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ABSTRACT

Uranium isotopes (8238U) have quickly become one of the most widely-used redox proxies in paleoceano-
graphic studies. The quantitative power of the §238U proxy derives from the long marine residence time
of uranium and the dominance of reduction in fractionating uranium isotopes during removal from sea-
water. The seawater §238U value is therefore sensitive to the size of the anoxic sink, and by extension,
the area of the seafloor overlain by anoxic waters. Leveraging the ability of carbonates to record and re-
tain the seawater 238U value, and the ubiquity of carbonate sediments in the geologic record, numerous
studies have quantified seafloor anoxia across ocean anoxic events, mass extinctions, and global climatic
changes. In most cases, forward models of marine uranium isotope mass balance have been used, illus-
trating potential histories of seafloor anoxia during these events.
Here we show that there are multiple ways in which such forward modeling can lead to spurious in-
ferences of anoxia, including (i) the poor sensitivity of the §238U proxy when fractional anoxia is high,
and (ii) the inherent bias in generating illustrative forward model outputs in stratigraphic sections with
expected anoxic intervals. We thus explore inverse modeling approaches to constrain the most likely his-
tory of seafloor anoxia for a given 523U dataset, and ultimately develop a framework for doing so using
Bayesian inference via Markov Chain Monte Carlo simulation. We show that this approach can recover
simulated trends, and further reconstruct marine anoxia for eight published §238U datasets. We find that
some previous interpretations of anoxic seafloor extent were inaccurate, either because steady state was
improperly assumed, or because the illustrative forward models used were poor fits to the data. In order
to overcome these issues in future work with the §238U redox proxy, we have made this model pub-
licly available, and also offer suggestions for the judicious use of forward models. By building on this
framework, the future quantification of marine anoxia during transient environmental perturbations can
be performed consistently, thereby facilitating robust comparison of anoxic extent between events.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

cycles, which holds implications for understanding future climate
change.
In order to reconstruct oxygen levels in ancient seawater, many

The oxygenation of the ocean dramatically restructured biogeo-
chemical cycles and paved the way for the emergence of animal
life on Earth (Nursall, 1959). Since the rise of animals, intervals of
extensive marine anoxia have resulted in biogeochemical perturba-
tions and occasionally mass extinctions (e.g., Wignall and Twitch-
ett, 1996). Quantifying the appearance of oxygen in Earth’s early
history and its disappearance in more recent events is therefore a
critical task when studying the role of redox in the evolution of life
on our planet. Furthermore, understanding past marine redox fluc-
tuations allows us to reconstruct perturbations to biogeochemical
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“paleo-redox proxies” are employed, which are typically elemental
or isotopic characteristics of ancient marine sediments with some
demonstrated sensitivity to redox conditions in the modern ocean.
These proxies range in sensitivity from local to global and qualita-
tive to quantitative. Quantitative, global tracers of ancient marine
redox conditions are of great interest, since - in the best case -
they enable conclusions to be drawn about the global ocean when
sampling a single locality. Using elements that have long marine
residence times and thus are well-mixed in the ocean (e.g., Mo, TI,
U), a few global tracers have been developed, each with particular
strengths and limitations. Among these is the uranium “stable” iso-
tope ratio (233UJ235U, expressed in delta notation as §238U), which
in the two decades since natural §238U variability was first analyti-
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cally resolved (Stirling et al., 2007; Weyer et al.,, 2008) has become
one of the most widely-used proxies for global assessments of ma-
rine anoxia in deep time (e.g., Tissot and Dauphas, 2015; Lau et al,,
2019; Zhang et al., 2020Db).

In Earth’s surface environment, uranium (U) exists in two main
oxidation states: soluble US* that behaves conservatively in the
modern ocean (i.e., [U] varies linearly with salinity, Ku et al., 1977,
Owens et al., 2011), and insoluble U%*. Because the mean oceanic
residence time of U (t ~ 400 kyr; Ku et al, 1977; Dunk et al,,
2002) is much longer than the global ocean mixing time (1-2
kyr; Broecker and Peng, 1982), the salinity-normalized seawater
composition is homogeneous with regard to both U concentra-
tion ([Ulsw = 3.24 &+ 0.07 ngfg,! for a salinity of 35 g/L, Chen
et al, 1986) and isotopic ratio (623%Usy = —0.39 =+ 0.02%c; Tis-
sot and Dauphas, 2015). As U inputs to the ocean are dominated
by continental weathering, with an isotopic composition identi-
cal to that of the continental crust (—0.30 & 0.04%c; Tissot and
Dauphas, 2015; Andersen et al, 2016), changes in §23%Uy, are
typically thought to be controlled by the isotopic fractionation as-
sociated with U removal into different oceanic sinks.

In particular, U removal via reductive immobilization (i.e., from
UST in dissolved uranyl-carbonate complexes to U%* in uraninite,
non-crystalline U** phases, or organic matter complexes; see e.g.,
reviews in Lau et al,, 2019; Zhang et al,, 2020b) in anoxic and/or
euxinic (anoxic + sulfidic) settings results in preferential incorpo-
ration of 238U in sediments. The magnitude of isotopic fraction-
ation observed in these settings is typically ~ +0.6%c relative to
seawater (Andersen et al,, 2014; Holmden et al., 2015; Rolison et
al., 2017). This is roughly half of the estimated intrinsic fractiona-
tion factor of ~ +1.3%o predicted by nuclear field shift calculations
(Bigeleisen, 1996) and observed in redox reaction experiments (Fu-
jii et al, 1989; Nomura et al., 1996; Brown et al,, 2018), and is
thought (e.g., Andersen et al., 2014; Lau et al., 2020; Zhang et al.,
2020b) to reflect the typical twofold reduction in expressed frac-
tionation in diffusion-limited settings such as sediment porewaters
(e.g., Clark and Johnson, 2008). Although the uniformity of this
expressed fractionation factor across environmental gradients has
recently been questioned (e.g., Cole et al.,, 2020; Lau et al.,, 2020;
Zhang et al., 2020b), including suggestions that anoxic, but non-
euxinic settings feature smaller expressed isotope fractionation, by
considering here this high-end value of +0.6%. we are effectively
considering the abundance of environments such as those where
this isotopic effect was observed (e.g., Black Sea, Saanich Inlet).
One can add complexity to the mass balance by considering in-
termediate (e.g., “ferruginous”, “hypoxic”) sinks with intermediate
scavenging rates and isotopic fractionations. However, to best com-
pare our results to previous work, we here utilize a simplified mass
balance in which all other (“non-anoxic”) U sinks in aggregate are
presumed to impart a negligible isotopic fractionation (Lau et al.,
2016; Zhang et al, 2020b). In this framework, the waxing and
waning of the anoxic sink dictates the §238Us,, value: when the
anoxic sink is larger, more 238y i scavenged from seawater, caus-
ing §238Us,, to become more negative (Fig. 1, Section 2.1).

Given the sensitivity of §238Us,, to the size of the anoxic sink,
any archive that records §238Ug,, in the past can be used to quan-
tify, through isotope mass balance, fluctuations in seafloor anoxia.
While black shales (Asael et al., 2013; Kendall et al., 2015; Briiske
et al., 2020) and ferromanganese crusts (Goto et al., 2014; Wang
et al., 2016) have been investigated, both archives are isotopically
fractionated relative to seawater, and most studies have instead
targeted carbonates (reviewed in Lau et al, 2019; Zhang et al,
2020b). Indeed, early work showed that modern primary carbonate

! Here and throughout the manuscript, errors are reported as 2o unless other-
wise stated.
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precipitates have §238U values identical to that of modern sea-
water (Stirling et al.,, 2007; Weyer et al,, 2008; Romaniello et al.,
2013; Andersen et al., 2014; Tissot and Dauphas, 2015). Further
work confirmed that abiotic carbonate precipitation leads to mi-
nor isotopic fractionation (~ 0.1%c¢; Chen et al, 2017), and that
many biological carbonate precipitates have even smaller offsets
relative to §238U,, (Chen et al,, 2018b; Tissot et al, 2018). While
diagenetic modification is always a concern in paleo-redox stud-
ies (Romaniello et al.,, 2013; Chen et al., 2018a; Tissot et al., 2018),
and will be further discussed in Section 4.2, to a first-order car-
bonates hold great potential as archives of §233Ug, on geological
timescales.

