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Records of the lithium isotopic composition of seawater (d7Lisw), preserved in the lithium isotopic com-
position of shallow-marine carbonate sediments (d7Licarb), provide information about the links between
silicate weathering and clay formation, the global carbon cycle, and Earth’s climate on geologic time-
scales. However, the record of d7Lisw values in shallow marine carbonates is complicated by the effects
of mineralogy (e.g., calcite vs aragonite) and diagenesis. Here we present measurements of bulk carbon-
ate d7Li values paired with a suite of stable isotope systems (d44/40Ca, d26Mg) and element abundance
ratios (Li/(Ca + Mg), Sr/(Ca + Mg), Mg/(Ca + Mg)) in Neogene shallow-marine carbonates from sites in
the Bahamas and southwest Australia. The studied sites span a range of depositional and diagenetic set-
tings and exhibit large stratigraphic trends in d7Li values that correlate with mineralogy, d44/40Ca values,
and/or element abundances. These trends differ from coeval planktonic foraminifera records of d7Lisw and
instead predominantly reflect local processes. We show, using a suite of geochemical analyses and a
numerical model of early marine diagenesis, that the observed variability in bulk sediment d7Li values
can be quantitatively explained by the effects of mineralogy and diagenetic alteration under both
fluid-buffered and sediment-buffered conditions. Using this framework, we show that it is possible to
produce robust and accurate ‘snapshots’ of the d7Li value of seawater in the geologic past from
shallow-water marine carbonate sediments.

� 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Establishing records of the geochemical fluxes that control
Earth’s carbon cycle on million-year time scales is essential to
understanding the underlying causes of climate variability over
Earth History. Central to the global carbon cycle is the breakdown
and formation of silicate minerals. Weathering of continental sili-
cate rocks, high temperature hydrothermal activity at oceanic
spreading centers, low-temperature off-axis seafloor alteration,
and clay authigenesis in oceanic sediment are all linked to Earth’s
surface temperature and pCO2. As lithium is predominantly hosted
in silicate minerals and the fractionation of lithium isotopes (7Li/6Li
ratio or d7Li values) is controlled principally by the formation of
secondary silicate minerals (e.g., clays), the d7Li value of seawater
(d7LiSW) has emerged as a promising tracer for reconstructing the
cycling of silicate minerals at Earth’s surface over geologic history
(Hathorne and James, 2006; Misra and Froelich, 2012; Pogge von
Strandmann et al., 2013; Pogge von Strandmann et al., 2020;
Washington et al., 2020; Kalderon-Asael et al., 2021). Reconstruc-
tions from planktonic foraminifera (Hathorne and James 2006;
Misra and Froelich, 2012) and brachiopods (Washington et al.,
2020) indicate a significant rise (�9‰) in d7Lisw values over the last
60 Myrs, coincident with changes in Earth’s surface temperature,
seawater chemistry, and pCO2. However, such fossil archives are
limited in their potential to extend the record of d7LiSW throughout
Earth history as a result of changes in vital effects (Vigier et al.,
2015;Roberts et al., 2018; Bastian et al., 2018) and the rarity (or total
absence) of well-preserved fossils inMesozoic and older sediments.

Shallow-marine carbonate rocks are one of the most widely
used archives of the history of seawater chemistry as marine
carbonate sediments are abundant, span 3 + billion years of Earth
history, and have chemical and isotopic compositions interpreted
to reflect the fluid from which they precipitated, e.g., ancient
seawater (Morse and Mackenzie, 1990; Jacobsen and Kaufman,
1999; Veizer et al., 1999; Shields and Veizer, 2002). A number of
studies have interpreted stratigraphic variability of d7Li values in
shallow-water marine carbonates as recording secular change in
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contemporaneous d7LiSW values resulting from variation in the
magnitude and/or isotopic composition of lithium fluxes to/from
the ocean (Pogge von Strandmann et al., 2013; Lechler et al.,
2015; Pogge von Strandmann et al., 2017, Sproson et al. 2022).
However, studies of modern and recent shallow-water carbonate
sediments have shown that mineralogy and early marine diagene-
sis play an important role in determining the chemical composi-
tion of shallow-water carbonate sediments and their
stratigraphic expression in the geologic record (Bathurst, 1966,
1971; Morse and MacKenzie, 1990; Higgins et al., 2018, Fantle
et al., 2020). This problem is particularly acute for Li isotopes in
bulk shallow-water marine carbonates as there are large (�5 to
12 ‰) isotopic effects associated with both mineralogy (e.g., arag-
onite vs calcite; Marriott et al., 2004a,b; Hall et al., 2005; Hathorne
and James 2006; Misra and Froelich, 2009; Rollion-Bard et al.,
2009; Vigier et al., 2015; Dellinger et al., 2018; Pogge von
Strandmann et al., 2019, Day et al., 2021) and diagenesis (marine
and meteoric; Dellinger et al., 2020). These observations highlight
the need for a robust method to disentangle geochemical signals
associated with mineralogy and diagenesis from signals associated
with secular changes in the d7Li value of seawater.

Here we present a large dataset of d7Li values of Neogene mar-
ine carbonates from a range of depositional settings (platform top,
platform mid-slope, platform deep-slope, continental margin)
paired with major-element isotope ratios (d44/40Ca, d26Mg) and ele-
ment ratios (Li/(Ca + Mg), Sr/(Ca + Mg), Mg/(Ca + Mg)). We place
the lithium isotope data within an established framework and
model of carbonate diagenesis (Ahm et al., 2018; Blättler et al.,
2015; Crockford et al., 2021; Fantle and Higgins, 2014; Higgins
et al., 2018; Murray et al., 2021) that uses covariations of
d44/40Ca, d26Mg, d13C, d18O, and element ratios to fingerprint pri-
mary mineralogy (aragonite, calcite), diagenetic setting (meteoric,
marine), extent and style of early diagenesis (fluid-buffered vs
sediment-buffered), and diagenetic fluid composition. This frame-
work has been successfully applied to both modern and ancient
carbonates and provides a template for establishing precise ‘snap-
shots’ of seawater d7Li values over Earth History.
2. Site description

The eleven sites studied (Figs. 1 and 2) represent a range of
dominant carbonate mineralogy (aragonite, high-Mg calcite
(HMC), low-Mg calcite (LMC), dolomite) and depositional setting
(platform bank-top, margin, slope). Our sample suite includes sur-
face sediment and eight core sites from carbonate platform and
slope environments in the Bahamas collected during various dril-
ling campaigns. In chronological order these included a core from
San Salvador (Supko, 1977; Dawans and Swart, 1988), cores drilled
on the Little Bahama Bank (LBB) (Vahrenkamp et al., 1991), cores
(Clino and Unda) drilled on the western margin of Great Bahama
Bank (GBB) (Ginsburg, 2001), and finally-two sites (Site 1003 and
Site 1007) drilled during the Leg 166 of the Ocean Drilling Program
(ODP) (Eberli et al., 1996). We also analyzed samples of surface
sediment from Triple Goose Creek on north-west Andros Island
and Joulter Cays, Bahamas. A ninth core is from ODP Site 1131
on the uppermost slope of the Eucla Shelf in the Great Australian
Bight (Feary et al., 2000). Finally, we analyzed 32 seawater samples
from the Great Bahamas Bank (Geyman and Maloof, 2019) and
transects of the North Atlantic and South Pacific at depths ranging
from surface to 4000 mbsl (Marconi et al., 2019).
2.1. The Bahamas

Shallow water sediments in the Bahamas are composed primar-
ily of non-skeletal aragonite (ooids and peloids) with minor
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amounts of bioclastic LMC and HMC (Swart et al., 2009). The diage-
netic history of the Bahamas consists of periods of both marine and
meteoric alteration. Throughout the Neogene the platforms were
subject to the influence of variable sea level associated with glacial
cycles (Eberli and Ginsburg, 1987; Eberli et al., 1997; Kievman
1998; Ginsburg, 2001). Pleistocene sea-level reached a minimum
of �130 m below modern sea-level (Lisiecki and Raymo, 2005)
allowing meteoric fluids to penetrate to a depth of at least 200 m
at Clino and 108 m at Unda (Swart and Oehlert, 2018). Samples
from below these depths are the focus of this study where sedi-
ments have been subjected to marine diagenesis including dolomi-
tization (Higgins et al., 2018).

