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Abstract

Uranium isotope data from Proterozoic carbonates (8%%®Ucar) and black shales (82%8Uaum)
are enigmatic. Average Proterozoic 6*8Uc.n (approximating Proterozoic seawater, 5*8Usw) is
similar to modern river/seawater 8?%U, and Proterozoic black shales do not always record highly
fractionated 82%U,un compared to contemporaneous 8?*Uqan. However, very light §%8Ucan and
heavy 5%8U.un for the widely anoxic Proterozoic oceans was expected because large isotope
fractionations accompany U reduction in anoxic environments. To address this enigma, we report
black shale 6*8U.un through a well-characterised multi-core transect in the late Paleoproterozoic
Animikie Basin, North America. There is a wide range of 8?*®Uaum, from —0.52%o to 0.53%o, that
generally correlates with organic carbon enrichments. Heavy 8%8Uaut in organic-rich shallow shelf
sediments within and near a euxinic wedge are attributed to enhanced productivity with vigorous
sediment microbial activity, neutrally charged aqueous U species that slow reaction kinetics, and
redoxcline fluctuations. In less organic-rich sediments of the anoxic-ferruginous deep shelf
environment, characterized by lower productivity and plentiful reduced iron availability, light
52%8Uaum may reflect rapid U reduction or adsorption to solid Fe/Mn species. Hence, for the widely
anoxic Proterozoic oceans, we propose that large isotopic fractionations (0.4 to 1.2%0) were
associated with highly productive areas on anoxic continental margins, and muted isotopic
fractionations (—0.1 to 0.4%0) occurred in anoxic deep-ocean environments. Low-productivity
Proterozoic oceans yielded sediments with 5?**Ucan and 5?*Uaun close to modern river/seawater
values, whereas higher-productivity basins (e.g., Animikie Basin) resulted in lower 3?*®Uca and

more variable 828U auh.



34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

1. Introduction

Uranium isotope compositions (82%U) in carbonates and black shales are frequently used
to reconstruct ancient global ocean redox conditions. This is done following a seawater mass
balance approach built on U isotope systematics in the modern, well-oxygenated oceans (Asael
et al., 2013; Cheng et al., 2020; Clarkson et al., 2023; Dang et al., 2022; Gilleaudeau et al., 2019;
Kipp and Tissot, 2022; Lu et al., 2023, 2020; Stockey et al., 2020; Wang et al., 2018; Yang et al.,
2017; Zhang et al., 2022). A tenet of the oceanic U isotopic mass balance is that seawater 523¢U
(8%%Usy) is controlled primarily by U removal from the oceans during reduction of U(VI) to U(IV)
into sediments under anoxic (O.-free) and/or euxinic (anoxic and sulfidic) water columns.
Reduction induces an isotopic offset through preferential removal of 23®U into solid phases by a
nuclear volume effect (NVE), compared to 2*U which preferentially remains in solution. As
reduction often occurs within the sediment column, there may be an opposing diffusive isotope
fractionation that halves the intrinsic NVE fractionation factor (Andersen et al., 2014). At times
when limited U is removed to sediments under anoxic or euxinic bottom waters in otherwise well-
oxygenated oceans, 5%3®Us,, should approach the average riverine input 58U (5%8Uyy) of —0.29
1 0.03%o, which is unfractionated from the upper continental crust at —0.29 + 0.06%. (Andersen et
al., 2016; Tissot and Dauphas, 2015). This concept is illustrated by the modern ocean, whose
homogenous global 5%8Us, of —0.38 + 0.02%. (Kipp et al., 2022) is only slightly lighter than
average 828Uy, reflecting small areas of intense seafloor U reduction confined to silled basins
(e.g., Black Sea, Cariaco Basin; Briske et al., 2020b; Rolison et al., 2017), highly productive
continental margin upwelling zones (e.g., Peruvian margin; Bruggmann et al., 2022; Cole et al.,
2020), and permanently or intermittently anoxic fjords (e.g., Framvaren Fjord, Saanich Inlet;
Holmden et al., 2015; Todd et al., 1988), as well as moderate U reduction in low-oxygen
environments where Oz penetration into sediments is < 1 cm (e.g., Senegal and Washington State

margins; Morford and Emerson, 1999).
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The U isotope paleoredox proxy has been used to infer the extent of anoxic seafloor during
many Phanerozoic intervals, including oceanic anoxic events that experienced shifts to lighter
than modern 28U, linked to expanded anoxic seafloor areas (e.g., Cheng et al., 2020; Dahl et
al., 2014; Kulenguski et al., 2023). This approach is reasonable when the oceanic U residence
time is long relative to ocean mixing times, thus enabling the U isotope proxy to capture global
redox conditions. However, application of U isotopes as a global ocean paleoredox proxy to the
less extensively oxygenated Proterozoic oceans may potentially be impacted by a lower oceanic

U residence time compared to Phanerozoic oceans (Chen et al., 2021).

The goal in the application of the U isotope ocean mass balance is to estimate global U
fluxes to, or areal extent of, discrete marine redox environments. The primary assumptions are
that: 52%Us, is homogeneous in the global oceans, 3?%U;, inputs are invariant and similar to
modern, each redox environment features a distinct range of U isotope offsets (AZ*®Used-sw)
between authigenic sedimentary phases (8?*Uaun) and &%%Us., and the proportion of U
transferred to each sink controls global 68U.. Based on modern analogs, the sediment sinks
have previously been defined by increasing isotopic offsets as marine redox conditions intensify
from oxic (AZ38U oxic-sw = —0.2%o to 0.05%o), through low-oxygen (O2 < 90 uM; e.qg., dysoxic, suboxic;
DZ8Uion02-sw = —0.05%o0 to 0.1%o), ferruginous (Fe?*-containing)/non-sulfidic anoxic (A?*¥Uanoxic-sw =
—0.3%o to 0.4%o), to euxinic (A?*8Ueusinic-sw = 0.4 to 0.8%o, up to 1.2%o) (Bruggmann et al., 2022;
Cole et al., 2020; Gilleaudeau et al., 2025, 2019; Rolison et al., 2017; Stockey et al., 2020; Wang
et al.,, 2016; Yang et al., 2017; Zhang et al., 2022). However, these observations demonstrate
significant overlap between modern oxic, low-oxygen, and non-sulfidic/ferruginous anoxic
settings. There is evidence from black shales that ferruginous and euxinic settings can show
overlapping U isotopic fractionation from 0.2 to 1.3%0 (Lau et al., 2022; Rutledge et al., 2024).
Additionally, very large U isotope fractionations approaching the intrinsic isotopic fractionation

factor of 1.2%0 have been observed in temporally dynamic, low oxygen to anoxic environments,
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and in weakly or moderately euxinic settings (Andersen et al., 2014; Clarkson et al., 2023). Such
large isotopic fractionations may be attributed to partial U removal when reduction rates are low,
or when reduction occurs near the sediment—water interface, within the water column or within a
highly permeable organic floc (Andersen et al., 2014; Clarkson et al., 2023). The latter of these
reduction scenarios is associated with minimal or no U diffusion through the sediment column
(non-diffusion-limited conditions), and thus diffusive isotope fractionation (porewater 238U
depletion with sediment depth) does not counteract reductive isotope fractionation (*%¢U

enrichment in sediment phases) (Andersen et al., 2014).

