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ARTICLE INFO ABSTRACT

Editor: Dr. Xiaohong Guan Uranium (U) geochemistry and its isotopic compositions of reservoir sediments in U mine area were poorly
understood. Herein, U and Th isotopic compositions were employed to investigate source apportionment and
geochemical behavior of U in 41 reservoir sediments from a U mining area, Guangdong, China. The remarkably
high contents of both total U (207.3-1117.7 mg/kg) and acid-leachable U (90.3-638.5 mg/kg) in the sediments
exhibit a severe U contamination and mobilization-release risk. The U/Th activity ratios (ARs) indicate that all
sediments have been contaminated apparently by U as a result of discharge of U containing wastewater, espe-
cially uranium mill tailings (UMT) leachate, while the variations of U/Th ARs are dominated by U geochemical
behaviors (mainly redox process and adsorption). The U isotopic compositions (5228U) showed a large variance
through the sediment profile, varying from — 0.62 to — 0.04%o. The relation between §**®U and acid-leachable U
fraction demonstrates that the U isotopic fractionation in sediments can be controlled by bedrock weathering
(natural activity), UMT leachate (anthropogenic activity) and subsequent biogeochemical processes. The findings
suggest that U-Th isotopes are a powerful tool to better understand U geochemical processes and enrichment
mechanism in sediments that were affected by combined sources and driving forces.
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1. Introduction environments (Basu et al., 2015; Cumberland et al., 2016; Dang et al.,

2018a; Wang et al., 2016, 2017). U-bearing wastes typical of UMT were

With increasing global demands for energy, radioactive uranium (U)
industry has been growing rapidly and led to severe environmental
contamination (Basu et al., 2015; Cumberland et al., 2016; Dang et al.,
2018a; Kipp et al., 2009; Yin et al., 2019, 2020, 2021). In these processes
of U industry, numerous amounts of by-product wastes and uranium mill
tailings (UMT) containing radioactive elements (e.g., U, Th and Ra) and
other toxic elements (e.g., Pb, Zn and Cu) have been discharged into the

often disposed in an open-air, entailing high risks of U contamination in
ambient surface/ground waters and aquatic systems (Yin et al., 2019).
Thus, to better understand the occurrence, behavior and fate of U in
mining areas, especially the rarely concerned reservoir environments,
has become one of the essential issues in U environmental geochemistry
and associated remediation strategy (Cumberland et al., 2016; Dang
et al., 2018a; Wang et al., 2019).
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As a redox-sensitive element, U mostly occurs in U(IV) and/or U(VI)
in natural environments. The mobility of U strongly depends on the
redox state. Under reducing environments, U predominantly presents as
U(IV) which is relatively insoluble, while highly soluble U(VI) mostly
exists in the oxidizing environment (Scott et al., 2005; Selvakumar et al.,
2018). The ability of U(VI) adsorption on sediments is strong at pH 6-7,
and significantly reduced at pH 8, largely depending on the aqueous pH
(Crawford et al., 2017). Dissolved U is mainly consisted of free uranyl
ions (UO%*) and various complexes (Wang et al., 2019). UO%+ can
complex with ligands (e.g., phosphate, sulphate, silicate, carbonate,
vanadate and hydroxyl), either increasing (via forming stable aqueous
complexes) or decreasing (via forming insoluble minerals) U mobility in
aquatic system (Latta et al., 2016; Crawford et al., 2017; Gilleaudeau
et al., 2019). Dissolved organic matter (OM) can facilitate its trans-
portation of U, and prevent its adsorption to mineral surfaces (Cum-
berland et al., 2018; Tinnacher et al., 2013; Zhao et al., 2012), while
colloidal/particulate OM would promote the formation of OM-rich
sedimentary U deposits (Cumberland et al., 2016, 2018; Greenwood
et al., 2013). Fuller et al. (2020) revealed that U(VI) can complex with
carboxylate groups of the OM. Moreover, U(IV) can adsorb to OM and
OM-coated clays, suggesting that U(IV) would be more mobile under
reducing conditions and more sensitive to redox fluctuations than
anticipated (Bone et al., 2017).

In nature, U occurs as 28U, 2%°U and 2**U, with proportion of
99.284%, 0.711% and 0.0058%, respectively. Due to the long half-life of
238y (~ 4.47 x 10° years) and 235y (0.704 x 10° years), U mass frac-
tionation caused by natural radioactive decay is negligible. 2%U and
235U are deemed as stable isotopes. U isotopes have been applied suc-
cessfully as a potential tool for investigating U redox processes, transport
and origin in the environment (Dang et al., 2018a,b; Lau et al., 2020;
Murphy et al., 2014; Weyer et al., 2008). The significant U isotopic
fractionation between mineralised sediments and groundwaters indi-
cated that the reduction of U(VI) to U(IV) and precipitation of U min-
erals preferentially incorporated 2*®U into sediments (Murphy et al.,
2014). Modern coastal sediments showed a large 5238y (U isotopic
composition, viz. 238U/2*°U atomic ratio relative to that of U isotopic
standard) variation, meanwhile sediments lied in front of river mouths
had higher §238U values than other coastal sediments, and suggested
that promoted diffusion in coarser sediments relative to fine sediment
may generate more effective isotope fractionation (Dang et al., 2018a).
5238U values in sediments and waters from Bow Lake located adjacent to
a former U mine had estimated the U from mixing of two sources, which
were further confirmed by Pb isotopes and other biogeochemical ap-
proaches (Dang et al., 2018b). Uranium isotopes have also been applied
to evaluate U removal in remediation operations (Bopp et al., 2010;
Stylo et al., 2015).

