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Uranium is a redox-sensitive trace element that under certain sedimentary conditions will reflect changes in past
biological productivity and/or deep ocean ventilation. Applications for the isotopic composition of U (234U 28y
activity ratio, 52>*U or the per mil deviation from secular equilibrium) as a paleoceanographic proxy, however,
remain largely unexplored in pelagic sediments. We present 5*>*U of bulk U for a 504-kyr record of South
Atlantic core ODP 1094, a record that has exhibited sensitivity to bottom water formation with minimal 238U
remobilization due to changes in redox condition. Sedimentary 52**U at time of burial was modeled given
authigenic and detrital sources, where it was found that §23*U has a reoccurring pattern of anomalous behavior
around deglacial transitions. In many cases, the anomalous §>*U compositions in sediment exceeded seawater,
which is not consistent with its expected sources. A mass balance of ?>*U across these anomalous sections showed
that vertical rearrangement of 23U can explain anomalous sedimentary §2**U during Marine Isotope Stage (MIS)
7/8 and 11/12 transitions, as well as partially during MIS 5/6 and MIS 9/10. The distribution of these anomalies
is likely consistent with the idea that deglacial spikes in aU, resulting from periods of high organic carbon de-
livery and thereby strong reduction in the sediments, act as a persistent sink of 23*U alpha-recoiled from
vertically adjacent sediment layers after burial. While this mechanism explains the negative 5°>*U anomalies,
there is a large subset of positive 5234U anomalies that cannot be explained by vertical diffusion of 234U in pore
waters alone. This excess 22*U points to an extremely high 5%>*U source to seawater during deglaciation or
additional diagenetic effects such as diffusion from lateral heterogeneity in the redox state of sediment at depth.
We find that 523U of pelagic sediment may be useful to identify fine-scale pore water migration of alpha-recoil

products.

1. Introduction

The Southern Ocean acts as a hub for thermohaline circulation and is
an important driver of global heat, nutrient, and carbon cycles. One of its
more salient elements is the formation of Antarctic Bottom Water, which
is a control on deep ocean circulation and glacial carbon transport.
During glacial periods, there is reduced atmospheric carbon dioxide
(Delmas et al., 1980). This carbon must ultimately have been stored in
the deep ocean during these periods as this is the only mechanism where
the reservoirs equilibrate on needed time scales (Broecker, 1982),
although the mechanisms for this process are still being debated (Sigman
et al., 2010). Regardless, any increase in the carbon storage capacity of
the biological pump, which ultimately decrease atmospheric CO5 con-
centrations, also lowers the inventory of deep sea dissolved oxygen
proportional to the Redfield ratio of respiration (Broecker, 1982; Sigman
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et al., 2010). This relationship allows for past ocean carbon storage to be
qualitatively constrained using deep sea dissolved oxygen budgets
(Anderson et al., 2019; Francois et al., 1993). One method to assess
oxygen delivery to the deep sea by bottom water ventilation, when
combined with proxies for organic matter flux, is the use of redox-
sensitive trace metals in sediment (Francois et al., 1997).

One such redox tracer is U, which is soluble and well-mixed
throughout the world’s oxygenated oceans; however, U becomes insol-
uble in suboxic pore waters (Ku et al., 1997). In an oxygenated water
column, U forms soluble uranyl-carbonate species, however in anoxic or
suboxic conditions, reduces from its hexavalent state to an insoluble
tetravalent state. Its residence time in seawater far exceeds the time
scale of global ocean mixing and individual glacial-interglacial cycles,
leading to the assumption that U chemistry is relatively unchanged over
these time scales (Esat and Yokoyama, 2006). Authigenic uranium (aU),
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which is formed by in situ precipitation in oxygen depleted pore waters,
has been used as a proxy for changes in circulation/ventilation (Francois
et al., 1993; Hayes et al., 2014) and organic carbon delivery (Jaccard
et al., 2013). The other major component of U flux to the sediments is
detrital U, supplied via continental sources including rivers, aeolian dust
deposition, or ice rafted debris. Because of its redox sensitivity, records
of U are potentially prone to post-depositional alteration, such as “burn-
down”, which can complicate the use of U as redox paleoproxies (Wilson
et al., 1986). This study explores bulk sedimentary U isotope ratios as a
diagnostic tool for the diagenesis of U after burial.

234 U 234 U

23457 __
oV =g,/ =0,

) — 1)*1000 )

where 523U is the isotopic composition of U as a per mil (%o0) deviation
from secular equilibrium. (®34U/2%8U) ppeas is the measured activity ratio
and (P'U/?®U), is the activity ratio of U isotopes at secular
equilibrium.

