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ARTICLE INFO ABSTRACT

Associate Editor: Susan Halsall Little In the marine environment, hexavalent uranium, U®*, is incorporated into primary carbonate minerals with the
same isotopic composition (5%38U) as the seawater in which they are formed. Yet, modern marine carbonate

Keywords: sediments carry heavier U isotope compositions. This enrichment of heavy U isotopes has been linked to biogenic

Uranium oxidation states U reduction in and below the Fe-reducing zone inside the sediment. Still, the oxidation state(s) of uranium in

Uranium cycling

Marine carbonate sediments
Anaerobic ion chromatography
U isotope fractionation

marine carbonate sediments undergoing syndepositional diagenesis has never been measured before. Here, we 1)
present an anaerobic ion chromatographic technique based on the TEVA® resin to chemically separate and
quantify abundances of tetravalent U** and hexavalent U* fractions in the carbonate, and 2) compare the re-
sults from ion chromatography to U L3 edge HERFD-XANES spectroscopic measurements of the total U in sed-
iments to 3) estimate U oxidation states of fresh carbonate sediments from a modern seawater-fed lake and
ancient limestones. We find that our anaerobic extraction technique can provide credible evaluations of reduced
U*t and oxidized U" contents, applicable to carbonate sediments and rocks. Our results show that U resides
both in reduced and oxidized states in modern carbonate sediments and ancient carbonate rocks. By comparing
air-exposed, oven-dried samples to samples always kept under strictly anaerobic condition, we find that the
majority of authigenic U in modern carbonate sediments resides in oxidation-sensitive phases that accumulate
with sediment depth, instead of being structurally bound in carbonate minerals (aragonite and calcite). We
propose a model to account for the observed trends in U oxidation state, U phase associations, and U isotope
fractionation, where a substantial fraction of U in the sediments is likely delivered via microbial reduction and
precipitated as a non-crystalline, reduced form near the sediment-water interface. We suggest these oxidation-
sensitive reduced U species participate in redox cycling where some U is re-oxidized and perhaps bio-reduced
again later, for example in the presence of Fe(Ill) mineral surfaces that undergo reductive dissolution with
depth. Simultaneously, a continued incorporation of recalcitrant and isotopically light (i.e. 2>®U-depleted) U from
the pore fluids into diagenetic carbonate may occur. The determination of U oxidation states in modern car-
bonates in this study helps to bridge a gap in our knowledge of how U isotope signals are affected by syn-
sedimentary diagenetic U transformations, opening new avenues for understanding sedimentary U cycling and
improving the 528U paleo redox proxy.
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1. Introduction

The oxygenation of the atmosphere and oceans, and the evolution of
life and the environment have been inseparably linked since the first
appearance of appreciable atmospheric O, concentrations at the Great
Oxidation Event (GOE) ~ 2.3 billion years ago (e.g. Berner et al., 2007;
Canfield, 2005; Cole et al., 2020; Holland, 2002; Holland, 2006; Lenton
et al., 2014; Lyons et al., 2014; Reinhard et al., 2016). Unraveling these
relationships through the reconstruction of Earth’s oxygenation and
environmental history and understanding the feedback and driving
mechanisms in the co-evolution of life and the environment are key
goals of modern geochemistry. Ocean oxygenation records are con-
structed and improved using an increasing range of sedimentological,
mineralogical, and geochemical lines of evidence. Variations in the
5238 value in ancient sediments — defined as the 2%4U/2%%U part per
thousand deviation from the universal reference material CRM-145 — are
widely taken to reflect the reduction and immobilization of uranium
under anoxic depositional conditions and used to reconstruct ocean
oxygenation through Earth’s history (e.g., Andersen et al., 2014; Dahl
et al., 2014; Zhang et al., 2020).

This palaeoredox application of U isotopes is rooted in the environ-
mental occurrence of U in its reduced and oxidized forms; i.e., U** and
U®". Here, we adopt the ionic notation, U** and U®™, rather than U(IV)
and U(VI) to ease the reading despite referring only to the electronic
charge of the element (i.e., valence state) and not its speciation. Soluble
U®" is stable in oxygenated seawater as various Ca/Mg-triscarbonato
species of the uranyl UO3" ion depending on pH, pCO2, and cation
composition (e.g. Chen et al., 2017; Dong and Brooks, 2006; Langmuir,
1978), and can be reductively immobilized as sparingly soluble U**
species either through biotic pathways (e.g. metal- and sulfate reducing
bacteria) or abiotic pathways (e.g. ferrous iron and sulfide) (Wall and
Krumholz, 2006). Such U reduction mainly occurs within sediments at
or very close to the seawater-sediment interface regardless of water
column anoxia, though partial U removal from the water-column is well
demonstrated in strongly euxinic systems (Anderson et al., 1989; Chen
et al., 2021; Rolison et al., 2017). The biotic reduction products of U
present in marine sediments likely consists of mononuclear U**-phos-
phate/silicate complexes and to lesser extent nano-crystalline Ut
phosphate of the ningyoite-rhabdophane group, or possibly nano-
crystalline and/or crystalline uraninite (UO2) or other U oxides
(Janeczek et al., 1993; Morin et al., 2016; Roebbert et al., 2021; Vettese
et al., 2020). Thus, the reduced U phases are likely embedded in an
organic matrix in the sediments.

The reduction of U is associated with a considerable enrichment of
238y relative to 2%°U, presumably arising from stable isotopic fraction-
ation during microbial U reduction (Andersen et al., 2017; Rademacher
et al., 2006; Stirling et al., 2007; Stylo et al., 2015; Weyer et al., 2008).
Experimentally determined isotope fractionation factors are dependent
on U reduction rate and range between ¢ = 0.36 and ¢ = 0.96 for mi-
crobial reduction and € = 0.23 and £ = 0.83 for abiotic reduction (Basu
et al., 2020; Brown et al., 2018). In the marine realm, anoxic sediments
express the largest U isotope fractionation with A238U5edimem_ offsets of
~ 0.7 %o from the global seawater isotopic composition of §238U =
—0.39 %o (Andersen et al., 2017; Dahl et al., 2014; Holmden et al., 2015;
Noordmann et al., 2015). The main U sinks in the modern ocean are
anoxic and suboxic sediments and U is assumed to be well mixed with a
residence time of ~ 400 ky (Dunk et al., 2002; Tissot and Dauphas,
2015). Consequently, changes in 5238 U eawater are inferred to reflect
changes in the global extent of anoxic seafloor, allowing its use as a
quantitative palaeoredox proxy in lithologies where the 6238Usample
reliably identifies coeval 5%38Useawater-

Carbonate sedimentary rocks are widely used targets for paleo-
seawater 528U reconstructions since coprecipitation of Ut with
biogenic skeletal carbonate minerals (both aragonite and calcite) pre-
serve the parent 5*°°U value in the modern ocean, and because the
carbonate rock record provides higher temporal continuity and better
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spatial connection to the open ocean than other lithologies (Chen et al.,
2017; Chen et al., 2016b; Livermore et al., 2020; Morse and Mackenzie,
1990). Some characterization of U in carbonate mineral lattices exists (e.
g., Kelly et al., 2007; Kelly et al., 2003; Kelly et al., 2006; Pingitore et al.,
2002; Reeder et al., 2001; Reeder et al., 2000; Sturchio et al., 1998).
However, the phase association and speciation of U in marine carbonate
rocks and unlithified carbonate sediments are poorly constrained
because low U concentrations complicate X-ray absorption spectro-
scopic characterization. Experiments show that U is mostly negatively
charged at seawater pH, and Ca-uranyl®'-triscarbonato complexes, e.g.,
CaUOz(C03)§", are the predominant species in modern oceans (Fig. 1).
The latter can be incorporated in aragonite crystals without a significant
coordination change whereas a significant disruption of the local
structure occurs during st incorporation into calcite (Reeder et al.,
2001; Reeder et al., 2000). Hence, the U concentration in aragonite is
typically around the Ca:U molar ratio of the parent solution, whereas the
U concentration is lower in calcite. This property has been observed to
lead to the rejection of U from the crystal structure during diagenetic
neomorphism from metastable aragonite to stable calcite (Chen et al.,
2018). In terms of oxidation states, U*" has been identified in natural
calcite samples and in limestones of Pleistocene-Neogene age, while U*
has been documented both in calcites and modern coral aragonite (Kelly
et al., 2003; Kelly et al., 2006; Pidchenko et al., 2013; Pingitore et al.,
2002; Rasbury et al., 2021; Sturchio et al., 1998; Yuan et al., 2023).

