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Abstract

Shallow-water carbonate sediments constitute the bulk of sedimentary carbonates in the geologic record and are widely
used archives of Earth’s chemical and climatic history. One of the main limitations in interpreting the geochemistry of ancient
carbonate sediments is the potential for post-depositional diagenetic alteration. In this study, we use paired measurements of
calcium (44Ca/40Ca or d44Ca) and magnesium (26Mg/24Mg or d26Mg) isotope ratios in sedimentary carbonates and associated
pore-fluids as a tool to understand the mineralogical and diagenetic history of Neogene shallow-water carbonate sediments
from the Bahamas and southwest Australia. We find that the Ca and Mg isotopic composition of bulk carbonate sediments
at these sites exhibits systematic stratigraphic variability that is related to both mineralogy and early marine diagenesis. The
observed variability in bulk sediment Ca isotopes is best explained by changes in the extent and style of early marine diage-
nesis from one where the composition of the diagenetic carbonate mineral is determined by the chemistry of the fluid (fluid-
buffered) to one where the composition of the diagenetic carbonate mineral is determined by the chemistry of the precursor
sediment (sediment-buffered). Our results indicate that this process, together with variations in carbonate mineralogy (arag-
onite, calcite, and dolomite), plays a fundamental and underappreciated role in determining the regional and global strati-
graphic expressions of geochemical tracers (d13C, d18O, major, minor, and trace elements) in shallow-water carbonate
sediments in the geologic record. Our results also provide evidence that a large shallow-water carbonate sink that is enriched
in 44Ca can explain the mismatch between the d44/40Ca value of rivers and deep-sea carbonate sediments and call into question
the hypothesis that the d44/40Ca value of seawater depends on the mineralogy of primary carbonate precipitations (e.g.
‘aragonite seas’ and ‘calcite seas’). Finally, our results for sedimentary dolomites suggest that paired measurements of Ca
and Mg isotopes may provide a unique geochemical fingerprint of mass transfer during dolomitization to better understand
the paleo-environmental information preserved in these enigmatic but widespread carbonate minerals.
� 2017 Elsevier Ltd. All rights reserved.

Keywords: Carbonate geochemistry; Isotopes; Carbon; Calcium; Magnesium
https://doi.org/10.1016/j.gca.2017.09.046

0016-7037/� 2017 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail addresses: jahiggin@princeton.edu, jahiggins@post.har-

vard.edu (J.A. Higgins).
1. INTRODUCTION

The chemistry of shallow water marine carbonate
sediments has been used to reconstruct the temperature
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and isotopic composition of seawater as well as the global
carbon and oxygen cycles over >3 billion years of Earth his-
tory (Veizer and Hoefs, 1976; Veizer et al., 1999). The
underlying assumption in these studies is that the chemical
composition of the sediment accurately preserves a record
of ancient open-ocean seawater (Holmden et al., 1998;
Immenhauser et al., 2003; Swart, 2008). One of the princi-
pal ways in which this assumption is violated is through
diagenesis - the chemical changes that occur during the
transformation of sediment into rock. Diagenetic alteration
of carbonate sediments can occur in association with either
meteoric or marine fluids (Ginsburg, 1957; Berner, 1966;
Sass and Katz, 1982; Richter and DePaolo, 1987; Budd,
1997; Melim et al., 2004; Swart, 2015), is observed at length
scales from microns (Kozdon et al., 2011) to stratigraphic
units (Swart and Eberli, 2005), and may take the form of
recrystallization (no change in mineralogy) or neomor-
phism (change in mineralogy). In some cases diagenetic
alteration is regarded as the dominant source of variability
in the geologic record (i.e. d18O; (Muehlenbachs and
Clayton, 1976)) whereas in other cases (i.e. d13C) the effects
of diagenesis are generally thought to be small though not
insignificant (Banner and Hanson, 1990; Marshall, 1992).
The effects of diagenesis, in particular early marine diagen-

esis, on many shallow-water carbonate-bound geochemical
proxies (e.g. d34S values of carbonate-associated sulfate
(CAS), d44Ca, d26Mg, d7Li, d11B, d98/95Mo, d238/235U val-
ues, and I/Ca ratios) are either unknown or limited to a
handful of studies (Fantle and DePaolo, 2007; Jacobson
and Holmden, 2008; Higgins and Schrag, 2012;
Romaniello et al., 2013; Fantle and Higgins, 2014; Rennie
and Turchyn, 2014; Edgar et al., 2015; Geske et al.,
2015b; Riechelmann et al., 2016).

Recent studies by Blättler et al. (2015) and Fantle and
Higgins (2014) have shown both large variability and co-
variation between the stable isotope ratios of magnesium
(26Mg/24Mg) and calcium (44Ca/40Ca) in authigenic and
diagenetic carbonates from the Monterey Formation (Mio-
cene) in offshore southern California and the Marion Plateau
off of northeast Australia (Ocean Drilling Program (ODP)
Site 1196). In both cases the variability and co-variation
are driven primarily by the extent to which diagenesis/
authigenesis occurred in fluid-buffered or sediment-
buffered conditions. Additional studies on Ca and Mg
isotope fractionation in carbonates have shown that these
systems depend on mineralogy – aragonite is depleted in
44Ca and enriched in 26Mg compared to calcite (Gussone
et al., 2005) - as well as the rate of mineral precipitation
and solution chemistry (Fantle and DePaolo, 2007; Tang
et al., 2008; DePaolo, 2011; Nielsen et al., 2013). Impor-
tantly, the observed variability in the Ca and Mg isotopic
composition of bulk carbonate sediments associated with
changes in mineralogy and early diagenesis is large com-
pared to other potential sources (e.g. changes in seawater
d26Mg and d44Ca values (Griffith et al., 2008; Higgins and
Schrag, 2015; Gothmann et al., 2016)), suggesting that these
measurements can provide novel insights into both the pri-
mary mineralogy and early diagenetic history of carbonate-
bound geochemical proxies.
Here we present a large data set (N = 676) of d44Ca and
d26Mg values in Neogene carbonate sediments and associ-
ated pore-fluids from the Bahamas and the Eucla Shelf.
The ten studied sites encompass a wide range of deposi-
tional, mineralogical, and diagenetic environments and
were selected to explore whether these differences are asso-
ciated with variations in sedimentary carbonate d44Ca and
d26Mg values. At all studied sites we observe coherent
stratigraphic variability in carbonate Ca and Mg isotopes
that can be attributed largely to the effects of mineralogy
and diagenesis under both fluid-dominated and rock-
dominated conditions. The magnitude of the stratigraphic
variability in Ca isotopes is large - >1‰ - and co-varies with
bulk sediment geochemistry (Sr/Ca), d13C, and d18O values.
We interpret this variability as a consequence of changes in
primary carbonate mineralogy and the extent to which the
original carbonate sediment has been neomorphosed and/
or recrystallized under fluid-buffered or sediment-buffered
conditions. Measured pore-fluid profiles of d44Ca and
d26Mg values support this interpretation and indicate that
carbonate diagenesis under both fluid-buffered and
sediment-buffered conditions is ongoing on the western
flank of the GBB. This work demonstrates the importance
of mineralogy and early diagenesis in shaping the chemistry
of shallow-water carbonate sediments and highlights the
utility of using paired measurements of Ca and Mg isotopes
to identify and characterize these effects.

2. BACKGROUND/SITE DESCRIPTION

A total of ten sites were selected to explore the effects of
both mineralogy and early diagenesis on the d44Ca and
d26Mg values of shallow marine carbonate sediments in a
geological (stratigraphic) context. Nine of the studied sites
are from carbonate platform and slope environments in
the Bahamas – five sites from a transect across the western
flank of the Great Bahama Bank (GBB; (Eberli et al.,
1997a)) and four sites from a transect across the Little
Bahama Bank (LBB; (Vahrenkamp et al., 1991a)). The
tenth site is ODP Site 1131, a Pliocene-Pleistocene succes-
sion of cool-water carbonates in the Great Australian Bight
(Fig. 1).

2.1. The Bahamas

Western flank of the Great Bahama Bank (ODP Sites

1007, 1005, 1003, Clino, and Unda): The western flank of
the Great Bahama Bank (GBB) is a modern example of a
low-angle, prograding carbonate platform under the influ-
ence of changes in sea-level associated with Neogene glacial
cycles (Eberli and Ginsburg, 1987; Eberli et al., 1997b;
Ginsburg, 2001). The sediment produced on the Bahamas
platform is largely composed of aragonite with minor
amounts of high-Mg calcite (Swart et al., 2009). This
bank-top sediment is either deposited on the shelf or
exported to the slope where it mixes with variable amounts
of carbonate sediment sourced from pelagic environments
(Eberli et al., 1997a; Swart and Eberli, 2005). Studied sites
from the Western flank of the GBB form a 25-km transect



Fig. 1. Maps of sites used in this study. (A) Transects and study sites from the Bahamas. Lines R-R0 and X-X0 denote transects; dashed circles
denote sample areas. (B) Transect along the western flank of the Great Bahama Bank. Shaded intervals denote depths were samples were
taken. (C) Transect from the Little Bahama Bank. Shaded intervals denote depths where samples were taken. Different limestone/dolomite
lithologies are indicated. (D) Site 1131 from the Eucla shelf in southwest Australia. Shaded interval denotes depths where samples were taken.
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from depths of �10 m below sea level (mbsl) in the platform
interior (Unda) and margin (Clino), to >600 mbsl on the
slope (Site 1007).

Detailed descriptions of the geochemistry, sedimentol-
ogy and stratigraphy of each site from the GBB transect
have been published elsewhere (Eberli et al., 1997a;
Ginsburg, 2001) and are only briefly reviewed here. Unda
sits at the NE end of the transect and consists of three suc-
cessions of shallow-water platform and reefal deposits that
alternate with intervals of deeper skeletal and peloidal plat-
form margin deposits (Kenter et al., 2001). Subaerial expo-
sure surfaces and intervals of pervasive dolomitization
indicate that the sediments at Unda have seen a wide range
of diagenetic conditions. Our samples are restricted to the
dolomitized interval between 250 and 350 m below the sea-
floor (mbsf). Clino is located at the modern platform mar-
gin and is composed of three major lithologic units: an
upper succession of shallow-water platform and reefal
deposits (20–200 mbsf), a middle interval composed of
fine-grained nonskeletal sediment with thin interbeds of
coarse-grained skeletal material (200–370 mbsf), and a
lower deeper unit consisting of mixtures of fine-grained
skeletal and non-skeletal sediment with thin layers of coar-
ser skeletal material (370–680 mbsf; (Kenter et al., 2001)).
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Between 200 and 680 m, nearly 80% of the sediment in
Clino consists of monotonous intervals of skeletal and
peloidal sand and silt-sized grains. The remaining 20% of
the sediment are intervals of coarse-grained skeletal pack-
stones to grainstones; two of these intervals, marine hard-
grounds at 367 and 536 m, represent prolonged periods of
erosion and non-deposition on the slope. The mineralogy
of carbonate sediments at Clino varies widely with depth
(Fig. 2); between 34 and 150 m it consists almost entirely
of low-Mg calcite, whereas between 150 and 367 m arago-
nite is abundant (up to 65 wt%). Below 367 mbsf dolomite
makes up a common but minor fraction of the sediment
with prominent peaks at 367 and 536 mbsf. In an effort
to isolate the effects of dolomitization on sediment d44Ca
and d26Mg values we measured a series of successive leach
experiments (Swart and Melim, 2000) on two of the more
heavily dolomitized intervals at Clino (366–378 mbsf and
494–646 mbsf). Each sample was leached once or twice,
resulting in a total of two or three samples at each depth.