Both aU and detrital U have unique U isotopic compositions stem-
ming from systematic fractionation during the U cycle. Variations in
52%*U from secular equilibrium occur from alpha-recoil, where the
alpha-decay of 233U ejects its daughter isotope 2>*Th out of the mineral
lattice entirely or into a damaged lattice site. Subsequently 2>*Th (half-
life 24.1 days, Knight and Macklin, 1948) and its daughter 22*™Pa (half-
life 1.17 min, Firestone et al., 1998) beta-decay into the longer-lived
234y (half-life 245,620 yrs, Cheng et al., 2013). Alpha-recoil thereby
gives 2*U a tendency to leave its mineral host by a process independent
of its chemistry (Henderson and Anderson, 2003). At macroscales, this
effect leads to preferential loss of 23*U in terrestrial rock, creating a flux
of 22*U to marine systems from terrestrial riverine discharge and a flux
from marine sediment pore-waters also enriched by alpha-recoil (Hen-
derson, 2002; Ku, 1965). In marine sediment, alpha-recoil creates a pool
of 234U that is reactive and prone to remobilization (Gourgiotis et al.,
2011; Maher et al., 2004), which may be preferentially mobilized during
sedimentary diagenesis. These inputs of 2>*U from alpha-recoil keep
5234U seawater above secular equilibrium with a modern global average
of 146.8 4 0.1%o (Andersen et al., 2010). There is evidence to show this
global seawater value fluctuates over glacial-interglacial cycles, as coral
records support changes as high as ~ + 15%o (Esat and Yokoyama, 2006;
Yokoyama et al., 2001). However, more recent assessments have sug-
gested the Last Glacial Maximum seawater 5>>*U may have been closer
to 5-7%o lower than modern seawater composition (Chen et al., 2016;
Chutcharavan et al., 2018) and relatively constant throughout the late
Quaternary (Henderson, 2002; Robinson et al., 2004). In some envi-
ronments, such as during the anoxic formation of shallow carbonates,
the change in form from seawater U(VI) to sedimentary U(IV) can induce
a 8%*U mass fractionation of ~0.8-1.6%c heavier than expected
(Romaniello et al., 2013). Authigenic U precipitation in the pelagic
ocean should, at least initially, reflect the §234U seawater composition.
Detrital sediments are expected to have §2>*U close to secular equilib-
rium (0%o) due to radioactive decay, however, due to loss of 234U from
alpha-recoil, can be slightly negative (Thomas et al., 2007). The exact
52%*U of detrital materials can vary as the amount of 2>*U lost from
alpha-recoil is a function of 1. Sediment age since formation by me-
chanical erosion and 2. Grain size (DePaolo et al., 2006, 2012). Given
the half-life of 234U (~254 ka), a steady state between 2347 and 28U is
reached after 1 Ma that depends only on grain size (DePaolo et al., 2006,
2012). For larger grains (>65 pm), this steady state is roughly the same
as secular equilibrium (0%o), but for smaller grain sizes, the fractional
loss of 22*U can be between a few percent and ~50%, with the expec-
tation that the §%3*U of fine silts sediment (~10 um) is ~240%o (Bourne
et al., 2012; DePaolo et al., 2006, 2012).
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2. Materials and methods
2.1. ODP 1094

ODP 1094 (Leg 177, 53.18035° S, 5.130333° E, 2807 m water depth,
Fig. 1) is an Atlantic-sector Southern Ocean core situated between the
Antarctic Polar Front to the north and the southern boundary of the
Antarctic Circumpolar Current to the south. This location is close to the
Weddell Sea, a known site for the formation of Antarctic Bottom Water,
and the core site is bathed by Circumpolar Deep Water (Shipboard Sci-
entific Party, 1999a). ODP 1094 primarily consists of Pleistocene age
diatomaceous ooze (60-80% biogenic opal; Shipboard Scientific Party,
1999a) during interglacial sections, with punctuated increases in vol-
caniclastic particles and quartz derived from ice rafted debris (IRD)
present during glacial periods (Kanfoush et al., 2002; Nielsen et al.,
2007), and a relative lack of calcium carbonate (<1%), except during
deglacial intervals where CaCO3 reaches at most 10% (Jaccard et al.,
2013). Present day redox conditions of bottom water at this location are
generally well oxygenated (average dissolved O, concentration of
~200-230 pM) due to influx of recently ventilated subsurface water
masses (Jaccard et al., 2016). Previous efforts have reconstructed ODP
1094's paleoredox conditions using aU over the past 150 ka (Hayes et al.,
2014) and 500 ka (Glasscock et al., 2020); these studies ultimately
showed that aU in this area is sensitive to redox changes in sediments
from both increases in organic matter delivery and sluggish bottom
water ventilation. Additional paleoredox constructions using aU, Mn,
and Re have shown that ODP 1094 has experienced constantly sub-oxic
conditions over the last 500 ka, which makes oxic remobilization of
authigenic trace metals unlikely (Rohde et al., 2021).

ODP 1094’s age model was constructed using paleomagnetic and
biostratigraphic markers (Shipboard Scientific Party, 1999b) which
have been further refined by tuning the oxygen isotopes of benthic
foraminifera to the LR04 global benthic stack (Hasenfratz et al., 2019;
Lisiecki and Raymo, 2005) (Fig. 2). The greatest certainty in the age
model is during deglacial transitions, having 3-4 tie points in <10 ky,
however this age model is less confined during other periods. Given the
average sedimentation rate, an age model uncertainty of ~5.5 ky can
create an offset of 1 m in the U record with other proxies. For this study,
the section of ODP 1094 analyzed was between 0.57 and 76.29 m
composite depth (corresponding to ages of ~1 to 504 ka), and new re-
sults were combined with the bulk U data presented in Hayes et al., 2014
and Glasscock et al., 2020. The average sedimentation rate for this
section was ~17 cm/ka, with sampling rate intervals of 10 cm to create
sub millennial resolution.

2.2. Isotopic measurements

U isotope data covering the period 0 to 504 ka were produced in
three laboratories (at the Lamont-Doherty Earth Observatory Data, the
Massachusetts Institution of Technology, and the University of Southern
Mississippi, respectively). All three labs used similar methods for strong
acid digestions and total dissolution of the sediments, and pre-
concentration with iron (oxy)hydroxide co-precipitation, followed by
anion exchange chromatography, to analyze uranium isotopes using
isotope dilution with 236y (Glasscock et al., 2020; Hayes et al., 2014,
2017). The main difference in sediment digestion techniques is that the
Lamont lab used perchloric acid during digestions with HNO3, HCI and
HF, while the MIT and USM labs did not use perchloric acid but still
achieved total sediment dissolution using a combination of HNOs, Hy0o,
HCI and HF.