The seawater 5238U isotope value incorporated into primary car-
bonates during coprecipitation is, however, not mirrored in the buried
sediment. Variable enrichments of 233U relative to seawater have been
observed in sediment profiles across modern carbonate depositional
systems. For example, Chen et al. (2018) compiled U isotope data from
Bahamas platform drill cores and found that early diagenetic carbonates
have an average A238Uwater_sedimem offset of 0.27 + 0.14 %o (1SD)
indistinguishable from modern carbonate sediments collected from the
beach (Romaniello et al., 2013). Additionally, progressive downcore U
enrichment is observed along with a §238U value positively offset from
seawater immediately at and below the sediment-water interface (SWI)
in several examples of active carbonate depositional systems (Bura-
Naki¢ et al., 2020; Chen et al., 2018; Romaniello et al., 2013). The
propagation of such a variable signal into lithified carbonate rock adds
significant uncertainty to paleo-seawater 528U reconstructions, since
the 828U value of bulk sedimentary carbonate carries a systematic,
variable offset from overlying seawater; impossible to correct for
through additional sampling (del Rey et al., 2020). These isotopic en-
richments are typically attributed to reduction and isotopic fraction-
ation of porewater U during syndepositional diagenesis occuring
contemporaneously with or just after sedimentation while the sediments
are unconsolidated and water-rich (Bura-Nakic et al., 2020; Chen et al.,
2018; Romaniello et al., 2013; Zhang et al., 2020). The paleoredox
community has attempted to overcome this challenge through a variety
of measures such as mineralogy- and component specific analyses and
leaches (e.g., Chen et al., 2022; Clarkson et al., 2020; del Rey et al.,
2020; Hood et al., 2016; Tissot et al., 2018; Wang et al., 2022; Zhang
et al., 2020). The dynamics of this enrichment, the speciation, oxidation
state, cycling, and phase associations of U remain unconstrained, how-
ever, and 5238U values have been observed to be both correlating and
inversely correlating with downcore U enrichments, revealing a com-
plex syndepositional-early diagenetic system of which we lack knowl-
edge (e.g., Bura-Nakic et al., 2020; Romaniello et al., 2013).

In this study, we aim to further elucidate and understand the
diagenetic phase- and redox cycling of U in marine carbonate systems
using a new method to quantify U** and U®™ individually in modern and
ancient carbonaceous sediments and rocks. We test an adaptation of a
previously described ion-exchange chromatographic procedure to
separate U*" and U®" fractions (e.g., Anderson, 1984; Anderson et al.,
1989; Ervanne, 2004b; Stoliker et al., 2013; Wang et al., 2015) and
employ it to quantify reduced and oxidized U fractions of carbonate- and
surface-bound U, in a modern carbonate depositional environment and
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Fig. 1. The speciation of dissolved U in modern marine conditions is very sensitive to slight changes in pH which may affect the metal bonding, carbonation and
charge of uranyl-carbonate species. The speciation diagram was calculated with PHREEQC software (Parkhurst and Appelo), using the sit.dat database and the most
recent U thermodynamic data (Grenthe et al., 2004; Guillaumont et al., 2004; Dong and Brooks, 2006).

in a small sample set of Cambrian and Carboniferous carbonate samples.
We then perform U Ly HERFD-XANES spectroscopic measurements in
natural marine carbonate sediments at natural, ~few ppm, U-level that
could provide a more direct measure of the average oxidation state of
total U in the samples and compare the results.

2. Methods and Materials
2.1. Sample sites

2.1.1. Environmental settings at Malo Jezero

Malo Jezero (small lake) is a seawater-fed lake on the island Mljet on
the Croatian Adriatic coast (Fig. 2). It is characterized by supporting
active carbonate deposition under a seasonally stratified marine saline
water column, persistently oxic, with variable O, levels from fully oxic
through hypoxic conditions in the bottom waters (Benociv et al., 2000;

Sondi and Juracic, 2010). The lake has a maximum depth of ~ 30 m with
minor tidally driven water exchange with the Adriatic Sea through a
small channel connecting it first with lake Veliko Jezero (large lake),
then the ocean. In the early summer, pH values increase while increased
organic matter respiration and evaporation drive the development of
thermal stratification with lower dissolved O content in bottom waters.
In the past, sulfidic conditions prevailed in the bottom waters but have
not been documented for several decades. Chalcophile trace element
(incl. Mo, Cd and T1) enrichments at sediment depths greater than 17 cm
likely reflect this period (Bura-Nakic et al., 2020; Sondi and Juracic,
2010; Sondi et al., 2017). Today, sediments of the deepest part of the
lake contain 1-2 wt% total organic carbon and become anoxic imme-
diately below the sediment-water interface (Bura-Naki¢ et al., 2020;
Zivkovi¢ et al., 2023).

The total carbonate content of Malo Jezero sediments is more than
70 %, slightly decreasing with depth, with significant carbonate

Cores Mljet I & II

This study

PY Cores C1-C3

Bura-Nakic et al., (2020)

Fig. 2. Map of Malo Jezero on Mljet Island, with the sampling locations of the Mljet I and II cores (this study and Zivkocic et al., 2023, 42° 46'51"N, 17°20'57"E) and

the C1-C3 cores (Bura-Naki¢ et al., 2020).

136



K.P. Olesen et al.

recrystallization, high Mg-calcite dissolution, and aragonite preserva-
tion (Lojen et al., 2010). Several sources of sediment carbonate have
been identified. (1) Aragonite needles precipitate inorganically in the
water column during biologically induced whiting events and aragonite
constitutes ~ 55-70 % of all carbonate in the sediments with ~ half as
much calcite (aragonite/calcite ratios ranges from 1.2 to 2.4) (Lojen
et al., 2010; Sondi and Juraci¢, 2010). (2) The remaining carbonate is
detrital calcite and dolomite derived from surrounding source rocks, as
quantified from XRD analyses (Sondi and Juraci¢, 2010). The detrital
carbonate content is also illustrated by 23*U/238U activity ratios,
(234U/238U)act, scattered between that of seawater/lake water (1.137)
and secular equilibrium (x1.000), although difficulties in constraining
U sources with this method challenges precise quantification since local
soils with elevated (234U/238U)act also drain into the lake (Bura-Nakic
et al., 2020). Previous studies have suggested downcore enrichments in
234 to be an artifact of historical water-mass restriction and associated
sulfidic conditions in the lake (Bura-Nakic et al., 2020).

Recent investigations of trace metal diagenesis in the deepest part of
Malo Jezero show that metal respiration is the dominant metabolic
pathway in the very surficial sediments (0-2 cm), followed by sulfate
reduction immediately below (Fig. 3, Bura-Naki¢ et al. (2020); Zivkovi¢
et al. (2023)). In two out of the three sampled cores, U concentrations
decrease from 14-15 nM in the bottom waters to 5-8 nM in porewaters
at ~ 3 cm depth. This strong gradient in porewater U content witnesses
periodically active removal of U inside the sediments, driving a diffusive
flux of seawater U into the sediment porewaters.

The Malo Jezero sediments used in this study were cored from 2007
to 2010 (cores C1-C3, previously described with respect to U by Bura-
Nakic et al. (2020)) and in 2021 (Core Mljet I, as described by Zivkovi¢
et al. (2023)). All cores C1-C3 were sectioned under a nitrogen atmo-
sphere in a glove box immediately after sampling. Cores C1, C2 and C3
are from water depths 30 m, 22 m, and 13 m respectively. Porewater was
removed by centrifugation and the remaining sediments were freeze-
dried and stored until analysis. Core Mljet I was collected from 30 m
water depth and stored frozen with in-situ porewater. For the separation
of U oxidation states, core Mljet I samples were partitioned into 2 ali-
quots inside an anaerobic chamber in Copenhagen, one was analyzed
anaerobically and wet (B1), and one was dried aerobically in an oven
before analysis (B2).

2.1.2. Ancient sedimentary carbonate rocks
Carbonate rocks from Cambrian and Mississippian marine deposits

Core C1, 2007

Gore Mljet IT 30m, november 2021 C
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were selected for oxidation state analysis by both anaerobic extraction
and HERFD-XANES analyses.

Cambrian argillaceous limestone samples WH1-16 and WH1-24 were
taken from the Paibian stage of the Mt Whelan #1 drill core (68.25 m
and 93 m depth, respectively) through the Georgina Limestone Forma-
tion in Queensland, Australia (Greene and Balfe, 1980). These samples
are laminated micrites from around the peak of the Steptoean Positive
Carbon Isotope Excursion (SPICE) event with ~ 50 % of the U retained in
the non-carbonate fraction of the sediments, incl. clay minerals (Dahl
et al., 2014). Core sections had visible secondary veins removed with a
water-cooled saw and the surfaces were leached with 2 M HCI, dried,
crushed in a shatter box, ground to a fine powder with an agate mill and
stored until analysis (Dahl et al., 2014).

Mississippian (upper Visean) samples were collected in May 2019
from roadcut outcrops of the Dian-Qian-Gui-Xiang carbonate platform
on the Paleo-tethyan margin of Yangtze land in Guizhou, China,. Sample
KP0O19048 is a lime mudstone with abundant mm-sized brachiopod
fossils collected 10 cm below a unit-wide paleokarst feature from the
proximal platform Yashui section. Sample KPO19061 is a fossiliferous
and lithoclastic packstone collected from the distal platform Nagqing
section. The Yashui and Naqing sections are more closely described by
Chen et al. (2016a). The samples were powdered using a Dremel
microdrill with titanium drill bits, cleaned thoroughly with MQ water
and ethanol in between samples.