If one assumes that carbonate sediments (or any other geolog-
ical archives for that matter) indeed record §238U,, on geological
timescales, the remaining question is how to best relate these
§238U data to the amount of U sequestered in anoxic sediments
and, ultimately, to the most likely extent of seafloor anoxia. To
date, all studies have taken one of two approaches: (i) the marine
U isotope mass balance is assumed to be at steady state, in which
case each 823U value (or the mean of the entire dataset) can be
directly equated to the extent of seafloor anoxia (e.g., Bartlett et
al., 2018; Zhang et al., 2018), or (ii) dynamic models are used to
simulate transient perturbations to the marine U cycle (e.g., Jost et
al., 2017; Lau et al., 2017; Clarkson et al., 2018, 2021;). In the lat-
ter case, studies have so far used only illustrative forward model
outputs to assess marine anoxia using §238U datasets.

As will be discussed below, these approaches can result in in-
accurate assessments of marine anoxia because of the dynamic
nature of 234U trends on up to Myr timescales. Here we show
that these shortcomings can be readily addressed using an inverse
modeling framework, as it quantifies the fit of forward model runs
to the data, therefore allowing (i) determination of the best fit for
a particular dataset, and thus, (ii) consistent comparison of trends
between datasets. We first walk through a few possible ways to
handle this inverse modeling, before describing an accessible, ro-
bust method for assessing 233U and anoxia trends using a Markov
Chain Monte Carlo (MCMC) approach. We demonstrate the utility
of this method using published datasets, finding that our inverse
model can in all cases describe the trajectory of the data, but in
some cases implies seafloor anoxia trajectories that are different
from those inferred using steady state assumptions or illustrative
forward model runs. Overall, we find that this MCMC approach
(available at www.github.com/m-kipp/d238U-inverse-model) will
be a useful way for future applications of the §238U proxy to rig-
orously quantify seafloor anoxia and robustly compare trends be-
tween different datasets in order to determine the magnitude of
ocean anoxia during events in Earth history.

2. Methods
2.1. Uranium isotope mass balance

Fig. 1a shows a simplified marine U budget used in many paleo-
redox studies (e.g., Brennecka et al., 2011; Clarkson et al.,, 2018;
Lau et al, 2016; Zhang et al., 2020a). It considers rivers as the
sole U input to the ocean (J,,), and two sinks: anoxic sediments
(Janox) and all other sediments (Joer). Although more complex
formulations can be used to account for more than two sinks, we
follow most previous work in using this simplifying assumption to
derive first-order redox constraints. In this framework, the change
in the U inventory of the ocean (N ) over time can be written as:

d(Nsw)
dt

Accounting for the isotopic composition of riverine inputs (§238U,)
and the isotopic fractionation associated with U burial in anoxic

= Jriv — Janox — Jother (1)
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Fig. 1. (a) Simplified U isotope mass balance. Based on data and frameworks presented in Dunk et al. (2002), Andersen et al. (2014, 2016), Tissot and Dauphas (2015), and
Lau et al. (2016). See Section 2.1 for details. (b) Steady state 5238Us,, as a function of ocean anoxia (expressed as the proportion of U burial in anoxic sediments, Fgnex, top
x-axis, or seafloor area covered by anoxic sediments, f g0, bottom x-axis). At steady state, there is little difference in §238U,, between oceans with ~10% versus ~100% of
the seafloor anoxic. Adapted from Lau et al. (2017). (c) Fraction of oceanic response to a step-wise perturbation as a function of time.

(Aanox) and non-anoxic (A gyer) environments, changes in §238U,,,
are then described (as in Lau et al., 2016) by:

d(5238U )
TSW = (fn'v * (5238Uriv - 8238Usw)

(2)

Quantification of oceanic anoxia can then be done in two ways:
(i) as the proportion of U sequestered in the anoxic sink [Fanex =
Janox!(Janox + Jother)l, or (ii) as the fraction of the seafloor that
is anoxic ( fanox). We note that there is some inconsistency in the
literature in the use of the term fg;0x. We recommend that the
notations adopted here - which follow most previous work - be
systematically used in future studies to avoid confusion. Uranium
removal fluxes can be related to seafloor area as:

— Janox * Aanox — Jother * Aother)/Nsw

Janox = Nsw * Kanox * fanox (3)
Jother = Nsw % Kother ¥ (1 — fanox) (4)

where Kgnox and Ky are rate constants that describe the effi-
ciency of U burial in anoxic and non-anoxic sediments, respectively
(as in Lau et al., 2016). Combining Equations (2), (3) and (4) allows
82381, to be cast as a function of fanox.

For the sake of clarity and completeness, we walk through a
determination of the modern extent of seafloor anoxia using the
latest understanding of marine §238U systematics. The first step is
determining the modern U flux into anoxic and non-anoxic sinks.
Assuming the modern ocean is at steady state, Equation (2) be-
comes:

Jriv * (6238Uriv - 6238Usw) = Janox * Aanox + Jother * Aother  (5)

Using published estimates (Appendix A) for Jqv, 8238Uy,,
§238Ugw, Aanox, and Ageher, With Monte Carlo propagation of uncer-
tainty, we obtain an absolute U flux into anoxic sediments ( Janox)
of 0.0063fg'gggg GmolUyr~1, corresponding to Fanox = 15J_r§%. By
mass balance, Jye must account for the other ~85% of U burial.

These mass fluxes can be equated to the extent of seafloor
anoxia (Eq. (3), (4)). Here, one can either (i) assume that the mod-
ern fanox Value is known (ie., using estimates from prior studies,
e.g., Veeh, 1967; Bertine and Turekian, 1973), and then calculate
the necessary rate constants, or (ii) constrain the rate constants
with observations of U concentrations in modern sediments and
overlying water, and then calculate a modern fgn0x value. We opt
for the latter approach, as it allows us to confirm that our oceanic

U budget indeed produces a reasonable, independent estimate of
seafloor anoxia in the present day.

Areal U scavenging rates were determined in modern anoxic
settings by Dunk et al. (2002). We can incorporate these con-
straints by writing the anoxic U burial flux as:

(6)

where Rgnex is the areal scavenging rate of U in modern anoxic
sediments (9.2 pmolm~2yr~!, range 4.6 to 13.8; Dunk et al,
2002) and Agnex is the total area of anoxic seafloor in the mod-
ern ocean, which is the product of fu;0x and the total area of the
global seafloor, Agcean (3.6 x 101 m?2; Turekian, 1969). It follows
from Equations (3) and (6) that

Janox = Ranox * Aanox = Ranox * Aocean * fanox

Ranox * Aocean

NSW

Solving using the modern U inventory (N, ) of 19,000 + 1,200
GmolU (Dunk et al., 2002), with propagation of uncertainties on
Ranox and Ny, gives a Kgnox value of 1.74fg:g§ x 10~% yr~1. This

equates (Eq. (3)) to a modern funex value of 0.19f8:5;%, similar
to an earlier estimate of 0.21 & 0.09% (Tissot and Dauphas, 2015)
and in agreement with previous determinations based on U and
Mo elemental mass balances (0.3%, Veeh, 1967; 0.23%, Bertine and
Turekian, 1973). By mass balance, the corresponding K., value is
1.8870-22 % 1076 yr1,

(7)

Kanox =

2.2. Forward modeling

With the above equations in place, we can explore the rela-
tionship between anoxia (fanex) and §238Us,. Let us begin with a
steady state system. In this case, there is no change in amount or
isotopic composition of U in seawater with time (LHS in Eq. (1) and
(2) equal to zero), and using the parameters in Appendix A, one
can calculate §238Us,, as a function of fuuox (Fig. 1b). Because each
fanox value corresponds to a single §238Ug,, value (i.e., a bijective
function), this framework allows a straightforward back calcula-
tion of marine anoxia: locate the position on the plot matching
the measured §238U,, value and retrieve the corresponding fanox
value.

This approach is only as valid as the steady state assumption.
One way to assess the validity of this assumption is to follow
Holland (1978) and calculate the response time of the marine in-
ventory of a given element to a single step-wise perturbation (see
Appendix B). Doing so reveals that the system only comes within
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Fig. 2. Forward model runs under different fqnox trajectories (a). Solid lines in (b)
denote outputs using model equations in Section 2.1; dashed lines denote outputs
of Zhang et al. (2020b). Inset in (b) shows recovery toward steady state value over
1 Myr. Solid lines in (c) denote §238Ug,, value if the system were in steady state
at the current fanox value in (a). Note that §238Ug, can exceed the lowest possible
steady state value during large, rapid perturbations.