Data for 2**U activities from the 0 to 157 ka section (144 samples at
roughly millennial resolution) were produced initially at the Lamont-
Doherty Earth Observatory in 2010-2012. The Lamont data were
analyzed using a single-collector, VG Axiom inductively-coupled plasma
mass spectrometer (ICP-MS). Corrections for tailing of the 235y peak
onto measured 23U count rates were made using the geometric mean of
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Fig. 1. ODP 1094 (53.18035° S, 5.130333° E, 2807 m) is in the center of the ice-free Antarctic Zone bounded by the Polar Front to the north and the Southern
Antarctic Circumpolar Current boundary to the south (Shipboard Scientific Party, 1999b). Black lines show Southern Ocean fronts as defined in (Orsi et al., 1995);
(North to South) Subtropical Front, Sub-Antarctic Front, Antarctic Polar Front, and the southern boundary of the Antarctic Circumpolar Current.
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Fig. 2. Global stack of benthic 8'80 (black) from (Lisiecki and Raymo, 2005) (LR04) shows changes in global glaciation. The benthic '%0 for ODP 1094 (pink) from
Hasenfratz et al., 2019 is tuned according to the LR04 stack (tie points shown with black triangles). The inset figure shows the age to depth model used in Hasenfratz

et al., 2019.

the count rates at mass-to-charge ratios 233.5 and 234.5. Corrections for
instrumental mass bias were made by bracketing samples with standard
solutions of SRM129 every 5-10 samples, and blank corrections on 233U
and 22*U were less than 0.2% of measured signals. The average precision
on 8%%*U values for samples and standards was 12%o. Duplicate di-
gestions were analyzed (n = 7) and the 2*U of duplicates agreed within
an average of 27%o. The bulk U concentrations from this work were used
in published studies (Hayes et al., 2013; Jaccard et al., 2013) for which
only the 238U activities were necessary, and the 234U activities were not
published at that time. As a point of historical context, in the Lamont
data an anomaly of measured and decay corrected 52*U was found of
~200%o, higher than ~147%o, the ratio in seawater, during Marine
Isotope Stage (MIS) 5 (specifically around 127 ka), which will be
described more fully in results. Because of the relatively large un-
certainties in the Lamont §2>*U data, there was some question whether
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these data were of high enough quality to merit further investigation.
Therefore, we sought to confirm the anomalous finding using a higher
precision multi-collector ICP-MS.

In 2014, a suite of 24 samples from throughout the 38 to 155 ka
sections were analyzed at MIT on a Nu Plasma II multi-collector ICP-MS,
capable of an improved average precision on samples and standards of
2%o. At MIT, every sample was bracketed with a standard solution of
CRM-112a and 23U was analyzed on the central ion multiplier, with
2381 being analyzed on a Faraday cup simultaneously. A peak jumping
routine also had to be used to measure count rates at mass-to-charge
ratios of 233.5 and 234.5 on the ion multiplier for a 23*U tail correc-
tion similar to that described above. MIT blank corrections were less
than 0.1% on U isotopes. These data confirmed the large positive 523U
anomaly around 127 ka (Fig. 3) and gave confidence that any further
anomalies in §?**U were likely resolvable using the lower precision



N.A. Redmond et al.

200 —

100 jf *M

034U (%o)

Geochimica et Cosmochimica Acta 363 (2023) 40-50

0 20 40 60

80

100 120 140 160 180

Age (ka)

Fig. 3. Bulk observed §%>*U (%o, per mil) in ODP 1094 as a function of sediment age illustrating the results from overlapping sections analyzed by three labs (blue —
Lamont-Doherty Earth Observatory, orange — Massachusetts Institute of Technology, green — University of Southern Mississippi).

single collector, Element HR-ICP-MS at USM.

We now turn to provide more details on the procedures used to
determine 534U at USM (Fig. 4) from 2017 to 2019 in sections of ODP-
1094 covering 156 to 504 ka, (280 samples at roughly millennial reso-
lution). Freeze-dried sediment samples of 50 mg were spiked with a
known quantity (0.1 ng) of 2*0U (Eckert & Ziegler Isotope Products) and

then dissolved in a series of digestions including HNO3, Hy,O,, HCI and
HF, as described by Glasscock et al. (2020). Once fully dissolved, 2-3 mg
of iron, as dissolved iron chloride, was added to the solution and pH was
raised using drops of NH4OH until an iron oxyhydroxide containing the
U was precipitated. U was extracted via column chromatography on
Dowex 1X8 resin. Count rates of 234U, 235U, and 2°°U were measured on
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Fig. 4. 524U in ODP 1094 over the last 480 ka. Marine Isotope Stages (triangles) are defined by the benthic 880 record (blue, from Lisiecki and Raymo, 2005) and
reflect changes in global ice volume. Observed bulk §2**U (black) shows generally increased values during spikes in >*®U (purple) surrounding glacial terminations
(marked as white triangles for MIS 5/6, 7/8, 9/10, and 11/12 transitions). Organic carbon (green) is shown from MIS 5/6 to present. Redox sensitive trace metals Re
(red) and Mn (orange) are presented from MIS 10-12 from Rohde et al., 2021. Total sedimentary 238y (purple) is divided into two fractions; aU (purple area) and

detrital U (pink area) from Glasscock et al., 2020.

43



N.A. Redmond et al.

the Thermo Element HR-ICP-MS at USM. The ICP-MS analysis method
was similar to that described for the Lamont lab above, using solutions of
CRM-112a bracketing every 5-10 samples to correct for instrumental
mass bias and making a tail correction based on count rates at mass-to-
charge ratios 233.5 and 234.5. Decay-corrected 52>U values were
calculated based on measured 23*U/?*U ratios, assuming a seawater
238 /2350 ratio of 137.83 (Andersen et al., 2016) and the following half-
lives (3**U, 2.456 x 10° yr; 28U, 4.468 x 10° yr; (Villa et al., 2016).
Using 2%°U here and avoiding the measurement of the most abundant
isotope, 2°8U, allowed measurement of a higher signal of 2>*U. The sub-
per mil level variation of 238y/235( in the ocean (Andersen et al., 2017)
causes a negligible change in §**U calculated this way. The average
precision of §23*U for the USM data was 22%o. Blank corrections on U
isotopes were less than 0.2% of measured signals. Duplicate (n = 37) and
triplicate (n = 4) digestions were analyzed and the average standard
deviation of replicate measurements was 26%o.

2.3. Model for predicting bulk 5*>*U

An endmember mixing model (Fig. 5, gray line) was made to predict
§234U at depth using the following steps; 1. Calculation of aU and
detrital U from 23*Th/IRD (Egs. (2) and (3)), 2. Mixing of aU and detrital
U fractions with known 824U (Eq. (4), and Fig. 5, blue and purple), and
3. Decay for comparison to modern observed data (Eq. (4)). The un-
certainty for these predictions was propagated using the uncertainty of
the lithogenic 2*®U/***Th mass ratio and uncertainty in the §*°*U of
detrital U (Fig. 5, gray envelope).

