US standard sieve to remove 
debris. The uranium minerals in these samples are coatings around the quartz grains. Therefore, 
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the particles were lightly scratched using a porcelain pestle to scrape out the uranium minerals 
while sieving. Additional sieving was carried out using 120 m, 45 m, and 20 m US standard 
sieves. The finest fraction collected was analyzed with XRD. Then, the spectra were compared 
with 15 different common uranium minerals in New Mexico along with common major minerals 
(i.e., quartz, kaolinite, microcline, dolomite, calcite, and rutile). The presence of uranium minerals 
was confirmed only when their intensities and d – spacing were matched with respective standard 
patterns with at least five major peaks. Additional information on this method is provided in our 
previous study.34

Dissolution of Uranium in Simulated Gastrointestinal Fluids

Dissolution studies were carried out in a custom-built glass reactor inside a dark room to measure 
the total dissolved uranium concentration (TDU). The capacity of the reaction vessel was 100 mL 
with a removable airtight top. The sample loading was 20 mg in 100 mL of the simulated fluids. 
During the reaction, the temperature was maintained at 37˚C using a heated water jacket, and the 
reaction mixture was in continuous agitation by using a magnetic stirrer. The sample aliquot of ~2 
mL was collected periodically using a disposable syringe connected to a 12 cm Teflon tubing. The 
collected samples were centrifuged and filtered via 0.2 m syringe filters before analyzing them 
with ICP-MS to avoid solid carryovers. All dissolution studies were performed in triplicate, and 
mean TDUs have been reported with the standard deviation. The pH of the media was measured 
before and after each dissolution experiment.

Detection of Uranyl Cation Formation

A Uranyl-Curcumin-Triton-X System was prepared according to the method described by Zhu et 
al.37 The calibration standards were prepared using 400 μM stock uranyl acetate solution prepared 
in SGF and SIF matrices. Extended information on this method is provided in our previous study.34 
However, the UV-VIS absorption of two stock solutions made on SGIFs (Simulated Gastro 
Intestinal fluid) was compared with a MilliQ water-based stock solution using Evolution 200 UV 
– Vis Spectrometer to confirm that there was no significant interference from the matrix. 

Geochemical Modeling

PHREEQC 3.3.8 with a modified MINTEQ database was employed in geochemical modeling.35 
In the database, taurocholate is represented by taurine and pepsin as glycine in order to incorporate 
essential thermodynamic parameters. The maximum dissolved uranium concentration at 
equilibrium in an oxidizing atmosphere in the two simulated gastrointestinal fluids was calculated 
for identified uranium minerals and total site mineralogy. These model calculations were singular, 
and no replicates were conducted. Further, changes in uranium solubility in the presence of 
kaolinite or microcline for each uranium mineral were investigated. Kaolinite was detected as a 
major mineral in all tested samples, whereas microcline was detected in all samples except the St. 
Anthony sediment sample. For individual uranium minerals, excess of the mineral in 100mL of 
the gastrointestinal fluids in oxidized conditions at 37°C was considered. For simulations with the 
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site mineralogy, molar ratios of minerals were selected based on the XRD peak intensities. The 
SGF and SIF input files are provided in Supporting Information.

Results and Discussion

Particle Characterization

The particles used in this study were sieved prior to use. The particle sizes were analyzed from 
SEM images with the software package ImageJ. The average particle sizes were 9.32 ± 4.54, 15.97 
± 7.8, 10.21 ± 5.10, 12.72 ± 7.05, and 3.64 ± 2.49 μm in diameter for the samples from Site K dust, 
Site L dust, Site M dust, St. Anthony sediment, and St. Anthony rock respectively. The SEM 
images with their respective particle-size distributions are reported in the Supporting Information 
(Figures S2 and S3). The sieving was conducted softly, and mild physical abrasion was employed. 
The measured surface areas and %U of each dust sample after sieving are provided in Table 1. All 
but the St. Anthony samples contain less than 0.40% total uranium. St. Anthony sediment and rock 
samples contain 0.87% and 4.42% U respectively. As revealed from XRD analysis (Table 2), the 
uranium mineralogy of these samples is a combination of commonly found uranium minerals in 
the area.34,38 

