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ABSTRACT

The geochemistry of the carbonate sedimentary record is invaluable for understanding the ancient sea-
water evolution of carbon and redox-sensitive elements. However, the application of carbonate geochem-
ical paleoredox proxies can be limited by our ability to recognize records impacted by syn- and post-
depositional diagenesis with pore fluids that have geochemical compositions which are distinct from
the overlying seawater—resulting from variable redox conditions, fluid sources, and sediment- vs
seawater-buffered conditions. We extend a numerical framework, established for the application of Ca
isotopes, for recognizing sediment- vs fluid-buffered alterations during aragonite-to-calcite recrystalliza-
tion for widely applied carbonate paleoredox proxies: iodine ratios (I/Ca), cerium anomaly (Ce/Ce™*), and
carbonate-associated Cr, U, and S isotopes. We model endmember reducing and oxidizing fluid diagenetic
scenarios, as opposed to incorporating biogeochemical evolution of pore fluids within the model. The
results reveal that early, fluid-buffered diagenesis of relatively unevolved seawater (“seawater-buffered”)
represents the ideal scenario for preservation for all proxies, including C isotopes. Conversely, fluid-
buffered alteration in pore fluids with redox conditions highly evolved from the overlying water column
is likely to alter the primary carbonate geochemistry. Model calibration against records from the
Bahamas Clino and Unda cores suggests each proxy is uniquely sensitive to a given style of diagenetic
alteration, with Ce/Ce* the most robust and I/Ca ratios most sensitive to early diagenetic alteration.
We recommend multiple strategies, including relationships with C, O, and Ca isotope data, that can be
leveraged to identify the preservation of primary seawater geochemistry for a given proxy. Last, we com-
pare the diagenetic model predictions with published records from the Permian/Triassic boundary to
demonstrate how incorporating stratigraphic geochemical patterns alongside interpretation of diagenetic
model results can support interpretation of secular seawater signals. To improve our understanding of
the effects of diagenesis on carbonate paleoredox proxies, additional experimental constraints, field-
based observations, and multi-proxy datasets are needed.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

directly linked to seawater chemistry, and deposition of carbonate
minerals has been nearly continuous since 3.8 billion years ago

Oxygenation and deoxygenation of the oceans strongly influ-
ence organic carbon burial, habitability for marine biota, and bio-
geochemical cycling of nutrients and critical redox-sensitive
elements. Inorganic geochemical proxies—a broad category that
includes concentrations of redox-sensitive elements and their iso-
topic ratios—offer the potential to track redox conditions across a
range of temporal and spatial scales. Our understanding of the evo-
lution of oxygen and related redox-sensitive elements critical for
life is dominantly shaped by records of carbonate geochemistry
for much of Earth history. Carbonate mineral precipitation can be
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(Krissansen-Totton et al., 2015). Therefore, redox proxies measured
in carbonates have been critical for understanding long-term
change across the Precambrian and Phanerozoic as well as tran-
sient perturbations. For example, the carbon isotope composition
of carbonate rocks (6'3Cear, simplified here to §'3C) can reflect
the balance of organic carbon burial, oxidation, and production
via photosynthesis, which contributes to the production and accu-
mulation of oxygen in Earth’s atmosphere and ocean over time
(Hayes and Waldbauer, 2006). In combination with 5'3C, other
redox-sensitive elements in carbonates such as I, Ce, Cr, U, S—
which are progressively sensitive to more reducing conditions
(Fig. 1)—together provide constraints on atmosphere-ocean
oxygen concentrations and the relative redox potential (Eh) of
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Fig. 1. Comparison of the carbonate-based redox proxies considered in this study in the context of the diagenetic scenarios tested. The proxies are ordered based on the redox
potential most closely linked to the reduction of the oxidized species of each proxy. For example, U reduction occurs close to the Fe(IIl)-Fe(II) redox potential but its reduction
also reflects the amount of sulfide that is present (e.g., Bruske et al., 2020). The boxes to the left depict the geochemical reactions impacting a redox-sensitive proxy, X, where
Xo (blue) represents the oxidized species and Xy (red) represents the reduced species. During diagenesis, X is released into the pore fluid and is mixed with solutes from the
diagenetic fluid, and subsequently can be taken up into the diagenetic calcite. The oxidizing seawater and meteoric diagenetic scenarios are limited to fluid-buffered
conditions (i.e., box = 1), whereas the reducing seawater diagenetic scenario assumes that reduction occurs in the first box (in the first 1 m) with recrystallization reactions
continuing along the flow path (i.e., to box = N). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the oceans, oxidative weathering, global vs regional/local marine
redox gradients, relative timing of environmental events, and the
cycling of redox-sensitive elements critical to biological evolution
(Algeo and Li, 2020).

The unique redox sensitivity and global vs regional environ-
mental conditions captured by the 1/Ca, Ce/Ce*, §>3Cr, 52*%U, and
53*Scas paleoredox proxies make their combined application par-
ticularly useful (Fig. 1). The global vs local sensitivity of an individ-
ual proxy is defined by a combination of the redox-sensitive
speciation or redox-sensitive isotope fractionation as well as the
residence time of the given element relative to ocean mixing times
(Table 1). Using these criteria, 1/Ca, $>>Cr, and Ce/Ce* reflect local/
regional paleoredox conditions whereas the modern ocean resi-
dence times of U and S allow for relatively homogenous marine
isotopic signatures and hence have the potential to record global
marine redox conditions. Further, the proxies can fingerprint dif-
ferent Eh thresholds: to illustrate, the &*S of seawater sulfate is
driven largely by the proportion of seafloor characterized by sul-
fidic conditions (e.g., Gill et al., 2011; Owens et al., 2013) whereas
seawater 228U is sensitive to anoxic (ferruginous)/euxinic condi-
tions at the seafloor (e.g., Brennecka et al.,, 2011; Lau et al., 2016;
Zhang et al., 2018; Gilleaudeau et al., 2019). Both SO3~ and U(VI)
species undergo isotopic fractionation during reduction in anoxic
settings, representing a major sink for sequestering the isotopically
fractionated S and U. Variations in reducing sinks are reflected in

the isotope compositions of seawater that can subsequently be
recorded in carbonate minerals. Other factors that must also be
considered in interpreting seawater values, beyond the extent of
seafloor anoxia and associated organic carbon burial, include the
reservoir size and residence time, spatial redox heterogeneities
(Li et al,, 2017), and changes in the riverine fluxes (Canfield,
2013; Chen et al., 2021).

A critical challenge for interpreting inorganic geochemical prox-
ies, including paleoredox applications, is determining whether the
geochemistry of carbonates faithfully reflects the seawater from
which it precipitated. Stratigraphic variations in carbonate geo-
chemical proxy records can also be interpreted as changes in car-
bonate geochemical preservation (e.g., syn- and post-depositional
diagenesis or the lack thereof) from exposure to evolved marine,
meteoric, or burial pore fluids. To investigate this alternative inter-
pretation, a series of carbonate proxies, such as I/Ca, rare earth ele-
ments (Ce/Ce*) and isotopes of C, O, U, Li, S, Ca, Mg, B, Cr, have been
evaluated from two Neogene-to-Recent cores (Clino and Unda)
from the Great Bahama Bank, among other locations (Chen et al.,
2018; Dellinger et al., 2020; Hardisty et al., 2017; Higgins et al.,
2018; Melim et al., 1995; Murray et al., 2021; Oehlert and Swart,
2014; Oehtert and Swart, 2019; Stewart et al., 2015; Swart et al.,
2001; Tissot et al., 2018; Wang et al., 2021). For most of the studied
sites, variations in geochemical records can be attributed to
diagenesis or other factors not related to evolving seawater redox
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Table 1

Geochimica et Cosmochimica Acta 337 (2022) 123-139

Comparison of marine chemical composition and associated parameters associated with the paleoredox proxies of interest to this study. See Table 2 for detailed references.

Proxy Species expected in carbonate minerals Typical marine concentration Marine isotope Ocean residence
of aqueous species composition (%o) time (years)

I/Ca 1(V)03 460 nmol/kg NA 340,000

Ce/Ce* Ce(IV)CO3 5 pmol/kg NA 50-130

53Cr Cr(VI)0%~, Cr(1ll) species if reducing 4 nmol/kg 0.91 + 0.36 8,000

8238y U(VI)0,(CO5)4~, U(IV) species if reducing 13.4 nmol/kg —-0.39 400,000

5*Scas S(VI)03~ 28 mmol/kg 20.8-22.0 8,700,000

conditions. The published data from the well-oxygenated Great
Bahama Bank, from the studies listed above, capture a range of dia-
genetic environments (meteoric, marine, burial), diagenetic styles
(fluid- vs sediment-buffered), and diagenetic processes
(aragonite-to-calcite neomorphism/stabilization, recrystallization,
dolomitization) over the late Neogene. A key finding from these
studies is that, while preservation of primary, seawater-derived
oxic signals is possible under certain circumstances, signals indica-
tive of anoxic or low-oxygen water-column states are instead
attributed to diagenesis and mixing of sediment sources. The con-
clusion that carbonate redox proxies are not always faithful recor-
ders of seawater chemistry is supported by other approaches, such
as variability in 6*>*Scas and 9238U across microfacies and sedimen-
tary components (Present et al.,, 2015, 2019,2020; Hood et al.,
2016, 2018; Richardson et al., 2019; Murray et al., 2021).