Ocean Drilling Program Sites 1005, 1003 and 1007 were
drilled on the prograding western margin of the Great
Bahama Bank on the middle slope (350 and 480 mbsl)
and the toe of slope (650 mbsl), respectively (Fig. 1). Car-
bonate sedimentation at these sites consists almost entirely
of a mixture of material sourced from the platform top
(aragonite) with smaller contributions from pelagic sources
(low-Mg calcite; (Eberli et al., 1997b)). The sedimentology
of the sites is similar and units are generally characterized
by mudstones and wackestones coarsening upwards to
packstones, grainstones, and floatsones. Both sites are char-
acterized by systematic changes in sediment mineralogy (as
determined by XRD; (Eberli et al., 1997b; Melim et al.,
2001)) and increasing lithification with depth. Aragonite is
abundant in the upper 150–200 m of the sediment column
but largely replaced by low-Mg calcite and minor amounts
of dolomite (Fig. 2) at greater depths. To complement the
measurements of bulk sediment d44Ca and d26Mg values
we also measured d44Ca and d26Mg values in samples of
sedimentary pore-fluids from Site 1003 and 1007 (Kramer
et al., 2000). These measurements can provide constraints
on rates of recrystallization/neomorphism/dolomitization
and Ca and Mg isotopic fractionation associated with these
diagenetic reactions (Fantle and DePaolo, 2007; Higgins
and Schrag, 2010, 2012; Turchyn and DePaolo, 2011).

Little Bahama Bank (WC1, SC1, GB2, and GB1): The
Little Bahama Bank (LBB) is the northernmost carbonate
platform of the Bahamian Archipelago and hosts an exten-
sive dolomite body in Neogene sediments at shallow depths
(20–100 mbsf; Fig. 2). Previous studies on the petrography
and geochemistry of these dolomites (Vahrenkamp et al.,
1988, 1991a) indicate that the dolomitization occurred early
after sediment deposition by a fluid that was essentially
unaltered seawater. Depositional textures of the original
(non-dolomitized) carbonate sediments range from wacke-
stones to grainstones deposited in outer-reef to inner-
platform environments. Biogenic carbonates commonly
observed include corals, foraminifera, echinoderms, red
algae, rhodoliths, and molluscs. Dolomitization of the sed-
iment is generally complete and textures range from fabric-
preserving to fabric-destructive. Studied samples are all
dolomites from four wells drilled along a N-S transect of
the LBB (Murray and Swart, 2017).

2.2. Southwest Australia

ODP Site 1131: Ocean Drilling Program Site 1131 is
located on the upper slope (332.4 mbsl) adjacent to the
Eucla Shelf, a mid-latitude cool-water carbonate deposit
in the western Great Australian Bight (Feary et al., 2000).
The site captures a set of rapidly accumulating (�25 cm/
kyr), prograding clinoforms of Quaternary age. Sediments
are predominately bioclastic packstones interrupted by
occasional units of wackestone, grainstone and floatstone.
Biogenic components include bryozoans (esp. 0–30 mbsf),
foraminifera, echinoid spines, and nannofossils (Feary
et al., 2000). In contrast to the Bahamas where surface sed-
iments are dominated by aragonite, the mineralogy of the
carbonate sediments at Site 1131 includes up to 60 wt%
high-Mg calcite near the surface that declines to �0 wt%
by 70 m depth (Fig. 2). The decline in high-Mg calcite is
mirrored by an increase in low-Mg calcite and minor
amounts of dolomite. Aragonite is a minor (�10 wt%) con-
stituent throughout the core (Swart et al., 2000).

3. ANALYTICAL METHODS

3.1. Sample preparation and ion chromatography

Samples for this study were analyzed in three different
laboratories (Princeton University N = 646, University of
Saskatchewan N = 19, and the University of Cambridge
N = 11). At Princeton, samples for Ca and Mg isotope
analyses were processed using an automated high-pressure
ion chromatography (IC) system (Dionex ICS-5000+) fol-
lowing previously published methods (Fantle and Tipper,
2014; Blättler et al., 2015; Husson et al., 2015; Gothmann
et al., 2016). At the University of Saskatchewan, carbonate
samples were dissolved in 1.0 N HCl to make a stock solu-
tion. 50 lg of Ca was aliquoted from the stock solution and
mixed with an isotopically enriched 43Ca-42Ca double-
tracer to bring the mixed 40Ca/42Ca ratio to �7.0
(Holmden, 2005). The sample-tracer mixtures were dried
down to ensure spike-sample equilibration, and subse-
quently passed through traditional gravity-flow columns
containing MP50-cation exchange resin to purify Ca from
matrix elements. At Cambridge, sample aliquots containing
6 lg of calcium were combined with a 42Ca-48Ca double–
spike at a ratio of 10:1 (sample-to-spike) in acid-cleaned
Teflon vials. The 48:42 ratio of the double–spike is 1:1, sim-
ilar to the optimum ratio of 3:2 for a 42Ca-48Ca double–
spike (Rudge et al., 2009). Solid samples were dissolved in
dilute ultra-pure acetic acid for 1 h, before being converted
to nitrates and then combined with the double spike. The
samples were then dried and re-dissolved in 0.5% nitric acid
and calcium was separated using a Dionex ICS-5000+ IC
system coupled with a Dionex AS-AP fraction collector.
The method is similar to the published work of Schmitt
et al. (2009). The procedural blank as determined by ICP-
OES is 96ng of calcium, representing �2% of the collected
calcium.



Fig. 2. Depth profiles of bulk sediment mineralogy (TOP), d44Ca values (MIDDLE) and d26Mg values (BOTTOM) for all studied sites. TOP:

Aragonite is abundant in the upper �200 m at Sites 1007 and 1003/1005 whereas peak aragonite abundance occurs at �300 m at Clino.
Aragonite is absent from studied samples from Unda and the LBB and is a minor component at Site 1131, where the dominant metastable
carbonate is high-Mg calcite. Dolomite abundance increases from slope to platform margin and interior, a trend we interpret as reflecting the
increasing importance of sedimentary fluid flow (which supplies Mg for dolomitization) in platform interiors. MIDDLE: Measured d44Ca
values are colored based on bulk sediment Sr/Ca ratio. Grey symbols are samples from Site 1005 analyzed at the University of Saskatchewan.
All other samples were analyzed at Princeton. High Sr/Ca ratios are generally associated with low d44Ca values. Shaded regions indicate range
of d44Ca values for measured bank-top sediment (Table S1) and dotted lines at Clino denote prominent marine hardgrounds. For Site 1131,
the shaded region is the same width as for the Bahamas sites, but is centered on the average d44Ca value for Site 1131. BOTTOM: Measured
d26Mg values are colored based on bulk sediment Mg/Ca ratio. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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3.2. Dolomite Leachates

Dolomite in samples of mixed mineralogy were purified
using the method outlined by Swart and Melim (Swart and
Melim, 2000). In this method the sample is ground to less
than 50 lm in size and treated with buffered acetic acid.
After 60 min the reaction is quenched and the residual
material subjected to X-ray diffraction to assess the effec-
tiveness of the procedure. If the samples still contains
non-dolomitic carbonate, the procedure is repeated. In this
manner a series of leachates with varying amounts of dolo-
mite is produced.

3.3. Mass spectrometry

At Princeton dissolved samples were analyzed for d44Ca
and d26Mg values on a Thermo Scientific Neptune Plus
multi-collector inductively-coupled plasma mass spectrom-
eter (MC-ICP-MS; (Blättler and Higgins, 2014; Fantle
and Higgins, 2014; Blättler et al., 2015; Husson et al.,
2015; Gothmann et al., 2016). Minimum sample sizes are
4–5 lg for Ca and 0.5–1 lg for Mg for a single isotopic
analysis (column chromatography and mass spectrometry).
Measurements are carried out at low resolution for Mg and
medium resolution for Ca to avoid ArHH+ interferences.
All data are reported in delta notation relative to a known
standard for Ca isotopes and measured d44/42Ca values are
converted to d44/40Ca values assuming mass-dependent
fractionation with a slope of 2.05 and no excess radiogenic
40Ca (Fantle and Tipper, 2014). Although almost all of the
Sr2+ is separated from Ca during ion chromatography, we
correct for occasional small Sr2+ isobaric interferences in
the Ca measurements using measurements at m/z = 43.5
(doubly-charged 87Sr2+). All Ca and Mg isotope values
are plotted in 3-isotope space (d26/24Mg vs. d25/24Mg and
d44/42Ca vs. d43/42Ca) to verify that Mg and Ca isotope vari-
ability falls along the expected mass-dependent line.

Long-term external reproducibility for each isotopic sys-
tem is determined based on the difference between two
known standards taken through the full chemical procedure
(column chromatography and mass spectrometry) with
each batch of samples. For Ca isotopes we report external
reproducibility using the measured value of SRM915b rela-
tive to modern seawater, both of which are processed and
analyzed alongside a set of 20–30 samples on the same IC
run. Our measured d44/40Ca value for SRM915b relative
to modern seawater is �1.18 ± 0.16‰ (2r; N = 125), indis-
tinguishable from published values determined by both
MC-ICP-MS and TIMS (Fantle and Tipper, 2014). All
Ca isotope samples are reported relative to modern seawa-
ter (d44Caseawater = 0‰). d44Caseawater = +1.92‰ on the
SRM915a scale and +0.98‰ on the bulk silicate Earth
(BSE) scale (Fantle and Tipper, 2014). For Mg, the long-
term external reproducibility of our measurements is esti-
mated by comparing the Mg standard Cambridge-1 and
modern seawater against Dead Sea Magnesium (DSM-3).
Our measured d26Mg values for Cambridge-1 and seawater
are �2.56 ± 0.09‰ (2r, N = 76) and �0.83 ± 0.08‰ (2r;
N = 99), respectively, both indistinguishable from pub-
lished values (Young and Galy, 2004). Reported errors
for each sample depend on the number of times the sample
has been separated and analyzed. For a single separation
and analysis, we report the long-term external reproducibil-
ity of SRM915b or Cambridge-1 (2r = ±0.16‰, and
±0.09‰, respectively). For multiple chromatographic sepa-
rations and analysis (N > 1) we also report the standard
error of the mean (SE).

At the University of Saskatchewan, �10–20 lg of Ca
was loaded onto outgassed Ta filaments with phosphoric
acid. The measurements were made in a dynamic peak hop-
ping routine. Collector drift was monitored and corrected
with standards that were run at the same time as the sam-
ples (Belanger and Holmden, 2010; Lehn et al., 2013).
The estimated external reproducibility based on repeated
measurements of samples and standards using the spike
composition and measurement routines documented in
Belanger and Holmden (2010) is ±0.07‰. All Ca isotope
analyses are reported on the seawater scale. The d44/40Ca
values for SRM 915a and 915b measured over the course
of this study is –1.86‰ and –1.13‰.

At Cambridge the calcium pore fluid samples were run
on a Thermo Scientific Triton Plus MC-TIMS. Purified cal-
cium from each sample is in 1 ll of 2 M nitric-acid and 4 lg
of calcium is loaded on an outgassed 0.7 mm Rhenium fil-
ament with 0.5 ll of 10% trace metal purity Phosphoric acid
as an activator. The samples are run using a double filament
method, with the ionisation filament being heated to 1400�
(as measured on a pyrometer), and the evaporation filament
is heated manually until a stable signal between 5 and 10 V
of 40Ca on a 1011 X resistor is reached. The method consists
of a dynamic collection routine (40–44 and 42–48) with an
integration time of 8.389 s. 10 blocks of 20 cycles are col-
lected, with peak centring and baseline being run at the
start of the run, and lens focusing occurring every 2nd
block. Total run-time not including heating is 1.5 h. Five
samples of SRM915b were run within each turret of 21
samples giving an average value of �1.14 ± 0.11‰ (2r;
N = 10) relative to modern seawater.

