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Abstract

Aquifers in the Upper Colorado River Basin (UCRB) exhibit persistent uranium
(U) groundwater contamination plumes originating from former ore
processing operations. Previous observations at Rifle, Colorado, have shown
that fine grained, sulfidic, organic-enriched sediments accumulate U in its
reduced form, U(IV), which is less mobile than oxidized U(VI). These reduced
sediment bodies can subsequently act as secondary sources, releasing U
back to the aquifer. There is a need to understand if U(IV) accumulation in
reduced sediments is a common process at contaminated sites basin-wide,
to constrain accumulated U(IV) speciation, and to define the biogeochemical
factors controlling its reactivity. We have investigated U(IV) accumulation in
organic-enriched reduced sediments at three UCRB floodplains.
Noncrystalline U(1V) is the dominant form of accumulated U, but crystalline
U(IV) comprises up to ca. 30% of total U at some locations. Differing
susceptibilities of these species to oxidative remobilization can explain this
variability. Particle size, organic carbon content, and pore saturation, control
the exposure of U(IV) to oxidants, moderating its oxidative release. Further,
our data suggest that U(IV) can be mobilized under deeply reducing
conditions, which may contribute to maintenance and seasonal variability of
U in groundwater plumes in the UCRB.
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Introduction

Uranium (U) is a persistent contaminant in groundwater at legacy ore-
processing sites in the Upper Colorado River Basin (UCRB).(1-3) Plumes at
these sites exhibit U concentrations exceeding the maximum concentration
limit (MCL; 0.044 mgu/L), and are not self-attenuating through the natural
flushing of groundwater as originally expected.(3) For example, estimates
suggest U concentrations in groundwater at the Rifle site, CO, could remain
above this regulatory limit for tens if not hundreds of years.(3, 4) The specific
mechanisms responsible for plume persistence are not known. However, field
observations such as at the Riverton, WY site(5, 6)suggest that sediments in
hydrological contact with the aquifer have accumulated U and are releasing
it back to the groundwater. Research is required to elucidate the underlying
mechanisms, at local and regional scales, in order to appropriately manage
and remediate these sites.

Studies at the former U ore processing site at Rifle, CO, have shown that
sulfidic organic-enriched sediment lenses strongly accumulate U(IV),
obtaining concentrations >200-fold higher than background.(4, 7, 8) Sulfidic
sediments, referred to as “naturally reduced zones” or NRZs,(9)locally create
conditions that can promote abiotic reduction of U(VI) to U(IV)(10-20) and
biologically mediated reduction.(21-28) Recent laboratory model

studies(29) suggest that both abiotic and biotic reduction pathways operate
in NRZs, but that U(IV) reduction is predominantly accomplished through
direct biological activity. U(IV) is relatively insoluble, and thus accumulates in
sediments, emphasizing the importance of reducing conditions to U
retention.(4, 7, 30) Recent studies show that NRZs occur at U-contaminated
sites at Grand Junction and Naturita, CO, Moab, UT, and Riverton, WY, (6, 9,
31, 32) raising the question of whether or not NRZs are regionally important
for accumulating U in the UCRB.(4) Here, we examine uranium data from
NRZs at other field sites in the upper CRB to address this question.

In a previous study,(9) we identified two main classes of NRZs in the UCRB,
both exhibiting elevated organic matter content compared to surrounding
sediments, but differing in terms of particle size and water saturation.
Reduced sediments from Rifle typify “fine-grained” NRZs, which are enriched
in the <150 pum sediment size fraction compared to surrounding sediments,
creating strong permeability contrasts and sharp redox gradients. Rifle NRZs
are saturated year-round, and exhibit stable reducing conditions as
characterized by the presence of abundant mackinawite (FeS), in addition to
pyrite (FeS,). In contrast, “coarse-grained” NRZ exhibit grain size
distributions are similar to those in under- and overlying sediments, leading
to more dynamic exchange of oxidants with surrounding aquifers and
seasonal redox cycling(9) (Figure 2). As a result, “coarse-grained NRZs”
contain elemental sulfur and pyrite, but lack mackinawite.(9)

The contrast in NRZ characteristics implies that associated uranium
speciation, abundance, and mobility may also exhibit contrasting behaviors.



