Chemical Geology 587 (2022) 120613

Contents lists available at ScienceDirect

CHEMICAL
GEOLOGY

ISOTOPE NCE

Chemical Geology

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/chemgeo

Check for

Effect of barite-bound Sr on detrital Sr isotope systematics in | e
marine sediments

405" " 7hifei Liu®, Annie Michard ¢, Kazuyo Tachikawa ¢, Amalia Filippidi ",

a,b

Jiawang Wu
Zhiwei He ?, Rick Hennekam ™, Shouye Yang®, Gareth R. Davies ©, Gert J. de Lange

& State Key Laboratory of Marine Geology, School of Earth and Ocean Science, Tongji University, Siping 1239, 200092 Shanghai, China

b Department of Earth Sciences-Geochemistry, Faculty of Geosciences, Utrecht University, Princetonplein 9, 3584 CC Utrecht, the Netherlands

¢ Aix Marseille University, CNRS, IRD, INRAE, Coll France, CEREGE, 13545 Aix-en-Provence, France

4 Department of Ocean Systems, NIOZ Royal Netherlands Institute for Sea Research, P.O. Box 59, 1790 AB Den Burg, the Netherlands

€ Geology & Geochemistry, Department of Earth Sciences, VU Amsterdam University, De Boelelaan 1085, 1081 HV Amsterdam, the Netherlands
f School of Marine Sciences, Sun Yat-Sen University, SYSU Zhuhai Campus, 519082 Guangdong, China

ARTICLE INFO ABSTRACT

Editor: Michael E. Boettcher In marine sediments, the Sr content and isotope composition (¥7Sr/2Sr) of the terrigenous detrital component
are widely used to track changes in provenance and related transport and weathering processes. Accurately
separating detrital-Sr from other sedimentary Sr-phases is a prerequisite for such studies. Conventionally, it is
assumed that Sr in the carbonate-free residue corresponds to detrital Sr alone. However, the decarbonated

residue may contain barite with significant Sr content and a non-detrital 8Sr/%°Sr composition; this may sub-

Keywords:
Strontium (Sr)
Sr isotopes

g:ﬁfm (Ba) stantially affect the measured Sr signal. To examine this chronically overlooked phenomeg;on, stéle Mediterranean
Sapropel Sea is an ideal area because 1) detailed provenance studies have been done using Sr and ®/Sr/°°Sr of the residual
Mediterranean Sea fraction, and 2) enhanced levels of barite repeatedly occurred in association with distinct, organic-rich sapropel
Provenance sediments.

Here, we use the most-recent sapropel S1 interval to evaluate the effect of barite-bound Sr in the residual
fraction after decarbonation. A total of 130 samples were taken from 10 cores in the eastern Mediterranean Sea
(EMS) and 1 core in the western Mediterranean Sea. This selection represents a geographic and bathymetric
coverage of the EMS and permits the basin-wide comparison between organic-rich and -lean sediments. After
decarbonation using 1 M HCI solution, the residual sediments were subject to NH4Cl extraction (2 M, pH 7),
known to selectively dissolve barite. Our results demonstrate the presence of Sr-bearing barite after traditional
carbonate removal and its effect on the derived “detrital” Sr signature. This barite-Sr effect is considerable for
samples with barite-Ba >400 pg/g in bulk sediment. The impact of barite is prominent if accompanied by a
detrital provenance background of high 878r/86gr (>0.713) or low Sr/Al (<1.0 mg/g). In such cases, removal of
remaining barite is required to obtain an unbiased detrital Sr signal. We recommend an improved procedure for
detrital Sr separation in marine sediments, with an additional NH4Cl leaching step to eliminate any remaining
barite after decarbonation. This approach is particularly important for areas/times of high biological produc-
tivity, where sediments are often characterized by abundant barite content.

Marine sediments

1. Introduction

The strontium (Sr) concentration and isotope ratio (87Sr/86Sr) in
terrigenous, fine-grained sediments accumulating on the seafloor are
commonly governed by detrital minerals from two end-member sources
(Dasch, 1969): 1) the weathering products of predominantly young
volcanic rocks (high Sr, 8751 /86Sr = 0.704 + 0.002) and 2) those of old

continental crust (low Sr, 875r/805r > 0.730). As a fingerprint of source
rocks, the Sr content and 87Sr/%%sr composition are widely employed to
trace the provenance of silicate detritus in marine sediments (Grousset
et al., 1998; Krom et al., 1999; Hemming et al., 2007; Rutberg et al.,
2005; Stein et al., 2007; Box et al., 2011). Variations in 878t /80Sr ratios
have alternatively been interpreted to reflect changes in continental
hydrology, weathering regimes, and atmospheric inputs, due to the
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contrasts in geochemical properties between radioactively decaying
parent 87Rb and daughter 878r (Nesbitt et al., 1980; Blum and Erel, 1995;
Jung et al., 2004; Colin et al., 2006; Vance et al., 2009). Moreover,
875r/86Sr ratios seem to differentiate during transport processes of
mineralogically different grain-size fractions, related to transport pro-
cesses (Eisenhauer et al., 1999; Walter et al., 2000; Grousset and Bis-
caye, 2005; Feng et al., 2009; Meyer et al., 2011). Recently, stable Sr
isotopes (5%8/865r) of rivers were linked to silicate and carbonate
weathering (Wei et al., 2013; Stevenson et al., 2018), and the seawater
5%8/85gr record may reflect changes in both marine Sr sources and car-
bonate sink (Krabbenhoft et al., 2010; Pearce et al., 2015; Paytan et al.,
2021). Hence, for provenance and weathering studies, the use of Sr
systematics is often combined with more conservative proxies, such as
Nd isotopes that are little affected by most sedimentary processes
(Freydier et al., 2001; Weldeab et al., 2002; Liu et al., 2007; Cole et al.,
2009; Revel et al., 2010; Xie and Marcantonio, 2012; Wu et al., 2016,
2018; Blanchet et al., 2021).

All these studies rely on the accurate separation of terrigenous
detrital Sr from marine sediments. However, the potential impact of Sr
in marine barite was usually ignored. In marine sediments, three main
sources of Sr occur (Kastner, 1999): detrital, biogenic (including car-
bonate), and authigenic (including barite; termed as “hydrogenetic”
here; Fantle et al., 2020). For most — if not all - studies, the routine
method is to treat bulk sediments with acid, thus removing the biogenic
Sr predominantly present in carbonate; the carbonate-free residue is
commonly assumed to be of detrital origin only. This leaching is either
done with HCI (Jung et al., 2004; Liu et al., 2007; Box et al., 2011; Meyer
et al., 2011) or acetic acid (Bayon et al., 2002; Weldeab et al., 2002;
Colin et al., 2006; Cole et al., 2009), both proven to be effective in
removing carbonate Sr. Minor Sr may be dissolved from the alumino-
silicate minerals during the leaching. The amount of Sr released depends
on acid type/strength, reaction time, and mineralogy of the sample it-
self, but is negligible compared to the remaining detrital Sr (Lyle et al.,
1984; Tribovillard et al., 1996; Bayon et al., 2002; Tachikawa et al.,
2004). However, such decarbonation of marine sediments only partially
removes the Sr associated with the mineral barite (BaSO4).

Although seawater is largely undersaturated with respect to barite
(Rushdi et al., 2000; Monnin and Cividini, 2006), barite is found
throughout the ocean as microcrystals and aggregates of 0.5-5-um-size
grains (Church and Wolgemuth, 1972; Dehairs et al., 1980; Bishop,
1988; Griffith and Paytan, 2012). Marine barite is a ubiquitous minor
phase in marine sediments (~0.2-2% on a CaCOs-free basis), especially
in those underlying areas of high biological productivity; but its exact
formation mechanism is still not fully clarified (see reviews by Paytan
and Griffith, 2007; Martinez-Ruiz et al., 2019). No planktonic organism
has been identified to account for the abundance of barite (Bertram and
Cowen, 1997), suggesting that marine barite mainly precipitates in the
upper water column, where most of the organic matter is regenerated
(Griffith and Paytan, 2012; Martinez-Ruiz et al., 2019; and references
therein). This process is thought to occur within micro-environments in
association with decaying organic matter (Dehairs et al., 1980; Bishop,
1988; Dymond et al.,, 1992; Ganeshram et al., 2003), and seems
accompanied by microbial activity (Gonzalez-Munoz et al., 2012;
Torres-Crespo et al., 2015; Martinez-Ruiz et al., 2018, 2019). Alterna-
tively, it may relate to dissolution of acantharian Ba-rich celestite
(SrS0y4) skeletons (Bernstein et al., 1992, 1998; Bertram and Cowen,
1997; van Beek et al., 2007),

Barite has a high affinity for incorporating Sr — being a chemical
analogue of Ba - into its lattice (~0.7-3% of Sr; Averyt et al., 2003;
Monnin and Cividini, 2006). A recent study has shown that organic films
can promote locally favorable environments for barite formation under
the competitive adsorption of Ba and Sr, and can enhance the Sr
enrichment in barite during the nucleation stage (Deng et al., 2019a).
This finding may explain the observation that the Sr content depends on
crystalline habit and morphology of the barite (Bertram and Cowen,
1997), as Sr-enriched barite is expected to be less stable in seawater

Chemical Geology 587 (2022) 120613

(Bishop, 1988; Rushdi et al., 2000; van Beek et al., 2003; Monnin and
Cividini, 2006). Moreover, the variability of Sr content in barite may
represent various stages between the initial process of barite precipita-
tion in the water column and its transformation to the crystals found in
marine sediment (Martinez-Ruiz et al., 2019).

Barite is a highly insoluble mineral, even in acids (Ksp: ~1071;
Church and Wolgemuth, 1972). Previous studies have suggested that
multi-step acid leaching cannot fully remove barite (Lyle et al., 1984;
Paytan et al., 1993; Tribovillard et al., 1996; Eagle et al., 2003; Ziegler
et al.,, 2007; Wu et al., 2017). In fact, barite is characterized by good
preservation in oxic pelagic sediments and conservative behavior during
early diagenesis (Paytan and Kastner, 1996; Van Santvoort et al., 1996;
McManus et al., 1998; Schenau et al., 2001). These characteristics have
made barite a useful proxy for ocean productivity (Dymond et al., 1992;
Francois et al.,, 1995; Paytan and Griffith, 2007) and a recorder of
seawater chemistry (e.g. Sr isotopes and Sr/Ba ratio; Paytan et al., 1993,
2021; Averyt and Paytan, 2003; van Beek et al., 2003).

