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Abstract

Shallow-water carbonate sediments constitute one of the most abundant and widely used archives of Earth’s surface evo-
lution. One of the main limitations of this archive is the susceptibility of the chemistry of carbonate sediments to post-
depositional diagenesis. Here, we develop a numerical model of marine carbonate diagenesis that tracks the elemental and
isotopic composition of calcium, magnesium, carbon, oxygen, and strontium, during dissolution of primary carbonates
and re-precipitation of secondary carbonate minerals. The model is ground-truthed using measurements of geochemical prox-
ies from sites on and adjacent to the Bahamas platform (Higgins et al., 2018) and authigenic carbonates in the organic-rich
deep marine Monterey Formation (Blattler et al., 2015). Observations from these disparate sedimentological and diagenetic
settings show broad covariation between bulk sediment calcium and magnesium isotopes that can be explained by varying the
extent to which sediments undergo diagenesis in seawater-buffered or sediment-buffered conditions. Model results indicate
that the covariation between calcium and magnesium isotopes can provide a semi-quantitative estimate of the extent and style
(fluid-buffered vs. sediment-buffered) of early marine diagenesis. When applied to geochemical signatures in ancient carbonate
rocks, the model can be used to quantify the impact of early marine diagenesis on other geochemical proxies of interest (e.g.
carbon and oxygen isotopes). The increasing recognition of early marine diagenesis as an important phenomenon in shallow-
water carbonate sediments makes this approach essential for developing accurate records of the chemical and climatic history
of Earth from the chemical and isotopic composition of carbonate sediments.
© 2018 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION nent — generally they are interpreted as being precipitated

from cations (Ca>", Mg>", Sr**, etc.) and carbonate ions

Marine carbonate sediments are one of the most impor- (CO§*) in equilibrium with contemporaneous seawater.
tant archives of Earth’s history because they are abundant, The chemical and isotopic composition of carbonate sedi-
span 3 billion years, and have no significant detrital compo- ments has been widely used to reconstruct the global car-

bon and oxygen cycles and the history of Earth’s surface
environment (Broecker, 1970; Knoll et al., 1986; Hayes
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records of Earth’s past surface environment, it is essential
to recognize that all carbonate sediments have experienced
some post-depositional diagenetic alteration of their pri-
mary chemistry during the transformation from unlithified
sediments into rocks (Bathurst, 1976; Swart and Eberli,
2005; Higgins et al., 2018). These diagenetic reactions can
alter and in some cases completely reset the primary major,
minor, and trace element chemistry of the sediment (Allan
and Matthews, 1982; Banner and Hanson, 1990).

The extent to which carbonate diagenesis alters the
chemical and isotopic composition of the sediment depends
on four features of the diagenetic environment: (1) the com-
position of the diagenetic fluid, (2) the reactivity of the car-
bonate minerals over time, (3) the mechanism of solute
transport (e.g. diffusion vs. advection), and (4) pressure
and temperature. Previous studies of carbonate diagenesis
have focused on two particular diagenetic environments:
meteoric and deep-burial. Both of these diagenetic regimes
leave visible traces of alteration, such as exposure surfaces
that can be easily identified in the field or textural changes
that can be observed petrographically (Bathurst, 1976;
Allan and Matthews, 1982; Dyer et al., 2015). While these
regimes are important, they are not the focus of this study.
Rather, we are interested in early marine diagenesis associ-
ated with the transformation of metastable carbonate poly-
morphs such as high-Mg calcite and aragonite to
diagenetically stabilized low-Mg calcite and dolomite
(Malone et al., 2001; Melim et al., 2002; Higgins et al.,
2018). Early marine diagenetic alteration, involving seawa-
ter or seawater-derived fluids, is widespread in shallow-
water marine carbonate sediments and involves mass fluxes
between sediments and local pore-fluids that are capable of
significantly altering the chemical and isotopic composition
of the primary sediment (Fantle and Higgins, 2014; Higgins
et al., 2018).

The sensitivity of elements in carbonate sediment to
early marine diagenesis is determined, to a first order, by
the abundance of the element in seawater-derived pore-
fluids compared to bulk carbonate sediment. Carbon-
isotope values (6'3C) are regarded as the most diageneti-
cally robust of the geochemical systems, due to the high
concentration of carbon in carbonate sediments relative
to most diagenetic pore-fluids (Banner and Hanson, 1990;
Derry, 2010). It should be noted that remineralization of
organic carbon is an important factor (although not consid-
ered explicitly in this paper) that may change the sensitivity
of 8'3C values to early marine diagenesis by affecting both
pore-fluid chemistry and dissolution rates (Patterson and
Walter, 1994; Irwin et al., 1977). Other major constituents
such as calcium isotopes (6™ “0Ca) in limestone and both
calcium and magnesium isotopes (6°°Mg) in dolomite are
expected to be similarly or somewhat less resistant to diage-
nesis than carbon as calcium and magnesium are more
abundant than carbon in seawater and seawater-derived
fluids. On the other hand, the isotopic composition of oxy-
gen (6'%0), another major constituent in carbonates, is
easily reset due to the abundance of oxygen in water (H,O).

Solute transport is perhaps the second most important
variable in many diagenetic systems as it determines, in
part, the extent to which diagenesis is dominated by the

chemistry of the fluid (fluid-buffered) or the chemistry of
the sediment (sediment-buffered). Diagenetic systems where
diffusion dominates tend to favor sediment-buffered diage-
nesis, whereas systems with significant advective fluid-flow
tend to favor fluid-buffered conditions. Potential sources
of fluid flow include tidal pumping, wave action, geother-
mal convection, evaporative reflux, and mixing with mete-
oric water (Simms, 1984; Kaufman, 1994; Kohout, 1977,
Hughes et al., 2007). Critically, fluid flow in shallow-
water carbonate systems can create diagenetic systems that
are capable of altering even the most robust primary chem-
ical and/or isotopic signals (e.g 6"°C, *0Ca, Higgins
et al., 2018). Compounding the problem, early marine dia-
genetic alteration is difficult to identify using either petro-
graphic (Grotzinger and Reed, 1983; Melim et al., 2002)
or traditional geochemical indicators (e.g. Mn/Sr; Brand
and Veizer, 1980). Generally, this style of diagenesis goes
unrecognized and undiscussed in studies of the geochem-
istry of carbonate sediments in the geologic record.

In this study, we develop a numerical model of mineral
dissolution and re-precipitation within the pore space of
platform and periplatform carbonates. The model quanti-
fies the resetting of 5*/4°Ca, §*°Mg, §'>C, and 6'%0 in com-
bination with elemental concentrations of Sr during
neomorphism  (aragonite-to-calcite),  recrystallization
(calcite-to-calcite), and  dolomitization  (calcite-to-
dolomite). The model is ground-truthed using published
measurements of Bahamian carbonates and authigenic car-
bonates from the Monterey Formation where the boundary
conditions, degree of fluid-rock interaction, and composi-
tion of seawater are relatively well known (Supko, 1977;
Vahrenkamp et al., 1988; Eberli et al., 1997; Ginsburg,
2001; Swart and Eberli, 2005; Blittler et al., 2015;
Higgins et al., 2018). Model results provide quantitative
constraints on (1) the composition of the primary miner-
alogical end-member, (2) the diagenetic end-member, and
(3) the composition of the diagenetic fluid. Application of
this diagenetic model to ancient carbonate sediments with
large datasets of calcium, magnesium, carbon, and oxygen
isotopes and major/minor element chemistry will lead to
more robust records of secular change for a wide range of
carbonate-bound geochemical proxies (e.g. o'Li, o''B,
Sy, 658808, §238/2351, 1/Ca) and more accurate recon-
structions of the history of the global carbon and oxygen
cycles.

2. METHODS
2.1. Model setup

Building on published modeling efforts (Banner and
Hanson, 1990; Fantle and Higgins, 2014; Blattler et al.,
2015), we construct a numerical model that simulates early
marine diagenesis of carbonate sediments by stoichiometri-
cally recrystallizing aragonite to low-Mg calcite (neomor-
phism) or aragonite/calcite to dolomite (dolomitization)
assuming conservation of mass of carbon in the sediment.
The model transforms one carbonate mineral into another
through dissolution and re-precipitation reactions that
exchange mass between the sediment and the pore-fluid.
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Once precipitated the secondary diagenetic mineral,
whether low-Mg calcite or dolomite, is assumed to be unre-
active and does not undergo further dissolution. The reac-
tion between fluid and sediment is prescribed by a free
parameter, the reaction constant (R), that describes dissolu-
tion of the original carbonate mineral and re-precipitation
of a stoichiometrically defined diagenetic mineral phase
(Table 1). This approach expands the widely used frame-
work by Banner and Hanson, 1990 that assumed homoge-
neous recrystallization, where the entire solid phases
reaches equilibrium with the solution at each iterative time
step.

The model is constructed as a 1-D system of boxes that
represents a column of porous carbonate sediment (Fig. 1).
Each box has a constant volume (1 m?) and porosity (0.5)
and the number of boxes in the sediment column can be
defined to specify the thickness of the sediment package

ing sediment before passing on to the next box at a constant
flow rate (u), driven by unidirectional advection. We
assume that fluid flow is dominated by advection and do
not consider diffusion (D = 0). This assumption is based
on observations from modern carbonate platforms that
suggest massive dolomitization of relatively thick strati-
graphic units can occur within a few million years of sedi-
mentation (Henderson et al., 1999; Vahrenkamp et al.,
1988, 1991). We test this assumption by comparing the
model results to authigenic dolomites in deep-sea sediments
where solute transport occurs predominantly by diffusion
(see Section 3.3.2, Blittler et al., 2015).