Thus, the development of regionally applicable models for uranium mobility
in organic-enriched sediments requires understanding the behavior of U in
these different NRZ classes. Incursion of oxidants, such as O, and NOs-, into
coarse-grained NRZs has the potential to reverse their roles from U sinks to
secondary sources U through U(IV) oxidation and subsequent release of
U(VI1).(3) The chemical and physical form (e.g., adsorbed or crystalline) of
U(IV) strongly mediates its chemical stability(33, 34) and, thus, its release
from sediments. U(IV) sorbed on biomass(29) or mineral surfaces(35) is
expected to be more susceptible to oxidation than biogenic uraninite (UO;
(33, 34)). Moreover, U release can also occur under reducing conditions.(36-
39) The varying reactivity of different U(IV) species to remobilization creates
a need to assess speciation in contaminated sediments. Knowledge of the
biogeochemical and physical controls promoting the formation and
mobilization of each type of U(IV) product would be particularly valuable, as
it would improve our ability to predict the behavior of accumulated U(IV) in
data-poor sites without direct analyses of U speciation.

The objectives of the present study were to (a) Evaluate and compare U
accumulation capacities of NRZ sediments within and across multiple sites
across the UCRB; (b) Distinguish between noncrystalline and crystalline
forms of U(IV) and determine their distribution in these sediments; and (c)
Constrain the biogeochemical factors governing the accumulation and
mobilization of U. Sediments were collected from three field sites: Rifle,
Naturita, and Grand Junction, CO,(9)covering a linear distance of 250 km
through the central portion of the UCRB. Knowledge produced by this work
supports the development of conceptual and numerical models of U behavior
and transport within floodplains and provides critical insights to management
and remediation efforts at sites where characterization data may not exist.

Materials and Methods
Field Sites Description

The Rifle, Naturita, and Grand Junction, CO, sites are DOE-managed former U
ore processing facilities(3, 40-48) located in the central portion of the UCRB
(Figure SI-1 in Supporting Information). The Rifle site is approximately 0.50
km east of the city of Rifle along the Colorado River. The Naturita site is
located approximately 3.22 km north of the town of Naturita, CO along the
San Miguel River. The Grand Junction former mill site is located along the
north bank of the Gunnison River near the confluence with the Colorado
River. Surface remediation was initiated in the mid-1980s at the Grand
Junction site under the Formerly Utilized Sites Remedial Action Program
(FUSRAP) and in mid-1990s at Rifle and Naturita, under the Uranium Mill
Tailings Radiation Act (UMTRA).

Sampling of Sediment Solids and Porewater

Sediment cores were obtained through rotosonic drilling (Rifle, August 2014)
or direct push coring (Grand Junction, Naturita, October 2014) and retrieved



in N2-purged plastic sleeves. In total, four cores containing NRZ materials
were selected for this study; two cores (748 and 753) from Rifle, one core
(NAT-M8-1) from Naturita, and 1 core (GJAST15B) from Grand Junction
(see Figures SI-2, SI-3, and SI-4). These new cores, obtained from the far
western portion of the Rifle site, allow further evaluation of U accumulation
and speciation across the site, because they can be compared to formerly
published results from cores collected from the center portion of the site
(170 m distant).

Porewater was immediately extracted from sediment cores using Rhizon soil
moisture samplers.(49) All porewater samples were anaerobically preserved
under Ar, shipped on ice, and stored in the dark at 3 °C until analysis.
Following porewater collection, the sediment samples were collected every
10 to 40 cm from surface to bedrock (ca. 930 cm bgs for Rifle, and 500-600
cm bgs for Grand Junction and Naturita). Sediment samples that visibly
appeared to be darkened by the presence of sulfides and smelled sulfidic
were collected at finer vertical resolution (~5 cm), along with a segment of
neighboring over- and underlying sediment, under Ar flow and preserved
from oxidation in Ar-purged serum vials (crimp-sealed with rubber stoppers).
All samples were immediately stored in the dark, shipped on ice, and
vacuum-dried in a glovebox 5%H./95%N.atmosphere as reported previously.
(9) After drying, each sediment sample was sieved (<1 mm), homogenized,
and stored in sealed containers in an anoxic glovebox.