3.4. Major/minor element analyses

Aliquots of dissolved powders analyzed for Ca and Mg
isotopes were also measured for Mg/Ca, Sr/Ca, Mn/Ca and
U/Ca ratios on Thermo Finnigan Element-2 inductively
coupled plasma mass spectrometer (ICP-MS) at Princeton
University. The metal to calcium (Me/Ca) ratios of samples
were determined using a set of matrix-matched in-house
standards spanning the sample range (Rosenthal et al.,
1999). The external reproducibility of the Me/Ca ratios
are estimated at ±5–7% (2r) from replicate measurements
of SRM88b, a dolomitic limestone.

3.5. Other geochemical and mineralogical data

There is a large existing database of pore-fluid chemistry
and sediment mineralogy, d13C (‰; VPDB scale), d18O (‰;
VPDB scale), and 87Sr/86Sr values from previous studies on
the sites from the Bahamas (Eberli et al., 1997b; Kramer
et al., 2000; Swart, 2000, 2008) and the Eucla Shelf
(Feary et al., 2000). Pore-fluid samples were taken
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shipboard on 5- to 15- cm-long whole-round sections with a
titanium squeezer, modified after the standard ODP stain-
less steel squeezer of Manheim and Sayles and Manheim
(1975). All interstitial water samples were double-filtered
and collected into acid-washed (10% HCl) 50-mL plastic
syringes through 0.45 mm and 0.22 mm Gelman polysulfone
disposable filters. For bulk sediment samples, when possi-
ble we have measured the same samples as those analyzed
in previous studies, though in many cases our samples come
from separate, but nearby (within a few meters) sections of
the core. For the purpose of plotting pairs of geochemical
data (i.e. d13C vs. d44Ca) these nearby samples are regarded
as a pair (Table S1). Different choices on how to pair sam-
ples or interpolate the geochemical data do not significantly
affect the results presented here.

4. RESULTS

Stratigraphic profiles of measured d44Ca, d26Mg, d13C,
and d18O values, Sr/Ca, Mg/Ca ratios and mineralogy are
shown in Figs. 2 and 5. Measured d44Ca, d26Mg, d13C,
and d18O values and Mg/Ca ratios for the subset of Clino
samples that underwent gentle acid leaching to isolate dolo-
mite are shown in Fig. 3. Measured d44Ca and d26Mg values
for pore-fluids from Sites 1003 and 1007 (Ca only) are
shown in Figs. 4 and 6.

4.1. Sediment Ca isotopes

At each studied site we observe stratigraphically coher-
ent variability in bulk sediment d44Ca values, though the
magnitude and structure of the variability varies signifi-
cantly between sites (Fig. 2). For example, d44Ca values
at Clino vary from �1‰ at 650–675 mbsf, to �0.6‰ at
540–550 mbsf, down to �1.4‰ between 290 and 320 mbsf
then back up to �0.9‰ at 150 mbsf. In contrast, d44Ca val-
ues at Site 1131 sit at �1.10 ± 0.17‰ (2r; N = 44) for the
entire 550-m section. Measured d44Ca values from the
LBB and Unda are also relatively uniform, though mea-
sured d44Ca values are on average �0.6‰ higher (�0.53
± 0.18‰, 2r; N = 27) than the margin and slope sites
(�1.13 ± 0.40‰, 2r; N = 253). The total range in sediment
d44Ca values from all studied sites is >1.2‰; the highest
d44Ca values, up to �0.35‰, are found in dolomites from
the LBB and Unda and lowest d44Ca values, ��1.5‰,
occur in near surface sediments from Sites 1003, 1007,
and Clino. Minimum d44Ca values are similar to bank-
top sediment from the GBB (d44Ca = �1.36 ± 0.16‰, 2r;
N = 17; Table S1) whereas maximum d44Ca values are
�0.8‰ higher than average pelagic carbonate sediments
(d44Ca = �1.25 ± 0.30‰, 2r; N = 179; (Fantle and
Tipper, 2014; Gothmann et al., 2016)) and �0.6‰ higher
than bulk silicate Earth (d44Ca = �0.98‰; (Fantle and
Tipper, 2014)).

Sediment d44Ca values co-vary with the abundance of
aragonite and Sr/Ca ratios in the sites from the Bahamas
(Fig. 2). Sediments in the upper 100 m from Site 1007 and
1003 and between 280 and 320 mbsf at Clino contain up
to 85 wt% aragonite and are characterized by Sr/Ca ratios
>6 mmol/mol and d44Ca values between �1.22 and
�1.56‰. The decline in aragonite abundance at Sites
1003, 1007 and Clino is associated with a decline in sedi-
ment Sr/Ca ratios and an increase in sediment d44Ca values
peaking at �200 and �300 mbsf (d44Ca � �0.8‰) at Sites
1003 and 1007, respectively, and 540–550 mbsf (d44Ca �
�0.6‰) at Clino. Bulk sediment d44Ca values at Sites
1003 and 1007 decline and Sr/Ca ratios increase below
200–250 mbsf, however, the shift is not accompanied by a
significant increase in aragonite abundance. At all of the
sites in the Bahamas, samples with the highest d44Ca values
(up to �0.35‰) and lowest Sr/Ca ratios (down to �0.16
mmol/mol) tend to be partly or fully dolomitized.

4.2. Pore-fluid Ca isotopes

Measured d44Ca values of sediment pore-fluids from
Sites 1003 and 1007 are shown in Fig. 4. Both profiles are
characterized by large declines in the pore-fluid d44Ca value
within the upper 100 m, from the seawater value (0‰) to
values characteristic of the bulk sediment (�1 to �1.2‰).
Concentrations of Ca in the pore-fluid do not change
appreciably in the upper �100 mbsf of the sediment column
at both sites, implying that the associated decline in pore-
fluid d44Ca values is due to neomorphism and recrystalliza-
tion of the carbonate sediments with little net dissolution or
precipitation.

4.3. Sediment Mg isotopes

Measured d26Mg values of sediments from all studied
sites occupy a fairly narrow range (d26Mg = �2.93 ±
0.41‰, 2r; N = 254). The average d26Mg value for the shal-
low water sites (Clino, Unda, and LBB) is slightly higher
(d26Mg = �2.83 ± 0.29‰, 2r; N = 103) than the average
d26Mg value (d26Mg = �3.01 ± 0.42‰, 2r; N = 146) for
slope sites (Sites 1003, 1007, and 1131) and bank-top sedi-
ment (d26Mg = �3.11 ± 0.05‰, 2r; N = 5) but overall
there is remarkably little variability considering the samples
range from relatively unaltered mixtures of aragonite, high-
Mg calcite, and low-Mg calcite to sediments that have
undergone pervasive dolomitization. The lack of clear sig-
nals in bulk sediment d26Mg values related to changes in
aragonite (d26Mg � �1.8‰; (Wombacher et al., 2011;
Wang et al., 2013)) abundance is conspicuous though it is
likely due to the very low Mg content of aragonite (2–4
mmol Mg/mol Ca; (Morse and Mackenzie, 1990)) com-
pared to all other carbonate phases (LMC, HMC and dolo-
mite). The bulk sediment average Mg/Ca ratio (excluding
dolomites from Clino, Unda, and LBB) is �50 mmol/mol.

4.4. Pore-fluid Mg isotopes

The Mg isotopic composition of pore-fluids from Site
1003 (Fig. 6) is constant in the upper 62 m of the sediment
column (avg. = �0.78 ± 0.07‰, 2r; N = 10) but increases
abruptly thereafter, reaching a maximum value of
+0.12‰ at 294 m. The increase in pore-fluid d26Mg
values is accompanied by a decline in pore-fluid Mg



Fig. 3. Results from the dolomite leach experiments. (A) Measured d44Ca values for the leach experiments. Bulk, 1st, and 2nd denote bulk
sample, 1st leach, and 2nd leach. Samples are colored based on sediment Mg/Ca ratio. Note that while the total range in sediment d44Ca
values increases with sequential leaches, there is not a systematic shift in the measured d44Ca values; i.e. the diagenetic calcites and dolomites
have similar d44Ca values. (B) Measured d26Mg values for the leach experiments. (C) Measured d13C values for the leach experiments. (D)
Measured d18O values for the leach experiments. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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concentrations (Table S1) and an increase in the abundance
of dolomite within the sediment column (though it remains
a minor component; Fig. 2).

4.5. Dolomite leach experiments

Measured Mg/Ca ratios, d18O, d13C, d44Ca, and d26Mg
values for 15 leached samples from two depth intervals in
Clino (367.10–379.06 mbsf and 495.90–648.66 mbsf) are
shown in Fig. 3A-D. Sequential leaches produce samples
with increasing dolomite content as shown by a systematic
increase in sediment Mg/Ca ratios and d18O values
((Horita, 2014) Fig. 3C and D). In contrast, the average
d44Ca value of the 15 samples is similar for all leach steps
(�0.91‰, �0.89‰, and �0.98‰, respectively) indicating
that sequential leaching and purification of the dolomite
fraction is not associated with any systematic change in sed-
iment d44Ca values (Fig. 3A). However, the total range in
sediment d44Ca values does increase during sequential
leaching from 0.5‰ in bulk sediments (�1.10‰ to
�0.63‰) to 0.8‰ in leached sediments (�1.30‰ to
�0.48‰). Average d26Mg values of the bulk and leached
sediments (Fig. 3B) are indistinguishable from one another
(�2.89‰, �2.82‰, and �2.78‰, respectively) and have a
similar range of 0.6–0.7‰ (�2.4‰ to �3.1‰).

5. DISCUSSION

The process of transforming unlithified metastable car-
bonate minerals such as aragonite and high-Mg calcite into
limestone and dolomite (diagenesis) involves chemical
exchange between the solid and the local pore-fluid. The