The remarkable discrepancy of solubility for U/Th can lead to the
fractionation of 23OTh, 232, 234U, and 2%8U (Dawood, 2010; Kipp etal.,
2009; Robinson et al., 2008; Yusoff et al., 2015). Thus, in addition to U
isotopes, U/Th activity ratios (ARs) (e.g., 234U/238U, 232Th /238y and
230Th/232Th) can also be used to investigate the origin of U/Th and
unveil U/Th enrichment mechanisms in environment (Robinson et al.
2008; Kipp et al., 2009; Dawood, 2010; Yusoff, et al., 2015). Studies
have exhibited that 234U/2%8U, 232Th/?38U and 22°Th/?*?Th ARs were
employed to evaluate the detrital, authigenic and anthropogenic input
of U/Th to sediments (Dawood, 2010; Kipp et al., 2009; Robinson et al.,
2008; Yusoff et al., 2015).

However, hitherto very limited studies have revealed U geochemical
behaviors and its isotopic composition in sediments, where affected by
long-term U mining and metallurgical activities. Further investigation is
required to improve the understanding of geochemical cycling of U and
their isotopic compositions in the riverine sediments that have been
mixed with the influence of human activities.

The reservoir nearby a U metallurgical site in northern Guangdong
Province, China offers an excellent location for studying U isotopic
geochemistry in riverine sediments, where have been impacted by both
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anthropogenic activities and authigenic origin. Industrial activities of U
mining and metallurgy had gave rise to the serious contamination of the
aquatic system (Liu et al., 2015; Yin et al., 2019), apart from the
widespread regional enrichments/pollution of toxic metal(loid)s in
environmental media due to extensive and large scale industrial process
(Liu et al., 2020; Wang et al., 2020, 2021). Recent studies have shown
that U isotopes and geochemical approaches can trace U sources and
processes controlling U mobility, and the potentially U isotopic frac-
tionation induced by other processes needs to be considered (Dang et al.,
2016; Dang et al., 2018a, b). For example, biotic reduction (U(VI)-to-U
(IV)) can induce a significant U isotopic fractionation, with a preferen-
tial accumulation of the heavier 2>3U in the reduced species (Dang et al.,
2016; Brown et al., 2018; Dang et al., 2018a, b). Adsorption on Mn/Fe
oxides leads to 2*°U enrichment onto the surface of the oxides, while U
(co)precipitation with phosphate has no isotopic fractionation (Bren-
necka et al., 2011; Dang et al., 2016). Understanding the processes that
induce U isotopic fractionation is conducive to the insights into the U
origin, accumulation, transport and fate in environmental media.

Herein, to systematically investigate the geochemical origin,
enrichment and migration of U in a representative sedimentary core
from a reservoir contaminated by uranium mill tailings, we apply novel
and combined approaches, including (i) total and acid-leachable U
contents of the sediments, (ii) U-Th isotopic composition, and (iii) U
valence state and bonding form in selective sediments.

2. Materials and methods
2.1. Study area and sampling site

The studied area was within the catchment of a specific granitic U
deposit, sited in the east of the Guidong granite massif, northern
Guangdong Province, China. The U deposit is mainly consisted of
medium-grained biotite granite, Early Jurassic porphyritic and Late
Jurassic muscovite microgranite, with a U reserve of 1500-5000 tons
(Yin et al., 2019). The uraniferous minerals are predominantly
composed of pitchblende, pyrite, hydrogoethite, hematite, sphalerite
and chlorite, with an average U content of 5-13 mg/kg (Liu et al., 2018).
Ever since the discovery of the first U ore in 1957, U hydrometallurgical
industry was established using heap leaching techniques with sulfuric
acid (Yin et al., 2019). The solid and liquid wastes from mining and
hydrometallurgical activities contained elevated levels of radionuclides
as well as various harmful non-radioactive elements, leading to the
concerns of environmental pollution. Herein, a representative sediment
core located in a reservoir, was harvested to explore the geochemical
cycling of U and its isotopic compositions.