These observations contrast with assumptions that increasingly reducing environments
scale with increased isotopic fractionations between seawater and sediments, complicating the
interpretation of redox-based sediment sink areas using conventional mass balance models.
Other environmental factors likely affect observed AZ*8Useq.sw, including chemical parameters such
as aqueous U speciation, microbially mediated reduction, reaction kinetics, and organic matter
burial rate (Brown et al., 2018; Lau et al., 2022, 2020; Rolison et al., 2017; Rutledge et al., 2024;
Stylo et al.,, 2015). Physico-hydrographic factors, including sedimentation rate and basin

restriction, may also impact isotopic fractionation (Lau et al., 2022, 2020; Rolison et al., 2017).

Carbonate °%U (8?%U.an)—which may closely approximate &%%Us, if unaltered by
diagenesis or metamorphism (Chen et al., 2018, 2016; Romaniello et al., 2013)—demonstrates
a variable, but modern-like average of —0.40 £ 0.27%o. (10) from the late Paleoproterozoic to the
early Neoproterozoic (~2060—800 million years ago, Ma) (Chen et al., 2021; Gilleaudeau et al.,
2019). However, some intervals host lighter 3°*®Uc., than average, e.g., the ~1850 Ma Duck
Creek Dolomite (-0.75 + 0.06%0) and ~1000-800 Ma Huaibei Group (-0.71 + 0.23%o)
(Gilleaudeau et al., 2019; Zhang et al., 2022). In addition, average authigenic 823U (52%®Uautn)
values in Proterozoic black shales do not always demonstrate large isotopic fractionations

compared to 8%U.an (Chen et al., 2021). Modern-like average Proterozoic 8%%Ucar, could suggest
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well-oxygenated oceans, while limited isotopic offset between carbonates and black shales could
point to non-uniformitarian/alternative control(s) on *8Us, (Chen et al., 2021). Most evidence
points to widespread deep-ocean anoxia in Proterozoic oceans (Partin et al., 2013; Poulton et al.,
2010, 2004; Reinhard et al., 2013; Scott et al., 2008; Sheen et al., 2018), therefore the latter
scenario is more likely to have affected Proterozoic **®Us,. Diagenesis may also have affected
reported 8%8Ucarw values, possibly shifting them heavier by up to ~0.3%. (Chen et al., 2018), which
is accounted for in 8?%U.an compilations that estimate mid-Proterozoic 82Uy, in the range of —

0.73%o to —0.43%o (Gilleaudeau et al., 2019).

A better understanding of marine U isotope systematics in the Proterozoic is necessary to
reconcile modern-like 8?%Usy in oceans that were likely widely anoxic. The Animikie Basin (Lake
Superior region, North America) comprises a minimally metamorphosed sequence of iron
formation (IF) and fine-grained siliciclastics deposited along a continental margin on the
southwestern edge of the Superior Province (Johnston et al., 2006; Kendall et al., 2011; Poulton
etal., 2010, 2004). Multiple drill cores containing ferruginous and euxinic black shales of the 1836
Ma Rove and Virginia formations enable a glimpse into U isotope systematics across a
Paleoproterozoic shallow to deep shelf setting. The variable depositional and redox localities
allow for an investigation of local U isotope fractionation mechanisms to provide a basis for

evaluating mid-Proterozoic U isotope systematics.

2. Geological Background

The Animikie Basin, located northwest of Lake Superior across the Ontario—Minnesota
border, hosts late Paleoproterozoic IFs and black shales (Lucente and Morey, 1983) (Fig. 1). In
Ontario, this includes the Gunflint Formation, which is dominated by IF, overlain by interbedded
turbidites and organic-rich black shales of the Rove Formation (Lucente and Morey, 1983;
Ojakangas et al.,, 2001) (Fig. 2). Correlative units of the Biwabik and Virginia formations,
respectively, lie to the south in Minnesota, laterally separated from their Ontario counterparts by

6
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the ~1100 Ma mafic intrusive Duluth Complex (Lucente and Morey, 1983; Ojakangas et al., 2001).
The succession was deposited along the coast of the supercontinent Nuna, on a continental
margin undergoing extension during IF deposition (Fralick et al., 2002; Hemming et al., 1995;
Pufahl and Fralick, 2004), which was transformed into a foreland basin with sediment derived
from the uprising Trans-Hudson Orogeny to the northwest supplying the overlying shales and

turbidites (see Supplementary Material for further discussion of Animikie Basin tectonic settings).

Uranium—lead zircon ages provide depositional constraints for Animikie Basin units. Tuffs
in the middle Gunflint Formation give an age of 1878 + 1 Ma (Fralick et al., 2002). Distal ejecta
from the 1850 + 1 Ma (Krogh et al., 1984) Sudbury Impact Event overlie ~2 m of limestone forming
the upper member of the Gunflint Formation, and exhibit evidence of sub-aerial diagenesis
(Fralick et al., 2017). Younger ages, between 1836 + 5 Ma and 1832 + 3 Ma, have been reported
from ash bed zircons ~5 m above the Gunflint—-Rove and Biwabik—Virginia contacts (Addison et

al., 2005).

Metamorphism of these sedimentary sequences is typically sub-greenschist in Ontario to
greenschist facies in northern Minnesota (Easton, 2000). Thus, the primary sedimentary
geochemical and &%8U signal is likely retained, since thermal maturation appears to have no
impact on %8U values in black shales (Dickson et al., 2022). Higher grade hornfels facies occurs
within ~1.5 km from the Duluth Complex (Labotka et al., 1981; Ripley et al., 2001). The GF-3 core
underlies the northern edge of the Duluth Complex, with the contact occurring above our sample
interval (>300 m above the Gunflint—Rove contact). Uranium systematics in the sampled portion
do not appear to have been affected by contact metamorphism based on constant Ugr and 5%38U

up-core (see Results).