Sampling of Groundwater

Groundwater was passively sampled using equilibration dialysis devices,
commonly called “peepers”, following a protocol derived from Johnston et al.
(50) The concept is illustrated (Figure SI-5) and explained in detail in the SI.
Cells were deoxygenated, filled with anoxic Milli-Q water and maintained in
immersion until field deployment.(50) Peeper design was optimized so that
the time required to reach cell equilibration with groundwater was less than
15 days, and the material used to manufacture the peepers was chosen to
avoid contamination from molecular oxygen, metals, and DOC. The peeper
structure was installed directly in existing wells nearby the sediment
sampling locations (NAT-M8 and NAT-M4; Figure SI-3), with peeper
membranes (0.2 um polypropylene) exposed to the natural groundwater flow
(Figure SI-5). The peepers were replaced after each sampling, and
groundwater from the depths of peeper installations was pumped to the
surface using a peristaltic pump to measure the oxidation reduction potential
(ORP) using a YSI 556 MPS multiprobe system, systematically before the time
of retrieval.

Chemical and Mineralogical Analyses

Bulk sediments were analyzed for their chemical compositions using X-ray

fluorescence spectrometry with a XEPOS (Spectro X Lab) X-ray fluorescence
spectrometer. Their organic carbon (OC) content was determined with Carlo
Erba NA1500 elemental analyzer. The chemical and organic compositions of



the bulk sediments were previously described in detail in Noél et al.

(9) Because the chemical forms of S and Fe exhibit dramatic variability tied
to redox conditions, they comprise efficient and precise tracers of mineral
transformations in the floodplain sediments of UCRB.(4, 7-9) The speciation
of S and Fe in the sediment cores included in this study was previously
examined and reported in Noél et al.,(9) and used here as indicators of
sediment redox status. S mineralogical composition was determined using X-
ray absorption spectroscopy combined with X-ray microprobes, and the Fe
mineralogical composition was analyzed using X-ray absorption spectroscopy
combined with mossbauer spectroscopy. To supplement the data from Noél
et al.,(9) synchrotron powder X-ray diffraction (SR-XRD) was performed on
the sediments as part of this study. Porewater and groundwater samples
were analyzed for their element composition using high-resolution
inductively coupled plasma mass spectroscopy (HR-ICP-MS). The analytical
procedures are reported in the SI.

U Speciation
Chemical Extractions

Sequential chemical extractions of sediments were performed in (i) anoxic
Milli-Q water (water-extractable fraction), (ii) anoxic bicarbonate solution
(organic-complexed and/or mineral-adsorbed fraction), (iii) agua regia
(“recalcitrant” or crystalline fraction); to assess the U distribution between
“recalcitrant” or crystalline U and more labile forms of U according to a
protocol derived from Alessi et al.(51) Based on the greater lability of
organic-complexed and adsorbed U compared to crystalline U,(33) the anoxic
bicarbonate extraction method effectively distinguishes between these
species in environmental samples such as NRZs.(51)

X-ray Absorption Spectroscopy (XAS)

U Li-edge X-ray absorption near-edge structure (XANES) spectroscopy was
used to determine U oxidation states. Extended X-ray absorption fine
structure (EXAFS) spectra were examined to constrain the local molecular
structure around U whenever its concentrations were sufficiently high (=20
Hg/g). The U Ly-edge was preferred to U Ly-edge to avoid interference of the
uranium La fluorescence peak (=13614 eV) with the rubidium fluorescence
Ka peak (=13396 eV). Fluorescence-yield XANES and EXAFS spectra were
collected using a 100 pixel germanium X-ray detector at beamline 11-2 at
Stanford Synchrotron Radiation Ligthsource (SSRL). The samples were
loaded in an Al sample holder with Kapton windows inside an anaerobic
chamber (3% hydrogen, balance nitrogen). Immediately prior to analysis, the
sample was transferred from the anaerobic chamber and mounted in a liquid
N, cryostat, placed under vacuum, and cooled to 77 K. A Si (220) double-
crystal monochromator was detuned to reject higher harmonic intensity.
Energy was calibrated with Mo foil recorded in double transmission setup, by
setting the first inflection point in the K-edge to 20000 eV. 6-25 scans were
recorded for each sample. U L,-edge data were averaged, normalized, and



analyzed by linear combination-least-squares (LC-LS) fitting using the
ATHENA software.(10, 52) To enable comparison of spectra measured at
different beamlines, the vertical limiting aperture was set small enough that
the spectrometer resolution was much lower than the energy corresponding
to the core-hole lifetime (ca. 9 eV). Our U model compounds data set
includes U(VI) as andersonite (Na.Ca(UO;)(COs)s-6H,0; 4), crystalline U(IV),
(53) as well as U(IV) complexes bound to OM-clay aggregates(29) and U(IV)
complexes bound to biomass through P- and/or C-containing ligands.(26) The
quality of the LC-LS fits was estimated using an R-factor of the following
form: Rf = Z [k3X(K)exp = K*X(K)caic]?/Z [K*X(K)exp]?. The accuracy of the XANES
fitting procedure is estimated to be 5% of the fit-determined.(54) The
components below 5% are thus considered as not significant.