In parallel to these field-based studies, numerical models have
been developed to recognize specific diagenetic conditions that
determine which carbonate samples may preserve ancient seawa-
ter signals (Jacobsen and Kaufman, 1999; Ahm et al., 2018; Zhao
et al., 2020). Diagenetic models can predict the trajectory of solid
geochemical evolution occurring during early burial and in
exchange with seawater (i.e., fluid-buffered) or in chemically
evolved pore fluids that are relatively isolated from exchange with
seawater (i.e., sediment-buffered) conditions. The results suggest
the potential for coupling paleoenvironmental proxies with iso-
topic diagenetic indicators (e.g., Ca and Mg isotopes) to assess sam-
ples or stratigraphic intervals that are most likely to preserve
primary redox signals (Higgins and Schrag, 2012; Fantle and
Higgins, 2014; Blittler et al., 2015; Husson et al., 2015). For exam-
ple, a coupled Ca-Mg isotope approach has been used to recognize
fluid- vs sediment-buffered dolomite, respectively, for applications
of Li, C, and S isotope values, to constrain ancient seawater chem-
istry (Ahm et al., 2018, 2019, 2021; Bold et al., 2020; Jones et al.,
2020; Crockford et al., 2021; Nelson et al., 2021; Bryant et al.,
2022). However, diagenetic models of Ca-Mg isotopes have not
been systematically applied to paleoredox proxies.

Recognizing how and when carbonates retain seawater geo-
chemical signals relies on understanding the sensitivity of the indi-
vidual proxy to diagenetic alteration under various conditions and
our ability to constrain the likelihood that these conditions
occurred. To this end, we constructed diagenetic models for a
series of paleoredox proxies commonly applied to carbonates—35'3C,
I/Ca, Ce/Ce*, 5°3Cr, §*38U, and 5>*S—and focus on relative changes
in these proxies with diagenesis. The models consider meteoric
and marine diagenesis with endmember oxidizing and reducing
conditions and are used to constrain the early diagenetic condi-
tions that best preserve seawater values for each proxy. This suite
of paleoredox proxies has been evaluated in the same set of
carbonate samples from the Bahamas (Clino and Unda cores,
among others) that have experienced well-constrained post-
depositional alteration, providing a basis for ground-truthing the
model. Using these model insights, we evaluate interpretations of
paleoredox records in the carbonate record.
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2. Overview of carbonate geochemical proxies

The proxy suite evaluated in this study can be grouped into two
broad, non-exclusive categories: paleoredox and diagenetic prox-
ies. Because these proxies have been each studied intensively, we
refer to published reviews for a more detailed overview. The car-
bonate paleoredox proxies include iodine-to-calcium (I/Ca) ratios
(Hardisty et al,, 2017; Lu et al, 2020), the cerium anomaly
(Ce/Ce*; Liu et al., 2019; Tostevin, 2021), carbonate-associated
chromium isotopes (8°3Cr; Bauer et al., 2021; Wang et al., 2021),
carbonate-associated uranium isotopes (628U; Chen et al., 2018;
Lau et al., 2019), and carbonate-associated sulfur isotopes (CAS
and 63*Scas; Murray et al., 2021; Bryant et al., 2022). The diagenetic
proxies include calcium isotopes (*4Ca/°Ca, reported in delta nota-
tion as 6*‘Ca relative to modern seawater; Higgins et al., 2018),
magnesium isotopes (62°Mg; Tipper, 2022), strontium-to-calcium
ratios (Sr/Ca), carbon isotopes (6'3C; Ahm and Husson, 2021),
and oxygen isotopes (6'%0). Although the CaCO; mineral poly-
morphs aragonite and high-Mg calcite (HMC) represent a signifi-
cant contribution to sediments today (Swart and Eberli, 2005) as
well as throughout Earth history (Hardie, 1996; Stanley and
Hardie, 1998), they are ubiquitously transformed to more stable
low-Mg calcite (LMC) or dolomite. Therefore, this study focuses
on the alteration of metastable aragonite to stable LMC and links
the composition of redox-sensitive elements in the diagenetic cal-
cite to: (1) the redox state of the diagenetic fluid, (2) the source and
associated composition of the diagenetic fluid, and (3) the mecha-
nisms of solute transport (i.e., advection) and reaction that deter-
mine fluid- vs sediment-buffered conditions.

Because redox-sensitive elements represent trace, non-
stoichiometric constituents of aragonite and LMC and will undergo
chemical transformations in reducing pore waters, their isotopic
compositions are susceptible to alteration. The extent of alteration
is influenced by the degree of sediment- vs fluid-buffered condi-
tions as well as the chemical compositions of the pore fluids, which
can vary widely from that of primary seawater. The redox state of
the diagenetic fluids must be considered because it can alter the
availability of the redox species with the highest affinity for incor-
poration into LMC (Table 1). Importantly, the sensitivity of these
redox species to progressively reducing conditions is also mani-
fested in sediment porewaters. In organic-rich porewaters, redox-
active elements are sequentially reduced during the oxidation of
organic matter—with overlaps common in their respective
‘zones’—in an order dictated by their relative availability and pre-
dicted by thermodynamics (Fig. 1; Froelich et al., 1979; Canfield
and Thamdrup, 2009). While these reduction reactions are sequen-
tial, they can all occur within the upper few cm’s of the sediment
and in some cases proceed nearly quantitatively. For example,
while sulfate reduction may occur over the upper few meters of
reducing sediment columns (Lyons et al., 2004), the reduction of
103, Ce(IV), Cr(VI), and U(VI) can be complete in the upper few
cm’s (Kennedy and Elderfield, 1987a,b; Algeo and Li, 2020). For
the isotope-based proxies, this reduction may impart isotope frac-
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tionations to varying degrees into recrystallized or diagenetic LMC
depending on the relative resupply of unaltered seawater to pore
fluids, which typically diminishes with increasing depth below
the sediment-water interface.

A framework for applying multiple diagenetic proxies to iden-
tify scenarios where the primary carbonate compositions are pre-
served has been developed using measurements of §**Ca, 52°Mg,
and/or Sr/Ca in combination with numerical models (Fantle and
Higgins, 2014; Blattler et al., 2015; Ahm et al., 2018; Higgins
et al., 2018). This approach is based on the premise that the forma-
tion of diagenetic carbonate minerals (dolomite, LMC) can occur
under both sediment- and fluid-buffered conditions with respect
to a given element—i.e., evolved pore fluids versus seawater
(Higgins and Schrag, 2010, 2012; Fantle and Higgins, 2014;
Blattler et al., 2015; Husson et al., 2015). For Ca specifically, diage-
nesis in a fluid-buffered system causes the §**Ca value of the car-
bonate to evolve toward the §**Ca of the pore fluid (Fantle and
DePaolo, 2007). When recrystallization occurs in a sediment-
buffered system, the §**Ca value of the diagenetic carbonate is buf-
fered by the §*‘Ca value of the precursor carbonate—and hence
remains relatively unchanged. For Sr, diagenetic calcite is generally
characterized by lower concentrations (Sr/Ca < 1 mmol/mol) in
comparison to primary aragonite (Sr/Ca 10 mmol/mol;
Kinsman and Holland, 1969; Banner, 1995). Similarly, lower Mg
incorporation in diagenetic calcite results in lower Mg/Ca ratios
relative to primary aragonite and higher 5°°Mg values due to the
large isotope fractionation associated with calcite precipitation.
Therefore, data and model results indicate that paired measure-
ments of bulk sediment §*4Ca values vs Sr/Ca ratios and/or *°Mg
serve as robust geochemical signatures to identify LMC recrystal-
lized from aragonite under sediment vs fluid-buffered early marine
diagenesis—i.e., low vs high §*Ca, respectively, in combination
with low Sr/Ca and high §%°Mg (Husson et al., 2015; Lau et al.,
2017; Ahm et al., 2018; Higgins et al., 2018; Gussone et al., 2020).

The 6'3C and 580 tracers are also useful indicators for diagen-
esis. The sequential reduction of the redox-sensitive elements dur-
ing early diagenesis is driven by organic matter remineralization,
which produces porewater dissolved inorganic carbon (DIC) with
813C values lower than seawater. Similar to §**Ca, the 4'3C of the
diagenetic LMC may be buffered by the 5'3C value of the precursor
carbonate during sediment-buffered conditions, but fluid-buffered
conditions can result in carbonate that deviates from these values
toward the composition of the porewaters. Comparatively, 580 is a
sensitive tracer of interactions with meteoric fluids with lower
5180 values than seawater-derived fluids and carbonates (Melim
et al., 1995; Swart and Oehlert, 2018).