2.1.3. Reference materials

Repeated experiments with selective leaching followed by ion-
chromatographic separations of tetravalent U** and hexavalent US*
were performed on the modern argillaceous limestone NIST SRM-1d and
a modern Atlantic Scleractinian aragonite coral (Coco-1) from the
collection of the Natural History Museum of Denmark. Bothb materials
are well characterized in terms of their U isotope compositions (e.g.,
Clarkson et al., 2021; Clarkson et al., 2020; Dahl et al., 2017; del Rey
et al., 2020). The §%38U value of the coral is indistinguishable from
seawater (Livermore et al., 2020) and the carbonate associated U (Ucay
determined by an overnight 50 °C, 10 % acetic acid leach) in SRM-1d has
a 6238UCAU =-0.11 £ 0.04 %o (Dahl et al., 2017). These materials are in-
house reference materials as they have not been certified nor charac-
terized for their U oxidation state. The carbonate fraction in SRM-1d
likely constitutes a mixture of U*t and U®* given its positively frac-
tionated 52>8U value relative to modern seawater, whereas Coco-1 most
likely contains pure U as do other modern aragonite corals (Kelly

Gore Mljet I 30m, april 2021

A Bura-Nakic¢ et al., (2020) B Zivkovi¢ et al., (2023) Zivkovi¢ et al., (2023)
Fe, Mn (uM) U (nM) Fe, Mn (uM) U (nM) Fe, Mn (uM) U (nM)
0 5 10 15 0 20 40 0 5 10 15 0 20 40 0 L 10 15 0 20 40
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H2S (uM) H2S (UM) H2S (uM)

Fig. 3. Pore fluid concentrations of Fe, Mn and U in Malo Jezero sediments from three distinct cores, A) Core C1 (Bura-Nakic et al., 2020), B) Mljet Il (Zivkovic et al.,
2023), and C) Mljet I (Zivkovi¢ et al., 2023). Cores Mljet I and II were collected at the same location in April and November 2021, respectively. Approximate in-
terpretations of respiratory zones within sediments are colored blue (aerobic), reddish (metal-reduction) and grey (sulfate reduction). Interpretations of U diffusive
gradients and direction of diffusion are denoted with yellow arrows of arbitrary scale.
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et al., 2003; Pingitore et al., 2002).

2.2. Leaching and ion-chromatographic separation of U** and US*
fractions in carbonate samples

2.2.1. Anaerobic laboratory environment

All leaching and separation procedures were carried out inside an
anaerobic chamber (Coy Laboratory Products, type A) to minimize the
possibility of U oxidation through contact with oxidizing solutions and
air. The chamber atmosphere was 5.0 grade N, gas continuously
maintained at < 10 ppm O3, 50 % humidity, and free of hydrogen sulfide
gas. All acids and MQ water used at redox-sensitive steps were purged
with Nj gas for ~ 30 min and equilibrated with the chamber atmosphere
for a minimum of 48 h prior to contact with sample material.

2.2.2. Carbonate selective leaching protocols and bulk digestions protocols

We adopted a 0.5 M HCI leaching technique to selectively dissolve
carbonate and authigenic reactive phases while minimizing the extrac-
tion of detrital phases, such as recalcitrant organics, clays and other non-
carbonates. Similar selective leaching protocols have previously been
used for isotope studies of carbonate-associated U and shown to extract
mostly carbonate-bound U (e.g., Clarkson et al., 2020; Dahl et al., 2014).
The aim of this procedure was to (1) extract authigenic U in a matrix
suitable for subsequent ion chromatographical separation, and (2) to
retain a representative (U*"/U®")aythigenic ratio and minimize proce-
dural oxidation, rather than ensuring 100 % yields of carbonate
dissolution.

Two different approaches were used to prepare samples for leaching.
For Cores Mljet I, C1-C3, and ancient samples, the sample materials were
either freeze-dried (C1-C3) or oven-dried and powdered before analysis.
Additionally, for Core Mljet I, frozen wet sample material, kept undis-
turbed and anoxic since sampling, was thawed and analyzed without
drying and powdering. For these wet analyses, dry-basis concentrations
were calculated by normalizing to the water content, as measured on
equivalent sediment splits from a core collected simultaneously at an
adjacent location. The water content of the samples ranged from 43-50
wt%, which, when considering the sample mass and acid volume used,
dilutes the 0.5 M HCI to no less than 0.499 M HCl. Samples were
weighed off to 5-200 mg and leached in a 5-10 mL solution of 0.5 M HCl
(diluted from 37 % reagent grade, with MQ water) and 0.8 % L
(+)-ascorbic acid (99-100.5 % USP grade) to inhibit oxidation of utt by
dissolved Fe(III). The acids were mixed immediately prior to leaching to
avoid degradation of the ascorbic acid (Golubitskii et al., 2007). Samples
were vortexed immediately after acid addition to ensure complete
mixing, and the residue was allowed to settle before pipetting out an
aliquot of the supernatant for U**-U®* separation. The resin itself acted
as a filter, removing any fine particles that were not completely settled
out at the time of pipetting. The total extraction time from the samples’
first contact with acid to supernatant removal and loading onto the ion
chromatographic column was 15 min.

The total U concentration in samples were measured in a third
aliquot of samples from the Mljet 1 core. Sediment was freeze-dried and
~ 200 mg was digested in a 3 mL mixture of HNO3, HF and HCl in a
3:2:1 ratio. The samples were digested at 200 °C for 30 min in a CEM
Mars 6 microwave system. After subsequent cooling, 10 mL of 4 % boric
acid was added, and the samples were microwaved again for 15 min at
170 °C. The supernatant was then removed and diluted for mass spec-
trometric analysis.

2.2.3. U*"- U®" ion-chromatographic separation and analysis

A new ion-exchange procedure using the TEVA resin (Horwitz et al.,
1995) was modified from previous work to determine the relative
abundances of U** and U®* fractions in both modern sedimentary and
geological calcium carbonate matrices (Ervanne, 2004b; Hussonnois
et al., 1989; Pidchenko et al., 2013; Raileanu and Cecal, 2008; Stoliker
et al,, 2013). A volume of 1 mL TEVA resin (50-100 pm, Eichrom
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Technologies), washed 10x with MQ-water, was loaded into HCl-pre-
cleaned BioRad chromatography columns. The resin was further
cleaned by washing with 10 mL of 0.1 M HCl and conditioned with 10
bed volumes of 4 M HCl. Sample leachates in 0.5 M HCl with ascorbic
acid were immediately acidified to 4 M HCI using a 10 M HCI solution,
shaken gently, and a 6 mL aliquot was loaded on the column. First,
reduced U*" was eluted along with ascorbic acid, Ca and most other
elements with an additional 10 mL 4 M HCl. Hereafter, U®" fractions
were eluted with 10 mL of 0.1 M HCI. All eluents were collected in HCI-
and HNOs- cleaned Savillex Teflon beakers.

After the separation, the Teflon beakers were taken out of the
anaerobic chamber and eluents were dried down on a hotplate under a
HEPA-filtered atmosphere. All solutions were repeatedly treated with
double-distilled concentrated HNO3, and some with droplets of HoO5, to
oxidize organic matter (mostly in the U** fractions where ascorbic acid
was abundant). Ultimately, the solutions were dried down and redis-
solved in distilled ultrapure 2 % HNO3 (NORMATOM®).

Concentrations of Al, Fe, Th, Ti, U and Zr of each separated fraction,
and bulk digests, were determined in triplicate by Quadrupole Induc-
tively Coupled Plasma Mass Spectrometry (ICP-MS) on an Agilent
Technologies, USA, 7900 instrument at University of Southern
Denmark. Measurements were performed using He collision cell tech-
nology and plasma suppression was corrected for by on-line addition of
Sc, Rh and Ir to the sample flow as internal standards. The analytical
precision, given as the average RSD of triplicate measurements across all
samples, was 3.3 %, 1.9 %, 9.1 %, 7.4 %, 2.7 % and 8.1 % for Al, Fe, Th,
Ti, U, and Zr, respectively. The accuracy of the mass spectrometer
analysis is between 90 and 110 % for all elements considered here, as
estimated from the long-term reproducibility of sediment reference
materials MESS-4 and NCS DC73309 relative to their certified concen-
trations (Canfield and Naemi, 2025).

2.3. Experiments to assess the chemical separation method

Two experiments were carried out to (1, subsection 2.3.1) confirm
the capacity of the TEVA resin to separate U** and U®* at different HCl
molarities, (2, subsection 2.3.2) quantify U oxidation by dissolved Fe>*
under anaerobic experimental conditions and relevant leaching time-
scales, and (3, subsection 2.3.2) assess relevant redox effect of Fe(III)-
complexation by ascorbic acid and polyacrylic acid to prevent Fe(III)-
induced U oxidation during the leaching procedure.

2.3.1. TEVA resin affinity

The TEVA resin affinity was confirmed by employing the anaerobic
U*-US" extraction protocol (Section 2.2.3) on gravimetric U*H-Us+
mixtures across a range of known U*":U®* ratios, using the same pre-
treatment, column cleaning, load- and elution volumes. This experi-
ment confirms that the separated U aliquots are quantitatively eluted
from the resin.

