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• First study of Cd isotopes as a tracer ap-
plied to modern platform carbonates.

• Coupling of double tracer Cd—Cr iso-
topes to bioproductivity in ambient sea-
water.

• Cd isotopes show insensitivity to diage-
netic processes and various carbonate
phases.
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The distribution of cadmium (Cd) within the oceans strongly suggests that it is used as a nutrient by marine phyto-
plankton. Biologically induced removal of Cd from modern surface waters is accompanied by an isotopic fraction-
ation leaving surface-waters enriched in isotopically heavy Cd. This first study focusses on tying the Cd isotopic
record preserved in modern shallow platform carbonates of the Great Bahama Bank (GBB) to conditions in the
upper water column, and provides a base for future studies aiming at reconstructing past bioproductivity levels in
ancient ocean/basin surface waters. In addition, we compare δ114Cd values with previously published chromium
(Cr) isotopevalues and link signals of bioproductivitywith redox conditions in the surfacewaters. TheGBB core sam-
ples yield [Cd] (21–188 μg/kg), which increases with depth alongside changes in carbonate mineralogy related to
sediment supply anddiagenesis. The δ114Cd values of these carbonates aremainly positively fractionatedwith an av-
erage of 0.11‰±0.17 (2σ; n=17) relative to the NIST 3108 reference standard. Unlike previously observed for Cr
isotopes, there is no control of δ114Cd values by relative abundances of the carbonate polymorphs aragonite and cal-
cite in the studied profile. Likewise, δ114Cd values are not correlated tomajor and trace element (e.g. Ca,Mg,Mn and
Sr) contents. We postulate that the burial and diagenetic processes of carbonate cannot modify the Cd isotope sig-
nals. Using the experimental fractionation factor for Cd into calcite (−0.45‰), calculated seawater δ114Cd of
+0.56±0.17‰ is in agreementwith values formodernNorth Atlantic Surface Seawater. This study's results suggest
that δ114Cd values in carbonates are a reliable tool for reconstruction of bioproductivity levels in past surface seawa-
ters, and open new possibilities in combination with Cr isotopes to link these with past ocean redox.

© 2021 Published by Elsevier B.V.
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1. Introduction

The cadmium (Cd) stable isotope system (δ114Cd) has been shown
to be a useful proxy for the characterization of biogeochemical and
physical conditions, and of primary producer environments in modern
oceans (Abouchami et al., 2011; Abouchami et al., 2014; Lacan et al.,
2006; Ripperger et al., 2007; Xie et al., 2021). The same methods has
also been used for characterization of the conditions and environments
in paleo seawaters (Georgiev et al., 2015; Hohl et al., 2015; Hohl et al.,
2017; Zhang et al., 2018). Cadmium isotopes have also been shown a
suitable tracer for ocean water interactions and for the deciphering of
ocean circulation patterns (Abouchami et al., 2011) and association
with changes of carbon isotopes in oceans during Ocean Anoxic Events
(Sweere et al., 2020). In particular, Cd isotopes are used for the charac-
terization of water column depth profiles in today's major oceans
(Bryan et al., 2021; George et al., 2019; Janssen et al., 2019; Zhang
et al., 2019) and for tracking nutrient flows to surface waters
(Abouchami et al., 2014; Sieber et al., 2019).

The nutrient-like distribution of Cd in the oceans is exemplified by
its enrichment in deep ocean waters, as a result of re-mineralization of
organic matters, and uptake by phytoplankton in surface waters
(Abouchami et al., 2014; Boyle et al., 1976; Bruland, 1980; de Baar
et al., 1994; Sieber et al., 2019). Despite the poorly understood biological
effects and functions that Cd has for phytoplankton, today Cd is seen as
an essential micronutrient for marine life (Morel et al., 2014; Xu and
Morel, 2013). Deep ocean waters have isotopically lighter Cd values
than modern ocean surface waters, which is primarily regarded as a
consequence of incomplete, non-quantitative uptake of Cd into primary
producers favoring light Cd isotopes (Lacan et al., 2006). In order to use
Cd isotopes and [Cd] measured in ancient marine sedimentary archives
as proxies for primary palaeoproductivity, it is essential to understand
the trapping mechanisms and the preservation potential of Cd during
sedimentation, burial and diagenesis.

The major aqueous species of Cd under alkaline pH conditions simi-
lar to seawater are predominantly CdCO3

0(aq), and to a minor degree
also CdSO4

0(aq) (Powell et al., 2011). This renders Cd2+ a suitable
substitute for Ca2+ with relatively high equilibrated partition/
distribution coefficients expressed as DCd,eq also in marine abiotic and
biogenic carbonates and phosphates (Boyle, 1981; Lorens, 1981;
Ripperger et al., 2008; Tesoriero and Pankow, 1996). In addition, a
study of Southern Ocean water columns suggests a direct link
between dissolved CO2, and Cd isotopes and [Cd] (de Baar et al.,
2017). This link can be correlated with planktonic biological uptake
and fractionation of Cd from surface waters (de Baar et al., 2017).
Carbonates are a priori considered a well suited archive for recording
of marine Cd concentrations and fluctuations in Cd isotope
compositions. Hence, Cd have the potential to reconstruct fluctuations
linked to variations of primary production in ancient basins, as already
advocated by Hohl et al. (2017) and John et al. (2017). Sedimentary
carbonates are widespread marine archives that were deposited
throughout much of Earth's history, and they are predominantly being
deposited today on shallow shelf platforms. They serve as repositories
that mimic, with respect to a number of major and trace elements,
and some of their respective isotope signatures, the chemical
composition of the water columns from which they were/are
deposited (Hohl et al., 2017; John et al., 2017).

The focus of research in the past c. 15 years on the behavior of Cd in
the ocean system has led to a relatively complete understanding of
input and removal pathways of Cd from the water columns, see e.g.
(Abouchami et al., 2011; Baars et al., 2014; Conway and John, 2015a;
Horner et al., 2010; Lacan et al., 2006; Lambelet et al., 2013; Morel and
Price, 2003; Ripperger et al., 2007; Sweere et al., 2020). However,
there is a scarcity of studies that focus on the processes responsible for
the incorporation of Cd into marine sedimentary archives. Whether
these processes that associate with Cd isotope fractionation is unrelated
to bioproductivity are also scarce. A good understanding of how
2

accurately and robustly δ114Cd values are recorded and preserved by
marine carbonates is therefore a prerequisite for the accurate applica-
tion of Cd isotopes as a palaeotracer for primary productivity in ancient
oceans/basins.

An initial study byHorner et al. (2011)measured the Cd isotope frac-
tionation between seawater-like fluid and experimentally precipitated
calcite. Their study shows a preferential uptake of light Cd isotopes dur-
ing precipitation of calcite from artificial seawater. Another study of Xie
et al. (2021) also reports results from co-precipitation experiments to
study the mechanisms of Cd fractionation during formation of calcite
under various conditions. The first study, of Cd isotopes measured in
Neoproterozoic carbonates deposited on the Yangtze platform (Hohl
et al., 2017), showed δ114Cd values between −0.4 and +0.3‰ (trans-
lated from ε112/110Cd). The authors interpreted a promising use of the
Cd isotope tracer in reconstructing ancient biologic production.

In a study by Johnet al. (2017), a combined Zn\\Cd isotope approach
to samples from the Nuccaleena cap dolostone in South Australia was
aimed at improving the understanding of biogeochemical processes
duringdeglaciation of the c. 635Myr oldMarinoan glaciation. Variations
of trends in δ66Zn and δ114Cd along the cap dolomite profile studied by
these authors were explained by a simple model, which assumes a
change in the sinks for Zn and Cd from the oceans. They reveal biological
fractionation by primary producers in the surface waters on the one
side, and partitioning into sulfides on the other, both each with their
specific fractionation factors. Alternatively, changes particularly of the
δ114Cd record in this profile were proposed by John et al. (2017) to
also potentially could have resulted from changes in the isotope effect
of Cd incorporation into carbonate caused by changes in ocean salinity
during deglaciation. The latter interpretation therefore strongly adheres
to the findings of Horner et al. (2011), namely that salinity of seawater
has a major control on the isotope composition of Cd incorporated in
carbonates. Moreover, a study of ancient microbial stromatolites sug-
gests the light Cd isotopes being preferentially incorporated into sul-
fides and/or adsorbed onto the organic matter of the microbial mats
(Viehmann et al., 2019). The incorporation of light Cd isotopes into stro-
matolites leaves the residual and interstitial pore fluids enriched in the
heavy Cd isotopes (Viehmann et al., 2019). These heavy Cd isotope sig-
natures, according to these authors, are then incorporated into the skel-
etal carbonates.

Twonew studies (Frei et al., 2020; Frei et al., 2021) proposed to com-
bine Cd isotopes with Cr isotopes in suitable marine archives. Furtherly,
they promoted the use of this double tracer to link past primary produc-
tionwith ocean redox for reconstruction of biogeochemical fluctuations
in ancient basins. These two studies, conducted on Late Ediacaran –Early
Cambrian organic-rich shales from the Yangtze platform, set the basis
for the study presented herein. This study similarly uses Cd isotopes in
carbonates and set these in relation to previously published Cr isotopes
from the very same sample set (Klaebe et al., 2021) to test the potential
of the combined Cr\\Cd isotope tracer applied to marine sedimentary
archives.

Recent studies of Wang et al. (2021) and Klaebe et al. (2021) both
present Cr isotope records of drill cores across Bahamas Bank carbonate
sections. These form the base for the discussion herein of the Cd isotope
record in the ODP Leg 166 Site 1003A drill core in relation to the Cr iso-
tope records, particularly of that published by Klaebe et al. (2021). The
study ofWang et al. (2021) focuses on diagenetic alteration, particularly
on the effects of dolomitization and aragonite-to-calcite phase transi-
tions on Cr isotope values, on two separate drill-cores (Clino and
Unda) from the Great Bahama Bank (GBB). They showed heavy Cr iso-
tope decrease relative to seawater in their samples and interpreted
these to have resulted from alteration of marine biogenic carbonates
by meteoric pore fluids. Moreover, the study of Wang et al. (2021)
also demonstrates a certain potential for primary seawater Cr isotope
signatures to be recorded in rock-buffered diagenetically altered car-
bonates. In the study of Klaebe et al. (2021), they present Cr isotope
data from drill-core ODP Leg 166 Site 1003A cored at the western
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margin of the GBB. They show down-log correlations between Cr con-
centrations ([Cr]) and δ53Cr, and related these to diagenetic effects
within the compacting sediment column. The very drill core samples
used by Klaebe et al. (2021) are perfectly suited for adding the Cd iso-
tope perspective for a direct comparison and interpretation of data
from both tracers in modern shelf carbonates.