~

3. Methods

This study aims to simulate bulk carbonate sediments that are
representative of shallow marine carbonate environments, where
the primary carbonate minerals reflect seawater-derived and pre-
dominantly biotically driven precipitation from both an initially
oxic and an initially anoxic water column. We model the early dia-
genetic alteration expected during recrystallization of bulk carbon-
ate sediments (99% aragonite, 1% HMC) to stable LMC with three
different diagenetic fluid compositions: oxidizing seawater, (oxi-
dizing) meteoric, and reducing seawater-derived fluids. The dis-
tinction between oxidizing and reducing fluids is that oxidizing
conditions are sufficiently abundant in the oxidized redox species
that the solid geochemistry of the redox-sensitive elements is con-
trolled not by reduction but instead reflect element partitioning
and isotope fractionation between primary and diagenetic carbon-
ate minerals. We do not consider dolomitization because the
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behavior of redox-sensitive elements for dolomite is poorly
constrained.

We do not model biogeochemical evolution of fluids (i.e., oxi-
dizing fluids remain oxidizing) nor do we explicitly prescribe a dis-
solved O, concentration in these fluids. Instead, we chose to model
endmember oxidizing and reducing fluids for the following rea-
sons. (1) There is a lack of observational and experimental data
for iodine, chromium, uranium, and cerium in carbonate-
dominated sediments necessary for modeling their reduction
kinetics, but their geochemistry in reducing vs oxidizing sediments
is better characterized (see Table 2). (2) lodine, chromium, ura-
nium, and cerium have high reduction potentials and are relatively
limiting relative to organic matter and sulfide—a strong reductant
for most of these systems—and are thus reduced on the scale of
cm’s during early diagenesis. Given that the model domain,
described below, is of relatively coarse resolution (a series of
1 m® boxes), it is expected that quantitative reduction of these ele-
ments would occur within box 1 near the sediment-water inter-
face, and thus modeling the reduction reactions is unnecessary.
(3) Modeling endmember fluid compositions allows for the versa-
tility to consider scenarios where the overlying seawater is either
reducing or oxidizing, which is relevant to ancient oceans.

3.1. Numerical models of carbonate geochemical diagenesis

We adapt the water-rock interaction model from Jacobsen and
Kaufman (1999) and the diagenetic model from Ahm et al. (2018).
Common to both models is no change in porosity (i.e., no net dis-
solution or net precipitation), in contrast to reactive transport
models (Fantle et al., 2020; Zhao et al., 2020) that can incorporate
burial of new minerals during deposition. Reactive transport mod-
els can also account for changes in porewater carbonate chemistry
and alkalinity that result from microbial respiration reactions,
which can impact diagenetic rates and the net precipitation of
new authigenic carbonates—feedbacks not considered in our mod-
els. Last, the more generalized diagenetic models that are
employed in this study do not consider the effect of sedimentation.
Model equations are described in the Supplementary Material.

Water-rock interaction models of diagenesis can be used to
evaluate the sensitivity of a given geochemical component of a
solid to alteration with various diagenetic fluid compositions and
water-rock ratios. This approach approximates the geochemical
change during recrystallization for a fluid-to-rock mass ratio,
(y = F(1 — F), where F is the mass fraction of fluid in the system)
and reflects the degree of disequilibrium between the solid and
fluid (e.g., Banner and Hanson, 1990; Jacobsen and Kaufman,
1999). The single-element partition coefficient (D; = C/C, where
the concentration of the element of interest, i, in the solid is C
and in the fluid is Cy) determines the extent of geochemical change
from initial values for a given water-rock ratio (Fig. 2). The solid
isotopic composition (J;) reflects the new equilibrium at a given
water-rock ratio by applying an isotope fractionation factor (o,
converted to A = 1000(oc — 1)) to the fluid isotope composition
(65). This approach can model closed vs open systems: in the for-
mer, the diagenetic solid composition reflects the redistribution
of elements between the fluid and solid at a given water-rock ratio,
whereas the latter accounts for the evolution of the solid geochem-
istry with alteration. Here, we use the equations from Jacobsen and
Kaufman (1999) for open systems.

Although these water-rock models are useful for encapsulating
the first-order impact of water-rock interactions, they are less
ideal for evaluating the ultimate endmember geochemical signa-
tures of the diagenetic composition because the fluid geochemistry
is prescribed and does not evolve during diagenesis from primary
mineral (aragonite) dissolution, i.e., the models have no fluid-
rock reaction component.
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Table 2
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Model geochemical parameters and geochemical values. Please refer to Supplementary Material for explanation of footnotes and more detailed discussion.

Parameter Definition C o Ca Mg Sr | Ce Cr U S
I N Mixed - 3 Mixed — 4.1 /3]
C Initial solid 120000 480000 387500 10000 0.4535
imary 2500 /2, 6/5 37655 [7,
335333 o (mgky) conc. m [’] = B = 16 CT(YQ}’;]IY’ U(VI) only -3 /3,4] []
oxic water Initial solid P Mixed — 0.8 Mixed —-0.15
column 1,0 (%0) ig:)‘lo‘sei‘;l‘ue 5729 -05[2] [} o L1017 NA NA 0.67/6]  Cr(Vjonly—  U(VI)only —-0.37 22/13]
) ' 0.56 /8, 12] [3.4]
. Cso Initial solid . 394500 Same as 0.4535 Same as Same as
car;rizznf:){(ic (mgkg) con. Same as aragonite 2] 5000 /2] 500 /2] o /6] R 0.64 [3,4] o
water column 51 o/ 1>I$:>lsle i‘g;ge [3142] Sf;‘aegfs JL1/2] -38/211] NA NA Same as aragonite 037 [3.4] 24 [7]
Primary S
ar:;ﬂfe (m%/ﬁg) I““c‘glni‘_’l‘d Same as oxic <1 ppt /15] Saomxiecas 20 /8] 6.1/3.4] 110 /16]
and calcite —
anoxilc water 51 (%)) 15321:; i‘;‘;ge Same as oxic NA NA 1.025 /6] 1.6 /8] 021 /17] 38.4 /7]
column
Mixed - o Oxidizing
Fractionation 1001 10330 | )y 0.998 NA NA Logigy  099954120] Seawater —1.00025 1.0017
¢ factor /2] 2] ! [1,18] : Cr(VI) only —  Meteoric — 1.00003  Reducing —
Diagenetic 0.99930 /12] [3.4] 1.003 /21]
calcite Ko or Partition 1 0.0014 Seawater — Oxidizing — 1.031
DOT oefficient, 120 5.5E-5 : 0.025 0.1317 Reducing —18.8 /4]
S“"g""' mineral [22] [22]  CaC—  MgC-— 23] Meteoric— 8123 11726 UV only—0.200  SOE-4128]
MY stoichiometry 0.965 0.035 0.0064 /24] 127]
Cro Initial fluid ~ 0.002 0.01028 00533 000009 03750E-6  13132E-
Oxidizing  (molike) o 1297 NA 297 1297 1297 1307 e MSSEO[BI L3AMES[32] 002833
seawater vy N
- Initial fluid 305
Ol5o (%0) isg;(‘)';‘e v;‘;ue 2727 12 0/10]  -08[10] NA NA 046 /6] 1268, 20] 0.39 /4] 21/34]
Cro Initial fluid ~ 0.0012 0002 00049  25E-6  2.5091E-7  3.6042E-9 190E-6
o NA 149.8E-9 /39, 4E-9 [40)
Metcoric/  (molkg)  conc. 135] B Bs By 1371 138 13 101 [41]
groundwater Initial fluid 3245 377 -1.095
o) cotopevalue (53] [43] [ M09S NA NA 1395 /44] 049 [45] -0.30 /4] 5.5 [46]
Cr Initial fluid ~ 0.0024 0.01028 00533 000009 7.8802E-15  6.4297E-
Reducing  (mol/kg) conc. [47] NA 297 [10] [29] [48] 09497 B0 142889 [3] 0.010507
emaer Sl (%) Mmitial fluid 10 305 om0 087107 Na NA 10257521 1.6 [50] 021/17] 35.4 /53]
o200 sotope value [47] 2] . . . - .
In contrast, diagenetic models, such as that developed by
; Ahm et al. (2018), explicitly consider sediment-buffering of the
met. more fluid . al. (2018), explicitly . 18
> diagenetic fluid, mineral reaction rates, and fluid advection rates,
(“)““Caa'ag ————————————————— o-- and thus are a powerful tool for evaluating alteration with more
§4Ca -~ -=mmmmmmmmm-- -- realistic fluid-rock reactions. Analogous to previous studies, the
o*Mg_ - B---- model domain consists of 40 sequential 1 m® sediment packages,
626Mgara-g— .- where fluid flows from outside the model domain into box 1 and
Sr/Caca] o progressively reacts with the sediment. Box 1, which represents
arag the sediment in contact with seawater, is akin to an open system
o
Sr/Cay=--=----- T (“fluid-buffered”) whereas box 40 is described as “sediment-buff
5%0--0 ered” because the fluid geochemistry has the potential to have
§BC-~--------=------- o - been altered away from the original composition due to reaction,
/G -====== === =) - O--- leaving the bulk carbonate §**Ca value relatively unchanged from
o o= S o-- the primary values (see supplementary discussion for details on
P 0 defining sediment buffered). Unlike the water-rock models, the
U sensitivity of a proxy to geochemical change is not evaluated in
aag < T T TTTTTTTToTTEmTTET o this diagenetic model because the water-rock ratio is a function
U, —---=--------------0--0- o) of the advection of the diagenetic fluid and of the reaction rate that
e e Sl (o} determines the proportion of sediment that is recrystallized at
38U ;--------------0--0O- (o) each time step, and not simply the geochemical disequilibria
cAs--9 between the solid and the fluid.
™8 --00----
" 3.2. Selection and justification of values of model parameters
10" 1 10" 102 10° 10* 105 10° b