Solutions with known U concentrations and oxidation states were
prepared from a Certiprep U ICP standard, assumed to be completely
oxidized, i.e. hexavalent U. The U®* was reduced to U*" with Ti(IIDCl3
in a 4 M HCl solution. The Ti(IID)-U*" solution was acidified to 10 M HCl
and Ti(IlI) was quantitatively removed by ion chromatography on a 1
mlL TEVA-loaded column (Saito, 1984). U*" was eluted with 4 M HCL
Five mixtures of U** and U®* were made from the U*" solution and the
original U®* ICP solution giving 0 %, 25 %, 50 %, 75 %, and 100 % U*",
respectively. Each mixture was loaded on a new, pre-cleaned TEVA
column following our U*" and U®" separation protocol.

2.3.2. Inhibition of Fe>"-mediated oxidation of U*

Oxidation of U*" by Fe?" is thermodynamically viable in strong
acidic solutions, whereas Fe?"-mediated reduction of dissolved U®" is
not (Du et al., 2011). Therefore, HCI-liberated Fe3* from samples is a
potential procedural oxidant, possibly causing an unsystematic bias
lowering the measured U**:U®" ratios. Several organic acids have been
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proposed as selective Fe>*-reducing agents, incl. ascorbic acid (Gavini
et al., 1987; Korkisch et al., 1958), polyacrylic acid, lactic acid, and
propionic acid (Ervanne, 2004a).

To assess the oxidative effect of Fe>™ on U** and the viability of
different compounds to inhibit this oxidation we incubated U** with
Fe®*Cl; dissolved in 4 M HCI in various U:Fe molar proportions in the
presence and absence of ascorbic acid or polyacrylic acid. In all cases,
the U-Fe mixtures were allowed to equilibrate with the antioxidant for
15 min inside an anaerobic chamber. Tetravalent U was produced as
outlined in section 2.3.1. Fe>*Cl; was used as reagent grade, ascorbic
acid in 99-100.5 % purity, and polyacrylic acid with an average mo-
lecular weight of 5,000. The antioxidant occurred in more than 2.5 times
molar excess of the oxidant, Fe®", in all solutions. Loading of the incu-
bation solutions on TEVA columns separating U** from U marks the
end of the 15-minute reaction time.

2.4. Estimating the U oxidation state using High-Energy Resolution
Fluorescence-Detected X-ray Absorption near Edge Spectroscopy (HERFD-
XANES) at the U L3 edge

Synchrotron-based HERFD-XANES spectroscopy is a sensitive tech-
nique to determine oxidation state and bonding geometry of U in various
materials. Conventional XANES spectroscopy have been applied to
environmental samples typically with > 100 ppm U (Le Pape et al,,
2020; Morin et al., 2016; Stetten et al., 2018) and rarely at the ppm level
(Pingitore et al., 2002; Reeder et al., 2000). Uranium L3 edge HERFD-
XANES spectroscopic measurements for this study were performed at
the Rossendorf beamline (BM20) at European Synchrotron Radiation
Facility in Grenoble, France using the method described in Prieur et al.
(2025) and Scheinost et al. (2021).

In the applied HERFD setup, an x-ray emission spectrometer
(Kvashnina and Scheinost, 2016) with 0.5 m bending radius and Si(220)
crystal analyzers were employed for data collection to reduce the line
broadening (Kvashnina et al., 2014, 2015). HERFD measurements were
achieved by scanning incident energy near the U L3 edge and collection
intensity at the maximum of the U L,; emission line. The synchrotron
delivered a photon flux of 2:10'! sec’! and the current in the storage ring
was 200 mA during the analyses. The incident energy was selected using
a double-crystal monochromator with Si(111) crystal. The total energy
resolution was found to be 3.2 eV and was measured at half width half
maximum of the elastic peak. Fluorescent photons were collected using a
Ketek Silicon Drift Diode (SDD).

For the analyses, powdered carbonate rock samples were packed
under ambient conditions in a 2 mm thick cardboard sample holder
equipped with six sample slots and covered with 8-um Kapton tape as
windows. Samples were analysed under atmospheric conditions, hence
O, diffusion into the sample could have occurred either during sample
preparation and/or during the ~ 8 h of analysis. Moreover, prior to the
measurements, fast time-scan tests were performed by collecting in-
tensity at the maximum of U L3 edge of uranyl compound in 0.1 s per
point for 120 s. No evidence of beam damage was observed. The U Lg
edge HERFD-XANES spectra were compared to fresh, macrocrystalline
UO, as a U** reference material and there was no drift in the energy
scale through the analytical session. The UO5 reference was made by
pressing industrially obtained uranium dioxide powder into a pellet
followed by sintering at 1700 °C under a Hy /Ar stream. The industrial
uranium dioxide, in its turn, was obtained from UFg by the gas-flame
method, followed by annealing under reducing conditions at 600-650
°C (Gerber et al., 2021). The HERFD-XANES spectra of UO; aligned with
previous studies of freshly produced UO, and not with its oxidation
products U409, U307, and U3Og (De Bona et al., 2022; Kvashnina et al.,
2014). Hence, we rule out that the U*" reference had been oxidized prior
to or during analysis. Reliable XANES spectra were collected for samples
with U concentrations > 1.2 ppm.

The Iterative Transformation Factor Analyses (ITFA) algorithm was
used to estimate component concentrations (Rossberg et al., 2003;
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Rossberg et al., 2009) by fitting spectra to the following solid state
reference materials with distinct U oxidation states and coordination
environments: U*0,, Ubtos, U*05(NO3)2-6H,0 and
USH(H20)2(U02)204(0OH)(H20),. The fitting range was 17155-17190
eV or 17155-17200 eV. Errors on the relative concentrations of indi-
vidual components are calculated as part of the ITFA algorithm, using
the Real Error Function and the secondary set of eigenvalues resulting
from abstract factor analysis of the spectral dataset (Malinowski, 1977;
Rossberg et al., 2003). The data quality of the U™ and U*" proportions
was evaluated based on the deviation of the sum of the fitted compo-
nents from 100 %.

3. Results
3.1. Separation Technique

Separations of gravimetric mixtures of U*" and U®* demonstrate that
the anaerobic separation technique faithfully reproduces U**/U%" ratios
with quantitative recovery from simple HCI matrices (Fig. 4).

Incubations of U*" with dissolved Fe>* show that partial oxidation of
HCl-liberated U** occurs within the 15-minute leaching timeframe in
solutions with molar Fe(III):U‘Pr ratios of 100-1000 or higher (Fig. 4). In
this timeframe, we observe that up to 15 % of the original U*" is
oxidized to U®*. The addition of ascorbic acid to the incubations effec-
tively inhibited Fe>*-mediated oxidation, whereas the addition of pol-
yacrylic acid did not.

The U oxidation state of the two reference materials as well as
replicate analyses of two Mt. Whelan limestone samples (Table 1) show
that the method unambiguously reproduces modern aragonite coral as
pure U®", while geological sample materials are reproduced with an
aggregate 2SD of + 23 % U*". The relatively low reproducibility stems
from two replicate analyses with low U*" contents, whereas the tetra-
valent U fraction in the other three materials reproduced within + 5 %.

3.2. Chemical separation of U oxidation states in modern and ancient
carbonates

The anaerobic U** and U®" extraction techniques reveal that be-
tween 6 % and 60 % of HCl extractable U reside in the tetravalent form
in Malo Jezero carbonate sediments and ancient carbonate rocks. Across
all samples the HCl leach extracted between 0.6 and 4.75 pg/g U
(Table 2 & S1). Fig. 5 shows the concentration of U** and U®*, with
depth, of the Malo Jezero Mljet I core. There is a strong trend of
increasing U*" contents with depth and a slight systematic decrease in
U®* contents, in the sediment split that was kept and analyzed anaero-
bically and wet. Contrary, a constant and rather small fraction (~10 £ 5
%) of total HCl-leachable U resides as U*" in the profile of the aerobi-
cally dried sediment split. On average, the Uy yields are comparable
between the batches analyzed wet and dry, though the wet analyses
yield higher concentrations in the upper part of the core, and the dry
analyses yield somewhat higher concentrations in the deeper part of the
core (Fig. 5C). Compared to bulk digests (HF + aqua regia), our dry HCI-
leaches extracted between 16-40 % of the U and wet HCl-leaches extract
between 21-59 % of the U. Some features in the depth profiles extend
across all three extraction methods (wet and dry HCl-leaches and bulk
digests), including positive inflections in U content at 5 and 9 cm depth,
and negative inflections at 7 and 25 cm depth.