However, the refractory nature of barite also prevents an adequate
removal by conventional decarbonation, leaving the barite-bound Sr
mixed with the detrital Sr in the residue. This is likely to affect the Sr
isotope systematics of “detrital” component derived from the decarbo-
nated sediment. To our knowledge, there are only two studies reporting
the possible survival of barite in the acid-leached residual fraction, but
this phenomenon was thought to be unique within the equatorial up-
welling zones of the Pacific (i.e. <3° proximity to the equator) (Ziegler
et al.,, 2007; Xie and Marcantonio, 2012). An examination for this
chronically overlooked and potentially misleading deviation is required.
In this respect, the Mediterranean Sea has an ideal setting because 1) Sr
isotopes of the residual fraction have been widely used to distinguish
detrital provenance (Krom et al., 1999; Weldeab et al., 2002; Wu et al.,
2016; Blanchet et al., 2021), and 2) the sediments are marked by the
rhythmic occurrence of organic-rich sapropel layers with enhanced
barite content (Rossignol-Strick et al., 1982; Van Santvoort et al., 1996;
De Lange et al., 2008; Rohling et al., 2015).

Here, we present an in-depth investigation and overview with
pertinent examples for Mediterranean sediments. Relying on the
organic- and barite-rich sapropel S1 layer, a total of 130 samples from 11
Mediterranean cores are used to demonstrate the survival of barite-Sr
after decarbonation, and to evaluate potential effects of barite-Sr con-
tent on detrital provenance studies (Fig. 1; Table 1). A novel scheme
comprising decarbonation and barite-specific extraction is designed to
remove any barite-bound Sr after carbonate removal (Fig. 2; Table 2).
The set-up permits us to address 1) a comparison between sapropel
samples with quantified barite content and non-sapropel samples with
no/negligible barite; and 2) the basin-wide differences in terms of barite
abundance and provenance signal. Subsequently, we determine the
factors that cause a significant effect of barite-Sr on the detrital Sr
isotope composition, and recommend an adequate leaching procedure
for future studies, particularly those in high-productivity regions or time
intervals.

2. Background
2.1. Mediterranean and sapropel layers

The Mediterranean is an ideal area to examine the inferred impact of
barite-Sr on the use of detrital Sr systematics. The 8/Sr/%%Sr ratio and Sr
concentration of decarbonated sediments have been widely used as
provenance proxies over the circum-Mediterranean region (e.g. Krom
et al., 1999; Freydier et al., 2001; Weldeab et al., 2002; Revel et al.,
2010; Box et al., 2011; Scheuvens et al., 2013; Wu et al., 2016, 2018;
Blanchet et al., 2021). Major terrigenous supplies from Saharan Dust,
Nile River, northern-borderlands rivers, and North-African paleo-rivers
have been identified (Fig. 1).

Mediterranean sediments are marked by the cyclic occurrence of
organic-rich units called sapropels, concurrent with enhanced barite
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Fig. 1. Bathymetric map of the Mediterranean Sea, showing the locations of studied cores (yellow circles; Table 1) and the cores subject to detailed barite-specific
method of BASEX (purple circles; Rutten and de Lange, 2002). General provenance background is depicted: Saharan Dust, Nile River, riverine inputs from the NBEM
(i.e. northern borderlands of eastern Mediterranean), and the potential paleo-rivers from North Africa (cf. Wu et al., 2016, 2018).

Table 1
General information of the Mediterranean cores investigated.

Core” Type”  Water Location Cruise Data reference”
depth
39°39.7'N, RV Logachev
SL73 BC 339 m 24°30.7'E 1999 TO04, D08, W18
39°13.0'N, RV Urania
AP1 GC 811 m 19°06.8'E 1998 T04, D08
RV Marion
o . /N
BCO7 BC 893 m 22:3 g’E’ Dufresne FO1, W18
: 1994/5
34°57.2'N, RV Urania
M42 B 1 ’ FO1, D
UM4 ¢ 373m 70518 1994 01, Do8
34°32.7'N, RV Pelagia
CP10 BC 1501 m 16°34.0'F 2011 W16, W17
33°23.4'N, RV Logachey
SL29 BC 1587 m 32930 2'E 1999 D08
RV Marion
o /
BCO3 BC 2180 m io‘z‘ig,lg’ Dufresne FO1, TO4, W18
: 1994/5
34°17.2'N, RV Logachey T04, R06a, D08,
SL09 BC 2302m 31°31.4E 1999 wis
33°47.9'N. RV Marion FO01, RLO2, S02,
BC19 BC 2750 m 28°3 6.5’E, Dufresne S04, T04, RO6D,
: 1991 D08, W18
35°17.2'N, RV Logachev S04, T04, R06a,
L11 B
SL114 ¢ 3390m 21°24.5'E 1999 D08, W16, W19
38°53.8'N,
MT15 PC 2373 m 04°30.6'E RVTyro1993  T04, W19

2 All cores collected from the eastern Mediterranean Sea (EMS), except for
MT15 from the western Mediterranean Sea (WMS).

b Types of the corer: box core (BC), gravity core (GC), and piston core (PC).

¢ Published data with established age models are assembled in this study:
FO1= Freydier et al. (2001), RLO2= Rutten and de Lange (2002), SO2= Slomp
et al. (2002), S04= Slomp et al. (2004), T04= Tachikawa et al. (2004), RO6a=
Reitz et al. (2006a), RO6b= Reitz et al. (2006b), DO8= De Lange et al. (2008),
W16= Wu et al. (2016), W17= Wu et al. (2017), W18= Wu et al. (2018), W19=
Wu et al. (2019).

content. Sapropels occurred more frequently in the eastern

Mediterranean Sea (EMS) than western Mediterranean Sea (WMS)
(Rossignol-Strick et al., 1982; Zhao et al., 2012; Rohling et al., 2015).
Sapropel formation has been attributed to stagnating deep-water con-
ditions and/or enhanced biological production, induced by increased
rainfall and river runoff (e.g. De Lange et al., 2008; Hennekam et al.,
2015; Filippidi et al., 2016; Wu et al., 2019; Benkovitz et al., 2020).

The strong correlation between vertical fluxes of particulate barite
and organic carbon (Corg) found in sediment traps (Dymond et al., 1992;
Francois et al., 1995; Dehairs et al., 2000) has made barite a promising
proxy for ocean productivity (see review by Paytan and Griffith, 2007).
This is especially true for the Mediterranean because the Ba profiles do
not appear diagenetically altered over the last 1.1 Ma (Langereis et al.,
1997), as demonstrated for the most recent sapropel S1. Specifically,
microscopic and geochemical studies have confirmed that such excess,
biogenic Ba in sapropels is related to barite, superimposed on silicate-
bound, detrital Ba (Thomson et al., 1995, 1999; Van Santvoort et al.,
1996; Martinez-Ruiz et al., 2000; Rutten and de Lange, 2002; Reitz et al.,
2004). Changes in saturation state due to sulfate reduction during sap-
ropel S1 formation generally did not cause barite dissolution, as evi-
denced by porewater data and sulfur isotopes of associated pyrites
(Thomson et al., 1995; Van Santvoort et al., 1996; Passier et al., 1997;
Martinez-Ruiz et al., 2000; De Lange et al., 2008).

2.2. Ba- and Sr-associated mineralogy in marine sediments

In marine sediments, carbonate, barite, and aluminosilicate (detrital
minerals, mostly clay minerals) are the major hosts of Ba and Sr, with
minor amounts in phases such as organic matter, Fe-Mn oxides, and opal
(Eagle et al., 2003). Specifically, carbonate is the main carrier of Sr, but
not for Ba (Ba: <30-70 pg/g; Lea and Boyle, 1989; Gingele and Dahmke,
1994; Gonneea and Paytan, 2006). Barite is the dominant phase hosting
non-detrital Ba and contains considerable amounts of Sr (Sr: 0.7-3%;
Averyt et al., 2003; Monnin and Cividini, 2006). Organic matter typi-
cally contains <60-300 pg/g of Ba and negligible Sr (Gingele and
Dahmke, 1994; Gonneea and Paytan, 2006). This is equivalent to <1%
of the total Ba for Cyg-rich sapropel samples. In any case, most of the Ba
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All samples (n=130) were dried,
ground, and digested for ICP-OES.
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Decarbonation: HCI (1 M), 4+12 h

HCl-leachate

Selected samples (n=18) were done
for ICP-OES to evaluate the
decarbonation performance and the
recovery of sequential extraction.

HCl-residue

All samples were dried, ground, and
digested for ICP-OES, with Sr
isotopes analyzed/compiled for most
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samples (n=125)

Barite extraction: NH,CI (2 M, pH 7), 6X24 h -

NH,Cl-leachate

All samples were done for ICP-OES
to examine the performance of barite
extraction.

NH,Cl-residue

Selected samples were done for ICP-
OES (n=25) and ICP-MS (n=8), and Sr
isotopes (n=8).

Fig. 2. Flow chart of the sequential extraction consists of decarbonation and barite extraction (Table 2). Extractions were done on Mediterranean sediments (130
samples, 11 cores), focusing on deep-sea sapropel S1 layer; and this semi-quantitative illustration is mainly after the results of CP10 as a representative core.
Analytical results include Ba, Sr, Ca, Al, and Fe of different fractions (see Dataset S1). Major phases such as carbonate, barite, clay, and Fe-Mn oxides are determined
for each step (see Section 3.2).

Table 2

Overview of sequential extraction procedures .