2.1.1. Surface Sediment
Carbonate surface samples were collected from two locations:

Joulter Cays, an ooid sand shoal located on the margin of the Great
Bahama Bank north of Andros Island, and from Triple Goose Creek,
a carbonate tidal flat located on north-west Andros Island. We also
compiled previously published element ratio and isotope (d7Li,
d44/40Ca, d26Mg, d13C, d18O) data from Triple Goose Creek (Higgins
et al., 2018), sites near the Exuma Cays on the eastern margin of
the Great Bahama Bank (Zhang et al., 2017; Pogge von
Strandmann et al., 2019), and a grid across the Great Bahama Bank
(Swart et al., 2009) to estimate a representative geochemistry of
modern Bahamas surface sediment.

2.1.2. GBB (Bahamas Drilling Projects Sites Unda, Clino, and ODP Site
1003)

Samples from GBB come from three sites drilled into the current
platform top (Unda), margin (Clino), and slope (ODP Site 1003)
(Eberli and Ginsburg, 1987; Eberli et al., 1997). A brief review of
sedimentology and stratigraphy of each site is presented here
while more detailed descriptions can be found in previous publica-
tions (e.g., Eberli, 2000; Ginsburg, 2001; Kenter et al., 2001;
McNeill et al., 2001; Melim et al., 2004; Murray et al., 2021;
Murray and Swart, 2017; Swart and Melim, 2000; Eberli et al.,
1997).

Core Unda consists of shallow-water platform and reefal depos-
its that alternate with deeper marginal deposits (Kenter et al.,
2001). Sediments at Unda have seen a wide range of diagenetic
conditions. Above 108 m, sediment shows evidence of meteoric
diagenesis including erosional surfaces, low d13C and d18O values,
and LMC dominated mineralogy (Melim et al., 2001). Below this
depth marine hard grounds represent hiatuses in sedimentation
and prolonged exposure of sediments to diagenesis by marine flu-
ids. Dolomite abundance increases with depth to a fully dolomi-
tized interval between 270 and 345 mbsf. Strontium isotopes
(87Sr/86Sr) suggest dolomitization driven by reaction with seawater
was either contemporaneous or within a fewmillion years of depo-
sition (Swart et al., 2001).

Core Clino contains three major lithological units representing
distinct depositional setting. The upper 200 m of the core contains
sediment deposited on the shallow-water platform top and reefs,
which was subaerially exposed and altered by meteoric fluids dur-
ing the glacially-induced sea-level low stands of the Pleistocene.
The middle interval (200–370 mbsf) represents upper slope depos-
its, while the deeper interval (370–700 mbsf) contains lower slope
deposits. A major erosional boundary at 367 mbsf and a hard-
ground at 537 mbsf represent multi-million year depositional hia-
tuses (Kenter et al., 2001). The carbonate mineralogy of Clino varies
significantly with depth. Between 34 and 150 mbsf, sediment is
composed predominantly of LMC. In the underlying interval
(150–364 mbsf), aragonite sediment is abundant, composing up
to 65 wt% of the bulk sediment. Below 367mbsf, dolomite becomes
a significant component, with the highest proportions occurring
directly below the erosional boundary at 367 mbsf and hardground



Fig. 1. Maps of sites used in this study. (A) Transects and study sites from the Bahamas. Lines R-R’ and X-X’ denote transects; circles denote surface sediment sample sites
Triple Goose Creek (green) and Joulter Cays (red). (B) Transect along the western flank of the Great Bahama Bank. Shaded intervals denote depths at which samples used in
this study were taken. (C) Transect from the Little Bahama Bank. Shaded intervals denote depths at which samples used in this study were taken. Lithologies of predominantly
limestone vs dolomite are indicated. (D) Site 1131 from the Eucla shelf in southwest Australia. Shaded interval denotes depths at which samples used in this study were
taken. (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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at 536 mbsf. Petrographic evidence (Swart and Melim, 2000) and
strontium isotopes (87Sr/86Sr) (Swart et al., 2001) suggest the tim-
ing of dolomitization is contemporaneous with or within 2 My of
deposition.

Ocean Drilling Program Site 1003 was drilled into the middle
slope (483 m below sea level) of the GBB. The cores record approx-
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imately 1300 m of carbonate sedimentation onto the mid-slope
from the Early Miocene to the Pleistocene (Eberli et al., 1997).
Carbonate sediment at the site is primarily sourced from the
platform top (aragonite) with variable contribution from pelagic
carbonate (LMC). Within the upper 100 m, carbonate mineralogy
is aragonite with lesser amounts of HMC and dolomite and is



Fig. 2. Depth profiles of bulk sediment mineralogy (TOP), d7Li values (MIDDLE) and Li/(Ca + Mg) ratios (BOTTOM) for all studied core sites. TOP: Aragonite is abundant in the
upper �200 m at Sites 1007 and 1003 whereas peak aragonite abundance occurs at �300 m at Clino. Aragonite is a minor component or absent from studied samples from
Unda, San Salvador, and LBB, and is a minor component at Site 1131, where the dominant primary metastable carbonate is HMC. Dolomite abundance increases from slope to
platform margin and interior, and near hardgrounds and erosional surfaces. MIDDLE: Measured d7Li values are colored by bulk sediment d44/40Ca values. Triangle symbols at
Sites 1007 and Unda are from Dellinger et al., 2020 and most have not been analyzed for Ca isotopes. All other samples were analyzed at Princeton University. Shaded regions
indicate contemporaneous seawater (blue) and primary sediment (tan) d7Li values inferred from independent archives of seawater d7Li values (Hathorne and James, 2006;
Misra and Froelich, 2012; Washington et al., 2020). Surface sediment is dominated by aragonite for all Bahamas sites and by HMC for Site 1131. BOTTOM: Measured Li/(Ca
+Mg) ratios are colored by bulk sediment Sr/(Ca+Mg) ratios. Shaded regions indicate Li/(Ca+Mg) ratios for measured bank-top sediment (Bahamas) or core top sediment
(1131). (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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mostly unlithified. Below this, the percentage of preserve aragonite
decreases significantly and HMC disappears while sediment
become partially to fully lithified. Dolomite becomes a more signif-
icant, though minor, component of the carbonate sediment for
much of the core below 110 m and is commonly found at higher
proportions below non-depositional surfaces.

2.1.3. Little Bahama Bank (WC1, SC1, GB2, and GB1)
The Little Bahama Bank (LBB) hosts a sequence of massive dolo-

mite bodies at relatively shallow depths (20–100 mbsf) in outer-
reef and inner-platform sediments of Neogene age. Here we
study-four cores drilled along a NAS transect of the platform:
Grand Bahamas Island (GB1 & GB2), Sales Cay (SC), and Walkers
Cay (WC1) (Vahrenkamp et al., 1991). Strontium isotope measure-
ments indicate three distinct phases of dolomitization by unaltered
seawater in the Late Miocene, Late Pliocene, and Early Pleistocene
(Vahrenkamp et al., 1988, 1991). In this paper we focus on samples
dolomitized in the Late Pliocene.
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2.1.4. San Salvador
A 169 m core was drilled into San Salvador island penetrating

Pleistocene to Miocene aged carbonates including a massive dolo-
mite body between 35 and 145 mbsf (Supko 1977; Swart et al.,
1987; McNeill et al., 1988). Strontium isotopes and uranium dise-
quilibrium series dating suggest LMC was dolomitized during at
least two episodes. It appears that active dolomitization has con-
tinued within the Pliocene section of the core as recently as
150 ka, highlighting potential for dolomitization to continue
several million years post deposition (Swart et al., 1987).

2.2. Australia

2.2.1. Eucla Shelf (Ocean Drilling Program Site 1131)
In contrast to the warm water environment of the Bahamas

where surface sediment mineralogy is predominantly aragonite,
the Eucla shelf is a cool water environment with large proportion
of surface sediments composed of HMC. Ocean Drilling Program
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Site 1131 is located adjacent to the Eucla shelf and drilled into the
upper continental slope 332 m below sea level (Fig. 1D). The core
captures late-Pliocene to Pleistocene aged sediment deposited
rapidly (accumulation rates � 25 cm/ky). The upper 70 m of the
core contains a significant fraction of HMC which declines down-
core mirrored by a commensurate increase in LMC and the
appearance of dolomite (20–30 %). Aragonite is also present
throughout the core as a minor constituent (<10 %) (Feary et al.,
2000).
3. Methods

3.1. Sample preparation

Approximately 20 mg bulk carbonate powders were drilled
from carbonate samples avoiding obvious veins, fractures, bio-
clasts, or other impurities. Sample powders were leached in
15 ml of 0.25 M buffered acetic acid (pH � 5 using ammonium
hydroxide buffer), ultrasonicated for 4 h, then centrifuged at
2500 rpm for 30 min. The supernatant was transferred to clean
Teflon vials, evaporated to dryness at a temperature of 60–80 �C,
and re-dissolved in 1 ml of 1 N HNO3 for ion chromatography.