The fraction of aU and detrital U were calculated as follows:

[aU] = [Upir*(1 = Fu ger)] &)

where [aU] is the concentration authigenic U in ppm (ug/g). Upyik is the
concentration of U in bulk sediment in ppm. Fy ge is the fraction of total
U that is detrital.

[232 Th] * <lith0genic ;L;/h mass ratio)

Upuik

3

FU,det =

where Fy ge; is the fraction of total U that is detrital. [>32Th] is the
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concentration of 2*?Th in bulk sediment in ppm. The lithogenic
238y /232Th mass ratio is representative of terrigenous materials. Upyi is
the concentration of U in bulk sediment in ppm.

Given the assumption that the observed concentration of bulk sedi-
mentary U (ppm) is a conservative mixing of authigenic and detrital
fractions, determining one of these fractions allows for the calculation of
each component’s relative concentration (ppm) (Eq. (2)). The detrital
fraction of bulk sedimentary U, Fy ger, can be estimated from measure-
ments of 232Th (ppm) (Eq. (3)), an isotope assumed to be of entirely
lithogenic origin, by using lithogenic 23U/?*2Th activity ratio repre-
sentative for its ocean basin (Brewer et al., 1980; Henderson and
Anderson, 2003). To account for potential variability of this site, a range
of 0.4 to 0.7 was used (Henderson and Anderson, 2003). For these cal-
culations, the activity ratio was converted to mass which yielded a
lithogenic 2%U/2*2Th mass ratio of 0.178 + 0.049. While 2*?Th con-
centration can be used to calculate detrital material from its concen-
tration of detrital material, this relationship is dependant on the ratio of
volcanics to upper continental crust. Comparitively, the ratio of litho-
genic 238U/2%?2Th is relativley constant on a regional scale and can be
used to calculate aU without assuming the volcanic to upper continental
crust composition of the sediment. Measurements of 2>2Th were taken
for two intervals: 0-155 ka and 370-450 ka. In these intervals, a strong
correlation existed between 232Th concentrations and IRD (***Th (dpm/
g) = 0.0034 * IRD (grains/g) + 0.065, R = 0.79, n = 203, p < 0.00001,
updated from Glasscock et al., 2020). For samples in which 232Th was
not measured, 2>2Th concentrations were estimated from this relation-
ship using IRD records from Kanfoush et al., 2002.

" * Upars = (1 = Fuga)5™* Usyy + F 40 Uger) €4 4)

where 6234Ubu1k)t is the predicted U composition of bulk sediment U at
core age t. 524Uy is the U isotopic composition of seawater. 524U et is
the U isotopic composition of detrital sediments.

The expected isotopic composition of bulk U at sediment age (t) is
given by a combination of each source’s relative fraction and composi-
tion (both unitless), accounting for the decay of 234 (e 3% for direct
comparison with present day values (Figs. 5 and 6). The 523U of modern
seawater used was 147%o (Andersen et al., 2010). Although there is
likely some error associated with the 822*U of seawater over glacial

300 400

Age (ka)

Fig. 5. Model of predicted bulk 8***U given its sources at time of burial, accounting for each source’s decay with age for comparison to modern measurements. The
model (gray) is a function of sediment age given authigenic U (blue) and detrital U (purple) endmembers. The colored lines show age-decayed, pure endmember
composition for aU (blue, decayed from ~147%o), and detrital U (purple, decayed from —150, dotted lines show uncertainty decayed from +100%o). The predicted
524U (gray line) is created using Egs. (2), (3) and (4), and uses the detrital U fraction calculated using a lithogenic mass ratio of 0.178, §2%4U of aU decayed from
147%o, and 52%*U of detrital U decayed from —150%o. The uncertainty of predicted 5*>*U (gray envelope) is propagated from the uncertainty in determining the
detrital fraction (Eq. (3), lithogenic 238y /232Th mass ratio + 0.0485) and the uncertainty of detrital 5%%4U (Eq. (4), & 100%o).
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Fig. 6. Ba/Fe (green) shows the record of productivity at ODP 1094 (Jaccard et al., 2013), which illustrate periods of increased organic carbon flux. Observed bulk
524U is colored by its relationship to predicted bulk 8**U. If the range of uncertainty of predicted §***U and the range of uncertainty of observed 82U intersect,
data is considered within model expectations (black). Data were considered above (blue) or below (red) model expectations if the range of uncertainty of observed

bulk 234U is greater than or less than predicted bulk §?>*U respectively.

cycles due to changes in physical weathering, a box model by (Hen-
derson, 2002) has shown that §23*U probably couldn’t have changed
more than 10%. over 800,000 years, leading up to believe any error is
relatively small. To account for the potential variability in 523U
composition of detrital U, a range of —50 to —250%o (—150 £ 100%o)
was used in accordance with the model of (DePaolo et al., 2006) which
accounts for potential grain size differences and age of detrital materials.

2.4. Mass balance

A mass balance was created by backtracking isotope data into a 23U
budget with the purpose of determining whether observed alterations of
U isotopes can be explained by simple rearrangement, or migration, of
234y, The mass of 23U per sediment volume at each data point was
integrated using simple trapezoids to estimate the total 2>*U mass in
each section (Eq. (5)). The same process was applied to the model of
predicted 534U (Eqg. (6)) and then the difference between these two
represent the total quantified 234U mass anomaly (Eq. (7)):

22
234 _
Uabs - / p sed

“[B8UTH(1 + (1000%87 U ) ) *SA 28U

SAZAY ®
zl
T HERUI(L 4 (1000567 Uped) j*SAPS U
* *(1 4 * od))*
By = / Pred e T 6)
zl
4 Uz//10maly:234 Uub57 3 []pred (7)