Iron (Fe) speciation in the Animikie Basin has revealed that, following IF deposition from a
ferruginous basin with mildly oxygenated surface waters, the basin transitioned to a more complex

redox-stratified regime, with ferruginous deeper waters, euxinic intermediate depths, and

7
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oxygenated shallow waters (Poulton et al., 2010, 2004). Stratigraphic variability in these Fe
speciation data suggests a landward migration of euxinia during sea level transgression. The
geometry of the euxinic waters within the basin may have been similar to that of a modern oxygen
minimum zone (OMZ), but with H>S build-up starting at the sediment—water interface, where a
large amount of organic matter was deposited and the sulfate influx from continental weathering
was relatively high. The H,S-rich waters formed a euxinic ‘wedge’ structure (as observed in
modern OMZs; cf. Pizarro-Koch et al., 2023; Poulton et al., 2010), which created a barrier to
upwelling Fe?*-rich waters (Poulton et al., 2010, 2004). This redox structure may have been
pervasive on other continental margins and could have been a mechanism that contributed to the

cessation of IF deposition at this time (Kendall et al., 2011; Poulton et al., 2010, 2004).

No 3%%®U.un data have been reported from similarly aged black shales. However, the 1980
Ma Zaonega Formation and 1730 Ma Wollogorang Formation (Mand et al., 2020; Yang et al.,
2017) record U reduction and isotope fractionation, as 8%®U.un is consistently heavier than
modern 82Uy, (Zaonega: —0.03%o to 0.79%; less hydrothermally-altered samples from the
Wollogorang: —0.17%o to 0.00%o). Six samples from the Biwabik IF have 8%*8U ranging from —
0.63%o to —0.19%o, and these light isotopic compositions and low U concentrations (< 0.97 ug g™)
may reflect U(VI) adsorption to Fe (oxyhydr)oxides or reduction by Fe(ll) with limited isotope

fractionation (Wang et al., 2018).

3. Materials and Methods

Black shale samples from the Rove and Virginia formations were obtained from four cores
(89-MC-1, GF-3, MGS-2, MGS-8) deposited across a bathymetric transect in the Animikie Basin
(Fig. 1), which were analysed for Fe-S-C systematics by Poulton et al. (2004, 2010). Fine-grained,
organic-rich argillite of the lower Rove Formation in 89-MC-1 and GF-3 (inner shelf) and the
Virginia Formation in MGS-2 and MGS-8 (middle to outer shelf) (Fig. 2) suggest deposition in a
quiet offshore environment during transgression onto the continental shelf when sediment supply

8
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was limited (Maric, 2006). The middle Rove/Virginia formations feature coarser argillite with
interbedded fine-/medium-grained sandstones, indicating enhanced sediment supply and/or
basin shallowing (Maric, 2006). Sampling focused on the lower Rove/Virginia formations, although
several samples from the middle Rove/Virginia formations in GF-3 and MGS-2 were also
analysed. Splits were processed at the Metal Isotope Geochemistry Laboratory (University of

Waterloo) for multi-element compositions and &*8U.

3.1 Sample Digestion and Multi-Element Analysis

Ashed sample powders (550°C) were digested using trace-metal grade nitric, hydrochloric,
and hydrofluoric acids. Core GF-3 required additional steps due to incomplete dissolution by this
method—see Supplementary Material. Elemental concentrations were measured on an Agilent
8800 triple-quadrupole inductively coupled plasma mass spectrometer (ICP-MS). Several USGS
black shale standards (SBC-1, SDO-1, SGR-1b) were digested and analysed alongside samples
to verify method accuracy. Blank contents of elements included in this study were typically < 1%;
U blank levels were always < 0.02% of the total U in a sample. Instrument precision was typically

better than 5%. Procedural replicates for 13 samples were always within 5% difference.

3.2 Uranium Isotope Purification and Analysis
Chemical separation of U from matrix elements was completed via anion exchange
chromatography on UTEVA resin following the procedure described in Weyer et al. (2008).
Purified U samples (100 ng g™ U), double-spiked with isotopic reference material IRMM-3636a
23U-2%U, were analysed on a Nu Plasma Il multi-collector ICP-MS in dry plasma mode to
determine isotopic compositions. Standard—sample bracketing against a double-spiked uranyl
nitrate primary standard CRM-145 was used to normalize isotopic data by the delta notation

(628U, Eq. 1) and monitor instrument drift.

238U/235U
238U/235U

(1) 6%38U (%) = ( sample _ 1) X 1000

CRM145
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Repeated measurements of CRM-145 (5%%Ucgrm-145 = 0.00 = 0.09%0; 20, n = 208) and double-
spiked uranium oxide standard CRM-129a (3?*Ucrm-120a = —1.43 * 0.13%0; 20, n = 79) were used
to verify instrument reproducibility. Our 3%3®Ucrm-120a Value is similar to previous measurements of
this standard on the same Nu Plasma Il (—1.42 £ 0.09%o, Lu et al., 2023; —1.42 + 0.08%o, Yang et
al., 2023). The USGS black shale standards SBC-1 (-0.26 £ 0.16%0), SDO-1 (—0.12 + 0.07%o)
and SGR-1b (-0.24 *+ 0.15%.) prepared and analysed alongside samples were comparable to
previously reported values, including those from other labs (Bruggmann et al., 2022; Chen et al.,
2021; Lu et al., 2023, 2020; Rolison et al., 2017; Yang et al., 2023, 2017). Twelve full procedural
replicates yielded uncertainties of < 0.08%0 (20 on replicate means), except for GF-3-11 at

+0.16%o.

4. Results

4.1 Elemental Compositions
To compare within and between cores, elemental concentrations are converted to

enrichment factors (Xer; Eq. 2) to normalize for varying detrital compositions:

_ (X/Al)sample
(2) Xer = (X/ADycc

where X is the element concentration, Al is aluminium concentration, and UCC is the upper
continental crust composition (Mclennan, 2001). The redox sensitive trace metals (RSTMs) U,
Mo, Re and V are generally enriched above the modern UCC (Xgr > 1) in all four cores (Fig. 3,
Supplementary Data). Shallower cores (89-MC-1, GF-3) have generally larger metal enrichments
than deeper cores (MGS-2, MGS-8). Compositional variation is significantly greater within 89-
MC-1 and MGS-2, which is consistent with Fe speciation analyses (Poulton et al., 2010, 2004),
and RSTM contents align with the redox zonation ascribed from those studies, supporting a robust

redox signal.
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In euxinic intervals identified by Fe speciation (Poulton et al., 2004, 2010), RSTMs
commonly show larger enrichments compared to ferruginous samples, although in core 89-MC-1
there is considerable overlap (see Fig. 3), possibly reflecting RSTM drawdown due to the
development of sulfidic porewater conditions close to the sediment—water interface (supported by
a relatively high degree of pyritization for these samples; Poulton et al., 2010). For a few samples
(5 in core 89-MC-1) with equivocal Fe speciation, we take the common approach of utilizing
RSTMs to reconstruct water column redox conditions. Three of these samples have elevated
RSTM EF values, supporting anoxic depositional conditions, and since the Fe speciation data for
these samples do not indicate euxinic deposition, we characterise them as being deposited under
ferruginous conditions. The remaining two samples have relatively low Reer, Moer and Ve values,
with distinctly lighter U isotope signatures (Fig. 3), and may therefore have been deposited under
low-oxygen conditions, rather than full anoxia. We note that low metal EFs and light 28U may
alternatively indicate intermittent basin restriction that led to water column metal depletion and an

isotope reservoir overwhelmed by the local riverine supply.