As silicate minerals contain high concentrations of Li relative to
carbonate minerals (typically > 20 ppm vs < 5 ppm, respectfully)
and substantially lower lithium isotopic composition
(typically < 10 ‰ vs > 20 ‰, respectfully) (Chan et al., 2006;
Tomascak et al., 2016; Penniston-Dorland et al., 2017), minor pro-
portions of silicate minerals can influence the lithium isotopic
composition of bulk sample leachates. We therefore employ a
weak acetic acid digestion to minimize silicate contamination
(Taylor et al., 2019; Lin et al., 2019). Further, we monitor sample
leachates for elevated aluminum and lithium content associated
with depressed d7Li values as indication of silicate-bound lithium
contamination (Fig. S2). In cases where such a correlation is clearly
defined, possible silicate contamination is discussed, however no
samples are excluded on the basis of a threshold value.

3.2. Element ratio analysis

Aliquots of sample leachates were measured for elemental
ratios on a ThermoScientific iCAP-Q ICP-MS at Princeton Univer-
sity. Samples were analyzed at a calcium concentration of
100 ppm and calibration curves of matrix-matched standards
bracketed the concentrations of elements in the sample solutions
(Rosenthal et al., 1999). The external reproducibility of
Me/(Ca + Mg) ratios are determined from long-term replicate
measurements of SRM88b, a dolomitic limestone, yielding an
estimated precision of ±5–7 % (2r).

3.3. Ion chromatography

Calcium was isolated frommatrix elements using an automated
Dionex ICS-5000 + ion chromatography (IC) system coupled with a
Dionex AS-AP fraction collector following a previously published
protocol (Blättler et al., 2015; Husson et al., 2015; Gothmann
et al., 2016; Higgins et al., 2018).

Lithium was separated from the matrix elements by gravity dri-
ven ion-exchange chromatography. SavillexTM microcolumns
(30 ml reservoir, 25 cm capillary length, 6.4 mm internal diameter)
were loaded with 5.5 ml of Bio-Rad AG50W X-12 (100–200 mesh)
resin. The resin was washed with 15 ml of 6 N HNO3, rinsed with
10 ml MilliQTM water, and conditioned with 10 ml 0.5 N HCl. Dis-
solved samples (in 1 ml 1 N HNO3) were loaded onto the resin and
eluted with 0.5 M HCl. The lithium fraction (14–43 ml) was col-
lected then evaporated to dryness at 60-80℃. Remaining matrix
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elements were stripped from the resin by passing 15 ml 6 N
HNO3 followed by a 10 ml MilliQ water rinse. To ensure complete
separation of Li and Na, the sample was passed through the entire
procedure a second time.

Purified calcium and lithium samples were treated with con-
centrated (16 N) HNO3, dried, and re-dissolved in 2 % HNO3 for iso-
tope analysis.

3.4. Isotope Ratio Mass spectrometry

Isotope ratio analyses were performed on a Neptune Plus
MC-ICP-MS at Princeton University. All data are reported in delta
notation relative to a known, internationally available, standard.
Long-term external reproducibility for each isotope system is
determined based on two known standards processed through
the entire chemical procedure with every batch of 18 samples.
All uncertainty is reported with 2r standard deviation unless
otherwise noted.

Calcium isotope ratios were measured using a previously pub-
lished method (Blättler and Higgins, 2014; Fantle and Higgins,
2014; Blättler et al., 2015; Husson et al., 2015; Gothmann et al.,
2016; Higgins et al., 2018). Measured d44/42Ca values were con-
verted to d44/40Ca, assuming mass-dependent fractionation with
slope 2.05 and no excess radiogenic 40Ca (Fantle and Tipper,
2014), and reported relative to modern seawater (d44/40Caseawater

= 0 ‰; d44/40Caseawater=+1.92 ‰ on the SRM915a scale). Processed
Ca standards included both SRM915b and seawater with a long
term measured offset between the two of �1.18 ± 0.16 ‰ (2r;
N = 125). We therefore consider the external precision of our
calcium isotope measurements to be ± 0.16 ‰ (2r).

Lithium isotopes were measured using an ESI Apex-IR sample
introduction and desolvation system with 100 lL/min PFA nebu-
lizer, hot plasma (1200 W), at low resolution using X skimmer
and Jet sampler cones. Sample were measured against an in-
house isotope standard (HPS: d7LiHPS = �12.13 ± 0.04 ‰ relative
to LSVEC, 2SE, n = 143) using beam intensities 7Li and 6Li on cups
H4 and L4, respectively. A typical 7Li signal intensity was approxi-
mately 2–3 V for a 5 ppb Li solution. Lithium isotope ratios are
reported relative to international lithium standard LSVEC (NIST
SRM 8545) using DLSVEC-HPS = �12.13 ‰.

For Li, we processed and measured an in-house standard of
aragonite sand (ARAG) and seawater. The long term reproducibility
for these standards are d7LiARAG= +20.1 ± 1.2 ‰ (2r, n = 21) and
d7LiSW= +31.6 ± 1.5 ‰ (2r, n = 92), respectively. Our measured
d7Lisw value is indistinguishable from published values
(Supplementary Material). ARAG standard values and three
modern aragonitic corals standards, ERP (d7LiERP= +19.6 ± 1.5 ‰,
2r, n = 14), JCP-1 (d7LiJCP-1= +18.9 ± 1.5 ‰, 2r, n = 3), and JCP-1B
(d7LiJCP-1B= +19.9 ± 1.1 ‰, 2r, n = 7) are consistent with an
experimentally and empirically determined fractionation factor
for aragonite of D7LiArag-SW ’ �12 ‰ (Marriott et al., 2004a,b;
Rollion-Bard et al., 2009; Gabitov et al., 2011; Bastian et al.,
2018; Bohlin et al., 2018; Dellinger et al., 2018; Taylor et al.,
2019; Day et al., 2021). We therefore consider the external preci-
sion of our lithium isotope measurements to be ± 1.5 ‰ (2r).

3.5. Other geochemical and mineralogical data

We pair measurements of d7Li values with a large dataset of
sediment mineralogy, d13C, d18O, d44Ca, d26Mg, and elemental con-
centration from previous studies of the same samples, though not
the same leachates (Vahrenkamp et al., 1988; Eberli et al., 1997;
Feary et al., 2000; Melim et al., 2001; Higgins et al., 2018). We also
include previously published data from ODP Site 1007 on the toe of
the GBB slope (Eberli et al., 1997; Higgins et al., 2018; Dellinger
et al., 2020) and from Bahamas bank top sediment (Swart et al.,



Fig. 3. Model results for change in bulk sediment chemistry during diagenesis of
primary Bahamian sediment (93 % aragonite, 7 % HMC) to dolomite (Ca,Mg)(CO3)2
with modern seawater. The composition of the bulk sediment evolves as fluid flows
through the sediment at a constant advection rate (i.e., increasing cumulative mass
of fluid relative to the sediment over time). The specific geochemical trajectory
depends on the length of the flow path (i.e., the specific box number), where box 1
(black) represents the fluid-buffered endmember and box N (grey) is the most
sediment-buffered with respect to calcium. (A) Percentage of bulk sediment that is
extant primary sediment and diagenetic dolomite during progressive alteration of
Bahamian sediment to dolomite at a prescribed reaction and advection rate. (B)
Changes in bulk sediment Li/(Ca + Mg) ratios (lmol/mol). (C) Changes in bulk
sediment Sr/(Ca + Mg) ratios (mmol/mol). (D) Changes in bulk sediment d7Li values
(‰). (E) Change in bulk sediment d13C values (‰). (F) Change in bulk sediment d18O
values (‰). (G) Change in bulk sediment d44/40Ca values (‰). (H) Change in bulk
sediment d26Mg values (‰).
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2009; Zhang et al., 2017; Higgins et al., 2018; Pogge von
Strandmann et al., 2019).