The time-dependent change in the isotopic composition
of the bulk sediment (J,,;) can be sub-divided into the rel-
ative fraction of primary and secondary minerals within the
sediment:

OMOioar OM iy O i OM 3 Oser
and the length scale over which diagenesis takes place g)lwm = p’g; 2+ g; -
(Dyer et al., 2017). A fluid with a prescribed composition  R(OMo s Cos |
(modern seawater) is introduced into the uppermost box = ~RMprinOprin = MCorindisec) (1)
of the sediment column where it reacts with the surround-
Table 1
Summary of model notation and baseline conditions for aragonite to low-Mg calcite neomorphism.
Notation Definition Value Reference
oca Ca isotopic fractionation factor for diagenesis 1.000 Fantle and DePaolo (2007) and
Jacobson and Holmden (2008)
Olpg Mg isotopic fractionation factor 0.998 Higgins and Schrag (2010)
oc C isotopic fractionation factor 1.001 Romanek et al. (1992)
o0 O isotopic fractionation factor 1.0330 Bohm et al. (2000), Horita (2014) and
Kim and O’Neil (1997)
Ks,. Distribution coefficient for Sr 0.05 Banner, 1995 and Banner and
Hanson (1990)
R Reaction rate constant 10% myr ™! Baker et al., 1982, Higgins et al.
(2018), Swart et al. (1987), and
Vahrenkamp et al. (1988)
u Advection rate 10 cm/yr Henderson et al., 1999 and Kaufman
(1994)
m Stoichiometric scaling factor element/ C
My Mass of element in fluid (mmol/kg) C=24 Modern seawater (Zeebe and Wolf-
Ca=10.6 Gladrow, 2001)
Sr=10.09
Mg =528
M Mass of element in primary sediment C=12% Based on stoichiometry of aragonite
Ca=39% (CaCO0s3)
Sr =10 000 ppm
Mg = 2500 ppm
of Isotopic value of fluid 813C = —2% Based on modern seawater and pore-
5*Ca = 0%o fluid measurements (Kramer et al.,
0180 = —30.5%0 2000; Swart et al., 2001; Higgins
Mg = —0.8%0 et al., 2018)
s Isotopic value of primary sediment, based on modern Bahamas 013C = 5%o (Eberli et al., 1997; Swart and Eberli,
o**Ca = —1.6%o 2005; Higgins et al., 2018)
880 = —2%o
0*Mg = —3.7%o
(0] Porosity 0.5
4 Box volume Im?
I Density of solid 1.8 g/cm?®
pr Density of fluid 1.0125 g/cm?
WR Cumulative fluid-to-rock ratio 10'-10° time (yrs) x Fluid mass flux (kg/yr)/
Sediment mass (kg)
n Specific box number
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Fig. 1. Schematic setup of the numerical model of carbonate
diagenesis. The model consists of a sequence of boxes that
represents a column of porous sediments. Boxes are dynamically
added or removed to specify the thickness of the sediment column
(box 1,2, 3, ..., N). Fluid enters the top of the column and flows
through the sequence of boxes at a constant advection rate (), such
that the cumulative fluid-to-sediment ratio increases at a similar
rate in each box over time (Table 1). Within each box the fluid and
sediment react and exchange mass, such that the composition of the
fluid evolves continuously along the flow path from box 1 to N
following a fluid to sediment-buffered trajectory. Primary carbon-
ates dissolve (calcite and aragonite) at a specific rate defined by the
rate constant R. To conserve moles of carbon in the sediment,
precipitation of diagenetic minerals (either low-Mg calcite or
dolomite) is scaled directly to the dissolution rate of carbon in the
primary minerals (R X [Cepe + Carag))-

where M| is the mass of a specific element in the bulk sed-
iment, M, and J,., is the mass and isotopic composition in
the secondary mineral phase, and M, and 0, is the mass
and isotopic composition of the primary mineral phase. The
isotopic composition of the primary mineral is set to a con-
stant value while the isotopic value of the secondary min-
eral depends on the pore-fluid chemistry and o, the
relevant  isotopic fractionation factor (6w = éjmiat
10° Inar). Cprim 1s the mass of carbon in the primary mineral.
In order to conserve mass of carbon in the sediment during
diagenesis, m is used as a stoichiometric ratio to scale the
precipitation rate (R x C,, x m) of a specific element rela-
tive to carbon (e.g. for Mg in dolomite; Mg/C = 0.5).

The continuous dissolution of primary carbonates and
precipitation of diagenetic minerals will gradually change
the isotopic composition of the fluid (J,) along the unidirec-
tional flow path (x), following a fluid- to sediment-buffered
trajectory described by the reaction transport equation
(modified from Berner, 1980):

M M
o af;éf = —ua 8;5f + RIM prinOprim — MCpyi (0 + 10* Inar)]

)
where M, denotes the mass of a specific element in the fluid
within the pore-space of one box (e.g. Ca, Mg, O, C, Sr).
When modeling partitioning of non-stoichiometric
constituents (trace element partitioning of strontium) we
use an elemental distribution coefficient K. x [Sr/Cal ;.
(substituting for mC,,) to describe the incorporation of
strontium into the diagenetic sediment.

To solve the reaction transport equation (Eq. (2)), the
spatial dimension (0x) is expressed by finite differences so
that the time-dependent differential equation is reduced to
an ordinary differential equation that is solved numerically
for each box (n):

OM;0%
ot

=—ux [M}'o) = M5y + R(M),, 00, —mCh, 5t

prim” prim prim”’ sec

()

This equation describes the evolution of the fluid com-
position along a single flow path (from box 1 to N), which
controls the composition of the precipitating diagenetic
mineral in each box.

Although the conceptual framework of the model is a
simplification of the complex geometry of fluid flow in por-
ous carbonate sediments, it can be easily applied to most
geochemical and isotopic systems in carbonate sediments.
Using the chemistry and isotopic composition of major ele-
ments in carbonate sediments (calcium, magnesium, car-
bon, oxygen, and strontium), the model predicts
diagnostic geochemical signatures for diagenesis. This
approach can thus be used to evaluate the extent to which
all carbonate-bound geochemical proxies have been affected
by early marine diagenetic alteration.

A MatLab file with the full model code is available from
https://github.com/Anne-SofieAhm/Diagenesis-model

2.2. Model baseline

A set of baseline conditions are used in the model that
derive from observations of early marine diagenesis in mod-
ern carbonate sediments in the Bahamas (Table 1). The
three most important of these are (1) the rate of carbonate
recrystallization and/or neomorphism (R), (2) the rate of
external fluid flow (), and (3) the initial chemical and iso-
topic composition of the diagenetic fluid. Together these
variables set the timescale of diagenesis, the range of diage-
netic conditions captured by the model, and the chemical
and isotopic composition of the final diagenetic mineral.
For R, we use 10% Myr ™, a value that is broadly consistent
with previous studies of recrystallization, neomorphism,
and/or dolomitization in young carbonate sediments in
both shallow (Baker et al., 1982; Vahrenkamp et al.,
1991; Higgins et al., 2018) and deep-sea settings (Richter
and DePaolo, 1987; Fantle and DePaolo, 2006). In particu-
lar, measurements of 8’Sr/%®Sr ratios in Neogene dolomites
from around the world suggest that early dolomitization
can occur in as little as a few million years (Swart et al.,
1987; Vahrenkamp et al., 1991, 1988). For u, we use 10
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cm/yr, a rate that has been observed in the upper 10’s of
meters of carbonate sediments on the Bahamas slope from
pore-fluid profiles of CI™ concentrations and U isotopes
(Henderson et al., 1999) and estimates from large scale
numerical models of fluid flow in carbonate platforms
(Kaufman, 1994). The baseline number of boxes (V) in
the model is 50, with each box having a volume of 1 m? cor-
responding to a fluid flow path length of 50 m. Sensitivity
tests indicate that this length-scale captures the full range
of observed diagenetic variability with respect to carbon,
calcium, and magnesium.

The initial chemical and isotopic composition of the dia-
genetic fluid is modern seawater whose carbon-isotope
ratios have been influenced by a small degree of respiration
of organic carbon, in order to match pore-fluid estimates
from the top of cores from the Bahamas transect (i.e.
0%Ca = 0%o, 6**Mg = —0.8%0, 6'%0 = —30.5%0 (V-PDB),
13C = —2%0; Eberli et al., 1997; Kramer et al., 2000;
Swart et al., 2001; Higgins et al., 2018). For simplicity we
neglect additional redox reactions in the subsurface that
may modify the chemical and isotopic composition of the
fluid. We recognize that these reactions, particularly those
associated with respiration of organic carbon with a diverse
range of electron acceptors (e.g. O,, SOZ’, etc.), may play
an important role in determining the chemical and isotopic
composition of the diagenetic end-member for some proxies
(i.e. 6"3C and any redox sensitive species) and note that the
model easily could be adapted to incorporate these effects.