Water-Rock Ratio

Fig. 2. Relative sensitivity to diagenetic change for different diagenetic scenarios
from water-rock modeling. The water-rock ratio at which a geochemical proxy has
been altered halfway between its initial and final composition is shown. Subscript
“arag” indicates primary aragonite and subscript “cal” indicates primary calcite,
both precipitated from an oxidizing water column. Ox. = oxidizing seawater,
met. = meteoric fluid, red. = reducing seawater. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)
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Previous application of these diagenetic models has focused pri-
marily on the major elements in carbonate minerals (e.g., Ca, Mg, C,
0). In this study, we focus on the trace, redox-sensitive elements
whose concentrations in carbonate minerals are prescribed with
a Kp. The parameter values for their selection are presented in
Table 2 (see detailed description and justification in the Supple-
mentary Materials). The same parameterization is used for simula-
tions with both models. When applicable, we used the same
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parameter values for C, O, Ca, Mg, and Sr from Ahm et al. (2018).
The Cr, U, and S isotope proxies have been previously implemented
in diagenetic models (Chen et al., 2018; Wang et al., 2021; Bryant
et al,, 2022), and, when applicable, similar values are used here. A
detailed discussion of assumptions regarding the coprecipitation of
U and S valence states is in the Supplementary Materials (Fig. S8). A
comparison of our endmember S model (which does not explicitly
simulate sulfate reduction) to model results from Bryant et al.
(2022), which implemented a fixed sulfate reduction rate to simu-
late sulfate evolution along a reaction flow path, is provided in the
Supplementary Materials (see Fig. S4). The I and Ce/Ce* proxies
have not been included in similar diagenetic models and our mod-
eling for other redox proxies includes diagenetic conditions
beyond those considered in previous studies. For these scenarios,
we estimated parameter values based on experimental or observa-
tional data; future updates or revisions to these values can be
accommodated in the model using the code that is available at
https://doi.org/10.2627/wrdz-sz05.

The model was designed to simulate diagenesis in shallow car-
bonate platform environments, from which most constraints in
modern or Recent carbonate sediments are derived. In contrast,
carbonate sediments in pelagic environments that are dominated
by planktonic calcite may exhibit different initial compositions
and diagenetic parameters (i.e., reaction rate, advection, porosity).

4. Results

In this paper, we refer to “oxidizing” as oxidizing with respect
to the redox species incorporated into carbonate and hence this
condition is specific to each redox proxy. “Reducing” refers to
reducing with respect to the redox species incorporated into car-
bonate and is similarly unique for each redox proxy. “Fluid-
buffered” conditions refer to box 1 of the model domain where sig-
nificant seawater or meteoric contributions limit porewater geo-
chemical evolution related to carbonate dissolution (Ahm et al.,
2018; Bryant et al., 2022). “Seawater-buffered” refers to fluid-
buffered conditions where the pore fluid redox state is analogous
to that of the overlying water column from which the primary
aragonite is derived with respect to the proxy of interest.
“Sediment-buffered” conditions are defined with respect to 5**Ca
and refer to box 40 of the model, where the diagenetic fluid has
undergone significant geochemical evolution from primary seawa-
ter because of progressive carbonate dissolution in overlying sedi-
ments and the sediment §*‘Ca is relatively unchanged (see
discussion in Supplementary Material and Fig. S1).

4.1. Impacts of water-rock ratios and fluid chemistry on carbonate
geochemistry

Water-rock models can compare the degree to which a chemi-
cal system under given fluid-rock conditions can resist geochemi-
cal change and best preserve its original composition. Figs. 2 and
S1 show the model results for open-system diagenesis with oxidiz-
ing seawater, meteoric fluids, and reducing seawater. Like previous
modeling, §'%0 is altered at very low water-rock ratios because
oxygen is poorly buffered in the carbonate compared to its avail-
ability in water. Under meteoric diagenesis, alteration occurs at
higher water-rock ratios for most proxies except for I/Ca, Ce/Ce*,
and §°3Cr. For the 6°3Cr and U proxies, diagenetic resetting with
reducing seawater occurs at higher water-rock ratios.

We also compare the diagenetic trajectories for §**Ca, 5*°Mg,
Sr/Ca, U concentrations, and 623U if HMC or aragonite is the initial
CaCO0; polymorph. Aragonite tends to have lower 5*Ca and higher
[Sr] and [U] (Kinsman, 1969; Meece and Benninger, 1993; Gussone
et al.,, 2005) and therefore requires higher water-rock ratios to be
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altered compared to calcite for these systems. The §**Ca and Sr/Ca
of aragonite-dominated sediments would also be expected to exhi-
bit a larger difference between the initial and the reset value,
whereas U concentrations would be expected to be more tightly
constrained (Fig. S2).

4.2. Geochemical signatures of fluid- and sediment-buffered early
marine diagenesis

The goals of this study are to (1) evaluate the conditions which
best preserve primary seawater signatures during aragonite-to-
calcite recrystallization for an individual proxy and (2) determine
the potential to identify diagenetic conditions using additional
geochemical signatures. To this end, we compared the extent of
alteration of primary aragonite precipitated from both oxidizing
and reducing seawater during its transformation to LMC in mete-
oric fluid-buffered diagenesis, reducing and oxidizing seawater
fluid-buffered diagenesis, and reducing seawater sediment-
buffered diagenesis (Fig. 3).

We calculated the percent of change from the initial elemental
ratio, delta value, or calculated anomaly based on modern arago-
nite (Fig. 3). We note that the calculated % deviation will change
if primary aragonite geochemistry or diagenetic fluid chemistry
differs from today or from the values considered here. We high-
light below key observations from Fig. 3 as well as the trajectories
for diagenetic alteration shown in Figs. 4-6 that guide the subse-
quent discussion:

1. For nearly all the paleoredox proxies, fluid-buffered diagenesis
with analogous redox states between the diagenetic fluid and
the overlying water column—or ‘“seawater-buffered”—is the
best-case-scenario for preserving near-seawater geochemical
compositions in diagenetic calcite (Figs. 3-6).

. 6'3C preservation may occur under “seawater-buffered” condi-
tions only if porewater DIC and 6'3C are relatively unevolved
(see sensitivity analysis in Fig. S7).

. The 38U, °3Cr, and Ce/Ce* proxies have high preservation
potential in sediment-buffered conditions even if the fluid
redox state is opposite to that of the water column (Fig. 3).

. There are large differences for the paleoredox proxies, including
013C, in diagenetic calcite precipitated under oxidizing vs reduc-
ing fluid-buffered conditions.

. For 5*%S, prescribing endmember oxidizing vs reducing seawa-
ter geochemistry produces comparable results to implementing
a fixed-reduction rate for sulfate reduction (Bryant et al., 2022;
see Supplementary Material and Fig. S4). Minor differences are
within the range of natural observations (Tromp et al., 1995)
and arise from tuning the reduction rate in Bryant et al.
(2022) to the sulfur cycle for Permian seawater, which is dis-
tinct from the modern (i.e., lower sulfate concentrations of
5 mmol/kg relative to 28 mmol/kg today).

. Both the §°®Mg values and Sr/Ca ratios are similarly impacted
by all styles of diagenesis during aragonite-to-calcite recrystal-
lization. This reduces the utility of these proxies for recognizing
specific styles of diagenesis and diagenetic fluids. As a result, we
hereafter do not consider these proxies in our cross-plots and
detailed discussions.

. Apart from 5°S, each of the paleoredox proxies exhibit large
deviations between primary aragonite and meteoric diagenetic
calcite. This is because the geochemistry of meteoric fluids is
highly variable compared to seawater and because these prox-
ies are trace constituents of carbonate and therefore are not
readily rock buffered (Fig. 2 and Fig. 3, brown bars). For details
regarding the impact of fluid advection rates on model end-
members, see the sensitivity analysis in Figs. S5 and S6 and
related supplementary discussion.
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5. Discussion

5.1. Sources of model uncertainty

Our endmember model parameterization is based on available
experimental or observational constraints and considers a range
of endmember fluid compositions, thus accounting for consider-

able natural variability while avoiding uncertainties in biogeo-
chemical reaction constraints. The true uncertainty of these
diagenetic alteration processes should include the full range of
fluid geochemistry and diagenetic carbonate mineral parameters.
Compared to some minor elements in carbonates, such as Sr or
Mg (reviewed in Fantle et al., 2020), the full parameter range has
not yet been explored for most redox-sensitive trace elements.
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Here, we highlight the key sources of uncertainty specific to redox
proxies in carbonates (see Supplementary Material for further dis-
cussion). Additional research to address these knowledge gaps
would improve diagenetic models and interpretations of carbonate
geochemistry more broadly.