Sediment core was obtained using a one-meter gravity corer in July
2012 from a reservoir, which is downstream the UMT site about 5 km
and with overlying water of 10-15 m depth. Subsequently, it was cut
into sub-samples of 10 mm length by a stainless steel blade and stored in
pre-cleaned plastic bags. The sediment specimens were dried at room
temperature and ground into powder (< 100 mm) by an agate mortar
before chemical procedures. In addition, surface water along the
stream/river that received the UMT leachate and water from different
depth of the reservoir were collected and stored in 250 ml acid-cleaned
polyethylene bottles after being acidulated by HNO3.

2.2. Measurement of total U and accompanying elements in sediment and
water

Approximately 100 mg of sediment samples and certain amounts of
68% HNOs3 and 48% HF (v/v) were mixed to digest, which were per-
formed on a hot plate of 150 °C. This process was repeated for several
times until a clear solution was obtained. After evaporating to remove
additional HF, all samples were dissolved in 2% HNOs3 for measurement.
Digestive solutions were filtered by 0.45 um nylon membrane filters
before measurement. Concentrations of U and associated metals (Cu, Zn



J. Wang et al.

pring

316 u

112 pg/y{

3ug/l %

122 pg/L *

138 pg/L *

Sediments

Stream

g/l

oo

Reservoir

Sedimentary column

Journal of Hazardous Materials 414 (2021) 125466

Uranium mill tailings

A

J Leachates
1731 1863 pg/L

X207 ug/L

Fig. 1. Schematic illustration of U distribution in the receiving river of UMT leachate. The U concentration of leachates was cited from Liu et al. (2012).

and Pb) in the sediment and water samples were determined by induc-
tively coupled plasma optical emission spectrometry (ICP-OES) (Optima
7000 DV, PerkinElmer, Inc., Waltham, USA) according to the previous
procedures reported by Wang et al. (2012). Duplicate samples, certified
reference materials (GBW07406) and blank control were performed in
the same way to ensure accuracy, which was found to be within 5% RSD.
All of the reagents were of ultrapure grade (Sinopharm Chemical Re-
agent Co., China).

2.3. Acid leachable fraction analysis

Acid leachable fraction was extracted to examine the migration ca-
pacity of metals from sediments with a single-step extraction scheme.
0.25 g of sediment samples after air drying and grinding were taken for
interacting with 0.5 M HCl (5 ml), which is required to last for 1 h and
was subsequently centrifuged. The supernatant was obtained by
centrifuging at 4000 rpm, which was then filtered by nylon membrane
filters (0.45 um). Metal concentrations in supernatant were measured by
ICP-OES. The results of determination are reliable, as the accuracy of a
standard reference material (GBW07405, National Research Center for
Certified Reference Materials, Beijing, China) was generally better than
5%.

2.4. U and Th isotopic compositions measurement

Sediments with appropriate amount were digested by HNO3 and HF,
which were then dissolved by 1% HNO3 and spiked with a tracer (*2°Th-
233-236 U) after evaporating. Ultrapure reagents obtained from Seastar
Chemicals were used in the all chemical operations, which were con-
ducted in a clean room (Shen et al., 2003). Prior to separation, Fe®t
solution was added to enrich U and Th by co-precipitation. Separated U
and Th fractions were obtained with BioRad 1-X8 (100-200 mesh,
0.6-1.0 ml column volume), which is an anion exchange resin (Shen
et al., 2002). Then, U and Th fractions were dried and then dissolved in
1% HNOg3 (+ 0.1% HF) for instrumental analysis.

The isotopic compositions of U and Th were determined on a multi-

collector inductively coupled plasma mass spectrometer, Thermo Sci-
entific Neptune (Shen et al., 2012; Cheng et al., 2013). Before mea-
surement, dilute HNO3 was adopted to physically wash the spray
chamber and micro-nebulizer for removing the contamination caused by
previous samples (Shen et al. 2002), and desolvation introduction
techniques was introduced to increase transmission efficiency (Shen
etal., 2012; Cheng et al. 2013). Isotopic compositions of U (6%8U) in the
sediments is presented 238U/2%5U value relative to that of CRM-112A
(atomic ratio, 137.832 + 0.015), which is calculated by Eq. (1).
Detailed illustration about operating conditions and data acquis-
ition/calculation had been described in previous studies (Cheng et al.
2013; Shen et al. 2012).

U/ U) e

U = (238 U/235 U)

— 1| x 1000 (@)

CRM-112A

In addition, to assess U contributions from detrital/authigenic
sources, all samples were analyzed systematically for their 234U/?%%U
ARs. 224U/%8U ARs were calculated from the equation of 23*U/2%8y
atomic ratios as Eq. (2), where 52%4U is the 2%*U/?8U atomic ratio
relative to that of U isotopic standard (Cheng et al., 2013).

82340 = (***U/*8U AR-1) x 1000 (2).