3.6. Numerical model of diagenesis

To quantitatively examine the influence of diagenesis on the
geochemical variability of bulk carbonate sediments, we apply a
numerical mass-balance model of early marine carbonate
diagenesis and dolomitization (Fig S1; model was adapted from
Ahm et al., 2018. Please refer therein for detailed description of
model construction and to the supplement of this paper for model
parameters). The model simulates advection along a one-
dimensional path through permeable carbonate sediment in which
primary calcium carbonate is dissolved and a secondary carbonate
phase (dolomite or LMC) is precipitated at a prescribed reaction
rate. The model flow path is divided into a sequence of discrete
boxes (box 1 to box N), each representing a volume of porous sed-
iment in which carbonate dissolution/precipitation reactions occur
(Fig. S1). The chemical composition of the fluid evolves along the
flow path following a fluid-buffered (box 1) to sediment-buffered
(box N) trajectory, and we track the chemistry of the fluid and bulk
carbonate (Fig. 3). Where a carbonate mineral phase is dissolved
and reprecipitated as the same polymorph, we use the term recrys-
tallization (Sorby, 1879; Dixon and Vaughan, 1911). The term neo-
morphism is reserved for the conversion of one calcium carbonate
phase to another (e.g. aragonite to LMC) and the term dolomitiza-
tion is used where calcium carbonate is converted to dolomite
(CaMg[CO3]2) (Folk, 1965). Diagenetic alteration (recrystallization,
neomorphism, and dolomitization) are modeled as stoichiometric
assuming conservation of mass of carbon in the sediment (i.e., no
net dissolution or precipitation, an assumption supported by pore
fluid evidence from the same Bahamian cores, Higgins et al., 2018).

The terms ‘‘fluid-buffered” and ‘‘sediment-buffered” are defined
with respect to a particular elemental or isotopic system. Unless
otherwise noted, we use ‘‘fluid-buffered” and ‘‘sediment-buffered”
to refer to diagenetic conditions with respect to calcium in the sed-
iment as it, together with carbon, tends to be the most diageneti-
cally robust geochemical proxy in carbonate sediments. Although
we use the conversion of Bahamian surface sediment to dolomite
to illustrate model behavior, similar sets of calculations were per-
formed for other starting (primary) and ending (diagenetic) car-
bonate mineralogies, e.g., Site 1131 sediment to LMC. Parameters
of these calculations can be found in the supplementary material.

The model results provide quantitative constraints on (1) the
composition and mineralogy of the primary carbonate, (2) the
composition of the diagenetic carbonate, and (3) the composition
of the diagenetic fluid. The model predicts diagnostic pathways
in geochemical cross-plot space, ranging from sediment-buffered
to fluid-buffered conditions, but does not attempt to capture all
complexity of the geometry of fluid flow.

The modelled phase-space within geochemical cross-plots are
defined by three end-members: (1) the primary (i.e., initial) sedi-
ment, (2) the fluid-buffered diagenetic end-member, and (3) the
sediment-buffered diagenetic end-member (e.g., Fig. 4). Samples
that are fully altered (100 % = all initial carbonate has been trans-
formed to diagenetic carbonate) fall along a mixing line between
the fluid-buffered (Box 1) and sediment-buffered (Box N) end
members. Bulk samples that plot between the primary sediment
and the fully altered mixing line (between 0 and 100 %) are inter-
preted to be partially altered under the modeled diagenetic condi-
tions. The effects of multiple diagenetic events under different
conditions (e.g., later marine or meteoric diagenesis) can be
explored by running the model again with a new parameter-set
(fluid composition, flow rate, etc.) and using an average sediment
composition from previous model results as the new initial sedi-
ment composition.
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3.7. Model Inputs

Model input parameters, which are derived from previous
experimental and empirical work (Ahm et al., 2018 Table 1 and
references therein) and new data presented here, include (1)



Fig. 4. Geochemical cross-plots of model results showing the range of bulk sediment compositions that can be explained by dolomitization of primary Bahamian sediment
(93 % aragonite, 7 % HMC) by modern seawater. Gray lines represent the percent (0 % to 100 %) of primary sediment that has been altered. The range in compositions of fully
dolomitized sediment is represented by the diagenetic endmember (thick green line). The modelled geochemical pathways for a fluid- and sediment-buffered endmember
during dolomitization is defined by the box 1 and box N trajectories, respectively. (A). Modeled trajectories illustrating the correlation between Li/(Ca + Mg) ratios and d44/
40Ca values in the bulk sediment during dolomitization. (B) Modeled trajectories illustrating the correlation between d7Li and d44/40Ca values in the bulk sediment during
dolomitization. For fully dolomitized sediment, despite the system being fully sediment-buffered (with respect to Ca) in box N, the d7Li value is consistently reset across all
boxes. (C) Modeled trajectories illustrating the correlation between Sr/(Ca + Mg) ratios and d44/40Ca values in the bulk sediment during dolomitization. (D) Modeled
trajectories illustrating the correlation between d26Mg and d44/40Ca values in the bulk sediment during dolomitization. (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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advection and reaction rates, (2) the elemental and isotopic com-
position of the primary sediment, (3) the elemental and isotopic
composition of the diagenetic fluid, (4) the distribution coefficients
and (5) isotopic fractionation factors for the diagenetic mineral
(supplementary material).

The lithium elemental and isotopic composition of bulk marine
carbonate sediment depends on mineralogy. Considering carbon-
ate minerals precipitated from modern seawater, both
experimental and empirical evidence frommodern carbonate envi-
ronments support an estimated average aragonite composition of
Li/(Ca + Mg) � 9 lmol/mol (Marriott et al., 2004a,b; Hathorne
et al., 2013; Zhang et al., 2017; Dellinger et al., 2018; Dellinger
et al., 2020) and d7Li � 20 ‰ (Marriott et al., 2004a,b; Rollion-
Bard et al., 2009; Bastian et al., 2018; Bohlin et al., 2018; Taylor
et al., 2019; Pogge von Strandmann et al., 2019). HMC has been
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shown to have significantly higher lithium content (Li/(Ca + Mg)
� 60 lmol/mol) and higher d7Li values (�24 ‰), relative to arago-
nite (Dellinger et al., 2018). Biogenic and inorganic LMC typically
has Li/(Ca + Mg) � 10–20 lmol/mol, depending of physiochemical
fluid conditions during carbonate precipitation (Marriott et al.,
2004a,b; Hall and Chan, 2004; Hall et al., 2005; Hathorne and
James, 2006; Misra and Froelich, 2012; Füger et al., 2019;) and
d7Li � 25–30 ‰ (Marriott et al., 2004a,b; Hathorne and James,
2006; Rollion-Bard et al., 2009; Misra and Froelich, 2012; Pogge
von Strandmann et al., 2019; Day et al., 2021). We assume a
composition of primary LMC of Li/(Ca + Mg) = 18 lmol/mol and
d7Li = 29 ‰.

The mineralogy of Bahamian primary sediment used in the
model is 93 % aragonite and 7 % HMC (Reijmer et al., 2009) result-
ing in a bulk composition of Li/(Ca + Mg) � 13 lmol/mol and
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d7Li = 20 ‰. At Site 1131, the mineralogy of the top 60 cm of the
core has a significant portion of HMC (60 %), and equal parts arag-
onite and LMC (20 % each) (Feary et al., 2000). Based on simple
mixing calculation, we assume bulk surface sediment at Site
1131 to have Li/(Ca + Mg) = 39 lmol/mol and d7Li = 24 ‰. Primary
fluid entering the sediment at all sites is assumed to be unaltered
seawater with a composition of Li/Ca = 2500 lmol/mol and d7Li =
31.5 ‰. Distribution coefficients and fractionation factors for
lithium into diagenetic minerals (e.g., LMC and dolomite) are not
independently known from experimental work and are estimated
here by fitting the model to the data. Estimated distribution
coefficients are KD

Li = 0.003 and KD
Li = 0.008 for diagenetic LMC

and dolomite, respectively, while fractionation factors are
estimated at a= �1.000 for both diagenetic minerals.
Fig. 5. Covariation between bulk sediment Li/(Ca + Mg) and Mg/(Ca + Mg) ratios at
Bahamas sites and Site 1131 with model results for the diagenetic transformation of
HMC-to-LMC and aragonite-to-dolomite by modern seawater. Boxes are represen-
tative values for pure carbonate minerals. Samples are colored by measured d7Li
values; boxes are colored by representative d7Li values. A strong correlation
between Li/(Ca + Mg) and Mg/(Ca + Mg) ratios is unique to altered sediment of
predominantly LMC mineralogy from Site 1131 where primary sediment is
predominantly HMC.
4. Results

4.1. Modern Samples

4.1.1. Seawater survey
Measured d7Lisw values (supplemental material) are uniform at

all sites (31.58 +/� 0.7 ‰, n = 32) and show no trend with latitude,
longitude, or depth below sea surface. The mean value matches the
long-term mean of our in-house seawater standard (31.57 +/�
0.08 ‰, 2SE, n = 92) and is consistent with published values (Ref-
erence list provided in supplementary material).