3.3. Uranium oxidation state determination using U L3 edge HERFD-
XANES spectroscopy

Independent analyses of the oxidation state of total U in the samples
is performed by HERFD-XANES analysis. Accumulated U L3 edge
HERFD-XANES spectra of five modern sediment samples from Malo
Jezero cores 1-3 plus three geological samples from the Mt. Whelan drill
core, Yashui and Naqing sections are shown in Fig. 6 together with
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Fig. 4. Experimental assessments of the efficacy of the U**-U®" separation protocol. Analytical uncertainties (2SE) confined within datapoints. A) Gravimetric
mixtures of U*" and U®" in an HCl matrix are accurately reproduced from separations on the TEVA resin. The line of equality is shown as a dotted line. B) Addition of
the siderophore ascorbic acid to sample leaches effectively inhibits oxidation of U*" by liberated Fe®*, as opposed to addition of polyacrylic acid and control ex-
periments. Typical Fe:U ratios in carbonate rocks and sediments of 1000 and more may pose significant risk of procedural U oxidation.

Table 1

Overview of replicate analyses of samples and blanks, and detection limits. Uy
contents and (U*"/U)yq ratios are given as means and standard deviations of
replicate analysis populations.

Replicate # of Una RSD U*t/ 2SD 2SE
material replicate Una
analyses
ug/g %
Coco-1 7 3.04 26 0.02 0.01 0.00
SRM 1d 5 1.09 18 0.36 0.31 0.14
WH1-16 2 0.68 116 0.23 0.09 0.07
WH1-24 2 0.59 3 0.45 0.17 0.12
Weighted 0.23
2SD
Weighted 0.12
2SE
Blanks # of U Detection limits
replicate
analyses
g ng/g
Procedural 7 51-455 HClL 0.6
Blank (mean = leaches
188)
HCI blank 3 <14 Bulk 1.3
digests
Ascorbic 2 < LOD
acid blank

< 9.6 % of most dilute sample

reference spectra of U*T0,, U®T03 and U®'T0,(NO3),-6H,0. Data
quality on all samples is sufficient to resolve absorption peaks, except
KP0O19048 (0.74 ppm HCl-extractable U). Beam-induced reduction of
U®* is excluded on the basis that we observed no spectral changes during
repeated scans over the U Lg edge. Qualitatively, these analyses
consolidate that U exists in several bonding environments and likely in
multiple oxidation states. The differences between US*-uranyl and
alpha-U®*03 (no uranyl) reference spectra in terms of both wavelength
of absorption peak and post-peak shoulder features, shows that the local
bonding environment of U also affects the U L3 HERFD-XANES spectra.
The effect of ligands may complicate quantitative determination of
oxidation state, for example the broad post-peak shoulder at
17185-17190 eV is a feature characteristic of uranyl (i.e. axial U=0
bonds). The U*t0, reference has a distinct increase in absorption at
energy levels around 17210 eV that is not observed in apparently U**-
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rich samples. This spectral dissimilarity between U**-rich samples and
the U** reference material indicates that carbonate samples contain U*+
compounds that are not represented by our reference materials.

To assess the average U oxidation state in the samples, we performed
two Iterative Transformation Factor Analyses (IFTA) of the sample
spectra, assuming the spectra was composed of U*" in uraninite-form,
and U®" in either a-UO3 or uranyl-form; i.e. USt05(NO3),-6H20. This
simplification led to tentative estimates for the proportion of tetravalent
U* and hexavalent U®" in all samples (Table 3). All samples but the
surficial (C1_0_2 and C2_0_2) appear to contain both U** and U®" in
variable proportions, and the differences in U®* contents between ana-
lyses using a-UO3 and uranyl as the U%* reference are close to or within
uncertainty. We also explored the effect of including a pentavalent U>*
phase in a 3-component ITFA analysis (Table 4). Estimated proportions
of U*" and US" change significantly when pentavalent U is included in
the analyses, drastically lowering U*t contents of C1.0 2 and C2.0 2.
However, we note that differences between pentavalent and hexavalent
U phases are not resolvable on U L3 edge spectra (Ikeda et al. 2017),
leaving this result inconclusive.

Most samples show a positive correlation between HERFD-XANES
and chemical extraction U*" estimates, however, on a trend signifi-
cantly above the 1:1 correspondence line (Fig. 7). Multiple factors may
contribute to this offset, including 1) the presence of a U*" phase in the
samples that is not extracted by 0.5 M HCI leaching (e.g. clay/mica,
organic matter), 2) a partial procedural oxidation associated with the
anaerobic leaching protocol not seen when applied to Fe-doped refer-
ence materials, and 3) abundance of pentavalent U phases either
appearing as U*" in the XANES fit or reacting to hexavalent U in the
extraction procedure.

The two top-core samples (0-2 cm depth) from cores C1 and C2
display a conspicuously large discrepancy between HERFD-XANES ITFA
fits and anaerobic chemical extractions, yielding 96-100 % of total U in
the samples as tetravalent U** while anaerobic extractions show that
HCl-leachable U contains only 9-12 % U** respectively (Fig. 7).

4. Discussion
4.1. Ion chromatographic separation of U** and U®*

4.1.1. Reference materials

We have designed and tested a new anaerobic chromatographic
method to separate U** and U®* from carbonate mineral samples that
tolerably reproduces U4+/UHC1 ratios in a series of in-house reference
materials (Table 1). The method confirms expectations that a well-
preserved modern aragonitic coral (Coco-1) contains exclusively
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Fig. 5. Profiles of U species in sediments from the deepest part of Malo Jezero. Uncertainties given on U*"/Uy, ratios are the 2SE of the weighted average of repeat
measurements given in Table 1. (A) In leaches and separations of the sediment split treated anaerobically, HCl-liberated U** accumulates with depth driving a
downcore increase of the U*"/Uyq ratio. (B) In the sediment split that was oven-dried aerobically prior to analysis, nearly all U liberated is hexavalent U®*. (C)
Variations in total U leached with HCI from anaerobically and aerobically treated sediment splits are comparable, although more U is leached in shallow samples
from 0-10 cm depth whereas the aerobic extraction yields more U from deeper samples below > 20 cm depth.

hexavalent U, and that modern and ancient marine carbonate sediments
contain both U*" and U®" phases. In combination, these results also
indicate that the low pH obtained during the 0.5 M HCI leach, does not
in itself induce a reduction of U®* to U**. On average, U**/Uy ratios
reproduce within + 0.12 (2 SE), however, considerable variability is
observed for the in-house reference material SRM-1d as discussed below.

The WH1-16 argillaceous limestone was processed in duplicate with
very distinct yields: Uyc concentrations of 1.24 and 0.12 ug/g. The
reason for varying yield likely lies with the acid to sample ratio and,
thus, shorter contact time between sample and the acid (for WH1-16
replicates, we used 4.62 mg vs. 113 mg rock powder and 10 mL vs.
7.5 mL acid, respectively). Importantly, we note that the U**/Upq ratio
remained consistent between these two extractions (2SD = 0.09),
highlighting that quantitative Uyg yields may not necessarily be a
prerequisite for reliable U**/Uyq determination.

The proportion of U*" in repeated experiments of the argillaceous
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limestone SRM-1d varies considerably (2SD + 0.31). The Utif) content of
SRM1d replicates was compared with HCI leachable detrital indices Al,
Th, Ti and Zr, and Feyy, to assess whether variable leaching of auxiliary
non-carbonate phases can explain the U‘”/UHCl variability. Non-
carbonate phases present in environmental samples might include (e.
g. non-crystalline), reduced U hosted in organic compounds (Roebbert
et al., 2021; Vettese et al., 2020) phosphate-associated U such as nin-
gyoite (U,Ca,Ce)2(PO4)2-1-2(H20), lermontovite (U(PO4) (OH)e(H20)),
and autunite (Ca (UO32)2(PO4)2010-12H,0) (Le Pape et al., 2020; Morin
et al., 2016) and perhaps U associated with iron-oxides or clay-minerals
(Dahl et al., 2014). The UﬁEl content of SRM1d weakly correlates with
HCI leachable Fe and detrital indices, with p-values > 0.25. These cor-
relations indicate that our leach, possibly due to the lack of a filtration
step, partially and variably extracts U*" from a non-carbonate phase in
SRM1d. In summary, the in-house limestone references WH1-16, WH1-
24 and SRM-1d reproduce (U4+/U)Hcl ratios with an average 2SE of
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Fig. 6. Normalized U L3 edge HERFD-XANES spectra of geological samples, dried carbonate sediments from Malo Jezero (Mljet I core), and selected relevant

reference materials.