Step  Sample

Process

Fraction collected

Phase extracted "

Elements ©

Sr isotopes ¢

Bulk sediments (>1

1
8)

5 Bulk sediments
(~0.3 g
HCl-leached

3 residues (60-80

mg)

Freeze-dried, ground

Leached with 7.5 ml HCI (1 M) for 4 + 12 h,
and rinse with 10 ml deionized water 2
times

Leached with 6 ml NH4Cl (2 M, pH 7) for 24
h, repeated 6 times

HCl-leachate:

carbonate-rich
HCl-residue: carbonate-

free

NH,Cl-leachate: barite-

rich

NH,Cl-residue:
carbonate- and barite-

carbonate, barite, clay, Fe-Mn
oxides

carbonate (all), barite (part),
clay (few), Fe-Mn oxides (part)
barite (part), clay (most), Fe-
Mn oxides (part)

barite (most), clay (few), Fe-Mn
oxides (few)

clay (most), Fe-Mn oxides
(part)

all samples (n =
130)

selected samples
(n=18)

all samples (n =
130)

all samples (n =
130)

selected samples
(n=25+38)

most samples
(n =125)

selected
samples (n = 8)

free

@ See also a flow chart in Fig. 2, showing the integrated results of phase separation on exemplary sapropel S1 samples of core CP10.

® Organic matter is disregarded due to its negligible total amounts of Ba and Sr; Fe-Mn oxides (i.e. Fe-, Mn-OOH) contain negligible Sr and only minor Ba; clay
represents all detrital, aluminosilicate minerals (mostly clay minerals); see Section 3.2.

¢ Analyzed by ICP-OES (Tables S1 and S2), and a set of 8 samples by ICP-MS with replicates (Table S1).

4 New and published data are provided for most HCl-residue samples (Table S2), with a small selection of NH4Cl-residues analyzed for verification (Table S3).

bound to organic matter is removed during acid treatment (House and
House and Norris, 2020). The Fe-Mn oxides (i.e. Fe-, Mn-OOH) contain
negligible Sr and minor amounts of Ba (although sometimes consider-
able Ba; Van Santvoort et al., 1996; Gonneea and Paytan, 2006; Reitz
et al., 2006a). There is no opal reported for our investigated sediments
including sapropel S1 layers (De Lange et al., 2008; Rohling et al., 2015).

2.3. Barite determination and extraction

Determining barite content in marine sediments is important but not
straightforward. Various methods have been developed. The prevalent
method is to normatively calculate the excess, non-detrital Ba, i.e. total

Ba in bulk sediment minus the detrital Ba estimated using an empirical
Ba/Al ratio for the terrigenous, aluminosilicate component (Dymond
et al., 1992; Klump et al., 2000; Eagle et al., 2003; Reitz et al., 2004).
Such normative calculation, however, may introduce major errors,
especially for sedimentary environments that receive large quantities of
terrigenous input and/or have large variability in the Ba/Al ratio of the
detrital material (Dehairs et al., 1980; Gingele and Dahmke, 1994; Fagel
et al., 1999; Klump et al., 2000; Reitz et al., 2004). Besides, the calcu-
lated excess Ba may somewhat overestimate the barite content, due to
the inclusion of Ba from phases other than barite and aluminosilicate,
such as carbonate, organic matter, and Fe-Mn oxides (Eagle et al., 2003).

Attempts were made to directly analyze marine barite, such as by X-
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ray diffraction, microscopic counting, and microprobe techniques
(Dehairs et al., 1980; Gingele and Dahmke, 1994; Martinez-Ruiz et al.,
2000; Robin et al., 2003; Light and Norris, 2021). However, these ap-
proaches are labor intensive and could be quantitative only for samples
with barite contents exceeding 0.4% (Gingele and Dahmke, 1994; Robin
et al., 2003).

A five-step sequential procedure has been widely used to isolate
barite for reconstructing changes in ocean chemistry and productivity
(Paytan et al., 1993, 2021; Eagle et al., 2003; Gonneea and Paytan,
2006). However, this method essentially dissolves all phases except
barite, thus requires a large sample amount (~10 g), and is likely subject
to partial dissolution and/or mechanical loss of barite (Fagel et al., 1999;
Eagle et al., 2003; Bridgestock et al., 2019; House and Norris, 2020).
Heavy liquid was also applied for barite separation (e.g. van Beek et al.,
2003), but those samples are likely to contain impurities, i.e. minerals
that are similarly dense and refractory as barite (e.g. anatase, rutile,
monazite).

Solution analyses may be an attractive alternative. Yet, dissolving
barite is not straightforward, because of its low solubility product (Ksp:
~10719 at 25 °C, 1 atm.; Church and Wolgemuth, 1972). Barite can be
dissolved via resin exchange, or refluxed with sodium carbonate or
lithium borate, but these methodologies usually have incomplete re-
covery and a significant blank (cf. Averyt et al., 2003). The ability of
chelating ligands to bind Ba is documented (Lea and Boyle, 1993; Bao,
2006; Putnis et al., 2008), and a method using ligand-mediated disso-
lution has been reported (Xie and Marcantonio, 2012; House and Norris,
2020). This method is practical in general, but seems susceptible to
various matrix effects.

A barite-specific extraction method so-called BASEX was developed
for marine sediments (Schenau et al., 2001; Rutten and de Lange, 2002).
This method commences with the selective extraction of barite, instead
of various acid steps during which premature dissolution of barite would
occur. The BASEX method is advantageous as it truly separates barite
from detrital Ba-phases in the sediment (99.4% recovery of barite;
Rutten and de Lange, 2002). Notably, it does not suffer from apparent
matrix effects for Fe- and Mn-enriched samples as in other solution an-
alyses (e.g. House and Norris, 2020). Modified versions of BASEX have
been widely applied to determine the different particulate Ba phases,
such as in the Arabian Sea and Mediterranean Sea, and for oceans like
the Atlantic and Pacific (Schenau et al., 2001; Rutten and de Lange,
2002; Reitz et al., 2004, 2006a).

3. Samples, extractions, and analyses
3.1. Cores and chronologies

This study was performed on the most-recent, Holocene sapropel S1
sediments that are characterized by elevated Cog and Ba contents,
together with the alternating intervals with organic- and Ba-lean sedi-
ment. The samples were taken from 10 basin-wide cores for the eastern
Mediterranean Sea (EMS), and from one core for the western Mediter-
ranean Sea (WMS). Note that the WMS Holocene sediments do not
contain sapropel S1, but samples from the same time-interval were used.
This permits a comparison between sapropel and non-sapropel
contemporaneous sediments deposited in the EMS and WMS. Collec-
tively, 130 samples from 11 cores have been studied with a geographic
and bathymetric coverage of the Mediterranean Sea (Fig. 1; Table 1).

Age models were established based on radiocarbon dates, and the
well-established boundaries of sapropel S1 (~9.8-5.7 14C ka; De Lange
et al., 2008) as defined by the Corg, Ba/Al, and Mn/Al criteria (Van
Santvoort et al., 1996; Thomson et al., 1999; Reitz et al., 2006a). For
details of the studied cores see Table 1. Note that sapropel S1 is the only
sapropel within the range of precise radiocarbon dating, allowing its
depth- and process-related compositional variations to be determined
through time. Sub-intervals Sla and S1b are separated by the wide-
spread climate cooling event around 8.2 cal. ka BP (Rohling and Palike,
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2005).

To avoid the complications encountered in previous radiocarbon
investigations in the Mediterranean related to reservoir age and local/
regional reservoir offset (AR) (cf. Siani et al., 2001), and also to maintain
the comparability with other published records using various calibration
curves (De Lange et al., 2008), the uncorrected l4c ages are used here. In
general, 14C dates were determined on planktonic foraminifera sampled
from and around the elevated zones of bulk Ba/Al; then the core-depths
were converted to '*C time from the regression of these radiocarbon
ages versus depth (cf. De Lange et al., 2008).

3.2. Scheme of extraction procedures

A novel scheme of extraction procedures consisting of decarbonation
and subsequent selective extraction of barite was used for this study
(Fig. 2; Table 2). The first step is the removal of carbonate — the domi-
nant phase of Sr — prior to selectively dissolving barite. Bulk sediment
samples were leached with HCI (1 M) to remove carbonate (i.e. decar-
bonation), and the residues were treated with NH4Cl (2 M, pH 7) to
dissolve mainly barite (i.e. barite extraction). It was shown that the high
ionic strength of NH4CI solvent can effectively increase barite solubility
(Rutten and de Lange, 2002). This barite-specific technique is derived
and simplified from the BASEX method, which has been validated using
pure barite, home-made mixed mineral standard, and various marine
sediments including northwest Indian Ocean upwelling sediments and
Mediterranean sapropels (Schenau et al., 2001; Rutten and de Lange,
2002; Reitz et al., 2004; see also Section 2.3). Compared to the detailed
BASEX extraction, our barite dissolution step is favored for its simplicity.

In our scheme, all procedures were conducted gravimetrically. For
each step, the leachates including rinsing fluids were carefully collected
and weighed; and the residues were dried, precisely weighed, and
powdered for analyses. This permits the concentration data of all solids
and fluids (including bulk sediment, and various leachates and residues)
to be converted to the same basis of initial bulk sample, as reported in
this contribution. An overview of the sequential extraction procedures is
compiled in Table 2, with the isolated fractions and potential phases
specified.

3.2.1. HCI leaching (decarbonation)

Following the protocol by Van Santvoort et al. (1996), ~0.3 g of
freeze-dried, powdered bulk sediments were decarbonated by initially
shaking in 7.5 ml of 1 M HCI for 4 h, and then for another 12 h after
centrifuging and replacing the acids. This ensures a full removal of
carbonate. Subsequently, the samples were rinsed and centrifuged twice
with 10 ml deionized water, oven-dried at 80 °C and weighed.

3.2.2. NH,CI leaching (barite extraction)

Approximately 60-80 mg decarbonated sediment (i.e. HCl-residues)
was weighed for barite extraction (Rutten and de Lange, 2002). The
extraction was performed using 6 ml of NH4Cl (2 M, pH 7) solution for
24 h. This step was repeated 6 times to have a complete dissolution of
barite. The last leachates were randomly checked to confirm that no Ba
and Sr had dissolved. Subsequently, the barite-free residues were rinsed
with 10 ml deionized water and dried.