5.1.1. Constraints on proxy biogeochemical reactions

Our endmember fluid approach is broadly justified by its sim-
plicity and thus wider applicability, the availability of constraints
for endmember fluid geochemistry (see Table 2), the short diage-
netic reaction length scales of I, U, Cr, and Ce reduction relative
to that considered in the model (Figs. 1 & S1), and our overarching
goal of comparing primary seawater geochemical retention in
sediment- vs fluid-buffered conditions, as constrained via §*‘Ca
(Fig. 6). The similar outcomes of our endmember 6*4S model com-
parison to the fixed-sulfate reduction rate model of Bryant et al.
(2022) provides some justification for the applicability of both
approaches (Fig. S4). A more comprehensive reaction network that
more directly considers the biogeochemical evolution of proxies
beyond S requires extensive experimental and field studies for
parameterization and model-data calibration that are currently
unavailable. To illustrate, only three studies have measured iodine
speciation in marine porewaters (Kennedy and Elderfield, 1987a, b;
Upstillgoddard and Elderfield, 1988), but no comparison to the I/Ca
of carbonate sediment is available. Only one study has measured
porewater U concentrations and isotopes during early carbonate
diagenesis (Romaniello et al., 2013), but constraints on the U oxi-
dation state in porewaters or the solid are unavailable. The only
known study with constraints on pore fluid Ce/Ce* during carbon-
ate diagenesis comes from a methane seep (Himmler et al., 2010),
which is not applicable to carbonate platforms. Further, to our
knowledge, no study has analyzed porewater Cr concentrations,
speciation, or isotopic composition evolution during carbonate dia-
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genesis. Moreover, I, Cr, and U undergo rapid abiotic reduction in
the presence of sulfide (Jia-Zhong and Whitfield, 1986; Pettine
et al.,, 1994; Hua et al., 2006; Boonchayaanant et al., 2010). Given
the presence of pM-levels of sulfide accumulation during very
early diagenesis in carbonates (Romaniello et al., 2013), the sub-
UM concentrations of I, U, and Cr in seawater indicate that these
elements will be rapidly reduced in marine pore fluids once highly
reactive Fe has been titrated through precipitation of pyrite. Addi-
tional studies are necessary to understand the reduction kinetics of
both microbial reduction during organic matter oxidation and abi-
otic reduction with sulfide, the isotope fractionations associated
with biotic and abiotic reduction, and how to integrate redox sen-
sitive systems in porewaters and sediments across diverse early
diagenetic carbonate-rich environments.

5.1.2. Impacts of local Fe/Mn oxides on trace element geochemistry
Our model does not explicitly consider the delivery of trace ele-
ments sorbed to Fe/Mn oxides to local sediments, which can cause
isotopic and concentration variations in carbonates unrelated to
seawater chemistry. This is particularly true for Cr isotopes and
Ce/Ce* (Liu et al.,, 2019; Wang et al., 2021) and its importance
remains uncertain for other proxies (e.g., Clarkson et al., 2020).
We emphasize a multi-proxy approach, including variations in
Mn concentrations, for recognizing such conditions, which are out-
lined in detail for individual proxies in these previous studies.

5.1.3. Trace element variability and behavior in meteoric fluids

Of the fluids considered in this modeling, the meteoric diage-
netic scenario—specifically, how element incorporation varies with
pH and ionic strength—is the most poorly constrained. Due to the
absence of extensive datasets, if any, for all the elements of interest
in meteoric fluids, particularly for the redox sensitive geochemical
systems, we used average compositions of rivers or groundwaters.
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However, global compilations of river and groundwater geochem-
istry exhibit a remarkably large range on various spatial and tem-
poral scales, varying with local climate, soils, and bedrock (e.g.,
McClain and Maher, 2016). The bedrock lithology impacting mete-
oric waters can have a large modulating effect: waters that have
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mostly interacted with carbonates are likely to have geochemical
compositions strongly influenced by carbonate geochemistry
(e.g., waters that could be considered submarine groundwater;
Holmden et al., 2012), whereas waters that have exchanged with
siliciclastic rocks may be very different geochemically. Meteoric
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fluids may also become reducing if sufficient organic matter is pre-
sent in the carbonate sediment or in the aquifer. Such a scenario—
which is outside the scope of this study—would impact the redox
proxies independent of 680 and other traditional markers for
meteoric alteration.

5.1.4. Oxidation states of Cr and U incorporated in carbonate minerals

Co-precipitation and isotope fractionation of Cr and U in calcite
are expected to depend on which valence states of Cr and U are
incorporated into the carbonate mineral. This can be a major
source of uncertainty if the distribution of redox species in the
mineral can vary (e.g., as a function of sedimentology). Although
these factors have been discussed previously (e.g., Holmden
et al., 2016; Clarkson et al., 2020; Zhang et al., 2020), targeted
investigation of Cr and U redox variability in these settings and
in this context are necessary to fully characterize the range of
potential diagenetic trajectories. See Supplementary Material for
further discussion and sensitivity analyses that consider Cr and U
oxidation states.

5.1.5. Redox-sensitive trace elements in dolomite

Calcite and dolomite are the two most dominant minerals in the
carbonate rock record, and though they are nearly equally abun-
dant in the Phanerozoic (Mackenzie and Morse, 1992), dolomite
is the predominant carbonate mineral in the Precambrian
(Cantine et al., 2020). The geochemistry of dolomite and of dolo-
stones are already in widespread use for constructing ancient sea-
water chemistry, yet constraints on the fidelity of this archive to
preserve primary seawater trends are lacking. The vast majority
of previous laboratory studies that investigated trace element
incorporation and isotope fractionation in carbonate minerals have
focused on calcite rather than dolomite (reviewed in Smrzka et al.,
2019). However, accurately modeling the expected alteration
direction and pathways during dolomitization requires stronger
experimental constraints on partition coefficients and isotope frac-
tionation factors of redox-sensitive elements, in addition to
ground-truthing these predictions in a range of dolomites
(Hardisty et al., 2017; Herrmann et al., 2018; Zhang et al., 2018,
2019).

5.1.6. Data constraints from the same sample sets

Examples of §**Ca and/or §**Mg measured in the same sample
sets as paleoredox proxies are rare (Bryant et al., 2022; the
Permian-Triassic example discussed in Section 5.5), thus limiting
model calibration against well-constrained observations and
appropriate examples of ancient applications. Even the extensive
diagenetic (5**Ca and 6*°Mg) and paleoredox proxy data sets from
Clino and Unda cores (Section 5.3) were measured in different
samples, limiting their potential as a calibration tool. Going for-
ward, integrated studies should be prioritized to move forward
important debates regarding the preservation of secular seawater
vs diagenetic geochemical signatures during important intervals
of Earth history.

5.2. Proxy resistance to diagenetic change based on water-rock model
results

We can determine the relative order of proxy resistance to sig-
nificant diagenetic change for each geochemical system and for
each diagenetic scenario by determining the water-rock ratio at
which the system has been 50% altered between the initial and
final reset values (Fig. 2). We focus on the direction of change,
rather than absolute values, because variations in primary seawa-
ter signatures through time relative to the modern can impact
absolute values. Of the non-redox sensitive proxies, 680 and
5?5Mg can be reset with very little fluid interaction (i.e., lower
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water-rock ratios) than Sr/Ca, with §'3C and #*'Ca reset at the
highest water-rock ratios. Apart from 680, oxidizing and reducing
seawater-derived fluids can reset geochemical values at lower
water-rock ratios than meteoric fluids because concentrations
are highly diluted (Table 2).

For the redox-sensitive proxies, CAS and §34S can be reset at the
lowest water-rock ratios. The §°3Cr system is altered with mete-
oric fluids at water-rock ratios between 10 and 10? but high
water-rock ratios of ~10% are predicted for 50% alteration under
seawater-derived fluids. Meteoric and reducing seawater alter-
ation of I/Ca ratios can occur at intermediate water-rock ratios
(i.e., 10-100). Uranium concentrations and isotopes are most sus-
ceptible to alteration in meteoric environments and require higher
water-rock ratios to alter when the diagenetic fluid is reducing,
although the final change in 62*8U and [U] is also largest when
altered with reducing seawater. The Ce/Ce* anomaly appears to
be the most robust, requiring the highest water-rock ratios to
reach 50% alteration when the diagenetic fluid is reducing
seawater.