Total mass of predicted and observed 234y (g/cmz) is a function of
dry bulk density of sediment (pged, g/cm3), observed concentration of
2381 in sediment ([238U], g/cmz), and the specific activities of 238y
(SA%%8U, 1.24 x 10* Bq/g, Jaffey et al., 1971) and 2**U (SAZ3*U, 2.30 x
108 Bq/g, Cheng et al., 2013), integrated over depths z1 and z2 (cm)
with respect to core sections. For data points where the observed and
predicted 523U agreed within uncertainties, the mass difference was
integrated as zero. Sections where 234Uanomaly is positive are designated
as “excess” to show that they have gained 234U since deposition whereas
sections where 234Uan0maly is negative are designated as “deficient” to
show that they have lost 2>*U since deposition. In some cases, the pattern
of excesses and deficiencies represent potential diagenetic pathways as
234U may move from deficiency to excess. This mass balance was done
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for four specific intervals (Fig. 7), potentially representing diagenetic
alteration at MIS 5/6, 7/8, 9/10, and 11/12, where observed bulk §***U
was found to be greater than its seawater endmember. Additionally, this
mass balance was conducted for our entire record of ODP 1094 as a
means to look at larger scale sources and alterations. In future work,
laboratory techniques to physically separate detrital and authigenic
fractions (Martin et al., 2015) might help constrain our model’s range
associated with the detrital fraction and its isotopic value.

3. Results
3.1. Observed aU and §***U records

Authigenic U was the dominant form of U in ODP 1094, on average
consisting of 90.5% of the bulk sediment fraction. ODP 1094 displays
generally lower aU concentration during interglacial intervals and
higher concentrations during glacial periods (Fig. 4). Among deglacial
transitions, the aU behavior is not identical, although some features
appear in multiple cycles. For the glacial terminations at MIS 5/6, 7/8,
and 9/10, aU concentration drops precipitously at the start of deglaci-
ation, and these drops are followed by peaks of aU concentration. These
peaks of aU concentration fall sharply concurrent with the end of
deglaciation as organic fluxes begin to fall. MIS 5/6 differs from this
group in that it has an additional aU peak around 127 ka associated with
a change in Antarctic Bottom Water formation (Hayes et al., 2014; Zhou
and McManus, 2022). MIS 11/12 is similar, although these features are
spread out more, which reflects the longer time scale of this termination.
MIS 11/12 shares an initial drop in relative aU concentration at the start
of the glacial termination, followed by a series of small concentration
peaks which extend into the glacial period. The MIS 11 aU concentration
peak at 395-401 ka is similar to that of 127 ka which is believed to be
reflective of sluggish bottom water conditions (Glasscock et al., 2020).
The most recent glacial termination (<20 ka) appears to show a small
peak aU concentration.

There are some apparent similarities of the §2>*U record to aU con-
centrations, although they are not directly comparable. The most
striking feature in this comparison is similar peaks in §>>*U and aU in the
sections surrounding glacial terminations (Fig. 4). There was no signif-
icant correlation between 523U to aU throughout the whole record;
however, there seems to be a general relationship near deglacial tran-
sitions. Generally, both aU and §%3*U seem to be enriched around
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Fig. 7. Characterization of four 234U anomaly sections, MIS 5/6, 7/8, 9/10, and 11/12, used for mass balance. Benthic 5'80 record from Lisiecki and Raymo, 2005
is displayed on each subplot (black) to show changes in global glaciation. The subplots are enlarged from Fig. 4. Each subplot shows the uncertainty of predicted bulk
522U (gray envelope, derived from the propagated uncertainty in Egs. (3) and (4), overlain by observed bulk §***U. Sections of colored points and bars represent
sections where adjacent anomalies of observed bulk 534U are greater (blue) or less (red) than the uncertainty of predicted bulk 8234U. These four sections were
identified by finding values where observed bulk §*>*U was significantly higher than the decayed 8***U of seawater and its surrounding intervals of low §23*U.

periods of higher organic rain rate (Fig. 6, green), this relationship is
imperfect as the mechanism imparting each may be slightly different
and the uncertainty in the age model is generally higher around degla-
cial terminations.

While we might expect this relationship during these high mass
accumulation events, similarities between aU and 523U (of lower
values) is seen meters into both sides of adjacent sediment. During MIS
5/6, 7/8, and 9/10, 634U is high during deglaciation and is relatively
low in the periods before and after this peak. MIS 11/12 is similar but
has two unique peaks of high 5234U. However, these patterns are not
synchronous with the changes in the aU record and are not confined
within changes in the benthic §!%0, even given the uncertainty of the age
model. Accompanying changes in high or low §2>*U are significantly
broader than its aU counterpart, making it appear that the signal is
“smeared” over a longer timeframe. Although this “smearing” indicates
that any relationship between 83U and aU is likely non-linear, corre-
lation between them in only these select intervals suggests a mechanistic
link between the two.
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3.2. Relationship of §2>*U to pre-alteration model

By finding differences between the predicted bulk §2**U of the
endmember mixing model and the observed 522U isotope data, we were
able to identify sections of ODP 1094 where it is potentially subject to a
change in source or post-depositional mobilization of 23*U. We define
observed values of §23*U within model expectations, and thereby unal-
tered, where the uncertainty of observed bulk 523U intersects with the
uncertainty of predicted bulk §2**U (Fig. 5). In total, 283 of 595 data
points (47%) fell outside of model expectations (Fig. 6), which repre-
sents a significant fraction of geologic time in the core. Small anomalies
were found within glacial-interglacial periods, however the largest de-
viation from model expectations occurred within adjacent sections
surrounding deglacial transitions MIS 5/6, 7/8, 9/10, and 11/12
(Fig. 7). These anomalies were characterized by high 5§?>*U peaks, that
were significantly greater than the decayed seawater endmember, which
are bordered by sections with low anomalies (red and blue bars on
Fig. 7).
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4. Discussion
4.1. Constraining potential changes to sedimentary §*>*U