1% of the new steady state after 5 residence times (Fig. 1c). Given
its modern marine residence time of ~400 kyr (Ku et al, 1977,
Dunk et al., 2002), this means ~2 Myr must pass for the marine
U inventory to reach a new steady state following a step pertur-
bation. This implies that for datasets with <2 Myr between §238U
datapoints (as is the case in most studies using the §238U proxy),
a dynamic model must be used to accurately recover fgnox trends.

When the steady state assumption is invalid and a dynamic
model is needed, a simple yet effective approach is to parame-
terize a secular trend in fg,;,x and determine whether the result-
ing §238U,, model trend resembles the data (e.g., Clarkson et al.,
2018). For instance, and to demonstrate that our formulation of
U isotope mass balance agrees with prior work, we modeled four
scenarios (from Zhang et al. (2020b), see their Fig. 9g), each repre-
senting a single pulse of anoxia of varying magnitude (Fig. 2a). The
resulting 628U, trends (Fig. 2b, solid lines) match closely those
of Zhang et al. (2020b) (Fig. 2b, dashed lines), indicating that our
model agrees with previous formulations (the residual discrepancy
is due to the fact that Zhang et al. modify J., as a function of
pCO3, which changes as a function of fune). Importantly, this ex-
ercise also demonstrates the inappropriateness of the steady state
assumption: §%38Us,, values calculated assuming steady state at
each time point (Fig. 2¢) are very different from those in the dy-
namic model (Fig. 2b) because the system has not had time to fully
respond to the forcing (and because during rapid, large perturba-
tions, §238Uy,, can even exceed the minimum steady state value as
the ocean gets quickly depleted of uranium).

One could in theory “hand-tune” this dynamic forward model
to re-create §238Uy, trends in published datasets. This process
would, however, not only be extremely time consuming, but also
hindered by significant sources of inaccuracy. First, 238U, re-
sponds very little to changes in fanox >10% and <0.1% (Figs. 1b, 2).
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This means that even in dynamic models, there is little basis for
a forward modeler to discern between a transient anoxic pulse
of ~60% versus ~90% (the two would give rise to quite similar
§238;,, trajectories; Fig. 2b). Second, many §238U datasets are gen-
erated using samples that have already been studied for the identi-
fication of ocean anoxia. This means that there are known intervals
that are thought to have been anoxic; coupled with the insensitiv-
ity at high seafloor anoxia noted above, this could lead to bias in
inferring moderate vs. severe anoxia when data are ambiguous.
Lastly, when using only illustrative forward model outputs, it is
unclear whether data points that fall off the simulated §238Uj,, tra-
jectory can be explained via global U isotope mass balance. This is
important because in some cases, rapid, positive §238U excursions
cannot be achieved by redox-influenced U isotope mass balance
alone (e.g., Clarkson et al., 2018); in these cases, some of the sig-
nal must be attributed to diagenesis, but forward models alone
leave this distinction ambiguous. For all of these reasons, here we
utilize Bayesian inverse analysis — which has demonstrated util-
ity in paleoclimate and isotope geochemistry studies at a range
of spatial and temporal scales (e.g., Tierney et al., 2019; Bowen et
al., 2020; Krissansen-Totton et al, 2021) - to optimize model fits,
propagate parameter uncertainties, and distinguish between com-
peting effects on isotopic data.

2.3. Inverse modeling

2.3.1. A Markov Chain Monte Carlo approach

Here, the term “inverse” modeling simply means that a quan-
titative framework is used to assess the fit of dynamic forward
model outputs to a §238U dataset. Doing so allows optimization of
the fit to a §238U dataset and recovery of the corresponding fanox
trend. There are multiple ways to approach this problem, which
we walk through here to find an efficient and effective solution for
the §238U proxy.

First is the question of how to describe the temporal evolution
of fanox. There are two approaches: numerical and analytical. In the
numerical approach, one simply needs to assign an fgnox value at
each time point in a model run. This approach is flexible in that
one need not describe a functional form for the fan0x history; in-
stead one can simply “draw” a curve that looks appropriate. While
this enables quick “hand-tuning” to fit a dataset, the numerical ap-
proach is computationally costly when trying to optimize the fit,
because the possible permutations of fg;0x histories quickly be-
come very large (see Appendix C). This burden can be reduced by
decreasing the temporal resolution in parts of the dataset that ap-
pear invariant; however, doing so could lead to unintentional bias
influencing data interpretation.

In contrast, in the analytical approach, one can optimize the fit
by tuning only a few parameters. Here, we consider the temporal
evolution of fgnex as a Fourier series:

d(fanox) <~ , _
= Ea, % sin(y;  t) + bj % cos(z; * ) (8)

where a and b set the amplitude, and y and z set the period of
oscillations. To describe complex fgnox trajectories, several sets of
sine and cosine terms can be included; in practice, we find m < 10
to be sufficient in most cases. In this framework, we only need to
optimize a;, b;, y; and z; to arrive at the best fit to a §238U dataset
- a more computationally tractable problem - which we consider
below.

The next question is that of the “cost” function used to describe
the fit of the model (§238Upoq) to the data (§238U,). Here we use
the negative log-likelihood (NLL) to quantify model fit (MacKay,
2003), which is calculated as:



M.A. Kipp and ELH. Tissot

n
NLL = Z
i=1

(6238U0bs,1' - 6238Um0f1,i)2
ZGI-Z

+ In(v/2707) (9)

where n is the number of data points and o is the uncertainty
on each point. The best fit model has the lowest NLL. We note
that other inverse modelers sometimes use different cost func-
tions, e.g., the Bayesian Information Criterion, which expands on
the log-likelihood by penalizing models with more parameters; for
simplicity we opt to utilize the NLL and leave the dimensionality
of the model (m value) up to the user.

There are two schools of thought about how to optimize model
fit (i.e., minimize NLL): Frequentist and Bayesian. The Frequentist ap-
proach is Maximum Likelihood Estimation (MLE). There are MLE
functions available in scientific programming languages that often
use derivative-based solvers to minimize the cost function. This is
computationally efficient, but prone to getting stuck in local min-
ima. While some approaches can circumvent this issue (e.g., “basin-
hopping” algorithms), the problem becomes increasingly severe as
the number of free parameters increases. In practice, this makes
MLE a poor approach for optimizing the fit to §238U datasets, as
we need many free parameters (large m values in Eq. (8)) to sim-
ulate all plausible trends.

The Bayesian approach to optimizing model fit is Maximum A
Posteriori estimation (MAP). The chief difference between MAP and
MLE is that in MAP each parameter can be assigned a “prior” dis-
tribution. This is essentially saying that we have some knowledge
about a parameter’s probability distribution when beginning the
assessment. MLE can be considered a special case of MAP with
uninformative “uniform” priors.

Importantly, MLE and MAP provide “point” estimates of the pa-
rameters that yield the best model fit. While uncertainties can
be calculated for these point estimates, we are left without in-
formation about the probability distribution for each parameter. A
widely-used approach for obtaining these probability distributions
is Bayesian inference. Bayesian inference is often used to expand on
MAP and provide posterior probability distributions for each model
parameter. This is particularly useful for §238U datasets, where we
want to constrain a robust confidence interval for fgnox. A com-
mon computational approach for Bayesian inference is the Markov
Chain Monte Carlo (MCMC) method. The basic idea of MCMC is
that by running many model iterations (10°-105) while varying
parameter values within a prescribed range, the model cost can
be systematically minimized, approaching the “best fit” model. If
the MCMC routine is run long enough that it can converge on the
best solution, the posterior distribution of each parameter will be
proportional to its true probability distribution (meaning we will
have numerically approached a solution without analytically solv-
ing a very computationally-costly problem). Current MCMC formu-
lations typically utilize some version of the “Metropolis-Hastings
algorithm” (Metropolis et al., 1953; Hastings, 1970), which pro-
vides an efficient method of preferentially “accepting” model runs
that achieve a better fit, allowing the algorithm to converge on the
optimal solution. Here we implement an adaptive MCMC routine
(Haario et al., 2001) using the FME package in R (Soetaert and Pet-
zoldt, 2010).

Our MCMC workflow is shown in Fig. 3. The model begins by
calculating the NLL (Eq. (9)) using values for each free parame-
ter (fanox» @i, bi, ¥i, zi) that yield the modern steady state, i.e.,
828Uy = —0.39%o, fanox = 0.2%, and 2zl — o (Fig. 3a). The al-
gorithm then takes a “step” (Fig. 3b) by randomly selecting a new
value for each of the free parameters from within a prescribed
range (Pmin t0 Pmax). The forward model is then run again and
the NLL is calculated. If the fit is better than in the previous step
(NLLgtep i < NLLgtep_i-1), the new parameter values replace the old
ones; if the fit is worse, the new parameter values are rejected
with probability P, where P =1 - exp(NLLsep j — NLLep j-1). This
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process is repeated for many steps (~10°-108, here nje;), and the
evolution of each parameter during these n;.r steps describes the
path of what we call a “walker” (Fig. 3¢). The first npym—in steps of
this “random walk” through parameter space are discarded, which
allows the walker to “forget” where it started, meaning it is no
longer biased by our choice of starting values. The rest of the walk
then becomes the posterior distribution for a given parameter.