3.2.3. Total digestion

A routine three-step total digestion was applied for solid samples
before and after all extractions (Reitz et al., 2006a; Wu et al., 2016).
Powdered samples were digested in a mixture of 2.5 ml concentrated HF
and 2.5 ml pre-mixed acid (3:2 concentrated HClO4 and HNO3) and
heated at 90 °C in a gastight Teflon vessel for >12 h (Step-I). Subse-
quently, the solution was evaporated at 160 °C to near dryness (Step-1I),
and then the residue was dissolved in 4.5% HNOg at 90 °C for 6 h (Step-
I1I). For the samples with extremely high Mn contents, the protocol was
modified to a smaller aliquot of ~30 mg, with additional peroxide step
to prevent Mn-oxides forming (Wu et al., 2016). This extra step involved
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evaporating the sample at 160 °C with 2.5 ml concentrated H,O5 and
2.5 ml concentrated HCI, after the Step-II.

3.3. Geochemical measurements

3.3.1. Elemental analyses

The elemental composition was determined by Inductively Coupled
Plasma - Optical Emission Spectroscopy (ICP-OES) on a Perkin-Elmer
Optima 3000 or a Spectro Arcos at Utrecht. The calibration programs
were designed for fluid samples or total-digested sediment samples. The
ICP-OES measurements on bulk sediments were performed at different
times with slightly different procedures between the cores (Slomp et al.,
2002, 2004; Reitz et al., 2006a, 2006b; De Lange et al., 2008; Wu et al.,
2016) (Table 1), whereas all HCl- and NH4Cl-residues were analyzed
using the same procedures. The data quality was monitored by blanks,
duplicates, and international standards (ISE-921: Van Dijk and Houba,
2000; MAG-1: Govindaraju, 1994), showing the relative deviations <6%
for the reported elements (i.e. Ba, Sr, Ca, Al, Fe; see Dataset S1), unless
otherwise noted in Tables S1 and S2. Note that soil reference material
ISE-921 having similar Co¢ contents as sapropel sediments was used to
monitor systematic biases in all the extraction-related procedures.

3.3.2. Srisotope analyses

For most samples of the decarbonated sediments, new and published
Sr isotope data are provided (Freydier et al., 2001; Tachikawa et al.,
2004; Wu et al., 2016) (Table S2). A total of 45 Sr isotope ratios deter-
mined by Thermal Ionization Mass Spectrometers (TIMS) are reported
here, which were conducted at CEREGE (n = 39) and VU Amsterdam (n
= 6) with a Finnigan MAT 262 and a Triton Plus, respectively (Table S2).
After decarbonation, the samples were routinely digested in acid mix-
tures of HF-HClO4-HNOs3; and Sr was separated from sample matrices
using standard exchange techniques. The measured 7Sr/%0Sr ratios
were normalized to the certified NBS-SRM 987 value of 0.710248
(Thirlwall, 1991). The data uncertainties were checked by replicate
analyses of NBS-SRM 987, showing external reproducibility of 0.000015
for CEREGE data (20 SD, n = 18), and of 0.000016 for VU data (26 SD, n
= 11). Detailed analytical procedures have been described previously
(CEREGE data: Freydier et al., 2001; Tachikawa et al., 2004; VU data:
Meyer et al., 2011; Wu et al., 2018).

For the HCl- and NH4Cl-leached sediments, a set of 8 samples were
analyzed for Sr concentration and isotopes at Tongji University. The
digestion was done with HF-HNO3 acid mixture in high-pressure Teflon
bombs, at 190 °C for >48 h (Deng et al., 2019b). An Agilent 7900 was
employed to perform the Inductively Coupled Plasma — Mass Spec-
trometry (ICP-MS) analyses, giving the precision of <5% and accuracy
of <8% for both Ba and Sr (Table S1). After standard Sr-Spec column
chromatography, Sr isotope ratios were determined on a Neptune Plus
Multi-Collector ICP-MS (MC-ICP-MS) (Table S3). The isotopic results
were corrected for mass fractionation by normalizing to %°sr/%8sr =
0.1194. The quality of 8”Sr/®°Sr ratios was monitored by the standards
of NBS-SRM 987, showing the mean value of 0.710235 + 0.000021 (2¢
SD, n = 9) within error of the recommended value of 0.710245 (Thirl-
wall, 1991). International reference materials BHVO-2 and AGV-2 give
mean %7Sr/5%%Sr values of 0.703466 + 0.000022 (26, n = 2) and of
0.703964 + 0.000027 (20, n = 3), respectively. These values are within
errors with the recommended values of 0.703478 + 0.000033 and
0.703992 + 0.000034, respectively (Jochum et al., 2005). Total proce-
dural blanks as well as Rb and Ba levels in the measured Sr solutions
were negligible (Sr <120 pg) in all cases.

4. Results and data processing

We firstly evaluate the sequential extraction procedures and the data
validity (Section 4.1). As most extractions do not leach a single phase
alone, multi-element analyses were performed on all leachates and
residues for selected samples, to provide a complete sequential

Chemical Geology 587 (2022) 120613

extraction for different Ba and Sr fractions (Fig. 2; Table 2). By doing so,
we can check the recovery and performance of each step, and monitor
the uncertainties of the data compilation and associated corrections
(Fig. 3; Tables S1 and S2).

Subsequently, we demonstrate that barite was completely removed
during NH4Cl-leaching, but not fully removed during the preceding HCl
decarbonation (Section 4.2). This is evident from the comparison of Ba
and Sr between HCl-residues and NH4Cl-residues (Fig. 4), and data of
NHyCl-leachates (Fig. 5). Based on a barite Sr/Ba signature derived for
deep-sea Mediterranean sediments (Fig. 6), various Ba and Sr phases are
estimated and their profiles over the S1-period are displayed in Figs. 7
and 8, respectively. The leaching results of the Mediterranean sediments
are compiled in Table S2.

Lastly, we correct for remaining barite-bound Sr in decarbonated
sediments to evaluate the associated impact (Section 4.3). The correc-
tion of detrital Sr isotope ratios including original, corrected, and
measured data (Tables S2 and S3) is shown in Fig. 9. Taken together,
these results permit the effect of barite-Sr to be thoroughly examined,
taking the Mediterranean as an illustration (Fig. 10).

Three groups can be distinguished between the studied Mediterra-
nean cores, based on their barite content during the sapropel S1 period.

Group A): MT15, SL73, AP1, and BCO7; S1 core samples with bulk
barite-Ba content of <100-400 pg/g, corresponding to EMS cores with
<1000 m water depth.

Group B): SL29, UM42, and CP10; S1 core samples with bulk barite-
Ba content of ~200-800 pg/g, corresponding to EMS cores with
1000-1800 m water depth.

Group C): SL09, BC03, SL114, and BC19; S1 core samples with bulk
barite-Ba content of ~300-1200 pg/g, corresponding to EMS cores with
>1800 m water depth.

In general, the grouping is consistent with the depositional redox
conditions: suboxic (Group A), anoxic (Group B), and euxinic (Group C)
(cf. De Lange et al., 2008).

A summary of all relevant data including fractions and phases
distinguished between the Groups A, B, and C is available in Supporting
Information (Tables S1-S3; Figs. S1-S3; Dataset S1). Deviations in Sr
isotope systematics between previously reported data on decarbonated
sediments and our corrected results for barite-Sr are also shown (Figs. S4
and S5).

4.1. Evaluation of sequential extraction procedures

In our scheme, the collected fractions and residual phases containing
Ba and Sr are compiled in Table 2. The fractions include initial bulk
sediment, HCl-leachate, HCl-residue, NH4Cl-leachate, and NH4Cl-res-
idue. In terms of Ba and Sr mass balance, the potentially significant
phases comprise carbonate, barite, clay minerals, and Fe-Mn oxides,
while other Ba and Sr bearing minor phases of Ba and Sr are negligible
(Lea and Boyle, 1989; Gingele and Dahmke, 1994; Eagle et al., 2003;
Gonneea and Paytan, 2006; House and House and Norris, 2020; see also
Section 2.2). Taking the Cyg-rich, barite-rich sapropel samples as an
example, the consequent phase separation is semi-quantitatively illus-
trated with a flow chart of the analytical processes (Fig. 2).

Accordingly (see also Sections 2.2 and 3.2), sedimentary Ba (bulk-
Ba) consists of two major components: 1) detrital, silicate-bound Ba
(det-Ba) and 2) hydrogenetic, barite-related Ba (barite-Ba). Sedimentary
Sr (bulk-Sr) consists of three major components: 1) carbonate-related Sr
(carb-Sr), 2) detrital, silicate-bound Sr (det-Sr), and 3) hydrogenetic,
barite-bound Sr (barite-Sr). These denotations are used throughout the
paper.

Direct geochemical analyses were performed on selected samples of
HCl-leachate and NH4Cl-residue to monitor the recoveries for each step
of the sequential extraction, as compared to the independently deter-
mined total, bulk-sediment content (Fig. 2; Table 2). For the two major
steps, taking core CP10 as a representative, the HCl-leaching yields a
recovery of 99% + 4% for Ba and of 98% + 3% for Sr (1o, n = 18); the
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NH4Cl-leaching gives a recovery of 97% =+ 6% for Ba and of 95% + 6%
for Sr (16, n = 33). Overall, our approach has a Ba recovery of 96-103%
and a Sr recovery of 95-101% (Table S1).

Such good recoveries permit the following calculations to be made.
For the fractions of HCl-leachates and NH4Cl-residues, the Ba and Sr
concentrations are calculated from the differences between bulk sedi-
ments and HCl-residues using Eq. (1), and from the differences between
HCl-residues and NH4Cl-leachates using Eq. (2), respectively (Table S2).
The validity of such calculation is supported by the strong correlations
(R? > 0.97) with the measured data of Ba and Sr, as shown for HCI-
leachates (Fig. 3a) and NH4Cl-residues (Fig. 3b).