To our best knowledge, this is the first study to combine Cd and Cr
isotopes in modern marine carbonates. Although the separation of Cd
in this study was performed on separate sample powder aliquots used
by Klaebe et al. (2021), we tested and here present a method, which al-
lows for both Cr and Cd to be separated from one single sample dissolu-
tion of carbonates. This separationmethod is an obvious prerequisite for
future applications of the double tracer to marine archives.

The focus of this study is to 1) constrain variations in Cd concentra-
tions and Cd isotope values in a modern carbonate platform and inves-
tigate the effects of diagenetic processes, and 2) compare the variability
in δ114Cd values with Cr isotope values in the exact samples with the ul-
timate goal to establish a double tracer that is potentially capable of pro-
viding information regarding the inter-relationship between surface
water redox and primary productivity, which potentially can be applied
to ancient carbonates.

2. Samples and lithological descriptions

The studied samples from the drill-core of Site 1003A, ODP Leg 166
on theGBB. Site 1003A is situated ca. 4 km from the edge of the platform
at the western margin of the GBB (Fig. 1), and located in the lower to
mid-slope of the prograding margin at seawater depth of 481.4 m
(Eberli, 2000; Eberli et al., 1997). We selected this drill-core/location
for analyses to substantiate the importance of Cd isotopes in modern
carbonates, for their potential use as paleobioproductivity tracer in an-
cient carbonate sequences. The complete core covers a ~ 1300m section
from the Early Miocene to modern dated by nannofossil and foraminif-
era biostratigraphy (Wright and Kroon, 2000). Herewe investigated the
top ~200 m of the core comprising twenty carbonate sediment samples
of Early Pliocene tomodern (Holocene) with contents of more than 92%
Fig. 1.Geologicalmap of the northwesternpart of Bahamas ismodifiedand adapted fromKlaeb
themargin of Great Bahama Bankwest of Andros Island. The light blue represents carbonate ba
western North Atlantic Ocean. Themap in the top right corner is an overviewmapwith Baham
this figure legend, the reader is referred to the web version of this article.)
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carbonate at all levels (Fig. 2). The slopes of GBB and the surrounding
basins contain turbidites and aragonite cycles, which are well-
constrained indicators for frequent sea-level fluctuations (Betzler
et al., 1999; Droxler et al., 1983; Haddad et al., 1993; Reijmer et al.,
1988). Eberli et al. (1997) have defined the studied part as Unit I (di-
vided into Subunit IA and Subunit IB), and Unit II, which is marked on
Fig. 2. These definitions are based on lithology. Based on geochemical
data of this study and previous mineralogical data (Rendle et al.,
2000), the drill core profile is divided into two sections, an upper
aragonite-dominated (from 0 to 102 m)- and a low magnesium calcite
(LMC)-dominated (>102 m) one (Fig. 2).

2.1. Upper aragonite-dominated section

The upper portion (Subunit IA, 0–59.9 m; Fig. 2) of the aragonite-
dominated section largely comprises Mid–Late Pleistocene and Holo-
cene unlithified carbonate wacke- and mudstones. The wacke- and
mudstones consist of silt-sand-sized peloids, bio- and lithoclasts, and fo-
raminifera in an aragonite needle-, micrite- and nannofossils matrix
(Betzler et al., 1999; Eberli, 2000; Eberli et al., 1997; Williams and
Pirmez, 1999). The wacke- and mudstones are at multiple levels inter-
calated with layers of unlithified floatstone and packstone. One of
these beds (at ~85 m) has a thickness of 241 cm and contains abundant
Halimeda debris and a wide range of aragonite-rich bio- and lithoclasts
(Eberli et al., 1997). The lowermost portion of Subunit IA comprises
nannofossil ooze and sand-sized components including foraminifers,
shell fragments and peloids (Eberli et al., 1997). The middle portion
(Subunit IB, 59.9–162.1 m) consists dominantly of Late Pliocene–Mid
Pleistocene poorly stratified and partially lithified and unlithified
wackestones. This subunit, which is divided in two sub-portions, con-
tains peloids, bivalve shell fragments, planktonic foraminifers and echi-
noderm debris with amatrix consistingmainly of aragonite needles and
micrite (Eberli et al., 1997). From ~102 m of depth (Pliocene–Pleisto-
cene transition) downward, there is a shift in the carbonate mineralogy
from aragonite-dominated to LMC-dominated. The upper aragonite-
dominated portion consists of up to 80% modal of aragonite and with
e et al. (2021). The studied Site 1003A of ODP Leg166 ismarkedwith a red circle situatedon
nk sediment with shallowwaters and the darker blue represents the deeper waters of the
as studied areamarkedwith a red square. (For interpretation of the references to colour in



Fig. 2. Stratigraphic log andmineralogy plot of the ODP Leg 166 Site 1003A. a) δ114Cdauth plotted in relation to δ53Crauth(‰) in stratigraphic order; b) Cadmium [μg/kg] and chromium [mg/kg] concentrations are plotted for correlationwith a factor 100
favoring chromium; c) Zinc [mg/kg] andmagnesium [mg/kg] concentrations do not overall correlate with Cd. However, there are a few simultaneous enrichments in both Cd and Zn; d)Mn and Sr ratios are plotted stratigraphic with a significant shift
in both elements due to a mineralogical shift; e) Mn/Sr ratios illustrating the aragonite-rich- (blue), calcite-rich- (red), and the deviate (yellow) samples in various colours. Because of very small ratios, they are multiplied by a 1000 for better
expression; and f) the cerium anomalies for the GBB marine carbonates, with negligible correlation to Cd and Cr. In the Cr plots the ‘outliers’ from Klaebe et al. (2021) are illustrated with black fillings. The stratigraphic log of ODP Leg 166 Site
1003A and sediment composition is adapted and modified from (Eberli et al., 1997). (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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up to 20% modal of high‑magnesium calcite (HMC). The abundance of
LMC in this upper section varies by ~40%modal. The occurrence of dolo-
mite in the upper section is negligible (Fig. 2).

2.2. Lower LMC-dominated section

Previous lithological studies show the appearance of packstone to
wackestone with a microsparitic to micritic matrix at ~102 m depth
(Eberli et al., 1997). The allochems around this depth consists primarily
of miliolids, planktonic foraminifers and rarely of hyaline benthic fora-
minifers, in addition to some other unidentifiable bioclasts (Eberli
et al., 1997). The sediments in Subunit IB (Fig. 2) are generally poorly
stratified, and as a result of bioturbation, this unit shows only faint col-
ourmottling. Approximately 20m above the Early–Late Pliocene transi-
tion, a firmground shows a sharp contact surface with burrowed
bioturbated sedimentation. At the base of this subunit IB (Early–Late Pli-
ocene transition), there is an abrupt disappearance of peloids in
unlithified packstones, which otherwise are abundant in the upper por-
tion of Unit II (Fig. 2). Unit II predominantly consists of partially lithified
wackestones including planktonic and benthic foraminifers, and echi-
noderm debris. The occurrence of up to 25% modal of dolomite rhombs
in the silt- to clay-sized fraction of the lithified wackestones of Unit II,
and the near absence of aragonite in Unit II has been illustrated in the
study by Eberli et al. (1997). The section below ~102 m instead is dom-
inated by up to >90% by volume of LMC (Fig. 2).

3. Methods and analytical techniques

Themethods used in this study for separation of Cd from themarine
GBB carbonate samples are slightly modified from Schmitt et al. (2009).
Twenty powdered carbonate core samples and three banktop sediment
sampleswere digested in 50mL Sarstedt centrifuge tubes using amixed
nitric acid-hydrobromic solution of 0.5 M HNO3/0.2 M HBr at a ratio of
40 mL of mixed acid solution to ~1 g of sample material. Each sample
was then spiked with an appropriate amount of a 106Cd\\108Cd double
spike to achieve an optimal 106Cd/110Cd ratio (0.5 ± 0.1) in the mix
between sample and spike. This spike/sample ratio allows for a
minimal error propagation in the deconvolution procedure. Tubes
were then centrifuged for 11 min at 4000 rpm. All preparation steps
and ion chromatographic separations were carried out in a Class 1000
clean laboratory at the Department of Geosciences and Natural
Resources Management (IGN) at University of Copenhagen (UCPH).
All Teflon™ beakers used during the separation and for storage of the
final Cd separates were cleaned for a minimum of 48 h in 6 N HCl
before use.

The separation and purification of Cd from carbonate samples were
performed in two steps. The first step was carried out using commer-
cially available 12 mL BioRad columns with a single fitted frit, to
which 0.45 mL of BioRad AG1-X8 anion-exchange resin (100–200
mesh) in a 6 M HCl solution was added. The columns were rinsed
with ultrapure water from a Milli-Rho-Milli-Q (18 MΩ MilliQ™) sys-
tem, flushed them with 1 M HNO3 and rinsed again with ultrapure
water, before the resin was equilibrated with the nitric acid- hydrobro-
mic solution. After adding the sample solution, columns were flushed
with 4 mL of nitric-bromide solution and 3 mL light mixed nitric acid-
hydrobromic solution (0.5 M HNO3/0.03 M HBr) to purify the Cd. The
columns were then rinsed twice with 1 mL 1 N HCl before collecting
the Cd fraction in 0.25 M HNO3 into Teflon™ beakers. The solution
was finally evaporated on a hot plate at 130 °C.

For the second step, 2 mL disposable pipette tip columns fitted with
a frit were used, to which was added c. 200 μL of BioRad AG1-X8 anion-
exchange resin (100–200 mesh) in 6 M HCl. The Cd separate from the
first column step was redissolved in 0.5 mL of themixed nitric acid- hy-
drobromic solution. After the columnswere rinsedwith 18MΩMilliQ™
water andwith 1MHNO3, theywere equilibratedwith themixed nitric
acid- hydrobromic solution. The dissolved Cd samples were added to
5

the columns with a Q-pipette. Immediately after adding the sample
solution, the columns were subsequently flushed with 1 mL of
mixed nitric acid- hydrobromic solution, then with 1 mL of the
light mixed nitric acid- hydrobromic solution and finally with
0.5 mL of 1 M HCl. Cd was released and collected with 3 mL of
0.25 M HNO3. The Cd-containing solutions were then evaporated
on a hotplate at 130C after which the residues were ready to load
onto respective filaments.

Before loading the Cd samples on Re-filaments, the filaments
were outgassed under vacuum at 3.5 Ampère for a minimum of
10 min. Cadmium samples were dissolved in 2.5 μL loading solution
consisting of a mixture of silicic acid (Gerstenberger and Haase,
1997), saturated boric acid and 1 M phosphoric acid in the volume
proportion 8:1:1, and loaded directly onto the filament. The loaded
solutions on the filaments were carefully evaporated at 1 Ampère
and shortly heated to 1.3 Ampère. Sample filaments were mounted
on a 20-fold sample turret, and Cd isotope ratios were measured on
a GV Instruments IsoProbe-T Thermal Ionization Mass Spectrometer
(TIMS) at IGN.