Results
Mineral and Organic Composition of the Floodplain Sediments

Bulk sediment characteristics of the cores from Rifle, Naturita, and Grand
Junction were previously described in detail(9) and are schematically
summarized in Figure 1e,f and Figure SI-6. The mineralogy was dominated by
quartz (SiO.), and feldspar minerals, such as albite (NaAlSisOs; Figure SI-6, SI-
7). A small amount of chloritoids, such as ottrelite
((Mn,Fe,Mqg).Al4Si,010(0OH)4)) was also identified (Figure SI-6, SI-7). Mdssbauer
and XAS show the presence of hematite (a-Fe.0s), magnetite (Fes0.),
goethite (a-FeO(OH)), Fe(ll)- and Fe(lll)-bearing clays, and sulfate minerals
(ref 9, Figure SI-6). At each of these field sites, OC- and sulfide-enriched
sediment lenses were identified as NRZs (Figure SI-6, ref 9). Strong redox
gradients were evident at the interface between NRZs and surrounding
aquifers. Along these gradients, goethite and sulfate minerals decreased in
abundance toward the interior of the NRZs and were replaced by iron
sulfides. The redox characteristics, organic content and mineral compositions
of NRZs at Rifle, Naturita, and Grand Junction were previously detailed in
Noél et al.(9) and are schematically summarized in Figure 1e,f,g. The two
main classes of NRZ previously defined by Noél et al.(9) are also
schematically illustrated in Figure 2. Rifle NRZs are the “type” example of
fine-grained NRZs. In contrast, Naturita and Grand Junction NRZs constitute
the “type” examples of coarse-grained NRZs.
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Figure 1. Comparison of U and iron sulfide bulk concentration profiles indicating locations of NRZs at:
Rifle (a and b), Naturita (c), and Grand Junction (d). For each panel (a,b,c,d), the composition profiles
(left) show the distribution of Fe as iron sulfides normalized to total Fe (red) and the distribution of S as
iron sulfides normalized to total S (brown). Composition profiles on the right show bulk sediment total
U (green). Fe, S, and U concentrations are reported in Table SI-1. Blue dotted lines indicate the
minimum (Min.) and maximum (Max.) levels of the groundwater table; Orange lines and shading
denote the elevations of the NRZs. Lower panel illustrates average characteristics of NRZ sediments at
Rifle, Naturita, and Grand Junction: redox conditions (vertical wedges depict variability in the
abundances), (e) moisture and organic carbon are required to establish NRZs;(9, 61) (f) goethite is
generally replaced by iron sulfides;(9) and (g) (data from the Rifle 753 core) total uranium and U(IV)
increase inside NRZs. The relative proportions of U(VI) and U(IV) in individual samples are provided for
each core in Figure SI-8.
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Figure 2. Distribution profiles of U species in the bulk sediment samples from the three U-
contaminated floodplains as a function of depth. Bar plots show the extracted U fractions, for Rifle (a
and b), Naturita (c), and Grand Junction (d), with the relative proportion of exchangeable U (green),
noncrystalline U(IV) (black), and crystalline U(IV) (purple) normalized to 100%. The corresponding U
content in each fraction is reported in Sl Table SI-2. Orange lines and shading denote the location of
the NRZs. The left- and right-hand schema summarizes the sediment texture, organic carbon content,
and saturation state of fine-grained (Rifle) and coarse-grained (Naturita and Grand Junction) NRZs,
respectively.(9)

Vertical Distribution of U and Redox Conditions

NRZs are distinguishable in sediment profiles by the presence of iron sulfides
[FeS and FeS;] (ref 9; Figure 1f). Thus, to examine the relevance of NRZs for
U accumulation, the concentration of S and Fe as iron sulfides, normalized to
that of total S and Fe, respectively, are plotted along with the vertical
profiles of U for the collected cores from Rifle, Grand Junction, and Naturita
in Figure 1a,b,c,d.