A single walker will eventually converge on the target distribu-
tion for each parameter, but as we want to propagate uncertainty
on terms typically held constant (e.g., Aanox, 6238Uy) in the mass
balance, we deploy many walkers (~10%, here nygye,) that sam-
ple from the uncertainty ranges for these “constants” (Appendix A)
and concatenate their posterior parameter distributions (PPDs) at
the end (i.e., the concatenated PPD for each parameter will con-
tain Nygker * (Niter — Npurn—in) values). Armed with these PPDs, a
Monte Carlo simulation is done whereby the concatenated PPDs
are randomly sampled many times (~103, here ngens) while run-
ning the forward model, thus yielding optimized §238Ugy and fanox
trends (Fig. 3d), as well as confidence intervals (here outputs are
shown as the median in solid lines and the 16™ to 84™ percentile
in shaded regions, as distributions are non-Gaussian; Fig. 3e).

While this approach works in theory, there are, in practice,
many issues to consider in order to ensure that an MCMC rou-
tine is converging on a solution. This includes tuning the number
of steps taken by each walker (njs;), the number of terms in the
fanox €xpression (m), the range to be explored for each parame-
ter (Pmin, Pmax), the size of random steps through that parameter
space (Pstep), and whether the size of those steps is updated as
the walkers progress (Pupdare)- As datasets differ in the number of
data points, density of points, and magnitude of trends, the MCMC
routine must be tuned for each individual case, with convergence
demonstrated by approaching a minimized NLL value, among other
criteria. A thorough discussion of convergence tests can be found
in Appendix C.

2.3.2. Model calibration and sensitivity tests

To demonstrate that our MCMC approach can accurately recover
trends using a “known” test case, we generated a synthetic dataset
by selecting 40 time points from a modeled trend in Fig. 2b, with
higher density around the perturbation than before and after (sim-
ulating typical data density in §238U studies). The modeled §238Usj,,
value at each time point became the “measured” value, to which
we assigned a conservative analytical uncertainty (£0.06%0, 10).
We then fed this dataset to the MCMC routine and compared the
recovered funox trend to the trend that was used to force the
mode] (Fig. 2a). Doing so revealed that the MCMC approach ac-
curately reconstructed the fgnox trend (Fig. 4a).

Input parameter uncertainties: In addition to converging on a
best fit trend under certain model assumptions (e.g., parameter
values for modern mass balance), we aimed to allow our model
to incorporate the uncertainty on those assumptions. To do so,
we randomly sampled from the published or herein calculated
parameter ranges for Aanox, Aothers 8222 Upiv» Kanox, and Kosper (val-
ues in Appendix A) when executing the MCMC routine. In this
case, the model still found the correct fanox and Ngy trends, with
only slightly greater uncertainty (Fig. 4b). Importantly, this demon-
strates that our model outputs are not unduly reliant on assump-
tions about modern U isotope mass balance.

Analytical noise: To further demonstrate the robustness of the
MCMC approach, we made the recovery more difficult by introduc-
ing random noise (e.g., due to analytical inaccuracy) to the data
points by adding a random number from a normal distribution
with mean = 0% and 10 = 0.06%. In this case, the MCMC rou-
tine still found the correct trend (Fig. 4¢), even while propagating
the uncertainty on mass balance parameters, demonstrating that
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Fig. 3. Schematic representation of Markov Chain Monte Carlo routine employed in this study.

the model can fit trends through noisy datasets (we also experi-
mented with more complicated test cases; see Appendix C).
Timescales: We next aimed to demonstrate the timescales on
which this inverse model can be robustly used. The ocean mixing
time (1-2 kyr) sets a lower limit here, since the assumption of a
well-mixed ocean is invalid on timeframes less than several ocean
mixing times. We conservatively explored a 100 kyr lower limit
here (i.e., data points every ~2 kyr) and explored the ability of the
model to recover a simple trend at increasingly longer timescales.
We began with the fg0x trend shown in Fig. 4 and applied it to
shorter and longer time intervals. In doing so, we see that the in-
verse model properly identifies trends in all cases (Fig. 5). At longer
timescales (Fig. 5d), while the inverse model can fit the trend, the
steady state calculation becomes appropriate - and is much faster
than running an MCMC routine. We therefore conclude that this
inverse model is best applied to datasets that range from ~105~7

yr in duration, which in fact encompasses most work published to
date using the §238U proxy.

3. Application to published datasets

To demonstrate the model's ability to reconstruct funex trends
in various contexts and to conduct a robust comparison of ma-
rine anoxia across events in Earth's history, we applied our inverse
model to eight published carbonate 523U datasets in time in-
tervals ranging from the Ordovician to the Eocene (Fig. 6). These
datasets all capture dynamic perturbations to the marine U cycle
caused by expansions of marine anoxia, including mass extinction
events (Fig. 6a-f), Cretaceous Ocean Anoxic Event 2 (Fig. 6g) and
the hyperthermal event at the Paleocene-Eocene Thermal Maxi-
mum (Fig. 6h). The MCMC parameters required for efficient con-
vergence were different for each case, highlighting the importance
of conducting an individual assessment of convergence (see Ap-
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timescales ranging from 10°-108 yr.

pendix C). For the calculations in Fig. 6, we have taken authors’
assessments of diagenetic effects on §23%U records at face value,
meaning that we accepted their preferred values for §238Ug, as
inferred from §238U,,;, data. In Section 4.2 we will critically eval-
uate this assumption.

Previous inferences of fagnox vary in their resemblance to those
recovered in the MCMC routine (e.g., Fig. 6a vs. 6e). This is not
simply due to differences in modeling approaches used in previous
studies; in both Fig. 6a (Bartlett et al., 2018) and Fig. 6e (Zhang et
al., 2018), the authors used a steady state framework to calculate
fanox- Instead, this reflects (i) the poor ability of the §238U proxy
to distinguish between high fun0x values at steady state (Fig. 1b),
and (ii) the inappropriateness of the steady state assumption on

sub-Myr timescales. The latter is particularly evident in Fig. Ge,
where the steady state assumption leads to gross overestimation
of seafloor anoxia. In contrast, datasets across longer timespans
(a few Myr) that were evaluated using a steady state inference of
fanox have better agreement between steady state calculations and
the MCMC inversion (e.g., Fig. 6b).

Dynamic forward model outputs used to fit published datasets
also varied in their match to the MCMC inversions. Some dynamic
models match the MCMC inference quite well (Figs. 6d, f), while
others differ substantially (Fig. 6g). In the latter case (Clarkson et
al., 2018), the MCMC inversion provided a much better fit (lower
NLL) to the dataset than the illustrative forward model. The previ-
ous inference of stronger anoxia may therefore have been biased
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Fig. 6. Comparison of inverse model results and published forward models describing 828U and f gnox trends. Datasets: (a) Ordovician-Silurian boundary (Bartlett et al., 2018),
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(Cheng et al., 2020), (e) Permian-Triassic boundary (Zhang et al., 2018 and references therein), (f) Triassic-Jurassic boundary (Jost et al., 2017), (g) Ocean Anoxic Event 2 at
the Cenomanian-Turonian boundary in the middle Cretaceous (Clarkson et al, 2018), (h) Paleocene-Eocene Thermal Maximum (Clarkson et al, 2021). Red lines show §238U
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by the prior knowledge of an anoxic interval in the stratigra-
phy.

We see here that the inverse model can successfully fit pub-
lished datasets, allowing rigorous assessment of trends within and
between events. Furthermore, the uncertainty on model parame-
ters (i.e., Aanoxs Aothers 8222 Usiv, Kanox. Kother) has been accounted
for in these calculations. This all speaks to the robustness of the
inversion technique in a range of situations. However, the MCMC
approach has its own limitations. For instance, datasets with vari-
able data density pose problems for the MCMC routine, with highly
uncertain trajectories in large temporal gaps (Fig. 6¢). The optimal
solution to this problem is to obtain a uniformly dense dataset
across a timeseries. In the event of unavoidable temporal het-
erogeneity, binning data into larger time intervals can alleviate
some of the problem for the MCMC routine, but at the expense
of smoothing out some of the variability in the record. On a case-
by-case basis, an inverse modeler can decide the most appropriate
way to handle the data.