Fig. 4. Pore fluid and sediment d44Ca values, pore-fluid [Cl�] (in mM), and pore-fluid [Ca2+] from Sites 1003 and 1007. (A) Pore fluid (colored
symbols) and bulk sediment (open symbols) d44Ca values for Sites 1003 and 1007. At both sites pore fluid d44Ca values decline from a seawater
value (0‰) to d44Ca values indistinguishable from the host sediment over the upper �100 m of the sediment column. Depth profiles of pore-
fluid d44Ca values from slope Sites 1003 and 1007 (A and B) exhibit behavior that is similar to profiles from deep-sea sites (22, 55) in that pore-
fluid d44Ca values decline over the first few tens of meters from a seawater value (0‰) to a d44Ca value indistinguishable from the carbonate
sediment (�1 to �1.2‰) while concentrations of Ca in the pore-fluid remain relatively constant. These observations suggest, similar to studies
in deep-sea sites (22, 55), that recrystallization and neomorphism in shallow-water carbonate sediments is associated with little Ca isotopic
fractionation (a44=40xtal�calcite=dolomite � 0.9998 to 1.0000) for the re-precipitated calcite or dolomite. (B) Pore-fluid d44Ca values, [Ca2+], and [Cl�] (in
mM) in the upper 50 m at Sites 1003 and 1007. Open symbols are samples run at Cambridge University, all other samples were analyzed at
Princeton. Depth-profiles of constant [Cl�] within this interval (not shown) are consistent with rapid (lateral) fluid flow. Declining pore-fluid
d44Ca values and constant pore-fluid [Ca2+] indicates rapid recrystallization and/or neomorphism within this interval with little net
precipitation or dissolution. We model this process using a 1D advection-reaction equation (see text for details). Model results for different
recrystallization rates are shown as dashed, dotted, and solid lines. (C) Schematic of the 1D-advection reaction model of lateral fluid flow and
recrystallization/neomorphism for the upper �50 m at Sites 1003 and 1007. (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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extent to which the chemical composition of the initial sed-
iment is preserved during these transformations depends on
four factors: (1) the relative abundance of the element in the
fluid and solid phases, (2) the partitioning of that elemental
or isotopic system into the primary and diagenetic carbon-
ate phases (i.e. aragonite vs. dolomite), (3) the amount or
rate of diagenetic recrystallization or neomorphism and
(4) the degree to which the diagenetic system was ‘fluid-
buffered’ or ‘sediment-buffered’ for that particular elemen-
tal or isotopic system during recrystallization and/or neo-
morphism. Here a fluid-buffered (or open) diagenetic
system refers to one where the chemical composition of
the diagenetic phase largely reflects the chemical composi-
tion of the diagenetic fluid whereas in a sediment-buffered
(or closed) diagenetic system the chemical composition of
the diagenetic phase largely reflects the chemical composi-
tion of the primary sediment.
Differences in the relative abundance and partitioning of
elements and isotopes between the fluid and the primary
and diagenetic carbonate minerals mean that the conditions
that lead to fluid-buffered and sediment-buffered recrystal-
lization and/or neomorphsim are element specific. For
example, recrystallization and/or neomorphism under one
set of diagenetic conditions can be fluid-buffered for some
elements (e.g. O isotopes) while at the same time being
sediment-buffered for others (e.g. Ca and C isotopes).
Under a different set of conditions diagenesis could be
fluid-buffered for both Ca and O isotopes. For simplicity
in this study we consider Ca in the bulk sediment as our
element-of-reference for characterizing diagenetic condi-
tions as being either fluid-buffered or sediment-buffered.
Thus when we refer to diagenesis as having occurred under
fluid-buffered or sediment-buffered conditions it should be



Fig. 5. Co-variation between bulk sediment d13C and d44Ca values at the Bahamas sites. (A) Depth profiles of d13C for Site 1003 (left) and
1007 (right). Samples are colored by measured d18O value. (B) Cross-plot of bulk sediment d13C and d44Ca values for Pliocene and
Pleistocene-aged samples from the Bahamas. Samples are colored by measured d18O value. Approximately linear co-variation between
sediment d13C and d44Ca values can be explained in large part by mixing high-d13C and low-d44Ca platform sources with low-d13C and high-
d44Ca early diagenetic calcite and dolomite formed during recrystallization/neomorphism under fluid-buffered diagenetic conditions.
Recrystallization/neomorphism under sediment-buffered conditions is not expected to change either bulk sediment d13C or d44Ca values. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. (A) Pore-fluid and bulk sediment d26Mg values for Site 1003. The increase in pore-fluid d26Mg values at �70 m depth is associated with
a decline in pore-fluid [Mg2+]/[Cl�] ratios (not shown; Table S1). The grey shaded line indicates the d26Mg value predicted for low-
temperature dolomite under fluid-buffered conditions (a26=24dolomite � 0.9980). (B) Model of pore-fluid Mg2+ and d26Mg values at Site 1003
assuming dolomite precipitation can be approximated by closed-system Rayleigh distillation and changes in pore-fluid [Mg2+]/[Cl�] ratios.
Dashed, dotted, and solid lines indicate different Mg isotope fractionation factors associated with dolomite precipitation.
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interpreted as being with respect to Ca in the sediment
unless otherwise specified.

With the notable exception of O, the isotopic composi-
tion of the major elements in carbonate minerals (Ca, C,
and Mg in dolomite only) are thought to be relatively
robust to alteration during diagenesis due to the high con-
centrations of these elements in the sediment compared to
most diagenetic fluids. As a result, it is generally assumed
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that diagenesis occurs under sediment-buffered conditions
with respect to these elements. Although the assumption
of sediment-buffered conditions appears to be generally
valid for Ca in recrystallized carbonate-rich sediments in
the deep-sea (Fantle and DePaolo, 2007), it has not been
shown to be valid in shallow-water carbonate sediments.

5.1. An early diagenetic origin for stratigraphic variability in

bulk sediment d44Ca, d26Mg values and major/minor element

chemistry

One of the most striking aspects of our data is that shal-
low water (<1000 mbsl) carbonate sediments from the toe-
of-the-slope to the platform margin along the western flank
of the Great Bahama Bank show coherent stratigraphic
variability of up to 1‰ in bulk sediment d44Ca values, other
major and minor element proxies (e.g. Sr/Ca ratios, d13C,
and d18O values) and mineralogy (Figs. 2, 4, and 5). Bulk
sediments with low d44Ca values typically have high Sr/
Ca ratios whereas sediments with high d44Ca values have
low Sr/Ca ratios. Low bulk sediment d44Ca values also tend
to be associated with high d13C values and low d18O values
(Fig. 5). The relationship between bulk sediment d44Ca val-
ues and mineralogy is more complex – in the upper 200 m
of Sites 1007, 1005, and 1003 the upper 400 m at Clino there
is strong co-variation between bulk sediment mineralogy
and d44Ca values with low d44Ca values associated with
high wt% aragonite and with heavier d44Ca values associ-
ated with calcite and dolomite (Fig. 2). However, at both
Sites 1003 and 1007, there is also a decline in d44Ca values
below 200–400 m that is not accompanied by any change in
bulk sediment mineralogy (i.e. the sediment is overwhelm-
ingly calcite throughout) but is accompanied by an increase
in sediment Sr/Ca ratios.

There are two processes capable of generating strati-
graphic co-variation in bulk sediment geochemistry
(d44Ca, d13C, d18O, and Sr/Ca ratios) and mineralogy at
the Bahamas sites. The first is mixing of sediment from dif-
ferent carbonate sources. One possibility is changes in pro-
duction and/or transport of platform-top aragonite and
high-Mg calcite. Measured d44Ca values for aragonite muds
from NW Andros Island and ooids from Joulter Cays aver-
age �1.36‰ (N = 14; Table S1) whereas measured d44Ca
values for high-Mg calcite are significantly higher (�0.8‰
to �0.9‰; Site 1131 and (Holmden et al., 2012)). However,
mixing of these two end-members cannot explain the vari-
ability in bulk sediment d44Ca values as high-Mg calcite
makes up only a small portion of the bulk sediment and
there is no co-variation between sediment Mg/Ca and
d44Ca values in the upper 200–300 m at Sites 1003 and
1007. In addition, mixing between aragonite and high-Mg
calcite clearly cannot explain dolomite with d44Ca values
>�0.5‰ at Clino, Unda, and the LBB.

Mixing of pelagic and platform sources of carbonate
sediment is more likely to be an important source of strati-
graphic variability in the geochemistry of bulk carbonate
sediments for the more distal sites in this study (Sites
1003 and 1007). Previous work on stratigraphic variations
in the d13C values and mineralogy of carbonate sediments
on platform slopes in the Bahamas and other carbonate
platforms by Swart (Swart and Eberli, 2005; Swart, 2008)
argued that the �4‰ decline in the d13C value of bulk car-
bonate sediments and loss of aragonite from the surface to
�200 mbsf (Fig. 5) could be explained largely by an
increase in contributions from pelagic carbonate sources
(with a d13C � 0‰). Although we do not know the local
d44Ca value of pelagic carbonate sources, the average
d44Ca value of Cenozoic pelagic carbonates (foraminifera
and nannofossils) is �1.25 ± 0.15‰ (1r; N = 179; (Fantle
and Tipper, 2014; Gothmann et al., 2016)), suggesting that
mixing of carbonate sources (e.g. pelagic and platform)
may explain some, but not all of the �0.7‰ increase in bulk
sediment d44Ca values between the sediment-water interface
and 200–300 mbsf at Sites 1003 and 1007 (Fig. 5). This is
supported by analyses of smear slides from the upper
�400 m at Site 1003 which indicate no systematic down-
core changes in either relative grain size (sand/silt/clay) or
composition (foraminifera/nannofossils/micrite) of the sed-
iment (Eberli et al., 1997b). Increasing contributions from
pelagic carbonate sources likely plays a more important
role in explaining some of the shift to lower d44Ca values
in Miocene-aged sediment below 200–400 mbsf at sites on
the slope.

The second process capable of generating both strati-
graphic variability and elevated bulk sediment d44Ca values
is neomorphism and recrystallization of carbonate sedi-
ments that occurs under variable (fluid-buffered vs.
sediment-buffered) diagenetic conditions. In particular,
recrystallization and neomorphism under fluid-buffered
conditions in marine sediments is expected to increase the
d44Ca value of bulk carbonate sediments because (1) Ca iso-
tope fractionation during calcite precipitation is rate-
dependent (Fantle and DePaolo, 2007; Tang et al., 2008;

DePaolo, 2011), approaching a value (a44=40xtalcalcite) of
�0.9998 to 1.0000 at rates associated with early marine dia-
genesis in deep-sea sediments and (2) the diagenetic fluid is
inferred to be relatively unaltered seawater with a d44Ca
value of �0‰. In contrast, recrystallization and neomor-
phism under sediment-buffered conditions is expected to
result in little change in the bulk sediment d44Ca value as
the majority of the Ca is inherited from the precursor sed-
iment. As a result, temporal changes in sedimentary diage-
netic conditions - for example a transient (geologically)
increase in the extent of fluid-buffered diagenesis - should
produce coherent stratigraphic variability in bulk sediment
d44Ca values and other carbonate-bound geochemical prox-
ies (i.e. d13C, d18O, and Sr/Ca ratios). In this case elevated
d44Ca values should indicate sediments that have under-
gone more extensive recrystallization and/or neomorphism
under fluid-buffered conditions. One of the advantages of
invoking this process is that it neatly explains large enrich-
ments in 44Ca in carbonate sediments – i.e. d44Ca values as
high as �0.3‰ – as the consequence of more extensive
recrystallization and/or neomorphism under fluid-buffered
conditions. In addition, because the chemical and isotopic
composition of a fluid-buffered diagenetic carbonate is
determined by the fluid and is independent of the precursor,
it is effectively a second carbonate ’source’ that will produce
geochemical co-variation that is analogous to mixing of dif-
ferent carbonate sediments. Thus this process is also
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capable of explaining observations of co-variation between
bulk sediment d44Ca values, sediment mineralogy (arago-
nite abundance), and other geochemical proxies (e.g.
d13C, d18O, and Sr/Ca ratios).

In contrast to the large stratigraphic variability observed
in bulk sediment mineralogy and d44Ca values, measured
d26Mg values at all sites show little coherent stratigraphic
variability and, with few exceptions, fall within a relatively
narrow range (�2.8 ± 0.5‰; Fig. 2). Although the offset
from seawater (�2‰) is similar to empirical estimates of
fractionation factors for Mg-calcite from laboratory exper-
iments at 20–30 �C (Li et al., 2012; Saulnier et al., 2012), the
lack of variability in bulk sediment d26Mg values is surpris-
ing as d26Mg values in bulk carbonate sediments are rela-
tively susceptible to diagenetic alteration – i.e. the low Mg
content of the bulk sediment means that diagenesis almost
always occurs under fluid-buffered conditions with respect
sediment Mg (Higgins and Schrag, 2012). Previous studies
have shown that recrystallization of low-Mg biogenic calcite
in deep-sea sediments is associated with greater fractiona-

tion of Mg isotopes (i.e. a26=24xtalcalcite � 0.9950; (Higgins and
Schrag, 2012)) and carbonates with low d26Mg values (down
to �3.91‰) have been measured in shallow water calcites
from the Marion Plateau (Fantle and Higgins, 2014).
Although we do not have a definitive explanation for the
absence of samples with d26Mg values <�3.5‰ in the Baha-
mas or Site 1131 the most straightforward explanation is
that this carbonate, if present, is swamped in bulk samples
by the Mg in high-Mg calcite (in bank-top sediments;
Table S1) or dolomite (in diagenetically stabilized carbonate
sediments). Thus, the lack of stratigraphic variability in bulk
sediment Mg isotopes can be attributed to very similar Mg
isotope fractionation factors for both high-Mg calcite and

dolomite (i.e. a26=24Mgcalcite � a26=24dolomite). This explains why neomor-

phism of mixtures of high-Mg calcite and aragonite to dolo-
mite under fluid-buffered conditions leads to very little
change in bulk sediment d26Mg values in spite of major
changes in mineralogy and bulk sediment chemistry (i.e.
d44Ca, d13C, and d18O values).