A summary of model notations and variables can be
found in Table 1 and sensitivity tests of the model to differ-
ent boundary conditions can be found in the supplementary
material.

2.3. Geochemical data used for model validation

To validate the model we use a range of previously pub-
lished geochemical measurements from the Bahamas and
from the Monterey Formation, in addition to new measure-
ments from San Salvador Island (Supko, 1977; Swart et al.,
1987; Vahrenkamp et al., 1991, 1988; Eberli et al., 1997;
Ginsburg, 2001; Swart and Eberli, 2005; Blattler et al.,
2015; Higgins et al., 2018).

Ca isotope measurements from the Bahamas bank
(Higgins et al., 2018) and Monterey Formation (Blittler
et al., 2015) are reported as the relative abundance of
4Ca versus “°Ca using standard delta notation, normalized
to the isotopic composition of modern seawater (the
*%Ca value for SRM 915a is —1.86%0 on the scawater
scale, Higgins et al., 2018). Similarly, Mg isotope ratios
are expressed as the relative abundance of **Mg versus
2*Mg, normalized to the DSM3 standard (the **Mg value
for modern seawater is —0.83%o relative to DSM3, Higgins
et al., 2018).

The Bahamas bank and Monterey Formation are ideal
natural laboratories for studying early marine diagenesis
as they span a range of water depths (~5-650 m) and doc-
ument a wide range of diagenetic conditions including neo-
morphism of aragonite/high-Mg calcite to low-Mg calcite,
dolomitization (Bahamas), and authigenic carbonate for-

mation (Monterey Formation). Fluid flow plays an impor-
tant role in early marine diagenesis at these sites. Indeed,
estimates for rates of fluid flow and reactivity used in the
baseline model are derived from studies of some of the same
sites included in our sample suite (e.g. Vahrenkamp et al.,
1991, 1988; Eberli et al., 1997; Swart et al., 2001, 1987).
Detailed descriptions of the geochemistry, sedimentology,
and stratigraphy of each site has been published elsewhere
(Supko, 1977, Swart et al., 1987; Vahrenkamp et al.,
1988, 1991; Eberli et al., 1997; Ginsburg, 2001; Swart and
Eberli, 2005; Bléttler et al., 2015; Higgins et al., 2018). Here
we present a brief summary and refer the reader to the sup-
plementary material for a more detailed description (see
supplementary material 1.0).

Among the samples included in this study are cores from
ODP Leg 166 drilled on the western margin of the Great
Bahama Bank along a transect from the platform margin
into the Straits of Florida (Eberli et al., 1997). Cores Clino
and Unda were collected from the shallow platform west of
Andros Island and provide the proximal end-member
(water depth ~ 10 m) to two cores collected from the deeper
waters in the straits of Florida: the intermediate Site 1003
(water depth ~ 480 m) and the more distal Site 1007 (water
depth ~ 650 m). These sites exhibit variability in oM0Ca,
513C, 526Mg, 5'80 values, and Sr/Ca ratios that are both
stratigraphically coherent and broadly related to mineral-
ogy and depositional environment. In particular, Sites
1003 and 1007 are characterized by 6'>C values that decline
with depth from values as high as +5%o in the upper 50 m
down to +1.5%0 around 200 mbsf, followed by a recovery
to values of +2-3%o at depth (>400 mbsf). Bulk sediment
*4Ca values also vary stratigraphically with low
5*%0Ca values both near the surface and at depth and a
broad ~0.7%o positive excursion with a maximum between
200 and 400 mbsf. The trends observed for bulk sediment
8'13C and 6***°Ca values are also mirrored in both §'%0 val-
ues and Sr/Ca ratios: 6'%0 values are low (~—1%o) in the
top and bottom of the sediment columns with a positive
excursion reaching +4%o around 400 mbsf. Sr/Ca ratios
are high in the top of the sediment columns (~10 mmol/-
mol) and fall to a minimum between 200 and 400 mbsf
(~1 mmol/mol) before gradually increasing towards 4
mmol/mol at depth (>400 mbsf).

At slope sites (e.g. Sites 1003 and 1007) neomorphism of
aragonite to low-Mg calcite appears to be the dominant
diagenetic reaction, whereas dolomitization is much more
prevalent at sites in platform interiors. Our sample suite
includes shallow water cores from the Little Bahamas Bank
(LBB; Walkers Cay Island WCI, Sales Cay Island SCI,
Grand Bahama Island GB1, GB2) and San Salvador Island
that are extensively dolomitized (Fig. 4). These dolomites
are compared to samples of authigenic dolomite from the
Monterey Formation, consisting of deep-sea organogenic
dolomites and authigenic carbonates that precipitated in
shallow sediment pore-fluids against a backdrop of intense
anaerobic respiration (Bramlette, 1946; Compton, 1988;
Miller, 1995). Although these authigenic carbonates precip-
itated in an environment where solute transport was likely
dominated by diffusion, they exhibit covariation in 6**Mg
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and 6**°Ca values that are consistent with the fluid-
buffered and sediment-buffered behavior described in Sec-
tion 3.1 (Blittler et al., 2015).

3. RESULTS

3.1. Carbonate diagenesis along a fluid flow path: fluid-
buffered vs. sediment-buffered

Model results for the various geochemical proxies can be
understood in terms of the evolution of fluid chemistry
along a flow path and its effects on the chemical composi-
tion of the associated diagenetic minerals. Pore-fluids prox-
imal to the fluid source (box 1) are buffered by the
chemistry of the infiltrating fluid (fluid-buffered); however,
farther down the flow path (e.g. box N) recrystallization
and neomorphism of the carbonate sediment drives the
pore-fluid towards a chemical composition that is dictated
by the chemistry of the sediment (sediment-buffered). Thus,
in spite of the fact that both box 1 and box N have experi-
enced the same cumulative fluid-to-sediment ratio and
undergone the same extent of recrystallization, the chemical
and isotopic composition of the diagenetic minerals in the
two boxes are dramatically different — a consequence of
the evolution of fluid chemistry and diagenetic conditions
along the flow path. The terms fluid- and sediment-
buffered should always be defined with respect to a partic-
ular elemental or isotopic system. Unless otherwise noted,
we will use fluid-buffered and sediment-buffered to refer
to diagenetic conditions with respect to carbon in the sedi-
ment. Our choice of carbon reflects its stature as the most
diagenetically robust geochemical proxy in carbonate sedi-
ments. Although the example discussed here is for the con-
version of aragonite to dolomite, a similar set of
calculations were performed for the conversion of aragonite
to calcite and can be found in the supplementary informa-
tion (Figs. S4 and S6).

For the fluid-buffered end-member (box 1), the diage-
netic conversion of aragonite to a dolomite is accompanied
by synchronous changes in all geochemical proxies (5'3C,
*40Ca, Sr/Ca, 6*°Mg, 6'%0: Fig. 2A). These bulk geo-
chemical changes can be understood as simple end-
member mixing between primary aragonite and a diagenetic
carbonate mineral precipitated from unmodified seawater.
The chemical and isotopic composition of this diagenetic
carbonate mineral is then dictated by the chemical and iso-
topic composition of seawater and the relevant isotopic
fractionation factors and partition coefficients. For exam-
ple, above cumulative fluid-to-sediment ratios of
~ 2 x 10*, bulk sediment 6'%0, 526Mg, and Sr/Ca ratios
all reflect the initial composition of the diagenetic fluid
(Fig. 2D-F). In contrast, model results illustrate that bulk
sediment 6">C and 6*/*°Ca values do not quite reach the
theoretical fluid-buffered end-member in box 1 (Fig. 2B—
C). This offset is a consequence of high carbon and calcium
content of the sediment and the rates of recrystallization/-
neomorphism (R = 10%/yr) and fluid flow (z = 10 cm/yr)
used in our baseline model (Table 1). Sensitivity tests
demonstrate that higher rates of fluid flow and/or slow
rates of recrystallization/neomorphism can drive the §'3C
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Fig. 2. Schematic of change in bulk sediment chemistry during
diagenesis of aragonite to dolomite by interaction with modern
seawater. The composition of the bulk sediment evolves at a
prescribed reaction rate as fluid flows through the sediment at a
constant advection rate (i.e. increasing cumulative mass of fluid
relative to the sediment over time; Table 1). The specific geochem-
ical trajectory depends on the length of the flow path (i.e. the
specific box number), where box 1 represents the fluid-buffered end-
member and box N is sediment-buffered with respect to carbon (y-
axis). A. Aragonite is altered to dolomite at a prescribed reaction
and advection rate (Table 1). (B). Change in bulk sediment 6'3C
values from an initial composition of aragonite of +5%o towards
the fluid composition of —2%o, accounting for a +1%o isotopic
fractionation during precipitation (¢). Note that the primary 5'*C
values are essentially retained in box N. (C). Change in bulk
sediment §*/*°Ca values from initial composition of —1.6%0
towards the composition of seawater under fluid-buffered condi-
tions (0%o, € = 0%0). D. Change in bulk sediment Sr/Ca ratios
(mmol/mol) from high concentrations in primary aragonite to low
concentrations in dolomite. E. Change in bulk sediment §*Mg
values during dolomitization. Box 1 reaches a value of —2.8%o
reflecting the composition of modern seawater (—0.8%0) accounting
for e = —2%o0 (Higgins and Schrag, 2010). Box N is significantly
enriched in **Mg due to continuous Rayleigh-type distillation of
the pore-fluid along the flow path. F. Change in bulk sediment §'80
values from an initial composition of —2%o towards +4%o (V-PDB)
driven by an increase in the fractionation factor during dolomiti-
zation at 18 °C (Horita, 2014).

and §***°Ca values in box 1 further towards the theoretical
fluid-buffered limit (Figs. S7 and S8). The critical point,
however, is that the final 6'3C and 5*%0Cq values of the
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fluid-buffered diagenetic carbonate mineral in the baseline
model have been dramatically altered (by ~—4.5%0 and
~+1.5%o, respectively) by early marine diagenesis.