4.1.2. Bahamas Surface Sediment
Measured Bahamian surface sediment d7Li values and

Li/(Ca + Mg) ratios are 18.7 ± 2.9 ‰ and 14.1 ± 6.3 lmol/mol
(n = 11), respectively (supplementary material). However, carbon-
ate mud samples from Triple Goose Creek (TGC) have elevated
lithium, aluminum, and magnesium content suggesting some
minor leaching of lithium from silicate minerals during sample
digestion. Correlations of d7Li, Li/(Ca + Mg), and Al/(Ca + Mg) in
Fig. S2 imply a carbonate end-member composition of d7Li = 20.6
± 0.5‰ and Li/(Ca + Mg) = 8.6 ± 0.7 lmol/mol for TGC surface sed-
iment. These values are consistent with the expected value for
aragonite precipitated from modern seawater with a fractionation
of D7Liarag-sw � �12 ‰ and distribution coefficients of KD

Li � 0.003
(Marriott et al., 2004b), as well as published values for Bahamas
surface sediment (Zhang et al., 2017; Pogge von Strandmann
et al., 2019).

Measured d44/40Ca values for surface sediment samples from the
Bahamas (d44/40Ca = �1.54 +/� 0.24 ‰, n = 11) are consistent with
a fractionation factor (a44/40 � 0.9985, Gussone et al., 2005) for
inorganic aragonite from seawater (d44/40CaSW = 0 ‰) and previ-
ously reported values from the Bahamas (d44/40Ca = �1.36 +/�
0.16 ‰, n = 17) (Higgins et al., 2018).

4.2. Bahamas Core Samples

4.2.1. Li/(Ca + Mg) ratios
Measured Li/(Ca + Mg) ratios of all Bahamian core samples are

13.0 +/� 8.2 lmol/mol (n = 281). In general, the lithium content
is not correlated with d7Li values or other elemental and isotopic
systems (Figs. 2 & 5). The average value for dolomite samples
(14.6 ± 6.1 lmol/mol, n = 84) is slightly higher than the overall
average, but otherwise lithium content is not correlated with bulk
sediment mineralogy. Sediment below major hardgrounds and/or
erosional surfaces at Clino (367 mbsf and 536 mbsf) and Unda
(�110 mbsf) show Li/(Ca + Mg) ratio profiles that extend
over � 50 m with elevated values (�20 lmol/mol) at the surface
that decrease with depth to a background value similar to bank
top sediment (�8 lmol/mol).
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Measured Li/(Ca + Mg) ratios at Site 1131 (27.4 +/� 12.2
lmol/mol, n = 74) are higher and have greater variability than all
Bahamian sites (Fig. 2). The mean ratio decreases with depth
within the top 100 m of the core in concert with a decrease in
proportions of HMC, but then remains generally invariant and
elevated (�26 lmol/mol) throughout the rest of the core where
bulk sample mineralogy is predominantly LMC. For comparison,
lithium content is twice that of Bahamas core samples that have
predominantly LMC mineralogy (�13 lmol/mol).

4.2.2. Lithium Isotopes
Across all Bahamian sites, the range of d7Li values falls between

the inferred d7Li value of Miocene to modern seawater (26–31 ‰,
Misra and Froelich, 2012) and the expected d7Li value of Miocene
to modern aragonite (14–19 ‰, based on a fractionation factor of
D7Liarag-sw � -12 ‰). Within this range, d7Li values are correlated
with bulk carbonate mineralogy and geochemistry (Fig. 2). Sam-
ples having significant proportion of aragonite (e.g., above 243
mbsf at Site 1003 and between 150 and 366 mbsf in Clino) are
characterized by low d7Li and d44/40Ca values and elevated
Sr/(Ca + Mg) ratios. In contrast, samples having a significant pro-
portion of dolomite (e.g., �200mbsf at Site 1003, below 540 mbsf
at Clino, and all measured samples from Sites Unda, San Salvador,
and LBB) are characterized by elevated d7Li values equal to
contemporaneous seawater (�31 ‰), elevated d44/40Ca values
(�-0.5 ‰), and very low Sr/(Ca + Mg) ratios (�200 lmol/mol).
Sections that contain predominately LMC mineralogy (e.g., below
200mbsf at Site 1003, below 367 mbsf at Clino) have d7Li values
spanning � 15 ‰, a range greater than secular change in Cenozoic
seawater inferred from foraminifera (�9‰, Hathorne and James,
2006; Misra and Froelich, 2009). For instance, within the lower
130 m of Site 1003, d7Li values span 10 ‰ between values equal
to Early Miocene seawater (d7Li � 26 ‰; Misra and Froelich,
2012) and aragonite precipitated from Early Miocene seawater
(d7Li � 16 ‰). Additionally, the predominately LMC sections
include stratigraphic trends not associated with mineralogy or
secular changes in the d7Li value of contemporaneous seawater.
For examples, at Site 1003 between 700 and 900 mbsf, d7Li values
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show a coherent 5 ‰ negative excursion. Within these LMC
sections d7Li values are moderately correlated with d44/40Ca values
and anti-correlated with Sr/(Ca + Mg) ratios.

Samples from Site 1131 are characterized by generally uniform
d7Li values (26.1 +/� 2.5 ‰, n = 39) with an average offset from
contemporaneous seawater of � 5 ‰, along with uniform
d44/40Ca values near �1.0 ‰ and Sr/(Ca + Mg) ratios of
3300 lmol/mmol. Though subtle, some stratigraphically coherent
trends are apparent. Lithium isotope values increase downcore
from 26 ‰ at the top of the core up to 29 ‰ at depth 100 mbsf
in concert with decreasing percentage of HMC. Below this depth,
d7Li values oscillate between 24 ‰ and 27 ‰ and are positively
correlated with d44/40Ca values (r2 = 0.55), but independent of
mineralogy.

4.3. Diagenetic model

Model results for Li/(Ca + Mg) ratios and d7Li values, together
with other carbonate-bound geochemical proxies, can be under-
stood in terms of how the evolution of fluid chemistry along a flow
path results in changes in the chemical composition of diagenetic
minerals precipitated along that flow path (Fig. 3). At locations
closest to the fluid source (Box 1) the chemistry of pore-fluid
resembles that of the source fluid and diagenetic minerals that pre-
cipitate from this fluid will have a composition that is determined
by the source fluid (fluid-buffered). In contrast, further along the
flow path pore-fluid composition is increasingly dominated by
recrystallization, neomorphism, or dolomitization of carbonate
sediment earlier along the flow path until the composition of the
pore-fluid has evolved to the point (e.g., Box N) where the
diagenetic minerals that precipitate from this fluid are similar in
chemical and isotopic composition to the initial sediment
(sediment-buffered). Both Box 1 and Box N will have experienced
the same cumulative fluid-to-sediment ratio (i.e., will have ‘seen’
the same volume of diagenetic fluid) and have undergone the same
extent of alteration, but the elemental and isotopic composition of
the diagenetic minerals in the two boxes will differ as a result of
the chemical evolution of the pore fluid along the flow path.

Fluid-buffered diagenetic conversion of Bahamian sediment to
dolomite (Box 1) exhibits a synchronous change in all geochemical
proxies, including Li/(Ca + Mg) and d7Li values (Fig. 3). The bulk
geochemistry, in this case, results from simple endmember mixing
of diagenetic dolomite minerals precipitated from unaltered sea-
water with extant primary sediment. In this scenario, the geo-
chemistry of the diagenetic mineral is controlled by the
composition of seawater and the relevant partition coefficients
and isotopic fractions factors. Once all of the precursor carbonate
(e.g., predominantly aragonite) has been altered to diagenetic min-
erals (e.g., dolomite), the bulk geochemistry will reflect the compo-
sition of the diagenetic fluid (e.g., seawater) modulated by the
relevant fractionation factors and distribution coefficients. Since
Li isotopic fractionation factors and partition coefficients under
diagenetic conditions are not well constrained from laboratory
experiments, we estimate these parameters empirically by fitting
the model to our data. In our most altered samples (dolomite,
model Box 1), Li/(Ca + Mg) ratios and d7Li values both increase,
reflecting a prescribed higher partition coefficient for
Li/(Ca + Mg) in dolomite (KD

Li -dolo � 0.008 vs KD
Li -arag � 0.003) and

a much smaller fractionation factor (D7Lidolo-sw = 0 ‰ vs
D7Liarag-sw = �12 ‰) compared to aragonite.