Samples were analyzed at 110Cd ion beam intensities of between
150 and 600mV, depending on the amounts of Cd loaded (the lowest
beam intensities resulted from samples with Cd concentrations be-
tween ~20–50 μg/kg). Typically, beam intensities of 300 mV were
reached for most of the samples, but a few samples with relatively
higher Cd concentrations (>140 μg/kg) could be analyzed with
110Cd intensities of 600 mV. Evaporation temperatures varied be-
tween 890 and 1120 °C. All samples were analyzed in static multi-
collection mode at least 3 times, in a routine consisting of 6 blocks
of each 20 cycles, with 8 s baseline measurement after every block.
The final Cd isotope values were calculated as the average ± 2σ of
the multiple runs. Procedural Cd blanks ranged from 80 to 150 pico-
gram (pg), amounts which insignificantly affected the δ114Cd of the
samples. Cadmium ion-chromatographic yields, based on processing
NIST SRM-3108 over the column chemistry were consistently be-
tween 98 and 99%.

The Cd concentrations [Cd] (here reported in [μg/kg]) are directly
derived from the double spike runs via isotope dilution. Cd isotope
values are reported in delta notation expressed as follows:

δC114=110dðherein ref : to δC114dÞ ¼ ½ C114d=C110dSa
C114d=C110dRM

− 1� � 103

The data in this study is calibrated against “zero-delta” double-
spiked NIST SRM-3108 (RM). Repeated analyses of 30 ng loads of a dou-
ble spiked RMat intensities of 150mV, 300mV, 600mVand 1 V define a
long-term δ114Cd value of 0‰ ± 0.08 (2σ, n = 91). The isotope mea-
surements were tested against repeated analyses of two other interna-
tionally used Cd reference solutions – “BAM I-012” yielding an average
δ114Cd value of −1.30‰ ± 0.08 (2σ, n = 71) and “Cd Münster” for
which an average δ114Cd value of 4.5‰ ± 0.09 (2σ, n = 31) obtained
with corresponding c. 30 ng loads. These standard values are in accor-
dance with average of measurements in other laboratories of
−1.33‰ ± 0.04 for BAM I-012 and 4.5‰ ± 0.05 for Cd Münster (con-
verted from ε114Cd) (Abouchami et al., 2013) and −1.33‰ ± 0.06 for
BAM I-012 (Li et al., 2018). Furthermore, we analyzed the [Cd] and the
isotopic composition of the Geological Survey of Japan (GSJ) rock refer-
encematerial JDo-1 (dolomite). Using the samenitric acid-hydrobromic
solution attack as for the Bahamas carbonate samples studied herein,
[Cd] of 0.55 mg/kg and δ114Cd values of 0.04‰ ± 0.05 (2σ, n = 13)
were obtained. While the isotopic composition is not comparable with
analyses performed by other groups, the [Cd] is somewhat lower than
that of 0.65 mg/kg reported by Aizawa and Akaiwa (1992), of
0.64mg/kg reported by Imai et al. (1996), and of 0.67mg/kg recently re-
ported by Hohl et al. (2019) for this reference material. Data reduction
for the natural and instrumental mass-dependent isotope fractionation
is based on our own external double-spike algorithm applied to the raw
data, assuming an exponential fractionation.



Table 1
Geochemical major and trace element records of ODP Leg 166 Site 1003A of Great Bahama Bank (GBB) and banktop ooid sediments from Schooner Cays (GBB).

ODP Leg 166 Site 1003A Concentration/detritus Aragonite/calcite
ratios

Element isotopes Trace elements [mg/kg]

Sample ID Core
depth (m)

Cdauth [μg/kg] [Cd]det (ppm) Crauth [mg/kg]* [Cr]det (%)* δ114Cd raw δ114Cd auth 2σ δ53Cr raw⁎ δ53Cr auth⁎ 2σ Zn Al* Ti* Mg* Mn* Sr*

1H/01 0.39 34 2.04 2.71 1.86 0.68 0.09 0.09 0.07 0.84 0.86 0.04 4.3 51 1.1 5721 8.5 6968
2H/02 8.89 57 1.59 2.53 2.58 0.83 0.32 0.32 0.08 0.78 0.80 0.08 1.2 66 0.5 4049 8.0 8028
3H/03 19.85 26 5.87 4.17 2.60 0.57 0.16 0.16 0.05 0.68 0.70 0.14 0.5 110 2.8 10,589 16.1 5612
4H/01 26.40 33 7.81 3.93 4.59 0.61 0.18 0.18 0.07 0.68 0.72 0.06 0.8 187 1.6 12,779 15.6 5508
5H/04″ 40.38 92 0.67 7.44″ 0.60 0.74 0.08 0.08 0.07 0.87 0.88″ 0.02 1.8 45 0.8 6082 8.2 6148
6H/01 45.38 23 1.98 2.13 1.59 0.80 n.d. n.d. n.d. 0.84 0.86 0.06 0.5 34 0.9 4247 3.8 7360
6H/05 51.38 40 3.59 4.13 2.54 0.56 0.04 0.04 0.11 0.60 0.62 0.04 1.6 106 0.9 9579 18.2 5184
7H/05 60.48 66 2.20 5.12 2.06 0.54 0.19 0.19 0.08 0.61 0.63 0.06 4.6 106 1.7 9277 20.9 5406
9H/01 # ″ 73.87 168 0.53 11.57″ 0.57 0.62 0.19 0.19 0.09 0.83 0.84″ 0.01 18.7 65 2.8 11,621 14.8 5565
11×/01 ″ 85.77 39 1.01 5.93″ 0.48 0.64 0.08 0.08 0.05 0.97 0.98″ 0.06 0.7 29 1.5 8711 5.1 5918
12×/01 92.27 21 2.05 3.01 1.06 0.87 0.04 0.04 0.07 0.78 0.79 0.08 3.7 32 0.6 3859 4.7 8575
13×/01 101.95 38 2.53 4.01 1.75 0.77 n.d. n.d. n.d. 0.78 0.80 0.07 3.3 70 1.6 4326 6.5 8448
16×/01 103.65 85 1.17 7.05 1.03 0.69 0.11 0.11 0.11 0.60 0.61 0.04 9.7 72 −0.2 5974 29.7 3753
14×/01 110.83 52 2.12 4.94 1.63 0.43 n.d. n.d. n.d. 0.58 0.59 0.03 1.2 81 1.5 6617 36.3 2849
14×/04 115.99 57 1.25 6.90 0.76 0.25 0.01 0.01 0.11 0.72 0.73 0.11 1.0 52 0.5 5954 25.7 3007
15×/02 121.14 80 1.11 8.58 0.76 0.19 0.10 0.10 0.09 0.58 0.59 0.13 1.8 65 −0.2 6365 29.4 2488
15×/01 121.86 65 1.60 8.16 0.93 0.17 0.02 0.02 0.09 0.76 0.77 0.13 4.3 76 0.4 7125 33.0 2200
17×/02 # 141.10 188 1.17 9.33 1.71 0.19 0.03 0.03 0.12 0.64 0.65 0.00 4.3 160 −0.7 5926 29.6 2573
17×/04 144.23 84 0.91 4.72 1.19 0.11 0.22 0.22 0.08 0.51 0.52 0.08 2.4 56 1.2 5307 31.8 1355
22H/04 # ″ 193.10 142 0.13 16.11″ 0.08 0.04 −0.02 −0.02 0.10 0.62 0.62″ 0.03 2.3 13 −0.2 19,364 20.3 4281
Schooner Cays Ooids** 0.4 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

All datamarkedwith * has previously been published in Klaebe et al. (2021). **Schooner Cays Ooids surface sediments. Samplesmarkedwith # are the Cd deviates (sampleswith elevated [Cd]). Cr data referred to as ‘outliers’ in Klaebe et al. (2021) are
marked with ″.
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Fig. 3. PAAS normalized REE pattern for GBB marine platform carbonates. The red lines
represent the upper ~102 m' aragonite-rich samples; the blue lines represent the
calcite-rich samples >102 m; and the yellow lines represent the three so-called
‘deviates’. The GBB carbonate samples show a significant seawater signal and plotted
against REE pattern (black line) measured from ooid sediments of Schooner Cays of GBB
(Li et al., 2019). (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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4. Results

Table 1 lists the δ114Cd values and [Cd] of the carbonates studied
herein alongside Cr isotope (δ53Cr) values and Cr concentrations [Cr]
and selected major and trace element data from 0.5 N HCl digests re-
ported by Klaebe et al. (2021). Table ST 1 (supplementary) contains
Post Archean Average shale (PAAS) normalized Rare Earth Element
plus yttrium (Y) concentrations (REY) also obtained from 0.5 M
HCl digests from which Klaebe et al. (2021) measured the Cr isotope
values.

Fig. 2 summarizes down-log lithological information of the drill core
profile studied with depth profiles of some major and trace element
concentrations and relevant concentration ratios, together with [Cd]
and δ114Cd measured in the drill core samples. The profile data are
colour-coded into aragonite-dominated (0–102 m depth) and LMC-
dominated (>102 m depth) described above.

In addition to the grouping of core samples into their stratigraphic
positions, we distinguish a further three samples (9H/01; 17×/02;
22H/04; marked specifically in Table 1 and ST 1) highlighted in yellow
symbols in Fig. 2 and in all other relevant figures, which is termed “de-
viates” here. These samples differ from the rest of the samples by their
specifically elevated [Cd] (discussed below in chapter 4.4). Two of
these exact samples have also been previously categorized as “outliers”
with respect to [Cr] (Klaebe et al., 2021).

4.1. Selected major and trace elements

The concentrations of aluminum [Al] and titanium [Ti] are consid-
ered to be indicative of detrital siliciclastic and oxide components. If
high enough, the abundance of these two elements in the studied sam-
ples would potentially indicate a significant amount of detrital material,
which certainly would affect the authigenic isotope composition (δ-
114Cdauth) of the samples. In samples from the upper ~200 m of the
Site 1003A drill-core, [Al] ranges from 28 to 188 mg/kg and [Ti] is
<3 mg/kg. Zinc concentrations [Zn] in the GBB carbonates range be-
tween 0.5mg/kg and 18.7mg/kg (Fig. 2c). [Zn] is only used to test its po-
tential correlation with Cd, as Cd2+ is a substitute of Zn2+ in biological
uptake during photosynthetic processes (Badger and Price, 1994;
Conway and John, 2015b; John et al., 2017; Morel et al., 1994; Price
and Morel, 1990). Zn/Cd ratios (mg/kg/mg/kg) in biogenic carbonate
samples of GBB vary from 16 to 175 (average of 52 ± 45, 1σ, n = 20).
However, there is not a significant correlation between [Cd] and [Zn]
in samples of this study and we speculate that Zn/Cd ratios do not re-
flect the sort of nutricline and thermocline water columns condi-
tions. This kind of reflection e.g. is shown to be captured in benthic
foraminifera from Bahamas Bank top sediments (Bryan and
Marchitto, 2010). In their study of benthic foraminifera, they observe
Zn/Cd ratios (mg/kg/mg/kg) varying between 26 and 273 (average of
various species samples from each water depth) with an average
value of 81 ± 48 (1σ, n = 31). The Zn/Cd ratios of GBB carbonates
are statically equal to the benthic foraminifera studied by Bryan
and Marchitto (2010).