5.3. Diagenetic model calibration against Bahamas data

To validate our use of the model from Ahm et al. (2018) for
redox proxies, we use an existing geochemical dataset from the
intensively studied Clino and Unda cores of the Great Bahama Bank
that includes each of the modeled proxies of interest (Figs. 7, S9).
Specifically, we hypothesize that the geochemistry of sediments
from Clino and Unda represent mixing of carbonate minerals (arag-
onite/HMC, LMC, dolomite) that each reflect unaltered primary
(aragonite/HMC) or diagenetic endmember geochemistry (LMC
and dolomite) under different conditions (e.g., Figs. 4-6). This
hypothesis is driven by previous 6'3Ce.r, and §*Ca studies of the
Bahamas shelf-to-basin that observed variable CaCO3; mineralogy
across the transect that is correlated with 6'3Ceap, (Higgins et al.,
2018; Swart and Eberli, 2005). We test this hypothesis by predict-
ing the downcore geochemical trends for Clino and Unda using the
quantified mineral contributions of aragonite/HMC, LMC, and dolo-
mite, combined with primary and endmember diagenetic geo-
chemistry used in and outputted from our diagenetic model
simulations. Importantly, our model parameters for the redox
proxies were largely chosen independent of Clino and Unda
(Table 2) with the intention of performing a model-data compar-
ison with these well-constrained cores.

The geochemistry and sedimentology of the Clino and Unda
cores are among the best characterized in Earth history from a car-
bonate setting. These cores capture a series of proto-carbonate
platforms which prograded from the Miocene to Neogene (Kenter
et al., 2001). The Clino core contains slope deposits which transi-
tion upward to a platform consisting of reefal and sand deposits.
The Unda core alternates between deeper marginal deposits and
shallow-water platform sands and reefal deposits (Swart and
Melim, 2000). In each case, these successions and transitions are
tied to sea-level change which drove variations in exposure to
meteoric fluids and the relative proportion of platform-derived
aragonite and open-ocean derived calcite (Droxler et al., 1983;
Droxler and Schlager, 1985; Schlager et al., 1994; Swart and
Eberli, 2005). Therefore, this calibration also captures the outcome
of mixing of these different carbonate sources and their expected
geochemical and diagenetic compositions. Previous studies have
constrained the upper 150 m of Clino and 110 m of Unda as having
experienced repeated interaction with meteoric fluids (Swart and
Oehlert, 2018) identified by multiple horizons containing caliche
layers and other sedimentological evidence for subaerial exposure.
In addition, these meteoric zones are characterized by near-
quantitative diagenetic conversion of primary aragonite to LMC
as well as negative §'3Ce.p, values typical of subaerial diagenesis
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Fig. 7. Clino core mineralogy and geochemical data. The mineralogy of this core was predominantly aragonite and deposition occurred under an oxic water-column.
Sediments were subsequently recrystallized to low-Mg calcite or dolomitized. The yellow diamonds mark the initial geochemical compositions used in our model. Data are
shown for 5'3C,, and 8'80 (Melim et al., 1995; Oehlert and Swart, 2014; Stewart et al., 2015; Hardisty et al., 2017; Higgins et al., 2018), mineralogy (Melim et al., 1995;
Hardisty et al., 2017; Murray et al., 2021), I/(Ca + Mg) (Hardisty et al., 2017), §233U (Chen et al., 2018), Ce/Ce*(Liu et al., 2019), 84S (Murray et al., 2021), 5°>Cr (Wang et al.,
2021), $**Ca and §%*Mg (Higgins et al., 2018). The blue, red, and brown circles in the §*4S plot reflect modeled values based on the mineralogy of the samples from Murray
et al. (2021), the source of the 534S data. The red and blue lines are both modeled, but overlap for §**Ca, 5**Mg, 5'%0, and Sr/Ca, since they are not redox-sensitive. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

within developing soils (Melim, 1996; Gill et al., 2008). Below this
meteoric zone, the sediments have undergone diagenesis exclu-
sively in marine pore fluids (Melim et al., 2004; Swart and
Oehlert, 2018).

The mixing model equations and detailed justification for key
assumptions are described in detail in the Supplementary Material
and are briefly outlined here: (1) Aragonite and HMC are primary
bank-derived minerals precipitated from an oxidizing water col-
umn. (2) Aragonite and HMC have identical initial geochemistry
and behave similarly during diagenesis. (3) LMC is a diagenetic
mineral. (4) LMC from the meteoric zones—the upper 150 m of
Clino and 110 m of Unda—is derived from aragonite-to-calcite
recrystallization with oxidizing meteoric diagenetic fluids.
(5) Below the meteoric zones, LMC is derived from aragonite-to-
calcite recrystallization under sediment-buffered conditions with
reducing pore fluids. (6) Dolomite is a diagenetic mineral formed
under fluid-buffered conditions. (7) Fluid-buffered dolomite has
the endmember geochemistry of fluid-buffered LMC, but whether
the fluid was oxidizing or reducing is not known.

Based on these assumptions and the mineralogy of Clino, the
predicted geochemistry of this core is presented in Fig. 7. The Unda
core is also modeled (Fig. S9), but because of more limited geo-
chemical data and abundant dolomite (which is not explicitly con-
sidered in the model), the results are described in the
Supplementary Discussion. Given the extensive assumptions
required for the diagenetic and mixing models, the simulated
results show a qualitative overlap with the observations (Figs. 7
and S9). In addition to providing a proof-of-concept for the model,
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this exercise also supports the underlying hypothesis of the mixing
model: i.e., that primary aragonite was derived from an oxidizing
water column and the final sediment geochemistry is dictated by
the diagenetic regime under a range of fluid- and sediment-
buffered conditions with variable fluid redox states.

We suggest that the most important takeaway from the model-
data comparison for the meteoric zone of Clino (modeled in brown;
Fig. 7) is the potential for paleoredox proxies to undergo significant
deviations from seawater values from meteoric diagenesis
(Hardisty et al., 2017; Chen et al., 2018; Wang et al., 2021). As most
clearly distinguished via 5'80 (Fig. 5), the model results for paleo-
redox proxies match the directionality of downcore trends for 6'3C,
I/Ca, Ce/Ce*, and 53*S but do not match the wide range of the obser-
vations in Clino (Fig. 7). The comparatively broader observational
range relative to the model results further bolsters our conclusion
that, apart from §34S (McClain et al., 1992), trace element concen-
trations and isotopic compositions of meteoric fluids of carbonate
platforms, as well as the Kp values of trace element incorporation
into LMC under these geochemical conditions, are under-
characterized and contribute significant uncertainty to our model
and interpretations of the paleoredox proxies in meteoric waters.

Below the meteoric zone of Clino (150-350 mbsf; Fig. 7), qual-
itative agreement between the modeled and observational data for
the redox-sensitive proxies, including 6'3C, supports our assump-
tion that non-meteoric LMC from these cores was formed during
mostly reducing, sediment-buffered alteration. Most of this inter-
val consists of aragonite and LMC, and our model predictions,
derived by assuming that the aragonite endmember reflects unal-
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tered values and that the LMC endmember reflects sediment-
buffered alteration, largely mimics the bulk carbonate geochem-
istry. For 64S, samples with even minor aragonite tend to preserve
modern seawater 5>S values because of the high CAS concentra-
tion in aragonite compared to diagenetic, sediment-buffered LMC
(3,766 vs 147 ppm). However, below 350 mbsf, the 534S record
consists of largely aragonite-free samples relative to the back-
ground and thus tends to track diagenetic processes (Murray
et al., 2021). Because the intervals sampled for §34S targeted low-
aragonite intervals, we focus on the mixing model results derived
using the mineralogy of the same samples from Murray et al.
(2021) to compare with the 534S data (red and blue circles in Figs. 7
and S9; n = 42 Clino and 12 Unda samples). Given this considera-
tion, the 534S record below 350 mbsf in Clino provides additional
constraints on sediment-buffered LMC, as these results indicate
that higher S values correspond to a greater proportion of
LMC. Although the model results broadly mimic the trends down-
core, they do not reproduce the high 434S values observed in some
intervals (Fig. 7). This suggests that the parameterization for sulfur
isotope fractionation (Table 2) does not adequately capture the full
range possible during sulfate reduction or other processes impact-
ing 5°*S heterogeneity (e.g., Present et al., 2015, 2019; Murray
et al,, 2021).

In the dolomitized zones of Clino and Unda (e.g., 500-600 mbsf
in Clino and below 100 mbsf in Unda), there is good model-data
agreement for §'3C, 6*4S, and Ce/Ce*. This ultimately supports
dolomitization as a process that can preserve 63C during
seawater-buffered diagenesis and hence aid in recognizing similar
conditions in the geologic record (Ahm et al., 2018, 2019, 2021;
Bold et al., 2020; Jones et al., 2020; Crockford et al., 2021; Nelson
et al., 2021). Conversely, we note that the intervals with minor
dolomite—termed “background” dolomite in Swart et al. (2001)—
show a better model fit for 'C and 5>*S when the diagenetic fluid
is reducing (red) than when it is oxidizing (blue), consistent with
previous interpretations that these dolomites formed in fluids
more reducing than, and relatively isolated from, seawater
(Swart and Melim, 2000).

In summary, despite uncertainties arising from meteoric diage-
nesis and the potential for multiple diagenetic events, our model
has the potential to simulate broadly natural diagenetic alteration
if the proper mineralogical and sedimentological context are con-
sidered. These results also highlight the potential for a combina-
tion of diagenetic scenarios, impacting the same strata, to result
in large stratigraphic variability in these geochemical proxies—
which suggests that proxy records in Earth’s history may exhibit
shifts and scatter unrelated to secular seawater change.