Model results for the sediment-buffered end-member
(box N) exhibit more complex behaviors with increasing
cumulative fluid-to-sediment ratio that differ from proxy
to proxy and cannot be simply related to changes in bulk
sediment mineralogy (Fig. 2A). For example, bulk sediment
013C and 6**°Ca values in the sediment-buffered diage-
netic end-member are shifted only slightly compared to
the initial composition (Fig. 2B and C). In contrast, bulk
sediment 6'®0 values exhibit very similar behavior in both
fluid-buffered and sediment-buffered diagenetic end-
members (Fig. 2F). The behavior of bulk sediment §**Mg
values and Sr/Ca ratios is determined by the relative parti-
tioning and/or stoichiometry of the primary and diagenetic
minerals (Fig. 2D and E). During dolomitization, magne-
sium is strongly partitioned into the diagenetic mineral
resulting in a decline in pore-fluid magnesium concentra-
tions along the flow path and an increase in pore-fluid
5?°Mg values (due to Rayleigh-type distillation; Higgins
and Schrag, 2010). The result is a sediment-buffered dolo-
mite end-member with elevated 6°°Mg values (Fig. 2E).
Bulk sediment Sr/Ca ratios decline precipitously in both
fluid-buffered and sediment-buffered end-members, a direct
consequence of the large difference in strontium partition-
ing into aragonite and dolomite. However, the decline is
less severe for the sediment-buffered dolomite end-
member due to the accumulation of strontium in the
pore-fluid along the flow-path (Fig. 2D).

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

As cumulative fluid-to-sediment ratios are not indepen-
dently known for sedimentary carbonates in the rock
record, the utility of our diagenetic model lies in its ability
to predict relationships between multiple carbonate-bound
geochemical proxies that can explain the variability
observed in natural datasets (i.e. B¢, 644/40Ca, 526Mg,
8'%0, Sr/Ca ratios). This covariation is best illustrated in
cross-plots of the various geochemical proxies (i.e. 8'°C
vs. 5%/ 40Ca) where each box (1-N) is represented by a point
that evolves into a trajectory as recrystallization/neomor-
phism proceeds in time (i.e. cumulative fluid-to-sediment
ratio increases). Together, the boxes/trajectories carve out
an area that encompasses all possible combinations of
fluid- and sediment-buffered early marine diagenesis for
the baseline model (Fig. 3). To the extent that our model
is an accurate, if simplified, representation of mass balance
during early marine diagenesis, we expect natural sample
sets to fall within the modeled area.

Our major-element multi-proxy approach to character-
izing early marine diagenesis in shallow-water carbonate
sediments offers two major advantages. First, diagenetic
alteration of primary 6'>C values is traditionally assessed
by comparison with bulk sediment 6'%0 isotopes and/or
Mn/Sr ratios (Allan and Matthews, 1982; Brand and
Veizer, 1980; Derry, 2010). During carbonate diagenesis
5'%0 values are expected to be reset in the bulk sediment

earlier than 6'3C values resulting in a non-linear relation-
ship between these two isotopic systems (inverted J-curve;
Allan and Matthews, 1982; Banner and Hanson, 1990). It
is therefore not possible to use the degree of covariation
between 6'°C and 6'%0 to distinguish resetting in a
sediment-buffered vs. a fluid-buffered system with respect
to carbon. A similar case can be made for Mn/Sr ratios,
as the behavior of strontium during diagenesis is similar
to that of §'%0 (Banner and Hanson, 1990), and manganese
concentrations in platform carbonates are more influenced
by source and dust input than diagenesis (Swart et al.,
2014). In contrast, calcium isotopes (and magnesium iso-
topes in dolomite) are characterized by early marine diage-
netic susceptibilities that are similar to carbon, a
consequence of the relative abundance of these elements
in both the primary and diagenetic sediment compared to
unmodified seawater. As a result, the addition of these iso-
topic systems to the more traditional measurements of 5'%0
values and Sr/Ca ratios can be used to identify early marine
diagenesis that occurs under both fluid-buffered and
sediment-buffered conditions. Second, for each pair of geo-
chemical measurements, the model generates an indepen-
dent estimate of the extent of recrystallization/
neomorphism. Pairs of proxies can thus be checked against
one another as each should predict the same extent of reac-
tion for a given sample (Fig. S2). Mismatches between dif-
ferent proxy pairs may indicate incorrect boundary
conditions (e.g. the choice of the isotopic fractionation fac-
tor or the elemental concentration of the fluid) or later stage
burial and/or meteoric diagenesis (especially for Sr/Ca
ratios and 6'%0 values).

3.2.1. 8"C vs. 6" Ca values

Early marine diagenesis under both fluid-buffered (box
1) and sediment-buffered (box N) conditions produces a
diagenetic assemblage characterized by covariation between
bulk sediment 6"°C and 6*/*°Ca values (Fig. 3). The
sediment-buffered end-member largely retains the high
813C and low 6**%°Ca values of the original aragonite (in
spite of the mineralogical change) whereas the fluid-
buffered end-member is shifted to lower 6'*C values and
higher 5*4%Ca values. Part of this shift in both §'3C and
5*49Ca values is mineralogical as aragonite is enriched in
13C and *°Ca (Romanek et al., 1992; Gussone et al.,
2005). However, differences in the 6'*C of dissolved inor-
ganic carbon (DIC) in seawater and early diagenetic fluids
and the rate-dependence of calcium isotope fractionation
(a ~ 1.000 at rates associated with early marine diagenesis;
Fantle and DePaolo, 2007; Jacobson and Holmden, 2008)
also play important roles in determining the magnitude of
the shift in both 6'3C and 6*/*°Ca values associated with
fluid-buffered diagenesis (Fig. 3).

3.2.2. "0 Cq vs. 5'%0 values

In contrast to model cross plots involving 6'*C and
*4Ca values, cross-plots of 6'80 vs. 5*40Ca values show
no covariation in the diagenetic end-member (i.e. 5'%0 val-
ues are constant for a given % alteration). This behavior
reflects the baseline model conditions that generate fluid-
buffered conditions for oxygen in the carbonate sediment
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Fig. 3. Schematic illustrating the range of compositions attained by the bulk sediment during dolomitization (A, D) or neomorphism (B, C) of
primary aragonite following reaction with modern seawater. Gray lines represent percentiles of the degree of alteration of the bulk sediment
(from 0% to 100%). The fully recrystallized sediment is represented by the diagenetic end-member (thick blue line). Each percentile has a fluid-
and a sediment-buffered end-member (box 1 to N). (A). Modeled trajectories illustrating the correlation between §'°C and 5**40Ca values in
the bulk sediment during dolomitization (B). Modeled trajectories illustrating the correlation between §'%0 and 5*4Caq values in the bulk
sediment during neomorphism. Despite the system being fully sediment-buffered (with respect to Ca) in box N, the 6'30 value is consistently
reset across all boxes. (C). Modeled trajectories illustrating the correlation between Sr/Ca ratios (in mmol/mol) and 5*40Ca values (relative to
seawater) in the bulk sediment during neomorphism. For comparison with the model phase-space, the insert in (C) illustrates the predicted
rate dependent relationship between Sr/Ca ratios and the fractionation factor of 5*4Ca observed from precipitation experiments (Tang
et al., 2008). (D). Modeled trajectories illustrating the correlation between 6*°Mg and 5*40Ca values during dolomitization.

over the entire length scale (50 m). Increasing the length
scale (number of boxes), reducing the reaction rate (R), or
decreasing the rate of fluid flow (u), or any combination
of the three can produce model results with more
sediment-buffered conditions for oxygen isotopes, though
the required changes are generally extreme (see supplemen-
tary material Section 5). Covariation between bulk sedi-
ment 6'%0 vs. §*¥*°Ca values does occur in sediments
across different stages of % alteration reflecting mixing
between primary and diagenetic mineral end-members (tra-
jectory for box 1 in Fig. 3).