5.2. Fluid-buffered early marine diagenesis and bulk sediment

d44Ca values

A surprising result of this study is the extent to which
bulk sediment d44Ca values in shallow-water carbonate sed-
iments appear to be affected by fluid-buffered early marine
diagenesis. There are at least two processes likely to lead to
early diagenetic recrystallization and neomorphism under
fluid-buffered conditions for Ca; (1) a reduction in sedimen-
tation rate or depositional hiatus that keeps shallow sedi-
ments at or near the seafloor for prolonged periods of
time, and (2) fluid flow in shallow sediments driven by var-
ious external processes (differences in hydraulic head, com-
pensation for freshwater flow, changes in eustatic sea-level,
geothermal heating, density gradients due to evaporation,
etc.). Both appear to play a role in creating fluid-buffered
diagenetic conditions in the Bahamas. For example, the
effects of reduced sedimentation rate can be seen in the ele-
vated d44Ca values (up to �0.6‰) in partly dolomitized
sediments in Clino below a prominent marine hardground
at �536 mbsf (Fig. 2). The hardground coincides with the
late Miocene to early Pliocene and is interpreted to have
developed from prolonged exposure in response to a decline
in sediment supply from the platform (Kenter et al., 2001).

The role of fluid flow in maintaining fluid-buffered dia-
genetic conditions in shallow marine sediments is poorly
quantified, though the role of fluid flow in the early marine
diagenetic alteration of shallow water carbonate sediments
is widely recognized. For example, almost all models
(Hardie, 1987; Holland and Zimmerman, 2000) of early
dolomitization include a source of fluid flow to supply the
necessary Mg to turn calcium carbonate into dolomite (a
minimum of 100 l of modern seawater is required to trans-
form 1 kg of CaCO3 into an equivalent number of moles
of Ca0.5Mg0.5CO3) but there are only a handful of observa-
tions of large-scale active fluid flow in modern shallow-
water sedimentary systems. Fortunately, most of these
observations come from studies of the Bahamas as part
of ODP Leg 166 and the Bahamas Drilling Project (Eberli
et al., 1997a; Henderson et al., 1999; Ginsburg, 2001).
These studies indicate rates of lateral fluid flow ranging
from 5 to 10 cm/yr for sediments on the Bahamas slope
(ODP Site 1009) from depth profiles of pore-fluid chemistry
(234U/238U and [Cl�]) and temperature. Depth profiles of
pore-fluid [Cl�] at Sites 1003 and 1007 are similar to those
studied by Henderson et al. (1999); constant seawater-like
values in the upper 20–30 m followed by a linear increase
down to 100 to 200 mbsf (Table S1). Temperature profiles
at Sites 1007 and 1003 are also similar to those observed
at other sites on Leg 166 (Eberli et al., 1997b) and consis-
tent with significant fluid flow in the upper tens of meters
of the sediment column; geotherms in the upper 30–80 m
of the sediment are lower (Site 1007) or non-linear (Site
1003) when compared to geotherms deeper in the sediment
column. As a result, though we do not have direct measure-
ments of subsurface fluid flow at Sites 1003 and 1007, the
pore-fluid chemistry and sediment temperature profiles
are consistent with a zone of rapid fluid flow (5–10 cm/yr
in the horizontal) in the upper �25 m of the sediment col-
umn at both sites. Given the potential for additional
sources or focusing of fluid flow on the platform top and
margin (e.g. Clino, Unda, and LBB) these rates are likely
minimum estimates for these sites. Although the exact
mechanism behind the fluid flow observed in shallow sedi-
ments from sites on the continental slope in the Bahamas
remains uncertain, numerical models indicate that the rates
of fluid flow within a carbonate platform on the order of
cm/yr can be achieved through multiple means. Examples
include geothermal convection, glacial-eustatic variations
in sea-level, interactions between seawater and meteoric
groundwater, and brine reflux (Kaufman, 1994; Caspard
et al., 2004; Jones et al., 2004; Garcia-Fresca et al., 2012).

Given the high rates of lateral fluid flow in the upper
tens of meters of the sediment column at Sites 1003 and
1007 it is surprising that at both sites the d44Ca value of
the pore-fluid declines with depth in this interval
(Fig. 4B). We attribute this decline to a longer path-
length (and hence longer residence time) for fluids flowing
laterally at greater depths in the sediment column leading
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to more Ca isotopic exchange between the pore-fluid and
sediment due to recrystallization and neomorphism. To
explore this hypothesis we constructed a simple model for
this process which assumes that the observed d44Ca profiles
of the pore-fluid reflects the local balance between lateral
fluid flow (U in cm/yr) and recrystallization and/or
neomorphism:

dðd44Caf�out �MCa
f�outÞ

dt
¼ U � ðd44Caf�in �MCa

f�in

� d44Caf�out �MCa
f�outÞ � Rp

�MCa
sed � ðd44Caf�out þ e44xtalÞ

þ Rd �MCa
sed � d44Cased ð1Þ

where d44Caf�in=out is the Ca isotopic composition of the

incoming/outgoing fluid, MCa
f�in=out is the mass of Ca in the

incoming/outgoing fluid (in mol), MCa
sed is the mass of Ca

in the carbonate sediment, e44xtal ¼ ða44=40xtal�calcite � 1Þ � 103 is
the Ca isotopic fractionation factor associated with recrys-
tallization and neomorphism, Rp;d is the rate of mineral pre-
cipitation and dissolution associated with recrystallization

and neomorphism (in %/Myr), and d44Cased is the Ca iso-
topic composition of the bulk sediment. To simplify this
equation further we make two additional assumptions: (1)

local isotopic steady-state (i.e.
dðd44Cafluid�MCa

fluid Þ
dt ¼ 0Þ and (2)

the concentration of Ca is equal to that of seawater and
does not change along the path of fluid flow

(MCa
f�in ¼ MCa

f�out ¼ MCa
seawater and Rp ¼ Rd ). The first assump-

tion is reasonable given the relatively short residence times
of fluids in the upper 25 m (at most 4–8 kyr for a flow rate
of 5–10 cm/yr and a continental slope dip of 3.5�) and the
proposed timing of the current fluid flow regime (Holocene
flooding of the platform top at �6 kyr; (Droxler et al.,
1983)). The second assumption is based on observations
that the concentration of Ca in the pore-fluid at both sites
1003 and 1007 remains at the seawater value throughout
the interval from 0 to >25 mbsf. This reduces Eq. (1) to:

d44Caf�out¼U �d44Caf�in �MCa
seawaterþRp �MCa

sed �ðd44Cased�e44xtalÞ
U �MCa

seawaterþRp �MCa
sed

ð2Þ
Eq. (2) can then be solved iteratively for each box along the
path length given rates of fluid flow (U ) and recrystalliza-
tion/neomorphsim (Rp) and given the boundary condition

d44Caf�in ¼ d44Caseawater at the sediment-water interface.
The path length (i.e. number of boxes) for each depth in
the sediment column is calculated assuming a 3.5� dip of
the continental slope (Fig. 4C). For rates of lateral fluid
flow of 10 cm/yr, fitting the pore-fluid profiles of d44Ca val-
ues at both Sites 1003 and 1007 (Fig. 4B) requires rates of
recrystallization and/or neomorphism on the order of
10%/Myr. These rates are on the high end of estimates
based on recrystallization in deep-sea carbonate sediments
(�1%/Myr; (Richter and DePaolo, 1987; Fantle and
DePaolo, 2007)) but are consistent with the million-year
timescales estimated for diagenetic alteration and dolomiti-
zation of platform carbonates in the Bahamas using
87Sr/86Sr isotopes (Vahrenkamp et al., 1988, 1991a).
5.3. Sediment-buffered early marine diagenesis and bulk

sediment d44Ca values

Perhaps less surprising is the Ca isotope evidence for
sediment-buffered recrystallization and neomorphism from
sites on the slope in the Bahamas (Sites 1003 and 1007)
and Site 1131 (Australia). We identify bulk carbonate sed-
iments as having undergone sediment-buffered diagenesis
with respect to Ca when they are composed predominately
of low-Mg calcite and dolomite and yet are characterized
by d44Ca values that approach or equal surface-sediment
d44Ca values and have high Sr/Ca ratios (i.e. 3–7 mmol/-
mol). Note that in the Bahamas this implies sediment
d44Ca values of �1.2 to �1.5‰ for sediment-buffered diage-
nesis of aragonite, whereas at Site 1131 sediment-buffered
diagenesis of high-Mg calcite predicts a d44Ca value closer
to �1‰ (Fig. 2). At Sites 1003 and 1007, sediment-
buffered diagenesis is one potential explanation for the
return to lower d44Ca values (and higher Sr/Ca ratios)
below 200–300 m, though increasing contributions from
pelagic sources with low d44Ca values also likely plays a
role. At Site 1131 sediment-buffered diagenesis appears to
dominate the entire sediment column. In contrast to sites
in the Bahamas, pore-fluid Cl� profiles at Site 1131 increase
linearly with depth from the sediment-water interface, con-
sistent with (present-day) diffusion-limited transport and
persistent sediment-buffered diagenetic conditions at this
site.

5.4. Using paired Mg and Ca isotopes to fingerprint

dolomitization

The presence of large volumes of dolomitized carbonate
sediments in the geologic record has long vexed geologists
and geochemists as it is a rare mineral in modern and recent
shallow-water environments and difficult to precipitate in
the laboratory at low temperatures (Hardie, 1987; Land,
1998; Holland and Zimmerman, 2000). One of the few
things that is agreed upon with regard to massive sedimen-
tary dolomites is that they require a large source of Mg that
can be supplied rapidly on million-year timescales. One
possibility is diffusion from seawater (Compton and
Siever, 1986; Blättler et al., 2015). Another is Mg supplied
by fluid flow in sedimentary pore-fluids (Kaufman, 1994;
Jones et al., 2004). Although not mutually exclusive, these
two modes of Mg supply predict distinct signatures for
the d26Mg and d44Ca value of the precipitated dolomite.
For example, dolomitizing systems where the supply of
Mg occurs exclusively by diffusion will tend to result in
Rayleigh-type distillation of Mg in the pore-fluid and dolo-
mites with more positive and variable d26Mg values
(Blättler et al., 2015). Under these conditions the Ca that
ends up in the dolomite will largely consist of Ca from
any precursor carbonate sediment plus a smaller amount
from the dolomitizing fluid. We regard this type of dolomite
as having formed under sediment-buffered conditions as it
preserves the d44Ca and d13C values of the primary
sediment.