4.2 Authigenic Uranium Isotope Compositions
The Rove and Virginia black shales encompass a wide range of bulk sediment 528U
(8%8Upui), from —0.45%o to 0.43%0 (Supplementary Data). To correct for detrital influence, 3%8Upui
is converted to an authigenic composition (3%%®U.un) using Eq. 3, which is based on equations in

Bruggmann et al. (2022):

U Al
52381 5238 . . (_ AL )
3) §238) _ bulk detrital\ Al getrital” Usample
( ) auth — 1- (U Al

Edetrital Fsarnple

Detrital element contributions are assumed to approximate UCC (U/Algetritat = 0.348, McLennan,
2001; 0?8Ugetital = —0.29%o, Tissot and Dauphas, 2015; Andersen et al. 2017). The resulting
52%8Uaum in the Rove and Virginia cores range from —0.52%o to 0.53%o (Fig. 3, Supplementary Data

Table S1).
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The three proximal cores record, on average, 8?*®U.un well above 5%8U;,: 89-MC-1 (0.05 +
0.19%o, 10; excluding the 30 cm interval at ~86 m above the Gunflint Fm. contact; see Section
4.3), GF-3(0.12 £ 0.12%o, 10), and MGS-2 (0.19 £ 0.18%o, 10). The deepest core (MGS-8) records
028U uth Of —0.13 £ 0.24%o0 (10), which is slightly lighter than the adjacent MGS-2 core (p = 0.04).
Core MGS-8 features only ferruginous samples, while 89-MC-1 and MGS-2 contain samples
deposited under low oxygen, ferruginous and euxinic bottom waters, and GF-3 records primarily
euxinic conditions (Poulton et al., 2010, 2004). Samples deposited from euxinic waters record the
heaviest 8?%U,un of 0.18 £ 0.15%0 (10). Samples deposited from ferruginous bottom waters have
02%8Uqum of 0.07 = 0.18%o (10), which is significantly lighter than the euxinic 3%*3®Uaun (p = 0.01),
although the difference is small. Samples deposited from low-oxygen waters in the lower portion
of 89-MC-1 have 5%%Uaun of —0.49 + 0.04%. (10) which is significantly lighter than the mean for
ferruginous conditions (p < 0.0001). Table 1 and Fig. 4 summarize these findings. Additionally,
02%8Uum tend to increase with increasing Uer, Mogr, Reer and Ver, and with increasing TOC (TOC

data from Poulton et al., 2010) (Fig. 5).

4.3 Dynamic Interval in Core 89-MC-1

A fluctuating redox interval of ~30 cm occurs in core 89-MC-1 (86.000-86.303 m above the
Gunflint Fm. contact). This interval hosts macroscopic pyrite clusters and layers (up to 1 mm in
size; see Supplementary Fig. S1) and is interpreted to represent non-steady-state deposition
under a fluctuating redoxcline during the transition to a persistently euxinic water column (Kendall
et al.,, 2011; Poulton et al., 2004)—herein called the ‘dynamic interval’. The dynamic interval
features significantly (p < 0.0001) heavier 8**®Uaun (0.39 + 0.16%0, 10) than all other samples
(0.10 £ 0.20%o, 10) (Figs. 4 and 6). Iron speciation and RSTMs suggest that redox conditions
fluctuated between ferruginous and euxinic, with most samples recording ferruginous conditions
(Poulton et al., 2004). This interval is also calcareous (Ca < 26 wt%) and carbonaceous (TOC <

5 wt%) and includes elevated manganese (Mn < 0.63 wt%), carbonate Fe (Fecan < 1.4 wt%), and

12



280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

strontium (Sr < 427 ug g') enrichments, coincident with Ca-rich intervals (Fig. 6). Aluminium is
depleted relative to UCC, especially in samples with large Ca enrichments. The Al trend is
mirrored by decreased RSTM concentrations (e.g., V, Mo, Re, U) although not to values below

UCC.

5. Discussion

Black shales from the Rove and Virginia formations record an extensive range of 3?%Uaum,
similar to observations from modern sediments (Andersen et al., 2017, 2014; Bruggmann et al.,
2022; Clarkson et al., 2023; Cole et al., 2020). The heaviest 5?*®U.un recorded in these samples
(0.53%o0) suggests a maximum A?%Useq.sw during Rove/Virginia Formation deposition of between
0.82 and 1.26%o, assuming that 8**8Us, in the late Paleoproterozoic was not heavier than modern
02%Uy (—0.29%o; Andersen et al., 2017; Tissot and Dauphas, 2015) and was not lighter than the
minimum &238Us,, estimate for the Proterozoic (—0.73%o; Gilleaudeau et al. 2019). This calculated
range aligns with maximum modern isotope fractionations from anoxic, non-diffusion-limited,
and/or temporally dynamic marine redox settings (Andersen et al., 2017, 2014; Clarkson et al.,
2023; Rutledge et al., 2024). It has been suggested that non-uniformitarian U isotope systematics,
such as smaller fractionation factors, alternative mechanisms and/or efficiency of U incorporation
into black shales, occurred in the Proterozoic ocean (Chen et al., 2021). However, our data show
that large U isotope fractionations associated with reduction and removal of U into organic-
sediments, akin to those observed for modern and Phanerozoic organic-rich sediments, were
prevalent in the late Paleoproterozoic ocean. Below, we discuss possible mechanisms for highly

variable isotopic fractionations in the Late Paleoproterozoic under primarily anoxic conditions.

5.1 Effects of Local Microbial Activity, Aqueous Chemistry, and Sedimentary Processes
on Uranium Isotope Fractionation in the Late Paleoproterozoic Ocean

In cores recording changing redox conditions (89-MC-1, MGS-2), 8**8U.ut tend to scale with

local redox conditions inferred from Fe speciation and RSTM contents, such that euxinic settings
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generally have heavier 8**8U.uin compared to non-euxinic settings (Fig. 3). Considering all cores,
euxinic and ferruginous 8%*®U.un data overlap (Fig. 4), suggesting that other controls beyond the
redox environment impacted 8?*2U.un. We hypothesize that several local controls on U isotopic

fractionation were operating in the Animikie Basin, which we consider below.