Concentrations of manganese [Mn] vary from 4 mg/kg to 36 mg/kg
and strontium concentrations [Sr] vary from 1300 mg/kg to
8500 mg/kg listed in Table ST 1 and illustrated in Fig. 2d. Mn/Sr ratios
are used as a parameter for diagenesis (Brand and Veizer, 1980;
Kaufmann, 1997; Veizer, 1983). The average Mn/Sr ratio in the upper
aragonite-dominated section and in the lower LMC-dominated section
is <0.002 ± 0.01 (2σ, n = 20) and 0.012 ± 0.01 (2σ, n = 20) respec-
tively (Fig. 2e), confirming substitution of Mn2+ for Ca2+ into aragonite
is less pronounced than in LMC. Magnesium concentrations [Mg] vary
from 3900 mg/kg to 19,400 mg/kg throughout the entire profile. The
highest [Mg] is exhibited by the deepest sample in the profile (sample
22H/04) and reflects that this sample is significantly dolomitic in com-
position (Fig. 2c). There is no statistically defined difference between
the [Mg] in the upper and lower sections of the profile.
7

4.2. Rare earth elements (REE)

PAAS (Taylor andMcLennan, 1995) normalized REY values are listed
in Table ST 1 andplotted in Fig. 3 . Depletions or enrichments (herein re-
ferred to as “anomalies”) of certain REE, here of Ce, Eu and Pr. These el-
ements are often used in the characterization of marine sediments, are
expressed according to the formulas of (Lawrence et al., 2006), as fol-
lows:

Ce/Ce* = Cepn

ð Pr2pn

.
Ndpn:

Þ

Eu/Eu* = Eupn

ðSm2
pn∙TbpnÞ

1
3

Pr/Pr* = Prpn
ð0:5∙Cepn þ 0:5∙NdpnÞ

where pn represents the PAAS-normalized values of the given element.
REY pattern (Fig. 3) are typical of modern seawater, with characteristic
LREE depletion relative to HREE. REE patterns in carbonate core samples
in this study are similar to the reported GBB ooid sediments of Li et al.
(2019). The sample patterns are mostly parallel throughout the drill
core and exhibit a slight MREE “buckle”, the origin of which has been
widely debated (Auer et al., 2017; Föllmi, 1996; Haley et al., 2004;
Koeppenkastrop and De Carlo, 1992; Reynard et al., 1999). One possible
scenario, also discussed in relevant literature (Auer et al., 2017; Reynard
et al., 1999) attests this “buckle” to the presence of small amounts of
diagenetic phosphates in the carbonates. This diagenetic phosphate
could potentially have formed by re-mineralization of organic material
directly in the sediment. Lack of [P] data in GBB samples of this study
prevents us from verifying this scenario.

On average, the total REY inventory of carbonates in the aragonite-
dominated section is higher than that exhibited by the carbonates
from the LMC-dominated section (Fig. 3). This is opposite of what one
would expect from increased compaction of the sediments with
depth. It appears therefore that there is a lithological control on the
REY concentrations. Hence, aragonite-dominated carbonates in the
upper section depict higher REY concentrations than LMC-dominated
carbonates in the lower section. While REY seems to be more concen-
trated in the primary aragonite-dominated carbonates, diagenetic
transformation to LMC seems not to have a significant effect on the
shape of the REY pattern (Fig. 3). This observation are also made by
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(Terakado andMasuda, 1988; Webb et al., 2009) in their studies of car-
bonate diagenesis. All samples in this study has Y/Ho ratios >40
(Table ST 1, supplementary), and with significantly positive Y/Ho ratios
in range from 42.3 to 59.9. In accordance to Lawrence et al. (2006), this
is typical for marine conditions (>45 indicating open marine condi-
tions). Cerium anomalies (Ce/Ce*) values vary from 0.40 to 0.70 (aver-
age 0.6 ± 0.2, 2σ, n = 20) (Fig. 2f) and reflect values that are typical
of modern oxygenated surface seawaters. Eu/Eu* values vary from
0.82 to 1.43 (average 1.1 ± 0.3, 2σ, n = 20) (Table ST 1, supplemen-
tary). The Eu-anomalies have undergone a crosscheck with barium
(Ba) and neodymium (Nd) for possible interferences. Additionally, the
REE analyses are corrected for interference with BaO due to standard
analyze material. Positive Eu-anomalies can potentially indicate the ad-
mixture to the deep seawater of hydrothermal fluids, whereas negative
Eu anomalies may point to an inherited signal from continental crust
weathering. Alternatively, positive Eu-anomalies, as exhibited by some
of the carbonate core samples studied herein, may also results from re-
duced redox conditions in the sedimentary environment. That reduced
condition allows for the reduction of Eu(III) and the consequent incor-
poration of Eu(II) into precipitating carbonates (Sverjensky, 1984). Pr/
Pr* values vary from 1.13 to 1.35 (average 1.2 ± 0.1, 2σ, n = 20) and
are used as a parameter to distinguish true positive from negative Ce/
Ce* (Figure SI1, supplementary). However, the calculation of this pa-
rameter can otherwise be negatively affected by La anomalies which
are a typical signal of modern seawater (Bau and Dulski, 1996).

4.3. Cd concentrations and cd isotope values

Cd concentrations [Cd] in the studied carbonate core samples range
between 21 μg/kg and 188 μg/kg (Table 1; Fig. 2b). [Cd] increasing
downwards in the section (average [Cd] in <102 m section is 42 ±
40 μg/kg (2σ, n=11) vs. 70± 26 μg/kg (2σ, n=6) in >102m section;
Fig. 4a). The three deviates yield increased [Cd] varying between
142 μg/kg to 188 μg/kg (average of 166 μg/kg ± 37, 2σ, n = 3).

Three samples of top bank ooid sediment from Schooner Cays on the
north-eastern flank of GBB yielded [Cd] of 0.4 μg/kg (Table 1). Since the
formation of ooids are tend to be relatively fast, this concentration will
closely reflects [Cd] in the surface seawater fromwhich they precipitate.
Fig. 4. Cross-plots of Cdwith Cr and trace elements. The cross-plots illustrate the correlation bet
aragonite−/calcite-rich samples (R2 = 0.52) and no correlation of the ‘deviates’; (b) minor
mineralogy. This may also be the result of the relationship with [Sr] (c) showing a negative m
However, [Cd] does insignificantly relates to magnesium (d) and zinc (e). The cadmium isotop
Zn (j). The grey dashed line (plot f to j) represents the GBB δ114Cdauth average of +0.11‰ ± 0
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Unfortunately, due to the very low [Cd] of these ooids, it was not possi-
ble to measure the isotope composition of these samples.

The isotope composition of Cd measured in the GBB carbonates
might be affected by contribution of Cd from detrital components. In
order to obtain values for the authigenic fraction of Cd in this study, the
abundance of Al is used as an indicator element representing siliciclastic
components in the core samples. The Al abundance in the digests is
used to correct for any detrital contamination of carbonate δ114Cd values.
Such a correction for detrital contamination has been used for Cr isotopes
in carbonates (Gilleaudeau et al., 2016; Klaebe et al., 2021) and here we
modify the algorithm used by these authors for correction of detrital Cd
in this study's samples. For this purpose, a cross-plot of [Alsa] against
[Cdraw] is computed in which a positive correlation between the two
elements potentially present detrital components. As illustrated in
Figure SI2 (supplementary), no such correlation exists (R2 = 0.01). This
is assumed as evidence against a significant presence of detrital
components, which could influence the Cd isotope signals from the
carbonates in this profile. In the calculations, the following formulae is
used:

Cd½ �det ¼ Cd½ �loess ∙ Al½ �sa
.

Al½ �PAAS

� �

Cd½ �auth ¼ Cd½ �raw − Cd½ �det

where [Cd]loess of 0.12 mg/kg is used as an approximation for an average
continental crust component (Schmitt et al., 2009), and [Al]PAAS of 11 wt
% denotes the average [Al] of PAAS (Taylor and McLennan, 1995). The so
calculated [Cd]det shares relative to total sample [Cd]raw are very small
(≪0.01%; Table 1), and consequently these minute detrital contributions
do not have an effect on the measured Cd isotope values of the
carbonates. Therefore, no correction is applied to the measured δ114Cd
values of the samples. A newly study of continental margin sediments
(Bryan et al., 2021) reveals amethod for determination of detrital contam-
inationof Cdbyusing thoriumconcentrations [Th] as an enrichment factor
(EF) (Wedepohl, 1995). This method suggests an enrichment of sedimen-
tary Cd with EF >1. However, this method does not apply to carbonate
sediments because of the incompatibility of Th into carbonates.
ween [Cd] in μg/kg against (a) [Cr]with aminor tomoderate relationship for the combined
to moderate relationship in the combined aragonite-calcite-rich samples dedicated to

inor to moderate correlation for the aragonite−/calcite-rich also dedicated to mineralogy.
es (δ114Cdauth) (f-j) show no correlation with the δ53Crauth (f); Mn (g); Sr (h); Mg (i); or
.17 (2σ, n = 17). The standard deviation is marked by the light grey field.
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The δ114Cd composition of the GBB carbonates (Fig. 2a) range from
−0.02 to +0.32‰ with an overall average value of +0.18‰ ± 0.11
(2σ, n = 17). In the aragonite-dominated section of the profile δ114Cd
values vary between 0.04 and 0.32‰ (average 0.13‰ ± 0.17; 2σ, n =
9). In the LMC-dominated section δ114Cd values range between 0.01
and 0.22‰ (average 0.09‰ ± 0.15; 2σ, n = 5). The three deviates
(those sampleswith elevated [Cd] have δ114Cd values that vary between
−0.02 and 0.19‰ (average 0.07‰ ± 0.18; 2σ, n = 3). In essence, this
means that the aragonite-dominated interval of the profile, the LMC-
dominated interval and the three deviates cannot be statistically distin-
guished from each other by their average Cd isotope compositions.

4.4. Relationships of [Cd], δ114Cd and carbonate chemistry

Fig. 4 (a-e) depicts cross-plots of [Cd] against [Cr], [Mn], [Sr], [Mg]
and [Zn] and Fig. 4 (f-j) shows corresponding diagrams with δ114Cd. In
these diagrams the three deviates (samples 9H/01; 17×/02; 22H/04)
are specifically distinguished. Two of these exact samples have also
been categorized as “outliers” with respect to [Cr] in the study of
Klaebe et al. (2021). Similarly for [Cd], the herein designated deviates
have significantly higher [Cr] (average [Cr] = 12.3 ± 2.8; 2SD, n = 3)
compared to the remainder of the carbonate core samples (average
[Cr] = 5.0 ± 2.0; 2SD; n = 17).