2.5. XPS and EXAFS analysis

Chemical state of Fe in sediment was measured on X-ray photo-
electron spectroscopy (XPS, Thermo Fisher K-alpha), and obtained
spectra were analyzed by Thermo Scientific Advantage software (Liu
et al., 2021). Charge correcting was conducted using the binding energy
(BE) of aliphatic carbon (284.8 eV) from C 1 s line. A spin-orbit splitting
of 13.1 eV and satellite peaks of Fe?>* and Fe>* were used for fitting Fe
2p spectra, and the proportions of Fe! and Fe3" were calculated by
respective peak areas (Yamashita and Hayes, 2008).

Extended X-ray absorption fine structure (EXAFS) of U Lyj-edge was
determined at Shanghai Synchrotron Radiation Facility (BL14W,
Shanghai, China). Obtained EXAFS spectra was processed by IFFEFIT
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Fig. 2. The distribution of total content and acid-leachable content of U and Th
in sedimentary profile.

7.0 software (Sheng et al., 2016; Sun et al., 2014; Song et al., 2018). The
fitting results of coordination number (CN), interatomic distance (R),
and Debye-Waller factor (02) were reported. The fraction of U(VI) can be
evaluated with the coordination number (CN) of U-O,y shell, which is
based on an assumption of U(VI) is in the form of UO%+ with 2 O,y
(O’Loughlin, et al., 2010; Sheng et al., 2014).

3. Results and discussion
3.1. Distinction of U enrichment

A systematic investigation of U distribution in the aqueous envi-
ronment downstream the UMT disposal site was performed and sche-
matically shown in Fig. 1. Notably, U concentrations (73-316 pg/L) in
surface water collected along the receiving river/stream significantly
exceed the limit value of Regulations for Radiation and Environmental
Protection of Uranium Mining and Metallurgy (GB23727-2009) in
China (50 pg/L), and show a remarkable decreasing trend with the
distance away from the UMT disposal site. U concentration (3 pg/L) in
surface water of the reservoir, which was about 5 km away from UMT,
was found to be within the guideline range (2-15 pg/L) proposed by the
World Health Organization (WHO). However, an elevation of U con-
centration (ranging from 3 to 138 pg/L) was observed across the water
column. The elevated U concentration found in the overlying water may
suggest the potential of U release from the sediments. Therefore, a
sedimentary core was collected from the reservoir to reveal the U
enrichment mechanism and re-migration potential.

The total content and acid-leachable content of U and Th in sedi-
ments were exhibited in Fig. 2. Elevated U contents (207.3-1117.7 mg/
kg) were found in studied sediments as compared to sediments from
other U mining/metallurgy impacting area (Kipp et al., 2009; Troyer
et al., 2014; Stetten et al., 2018), which exhibited significant accumu-
lation of U in the sediment profile. Relatively higher contents of U were
found at the middle of the sedimentary core, while Th concentrations
(74.7-131.5 mg/kg) were lower than U and with little variation, which
could be ascribed to its inactive chemical property and poor migration
capability (Kipp et al., 2009). The acid-leachable fraction, which in-
cludes the fraction of elements weakly adsorbed by sediments, incor-
porated by carbonate minerals and organic matter, was used to evaluate
the capacity of pollutants re-migration (Ayyamperumal et al., 2006;
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Fig. 3. Total U content and 23U/238U activity ratio (AR) as a function of depth
of sedimentary profile.

Jayaprakash et al., 2014). The amount of acid-leachable U is of the order
of 90.3-638.5 mg/kg, which constitutes up to 29.3-68.7% of total U
content, suggesting a serious re-migration risk, especially at the middle
depth. However, acid-leachable Th with an average content of
42.1 mg/kg and proportion of 38.0% does not vary with depth
evidently.

3.2. Differentiation of U-Th isotopes

The distribution of 2>*U/238U ARs and total U contents of sedimen-
tary profile are largely subject to depth variation, as depicted in Fig. 3.
The measured 23*U/?%®U ARs in these reservoir sediments show two
distinct features, including the upper and middle parts (samples from
W2 to W30) and the bottommost sediment (W42), where the U contents
were in the range of 337.3-1117.7 mg/kg (average 683.3 mg/kg) and
characterized with 23*U/238U ARs that are slightly less than 1.0, indi-
cating that a recent and gentle disequilibrium event might either pref-
erentially mobilize 23*U or 28U enrichment have occurred. On the
contrary, the deeper part of the four consecutive sediments (from W31
to W34) and W39 are considerably enriched in 234 relative to 2%8U with
an averaged 2**U/?%®U AR of 1.01, which is the feature of lower U
contents (245.0-299.1 mg/kg), indicating the bulk deficit of 234U or
preferentially geochemical enrichment of 2>*U in near lowermost
depths. Moreover, the upper part (samples from W2 to W10) exhibited
elevated 234U/238U ARs in comparison with the immediate underlying
sediment (samples from W11 to W17), where higher U contents were
observed. It may indicate that, the diffusion of U from the middle layer
to the upper layer under extreme hydrodynamic influence such as flood
resulting in an increase of 234y/238y ARs in the upper part, which have
also been observed in Skwarzec et al. (2002). As shown in Fig. 3, a clear
upward trend of 23*U/238U ARs as a function of depth was found at the
middle layers (samples from W11 to W30), implying the ability of U in
this segment to diffuse upwards decreases with depth. The distribution
of 34U/238U ARs have confirmed that the U in the sedimentary profile is
inclined to diffuse to the upper layer, which may be the reason for the U
concentration in the overlying water column increasing with depth
(Fig. 1).