BaHC]—leachale = BaBulk—sedimenl_BaHCl—residue (1a)
SrHCl—leacha\e = SrBulk—sedimenlferCl—residue (1b)
BaNH4Cl—residue = BaHCl—residue*BaNH4Cl—leachale (Za)
SINHACI-residue = STHCI-residue—STNH4CI-leachate (2b)

Notably, all the concentration data reported here are relative to the
same basis of initial bulk sample, allowing the mass equation expres-
sions to be made (i.e. Egs. (1)-(8)). For maintaining direct comparisons
with published data, the mass-based unit is used here (e.g. (Sr/Ba)parite),
unless otherwise noted (i.e. the necessary use of mole-based unit: [Sr/
Ba]barite)~

As described above, the good recoveries of Ba and Sr, and the strong
correlation between calculated and measured data permit us to evaluate
the overall leaching performance of decarbonation and barite
extraction.

4.1.1. Decarbonation
It has been demonstrated that our decarbonation procedure ensures

measured Sr (ug/g)

the full removal of carbonate (Van Santvoort et al., 1996; Wu et al.,
2017). This is clearly seen from the tight correspondence 1) between the
measured and calculated CaCO3 contents (Dataset S1), and 2) between
the bulk-Sr and carb-Sr profiles for all studied cores (Fig. 8). The HCI-
leachates also contain minor but detectable amounts of Al, K, and Ti,
indicating that the procedure also dissolved negligible amounts of alu-
minosilicates (Fig. 2; Dataset S1).

Our results suggest that barite was partly dissolved during the
decarbonation, similar to observations in previous studies (e.g. Lyle
et al., 1984; Tribovillard et al., 1996; Rutten and de Lange, 2002; Eagle
etal., 2003; Gonneea and Paytan, 2006; see also Section 2.3). In the HCI-
residues, linear relationships between Ba and Sr can only be observed for
Group-A cores that contain little/no barite, showing the constant Sr/Ba
ratio in detrital minerals (Fig. 4). While for Group-B and -C cores, the Ba-
Sr data bifurcate between the barite-rich sapropel-S1 and the non-S1
samples, reflecting the different Sr/Ba ratios between detrital minerals
and hydrogenetic barite (Fig. 4). Such contrasts explicitly suggest that
barite and associated Sr remain in some of the decarbonated sapropel
sediments (see also Section 4.1.2).

4.1.2. Barite extraction

Repeated leaching with NH4Cl has proven to be adequate to extract
barite in various marine sediments (Schenau et al., 2001; Rutten and de
Lange, 2002; Reitz et al., 2004, 2006a; see also Section 2.3). In our
study, the efficiency of barite extraction is clear. In the NH4Cl-leachates
for Group-A cores, some of the data are close to the analytical detection,
causing the scattered distribution (Fig. 5; Table S2). By contrast, for
Group-B and -C cores, the NH4Cl-leachate samples contain considerable
Ba and Sr in the sapropel S1 samples (Fig. 5). The barite-origin of the
extracted phase is confirmed by 1) the good correlation of Ba-Sr in
NH4Cl-leachates observed for the Group-B and -C cores alone but not for
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Fig. 4. Plots of Ba vs. Sr concentrations for the samples of HCl-residue (i.e. decarbonated sediments) and of NH4Cl-resiude (i.e. carbonate- and barite-free sediments)
(Table S2). The samples are distinguished between sapropel Sland non-S1. The potential existence of barite phase in decarbonated sediments is revealed — if
applicable — by different trends (colored dashed lines) between HCl-residues and NH4Cl-residues. The full removal of barite is illustrated by point-by-point links (gray
dotted lines), as exemplified by core SL114 data. The cores are grouped by the barite-Ba contents of S1-aged bulk sediments: Group-A (<100-400 pg/g), Group-B
(~200-800 pg/g), and Group-C (~300-1200 pg/g) (Section 4). Note the varying scales on the axes of different cores.

Group-A (Fig. 6), and 2) the Ba amounts in NH4Cl-leachates are gener-
ally related to the bulk-Ba abundance, regardless of distinct provenance
settings (Figs. S1-S3).

In particular, the complete dissolution of barite with the NH4Cl-
leaching procedure is evidenced by the linear correlation of Ba-Sr data in
NH4Cl-residues (Fig. 4). The correlation is observed for all the studied

cores, regardless of the sample types, which suggests that the NH4Cl-
residue represents fully cleaned, i.e. all barite removed, detrital sedi-
ments. This is further corroborated by the differences between NH,4Cl-
residues and HCl-residues (Fig. 4). In contrast to the strong Ba-Sr cor-
relations in NH4Cl-residue data, the HCl-residues show distinctly
bifurcated patterns between S1 and non-S1 samples for the Group-B and
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Fig. 5. Plots of Ba vs. Sr concentrations in the samples of NH,Cl-leachate (i.e. barite-extracted solutions) (Table S2). The samples are distinguished between sapropel
S1 and non-S1. Potentially extracted barite phases are depicted by dashed lines, corresponding to the molar ratios of Sr/Ba in barite (i.e. [Sr/Balparite). For [Sr/
Balparite, both mean ratio (black dashed lines) and core-specific ratio (blue dashed lines) are shown - if applicable — as estimated from the NH4Cl leaching results (see
Fig. 6). For the Group-A samples having extremely low Ba and Sr, barite — if any — was dissolved in the preceding HCl decarbonation. The cores are grouped by the
barite-Ba contents of S1-aged bulk sediments: Group-A (<100-400 pg/g), Group-B (~200-800 pg/g), and Group-C (~300-1200 pg/g) (Section 4). Note the varying
scales on the axes of different cores.

-C cores (Fig. 4). This clearly reveals that barite-Sr potentially remaining
in the HCl-residues had been removed, with the barite-free NH4Cl-

resiudes left.

Furthermore, the efficient NH4Cl-leaching of barite is confirmed by
the solely detrital composition in all NH4Cl-residues. Firstly, the detrital
origin for Ba and Sr in the NH4Cl-residue is suggested by their linear

Al value of 0.0032

correlations with Al (Dataset S1). Moreover, our results give a mean Ba/

+ 0.0011 g/g (10, n = 33) for the carbonate- and

barite-free sediments (i.e. NH4Cl-residues; Table S1). This value is in

good agreement with the reported values for the EMS aluminosilicate
detritus (0.0027-0.0039 g/g; Rutten and de Lange, 2002; Reitz et al.,
2004), and lower than the estimate of globally averaged crustal/shale
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Fig. 6. The Ba and Sr data of NH4Cl-leaching extracted phase of barite, cor-
rected for a small fraction of dissolved aluminosilicates (i.e. barite-Ba.o; and
barite-Sr.orr). The correction is done using the extracted Al and the mean values
of Ba/Al (0.0032 g/g) and Sr/Al (0.0012 g/g) in NH,Cl-residues as pristine
detrital signatures (Table S2). The resultant barite Sr/Ba ratio for deep-sea
Mediterranean sediments is: (Sr/Ba)parite = 0.029 + 0.012 g/g (16, n = 29),
equivalent to a molar ratio of [Sr/Balparite = 44.6 £+ 18.4 mmol/mol (Table S2).
Note that only the data with barite-Bacor > 180 pg/g and barite-Sreorr > 6 ng/g
considered excludes the samples with no/negligible barite and/or with larger
procedural uncertainty. Core signatures are also specified if applicable. See
Section 4.2.1 for details of correction and calculation.

Ba/Al ratios (0.005-0.01 g/g; Dymond et al., 1992; Klump et al., 2000;
Robin et al., 2003; Reitz et al., 2004). In addition, the value for the
primary detrital signature of Sr/Al (0.0012 + 0.0003 g/g; 1o, n = 33) in
Mediterranean sediments is reported for the first time (Table S1).

Taken together, applying the sequential HCl- and NH,4Cl-leachings
results in a complete removal of carbonate and barite, allowing the
NH4Cl-residues to be taken as the pure detrital phases (i.e. det-Ba, det-
Sr).

4.2. Estimate of Ba- and Sr-bearing phases

4.2.1. Barite Sr/Ba ratio

Although variable amounts of barite may be dissolved during
decarbonation, all remaining barite was clearly leached in the NH4Cl
filtrate (Figs. 4 and 5). Apart from barite, the barite extraction procedure
may have dissolved minor amounts of detrital minerals, as seen from the
minor amount of Al detected in the NH4Cl-leachates (Fig. 2; Dataset S1).
Although this detrital phase is quantitatively negligible, it might intro-
duce errors to the calculated barite Sr/Ba values. Thus, the barite-Ba and
barite-Sr values are corrected for the Ba and Sr of such potential detrital
origin in the NH4Cl-leachates using Eq. (3). In this equation, (Ba/Al)ge-
trital @nd (St/Al)getrital Tefer to the basin-wide averaged values of Ba/Al
(0.0032 g/g) and Sr/Al (0.0012 g/g) in the NH4Cl-residues (i.e. car-
bonate- and barite-free sediments) (Table S1). Note the negligible dif-
ference in the final calculated values of barite Sr/Ba, if the core-specific
values of (Ba/Al)getrital and (Sr/Al)detrital are used.

barite‘Bacorr = BaNH4Cl—leacha(e_AlNH4C]—leachale X (Ba/Al)delrim] (Sa)
barite'srcorr = SrNH4Cl—leachnlefA1NH4Cl—leachate X (Sr/Al)demm] (3b)
(St/Ba), i = barite-Steor /barite-Bagoy (4
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Subsequently with Eq. (4), the typical barite Sr/Ba value is deduced
for Mediterranean deep-sea sediments: (Sr/Ba)parite = 0.029 £ 0.012 g/g
(1o, n = 29), equivalent to a molar ratio [Sr/Balparite = 44.6 + 18.4
mmol/mol (Fig. 6; Table S2). Note that only the data with barite-Bacor
> 180 pg/g and barite-Sreo;y > 6 pg/g are taken into account (Fig. 6).
These boundaries exclude the data from non-S1 samples that contain no
barite (i.e. having low values and large errors) (Van Santvoort et al.,
1996; Thomson et al., 1999; Martinez-Ruiz et al., 2000; see also Fig. 7).