In contrast to the fluid-buffered endmember (Box 1), the chem-
ical composition of the sediment-buffered endmember, modeled
by the farthest box along the flow-path (Box N), depends on the
isotope effects and/or partition coefficients associated with a par-
ticular chemical system. For example, both d13C and d44/40Ca values
of box N are shifted only slightly from the initial sediment compo-
148
sition, a result of the high concentration of carbon and calcium in
carbonate sediments. In contrast, d18O values in Box N remain
indistinguishable from values in Box 1, signifying that oxygen
isotopes are fluid-buffered over the entire modelled flow path.
Similar to d18O, bulk sediment d7Li values are uniform in all boxes
and directly records the d7Li value of seawater (Fig. 3, estimated
fractionation factor of a = 1.000).

Model results also demonstrate that during dolomitization,
Li/(Ca + Mg) ratios can either be elevated or depleted relative to
the initial sediment (Fig. 3B). In the fluid-buffered dolomite
endmember (Box 1), Li/(Ca + Mg) values are elevated relative to
aragonite due to a higher partitioning of Li into dolomites. As a
result of the higher uptake of lithium into dolomites relative to
aragonite, pore fluids further along the flow-path are depleted
of Li and sediment-buffered dolomites precipitated from the
Li-depleted pore fluid (e.g., Box N) have commensurately lower
Li/(Ca + Mg) values.
4.3.1. Geochemical Cross-plots
Since past fluid flow and diagenetic reaction rates are poorly

constrained for sedimentary carbonates in the geologic record,
the utility of our diagenetic model lies in its ability to explain co-
variation between multiple sets of geochemical data (i.e., d13C,
d18O, d44/40Ca, d26Mg, Sr/(Ca + Mg) ratios) (Fig. 4). As diagenetic
alteration proceeds in time (i.e., % initial sediment altered
increases), each box in the model will carve out a diagnostic trajec-
tory in cross-plots of carbonate-bound geochemical proxies (e.g.,
d7Li vs d44/40Ca) with the shape of each trajectory being determined
by extent to which the diagenetic conditions in the box reflect
fluid- or sediment-buffered conditions for the specific proxy during
alteration. For each set of geochemical proxies, the area bounded
by the model trajectories for the fully fluid-buffered box (1) and
the most sediment-buffered box (N) represents the model space
that can be explained by early marine diagenesis. Inherent in this
approach is the assumption that the boundary conditions (e.g., sea-
water composition, primary sediment composition, pore fluid
physiochemical conditions) remain constant during early marine
diagenesis. Interpreted in this way the data and model boundary
conditions provide a single snapshot of the chemical composition
of the ocean in the geologic past.
4.3.1.1. Sr/(Ca + Mg) vs d44/40Ca. As Sr/(Ca + Mg) ratios and d44/40Ca
values are controlled by both mineralogy (e.g., aragonite vs calcite)
and early marine diagenesis, cross plots of these variables provide
a framework for evaluating the influence of mineralogy and style of
diagenetic alteration on bulk carbonate chemistry (Higgins et al.,
2018; Ahm et al., 2018). In marine diagenetic settings calcium iso-
topes are relatively resistant to alteration due to high concentra-
tions of Ca in carbonate sediment relative to marine fluid. Model
results show the sediment buffered endmember largely retains pri-
mary d44/40Ca values composition of the initial sediment whereas
the fluid-buffered endmember is altered toward higher values.
Among carbonate minerals, aragonite is uniquely characterized
by elevated Sr content (Sr/Ca � 10 mmol/mol; Odum, 1950;
Lowenstam 1961; Kinsman, 1969), while diagenetic carbonate
minerals (calcite and dolomite) are characterized by much lower
Sr content (<1 mmol/mol; Kinsman, 1969; Banner, 1995). Progres-
sive alteration of aragonite to dolomite under fluid-buffered
conditions will therefore be associated with a lowering of sediment
Sr/(Ca + Mg) ratio and increasing in d44/40Ca values (Box 1 trajec-
tory). Under sediment-buffered conditions (Box N trajectory), our
model predicts that due to the accumulation of Sr in pore fluids
along the flow path, the decline in sediment Sr/(Ca + Mg) will be
less than under fluid-buffered conditions while d44/40Ca values will
remain similar to the initial sediment (Fig. 4c).
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4.3.1.2. Li/(Ca + Mg) vs d44/40Ca. In contrast to the covariation of
Sr/(Ca + Mg) ratio and d44/40Ca values under both fluid- and
sediment-buffered conditions, model results indicated that the
effects of mineralogy and diagenesis on Li/(Ca + Mg) are more sub-
tle and can both increase and decrease Li content in sediment
depending on the conditions of alteration and mineralogy (calcite
vs dolomite) of the diagenetic minerals (Fig. 4a). The fluid-
buffered endmember follows a trajectory of positive covariation
of Li/(Ca + Mg) and d44/40Ca, which can be explained by simple mix-
ing of extant primary sediment with diagenetic minerals with ele-
vated d44/40Ca and Li/(Ca + Mg) due to the higher partitioning
coefficient of dolomite relative to aragonite used in the model.
The sediment buffered endmember follows a trajectory of decreas-
ing Li/(Ca + Mg) with increasing d44/40Ca due to a depletion of Li in
the pore fluid along the flow path. This behavior results in fully
altered sediment with lithium content ranging both greater than
and less than the primary sediment, and a positive covariation in
Li/(Ca + Mg) and d44/40Ca values.
4.3.1.3. d7Li vs d44/40Ca. Cross plots of d7Li vs d44/40Ca values show
covariation when a fraction of the bulk sediment has been
dolomitized (alteration < 100 %) and no covariation in the fully
diagenetic end-member (100 % altered) (Fig. 4b). This result
indicates that under the conditions modelled lithium in the
diagenetic mineral is fluid-buffered over the entire diagenetic
length scale (over all modelled boxes). Increasing the length scale,
increasing the reaction rate (R), or decreasing the rate of fluid
flow (u), or any combination of the three can produce model
results with more sediment-buffered conditions for lithium
isotopes in the fully altered endmember. In any scenario where
diagenetic mineral d7Li values fall between that of the initial
sediment (sediment-buffered with respect to Li) and seawater
(fluid-buffered with respect to Li), d44/40Ca values will be
sediment buffered due to calcium’s much higher concentration
in sediment relative to marine-derived diagenetic fluids
(Fig. 4B; see also Fig. 3B in Dellinger et al., 2020). Therefore,
evidence of fully sediment-buffered conditions with respect to
d44/40Ca does not provide indication as to whether d7Li values
are sediment- or fluid-buffered. However, any diagenetic context
that produces less than fully sediment-buffered conditions
with respect to d44/40Ca values will yield fully fluid-buffered d7Li
values in the same diagenetic minerals. For samples that have
not been fully recrystallized during early marine diagenesis
(alteration < 100 %), mixtures of extant initial sediment with fully
fluid-buffered (with regards to Li) minerals can produce bulk
sediment d7Li values that are intermediate between that of the
initial sediment and diagenetic minerals.
5. Discussion

The lithium isotopic composition of marine carbonate rocks
depends on (1) the isotopic composition of seawater at the time
of primary precipitation, (2) the carbonate mineralogy (e.g., arag-
onite vs calcite) and associated isotope fractions, and (3) the full
diagenetic history of the rock. Our data, which span a wide
range of water depths and marine diagenetic environments,
exhibits large (up to 10 ‰) stratigraphic changes in bulk
sediment d7Li values that are unrelated to changes in the d7Li
value of seawater. Instead, the variations in bulk sediment d7Li
values can be explained by variations in mineralogy and/or
diagenesis, suggesting that these processes exert a primary
control on the d7Li value of bulk shallow-water marine carbon-
ates in the geologic record. However, pairing measurements of
bulk sediment d7Li values with independent geochemical indica-
tors of mineralogy and diagenesis – d44/40Ca values, d26Mg
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values, and trace element ratios – provides a path to extracting
‘snapshots’ of seawater d7Li values and reconstructing the d7Li of
seawater throughout Earth history.

5.1. Mineralogy

The mineralogy of the primary carbonate precipitate plays a key
role in the stratigraphic variability of bulk carbonate Li/(Ca + Mg)
ratios and d7Li values through differences in the distribution coef-
ficients and isotopic fractionation factor (Marriott et al., 2004a,b;
Dellinger et al., 2018). This is observed throughout our dataset as
both Li/(Ca + Mg) ratios and d7Li values are correlated with abun-
dance of aragonite and HMC (Fig. 5).