There are several mechanisms contributing to the preferentially
release of 23U from the environmental matrix: (i) leaching from
radiation-damaged sites, (ii) oxidation, and (iii) alpha recoil (Maher
et al., 2006). 23*U-depleted matrix caused by direct ejection is only
measurable in detrital grains, while non-detrital matter such as car-
bonates, iron oxides, organic matter and clay minerals are 234U.rich
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profile from the reservoir. Error bars are quoted at the 2c level.The results
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deriving from deep segment) while that in Region 4 are from deeper parts.

(Andersson et al., 2001). Therefore, sediments with 234y/%%8U ARs being
slightly < 1.0 are comprised of U arising from both detrital and
non-detrital matter, and the contribution of detrital matter would be
higher than that of non-detrital matter. In addition, 238U enrichment is
usually associated with the reduction of U. Therefore, it is still poorly
constrained that 23*U/238U AR < 1.0 observed in the specific layers is
whether the consequence of detrital contributor outcompeting
non-detrital part or U reduction.

Sub-sediments having 23*U/2%8U AR > 1.0 are unexpected as the
values of sediment solids are normally anticipated to be lower than
unity. Numerous studies show that U isotopes can be readily sequestered
by organic matters and amorphous ferromanganese oxyhydroxides
(Berthelin et al., 1987; Dearlove et al., 1991; Yang and Edwards, 1984).
In this study, we tend to believe that U adsorption from overlying water
with 23*U/%38U AR > 1.0 onto non-detrital matter is reasonable, which
could be later precipitated onto sediment grains in the fluvial system.

According to the study from Latham and Schwarcz (1987) and
open-system empirical model (Rosholt, 1985), the U-Th isotopic features
could be explained more specifically. As shown in Fig. 4, the deeper
sediments except for W42 fell within the region 4 while other depth
sediments lie in region 1 and 2. Sediments plotted in region 1 have the
preference of removing 22*U and 2*°Th enrichment. In particular, W19
indicates that 23*Th alpha recoil is the predominant process leading to
234y.0ss (*3°Th/?**U AR ~ 1.0); meanwhile, there is a preferential
leaching of 234y (234U/238U AR < 1.0) (Latham and Schwarcz, 1987).
Samples from the surface layers (W2-W4) and the middle layers
(W11-16) are categorized into region 2 in which 230TH,234U AR < 1.0
and 2**U/?38U AR < 1.0. It is well understood for 2**U/?38U AR < 1.0,
while possible process leading to yield 22°Th/23*U AR < 1.0, might be
concerned with U precipitation from overlying water/pore water, in
which 23*U concentrations are higher than authigenic 2*°Th, under
possible hydrodynamic influence and indistinctive 2**U removal
(Latham and Schwarcz, 1987). For the near bottom sediments, the
variation of 23*U/2%U ARs and 23°Th/23*U ARs falls into region 4 in
which represents 22*U/238U AR > 1.0 and 2*°Th/?%U AR > 1.0, indi-
cating the enrichment of 23*U relative to 223U by alpha recoil injection
(Kanai et al., 1998). The enriched 2*°Th might not only result from
radioactive decay, but also from the uninterrupted contribution of
indistinctive hydrogenous Th from the water column/pore water sys-
tem; the latter could be attributed to the coexistence of hydrogenous Th
and carbonates (Dean, 2014; Lin et al., 1996).
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Table 1
Activity ratios of 234U/238U, 232Th /238U and 2*°Th/2*2Th in sedimentary profile.
Sub-samples 234y,238y ar 232Th /238y AR 230Th/232Th AR
w2 0.9900 0.2044 3.5226
W3 0.9857 0.1556 3.8135
w4 0.9861 0.1834 4.6679
W5 0.9882 0.2197 6.2388
W6 0.9890 0.1984 7.4742
w7 0.9945 0.1663 11.3607
w8 0.9919 0.1418 11.0043
w9 0.9828 0.0981 6.9285
w10 0.9883 0.1922 5.7960
w11 0.9807 0.0756 6.6891
w12 0.9758 0.0388 16.2989
w13 0.9762 0.0478 14.3151
w14 0.9781 0.0531 10.7130
W15 0.9799 0.0570 12.4692
w16 0.9817 0.0720 11.6106
w17 0.9834 0.0821 13.6525
w18 0.9810 0.0511 17.8349
W19 0.9789 0.0595 16.7286
w20 0.9851 0.0864 23.2781
w21 0.9827 0.0554 25.0469
w22 0.9846 0.0302 20.4604
w23 0.9883 0.0432 31.8711
w24 0.9879 0.0713 17.5954
w25 0.9874 0.0595 13.6583
W26 0.9930 0.0618 29.2423
w27 0.9896 0.0721 33.9716
w28 0.9956 0.0948 25.0217
W29 0.9911 0.0656 26.2012
W30 0.9936 0.0786 34.7406
W31 1.0090 0.2375 11.6292
W32 1.0140 0.2737 9.0273
W33 1.0184 0.3051 8.3551
w34 1.0212 0.3257 8.7867
W39 1.0201 0.2588 15.9416
W42 0.9868 0.0614 37.3928