3.2.3. 5" Ca values vs. SriCa ratios

Diagenetic carbonate minerals (calcite and dolomite) are
generally characterized by low concentrations of Sr (< 1
mmol/mol; Kinsman, 1969; Banner, 1995) in comparison
to primary aragonite (Sr/Ca ~ 10 mmol/mol; Kinsman,
1969; Banner, 1995). As a result, the modeled Sr/Ca ratio
of the sediment is always lowered during marine diagenesis

even when the concentration of Sr*" in the pore-fluid
increases (relative to Ca®") (Banner, 1995; Brand and
Veizer, 1980; Fantle and DePaolo, 2006). For our baseline
conditions the model predicts that fluid-buffered diagenesis
of aragonite results in a significant decrease in the Sr/Ca
ratio of the sediment to less than 1 (>90% of initial Sr lost),
whereas sediment-buffered diagenesis of aragonite lowers
the ratio of Sr/Ca to ~ 1-4 (50-90% of initial Sr lost;
Fig. 2D). As expected, the decrease in Sr/Ca ratios in the
fluid-buffered end-member (box 1) mirrors the simultane-
ous increase in 6*¥*°Ca values, reflecting the mixing of pri-
mary and diagenetic mineral end-members (Fig. 3C).
During sediment-buffered diagenesis, however, the bulk
sediment retains 6***°Ca values of the primary aragonite
and Sr/Ca ratios remain relatively high, though still sub-
stantially lower than initial Sr/Ca ratios (box N in
Fig. 3C). In summary, model results indicate that paired
measurements of bulk sediment §**/4°Ca values and Sr/Ca
ratios may serve as a geochemical signature for the identifi-
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cation of primary aragonite (low 5*4Ca values and high
Sr/Ca ratios) as well as the alteration of this aragonite by
fluid-buffered early marine diagenesis (elevated SM0Cq
values and lower Sr/Ca ratios).

3.2.4. §**0Cq vs. 5°° Mg values

The magnesium content of dolomite is 10—-100 times lar-
ger than any potential precursors (aragonite or calcite). As
a result, the behavior of pore-fluid 6*°Mg values during
dolomitization and the §*’Mg values of the dolomite pro-
duced depend on relative rates of magnesium supply (by
advection or diffusion) and magnesium removal (by dolo-
mite formation). During dolomitization, progressive
removal of magnesium from the pore-fluid along the flow
path is associated with significant isotopic fractionation
(2 =0.998) resulting in an increase in the downstream
pore-fluid 6*°Mg values due to Rayleigh-type distillation
(Higgins and Schrag, 2010; Fantle and Higgins, 2014;
Blattler et al., 2015). Incorporation of this isotopically dis-
tilled pore-fluid magnesium during dolomite precipitation
leads to sediment-buffered dolomites that have relatively
high and variable **Mg values and low §*4Ca values,
as the calcium in sediment-buffered dolomites is derived
mostly from the precursor carbonate mineral (Fig. 3D).
In contrast, fluid-buffered dolomites are characterized by
low 6°°Mg values and high 6***°Ca values, a consequence
of the disparate fractionation factors for magnesium
(~0.998 Higgins and Schrag, 2010) and Ca (~0.9998-
1.000 Fantle and DePaolo, 2007; Jacobson and Holmden,
2008) in dolomite precipitated from seawater at ambient
temperatures and pressures (Fig. 3D).

For baseline model conditions, the slope and range of
the covariation between d**Mg and o*%Ca values in the
diagenetic end-member dolomite is predominantly con-
trolled by the concentrations and the isotopic composition
of magnesium and calcium in the dolomitizing fluid (seawa-
ter). Changes in the magnesium and/or calcium isotopic
composition of seawater will shift the model cross-plot
space accordingly: When the dolomitizing fluid has a higher
concentration of calcium relative to magnesium, s*0Cq
values in the end-member dolomite tend to be more
enriched and less variable (fluid-buffered) for a wide range
in 6*°Mg values, steepening the slope of the covariation
between 9*Mg and 5*4Ca values in the dolomite end-
member (Fig. S10). Similarly, when the dolomitizing fluid
has a higher concentration of magnesium relative to cal-
cium, 6°°Mg values tend to be more negative and span a
narrower range (Fig. S11). As a result, the slope of the
covariation in the dolomite end-member will decrease, lead-
ing to §°°Mg values that are less variable for a wider range
in 6*/4°Ca values.

3.3. Model validation and case studies

In this section we validate the model by comparison to
natural datasets, examining the covariation (or lack
thereof) between multiple carbonate-bound geochemical
proxies. We use a set of boundary conditions (Table 2),
variable extents of diagenetic alteration (i.e. the length of
the trajectories in Fig. 3), and location along the flow path

(i.e. box 1-N in Fig. 3). All of the samples date from the
recent geologic past (i.e. the last ~15Ma) and model
boundary conditions for some elements (e.g. concentrations
and isotopic compositions of calcium and magnesium in
seawater) can be assumed to be similar to modern or recon-
structed from independent archives (i.e. §*/*Cay,y from
Sites 1003 and 1007 Higgins et al., 2018). Other boundary
conditions (e.g. 68Oy, 6Cprig) are determined itera-
tively by fitting the model to the data (Table 2). We regard
the modeling exercise a success if the modeled phase space
for each of the pairs of geochemical proxies (e.g. 6'C vs.
544/40Ca, Sr/Ca vs 544/40Ca, 580 vs. 544/40Ca) captures
the variability in the data and is internally consistent; i.e.
predicts similar degrees of alteration for each pair of mod-
eled proxy data. In other words, data points that plot on
the 80% recrystallization line in a cross-plot of 6'°C vs.
*%Ca should also sit on the 80% (% 20%) line in a
cross-plot of Sr/Ca vs. 544/40Ca, 580 vs. 544/40Ca, etc.
(see Fig. S2).

3.3.1. Case study 1: Neomorphism of aragonite on the slope
and margin of the Great Bahama Bank (ODP Sites 1003,
1007, and Clino/Unda)

Cross-plots of Sr/Ca ratios vs. 5*40Cq values, §'*C vs.
540, values, and 6'%0 vs. 5*%Ca values for samples
from the slope and margin of the Great Bahama Bank illus-
trate significant covariation between these proxies
(Fig. 5A-F). There are notable exception with 4'°C vs.
5*%0Ca values in older sediments (Miocene to Pliocene)
from Sites 1003 and 1007 (Fig. 5D). We suspect that this
disagreement (Fig. 5C vs. 5D) is due to a change in the
6'3C value of platform aragonite between the Miocene-
Pliocene and the Pliocene-Pleistocene and for this reason
we model neomorphism separately during these two time
periods (Fig. 5SA, C, E and B, D, F). The only difference
in the model runs for the two time periods is the §'*C value
of the end-member primary aragonite (+5%. for the
Pliocene-Pleistocene versus +3.2%0 for the Miocene-
Pliocene; Table 2).

The model simulates the complete conversion of plat-
form aragonite to low-Mg calcite using the parameters
listed in Table 2. It is worth noting that by fitting the model
to the data (Fig. 5), initial §*/*°Cay,s values are estimated
to —0.5%o relative to modern seawater. As this model result
is non-unique (i.e. a similar model fit could be obtained by
decreasing the Ca isotope fractionation factor by —0.5%o),
we attribute the estimated difference between modern sea-
water and model fluid values to (1) uncertainties in the
Ca isotopes fractionation factor during early marine diage-
nesis in shallow water carbonates (~0-0.2%o0, Higgins et al.,
2018) and (2) a component of horizontal fluid flow bringing
isotopically light Ca from carbonate dissolution upstream
(evidenced by pore-fluid measurements, Higgins et al.,
2018).

The model phase space for boxes 1 to N captures, both
qualitatively and quantitatively, the covariation in all three
pairs of proxy cross-plots (Fig. 5). This agreement suggests
that the covariation observed in the data can largely be
explained by varying extents of early marine diagenesis of
metastable platform carbonate under both fluid-buffered
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Model boundary conditions for each scenario: (1) Modern early marine diagenesis, 0-400 mbsf (2) Miocene early marine diagenesis, 400—
1200 mbsf; (3) Later burial diagenesis, 4001200 mbsf; (4) Dolomitization in San Salvador and LBB; and (5) authigenic dolomites from the
Monterey Formation. The symbol ‘- indicates that the parameter was not considered in the specific model scenario. 5*40Ca values are
reported relative to seawater, 9°°Mg relative to DSM-3, §'*C relative to V-PDB, and 4'0 relative to V-PDB.

Parameter (1) (2) (3) 4) (5

Oca 1.000 1.000 - 1.0000 1.0000

g 0.998 0.998 - 0.998 0.998

oc 1.001 1.001 — 1.0022 1.0022

0o 1.0324 1.0324 1.0278 1.0335 -

K, 0.05 0.05 - 0.01 0.01

R 2% myr™! 2% myr™! 2% myr ! 4% myr™! 8% myr "

u 10 cm/yr 10 cm/yr 10 cm/yr 10 cm/yr 10 cm/yr

Diagenetic mineralogy Calcite Calcite Calcite Dolomite Dolomite

Primary mineralogy Aragonite Aragonite Aragonite Aragonite Calcite

M (mmol/kg) Ca: 10.6 10.6 - 10.6 10.6
Mg: 52.8 52.8 - 52.8 52.8
C:29 2.9 - 2.9 29
Sr: 0.09 0.09 - 0.09 0.09

37 (%o) 5*40Ca: —0.5%0 —0.5%o - 0%o 0%o
0*Mg: —0.8%0 —0.8%0 - —0.8%0 —0.8%0
813C: —2%o 2% - 2% -

8'%0: —29%. ~29%o ~29%o —29%o -

3 (%o) 5*40Ca: —1.6%0 —1.6%o - —1.4%o —1.1%o0
0*Mg: —3.8%0 —3.8%o - —3.8%o —3.8%o
8"3C: S%o 3.2%0 - 3%o -

3"%0: —1.5%0 -15 3%o 0% -

and sediment-buffered conditions. The model predicts that
the Pleistocene-Pliocene samples were neomorphosed dur-
ing early diagenesis in a more fluid-buffered open-system
than the Pliocene-Miocene samples, ranging from 0% to
100% alteration, and suggests that diagenesis in these sedi-
ments is ongoing. The majority of the Pliocene-Miocene
samples, on the other hand, were not completely neomor-
phosed during early marine diagenesis (40-85%) but were
subsequently buried and instead converted to low-Mg cal-
cite at depth in more sediment-buffered conditions, thereby
generally retaining higher Sr/Ca ratios and lower 5*40Cy
values.