5.1.1 Microbial Role in Large Uranium Isotope Fractionations

Some modern microbes (e.g., Shewanella oneidensis MR-1, Desulfovibrio desulfuricans)
have been observed using U(VI) as electron acceptors in their metabolism (Liu et al., 2002;
Marshall et al., 2006). These dissimilatory metal reducing bacteria dominate under anaerobic
conditions (most are also iron, FeRB, or sulfate, SRB, reducers), although some can grow
aerobically (e.g., Shewanella algae, Dang et al., 2016). Biotic reduction can induce an isotopic
fractionation, A2%U )y, of 0.7—1.0%0 as U(Vl)4 is reduced to solid U(IV) phases (Basu et al.,
2014; Stylo et al., 2015). The Animikie Basin euxinic wedge likely developed due to abundant
organic matter delivery to the sediment—water interface, as evidenced by TOC of 2.3 £ 0.9 wt%
(10) in euxinic samples above 100 m in 89-MC-1, throughout GF-3 and periodically in the lower
125 m of MGS-2. Additionally, pyrite sulfur isotopes (8*Sp,) in these samples approach
Paleoproterozoic 8%*Ssw of ~17%o, suggesting very low seawater sulfate concentrations (Poulton
et al., 2010). Thus, the conditions were appropriate for microbial sulfate (and uranium) reduction
within the euxinic wedge. Mean 5%8U,ut in these samples is 0.18 * 0.15%o (10). Thus, AZ8Ueux-sw
in the Animikie Basin may have been on average 0.47-0.91%, if 3?3®Us. was either unfractionated
from modern 528Uy, or was similar to the minimum &%38Us,, estimate from Proterozoic carbonates.
This range of isotopic fractionations overlaps with those observed in bio-reduction experiments

(Basu et al., 2014; Stylo et al., 2015).

Ferruginous intervals stratigraphically or laterally adjacent to the euxinic wedge also record
0?8U.un heavier than 828Uy, suggesting continued U isotope fractionation. Because euxinia

would have occurred due to SRB activity, we infer that U isotopic fractionation just outside the
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euxinic wedge was also driven, at least in part, by microbial activity. There is currently no evidence
that isotopic fractionations during microbial U(VI) reduction differ between Fe(lll) and SO4%-rich
conditions, with one field-scale experiment demonstrating Rayleigh fractionation with isotopic
enrichment of 0.65%o. under both conditions (Shiel et al., 2016). Additionally, ferruginous Paleozoic
shales have recorded highly variable 3?*2Uaun (—0.05 * 0.46%., up to 0.57%o) positively correlated
with TOC, that suggests locally-driven isotope fractionations of, on average, ~0.4%. and up to
~1.0%o, based on coeval 8*8U.an (Cole et al., 2020; Rutledge et al., 2024). In the Rove and
Virginia formations, ferruginous samples with elevated TOC (1.9 £ 0.8 wt%, 10; denoted as
‘ferrTOC’) are found below 100 m in 89-MC-1 and 125 m in MGS-2. Mean &*®Uau in these
intervals is 0.13 £ 0.14%o (10); thus, A%®Userroc-sw May have reached 0.42—0.86%., assuming
5%8Usw was between modern *8Uy, and the minimum estimated Proterozoic 5%*8Usw. Neither
A8U nor TOC are significantly different between the euxinic wedge and adjacent high TOC

ferruginous environments (p = 0.18 for both parameters).

Low-oxygen samples in 89-MC-1, and deep-water ferruginous samples in MGS-8 and
above 125 m in MGS-2, have significantly lower TOC (0.8 £ 0.7 wt%, 10; p < 0.001) and RSTM
contents than the euxinic wedge and adjacent environments (denoted as ‘lowerTOC’), and
528U .unn is significantly lower (—0.10 + 0.25%o, 10; p < 0.001). In these cases, AZ8Ujowerroc-sw May
have been 0.19-0.63%., based on a seawater range from modern &?%U;, to the minimum
estimated Proterozoic 5%%Us, value. Although the maximum estimated offset is within the range
of bio-reduction, the smaller AZ8Uwerroc-sw for the majority of these samples suggests that
microbially mediated reduction was not the dominant mechanism for U enrichment or isotope
fractionation, at least not to the extent inferred for the euxinic wedge and adjacent areas. When
electron donors (e.g., lactate, acetate) are limited but microbial reduction still occurs, U isotopic
fractionations will be large as the electron flux and ultimately reduction rate decreases (Basu et

al., 2020). However, if electron donor availability was very low, as expected for lower TOC
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samples, then microbial activity may have been limited. This could explain the lighter 8?28Uaun for
such samples, especially if U(VI) reduction occurred via alternative abiotic processes as explored

below.

5.1.2 Abiotic Uranium Reduction as a Driver of Uranium Isotope Fractionations

Recent experimental studies have demonstrated U isotopic fractionations by abiotic
reduction, although the magnitude of isotopic fractionation varies by reductant and aqueous U
speciation (Brown et al., 2018; Stylo et al., 2015; Wang et al., 2015). Some experiments have
revealed only small or opposing (238U preferentially in the U(Vl)aq phase) isotope fractionations
during abiotic reduction by Fe(ll) phases (e.g., mackinawite, magnetite) and aqueous Fe?* or HS
, potentially associated with non-NVE kinetic isotopic effects (Stylo et al., 2015). Others have
shown that abiotic U isotope fractionation is affected by aqueous U speciation, primarily where
increased [Ca?'],q results in preferential formation of aqueous Ca,UO2(COs)s°, which does not
readily adsorb to solid reductant surfaces compared to anionic species such as UO3(COs),*
(Brown et al., 2018). This slows reaction kinetics and promotes equilibrium exchange between
U(Vl)aq and reduced U(IV)s phases, causing larger isotopic fractionations comparable to those
observed in biotic experiments (cf. Brown et al., 2018; Stylo et al., 2015). Conversely, Usq as
CaxU02(COs)s° can inhibit U(VI) reduction by Fe? 54 (Dewey et al., 2020), an inferred effect in a
modern low-productivity ferruginous lake, where both oxic and ferruginous sediment 52U was
near upper continental crust composition, and ~40% of the bottom water U.q was present as
CalU0,(CO0s):° (Gilleaudeau et al., 2025). Large empirical isotope fractionations (up to 1.6%o) have
also been observed during equilibrium isotopic exchange between U(V1)ag—U(I1V)aq and U(VI)aq—
U(IV)s (Wang et al., 2015). Thus, abiotic reductive isotope fractionation can be defined by a
balance between kinetic and equilibrium endmembers, where a kinetic-dominated system (e.qg.,

rapid reduction with minimal isotopic exchange between U(VI) and U(IV) phases) results in limited
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isotope fractionation, and an equilibrium-dominated system (e.g., slower reduction with abundant

U(V)-U(IV) isotopic exchange) results in larger isotope fractionations (Brown et al., 2018).