4. Remaining limitations of the §233U proxy

Besides the finer details of tuning the MCMC approach to fit
a dataset, there remain two foundational ways in which even the
conservative assumptions of our modeling may still lead to inaccu-
racies in our reconstruction of fanox. We discuss the magnitude of
these effects below.

4.1. Extrapolation of rate constants

Propagating the uncertainty of parameter values (Appendix A)
in our MCMC inversions allows us to account for imperfection
in the modern estimation of (or natural variability in) fractiona-
tion factors, river input fluxes and composition, and rate constants.
However, in the case of U burial rate constants, the uncertainty de-
rived from modern oceanographic studies may not be representa-
tive of past environments that were quite different from today. As
discussed in Section 2.1, we use rate constants that were derived
from areal constraints on U burial in modern anoxic sediments
(Dunk et al., 2002). Although these values are likely representative
of U burial in modern anoxic and non-anoxic sediments, they may
not be representative of ancient oceans that were strongly anoxic.
This is because anoxic sediments today are found overwhelmingly
in productive continental margin settings with high organic matter
and/or sulfide burial rates, whereas oxygen-depleted pelagic set-
tings (which would prevail in a fully-anoxic ocean) are likely to
have much lower rates of organic carbon and sulfide burial, re-
sulting in less pronounced redox-sensitive trace metal (including
U) scavenging per surface area — and perhaps even muted isotopic
fractionation (Cole et al., 2020).

Reinhard et al. (2013) noted this problem when modeling the
effect of expanding ocean anoxia on chromium and molybdenum
burial. To avoid extrapolating from continental margin-derived rate
constants to pelagic settings, they scaled their rate constant for
anoxic metal burial using an algorithm that coupled predicted or-
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Fig. 7. Effect of lower K anox value. Panel (a) shows the end-Permian dataset of Zhang
et al. (2018) fitted with the base model (K, blue), a two-fold reduction in Kgnox (K/2,
green), five-fold reduction in Kgnex (K/5, gold), and ten-fold reduction in Kgnox (K/10,
red). While all scenarios fit the dataset well (panel a) and imply similar (b) Ng,, and
(c) Fanox trajectories, panel (d) shows that lower Ko, values lead to inferences of
greater fax (solid lines denote median output in all panels). The true Kgp,, value
is likely within an order of magnitude of that used in the base model, since lower
values imply an unrealistic extent of marine anoxia in the early Triassic.

ganic carbon export profiles to a modern bathymetric configura-
tion. While each of those steps is subject to uncertainty, it is likely
that such an approach provides a better first-order approximation
of redox sensitive trace element burial in anoxic pelagic settings
than simply using the margin-derived value.

Here we use a simple test to explore the sensitivity of our
MCMC retrievals to inaccurate rate constants. We decreased the
Kanox value by factors of 2 to 10 and re-ran the MCMC routine for
the Permian-Triassic dataset of Zhang et al. (2018). As expected,
while the inferred value of Fgnox (amount of U sequestered in
anoxic sediments) is similar in all cases, using lower Kgpox val-
ues leads to inferences of higher fgn0x (extent of seafloor anoxia,
Fig. 7). Importantly, the extreme case of a 10-fold reduction in
Kanox is likely a conservative estimate of the deviation from the
“true” Kganox value, since that scenario invokes fanox values that
are unrealistically high (100%) for unrealistically long periods (e.g.,
early Triassic). We therefore conclude that our adopted Kgnox value
is within roughly an order of magnitude of the value for pelagic
settings.

While this constraint on the legitimacy of the margin-based
rate constant is helpful, it still leaves us with potentially large un-
certainties in our reconstruction of faox using §238U data (Fig. 7).
Future work with the §238U proxy would therefore benefit from a
more detailed treatment of potential variability in rates of U scav-
enging in anoxic settings. In the simplest case, one could modify
Kanox With a non-dimensional scaling factor to account for differ-
ences in rate constants across burial environments (e.g., Chen et

Earth and Planetary Science Letters 577 (2022) 117240

al.,, 2021). For datasets when a more detailed assessment of ocean
bathymetry and export production is possible, an approach similar
to that of Reinhard et al. (2013) would be more robust. Account-
ing for this effect will be critical for the §238U proxy to be truly
useful in interrogating redox dynamics in strongly anoxic oceans.
In lieu of a clear way around this source of uncertainty at present,
we encourage the reporting of Fgnox along with fanex to facilitate
inter-comparison of trends across datasets.

4.2. Identifying and accounting for diagenetic offsets

Beyond uncertainties in input parameters and differences in
rates of U scavenging across marginal and pelagic sites, the largest
remaining hurdle to the accurate inference of both Fgpoxy and fanox
using §238U data is the isotopic offset between ancient carbonates
and coeval seawater that can arise during diagenetic U addition
andfor removal. As noted in Section 1, studies of recent carbon-
ate sediments have documented sizable offsets between §233U.
and §238U,,, in Bahamian drill cores (typically 0 to +0.6%o; Ro-
maniello et al., 2013; Chen et al., 2018a; Tissot et al., 2018). The
generally elevated U content of these sediments relative to primary
biological carbonate precipitates suggests that this isotopic effect
derives from U addition during diagenesis (Tissot et al., 2018). Un-
fortunately, no other geochemical proxies closely correlate with
observed deviations from §238Us,, (Tissot et al, 2018), making the
prospects for precisely correcting diagenetic offsets rather poor.
When faced with obvious signs of diagenetic enrichment, many
studies have therefore taken the simple approach of applying a
constant diagenetic offset to their entire dataset (e.g., Song et al.,
2017; Zhang et al., 2018, 2020a). Given that the observed offsets
in Bahamian drill core archives <1.5 Myr old vary considerably
(+0.23 £ 0.15%, 107; Tissot et al., 2018), this is an insufficient
remedy to addressing diagenesis in ancient §233U datasets.

Here we explore the effect of diagenesis on 238U records in
two ways. First, we consider the identification of diagenesis in
8238y datasets. While an extensive literature surrounds the petro-
graphic and geochemical study of carbonate diagenesis (e.g., Fantle
et al., 2020) - and petrographic screening as part of U isotope
work is recommended (e.g, Hood et al., 2016) — here we simply
consider the expression of diagenesis on bulk-rock §238U data. As
diagenesis tends to enrich carbonate sediments in 238U (by adding
either detrital U with a continental §238U signature, or authigenic
U that is enriched in 233U during reductive precipitation), we can
ask whether certain positive excursions in §238U datasets are dia-
genetic artifacts or primary redox signals.

We can begin with a simple screening criterion: carbonates
with §238U values much greater than §238Uy, (—0.30 + 0.04%)
have likely been isotopically perturbed during diagenesis. We know
this because the “global redox” framework for U isotope mass bal-
ance only includes a pathway for depleting seawater of 238U (re-
ductive immobilization); if seafloor anoxia were entirely absent,
the framework of Fig. 1 would predict §238Ug, = §%38Uyy. Estimat-
ing §238U,, in deep time is difficult, and it is possible that differ-
ent continental configurations or exposures of different lithologies
could alter §238U, (e.g., Jost et al., 2017). There are also smaller U
sinks (e.g. Fe-Mn oxide adsorption) that preferentially remove 235U
and could in theory generate a positive §2*8Uj,, excursion, though
it is perhaps unlikely that these sinks could generate a globally
significant isotope effect. So while uncertain, 233U > —0.3%0 in
ancient carbonates can provide a qualitative, yet strong, hint that
diagenesis ought to be investigated further.

A more nuanced way to identify diagenesis in §238U datasets
is to consider the possible timescale of a global-redox-driven posi-
tive §238U excursion. Positive §238U,,, excursions occur when Fgnox
(and thus fanox) decreases and the ocean re-fills with U of conti-
nental (riverine) composition (~-0.3%c). Because the riverine in-
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Fig. 8. Forward model runs showing fastest possible positive 238U recoveries. Grey
band denotes immediate return to modern anoxia after 0.1 Myr of expanding anoxic
seafloor coverage; dashed line denotes modern §238Usy, value.

flux of U is small relative to the size of the modern U reser-
voir (Appendix A), these positive §238U;,, excursions occur quite
slowly. The fastest possible positive redox-driven §238Uj,, excur-
sions would occur in the extreme scenario where widespread
anoxia is followed by an immediate return to the modern anoxia
value. As shown in Fig. 8, when the marine U reservoir is large
(ie., Ngw ~ 100% of modern), it takes hundreds of kyr for §238Uj,,
to increase by ~0.1%o. In contrast, when the marine U reservoir is
depleted (Nsw < 10% of modern), 238U, can increase by >1%c in
~50 kyr.