As incomplete dissolution such as during decarbonation does not
affect the relative concentration ratio in barite (Dehairs et al., 1980;
Bishop, 1988; Averyt et al., 2003), our NH4Cl-extraction must have
preserved the geochemical composition of the barite phase. Therefore,
the barite Sr/Ba ratio determined here reflects the initial barite
composition. The Mediterranean deep-sea barite [Sr/Balparite ratio
(44.6 + 18.4 mmol/mol; this study) is relatively constant, which is
consistent with those reported for the global ocean (~24-41 mmol/mol
with mean value of 32.3 nmol/mol, Averyt and Paytan, 2003; ~31-56
mmol/mol with mean value of 41.0 nmol/mol, van Beek et al., 2003),
and with the value derived for equatorial Pacific sediments (54.3 mmol/
mol; Ziegler et al., 2007).

4.2.2. Different Ba-bearing phases

Sedimentary bulk-Ba is composed mainly of det-Ba and barite-Ba,
while minor amounts of Ba potentially present in carbonate, organic
matter, opal, and Fe-Mn oxides (Fig. 2; Table 2). A simple way of
quantifying the barite content is to correct the total Ba in marine sedi-
ments for the non-barite, detrital contributions, determined from the
empirical Ba/Al ratio for detrital aluminosilicates, as described in Eq. (5)
(Dymond et al., 1992; Klump et al., 2000; Reitz et al., 2004; Bridgestock
et al., 2019; see also Section 2.3). In Eq. (5), (Ba/Al)getrital refers to the
detrital Ba/Al value as analyzed in the NH4Cl-residue, either using a
basin-averaged value (0.0032 g/g) for all Mediterranean cores, or using
core-specific values (0.0015-0.0058 g/g) (see Section 4.1.2). This yields
two datasets, barite-Ba#1 and barite-Ba#2 (Fig. 7).

Alternatively, the barite-Ba content (i.e. barite-Ba#3; Fig. 7) can be
determined from our leaching results using Eq. (6), considering that the
NH4Cl-residue represents the detrital component alone with negligible
amounts of Ba remaining in Fe-Mn oxides.

)

barite-Ba = Bayyik—sediment—Albulk—sediment < (Ba/Al)dc[rim]

©

The barite-Ba profiles calculated by the different methods show good
correspondence for the barite-bearing Group-B and -C cores, while large
differences occur for the Group-A cores that have minor/no barite
(Fig. 7). Moreover, although the general patterns are similar, the profiles
of barite-Ba#1 and #2 display outranged variations in some cores (i.e.
MT15, BC07, SL29, UM42, SL09) (Fig. 7). This is probably caused by
applying a constant detrital Ba/Al ratio to the different cores. Such er-
rors would be especially large in the Mediterranean, receiving a huge
quantity of detrital inputs from distinctly different source areas (Wel-
deab et al., 2002; Revel et al., 2010; Scheuvens et al., 2013; Wu et al.,
2016, 2018; Blanchet et al., 2021; see also Section 2.1).

There seems to be minor barite-Ba during non-S1 intervals, which
conflicts with the general notion that no barite formed in non-sapropel
parts (Thomson et al., 1995, 1999; Van Santvoort et al., 1996; Marti-
nez-Ruiz et al., 2000; Rutten and de Lange, 2002; Reitz et al., 2004). This
difference is likely to be an artifact, caused by 1) taking a constant
detrital Ba/Al value, basin-wide or core-specific and/or 2) neglecting
the Ba hosted in carbonates and Fe-Mn oxides for the barite estimates
(Lea and Boyle, 1989; Gingele and Dahmke, 1994; Robin et al., 2003;
Gonneea and Paytan, 2006; Reitz et al., 2006a; see also Section 2.2).
Ignoring these potential contributions may result in the non-zero back-
grounds in barite-Ba profiles (Fig. 7). However, at this point we cannot
fully rule out a minor barite presence in the pre- or post-S1 sediments.

Despite the minor uncertainties, the barite-Ba#3 appears to be the

barite-Ba = Bapu—sedimen—B ANH4Cl—residue
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Fig. 7. Temporal records of different Ba phases over the Sl-equivalent time, including those in bulk sediments (bulk-Ba), detrital minerals (det-Ba), and in the
hydrogenetic components estimated by various methods (i.e. barite-Ba#1, barite-Ba#2, and barite-Ba#3) (Table S2). For the estimates of different Ba phases refer to
Section 4.2.2. The barite-Ba#3 appears to be the best estimate of barite content for Mediterranean sediments. Sapropel S1 period (~9.8-5.7 1*C ka; De Lange et al.,
2008) and its sub-segments Sla and S1b (Rohling and Palike, 2005) are indicated. The cores are grouped by the barite-Ba contents of S1-aged bulk sediments: Group-
A (<100-400 pg/g), Group-B (~200-800 pg/g), and Group-C (~300-1200 ug/g) (Section 4). Note that the horizontal axes are in conventional 1C ages, and the
scales of vertical axes vary between core-groups. (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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Fig. 8. Temporal records of different Sr phases over the S1-equivalent time, including those in bulk sediments (bulk-Sr), biogenic carbonates (carb-Sr), detrital
minerals (det-Sr), and barite-bound (barite-Sr) estimated in this contribution (Table S2). For the estimates of different Sr phases refer to Section 4.2.3. Sapropel S1
period (~9.8-5.7 4c ka; De Lange et al., 2008) and its sub-segments Sla and S1b (Rohling and Palike, 2005) are indicated. Note that the horizontal axes are in
conventional '*C ages. The cores are grouped by the barite-Ba contents of S1-aged bulk sediments: Group-A (<100-400 pg/g), Group-B (~200-800 pg/g), and Group-
C (~300-1200 pg/g) (Section 4). Note that the horizontal axes are in conventional l4¢c ages, and the vertical axis differ for det-Sr of core SL73. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

most appropriate method for reconstructing barite-Ba content and will
be used in the following discussion (Fig. 7). The derived barite-Ba con-
stitutes the major component (>60%) of the bulk-Ba during the sapropel
S1 period, except for the shallowest core SL73 and the WMS core MT15.
In the non-S1 intervals, the det-Ba dominates the variability of the bulk-
Ba in marine sediments (Fig. 7). All the EMS cores show distinctly

enhanced levels of bulk-Ba during the S1 period. This is mainly due to
barite-Ba superimposed on the relatively stable background of det-Ba
(Fig. 7). The degree of barite-Ba enhancement appears to correlate
with water depth (Fig. 1; Table 1). This is consistent with previously
observed enhanced levels of Cory and bulk-Ba for deeper EMS cores
(Murat and Got, 2000; De Lange et al., 2008).
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Fig. 9. Detrital 8Sr/%0Sr records, comparing the originally reported data, data corrected using our leaching results, and data directly measured on carbonate- and
barite-free sediments (i.e. NH4Cl-residue) in this study (Tables S2 and S3). The Sr isotope ratios are corrected for potentially remaining barite-bound Sr in decar-
bonated sediments using Eq. (8). For correction details refer to Section 4.3. The errors of 875r/8%6r data are within symbols. For each core, the elevated level of barite-
Ba content during sapropel S1 period is indicated. Sapropel S1 period (~9.8-5.7 1*C ka; De Lange et al., 2008) and its sub-segments Sla and S1b (Rohling and Palike,
2005) are indicated. The cores are grouped by initial barite content in S1-aged bulk sediments (see Section 4). Note that the horizontal axes are in conventional **C
ages, and the scales of vertical axes vary between core-groups. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

4.2.3. Different Sr-bearing phases

In marine sediments, bulk-Sr consists mostly of carb-Sr, det-Sr, and
barite-Sr (Fig. 2; Table 2). Here, carb-Sr and det-Sr refer to the Sr in the
fractions of HCl-leachate and NH4Cl-residue, respectively. The barite-Sr
is calculated from barite-Ba and multiplied by the Mediterranean barite
Sr/Ba signature (0.029 g/g) using Eq. (7). The use of a constant Sr/Ba
ratio is supported by the narrow ranges reported globally for deep-sea

13

barite (Averyt and Paytan, 2003; van Beek et al., 2003; Ziegler et al.,
2007; this study) (Fig. 6; see also Section 4.2.1).

barite-Sr = barite-Ba x (Sr/Ba) @)

Temporal records of different Sr phases are plotted in Fig. 8. The
carb-Sr dominates the bulk-Sr for all the cores (>80%), while the det-Sr
and barite-Sr have minor contribution (Fig. 8). The derived barite-Sr

barite
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Fig. 10. Exemplifying the factors influencing barite-Sr effect from Mediterranean sediments. Difference between corrected and uncorrected 8 Sr/%6Sr ratios
(A¥Sr/80Sr) versus a) bulk barite-Ba content, b) detrital Sr/Al ratio, and c) longitude of the studied cores. The 8”Sr/%°Sr correction of barite-Sr refers to Section 4.3
(Fig. 9). The bulk barite content after the estimate of barite-Ba#3 (Fig. 7; see also Section 4.2) (a). The detrital Sr/Al ratios are on the carbonate- and barite-free
NHA4Cl-residues, with the ratios of HCl-residues compared (Table S1; see Section 4.1) (b). For sapropel S1-period interval that potentially contains barite, average
values and associated ranges are shown for each core (c). Core symbols are specified by colors according to water depth, given the general correlation between barite
content and water depth (Figs. 1 and 7). The barite-Sr effect (i.e. A%7Sr/80Sr) become prominent with barite-Ba >400 pg/g in bulk sediments. This effect would be
more prominent if accompanied by high 8 Sr/%6sr (>0.713) or low Sr/Al (<1.0 mg/g) in terrigenous detrital component. Due to the west—east gradients in 8 Sr/%6sr
and Sr concentration caused by a mixing between Nile and Saharan contributions, cores SL114 and CP10 that are in the deep-sea basins and in the western parts of
the EMS show the largest 87Sr/%Sr deviations. See Section 5.1 for interpretations. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

contents are strongly correlated with bulk-Ba contents (Fig. 7; see also
Figs. S1-S3).