The model phase space also captures the covariation
between 6'%0 and 6*/*°Ca values in the Pleistocene-
Pliocene samples. However, there is no model output for
Miocene-Pliocene sediments (Fig. SF) because we interpret
the covariation between 6'%0 and 6*¥*°Ca in these data as
having a distinct origin from the Pleistocene-Pliocene sam-
ples (Fig. SE): In the younger samples (Fig. SE) the covari-
ation reflects fluid-buffered neomorphism of aragonite to
calcite. The increase in sediment 6'%0 values is driven pri-
marily by the difference in temperature between the bank-
top surface waters and cooler slope environments (~17 °
C; Eberli et al., 1997; Murray and Swart, 2017) and is in
excellent agreement with modeled Sr/Ca ratios and §'°C
values. Although a similar explanation would appear con-
sistent with Miocene-Pliocene sediments given the strong
positive covariation between 5**Ca and §'%0 values,
samples with low *4%Ca and 6'°0 values (and high Sr/
Ca ratios) in this interval are composed of calcite. As a
result, we interpret these samples as reflecting closed system
neomorphism of aragonite to calcite during deeper burial.
Under this interpretation the low §*%4°Ca values, high(er)

Sr/Ca ratios, and 6'3C values of +2 to +3%o are inherited
from the pre-cursor aragonite whereas bulk sediment
5'%0 values will continue to be susceptible to resetting dur-
ing burial. Bulk sediment §'30 values are therefore inter-
preted to reflect the greater depths (and higher
temperatures) where remaining aragonite undergoes neo-
morphism to calcite.

3.3.2. Case study 2: Dolomitization in the Bahamas and the
Miocene Monterey Formation

Carbonate sediments are extensively dolomitized across
the Bahamas platform. These dolomites can be found,
among other places, in several shallow cores (20—-100 mbsf)
from the Little Bahamas Bank (LBB, Vahrenkamp et al.,
1988), in a core from San Salvador Island (Supko, 1977;
Vahrenkamp et al., 1991), core Unda, and sporadically in
core Clino (between 366-378 m and 484-646 m, Ginsburg,
2001; Swart and Eberli, 2005). Most of these dolomites
have formed in reaction with relatively unaltered seawater
in the shallow subsurface within a few million years after
deposition (Swart et al., 1987; Swart et al., 2001;
Vahrenkamp et al., 1991). In contrast to the Bahamian
platform dolomites, the deep marine siliceous Monterey
Formation contains partly dolomitized carbonate beds
and nodules formed as early authigenetic concretionary
phases with magnesium and calcium supplied from seawa-
ter and precursor carbonate minerals (Bramlette, 1946;
Miller, 1995; Blittler et al., 2015).

Cross-plots of Sr/Ca, 6'*C, '%0, and 6**Mg vs. *0Ca
values for the platform dolomites from the Bahamas gener-
ally match the modeled phase space for the conversion of
platform aragonite to dolomite using the parameters listed
in Table 2 (Fig. 6A, B, C, and E). These results indicate that
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dolomitization occurred under predominantly fluid-
buffered conditions, although some of the partly dolomi-
tized samples from Clino are characterized by the low
5*49Ca values that are expected for sediment-buffered con-
ditions (Fig. 6).

Authigenic dolomites from the Monterey Formation
agree with the modeled phase space for the conversion of
low-Mg calcite to dolomite and exhibit both sediment-
buffered and fluid-buffered characteristics as indicated by
the extreme variability in dolomite §°°Mg values and
o*40Ca values that are as high as > —0.4%0 (Fig. 6D).
Model results capture the observed covariation between
5°°Mg and 5*/%Ca values in both the bulk samples (open
symbols) as well as the residual dolomite (colored symbols;
Fig. 6D). Although §'*C values are not modeled explicitly
for the Monterey dolomites, the covariation between
813C, 6*Ca, and 6**Mg values indicate that fluid-buffered
dolomites are associated with low ¢'°C values and
sediment-buffered dolomites are associated with high 4'>C
values (Fig. 6D). This trend agrees with depth profiles of
pore-fluid §'3Cpc values in sedimentary systems similar to
the Monterey Formation, generally characterized by an ini-
tial decline in 6'3C values due to the oxidation of organic
matter and/or methane followed by an increase in 6"*Cp;¢
values at depth in the zone of methanogenesis (Claypool
and Kaplan, 1974; Irwin et al., 1977; Malone et al., 2002).
This ordering places the low 8'>C pore-fluid related to sul-
fate reduction/methane oxidation closer to the sediment—
water interface, consistent with more fluid-buffered 526Mg
and 6**°Ca values. Blittler et al. (2015) derived a similar
conclusion for the Monterey dolomites by modeling precip-
itation of authigenic dolomite at shallow depths in the sed-
iment column and the associated diffusion of calcium and
magnesium from seawater to the site of dolomite forma-
tion. Based on the extremely wide range of 6'°C values
observed in dolomites (e.g. —20%o to +20%0) due to biolog-
ical processes such as anaerobic CH, oxidation and
methanogenesis (e.g. Kelts and McKenzie, 1984; Malone
et al., 2002; Moore et al., 2004), 8**Mg and 5*49Cq values
are likely to be more robust indicators of the diagenetic
environment (fluid-buffered vs. sediment-buffered) than
the traditional stable isotope ratios of carbon or oxygen.
However, the exact model trajectories of the fluid- to
sediment-buffered phase space will depend on the §*°Mg
and 5*/*Ca values and Mg/Ca ratio of seawater, all of
which may have changed over Earth history (see
Section 4.3).

4. DISCUSSION

In spite of the widespread recognition that the transfor-
mation of unlithified carbonate sediments into limestone
and dolomite involves chemical exchange between solid
and the local pore-fluid via recrystallization and neomor-
phism, the effects of this process (diagenesis) are almost
always swept aside using qualitative indicators (e.g. petrog-
raphy and trace element ratios such as Mn/Sr ratios; Brand
and Veizer, 1980). Although these metrics succeed in iden-
tifying certain types of alteration (e.g. hydrothermal and/or
burial diagenesis), recent work by Fantle and Higgins

(2014) and Higgins et al. (2018) indicate that more subtle
styles of diagenetic alteration — in particular early marine
diagenesis in shallow-water environments — can produce
large changes in even the most diagenetically resistant geo-
chemical proxies in the bulk sediment (e.g. ¢'°C and
5*%Ca values). The model presented here can reproduce
the observed covariation in these and other major and
minor element proxies through what is essentially mixing
between primary metastable carbonate minerals (aragonite
and/or high-Mg calcite) and diagenetic carbonates that
formed from a continuum of fluid-buffered to sediment-
buffered conditions. This result has two important implica-
tions for the interpretation of geochemical proxies in
ancient shallow-water carbonate sediments (and dolomites
in particular). First, it indicates that variations in mineral-
ogy and the style of early marine diagenesis can produce
apparent stratigraphic variability in major element proxies
(e.g. 8"3C values) in carbonate sediments that do not reflect
past changes in the chemical and isotopic composition of
contemporaneous seawater. Second, our model results sug-
gest that covariation between multiple major and minor ele-
ment proxies provides a geochemical fingerprint for both
identifying and quantifying the effects of early marine dia-
genesis in ancient limestones and dolomites.

4.1. Interpreting stratigraphic variability in shallow-water
carbonate sediments

Model results suggest that much of the stratigraphic
variability observed in carbonate Sr/Ca ratios, o13¢, 5180,
5*4Ca, and 5*°Mg values in both the Bahamas (Fig. 4)
and the Monterey Formation (Blittler et al., 2015) can be
explained by mineralogy, early marine diagenesis, and sec-
ular changes in the chemistry of shallow platform-top sea-
water and pore-fluids. In neither case is the stratigraphic
variability related to global changes in the 6'*C of seawater.
The observations that inherently local factors can produce
stratigraphically coherent variability presents a challenge
to traditional interpretations of 8'>C variability in ancient
shallow-water carbonate sediments using simple models of
global carbon isotope mass balance (e.g.
513Cin = [1 _forg] X 513Cmrb +forg X [513C0arb - 6}3 KLllnp
and Arthur, 1999; Rothman et al., 2003).