For example, in the upper 200 m of Sites 1007 and 1003, a
decrease in aragonite content is correlated with an increase in
d7Li and d44/40Ca values and a decrease in Sr content (Fig. 2). Similar
covariations are observed between 150 and 366 mbsf in the Clino
core, where aragonite abundance is positively correlated with Sr
content and anti-correlated with d7Li and d44/40Ca values. These
trends result from aragonite minerals having the most elevated
strontium content and the largest magnitude fractionation of
lithium and calcium isotopes (D7Lifluid-arag � 12 ‰ and D44/40Ca-
fluid-arag � 1.5 ‰) relative to other carbonate minerals (Marriott
et al., 2004a,b; Dellinger et al., 2018). In contrast to d7Li values,
bulk sediment Li/(Ca + Mg) ratios are uniform with depth in these
sections, suggesting aragonite and diagenetic low-Mg calcite have
similar distribution coefficients in these types of settings, or that
any difference in partition coefficients due to mineralogy is over-
whelmed by other factors (e.g., temperature, salinity, precipitation
rate, etc.).

The role of HMC in determining bulk sediment d7Li values and
Li/(Ca + Mg) ratios is best illustrated at Site 1131 (Fig. 2). The upper
70 m of Site 1131 shows decreasing HMC abundance with depth
associated with increasing d7Li values and decreasing Li content,
trends that are consistent with empirical studies of Li isotope
fractionation (D7Lifluid-HMC � 6 ‰) and Li/(Ca + Mg) ratios
(�80 lmol/mol) of HMC (Darrenougue et al., 2014; Dellinger
et al., 2018). Because HMC is characterized by intermediate and
non-unique d7Li values, d44/40Ca values, and Sr/(Ca + Mg) ratios
relative to aragonite and LMC, differentiating the influence of
constituent HMC minerals on bulk geochemistry from mixtures
of aragonite and diagenetic LMC is best accomplished through a
cross-plot of Li/(Ca + Mg) vs Mg/(Ca + Mg) ratios (Fig. 5). Since
HMC is uniquely characterized among calcium carbonate minerals
by significantly elevated Li and Mg content, positive covariations of
Li/(Ca + Mg) and Mg/(Ca + Mg) ratios indicate the influence of
constituent HMC on bulk sediment geochemistry.

The effects of mineralogy on the d7Li value of LMC and dolomite
is more difficult to determine from our dataset as these minerals
are largely diagenetic in origin and therefore any mineralogical
influence is convolved with the effects of diagenesis. As a result,
the d7Li value and Li/(Ca + Mg) ratio of LMC and dolomite may span
a � 12 ‰ and 10x range, respectively, depending on the extent to
which diagenesis occurred under fluid- or sediment-buffered con-
ditions with respect to Li, discussed in the following section.

5.2. Early marine Diagenesis

Samples from the Bahamas exhibit a wide range of diagenetic
conditions. Perhaps the most striking feature of our data is that
all dolomitized sections (Unda, SS, and LBB) are characterized by
d7Li values (31.1 ± 1.7 ‰, n = 50) that are both indistinguishable
from one another and equal to modern/Late Neogene seawater
(31.5 ‰). This result, when considered in the context of the
extensive body of geochemical data from these same Bahamian
cores (Table 1 in Murray et al., 2021; Dellinger et al., 2020;



Fig. 6. Model results for neomorphism of Bahamas primary sediment (93 % aragonite, 7 % HMC) by modern seawater with measured surface sediment (free of silicate
contamination) and all Bahamian core samples of late-Miocene to Pleistocene age plotted as d7Li values vs d44/40Ca values. Samples are colored by measured Sr/(Ca + Mg)
ratios.

Fig. 7. Model results for the neomorphism of Site 1131 primary sediment (60 %
HMC, 20 % aragonite, 20 % LMC) to diagenetic LMC by modern seawater, with
measured core samples from Site 1131 plotted as d7Li vs d44/40Ca values. Samples
are colored by measured Sr/(Ca + Mg) ratios.
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Wang et al., 2021 ), indicates that there is little to no fractionation
of Li isotopes during its incorporation into dolomite (a � 1.000). As
a result, under the fluid-buffered conditions that characterize the
studied Bahamian dolomites (e.g., d44/40Ca = �0.8 to �0.3 ‰,
Fig. 6), the d7Li value of the dolomite directly records the d7Li value
of seawater.

In contrast to the uniform d7Li values and � 2x range in
Li/(Ca + Mg) ratios associated with dolomite, in LMC-dominated
sections we see stratigraphic trends in d7Li values and Li/(Ca + Mg)
ratios ranging over 16 ‰ and a factor of � 10x, respectively.
Although some of this stratigraphic variability likely reflects
contributions from pelagic LMC (Swart, 2008), most of the variabil-
ity can be explained by early marine diagenesis under a range of
fluid- and sediment-buffered conditions (Higgins et al., 2018).

To understand the source of the variability described above, we
used paired measurements of d44/40Ca and d26Mg values and
Sr/(Ca + Mg) ratios as a framework to identify geochemical signals
associated with early marine diagenesis and characterize the dia-
genetic style (i.e., fluid- vs sediment-buffered) (Fantle and
Higgins, 2014; Blättler et al., 2015; Higgins et al., 2018; Ahm
et al., 2018). This framework can explain both the homogeneous
d7Li values associated with dolomite and the variability in d7Li val-
ues associated with LMC in our sample suite.

Diagenetic model results are consistent with the observed
covariation in Sr/(Ca + Mg) ratios, d44/40Ca values, and d7Li values
in Bahamian bulk samples, supporting the interpretation that dia-
genesis is the dominant control on the geochemistry of these
altered carbonates (Fig. 6). First, samples with d7Li values close
to the primary sediment endmember (�20 ‰) are elevated in Sr
content and depleted in 44Ca, consistent with incomplete diage-
netic recrystallization of aragonite (e.g., the top 150 m of Sites
1007 and 1003, and at Site Clino between 150 and 364 mbsf). Sec-
ond, the model also captures bulk sediment with d7Li values that
are moderately sediment-buffered with respect to lithium and
characterized by low d44/40Ca values and intermediate
Sr/(Ca + Mg) ratios (e.g., 793, 1181, and 1293 mbsf at Site 1003
and 379mbsf at Site Clino, Figs. 2 & 6). Third, the model reproduces
the bulk chemical and isotopic compositions associated with fluid-
150
buffered diagenetic conditions; bulk samples with d7Li values at or
near modern seawater (31.5‰) are dramatically depleted in Sr and
enriched in 44Ca, approaching d44/40Ca values expected for diage-
netic calcite in equilibrium with seawater (d44/40Ca � -0.2 ‰,
Mills et al., 2021). In addition, measured dolomite samples are
characterized by uniform and low d26Mg values (supplementary
material) that are consistent with the observation of uniform d7Li
values and the interpretation that dolomitization occurred under
fluid-buffered conditions (Fig. 4d, e.g., Unda, SS, and LBB, at Sites
1003 and 1007 around 250 mbsf, and at Site Clino between 150
and 200 mbsf and below � 540 mbsf).

The clearest example of sediment-buffered alteration with
respect to lithium is from Site 1131, where predominantly altered
sediment retains primary d7Li values (Fig. 7). At this site we
observe the complete loss of HMC with depth, but little change



Fig. 8. Model results for neomorphism of Bahamian platform sediment (93 %
aragonite, 7 % HMC) to LMC in the presence of Early Miocene (15–23 Ma) seawater,
with measured core samples from the Early Miocene section of 1003, plotted as d7Li
vs d44/40Ca values. Samples are colored by measured Sr/(Ca + Mg) ratios. Also
plotted in grey are model results for neomorphism of platform sediment (93 %
aragonite, 7 % HMC) to LMC by modern seawater and measured data for all
Bahamian late Miocene-to-Pleistocene core samples (darker grey represents lower
Sr/(Ca + Mg) ratios. See Fig. 6).
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in bulk sediment d7Li values. Site 1131 has experienced rapid sed-
imentation limiting the extent of sediment-fluid interaction and
producing sediment-buffered diagenetic conditions throughout
(Feary et al., 2000). Model results for this site reproduce the data
using a primary sediment composition of 60 % HMC, 20 % arago-
nite, and 20 % LMC (similar to core-top data). Fig. 7 shows that
most samples from Site 1131 fall along a sediment-buffered trajec-
tory, indicating that diagenesis here occurs under conditions of
very low advection rates or diffusion-dominated transport of
lithium in the pore-fluid. A closed-system interpretation of diage-
nesis is supported by the observations of dominantly diagenetic
LMC mineralogy with low d44/40Ca values (<-1.0 ‰), elevated
Sr/(Ca + Mg) ratios (�3300 mmol/mol), and elevated Li/(Ca + Mg)
ratios (27 lmol/mol) throughout of the core. While effectively no
HMC minerals remain in the bulk sediment below � 70 m, bulk
samples have strongly correlated Li/(Ca + Mg) and Mg/(Ca + Mg)
ratios that fall on a mixing line between HMC and LMC, suggesting
that HMC was indeed a major constituent of the primary sediment
(Fig. 5). As expected, lithium isotope values in these predominately
sediment-buffered samples (26.1 ± 2.5 ‰, 2r) generally retain the
signature of a predominantly HMC precursor (d7Li � 24 ‰).