The cross-plots in Fig. 4 (a-e) show that samples from the upper
102mof the core and samples below this level fall into two sample pop-
ulations. There is only a weak relationship between [Cr] and [Cd] (r2 =
0.52) (Fig. 4a) and no relationship between [Mg] or [Zn] with [Cd]
(Fig. 4d,e) However, there is a clear distinction of the two populations,
which is expressed in the [Cd] vs. [Mn] and [Sr] cross-plots (Fig. 4b,c).
Here opposite trends between [Mn] and [Cd], and [Sr] and [Cd] may re-
flect an expected lithological control. While [Mn] in primary, aragonite-
dominated carbonate is lower than in secondary, diagenetically formed
LMC, [Sr] is more enriched in aragonite-dominated carbonates than in
LMC. This reflects the elemental exchange upon reaction with meteoric
interstitial pore-water between primary precipitated carbonates and
diagenetically formed carbonates as postulated by Brand and Veizer
Fig. 5. Cross-plots of Cd against REE. The cross-plots show the insignificant relationship betwee
moderate relationships between [Cd] and ΣREY for the combined aragonite−/calcite-rich sam
earth element parameters (e-h) suggest a negligible sensitivity of cadmium isotopes to redox
the average values (2SD) are illustrated by the vertical dashed lines. The grey horizontal dash
standard deviation is marked by the light grey field.
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(1980), with a concomitant decrease in [Sr] and increase in [Mn].
There appears to be a tendency, though statistically and not fully distin-
guishable asmentioned already above, that [Cd] is slightly higher in dia-
genetically formed LMC than in primary aragonite-dominated
carbonates. Therefore, Cd behaves similarly to Mn during diagenesis,
in its favored partitioning into LMC relative to aragonite. With the ex-
ception of elevated [Cd], the three deviates do not distinguish with re-
spect to [Cr], [Mn], [Sr], [Mg] and [Zn] from the other carbonates.
During diagenetic transformations of carbonates Mg can either be de-
pleted or enriched depending on the nature of the original phase
(HMC, LMC, aragonite). However, [Zn] is typically enriched indiagenetic
carbonates (Brand and Veizer, 1980). This is however not reflected by
the data in this study (Fig. 4f).

δ114Cd and δ53Cr values do not correlate (Fig. f), nor do δ114Cd values
correlate with [Mn], [Sr], [Mg] and [Zn] (Fig. 4 g-j). Diagenetic transfor-
mations, particularly from aragonite to LMC in GBB core carbonates, are
therefore not accompanied by shifts in the Cd isotope values. Further-
more, it appears therefore that Cd isotopes in this GBB core sample set
are rather insensitive to diagenetic processes, including the “deviates”
as discussed below.

The relationships between [Cd], δ114Cd and various REY-related pa-
rameters are depicted in Fig. 5 a-h. Aragonite-dominated carbonates can-
not be discriminated from LMC-dominated carbonates in their [Cd] and
δ114Cd values based on Y/Ho, Ce/Ce* and Eu/Eu*. There is a tendency for
total REY inventories in LMC to be higher than in aragonite-dominated
carbonates (Fig. 5d). Importantly, there is an overall absence of correla-
tions between δ114Cd of the carbonates, including the “deviates” and
these REY parameters (Fig. 5 e-h), underscoring the relative insensitivity
of the Cd isotope tracer towards redox processes in the sediment.

4.5. Relationships between Cd and Cr concentrations, and respective isotope
signatures

In an attempt to compare [Cd] and δ114Cd values of the GBB carbon-
ates with respective [Cr] and δ53Cr values, [Cr] and δ53Crauth values are
plotted in Figure SI3 (a-h, supplementary) against the same REY
n [Cd] and (a) Y/Ho ratios; (b) cerium anomalies; and (c) europium anomalies; and (d) the
ples (R2 = 0.44). The insignificant relationship between cadmium isotopes and the rare
and to incorporation of REE into marine biogenic carbonates. For Y/Ho, Eu/Eu* and ΣREY
ed line represents the δ114Cdauth average of GBB carbonates of +0.11‰ ± 0.17 (2σ). The
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parameters used in Fig. 5 (a-h) for Cd and δ114Cd. Similar to [Cd], [Cr]auth
are higher in aragonite-dominated carbonates relative to [Cr]auth in the
LMC-dominated. This, implies that Cr partitioning into LMC ismore effi-
cient than into aragonite (Klaebe et al., 2021). This relationship is also
weakly expressed by the Cd data (Fig. 4a) where values of
21–92 μg/kg (avg. of 43 μg/kg ± 40 μg/kg) for aragonite-dominated
samples and values of 52–85 μg/kg (avg. of 70 μg/kg ± 26 μg/kg) for
LMC-dominated samples demonstrate a weakly tendency. Similar to
[Cd], there is also an obvious relationship between [Cr] and the total
REY inventory (cf. Fig. 5d vs. Figure SI3 d, supplementary) in that REY
and [Cr] and [Cd] are more compatible into LMC than into aragonite.
Higher δ53Cr values also occur in aragonite-dominated carbonates rela-
tive to LMC-dominated ones (Figure SI3 e-h, supplementary). Simulta-
neously increased isotopic scatter in redox sensitive parameters such
as Eu/Eu* and Ce/Ce* occurs. The latter is likely an expression of the
redox-sensitivity of Cr in general, particularly during diagenetic pro-
cesses in the sediment-porewater system. Except for the higher REY in-
ventory and higher [Cr], the deviates cannot be distinguished from the
other carbonates by their Y/Ho, Eu/Eu* and Ce/Ce* values, also not isoto-
pically (Figure SI3 a-h, supplementary).

5. Discussion

5.1. Diagenetic and mineralogical constraints

The Mn/Sr ratio of carbonates are often used as a geochemical
proxy to evaluate and quantify the degree of diagenetic alteration
(Kah et al., 2012). Similar to Fe, Mn is redox sensitive. Bacterial reduc-
tion of Fe(III) and Mn(IV) under suboxic conditions, often prevailing
in the subsurface pore-water systems of marine sediments, generates
Fe(II) and Mn(II), which are soluble under a wide range of pH condi-
tions (Canfield and Thamdrup, 2009; Canfield et al., 1993). Eventually,
this leads to high concentrations of Fe2+ and Mn2+ in respective pore-
waters. Upon diagenetic phase transition of aragonite to LMC Fe2+

and Mn2+ can be preferentially incorporated into diagenetic carbonate
(Shanmugam and Benedict, 1983).

The threshold of Mn/Sr ratios used to determine diagenetic alter-
ation is typically ~1–2 for subsurface marine carbonates (Brand and
Veizer, 1980; Veizer, 1983). Since [Mn] is a widely used diagenetic
indicator in carbonates, the discussion below focusses on the rela-
tionship of Cd, δ114Cd and other REY parameters with this element.
Mn/Sr ratios in GBB carbonates studied herein increase abruptly
around 102 m (Fig. 2d, e), and exact where the aragonite-dominant
sediment initially recrystallizes to LMC. The relationship between
[Mn] and [Sr], and their relationship with the aragonite/calcite ratios
of the carbonates are depicted in Fig. 6 a-c. The linear relationships in
these diagrams demonstrate the diagenetic transformation of arago-
nite to LMC with the expected enrichment/depletions of Sr and Mn,
respectively. As mentioned above, the observations are only a
weekly defined lithological control of [Cd] in the GBB core samples
in that (with the exception of one sample; Fig. 6d) Cd tends to be
slightly more concentrated in LMC compared to aragonite-
dominated carbonates.

Despite its redox sensitivity, variations of [Mn] seem not to depend
on the redox sensitive Ce/Ce* ratio (Figure SI4 a, supplementary). This
probably reflects the different redox potentials of these two elements,
and concentration variations of these two elements are therefore diffi-
cult to quantify. [Mn] in aragonite dominated carbonates however de-
picts a relationship to REY parameters, such as Y/Ho ratios (Figure SI5
a, supplementary), or to total REY inventories (Fig. SI5 b, supplemen-
tary). Such relationships are not preserved in the LMC (Figure SI4 and
Figure SI5, supplementary). The above mentioned negative trends of
[Mn] with Y/Ho and total REY concentrations are consistent with pri-
mary aragonite having the lowest [Mn], highest Y/Ho ratio and lowest
REY concentrations and represent the least diagenetically altered car-
bonate (Lawrence et al., 2006).
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5.2. Rare earth elements and yttrium (REY)

The PAAS-normalized REY patterns of the core samples studied
herein are typical of marine carbonates, with their characteristic LREE
depletion relative to HREE, pronounced negative Ce anomalies and
superchondritic Y/Ho ratios >~42 implying open marine oxic surface
seawater conditions (Lawrence et al., 2006; Nozaki et al., 1997). The
REY pattern resemble those of GBB ooids from Schooner Cays and
Joulter Cays (Fig. 3) (Li et al., 2019) and those of modern seawater of
the tropical western Atlantic (Schlitzer et al., 2018). Fluctuations of Y/
Ho ratios may reflect effects of mixing between surface seawater (Y/
Ho >50) and freshwater/meteoric water (Y/Ho ≈ 28) (Lawrence
et al., 2006). However, it would be expected that freshwater admixing
would also affect the entire REY patterns, with some kind of flattening
(decrease in HREE/LREE) of the patterns usually observed in such
(Tepe and Bau, 2015). It is well established that suchmixingwith fresh-
water does not influence the drill core of Site 1003A (Swart and Eberli,
2005). The mild negative correlation between Y/Ho ratios and [Mn] in
aragonite-dominated carbonates (Figure SI5 a, supplementary), may in-
dicate the result of diagenetic effects, such as the preferential scaveng-
ing of Ho by Mn-oxides under saline open marine surface water
conditions (Bau et al., 1996). Alternatively, preferential adsorption of Y
relative to Ho on the surfaces of Fe-and Mn (oxy) hydroxides, which
likely happens in the subsurface sedimentary environment (Bau et al.,
1996) could also account for such a trend. The strong positive correla-
tion between [Mn] and ΣREY (Figure SI5b) hints at a diagenetic process
to explain the fluctuating Y/Ho ratios, rather than pointing to a process
within thewater columns itself.While elevatedY/Ho ratios>44 point to
open marine conditions (Lawrence et al., 2006), negative but rather
varying Ce anomalies are consistent with oxygenated surface seawater,
but also point to potential intra-sediment redox processes during dia-
genesis. These are likely related to coupled Mn2+/Mn4+ − Ce3+/Ce4+

reduction/oxidation reactions and resulting remobilization of Mn2+

and Ce3+ in the sediment pore-water system. Consequently, the ab-
sence of a relationship between Cd and δ114Cd with REY inventories,
as well as with redox sensitive parameters Ce/Ce* and Eu/Eu* implies
that Cd isotopes in marine carbonates are a resistant and conservative
tracer of marine conditions that prevailed during their formation.