Based on these observations, it appears that nearly every
dataset in Fig. 6 shows indications of diagenesis, either in the form
of §238U > —0.3%s, or by containing apparent positive §238U ex-
cursions too rapid to be redox-driven. This points to the ubiquity
of diagenesis in shaping ancient carbonate archives. Some studies
(e.g., Clarkson et al., 2018; Cao et al., 2020) have constrained plau-
sible diagenetic offsets by studying coeval pelagic and platform
carbonates (where pelagic settings tend to have smaller/negligible
diagenetic effects, as observed in Tissot et al., 2018; Clarkson et
al.,, 2020). Ancient pelagic carbonates do indeed appear to more
directly record the §238Uj,, value without requiring diagenetic cor-
rection (Fig. 6g, h, Clarkson et al.,, 2018, 2021). However, diagenetic
“noise” is still apparent in some pelagic data (Fig. 6g). For all of
these reasons, it is imperative that diagenetic offsets be considered
when attempting to quantify seafloor anoxia using ancient carbon-
ate $238U values, particularly if comparing pelagic and platform
datasets.

Our second aim is to quantify the possible effect of inaccu-
rate diagenetic corrections on fgn0x reconstructions. We consider
a single dataset (platform carbonates from the Permian-Triassic
boundary; Zhang et al., 2018 and references therein) through three
diagenetic correction schemes, assuming (i) zero diagenetic offset
(Fig. 9a), (ii) a uniform diagenetic offset of +0.3%. (Fig. 9b; as
in Zhang et al., 2018), and (iii) a random diagenetic offset drawn
from the distribution observed in Bahamian carbonate sediments
(Fig. 9c; +0.23 £ 0.15, 1o; Tissot et al., 2018). In doing so, we see
that these different correction schemes create different histories of
fanox» iN some cases missing entire anoxic intervals. We also see
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that the assumption of zero diagenesis makes it impossible for the
model to simulate §23%U values 3 —0.3%o (Fig. 9a).

Although our inverse modeling approach can provide strong
quantitative constrains on oceanic anoxia using the §238U proxy,
the above sensitivity tests show that the assessment of diagenetic
alteration of primary isotopic signatures is the largest remaining
hurdle to the accurate utilization of this proxy. The most conser-
vative approach to these corrections is to randomly sample from
the range of diagenetic offsets observed in modern platform car-
bonate sediments (Fig. 9¢); pelagic datasets may be best left un-
corrected (as in Clarkson et al., 2018, 2021), though it is important
to acknowledge the possible role of diagenesis is obscuring subtle
trends. Screening individual samples for diagenesis using geochem-
ical and/or petrographic indicators can also improve the precision
of fanox reconstructions by filtering out clearly altered samples. In
this way, it is data quality rather than quantity that will dictate the
precision and accuracy of fuex reconstructions using 628U data
moving forward.

5. Concluding remarks

When quantifying the extent of seafloor anoxia using sedimen-
tary 8238U data, we found that a Bayesian inverse approach enables
both the rigorous interpretation of various datasets and robust
comparison of trends between datasets. The largest remaining hur-
dles to accurately inferring seafloor anoxia with sedimentary §238U
data are (i) accurate assessments of rate constants for anoxic U
burial in marginal versus pelagic settings, and (ii) accurate correc-
tions for diagenetic alteration of primary isotopic signatures. We
follow others in the community in stressing that screening sample
sets for preservation of primary signatures is a critical prerequisite
to obtain accurate inferences about marine anoxia. If approached
with awareness of the potential pitfalls outlined above, we find
that a combination of judicious forward modeling and well-tuned
inverse modeling can provide a powerful framework for quantita-
tive assessment of anoxic seafloor extent within and among critical
intervals in Earth’s history.

To demonstrate this promise, we compiled the posterior prob-
ability densities of Fgnox and fgnox at the height of the four most
recent anoxic events studied here (Fig. 10). Doing so shows that
when accurately fitting trends in the data and propagating uncer-
tainty in the isotope mass balance, one can indeed resolve mean-
ingful differences in marine redox conditions across critical events
in Earth history. For the four events considered here, we con-

strain the peak anoxic seafloor extent ( fanox) to 0.157019% at the

PETM, 0.6%}1% during OAE-2, 3.7131% across the Triassic-Jurassic

boundary, and 10.07}4%% across the Permian-Triassic boundary (all

reported as median and 5™ to 95" percentile). This represents rel-
ative extents of anoxia ranging from ~1x the modern value to
~3x, ~20x and ~50x, reflecting the ability of the §238U proxy
to track global redox perturbations across this range of intensi-
ties. Two of these estimates (OAE-2, PTB) were also substantially
revised compared to prior inferences (Fig. 6e, g); this re-analysis
thus enables a consistent comparison of anoxic intensity across
these different events. With this modeling framework in hand, we
are therefore poised to gain a deeper quantitative understanding of
these and other anoxic events, as well as their co-evolution with
life and climate.
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Fig. 10. Comparison of fanox and Fanox at the peak of different anoxic events. Distri-
butions represent 1000 forward model runs sampling the posterior parameter distri-
butions; each distribution samples a time slice at the peak of the respective event.
Events and their ages: Permian-Triassic boundary (PTB, 252 Ma); Triassic-Jurassic
boundary (TJB, 201 Ma); Ocean Anoxic Event 2 (OAE-2, 94 Ma); Paleocene-Eocene
Thermal Maximum (PETM, 56 Ma). The PTB results include propagation of uncer-
tainty on the diagenetic correction, as in Fig. 9¢; for other datasets no diagenetic
correction was applied (following the originally published results).
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Appendix A

Below are the published and herein derived parameter values
for the modern U isotope mass balance, along with their associ-
ated 20 uncertainty intervals and references, if applicable. In our
dynamic model runs, Jy, 5238U1‘iv' Aanoxs Aother» Kanox and Kother
are held constant, while Ng, 8238Uqw, Fanox and fanex are calcu-
lated iteratively (with an assumption that at t = 0, the system is at
steady state). As noted in Section 2.3.2, propagation of uncertainty
on the constant terms can be achieved by iteratively sampling from
a Gaussian distribution with the mean and 2o as shown below,
where each walker in the MCMC routine will pick a different set
of values and maintain those values for the entire random walk.

Nyt 19,000 + 1,200 Gmol U (Dunk et al., 2002)

Jriv: 0.042 +£0.015 Gmol Uyr—?! (Dunk et al., 2002)

§238U,: —0.30 4 0.04%0 (Tissot and Dauphas, 2015; Andersen
et al,, 2016)

5238Ug, (modern): —0.39 & 0.02%o (Tissot and Dauphas, 2015;
Andersen et al.,, 2016; Rolison et al., 2017; Chen et al., 2018b)

Aanox: +0.6 & 0.2%0 (Andersen et al, 2014; Holmden et al.,
2015; Rolison et al., 2017)

Agther: 0.0 £ 0.05% (Lau et al., 2016; Zhang et al., 2020b)

Fanox (modern): 15f§% (Derived in Section 2.1)

fanox (modern): 0.19’:8:5;% (Derived in Section 2.1)

Kanox: 1.747388 x 1074 yr~! (Derived in Section 2.1)

Kother: 1.8870:22 % 108 yr~! (Derived in Section 2.1)

Appendix B

In order to determine the time required for a system to reach
a new steady state following a stepwise perturbation, we follow
the approach of Holland (1978, p. 6-7). Let us consider a system
with a rate of input (F;,) that remains at a constant value (ag) for
a time period long enough to reach a new steady state (t;). The
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input rate then suddenly changes to a new, constant level of input
(a1). The input flux of said element can then be described using
the equations

0<t<ty

<t

dp,
ay,

Fin= (B.1)
If the output rate is proportional to the inventory of the ele-
ment (N), then the change in inventory can be described as

dN ag—kN, 0<t<ty

= B.2
dt a; —kN, t1 <t (8.2)

where k is a rate constant describing the relationship between re-
moval rate and the inventory of the element. Since we specified
that t; is long enough for steady state to be attained, it follows
that at time tq,

a

N(t) =Ny = (B3)
and after tq,

N(t) = Nfinat — (Nfinat — N1) exp(—k(t — t1)) (B.4)

where Npyq is the inventory of the element at the new steady
state, such that

a

Nfinai = T (B.5)

The rate at which the system reaches the new steady state is there-
fore governed by k. When the system reaches the new steady state
N, final __ 1 _

a X (B.6)

where t is the residence time of the element in the reservoir. We
can simplify Equation (B.4) by introducing new terms for the time
elapsed in the approach toward the new steady state (At, where
At =t — t1), the magnitude of the change in inventory achieved
when the new steady state is reached (ANgpq, where ANgyg =
Nfiat = N1), and the amount of change in inventory toward the
new steady state value that remains at time t (AN, where AN =
Nfinagt — N). Substituting these terms into Equation (B.4), and using
Equation (B.6) to substitute t for k, we obtain

At
IR

which casts the fraction of the response toward the new steady
state (AN/ANg,q) as a function of the number of residence times
elapsed (At/t). This equation was used to generate Fig. 1c in the
main text.