Abiotic U(VI) reduction into Animikie Basin sediments is a plausible pathway to enrich U
and induce U isotopic fractionation, given an inferred abundance of potential reductants such as
aqueous Fe?*, or solid phase ferrous and/or sulfide minerals. If such conditions were maintained,
it is expected that abiotic reduction rates would be rapid and resulting U isotope fractionations
would be small, unless Ca?* was also widely available (> 1 mM; Brown et al., 2018) to form
neutrally charged Ca-uranyl carbonates. Chen et al. (2021) modeled temporal variations in neutral
versus anionic uranyl carbonates and found that, at ~1800 Ma, Ca,UO2(CQOs)s° may have
comprised >60% of aqueous uranyl carbonates versus modern seawater at ~44%. Experiments
of U reduction by synthetic mackinawite (FeS) depict a relationship between the proportion of Ca-
uranyl carbonate and resulting abiotic isotope fractionation (A2%8U = 0.854 X %Uneutral + 0.2; Brown
et al. 2018), thus isotopic fractionations of >0.7%. during abiotic reduction by mackinawite may
have been possible at ~1800 Ma. In high-productivity environments, isotopically heavy U(IV) may
be further associated with sinking organic matter, which was thought to be a primary control on
5?%U.uh in some Paleozoic black shales based on strong positive 8*22U..n—TOC relationships

(Rutledge et al., 2024).

In deeper water ferruginous locations (MGS-8, above 125 m in MGS-2), U isotope
fractionation appears to have been small given light 8?*®Uaun, but moderate Ugr values suggest
enrichment of U in the sediment. Microbial reduction may have been less important in these
locations, given that generally lower TOC (0.8 £ 0.7 wt%, 10) compared to within and near the
euxinic wedge suggests less organic reductants for anaerobic respiration. Instead, rapid abiotic
U(VI) reduction may have occurred via reaction with aqueous Fe?* upwelled from deeper
hydrothermal sources causing limited (or negative) U isotope fractionation from seawater (Brown

et al., 2018; Du et al., 2011; Stylo et al., 2015). Alternatively, or additionally, U(VI) adsorption to

17



404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

solid organic matter or Fe/Mn species resulting in negative or no isotopic fractionation (Brennecka
et al., 2011; Chen et al., 2020; Dang et al., 2016; Gilleaudeau et al., 2025) could be responsible
for light 3%8U.un and moderate Uee. This would be particularly relevant in an environment where
Fe?* was the primary reductant and [Ca?'.,q] was elevated, as the presence of Ca-uranyl-

carbonates can inhibit U(VI) reduction by Fe?* (Dewey et al., 2020).

5.1.3 Controls on Very High 8*®U.un in Animikie Basin Sediments

The dynamic interval in 89-MC-1 exhibits very heavy 6%*8U.un, averaging 0.39 = 0.16%o (10),
corresponding to a potential AZ8Ugynamic-sw Of 0.68—1.12%o if 5?*8Usw were between the modern
52%Uy, and minimum estimated mid-Proterozoic 8?%Us,, values. Clarkson et al. (2023) observed
similarly elevated A?®Useqsw near the intrinsic fractionation factor across the Black Sea
chemocline, with low to moderate TOC accumulation, low U accumulation, and lower H.S
concentrations. The Black Sea chemocline samples also feature %Mo lighter than modern
seawater, corresponding to weaker euxinia or H»S limited to porewaters at this location. These
conditions were hypothesised to contribute to high A?%®Ugeq.sw by several possible mechanisms,
including removal of a diffusive isotopic fractionation effect if U reduction occurred at the
sediment—water interface (e.g., within a permeable organic floc layer) or rapid sedimentation

isolating an interval from U isotopic diffusion from bottom water to porewater.

Like the Black Sea samples, the dynamic interval in 89-MC-1 features low to moderate
TOC, low [U] (note that Uer does not demonstrate depletion due to a corresponding decrease in
local [Al]), and &%Mo is notably lighter than the maximum reported values in fully euxinic
sediments of the upper portion of 89-MC-1 (Kendall et al., 2011). Additionally, this interval hosts
macroscopic pyrite, and Fe speciation indicates variable local redox conditions, suggesting Fe*—
H>S chemocline fluctuations near the sediment—water interface (Kendall et al., 2011; Poulton et
al., 2010). As the TOC content at the base of this interval is also elevated (up to 5.0 wt%), a

sizable organic carbon deposition event may have occurred, possibly resulting in U reduction in
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a highly permeable organic floc allowing for a larger expression of the reductive isotopic
fractionation effect. Simultaneously, organic matter deposition would provide substrate for SRB
and thus microbial-derived H.S, Fe(ll) and HCOs. These circumstances would have allowed for
the formation of pyrite and carbonate phases such as calcite or aragonite (CaCOs3), siderite
(Fe®*)COs3), rhodochrosite (Mn?*)COs), and strontianite (SrCOs), imparting the corresponding
observed elevated elemental concentrations (Fig. 6). This could have exacerbated the formation
of Ca-uranyl-carbonates that would slow reduction rates and further increase the A?*®Useq.sw by

equilibrium isotopic exchange between U(1V)s and U(V1)agq.

5.1.4 Heterogeneity of Late Paleoproterozoic Usw supply and reservoir

Precambrian shales feature very low Uaun (mean < 1 ug g™'; excluding shales deposited
during the Great Oxidation and Lomagundi events) compared to Phanerozoic shales (mean ~25
ug g, attributed to low atmospheric Oz limiting oxidation of immobile continental U(IV), thus
hindering mobile U(VI) supply to the oceans (Partin et al., 2013). A lack of supply, coupled with a
widely anoxic or highly productive ocean with enhanced U burial could have resulted in Usw
residence times near the average ocean mixing time and thus heterogeneous [U]sw and 823U,
(Chenetal., 2021). As rivers are the main source of U to the oceans, [U]sw would generally decline
moving offshore. Regional variations in %*8U,, (as observed in river systems today; Andersen et
al., 2016) and marine isotope fractionation associated with U burial in sediments (amplified by
high primary productivity) would cause heterogeneous 8%*8Us,. The nearshore—offshore transition
would be marked by a decrease in continentally-supplied nutrients and thus waning productivity
and TOC flux with distance from the shoreline, which has been incorporated algorithmically or
pseudo-spatially into previous elemental mass balances for Mo, Cr and Re (Reinhard et al., 2013;
Sheen et al., 2018). Together, these spatial factors may have influenced the observed trends in
Uer, TOC and 3%%®U.un across the Animikie Basin transect. The proximal cores 89-MC-1