The existence of similar carbon isotope values and/or
excursions from multiple sites around the globe in rocks
of approximately the same age is often cited as strong evi-
dence that the 6'>C values record global seawater DIC.
Although this is necessary, it is not sufficient to demon-
strate that these records reflect global seawater DIC; a
change in any number of global boundary conditions could
produce globally synchronous changes in the local carbon-
ate producing and/or burial environment (e.g. sea-level,
atmospheric oxygen, seawater sulfate). Variation in
glacial-eustatic sea-level is perhaps the most straightfor-
ward example of a process that can drive synchronous local
changes in platform environments (Holmden et al., 1998;
Swart, 2008; Ahm et al., 2017). For example, sea-level
change has been invoked to explain the de-coupling of
8'3C values in shallow water carbonate sediments and the
global ocean over the Neogene, as more isotopically
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Fig. 4. Published geochemical measurements of (A). 6'3C, (B). 6'%0, (C). 5*%Ca, and (D). Sr/Ca ratios (mmol/mol), from the Bahamas
Transect: Site 1007, Site 1003, core Clino, core Unda (triangles); a core from San Salvador Island (squares); and four cores from the Little
Bahamas Bank (LBB; Walkers Cay Island WC, Sales Cay Island SC, Grand Bahama Island GBI, GB2) (Supko, 1977; Vahrenkamp et al.,
1988, 1991; Eberli et al., 1997; Ginsburg, 2001; Swart and Eberli, 2005; Higgins et al., 2018). These cores cover a deep to shallow transect,
schematically depicted in the top panel, from the Straits of Florida to the shallow platform and platform interior. Relevant age models are
illustrated for Site 1007, Site 1003 and Clino (note that the illustrated platform age model does not apply to core Unda, San Salavador, GBI,
GB2, WC, and SC) (Eberli et al., 1997; Ginsburg, 2001).
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enriched aragonite is only produced when platforms are
flooded during high-stands (Swart and Eberli, 2005;
Swart, 2008). This same process can drive synchronous
local changes in the intensity of early marine diagenesis in
shallow-water environments, as seawater migrates through
the platform in response to gradients in hydraulic head cre-
ated by sea-level variations (Kohout, 1977; Simms, 1984;
Kaufman, 1994).

In earlier periods of Earth history there are other global
boundary conditions that could have produced dramatic
local changes in the chemistry of shallow-water carbonate
producing environments. The most likely candidates are
the chemical composition of the ocean and atmosphere
and biological evolution. Changes in atmospheric oxygen
and seawater sulfate are attractive chemical candidates
because the abundance of these electron acceptors likely
plays an important role in determining both the intensity
and spatial distribution of organic carbon and methane
cycling in shallow marine environments (Moore et al.,
2004; Hayes and Waldbauer, 2006). For example, in the
Ediacaran an increase in seawater sulfate concentrations
has been suggested to drive widespread transitions in local
pore-fluid chemistry and authigenesis, explaining the glob-
ally recorded Shuram-Wonoka carbon-isotope excursion
as a synchronous diagenetic event (Cui et al., 2017).

4.2. Geochemical fingerprints of mineralogy and early marine
diagenesis in limestone and dolomite

Cross-plots of 544/40Ca, s13C, 526Mg, 6'%0, and Sr/Ca
ratios provide the most reliable means for fingerprinting
the effects of mineralogy and early marine diagenesis. We
find that of these cross-plots, Sr/Ca ratios versus *0Ca
values are likely to provide the best indication of primary
aragonite, as a negative correlation between the two is a
general prediction of all model results where aragonite is
the primary mineral (lower 5*4Ca values associated with
higher Sr/Ca ratios).

The covariation between 6*/4°Ca values and Sr/Ca
ratios in ancient limestones has been previously cited as evi-
dence for rate-dependent calcium isotope fractionation
(Tang et al., 2008; Farkas et al., 2016). However, our model
results suggest that a similar slope is expected for early mar-
ine diagenesis of primary aragonite, suggesting that covari-
ation between the two is not a unique indicator of rate-
dependence (Fig. 3C). In fact, given independent geochem-
ical and petrographic evidence for primary aragonite
throughout the geologic record (e.g. Husson et al., 2015;
Kimmig and Holmden, 2017) we regard early diagenetic
alteration of aragonite as a better null hypothesis for the
observed covariation between Sr/Ca ratios and §***°Ca
values in ancient limestones.

We are currently aware of five published examples of
covariation between carbonate sediment Sr/Ca ratios and
540, values, all of which coincide with large carbon iso-
tope excursions, both positive and negative (Fig. 7): Hir-
nantian limestones from the Monitor Range in N.
America (Holmden et al., 2012; Kimmig and Holmden,
2017), Ediacaran limestones and dolomites from the

Wonoka Formation in Australia (Husson et al., 2015), Sil-
urian mid-Ludfordian limestones from the Prague basin in
the Czech Republic (Farkas et al., 2016), Triassic-Jurassic
boundary limestones from northern Italy (Jost et al.,
2017), and Permian-Triassic limestones from China and
Turkey (Lau et al., 2017). In each of these examples,
cross-plots of Sr/Ca ratios with s*4Ca values show a
strong resemblance to the data from the Bahamas and gen-
erally fall within the model space for the conversion of
aragonite to low-Mg calcite and/or dolomite, although
the predicted aragonite end-member does not have the same
5*%0Ca value in all cases (e.g. 5*%Ca down to ~—2%o in
Husson et al. (2015) but only ~—1.65 in Holmden et al.
(2012) and Farkas et al. (2016); Fig. 7). A detailed compar-
ison of these datasets is beyond the scope of this manu-
script, but the first-order observation is that the
covariation is similar and evokes the early diagenetic con-
version of aragonite to low-Mg calcite and dolomite.
Although this explanation for the covariation between
5*%0Ca values and Sr/Ca ratios does not provide a mech-
anistic explanation for the covariation (or lack thereof)
between 6**4°Ca values and 5'>C values in carbonate sedi-
ments during these events, it is strong evidence that the
variability in these proxies is associated with local changes
in the chemistry of platform-top seawater and variable
styles of early marine diagenesis.

The pairing of extreme 6'*C values in ancient carbonate
rocks (positive and negative) with independent geochemical
indicators of former aragonite suggests these values are pri-
mary (i.e. primary aragonite neomorphosed under
sediment-buffered conditions: Fig. 7B) and likely to be
derived from the local DIC reservoir — whether that be on
the platform/ramp environment or in an epeiric sea. Car-
bonate platform environments and epeiric seas have long
residence times for surface waters (100’s of days: Broecker
and Takahashi, 1966; Panchuk et al., 2005). In the modern
Bahamas, platform environments are characterized by
83Cpyc values that are up to ~2%o higher than open ocean

Table 3

Carbonate based isotope proxies listed in order of approximate
sensitivity to early marine diagenesis based on their re*lative
abundance in aragonite in comparison to modern seawater ( these
elements are redox sensitive and the partitioning into the carbonate
lattice during diagenesis will in addition be affected by the redox
state of the pore-waters).

Proxy

si3cC

5%/%°Sr and *7Sr/*Sr
544/4()(:&

5238/235U*

e’

5%Fe"

o'Li
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Fig. 5. Modeling results of aragonite to low-Mg calcite neomorphism (Table 2) in comparison with previously published measurements of
limestones from Sites 1003, 1007 and core Clino (Higgins et al., 2018). (A). Sr/Ca ratios versus 5*49Ca values in limestones from the upper
400 mbsf reflecting ongoing neomorphism of aragonite to low-Mg calcite. (B). In limestones from 400 to 1200 mbsf aragonite is
neomorphosed to low-Mg calcite during sediment-buffered diagenesis and partly retains its high Sr/Ca ratios and depleted 5*40Ca values.
(C). Model results predict that the covariation between §'*C and 5*40Ca values in the upper 400 mbsf reflects neomorphism of '*C enriched
platform aragonite (+5%o) in reaction with seawater (approaching 0%o). (D). 6'C versus 3*40Ca values from 400 to 1200 mbsf reflect
sediment-buffered diagenesis of Pliocene-Miocene platform aragonite, that has partly retained its primary isotopic signature. (E). Model
results predict that the covariation between %0 and 3*40Ca values in the upper 400 mbsf reflects mixing between primary aragonite
precipitated in the warm platform waters (~27°) and low-Mg calcite formed during early marine diagenesis in the deeper waters (~10°; Eberli
et al., 1997). (F). The covariation between 5'%0 and 5*40Ca values in the deeper part of the core (400-1200 mbsf) reflects later burial
diagenesis with increasing temperature and sediment-buffered conditions.

seawater. The 6'°C values of platform-top aragonite sedi-
ments in the Bahamas are thus decoupled from the open
ocean, recording values of +4 to + 5% (Swart and
Eberli, 2005). Similarly, anomalously high or low §'*C val-
ues recorded in ancient carbonate rocks may be generated
by variability in the local 6'3Cpc reservoir (Swart, 2008).
Potential mechanisms include intense photosynthesis and
associated hypercalcification (Farkas et al., 2016;
Holmden et al., 2012), methanogenesis accompanied by
methane escape (Hayes and Waldbauer, 2006), kinetic iso-
tope effects associated with CO5(g) hydration or degassing

coupled to intense local primary production (Lazar and
Erez, 1992; Stiller et al., 1985), and respiration of terrestrial
organic matter (Patterson and Walter, 1994). A possible
interpretation of the covariation between large carbon iso-
tope excursions and negative excursions in sediment
*40Ca values is that they largely reflect changes in the
8"3Cpyc in shallow-water aragonite producing environments
(and the style of subsequent diagenetic alteration of
that aragonite on platform margins, ramps, and slopes)
and not changes in the §'°C values of global seawater
DIC.
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Bahamas and authigenic dolomites from the deep marine Monterey Formation (Blittler et al., 2015; Higgins et al., 2018). (A). Sr/Ca ratios
versus 5**°Ca values in platform dolomites (triangles) and dolomite leaches from core Clino (diamonds). (B). The model predicts that the
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model predicts that the covariation between 6°°Mg and 5*40Ca values in the authigenic dolomites from the deep marine Monterey
Formation reflects sediment-buffered dolomitization/authigenesis. The blue dashed line encompasses the model phase space for the isolated
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4.3. Early diagenetic dolomites as archives of ancient
seawater chemistry