Dissolution of Uranium in Simulated Gastrointestinal Fluids

Inhalation of airborne dust particles poses a great health risk to humans, as these dust particles 
often contain toxic heavy metals.39 While the finer fraction of these particles reaches the deeper 
lung and interacts with human lung fluids, the larger particles may clear to the human digestive 
system.17 Once cleared to the human digestive system, these dust particles are likely to interact 
with fluids in the stomach and intestine.18,40,41 Although, in human body conditions, materials in 
the stomach first interact with gastric fluids, and the undigested remainder passes to the human 
intestine, in our bench experiments, a fresh sample was used each time for the two different 
gastrointestinal fluids. This was to keep the experiments simple enough to understand the uranium 
leaching capacity and possible mechanisms. In the fasted state, the stomach contains about 40 mL 
of capacity.26 The 20 mg of dust used in 100 mL in our experiments roughly converts to 8 mg of 
dust exposure within 24 hours.

Table 1: Surface area analysis and the %U analysis of the uranium-containing samples.

Sample Source of the samples 7 points N2 BET surface 
area (m2/g) %U

U3O8
National Bureau of 
Standards

0.46±0.04 85

St. Anthony sediment St. Anthony Mine 1.61±0.08 0.87
St. Anthony rock St. Anthony Mine 134.15±1.58 4.42
Site K dust Jackpile Mine 31.85±0.41 0.38
Site L dust Jackpile Mine 38.85±1.10 0.12
Site M dust Jackpile Mine 36.26±1.46 0.10
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Table 2: Identified minerals in the samples with XRD analysis. √ Indicates they were 
identified.

Sample Chemical Formula St. Anthony 
sediment

St. Anthony 
Rock Site K Site L Site M

Major Minerals
Quartz SiO2 √ √ √ √ √
Dolomite CaCO3.MgCO3 √ -- √ √ √
Microcline KAlSi3O8 -- √ √ √ √
Kaolinite Al2Si2O5(OH)4 √ √ √ √ √
Rutile TiO2 √ -- -- -- --

Trace Uranium Minerals
Uraninite UO2 √ -- √ √ √
Coffinite U(SiO4)1−x(OH)4x √ √ -- √ --
Andersonite Na2Ca(UO2)(CO3)3 · 6H2O -- √ √ -- --
Torbernite Cu(UO2)2(PO4)2 • 12H2O -- √ -- √ √
Tyuyamunite Ca(UO2)2V2O8·(5-8)H2O -- -- √ √ √
Carnotite K2(UO2)2(VO4)2·3H2O -- √ √ -- --
Uranophane (Ca(UO2)2(SiO3OH)2·5H2O) √ √ √ √ --
Schoephite (UO2)8O2(OH)12•12(H2O) √ -- -- -- --
Autunite Ca(UO2)2(PO4)2·10–12H2O √ √ √ √ √

Figure 1: The mass normalized dissolution of uranium from U3O8 in SGF (closed marker) 
and SIF (open marker)
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The leaching of uranium in the two simulated gastrointestinal fluids was first investigated with the 
NIST U3O8 standard. The obtained dissolution of U in simulated gastric fluid (SGF) is (18.87 ± 
0.99) x 105 ppb/g, whereas that of SIF was (2.75 ± 0.36) x 105 ppb/g. The average rate of dissolution 
of U was calculated using the data collected within the first hour of reaction. They are 15.7 x 
105±0.5 x 105 μg L-1g-1 h-1 and 5.2 x 104 ± 0.8 x 104 μg L-1g-1h-1, respectively, for SGF and SIF 
solutions (Table 3). The higher dissolution of uranium in the SGF solution than in the SIF solution 
was expected because the pH of the SGF solution (1.6) is lower than that of SIF solution (6.5). 
Minerals become more soluble in acidic environments than in basic environments because of the 
proton-promoted mechanism.42,43 However, pH plays a vital role in uranium complexation and in 
speciation and precipitation reactions, therefore, depending on the sample/ fluid composition, the 
solubility trends can be different.43–45

Table 3: The average rates of U dissolution and the %U dissolved upon 24-hour exposure.