4.3. Correction of %Sr/%0Sr data of decarbonated sediments

Based on the leaching results, we can correct the Sr isotope ratio of
decarbonated sediments for the remaining barite-bound Sr, using Eq.
(8). Therein, 87Sr/8GSrbarite is the marine-barite 7Sr/%%Sr value reported
for the deep-sea Mediterranean seawater (0.709165; De Lange et al.,
1990), which is similar to that of modern oceanic marine-barite
(0.709175; Paytan et al., 1993). The Srpurite is the percentage of
barite-bound Sr remaining in decarbonated sediments, i.e. Srparite = (1 —
det-Sr / (bulk-Sr — carb-Sr)) x 100% = (1 — SrNH4Cl-residue / STHCl-residue)
x 100% (Table S2).

87sr/86src0necled = (87Sr/%srorigina1787Sr/86srbarile X srbarile) /(l_srbarile) (8)

Overall, application of the correction not only changes the absolute
values of 8Sr/%0sr but also alters the temporal variability in several
cores (Fig. 9). The corrected 8Sr/%r ratios are systematically higher
than (or equal to) the uncorrected ratios, with differences (i.e.
A87Sr/868r) up to 0.001838 (Table S2). This is because the Sr isotope
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signature of marine barite (¥7Sr/%%Sr: 0.709165-0.709175; De Lange
et al., 1990; Paytan et al., 1993) is lower than that of most terrigenous
inputs from the circum-Mediterranean region (8”Sr/%°Sr: ~0.705-0.730;
cf. Krom et al., 1999; Weldeab et al., 2002; Revel et al., 2010; Scheuvens
et al., 2013; Wu et al., 2016). After correction, detectable alterations in
875r/86Sr record occur only within the sapropel interval (Fig. 9). The
A%7Sr/88Sr appears negligible for the Group-A cores with little/no
barite, while it is considerable in Group-B and -C cores that have a more
elevated level of bulk barite during the S1-period (Fig. 9).

4.3.1. Verifying the Sr isotope correction

The Sr isotopes were directly measured on a representative selection
of NH4Cl-residue samples to verify the correction of decarbonated-
sediment ®7Sr/%%Sr data (Fig. 9; Table S3). The same (within error)
875r/80Sr ratios between uncorrected, corrected, and measured values
are obtained for Group-A cores (i.e. MT15 and BC07) (Fig. 9). Repre-
sentative for Group-B, core CP10 records a large change in &sr/%sr
ratio  inferred by the applied correction  (A%Sr/%sr:
~0.000641-0.001640), but shows nearly identical results between the
corrected and directly analyzed %Sr/%Sr values (i.e. differences
<0.000149) (Fig. 9; Table S3). This close correspondence confirms the
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reliability of the total procedures and data analyses.

For Group-C cores, Sr-isotope analyses were only realized on the
samples that are largely affected by barite-Sr correction (i.e. A%Sr/%0sr
> 0.001) (Table S3). Although the measured and corrected data are not
always identical (i.e. differences <0.000485), all directly measured
8751/%08r ratios are consistent with the direction of changes in corrected
data (Fig. 9). That is, all corrected 878r/80Sr ratios are >0.001093 higher
than the uncorrected values, shifting away from the modern seawater
signature. This certifies the general usefulness of a barite-Sr related
correction on the 8 Sr/%6sr data of decarbonated sediments.

Notably, the required correction appears to have larger uncertainty
for the samples with >1000 pg/g bulk barite-Ba (Table S3). For cores
BCO03 and SL114, the analyzed Sr/36sr ratios of NH4Cl-residue samples
are higher than the corrected ratios, while the reverse is the case for core
BC19 (Fig. 9). Such uncertainties necessitate a direct analytical removal
of barite for barite-rich samples.

5. Discussion and implications

Taking Mediterranean sediments as pertinent examples, our results
reveal the potential importance of residual barite and associated Sr in
decarbonated sediments. This is evidenced by a combination of 1)
amounts of Ba and Sr dissolved in the NH4Cl-leachates and 2) concurrent
changes in the Ba-Sr data, showing a shift from the bifurcated re-
lationships (i.e. detrital and barite) in HCl-residues to the linear corre-
lation (i.e. detrital only) in NH4Cl-residues (Figs. 4 and 5). These
observations are limited to the barite-rich samples from sapropel layers.
In addition, the amount of remaining barite is proportional to the barite
content of the initial bulk sediment (Figs. 7 and 8). Specifically, the
remaining barite is negligible for Group-A cores having <100-400 pg/g
bulk barite-Ba, while considerable for Group-B and -C cores that are
characterized by elevated barite-Ba levels of ~200-800 pg/g and
~300-1200 pg/g, respectively, in sapropel S1 interval (Fig. 9).

We first exemplify the factors influencing the barite-Sr effect for
Mediterranean sediments (Section 5.1). From a wider perspective, the
pertinent case of the Mediterranean is compared with other high-
productivity settings, with new insights and global implications given
(Section 5.2). Finally, we propose an improved protocol for the adequate
separation of detrital Sr, applicable for all barite-containing sediments
(Section 5.3).

5.1. Barite-Sr effect in Mediterranean sediments

There are two factors influencing the barite-Sr effect on the “detrital”
Sr isotope signal derived from samples with incompletely removed
barite: sediment barite content, and detrital Sr composition of
provenance.

The role of barite is evident from the observation that barite-bound
Sr only occurs in the barite-rich sapropel samples (Fig. 8). Moreover,
being indicative of the barite-Sr effect, A%Sr/%®sr becomes obvious
when the bulk barite-Ba content exceeds 400 pg/g, showing a trend of
positive correlation (Fig. 10a). This threshold specifies a ratio of Ba/Al
>8.8 mg/g for average Mediterranean sediment Al content of 4.6%
(Dataset S1). Additionally, given the positive correlation between the
elevated level of bulk barite-Ba and the water depth of the EMS cores
(Figs. 1 and 7), the threshold of 400-pug/g barite-Ba corresponds to a
boundary of ~1000 m water depth in the EMS (Figs. 9 and 10c).

The barite-Sr effect also depends on provenance background,
including 1) detrital Sr content in the sediment, and 2) the difference in
879r/865r ratio between the terrigenous detritus and contemporary
seawater. In other words, after the correction of seawater-derived barite,
larger deviation in 8”Sr/®sr data would occur if the detrital component
has a lower Sr concentration, or a larger 87Sr/%6Sr offset from the
seawater ratio (modern seawater &Sr/%Sr: 0.709165-0.709175; De
Lange et al., 1990; Paytan et al., 1993).

As shown in Fig. 10b, the A%Sr/%0Sr substantially increases when the
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detrital Sr/Al ratio is below 1.0 mg/g. It must be noted that this subtle
trend can only be discerned from the data of NH4Cl-residues, but not
observed for HCl-residues (Fig. 10b). This, in turn, highlights the use of
fully cleaned, i.e. carbonate- and barite-free detrital sediments for
provenance studies.

For the Mediterranean, there is a mixing between Nile sediments
(®78r/808r: ~0.705-0.712; Sr: ~120-200 pg/g) diluted towards the west
by Saharan dust (3Sr/2°Sr: ~0.717-0.730; Sr: ~90-120 pg/g) (cf. Krom
et al., 1999; Freydier et al., 2001; Weldeab et al., 2002; Revel et al.,
2010; Wu et al., 2016, 2018). This mixing is manifested in our basin-
wide coverage, showing generally higher ®’Sr/%Sr in more western
areas (Figs. 1 and 9). Such a west-east gradient is also clearly seen from
the Sr/Al and Ba/Al ratios in the NH4Cl-residue samples (Table S1).
Consequently, the inferred effect is amplified in the western but subdued
in the eastern part of the EMS (Fig. 10c).

Taken together, the impact of barite-Sr should be prominent for cores
1) in the EMS deep-sea basins (i.e. abundant barite in bulk sediment) and
2) in the western parts of the EMS (i.e. high 875r/86Sr and low Sr/Al of
provenance background) (Figs. 1 and 10). The largest A878r/805r values
are observed for cores SL114 and CP10. Both cores contain 500-1000
ng/g of barite-Ba in S1 sediments and are located in the Ionian Sea that
has a rather radiogenic 875r/805r (~0.716-0.717) (Figs. 9 and 10). Core
UM42 appears to be affected by both factors, but to a much lesser extent
(S1-sediment barite-Ba: ~200-700 pg/g; %7Sr/%®Sr background:
~0.715-0.716) (Figs. 9 and 10). Cores SL09, BC03, and BC19 - collected
from the Levantine Basin — show considerable deviations in A%Sr/ 86'Sr,
mainly due to the enhanced levels of barite-Ba: (~300-1200 pg/g) that
are nevertheless buffered by the Nile-dominated ’Sr/®Sr background
(~0.711-0.716) (Figs. 9 and 10). Minor impact is seen for cores BC07,
AP1, SL73, and MT15 with little/no barite (S1-sediment barite-Ba:
<100-400 pg/g) independent of their respective locations (Figs. 9 and
10).

At a closer look, the A%7Sr/%Sr shift as observed for cores SLO9 and
BC19 may depict the distribution limit of the Nile sediment discharge
(Fig. 10c). This geographical mark gives a boundary value of &Sr/%0Sr
> 0.713 on terrigenous detrital background for a discernable effect of
barite-Sr (Fig. 9). Moreover, the 875r/865r value of 0.713 coincides with
that of the present-day average flux-weighed river input to the ocean
(Pearce et al., 2015; Paytan et al., 2021). Therefore, this criterion should
be valid for the whole Quaternary considering the long oceanic resi-
dence time of Sr (~2.4 Ma; Vance et al., 2009; Krabbenhoft et al., 2010).

Not only barite and provenance factor may play a role, but also the
way that detrital Sr isotope systematics are applied. The coupled use of
875r/8%sr with Nd isotopes that are conservative in most sedimentary
processes would seemingly “diminish” the differences between uncor-
rected and corrected data (Fig. S4). By contrast, the deviations deteri-
orate when Sr isotope systematics is used alone, such as in the classical
discrimination of 87Sr/%Sr vs. 1000/Sr (e. g. Grousset et al., 1998; Krom
etal., 1999; Stein et al., 2007; Box et al., 2011; Wu et al., 2016) (Fig. S5).
For details see Supporting Information.