AN

R (B.7)
ANﬁnaI

Appendix C. Supplementary material

Supplementary material related to this article can be found on-
line at https://doi.org/10.1016/j.epsl.2021.117240.

References

Andersen, M.B., Romaniello, S., Vance, D., Little, S.H., Herdman, R., Lyons, TW.,, 2014.
A modern framework for the interpretation of 2*¥U/23*U in studies of ancient
ocean redox. Earth Planet. Sci. Lett. 400, 184-194.

Andersen, M.B., Vance, D., Morford, J.L, Bura-Nakic, E., Breitenbach, S.F., Och, L.,
2016. Closing in on the marine 238U/235U budget. Chem. Geol. 420, 11-22.
Asael, D., Tissot, EL.H., Reinhard, C.T., Rouxel, O., Dauphas, N., Lyons, TW., Ponzevera,
E, Liorzou, C, Cheron, S., 2013. Coupled molybdenum, iron and uranium sta-
ble isotopes as oceanic paleoredox proxies during the Paleoproterozoic Shunga

Event. Chem. Geol. 362, 193-210.

12

Earth and Planetary Science Letters 577 (2022) 117240

Bartlett, R., Elrick, M., Wheeley, JR., Polyak, V. Desrochers, A., Asmerom, Y.,
2018. Abrupt global-ocean anoxia during the Late Ordovician-early Silurian de-
tected using uranium isotopes of marine carbonates. Proc. Natl. Acad. Sci. 115,
5896-5901.

Bertine, K.K., Turekian, KK., 1973. Molybdenum in marine deposits. Geochim. Cos-
mochim. Acta 37, 1415-1434.

Bigeleisen, ]., 1996. Nuclear size and shape effects in chemical reactions: isotope
chemistry of the heavy elements. J. Am. Chem. Soc. 118, 3676-3680.

Bowen, G.J., Fischer-Femal, B., Reichart, GJ., Slujis, A., Lear, C.H., 2020. Joint inversion
of proxy system models to reconstruct palecenvironmental time series from
heterogeneous data. Clim. Past 16, 65-78.

Brennecka, G.A., Herrmann, A.D., Algeo, TJ., Anbar, A.D., 2011. Rapid expansion of
oceanic anoxia immediately before the end-Permian mass extinction. Proc. Natl.
Acad. Sci. 108, 17631-17634.

Broecker, W.S., Peng, T.-H., 1982, Tracers in the Sea. Lamont-Doherty Geological Ob-
servatory, Columbia University.

Brown, S.T., Basu, A., Ding, X., Christensen, J.N., DePaolo, DJ., 2018. Uranium iso-
tope fractionation by abiotic reductive precipitation. Proc. Natl. Acad. Sci. 115,
8688-8693.

Briiske, A., Weyer, S., Zhao, M.-Y,, Planavsky, N.J., Wegwerth, A., Neubert, N., Dellwig,
0., Lau, KV, Lyons, TW., 2020. Correlated molybdenum and uranium isotope
signatures in modern anoxic sediments: implications for their use as paleo-
redox proxy. Geochim. Cosmochim. Acta 270, 449-474.

Cao, M., Daines, SJ., Lenton, T.M,, Cui, H., Algeo, TJ., Dahl, TW.,, Shi, W., Chen, Z.-
Q., Anbar, A., Zhou, Y.-Q., 2020. Comparison of Ediacaran platform and slope
5238U records in South China: implications for global-ocean oxygenation and
the origin of the Shuram Excursion. Geochim. Cosmochim. Acta 287, 111-124.

Chen, ].H., Edwards, RL., Wasserburg, G.J., 1986. 233U, 234U, and 2*2Th in seawater.
Earth Planet. Sci. Lett. 80, 241-251.

Chen, X., Romaniello, SJ., Anbar, A.D., 2017. Uranium isotope fractionation induced
by aqueous speciation: implications for U isotopes in marine CaCO3z as a paleo-
redox proxy. Geochim. Cosmochim. Acta 215, 162-172.

Chen, X., Romaniello, S.J., Herrmann, A.D., Hardisty, D., Gill, B.C,, Anbar, A.D., 2018a.
Diagenetic effects on uranium isotope fractionation in carbonate sediments from
the Bahamas. Geochim. Cosmochim. Acta 237, 294-311.

Chen, X., Romaniello, S.J., Herrmann, A.D., Samankassou, E., Anbar, A.D., 2018b. Bio-
logical effects on uranium isotope fractionation (233U/235U) in primary biogenic
carbonates. Geochim. Cosmochim. Acta 240, 1-10.

Chen, X, Tissot, ELH., Jansen, M.F, Bekker, A., Liu, CX,, Nie, N.X,, Halverson, G.P,
Veizer, ]., Dauphas, N., 2021. The uranium isotopic record of shales and carbon-
ates through geologic time. Geochim. Cosmochim. Acta 300, 164-191.

Cheng, K., Elrick, M., Romaniello, S.J., 2020. Early Mississippian ocean anoxia trig-
gered organic carbon burial and late Paleozoic cooling: evidence from uranium
isotopes recorded in marine limestone. Geology 48, 363-367.

Clark, S.K., Johnson, TM., 2008. Effective isotopic fractionation factors for solute re-
moval by reactive sediments: a laboratory microcosm and slurry study. Environ.
Sci. Technol. 42 (21), 7850-7855.

Clarkson, M.O., Stirling, C.H., Jenkyns, H.C., Dickson, AJ., Porcelli, D., Moy, C.M., von
Strandmann, P.A.P,, Cooke, LR, Lenton, TM,, 2018. Uranium isotope evidence for
two episodes of deoxygenation during Oceanic Anoxic Event 2. Proc. Natl. Acad.
Sci. 201715278.

Clarkson, M.O., Musing, K., Andersen, M.B., Vance, D., 2020. Examining pelagic
carbonate-rich sediments as an archive for authigenic uranium and molyb-
denum isotopes using reductive cleaning and leaching experiments. Chem.
Geol. 539, 119412.

Clarkson, M.0., Lenton, T.M., Andersen, M.B., Bagard, M.L., Dickson, A.., Vance, D.,
2021. Upper limits on the extent of seafloor anoxia during the PETM from ura-
nium isotopes. Nat. Commun. 12, 399.

Cole, D.B,, Planavsky, NJ., Longley, M., Boning, P, Wilkes, D., Wang, X., Swanner,
E.D., Wittkop, C., Loydell, D.K,, Busigny, V., Knudsen, A.C,, Sperling, E.A., 2020.
Uranium isotope fractionation in non-sulfidic anoxic settings and the global ura-
nium isotope mass balance. Glob. Biogeochem. Cycles 34 (8), e2020GB006649.

Dunk, R.M.,, Mills, RA., Jenkins, W)]., 2002. A reevaluation of the oceanic uranium
budget for the Holocene. Chem. Geol. 190, 45-67.

Fantle, M.S., Barnes, B.D., Lau, KV., 2020. The role of diagenesis in shaping the
geochemistry of the marine carbonate record. Annu. Rev. Earth Planet. Sci. 48,
549-583.

Fujii, Y., Nomura, M., Okamoto, M., Onitsuka, H., Kawakami, F,, Takeda, K., 1989. An
anomalous isotope effect of 23U in U(IV)-U(VI) chemical exchange. Z. Natur-
forsch. 44 (5), 395-398.

Goto, K.T., Anbar, A.D., Gordon, G.W., Romaniello, S,J., Shimoda, G., Takaya, Y., Toku-
maru, A., Nozaki, T, Suzuki, K., Machida, S., 2014. Uranium isotope systemat-
ics of ferromanganese crusts in the Pacific Ocean: implications for the marine
2381/235U isotope system. Geochim. Cosmochim. Acta 146, 43-58.