Averaged rates of U dissolution for 1st 1 hours

(μg L-1g-1 h-1)

%U dissolved upon 
24-hour exposureSample

SGF SIF SGF SIF

U3O8 (15.7±0.5) x 105 (5.2±0.8) x 104 22.19 3.24

St Anthony 
Sediments (36.0±0.8) x 102 415.5±35.4 6.38 1.52

St Anthony 
Rocks (2.0±0.4) x 105 (1.4±0.2) x 104 90.63 20.84

Site K 27.4±2.8 312.1±60.2 0.16 2.79

Site L 15.8±1.6 29.9±3.3 0.51 0.58

Site M 57.0±0.9 40.8±2.4 1.15 2.19

In the next step, the uranium dissolution capacity from the five different natural dust and sediment 
samples was investigated. Figure 2 represents the mass normalized dissolutions of U from 
different sample sites in both SGF and SIF fluids. The dissolution of uranium by each fluid varies 
for each sample site, and it varies between the two fluids for a given site. The rate of uranium 
dissolution in SGF follows as St. A. R> St. A. S> Site M> Site K> Site L, whereas for SIF, St. A. 
R> St. A. S> Site K> Site M> Site L. These differences in dissolution within the same fluid can 
arise for several reasons such as particle sizes, surface area, available %U in particles, and their 
mineralogy. In an attempt to eliminate the impacts from surface area and particle sizes, the 
observed extent of dissolutions was normalized to their specific surface area (Supporting 
Information, Figure S4). However, the observed trends remained the same. Therefore, the extent 
of dissolution was further normalized to the total uranium present in each sample (Figure 3). 
Following these normalizations, the extent of U dissolution in both fluids was still significantly 
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9

different and can be attributed to factors such as compositional and mineralogical differences in 
these dust and sediment samples. The %U dissolved in SGF solution after exposure are 6.38%, 
90.63%, 0.16%, 0.51%, and 1.15% for St. A. sediment, St. A. rock, Sites K, L, and M, respectively, 
whereas those in SIF solution are 1.52%, 20.84%, 2.79%, 0.58%, and 2.19%, respectively (Table 
3). The rate of uranium dissolution as calculated from the first hour shows higher initial rates in 

Figure 2: The mass normalized dissolutions of uranium from natural dust and sediment samples 
in SGF (closed markers) and SIF (open markers)

Figure 3: The %U normalized dissolutions of uranium from U3O8 and natural dust and sediment 
samples in (a) SGF (closed markers) and (b) SIF (open markers.)
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10

the SGF solution than SIF solution for St. A. R., St. A. S., and Site M, whereas Sites K and L have 
higher initial rates of U dissolution in SIF solution than SGF solution (Table 3).

Furthermore, unlike for U3O8, the samples from sites K, L, and M dissolved more uranium in the 
SIF solution than SGF solution. However, the samples from the St. Anthony mine (sediment and 
rock samples) dissolved more in SGF solution than in SIF solution, similar to U3O8. The ratio of 
dissolved U in SGF to SIF was calculated and added to the Supporting Information (Table S3).  
The samples from the St. Anthony mine also showed similar dissolution trends to U3O8 in previous 
studies with simulated lung fluids.34 The post-pH analysis revealed that the changes in the pH after 
the reaction were slight, and it was attributed to the differences in the amount of dolomite present. 
(Please see Supporting Information). Many studies suggest that the dissolved uranium in the 
gastrointestinal tract can cause immune suppressions and can be linked to the autoimmunity, 
cardiovascular, and neurological disorders and cancers observed among the populations living in 
the vicinity of uranium mines.3,5,6,46 Therefore, the dust-treated GIT solutions were analyzed for 
dissolved uranium speciation. The dust- and sediment-treated SGIF did not develop a strong 
orange coloration, which would indicate the presence of UO2

(2+). This differs from our previous 
studies in simulated lung fluids where the uranyl cation was calorimetrically detected.34 However, 
from a separate series of experiments with larger quantities of dust and sediment, the uranyl cation 
was identified as a dissolved uranium species. (Supporting Information) Therefore, uranium 
constituents on inhaled dust particles may react with gastrointestinal fluids upon entering the 
digestive tract and form uranyl cation and other complex dissolved uranium species.