5.4. Model insights into applying and interpreting carbonate
paleoredox proxies

A powerful application of diagenetic models is the potential to
leverage the predicted relative sensitivity of multiple individual
proxies to diagenetic resetting (and other conditions) to identify
the diagenetic conditions that can best preserve the primary sea-
water geochemical signatures for an individual proxy (Ahm et al.,
2018, 2019, 2021; Bold et al., 2020; Jones et al., 2020; Crockford
et al., 2021; Nelson et al., 2021; Bryant et al., 2022). These condi-
tions of ideal preservation can vary for the paleoredox proxies in
this study.

Unsurprisingly, our analysis indicates that the redox state of the
diagenetic fluid is an essential constraint for each of the paleoredox
proxies: i.e., reducing vs oxidizing diagenetic fluids result in differ-
ent endmember diagenetic calcite compositions under fluid- and
sediment-buffered conditions. Analogous results were found for
carbonate 6'3C for fluid 6'3C and DIC endmembers chosen to repre-
sent progressive organic matter oxidation in porewaters (Fig. S7;
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Derry, 2010; Ahm et al., 2018). We find that seawater-derived,
fluid-buffered alterations, where the redox state of the pore fluids
matches that of the water column (i.e., seawater-buffered), repre-
sent the best-case-scenario for all proxies of interest. Importantly,
seawater-buffered diagenesis preserves water column geochem-
istry regardless of whether the water column is reducing or oxidiz-
ing (Fig. 6). Sediment-buffered diagenesis, when the pore fluid has
the same redox conditions as the overlying water column, is also
predicted to result in little-to-no alteration of the paleoredox prox-
ies (Fig. S1). This scenario is likely most commonly manifested in
initially reducing water column regimes, meaning these have
amongst the highest potential to preserve primary seawater chem-
istry. However, matching of water column and pore fluid redox
conditions is unlikely for oxidizing water columns in shallow mar-
ine carbonate settings where anaerobic respiration can occur
within the upper 10’s of cm (e.g., Romaniello et al., 2013). An
exception may be for proxies less sensitive to reducing conditions
(i.e., at lower Eh thresholds) in slope and pelagic carbonate set-
tings. For example, this may be relevant for 6>S because sulfate
reduction can be located deeper in the sediment column (~50-
350 m; Kramer et al., 2000).

An effective approach for discerning between oxidizing and
reducing seawater-buffered conditions is plotting paired 5**Ca
and paleoredox proxy data and determining the relationship
between fluid- and sediment-buffered endmembers. In this way,
the directionality of the slopes between endmembers, as well as
the field between the endmembers and the original composi-
tion—like that shown in Fig. 6—can be used to approximate the
samples most likely to represent a given diagenetic scenario. Most
specifically, application of Ce/Ce* and, perhaps §238U, alongside
5*Ca has the most potential to identify diagenesis under
seawater-buffered conditions. For these proxies, samples exhibit-
ing a fluid-to-sediment-buffered spectrum of §**Ca values, but lim-
ited variability in 6>*®U and Ce/Ce*, can be used to constrain the
fluid-buffered endmember as being seawater buffered. These iden-
tified “seawater-buffered” sample sets may then be those best
used for other paleoredox proxies of interest.

Our model predicts that 238U and Ce/Ce* primary proxy values
are altered by <10% from typical modern carbonate values under
both sediment-buffered conditions and seawater-buffered diage-
netic conditions (Figs. 3 and 6). Alteration of <10% is likely to have
little impact on proxy interpretation of Ce/Ce* because ratios near
the anoxic-oxic threshold are typically categorized as ambiguous
(e.g., Tostevin et al., 2016). Ce/Ce* applications are also supported
by comparison with the Clino and Unda data: Ce/Ce* appears to
be most robust and is relatively invariant with depth (Figs. 7 and
S9). Alteration of < 10% is also unimportant for §>*8U because it
is within the range of typical analytical uncertainty (0.05%.) and
stratigraphic variability (e.g., Chen et al., 2018; Tissot et al.,
2018). However, as was observed for §°>Cr, variable §*23U in Clino
and Unda clearly indicate effects of dolomitization and other pro-
cesses (such as incorporation of multiple valence states) that lack
adequate calibration in our model and therefore we suggest further
research is needed to understand the fidelity of §°>Cr and §2*%U
(see Fig. S8).

An alternative or complementary approach for identifying pri-
mary seawater geochemical signatures is to exploit the high sensi-
tivity of I/Ca to diagenesis if primary aragonite from an oxidizing
water column is altered in reducing fluids of any kind (Hardisty
et al., 2017). Specifically, the only diagenetic scenario that pre-
serves elevated primary I/Ca values in diagenetic calcite is
seawater-derived, oxidizing fluid-buffered diagenesis (Fig. 6). This
is because I/Ca tracks ambient 103 that is reduced during overlap-
ping iodinous/nitrogenous early diagenetic conditions directly
after or even overlapping with oxic respiration (Fig. 1). In addition
to a high sensitivity to more reducing conditions, I/Ca is also a
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concentration-based proxy, which further increases its likelihood
of being overprinted as conditions evolve toward sediment-
buffered diagenesis or low water-rock ratios. In this way, if it
can be demonstrated that I/Ca ratios are preserving primary oxi-
dizing, seawater-like geochemistry (i.e., maintains high values)
then one can have the highest confidence that §°3Cr, Ce/Ce*,
52380, and 534S could as well.

While this approach is powerful, we note that it is limited in
scope. First, the application of I/Ca or other proxies for diagenetic
screening of fluid redox conditions may be overly conservative in
some cases. Specifically, fluids that are reducing with respect to
103 need not be reducing with respect to these other proxies, so
it is possible to alter I/Ca ratios while the diagenetic fluid remains
oxidizing with respect to other proxies. For example, this is a
potential scenario for the dolomitic intervals of Clino and Unda.
Secondly, low I/Ca ratios are ambiguous and could represent iodi-
nous conditions, multiple types of diagenetic overprinting, or
seawater-buffered diagenesis that preserves primary aragonite
geochemistry from a reducing water column (Fig. 6). Therefore,
low I/Ca ratios do not exclusively indicate diagenesis, but instead
require additional constraints to distinguish between these
scenarios.

In sum, this study highlights that the combination of data-
model comparison and mineralogical and stratigraphic context
has the potential to improve our understanding of the evolution
of carbonate mineralogy and diagenesis through Earth history, in
addition to identifying secular seawater chemical evolution.
Specifically, the combination of the sensitivity of the paleoredox
proxies to seawater-buffered diagenesis and their respective redox
thresholds, and hence early burial conditions, alongside the
broader sensitivity of §**Ca to fluid- vs sediment-buffered condi-
tions (e.g., Fig. S1), further refines our ability to characterize
ancient diagenetic environments. This is akin to applications of
Fe speciation in shales to identify the presence of Fe- vs sulfide-
dominated diagenetic fluids (Hardisty et al., 2018), but further
extending this to identifying seawater-buffered conditions (see
Fig. 1). For example, iodinous pore fluids can be identified with
the existing record: while I/Ca is low through most of Earth history
(e.g., Lu et al., 2020), there are LMC- and dolomite-derived values
elevated above that expected from diagenesis extending into the
Proterozoic. This suggests that, while perhaps not pervasive in
Clino, seawater-buffered diagenetic environments could be rela-
tively common and hence their recognition may provide insights
into carbonate mineralogical evolution. A specific example
includes the potential to combine Ca-Mg isotopes and paleoredox
proxies to identify trends in so-called early dolomitization—i.e.,
the dolomite problem—which has been hypothesized from fabric
retentive vs destructive dolomite and some geochemical evidence,
but remains under debate (Tucker, 1982; Hardisty et al., 2017).
Further, we emphasize that stratigraphic context plays an impor-
tant role in recognizing seawater-buffered environments alongside
modeling results (e.g., Nelson et al., 2021). Lastly, as is outlined in
the following section, our models are inherently local and therefore
do not consider globally observed patterns in multiple proxies,
which should be considered as an additional criterion in any car-
bonate proxy applications.

5.5. Revisiting carbonate paleoproxy records through Earth history:
lessons from the Permian-Triassic

Identifying primary geochemical composition by comparing
paleoredox proxies does not account for the potential for evolving
seawater chemistry across constant or changing diagenetic condi-
tions. Coeval trace element-§**Ca stratigraphic trends have been
suggested to be difficult to interpret in the context of secular sea-
water evolution and are instead commonly used as a litmus test for
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identifying potential diagenetic overprints (Husson et al., 2015).
Importantly, the Late Permian to Middle-Late Triassic exhibits
stratigraphic trends in §*Ca, 5'3C, §'20, and 238U, with previously
published data analyzed on the same samples (Payne et al., 2007,
2010; Lau et al., 2016, 2017; Silva-Tamayo et al., 2018), which
enables us to apply our modeling framework to distinguish
between secular seawater change and interpretations of diagenetic
alteration. At the same time, the end-Permian extinction
(ca. 252 Ma) and its aftermath is a time interval when global
carbon cycle perturbations and marine redox changes have been
independently corroborated through paleontology, lithological
and sedimentological changes, modeling predictions, organic
geochemical proxies and biomarkers.