0.12. We use this 2SE as the uncertainty metric of U /Uy ratios of all
samples, aware of the caveats outlined above.

4.1.2. Uranium redox sensitivity

The oxidation experiments with fresh carbonate sediment elucidate
the U*" phases present in modern sediments, the possibility for proce-
dural oxidation in the laboratory, and the redox-sensitive cycling of U in
carbonate sedimentary environments. A comparison of a wet anaerobic
extraction and an aerobic oven-dried extraction of Malo Jezero core
Mljet I sediments demonstrated a greater proportion of reduced U in
samples always kept strictly anaerobic (Fig. 5). Further, higher U**
contents are observed at greater sediment depths as would be expected
at lower redox potential in the pore fluids. This depth increase of Uf; is
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independent of any variable leaching of detrital compounds, as evi-
denced by depth-increasing ratios of Ufify normalized to HCI leachable
Al, Fe, Th, Ti and Zr (Fig. S2). Reduced U is a minor component in
sediments treated aerobically, and the U** contents remain constant at
~ 0.2 pg/g with depth. Hexavalent U is present at all sediment depths in
both dry and wet samples. Thus, we infer that most reduced U is hosted
in a labile, air-sensitive phase in fresh carbonate mud and that another
more recalcitrant U*" phase constitutes a minor component. This
finding is consistent with recent evidence that microbial U reduction
products are labile nano- and non-crystalline U** species that have been
observed to oxidize and mobilize on short timescales, from days to
weeks (Cerrato et al., 2013, Newsom et al., 2015, Stetten et al., 2018,
Morin et al., 2016).
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Table 2
Sediment- and rock samples studied with U concentration in HCI leaches and chromatographic separations.
Sample ID Location Age Depth  Drying Air Una U*/Una Utotal Sampling
method contact reference
cm ug/g  Chromatography  ug/g
Cl102 Mljet Lake. Croatia Modern 1 Freeze dried Aerobic 1.93 0.09 3.84 Bura-Nakic
et al.. 2020
C1_30.32 Mljet Lake. Croatia Modern 31 Freeze dried  Aerobic 4.26 0.07 7.11 Bura-Naki¢
et al.. 2020
C1.38_40 Mljet Lake. Croatia Modern 39 Freezedried  Aerobic 4.75  0.06 7.9 Bura-Nakic¢
et al.. 2020
C202 Mljet Lake. Croatia Modern 1 Freeze dried Aerobic 2.01 0.12 3.06 Bura-Naki¢
et al.. 2020
C3.2022 Mljet Lake. Croatia Modern 21 Freezedried  Aerobic 3.97 0.15 4.62 Bura-Nakic¢
et al.. 2020
WHI1-16 Mt. Whelan Drill Core. Georgina Cambrian Aerobic 1.24  0.20 NA Dahl et al.. 2014
Limestone Formation. QLD. Australia
WH1-24 Mt. Whelan Drill Core. Georgina Cambrian Aerobic 0.60  0.51 NA Dahl et al.. 2014
Limestone Formation. QLD. Australia
KPO_19061 Nagqing. Guizhou. China Mississippian Aerobic 1.60 0.60 NA This work
KPO_19048  Yashui. Guizhou. China Mississippian Aerobic 0.74  0.28 NA This work
MljetIB1.1  Mljet Lake. Croatia Modern 1 No drying Anaerobic 2.2 0.13 3.7 This work
MljetIB1 2  Mljet Lake. Croatia Modern 3 No drying Anaerobic 1.8 0.35 3.7 This work
MljetIB1.3  Mljet Lake. Croatia Modern 5 No drying Anaerobic 2.3 0.42 6.1 This work
Mljet1B1 4  Mljet Lake. Croatia Modern 7 No drying Anaerobic 2.2 0.34 4.7 This work
MljetIB1 5  Mljet Lake. Croatia Modern 9 No drying Anaerobic 2.6 0.40 7.9 This work
MljetIB1 6  Mljet Lake. Croatia Modern 21 No drying Anaerobic 2.6 0.56 8.0 This work
MljetIB1.7  Mljet Lake. Croatia Modern 25 No drying Anaerobic 1.7 0.55 8.1 This work
MljetIB2.1  Mljet Lake. Croatia Modern 1 Oven dried Aerobic 0.81 0.14 3.7 This work
MljetIB2.2  Mljet Lake. Croatia Modern 3 Oven dried Aerobic 1.07 0.08 3.7 This work
Mljet1B2.3  Mljet Lake. Croatia Modern 5 Oven dried Aerobic 1.78 0.10 6.1 This work
Mljet1B2.4  Mljet Lake. Croatia Modern 7 Oven dried Aerobic 0.75 0.14 4.7 This work
MljetIB2.5  Mljet Lake. Croatia Modern 9 Oven dried Aerobic 2.30 0.08 7.9 This work
MljetIB2.6  Mljet Lake. Croatia Modern 21 Oven dried Aerobic 3.24  0.06 8.0 This work
Mljet1B2.7  Mljet Lake. Croatia Modern 25 Oven dried Aerobic 2.91 0.09 8.1 This work
Table 3

Iterative transformation factor analysis of XANES spectra with two components: U(IV) as UO, and U(VI) as either UO3 or Uranyl UO,(NOs3),. Fitting range
17,155-17,190 eV. Error estimates are calculated as part of the ITFA algorithm, using the Real Error Function, as described in section 2.4.

Sample ID Combination between UO, and UO3 Combination between UO, and Uranyl
U0, UO3 Total U0, Uranyl Total
fraction + fraction + fraction + fraction +
C1.02 0.96 0.04 0.00 0.04 0.96 0.96 0.03 0.00 0.03 0.96
C1.30.32 0.50 0.04 0.48 0.04 0.98 0.58 0.03 0.40 0.03 0.98
C1_38_40 0.52 0.04 0.48 0.04 1.00 0.60 0.03 0.40 0.03 1.00
C2.02 1.00 0.04 0.00 0.04 1.00 1.00 0.03 0.00 0.03 1.00
C3.20_22 0.63 0.04 0.42 0.04 1.05 0.70 0.03 0.35 0.03 1.05
KP0O19061 0.89 0.04 0.12 0.04 1.01 0.91 0.03 0.10 0.03 1.01
WH1-16 0.71 0.04 0.29 0.04 1.00 0.76 0.03 0.24 0.03 1.00
Table 4

Iterative transformation factor analysis of XANES spectra to three components: UO,, mixed valence U(V)-U(VI) (oxy)hydroxide U (H,0)2(U%"04),04(0OH)(H,0)5,
and Uranyl UO2(NO3),. Fitting range: 17,155-17,200 eV. Error estimates are calculated as part of the ITFA algorithm, using the Real Error Function, as described in

section 2.4.
Sample ID U /U)nc utt Ust —uet uet Total
fraction + fraction + fraction +
C1.02 0.09 0.75 0.04 0.20 0.02 0.05 0.05 1.00
C1.30_32 0.07 0.46 0.04 0.16 0.02 0.32 0.05 0.94
C1.38_40 0.06 0.38 0.04 0.31 0.02 0.27 0.05 0.97
C2.02 0.12 0.46 0.04 0.75 0.02 0.00 0.05 1.21
C3.2022 0.15 0.24 0.04 0.57 0.02 0.22 0.05 1.03
WH1-16 0.20 0.73 0.04 0.01 0.02 0.24 0.05 0.99
KPO_19061 0.60 0.48 0.04 0.57 0.02 0.00 0.05 1.05

Tetravalent U may be oxidized by dissolved Fe>* even under (Fe

3+/

U4+)HC1 molar ratios of 1000 (section 3.1). Table 5 shows that Feyc to

Upycy ratios were between ~ 2,500-11,300 during anaerobic leaches of

Mljet I sediments, though likely only a fraction of the liberated iron was

Fe3*, since leaching of Fe oxides requires a reducing extractant and
longer timescales (e.g., Poulton et al., 2005). Nevertheless, the oxidation
of U*" is effectively inhibited when ascorbic acid is present in molar
ratios with Fe3 of ~ 2.5 or higher (section 3.1). Higher molar ratios
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Fig. 7. Iterative Transformation Factor Analyses (ITFA) of sample U oxidation state from U Ls edge HERFD-XANES spectra plotted against chromatographic sep-
arations of HCI extractable U** and U®*. ITFA results using UO3 and Uranyl as the U®* reference component are shown in green and blue respectively. Error bars on
ITFA results are calculated as part of the ITFA algorithm (section 2.4 and Table 3), while error bars on the chromatographic separation is the 2SE of in-house
reference materials (section 4.1.1, Table 1). Most samples plot above the 1:1 line and show a higher proportion of U*" from HERFD-XANES analyses than in
recorded by the anaerobic extraction protocol of carbonate associated U. This can be mostly explained by the presence of U*" phases not extracted by HCl. However,
surficial sediments from Malo Jezero core C1 and C2 almost exclusively consist of U*" according to the U Ls edge HERFD-XANES spectra whereas anaerobic
chromatographic analyses suggest carbonate associated U is mostly hexavalent. We infer that the estimated U oxidation state from U L3 edge HERFD-XANES spectra
depends on reference materials with similar coordination environment, and therefore may sometimes give erroneous results.

Table 5
Extraction yield (Uycy), Fe/U and Ascorbic Acid/Fe ratio in the anaerobic HCl
extraction.

Sample Sediment Una Feyq Fenc/Unal Ascorbic Acid/
name depth (ug/ (ug/ (molar Feual
(cm) g) g) ratio) (molar ratio)
MljetIB11 1 2.17 4253 8314 6.0
Mljet1B1 2 3 1.88 5001 11,306 5.1
MljetIB1.3 5 2.30 2616 4827 9.7
MljetIB1 4 7 2.24 3627 6886 7.0
MljetIB1.5 9 2.63 1872 3022 13.6
MljetIB16 21 2.61 1507 2454 16.9
MljetIB1.7 25 1.74 1367 3346 18.6

(6-19) were attained during the leaching and, thus, we find no evidence
that (U4+/U)yc ratios were altered through U oxidation by Fe>* during
anaerobic leaching of Mljet I sediments (Table 5).