Horizons with elevated U content were present in all cores. U concentrations
increased from an average of ~0.5 pg/g in the aquifer sediments up to 60
and 100 pg/g in the 748 and 753 cores of Rifle fine-grained NRZs

(Figure 1a,1b), and up to 20 pg/g and 10 pg/g in coarse-grained NRZs of
Naturita (Figure 1c) and Grand Junction (Figure 1d), respectively. Sediment U
concentrations systematically covaried with organic carbon and with iron
sulfides regardless of the NRZ type (Figure 1e,f,g). However, the total U
concentrations measured in the Rifle fine-grained NRZs were 3- to 10-fold
higher than total U concentrations in the Naturita and Grand Junction coarse-
grained NRZs. It is worth noting that we also observed U concentrations
slightly higher than background in the shallow unsaturated zone, coinciding
with abundant evaporite minerals; sediments above the groundwater table
from Naturita and Grand Junction exhibited U concentrations =5.7 ug/g (100-
300 cm bgs in NAT-M8-1 and 30-100 cm in GJAST15B) (Figure 1c,1d). This



modest U-accumulation does not appear to result from redox
transformations and will be covered in a separate paper.

According to the U Ly-edge XANES spectra, U in all NRZ samples was
dominated by U(IV) independent of NRZ type; On average U(IV) comprised
95 + 5% of total U, ranging from 89 = 5% to 100 £ 5% (Figure SI-8). In
contrast, oxidized (non-NRZ) sediments contained 45 = 5% to 53 = 5% U(IV)
(Figure SI-8). An example of a fine-grained NRZ U profile is detailed

in Figure 1g (Rifle core 753). Despite very low concentration (~1 ug/g), the
occurrence of U(IV) in oxidized aquifer sediments suggests that the high
heterogeneity of sediment textures and chemical/mineralogical compositions
may maintain reducing conditions in the interior of aggregates comprising of
organic-enriched sediments in physical juxtaposition with aquifer sediment.
(55) At Rifle, Janot et al.(4) also reported the presence of a significant
amount of mackinawite in the capillary fringe above the NRZ, supporting this
hypothesis.

U Extractions: Noncrystalline U(1V) vs Crystalline U(IV)

U Li-edge XANES results show that U is dominantly present as U(IV) in NRZs.
Consequently, we interpret (i) water-extractable “NRZ"” uranium as weakly
sorbed U(IV) (anoxic Milli-Q water); (ii) HCOs-extractable uranium is
interpreted as noncrystalline U(IV), organic-complexed and/or strongly
mineral-adsorbed (anoxic HCOs extraction); and (iii) “recalcitrant” uranium is
interpreted as crystalline U(IV) (aqua regia). The results of the chemical
extractions of U from NRZs are shown in Figure 2 (values are reported

in Table SI-2). The water-extractable U fraction comprised only a small
portion of total U, reaching an average of 12% in non-NRZ sediments (where
U(VI) also was present) and decreasing from the interface with aquifer
sediments to the interior of the NRZs (from an average of 6% to an average
of 1%; Figure 2), consistent with a lower solubility of U(IV) as compared to
U(VI). At all three sites, noncrystalline U(IV) was the dominant fraction
(between 67% and 99%; Figure 2) in NRZs. The fine-grained NRZs from Rifle
(cores 748 and 753) contained no detectable crystalline U(IV). In contrast,
crystalline U(IV) comprised an average of 7% and 27% of total U in the
coarse-grained NRZs of the NAT-M8-1 core from Naturita and the GJAST15B
core from Grand Junction, respectively.

EXAFS Evidence for Noncrystalline U(IV)

Rifle NRZ samples were selected for EXAFS analysis to gain information
about the local bonding environment of U that could help constrain and
interpret the extraction results. EXAFS spectra and their corresponding
Fourier Transforms (FTs) are displayed in Figure 3. Owing to low U
concentrations (<100 ug/g), the EXAFS spectra were considered too noisy
after 8 AL, In spite of this short k-range, the EXAFS data can be used to
exclude several U(IV) phases from consideration. Referring to the EXAFS
spectra in Figure 3, we can see that there are important differences between
the EXAFS for UO; and for our spectra. The UO, EXAFS contain multiple