Alternatively, in systems where Mg supply is rapid
relative to rates of consumption by dolomitization the
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geochemical signature of the dolomite will reflect fluid-
buffered conditions for all elemental and isotopic systems.
In this case dolomite d26Mg values will be low and homoge-
neous, reflecting precipitation from an unaltered dolomitiz-

ing fluid with a fractionation factor (a26=24dolomite) of �0.9980
(Higgins and Schrag, 2010; Fantle and Higgins, 2014). Sed-
iment d44Ca values should similarly reflect fluid-buffered
diagenesis and will approach the value predicted for calcite

precipitation at these slow rates (i.e. a44=40dolomite � 0.9998–1.0000;
(Fantle and DePaolo, 2007; Jacobson and Holmden, 2008;
Turchyn and DePaolo, 2011)). Assuming the fluid is rela-
tively unaltered seawater (d44Ca = 0‰), this would result
in dolomites that are enriched in 44Ca compared to the pri-
mary carbonate sediment.

The magnitude of Mg and Ca isotope fractionation

(a26=24dolomite and a44=40dolomite) associated with dolomite precipitation
at low temperatures (5–35 �C) is one of the main sources of
uncertainty in using paired measurements of Mg and Ca
isotopes to fingerprint the style of dolomitization
(sediment-buffered vs. fluid-buffered). For Mg isotopes,
previous studies on deep-sea sediment pore-fluid systems

actively precipitating authigenic dolomite indicate a26=24dolomite

� 0.9973–0.9980 (Higgins and Schrag, 2010; Fantle and
Higgins, 2014). Significantly smaller Mg isotope fractiona-

tion factors (a26=24dolomite > 0.9999) have been inferred from stud-
ies of modern sabka dolomites (Geske et al., 2015a., 2015b),
though sabhka dolomites slightly older in age (Pleistocene)

suggest a26=24dolomite � 0.9987–0.9984. We suspect that much of
this variability is due to later re-setting under fluid-
buffered vs. sediment-buffered conditions, though we note
that characterizing Mg isotope fractionation in sabka-like
dolomitizing systems is significantly more complicated due
the presence of multiple Mg-bearing minerals (carbonates,
evaporites and clay minerals). Consideration of the pore-
fluid d26Mg and Mg/Cl profiles from Site 1003 results in

an estimate for a26=24dolomite of 0.9980 assuming the changes
can be modeled as Rayleigh fractionation (Fig. 6). Given
the greater complexity associated with reconstructing Mg
isotope fractionation in heterogeneous deep-sea sediments
(Higgins and Schrag, 2010) and a weak temperature depen-

dence (�1‰ decline in a26=24dolomite between 0 and 250 �C (Li

et al., 2015)), the estimate from Site 1003 of a26=24dolomite �
0.9980 is preferred for dolomitization of shallow-water car-
bonate sediments. For Ca isotopes the determination of
a44/40 for dolomite precipitation is more difficult to discern
from sediment pore-fluid systems because it occurs in con-
junction with the precipitation of diagenetic calcite. Pore-
fluid d44Ca profiles from Sites 1003 and 1007 both indicate

a44=40dolomite � 0.9998–1.0000 for all forms of carbonate diagene-
sis (recrystallization, neomorphism, and dolomitization;
Fig. 4). In addition, the dolomite leach experiments showed
no resolvable difference in bulk sediment d44Ca values as a
function of dolomite content (in spite of an overall range in
d44Ca values between samples of �0.7‰; Fig. 3), suggesting
that both the calcite and dolomite endmembers have similar

d44Ca values (i.e. a44=40dolomite � a44=40xtalcalcite). Consequently, we ten-

tatively assume that a44=40dolomite � 0.9998–1.0000 for the forma-
tion of low-temperature dolomite, in agreement with
(Holmden, 2009).

Both the dolomite leach experiments and bulk samples
from Clino, Unda, and the LBB show some co-variation
between d26Mg and d44Ca values with higher d26Mg values
generally associated with lower d44Ca values (Fig. 7 – inset;
Fig. 8). Overall, however, the measured d26Mg values of the
Bahamas dolomites are low (�2.5‰ to �3‰) and have a
relatively narrow distribution when compared to the range
in d26Mg values observed in authigenic dolomites from the
Miocene Monterey Fm. (Fig. 7; (Blättler et al., 2015)). Sed-
iment d44Ca values span a range of almost 1‰, from �1.3
to �0.35‰, a range that is similar to that observed in the
dolomites from the Monterey Fm. However, the majority
of the dolomite samples from the Bahamas have d44Ca val-
ues higher than �0.7‰, whereas in the Monterey Fm most
samples have d44Ca values lower than �0.7‰. Given these
observations - low and homogeneous d26Mg value and high
d44Ca values - the paired Mg and Ca isotope measurements
indicate that dolomitization in the Bahamas was largely
fluid-buffered. This conclusion agrees with previous studies
that have argued based on sediment d18O values and pet-
rography that the fluid responsible for dolomitization at
Clino/Unda and the LBB was relatively unaltered seawater
(Vahrenkamp et al., 1991b; Swart and Melim, 2000).

But do the dolomites from Clino, Unda, and the LBB
represent a fully fluid-buffered endmember? For Mg iso-
topes, the average value of the Bahamas dolomites is
�2.84 ± 0.26‰ (2r; N = 41), similar to platform dolomites
measured in a previous study (d26Mg = �2.68 ± 0.13‰ 2r;
N = 7, (Fantle and Higgins, 2014)) and minimum d26Mg
values measured in the authigenic dolomites of the Mon-
terey Fm. (Fig. 7). This is almost exactly the expected offset
given seawater as the dolomitizing fluid with d26Mg value
of �0.82‰ (d26Mgfluid = d26Mgseawater) and

a26=24dolomite ¼ 0:9980. For Ca isotopes the situation is less clear
as the dolomite d44Ca values span a �1‰ range. However,
even the most 44Ca-enriched dolomites are �0.2‰ lower

than the d44Ca value expected for a44=40dolomite = 0.9998 to
1.000 and seawater as the dolomitizing fluid (d44Ca =

0‰). This result suggests that either a44=40dolomite < 0.9998 for
low-temperature dolomite or that dolomitization occurred
in conditions that were not fully fluid-buffered for sediment
Ca (i.e. d44Cafluid < d44Caseawater). Observations of d44Ca
values lower than seawater (0‰) in sedimentary pore-
fluids within the zone of active fluid flow at Sites 1003
and 1007 (Fig. 4) is consistent with the latter hypothesis.

The presence of dolomite leachates from Clino with
d44Ca values as low as �1.3‰ and the mild co-variation
between sediment d44Ca and d26Mg values (Fig. 7 – inset;
Fig. 8) suggest that dolomitization in the Bahamas can also
be sediment-buffered. Mixing of fluid-buffered and
sediment-buffered dolomites has been proposed as an expla-
nation for the co-variation in d44Ca and d26Mg values in the
Monterey Fm. (Fig. 7). In that case the difference between
fluid-buffered and sediment-buffered conditions is related to
the depth of dolomite precipitation within the shallow sed-
iment column; dolomite precipitated near the sediment-
water interface has a fluid-buffered composition whereas



Fig. 7. Plot of paired d26Mg and d44Ca values of bulk sediment and leached samples from Clino, Unda, and the LBB. Also shown are samples
from the Monterey Fm from Blättler et al. (2015). Dolomites precipitated under sediment-buffered conditions are associated with low d44Ca
values (inherited from the precursor carbonate) and high (and variable) d26Mg values due to distillation of pore-fluid Mg2+. Dolomites
precipitated under fluid-buffered conditions will have relatively low and homogeneous d26Mg values and d44Ca values that are high (and
variable). INSET: Measured d26Mg and d44Ca values for Bahamas dolomites. Dolomite leachates are labeled B (bulk), 1, and 2. Modest co-
variation between d26Mg and d44Ca values from Clino indicate dolomitization under both fluid-buffered and sediment-buffered conditions at
this site. Dolomites from Unda and the LBB appear to have formed under predominantly fluid-buffered conditions.

Fig. 8. Paired measurements of d26Mg and d44Ca values for carbonate sediments from all sites. Samples are colored based on Mg/Ca ratio.
Note the range of d26Mg and d44Ca values associated with dolomites (Mg/Ca � 1000) reflecting dolomitization under both fluid-buffered and
sediment-buffered conditions. (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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dolomite precipitated deeper in the sediment column is
sediment-buffered with respect to Ca (Blättler et al.,
2015). In contrast to the Bahamas, sediment-buffered con-
ditions appear to dominate in the Monterey Fm. as only
a handful of the samples have d44Ca values >�0.7‰ and
d26Mg values <�2.6‰. This result is perhaps not surprising
given the importance of fluid flow in shallow-water carbon-
ate sediments but emphasizes the fundamental role it plays
in determining fluid-buffered vs. sediment-buffered condi-
tions during carbonate diagenesis.
In summary, paired measurements of Mg and Ca iso-
topes in marine dolomites can be used to fingerprint
whether dolomitization occurred in a diagenetic environ-
ment that was fluid-buffered or sediment-buffered with
respect Ca. Dolomites that are fluid-buffered are predicted
to have relatively uniform d26Mg values that are �2‰
lower than seawater and d44Ca values that approach the
d44Ca value of seawater (0‰). In contrast dolomites that
precipitate under sediment-buffered conditions are pre-
dicted to have variable and high d26Mg values due to distil-
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lation of Mg in the dolomitizing fluid and d44Ca values that
are inherited from the precursor carbonate sediment (�1 to
�1.5‰). Using this fingerprint, we identify the massive
shallow burial dolomites observed in the Bahamas at Clino,
Unda, and the LBB as originating in a diagenetic environ-
ment that was predominantly (but not exclusively) fluid-
buffered with respect to sediment Ca. This result comple-
ments observations of Mg and Ca isotopes in authigenic
dolomites of the Monterey Fm. a very different dolomite-
forming environment that nevertheless has a Mg and Ca
isotope fingerprint that can be interpreted using the same
diagenetic (fluid-buffered vs. sediment-buffered) framework

and isotopic fractionation factors (a26=24dolomite and a44=40dolomite).
Applied to ancient dolomites this approach could yield esti-
mates of paleo-seawater d26Mg and d44Ca values (most
easily through the identification of the fluid-buffered end-
members) and will aid in the more general characterization
of the environmental information stored in the geochem-
istry of dolomitized carbonate sediments.

5.5. Mineralogy, early marine diagenesis, and the

geochemistry of shallow-water sedimentary carbonates

Marine carbonate sediments serve as both direct
(through the burial of the major elements Ca, Mg, and
C), and indirect (as archives of information on temperature
and seawater chemistry) records of the global carbon cycle
over Earth history. Prior to the Mesozoic, it is thought that
most carbonate sediments were deposited in shallow-water
platform, shelf, and slope environments (Opdyke and
Wilkinson, 1988; Boss and Wilkinson, 1991; Holmden
et al., 1998; Ridgwell, 2005). Although these sediments
are now mostly composed of calcite and dolomite there is
substantial geochemical and petrographic (Sandberg,
1983) evidence that the primary carbonate minerals depos-
ited included metastable forms such as aragonite and high-
Mg calcite. While it is widely recognized that all carbonate
sediments undergo diagenesis (Ginsburg, 1957; Berner,
1966; Walter et al., 1993; Patterson and Walter, 1994;
Schrag et al., 1995; Melim et al., 2001), the extent to which
the bulk and trace element geochemistry of the primary sed-
iment is preserved during the transformation from unlithi-
fied sediment into rock is poorly known and widely
debated (Swart, 2008; Knauth and Kennedy, 2009; Derry,
2010; Schrag et al., 2013; Husson et al., 2015). The data pre-
sented here indicate that paired measurements of Mg and
Ca isotopes can be used to identify mineralogical changes
(aragonite to calcite/dolomite) and characterize diagenetic
environments (fluid-buffered vs. sediment-buffered) in
ancient carbonate sediments. When applied to Neogene
carbonate sediments from the platform, margin, and slope
of the Great and Little Bahama Banks, paired measure-
ments of Mg and Ca isotopes provide clear evidence of
the role of both mineralogy and early marine diagenesis
in determining the chemical composition and its strati-
graphic expression in shallow-water carbonate sediments
preserved in the rock record.