Rather variable negative Ce anomalies and the absence of a correla-
tionwithmineralogical composition of the carbonates (i.e., aragonite vs
LMC) also attests for secondary redox processes during diagenesis. Ce-
rium anomalies are typically in the order of ~0.4 to 0.5 in oxic waters,
and are strongly diminished in anoxic waters to values ~0.9 to 1.0
(Elderfield and Greaves, 1982; German and Elderfield, 1990). Under
the assumption that Ce anomalies of oxic surface waters are reflected
by carbonates that precipitate from them, the range of Ce anomalies ob-
served in the GBB carbonates necessitates the operation of secondary
redox processes that are capable of rendering Ce anomalies less pro-
nounced. The lack, however, of a correlation of Ce anomalies with
other redox sensitive elements such as Mn (Figure SI4a, supplemen-
tary) and Cr (Figure SI3b,f, supplementary) potentially implies that
these Ce anomaly variations may be controlled by another trace phase
in these carbonates. One of such possible trace phases are phosphates,
which forms as a result of organic material re-mineralization under
oxic conditions in the subsurface sediment. Ce,which is potentially orig-
inally bound or adsorbed to Mn-oxides, could be re-distributed into
newly formed trace phosphates whose Ce-anomalies would be dimin-
ished to some degree by this additionally re-distributed Ce. The forma-
tion of diagenetic phosphates could tentatively also explain the
increased REY inventory of LMC-dominated carbonates (Figure SI5b,
supplementary), which in such a scenario are likely to have minute
phosphates included in them. The presence of trace phosphates could
also explain the weakMREE buckle that is observed in the REY patterns
of the studied carbonates. The characterization of many marine phos-
phates by MREE-enriched REY patterns has been demonstrated in a
number of studies, including (Auer et al., 2017; Emsbo et al., 2015;



Fig. 6. Sr, Mn and Cd against carbonate mineralogy. For all four figures counts that the correlations (R2) only relates to the combined aragonite−/calcite-dominated phases. a) showing a
strong correlation between the two elements (R2 = 0.85), and that there is a mineralogical effect for enrichment of these elements in all samples; b) Sr against aragonite/calcite ratios
illustrating a moderate to strong correlation (R2 = 0.81) between the element abundance and the mineralogy with enrichment of Sr in the aragonite-rich samples and a depletion in
the calcite-rich samples; c) there is an obvious distinction between aragonite/calcite and Sr/Mn with Mn enrichment in the calcite-rich samples and a depletion in the aragonite-rich
samples; d) only a minor correlation between Cd [μg/kg] and the mineralogy showing a small enrichment of Cd in the calcite-rich samples.
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Felitsyn and Morad, 2002; Jonasson et al., 1985). Such a MREE enrich-
ment is visible for two of the three deviates, which is illustrated by the
cross plot of Ce/Ce* vs. MREE in Fig. SI1 4b. MREE “buckles” are only
weakly present in the other samples. However, lack of phosphorus
data for the GBB core samples prevent us from further elaborating on
the possible effects of phosphates on some of the above-described
trends.

Importantly, with respect to [Cd] and δ114Cd of the GBB carbonates,
such potential diagenetic phosphates seem neither have a significant
control on the Cd inventory nor on the δ114Cd values of the sediments
illustrated by Fig. 5. An exceptionmay be the elevatedCd concentrations
in LMC compared to aragonite, which might results from phosphates
with elevated [Cd], in a similar way as the occurrence of elevated
ΣREY could eventually point to a certain control of the respective ele-
ment budget by phosphates.

If the reductive dissolution of theMn-oxide phases was significant, a
positive correlation of Mnwith Ce/Ce* would be expected. Such a corre-
lationwould be due to Ce4+ is strongly incorporated into theMn-oxides
in aquatic systems and dissolution ofMn-oxide phaseswould lead to re-
ductive release of Ce. A consequent to the release of Ce would be visible
in less pronounced negative or maybe even a positive Ce/Ce* (Bau et al.,
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1996; Tachikawa et al., 1997; Tachikawa et al., 1999). Li et al. (2019) de-
scribes modern ooids from GBB with relatively small negative cerium
anomalies in the range of 0.70 to 0.87. These authors explain the weak
negative cerium anomalies to result from microbial metabolism using
sulfate- and nitrate-ions. Suchmicrobial respiration typically dominates
in anoxic microenvironments (e.g. pore-waters) and can lead to small
positive or negative Ce anomalies,which has been observed in ooid lam-
inae from other sites worldwide (Andres et al., 2006; Diaz et al., 2015;
Reid and Macintyre, 2000).

5.3. Relationship between indicators of diagenesis and Cd, δ114Cd, Cr and
δ53Cr

In this section, we try to characterize the relevant diagenetic pro-
cesses and asses the influence of these processes to the Cd data. The
physical conditions due to diagenetic processes in GBB carbonates
are well-established (Eberli et al., 1997; Melim et al., 2002; Swart,
2008; Swart and Eberli, 2005; Swart et al., 2009; Taira et al., 1991).
The Cr isotope behavior in marine carbonate diagenetic processes
are established as well (Farkaš et al., 2018; Frei et al., 2018;
Holmden et al., 2016; Klaebe et al., 2021; Pereira et al., 2016).
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Therefore, this study focuses on the geochemical aspects of the dia-
genesis in the GBB core carbonates.

Klaebe et al. (2021) show a mild positive correlation (R2 = 0.62;
their Fig. 5a) between [Cr] and [Mn], expressed by higher concentra-
tions of both elements in the lower >102 m section compared to sam-
ples from the upper <102 m section. The authors also show a negative
correlation (R2 = 0.61; their Fig. 5b) between [Cr] and [Sr]. They reveal
an enrichment of strontium and a concomitant depletion of [Cr] in the
upper <102 m section compared to samples from the lower >102 m
section. These correlations of Cr with Mn and Sr are similarly depicted,
though less statistically defined, for Cd analyzed herein, as shown by
Figure SI3b and c (supplementary), respectively. Hence, these figures
imply that Cr and Cd behave similarly during diagenesis (here the trans-
formation of aragonite to LMC) – both elements are favorably
partitioned into LMC during recrystallization. Adding the isotope space
to these reflections yield the following: The mixing diagram of 1/[Cr]
vs. δ53Cr (Figure SI6a) reveals a linear relationship in aragonite-
dominated carbonates which indicates a systematic decrease of δ-
53Crauth with increasing [Cr]auth. We interpret this to reflect the effect
of increasing diagenesis, which is consistent with increasing Mn and
decreasing Sr in these samples (Fig. SI3 a-c, supplementary). The LMC
does not show such a relationship, but more data would be necessary
to confirm this statistically. In particular, the linear mixing relationship
between 1/[Cr] vs. δ53Cr in Figure SI6a (supplementary) is interpreted
by Klaebe et al. (2021) to indicate in-part mixing between a high
δ53Cr/low [Cr] endmember that overlaps with modern platform
allochems (banktop sediments). Additionally, a low δ53Cr/high [Cr]
endmember represented by the pelagic (LMC-dominated) carbonates.
In this scenario, the transformation from aragonite to LMC would be
characterized by potential reduction of isotopically heavy Cr(IV) (likely
in chromate substitutes in aragonite) during diagenetic recrystallization
to LMC, within a reductive pore-water environment. This would result
in themobilization of isotopically light Cr(III) into the pore-waters. Effi-
cient back-oxidation of the liberated isotopically light Cr, potentially
promoted by catalytic effects of Mn-oxides, would then enable its sub-
sequent incorporation into secondary LMC. The aragonite samples, i.e.
those with the lowest Mn, highest Sr, lowest total REY inventory and
highest Y/Ho ratios are those that predictably would record a Cr isotope
value close to that of ambient seawater (see below).

While there is a tendency that [Cd] in LMC are on average slightly
higher than in aragonite-dominated carbonate sediment samples in
the drill-core, there is a lack of significant relationships between 1/
[Cd] and δ114Cd (Figure SI6b). The tendency of Cd to substitute better
in calcite than in aragonite fits with the mineralogical framework
which predicts a better substitution of Cd2+ for Ca2+ into calcite
(Andersson et al., 2014), because of the rhombohedral structure of the
calcite lattice. Otavite (cadmium carbonate, CdCO3) substitution in
calcite is particularly effective in warm water carbonates (Van et al.,
2019). In contrast to direct substitution into calcite, otavite has been
observed to only adsorb onto aragonite surfaces (Van et al., 2019).
With the currently available data presented herein, it is not possible to
quantify whether or not a minor isotopic effect actually accompanies
the transformation of aragonite-dominated to LMS-dominated carbon-
ates. Further more detailed studies with focus on eventual isotopic
changes during this transformation are necessary.

The relationship between [Cr], δ53Cr and REY total inventory is
depicted in Figure SI3d and h (supplementary), respectively, and only
weakly mirrored by [Cd], but not by δ114Cd vs. ΣREY (Fig. 5d, h). These
figures illustrate a certain REY control of the carbonates on Cr, but to a
lesser degree on Cd. These data show that this is likely a consequence
of diagenetic transformation of primary aragonite to LMC in the profile.
The coupled high [Cd] - high [Cr] relationship with high ΣREY (Fig. 5d,
Figure SI3d, supplementary), also even more pronouncedly depicted
by the three deviates. However, this relationship may also point to an
additional trace phase in the carbonates that could have a control of
this compositional (and in case of Cr, also isotopic-) relationship with
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REY (see below). We emphasize that formation of a trace phase with
highΣREY concentrations is tightly linked to the diagenetic transforma-
tion of aragonite-dominated to LMCdominated carbonates in the profile
studied. Furthermore, the accompanied decrease of δ53Cr values
(Fig. SI3 h, supplementary) is likely a consequence of accompanying
redox processes during diagenesis. These redox processes then would
involve an oxidative remobilization of Cr in aragonite during transfor-
mation to LMC. The redox processes would furtherly mobilize isotopi-
cally heavy Cr into interstitial pore-waters rendering LMC (or newly
formed trace phases as implied by the deviates) isotopically lighter, on
average, than Cr hosted in primary aragonite.

The general picture illustrated by the [Cd] and δ114Cd data in the GBB
core carbonates is that diagenetic recrystallization of primary aragonite
to LMC seems not to be accompanied by significant Cd isotopic shifts.
Moreover, Cd isotope values in these carbonates likely reflect the light
Cd isotope increased compositions that calcite receives, relative to am-
bient seawater, during its precipitation (Horner et al., 2011). The con-
stancy of the seawater-calcite Cd isotope fractionation factor renders
Cd isotopes in carbonates a conservative proxy for the reconstruction
of local seawater compositions. This reconstruction however, without
the need for correction for effects due to environmental variables.
Such variables tend to be temperature, precipitation rates and ambient
magnesium concentrations, as postulated by Horner et al. (2011).