strong frequencies (corresponding to multiple pair correlations), whereas
ours spectra have one dominant frequency (i.e., U-0). In particular, the
UO, EXAFS spectra exhibit a sharp valley at ca. 7.3 A* and a sharp peak at
ca. 7.6 A1,(26, 53, 56) neither of which are present in our field sample
spectra. A similar pair of “peak-valley” features are present in coffinite
(U(Si04)1-x(OH)4x) and U(IV)-silicate colloids.(57) EXAFS spectra are highly
sensitive to local molecular structure around U. Consequently, these
differences indicate that crystalline U(IV) and U(IV)-silicate colloids are
absent from the Rifle samples above detection limit (ca 15% of total U
species).
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Figure 3. Lower panels display experimental k3-weighted U EXAFS data (a) and corresponding Fourier
transforms (b) of samples from Rifle NRZs (black lines) and LC-LS fits (red lines). EXAFS spectra for
model compounds used for LC-LS fits are provided above the sediment data, and biogenic uraninite is
shown for indicating that the distinctive frequencies between 7 and 8 A are not present in the NRZ
sample spectra. The left-hand schema summarizes the sediment texture, organic carbon content, and
saturation state of Rifle fine-grained NRZs. !Fit quality was estimated by a R-factor calculated as Rf = 5
[KX(K)exp = KX(K)carcl? / & [KPX(K)expl?.

Thus, the EXAFS is consistent with the extraction conclusions that U(1V)
occurred as noncrystalline U(1V). Bone et al.(29) showed that U(IV) was
complexed primarily to organic matter functional groups in simulated NRZ
sediments. Similar to those results, our FT-EXAFS spectra show a first
coordination shell U-O pair correlation characterized at 2.32-2.34 A using
shell-by-shell fitting (see SI, Table SI-3). A minor frequency is present in our
data at 2.65 A (R+dR; Figure 3b), which can be fit with C neighbors at 2.85
A(58) or with P neighbors at 3.08 A.(26) This shell was previously reported in
sediments from other NRZs on the Rifle floodplain,(7) indicating a high
degree of similarity in U(IV) speciation between these spatially separated
locations. Both the first and the second peak in the FT-EXAFS spectra were
well aligned with those of the products of microbial U(VI) reduction in the



presence of Shewanella, where molecular complexes of U(IV) were found to
be bound to biomass, most likely through P- and/or C-containing ligands

(26; Figure 3b). Moreover, good LC-LS fits performed over the data range 3-8
A-* with minimized Rf were obtained for U L-edge EXAFS spectra of samples
from Rifle fine-grained NRZ sediments (cores 748 and 753) when fit with
U(IV) complexes bound to OM-clay aggregates(29) and molecular complexes
of U(IV) bound to biomass through P- and/or C-containing

ligands(26) (Figure 3). Conversely, this frequency at 2.65 A

(R+dR; Figure 3b) is not present in the Bone data, suggesting that additional
ligands are present in the field systems. In general, clay minerals and pyrite
are more abundant in the field sediments than the model system.
Consequently, it is plausible that that 2.65 A FT peak is a Al, Si or Fe
neighbor.(29, 59) In spite that further work is needed to refine the U
speciation, our observations support the idea that U(IV) exists in a variety of
coordination environments in the field systems. We conclude that
noncrystalline U(IV) forms in the NRZs are not strongly bound and could be
sensitive to remobilization.

Groundwater U Concentrations over Time

Depth-resolved groundwater samples were collected from wells NAT-M8 and
NAT-M4 at the Naturita site between March and November 2015. NAT-M8 is
proximal to the location of the NAT-M8-1 core, which contained a U-enriched
NRZ (Figure 1c; cf. Vertical Distribution of U and Redox Conditions section).
In contrast, the NAT-M4 well is located nearby NAT-M-2 and -3 cores, where
NRZs and U pools were not detected (Figure SI-3). Dissolved U
concentrations in the groundwater of NAT-M8 remained around 350 pg/L
throughout the measurement period, except for a spike in July-August with
concentrations up to 1850 ug/L. The depth interval of this spike corresponds
to an observed NRZ. Simultaneous with this spike, the ORP measurements
indicated highly reducing conditions (—22 mV; Figure 4a). In the groundwater
at NAT-M4 (not proximal to NRZs), reducing conditions were also detected in
August, which coincided with a spike in U concentration. However, U
concentrations did not exceed 300 ug/L (Figure 4b,c).
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Figure 4. Evolution over time of dissolved U (green line) concentrations in groundwater at the Naturita
site compared to the redox potential (black line) in well NAT-M8, which is proximal to U-enriched NRZs
(a) and in the upper (b) and deeper (c) groundwater of well NAT-M4, which is located in a zone without
nearby NRZ sediment. Redox potentials were measured at 380 cm in well NAT-M8, and at 250 and 325
cm depth in well NAT-M4 for upper and deeper groundwater, respectively.