Given the results of our model, 6234Uanomaly represents either periods
with a change to the isotopic source of U or intervals where 23*U is lost/
gained after burial. To investigate the cause for anomaly at ODP 1094,
we can look at three general cases that can change the §2>*U in pelagic
sediments; (1) change in the §%34U of local bottom water, (2) change in U
source from particulate material, and (3) rearrangement of U after
burial. Some of these cases are discussed in detail later in the discussion,
however, we can use observed data to constrain any potential mecha-
nism based on what parameters it would need to explain the observa-
tions. In the first case, U and other redox sensitive metals indicate that
>70% of U is formed from seawater (Rohde et al., 2021). Changes to
local bottom water 823U affect the isotopic composition precipitated
into the aU fraction. Given MIS 9/10 as an example, modern observa-
tions would require that the local composition of seawater was roughly
double to sixfold that of modern seawater (~300-900%o) during positive
234Uan0maly and similar to detrital material during negative 234Uammaly.
This idea is inconsistent with the consensus that the §2>*U of global
seawater is relatively unchanged over multiple glacial periods. There are
some mechanisms which may change the U isotope chemistry in specific
areas, such as pulses of subglacial meltwater, however these mecha-
nisms cannot explain both the positive and negative 234Uanomaly sur-
rounding deglacial terminations.

In the second case, particle sources might act to change the total
5%%*U of sediments; however, this effect would be dependent on the
original particle’s U chemistry and its interaction with bottom sedi-
ments. For example, particles derived from organic matter generally do
not add a large source of U into sediment in an oxygenated water column
(Anderson, 1982), but are a catalyst for benthic respiration and redox
potential that precipitates U from seawater. We might expect that pe-
riods with heavy organic rain bury aU strongly at the isotopic compo-
sition of seawater. Similarly, erosion of the sediment and/or transport of
older materials to the core site would drive 5%**U towards 0%o as this
material is aged towards secular equilibrium (Abshire et al., 2020). If
there were a source of other particles with unique U chemistry, such as
hydrothermal particles, their isotopic composition must be over an order
of magnitude greater than the 623U of seawater to explain our obser-
vations with their low abundance.

Due to these constraints in the first two cases, we believe that case
three, diagenetic rearrangement of 23*U is the most likely explanation
for our observations of 523U at ODP 1094. Diagenetic rearrangement
potentially explains the patterns of positive and negative 234Uammaly,
which may indicate pathways for U mobilization. It also has power in
explaining incongruencies in the timing of 234Uanomaly features
compared to the deglacial transition, as the degree of diagenesis and
mass accumulation rate may play a role in the vertical extent of U
mobilization.

4.2. Relationship between aU and 5?3*U

The anomalous patterns observed may be explained by the differ-
ences in the reprecipitation potential of alpha-recoiled U in sediments.
As we can assume that once aU is precipitated and no process re-oxidizes
the sediment, the vast majority of the U remains reduced and immobile.
The presence of aU at all depths of this record means there is func-
tionally no U concentration in surrounding pore waters; however, 234y s
introduced into the pore water when alpha-recoil occurs, acting as a
relatively constant source of 2*U to all sediment layers over time. Some
of this 23U may reprecipitate back in place, but this effect will be
stronger in intervals with greater reducing capacity, such as those with
high organic delivery during deglaciation. A mechanism proposed for
the reduction of aU is the active respiration of sulfate/Fe reducing
bacteria, which may explain why intervals with the highest organic
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carbon flux, and thereby the highest sustained respiration, might act as
persistent sinks of U (Lovley et al., 1993). Stronger rates of reprecipi-
tation at these intervals drive lower 2**U concentration in surrounding
pore water compared to adjacent sediment layers. In turn, this gradient
in 23U concentration in pore water drives diffusion of 23*U towards
these highly reducing layers. Given the diffusivity coefficient of U in
pore water (3 x 107% cm? s~ ! Klinkhammer and Palmer, 1991) and the
age of sediment older that MIS 5, there is theoretically enough time for
234y to diffuse over the vertical distances observed across anomalous
sections, although we might expect the actual residence time of U in
pore water to be much shorter.

The transport of 2**U in pore water can be generally described by
diffusion, advection, and exchange with the sediment interface (Maher
et al.,, 2004). As pore water contains a small proportion of U in the
overall sediment-fluid system, U’s residence time in reducing waters is
relatively short and the isotopic composition of U mainly reflects ex-
change with the solid phase, rather than vertical transport within the
sediment column (Maher et al., 2004). As ODP 1094 experiences con-
stant suboxic conditions, reprecipitation from reducing sediments may
be weak enough that 234U can redistribute vertically to some degree
within pore waters. Ignoring vertical advection in the sediment column,
the diffusive transport of 2>*U in pore water between two sediment
depths can be simplified to the following:

A [ - U]PW

F, = A[F, — F;{] = D*
a [ ] Ax

(8
where Fq is the vertical flux of 23U in pore water by diffusion between
two depth intervals, F, is the flux of 234U from sediment into pore water
due to alpha-recoil, Fy is the flux of alpha-recoiled 2>*U precipitation, D
is the diffusivity coefficient for U in sediment pore water, A[234U]pw is
the difference in 23*U concentration between pore water intervals, and
Ax is the vertical distance between pore water intervals. These equations
are shown as a schematic in Fig. 8.

Pore water redistribution of alpha-recoiled 2**U is able to explain
some observations that a change in burial source cannot. For example,
this explains the relationship of 234Uanomaly to sediment age better than
burial source, as instead of having extreme changes in the §23*U of
seawater which cannot be explained with simple lead or lag, diagenesis
by rearrangement of 23*U in pore water is simply related to the redox