5.4. Samples with elevated Cd concentrations–“deviates”

In a recent study, Klaebe et al. (2021) point to 4 samples in the Leg
166 Site 1003A profile with elevated authigenic [Cr] (specified in their
Fig. 4 and discriminated and modified due to Cd reference in
Figure SI6a herein), which these authors classify as “outliers”. They
argue that these particular samples are outliers on mineralogical
grounds as they are distinguished by their higher degree of dolomitiza-
tion and/or by the occurrence of HMC.

Two of these four “outlier” samples (here referred to as “deviates”),
are also characterized by elevated [Cd] and [Zn] (cf., Fig. 4e) compared
to the remainder of the carbonate core samples studied herein. How-
ever, these samples cannot be statistically distinguished by their [Mn],
[Sr] and [Mg] (with the exception of the dolomite sample 22H/04 at
the base of the profile) from the aragonite-dominated and LMC-
dominated samples (Fig. 4b-d). Despite these “deviates” have higher
total REY inventories on average (Fig. 5d), they cannot be distinguished
by other REY parameters such as Y/Ho and Ce/Ce* (Fig. 5a, b). Instead,
they have the tendency to exhibit slightly elevated Eu/Eu* (Fig. 5c) com-
pared to the other samples in the profile. Isotopically, these “deviates”
cannot be distinguished by their δ114Cd values from the other samples
either (Fig. 5e-g). The elevated total REY inventories of these deviates,
combined with their slightly elevated Eu/Eu* values, lead us to hypoth-
esize that diagenetic phosphateminerals (likely apatite) are likely to in-
fluence some of the trace element budgets of the “deviates”.

In a study of sediments from the Gulf of St. Lawrence (Sundby et al.,
1992), the authors found that approximately half of the sedimentation
flux of particulate phosphorus (P) in the Laurentian Trough ismobilized
within the sediment and returned to the water column. These authors
also postulated that in the oxidizing surface sediment, a major portion
of the sedimentation flux of organic phosphorus is being mineralized.
Furthermore, they suggest the released phosphate is partitioned be-
tween the pore-water and mineral surface adsorption sites. Surface-
adsorbed phosphate, according to these authors (Sundby et al., 1992),
is released to the pore-water and escapes into the overlying water col-
umn. Most of the phosphate, according to Sundby et al. (1992), is re-
leased deeper in the sediment column from iron oxides undergoing
reduction. Importantly, the non-mobilized phosphorus, which is buried
with the accumulating sediment, appears to consist mostly of stable
minerals such as apatite advocated by Sundby et al. (1992). While it is
hard to elaborate on such a scenario to explain the elevated [Cd] in
the “deviates” because of the lack of [P] and [Fe] data, a number of
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features described below would support the existence and the specula-
tion of such diagenetic phosphates in the “deviates”. Firstly, the strong
compatibility of Cd into CaPO4 would explain the elevated [Cd] in
these samples. Secondly, the release of phosphates deeper in the
sediment by reductive processes, particularly of Fe-(oxy)hydroxides,
could eventually also explain the comparatively higher Eu/Eu* values
recorded in these samples. This necessitates a scenario whereby reduc-
tion of Eu(III) to Eu(II) would favor its substitution for Ca2+ in second-
ary apatite, allowing for elevated Eu/Eu* values in these “deviates”.
Such a scenario was previously proposed by (Kidder et al., 2003).
Thirdly, the observation of elevated ΣREY and [Cd] in the ‘deviates’
(Fig. 5d) is in support of a phase with high REE concentrations such as
would be the case with phosphates (Auer et al., 2017; Felitsyn and
Morad, 2002; Garnit et al., 2012; Grandjean and Albarède, 1989;
Lécuyer et al., 2004; Reynard et al., 1999).

Overall, and despite the lack of specific [P] data of the samples, there
may be an inclination to interpret the trace element compositions of the
“deviates” as to possibly result from contributions of secondary, diage-
netic phosphate minerals in these samples. These do not seem to have
a significant impact on the Cd isotope system of the bulk carbonate sed-
iments of the GBB. That also supports that Cd isotopes are a robust and
insensitive tracer in carbonate sediments.

5.5. Link between chromium and cadmium

This study is, to our best knowledge, the first of its kind to show the
relationship between Cd andCr isotopes, and their relationshipwithMn
and Sr traditionally used to roughly quantify degrees of diagenetic alter-
ations in carbonates. Mn is less compatible in the aragonite structure
than in the calcite structure (Shanmugam and Benedict, 1983). The in-
verse relationship between [Mn] and δ53Cr in GBB core carbonates
(Klaebe et al., 2021) in the very same samples studied here for Cd iso-
topes attests for a complicated redox control of Cr isotope values in dia-
genetically formed LMC. The decrease of heavy Cr isotope values with
concomitant enrichment of [Mn] in the carbonates is seen as a conse-
quence of the recrystallization process of aragonite to calcite in the
GBB carbonates, likely accompanied by reductive processes in the sub-
sediment environment (see above). The operation of such redox cycling
has been suggested in previous studies of biological carbonates (Farkaš
et al., 2018; Frei et al., 2018; Pereira et al., 2016). This study shows re-
spective correlations of Cd with Mn and Sr, but not with Mg as shown
to be the case with Cr (Klaebe et al., 2021) for GBB carbonates.

Data presented herein do not provide evidence for significant rela-
tionships between δ114Cd and any of the trace element values, including
REY and related redox sensitive parameters (Figs. 4f-j and 5e-h). There
is no direct correlations between the Cd and Cr isotopic composition of
the carbonate core samples (including the deviates) in the upper and
lower sections of the profile studied (see also Fig. 4f). Previous studies
reporting combined stable Cd and Cr isotopes (Frei et al., 2020; Frei
et al., 2021) from deeper marine anoxic Early Cambrian black shales
allowed for the reconstruction of high bioproductivity levels in oxygen-
ated surface waters during this period. In these two studies Cr and Cd
isotope values are not directly coupled to each other either. Despite
that there is a general pattern of elevated δ53Cr values corresponding
with elevated δ114Cd measured in the respective black shales attest to
a mutual, but expected relationship between bioproductivity levels
and surface water oxygenation. Other studies of e.g. molybdenum of
Chen et al. (2015), Cheng et al. (2016) and Cheng et al. (2017) substan-
tiate highly oxygenated surface seawaters in this period. However,
other studies (Boyle et al., 2014; Sperling et al., 2015) show that the ox-
ygen level in Early Cambrianmay not have been so high. They however
call for further and future studies of redox sensitive trace metals and
other trace metals to link to bioproductivity. The relatively homoge-
neous δ114Cd values of +0.11‰±0.17 (2σ, n= 20) contrast with rela-
tively heterogeneous, but still positively fractionated δ53Crauth values of
+0.52–0.98‰ on the same samples reflect the sensitivity and non-
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sensitivity, respectively, of Cr and Cd isotope values towards redox pro-
cesses in diagenetic alterations.

5.6. Uptake of Cd and fractionation of Cd-isotopes into modern carbonates

The distribution of Cd in oceans today is mainly controlled by nutri-
ents. Of this distribution, relatively high concentrations of Cd prevail in
and nearby upwelling zones where nutrients are transferred from bot-
tom seawaters to surface seawaters. The fate of Cd in the photic zone
is largely controlled by photosynthetic process-induced uptake by phy-
toplankton (Abouchami et al., 2011; George et al., 2019; Ripperger et al.,
2007; Schmitt et al., 2009; Sieber et al., 2019; Xu and Morel, 2013;
Zhang et al., 2018).

Photosynthetic processes leads tofixation of kinetically fractionation
of Cd into the calcite lattice of the living organisms. Upon starvation the
fixation leads to the known decrease of [Cd] and the related heavy Cd
isotope values of today's surface ocean waters (Abouchami et al.,
2011; Abouchami et al., 2014; Ripperger et al., 2007). [Zn] has been
shown to behave similarly to [Cd] in the surfacewaters andwith respect
to uptake via phytoplankton (Conway and John, 2015b). Despite that, it
is not possible to delineate a systematic relationship between [Cd] and
[Zn] in the GBB carbonates, not even in the uppermost pristine section
of the ODP Leg 166 Site 1003A drill core (cf. Fig. 2b,c; Fig. 4e). There is
a lack of relationship between [Cd] and [Zn] in GBB carbonates although
one would expect such. Usually carbonates deposited in waters with
high production of phytoplankton, such as the Bahamas platform envi-
ronment, reveal relationship between [Cd] and [Zn] (Conway and John,
2015b). Hence, further studies that are more detailed necessitate of cy-
cling both elements and their partition in marine sedimentary carbon-
ates.

Results from experiments conducted in artificial seawater per-
formed by Horner et al. (2011) and by Xie et al. (2021) reveal that the
isotopic fractionation factor for Cd into calcite (αCaCO3–Cdaq) in
seawater is always less than one, implying that light isotopes of Cd are
preferred in calcite. Horner et al. (2011) also showed that the
fractionation factor with a value of 0.99955 ± 0.00012 is not
temperature dependent.

When relating the [Cd] of ~0.4 μg/kg measured herein in GBB ooids
to typical mean ocean surface waters with [Cd] of ~0.34 ng/kg or
nutrient-rich bottom waters with [Cd] of >0.1 μg/kg (Janssen et al.,
2014; Ripperger et al., 2007), then it becomes evident that carbonate
of fast growing ooids enrich Cd by a factor of 4 to 1000. Several studies
have estimated the partitioning coefficients of Cd (DCd,eq) into calcite in
various types of depositional environments. Tesoriero and Pankow
(1996) get values of 1240 ± 300 in solid solution calcite co-
precipitation and a strong dependency on the precipitation rate,
whereas the study of Lorens (1981) show values of 70 ± 27 during re-
crystallization experiments. Three studies of Cd partitioning into fora-
minifera (Boyle, 1981; Ripperger et al., 2008; Rosenthal et al., 1997)
revealed partitioning coefficients of 13–30, 4–6 and 1–3, respectively.
These values reflect the strong compatibility of Cd2+ into calcite
(e.g., ooids from Schooner Cays consist of 20–30% aragonite and
70–80% calcite; Harris et al., 2019), which is also shown by
(Andersson et al., 2014).