The geochemical shifts that mark the Permian/Triassic bound-
ary are most parsimoniously interpreted as secular changes in sea-
water, and although diagenetic alteration was certainly present
and likely includes burial diagenesis, the geochemical trends can-
not be explained by the early diagenetic model. Fig. 8 depicts the
available data plotted on the relevant §*‘Ca cross-plots from
Fig. 6. This compilation includes two stratigraphic sections on
opposite margins of the Paleo-Tethys ocean: Dajiang (Great Bank
of Guizhou, South China) and Taskent (Turkey). For simplicity,
the data are binned into time intervals (defined in Fig. 8) and the
values in each bin are then averaged if data are sufficiently avail-
able (i.e.,, n > 1). The discussion that follows is limited by the small
number of samples for some of the time bins. We note that the ini-
tial modeled values of some proxies (i.e., 513C, 5'80) do not signif-
icantly overlap with the data because seawater 5'>C and 6'%0 were
different from the modern and because §'20 can reflect late-stage
diagenetic processes not represented in our early diagenetic
model; therefore, we focus this discussion on the predicted direc-
tion of change from diagenesis.

Here, we discuss the geochemical shifts during the main extinc-
tion interval (bins 1 to 3); the rest of the record is discussed in the
Supplementary Materials. At Taskent, the pre-extinction to main
excursion record (Fig. 8, bins 1 to 2) exhibits a shift to lower mean
values for 5'3C, 6*'Ca, 628U, and ¢'20, and no change in Ce/Ce*.
Such correlated shifts cannot be explained by a diagenetic scenario
only (i.e., without a concomitant change in seawater chemistry).
Specifically, correlated negative 5'3C and 5**Ca shifts are only pos-
sible from a switch from seawater-buffered to meteoric diagenesis
(Fig. 8A). This is consistent with negative shifts in §>>3U and 5'%0
(Fig. 8B and 8D) but is not consistent with the insignificant differ-
ence in Ce/Ce* (Fig. 8C) nor with sedimentological observations
(e.g., Payne et al., 2007). Similarly, the shift to lower mean §>*8U
and 5**Ca values aligns with the prediction for diagenesis with
reducing seawater (Fig. 8D), but this interpretation is inconsistent
with the Ce/Ce* and §'3C trends. These negative shifts are repli-
cated at Dajiang for the same proxies, even though average §**Ca
is higher (-1.7 %o vs —1.4 %o).

The next stratigraphic shift, from the main excursion to end of
the Induan (Fig. 8, bins 2-3), is again inconsistent with solely a dia-
genetic driver. At Taskent, average §'>C and #*‘Ca values both
increase—a relationship that is not predicted under any reasonable
diagenetic scenario in the absence of a change in seawater §'3C. A
shift to higher average 9**Ca and a small increase in 628U is com-
patible with oxidizing seawater-buffered diagenesis (Fig. 8B-D),
but the most parsimonious interpretation is a partial recovery to
pre-perturbation environmental conditions, consistent with
greater biodiversity of some taxa by the end of the Induan (Chen
and Benton, 2012). At Dajiang, the changes in average &'3C,
6*Ca, 610, or 6**8U are smaller but in the same direction as at
Taskent. Thus, key geochemical shifts in these records do not agree
with predictions based on the early diagenetic model (and assump-
tions therein), bolstering interpretations of primary, rather than
diagenetic, processes—which is independently supported by other
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geologic evidence including the absence of meteoric cements.
Instead of an early diagenetic explanation, these changes across
the Permian/Triassic boundary are broadly consistent with a per-
turbation to the carbon cycle, replicated across multiple carbonate
sections as well as marine and terrestrial organic carbon records
(Payne et al., 2004; Horacek et al., 2007; Meyer et al., 2013; Cui
et al., 2017), higher sea-surface temperatures reconstructed from
5180 of conodont apatite (Joachimski et al., 2012, 2020; Schobben
et al., 2014), and expansive seafloor anoxia (e.g., Hiilse et al.,
2021). A similar data-model comparison can be conducted for
other redox proxy datasets through Earth history to determine
whether early diagenesis could be the primary driver of a geo-
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chemical record or if other factors are likely applicable (such as
secular seawater change, diagenetic processes, a change in contri-
bution of different CaCO3 polymorphs, etc.).

Though our models predict that seawater-buffered conditions
(blue model lines) may be the best-case-scenario for retention of
primary seawater values for all the paleoredox proxies, including
5'3C, a range of fluid- to sediment-buffered 5**Ca values do not
always imply paleoredox proxies (such as 52*%U in this example)
cannot record secular seawater change. Interpreted from a diage-
netic perspective only, the higher §**Ca at Dajiang (squares) com-
pared to Taskent (circles) could suggest that the Dajiang
carbonates experienced greater fluid-buffered diagenesis and are
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less likely to preserve seawater 6*4Ca values whereas Taskent car-
bonates experienced sediment-buffered diagenesis and are more
likely to preserve seawater **Ca. Importantly, the 52*®U records
are comparable between sections (Fig. 8). As discussed in Sec-
tion 5.4, the retention of 628U signals across a sediment-to fluid-
buffered gradient in 6*4Ca provides evidence for seawater §*>%U
values in both sections and specifically that seawater-buffered
conditions are likely in the fluid-buffered interval of Dajiang.
Seawater-buffered conditions imply that the Dajiang carbonates
might be best suited for applications of the broader paleoredox
proxy suite, including §'3C. Despite the large observed range of
5**Ca values, the retention of seawater chemistry signals can also
include changes in seawater §*Ca itself that reflect mass imbal-
ances, different proportions of CaCO3; polymorphs, and changes in
carbonate precipitation rate (Komar and Zeebe, 2016; Silva-
Tamayo et al., 2018; Wang et al., 2019).

6. Conclusions

This study uses an increasingly popular diagenetic model
framework (Ahm et al., 2018) for calcium and carbon isotopes to
include a suite of paleoredox proxies— iodine ratios (I/Ca), the cer-
ium anomaly (Ce/Ce*), and carbonate-associated Cr, U, and S iso-
topes. Specifically, we model the recrystallization of aragonite
sourced from both oxidizing and reducing water columns to low-
Mg calcite with various diagenetic fluids (oxidizing seawater,
reducing seawater, and meteoric fluids) and under conditions that
are increasingly rock-buffered (fluid- to sediment-buffered). Like
previous applications of 6'>C and §*Ca, our results indicate that
the relative degree of fluid-buffering impacts the potential for a
given proxy to preserve primary seawater chemistry following
variable styles of diagenesis. Moreover, the consideration of the
redox state of the fluid is demonstrated to be an additionally
important constraint.

Ultimately, our model results quantitatively demonstrate that
seawater-buffered conditions—or fluid-buffered conditions where
the redox state of the diagenetic fluid is analogous to the seawater
from which the primary aragonite precipitated—best preserve pri-
mary paleoredox signatures, including for §'3C. Importantly, fluid-
buffered alterations with evolving redox conditions and progres-
sive organic matter oxidation during early diagenesis—which will
impact trace element speciation and isotope compositions as well
as the §'3C of dissolved inorganic carbon—have high potential to
alter the original geochemical composition of carbonates, and thus
must be screened. The variable preservation potential of the pale-
oredox proxies can be leveraged to recognize seawater-buffered
conditions. Ultimately, Ce/Ce* and potentially 6*33U are the most
robust to diagenetic alteration whereas the extreme sensitivity of
I/Ca to diagenetic overprinting, always to lower values, implies
that elevated I/Ca uniquely indicates seawater buffered or primary
mineral preservation.

Our model is calibrated and discussed in the context of case
studies with Neogene Bahamas cores with well constrained diage-
netic alterations (Clino and Unda) and the Permian/Triassic, both
which have been measured previously for paleoredox proxies
and calcium and carbon isotopes. Importantly, our Clino and Unda
mixing model (Section 5.3) and the Permian/Triassic case study
(Section 5.5) emphasize that simplified proxy-proxy model inter-
pretations of complex geochemical data sets have the potential
to mask important stratigraphic and mineralogical information
and thus must be used with caution. However, when this context
is considered, diagenetic and primary seawater geochemistry can
potentially be determined. Going forward we recommend multiple
steps necessary to improve the application of these and similar dia-
genetic models to paleoredox applications, including: additional
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case studies comparing 5**Ca and paleoredox proxy data; field-
based characterization of the concentrations and isotope composi-
tions of redox-sensitive trace elements in meteoric fluids from car-
bonate platforms, which are essentially uncharacterized;
experimental quantification of the potential for multiple redox
states of the same element—most prominently for Cr and U—into
carbonate minerals and their associated partition coefficients;
and experimental quantification of partition coefficients for each
of the paleoredox proxies into dolomite minerals, which are essen-
tially unknown despite their widespread application to dolomite.
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