3.3. Origin of the enriched U

The origin of U is classified into lithogenic and non-lithogenic U (Och
et al., 2016). Lithogenic U is commonly found incorporated into min-
erals of detrital origin (granitoid rocks) (Dawood, 2010), while
non-lithogenic U is deposited in sediments by co-precipitated with
organic matter and iron oxide (McManus et al., 2005; Sani et al., 2004).
We calculated 23*U/2%8U, 22Th/2%8U and 22°Th/?*2Th ARs to investi-
gate the origin of U in a sedimentary core, and the distribution of these
ratios were exhibited in Table 1. 232Th values were employed to evaluate
the detrital input of Th to sediments (Robinson et al. 2008). 2307} /232
ARs were further applied on the clarification of the predominant origin
of Th (detrital or non-detrital origin), and to assess the contamination of
230Th (Yusoff, et al., 2015). Normal 2°°Th/232Th ARs in sediments range
from 0.8 to 1.5 (demonstrating lithogenic origin), contamination can be
identified when 2°°Th/?3’Th AR > 1.5 (San Miguel et al. 2004). In
present study, all 22°Th/232Th ARs were in excess of 1.5 and range be-
tween 3.5226 + 0.0102 and 37.3928 + 0.1093, indicating the contam-
ination have apparently occurred as a result of being directly discharged
of UMT leachate. In addition, sediments characterized by 232Th/2%4U AR
> 1.0 indicate greater abundance of Th from detrital input, i.e., sug-
gesting dominant lithogenic origins of U and Th (Yusoff and Mohamed,
2017). Sediments printed by 234U’238U AR < 1.0, 232Th/?%®U AR > 1.0
and 2°°Th/?32Th AR < 1.0 were not observed, which indicate that all the
sediments are predominantly generated from non-lithogenic origin
(Yusoff and Mohamed, 2017). Additionally, if sediments are primarily
derived from detrital matter (characterized by preferential leaching of
234), the magnitude of changes of 23U/23°U should be positively
correlated with those in 2%°U/?34U (Brennecka et al., 2010). It was not
observed in the sedimentary core (Fig. S1), indicating that the variations
of these ratios were affected by U geochemical behaviors (typical of
redox process and adsorption).
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3.4. U enrichment mechanism

U/Th ARs were applied to unveil U enrichment mechanisms.
Oxidized hexavalent U is the most common form and soluble in most
natural waters (Langmuir, 1978), while Th is insoluble (Costa and
McManus, 2017). The obvious discrepancy of solubility for Th and U
leads to the fractionation of 2%°Th from 23*U and 22®U. Therefore,
2341,/2%8U ARs in natural waters usually lie in excess of unity, while their
230Th/23%U and 230Th/?*®U ARs are substantially lower than unity
(Plater et al., 1992). Correspondingly, 2*°Th/?**U and 2°°Th/2%8U ARs
in uncontaminated sediments are higher than 1.0. Moreover, 22°Th/2**U
AR is larger than 230Th/238U AR, since the reactivity of 2°Th « 238U <
2347 (Plater, et al., 1992). As shown in Fig. 5, the values of 230Th /234y
ARs and 23°Th/238U ARs in most of the sub-sediments are higher than
1.0 and characterized by 2307, 234y 5 2307, /238y (marked as red cir-
cle), indicating that anthropogenic activity did not mask the U/Th ARs
of bedrock weathering. However, the nethermost sediments (except for
W42) exhibit 22°Th/?*U AR < 22°Th/?38%U AR (marked as blue circle),
suggesting 234y accumulation from overlying water/pore water. Since
234 is more likely associated with Ut (P¢kala et al., 2009; Vargas et al.,
1995), U adsorption maybe the dominant process causing U enrichment
observed in these sub-sediments. Notably, sediments characterized by
20Th/234y AR and Z°Th/®%U AR < 1.0 and *°Th/®*U AR
> 230Th /238 AR are also observed (marked as green circle), which may
owe to the effects of extreme U input from the water column. Since the
values of 22*U/238U ARs in water column are usually higher than 1.0, the
input of U from overlying water would result in 2*°Th/Z*U <
230Th,/238y; the opposite result shown in Fig. 5 indicates 2°%U enrich-
ment and/or preferential removal of 22*U after U precipitation. The
preferential removal of 234U is likely to occur, since U in sediments tends
to migrate upward as discussed above (Section 3.2), while the 238y
enrichment needs to be confirmed.