First, bulk sediment and pore-fluid chemistry from sites
throughout the Bahamas indicate that active fluid-buffered
carbonate diagenesis occurs in shallow sediments from the
platform-top down the slope to at least �650 m water
depth. This fluid-buffered early marine diagenesis appears
to be associated with the conversion of aragonite and
high-Mg calcite to low-Mg calcite and dolomite and results
in extensive chemical exchange between sediment and the
diagenetic fluid. In particular, the large increases in bulk
sediment d44Ca values we observe (up to 1‰ within Clino)
require almost full recrystallization or neomorphism of the
carbonate sediment under diagenetic conditions that would
lead to the wholesale resetting of bulk sediment chemistry
(d44Ca, d13C, d26Mg, d18O, Mg/Ca, Sr/Ca, d238/235U, d7Li,
d11B, etc.). Although fluid-buffered carbonate diagenesis is
often associated with dolomitization, it can also occur as
neomorphism of aragonite to calcite or simply calcite
recrystallization.

Second, given that early marine diagenesis can occur
under either fluid-buffered or sediment-buffered conditions,
temporal changes in the style of diagenesis can produce
stratigraphically coherent variability in major and minor
element chemistry that can be reproduced regionally and
perhaps globally. For example, at Sites 1003 and 1007,
the depth profile in bulk sediment d44Ca values indicates
a maximum near 200 mbsf or >100 m below the zone of
present-day active fluid flow and fluid-buffered diagenesis.
One explanation for this offset is that rates of fluid flow
and the extent of fluid-buffered diagenetic alteration have
changed systematically with time such that when the sedi-
ments near 200 m were initially deposited, fluid flow and
the extent of fluid-buffered diagenetic alteration in the
upper meters to 10’s of meters of the sediment column were
at a maximum (and much higher than today). Lower rates
of fluid flow both before and after would be associated with
increasingly sediment-buffered diagenetic conditions, the
net result being a pronounced positive excursion in bulk
sediment d44Ca values centered around the time of maxi-
mum fluid flow (and fluid-buffered diagenesis). Although
the drivers of sedimentary fluid flow in the Bahamas remain
unknown, glacial-eustatic sea-level changes are often cited
as a likely source of sedimentary fluid flow in carbonate
platforms (Kaufman, 1994; Swart and Melim, 2000) and
offer a tantalizing link between global processes (changes
in Earth’s ice volume) and variations in the local early mar-
ine diagenesis of carbonate platforms.

5.5.1. Implications for stratigraphic variations in shallow-

water d13C and d18O values over the Neogene

The conclusion that the stratigraphic variability in bulk
sediment d44Ca values in the Bahamas is related in large
part to the extent of fluid-buffered vs. sediment-buffered
diagenetic alteration of platform aragonite has direct impli-
cations for the interpretation of the observed stratigraphic
variability in bulk sediment d13C and d18O values and other
geochemical proxies (e.g. Sr/Ca, Fig. 2) in both modern and
ancient shallow-water carbonate sediments. In a previous
study, Swart (2008) pointed out that carbonate sediments
from platform margins around the world (Bahamas, Aus-
tralia, and Maldives) all show a similar increase in bulk sed-
iment d13C values over the Neogene that are de-coupled
from changes in the global carbon cycle. Swart (2008)
argued that the increases in shallow water carbonate d13C
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values could be explained as a mixture of a pelagic source
with a d13C value of �0‰ and a platform (aragonite)
source with a d13C value of +4–5‰ with increasing contri-
butions from the platform source over the Neogene. Our
results do not contradict this hypothesis, but suggest that
a significant fraction of stratigraphic increase in bulk sedi-
ment d13C values could also be explained by changes in
the extent of diagenetic alteration of aragonite to calcite
under fluid-buffered conditions with relatively unmodified
seawater (d13C � 0‰, d18O � 0‰, temperature = 12–16
�C) in the uppermost 10’s of meters of the sediment column
(e.g. Fig. 5). The identification of fluid-buffered diagenesis,
in particular spatial and temporal variations in the extent of
fluid-buffered vs. sediment-buffered diagenesis, as an alter-
native mechanism for generating stratigraphic variability
in the geochemistry of bulk carbonate sediments is signifi-
cant because this phenomenon is likely to have been com-
mon in the shallow-water carbonate sediments that
constitute the bulk of the pre-Mesozoic carbonate rock
record.

Our interpretation that sediment-buffered diagenesis
dominates below 500–800 m at Sites 1003 and 1007 and
over the entirety of Site 1131 predicts that the d13C values
of these sediments should reflect the primary precipitates
(aragonite and high-Mg calcite for 1003/1007 and 1131,
respectively). At Sites 1003 and 1007, the d13C values of
these sediment-buffered neomorphosed aragonites are only
between +2 to +3‰, or �1–2‰ more negative than the
d13C of modern bank-top sediment (+4 to +5‰ (Swart
et al., 2009); Table S1). This could be due in part to greater
contributions of pelagic sources to Miocene sedimentation
at these sites, but it may also be due to an increase in the
d13C value of platform aragonite between the Miocene
and the Pliocene. Bulk sediment d13C values at Site 1131
occupy a narrow range from +1 to +2‰ but span only
the Pliocene and Pleistocene.

5.5.2. Implications for the preservation of minor and trace

elements proxies in ancient shallow-water carbonate

sediments

Early marine diagenesis that is capable of both resetting
the chemical and isotopic composition of bulk carbonate
sediments on million-year timescales and changing from
fluid-buffered to sediment-buffered within a stratigraphic
column poses a significant challenge for the application of
many minor and trace element proxies to ancient carbonate
sediments. Given the relative diagenetic stability of bulk
sediment d44Ca and d13C values, the observation that vari-
ations in fluid-buffered early marine diagenesis can produce
large (�1‰ and 4‰, respectively) changes in bulk sediment
d44Ca and d13C values suggests that all minor and trace ele-
ment proxies in fluid-buffered carbonate sediments will
reflect the chemistry of the early diagenetic fluid. However,
our results also provide a tool for identifying carbonate sed-
iments lithified under largely sediment-buffered diagenetic
conditions where minor and trace elements in the primary
carbonate sediment are more likely to be preserved.
Although an exhaustive review of carbonate-bound geo-
chemical proxies is also beyond the scope of this study,
there are at least three factors that will determine the extent
to which these proxies are complicated and/or compro-
mised by variations in mineralogy and fluid-buffered vs.
sediment-buffered diagenesis.

First, as these proxies are by their nature based on minor
and trace constituents of sedimentary carbonate minerals,
they tend to be regarded as susceptible to diagenesis in par-
ticular if the abundance of the minor or trace element is
high in early diagenetic fluids compared to the bulk sedi-
ment. Although this does not guarantee that a proxy will
be sensitive to diagenesis due to the potential for offsetting
effects associated with partition coefficients and isotopic
fractionation factors, it is a key boundary condition in
determining proxy behavior during carbonate diagenesis
(Banner and Hanson, 1990; Marshall, 1992). Most trace
element proxies should be more sensitive to fluid-buffered
diagenetic alteration than major elements like C and Ca.
This can be shown for Sr/Ca for depths below 500–800 m
at Sites 1003 and 1007; despite bulk sediment d44Ca values
that are indistinguishable from surface sediments, Sr/Ca
ratios never recover to surface sediment values of �10
mmol/mol. Redox-sensitive trace elements (e.g. U;
(Romaniello et al., 2013) and I/Ca; (Lu et al., 2010)) will
have the added complication of sensitivity to the oxidation
state of the diagenetic fluid. Pore-fluid profiles at Sites 1003
and 1007 (Eberli et al., 1997b) as well as fluids in reef and
platform interiors (Tribble et al., 1992; Tribble, 1993;
Falter and Sansone, 2000) suggest that reducing conditions
associated with the oxidation of organic matter and other
reduced species (e.g. H2S) prevail even when there is signif-
icant fluid flow bringing oxidized bottom-water into the
sediment-pore fluid system. As a result, while reducing con-
ditions and preferential addition of U and loss of IO3

� are
expected for carbonate diagenesis under both sediment-
buffered and fluid-buffered conditions, our results indicate
that it may be particularly severe under fluid-buffered con-
ditions. Observations of elevated d44Ca values and U/Mg
+Ca ratios in bulk sediments from the Bahamas are consis-
tent with this prediction (Fig. 9), though we note that the
noise of the data suggests that the relationship between
major element chemistry and U in the bulk sediment is
complex.

Second, the isotopic fractionation factors and partition
coefficients used in many of the proxies depend on mineral-
ogy. For example, d7Li values in inorganic aragonite are
�8–10‰ depleted compared to calcite precipitated under
similar conditions (Marriott et al., 2004). Similarly, the
abundance of carbonate-associated sulfate (CAS) in inor-
ganic calcite precipitated from seawater is typically
10,000’s of ppm whereas it is substantially lower (1000’s
of ppm) in inorganic aragonite (Busenberg and Plummer,
1985). U partitioning also depends on mineralogy, though
in this case U in inorganic aragonite is high (�2 ppm)
and low in inorganic calcite (<0.4 ppm; (Chen et al.,
2016)). Although this will not affect the d34S of CAS or
d238/235U values directly, it could, through variations in
mineralogy and styles of early marine diagenesis (of the
kind seen in Site 1003, 1007, and Clino), produce strati-
graphic variability in CAS or U contents. As minerals with
low CAS (aragonite) or U (calcite) will be significantly
more susceptible to contamination by later burial diagene-



Fig. 9. Co-variation between bulk sediment d44Ca values and trace elements (U/(Ca+Mg) and Mn/Sr ratios) at the Bahamas sites. (A)
Samples are colored by measured Sr/Ca ratio. Diagenetic U enrichment is seen in samples that have experienced both fluid-buffered (high
d44Ca values) and sediment-buffered (low d44Ca values) early marine diagenesis, but it appears most severe in sediments diagenetically altered
under fluid-buffered conditions. (B) Samples are colored by measured d13C value. Overall Mn/Sr ratios are positively correlated to bulk
sediment d44Ca values with higher Mn/Sr ratios indicating more extensive diagenetic alteration. However, all samples fall well below the
threshold Mn/Sr value of 1 (dashed grey line) often used in studies of ancient carbonate sediments. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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sis, authigenic mineral formation, partial dissolution of
other phases (Marenco et al., 2008), and stratigraphic vari-
ability in CAS and U contents may lead to stratigraphic
variations in d34S and d238/235U values that are unrelated
to global seawater chemistry.