4.1.3. Comparing chromatographic and spectroscopic U oxidation state
analyses

The robustness of the U oxidation state measurements in modern and
geological carbonate samples was assessed by comparing results from
the anaerobic TEVA separation to the results obtained by HERFD-XANES
spectroscopy. The energy of U L3 edge (17176-17179 eV) provides a
measure of the average oxidation state of total uranium in samples with
similar ligands and coordination environment (Kosog et al., 2012),
whereas our anaerobic ion chromatography procedure quantifies HCl-
leachable U partially leached and separated into tetravalent and
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hexavalent forms from carbonate-containing samples. The comparisons
were made with the two ancient carbonate rock samples and samples
from the C1-C3 cores. Thus, only samples that were dried down,
powdered and stored under aerobic conditions, prior to HERFD-XANES
analysis and anaerobic extractions, are considered. Therefore, the
samples applied for HERFD-XANES analyses likely underwent some
oxidation prior to analysis. Since we use the same, potentially oxidized,
samples for comparison to the chromatographical analyses, we consider
them well suited for a comparison despite not reflecting their original
sedimentary U oxidation state.

In most samples analyzed by both HERFD-XANES and our new
anaerobic extraction method, we observe a positive correlation between
the U** fraction in the HCI leach and the total UO,, fraction estimated
from bulk rock HERFD-XANES analyses. This correlation suggests that
some U-phases have been accurately identified by both methods (Fig. 7).
However, our HERFD-XANES analyses indicate significantly higher
proportions of tetravalent U, representing 50-100 % of the total U in
modern carbonate sediments and 70-90 % in geological limestone
samples (Table 3). This is based on fitting the HERFD-XANES spectra
with only hexavalent and tetravalent U reference materials. In contrast,
anaerobic ion chromatography of the HCl-leachable fraction yields a
much lower U*" content—just 6-15 % for sediments and 20-60 % for
limestone samples. The discrepancy is particularly large for Malo Jezero
surface sediment samples (Fig. 7). We consider four possible causes
contributing to the offset from the 1:1 linear correlation line.

First, tetravalent U phases, not extracted with a short leaching in 0.5
M HCI, could be present in the bulk samples, including crystalline and
non-crystalline UO5 hosted in clays, phosphates, oxide minerals, and
detrital organic matter. Bura-Nakic et al. (2020) found that authigenic U
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in Malo Jezero samples accounts for ~ 50 % of bulk U in the sediments
with the rest in detrital phases. Their estimates of authigenic U con-
centrations and §2%8U,, values were calculated as the deviation from a
mixing line between the two local detrital endmember Uy concen-
trations and isotope signatures. Our U yields from 0.5 M HCl extractions
correspond reasonably to their calculated authigenic U concentrations
on the same samples (Table S2). In general, samples from core C1 match
well while Uyg concentrations in samples from cores C2 and C3 are
higher than calculated U,yu. Hence, we infer that our HCI leaches has
quantitatively extracted most authigenic U and, thus, the higher U**
contents estimated with the HERFD-XANES method unlikely reflects an
authigenic U*" phase, but perhaps an allogenic (detrital) U phase that
could not be extracted by HCL. If we assume that all residual U (not
extracted by HCI) is tetravalent uranium; e.g., in the form of UOg, then
we should find 25-55 % UO5 in the HERFD-XANES spectra. This is still
less than calculated by fitting components to the observed spectra
(50-100 %). Therefore, the presence of detrital U phases may influence
the comparison of chromatographic and spectroscopic results, however
the positive offset from the 1:1 line from all studied samples is beyond
partial explanation by a U**-rich HCl-residue alone.

Secondly, we considered procedural oxidation during acid leaching
and/or chromatographic separation. All samples were handled anaero-
bically during sample leaching, and ascorbic acid was added in excess of
the reactive Fe concentration, which we have shown (section 4.1.2)
effectively protects against U*" oxidation by dissolved Fe>* in the HCI-
leaches. Moreover, U oxidation by manganese is not observed in a
similar extraction procedure (Yuan et al., 2023). Although, we cannot
completely rule out U oxidation with other redox-sensitive elements, we
are not aware of a process that could have driven U oxidation in our
leaching procedure.

Third, the lack of appropriate reference materials for the ITFA
principal component analysis may contribute to the discrepancy be-
tween chromatographic and spectroscopic analyses. For instance, crys-
talline uraninite (UOy) was used as the utt reference; however, as
discussed in Section 4.2, the U** phases present are likely nano- or non-
crystalline microbial reduction products, potentially uranium-
phosphate complexes. Unlike uraninite and the uranyl ion, which are
characterized by nearly linear oxo-ligands (O U=0), uranium-
phosphate species formed through microbial U reduction lack these
distinctive double-bonded oxo-ligands (Morin et al., 2016). The ubt
reference material used here is a hydrated uranyl-nitrate compound. In
marine environments, however, uranyl-triscarbonato species incorpo-
rate into aragonite and calcite lattices with no or little change in coor-
dination chemistry — that is, as a distinct species with ligands differing
from those of the reference material (Reeder et al., 2001; Reeder et al.,
2000). These differences in local bonding environment may cause shifts
in absorbance peaks and variations in spectral features between U** and
U references and U*t and U®* in the samples when measured on the
U-L3 edge. Additionally, if pentavalent U* is present, then that may
complicate ITFA interpretations further, since U>" is not resolvable as a
significant shift in absorbance peak of the U-Lg edge. A better agreement
between spectroscopic and chromatographic results arises when the
UsH.utt oxyhydroxide U5+(Hz0)2(U6+02)204(OH)(H20)2 is included as
a third component in the ITFA fit. In fact, applying a three-component fit
dramatically decreases the estimated U*" content especially in the two
shallow samples. With all three reference materials included, U** ac-
counts for 24-46 % of total U in the deeper Malo Jezero sediments from
20-40 cm depth, and declining from nearly ~ 100 % to 46-75 % in the
surface sediments (Table 4). Thus, more appropriate reference materials
may reduce the discrepancy between HERFD-XANES and ion chro-
matographic estimates of U** and U%" contents.

Conclusively, we need an improved assessment of the carbonate-
associated U*" and U°* phases in marine sedimentary environments.
To move forward, we recommend more extraction experiments testing
procedural oxidation (e.g. a systematic study of the effect of extraction
yields, deliberate oxidation experiments with a mix of redox sensitive
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metals) and development of U-M4 edge HERFD-XANES spectroscopy
applicable to ppm-level samples. Using the U-M4 edge would directly
probe oxidation state through the 3d-5f spectroscopic transitions
compared to the U-Lg edge, which is easier analyzable but more coor-
dination sensitive (Kvashnina et al.,, 2013; Kvashnina and Butorin,
2022).

4.2. Characterization of U in modern carbonate sediments

Importantly, we observe that U** accumulates with depth in the
iron- and sulfate-reducing zones of the aragonitic and calcitic Malo
Jezero sediments (Figs. 3 & 5). Further, air-exposed samples that were
dried aerobically prior to analysis contain little to no U*", regardless of
the sediment depth and redox zone from which they were collected. This
observation indicates that the accumulating U** resides in labile, air-
and oxidation-sensitive phase(s). The presence of highly oxidation-
sensitive U*" phases in the Malo Jezero carbonate sediments is
coherent with recent evidence that microbial U reduction produces
various non-crystalline and labile U*" phases in other reducing envi-
ronments (Alessi et al., 2014; Bhattacharyya et al., 2017; Bone et al.,
2020; Cerrato et al., 2013; Morin et al., 2016).

There are likely two main authigenic sources of U to the sediments:
(1) dissolved U®* carbonate anions diffusing across the sediment-water
interface that are reductively immobilized inside the sediments and/or
perhaps directly incorporated into diagenetic minerals, and (2) partic-
ulate U®" captured in primary authigenic carbonate, such as aragonite
deposited onto the sediment pile during whiting events (Sondi et al.,
2010). The extraction results show that the U** fraction increases from
~ 0 % to ~ 45 % and that total Upy content increases from 3.7 to 6.1
pg/g in the uppermost ~ 5 cm of the sediment column. This downwards
increase in both U content and U*" fraction, suggests that the down-
wards diffusive U flux (Fig. 5) is immobilized via reduction, and delivers
a substantial fraction of the U present in the Malo Jezero sediments.
Interestingly, U®" still accounts for upwards of half of the HCI-
extractable uranium (Uycy) throughout the sediment core (Table 2).