The abundance of magnesium and calcium in dolomite
makes this paired isotopic system particularly useful for
characterizing both the early diagenetic environment where
dolomitization occurred (fluid-buffered or sediment-
buffered) and the chemical and isotopic composition of
the dolomitizing fluid. The modeling results further suggest
the range and extent of covariation between §*°Mg and
5*%Ca values in dolomites may serve as a foundation
for the interpretation of a wide range of carbonate-bound

proxies (Table 3). One potential obstacle to this approach,
however, is that the timing of dolomitization is often poorly
known and the identification of early diagenetic dolomite
based on field observations, cement textures, or in some
cases strontium isotopes is non-unique (Vahrenkamp
et al., 1991; Swart et al., 2000). Early diagenetic dolomites
are, however, relatively resistant to further diagenetic alter-
ation (Kah, 2000; Geske et al., 2012; Hu et al., 2017) and
thus may, counterintuitively, prove to be a more reliable
archive of paleoenvironmental information than limestones
that have undergone only partial diagenetic stabilization
during shallow burial (Higgins et al., 2018).
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Fig. 7. Cross-plots illustrating the covariation between (A). Sr/Ca ratios and 5*4Ca values, (B). 6"*C and 5*49Cq values, (C). 6'%0 and Rl
40Ca values and (D). 6'0 and 6'C values in multiple sections containing extreme carbon-isotope excursions (Holmden et al., 2012; Husson
et al., 2015; Farkas et al., 2016; Kimmig and Holmden, 2017; Jost et al., 2017; Lau et al., 2017). The anomalous '>C values, both positive and
negative, consistently coincide with depleted 5*40Ca values and high Sr/Ca ratios indicating a primary aragonitic origin (gray shaded area),
where the isotopic signatures of '>C and *40Cq are preserved during sediment-buffered diagenesis. Covariation between 830 and *40Ca
values in C and 6'3C values in D is attributed to the extent (% alteration) to which primary aragonite (label 1), is recrystallized/stabilized
during early seawater-buffered diagenesis (arrow 2). Later stage sediment-buffered alteration under higher temperatures (arrow 3) will to a
higher degree reset bulk sediment §'%0 values in sediments that were not stabilized during early diagenesis while retain their §*4Cq and 5"°C
values.

As discussed in Section 3.3.2, both the shape and posi- 4.4. A mineralogical-diagenetic explanation for covariation

tion of the model phase space associated with dolomitiza- between 6'>C and 5'®0 values in carbonate sediments

tion in cross-plots of 6*°Mg versus 5*40Ca values will

depend on the Mg/Ca ratio, 6*Mg, and *40Ca values Strong covariation between carbonate 6'*C and 4'%0 val-
of the dolomitizing fluid. Not every dolomite body is ues has been observed in many sections of the Ediacaran
expected to express paired isotopic relationships across Shuram-Wonoka carbon-isotope excursion (Fig. 7D). This
the entire phase space but if the phase space is well- phenomenon has been attributed to diagenetic alteration
defined by sufficient data, it may be possible to use the iso- by meteroric fluids and/or basinal brines rather than a pri-
topic covariation to infer the 9°°Mg, 5*/*°Ca, and Mg/Ca mary depositional process (Derry, 2010; Knauth and
values of ancient seawater. Given uncertainties associated Kennedy, 2009; Swart and Kennedy, 2012). We propose an
with the fractionation factor of calcium isotopes in alternative mechanism that is analogous to the mechanism
shallow-water environments, the 6°°Mg value of ancient proposed for the covariation between 5*4Ca and §'°0 val-
seawater is likely to be the property most accurately defined ues in the Miocene-Pliocene aged samples from the Bahamas
by this approach, followed by the 5*4Ca value and Mg/ (Fig. 5F). We hypothesize that the covariation between §'°C
Ca ratio. In fact, measurements of magnesium isotopes in and 6'%0 values results from differences in the extent to which
ancient dolomites are already being used to reconstruct the original primary aragonite is converted to low-Mg calcite
the 6*°Mg value of seawater in the past (Hu et al., 2017). or dolomite during early marine diagenesis. During early
However, we note that §°°Mg values can vary by >2%o marine diagenesis some or all of the metastable carbonate
within a single dolomite unit (Fig. 6) and that without addi- minerals are neomorphosed and/or recrystallized (arrow 2
tional geochemical constraints (e.g. paired 5*40Cq values) in Fig. 7C-D), inheriting the 6'>C and 6'30 values associated
environmental reconstructions based only on §°*Mg values with these early diagenetic fluids (and likely preserving them
may not be accurate. during later burial, Kah, 2000; Geske et al., 2012). In cases
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where not all of the carbonate sediment undergoes neomor-
phism and/or recrystallization in an early diagenetic environ-
ment, further burial will eventually lead to recrystallization
and neomorphism, likely under more closed system condi-
tions and higher temperatures (leading to resetting of 6'%0
values while preserving 6'°C and *40Ca values, arrow 3
in Fig. 7C and D). The covariation between §'>C and 5'%0
values can thus be understood as the consequence of mix-
tures of carbonates diagenetically stabilized under fluid buf-
fered conditions and low temperatures with carbonates
diagenetically stabilized under sediment-buffered conditions
at elevated temperatures.

The explanation for covariation between 8'>C and 5'%0
values is consistent with the observed covariation in
Miocene-Pliocene samples from Sites 1003 and 1007 in
the Bahamas (Fig. 5F), and can be extended to Ediacaran
Wonoka Formation where sediment §'%0 values covary
with both 6'3C and §*/*°Ca values during the recovery
phase of the calcium isotope excursion (Fig. 7; Husson
et al., 2015). In these carbonate rocks, negative 5*40Ca val-
ues are preserved due to neomorphism of aragonite in pre-
dominantly sediment-buffered conditions during late burial
diagenesis (lower % alteration during early diagenesis), giv-
ing rise to very negative 6'%0 values. In contrast, carbonate
rocks containing more positive 5*4Ca values were likely
neomorphosed and stabilized during early marine fluid-
buffered diagenesis, thereby preserving more positive 6'%0
values (higher % alteration during early diagenesis). Similar
covariation is also observed between 6*4°Ca and §'°0 val-
ues in sedimentary carbonates from the Permian-Triassic
boundary, suggesting that this phenomena is widespread
in the geological record.

5. CONCLUSION

We have built a numerical model that simulates carbon-
ate dissolution and re-precipitation within the pore space.
The model quantifies the effects of early marine diagenesis
by tracking the elemental and isotopic composition of Ca,
Mg, C, O, and Sr/Ca ratios. Model results demonstrate
how the evolution of the diagenetic fluid along a single ver-
tical flow-path governs the degree of fluid- versus sediment-
buffered diagenesis, and ultimately dictates the degree of
diagenetic alteration of several primary isotopic signals.

The model was used to explore the range of isotopic
arrays (e.g. *40Ca versus 5*°Mg) that may be generated
during early marine diagenesis. These modeled trajectories
were ground-truthed against published measurements from
sites on the bank top and slope of the Bahamas carbonate
platform (Eberli et al., 1997; Higgins et al., 2018; Swart and
Eberli, 2005). To reproduce the observed increase in
5*%Ca values and decline in aragonite abundance and
Sr concentrations, model results require extensive fluid-
buffered diagenesis (by modern seawater) in the upper
~0-400 m of the sediment column. In the deeper Miocene
part of the cores, model results favor increasingly
sediment-buffered diagenesis, identified by depleted
5**Ca values and high Sr/Ca ratios, indicating that the
geochemistry is largely inherited from the precursor sedi-
ment in spite of the loss of aragonite. These results suggest

that fluid flow in the Bahamas platform has evolved over
time in concert with changing platform morphology and
glacio-eustatic sea-level change.

The model was further tested on a range of shallow-
water dolomites across the Bahamas platform and authi-
genic dolomites from the Monterey Formation (Blittler
et al., 2015; Higgins et al., 2018). The results demonstrate
that the degree of covariation between *4Ca and
5?°Mg values can be used to identify fluid-buffered dolomi-
tization (enriched §*4Ca and depleted 6**Mg values) ver-
sus sediment-buffered dolomitization, where Mg has been
distilled along the fluid flow path (depleted §**/*°Ca and
enriched 626Mg values). In addition, the curvature of the
isotopic array contains clues about the relative Mg/Ca ratio
of the dolomitizing fluid, providing potential information
on past seawater chemistry. By modeling the isotopic arrays
against 40y values, 526Mg values, and Sr/Ca ratios, we
can provide quantitative and robust constraints on the
degree of diagenetic alteration and the composition and ori-
gin of diagenetic fluids. This modeling approach can be
used to see through diagenesis and provide constraints on
the chemistry and climatic history of ancient Earth.
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