§2%8U was further investigated to illustrate U accumulation mecha-
nisms. To enhance the understanding of the variability of 228U value in
U ores and sediment/water contaminated by U ore exploitation, 523U
values normalized to CRM-112A were compiled and graphically sum-
marized in Fig. 6. Clearly, §?°®U values in different ores varied from
— 0.75-2.41%0 (Uvarova et al., 2014). It is evident that §?°®U values in
all water samples (i.e., sea water, lake water and river water) lie between
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— 0.81%0 and 0.31%., with the heaviest value in sea water (Mon-
toya-Pino et al. 2010) and the lightest one in lake water (Wang et al.,
2019). 52%8U values in the studied sediment profile ranged from
— 0.6166 + 0.0076%0 to — 0.0370 + 0.0065%0, with the largest vari-
ance of 0.5796%o. In comparison, the variation of 822U values observed
in other surface freshwater sediments was — 0.6524 to 0.2167%o. with
the maximum variance reaching at 0.8690%o (Dang et al., 2018a), which
concluded that biotic reduction contributes to the extremely U isotopic
fractionation. Meanwhile, §?°®U values in sedimentary cores under
seasonal anoxia and permanently anoxic conditions ranges from
— 0.4275 to — 0.1663%o (maximum variance: A6238U:0.2612%o) and
from — 0.3007 to 0.1132%o (maximum variance: A6238U = 0.4140%o),
respectively (Wang et al., 2019), which clearly indicates that the anoxic
condition can lead to a larger U isotopic fractionation.

Actually, §2%8U of the sedimentary profile is the combination of
contributions from the bedrock weathering (natural activity) and UMT
leachate (anthropogenic activity) and subsequent biogeochemical pro-
cesses. If the 828U of sediments is only a mixture of natural and
anthropogenic sources, a positive correlation between 238U and acid-
leachable U fraction can be observed according to the binary mixing
equation/line (Eq. (3)), since this fraction of U basically comes from
anthropogenic source (Jayaprakash et al., 2008). If not, it tends to
suggest that the presence of biogeochemical processes may contribute to
the fractionation of 52%%U. As displayed in Fig. 7, 52%8U measured and
acid-leachable U contents were not positively correlated, which can be
explained by biogeochemical fractionation of U. To clarify the dominant
mechanism leading to U isotopic fractionation, the acid-leachable U
fraction as a substitution for the contribution rate of UMT was applied,
aiming to calculate the U isotopic composition (marked as 523U calcu-
lated) from the mixing of UMT and bedrock weathering. If 5%%8U measured iS
higher than 6238Ucalculated, indicating the occurrence of biotic reduction
(Basu et al., 2014; Dang et al., 2016). Conversely, U adsorption would
lead to 6238Umeasured lower than 5238Uca1cu1ated, since U adsorption on
Fe/Mn minerals would induce the accumulation of light isotope 35
in the solid phase (Dang et al., 2016), while 238(J tends to be enriched in
reductive phases (U (Basu et al., 2014).

23877\ _ (5238
0= (P Vs 14 @
5 l])(/MTi((S U)

SiUMT = (

Where (6238U)i, (8238U)UMT and (6238U)nat, are U isotopic composition of
sediment i, uranium mill tailings (UMT, anthropogenic activity) and
bedrock weathering (natural activity), respectively; Siumrt represents the
contribution rate of UMT, which has been replaced with the acid-
leachable U fraction in this study.