(excluding the dynamic interval) and GF-3 feature a combined Ugr of 4.8 + 1.7, while distal cores
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MGS-2 and MGS-8 feature a lower combined Uer of 3.4 + 1.5. The TOC content also decreases
with distance from the shoreline, although a significant decrease only occurs in the most distal
core MGS-8 (0.6 £ 0.7 wt%, versus 1.9 £ 0.9 wt% in the three proximal locations). This trend does
not hold for 3?%U.un in the three proximal cores, where MGS-2 features, on average, heavier
0?%8Uqumn than 89-MC-1 and GF-3, however, distal core MGS-8 does host the lightest 8?*2Uaytn
samples. Thus, it is likely that beyond local isotope fractionation resulting in variable and/or heavy
52%8U.u (see sections 5.1.1-5.1.3), U and TOC supply affected 8%38Uqum, primarily towards the
deepest portion of the basin. A smaller TOC supply would limit microbial activity and
accompanying large isotopic fractionation or shift the balance of U reduction to a diffusion-limited
regime in sediments rather than a non-diffusion-limited regime in a permeable organic floc as
suggested by Clarkson et al. (2023). If Usyw was depleted towards MGS-8, quantitative U removal
into sediments is expected, provided availability of reducing agents such as upwelling Fe(ll),

negating isotopic fractionation effects and resulting in 8%8U.un approaching 82%Us,.

5.2 Unified Animikie Basin Uranium Isotope Model

Based on observed Ugr and 8%8U.un, and suggested mechanisms for U enrichments and
isotopic fractionations, we propose that U isotope systematics in the late Paleoproterozoic ocean
were primarily governed by the relative importance of microbially mediated reduction versus
abiotic reduction and/or adsorption. This interpretation is supported by positive relationships
between &38U,un—TOC (Fig. 5), and significantly elevated 8?*®*Uaun, TOC, and Uer in euxinic
wedge/adjacent higher-TOC ferruginous samples compared to shallow water low-oxygen and
deeper water lower-TOC ferruginous samples (p < 0.001). Productivity has previously been
suggested to exert a primary control on 5*8U.un in Paleozoic black shales, identified by strong
correlation between 82U, and TOC, and productivity proxies such as Zn and Ni (Rutledge et
al., 2024). In the shallower shelf locations where abundant organic matter was deposited and a

euxinic wedge developed, we anticipate vigorous microbial reduction of U(VI) coupled with FeRB
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and SRB activity, resulting in elevated U enrichment and large isotopic fractionations, similar to
those observed in microbial batch experiments and modern euxinic environments (A?%Usgjig-aqueous
from 0.4%o to 1.0%o; Andersen et al., 2017; Basu et al., 2020, 2014; Holmden et al., 2015; Rolison
et al.,, 2017; Stylo et al., 2015). These locations may also experience non-diffusion-limited
conditions where U reduction occurs near the sediment—water interface, likely within a permeable

organic floc (Clarkson et al., 2023).

Abiotic reduction or U(VI) adsorption to solid organic matter or Fe/Mn species likely
dominated in shallower low-oxygen and deeper lower-TOC ferruginous environments. Isotopic
fractionation is anticipated to have been limited, even when U enrichment was elevated, because
of rapid reduction rates when abundant abiotic reductants were available, or due to increased U
adsorption to solid Fe/Mn species which imparts little or no isotopic fractionation (Gilleaudeau et
al.,, 2025). We do not discount the potential for multiple reduction pathways, including
simultaneous biotic and abiotic processes. Rather, we suggest that observed 3%3®U.un throughout
the Animikie Basin resulted from a balance between these processes. Microbial activity may be
primarily responsible for large isotope fractionations, but these may be compounded by slow
abiotic reduction, perhaps in the presence of substantial Ca2*. Additionally, we suggest that
temporary non-diffusion-limited conditions could have contributed to unusually high &28Uu in
the dynamic interval. Figure 7 provides a summary of proposed mechanisms and the locations

where each mechanism may have dominated.

5.3 Significance for the Global Uranium Isotope Mass Balance of the Proterozoic Ocean

Beyond the Animikie Basin, these findings can help reconcile potentially modern-like
Proterozoic 5?%Us, within the extensive anoxic conditions of the Proterozoic oceans (Chen et al.,
2021; Gilleaudeau et al., 2019). By the conventional global U isotope mass balance, a widely
anoxic ocean should result in very light 53U, due to the preferential burial of 233U in anoxic

sediments. Instead, we observe that heavy 5%*U.un in the late Paleoproterozoic ocean primarily
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occurred in settings where organic matter was abundant closer to the paleoshoreline. In
Paleoproterozoic deeper shelf areas, where lower productivity and ferruginous conditions
prevailed, limited U isotope fractionation is expected based on the Animikie Basin data and
supported by modern lacustrine data (Gilleaudeau et al., 2025). Hence, a widely anoxic ocean
does not necessarily have very light 52%Us,, as alluded to by Chen et al. (2021). Light Proterozoic
52%8Usw may be achieved when primary productivity rates are elevated and could induce vigorous
U reduction and isotopic fractionation under high-TOC ferruginous or euxinic conditions, in
contrast to times with suppressed primary productivity when Proterozoic 8%*8Us, may have been
more modern-like. Seafloor reconstructions from the U isotope mass balance may therefore
reflect areas where localized conditions (e.g., productivity-driven anoxia) affect U reduction, rather
than discrete redox conditions such as ferruginous anoxia or euxinia, although the precise redox
conditions may still impact isotopic fractionations in settings where environmental conditions were

otherwise generally stable.

The large variability in *8U.un in the Rove/Virginia formations and other Proterozoic black
shales inhibits their use as direct records of Proterozoic 8?%Us,. However, as demonstrated here,
they are useful for inferring whether large isotopic fractionations occurred in ancient
environments. During Rove/Virginia deposition, §?%Us, may have been relatively light based on
contemporaneous 8*®U.aw from the Australian Duck Creek Formation, which was close to the
minimum Proterozoic estimate. With such light 6**%Us, and large observed local U isotopic
fractionations in the Animikie Basin, it is plausible that the late Paleoproterozoic ocean at ~1840
Ma experienced enhanced primary productivity and development of euxinic wedges on
continental margins, potentially covering up to 10% of the global seafloor (see mass balance in
the Supplementary Material). This hypothesis is supported by elevated organic C/P ratios in
euxinic Animikie Basin sediments, suggesting enhanced P-cycling at this time (Guilbaud et al.,

2020). At other times, the Proterozoic oceans are thought to have been largely P-limited due to
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reduced P input flux and potential co-precipitation with or adsorption to Fe-minerals (Laakso and
Schrag, 2014). These low-productivity oceans would be reflected in the Proterozoic when 82*Ucar

and &%8Uaun are not appreciably different from modern average 8?%Usy and 8%8Uyy.