Pore Water 1

F

Sediment 1

al

Fq

s1

Sediment 2 Pore Water 2

Fa2

FsZ

Fig. 8. Schematic for flux of alpha-recoiled ?>*U between two sediment layers.
Fq is the vertical flux of >*U in pore water by diffusion between two depth
intervals, F, is the flux of 2**U from sediment into pore water due to alpha-
recoil, Fy is the flux of alpha-recoiled 2**U precipitation.
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state of the sediment when buried. Also, since these pore waters are
nearly entirely 22*U, and thereby a source 522*U much higher than most
other environmental processes. It should be noted that although this
mechanism explains the apparent relationship between sediment aU and
§%34U at ODP 1094 and other open ocean records (such as site 90-13-13
in the Labrador Sea (Vallieres, 1997), or the Lomonosov Ridge (Purcell
et al., 2022), some types of geologic settings or diagenetic effect can
reverse the apparent relationship. For example, in environments where
aU is built from periods of intensely reducing conditions, the sediment
above and below may have a similar reduction capacity, and when
alpha-recoil occurs this weaker contrast might cause the gradient in pore
water 23*U to diffuse outward from the peak in aU. ODP 1094 might be
different in this regard as changes in aU are relatively within a few ppm
of its background, so aU precipitation represents only small changes
within suboxic conditions (Rohde et al., 2021). After undergoing burn-
down, Mediterranean sapropels described by Gourgiotis et al., 2011,
Mangini and Dominik, 1979, and Severmann and Thomson, 1998 show
234y diffused away from peaks of aU built by the re-oxidation front. For
sediment that has undergone strong redox changes, the processes con-
trolling the gradient of 23U in pore water, unlike ODP 1094, may not

solely be the result of differences in reprecipitation of alpha-recoiled
234
U.

4.3. Balance of 22*U in anomalous intervals

The results of our mass balance (Table 1) lend support to the hy-
pothesis that anomalies at the four MIS transitions of interest are
contributed to by pore water diffusion and rearrangement of preferen-
tially mobilized 234y near aU peaks. We might expect that in a closed
system, where the only change to §23*U was due to internal reorgani-
zation, that the difference in 234Uam,,,naly, between sections with excess
234U and deficient 22*U, would be roughly zero as U is neither added nor
removed from the system. This seems to be roughly the case for MIS 7/8
and MIS 11/12 as their total excess 2>*U are marginally small within
propagated error. However, this is not the case at MIS 5/6 and MIS 9/10
where a significant amount of additional 234U is present, and in this case
points to there being an additional external source of 234U. All four
anomalous sections have deficiencies of relatively similar scale (~—1 to
—4 pg/cm?), which is evidence that all sections undergo a similar
change from diffusive loss of 2>4U, but the fact that they vary on the scale
of excess (~5-50 pg/cmz) evidences that MIS 5/6 and 9/10 require an
additional source 234U not accounted for in our original modeling.

4.4. Sources of additional *>*U during MIS 5/6 and MIS 9/10

We find that a significant portion of §*3*U at ODP 1094 can be
explained given its initial formation from authigenic and detrital sour-
ces, particularly during glacial and interglacial sections. From the

Table 1

A mass balance was performed by integrating observed bulk §2>*U and predicted
bulk 5***U with depth (Fig. 4, Fig. 8) into a >>*U inventory. Uncertainty of mass
integration is reported as the propagation of error from the uncertainty of 534U
measurement at 26. Anomaly Section — Time period of interest. Depth — depth
range of interest. Def *3*U — Combined integrated mass of ***U below model
prediction from both negative 234Uan0maly sections surrounding deglacial ter-
minations. Ex 2**U - Integrated mass of 2**U above model prediction at positive
anomaly features. Net 2*U — Net excess 2*U = Ex 23*U - Def 2**U.

Anomaly Section Depth(m) Def 2*U(pg/ Ex *U(pg/ Net 2**U(pg/
sz) cmz) cmz)
MIS 5/6 21-27 -3.8+0.5 254+ 1.6 21.6 +1.7
MIS 7/8 34-44 -1.5+0.4 4.7 £ 0.9 3.2+1.0
MIS 9/10 49-54.5 -3.8+£0.7 16.5+ 1.5 12.7 + 1.7
MIS 11/12 56-73 -3.3£0.7 4.8+0.9 1.5+1.1
Full Record to 0.57-75.14 -139+1.5 529 + 2.6 39.1 £29
504 ka

48

Geochimica et Cosmochimica Acta 363 (2023) 40-50

anomalies that occur during deglacial transition, the entire anomaly
from MIS 7/8 and 11/12, and part of the anomaly from MIS 5/6 and 9/
10, can be explained by diffusion of alpha-recoiled 23*U. However, the
mass balance of MIS 5/6 and 9/10 shows that §?>*U anomalies cannot be
fully explained by a simple rearrangement of existing 2>*U. While a total
explanation for this phenomenon is elusive, we look to evaluate some
candidate sources to narrow potential processes. The constraints of these
potential processes are the same as mentioned earlier in the discussion.

One candidate explanation is the same diffusive transport of alpha-
recoiled 2**U mechanism is also happens laterally across depth hori-
zons. Variation in the sediment accumulation rate, and thereby aU
accumulation, is seen across cores in the Atlantic sector of the Southern
Ocean (Frank et al., 2000). With this variation in burial we might expect
that, at a certain spatial scale, strong redox features might be vertically
offset. The redox state of pore water at any given depth will vary
laterally, which in turn might create gradients of pore water 234U,
driving local transport. Given the diffusivity coefficient of U in pore
water, U can travel a little over 300 km per hundred thousand years, and
although we might expect 2>*U residence time in pore water to be
shorter, this potentially allows 2**U to pool at relatively higher
234Uanomaly from surrounding sediment. The observed 234Uanomaly excess
seen in MIS 5/6 and 9/10, could imply that these layers have a higher
reduction capacity than other sediment at this depth horizon and that
other cores might have corresponding negative anomalies elsewhere in
the region. This mechanism also has some power in explaining small
234Uanomaly that were seen outside of deglacial termination, as some
localized diffusion might occur based on differing redox conditions with
surrounding sediment. Future work will need to look at U in sediment
and pore waters within this ocean region to determine if geographic
difference in pore water redox state can drive changes to >*U in the way
we have observed.