Computational Calculations of Uranium Solubility in Simulated Gastrointestinal Fluids and 
Impact of Particle Mineralogy

To better understand the impact of mineralogy on the U dissolution process in the SGIF, a series 
of computational calculations were conducted to determine the dissolved U constituents. Figure 4 
indicates the ratio of the calculated equilibrium U concentrations for each natural sample in SGF 
and SIF solutions. Similar to bench experiments, the computational calculations suggest that both 
St. A Rock and St. A Sediment samples are more soluble in the SGF solution than in the SIF 
solution. In contrast, samples from Sites K, L, and M are more soluble in the SIF solution than in 
the SGF solution. These concentrations are St. A. Rock (5.8130 x 10-1 M), St. A. Sediment (4.3100 
x 10-3 M), Site L (9.2700 x 10-4 M), Site M (7.3000 x 10-4 M), and Site K (7.0000 x 10-4 M) for 
the SGF solution. The concentrations for the SIF solution are St. A. Rock (5.5430 x 10-1 M), St. 
A. Sediment (9.0000 x 10-4 M), Site M (7.4000 x 10-3 M), Site K (4.0000 x 10-3 M), and Site L 
(7.5000 x 10-3 M). Further, the speciation analysis suggests that practically all dissolved uranium 
is in the U(VI) oxidation state and represents a mixture of various aqueous uranyl complexes such 
as uranyl carbonate (e.g., [UO2(CO3)3]4- or [UO2(CO3)2]2-) or uranyl phosphate (e.g., 
[UO2(HPO4)2]2-) complexes. Deposited uranium or solid uranium has shown affinity toward 
carbonate and bicarbonate in different environments.47 The carbonates in this reaction can be 
derived from either dolomite or andersonite in the samples. In contrast, phosphate can be derived 
from uranium-phosphate minerals such as autunite or torbernite as well as from the lecithin in the 
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reaction medium. The concentration of phosphate can control the speciation of dissolved 
uranium.43 Therefore, it is recommended to consider the phosphate mineralogy and speciation in 
future solid-uranium inhalation and digestion studies.  Additionally, both SGF and SIF solutions, 
when reacted with St. A. R., contained [(UO2)2(OH)2]2+ as another major dissolved uranium 
species. All solutions contained un-complexed UO2

2+ and [UO2H3SiO4] + as minor components. 

After modeling the experimentally observed SGF/SIF ratio of dissolved uranium concentrations, 
we calculated the uranium solubility for each mineral phase to understand their behavior in the 
simulated gastrointestinal fluids. All uranium minerals tested except andersonite favored higher 
dissolution in SGF over SIF solutions. The calculated concentrations in mol/dm3 for SGF vs SIF 
solutions are autunite (2.00 x 10-2, 5.53 x 10-4), torbernite (2.00 x 10-2, 2.29 x 10-4), uranophane 
(1.91 x 10-2, 5.93 x 10-6), U3O8 (1.44 x 10-2, 8.61 x 10-6), schoepite (1.00 x 10-2, 1.93 x 10-5), 
andersonite (6.76 x 10-3, 9.87 x 10-3), tyuyamunite (6.18 x 10-3, 7.49 x 10-6), carnotite (4.70 x 10-

3, 8.51 x 10-6), coffinite (1.99 x 10-9, 1.88 x 10-11), and uraninite (1.99 x 10-9, 1.89 x 10-11). As 
revealed from the calculations, coffinite and uraninite are extremely insoluble in the tested 
conditions. Further, the lower dissolutions observed in the SIF solution than in the SGF solution 
are clear evidence that experimentally observed dissolution trends are an outcome of combined 
sample mineralogy rather than the singular impact of one mineral. The speciation analysis 
suggested that un-complexed UO2

2+ is the primary dissolved uranium species when carbonate and 
phosphate sources are missing.

Figure 4: SGF/ SIF ratio of calculated equilibrium U concentrations.
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12

As kaolinite was identified in all the analyzed dust and sediment samples, each single-phase 
uranium mineral was combined with 1.000 mol of kaolinite, and dissolved uranium concentrations 
were recalculated. Kaolinite (Al2Si2O5(OH)4) is a naturally occurring common clay mineral, a 1:1 
layered aluminosilicate structure consisting of alternating silica and alumina sheets.48,49 In aqueous 
solutions, kaolinite surface hydroxylates and participates in surface reactions.50 Upon adding 
kaolinite, the SGF/SIF ratio was decreased for all the minerals (Figure 5 & Table S6) except 
andersonite. Further, these data implied the presence of kaolinite could significantly change the 
extent of uranium dissolution from these minerals inside the human gastrointestinal tract. Then, a 
similar recalculation was conducted for each uranium mineral mixing with 1.000 mol of 
microcline. Microcline is a potassium-rich alkali feldspar mineral (KAlSi3O8) identified in all the 
samples except the St. Anthony sediment sample. The addition of microcline decreased the 
SGF/SIF ratio for all tested minerals. Further, the SGF/SIF ratio dropped below 1 for torbernite, 
coffinite, and uraninite mixtures with microcline, showing the presence of microcline greatly 
favors higher solubility in SIF solution. Overall, non-U-minerals such as kaolinite and microcline 
can impact the dissolution of uranium minerals in simulated gastrointestinal fluids.  