Sediments were classified into three categories based on the results
of 220Th /234U ARs and 2*°Th/?%8U ARs, and marked as three different
colors (Fig. 5). Fig. 7 shows that sediments with blue circle present the
lowest acid-leachable U fraction, while the corresponding 52%8Uneasured
are not the lowest and higher than its 228U calculateds indicating the fact
that U reduction occurred. This fact can be further confirmed by the
EXAFS results, where 47% of U in W39 has been found as Ut (Fig. 8 and
Table 2). According to the analysis of 23°Th/2*U ARs and 2*°Th/?%%u
ARs, U adsorption is also believed to have occurred in these sediments
(marked as blue circle). If U in these sediments was predominantly
adsorbed by Fe/Mn minerals, which will lead to a fractionation
magnitude of 0.2-0.4%o (Dang et al., 2016), more negative §2>°U values
should be observed in these sediments than other sediments. Therefore,
U in sediments (blue circle) were not primarily adsorbed by Fe/Mn
minerals but clay minerals, which can be further validated by EXAFS
analysis, where U-Al signal was observed (Fig. 8 and Table 2). Sediments
marked as green circle, with the feature of 230TH/234U AR < 1.0,
23071H,/238y AR < 1.0 and 2°°Th/23U AR > 230Th/?38U AR, imply the
accumulation of 233U. To test the speculation of 233U accumulation,
representative sub-sediments (W2 and W22) were selected to perform
EXAFS and XPS analysis. It was found that the proportion of U*" and
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FeZ* in W22 are 29% and 23.0%, respectively, both are higher than that
in W2 (U4+: 16%, Fe?': 20.2%). This result demonstrates that U
reduction plays a pivotal role in 2*®U enrichment observed in sediments
labeled as green circle, and more obvious U reduction would emerge in
deeper sediments. Notably, the 6238Umeasured of W22 is far lower than its
§2%8U qiculated, Which may indicates the co-occurrence of U adsorption on
Fe/Mn minerals, since 23°U is prone to accumulate on these minerals.
Additionally, acid-leachable U fraction of W22 is 56.8%, which is much
larger than W39 (33.0%), but its 6238Umeasured is much lower than W39,
indicating that U reduction occurring in W39 is stronger than W22,
while U adsorption on Fe/Mn minerals is dominant in W22. Which can
also be proved by the proportion of U** revealed by EXAFS character-
izations (Fig. 8 and Table 2) and Fe® determined by XPS (Fig. 9).

Likewise, sub-sediments of W3 and W11 displayed the maximum and
minimum 8%*8U neasured value in the studied profile, respectively. If the
522U peasured values are only composed of the natural and anthropogenic
sources, the 6238Umeasured of W11 should be larger than W3 because the
acid-leachable U fraction of W11 is higher than W3. However, the
opposite result indicates that the U reduction magnitude of W3 is greater
than W11. As for sediments marked as red circle, W21 has the highest
acid-leachable U fraction, whereas the largest 522U peasured value ap-
pears in W5. It is important to note that W5 contains higher amount of
acid-leachable U fraction and larger 52%8U neasured, and its U reduction
magnitude is assumed to be even stronger than W39, which had been
proved to be dominated by U reduction process according to the com-
bined results of 6238Umeasured, EXAFS and XPS analysis. The bottommost
layer (W42), where an abruptly increase of acid-leachable U was
observed, exhibits similar §%%®Upeasured and 82°2Ucalculated value. It
indicated that, U isotopic fractionation derived from U biogeochemical
behaviors was not obvious in the bottommost layer, or the fractionation
caused by U reduction had counteracted that by U adsorption. There-
fore, U enrichment in the different depths of the profile was dominated
by multiple mechanisms, including U adsorption and reduction, which
can be well identified by 22°Th/23*U ARs, 22°Th/?*®U ARs and respective
52%8U values.
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Table 2
The fitted structural parameters of U-Lyj;-edge EXAFS spectra.
Subsamples ust utt Shell R (A) CN & (A%
w2 84% 16% U-Oax 1.74(1) 1.68(1) 0.021
U-04 2.35(2) 7.32(5) 0.027
U-Al 3.62(4) 1.84(3) 0.035
w22 71% 29% U-O,x 1.72(3) 1.42(2) 0.019
U-0 2.34(1) 7.54(3) 0.028
U-Al 3.61(4) 1.92(3) 0.031
W39 53% 47% U-Oax 1.75(1) 1.06(1) 0.023
U-0q 2.34(2) 7.73(1) 0.027
U-Al 3.63(3) 1.89(4) 0.034

Note: R is interatomic distance, CN is coordination number, ¢? is the Debye
Waller factor. The fraction of U®" can be evaluated with the coordination
number (CN) of U-O,y shell, which is based on an assumption that U®" is in the
form of UO3" with 2 Oy

4. Conclusions

(1) Extremely U contamination (207.3-1117.7 mg/kg) and re-
migration capacity (acid-leachable U fraction: 29.3-68.7%)
were observed in 41 sediments from a representative depth pro-
file of a reservoir, which links to the river of receiving leachates
from uranium mill tailings.

(2) It is often very difficult to discriminate the U isotopic fraction-
ation, which is the combined result of source mixing (natural and
anthropogenic origins) and biogeochemical fractionation
(authigenic formation). However, our results suggest that U and
Th isotopic ARs, U isotopic composition (622*U) and geochemical
analysis can be used to uncover U enrichment mechanisms in 35
sediments with specific depth.

(3) The revelation of main enrichment mechanisms (reduction or
adsorption) of U in sediments with isotopic perspective is also
very useful for the assessment of stability/release risk of U in
environmental media.

This work provides a preliminary and critical practice of applying U-
Th isotopes in the study of U geochemical behaviors and enrichment
mechanism, and the theoretic framework based on field investigation
data needs further test and development with more scenarios in future.
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