Third, to the extent that negative excursions in bulk sed-
iment d44Ca values indicate an increase in the transport and
sedimentation of shallow-water aragonite (above and
beyond changes in fluid-buffered and sediment-buffered dia-
genesis) we expect that geochemical signals associated with
mixing between shallow-water and pelagic environments
may give rise to stratigraphic profiles and co-variation
between geochemical proxies that are not related to changes
in the global carbon cycle or seawater chemistry. Prior to
expansion of pelagic calcification in the Mid-Mesozoic
most carbonate sediment is thought to have precipitated
in shallow-water platform, ramp, and marginal marine
environments. However, other components of the bulk sed-
iment, in particular sinking organic matter and early diage-
netic phases (e.g. pyrite) likely had both shallow-water and
more pelagic sources with distinct geochemical characteris-
tics (i.e. d13Corg and d34Spyrite values). Dilution of these
pelagic signals by increased delivery of shallow-water car-
bonate sediment (with bank-top d13Corg, d

13Ccarb, d
34SCAS,

and d34Spyrite values) may yield co-variation in paired
d13Corg and d13Ccarb values (Oehlert et al., 2012; Oehlert
and Swart, 2014) or d34Spyrite and d34SCAS values that are
also unrelated to changes in the global carbon and sulfur
cycles.
5.5.3. Mn/Sr ratios as a proxy for diagenetic alteration in

ancient carbonate sediments

Although originally developed to screen ancient carbon-
ate sediments for 87Sr/86Sr analyses (Derry et al., 1992),
Mn/Sr ratios are frequently used as an indicator of diage-
netic alteration with a threshold of �1–2 typically applied
to exclude samples from further consideration. The founda-
tion of this diagenetic indicator is that most subsurface (i.e.
diagenetic) fluids are low in Sr and high in Mn (Brand and
Veizer, 1980). As a result, recrystallization, neomorphism,
or dolomitization in this fluid will tend to raise the Mn/Sr
ratio of the carbonate sediment. Considered in this context,
samples from this study show a positive correlation between
Mn/Sr ratio and bulk sediment d44Ca values with higher
Mn/Sr ratios associated with more positive d44Ca values
(Fig. 8B). However, for all the variability in sediment
Mn/Sr ratios even the most altered bulk carbonates have
Mn/Sr ratios <1. In other words, the use of a threshold
Mn/Sr ratio of 1 would suggest that diagenetic alteration
in the Bahamas sites has been relatively minor in spite of
multiple independent lines of geochemical evidence that
indicate otherwise. Although the correlation between bulk
sediment d44Ca values and Mn/Sr ratios (Fig. 9) suggests
that this proxy may provide some information on the rela-
tive extent of diagenetic alteration, we strongly urge against
any use of threshold values of Mn/Sr ratios when trying to
determine the potential for diagenetic alteration in ancient
carbonate sediments.
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5.5.4. Implications for modern d44Caseawater mass balance and

shelf-basin partitioning of global carbonate sediments

Fantle and Tipper (2014) compiled a large database of
published Ca isotope values taken from the literature and
applied a statistical evaluation of the data to deduce aver-
age d44Ca values for the major Ca sources and sinks in
the Earth’s modern exogenic Ca cycle. They concluded
from this analysis the d44Ca value of bulk silicate Earth
and global rivers is �0.3‰ enriched in 44Ca relative to
deep-sea carbonate sediments. Rivers are the principle
source of Ca to seawater and carbonate sediments are the
overwhelming sink. The imbalance of 0.3‰ could represent
non-steady state conditions, however, an equally plausible
explanation is that there exists a significantly under-
sampled carbonate sink enriched in 44Ca. Results from this
study and previous work by Fantle & Higgins (Fantle and
Higgins, 2014) and Blättler et al. (Blättler et al., 2015) sug-
gest that this missing sink could be a combination of
shallow-water fluid-buffered diagenetic and authigenic car-
bonates. Shallow-water carbonate sediments are underrep-
resented in the Fantle and Tipper (2014) compilation and
yet represent a large fraction of the global sedimentary car-
bonate sink. The average d44Ca value of samples from plat-
form interiors and margins is �0.90‰ (Clino, Unda, and
LBB; N = 108) whereas those from only the platform inte-
rior average �0.53‰ (Unda and LBB; N = 22). These
d44Ca values are 0.4–0.7‰ enriched in 44Ca relative to the
average deep-sea carbonate sink (�1.25‰) and 0.1–0.4‰
enriched relative to bulk silicate Earth (�0.98‰; (Fantle
and Tipper, 2014)). Assuming the modern ocean is near
steady-state with respect to Ca isotopes and an average
d44Ca value of �0.75‰ for diagenetically stabilized
shallow-water platform carbonates we estimate a �50/50
partitioning of carbonate burial in shallow-water and
deep-sea sediments. This geochemical estimate of present-
day shelf to deep partitioning of global carbonate burial
is similar to but entirely independent of estimates based
on sediment seismic surveys, drill cores, and measurements
of modern accumulation rates (Milliman and Droxler,
1996).

Our results also provide additional evidence that the
d44Ca of seawater on geologic timescales may not be gov-
erned by changes in the mineralogy of marine carbonate
precipitates (the ’aragonite seas’ and ’calcite seas’ of
Sandberg (1983)). Although sediment-buffered neomor-
phosed aragonite (low d44Ca values) can be preserved on
continental slopes (e.g. Sites 1003 and 1007), any Ca iso-
topic signal of aragonite in bulk sediment on the platform
margin and interior (Clina, Unda, and LBB) has been dra-
matically shifted towards higher d44Ca values; average
d44Ca values are more positive than bulk silicate Earth or
exactly the opposite of that predicted for an ’aragonite
sea’ (Farkas et al., 2007). Given the central role of fluid flow
in the diagenesis of carbonate sediments on platform tops
and margins and its effect on the d44Ca value of the
shallow-water carbonate sink we speculate that the d44Ca
value of seawater may be controlled, in part, by changes
in the volume of shallow-water carbonate sediments
through time. Lower seawater d44Ca values would be
expected during periods of abundant shallow-water carbon-
ate sediments (and associated fluid-buffered diagenesis)
whereas higher seawater d44Ca values would be expected
when there is a significant deep-sea carbonate sink (where
diagenesis is predominantly sediment-buffered). In this
regard the growth of a large deep-sea carbonate sink since
the Mesozoic (at the expense of carbonate sedimentation
in shallow-water environments (Opdyke and Wilkinson,
1988)) should be associated with an increase in the d44Ca
of seawater, consistent in sign with observations from fossil
corals (Gothmann et al., 2016), fossil carbonates and barite
(Farkas et al., 2007; Griffith et al., 2008; Blättler et al.,
2012) and minimum d44Ca values of seawater-derived sedi-
mentary CaSO4 (Blättler and Higgins, 2014).

5.5.5. Implications for modern global d26Mgseawater mass

balance and dolomitization

Sedimentary dolomite is believed to play an outsized
role in the regulation of seawater Mg/Ca ratios on geologic
timescales (Wilkinson and Algeo, 1989; Holland and
Zimmerman, 2000). The Mg isotope data offer an excellent
opportunity to study this enigmatic process because its for-
mation is associated with Mg isotope fractionation (Young
and Galy, 2004; Higgins and Schrag, 2010; Li et al., 2015).
This isotopic leverage permits, assuming the modern system
is close to steady-state, an estimate of the relative impor-
tance of dolomite as a global Mg sink. Using this approach,
Tipper et al. (2006) arrived at an estimate that at least
�10% of the Mg sink in the modern ocean is associated
with the formation of sedimentary dolomite. As discussed
in Section 4.4 a critical variable in this estimate is the aver-
age Mg isotope fractionation factor associated with the
dolomite sink. Our results provide additional support for

a26=24dolomite = 0.9980, the value used by Tipper et al. (2006).
However, this is likely an upper estimate as net fractiona-
tion of Mg isotopes will be smaller in sediment-buffered
dolomites. For example, the dolomites from the Bahamas
average �2.79 ± 0.17‰ (2r; N = 80) whereas the authi-
genic dolomites from the Monterey Fm. average �2.06 ±
1.13‰ (2r; N = 45).

6. CONCLUSIONS

Shallow-water carbonate sediments are one of the most
extensive and well-studied records of the chemistry and
temperature of ancient oceans (Veizer and Hoefs, 1976;
Veizer et al., 1999; Kasting et al., 2006). One of the major
limitations in the utilization of this archive is the potential
for changes in the chemical composition of the sediments at
any time after they were initially precipitated. Using a large
data set of Ca and Mg isotope measurements in Neogene
shallow-water carbonate sediments and associated pore-
fluids from the platform to the slope in the Bahamas we
have shown that stratigraphic variability in these isotopic
systems is due to variations in both mineralogy and style
of diagenetic alteration (fluid-buffered vs. sediment-
buffered). This interpretation is rather counterintuitive
given that these elements, and Ca in particular, are major
components of the carbonate sediment and should be rela-
tively robust – almost as robust as C – to diagenetic alter-
ation. However, the large magnitude of the stratigraphic
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variability in bulk sediment d44Ca values – up to 1‰ – can-
not be explained by mixing of sediment from different
sources or secular variability in the d44Ca value of seawater.
Rather, the variability in bulk sediment d44Ca values both
within and between sites – in particular the presence of bulk
sediment d44Ca values that are significantly higher than
modern bank-top sediments – appears to be the conse-
quence of progressive recrystallization/neomorphism under
fluid-buffered diagenetic conditions. This process implies
globally significant mass fluxes of Ca between seawater
and shallow marine pore-fluids, consistent with observa-
tions of active fluid flow and neomorphism/recrystallization
within the upper 10’s of meters of the sediment column
from pore-fluid profiles of [Cl�], [Ca2+], and d44Ca values
at some of the Bahamas sites. Modeled rates of recrystal-
lization/neomorphism using the pore-fluid profiles favor
rates that are both higher than those observed in the
deep-sea and capable of re-setting bulk and trace element
chemistry of the sediment on million-year timescales.

In contrast to the large stratigraphic variability observed
in sediment d44Ca values, sediment d26Mg values exhibit
much less variability – an apparent consequence of similar
Mg isotope fractionation in high-Mg calcite and dolomite.
Paired measurements of d26Mg and d44Ca values in dolo-
mites exhibit co-variation that is consistent with dolomiti-
zation in the Bahamas occurring under both fluid-buffered
and sediment-buffered conditions, with fluid-buffered con-
ditions predominating. This approach provides a means
for distinguishing between chemical signals in dolomite
from the precursor carbonate vs. those from the dolomitiz-
ing fluid.

The observation that sediment d44Ca values in Neogene
shallow-water carbonate sediments from the platform top,
margin, and slope are largely controlled by mineralogy
and the extent of fluid-buffered early marine diagenesis
and that temporal variations in fluid-buffered diagenesis
can generate stratigraphically coherent co-variation
between many carbonate-bound geochemical proxies
(d13C, d18O, Sr/Ca, etc.) has significant implications for
the interpretation of both the major and trace element
chemistry of shallow-water carbonate sediments in the geo-
logic record. In particular, it suggests that stratigraphic co-
variation between carbonate-bound geochemical proxies
need not reflect changes in the global geochemical cycles
of these elements but rather changes in the composition
of bank-top waters and/or the extent of fluid-buffered vs.
sediment-buffered early marine diagenesis. Thus, records
of secular change and extreme variability in shallow-water
carbonate sediments might be better interpreted as records
of the effects of global environmental change and evolution
on shallow-water carbonate-producing environments and
not archives of global geochemical fluxes (e.g. the relative
rates of organic carbon and carbonate burial from the
d13C of CaCO3).

Our data also provide new constraints on both Ca and
Mg isotope mass balance in the modern ocean. The obser-
vation of carbonate sediments enriched in 44Ca in shallow-
water environments is contrary to the expectation of varia-
tions in the d44Ca of seawater due to changes in primary
sediment mineralogy – i.e. ‘calcite and aragonite’ seas. In
addition, a shallow-water carbonate sink that is character-
ized by d44Ca values that are higher than bulk silicate Earth
can likely explain the observation that deep-sea carbonate
sediments (the other major sink of Ca from seawater) are
�0.3‰ lower than bulk silicate Earth. Finally, estimates
of Mg isotope fractionation during dolomitization from
both bulk sediments and pore-fluids indicate that low-
temperature dolomite should be �2‰ depleted in 26Mg
compared to the precipitating fluid. This result supports
the hypothesis that the formation of dolomite has a signif-
icant effect on the d26Mg of seawater but represents a rela-
tively small sink of Mg in the modern ocean.
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