5.2. Global implications for high-productivity regions or time intervals

Our NHyCl-leaching has removed the barite remaining after decar-
bonation and thus yielded the “pure” primary detrital component
(Figs. 4 and 5). For the first time, a ratio of [Sr/Balparite (44.6 + 18.4
mmol/mol) is estimated for the Mediterranean sapropel sediments
(Fig. 6). This ratio is comparable to the average values of barite reported
in the recent global ocean (40.1 + 12.2 mmol/mol; Averyt and Paytan,
2003; van Beek et al., 2003) and derived for equatorial Pacific sediments
(54.3 mmol/mol; Ziegler et al., 2007).

Some barite dissolves during decarbonation; and the dissolved
fraction is calculated (i.e. 1 — SryH4clLleachate / Darite-Sr) (Table S2; see
also Figs. S1-S3). The Group-A cores with negligible barite give a dis-
solved fraction of ~94% with large errors, whereas the other cores yield
values of between 70-84%, except a mean value of ~55% for core CP10
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(Table S2). The distinct data of CP10 may reflect a variable Sr/Ba ratio
or Sr content of the barite precipitates, which should be partly respon-
sible for the outlier data-points (i.e. high A%Sr/%®sr with little/no
barite-Ba) in Fig. 10a. Such variability has been related to barite
morphology and its various formation stages (Bishop, 1988; Bertram
and Cowen, 1997; Rushdi et al., 2000; Martinez-Ruiz et al., 2019), and
environmental conditions where barite formed (Averyt and Paytan,
2003; van Beek et al., 2003; Widanagamage et al., 2015). Recently, an
experimental study has shown that barite crystallites incorporate more
Sr when organic films are present (Deng et al., 2019a). This issue is
certainly a target for future studies.

The inferred barite-Sr effect is probably more prominent in other
areas, as exemplified below. Firstly, our decarbonation is more rigorous
than some other methods used in marine-sediment provenance studies.
A combination of stronger acid (1 M HCl compared to acetic acid),
longer and repeated treatments, and the higher ratio of acid to sample
ensures a full removal of carbonate (Van Santvoort et al., 1996; Wu
et al., 2017) (Section 3.2.1). For the less aggressive methods - if fully
removing the carbonate — more barite could remain in the decarbonated
sediments, resulting in a higher fraction of barite-Sr and a larger devi-
ation from the true detrital Sr and &Sr/%Sr ratios.

Secondly, in our case, enhanced barite is always accompanied by a
shift in detrital provenance to higher Sr/Al and lower 8Sr/%%Sr (i.e.
towards the seawater ratio), given the reduced Saharan dust and
increased Nile input during humid sapropel periods (Figs. 9 and 10; see
also Section 2.1). In other words, the barite-Sr effect is compensated by a
provenance change in the Mediterranean. But this may not be the case
elsewhere. For instance, the circum-Antarctic regions are characterized
by abundant barite in the surface sediments (i.e. barite-Ba and/or excess
Ba commonly range in 500-6000 pg/g; Eagle et al., 2003; Jaccard et al.,
2010, 2013; Planchon et al., 2013), and by a relatively radiogenic
provenance background of detrital 87Sr/%0sr (~0.710-0.745; Walter
et al.,, 2000; Hemming et al., 2007; Rutberg et al., 2005) at the same
time.

Moreover, pronounced glacial-interglacial variability was found in
the circum-Antarctic regions, showing that higher Ba/Al and higher
873r/86sr simultaneously occurred during the warmer climate intervals
(i.e. interglacial), and vice vera (Rutberg et al., 2005; Jaccard et al.,
2010, 2013). Consequently, the derived detrital Sr composition for the
Southern Ocean should be highly susceptible to the barite-Sr effect.
Similar scenarios also may take place in the areas proximal to conti-
nental margin (e.g. Dymond et al., 1992; Fagel et al., 1999; Klump et al.,
2000; Schenau et al., 2001), which have high barite content in the
sediments, and drastic variations in detrital provenance through time (e.
g. caused by sea level change).

Finally, barite fluxes to sapropel sediments are relatively low
compared to those in many oceanic high-productivity regions or time
intervals. Barite-Ba fluxes of ~0.5-2.5 mg/cm?/ka have been shown for
the basin-wide EMS during the S1-period (De Lange et al., 2008). By
contrast, the Southern Ocean has a 230Th-normalized bio-Ba flux of
~0.7-2.5 mg/cmz/ka for the Holocene, and this flux increases 5 times (i.
e. ~4-12 mg/cm?/ka) during the last interglacial maximum (Jaccard
et al., 2010, 2013). Likewise, a benthic Ba flux of ~4-7.5 rng/cmz/ka
was suggested for the biologically active upwelling zones of the equa-
torial Pacific (Paytan and Kastner, 1996), and this present-day flux may
double during glacial times (Paytan et al., 1996).

For the eastern equatorial Pacific, in fact, possible persistence of
barite in the residue after various leaching has been noted via the strong
correlation between the excess Sr and excess Ba being ~2000-16,000
pg/g (Ziegler et al., 2007). In this high-productivity region, our in-
ferences are further supported by a comparison between the samples
with and without a treatment of chelating solution to dissolve barite (Xie
and Marcantonio, 2012). After the treatment that may not fully remove
barite, detrital 8Sr/%0Sr shift away from the modern seawater signature
by ~0.0001 to less radiogenic ratios, and this shift is larger for glacial
than for interglacial samples (Xie and Marcantonio, 2012). Despite the
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opposite shifting direction to our case of Mediterranean sediments
(Fig. 9) which is caused by the contrasting provenance backgrounds
relative to the modern seawater, the magnitude of the 8Sr/%Sr changes
is consistent with our results and extrapolation.

Furthermore, the inferred effect of barite-Sr is likely to have occurred
in the geological past, such as the Paleocene-Eocene thermal maximum
(PETM), and the Cretaceous oceanic anoxic events (OAE) and associated
black shales (e.g. Paytan et al., 2002; Ma et al., 2014; Bridgestock et al.,
2019), which all have significant high barite accumulation (cf. Paytan
and Griffith, 2007).

5.3. Recommendation to improve separation of detrital Sr

The data presented here demonstrate that more caution is required
for results and interpretations of “detrital” Sr systematics in the presence
of sedimentary barite. Although a “normative” correction for the po-
tential barite-Sr effect would be beneficial to the bulk data of Sr isotopes
previously done on decarbonated sediments, it is difficult to draw an
adequate empirical formula from our results. This is mainly due to
insufficient knowledge on the variability of barite Sr/Ba and Sr content
that is tightly related to barite formation and dissolution (cf. Deng et al.,
2019a; Martinez-Ruiz et al., 2019), and partly because of the un-
certainties discussed above (see also Section 4.3.1).

All uncertainties for a normative correction strongly prompt for
methodological improvements in the separation of detrital Sr. A simple
and effective way is adding a step of NH4Cl leaching (2 M, pH 7) —
repeated if needed — to fully remove barite and associated Sr after
decarbonation. Detailed results using the BASEX method have indicated
that most Ba extractable in this solvent was extracted in the first two
leaches (Rutten and de Lange, 2002). Hence, the additional NH4Cl
leaching is practical and ensures a fully cleaned, barite-free component
for the studies using detrital Sr systematics. This procedure is especially
required for high-productivity areas and time intervals characterized by
abundant barite in marine sediments. These include the Southern Ocean,
equatorial Pacific, Arabian Sea, as well as the deep geological time of the
PETM and OAEs and associated black shales (see Section 5.2).

Notably, the suggested procedure is applicable for both radiogenic
and stable Sr isotopes. In fact, residual barite-Sr is expected to have a
more critical impact on the 5%8/86gr results (e.g. Krabbenhoft et al.,
2010; Wei et al., 2013; Pearce et al., 2015; Stevenson et al., 2018; Paytan
et al., 2021).

We recommend that, for all relevant studies, the additional step of
NH4CI leaching is performed — at least — on representative samples to
assess the potential barite impact. Subsequently, the derived results can
be applied to the full sample set.

6. Concluding remarks

Provenance and weathering investigations often assume that acid-
leaching on marine sediments fully removes the hydrogenetic, non-
detrital components, with the residues being considered all detrital in
origin. However, acceptance of this pathway is largely a result of
insufficient knowledge on the geochemical behavior — especially the
dissolution effects — of marine barite, which is characterized by abun-
dant Sr and seawater-derived 8’Sr/2%Sr composition.

Using Mediterranean sediments for an exemplary study, we
demonstrate the existence of remaining barite and associated Sr after
traditional carbonate removal. If detrital Sr systematics in marine sed-
iments is evaluated, then this must be taken into account. The barite-
bound Sr becomes prominent when marine sediments have >400 pg/g
barite-Ba contents and, as such, an adequate correction is necessary.
This is particularly required if the enhanced barite occurs in sediments
characterized by a terrigenous detrital background of high 87sr/86sr
ratios (>0.713) or low Sr/Al ratios (<1.0 mg/g). If barite-Sr with a
typical low seawater 878r/86Sr (~0.7091) is mixed with detrital Sr
isotope and elemental composition, obviously, such mixture does not
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represent the pure detrital signal.

From a global perspective, we stress that decarbonation alone may
jeopardize the use of detrital Sr systematics (including radiogenic and
stable Sr isotopes and Sr content) as diagnostic tool for provenance and
weathering studies. More caution and even re-consideration may be
required for previous Sr-isotope studies on detrital sediments. An
improved protocol for preparing the pure detrital Sr component is pro-
posed for future studies on marine sediments, with a NH4Cl (2 M, pH 7)
leaching step to remove barite and associated Sr potentially remaining
after decarbonation. This protocol is especially recommended for high-
productivity regions and/or time intervals that potentially have a high
sedimentary barite content.
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