Haario, H.H., Saksman, E., Tamminen, ], 2001. An adaptive Metropolis algorithm.
Bernoulli 7, 223-242.

Hastings, W.K., 1970. Monte Carlo sampling methods using Markov chains and their
applications. Biometrika 57, 97-109.

Holland, H.D., 1978. The Chemistry of the Atmosphere and Oceans. John Wiley &
Sons.



M.A. Kipp and ELH. Tissot

Holmden, C., Amini, M., Francois, R., 2015. Uranium isotope fractionation in Saanich
Inlet: a modern analog study of a paleoredox tracer. Geochim. Cosmochim.
Acta 153, 202-215.

Hood, A.v.S., Planavsky, N.J., Wallace, M.W., Wang, X., Bellefroid, EJ., Gueguen, B.,
Cole, D.B., 2016. Integrated geochemical-petrographic insights from component-
selective 238U of Cryogenian marine carbonates. Geology 44, 935-938.

Jost, AB., Bachan, A, van de Schootbrugge, B., Lau, K.V, Weaver, K.L, Maher, K,
Payne, J.L., 2017. Uranium isotope evidence for an expansion of marine anoxia
during the end-Triassic extinction. Geochem. Geophys. Geosyst. 18, 3093-3108.

Kendall, B., Komiya, T., Lyons, T.W., Bates, S.M., Gordon, G.W.,, Romaniello, S.]., Jiang,
G., Creaser, R.A,, Xiao, S., McFadden, K., Sawaki, Y., Tahata, M., Shu, D., Han, ].,
Li, Y., Chu, X, Anbar, A.D., 2015. Uranium and molybdenum isotope evidence for
an episode of widespread ocean oxygenation during the late Ediacaran Period.
Geochim. Cosmochim. Acta 156, 173-193.

Krissansen-Totton, ]., Kipp, M.A., Catling, D.C,, 2021. Carbon cycle inverse model-
ing suggests large changes in fractional organic burial are consistent with the
carbon isotope record and may have contributed to the rise of oxygen. Geobiol-
ogy 19, 342-363.

Ku, T.-L., Knauss, K.G., Mathieu, G.G., 1977. Uranium in open ocean: concentration
and isotopic composition. Deep-Sea Res. 24, 1005-1017.

Lau, K.V., Maher, K., Altiner, D., Kelley, B.M., Kump, LR., Lehrmann, D.J., Silva-Tamayo,
J.C, Weaver, KL, Yu, M., Payne, J.L, 2016. Marine anoxia and delayed Earth
system recovery after the end-Permian extinction. Proc. Natl. Acad. Sci. 113,
2360-2365.

Lau, K.V., Macdonald, FA., Maher, K., Payne, |.L., 2017. Uranium isotope evidence for
temporary ocean oxygenation in the aftermath of the Sturtian Snowball Earth.
Earth Planet. Sci. Lett. 458, 282-292.

Lau, K.V., Romaniello, S.J., Zhang, F, 2019. The Uranium Isotope Paleoredox Proxy.
Cambridge University Press.

Lau, KV., Lyons, TW., Maher, K., 2020. Uranium reduction and isotopic fractiona-
tion in reducing sediments: insights from reactive transport modeling. Geochim.
Cosmochim. Acta 287, 65-92.

MacKay, D.J., 2003. Information Theory, Inference and Learning Algorithms. Cam-
bridge University Press.

Metropolis, N., Rosenbluth, AW, Rosenbluth, M.N., Teller, A.H., Teller, E., 1953.
Equation of state calculations by fast computing machines. . Chem. Phys. 21,
1087-1092.

Nomura, M., Higuchi, N, Fujii, Y., 1996. Mass dependence of uranium isotope effects
in the U(IV)-U(VI) exchange reaction. ]. Am. Chem. Soc. 118 (38), 9127-9130.

Nursall, J., 1959. Oxygen as a prerequisite to the origin of the Metazoa. Nature 183,
1170-1172.

Owens, S.A., Buesseler, K.0., Sims, KW.W., 2011. Re-evaluating the 2*U-salinity re-
lationship in seawater: implications for the 23¥U-234Th disequilibrium method.
Mar. Chem. 127, 31-39.

Reinhard, C.T., Planavsky, N.J., Robbins, L], Partin, CA., Gill, B.C, Lalonde, S\V.,
Bekker, A., Konhauser, K.O., Lyons, T.W., 2013. Proterozoic ocean redox and bio-
geochemical stasis. Proc. Natl. Acad. Sci. USA 110, 5357-5362.

13

Earth and Planetary Science Letters 577 (2022) 117240

Rolison, ].M., Stirling, CH., Middag, R., Rijkenberg, M.]., 2017. Uranium stable isotope
fractionation in the Black Sea: modern calibration of the 233U/233U paleo-redox
proxy. Geochim. Cosmochim. Acta 203, 69-88.

Romaniello, SJ., Herrmann, A.D., Anbar, A.D., 2013. Uranium concentrations and
238Y/235Y isotope ratios in modern carbonates from the Bahamas: assessing a
novel paleoredox proxy. Chem. Geol. 362, 305-316.

Soetaert, K., Petzoldt, T., 2010. Inverse modelling, sensitivity and Monte Carlo anal-
ysis in R using package FME. ]. Stat. Softw. 33, 1-28.

Song, Huyue, Song, Haijun, Algeo, TJ., 2017. Uranium and carbon isotopes docu-
ment global-ocean redox-productivity relationships linked to cooling during the
Frasnian-Famennian mass extinction. Geology 45, 887-890.

Stirling, C.H., Andersen, M.B., Potter, E.-K., Halliday, A.N., 2007. Low-temperature iso-
topic fractionation of uranium. Earth Planet. Sci. Lett. 264, 208-225.

Tierney, ].E., Malevich, S.B., Gray, W., Vetter, L., Thirumalai, K., 2019. Bayesian cali-
bration of the Mg/Ca paleothermometer in planktic foraminifera. Paleoceanogr.
Paleoclimatol. 34, 2005-2030.

Tissot, FL, Dauphas, N., 2015. Uranium isotopic compositions of the crust and
ocean: age corrections, U budget and global extent of modern anoxia. Geochim.
Cosmochim. Acta 167, 113-143.

Tissot, ELH., Chen, C., Go, B., Naziemiec, M., Healy, G., Bekker, A., Swart, PX,
Dauphas, N., 2018. Controls of eustasy and diagenesis on the 2*3U/?33U of car-
bonates and evolution of the seawater (234U[238U) during the last 1.4 Myr.
Geochim. Cosmochim. Acta.

Turekian, KK, 1969. The oceans, streams, and atmosphere. Handb. Geochem.,
297-323.

Veeh, HH., 1967. Deposition of uranium from the ocean. Earth Planet. Sci. Lett. 3,
145-150.

Wang, X., Planavsky, NJ.,, Reinhard, C.T,, Hein, J.R,, Johnson, T.M., 2016. A Cenozoic
seawater redox record derived from 2>U/?3U in ferromanganese crusts. Am. J.
Sci. 316, 64-83.

Weyer, S., Anbar, A.D., Gerdes, A., Gordon, G.W., Algeo, TJ., Boyle, E.A., 2008. Natural
fractionation of 233U/233U. Geochim. Cosmochim. Acta 72, 345-359.

Wignall, P.B., Twitchett, RJ., 1996. Oceanic anoxia and the end Permian mass ex-
tinction. Science 272, 1155-1158.

Zhang, F., Dahl, TW., Lenton, TM.,, Luo, G., Shen, S., Algeo, TJ., Planavsky, N., Liy, ].,
Cui, Y., Qie, W.,, 2020a. Extensive marine anoxia associated with the Late Devo-
nian Hangenberg Crisis. Earth Planet. Sci. Lett. 533, 115976.

Zhang, E, Lenton, TM., del Rey, A, Romaniello, S.J., Chen, X., Planavsky, N.J., Clark-
son, M.O., Dahl, TW., Lau, KV.,, Wang, W., 2020b. Uranium isotopes in marine
carbonates as a global ocean paleoredox proxy: a critical review. Geochim. Cos-
mochim. Acta 287, 27-49.

Zhang, F, Algeo, TJ., Romaniello, SJ., Cui, Y., Zhao, L, Chen, Z.-Q., Anbar, A.D., 2018.
Congruent Permian-Triassic 623U records at Panthalassic and Tethyan sites:
confirmation of global-oceanic anoxia and validation of the U-isotope paleore-
dox proxy. Geology 46, 327-330.