Another candidate explanation for this unaccounted source of 24y
includes the flux of 22*U enriched Antarctic meltwater. This mechanism
involves subglacial weathered 23U becoming entrained in glacial
meltwater and over time significantly enriching the water with highly
positive 522U, being released as its reservoirs melt. Glacial meltwater
can potentially impact U forming sediments in two ways; (1) as a pulse
of freshwater to nearby shelf systems, or (2) as changes to global
seawater as these meltwaters pulses integrate with it over time.
Considering the first case, it has been observed that parts of the
Greenland Ice Sheet (Arendt et al., 2018) and the Wilkes Basin (Black-
burn et al., 2020) exhibit §*°U more positive than our observed data,
showing that subglacial water signals are potentially strong enough to
explain our data. The issue with this mechanism is that there is no direct
pathway for fresh Antarctic meltwater source to permeate in Antarctic
Bottom Water to the degree needed to match observations. In the second
case, these pulses can become integrated into the global §23*U over
glacial-interglacial time scales (Esat and Yokoyama, 2006; Robinson
et al., 2004), potentially leading to a variable isotopic composition in
seawater between 120 and 180%o (Arendt et al., 2018). This change to
global seawater due to subglacial meltwater has been invoked to explain
the evolution of §2>4U in paleo coral records (Chen et al., 2016; Esat and
Yokoyama, 2006). The change in the 323*U of seawater in these records
is on the scale of 10’s of %o, which is ultimately smaller than is needed to
explain the positive §23*U anomalies at ODP 1094.

A mechanism that may similarly affect globally integrated §2>*U of
seawater is from the re-dissolution of coastal sediments during sea level
rise. During interglacials and interstadials, there is an increased number
of environments, such as margins, slopes, marshes, and mangroves,
which are overlain by oxygen depleted water, which build U and excess
234y concentrations (Chen et al., 2016; Dunk et al., 2002; Esat and
Yokoyama, 2006). These sediments are oxidized during low stands and
return to the ocean as sea level rises. If this process were to have a major
effect on deep ocean sediment, we might also expect it to have a large
effect on the more proximal coral records, in which we would expect
increases matching the same magnitude of ODP 1094. This does not
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seem to be the case, however, as studies like that of Chen et al. (2016),
show much smaller variation (<10%o) in §2>*U which is asynchronous
with sea level rise.

The final candidate explanation involves ferromanganese deposits
enriched via the leaching of low temperature hydrothermal fluid or
volcanics (Herbert Veeh and Bostrom, 1971; MacDougall et al., 1979).
Global hydrothermal activity is hypothesized to increase during glacial
terminations (Lund et al., 2016). Changes in ice sheet dynamics drive
sea-level weighted pressure change on the upper mantle, which ulti-
mately modulate melt production and by extension, hydrothermal ac-
tivity (Huybers and Langmuir, 2009; Lund et al., 2016; Lund and
Asimow, 2011). Ferromanganese deposits have variable 53U which is
often within 20% of seawater, but has been observed to be as high as
twice that of seawater (Reyss et al., 1987). While this means that hy-
drothermal particles are potentially enriched to the same degree as our
high observations, this would require a larger percent of the U in ODP
1094 to be hydrothermal than is possible. For example, from the
observed 5%*U of hydrothermal particles given by Reyss et al., 1987,
ODP 1094 would require nearly 100% of the sediment U to be a hy-
drothermal ferromanganese fraction. This cannot be the case as clean
mineral analysis of TN057-13PC4, a piston core from the same location
covering the last deglacial period, show quartz chemistry that is not
characteristic of hydrothermal origin (Nielsen and Hodell, 2007). While
it is possible that volcaniclastics play a small role in §>*U changes in
deep sea sediment, a lack of observed hydrothermal proxies make this
scenario unlikely to account for ODP 1094's §23*U anomalies.

4.5. Broader impact

Analysis of sedimentary 523U at ODP 1094 has shown that §%**U is a
useful proxy in the pelagic ocean that can capture processes that are not
identified by the bulk U concentration. On a broad scale, this is impor-
tant for understanding the marine cycling of U, and its use as a paleo-
ceanographic proxy. In some environmental settings, the diagenesis of
solely 2>*U might be enough to impact paleoredox interpretations and
would be hard to observe given only the bulk concentration. Outside of
its context in informing bulk U cycling, §22*U is potentially useful in
tracing sediment-pore water interactions after burial. As the pool of
alpha-recoiled 23*U in pore water is sensitive to both the redox state of
the sediment it was originally buried in and to suboxic changes in pore
water redox, it has a unique role amongst redox sensitive trace metals
tracking both. For example, in an environment where sediment has
undergone a small amount of redox remobilization, or burn-down, the
524U should have a unique pattern of diagenetic alteration from this
effect. In theory, this concept can be applied to all other redox sensitive
trace metals that alpha decay as they will go through the same process,
but to differing degrees based on environmental condition.

5. Conclusions

The U isotopic composition of ODP 1094 shows a relationship with
sedimentary aU during deglacial periods of high organic rain and in
surrounding sediment, but not throughout the entire record. Observed
bulk 523*U was compared to a model predicting §22*U where distinct
pattern sections of alternating positive and negative anomalies poten-
tially evidenced post-depositional diagenesis during these features. Our
results show a significant amount of 523U observations at ODP 1094 are
explained by its initial formation given authigenic and detrital compo-
nents. Major sections of anomaly, identified by periods where 5%*U was
greater than seawater 2>*U and its surrounding sediment of negative
anomaly, were observed at MIS 5/6, 7/8, 9/10, and 11/12. It was
observed that deglacial intervals with increased organic rain and
increased reducing capacity act as a sink for 234y that is alpha-recoiled
and diffused from surrounding sediment. This remobilization of 22*U
towards peaks of aU explains anomalies at MIS 7/8 and 11/12 entirely,
and partially at MIS 5/6 and 9/10. This is evidence to support the use of
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522U to identify diagenetic features in other similar pelagic sediments,
however we find that deviations in §2>U from expectations do not only
reflect vertical diagenetic changes. An additional source of enriched
§234U, present during some deglacial transitions, may be needed to
explain the remaining excess 2>*U during MIS 5/6 and MIS 9,/10. Given
the constraints that potential sources would need to fulfil to meet the
observations at ODP 1094, the most likely scenario is that diagenesis is
responsible for this. Excess 22U is potentially explained by diffusion of
alpha-recoiled 23U across sediment depth horizon, however, further
study is warranted to address this conclusion. The implications of this
phenomenon may be important in understanding deep sea redox state
and its controls on the sedimentary U budget.
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