A notable stratigraphic expression of variable styles of early
marine diagenesis can be seen in the hardgrounds and underlying
sediments at 567 mbsf in Clino and 915 mbsf at Site 1003. Samples
from at or near the hardgrounds show geochemical evidence of
fluid buffered diagenesis (elevated d44/40Ca, depleted Sr, and
seawater-like d7Li) whereas below each hardground these geo-
chemical proxies show a transition to more sediment-buffered
conditions (Murray et al., 2021). These features suggest that well
defined hardgrounds may serve as archives of past seawater chem-
istry (Erhardt et al. 2020).

5.3. Snapshots of seawater d7Li values from ancient shallow-water
marine carbonate sediments

The d7Li value of ancient shallow-water marine carbonates
depends on both the mineralogy of the primary precipitate as well
as the diagenetic conditions associated with the transformation of
the primary sediment to carbonate rock. The systematic co-
variation between d7Li values and other carbonate-bound geo-
chemical proxies (e.g., d44/40Ca, d26Mg, Sr/(Ca + Mg)) in bulk-rock
samples permits a robust approach that can deconvolve the effects
of mineralogy and early marine diagenesis and provide a snapshot
of seawater chemistry (e.g., the d7Li value of ancient seawater).

When applied to bulk carbonate sediment d7Li values, the data
from this paper fall into three categories. First, samples that have
low d44/40Ca values (<-1.2 ‰), elevated Sr content, and a range in
d7Li values up to 12 ‰. These reflect aragonite-dominated sedi-
ment altered under sediment buffered conditions with respect to
calcium. Second, samples with intermediate d44/40Ca values
(�-1‰), elevated Li/(Ca-Mg) and Mg/(Ca + Mg) ratios, and a range
in d7Li values up to 6 ‰. This signature suggests primary sediment
dominated by HMC and altered under relatively sediment-buffered
conditions with respect to Ca. In both cases, the most elevated d7Li
values may approach the d7Li value of seawater, though unless the
full 12 ‰ (for primary aragonite) or 6 ‰ (for primary HMC) range
in d7Li values is captured, estimates of past seawater d7Li values
will have greater uncertainty. Third, samples characterized by ele-
vated d44/40Ca values (>-0.8 ‰), very low Sr/(Ca + Mg) ratios, and
uniform d7Li values. Samples of this type may have had either
aragonite- or HMC-dominated primary sediment that has been
transformed to diagenetic calcite/dolomite under fluid-buffered
conditions. In this case, the d7Li values likely directly record the
d7Li value of seawater.

The d7Li value of seawater is best constrained when sample
suites capture the full range of diagenetic conditions from
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sediment-buffered to fluid-buffered – i.e., span the full range of
the model phase space (Fig. 4). In lithium isotope space, this will
be a range of � 12 ‰ for primary sediment composed of predom-
inantly aragonite (e.g., the Bahamas) and �6 ‰ for primary sedi-
ment composed predominantly of HMC (e.g., site 1131). Calcium
isotopes will have a range �1.3 ‰ (�1.5 ‰ to �0.2 ‰) and � 0.8
‰ (�1.0 ‰ to �0.2 ‰) for aragonite and HMC sediment, respec-
tively. While the primary and diagenetic endmember isotopic com-
positions of the rock may vary with past secular changes to the
isotopic composition of seawater, the range in isotopic composi-
tion between these endmembers will be independent of the iso-
topic composition of seawater.

Early Miocene (�16–23 Ma) samples from the deepest � 300 m
of Site 1003 demonstrate how our approach can be applied to
reconstruct the d7Li value of ancient seawater. Fig. 8 shows model
results fit to data from this section, where the only model param-
eter adjusted from Pliocene-Pleistocene conditions is a lower
d7Li value for seawater. Collectively, the low d44/40Ca values
(<-1.2 ‰), moderately elevated Sr content (�3300 mmol/mol),
and d7Li values ranging over � 10 ‰ of these samples suggest a
primary aragonite composition and diagenetic conversion to LMC
under relatively sediment-buffered conditions. The results suggest
a d7Li value for early Miocene seawater of� 26‰ (�6‰ lower than
modern seawater composition), consistent with independent
records in planktonic foraminifera (Hathorne and James, 2006;
Misra and Froelich, 2012) and brachiopods (Washington et al.,
2020).

However, where sample suites do not show a full range of dia-
genetic alteration (e.g., sediment-buffered to fluid-buffered), the
best targets to reconstruct the d7Li of seawater are samples with
the most elevated d44/40Ca values, and in the case of dolomites, uni-
form and low d26Mg values. The massive dolomites from Unda, SS,
and LBB provide an illustration of this approach. These dolomites
exhibit only a small fluid-buffered diagenetic range, indicated by
elevated d44/40Ca values, low and uniform d26Mg values, low
Sr/(Ca + Mg) ratios, and d7Li values that are indistinguishable from
modern seawater. We caution, however, that our results do not
suggest that marine dolomites will always directly recover seawa-
ter d7Li values. For example, Crockford et al., 2021 examined a
Tonian section of predominantly dolostones that capture sediment
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dolomitized under a continuum of diagenetic conditions from
fluid- to sediment buffered, preserving a � 12 ‰ range in dolomite
d7Li values. In this case, a Tonian seawater d7Li value was inferred
from the most elevated d7Li value.

The approach of using systematic co-variation between sets of
carbonate-bound geochemical proxies to reconstruct snapshots of
seawater chemistry from ancient marine carbonate sediments
has both advantages and disadvantages. The primary disadvantage
of this approach is its limited temporal resolution; the approach
necessarily integrates records of seawater chemistry over millions
of years – the timescale of early marine diagenesis – and thus likely
cannot be used to reconstruct changes in d7Lisw on shorter time-
scales. This approach also offers several advantages. First, as
demonstrated above, this method can be applied to samples
altered under either sediment-buffered (e.g., Miocene samples
from Site 1003) or fluid-buffered conditions (e.g., late Neogene
dolomites from Unda, LBB, and SS) and does not necessarily require
careful screening for well-preserved primary minerals, a screening
that in many cases is not possible due to the small scales where
diagenetic alteration has been observed (lm scale; e.g. Husson
et al., 2020; Ingalls and Snell, 2021). As a result, this method can
be applied widely in the geologic record and the accuracy of
inferred seawater d7Li values can be checked by reconstructing
snapshots from multiple geographically dispersed locations with
sediment of similar age. Additionally, since the apparent isotopic
fractionation factors for lithium into diagenetic carbonate minerals
is close to a�1.000 for both LMC and dolomites, our approach of
utilizing altered samples to infer seawater composition removes
the need to assume specific isotopic fractionation factors or assess
vital effects associated with the precipitation of biogenic primary
metastable minerals. This is especially advantageous as both
experimental and empirical studies of lithium isotope fractionation
into primary carbonates (aragonite, HMC, LMC) show a range of
over 28 ‰ (Dellinger et al., 2018; Day et al., 2021).
6. Conclusion

Using a large data set of Li isotope measurements in Neogene
shallow-water carbonate sediments from platform to slope envi-
ronments we have shown that stratigraphic variability in bulk car-
bonate d7Li values – comparable in magnitude to the rise in the d7Li
value of seawater over the Cenozoic as recorded in foraminifera
and brachiopods – is caused by variations in both mineralogy
and style of diagenetic alteration (fluid-buffered vs sediment-
buffered). In addition, we show that by pairing measurements of
bulk sediment d7Li values with independent geochemical indica-
tors of mineralogy and diagenesis – d44/40Ca values, d26Mg values,
and element ratios – we are able to deconvolve the geochemical
signals associated with mineralogy and diagenesis to produce
robust ‘snapshots’ of ancient seawater d7Li values. While this
approach can be applied to ancient sediment of any primary car-
bonate mineralogy (aragonite, LMC, or HMC) that has experienced
any range in extent (%) of recrystallization or style of diagenesis
(sediment- vs fluid-buffered), samples characterized as having
undergone early diagenetic alteration under fluid-buffered condi-
tions (as indicated by elevated d44/40Ca values, low Sr content,
and uniform d7Li values) provide the best target for reconstructing
the d7Li value of seawater from ancient shallow-water carbonate
sediments.
Research Data

Source code for the diagenesis model associated with this arti-
cle can be accessed at github.com/johnjackmurphy/Diagenesis-
Model.
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