6. Conclusions

Study of the Animikie Basin has progressed our understanding of late Paleoproterozoic
ocean conditions, with its well-preserved sedimentary succession and growing geochemical
database. Black shale 8**®U..n varies with redox conditions within each of the four studied drill
cores but are inconsistent between redox settings across the basin. We attribute the basin-scale
52%8U.um variations to local controls, primarily related to organic matter flux to the sediment—water
interface. Where organic matter accumulation was large, U reduction by dissimilatory metal
reducing bacteria during organic carbon degradation could have resulted in large U isotope
fractionations and heavy sedimentary 8?*3U. Where organic matter accumulation was lower, U
reduction would have been minimal or occurred rapidly by abiotic reductants like Fe?*,q, producing
small effective U isotope fractionations. Limited U reduction is hypothesised in shallower locations
where O, could be maintained at low concentrations or perhaps in deeper settings where U was
instead enriched in sediments by adsorption to organic matter or Fe/Mn species without

appreciable isotopic fractionation.

These findings help improve our understanding of the global U isotope mass balance,
whose application to Proterozoic ocean reconstructions has been questioned due to apparent
contradictions between carbonate and black shale isotopic records. We have demonstrated that
52%U,y could have maintained near-modern compositions in a Proterozoic ocean that was
predominantly anoxic but lacked organic carbon fluxes to sediments (from elevated primary
productivity), diminishing the development of highly reducing environments suitable for U
reduction and isotopic fractionation, and thus keeping 8%%Us, close to &%8U.. Conversely,
episodes of enhanced primary productivity could promote conditions for vigorous U reduction in
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the Proterozoic oceans, increasing preferential burial of 22U in sediments, thus driving 8*8Us,, to
lower values. Hence, more generally, the U isotope system in Proterozoic black shales can be

employed as a proxy for anoxia in highly productive continental margins.
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Figure Captions

Figure 1. Paleogeography of the supercontinent Nuna at ~1850 Ma (Zhang et al., 2012) showing
the Animikie Basin along the northern continental coast, and modern location of the Animikie
Group preserved in central North America (Poulton et al., 2010). Paleogeographic configuration
and age is approximate as Zhang et al. (2012) mapped ~1740 Ma.

Figure 2. Lithological cross section of Animikie Basin cores modified from Poulton et al. (2010).
U-Pb zircon ages from cores PR98-1 and VHBO0O0-1 (profiles not shown) from Addison et al.
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(2005). Sudbury ejecta age from Krogh et al. (1984). Cores 89-MC-1 and GF-3 contain Rove and
Gunflint formations; MGS-2 and MGS-8 contain Virginia and Biwabik formations.

Figure 3. Geochemical profiles for Rove/Virginia cores. Yellow markers are euxinic, red markers
are ferruginous, and blue markers are low oxygen based on Fe speciation (after Poulton et al.
2004, 2010) and redox sensitive trace metal concentrations. Total organic carbon (TOC) content
is from Poulton et al. (2010). Dashed vertical line in uranium isotope profiles is upper continental
crust isotope composition and solid blue line is modern seawater. Error on isotope compositions
is long term reproducibility of +0.09%. or £20 on replicate measurements, whichever is larger.
Vertical axis is height (metres) above the contact with the Gunflint/Biwabik iron formations.

Figure 4. Summary of authigenic U isotopic compositions by redox environments in all study
cores (n = 75). ‘Dynamic’ refers to all samples (ferruginous and euxinic) within the dynamic
interval of core 89-MC-1.

Figure 5. Covariations between select redox sensitive trace metal enrichment factors (EF) and
TOC versus 6%8U.un for the Rove and Virginia samples. Solid blue line is modern seawater 68U
and the dashed black line is modern &°%U input to the oceans from rivers (derived from upper
continental crust, UCC).

Figure 6. Uranium isotope and elemental profiles for the dynamic interval within 89-MC-1. Marker
colour represents local redox conditions based on Fe speciation from Poulton et al. 2010, as
described in previous figures. Grey markers are elemental concentrations (V, Mo, Re and U).
Solid blue line in 8°*U.. profile is modern seawater composition, and dashed line is upper
continental crust. Vertical axis is height above the top of the Gunflint iron formation in metres.

Figure 7. Model of the Animikie Basin summarizing the controls on sedimentary uranium isotope
offsets from seawater (Ased-sw). These offsets are based on 6?®U.un observed in Animikie Basin
cores and their corresponding A%8Useq.sw range using minimum Proterozoic 6**4Us, and modern
6%%U,,. Black squares are the approximate initial positions of the four drill cores and white squares
are their approximate final positions. Note that these represent temporal, rather than spatial
transitions as sea level transgressed and bottom water conditions at each location migrated
landward. Diagram not to scale. DMRB = dissimilatory metal reducing bacteria.

Tables

Table 1. Authigenic uranium isotope compositions (6°*Uaun) for Rove (89-MC-1, GF-3) and
Virginia (MGS-2, MGS-8) formation cores in the Animikie Basin. Redox conditions are based on
Fe speciation (Poulton et al. 2004, 2010). ‘Dynamic’ 89-MC-1 is an interval from 86.00 to 86.303
m that contains coarse pyrite grains and fluctuating redox conditions. All other samples are
considered steady state with respect to redox conditions. Bracketed values are sample counts.

Core Euxinic Ferruginous Low Oxygen Mean

89-MC-1 0.14 £ 0.09%o0 (10) 0.06 £ 0.11%0 (14) —0.49 + 0.04%0 (2)  0.05 + 0.19%o (26)
Dynamic ~ 0.44 + 0.03% (2) 0.38 + 0.18%0 (9) 0.39 + 0.16%0 (11)

GF-3 0.12 £ 0.12%o0 (11)

MGS-2 0.41+£0.11%0 (4) 0.14 £ 0.16%o (18) 0.14 + 0.16%o (18)

MGS-8 —0.13 + 0.24%o (5) —0.13 £ 0.24%o (5)

All Cores  0.18 £ 0.15%0 (25) _ 0.07 + 0.18%0 (37)  —0.49 + 0.04%0 (2) _ 0.10 % 0.20%o (64)
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