This observation raises the question; can NRZs release soluble U(IV) to the
aquifer? To help address this question, we analyzed U concentrations in
porewater from the Rifle 753 core collected in August, which exhibited
strongly reducing conditions.(9) Dissolved U concentrations increased from 4
to 12 ug/g in the aquifer sediments up to 269 pg/L in the NRZ (Table SI-1).
This finding supports the idea that mobile U(IV) is present in NRZs and could
be released to the agueous phase as proposed by Wang et al.(39)

Discussion

Our examinations of sediment cores from three field sites reveals a
consistent co-occurrence of U with OM and Fe-sulfides in NRZ sediments.



Recently, Bone et al.(29) and Mikutta et al.(60) have shown that surface
functional groups on natural organic matter (NOM) strongly complex U(IV)
and competitively inhibit the formation of UO,. Moreover, both of these
studies show that organic functional groups can outcompete mineral surface
sites when both are present. In the present study, relatively high
concentrations of OM were observed in the NRZs from Rifle, Naturita, and
Grand Junction, which are generally consistent with the conditions examined
by Bone et al.(29)NOM occurred predominantly as lignin, lipid and proteins,
(61) suggesting that the majority of the organics were of microbial origin for
all NRZs.(62) Moreover, the preservation of proteins within the NRZs has
previously been attributed to their specific ability to interact with mineral
surfaces.(61) We conclude that organic functional groups, and likely also
mineral surface sites, are present at sufficiently high abundance in the Rifle,
Naturita, and Grand Junction NRZs to be able to complex the majority of
U(IV) that is produced under reducing conditions.

Variable Abundance of Uraninite

It has been discussed in the literature that noncrystalline U(IV) may
transform directly to uraninite in natural systems. However, in the case of
surface-complexed U(IV), such a mechanism is not thermodynamically
supported, as it involves converting the most stable form of U(IV) under local
chemical conditions (i.e., surface-complexed “noncrystalline” U(IV)) into a
minority species. Nevertheless, as noted by Bone et al.,(29) thermodynamic
mass action should produce small quantities of crystalline U(IV), even when
surface-complexed noncrystalline U(1V) is the dominant product of U(VI)
reduction. Consequently, the increasing relative abundance of crystalline
U(IV) in Rifle < Naturita < Grand Junction must reflect one or both of the
following: a diminishing abundance of organic surface sites relative to U(IV)
and/or the presence of processes that favor phases having relatively slower
oxidation/dissolution kinetics (both Naturita and Grand Junction represent
coarse-grained NRZs).

Impact of Sediment Grain Size on U(IV) Speciation and Reactivity

As previously concluded in Noé€l et al.,(9) the exchange of solutes and flow of
oxidants is relatively slow into diffusion-limited fine-grained NRZs (Figure 2).
In contrast, exposure of coarse-grained NRZs to dissolved oxygen causes
sulfides to be oxidized, with a disproportionate loss of mackinawite (FeS) as
compared to the more stable pyrite. We propose that the sharp contrast in
oxidation kinetics of noncrystalline U(IV) (relatively fast oxidation kinetics)
compared to uraninite (relatively slow;(33, 34)) causes a chemical behavior
analogous to that of mackinawite and pyrite. The results shown

in Figures 1 and 2 show that both mackinawite and noncrystalline U(IV) are
abundant in fine-grained predominantly saturated sediments due to the
stability and persistence of reducing conditions. In contrast, mackinawite was
largely absent(9) in the Naturita and Grand Junction coarse-grained NRZs.
Concomitantly, crystalline U(IV) defined as the unextractable fraction



comprised 5-10% and 15-25% of total U, respectively (Figure 2c,d).
Moreover, uraninite has previously been reported to be the dominant form of
U(IV) in coarse-textured NRZ sediments.(8) Thus, enrichment of crystalline
U(IV) occurs under the same (episodic) conditions that favor oxidation of
mackinawite. This comparison suggests that episodic redox cycling in
coarse-grained NRZs that depletes mackinawite also depletes noncrystalline
U(IV), resulting in relative enrichment of crystalline U(IV) over time. This
model is schematically illustrated in Figure 5c. Frequent oxidative losses
would be expected to retard or limit the accumulation of U(IV), whereas the
persistence of reducing conditions in fine-grained NRZs should support U(IV)
accumulation (Figures 1 and SI-8) as long as inward diffusion of U(VI) is
sustained.(4) Thus, our findings suggest that the relative abundances and
absolute concentrations of U(IV) species could directly related to sediment
properties, particularly grain size. We posit that the susceptibility of NRZ U
stocks to oxidative remobilization can be predicted based on the relative
abundance of mackinawite.
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Figure 5. lllustration of the biogeochemical reaction network believed to control accumulation and
longevity of U(IV) species formed in NRZs. Sediment OC content, particle size, and pore saturation,
control the ability of NRZs to protect U(IV) species from oxidation (a). Oxidation-resilient NRZs develop