4.3. Uranium burial and rapid redox-sensitive recycling in marine
carbonate settings

The steady increase in the Ui fraction in the uppermost 5 cm of the
sediment column stands in contrast to the abrupt and large isotope offset
immediately below the SWI. The most surficial sediments have 6238Uauth
values offset by 0.65 + 0.17 %o relative to dissolved U in the overlying
water column (Fig. 8, Bura-Nakic et al. (2020)). This isotopic offset in-
dicates that surficial sedimentary Uaym (~ Ugc) has experienced sig-
nificant reductive isotope fractionation, despite consisting
predominantly of U, We propose a model of U delivery and synde-
positional/early diagenesis in Malo Jezero that accounts for the
decoupling of U oxidation states and U isotope compositions in the
sediments through extensive redox-sensitive U cycling near the sed-
iment-water interface.

The 528Uy value of authigenic U in the Malo Jezero sediment
cores is offset from overlying seawater immediately at the sediment—-
water interface by at least + 0.65 £ 0.17 %o. Additionally, if some
portion of the authigenic U is, in fact, U®* hosted in primary carbonate
minerals with seawater 8 23U composition, then the + 0.65 & 0.17 %o
offset is diluted and the effective isotope fractionation expressed in the
sedimentary U** must be even greater. The magnitude of the isotope
offset is similar to the isotope fractionation between reactant and
product for microbial U reduction (up to + 1 %o; Basu et al., 2020). Given
only 13 % of Uyc) was extracted as reduced U*tat0-1 cm depth, where
the U isotope offset is largest, we infer that most of the microbial
reduction products have been quantitatively oxidized likely near the
sediment-water interface. This reoxidation might occur in a process like
that observed when UO, and U°*-magnetite is oxidized upon air expo-
sure. The reoxidation process may occur with a ‘rind effect’ where one
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layer of the reduced U is completely oxidized before the next layer is
exposed to the oxidant. Hence, this will impart little or no U isotope
fractionation and does not counter the isotope fractionation imparted by
original microbial reduction (Pan et al., 2022; Wang et al., 2015).

Oxidation of U** may occur on mineral surfaces with Fe>*-con-
taining oxide minerals present in the environment (Ginder-Vogel et al.,
2006; Ginder-Vogel et al., 2010; Sani et al., 2004; Sani et al., 2005; Wan
et al., 2005). Biogenic non-crystalline U*" is strongly susceptible to
oxidation even under short periods of oxidative conditions (Cerrato
et al., 2013; Newsome et al., 2015). Thus, labile U** or U phases
hosted in microbial reduction products (Vettese et al., 2020) could
naturally experience periods of oxidation depending upon decomposi-
tion of cell material and fluctuations in the Oy penetration depth
(perhaps modulated by the occurrence of bioturbating animals). With
sediment depth and declining redox potential, this reoxidation likely
ceases, and labile U*" becomes the dominant HCl-leachable U-bearing
phase.

If surficial U®* is indeed a product of rapid reoxidation of microbially
reduced uranium, as we propose, it must be, at least temporarily, sta-
bilized in the sediment following reoxidation. While the exact form of
this U®" phase remains unidentified, several possibilities exist. For
instance, the uranyl-triscarbonato ion readily integrates into the
aragonite lattice, suggesting that diagenetic carbonate transformations
may provide host minerals for utt (Reeder et al., 2000). Hexavalent bt
can also adsorb onto iron hydroxide surfaces; in oxic bicarbonate solu-
tions with low concentrations of environmentally relevant U, 80-100 %
of U®" binds to hematite within the pH range of 7-8 (Ho and Miller,
1986). Additionally, hexavalent U can precipitate as insoluble com-
pounds, including uranyl-hydroxides (such as schoepite), uranyl-
phosphates (e.g., autunite), and, under conditions of high pCO,—such
as in respiration-rich waters—uranyl-carbonates (e.g., rutherfordine)
(Burns and Finch, 1999). Indeed, if one assumes environmentally rele-
vant concentrations of Ca%* = 10 mM, PO = 0.2 uM, CO3" = 0.05 uM,
and a pH of 7, then the uranyl ion is saturated with respect to meta-
schoepite, autunite and rutherfordine at concentrations of 2.2 nM, 0.02
nM, and 30 nM, respectively (Miihr-Ebert et al., 2019). Supporting ev-
idence comes from analyses of calcite- and dolomite-rich, U-

contaminated topsoils by Morris et al. (1996), which indicate that
hexavalent U is both prevalent (constituting 75-95 % of bulk U) and
stabilized in schoepite- and autunite-like phases. In any case, the destiny
of U%* forming on early diagenetic phases depends on its stability.

Clearly, uranium removal from pore fluids into sediments proceeds
at greater depths inside the sediments. Although, we did not measure the
oxidation state of U in the pore fluids, it is likely that U exists primarily
as the hexavalent Ca-uranyl-triscarbonato species in Ca-rich anoxic
porewater (Anderson et al., 1989; Brooks et al., 2003; Kelly et al., 2006).
Residual dissolved U%* from microbial reduction will have a light §23%U
value, complementary to the heavy 52°%U value of initial reduction
products. With depth this downwards diffusing residual U likely pre-
cipitates by microbial reduction or perhaps via incorporation of hex-
avalent U into diagenetic carbonate minerals (Bura-Nakic et al., 2020).
Reductive U removal in a closed-system manner can explain the gradual
trend with depth towards more seawater-like 233U values (approaching
—0.4 %o), as well as more seawater-like 234U/238Um ratios (approaching
1.147), as well as the increasing proportion of tetravalent uranium with
depth inside the sediments (Fig. 8).

4.4. Implications for paleo-seawater 5§2>8U reconstructions

We have demonstrated that a range of modern carbonate mud and
ancient limestone rock samples contain both U®* and U*" phases. The
preservation of mixed U oxidation states in ancient carbonate samples
opens interesting avenues to improve paleo-seawater 52%8U re-
constructions that currently suffer from diagenetic overprints of vari-
able, and currently unpredictable, magnitude (Chen et al., 2018; del Rey
et al., 2020). Our model suggests that microbial U®* reduction produces
air-sensitive U phases that are easily oxidized, and that the oxidation
step imposes little or no isotopic consequences on the sediment. This
means that hexavalent U in sediments either carries seawater isotope
composition (e.g. in primary aragonite and calcite minerals) or a heavier
52380 value depending on whether carbonate sediments naturally host
oxidized microbial reduction products.

So far, we have seen no indication that U*" in geological rock sam-
ples is oxidized during sample treatment in the laboratory. Possibly, the
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5238 value of the individual U** and U®* fractions can help elucidate
the extent of U cycling at the sediment-water interface, the syngenetic
and diagenetic origins and perhaps help to quantify the ‘openness’ of the
sediment system with respect to reductive U removal and exchange with
the overlying water column. In this light, our anaerobic extraction
method offers an interesting new avenue for oxidation-state specific U
isotope analyses in carbonate materials that can help fingerprint redox-
dependent U cycling in the (sub)surface environment and improve
paleoredox reconstructions by identifying specific U®* phases in rocks
that are more likely to preserve the composition of ancient seawater.

5. Conclusions and perspective

The determination of U oxidation states in Malo Jezero carbonates in
this study reveals a complex system of redox and isotopic trans-
formations affecting uranium during syndepositional diagenesis in car-
bonate settings. The anaerobic extraction method developed here
provides new opportunities to understand these processes in greater
detail.

Our results demonstrate that the TEVA resin-based procedure for
anaerobic ion-exchange separation of U*" and U®" is a viable method for
studying U oxidation state distributions in both modern and ancient
carbonate sediments. The proportion of U*" in carbonate matrices can
be reliably reproduced when care is taken to perform leaches anaero-
bically and minimize procedural oxidation. Therefore, we stress the
need to monitor procedural oxidation in future extraction and recom-
mend that synchrotron data is collected under cryo and/or strictly
anoxic conditions.

We have performed HERFD-XANES analyses in marine carbonate
sediments containing as little as ~ 1 ppm U, comparable to the U con-
centration in the average upper crust, demonstrating a new pathway for
investigating bulk uranium speciation in most environmental solid
samples. Yet, more environmentally relevant uranium reference mate-
rials are necessary to assess the accuracy of bulk U oxidation state
analysis.

We propose a model for early diagenetic U cycling in carbonate
sediments, in which U enters the sediment primarily as U®* incorporated
in hydrogenous aragonite, and as isotopically fractionated labile, non-
crystalline, and nanometric U*" that can undergo extensive re-
oxidation within the upper millimeters to centimeters of the sediment.
As residual oxidants become scarcer with depth inside the sediment,
microbially reduced U** increases at the expense of labile U™ and likely
a subordinate fraction of the residual US" that escaped reduction at the
sediment-water interface diffuses further into the sediments and gets
reductively immobilized with depth.

Our method to separate U™ and U*" provides intriguing prospects
for oxidation-state-specific U isotope analyses of carbonate sediments.
Isotope analyses of hexavalent uranium in carbonates may offer a more
reliable record of ancient seawater compositions, providing more ac-
curate paleoredox reconstructions with less uncertainty induced by
diagenetic overprint. Future studies of oxidation state-specific
234y,/238Y ratios in diagenetic environments may enlighten the dy-
namics of what U reservoirs partake in U redox cycling and constrain
directions of U movement between distinct mobile and immobile phases.
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