Figure 5: Percent changes of single- phase uranium solubility ratios of SGF/SIF as a function 
of either kaolinite or microcline. The positive numbers indicate a decrease in concentration 
while the negative numbers indicate an increase in concentration.
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Figure 6 and Supporting Information Figure S7 represents the dissolved uranium ratio in each 
fluid with and without kaolinite or microcline. The solubility of uranium in the SGF solution from 

Figure 6: Dissolved U concentration ratios for each mineral in each SGIF. (a) The ratio of U 
dissolution when kaolinite is present to the U dissolution when kaolinite is not present (b) The 
ratio of U dissolution when microcline is present to the U dissolution when microcline is not 
present.
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all the tested minerals, except for andersonite and uranophane, decreases upon adding kaolinite. In 
contrast, with the addition of microcline, the uranium solubility decreases for all minerals except 
andersonite. The solubility of andersonite and uranophane in the SGF solution was not affected by 
the addition of kaolinite. The decrease in solubility could be due to the ability of hydroxyl groups 
in surfaces to react with protons in the acidic SGF solution and the ability of metal centers to 
interact with anions, thereby effectively decreasing the proton-promoted uranium dissolution. 
However, the solubility of andersonite, a uranium carbonate mineral, in the SGF solution was 
increased with the addition of microcline. 

Unlike in the highly acidic SGF solution (pH = 1.6), the uranium solubility in the SIF solution (pH 
= 6.5) showed mixed trends with the addition of either kaolinite or microcline. While andersonite 
solubility was not affected by the presence of kaolinite, the uranium solubility of both uraninite 
and coffinite decreased in the SIF solution. All the other tested minerals showed enhancements in 
the uranium solubility.  The dissolved uranium concentrations in SIF solutions were increased for 
coffinite, torbernite, uranophane, and uraninite in the presence of microcline, whereas all other 
minerals except andersonite showed a decrease in dissolved uranium concentration. The calculated 
trends imply that the pH and composition of the solution, along with the mineralogy of particles, 
affect uranium. It is important to note that in the current study, the impact of kaolinite or microcline 
on uranium dissolution is evident when the kaolinite to uranium mineral ratio (microcline to 
uranium mineral ratio) is 1.000:0.001. This ratio was used to simulate the presence of excess 
kaolinite or microcline in the system. Therefore, it is possible that uranium solubility can further 
change by varying the ratio of these minerals. Additionally, the higher uranium solubility in SIF 
solution for the samples from sites K, L, and M than in SGF solution may be attributed to certain 
mineralogical and compositional features observed, such as the presence of tyuyamunite and a 
higher percentage of autunite. Further, the variable quantities of torbernite and carnotite in these 
samples can play a role in enhanced U leaching in SIF solution.

Conclusion

In the current study, the solubility of uranium from relatively larger-sized inhaled particles in 
human gastrointestinal tract conditions was investigated using simulated gastric and intestinal 
fluids in the fasted state. The uranium from these dust and sediment samples collected near Jackpile 
and St. Anthony mines in NM might solubilize in human gut conditions, potentially leading to 
subsequent absorption. The samples from the sites St. A. (sediment and rock) are more soluble in 
human stomach-like conditions (as simulated by SGF), whereas samples from sites K, L, and M 
are more soluble in human intestine-like conditions (as simulated by SIF). Further, through 
experimentally obtained mineralogical information and computational geochemical calculations, 
we reported that these solubility differences are partly due to the mineralogical differences. The 
combined mineralogy, and the presence of non-uranium minerals (kaolinite and microcline) 
influence in the extent of uranium dissolution from these minerals. The most prevalent oxidation 
state of dissolved uranium was computationally determined as +6. Therefore, we report that the 
solubility of solid uranium in the human digestive tract after inhalation is possible and that the 
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extent of uranium concentration and its speciation depends on the site-specific mineralogy. Thus, 
these factors should be weighed into the toxicological assessments. Further, considering the 
scarcity of studies on the impact of dissolved uranium on gut microbiota, the authors suggest 
furthering research to understand how human gut microbiota will interact with the uranium 
contained in inhaled dust.
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