Experimental studies demonstrated that phytoplankton's Cd uptake
is accompanied by an isotopic fractionation, whereby light Cd isotopes
are preferred by the living organism (Abouchami et al., 2011; Lacan
et al., 2006; Sieber et al., 2019). The fractionation factor associated
with this uptake has been reported as 1.0014 ± 0.0006 (2σ) (Lacan
et al., 2006) and the experiments performed by these authors explain
the positive δ114Cd values in surface waters with high bioproductivity
(Ripperger et al., 2007; Sieber et al., 2019). The δ114Cd values around
~0‰ (average 0.11‰± 0.17; 2σ, n = 17) of GBB carbonates measured
herein are set in relation to mean δ114Cd of 0.64‰± 0.14 for North At-
lantic surface seawater (NASS-5) and to a mean δ114Cd values of
~+0.30‰ ± 0.05 for nutrient- and Cd-rich upwelled bottom water
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(Ripperger et al., 2007). Additionally, the values will mirror the slight
negative offset in Cd isotope values ofmarine carbonates relative to am-
bient seawater predicted by the experiments of Horner et al. (2011).
This opens the possibility for reconstructing surface seawater Cd isotope
values based on the values measured in carbonates deposited from sur-
face seawater and thus also to apply this reconstruction to past environ-
mental conditions. The GBB Cd results also indicate that within the
current level of precisions of Cd isotope analyses in carbonates we can-
not elaborate on a possible isotope effect that is associatedwith the dia-
genetic transformation of aragonite to LMC. Another factor that might
control the Cd isotope composition of carbonates is salinity. Previous
studies (Horner et al., 2011; Sieber et al., 2019) suggest that changes
in seawater salinity impart a major control on Cd isotopic compositions
in seawater carbonates. However, the small Cd isotope variations
(<0.4‰) measured in the GBB carbonates do not allow for implications
on potential salinity fluctuations in in the (sub)tropical waters of the
GBB over the time period covered by the investigated drill core.

5.7. Reconstruction of Great Bahamas Bank seawater δ114Cd values and
implications for paleoreconstructions

If Cd partitioned effectively and quantitatively from seawater into
precipitating carbonates, the δ114Cd of carbonates would reflect the Cd
isotopic value of the surface water from which carbonate precipitated.
In such case it would be expected that carbonates record high δ114Cd
values that would be expected to result from preferential uptake of iso-
topically light Cd by phytoplankton in the photic zone (Janssen et al.,
2014). The experiments conducted by Horner et al. (2011) however
predict that δ114Cd of calcite is 0.45 ± 0.12‰ lighter than seawater
fromwhich it forms (Horner et al., 2011). Currently, there are no studies
focusing on whether there is a different offset in Cd isotope values from
ambient seawater for abiogenic and biogenic carbonates.

Using the δ114Cd offset of−0.45‰ of Horner et al. (2011), we calcu-
late the average surface seawater δ114Cd of Great Bahama Bank to be
0.56‰±0.17 (2σ, n= 17) (Fig. 7), if it is assumed the isotope fraction-
ation is solely constrained to the precipitation of marine carbonates.
This value is compatiblewith the δ114Cd value of 0.64‰±0.14 formod-
ernmeanNorth Atlantic surface seawater of reported by Ripperger et al.
(2007). The GBB carbonates studied herein are composed of a mixture
of biogenic (ooze, benthic and planktonic foraminifera, etc.) and abio-
genic carbonates (aragonite needles, LMC interstices). It was not
Fig. 7. Plot of δ114Cdseawater and Cd [μg/kg]. The plot illustrates the seawater δ114Cd (light
green filling diamonds) calculated from the δ114Cdcalcite with an offset of −0.45 units
(Horner et al., 2011) illustrated by the authigenic δ114Cd values (un-filled diamonds),
and all samples double standard error bars within the GBB mean surface seawater of
+0.56‰ ± 0.17 (2σ, n = 17). The δ114Cdseawater is plotted in relation to the North
Atlantic deep water and the NASS-5 (Ripperger et al., 2007)1,2, to illustrate that all GBB
marine carbonate samples show a significant seawater δ114Cdauth signal; the Bulk
Silicate Earth (BSE) value of loess (Schmitt et al., 2009)3; and artificial seawater [Cd]
(Janssen et al., 2014; Ripperger et al., 2007)4. (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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possible by this study to elaborate on the eventual difference in contri-
butions to the light Cd isotope compositions of respective carbonate
components. However, the homogeneity of δ114Cd values throughout
the profile studied would indicate an only minor effect. There is coher-
ency of the reconstructed average seawater δ114Cd calculated herein
with average North Atlantic surfacewater compositions. This coherency
renders it likely that GBB carbonates depict the sort of offset experimen-
tally defined for abiogenic carbonates precipitated fromartificial seawa-
ter in the study of Horner et al. (2011). Due to the resolution of the
δ114Cd data, it is not possible to decipher the changes over the studied
period (Early Pliocene–Holocene; 4 Myr) implying no changes in
bioproductivity levels. In the Early Pleistocene (around 85 m, cf. Fig. 2)
there is worldwide evidence for a sea-level rise from increased sedi-
mentation rates (Eberli et al., 1997), reconstructed glacial and intergla-
cial periods (Berends et al., 2021; Bierman et al., 2016; Jansen et al.,
1990), changes in oceans deep-water circulation (Venz and Hodell,
2002) and North Atlantic cold water carbonate preservation (Henrich
et al., 2002). However, this sea-level change is not reflected by changes
in Cd isotopic composition over this period. This study therefore pro-
pose that Cd isotopes in carbonates are a valid and insensitive tracer
for reconstruction of seawater δ114Cd.

Hitherto there are only a few studies that apply the Cd isotope tracer
in carbonates to reconstruct ancient surface seawater Cd isotope values.
One of them is the study of Hohl et al. (2019), in which these authors
calculated a δ114Cd values of +0.12 to 0.68‰ (translated from ε112Cd
of +0.6 to 3.4 reported in their study) of Cambrian seawater of the
Nanhua Basin (Yangtze Platform, south China). This range of values
are consistent with the δ114Cd value of +0.35‰ ± 0.10 proposed by
(Frei et al., 2020) for the Nanhua Basin surface waters, based on the re-
construction from Cd isotope values measured in Cambrian metallifer-
ous black shales. Likewise, in a study of OM-rich shales of the
Cryogenian basal Datangpo Formation (Yangtze Platform, south
China), Hohl et al. (2020) report a Cd isotope value of reconstructed
Cryogenian surface seawater of δ114Cd ~ +0.90‰ (translated from
their ε112Cd of +4.5). Last not but least, a recent study by Frei et al.
(2021) applying a combined Cd\\Cr isotope approach to metalliferous
black shale and phosphorite sediments deposited during the Early Cam-
brianNiutitang Formation at theMaoshi and Zhijin sections of the Yang-
tze Platform. Their study reveals δ114Cd between ~+0.4‰ to +1.0
proposed for the ambient Nanhua surface water. The above recon-
structed δ114Cd values for the Cryogenian- Early Cambrian surface sea-
water in the Nanhua Basin correspond with modern Ocean surface
sweater values of δ114Cd = +0.91‰ ± 1.0 (1σ, n = 12) (Ripperger
et al., 2007), and imply similar bioproductivity levels in the surface wa-
ters back in the Precambrian-Cambrian period than today. The above
mentioned studies also imply that similar results can be obtained for re-
constructed ancient seawater Cd isotope values fromdifferent sedimen-
tary archives, including ancient carbonates (Frei et al., 2020; Frei et al.,
2021; Hohl et al., 2020; Hohl et al., 2019). Furthermore, future studies
can use currently available respective fractionation factors for phyto-
plankton uptake (Lacan et al., 2006), Cd-sulfide formation (Guinoiseau
et al., 2018) and calcite precipitation from artificial seawater (Horner
et al., 2011).
6. Conclusions

This study presents Cd isotope data of carbonates from ODP Leg 166
Site 1003A drill core transecting theGreat Bahamas Bank and covering a
~4 Myr period from Early Pliocene to Holocene. For the first time these
Cd isotopes are set in relationship to Cr isotope data previously pub-
lished (Klaebe et al., 2021) from the same samples. The aim is to pro-
mote application of the Cd\\Cr double tracer to marine sedimentary
archives for the purpose of reconstructing paleoredox conditions and
paleobioproductivity levels in ancient surface seawaters. Ultimately,
the coupled information inherent in the two tracers should enable
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establishing links to past climate fluctuations. The outcome of this study
presented herein is summarized as follows:

1) Cd isotope values in the carbonates are homogeneous throughout
the core studied and define an average δ114Cd value of 0.11‰ ±
0.17 (2σ, n = 17). Diagenetic transformation of aragonite-
dominated to LMC-dominated carbonates at around 102 m depth
is not reflected, within the precision and reproducibility of the cur-
rent Cd isotope measurements in GBB carbonates. The increased
compatibility of otavite (cadmium carbonate, CdCO3) into calcite
relative to aragonite may explain the tendency of slight Cd
enrichment in carbonates down-core. This enrichment is however
not accompanied by a change in Cd isotope values of the carbonates.

2) [Cd] and δ114Cd values in the core carbonates do not show relation-
ships to REY patterns and other redox sensitive REE parameters,
such as Ce/Ce* and Eu/Eu* values. Varying Eu/Eu* and Ce/Ce* values
in the carbonates reflect diagenetic redox processes possibly related
to organic material re-mineralization and concomitant changes in
Mn2+/Mn4+ in the pore fluids. As reflected by three samples with
exceptionally higher [Cd] and REY inventories termed “deviates”,
we hypothesize that secondary diagenetic trace phases such as
phosphates produced during oxidative OM re-mineralization may
play a decisive role in the remobilization of Eu(III) and Ce (IV).

3) We observe a correlation trend between [Cd] and [Cr] in the carbon-
ates which is attributed to mineralogical changes during diagenesis
of aragonite to LMC (also reflected by respective [Mn] and [Sr] tradi-
tionally used to quantify diagenesis), and perhaps to a concentration
control by diagenetically formed apatite. Furthermore detailed stud-
ies will be necessary to investigate the role of diagenetic phosphates
on the [Cd] and [Cr] in carbonates. Irrespective of this, increased het-
erogeneity of authigenic δ53Cr values relative to δ114Cd values in the
carbonates attest for redox induced processes during diagenesis.
These diagenetic processes are responsible for changes in Cr isotope
values but appear to leave Cd isotope values unaffected.

4) It was not possible to elaborate on the relative role of biogenic vs.
abiogenic carbonate components on the Cd isotope values of the car-
bonates studied. However, we compute an average surface seawater
value for the Early Pliocene–Holocene period of sedimentation on
the Bahamas Platform of δ114Cd + 0.56‰ ± 0.17 (2σ, n = 17)
using the experimental fractionation factor of Cd into calcite from
seawater reported by Horner et al. (2011). This value fits the Cd iso-
topic value of North Atlantic surface seawater and potentially signals
a relative insensitivity of the Cd isotope tracer towards diagenetic
processes and towards carbonate phases.

5) This study emphasizes the great potential in applying the Cd\\Cr
double tracer in marine sedimentary archives for the reconstruction
of ancient bioproductivity levels and surfacewater redox in ambient
surface seawater.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.150565.
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