higher U-accumulation ability (b), whereas oxidation-susceptible NRZs exhibit lower U-accumulation
ability (c). In this model, the primary oxidant is assumed to be O(blue line), which diffuses into
oxidation-susceptible NRZs and oxidizes noncrystalline U(IV), producing U(VI) that can be rereduced or
released to groundwater. This process is expected to decrease the ability of these NRZs to accumulate
U(IV), and increase the crystalline U(IV) proportion relative to noncrystalline U(IV) proportion (Impact of
Sediment Grain Size on U(IV) Speciation and Reactivity section). Conversely, in the absence of
oxidative perturbations, U(IV) pools accumulate in persistently reduced NRZs, but may be released as
U(IV)-colloids to groundwater (U(IV) Accumulation Model section).

U(IV) Accumulation Model

We propose that two conditions are necessary to accumulate and fractionate
U(IV) in NRZs: (i) organic and mineral surface functional groups should be
abundant relative to U,(29) and (ii) protection from oxidation. The fine-
grained texture in the sulfidic organic- and clay-enriched sediments was
found, in this study, to moderate the response of the system to oxidant
diffusion, protecting noncrystalline U(IV) from oxidation. Oxygen
consumption through microbial respiration further contributes to protecting
the sediments from oxidation.(63, 64) Thus, the elevated OC content in the
fine-grained NRZs contributes indirectly to protecting reduced phases such
as mackinawite and noncrystalline U(IV) from oxidation. We conclude that
NRZ susceptibility to oxidation is dependent on OC content and particle size
(Figure 5a), allowing us to distinguish between ‘oxidation-resilient’

(Figure 5b) and ‘oxidation-susceptible’ NRZs (Figure 5c).

Oxidation of sulfides and U(IV) species corresponds with seasonal
hydrological variability. Water table fluctuations that cause NRZs to become
unsaturated can oxidize their internal portions.(65, 66) A lack of mackinawite
or noncrystalline U(IV) suggests regular discharge of oxidized U, which could
help explain seasonal increases in groundwater concentrations of U.(3,

67) U(VI) that is not discharged from NRZs could be rereduced when the
anoxia is restored, possibly leading to further evolution of U pool speciation
over time under fluctuating redox conditions. Moreover, it is likely that
seasonal exposure of NRZs to oxidants also impacts the chemical and
physical form and reactivity of the NOM,(61) which in turn could influence its
affinity to bind U(IV), and thus impact the noncrystalline U(IV) molecular
structure. Conversely, preservation of mackinawite and noncrystalline U(IV)
is promoted by year-round saturated conditions.

Environmental Implications

Groundwater U concentrations (well NAT-M8 Naturita) show that U is
released from sediments under highly reducing conditions (Figure 4),
suggesting mobilization of U(IV) species in spite of the generally assumed
low solubility of U(IV). Laboratory experiments with groundwater under
reducing conditions suggest that U(IV) complexation with colloids may
enhance its mobility.(36-38)Additional laboratory studies provide support for
the formation of U(IV)-silicate colloids(57) and of U(IV)-dioxide colloids.

(68) Recently, Wang et al.(39) showed that U(IV) can occur as a distinct
species associated with Fe(ll) and organic matter colloids in porewater from
a natural wetland. These observations offer an explanation to our results,



that is, that noncrystalline U(IV) formed in an NRZ could migrate to
groundwater in colloidal form (Table SI-1, Figure 5b), although the low
concentrations in our porewaters prevented us from confirming the soluble U
speciation by EXAFS. Thus, we conclude that oxidation-resilient NRZs may
contribute to slow U loss due to reductive remobilization of U(IV), and that
this possibility warrants further research.

Our current findings support the previously proposed(4) hypothesis that
sulfidic organic-enriched sediments play a regional role in U(IV) storage and
U plume longevity in UCRB floodplains. Ref 58.
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